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Abstract

Four interrelated issues have been arising with the development of modern 

industry, namely environmental pollution, the energy crisis, the greenhouse effect and 

the global food crisis. Photocatalysis is one of the most promising methods to solve 

them in the future. To promote a high photocatalytic reaction efficiency and utilize 

solar energy to its fullest, a well-designed photoreactor is vital. Photocatalytic 

optofluidic microreactors, a promising technology that brings the merits of 

microfluidics to photocatalysis, offer the advantages of a large surface-to-volume ratio, 

a short molecular diffusion length and high reaction efficiency, providing a potential 

method for mitigating the aforementioned crises in the future. Although various 

photocatalytic optofluidic microreactors have been reported, a comprehensive review 

of microreactors applied to these four fields is still lacking. In this paper, we review 

the typical design and development of photocatalytic microreactors in the fields of 

water purification, water splitting, CO2 fixation and coenzyme regeneration in the past 

few years. As the most promising tool for solar energy utilization, we believe that the 

increasing innovation of photocatalytic optofluidic microreactors will drive rapid 

development of related fields in the future.

1. Introduction

The development of modern industry has brought with it four interrelated issues,

which are water pollution, the energy crisis, the greenhouse effect, and the global food 

shortage (Hisatomi et al. 2014; Jayamohan et al. 2015; Liu et al. 2014). The 

wastewater discharge from industrial activities creates severe water pollution, which 
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leads to public health problems and the degradation of aquatic ecosystems. 

Meanwhile, the consumption of large amounts of fossil fuels (non-renewable energy), 

such as coal, oil, and gas, has resulted in the energy crisis, and the scale of this 

problem is ever increasing. Unfortunately, burning these fossil fuels has also released 

large amounts of greenhouse gases, leading to global warming, climate change, and 

glacier melting, thereby seriously damaging the ecological balance and diversity of 

species (Dodman 2009; Davis and Caldeira 2010). Moreover, the greenhouse 

effect-induced climate change hinders the growth of crops and thus decreases food 

production, making the amount of food hardly enough to satisfy the increasing 

population, intensifying the globally emerging food crisis (Godfray et al. 2010).

Photocatalysis is a photoreaction in the presence of catalysts (generally 

semiconductor materials) and energy source(UV-Vis light or total solar spectrum), 

containing both photoinduced oxidation and reduction reactions induced by 

photo-excited electrons and holes on the surface of the semiconductor catalysts, 

respectively (Lei et al. 2010). Corresponding to the mentioned four issues, four 

promising photocatalytic solutions have been proposed and developed (photocatalytic 

water purification, water splitting, CO2 fixation, and coenzyme regeneration), which 

have become prominent research hotspots in recent years (Chen et al. 2015; Coyle and 

Oelgemöller 2008; Elvira et al. 2013; Erickson et al. 2011; Gemoets et al. 2016; Ji et 

al. 2016; Kim et al. 2015; Lee et al. 2013; Li et al. 2013; Lin et al. 2011; Ma et al. 

2016; Oelgemöller and Shvydkiv 2011; Psaltis et al. 2006; Shvydkiv et al. 2011; 

Simms et al. 2009; Su and Vayssieres 2016; Whipple et al. 2010; Zhao et al. 2016). 

Although most of the researches used xenon lamps or LED lamps as light sources, in 

future practical applications, photocatalytic technology aims to be driven by solar 

energy. Photocatalytic water purification has the potential to use solar energy and 

photocatalyst to achieve commercial scale degradation of pollutants in the future. 

Compared with traditional sewage purification methods (such as electrochemical 

degradation), photocatalytic water purification has the advantages of environmental 

protection, energy-saving, and low operating costs due to the use of solar energy and 

low equipment requirements (Lee and Park, 2013). Photocatalytic water splitting aims 
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to split water into oxygen and hydrogen，because hydrogen is not only a clean and 

renewable alternative to fossil energy, but also a raw material for industrial 

production, such as methanol synthesis, metallurgy, etc. (Chen et al. 2017; Gupta 

2017; Midilli et al. 2005; Wang et al. 2019). Except reducing the use of fossil energy, 

carbon dioxide fixation is another potential strategy to mitigate the greenhouse effect. 

In nature, carbon dioxide is fixed and converted into carbon compounds in chloroplast 

matrices through the photosynthesis of green plants (Gust et al. 2009; Lin et al. 2017). 

By mimicking natural photosynthetic system ， synthesis of organic compounds 

through carbon dioxide fixation is promising strategy that solve the greenhouse effect 

and food crisis. Thus, the artificial photosynthetic systems have attracted many 

scholars to research (Cheng et al. 2016; Chen et al. 2017; Kalamaras et al. 2017, 2019; 

Ryu et al. 2011; Y. Wang et al. 2019; Zhu et al. 2019). For the synthesis of food, such 

as sugar, the regeneration of nicotinamide adenine dinucleotide hydride/nicotinamide 

adenine dinucleotide phosphate (NADH/NADPH), which is an essential coenzyme for 

cellular metabolism and compound synthesis, is a crucial step. With the development 

of photocatalytic NADH regeneration technology, it is possible to realize the 

regeneration of NADH effectively in vitro, providing the possibility of 

artificial-photosynthesis-based food synthesis (Huang et al. 2017; Miller et al. 2020; S. 

H. Lee et al. 2011; Su et al. 2013; Schwander et al. 2016; Zhao et al. 2019). 

Factors such as light irradiation, surface-to-volume ratio (the surface refers to the 

contact area between the photocatalyst and the reaction liquid, while volume is the 

amount of reaction liquid in the chamber), and molecular diffusion length are 

essential elements that impact the photocatalysis efficiency. Thus, reactor designs 

play a crucial role in photocatalytic efficiency. Well-designed photoreactors can not 

only promote solar utilization but also improve the reaction rate. Compared with the 

traditional photocatalytic macroreactors, photocatalytic optofluidic microreactors with 

immobilized photocatalyst for heterogeneous photocatalysis (reactants and the 

photocatalysts in different phases) bring the merits of microfluidics to photocatalysis, 

offering the advantages of large surface-to-volume ratios, short molecular diffusion 

lengths, and uniform irradiation, which make the photocatalytic optofluidic 
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microreactors an efficient and promising platform. In the past few years, various 

optofluidic reactors have been reported in the fields of water purification, water 

splitting, CO2 fixation, and coenzyme regeneration, which are expected to improve 

their photocatalytic efficiency (as shown in Table 1). In this review, we begin with a 

brief introduction on the mechanism of photocatalysis. Then we will compare 

traditional photocatalytic macroreactors and photocatalytic optofluidic microreactors, 

pointing out the major problems of current photocatalytic reactors and the main 

advantages of photocatalytic optofluidic microreactors. Next, we introduce the latest 

development of photocatalytic optofluidic microreactors in the fields of water 

purification, water splitting, CO2 fixation, and coenzyme regeneration, respectively. 

Finally, we discuss and look forward to the development direction of photocatalytic 

optofluidic microreactors in the future.

2. The mechanisms of photocatalysis

Photocatalysis is the acceleration of a chemical reaction in the presence of a 

catalyst (Shafiq et al., 2021). As soon as the semiconductor photocatalysts are 

exposed to suitable light, they absorb light energy to drive electron migration. When 

the energy absorbed by the photocatalyst is greater than or equal to the band gap, 

electrons of valence band cross the band gap and enter the conduction band with 

higher energy. The transfer of electron excites an electron in the conduction band and 

leaves a hole in the valence band, which is referred to as a photogenerated 

electron-hole pair (Huang et al. 2018; Lee et al. 2013). This photo-generated 

electron-hole pair will be directly or indirectly involved in the photocatalytic reaction.

In the process of photocatalytic water purification, photo-generated electrons and 

holes react with water, dissolved oxygen (O2), hydrogen ions (H+) as well as 

hydroxide ions (OH-) to produce some strongly oxidizing free radicals for the 

degradation of organic pollutants (as shown in Fig. 1A). Common free radicals are 

hydroxyl free radicals (·OH) and superoxide free radicals (O2·-). (Houas et al. 2001; 

Tao et al. 2019). Furthermore, holes can also directly participate in the degradation of 

organic pollutants. During photocatalytic water splitting, the photo-generated hole and 
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electron pairs react with water, producing oxygen and hydrogen, respectively (Fig. 

1B). Regarding the CO2 fixation, the electrons react with CO2 adsorbed on the surface 

of the photocatalyst to reduce it to an organic compound, while the holes react with 

water to produce H+, which plays into the CO2 reduction process (Fig. 1C, take 

methanol as an example) (Parmar et al. 2015; Ulmer et al. 2019). In the process of the 

coenzyme regeneration, photo-generated electrons are transferred by electron 

mediators (M) to NAD+ and H+ to regenerate NADH (Fig. 1D). In order to avoid the 

recombination of photo-generated holes and electrons, these holes are preferably 

consumed by a sacrifice agent, such as triethanolamine (TEOA) (Yang et al. 2019).

We have reviewed some band gap of photocatalysts and the redox potential of 

different chemical species in Fig. 2 (Ola and Maroto-Valer, 2015). Taking titanium 

dioxide (TiO2) as an example, when the energy of the photon (hν) absorbed by TiO2 is 

greater than or equal to the band gap (hν≥ 3.2 eV), the reaction formulas are as 

follows:

TiO2 + hν → eCB
- + hVB

+                                                           (1)

O2 + eCB
- → O2·- 

                          (2)

(H2O ↔ H+ + OH-) + hVB
+ → ·OH +H+

             (3)

O2·- + H+ → HO2·   (4)

2 HO2· → H2O2 + O2           (5)

H2O2 + eCB
- → ·OH + OH- (6)

Pol + ·OH/O2·-/hVB
+→Degradation products    (7)

2 H2O + 4 hVB
+ → 4H+ + O2         (8)

2 H+ + 2 eCB
- → H2         (9)

CO2 + 6 H+ + 6 eCB
- → CH3OH + H2O (10)

NAD+ + H+ + 2 eCB
- → NADH (11)

Equation 1 represents the process of the photocatalyst absorbing photons to 
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generate electron(eCB
-)-hole(hVB

+) pairs; equations 2-6 represent the formation process 

of O2·- and ·OH; equations 7 is the degradation process of organic pollutants, where 

“Pol” represent pollutants; equation 8 and equation 9 respectively illustrates the 

generation process of oxygen and hydrogen in the photocatalytic water splitting 

process; equations 10 represents the process of CO2 reduction to generate methanol; 

equation 11 shows the regeneration process of NADH, NAD+ and H+ in the solution 

accept photo-generated electrons from the photocatalyst to regenerate NADH.

3. Comparison of traditional photocatalytic macroreactor and 

photocatalysis optofluidic microreactor

The design of photocatalytic reactors plays a crucial role in efficiency, leading to 

numerous innovative reactor designs, which can be divided into traditional 

photocatalytic macroreactors and photocatalysis optofluidic microreactors according 

to the volumetric capacity generated from the dimensions of the channels (Mehendafe, 

Jacobi and Shah, 2000). The hydraulic diameter (Dh) of the channel in traditional 

photocatalytic macroreactor usually is larger than 1 mm, while that of photocatalysis 

optofluidic microreactor is less than 1 mm (De Sá et al. 2016; Mehendale, Jacobi and 

Shah 1999). Furthermore, depending on the phase of catalyst and reactants, traditional 

photocatalytic macroreactors can be divided into two types, namely homogeneous 

macroreactors (reactants and the photocatalysts in the same phase) and heterogeneous 

macroreactors (reactants and the photocatalysts in different phases) (Cieśla et al. 2004; 

Augugliaro et al. 2006; Parrino and Palmisano 2021; Behnajady et al. 2007; Cassano 

et al. 1995; Jin et al. 2005; Ku et al. 2001; Lee et al. 2002; Liou et al. 2011; 

McCullagh et al. 2011; Nguyen and Wu 2008; Wang and Ku 2003; Wu et al. 2005; 

Wu et al. 2008; Yuan et al. 2014). Homogeneous macroreactors, as shown in Fig 3A 

and 3B, are divided into batch macroreactors and flow mode macroreactors. The 

volume of batch macroreactors generally ranges from several cubic centimeters to 

hundreds of cubic centimeters, while the Dh of flow mode macroreactors is usually 

larger than 1 mm (De Sá et al. 2016; Wu et al. 2015). They are both simple in 

construction, low cost and have the potential to be designed as industrial reactors with 
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larger volumes (Lu et al. 2014). However, in the homogeneous macroreactors, the 

suspended photocatalyst and molecular diffusion length (millimeters or centimeters) 

lead to uneven irradiation and poor mass transfer efficiency, respectively, 

unfortunately resulting in the low photon utilization and low catalytic efficiency. 

(Leblebici et al. 2015; Potti and Srivastava 2012; Tsuchiya et al. 2012; Priyanka and 

Srivastava 2013). Furthermore, the photocatalyst is dispersed in the reaction solution, 

which requires certain specific steps to recover the catalyst. Wall-coated macroreactor 

(Fig. 3C) is a type of heterogeneous macroreactors in which the catalyst is coated on 

the inner wall of the reactor without any complex catalyst recovery steps unnecessary. 

Unfortunately, the surface-to-volume ratio of the wall-coated photoreactors is small 

(usually ＜400 m2∙m-3), resulting in  poor catalytic efficiency (Van Gerven et al. 

2007). Thus, the honeycomb optical fiber macroreactors were designed (Fig. 3D). In 

this type, parallel channels and immobilized catalysts increase the surface-to-volume 

ratio to 1000-2000 m2∙m-3 and improve the catalytic efficiency of the reactor (Denny 

et al. 2010; Van Gerven et al. 2007; Wang et al. 2010). Meanwhile, the multi-channel 

design significantly enhances the reaction throughput. However, honeycomb fiber 

macroreactors have a low utilization rate of photons due to its opaqueness. In Table 2, 

we summarize the main macroreactors used for photocatalysis. For the author’s 

convenience to compare of photocatalytic efficiency in different reactors, uniform 

parameters are important to be introduced. Thus, we suggest uniform parameters, such 

as the space time yield (STY) or the photocatalytic space time yield (PSTY), quantum 

yield and electrical energy per order (EEO), which are significant for the 

improvement and development of the photocatalysis reactors.

Microfluidics have many merits in the field of photocatalysis, such as 

controllable microstructures, precise manipulation of small volumes of fluids, fine 

flow control, large surface-to-volume ratio, short molecular diffusion length, and 

uniform irradiation. Photocatalytic optofluidic microreactors (Dh < 1 mm) combine 

the advantages of heterogeneous photocatalysis and microfluidic ((De Sá et al., 2016)，

Gust et al. 2009; Han et al. 2013; Jayamohan et al. 2016), having the potential to 

effectively solve the drawbacks of traditional photocatalytic macroreactors (Gorkin et 
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al. 2010; Whitesides 2006; Wang et al. 2012, 2014; Zhao et al. 2014). Based on the 

reported works, photocatalytic optofluidic microreactors can be mainly classified into 

four types depending on the material and structure, namely capillary tube 

microreactors (Fig. 3E), single-microchannel reactors (Fig. 3F), multi-microchannel 

reactors (Fig. 3G), and planar microreactors (Fig. 3H). The advantages of these 

photocatalytic optofluidic microreactors are as follows: First, the larger 

surface-to-volume ratio (10000-300000 m2 m-3) effectively increases the contact area 

between the catalyst and the reactant, thus improving the catalytic efficiency (Elvira 

et al. 2013; Van Gerven et al. 2007). It is noted that in a microreactor with columnar 

chamber the value of the surface-to-volume ratio is equal to 1/h (where the h is the 

height of the chamber). In fact, the real value of the surface-to-volume ratio is much 

larger than 1/h due to the nanopores of the photocatalyst (Wang et al. 2014). Second, 

the advantage of the small size allows only a thin layer of liquid (<1 mm) to flow on 

the immobilized photocatalyst, which is conducive to uniform illumination, 

andensuring a high photon efficiency. The reason is that the reaction rate is 

proportional to the radiant flux Ф (Ф≤25 mW/cm2) or the square root of radiant flux 

(Ф＞25 mW/cm2) (Herrmann, J. M. 1999). Third, different from traditional optical 

fiber reactors, photocatalytic optofluidic microreactors are usually made of 

transparent materials, which significantly improve the photon utilization rate. Fourth, 

microreactors require less photocatalyst material, thus decreasing the cost (Azzouz et 

al. 2018). Fifth, the molecular diffusion length of photocatalytic optofluidic 

microreactors is on the micron scale, which allows the reactant diffusion to the 

reaction surface faster (Wang et al. 2014). Sixth, optofluidic reactors have extended 

functions on the basis, such as on-chip monitoring, on-chip assembling with external 

magnetic/electric/sound/heating fields, parallel processing for rapid screening of 

photocatalysts, etc. (Accardo et al. 2013; Collin et al. 2016; Fan and White 2011; Fan 

and Yun 2014; Huang et al. 2014; Huang, Yue et al. 2016; Li et al. 2016; Sun and 

Fang 2010; Wang et al. 2012; Zhang et al. 2013). In table 3, we summarized the main 

comparation of traditional photocatalytic macroreactors and photocatalytic optofluidic 

microreactors.

Page 21 of 63

https://mc.manuscriptcentral.com/revchemeng

Reviews in Chemical Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

9

4. Water purification

In recent years, microreactor-based photocatalytic water purification has been 

continuously optimized in terms of catalytic efficiency with the constant innovation of 

microreactors designs. Nagamine (2020) designed a novel photocatalysis optofluidic 

microreactor utilizing the charge separation effect of TiO2/Ti plates, as shown in Fig. 

4A. The hole and electron pairs of TiO2 were separated via TiO2/Ti plates on which 

the oxidation and reduction were conducted in different microchannels. Azzouz et al. 

(2018) designed a zinc oxide nanometer photocatalytic optofluidic microreactors, in 

which the zinc oxide nanowires (ZnO NWs) were fixed on the silicon substrate of the 

reactor through an in-situ growth method. To increase the specific surface area and 

mass transfer rate, a microcolumn array was introduced into the reaction chamber, 

inside which the methylene blue (MB) degradation rate reached 95 % with initial 

concentration of 2000 μg mL-1 within 5 s of residence time. The standard catalytic 

efficiency was calculated to be 2.28×104 μg mL-1 min-1, which is typically 5 orders of 

magnitude larger than that of macroreactors. Zhang et al. (2020) reported a capillary 

microreactor packed with TiO2-coated glass beads to increase the supporting area of 

the catalyst and shorten the mass transfer route, as shown in Fig. 4B. As a result, the 

corresponding degradation rate of MB was close to 100 % with the initial 

concentration of 3.13×10−5 mol L-1 under 20 s of irradiation, converting to ~28.83 μg 

mL-1 min-1 as a standard catalytic efficiency. Furthermore, the microreactor had good 

durability, with a decline of only about 10 % after six hours of operation. Recently, 

studies on the gas-liquid-solid microreactor aroused the interest of scientists. Chen et 

al. (2018) conducted a visualization study on the interaction between Taylor flow 

behavior and catalytic activity in a long-running gas-liquid-solid microreactor, which 

provided a basis for the development of gas-liquid-solid photocatalysis optofluidic 

microreactor. Yu and Wang (2020) reported a gas-liquid-solid three-phase 

photocatalysis optofluidic microreactor with two parts: a beaked bubble generator and 

a helical microchannel reaction chamber (Fig. 4C). Inside the channel, TiO2 was 

immobilized in situ by dopamine in the reaction chamber (the yellow part), and the 
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addition of gas helped to remove the water film attracting to the photocatalyst surface, 

which results in enhanced mass transfer and self-refreshment. Moreover, experimental 

data showed that oxygen bubbles could provide sufficient oxygen for photocatalysis 

and photodegradation. The results show that it not only reduces the number of 

hole-electron combinations, but also improves the degradation efficiency of MB. 

Besides the inner structure of photocatalytic optofluidic microreactors, the 

performance of photocatalyst is another determinant of the photocatalytic efficiency 

in microreactors, such as the morphology and light absorption, (Ola and Maroto-Valer, 

2015). Specifically, Nagamine and Inohara (2018) used anodized TiO2 nanotubes/Ti 

bi-layer plates to prepare a photocatalytic optofluidic microreactor, in which the 

length and inner diameter of TiO2 werecontrolled by anodization voltage and time. 

They found that the photocatalytic activity of TiO2 nanotubes increased with the 

increase in length and inner diameter. Furthermore, the plasmonic nanoparticles 

doping of photocatalytic materials is a good way to increase the performance of 

photocatalyst. The strong field enhancement caused by plasmonic nanoparticles (e.g., 

Au, Ag, Al, CuO) increases the absorption cross-section of the semiconductor, 

resulting in the extension of light absorption to longer wavelengths and enhancing the 

electron-hole charge separation in the semiconductor medium, thereby maximizing 

the photocatalytic efficiency (Adleman et al., 2009; Christopher, Xin and Linic, 2011; 

Linic, Christopher and Ingram, 2011; Zhou et al., 2015). Jia et al. (2019) designed a 

microreactor with a TiO2 membrane modified with gold nanoparticles (Au NPs), 

which significantly improved the photocatalytic efficiency (Fig. 5). The rough surface 

of TiO2/AuNP on FTO increased the surface area, and the AuNPs helped to achieve 

strong absorption of visible light. Compared with pure TiO2 membrane microreactors, 

TiO2/AuNP membrane microreactors increased the reaction rate for MB degradation 

by a factor of 13. Except for Au NPs, combining photocatalysts with other metal 

materials also improves photocatalytic efficiency by enhancing the separation of 

charge holes. Martin et al. (2019) reported a photocatalytic optofluidic microreactors 

containing cerium-doped TiO2 films, showing that different concentrations of cerium 

affect both light absorption and degradation. The highest absorption efficiency of the 
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film was 0.8 nominal atomic % of cerium (0.8 Ce at. %), while the maximum 

degradation efficiency of Ce was 0.3 Ce at. % (0.55 μg mL-1 min-1). The reason was 

the right concentration of Ce3+/Ce4+ pairs acting as an electron scavenger to prevent 

the recombination of holes and electrons. Nonetheless, an excess of Ce3+/Ce4+ pairs 

would act as the recombination centers, decreasing the photocatalytic activity.

5. Water splitting

Photocatalytic optofluidic microreactors were reported to significantly improve 

the catalytic efficiency of water splitting (Chen et al. 2017; Sarkar and Bhattacharyya 

2012). Ahsan et al. (2013) proposed a pioneering study on photocatalytic water 

splitting using microfluidic platforms. The reaction rate and efficiency had at least 

2-fold improvement by simply increasing flow rate. Recently, new achievements 

using photocatalytic optofluidic microreactors in water splitting came about (Fajrina 

and Tahir 2019; Jafari et al. 2016), such as novel microreactors of polyacrylamide 

(PAM)-CdS microgels in which the H2 production rate was up to 5.21 mmol gcat
-1 h-1. 

The PAM microgel used for the immobilized substrate of photocatalyst nano CdS 

prevented photocatalyst aggregation. The N-Cd bond and electrostatic interaction 

respectively promote the transfer of electrons from PAM to CdS and hinder the 

recombination of electron-hole pairs, both of which result in more electrons 

participating in the H2 production process (An et al. 2019). Traditional photocatalytic 

optofluidic microreactors with the planar design have a small active surface area and 

low mass transport rate, which limiting photocatalytic efficiency. The photocatalytic 

optofluidic microreactors with staggered micro-pillars in the reaction microchamber 

designed by Li et al. (2014) effectively solve these problems. As shown in Fig. 6A, 

the introduction of staggered micro-pillars increased the active surface area. 

Itenhanced the mass transfer efficiency, which resulted in a 56% increase in catalytic 

efficiency compared with planar reactors. Besides liquid-phase reaction, gas-phase 

photocatalytic H2 generation was developed. Castedo et al. (2018) using a small 

microreactor to study the effect of temperature on the photocatalytic hydrogen 

production in the gas phase (Fig. 6B). In their experiment, the generation of hydrogen 
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followed the Langmuir-Hinshelwood model under UVA irradiation. Under different 

irradiances, the generation of hydrogen is favored by the increase of temperature 

following the Arrhenius relation. The amount of H2 produced reached 0.99 ± 0.024 

mmol gcat
-1 h−1 at 348 K (room temperature) and 1.5 mW·cm-2 (illumination intensity). 

Furthermore, they found that the microreactor scaled up by a factor of ~10 produces a 

very similar result, which demonstrated the feasibility of the amplification technology 

to achieve solar hydrogen production. Most of the current studies mainly focused on 

the hydrogen-producing part. Oxygen generation is another important part of 

photocatalytic water splitting. Photocatalysts, such as SrTiO3, KTaO3, In2O3(ZnO)3, 

SrTiO3:Cr/Sb were developed for overall water splitting (Kudo and Miseki 2009). Q. 

Wang et al. (2019) prepared a Cr2O3/Rh/IrO2-modified Y2Ti2O5S2 photocatalyst with 

improved activation and stabilization, achieving simultaneous production of 

stoichiometric amounts of hydrogen and oxygen on Y2Ti2O5S2 during a 20 h reaction.

6. CO2 fixation

The application of photocatalytic optofluidic microreactors in the field of 

photocatalytic CO2 fixation effectively improves the conversion efficiency (Cheng et 

al. 2017; Ma et al. 2014; Qin et al. 2011; Zeng et al. 2014). Chen et al. (2017) 

designed a photocatalysis optofluidic microreactor with a membrane for 

photocatalytic CO2 reduction. As shown in Fig. 7A, this mesoporous 

CdS/TiO2/SBA-15@carbon paper composite membrane used as photocatalyst has a 

high surface-to-volume ratio and pore volume, beneficial for studying the effects of 

liquid flow rate, light intensity, and NaOH concentration on the conversion efficiency. 

Under the optimal conditions, the maximum methanol production rate reaches 1.022 

mmol gcat
-1 h-1, which is nearly 4 times higher than for CdS/TiO2. However, the 

product of the photocatalytic CO2 reduction had poor selectivity, which limits its 

application range. For the problem, Xie et al. (2019) designed a coupled system that 

integrated photocatalytic reduction of CO2 with photocatalytic fuel cells (PFC). As 

shown in Fig. 7B, the product obtained by the photocatalytic reduction of CO2 was 

directly used as the fuel of PFC to generate electricity. With CO2, the current density 
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and maximum output power were significantly increased. The fuel concentration at 

the PFC export was even higher than that at the PFC import, indicating the feasibility 

of the coupling system for power generation and solar fuel. Another couple system, 

the photosynthetic hybrid system, which is the combination of photocatalysts and 

microbial systems. It cooperates with the good light absorption performance of solid 

photocatalyst and good biocatalyst performance to achieving the selective conversion 

of CO2. Sakimoto et al. (2016) integrated a self-augmented biological system, a 

non-photosynthetic bacterium with CdS nanoparticles (photocatalysts), enabling the 

selective photosynthesis of acetic acid from CO2 for several days, and working as a 

novel CO2 reduction microreactor. Then, to avoid the toxicity of CdS, Zhang et al. 

(2018) reported a gold nanocluster (AuNCs) based biocompatible photocatalyst, 

which significantly increased the efficiency of acetic acid generation (Fig. 8A and 8B). 

In detail, AuNCs function as a reactive oxygen scavenging agent and increase the 

survival rate of M. thermoacetica. This system demonstrated a high continuity and 

consistency capable of converting CO2 for several days. Besides the semiconductor 

materials-based bio-hybrid systems, Miller et al. (2020) successfully developed an 

artificial chloroplast system for CO2 fixation, made by microfluidic technology to 

encapsulate the thylakoid membrane of spinach in cell- sized droplets, which was 

energized by light to power enzymes or enzyme cascades (Fig. 8C and 8D). After that, 

the droplets were combined with the Crotonyl–coenzyme A (CoA)/ethylmalonyl 

CoA/hydroxybutyryl CoA (CETCH) cycle to convert CO2 to glycolate (Fig. 8E). 

Although the overall productivity of the complex system was lower than that of a 

single Crotonyl-coenzyme A (CoA) carboxylase/reductase (Ccr), it was still superior 

to a single enzyme, showing the possibility of creating new-to-nature photosynthetic 

entities that have the potential to outcompete natural photosynthesis.

7. Regeneration of coenzyme

In plants, sugar production relies on the Calvin cycle, in which the coenzyme 

NADPH plays an important role. Thus, the regeneration of NADP+ to NADPH 

/NAD+ and then to NADH is crucial. Based on the merits of 
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microfluidics/optofluidics, various works for coenzyme regeneration were reported. J. 

S. Lee et al. (2011) proposed a microfluidic method to form an artificial 

photosynthetic system. As shown in Fig. 9A, this microreactor has two components, 

the light-dependent zone with a photocatalyst (CdSe) and the light-independent zone 

with glutamate dehydrogenase (GDH), realizing NADH regeneration and L-glutamate 

synthesis, respectively. Traditional methods for the fabrication of artificial coenzyme 

regeneration systems in optofluidic microreactors usually contain three steps, 

including the immobilization of the photocatalyst, the synthesis of a suitable electron 

mediator (M), and the introduction of the M into the reaction system. To make this 

process simpler, Huang, Liu, et al. (2016) designed a one-step method for coenzyme 

regeneration in photocatalytic optofluidic microreactors (Fig. 9B and 9C). Mixing a 

pentamethylcyclopentadienylrhodium (III) chloride dimer, 2,2’-bipyridyl and a 

graphitic carbon nitride photocatalyst (g-C3N4) in ethanol and then evaporating the 

mixture at 50 ℃ resulted in a residue that can function as an immobilized artificial 

photosystem I (IAPSI) containing the photocatalysts and the M. This one-step method 

saves time and reduces the chance to obtain impurities to some extent. Moreover, the 

regeneration efficiency of NADH is 1.12 mmol L-1 h-1, which is 2.3 times faster than 

the homogeneous photocatalytic system. Mimicking cellular structures has also been 

one of the directions of microreactor design in recent years. Lin et al. (2018) reported 

an alcohol dehydrogenase(ADH)@nano TiO2 bioinspired microreactor, in which the 

ADH was encapsulated by TiO2 nanoparticles and coupled with the photocatalytic 

system. In this coupled system, the regenerated NADH was directly supplied to ADH 

as the useful coenzyme for sustainable biosynthesis under visible light irradiation. 

However, in photocatalytic-enzyme systems, the catalytic efficiency is still affected 

by poor electron transfer and oxidative inactivation of the enzyme during the 

photoreaction process. To solve these problems, some works are reported. Tian et al. 

(2020) constructed a novel functionally partitioned photocatalyst-enzyme system 

(TPE-C3N4/PEI/Rh and FDH@MAF-7) inspired by the structure of thylakoid. They 

synthesized a complete artificial photosystem by conjugation the Rh complex 

(electron mediator) onto thiophene-modified C3N4 (TPE-C3N4), using the 
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polyethylenimine (PEI) as a molecular linker. The tight integration of the 

photocatalyst and the Rh complex greatly enhanced the electron transfer, allowing the 

regeneration efficiency of NADH to reach 9.33 μM min-1. Meanwhile, the formate 

dehydrogenase (FDH) was encapsulated in the metal-organic framework MAF-7, 

avoiding the effect of reactive oxygen species generated during the photocatalytic 

process on the enzyme.

8. Discussions and outlook

Photocatalytic optofluidic microreactors effectively overcome the problems of 

uneven illumination, poor mass transfer, low photon utilization in the traditional 

homogeneous photoreactors and the low surface-to-volume rate in the traditional 

heterogeneous photoreactors. The application of photocatalytic optofluidic 

microreactors in terms of water purification, water splitting, CO2 fixation, coenzyme 

regeneration is a promising solution for the environmental pollution, energy crisis, 

greenhouse effect and global food crisis. However, the current photocatalytic 

optofluidic microreactors still have certain limitations, such as low throughput. 

Although the microreactors multi-parallel and the bundle of capillary tubes are 

effective ways to expand the reaction throughput (de Sá et al. 2018), more 

microreactors undoubtedly increase its cost. For high throughput and production, a 

feasible solution is that to scale up the size of the microreactor, while maintaining the 

original characteristics (high photon utilization, high mass transfer efficiency, high 

specific surface area, etc.). Therefore, it is a crucial task to study the intrinsic kinetic 

characteristics of various photocatalytic reactions by combining microreactors with 

analytical detection technologies such as in-situ surface and bulk spectroscopies 

(Russo, 2021). According to the basic steps in the photocatalytic process, the 

rate-limiting step, and the characteristic parameters such as adsorption and desorption, 

it would be possible to scale up the reactor. Beyond that, based on the modeling of 

related parameters to infer the catalytic amplified efficiency or other characteristic 

parameters, which will play a guiding role in the scale-up of the microreactor. In fact, 

in other application scenarios, the micro-size of the microreactor is an advantage, such 
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as analysis and detection. The miniaturization of the photocatalytic reaction on the 

microfluidic chip significantly increases the reaction rate, reduces the consumption of 

samples and reagents, and increases the throughput of parallel screening of samples 

(Zhang et al. 2013). 

Except the innovative design of the microreactors, optimizing the photocatalyst 

is another solution. Most of the existing photocatalytic materials are semiconductor 

materials, such as TiO2 and g-C3N4. Although they have been applied in many fields, 

there is still some problems One problem is the limited production amount caused by 

the low stability of the catalyst and the low selectivity of the product in the field of 

photocatalytic CO2 fixation and water splitting. Therefore, the preparation of new 

photocatalysts with high stability and high selectivity is a development trend for 

improving the catalytic efficiency of related fields (Ola and Maroto-Valer, 2015). 

Another problem is the high band gap of the semiconductor catalyst limits its 

absorption of visible light. So photocatalyst modification is also a feasible solution to 

improve the catalytic efficiency. Doping of plasma and photocatalyst can significantly 

enhance light absorption, thereby improving photocatalytic efficiency. In the fourth 

section of this review, we discussed several related works on the modification of other 

photocatalytic materials. Compared with the degradation of pure photocatalysts, the 

degradation efficiency of the doped photocatalysts is significantly improved. However, 

the plasma is mainly precious metal materials such as Au nanoparticles. To reduce 

costs, improving the stability and recyclability of photocatalysts doped with plasma is 

a future development trend.

The innovative design of novel microreactor, the expansion of microreactor 

throughput, and the development and modification of photocatalytic materials are 

effective ways to efficiently develop and utilize solar energy to realize the commercial 

production of photocatalytic products. We believe that the exploration of the above 

challenges will promote the rapid development of photocatalytic optofluidic 

microreactors and their practical applications.
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Fig. 1 Mechanism of photocatalytic, (A) water purification. “Pol” refers to pollutants, while “Polox” 

refers to the oxidation products of pollutants; (B) water splitting; (C) CO2 fixation (take methanol 

as an example) and (D) synthesis of coenzyme. TEOA in the picture is an electron sacrificial agent, 

used to consume photo-generated holes, Mox and Mred refer to the oxidation state and reduction state 

of the electron transfer medium(M).

Fig. 2 The band gap of some photocatalysts and the redox potential of different chemical species 

at pH of 7.0 (Ola and Maroto-Valer, 2015).
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Fig. 3 Schematic of photocatalytic reactors. (A) Schematic of batch macroreactors (with the volume 

ranges from several cubic centimeters to hundreds of cubic centimeters); (B) Schematic of flow 

mode macroreactors (Dh > 1 mm); (C) Schematic of wall-coated macroreactors (Dh > 1 mm); (D) 

Schematic of honeycomb optical fiber macroreactors (Dh > 1 mm); (E) Schematic of capillary tube 

microreactor; (F) Schematic of single-microchannel reactor; (G) Schematic of multi-microchannel 

reactor; (H) Schematic of planar microreactor. The Dh of photocatalytic optofluidic microreactor is 

less than 1 mm.
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Fig. 4 (A) Schematic of the developed photocatalytic microreactor with separated oxidation and 

reduction channels (Nagamine 2020). Copyright © 2019 The Society of Powder Technology 

Japan. (B) Schematic of the capillary microreactor packed with TiO2-coated glass beads (Zhang et 

al. 2020). Copyright © 2020 Elsevier B. V. (C) Device design of the triphasic photocatalytic 

microreactor (Yu and Wang 2020). Copyright © 2019 Elsevier B. V.

Fig. 5 TiO2/AuNP microreactor. (A) 3D diagram of the TiO2/AuNP microreactor (Jia et al. 2019). 

Copyright © 2019 MDPI. (B) Photo of the TiO2/AuNP microreactor (Jia et al. 2019). Copyright © 

2019 MDPI. (C) Fabrication and integration of the microreactor. On the left side of the picture is 

fabrication process of the TiO2/AuNP film; On the right side of the picture is non-photolithographic 

manual molding of the polydimethylsiloxane (PDMS) cover; And at the bottom of the picture is 

cross-sectional view of the microreactor after the PDMS cover is bonded on the TiO2/AuNP film 

(Jia et al. 2019). Copyright © 2019 MDPI.
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Fig. 6 (A) Schematic of the optofluidic microreactor with micropillar structure and cross section of 

the staggered micro-pillars in the reaction chamber (Li et al. 2014). Copyright © 2014 Hydrogen 

Energy Publications, LLC. (B) Photographs of two size of silicone microreactors. The small 

microreactor and the large microreactor showed a very similar result in terms of hydrogen 

production (Castedo et al. 2018). Copyright © 2018 Elsevier Ltd.

Fig. 7 (A) Schematic of the optofluidic membrane microreactor (Chen et al. 2017). Copyright © 

2017 Elsevier B.V (B) Working principle of the coupled system that integrates photocatalytic 

reduction of CO2 with photocatalytic fuel cell (Xie et al. 2019). Copyright © 2019 Elsevier Ltd.
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Fig. 8 (A) Schematic diagram of the M. thermoacetica/AuNC hybrid system (Zhang et al. 2018). 

Copyright © 2018 Springer Nature. (B) The electrons generated from intracellular AuNCs under 

illumination are used by enzymatic mediators inside the cytoplasm and are finally passed on to the 

Wood-Ljungdahl pathway (Zhang et al. 2018). Copyright © 2018 Springer Nature. (C) Scheme of 

the thylakoid membrane–based energy module (TEM) system encapsulated in microdroplets. Light 

triggers TEM activity to produce NADPH and ATP (Miller et al. 2020). Copyright © 2020 The 

American Association for the Advancement of Science. (D) Schematic of the reactor used for time 

and spatial control of metabolic activity in droplets, and the spatial pattern of two different droplets 

in the observation chamber (Miller et al. 2020). Copyright © 2020 The American Association for 

the Advancement of Science. (E) Scheme of the CETCH coupled to TEM operating inside 

microdroplets (Miller et al. 2020). Copyright © 2020 The American Association for the 

Advancement of Science.
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Fig. 9 (A) Design of microreactor, in which the cofactor regeneration takes place in the light-

dependent reaction zone and the enzymatic synthesis in the light-independent zone (J. S. Lee et al. 

2011). Copyright © 2011 Royal Society of Chemistry. (B) One-step fabrication process of the 

immobilized artificial Photosystem I (IAPSI) (Huang, Liu, et al. 2016). Copyright © 2016 The 

Royal Society of Chemistry. (C) Photograph of the as-fabricated IAPSI microreactor, in which the 

inset presents the leaf-like shape of photocatalysts with electron mediators (Huang, Liu, et al. 2016). 

Copyright © 2016 The Royal Society of Chemistry.
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Table 1 Photocatalytic optofluidic microreactors used for photocatalytic water 

purification, water splitting, CO2 fixation and coenzyme regeneration.

Reaction type Catalyst
Light 

source
Model chemicals Catalytic efficiency

Standard catalytic 

efficiency

Water 

purification

ZnO NWs UV lamp 

(365 nm, 4500 

mW cm-2)

Volatile organic 

compounds 

(2000 μg mL− 1)

95% (5 s)

(Azzouz et al. 2018)

2.28×104 μg mL-1 min-1

TiO2 Xe-lamp 

(107 mW cm-2)                                                                              

Methylene blue 

(3.13× 10−5 mol L-1) 

96% (20 s)

 (Zhang et al. 2020)

~28.83 μg mL-1 min-1

TiO2/AuNP Xe-lamp 

(λ＞420 nm, 

300 mW cm-2)

Methylene blue

 (5 × 10−5 mol L-1)

58% (12.5 min)

(Jia et al. 2019)

~0.74 μg mL-1 min-1

Ce-TiO2 Solar simulator 

(300-500 nm, 

3.55 mW cm-2)

17-α-

Ethinylestradiol

 (9 mg L-1)

86% (14 min)

(Martin et al. 2019)

~0.55 μg mL-1 min-1

Water 

splitting

CdS Hg lamp

 (450W, λ＞380 

nm)

H2 5.21 mmol h-1 g-1 

(An et al. 2019)

5.21 mmol gcat
-1 h-1

Au/TiO2 LED 

(365±2 nm, 1.5 

mW cm-2)

H2 0.99 ± 0.024 mmol 

h−1 g−1

 (Castedo et al. 2018)

0.99 ± 0.024 mmol gcat
-1 h-1

CO2 fixation Cu2
+-TiO2 UV-LED

 (365 nm, 15 

mW cm-2)

Methanol

/Ethanol

36.18 μmol gcat
-1 h-1 

/79.13 μmol gcat
-1 h-1 

(Cheng et al. 2017)

0.03618 mmol gcat
-1 h-1 

/0.07913 mmol gcat
-1 h-1

TiO2/carbon 

paper 

composite 

membrane

LED 

(365 nm, 8 mW 

cm-2)

Methanol 111.0 μmol gcat
-1h-1

 (Cheng et al. 2016) 

0.111 mmol gcat
-1h-1

CdS/20 wt% 

TiO2/SBA-15

Xe-lamp

 (400-540nm, 

100 mW cm-2)

Methanol 1022 μmol gcat
-1 h-1

 (Chen et al. 2017)

1.022 mmol gcat
-1h-1
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Regeneration 

of coenzyme

CdSe Xe-lamp

 (λ> 420 nm, 62 

mW cm-2)

NADH 

(1 mmol L-1)

27% (60 min) 

(J. S. Lee et al. 2011)

0.27 mmol L-1 h-1

Few-layer   

g-C3N4

Xe-lamp 

(λ> 420 nm)

NADH 

(1 mmol L-1) 

56% (30 min)

 (Huang et al. 2016)

1.12 mmol L-1 h-1

Carbon nitride 

nanorods 

(CNR)

LED lamp NADH 

(1 mmol L-1)

72% (60 min) 

(Liu et al. 2014)

0.72 mmol L-1 h-1

*Definition of different standard catalytic efficiency unit: (1) Water purification: Based 

on the degradation rate, reaction time and initial concentration., the pollutant 

degradation efficiency units were converted to [μg mL-1 min-1]; (2) Water splitting and 

CO2 fixation: the parameters included in the photocatalytic efficiency units are 

consistent, e.g., in the units [mmol h-1 g-1] and [μmol gcat
-1 h-1], both [g] and [gcat] denote 

the mass of the catalyst, h denotes hours, and both [mmol] and [μmol] denote the yield 

of the product. To avoid confusion, the standard catalytic efficiency is unified into 

[mmol gcat
-1 h-1]; (3) Synthesis of coenzyme: The coenzyme regeneration efficiency 

units were converted to [mmol L-1 h-1] according to the regeneration rate, reaction time 

and initial concentration.
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Table 2 Type of traditional photocatalytic macroreactors used for photocatalysis.

Type of 

macroreactor
Catalyst Light source Model chemicals Catalytic efficiency

Standard 

catalytic 

efficiency

Dimensions 

（cm3）

Homogeneous 

photoreactors

Mo-TNTs UVA lamp 

(365 nm, 0.063 

mW cm-2)

CH4/CO 0.087 μmol gcat
-1 h-1

/1.735 μmol gcat
-1 h-1 

(Wu et al. 2015)

8.7×10-5

 mmol gcat
-1 h-1 

/1.735×10-3 

mmol gcat
-1 h-1 

(Wu et al. 2015)

300

TiO2 

pellets

UVC lamp 

(253.7 nm)

CH4 200 ppm (48 h) 

(Tan et al. 2006)

~2.02×10-6 

mmol gcat
-1 h-1

1088.95Heterogeneous 

photoreactors 

(Wall-coated) TiO2 Hg lamp 

(6 W)

Paraquat 

(100 mg L-1) 

99% (12 h)

(Lee et al. 2002)

0.1375 

μg mL-1 min-1

1000

TiO2 

pellets

Hg UV tubes

 (365 nm, 1.1 

mW cm-2)

Phenol 

(0.038 mmol L-1)

86% (6 h) 

(Dionysiou et al. 2000)

~8.47×10-3 

μg mL-1 min-1

5000

Heterogeneous 

photoreactors 

(Optical fiber)

Cu-

Fe/TiO2

Hg lamp 

(320-500 nm, 

225 mW cm-2)

Methane/ 

Ethylene

0.91 μmol gcat
-1 h-1/

0.58 μmol gcat
-1 h-1

(Nguyen and Wu 2008)

9.1×10-4 

mmol gcat
-1 h-1/

5.8×10-4 

mmol gcat
-1 h-

216

Cu/TiO2 Hg lamp

 (365 nm, 16000 

mW cm-2)

Methanol 0.45 μmol gcat
-1 h-1

(Wu et al. 2005))

4.5 ×10-4 

mmol gcat
-1 h-1

128.6

TiO2 UV lamp 

(365 nm, 40 W)

Gaseous benzene 

(20 ppmv)

80% (4 h)

(Wang and Ku 2003)

--- 195
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Table 3. Comparison of traditional photocatalytic macroreactors and photocatalytic 
optofluidic microreactors.

Index
Traditional photocatalytic 

macroreactor

Photocatalytic optofluidic 

microreactor

Surface-to-volume 

ratio

Low specific surface area, 

mostly <3000 m2 m-3 

(Van Gerven et al. 2007)

High specific surface area, 

10000-300000 m2 m-3 

(Lu et al. 2001; Lei et al. 

2010; Mak et al. 2009; 

Meng et al. 2013; Wang et 

al. 2014; Vesborg et al. 

2010)

Molecular diffusion 

length

Millimeters or centimeters 

(Lin and Valsaraj 2005; Van 

Gerven et al. 2007) 

Microns

(Huang et al. 2018; Wang et 

al. 2014)

Irradiation
Not uniform 

(Oelgemoeller 2012)

Uniform irradiation due to 

immobilized photocatalyst 

(Chong et al. 2010)

Reaction time

Usually in the range of 4 to 48 

hours

(Oelgemoeller 2012)

Most are less than an hour, 

some even less than a 

minute (Lei et al. 2010; 

Meng et al. 2013; Wang et 

al. 2012)

Stability of the 

photocatalysts

About 10 runs of reactions

(Chen et al. 2013; McCullagh et 

al. 2011; Wu et al. 2008)

Several hundred runs of 

reactions (Wang et al. 

2012)

Control of fluids Extensive control

Fine control by precision 

syringe pump (Elvira et al. 

2013; Erickson et al. 2011; 

Psaltis et al. 2006)
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Fig. 1 Mechanism of photocatalytic, (A) water purification. “Pol” refers to pollutants, while “Polox” refers to 
the oxidation products of pollutants; (B) water splitting; (C) CO2 fixation (take methanol as an example) 

and (D) synthesis of coenzyme. TEOA in the picture is an electron sacrificial agent, used to consume photo-
generated holes, Mox and Mred refer to the oxidation state and reduction state of the electron transfer 

medium(M). 

338x190mm (300 x 300 DPI) 
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Fig. 2 The band gap of some photocatalysts and the redox potential of different chemical species at pH of 
7.0 (Ola and Maroto-Valer, 2015). 

338x190mm (300 x 300 DPI) 
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Fig. 3 Schematic of photocatalytic reactors. (A) and (B) Schematic of homogeneous photoreactors; (C) 
Schematic of wall-coated photoreactors; (D) Schematic of honeycomb optical fiber reactors; (E) Schematic 
of capillary tube microreactor (inner diameter: ≤ 1 mm); (F) Schematic of single-microchannel reactor; (G) 

Schematic of multi-microchannel reactor; (H) Schematic of planar microreactor. 

338x190mm (300 x 300 DPI) 
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Fig. 4 (A) Schematic of the developed photocatalytic microreactor with separated oxidation and reduction 
channels (Nagamine 2020). Copyright © 2019 The Society of Powder Technology Japan. (B) Schematic of 

the capillary microreactor packed with TiO2-coated glass beads (Zhang et al. 2020). Copyright © 2020 
Elsevier B. V. (C) Device design of the triphasic photocatalytic microreactor (Yu and Wang 2020). Copyright 

© 2019 Elsevier B. V. 

338x190mm (300 x 300 DPI) 
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Fig. 5 TiO2/AuNP microreactor. (A) 3D diagram of the TiO2/AuNP microreactor (Jia et al. 2019). Copyright © 
2019 MDPI. (B) Photo of the TiO2/AuNP microreactor (Jia et al. 2019). Copyright © 2019 MDPI. (C) 

Fabrication and integration of the microreactor. On the left side of the picture is fabrication process of the 
TiO2/AuNP film; On the right side of the picture is non-photolithographic manual molding of the 

polydimethylsiloxane (PDMS) cover; And at the bottom of the picture is cross-sectional view of the 
microreactor after the PDMS cover is bonded on the TiO2/AuNP film (Jia et al. 2019). Copyright © 2019 

MDPI. 

338x190mm (300 x 300 DPI) 
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Fig. 6 (A) Schematic of the optofluidic microreactor with micropillar structure and cross section of the 
staggered micro-pillars in the reaction chamber (Li et al. 2014). Copyright © 2014 Hydrogen Energy 

Publications, LLC. (B) Photographs of two size of silicone microreactors. The small microreactor and the 
large microreactor showed a very similar result in terms of hydrogen production (Castedo et al. 2018). 

Copyright © 2018 Elsevier Ltd. 

338x190mm (300 x 300 DPI) 
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Fig. 7 (A) Schematic of the optofluidic membrane microreactor (Chen et al. 2017). Copyright © 2017 
Elsevier B.V (B) Working principle of the coupled system that integrates photocatalytic reduction of CO2 with 

photocatalytic fuel cell (Xie et al. 2019). Copyright © 2019 Elsevier Ltd. 

338x190mm (300 x 300 DPI) 
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Fig. 8 (A) Schematic diagram of the M. thermoacetica/AuNC hybrid system (Zhang et al. 2018). Copyright © 
2018 Springer Nature. (B) The electrons generated from intracellular AuNCs under illumination are used by 
enzymatic mediators inside the cytoplasm and are finally passed on to the Wood-Ljungdahl pathway (Zhang 

et al. 2018). Copyright © 2018 Springer Nature. (C) Scheme of the thylakoid membrane–based energy 
module (TEM) system encapsulated in microdroplets. Light triggers TEM activity to produce NADPH and ATP 

(Miller et al. 2020). Copyright © 2020 The American Association for the Advancement of Science. (D) 
Schematic of the reactor used for time and spatial control of metabolic activity in droplets, and the spatial 
pattern of two different droplets in the observation chamber (Miller et al. 2020). Copyright © 2020 The 

American Association for the Advancement of Science. (E) Scheme of the CETCH coupled to TEM operating 
inside microdroplets (Miller et al. 2020). Copyright © 2020 The American Association for the Advancement 

of Science. 
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Fig. 9 (A) Design of microreactor, in which the cofactor regeneration takes place in the light-dependent 
reaction zone and the enzymatic synthesis in the light-independent zone (J. S. Lee et al. 2011). Copyright © 
2011 Royal Society of Chemistry. (B) One-step fabrication process of the immobilized artificial Photosystem 
I (IAPSI) (Huang, Liu, et al. 2016). Copyright © 2016 The Royal Society of Chemistry. (C) Photograph of the 

as-fabricated IAPSI microreactor, in which the inset presents the leaf-like shape of photocatalysts with 
electron mediators (Huang, Liu, et al. 2016). Copyright © 2016 The Royal Society of Chemistry. 

338x190mm (300 x 300 DPI) 
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