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Abstract 
The report presents two main parts, which are fabrication of TiO2 layer on microchanel silicon 

substrate and characterization of photocatalytic performance of TiO2 layer. The catalyst 

deposition on the substrate was conducted by using washcoating techniques. The morphology of 

catalyst layer obtained was analyzed by using SEM. The adhesion test was conducted to observe 

the adherence of catalyst layer to the substrate. SEM was used to observe the difference of 

catalyst layer between before and after adhesion test. The photocatalytic performance of 

catalyst layers was investigated by determining the intrinsic surface reaction rate constant. In 

order to determine the intrinsic surface reaction rate constant the results from numerical 

simulation were fitted to experimental data obtained for various residence times, substrate 

types and pH solution.  
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 Chapter 1. General Introduction 

1.1. Introduction 
Water is essential for living organism. Water plays a big role for mankind, from good drinking 

water quality to its utilization for agriculture, energy, industry, and sanitation. According to the 

UN [1], there are approximately 1.8 billion people in the world who still lack access to safe 

drinking water. Disease from contaminated drinking water and unhealthy living condition (e.g. 

diarrhea, cholera, dysentery and hepatitis A) can harm people's health and cause mortality. 

Therefore, water purification plays an important role as it provides safe water for people and 

other life forms. This issue is of great concern and has to be overcome by improving and 

developing better water treatment technologies.  

In this work, we look into water treatment using photocatalysis. We investigate the degradation 

of methylene blue by immobilized TiO2 catalyst in microreactor. Methylene blue (dyes) is 

commonly used as a model organic contaminant for water treatment research. There are some 

methods for dye removal such as adsorption, membrane filtration, ion exchange, electrokinetic 

coagulation, electrochemical destruction, etc [2]. Among these methods, photocatalysis is a 

promising method without any secondary pollution. Immobilized TiO2 catalyst offers advantages 

that can overcome the drawback of slurry based catalyst, for instance no catalyst loss and no 

costly separation process due to the necessity of catalyst filtration from the aqueous phase in 

slurry system [3-5].   

Microreactor technology has been used successfully for research in catalysis due to its large 

surface area to volume ratio [6]. This feature of microreactors improves heat and mass transfer 

[4, 6]  that enhances the catalytic conversion rate. Other favourable features of microreactors 

are small footprint, raw materials, and minimized amount of waste. These characteristics have 

made microreactors more promising than other reactor types for research application. 

1.2. Photocatalysis 
The main reactions of photocatalysis process can be described as in Figure 1. 

 

Figure 1. Reaction scheme of photocatalysis [7] 



Page 5 of 39 
 

In this work, titanium dioxide or titania (TiO2) is utilized as a photocatalyst. The initial step for 

heterogeneous photocatalysis is the absorption of photons [8] with energy equal to or higher 

than band gap energy of the semiconductor [9, 10].  The band gap energy of anatase and rutile 

are 3.2 eV and 3.0 eV, respectively [11]. Photoactivation of titania takes place in the range of 

photon wavelength of 300 - 388 nm [12].  

The catalyst absorbs photons and the electrons are excited from valence band to conduction 

band, leaving behind positive charges (holes) in the valence band. This photoexcitation process 

creates charge carriers, i.e. the electrons in conduction band (CB) and holes in valence band 

(VB), as in Figure 1 (R1) equation (1) [11, 13, 14]. 

𝑇𝑖𝑂2 + 𝑕𝑣 → 𝑒𝑐𝑏
− + 𝑕𝑣𝑏

+         (1) 

The excited 𝑒𝑐𝑏
−  reacts with oxygen molecules which are present in water to form a superoxide 

radical (𝑂2
−∗) as in Figure 1 (R2) equation (2) [7]. 

 𝑒𝑐𝑏
− + 𝑂2 ↔ 𝑂2

−∗        (2) 

The electrons can also react with semiconductor as described in equation (3) [7]. 

𝑒𝑐𝑏
− + 𝑇 → 𝑇−         (3) 

The reaction between holes and hydroxide ions to forms hydroxyl radicals is written in equation 

(4) [7]. 

𝑕𝑣𝑏
+ + 𝑂𝐻− ↔ 𝑂𝐻∗         (4) 

Holes also react with water which is adsorbed at the semiconductor surface [7]. This oxidative 

reaction creates hydroxyl radicals (𝑂𝐻∗) as shown in Figure 1 (R5) equation (5) [7]. 

𝑕𝑣𝑏
+ + 𝐻2𝑂 ↔ 𝐻+ + 𝑂𝐻∗       (5) 

When there is no reaction between 𝑒𝑐𝑏
−  or 𝑕𝑣𝑏

+  and other chemical species, they will eliminate 

each other and the energy will be lost by releasing heat. This process is known as electron-hole 

recombination. The direct recombination and indirect recombination are described in Figure 1 

(R6 and R7), equation (6) and equation (7), respectively [7]. 

𝑒𝑐𝑏
− + 𝑕𝑣𝑏

+ → 𝑕𝑒𝑎𝑡        (6) 

𝑒𝑐𝑏
− + 𝑇 ↔ 𝑇−         (7a) 

𝑕𝑣𝑏
+ + 𝑇− ↔ 𝑇         (7b) 

Dijkstra et al. [7] also mentions that for semiconductor titanium dioxide, indirect recombination 

will be the most likely occurance during photocatalysis. 

The generation of hydroxyl radicals is mainly governed by equation (5), but hydroxyl radicals can 

also be created by a sequence of radical reactions as follows [7]: 

𝑂2
−∗ + 𝐻+ → 𝐻𝑂2

∗         (8) 
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𝐻𝑂2
∗ + 𝑒𝑐𝑏

− → 𝐻𝑂2
−         (9) 

𝐻𝑂2
− + 𝐻+ → 𝐻2𝑂2         (10) 

2𝐻𝑂2
∗ → 𝐻2𝑂2 + 𝑂2        (11) 

𝑂2
−∗ + 𝐻𝑂2

∗ → 𝑂2 + 𝐻𝑂2
−       (12) 

𝐻2𝑂2 + 𝑒𝑐𝑏
− → 𝑂𝐻∗ + 𝑂𝐻−       (13) 

𝐻2𝑂2 + 𝑂𝐻∗ → 𝐻2𝑂 + 𝐻𝑂2
∗       (14) 

A simplified version of a reaction for hydroxyl radicals attacking organic contaminants in the 

adsorbed phase is described in equation (15) [15]. 

𝑂𝐻∗ +  𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡𝑠 → 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑠 → 𝐶𝑂2 + 𝐻2𝑂   (15) 

However, holes can also degrade the contaminant as simplified in equation (16) [15]. 

𝑕𝑣𝑏
+ +  𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡𝑠 → 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑠 → 𝐶𝑂2 + 𝐻2𝑂   (16) 

Photocatalysis is a technique which can be utilized to remove many dyes such as methylene 

blue, rhodamine B, methyl orange, and fluorescein [9]. 

1.3. Photocatalysts 
Titanium dioxide (TiO2), which is a well-known semiconductor photocatalyst capable of 

degrading organic compounds in water [3, 16, 17], is of great interest due to its low price [3, 18-

21], abundant availability [22], non-toxic material [18, 23], high stability in thermal [11], 

chemical and biological [18, 20, 24]. TiO2 is safe to be used in drinking water treatment process 

because of no formation of toxic reactive intermediate during photocatalysis reaction, and it has 

no taste and odour [25].  

The main crystalline structures of TiO2 are anatase (tetragonal), rutile (tetragonal) and brookite 

(orthorhombic) [17, 26, 27], which occur naturally at atmospheric pressures [28]. Among these 

main crystal structures of TiO2, rutile and anatase are widely known for photocatalytic 

application [17].  One of the most used forms of TiO2 as photocatalyst is a mixture of 70 wt% 

anatase and 30 wt% rutile which has high specific surface area of 72.0 m2/g [28]. Another well 

known commercial product is Degussa P-25 (a mixture of 80 wt% anatase and 20 wt% rutile) 

which has specific surface area of 49.2 m2/g [28]. 

The unit cell of TiO2 are described in publication by Zhang J. et al. in literature [29] for anatase, 

rutile and brookite as illustrated in Figure 2.  
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Figure 2. The crystal structure of TiO2 (a) anatase, (b) rutile and (c) brookite [29] 

 

1.4. Semiconductors 
Pure semiconductor without doping is an intrinsic semiconductor. In the intrinsic semiconductor, 

the amount of electrons as negative charge carrier is equal to the amount of holes as positive 

charge carrier [30]. Intrinsic semiconductor can be modified to form n-type semiconductor and 

p-type semiconductor through doping methods for electronic application purposes [30]. 

In order to create n-type semiconductor, the impurities such as phosphorus, arsenic or antimony 

[30, 31] are added into intrinsic semiconductor. In n-type semiconductor, electrons are the 

major carriers and holes are the minor carriers [30]. Another characteristic of n-type 

semiconductor is its Fermi level (EF) that is close to conduction band (EC) [30], as illustrated in 

Figure 3. 

To modify intrinsic semiconductor into p-type semiconductor, the compounds (e.g. boron, 

nitrogen [30], gallium or indium [31]) are used as impurities. In contrast with n-type 

semiconductor, p-type semiconductor has electrons as minor carriers and holes as major carriers 

[30], and the Fermi level (EF) will be shifted close to valence band (EV) [30], as illustrated in 

Figure 3. 

 

Figure 3. Energy band diagram of (a) intrinsic semiconductor, (b) n-type semiconductor and (c) p-
type semiconductor [31] 
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1.5. Methylene blue 
Methylene blue is widely used as a synthetic dye in coloring paper, dyeing textile and leather 

[32]. Nowadays, application of methylene blue is spreading into wider fields, for example, in 

biology, chemistry [10] and medicine [33]. Methylene blue is used in cardiac surgery, and its 

other promising uses are still undergoing research such as for vasoplegia, septic shock, 

hepatopulmonary syndrome and as antimalarial [33]. However, methylene blue can decrease 

the dissolved oxygen, which can be hazardous to water organism life [10]. 

Robinson [2] mentioned that there is a wide variety of dyes, which are classified into three types 

of dye: cationic, nonionic and anionic dyes. Anionic dyes are bright in colour, reactive in water 

and acid [2]. Nonionic dyes are neutral in aqueous phase [2]. Methylene blue is a cationic dye 

and its molecule has positive charge [34]. The properties of methylene blue are listed in Table 1. 

Table 1. Chemical and Physical properties of methylene blue [35] 

Name Methylene blue 

Molecular formula C16H18ClN3S 

CAS 61-73-4 

2D structure   

 
 

Molecular Weight 319.851 g/mol 

Color dark green crystals 

Odor slight odor 

Melting point 100 to 110 oC (with decomposition) 

Solubility 43,600 mg/L at 25 oC in water  

Vapor pressure 1.30 x 10-7 mmHg at 25oC 

Stability sensitive to light 
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Chapter 2. Scope of Research 
In this research, the first part is the deposition of the catalyst layer on the microchannels. The 

first aim of this fabrication process is to deposit porous catalyst layers which can handle harsh 

operating conditions such as high temperatures and high pressures. In order to determine the 

adherence of catalyst layer on the substrate of microchannels, the adhesion test will be 

conducted. Another goal of this fabrication procedure is to utilize washcoating technique (static 

method and dynamic method) to pattern titania layers in various configurations. The 

washcoating of titania is aimed to increase surface area. Sputtering technique can be easily used 

for deposit TiO2 but it leads to dense layers with low surface area. Larger surface area leads to 

higher conversion rates. All results will be discussed in Chapter 3. The washcoating technique 

proved to be unreliable and further characterization of TiO2 was performed using dense layer 

fabricated by magnetron sputtering. 

The second part is the characterization of titania by methylene blue degradation. In this 

experiment, the intrinsic surface reaction rate constant of methylene blue degradation by titania 

thin films is investigated using microreactor. The simulation is performed in COMSOL 

Multiphysics. The intrinsic surface reaction rate constant from simulation result is fitted to 

experimental data. By using different substrate types and pH solution, the photocatalytic 

performance of titania layer will be discussed. The results will be reported in Chapter 4.  
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Chapter 3. Fabrication of the TiO2 catalyst layer  

3.1. Introduction 
There are many techniques available to deposit a thin layer of catalyst material on a substrate 

for instance dip coating, magnetron sputtering, atomic layer deposition, chemical vapor 

deposition, physical vapor deposition, sol-gel deposition, etc, that have been proposed in the 

literature. Hence, many of these techniques result in dense layer, whereas porous layer would 

increase the catalytic surface area. Unless the reaction rate is extremely fast, the availability of 

surface area for reaction will have a direct impact on the conversion capacity of the system. 

However, for most catalytic reactions, a high surface area is required. That is why, with few 

exceptions, dense layers like the one obtained by sputtering technique are not suitable for 

catalysis. In order to increase the surface area of the catalyst, the catalyst layer is deposited on 

the microchannel by washcoating. A good catalyst layer has good adherence to the substrate, 

has a uniform thickness, large surface area, and is able to withstand harsh operating condition 

such as high temperature and pressure. 

Porous layer deposition inside microchannels is not so straightforward. Sajid Ullah et al. [36] 

proposed micromolding in capillaries (MIMIC), a technique to deposit the catalyst inside the 

microchannel which is formed by connection between substrate and mold, and uses capillary 

pressure as a driving force to flow the suspension inside the microchannels. 

However, Huang et al. [37] and Stefanescu et al. [38] stated that the washcoating technique is 

the still most widely used method. D'Angelo et al. [39] proposed 2 types of washcoating 

technique: static and dynamic method. In the first technique, the microchannel is completely 

filled with TiO2 suspension. The catalyst layer is formed on the inner walls of the microchannel 

by natural drying through evaporation at room temperature. In the second technique, the 

microchannel is filled with TiO2 suspension, which is afterwards displaced by flushing the 

channel with air at different flow rate and leave TiO2 layer on the microchannel walls. The 

velocity at which the suspension is displaced will define the final thickness of the catalyst layer. 

D'Angelo et al. [39] stated that static method is able to achieve thicker catalyst layer, and has 

better uniformity and adhesion than the dynamic method. However, static method has a 

drawback of requiring longer time to evaporate [39]. In addition, Huang et al. [37] reported that 

the obstacle encountered in washcoating technique is poor catalyst adhesion due to low 

interaction between the substrate surface and the catalyst. 

In this work, both the static and dynamic washcoating methods were evaluated as a possible 

deposition technique for robust catalytic layers in microfluidic channels. The purpose of this 

study is to fabricate and evaluate the adherence of the selective deposition of catalyst layer on 

the microchannel.   

3.2. Catalyst deposition experiment 

3.2.1. Material preparation 

In this work, two types of titanium dioxide (TiO2) suspensions were prepared. Firstly, a TiO2 

suspension of 2 wt% in methanol was made from titanium dioxide powder (TiO2, Sigma-Aldrich, 

purity ≥ 99.5%, size particle 21 nm). The TiO2 powder was mixed with methanol and stirred for 
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24 hours at room temperature. Acetic acid was used to adjust pH value of the suspension to a 

value of 4-5 to prevent agglomeration of the particle in suspension [39]. Commercial TiO2 

suspensions are available in concentration of TiO2 30 wt% (AERODISP® VP Disp. W 2730 X) and 

40 wt% (AERODISP® W 740 X). To fabricate TiO2 suspensions at various weight percentages, the 

commercial 30 wt% TiO2 was diluted in distilled water. The silicon wafers were diced into a 

dimension of 2 cm x 1.5 cm. To clean the surface of silicon wafer, a 1 M solution of potassium 

hydroxide in distilled water was prepared [39]. 

3.2.2. Substrate and PDMS preparation 

The silicon (100) wafer was cleaned by soaking it in a 65% nitric acid solution for a minimum of 

15 minutes to remove dust and contaminants. The silicon substrate was then rinsed with 

distilled water and dried with nitrogen gas. 

A polymer base (Permacol RTV-615 A) and a curing agent (Permacol RTV-615 B) were prepared 

to fabricate polydimethylsiloxane (PDMS). The PDMS was prepared by cross linking of polymer 

base with curing agent at a mass ratio of 10 to 1. The mixture was subsequently degassed in a 

desiccator. The PDMS was poured into microreactor mold and degassed again in a desiccator 

connected to a vacuum pump. The PDMS was casted in the mold and cured at 80oC for 2 hours. 

The PDMS slab was then removed from the mold by cutting it. The PDMS was punctured at the 

two edges of the microchannel to create inlet and outlet channel. 

3.2.3. Catalyst deposition on flat silicon 

In the first experiments, catalyst deposition on flat silicon was conducted. PDMS with 

microchannels was clamped to the flat silicon wafer. The aim of these experiments was to get an 

idea of how to conduct the deposition, to find the bottlenecks of the washcoating technique and 

to characterize the titania layer. 

The deposition of catalyst on the flat surface of silicon wafers was the preliminary experiment 

for the fabrication of patterned titania layers. In this experiment, PDMS was clamped to silicon 

wafers to form microchannels. PDMS is widely used in microfluidics system because it is optically 

transparent, cheap and non-toxic [40]. As PDMS is transparent, the suspension flows through 

microchannels and any leakages occurred can be directly observed. 

3.2.4. Catalyst deposition inside microchannel 

Two types of chips were made in silicon, differing in channel sizes: a small and a large channel. 

The dimension of the small channel is 250 μm in height, 250 μm in width, and 40 cm in length 

(Figure 4). The large channel is 250 μm in height, 500 μm in width, and 20 cm in length (Figure 

5). The microchannels have UV- foil on top as a temporary cover. 
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Figure 4. Microreactor with small channel (250 μm width) 

 

 

Figure 5. Microreactor with large channel (500 μm width) 

 

Firstly, KOH 1M was flushed with flow rate of 30 μL min-1 through the microchannel for 15 min to 

clean the substrate surface. Then, it was flushed with distilled water with flow rate of 30 μL min-1 

for 15 min to removed KOH solution inside the microchannel. 

The catalyst was deposited inside the microchannels by the dynamic washcoating technique. 

There are two chips with small microchannels. These chips were filled with 5 wt% concentration 

of TiO2. The flow rate of the suspension filling and air to displace the suspension for different 

chips were 10 μL min-1 and 30 μL min-1. The chip with large microchannels was filled with 5 wt% 

TiO2 by using 30 μL min-1 flow rate for the suspension and air to displace the suspension. 

Subsequently, chips with catalyst layer on the microchannel walls were calcined at 300 oC for 8 h 

at a heating rate of 2 oC min-1 and a cooling rate of 2 oC min-1. 

3.2.5. The selective catalyst deposition 

In the next step, the catalyst was deposited in various patterns. The microchannel that was used 

to deposit patterned titania layer is illustrated in Figure 6. The microchannels were made in 

silicon with a width of 600 μm, a height of 50 μm, and a length of 6 cm. The PDMS has 

protruding slabs, so when it is attached to the silicon, it makes a pattern of small channels inside 

a big channel as described in Figure 6 (b). In this work, PDMS have two types of patterns: 3 small 

100 μm width channels and 5 small 60 μm width channels that are parallel to the silicon channel. 

The PDMS with 3 small channels pattern has 3 protruding slabs of the same height as the silicon 

channel and dampen part in sequence. The distance between the slabs that makes up the new 

microchannel has the same width as the protruding slab. 
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Figure 6. Microchannel for selective titania deposition 

 

3.2.6. Characterization of catalyst layer 

The morphology of catalyst layer was analyzed with scanning electron microscope (SEM). The 

thickness and the homogeneity of catalyst layer were also observed by SEM analysis. The 

adhesion test of the catalyst layer to the microchannel was performed by heating the coated 

microchannels in boiling water at a temperature of 100oC for 1 hour. The catalyst layer before 

and after adhesion test was visualized by SEM.  

3.3. Results and Discussions 
The unsuccessful catalyst layer deposition on the flat silicon surface was caused by leakage. 

Figure 7 shows a white pattern which is suspensions that overflows from the microchannels and 

covers the part of substrate surface. During the experiment, leakage occurred at the inlet and 

outlet of the microchannels and along the microchannels. This leakage problem is likely to occur 

due to poor adhesion of PDMS to the silicon substrate. The PDMS was slightly lifted up from the 

silicon substrate, which may occur if the PDMS cannot hold the applied pressure when 

suspension is being injected. Another reason may be deformation of PDMS that is caused by 

inserted needles to create inlet-outlet channel, where it can make the PDMS to become slightly 

bended at the inlet-outlet area when PDMS is clamped to substrate.  

  
Figure 7. Pictures of leakage in titania deposition obtained with 30 wt% TiO2 suspension by using 

static method (left side) and dynamic method (right side) 

substrate substrate 

TiO2 TiO2 
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In order to overcome leakage problem, some attempts had been done. To reduce the leakage 

problem at the inlet and outlet, flexible tubing were used instead of needles, which aimed to 

reduce the deformation of the PDMS. However, this attempt was unsuccessful because the 

PDMS was still lifted up when it was clamped to silicon substrate. 

In addition, instead of clamping the PDMS to the silicon, the temporary bond of PDMS and the 

silicon substrate needed to be improved. The silicon was treated by oxygen plasma to remove 

any contaminants before it was attached to the PDMS, however; it did not solve the leakage 

problem either. 

Lastly, partial curing of the PDMS was tried to solve the leaking, as it should improve the 

adhesion of PDMS to silicon. Usually, PDMS is cured at 80oC for 2 hours [40], which is required 

for complete cross-linking of the polymer base with addition of curing agent. The operating 

parameter of partial curing of the PDMS that were conducted in this experiment is listed in Table 

2. At first curing, the PDMS with partial curing method from Hoon was cured at certain time and 

temperature. Then the PDMS was cut and attached to silicon substrate. The silicon substrate 

with PDMS on top was cured again to obtain complete curing of PDMS. However, none of these 

operating conditions of partial curing method can solve leakage problem. 

Table 2. The parameter of partial curing of the PDMS 

Partial curing 
PDMS 

First curing   Last curing  

Temperature Time  Temperature Time 

Batch 1 80oC 45 min  80oC overnight 
Batch 2 70oC 40 min  70oC overnight 
Batch 3 80oC 45 min  80oC 1.5 hours 

 

The leakage of washcoated catalyst layer obtained by dynamic technique using 40 wt% TiO2 is 

shown in Figure 8 (left side). In addition, incomplete wetting of the silicon surface by the 

suspension was observed as seen in Figure 8 (right side). Dewetting of the suspension on the 

surface of silicon may be caused by the contamination of the silicon surface by organic 

compounds from PDMS when the silicon was attached to PDMS during heating to reach 

complete cross linking in the procedure of PDMS with partial curing. 
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Figure 8. SEM images of titania washcoat obtained by using dynamic method at flow rate 30 μL 

min-1 with suspension 40 wt% TiO2 showing leakage (left side) and dewetting (right side) 

The morphology of washcoated catalyst layer obtained by static technique using different TiO2 

concentration i.e. 2 wt% TiO2 in methanol and 30 wt% TiO2 from commercial suspensions can be 

observed in Figure 9. Higher TiO2 concentration in the suspension results in a thicker catalyst 

layer. However, we cannot use these data to determine effect of TiO2 concentration on the 

thickness of catalyst layer because of above mentioned leakage problem that probably 

influences the uniformity of catalyst loading into microchannels and the drying process of 

catalyst layer. In other words, the suspension is evaporating faster at the point of leaking. 

  

Figure 9. SEM images of titania washcoat obtained by using static method. Left side: with 2 wt% 
TiO2 in methanol. Right side: with commercial suspensions 30 wt% TiO2 

In the next part, to investigate the feasibility of selective catalyst coating inside microchannels, 

dynamic washcoating method was applied to the microreactor with UV-foil as a temporary lid. 

This method uses suspension 5 wt% TiO2 with various flow rates of air (10 μL min-1 and 30 μL 

min-1) to displace the catalyst suspension leaving titania layers in the small channels. 

Figure 10 shows that the thickness of catalyst layer in the small channels obtained by using 

dynamic method decreases after calcination. As the concentration of TiO2 is low (5 wt%), the 

water content that evaporates during the calcination is high. SEM image after calcination shows 

that the catalyst layer is noticably uniform without visible crack and adheres to the substrate. 

TiO2 

substrate 

TiO2 

substrate 

TiO2 

TiO2 

substrate 

substrate 
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(a) before calcination (b) after calcination 

Figure 10. SEM images of titania washcoat on the outside of L bend of small channels obtained 
by using dynamic method at flow rate 10 μL min-1 

Figure 11 and Figure 12 show the cross section view of catalyst layer in the bottom small channel 

that was obtained by using dynamic technique at flow rate 10 μL min-1 with suspension 5 wt% 

TiO2 for the suspension filling and displacement. Although, it is difficult to reproduce SEM 

images at the same spot with the same focus plane, we assume there would be no significant 

visible distinction between before and after adhesion test. 

  
(a) before adhesion test (b) after adhesion test 

Figure 11. Cross sectional SEM images of titania washcoat on the bottom of small channels 
obtained by using dynamic method at flow rate of 10 μL min-1 

 

 

TiO2 

substrate 

substrate 

TiO2 

substrate 

TiO2 

substrate 

TiO2 



Page 17 of 39 
 

  
(a) before adhesion test (b) after adhesion test 

Figure 12. Cross sectional SEM images of titania washcoat on the bottom corner of small 
channels obtained by using dynamic method at flow rate 10 μL min-1 

Figure 13 shows the catalyst layer that was obtained by using dynamic method at flow rate 10 μL 

min-1 for the suspension filling and displacement at the U bend in small channel from top view. 

Again as in previous SEM images, the SEM image in Figure 13 shows the catalyst layer remains 

unchanged after adhesion test. 

  
(a) before adhesion test (b) after adhesion test 

Figure 13. SEM images of titania washcoat on the outside of the U bend of small channels 
obtained by using dynamic method at flow rate 10 μL min-1 

 

Next, the deposition of catalyst layer onto small channel by using dynamic method with 

suspension 5wt% TiO2 at flow rate 30 μL min-1. The different flow rate of air flushing from 

previous small channel was applied to investigate the effect of various speeds of suspension 

displacement on catalyst layer thickness.  

Figure 14 shows the SEM image at cross section of catalyst layer at the bottom corner of small 

channels.  
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(a) before adhesion test (b) after adhesion test 

Figure 14. Cross sectional SEM images of titania washcoat on the bottom corner of small 
channels obtained by using dynamic method at flow rate 30 μL min-1 

 

Figure 15 shows the catalyst layer which was obtained at the sharp turn (at L bend channel) from 

the top view, indicating an accumulation of catalyst in the sharp turn. The SEM image after 

adhesion test shows that there are some particles scattered on the substrate that might come 

from the catalyst layer. 

  
(a) before adhesion test (b) after adhesion test 

Figure 15. SEM images of titania washcoat on the inside of the L bend of small channels obtained 
by using dynamic method at flow rate 30 μL min-1 

 

Figure 14 and Figure 15 show the good adherence of titania layer to the substrate for catalyst 

layer in small channel that was obtained by using dynamic technique with 30 μL min-1 flow rate. 

There is no obvious difference between the catalyst layers at before and after adhesion test.  

Figure 16 (b) shows different thickness of the catalyst layer at different locations. The observed 

thick catalyst layer may come from the catalyst that was stuck on the UV foil. Therefore, SEM 

analysis at cross section of microchannels is required to determine the catalyst layer thickness.  
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(a) before adhesion test (b) after adhesion test 

Figure 16. SEM images of titania washcoat on the straight channel of small channels obtained 
with by using dynamic method at flow rate 30 μL min-1 

 

In the next step, fabrication of catalyst layer was also conducted on microreactors with large 

channels where its width is twice the width of microreactor with small channels.  Figure 17, 

Figure 18 and Figure 19, indicate that the catalyst layer still adheres to the microchannel walls. 

Comparison between SEM images before and after adhesion test could not be done 

straightforwardly because it was difficult to reproduce SEM image at the same spot with the 

same focus plane on the substrate.  

  
(a) before adhesion test (b) after adhesion test 

Figure 17. Cross sectional SEM images of titania washcoat on the bottom of large channels 
obtained by using dynamic method at flow rate 30 μL min-1 
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(a) before adhesion test (b) after adhesion test 

Figure 18. Cross sectional SEM images of titania washcoat on the bottom corner of large 
channels obtained by using dynamic method at flow rate 30 μL min-1 

 

Again, as can be seen in Figure 18, the comparison of SEM images between before and after 

adhesion test is not conclusive because of the difficulty in reproducing the same focus plane. 

Figure 19 shows that after the adhesion test there are some particles scattered on the substrate 

surface that might be from catalyst loss. However, there is no noticable damage occurs on the 

catalyst layer. Therefore, we can conclude that the catalyst loss after adhesion test is minimal.  

  
(a) before adhesion test (b) after adhesion test 

Figure 19. SEM images of titania washcoat on the inside of the L bend of large channels obtained 
by using dynamic method at flow rate 30 μL min-1 

 

We found that the determination of catalyst thickness in this work is difficult because it requires 

a high resolution SEM image of cross section view. In this result, the quality of the high 

magnification image is low and the catalyst layer is difficult to be found on the substrate. In 

order to observe the catalyst layer, high resolution SEM would be required. A better cutting 

procedure for the chips is also necessary because as noticed in the SEM cross section view the 

catalyst layer was sometimes peeled off. However, we tried to estimate the catalyst thickness at 

the bottom corner of the channels from SEM images although the result is not exact number. 

The rough estimation of catalyst layer thickness from SEM images of catalyst layer on the 
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bottom corner of microchannels obtained by using dynamic method with suspension 5 wt% TiO2 

for different geometry channel and flow rate is listed in Table 3. 

Table 3. The rough estimation of catalyst layer thickness on the bottom corner of channels 
obtained by using dynamic method 

Parameter Catalyst layer thickness, μm 

small channels with 5 wt% TiO2, flow rate 10 μL min-1  0.5 - 1.0 
small channels with 5 wt% TiO2, flow rate 30 μL min-1  2.0 - 2.5 
big channels with 5 wt% TiO2, flow rate 30 μL min-1  0.5 - 1.0 

 

The catalyst thickness of two different suspension displacement flow rate (10 μL min-1 and 30 μL 

min-1) for small channels chips shows higher speed displacement give result in thicker catalyst 

layer. Theoretically, increasing the suspension displacement velocity increases the thickness of 

catalyst layer. According to Taylor [41] who was referring to the experiment of Fairbrother & 

Stubbs, the fraction of the catalyst layer in a capillary tube obtained from displacing suspension 

by flushing air can be calculated from equation (17).  

𝑚 =   
𝜇×𝑣

𝜎
 

1

2
          (17) 

Where m is fraction of catalyst layer, μ is the suspension viscosity, υ is the speed of suspension 

displacement, and σ is the suspension surface tension [39]. 

Unfortunately, we did not measure the properties of suspension 5 wt% TiO2 that we used, such 

as surface tension and viscosity. However, we tried to do approximation by using equation (17) 

for water with the same parameter in this experiment such as geometry of microchannel and 

flow rate to displace the suspension. The velocity of suspension displacement can be calculated 

from the flow rate and cross section of area in the microchannel. The fraction of catalyst layer 

(m), we described as the ratio of weight per unit length [41] of suspension that left inside the 

microchannel to initial weight per unit length of suspension filled the microchannel. Hence, the 

rough calculation of water layer thickness that left after flushing with air inside the small channel 

at flow rate 10 μL min-1 is 0.38 μm and 0.65 μm for flow rate 30 μL min-1; and big channel at flow 

rate 30 μL min-1 is 0.46 μm. Although, these numbers are not come from calculation with 

catalyst suspension properties, we can assume the above equation can be used to explain that 

catalyst layer thickness corresponds to suspension displacement velocity and it is possible to use 

equation (17) to predict the catalyst thickness.  

Table 3 shows that the big channel produces thinner catalyst layer than small channel with the 

same flow rate. As the width of big channel is twice of the small channel, the velocity of air in 

the big channel to displace the suspension is a half of that in small channel. As above mentioned, 

the small displacement speed occurs in big channel results in thinner catalyst layer despite the 

same value of air flow rate used to displace the suspension. In other word, the catalyst thickness 

is defined by the speed of suspension displacement (m s-1). 

From the SEM image, the homogeneity of catalyst layers is quite uniform although in some sharp 

bends layers with different thickness were also observed.   
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The observation of catalyst layer after adhesion test is difficult because it requires to reproduces 

the SEM image at the same spot with the same focus plane. As mentioned before, high 

resolution SEM and better cutting procedure for the chips are immensely required to observe 

the adherence of catalyst layer on the substrate. 

The last part of this fabrication procedure is deposition of patterned titania layer in various 

configurations by using static method. Figure 20 and Figure 21 show the patterned titania layer 

by using 3 channels and 5 channels of PDMS, respectively. These figures show that leakage 

occurs at the inlet - outlet and along the microchannels.       

 

Figure 20. Patterned titania with 3 channels obtained with 30 wt% TiO2 by using static method 

 

 

Figure 21. Patterned titania with 5 channels obtained with 30 wt% TiO2 by using static method 

As mentioned in the part of the catalyst deposition on the flat silicon surface, the leakage is 

likely to occurs due to the poor adhesion of PDMS to the silicon substrate. The deformation of 

PDMS also caused leakage at inlet-outlet. When inlet-outlet tubing was inserted into the PDMS, 

it made the PDMS bend slightly and it caused leakage at the inlet and outlet area. In addition, 

the PDMS could not hold the applied pressure of suspension when it was being injected through 

the microchannel and caused leakage along the channel. Using of PDMS as temporary lid for 

catalyst deposition may not be such a good idea because some TiO2 suspension stuck on PDMS. 

When PDMS was lifted from the substrate, some catalyst layer was also removed together with 

PDMS. As we can see in Figure 20 and Figure 21, the patterned catalyst layers were fragmented 

after the PDMS was peeled off from microchannels.  

3.4. Conclusions 
The fabrication of patterned catalyst layers on microchannels has some obstacles such as 

leakage problem due to poor adhesion between PDMS and the substrate, and the adherence of 

the suspension on PDMS may damages the catalyst layer when PDMS is removed from the 

substrate. 
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The observation of the adherence of the catalyst layer to the microchannel in some spot on the 

substrate show good results. However, a little amount of catalyst particles was found scattered 

on the surface of substrate. In other word, we could conclude that the loss of catalyst after 

adhesion test is minimal. 

The catalyst layer thickness could not be properly determined due to the low resolution of the 

SEM images and the cutting process of chip that might have destroyed the catalyst layer. 

However, rough estimation from SEM images of catalyst thickness shows that increase in 

suspension displacement speed (m s-1) increases the thickness of catalyst layer. 

3.5. Recommendations 
In order to investigate the catalyst layer deposition on the microchannel, the SEM analysis is 

conducted. The SEM analysis is a crucial characterization technique to characterize the 

morphology of catalyst layer, to determine catalyst layer thickness and observe the adherence of 

catalyst layer to microchannel. 

Therefore, it is highly recommended to use high resolution SEM. In addition, better cutting 

procedure for the chip is required in the preparation of samples for SEM analysis to give 

accurate observation on the cross section view. In this work, the cutting protocol for the chip is 

at first dicing the chip from the backside until the half of chip thickness. Then break the chip 

thoroughly. For future experiment, we recommend to cut the chip thoroughly to get clear cut 

cross section.   

In order to evaluate the thickness of catalyst layer from experimental results, suspension 

properties such as viscosity and surface tension can be evaluated as a starting point. 
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Chapter 4. Characterization of titania layers 

4.1. Introduction 
Photocatalysis using titania is a part of AOP (Advanced Oxidation Process) which generates 

hydroxyl radicals (OH*) during the process. Photocatalysis is a promising technology that can be 

utilized to degrade both organic and inorganic contaminants in water treatment [42]. The frailty 

of photocatalysis is hydroxyl radicals having short half-life in order of microseconds which is not 

suitable to destroy pathogens for disinfection purposes [42]. 

However, photocatalysis using titania has the advantages that no secondary pollution is 

produced [7], its by-products are usually CO2 and H2O, and it requires mild operation [21]. 

Moreover, there are no additional chemicals involved in the photocatalysis process [43]. These 

advantages have promoted photocatalysis as an attractive technology for water treatment 

research. 

In this work, the characterization of titania by MB degradation is conducted. The photocatalysis 

degradation of MB by titania in microreactor was investigated by determining the intrinsic 

surface reaction rate constant from experimental data and modeling with COMSOL Multiphysics. 

The MB degradation by titania layer on various of substrates, pH solution are discussed in this 

chapter. 

4.2. MB Degradation experiment 

4.2.1. Material preparation 

In this work, three substrate types, i.e. silicon dioxide (SiO2), p-type silicon (p-Si) and n-type 

silicon (n-Si) onto which TiO2 thin films are coated. These thin dense films were prepared by 

sputtering technique. The substrate (p-Si, n-Si and SiO2) with 200 nm TiO2 coating on top with a 

dimension of 2 cm x 1.5 cm was cleaned by soaking in nitric acid solution 65% for a minimum of 

15 minutes to remove dust and contaminant. Then silicon substrate was rinsed with distillate 

water and dried with nitrogen gas. 

Methylene blue (MB) solution with a concentration of 40 μM was prepared by diluting 1 mM MB 

solution with distilled water. The pH of MB solutions were determined by pH meter. MB 

solutions with a concentration of 40 μM were prepared for three pH solution values: pH 3, 6 and 

9 by adding small quantity of hydrochloric acid (HCl) or sodium hydroxide (NaOH). 

4.2.2. Microreactor fabrication 

PDMS microchannel fabrication was described in section 3.2.2. The microreactor was made of 

PDMS microchannel and TiO2 thin film on the substrates as photocatalysts. The fabrication of 

microreactor is illustrated in Figure 22. The microchannel has a dimension of 50 μm height, 500 

μm width and 5.96 cm length. The total volume of the microreactor is approximately 1.49 μL.  
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Figure 22.Fabrication of photocatalytic microreactor [44] 

 

4.2.3. MB Degradation experiment with microreactor 

The experimental setup of MB degradation is illustrated in Figure 23. MB solution with a 

concentration of 40 μM was pumped into the microreactor with flow rates of 5, 10, 15, 30 and 

50 μL min-1 for each variant pH solution and substrate types. The UV-Vis spectrometer Ocean 

Optics was used to observe the absorbance of MB at a wavelength of 664.10 nm. The 

experiment for degradation of MB was conducted by using UV light source at 100% power at a 

distance of 14 cm from the surface of microreactor. The light source used LEDs which emits UV 

light at 365 nm wavelength. This setting gave 80 mW cm-2 photon flux density. The temperature 

of the microreactor was set at 20oC. 

 

Figure 23. MB degradation experiment setup [44] 
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4.2.4. Simulation 

The results from the MB degradation using microreactors with continuous catalyst layer were 

used to fit the intrinsic surface reaction rate constant. A model was established to describe the 

convection, diffusion and reaction rate. The model was solved in COMSOL Multiphysics. The 

intrinsic surface reaction rate constant was determined by fitting the numerical results to the 

experimental data. The model of the microchannel in 2D is illustrated in Figure 24. 

 

Figure 24. Model of the microchannel in 2D [44] 

In this model, mass balance in the flow channel is governed by convection and diffusion with the 

reaction rate as flux boundary conditions. 

Many authors [3, 4, 20, 21, 45] proposed Langmuir-Hinshelwood (L-H) rate expression to 

describe photocatalytic reaction on the catalyst surface, which is written in equation (18) [9]. 

𝑅 = 𝑘  
𝐾𝐶

1+𝐾𝐶
          (18) 

Where k is intrinsic reaction rate constant, K is the adsorption constant of reactant in dark 

environment and C is the concentration of reactant [9]. 

However, Hermann [9] stated that for diluted solution where concentration of the reactant is 

less than 1 x 10-3 M, KC value becomes very small and the reaction can be simplified as first 

order reaction. In this work, we assume the reaction rate of MB consumption is a first order 

reaction due to the initial concentration of MB is 40 x 10-6 M. 

The reaction rate is assumed as first order reaction with respect to MB as in equation (19). 

𝑅 = 𝑘 ′′ c         (19) 

In this equation, R is reaction rate with unit in moles m2 s-1, k" is the intrinsic surface reaction 

rate constant with unit in m s-1 and c is concentration of MB with unit in moles m-3. 

We assumed that convection occurs in x direction and diffusion occurs in y direction. The mass 

balance which includes the convection and diffusion terms is written in equation (20). 

𝑢 𝑦 
𝜕𝑐

𝜕𝑥
= 𝐷

𝜕2𝑐

𝜕𝑦 2        (20) 

MB / H2O 
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In this equation, 𝑢(𝑦) is the fluid velocity, 𝑐 is the reactant (MB) concentration, and 𝐷 is the 

diffusion coefficient for MB in water. According to Rafieian et al. [46], the molar diffusion 

coefficient for MB in water is 5.7 x 10-10 m2s-1. 

The parabolic velocity profile in the flow channel is determined by solving Navier-Stokes 

equation in two dimensions for the Cartesian system, and it is assumed that the flow between 

two parallel flat plates is steady state and laminar. 

Hence the parabolic velocity profile is given by equation (21). 

𝑢 𝑦 = 𝑢𝑎𝑣𝑔  
−6𝑦2

𝐻2 +
6𝑦

𝐻
        (21) 

The boundary condition at the upper wall is zero flux, which means there is no flux through the 

upper wall. 

at y = H 

𝐷
𝜕𝑐

𝜕𝑦
= 0         (22) 

The bottom boundary condition, at the catalyst surface, is the flux equal to the consumption 

rate of MB.  

at y = 0 

𝐷
𝜕𝑐

𝜕𝑦
= 𝑘 ′′ 𝑐         (23) 

4.3. Results and Discussions 
In this work, the influence of pH solution on the degradation of MB by titania thin film coated on 

n-type silicon (n-Si), p-type silicon (p-Si) and silicon dioxide (SiO2) substrates are presented. 

Three solutions of different pH were chosen as representatives of acidic solution (pH 3), neutral 

solution (pH 6) and basic solution (pH 9). It is important to consider the pH of solutions because 

the surface charge of semiconductor is affected by pH [11, 30], which has implications on the 

photocatalytic activity. Point of zero charge (Pzc) is the pH at which the surface charge of 

materials is neutral [47]. The Pzc of TiO2 thin film which is fabricated on p-type Si (100) wafers 

(8–12 Ω cm) is achieved at pH 6.2 [47]. Other references reported that Pzc of TiO2 is 5.8 [30], 

6.25 [48], while Pzc for Degussa P25 is 6.4 [49]. According to references [11, 48, 50], the surface 

charge of TiO2 under pH condition lower than Pzc and pH condition higher than Pzc follows 

equations (24) and (25), respectively. 

𝑇𝑖𝑂𝐻 +  𝐻+ ↔ 𝑇𝑖𝑂𝐻2+   at pH < Pzc    (24) 

𝑇𝑖𝑂𝐻 +  𝑂𝐻− ↔ 𝑇𝑖𝑂− + 𝐻2𝑂   at pH > Pzc    (25) 

The result of the MB degradation by titania thin films coated on the n-Si, p-Si and SiO2 substrates 

at three different values of pH solutions are shown in Figure 25, Figure 26 and Figure 27. 

The degradation of MB was calculated as in equation (26) [46]. 
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𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐶𝑜−𝐶𝑓

𝐶𝑜
× 100%       (26) 

Where 𝐶𝑜  is the initial concentration of MB and 𝐶𝑓  is the final concentration of MB. The initial 

and final concentrations of MB were determined by quantifying the absorbance of MB for the 

microreactor output stream by using UV-Vis spectrometer. 

The lines in Figure 25, Figure 26, and Figure 27 represent the results from simulation, which 

were adjusted to fit experimental data indicated by the data points in the graph. The 

determination of intrinsic surface reaction rate constants (k") were performed in COMSOL 

Multiphysics, taking into account mass transfer by convection and diffusion. The fitted intrinsic 

surface reaction rate constants for various substrates at various pH of the solutions are listed in 

Table 4. 

Table 4. Intrinsic surface reaction rate constant (unit in m s-1) of photocatalytic degradation of 
MB by titania 

pH n-type silicon substrate p-type silicon substrate silicon dioxide substrate 

3 2.5 x 10-6 1.1 x 10-6 1.5 x 10-6 

6 8.8 x 10-6 5.9 x 10-6 8.6 x 10-6 

9 1.1 x 10-5 9.8 x 10-6 9.6 x 10-6 

 

 

Figure 25. The degradation of MB by titania on n-Si substrate 
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Figure 26. The degradation of MB by titania on p-Si substrate 

 

 

Figure 27. The degradation of MB by titania on SiO2 substrate 
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microreactor adsorbs MB, which can result in a reduction of intensity of the UV-light penetrating 

the microreactor. Another source of deviation may emerge from a small gradient in the 

temperature. A Peltier element was used to control the temperature of microreactor at 20oC 

which usually took some time to achieve a stable temperature value. Observation during 

experiment has shown that the UV-Vis spectrometry recorded high absorbance of MB with 

increasing temperature. The temperature influences the adsorption of MB to the catalyst 

surface which decreases with increasing temperature. 

The degradation of MB for three variations of substrates (n-Si, p-Si and SiO2) increases with 

higher residence time. High residence time leads to longer contact time between MB and the 

catalyst in the microreactor and increase the conversion rate. 

Many authors [12, 19, 30, 51, 52] reported that the adsorption of compounds to TiO2 due to the 

different surface charge of TiO2 at the corresponding pH. At acidic solution, i.e. pH 3, where pH is 

lower than Pzc, the concentration of protons (𝐻+) of the bulk phase increases [12], and the 

surface charge of TiO2 become positively charged by adsorbing protons (𝐻+) following equation 

(24). There is a strong repulsion between the positively charged catalyst surface and cationic dye 

(MB) molecules. This strong repulsion leads to decreasing adsorption of MB dye on the catalyst 

surface. When the adsorption of MB of the catalyst surface is hindered, hence the photocatalytic 

degradation of MB decreases.  

The surface charge of TiO2 at pH 6 is in the neutral range as pH solution of 6 is close to Pzc of 

TiO2. This neutral surface charge leads to no repulsion and attraction towards the MB molecules. 

Therefore, the photocatalytic degradation of MB at pH 6 is in the range between pH 3 and pH 9 

because the adsorption of MB molecules to catalyst surface is not as low as at pH 3 or as high as 

at pH 9. 

At pH 9, which is higher than Pzc of TiO2, concentration of hydroxide ions (𝑂𝐻−) increases [51] 

and the surface charge of TiO2 becomes negatively charged by adsorbing hydroxide ions 

following equation (25). As the surface of catalyst is negatively charged, strong attraction 

towards the cationic compounds occurs and enhances the adsorption of cationic compounds on 

the catalyst surface, which results in increasing MB degradation. 

Moreover, according to Ahmed et al. [19], at pH 9 there is excess of hydroxide ions (𝑂𝐻−) which 

facilitate the formation of hydroxyl radicals (𝑂𝐻∗) by reaction with holes (𝑕𝑣𝑏
+ ) following 

equation (4) which was mentioned in chapter 1. 

𝑕𝑣𝑏
+ + 𝑂𝐻− ↔ 𝑂𝐻∗        (4) 

The surplus of hydroxyl radicals increases the photocatalytic activity of the catalyst because the 

hydroxyl radicals can directly attack the bond of the C-S+=C of MB, which is described in equation 

(27) [51]. 

𝑅 − 𝑆+ = 𝑅′ + 𝑂𝐻∗ → 𝑅 − 𝑆 = 𝑂 − 𝑅′ + 𝐻+      (27) 

Theoretically, the degradation of MB increases with higher pH. This is in a good agreement with 

the observed behavior of MB degradation for the titania coated on three types of substrates, 

where the best results were given at the highest pH. 
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In order to improve photocatalysts performance, different techniques have been used for 

increasing charge carriers concentration, charge separation and reducing the probability of 

electron-hole recombination, for instance, doping, morphology modification, and 

heterojunctions formation [53, 54]. 

In this work, sputtering technique was utilized to fabricate TiO2 thin film on three substrate 

types (n-Si, p-Si and SiO2). Semiconductor n-Si and p-Si are modified semiconductor which are 

fabricated by using doping method. The deposition of TiO2 on the substrates can create 

heterojunction in the interface of substrate/TiO2. 

When combining two semiconductors occurs, a junction is created at the interface between the 

two semiconductors, where the difference position of the conduction band and the valence 

band will result in charge carrier transfer from one semiconductor to another, which 

subsequently increases charge separation and decreases the probability of electron-hole 

recombination. The decreasing of electron-hole recombination enhances the photocatalytic 

activity of catalyst. 

Coronado [30] has given a brief illustration of the band edge position and band gap energy of 

some semiconductors, as reported in Figure 28. 

 

Figure 28. Band edge positions for various semiconductors in aqueous electrolyte at pH 0 [30] 

 

TiO2 is a n-type semiconductor [55] with band gap energy for anatase 3.2 eV [56], while silicon 

has band gap of 1.1 eV [31]. 
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The Fermi level position of p-Si is close to the valence band. In contrast, the semiconductor n-Si 

has Fermi level position close to the conduction band. Hwang et al. [57] reported that the Fermi 

energy of n-Si is -4.25 eV and p-Si is -4.97 eV, relative to the vacuum level. 

The Fermi level of n-type semiconductor TiO2 can be calculated from the gap energy between 

the conduction band and the Fermi level which is can be calculated from equation (28) [58]. 

𝑉𝑛 =
𝜅𝑇

𝑞
ln  

NC

ND
          (28) 

Where 𝑉𝑛  is the gap energy between the conduction band and the Fermi level, 𝜅 is the 

Boltzmann constant (1.38 x 10-23 JK-1), T is temperature (temperature measurement at 293 K), q 

is the charge of an electron (1.6 x 10-19) [58]. NC is the effective density of states in the 

conduction band, and it can be calculated by using equation (29) [58]. 

𝑁𝐶 = 2 
2𝜋𝑚𝑒

∗𝜅𝑇

𝑕2  

3

2
        (29) 

Where 𝑚𝑒
∗  is the electron effective mass (𝑚𝑒  = 9.109 x 10-31 kg is the electron rest mass) and 𝑕 is 

the Planck constant (6.626 x 10-34 Js)[58]. 

According to Hwang [57], the donor density (ND) of TiO2 is 2.76 x 1017 cm-3 and the electron 

effective mass of anatase (𝑚𝑒
∗) is equal to 1 𝑚𝑒 . Based on those data, the calculated 𝑉𝑛  of 

anatase is 0.81 eV. Then the Fermi level of TiO2 can be predicted from the conduction band 

position of TiO2 in Figure 28 and the calculated 𝑉𝑛  of anatase. 

The gap energy between the conduction band and the Fermi level of n-Si is 0.17 eV [58]. The 

conduction band position of n-Si can be calculated from 𝑉𝑛  of n-Si and the reported Fermi level 

of n-Si. 

In order to predict the the band bending that occurs in the semiconductor-semiconductor 

heterojunction, the knowledge of the band edge diagram is necessary. The calculated data and 

data from reference were collected to predict the band edge diagram of n-Si, p-Si and TiO2 as 

follows.  
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Figure 29. The band energies and charge transfer n-Si/TiO2. Left side: before contact. Right side: 
after contact and UV light illumination. 

 

 

Figure 30. The band energies and charge transfer p-Si/TiO2. Left side: before contact. Right side: 
after contact and UV light illumination. 

In the semiconductors, combination between n-Si and TiO2 can form n-Si/n-TiO2 junction. As 

shown in Figure 29 (left side), before contact, the flat band energy level for n-Si and TiO2 shows 

that the Fermi level of n-Si has significant gap with the Fermi level of TiO2. When n-Si is 

contacted to TiO2, the Fermi level of n-Si is shifted down and the Fermi level of TiO2 is shifted up 

until it reaches equilibrium. This leads bands of n-type silicon, which is close to the interface of 

n-Si/TiO2, to bend downward and bands of TiO2 to bend upward. The band bending of the 

conduction band forms a well and a high barrier at the n-Si/TiO2 junction, while the band 

bending of the valence band forms a jump at the n-Si/TiO2 junction as illustrated in Figure 29 

(right side). 



Page 34 of 39 
 

When n-Si/TiO2 system is contacted with liquid and illuminated with UV light, the electrons and 

holes are formed in both semiconductors as illustrated in Figure 29 (right side). The electrons in 

the conduction band of TiO2 cannot be transferred to the liquid or the conduction band of n-Si 

because the band bending forms a high barrier [57]. The holes can migrate from the valence 

band of TiO2 to the valence band of n-Si and to TiO2/liquid interface until equilibrium state [55].  

In the p-Si/TiO2 system, the flat band energy level before contact is illustrated in Figure 30 (left 

side). The Fermi level of p-Si is slightly higher than the Fermi level of TiO2. The Fermi level gap of 

p-Si/TiO2 is smaller compared to n-Si/TiO2 system. Figure 30 (right side) shows an illustration 

when p-Si is contacted to TiO2, where the the Fermi level of n-Si is slightly shifted down and the 

Fermi level of TiO2 is slightly shifted up until it is equal in equilibrium state. The bands of n-type 

silicon close to the interface of n-Si/TiO2 will slightly bend downward and bands of TiO2 will 

slightly bend upward. The band bending of the conduction band at the p-Si/TiO2 junction also 

forms a well and a barrier, but it is lower than the barrier height of band bending at the n-Si/TiO2 

junction. The band bending of the valence band at the p-Si/TiO2 junction has higher jump than at 

the n-Si/TiO2 junction. 

The p-Si/TiO2 system is contacted with liquid and when it adsorbs photon, it generates electrons 

and holes in both side of the junction as illustrated in Figure 30 (right side). The electrons can be 

transferred from the conduction band of p-Si to TiO2 because of low barrier at the p-Si/TiO2 

junction. The holes in the valence band of TiO2 can migrate to the valence band of p-Si and the 

TiO2/liquid interface. The migration of the electrons and holes increases the charge separation. 

Increase in charge separation reduces the electron-hole recombination, which results in an 

increase in photocatalysts performance of p-Si/TiO2. 

Silicon dioxide or SiO2 is an insulator which has band gap energy of 9.2 eV [59]. In the SiO2/TiO2 

system, when both of materials are contacted, there is no heterojunction formed between 

insulator and semiconductor. Therefore, when SiO2/TiO2 system was illuminated with UV light, 

there is no charge transfer between TiO2 and SiO2. The MB degradation by using SiO2/TiO2 

system is based on the photocatalytic activity of TiO2.  

From the prediction of band energy and charge flow as above mentioned, theoretically the p-

Si/TiO2 system is likely has better photocatalytic performance than others because it has more 

charge separation which is decrease the electron-hole recombination. However, from the 

experiment results there is no significant MB degradation that can be used as evidence of the 

effect of substrate types on the photocatalytic performance. 

4.4. Conclusions 
The investigation of MB degradation by using titania thin film on different substrates (n-Si, p-Si 

and SiO2) has been conducted. The observed photocatalytic MB degradation shows that there is 

no significant difference in the photocatalytic performance for the different substrate types. The 

highest photocatalytic performance of MB degradation is achieved at pH 9 due to the 

electrostatic attraction between negatively charged catalyst surface and cationic dye (MB). 

Additional hydroxyl radicals (𝑂𝐻∗) which are products of reaction between holes (𝑕𝑣𝑏
+ ) and 

surplus of hydroxide ions (𝑂𝐻−) in the liquid phase at basic pH also increase the photocatalytic 

performance of titania layer at pH 9. 
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4.5. Recommendations 
Based on this work, there was no significant different of MB degradation for different substrate 

types. Therefore, for future work, we need to modify the fabrication technique of titania layer in 

this work in order to improve the photocatalytic performance of TiO2 such as changing substrate 

with metal and/or the addition of metal to TiO2.  
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