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negatively (-) charged due to the presence of the promoted electron.  A photo-excited 

molecule can be considered a new chemical species that has its own unique chemical 

and physical properties, often quite different from the properties of the ground state 

molecule (Serpone and Pelizzetti 1989). 

 

Figure 1.2: The photoexcitation of a photocatalyst (Anpo and Yamashita, 1996). 
 
 

Unlike a thermal reaction where large amounts of energy are added in the 

form of heat, the photocatalytic reaction can be performed at standard conditions. 

Figure 1.2 illustrates the photocatalytic promotion of an electron from the valence 

band to the conduction band using light energy.  

 

1.3 Previous Work   

The selective oxidation of CO in the presence of H2 is not a new technology.  

The SelectoxoTM process and the first generation SelectoxoTM catalysts were 

developed by Engelhard Corporation in the 1960s, and were commercialized in the 

early 1970s for the purpose of increasing the production rate of ammonia (NH3) 

plants (Roberts et al 2003).  These catalysts, developed by Brown et al (Brown et al, 
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1960) were the earliest known and used platinum supported by a metal oxide 

substrate.  The SelectoxoTM catalysts were used in a conventional thermal reaction.   

A drawback of using platinum as a catalyst is the relative scarcity of the metal.  

Because of its rarity, platinum is an extremely cost prohibitive choice for a catalytic 

material.  However, in spite of its high cost, platinum is still sought out for its 

outstanding catalytic performance characteristics and is arguably the most used 

catalyst for CO oxidation.  The platinum provides a surface where the CO will adsorb 

through the carbon atom.  Oxygen gas also adsorbs on the platinum surface and 

dissociates in a largely irreversible manner.  The CO oxidation reaction then occurs 

on the platinum surface between the adsorbed atomic oxygen and the molecularly 

adsorbed CO, as shown in equation (3) (Salomons et al, 2007).   

German scientist Gerhardt Ertl won the 2007 Nobel Prize for chemistry for his 

ground breaking studies concerning the surface-catalyzed oxidation of CO on 

platinum (Miller, 2007).  Ertl found that the rate CO conversion on Pt oscillated over 

time and was able to reproduce these oscillations.  The oscillations in the reaction rate 

were based on the fact that CO initially covers most of the Pt surface.  In order for O2 

from the surrounding atmosphere to dissociate, two sites are needed on the Pt surface 

and these sites are difficult to come by due to the CO surface coverage.  When two 

adjacent oxygen sites are available, the O2 molecule can dissociate on the Pt, forming 

atomic oxygen.  The atomic oxygen then reacts quickly with the CO.  This quick 

reaction frees large clusters of sites allowing for the adsorption and dissociation of 

more O2.  The oxygen covered region is now highly reactive because CO only needs 
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one available site to oxidize.  As the oxygen on the Pt surface is consumed by the 

oxidation of CO, the process then repeats itself.  

One of the most common uses of platinum as a CO oxidation catalyst is in 

automotive catalytic converters, which accounts for 35% of the platinum used in the 

United States. (Brown et al, 2000).    

In an effort to reduce the cost of using platinum, many studies have mixed 

platinum with another metal in an attempt to either reduce the platinum used in the 

catalyst, improve the catalytic performance, or both.  Liu et al (Liu et al, 2002), 

Roberts et al (Roberts et al, 2003) and Watanabe et al (Watanabe et al, 2003) 

investigated the Pt/Fe mixed metal catalyst and compared it to Pt alone.  The iron 

oxide, when placed on or immediately adjacent to the platinum sites provides 

alternative sites for O2 adsorption.  All three of these studies concluded that the 

addition of Fe provides sites that are favorable to oxygen adsorption.  In the 

mechanism proposed for the catalytic reaction, CO will adsorb on the Pt site while O 

is adsorbed on the Fe site and reacts immediately if both reactants sit on neighboring 

sites.  This type of mechanism has been termed the bi-functional mechanism 

(Watanabe and Motoo, 1975).   

Platinum catalysts usually require a relatively high temperature to enhance 

their catalytic properties; a temperature of 260° C, as shown by Rosso et al (Rosso et 

al,2004), was needed to move their selective CO oxidation reaction forward.  

Kotobuki et al (Kotobuki et al, 2005) performed selective oxidation experiments 

using various combinations of Pt, Fe and Pt/Fe catalysts loaded onto a mordenite 

substrate showing that the system was efficient at a much lower temperature of 50° C.  
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While bimetallic platinum containing nanoparticles, such as those mentioned above, 

are effective in the oxidation of CO in the presence of H2, the prohibitively high cost 

of platinum makes it desirable to develop a PROX catalyst that is not only 

inexpensive, but is easily prepared and can operate at or near ambient conditions 

(Kamegawa et al, 2006).   

Pozdnyakova-Tellinger et al then showed that platinum on a ceria(CeO2) 

support was also active at lower temperatures (50˚C) similar to platinum metal that 

was combined with a non reducible oxide such as alumina (Pozdnyakova-Tellinger et 

al, 2007). This finding shows that the choice of substrate material plays an important 

role in catalyst efficiency.  Luo et al studied the effects of copper oxide (CuO) on a 

CeO2 substrate (Luo et al, 2007).  Luo reported a 10 % conversion of CO at a 

temperate of 60 ˚C using this catayst.  100% CO conversion was obtained at a 

temperature of 130 ˚C.   

Gammera et al studied the effect that particle size had on CO conversion for a 

CuO-CeO2 catalyst (Gamarra et al, 2007).  By reducing the size of the CuO particle, 

the CO conversion ability of the catalyst increased up to a point. The particle size that 

gave the best performance averaged 8 nm and gave 100% conversion at 77 ˚C.  

Romero-Sarria et al studied the effect of reducing the size of Au nanoparticles on Au-

CeO2 catalysts for the reduction of CO (Romero-Sarria et al, 2007).  Reducing the Au 

nanoparticles size to 2 to 3 nm resulted in the highest catalytic activities.  Hayden et 

al studied the effect of Au particle size on the substrates of TiO2 and C (Hayden et al 

2007).  Hayden’s work on Au particle size compared well with the work of Romero-

Sarria in which both groups observed the best catalytic activity with Au particle sizes 
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of approximately 3 nm.  Bokhimi et al showed that particle size and surface area were 

not the only explanations for the changes observed in the catalytic activity for CO 

oxidation (Bokhimi et al, 2007).  This study found that the catalytic performance of 

Au on a rutile (a natural form of TiO2) substrate was dependent on the catalyst 

preparation temperature. A catalyst prepared at a lower temperature, 300 ˚C, 

performed better than a similar catalyst prepared at a higher temperature, 700 ˚C. 

Chen et al studied the use of silver nanoparticles embedded in activated 

carbon (Ag/AC) and compared it to Ag on SiO2 for the selective oxidation of CO in 

H2 rich feed gas(Chen et al, 2007).  Chen found that the substrate played a very 

important role in governing the rate of catalytic activity. The substrate material was 

believed to be the oxygen transport mechanism for all of the systems. 

Sun et al studied the effect of using CeO2 in the form of microsphere catalyst 

supports loaded with gold (Au) nanoparticles for the reduction of CO (Sun et al, 

2007).  The CeO2 microsphere formation increased the surface area of the catalyst, 

thus increasing the available sites for catalytic activity.  By increasing the surface 

area, the Au-CeO2 microsphere catalyst had 80% CO conversion as compared to 20% 

CO conversion for Au on bulk CeO2.  Han et al also used Au catalysts with an 

increased surface area for the oxidation of CO (Han et al, 2007).  The Au 

nanoparticles were placed on alumina (Al2O3) nanofibers and their performance was 

compared to Au nanoparticles on bulk Al2O3.  Again, the results showed increased 

catalytic activity for the Au- Al2O3 nanofiber catalyst as compared to the Au on bulk 

Al2O3.  CO conversions of 23% and 5% at 30 ˚C respectively were reported.   
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Other substrate materials have also been recently evaluated.  Reddy et al 

studied the influence of the substrate on Co oxidation activity by placing a ceria-

zirconia composite oxide on alumina, silica and titania (Reddy et al, 2007).  All of the 

catalysts in this study had a high surface area, ≤ 60 m2 g-1.  This study demonstrated 

that the substrate plays a role in the catalytic performance with the Al2O3 substrate 

giving the best results for CO oxidation, followed by TiO2 and SiO2.  Also 

noteworthy, these catalysts were run under normal atmospheric conditions which are 

similar to the research reported in this thesis.   

Wakita et al used ruthenium on an alumina substrate (Ru/Al2O3) for the 

oxidation of CO in the presence of NH3 (Wakita et al, 2007).  The purpose of this 

experiment was to test the catalyst’s resilience to ammonia poisoning.  After 3 hours 

on steam with 75 ppm NH3 the catalyst was able to convert 80.8% of the CO to CO2.  

Kim et al reported that the disassociation of O2 on Ru occurs at the step sites showing 

the geometry of the catalyst is important (Kim et al, 2007).  It was shown that the 

stepped Ru catalyst showed higher coverage of adsorbed oxygen atoms than did 

smooth Ru when used for the oxidation of CO.     

The previous work done in the development of CO oxidation catalysts shows 

three very important considerations when designing a new catalyst: the surface area 

of the catalyst to increase catalytic site availability, the substrate material for oxygen 

transport and the particle size of the catalyst to increase overall catalytic efficiency.  

All three of these items will be considered when designing a CO oxidation catalyst 

for this research. 
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 Professor Masakazu Anpo’s research group of Osaka Prefecture University in 

Osaka Japan has been exploring the use of a photocatalyst to carry out CO-PROX 

reactions in excess H2.  In May 2006 they stated that “to the best of our knowledge, 

no attempt has been made to apply photocatalysis for the PROX reactions” 

(Kamegawa et al, 2006).   

Since then, photocatalytic materials have been explored for the oxidation of 

CO.  Roy et al used palladium (Pd) on nano-TiO2 for this purpose (Roy et al, 2007).  

The results of Roy’s research showed a maximum of 20% CO conversion after 300 s 

of UV illumination.  The Anpo group has successfully used metal oxide 

semiconductor materials, specifically molybdenum oxide chemically impregnated on 

a silicon dioxide substrate (MoO3/SiO2), to photocatalytically oxidize CO in the 

presence of H2 at a temperature of 293 K at a pressure of 88 Pa.  The catalyst showed 

100% CO conversion after 180 minutes of exposure to UV light (Kamegawa et al, 

2006).  

  A semiconductor photocatalyst, such as MoO3, is advantageous to use as 

compared to other conventional chemical oxidation methods.  This is because 

semiconductors are inexpensive, nontoxic and capable of extended use without 

substantial loss of photocatalytic activity (Fox and Dulay 1993).  Metal oxide 

semiconductors have been found to be the most suitable candidates for photocatalysts 

(Corma and Garcia 2004).  Some examples of metal oxide semiconductors that are 

photocatalytically active are TiO2, MoO3 and WO3. 
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1.4 Objective of This Research 

 The primary objective of this research has been to study a photocatalytic 

system which uses molybdenum oxide on a silicon dioxide substrate for the 

preferential oxidation (PROX) of CO in the presence of excess O2.  Catalyst samples 

were designed and fabricated utilizing the facilities at the Laboratory of Surface 

Science and Technology (LASST) located on the campus of the University of Maine 

under the direction of Professor Scott Collins.  The catalysts were manufactured using 

micro-fabrication (microfab) and thin film deposition techniques (sputtering).  There 

are inherent advantages in the use of these techniques as compared to the 

conventional methods of chemically impregnating or grafting the metal oxide to the 

surface of a substrate material.  By using a physical deposition method there is 

improved control of the substrate coverage by the metal oxide layer.  Also, the 

thickness of the metal oxide can be precisely controlled when utilizing sputter 

deposition.  The sputter deposited metal oxide was anchored to the support material 

during the deposition process and applied in its highest oxidation state (Mo6+), thus 

reducing the need for pretreatments such as calcining at a high temperature in a 

specific atmosphere followed by degassing at a lower temperature under a vacuum.  

The calcining process used for impregnated catalysts anchors the metal oxide to the 

substrate and raises the impregnated metal oxide to its highest oxidation state. 

Degassing then keeps the metal oxide in its highest oxidation state while 

finalizing the anchoring process (Anpo and Yamashita, 1996).  Calcining need not be 

performed in the sputter deposited catalyst; the only pretreatment necessary is to heat 
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the catalyst for one hour at 100 ˚C to remove any water that has accumulated on the 

thin film surface (Wachs, 1992).  

The prepared MoO3/SiO2 catalysts were tested and evaluated in a custom 

engineered photocatalytic reactor that operates at room temperature and atmospheric 

pressure.  The reactor consists of a gas mixing system, a catalyst pretreatment system 

and the photocatalytic reaction cell.  The Patterson research group has ample 

experience in performing photocatalytic experiments in the liquid phase, but is new to 

gas phase photocatalysis.    

Running the catalysts under atmospheric pressure is a unique approach.  Prior 

investigations performed by other research groups report the use of chemically 

impregnated non-noble metal oxide catalysts run at near vacuum conditions 

(Kamegawa et al, 2007).  While interesting and helpful for understanding the basic 

science of the catalytic reaction, near vacuum catalysis is not practical for a large 

scale industrial process.   Therefore, testing the catalysts at atmospheric pressure as 

opposed to near vacuum pressure will lay the ground work for further research in the 

development and advancement of micro-fabricated metal oxide photocatalysts.  

In summary, the objective of this research has been to study, understand and propose 

a mechanism for the photocatalytic oxidation of CO with oxygen in the presence of 

hydrogen.  Two questions are addressed in this research.  First, can sputter deposited 

MoO3/SiO2 catalyst samples be used as an alternative to the conventional chemically 

impregnated catalysts used by others?  Second, does the metal oxide/substrate 

interface structure of the catalyst largely govern the rate of CO oxidation?  
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The information provided by the proposed mechanism will allow us to 

identify the areas of the sputter deposited MoO3/SiO2 catalyst that can be improved 

upon.  It is believed that the rate of CO oxidation is dependent on the metal 

oxide/substrate interface structure of the catalyst, for both chemically impregnated 

and sputter deposited catalysts.   

To address these questions, three sputter deposited MoO3/SiO2 catalyst 

samples, each with a different metal oxide / substrate interface area, were designed 

and produced.  The samples consisted of a monolayer sample, a bi-layer sample and a 

sample with a 60Å thick layer of molybdenum oxide covering the substrate.  The 

monolayer sample was designed to simulate an impregnated catalyst having a one 

molecule thick molybdenum oxide layer covering the surface of the substrate; thus, 

giving it the largest semiconductor oxide / substrate interface area of the three 

samples produced.  The bi-layer sample is comprised of twice as many MoO3 

deposition sites as compared to the monolayer sample.  Therefore the bi-layer sample 

contains one half as many semiconductor / oxide interface sites as the monolayer 

sample due to a more complete coverage of the substrate surface by MoO3.  The 60 Å 

sample has a MoO3 layer which completely covers the substrate, blocking off the 

MoO3/SiO2 interface.  The performance of each catalyst was determined by the 

percent of CO oxidized.  The results of these experiments can then be used to 

formulate a mechanism consistent with the experimental data. 
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 Chapter 2 

EXPERIMENTAL 

 This chapter presents the experimental portion of this research beginning with 

the design of the MoO3/SiO2 sputter deposited catalysts.  The newly manufactured 

catalysts were characterized by using X-ray photoelectron spectroscopy (XPS).   The 

details of a newly built photocatalytic reactor are discussed along with the detection 

systems used to monitor the catalytic activity.  In the final part of the chapter, the 

procedures that were used to prepare the gas samples and perform the experiments are 

discussed. 

 

2.1 Sputter Deposition Overview 

 Sputtering is a process commonly used in the deposition of thin film coatings.  

The process is initiated by placing a highly pure target material and the substrate 

material into the sputtering device and connecting them to the negative and positive 

terminals of a high voltage source respectively.  The apparatus is then evacuated and 

a small amount of a noble gas, usually argon (Ar) is introduced into the reaction 

chamber.  The pressure of the noble gas is on the order of 10-6 Pa.  The Ar gas is then 

ionized when a high voltage field is applied.  This ionization causes the argon (Ar+) to 

become positively charged.  The Ar+ accelerates toward the negatively charged target 

surface with a high enough kinetic energy such that on impact with the target, the Ar+ 

dislodges an atom from the target surface (M).  These dislodged atoms are then 

accelerated in all directions; some of them strike the substrate surface to form the thin 

film coating.  The initial atoms that contact the surface of the substrate can have 



 

enough kinetic energy to penetrate the substrate several atomic layers deep.  This 

penetration is helpful in ensuring a good adhesion of the sputtered material to the 

substrate surface.  Sputtering is 

change the target material to 

entire system.  Sputtering can also be done with multiple targets allowing the co

deposition of material.  Figure 3

deposition apparatus.   

Figure 2.1: Illustration of a 
 
 
2.2 Catalyst Preparation

 To form the MoO3

deposition has been employed.  During reactive sputter deposition

non-noble gas, in this case 

1988).  The oxygen then reacts with the molybdenum atoms ejected from the target to 

form molybdenum oxide 

substrate material. 
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enough kinetic energy to penetrate the substrate several atomic layers deep.  This 

penetration is helpful in ensuring a good adhesion of the sputtered material to the 

Sputtering is an advantageous technique whereas it is possible to 

hange the target material to form multilayer thin films without having to disturb the 

Sputtering can also be done with multiple targets allowing the co

deposition of material.  Figure 3.1 shows a schematic diagram of a simple sputter 

 

Illustration of a basic argon ion sputtering apparatus. 

.2 Catalyst Preparation 

3 thin film layers, a technique known as reactive sputter 

employed.  During reactive sputter deposition, a small amount of

noble gas, in this case oxygen is injected into the reaction chamber (So et al

The oxygen then reacts with the molybdenum atoms ejected from the target to 

 while the molybdenum atoms are in flight toward 

enough kinetic energy to penetrate the substrate several atomic layers deep.  This 

penetration is helpful in ensuring a good adhesion of the sputtered material to the 

as it is possible to 

out having to disturb the 

Sputtering can also be done with multiple targets allowing the co-

shows a schematic diagram of a simple sputter 

reactive sputter 

a small amount of 

(So et al, 

The oxygen then reacts with the molybdenum atoms ejected from the target to 

in flight toward the 
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 The MoO3/SiO2 samples used for this research were prepared using the 

reactive sputter deposition technique described in work by Jankowski et al 

(Jankowski et al, 1992).  The Mo-O was deposited at less than 2Å s-1, making the 

samples transparent with a yellow hue.  The pressure in the vacuum chamber was 

kept between 3.0 and 5.0 mTorr.  The gas mixture for the reactive sputtering was 80% 

Ar and 20% O2.  

 Three MoO3 thin film samples of varying thickness were produced for this 

research.  In processing these samples it must be noted that MoO3 is soluble in water.  

Therefore, the first step in the preparation of the catalyst is to use a wet saw to cut the 

substrate material to the proper size so that it will fit into the photocatalytic reactor.  

Cutting the substrate must be done before the deposition of the MoO3 catalyst occurs.  

Failure to do this will result in the loss of the newly deposited thin film layer.      

The first sample produced for this experiment was designed to simulate a 

chemically impregnated substrate with monolayer coverage of catalytic material.  

This was done by depositing small “islands” of MoO3 randomly on the surface of the 

substrate.  These islands here are less than ten atoms in size and their irregular 

coverage of the substrate surface keeps the integrity of the MoO3/SiO2 interface 

which was necessary for the desired catalytic reaction to move forward.   

The second sample simulates bi-layer coverage of the substrate.  It was similar 

to the monolayer except twice as many “islands” were deposited.  Because of the 

increased substrate coverage, some of the MoO3 islands will overlap one another.  

The bi-layer sample was used to examine how catalytic activity is affected by 
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doubling the area of MoO3 coverage and consequently degrading the MoO3/SiO2 

interface.   

The third sample was a reactively sputtered 60 angstrom (Å) thick coating of 

MoO3.  The purpose of this sample was to observe the affects of complete blockage 

of the MoO3/SiO2 interface. 

After the samples were made, the composition of the deposited thin film was 

verified and characterized using X-ray photoelectron spectroscopy (XPS).  XPS is a 

spectroscopic technique that is used to quantitatively measure the chemical and 

electronic state of a material as well as determine its empirical formula.  XPS spectra 

is gathered by first irradiating the sample to be tested with X-rays while 

simultaneously measuring the kinetic energy and number of electrons that escape 

from the top 1 to 10 nm of the test material’s surface.  The binding energy, shown on 

the x-axis of an XPS spectrum, is measured in units of electron volts (eV).  One eV 

has approximately the same energy as one infrared photon with a wavelength of 1240 

nm or 1.60218 X 10-19 J (NIST, 2007).  XPS can accurately measure an area as small 

as 10 nm.  It is used routinely to characterize semiconductors, inorganic compounds, 

metal alloys, pure elements and polymers (Briggs and Seah, 1983).   Figure 2.2 shows 

the wide spectrum scan of the thin film molybdenum oxide layer.  Shown in this 

spectrum are the peaks for molybdenum, oxygen and some carbon.  The carbon is 

surface carbon and is to be expected whereas deposited metal oxide semi-conducting 

materials will tend to attract carbon compounds (Wachs, 1992).   



 

Figure 2.2: The XPS wide spectrum of the MoO
 

Figure 2.3 shows the narrow scan of the MoO

the catalyst should only show two peaks.  

tells us that the molybdenum is not fully oxidized and that the sample consists of Mo 

and MoOx, where x is less than three.

234eV correspond to Mo4+

2004).  The peak formed at 228 eV is that of non

Wong, Mitchell and Smith, 1998). 
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The XPS wide spectrum of the MoO3 catalyst as grown. 

.3 shows the narrow scan of the MoO3 catalyst.  The narrow scan for 

st should only show two peaks.  Since there are more than two peaks, this 

tells us that the molybdenum is not fully oxidized and that the sample consists of Mo 

, where x is less than three.  More specifically, the peaks at 231eV and 

4+O2; while the large peak at 232 is Mo6+O3 (Epifani et al

.  The peak formed at 228 eV is that of non-oxidized molybdenum (Leung, 

Wong, Mitchell and Smith, 1998).   

catalyst.  The narrow scan for 

Since there are more than two peaks, this 

tells us that the molybdenum is not fully oxidized and that the sample consists of Mo 

ly, the peaks at 231eV and 

(Epifani et al, 

(Leung, 



 

Figure 2.3: The narrow XPS scan of the MoO

 
Careful storage of the MoO

consistent results with repeated use.  

therefore the catalysts were

exposure of the catalyst sample to air can possibly degrade them due to inherent 

moisture found in ambient conditions. 
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The narrow XPS scan of the MoO3 catalyst as grown. 

torage of the MoO3 catalysts is very important to insure they give 

consistent results with repeated use.  As mentioned earlier MoO3 is soluble

were stored under a dry nitrogen atmosphere.  Prolonged 

exposure of the catalyst sample to air can possibly degrade them due to inherent 

ambient conditions.    

they give 

soluble in water, 

.  Prolonged 

exposure of the catalyst sample to air can possibly degrade them due to inherent 
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2.3 Apparatus 

The following is a description of the apparatus designed and used for the 

experimental part of this project.   It consists of three separate systems; an apparatus 

to pre-treat the chemically impregnated catalysts, the photocatalytic reaction cell, and 

the detection system.  This chapter will describe each system and the justification for 

the use of a specific apparatus or technique.  As mentioned earlier, this research was 

primarily performed to determine if a thin film metal oxide catalyst used for 

photocatalytic redox reactions would perform well at atmospheric pressure.  This 

research is in its preliminary stage; therefore some of the apparatus and equipment 

choices used in this research were based solely on the fact that they were readily 

available for immediate use and not necessarily the optimum choice to give the best 

results.  Suggestions for improvements to the apparatus and how these improvements 

will help in attaining levels of CO on the order of less than 10ppm will be given in the 

future work section of this thesis. 

 

2.3.1 Gas Mixing System   

The gas mixing system is common to both the pre-treatment and reaction 

processes.  At the heart of this system is the gas proportioning valve supplied by the 

Cole-Parmer Instrument Company, part number EW-03218-54.  The proportioning 

valve has the ability to mix up to three different gases in differing ratios.  It is used in 

both the catalyst pre-treatment process and in the preparation of the gas sample for 

the photocatalytic reaction chamber. The proportioning valve consists of three 150 

millimeter flow tubes; each controlled by a 16 turn precision valve.  Figure 2.4 shows 
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the flow capacities of the gas proportioning valve.  The gases used for these 

experiments were hydrogen, carbon monoxide as well as oxygen, nitrogen and argon.   

 

 

Figure 2.4: Gas flow capacities of the gas proportioning valve 
(Source: The Cole-Parmer Instrument Company). 

 

2.3.2 The Photocatalytic Reaction Chamber 

 The design criterion for the photocatalytic reactor is as follows.  The reactor 

must have the ability to capture and hold a specifically prepared gas sample to be 

supplied by the gas mixing system and be illuminated by an ultraviolet (UV) light 

source.  The reactor needs to have a sampling port and work at ambient conditions.  

The reaction is a batch reaction, therefore no provisions for flow into or out of the 

system are provided with the exception of the sampling port.  The materials used 

must not attenuate UV radiation from the light source. 
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observation of increasing CO levels led to an interesting discovery which was that we 

had no conclusive method to test for CO.  Coincidentally, CO and nitrogen gas (N2, 

the most abundant gas in the atmosphere) both have a molecular mass of 28; therefore 

the detection system used does not have the resolution to differentiate between the 

two gases. 

The modified photocatalytic reaction chamber test results, figure 2.8b, show 

that the new system was indeed capable of producing repeatable results using the 

tedlar bags as expandable diaphragms which allow the volume of the reaction 

chamber to change during sample extraction. 

 

2.3.3 The Light Source 

The light source used in the preliminary reactions was a six watt portable 

fluorescent UV unit from Cole Parmer Instrument Company, part number EW-09818-

00.  The unit contains two fluorescent tubes; the first which is the short wave tube 

emitting at 254nm; and the second, a long wave tube emitting at 365nm.  This light 

source which was adequate for previous liquid photocatalytic experiments did not 

give favorable results during the gas phase experiments.  Previous work using the 

portable UV source reported an average 1.73 X 107 photons s-1 were emitted by the 

portable UV lamp (Kanan, S.,  Kanan, M. and Patterson, 2001). 

 A review of the literature showed us that a higher intensity light source would 

be needed to perform photocatalytic oxidation reactions in the gas phase (Kamegawa 

et al, 2005).  Research groups such as the Anpo research group use a 100W UV 

mercury lamp.  At the time of this research we did not have a mercury arc lamp 
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available for use.  We did, however, salvage a UV xenon lamp from a SLM 

Instruments SPF-500 fluorescence spectrometer.  The xenon bulb, model number 

LX300UV, is rated at 300W and has a UV spectral output comparable to a mercury 

arc lamp.  

 

 

Figure 2.9: The spectral outputs of the UV xenon lamp compared to a typical Hg 
lamp (Source: PerkinElmer). 
 

The spectral outputs of the xenon and mercury vapor lamps are presented in figure 

2.9.  Figure 2.9 shows that the available UV xenon light source will supply ample 

energy needed to photo-excite the catalyst.   
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Table 2.1:  The UV Output of the xenon arc lamp (Source: Perkin Elmer). 
 

Wavelength / nm Percent Output Output Power / W 

200 – 250 0.31 0.93 

250 – 300 2.49 7.47 

300 – 350 3.50 10.50 

350 - 400 4.58 13.74 

Total UV Output 10.88 32.64 

 

Table 2.1 shows the UV output portion of the xenon arc lamp used for this 

research.  This lamp outputs 32.36 W in the UV spectrum, which is 5.5 times greater 

than the six watt portable UV lamp initially used for the reaction.  Many 

photocatalytic oxidation experiments run in the gas phase have successfully used a 

UV xenon lamp as the excitation source for the photocatalyst.  For example, Nojima 

et al, used a xenon lamp to effectively photo-oxidize sulfur dioxide in air using a 

300W xenon light source (Nojima and Yamaashi, 2003).   

 

2.3.4 Photoreaction Cell Characterization 

The photoreaction cell illuminated by the 300 W xenon light source was 

characterized using a standard potassium ferrioxalate (K3Fe(C2O4)3) actinometer 

developed by Parker and Hatchard and presented in the books Photochemistry by 

Calvert and Pitts and The Handbook of Photochemistry, Third Edition by Montalti et 

al (Calvert and Pitts, 1967; Montalti et al, 2006).  The K3Fe(C2O4)3 actinometer is 

very sensitive and accurate over a wide range of wavelengths, namely 250nm to 
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570nm.  The K3Fe(C2O4)3  when illuminated reduces the iron in the system forming 

Fe2+ ions.  The quantum yields of Fe2+ have been accurately determined.  Since the 

illumination areas of interest are wavelengths between 250nm and 390nm, a 6.00 X 

10-3 M concentration of K3Fe(C2O4)3 solution was prepared using the Parker and 

Hatchard procedure.  This solution concentration will absorb 99% or more of the light 

up to 390 nm in a 1 cm path.     

When exposed to light below 390 nm, the 6.00 X 10-3 M K3Fe(C2O4)3 solution 

forms Fe2+ ions.  The Fe2+ is complexed with the indicator 1, 10-phenanthroline 

(C12H8N2) in sodium acetate(CH3COONa) buffer for one hour making a highly 

absorbing easily analyzable red colored 1,10-phenanthroline-Fe2+ complex .  After the 

solution is complexed, the intensity of the light source being characterized can be 

determined by measuring the absorbance at 510nm using a UV-vis spectrometer. 

To characterize the UV light source, 25.00 ml of the 6.00 X 10-3 M 

K3Fe(C2O4)3 solution was placed into the quartz reaction chamber and exposed to the 

xenon source for a time (t), which is determined experimentally, so as to produce 

approximately 5.00 X 10-8 moles of Fe2+/ml.  After irradiation and buffering, the 

absorption spectrum was measured at 510 nm using a Beckman UV-Vis spectrometer.  

The number of Fe2+ formed during photolysis was determined from equation (15). 
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Here ηFe
2+ is the number of Fe2+ formed, V1 is the volume of the reaction 

chamber; V2 is the volume of aliquot taken for analysis; V3 is the final volume to 

which the aliquot V2 is diluted; log10(I0/I) is the absorbance at 510 nm; l is the length 

path of the spectrophotometer cell used (1 cm) and ε is the experimental value of the 

extinction coefficient of the Fe2+ complex, given as 1.11 X 104 liters/mol-cm (Calvert 

and Pitts, 1967; Montalti et al, 2006).    

The lamp flux (f) can then be determined using equation (16): 

tx
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+

+

=
2

2

φ

η
          (16) 

Here χabs is the fraction of light absorbed; φFe
2+ is the quantum yield of Fe2+ and t is 

the irradiation time in unit of seconds (s).  

 The actinometery method was verified by comparing published data to our 

own experimental data.  Using the same light source and procedure as reported in the 

literature, 5.00 ml of K3Fe(C2O4)3  solution was illuminated for 12  s.  The published 

data reports a lamp flux of 1.73 x 1017 photons s-1(Kanan et al, 2001).  The results of 

the our test show a flux value of 1.80 x 1017 photons s-1, which is a 3.9% error from 

the published figure.     

 Using equation (16) and knowing that the quantum yield of Fe2+ is unity, the 

flux value was calculated to be 8.50 X 1017 photons second-1 at a wavelength of less 

than 390 nm entering the quartz reaction chamber.   

The xenon source was set at a distance of 20 cm from the reaction chamber 

creating an illuminated circle of light having a diameter of 5 cm and a surface area of 

19.63 cm2.  The illuminated area of the catalyst was 12.90 cm2.  Subtracting the area 

illuminated by the light source from the illuminated area of the catalyst gives a result 
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of 6.73 cm2 which was the area of light energy which is bypassing the catalyst, in 

other words this was the light energy which is lost.   Consequently, the current 

reactor’s light utilization efficiency is 65.7 %.  Therefore using the actinometery and 

efficiency data it can be shown that the xenon light source has a total usable output of 

1.30 X 1018 photons s-1 in the ultraviolet region. 

 

2.4 The Detection Methods 

 Two different but complimentary detection methods were used in this 

research.  The primary detection method is a Gas Chromatography / Mass 

Spectrometer (GC/MS); and the secondary method is a portable detector 

manufactured by RAE Systems, the EntryRAE™.  

 GC/MS was chosen because of its ability to accurately detect the amounts of 

reactants and products..  The instrument used for this experiment is an Agilent 

Technologies model 6809-N Gas Chromatograph coupled with an Agilent 

Technologies model 5973 Network Mass Selective Device.  The gas samples from 

the photocatalytic reactor were manually injected into the instrument using a gas tight 

syringe. 

 

2.4.1 Introduction to GC/MS 

The GC/MS is actually the combination of two separate analytical 

instruments.  First is the gas chromatograph, or GC.  This device is used to separate 

the mixed gas sample into its individual components for later analysis.  This 

separation is accomplished by injecting the sample into the instrument and then 
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having the sample swept into a long coated tube called a column.  This is done by an 

inert gas stream, which in this case is helium.  Most columns are on the order of 30 

meters long and have an inside diameter of less than 0.5 millimeters.  The column 

installed on the GC/MS for this research is a 0.32 mm diameter Gas Pro type GSC-

Gas Separator Column manufactured by Advanced Separation Technologies Inc.  The 

Gas Pro column is lined with small silica particles to increase the retention time of 

light gases and hydrocarbons.  This column also has a temperature range specifically 

intended for gas analysis, -80 ˚C to 260 ˚C. 

After entering the column, the adsorptive interaction of the inner column 

coating and the components of the gas stream lead to a separation of the components 

of the gas mixture with the lightest components exiting the column first followed by 

the heavier components.  After separation the gases are fed into a GC detector.  The 

identification of gases from the GC is based on their retention time in the column. 

Many compounds will have the same retention time which brings into 

question the purity of the separated gas sample.  A second instrument known as a 

mass spectrometer (MS) is coupled to the output of the GC to overcome the question 

of the purity in a separated gas sample.  The mass spectrometer has the ability to 

quantitatively measure the components of the mixture by measuring each 

component’s atomic mass.  It does this by ionizing (removing an electron and thus 

giving the molecule a net positive charge) the material in a high vacuum, then 

propelling and focusing the ions and their fragmentation products into a magnetic 

mass analyzer.  The mass analyzer then collects and measures the amounts of each of 

the selected ions in the detector.  
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The Agilent Technologies model 5973 Network Mass Selective Device uses a 

quadrupole mass filter.  A quadrupole mass filter consists of four parallel metal rods 

arranged as in the figure 2.10.  Voltages applied to these rods affect the trajectory of 

ions traveling down the flight path centered between the four rods. For given 

voltages, only ions of a certain mass-to-charge ratio pass through the quadrupole filter 

and all other ions are thrown out of their original path. A mass spectrum is obtained 

by monitoring the ions passing through the quadrupole filter as the voltages on the 

rods are varied.  The advantage of using a quadrupole is that the instrument has the 

ability to quickly (<10-3 sec.) focus a particular mass.  This makes the monitoring of a 

specific ion or ions possible (McLaffery, 1980).  

The combination of the two components into a single GC/MS system forms an 

instrument capable of separating mixtures into their individual components, 

identifying and then providing quantitative and qualitative information on the 

amounts and chemical structure of each compound (M. McMaster and C. McMaster 

1998). 



 

Figure 2.10: A diagram showing the basic configuration 
spectrometer used in this research (
 

 

2.4.2 Interpretation of GC/MS Data

 When processing the data, one must note that we are analyzing a mixture of 

gases.  A mass spectrum of a 

individual components.  If you then can identify one component of the unknown 

mixture, you can then subtract that component and continue analysis.  This 

deconvolution technique is known as spectrum strippi

 When identifying substances using the mass spectra, one must look at both the 

unfragmented ions as well as the fragmented ions.  The unfragmented ions are known 

as the identifiers and the fragmented ions are the qualifiers.  Recogni

formed by both the identifiers and qualifiers and their relative abundance in the 

spectrum make it is possible to
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A diagram showing the basic configuration of the quadrupole mass 
used in this research (Source: Virginia Tech Department of Chemistry

Interpretation of GC/MS Data 

When processing the data, one must note that we are analyzing a mixture of 

pectrum of a mixture is a linear superposition of the spectra’s 

individual components.  If you then can identify one component of the unknown 

mixture, you can then subtract that component and continue analysis.  This 

technique is known as spectrum stripping (McLafferty, 1980).

When identifying substances using the mass spectra, one must look at both the 

unfragmented ions as well as the fragmented ions.  The unfragmented ions are known 

as the identifiers and the fragmented ions are the qualifiers.  Recognizing

the identifiers and qualifiers and their relative abundance in the 

it is possible to properly characterize that substance.  

of the quadrupole mass 
Source: Virginia Tech Department of Chemistry).  

When processing the data, one must note that we are analyzing a mixture of 

a linear superposition of the spectra’s 

individual components.  If you then can identify one component of the unknown 

mixture, you can then subtract that component and continue analysis.  This 

ng (McLafferty, 1980). 

When identifying substances using the mass spectra, one must look at both the 

unfragmented ions as well as the fragmented ions.  The unfragmented ions are known 

zing patterns 

the identifiers and qualifiers and their relative abundance in the 
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The unit of measure for the MS is m/z, where m is the mass of the atom or 

molecule and z is the charge.  The measurement of the unfragmented ions 

corresponds closely to the atomic mass units (amu) found on the periodic table of the 

elements.  The total mass consists of the combined masses of the protons, neutrons 

and electrons of the substance and the charge is usually +1 because after ionization 

the molecule will have a net positive charge due to the loss of an electron. 

 

2.4.3 GC/MS Data Acquisition Method 

 The data acquisition method consists of controlling many parameters of the 

instrument to get consistent and repeatable data. Many considerations go into 

developing a protocol for data acquisition, such as; solvent choice, retention time in 

the column, initial oven temperature, oven ramp rate, final oven temperature and data 

collection (amu detection) range.  The method used for collecting data for this 

experiment is shown in Table 2.2. 

Table 2.2: The GC/MS method program used for the MoO3/SiO2 experiments. 
 

Mode  SIM Carrier Gas Helium 

Ions Detected 18 28 32 40 44  

Initial 
Temperature 

100°C Final 
Temperature 

180°C 

Run Time 4.00 min Temperature 
Ramp  

20°C/min 

Inlet Mode Split Split Ratio 30:1 

Inlet 
Temperature 

200°C Inlet Pressure 9 psi. 

Injection 
Volume 

5µL Solvent Deuterated 
Chloroform 

Detector EM 
Volts 

1435 EM Offset 71 
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2.4.4 GC/MS Solvent Selection 

 Choosing the correct solvent is an integral part of properly using the GC/MS 

instrument.  The solvent is used to dilute liquid samples and to wash the injection port 

and column preventing contamination.  For this research, while performing gas phase 

injections, a small amount of solvent was drawn into the syringe after the gas sample 

was taken from the reaction chamber.  This small amount of solvent formed a liquid 

plug in the needle of the syringe minimizing contamination of the gas sample 

contained within the syringe by the outside atmosphere.  Many considerations need to 

be taken into account when choosing a solvent.  The most important of these 

considerations are: first, choosing a solvent which is compatible with the type of 

column installed in the GC; and second, making sure that the column retention time 

and the solvent’s mass spectrum do not interfere with the data being collected. 

 The most common solvents for use with the GC/MS are chloroform (CHCl3) 

and methanol (CH3OH) (M. McMaster and C. McMaster, 1998).  These are two good 

choices for most liquid based samples being injected into the GC/MS.  However, the 

masses encountered in a gas sample injection contain ions of lower mass.  The masses 

for the ions of interest in this research have an m/z of; 32 for oxygen, 40 for argon 

and 44 for carbon dioxide.   

Figure 2.11 shows the mass spectrum for methanol.  Methanol was not chosen 

to be the solvent because of the strong peak at m/z = 32.  The methanol peak at m/z = 

32 would directly interfere with oxygen, which also has an m/z = 32.     

Figure 2.12 shows the mass spectrum for chloroform.  As shown by figure 2.12, 

chloroform does not have any peaks that directly coincide with ions that are being 



 

monitored.  However, chloroform has a distinct peak at m/z = 46 and two small peaks 

at m/z = 42 and 43.  The peaks at m/z = 42, 4

carbon dioxide (m/z = 44).  Therefore, another choice for solve

investigated because we may experience interference in the data collection due to 

close proximity of the peaks found in the mass spectrum of

The solvent chosen for this research was deuterated chloroform (CDCl

shown in figure 2.13.  From figure 2.13

chloroform-d do not interfere with the ions of interest 

chloroform-d peak at m/z = 47 

Figure 2.11: The mass spectrum for methanol
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monitored.  However, chloroform has a distinct peak at m/z = 46 and two small peaks 

at m/z = 42 and 43.  The peaks at m/z = 42, 43 and 46 are very close to the peak for 

carbon dioxide (m/z = 44).  Therefore, another choice for solvent should be 

we may experience interference in the data collection due to 

close proximity of the peaks found in the mass spectrum of chloroform. 

The solvent chosen for this research was deuterated chloroform (CDCl

From figure 2.13 it can be shown that mass spectrum 

not interfere with the ions of interest for the research.  Also the 

d peak at m/z = 47 will have no effect on the GC/MS data collected

The mass spectrum for methanol (CH3OH). 

monitored.  However, chloroform has a distinct peak at m/z = 46 and two small peaks 

3 and 46 are very close to the peak for 

nt should be 

we may experience interference in the data collection due to 

The solvent chosen for this research was deuterated chloroform (CDCl3) 

it can be shown that mass spectrum peaks for 

for the research.  Also the 

collected.   

 



 

Figure 2.12: The mass spectrum for chloroform (CHCl
 

Figure 2.13:  The mass spctrum of chloroform
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: The mass spectrum for chloroform (CHCl3). 

 

The mass spctrum of chloroform-d (source: NIST) 
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2.4.5 The EntryRAE™ 

 The EntryRAE™ is a portable handheld gas detection device.  It has the 

capability to detect up to four different gases along with their concentrations.  The 

detection capabilities of interest for this research are; the detection of CO in the range 

of 0 to 999 ppm with a resolution of +/- 1 ppm using a chemical type sensor, and the 

ability to measure the oxygen content of the gas sample ranging from 0 % to 35 % 

concentration with a resolution of +/- 0.1 %.  The EntryRAE™ is utilized to make the 

gas mixtures used in the reaction chamber.  It has also been used to compliment the 

GC/MS data and directly measure the CO content of the tedlar bags after the 

photocatalytic experiment is complete.   

 

2.5 Catalyst Preparation Apparatus 

 The pre-treatment system was built to properly pre-treat the powdered 

chemically impregnated catalysts, as per the specifications found in the literature.  

The pre-treatment apparatus must have the capability to heat the catalyst at 500°C for 

one hour.  The pre-treatment was performed at atmospheric pressure with a gas 

mixture consisting of 2% oxygen and 98% nitrogen.  After the 500 °C heating process 

was complete, the catalyst must be degassed at a 200°C for an additional hour in an 

evacuated chamber (Kamegawa et al, 2005).   

 The above parameters were achieved using a Lindburg “Hevi-Duty” tube 

furnace, model number 55035-A.  A mullite tube, Cole Parmer Instrument Company 

part number EW-33911-01, was chosen as the pre-treatment chamber.  This type of 

insert is sufficient for the high temperature and vacuum control needed for catalyst 
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pretreatment.  The mullite tube will not chemically alter or contaminate the catalyst 

(Ramadorai et al, 1975).   The mullite tube was capped with rubber covered Teflon 

stoppers with machined fittings allowing for connections to the gas supply system and 

vacuum pump.  This system was tested to a temperature of 750 °C under 2% O2.   

The tube furnace apparatus then underwent vacuum testing.  Using an Edwards RV3 

rough pump, the system was evacuated to a pressure of 450 mTorr.  The pressure 

measurements were made using a Televac 0-1000 mTorr pressure transducer. 

 When pre-treating in a specific atmosphere, the tube furnace was connected to 

the gas proportioning valve on the inlet side, and a bubbler was connected to the 

outlet side.  The bubbler, which acts as a one way valve, consists of an Erlenmeyer 

flask containing silicone oil.  A schematic diagram of the pretreatment system is 

shown in appendix B.    

 To degas the sample, the valve to the bubbler was closed and the vacuum 

pump switched on.  The valve connecting the vacuum pump to the tube furnace is 

then slowly opened to pump down the mullite tube containing the catalyst.  

 

2.6 Experimental Methods 

2.6.1 Gas Sample Preparation 

The EntryRAE™ detection system was first connected to the gas 

proportioning valve.  The gas proportioning valve was then opened and adjusted to 

the desired gas mixture.  It was then allowed to reach a steady state flow as read in 

real time from the EntryRAE™ display.  When the steady state flow condition was 

achieved, the EntryRAE™ was disconnected from the gas proportioning valve and 
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two 500 cc tedlar bags were filled with the desired gas mixture.  The mixed gas 

samples were prepared and kept at atmospheric pressure.  The gas samples consist of 

900 ppm of carbon monoxide, 1800 ppm of oxygen in argon. 

 

2.6.2 The Photocatalytic Reaction  

 The thin film samples need to be pre-treated prior to the photocatalytic 

reaction.  Pre-treatment consists of placing the samples in an oven at 100 °C for one 

hour.  This pre-treatment was necessary because when the samples are at room 

temperature and exposed to the atmosphere they are coated with a layer of water that 

must be removed prior to the experiment (Wachs and Fitzpatrick, 1992).  

 After pre-treatment, the catalyst was then moved to the photocatalytic reaction 

chamber and sealed.  The tedlar bags containing the previously prepared gas samples 

were then connected to the reaction chamber and the chamber was evacuated using 

the vacuum pump.  After evacuation the gas sample was introduced into the reaction 

chamber.  The starting time for the experiment was defined as the time when the gas 

sample initially comes into contact with the catalyst   (t = 0).    

 After the gas mixture has been introduced into the reaction chamber it was 

kept in the dark for ten minutes.  After ten minutes, the xenon light source was 

switched on illuminating the catalyst and starting the photocatalytic reaction.   

 5 µL samples are drawn by syringe out of the system.  The syringe was then 

sealed by drawing 0.2 µL of chloroform-d into the needle.  The gas sample was now 

ready to be manually injected into the GC/MS.  Samples were taken for analysis 

every 30 minutes.  The time between data points is governed by the GC/MS detection 
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instrument.  The programmed GC/MS method takes eight minutes to complete the 

analysis of the injected gas sample.  The instrument then needs approximately ten 

minutes to recover before it is ready for the next sample injection.  The recovery time 

for the GC/MS varies so an extra ten minutes was added as a buffer to account for 

this variability.   

 After two hours and thirty minutes the xenon light was switched off.  

Illumination of the catalyst for a time of two hours and thirty minutes was determined 

after many test runs.  The results of these initial test runs showed that the oxidation of 

CO had slowed to undetectable levels after approximately two hours, therefore, two 

hours and thirty minutes was chosen as a reasonable time period for catalyst 

illumination.  The tedlar bags containing the gas samples were then sealed and 

disconnected from the system.  They were then connected to the EntryRAE™ and 

pumped down.  The concentration of CO in the tedlar bag at the beginning and end of 

the experiment were recorded for post data processing.  A process flow chart showing 

the photocatalytic system is shown in appendix C.       

 

 

 

 

 

 



 

48 
 

Chapter 3 

EXPERIMENTAL RESULTS 

 Before the photocatalytic CO oxidation results are presented, tests were 

performed to determine if the oxidation of CO using a MoO3/SiO2 catalyst was 

indeed driven by photocatalysis.  Two tests were conducted using the gas mixtures 

which were prepared as described in Chapter 2.  In the first test, the MoO3 catalyst 

was exposed to the gas sample for 240 minutes, in the absence of light; whereas for 

the second test, a gas sample was illuminated but contained no MoO3 catalyst.  The 

results of both tests are shown in figures 3.1 and 3.2.  Figure 3.1 clearly shows no 

catalytic activity when the gas and catalyst combination are left in the dark.  

Likewise, figure 3.2 shows no catalytic activity when the gas sample has been 

illuminated without the catalyst present.   

 

Figure 3.1:  The catalytic activity of the MoO3 catalyst with no illumination. 
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Figure 3.2: The catalytic activity of the gas sample while illuminated with the xenon 
lamp; oxygen and carbon dioxide levels monitored. 
 

The photocatalytic test results for this research are presented in the following 

format.  The table at the beginning of each section lists the concentration of carbon 

monoxide in parts per million as read from the EntryRAE™ detector at the start and 

conclusion of a photocatalytic run.  Also included are charts showing the total CO2 

produced as well as the total O2 consumed.   

The data presented in this research was the result of running all of the 

MoO3/SiO2 samples at atmospheric pressure, 101 kPa, in an effort to explore their 

catalytic activity.  These results were then used to formulate a reaction mechanism for 

the MoO3/SiO2 system, when used photocatalytically, for the oxidation of CO.  
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3.1 The 5% by Weight Mo; Chemically Impregnated MoO3/SiO2 Sample 

 The chemically impregnated MoO3/SiO2 samples sent by the Anpo group 

were reported as giving 100% conversion of CO after three hours of irradiation.  

However, the results reported in the literature were run far below atmospheric 

pressure at 88 Pa (Kamegawa et al, 2006).    

 
Table 3.1: The concentration of carbon monoxide at the start and end of each 
photocatalytic run for the chemically impregnated powder samples. 
 

Run  ppm CO start ppm CO end 

1 905 825 

2 898 796 

3 873 789 

 

 The results in table 3.3 show that an average of 88 ppm of CO was oxidized.  

The catalytic efficiency of the powder sample was 9.9% based on the CO 

concentration of the total gas sample before and after the experiment as read from the 

EntryRAE™ detector.  Only three runs were performed on the powdered sample 

when it became obvious that little or no further catalytic activity was occurring at 

atmospheric pressure.    
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Figure 3.3: The carbon dioxide conversion results for the 5% MoO3 powder sample. 
 

 Figure 3.3 shows the carbon dioxide conversion for the 5% by weight MoO3 

powder sample from the Anpo group.  The CO2 conversion is minimal and shows an 

overall conversion of 59 ppm.  The data also shows that the catalytic activity reaches 

a maximum and then stops at approximately 40 minutes.  At the beginning of the 

experiment, after the specified pretreatment, the catalyst was bright white in color.  

After illumination for 80 minutes under the xenon lamp, the catalyst had turned a 

deep blue color. 
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Figure 3.4: The oxygen consumption of the 5% MoO3 powder sample. 
 

 Figure 3.4 shows the oxygen consumed during the reaction.  The data shows 

that the oxygen level started at 1876 ppm and finished with 1837 ppm for a difference 

of 39 ppm.  This result is low, as it should be because the SiO2 transport mechanism 

to reoxidize the catalyst would not activate for this catalyst.  Therefore, little to no 

atmospheric oxygen should have been consumed in the reaction.  The only oxygen 

available for the reaction was from the oxidation of the MoO3. 
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3.2 The Sputter Deposited Monolayer Sample 

Table 3 2: The concentration of carbon monoxide at the start and end of each 
photocatalytic run for the sputtered monolayer samples. 
 

Run  ppm CO start ppm CO end 

1 882 366 

2 873 396 

3 873 444 

4 855 821 

5 902 895 

Average of runs 1, 

2 and 3 

877 402 

 

The results in table 3.2 show an average of 475 ppm of CO was oxidized.  The 

catalytic efficiency of the monolayer sample is 55.2 % based on the gas sample 

before and after the experiment as read from the EntryRAE™ detector.  This 

calculated efficiency comes from the average of the efficiencies of runs 1, 2 and 3.  

The table shows that when the sample is subjected to an increasing number of 

experimental runs, the catalytic activity of the sample degrades significantly to the 

point of showing little to no activity for runs four and five.  The initial run showed the 

best catalytic efficiency of 61.9 % CO for conversion while run five showed the worst 

at 0.8% conversion. 

 Figure 3.5 shows the carbon dioxide conversion average of the first three runs 

of the sputtered MoO3 monolayer sample.  The chart shows not only the results but 

also the standard error for the runs.  The GC/MS data shows that 760 ppm of CO was 

oxidized.  The GC/MS data shows a larger conversion than that reported by the 

EntryRAE™ detector.  The difference of 285 ppm shows significant disagreement 
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between the detection systems.  This disagreement can be attributed to the error 

associated with taking a gas sample from the photocatalytic reactor and manually 

injecting it into the GC/MS; as compared the RAE detector’s ability to measure CO 

while connected directly to the gas sample on the reactor.  Regardless of the error, 

both detection methods show that there is a clear trend confirming an increasing level 

of CO2 in the system with time. 

 

 

Figure 3.5: The carbon dioxide conversion results for the sputtered monolayer 
sample. 
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Figure 3.6: The oxygen consumption of the sputtered monolayer sample. 
 

Figure 3.6 shows the average oxygen consumed during photocatalytic 

oxidation reaction using the sputtered monolayer sample.  The experiment began with 

1633 ppm of oxygen as indicated by the GC/MS and finished with 804 ppm for a 

difference of 829 ppm.   Again, the ppm of oxygen consumed should be equal to the 

ppm of CO oxidized, but they differ by 427 ppm.  This difference can also be 

attributed to the error associated with manual sample injection.    
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Figure 3.7: The first catalytic run of the sputtered monolayer sample showing the 
carbon dioxide content inside the sealed reaction chamber as a function of time. 
 
 

A closer look at each of the first three runs of the sputtered monolayer sample 

shows how the degradation of the catalytic activity progresses.  Figure 3.7 shows the 

initial run using the sputtered monolayer sample.  The CO oxidation rate of the 

monolayer sample on the initial test is 8.5 ppm per minute.  The total time of the 

experiment is shown to be 150 minutes.  After 150 minutes, the monolayer sample’s 

conversion rate slowed due to the lack of availability of reactants.  
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Figure 3.8: The second catalytic run of the sputtered monolayer sample showing the 
carbon dioxide content inside the sealed reaction chamber as a function of time. 

 
 

Figure 3.8 shows a further decline in performance as compared to figure 3.7.  

The rate of catalytic activity declined after approximately 60 minutes of exposure 

time and stopped after 90 minutes.  The CO oxidation rate for the second run using 

the monolayer catalyst was 3.73 ppm / minute for the entire run.  The CO conversion 

rate up to catalytic degradation, 60 minutes, is 8.21 ppm / minute which is 

comparable to the conversion rate of run 1.    
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Figure 3.9: The third catalytic run of the sputtered monolayer sample showing the 
carbon dioxide content inside the sealed reaction chamber as a function of time.  

 

Figure 3.9 shows the continued degradation of the sputtered monolayer 

sample’s performance.  The behavior of the monolayer sample in the third run was 

much like the second except for a continued decline in performance.  The catalyst 

showed a good CO conversion rate to ninety minutes.  After ninety minutes no CO 

conversion was detectable.  The CO oxidation rate for the third run using the 

monolayer catalyst was 2.71 ppm / minute for the entire run.  The CO conversion rate 

up to catalytic degradation time of 90 minutes was 4.37 ppm / minute which showed a 

51% decline as compared to the initial run.    
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Figure 3.10:  The degrading performance of the monolayer sample over successive 
runs. 
 

Figure 3.10 shows the overall decline in performance of the monolayer sample 

after subsequent catalytic runs.  The significance of this chart is to show the dramatic 

decrease in performance from run 3 the run 4.  The percent conversion between runs 

3 and 4 went from 49.1 % to 4 % respectively, a decrease of 45.1 %.  The degradation 

in catalytic performance was not reversible even after heat treating the catalyst 

sample in order to drive off any surface contaminants.  Therefore, the sudden drop in 

catalytic performance is most likely attributed to the migration of the catalyst into the 

substrate material as result of the heat treatments.  

XPS data from the post run monolayer sample, shown in figure 3.11, indicates 

that the MoO3 layer was no longer present.  This would account for the degradation of 

the catalytic performance of the monolayer sample.  The degradation of the catalytic 

material was determined by comparing the post run XPS spectrum of figure 3.11 with 
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the newly deposited XPS spectrum shown earlier in Figure 2.2.  The peaks shown at

the binding energy of 250 eV and 450eV in figure 2.2 are clearly diminished in figure 

.9 indicating the loss of the MoO3 layer.     

 

The XPS wide scan of the MoO3 sample after the catalytic reaction

ows the post run narrow XPS spectrum.  This shows further 

evidence of the disappearance of the MoO3 layer when compared to figure 2

.  The peaks shown at 

are clearly diminished in figure 

ter the catalytic reaction. 

shows further 

when compared to figure 2.3.  Note 



 

that the peaks at the binding energ

in figure 3.12.  

Figure 3.12: The XPS narrow scan of the 
showing a degradation of the 
 
 

There are two possible causes for the 

First and most likely scenario is that the MoO

borosilicate glass substrate due to repeated pre

moisture from the catalyst

surface after thermal treatment 
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that the peaks at the binding energy of 229eV and 232eV in figure 2.3 are not present 

 

The XPS narrow scan of the MoO3 sample after the catalytic reaction 
showing a degradation of the MoO3 layer. 

possible causes for the molybdenum oxide layer’s degradation.  

First and most likely scenario is that the MoO3 could have migrated into the 

borosilicate glass substrate due to repeated pre-treatment heating in order to remove 

the catalyst surface.  MoO3 has a tendency to diffuse into a

surface after thermal treatment at temperatures of 400 ˚C (Xu et al, 2001).  Since this 

3 are not present 

sample after the catalytic reaction 

oxide layer’s degradation.  

could have migrated into the 

treatment heating in order to remove 

a SiO2 

, 2001).  Since this 
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research used a substrate made of borosilicate glass, which consists of 70% SiO2, the 

migration of MoO3 into the substrate surface at lower temperatures is a possibility.  

There are no known literature references on the topic of MoO3 diffusion into 

borosilicate glass.  Second, the MoO3 could have been volatized, meaning that it 

reacted with the CO forming carbonyl compounds (Mo(CO)3) which can be in the gas 

state, thus evaporating  the oxide layer.  The XPS analysis, shown in figures 3.11 and 

3.12, of the monolayer sample alone cannot tell us where the MoO3 went so further 

testing was needed.   

As a test to determine what is happening to the MoO3 monolayer sample, new 

MoO3 monolayer catalyst samples were made with the borosilicate glass substrate 

coated with silicon nitride (Si3N4).  The Si3N4 coating acts as a diffusion barrier which 

will not allow the MoO3 layer to migrate into the borosilicate glass substrate.  Si3N4 is 

routinely used as a diffusion barrier on Si containing substrates used at temperatures 

up to 1000 ˚C (Sambandam et al, 2005).  The results of the Si3N4 coated monolayer 

catalysts are presented in section 3.5. 
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3.3 The Sputter Deposited Bi-layer Sample 

Table 3.3: The concentration of carbon monoxide at the start and end of each 
photocatalytic run for the sputtered bi-layer samples. 
 

Run  ppm CO start ppm CO end 

1 891 628 

2 873 682 

3 873 652 

4 855 601 

5 855 608 

Average 869 614 

  

 

Figure 3.13: The carbon dioxide conversion results for the sputtered bi-layer sample. 
 
 

The sputtered bi-layer sample showed consistent behavior during each of its 

five runs as shown in table 3.2.  There was no observable degradation in performance 

and the catalyst had an overall efficiency of 29.3 %, with the best performance being 
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run 4 at 29.7 % and the worst being run 2 at 21.9%.  The results of the sputtered bi-

layer sample are shown in figure 3.13.  The sample showed fair initial catalytic 

activity with a conversion rate of 3.65 ppm / minute for the first 60 minutes of 

exposure.  After 60 minutes an interesting phenomenon took place.  The CO2 

concentration in the gas mixture at both the 90 and 120 minute readings decreased.  It 

is suspected that the CO2 is adsorbing on the catalyst surface.  Additional tests were 

conducted to determine the cause of the decreasing CO2 levels.  The first data point in 

figure 3.13 appears to contain significant error whereas it should read zero.  This error 

is most likely due to air leaked into the system during the manual injection of the 

sample into the GC/MS.  Also, a small amount of air, containing CO2 could have 

found its way into the system during injection and causing the erroneous reading.    

 

 

Figure 3.14: The oxygen consumption of the sputtered bi-layer sample. 
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The oxygen consumption for the sputtered bi-layer sample is shown in figure 

3.14.  Catalytic activity can be observed for the first sixty minutes of the run due to 

the decreasing concentration of oxygen in the system.  After sixty minutes the oxygen 

content remains close to a constant level of 1200 ppm indicating an end to the CO2 

conversion.  This data is consistent with the data shown in figure 3.13 which also 

showed a dramatic shift in activity after sixty minutes.  The first data point in figure 

3.14 appears to contain significant error where as it should be greater than the second 

data point.  The cause of this error is the same as the error reported in figure 3.13.  

When the sample was injected, a small amount of air could have diluted the oxygen in 

the injection syringe.   

  

3.4 The Sputter Deposited 60 Å Sample 

Table 3.4: The concentration of carbon monoxide at the start and end of each 
photocatalytic run for the sputter deposited 60Å samples. 
 

Run  ppm CO start ppm CO end 

1 848 583 

2 891 740 

3 891 609 

4 873 729 

5 855 723 

Average 872 677 

 

 The sputtered 60 Å sample also behaved as expected.  Because of the 

relatively large thickness of the MoO3 layer as compared to the previous sputter 

deposited samples, the 60 Å sample showed low catalytic activity.  This low catalytic 

activity was due to the blockage of the MoO3/SiO2 interface.  The amount of CO2 
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conversion for the 60 Å is 22.3 % with run one showing the highest conversion at 

31.3% and run five showing the lowest at 15.4 %. 

 Figure 3.15 shows the CO2 conversion average of five consecutive runs of the 

60 Å sample.  The 60 Å sample had predictable bulk material behavior when used to 

oxidize CO.  Because of the thickness of the oxide layer, the MoO3/SiO2 interface 

was completely blocked off.  Thus, when it is used in this oxidation experiment, it 

will react with the CO forming CO2 until the molybdenum oxide layer is reduced 

from MoO3 to MoO2 and then the reaction stops. 

 

Figure 3.15: The carbon dioxide conversion results for the sputtered 60 Å sample. 
 

 The 60 Å sample had a conversion rate of 2.3 ppm / minute, the lowest of all 

three samples.  After eighty minutes, the CO2 level starts to decrease possibly due to 

the CO2 diffusing into the MoO2 material.  The third data point of figure 3.15 appears 

to be low, again due to the error associated with manually injecting the sample. 
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Heating between experimental runs would regenerate the catalytic properties 

of the 60 Å sample.  The CO2 levels for this sample also drop off after 90 minutes of 

exposure time.  Again, as with the bi-layer sample, it is believed that the CO2 is 

adsorbing on the MoO3 surface.  Additional tests were performed to determine if this 

is the case and are presented in section 3.5. 

 

 

Figure 3.16: The oxygen consumption of the sputtered 60 Å sample. 
 

The oxygen consumption of the 60 Å sample is shown in figure 3.16.  The 

data shows a predictable pattern with the oxygen levels holding constant.  This would 

indicate that the reaction is consuming the oxygen contained in the MoO3 thin film 

layer. 
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3.5 The Results of the New Monolayer Catalyst with a Si3N4 Coated Substrate 

As mentioned in section 3.2, new MoO3 catalyst samples were manufactured 

which have the borosilicate glass substrate of the sample coated with a layer of Si3N4.  

The Si3N4 acts as an ion barrier so that we may test to see if the MoO3 thin film layer 

is diffusing into the substrate of the catalyst.   

Two samples of MoO3 were examined by XPS.  One sample was set aside and 

not run catalytically; this sample will be referred to as the “as grown” sample.  The 

second sample was run under the same catalytic conditions as the original and will be 

referred to as the “after processing” sample.  The as grown sample, shown in figure 

3.17 shows a much stronger molybdenum peak between 230 eV and 240 eV and also 

between 400 eV and 430 eV as compared to the after processing, shown in figure 

3.18.  The weaker molybdenum peak shown in figure 3.18 indicates that something 

has happened to the catalyst’s molybdenum layer during processing.  Table 3.5 

further shows that the percentage of carbon content on the surface of the catalyst 

sample has increased from 50% to 76%, indicating that the catalyst’s surface may 

covered with carbon, thus keeping the molybdenum from being detected by XPS.   

 
Table 3.5: The elemental XPS surface analysis before cleaning the catalyst sample 
surfaces. 
 

Sample Oxygen % Carbon % Molybdenum % Mo/O 
ratio 

As grown 35% 50% 15% 0.41 
After 
Process 

21% 76% 3% 0.12 

 



 

 The increase in carbon on the catalyst surface

CO2 levels as shown in the exp

sample, described in sections 

 

Figure 3.17:  The XPS analysis of the as grown silicon nitride coated M
sample. 
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The increase in carbon on the catalyst surface would help to explain the decrease in 

shown in the experimental results for the bi-layer sample and the 60 Å 

sample, described in sections 3.3 and 3.4 respectively.   

The XPS analysis of the as grown silicon nitride coated MoO

explain the decrease in 

er sample and the 60 Å 

 

oO3 thin film 



 

Figure 3.18: The XPS analysis of the after processing silicon nitride coated 
thin film sample. 
 
 

Additional XPS testing was performed 

catalysts to look for conclusive 

processing catalyst sample.  Low energy oxygen plasma was applied to the surface of 

the catalyst sample for ten minutes to remove any carbon containing surface 
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The XPS analysis of the after processing silicon nitride coated 

Additional XPS testing was performed on the Si3N4 coated monolayer 

conclusive evidence of surface contamination on the after 

processing catalyst sample.  Low energy oxygen plasma was applied to the surface of 

the catalyst sample for ten minutes to remove any carbon containing surface 

 

The XPS analysis of the after processing silicon nitride coated MoO3 

coated monolayer 

evidence of surface contamination on the after 

processing catalyst sample.  Low energy oxygen plasma was applied to the surface of 

the catalyst sample for ten minutes to remove any carbon containing surface 



 

contamination.  The XPS spectrum for the oxygen p

figure 3.19.  Note that the molybdenum 3d peak decreases from figure 3.17 to 3.18 

and then increases again for figure 3.19.

also from 3% before oxygen plasma cleaning to 9.4% after 

This shows that the molybdenum 

surface contamination caused by prolonged contact with CO

reactor. 

Figure 3.19: The XPS analysis of the 
nitride coated MoO3 thin film sample.
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contamination.  The XPS spectrum for the oxygen plasma cleaned sample is shown in 

figure 3.19.  Note that the molybdenum 3d peak decreases from figure 3.17 to 3.18 

and then increases again for figure 3.19.  The percent molybdenum content increased 

also from 3% before oxygen plasma cleaning to 9.4% after oxygen plasma cleaning.  

This shows that the molybdenum layer stays in place, but was covered by 

caused by prolonged contact with CO2 in the photocatalytic 

 

The XPS analysis of the oxygen plasma cleaned after processing silicon 
thin film sample. 

lasma cleaned sample is shown in 

figure 3.19.  Note that the molybdenum 3d peak decreases from figure 3.17 to 3.18 

The percent molybdenum content increased 

oxygen plasma cleaning.  

covered by a carbon 

in the photocatalytic 

after processing silicon 
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 Chapter 4 

DISCUSSION  

   The experimental results presented in Chapter 3 for the photocatalytic 

experiments using sputter deposited metal oxide catalysts run in the newly 

constructed reactor system yielded interesting results.  The sputter deposited 

MoO3/SiO2 catalysts performed satisfactorily when compared to other catalysts for 

the oxidation of CO at 293 K.  Table 4.1 shows the results of recently reported 

catalyst systems and how they compare to the sputter deposited MoO3/SiO2 catalysts 

reported in this research.  Table 4.1 shows that the choice of catalyst material, 

substrate, catalyst synthesis, reactor type and test pressure all have an effect on CO 

oxidation performance.    

Table 4.1: A comparison of performance for recently reported catalysts used for the 
oxidation of CO at 293K. 
 

 Kamegawa 
(2007) 

Sun 
(2007) 

Bragg 
(2007) 

Han 
(2007) 

Roy 
(2007) 

Luo 
(2007) 

CO Conversion 100% 80% 55% 23% 20% 10% 
Catalyst MoO3 Au MoO3 Au Pd2+ CuO 
Substrate SiO2 CeO2 SiO2 Al2O3 TiO2 CeO2 

Test Pressure 88 Pa 101 kPa 101 kPa 101 kPa 101 kPa 88 Pa 
Reactor type Batch Flow Batch Flow Flow Batch 
Catalyst 
Synthesis 

I N S N N I 

I - Impregnated Catalyst 
S- Sputter Deposited Catalyst 
N- Nanoparticle Catalyst 
 

4.1 Considerations for the Reaction Mechanism 

The experimental results from this research along with similar studies done by 

others on related systems is the basis for determining the reaction mechanism for the 

sputtered MoO3/SiO2 catalysts.  Valuable observations for the final determination of 
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the reaction mechanism of this system were formulated as a result of these 

experiments. 

The formulation of the proposed reaction mechanism for this research is based 

on the principle of a reduction/oxidation (redox) reaction.  Redox describes chemical 

reactions where atoms undergo change to their oxidation state as reactants become 

products.  This change can be accounted for by balancing the oxidation numbers of 

the reactants and products of the reaction.  For each substance oxidized in a redox 

reaction, another must be reduced.  The oxidation of an atom is defined by an 

increase in its oxidation number.  Likewise, reduction is then defined by a decrease in 

the oxidation number.  The determination of the oxidation of an atom is simplified by 

using the well known rule stating that oxygen (O) usually has an oxidation number of 

minus two (O2-), the exception is peroxide compounds where the oxidation number is 

minus one (O2
2-).  Molybdenum peroxides can be formed but are rare (Greenwood 

and Earnshaw, 1984).  Using this information, the oxidation number of a metal 

contained in an oxide form can be determined by simply accounting for all of the 

oxygen atoms (-2) in the compound and balancing them with a corresponding positive 

charge (+2) for a net result of zero.  The information given in this section is the 

foundation for the theoretical model presented in section 4.2.     
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4.2 The Molybdenum Oxide Catalyst 

The catalytic oxidation of CO with O2 on MoO3 consists of the cyclic 

repetition of the following two steps; 

)()()()( 2 sgCOsOgCO +→+     (15) 

)(2)()(2 2 sOgOs →+                   (16) 

Here O(s) refers to the active oxygen on the MoO3 surface and (s) refers to the active 

oxygen vacancy on the reduced MoO3 surface following CO oxidation (Iizuka et al, 

1996).  

The catalyst used in this research, molybdenum, has possible oxidation states 

of 0, +2, +3, +4, +5 and +6 which will form the various molybdenum oxides. The 

most common oxidation states for molybdenum are +4 and +6 oxidation states giving 

the oxides MoO2 and MoO3, respectively (Greenwood and Earnshaw, 1984). MoO2 

and MoO3 have very distinct color characteristics.  The MoO2 is a deep blue, while 

MoO3 is white (Olher and Bell, 2005). 

The molybdenyl bond [Mo6+= O2-] of MoO3 must be activated in order to 

create sites favorable for catalytic activity.  Activation of this bond can come in the 

form of UV irradiation as shown in equation (17) (Louis et al, 1991), (Anpo and 

Kubokawa, 1987). 

*526 ][][ −+−+ −→= OMoOMo hυ      (17) 

During the photocatalytic reaction, photo-excited MoO3 will behave as a +5 oxidation 

state due to the promotion of an electron from the valence band into the conduction 

band (Louis and Che, 1991).   
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This photoexcitation will allow the MoO3 to release one of its oxygen atoms to 

oxidize CO, thus creating MoO2.  

 

4.2.1 Calculating the Light Energy for the Mo Bond Activation 

Light is electromagnetic radiation, whether it is in the infrared, visible or 

ultraviolet region of the spectrum.  Electromagnetic radiation is characterized by the 

classical equation (18): 

c=λυ   (18) 

where λ is the wavelength in nm, υ  is the frequency in hertz and c is the constant 

velocity of light, 2.998 x 108 ms-1.   

Electromagnetic radiation consists of quanta of energy.  The smallest quantity 

of energy contained in one of these quanta can be related to the frequency (ν) of the 

electromagnetic radiation by Planck’s constant (6.33 X 10-34 Js) as shown in equation 

(19).  These quanta are commonly known as photons.  

υhE =   (19) 

The interaction of light with a photocatalytic material is defined as an 

interaction between one catalyst molecule and one photon of light.  This can be 

shown as: 

AhA *→+ υ  (20) 

Here A is the ground state of the molecule, [ υh ] is the absorbed photon and *A is the 

excited state of the molecule.  In its excited state, the molecule is “photo-chemically” 

active.  By itself, one photo-chemically excited atom or molecule does not contain a 

lot of excess energy.  However, a cumulative increase in energy is realized when one 
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mole of photocatalytically active material, as defined by Avogadro’s number (6.02 X 

1023), is excited by one mole of photons, known as an Einstein.    

The [Mo6+ = O2-] bond needs 303 kJ / mol to become catalytically active (de 

Lasa et al, 2005).  The energy per photon is obtained by dividing the total energy by 

Avogadro’s number; therefore the energy per photon needed to excite this bond is 

6.81 x 10-19 Js-1.  Knowing the energy per photon, the frequency then can be 

calculated using equation (18).  After calculating the frequency, the wavelength of 

light needed for bond activation can be found by using equation (19).  The [Mo6+= 

O2-] molybdenyl bond of MoO3 can be photocatalytically activated with 395nm 

electromagnetic radiation.  As a note, electromagnetic radiation between 320 nm and 

400 nm is known as long wave ultraviolet light (Fishbane et al, 1996), thus long wave 

UV light is required for MoO3 activation.   

 

4.3 The Experimental Results 

The powder samples provided by the Anpo group were run first and initially 

showed CO conversion, but the observed catalytic activity ceased after forty minutes.  

The samples turned to a deep blue color after illumination.  This color change is 

indicative of MoO2 (Manno et al, 2002; Olther and Bell, 2005; Greenwood and 

Earnshaw, 1984), which means that the MoO2 material was not able to oxidize back 

to the MoO3 form.  The reaction stopped after all of the available oxygen in the MoO3 

was consumed.  The poor performance of the impregnated sample from Anpo was 

very helpful in understanding the mechanism of the reaction.  The creation of MoO2 
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was a clue that the molybdenum oxide material had no mechanism in place to oxidize 

to MoO3, a critical step for this reaction.  

The sputtered monolayer sample showed good catalytic activity initially.  As a 

first attempt at engineering a catalyst, the monolayer sample showed acceptable 

catalytic activity when compared to the catalytic activity of the impregnated samples 

sent to us from the Anpo group.  At first glance, the sputtered thin film monolayer 

sample performed only 45% as well as the chemically impregnated sample data 

published by Kamegawa et al. (Kamegawa et al., 2006).  However, this assumes that 

both the impregnated sample and the sputtered sample were run under the same 

conditions.  They were not.  In the data published by the Anpo group, the chemically 

impregnated sample was run at a pressure of 88 Pa, whereas the sputtered sample 

used in this research was run at 101350 Pa, or 1 atm.  When both samples were run 

under the same atmospheric pressure conditions, the sputtered monolayer sample 

performed better than the chemically impregnated sample.  The results show that the 

sputtered monolayer sample converted 55.2% of the total CO in the system to CO2; as 

compared to the chemically impregnated sample which only converted 9.9% of the 

CO to CO2. 

After repeated use the CO conversion capability of the sputtered monolayer 

sample degraded to the point of no detectable catalytic activity.  XPS analysis showed 

that the MoO3
 thin film layer was gone from the substrate material.  To find the cause 

of the MoO3 thin film’s disappearance, new monolayer MoO3 catalysts were 

manufactured with a silicon nitride (Si3N4) coating covering the borosilicate glass 

substrate.  The new samples were then run under the same conditions as the original 
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catalyst samples in order to determine what was happening to the MoO3 thin film 

layer.  XPS analysis of the Si3N4 coated samples revealed that the MoO3 thin film 

layer was still present after experimentation.  This tells us that the MoO3 thin film on 

the original monolayer sample had diffused into the borosilicate glass substrate.  The 

Si3N4 coating on the new monolayer sample acts as an ion barrier, which will prevent 

the diffusion of the thin film layer into the substrate.  With the thin film layer’s 

disappearance from the original monolayer sample and having it retained in the Si3N4 

coated sample, one can deduce that the thin film diffusion into the substrate is the 

cause of the catalytic degradation of the original monolayer sample. 

 The sputtered bi-layer sample was produced to test catalytic performance with 

a degraded MoO3/SiO2 interface showing that the redox reaction is dependent on the 

MoO3/SiO2 interface between the two materials.  Covering the substrate with more 

MoO3, the bi-layer sample reduces the area of the catalyst / substrate interface and as 

a result, decreased catalytic activity was observed.  No color change was observed in 

the bi-layer sample whereas the molybdenum oxide material was not visible. 

However, even though there was no observable change to the catalyst, the 

recorded catalytic behavior showed characteristics of both the powdered MoO3/SiO2 

sample and the sputtered monolayer sample in terms of performance.  The sputtered 

bi-layer sample actively oxidized CO for approximately thirty minutes, then the 

observed catalytic activity ceased as a result of compromising MoO3/SiO2 interface’s 

ability to re-oxidize the MoO2 material.  Some oxygen contained inside the reaction 

chamber was consumed during the experiment which indicates that the MoO3/SiO2 
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interface was working, albeit at a lower efficiency due to increased coverage of the 

substrate by MoO3 layer.  

 The sputtered 60 Å sample also performed as expected.  The purpose of this 

sample was to test the behavior of the material with a blocked MoO3/SiO2 interface 

and to determine if the Mo-oxide exhibits any catalytic properties as a bulk material.  

The results show that indeed the 60 Å sample oxidized CO until all of the available 

oxygen was consumed.  This was indicated by the fact a small amount of CO 

oxidation was observed but the oxygen levels inside of the reaction chamber 

remained relatively constant.   

When analyzing the results of all of the catalytic runs, it was clear that 

optimization of the MoO3/SiO2 interface was necessary for creating a more efficient 

catalyst.  Knowing that the deep blue color change in the catalyst is indicative of the 

creation of MoO2 was an essential observation leading to a better understanding of 

the importance of the role of the SiO2 substrate and its interface with the MoO3 thin 

film when designing our sputter deposited catalyst.  The greatest gains in catalytic 

activity are thought to come from the optimization of the MoO3/SiO2 interface which 

proved to be true as shown by the experimental results. 

 

4.4 The Reaction Mechanism  

The reaction mechanism for the thin film catalysts is essentially the same as 

that of the chemically impregnated samples.  During the photocatalytic oxidation of 

CO, the MoO3 molecule will give up one oxygen atom and be reduced to MoO2.  The 

oxygen atom that was released from the molybdenum oxide is then used in the 
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reaction to oxidize the CO.  The CO oxidation reaction takes place on the surface of 

the MoO3, where the Mo6+ is an adsorption site for the CO molecule.  The 

photocatalytic excitation of the Mo then allows an oxygen atom to be released from 

the MoO3, thus reducing the MoO3 to MoO2.  This released oxygen is used to oxidize 

the adsorbed CO molecule to CO2.  The formation of CO2 by the oxidation of CO 

occurs rapidly (Roy et al, 2007). 

In order for the reduced molybdenum oxide to perform catalytically, there 

must be a mechanism in place to supply atomic oxygen for the re-oxidation of MoO2.  

Silicon dioxide (SiO2) was used as the oxygen transport mechanism to oxidize MoO2 

by disassociating oxygen gas from the surrounding atmosphere to form the atomic 

oxygen needed.  Studies have shown, as presented in section 1.3 of this thesis, that 

SiO2 performs well as an oxygen transport mechanism for oxidation reactions.  Mauti 

et al used SiO2 as the oxygen pathway to perform the partial oxidation of CH4 over 

silica supported molybdena (Mauti and Mims, 1993). Fukuoka et al showed 

mesoporous SiO2, when used as a substrate for platinum nanoparticles, provided the 

atomic oxygen needed to oxidize CO when there was no other O2 gas present in the 

system.  They concluded that the oxygen needed for this reaction could have only 

come from the mesoporous silica (Fukuoka ei al, 2007).  Olher et al and Iizuka et al 

have also shown that when using SiO2 as a substrate material, the O2 from the 

surrounding atmosphere disassociates on the surface of the SiO2 enabling two 

adjacent MoIV cations to be oxidized by one O2 molecule (Olher and Bell, 2005; 

Iizuka et al, 1996).   
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The SiO2 substrate activity is not dependent on UV irradiation whereas SiO2 is 

invisible to UV, allowing the light to pass through largely unattenuated.  

Characterization of the SiO2 substrate using UV-vis spectroscopy shows this to be 

true, see figure 3.2 

 As stated in the introduction, the sputter deposited MoO3/SiO2 catalyst was 

designed to oxidize carbon monoxide, forming carbon dioxide.  The reaction 

mechanism for the oxidation of CO using MoO3/SiO2 is presented in equations (21), 

(22) and (23). 
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OMoOMo
h ++
→
ν                            (21) 

22
4*

3
5

COOMoCOOMo +→+
++          (22) 

3
6

22
4 )( OMoSiOOOMo ++ →+             (23) 

The proposed mechanism begins with MoO3 in the +6 oxidation state.  When 

the Mo+6 is excited by UV light, an electron is promoted to the conduction band and 

material behaves as Mo+5, releasing an oxygen atom from the molybdenum oxide 

which is used to oxidize the CO molecule adsorbed on the surface of the Mo.  A 

diagram outlining this mechanism is shown in figure 4.1.  The MoOx/SiO2 interface is 

a critical part of the catalyst design.  This photocatalytic redox reaction is greatly 

dependent on the efficiency of the MoOx/SiO2 interface.  Optimization of this area is 

where the largest gains in catalytic activity may be realized.   
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Figure 4.1: The photocatalytic reaction mechanism for the oxidation of CO using a 
molybdenum oxide catalyst. 
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Chapter 5 

SUMMARY, CONCLUSIONS AND FUTURE WORK 

5.1 Summary 

A photocatalytic reactor was designed and constructed to conduct the 

experimentation on the thin film metal oxide catalyst samples.  The gas delivery 

system and photocatalytic reactor were built on a minimal budget in order to prove 

the concept that redox reactions using sputter deposited thin film catalysts could be 

performed at room temperature and under atmospheric pressure.  A gas proportioning 

system was constructed to supply the specific gas mixtures needed to carry out the 

redox reactions.  The gas proportioning system has the ability to mix up to three 

individual gases.  It was designed to produce the gas samples used in both the 

pretreatment system and photocatalytic reactor.   

A light source was constructed using parts from an existing spectrometer.  The 

300 watt xenon light source and enclosure were built using facilities courtesy of the 

University of Maine Department of Physics.  The light source was characterized by a 

widely used potassium ferroxylate actinometery method which showed that the xenon 

source has a quantum flux in the UV spectrum that is eight times greater than the 

other light sources available in our laboratory.  The power output of the xenon lamp 

in the UV range was also comparable to equipment reported in the literature 

references of this thesis. 

A pre-treatment system was constructed to facilitate the heat treatment 

requirements of chemically impregnated samples.  The pretreatment system was run 

at atmospheric pressure for calcination process.  After the calcination process is 
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complete, the system can then be set to run under vacuum at a reduced temperature in 

order to degas the calcined catalyst samples.  The calcining pre-treatment process is 

not necessary for thin film deposited catalysts.  

An available GC/MS system with manual injection was used as the primary 

detection system.  The manual injection of gas samples into the GC/MS may induce 

large errors to the degree of ± 20% according to the instrument manufacturer, Agilent 

Technologies.  The errors associated with manual injection can be minimized through 

operator practice, where the more manual injections the instrument operator makes, 

the more proficient he will become at making those injections repeatable.  However, 

manual injections of gas samples into the GC/MS cannot be made completely 

foolproof.  While far from ideal for this application, gas phase manual injection was 

used successfully to prove that there was catalytic activity present in the system.   

The GC/MS was limited to the detection of O2 and CO2; it could not be used 

for the detection of CO.  CO and nitrogen gas coincidentally have the same atomic 

mass, 28.  Therefore, when the GC/MS detected an ion with a mass of 28, the 

instrument’s resolution could not determine whether the ion was from CO inside the 

reactor system or from N2 contamination possibly leaking into the syringe prior to the 

sample injection into the GC/MS.   To solve this problem, a CO detector from RAE 

systems, the EntryRAE™, was used to directly measure CO concentrations at the 

beginning and conclusion of each experiment. 

Thin film MoO3 samples were prepared to study their photocatalytic 

properties for the selective oxidation of CO as compared to samples prepared 

conventionally using chemical impregnation.  Catalysts for this research were 



 

85 
 

produced using a physical deposition method, specifically an argon ion reactive 

sputtering technique.  Three sputter deposited catalytic samples were prepared in the 

LASST facilities’ clean room.  They consisted of a monolayer, a bi-layer and a 60Å 

thick MoO3 sample each sputter deposited on a borosilicate glass substrate.   

The engineered sputter deposited catalysts outperformed the chemically 

impregnated catalysts when all catalyst types were run under similar conditions.  At 

atmospheric pressure, the catalytic performance of the sputter deposited monolayer 

sample was approximately five times better than the performance of the chemically 

impregnated sample.  

The experimental results from the original monolayer sample showed 

degradation in the catalytic performance of the sample; however, this degradation was 

not observed on the other samples.  XPS studies were used to determine the cause of 

the monolayer sample’s catalytic degradation.  After decontamination of the sample’s 

surface with low energy oxygen plasma, the XPS analysis showed that the 

molybdenum oxide thin film layer was not present on the substrate material.  

Migration of the molybdenum oxide into the substrate material or volatilization of the 

molybdenum oxide to form carbonyl compounds were the suspected causes of the 

molybdenum oxide layer’s disappearance.   

New MoO3/SiO2 samples were manufactured in order to determine what had 

happened to the molybdenum oxide layer on the original monolayer sample.  The new 

samples were manufactured in the same manner as the originals except that the new 

samples had the substrate coated with a silicon nitride (Si3N4) layer which acted as an 

ion barrier that would not allow the MoO3 to migrate into the substrate.  XPS studies 
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of the new MoO3/SiO2 samples containing the silicon nitride barrier initially showed 

that the MoO3 thin film layer again had disappeared.  However, after treating the 

catalyst surface with low energy oxygen plasma and rescanning with XPS, it was 

shown that the MoO3 was indeed still present on the surface of the silicon nitride 

coated substrate.  Therefore, the XPS results of the MoO3/SiO2 samples containing 

the silicon nitride barrier revealed that the original catalyst samples suffered from two 

problems.  The first of these problems was that the molybdenum oxide layer had a 

tendency to migrate into the substrate surface.  This problem was solved by the use of 

the silicon nitride on the substrate material prior to thin film deposition.  The second 

problem revealed was that the molybdenum oxide was prone to surface 

contamination, which is why the first XPS scans did not detect the presence of the 

molybdenum oxide layer.      

  

5.2 Conclusions 

The experiments performed using MoO3/SiO2 sputter deposited thin film 

catalysts showed that they were effective in oxidizing CO photocatalytically under 

atmospheric pressure.  The MoO3/SiO2 catalyst results are unique when compared to 

previous work by other researchers which used chemically impregnated catalyst 

samples run under near vacuum conditions.  While the use of sputter deposited thin 

films are common in both the semi-conductor and sensor manufacturing industries, 

the use of thin film deposited metal oxides are a new approach for catalysts intended 

for gas phase redox reactions.   
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This research showed that the MoO3/SiO2 catalysts could oxidize CO under 

atmospheric pressure and at room temperature with CO conversion comparable to 

studies conducted by other researchers cited in the introduction.  From this study, it 

was shown that the substrate material played a very important role in the reaction by 

disassociating O2 from the surrounding atmosphere to reoxidize the MoO2 thin film. 

The monolayer sample was designed to have the largest thin film / substrate 

interface area, which made more oxygen transport sites available for the re-oxidation 

of the MoO2.  Increasing the area of the thin film / substrate interface improved the 

CO conversion capability of the catalyst.  The increase in interface area was due to 

the fact that the deposited MoO3 islands were made as small as possible (particle sizes 

for the MoO3 were between 5 to 20 nm) on the substrate.  This allowed for more 

MoO3 islands to be deposited on the substrate and, therefore, more available interface 

sites for oxygen transport.  

This reaction was performed as a “batch” reaction, meaning that there were no 

provisions for gas to enter or leave the reactor system.  Because of this, the catalyst 

surface became contaminated with CO2 after approximately 50% of the CO was 

converted.  This was shown in the results section by the figures depicting the CO2 

concentrations for the bi-layer (figure 3.13) and 60Å (figure 3.15) samples, where the 

CO2 levels would increase for 60 and 90 minutes respectively, and then decrease.  

This decrease was the result of CO2 adsorbing on the MoO3 surface and filling the 

active oxidation sites.  CO2 adsorption on the molybdenum oxide was confirmed by 

XPS, which showed the presence of the molybdenum oxide after the removal of 

surface contamination (adsorbed CO2) by treating the catalyst surface with a low 
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energy oxygen plasma.  Running these catalysts in a flow reactor should alleviate this 

problem because the CO2 concentration will only increase downstream of the catalyst 

(Reddy et al, 2007). 

The proposed mechanism for a MoO3/SiO2 catalytic system is based on two 

processes that must occur in order for the photocatalytic reaction to take place.  The 

first process is the photo-excitation of the MoO3 thin film layer by UV radiation.  The 

[Mo6+=O2-] bond of MoO3 needs 303 kJ/mol of energy to become activated.  This 

energy is supplied as UV electromagnetic radiation with a wavelength of 395 nm or 

shorter.  The Mo6+ behaves as Mo5+ after photo-activation of the molybdenyl bond.  

The Mo5+ allows one of the three oxygen atoms contained in the molybdenum 

trioxide to be released, creating MoO2.  The released oxygen atom then combines 

with the CO molecule, which is adsorbed on the surface of the molybdenum, forming 

CO2.   

The second process is the mechanism’s dependence on the MoO3/SiO2 

interface for use as an oxygen transport mechanism.  During redox, the photo-excited 

MoO3 is reduced to MoO2.  The reduction of the molybdenum oxide is what supplies 

the oxygen atom needed to oxidize CO.  In order for the process to repeat and be truly 

catalytic, there must be a pathway in place to re-oxidize the MoO2.  The SiO2 

substrate material provides that pathway.  Oxygen gas from the surrounding 

atmosphere disassociates on the SiO2 surface and one O2 molecule can re-oxidize two 

adjacent MoO2 sites. The borosilicate glass substrate used in the manufacture of the 

catalyst samples was not the best choice; however, it was an available material that 

proved adequate for this portion of the project.  The catalytic efficiency of the 
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samples would most likely benefit from the use of a pure SiO2 substrate where the 

borosilicate glass is around 70% SiO2 content.  

Overall, the use of sputter deposited thin film oxides for photocatalytic 

oxidation has shown itself to be a unique and promising approach for the efficient 

production of catalytic systems that can be used to perform oxidation reactions.   

    

5.3 Future Work 

Engineering these catalysts gives the researcher many new pathways to study 

and improve the catalyst’s performance.  The engineering of new catalysts can take 

on many different approaches.  For example, this research project showed that the 

catalytic activity was greatly dependent on the working area of the thin film / 

substrate interface.  On the monolayer catalyst used in this research, the MoO3 layer 

was made as thin as possible in an attempt to optimize the MoO3/SiO2 interface area, 

thus yielding the best CO oxidation results.  The optimization of the interface areas of 

other photo-active systems, such as solar cells, is a common approach to increasing 

their efficiency.  Researchers at Stanford University are also exploring the 

maximization of the donor / acceptor interface of solar cells to increase the power 

output efficiency by using shape selectivity to ensure that every part of the donor in 

the light absorbing region of the solar cell is contacting the acceptor (Bjorklund et al, 

2007).   

Using LASST’s microfab capabilities, MoO3 “islands” or “channels” can be 

patterned using shape selection methods on a pure solid or porous SiO2 substrate with 

the intent of maximizing the surface area of the MoO3/SiO2 interface.  These MoO3 
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islands can be manufactured of varying thickness’ which could lead to further 

enhancement of the redox reaction.  

Another approach could be to explore coating the substrate material. Coatings 

can be applied to the SiO2 surface which could enhance oxygen adsorption from the 

surrounding atmosphere and improve the efficiency of the O2 molecule 

disassociation.  For example, Nowotny et al reports that zirconia is effective for 

oxygen dissociation at room temperature. The O2 dissociation is most prevalent along 

the grain boundaries of the zirconia layer (Nowotny, 2005), again showing the 

importance of the geometry and interface regions of the catalyst.  The identification 

and formulation of these coatings, such as zirconia, could greatly improve the 

efficiency of the catalyst’s oxygen transport mechanism at the MoO3/SiO2 interface, 

thus improving the overall catalytic activity.   

Catalysts can also be made using co-deposition techniques where the MoO3 

and SiO2 are deposited simultaneously.  Having both the MoO3 and SiO2 side by side 

will place an oxygen transport site (SiO2) beside one of the MoO3 sites, vastly 

increasing the number of MoO3/SiO2 boundary sites.  By using co-deposition, the 

important properties of the MoO3/SiO2 interface will propagate across the face of the 

catalytic material.  These co-deposited catalysts can be produced with sputter 

deposited layers that are thick enough to ensure total coverage of the substrate.  The 

performance of the co-deposited thin film samples can then be compared to the 

original metal oxide thin film samples which depended on the thin film / substrate 

interface for the oxygen transport.   
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There has also been work done showing increased catalytic activity when 

using mixed metal oxide catalysts such as a combination of MoO3 and WO3. This 

area could be explored as another approach to improving the catalytic efficiency by 

altering the content of the metal oxide catalyst.  Baeck et al used combinatorial 

methods to prepare arrays of MoO3/WO3 in various concentrations starting with pure 

MoO3 and ending with pure WO3.  The mixtures then varied by 10 % at each point 

when moving across the array; for example, the first mixture after the pure MoO3 was 

a 90/10 mixture of MoO3/WO3, the second was 80/20, the third was 70/30 and so on.  

The photo-response of each mixed metal oxide cluster was measured and a 50/50 

mixture of MoO3/WO3 was shown to be the most photoactive (Baeck et al, 2002).  

The 50/50 mixture of MoO3/WO3 mixed metal oxide could be deposited on a SiO2 

substrate to explore its potential as photocatalyst used for redox reactions, comparing 

its catalytic performance against the catalytic performance of single metal oxide 

catalysts used under the same conditions. If the mixed metal oxide catalyst shows 

promise, it could then be co-deposited with SiO2, as mentioned earlier, to enhance the 

oxygen transport mechanism. 

If the GC/MS is to be retained as the detection technique, a gas sampling 

valve should be fitted to the system.  This gas sampling valve will eliminate the error 

associated with manual injection and allow for real time kinetic studies to be 

performed under gas flow conditions; this would be advantageous over the current 

system which performs only batch reactions.  Also, the gas sampling valve would 

allow for the direct monitoring of hydrogen in the system.  Hydrogen was not used 

for this research project because it diffused rapidly out of the gas tight syringe and 
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therefore no reliable readings could be taken when hydrogen was present in the 

photocatalytic reactor system. The sealed flow reactor system will also prevent CO2 

surface contamination of the catalyst.  A flow system will keep the CO2 concentration 

on the catalyst surface at a low steady state level as opposed to the increasing CO2 

concentration found in a batch system.   

The Gerstel cryostat setup should be made operational to allow for better gas 

separations when using the gas chromatography portion of the GC/MS instrument.  

The cryostat cools the gas sample, using liquid nitrogen, before it enters the column 

of the GC.  This cooling increases the retention time of the gas sample in the column 

allowing for better separations.  The cryostat would increase the sensitivity of the 

GC/MS making it possible for the instrument to distinguish between CO and N2.  The 

GC/MS when adapted for gas sampling is one of the most powerful analytical tools 

available (Sun, 2007). 

A new Ocean Optics Raman spectroscopy system being constructed by the 

Chemistry Department at The University of Maine will allow for the possibility of 

unique and interesting results.  Raman spectroscopy is a characterization technique 

that is used to study vibrational modes in a system (Gardner, 1989).  Raman 

spectroscopy relies on in-elastic scattering of light, known as Raman scattering, of 

monochromatic light.  The monochromatic light source will be a laser operating in the 

visible, near IR or ultraviolet range.  By using this system, the samples can be tested 

in-situ under vacuum or partial pressures.  The new Raman system will have the 

ability to record spectra every 30 seconds allowing for near real time observations so 

one can determine the ratio MoO2 to MoO3 as a function of time in kinetic studies.  
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Raman spectroscopy can be used to detect the various oxidation states of MoO3-x, 

whereas the Raman bands at 823 cm-1 and 995 cm-1 are dependent on oxygen 

stoichiometry (Dieterle et al, 2002). With increasing oxygen vacancies, i.e. the 

reduction of molybdenum trioxide during the reaction, the Raman bands will broaden 

and intensify allowing us to determine the MoO2 to MoO3 ratio.  

By adding the gas sampling valve to the GC/MS, at a cost of $4500, along 

with the conversion of the current batch reactor system to a flow system, at an 

estimated cost of $3000, would allow for the accurate detection of CO at levels below 

10ppm.  Furthermore, the new Ocean Optics Raman system currently under 

construction will allow for direct in situ measurements of the surface activity on the 

catalyst.  Data gathered from the GC/MS and the new Raman system can be used to 

complement each other.  For example, if there is a change in the Raman bands, as 

described above, this change could be correlated with a change in CO the level 

detected by the GC/MS.  With the above suggested capabilities built into the new 

catalytic reactor, CO levels at well below 10ppm can be monitored in tandem with the 

surface activity on the catalyst. 
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APPENDIX A 
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The Calculation Worksheet Determining the Pressure Drop in the Reaction Chamber.  

[Part 1 of 2]. 
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The Calculation Worksheet Determining the Pressure Drop in the Reaction Chamber.  

[Part 2 of 2]. 
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Percent Pressure Drop (reference pressure point is atmospheric pressure) Below 

 

The Calculation Worksheet Determining the Pressure Drop in the Reaction Chamber.  

Percent Pressure Drop (reference pressure point is atmospheric pressure) Below 

 

 

The Calculation Worksheet Determining the Pressure Drop in the Reaction Chamber.  
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APPENDIX B 

 
 
1. Heat Furnace to 500° C. 
2. Place desired amount of catalyst in the quartz test tube. 
3. Place catalyst/test tube into center of furnace. 
4. Seal ends of tube furnace with Teflon/rubber stoppers, secure with hose 
clamps. 
5. Connect Bubbler/Vacuum Pump to the Furnace at Break (2). 
6. Connect Gas Proportioning Valve to Furnace at Break (1). 
7. Open valve (B) to bubbler. 
8. Close valve (C) to vacuum pump. 
9. Open valve (A) to supply 0.2% O2 to Catalyst. 
10. Wait 1 hour at 500°C. 
11. Close valve (A) stopping gas supply. 
12. Close valve (B). 
13. Decrease Oven to 200°C. 
14. Open valve (C) and Start Vacuum Pump. 
15. Wait 1 hour. 
16. Stop Vacuum Pump. 
17. Slowly remove tube at break (1) to vent the furnace, 
18. Remove hose clamps and Teflon/rubber stoppers. 
19. Remove Catalyst. 
 
 
 
 
 
 

 
 
 
 

The Process Flow Diagram for Catalyst Pre-Treatment: Chemically Impregnated 
Powder Samples. 
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APPENDIX C 

 

 
1.   Prepare gas samples by attaching a tedlar bag and the EntryRAE to valve A. 
2.   Valve (A) Open 
3.   Allow flowing gas mixture to achieve steady state concentration. 
4.   Open valve on tedlar bag allowing it fill.   
5.   When tedlar bag is full, close valve on bag and remove from the proportioning 
valve.  
6.    Insert catalyst into quartz test tube. 
7.    Insert Teflon plug into test tube. 
8.    Attach tedlar bag containing the gas mixture to (B), do not open valve.  
9.    Open Valve (D) to Vacuum Pump. 
10.  Start vacuum pump and evacuate for 5 minutes. 
11.  Stop vacuum pump and close valve (D). 
12.  Open valve on tedlar bag and introduce gas mixture to the system. 
13.  Draw 5µL of gas into a gas tight syringe at point (E). 
14.  Inject into GC/MS using method “gassim4ramp”. 
15.  Wait 20 minutes and repeat step 14. 
16.  Turn on UV light. 
17.  Repeat step 14 every 30 minutes. 
18.  Turn off light. 
19.  Measure gas sample in tedlar bag using the EntryRAE detector.  
 
 
 
 
 
 
 
 
 
 
 
 
 

The Photocatalytic Oxidation Reaction Process Flow Diagram. 
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