
Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

i 
 

Optofluidic microreactor for the 

photocatalytic hydrogen generation via 

water splitting reaction 
 

A Thesis 

Submitted in Partial Fulfilment of the Requirement for the Degree of  

 

DOCTOR OF PHILOSOPHY 

 

By  

PONNALA RAMBABU 
 

 

 

 

Department of Chemical Engineering 

Indian Institute of Technology Guwahati 

Guwahati-781039, Assam, India. 

2022 

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

iii 
 

 

 

 

 

 

 

Dedicated To My Family & 

My Brother-in-law 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

iv 
 

  

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

v 
 

Indian Institute of Technology Guwahati 

Department of Chemical Engineering 

 

Declaration 

I certify that the work contained in this thesis entitled “Optofluidic microreactor for the 

photocatalytic hydrogen generation via water splitting reaction” is original and has been done 

by me at the Department of Chemical Engineering, Indian Institute of Technology Guwahati, 

Guwahati, India, under the supervision of Dr. Nageswara Rao Peela. The work has not been 

submitted to any other Institute for any degree or diploma. I have followed the guidelines 

provided by the Institute in preparing the thesis. I have confirmed to the norms and guidelines 

given in the Ethical Code of Conduct of the Institute. Whenever I have used materials (data, 

theoretical analysis, figures, and text) from other sources, I have given due credit to them by 

citing them in the text of the thesis and giving their details in the references. Further, I have 

taken permission from the copyright owners of the sources, whenever necessary.  

 

 

 

 

 

Date: 21th November 2022  

Place: IIT Guwahati  

Ponnala Rambabu 

(Research Scholar)  

Roll No: 166107024  

Department of Chemical Engineering  

IIT Guwahati, Guwahati – 781039  

Assam, India 

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

vi 
 

  

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

vii 
 

Indian Institute of Technology Guwahati 

Department of Chemical Engineering 

 

Certificate 

It is certified that the work described in this thesis entitled “Optofluidic microreactor for the 

photocatalytic hydrogen generation via water splitting reaction” by Ponnala Rambabu for the 

award of the degree of Doctor of Philosophy is an authentic record of the results obtained from 

the research work carried out under my supervision at the Department of Chemical 

Engineering, Indian Institute of Technology Guwahati, Guwahati, India, and this work has not 

been submitted elsewhere for a degree.  

 

Dr. Nageswara Rao Peela  

(Supervisor) 

Associate Professor  

Department of Chemical Engineering 

 IIT Guwahati, Guwahati – 781039  

Assam, India 

  

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

viii 
 

 

  

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

ix 
 

Acknowledgment 

First and foremost, I feel it is a great privilege to express my deepest and most sincere gratitude 

to my supervisor Dr. Nageswara Rao Peela for his invaluable guidance, encouragement and 

support during my Ph.D. research work. His inspiring guidance, motivation and sincere advice 

have enabled me to overcome all the difficulties during my research. And I look forward to 

working with him and further developing our relationship.  

I am grateful to Prof. Ramgopal V.S. Uppaluri, the Chairman of the Doctoral Committee, 

Department of Chemical Engineering, IIT Guwahati, for providing valuable suggestions on my 

work throughout the years. In addition, I want to express my sincere gratitude to Dr. Partho 

Sarathi Gooh Pattader and Dr. Pavan Kumar Kancharla, distinguished members of the Doctoral 

Committee, for giving their valuable suggestions and encouragement, which helped in the 

successful completion of this thesis. I also thank Prof. Kastubha Mohanty, Head of the 

Department of Chemical Engineering, for his administrative support. Furthermore, I would like 

to thank other faculty members and research scholars for supporting the Department of 

Chemical Engineering staff, IIT Guwahati, for their kind cooperation in all aspects. 

I genuinely thank the fellowships offered by the Ministry of Human Resource Development 

(MHRD) and our institute for the duration of the Ph.D. programme. The analytical resources 

from Central Instruments Facilities (CIF) and the Department of Chemical Engineering of the 

Indian Institute of Technology Guwahati are also acknowledged. I would like to thank the 

Department of Science and Technology (DST), New Delhi, India, for partial financial support 

provided under Clean Energy Research Initiative (CERI) with Grant Number: 

DST/TM/CERI/C19(G). 

I am thankful to my senior members from our group, Dr. Yedla Santosh Kumar, Dr. Mehboob 

Alam, and Dr. Devipriya Gogoi, for their encouragement and guidance. In addition, I want 

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

x 
 

thank my lab colleagues, Dr. Bharath, Mr. Prasad, Mr. Hanumanth, Mr. Ameer, Ms. Sarmistha 

Mr. Masresha and Mr. Prince for their contact, suggestions, and friendship. 

I am thankful to my friends- Mukhesh, Dr. Vikas, Dr. Anasuya, Anuja, Prem, Kanishka, Sunil 

Kumar, Anirudha, Prerana, Rajashekar, Dr. Mallikarjun, Dr. Ramesh, Pruthvi Raj, Dr. Sathya 

Narayana, Anudeep, Pilli, Nagendra Prasad, Srinu, and Durga for their support and motivation 

throughout my research career at IIT Guwahati. 

I also thank my close friends- Jithendar, Dr. Paul Praveen, Upendar, Shiva, Sushovan, Raghu, 

Bhaskar, Krishna Prasad, and Jithu for their lovely support. 

Finally, I want to express my deepest gratitude and indebtedness to my parents (Rajaiah-

Bhadramma) for giving me this life to explore myself and reach my aspirations while also 

teaching me priceless life lessons. In addition, I would like to thank my wife, Jyothsna, with 

the utmost pleasure. Her extensive longer patience and support gave me a lot of strength to 

finish my Ph.D and I keep my respect throughout my life. I also like to express my gratitude to 

my brother-in-law (Marapally Srikanth), my aunt (Marapally Thirupathi), and my uncle 

(Marapally Sampath) for their assistance. Above all, I am grateful to Almighty God for blessed 

me with my lovely children Jaswik Babu and Vigneswara Babu, they have made my life lovely.  

  

PONNALA RAMBABU 

 

 

 

 

 

 

 

TH-3123_166107024



Optofluidic microreactor for Photocatalytic hydrogen generation via water splitting reaction 

xi 
 

0. Abstract 

The increasing demand for energy and environmental concern lead to the exploration of 

renewable energy resources, among which, the solar energy is a prominent resource as its 

availability in more uniform across the globe. The hydrogen (H2) is the most viable future 

energy carrier due to its high gravimetric energy density and non-polluting nature. The direct 

conversion of solar to green hydrogen via photocatalytic water splitting has a great potential 

and the optofluidic microreactors (OFMRs) are highly useful in this regard. The OFMRs in 

photocatalysis enables the concurrent and fine control of fluid flow, photon harvesting, and 

reaction with the shorter transfer path lengths. The design of the OFMR plays a significant role 

to stimulate the transport properties, which in turn improve the photocatalytic reaction 

performance. The OFMRs are being developed for several applications. However, due to 

complex and expensive fabrication, these devices are not well established in practical 

applications. In this study, we describe a simple, rapid, and inexpensive method to fabricate 

microchannels with various geometries on the glass substrate and tested them for the 

production of green hydrogen via photocatalytic water splitting reaction after coating with a 

sustainable photocatalyst. 

For the fabrication of microchannels on glass substrate, we used adhesive tape as a mask, a 

surgical knife to make patterns, and wet chemical etching to remove unwanted parts from the 

glass. The adhesive tape as mask resulted in deeper channels (up to 550 µm), and higher etch 

factor (1.2) as compared to those obtained with UV photolithography. The semi-circular shaped 

microchannel with sharp edges and without any wall irregularities was obtained with adhesive 

tape as mask and using 49% HF solution as chemical etchant at room temperature for 120 min.  

The CdS photocatalyst was coated, using sol-gel method, on OFMRs with various geometries, 

such as serpentine, planner and micropillered, and tested them for photocatalytic hydrogen 
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production. The effect of OFMR geometry, liquid flow rate (0.05 – 1 mL min-1) and sacrificial 

reagent (SR, Na2SO3/Na2S) concentration (0.05 – 0.5 M) on the hydrogen generation under 

visible light was studied. A higher H2 production rate was observed with the serpentine OFMR 

as compared to that in planar and micropillared OFMRs. The serpentine OFMR, having higher 

surface-to-volume ratio, induced the micromixing that enhanced the mass transfer of the 

sacrificial reagent and resulted in higher H2 formation. A maximum H2 production rate of 2.65 

µmol h-1 cm-2 was observed at a reactant flow rate of 1.0 mL min-1 and a sacrificial reagent 

(Na2SO3/Na2S) concentration of 0.5 M. The laminar flow in microreactor limits the mixing. 

There is a necessity to enhance the mixing, which results in the mass transfer enhancement. 

The slugs creation by introducing inert gas is one possible way to enhance the internal 

circulation of reactant molecules over the photocatalyst. The serpentine OFMR was used for 

the gas-liquid photocatalytic hydrogen production. The effect of gas and liquid flow rates on 

the hydrogen production rate in the presence of 0.1 M SR (Na2SO3/Na2S) under the UV light 

(254 nm) irradiation was investigated. A higher H2 production rate (0.298 µmol h-1) was 

observed at the gas and liquid flow rates of 1 and 0.8 mL min-1, respectively. With increase of 

inert gas flow rate, the hydrogen evolution rate was increased at lower flow rates and then 

decreased with gas flow rate, reaching maximum at a flow rate of 0.8 mL min-1. The increase 

of H2 production rate at lower flow rates can be due to the enhanced mixing and mass transfer, 

while its decrease at higher flow rates was due to the gas phase occupying more photocatalyst 

active area. 

An effective corrugated serpentine OFMR (C-SOFMR) with advanced features, such as 

expansion/contraction and wavy microstructures, was fabricated using the adhesive tape based 

method as described before. A flow visualization study reveals a laminar flow with no back 

mixing in plain serpentine OFMR (P-SOFMR), and stretching and folding of fluid along with 

back mixing in C-SOFMR. Further, the CdS nanowires on g-C3N4 nanosheet (CN/CdS) 
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heterojunction was synthesized in situ both P-SOFMR and C-SOFMR and utilized the device 

for the photocatalytic green hydrogen generation. The CN/CdS heterojunction endowed with 

narrow band gap energy (2.01 eV). The longer CdS nanowires (~110 nm) benefit the electronic 

interface with CN in the CN/CdS heterojunction and lead to the spatial separation (reduced 

recombination) of excitons along the CdS axial direction. The charges generated were utilized 

efficiently for the HER reaction in both P-SOFMR and C-SOFMR at higher flow rates 

attributing to the rapid micro-mixing and mass transfer. The CN/CdS2 heterojunction showed 

the highest photocatalytic activity (6.38 µmol h-1 in C-SOFMR and 6.16 µmol h-1 in P-SOFMR 

at 1.0 mL min-1) due to its good optronic properties.  

The new approach developed in this study is a step forward in fabricating highly efficient, 

advanced and inexpensive optofluidic microdevices for the green hydrogen production directly 

from solar energy. 
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1. Chapter 1 

Background of the Work and Research Objectives 

This chapter discusses the basic concepts of the photocatalytic water splitting reaction over 

the semiconductor. An inclusive review on the photo driven charge transportation dependence 

of the semiconductor optronic and chemical stability is described. Comparison between the 

traditional batch and OFMR is provided. A brief literature survey on glass fabrication and 

water splitting reaction in OFMR is given. Finally, the knowledge gaps and contests are 

concised and the research objectives are specified.  

  1 

Optofluidic microreactor 
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1.1 Energy outlook  2 

 Presently, 96% of energy demand of the world is met through fossil fuels resources, which 3 

leads to environmental pollution and results in long term energy crisis1,2. The increasing 4 

demand for energy and environmental concerns leads to the exploration of renewable energy 5 

resources, such as solar, wind, biomass and geothermal3,4. Among the renewable energy 6 

resources available, the solar energy is more prominent to substitute fossil fuels as its 7 

availability in more uniform across the globe5. Various solar to more useful energy conversion 8 

technologies are being developed or are in the commercial use. For example, solar to electrical 9 

energy and solar thermal technologies are already in commercial use. On the other hand, the 10 

technologies for the direct conversion of the solar to chemical energy (green hydrogen) are 11 

attracting intense research all over the world6. 12 

Figure 1.1: Photocatalytic water splitting mechanism on the photocatalyst. 13 
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Hydrogen is the most promising, efficient and clean energy carrier due to its environmental-14 

friendly and non-polluting nature. Solar hydrogen energy production has the potential to supply 15 

sustainable green energy to the world’s demand, replace the limited fossil fuels, and combat 16 

climate changes due to CO2 emissions. The hydrogen (H2) is the most viable future energy 17 

carrier7. The gravimetric higher heating value (HHV, 141.8 MJ kg-1) and lower heating value 18 

(LHV, 120 MJ kg-1) of H2 are much greater than those of gasoline (46.5 and 43.3 MJ kg-1) at 19 

298 K. Currently, major portion of H2 is being produced from the fossil fuels. The H2 produced 20 

from fossil fuels without carbon capture is called the grey hydrogen and that produced with 21 

carbon capture is called the Blue hydrogen. While, the H2 produced from renewable sources, 22 

such as solar and wind, is known as the green hydrogen. The green hydrogen production is a 23 

sustainable technology as the resources used are long lasting and sustainable. At present, the 24 

green hydrogen is being produced from solar energy in two steps: solar to electricity conversion 25 

followed by electrolysis of water to produce green hydrogen. This process is complex and 26 

produce some wastes6,8,9,10,11. Therefore, the photocatalytic conversion of solar to green 27 

hydrogen is a highly attractive alternative. However, the major hurdle in this technology in the 28 

poor solar-to-hydrogen conversion efficiency (STH)12. 29 

1.2 Photocatalytic water splitting 30 

Fujishima-Honda discoverd the electrochemical water splitting to produce hydrogen and 31 

oxygen13. The water splitting reaction to produce H2 and O2 is a thermodynamically uphill 32 

reaction (∆G⁰ = 237.13 kJ mol-1). 33 

The overall water splitting reaction is as follows: 34 

2𝐻2𝑂 
ℎ𝑣
→  𝐻2 + 𝑂2         ∆G

0 =  237.13 kJ 𝑚𝑜𝑙−1             𝟏. 𝟏  35 

The involved reactions are: 36 
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𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
ℎ𝑣
→ 𝑒−1 + ℎ+     𝟏. 𝟐  37 

𝑷𝒉𝒐𝒕𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏: 𝐻2𝑂 + ℎ
+ → 2𝐻+ +

1

2
𝑂2                 𝟏. 𝟑              38 

𝑷𝒉𝒐𝒕𝒐𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏: 2𝐻+ + 2𝑒−1 → 𝐻2                              𝟏. 𝟒    39 

The photocatalysts must have suitable band gap and edge potentials. The conduction and 40 

valence band edge potentials should be more negative and more positive, respectively, with 41 

respect to the reduction and oxidation potentials of water14. The minimum potential required 42 

for the reduction of H+ to H2 and for the oxidation of H2O to O2 are -0.41 and +0.82 V vs. NHE 43 

at pH 7 (Figure 1.1). When the energy of the incident photon is greater than the band gap 44 

energy of photocatalyst, the electrons and holes are generated and the electrons are excited to 45 

the conduction band (CB) leaving holes in valence band. The photo driven excitons diffuse to 46 

the semiconductor surface to split the water into H2 and O2. Here, the separation of excitons 47 

plays an important role to reduce the recombination of electron and hole. Photocatalytic water 48 

splitting reaction activity/efficiency depends three major factors: 1) Photon absorption, 2) 49 

charge generation and separation, and 3) redox reactions on the photocatalyst surface.   50 

1.2.1 Photon absorption 51 

The photon absorption is influence by the light penetration depth and absorption by 52 

photocatalyst. The light penetration depth depends on the reactor design15. While, the 53 

absorption by photocatalyst depends on band gap and film thickness or particle size of the 54 

photocatalyst16. The light transfer length should be short and clear to avoid loss of incident 55 

photon due to the scattering and reflection17. In particulate photocatalysis, the light scattering 56 

is higher than the absorption due to the unsteady (movement of) photocatalyst which in turn 57 

leads to loss of energy. Fixed thin films of the desired thickness are effective at capturing light, 58 
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lengthening photon lifetimes through void resonance, and avoid the need for catalyst post-59 

processing18.  60 

1.2.2 Photo driven electron and hole generation and separation  61 

The photon absorption and generation of excitons depends on the semiconductor physical and 62 

electronic properties19. The semiconductor under light irradiation generates the excitons which 63 

need to be separated and used in the redox reactions otherwise recombines quickly. The 64 

recombination may occur in bulk or at surface at a time scale of picosecond to nanosecond 65 

(Figure 1). Surface states or defects of the semiconductor acts as the recombination centres. A 66 

defects free semiconductor with high active surface area and high crystallinity is beneficial to 67 

enhance the photo-activity. The semiconductor-semiconductor heterojunctions and metal-68 

doping in semiconductor help in spatial separation of excitons20. The noble metals such as Pt, 69 

Ag, Ru, Au, Rh, and Ir interface with the semiconductor, form a Schottky barrier and reduces 70 

the activation energy that enhances the charge separation21. The noble metals also extends the 71 

visible light absorption due to local surface plasmon resonance (SPR). The doping of metals 72 

on the semiconductor structures such as rods, wires, cubes, and core-shell22 enables efficient 73 

light harvesting and photosensitization of broader band gap materials such as TiO2, SrTiO3, 74 

and CdS. The alkali and alkaline earth metals are able to modify the crystal structure without 75 

affecting the band structure of semiconductor. The co-catalysts are majorly used to reduce the 76 

charge carrier recombination23, improve the charge transfer kinetics and change reaction 77 

pathway. These act as an exciton scavenger and reaction sites for the redox reactions. The 78 

concentration of co-catalyst should be optimum. The lower concentrations result lower activity 79 

due to insufficient co-catalyst sites. The higher concentrations also result in lower activity but 80 

due to the blockage of active sites on the semiconductor and thus reducing its active surface 81 

area.  82 
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Semiconductor-semiconductor heterojunction interface enables the effective spatial separation 83 

of photo-generated charges21. Two semiconductors are owed to be different band structure, 84 

which can be band aligned. Three types of heterojunction are well known: Straggling gap (Type 85 

1), Staggered gap (Type 2), and Broken gap (Type 3)24,25. In Type 1 heterojunction, the 86 

semiconductor I (SC I) have the higher CB and lower VB energy levels than the semiconductor 87 

II (SC II) and therefore, the migration of photo-generated electron and holes is from SC I to 88 

the SC II, under the light irradiation (Figure 1.2a). The charge separation and redox ability of 89 

Type 1 heterojunction are effective due to the accumulation of excitons and redox reactions on 90 

the lower potential semiconductor. In Type 2 heterojunction, SC II have the higher CB and VB 91 

energy levels than the SC II. The photo-generated electrons are transferred from SC I to SC II, 92 

and the holes are transferred from SC II to SC I (Figure 1.2b). The separation of excitons is 93 

effective in Type 2 than that in Type 1 heterojunction. However, the redox ability is high due 94 

to the fact that the redox reactions occur on the lower potential semiconductor. The charge-95 

transfer mechanism in Type 3 heterojunction is similar to that of Type 2, but the band gaps of 96 

semiconductors do not overlap and, therefore, the photo generated charge carrier separation is 97 

not feasible (Figure 1.2c).  98 

Figure 1.2: The photo-generated charge separation mechanisms in heterojunction-based 99 

photocatalysts: (a) Type 1, (b) Type 2, and (c) Type 3. 100 

 101 

a) b) c) 
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In 1979, Bard introduced the Z-scheme water splitting, motivated by the natural photosynthesis 102 

Figure 1.3a26. The two-step Z-scheme process utilizes the visible light and requires lower 103 

energy. The Z-scheme27,28 is the combination of H2 and O2 evolution photocatalysts in presence 104 

of a redox mediator (acceptor/donor (A/D)) such as I3-/I-, Fe3+/Fe2+, and IO3-/I-. In this process, 105 

the D forms when A scavenge the electron from CB of the oxidation photocatalyst and A forms 106 

when D scavenge the hole from VB of the reduction photocatalyst29. The photo generated free 107 

electron reduces the water and the hole oxidizes the water to produce H2 and O2, respectively. 108 

Demerits of this process are the lower charge transfer rate due to slow ion pairs diffusion and 109 

light shielding effect of the ion pairs, which affects the utilization of light and the generation 110 

of photo-charge carriers by the semiconductor30. A direct contact between the two 111 

semiconductors in the presence of electron mediator (such as Ag, Pt, and Au) reduces the light 112 

shielding effect, enhances the charge transfer rates, and thus enhances  the water splitting 113 

reaction31,32 (Figure 1.3b).  114 

Figure 1.3: Electron-hole separation in (a) Conventional Z-scheme (b) Direct Z-scheme.  115 

The photo-generated charge carrier scavengers reduce the recombination and back reaction of 116 

water splitting33. The inorganic scavengers, such as SO3
2-/S2-, I-/IO3-, and Ce4+/Ce3+, and the 117 

organic scavengers, such as methanol, ethanol, triethanolamine, and lactic acid, are able to 118 

scavenge holes from H2 evolution photocatalysts34,35. The oxidizing agents, such as Ag+ and 119 

Fe3+, scavenge the electrons and support in the production of O2 from water36.  120 

(a) (b) 
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1.2.3 Redox reactions on surface 121 

After light absorption, charge generation, and separation, the photogenerated charge carriers 122 

are to be utilized for the redox reactions33. The redox reactions occur at the interface between 123 

semiconductor and reactant. The mechanistic steps involved are reactant adsorption, surface 124 

reaction utilizing the excitons for the redox reactions, and products desorption. The overall 125 

efficiency of the surface redox reactions depends on the transport properties and surface 126 

reaction kinetics37. 127 

Pure water adsorption onto the catalyst is not a limiting step in the photocatalytic water splitting 128 

reaction. The decomposition of pure water is an inefficient process depending on the bandgap 129 

and band edge-potentials. In such cases, the external sacrificial reagents are added to the photo-130 

reactor for improving the overall efficiency. In a batch reactor operation ( Figure 1.4a), the 131 

photocatalyst is in suspension, an inert gas, such as nitrogen, is used as a sweep gas, and 132 

mechanical stirring for mixing of the reactants. This has disadvantages such as non-uniform 133 

light absorption, light scattering and larger penetration length. Moreover, oxidation or 134 

reduction of sacrificial reagents forms the intermediates that show the negative effect on 135 

catalyst activity. Therefore, the transport properties, such as mass transfer, light absorption, 136 

adsorption/desorption of reactants/products, should be enhanced to improve the efficiency of 137 

the overall process. In this context, the OFMRs are highly helpful. 138 
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 139 

Figure 1.4: (a) Batch reactor (b) Optofluidic microreactor. 140 

1.3 Optofluidic microreactor 141 

The OFMR 38,39 is a multifunctional miniatured device40,41 that integrates the functions of 142 

optics, microfluidics and reaction ( Figure 1.4b). The energy conversion in microreactors is 143 

being explored rapidly. The micro-configuration overcomes several drawbacks of conventional 144 

batch reactors, such as longer processing time, poor selectivity and efficiency. This could be 145 

attributed to higher surface to volume ratio which in turn significantly reduces the mass and 146 

light diffusion path lengths. High surface to volume ratio of microreactor allows for the high 147 

amount of photocatalyst utilization42 and provides uniform photon distribution. The 148 

microchannel shape plays a vital role in the confinement of fluids in the microchannel area. 149 

Semi-circular microchannels are regarded to be better than rectangular channels due to finer 150 

control of fluid flow.43 The laminar flow or low Reynolds numbers in the microreactor limits 151 

the mixing. Therefore, the mixing needs to be enhanced by, for example, introduction of 152 

microstructures, and inert gas.    153 

The short residence time and rapid micromixing in microreactor leads to rapid scavenging of 154 

photo-generated charge carriers, reducing the recombination44. The continuous flow with 155 

effective transport phenomenon in microreactor can prevent the surface recombination and 156 

photo-corrosion of the photocatalyst. The OFMR coated with the thin film of nano-structured 157 
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semiconductor heterojunction is believed to improve the photocatalytic activity by the 158 

enhanced charge separation, transport, and utilization with the confined flow dynamics at 159 

micro-scale.  160 

The photocatlytic reaction physically depends on the photon transport and photoredox 161 

reactions. Most of the work has been carried out in the batch reactor. This has the following 162 

disadvantages due to which the productivity and selectivity are low 45: 1) unsteady photon and 163 

mass transfer path lengths due to the photocatalyst motion in the reactor 2) inhomogeneous 164 

photon absorption by the catalyst due to photocatlyst motion, and 3) difficult to scale up for 165 

the energy transformation. The reactant exposure to light can be controlled by the flow rates in 166 

OFMR. The precise control on adsorption, desorption, and residence time of reaction medium 167 

in OFMR avoids the formation of undesired products. The laminar flow induced diffusive 168 

mixing in OFMR is a dominant factor for the photoreaction, passive mixers creates chaotic 169 

advection and reduces the mixing time (<1 s) and length46,47,48. The micromixers improve the 170 

local mass transfer between the fluid stream interfaces and maintain homogeneity in 171 

concentration in OFMR48. The diffusion effect on the reaction relies on the Damköhler number 172 

(Da), a ratio of reaction to mass transfer rate. The chemical conversions are mass transfer 173 

controlled when Da > 1, mixed mass transfer and reaction rate limited when Da = 1, and 174 

reaction rate controlled when Da < 1. The requirement for the chemical reaction is transport 175 

resistance elimination. Enhanced mass transfer within a short time improves the reactivity and 176 

selectivity for the chemical transformation49,50. The OFMR has major advantages of short 177 

photon and mass transfer path lengths51. The planar and micropillared OFMRs have been 178 

studied for the photocatalytic water splitting. Micropillared OFMR has shown the higher 179 

photocatalytic performance than the planar due to the intensive mass transfer by the 180 

micropillars. The development of the OFMR with the high surface to volume ratio is required 181 

to shorten the diffusion path length and to further improve the mass transfer. 182 
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 183 

1.3.1 Fabrication of OFMR  184 

OFMRs are usually fabricated using polymeric materials and glass substrates. Among these, 185 

using polymeric materials,52 such as polydimethylsiloxane (PDMS), micro-devices can easily 186 

and rapidly be fabricated. However, the limitations of polymer surface chemistry and limited 187 

optical transparency restrict their use to narrow applications.53,54,55 On the other hand, glass has 188 

better properties such as optical transparency, thermomechanical resistance and chemical 189 

stability which allow it to be used in a large number of optofluidic and microfluidic 190 

applications. 191 

Conventional and frontier fabrication methods for microchannel fabrication on glass refer to 192 

photolithography followed by wet chemical etching, combination of soft lithography and 193 

photolithography, and femtosecond laser micromachining. These methods use time-consuming 194 

and complex procedures, they are restriced to clean room, and requires expensive 195 

infrastructure.56-57   196 

Ongoing efforts to develop inexpensive microchannel facilitated glass systems refer to utilizing 197 

free and open source hardware to enhance features associated to microdevice manufacturing 198 

platforms at a lower cost (Table 1.1).58,59 Alternatively, Bartholomeusz and co-workers60 199 

introduced a rapid and inexpensive xurography technique to create a micro-pattern in an 200 

adhesive layer with a razor blade. Adhesive tape has also been explored in additive 201 

manufacturing61,62  and pattern transfer63-64 through a peel-off process. Thereby, adhesives have 202 

been amenable to target new micro-nano fabrication applications. In other words, adhesive tape 203 

microfabrication is intense, robust in comparison to lithography intricate methods. The 204 

advantages of adhesive tape in microfabrication are its adhesive nature, flexibility in 205 

employing, and optical transparency65.  206 
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Adhesive based microchannel fabrication was targeted for PDMS systems through a 207 

combination of soft lithography and xurography using CO2 laser66 or knife plotter.67 However, 208 

the CO2 laser process left grooves and is not highly promising. Adhesive tape was also used to 209 

seal PDMS microfluidic chips directly.68,69 The utility of adhesive tape for glass microchannel 210 

fabrication was targeted by Santana and co-workers70 by following xurography and adopting 211 

the vinyl adhesive layer for peeling off the pattern on glass. The method was not highly 212 

effective due to the contribution of adhesive glue layer towards the microchannel irregularities 213 

that arise during etching based delamination. Zhang et al. (Table 1.1; entry 1)71 used dry film 214 

photoresist (DFR) as a pattern transfer mask in the wet chemical etching process to develop 215 

glass microfluidic devices.  In this work, they utilized a single step lamination approach to 216 

create a DFR mask on the glass which decreases the complexity and cost of fabrication. This 217 

method is superior to the conventional masking method, which requires the metal layer and 218 

photoresist spin coating.  219 

According to Nagarah et al. (Table 1.1; entry 2),72 utilization of ProTEK PSA (an HF 220 

photoresist resistant, HFPR), during wet chemical etching of fused silica, produces patterns 221 

with feature size ~600 µm. The substrate made using this masking method requires basic 222 

photolithography tools and can create a pit free etched surface with an average roughness of 223 

around 10 nm. However, the process resulted in a notable undercut. They claimed the undercut 224 

can be controlled when the HFPR is combined with Cr/Au or polySi films, but at the cost of 225 

substantial surface pitting and prolonged etch time. 226 

According to Iliescu et al. (Table 1.1; entry 3),73 the composition of the glass is important for 227 

the quality of the surface created. In Corning 7740, the only insoluble component present is 228 

Al2O3, with a concentration approximately 2 wt.%. This explains both the smooth surface 229 

created following an extended HF etching period and the minimal change in surface roughness 230 

when HCl was added to the etching solution. On the other hand, in the case of soda lime, the 231 
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generated surface is significantly impacted by the presence of HCl in the etchant. With 12.9 232 

wt.% of HCl, many of the oxides present in soda lime glass generate insoluble compounds, 233 

such as CaO, MgO, and Al2O3, in HF. 234 

Tay et al. (Table 1.1; entry 4),74 reported that glass may be wet etched up to 500 µm depth 235 

using a Cr/Au mask and photoresist. To achieve deeper channels on glass, the authors 236 

suggested that the glass must be annealed, select a glassware with stable etch rate, use a low 237 

stress masking layer, and use an adhesion layer of good quality that is free of chromium oxide 238 

contamination.  239 

The annealed PECVD amorphous silicon layer was reportedly employed as an etching mask 240 

by Iliescu et al. (Table 1.1; entry 5).75 The authors claimed that the maximum etch depth in 241 

glass can approach 300 µm, if there are no pinholes on the surface and no notch defects along 242 

the edges. The residual stress reduction in the produced amorphous silicon layer is crucial for 243 

successful glass etch outcomes. By optimizing the annealing process at 400 °C for different 244 

duration, the comprehensive stress can almost be completely eliminated. The freestanding, 245 

comprehensive strained amorphous silicon layer at the fractured edges and without annealing 246 

can allow for a maximum etch dept of only 100 µm. 247 

On soda-lime glass substrates, Lin et al. (Table 1.1; entry 6),76 reported a quick, inexpensive, 248 

but trustworthy approach for the production of microfluidic systems using buffered oxide 249 

etching (BOE). For BOE of soda-lime glass, a thin layer of AZ 4620 positive photoresist (PR) 250 

was employed as an etch mask rather than an expensive metal or polysilicon/nitride layer. A 251 

unique two-step baking procedure extends the PR mask's time in the etchant, preventing major 252 

PR peeling issues. The glass substrate was submerged in a 1 M HCl solution to eliminate 253 

precipitated particles produced during the etching process. In an ultrasonic bath, a microfluidic 254 
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channel with a depth of 35.95±0.39 µm was formed after 40 minutes of BOE. The final channel 255 

had a smooth profile and a surface roughness of less than 45.95±7.96 Å. 256 

Coltro et al. (Table 1.1; entry 7), used the toner layers as mask transfer onto the glass. The wet 257 

chemical etching of the so formed glass substrate in 25% (v/v) HF as etchant at 130ºC 258 

temperature resulted in an etch rate of 7.1 µm min-1.70  The toner-mediated lithographic method 259 

effectively uses toner layers as an etching mask to create glass microchannels instantly at low 260 

cost. Santana et al. (Table 1.1; entry 9)77 proposes that the vinyl adhesive film masks created 261 

using xurography are appropriate for quickly creating glass microchannels through wet 262 

chemical etching. 263 

Table 1.1: Glass microchannel depth attained by various fabrication methods. 264 

S.No. Method Conditions Depth 

(µm) 

Etch 

factor 

Reference 

1 Dry film photoresist as 

pattern transfer  mask for 

photolithography 

followed by etching  

Etch time = 5-30 min  

NH4F(40%)/HF(49%) 

= 1/1 to 1/8 

Temperature (20-40°C) 

102 1.02 71 

2 Photolithography and 

etching 

%HF = 40 

Etch time = 1h 

 

250-

300 

-- 72 

3 Photolithography and 

etching 

HF(49%)/HCl(37%) = 

10:0 to 10:1.5 

Etch time = 10 - 40 min 

350 -- 73 
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4 Cr/Au masking using 

lithography and etching 

%HF = 10-49 

Etch time = 15-60 min 

Upto 

500 

-- 78 

5 PECVD followed by 

lithography and etching 

%HF = 49 

Etch time = 15 min 

300 -- 79 

6 Xurography followed by 

etching 

%HF = 20 

Etch time = 4 min 

20  76 

7 Toner mediated 

lithographic technology 

%HF = 25 

Etch time = 7 min 

35 0.18 80 

8 Xurography in vinyl 

adhesive layer followed 

by etching 

%HF = 20 

Etch time = 4 min 

20 0.1 70 

9 Xurography of double 

coated tape followed by 

etching 

Etchant = 1HF: 

3HNO3:10H2O 

Etch time = 17 min 

25 0.18 77 

 265 

1.4 Visible light-responsive photocatalysts 266 

1.4.1 Cadmium sulfide (CdS) 267 

Till date, the TiO2 and Pt/TiO2 coated planar and micropillar microreactors have been reported 268 

for the photocatalytic production of Hydrogen through the water splitting under UV light 269 

irradiation 81,82,83. However, the solar spectrum contains less than 4% of UV light. Therefore, 270 

complete utilization of the solar spectrum is not possible with UV light active photocatalysts 271 

in microreactors specifically. In this regard, the CdS, with a narrow band gap of 2.4 eV, offers 272 

a plausible alternative towards the production of hydrogen. The band gap energy and the edge 273 

potentials of CdS are appropriate for the water reduction under visible light irradiation 84,85. 274 
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The major issues with CdS are the recombination of photo-excited charge carriers and photo-275 

corrosion. These issues can be curtailed by reducing the charge-carrier path length (using 276 

nanoparticles, nanowires, etc. of CdS) and using suitable sacrificial reagent, respectively 86. 277 

The CdS is declared as human carcinogen relative to the lung, kidneys, and bone fracture87,88. 278 

Cadmium can easily be bioaccumulated by the crops, aquatic life, vegetables and rice foodstuff. 279 

Consumption of cadmium contained food is harmful to human health89. The biosynthesis of 280 

CdS NP from living organisms has been attracted due to its applications in the biomedical and 281 

diagnostics90. 282 

Lu et al. (Table 1.2; entry 1),91 synthesized a series of MoS2-CdS nanorod (NR) 283 

heterostructures by calcination of various MoOxSy-CdS NR precursors in the sulfur 284 

environment and tested them for photocatalytic hydrogen generation. The maximum H2 285 

generation (31.5 mmol h−1 g−1) was achieved by MoS2-tipped CdS NRs. This is attributed by 286 

the authors to: (i) the crystalline MoS2 on the tips of CdS NRs, which intensified the 287 

photogenerated charges separation; and (ii) redox sites separation. 288 

Pan et al. (Table 1.2; entry 2),92 reported the direct hydrothermal procedure for the 289 

modification of CdS nanorods with the nickel-cobalt bimetallic sulphide to enhance the 290 

reactive sites. The CdS/Ni–Co–S (∼6.56 mmol/g∙h) showed a higher HER activity than the 291 

bare CdS. The authors claim that the Ni-Co-S bimetallic sulphide altered the CdS nanorods to 292 

generate more active sites which enhance the photocatalytic HER performance. 293 

Banerjee et al. synthesised the semiconductor composites of mesoporous carbon(MC)/CdS 294 

(Table 1.2; entry 3)82 and reported that the band gap of the semiconducting material (CdS) can 295 

be tuned by the addition of mesoporous carbon matrix. The band gap increases rapidly with the 296 

increase of the MC content in the CdS-carbon composites and the maximum band gap reported 297 
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is 2.48 eV for 40-MC/CdS. The efficient charge separation of MC/CdS promotes the evolution 298 

of H2 under visible light, reducing the recombination seen in pure CdS.  299 

Su et al. (Table 1.2; entry 4)93 reported  38 times greater HER activity (58.1 mmol h−1 g−1) 300 

activity with porous WS2/CdS than that of the bare CdS. The n-n type heterojunction in the 301 

porous WS2/CdS is claimed to be the reason for enhanced charge carrier separation and reduced 302 

recombination, which in turn enhance the HER activity. The sluggish photo effect created by 303 

the porous WS2 structure helped in lengthening of the light path, which in turn caused the CdS 304 

photocatalyst to absorb more amount of light and produce more photocurrent. 305 

Devipriya et al. (Table 1.2; entry 5),94 reported the rationally designed step-scheme 306 

5CdS/MnOx-BiVO4 photocatalyst for the photocatalytic overall water splitting reaction. Based 307 

on the PL and EIS investigations, the creation of a heterostructure between MnOx-BiVO4 and 308 

CdS NWs demonstrated and claimed an effective separation and transport of photoinduced 309 

charge carriers. With H2 and O2 generation rate of 1.01 and 0.51 mmol h−1 g−1, respectively, 310 

and an apparent quantum yield (AQY) of 11.3% at = 420 nm in the absence of any sacrificial 311 

reagent, the 5CdS/MnOx-BiVO4 photocatalyst is active in the overall water-splitting (OWS) 312 

reaction. In the S-scheme system, the CdS NWs and MnOx-BiVO4 are serving as the H2 and 313 

O2 generation sites, respectively. The dual co-catalysts Pt and MnOx on hole- and electron rich 314 

facets of BiVO4 support the spatial separation of water oxidation and reduction processes and 315 

contributed to the enhanced OWS performance. 316 

According to Tian et al.95 (Table 1.2; entry 7) vanadium diboride (VB2), a highly efficient 317 

cocatalyst, can be added to CdS to significantly improve its H2 evolution activity under the 318 

visible light (420 nm). The HER (12.1 mmol h−1 g−1) was 11 times higher with VB2/CdS than 319 

that of the bare CdS. The authors claimed that the higher apparent quantum yield (AQE) (4.4%) 320 

and higher H2 generation are obtained due to the increased charge separation by VB2 cocatalyst. 321 
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Table 1.2: Comparison of the hydrogen production rates in this study using serpentine 322 

OFMR with those obtained using batch reactors in the literature. 323 

S.No. Photocatalyst Catalyst 

amount mg 

H2 

production 

mmol g-1 h-1 

Irradiation 

area 

cm2 

Reference 

1 MoS2-CdS 

nanorod 

10  31.5 -- 91 

2 CdS/Ni–Co–S 50 37.6 -- 92 

3 Mesoporous 

carbon/CdS 

20 10.6  -- 96 

4 Porous 

WS2/CdS 

3  58.1 13.4 93 

5 5CdS/MnOx-

BiVO4  

10 1.01 104 94 

6 CdS  10 ⁓1.75 -- 97 

7 VB2/CdS 40 12.1  -- 95 

8 CdS  5 5.82 1.95 98 

9 1%Pt/CdS 100 29.1 9.8 99 

10 Cd/CdS 2 0.59 0.27 100 

 324 

1.4.2 Graphitic carbon nitride (g-C3N4) 325 

The graphitic carbon nitride (g-C3N4)
101,102,103,104 (Eg = 2.7 eV) is an earth abundant polymeric 326 

semiconductor reported for photocatalytic hydrogen generation. The g-C3N4 is active in visible 327 
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light owing to its appropriate optronic, stable chemical and thermal properties and band gap 328 

energy for visible light H2 production102.  329 

 Researchers have attempted to modify the band gap and charge transfer path of g-C3N4 through 330 

morphological control, doping of foreign element, and heterojunction fabrication in order to 331 

boost the solar to hydrogen Different structures of g-C3N4 can be produced using various 332 

material synthesis techniques105,106,107. The noble metal nanoparticles that are typically 333 

deposited to alter surface are Ag, Pt, Pd, and Au, to name a few108,109,110. Heterogeneous 334 

structures can be produced by mixing g-C3N4 with metal oxides, other inorganic compounds, 335 

co-catalysts, and carbon-based materials111,112,113. 336 

In contrast to surface doping, which only provide a few local states, the uniformly distributed 337 

nitrogen vacancies in the g-C3N4 organic network are able to tailor the band edge of the 338 

absorption to 850 nm.114 Inorganic semiconductors can only have atomic replacement or gap 339 

defects. While the simultaneous atomic and molecular substitution can be achieved with the 340 

organic semiconductors. In contrast to inorganic semiconductors, different chemical and ionic 341 

substances, including acids and bases, are used as dopants in organic semiconductors115.  The 342 

dopants dispersion may have a negative impact on photocatalyst performance depending on 343 

the concentration of dopant.113 Error! Reference source not found. represents the different 344 

types of g-C3N4 based photocatalysts utilized for the water splitting. 345 

Table 1.3: g-C3N4 based photocatalysts for photocatalytic water splitting. 346 

S.No. Catalyst Catalyst 

amount, mg 

H2 

production 

mmol g-1 h-1 

Irradiation 

area 

cm2 

Reference 

1 g-C3N4 10  1.2  104 116 
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2 2D/2DMo2C/ 

g-C3N4 

20 0.652  -- 117 

3 g-C3N4 10 0.108  -- 118 

4 g-C3N4 0.1 0.01 -- 119 

5 Bulk g-C3N4 10 0.335 -- 120 

6 g-C3N4 50 8.8 -- 121 

7 Bulk g-C3N4 20 0.28  -- 122 

8 CN/0.05MoP 10 3.5 -- 123 

9 g-C3N4-

NS/TO-NW 

50 5.1 -- 124 

10 g-C3N4-Pt 5 9.6 -- 100 

 347 

1.4.3 g-C3N4/CdS Heterojunction 348 

The demerits of CdS and g-C3N4 photocatalysts are fast recombination of charges and nominal 349 

surface area. The CdS undergoes photocorrosion upon photo-illumination. Constructing 350 

heterojunction between CdS and g-C3N4 semiconductors and doping of metals as cocatalysts 351 

accelerate the photo excited charge carrier transfer and separation, enhancing the photo driven 352 

processes24,125,126,25,127,128,25. Designing heterojunctions in photocatalysts has been a practical 353 

and effective technique for the spatial separation of electron-hole pairs.  354 

Numerous studies have been reported on the assembling of CN and CdS to enhance the 355 

photocatalytic activity for the hydrogen production in batch photocatalytic reactors129,130,126,131. 356 

In-situ strong coupling of the CN and CdS photocatalysts facilitates the higher redox sites and 357 

reduces the recombination via interfacial excitons migration132,133,134. The reduction of band 358 

gap energy enables broader light absorption by the photocatalyst. The heterojunctions between 359 

TH-3123_166107024



Optofluidic device for Photocatalytic hydrogen generation via water splitting reaction 

21 
 

g-C3N4 and CdS efficiently boost the absorption of visible light for g-C3N4, decrease the photo-360 

corrosion for CdS, and promote the charge separation135 due to their well-aligned band 361 

energies. Despite extensive studies on CdS quantum dots/bulk g-C3N4 and CdS 362 

nanorods/graphene nanosheet hybrid photocatalysts136,137, there are currently a very few reports 363 

on the in situ115 development of CdS nanorods on g-C3N4 nanosheets in aqueous 364 

solutions119,138. To boost the photocatalytic H2 production, it is therefore intriguing to establish 365 

in situ growth of CdS nanorods on g-C3N4 nanosheets with near interface contacts, which is 366 

considered as one of the most effective techniques for developing enhanced 367 

photocatalysts139,140. The CdS nano-structure34,141 on g-C3N4 nanosheet heterojunction142,143,134 368 

would facilitate the spatial separation of photo-generated charge carriers effectively, and 369 

provide more photocatalytic active surface and light harvesting area. Error! Reference source 370 

not found. represents the summary of different types of g-C3N4 based heterojunctions for 371 

photocatalytic water splitting. 372 

Table 1.4: Various types of g-C3N4 based heterojunction composites for photocatalytic water 373 

splitting. 374 

S.No. Catalyst Catalyst 

amount, mg 

H2 

production 

mmol g-1 h-1 

Irradiation 

area 

cm2 

Reference 

1 g-C3N4–CdS–

9% NiS 

2 2.56 -- 135 

2 A-GCN 5 10 3.09 -- 144 

3 CdS/Cu7S4-

0.33/g-C3N4 

50 3.5 -- 145 

4 CdS/0.7g-

C3N4 

5 15.3 -- 146 
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5 CdS/PdAg/g-

C3N4 

50 3.09 -- 142 

6 g-C3N4/CdS 25 3.37 -- 129 

7 Ni(OH)2– 

CdS/g-C3N4 

1 12.6 -- 134 

8 P-8Cd2CN 50 7.6 -- 143 

9 Pt-CdS/CNNS 60 38 -- 147 

10 NiCoP-g-C3 

N4/CdS 

20 55.63 -- 148 

 375 

The planar OFMR fabrication and its testing for the photocatalytic water splitting over Pt/TiO2 376 

in the presence of redox mediator (I-/IO3
-) under the UV irradiation is reported by Ahsan et 377 

al.,149 (Table 1.5; entry 1). The authors demonstrated a 2-fold increase in reaction rate with the 378 

increase of flow rate from 25 to 400 µL min-1 and attributed the enhancement in the rate to the 379 

improved mass transfer in microfluidic platform. Li et al.,82 (Table 1.5; entry 2&3) reported a 380 

comparison of the rate of water splitting reaction over Pt/TiO2 photocatalyst coated on planar 381 

and micro-pillared OFMRs, which are fabricated using the photolithography method. The 382 

micro-pillared OFMR showed the higher performance than the planar OFMR. The authors 383 

ascribed the higher rate with micro-pillared OFMR to an increased surface-to-volume ratio 384 

which in turn enhances the mass transfer. 385 

Chen et al.83 (Table 1.5; entry 4&5) used the replica molding and photolithography approach 386 

to fabricate the PDMS micro-grooved OFMR and casting-transfer procedure for the 387 

photocatalyst (Pt/TiO2) coating and tested them for the photocatalytic (PC) water splitting. The 388 

authors claimed that the coating method shows higher durability than the conventional methods 389 
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such as dip coating and spray coating. Moreover, they demonstrated that the micro-grooved 390 

OFMR shows higher water splitting rate due to enhanced mass transfer and higher reaction 391 

area than the conventional planar OFMR. 392 

Yosuke et al.15 (Table 1.5; entry 6) used multiple arrays of large scale panel type reactors with 393 

photocatalyst RhCrOx/SrTiO3:Al coating for the PC water splitting under the natural sunlight 394 

with 1 mm thin water layer on the panel. The H2 and O2 bubbles (produced at a high rate of 5.6 395 

mL cm-2 h-1) are separated from the panel using acrylic hydrophilic window. However, after 6 396 

h, the activity reduces to 60% of the original due to back reactions. 397 

Xiong et al.150 (Table 1.5; entry 7), have developed a panel (5 cm x 5 cm) by drop-casting the 398 

mixed Rh2yCryO3/(Ga1xZnx)(N1xOx) photocatalyst powder with SiO2 between two frosted glass 399 

plates. They studied the effect of the hydrophilic SiO2 particle size in the catalyst film on the 400 

photocatalytic activity. They revealed the addition of SiO2 microparticles proved to be an 401 

effective method for creating photocatalyst panels. The porosity of the photocatalyst layer 402 

facilitates the transfer of water and the release of the evolved gases. 403 

Schröder et al. (Table 1.5; entry 8)151 fabricated a large-scale stainless steel photoreactor with 404 

drop-casted (Nafion as binder) mesoporous carbon nitride as photocatalyst for the water 405 

splitting under the illumination of sunlight. An average hydrogen production rate of 0.22 L 406 

kWh-1. The maximum solar-to-hydrogen (STH) conversion was 0.12% by correlating the 407 

sunlight intensity and hydrogen. 408 

From our group, Pala and Peela (Table 1.5; entry 9),152 developed an optofluidic planar 409 

microreactor for photocatalytic water splitting with methanol acting as a sacrificial agent while 410 

being illuminated by both solar simulator (a 300 W xenon lamp with an AM1.5G filter) and a 411 

400 W metal halide lamp with UV filter. The rate of hydrogen synthesis rose linearly with 412 

increasing solar light intensity and catalyst coating thickness and it reached a maximum with 413 
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increasing reactant flow rate. Under the visible light irradiation, the Pt/TiO2 film with a 414 

thickness of 1650 ± 119 nm produced hydrogen at a rate of 16.35 mmol h–1 g–1 (4.7 μmol h–415 

1 cm–2) at an optimal reactant flow rate of 0.3 mL min–1 using 20 vol % methanol in DI water. 416 

The recycle stability test demonstrated a good adherence of the photocatalyst film, which is 417 

necessary for the scale-up of a planar microreactor. At an intensity of about 100 mW cm–2, a 418 

solar simulated light driven hydrogen generation rate of 0.766 mmol h–1 g–1 (0.22 μmol h–1 cm–419 

2) with an STH of 0.015% was achieved. 420 

Table 1.5: The hydrogen production performance of optofluidic devices reported in 421 

literature. 422 

S.No. Microreactor Catalyst Light 

source 

H2 

production 

rate, mol h-1 

Irradiati

on area, 

cm2 

Refere

nce 

1 Planar# Pt/TiO2 UV 1.8×10-10 -- 149 

2 Micropillared# Pt/TiO2 UV 1.8×10-8 -- 82 

3 Planar# Pt/TiO2 UV 1.2×10-8 -- 82 

4 Grooved#  Pt/TiO2 UV 3.72 ×10-9 -- 83 

5 Flat# Pt/TiO2 UV 1.42 ×10-9 -- 83 

6 Panels† SrTiO3:Al 

with co-

catalyst, 

RhCrOx (Rh 

0.1wt%, Cr 

0.1wt%) 

300 W 

Xe lamp 

680×10-6 25 15 
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Notes: #In these studies, the iodide depletion is used as a measure of hydrogen production rate. 423 

†Reduced gas pressure (10 kPa) is used to remove the produced hydrogen quickly.  424 

1.5 Knowledge gap and hypothesis 425 

As observed from the literature review, a significant number of studies are published on 426 

photocatalytic hydrogen generation using batch photo-reactors. The batch reactors have 427 

limitations in terms of light absorption, transport properties, higher light scattering, and scale 428 

up. The OFMRs mitigate some of these challenges. However, the OFMRs themselves pose 429 

some challenges (knowledge gaps) which are summarized here. The expensive fabrication 430 

methods are required to make microchannels in glass. Both conventional and cutting-edge 431 

manufacturing techniques are reported to fabricate microchannels in glass, including 432 

photolithography, wet chemical etching, a combination of soft lithography and 433 

photolithography, etc. These methods are limited to clean rooms, require expensive 434 

infrastructure, and involve sophisticated procedures. Therefore, a cheaper, simpler and reliable 435 

fabrication method is highly warranted. In-situ synthesis of heterojunction photocatalysts, with 436 

the adherent and uniform photocatalyst coating, favours efficient charge separation, light 437 

absorption, and faster scaling up of the OFMRs. However, this synthesis method is 438 

underdeveloped as per the literature reports. A study of hydrodynamics is needed to 439 

7 Panels Rh2- 

yCryO3/(Ga1-

xZnx)(N1-xOx) 

300 W 

Xe lamp 

117×10-6 25 150 

8 Planar large 

scale 

Pt@mp-CN Sunlight 7420×10-6 7560 151 

9 Planar Pt/TiO2 Visible 

light 

35.25 7.5 152 
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comprehend how fluid flows over an immobilised photocatalyst and how fluid transport 440 

characteristics affect photocatalytic reactions. 441 

1.6 Objectives of the work  442 

The overall objective of this Ph.D. thesis is to develop cheaper, simpler and more reliable 443 

method for the fabrication of OFMRs with various geometries (planar, pillared, serpentine and 444 

corrugated serpentine) and to test them, after (in situ) coating them with suitable photocatalyst, 445 

for the green hydrogen production from solar energy through water-splitting reaction. 446 

The overall objective is divided into the sub-objectives as follows:  447 

 To fabricate OFMRs of various geometries (planar, pillared, serpentine and corrugated 448 

serpentine). 449 

 To synthesize and characterize CdS and (in situ) CdS/g-C3N4 photocatalysts. 450 

 To study the production of green hydrogen in multiphase serpentine OFMR. 451 

 To correlate the microchannel geometry effects with the hydrogen production rates, 452 

flow visualization studies. 453 

 To test the OFMR, coated with various photocatalysts, for the photocatalytic water 454 

splitting to produce green hydrogen, under various reaction conditions. 455 

1.7 Organisation of the thesis   456 

The thesis is organized into five chapters. 457 

Chapter 1: Background of the work and objectives 458 

  This chapter introduces about the research area, gives an overeview of literature, 459 

knowledge gaps, objectives and organisation of the thesis. 460 

Chapter 2: Materials and methodology 461 
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 This chapter discusses the materials and methods used to synthesize photocatalysts, 462 

fabricate OFMRs and produce green hydrogen. This also includes the methodologies for the 463 

H2 analysis and for the characterization of OFMRs and photocatalysts.  464 

Chapter 3: Adhesive tape based fabrication of optofluidic glass microreactor 465 

The objective of this chapter was to develop an effective, simple, rapid, and inexpensive glass 466 

microchannel fabrication method using adhesive tape as a mask. The effect of associated 467 

parameters, such as etchant concentration, etching time, and microchannel geometry, on the 468 

final depth and etch factor was studied in detail. The microchannels with various shapes (such 469 

as Wavy, Y-shape, T-shape) were fabricated with adhesive tape as a mask, to prove the 470 

robustness of the method developed.  471 

Chapter 4: Optofluidic microreactor for the photocatalytic water splitting to produce 472 

green hydrogen 473 

This chapter explains the sol-gel method used for the CdS catalyst coating in the microreactors. 474 

The effect of liquid flow rate, geometry of microchannel and sacrificial reagent (Na2SO3/Na2S) 475 

concentration on the hydrogen generation under visible light irradiation was studied in detail. 476 

A higher H2 production rate was observed in the serpentine microreactor as compared to that 477 
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in planar and micropillared microreactors. The serpentine microreactor, having higher surface-478 

to-volume ratio, induced the micromixing that enhanced the mass transfer of the sacrificial 479 

reagent and resulted in higher H2 formation. Further, the multiphase photocatalytic hydrogen 480 

generation over the CdS photocatalyst in the presence of 0.1 M Na2SO3/Na2S under UV light 481 

irradiation and a N2 flow rate of 0.5 – 1 mL min-1 was studied in serpentine OFMR. A higher 482 

H2 production rate (0.298 µmol h-1) was observed at the gas and liquid flow rates of 1 and 0.8 483 

mL min-1, respectively. With increase of inert gas flow rate, the hydrogen evolution rate was 484 

increased at lower flow rates and the decreased reaching maximum at a flow rate of 0.8 mL 485 

min-1. The increase of H2 production rate at lower flow rates can be due to the enhanced mixing 486 

and mass transfer, while its decrease at higher flow rates was due to the gas phase occupying 487 

more photocatalyst active area.  488 

Chapter 5: In-situ synthesis of CdS nanostructures on g-C3N4 nanosheets in novel 3D 489 

optofluidic microreactor for enhanced photocatalytic hydrogen production 490 

This chapter discusses a simple and cost-effective fabrication method to develop an effective 491 

corrugated serpentine OFMR (C-SOFMR) with advanced features, such as 492 

expansion/contraction and wavy microstructure. A laminar flow with no back mixing was 493 

observed in plain serpentine OFMR (P-SOFMR). While, stretching and folding of fluid along 494 
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with back mixing was observed in C-SOFMR. Further, the CdS nanowires on g-C3N4 495 

nanosheet (CN/CdS) heterojunction was synthesized in situ both P-SOFMR and C-SOFMR 496 

and utilized the device for the photocatalytic green hydrogen generation. The CN/CdS 497 

heterojunction endowed with narrow band gap energy (2.01 eV). The longer CdS nanowires 498 

(~110 nm) benefit the electronic interface with CN in the CN/CdS heterojunction and lead to 499 

the spatial separation (reduced recombination) of excitons along the CdS axial direction. The 500 

charges generated were utilized efficiently for the HER reaction in both P-SOFMR and C-501 

SOFMR at higher flow rates attributing to the rapid micro-mixing and mass transfer. The 502 

CN/CdS heterojunction showed the highest photocatalytic activity (6.38 µmol h-1 in C-SOFMR 503 

and 6.16 µmol h-1 in P-SOFMR at 1.0 mL min-1) due to its good optronic properties. 504 

 505 

Chapter 6: Thesis conclusions and future work 506 

 This chapter provides the conclusions and future work of the photocatalytic hydrogen 507 

generation through water splitting reaction in OFMRs. 508 

  509 
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2. Chapter 2 511 

Materials and Methodology 512 

2.1 Materials and reagents 513 

The list of the materials and reagents used in this study and their origin are given in Table 514 

2.1. The chemicals are used as received without any further purification. 515 

Table 2.1: The materials and reagents used in this study and their origin. 516 

S.No. Materials name Purity 

(%) 

Make  

1 Microscopic glass (76.2 

mm x 25.4 mm, thickness 

of 1 mm) 

-- JSGW, India 

2 Plain smooth surface -- Locally available 

3 Photoresist -- Microposit S1813, USA 

4 Developer -- Shipley, USA 

5 Hydrofluoric acid  48 Himedia, India 

6 DI water from the 

Millipore unit 

-- Model:  Elix-3, Make: Millipore, USA 

7 Adhesive tape -- Cello, India 

8 Magnifying glasses (10x) -- Locally available 

9 Surgical knife -- Locally available 

10 Iron slab with smooth 

edge 

-- Locally available 
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11 Polyethylene glycol 4000 

(PEG)  

-- Merck, India 

12 Acetic acid  99.6 Himedia, India 

13 Cadmium nitrate 

tetrahydrade  

99 Sigma Aldrich, India 

14 Thiourea  99 Sigma Aldrich,India 

15 Ethanol  99 Merck, India 

16 Sodium sulfide 99 Sigma Aldrich, India 

17 Sodium sulfite 

 

99 Sigma Aldrich, India 

18 Triethanolamine - Merck, India 

19 Lactic acid - Merck, India 

2.2 Methods   517 

2.2.1 Adhesive tape based fabrication  518 

The schematic describing the microchannel fabrication using adhesive tape as a mask is shown 519 

in Figure 2.1. Firstly, the patterned paper was pasted on the surface of a plain smooth surface 520 

using adhesive gum. Transparent adhesive tape was pasted on the microscopic glass and the 521 

sample was aligned with the pattern. Thereafter, using a magnifying glass (10x) and a surgical 522 

knife, the desired microchannel pattern was developed on the adhesive tape. Eventually, the 523 

patterned surface was cleaned with ethanol to minimize adhesive gum effect on microchannel 524 

geometry. Adhesive tape was also pasted to the opposite side of the patterned microscopic glass 525 

and then subjected to etching. After etching, the adhesive tape was removed and the sample 526 

was rinsed with water, thoroughly cleaned with piranha solution and rinsed with water again. 527 
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During wet etching process, the etchant concentration and the etching time were varied in the 528 

range of 5 to 49 wt.% of HF in DI water and 15 to 120 min, respectively.  529 

Figure 2.1: Schematic of adhesive tape based microchannel fabrication on glass: (a) applied 530 

adhesive tape microscopic glass. (b) Printed pattern paper pasted on plain glass surface. (c) 531 

Aligning (a) on (b). (d) Pattern developed by cutting and removing of the adhesive tape. (e) 532 

Glass microchannel after wet chemical etching. 533 

Figure 2.2: Schematic of adhesive tape based microchannel fabrication on glass: (a) applied 534 

adhesive tape microscopic glass. (b) Printed pattern paper pasted on plain glass surface. (c) 535 

Aligning (a) on (b). (d) Pattern developed by cutting and removing of the adhesive tape. (e) 536 

Micropillars after wet chemical etching. 537 

 Microscopic glass 

 Adhesive tape 

 Printed pattern paper 

 Plain smooth surface 

 Micropillar structures 

a) 

c) 

b) 

e) 

d) 

 Microscopic glass 

 Adhesive tape 

 Printed pattern paper 

 Plain smooth surface 

 Glass microchannel 

a

) 

c

) 

b

) 

e

) 

d

) 
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serpentinemicrochannel with desired dimensions was achieved after etching. Micropillared and 538 

planar microreacors also fabricated using same method (Figure 2.2). 539 

2.2.2 Photolithography based fabrication  540 

In photolithography (Figure 2.3), a positive photoresist (S1813 Microposit) was first spin 541 

coated onto the microscopic glass at 3000 rpm for 10 s followed by baking at 140°C for 2 min 542 

(pre-baking). The microchannel pattern was drawn in KLayout software, exported to mask 543 

writer (Model: Dilase 250; Make: Kloe, France) and transferred onto the mask by laser writing. 544 

Photolithography writing was carriedout on the mask using 365 nm laser wavelength, 80% 545 

modulation, 1 µm spot size and 1 mm/s writing speed. The patterned substrate was then placed 546 

in the developer solution for 1 min to remove the part of photoresist that was exposed to laser. 547 

Finally, the substrate was baked at 175°C for 2 h (post-baking) and an adhesive tape was 548 

applied to the opposite side of the patterned surface. The sample was then subjected to wet 549 

etching, following a similar procedure as that presented for the adhesive tape based fabrication. 550 

Figure 2.3: Photolithography method for glass fabrication. 551 
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2.2.3 Fabrication of corrugated serpentine OFMR (C-SOFMR) 552 

The P-SOFMR was fabricated using a simple and low cost adhesive tape based glass 553 

fabrication method as reported previously.44 The C-SOFMR fabrication involved the following 554 

steps: Firstly aligned the adhesive tape applied microscopic glass with a printed pattern design 555 

(Figure 2.4a) and the micropattern was generated by manual cutting and removal of the  556 

Figure 2.4: Fabrication of expansion and contraction with wavy microstructure in OFMR. (a) 557 

Alignment of microscopic glass having applied adhesive tape with the printed pattern. Optical 558 

microscope image of (b) the pattern with adhesive tape as mask (c) adhesive strip pasted at the 559 

contraction part. (d) The FESEM image of microchannel after etching (Scale: 500 µm) and (e) 560 

Optical camera image of microstructured microchannel. 561 

unwanted adhesive tape using surgical knife and 10x magnifying lens (Figure 2.4b). Then, the 562 

1700 µm of adhesive strip was glued at the contraction part (Figure 2.4c) to prevent etchant 563 

contact with the contraction part. The adhesive tape was also applied to the glass on the 564 
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opposite side of the pattern. The masked glass substrate was then etched for 15 min to achieve 565 

the expansion with trough microstructure in the microchannel. After this, the adhesive tape 566 

strip from the contraction part was removed and etched the glass substrate for another 15 min 567 

to attain the contraction with crest microstructure. The two different etching times helped to 568 

produce a wavy microstructure throughout the microchannel. After etching, the substrate 569 

(Figure 2.4d and e) was subjected to cleaning with piranha solution. 570 

2.3 In-situ synthesis of CdS naospikes and nanoleaf structure in 571 

microchannel 572 

The steps involved in the synthesis of in-situ CdS nanostructure: The equimolar (0.01 M) 573 

amounts of the cadmium nitrate and thiourea were taken in a beaker and kept on stirring for 1 574 

h (solution 1). The equimolar (0.025M) amounts of the cadmium nitrate and 575 

hexamethylenetetramine (HMTA) were taken in another beaker and kept under stirring for 1 h 576 

(solution 2). The solution 1 is coated in the microchannel and calcined at 350˚C for 15 min. 577 

With the help of syringe pump, solution 2 was injected at a flow rate of 1 mL min-1to the OFMR 578 

kept at 80˚C followed by heating at 160˚C for 6 h, thus the CdS nanospikes were formed in the 579 

microchannel. To achieve the CdS nanoleaf structure, the induced CdS nanospikes in the 580 

microchannel were calcined at 350˚C for 1 h. 581 

2.4 CdS photocatalyst synthesis and coating 582 

The following steps have been meticulously followed to achieve the synthesis of the 583 

photocatalyst using the sol-gel method. Firstly, the solution 1 was prepared through the mixing 584 

of 1.5 g of PEG, 0.5 mL of acetic acid, and 3 mL of ethanol. Simultaneously, the solution 2 585 

was prepared through the dissolution of 2.3642 g of Cd(NO)3 and 0.7612 g of thiourea in 6 mL 586 

of ethanol. After stirring for 1 h, the individual solutions 1and 2 were mixed with each other 587 

and were kept under vigorous stirring for 4 h. Thereafter, the mixture was aged for 48 h to 588 
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transform into a gel that facilitates the effective adherence of the CdS film. The sol was coated 589 

on to the optofluidic reactor plates using a spin coater (SpinNXG, India) at 2000 rpm for 30 s. 590 

The coated optofluidic plate was calcined at 350°C for 1 h in a muffle furnace. Subsequently, 591 

the excess deposits of photocatalyst at places other than channel were removed by scraping 592 

with doctor’s blade followed by cleaning with ethanol. The steps from spin coating through 593 

ethanol cleaning were repeated for four cycles to achieve the desired thickness of the 594 

photocatalyst. 595 

2.5 CN/CdS Heterojunction synthesis  596 

2.5.1 g-C3N4 (CN) synthesis 597 

The CN was prepared by simple thermal treatment according to our previous work116. Briefly, 598 

1.5 g of thiourea was taken in a crucible and calcined at 550°C for 2 h in muffle furnace. The 599 

pale yellow coloured CN obtained after calcination was grinded with the help of mortar and 600 

pestle. 601 

2.5.2 CdS nanowires on g-C3N4 nanosheet (CN/CdS) synthesis  602 

The procedure for the synthesis of CdS nanowires was as following44: 1.5 g of polyethylene 603 

glycol (PEG) was added to 4 mL of ethanol (solution 1) and stirred for 1 h. The required 604 

amounts of cadmium nitrate tetrahydrate and thiourea were added to 6 mL of ethanol (solution 605 

2) and stirred for 1 h. The solution 1 was added slowly to solution 2 under stirring and then the 606 

desired amount of g-C3N4 was added and stirred for 4 h. The final solution was kept in a black 607 

box for aging (24 h). The coating of the synthesized photocatalyst onto the inner surface of the 608 

OFMR was carried out using a spin coater operated at 2000 rpm. Then, the coated OFMR was 609 

thermally treated at 350°C for 1 h. During the thermal treatment, the CdS nanowires grow to 610 

the required size, which is termed as in situ growth. The schematic of the coating procedure is 611 

shown in Figure 2.5. The composition of the sol-gel to make thin films on the OFMR was 612 
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varied by varying the CN loading in CdS. The photocatalysts with CN loading 0.009, 0.17, 613 

0.44, 4.46, and 89.28 wt% were named as CN/CdSx, where x is 1, 2, 3, 4, and 5, respectively. 614 

The spin coating was repeated for five times to achieve the required thickness of the film and 615 

then used for the characterization and the photocatalytic activity tests.  616 

Figure 2.5: In-situ CN/CdS heterojunction synthesis in integrated optofluidic microreactor. 617 

2.6 Characterization techniques 618 

Physicochemical properties of microchannels, synthesized materials, and photo catalytic 619 

activity are characterized using various technical instruments (Table 2.2).  620 

2.6.1 Powder X-ray diffraction (PXRD) 621 

The powder X-ray diffraction (PXRD) analysis was performed to find out the crystallinity and 622 

the crystal phase of the photocatalysts, using diffractometer (Model: SmartLab; Make: Rigaku, 623 

Japan) with Cu Kα radiation (λ = 0.15406 nm). An amount of 20 mg dried sample was placed 624 

into the holder and the XRD patterns were recorded between 5 and 70° of 2θ angle with a step 625 

size of 0.02° and a scan speed of 20°/min. 626 

The Crystallite size of the synthesized photocatalysts was calculated using the Scharrer 627 

equation 628 
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𝑡 =  
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
 629 

Where λ, θ, β are the X-ray wavelength, Bragg’s angle, and full width at half maximum.    630 

2.6.2 UV–Vis spectrometer  631 

The light absorption data that is obtained from UV–Vis spectrometer (Model: UV-2600, Make: 632 

Shimadzu, Japan) was used to calculate the band gap energies of synthesized photocatalysts, 633 

such as CdS, CN, and CN/CdS. The bare barium sulphate was taken as a reference and 634 

photocatalyst sample was uniformly spread over the barium sulphate pellet, then allowed to 635 

UV-visible spectra characterization.   636 

The optical band gap energy was calculated using the Kubelka-Munk equation 637 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑛 638 

Where α, һν, A, and 𝐸𝑔are the absorption coefficient, the energy of an incident photon, and the 639 

proportionality constant. The n is 2 for indirect band gap and ½ for direct band gap of the 640 

photocatalyst (n = 2 for CdS and CN/CdS). 641 

2.6.3 Optical microscope 642 

An optical microscope (Model: DM2500 M; Make: Leica, Germany) was used to measure the 643 

dimensions of the patterned microchannel on adhesive tape.  644 

2.6.4 Field emission transmission electron microscopy (FETEM) 645 

The size and surface morphology of synthesized photocatalysts such as CN/CdS were obtained 646 

using field emission transmission electron microscopy (FETEM, Model: JEM 2100; Make: 647 

JEOL, Japan). A quantity of 1 mg specimen particles was dispersed in 10 mL ethanol and the 648 

suspension was then placed in the ultrasonic bath for 30 min to disperse particles. One drop of 649 

suspension was deposited onto the carbon-coated copper grid. The grid was allowed to vaccum 650 

dry in a desiccator for overnight. Using the same instrument, the high-resolution TEM 651 
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(HRTEM) were collected and examined for the interplanar spacing of the synthesized 652 

photocatalysts, the EDS was carried out to determine the elemental distribution and mapping, 653 

and selected area diffraction pattern (SAED) were also collected to find out the crystal planes.  654 

2.6.5 Field emission scanning electron microscope (FESEM) 655 

The FESEM (Model: JSM-7610F; Make: JEOL, Japan) was used to characterize the 656 

dimensions (undercut and depth) and the surface morphology of the microchannels, and the 657 

surface morphology and thickness of the coated photocatalyst in the OFMRs.  658 

2.6.6 Profilometer  659 

The microchannel dimensions (undercut and depth) and roughness of OFMR before and after 660 

the photocatalyst coating were examined by using the profilometer (Make: Veeco; Model: 661 

Dektak 150, The USA). Step heights of wavy microstructure in the C-SOFMR were also 662 

characterized. 663 

2.6.7 Photoluminescence (PL) spectrometer  664 

The PL spectra were collected using PL spectrometer (Model: Fluoromax-4; Make: Horiba 665 

Jobin Yvon, Japan) to understand the PL quenching of excitons at an excitation wavelength of 666 

400 nm for the synthesized powder CdS, CN, and CN/CdS heterojunction photocatalysts. 667 

2.6.8 X-ray photoelectron spectroscopy (XPS) 668 

The XPS (Model: ESCALAB Xi+; Make: Thermo Fisher Scientific Co., U.K.) analysis were 669 

performed with the twin anode Non Monocromated ESCALAB Xi+ to understand the 670 

interaction of CN with CdS. The working pressure of argon, pass energy and electron take-off 671 

angle were ~3 × 10−9 mBar, 20 eV and 55°, respectively. The spectra of Cd, S, C, and N were 672 

obtained by fitting raw data with Gauss-Lorentz curve after subtraction of Shirley background 673 

using XPSPEAK4.1 software. 674 
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2.6.9 Microscale particle image velocimetry (µ-PIV) 675 

µ-PIV experimental set-up: The schematic diagram of the μ-PIV experimental setup as shown 676 

in Figure 2.6. The syringe pump (Make: Harvard apparatus, Model: PHD ULTRA, USA) was 677 

used to monitor injection flow rate to the P-SOFMR and C-SOFMR. The OFMR was placed 678 

under the inverted microscope for the flow visualization. The objective lens with magnification 679 

(20×) was used in the experiments. The fluorescence illumination source (high-pressure 680 

mercury lamp) was used to illuminate the region of interest in the OFMR. A high-speed CMOS 681 

(complementary metal oxide semiconductor) camera (Make: VEO 640L Model: Phantom, The 682 

USA), with maximum resolution 2560×1600, was used to capture the image sequence, and 683 

dynamic studio (Dantec dynamics) software was used for the image processing. Experiments 684 

were conducted at room temperature and atmospheric pressure. Different sets of experiments 685 

with two-phase/single-phase flows were conducted to quantify the flow dynamics in P-SOFMR 686 

and C-SOFMR.  687 

Figure 2.6: The µ-PIV experimental set-up. 688 

Image Processing: The flow rate used in the flow visualisation experiments was 0.001 689 

mL/min. At 40 FPS, a collection of 200 photos was taken. Dynamic studio 6.3, a commercial 690 

software, was used for the image processing (Dantec dynamics). Utilizing the micro-PIV 691 
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approach, the cross-correlation method yields the flow field. Image calibration, image pre-692 

processing, masking, vector calculation, and vector post-processing are some of the processes 693 

involved in image processing. The image sequence is initially imported and calibrated in the 694 

software. Based on the height and width of the image, a scale factor was used. The region of 695 

interest (ROI) was chosen for the image flow field, and the dynamic range of the flow field 696 

inside the image was altered for improved contrast during image pre-processing. Background 697 

noise was removed from reflections, and unfocused particles were utilised to lower the signal-698 

to-noise ratio (SNR). For background removal, an ensemble minimum image was computed 699 

and subtracted from the instantaneous raw images. The image masking was used to hide places 700 

where fluid was not flowing or of no importance (or the area without particles). Circles were 701 

made around the portions of the images that contained no particles after computing the image 702 

maximum. 703 

Table 2.2: Characterization techniques used for analysis of the photocatalysts and microreactor 704 

morphology. 705 

S.No. Instrument Make; Model Specifications Purpose 

1 Optical microscope DM2500M; 

Leica, Germany 

--- Microchannel 

morphology 

2 Diffuse reflectance UV-vis 

spectrophotometer 

UV-2600; 

Shimadzu, 

Japan 

BaSO4 as a 

reference, 

Wavelength 

200-800 nm 

Optical 

absorbance 

3 Electron dispersive X-ray 

(EDX) spectroscopy 

Sigma; Zeiss, 

Germany 

 Surface 

elemental 

analysis 
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4 Electron dispersive X-ray 

(EDX) spectroscopy 

JEM-2100F; 

JEOL, Japan 

 Surface 

elemental 

analysis 

5 Field emission scanning 

electron microscope 

(FESEM) 

JSM-7610F; 

JEOL, Japan 

15kW Current 

and 7V probe 

voltage 

Size and surface 

morphology 

6 Field emission 

transmission electron 

microscope (FETEM) 

JEM-2100F; 

JEOL, Japan 

 Size and surface 

morphology 

7 Fourier-transform infrared 

spectroscopy (FTIR) 

IR Affinity 1; 

Shimadzu, 

Japan 

 Functional group 

characterization 

8 Gas chromatography (GC) 7890A; Agilent, 

The USA  

Oven temp 

50°C, Injector 

temp 200°C, 

TCD detector 

250°C 

Hydrogen 

assessment 

9 Photoluminescence (PL) Horiba Jobin 

Yvon; 

Fluoromax-4, 

Japan 

 Photo charge 

carrier separation 

10 Spin coater SpinNXG-P1; 

Apex 

Instruments, 

India 

 Catalyst coating 
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11 Surface profilometer  Dektak 150; 

Veeco, USA 

 Thickness of the 

film 

12 Ultrasonic bath USC 200; ANM 

industries, India 

 Cleaning 

microchannels 

13 X-ray photoelectron 

spectroscopy (XPS) 

ESCALAB 

Xi+; Thermo 

Fisher 

Scientific Pvt. 

Ltd., The UK 

 Surface states 

and chemical 

composition 

14 X-ray powder diffraction 

(XRD) 

SmartLab, 

Rigaku, Japan 

 Crystallinity 

15 Mask writer  Dilase 250; 

Kloe, France 

 Photolithography 

16 High speed camera VEO 640L; 

Phantom, The 

USA 

 Flow 

visualization 

17 Inverted microscope IX-83; 

Olympus, Japan 

 Flow 

visualization 

2.7 Photocatalytic activity test 706 

The CdS coated optofluidic microdevice (150×0.474×0.159 mm3) was tested for gas-liquid and 707 

liquid (water + SR) phase water splitting reaction in the presence of SR (0.1 M Na2SO3/Na2S 708 

for gas-liquid). The geometric area of the microchannel was 1.05 cm2 and it irradiated with UV 709 

light (254 nm) for gas-liquid and metal halide lamp for liquid phase as a light source. The metal 710 

halide lamp was having an inbuilt UV blocker which effectively blocks the UV light. 711 

Moreover, the OFMRs were fabricated out of borosilicate microscopic glass which also does 712 
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not allow UV light to penetrate. Therefore, the photocatalyst was irradiated with only visible 713 

light. The schematic of the experimental setup used for this purpose is shown in Figure 2.7.  714 

Figure 2.7: Photocatalytic water splitting experimental setup. 715 

The gas and liquid flow rates were maintained/monitored using a mass flow controller and a 716 

syringe pump (Make: Harvard apparatus, Model: PHD ULTRA, USA), respectively. The 717 

microreactor outlet and the inert (sweep) gas inlet were connected to a gas-liquid separator. 718 

The N2 was used as sweep gas at a flowrate of 3 mL min-1. The entire system was purged with 719 

N2 gas prior to each experimental run, to remove oxygen present. The produced H2 gas was 720 

evaluated using offline for gas-liquid and online gas chromatography (Model: 7890A, Make: 721 

Agilent, USA) for liquid phase system that is integrated to the setup (Figure 2.7). The OFMR 722 

was partially submerged in an ice bath to prevent overheating of the device. The emission 723 

spectrum of 400 W metal halide lamp was recorded by the spectrophotometer and shown in 724 

Figure 2.8. All the experiments were performed inside the black box to avoid the interference 725 

of stray light. The generated H2 and O2 were analyzed at 10 min intervals using an online gas 726 

chromatograph (GC; Model: 7890A, Make: Agilent, The USA) equipped with a thermal 727 

conductivity detector (TCD) and a CP-Molsieves 5A column with the N2 gas at a flowrate of 728 
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20 mL/min as a sweep gas. The argon was used as the carrier gas. The calibration curve for H2 729 

measurements is shown in  730 

Figure 2.9.  731 

Figure 2.8: Emission spectrum of the 400 W metal halide lamp. 732 

 733 

Figure 2.9: Calibration graph for H
2
 gas. 734 

 735 

 736 
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 737 

2.6 Calculation details of the apparent quantum efficiency (AQE) 738 

 739 

The energy of one photon (Ephoton) with wavelength of λ (nm)  740 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 =
ℎ𝑐

𝜆
 741 

h is Planck’s constant = 6.626×10-34 J s 742 

c is the speed of light = 3×108 m s-1 743 

λ is the wavelength of the incident light = 420 nm = 4.20×10-7 m 744 

 745 

The total energy of the incident monochromatic light (Etotal): 746 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝑃 × 𝐴 × 𝑡 747 

 748 

Where  749 

P (W m-2) is the power density of the incident light 750 

A (m2) is the irradiation area and  751 

t (s) is the duration of the incident light exposure. 752 

As we used 400 W metal halide lamp at L = 10 cm distance, 753 

𝑃 =  
𝑝𝑜𝑤𝑒𝑟

4𝜋 × 𝐿2
 754 

 755 

𝐴 = 1.05 × 10−4(𝑚2) 756 

 757 

               Number of incident photon rate =
𝐸𝑡𝑜𝑡𝑎𝑙

𝐸𝑝ℎ𝑜𝑡𝑜𝑛
 758 

 759 

The apparent quantum efficiency (AQE) is defined as follow by substituting twice the 760 

number of H2 molecules evolved for the number of reacted electrons. 761 

 762 

AQE (%) =  
𝐻2 production rate

Photon incidence rate
× 100 763 

 764 

Therefore, the AQE is calculated using the following equation: 765 

 766 
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AQE (%) =  
2 × 𝑛𝐻2 × 𝑁𝐴

Photon incidence rate
× 100 767 

 768 

Where,  769 

nH2 is the H2 evolution rate  770 

NA is Avogadro’s constant = 6.022×1023 mol-1 771 

 772 
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3. Chapter 3 773 

Fabrication of optofluidic glass microreactor 774 

This chapter briefs a simple, rapid, and cost effective adhesive tape based glass fabrication. A 775 

comparison of fabrication methods (such as photolithography and adhesive tape as mask) was 776 

made based on the geometrical shape and etch factor. The microchannels without any wall 777 

irregularities were obtained with the adhesive tape. The new approach developed in this study 778 

is a step forward in fabricating highly efficient and inexpensive optofluidic devices.  779 

 780 

 781 

Note: Part of this chapter is published in International Journal of Hydrogen Energy. 782 

P. Rambabu, S. Patel, D. Gogoi, R.V. Uppaluri, and N.R. Peela, Optofluidic microreactor for 783 

the photocatalytic water splitting to produce green hydrogen, International Journal of 784 

Hydrogen Energy 47 (2022) 2152-216. 785 
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3.1 Adhesive tape as a mask 786 

3.1.1 Effect of etchant concentration with and without stirring  787 

The aspect ratio is defined as the ratio of depth (D) to width (W). The undercut (U) is defined 788 

as (Wf – Wi)/2, here Wi and Wf are initial and final widths, respectively. A deeper microchannel 789 

with no undercut (high aspect ratio) is desired to facilitate good flow dynamics. Using mask 790 

possessing strong resistance to the etchant, a deeper microchannel can be achieved.  However, 791 

due to the isotropic etching of glass in HF, the undercut is unavoidable.  792 

 793 

Figure 3.1: The depth (■, ▲) and undercut (□, ∆) as a function of HF concentration (%): with 794 

(■, □) and without (▲, ∆) stirring. 795 

The effect of etchant concentration (with and without stirring) on the microchannel depth and 796 

undercut is shown in Figure 3.1. The depth increased from 46 to 358 µm and 38 to 275 µm for 797 

stirring and no stirring cases, respectively, as the HF concentration increased from 5-49%. As 798 

expected, the microchannel depth increased linearly with HF concentration for the both cases. 799 
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The depth with stirring was higher than that without stirring as the mixing indices enhanced 800 

mass transfer of the etchant to the surface. 801 

The undercut varied non-linearly from 113–205 µm and 92–165 µm for stirring and without 802 

stirring cases. The minimum undercut of 63 µm was obtained for 10 wt.% of etchant for the 803 

without stirring case. The minimum undercut for stirring case was 76 µm with 20 wt.% of 804 

etchant. The higher undercut in the stirring case could be due to the transfer of etchant in the 805 

lateral direction and enhancement in the isotropic etching. For the without stirring case, the 806 

etchant is tracked153 by an adhesive tape pattern which eventually causes vertical etching.  At 807 

low HF concentrations (5% and 10%), the undercut was higher for the stirring case as compared 808 

to that without stirring. This is due to dilution brought forward to the adhesive tape due to larger 809 

quantity of water molecules and subsequent stirring force assisted etchant transport in the  810 

Figure 3.2: FESEM images of glass microchannels obtained at various etchant concentrations 811 

and (a) 5%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 49%. (Other conditions: Etching time 812 

= 1h and No stirring). 813 
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lateral direction. Progressively, the undercut reduced at higher HF concentration from 20 to 814 

40%. For both the cases, the increase in undercut with HF concentration can be observed. The 815 

microchannel width expansion has been observed due to isotropic etching but not due to either 816 

peeling off or damage to the adhesive tape.  817 

The surface morphology of the microchannels from FESEM is shown in Figure 3.2.  It can be 818 

observed that the microchannels fabricated with intermediate HF concentrations (20 and 30%) 819 

possessed uneven structures and wall damages (Figure 3.2c and d). The microchannels with 820 

rounded edge, smooth surface, and rectangular shape were formed (Figure 3.2a and b) at low 821 

concentrations of HF (5 & 10%). At 40% and 49% HF, semi-circular microchannels with sharp 822 

edges and without any grooves were achieved. With increasing concentration of the etchant, 823 

microchannel morphology improved and hence the further experiments were conducted with 824 

49% etchant concentration. With this, deeper glass microchannel with majorly sharp edges and 825 

appropriate roughness could be achieved along with minimization of minor wall defects due to 826 

elevation of the adhesive gum. Since the case without stirring provided low undercut, further 827 

experiments have been conducted for highest etchant concentration and by considering 828 

variations in the time of etching.  829 

3.1.2 Effect of etching time 830 

The effect of etching time on the microchannel geometry was investigated in the etching time 831 

range of 15 to 120 min at 49% etchant concentration (Figure 3.3). The semi-circular 832 

microchannels with sharp edges were formed at all etching times (Figure 3.4). The increase in 833 

the undercut with etching time was due to isotropic etching with concentrated HF and not due 834 

to peeling of the adhesive tape.  835 
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 836 

Figure 3.3: The FESEM images of glass microchannels obtained at different etching times (a) 837 

15 min, (b) 30 min, (c) 60 min, (d) 90 min, and (e) 120 min. (Other conditions: HF 838 

concentration = 49% and no stirring). 839 

Figure 3.4: Depth (●) and undercut (○) as a function of etching time. (Other conditions: 840 

Etchant concentration 49% and No stirring). 841 
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3.2 Photoresist as mask 842 

3.2.1 Effect of etching time 843 

From the literature it was understood that the higher initial width of the microchannel increases 844 

the undercut154. Hence, the microchannel initial width in the present case was taken lower than 845 

that set during adhesive tape-based fabrication. With 20% HF as etchant, the undercut and 846 

depth were increased linearly in the range of 222 – 421 µm and 143 – 274 µm, respectively, 847 

with etching time increased from 30 to 120 min (Figure 3.5a). Also, longer etching time 848 

resulted in peeling off of the photoresist due to isotropic etching of glass and subsequent 849 

weakening of the photoresist film adherence or film damage.155-156 850 

3.2.2 Effect of etchant concentration 851 

At fixed etching time 1 h and stirrer speed (70 rpm), as the HF concentration was increased 852 

from 5 to 30%, the undercut (260 – 356 µm) and the depth (32 – 331 µm) were increased 853 

linearly (Figure 3.5b). At higher concentration of HF (40%), no channels were formed and 854 

entire photoresist got peeled off within a short time, indicating a poor photoresist survival in 855 

concentrated HF. The higher undercut in comparison with the microchannel depth could be 856 

due to mass transfer limitations157 and etching in lateral direction.154,158 For all cases, compared 857 

to adhesive tape case, the undercut was higher for the photoresist case.  858 

An attempt to fabricate serpentine shaped microhannels on glass using photoresist as mask 859 

resulted in microchannels with cracks on the wall throughout the length of the channel (Figure 860 

3.6). This could be attributed to overshoot during laser mask writing in curvy patterns in both 861 

X and Y directions. Hence, photolithography has a fundamental limitation to achieve high 862 

quality microchannels. 863 

 864 
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Figure 3.5: Etching time and etchnt concentration as a function of depth (■) and undercut (□) 865 

and depth (▲) and undercut (∆) with photoresist as mask. 866 

Figure 3.6: (a) Wavy and (b) straight microchannels obtained using photolithography 867 

followed by chemical etching. 868 

3.3 Etch factor 869 

Defined as the ratio of depth to undercut, the etch factor affirms channel aspect ratio. The etch 870 

factor as a function of depth is shown in Figure 3.6 for parameters HF concentration and etching 871 

time with adhesive tape (Figure 3.7a) and photoresist (Figure 3.7b) as mask. The etch factor 872 

Vs depth profile for variation of HF concentration with and without stirring followed a similar 873 

trend: initially increased linearly and then decreased with depth (Figure 3.7a). The maximum 874 

etch factor was higher under stirring conditions (2.6) as compared to that without stirring (2.3). 875 

The etch factor at lower depths was lower under stirring as compared to that without stirring  876 

a) b) 
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Figure 3.7: The variation of etch factor as a function of microchannel depth: Using adhesive 877 

tape (a) and photoresist (b) as mask. (Variation of HF concentration with (■) and without (▲) 878 

stirring and etching time with (♦) and without (●) stirring). 879 

and the trend was reversed at higher depths. The etch factor was marginally decreased with 880 

depth for an etching time upto 90 min and reached to a constant value (1.2) thereafter. With 881 

photoresist as mask and for HF concentration variation (Figure 3.7b), the etch factor was 882 

increased with depth reaching a maximum of 0.9 at higher concentration. While, it was nearly 883 

constant (at 0.7) with etching time. However, prolonged etching escalates the photoresist film 884 
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damage and leads to peeling off of the photoresist. The highest etch factor (0.9) obtained with 885 

photoresist as mask was lower than the lowest (1.2) etch factor obtained with adhesive tape as 886 

mask. When compared at the same depths, the etch factor for adhesive tape case is higher by a 887 

factor of 2.5.  888 

This indicates that the undercut was higher in the case of photoresist as mask. Adhesive tape 889 

as a mask resulted in lower undercut (451 µm), higher depth (550 µm), and lead to higher etch 890 

factor (1.2). The depth of the microchannels obtained with adhesive tape are not only better 891 

than that obtained from photoresist method but also was highest as compared to that reported 892 

in literature using chemical etching method (Table 1.1). This could be attributed to the strong 893 

bonding of the mask with glass. The etch factor is highly sensitive to etchant concentration but 894 

not to the etching time. Interestingly, the trend of etch factor vs depth from adhesive tape and 895 

photoresist cases were similar to each other. In the case of adhesive tape, the mask damage or 896 

peel off was not observed. However, in the case of photoresist, the mask was peeled off and 897 

damaged at higher etching times as well as at higher HF concentrations.  898 

3.4 Microchannel morphology  899 

Figure 3.8a presents the optical image of the pattern created on the adhesive tape using surgical 900 

knife in which the thick black horizontal line corresponds to the adhesive glue on the edges of 901 

opening. As a simple and rapid procedure, the surgical knife based cutting approach facilitated 902 

achieving good microchannels. The control on obtaining the desired shape of the microchannel 903 

was facilitated by the strong resistance of the adhesive tape mask to the chemical etchant. The 904 

strong adherence of the adhesive tape, due to its glue, contributes towards elevation of the 905 

minor crevices at the microchannel edges (Figure 3.8b) at which mass transfer limitations 906 

exist159. Well-defined shape of the microchannel can be assured due to strong adhesive 907 

nature156 and inertness of the tape to the etchant (Figure 3.8b). At high HF concentration, due 908 
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to uniform etching, grooves did not form. The desired characteristic of semi-circular 909 

microchannel with a sharp edge for finer manipulation of fluidics can be achieved rather than 910 

the rounded wall edge of the channels.160,161 Using photoresist as a mask, neither deeper 911 

microchannels nor well-defined edges were obtained, which was due to the poor photoresist 912 

adherence during etching. Microchannels with rounded wall edges were formed with 913 

photolithography (Figure 3.8c), which is not desirable attribute of the microchannel, given the 914 

fact that the fluid flow cannot be confined and controlled in such a microchannel. The fluid 915 

flow over the rounded wall edge acts as a dead zone and does not indicate higher transport 916 

efficiency.  917 

In summary, compared to the photoresist case, microchannels with low undercut (451 µm) and 918 

maximum depth (550 µm) were obtained using adhesive tape as mask and this translates into 919 

higher aspect ratios (etch factor = 1.2). Moreover, adhesive tape can eliminate typical 920 

procedures associated to photoresist such as parameter sensitivity against the etchant, coating, 921 

thickness factor, annealing and expensive photoresists. Further, cutting with the knife 922 

eliminates the expensive laser writing step. 923 

Figure 3.8: The optical microscope image of the pattern created by cutting the adhesive tape 924 

(a); The FESEM image of microchannel obtained using adhesive tape (b) and photoresist (c) 925 

as mask. 926 

 927 
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 928 

Figure 3.9: Various microchannel shapes fabricated using adhesive tape as mask: Serpentine 929 

microchannels with (a) T-Joint (b) Y-shaped, (c) wavy, (d) micro pillar, and (e) planar 930 

microchannel. 931 

Microchannels with various shapes namely serpentine microchannel with inlet and outlet 932 

reservoirs, and T-joint (Figure 3.9a) or Y-shaped (Figure 3.9b) inlets, wavy microchannel 933 

without reservoirs (Figure 3.9c), micropillared (Figure 3.9d), and planar (Figure 3.9e) were 934 

successfully fabricated using adhesive tape and 49% HF solution as an etchant. Compared to 935 

all other methods reported in the literature64,160, this method is inexpensive as it requires only 936 

an adhesive tape, a surgical knife and a microscopic lens for visualization. Robotic extensions 937 

of the method can be adopted for better precision, if necessary. However, the developed simple 938 

method effectively demonstrates the generation of microchannels in semi-circular shape 939 

without any wall irregularities.  940 
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3.5 Inlet and outlet connections 941 

A similar procedure was followed to make inlet and outlet connections on the cover plate. The 942 

adhesive tape was applied on both sides of the cover plate and was cut in a rectangular shape 943 

at the inlet and outlet holes, followed by etching with 49%. A 1/16” plastic tube was attached 944 

to the etched inlet and outlet holes using glue and glass powder to achieve leak-proof inlet and 945 

outlet connections (Figure 3.10). 946 

 947 

Figure 3.10: (a) Crushed microscopic glass powder (b) Cover plate with inlet and outlet tubing. 948 

3.6 Assembly of microreactor modules 949 

The photocatalyst coated optofluidic plate (Section 2.4) and the cover plate were combined 950 

with each other to form a complete optofluidic reactor using a UV curable glue. The UV curable 951 

glue was applied on the cover plate and then the optofluidic plate was attached to it. Then the 952 

glue was cured for 15 min under UV light. Thereafter, the optofluidic reactor was checked for 953 

leaks by submerging it into a water bath and passing an inert gas through the channels.  954 

3.7 Conclusions  955 

This work demonstrated the successful generation of glass microchannels with superior 956 

characteristics using adhesive tape as a mask. The method is simple, rapid, robust, and 957 

overcome the critical issues associated with photoresist masks such as adherence. Deeper 958 
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microchannels with sharp edges and without wall-irregularities were obtained. The depth and 959 

undercut of 550 µm and 451 µm (etch factor 1.2), respectively, were obtained for an optimal 960 

etchant concentration of 49% and etching time of 120 min. Using the developed method, 961 

various microchannel shapes were successfully fabricated. The adhesive tape based fabrication 962 

method, developed in this study, could enable achieving versatile microfluidic channels on the 963 

glass.  964 

 965 

  966 
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4. Chapter 4 

Optofluidic microreactor for the photocatalytic water splitting to 

green hydrogen production 

This chapter describes various in-situ CdS photocalysts synthesis methods such as dynamic 

techniques and sol-gel method to coat in microchannel. The effect of parameters such as flow 

rate of the reactant and the concentration of sacrificial reagent (Na2SO3/Na2S) on the 

photocatalytic hydrogen evolution experiments over the coated CdS photocatalyst under the 

visible light irradiation was studied. The H2 evolution rate comparison in various OFMR 

designs such as serpentine, micropillared, and planar was undertaken. Finally, multiphase 

photocatalytic H2 evolution in the serpentine OFMR studied by varying gas and liquid flow 

rates.  

Note: Part of this chapter is published in Internation Journal of Hydrogen Energy. 

P. Rambabu, S. Patel, D. Gogoi, R.V. Uppaluri, and N.R. Peela, Optofluidic microreactor for 

the photocatalytic water splitting to produce green hydrogen, International Journal of 

Hydrogen Energy 47 (2022) 2152-216. 
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4.1 CdS catalyst synthesis and coating in microchannel 1 

4.1.1 In-situ CdS structural changes by dynamic method 2 

The hexamethylenetetramine (HMTA) in the aqueous catalyst solution enabled the in situ CdS 3 

nanospikes growth in the microchannels at temperature 80 °C, as shown in Figure 4.1. The 4 

HMTA and heating temperature at 350 °C facilitated to obtain the CdS nanoleaf structure in 5 

the microchannel as shown in Figure 4.2. However, the film adherence was very poor during 6 

the photocatalytic experiments due to the developed fluid force in the microreactor. This 7 

method needs further study for the film adherence enhancement in the glass microreactor. 8 

Figure 4.1: FESEM images of in-situ CdS nanospike synthesis in glass microchannel using 9 

dynamic synthesis.  10 
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Figure 4.2: FESEM images of in-situ CdS nanoleaf structures in microchannel by chemical 11 

deposition method. 12 

4.1.2 Characterizations of the CdS coated by sol-gel method 13 

The rheological behavior of the catalyst solution was examined using rheometer at room 14 

temperature varying shear rate from 0 – 200 s-1. At lower PEG loading (0.1 and 0.2 g), the 15 

catalyst solution exhibited a shear thinning behaviour, viscosity was decreased with the applied 16 

shear rate (Figure 4.3a). At 0.3 to 0.5 g of PEG loading, the catalyst solution showed the shear 17 

thickening behaviour, viscosity was increased continuously with the shear rate. With the 18 
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addition of PEG to the catalyst, the viscosity was increased from 1.4 to 4.5 mPa s (Figure 19 

4.3b), attributed to the fact that the PEG provided hydrophilic nature which facilitates the CdS 20 

particles association.  21 

Figure 4.3: Viscosity of CdS catalyst solution with PEG loading.  22 

Figure 4.4: FESEM images of the CdS photocatalyst coating enhancement in the microchannel 23 

with the PEG loading (g) (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, and (e) 0.5. 24 
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The FESEM images depicts the improvement of the CdS coating in microchannels with the 25 

increase of PEG concentration (Figure 4.4). The CdS film induced cracks up to 0.3 g of PEG.  26 

At 0.4 g of PEG agglomerated CdS coated film coating was obtained. Continuous CdS film 27 

coating was attained at 0.5 g of PEG. Therefore, the PEG facilitated shear thickening behavior 28 

to the catalyst solution. The improved viscosity is beneficial to attaining the adherent and 29 

uniform coating in the microchannel.  30 

 31 

Figure 4.5: (a) XRD graph of the synthesized CdS catalyst. (b) UV–Vis absorption spectra of 32 

the CdS catalyst (inset Tauc plot). 33 

 34 

Figure 4.6: FESEM images of the CdS coated microchannel (a), (b), and (c). 35 
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 36 

Figure 4.7: Profilometer graph indicates the microchannel geometry without (a) and with (b) 37 

CdS coating. 38 

The XRD planes obtained at 2θ = 26.5, 30.6, 43.9, 52.0, and 70.3° affirmed the existence of 39 

the CdS photocatalyst 162 (Figure 4.5a). The crystallite grain size of 6.39 nm was calculated at 40 

46.46° using the Scherrer equation (D = Kλ/βcosθ). The UV-Vis absorption spectrum 41 

confirmed that the band gap energy of the synthesized CdS was 2.2 eV (Figure 4.5b). The 42 

FESEM images (Figure 4.6) of the CdS coated channel confirmed a uniform coating with an 43 

average thickness of approximately 5.5 µm. This was in good agreement with and the smooth 44 

curve in profilometer graph (Figure 4.7) indicates an uniform CdS coating.  45 

4.2 Photocatalytic water splitting reaction  46 

The morphology and film thickness of photocatalyst play an important role in the charge 47 

separation and transport and thereby enhance the hydrogen production rate 163,164. Therefore, 48 

the enhanced hydrogen production can be achieved through the intensification of surface 49 

reactions by using defect-free morphology 165and optimum thickness in the optofluidic device. 50 

For metal sulphides (e.g., CdS), the hole-driven photo-oxidation of 𝑆2− ions takes place to form 51 

sulphate (𝑆𝑂4
2−) and/or sulphur (S°) 166. A suitable sacrificial reagent with improved transport 52 

(by using optofluidic microdevice) to the active sites helps in mitigating the photo-corrosion 53 

of the photocatalyst. 54 
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The pertinent reactions at the CdS surface in the presence of the sacrificial reagent 55 

Na2SO3/Na2S are as following 167: 56 

2𝐻2𝑂 + 2𝑒𝐶𝐵
− → 𝐻2 + 2𝑂𝐻

−………………(1) 57 

2𝑆2− + 2ℎ𝑉𝐵
+  →  𝑆2

2−……………………… . . (2) 58 

𝑆2
2− + 𝑆𝑂3

2− → 𝑆2𝑂3
2− + 𝑆2−……………… . (3) 59 

𝑆𝑂3
2− + 𝑆2− + 2ℎ𝑉𝐵

+ → 𝑆2𝑂3
2−………………(4) 60 

𝑆2𝑂3
2− + 4ℎ𝑉𝐵

+ + 6𝑂𝐻−  →  𝑆𝑂3
2− + 3𝐻2𝑂…(5) 61 

𝑆2− + ℎ𝑉𝐵
+ +  6𝑂𝐻−  →  𝑆𝑂3

2− + 3𝐻2𝑂……(6)  62 

𝑆𝑂3
2− + 2ℎ𝑉𝐵

+ + 2𝑂𝐻− →  𝑆𝑂4
2− + 𝐻2𝑂…… . (7) 63 

 64 

 65 

Figure 4.8: Photocatalytic hydrogen evolution rate as a function of as a function of flowrate 66 

(a) and Na2SO3/Na2S concentration (b). 67 

The hydrogen production rate in CdS coated optofluidic device was investigated as a function 68 

of feed flow rate in the presence of SR (Figure 4.8). The hydrogen evolution rate was increased 69 
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from 0.11 to 2.49 µmol h-1 cm-2 with the increase of liquid flow rate from 0.05 to 1.0 mL min-70 

1 (Figure 4.8a). As the flow rate increases, the micromixing enhances 168,169, and thereby the 71 

external diffusion of SR (Na2SO3/Na2S) to the surface of CdS increases170. The higher flow 72 

rate represents the fast, fresh Na2SO3/Na2S feed rate to the microreactor and the short residence 73 

time. This, in turn, facilitates the rapid quenching of holes in the valence band and thereby 74 

promoting the charge separation as well as suppression of photo-corrosion of CdS 75 

photocatalyst 81. Such micro-scale phenomena potentially enhance hydrogen generation 171,84. 76 

The short residence times (e.g., 2.07 s at 1 mL min-1) reduced the interaction time of the 77 

electron donor with the CdS, which in turn reduces the unnecessary side reactions of SR on the 78 

photocatalyst 83. The maximum hydrogen production rate of 2.49 µmol h-1 cm-2 was obtained 79 

at flowrate 1 mL min-1. Thus, the obtained results affirmed that the mass transfer rate of 80 

Na2SO3/Na2S to the surface of the photocatalyst was increased with flow rate, which, in turn, 81 

facilitated the escalation of photocatalytic water reduction efficiency. This is one of the major 82 

advantages of the OFMR172.  83 

The effect of SR concentration (in the range of 0.05 – 0.5 M) on the H2 generation is shown in 84 

Figure 4.8b. The maximum hydrogen of 2.65 µmol h-1 cm-2 was produced at 0.5 M of 85 

Na2SO3/Na2S. The hydrogen production was increased with the increase of concentration of 86 

the Na2SO3/Na2S from 0.05–0.5 M, due to the rapid scavenging of the holes from the CdS 87 

photocatalyst at higher concentrations of Na2SO3/Na2S. The rate of increase of H2 production 88 

rate was higher at lower Na2SO3/Na2S concentration and levelled-off at higher concentrations. 89 

This indicates that the mass transport also increases with the increase of reactant concentration 90 

81. However, very high reactant concentration is not favourable as this may lead to adsorption 91 

of reactants/products/intermediates, poisoning the photocatalyst site 82.  92 
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 93 

Figure 4.9: Comparison of the hydrogen production rates in serpentine, micropillared, and 94 

planar optofluidic microreactors. 95 

To compare various reactor configurations (serpentine, planar and micropillered) for their 96 

performance in hydrogen generation, the reaction conditions that are optimized using the 97 

serpentine OFMR were used. The experiments were carried at flow rate of 1 mL min-1 and 0.5 98 

M of Na2SO3/Na2S for 2 h. The hydrogen production rates in planar, micropillared, and 99 

serpentine microreactors were 0.63, 1.56, and 2.65 µmol h-1 cm-2, respectively. The H2 100 

production rate in micropillared microreactor was higher compared to that in planar due to the 101 

enhanced mass transfer in presence of the micropillars. The micropillared OFMR has 264 posts 102 

with an average area of 0.005 cm2 and a height of 152 µm each (Figure 4.9). We note that each 103 

pillar acts as a CdS micropillar for hydrogen generation reaction, which enhances the mass 104 

transfer of Na2SO3/Na2S causes to maximize the hydrogen evolution. The hydrogen evolution 105 

rate was higher with serpentine OFMR in comparison to that with planar and micropillared 106 

OFMR. The lower production rate in planar and micropillared microreactors may be due to the 107 

adsorption of the intermediate products onto the active sites of catalyst, which results in the 108 

reduction of the active photocatalyst surface area. Serpentine OFMR have the higher surface 109 
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to volume ratio compared to the planar and micropillared OFMR, which reduces the 110 

transportation limitations. The serpentine OFMR results in rapid-mixing, which in turn, 111 

establishes the uniform reactant concentration throughout the channel’s cross-section 173. 112 

Serpentine OFMR has the capability to confine the flow with homogeneity and sustain the 113 

steady process between hole scavenging and photo reduction of water. Thereby, higher 114 

hydrogen generation in this OFMR as compared to that in other two reactors (planar and 115 

micropillared) was obtained. The outlet stream of the optofluidic device is a clear solution 116 

indicating no leaching of photocatalyst coating from the microreactor channel walls. In the 117 

literature, there is an ambiguity in terms of the microreactor design that is suitable for the green 118 

hydrogen production directly from solar energy. The comparison of various microreactor 119 

designs is provided in Table 4.1. The enhancement of the transport properties, in turn, enhances 120 

the photocatalytic process efficiency 17. The hydrogen production rates were also compared 121 

with those from literature reports (Table 4.2). It is worth noting that the catalysts used in the 122 

literature reported studies are different from the one used in this study. There are no literature 123 

reported studies in which CdS is used as a photocatalyst in optofluidic reactors for hydrogen 124 

production. Therefore, the comparison was made based on the available photocatalysts. The 125 

hydrogen production rate in serpentine OFMR was higher than that obtained in the present 126 

study as well as those reported in the literature. This could be attributed to its design which 127 

facilitates the rapid micromixing and mass transfer. In some cases, the panel reactors produced 128 

hydrogen with higher production rates. This could be attributed to various factors such as 129 

higher surface area, more active catalyst and reduced gas pressure (10 kPa) to remove the 130 

produced hydrogen 15,150. In the serpentine OFMR, the H2 production rate was 1.13 mmol h-1 131 

g-1, which is compared with the batch reactor data reported in literature. As can be seen from 132 

the Table, the H2 production rate in serpentine OFMR is higher or nearly equal in most of the 133 
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cases even though the light harvesting area is small (1.05 cm2). This indicates the higher 134 

effectiveness of the serpentine OFMR. 135 

Table 4.1: Comparison of hydrogen production performance of optofluidic device in this 136 

study with that reported in literature. 137 

Microrea

ctor 

Catalyst Light 

source 

H2 production 

rate, mol h-1 

Irradiation 

area, cm2 

Refere

nce 

Planar# Pt/TiO2 UV 1.8×10-10 -- 149 

Micropill

ared# 

Pt/TiO2 UV 1.8×10-8 -- 82 

Planar# Pt/TiO2 UV 1.2×10-8 -- 82 

Grooved#  Pt/TiO2 UV 3.72 ×10-9 -- 83 

Flat# Pt/TiO2 UV 1.42 ×10-9 -- 83 

Panels† SrTiO3:Al with co-

catalyst, RhCrOx (Rh 

0.1wt%, Cr 0.1wt%) 

300 W 

Xe lamp 

680×10-6 25 15 

Panels Rh2- yCryO3/(Ga1-

xZnx)(N1-xOx) 

300 W 

Xe lamp 

117×10-6 25 150 

Planar 

large scale 

Pt@mp-CN Sunlight 7420×10-6 7560 151 

Serpentin

e 

CdS Visible 

light 

2.78×10-6 1.05 Present 

work 

 138 

4.3 Pump energy consumption 139 

The pump energy consumption is an important contributor to the overall cost of the process. 140 

For simplicity, we used the Hagen-Poiseuille equation (eq. 1) to calculate the pressure drop in 141 

the channel. The Hagen-Poiseuille equation is valid for straight channels and serpentine 142 

channels were used in this study. However, the order of magnitude of the pressure drop is 143 

similar in both the cases. 144 
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∆𝑃 = 
8𝑄𝜇𝐿

𝜋𝑅4
……… (1) 145 

where ∆P is pressure drop 146 

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑄) = 1 𝑚𝐿/min = 0.016 × 10−6𝑚3 𝑠−1 147 

         Viscosity (µ) = 10-3 Pa.s, Length (L) = 0.15 m 148 

         Width (a) = 473х10-6 m, Height (b) = 159 х10-6 m 149 

        Hydraulic radius  𝑅 =
𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎

𝑊𝑒𝑡𝑡𝑒𝑑 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
 =  

𝑎×𝑏

2×(𝑎+𝑏)
= 1.19 × 10−4150 

   ∆𝑃 = 
8×0.016×10−6×10−3×0.15

3.14×(1.19×10−4)4
= 30.5 𝑘𝑃𝑎  151 

   𝑊𝑜𝑟𝑘 (𝑊) =  
∆𝑃

𝜌∩
= 

30.5

1000×0.6
= 50.8  𝐽/𝑘𝑔 152 

   𝑃𝑜𝑤𝑒𝑟 = 𝑚𝑊 =  𝜌𝑄𝑊 = 997 × 0.016 × 10−6 × 50.8 = 0.81 𝑚𝑊 153 

A rectangular channel geometry was assumed with sides a = 473 µm and b = 159 µm and length 154 

0.15 m. From the equation (1), the pressure drop in the microchannel was found to be 30.5 kPa. 155 

The power required to pump the fluid at 1 mL min-1 with a pumping efficiency of 60% is 0.81 156 

mW. The maximum H2 production rate in this study was 2.65 µmol h-1 cm-2, one mole of H2 157 

contains 286 kJ energy and therefore the power content was 0.22 mW, which is less than the 158 

pump power consumption. The H2 production rate required for the photocatalytic solar water-159 

splitting process to be economically feasible is 129 µmol h-1 cm-2 and the corresponding power 160 

produced is 10.8 mW. In this case, the power required for pumping is approximately 7.6% of 161 

the power from produced H2. Therefore, it can be mentioned that the power required for 162 

pumping is reasonably low under the economically feasible hydrogen production conditions. 163 
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4.4 Gas-liquid photocatalytic hydrogen evolution from the water in 164 

serpentine optofluidic microreactor 165 

 166 

Figure 4.10: H2 evolution rate as a function of (a and c) liquid and (b and d) gas flow rates. 167 

 inert gas (nitrogen) was introduced into the microchannel to maintain slug flow and to enhance 168 

the mixing of the reactant over the coated CdS photocatalyst and to reduce the residence time. 169 

This phenomenon favours to consume the hole within the life time of excitons resulting in the 170 

suppression of recombination. With increasing the reactant flow rates from 0.5 to 1 mL min-1, 171 

the hydrogen evolution rate was first increased up to 0.8 mL min-1 of liquid flow rate and then 172 

decreased. A maximum HER of 0.29 µmol h-1  and 0.27 µmol h-1  cm-2 was obtained at a liquid 173 

flow rate of 0.8 mL min-1 and gas flow rate of 1 mL min-1 (Figure 4.10a and c). Replacement 174 

a) b) 

c) d) 
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of the sacrificial reagent molecules occurs by the two-phase forces over the catalyst. Mixing 175 

only in the slug beneficial to the hydrogen evolution. Usually, high mixing occurs at the 176 

interface of the two phases compared to the middle of the slug. As liquid flow rate increases 177 

slug length increases (in the range of 0.5 - 1 mL min-1), so that, the mixing efficiency gradually 178 

decreases. Rapid replacement of SR molecules occurs at the interface compared to centre of 179 

the slug.  180 

With the increase of the gas flow rate, at liquid flow rate of 0.8 mL min-1, the hydrogen 181 

production rate was increased (Figure 4.10b and d). The maximum hydrogen production was 182 

0.29 µmol h-1 and 0.27 µmol h-1 cm-2 at 1 mL min-1. With the increase of gas flow rate (0.5 – 183 

1 mL min-1), the bubble and reactant (liquid phase) slug lengths were decreased, as shown in 184 

Figure 4.12. The thickness of the reactant (liquid) film and its slug length affected the 185 

photcatalytic activity in the hydrogen generation. At all the flow rates, the slug flow regime 186 

was obtained. A further increase in gas flow rate, may result in a higher hydrogen generation 187 

because of the annular flow. In this flow regime, the gas flows in the centre of the microchannel 188 

and a thin liquid film forms between microchannel wall and gas phase. And also surface area 189 

is higher in the annular flow regime compared to all the other flow regimes. From these results, 190 

it can be said that the water splitting reaction can be stimulated by gas introduction by creating 191 
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a thin film of reactant at which higher absorption of light occurs. However, the hydrogen 192 

production was low (<1 µmol h-1) due to the gas phase occupying the catalyst active area. 193 

Figure 4.11: Flow patterns of liquid flow rate (in the range of 0.5-1 mL min-1) variation in 194 

microchannel. 195 

With the increase of the gas flow rate, at liquid flow rate of 0.8 mL min-1, the hydrogen 196 

production rate was increased (Figure 4.10b and d). The maximum hydrogen production was 197 

0.29 µmol h-1 and 0.27 µmol h-1 cm-2 at 1 mL min-1. With the increase of gas flow rate (0.5 – 1 198 

mL min-1), the bubble and reactant (liquid phase) slug lengths were decreased, as shown in 199 

Figure 4.12. The thickness of the reactant (liquid) film and its slug length affected the 200 

photcatalytic activity in the hydrogen generation. At all the flow rates, the slug flow regime 201 

was obtained. A further increase in gas flow rate, may result in a higher hydrogen generation 202 

because of the annular flow. In this flow regime, the gas flows in the centre of the microchannel 203 

and a thin liquid film forms between microchannel wall and gas phase. And also surface area 204 
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is higher in the annular flow regime compared to all the other flow regimes. From these results, 205 

it can be said that the water splitting reaction can be stimulated by gas introduction by creating 206 

a thin film of reactant at which higher absorption of light occurs. However, the hydrogen 207 

production was low (<1 µmol h-1) due to the gas phase occupying the catalyst active area.    208 

Figure 4.12: Flow patterns of gas (N2) flow rate (in the range of 0.5-1 mL min-1) variation in 209 

microchannel. 210 

4.5 Conclusions 211 

Three OFMRs with different geometries, such as serpentine, micropillared, and planar, were 212 

fabricated, coated with adherent CdS photocatalyst and tested for water splitting reaction to 213 

produce hydrogen. The hydrogen production rate was continuously increased with flow rate in 214 

serpentine OFMR. A maximum hydrogen production rate of 2.65 µmol h-1 cm-2 was observed 215 

at a flow rate of 1.0 mL min-1 in the presence of sacrificial reagent (0.5 M Na2SO3/Na2S) under 216 
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visible light irradiation in serpentine OFMR. The higher hydrogen production rate obtained in 217 

the serpentine OFMR than that with other two geometries indicates that the microreactor design 218 

and shape with the higher surface-to-volume ratio are important for the efficient photo-219 

reduction of water. While in the multiphase photocatalytic hydrogen generation, the maximum 220 

H2 was 0.27 µmol h-1 cm-2 at liquid and gas flow rates of 0.8 and 1 mL min-1. The H2 evolution 221 

was continuously increasing with gas flow rate due to the enhanced mixing leading to enhanced 222 

mass transfer.223 
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5. Chapter 5 

In-situ CdS Nanowires on g-C3N4 Nanosheet Heterojunctions 

Construction in 3D-Optofluidic Microreactor for the 

Photocatalytic Hydrogen Generation 

This chapter demonstrates the simple and cost-effective fabrication method to develop an 

effective corrugated serpentine OFMR (C-SOFMR) with advanced features, such as 

expansion/contraction and wavy microstructure. Further, the CdS nanowires on g-C3N4 

nanosheet (CN/CdS) heterojunction was synthesized in situ in both P-SOFMR and C-SOFMR 

and utilized the device for the photocatalytic green hydrogen generation. Comparison of H2 

evolution rate in both P-SOFMR and C-SOFMR. Finally, studied flow visualization to observe 

the effect of flow behavior on the H2 evolution. 

 

Note: This chapter is submitted to the International Journal of Hydrogen Energy. 
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5.1 Fabrication of C-SOFMR 1 

 Figure 5.1a shows the complete image of the fabricated C-SOFMR that was coated with 2 

CN/CdS heterojunction. Figure 5.1b represents the surface profile of wavy structure in the C-3 

SOFMR. The troughs (of average depth and width of 280 and 1840 µm, respectively, Figure 4 

5.1b and c) and crests (of average depth and width of 170 and 510 µm, respectively, Figure 5 

5.1b and d can clearly be seen at the expansion and contraction, respectively. The CN/CdS was 6 

uniformly coated with an average thickness of about 3.5 µm (Figure 5.2). The microreactor 7 

shape was concave throughout the microchannel, which confines the flow significantly. The 8 

3D flow of expansion and contraction with the wavy stream enhances the chaotic advection174 9 

in C-SOFMR, which in turn enhances the mixing and mass transfer. 10 

Figure 5.1: (a) CN/CdS coated M-SOFMR. (b) Surface profilometer image of the wavy 11 

structure. The FESEM images of (c) Expansion part (d) Contraction part. 12 
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 13 

Figure 5.2: CN/CdS photocatalyst coating in C-SOFMR. 14 

5.2 Photocatalyst Characterizations 15 

A powder X-ray diffraction (PXRD) analysis was carried out to study the crystal phase of the 16 

synthesized CdS, g-C3N4, and CN/CdS heterojunction (Figure 5.3a). The diffraction planes of 17 

CdS175 were at 2theeta angles 26.3 (111), 30.3 (200), 43.7 (220), 51.8 (311), and 54.2˚ (222) 18 

and those of g-C3N4 were at 12.81 (001), 21.6 (100), and 27.16˚ (002). The diffraction peaks 19 

of pristine CdS and g-C3N4 confirmed the cubic (JCPDS number 01-089-0440) and hexagonal 20 

(01-087-1526) crystal motifs of these photocatalysts, respectively. The cubic CdS structure is 21 

favourable to enhance the photocatalytic activity176. With the loading of CN in the CN/CdS 22 

heterojunction, the CdS intensity from all the planes was increased, which signifies that the CN 23 
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conducive to crystal growth of the synthesized CdS.177,94,142 The 2theeta angles of the CN/CdS 24 

diffraction planes corresponding to (111), (200), and (220) were slightly shifted by 0.16, 0.36, 25 

and 0.26˚, respectively (Figure 5.3b). The peak shifting indicates stronger interaction of the 26 

CdS nanowires with CN nano-sheets. The peaks corresponding to CN in the CN/CdS 27 

heterojunction were not visible due to higher crystallinity of CdS and/or lower concentration 28 

of CN. The PXRD analysis ratify the formation of CN/CdS heterojunction.   29 

 30 

Figure 5.3: Powder X-ray diffraction (PXRD) traces (a) in the range of 2θ from 10−80° and 31 

(b) in the range of 2θ from 23−46° of the photocatalysts CdS, CN, CN/CdS1, CN/CdS2, 32 

CN/CdS3, CN/CdS4, and CN/CdS5. 33 

The morphological features of the catalyst influence the optronic properties which in turn 34 

stimulates the photocatalytic activity. Figure 5.4 depicts the morphology of the developed 35 

CN/CdS heterojunction. The CdS nanowires possessed an average length of 110 nm and 36 

diameter of 12.6 nm (Figure 5.4a). The size distribution was calculated considering 50 37 

nanowires. The addition of polyethylene glycol and thermal treatment play a vital role in the 38 

growth of CdS nanowires on CN nanosheet with good functionalization to form heterojunction 39 

(Figure 5.4b). The longer CdS nanowires benefit the electronic interface with CN in the 40 

CN/CdS heterojunction and lead to the spatial separation of excitons along the CdS axial 41 
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Figure 5.4: (a and b) Field emission scanning electron microscopy image of CdS and CN/CdS 42 

(c) Transmission electron microscope (TEM) image of CN/CdS (d) High resolution Field-43 

emission transmission electron microscopic (HRTEM) image, (b) TEM image (Inset: SAED 44 

pattern), (f-h) elementary mapping of Cd, S, and N, and (i) EDX of CN/CdS. 45 

direction.178,12 The CdS nanowires uniformly distributed on the nanosheets of CN is a unique 46 

morphological feature of CN/CdS heterojunction which facilitates an efficient interfacial 47 

charge-carrier transfer between the CN and CdS. The TEM and HRTEM (Figure 5.4b-e)  48 

i) 
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images show the CN/CdS heterojunction morphology with interplanar distances of 0.331 nm 49 

and 0.328 nm, corresponding to CdS (111) and g-C3N4 (002) planes, respectively. The lattice 50 

fringes interlocking shows the formation of CN/CdS heterojunction. The STEM-EDS 51 

elemental mapping shows the elemental distribution and composition of Cd, S, C, and N in 52 

CN/CdS heterojunction. The mapping of Cd, S, and N elements are shown in Figure 5.4f-h, 53 

respectively. From the EDX results, the corresponding percentage of Cd, S, C, and N were 54 

47.5, 12.8, 15.0, and 24.7 wt% and the catalyst weight ratio of CN/CdS was 0.65 w/w (Figure 55 

5.4i). The STEM-EDS reveals the well-organized hetero-structure of the fabricated CN/CdS 56 

heterojunction. The FTIR spectra of synthesised CdS, CN, and CN/CdSx are shown in Figure 57 

5.5a. The pristine CdS peaks obtained at 605 and 1088 cm-1 correspond to the tensile vibrations 58 

of Cd-S167. The characteristic peaks of CN from 1240 to 1620 cm-1 ascribed to the stretching 59 

vibrations of C-N and C=N. The peak at 804 cm-1 attributed to the s-triazine ring116,148. The 60 

peaks of CN and CdS were existed in the CN/CdS, which confirmed the formation of CN/CdS 61 

hybrid structure. Further, the Raman spectra was examined to confirm the CN/CdS 62 

heterojunction formation as shown in Figure 5.5b. For the pristine CdS, the prominent peaks 63 

at 302 and 606 cm-1 were referred to the longitudinal optical (1LO) phonon and overtone optical 64 

(2LO) phonon, respectively. The CN peaks were not appeared due to the low content, well 65 

matched with the XRD results179. 66 

Figure 5.5: FT-IR (a) and Raman (b) spectra of synthesized CdS, CN, and CN/CdSx (from 67 
bottom to top). 68 

a

)

b

)
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The UV-visible spectra were investigated for the optical properties and for the measurement of 69 

bandgap of the synthesized photocatalysts (Figure 5.6a and b). The optical absorbance edges 70 

of the CdS, CN, and CN/CdS2 were confined at 556, 456, and 564 nm. The electronic bandgap 71 

values of CdS, CN, and CN/CdS2, as calculated from the Kubelka−Munk function using the 72 

Tauc plot, were 2.1, 2.51, and 2.01 eV, respectively.  With the loading of CN, the optical 73 

absorption of CN/CdS2 was red shifted. This can be due to the photosensitization effect of CN 74 

and the heterostructure formation that contributes to the higher exciton generation and efficient 75 

interfacial transfer. The superior transport properties in SOFMRs facilitate the rapid exciton 76 

scavenging. The valence band (VB) and conduction band (CB) edge potentials of the 77 

synthesized CdS, CN, and CN/CdS2 photocatalysts were calculated at normal hydrogen 78 

potential using the following equations. 79 

𝐸𝐶𝐵 =  𝜒 − 𝐸
𝑒 −

1

2
𝐸𝑔 80 

𝐸𝑉𝐵 = 𝐸𝐶𝐵 + 𝐸𝑔  81 

where 𝐸𝑔 is band gap of semiconductor, 𝐸𝐶𝐵 is CB edge potential,  𝐸𝑉𝐵 is VB edge potential, 82 

𝐸𝑒 is the energy of free electrons on the hydrogen scale (̰⁓ 4.5 eV). The 𝜒 is the absolute 83 

electronegativity of the semiconductor, expressed as the geometric mean of the absolute 84 

electronegativities of the constituent atoms, which in turn are defined as the arithmetic mean 85 

of the atomic electron affinity and the first ionization energy. The values of 𝜒 for CdS and CN 86 

are 5.19 and 4.73, respectively180,181,182,183,184. The VB and CB edge potentials were estimated 87 

to be 1.73 and -0.36 eV for CdS and 1.48 and -1.02 eV for CN, respectively. The CB of CN 88 

was more negative than the CB of CdS and the VB of CdS was more positive than the VB of 89 
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CN. Therefore, the electrons migrate from CB of CN to CB of CdS and the holes migrate from 90 

VB of CdS to VB of CN under the light irradiation ( for CdS and CNc)147.  91 

Figure 5.6: (a) UV-Visble spectra, (b) Tauc plot (α, h, and ν are the optical absorption 92 

coefficient, Planck’s constant, and photonic frequency), (c) Excitons mobility, and (d) PL 93 

spectra of CdS, CN, and CN/CdS (Inset: high resolution PL spectra). 94 

The strong PL from pristine CdS at 580 nm (2.13 eV) and from pristine CN at 597 nm (2.07 95 

eV) indicate the strong radiative recombination of charges from these photocatalysts (Figure 96 

5.6d). For the CN/CdS2 heterojunction, the PL peak of CN centred at 597 nm (2.07 eV) was 97 

disappeared. This indicates that the reduced recombination of charges in CN/CdS 98 

heterojunction which in turn can be ascribed to the strong interaction of CN with CdS. The 99 

CdS peak (580 nm) in CN/CdS was blue shifted to 546 nm (2.27 eV) which can be attributed 100 
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to the recombination of the transferred electrons from CN to CdS and excited electrons from 101 

the CdS with the holes in CdS.181,185,146,186  102 

Figure 5.7: XPS survey plot of the CN/CdS heterojunction. 103 

The survey plot shows the presence of Cd, S, C and N (Error! Reference source not found.). 104 

The surface composition and the chemical states of CdS, CN, and CN/CdS heterojunction were 105 

examined using XPS (Error! Reference source not found.). The high resolution Cd 3d spectra 106 

of pristine CdS and CN/CdS were deconvoluted and the peaks at binding energies 405.45 and 107 

412.22 eV were assigned to the Cd 3d5/2 and Cd 3d3/2
187,146,188. The binding energies of Cd 3d5/2 108 

and Cd 3d3/2 of CN/CdS heterostructure were red-shifted in comparison to those of CdS by 109 

approximately 0.25 and 0.29 eV, respectively (Error! Reference source not found.a). The high 110 

resolution S 2p spectra were deconvoluted and the peaks corresponding to S 2p3/2 and S 2p1/2 111 

of S2- in the CdS were observed at 161.32 and 162.46 eV, respectively, and that corresponding 112 

to S atoms on CdS edge or S 2p1/2
187 was observed at 168.95 eV. 146,188 The XPS peak 113 

corresponding to S atoms on CdS edge was red-shifted (0.26 eV) in the CN/CdS heterojunction 114 

(Error! Reference source not found.b). The negative shift of peaks corresponding to Cd 3d and 115 

S 2p states of the CN/CdS indicates that the CdS is in reduced state.126 The high-resolution C 116 

1s spectra of CN and CN/CdS, exhibits binding energy peaks at 284.62, 285.98, and 2 88.08 117 
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which can be assigned to the sp2 bonded C species (C-C/C=C), C-NH on heptazine edge, and 118 

sp2 bonded C in tri-s-triazine ring (N=C(-N)2), respectively (Error! Reference source not 119 

found.c).189,116,147 The N 1s signals at 399.82, 401.34, and 404.89 eV correspond to the sp2 120 

hybridized N bonded in s-triazine (C-N=C), sp3 tertiary N bonded with carbon (N-(C)3), amino 121 

groups (N-H), and terminal nitrate groups and π-excitations or charging effects in CN, 122 

respectively189,116,147 (Error! Reference source not found.d). In the CN/CdS, the intensity of C 123 

1s peaks at binding energies 284.62 and 285.98 eV was decreased and N 1s peaks at 399.82 124 

and 401.34 eV were disappeared completely due to the heterojunction formation between the 125 

CdS and CN. The high resolution XPS N 1s peak intensities of CN/CdS2 sample at binding 126 

energies 398.79 and 405.5 eV showed an opposite trend as compared to those of pristine CN 127 

sample. That is, the peak intensities were lower at 398.79 eV and higher at 405.5 eV for 128 

CN/CdS2 sample while they are higher at 398.79 eV and lower at 405.5 eV for CN sample. 129 

This could be attributed to the conjugate formation of CdS with the CN s-triazine rings190,191. 130 

The positive shift of C 1s and N 1s in CN/CdS2 was due to the extracted electron density. This 131 

can be ascribed to the electron transfer from the CN to CdS that occurs due to the strong 132 

electronic interaction between CdS and CN in the CN/CdS2 Figure 5.8: X-ray photoelectron 133 
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spectroscopy (XPS) analysis of CdS, CN and CN/CdS2: (a) Cd 3d; (b) S 2p; (c) C 1s; and (d) 134 

N 1s. 135 

heterojunction.34,94 The XPS binding energy peak shifting in CN/CdS indicates successful 136 

formation of the CN/CdS heterojunction. 137 

5.3 Photocatalytic activity test  138 

The SOFMRs with high surface to volume ratio reduces the transport resistances. The 139 

heterostructured catalyst thin film enables the instantaneous exciton transfer, which enhances 140 

the photocatalytic activity.  141 

The sacrificial reagent (SR) prevents the back reaction as well as photocorrosion by scavenging 142 

the holes from the photocatalyst’s VB. The short radial diffusion length in SOFMRs facilitates 143 

the uniform mixing and narrow residence time distribution, which in turn prevents the 144 

unwanted reactions. Continuous flow of SR to the SOFMRs sustains the catalyst activity and 145 

HER rate. The HER rates in P-SOFMR obtained with the sacrificial reagents 10% lactic acid, 146 

10% triethanolamine, and 0.5 M Na2SO3/Na2S were 0.69, 1.82, and 4.24 µmol h-1, respectively 147 

(Figure 5.9a). The photocatalytic activity was the highest in the presence of 0.5 M 148 

Na2SO3/Na2S. The  higher efficiency of the sacrificial reagent SO3
2-/S2- was due to its 149 

favourable kinetics for oxidation by holes in CN/CdS valence band.176,192,86 The photostability 150 
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of CdS based photocatalysts is also higher in the presence of Na2SO3/Na2S as a sacrificial 151 

reagent116. 152 

Figure 5.9: Hydrogen production rate as a function of (a) type of sacrificial reagent and (b) 153 

CN loading in CN/CdS heterojunction. 154 

The photocatalytic activity of CdS and CN/CdS heterojunction was examined for the hydrogen 155 

evolution reaction (HER) in P-SOFMR, using 0.5 M Na2SO3/Na2S as a hole scavenger at a 156 

reactant flowrate of 1 mL min-1, under the visible light irradiation. Figure 5.9b illustrates the 157 

HER rate as a function of CN loading in the CN/CdS heterojunction. The HER rate was lower 158 

(2.92 µmol h-1) with CdS photocatalyst. It was first increased and then decreased with the 159 

increase of CN wt% in the CN/CdS heterojunction, passing through maximum at 0.17 wt% of 160 

CN. At CN loadings of 0.009, 0.17, 0.44, 4.46 and 9.6 wt%, the HER rates were 4.85, 6.16, 161 

5.52, 4.24, and 1.95 µmol h-1, respectively. The CN/CdS2 heterojunction exhibited the best 162 

b a 

c 
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photocatalytic activity (6.16 µmol h-1). The higher HER rate observed over the CN/CdS2 163 

heterojunction was due to the narrow bandgap, higher charge mobility and suppressed  164 

Figure 5.10: (a) Comparison of H
2
 production in OFMRs against the flowrate. (b) Stability 165 

test of the CN/CdS2 for photocatalytic hydrogen evolution in P-SOFMR; and (c) Powder X-166 

ray diffraction (PXRD) traces of CN/CdS2 before (Red) and after (Black) the reaction. 167 

recombination, as revealed from the XPS and PL analyses. Beyond 0.17 wt. % of CN loading, 168 

the photocatalytic activity of CN/CdS was decreased due to the coverage of CdS photocatalytic 169 

active sites with CN layer. This lowers the overall light absorption by the CdS, in line with the 170 

UV-Vis analysis.  171 

Figure 5.10a demonstrates the comparison of HER rate in P-SOFMR and C-SOFMR as a 172 

function of the flow rate. The HER rate increased from 2.42 to 6.16 µmol h-1 in P-SOFMR and 173 

2.61 to 6.38 µmol h-1 in C-SOFMR with the increase of flow rate from 0.05 to 1.0 mL min-1. 174 

The HER at 1 mL min-1 flowrate was 2.54 and 2.44 times higher than that at 0.05 mL min-1 in 175 

P-SOFMR and C-SOFMR, respectively. With increasing the flow rate, the mixing length 176 

reduces due to the improved chaotic advection193 leading to radial mixing in P-SOFMR and 177 

recirculated flow in C-SOFMR which in turn results in homogeneous 0.5 M Na2SO3/Na2S 178 

concentration along the length of the optofluidic device. This improves the transport of 179 

sacrificial reagent (Na2SO3/Na2S) molecules to the photocatalyst active sites,194 which in turn 180 

boosts hole-scavenging. Enhanced mass transfer and short residence time in SOFMRs favour 181 

the suppression of surface recombination and reduces the photocorrosion44. Figure 5.10b 182 

depicts the stability of the CN/CdS2 heterojunction for the photocatalytic hydrogen evolution. 183 

The 3 recycle tests were carried out in P-SOFMR at a reactant flow rate of 1 mL min-1 for 2 h 184 

run. The H2 evolution rate was marginally decreased with number of cycles, which might be 185 

due to the photocatalyst leaching from the P-SOFMR. The XRD traces of the CN/CdS2 before 186 

and after the photocatalytic hydrogen evolution reaction is shown in Figure 5.10c. After the 187 
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photoreaction, no change in the XRD peak intensity and position was observed in comparison 188 

to its fresh counterpart. This indicates no changes in the crystal structure of the photocatalyst 189 

CN/CdS2 heterojunction during the photocatalytic reaction195,196,197,198,199. 190 

5.4 Hydrodynamic study 191 

Figure 5.11 represents the flow visualization in SOFMRs. Figure 5.12a demsonstrates fluid 192 

flow visualization in the C-SOFMR. At contraction, stretching and folding of fluid was 193 
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observed, owing to the chaotic advection.193 At the expansion with trough, flow expansion with 194 

the lower velocity magnitude was observed. The higher chaotic advection or back mixing at  195 

Figure 5.13: Velocity vector field in (a) C-SOFMR (b) P-SOFMR (frame rate 40 fps). 196 

the contraction was due to the lower cross-sectional area. This phenomenon leads to higher 197 

interfacial area and the short diffusion length,200 resulting in rapid mixing and mass transfer201. 198 

However, the residence time increases due to the back mixing. Thus the intermediates and 199 

reactant molecules block photons from reaching the photocatalyst.202 Moreover, the light 200 

scattering due to the high vorticity may result in photon energy loss. In the case of overall water 201 

splitting, back reactions may occur due to the back mixing. Figure 5.14b depicts the fluid flow 202 

visualization in the P-SOFMR. The flow followed a parabolic velocity profile (i.e., the velocity 203 

was higher at middle and lower at the wall) attributed to the laminar flow. Neither vortices nor 204 

back mixing was observed. Forward fluid streams in P-SOFMR reduces the photon energy 205 

loss, residence time and effect of intermediates on the photocatalytic activity as mentioned 206 

above. Further study is required to assess the full potential of the C-SOFMR. Studies are on 207 

going in our lab on various OFMR designs such as induced swirling flow with radial mixing 208 

and without back mixing for the enhanced green hydrogen production.  209 

The hydrogen production rates over various photocatalysts in the OFMRs reported in the 210 

literature are presented in our previous publication44. To the best of our knowledge, this is the 211 

first report on the photocatalytic hydrogen evolution over the CN/CdS heterojunction in the 212 

OFMR. The photocatalytic activity of the CN/CdS heterojunction with P-SOFMR and C-213 

SOFMR were compared with those reported with batch photoreactor (particulate photocatalyst) 214 

in the literature (Table 5.1). Compared to the literature reports, the apparent quantum yield (29 215 

%) was higher in the present study, which can be ascribed to the uniform light harvesting and 216 

enhanced transport properties in the integrated CN/CdS film SOFMRs.  217 
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Table 5.1: The comparison of the present hydrogen evolution rate over the CN/CdS 218 

heterojunction with the literature. 219 

Light source Loading 

(mg) 

SR H2  

(µmol h-1) 

A.Q.E. 

(%) 

Irradiation 

Area (cm2) 

References 

300 W Xe 

lamp  

50 Triethanolamine 14.83 -- 18.57 132 

400 W Xe 

lamp 

25 0.02 M Na2SO3 

and 0.1 M Na2S  

0.46 -- 19.6 203 

300 W Xe 

lamp 

50 0.5 M 

Na2SO3/Na2S 

11.75 -- -- 204 

300 W Xe 

lamp 

10 Na2SO3/Na2S 21.2 -- -- 196 

PLS-SXE 

300D Xe 

lamp 

50 Triethanolamine 11.76 9.6 -- 142 

300 W Xe 

lamp 

50 0.35 M Na2S and 

0.25 M Na2SO3 

46 4.4 -- 145 

300 W Xe 

lamp 

5 0.25 M 

Na2S/Na2SO3  

0.76 6.86  146 

400 W metal 

halide lamp 

 0.5 M 

Na2S/Na2SO3 

6.16 (P-

SOFMR) 

6.38 (C-

SOFMR) 

29.56 

13.68 

1.05 

2.34 

Present 

work 

 220 
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5.5 Photocatalytic mechanism 221 

Based on the photocatalytic activity test results, a photocatalytic reaction mechanism is 222 

proposed for the synthesized CN/CdS heterojunction and is shown in Fig. 11. Under the visible 223 

light irradiation, CdS and CN excited to produce the electrons and holes, respectively. The 224 

excited electrons from the conduction band (CB) of CN are transferred to the CB of CdS 225 

because the CB potential of CN is more negative than that of the CdS. The holes from the 226 

valance band (VB) of CdS are migrated to the VB of CN due to more positive VB potential of 227 

CdS than that of the CN. The excitons mobility and spatial separation indicate Type II 228 

heterojunction formation between CdS and CN, which reduces the excitons recombination 229 

effectively. The holes in the CN VB scavenged by the SR (0.5 M Na2SO3/Na2S). Meanwhile, 230 

the electrons in the CdS CB reduce water to hydrogen. The CdS and CN act as reduction and 231 

oxidation sites, respectively, for the redox reactions.  232 

5.6. Conclusions 233 

A simple and cost-effective SOFMRs possessing the expansion/contraction and the wavy 234 

microstructured configuration were constructed successfully with in situ synthesized CdS 235 

nanowires on g-C3N4 nanosheet (CN/CdS) heterojunction. The charge generation and transport 236 

Fig. 11: Photocatalytic mechanism in the synthesized CN/CdS heterojunction. 
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are more efficient with CN/CdS heterojunction as compared to those with CdS alone. The 237 

CN/CdS heterojunction showed the highest photocatalytic activity (6.38 µmol h-1 in C-SOFMR 238 

and 6.16 µmol h-1 in P-SOFMR at 1.0 mL min-1) in photocatalytic green hydrogen production 239 

from water-splitting, due to its good optronic properties. The higher flow rates (1 mL min-1) 240 

favored the rapid scavenging of the holes and the free electrons are effectively utilized for the 241 

water-splitting reaction to produce hydrogen. 242 

 243 
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6. Chapter 6 

Thesis Conclusions and Reccomendations of Future Scope Work 

This chapter briefs the major findings and outcomes of this thesis. It also mentions the 

limitations and future scope to enhance the photocatalytic hydrogen evolution in continuous 

flow microreactor.   
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6.1 Major findings  1 

i. Adhesive tape based glass microreactor fabrication: A simple, rapid, robust, and 2 

cost-effective glass microfabrication method was successfully developed which 3 

overcomes the critical issues associated with photoresist masks, such as adherence. 4 

Moreover, deeper microchannels with sharp edges and without wall-irregularities were 5 

obtained.  6 

ii. A higher depth of 550 µm, with an etch factor of 1.2, was obtained for an optimal 7 

etchant concentration of 49% and etching time of 120 min. 8 

iii. Using the developed method, various microchannel shapes were successfully 9 

fabricated, proving the robustness of the method. The adhesive tape-based fabrication 10 

method, developed in this study, could enable achieving versatile microfluidic channels 11 

on glass at lower cost.  12 

iv. The significance of adhesive tape extends in microfabrication because of its adhesive 13 

nature to bond, flexibility in employing, optical transparency (beneficial for 14 

photonics), rapid, and cheaper to use.  15 

 16 

v. OFMR for the H2 evolultion over CdS: The OFMRs with various geometries, such 17 

as serpentine, micropillared, and planar were successfully fabricated, coated with 18 

adherent CdS photocatalyst and tested for water splitting reaction to produce hydrogen.  19 

vi. A maximum hydrogen production rate of 2.65 µmol h-1 cm-2 was observed at a reactant 20 

flow rate of 1.0 mL min-1 in the presence of sacrificial reagent (0.5 M Na2SO3/Na2S) 21 

under visible light irradiation in serpentine OFMR. The higher hydrogen production 22 

rate obtained in the serpentine OFMR than that with other two geometries indicates that 23 

the OFMRs with higher surface-to-volume ratio are more efficient for the 24 

photocatalytic water-splitting to produce hydrogen.  25 
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vii. The higher hydrogen production rate obtained in the serpentine OFMR than that with 26 

other two geometries indicates that the OFMRs with higher surface-to-volume ratio and 27 

effective hydrodynamics are more efficient for the photocatalytic water-splitting to 28 

produce hydrogen.  29 

 30 

viii. Induced CN/CdS Heterojunction 3D-Optofluidic Microreactor for the H2 31 

evolution: The corrugated (C-SOFMR) and plain (P-SOFMR) serpentine OFMRs, with 32 

the expansion/ contraction and the wavy microstructured configuration, were 33 

successfully fabricated and tested for the photocatalytic hydrogen production.  34 

ix. The CdS nanowires on g-C3N4 nanosheet (CN/CdS) heterojunction thin film 35 

successfully synthesized in situ P-SOFMR and C-SOFMR.  36 

x. The charge carriers generated were utilized efficiently for the HER reaction in both P-37 

SOFMR and C-SOFMR at higher flow rates attributing to the rapid micromixing and 38 

mass transfer.  39 

xi. The CN/CdS heterojunction showed the highest photocatalytic activity (6.38 µmol h-1 40 

in C-SOFMR and 6.16 µmol h-1 in P-SOFMR at 1.0 mL min-1) due to its good optronic 41 

properties.  42 

xii. The flow behaviour in C-SOFMR and P-SOFMR was studied using flow visualization 43 

method and correlated it with the photocatalytic hydrogen production in these devices. 44 

The flow visualization study reveals a laminar flow with no back mixing in plain 45 

serpentine OFMR (P-SOFMR), and stretching and folding of fluid along with back 46 

mixing in C-SOFMR. 47 

xiii. The synergistic effect of optofluidic microreactor (OFMR) coated with the thin film of 48 

nano-structured semiconductor heterojunction is believed to improve the photocatalytic 49 
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activity by the enhanced charge separation, transfer, and utilization with the confined 50 

flow dynamics at micro-scale. 51 

 52 

6.2 Limitations of the thesis 53 

i. Exploration of noble metals doping may enhance the H2 evolution reaction.  54 

ii. Overall water splitting reaction to produce H2 and O2 under the visible light irradiation 55 

could not be established. 56 

6.3 Future work directions  57 

i. Pattern developing machine may be used for the adhesive tape-based glass fabrication 58 

to increase the speed and reduce the time of fabrication. 59 

ii. In-depth studies are required for the gas-liquid multiphase photocatalytic water-60 

splitting reaction to produce hydrogen with lower mass-transfer limitations. 61 

iii. Molecular level simulations are required to understand the interaction of excitons and 62 

reactants in the OFMRs. 63 

iv. C-SOFMR could be used to explore the other potential applications such as biosensors, 64 

gas-liquid reactions, and organic synthesis. 65 

v. Scale up of micro processing technology for the energy conversion and utilization. 66 
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