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ABSTRACT 

TiOz photocatalyst doped with manganese are prepared by wet impregnation 

methods. By doping TiOz with manganese, hydrogen can be produced with 

photocatalytic decomposition of water under visible light irradiation. Manganese(II) 

nitrate has been used to prepare manganese doped catalyst via wet impregnation. In 

order to find the best calcination temperature, three calcination temperature are 

selected; 300 °C, 400 °C and 500 °C. The samples were characterized by 

thermogravimetric analysis (TGA), diffuse reflectance UV-Vis (DR-UV-Vis), Field 

emission-Scanning electron microscopy (FE-SEM), Fourier transform infrared 

(FTIR) spectroscopy and X-ray diffraction (XRD). Doping Ti02 with manganese 

metal reduce the energy levels for the band gap of Ti02, shifting activity from UV 

region (wavelength, "A < 400 mn) to visible light region. It was found that 5 wt% 

Mnffi02 calcined at 400 °C produced the maximum amount of hydrogen (6.3 mL in 

distilled water and 6.6 mL in sea water). The reduction in band gap energy was 

estimated from transformed of Kubelka-Munk plot. The estimated band gap energy 

for 5Mn _ 4 was 2.95. The influence of the process parameters on catalytic activity is 

also explained. 
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CHAPTER 1 : INTRODUCTION 

1.1 Background of Study 

In this day and age, energy supply system, electricity, diesel fuel and natural 

gases are used as energy carriers. Utilization of all these energy carriers may lead to 

global warming issues. Even in industries nowadays, hydrogen has been primarily 

used as a reactant. Thus, hydrogen has been studied and identified as the future 

energy carrier. The reasons why hydrogen becomes the most preferred energy carrier 

for the future is because it i) has high efficiency ii) can be produced safely from 

renewable energy sources iii) can be used as a fuel for "zero emissions" vehicles, 

heating purposes and power generations 

It is found that by using hydrogen in transportation sector, the performance of 

the vehicles will be increased and the pollution can be reduced. Based in the 

secondary energy infobook done by National Energy Education Development 

Project, by adding around 5% hydrogen to gasoline can reduce 30 to 40 percent 

emissions of nitrogen oxide in today's engine where an engine will bum pure 

hydrogen producing only water and minute amount of nitrogen oxide as exhaust 

(2010). Hydrogen cannot be found directly on earth, thus, it must be manufactured. 

Today, almost all hydrogen is produced via steam reforming of natural gas at 

oil refineries. Hydrogen is separated from methane (Cf4) by reacting with steam at 

high temperature. This hydrogen is used for industrial purposes. This steam 

reforming method gives effect to the enviromnent where "greenhouse gas" which is 

C02 is also produced during hydrogen generation. According to Guido Collodi and 

Foster Wheeler, with this method, 9 to 12 tons C02 is produced for a ton of H2 

produced (Collodi & Wheeler, 2009). The reaction is shown below: 

The reaction above is divided into 2 steps where in the first step methane 

reacts with water vapour (steam) and in the second step carbon monoxide produced 

from the first step reacts with steam. 
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This situation will lead to global warming issue. However, the environmental 

issue can be solved by finding ways to produce hydrogen gas by using energy 

sources that is renewable, for example, radiation from light which is "free" and 

abundance. It can also avoid the emissions of greenhouse gases due to hydrogen 

production from fossil fuel; thus, solve the environmental and energy problems 

related to hydrogen production. 

Recently, there are many research have been done in producing hydrogen gas 

from renewable energy. Photoreduction of water process is an alternative way in 

order to produce hydrogen. In this process, hydrogen will be produced from water in 

the presence of light. For this purpose, Ti02 become the most preferred material to 

act as photocatalsyt (Dholam et a!., 2009). Catalyst is a substance that increases the 

rate of a chemical reaction. This is done by reducing the activation energy, but at the 

same time does not change the reaction. 

Figure 1.1: Activation Energy with and without catalyst. 
(http://en.wikipedia.org/wiki!File:CatalysisScbeme.png) 

Photocatalyst is a catalyst that accelerates photoreaction. It is activated by 

light and the photocatalytic activity (PCA) depends on the ability of the catalyst to 

create electron-hole pairs. 

Once the photocatalyst receive the energy from light, it will be transformed 

into high energy state material. Electrons which is located at "valence band" will 

jnmp to "conduction band" if the energy received is high enough (Brezova et a!., 

1997). This situation can be illustrated in the Figure 1.2. The application of 
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photocatalyst can be seen in the study of photocatalytic water splitting process for 

hydrogen production. 

0 ( unduct1on B,lllll 

E=hv 

Figure 1.2: Illustration of electron receiving energy from light. 

Using TiOz photocatalyst alone needs UV light and not visible light in order 

to produce hydrogen. Doping TiOz catalyst with metal can lead to hydrogen 

production under irradiation of visible region of sunlight. Many metals have been 

studied to overcome this problem and the most preferred transition metals studied are 

Cu, Fe and Cr (Bae eta!, 2007; Brezova eta!., 1997; Choi eta!., 1994; Dholam et 

a!., 2009; Dvoranova eta!, 2002; Zhang eta!, 2004). 

Among all the transition metals, manganese as photocatalyst is the least 

studied metal for hydrogen production. This manganese is said to be a good 

reduction and oxidation agent (Liu eta!., 2001; Sreekanth eta!. 2008; Wu eta!., 

2007; Xin eta!., 2004). Thus, manganese has been chosen to be explored in this 

project to develop visible light-active Mn/TiOz photocatalyst for Hz production from 

water. 

In order to understand more in this photocatalyst area, literature review on 

background ofTi02 photocatalyst and the reason why manganese metal is chosen as 

metal doped on Ti02 is summarized in Chapter 2. Studies and discoveries that have 

been done before regarding doping Ti02 with transition metal such as copper and 

iron also included in this chapter. 

In this project, a series of Mn/Ti02 photocatalysts are synthesized using wet 

impregnation method. The catalysts are characterized using thermogravimetric 

analysis (TGA), diffuse reflectance UV-Vis (DR-UV-Vis, field emission-scanning 
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electron microscopy (FE-SEM) , Fourier transform infrared (FTIR) spectroscopy and 

X-ray diffraction (XRD). The details of the methodology are discussed in Chapter 3. 

All the results obtained are reported in chapter 4. In order to choose the best 

calcination temperature and metal loading for Mn/TiOz photocatalyst, the 

comparison between samples are done. The best photocatalyst will be determined by 

comparing how much hydrogen produced during the reaction. In this project, the best 

photocatalyst is the one that produce the highest amount of hydrogen after 2h 

reaction. Characteristics of the best and the worst photocatalyst also discussed here. 

The whole project will be concluded in the last chapter which is chapter 5. 

1.2 Problem Statement 

Producing hydrogen through photocatalytic reaction can be conducted by the 

photoreduction process of water. This method utilizes solar energy to produce 

hydrogen and material used for the photocatalyst is titanium dioxide, TiOz. TiOz 

alone will mostly absorb the ultraviolet portion of the solar spectrum. It is not an 

economically feasible option if UV radiation is required for photocatalytic reaction. 

Thus, shifting the active region of the photocatalyst from UV region to visible region 

of sunlight is needed and very relevant since the source is "free" and in abundance. 

This could be accomplished by doping Ti02 with transition metals. 

1.3 Objective and Scope of Study 

The objective of this project is to develop visible light-active Mn/TiOz 

photocatalyst by using wet impregnation method for H2 production from water. The 

scope of study includes doping TiOz with transition metal; manganese, determining 

the photocatalyst performance under visible light, determining the best the 

calcination temperature and characterizing the photocatalyst. 
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CHAPTER 2 : LITERATURE REVIEW 

2.1 Titanium Dioxide, Ti02 

Photoreduction of water process is an alternative way of hydrogen generation. 

In this process, hydrogen will be produced from water in the presence of light. 

Titanium dioxide, Ti02 has been considered the most active photocatalyst 

(Sreethawong et a/., 2009; Yoong et a/., 2009). Titanium dioxide is a naturally 

occurring oxide of the element titanium. It is also known as titania. This 

semiconducting oxide Ti02 has been chosen because of its physically and chemically 

stable, strong oxidizing power, ease of availability, electronic properties (can be vary 

by changing the lattice defect chemistry or the oxygen stoichiometry), friendly to 

environment, high resistance to corrosion, non-toxicity and cheap (Dholam et al., 

2009; Li et al., 2007; Liu et a/., 2006). Besides that, it is reported that it has been 

considered the most active photocatalyst because of its comparatively high 

photocatalytic efficiency (Sreethawong eta!., 2009). 

Even with all these advantages, titania has some disadvantages. Ti02 

photocatalyst has high band gap energy which is around 3.2 eV (Bae eta/., 2007; 

Dvoranova eta/., 2002; Yoong eta/., 2009). With this high energy band gap, Ti02 

alone can only absorb near-UV range which having wavelength, A, < 400nm (Bae et 

a/., 2007; Dvoranova et al., 2002; Yoong eta/., 2009). Thus, hydrogen gases only 

can be produced under UV light which is not an economically feasible. In order to 

overcome this problem, the absorption edge of Ti02 must be shifted from UV light 

region to visible light region where the application of this Ti02 photocatalyst can be 

done with involving direct sunlight. Thus, the chemical structure of Ti02 needs to be 

modified. 
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mn, cobalt ion and manganese ion in the titania structure caused significant 

absorption shift from UV region into visible region compared to titania alone 

(Dvoranova et al., 2002). It is found that Ti02 nanotubes need to be promoted with 

Pt metal to enhance its photocatalytic activity for producing hydrogen gas from neat 

ethanol (Lin eta!., 2004). Based on Lin et al., higher Pt loading on Ti02 nanotubes 

resulted in more stable catalyst that produced more H2 (2004 ). 

In a nutshell, the activity of photocatalyst can be increased by doping Ti02 

photocatalyst with transition metal ion. By doing so, the absorption edge of titania 

can be shifted from UV region. 

2.3 Mn-doped Ti02 

A lot of transition metals have been explored in order to shift the absorption 

edge of Ti02 into visible region for hydrogen production. Mn doping is very rare in 

the study and has been less explored compared to other transition metal such as Fe, 

Cu, Cr, Ni and Zn. Mn is known as a good oxidation and reduction agent. By doping 

Mn metal into Ti02, the absorption edge also can be shifted from UV light region to 

visible light region (Zhang et al., 2004). Liu et al. researched on catalytic oxidation 

of chlorobenzene on supported manganese oxide catalyst (Liu et al., 2001). He 

reported that titania supported catalyst (MnO)TiOz) displayed the highest catalytic 

activity and stability. The catalyst activity can be stable for over 82 hours except for 

the first 10 hours (Figure 2.1 ). 

~~--~2~0~~~~--~.~0--~8~0~ 

time h 

Figure 2.1: Catalytic activities as a function of time for chlorobenzene oxidation on Mn0,/Ti01 catalyst 
(Liu et al, 2001). 
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Zhang et at. did a study on the optical properties ofMn-doped Ti02 thin films 

(2004 ). Based on the study, there is a gradual shift of the emission peak towards 

longer wavelength region (Figure 2.2) and a decrease in the peak intensity [30]. This 

is showing that the band gap energy of Ti02 has been lowered by doping Ti02 

photocatalyst with Mn metal. 

Xin et al. have conducted study on the effect of various transition metals (Cr, 

Mn, Fe, Co, Ni) for acetic acid photocatalytic degradation and carbon dioxide 

photocatalytic reduction in aqueous suspension, used as probe reaction (2004). It is 

reported that at 0.2M concentration of acetic acid, Mn/Ti02 displayed the highest 

degradation rate. Mn can also be used as reducing agent for low temperature 

selective catalytic reduction of NO to NHJ (Wu et al., 2007). Sreekanth et al. (2008) 

compared Mn/Ti02 catalyst with other doped Ti02 catalyst for reduction of NO. The 

result showed that at 200 •c reaction, Mn/Ti02 displayed the best catalytic activity 

for reduction of NO with CO compared to Ni/Ti02, Cu/Ti02, Cr/Ti02 and Fe/Ti02 

(Figure 2.3). 

1oo,--:------------, 
~·---.·-~··--~~~~--· .., 

20 

~---~---~---~---*---* 

o---0---o---c---o--o .. _ ... - ... _ 
v---v---v--~~ ~ 

2 • 4 

Time (hours) 
• 

I ~Nim02--o-cum02~Crffi02 
----'V- FeiT.0

2
--+-- Mnffi02 

6 

Figure 2.2: Catalytic activity of various titania supported catalyst at 200 •c for reduction of NO with CO. 
(Sreekanth et aL, 2008). 

Based on previous studies discussed, Mn-doped Ti02 is a good oxidation and 

reduction agent, thus, it is believed to have high potential to be doped onto Ti02 

photocatalyst to produce hydrogen gases under visible light. This Mn-doped Ti02 

photocatalyst is prepared via wet impregnation (Hu et al., 2008). 
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CHAPTER3:METHODOLOGY 

The scope of work is divided into 3 parts which is: 

);> Preparation and pre-treatment of photocatalyst 

);> Photocatalytic activity (reaction) 

:r Characterization of the photocatalysts 

3.1 Chemicals and Equipments 

For this project, there are chemicals needed for photocatalyst preparation and pre

treatment: 

:r TiOz (Degussa P25) 

:r Manganese(II) nitrate, Mn(NOJ).6Hz0 (Systerm) 

The major equipments that will be used during this project are listed below: 

:r Thermogravimetric analysis (TGA) 

:r Diffuse reflectance UV-Vis (DR-UV-Vis) 

:r Field emission -Scarming electron microscopy (FE-SEM) 

:r Fourier transform infrared (FTIR) spectroscopy 

:r X-ray diffraction (XRD) 

:r Multiport reactor 

:r Oven 

);> Furnace 
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3.2 Photocatalyst Preparation 

Photocatalyst were synthesized by wet impregnation method. Ti02 powder 

(Degussa P25) was added into rnanganese(Il) nitrate aqueous solution and stirred for 

I hour, forming a suspension. The solvent was then evaporated in a water bath at 80 

°C until it became dense. The mixture was dried in an oven at 120 °C overnight (Hu 

et al., 2008). Finally, calcination was conducted at 300 °C, 400 °C and 500 °C for 30 

minutes. The process flow for Mn/Ti02 preparation is shown in Figure 3.1. The 

photocatalyst prepared are given notation in the form of xMn y where x is the wt% 

ofMn loading, Mn refers to Mn/Ti02 andy refers to calcination temperature (xlOO 
0C). Table 3.1 provides the summary ofphotocatalysts prepared. 

Mn(N03)2 solution + Ti02 powder (Degussa P25) 

Stir 1 hour 

Suspension 

Evaporation at 80 •c 
Drying at 120 •c 

Raw photocatalyst 

Calcination at 300 •c, 
400 •c and 500 •c 

Photocatalyst 

Figure 3.1: Steps to prepare MnffiO, photocatalyst. 
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Table 3.1: Summary of photocatalyst prepared calcined at different temperature for 30 minutes. 

Mnloading Calcination temperature (0C) 
(wt%) 300 400 500 

1 1Mn 3 1Mn 4 1Mn 5 
5 5Mn 3 5Mn 4 5Mn 5 
10 lOMn 3 lOMn 4 lOMn 5 

3.3 Photocatalytic Activity 

This study was performed at room temperature which is around 23°C by 

using a multiport photocatalytic reactor. To simulate the visible light, 500W halogen 

lamp is used. The lamp was fixed at a position 13 em above the multiport reactor. 

The catalyst (0.1 g) was then dispersed in 8 mL distilled water. By using vertical 

graduated glass tube, the amount of gas evolved is monitored every 10 minutes for 

2h. 

3.4 Catalyst Characterization 

3.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

1 mg of catalyst with 200 mg of IR-grade KBr were ground and 

pressed into a pellet by using a hydraulic press. The FTIR spectrum of the 

sample, taken over a wave-number range of450 cm-1
- 4000 cm-1

, is recorded 

as the percentage of transmittance (%T) versus wave-number. This FTIR 

analysis is useful for determining the functional groups present in the catalyst 

before and after the calcination. These functional groups can be identified by 

characteristic peaks on the spectrum. 
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3.4.2 Diffuse Reflectance Spectroscopy (DR-UV-Vis) 

Diffuse reflectance UV-Vis spectra are recorded using a Perkin Elmer 

Lambda 900 instrument with an integrating sphere attachment using BaS04 

powder as an internal reference. A layer of sufficiently thick powder sample 

(1 mm-3 mm) need to be prepared in order to ensure all the incident light will 

be absorbed or scattered before reaching the back surface of the sample 

holder. The result will be plotted as Kubelka-Munk function vs. wavelength. 

The indication of the absorption edge has been shifted to visible region or not 

can be determined through the relative position of the catalyst absorption 

edge compared to Ti02 in the diffuse reflectance spectra. The band gaps (E8) 

for all catalysts can be determined from extrapolation of the linear fit to the 

Tauc plot onto the photon energy axis. The illustration ofTauc plot is shown 

in the Figure 3.3. 

2.5 3.0 3.5 
Photon Energy- hv (eV) 

Figure 3.2: Illustration of Tauc plot. (retrieved from: 
http://www.msm.cam.ac.uk/ascglcbaracterisation/uvvis.php) 

3.4.3 Field Emission Scanning Electron Microscopy (FE-SEM) 

The catalyst morphologies are determined by using FE-SEM. The 

samples are coated with platinum-palladium prior scanning at lOOK 

magnification. From the FE-SEM micrographs, how well the dopant material 

is dispersed on the base material, Ti02, in a catalyst sample can be seen. 
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3.4.4 X-ray Diffusion (XRD) 

In order to identify the type of Mn species and also Ti02 phase 

present on the photocatalyst, powder-XRD is conducted on the catalyst with 

MnKu radiation of 40 kV, 40 rnA; 29 angles from 10° up to 80° and scan 

speed of 4°/min. In order to determine the species present in a sample, XRD 

peaks are compared to the standards. 

3.4.5 Thermogravimetric Analysis (TGA) 

In order to determine the thermal stability of the catalyst due to 

calcinations process, this analysis has been carried out. Heating rate was 

maintained at 20 °C/min and the air flowing was set to 20 mL/min. The 

measurement was carried out with 30 °C to 850 °C temperature range. 
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CHAPTER 4 : RESULTS 

4.1 Photocatalytic Activity 

The activities of the photocatalysts were determined by investigating them in 

terms of Mn metal loading and calcination temperature. The amount of hydrogen 

gases produced for 2 hours reaction in distilled water for all photocatalyst samples 

were displayed in Figure 4.1. For 5 wt% Mn/Ti02, the amount of hydrogen gases 

evolved increase 4.9 mL to 6.3 mL (29.18%) when the calcinations temperature was 

increased from 300 °C to 400 °C. However, the amount of hydrogen gases evolved 

decrease to 3.6 mL (42.65%) when the calcinations temperature was increased to 500 

°C. The best activity is displayed by 5Mn _ 4 as it produces the highest amount of 

hydrogen gases which is 6.3 mL. Pure titania only produced 2.4 mL hydrogen. 

7.0 
6.3 

..1 6.0 
E 
~ , 

5.0 Gl 
u 
:II , 

4.0 •1 wt% Mn 
0 loading .. 
D. 
c 3.0 Gl 
1:11 •5wt% Mn 
f 2.0 loading 
J. 
J: 

'n10 wt% Mn 1.0 
loading 

0.0 
300 400 500 

Calcination Temperature, OC 

Figure 4.1: The effed of calcination temperature and metal loading on H2 production. 

Overall, 5 wt% Mn/Ti02 photocatalyst showed the best photocatalytic 

activities for all the three different calcination temperatures (300 °C, 400 °C and 500 
0C). The comparison between the photocatalysts' performance is displayed in Figure 

4.2. From the results obtained, it is shown that for the first 50 minutes, there was not 
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much difference between those three samples. However, after 50 minutes reaction 

5Mn _ 4 showed the best activity followed by 5Mn _3 and finally 5Mn _5. 

7.00 

6.00 
.J 
E 
,.; 5.00 
Gl 
u 
::J 
'0 4.00 e 
Q. 

5 3.00 
01 e l. 2.00 

::E: 

1.00 

0.00 

0 20 40 60 

Time, min 
80 100 120 

Figure 4.2: The effect of calcination temperature on H2 production for 2 hours. 

-+-5Mn_3 
--sMn_4 
-.-.-SMn_S 

The result obtained indicated that the best photocatalyst was 5Mn_ 4. Further 

reaction was carried out by using 5Mn _ 4 photocatalyst in sea water. It is conducted 

in order to study the effect of electrolyte to the photoactivity. From the experiment 

done, it was shown that the reaction rate of the photocatalyst is faster by using sea 

water instead of distilled water especially during initial state of the reaction (better 

conductivity). The illustration of the reaction rate for 5Mn _ 4 in distilled water and 

sea water are shown in Figure 4.3(a). By using sea water, the amount of hydrogen 

evolved also was higher compared to if using distilled water. This is due to the 

electrolyte properties in sea water that enhanced the performance of photocatalysts. 

Figure 4.3(b) shows the overall reaction for 2 hours for both pure titania and 5Mn_ 4 

in distilled water and sea water. The activity of 5Mn_ 4 showed163% improvement 

for distilled water and 154% improvement for sea water compared to pure Ti02. 
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Figure 4.3: Hydrogen evolved (a) using 5Mn_ 4 in different reaction medium as a function of time and (b) 
after 2 hours reaction for pure titania and SMn _ 4 in different reaction medium. 
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4.2 Catalyst Characteristics 

4.2.1 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is performed to determine the thermal 

behavior of the thermal stability of the photocatalyst. The TGA of raw 

Mn/Ti02 photocatalyst samples are presented in weight loss pattern in Figure 

4.4. The temperature range is from 30°C to 850°C. The total weight loss 

estimated for I wt% Mn/Ti02 raw catalyst sample is around 4.2%, for 5 wt"lo 

Mn/Ti02 raw catalyst, the total weight loss is 3.9% and 5.3% Mn/Ti02 for 10 

wt% raw catalyst. 

There are two decomposition steps for all samples; one is from 30 "C 

to 120 °C and the other one is from 200 °C to 500 °C. These are attributed to 

the evaporation of the physically retained or absorbed water and 

decomposition of manganese nitrate to form manganese oxide. This TG 

curves are used to obtain information about the optimum calcinations 

temperature for the Mn/Ti02 photocatalyst samples. Based on the TG curves 

obtained, the calcination temperature chosen is 300 °C, 400 °C and 500 °C 

since the weight loss is not too drastic after 300 °C which indicates that there 

is no nitrate group in the samples. 
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Figure 4.4: The weight loss profile of the Mn metal supported Ti02 catalyst. 
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4.2.2 Diffuse Reflectance Spectroscopy (DR-UV-Vis) 

The DR-UV-Vis spectra of the catalyst samples as well as of pure 

Ti02 are shown in Figure 4.5. The absorption threshold of pure titania (P25) 

was --400nm (UV range). However, this absorption range could be shifted 

from UV range to visible range (wavelength >400nm) by doping pure titania 

with manganese metal. It could be observed for all the photocatalyst samples 

and it is shown in Figure 4.4 below. For an individual DR-UV-Vis result, 

refer to Appendix B. 

0.40 
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0.10 r---... -10Mn_4 

\' ~ \; -1Mn~5 
0.05 

~ 5Mn_5 

0.00 
..... . ,. ····. .. ~---· '" ·--··· .. ~- "-." -lOMn_S 

190 240 290 340 390 440 490 540 590 640 690 740 790 

Wavelength, 11 

Figure 4.5: DR-UV-Vis spectra ofTi02 aud Mn-doped Ti02• 

Shifting the absorption band to the visible range can promote the 

photocatalytic activity of Mn/Ti02. Based on the result obtained, the 

sensitivity of the photocatalyst towards visible light increases as the 

temperature decreases with increasing wt% metal doped into pure titania. 

Thus, it can be concluded here that doping with a transition metal is one of 

the effective way in order to enhance the hydrogen production under visible 

light. 

From DR-UV-Vis results, band gap energy for each photocatalyst 

sample was estimated. This could be done by plotting the transformed 

Kubelka-Munk functions [F(R).hv]112 versus hv and doing the extrapolation 

on the plot. The illustration of this Tauc plot is shown in the Figure 4.6. The 
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band gap for each sample including pure titania are shown in the Table 4.1. 

For individual plot of transformed Kubelka-Munk function, refer to Appendix 

B. 
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Figure 4.6: Plot oftransformed Kubelka-Munk functions [F(R).hv]1a versus hv for Mnffi02 and 
Ti02 samples to estimate band gap energies by linear extrapolation after calcinations at (a) 300 

°C, (b) 400 °C and (c) 500 °C. 

Table 4.1: Band gap energy for each photocatalyst sample. 

Photocatalyst BGEnergy 

Pure titania 3.20 

lMn 3 3.06 -

5Mn 3 2.73 -

lOMn 3 2.93 

lMn 4 3.05 -

5Mn 4 2.95 -

lOMn 4 2.89 

lMn 5 3.03 -

5Mn 5 2.97 -
lOMn 5 2.74 -

All the photocatalysts showed that there were reduction in their band 

gaps compared to Ti02. The calculated band gap energy for pure Ti02 is also 

found to be 3.20eV from the extrapolation of the corresponding plot. By 

doping titania with manganese metal, the band gap energy reduces. Thus, it 
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could enhance the performance of the photocatalyst in order to produce 

hydrogen gases under visible light. 

4.2.3 Field Emission Scanning Electron Microscopy (FESEM) 

Figure 4.7 shows the images of FESEM for 5Mn 3, 5Mn 4 and - -

5Mn 5. Based on FESEM results, it could be seen how well the Mn metal 

were doped on titania surface. For 5Mn_3, it showed that the interaction 

between titania and manganese metal were not well interacted. 300 °C 

calcination temperature is not enough for Mn metal to be doped onto titania. 

For 5Mn_5, it could be seen that the titania itselfformed cluster between each 

other and Mn metal could not be doped well onto titania. It means that, the 

surface area for the reaction to take place were less thus the hydrogen 

produced also less. 

The best interaction between Mn metal and titania could be seen from 

5Mn _ 4. Mn metal was well doped at 400 °C calcinations temperature and the 

surface area for the reaction to take place also high thus increase the amount 

of hydrogen gases produced. For more FESEM image, refer to Appendix C. 

(a) 
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(b) 

(c) 

Figure 4.7: FESEM micrographs ofthe Mn!fi02 photocatalysts for (a)5Mn_3, (b)5Mn_ 4 and 
(c)5Mn_5. 
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4.2.4 Fourier Transform Infra-Red (FTffi) Spectra 

The FTIR transmission spectra of the Mn/TiOz photocatalyst before 

calcination and after calcination temperature (300 °C, 400 °C and 500 °C) are 

shown in Figure 4.8. As shown in Figure 4.8 (a), there are absorption peaks 

around 1600 em-' and 3400 cm-1 Peaks around 1600 cm-1 are attributed to 0-

H bending while peaks around 3400 cm-1 are corresponding to 0-H 

stretching. The IR band from 400 cm-1 to 900 cm-1 are representing Ti-0 

stretching vibrations (Yan et al., 2004; Yoong et al., 2009). 

The presence of nitrate (N03) group can be observed from the 

absorption peak at 1384 cm-1
. All of uncalcined samples show the presence of 

nitrate group in the samples. There is also peak at around 2300 cm-1for some 

samples. This peak is attributed to carbon dioxide, C02 that exists in 

atmosphere. However, not all samples have the peak at that 2300 em-' due to 

the COz concentration that does not fix at certain time where it always 

changing. 

Same goes to Figure 4.7 (b), Figure 4.7 (c) and Figure 4.7 (d) where 

all of the samples show the same patterns which there are absorption peaks 

around 1600 cm-1
, 2300 cm-1

, 3400 em-' and from 400 cm-1 to 900 em-I 

Peaks around 1600 cm-1 and 3400 em-' are attributed to 0-H bending and 

stretching respectively. Peak at around 2300 cm-1 is attributed to COz in 

atmosphere and absorption band from 400 em-' to 900 cm-1 are representing 

Ti-0 stretching vibrations. 

However, for calcined samples, there is no absorption band at 

1384cm-1 which is corresponding to the presence of N03- group. This is 

indicating that nitrate group is completely removed from raw catalyst by 

calcinations process at 300 °C, 400 °C and 500 °C calcinations temperature. 
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Figure 4.8: FfiR transmission spectra for Mnffi01 photocatalyst (a) before calcination and after 
calcination at (b) 300 •c (c) 400 •c and (d) 500 •c. 
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4.2.5 X-ray Diffusion (XRD) 

The XRD patterns of the Degussa P25 and Mn/ Ti02 photocalysts are 

shown in Figure 4.9. There are peaks at 29=25.2° and 29=27.5° appear in all 

samples. These two peaks correspond to the main peak of anatase and mtile, 

respectively. It is notable that only anatase and rutile phase was observed 

without brookite phases in all of the modified samples. Peak shifting is not 

observed even in I OMn _ 5 sample, this indicates that high metal loading and 

high calcination temperature does not give significant changing to the titania 

lattice. There is also no Mn peak observed because it is below XRD 

indication limit and it is showing that Mn metal was highly dispersed on 

Ti02. For all samples, the blue line refers to the rutile phase, the red line 

refers to anatase phase and the black line is referring to the sample. 
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CHAPTER 5: CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

Overall, it can be concluded that 5Mn _ 4 produced the highest amount of H2. 

The modification that is done to titania photocatalyst has increase its efficiency by 

making it be able to be active under visible light Doping titania with Mn has shifted 

the absorption edge of titania from UV region to visible region to optimize its 

properties for hydrogen production. By producing hydrogen with this method, 

hydrogen can be produced without worrying the environmental issue since it is 

environmental friendly. It can contribute good things to the industries and users. 

5.2 Recommendation 

Further studies are recommended based on the result obtained from this 

research. In order to increase the performance of the photocatalyst, the future study 

can be done by varying: 

•!• the types and number of metal ion doped to Ti02 

•!• the photocatalyst preparation method 

•!• the calcination temperature and calcination time 

All those factors might be giving effect to the photocatalyst activity. 

However, more literature review needs to be studied continuously in order to 

understand more about this experimental works and get the best result for the project. 
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APPENDIX A 

Calculation for 1 wt% Mn loading 

The amount of sample prepared 

Molecular weight Mn(N03).6HzO 

Amount of manganese metal needed 

Thus, amount of TiOz (Degussa P25) 

No. of mol for Mnin 1 mol Mn(N03).xH20 

= 1 mol 

=25 g 

= 178.98 g/mol 

=0.01(25 g) 

=0.25 gMn 

=25 g-0.25 g 

=24.75 g 

178.98 g Mn(N03).6HzO gives 54.94 g Mn(II) 

Thus, the amount ofMn(N03).6H20 needed for 0.25 g Mn 

= (178.98 g I 54.94 g) X 0.25 g 

= 0.8144 g 
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Calculation for 5 wt% Mn loading 

The amount of sample prepared 

Molecular weight Mn(NOJ).6H20 

Amount of manganese metal needed 

Thus, amount of Ti02 (Degussa P25) 

=25 g 

= 178.98 g/mol 

=0.05(25 g) 

= 1.25 gMn 

= 25 g-1.25 g 

=23.75 g 

No. of mol for Mn(II) in 1 mol Mn(N03).6H20 

= 1 mol 

178.98 g Mn(N03).6H20 gives 54.94 g Mn 

Thus, the amount of Mn(N03).6H20 needed for 1.25 g Mn 

= (178.98 g /54.94 g) X 1.25 g 

=4.072 g 
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. Calculation for 10 wt% Mn loading 

The amount of sample prepared 

Molecular weight Mn(N03).6HzO 

Amount of manganese metal needed 

Thus, amount ofTi02 (Degussa P25) 

No. of mol for Mn in 1 mol Mn(NOJ).xH20 

=I mol 

178.98 g Mn(N03).xH20 gives 54.94 g Mn 

=25 g 

= 178.98 g/mol 

= 0.10(25 g) 

=2.50 gMn 

=25g-2.50g 

= 22.50 g 

Thus, the amount of Mn(N03).6H20 needed for 2.50 g Mn 

= (178.98 g /54.94 g) X 2.50 g 

= 8.1443 g 
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APPENDIXB 
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Figure B.l: DR-UV-Vis spectra of 1Mn_3. 
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Figure B.2: DR-UV-Vis spectra of1Mn_4. 
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Figure B.4: DR-UV-Vis spectra of5Mn_3. 
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Figure B.5: DR-UV-Vis spectra of 5Mn _ 4. 
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Figure B.6: DR-UV-Vis spectra of 5Mu _ 5. 
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Figure B. 7: DR-UV-Vis spectra ofl OMn _ 3. 
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Figure B.S: DR-UV-Vis spectra of lOMn_ 4. 
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Figure B.9: DR-UV-Vis spectra of lOMn_S. 
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Figure B.ll: Plot oftransformed Kubelka-Munk functions [F(R).hv]l/2 versus hv for 1Mn_3 to estimate 
band gap energies by linear extrapolation. 
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Figure B.12: Plot oftransformed Kubelka-Munk functions [F(R).hv]l/2 versus hv for 1Mn_4 to estimate 
band gap energies by linear extrapolation. 
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Figure B.l3: Plot of transformed Kubelka-Munk functions [F(R).bv]l/2 versus hv for 1Mo_5 to estimate 
band gap energies by linear extrapolation. 

14.0 

12.0 

10.0 

s 
8.0 

!: 
g 

6.0 !!!. 

4.0 

2.0 

0.0 

1\ 

/ \ 
/' 

I 
I 

1 ~ 

I 

-5Mn_3 

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 

bv,ev 

Figure B.l4: Plot of transformed Kubelka-Munk functions ]F(R).hv]l/2 versus hv for 5Mn_3 to estimate 
band gap energies by linear extrapolation. 
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Figure B.15: Plot oftransformed Kubelka-Munk functions [F(R).hv]l/2 versus hv for 5Mn_ 4 to estimate 
band gap energies by linear extrapolation. 
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Figure B.16: Plot oftransformed Kubelka-Munk functions [F(R).hv]l/2 versus hv for 5Mn_5 to estimate 
band gap energies by linear extrapolation. 

44 



14.0 

12.0 

10.0 

g 
8.0 

~ 
g 

6.0 1::!. 

4.0 

2.0 

0.0 

/~\ 

/ 
I 

------1 
~ I 

[7 I 
I 

-10Mn_3 

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 

bv,eV 

Figure B.17: Plot oftransformed Kubelka-Munk functions [F(R).hv]l/2 versus hv for 10Mn_3 to estimate 
band gap energies by linear extrapolation. 
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Fignre B.18: Plot oftransformed Kubelka-Munk functions [F(R).hv)l/2 versus hv for lOMn_ 4 to estimate 
band gap energies by linear extrapolation. 
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Figure B.l9: Plot oftransformed Kubelka-Munk functions [F(R).bv]l/2 versus hv for IOMn _ 5 to estimate 
band gap energies by linear extrapolation. 
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Figure B •. 20: Plot oftransformed Kubelka-Munk functions [F(R).bv]l/2 versus hv for titania to estimate 
band gap energies by linear extrapolation. 
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APPENDIXC 

Figure C.l: FESEM micrographs ofthe 1Mn_3 photocatalyst. 

Figure C21: FESEM micrographs of the l OMn _ 3 photocatalyst 
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Figure C.3: FESEM micrographs oftbe lMn_ 4 photocatalyst. 

Figure C.4: FESEM micrographs oftbe lOMn_ 4 photocatalyst. 
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Figure C.5: FESEM micrographs of the lOMu_S photocatalyst. 
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