A Perspective of Photocatalytic Materials Applications for Sustainable Agriculture

Yanjie Wang,! Juliana A. Torres,® Meital Shviro,2 Marcelo Carmo,? Tao He,! Caue

Ribeiro?

1. Chinese Academy of Sciences, Key Laboratory of Nanosystem and Hierarchical
Fabrication, CAS Center for Excellence in Nanoscience, National Center for Na-
noscience and Technology, Beijing 100190, China.

E-mail address: het@nanoctr.cn

2. Forschungszentrum Julich, Institute of Energy & Climate Research, IEK 14, D-

52425 Julich, Germany. E-mail address: m.carmo@fz-juelich.de

3. Embrapa Instrumentation, Rua XV de Novembro, 1452, C.P. 741, Sdo Carlos,

Sao Paulo 13560-970, Brazil. E-mail address: caue.ribeiro@embrapa.br

Abstract

The pressure for more sustainable, environmentally friendly Agriculture is a trend that
affects its value chain in several levels, including the production of fertilizers, the man-
agement of pesticides and other chemicals, and solutions for the related greenhouse gas
emissions (N20, NOyx, CHa, and CO>). Moreover, the search for value motivates novel
routes to utilize biomass in chemical production, including sustainable fuels. These topics
are interconnected to developing photocatalytic materials, i.e., those promoting reactions
by light activation, primarily through the solar light incidence. Thus, this review summa-
rizes the many efforts done to develop adequate materials for photocatalysis in the context
of Agriculture problems, discussing the recent advances and challenges for application

in the real world.
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1. Introduction

Agriculture is one of the major activities of human life. The perception that food
production is affected by modern chemical techniques is undisputed, but the general pub-
lic does not fully understand the consequences [1]. The continuous increase in agricultural
production depends on the development of agrichemicals — a term that comprises the
chemical nutrient sources (e.g., fertilizers) but also the defensives (e.g., pesticides, insec-
ticides, herbicides, etc.), including a molecules’ plethora [2]. The importance of develop-
ing catalytic materials for agricultural productivity is largely unrecognized. The so-
called green revolution [3] was only possible by the increase in ammonium production
resulting from the Haber-Bosch (HB) process, [4] which is the basis of nitrogen fertiliza-
tion. This term was coined by Norman Borlaug (1970 Peace Nobel Prize), referring to the
contributions of novel agriculture practices (e.g., seed technology, soil correction, fertili-
zation, pest control, etc.) that have impacted food production worldwide, especially in
developing countries. Indeed, nitrogenated synthetic fertilizers are responsible for half of
the agricultural output, resulting in doubling the world’s population (Fig. 1). The devel-
opment of catalytic materials for the HB process has been one of the essential chemical
issues in the last century, and it is still the most critical technology for converting N into
chemical products [5]. In this sense, we can understand that the link between catalytic
materials and agricultural production is more robust than common sense says.

However, the pressure for production is still growing, influencing the increased
utilization of models based on monocultures (i.e., the specialized production of one or
two crops in an alternated process) and crop production for animal feeding. This produc-
tion model also increases the demand for fertilizers and targeted pesticides since the large
extensions of determined crops mean that some pests are growing faster. Also, specialized

production means that certain nutrients are more required by plants, leading to



deficiencies managed by intensive application of specific fertilizers. Their applications
have frequently been associated with ecological disbalances, as water eutrophication and
greenhouse gas emissions [6,7]. On the other hand, the increase in pest incidences, also
due to climate changes, has led to higher pesticide applications, which, besides the eco-
logical risk, are associated with food contamination in some cases [8,9]. By these exam-
ples, the general public often has the perception that the agriculture chemistry is “un-
clean” and claims for a novel agriculture paradigm, based on reduced utilization of
agrichemicals and better efficiency in input consumption [10]. Thus, developing innova-
tive clean processes based on advanced management of inputs is necessary to aim for far
more sustainable agriculture. Also, other production methods are required, replacing en-
ergy sources with renewable ones and avoiding environmental contaminations before
happening.

In this context, the interest in coupling these processes with photocatalysis has
increased due to the possibility of solar light utilization as an energy source, replacing
non-renewable ones. The range of possible reactions driven by light virtually covers any
agriculture input production. However, the catalytic materials to enable them are still
largely underexplored, and the economic viability is still unclear. To date, most of the
research done about photocatalytic applications in agriculture regards the role of semi-
conductors in oxidative reactions, which have mainly been studied for the abatement of
pesticides in water [11,12]. On the other hand, the range of different possible reactions,
from the treatment of greenhouse gases (NOx) [13-15] to the coupling with energy pro-
duction and conversion (CHa controlled oxidation [16] and CO- reduction [17] should be
emphasized in this context (Fig. 2) [18]. Therefore, this review aims to address the scien-
tific opportunities and challenges for photocatalytic materials in agriculture and the

threats that can impede the transition of scientific achievements to applied technologies.



1.1 Review Outline

The structure of this review paper is divided to cover the most common applica-
tions of photocatalytic materials to prospective topics in agriculture. Initially, a general
view of the fundamental basis of photocatalytic properties in materials introduces the
reader to the topic (2). Topic 3 deals with the role of photocatalytic materials in pollutant
degradation. The review summarizes the research about pesticide treatment through pho-
tocatalytic materials in the last five years (2017-2021, Topic 3.1) since this is the most
addressed problem in this context. An overview of the photocatalytic materials studied
for the treatment of animal medicines and hormones is also discussed (Topic 3.2). A gen-
eral view of the direct application of photocatalysts in plants, aiming to use them as inor-
ganic pesticides, and its effects are presented (Topic 3.3).

Topic 4 surveys the photocatalytic materials used in the abatement of greenhouse
and pollutant gases produced in agriculture is addressed, discussing NOx and N2O de-
composition (Topic 4.1), CH4 reforming (Topic 4.2), and H.S (Topic 4.3). A general view
of photocatalytic materials prospective applications in biorefining follows in Topic 5,
discussing cellulose bleaching treatment (Topic 5.1), lignin (Topic 5.2), and glycerol re-
forming (Topic 5.3).

In Topic 6, a discussion of CO. photoreforming from agricultural process to en-
ergy storage is introduced, addressing the challenges for high-volume CO. conversion.
Finally, in Topic 7, we present a summary of prospective photocatalytic materials re-
search to convert N2 to NHz3, being that this is the essential reaction to produce fertilizers.
Therefore, the review covers many possible applications of these materials in different

levels for agriculture, showing the importance of this research.



2. Fundaments of Photocatalytic Properties in Materials

The history of the photocatalytic process becomes with the rising to the Ad-
vanced Oxidative Methods (AOPS) in the context of environmental pollution treatment,
which comprises methods that produce aggressive radicals capable of recalcitrant oxidiz-
ing pollutants in water bodies. Among the methods, Fenton oxidation and its derivation
Photo-Fenton are precursors of all AOPs, based on the ability of Fe?* and Fe3* ions to
react against H2O. forming respectively high-oxidative *OH and *OOH radicals, which
oxidize molecules in solution [19]. The changes of valences keep a sustainable reaction,
although consuming H>O», whose concentration limits the reaction extension.

These radicals are non-selective, i.e., they will react with any molecule dispersed
in solution, not only contaminants. This condition initially is an advantage since, in prin-
ciple, Fenton reactants could oxidize all the byproducts, hypothetically converting them
to CO and water. However, in actual conditions (i.e., rivers, lakes, etc.), these radicals
can oxidize other components that are not contaminants, such as humic acids and other
dispersed organic matter [20]. The concentrations of these other compounds are typically
much higher than the contaminants, indicating that the process is practically limited in
many of the real conditions.

During the 1970s, the capacity of semiconductors, especially oxides, to react
with water has been studied, showing that these materials could produce *OH radicals if
dispersed in water and illuminated in suitable conditions [21,22]. The process is based on
the surface interaction of these semiconductors with water since most of them are hydro-
philic or form surface hydroxides. When these semiconductors are irradiated, the for-
mation of electron-hole pairs — an exciton[23] — lead to an in-situ redox process: OH" is
oxidized by the valence band holes, while the conduction band electron reduces species,

mainly water-dissolved O, forming O>". It reacts with H* in solution, forming *OOH, a



strong oxidant, leading to a sustainable oxidative radical production-driven only by irra-
diation [24].

Fig. 3 shows a general scheme of the photoactivation of semiconductors, listing
some relevant reactions that can be performed. These reactions depend on the relative
potential of electrons and holes (band energy position). Thus, different semiconductors
can favor different oxidative and reductive reactions.[25] The process efficiency is gov-
erned by the charge recombination that is determined by electron and hole mobilities,
factors that increase the exciton lifetime.[26] The recombination can be reduced by pro-
moting electron and hole migration by designing heterojunctions, i.e., combinations of
two semiconductors or semiconductor/metal in contact at interface allowing charge con-
duction.[27]

Regarding single phases, semiconductors as TiO2 [11] and ZnO [28] have sig-
nificantly long exciton lifetimes and are the more representative examples in literature.
However, both are wide-bandgap oxides, i.e., they are excited only in light wavelengths
below the near-ultraviolet (UVC) range. It corresponds to less than 7% of the total solar
spectrum, limiting energy harvesting and process efficiency. Thus, efforts to shift
bandgaps to the visible range by doping to increase solar light harvesting are an essential
matter of concern in the literature [29].

The similarity of the degradation mechanism with the Fenton mentioned above
has suggested that some authors name it a Fenton-like process [30]. Indeed, both are in-
direct oxidation methods based on the previous formation of oxidative radicals, which are
the proper oxidant reactants. Since the radical formation comes directly from water dis-
sociation equilibrium (H":OH" relation) with no further H2O3, the process is advantageous
and possible to be sustained in more extended periods, especially in the alkaline medium

due to the higher availability of OH™ groups. On the other hand, the original Fenton and



photo-Fenton processes tend to be more aggressive and faster, leading to complete deg-
radation in shorter times [31].

As seen in Fig. 3, the electron transference from the conduction band can pro-
mote other reduction reactions, depending on the components in the medium. If Oz is not
available or limited, molecules such as CO2 or N2 can capture electrons leading to reduc-
tion processes in a sequence of steps [32,33]. Another important electron transference
process is sensitization, i.e., the alignment between the LUMO level of molecules at the
surface (e.g., organic molecules) and the semiconductor's conduction band. It may result
in the direct transference of electrons from the molecule to the photocatalyst (Fig. 4) [46].
This phenomenon has been explored mainly in dye-sensitized solar cells, which utilize
the absorption of many dyes in visible light to transfer electrons to the semiconductor,
increasing the wavelength range where the light is harvested [36].

Therefore, Fig. 5 summarizes the several process of interest to Agriculture that
are promoted by photocatalysts. The application is often proposed by dispersing fine,
nanoparticulated oxide semiconductors in water with the contaminant to be oxidized or
compound to be reduced and exposed to the solar light. Variations include preparing pel-
lets, catalytic supports (Raschig rings, etc.), and others to facilitate the materials recovery
[37]. Other propositions are the immobilization at reflective or transparent surfaces, and
at conductive electrodes (i.e., photoelectrodes for photoelectrochemical devices), depend-
ing on the desired application [38]. These features will be highlighted in the following

topics, showing the advantages of each application approach.



3. Materials for the Photodegradation of agriculture-related contaminants
3.1 Pesticide degradation: an overview of research in the last five years (2017-2021)

The concern about water utilization in agriculture is based on its extensive use.
It is estimated that 70% of the total drinkable water on the planet is used in agriculture,
whereas pesticides are considered the second most crucial contamination source. A gen-
eral overview of pesticide utilization in the world indicates that consumption is increasing
in all continents and has almost doubled in 30 years — which justifies the increase in en-
vironmental problems (Fig. 6). Decontamination is frequently not possible, given that the
contaminants tend to migrate to groundwaters and water bodies (rivers, lakes, etc.), mak-
ing economically impossible to treat in these scales [39].

Therefore, procedures to avoid contamination before it happens are more effec-
tive, limiting the environmental damage in the long term. Usually, these approaches
should identify where the contamination comes from and apply some method to eliminate
or, at least, reduce the pesticide concentration before disposal [40]. Noteworthy to men-
tion, international regulations define the maximum concentration of active principles in
disposed water, considering the natural capacity of biota for treating them. It means that
a total degradation of these contaminants is not a necessary target, although desirable
[41].

A revision of the published papers about photocatalytic materials applied on pes-
ticide degradation in the last 5 years indicates that TiO2 and ZnO materials are still the
most studied materials (Table 1). Bi-based (Bi2Os3, BiOBr) and C-based materials (g-C3N4
and graphene) are also frequently seen (Table 2). Generally, authors are still investing in
applying freestanding nanoparticles (i.e., unsupported) with sizes smaller than 50 nm and
in simulated effluents, e.g., deionized water contaminated with low pesticides concentra-

tion.



Efforts to increase the solar light absorption have been developed, but even with
some advances, the efficiency of TiO, particularly P25 TiOg, is still remarkable [42].
This material (as illustrated in Fig. 7) [43] is a heterostructure, comprising around 20%
TiOz rutile and 80% TiO> anatase phase, with better performance than isolated phases.
The heterostructure promotes better electron-hole separation, increasing the electron-hole
pair lifetime and reducing recombination. Both are critical for photocatalytic efficiency
since the pairs should migrate to the surface to react with adsorbed OH™ groups. Also,
TiO2 has high chemical stability, with negligible dissolution — compared to TiO2, ZnO
suffers from photocorrosion, dissolving during the process [44]. Several authors [45-49]
have proposed synthesizing similar heterostructures with TiO2 and other semiconductors,
looking forward to the P25 performance or higher. It is essential to notice that several
examples regard Z-schemes instead of heterojunctions, although the charge separation
effect is similar, as exemplified in Fig. 8. These results indicate that, for photodegrada-
tion, heterojunctions are in general superior to isolated phases. The investigation of doped
materials is still an issue. However, the increase in TiO; light absorption range by anion-
doping (C, N, and S) has lost its initial interest [50,51], with few authors dedicating to
these syntheses in the last years at least for pesticide degradation [52-55].

Some distinctive aspects of pesticide chemistry affect photochemical degrada-
tion performance. Their surface interaction with irradiated semiconductors can promote
sensitization leading to their direct oxidation [45]. However, it is less representative in
pesticides since most of them do not absorb visible light. Therefore, their excitation wave-
lengths are in the same range as semiconductors’ bandgap. Thus the most important
mechanism for their degradation is the attack of oxidative radicals in water (Equation 23
in Fig. 4) [56]. Another critical point is that most of the pesticides’ effluents are acidic

(increasing the molecule’s solubility), limiting the availability of OH radicals.



Considering that most of the oxide semiconductors are better dispersed in an alkaline
environment, the acidic medium can induce nanoparticle agglomeration, reducing the
process’ effectiveness [57].

In any case, the photodegradation of pesticides is still challenging since degra-
dation byproducts can be more toxic than the starting molecules. An example is atrazine
degradation, a common herbicide initially oxidized to hydroxyatrazine, considered a
more toxic molecule [58]. It is an essential concern since many byproducts are more re-
calcitrant, i.e., they have increased oxidation potentials. Tables 1 and 2 also include a list
of targeted pesticides, where triazines (atrazine, simazine, and ametrine) are still more
frequent than other molecules. Furthermore, several common pesticides are more soluble
in organic media instead of water. The degradation tends in some cases (as in this example
above) to increase hydrophilicity, making the molecule more dispersed in water than in
its original state. Thus, a more toxic byproduct with higher solubility can increase the
exposition of aqueous biota to the hazard instead of reducing the risk (as exemplified for
atrazine, in Fig. 9) [59]. On the other hand, higher solubility can increase its interaction
with oxidant species, leading to sustained degradation, despite it usually tends to stop
until some stable molecule is formed [60,61]. For instance, in atrazine degradation, the
process tends to stabilize in cyanuric acid instead of CO2 and water, as desired [62].

Other practical concerns about process applicability relate to the low pesticide
concentration of real effluents and the fact that pesticide application in the field is made
in formulations with several components (as solvents, oils, surfactants, and other adju-
vants). This mixture typically exceeds pesticide concentration significantly, implying that
these oxidative processes are only efficient with the previous separation. Fig. 10 exem-
plifies the difference between actual and simulated effluents. Although some separation

processes can help as a 1% treatment process (filtration, decantation, etc.), soluble



adjuvants tend to be kept in the system, interfering with pesticide degradation. These
components generally are less influent in drainage water, which the physical process acts
as a pre-filtering process (Fig. 11) [63]. The mixture of two or more pesticides in the same
formulations is still a current practice, making the system more and more complex [64].
Most of the literature reports experiments using simulated effluents, i.e., water
solutions with low concentrations of pesticides (as seen in Tables 1 and 2). More efforts
are necessary to address how mixtures interact with the photooxidative system, including
the effect of soluble fractions as surfactants. The recent research done with real effluents
is summarized in Table 3. As one can see, the number of investigations found is minimal
compared to the experiments with simulated contaminations, with more examples using

drainage or rainwater (which is expected to be cleaner than raw effluents).

3.2 Animal hormones and pharmaceutics degradation

Despite the strong interest in pesticides, hormones and veterinary pharmaceutics
can be more hazardous due to their specific effects on biota [65]. Pharmaceuticals are an
essential part of animal production (especially in large-scale poultry and swine produc-
tions), and residues can be found in excrements and disposed water. Commercial phar-
maceutics also includes molecules that act as endocrine disruptors, antibiotics, and anti-
inflammatories. All of them can affect non-target organisms triggered by tiny amounts of
these compounds [66]. These effects are exceptionally high in fish and amphibians, which
can develop teratogenic problems that affect a large part of the population in the ecosys-
tem [67]. Therefore, the dispersion of these compounds is somewhat uncontrollable, and
treatments should — as proposed for pesticides — previse the retention of contaminated

water and its treatment before disposal. Contrary to the case of pesticides, the typic water



solubility of these compounds is a disadvantage for dispersion but favorable to increase
its photodegradability [68].

An illustrative example is the application of antibiotics for mastitis control. This
disease caused by Staphylococcus aureus, the most common pathology for dairy cattle,
is treated by intramammary injection of the drug formulation (generally as a paste or gel
containing antibiotics like penicillins, aminoglycosides, oxytetracycline, chlorampheni-
col, trimethoprim, and several other sulphonamides). It leads the animal (cow, sheep, or
any other milk producer) to eliminate significant antibiotic amounts in the milk during
the treatment [69]. This milk, being not adequate for consumption, is therefore discarded
in water causing contaminations.

Compared to pesticides, the number of research papers about these contaminants
is still low, as summarized in Table 4. However, the oxidation mechanisms are similar,
based on the capacity of *OH radicals to oxidize them — as well, the proposed catalysts
are the same. It is noteworthy that several authors have studied the direct photodegrada-
tion of these antibiotics, getting efficiencies of 60 to 80% of degradation, which empha-
sizes the gain with the photocatalysts (Table 5). On the other hand, these performances
indirectly reveal that these pharmaceuticals are, in general, less recalcitrant than pesti-
cides, which can explain the lower interest for the development of photocatalytic materi-

als specifically for these contaminants.

3.3 Direct application of Photocatalysts in plants

The strong oxidant capacity of semiconductor photocatalysts has suggested their
direct utilization as “inorganic” antibiotics. The photo-bactericidal effect of TiO2 has
been demonstrated for different microorganisms, such as Escherichia coli [70], S. Aureus

[71], and fungi, as Fusarium species [72,73]. The mechanism involves the photooxidation



of cellular walls and possible permeation in the cell membrane, allowing DNA oxidation
and leading to inactivation. The application of TiO2 suspensions, pristine or modified
with Ag or Cu, has been tested in leaves based on the principle that the solar irradiation
could locally excite the nanoparticles and oxidize the microorganism or inhibit its fixation
reducing the contamination. This effect has been shown in controlled contamination in
seed and leaves of Arabidopsis thaliana, a typical control plant test (Fig. 12). However,
there is still a lack of large-scale experiments, which could prove the efficiency of this
strategy in actual cultivation [74]. Compared to the conventional pesticide treatment, the
advantage is that some of these candidate materials are not toxic for plant growth in small
amounts. Some others, as ZnO [75], can also be absorbed as a micronutrient, beneficial
for plant growth and reducing further contamination [76].

However, other effects in the field can be more visible, as the UV-light protective
factor provided by ZnO, which affects the plant physiology (e.g., increasing photosyn-
thetic rate) and can interfere in microorganisms (plagues) development (Fig. 13) [77].
Unfortunately, then, the reported effects are still underexplored and not fully explained,
being necessary more studies to understand the advantages of that strategy. Furthermore,
to the moment, no research about the utilization of photocatalysis to disinfection or treat-
ment in the animal chain (as in the as-mentioned mastitis treatment) has been identified,

given that this is a field open for investigation.

4. Photocatalytic materials in agri-gases treatment: greenhouse and non-greenhouse
emissions

Agriculture processes are extensive, and the absorption of atmospheric CO;
through photosynthesis is by far the essential process of CO2 conversion. However, ex-

cept in forest and fiber production, the CO- fixation in food and bioenergy products is



negligible due to the utilization cycle. l.e., the biomass after consumption and digestion
returns the same amount of carbon to the atmosphere [78]. This balance is the same in
wildfire and wildland fire. This last is often used as an ancient technique for land prepa-
ration for planting, but it is considered one of the most relevant contributions of agricul-
ture for global warming [79].

However, none of these impacts compares to cattle production, which is the most
relevant agriculture-related greenhouse gas emitter: ruminants produce methane during
their digestion cycle, which is continuously eliminated by breathing, corresponding to
44% of their emission. Methane has Global Warming Power (GWP) in 100 years of 25
CO2e (CO; equivalence, i.e., the GWP of 1 mol of CH4 equals the effect of 25 mol CO,)
[80], which means that even its burning would reduce the associated greenhouse effect.
A single cow produces an average of 70 to 120 kg CHa/year, which mainly depends on
the used feeding material. Considering that there are more than 1.5 billion cattle globally,
their contribution is around 150 MTon CHa/year. Other components of animal emissions
include N20 (29%) and CO2 (27%). These are all non-centralized emissions except in
particular cases (e.g., confined production), i.e., the emission directly goes to the atmos-
phere, meaning that few can be done to recover and treat them [81].

It has been proposed that planting new trees could compensate these emissions
since, during their growth, they convert carbon into biomass in a decentralized form as
well [82]. However, recent estimations of how many trees should be planted to neutralize
these emissions are controversial, given that it will demand extremely high re-forestation
areas — which ultimately would include biomes that do not support extensive forestation.
(e.g. savannas, cerrado, etc) [83]. Therefore, developing decentralized alternatives to treat

these gases is necessary, especially for those with high GWP.



4.1 Nitrogenated compounds

The emissions related to agrichemicals, mainly fertilizers, are less discussed but
critical to comprehend the specific effects of agriculture on global warming. Nitrogenated
fertilization is primarily done with urea, CO(NH®.)2, due to its low price and easy appli-
cation [84]. Its uptake in plants (as a nutrient) initially passes through its hydrolysis
(driven by urease, a common soil enzyme) to NH4* and further oxidation to NO3", both
species absorbed by plants in different mechanisms [85]. However, each soil has a buff-
ering property defined by its cation exchange capacity (CEC), represented mainly by the
equilibrium of Ca?* and Mg?* ions with OH™ and COg3" in soil moisture. NH4* will compete
with these cations, and it should be fast absorbed or converted to NOz", unless it will tend
to volatilize, losing the fertilizer. Urea volatilization may indeed represent losses of
around 30 to 50% of the total N application, one of the most important economic prob-
lems for large-scale agriculture [86].

More concerning, the accumulation of NO3™ and intermediary NOx species can
lead to their conversion to nitrous oxide, N2O, which has an impressive GWP of 298 CO.e
[80]. Generally speaking, since N2O composes around 4 — 6% of the total emissions in
crop cultures, its global warming effect can exceed the total of all the other emissions
[87]. The photocatalytic abatement of NOx and, ultimately, N>O has two possible path-
ways: reducing N2 [88] or oxidation to NO3™ [89-92]. Table 6 summarizes the materials
studied for NOx and N2O photodecomposition, mainly leading to N2 and Oz (reductive
route). Again, TiO>-derived materials are still the most common for these purposes, and
a lack of studies in high scales is seen — although some authors have addressed the appli-
cation in in-flux reactors, a scenario more feasible for pretended large scale application.
Prospective materials (Bi-based and C3Nj4) are also found. Moreover, Table 7 summarizes

the research done focusing on photooxidation to NOz". The high overpotential for N.O



reduction (+1,3 V NHE, pH 7) leads that generally oxidation is preferred — the potential
for N2O oxidation to NOz™ is 0.33 VV NHE (pH 7), i.e., easily covered by most conven-
tional photocatalysts’ valence bands [93,94]. Moreover, NOz™ is very soluble and tends to
readily adsorb in soil due to the cation availability, which means it can return as fertilizer
[95].

Since these compounds are gases, their oxidation process is direct, i.e., it de-
pends on the proper adsorption over the photocatalyst [96]. The selective NOx photooxi-
dation is probably related to its adsorption process. Indeed, some researchers have shown
materials that could preferentially oxidize N.O, making the process more efficient in
terms of final environmental impact, as surveyed by Table 8. Unfortunately, the research
about reactor projects for these reactions is scarce [97]. Despite some reports about fil-
tering systems [98], it is necessary to consider that these are free emissions, i.e., contrary
to concentrated processes (e.g., flue gases from a chimney), dispersed in the environment
and of complex treatment. Some efforts were made to project concrete (mortar) formula-
tion with TiO2 (generally P25, spread in the surface coating or layer of pavement and
walls), intending that the surfaces of surrounding buildings in the emission point can ox-
idize these nitrous oxides (Fig. 14) [99-101]. Surprisingly, this strategy produces a re-
duction of up to 80% of the nitrous oxide atmospheric concentration in the surrounding
area, suggesting that the method is potentially feasible [102]. Table 9 lists examples of
photocatalytic materials applied in large-scale and pilot plants studies, confirming that
the proposition can be applied. However, there are no case studies in agriculture, possibly
due to the larger extensions of agricultural fields, limiting the possibility of using existing
buildings.

Although some authors suggested directly adding photocatalysts in soil for local

photodegradation of contaminants [103,104], this strategy has not been reported for NOx



emission reduction. Until this moment, a single research report about the photocatalytic
properties of naturally-containing TiO- soils has been found [105]. Since these emissions
are originated in soil microbiota, the intimate contact with the photocatalyst could locally
oxidize NOx to NOs™ before the proper emission, keeping them as a nutrient (Fig. 15)
[105,106]. However, a critical remark is that NO3z™ and NHs can react again, producing
N20O and N2 — this effect was shown in TiO2 surfaces under UV light [107] — which is
highly undesirable. Moreover, the extensive addition of a metal oxide can unbalance the
soil micronutrient composition or act as another contaminant: materials as ZnO, as pre-
viously mentioned, can be absorbed as a nutrient, but in high amounts, they can be phy-
totoxic (Fig. 16) [108]. Other photoactive materials studied for N2O and NOx oxidation,
as graphene-decorated nanoparticles [109], still have unknown effects in soil microbiota.
At the same time, some, as BiVVOg, can release toxic compounds for some microorganisms
as V [110]. These limitations, although natural for large-scale cultures (e.g., grains), can
be adequately addressed in small-farm production and specialized models, as plasticulture
(i.e., protection of soil with plastic films, used for roots such as potato and creeping plants,

as strawberry) [111].

4.2 Methane

Other emissions with significant importance are those related to biomass com-
posting, a naturally occurring process used to produce organic fertilizers [112]. In com-
posting, the bacterial action over the biomass converts the materials in humic substances,
which are nutrient carriers with high amounts of N and P. In this process, it mainly emits
CO, and CHya, depending on the oxygenation degree that regulates the higher proliferation
of aerobic or anaerobic bacteria strands (Fig. 17) [113,114]. The perception that biomass

composting can be beneficial for fertilizer production as well as for energy is growing



worldwide. [115] For instance, in 2019, Europe has cataloged 18,943 biogas and 725
biomethane (separated) installations, with an increased number of plants running on ag-
ricultural substrates. Agricultural plants are followed by biogas plants running on sewage
sludge, landfill waste, and various other types of waste, currently producing approxi-
mately 167 TWh of biogas and 26 TWh of purified biomethane (CHa) [116].

These numbers hide that most CH4 emissions are uncontrolled, from very dis-
persed sources, and of natural occurrence. Besides the cattle emission [81], other exam-
ples include rice pad fields, which show natural composting of dispersed organic matter
dissolved in lower water layers closer to the roots [117]. However, this process, while
beneficial for nutrient cycling, produces significant methane amounts. Other processes,
such as biomass decomposition in landfills and animal manure maturation, also play es-
sential roles, despite increasing efforts to replace the disposal of these residues for con-
fined biodigesters [118].

The photooxidation of CH4 to CO: is reported with the same approach of pollu-
tant abatement [119], but since this molecule is a fuel considered as a bio, renewable
energy, its simple oxidation does not make sense in a broad perspective. On the other
hand, the controlled oxidation of CH4 to other hydrocarbons might be an intelligent alter-
native to convert gaseous emissions in liquid fuels, as CH3OH, or to other specialized
chemicals (CO or HCOOH) [120,121]. However, studies about these reactions are still
incipient since CHys is highly inert, with few examples reported in the literature. Among
them, TiO2[122] and doped variants have been shown as capable of oxidizing CH4, and
some as Fe-doped TiO2 have better performances for CHas controlled oxidation to metha-
nol [123]. This process seems to be kinetically governed since authors generally reported
better results when using H20- as a source of radicals instead of OH". The mechanism is

still unclear, but similarly to electrochemical experiments about methane oxidation [124],



this reaction provides a less reactive radical but more specific to activate the C-H bond
due to the interaction with the peroxide group (in *OOH radical) [125]. Identifying suit-
able catalysts is still an issue since the best-reported conversions are low (around 15%)
[123]. Other photocatalysts include La-doped WO3[126] and Beta-Zeolites modified with
V205 [127]. Theoretical calculations of the electrochemical oxidation potential of some
materials indicated that V>Os and other photoactive candidates fit the energetic criteria
for CH4-controlled oxidation.

Table 10 summarizes the materials studied as photocatalysts for methane-con-
trolled oxidation and the main byproducts obtained in each case. More materials have
been explored compared to other oxidative photoreactions, including more examples of
supported materials (i.e., photocatalysts over SiO> and Al>0Os3). Byproducts include
CH30H, C2Hs, C2HsO, HCHO, CO, and Hz and COg, frequently as a mixture. For in-
stance, a photoelectrochemical approach using TiO: irradiated electrodes efficiently pro-
duced CO with a selectivity of around 60% [128]. CO is an essential component of syngas
and, considering that currently, the industrial production of CO is based on natural gas,
the replacement for a renewable source and using solar light is promising [129]. Note-
worthy, several papers do not report the byproducts but only the CHa conversion effi-
ciency. These aspects indicate that an essential open issue is the byproduct selectivity.
Another point of care is that few papers have used solar light simulators or direct sunlight.
Several still explore UV lamps — a condition far from the actual solar light application.

It is essential to point out that CH4 controlled oxidation application is expected
to be more feasible only in confined biomethane productions, where the gas capture and
upgrading (to a high concentration CH4 stream) is possible, with reaction byproducts sep-
aration [130,131]. However, the current state-of-the-art indicates that the efforts are still

in their infancy, and more research is needed to provide concrete scenarios.



4.3 Hydrogen Sulfide

Hydrogen sulfide (H2S), although less relevant on composting gases’ composi-
tion (<1% of the emission) [131,132], is undoubtedly the most noticed due to its strong
smell, similar to rotten eggs. This emission is more pronounced in animal manure decom-
position and carcass decomposition (bodies, blood, etc.). Therefore higher amounts of
H>S in principle can be produced in the meat production cycle composting [133,134].
Although not considered a global warming gas, there is an environmental concern due to
its conversion cycle to SO> in the atmosphere, related to acid rain [135]. However, its
agricultural emissions are still low to be a significant concern (primary emissions are
from natural gas purification) compared to the other agri-gases. Table 11 summarizes the
research done for H,S destruction using freestanding photocatalysts. Although TiO2 na-
noparticles are still the most frequently used catalysts, some examples of supported ma-
terials (Table 12) — including TiO2-containing paints [136] or in tiles [137] — are seen.
Generally, most of the papers have used UV lamps instead of solar light, limiting the
extension of these data to real conditions.

The by-product of this reaction is SO4% or elemental S, which can be re-oxidized
to SO4> by soil microorganisms forming an essential nutrient for plants [138]. S defi-
ciency is currently one of the most critical bottlenecks for increasing crop production
(mainly soybean and corn), meaning subsequent S disposal is still attractive as a nutrient
[139]. Thus, photooxidation could be used to oxidize S, given that S/SO4% is low com-
pared to OER (E° = 0.357 V SHE) [93,140]. But this process is naturally driven by soil
microorganisms such as thiobacillus (e.g., Acidithiobacillus thiooxidans and Acidithio-
bacillus ferrooxidans), which oxidizes S instead of carbohydrates as an energy source

[141].



One point of concern is that H>S can be directly decomposed by UV light. Ex-
amples from the literature (Table 13) confirm that the light application is efficient for
oxidation with no need of catalysts. However, the typical efficiencies are below the ob-
served in the photocatalytic experiments, and the experiment times are usually longer.

Alternatively, H>S photooxidation has been proposed as a choice of sacrificial
reactant for Hz production in water photosplitting [140]. The oxidation potential for the
pair H2S(aq)/S is 0.144 V (SHE), significantly below the oxygen evolution potential from
water (OER), H20/0», 1.23 V (SHE).[93,140] This difference is remarkable since both
reactions produce 2 electrons, i.e., the Hz evolution reaction is not limited by the coupled
oxidation with H2S but favored [142]. Table 14 summarizes the efforts for using H2S as
a sacrificial agent. The catalysts are generally heterojunctions or nanocomposites (i.e.,
two or more catalysts in the same particle) — the highest catalytic performance observed
was for MnCdS/CdMnS, in the range of 100 mmol h™t.gcaayst ™ (Fig. 18) [143]. However,
the few examples indicate that this topic should be more studied to support a technologi-

cal approach.

5. Perspectives for photocatalytic materials in bio-refining
5.1 Cellulose and Cellulose-bleach

The concept of biorefining is becoming popular, claimed as the next revolution
for agriculture. The idea comprises producing chemicals from biomass as a renewable
source by sequential unitary operations similar to oil refining [144]. In this sense, bioeth-
anol production is the easier-to-look example since based on sugar extraction (e.g., from
sugarcane) followed by fermentation, which effectively produces ethanol. Moreover, sev-
eral others can be made from this molecule by sequential reactions, including complex

molecules as polymers [145].



However, the biorefining concept is often associated with the re-utilization of
byproducts, mainly lignocelluloses — the fundamental constituents of biomass (wood,
grasses, etc.) — to produce other molecules by breaking their long chains in smaller parts
[146]. Lignocelluloses are formed by plant photosynthesis, basically comprising cellu-
lose, hemicellulose, and lignin. Their specific contents vary with the plant, with some
examples with more than 90% cellulose (e.g., cotton), to 40-45% cellulose with 20-25%
lignin (e.g., pinus wood). Cellulose is of greater commercial interest because of paper and
textile production, while lignin is often discarded or burned for heat [147].

Since cellulose has a glycol structure, oxidation can convert it to elemental sug-
ars (sucrose or glucose) for fermentation. There is significant research in acid hydrolysis
and enzymatic processes for cellulose conversion to sugars, being used in pilot scale for
the so-called 2" Generation Ethanol [148]. However, photooxidation has been rarely
proposed for these specific means since it is hardly efficient due to cellulose's high chem-
ical stability despite being investigated for Hz evolution [149]. Coupling photocatalytic
oxidation with cellulose acid hydrolysis (e.g., sulfuric acid solutions) tends to be more
efficient due to the in-situ production of hemicelluloses and reducing sugars, which are
the compounds oxidized leading to H2 production [150]. The limitation of the process is
the photocatalytic activity of semiconductors in an acidic medium, which tends to be
lower than in an alkaline environment [11]. In this case, the oxidation process happens
by sensitization, i.e., the as-produced (by acid hydrolysis) reducing sugars are likely to
be adsorbed over catalyst surfaces being directly oxidized [151]. Therefore, they gener-
ally have low oxidation potentials and can provide several electrons per molecule (e.g.,
glucose oxidation leads to 24 ), but for complete oxidation to CO, the potential can be

as high as 1V [140], despite still possible for wide-gap semiconductors such as TiOa.



Thus, TiO2 and surface-modified (Pt [152], NiO [153], Pd and Au [154]) TiO:
are common examples in literature. In practical situations, oxidation tends to some stable
intermediaries, e.g., gluconic acid. At the same time, the undegraded part of the cellulose
comprises nanocellulose of cellulose whiskers, high-crystalline cellulose that is a novel
material for other applications (plastic nanocomposites, suspensions, etc.) [155]. Moreo-
ver, the literature has several examples of the photocatalytic process for treating cellulose
bleach. It is an example of practical application, although not directly related to cellulose
valorization. Table 15 shows selected examples, but notably, the investigation of novel

catalysts is incipient (authors are investing in TiO2 and ZnO catalysts).

5.2 Lignin

The case of lignin is more challenging. Lignin has a very complex, aromatic struc-
ture, with an approximate formula of (Cs1H34011)n, also described as a polymer of para-
coumaryl (4-[(E)-3-Hydroxyprop-1-enyl]phenol), coniferyl (4-hydroxy-3-methox-
ycinnamyl alcohol), and sinapyl (4-hydroxy-3,5-dimethoxycinnamyl alcohol) alcohols.
This structure means that several different molecules can be obtained by breaking its
structure — from phenols to higher alcohols (Fig. 19) [156]. However, its complexity
means that lignin is very chemically stable, making any oxidation process hard to be done.
Moreover, lignin strongly absorbs around 350-300 nm, reducing the efficiency of UV-
light active photocatalysts [157]. Even with these limitations, the oxidation of lignocel-
lulosic matrices using photocatalysts is possible, producing a plethora of products that
include complete degradation to CO. and water (TiO) [158], H2 generation (CdS/CdOx
photocatalyst) [149], C-C cleavage for producing aldehydes (VVanadium oxides, VO(acac)
and VO(OPr3)) [159] among other examples, as summarized in Table 16. The final prod-

uct is often a mixture of organic and fatty acids with carbohydrates, separable by



conventional physical methods. Therefore, product selectivity is still an issue that should
be better investigated to increase process efficiency.

The mechanism of lignin photodegradation is still under debate, but probably the
oxidation by *OH radical is the first step. However, since many alkoxide groups are in
its structure, direct oxidation is possible by coupling at the catalyst surface, forming M-
O-R bonds (e.g., Ti-O-R bonds in TiOz), which can be eventually interact with alcohols
with two neighboring M-O-R groups. This process facilitates the oxidation of C-C bonds
by radicals, crucial for reducing the chain size. Moreover, some authors propose a two-
step process to interpret breaking C-O bonds, starting from the initial oxidation of the
alcohol groups to ketones (O=C-O groups) to reduce C-O bond energy [159]. Therefore,
surfaces with specific affinities may have better photocatalytic performances by directing

the action of radicals and possibly, leading to better selectivity.

5.3 Glycerol

The third byproduct of biorefining that attracts attention is glycerol, produced
mainly by transesterification reactions for biodiesel production [160]. Although with
well-known technological applications (cosmetic and pharmaceuticals), this molecule is
often contaminated with methanol, increasing the utilization cost and motivating other
utilization [161]. Glycerol is an attractive sacrificial agent for H, evolution in water pho-
tolysis [162,163]. Different catalysts have been studied for this reaction, producing mol-
ecules with commercial interest like CHs, CO, CH30H, H>Oz, 1,3 dihydroxyacetone, and
glyceraldehyde [164-168], as summarized in Table 17 and exemplified in Fig. 20 [166].
Interestingly, for this application, there are more examples of TiO2 — decorated materials,
I.e., heterojunctions including noble-metals (as seen in Fig. 21 [169]). It reflects that the

role of glycerol is to suppress the *OH radical formation due to its lower oxidation



potential and higher electron availability per molecule (14 e* to complete oxidation to
CO»), enabling lower recombination and, consequently, higher H> evolution from water.
The same concept is proposed for CO> reforming hydrocarbons, reducing the total cell

potential for the full reaction [170].

6. Photocatalytic materials in renewable agri-energy

Renewable energies are intrinsically linked to agriculture. The biomass utiliza-
tion for energy purposes is diverse, from the old conventional burning for heat and vapor
production [166] to the fermentation for bioethanol and biomethane [171]. In a broad
view, any biomass is a solar energy product: natural photosynthesis is still the most sig-
nificant way to convert solar energy to the chemical on an enormous scale. [172] How-
ever, its energy conversion efficiency is low, generally below 1% to 5% in the best case
in some microalgae [173]. It means that, even in ideal conditions, the production of agri-
energy sources is limited to this range of efficiency — however, the aspect of sustainability
is maintained by the return of atmospheric CO> for biomass growth, making a closed
cycle.

Co-generation is frequently used in the biofuel sector to optimize the use of bi-
omass energy. For instance, in bioethanol production, the residual bagasse is burned to
produce thermoelectricity, which is counted in the energy balance of the biofuel [174].
Photocatalysis can also be a choice for co-generation by reforming CO: in a localized
process and returning to some associated energetic process. In the bioethanol case, the
sugar fermentation process produces on average 0.95 kg CO: per L ethanol by the yeast
activity. This effluent has typically high CO2 concentration (> 98%) with water vapor as
the residual part, meaning that it is adequate for CO> reusing with no further purification

[175].



However, CO> photoreduction is very challenging. In principle, compared to the
Oz reduction to hydroperoxide radical (HO2), which is the most common process in pho-
tooxidative applications, the CO> reduction can be more favorable (— 0.13 V in O2/HO;
vs. — 0.11 V SHE to CO2/CO) [93]. Nevertheless, the high overpotential necessary to
produce the COy™ radical (— 1.5 V SHE) limits the reaction, which needs to find other
ways to transfer electrons to CO2 by increasing the surface interaction with catalysts
[140]. In spite that the photooxidative capacity of semiconductors means that a coupled
reduction should take place, this process depends on the semiconductor’s surface affinity
to CO- and the ability of transfer electrons. These factors mean that normally p-type sem-
iconductors as Cu2.O and CuO are more active for that reaction [176]. Moreover, the
charge separation here plays a crucial role, especially in processes carried on liquid me-
dium. Since the reduction product (CO, CH4, HCOOH, or other C1, C2 molecules) can
be re-oxidized by the *OH radicals, it is crucial that the reactions can occur in different
parts of the catalytic system, preferably two compartments [38]. Several papers deal with
the development of heterostructures with two semiconductors, normally a p-n junction.
In this design, it is expected that the reduction reaction will take place in the p semicon-
ductor, while n semiconductor plays the oxidation reaction [27]. Table 18 summarizes a
list of recently studied photocatalysts, where many promising materials are seen under
investigation. Several examples have been proposed, such as CuO:TiO2, Cu20:TiO, and
Cu20:Zn0. Alternatively, authors propose to decorate n semiconductors with metallic
nanoparticles, as Ag:TiO2 and Pd:TiO, aiming to an in situ electrochemical system, i.e.,
the photogenerated electrons would migrate to the metal islands where the reduction re-
action would take place. Electrocatalysts have been more studied, with some consensus
in the literature about Ag higher selectivity for CO and Cu for CH4 production [177].

Finally, other materials such as TiO2, Nb20s, and ZnO, even being n semiconductors,



have some performance for this reaction, generally attributed to the surface hydroxylation
that can increase the interaction with dissolved COx.

Even in ideal conditions, CO. reduction competes against H evolution from wa-
ter [178,179]. This situation is more common in CO> dissolved in water since its solubility
is very low (around 1.5 g.L) [140]. Among the alternatives, some papers propose to
perform the reactions in gas-solid systems, feeding the catalysts with CO, + H20O gaseous
mixtures [180]. The coupled oxidative reaction can be OER, released to the environment,
or other sacrificial electron donors — as the above-mentioned H,S [181].

Despite other industrial processes generating concentrated amounts of CO: (e.g.,
cement production, fossil fuel burning, etc.), it is notable that the fermentative process
can produce a very pure source that reduces the purification costs involved in these others
[175]. Furthermore, incorporating existing agri-energy cycles can reduce the implemen-
tation costs, facilitating the adoption of these technologies. However, it is worthy of men-
tioning that most of the papers are focusing on lab scale, simulated CO2/H20 mixtures
instead of relevant conditions for the high CO2 production expected in these effluents —
at the moment, there is no application of photocatalytic CO2 reduction in pilot scale, ex-
cept one outdoor experiment on reducing pure CO2 [182]. Furthermore, it is remarkable
that the research is still concentrated in batch experiments and few catalytic cycles, lim-
iting the application in real conditions. Indeed, the investigation of photoreduction of low
CO2 mixtures, aiming to simulate the conditions of CO2 environmentally dispersed or
even converting fresh air, is still more frequent, as summarized in Table 19. Thus, efforts
towards implementing long-term catalyst utilization, in-flux experimentation, and high-
volume treatment are still essential for the realization of CO2 photoreduction in the agri-

cultural context.



7. Perspectives for photocatalytic materials in fertilizer production

As discussed before, chemical fertilizers, especially nitrogenated compounds,
are the basis of high production agriculture. However, the reduction of atmospheric N2 to
produce NH3 or NH4™ demands high energy, which now is mainly by thermal activation,
using metals or complexes as catalysts [183]. The carbon footprint of ammonium produc-
tion is very high since the Haber-Bosch process is based on natural gas (from H2 produc-
tion to the reaction temperature conditions) [4]. Therefore, it would be expected that
there is an interest in developing other methods, using renewable energies, to produce
these inputs [184]. The problem here lies in the low water solubility and high chemical
stability of N2. It requires 0.06 VV SHE for NH3 but an extremely high potential for acti-
vation (3/2 N2 + H*+ e -> HN3, -3.33 SHE).[93,185] Thus, it means that other reduction
reactions can be favored before properly N2 reduction [186].

Associated with its low solubility and chemical inertness, N2 photoreduction is
a topic that only in recent years has been intensively investigated, despite the potential
technologic interest — worth to mention that the first report of N2 photoreduction using
TiO> dates back to 1977 [187]. However, the state-of-art has not developed too much
since these first reports, at least compared to the CO. reduction, although several ad-
vances in the comprehension of N reduction mechanism through electrochemical exper-
iments (Fig. 22) [188]. Noteworthy, some papers demonstrated that rutile TiO2 has a role
in N2 photoreduction [189], probably due to its p-type character compared to anatase, and
Fe-doping is also promising.

A summary of related literature about N2 reduction photocatalysts is given in
Table 20. Compared to other topics herein discussed, it is interesting to notice that more
catalysts are being explored, from C-based materials to Bi and V oxides. It can indicate

that the effective catalysts are in discussion yet, leading to the scientific community still



seeking more promising candidates. Generally, structures in which the photocatalytic ac-
tivity is affected by N vacancies or doping have been explored — indeed, the most common
candidates are TiO2 and g-C3N4 and heterojunctions with them.

Most of the literature examples are very recent (last 5 years), confirming the
emerging interest in this topic. For instance, single-atom catalysts supported over lamellar
structures have been shown as good choices for this reaction. Fe3* dispersed over gra-
phitic CsN4 (g-C3N4) produced more reasonable NH3; amounts, around 50 pmol.gear*.h,
a range that compares to the reported for CO. photoreduction [190]. The decoration of
TiO2 nanosheets with Ru has been also suggested, with some promising results in N2
dissolved in water [191]. Several researchers have also invested in sacrificial agents as
CH30H or NazS0s, which can increase the H* availability and reduce the electron-hole
recombination. Using these agents, an increase to mmol.geatalyst > yields has been
shown. Recently some authors have suggested by theoretical calculations single-atom
catalyst, B, supported over lamellar semiconductors, g-CN, as a promising candidate.
Still, to the moment, its experimental realization has not yet been reported [192].

To summarizing, N2 photoreduction is still very far from the necessary produc-
tion levels required by the fertilizer industry, but it is a fair candidate for sustainable fer-
tilizer production. The current state suggests that significant efforts are necessary to in-
crease this reaction to a more acceptable level, even considering pilot testing. However,
the interest in these reactions will grow according to the increasing demand of fertilizers

versus awareness about the environmental impacts of their production.

8. Concluding remarks and future perspectives
This review has intended to demonstrate the interconnections among agriculture

problems with the current state of photocatalytic materials research. The challenges are



still unaddressed, despite some topics —the photodegradation of agrichemicals — have
been extensively studied in the past years. However, the replacement of more hazardous
agrichemicals by newer ones with higher biodegradability tends to limit the application
of these technologies, which still need to be contextualized in the agriculture scenario —
i.e., liquid effluents with many components, massive water amounts, and widespread con-
tamination in the environment.

On the other hand, there are possibilities related to the value chain of agriculture,
i.e., considering converting byproducts (residues, fibers, products of fermentation) to
more valuable ones using sunlight. These photocatalytic processes can support prospec-
tive applications, from biorefining of agri-products to valuable chemicals, until energy
production and conversion. These processes can increase the energetic efficiency in agri-
culture as a whole and, consequently, reduce the carbon footprint. It is also seen in the
application of these catalysts to abate greenhouse gases, which can return them as nutri-
ents for the soil. Finally, it is necessary to see the future perspective of fertilizer demand,
whose efforts in the development of photocatalytic materials can be worth — although still
very nascent. The many opportunities need to be adequately addressed, discussing the
application requirements and making the current agriculture supplying processes more

sustainable.
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Figure captions

Figure 1. World population with and without synthetic nitrogen fertilizers: Estimates of
the global population reliant on synthetic nitrogenous fertilizers, produced via the Haber-
Bosch process for food production. Best estimates project that just over half of the global
population could be sustained without reactive nitrogen fertilizer derived from the Haber-
Bosch. Plotted using the dataset in Our World in Data, compiled from [193-195]. Reprint

under the terms of the Creative Common Attribution 4.0 International License.

Figure 2. An overview of emissions and dynamic processes in agriculture that can be
benefited by photocatalytic materials. Pollutants as N.O, NO> and CH4 can be abated or
converted to other chemicals, and CO can be reutilized. Inputs (fertilizers and chemicals)
are also a source of contamination, which can be addressed by photocatalytic materials
as well. Reprinted from Ref. [18], page 1.6, permission according to IPCC Copyright

Guide (https://www.ipcc.ch/copyright/).

Figure 3. Scheme of redox reactions that can performed at the surface of irradiated sem-
iconductors. At right, the redox potentials of different reactions of interest, according to

[185], corrected to pH 7 and 300 K through Nernst Equation.

Figure 4. Illustration of the photosensitization process with dyes (direct molecule-semi-
conductor electron transference): a) Molecular structures of dyes (NT35, MS4, MS5, and
XY1b) and copper complex ([Cu(l)(tmby)2][TFSI] and [Cu(ll)(tmby)2][TFSI]2,
tmby =4,4',6,6'-tetramethyl-2,2'-bipyridine; TFSI = bis(trifluoromethylsulfonyl)imide).
b) UV-Vis absorption spectra of NT35, MS4, MS5, and XY 1b adsorbed on 2.2 um thick

transparent TiO> films, showing the absorption in lower energies than semiconductor’s


https://www.ipcc.ch/copyright/

bandgap. c) Energy levels diagram of TiO2, dyes, and [Cu(l)tmby)2][TFSI], indicating
that dyes’ LUMO levels (NT35, MS4, MS5 and XY 1b) superpose the TiO2 conduction
band, allowing the direct electron transference. Reprint under the terms of the Creative

Common Attribution 4.0 International License, [35].

Figure 5. Overview of possible reactions driven by photocatalysts, considering the oxi-

dative (h*) and reductive (e7) contributions of excitons.

Figure 6. Pesticide utilization (in Million tons) in world and divided by continent, from
1990 to 2017. The growing tendency is seen in all the main crop producers, suggesting
the increasing in contamination of water bodies by lixiviation. Plotted with database col-
lected by Our World in Data [196], based in Food and Agriculture Organization (FAO)
data [1]. Reprint under the terms of the Creative Common Attribution 4.0 International

License.

Figure 7. TEM images and the related high-resolution TEM selected regions of: (A,B)
TiO2 P25, and of the same P25 powder after thermal activation in vacuum at: (D,E) 773
K and (G,H) 1,023 K; (C,F,l) fast-Fourier-transform (FFT) images of the selected nano-
crystals in (A,D,G), as obtained from [111] or [-111] zone axis directions. Reprint under

the terms of the Creative Common Attribution 4.0 International License, [43].

Figure 8. A general scheme of semiconductors’ heterojunctions. Z-Scheme (left) com-
prises those systems where two semiconductors are in contact, and the interface allows
electrons and holes to migrate to different materials, electrons to the upper conduction

band and holes to the down valence band; Heterostructures (right) are those where the



Fermi levels of both materials are aligned at interface, promoting a contrary potential that
pumps electrons to the down conduction band and holes to the upper valence band. At
right, a hypothetical comparison with electrochemical pairs indicating that each charge
carrier will be involved in a specific reaction (e.g., holes in Oz evolution and electrons in

CHjs oxidation).

Figure 9. Effects of embryonic atrazine exposure on adult female zebrafish: a representa-
tive image of an adult female from the control group (a) compared to an adult female with
a swollen abdomen in the 30 ppb developmentally exposed group (b). There was a ~5%
incidence rate observed in this treatment group (~24-37 females assessed in each treat-
ment of the four replicates). No significant difference in overall body weight was seen
between the control and 30 ppb treatment group (c), but a significant increase in ovary
weight was observed (d) (4 replicates with 10 female fish assessed per treatment repli-
cate). Moreover, in comparison to the normal adult female zebrafish (e) an increase in
atretic ovarian follicles (black arrow) was observed in those fish that presented with ab-
dominal swelling (f) determined to be from an inability to release eggs (4 replicates with
10 female fish assessed per treatment replicate). Error bars are expressed as=+ SD.
(*p <0.05). Reprinted under the terms of the Creative Common Attribution 4.0 Interna-

tional License, [59].

Figure 10. Example of components of pesticide commercial formulation. WG: Water
Dispersible Granule (pesticide and adjuvants in dry form), SC: Suspension Concentrate,
EC. Emulsifiable Concentrate, OD: Oil Dispersion. Reprinted under the terms of the

NSW Department of Industry, [197].



Figure 11. Study effect of agriculture drainage irrigation water over propyzamide and
paracetamol solutions (10 mg/L) photocatalytic decay compared with photolytic and pho-
tocatalytic decays using dionized water solutions (a); Reactor support cross section, the
air inlet is shown on the right side and of purified water outlet is shown on the left side,
as well as seal rings on upper and bottom parts (b) and (c) Photograph of the experimental

setup of the purification system. Reprinted with permission, [63].

Figure 12. Seeds and their contaminants treated with Ag@TiO2 and TiO2-Cu?*. (a)
Treatment of A. thaliana seeds with 10 mg/mL of nanostructured materials prior to culti-
vation in vitro; (b) fungal contaminants seeds exposed to 10 mg/mL of nanostructured
materials; each treatment was performed in triplicate. Reprinted under the terms of the

Creative Common Attribution 4.0 International License, [74].

Figure 13. Effect of four different levels of ZnO-NPs alone and combined with biochar
on Chlorophyll a (a), Chlorophyll b (b), photosynthesis rate (c), Stomatal conductance
(d) and transpiration rate (e) in maize leaf under Cd stress. Bars showed the standard
deviation for four replicates. Different letters on the bars demonstrate the significant dif-
ferences between treatments at p < 0.05. In figures, ns = non-significant; and *** = sig-

nificant at 0.001 level.; BC = biochar. Reprinted with permission, [77].

Figure 14. Nano-TiO; spray effect (a) and (b) Decontamination efficient of NOx under

different time section. Reprinted with permission, [101].

Figure 15. A scheme of N cycle in soils boosted by photocatalytic materials. Black ar-

rows represent the classical, well-known mechanisms: (A) gases (NHs, NO, N2O, and N3)



are released to the atmosphere by nitrification or denitrification and are also produced by
industrial and biological N2 fixation, (B) gains as organic N from crops and animal resi-
dues, (C) transformations among N forms (Norganic, NH*4, NO2%, NO3™ or N gases), and
(D) losses from water and wind erosion, fires and leaching. Red arrows complete this
complex N cycle introducing the photochemical reactions affecting organic matter (espe-
cially soluble organic matter, SON), NO gas and nitrates. Reprinted with permission,

[105].

Figure 16. Phytotoxicity effects of ZnO nanoparticles. TEM images showing the pres-
ence of nanoparticles covered by cytoplasm in the endodermal and vascular cells of the
ryegrass root under the treatment of ZnO nanoparticles: A) part of a vascular cell enlarged
from the upper rectangle area of B; B) part of a cross section of a ryegrass root; C) part
of an endodermal cell enlarged from the lower rectangle area of B; the insert of panel C
is magnified from the upper rectangle area of C. nu: nucleus; ne: nuclear envelop; np:
nanoparticles covered by cytoplasm; vs: vascular cylinder with highly vacuolated meta-
xylem cells; ed: endodermis; ct: cortex; cw: cell wall. D) Ryegrass biomass reduction and
E) root/shoot Zn contents under the treatments of ZnO nanoparticles or Zn?*. Reprinted

with permission, [108].

Figure 17. A general scheme of methane production through biodigestion. Reprinted un-

der the terms of the Creative Common Attribution 4.0 International License, [114].

Figure 18. Photocatalytic Hz production from waste H>S over all tested samples under

visible light irradiation (A > 420 nm). Reprinted with permission, [143].



Figure 19. Mechanism for the oxidative degradation of lignin under TiO2/UV catalyst

system. Reprinted with permission, [156].

Figure 20. Conversion of biomass resources to methanol: Catalyst screening. Reaction
conditions: 10 mg of glycerol, 10 mg of catalyst, 0.8 mL of MeCN, 0.2 mL of water, 365
nm LED (18 W, 55mWcm) irradiation for 12 h. Reprinted under the terms of the Crea-

tive Common Attribution 4.0 International License, [166].

Figure 21. Example of monolithic Ag-pCN/TiO- structure used for Hz production using
glycerol as sacrificial agent: FESEM images of (a) pCN; (b) TiO2; (c) Ag/TiOz, (d)
PCN/TiOz; (e) Ag pCN/TiOo; (f) uncoated monolith channels; (g) Ag-pCN/TiO: catalyst
over the monolith channels surface and (h) nanoparticles of composite over the channel

surface. Reprinted with permission, [169].

Figure 22. Schematic of the proposed mechanism of electrocatalytic nitrogen reduction
reaction process, which is inspired by the proposed mechanism occurring in nitrogenase.

Reprinted with permission, [188].
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Table 1. Pesticide degradation: an overview of the last five years (2017-2021) for TiO2 and ZnO-based materials, for experiments with simulated
effluents, e.g., contaminant in deionized or distilled water.

Material Synthesis method Particle size Shape 3%5855% d Degraded pesticide 5§;Ch Sgrl::gr?g' ation E;aé:tlon :;gzdlatlon Efficiency  Ref.
TiO, Commercial — — — Ametryn 1L 10 mg L*! 60 min Solar 100% [198]
simulator
TiO; ~95% [199]
~97%
ZnO Sol-gel method = Asy_mmetrical for- = Tembotrione 20 mL 0.05 MM 75 min uv 42%
mations Fluroxypyr 79%
MgO 39%
6%
TiO, Sol-gel 14.2 nm anatase — — Tordon 2,4-D 50 mL 10 and 40 min uv-C 100% [200]
30 nm brookite 20mg L*
TiO, P25 Commercial 94.7 nm — — Chlorpyrifos 10 mL 375ugL?! 24 h uv 80% [201]
TiO, Electro-chemical ano- — Nanotube array — 4-chloro-2-methylphe- 60 mL 1mgL? 120 min UV-LED 94.3% [202]
dization noxyacetic acid
Self-floating amphiphilic ~ Freeze-drying method — Macro-mesopores — Atrazine 40 mL 1mgL?! 5h Solar simu-  ~62% [203]
macro-mesoporous black  combined with cast structure Thiobencarb lator ~70%
TiO, foams molding  technology
and subsequent high-
temperature surface hy-
drogenation
Aeroxide®-TiO,-P25 Commercial — — — Glyphosate 250mL  25mgL? 30 min UV-A 100% [204]
Myclobutanil 20mg L 150 min
Roundu 25mg L 100 min
Systhane 35mglL? 240 min
TiO, Commercial — — Pilkington Ac- 2,4-dichlorophenoxy 05L 10mgL? 90 min UV-A 67% [205]
tive™ glass acetic acid
TiO, P25 Commercial — — — Metolachlor — 20 ppm 5 min UV-vis 100% [206]
TiO, P25/multi-walled Hydration-dehydration 10 min
carbon Sol-gel 60 min
TiO;,
Imprinted TiO, Chemical precipitation ~ 0.9-1.4 um Spherical — 2,4- 4 mL 5x10° M 240 min uv ~75% [207]
dichlorophenoxyacetic
acid
Molecularly Sol-gel — Rough morphology — 2,4- 4mL 5x10°M 3h uv ~47% [208]
imprinted TiO, with dichlorophenoxyacetic ~35%

heterogeneous
shaped particles

acid
Imidacloprid
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Batch

Solution con-

Reaction

Irradiation

Material Synthesis method Particle size Shape unsupported Degraded pesticide e centration i type Efficiency Ref.
Imprinted TiO, Hydrothermal (HTS)and 100 nm S-TiO, Stacked zero-dimen-  TiO, nanorods 2-(2,4-dichlorophe- 100mL  50mgL? 6h UV-vis 90.9% [209]
liquid-phase deposition (LPD) and diam-  sional nanoparticles noxy) propionic acid
(LPD) eter and the S-TiO, (LPD) and
length of the na- one-dimensional,
norods of 80 nm vertically aligned na-
and 1um S-TiO, norods S-TiO,
(HTS) (HTS)
TiO, P25/0, Commercial — — — Imidacloprid — 1.0x10* mol 20 min uv 100% [210]
TiO, P25/N, dm® 60 min uv ~88%
UV/VUV/N, 10 min Uv/vVuUVv 100%
UV/VUV/O, 50 min Uv/vVUVv 100%
UVv/0, 50 min uv 100%
UVIN, uv
Fe,04/TiO, monoliths Nanocasting method fol-  — Pomegranate-like — Fipronil 50 mL 600 mg L* 120 min UV-vis 88.71% [45]
lowed by wet impregna- structure
tion
Fes04-TiO,/graphene Hydrothermal 9 +/-0.2nm TiO; and Fe304 rGO Atrazine 30 mL 15mgL? 45 min Sunlight 100% [46]
spherical shaped
scattered on the sur-
face of rGO sheets
r-GO/TiO, Ultrasonically assisted — Partial layered rGO Clopyralid 250 mL 20 mgL* 60 min UV-A 100% [52]
route
TiO./GO Surface molecular im- — Uniform and nonpo-  Silylated gra- 2,4-Dichlorophenoxy-  25mL  5mgL? 35 min Visible 100% [211]
printing rous phene oxide acetic acid
technology surface
CuO/TiOu/polyaniline In-situ polymerization — Polyaniline in tubu- — Chlorpyrifos 100mL 5mglL? 90 min UV-vis 95% [212]
lar shape around the
CuO/TiO,
CdO-TiO, Sol-gel 10 nm — TiO, Imazapyr — 0.08 mM 180 min Visible 100% [47]
LaFeO;@TiO, Sol-gel — Core-shell porous — Myclobutanil 100mL  20mgL? 240 min Solar 100% [48]
simulator
WO;-TiO,-SBA-15 In — — SBA-15 molec-  2,4-Dichlorophenoxy- 100 mL  1x10“*mol L 270 min uv 76% [213]
situ anchoring ular sieve acetic acid
Au-TiO, Hydrothermal — Homogeneous nano-  TiO, nanobelt 2,4-dichlorophenoxya- 250 mL  0.53 mM 120 min UV-A 99.2% [49]
belt cetic acid
FeOXx/TiO, Surface impregnation — — TiO, 2,4,6-trichlorophenol 200 mL 50 ppm 240 min UV-vis 100% [214]
2,4- 180 min 98%

dichlorophenoxyacetic
acid
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. . . . Supported/ - Batch Solution Reaction Irradiation -
Material Synthesis method Particle size Shape unsupported Degraded pesticide e concentration  time type Efficiency Ref.
Au/TiOz/RaMef-CD Sol-gel and Au 40 nm Gold nanoparticles TiO, Phenoxyacetic acid — 0.15gL* 7h Visible 87% [215]
Au/TiO/HPB-CD impregnation Au 55 nm with intimate contact 7%
Au/TiO,/a-CD Au 30 nm with the mesoporous 76%
Au/TiO,/y-CD Au 20 nm 75%
Au/TiO,/B-CD Au 15 nm 62%
Sr/TiO,-porous ceramic Liquid-phase method — Rough and porous Porous ceramic Acephate 50 mL 50mg L? 120 min uv 85.28% [216]
filter media surface filter media
TiO, Aerosil P25 Commercial (TiOz) and 10 nmand 20 nm  Nanowires of metal- ~ SBA-15 silica Carbendazim 100 mL  20.00 +0.04 320 min uv 86% [217]
TiO, Aerosil P25 impregnation (metallic oxides) lic oxides less than Mesoporous ppm Visible 12.5%
NiFe_700_SBA-15 10 nm diameter and grains Visible 25%
CoFe_700_SBA-15 20 nm, in silica Visible 55%
grains
Carbon nanodots/TiO, Impregnation Carbon nanodots ~ Carbon nanodots TiO, 2,4-dichlorophenol 100mL  0.025 mM 60 min Visible 100% [53]
2-3nm
FeNTiO2/H,0; Sol-gel and — — — Carbofuran 100mL  0.015 mM 24 min Visible 76% [218]
impregnation
Fe,Os/mesoporous black ~ Wet-impregnation and  ~700 nm Mesoporous — Metribuzin 100mL 10mgL? 60 min Visible 99% [219]
TiO, surface hydrogenation hollow spheres
N-doped TiO, Sol-gel — — — 4-chlorophenoxyacetic 100 mL  0.008 mM 4h Visible 95% [54]
acid
N-doped TiO, Sol-gel — — — Monuron 100 mL _ 0.005 mM 25 min Visible 100% [55]
ZnO films Spray pyrolysis 1.5 um Nanoflower Glass Temephos 12mL 10mgL? 24 h Solar 55% [220]
substrates simulator
Zn0O Commercial 50-70 nm — — Nitenpyrum 30 mL 10 ppm 30 min Sunlight 100% [221]
Magnetic particles com-  Sol-gel — Cluster of aggregates ~ Magnetic parti- Pyraclostrobin 500mL 0.5mglL? 240 min Sunlight 100% [222]
posed of a silica under- of ZnO deposited on  cles core Trifloxystrobin
coat beneath a ZnO coat- the magnetic parti- (FesOq) Myclobutanil
ing cles Boscalid
Penconazole
Difenoconazole
ZnO Commercial — — — Bentazon 500mL  20mgL? 90 min UV-A 97% [223]
TiO, P25 81%
ZnO/GO Precipitation — Zinc oxide Graphene oxide  Simazine 4 mL 25 ppm 1lh Visible 94% [224]
platelets attached to
a graphene oxide
ZnO/Cu0 Sono-co-precipitation 32nm Spherical — Methyl parathion 50 mL 20mg L* 60 min Sunlight 100% [225]
Zn0-Bi,0; Hydrothermal — Nanosheet — Lambda- 500mL  50mgL? 120 min Visible 85.7% [226]
Cyhalothrin
Cu-ZnO Hydrothermal — — Zn0 Monocrotophos 500 mL — 180 min Visible 90 % [227]
rGO/Fe;04/Zn0O Thermal — Layer-by-layer as- rGO Metalaxyl — 30 ppm 120 min Visible 92.11% [228]
co-precipitation sembled structure
La: ZnO/polyacryloni- Hydrothermal 1.15 um Hexagonal rod-like Polyacrylonitrile  Methyl — 10 ppm 150 min uv 100% [229]
trile morphology fibers (PAN) paraoxon
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. . . . Supported/ - Batch Solution Reaction Irradiation -
Material Synthesis method Particle size Shape unsupported Degraded pesticide e concentration  time type Efficiency Ref.
Pd@ZnONSt Microwave-hydrother- ~ Ag NP ~20 + 2 nm Ag NP spherical shape  Zinc oxide Trifluralin 100mL  0.001 mgL* 90 min Visible ~83% [230]
Ag@ZnONSt mal Pd NP ~5-6 nm and distributed ran- nanostars 90 min ~80%
ZnO NP domly on the ZnO ma-  (ZnONSt) 160 min ~74%
ZnO NSt trix and tiny particles 90 min ~76%
TiO, NP of Pd 160 min ~72%
ZnO@SiO,@Fe;0,4 Hydrothermal 40 nm ZnO Spherical SiO,@Fe;04 Diazinon 300 mL 10,20 and 30 60 min UV-vis 100% [231]

26 nm Si0,@Fe;0,4 mg L*!
Bi-TiO./graphene Hydrothermal — Nanotubes of Bi-doped  TiO, Dinoseb 180mL 10mglL? 180 min Visible 2% [232]
composites TiO, anchored on the
surface of graphene

Bi-TiO, Bismuth ionic layer Bismuth containing Spherical Glass beads Pentachlorophenol 5mL 20 ppm 4 min Visible ~88% [233]

adsorption reaction
method over TiO;
beads

clusters of 1-5 nm




Table 2. Pesticide degradation: an overview of the last five years (2017-2021) for prospective catalysts, for experiments with simulated effluents, e.g.,
contaminant in deionized or distilled water.

. . . . Supported/ A Batch Solution Reaction Irradiation -

Material Synthesis method Particle size Shape unsupported Degraded pesticide size concentration  time type Efficiency Ref.

CdS/BiOBIr/Bi,0,CO;  Hydrothermal — — BiOBr Atrazine 100 mL 10 ppm 30 min Visible >95% [234]

CuS-Bi,0,COs Hydrothermal — CusS nanorods and Bi;0,CO;  Bi,0,COs Chlorpyrifos 100 mL 10 ppm 3h Visible >95% [235]
nanoplates

CuS/BiFeO; Hydrothermal — Uniformly distributed CuS BiFeOs Alachlor 100mL  5ppm 60 min Visible >95% [236]
nanorods and BiFeO;
sheets

CuS/Bi;Tis01 Hydrothermal — Ultrathin Cu$S nanosheetsand ~ Bi,TizO12 2-methyl-4- 100 mL 10 ppm 3h Visible >95% [237]
Bi;TizO1, chlorophenoxyacetic
nanoflakes acid

BiOBr/Fe;0, Solvothermal — Spherical Fe;O4 nanoparticles  BiOBr Glyphosate 20 mL 100 mg L! 60 min Visible 97% [238]
and BiOBr microspheres

BiMoVO, photoanode  Spin coating on the — Rounded FTO Simazine 50mL  0.025 mM 1 min Solar 100% [239]

FTO nanoparticles embedded into simulator

the FTO structure
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. . . . Supported/ - Batch Solution Reaction Irradiation -
Material Synthesis method Particle size Shape unsupported Degraded pesticide e concentration  time type Efficiency Ref.
g-C3N4/Bi,0,C0O4/CoFe,04  Hydrothermal — g-CsN, thin rough Biochar Paraquat 100 mL 20 ppm 90 min Visible 99.3% [240]
synthesis sheets, 120 min Sunlight 92.1%
Bi,0,CO; flower
shaped, CuFe;04 cu-
bical crystals and bi-
ochar
(porous matrix)
Carbon quantum Impregnation Nanowire 20 nm Nanowire and nano-  BiyTiOs, Isoproturon 50 mL 20mg L 48 h Visible 98.1% [241]
dots/BiyTiOs and nanodots 3-5  dots
nm
Ag/BiOBr-carboxymethy!l Anchoring metallic BiOBr Ag nanoparticles Carboxymethyl Isoproturon 50 mL 20mg L 150 min Visible 98% [242]
cotton fabric silver nanoparticle- nanosheets ~1 onto the surface of cotton fabric
decorated bismuth mm and Ag na- BiOBr nanosheets
oxybromide noparticles 10-20  anchored to the cot-
nanosheet arrays on nm in diameter ton
carboxymethyl cot-
ton fabric
K4NbgO,7/alpha- Thermal pyrolysis ~100 nm Nanoflake — Acetamiprid 60mL 50 ppm 180 min Visible 76% [243]
FEZO3/F€‘3N/Q'C3N4
PB-g-C3N. Thermal — Nanosheets — Atrazine 100mL 2mglL? 120 min Visible 94% [244]
copolymerization with small holes
P-doped g-CsN, coupled Sonochemical — Irregular anchoring — Imidacloprid — 1x10*mol LT 6h Visible 95% [245]
with fullerene of C60 nanoparticles
(C-60/PCN/H,0,) over PCN
nanosheets
CdS/RGO/g-C3sN, Hydrothermal 21010 nm Nanospheres — Atrazine 100mL  10mgL™ 5h Solar 90.5% [246]
simulator
CsNa4/Fes04/Ag Hydrothermal — — — Diazinon — 5mgL? 60 min uv 100% [247]
a-Cyclodextrins/MoS,/ MoS,/g-C3N4 im- — — g-CsN,4 Glyphosate 50mL  9glL? 170 min Solar ~49% [248]
g-C3N,4 pregnation on CDs simulator ~66%
B-CD/Mo0S,/g-CsN4 ~80%
Y-CD/MOSzlg-C3N4
GO/g-C3N4/Ag membrane Filtration-assisted — GO sheets inter- GO/g-C3N,4 Paraoxon — 105M 150 min Visible 92.8% [249]
assembly method locked with g-C3N,4 nanosheets
sheets and stacked
into lamellar struc-
ture
Graphene nano- Hydrothermal 40 to 80 nm Agglomeration of Glass plates Chlorpyrifos 200mL  50mgL? 90 min UV-vis 96.8% [250]
platelets/ZrV,0; particles (cohesion
of GNPs and ZrV,0-
particles)
AgsPO./GO Electrostatically AgsPO, nanopar-  Aerogel GO Atrazine 20mL — 120 min Visible 100% [251]

spraying

ticles 10 to 20 nm

microspheres
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Material Synthesis method  Particle size Shape unsupported Degraded pesticide e centration i type Efficiency Ref.
In, S co-doped TiO,@rGO Ultrasonic-assisted — Lumps shape and rGO Atrazine 25mL 20mgL? 20 min Visible 100% [252]
solvothermal tended to
aggregate into big-
ger-sized particles
Zn,Cuy.«Fe;04 Sol-gel 27 nm Agglomerated — Atrazine 20 mL 4.4 uM 30 min UV-vis 95% [253]
combustion nanoparticles
g-C3N4/AgsPOL/Agl In-situ ion ex- — Crinkly sheets — Nitenpyram 50mL  5ppm 4 min Visible 94.2% [254]
change method
AgsPO./polydopamine/Al,0;  Homogeneous pre- — Small balls Porous Al,O3 Ammonium  glypho- — 100 ppm 20 min Sunlight >75 % [255]
cipitation sate
Acephate 5 min
P/C3N, Hydrothermal — — g-C3N, Dinotefuran 100mL 2mglL? 5h Visible 40.59% [256]
SO4-AgsPO, Precipitation 20 to 60 nm Irregular — Thiacloprid 50 mL 5mgL? 5 min Visible 88.64% [257]
Nitenpyram 5 min 73.66%
Imidacloprid 60 min 99.66%
Clothianidin 60 min 90.78%
Acetamiprid 60 min 44.67%
Thiamethoxam 60 min 39.94%
Dinotefuran 60 min 14.64%
Nb,0s:CoFe;04 Coprecipitation 20 and 50 nm — — Atrazine 80 mL 10mgL? 60 min uv 88% [258]
szOsZMQFGzOzL
Fe;0,@WO04/SBA-15 Co-precipitation, WO;35.8nmand Core-shell SBA-15 molec- Dichlorophenoxyacetic 100 mL ~ 1x10%mol L* 240 min uv 90.73% [259]
solvothermal and Fes0,13.3nm ular sieve acid
hydrothermal
Ce0, —Ce;S; Coprecipitation 20-200 nm 3D granule-like Zeolitic Acetamiprid 50 mL 50 ppm 3h uv 82% [260]
geometric channels
WO; photoanode Electrochemical — Tiny nanorods or Electrodes, Fenamiphos 14mL  20mglL? 120 min UV-vis 100% [261]
anodization nanosheets
WO, Electrochemical — Nanosheets or Tungsten bar Chlorfenvinphos 14mL 20 ppm 360 min UV-vis 91.4% [262]
anodization nanorods Bromacil 84.3%
Ag,S/Fe;0,@AgsPO, Solvothermal dep- — Core-shell — Imidacloprid 60mL 2mglL? 60 min Visible 100% [263]
osition followed
by an in-situ an-
ion-exchange reac-
tion
WO3 Electrochemical 21+03pum Nanosheets/nanorods — Atrazine 14 mL 20mg L* 180 min uv 100% [264]

anodization
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Oxidized carbon Rapid acid-assisted method — Porous surface — Acetochlor 100mL  2mglL? 180 min Visible ~ 40% [265]
nitride (OCN) Pretilachlor ~ 50%
Butachlor ~ 40%
Florasulam ~100%
Clodinafop-propargy!l ~ 60%
Diuron ~92%
Nicosulfuron ~98%
Pyrazosulfuron-ethyl ~99%
Halosulfuron-methyl ~ 100%
Rimsulfuron ~98%
ZrO,@HKUST-1 Sol-gel — HKUST-1 octahe- HKUST-1 Cyhalothrin 30 mL 10mg L* 6h Visible 99.6% [266]
dral shape with
rough surface
Metal—organic Wet chemical method 90 nm Uniform spherical — Nitenpyram Thifluza- 200l 10 pug mLt 20 min Visible 95% [267]
framework mide Isoproturon 82.3%
Atrazine 67.4%
76.2%
WO, Sedimentation 2-10nm Small nanocrystals FTO Monuron 20mL  5x10°mol 4h Solar 20% [268]
Magnetron sputtering Sputtered films are dm?3 simulator 20%
Combination of both methods homogeneous and 40%
smooth surface
Boron-doped dia-  Commercial — — — Diuron 80mL  60uglL? 2h Solar 96% [269]
mond anode Atrazine simulator 90%

(Synthetic stormwater)




Table 3. Pesticide degradation using photocatalytic materials: an overview of the last five years (2017-2021) of experiments with real effluents.

Material Synthesis Particle Shape Degraded pes- Batch Solution con- Reaction Irradiation  Efficiency Effluent Ref.
method size ticide size centration time
TiO, thin- Chemical vapor 100 nm Surface with a Azoxystrobin 320 mL 5mgL? 20 min uv-C 100% Drainage water: [63]
films* deposition roughness Iprodione 100%/25 min
Propizamid
Isoproturon
Fenarimol
BiOBr/ In-situ — BiOBr flakes inter- Atrazine 50 mL 5mgL? 240 min Visible 88% pure water River water [270]
UiO-66 growth spersed with UiO- 0% river water
66 particles
Snin,Se Hydrothermal 1-2 ym Network-like Ethiofencarb 100 mL 10mgL? 24 h Visible 98% deionized water Lake and river [271]
microspheres ~82% river water samples
~97% lake water
CNTs/MOF- Impregnation — MOF-808 ovoidal Diazinon 200 mL 50 mg L* 60 min Visible 99.7% diazinon Agrochemical [272]
808** between CNTs 2h 92.9% wastewater wastewater
TiO, P25 Commercial Anatase ~ — Diuron — 1.7 x10%*M 60 min uv 90% River and thermal [273]
25 nm and Monuron 98% water (negligible re-
rutile ~ 40 sults)
nm

*Supported in quartz tube
**Supported in scarified glass plates



Table 4. Summary of photocatalytic materials used for the degradation of effluents with animal hormones and pharmaceutics contaminations.

Solution concentra-

Material Synthesis method Characterization Degraded molecule Batch size tion Reaction time Efficiency Irradiation Ref.
TiO, P25 Commercial — Sulfamethoxazole 1L 100 mg L! 370 min 91% Solar simulator [274]
Trimethoprim 100%
TiO, P25* — — Spiramycin — 15mgL? 168 h 100% Solar simulator [275]
168 h
0.25h
TiO, P25 Commercial 21 nm Sulfanilamide 100 mL 0.1 mmol L 90 min ~10% UV-A [276]
~96%
~80%
~96%
~96%
~88%
~90%
TiO-exfoliated  Sol-gel and microwave methods Supported in graphite sheets Sulfamethoxazole 75 mL 25mgL? 6h 100% UV-vis [277]
graphite
TiO, P25 Commercial — Ampicillin 100 mL 50 mg L* 110 min 100% UV-A [278]
Doxycycline 90 min
Tylosin 75 min
Sulfathiazole 90 min
TiO, Commercial — Ivermectin 1L 500 ug L? 600 s 98% uv [279]
TiO, P25  ** Commercial — Sulfadiazine 100 mL 0.1 mmol L 60 min ~82% uv [280]
FeCly Sulfamethoxazole ~92%
TiO,/FeCls Sulfathiazole (mixture) ~98%
TiO, P25 Commercial — Thimerosal 150 mL 40mgL? 20 min 100% UV-A [281]
H,TCPP@TIO; 62% OXA [282]
59% OTC
CuTCPP@TIiO, Non-covalent functionalization Suported in TiO» surface 68% OXA
of TiO, with porphyrin P 2 Oxolinic acid (OXA) 50 mL 30 UM 40 mi 62% OTC Solar simul
ZnTCPP@TIO, Oxytetracycline (OTC) - K — 52% OXA SRR
54% OTC
TiO, P25 Commercial — 92% OXA
65% OCT
TiO, Commercial — Flumequine 1L 500 ug L* 60 min 99% uv [283]
TiO,/H,0, 98%
FeNi;@SiO,@Z Co-precipitation, sol-gel, 31-62 nm, highly Tamoxifen 250 mL 20mg L* 60 min 100% Solar simulator [284]
nO impregantion agglomerated particles
Bi/BiOBr/Bi,WO Hydrothermal Diameter of about 3 um, Norfloxacin 50 mL 20mg L* 180 min 96.1% Visible [285]

6

spheres
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Material Synthesis method Characterization Degraded molecule  Batch size fg:\%gg? ration Reaction time Efficiency Irradiation Ref.
BiOBr Hydrothermal 1-3 um, irregular flake morphology  Ciprofloxacin 40 mL 5mgL? 140 min 100% Visible [286]
with smooth edges
Bi,M00Os Hydrothermal route followed ~ 30-100 nm, granulated Sulfamethazine 200 mL 0.0180 mM 150 min ~90% Solar simulator [287]
by calcination
g-CsN4/BiOl/ Ultrasonication method BiOl 0.60 pm to 1.25 pum, flower- Sulfamethoxazole 100 mL 30mgL? 180 min 88% Solar simulator [288]
exfoliated graphite like microspheres, irregular g-CsN4
sheets, and EG sheets
Nd2Mo30, Sol-gel 50-80 nm, flowerlike structures with  Nitrofurantoin 100 mL 10mgL*? 45 min > 99% Visible [289]
smooth surfaces
GO/nanohydroxy  Chemical modification of gra-  Sheet of GO Aureomycine hydro- 250 mL 2mgL? 42 min 97% Solar simulator [290]
apatite phene oxide (GO) by triethyl- chloride
tetramine
C0304/WO; Coprecipitation and Spherical particles Diclofenac sodium 50 mL 15 ppm 180 min 90.8 % Visible [291]
impregnation of Co;0, deposited on top of WO, salt
spongy-like 3D platelets
AgsPO/AgBr Precipitation 10-100 pum, Microspheres Ciprofloxacin 50 mL 20mg L* 120 min 96.36% Visible [292]
SnO,/SnIn,Sg In situ precipitation and hydro-  SnO, with a thickness of about 100 Plaquindox 40 mL 10mgL? 25 min 100% Visible [293]
thermal nm and Snin,Sg with a thickness of

~20 nm, Spherical shell

* Sterilised water, river water, and sterilised water

** Municipal wastewater, a mechanical-biological wastewater treatment plant (effluent), a household septic tank and from a municipal landfills



Table 5. Animal hormones and pharmaceutics degradation by other methods (photolysis with no catalyst).

Irradiation type Degraded hormones/ pharmaceutics Batch size Solution concentration Reaction time Efficiency Real effluent Ref.
uv Tetracycline 70 mL 2mgL? 43h 81% No [294]
Solar simulator Sulfamethazine: 20 mL 40mgL? 1-45h 100% Urban wastewater [295]
1-High performance liquid chromatography wa- 2-30h
ter
2-Wastewater effluent treatment plant
Solar simulator Difloxacin (DIF): 50 mL 10 ug mL* 5h DIF: No [296]
1-Millipore water 1-98%
2-River water 2-100%
Sarafloxacin (SARA): SARA:
1-Millipore water 1-63%
2-River water 2-99%
uv Ciprofloxacin 750 mL 20mg L 128 min >98% No [297]
Solar simulator 61%
Solar light Marbofloxacin (MAR) 1 g soail 0.5 mg kg* Soil: Soil: Agricultural soil sam- [298]
Enrofloxacin (ENR) 500 mL river water 50 gLt MAR 150 h MAR ~25% ples and river water
ENR 200 h ENR ~30%
Water: Water:
MAR 115 min MAR 100%
ENR 90 min ENR 100%
Solar light Sulfamethazine 500 mL 20mgL* 120 min >70% No [299]
Solar simulator Tetracycline — 100 uM 69 min 100% Tap water [300]
Natural and simulated Zeranol 20 mL 5mM 60 min 0% No [301]
sunlight B-Zearalanol 0%
Zearalanone 0%
Melengestrol ~45%
Melengestrol acetate ~60%
17 a-trenbolone ~70%
Trendione ~75%
Trenbolone acetate ~85%
17 B-trenbolone ~90%
Solar simulator Sulfathiazole — 10 uM 09h 90% No [302]
Solar simulator Sulfamethoxazole 20 mL 100 pg L 3h 100% Ultrapure water Estua-  [303]
17h ~85% rine water Riverine wa-
17h ~90% ter
Natural solar light Ciprofloxacin 100 mL SpgL? 300 min ~90% River water [304]
Danofloxacin 480 min ~85%
Levofloxacin 600 min ~55%
Moxifloxacin 600 min ~62%
Enrofloxacin 480 min ~85%
Marbofloxacin 480 min ~80%

uv Sulfadiazine 500 mL 11mgL? 60 min 99% No [305]
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Irradiation type Degraded hormones/ pharmaceutics Batch size Solution concentration Reaction time Efficiency Real effluent Ref.
uv Doxycycline — 500 pg L? 4 min 90% Ultrapure water [306]
95% Fountain water
85% Tap water
Solar simulator Febantel 40 mL 0.lmglL? 500 min 10% No [307]
uv-C Diclofenac — 10mgL? 10 min 90% No [308]
uv-C Cephalexin 200 mL 512mgL? 20 min 81% No [309]
uv Albendazole 1L 25ugL? 5 min 99% Drinking water, surface  [310]
Fenbendazole 15 min 99% water, and reuse water
Thiabendazole 30 min 80%
Natural sunlight Oxyclozanide 4mL 20 ug mL* 30 min ~99% No [311]
Solar simulator Sulfadimethoxine 50 mL 4000 pg Lt 4h 64% No [312]
UV activated persulfate Oxytetracycline 10 mL 10 yM — 85% Natural water [313]
Microalgae Chlorella sp, com- Ciprofloxacin 02L 50 mg L* 120 min >99% No [314]
bined with Fe?* and UV light 17p-estradiol 75%




Table 6. Summary of materials for NOx photo-decomposition.

Material Characterization Synthesis method Products/ NOy conversion/ Feed gas (composi- Batch size Irradiation Reac- Testcondi- Ref.
shape&Size N, selectivity removal (max.) tion, stream rate) (reactor, volume, cata- tion tion
lysts amount) time
TiO, Thin film lonized cluster beam N, Oz, N,O — NO Batch reactor, UV:2>270 nm 4h T:2°C [315]
Thickness 100 nm —
Ag-TiO, — Sol-gel — N,O: 77% 990 ppm N,O/He Batch reactor; UV: 254 nm 24 h T:ambient  [89]
mixture, 756 mL; temperature
110 kPa 0.135¢g
Ag-TiO, Ag highly dispersed  Photodeposition — N,O: ~100% N,O: 0.14 kPa, Batch reactor; UV:18mWem?2 3h — [316]
on TiO, MeOH: 0.63 kPa, 1.83L;
H,0: 1.4 kPa 1.0g
Ag-TiO, Thin film Sol-gel N3, O N,O: 45% 0.1 mol% N,O / He Batch reactor; UV: 254 nm 24 h T:ambient  [317]
mixture 450 mL temperature
Ag/TiO, — solvothermal Na; NO: 100% 10% NO/Ar batch reactor; UV-vis: 3728.6 3h T:50°C [318]
70% 275 mL; uW cm?
05¢g
Cr-ion- Thin film, thickness  lonized cluster beam Ny, O,, N,O — NO: 12.3 mol Batch reactor; Visible light: A> 4h T:2°C [319]
implanted TiO, 300 nm 30 mL; 450 nm
film size: 10 mmx10
mmx1 mm
Fe-doped TiO, Thin mesoporous Sol-gel N3, Oz, NOs~ — NO/He gas (~1 ppm);  Flow reactor: 40cm x 10 UV: 1.76 mW ~160 — [320]
film 1L min™! cm x 5cm; cm™? min
film: 10cm x5 cm
BiMOy BiVO, and Hydrothermal — N,O: N,O: 680 ppm, Batch reactor; UVA:A=365nm 12h T:25°C [321]
(BiVOy, Bi,M0oQg: nanosize BiVO,: 27.1%, 0,: 3 vol %, 0.20g
Bi,M0Os, flake (20—30 nm of Bi;M00Os: 17.4%,  Ar: balance
Bi,WOg) thickness, 150 nm of Bi;WOq¢: 12.8%
length)
Bi,WOg: microflake
(thickness of 20 nm)
BiVO, Structure assembled  Hydrothermal — N.O: 26.7% 03: 3 vol%, Batch reactor; UVA: A=365 nm 12h T:25°C [322]
by nanoparticles N,O: 0.68 vol%, 02g
with thickness of Ar balance
0.2-2 um
ZnsS stabilized — Precipitation — N,O: 79% 100 ppm N2O in Np, Batch reactor; UVA: A=254nm  24h — [323]
by cetyltrime- or 100 ppm N0, 6.5 450 mL;
thylammonium mol% O in N, 01lg
bromide
g-CsN4/WO;3 — Calcination — N,O: ~15% 998 ppm N0 in H, Batch reactor; UVA: A= 365 nm 20 h — [324]
0.045¢g
TiO,/g-CsN, — Calcination — N,O: ~65% N,O/He mixture (1020  Batch reactor; UVA: A= 365 nm 14 h — [325]
ppm) 180 mL;
01lg
(Zn1.xGe)N,Ox — Calcination — NO: ~51% 1 ppm NO in air and Flow reactor A>290 nm — — [326]

Na;
200 mL min™!




(Table 6 — continuation)

Material Characterization Synthesis method Products/ NOx conversion/ Feed gas (composi- Batch size Irradiation Reaction  Test Ref.
shape&Size N, selectivity removal (max.) tion, stream rate) (reactor, volume, cata- time conditio
lysts amount) n
GaON 10-20 nm Hydrothermal — NO,: ~40% 1 ppm NO in air Flow reactor A>290 nm — T: room [327]
A>400 nm temperat
ure
TiO2/g-C3N,4 Spherical TiO; na- Pressurized hot — N,O: 70.6% N,O/He mixture (998 Batch reactor; UVA: A=365 nm 20 h — [328]
noparticles dispersed  water processing ppm), pressure: 1.6 bar  0.1g
over g-C;N, sheets
Ni-doped proto- — Solid-state reaction — NO: ~65% 1ppm NO in air Flow reactor 2>290 nm — T: room [329]
nated layered temperat
titanate/TiO, ure
V Oxide/ZSM-5 — Solid-state reaction N3z, Oz, N,O — NO: 1.82x10*mol g-  Batch reactor UV: >280 nm 4h T:22°C [330]
cat™
with and without pro-
pane: 1.97 x10* mol
g-cat™!
Vanadium — Hydrothermal VS-2: Nz, N2O, — 10 Torr of NO, Oy, Batch reactor A>280 nm ~3h T:22°C [331]
silicalite ion-exchange 0O, H,0 (20%) A>250 nm
Ag*/ZSM-5 Ag*IZSM-5: N,
N.O, NO,
(Zn14xGe). Nanotube Hydrothermal — NO,: 40% 1 ppm NO in N; and Flow reactor A>290 nm — RH: 23 [332]
(N20y) air; A>400 nm %
200 mL min™! 2>510 nm T: room
tempera-
ture
FTiO2/(N,C)- Aggregated structure  Solvothermal — NOy: >40% 1 ppm NO in Nz and Flow reactor; A=627, 530, 445, — T: room [333]
TiO, of primary nanopar-  physical mixing air; volume of sample pow- 390 nm temperat
ticles, 7.3-13 nm 200 mL min™! der: 20 mmx16 mmx0.5 ure
mm
AgsPO4/g-CsNs,  AgsPOg: cubic parti-  In-situ hydrothermal —— NOx: 41.76% 1 ppm NO in Ny and Flow reactor; A>290 nm — — [334]
cles; air; 373 mL; A>400 nm
g-C3N4: mesoporous 200 mL min! volume of sample pow-
sheet structure der: 20 mmx16 mmx0.5
mm
Fe/TiO, — Sol-gel Nz, Oz; NOy: 4.5% ~1000 ppb NO in air, Flow reactor UV: ~2mwcem? — — [335]
100% pure Ny, or pure He;

1L min!

@ T-temperature, all the temperatures converted to Celsius for comparison
b RH-relative humidity



Table 7. Summary of materials for NOx photo-oxidation.

Material Characterization Synthesis Product  NO conversion/ Feed gas (composition, Batch size (reac-  Irradiation Reaction  Test condition Ref.
shape&Size method S removal (max.) stream rate) tor? volume, cat- time
alysts amount)
CdTe/P25 CdTe (3.5-4.0 nm) CdTe: colloidal  NO, NO: 0.75 standard liters per mi- 200 mg Visible light — RH?: 50 + 3%; [336]
QDs dispersed on P25 synthesis 43% (vis) nute (SLM) N, 0.250 SLM UVA T¢:23+2°C
support CdTe/P25: 42% (UVA) 0,, 0.010 SLM NO
drop-casting
Ag/TiO, Ag particles loaded on Impregnation NO3~ NOy: 500 ppb NOx, Batch reactor: 20 Visible light: 6h RH: 50% [337]
TiO, particles 90% (1 h) (by diluting 0.625% of NO, L A=400 nm—700
0.050 + 0.001 mg ~100% (6 h) and 0.125% of NO with air) nm
g-C3N,/Ti%* Film Spray-coating NOs, NO: 25.8% NO: 400 ppb; 340 mm x50 mm 1 >420 nm 30 min RH: 50%; [338]
self-doped TiO, grain-like TiO, nano- NO, 1.2 L min™! x 50 mm T: ambient
particles and feather- temperature
shaped pCN
nanosheets
TiOJ/graphene Layered graphene Solvothermal NO, NO\: 1 ppm NO in model air; — UV-A: ~10W 30 min RH: 50% [109]
sheets intermix with 42.86% (UV) 3L min! m?
the TiO, nanoparticles 22.75% (vis) visible light:
~7000 lux
Pt-doped TiO, 9.2-11.1 nm Sol—gel NO,, NO conversion: 3941 ppm NO in N, and 4.5mL,; uv, 60 min RH: 70% [339]
NO3~ 25.9% (vis); wet air stream; 50 mg visible: A>420 T: room tempera-
NO, removal: 200 mL min™' nm ture
93.7 umol g
(vis)
Sn doped blue Nanoparticles Li/EDA NO,, NOy: 72% NO: ~400 ppb 0.05¢g Solar light 60 min RH: 50% [340]
TiO, reduction HNO, NO,: ~30 ppb
method HNO3
Titanate nanotubes  Nanotubular or curled Hydrothermal NO, oxi-  NO, oxidation (1)9.75+0.25 ppmvNOin  0.11+0.01g UV-A: highestin-  4h RH: 55 + 5% [341]
sheet structure dation: 100% (1st hour) N, and humidified air, tensity at 365 nm, T:25+2°C
HNO, 74% (4th hour) (2) 9.75 £ 0.25 ppmv NO; in 1.25 mW cm™
HNO; NO oxidation N, and humidified air NO;
NO oxi-  85%-100% 400 cm® min™!
dation:
NO,,
HNO,
HNO,
Fe- and Cu-doped Core-shell nanoparticle ~ LI/EDA NOs", NO: 70% NO: ~300 ppb, NO,: ~35 240 cm3; 200-1200 nm, 60 min RH: 50% [342]
blue TiO, of amorphous and ana-  reduction NO, NOy: 68.78% ppb; 0.05¢g 100 mw cm2 T:22-25°C
tase phase method 100 sccm
Au/Ce0,-TiO, Au nanoparticles and Microwave- - NO: 85% 500 ppb NO in air; 18L; Simulated sun- 60 min RH: 83% [343]
CeO, species well dis-  assisted 4.0 L-min’! 0.20¢g light, T: ambient
persed in the TiO, solution UV: A=365 nm temperature
framework approach
N-doped and N,S-  Dense spherical Chemical NO, NO: 1 ppm NO in air; — UVB: A=288 nm, 90 min RH: 50% [344]
codoped TiO, nanoparticles treatment with ~45% (UV), 3L min! 10 W m?2,
various ~12% (vis) visible light: 2200

modifiers

lux




(Table 7 — continuation)

Material Characterization Synthesis method  Products NO con- Feed gas (composition, stream  Batch size (reac-  Irradiation Reac- Test condition Ref.
shape&Size version/ rate) tor? volume, cat- tion
removal alysts amount) time
(max.)
Amorphous car- Loose porous struc-  Calcination NO,, NO; NOx: ppb level of NO in air; 451L; Visible light: A>420 10 min ~ RH: 30% ~ 80% [345]
bon nitride with ture 57.1% 1.0 L min™! 0.1lg nm, 12.6 mw cm T: normal temper-
N;C-site vacancies ature
g-CsNs with N Porous microtubes In situ soft-chemi-  NOj", NO: 32.8% 400 ppb NO in N and air 451L; Visible light, 30 min [346]
vacancy cal method NO; -, NO, 0.1lg 25.28 mW cm
BisNbO; Single-crystal nano-  Hydrothermal — NO: 42.3%  ~400 ppb NO in N and air; 451L; Visible light: A>420 40 min  RH: 70%; [347]
plates superstructure 4 L min! 0.lg nm T: ambient tem-
perature
Bi@Bi,03 Uniform HCl-ethanol NO3, NO: 41% 400 ppb NO diluted by pure air 30cmx15cmx  Visible light: A>420 30 min  T: ambient [348]
mesoporous chemical etching NO;", NO, 3L min! 10 cm, nm, temperature
nanospheres 0.1g 28.50 mW cm2
Bi,0,CO4/Bi,OsBr  Ultrathin nanosheets ~ One-step NO, NOx: 430 ppb NO in air 45L Simulated solar light 30 min  RH: 30£5% [349]
2 0.108g hydrothermal NOs7, 53.2%
synthesis NO,~
BiOCI/CuBi,0, 3D hierarchical mi-  solvothermal NO, NO: 40% 550 ppb NO in air 1451, Visible light: A>420 600 — [350]
crospheres NO;~ 20mg nm min
Bi/Bi;0,xCOs Nanosheet Hydrothermal NO3, NOx: 400 ppb NO in air 451L; Visible light: A>420 30 min  RH: 30£5% [351]
NO., NO;,  50.5% 029 nm
H20,
gCsN,@ “Sandwich” Reflux method NO;~ NO: 83% 400 ppm NO and 7% O,/N, Tubular quartz Visible light: A>420 150 T: room [352]
Ag/BiVO, (040) composite balance (100 mL min™") and reactor:d=1cm, nm min temperature
30% H,0, solution (0.02 mL h=15cm;
min~" 0.2g
LaFeOs;-SrTiOg LaFeOs sphere- Solvothermal NO3, 2.46.7% 400 ppb NO mixed with air 10 cmx30 cmx15  Visible light: A>420 30 min ~ RH: 30 £ 5% [353]
swere (0.1-1um) NO;", NO, of 3L min™! cm nm, 28.93 mW cm2 T: ambient
coated with small (heightxlenthxwi conditions
SrTiO; nanoparti- dth);
cles (~30 nm) 01lg
N-doped 3D flower-like One-pot Fully NO: 50.4% 400 ppb NO in N; and air 10x30x15cm Simulated solar light 60 min — [354]
(BiO),CO3/ hierarchical hydrothermal inhibited (heightxlenthxwi
graphene oxide microspheres NO, dth);
029
Zn-Al layered Hexagonal sheet- Coprecipitation NO,, NO: 55% 150 and 600 ppb NO in air; 500 mg UV: 25 W cm2 60 min  RH: 50 + 5% [355]
double hydroxides  like morphology NO5~ 0.30 L min™! visible light: 580 W
cm?
a-Fe,04/g-C3N, a-Fe,O3 nanoplates Impregnation- NO,, 2.60.8% 600 ppb NO, in N, and air; 2.26L; Visible light: A>420 60 min  RH: 50% [356]
dispersed among g- hydrothermal NO5~ 1.2 L min™! 100 mg nm
CsN4 nanosheets
SnOy/graphene Tiny particles (~2.4  Hydrolysis NO, NO: 600 ppb NO; 45L; Full spectrum and 30 min  T:ambient [357]
quantum dots nm) hydrothermal NO5~ 57% (vis) flow rate: NO 12.0 mL min™', 0.1lg visible light (A>420 temperature
75 (full dry air 2.0 L min™' nm)
spectrum)
BiOX Single-Crystal Precipitation NO,, NO: 21.3% 600 ppb NO in N, and air; 45L; Visible light: A>>420 40 min ~ RH: 50% [358]
X=Cl,Brl) Nanoplates HNO; 2.4 L min! 01lg nm T: ambient

temperature




(Table 7 — continuation)

Material Characterization Synthesis Product  NO conversion/ Feed gas (composition, Batch size (reactor® Irradiation Reaction Test Ref.
shape&Size method s removal (max.) stream rate) volume, catalysts time condition
amount)
Au-TiO,/SiO, TiO; and Au integrated  Sol-gel NO; NO: 73% 3 ppm NO in air 6g UV-vis 8 min Absolute [359]
in silica matrix NO;~ 1000 cmé min™! humidity: 25
NO, +2gm?
Carbon quantum CQDs scattered on the ~ Hydrothermal NO;~ NO: 22% 400 ppb NO in air; 451L; Visible light: 30 min — [360]
dots modified spicule FeOOH surface NO, 3L min! 0.1g A>420 nm,
FeOOH 28.29 mW cm?
O/Ba co-function-  — Co-pyrolysis NO, NO: ~55% 500 ppb NO 30 cmx15 cmx10 Visible-light: 30 min — [361]
alized amorphous NO;~ cm; 0.16 mW cm™?
carbon nitride 0.20¢g
Fe304/C3Ny FesO4 nanoparticle Sonication NO;~ NO: 40% 1 ppm of NO with N, and O,; 200 mg Visible light: 60 min RH:50+3%  [362]
located on sheet-like NO, 1.010 SLM £0.05 SLM 400-700 nm T:23+2°C,
mesoporous -C3Ng
Ni—Co bimetal Hollow NiCoOx Low-tempera- NO;~ NO: 59.1% 600 ppb NO in N, and air; 226 L; Visible light 30 min T: ambient [363]
oxide/g-C3N,4 loaded on the surface ture annealing NO, 1.2 L min™". 100 mg 35 mW cm temperature
of g-C3N4 nanosheets
g-C3NJ/Au/ Ultrathin ZnIn,S4 Low- NO;~ NO: 59.7% 600 ppb NO in N, and air; 226 L; Visible light 30 min RH: 50% [364]
Znin,S, nanosheets covered g- temperature NO, 1.2 L min™! 100 mg T: ambient
CsN4/Au with a sheet- hydrothermal temperature
on-sheet hierarchical
structure
g-C3N,4 Nanosheets with Thermal NO;~ NO: 65.0%, 600 ppb NO in N, and air, 451L; Visible light: A> 30 min T: ambient [365]
porous structure condensation NO,” NO,: 33.8 or 400 ppb NO, in N, and air;  0.2g 420 nm, 0.16 temperature
NO, 1.0L min™! mw cm
AgVO;-g-CsNg- Porous network Boiling water NO;~ NO: 65% 600 ppb NO in N, and air; 226 L; Visible light 30 min T: room [366]
graphene aerogel framework bath NO, 1.2 L min™! 0.1g temperature
g-C3N4/a-Ni(OH),  Hierarchical morphol- Hydrothermal NO3~ NO: 51.3% 600 ppb NO in air; 019 Visible light: & 30 min — [367]
ogy with a-Ni(OH), air: 2L min’', > 420 nm, 35.88
microspheres wrapped NO: 11 mL min™! mw cm
by g-CsNq4
g-C3N4 Modified Platelet-like g-C3N4 Condensation NO;~ NO: 47% 600 ppb NO in air; 0.785 L; Visible light: A 60 min T: ambient [368]
with Perylene Im- modified with PTCDI reaction NO, 1L min™! 50 mg > 420 nm temperature
ides on surface
S-doped g-C3N, Regular sheet morphol-  Molten salt NO, NO: 93% 200 ppm NO 100 mg Visible light: A 180 min T: room [369]
with C vacancies ogy with small holes in  copyrolysis NO;~ > 420 nm temperature
structure
BiOl Hollow microspheres Solvothermal NO3~ NO: 60% 600 ppb of NO in N and air; 45L; Visible light: A= 30 min T: ambient [370]
NO, 1L min™! 0.15¢g 448 nm temperature
BiOCI Nanosheet Hydrothermal NO3~ NO: 60% 500 ppb NO in air; 30 cmx15 cmx10 Simulated solar 30 min — [371]
NO, 1L min™! cm; light
029
BiOBr-g-C3N,4 Nanoflowers Solvothermal NO3~ NO: 63% 600 ppb NO in N and air; 226L; Visible light 30 min T: room [372]
NO, 1.2 L min™! 0.1lg temperature
Au/g-C3N4 Monodisperse Au In-situ NO3~ NO: 41.0% 500.0 ppb NO in air; 45L Visible light: 30 min — [373]
nanoparticles on wetchemical NO; 2.4 L min™! 2>420.0 nm,
lamellar g-C3N, reduction 0.16 mW cm2

surface




2 The type of reactor is flow reactor unless otherwise stated. ® T—temperature ¢ RH-relative humidity



Table 8. Summary of materials for photo-selective catalytic reduction (photo-SCR) of NOx.

Material Characterization ~ Synthesis method  Products/ NO conversion Feed gas Reducing Batch size Irradiation Test condition Ref.
shape&Size N, selectivity  /removal (max.) (composition, stream  agent (volume, catalyts
rate) amount)
Cu*-loaded TiO, Film, 1.5 um thick ~ Spin coating NO, HNO; NO,: 10% NO,—N; mixture, NO, — Cat: 5x10 cm UV,1mWcem? RH?%50% [374]
1 ppm; Tb: 25 °C
~20 mL min™!
Commercial TiO, Particles — Nz, N2O, NOy: 97% NO: 3000 ppm, Carbon — uv, 1.1 mw T: 150 °C [375]
(Cristal Global PC500) NO3~ 0,: 5%, cm?
H,0: 3%
Degussa P25 Particles in 28.2 Calcination Nz, N2O; NO conversion NO: 455 ppm, Co ~1mg uv — [376]
nm for anatase 65% rate: 280 umol h™'  CO: 1818 ppm
and 62.7 nm for Oeat '
rutile
Mo-doped TiO, Tubular structure Hydrothermal NO NO\: 77% NO,: 9.75 +0.25 — 0.11+001¢g UV-A:365nm, RH:55+5% [377]
nanotubes with open ends ppmv; 1.25 mW cm T:25+2°C
400 cm?® min™!
Mo0O4/SiO, — Impregnation Nz, COy; NO: 100% 1.8 Torr NO Cco 880 cm3; uv T: room [378]
(2.5 wt% of Mo) 100% 1.8 Torr CO 1lg temperature
TiO, Nanosheet Hydrothermal Nz, NO, NOy: ~65% NO: 400 ppmv, CsHio 0.03¢g UV: 320-500 T:120°C [379]
C4H1o: 2000 ppmv, nm
H,0: 4 v%,
0O2: 4 v%,
N, balance;
25.0 £ 2% mL min™',
GHSV 10000 h™!
Ru(2,2’-bipyridyl- — Impregnation Na; NO: >99% NO: 1000 ppm, NHj: NH; 12 mmx10 Visible light: [380]
4,4’-dicarboxylic >99% 1000 ppm, mmx1.0 mm; >400 nm
acid)(NCS), Oy 2%, 110 mg
complex/TiO, He balance;
100-500 mL min”!
CeVO4/phosphoric Nano fibber Microwave Nz, N2O, NO: NHj;: 0.1 %, NH; 3mL (1) Full spec- T: 150 °C [381]
acid modified natural structure hydrothermal NOy; 92% (full NO: 0.1 %, trum: 290-1100
attapulgite 99% spectrum), 02: 3%, nm
60% (NIR) N, balance; (2) NIR: 2>750
150 mL min™! nm,
50 mW cm?
Si-doped TiO, Nanoparticles, 8.2  Hydrothermal — NO: >60% NO: 400ppm, NH; 200 mL; UV: 300400 T:50°C [382]
nm NHs: 400ppm, 0.5 g+10% nm
O,: 3%,
N balance;
2000 mL min™!
CeO,- CeVO, Microwave Ny; NO: NO: 1000 ppm, NH; 3mL (1) simulated T: ~25-250 °C [383]
CeVO./palygorskite nanoparticles, 20-  hydrothermal 99% 95% (simulated NHs: 1000 ppm, solar light
50 nm solar light), O,: 3%, (2) NIR: 2>760
63% (NIR) N, balance nm




(Table 8 — continuation)

Material Characterization ~ Synthesis method  Products/ NOx conversion Feed gas (composi- Reducing Batch size Irradiation Test condition Ref.
shape&Size N, selectivity ~ /removal (max.) tion, stream rate) agent (volume, catalyts
amount)
LaFe; «<NiO3 Particles, 8 nm Sol-gel Ny; NOy: 92% NO: 1000 ppm, NH; — Visible light: L T: 150-250 °C [384]
Ipalygorskite 98% NHjs: 1000 ppm, >420 nm
0O2: 3 vol. %,
N, balance;
1L min™,
GHSV 40,000 h™!
Nitrogen-doped Nanoparticles of Sol-gel/impregnat  Nj; NO: 93% NHj;: 1000 ppm, NH; — Visible light, 50  T: 30-300 °C [385]
carbon quantum dots - PrFeOs and N- ion 100% NO: 1000 ppm, O,: 3 mw cm2
modified CQDs dispersed vol %,
PriFeOa/palygorskite on the surface of N, balance;
(Pal) Pal GHSV 50000 h™"
Pr-doped CeO,/ CeO,/Pr* nano- Co-precipitation Nz, N.O; NOy: 90% NHs: 1000 ppm, NH; — Visible light: T:50-300 °C [386]
attapulgite(ATP) particles (5 nm) 95% NO: 1000 ppm, A>420 nm
coated on ATP fi- O,: 3 vol%,
brous structure (d. N, balance;
20-30 nm) 150 mL min!,
GHSV 50000 h™!
LaCoOs/ATP/rGO Nanoparticles of Sol-gel Ny; NOy: 95% NHs: 1000 ppm, NH; — Simulated solar-  T: 20-300 °C [387]
LaCoO; scattered 100% NO: 1000 ppm, light
on ATP, rGO as O,: 3 vol%, irradiation
2D sheet structure N, balance;
150 mL min',
GHSV 50000 h™"
Pri.«CexFeOs/ Perovskite In-situ sol-gel Ny; NO: 92% NHs: 1000 ppm, NH; — Visible light: T: 60-300 °C [388]
palygorskite (Pal) nanoparticles (10 99% NO: 1000 ppm, A >420 nm,
nm) on the surface 0O, : 3vol%, 50 mW cm™
of Pal N, balance;
150 mL min™',
GHSV 50000 h™"
Fe,03/SmFeO4/ Nanoparticles of sol-gel Ny; NOy: 95% NHs: 1000 ppm, NH; — Simulated sun- T:30-200 °C [389]
palygorskite (Pal) SmFeO; and 100% NO: 1000 ppm, O;: light
Fe,05 uniformly 3%,
dispersed on the N, balance;
surface of Pal rods 2L min,
GHSV 40,000 h™!
Porphyrin-derivative- — Impregnation Ny; NO: 79% NO: 1000 ppm, NH; 12mmx10mmx1 Visible light: - [390]
modified TiO, 100% NHs: 1000 ppm, mm(heightxwidth A >400 nm
0O,: 2-10%, xdepth);
He balance; 100 mg
GHSV 50000 h™"
WO,/TiO, — Impregnation Nz, N2O; NO: 96% NHs: 1000 ppm, NH; — Xe lamp T: room [391]
99% NO: 1000 ppm, temperature
Oz: 2%,
Ar balance;

GHSV 32000 h™!




(Table 8 — continuation)

Material Characterization ~ Synthesis method  Products/ NOx conversion Feed gas (composi- Reducing Batch size Irradiation Test condition Ref.
shape&Size N, selectivity ~ /removal (max.) tion, stream rate) agent (volume, catalyts
amount)
TiO, — Hydrated Ny; NO: 84% NO: 1000 ppm, NH; 12 mmx10 mmx1 UV T: 160 °C [392]
100% NHs: 1000 ppm, mm; 360 mW cm'!
0,: 2%, 110 mg
He balance;
GHSV 100000 h™!
TiO, — Hydrated Nz, N.O; NO: 83% NO: 1000 ppm, NH; 50mmx15 mmx1 Simulated sun- T:50°C [393]
96% NHj;: 1000 ppm, mm; light by Xe
O,: 10%; 0.66¢g lamp
GHSV 4000 h!
LaFe;xMn,O4/ Nanoparticles of Sol-gel Na; NOy: 85% NHj;: 1000 ppm, NH; — Visible light: T: 20-200 °C [394]
attapulgite (ATP) LaFe;xMn,O; are 100% NO: 1000 ppm, A>420 nm
dispersed on the 0O,: 3vol%
surface of ATP N,: balance
uniformly 150 mL min',
GHSV 50000 h™!
Pd/TiO, — Incipient wetness N, NOy: 93.7% NO: 400 ppm, CsHg 05¢g 320-500 nm T: room [395]
impregnation C3Hs: 5000 ppm, 120-620 mW temperature
0,: 5%, cm2

N: balance
5 mL min!

@ T—temperature, all the temperatures are converted to Celsius for comparison

® RH-relative humidity



Table 9. Application of photocatalysts for NOx abatement in pilot site/field tests.

Photocatalytic NOy conversion(max) Treated gas composition Test sample/setup/location Test condition Irradiation Duration Ref.
material
TiO, Mineral silicate paint: Pure NO or NO,, 220 ppb Sample: RH?: 50% uv 6h [396]
NO: 74% (1) mineral silicate paint with 10% TiO, T?: 30 °C
NO2: 27% (2) water-based styrene acrylic paint with 10% TiO,.
styrene acrylic paint: Setup:
NO: 91% Each sample set consisted of four 1 m? glass panels (to-
NO2: 71% tal surface area 4 m?), reaction in a stainless steel (30
m~3) walk-in type environmental chamber
TiO2ly-Al,O4 NOx: 43.5% NO 400 ppmv, CsH10 2000 Lab-scale photoreactor (0.15 mL) T:120°C A=320-500 nm, — [397]
ppmv, O; 4 v%; H,0 4 v%, 200 mW cm?,
N balance;
flow rate: 25 mL min",
GHSV: 10000 h™!
NOy: 68-75% exhaust flue gas from the Pilot-scale photoreactor (1750 mL) T:120°C uv 110 min
coal burning in a domestic
furnace and industrial-used
reductants mixture (55% of
C3H3 and 45% of C4H10)
flow rate: 2300 mL min™!,
GHSV:80h!
TiO, NOx Air Setup: RH: 35-99% Sunlight 7 days [398]
(1) 13% during the experi- TiO, on the retaining wall of the expressway T:6-15°C
mental period, (1) test section (150 m x 1.9 m) wind speed: 1-3 ms
(2) 18.9% (November 5), (2) comparison section (200 m x 1.9 m)
(3) 11.1% (November 6, fog Location: Gyeongbu expressway, Korea
and cloud cover),
(4) 21.2% (November 7,
relative sunlight)
TiO, No improvement on air quality  Air Setup and Two locations — — — [399]
(NOy) was demonstrated. (1) Four panels with TiO, coatings fitted to a noise bar-
Possible reason: short contact rier at Terschuur, Netherlands.
time between air and TiO,, and (2) A porous noise barrier with TiO, coating at Putten,
unfavourable meteorological Netherlands.
conditions in Netherlands.
TiO, NOy: Artificial source Sample: TiO,-containing mix mortar on the surface of Low wind speed High solar 9th July - [99]
36.7-82.0% panels. intensities 3rd
Setup: Three canyon streets at a scale of 1:5 (2 mx5.2 September,
mx18.2 m, widthxheightxlength), including two canyon 2004
streets as reference.
Location: Guerville, France.
TiO, NOy: Vehicle emission Setup: Wind speed <0.8 m Sunlight 3 months, [101]
12.35%-24.1% TiO, coating on concrete road surface 57! summer
Location: road at the Zhonghe Toll Station, China and winter,
during the
daytime
(06:00-

18:00)




(Table 9 — continuation)

Photocatalytic NOx conversion(max) Treated gas composition Test sample/setup/location Test condition Irradiation Duration Ref.
material
TiO, NO: Air Setup: RH: 25-80% Sunlight One year, [400]
22%, 200mx2 sidewalk pavers, 100 m with TiO, for test and T:13-25°C 0-1500 kI m™ April 2012
100 m without TiO, as reference. day* —August
Location: Copenhagen central street, Denmark 2013
TiO; NO,: Air Setup: RH: 37.7-86.7 44.02-74470 W >one [401]
19% (whole day) modified street: 5 mx150 m (widthxlength) covered T:2.0-279°C m2 year,
28% (only afternoon) with photocatalytic blocks wind speed: 0.6—2.69 3% of UVA January
45% (ideal weather conditions) reference street: ~ 5 mx100 m (widthxlength) covered ms*t 2008 - July
with normal blocks 2011
Location: Hengelo, Netherlands
Photocatalytically NOx: Air Setup: RH: 70%-90% uv June 2011-  [402]
active mortar <2% (160 m) 3 field campaigns wind speed: 3ms™* 315-420 nm January
two campaigns: photocatalytically active mortar on the 0.6,1.6 Wm' 2013
side walls and ceiling of tunnel (length 70 m and 160
m),
pre-campaign: test on untreated tunnel.
Location: Leopold Il tunnel, Brussels
TiO, NO: 19% Car exhaust Setup: — uv 5h [403]
NO,: 20% white acrylic TiO,-containing paint on 322 m? ceiling 1Wcm?2
surface of the car park
Location: 917 m® artificially closed parking area
Photocatalytic NOy: Air Setup: RH: 40-70% UV-vis 6 weeks [404]
cement-based paint ~20% (absolute) tunnel vault (9000 m?) treated with photocatalytic ce- T:23-25°C (daytime)
>50% (real) ment-based paint, tunnel dimension: 347.70 mx17 wind speed: 0.10-1.70
mx8.5 m (lengthxwidthxheight) ms?
Location: “Umberto I”” tunnel, Rome, Italy
Photocatalytically NOy removal Air Setup: Wind speed: <1l ms*! UVA: ~20-40 11th April [405]
active mortar L% dimension of artificial street canyon: 5x5x53 m Wem™ —7th May
possibly due to the transport (widthxheightxlength) 2013
limitations of the pollutants one canyon coated with a photocatalytically active mor-
tar on the walls and ground surfaces; the other canyon
untreated.
Location: Petosino, Italy
Commercial NOy removal 450 + 50 ppbv of NO in air Setup: RH: 25%. UV:365nm, 10 17 months [406]
photocatalytic 0.2-6.5% (17 months) flow rate: 3 L min™ 9 samples: Slurries on asphalts (2), emulsions on W cm™
products asphalts (3), concrete tiles (4)
tested using a designed PHOTONSITE device
Location: Madrid, Spain
Commercial photo- NO removal: Air Setup: RH: 10%-95% Sunlight ~ one year [407]
catalytic products 0-75% 10 samples including different types of commercial T:0-40°C 400-1000 W
(TiO;, as photoactive ~ NO, removal photocatalysts (slurries, emulsions and tiles) wind speed: 0.5 ms™* cm2
material) -15%-40% tested on two pilot scale demonstration platforms
Location: Madrid and Arganda del Rey, Spain
C-TiO, Concentration of NOy Vehicle emission Setup: asphalt road (30 mx3 m, lengthxwidth), half — Sunlight 60 min [408]

decreased due to the reduction
of NO
No oxidaiton of NO,

coated with C-TiO, the other half as control area.
Location: Sheung Shui District, New Territories, Hong
Kong
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Photocatalytic NOx conversion(max) Treated gas composition Test sample/setup/location Test condition Irradiation Duration Ref.
material
TiO, N.O: Odorous gas emissions from Panels coated with TiO- in a mobile laboratory T:19-22°C UV-A (367 95s [409]
UVA: 14% swine manure (7.2x2.4x2.4 m) nm), UV-C
UVC: 25% (185 + 254 nm)
TiO, No Air Setup: — — 41 days [410]
test on a main street (300 mx36 m, lengthxwidth), 12th
surround buildings ~ 16 m height), the road and the September
dedian strip covered with photocatalytic coating (60 -22nd
mx16 m, lengthxwidth). October
Location: the municipality of Alcobendas, Spain 2015
TiO, NOx : NO: Sample: series photocatalytic cement mortar with TiO,, RH: 16.67%, 33.34%, Solar simulator — [411]
~18-79% 50, 100, 200, 500, 1000, Setup: standard reactor (ISO 22197-1: 2007) 50.01%, 66.68%,
1500, 2000 ppb 83.35%
flow rate: 1,2,3,4,5L min*
TiO, NOx: Air Setup: — Sunlight 2 years [412]

12 % (Copenhagen airport)

In Roskilde, existing asphalt treated with TiO, contain-
ing liquid (5000 m?)

In Copenhagen, photocatalytic concrete tiles installed
(250 m?)

Location: Parking lots at Roskilde and Copenhagen air-
port, Denmark

2 T-temperature
® RH-relative humidity



Table 10. Summary of literature about CH4 controlled oxidation by different catalysts.

. . o . Phase CH4 A Efficiency/
Material ;y;::)edsw Zigt'de Ser:s;?ﬁ';enzatlon ?eiﬁcnon (reaction concentration Irradiation Erenaectlon conversion/ Products Ref.
P medium) Irate (flux) reaction rate
TiO2 Impreganation  TiO2~20  Very small clusters of 10 mL/ Liquid-gas 70 p mol UV-vis 3h 10.9% CHsOH: [123]
AU/TiO2 nm and ironon TiO2 Batch ~7.5% ~300 pmol g*
PdOX/TiO2 Fe ~2nm reactor ~9.0% ~160 pmol g*
PtO/TiO2 ~7.5% 0
Cuz0/TiO2 ~10.5% 0
FeOx/TiO: ~15% ~20 pmol gt
~1050 pumol g*
WOs3 — — — 60 mL/ Liquid-gas — UV-vis 90 min 29% CH3OH: [413]
TiO2 Batch 21% 140 pmol
NiO reactor 20% 145 pmol
80 umol
Pt-doped Evaporation Pt ~4.4 Hexagonally arranged 45 cm® Solid-gas 44.6 pmol UV-vis 32h ~28% C2He: Ha: [414]
TiO2—SiO2 (HGTS) induced self- nm macropores (99.99%) 4h ~6.24% 4.0 pmol 7.0 pmol
Pt/HGTS assembly and 4h 1.064% 1.265 pmol 1.682 pmol
Pt/P25 photodeposi- 4h 3.92% 0.216 pmol 0.281 pmol
Pt/TiO2—SiO2 tion 0.798 pmol 1.037 pmol
Pt/TiO2 Photodepositio 5 nm Supported in TiO2P25 80 mL/ Liquid-gas 99.99% uv 6h ~1.7% CO2: 35 pmol C2He: 25 umol H2: 175 pmol [415]
n Batch
reactor
Pt/TiO2 Photodeposi-  — Supported in TiO2 95.4 mL/ Solid-gas 100 pmol UV-vis 20h — CO2: 0.15 umol C2Hs: 0.014 pmol ~ CO: 0.003 pumol [416]
tion on TiO2 Flow mint mint mint
reactor H2: 0.7 pmol min*
Rh/TiO2 Impregnation ~ Rh~2.5 Supported in TiO2 — Solid-gas CHa (10%)/Ar  Visible 1h — CO2: 75 umol g* Ha: 110 umol g* [417]
nm min’! min’t
Si02-Al203-TiO2 Sol-gel — — 68 mL/ Solid-gas 200 pmol Visible 6h — Ha: [418]
SiO2-TiO, Batch 2.69 pumol
SiO2-Al.03 reactor 0.11 pmol
0.05 pmol
Pt/NaTaOs:La Photodeposi-  — — 1 mmé¥/ Solid-gas 50% UV-vis 10h — CO2: Ha: [419]
PUTIO: tion and solid- Flow 0.39 umol min' 1.5 pmol min*
NaTaOs:La phase reaction reactor 0.18 umol mint 0.76 pmol min*
NiO/NaTaOs:La 0 0.21 pmol min'
0 0.18 pumol min*
H3PW12040 Impregnation  Zn- Core-shell/ Supported ~ ~250 mL/ Solid-gas — UV-vis 6h - COq: CO:
(HPW)/TiO2 HPW/Ti  in TiO2P25 Flow ~55 umol gt ht ~20 umol g* ht
V-HPW/TiO: 02: TiO2 reactor ~40 pmol gt h? ~20 umol g* h*
Fe-HPW/TiO: 30-40 nm ~35 pymol g ht ~25 pmol g* h?
Ga-HPW/TiO: ~85 umol g* ht ~30 umol g* h*
Ce-HPWI/TiO, ~25 pymol g h't ~30 pmol g* h?
Co-HPW/TiO: ~35 umol g* ht ~45 umol g* ht
Cu-HPW/TiO2 ~25 pmol g ht ~50 umol g* h!
Ag-HPW/TiO; ~220 pmol gt h't ~225 pmol gt ht
Pd-HPW/TiO2 ~375umol gtht 0
Zn-HPW/TiO2 ~85 umol gtht ~425 pmol gt ht
Pd/TiO2 Photodepositio 2.8 nm Supported in TiO2 P25 80 mL/ Liquid-gas — uv 6h 1% CO2: 10 pmol C2Hs: 25 umol Hz: 60 pmol [420]
n Batch

reactor
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. L . Phase CH4 ... Reacti Efficiency/
Material Synthesis method ;ggtlcle (r:er;?;?ﬁtserlzatlon ;‘:3;"0” (reaction concentration e on conversion/ Products Ref.
medium) /rate (flux) time reaction rate
Pb—HPWI/TiO2 Impregnation TiO2: 30-40  Irregular morphol-  ~250 mL/  Solid-gas — UV-vis 7h — CO2: CoHe: [421]
Ru-HPW/TiO> nmand Ag:  ogy of TiO2/ Sup-  Flow 40 pmol g* 38 umol g*
Pt-HPW/TiO2 1.9 nm ported in reactor 70 umol g* 45 umol g*
Ag-HPW/TiO> HPW/TiO: 65 pmol g* 68 umol g*
Cu-HPW/TiO: 30 pmol gt 143 umol g*
Zn-HPW/TiO> 32 umol g* 20 umol g*
Bi-HPW/TiO, 42 pmol g* 3 umol g*
Ga-HPW/TiO: 35 umol gt 12 pmol gt
Ag20/TiO2 21 pmol g* 13 umol g*
TiO2 59 umol gt 43 umol g*
78 umol g* 0
SiO2-Al03-TiO2  Sol-gel — Supported in silica 68 mL/ Solid-gas 99.95% UV-vis 6h — CoHe: Ha: [422]
SiO2-TiO2 and alumina Batch 2.07% (umol) 3.54 umol
SiO2-Al03 reactor 0.09% (umol) 0.11 pmol
Al203-TiO2 0.10% (pumol) 0.05 pmol
0.43% (umol) 1.1 ymol
Pt/blackTiO2 Impregnation — Supported in Si02  Flow Solid-gas — Visible 2h — COz: 45 mmol ht gt Haz: 185 mmol h't g [423]
reactor :
TiO2/g- Ultrasonication and — TisC2 sheets/Sup- 106 mL/  Solid-gas 99.99% UV-vis 4h — Ha: CO: [424]
C3N4/TisCz delamination ported in TizC2 Batch 83.2 umol g* 48.38 umol g*
g-CsNg reactor 2 umol g* 10 pmol g*
TiO2 7.5 umol g 8 umol g*
TisC2 8 umol g* 7 umol g*
TiO2/TisC2 19 pmol g* 25 pmol gt
9-CsNa/TisC> 43 pmol g* 27 pmol g*
La/TiO2 Impregnation — La: spherical/ Sup-  Flow Solid-gas 22.83% uv 146.15 — Ha: 2.42 pmol min! [425]
ported in TiO2 reactor min
TiO2 P25 Commercial — — 22 mL/ Liquid-gas 99.99% UV-vis 1h 0.39% CH3OH: [426]
Fe203 Batch 0.15% 471 pmol gt ht
NiO reactor 0.27% 71 pmol gt ht
CuO 0.43% 52 pmol gt ht
WOs 0.89% 151 umol g* ht
350 umol gt ht
AU/TiO: Photodeposition TiO2: 25 nm  Supported in TiO2  Flow Solid-gas 10% Solar ~5h — C2He: [427]
TiO2 P25 and Au: 20 reactor simulator 81.7 umol gt ht
Ag/TiO2 nm 1.55 pmol gt ht
Pd/TiO2 37.92 umol g* ht
Pt/TiO2 14.42 umol gt ht
Rh/TiO2 4.05 umol gt ht
Ru/TiO2 0.77 pmol gt ht
Ir/TiO2 18.34 umol g* ht
7.51 pmol gt ht
Y203:Er¥*-TiO2-  Sol-gel - Platelet-shaped Batch Solid-gas - Vis-NIR 150 45.1% — [428]
graphene particles reactor min 36.8%
Y203:Er*-TiO, 6.1%
TiO2
CuPt/TiO2 Photodeposition and 3.5-6 nm Supported in TiO2 50 mL/ Solid-gas 10% UV-vis 2h — COz: C2He: [429]
PU/TiO wet impregnation (PC-50) Flow 11.5 pmol h*t 6.8 umol h'*
Cu/TiO2 reactor 8.5 umol ht 1.07 umol ht
7.5 umol h'* 1.9 umol h'*
La/TiO: Sol-gel and dip-coat- ~ 8-15nm TiO2: spherical 150 mL/  Solid-gas CO2:CHgratio UV 1h — CzHe: 810 pmol gt Ha: 142 pmol gt CO: 511 umol gt [430]
ing Flow 1.0

reactor




(Table 10 — continuation)

Svnthesi Particl ch L Reacti Phase CHq Reacti Efficienf:y//
. ynthesis article aracterization eaction . . L eaction  conversion
Material method S . setup 51:23?335 ;:I?;(;e(r;ltlﬁ;lon Irradiation o ::?:tion Products Ref.
TiO2 P25 (film) Sol-gel 30 nm Supported in glass Batch Solid-gas 4.96% Solar 280 min  70.8% — [119]
fiber reactor simulator
TiO2 NaBHa Au: 4-8 Supported in TiO2 P25 100 mL/ Liquid-gas —_ UV-vis 2h - CH30OH: COz: HCHO: [431]
Pt/TiO2 chemical nm Batch 0 18 pmol 40 pmol
Pd/TiO2 reductionand ~ CoOx: 1-2 reactor 50 pmol 98 umol 12 pmol
AU/TiO2 impregnation nm 43 pmol 65 pumol 44 pmol
Au-CoOx/TiO2 29.2 pmol 39 pmol 45 pmol
Ag-CoOx/TiO2 50.8 pmol 2 umol 10 pmol
Pd-CoO«/TiO2 60 pmol 8 umol 15 pmol
Pt-CoOx/TiO2 44 umol 6 umol 12.5 pmol
48 pmol 23 pmol 15 pmol
Ag-ZnO Precipitation ZnO Irregular 450 mL/ Solid-gas 100 ppm Solar 25 min 100% — [432]
ZnO (as-fabricated) and ~20nm Batch simulator 150 min 100%
ZnO (commercial)  impregnation and Ag reactor 150 min 35%
TiO2 P25 ~2nm 150 min 5%
Ag-ZnO ZnO thermal ZnO 30 ZnO porous 400 mL/ Solid-gas 250 ppm UV-vis 120 min ~ 98% — [433]
decomposition  nm microflowers Flow
and photode- reactor
positing of Ag
MoOs/ ZnO Impregnation — — Batch Solid-gas 7.5 mmol ht uv 2h — CH30OH: CO2: HCHO: [434]
ZnO reactor 0.1 umol h* 1 pumol h* 4.8 pumol ht
0.4 ymol h'* 27 pmol h'! 3.1 ymol h*
Ag/ZnO Precipitation Zn0O:20  ZnO: irregular 450 mL/ Solid-gas ~200 ppm UV-vis 15 min 95% — [435]
Cu0/ZnO and nm masses/Supported in Batch 80%
ZnO photodepositio ZnO reactor 20%
CuO n 0
P25 0
Au/ZnO NSs Photodepositio NSs 3.0 Porous nanosheets 40 mL/ Solid-gas 22.3 pmol UV-vis 4h 0.08% C2He: Ha: [436]
Au NPs n nm and (NSs)/Supported in Batch 45 umol g* 40 umol g*
ZnO NSs Au 5-86 Zn0O NSs reactor 0 0
nm 0 0
Au/ZnO NaBHa Au: 7nm  Au: spherical nano- 10 mL/ Liquid-gas 99.99% Visible 2h — CH3OH: 1371 umol g*  CO2: 12.3 pmol g* [437]
reduction particles/Supported in  Batch
Zn0 reactor
ZnO/LaSrCo0s Colloidal Zn0:150 Nanorods/ Supported  Flow Solid-gas 500 ppm Solar 15 min 14.8% — [438]
ZnO/SiO2/LaSrCo  deposition nm and in ZnO reactor simulator 3.64%
O3 LSCO:
0.5-20
nm
ZnO Hydrolysis of — — Large particles with 57 mL/ Solid-gas — UV-vis 3h — COz: H2: CO: [439]
Zns(OH)eCl2-H20  imidazolium irregular shape and Batch 13.2 pmol gt ht 0 1.5 umol g* ht
trichlorozincat size reactor 12.6 ymol gt ht 1.5 pmol gt h? 2.0 pmol gt h?
e ionic liquids
ZnO Hydrothermal 300 and Nanosheets and 450 mL/ Solid-gas 200 ppm UV-vis 120 min Nanorods: — [440]
600 nmm  nanowires Batch 10%
reactor Nanosheets:
80%
Bi2WOs Hydrothermal ~ 1-2 um Bi2WOs: 300 mL/ Liquid-gas CHain He UV-vis 120min 14 % CHsOH: CO2: [441]
BiVO4 Nanoplates Flow (20%) ~15 umol gt ht 35 pmol gt ht
Bi2WOs/TiO2 P25 BiVOa: large irregular  reactor 21 pmol gt h? 18 umol gt ht

polyhedron

10 pmol gt h!

125 umol g* h*
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. . L Phase CHq . . Efficiency/
Material ;yerlm?s E";irztéd (rter:s;?genzatlon Reaction setup ~ (reaction concentration L';]rad'at' [\i’;a;ctlon conversion/ Products Ref.
medium) /rate (flux) reaction rate
V20s/zeolite Impregnatio — Agglomerated small parti-  Flow reactor Liquid- CHa/He (20%) UV 90 min — CHsOH: CO2: CoHe: [127]
BiVO4/VOs/zeolite n cles of zeolite/Supported in gas 12.5 pmol gt ht 300 pmol g* h't 3.0 pmol g* ht
Zeolite zeolite 11 pmol gt h? 100 umol g* h* 3.0 umol gt ht
10 pmol gt ht 300 pmol g* bt 13 pmol gt ht
BiVO4 Hydrotherm — —_ 300 mL/ Liquid- CHgin He UV-vis 90 min — CH30OH: COz: CaHe: [442]
Bi2WOs al Flow reactor gas (20%) 6 pmol ht 7.5 umol h* 0.75 pumol h*
5 pmol h 11.5 pmol h't 0.75 pmol h*
BiVO. Hydrotherm — Bipyramidal and platelet 20 mL/ Liquid- 10% Visible 60 min — CH3O0H: 110 umol g* h~  CO2: 45 umol gt h- [443]
al Flow reactor gas B B
Cu/polymeric car- ~ Thermal — Layered structure of 25 mL/ Batch Liquid- 10 mL mint UV-vis 2h —_ CHsOH: C2H¢O: [444]
bon nitride (PCN)  condensa- PCN with Cu incorporation  reactor gas 24.5 ymol gt ht 106 umol gt h?
PCN tion and cal- 19.5 umol g* ht 5.5 umol gt h?
cination
Ag-La/pCNNT Template- — pCN compact sheets-like 210 mL/ Solid-gas  99.99% uv 2h — CH30H: 600 pmol g* Hz: 200 pmol g* CO: 1400 umol g [445]
free soni- structure/Supported in Flow reactor
cated as- pCNNT
sisted one-
pot hydro-
thermal
g-CaNa Polymeriza- — Mesoporous 25 mL/ Batch Liquid- 99.99% Solar 2h — CH30H: 4.25 pmol [446]
tion of urea reactor gas simulator
g-CsN4@Cs033sWO3  Ultrasonic-  — 9-C3Na: cloud-like particles  Batch reactor Solid-gas 1000 ppm UV-vis 4h —_ CH3OH: 9.0 umol g* CO2: 12.5 umol g* CO: 2.0 umol gt [447]
assisted and Cso.33WOs: rod-
like/Supported in
Cs0.33WOs
2D/2D g- Ultrasonic ~ — Ti3Cz2: nanosheets and g- 106 mL/ Batch Solid-gas  99.99% Visible 4h — Ha: 51.24 umol gt ht CO: 73.31 umol gt [448]
C3N4/TisCz approach CsNa: wrinkled sheets reactor ht
9-CsNa Solid-state — Fluffy and the surface 20 mL/ Batch Liquid- 99.99% UV-vis 3h — C2Hs0: 281.6 umol g* [449]
chemical rough and uneven reactor gas ht
reduction
WOs/La — — — ~750 ml/ Liquid- 5 ml/min Visible ~3.6h ~10% CH3OH: 43 gt ht [450]
Flow reactor gas
La/WOs3 — — — ~750 ml/ Liquid- 5 ml/min Visible ~2h ~10% CH3OH: 43 gt ht [451]
Flow reactor gas
WOs/Fe®* Replicating Well-ordered structure with 300 mL/ Liquid- 4.5 mL min*t UV-vis 2h — CH3OH: C2He: CO2: [452]
WO3/Cu?* technique irregularly-shaped pores Flow reactor gas 55.5 umol h't gt 2.8 umol ht gt 87 umol ht gt
WOs/Ag* 45 pmol h* gt 0.75 umol h't gt 71 umol h* g*
WO3 17 pmol ht g* 0.25 pmol h't gt 121 umol ht gt
27 umol h* g* 2.85 umol h't g* 25 umol h* g*
Pt/NaTaOs:La Solid-state — — Flow reactor Solid-gas 1020 pmol UV-vis — 0.6 % Ha: [453]
reaction min* 4.5 umol min*
WO3 Calcination — —_ Batch reactor Liquid- — Visible - —_ CH3OH: 32.36 mg dm [454]
gas
Ag20@WOs3 Wet 20-40  Quasi-spherical/Supported 70 mL/ Batch Liquid- — uv 90 min —_ CH3OH: Ha: [455]
WOs impregnatio nm in WO3 reactor gas 225 % 4.25 mmol
n 120% 1.5 mmol
WO3 Replicating  WOs3 Irregular shapes 500 mL/ Solid-gas 4.5 mL min* UV-vis 2h — CH30H: COz: C2Hs: [126]
WOs/La technique 225nm Flow reactor 5 pmol h? 14.5 ymol ht 1.5 pmol h*
and 9.2 umol h* 9.8 umol h'* 1.0 umol h*
WOs/L
a 125

nm
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Svnthesi Particl ch L Reacti Phase CHq Reacti Efficienf:y//
. ynthesis article aracterization eaction . . L eaction  conversion
Material method S . setup 51:23?335 ;:I?;(;e(r;ltlﬁ;lon Irradiation o ::?:tion Products Ref.
Pt-Gaz0s Impreganation  Ga,0330 — Flow Solid-gas 1020 pumol UV-vis 5h - Hz: 0.58 pmol min [456]
and calcination nm reactor mint
Ga-ETS-10 lon exchange — — — 20 mL/ Solid-gas 200 pmol uv 5h 14.90% CoHe: [457]
AI-ETS-10 of zeolites Batch 8.412% 10.89 pmol
Zn-ETS-10 (ETS-10) reactor 3.424% 7.164 pmol
Fe-ETS-10 5.992% 3.417 pumol
Cu-ETS-10 0.006% 5.285 pmol
0.006 pumol
Zeolites Commercial — Porous 116 or 260  Solid-gas 3or3.7mmol UV 5 min - CH3OH: 56.5% H2: 100% [458]
mL
Rh-K2TieO13 Solid-state re-  0.1to 2 — Flow Solid-gas 50% UV-vis 6h — Ha: [459]
Pt-K2TiO13 action and pum reactor 1.5 umol min*
Ru-K2TieO13 photodeposi- 0.75 umol min’t
tion 0.18 pumol min*
V20s/zeolite Impregnation  — Agglomerated small Flow Liquid-gas CHa/He (20%) UV 90 min — CH30OH: COz: C2Hs: [127]
BiVO4/V20s/zeolite particles of zeo- reactor 12.5 pmol gt h't 300 umol g* ht 3.0 umol g* ht
Zeolite lite/Supported in zeo- 11 pmol gt h? 100 umol gt ht 3.0 umol gt h?
lite 10 pmol gt h't 300 umol g* h* 13 pmol gt ht
H-form MOR — — — 82 cm® Solid-gas 200 pmol UV-vis 3h - C2He: [460]
(zeolite) Batch 0.021%
HMFI reactor ~0.03%
Silica: MCM-41 Sol-gel — Amorphous silica 30 mL/ Solid-gas 200 pmol uv 3h — Ha: [461]
FSM-16 (MCM-41) and meso-  Batch 4.44 x 10" pmol
porous silica (FSM- reactor 5.78 x 10”2 umol
16)
SiO2 Sol-gel and — Supported in SiO2 82 mL/ Solid-gas 99.95% UV-vis 3h — C2He: [462]
Zr02/SiO2 impregnation Batch 0.021%
reactor 0.109%
WOs/La — — Larger crystallites ~750 mL/ Liquid-gas 5 ml/min UV-vis 6h ~4% — [122]
with smoother edges Batch and
flow reactor
WOs3 WOs — — 300 mL/ Liquid-gas 4.5 mL min?t UV-vis 2h — CHsOH: CO2: C2He: [463]
WOs/F fluorination Batch 5 pmol h? 14.5 ymol h* 1.5 pmol h?
WO3/H202 reactor 2.4 ymol h* 8.2 umol h* 1.0 umol h*
2.0 pmol h'? 8.3 umol h'! 1.8 pmol h?
V-MCM-41 (acid)  Direct synthe- — — Flow Solid-gas 16 pmol uv 3h 6% CH3OH: COz: [464]
V-MCM-41 (imp) sis acidic solu- reactor 7.1% 87.6% 4.2%
tion and im- 88.4% 9.1%
pregnation
SiO2 Silica: sol-gel —— Supported in silica 30 mL/ Solid-gas 200 pmol uv 3h - CoHe: Ha: [465]
Ce/SiO2 Alumina: and alumina Batch 0.10 x 10”2 umol 0
Al203 commercial reactor 12 x 102 umol 0
Ce/Al03 Others: 6.81 x 10”2 pmol 12.9 x 102 pmol
CeO; impregantion 14.9 x 102 umol 0
Ce/SiO2 0.24 x 10”2 pmol 0
7.81 x 10”2 pmol 18.5 x 102 pmol
VOx/SBA-15 Impregnation ~ — Supported in SBA-15  Batch Solid-gas 25 mmol h-1 uv 2-5h 810 umol g HCHO: 773 umol g* h* [466]
reactor tht
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V-MCM-41 (acid) ~ Under acidic — — 30 mL/ Solid-gas 16 pmol uv 3h 7.1% CH30OH: COz: [467]
V-MCM-41 (imp)  solution and Flow reactor 7.1% 0 98.7%
impregnation 88.4% 9.1%
Pt/NaTaOs:La Flux method 160-700  Cubic and rectangu- 1mL/ Solid-gas 25% UV-vis 4h - Hz: 1.4 pmol mint [468]
nm lar/Pt supported in Flow reactor
NaTaOs:La
SrCOs-SrTiOs Sol-gel SrCOs- Irregular morphology 450 mL/ Batch ~ Solid-gas 200 ppm UV-vis 5 min 100% — [469]
TiO2 Commercial SrTiOs: reactor 25%
9-CsNa Thermal treat-  ~25 nm 0
ment 0
Cds Precipitation 0
Cu0 Precipitation 0
BiVO4 Polymeric 0
method
AgsPOs lon-exchange
Zn?*-ZSM-5° Solid-vapor — — 25 mL/Batch  Solid-gas >99.995% UV-vis 8h 24% C2He: 23.4 pmol Ha: 22.5 pumol [470]
reaction reactor
Cu-Ru Impregnation ~ — Cu nanoparticle ‘an- Flow reactor Solid-gas 99.99% Visible 1h 275 pmol g — [471]
tenna’ with single-Ru tgt
atomic/Supported in
Cu
Pt/CaTiO3 Solid-state re-  0.5-1 um  Aggregated parti- 1mm?¥/ Solid-gas 50% UV-vis 240 min  — Hz: 0.40 umol mint [472]
action and cles/Supported in Flow reactor
photodeposi- CaTiOs
tion
V205/SiO2 Sol-gel — — Batch reactor  Solid-gas 7.5 mmol h* uv 2h 0.60% CO2: 12 pumol HCHO: 62 pmol CO: 16 pmol [473]
Ga/SiO2 Precipitation 2-5nm Supported in silica 30 mL/ Batch  Solid-gas 200 pmol UV-vis 3h 0.07% C2Hs: Ha: [474]
Gaz03 and reactor 0.14% 6.2 % (umol) 0.04 pmol
(synthesized) impregnation 0.17% 13 % (umol) 0.07 pmol
Gaz03 16 % (umol) 0.11 pmol
(commercial)
MgO/SiO2 Sol-gel and —_ Supported in silica 30 mL/ Batch  Solid-gas 200 pmol UV-vis 3h 2.81% C2He: 2.72% (umol) [475]
impregnation reactor (pmol)
AlQu/silica Sol-gel — Supported in silica 82 mL/Batch  Solid-gas 200 pmol uv 6h — C2He: 0.11% [476]
reactor
LaFeOs (perov- Citric acid 53 nm — 0.23 mL/ Solid-gas 99.99% UV-vis — — CHa: COz: [477]
skite-type) method 38 nm Flow reactor 2.5% 1.6%
NiTiOs 361 nm 0.9% 0.7%
AgNbO3 0.75% 0.25%
Ce/SiO2 Sol-gel and — Supported in silica 30 mL/Batch  Solid-gas 200 pmol UV-vis 3h — C2Hs: [478]
SiO2 impregnation and alumina reactor 13.6 % (umol)
CeO2 0.10 %(umol)
Ce/Al203 0.20% (umol)
Al203 28.4% (umol)
6.80% (umol)
FeOOH/m-WO3 Impregnation ~ 11-13nm  Mesoporous/Sup- 20 mL/Batch  Liquid-gas 10 mL/min Visible 4h 238.6 umol  CH3OH: 2112 pmol g?  COz: ~26 pmol g* CaHe: ~30 pmol gt [479]
ported in m-WO3 reactor gtht ht ht ht
SrTio3 — — — Batch reactor  Solid-gas 1% uv 15 min — H2: 0.038 umol mint CO: 0.35 umol [480]

min?t




(Table 10 — continuation)

Svnthesi Particl ch L Reacti Phase CHq Reacti Efficienf:y//
. ynthesis article aracterization eaction . . L eaction  conversion
Material method S . setup 51:23?335 ;:I?;(;e(r;ltlﬁ;lon Irradiation o ::?:tion Products Ref.
Ni/Al203 Impregnation  — — Flow Solid-gas CO2/CH4/Ar Visible 1h 26.7% Ha: CO: [481]
Ni/Gaz03 reactor =1/1/8 (Ni/Al203)  1.73 mmol ht 2.58 mmol h'!
Ni/TiO2 0.8 mmol h 1.5 mmol h'!
0.9 mmol ht 0.9 mmol h?
Rh/tantalum Hydrothermal —— Supported in tantalum — Solid-gas Ar/CH4/CO: Visible 1lh — Ha: [482]
oxynitride oxynitride TasNs =98/1/1 50.3%
Rh/TasNs 33.6%
Rh/g-CsNs4 0.1%
Ru/CaFe204 2.4%
Ru/ZnFe204 2.2%
Cu0 0.6%
g-C3N4 0.2%
Cds 1.2%
Pd@Sr2Ta.07 Solid-state re-  Pd: 13-26  Pd: spherical/Sup- Flow Solid-gas 1% uv 2h — CO2: 20% H2: 70% CO: 72% [483]
action and nm ported in Sr2Ta207 reactor
photodeposi-
tion
B-Ga20s3 supported  Hydrolysis and Gaz03: 6-  AC: porous sur- 500 mL/ Solid-gas 156 mmol L UV 150 min  91.5% — [484]
on activated carbon  impregnation 15 nm face/Supported in acti- Batch
(AC) vated carbon reactor
Pt/Ga,03 Impregnation ~ — —_ Flow Solid-gas 99.99% uv 5 min — Ha: [485]
Ti/Ga203 5.5 umol min*t
Zr/Gaz0s3 0.5 umol min*t
0.5 pmol min*!
Au/c-WO3 NaBHa Au:4nm  c-WOs: cuboid struc- 150 mL/ Liquid-gas —_ UV-vis 24h — HCHO: 7202 pumol g* [486]
chemical ture/Supported in c- Batch
reduction WOs3 reactor
Rh/NazTisO13 Flux method 1-9 um Hexagonal rod-like 1 mm?3/ Solid-gas 25% UV-vis 100 min  — CO2: 0.28 pmol mint Haz: 0.96 pmol min* [487]
and microcrystals and ir- Flow
photodepositio regular shaped parti- reactor
n cles
CeO:2 Calcination — — 15 mL/ Liquid-gas 99.99% Solar 2h — C2HsO: 11.4 pmol gt h- [488]
Flow simulator !
reactor
Rh/MCM Precipitation 3.2nm Supported in silica Flow Solid-gas 1% uv 2h — COz: H2: CO: [489]
Pd/MCM and calcination  3.5nm reactor 10% 74% 69%
Ru/MCM 30 nm 13% 69% 60%
24% 50% 34%
Au/WO3 Photoreductio — Supported in WO3 20 mL/ Liquid-gas 99.99% Visible 1h 94% C2Hs: HCHO: [490]
WO3 n Batch 76 pumol gt ht 5 umol g h?
reactor 5 umol g* ht 0
Rh/Al203 Impregnation 1.6 nm Supported in Al203 Flow Solid-gas 10% Vis-NIR 1h — H2: CO: [491]
Ni/Al203 7.9nm reactor 2.4 mmol h* 6.0 mmol h*
2.3 mmol ht 5.3 mmol h!
AgY/Ag*-SITiOs Photodepositio — Supported in SITiOs 10 mL/ Liquid-gas — UV-vis 2h — Ha: 21.8 pmol g* h't CO: 4.3 pmol gt [492]
n Batch !
reactor
Pt-CaTiO3 Flux method, a CaTiOsz: CaTiOs: polyhedral 1 mm?3/ Solid-gas 25% UV-vis 2h - Ha: [493]
Pt/CaTiOs:La solid-state re-  0.4-0.6 particles and well-reg-  Flow 12 pmol h't
action method  pm ulated cubic or reactor 19 pmol h*

and impregna-
tion

rectangular crystals




Table 11. Summary of research done in photocatalytic freestanding nanoparticles for H,S photodecomposition.

Material Synthesis method Characterization g;gggé:;talytic 5;%%c;r/reactlon Gas concentration Reaction time (E:fc-)frlﬁllz:];)(;/n Irradiation Ref.

TiO, Commercial (P25) 30 nm SO.* 405 mL 250 ppmv 30 min 99% UV-vis [138]

TiO, Commercial — SO.* 20 mL +200 ppm 120 min ~87% uv [494]

TiO, P25/SiO, Hydrothermal and — SO, — 30 ppmv 3h 80% uv [495]

TiO,/MCM-41 impregnation 6h 33%

TiO,-Ce/MCM-41 6h 0%

TiO,-Cr/IMCM-41 05h ~40%

TiO.@MIL-101 Hard-templating method Shells with spherical protru- — 16L 400 ppm 60 min 90.1% uv [496]

Hollow TiO, sions 68.8%

Bulk TiO, 42.2%

TiO, P25 Commercial — SO, — 15 ppm 55h 100% uv [497]

TiO;, films Sol-gel — SO~ — 15 ppm ~2h ~80% uv [498]

TiO; films Thermal hydrolysis and hy-  40-50 nm/ Films porous — — 50 ppmv 300 min ~90% uv [499]
drothermal ~50 %

N2+H,S+TiO, Sol-gel and heat treatment 24 nm SO.* — 5 mg/m® to 3.35s 0% UV-vis [500]

air+H,S+TiO, 36 mg/m® (residence time)  61%

Zeolite/TiO, Commercail 20 nm (TiOy) SO, — 1000 ppm 180 min 97% uv [501]

TiO, P25 films Commercial Nanoparticles with high — 841 cm? 12 to 14 ppmv 16h 89% uv [502]

roughness and porosity 28 h 64%

TiO, Commercial — — 200 mL 0.5 ppm 40-200 s Negligible uv [503]

Mn-TiO, Modified sol-gelatin Spherical particles clustered SO.% 05L 150 ppm 60 min 89.9% VUV [504]

TiO; 76.5%

Ni-TiO, 71.3%

Cu-TiO, 73.8%

Co-TiO, 76.9%

TiO, Commercial — — — — — Not estimated uv [505]

TiO, — Nanoparticles — — — 25 min 100% uv [506]

S-doped TiO, Nanofibers 15 min ~89%

TiO, Commercial — — 52L 4743 £1323mgm®  >20 min 99.99% uv [507]

(retention time)

Carbon nanotube/ Hydrothermal 100-200 nm (titanate S — 15 ppm 1000 min 100% uv [508]

titanate nanotube nanotube)

Ti-Cr-MCM-48 Precipitation — — — 35 ppm 60 min 92% Visible [509]




Table 12. Summary of supported catalysts’ research for photocatalytic decomposition of H»S.

Gas concentration/

. Synthesis S Product A Efficiency/ o
Material Characterization Support . Reactor/ Reaction time d Irradiation  Ref.
method pp photocatalytic reaction volume Conversion
TiO, Impregnation — — Poly(ethylene terephthalate) — 35 ppmv 14h ~6% uv [510]
Cellulose acetate Glass rings ~43%
~31%
Ag-TiO, Commercial Rough shape Mesoporous ceramic filter 120 ppbv/ ~10 min 100% uv [511]
1000L
Carbon nanofibers/TiO, Step-by-step 300-400 nm (CNs) and 10-20 nm  Carbon nanofibers — — 120min 91.2% uv [512]
Carbon nanofbers/TiO,/ selfassembly (TiOy)/ 90 min 93.5%
nanowire/MIL-100 strategy Carbon nanofibers (CNs): smooth 140 min 60%
Bulk TiO; surface and TiO, nanowires
TiO, Sol—gel 20 nm Foam nickel S0 and SO,* 199.54-245.48 mg/m® 180 min 100% uv [513]
/120 L
TiO, P25 Extrusion of — SiMgOx SO, 15 ppm 15h 100% uv [514]
TiO,-SiMgOx powder ~90%
SiMgOx mixtures ~5%
TiO,, silver nanoparticles ~ Spray coating — Fiber cement material — — 15 min 72% uv [515]
and additives
TiO, Fotosan® Commercial 22nm Fibrocement tiles SO.% — 6 min 77.4%+35 uv [137]
InterBrasil® FA-101 37 nm 40.9% +4.1
TiO, Fotosan® (paint) Commercial 46 nm Fiber cement (ceramic) SO.% 31 ppm 115 s (resi- 94% uv [136]
dence time)
Shale Impregnation  8-10 nm (a-Fe;03) Montmorillonite — 90%/ 2.5 and 12 cm?® 40 min 100% uv [516]
Shale + Fe (UV and sunlight)
Fe/montmo

rillonite




Table 13. HS direct photolysis (with no catalyst) literature survey.

Material Product photocatalytic Reactor/reaction volume Gas concentration Reaction time Efficiency/Conversion Ref.
uv SO, 200 L 0.95 ppm 150 min ~50% [517]
UVv/VUV SO.% — 19.5 mg m® 1-5 s (residence time) 52% (mercury lamp) [518]
189 mgm* 56% (iodine lamp)
uv S0,Z — 3.1mgm? 29s 100% [519]
29.6 mg m*® 5.8 s (residence time) 93%
UV-vis — — 4to9mgm?® 3.35 s (residence time) <7% (atmosphere N) [520]
43 mgm3 84% (air atmosphere)
uv H,and S 50 mL 1.5% (vol) 6h 100% [521]
3.6 % (vol) 8h
uv H,SO,4 2L 3mgm? 6 s (residence time) 100% [522]
30 mgm?® 90.13%
uv Hy,and S 2L 12mgm? 24 s (retention time) 74% [523]
uv SO, and H,S0,4 — 3-23 mg m*® — ~58% [524]
Table 14. Research summary of HS as a sacrificial agent for H, evolution by photocatalytic means.
Material Synthesis method Particle size Shape ReacFor/ ok . Reactlon Hydrogen prodution Irradiation Ref.
reaction volume concentration  time
TiO, Hydrothermal 40-60 nm Nanosheets 50 mL 3M 5h 95.25 umol gt ht UV-vis [525]
Pt/N-TiO/GO** Sol-gel and Pt: <15 nm Arbitrary shapes 18.6 mL — 8h 32.3 umol htg?! uv [526]
photodeposition
Cu,S@TiO, Structure-directing agent ~ — Core-shell 50 mL — 4h 41.6 mmol h* g* (10.3% con-  Solar [527]
and followed by hydro- version efficiency) simulator
thermal treatment
S,N-carbon dots/ Hydrothermal S,N-carbon dots:  g-CsN.: thin nanosheets 5 mL 7.5 mmol 3h 832 umol gt ht Visible [528]
g-C3sNg*** 4nm and S,N-carbon dots:
spherical
MnCdS/CdMnS* Solvothermal — Nanorods 50 mL 0.15 mol 5h 113 mmol gt h'? Visible [143]
Zn-InP-quantum dots Impregnation 2-4nm — 5 mL 0.15M 3h 35 pmol mg™! Visible [529]
NiFezZnS Hydrothermal — Hybrid,porous, 50 mL — 3h 90 mL UV-vis [530]
nano/micro-spherical
Ca-CdS Impregnation 12.5nm — 5mL 0.24 M 5h 56.0 mmol g h' Visible [531]
MnS/In,S;/PdS Photodeposition — Lamellar structure 50 mL — 5h 22.7mmol gt h? Visible [532]
FeCoznS Hydrothermal — Nano/micro-spheres 50 mL — 3h 8391 umol h gt UV-vis [533]

* Product photocatalytic: Hz, SOs%, SO and S;05*

**Supported in N-TiO2/graphene oxide

**k*

Supported in g-C5N,4



Table 15. Survey of cellulose bleach photocatalytic treatments.

Material Characterization Reaction setup Reaction time Results obtained Irradiation Real effluent Ref.

TiO, P25 — 100 mL/ Batch reactor 180 min Conversion uv Kraft bleaching effluents [534]
15%-22%

TiO, P25 30 nm Batch reactor 5h COD: Solar Recycled paper mill and a kraft pulp [535]
25-30% simulator mill

TiO, P25 30 nm 1 L/ Batch reactor 5h COD: uv Kraft bleaching effluents [536]
52%

TiO, commercial 1pm 24 L/Batch reactor 7h COD: Solar Paper industry wastewaters [537]
35% simulator

TiO, P25 — 300 mL/Batch reactor 360 min COD: uv Cellulose and paper industry effluents ~ [538]

TiOx/H,0, 326 mg Lt
246 mg L!

TiO, P25 — Batch reactor 1 min COD: uv Pulp mill effluent [539]

ZnO Merck 53%
51%

ZnO Merck — 50 mL/ Batch reactor/Cellulose con- 15 min COy: uv kraft black liquor [540]

centration 120 mg L 95%




Table 16. Lignin model compounds photooxidation using catalysts.

Lignin model SiEEnE
Material Characterization Reaction setup c og1 ound Reaction time conversion/ Irradiation Products Ref.
P reaction rate
TiO, P25* 30 nm 1 L/Batch reactor/Lignin concen- — 420 min 56% uv — [541]
tration 90 mg L*
TiO* — 25 mL/ Peroxyformic acid lignins 90 min 50% UV-vis — [542]
Batch reactor
TiO* — 300 mL/ Batch reactor/ Lignin — 150 min 100% uv COy: [158]
concentration 0.1 vol.% 15 pmol (0.003 vol.% lignin)
TiO, P25* — Batch reactor/ 3-methoxy-4- 40 min 100% UV-vis — [543]
ZnO* Lignin concentration 0.85 mM hydroxyphenylmethylcar 120 min
binol
ZnO* 0.2 um 10 mL/ — 0.6h 100% UV-vis — [544]
TiO* 0.1 pm Batch reactor/ Lignin 0.25h 100%
WO3z* 4 um concentration 0.1 g L™ 2h 100%
In,03* 1pm 2h 60%
Fe,03 4 um 2h 30%
CdS 1pm 2h 30%
Cds/CdOx** 0.6 nm supported in 2mL/ — 24 h — Solar H,: 0.53 mmol gt h? [149]
Co(BF)** quantum dots Lignin concentration 0.25 mg simulator
mL*
CdS NPs*** 20-40 nm 15 mL/ Batch reactor/ Lignin — 12h 3h 97% UV-vis Phenol: [545]
CdS QDs**** 4.4 nm concentration 0.1 mmol 99% 92%
Cubic zinc blende struc- 93%
ture (NPs) Acetophenone:
91%
91%

*Commercial nanoparticles

**Nanoparticles obtained by precipitation

***Nanoparticles obtained hydrothermally

****Nanoparticles obtained by typical hot injection method



Table 17. Survey of research about photocatalytic materials utilization for Hz production using glycerol as sacrificial agent.

. . S Supported/ ezl . Reaction L .
Material Synthesis method Characterization Shape concentration/ . Irradiation Products/ Conversion Ref.
unsupported rate time
CulTiO, Sol-gel, precipitationand 1.6 and 4.2 nm — TiO, 1M 1h UV-vis and CHg: 25 umol g* h* (UV-vis) and 0 (SS) [164]
photodeposition 10 h Solar simulator CO,: 225 pmol g h™* (UV-vis) 90 umol g* h*
(SS) (SS)
H,: 1600 pmol g™ h* (UV-vis) and 600 umol g
1ht(ss)
B -Fe,05 Chemical vapor 200 nm/ Uniform surface tex- HF-etchedp- 1M 11h Solar simulator  H: [546]
€ -Fe,03 deposition Flow reactor ture, with faceted nano- type Si(100) 19 mmol h* m*?
pyramids 55 mmol h' m?
NiO/TiO, Impregnation TiO2: 20 nm/ NiO: doughnut- or TiO, 2.28 moldm® 8h UV-vis CHg: 19 mmol gt h? [165]
Batch reactor horseshoe-like CO;: 41 mmol gt ht
H,: 1230 pmol gt ht
CO: 106 mmol gt h?
AuU/TiO, Deposition—precipitation, ~ Au: 5-10 nm/ Au: spherical TiO, 10vol.% glyc- 3h uv H,: 27.9 mmol gt ht [547]
sol-gel, hydrothermal Batch reactor erol-90 vol.%
water mixture
Pt/TIO, Impregnation Flow reactor — — 0.37 mM 30h Solar H,: 0.47 umol min? [548]
simulator H,0,: 23 umol
Bi,05-TiO, Impregnation-calcination 23 nm for anatase and — TiO, 0.1M — UV-vis H,: 920 umol ht gt [549]
44 nm for rutile;
Bi,Os: 2-3 nm/ Batch
reactor
Na Solid state reaction of 10 nm/ Small flake-like — Glycerol/water 18 h Visible H,: 65 pmol [550]
poly(heptazine melamine Batch reactor particles 1/9 (viv)
imide)
NiOX/TiO, Impregnation and calcina- TiO.: 21-27 nmand ~ — — — 4h UV-vis CO,: 600 umol ht gt [551]
tion NiO: 4-6 nm/ Batch H,: 900 umol ht g?
reactor CO: 100 umol ht g
Cu/Ag@TiO,  Photodeposition Ag NPs: 5nmand Cu  Ag NPs: spherical TiO, 5 vol.% 4h Sunlight H,: 56.6 mmol h't gt [552]
nanotubes NPs: 9 nm/Batch nanotubes
reactor
AU/TiO, Calcination and deposi- Au: 4-7 nm/ TiO,: nanorods TiO, 10vol.%glyc- 3h uv H,: 14.4 mmol g* ht [553]
tion—precipitation with Batch reactor erol-90 vol.%
urea water
Zn0O-ZnS/ Impregnation 40 and 90 nm/ Batch ~ Graphene: sheet Graphene 40 vol% 3h UV-vis H,: 1070 umol h' gt [554]
graphene reactor
Ni/TiO, Complex precipitation Ni and Au:~5-8 nm/ TiO, 10 vol% 3h uv H,: [555]
AU/TIO; Batch reactor 26000 pmol h't g!
30300 ymol h't g*
CuOx/TiO, Equilibrium deposition Flow reactor — TiO, 0.37 mM 150 min UV-vis CO,: 0.14 umol min? [556]

filtration

Hy: 0.21 umol min?




(Table 17 — continuation)

Supported/

Glycerol concen-

Reaction

Material Synthesis method  Characterization Shape unsupported  tration/rate time Irradiation Products/ Conversion Ref.
g-CsN4/Montmorillo-  Sol-gel assisted hy- Batch reactor MMT: sheets with al- — 5% 4h Visible Hy: [557]
nite/TiO, drothermal most smooth layers, g- 4425 ppm htg?
TiO, CsNg: nanosheets and 2085 ppm htg?
TiO, spherical particles
Au loaded meso- Impregnation Au: 2 nm/ Spherical Mesoporous 0.05 M 5h Visible 32% [558]
porous silica Batch reactor SiO, 22%
Au-KIT-6 18%
Au-SBA-15 7.5%
Au-MCM-41 45%
AuCu-mesoporous
silica
Cu/TiO, P25* Photodeposition Batch reactor — TiO, 800 mM (hole 10 min UV-vis H,: 14 uM [559]
scavenger)
CulTiO, Hydrothermal and ~ TiO,: 60-125 nm/ TiO.: hollow spheres TiO, 5% (v/v) 4h Solar Hy: [560]
Ag/TiO, impregnation Batch reactor irradiation 17000 pumol g
ColTiO, 6000 pumol g*
Ni/TiO, 2000 pumol g*
TiO, 1500 pmol g*
500 umol g*
CulTiO, Reducing with 26 nm/ Roundish small parti- TiO, 0.05 M 5h Solar H,: 1240 pymol L [561]
NaBH, Batch reactor cles irradiation
PU/TiO, Impregnation- Pt: 2-6 nmand TiO;: — TiO, 27x10°M 3h UV-vis CH,: 0.9 umol ht [562]
chemical reduction 7 nm/ CO,: 0.125 mmol h'?
Flow reactor H,: 0.3 mmol h'!
Multiwall carbon Sol-gel and wet im-  Flow reactor Core-shell Montmorillonit 5% 2h Visible H,: 1888 ppm h'! [563]
natubes@TiO,/ pregnation e
montmorillonite
Ag,0-TiO, Sol-gel 150-220 nm/ Spherical — 10 vol% 10h UV-vis H,: [564]
Bi,05-TiO, Batch reactor 1250 pumol g*
ZnO-TiO, 1000 pmol g*
TiO, 750 umol g*
100 pumol g*
Bi/BiMoO Solvothermal 20 nm/ — — 65 mmol L* 4h UV-vis 1, 3-dihydroxyacetone: 97.6% [167]
Batch reactor Conversion: 42.3%
Ni(OH)/TNT Wet impregnation ~ Ni(OH),: 8.4 nm/ Nanotubes hollow TiO, 5% viv 4h Solar Ha: 4719 umol ht gt [565]
Batch reactor inside nanotubes irradiation
Rh/TiO, Impregnation Flow reactor — — 20 mM 12h UV-vis CO;: 366 pmol [566]
Ha: 1405 pmol
Conversion: 39%
NiO/Al,O3 Sol-gel Batch reactor — — — 10 h uv H,: 770 pmol h* g* [567]




(Table 17 — continuation)
Material Synthesis method Characterization Shape 32553;3% d ccfalszart?éri?gte Esictlon Irradiation Products/ Conversion Ref.
Au-WOs/TiO,  Sol-gel assisted photo- Batch reactor WO3/TiO,: spherical WO,/TIO; 10% viv 4h Visible Hy: [568]
TiO, deposition 17200 ppm ht gt
WO,/TiO, 2920 ppm h' g?
AUTIO; 3870 ppmh'g?
7358 ppm h' gt
TiO, Commercial <25 nm/ — — 0.3M 8h uv 1, 3-dihydroxyacetone: 23.63% [168]
Batch reactor Glyceraldehyde: 68.21%
CNTs- Impregnation TiO,: 10 nmand Pd: ~ Nanotubes CNTs 1M 24 h UV-vis CO,: 0.5 mmol g ht [569]
Pd@TIO; 3-5nm/ H,: 6 mmol gt h?t
Flow reactor CO: 0.3 mmol g*ht
Cu(OH),- Co-deposition- TiOy: 20-60 nm/ TiO.: spherical and hy- P25 5 vol% 5h uv Hy: 22 mmol htg?! [570]
Ni(OH),/P25 precipitation Batch reactor droxide: 1-3 nm
Ag-pCN/TiO,  Dip-coating monolithina 9 nm/ Monolith TiO, 5 wt% 4h uv H,: 10150 umol h? [169]
sol-gel solution Flow reactor
(Ag- In-situ photoreduction and  13.4 nm/ Core-shell — 5 vol % 15h Sunlight H,: 60000 umol g* [571]
Co)coloaded impregnation Batch reactor
TNP
TiSi, Commercial Batch reactor — — 10 wt% 6h Solar Conversion: 64% [572]
simulator
Cu/TNR Hydrothermal and ion-ex-  Batch reactor Nanorod Titanium oxide 10 mg mL* 12h uv CO,: 570 umol g* ht [166]
change reaction nanorod (TNR) H,: 1308 umol gt ht
CO: 52 ymol gt h?
CH30H: 788 umol g* h*
TiO, P25 Commercial 21 nm/ Flow reactor  — — 5% (v/v) 2h UV-vis H,: 0.95 mmol [573]
Polymeric car- Thermal condensation ~10£3 nm/ — — 1 wit% 4h uv H,0,: [574]
bon nitrides Batch reactor 7.5 pmol
K, Na- 20 pmol
poly(heptazine
imide)
Au/ Hydrothermal and im- Batch reactor — — 10 mmol 6h Visible Conversion: 8.4% [575]
ZnWO,-ZnO __ pregnation
Pd-TiO, Impregnation/photo- Pd~3nmand TiO,~ — TiO, P25 1M 350 min UV-vis H,: 450 mmol [576]
reduction 40 nm/ Batch reactor
AuCu-CuS e-Beam deposition and NPs: 20-30 nm/ Core-shell TiO, 0.05 M 5h Solar 1, 3-dihydroxyacetone: 63-72% [577]
thermal dewetting Batch reactor simulator Conversion: 72%
Cu-In,0; Hydrothermal and Flow reactor Nanowires and TiO, NWs 10 vol% 1h Visible H,: 6090 ppm g* ht [578]
NRs/TiO, photodeposition nanorods

NWs




(Table 17 — continuation)

. . L Supported/ ezl . Reaction - .
Material Synthesis method Characterization Shape concentration/ .. Irradiation Products/ Conversion Ref.
unsupported rate time
Rh/SrTiOs- Wet impregnation and 2.3nm £ 0.9 nm/ Aggregates of — 20 mM 5h UV-vis COq: [579]
Al RhCrOx/ photodeposition Flow reactor irregularly shaped 0
SrTiOs-Al 2300 pmol
H,:
1500 pmol
3000pmol
CO:
0
25 pmol
TiO, Hydrothermal 17-24 nm/ Nanosphere (TNP) — 10 vol% 5h UV-vis Hy: [580]
Batch reactor Nanobelt (TNB) TNT: 12 umol gt h?
Nanotube (TNT) TNP: 6 pmol g* ht
Nanosheet (TNS) TNS: 9 pmol g ht
TNB: 9 umol g* h?!
CuO+TiO, Commercial 25-50 nm/ — — 0.05M 6h Solar H,: 2575 pmol L [581]
mixtures Batch reactor irradiation
PU/TIiO, Photodeposition Batch reactor — — 1.09 mol L 1lh UV-vis H,: 45 umol [582]
Pt/TiO, Photodeposition 25 nm/ — — 0.5 % viv 4h uv Hy: 2110 pmol g* ht [583]
Batch reactor
BiVO, Solvent-assisted hydro- 0.5pumand 1.0-1.2 Densely packed micro- — 0.1M 2h Solar 1, 3-dihydroxyacetone: 18.5 pmol [584]
thermal pum/ crystals and plate-like simulator Glyceraldehyde: 8.5 pmol
Batch reactor particles
Bi/TiO; Electrospinning <100 nm/ Nanofibers — 5% viv 3h UV-vis H,: 4509 umol gt ht [585]
Batch reactor
WO,/TiO, Seed-assisted hydrother- ~ Batch reactor WOj; nanoplates Carbon fibers 0.1 M 5h Solar COy: 21.7 pmol [586]
mal simulator 1, 3-dihydroxyacetone: 28.2 pmol
Glyceraldehyde: 77.7 pmol
CuOfTiO, Impregnation Batch reactor — TiO, 5% viv 10h Solar CO;: [587]
Cu,OITiO; irradiation 6050 umol ht
7500 pumol h*
Hz:
16500 pmol h'
20060 pmol h!
Bi,WOs Hydrothermal 3-4 um/ Flower-like — 0.1 mmol 5h Visible 1, 3-dihydroxyacetone: 87% [588]
Batch reactor Conversion: 96%
PUTIO, Impregnation Flow reactor — — 0.368 mM 35 min Solar Hy: 0.47 umol min? [589]
simulator
CuO-TiO, Impregnation 20-60 nm/ — TiO, P25 0.1M 8h uv H,: 2061 pmol h' gt [590]
Batch reactor
CuOx/TiO, Water-in-oil Cu: 2.9 nm/ — — 1M 25h UV-vis CO;: 320 umol ht gt [591]
microemulsion Batch reactor H,: 950 umol h't g*
PU/TiO, Wet impregnation Flow reactor — — ~1 mol L* 30 min Solar H,: 0.58 umol min* [592]

simulator




(Table 17 — continuation)

. . L Supported/ Glycerol Reaction L. .
Material Synthesis method Characterization Shape unsupported concentration/rate time Irradiation Products/ Conversion Ref.
CuO/TiO, Wet impregnation 8-12 nm/ Tubular shapes, hollow  TiO, nanotubes 5vol.% 4h Solar H,: 99823 umol ht g [593]
Batch reactor in nature and open- irradiation
ended on both sides
Cu,0- Ultrasound assisted wet Cu,O-TiO2: 13t021  Cu,O-TiO;: spherical Reduced graphene 5 vol.% 90 min Visible Hy: 110968 pmol ht g* [594]
TiO/rGO impregnation nm/ oxide (rGO)
Batch reactor
ColTiO, Impregnation Batch reactor — — 5 vol.% 10h Solar CO,: 3051 umol h' gt [595]
irradiation H,: 11021 umol ht gt
Zn0O/ZnS New water bath route 100 nm/ Core/shell nanorods — 7 vol.% — uv H,: 2608.7 umol h' gt [596]
Flow reactor
Cu,0O/TiO, Wet impregnation Batch reactor Nanorods — 5vol.% 4h Solar H,: 50339 umol ht gt [597]
irradiation
Pd/TiO, Impregnation Batch reactor — — 0.1 vol.% 180 min UV-vis H,: 13 mL [598]
Pt-Au/TiO, Impregnation TiO2: 14 nmand Pt-  TiO,: cubic shape TiO, 1M 7h uv CO,: 450 umol ht gt [599]
Au ~1 nm/ Batch H,: 2400 pmol h't gt
reactor
Pd/TiO, Impregnation Batch reactor — — 0.1 vol.% 170 min uv H,: 15 mL [600]
TiO; Standard air-free Schlenk- 25-45 nm/ Nanorods — 1M 20h Solar H,: ~25 mmol h* gt [601]
type techniques Batch reactor simulator
Pt/TiO, Sol-gel and photodeposi-  Pt: 5 nm/ — TiO, 734 M 35h uv CO,: 18.90 umol [602]
tion Flow reactor H,: 1663 pmol
Rh/TiO, Hydrothermal and Flow reactor — — 0.02M 2h UV-vis CO;,: 178 pmol [603]
photodeposition H,: 2242 pmol

*Photocatalytic reduction of nitrate using glycerol as sacrificial agent



Table 18. Summary of materials for photocatalytic CO> reduction.

Material Characterization Synthesis Reduction product yield® Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
Shape&size method (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.P
TiO, Particle size: 30 nm — CHa: 200 ppm — — CO,, H,0 Batch reactor: 300 x 74 UVC:A=253.7 48h Gas
CO: 200 ppm (vapor) x 3.0 mm (length x out- nm, phase [604]
H,: 120 ppm side diameter x thick- UVA: 365 nm
ness)
TiO, Particle size: 4.5 to Precipitation CHy: ~0.40 umol h™! g — — Aqueous so- Batch annular reactor: UV: A=254 24 h Liquid [605]
29 nm and sol-gel CH30H:~0.05 umol h™' g! lution: 100 380 cm?; nm, 1.72 mW phase
method CO: ~0.04 pmol h™' g™! mL, NaOH Catalyst: 100 mg cm?
Hy: ~6.25 umol h™' g! (0.2 M)
TiO, Ultrathin flakes Solvothermal - HCOOH: 1.9 umol h™! g~ — — H,O: 140 mL  Batch reactor; 300 W Hg 8h Liquid [606]
(1.66 nm thick) sonication Catalyst: 500 mg lamp, 100 mW phase;
cm= 0°C
TiO, Anatase: aggregates Hydrolysisand  TiB(He) — CO;,, H,0 Flow reactor; A =200-1000 6h Gas [607]
of nanoparticles hydrothermal CH,: ~1.9 pmol gt (vapor) Catalyst: 100 mg nm, phase
(NPs) CO: ~17 pmol g* ~90 mW c¢cm?
rutile: aggregated
flower-like struc-
tures
brookite: nanorod
Pt/blue Pt NPs dispersed on NaBH, CH,: 80.35 umol h™! g 12.40% — CO,, H,0 Flow reactor; Simulated solar 6 h Gas [608]
TiO, TiO, (disordered reducing — (vapor) Catalyst: 40 mg light phase
shell crystalline photodepostion
core)
Pt/TIO, Pt NPs (1.94 nm) In situ CH,: 115 umol h™' g™ 1.49% A= — CO;,, H,0 Flow reactor; Xe lamp 8h Gas [609]
distributed on TiO, hydrogenation CO: 26 umol h™' g 250-430 (vapor) Catalyst: 15 mg phase
nm)
In—doped Mesoporous spheri- Sol-gel CH,: 244 ymol h™' g™ — — COy, H,0 Batch reactor: 108 cm?; UV: A =365 8h Gas [610]
TiO; cal particles (d < 13 CO: 81 umol h™' g™ (vapor) Catalyst: 250 mg nm, 40 mW cm- phase;
nm) C,H,: 0.06 umol h™' g! 2 100 °C
CyHg: 2.78 umol h™' g!
CsHe: 0.02 pmol h™' g!
CsHs: 0.02 pmol h! g!
La- Uniform particle Sol-gel CH4: 1.73 pmol h™' g! — — CO;,, H,0 Batch reactor; UV visible light 20 h Gas [611]
modified (~10-15 nm) CO: ~0.35 ymol h™' g™! (vapor) Catalyst: 100 mg phase
TiO;
Cu/TiO, Cu/TiO (20 nm) One—pot sol— CO: 60 umol h™' g 1.41% — CO,, H,0 Flow reactor: 6.0 x 2.5 UV visible light — Gas [612]
supported by meso- gel CH,: 10 pmol h™' g! (vapor) cm (diameter x depth) phase
porous silica
Cu/TiO, Cu NPs on TiO; lonic liquid CH30H: 230.3 umol h™' g™ 25% — COy, H,0 Flow reactor: 476 cm?, UV: 2.5-10 120 min Gas [613]
synthesis HCOOH: 23.5 umol h™' g™! (CH30H) (vapor) catalyst: 500 mg mw cm2 phase

C;HsOH: 87.1 umol h™' g!




(Table 18 — continuation)

Material Characterization Synthesis Reduction product yield® Apparent Sacrificial Reaction Batch size Irradiation Reacti Reaction  Ref.
Shape&size method (max.) quantum electron medium (reactor type&volume, on type,
efficiency donor catalyst amount) time / Temp.P
h
AU/TiO, « Au clusters distributed ~ Deposition — A=365nm — — COy H0 Flow reactor; () UV: A =365 0.5h- Gas [614]
on the surface of TiO,  precipitation CO:7.52 umol h™' g! (vapor) Catalyst: 50 mg nm, ~49.5 mW 3h phase
(~20 nm) CH,: 3.57 umol h™' g! cm2; 30°C
C;He: 0.59 pmol h™' g™ (2) visible light:
A =530 nm A =530 nm,
CzHe: 0.66 pmol h™! gil 64.9 MW Cmfz
CHg: ~2.7 pmol h™' ¢!
Au— Auand In evenly scat-  Sol-gel CO0: 8982 umol h' g! 0.79% (A=  — COy, Hy, Batch reactor: 150 cm® UV: 150 mwW 8h Gas [615]
In/TiO, tered over mesoporous CH,: 82.65 umol h™! g 254 nm) He cm? phase;
TiO, NPs CzHs: 1.057 pmol h! gt 100 °C
C2He: 6.975 pmol h! g!
CsHg: 0.527 umol h™! g
CsHs: 0.7425 umol h' g!
Ni/TiOzvo Ni nanocluster (17.5+  One—pot Acetaldehyde: ~1.7 umol h™! — — CO,, H,O Flow reactor; Visible light 6h Gas [616]
3.4 nm) dispersed on hydrothermal g~ (vapor) Catalyst: 100 mg phase;
TiO, 25+3°C
N doped Microsheets Hydrothermal =~ CH3;OH: — — CO,, H,O Batch reactor: 200 mL; (1) UV visible 2h Gas [617]
TiO, 0.355 umol h™! g™! (UV-vis) (vapor) Catalyst: 100 mg light; phase;
0.14 umol h™' g (vis) (2) visible light: room
A>400 nm tempera-
ture

Graphene — Wet chemical ~ CHg4: 0.43 pmol h™' ¢! — — CO,, H,0 Flow reactor: 9 x 250 Visible light: A~ 8h Gas [618]

oxide(GO)/ impregnation ~ CO: 1.13 umol h™' g (vapor) mm (inner diameter x >400 nm, 81.0 phase;

TiO, C2He: 0.02 pmol h™' g! length) mW cm2 25+5°C

CyH,: 0.58 umol h™' g!

Black TiO,  Nanotube arrays Anodic CO: 185.39 umol h™' g — — H,0: 50 Batch reactor; Visible light: A 7h Liquid [619]
oxidation — mL Catalyst: 10 mg >420 nm phase;
aluminotherm 3°C
ic reduction

CulnS,/ TiO, nanofiber coated ~ Hydrothermal ~ CH3OH: 0.86 umol h™' g™! — — CO,, H,0 Batch reactor; Simulated solar  1h Gas [620]

TiO; with CulnS; nano- CHg: 2.5 umolh' g™! (vapor) Catalyst: 50 mg light phase

plates

MgO/TiO, Microspheres Spray CO: ~30 umol h™' g! — — CO,, H,0 Flow reactor; UV visible 5h Gas [621]

pyrolysis CHy: trace (vapor) catalyst: 30 mg light: A = 200— phase;
1000 nm, 420 150 °C
mw cm

MgAl-lay-  MgAI-LDOs with Hydrothermal ~ CO: 1.7 umol h™' g™! (50 °C) — — CO,, H,0 Flow reactor; uv — Gas [622]

ered double  platelet shape grafted —coprecipita- 4.3 umol h™' g! (150 °C) (vapor) Catalyst: 100 mg phase;

oxide on the surface of TiO,  tion 50 °C,

(LDO) cuboids (~um) 150 °C

ITiO,
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Material Characterization Synthesis Reduction product yield® Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction Ref.
Shape&size method (max.) quantum electron medium (reactor type&volume, time/h type,

efficiency donor catalyst amount) Temp.p

TiOo/MnOy,  MnOx nanoflakes and Hydrothermal ~ CH,: 34.7 umol m2 h? — — CO,, H,0 Batch reactor: 200 mL UV visible 3h Gas [623]

/Pt Pt NPs on TiO, - CH;OH: 30.3 pmol m2 h™ (vapor) light phase
nanosheets photodepositi

on

TiO,/TisC, TisC, dispersed on Calcination CHs: 4.4 uymolh™' g™! COy, H,0 Batch reactor: 200 mL; Simulated 1lh Gas [624]
the surface of TiO, CH3O0H: trace (vapor) Catalyst: 50 mg solar light phase;
laminar C,HsOH: trace room

temperat
ure

AgBI/TiO,  AgBr NPs (~5 nm) Deposition — CHg: 25.7 umol h™' g! Aqueous Batch reactor; Visible light: 5h Liquid [625]
on TiO, particles precipitation CH3OH: 15.6 pmol h™! g! solution: Catalyst: 500 mg A>420 nm phase;

CyHsOH: 2.7 umol h™' g! 100 mL, room
CO: 6.4 umolh'g! KHCO, temperat
(0.2 M) ure

Graphene/ Hollow spheres Layer-by—layer CO:8.91 umolh'g™! CO,, H,O Batch reactor: 230 mL; UV visible ~6h Gas [626]

Tio0:0; method CH4: 1.14 pmol h' g! (vapor) Catalyst: 10 mg light phase

NiO- Mesoporous struc- Sol-gel CO0: 12029 pmol h™! g COy, Hy, Batch reactor: 150 cm?; UVv:150 mW  8h Gas [627]

In,04/TiO;  ture (6-18 nm) CHg: 34 umol h™' g! He (bal- Catalyst: 50 mg cm? phase;

C;Hs: 0.33 umol h™' g! ance) 120 °C
CyHg: 1.95 umol h™' g!
CsHe: 2.36 pmol h™' g!
CsHg: 1.01 pmol h™! g!

Ag- Core-shell structures  One—pot CH4:0.91 pmol h! g! CO,, H,0 Flow reactor: 10 x 20 Visible light 75h Gas [628]

MWCNT@ synthesis CzHq: 0.048 umol h™! g (vapor) mm(OD x length) phase

TiO;

Sr,Bi,Nb; Nanosheets Hydrothermal -  CO: 17.11 pmol h™' g! CO,, H,0 Batch reactor; Simulated 4h Gas [629]

TiOs2 glyoxal assisted (vapor) catalyst: 100 mg solar light phase;

reduction treat- 20°C
ment
Ga,0; — Calcination CO: 105 umol h™' g Aqueous Flow reactor; UV: <400 4h Liquid [630]
Hy: 92.1 ymol h™' g™! solution: 10  Catalyst: 100 mg nm phase
mL, Na-
HCO; (1M
)

C030,4 Hollow multi— Sequential CO: 46.3 uymolh™' g™! CO,, H,0 Batch reactor: 100 mL; Simulated so- 5h Gas [631]
shelled structures of ~ templating (vapor) Catalyst: 5 mg lar light : phase
dodecahedron approach A<780 nm,

100 mW cm?

Pt/In,03 Pt particles (4 nm) Precipitation—  CO: 1.4 umolh™' g™! CO,, H,0 Batch reactor; Simulated 6h Gas [632]
dispersed on 1n,03 photodeposition  CH,: 3.5 umol h™' g! (vapor) catalyst: 20 mg light: 0.120 phase;
nanorods Wcm= 25°C
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Material Characterization Synthesis Reduction product yield®  Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
Shape&size method (max.) quantum electron medium (reactor type&volume, time/h type,

efficiency donor catalyst amount) Temp.?

Pt/C-In,03 In,03 nanobelts Hydrothermal - CO: 633 umol h™' g™ — Triethanolami 200 mL of Batch reactor: 400 mL; 300 W Xe- 4h Liquid [633]
coated by carbon photodepostion ~ CH,: 139.5 umol h™' g”! ne (TEOA) aqueous solu-  catalyst: 200 mg lamp phase;
layer (5 nm thick) tion with 25°C

TEOA(10
vol%, pH=9)

Cu,0 Nanocubes Copper foam CO0:8.8X10* umol h™! — — CO;, H, Batch reactor: 11.8 mL Xe lamp: 40 1 h per Gas [634]

oxidation - HCl  g~!(with dehydrated zeo- suns light in- run phase
treatment — ul- lite) tensity
trasonication CO: 7.0X10* pmol h™!

g~!(without dehydrated ze-

olite)

CO: 1.4 X10° umol h™!

g"'(LED flow reactor, 60

h)

Cu,0 Nanocrystals (cubic Colloidal syn- CH30H: 1.2 X 108 umol 358% A= — H,0: 5 mL Flow reactor: 20 mL; Xe lamp: 204 60 min Lig- [635]
or mix of cubic and thesis h'g! 530-550 Catalyst: 10 mg W uid/gas
octahedral) nm) phase

Cu,0@Cu Nanorod arrays In situ reduc- CH,: 0.12 pmol cm 240% (A= — 220 mL of so- — Visible light: 4h Liquid [636]

tion method C,H,: 0.07 umol cm 420-620 lution, A>420 nm, phase;
nm) KHCO; (0.1 1.16 mW cm- room
M) 2 tempera-
ture

Cu,O/TiO,  Nanotube arrays Electrodepositi CH;OH: 55.15 uM 100 — — H,0:100 mL  catalyst: 3cm x 3cm A\ = 355 nm, 6h Liquid [637]

on mL* 40 mJ pulse® phase

CeO, Network-like porous  Sunlight— CH3OH: 0.702 pmol h™ 023% (A= — CO,, H,O Batch reactor: 135 mL; Simulated 8h Gas [638]
structure consisting assisted g 350 nm) (vapor) Catalyst: 50 mg sunlight phase;
of NPs (12—18 nm) combustion room

synthesis temperat
ure

Ni single Porous structure Solvothermal - CO: 11.8 ymol h™' ¢! 0.92% (A= — CO,, H,O Batch reactor: 50 cm?; UV visible 5h Gas [639]

atom/ZrO, calcination — Hy: 0.96 umol h™' g™! 365 nm) (vapor) Catalyst: 10 mg light phase

etching 0.36% (A=
420 nm)

ZnO Opaline ZnO pho- Spin coating CO: 79 umol — — CO,, H,0 Batch reactor: 500 mL; UV visible 6h Gas [640]
tonic crystal film CHa: 0.4 pmol (vapor) Catalyst: 336 mg light: 52 mW phase;

cm? 35°C

Mn, C- Core-triple shell One-—pot coor- CO:0.21 umolh™' g! 0.03% (A= — CO,, H,0 Batch reactor; Simulated 4h Gas [641]

codoped hollow spheres (di- dination poly- 365 nm) (vapor) Catalyst: 50 mg solar light phase

Zn0 ameter 650 nm) mer strategy
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Material Characterization Synthesis Reduction product Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
Shape&size method yield? (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.?
Rups—Ruc/Ag  — — A >400 nm 1.0% (A= Na;EDTA Aqueous solution:  Catalyst hybrid: 4 mg, A>400 nm; 15h Liquid [642]
/GaN:ZnO HCOO™: 4.1 umol (TON 400 nm) 4 mL, RUps—Rugy: 3 pmol g™ A =365nm phase;
359) Na,CO; (20 mM), 25°C
Ha: 1.2 pmol (TON 102) Na,EDTA (10
A=365nm mM)
HCOO™: 2.7 umol (TON
223)
H,: 1.0 pmol (TON 90)
CuO- Filamentous struc-  Co-precipita- CHg: 7.67 pmol h™' g! 2.16% — Aqueous solution:  Batch reactor: 1180 mL;  UVC: A = 24h Liquid [643]
ZnO[TiO, tures on TiO, tion deposition CO: 66.67 umol h™' g! 600 mL, NaOH Catalyst: 600 mg 254 nm, 18 W phase;
(0.2 M) 25°C
Ag- Ag NPs (~5-20 Solid state CO: ~1.4 ymol h™' g! — — Aqueous solution:  Batch reactor; Visible light: 8h Liquid [644]
Bi,TaOgBr—F  nm) dispersed on reaction 5 mL, KHCO; Catalyst: 50 mg A >420 nm phase
the surface of (saturated)
BisTaOgBr—F na-
noplates
Bi;2017Cl, Nanotube Hydorthermal CO: 48.6 umolh™' g! 0.14% A= — H,0: 50 mL Batch reactor: 500 mL; Solar lightby  4h Liquid [645]
CHy: trace 400 nm) Catalyst: 30 mg Xe lamp phase;
5°C
BiOCI Nanosheets Hot injection CHg: 5.2 umol h' g! — — H,0: 80 mL Batch reactor; UVlight: A= 8h Liquid [646]
Catalyst: 20 mg 250-380 nm phase;
at25+2
°C
B—doped Nanosheets Molten strategy ~ CO: 83.64 umol h™' ¢! ~1.95% (A — H,0: 100 mL Batch reactor; Visible light: 10h Liquid [647]
BiOCI Hz: <1.71 pmol h™'g™! =405 nm) Catalyst: 50 mg A>400 nm, phase;
AM 1.5, 100 20+0.2
mwW cm °C
BiOBr Sheet-like mor- Hydorthermal - CO: 87.4 umol h™' ¢! — — H,0: 100 mL Batch reactor; Visible light: 12h Liquid [648]
phology (0.81 nm ultrasonication Catalyst: 100 mg A>400 nm phase;
thick) — UV light ir- 5°C
ridiation
BiOl Nanosheets Hydrothermal CHg4: 1.78 pmol h™' ¢! — — CO,, H,O (vapor)  Batch reactor; Xe lamp 4h Gas [649]
CO:5.18 umolh™' g! Catalyst: 50 mg phase;
20 °C
Bi,WOg Atomically thin Hydrothermal CO: 7.12 umol h™' g! — — CO;, H,O (vapor)  Catalyst: 30 mg Simulated 5h Gas [650]
nanosheets CHg: 0.63 pmol h™' g solar phase;
irradiation: 25°C

AM 1.5




BiVO, Rod-like struc- Microwave C,HsOH: 2033 (UV-vis, — — H,0: 100 mL Flow reactor; (1) UV visi- 80 min Liquid [651]
tures (1 pm) assisted monoclinc) catalyst: 200 mg ble light phase;
sheet-like struc- hydrothermal (2) visible 0°C
tures (400 nm— light: 2>400
lum) nm
(Table 18 — continuation)
Material Characterization Synthesis Reduction product yield*  Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
Shape&size method (max.) quantum electron medium (reactor type&vol- time/h type,
efficiency donor ume, catalyst Temp.”
amount)
(001)TiO~  Nanosheets Two-step hy- CHg4: 0.38 pmol h™' g! — — H,O:5mL  Batch reactor; Visible light: 4h Liquid [652]
g-CsNy/ droxyl-induced  CO:5.18 pmol h™' g! Catalyst: 100 mg 2>420 nm phase
BiVO, assembly strat-
egy
Bi,0,CO4 Nanosheets Hydrothermal —  CO: 275 umol h™' g"!/(TON  2.74% (A = 420 — CO,, H,0 Catalyst: 40 mg Visible light: & — Gas [653]
UV lightirradi-  20.6) nm) (vapor) >420 nm, 50 phase;
ation H,: trace mw cm2 25°C
BisTiNbO, Nanosheets Hydrothermal —  CO: 20.9 umol h™! g! 0.74% A=365 — COy, H,0 Batch reactor; UV visible 4h Gas [654]
Corona poling CHg: 0.96 pmol h™' g! nm) (vapor) Catalyst: 50 mg light: AM 1.5 phase;
H: 0.19 umol h'' ¢! 0.46% (. =420 G, 100 mwW ~20°C
nm) cm?
0.35% () = 450
nm)
MXene/ Ultrathin nanosheets ~ Etching —ultra-  CH3;OH: 0.44 ymolh™' g! — — CO,, H,0 Batch reactor: 200 Simulated solar  — Gas [655]
Bi,WO¢ sonic exfolia- CHg4: 1.78 pmol h™' g! (vapor) mL; irradiation phase
tion — in situ catalyst: 100 mg
growth
InVO, Atomically thin Hydrothermal CO: 18.28 umol h' g™! 0.54% (CO, A= — CO,, H,O Batch reactor; Simulated solar ~ 7h Gas [656]
sheets (~1.5 nm) CHg4: 0.28 pmol h™' ¢! 385 nm) (vapor) catalyst: 100 mg irradiation phase;
room
temperat
ure
rGO/InVO,  InVOyq: spherical Deposition — CH3OH: 708.1 pmol h™! — TEA Dimethyl- Batch reactor; Visible light: & 24 h Liquid [657]
/Fe;04 shape (~pm) precipitation g’ formamide  Catalyst: 100 mg >400 nm phase
(DMF)/H,
Oltriethyla-
mine (TEA)
(3:1:1)
Nb,Os/CuO  CuO NPson the sur-  Solvothermal CHg: 2 pmol h' g! A =254 nm — H,0: 300 Batch reactor: 500 UVC: Amax 24 h Liquid [658]
face of Nb,Os rods HCOOH: 3.1 umol h™' g™'  CHg: 0.285% mL mL; =253.7 nm, phase;
(700 nm) CH3COOH: 0.3 umol h! HCOOH: Catalyst: 300 mg 21.49 mW cm™2 25+3°C
g’ 0.110%
CH;COOH:

0.0415




SrNb;Os Nanoplates Hydrothermal CO: 16.6 umol h™' g! 0.065% (A = CO,, H,0 Batch reactor: ~100 UV visible 10h Gas [659]
CHg: 3.3 umolh'g™! 330 nm) (vapor) mL; light: » = 300— phase;
H,: 6.5 umol h™' g! Catalyst: 10 mg 780 nm 50 °C
Ag/ Nanorods Flux method — CO: 102.4 umol h™' g! — — Aqueous Flow reactor; uv 1lh Liquid [660]
SrNb,Os chemical reduc-  H: 2.2 umol h' g! solution: catalyst: 500 mg phase
tion/ impregna- 1.0 L, Na-
tion/ photodep- HCO; (0.1
osition M)
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Material Characterization Synthesis Reduction product yield?® Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
Shape&size method (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.?
Ag/ALasTis  Ag NPs (30-40 nm) Polymerizable CO: 733 umolh' g! — — H,0: 360 Flow reactor; 400 W high— 7h Liquid [661]
Oss on the edge of complex HCOOH: 2.3 umol h™! g! mL Catalyst: 300 mg pressure mer- phase;
(A=Ca, Sr, BalLasTisOssplate method-chemi-  Hy: 33.3 umolh™' g™! cury lamp ambient
and Ba) (100 nm thick, 1 um  cal reduction temperat
width) ure
NaNbO;, Particles Solid-state NaNbOs: — — CO,, H,O Flow reactor: 280 mL; UV: Aas= 15h Gas [662]
NaTaOs NaNbO;: 178 nm reaction CO: ~5 umol h™' g! (vapor) Catalyst: 100 mg 365 nm phase;
NaTaOs: 160 nm CH,: ~0.09 umol h™' g! 50°C
CH30H: 0.2 pmol h™' g!
Hy: ~1.3 umol h™' g!
NaTaOs:
CO: ~5umolh'g!
CH,4: ~0.17 umol h™' g!
CH3OH: 0.2 umol h™' g!
Hy: ~1 umol h™' g!
Ag/ — Solid state reac-  CO: 318 pmol h* — — H,0: 350— Flow reactor; uv ~6h Liquid [663]
NaTaOz A tion —photodep-  Hj: ~33.3 umol h? 370 mL, Catalyst: 250-1000 mg phase
(A=Mg, Ca, osition/impreg- one of the
Sr, Ba, and nation/liquid— following
La) phase reduction chemicals
is added:
H,SO,,
NaCl,
NastA,
NaHCO;,
KHCOs,
NazCO3,
K>COs,
NaOH,
KOH
Graphene/ Island-shaped gra- CVvD CH,4: 1.61 pmol h™' g! 041% (A= — CO,, H,0 Batch reactor: 230 mL; Visible light: 8h Gas [664]
TaON phene on TaON par- CO: trace 500 nm) (vapor) Catalyst: 100 mg A>420 nm phase;
ticles 20 °C




Ag/TaON-  — — HCOOH: 969 nmol (TON 41) — CH;0H CH30H: 4 Catalyst: Visible light: 15h Liquid [665]
RuBLRu’ H,: 678 nmol mL semiconductor:8 mg, A>400 nm phase
CO: 68 nmol complex: 24 nmol
Na;VsOi6-x  Nanoribbons (~5nm  Hydrothermal Na;V016-XH,0 — — CO,, H,0 Batch ractor: 230 mL; Visible light: 10h Gas [666]
H,0 thickness, ~500 mm CH,: 0.01 pmol h™! g~!(1st (vapor) Catalyst: 100 mg A>420 nm phase
length) hour)
RUOzlpt/Naneole'XHzo
CH4:>0.3 pmol h™! g (1st
hour)
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Material Characterization Synthesis Reduction product Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction Ref.
Shape&size method yield? (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.”
Cu(ll)— Cu(ll) nanocluster Delamination—  CO: ~0.7 umol h™! — — Adqueous solu- Catalyst: 100 mg UV: A = 240- ~25h Liquid [667]
grafted (2-3 nm) on mono- impregnation g'(20 h) tion: 20 mL, 300 nm phase
Nb3Og dispersed sheet of KHCO; (0.5
Nb3Og™ (<2 nm M), pH=12 us-
thick) ing NaOH
Ag/SrTiOs Ag NPs on SrTiO; Solvothermal —  CO: 2.00 umol h™! g! — TEOA N,N-dimethyla-  Batch reactor; Visible light: & 8h Liquid [668]
with cubic and all photodeposition ~ CHy: trace cetam- Catalyst: 20 mg >420 nm phase
edge-truncated mor- ide(DMA): 80
phology mL,
TEOA: 20 mL
Pt/LaPO, Pt NPs on LaPO, na-  Hydrothermal CHg: 12.4 pmol h™' ¢! 0.15% — H,0: 70 mL Batch reactor: 200 mL; uv 5h Liquid [669]
norods Ha: 4.6 umol h™' g Catalyst: 50 mg phase
20 °C
ZnGa,04 Microsphere consists ~ Solvothermal CH4: 69 ppmg*ht 0.035% (A — COy, H,0 Batch reactor: 230 mL; 300 W Xelamp 12h Gas [670]
of ultrathin =280 nm) (vapor) catalyst: 100 mg (IR cut) phase;
nanosheets room
temperat
ure
0-CsNy Thin nanosheets Thermal con- CHg4: 0.93 pmol h™' ¢! — — H,0: 80 mL Batch reactor; Visible light: A 8h Liquid [671]
densation of Catalyst: 5, 10, 20 mg >420 nm phase;
melamine — ul- 15°C
trasonic exfoli-
ation
Nitrogen— Porous nanotubes, Supramolecular  CO: 103.6 umol h™' g 0.43% (= TEOA H,0: 4 mL, Batch reactor: 300 mL; Visible light — Liquid [672]
rich g-CsNs  length: 2-3 um, self-assembly Hy: ~18 umol h' ¢! 400 nm) TEOA: 2 mL, Catalyst: 10 mg, phase;
diameter: 30-60 nm  strategy acetonitrile CoCly: 4 pmol, 10°C
(MeCN): 6 mL bipyridine (bpy): 15 mg
Sulfur— Layered structures Thermolysis CH30H: 0.37 umol h™! — — CO;, H,0 (va- Batch reactor: 200 mL; UV visible light 3 h Gas [673]
doped with irregular pore g! por) Catalyst: 100 mg (1wt% phase;
9-CsNy (10-40 nm) Pt cocatalyst) ambient
tempera-

ture




PO Mesoporous Concentrated CO:38.5umolh' g™’ 0.86% A= — CO,, H,0 Batch reactor: 350 mL; Simulated solar 4 h Gas [674]
modified structure phosphoric acid ~ CH,: 73 umol h™' g 420 nm) (vapor) Catalyst: 200 mg light phase;
g-CsNy post-treatment ~1.3% (A= 10°C
365 nm)
O-Doped Hierarchically Thermal oxida- ~ CH3;OH: 0.88 umol h™! — — COy, H,0 Batch reactor: 200 mL; Visible light: A>3 h Gas [675]
g-CsNy porous structure tion exfoliation ! (vapor) catalyst: 50 mg 420 nm phase
and curling— small amount of
condensation of  C,HsOH, HCOOH,
bulk g-C3N4 HCHO and CH,4
(Table 18 — continuation)
Material Characterization Synthesis Reduction product yield*  Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction Ref.
Shape&size method (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.?
Ni/g—-CN Ni NPs homogene- Wet CHg: 28 pmol h™' g! — — CO;y, H Batch reactor: 51 mL; UV visible 24 h Gas [676]
ously distributed on impregnation — catalyst: 25 mg light: 1080 W phase;
laminar g-CN thermal m2 150 °C
reduction
Pd/g—CsN4 Cubic or tetrahedral Electrostatic CH3OH: 3.17 umol h! g! — — COy, H,0 Batch reactor: 200 mL; 300W Xearc 1h Gas [677]
Pd NPs distributed assembly CHg: 0.4 umol h' g! (vapor) catalyst: 50 mg lamp phase;
on the surface of g— ambient
CsNy temperat
ure
Single Sheets Ligand CO: 464.1 umolh™' g! — TEOA 5.0mL ofso-  Reactor: 7.5 mL Visible light: 10h Liquid [678]
Co(ll) sites replacement — Hy: 92.6 umol h' ¢! lution, Catalyst: 2 mg, > 420 nm phase;
anchoring pyrolysis MeCN/H,O/T  2,2' -bpy: 15 mg 25°C
0-CsNy EOA (viviv =
3:1:1)
Ru single Mesoporous Calcination — CH30H: 250 umol h™' ¢! — — DMF: 7 mL, Batch reactor: 15 mL; Visible light: 6h Liquid [679]
atom/ structure microwave H,O: 1 mL catalyst: 50 mg A = 400-500 phase
mMCsNy heating nm
Co—quaterp  Mesoporous Covalent CO: 8.0 umol h™' g"'(TON  0.25% BIH MeCN Batch reactor: 6 mL; Visible light: 24 h Liquid [680]
yridine grafting 128) (CO) solution: 3 catalyst: 6 mg (Cogpy: 3~ A>400 nm phase;
molecular Hy: 0.4 umol h™' g! mL, BIH uM) 25°C
complex/ (0.05 M),
0-C3N, phenol
(PhOH, 0.03
M)
Pt-g-C3Ns/  KNbOs; randomly Ultrasonic CHg: 2.5 umol h' g™! — — CO,, H,0 Batch reactor; Visible light:  8h Gas [681]
KNbO3 distributed on the dispersion — (vapor) catalyst: 100 mg A> 420 nm phase
surface of g—C3N,4 heat treatment
MnO,/ Layered structure In—situ redox CO: 9.6 umol h™' g! (1st — — COy, H,0 Batch reactor: 500 mL; UV visible 6h Gas [682]
9-CsNy reaction h) (vapor) catalyst: 50 mg light: 230 phase;
3.4 umol h™' g''(6 h) mwW cm 25°C




g—CsNa/ ZnO NPs surrounded ~ One-step CH30OH: 0.6 umol h™' g! — — CO,, H,0 Batch reactor: 200 mL; UV visible 1lh Gas [683]
ZnO by g—C3N,4 calcination (vapor) Catalyst: 100 mg light phase;
ambient
temperat
ure
g-CsNa/ Hollow mesospheres ~ Template CH,: 0.88 umol h™' g 17.1% (A= — H,0: 10 mL Catalyst: 50 mg Visible light: 4h Liquid [684]
CeO, preparation — CH3OH: 1.3 umol h™' g™! 525 nm) 2> 420 nm phase;
reduction CO: 4.2 umol h™' g! 25°C
WO,/ WOj; hollow micro- Hydrothermal CO: 173 umol h™' g! A =420 nm COy, H,0 Catalyst: 150 mg Visible light: 120 min Gas [685]
g-CsN, spheres coupled with CHg: 226 umol h™! g CO: (vapor) 20 mW cm? phase
g-CsN,4 nanosheets 0.733%
CHA:
3.819%
(Table 18 — continuation)
Material Characterization Synthesis Reduction product Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
Shape&size method yield® (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.?
a—Fe, 04/ Urchinlike o—Fe,03, Impregnation—  CO:27.2 umol h™! g! 0.499% (A — COy, H,0 Batch reactor: 500 mL; Xe lamp: 0.21 4h Gas [686]
g-CsN, g-C3N,4 nanosheets hydrothermal =365 nm) (vapor) Catalyst: 25 mg W cm2 phase;
0.963% (A 20°C
=420 nm)
CsPbBr3/ CsPbBr; quantum Self-assembly CO: 148.9 umol h™' g! — — MeCN or Batch reactor; Visible light: A> — Liquid [687]
g-CsNy dots (~10 nm) on ethyl acetate Catalyst: 8 mg 420 nm phase;
porous g—C3Ny (EA): 30 mL, 20°C
nanosheets H,0: 100 uL.
g-C3N4/ SnS; quantum dots One-step CHg: 2.24 pymol h™! — — CO,, H,0 Batch reactor: 200 mL; Visible light: 3h Gas [688]
SnS, (2-3 nm) loaded on hydrothermal g '(1sth) (vapor) catalyst: 50 mg A>420 nm phase
the surface of g— CH30H: 0.64 umol h™!
C3Ng gil(lSt h)
Au@ Nanospheres (100 Template— CO: 4.28 uymol h' g™! 172% A= — CO,, H,O Catalyst: 50 mg Visible light: A>  4h 25°C [689]
gC3N4/SnS  nm) with yolk—shell ~ assisted CH30H: 1.33 umol h™! 450 nm) (vapor) 420 nm
structure strategy gt 15.3% (A=
CHg4: 0.95 ymol h™' g! 525 nm)
Ag.CrO4/ Lamellar stacking of ~ Self-assembly Full spectrum light — — CO,, H,0 Reactor: 200 mL; (1) visible light: 3 h Gas [690]
gCsNJ/gra- g-CsNgand GO CH30H: ~0.29 umol h™! (vapor) Catalyst: 100 mg A> 420 nm; phase
phene oxide layer, Ag.CrO, NPs ! (2) full light
(GO) on the surface of the CHg: ~0.05 pmol h™' g™! spectrum
sheets
TiO,/ TiO,« quantum dots  In-situ CO: 77.8 umol h™' g! — TEOA MeCN: 4 mL, Batch reactor: 43 mL; Visible light: A> 5h Liquid [691]
0-C3N, (~5 nm) anchored on  pyrolysis Hy: 16.2 umol h' g™ TEOA:1mL  Catalyst: 5mg 400 nm phase;
g—CsN,4 nanosheets cocatalyst: 25°C
bpy, 10 mM,

CoCl; aq., 25 pL, 20
mM




TiO2/C3Ns/  TisC, quantum dots Interfacial self-  CO: 4.39 umolh™' g™ — CO,, H,0 Batch reactor; Xe lamp 1lh Gas [692]
TisC, decorated TiO,/CsN,  assembly CHg: 1.20 pmol h™' g! (vapor) Catalyst: 30 mg phase
core—shell
nanosheets
AgBr/ AgBr NPs on the Oxidation — CH30H: 21.2 umol h™! 3.41% Aqueous so- Catalyst: 20 mg Visible light: 5h Liquid [693]
g-CsN4/nit-  surface of graphene thermal g! lution: 20 A>420 nm, 150 phase;
rogen—do- and g—C3N,4 polymerization ~ C,HsOH: 51.3 umol h! mL, NaHCOs mwW cm2 -1°C
ped gra- —ionexchange g (0.1 M)
phene
Functionali  — Solvothermal GQD-BNPTL — CO,, H,0 Batch reactor; Visible light: A>> 10h Gas [694]
zed CH3OH: 0.695 pmol h™! (vapor) Catalyst: 100 mg 420 nm phase
graphene g’
quantum
dots
(Table 18 — continuation)
Material Characterization Synthesis Reduction product yield®  Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
Shape&size method (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.”
CsPbBr3 Spherical CsPbBr; Antisolvent CO: 49 umolh'g! 0.026% (L = — EA: 10 mL Batch reactor: 40 mL; Simulated so- 12h Liquid [695]
guantum QDs evenly distrib- precipitation CH4: 25 pmol ht gt 400 nm) Catalyst: 4 mg lar light: 150 phase
dot/graphen  uted on GO sheets H,: 0.13 pmol h™' g mw cm
e oxide
(GO)
MOF NisHITP, nanosheets ~ Vacuum CO: 3.8x10* umol h™? — TEOA TEOA:2mL, Batch reactor: 250 mL; Visible light: 3h Liquid [696]
(NigHITP,)/  attached to the sur- filtration Ofilm * H,0: 2 mL, Catlayst: 1 cm in diame- ~ A> 420 nm phase;
rGO face rGO parallelly Hy: pmol h™' ¢! MeCN: 12 ter, 4°C
mL photosensitizer:
[Ru(bpy)3]C|26H20, 40
mg
ZnV,04/ ZnV,0s sheets par- One-—pot sol- CH30H: 5153.97 pmol g* — Aqueous so- Flow reactor; Visible light 10h Liquid [697]
rGO tially covered by vothermal HCOOH: 1942.41 pumol lution: 100 catalyst: 100 mg phase;
rGO nanosheets gt mL, NaOH room
CH;COOH: 385.44 umol (0.1m) tepera-
gt ture
Carbon dots ~ Spherical shape (<3  Ultrasonic— GO-h-GCD — — H,0:220 mL  Batch reactor uv 5h Liquid [698]
nm) assisted CH,: 983 umol h™' ¢! phase;
hydrothermal CO: 350 umol h™' g 20°C
Hp: 975 umol h™' g!
NiCoOP/ NiCoOP NPs (10 Electrospinning  CO: 1.66x10° umolh™'g!  — TEOA TEOA: 1.0 Batch reactor: 80 mL; Visible light: 4h Liquid [699]
carbon nm) in multichannel —phosphidation ~ H,: 8.6x10* pmol h™' g™! mL, Catalyst: 0.1 mg, A>400 nm phase;
hollow carbon fibers - thermal H,0:2.0mL,  photosensitizer: 30°C
annealing MeCN: 3.0 [Ru(bpy)s]Cl,-6H,0, 10
mL mg
MWCNT/ TiO, NPs as a shell Core-shell CH,4: 0.17 pmol h™' g! — — CO;,, H,0 Flow reactor: 10 x 200 Visible light: 6h Gas [700]
TiO, on MWCNT, diame-  coating (vapor) mm (ODxlength) A>400 nm phase

ter 40-60 nm




Au — Ligand grafting  Auc—C-Co — TEOA TEOA:1mL, Batch reactor: 50 mL; Visible light: 3h Liquid [701]
nanocluster CO: 3.54 umolh' g! pristine Au—  Catalyst: 10 mg A >420 nm, phase;
—metal H,: 1.5 umol h™! g! C-M 100 mW cm2 room
cation CHg: trace solution: 10 temperat
mL ure
Ni(OH), Hollow nanocages lon—assisted CO: 1.44 x 10° pmol-g 2.50% (A= TEOA TEOA: 0.5 Batch reactor: 10 mL A =420 nm 3h Liquid [702]
etching protocol ~ pcah™, 420 nm) mL, cocatalyst: 0.3 mg phase;
H,: 5.8 x 10% pmol-g H,0: 0.5mL,  photosensitizer: 15°C
Teoearrh™ MeCN: 10 [Ru(bpy)s]Cl,-6H.0, 10
mL mg
Ni(OH)./ Hiearchical Ni(OH),  Hydrothermal CO: 10725 umol h' g! 1.03% (A= TEOA MeCN: 3mL, Catalyst: 1 mg Vsible light: L. — Liquid [703]
graphene nanosheet arrays H,: 446.9 pmol h™! g™ 450 nm) H,O0: 2 mL, photosensitizer: >420 nm, phase;
dispersed on TEOA:1mL  [Ru(bpy)s]Cl,-6H,0, 7.5 405 mw room
graphene mg cm? temperat
ure
(Table 18 — continuation)
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Shape&size (max.) quantum electron dium (reactor type&volume, time/h type, Temp.?
efficiency donor catalyst amount)
Co—Colay- 3D hierarchical In—situ MOF- CO: 1.25 x 10* umol h™! 092% (.= TEOA MeCN: 3 mL, Batch reactor Visible light: X — Liquid phase  [704]
ered double  nanoarray archi- derived strategy ! 420 nm) H,0: 2 mL, Catalyst: 0.5 mg, = 400-1000 nm
hydroxide tecture Hz: 7 x 108 pmol h™' g™ TEOA:1mL  photosensitizer:
(LDH) [Ru(bpy)z]Cl,-6H,0, 7.5
/TisCsz mg
Black Nanosheets, 0.62 Exfoliation CO: 112.6 umol h' g! 021% (= TEOA MeCN: 6 mL, Batch reactor; Visible light: & 5h Liquid phase;  [705]
phosphorus ~ nm method assisted Hy: ~11.4 umol h™' g 400 nm) H,0: 4 mL, catalyst: 10 mg >420 nm 10°C
by liquid nitrogen TEOA: 2 mL
Ru(bpy)s*~  Nanosheets, lat- Precipitation — Visible light (12 h) — TEOA 30 mL of sol-  Batch reactor: 300 mL; (1) visible light: 12 h Liquid phase;  [706]
sensitized eral dimensions sonication —hy- CO:21.2 pymolh™' g™! vent: MeCN, Catalyst: 5.0 mg, A >420 nm, 245 15°C
LiCoO, 10—-60 nm, thick-  drothermal CHg: 4.42 pmol h™' g! TEOA, H,0 photosensitizer: mw cm2;
ness 2.7-2.9 nm simulated sunlight (2 h) (v/v ratio, [Ru(bpy)z]Cl,-6H,0, 10 (2) simulated
CO: 722 umol h' g 3:1:1) mg sunlight: 310
CH,: 108 umol h' g! mwW cm2,
B-SiC Hollow sphere Sol-gel — car- B-SiC — — COy, H,0 Batch reactor: 40 mL; Simulated solar 4h Gas phase; [707]
with open mouth bothermic reduc- CH4: 7.0 umol h™' g! (vapor) catalyst: 10 mg light 25°C
tion Pt/-SiC
CH,: 16.8 umolh' g!
3C-SiC Nanosized 3C- Top-down ball- CH4: 4.9 umol h™' g! — — CO,, H,0 Batch reactor: 200 mL; Visible light: L 5h Gas phase [708]
SiC particles with  milling CH30H: 0.3 umol h™' g! (vapor) Catalyst: 50 mg >420 nm
amorphous SiOx
shell
Bi,S; Nanoribbons Solvothermal CH30H: 32.02 umol h! — — H,0: 80 mL Batch reactor; Visible light: A 10h Liquid phase;  [709]
g’ Catalyst: 20 mg >420 nm 15 °C




Bi19BrsSy7 Nanowires Alkali—etching NIR — — CO,, H,0 Catalyst: 30 mg (1) full spec- 4h Gas phase [710]
strategy CH30H: 0.4 umol h™' g! (vapor) trum;
visible light (2) visible light:
CH,: 0.65 umol h™' g! A >420 nm;
CH;OH: 0.6 umol h ' g (3) NIR light: A
CO: 0.3 umol h™' g! >720 nm
full spectrum
CH,4: 1.15 pmol h' g!
CH3OH: 0.89 pmol h' g!
C0O:0.46 pmolh' g!
N-doped NG layer on the Chemical vapor CH,4: 0.33 pmol h™' g! 0.9% (A= — COy, H,O Batch reactor: 200 mL; Visible light: L 3h Gas phase [711]
Graphene surface of CdS deposition CO: 259 umol h™' g! 420 nm) (vapor) Catalyst: 50 mg >420 nm
(NG) /CdS hollow spheres
CdS/WO, CdS NPson WO;3;  Precipitation CH,: 1.02 pmol h™' g! 0.4% (L= — CO,, H,0 Batch reactor: 200 mL; Visible light: A — Gas phase; [712]
hollow spheres 420 nm) (vapor) Catalyst: 100 mg > 420 nm, 150 ambient
mw cm temperature
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Shape&size method (max.) quantum electron dium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.”
CdSe/CdS CdSe QDs (~2.0 nm)  Successive ion CO: 4.13x10°umol h™'g'  32.7% (.= TEA TEA: 1.0 mL, Batch reactor; Visible light: A~ 1h Liquid [713]
covered with CdS layer adsorption  H,: trace 450 nm) QDs DMF solu-  catalyst: 2.9 mg =450 nm, 130 phase;
shell and reaction tion: 5 mL mwW cm2 room
tempera-
ture
Boron car- CdS NPson the sur-  Photodeposition  CO: 250 umol h™' g~'(1st — TEOA MeCN: 4 mL, Batch reactor: 80 mL; Visible light: & 150 min Liquid [714]
bon ni- face of boron carbon h) H,0: 2 mL, Catalyst: 50 mg >420 nm phase;
tride/CdS nitride H,: 56 umol h™! g~'(1st h) TEOA: 1 mL cocatalyst (Co(bpy)s?*): 40°C
bpy, 20 mg,
CoCly, 1 umol
Fe,V4013/ rGO sheet on the Hydrothermal - CH,: ~2.3 umol h™' g™! — — COy, H,0 Batch reactor: 230 mL; Visible light: & 9h Gas [715]
rGO/CdS surface of Fe,V4013 annealing — (vapor) Catalyst: 25 mg >420 nm phase
nanoribbon, CdS chemical vapor
NPs (10 nm) deco- deposition
rated on rGO
Co-ZIF- — — 1h,40°C 1.93% (.= TEOA MeCN: 3 mL, Batch reactor: 80 mL; Visible light: & 1h Liquid [716]
9/CdS CO: 56 umol 420 nm) H,O: 2 mL, Catalyst: >420 nm phase;
Hy: 12.2 umol bpy: 10 mg, Cds, 20 mg 10-60 °C
TEOA:1mL Co-ZIF-9, 1 mg
ZIF-8/CdS  Spherical particles Solvothermal - C,H4: 0.8 umol h' g™ — — COy, H,0 Batch reactor; Visible light: A 5h Gas [717]
(~90 nm) with ZIF-8  precipitation CO:5.8 umol h™' ¢! (vapor) catalyst: 20 mg >420 nm phase;
shell (thickness 10 25°C

nm)




CdS/nickel  — Ligand CO: 1 umol 028+ TEOA Ageous solution  Batch reactor Solar light: AM  4h Liquid [718]
terpyridine stripping Ha: ~0.2 umol 0.04% (= of 0.1 M 1.5G, A > 400 phase;
complexes 400 nm) TEOA: 1.98 nm, 100 mwW 25°C
mL, cm?
stock solution
of electrocata-
lyst: 20 L, 10
mM in MeCN
or MeCN/H,O
1:1
MoS, Nanoflower CvD MoS, — — CO,, H,0 Reactor: 73 cm?; Visible light: A — Gas [719]
CO: 0.22 ymol h™' g! (vapor) Catalyst: 150 mg = 400-700 nm, phase;
SZF-5 MoS, ~589 W m2 25and
C0:0.35 umol h! g! 100 °C
SiC@MoS,  Nanoflower Self assembly CH4:323puLgtht 1.75% — CO,, H,0 (va- Batch reactor: 40 mL; Visible light: & 4h Gas [720]
Ha: ~475puL g tht (CHg, 1 = por) Catalyst: 10 mg > 420 nm phase;
400 nm) 25 °C
(Table 18 — continuation)
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Shape&size method (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.?
CsPbBr3/ CsPbBr3; nanocrys- Sonication — CH4: 128 pmol h! g! — — EA:5mL Batch reactor: 60 mL; Visible light: 1> 3h Liquid [721]
MoS; tals (5 nm) on the self assembly CO: 25.0 umolh™' g! H,O:20 uL  Catalyst: 5 mg 420 nm, 200 mW phase
surface of MoS; cm™2
nanosheets
ZnS — Acid—etching HCOOH: ~68 pmol h™' g™ 1.24% (A= K3SO3 Aqueous Batch reactor; 300 W Xe lamp: A 100 h Liquid [722]
CO: ~0.4 umolh™' ¢! 300 nm) solution: 50  Catalyst: 100 mg = 200-350 nm, phase
Hy: ~12 ymol h™' ¢! mL,1.0M 7.67 mW cm-2
KHCO4
(1.o0Mm),
K,SO; (0.2
M)
Colloidal 5nm — Cd? modified colloidal ZnS  76% K,SO; aqueous so-  Batch reactor; UV visible light: A 8h Liquid [723]
ZnS HCOOH: 1.1x10* pmol h™! (HCOOCH, lution: 100 Catalyst: 100 mg = 240-600 nm phase
B A =280 mL, KzSO3
CO:51.3 umolh'g™! nm) 0.1 ™),
Hy: 537.9 umol h™' g™! KHCO;4
(0.5 M)
ZnTe Microsphere Hydrothermal CH,: 1.05 pmol h™' g! — — H,0: 80 Batch reactor; Visible light: & 8h Liquid [724]
mL Catalyst: 10 mg >420 nm phase;
15°C
ZnO/ZnTe Flower-like 3D One-pot CHy: 4.6 umolh™' g™! — — H,0: 80 Batch reactor; Visible light: A 8h Liquid
superstructure hydrothermal mL Catalyst: 10 mg >420 nm phase; [725]

15°C




ZnSe/CdSe  CdSe NPs on the Hydrothermal - CO: 19.5 ymol h™' g™! — TEOA H,0: 80 Batch reactor; Visible light: 420  6h Liquid
surface of ZnSe cation exchange mL, Catalyst: 30 mg nm< A <780nm phase; [726]
crystal TEOA: 20 15°C
mL
CdIn,S, Microsphere Hydrothermal CdIn,S, (L—cysteine) — CH3OH CH3;OH: 20  Batch reactor; 250 W high pres- 10h Liquid
dimethoxymethane: 2968 mL catalyst: 20 mg sure mercury phase [727]
umol h™' g lamp: 2500 uW
methyl formate: 2857 pmol cm=
h*l g*l
CdIn,S; (thioacetamide)
methyl formate: 3604 pmol
h*l g*l
CdIn,S; (thiourea)
methyl formate: 5258 umol
h*l g*l
WO/ WO; quantum dots Hydrothermal CO:8.2umolh'g! 1.05% (CO, H,0: Batch reactor; Visible light: A 5h Liquid
CdlIn,S, decorated on ul- CH4: 1.6 umolh™' g™! A =420 10 mL Catalyst: 10 mg >420 nm phase [728]
trathin CdIn,S, nm)
nanosheets
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efficiency donor ume, catalyst Temp.P
amount)
Znin,S, 3D flower—like hier-  Solvothermal CO: 276.7 umol h™' g — TEOA MeCN: 45 Batch reactor; Simulated 5h Liquid
archical structure mL catalyst: 20 mg sunlight phase [729]
TEOA: 5 mL
Znin,S, Atomic layers (one—  Hydrothermal CO:332pumolh'g'(1sth) 023% (A= — H,0: 2 mL Batch reactor; Simulated sun- 24 h Liquid
unit—cell thick) 400 nm) Catalyst: 100 mg light: 100 mW phase; [730]
cm? 25°C
In,So/ Hierarchical nano- Self templated CO: 825 umol h™' g — TEOA H,0: 2 mL Batch reactor: 80 mL; Visible light: & 12h Liquid
CdIn,S, tubes strategy (two Hy: ~312 pmol h™' ¢! MeCN: 3mL  Catalyst: 4 mg > 400 nm phase; [731]
ion exchange TEOA:1mL  cocatalyst: 30°C
reactions) CoCly, 2 pmol,
bpy: 15 mg
AgInP,Sg Sheets (~ 0.70 nm) Ultrasonic 1sth 051% (A= — CO,, H,O Batch reactor: 460 UV visible light  6h Gas
exfoliation CoHa: 44.3 pmol h™' g! 415 nm) (vapor) mL; phase [732]
CO: 109 umolh™' g! catalyst: 4-5 mg
CH,: 5.6 umol h™' g™!
Hy: ~7 umol h™' g
CulnsS;@ Hollow structure Hydrothermal - CO: 3.8 umolh™' g™! — TEOA MeCN: 24 Catalyst: 12 mg Visible light: & 8h Liquid
MoSe, thermal treat- CH4: 1.8 umol h™' g! mL, >420 nm phase [733]
ment TEOA: 6 mL




FeCoS,/ Double-shelled Two step cat- CO: 5.6x10*umol h™' g™! — TEOA TEOA:1mL, Batchreactor: 80 mL;  Visible light: A> 1h Liquid
CoS; nanotubes ion—exchange Hy: 3.5x10* umol h™' g H,0: 2 mL, Catalyst: 0.5 mg 400 nm phase; [734]
reactions MeCN:3mL  photosensitizer: 30°C
[Ru(bpy):]Cl2-6H-0,
10 mg
MAI-LDH Ultrathin sheets (2-4  Titration U—-CoAl-LDH, A = 600 nm 0.22% (CO, TEOA TEOA:2mL, Batch reactor; Visible light: — Liquid
(M=Mg¥, nm) method CO: 4.37x10* umol h™' g! =600 H,0: 2 mL, Catalyst: 0.05 mg 400 <A <800 phase [735]
Co%, Ni%, Hy: ~3.5x10* umol h™' g} nm) MeCN: 6 mL  photosensitizer: nm, 500 mW
and Zn?") [Ru(bpy)s]Cl,-6H.0, cm?;
3.3mg
CsPbBr3/ CsPbBr; nanocrys- Solution CO: 3.9 umol h™' g! — Isopropanol  EA: 10 mL, Batch reactor: 40 mL; UV visible 3h Liquid
TiO, tals encapsulated by processing CH4: 6.7 pmol h™! g isopropanol: Catalyst: 5 mg light: 150 mwW phase [736]
amorphous TiO, H,: 1.5 umolh™! g! 100 pL cm?2
NH,-MIL-  Shapes of disk, octa-  Solvothermal CO:8.25 ymol h! g! C0:0.14%  TEOA MeCN: 15 Catalyst: 10 mg Visible light 5h Liquid
125(Ti) hedron or truncated CH,: 1.01 pmol h™' g! CHg: 0.07% mL, phase; [737]
octahedrons H,O: 1 mL, 4°C
TEOA:3mL
Au@UiO-  Au nanocrystals Nucleation CO:57.6 umolh™' g™! — CH;0H MeCN: 90 Batch reactor; 300 nm <A< 5h Liquid
68-NHC (1.8£0.2 nm) in CHs: 1.8 umol h' g™! mL, catalyst: 20 mg 800 nm phase [738]
UiO-68-NHC H,: 12.6 pmol h™' g CH;OH: 10
mL
(Table 18 — continuation)
Material Characterization Synthesis Reduction product yield®  Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
Shape&size method (max.) quantum electron medium (reactor type&volume, time/h type,
efficiency donor catalyst amount) Temp.P
CH3NHsPbly/  MAPDI; QDs (1.8 Sequential CO: 6.6 umolh™'g'(80h) — — 5 mL of EA Batch reactor: 10 mL; Visible light: & 25h, 80 Liquid
PCN- nm) encapsulated deposition route CH,: 12.9 umol h™' g™!(80 or MeCNand catalyst: 4 mg >400 nm, 100 h phase [739]
221(Fey) in the pores of h) small amount mw cm™
MOF PCN- of H,O (v/v,
221(Fey) 1:0.012)
Ni based CsPbBr; Liquid CO:81.0 umol h' ¢! 0.05% A= — EA/H;0 (5 Batch reacor: 100 mL; Visible light: 4h Liquid
MOF/ nanocubes, nano- exfoliation — 420 nm) mL, viv, catalyst: 5 mg 420 <A <780 phase [740]
CsPbBr3 rods or nanowires  sonication 49:1) nm, 100 mW
scattered on the cm?
surface of Ni
based MOF
nanosheets
CsPbBr;@ Core-shell: CsP- In situ growth CH,: 3.51 pmol h™' g! 0.035% (A — CO,, H,0 Batch reactor: 40 mL; UV visible 3h Gas
ZIF-67 bBr; quantum dots CO: 0.77 pmol h™' g! =386 nm) (vapor) catalyst: 4.5 mg light: AM 1.5G, phase [741]
(8—9 nm) coated 0.012% (A 150 mwW cm2
by ZIF network =576 nm)




CsPbBrs— NPs Anti-solvent CO: 348 umolh'g! — Isopropanol  Toluene: 9 Batch reactor: 40 mL Visible light: & 3h Liquid
Re(CO)sBr(d method Hz: 1.9 umol h™' g mL, > 420 nm, 150 phase [742]
cbpy) isopropanol: mw cm™2
(dcbpy=4,4"— 1mL
dicarboxy—
2,2°-bpy)
Omine-based  Ultrathin Solvothermal CO0: 10162 pmol h™! — Ascorbic Aqueous so- Batch reactor Visible light: A 2h Liquid
COF nanosheets g~'(TON 20.2) acid (AA) lution: 20 mL  Catalyst: COF-367-Co, >420 nm phase; [743]

H,: 2875 umol h™! g! KHCO; (0.1 5mg, room

M), AA (352 photosensitizer: temperat
mg, 2 mmol) [Ru(bpy)s]Cly, 19 mg, ure
0.025 mmol
(Table 18 — continuation)
Material Characteriza- Synthesis Reduction product yield® (max.) Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
tion method quantum electron medium (reactor type&volume, time/h type,
Shape&size efficiency donor catalyst amount) Temp.P

Ni—organic com- Disordered Laser—induced Ni(TPA/TEG) — TEOA TEOA: 2 Batch reactor; Visible light: 6h Liquid
posites: Ni spongy net- solution reac- CO: 15866 umol h™' g"'(2 h) mL, Catalyst: 3 mg, A> 420 nm phase; [744]
(TPA/TEG) work structure  tion 7606 umol h™' g™'(6 h, TON 11.5) MeCN: 8 photosensitizer: 20°C

HCOOH: 29.2 uM (6 h) mL, Ru(bpy)sCl,-6H20,2.5m

CH3COOH: 72.5 uM (6 h) H,0:2mL  mol

Ni(TPA/TEG)-Rh

CO: ~2500 umol h™' g”!(6 h)

HCOOH: 313.5 uM (6 h)

CH3;COOH:~142 uM (6 h)

Ni(TPA/TEG)-Ag

CO: ~556 umol h™' g!

HCOOH: ~8.3 uM (6 h)

CH3COOH: 195.6 uM (6 h)
Amine—function- — Solvothermal HCOO™: 16.3 umol h™' g! — TEOA MeCN: 50 Catalyst: 50 mg Visible light: 10h Liquid
alized Titanium mL A =420-800 phase [745]
MOF: NH-MIL— TEOA: 10 nm
125(Ti) mL




Fe—based MOFs: — Hydrothermal NH,-MIL-101(Fe) QE for TEOA MeCN: 50 Batch reactor; Visible light: 8h Liquid
MIL-101(Fe), HCOO: 445 umol h™' g™! NH-MIL- mL catalyst: 50 mg A =420-800 phase [746]
MIL-53(Fe), MIL-101(Fe) 101(Fe): TEOA: 10 nm
MIL-88B(Fe) HCOO™: 147.5 ymol h™' g™ 1.3x10* mL
Cobalt-based — Solvothermal MAF-X271-OH 2% (CO, 1 TEOA MeCN: 5 Batch reactor: 16 mL; Visible light: 10h Liquid
MOFs CO: ~45 pumol (TOF: 0.059 s5°%) =420 nm) mL, Catalyst: nCo?, 30 A =420 nm phase; [747]
Hy: ~0.8 umol H,O: 1 mL, nmol, photosensitizer: 25°C
TEOA 0.1 [Ru(bpy)s]Cl,-6H,0, 2
mol umol
(Table 18 — continuation)

Material Characterization ~ Synthesis Reduction product yield*  Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction Ref.

Shape&size method (max.) gquantum electron medium (reactor type&volume, time/h type,

efficiency donor catalyst amount) Temp.P

MOF-808- Single-site of Cuand  Solvothermal ~ CH,: 158.7 umol h™! g™ ~2.31% TEOA MeCN: 30 Batch reactor: 250 mL Visible light: 10h Liquid
CuNi Ni in MOF-808- CO: 23 umol h' ¢! (CHg, A= mL Catalyst: 25 mg, 420nm< A< phase; [748]

CuNi Hz: 1.7 umol h™! g 420 nm) H,0: 10 mL photosensitizer: 760 nm 25°C

TEOA: 10 [Ru(bpy)s]Cl,-6H,0, 50
mL mg

Uio- CN nanosheets well Electrostatic CO: 9.9 ymol gey * h? — TEOA MeCN: 4 mL  Batch reactor: 330 mL Visible light: 6h Liquid
66/CN coated on the surface  self— TEOA: 1 mL 400nm<A< phase [749]

of Ui0-66 assembly 800 nm
Cu single — Photoinducti ~ CH3OH: 5.33 umolh™'g! — TEOA H,0: 50 mL Flow reactor Visible light: & 10 h Liquid
atom/UiO— on C,HsOH: 4.22 ymol h™' g! TEOA: 100 catalyst: 100 mg >400 nm phase; [750]
66-NH, uL 25°C
COF-367—  Rectangular rod— — HCOOH: 93.0+4.63 umol — TEA MeCN: 20 Batch reactor: 160 mL; Visible light 8h Liquid
Co" shaped morphology hg! mL, catalyst: 10 mg phase; [751]

CO0: 5.5£0.88 umol h™' ¢! TEA: 2 mL

CHg: 10.1+£1.12 pmol h™!
g'




TiOzin — Inclusionand  TiO.-in-MIL-101-Cr— 11.3% A= — CO;,, H,0 Batch reactor 300W Xelamp 1h Gas
MOF gradual NO, 350 nm) (vapor) phase; [752]
hydrolysis CO: 1.1x10* umol h™' ¢! 45°C
CH,: 1.1x10* umol h' g!
Table 19. Materials for photocatalytic reduction of CO- in low concentrations.
Material Characteri- Synthesis Reduction product yield*  Apparent Feedgas  Sacrificial Reaction me-  Batch size Irradiation  Reac- Reaction  Ref.
zation method (max.) quantum electron dium (reactor type&volume, tion type,
Shape&size efficiency donor catalyst amount) time Temp.?
Imine-based Ultrathin Solvothermal ~ CO: 2587 umol h™' g! — 10% CO, AA Aqueous so- Batch reactor; Visible — Liquid [743]
COF nanosheets H,: 1006 umol h™' g! in N lution: Catalyst: COF-367-Co,  light: A > phase;
(COz: 0.1 KHCO;: 20 5 mg, 420 nm room
atm) mL, 0.1 M, photosensitizer: tempera-
AA:352mg,  [Ru(bpy)s]Cl, 19 mg, ture
2 mmol 0.025 mmol
Azine-based — — (1) 10% CO;, — 1%,10% — CO,, H,0 Reactor: 132 mL; Visible 24 h Gas
COFs CH30H: 0.46 umol h™' g COzin (vapor) Catalyst: 10 mg light: A= phase; [753]
(2) 1% CO, N 420 - 800 80 °C
CH3;OH: 0.41 umol h™' g! 0.4 nm

Mpa)




Fe/Ni-COFs Nanowires Solvothermal- (1) Fe/Ni-COFs, syngas — 10% CO, TEOA MeCN: 3 mL,  Batch reactor: 60 mL; Visible — Liquid
precipitation CO/H; ratio can be tuned in Ar H,0: 2 mL, Catalyst: 2 mg, light: A= phase; [754]
between 1:19-9:1 (atmos- TEOA:1mL  photosensitizer: 400 — 800 room
(2) Ni COF pheric [Ru(bpy);]CL-6H,0: 7.5  nm temperat
CO: 4530 umol h' g! pressure) mg ure
H,: 580 umol h™! g!
Cobalt-based — Solvothermal ~ MAF-X27I-OH 1.63% (CO, 10% CO, TEOA MeCN: 4 mL,  Batch reactor: 16 mL; Visible 10h Liquid
MOFs CO: ~36 umol (TOF: 0.049 A =420 in Ar H,O: 1 mL, Catalyst: nCO,", 30 light: A = phase; [747]
st nm) (COz:0.1 TEOA: 0.1 nmol, photosensitizer: 420 nm 25°C
H,: ~0.8 pumol atm) mol [Ru(bpy);]CL-6H,0, 2
umol
Ni MOF Ultrathin Ultrasonicatio  CO: 12500 umol h™' g™ 1.96% (.= 10% CO, TEOA MeCN: 3mL, Batch reactor: 60 mL; Visible 2h Liquid
nanosheets n Ha: 380 umol h™' g! 420 nm) in Ar H,0: 2 mL, Catalyst: 1 mg, light: A= phase; [755]
(atmos- TEOA:1mL  photosensitizer: 400 — 800 ambient
pheric [Ru(bpy);]CL-6H,0,7.5 nm temperat
pressure) mg ure
Zr-bpdc/ Highly Post-synthetic ~ 10% CO, — 5%, 10%, TEOA MeCN: 14 Reactor: 100 mL; A=385- 6h Liquid
RuCO porous exchange TON (CO): 4.4 umol h™! 20% CO; mL, Catalyst: 4.5 pmol, 740 nm, 67 phase; [756]
method g’ in Ar TEOA:1mL, photosensitizer: mwW cm room
TON (HCOOH): 33.8 7.5 mmol [Ru(bpy)s](PFs)2, 39 mg, temperat
umol h™' g 45 pmol ure
TON (Hy): 12.9 umol h!
g*l
TiOy/UiO-66  TiO;clusters  Solvothermal- CH,: >17 umolh' g /(> — 0%~100 COy, H,0 Batch reactor: 500 mL; Full 5h Gas
distributed on  assembly 2% CO, pressure) % CO; in (vapor) catalyst: 50 mg spectrum phase [757]
the surface of Ar light
Ui0-66 octa-
hedrons
(Table 19 — continuation)
Material Characteriza  Synthesis Reduction product Apparent Feed gas Sacrificial Reaction Batch size Irradiation Reacti  Reaction Ref.
tion method yield? (max.) quantum electron medium (reactor type&vol- on type,
Shape&size efficiency donor ume, catalyst time Temp.P
amount)
NiPc-NiPOP Porous — CO: 1770 umol h™' g™! — 10% CO, TEOA MeCN: 7.2 Reactor: 60 mL; Visible light: A= 4 h Liquid
structure Ha: 500 umol h™' g! mL, Catalyst: 1 mg, 400 — 800 nm phase [758]
H,0: 0.8 mL,  photosensitizer:
TEOA:2mL  [Ru(bpy)s]Cl,-6H,0,

10.0 mg




Ni-TpBpy Ni (~0.17 Solvothermal ~ CO: 228.8 umol h™' g — 10% CO,in  TEOA MeCN: 3 mL, Batch reactor; Visible light: A 4h Liquid
nm) atomi- Hz: 72.2 umol h' g! Ar H,0: 1 mL Catalyst: 10 mg, >420 nm phase; [759]
cally dis- (COz:0.1 TEOA:1mL  photosensitizer: 25°C
persed in atm) [Ru(bpy);]CL-6H0,
TpBpy (3D 6.5 mg, 0.01 mmol,
network) 2,2'-bpy: 15 mg, 0.1
mmol
Pentanuclear — — (1) 20% CO, — 5%, 20% TEOA MeCN:5mL, Reactor: 5mL; Visible light: L 70 h Liquid
Co(ll) CO: 20 umol (TON, CO, in Ar TEOA:1mL  Catalyst: 0.08 pmol,  >420 nm phase; [760]
complex 254; TOF, 4h™) (1 atm) photosensitizer: 20°C
Ha: 42 pmol (TON, 525; [Ru(bpy)s]Cl,, 0.01
TOF, 8h™) mmol
(2) Results in 5% CO,
are nearly the same to
that in 20% CO,.
Co(Il) — — CO: 1.50 pmol (TON, — 10% CO,in  TEOA MeCN: 4 mL,  Batch reactor: 16 A=420nm, 100 10h Liquid
cryptate 600; TOF 0.017s%) Ar H,0: 1 mL, mL; mw cm2 phase; [761]
Hy: 0.071pmol (1 atm) TEOA:0.3M  Catalyst: 0.5 uM, 25°C
photosensitizer:
[Ru(phen)s](PFe)2,
0.4 mM
Dinuclear co- — — CO: 1.71 umol (TON, — 10% CO,in  TEOA MeCN: 4 mL,  Batch reactor: 16 A=450nm, 100 10h Liquid
balt complex: 684; TOF 0.019 %) Ar H,0: 1 mL, mL; mw cm2 phase; [762]
[CO,-(OH)LY H,: 0.14 pmol TEOA: 0.3 M  Catalyst: 0.5 uM, 25°C
(ClO4)3 photosensitizer:
[Ru(phen)s]-(PF)2,
0.4 mM
Ru(Il)-Re(T) — — 10 % CO,/Ar (5 h) — 0.5%-100 BIH 20 mL solu- Flow reactor; A =480 nm 19h Liquid
dinuclear TON (CO): 300 pmol h™! % CO;in tion: catalyst: 0.05 mM phase [763]
complex g’ Ar DMF:TEOA
(viv, 5:1),
BIH (0.1 M)
Pyrene-based Irregular Yamamoto CO: 47.37 umol h™' g! — Air TEOA ionic liquids Batch reactor; Visible light: A 10h Liquid
conjugated morphology reaction Hy: 0.81 umol h™' ¢! (treated with catalyst: 50 mg > 420 nm phase [764]
polymer CO; for 48
h):10 g,
TEOA:1g
(Table 19 — continuation)
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[Ru(bpy)s)/ — Hydrothermal ~ Syngas (CO, H,) 3%, 10%, TEOA MeCN, Catalyst: Visible 1lh Liquid
[CO20M016P24] (1) 3% CO,: 74700 umol h™' g 20% CO; in H,0, CO; light: A > phase; [765]
(TON, 523.1) Ar TEOA [COxMOs6P2], 0.1 420 nm 20°C
(2) 10% CO,: 122000 pmol h' g™ umol,
(TON, 853.6) [Ru(bpy)s]*",
(3) 20% CO»: 138000 pmol h™' g™! 4 pymol
(TON, 964.9)
[Co(H20)6] — — 20% CO, 5%, 20% TEOA MeCN: 4 Batch reactor: 50 Visible 25h Liquid
[Co-POM] CO: 9400 umol h' g! CO, mL, mL; light: A > phase; [766]
Hy: 47400 umol h™' g™ TEOA: 1 Catalyst: 420 nm 20°C
mL, [Co(H,0)6][Co-
H,0:1mL  POM]: 0.1 pmol,
photosensitizer:
[Ru(bpy)s]CL,, 0.01
mmol
Hollow Cu ball Hollow Molten-salt 0.53% atm CO, 0.53%, — H,0: 10 Reactor: 100 mL; Simulated 12h Liquid
structure strategy CO: 3.9 umolh'g! 0.93%, mL Catalyst: 10 mg solar light phase; [767]
consisting CHy: ~0.8 pmol h™! g 3.25% CO;, room
of frag- H,: trace (1 atm) temperat
ments ure
M.33WO3 Flower-like  Solvothermal ~ Rbg33WOs: Fresh air, — CO;,, H,0 Batch reactor; (1) full 4h Gas
(M=K, Rb,Cs) shape (1) full spectrum atmospheri (vapor) catalyst: 50 mg spectrum: phase [768]
CH4: 0.02 pmol h! gt C pressure 3502500
CO0:0.07 pmol h™' g! nm,
CH30H: 3.73 umol h™' g (2) »> 800
HCHO: 1.05 pmol h™' g™ nm
(2) NIR:
A >800 nm
CH,: 0.01 pmol h™' g™*
CO:0.03 umol h' g™!
CH30H: 2.33 umol h™' ¢!
Mo-Cs;.33WO3 Nanorods Solvothermal (1) fresh air: (1) normal — CO,, H,0 Reactor: 500 mL; UV visible  4h Gas
CO: 3.4 pumolh'g! atmos- (vapor) Catalyst: 50 mg light: 850 phase [769]
CH30OH: 1 umol h™' g phere: fresh mW cm
(2) low CO;: air
CO: 7.5 umolh'g! (2) low
CH30H: 3.0 pmol h™' ¢! CO,: 1000
ppm CO; in
N,
(Table 19 — continuation)
Material Characteri- Synthesis Reduction product yield*  Apparent Feed gas  Sacrificial Reaction me-  Batch size Irradiation  Reaction  Reaction Ref.
zation method (max.) quantum electron dium (reactor type&volume, time type,
Shape&size efficiency donor catalyst amount) Temp.?




NiCO,0, Hollow Sequential CO0: 8900 umol h''g! 1.56 (A= 10% CO, TEOA H,0: 2mL Batch reactor: 60 mL; A =400 - — Liquid
nanocages templating Hy: 1100 umol h™' g 420 nm) atmos- MeCN: 3mL  catalyst: 1 mg, 800 nm phase [770]
strategy pheric TEOA:1mL  photosensitizer:
pressure [Ru(bpy);]Cl,-6H,0, 7.5
mg
Biphasic TiO,  Nanoplates Solvothermal ~ 10% CO, — 1%, 10% — COy, H,0 Reactor: 250 mL; UV visible 8h Gas phase;
— calcination CH,4: 514 pmol h' g! CO;in (vapor) Catalyst: 10 mg light: A = 25°C [771]
— hydrogen Hz: 5 pmol h™' g! Ar 320-780
pretreatment CO: 2 umolh™' g! nm, 650
1% CO, mw cm-?
CH,: 45.59 umol h™' g!
Hy: 7 umol h' g
CO:2umolh'g!
TiO, NPs NaBH, CO:0.83 pmol h' g'(UV- — 10% CO, — CO,, H,0 Flow reactor (1) Uv- 6h Gas phase;
reduction Vis) in N (vapor) visible light 80 °C [772]
CO: 0.2 umol h™! g!(vis) (2) visible
light
Cu-Pt/TiO, Nanotube Pulse CiHy (major CH,4): 3.7mL  — 0.998% — H,0, CO, Reactor: 30 mL; Simulated — 25°C
arrays anodization— g th’! CO; Catalyst: 6.7 mg sunlight, [773]
photodepositi AM 1.5
on
Reduced NPs Thermochemi  CH, CO; 1000 — CO,, H,O Flow reactor; Simulated 6h Gas phase
TiO./Cu,0 cal reduction conversion:  ppm CO, (vapor) Catalyst: 40 mg solar light, [774]
- 0.13% in He AM 15
photodepositi
on
Au- Nanotube Anodic CO: 3770 umol h™' ¢! — 33.3% — N2H4-H,0: 10  Batch reactor: 1.1 L; UV visible  6h Liquid
Cu@SrTiO4f arrays oxidation — CxHy: 725.4 ymol h™' ¢! CO;in mL Catalyst: ~5 mg light phase [775]
TiO, hydrothermal Ar
solvothermal
NiO Nanoplatelets  Calcination CO0: 6280 umol h™' ¢! 0.46% (CO, 10% CO, TEOA MeCN: 3 mL, Batch reactor; Visible — Liquid
Hy: 1370 umol h™' g A =420 in Ar H,0: 2 mL, Catalyst: 0.5 mg, light: A > phase [776]
nm) (COz: 0.1 TEOA:1mL  photosensitizer: 400 nm
atm) [Ru(bpy)s]ClL-6H,0: 7.5

mg

(Table 19 — continuation)



Material Characteriza  Synthesis Reduction product yield®  Apparent Feedgas  Sacrificial Reaction Batch size Irradiation Reaction  Reaction  Ref.
tion method (max.) quantum electron medium (reactor type&vol- time type,
Shape&size efficiency donor ume, catalyst Temp.”
amount)
Ni(OH)(PO4)  Nanotubes Hydrothermal (1) visible light, 0.1 atm of — CO,: 0.1 TEOA Mecn; 3 ml, Reactor: 60 ml; (1) visible light: 3 h Liquid
CO;inlab atm H,0: 2 ml, Catalyst: 1 mg, A= 400 — 800 9h phase; [182]
CO: 5500 umol h' ¢! Atmosph TEOA: 1 ml Photosensitizer: nm Room
H,: 580 umol h™' g eric [Ru(bpy);]Cl,-6H,0  (2) natural sun- temperat
(2) pure CO,, natural sun- pressure :7.5mg light ure
light (08:00-17:00, De-
cember 26th, 2019, China)
CO0: 2980 umol h™' g
H,: 95 umol h™' g!
Ni(OH), Nanosheets Hydrothermal (1) 0.1 atm CO, A=420nm  COy: TEOA Mecn; 3 ml, Reactor: 60 ml; Visible light: A= 3h Liquid
CO0: 5900 umol h™' g™ 0.1 atm 0.05 atm, H,0: 2 ml, Catalyst: 1 mg, 400 - 800 nm phase; [777]
Hy: 553 pmol h™' g! C0O2: 0.95% 0.1atm TEOA: 1 ml Photosensitizer: Room
(2) 0.05 atm CO, 0.05 atm [Ru(bpy);]Cl,-6H,0 temperat
CO0: 3800 umol h' g! CO,: 0.6% :7.5mg ure
H,: 546 umol h™' g
Ni(OH)./ Hiearchical Hydrothermal ~ CO: 7432 umol h™' g! 095% (A= 10% CO, TEOA Mecn: 3 ml, Catalyst: 1 mg, Visible light: & — Liquid
graphene Ni(OH), Hy: 646 pmol h™' g! 450 nm) H,0: 2 ml, Photosensitizer: > 420 nm, 405 phase; [703]
nanosheet TEOA: 1 ml [Ru(bpy);]CL-6H,0, mw cm2 Room
arrays 7.5mg temperat
dispersed on ure
graphene
Zno/g-C3N,4 Zn nps cou- Impregnation ~ Total yield of products — 1%, 10% — CO,, H,0 Reactor: 132 ml; (1) UV visible 4h Gas
pled with g- (CO, CH30H, CHy, CO;in (vapor) Catalyst: 10 mg light: 175 mw phase; [778]
C3Ng (wrin- C;HsOH): (1) 10% CO.: N2 cm= 80 °C
kled sheets) ~23 umol h™' g! (0.4 (2) visible light:
(2) 1% CO,: 18 umol h™! Mpa) A > 400 nm, 105
g’ mw cm?
AgCu,0/ZnO  Nanorods Chemical CO:2.49 umol h''g™! — 10% CO, — CO,, H.0 Batch reactor: 40 UV visible 4h Gas
reduction (COx: 0.1 (vapor) ml; light: A =320 — phase [779]
atm) Catalyst: 10 mg 780 nm, 820
mw cm 2
Cds/N-doped  Cdsqds (~4.5 Insitu CO: 1780 umol h™' ¢! — 10% CO, — Mecn: 3 ml, Reactor: 50 ml; Visible light: A — Liquid
carbon nm) scattered  transformatio  H,: 2540 pmol h™' g! H,0: 2 ml, Catalyst: 10 mg, > 420 nm phase; [780]
onthe3Dor- n Benzylamine:  Cocly: 1 pmol, 25°C
dered 0.1ml Bipyridine: 15 mg
macroporous
N-doped car-

bon
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Material Characteriza ~ Synthesis Reduction product Apparent Feed gas Sacrificial Reaction Batch size Irradiation Reac  Reaction Ref.
tion method yield?® (max.) quantum electron medium (reactor type&vol- tion type,
Shape&size efficiency donor ume, catalyst time Temp.?
amount)
Amine- Graphene lay-  Solvothermal ~ CH,: 1.62 umol h™' g! — CO,: 0.1 — CO,, H,0 Catalyst: 50 mg Visible light: & 4h Gas phase;
functionalized  ers uniformly ~ — electrostatic ~ CO: ~0.4 umol h™' g”! bar (vapor) > 420 nm, 100 40°C [781]
graphene/cds  scattered on reaction — mw cm?
the surface of  coupling re-
cds nanoparti-  action
cles
CsPbBrs Cspbbrs (pol-  Mixing intol-  CHg: 7.1 pmolh'g™! — 11% COzin  — EA: 6 ml Batch reactor: 50 Visible light: A 12h  Liquid
@g-CsN, yhedral uene CO: 1.7 umol h' ¢! Ar ml; > 420 nm, phase; [782]
shape) on the Catalyst: 5 mg AM 15 20°C

surface of g-
CsN, sheet




Table 20. Summary of materials applied for photocatalytic nitrogen fixation.

Material Characterizati ~ Synthesis NH; yield Apparent quantum  Sacrificial Reaction Batch size Irradiation Reaction  Reaction Ref.
on method efficiency electron medium (reactor type&volume, time Temperature
Shape&size donor catalyst amount) 2
TiO, Nps (20-50 nm)  Solid phase 324.86 umol h™! 1.1% (A = 365 nm) CH30H H,0: 90 ml, Batch reactor; Full spectrum 1lh 25°C
reduction g’ CH3OH: 10 ml Catalyst: 50 mg [783]
TiO, Untrathin Hydrothermal 78.9 umol h™! g 0.74% (. =380 nm) — H,0: 20 ml Flow reactor; UV visible light 1h 25°C
nanosheets (UV vis) 0.23% (X =420 nm) Catalyst: 20 mg [784]
1.54 (. =600 nm)  0.08% (A = 600 nm)
0.72(A=700nm)  0.05% (A =700 nm)
F-TiO, Nps with disor- ~ Reduction— 206 umol h™' g 0.38% (A=420nm) — H,0: 500 ml Catalyst: 500 mg Full spectrum 5h 2°C
dered surface hydrothermal [785]
layer
C-TiO/Ru Nanosheets Bottom—-up 109.3 umolh™'g' 1.1 % (A =400 nm) CH30H H,0: 10 ml, Reactor: 175 ml; Visible light: 2h 25°C
approach 10% CHsOH Catalyst: 10 mg A>395nm [786]
TiO2Sy Nanoplatelets lon exchange 1141 pmolh'g! — — H,0: 60 ml Reactor: 250 ml; (1) full spec- 2h 25°C
(full spectrum) Catalyst: 20 mg trum, [787]
86.2 (vis— NIR) (2) visible light
14.1 (NIR) — NIR: & > 420
nm
B)NIR: A=
800—1100 nm
RU/TiO, TiO; nanosheets ~ Hydrothermal-  56.3 ug h™! gear ™! — C,HsOH H,0: 100 ml, Flow reactor; Fulll spectrum 4h 25°C
(40 nm) deco- thermal treat- 20% C,HsOH Catalyst: 40 mg [191]
rated with sin- ment— precipita-
gle atom Ru tion— thermal
treatment
Fe-TiOy/Au Microsphere Electrospinning ~ ~ 200 umol L™ 0.39% (A =600 nm) — H,0: 15 ml Catalyst: 5 mg Visible light 4h Room
— annealing temperature [788]
Fe-TiO,-SiO,  Fe single atom Evaporation—in 32 umol h™' ¢! — — H,0: 100 ml Flow reactor; Xe lamp 2h —
Porous structure  duced self- Catalyst: 50 mg [789]
assembly
Fe-TiO, — Heat treatment 11.6 umol h™' g — — H,0 Batch reactor: 38 ml; A =390-420 3h 40 °C
Catalyst: 0.2 g nm [187]
Fe-TiO, Nanofibers Electrospinning  64.2 umol h™' g 1% (A =380 nm) — H,0: 15 ml Flow reactor; Full spectrum: 3h Room
Catalyst: 5 mg 200 mw cm™ temperature [790]
TiOJ/ZnFe,0,  ZnFe,Osnpson  Solvothermal —  1.48 umol L™ — CH;OH Aqueous solu- Flow reactor Visible light 10h 25°C
TiO, micro- calcination min™! tion: 100 ml, [791]
spheres CHsOH
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Material Characterizati  Synthesis NH; yield Apparent Sacrificial ~Reaction Batch size Irradiation Reaction  Reaction Ref.
on method quantum electron medium (reactor type&volume, cat- time Temperature?
Shape&size efficiency donor alyst amount)
Tio,@ TiO, nanocrys- Thermal 250.6 umol h™' g™ 0.14% (.= CH3;OH H,0: 80 ml Reactor: 500 ml; Visible light: 2h —
Clg-CsNy tals wrapped by~ treatment 420 nm) CH30OH: 20 ml  Catalyst: 50 mg A >420 nm [792]
C3N,4 nanosheet
on carbon
nanosheet
FexSri«TiOs Quasi sphere- Hydrothermal-  30.1 umol h™' g™ — — H,0: 150 ml Catalyst: 15 mg Xe lamp 2h Room
like calcination temperature [793]
nanoparticles
BaTiO; Nps with Sol—gel hydro- 1.35mgL!'h! — — H,0: 500 ml Catalyst: 50 mg Xe lamp: 100 4h 23°C
disordered thermal—nabh, ~ 1.93mg L' h™' (under W cm? [794]
surface thermal reduc- magnetic field)
tion
Pt-ZnO Hexagonal Wet etching— 860 umol h™' g™* — Na,SOs H,0: 25 ml Catalyst: 100 mg Hg lamp 1h —
plates impregnation Na;SO3 [795]
solution: 10
ml, 500 ppm
B-Gay05 Nanorods Hydrothermal Reaction rate: 0.851 Quantum T-butanol Solution: 100 Catalyst: 100 mg A=254nm 3h 25°C
pumol L' s™! yield: ml, [796]
TOF: 8.51 umol g's™'  36% T-butanol: 0.02
M
g-CsNy/ v -Ga,0; flower  Hydrothermal 355.5 umol h™' g! — C,HsOH Aqueous Batch reactor; Visible light: 1h Room
v-Ga,03 embedded on solution: 50 Catalyst: 100 mg 346 W cm2 temperature [797]
the surface of g- ml, 20%
CsN, layer C,HsOH
Sb Nanosheets Exfoliation 388.5 ugms N gear * — CH30H Aqueous Batch reactor; Visible light: A 1lh 25°C
solution: 5ml,  Catalyst: 1 mg >420 nm [798]
20% CH;0OH
BiO Spherical-like Hydrothermal 1226 umol h™' g! — — H,0: 200 ml Batch reactor: 600 ml; Simulated solar 24 h 25°C
morphology (2— Catalyst: 50 mg light [799]
5 nm)
Mn-Wi5049 Microspheres Solvothermal 97.9 umol h™' g 0.14% (.=  Na,SOs; Aqueous solu-  Catalyst: 15 mg Full spectrum: A 2h Room
350 nm) tion: 150 ml, =320-780 nm temperature [800]
0.023% (M Na,SO;: 1 mm
=435 nm)
Mo0-Wi5049 Nanowires Solvothermal 1955 umol h' g™! 0.33% (A=  Na,SO3 (1) H,0: 10 Catalyst: 10 mg (1) full spec- 2h Room
(full spectrum, 400 nm, in ml, trum temperature [801]
Na,S0O;) pure H,0) (2) aqueous (2) visible NIR
solution: 10 light: A > 400
ml, nm
Na,S0;: 1 mm 200 mw cm
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Material Characteriza- Synthesis NH; yield Apparent Sacrificial Reaction Batch size Irradiation Reaction  Reaction Ref.
tion method quantum electron medium (reactor type&volume, time Tempera-
Shape&size efficiency donor catalyst amount) ture?
Mo-Wi5049 Nanowires Hydrothermal—  399.24 umol h™! g! 0.611% (A = CH3OH H,0: 80 ml, Catalyst: 20 mg Full spectrum 2h —
photodeposition 540 nm) CH30H: 20 ml [802]
WO, Nanoporous Etching—calci- 230 umolh™' g™! 0.13% (A =420 — H,0: 20 ml Reactor: 100 ml; Full spectrum: A 0.5h 25°C
structure nation nm) Catalyst: 10 mg = 320-780 nm, [803]
250 mw cm?
Mn-WO, Aggregated Etching— ther- 425 umol h™' g! 0.18% (A =450 — H,0: 20 ml Reactor: 100 ml; Full spectrum: 05h 25°C
nanocrystalline mal treatment nm) Catalyst: 10 mg 250 mw cm [804]
C-WO;-H,0 Carbon coating Microwave-as- 20573 umolh'g!  — — H,O Catalyst: 50 mg Xe lamp: 500 1lh 25°C
on the surface sisted method— mw cm 2 [805]
of WOs3-H,0 post-microwave
microspheres treatment
Fe-W 5040/ Fe-W304 nan-  Solvothermal 131.6 pmol h™' g™! — Na,SO; Aqueous solution:  Reactor: 500 ml; Simulated — 20°C
g-C3Ns owires attached 100 ml, Na,SOs Catalyst: 50 mg sunlight: AM [806]
to porous g- 15
CsNs
Bi,WO¢ Hollow Solvothermal (1) 106.4 umol h™! 0.18% (A.=350 — H,0: 150 ml Catalyst: 150 mg (1)simulated 2h Room
microspheres g"' (simulated sun- nm) sunlight temperature  [807]
light) 0.11% (L =380 (2) visible light:
(2) 57.1 (vis) nm) A >420 nm
0.07% (. = 400 400 mw cm2
nm)
0.04% (L =420
nm)
Au/(bio),. Nanodisks Hydrothermal-  38.2 umol h™' g — — H,0: 20 ml Flow reactor; Xe lamp 1h Ambient
COs chemical bath Catalyst: 20 mg temperature  [808]
deposition
Biobr Nanosheets Solvothermal (1) 104.2 pmol h™! 0.23% (AL =420 — H,0: 100 ml Flow reactor; Visible light: 1h 25°C
g' (vis) nm) Catalyst: 50 mg A >420 nm [809]
(2) 223.3 (UV vis)
BisO;Br Nanotubular or Thermal 12.72mmg!h! — — H,0: 100 ml Catalyst: 25 mg Visible light: 05h —
plate-like struc-  treatment A > 400 nm [810]
tures
Bi/BiOBr Bi nps (4 nm) Hydrolysis — 222.6 ug Geat, ' 0.23% (L =420 Na,SO; Solution: 50 ml, Flow reactor; Visible light: 2 10 min —
are loaded on solvothermal nm) H,S04: 0.025 M, Catalyst: 25 mg > 420 nm [811]
BiOBr plates Na,SO3: 0.025 M
Fe-BiOBr Microsphere Solvothermal 382.68 umol h™' g — — H,O: 100 ml Flow reactor; Visible light: 1lh 25°C
consisting of Catalyst: 50 mg A>420 nm [812]
nanosheets
Fe-BiOCI Hierarchical Solvothermal 30 umol L' h™! — — H,O: 100 ml Catalyst: 50 mg A=200-800nm — Ambient
microspheres temperature  [813]
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Fe-BiOCI Nanosheets Hydrothermal 1022 umol ht g! 1.8% (A =420 — H,0: 20 ml Catalyst: 10 mg Xe lamp lh Room
(TOF0.863h™Y) nm) temperature  [814]
MoO,/BiOCI  MoO;, Hydrothermal = 35 umolh™' g™ — — H,0: 200 ml Catalyst: 50 mg Xelamp:500 1h —
nanosheets on electrostatic mw cm [815]
the surface of adsorption
biocl nanoplates
Znin,Sy/ Nanosheets Solvothermal 14.6 ymol h™' g! — — H,0: 200 ml Reactor: 500 ml; Visible light: 15h Ambient
BiOCI Catalyst: 200 mg A>420 nm temperature  [816]
BisOsl Nanosheets Hydrolysis or 111.5 umol L' h™! 5.1% (A = 365 CH;0OH Aqueous solu- Batch reactor; A=280-800 100 min 20°C
calcination. (TOF, 21.02h™) nm) tion: 100 ml, Catalyst: 50 mg nm, 2.36 W [817]
20% CH3;0H cm?
Hydrogenated ~ Microspheres Calcination— 162.48 ymolh'g! — — H,0: 100 ml Flow reactor; Visible light 3h 15°C
BisO-l hydrogen Catalyst: 20 mg [818]
reduction
Bi,Tes/BiOCI  Microflowers Hydrothermal-  315.9 umol L' h! — CH30OH Aqueous solu- Catalyst: 20 mg uv 6h Ambient
hydrolysis tion: 500 ml, temperature  [819]
CH30H: 0.02 M
Bi,MoOg/ Bi,M0Og nano-  Solution-phase ~90.7 umol h™' g! — — H,0: 60 ml Flow reactor: 250 ml; (1) full spec- 1lh 25°C
BiOBr rods covered reflux— (full spectrum) Catalyst: 30 mg trum, [820]
with with biobr  solvothermal 81 (vis) (2) visible
nanosheets light: A > 420
nm
Cu,0 Platelets (< 3 In situ 30.31 pumol h™' g! 0.14% (A =400 — H,0: 30 ml Flow reactor; Visible light: 1lh 20°C
nm) topotactic (4100 pmol gezo*h™ nm) Catalyst: 5 mg A = 400-800 [821]
reduction h 0.11% (» = 450 nm, 0.9 W
nm) cm?
Cu,0/SnS,/ Hierarchical ac-  Solvothermal 66.35 umol h™' g! — C,HsOH (1) H,0: 50 ml Batch reactor; Xe lamp 12h Room
SnoO, cordion-like (without C;HsOH) (2) aqueous Catalyst: 100 mg temperature  [822]
layered 372.05 (with solution: 50 ml,
nanosheets C,Hs0OH) 20% C,HsOH
Cu,0/MoSy/ Truncated Hydrothermal-  54.11 pmol cm ™2 h* — H,0: 10 ml Flow reactor Visible light:  — —
Zno octahedral electrodepositio A >420 nm [823]
Cu,0, mos; n
nanoflowers,
ZnO

nanospheres
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Ag/KNbO3 Nanorods Hydrothermal— (1) 385 pmol L-1 g ' h™! — C,HsOH 5% C,HsOH Catalyst: 100 mg (1) simulated 5h —
photodeposition  (simulated sunlight), sunlight, [824]
(2)95.3umol L' g ' h! (2) visible light
(vis)
NiS/KNbO; NiS nps on the Two—step 155.6umol L™ gee 1t — C,HsOH H,0: 95 ml, Flow reactor; Simulated sun-  5h 25°C
surface of hydrothermal CH3OH: 5ml  Catalyst: 50 mg light [825]
KNbO;
nanorods
Bi,Ss/KTag7s  BiSsnpsonthe  Two—step 561.6 umol Lt g h! 0.008% (1 CH;0OH H,0: 95 ml, Flow reactor; Simulated 5h —
Nbg 2503 surface of hydrothermal =360 nm) CH3;OH: 5ml  Catalyst: 50 mg sunlight: A = [826]
KTa0,75Nbo,2503 300-1000 nm,
nanocubes 54 mw cm
InVO, Hollow Hydrothermal 101.02 pmol h™' g™ 050% A= — H,0: 150 ml Catalyst: 20 mg Full spectrum 2h Room
nanocuboid 385 nm) temperature  [827]
assembly
g-C3N,4 — Calcination 1.24 mmol h™' g! — CH30H Aqueous Batch reactor: 100 ml; Visible light: 15h Ambient
solution: 50 Catalyst: 50 mg A>420 nm temperature  [828]
ml, 20%
CHs;OH
B-g-C3N, Porous structure ~ Thermal 313.9 umol h™' g 0.64% (.=  Na,SOs; Aqueous so- Catalyst: 20 mg Visible light: 2h —
treatment 420 nm) lution: 40 ml, A>420nm, 0.5 [829]
Na,SO;: 1 W cm
mm
P-carbon Sheet-like Calcination ~9.2 umol Solar-to- — H,0: 100 ml Flow reactor; Visible light: 24 h 30°C
nitride structure chemical Catalyst: 200 mg A>420 nm [830]
conversion
(SCC) effi-
ciency:
0.1%
g-CsNs (mod-  Nanoribbons Calcination 3420 ymol h™' g! — Ethylene EG: 40 ml Catalyst: 10 mg Visible light: — Ambient
ified with cy- glycol (EG) A>400nm, 1 temperature  [831]
ano groups W cm™
and interca-
lated K*)
Fe-g-C3N, Honeycombed HNO; 54mgL'h" geat — C,HsOH Solution: 500  Flow reactor; Visible light: A 4h 30°C
structure protonation— ml, Catalyst: 200 mg =400-800 nm [832]
impregnation C,HsOH:
0.789 gL
Ag/g-C3N,4 Ag clusters on Ultra-low 1.95 mmol L' h™! gear™! — Alcohols Solution: 200  Catalyst: 100 mg Visible light: 4h —
the surface of temperature re- ml, 5% alco- A >400 nm [833]
C3Ny4 duced deposit hols




g-CsN4/C/ Carbon dotsand ~ Microwave—assi 1060 umol L' g™' h! — C,HsOH H,0: 50 ml, Catalyst: 50 mg Xe lamp: 100 3h 25°C
cds cds nps depos- sted method C,HsOH: 50 mw cm2 [834]
ited over g-C3N,4 ul, 0.789 g
sheets L!
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2-C3NJ/Zr0, ZrO, NPs dispersed ~ One-step 1446 umol L' h™! 214% (A = CH;OH Aqueous Catalyst: 100 mg UV visible 9h 25°C
in g-C5Ny4 pyrolysis 400 nm) solution: 100 light: 100 mW [835]
nanosheets. mL, 10% cm?
CHs;OH
g-C3Ny/ ZnSnCdS NPs on Hydrothermal 7543 mgL'h ' ger! — C,HsOH Solution: 500 Flow reactor; Visible light: A 4h —
Zng11SNe12Cdogs  the surface of sheet- mL, catalyst: 200 mg =400-800 nm [836]
51,12 like g-C3N4 CszOH: 0.789
gL
C3N4/MoSy/ CsN,4 nanosheets co- ~ Chemical 185 umol h'' g™! 1.2% (AL =420 Na,SOs; H,0: 25 mL, Batch reactor; Visible light: 10h —
Mn304 vers MoS; layers, lithium inter- nm) Na;SO3 catalyst: 5 mg A >420 nm [837]
Mn3O,4 NPs loaded calation
on MoS,/C5N, method- py-
rolysis— sol
gel loading
Nb,Os/C/Nb,C/  Structure with Calcination 927 umol h' ¢! — CH;0H Squeous solu- Reactor: 500 mL; Visible light: 2h —
g-C3N,4 stacked layers tion: 50 mL, catalyst: 50 mg A >420nm, 0.5 [838]
20% CH;OH Wem=2
Graphdiyne@ Fe30,4 nanorods/cu- Co-precipita-  1762.35 umol h™' ¢! — — Aqueous solu- Reactor: 100 mL Visible light: A 8h —
Fes04 bes on the surface of  tion or micro-  +153.71 tion: 30 mL, > 400 nm [839]
graphdiyne wave hydro- Na,SO,: 0.1M
thermal
rGO/polyoxome  rGO loaded with Reducing by rGO@ — — H,0: 100 mL Catalyst: 150 mg Simulated 1lh Room
talate polyoxometalate L-ascorbic Hs[PM010V2040] sunlight temperature  [840]
NPs (~2 nm) acid 130.3 umol L' h™!
ZnS/GO ZnS spherical NPs Hummers 1518 umol L'g'h! — — H,0: 100 mL Reactor: 250 mL; Visible light 6h —
coated with GO method— hy- catalyst: 50 mg [841]
drothermal
Zn3In,Se Nanosheet- Solvothermal ~ 355.2 mg L™ gea™! — CHs0H CH30OH: 50 mL  Reactor: 100 mL; Visible light: A 4h —
assembled spheres catalyst: 30 mg =420-800 nm [842]
MoS; Lamellar Hydrother- 325 umol h™' g — — H,0: 200 mL Batch reactor; Visible light: 10h 25°C
morphology mal-— ultra- catalyst: 150 mg A >400nm [843]
sonic treat-
ment
MoS,/oxygen Nanoflowers Pyrolysis— 37.9 umolh'g™! — — H,0: 100 mL Catalyst: 20 mg Visible light: 5h —
self-doped po- hydrothermal A > 400 nm [844]

rous biochar
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Ni,P/ Ni,P loaded on Hydrothermal-  101.5 pmol L' 4.32% (L =420 nm) — H,0: 50 mL Batch reactor; Visible light: A 1lh 20°C
CdosZngsS CdosZnesS NPs  solvothermal catalyst: 20 mg > 400 nm [845]
(~20 nm)
ZnCr-LDH Nanosheets Coprecipitation ~ 33.19 umol h™' ¢! 0.95% (A =380nm) — H,0: 150 mL  Flow reactor; UV visible 3h 25°C
— alkali etching 0.34% (A =420 nm) catalyst: 30 mg light: A = [846]
0.11% (A =550 nm) 200-800 nm, 5
Wcem™?
Cu**-ZnAl- Nanosheets Coprecipitation 110 umol h™' g™ 1.77% (k=265 nm) — H,0: 100 mL  Catalyst: 5 mg UV visible 1h 25°C
LDH 0.56% (A =365nm) light: A = [847]
200—-800 nm,
51wcm?
CuCr-LDH Nanosheets Coprecipitation 3696 pmol g L™t ~044% (A=380nm) — H,0: 20 mL Catalyst: 50 mg (1) UV visible 1lh 25°C
(UV vis) 0.1% (A =500 nm) light: A = [848]
2858 umol g * Lt 200-800 nm,
(vis) (2) visible light:
A >400 nm
Ni/V-LDH Nanosheets Aqueous misci- 176 umol h™' g! — — H,0: 20 mL Catalyst: 50 mg Xe lamp 1h 25°C
ble organic sol- [849]
vent method
NH.-MIL- Mooncake- Solvothermal 12.3 umolh™' g! 0.26% (A =400 nm) — H,0: 100 mL  Catalyst: 25 mg Visible light: A 15h —
125 (Ti) shaped = 400-800 nm [850]
crystallites
Zn-MIL-88A  Hexagonal rod-  Hydrothermal 300 pmol h™' g™ — — H,0: 60 mL Batch reactor: 85 mL; Xe lamp 14 h Room
like structure catalyst: 50 mg temperature  [851]
AIl-PMOF(Fe)  Nanoplate-like Hydrothermal 127 pgh™' gl — CH30OH H,O: 24 mL, Catalyst: 10 mg Visible light: 5h 25°C
structure CH3;OH: 6 A > 400 nm, 100 [852]
(15-25 nm mL mw cm
thick)
MOF(Sr)- Fe Prism Solvothermal 780 umol h™' ¢! — K;SOs H,O0:100 mL  Catalyst: 10 mg Xe lamp: 0.15 3h —
morphology K,S03: 16 mg mw cm [853]
Pt-SACsl/co- Nanosheets Depostion—re- 171 pmolh™' g™ 1.4% () = 420 nm) — H,0: 100 mL  Reactor: 250 mL; Visible light: A 5h Ambient
valent triazine duction catalyst: 50 mg =420-780 nm temperature  [854]
framework
(CTF)
Black Nanoflakes Chemical 2370 umol h™' g! — Na,S/ Aqueous Catalyst: ~0.5 mg Visible light: & — —
phosphorus etching Na;SO3 solution, =420 nm [855]
exfoliation Na,S/Na,SOs,

0.05 M







