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Abstract: The rotating disk photocatalytic reactor is a kind of photocatalytic wastewater treatment
technique with a high application potential, but the light energy utilization rate and photo quantum
efficiency still need to be improved. Taking photogenerated electrons as the starting point, the
following contents are reviewed in this work: (1) Light-harvesting excitation of photogenerated
electrons. Based on the rotating disk thin solution film photocatalytic reactor, the photoanodes
with light capture structures are reviewed from the macro perspective, and the research progress
of light capture structure catalysts based on BiOCl is also reviewed from the micro perspective.
(2) Macroscope transfer of photogenerated electrons. The research progress of photo fuel cell based
on rotating disk reactors is reviewed. The system can effectively convert the chemical energy in
organic pollutants into electrical energy through the macroscopic transfer of photogenerated electrons.
(3) Multi-level utilization of photogenerated electrons. The photogenerated electrons transferred to
the cathode can also generate H,O, with oxygen or H, with H*, and the reduction products can also
be further utilized to deeply mineralize organic pollutants or reduce the nitrate in water. This short
review will provide theoretical guidance for the further application of photocatalytic techniques in
wastewater treatment.

Keywords: photocatalytic reactor; light harvesting; electricity conversion; hydrogen evolution
reaction; nitrate reduction

1. Introduction

Photocatalytic (PC) technology has attracted long-term and extensive attention from
researchers all over the world because of its attractive prospect of utilizing solar energy in
deep oxidation [1]. Based on the photocatalytic mechanism [2,3], some semiconductors are
used to convert solar energy into electrical or chemical energy [4,5], and then oxidize or
reduce the substrate to obtain useful products (such as hydrocarbons) or energy (such as
H; and electrical energy) [6-8]. By adding photocatalysts into roads or building materials,
volatile organic compounds (VOCs) released from automobiles, fuel combustion, building
materials, and consumer products can be effectively captured, and these pollutants can
be degraded by ultraviolet light or sunlight [9,10]. As the photocatalyst material has
super hydrophobicity when exposed to light, the residual pollutants and dust on its
surface can also be cleaned under the action of rain to keep the building surface clean and
beautiful [11,12]. At the same time, photocatalysis can also effectively kill bacteria, and so
it is widely used in medical devices, antibacterial materials, and food preservation [13,14].

Photocatalysis has the advantages of a strong oxidation ability, no chemical addition,
and no selectivity to substrate, which results in a large number of research papers on
the photocatalytic treatment of water pollutants being published every year [15,16]. The
treatment object also involves a variety of pollutants that are difficult to biodegrade, such
as dyes [17], phenolic compounds [18], pesticides, and herbicides [19,20]. However, as
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photocatalysis technology still has some problems in water treatment, such as low light
energy utilization rate, low light quantum efficiency, and low reaction efficiency, which are
difficult to solve, it cannot be effectively applied on a large scale, and only small engineering
equipment is available.

Chong et al. summarized a number of key scientific and technological requirements
in the process of efficient photocatalytic water treatment [21], including (i) the develop-
ment of photocatalysts with wider spectral range, (ii) the development of catalyst-loading
technology to reduce the cost of catalyst and solution separation, (iii) the broadening of
the scope of photocatalysis application conditions, including a wider pH application range
and a lesser dissolved oxygen demand, (iv) the combination with other water treatment
technologies to improve the reaction rate and mineralization efficiency, (v) and a more
efficient photocatalytic reactor design. Different from ordinary solution chemical reaction,
in addition to temperature, concentration, dissolved oxygen, pH, and other factors, it is
also necessary to consider the light energy utilization rate and photo quantum efficiency in
the process of photocatalytic water treatment. These two factors greatly affect the reaction
efficiency of photocatalytic water treatment, thus limiting its industrial application.

The light energy utilization rate refers to the ratio of the light energy absorbed by the
catalyst to the light energy emitted by the light source. There is often a certain degree of
light energy loss, which will affect the utilization of light energy and reduce the efficiency of
photocatalysis. However, this point is often ignored by researchers, and there is no review
or research paper to systematically analyze the path of light energy loss in the process of
photocatalytic water treatment. As shown in Figure 1a, the main loss of light energy in
the process of photocatalytic water treatment can be summarized as the absorption and
reflection of light energy by the solution. According to Lambert Beer’s law, the absorbance
of the solution is proportional to the thickness and concentration of the solution. The
solution and pollutants in the solution will have strong absorption to the incident light,
especially for the solution with a high chromaticity and long optical path. If a large amount
of incident light is absorbed by the solution, only a small amount of light will illuminate the
surface of the photocatalyst to excite the catalyst and complete the photocatalytic reaction,
which will reduce the utilization rate of the light energy. Moreover, when the light irradiates
on the catalyst surface, part of the light will be absorbed by the catalyst, while the other
part will reflect on the surface (Rcs). This kind of reflection also occurs on the solution
surface (Rgs). This reflection is particularly obvious for short-wavelength light, such as
ultraviolet light, while most photocatalysts with a strong oxidation ability can only be
excited by ultraviolet light, such as TiO, and BiOCL
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Figure 1. (a) Light loss in a photocatalytic water treatment process and (b) the recombination of
photogenerated electron and hole in a typical photocatalytic process.

In addition to the light energy utilization rate, the photo quantum efficiency is also
very important for the photocatalytic reaction. According to the principle of photocatalysis
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shown in Figure 1b, the combination of photogenerated electrons and holes will greatly
affect the photocatalysis efficiency, and the light quantum efficiency refers to the ratio of
the light energy used for photocatalysis to the light energy absorbed by the catalyst. As
for the commonly used anatase TiO,, although the photogenerated electrons and holes
have extremely strong oxidation-reduction ability, the time of their combination is 10~ s
(ns), and the time range of the reaction between anatase TiO, and the pollutants or H,O
molecules adsorbed on its surface is 10~8~1072 s. This difference in time results in the low
photo quantum efficiency of TiO,, which also affects its photocatalytic reaction efficiency.

In order to further improve the utilization of light energy, researchers have conducted
a lot of work in the recent years. As shown in Figure 2a, in terms of reducing the absorption
of light energy by the solution, the design of a new type of solution film reactor can
effectively shorten the optical path and reduce the absorption of incident light energy
by the solution [22,23]. In terms of the macrostructure, changing the traditional planar
photocatalytic substrate into a light capture structure, such as a wedge or pyramid structure,
can make the light reflect multiple times inside the substrate, thus making full use of the
reflected light on the surface of the catalyst and the solution (Figure 2b) [24,25]. In terms of
the microscopic morphology of photocatalysts, the solid spherical structure of traditional
photocatalysts can be changed to have a light capture structure, such as flower-like, hollow
spherical, or yolk-shell structure [26-30], which can effectively utilize the reflected light on
the surface of the catalyst, thus improving the utilization of the light energy.
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Figure 2. (a) New demand for water treatment, bottlenecks in photocatalytic (PC) wastewater treat-
ment and the corresponding solutions, including (b) light—harvesting excitation, (c) macro—scope
transfer, and (d) multi—level utilization of photogenerated electrons.
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The morphology, size, and crystal form of the catalyst will affect its photo quantum
efficiency in varying degrees. At the same time, as shown in Figure 2c, by combining the
catalyst with other materials, such as precious metals [31,32], semiconductors [33,34], and
carbon materials [35,36], the heterojunction (Schottky junction or p-n junction) formed
between different materials can be used to promote the transfer of photogenerated electrons,
effectively separate photogenerated electrons and holes, and improve the efficiency of the
photo quantum. In addition, the photocathode can also be applied to form a photochemical
cell, and the photogenerated electrons can be transferred to the cathode under the action of
an external electric field by applying a bias voltage to form a photoelectrocatalytic (PEC)
system to realize the effective separation of photogenerated electrons and holes [37-40].
On this basis, select the appropriate cathode material and cathode system, and use the
potential difference generated by the cathode and the photoanode to make the electrons
spontaneously transfer to the cathode through the external circuit without external bias. In
this process, not only can the pollutants be degraded on the surface of the photoanode, but
also the photogenerated electrons that migrate to the cathode can be reasonably utilized to
generate Hj or electric energy. As shown in Figure 2d, the catalyst oxidizes pollutants to
produce H* under the condition of illumination. In the absence of O,, H* can be reduced by
photogenerated electrons transferred to the cathode on the cathode surface, thus producing
Hj. In the presence of O, in the solution, the photogenerated electrons transferred to
the cathode will react with O, to generate H,O or H,O,. This system is similar to the
microbial fuel cell, which generates electric energy while degrading mineralized pollutants
and realizes the low-temperature combustion of pollutants. Therefore, researchers call it
photo fuel cell (PFC) [41-45]. PFC can not only effectively inhibit the recombination of
photogenerated electrons and holes and improve the efficiency of photons, but it can also
convert the chemical energy in pollutants into electrical energy, which has received more
and more attention in recent years.

Focusing on the thin solution film photocatalytic reactor, the recent developments
of photogenerated electrons’ highly efficient excitation, transfer, and utilization are sum-
marized in this review. This review will provide a theoretical reference for photocatalytic
treatment and the resource utilization of wastewater.

2. Photocatalytic Reactor Design to Improve Light Energy Utilization
2.1. Thin Solution Film Photocatalytic Reactor

The design of the photocatalytic reactor is also very important for the utilization of
light energy and the practical application of photocatalytic technology. Because the incident
light will be absorbed by the solution, the solution film reactor has been proven as a reactor
with a high light energy utilization. Compared with the suspension reactor and immersion
reactor (Figure 3a), the incident light can reach the catalyst surface only through a thin
solution film, which greatly reduces the absorption of light energy by the solution. Stephan
et al. summarized three major advantages of the thin film photocatalytic reactor [46],
including (1) its large irradiated area per unit volume, (2) the fact that the solution film only
absorbs a small part of the incident light, (3) and its high surface area, which can enhance
the mass transfer of O,.

According to different methods of forming the solution film, the thin film reactor
mainly includes an inclined plate reactor (Figure 3b) and a rotating disk reactor (Figure 3c).
The former one relies on gravity to form a solution film, while the latter one relies on
centrifugal force. The solution needs to be lifted to the top of the reactor by the water
pump in the inclined plate reactor, and then it flows down the inclined plate coated with
the catalyst under the action of gravity. In this process, the solution flow rate will greatly
affect the thickness of the solution film formation and the mass transfer of the system. A
bias voltage-assisted inclined plate reactor was built by Xu et al. and exhibited a much
higher removal rate of Rhodamine B (RhB) with a high concentration in comparison with a
traditional immersed reactor [47-49]. Adams et al. also built a zigzag multi-stage inclined
plate photocatalytic reactor to remove hydrocarbons in water [50]. At the same time, using
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the steps instead of the inclined plate can effectively prolong the water retention time and
improve the photocatalytic degradation efficiency. Stephan et al. developed a stepped
photocatalytic solution film reactor to treat pesticides in water, and established a model
to analyze its treatment efficiency [46]. The difference between the calculated value of
the model and the experimental value is less than 10%. At the same time, the model can
also be applied to the analysis of photocatalytic degradation of other pollutants, and can
predict the photocatalytic degradation rate without knowing the complete photocatalytic
degradation pathway.
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Figure 3. Schematic diagrams of (a) immersed photocatalytic reactor, (b) inclined plate thin solution
film photocatalytic reactor, and (c) rotating disk thin solution film photocatalytic reactor.

2.2. Rotating Disk Thin Solution Film Photocatalytic Reactor

The rotating disk reactor first developed by Dionysiou et al. is another representative
thin solution film photocatalytic reactor [51-54]. The lower part of the disk is immersed in
the solution, and the upper part is exposed to the air. A thin solution film can be formed
on the surface of the disk through the rotation, and the incident light can directly irradiate
on the catalyst surface through the thin film, thus reducing the absorption of the solution
to the incident light [55]. Zhou et al. [56] and Huo et al. [57] used a TiO, nanotube disk
and flower-like TiO, disk to replace the smooth structure TiO, disk, respectively, and
achieved a better photocatalytic effect. It was found that the rotating speed of the disk
and the roughness of the surface of the disk affected the photocatalytic effect. The rotating
speed affected the thickness and mass transfer efficiency of the solution film, and then
affected the degradation of the target pollutants and the formation of the intermediate and
final products.

The rotating disk reactor can be effectively amplified by multiple groups of vertical
assembly. However, the solution film exposed to the air is difficult to utilize in sunlight due
to shielding each other, so, an artificial light source must be used. A horizontal rotating
disk reactor can overcome this disadvantage. Patterson et al. treated methylene blue in
a horizontal rotating disk reactor under ultraviolet light, and the reaction rate was twice
that of the traditional immersed reactor [58,59]. In the horizontal rotating disk reactor, the
solution is sprayed onto the horizontal disk through the central nozzle, and the solution
film is formed through the rotation of the disk and finally flows down from the edge of
the disk. Compared with the vertical disk reactor, although the horizontal disk reactor can
utilize sunlight, it consumes more electric energy. At the same time, Patterson et al. also
observed that under the conditions of high speed or a high flow rate, it is easy to form
extremely uneven turbulence on the surface of the horizontal disk, which will affect the
utilization of light energy and the photocatalytic effect [60]. Furthermore, the horizontal
disk reactor occupies a large area and is not suitable for practical applications. Similar to
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the rotating disk reactor, the rotating drum reactor is easier to scale up, and has been a wide
concern of researchers in recent years [61,62].

Yao et al. [63] prepared a TiO, particle anode (Figure 4a) and TiO, nanotube anode
(Figure 4b) using the sol-gel and anodic oxidation method, respectively, and applied these
two anodes in an immersed reactor, inclined plate solution film reactor, and rotating disk
solution film reactor to study their photocatalytic degradation performances of RhB. The
effect of stirring was investigated in the immersed reactor. The decolorization rate of RhB by
the TiO, nanotube anode was 1.5 times better than that of TiO; particle anode in the absence
of stirring. The TiO, nanotube anode had larger surface area and stronger photocurrent
response in comparison with the TiO, particle anode, resulting in the better photocatalytic
degradation performance of RhB. The decolorization rates obtained by the two anodes
are basically the same under the stirring condition, indicating that the mass transfer of
the target pollutant should be the main factor that limits the degradation performance in
comparison with the activity of the electrode surface. In the inclined plate reactor, because
the absorption of incident light by the solution was effectively avoided, the decolorization
efficiencies of the two anodes were significantly better than those obtained in the immersed
reactor. However, due to the great enhancement of mass transfer, there was no signiﬁcant
difference in the decolorization efficiency between the two anodes (Figure 4c). Because the
TiO, nanotube has a closed tubular structure and the diameter of the tube is very small
(nanometer level), the tube is easily sealed by water, which makes it difficult for the air
inside the tube to move, thus reducing the effective surface area of TiO, nanotubes. At
the same time, if the solution is flowing, it is also difficult for the solution in the tube
to transfer to the outside. Centrifugal force generated by rotating the photoanode can
effectively promote the mass transfer of solution in the nanotube. The RhB decolorization
performance of the TiO, nanotube anode is better than that of the TiO, particle anode in the
rotating disk reactor, and the gap between the two anodes becomes more and more obvious
with the increase in the RhB concentration (Figure 4d). The solution film on the surface
of the TiO, nanotube is repeatedly exchanged in the air and solution through the rotation
of the disk, and the solution in the tube is thrown out under the action of centrifugal
force, which is conducive to the mass transfer of the solution in the nanotube, so that the
advantage of the large surface area of the nanotube can be fully displayed (Figure 4e,f).
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2.3. Research Fields of Further Improving the Efficiency of Rotating Disk Photocatalytic Reactor

According to the analysis of the bottlenecks of the photocatalytic water treatment,
photogenerated electrons play a crucial role in the photocatalytic process. Although the
solution film reactor can effectively solve the problem of absorption of incident light by the
solution, the following issues still need to be further investigated from the perspective of
the excitation and utilization of photogenerated electrons, especially in the thin solution
film photocatalytic reactor such as the rotating disk reactor.

(1) The light-harvesting excitation of photogenerated electrons. How to further improve
the utilization rate of light energy, for example, efficiently capturing reflected light, so
as to promote the advanced oxidation of organic pollutants.

(2) The macroscopic transfer of photogenerated electrons. How to realize the conver-
sion from chemical energy in organic pollutants to electrical energy through the
macroscopic transfer of photogenerated electrons.

(3) The multi-level utilization of photogenerated electrons. How to use the photogener-
ated electrons transferred to the cathode at multiple levels to realize the hydrogen
production or simultaneous removal of other pollutants in the wastewater.

3. Light-Harvesting Excitation of Photogenerated Electrons

In addition to the absorption of incident light by the solution, there is often a certain
degree of reflected light energy loss in the process of photocatalytic water treatment, in-
cluding the reflection on the catalyst surface and the reflection on the solution surface.
This loss of light energy is always ignored by researchers, but it greatly affects the uti-
lization of light energy. Therefore, how to fundamentally improve the utilization of light
energy and promote the oxidation of organic pollutants through the improvement of the
macrostructure of the reactor, combined with the adjusting of the micro-structure of the
catalyst, is an important bottleneck to limit the application of photocatalytic technology in
water treatment.

3.1. Design of Light-Harvesting Structured Photoanodes

From a macro point of view, photoanodes with light capture structures, such as a
wedge or a pyramid structure, have been developed by researchers and applied to a
rotating disk thin film photocatalytic reactor. The thin solution film can effectively reduce
the absorption of incident light using high-chroma wastewater, and the wedge or pyramid
structure can not only increase the surface area of the photoanode, but can also capture the
incident light [64,65]. Compared with the planar structured photoanode, it is found that
the removal amount of pollutants per unit area of the light capture structured photoanode
increases gradually with the increase in its initial concentration. By optimizing various
experimental conditions, including the bottom-to-height ratio of the wedge or pyramid, it
was found that when the initial concentration of RhB increased to 150 mg L~!, the removal
amount per unit area of the light capture structured photoanode was 3.0~3.4 times that of
the planar structured photoanode, which was nearly 30 times higher than the traditional
immersed photoanode (Figure 5a) [64].

The contribution rate of increasing the surface area and capturing the incident light
was also studied by researchers through reflectivity characterization and total energy
calculation. It was found that when the incident light energy and the surface area of the
photoanode were the same, the light harvesting could increase the degradation of pollutants
by an additional 40% (Figure 5b,c) [64]. The above research has constructed a new method
of the photocatalytic degradation of pollutants with a high light energy efficiency from a
macro perspective, providing an important scientific basis for the scale-up application of
photocatalytic technology in water treatment.



Processes 2023, 11, 838

8 of 20

(@) 036 (b) 2
-1 0304 .
z;; ] [JPlanar - oz] Planar
030d [ZZ1/3 Pyramid S oo
0.28 /13 Wedge S oosl Wedge m.
0.26 - = o000 m— 172
D 000
0.24 4 e oo ;’:__::l——f—»v-m»w
0.22 0004 1/3
0002 W"'“ e e
0.20 0000
T00 800 900 1000 1100

0.18

0.16 Wavelength (nm) )

0.4 )
0.12
1 Planar

0.10 2 ol
0.08 3 £
0.06 3

=
0.04 ] 5

0.02
0.00

Pyramid

Removal Quantity Per cm z (mg/cmz)

Wavelength (nm)

Figure 5. (a) Absolute quantity per m? of RhB removal for 1 h obtained by planar structured,
wedge structured, and pyramid structured photoanode and light reflectivity obtained by (b) wedge
structured photoanode and (c) pyramid structured photoanode, with different bottom-to-height ratio.
Reprinted /adapted with permission from Ref. [64]. 2011, American Chemical Society.

3.2. Synthesis of Supported Catalyst Films with Light-Harvesting Structures

In the aspect of catalyst microstructure control, many kinds of catalysts with light-
harvesting structures have been synthesized in the past few years, such as the flower-like
structure, hollow spherical structure, and core-shell structure, etc. As a kind of material
with a strong photocatalytic activity, BiIOCl has been widely studied by researchers in recent
years due to its low toxicity and high environmental friendliness [66-70]. At the same time,
due to its unique hierarchical structure, it can exhibit a strong light-harvesting performance
after a three-dimensional assembly [71-73]. Xiong et al. synthesized four morphologies of
BiOCl, including an ellipsoid-like structure, sphere-like structure, flower-like structure, and
a square-like structure [74,75]. The BiOCl hierarchical nanostructures exhibited excellent
shape-dependent visible-light-driven photocatalytic activities for Rhodamine B degrada-
tion, which was much higher than that of 2D BiOCl nanosheets, nanoplates, commercial
BiOCl, and TiO; (anatase). A BiOCl micro flower, constructed by ultrathin nanosheets
with nearly 100% {001} facets exposed was synthesized by Wang et al. using glycerol as
the solvent [76]. The exposed {001} facets terminated with a high density of oxygen atoms
and were not only favorable for the adsorption of the cationic dye but they also could
accumulate the photogenerated electrons injected from the excited dye. Moreover, the
unique layered structure of BiOCl makes it exhibit a satisfying stability. Its stack layer likes
a sandwich; [Bi,O,]%* is between two Cl” ions sheets. They stack together by the weak Van
der Waals bonding and strong interlayer covalent bonding. When BiOCl is excited by the
irradiation, the bond of Bi-O-Cl can hardly be weakened by the excited antibonding [77].
Many reports have also demonstrated that the BiOCl indeed maintained the photocatalytic
activity after several cycles [78-80].

Li et al. synthesized B-Bi;Oj3 thin film with a solid spherical structure on a Ti-based
disk through a facile impregnation method [81]. Using it as a precursor, a novel rapid
and simple method for preparing BiOCl thin film was proposed (Figure 6a) [82,83]. The
precursor dissolution and the intermediate hydrolysis can be controlled simultaneously
by changing the pH during the preparation process, so that the reaction rates of the two
can be coordinated and matched. Finally, the hierarchical {001} facet exposed by the BiOCl
film can be obtained on the Ti disk. Its unique microphotocapture structure makes it
exhibit extremely high ultraviolet and visible light catalytic activity. Compared with other
granular catalysts, such as TiO, and -BiyOj3, the removal of RhB increased by 15 times and
2.5 times, respectively, under visible light (Figure 6b). At the same time, because negatively
charged CI" is distributed in the out layer of BiOCl, it has strong adsorption on pollutants
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(Figure 6¢). The sensitized degradation mechanism of the prepared BiOClI film under
visible light is revealed through reactive oxygen species capture and control experiments
(Figure 6b). Furthermore, it is combined with the macrophotocapture disk anode to carry
out the photocatalytic treatment of different types of industrial wastewater, which can both
achieve the standards of direct discharge and reuse [84]. In addition, CI" in tap water can
also be used as the CI” source, and BiOCl film with the same catalytic performance can also
be synthesized by this method without adding additional CI" [81]. Considering that there
is always a certain concentration of CI" in natural water and industrial wastewater, this
method is not only a synthesis method of supported photocatalyst, but it also provides a
new idea for the effective removal and resource utilization of Cl” in wastewater [85-87].
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Figure 6. (a) Synthesis process of BiOCl and the light reflection on the surface of 8-Bi,Oj3 thin film
and BiOCl thin film, (b) RhB color removal obtained by different photoanode and the reactive oxygen
species detection in the presence of different sacrificial agents, and (c) BiOCl-coated disk and BiOCl-
coated disk with RhB adsorption and their corresponding SEM images. Reprinted /adapted with
permission from Ref. [82]. 2013, ELSEVIER.

4. Design of Photo Fuel Cell

In addition to the light energy utilization rate, the photo quantum efficiency is also
very important for the photocatalytic reaction. Compound modification of the catalyst
to form a heterojunction structure can effectively improve the separation efficiency of
photogenerated electrons and holes, but the micro-transfer process of electrons in the
catalyst is difficult to further utilize. If the macro-transfer of electrons in the external circuit
can be realized, the chemical energy can be further converted into electrical energy to
form a fuel cell while the pollutants are degraded. In this process, how to achieve efficient
pollutants degradation and electric energy output through the cooperative matching of
photoanode and photocathode is a key scientific problem that needs to be solved urgently.

4.1. Synthesis of Supported Catalyst Films with Light-Harvesting Structures

Using the heterojunction formed between semiconductor materials after photoex-
citation and noble metals, researchers have constructed a photo fuel cell (PFC) system.
Taking TiO, /Ti-Pt PFC as an example (Figure 7a) [88], the photogenerated electrons are
transferred to the cathode through the external circuit macroscopically under the action of
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the potential difference (around 0.8 V) generated by the heterojunction, and the chemical
energy is converted into electrical energy while the pollutants are degraded. By changing
the cathode surface area and dissolved oxygen concentration and regulating the cathodic
oxygen reduction reaction rate, it is found that the electric energy output of PFC is mainly
affected by the cathodic oxygen reduction rate. Increasing the oxygen reduction rate can
effectively improve the electric energy output characteristics of PFC. For example, as shown
in Figure 7b, when the anode/cathode area ratio is reduced from 1/1 to 1/16, not only is
the short circuit current density of PFC increased by nearly 2 times, the ff factor is also
increased by 1.4 times, and the open circuit potential remains stable. At the same time,
the macro-transfer of photogenerated electrons in the external circuit can also promote
the degradation of pollutants by the photoanode. For the treatment of various pollutants
and actual industrial wastewater, the PFC coulomb efficiency (chemical energy to electric
energy conversion efficiency) can reach more than 50%. The generated electric energy can
be further utilized. For example, it can provide a bias voltage of 0.60~0.75 V for other
photocatalytic reactions, and the effect is the same as that of the direct DC power sup-
ply (Figure 7c,d). The constructed PFC system not only provides a new method for the
photocatalytic degradation of pollutants, but it also provides a new research idea for the
collection and utilization of chemical energy in pollutants.
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Figure 7. (a) Schematic diagram of TiO, /Ti—Pt PFC, (b) voltage—current curve of TiO, /Ti—Pt PFC
with different anode area to cathode area ratio (inset is the corresponding ff factor), (c¢) RhB removal
kinetic constants obtained in the presence of bias voltage and the bias voltage is applied by DC power
and different PFC, and (d) open-circuit voltage (VOC) and the output voltage (V output) obtained by
different PFCs. Reprinted /adapted with permission from Ref. [88]. 2014, ELSEVIER.

4.2. Design of Dye-Sensitized Photo Fuel Cell

The matching of the reaction rate between PFC photoanode and cathode is an interest-
ing issue that is worthy of study. In order to make a more efficient use of visible light, Li
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et al. constructed a dye-sensitized PFC system based on BiOCl photoanode (Figure 8a) [89],
and treated a variety of pollutants under the conditions of ultraviolet and visible light irra-
diation, and studied its electricity generation and photocatalytic degradation performances.
By analyzing the electron transfer path, the direct transfer path of ultraviolet excited elec-
trons and the stepwise transfer path of visible sensitized electrons are clarified. Through the
analysis of the ff factor, series resistance (Rs) and parallel resistance (Rqy,) (Figure 8b), it is
found that, compared with direct electron transfer, the gradual transfer of electrons caused
by sensitization will lead to an increase in the series resistance of PFC and a decrease in the
parallel resistance, thus inhibiting the power generation performance of PFC under visible
light conditions. At the same time, different electron transfer paths will also have an impact
on the degradation performance of the photoanode. Direct electron transfer can effectively
inhibit the recombination of photogenerated electrons and holes, while sensitized stepwise
electron transfer does not involve photogenerated holes, and the impact is not obvious. For
example, as shown in Figure 8c, the degradation performance of RhB can be increased by
1.5 times in PFC, but it is not affected in sensitized PFC. The photocatalytic degradation
and electricity generation performance of BiOCl/Ti dye-sensitized PFC is improved by Niu
et al. through regulating the crystal form, crystal facet, and doping of BiOCI [90,91].
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Figure 8. (a) Schematic diagram of BiOCl/Ti—Pt dye-sensitized PFC and the corresponding electron
transfer path, (b) series resistance (Rs) and parallel resistance (Rqy,) calculated under UV and visible
light irradiation, and (¢) RhB removal kinetic constant obtained in BiOCl/Ti system and BiOCl/Ti-

Pt PFC system under UV and visible light irradiation. Reprinted/adapted with permission from
Ref. [89]. 2013, American Chemical Society.

4.3. Design of Dual Rotating Disk Photo Fuel Cell

In order to enhance the mass transfer of cathode oxygen, researchers have built a
dual rotating disk photo fuel cell system (Figure 9a) [92,93]. Conductive polymers, such
as polypyrrole (PPy) and polyaniline (PANI), which are cheap and easy to synthesis, are
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used as the cathode materials of a rotating disk instead of expensive noble metals. With
the increase in the rotating speed, the oxygen mass transfer is strengthened, and the
electric energy generation and COD removal performance are improved (Figure 9b) [93].
Compared with Pt, PPy as a cathode can reduce the open-circuit voltage of around 0.3 V,
but it can obtain almost the same short-circuit current. At the same time, the nanoarray
PPy film owns a larger surface area and lower series resistance. Compared with the planar
structure, the electric energy generation and COD degradation performance have been
greatly improved (Figure 9¢c). The above research provide a theoretical basis for further
efficient and low-cost matching of PFC photoanodes and cathodes.
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Figure 9. (a) Schematic diagram of dual rotating disk PFC with TiO, nanotube arrays as photoan-
ode, nanostructured PPy as cathode, and the corresponding short circuit current-time curves and
COD removals in real wastewater (Reprinted /adapted with permission from Ref. [93]. 2019, ELSE-
VIER.), (b) voltage—current curves obtained at different rotating speed in a dual rotating disk PFC
(Reprinted /adapted with permission from Ref. [92]. 2016, ELSEVIER.), and (c) effects of rotating
speed on COD removal in a single rotating disk PFC and dual rotating disk PFC.

5. Multi-Level Utilization of Photogenerated Electrons

The photogenerated electrons macroscopically transferred to the cathode through the
external circuit can not only generate electric energy through the four-electron reduction
reaction of oxygen, but they also generate H,O, through the two-electron reduction, which
can strengthen the oxidation of organic pollutants. The selection of cathode materials is
very important in the process of oxygen reduction reaction (ORR) [94].

In addition to ORR, the photogenerated electrons transferred to the cathode can also
generate hydrogen energy through the hydrogen evolution reaction (HER) in the absence of
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oxygen [95]. How to make the potential difference between cathodes and anodes reaching
the hydrogen evolution potential of decomposition water is the key scientific problem to
realize the efficient hydrogen production while organic pollutants are degraded in PFC.

At the same time, a large amount of nitrate in wastewater has become another bottle-
neck restricting the development of enterprises in addition to chemical oxygen demand
(COD). The efficient and green selective removal of nitrate in water has gradually become a
research hotspot in recent years. The direct reduction of nitrate at the cathode is limited by
the hydrogen evolution reaction and the mass transfer of intermediate products, resulting
in ammonia as the main product [96]. How to further realize the selective reduction of
nitrate to nitrogen in the cathode system has also attracted more and more of researchers’
attention in recent years.

5.1. H,O; Production at Cathode in Dual Rotating Disk Reactor

Although the thin film rotating disk photocatalytic reactor has a high light utilization
rate, the photogenerated electrons and holes are still easy to recombine. Photogenerated
electrons are transferred to the cathode by applying bias voltage, and a photoelectrocatalytic
system is established, which can effectively avoid the recombination of photogenerated
electrons and holes [97-99]. The research shows that when treating a 55 mL 20 mg L' RhB
solution for 90 min, the rotating disk photoelectrocatalytic reactor can improve the decol-
orization rate from 30% to more than 90% compared with the rotating disk photocatalytic
reactor [55]. Based on this, Xu et al. designed a photoelectrocatalytic rotating disk reactor
without the bias voltage [100]. The reactor is composed of a TiO; /Ti disk photoanode and
a Cu disk cathode. The two disks are connected by wires. The ultraviolet light is irradiated
on the TiO, surface to generate electrons. The electrons are spontaneously transferred to
the Cu disk through the Schottky barrier, and they react with O, to generate H;O,. The
decolorization rate and total organic carbon (TOC) removal rate of 55 mL 50 mg L~ RhB
were 87.9% and 53.4%, respectively, after being treated with the TiO, /Ti-Cu dual rotating
disk reactor for 60 min, which exhibits a good application prospect.

5.2. Hy Production at Cathode in Rotating Disk Reactor

In terms of hydrogen production, on the one hand, the potential difference be-
tween anodes and cathodes can be increased by adjusting the pH of anode and cathode
cells, so as to realize hydrogen production while the organic pollutants are degraded in
PFC [101-103]. As shown in Figure 10, Tang et al. successfully provide an additional po-
tential of around 0.4~0.6 V by adjusting the pH difference between the anode and cathode
cells, so as to increase the hydrogen production of the PPy cathode in a rotating disk reac-
tor (1.75 umol cm~2 min~!), which can achieve the level obtained by the pure Pt cathode
(2.20 pmol cm 2 min~!). The system was successfully applied in real industrial wastewater
containing alcohol. A stable H, production performance can be obtained when the alcohol
is degraded. When using Chinese rice wine as a substrate at the same ethanol content level
(i.e., 0.1 mol L™1), the production of Hj is close to that of the pure ethanol solution, but no
hydrogen is detected in the conventional submerged reactor [102].

On the other hand, efficient hydrogen evolution catalysts are still the main research
focus of researchers. Li and his co-workers innovatively used acetic acid as a template to
synthesize high 1T phase exposed MoS, nanosheets with vertical array structures on carbon
cloth through a facile one-step solvothermal process [104]. Compared with MoS, prepared
without acetic acid, when the current density is 10 mA cm ™2, the over potential can be
reduced to 136 mV, the Tafel slope is only 45 mV dec™!, and the hydrogen production
rate can be increased to 92% of the pure Pt cathode. The mechanism of acetic acid was
deeply studied by in situ infrared spectroscopy. It was found that its weak dissociation
characteristics could effectively control the pH change in the reaction process, providing
more nucleation sites for the growth of MoS, on carbon cloth. At the same time, carboxyl
functional groups can also reduce the surface energy of MoS, and prevent its aggregation to
form 2H phase with poor hydrogen evolution performance. This research not only provides
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a new application field for PFC, that is, the photocatalytic degradation of pollutants and
the generation of hydrogen energy, but also provides a theoretical basis for the selective
reduction of nitrate or other pollutants.
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Figure 10. (a) Schematic diagram of TiO,/Ti-Pt black rotating disk PFC for H, evolution
(Reprinted /adapted with permission from Ref. [102]. 2015, ELSEVIER.), (b) SEM image of PPy
cathode (Reprinted /adapted with permission from Ref. [102]. 2016, ELSEVIER.), and (c) H, generate
rates obtained by PPy cathode and Pt cathode in rotating disk PFC.

5.3. Cathodic Hydrogen Production Combined with Nitrate Reduction

In terms of nitrate reduction, Jia et al. revealed the kinetic mechanism of ammonia as
the main cathodic reduction product by studying various cathode materials (Co3zO4, CuO,
Fe;O3, NiO, etc.) [105,106]. That is, affected by the side reaction of hydrogen ion activation,
the first-order reaction of generating ammonia is easier to occur, while the second-order
reaction of generating nitrogen is limited by the kinetic mass transfer of intermediate
products (such as nitrite), which is difficult to occur. Therefore, it is necessary to add a large
amount of CI” and realize the oxidation of ammonia to nitrogen under the combined action
of anode in previous studies. In order to realize the direct conversion of nitrate to nitrogen,
Chen et al. used the hydrogen generated by the cathode as a reducing agent, and in situ
combined with the Cu-Pd catalyst to realize the efficient selective reduction of nitrate to
nitrogen (Figure 11a) [107,108]. The selection of the cathode catalyst is very important in
this process. It has been found that the PPy cathode not only has an excellent hydrogen
production performance, but also has a strong repulsive effect on nitrate and other anions
when it is used as a cathode due to the anion occupation doping in the polymerization
process, which can selectively produce hydrogen without reducing nitrate to ammonia.
On this basis, in combination with the Cu-Pd catalyst, compared with external hydrogen
supply, in situ hydrogen production is not only sager and more controllable, but it is also
more dispersed and has a higher reduction activity. The nitrogen selectivity can reach 93%
after optimization (Figure 11b), which is much higher than the Cu-Pd catalytic system
reported in other literatures, and no additional CI" is needed. Moreover, the system was
applied in real industrial electroplating wastewater treatment, and the total nitrogen can be
effectively removed [107]. The NO;™-N (670 mg L~!) is reduced to less than 100 mg L~!
after 90 min under 50 mA, and very little amount of NH4*-N is generated.

On this basis, in order to reduce the amount of precious metal Pd, Shi et al. carried out
a loading study on the Cu-Pd catalyst [109]. It was found that Cu-Pd particles with a high
dispersion (average particle size 2 nm) could be obtained on the metal oxide support by
stepwise annealing, which not only had a fast nitrate reduction rate, but also had a nitrogen
selectivity of more than 70%. Further, through in situ characterization and DFT calculation,
the interaction mechanism between the support and Cu-Pd particles was studied [110], and
it was revealed that the Lewis acid site is conducive to the formation of the -O-Cu*-Pd*-
structure, in which the -O-Cu*- site is more conducive to the reduction of nitrate, while the
unsaturated -Pd*- site is more conducive to the adsorption of intermediate products (such
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as nitrite), providing a favorable starting condition for the secondary reaction of nitrogen
generation. The above research provide a new way for the selective reduction of nitrate by
photocatalysis.
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Figure 11. (a) Schematic diagram of Hj evolution in combination with Pd-Cu catalysis for nitrate
removal in cathodic cell, (b) nitrate removal, and N selectivity in H, evolution series Pd-Cu catalytic
nitrate reduction system. (Reprinted/adapted with permission from Ref. [107]. 2019, American
Chemical Society.)

6. Conclusions

Photocatalytic technique is a promising wastewater treatment technique because it
does not require additional chemicals and has a strong oxidation ability. However, the low
light energy utilization rate and photo quantum efficiency greatly limit its further practical
application. In view of these tow bottlenecks, and based on the rotating disk thin solution
film reactor, this work reviews the latest research progress in photogenerated electrons’
light-harvesting excitation, photogenerated electrons” macro-transfer, and photogenerated
electrons’ multi-level utilization, providing theoretical guidance for the further application
of photocatalytic technique in wastewater treatment.

In addition to the efficient use of photogenerated electrons, there are still some other
key issues that need to be solved before the photocatalytic technique can be really applied
in wastewater treatment. These issues include the following:

(1) Research and development of low-cost, large-scale, efficient, and stable photoanodes.
The catalyst needs to be loaded on the surface of the photoanode substrate in a thin
solution film reactor. Therefore, not only is the supported photocatalyst with stable
performance and low-cost needed, but also the photoanode substrate needs to be
optimized in the process of photoanode preparation. The Ti plate is mostly used as
anode substrate in most of the current research, and the catalyst layer can be firmly
grown on its surface after acidic etching, but the cost of large-scale application is quite
high. The combination of corrosion resistance and low-cost anode substrates and
efficient photocatalyst film is the prerequisite for the application of the photocatalytic
technique in the field of wastewater treatment.

(2) Further optimization and model construction of thin film photocatalytic reactors. The
thin solution film reactor has been proved to be the most effective reactor in the pho-
tocatalytic water treatment process, but its further enlargement still needs to consider
many issues, such as floor area, light sources selection, and energy consumption. The
development of the corresponding model can help to further enlarge and optimize
the reaction device.

(3) Multi-technique coupling realizes the deep and collaborative treatment of pollutants
in wastewater. The photocatalytic technique has an extremely strong oxidation ability
and can efficiently mineralize organic pollutants, but its removal rate is often slow due
to the mass transfer limitation of heterogeneous reactions. Therefore, photocatalysis
can be combined with other homogeneous oxidation processes, such as the Fenton
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process, to realize the rapid mineralization of organic pollutants. On the other hand, in
addition to organic pollutants, wastewater contains other types of pollutants, such as
inorganic salts, heavy metals, etc. How to use the photogenerated holes and electrons
to achieve the simultaneous removal of multiple pollutants is also an issue that is
worth studying in the future.

(4) Studies on the effect of actual wastewater on the photocatalytic process. Most of the
research uses simulated pollutants to investigate the photocatalytic performance of
the catalyst at present, but the water quality conditions of the actual wastewater are
often much more complex. Therefore, different types of actual wastewater should be
used as the research objective to improve the stability of the photocatalytic technique
in the future.
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