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Abstract 

The goal of this study was to obtain new information about possibilities to utilize carbon dioxide (CO2) with 

photocatalytic activation and reduction by using surface plasmon resonance titanium dioxide based materials 

decorated with platinum group metals. Carbon dioxide is known to be one of the most common greenhouse gases 

(GHG) and having a major impact on ongoing global warming. By utilizing CO2 it is possible to mitigate CO2 

emissions and produce new sustainable fuels.   

 

This study included characterization of the prepared palladium (Pd) and platinum (Pt) decorated catalysts and testing 

their photocatalytic properties in carbon monoxide (CO) oxidation and CO2 activation reactions under visible light 

and under irradiation of specific wavelength. In addition to different irradiation also different feed gas combinations 

were tested in both reactions.  

 

Characterization of prepared materials was done with XRD to study the crystalline structure and composition, BET-

BJH to get information about the surface area and pore sizes, and TEM for surface structure analyses and distribution 

of metal decoration. 

Photocatalytic activity was studied with FT-IR DRIFT analyses with external solar light source and equipped with 

filters to control the wavelength of irradiation. 

 

The results of the characterization showed that preparation of the catalysts was successful. Photocatalytic activity 

results showed that some of the tested materials are able to oxidise CO and activate CO2 in the presence of irradiation. 

Obtained results show that palladium and platinum decorated TiO2 based materials could possibly be used in surface 

plasmon enhanced photocatalytic CO2 reduction successfully.  
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Tiivistelmä 

 

Työn tarkoituksena on selvittää hiilidioksidin (CO2) hyödyntämisen mahdollisuutta valokatalyyttisellä aktivoinnilla 

ja pelkistämisellä käyttäen pintaplasmonisesti resonoivia jalometalleja sisältäviä titaanidioksidimateriaaleja. 

Hiilidioksidin tiedetään olevan yksi yleisimmistä kasvihuonekaasuista ja näin ollen sillä on suuri vaikutus meneillään 

olevaan ilmaston lämpenemiseen. Hyödyntämällä hiilidioksidia on mahdollista vähentää hiilidioksidipäästöjä ja 

kehittää uusia kestäviä polttoaineita.  

  

Tämä tutkimus sisältää valmistettujen platina- ja palladium-titaanidioksidi-katalyyttien karakterisointia ja niiden 

valokatalyyttisten ominaisuuksien tutkimista hiilimonoksidin (CO) hapettamisessa ja hiilidioksidin (CO2) 

aktivoinnissa näkyvällä valolla ja valituilla valon aallonpituuksilla. Käytettyjen säteilyalueiden lisäksi myös erilaisia 

syöttökaasun yhdistelmiä tutkittiin molemmissa reaktioissa. 

 

Valmistettujen katalyyttien karakterisoinnit tehtiin XRD:llä, jolla saatiin tietoa materiaalien kiderakenteesta ja 

koostumuksesta, BET/BJH-menetelmällä jolla määritettiin pinta-alat ja huokostilavuudet sekä TEM mikroskopialla, 

jolla tarkasteltiin pinnan rakenteita ja metallin jakautumista katalyytin pintaan. 

Valokatalyyttistä aktiivisuutta tutkittiin DRIFT-mittauksin, joissa käytettiin ulkoista valonlähdettä ja erillisiä 

valosuodattimia, jotta eri aallonpituuksien vaikutusta reaktioon voitiin tutkia tarkemmin. 

 

Karakterisointien tulokset osoittivat materiaalien valmistuksen olleen onnistunut. Valokatalyyttisten 

aktiivisuuskokeiden tutkimustuloksista saatiin selville, että osa palladiumia tai platinaa sisältävistä 

titaanidioksidimateriaaleista kykeni hapettamaan hiilimonoksidia sekä aktivoimaan hiilidioksidia valosäteilyn avulla. 

Saadut tutkimustulokset osoittavat, että TiO2 pohjaisia katalyyttejä platina- ja palladiumlisäyksillä voidaan 

mahdollisesti käyttää pintaplasmonisella värähtelyllä tehostetussa valokatalyysissä hiilidioksidin pelkistämiseksi.  

Muita tietoja 
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1 INTRODUCTION 

High level of carbon dioxide (CO2) in atmosphere is one of the reasons behind the 

greenhouse effect and currently ongoing global warming. Amount of CO2 has been rising 

in the past decades because of human actions and especially because of fossil fuels usage. 

Combustion of fossil fuels produces CO2 emissions on the atmosphere. (Sohn et al., 2017) 

Fossil fuels are hydrocarbons meaning they contain hydrogen and carbon. Combustion of 

fossil fuels converts the hydrocarbon into carbon dioxide and water.  The most used fossil 

fuels are oil, natural gas and coal and they remain as the main sources of energy on the 

globe. Natural oil based gasoline and diesel are also raw materials in producing many 

materials and products of everyday life. For example, pharmaceuticals, plastic, and other 

synthetic materials are produced from oil. (Olah, 2005) New fuels and energy sources are 

needed when traditional fuels and energy sources are running short compared with 

modern needs. Modern day fuel consumption is agreed to be unsustainable and inadequate 

energy supplies can cause an energy crisis. This is a problem that needs to be solved. By 

recycling CO2 from industrial effluents or from atmosphere it is possible to produce fuels 

and valuable chemicals such as methane (CH4) and methanol (CH3OH). The stability of 

CO2 is high so converting CO2 needs external energy which can be provided for example 

by solar light. (Sohn et al., 2017) 

Responsibility to fight against climate change lies upon all countries and to make it a 

common project some global agreements have been made.  One of these is the Kyoto 

Protocol which was executed in 2005 and is part of the earlier The United Nations 

Framework Convention on Climate Change made in 1994. The Kyoto Protocol was made 

to limit and reduce greenhouse gas emissions of some developed countries called Annex 

1 Parties. To accomplish these goals new ideas in CO2 utilization are needed. (United 

Nations Framework Convention on Climate Change, 2017) Chemical utilizing of CO2 

can be an effective way to prevent emissions and here catalysts are needed. 
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2 CATALYSIS 

Catalysts are important in most chemical industries. Chemical industry produces 

chemicals for industries and straight to consumers, and many of these products are crucial 

in modern society, such as fuels, paper and paints. (Essential chemical industry, 2016) 

Over 90 % of chemical processes in industry use catalysts. This makes catalysts a big 

business. (Armor, 2011) Catalyst can be defined as a substance which doesn’t really take 

part to the reaction or consume in it but can enhance the reaction even in small amounts. 

Thus, they can help save for example energy. (Joshi and Ranade, 2016)  

One of the first use of catalysts was to produce ethanol by fermentation. Also soap and 

cheese making are some of the earliest processes where catalysts were used. More 

applications utilizing catalysts were developed, for example sulphuric acid was produced 

with catalysis around 1750. The process itself was named as catalysis in 1830s. Economic 

benefits of catalysts used in the production of chemicals was discovered. Fuel production 

using Fischer-Tropsch was the next big discovery in 1913, commercialized in 1930, and 

since then fuel production has been one of the most important field for catalysts use. 

When fuel and transportation industry were developed, also the air pollutants came a 

better understood issue and therefore some new regulations were made to restrict 

pollutant releasing. The idea of environmental catalysis was born after 1960’s and since 

then many new ideas for catalysis have been developed. (Armor, 2011) The focus was 

initially on volatile organic compounds (VOCs) and nitrogen oxides (NOx) from 

combustion gases. Field of environmental catalysis contains applications and 

technologies concerning for example energy efficiency, emissions caused by 

transportation, and production of environmental friendly fuels. Energy efficiency with 

catalysts can be about utilizing energy sources such as solar light or using catalysts in 

combustion processes or fuel cells. Transportation emissions can be controlled with 

catalysts by developing better fuels, improving them with sulphur (S) removal, dewaxing 

or hydrocracking. Another way is to treat the emissions after their formation. New cleaner 

fuels can be produced for example in biorefineries. (e.g. Centi et al., 2002) Catalysis is a 

phenomenon that can also be found from human body and elsewhere in nature. For 

example photosynthesis, vital reaction to all life on earth, contains a catalytic reaction 

which uses sunlight as an energy source. (Armor, 2011) 
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A catalyst is a substance that is added into a reactor to increase the rate of the chemical 

reaction but is not being consumed in the reaction. (Lloyd, 2011) Preferable is if the 

catalyst itself does not change during the reaction. Activity, selectivity and stability as 

well deactivation tolerance are characteristics which are used to describe and evaluate 

catalysts. A good catalysts has a good selectivity meaning for example if more than one 

reaction occur it is possible to enhance only the rate of the desired reaction. So, by using 

catalysts a reaction that would otherwise be prevented by competitive thermodynamically 

more favorable reaction can also be used to make products which would not be produced 

otherwise. (Joshi and Ranade, 2016) Activity is used to describe the reaction enhancement 

capability of the catalyst. (Lloyd, 2011) Stability of catalyst is a way to describe the 

deactivation rate of the catalyst. Deactivation can be mechanical, chemical or thermal or 

combination of these. Mechanical deactivation can be for example particle failure or 

fouling. Chemical deactivation can happen by poisoning or vapor-solid and solid-solid 

reaction where some part of the catalyst reacts forming inactive phase. Thermal 

deactivation can cause changes in phases or material degradation or it might lead to 

forming of new harmful products. (Bartholomew, 2001) 

Catalysis can be homogeneous, heterogeneous or enzymes. In the homogeneous catalysis 

the phase of catalyst and reactants are the same. In the heterogeneous catalysis the catalyst 

and reactants are in different phases. Usually this means that the catalyst is in solid phase 

and reactants in liquid or gas phases. In the enzyme catalysis the catalyst is an enzyme 

which is a macromolecule made of amino acids. (Joshi and Ranade, 2016) Homogeneous 

catalysis happens in a mixture of reactants and catalyst and products are formed from this 

interaction. Heterogeneous catalysis has seven steps which include external and internal 

diffusion (1&2), adsorption (3), reaction on the surface (4), desorption (5) and internal 

and external diffusion (6&7). In external diffusion the main factors affecting the 

efficiency are particle size, shape and the velocity of the particle moving. In internal 

diffusion the pores of the catalyst play a big role. (Murzin and Salmi, 2016) In Figure 1. 

the steps of heterogeneous catalysis are represented. 
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Figure 1. Steps (7) of heterogeneous catalysis in the surface of catalyst material. 

 

Catalysts has three different parts with different functions and purposes. These are active 

component, support or carrier material and promoters. Active component is the initiator 

of the chemical reaction. Active components can be metals, semiconductors or insulators. 

(Richardson, 1989) Active component is normally metal oxide in the case the reaction is 

oxidation reaction, and metals are many times used in reduction reactions. (Ross, 2012) 

The purpose of support material is to provide high surface area by porosity and to 

maintain thermal and chemical stability as well as mechanical strength (Lam and Luong, 

2014). Support is generally made of material that is inert and enhances the activity, 

stability, and selectivity of the active phase. Materials used the most in supports of 

heterogeneous catalysts are oxides such as silicon dioxide (SiO2) and aluminum oxide 

(Al2O3). (Ross, 2012) Promoters are used to control the activity and function of the 

catalyst by changing the structure of the catalyst. Promoters can be used to control which 

reactions take place and prevent unwanted reactions from happening and so increase the 

selectivity and stability. (Somasundaran, 2006) 

2.1 Homogeneous catalysis 

Catalysis is homogenous when the catalyst and reactants are in the same phase. This form 

is normally liquid. Catalysts in homogeneous catalysis are usually metal complexes. 

(Joshi and Ranade, 2016) The advantage of homogeneous catalysis is that the selectivity 
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can be really high compared to heterogeneous catalysis. Also, in homogeneous form all 

active sites are available for reaction. On the other hand, drawback is that catalyst and 

product need to be separated. Homogeneous catalysts cannot normally be used in high 

temperatures because many of them decompose below 150 degrees of Celsius. This low 

thermal stability causes problems also in separation stage when distillation is done in high 

temperatures. Still, homogeneous catalysis is suitable option in many purposes. Every 

catalyst molecule can be utilized and so a much smaller amount of catalyst is needed to 

get the same effect as with bigger amount of heterogeneous catalyst. Also the surrounding 

conditions of homogeneous catalyst can be mild and selectivity can be good. (Cole-

Hamilton, 2003)  

2.1.1 Heterogeneous catalysis 

Heterogeneous catalysis is important in industry because it can be applied in continuous 

processes. (Adleman et al., 2009) Because the catalyst and reactants in heterogeneous 

catalysis are in different phases formed products and catalyst are easy to separate and thus 

also to recover and recycle. Heterogeneous catalysts are normally metals or metal oxides 

and they are stable in wide temperature and pressure ranges. Reaction’s selectivity 

depends for example on temperature and time. Heterogeneous reaction takes place in 

active sites of surface atoms of the catalyst when in homogenous catalysis the surface 

area of all atoms are available for the reaction. (Joshi and Ranade, 2016) In industrial 

processes easy and economic separation is important and this makes heterogeneous 

catalysis most used catalysis. Fixed bed and slurry systems are commonly used with 

heterogeneous catalysts. (Ross, 2012) 

 

2.2 Photocatalysis 

Photocatalysis can be defined as a catalysis of a chemical reaction that requires light. This 

reaction happens at the surface of photocatalyst which is usually semiconductor material. 

Photocatalyst is able to adsorb reactants and absorb photons of light. The energy of 

photons makes electrons (e-) on the valence band (VB) excited and moving to conduction 

band (CB). This leaves electron holes (h+) to the VB. Energy needed for making the 

electrons excited has to be equal or greater than the band gap energy of VB and CB. The 

photogenerated electrons and holes transfer to the surface of catalyst and are then capable 
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to react. (Ohtani, 2011) Photocatalysis contains simultaneously two reactions which are 

oxidation caused by photogenerated holes and reduction caused by photogenerated 

electrons. Photocatalysis has been developed since the phenomena was found in chalking 

of titanium paints and sunlight reaction of some oxides more than 90 years ago. Later the 

interest in water and air treatment and self-cleaning surfaces as well as self-sterilizing 

surfaces have increased interest and research on the field (Fujishima et al., 2008) Because 

the possibility of using light instead of heating, heterogeneous photocatalysis is 

considered to be environmental friendly. Field of photocatalysis can be combined with 

for example photo- and electrochemistry, materials- and analytical chemistry, surface 

science, and electronics. Combining photocatalysis with photo- and electrochemistry is 

advantageous since electrons and photons are the key component of the photocatalytic 

reaction. Materials chemistry and analytical chemistry give important knowledge of the 

material properties in atomic level and precise knowledge about the chemistry of the 

process. Understanding surface science is viable when preparing the catalysts with 

wanted surface properties and electronics can help to understand electronic aspect of the 

reaction and possible new utilization techniques. (Herrmann, 2010b) 

Parameters influencing on photocatalytic activity are for example mass of the catalyst, 

wavelength of the light, initial concentration of reactant, temperature, radiant flux of light 

and quantum yield. Mass of the catalyst effects on the reaction rate so that in greater 

amount of material increases the reaction. After certain level there is no increase in 

reaction rate can be attained and this is the optimum mass of catalyst. Concentration of 

the reactant should be over 5 x 10-3 M to reach the maximum reaction rate. Temperature 

in photocatalysis is not the most important factor because photocatalysis does not require 

energy from heat but the optimum temperature is between 20 and 80 °C. In colder 

temperature and also in higher, over 80 °C temperature, the activity decreases. Proper 

light wavelength and flux are very important in photocatalysis. Wavelength effects on the 

energy carried to the process because light with shorter wavelength contains more energy 

and longer wavelength contains less energy. Suitable wavelength is the wavelength which 

provides energy equal or greater than the band gap of the catalyst used. (Herrmann, 

2010a) Flux of light (Φ) effects on the activity because the energy of light is responsible 

of the excitation of electrons and so also responsible of the photogenerated charge carriers 

meaning holes and electrons. When flux of light is over certain limit the effect is reverse 

and reaction rate begins to decrease. Reason for this is that when particle is absorbing 

more light the formation of charge carriers increases and this makes the electrons and 
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holes to recombine more likely before they reach the surface. (Egerton, 2013)  Because 

quantum yield of photocatalytic reaction can be defined as ratio between reaction rate in 

molecules or moles reacted per second and flux of light per second.  (Herrmann, 2010a) 

Photoreactors are usually built in two main types: Solid-liquid mode and solid-gas mode. 

In solid-liquid mode the catalyst is dispersed into the reactants and in solid-gas mode 

catalyst is being placed over support surface and gas is being fed into the reactor. For 

example, in solid-gas method of CO2 reduction the feed gas CO2 goes through water 

bubbler and forms a mixture with H2O. Another technique is to use a small amount of 

water in the reactor and bring CO2 in high pressure into the reactor. (Sohn et al., 2017)  

The solid-gas method has been noticed to be a lot more effective in CO2 reduction than 

solid-liquid method. This is due to the H2O adsorption to the surface of photocatalyst so 

that it weakens the CO2 adsorption. The reason why CO2 adsorbs less on the catalyst in 

solid-liquid method is that CO2 is not very soluble in water. It makes water splitting 

competitive reaction to CO2 reduction. Solubility of CO2 can be improved by adding 

alkaline such as NaOH. Adding of alkaline can be problematic because it increases pH 

and leads formation of bicarbonates and carbonates which are also difficoult to reduce. 

(Sohn et. al 2017; Ola and Maroto-Valer, 2015) 

 

2.2.1 Principle 

Illumination of semiconductor catalyst with light that has equal or greater energy than the 

band-gap energy of the used catalyst causes a reaction where the photons of the light 

absorb to the catalyst and excite the electrons on the VB. Excited electrons then move to 

CB and electron hole is left on VB and so the electron-hole pair is created with free 

electrons and holes ready to react on the surface of catalyst. (Fujishima et al., 2008; 

Hermann, 2010a) 

Heterogeneous photocatalysis process can be determined with four steps. The first one is 

to get the reactants on the surface of catalyst. Secondly, it is very important to get reactants 

or one of them to adsorb to the catalyst. In third phase the actual reaction takes place. 

After the reaction the products need to be desorpted from the catalyst and removed from 
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the system. The difference of photocatalytisis and heterogeneous catalysis is that instead 

of thermal activation, photonic activation is used. (Ohtani, 2011) 

According to Fujishima et al. (2008) mechanisms of photocatalysis can be described with 

following reactions (1-3):  

hv → 𝑒𝐶𝐵
− + ℎ𝑉𝐵

+   (1) 

2H2O + 4ℎ𝑉𝐵
+ → O2 + 4H+  (2) 

O2 + 4H+ + 4 𝑒𝐶𝐵
−  → 2H2O  (3) 

Equation (1) shows how free electrons and holes are generated by the effect of energy hv 

on the valence band and conduction band. Equation (2) shows the most global level of 

holes taking part on the oxidation of water and from equation (3) the reduction caused by 

free electrons can be seen. Many times it is interpreted that electrons move from VB to 

CB spatially, but that is not the case. Sites on the lattice trap either e- or h+ in the crystal 

immediately after band-to-band transition (Ohtani, 2011) Most of the primary oxidation 

processes are caused by holes which have been trapped in picoseconds at the surface. 

Also hydroxyl radicals (OH●) produced in the oxidation of surface hydroxyl or adsorbed 

water are important in the oxidation processes. O2 can also take part in some sorts of 

oxidation reaction, for example, oxidation of trichloroethylene, but the importance is 

smaller than OH● and holes. (Fujishima et al., 2008) 

2.2.2 Photocatalytic materials 

Difference between a heterogeneous catalyst and a photocatalyst is that the heterogeneous 

catalyst contains active sites where substrate is transformed into products and in the 

photocatalyst there are no such active sites. The photocatalytic reaction is based on the 

simultaneous oxidation and reduction reactions caused by photogenerated free electrons 

and holes on the surface of catalyst. (Ohtani, 2011) Photocatalysts are mainly 

semiconductor based materials. The most studied ones are semiconductors such as TiO2, 

ZnO, WO3, SnO2 and Fe2O3. (Tahir et al., 2017) In addition, CdS as well as other 

sulphides have been studied. For a long time TiO2 has been the most used photocatalytic 

material. Most of the used photocatalytic materials have a problem with the charge 

recombination, which means that the free holes and electrons formed by photons tend to 

recombine before the desired reactions take place. By pairing up the semiconductors with 
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other semiconductors with suitable band energy levels it is possible to slow down 

recombination rate and improve efficiency. Yields and reaction rates have been improved 

by changing structural properties such as particle size, surface area and crystallinity. Also, 

variety of reaction conditions like pH, different light wavelength and different loadings 

of metal or non-metal co-catalyst loading have been tested. Activity under visible light is 

the topic that is nowadays the most studied and important from both academic and 

industrial point of view. Visible light activity has been improved by pairing up 

semiconductor with wide band gap such as TiO2 with some semiconductuctors with small 

band gaps such as CdS, Fe2O3 and WO3. This pairing up two or more different 

semiconductors is called doping. (Zhang et al., 2009) Metals have been used to increase 

the photoactivity and especially noble metals seem to work well. Metals respond to 

illumination and enhance the light activity so they can be used in catalyst to improve the 

yield of semiconductor based catalyst. (Zhang et al., 2013) Usually photocatalysts are 

solid and inorganic materials in form of crystals. Crystallines can be analyzed with X-ray 

diffraction (XRD) pattern. In the XRD analysis only crystalline parts can be seen, but the 

amorphous parts might be unnoticed. Sharpness of XRD peaks can be used to determine 

the size of the crystals. (Ohtani, 2011)   

 

The popularity to use TiO2 is due to its good availability, stability in photoirradiation, 

non-toxicity, non-photocorrosion, low cost, and chemical inertness. Band gab of TiO2 is 

relatively large, 3.2 eV, and the recombination of holes and electrons happen quite fast. 

(Sohn et al., 2017)   TiO2 has physical and optical properties that make it one of the most 

effective photocatalysts. For example, the large surface area and good charge 

transportation capability are important to photocatalysts. TiO2 can be modified into forms 

of nanotubes, nanorods, nanowires and nanosheets to obtain different properties suitable 

for different reactions. To make possible to any photocatalytic material to utilize sun light 

it is important to slow down the recombination of charges. This has been obtained by 

modifications related to for example the structural properties such as particle size and 

surface area. (Tahir et al., 2017) For example, nanoparticle films have been efficient in 

electron collection and adsorption of light due to their large surface area. Nanowires have 

also been popular because they have the property of efficiently transporting the formed 

charge carriers. (Law et al., 2005) For this reason some special modifications have been 

made to enhance the photoabsorbance of visible light and slow down the electron-hole 

reconnection. (Sohn et al., 2017) TiO2 is also mostly active in high energy containing 
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ultraviolet light because of its large band gap. Modification by doping with noble metals 

makes the TiO2 more active in visible light. (Zhang et al., 2013) 

 

Number of modifications can be made to improve the photocatalytic activity of catalysts. 

For example increasing the photoabsorbance and slowing down the electron-hole 

reconnection are goals for catalyst design. (Sohn et al., 2017) Nanostructure is one very 

important factor influencing the activity of catalyst’s photocatalytic capabilities. 

Properties such as photo-absorption, electron-hole separation and surface reactions 

depend on the structure. Structure of photocatalysts’ meaning crystalline phase or phases, 

size of nanoparticles, morphologies, facets and heterojunctions are being modified to get 

better photoactivity. There has been made progress on the field and aim is to improve 

selectivity and yield by improving light harvesting ability, photo-carrier transfer and 

photogenerated electron-hole separation. (Xie et al., 2016) 

Visible light induced photocatalysis has been increasingly studied during the last decades 

due to the fact that solar light only contains around 4% of UV photons. Visible light 

sensitivity can be increased for example by metal co-catalysts, such as Pt, which are 

surface plasmon resonance materials. N-doping of TiO2 has been noticed to enhance the 

visible light absorption. Dyes can be used as photosensitizers when added to TiO2. (Zhang 

et al., 2013) 

 

2.2.3 Applications of photocatalysis 

The phenomenon of photocatalysis was noticed at chalking of titanium based paints and 

photocatalysis was utilized later in water and air treatments. Photocatalysis has been used 

also to make surfaces clean or sterile. Photocatalysis has since also transformed into a 

technique to split water to get hydrogen and oxygen. Spectroscopic surface techniques 

and scanning probe techniques have been used and ultrafast pulsed laser spectroscopic 

techniques have been studied in these fields. New titanium based photocatalyst materials 

have been developed to get the visible light reactivity better in photocatalytic applications. 

(Hermann, 2010a) 

In the water treatment by using TiO2 photocatalyst under UV radiation it is possible to 

decompose and mineralize majority of the organic water pollutants such as alkanes, 
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alkenes, aromatics, haloaromatics, carboxyl acids, and polymers. In addition, dyes and 

pesticides can be treated. (Fujishima et al., 2008) Photocatalytic reactions need generally 

UV light and air. Factors influencing on the reaction are light intensity, pH, ions, 

photocatalysts and substrates. (Herrmann, 2010a) Photocatalytic decontamination 

process with TiO2 does not produce toxic intermediate products when the mineralization 

is total. This is valuable in water treatment. Decontamination works only for water with 

relative small amount of contaminants. (Fujishima et al., 2008)  

One application for TiO2 based catalysts are self-cleaning surfaces. TiO2 can decompose 

organic compounds on its surface under UV radiation. TiO2 based photocatalytic surfaces 

are good way to utilize ultraviolet light and save detergents. It has been used in for 

example lamps of tunnels of highways. Self-cleaning surfaces can lead to big cost savings 

in maintenance. These photocatalytic surfaces have been developed and used widely in 

Japan. One example is a technology developed by TOTO. Ltd. which is used for example 

in self-cleaning tiles and TOTO tiles have been used in thousands of buildings in Japan. 

By using TOTO tiles a building can stay clean for 20 years. Another example is self-

cleaning glass which has been used in Central Japan International Airport. (Fujishima et 

al., 2008) One type of self-cleaning surfaces are self-sterilizing surfaces where bacteria 

are eliminated. Self-sterilizing materials based on TiO2 can be used in hospitals, for 

example in operating rooms. TiO2 surfaces are also non-toxic and this way they are better 

choice for environment than chemical antibacterial agents. Also, anti-fogging properties 

of TiO2 is utilized to glass and mirrors. Hydrophilic surfaces can be used to heat transfer 

and save energy in for example cooling buildings. Technique is to sprinkle water 

continuously to the surface of wall and when water evaporates it makes latent heat flux 

to the environment. Anticorrosion effect has been noticed when combining TiO2 and 

tungsten oxide (WO3) and these materials work also in dark period due to the energy 

storage ability of WO3. (Fujishima et al., 2008)  

Another way to utilize photocatalysts is to use them in e.g. indoor air purification by 

adding TiO2 based photocatalysts into filters. Photocatalytic filters can be used instead of 

traditional filters with activated carbon. Traditional filters need to be cleaned to be used 

again because the adsorbed substances need to be removed. In photocatalytic filters, 

instead of adsorption, the substances are decomposed. VOCs can be removed as well as 

bacteria and fungi. Photocatalytic TiO2 has also been used in road cleaning and other 

possible needs for NOx removal. Roads can be covered with TiO2 and cement mixture 
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and results have been promising. From one highway at Tokio NOx emissions of thousands 

of cars per day could be removed. (Fujishima et al., 2008) 

Deactivation of the photocatalyst is a problem when treating polluted air. Because of the 

TiO2 surface might collect formed products or intermediates. The deactivation of 

photocatalyst might be reversible with the help of UV light but not in all the cases. If 

deactivation is not reversible washing with water is one solution for regeneration. It is 

possible that deactivation of the photocatalyst can be hindered by using noble metals. 

(Fujishima et al., 2008) 
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3 PHOTOCATALYTIC CO2 REDUCTION  

CO2 is a greenhouse gas which is being produced mainly from fossil fuel combustion. 

The levels of CO2 have been reported to be rising alarmingly high in atmosphere and it 

has been rising since industrial revolution from the end of 1700’s. The steam engine was 

the most important factor starting the development and it was being ran by coal. Coal 

gave answer to the growing energy demand and the usage of fossil fuels begun to grow 

significantly since then. Petroleum oil and natural gas have been used as energy sources 

and raw materials increasingly since the late 19th century.  This growing usage of fossil 

fuels has led to global warming. (IPCC, 2017; Olah, 2005) Reduction of CO2 into valuable 

fuels and chemicals would give a solution to two problems at the same time. The 

increasing CO2 levels in atmosphere could be controlled by producing new fuels and 

chemicals to help to maintain modern day society which is highly dependent on energy. 

CO2 reduction can be done by imitating nature’s photosynthesis where CO2 is transferred 

to carbohydrates and oxygen. The idea is to same way utilize solar light as an energy 

source, CO2 which contains no energy as a feedstock and with water as a hydrogen source 

to produce valuable chemicals and fuels. (Sohn et al., 2016) 

Producing fuels and chemicals by reduction of CO2 with H2 via photocatalytical route has 

been studied and reported by some articles during recent years but it still needs 

developing. Mainly heterogeneous semiconductor based catalysts are used for this. CO2 

is not easy to convert due to the stability of the molecule. One C=O bond needs 750 

kJ/mol for its breaking when many other bonds are easier to be broken, for example C-H 

bond requires only 430 kJ/mol. For breaking the bonds external energy source such as 

solar light or electric energy is crucial. Another thing needed is H2 or other similarly high-

energy reactant to be fed into the reaction together with CO2. Besides H2, unsaturated, 

small-membered ring or organometallic compounds can be used. Especially methanol and 

formic acid production from CO2 by hydrogenation has been interesting researchers 

widely. (Xie et al., 2016) 

3.1 CO2 reduction techniques 

Techniques used in the water splitting have also been used for CO2 reduction. CO2 

reduction by photocatalysis and photoelectrocatalysis is not as developed as H2O splitting 

with the same techniques. When reducing CO2 the distribution of products is wide, when 
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in the water splitting the products are only H2 and O2. The reduction of CO2 can produce 

for example CO, HCOOH, HCHO, CH3OH, and CH4. Production of methane (CH4) and 

methanol (CH3OH) are thermodynamically easier to achieve since they have less negative 

redox potentials than other products. Formation of CH4 needs eight electrons and CH3OH 

needs six electrons to be formed. From these two CH4 might be better product because it 

is difficult to get enough of CH3OH when reduction and oxidation happen in same place. 

This is because methanol is even better hole scavenger than water. Used techniques for 

catalytic CO2 reduction are photocatalysis, electrocatalysis and photoelectrocatalysis. 

(Xie et al., 2016) 

Most of the studies of photocatalytic CO2 reduction have been done in solid-liquid 

interface. In this method, the photocatalysts are in particles and mixed into aqueous 

solution. In solid-liquid method the problem has been that it is difficult to keep H2O 

adsorption in control so that enough CO2 would be adsorbed to catalyst surface. To avoid 

this alkaline medium is needed. Alkaline adding to reactor forms often CO3 or HCO3 ions 

which are difficult to reduce and typically consume holes so that CO2 reduction gets more 

difficult. Therefore solid-vapour or solid-gas combination as a reaction method would be 

preferable. (Xie et al., 2016) Xie and co-workers (2014) tested the difference of 

photocatalytic reduction of CO2 in aqueous liquid form and in gas form over TiO2 (P25). 

According to their research with CO2 gas and H2O vapour the CH4 production was almost 

three times more efficient than in liquid reaction and H2 production dropped. Selectivity 

maximum raised from 19% to 56%. Number of photogenerated electrons did not change 

a lot. (Xie et al. 2014) 

Electrochemical reduction of CO2 has also been studied to produce alcohols and 

hydrocarbons. It is possible to use low temperature in electrocatalytic reduction. Problems 

are reported to occur in catalyst stability, activity and product selectivity as well as 

amount of electricity required. Overpotentials needed for the reaction are high. Carbon 

dioxide reduction electrochemically has been also studied with copper catalysts. Copper 

has shown especially good ability to produce hydrocarbons such as methane and CO as 

an intermediate in these reactions. The number of different products is around 16 which 

makes it challenging to know the exact reaction mechanism. Copper has also been alloyed 

with gold and platinum as well as other metals such as Ni, Sn and Pb. (Kortlever et al., 

2015; Watanabe et al., 1991) 
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Photoelectrocatalysis is in a way photocatalysis combined to electrocatalysis. In the 

normal photocatalysis the separation of electrons and holes in not as efficient as in 

photoelectrocatalysis. This is due possibility to enhance the separation of electrons and 

holes with electricity. Electrocatalysis needs high amounts of electricity due to the 

overpotential needed. In photoelectrocatalysis solar energy is utilized together with the 

electricity so with photoelectrocatalysis energy can be saved. Increased activity of the 

catalyst can be obtained by using photoelectrocatalysis du to the longer life time of free 

electrons and holes. In photoelectrocatalysis the reactions happen in light absorbing 

surfaces of electrodes when semiconductors are used. Also by using separated half-cells 

in the reaction can prevent oxidation of methanol which would otherwise be oxidized 

more easily by photogenerated holes than H2O. (Xie et al., 2016) 

3.2 Fuels and chemicals made from CO2 reduction 

Carbon monoxide is produced via reaction CO2 + 2H+ +2e- → CO + H2O. Kinetically CO 

production is favorable because the reaction needs only two electrons. This leads to higher 

selectivity than in other products. Electron density does not need to be as high as in for 

example methane formation. (Sohn et al., 2016)  

To produce methane eight free electrons are required. Overall reaction is CO2 +8H+ + 8e-

→ CH4 + H2O. In here there are two reactions. H2O + h+ → OH +H+ and CO + 6H+ + 6e- 

→ CH4 + H2O. Because the required number of electrons is that high, in CH4 production 

increasing the electron density near CO2 adsorption sites usually is the method. N-doping 

and metal doping have been giving promising results. (Tahir et al., 2016) Metals can 

enhance the methane formation by increasing the electron density by helping in electron 

trapping and also make electron transfer fast and enhancing the charge separation. (Sohn 

et al., 2016)  

Methanol is a very useful chemical in industries where it is used for example as a raw 

material to produce synthetic hydrocarbons. It can be used also as liquid fuel which can 

help to reduce the usage of fossil fuels. Compared to hydrogen, methanol is safe fuel. 

With hydrogen the problems are in restoring and handling of hydrogen due to its high 

volatility and explosiveness so that any small leakage can cause explosion when methanol 

has a boiling point of 64.7 °C.  Methanol can be produced from syn-gas which is produced 

by reforming of fossil fuels and this is now the most used technique. Another way is to 
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produce methanol is to use direct oxidative conversion of methane. Methanol can also be 

produced from carbon dioxide reduction with hydrogen. (Olah, 2005) When methanol 

CH3OH is produced from carbon dioxide and hydrogen the reaction is CO2 +6H+ + 6e-→ 

CH3OH + H2O and this need six electrons. Methanol is not the most common product of 

CO2 reduction as CO and methane are easier to obtain. (Sohn et al., 2016) Still some 

special photocatalysts for example yolk shell microspheres have been prepared to enhance 

the formation of methanol. Energy level of catalysts can be modified and with an 

appropriate electronic band structure methanol production is enhanced. (Liu et al., 2015) 

Formic acid (HCOOH) and formaldehydes are produced in all of CO2 reduction processes 

including catalytic carbon dioxide conversion. (Olah, 2005) Formic acid can be produced 

via reaction CO2 + 2H+ + 2e- → HCOOH and thus it requires only two free electrons. 

Formic acid production from CO2 reduction is still less studied than for example methanol 

or methane production.  (Sohn et al., 2016)  

3.3 Photocatalytic CO2 reduction 

Photosynthesis is a process found in nature and it means transforming CO2 to O2 and 

carbohydrates with water and sunlight and at ambient temperature. Mechanism of 

photocatalytic reduction of CO2 has three main steps. In the first one light with equal or 

greater energy than band-gap energy is creating electron-hole pairs. In the second step the 

formed holes and electrons trasfer to the semiconductor surface or a co-catalyst. Some of 

the electron-hole pairs recombine and energy is released in heat. In the next step the 

reduction of CO2 happens by photogenerated electrons. CO2 reduction products CO, 

HCOOH, HCHO, CH3OH or CH4 are being formed. Simultaneously H2O is being 

oxidized to O2 by the holes. H2O splitting has very similar beginning and also that reaction 

might take place (Xie et al., 2016)  

3.3.1 Catalyst modification for CO2 reduction 

Co-catalysts such as noble or transition metals (eg. Pt, Pd, Au, Ag or Cu) or alkaline earth 

metal oxides such as MgO can significantly enhance the CO2 reduction and e.g. Liu et al. 

(2013) reached 10 times better activity in CO production from CO2. This was mainly 

because MgO made the TiO2 catalyst more stable and Liu and co-workers (2013) could 

rise the temperature. (Xie et al., 2016; Liu et al., 2013) Metal nanoparticle co-catalysts 

are especially good when aiming to multi-electron reactions like methane (CH4) 
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production which needs eight electrons. In Zhou and co-workers (2013) experiments gold 

nanoparticles was noticed to enhance the production of CH4 three times more efficient 

compared to the unloaded material. The loading of gold was 1 wt% on perovskite, ABO3 

(SrTiO3 and CaTiO3), materials and experiments were carried out under visible light 

irradiation. The enhancement caused by Au adding is partly because of the Surface 

Plasmon Resonance (SPR) effect which improves the photoactivity. Metal particles act 

as active sites in visible light. Zhou et al. also used Ag, Pt, Cu, RuO2 and NiOx loadings 

and best results were accomplished with Au, Ag, and Cu in the order Au>Ag>Cu. In their 

results Pt did not seem to enhance the CH4 formation compared to the unloaded sample. 

This might be because Pt is known to enhance H2 production in water splitting and it 

might work as enhancement of reverse reaction of water formation. (Zhou et al., 2013) 

According to Mao et al. crystal phase of metal has a big effect on the fact if Pt loading is 

enhancing photocatalytic CO2 reduction. Their study showed that TiO2 one facet (001) 

became better CO2 reduction catalyst after Pt loading than other facet (010) and without 

this loading the order was reverse and 010 had better catalytic activity. This was 

supposedly because without Pt loading the 010 facet of TiO2 has better CO2 adsorption 

capability and charge carriers have longer lifetime than in 001 facet. When Pt was added 

the efficiency of charge carrier separation was enhanced so much that 001 facet became 

more efficient catalyst than 010.  (Mao et al., 2014) Pt loadings among Ag, Rh, Au and 

Pd have also been found to enhance the CO2 reduction reaction in Xie and co-workers 

(2014) research. In their research Pt showed the best results in CH4 production and CH4 

selectivity in CO2. Second best was Pd and rest were in order Au>Rh>Ag. They found 

that charge carrier separation was increasing in the same order as CH4 production. With 

Pt the CH4 production yield increased from around 0.5 to 5.5 µmol/g/h but the selectivity 

of CO2 reduction decreased from 56% to 40 % because adding of Pt enhanced H2O 

reduction more than CO2 reduction. With the combination of MgO and Pt the yield was 

at the highest, around 11 µmol/g/h and selectivity increased to 79%. CO production 

decreased when adding Pt and with Pt and MgO combination it was almost non-existing. 

(Xie et al., 2014) Graphene, graphene oxide and reduced graphene oxide have also been 

used in CO2 reduction due to their photostability and decent CH4 production yield. (Sohn 

et al., 2017) 

Crystal phases of the photocatalyst impact on the activity of photocatalyst. Crystal phases 

effect on for example reactive active sites and adsorption. Titanium oxide TiO2 has three 

main crystal phases: anatase, brookite and rutile. (Sohn et al., 2016) Rutile structure is the 
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most stabile thermodynamically for particles of above 35 nm and anatase is the most 

stable for nanoparticles below 11 nm. Brookite is the most stable for 11-35 nm. The 

thermodynamical stability of TiO2 crystal phases depends on size because the phases have 

very similar activation energies in transforming to another phase, for example anatase 

transforming to rutile.  This is why even small change in energy level can make them 

transform into other phase. (Zhang and Banfield, 2000) All three crystal phases of TiO2 

have all different photocatalytic properties. Rutile and anatase have been used the most 

in studies because brookite is more difficult to get or synthesize in high quality. Also there 

have been some inconsistency in activity research of brookite. (Fujishima et al., 2008; 

Liu et al., 2012)  

According to most researches anatase is found to be the most efficient in CO2 reduction. 

This is related to the fact that anatases conduction band energy (ECB) stays the same in 

wider pH regions whereas rutiles ECB varies in different pH levels. (Fujishima et al., 2008) 

Liu and co-workers were first studying CO2 reduction using brookite. They decided to 

pretreat the TiO2 samples in He in temperature of 220°C. According to their results 

oxygen-deficient brookite was better than untreated brookite CO2 reduction forming 18.9 

μmol / g of CO and 12.8 μmol / g of CH4. The pre-treatment enhanced brookites activity 

to 8-10 times. When using untreated catalysts the best one was anatase, second best phase 

was brookite and last one was rutile. (Liu et al., 2012) These photocatalytic activity 

differences between different crystal phases can come from light harvesting properties, 

electron-hole separation and surface reaction. (Xie et al., 2016) The best results have been 

accomplished by mixing different phases. For example, mixture of rutile and anatase have 

been used successfully. Commercial TiO2 catalyst named P25 by Evonik-Degussa 

contains 80% anatase and 20% is rutile. Anatase and rutile form together heterojunction 

which enhances the separation and transferring of the electrons and holes and that way 

the photocatalytic reaction is being enhanced. (Sohn et al., 2017; Ma et al., 2014) 

Heterojunctions enhance the photocatalytic reaction mainly because heterojunctions help 

the electrons-hole pairs to separate. There are different types of heterojunctions. For 

example, different crystal phases have been combined. TiO2 in anatase-rutile or anatase-

brookite have been tested. The conduction band and valence band edges of anatase and 

rutile or anatase and brookite differ and this can cause better electron-hole separating and 

decrease the rate of recombining. (Sohn et al., 2017) These heterojunctions between two 

phases are called phase junctions. Different crystal facets can also be combined and this 

way photocatalytic activity can be enhanced. Heterojunctions can be formed between 
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different components too. There are three different mechanisms to transfer charges 

between two components, p-n junction, Z-scheme and sensitization. (Xie et al. 2016) In 

all three mechanisms charge carriers of both semiconductors are excited and electrons 

and holes are moved between semiconductors with or without spatial charge separation.  

For example, TiO2 has been combined with ZnO, NiO and CuO and results in effectivity 

of CO2 reduction to CH4 has been increased. (Xie et al. 2016; Ma et al., 2014) 

Heterojunction of components is represented in Figure 2. 

 

 

Figure 2. Heterojunction between phases in photocatalytic CO2 reduction. (Xie et al. 

2016) 

 

Particle sizes are also effecting on photocatalytic properties as normally smaller particle 

size leads to bigger surface area of the catalyst and better catalytic activity. Particle size 

effects on specific surface area which effects on the active sites. In photocatalytic 

reaction, this is partially true but because the light absorption ability and charge-carrier 

formation is very particle size depending the smallest particle is not always the best. (Sohn 

et al., 2017) Particle size can be controlled with for example temperature and pH changes 

in the preparation of catalyst. There are two different types of particle sizes to be 

considered; first the primary, smaller particle containing micro-crystal and secondary is 

the aggregate of these primary particles. In Koči and co-workers (2009) research TiO2 

particles of average 14 nm performed best in liquid-solid CO2 reduction reaction when 

measured CH4 production rate. Smaller particles have higher surface area and density of 

surface sites is greater but band-gap energy might increase when size gets smaller. This 

increase in band gap energy may decrease the light harvesting ability. Smaller than 14 nm 

particle size leads to increase the density of recombination centers and so the 
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recombination is enhanced. Also aggregation is enhanced with smaller particles. (Kočí et 

al., 2009) 

Morphology of semiconductors influence the photocatalytic activity. Naturally 

morphology effects on surfaces structure and so to electric structure and this way to 

position of energy-band and reactivity. Transfer effectivity the charge carriers might be 

influenced by morphology. Particles can be one-dimensional (1D) such as nanotube, 

nanorods and nanoribbons or two-dimensional (2D) in form of for example nanosheets. 

1D semiconductors have been tested in photocatalytic CO2 reduction and results have 

been promising. This might be because it is efficient to charge carries to transport via 

long channels and also the movement of charge carriers between interior and surface is 

easier. Surface area is also big in 1D structures.  (Xie et al., 2016)    

Materials with poor visible-light acitivity can be modified by doping them with metal or 

non-metal ions or atoms into the crystalline lattice. (Ohtani, 2011) TiO2 as the most used 

photocatalyst has been studied with different doping pairs.  C-doped TiO2 was efficient 

in water splitting in visible light region below 535 nm. The C-doped material had lover 

band gap energy (2.32 eV) and 11% conversion efficiency was obtained. (Khan, 2002) 

The light intensity in this research has been questioned by other researchers according to 

Fujishima and co-workers (2008) and claimed to be too high in photoconversion 

efficiency to compare results to other similar. (Fujishima et al., 2008) Carbon doped TiO2 

nanotubes have gained 6.8% efficiency in Varghese and co-workers research. (Varghese 

and Grimes,2008). 

 

S-doped TiO2 did not enhance photocatalytic reaction on visible light spectrum. Other 

researchers have been doping TiO2 with for example B, P, and F-atoms. (Fujishima et al., 

2008) Doping with nitrogen can increase CH4 selectivity rate in CO2 reduction. (Tahir 

and Tahir, 2016) Nitrogen atoms act as hole trappers for the photogenerated holes and 

this makes holes easier to react with the intermediate CO and form CH4. (Sohn et al., 

2016) 

Evaluation of efficiency can be done for example with conversion and selectivity 

calculations. Selectivity calculations are important in CO2 reduction because when water 

is available, the reduction reaction of water to H2 is competitive reaction for CO2 

reduction. H2O reduction can happen over the same catalyst than CO2 reduction as the 
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redox potentials are quite similar. From these two H2O is easier to activate and H2O 

reduction needs only two electrons when CO2 reduction into CH4 for example, needs eight 

electrons. To favor photocatalytical reduction of CO2 over H2O, catalysts surface 

manipulation is needed. There are many techniques to manipulate the surface of the 

catalyst so that chemisorption and activation of especially CO2 molecules are enhanced.  

(Xie et al.,2016) For example in CO2 reduction the conversion of CO2 can be calculated 

with following equation: Selectivity of CO2 reduction (%) = (number of electrons reacted 

for CO2 reduction/number of electrons involved in all reduction reactions) x 100%. (Xie 

et al., 2016) 
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4 SURFACE PLASMON RESONANCE (SPR) 

In surface plasmon resonance (SPR) effect the visible light induces oscillation of 

electrons at the surface of metal catalyst nanoparticles. Each metal has its own specific 

frequency where the surface electrons oscillate against the positive nucleis restoring 

force. When the wavelength of the light has the same oscillation frequency the SPR 

reaction takes place and the surface electrons get excited. (Liu et al., 2013) 

Electromagnetic near field of the particle is enhanced because of the excitement and this 

effects on the surrounding. (Larsson et al., 2009) Surface plasmon resonance can also be 

described as a resonant oscillation of electrons on valence band which is caused by 

photons on certain wavelength. The different resonant wavelength of each metal depends 

also on the structure properties of the metals such as size and shape of particles. (Linic et 

al., 2011) Most of solar light entering Earth surface is on visible light wavelength and to 

utilize the energy of sun it would be important to get the metal nanoparticles to reacting 

to the visible light range. For this the shape and size of nanoparticles should be modified 

so that SPR phenomena can be obtained in the visible light range. (Rycenga et al., 2011)   

Surface plasmon resonance makes the photons of light flux to build up and concentrate 

into areas around the nanoparticle. These places where the flux has concentrated can be 

also called as hot spots. The phenomenon can cause the photons to scatter radiative or 

produce charge carriers. These charge carriers are electrons and holes that can be 

transported around or be transformed into heat. The SPR phenomena can be utilized in 

many ways.  (Linic et al., 2011) 

The main utilizations of surface plasmon resonance have been in sensing technology. 

Optical sensors have been developed and used for chemical and biological measurements. 

The measurement principle was initially to compare the changes of absorption spectra 

and get the amount of CO2 and O2. (Homola et al., 1999) Optical sensors have been 

developing and many technologies have been invented. Besides SPR also ellipsomery, 

spectroscopy, interferometry, and spectroscopy of guided modes in optical waveguide 

structures have been used to produce technologies such as Raman, luminescence, 

fluorencence and grating coupler. SPR applications were used in 1970s in thin film 

characterization. Surface plasmon resonance sensing has been used to various physical, 

chemical and biological applications. (Homola et al., 1999) 
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One method to study SPR or localized surface plasmon resonance (LSPR) of the 

nanoparticles is to measure the light transmitted through the sample. The wavelength on 

which the intensity is at the minimum is the wavelength were the SPR excitement of these 

particular nanoparticles is at the highest. This wavelength can vary depending on the 

conditions of the surface and particles involved. The measurement can be done directly 

or indirectly. Indirect measurement is done by using different nanoparticles as catalysts 

and as a sensing particles. Direct measurement is done by simultaneously using the 

particle as catalyst and for SPR sensing. Localized surface plasmon resonance can be used 

to measure the changes in the surface and also for monitoring the kinetics of reactions. 

(Larsson et al., 2009) 

Surface plasmon resonance is oscillation of charge density happens between for example 

metal and dielectric. Combination of this charge density wave and electromagnetic wave 

form surface plasma wave SPW. Propagation constant of the surface plasma wave can be 

calculated with equation: 

𝛽 = 𝑘𝜀𝑚𝑛𝑠
2𝜀𝑚 + 𝑛𝑠

2     (4) 

Where β is the propagation constant, εm is the dielectric constant of the metal used, k is 

the free space wave number and ns is refractive index for the dielectric.  

This propagation of surface plasmon wave is weaker and more distributed for gold than 

for silver. Sensing of SPR has to be done specifically on the area where surface plasmon 

wave (SPW) is being enhanced optically. Optical wave creates excitation of the surface 

plasmon wave which shows in resonant absorption. Surface plasmon resonance can be 

sensed when the energy of optical wave absorbs and resonate. (Homola et al., 1999) 

4.1 Materials  

Surface plasmon resonance (SPR) has been used for example to enhance spectral signals, 

optical sensing techniques and optical waveguiding. In the SPR reactions the size, shape 

and morphology of the used metal particles are important factors influencing the SPR 

efficiency. The metal particles used are nanoparticles and they can be in form of rods, 

prisms, shells, plates or boxes. The most used materials are gold and silver but also other 

noble metals are used. (Huang et al., 2010) For example platinum nanoparticles have been 



30 

 

studied in e.g. oxidation of hydrogen, NOx reduction, and oxidation of carbon monoxide 

(CO). (Larsson et al., 2009) 

4.2 Surface plasmon enhanced catalytic reaction 

Surface plasmon resonance can be used to provide better catalytic activity in many 

reactions, for example in CO2 reduction. The greatest effect is obtained when strongly 

photocatalytic semiconductor based catalyst with metal nanoparticles that are very 

plasmonic such as noble metals Au, Ag, and Pt. (Hung et al., 2010)  Heterogeneous 

catalysis needs heat in many cases. If the reaction is endothermic heat is necessary. 

Surface plasmon resonance phenomenon has been noticed to enhance the photocatalytic 

reaction. This can be utilized when using metal nanoparticles as a co-catalysts. Especially 

noble metals such as Au, Ag and Pt have been used in studies. (Xie et al 2016; Sohn et 

al. 2017) In catalytic reactions the plasmonic metal nanoparticle needs to be coupled with 

a good photocatalyst. This means the catalyst is able to absorb photons efficiently on 

visible light range, have a good ability to separate surface charges and to be 

photocatalytically active. When these plasmonic active metal nano-particles are used as 

co-catalysts they can enhance the photocatalytic reaction by offering more chemically 

active sites and this way make the activation energy lower. Co-catalyst can also make the 

electrons and holes to separate more efficiently and this way longer the lifetime of these 

carriers on the surface. Plasmonic metal particles can also be built into the catalyst 

creating a composite instead of injecting them directly on the surface of semiconductor. 

This way it is possible to get photogenerated charge carriers closer to the active surface 

faster.  (Linic et al., 2011)  Many studies show that compared to photocatalyst without 

plasmonic particles the ones with plasmonic metal (i.e. Au or Ag) addition the rate of 

reaction increased. (Linic et al., 2011; Tian and Tatsuma, 2005; Gomes Silva et al., 2011) 

The main feature of plasmonic metal composite catalysts is that the excitation created by 

SPR phenomena makes nanoparticles to interact with certain wavelength. It has been 

studied by comparing rate of the photocatalytic reaction to the wavelength of light used. 

When the wavelength has been the same as plasmonic metals surface plasmon resonance 

oscillation wavelength the reaction rate has been increased. (Tian and Tatsuma, 2005) It 

can be presumed that energy transfer to catalyst is being enhanced and amount of 

photogenerated charge carriers on the surface is being increased because of SPR. By 

changing the shape and size of plasmonic nanoparticles and using right wavelength it is 

possible to get plasmonic photocatalysts to work on visible light range. (Linic et al., 2011)   



31 

 

Also other more available and affordable metals and materials could be used as SPR 

enhancing materials in photocatalysts.  

Using hydrogen as a replacement of traditional fuels enhanced the development of 

hydrogen production process. Hydrogen is considered to be clean fuel because it forms 

only water as a combustion product. The production process of hydrogen nowadays is 

very energy consuming. The most common way to produce hydrogen is to produce 

synthetic gas (syn-gas) from fossil fuel reforming. Syn-gas is a mixture of H2 and CO. 

The CO from syn-gas can be then further utilized in water gas shift reaction (6). 

 𝐶𝑂 +  𝐻2𝑂 + 2𝐻+ → 𝐶𝑂2 +  𝐻2, ∆𝐻298 
∘ = −41.1 𝑘𝐽/𝑚𝑜𝑙  (6) 

Another way to produce hydrogen is to split water. The most common way nowadays is 

to use electrolysis. (Olah, 2005) Water splitting means splitting the water with two half 

reactions into oxygen and hydrogen. Water splitting can be done also photocatalytically 

and surface plasmon resonance can be utilized to enhance the catalytic activity. In the 

oxygen evolution half-reaction of water splitting the photogenerated holes are used. The 

reaction happens according following mechanism when the pH is low enough (1). (Linic 

et al., 2011)    

𝐻2𝑂 + 2𝐻+ → 2 𝐻+ +
1

2
𝑂2   (7) 

And electrons are taking part to the hydrogen evolution half-reaction. The reaction is (8): 

 2𝐻+ + 2𝑒− → 𝐻2    (8) 

 

This reaction is strongly endothermic. (Linic et al., 2011) (Bard & Fox, 1995) 

CO2 reduction with surface plasmon resonance enhanced photocatalysis is one of the most 

important fields in SPR induced photocatalysis. Products such as methanol have been 

produced with CO2 reduction. Liu and co-workers (2013) prepared TiO2 photocatalyst 

with Ag and produced methanol. The SPR phenomena was studied with Raman and 

absorption of UV-VIS. They accomplished methanol 9.4 times higher methanol yield 

with 2.5% Ag containing TiO2 compared to pure TiO2.Experiments were done in visible 
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light range and in UV range so that SPR effect could be studied. The effects under UV 

light were not as clear as under visible light and only 3.2 higher yield was gained with Ag 

additions compared to bare TiO2. This can be explained with SPR effect. (Liu et al., 2013) 
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5 MATERIALS AND METHODS 

5.1 Preparation of catalyst 

Catalyst tested were Palladium (Pd) or Platinum (Pt) decorated titanate nanowires and 

nanoparticles. Weight percentage of decoration with Pd or Pt was 1 wt%. Decoration was 

done with wet impregnation from Pd of Pt containing solution. The mixture of precursor 

salt, TiO2 and acetone was treated in ultrasonic bath for 2 hours and then stirred for 2 

hours. After sonication and stirring the mixture was put to evaporate in nitrogen flow and 

dryed overnight.  Palladium decorations were done with two rounds of sonications, 

stirring, and evaporation steps while as platinum decoration was done with one 

sonication, stirring, and evaporation. For most of the nanowires calcination was done in 

air for 12 hours at 600 °C with the heating rate of 10 °C/min.  Oxidation for samples were 

done also in air for 2 hours at 300 °C with the rate of 10 °C/min. Reduction step was done 

in 15% H2/Ar for 4 hours. Temperature was 500 °C with sequences of 10 °C/min.  Doping 

with nitrogen (N) was done with 2% ammonia (NH3) for 3 hours in at 600 °C with 20 

°C/min heating rate. The sequences of preparation process of metal decorated samples 

was to first prepare nanowires or nanoparticles, then calcination if needed, then 

decoration. Finally samples were oxidized and then reduced. If N-doping was used it was 

done in the end of preparation. Samples without metal decoration were not oxidized or 

reduced. (Mohl et al., 2014) Description of samples is in Table 1.   
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Table 1. Tested samples with the preparation sequences used with each sample.  

Sample TiO2 type Decoration Oxidation 

and 

reduction 

N-doped 

Pd/TiNW/N Titanate 

nanowires(calcined) 

Pd X X 

Pd/TiNP/N TiO2 nanoparticles Pd X X 

Pd/TiNP TiO2 nanoparticles Pd X  

Pt/TiNW Titanate 

nanowires(calcined) 

Pt X  

Pt/TiNW/N Titanate 

nanowires(calcined) 

Pt X X 

Pt/TiNP TiO2 nanoparticles Pt X  

Pt/TiNP/N TiO2 nanoparticles Pt X X 

TiNP TiO2 nanoparticles    

TiNP/N TiO2 nanoparticles   X 

TiNW/C Titanate 

nanowires(calcined) 

   

TiNW/C/N Titanate 

nanowires(calcined) 

  X 

TiNW Titanate nanowires    

 

5.2 Characterization of catalysts 

Characterizations are done to the prepared catalyst so that the properties that effect on the 

catalytic behavior can be determined. Composition of catalysts was analyzed with X-ray 

Diffraction (XRD) analyses and transmission electron microscopy (TEM) images.  

5.2.1 TEM  

Transmission Electron Microscopy (TEM) was used to analyze for example the metal 

distribution and structural properties of the catalyst. The used equipment was from the 

department of Materials Science, transmission electron microscope JEOL JEM-2200FS. 

In addition to high resolution imaging of specimens the equipment can was also used to 

analyze the crystal structure. The equipment consists of field emission gun (FEG), 

goniometer, specimen holders, camera, and detector. Acceleration voltage of the 
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equipment is 80-200 kV, and resolution of imaging is 0.1nm to be used with lattice, 

0.23nm for point-to-point and 0.2nm for STEM.  

 

5.2.2 XRD 

X-ray diffraction (XRD) can be used to determine the components in a sample and for 

example crystal sizes and forms. Measured XRD patterns can be combined with 

Scherrer’s equation (9) to get information about the particles and crystals. The gained 

information about the diffraction pattern can be analyzed with standard library to 

recognize the substance, size of the crystal and lattice of the crystal.   

Scherrer’s equation (9): 

𝐷 =  
𝐾𝜆

𝛽 cos 𝜃
  (9) 

where D is mean size of crystalline domains 

 K is dimensionless shape factor  

 λ is wavelength of X-ray 

 β broadening of the line in radius after broadening  

 

The used equipment was Rigaku SmartLab 9kW which consists of X-ray generator, Co 

and Cu anodes, Parallel Beam (PB) and Bragg-Brentano (BB) optics as well as 

polycapillary microfocus optics for 400µm x-ray spot, and detectors. Also, furnace can 

be used to obtain different temperatures between RT-1100 °C and measurements can be 

done in air, Ar, N2, and vacuum atmospheres.  

5.2.3 BET 

Specific Surface Area (SBET) was defined with Brunauer-Emmet-Teller (BET) and pore 

volume areas and distribution were defined with Barret-Joyner-Halenda (BJH) method. 

Specific surface area and pore volumes and areas were analyzed for each sample. The 

equipment used for these measurements was Micromeritics ASAP 2020 and using 

nitrogen (N2) adsorption. The measurement was done by first heating the sample to 300 

°C under vacuum for 2 hours and then cooling it down to -196 °C. Heating and evacuating 
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is done to first eliminate moisture from the sample and atmospheric vapors. Cooling the 

sample makes the vapors and gases to adsorb. The quantity of adsorbed gas is 

accumulated and the pressure of the gas are then used to make adsorption isotherm graph. 

Together with gas adsorption theories specific surface area can then be defined. Pores can 

be studied with the information about the dimensions of the pores or the volume of the 

pores. The volumes of pores can be defined by condensing gas to the pores and measuring 

the volume of gas. This pressure needed is higher when the pores are smaller and the used 

equipment, Micromeritics ASAP 2020, can use 414 MPa pressure and fill holes as small 

as 30Å which means 0.0015 µm radius.  

5.2.4 Spectrophotometer 

Reflectance spectras were taken from each sample to get information about the 

reflectance and absorbance of light and the impact of the wavelength to the absorbance. 

Measurements were done with Spectrophotometer system from Optronix Laboratories. 

The equipment contains integrating spheres and for these measurements Silicon (Si) 

detector with range of 250-1100 nm and Germanium (Ge) detector with range of 800-

1800 nm were used.  

5.3 Photocatalytic reaction experiments 

5.3.1 FTIR-DRIFT 

Photocatalytic reaction experiments were done with Bruker Vertex 80v Fourier-transform 

infrared (FTIR) equipment. IR active molecules react to light absorption by changing 

electric dipole moment. When infrared light changes from lower energy level to higher 

changes the vibration and gives information about the structure and interactions of 

molecules. Infrared absorption information is widely known from 400 to 4000 cm-1 and 

most molecules have absorption between these values, which makes IR technique widely 

used. For example carbonates can be found from area between 1100 and 1800 cm-1 and 

linearly adsorbed CO around 2100 cm-1. (Atitar et al., 2015) The equipment is a 

spectrometer with a vacuum and it consists of optic bench, interferometer, and linear air 

bearing scanner. The DRIFT system contains also Harrick environmental chamber. 

Reaction chamber was placed inside and gas inlet and outlet was connected to it. Reaction 

chamber was continuously flushed with air externally. External Xe-lamp was used as a 

source of light in the experiments. Measurements were done with 200 scans/min and with 



37 

 

wavenumber range of 400- 4000 cm-1. In Figures 3 and 4 the FT-IR DRIFT equipment 

used is represented. In Figure 5 the gas chamber reactor is represented. 

 

 

Figure 3. FT-IR DRIFT equipment used in experiments. 

 

Figure 4. The controllers and water bubbling system of the used equipment. 
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Figure 5. Harrick environmental chamber used in the FT-IR DRIFT system. 

 

5.3.2 Experimental design  

Samples were prepared onto round glass substrates by first pipetting distilled water 

droplet onto the substrate and then adding sample in powder form on the droplet. Samples 

were then left to dry. The moisture content of each sample was taken into account in the 

background measurement.  

Experiments were done in steady state meaning the measurements were done without 

continuous flow of reactants. Gas feeding in dark was monitored with IR-spectra and then 

shut down after first 20 minutes. After the feeding phase new background were taken 

without lights and possible reactions were then monitored with IR-spectra during first 

minute and then after 3 min, 5 min, 10 min, 15 min, 20 min, 25 min, and 30 min. The 

mixture of gas feeding was changed according to measurement plan in Table 2. Gases 

used in the experiments were synthetic air, nitrogen, carbon monoxide (CO) (1 %), carbon 

dioxide (5 %) and hydrogen (H2) (10%). Water was brought the reactor by bubbling 

nitrogen through water.  For example, in one combination air feed was 35 ml/min, CO 35 

ml/min and 70 ml/min of nitrogen gas bubbled through water. The relative humidity of 

nitrogen bubbled through water was measured to be around 70%. Ambient temperature 

and pressure was used in all the experiments. Experiments done are presented in Table 2.  

Table 2. Different experiments done with Pd and Pt decorated samples.  

Sample BET 
CO 

adsorption 

CO+air 

+wet 

N2 

CO2 

adsorption 

CO2 

+wet 

N2 

CO2+H2 CO2+H2+H2O 
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Pd/TiNW/N x x x x x x x 

Pd/TiNP/N x x x x x x x 

Pd/TiNP x x x x x x x 

Pt/TiNW x x x x x x x 

Pt/TiNW/N x x x x x x x 

Pt/TiNP x x x x x x x 

Pt/TiNP/N x x x x x x x 

TiNP x x      

TiNP/N x x      

TiNW/C x x      

TiNW/C/N x x      

TiNW x x           

 

The wavelength of light was controlled with filters. All the experiments were done first 

with filter which lets only the light with specific wavelength through and then with full 

range of wavelengths of the lamp. The right filter was chosen according the reflectance 

spectra taken with the spectrophotometer. Filters were Thorlabs 40 nm Bandpass filters 

with Cut-Offs from 400 nm to 850 nm. Each filter has transmission of 40 ± 8 nm and 

there are 10 of these filters. Addition on this also filter Thorlabs 500 nm shortpass filter 

with Cut-Off wavelength of around 400-500 nm was used. Figures 6 and 7 show the 

transmission data of the filters. In Figure 8 the used shortpass filter is shown. 

 

 Figure 6. The transmission of ten 40 nm filters. Transmission-% data (y-axel) for each 

wavelength (x-axel) can be seen from the figure. Filters are marked with numbers 1-10. 
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Figure 7. Transmission data of 500 nm shortpass filter used in the experiments. 

 

Figure 8. 500 nm Shortpass filter used in the experiments. 

 

By using these filters it is possible to find out if the reaction on the surface is enhanced 

by surface plasmon resonance effect. The first part of the experiments are done with filter 

so that photocatalytic reaction in this specific wavelength of irradiation can be studied 

and compared to the reaction with full spectrum of irradiation. The used light source in 

these experiments provides only visible radiation and infrared radiation of light. This rules 

out the possibility of photocatalytic reaction in UV-light.  
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6 RESULTS AND DISCUSSION 

Most important results of the characterizations and the photocatalytic surface studies are 

represented in this section. The used techniques for characterization were X-ray 

Diffraction (XRD), Transmission Electron Microscopy (TEM), Specific Surface Area 

(SBET) and pore volume and area (BET/BJH) and spectrophotometer. Surface reactions 

on the catalyst was studied with the FTIR-DRIFT equipment.  

6.1 Characterization of catalysts 

6.1.1 Transmission Electron Microscopy TEM 

Figure 9 shows the Transmission Electron Microscopy (TEM) images for the TiO2 

catalyst with 1% of Pt and Pd. 

   
 

Figure 9. TEM images of two of the prepared catalysts. A) TiO2 nanoparticles decorated 

with platinum and the scale is 10 nm. B) Palladium decorated TiO2 nanowires and the 

scale of the image is 20 nm. 

 

The Transmission Electron Microscope (TEM) images show the TiO2 particles in lighter 

grey and metal (Pd or Pt) particles as darker and smaller (1-2 nm) circle-like spots in the 

images. Metal particles are uniform in size and evenly distributed around the TiO2 

support. From the image A) Pt nanoparticles are found on the TiO2 nanoparticle and the 

image B) represents the nanowires with palladium decoration. It can be seen that the 

A B 
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palladium particles are slightly bigger (3.5-3.7 nm) than the Pt particles (~2 nm) in the 

image A). The length of nanowires used was around 200 nm. From both of the TEM 

images the crystal structure can be seen as the parallel lines in the TiO2.  

 

6.1.2 X-ray Diffraction (XRD)  

The measured XRD result for TiNW and Pd/TiNW catalysts are presented in Figure 10.  

 

Figure 10. X-ray diffraction pattern of Ti/NW sample (lowest and highest pattern in the 

figure), Ti/NW calcinated, and Ti/NW with Pd decoration, and explanation of the peaks. 

Figure 10 shows the XRD pattern of six Ti/NW based samples. The peaks in patterns 

represent different crystallites, for example, the first peak from the left is assigned as TiO2 

anatase phase. Also Beta form of TiO2 and rutile form of TiO2 can be identified in the 

XRD patterns. According to the TEM results (Figure 7) the Pd particles aremost probably 

too small (3-4 nm) that they can be found in the XRD patterns. 

 

Pd/TiNW/N 

TiNW/C/N 

Pd/TiNW 

TiNW/C 

TiNW 

TiNW 
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6.1.3 Specific Surface Area (SBET) and pore volume and area (BET/BJH) 

Summary of the BET and BJH results of the studied catalysts is presented in Table 3.  

Table 3. Specific surface areas (SBET) and pore volumes and areas (BET/BJH) results. 

Sample Surface area (m2/g) Pore volume (cm3/g) Pore size (Å) 

Pd/TiNW 56.3 0.22 84.1 

Pd/TiNW/N 50.0 0.18 80.6 

Pd/TiNP/N 10.9 0.04 75.0 

Pd/TiNP 11.2 0.05 79.2 

Pt/TiNW 50.1 0.19 80.0 

Pt/TiNW/N 47.7 0.16 74.1 

Pt/TiNP 12.5 0.05  71.7 

Pt/TiNP/N 12.3 0.05 72.8 

TiNP 12.0 0.03 61.1 

TiNP/N 12.1 0.03 63.4 

TiNW/C 50.8 0.16 74.3 

TiNW/C/N 54.7 0.19 75.0 

TiNW 181.4 0.49 85.5 

 

The nitrogen isotherm curves for samples Pd/TiNW/N and Pd/TiNP/N are in Figure 11. 

Nitrogen isotherm curves for Pt/NW/N and Pt/NP/N are shown in Figure 12.  It can be 

seen from the curves that all the samples are mainly type II adsorption isotherm. The 

intermediate flat region of the curve means monolayer formation. (Chemistrylearning, 

2009) In specific surface area (BET) and pore volume (BJH) (Table 3) results of the 

samples can be seen that the surface area and pore volume of the pores of nanoparticles 

are smaller than of nanowires. Specific surface area is only around 10-12 m2/g and pore 

volume is around 0.03-0.05 cm3/g. Titanate nanowires have specific surface area around 

47-56 m2/g and pore volume around 0.15-0.22 cm3/g which is higher than for the 

nanoparticles, naturally. For titanate nanowires without calcination or nitrogen doping the 

specific surface area and pore volume values are clearly greater.  
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Figure 11. Nitrogen adsorption curves for platinum decorated nanowires (a) and 

nanoparticles (b). 

Figure 12. Nitrogen adsorption curves for palladium decorated nanowires (a) and 

nanoparticles (b). 

 

T-plots are used to analyze the volume and area microporous and mesoporous materials. 

T-plot is the relation between thickness of multilayer adsorption and adsorbed amount. 

From the T-Plots of the samples (Figure 13), it can be seen that measurement was 

successful and material is mesoporous since the points and lines are close to each other 

forming a straight line. (Galarneau et al., 2014) Harkins and Jura method with standard 

adsorption isotherms was used in t-Plot analyses. 

a b 

a b 
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Figure 13. T-Plots for platinum decorated TiO2 nanoparticles (a) and nanowires (b). 

 

Pore size distribution was also analyzed with BJH adsorption method. Figure 14 shows 

the pore size distribution curves of TiO2 nanowires and nanoparticles with platinum 

decoration and Figure 15 represent these for palladium decorated TiO2 samples. 

 
Figure 14. The pore size distribution of platinum decorated nitrogen-doped TiO2 

nanowires (a) and nanoparticles (b). 

 

The pore size distribution curve (a) shows that the smaller diameter pores (20-45 Å) of 

TiO2 nanowires have greater pore volume than pores with larger diameter (45-200 Å) 

which means pores between 20-45 Å diameter have possible more depth and the amount 

of these can be higher than pores with 45-200 Å diameter. The volume of pores with 

diameter more than 200 Å is increasing when the diameter is increasing. This is probably 

due to the big size of the pores meaning the diameter and deepness of pores increase. 

a b 

a b 
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Similar size distribution can be seen with the TiO2 nanoparticles (b) but in this case the 

volumes of the pores are smaller. The smallest volume of nanoparticles pores is around 

0.007 cm3/g when with nanowires the smallest value is around 0.04 cm3/g. 

Figure 15. Pore size distribution of palladium decorated nitrogen-doped TiO2 nanowires 

(a) and nanoparticles (b). 

 

The pore size distribution curves of palladium decorated and nitrogen doped TiO2 

nanowires (a) and nanoparticles (b) can be seen in Figure 15. Pore volumes of nanowire 

sample varies between 0.04 cm3/g and 0.22 cm3/g. There are lots of pores with diameter 

of 20-45 Å or these pores are deep since the volume is high. Particles with diameter 45-

100 Å are probably flatter or not as numerous as pores with diameter of 20-45 Å since 

the volume is lower. From pore diameter of 100 Å the volume increases when the 

diameter increases until 1000 Å since pores get wider. Higher than 1000 Å the pore 

volume decreases which might be due to the number of this big pores in TiO2 nanowires. 

The pore volumes of TiO2 nanoparticles varies between 0.007-0.037 cm3/g. Pores of TiO2 

nanoparticles with diameter of 10-20 Å have high volume meaning these pores are deep 

or there are more pores of this size.  

 

6.1.4 Absorbance measurements 

Results of absorbance measurements done with spectrophotometer are shown in figure 

16. 

a b 
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Figure 16. Absorbance spectra taken with spectrophotometer for all samples. 

 

From the absorbance spectra it could be seen that all samples had similar low point in 

absorbance in around 400 nm meaning they absorb light less on that area of wavelength. 

Also, the different levels of light absorption ability of different samples can be seen from 

the spectra. Good light absorption is the requirement of light induced reactions such as 

photocatalysis. The spectra with highest absorbance is the most promising sample. In this 

case the highest absorbance was measured to the samples Pd/TiNP and Pt/TiNW/N but 

these spectra are not quantitative. Based on these spectra the suitable filter for SPR studies 

was chosen to be 500 nm shortpass filter for all samples since the higher absorbance 

region continued until 550 nm. The filter lets through irradiation with wavelength of 400 

nm to 500 nm instead of full spectrum of light. 

6.2 Photocatalytic activity experiments 

Photocatalytic surface activity was studied with DRIFT measurements to get the 

information about the produced and formed intermediate substances on the surface of the 

sample and to observe ongoing reactions and on the catalyst surface. These experimental 

results are presented in following chapters by classifying them into adsorption results and 
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activity results. In each experiment 500 nm shortpass filter was used first and then 

measurement was continued with full lights. 

6.2.1 Adsorption studies 

Experiments were done with both CO and CO2 and in all measurements also adsorption 

during the feeding phase was observed for both reactants with different compositions to 

find out how the tested catalysts react with different reactant feeding without irradiation. 

6.2.1.1 CO adsorption studies 

CO adsorption was studied before irradiation in the feeding phase of the experiments. 

Feeding of the gases continued for 20 min and three spectra were taken during this time. 

The adsorption test results of DRIFT measurements are presented in Figures 17 and 18. 

Figure 17. Adsorption studies for Pt decorated nanoparticles with N-doping and without 

N-doping. 
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Figure 18. Adsorption studies for Pt decorated nanowires on the left and on the right Pd 

decorated nanoparticles. 

 

CO adsorption spectra for the samples presented above in Figures 17 and 18 were 

interesting compared to other adsorption tests. In Figure 15 the CO adsorption for Pt 

decorated nanoparticles is very high and clear gas form CO. Sample without N-doping 

showed also smaller sharp double peak for the gas form CO.  In Figure 16 on the left Pt 

decorated nanowires are not showing as clear CO peak as the previous ones. This was the 

behavior of most samples in the adsorption phase. On the right in Figure 16 the Pd 

decorated nanoparticles show interesting adsorption curve for CO. There are multiple 

different peaks on the CO region and they represent different form of CO, for example 

linear CO, bridge bonded CO and multibonded CO. (Ferri et al. 2002) These bridge- and 

multi- forms are valuable since they can react more active than linear CO. In Figure 18 

below the interesting CO adsorption curves are combined and differences between these 

samples can be seen. 
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Figure 19. CO adsorption curves of Pt-decorated titanium nanowires and nanoparticles 

and Pd –decorated titanium nanoparticles. 

 

CO molecule is simple molecule and it responds to changes in environment or substance. 

When it adsorbs to different substance the vibration changes and it can be seen in FTIR 

spectra. Ebbesen and co-workers (2008) studied adsorption and oxidation of CO with 

Pd/Al2O3 catalysts. In their research, the CO adsorption seemed remarkably similar to the 

adsorption spectra of our Pd/TiNP. As in Ebbesen and co-workers research, the CO peak 

is forming three separated peaks.  The peak of adsorption on Pd/TiNP sample around 

2091 cm-1 was approximated to be linearly bonded CO. In our studies, the top of the peak 

was at 2096 cm-1. Peak at 1990 cm-1 is approximately bridge-bonded CO. Blue-shifting 

of the peak can be explained with adsorbed CO dipole-dipole coupling with surface which 

is being covered more over the time. Ebbesen and co-workers had also the peak at 1934 

cm-1 which corresponds the peak at 1938 cm-1. According to their results this peak can 

represent multiple-bonded CO adsorbed on palladium.  (Ebbesen et al., 2008) CO 

adsorption on platinum decorated catalysts forms mostly two peaks and linearly bonded 

CO is clearly the most intense one. This is the peak between 2000 cm-1 and 2100 cm-1 in 

2096+1990+1938 
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figure 19 and according to Bazin and co-workers it is linearly adsorbed CO on single 

platinum atom. With platinum decorated TiO2 nanoparticles the peak in region between 

1780 cm-1 and 1860 cm-1 can be clearly observed. This is bridge-bonded CO adsorbed on 

two platinum atoms. (Bazin et al., 2004; Ruggiero and Hollins, 1997)  

6.2.1.2 CO2 adsorption studies 

CO2 adsorption for each sample was measured. The most interesting results are 

represented in Figure 19. The CO2 adsorption on platinum decorated titanium nanowire 

sample is also presented in Figure 20 to show the typical adsorption curve of all samples 

when feeding CO2, hydrogen and water.  

Figure 20. Adsorption curves of Pt decorated TiO2 samples.  

 

As it can be seen from the Figure 20 adsorption spectra of all three samples had clear 

double CO2 adsorption peak between 2300 cm-1 and 2400 cm-1. (Rasko and Solymosi, 

1994) In the CO2 adsorption tests the two most interesting adsorption spectra were 
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platinum decorated TiO2 nanoparticles with nitrogen doping and without it. These 

samples showed good activity in CO2 activation since the CO forming started 

immediately when gas feeding phase started. This means that CO2 activated, and reaction 

produces CO very fast without any irradiation. This can be seen from Figure 20 where 

CO peaks are shown around 2000-2100 cm-1. 

6.2.2 CO oxidation 

Product formation of CO oxidation can be seen in following Figures 21-26. The results 

presented are taken after the feeding phase first with 500 nm shortpass filter and then with 

full spectrum if irradiation. More results of metal decorated samples CO oxidation tests 

can be found in Appendix 1. 

 

Figure 21. CO oxidation on Pt decorated TiO2 nanowires was done first with filter 500 

nm (blue) and then with full spectrum of light (black).  

 

In Figure 21 the result spectra of CO oxidation on platinum decorated nanowires is 

presented. Clear CO2 formation peak can be seen in the range of 2300 cm-1 and 2400 cm-

1 and the formation starts developing already with the filter. (Rasko and Solymosi, 1994) 

Some CO peaks at 2000 cm-1 and at 2100 cm-1 can be observed with combination of 

1599 1332 2362 
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linearly adsorbed CO and bridge-bonded CO peak. Bidentate carbonates are assigned as 

peaks at 1332 cm-1, 1599 cm-1 and at 1830 cm-1. Li and co-workers got at 1354 cm-1 and 

they named it bidentate carbonate. (Li et al., 2014) Cornu and co-workers had bidentate 

peak at 1329 cm-1 when measuring CO2 on MgO surface with DRIFT-measurements and 

this is close to the peak at 1332 cm-1. (Cornu et al., 2012) Bidentate carbonate means the 

carbonate is bonded to the metal with two oxygen atoms. Peak at 1599 cm-1 can be 

bidentate carbonates. Peak at 1598 cm-1 was observed by Kohno and co-workers with 

irradiation when feeding CO2 and hydrogen. This peak was not observed without 

irradiation and so it can be assumed as intermediates on surface. (Kohno et al., 2001) 

Small peak at 1830 cm-1 is in the region of bridged carbonates. (Turek at el., 1992; Li et 

al., 2014) 

  

 

Figure 22. CO oxidation test results on Pt decorated nanoparticles first measured with 

500 nm shortpass filter and then with full lights. 

 

With platinum decorated nanoparticles the CO2 peak between 2300 and 2400 cm-1 is 

observed developing with less intensity than with the Pt decorated nanowires or the 

nanoparticles with N-doping. Adsorption of CO is very clear and has multiple peaks 

2362 

2094+

2083 

1843 



54 

 

indicating different adsorption forms of CO. The peak at 2094 cm-1 is linearly adsorbed 

CO and next to that there is the different vibration of linearly adsorbed CO with a peak at 

2083 cm-1. This vibration of linearly bonded CO is affected by the coordination of Pt 

atoms so the wavenumber can vary. (Ebbesen et al., 2008; Bazin et al., 2004) At 1843 

cm-1 a small peak of bridged carbonates can be observed. (Turek at el., 1992; Li et al., 

2014) There is some small changes in the hydroxyl region that might indicate O-H-groups 

on the surface. (Szanyi and Kwak, 2014) 

Figure 23. CO oxidation test with Pt decorated N-doped nanoparticles which were first 

measured with shortpass filter of 500 nm and then with full lights.  

 

The results of the DRIFT-measurement for CO oxidation test over the N-doped platinum 

decorated nanoparticles are presented in Figure 23. The sample showed clear formation 

of CO2 double peak around 2358 cm-1 indicating linearly bonded CO2 on the TiO2 surface. 

(Rasko and Solymosi, 1994) Adsorption peak of CO is double-peak and the intensity of 

peak is high with this sample. Linearly bonded CO on the Pt atoms are assigned in peak 

at 2096 cm-1 and next to that is also linearly adsorbed peak of CO at 2071 cm-1 (Bazin et 

al., 2004). The peak at 1716 cm-1 represents bidentate carbonates. (Cornu et al., 2012) 

2358 

2096+2071 

1716 
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Park and co-workers had reported the bidentate carbonate peak at around 1710 cm-1.  

(Park & Kwon, 2009) 

 

 

 

 

 

 

Figure 24. Three most significant results combined from CO oxidation with full 

spectrum of irradiation after 30 min. 

 

CO2 formation for platinum decorated TiO2 nanowires (Pt/TiNW) and nanoparticles 

(Pt/TiNP/N and Pt/TiNP) was clearly seen from the double peak on the area around 2491 

cm-1 and 2298 cm-1. CO adsorption also continued during the whole experiment and 

especially the platinum decorated and N-doped TiO2 nanoparticles showed clear CO 

2491+

2298 
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adsorption. Peak around 1700 cm-1 in Pt decorated N-doped nanoparticles may represent 

weakly bonded surface carbonates. According to Marterra and Magnacca the peak at 

1700-1900 cm-1 region means bridging or organic-like carbonates. (Marterra & 

Magnacca, 1996) 

 

Figure 25. Three most significant CO oxidation results taken with DRIFT-FTIR under 

light with 500 nm shortpass filter combined. 

 

With shortpass filter of 400 to 500 nm the same formation of CO2 in CO oxidation could 

be obtained. This can indicate that there is SPR effect in this region of irradiation. In both 

cases with filters and with full range of irradiation the CO2 formation can be detected and 

intensity of the peak is similar in both cases. CO adsorption peak is also in the same region 

and intensity is relatively high in both cases. With platinum decorated TiO2 nanoparticles 

with N-doping the CO adsorption peak was clearly most intensive. CO2 peak between 

2300 and 2400 cm-1 is strongest in the Pt decorated nanoparticles with N-doping and Pt 

decorated nanowires without N-doping. Form of the spectra in carbonates region is 

varying. Pt decorated nanowires form three clear peaks of products in this region at the 

 1599 
 1332 

 1830 
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areas around 1332 cm-1, 1599 cm-1, and at 1830 cm-1. Peak at 1332 cm-1 can be bidentate 

carbonates since Liu and co-workers had similar peak at 1352 cm-1 in their CO2 and water 

adsorption tests for magnesium decorated TiO2 sample. Also, gas phase methane has 

characteristic peaks at 1301 cm-1 so it is possible that this peak is C-H bending vibrations. 

(Karakas et al., 2002) In Figure 26 below the adsorption of CO on the surface of the 

catalyst was also clear and continued through the whole experiment. Product formation 

with this sample with Pd decorated TiO2 nanoparticles was not very active but some 

formation can be seen at 1467 cm-1. 

 

Figure 26. CO oxidation of palladium decorated TiO2 nanoparticles measured with 500 

nm filter and full spectrum irradiation. 

 

In Figure 27 CO oxidation on palladium decorated TiO2 nanoparticles can be observed. 

From the Figure 27 the increase in the intensity of multi-bonded CO at 1938 cm-1 is 

detected. The blue shift of bridge bonded CO at 1990 cm-1 is smaller if even noticeable. 

The product forming at 1467 cm-1 can be related to B2-type bicarbonates according to 

Parkyns (1971) and Szanyi and Kwak (2014). Simultaneously when bicarbonate peak is 

increasing at 1467 cm-1 changes at 3648 cm-1 can be detected. The peak in hydroxyl area 

is first increasing clearly and then slowing down when carbonate peak is growing. This 

peak at 3648 cm-1 can be hydroxyls on the surface reacting with water because O-H 

vibrations of bicarbonates can be usually detected around 3600 cm-1. (Szanyi and Kwak, 

 1938 

 1990 

 3648 
 1467 
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2014) Hydroxyl peak was the most intense at 3648 cm-1 which correlates to bridged OH 

species according to also Bazin and co-workers. (Bazin et al., 2004) 

6.2.3 CO2 activation 

6.2.3.1  

The most interesting results of CO2 activation tests are presented in Figures 27 and 28. In 

Figure 27 the results that showed CO forming as an intermediate of CO2 activation are 

presented. More CO2 activation results can be found in Appendix 3. 

Figure 27. CO2 activation test for platinum decorated nitrogen doped TiO2 nanoparticle 

sample first measured with 500 nm shortpass filter and then with full lights. 

 

CO2 activation first with filter and then with full spectrum irradiation is shown in Figure 

27 for Pt decorated and N-doped TiO2 nanoparticles. In CO2 region, around 2300 cm-1 

and 2400 cm-1 the negative double peak can be found. This means the CO2 is being 

consumed and formed to products. Simultaneously the CO adsorption peak is increasing 

and especially linearly adsorbed CO on platinum particles can be observed around 2069 

cm-1. Peak at around 1864 cm-1 can be bridge bonded vibration mode of adsorbed CO 

 1864 

 1762 

 1583 
 2096 
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according to Gao and co-workers (2008). According to Szanyi and Kwak (2014) this peak 

can also be bidentate carbonates (b-CO3
2-) since it is at the region 1800-1860 cm-1. 

Bidentate carbonates or so-called weakly held carbonates occur also at area around 1762 

cm-1 since Szanyi and Kwak observed bidentate carbonate peak at 1798 cm-1 and 1751 

cm-1. (Szanyi and Kwak, 2014) Li and co-workers named peak at 1788 cm-1 as bridged 

carbonate.  Peak at 1583 cm-1 can supposed to be bidentate carbonate since it correlates 

with Li and co-workers peak at 1579 cm-1. (Li et al., 2014) 

Figure 28. CO2 activation test for platinum decorated TiO2 nanoparticles. Measurements 

were first done with filter and then with full spectrum irradiation. 

 

The FTIR-DRIFT spectra of CO2 activation test with platinum decorated TiO2 

nanoparticles without N-doping differs from the N-doped sample. CO2 is consuming in 

the same way at 2300 cm-1 and 2400 cm-1 as it was with the other sample. Linearly 

adsorbed CO peak is very clear and there is also a shoulder between 2000 cm-1 and 2100 

cm-1. The same peak at around 1762 cm-1 was found and this peak is in carbonates (CO3
2-

) region. According to Szanyi and Kwak (2014) it can be bidentate carbonates or another 

option is bridged carbonate since it is close to 1755 cm-1 and 1788 cm-1 which were 

assigned as bridged carbonate in Liu and co-workers study. (Liu et al., 2014) Surface 

 1762  1429 
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hydroxyls appear at 3743 cm-1 which correlates with research made by Rasko and 

Solymosi where they got surface hydroxyl (O-H) vibrations at 3741 cm-1 when adsorbing 

CO2 on titania based catalyst. (Rasko and Solymosi, 1994) Carbonates can be seen in 

region around the peak at 1558 cm-1. Liu and co-workers got bidentate carbonate peak at 

1579 cm-1. (Liu et al., 2014) With MgO based catalysts peak on this region has shown 

monodentate carbonates. (Cornu et al., 2012) Peak at 1429 cm-1 can be related to peak 

obtained by Szanyi and Kwak at 1438 cm-1 and they have assigned it B1 type 

bicarbonates. (Szanyi and Kwak, 2014) Liu and co-workers found a peak in 1413 cm-1 

and identified it as bicarbonate (HCO3
-). (Liu et al., 2014) According to Parkyns peak at 

1445 cm-1 is free carbonates (CO3
2-) produced from CO2 reacting with oxide ion of the 

surface. (Parkyns, 1971) Below in Figure 29 the most interesting results of CO2 activation 

are represented together and for comparison also spectra from platinum decorated 

nanowire sample in CO2 activation is in the same figure. 

Figure 29. CO2 activation intermediates forming on the surface of Pt decorated 

nanoparticles and nanowires with filter of 500nm after 25 to 30 min. 
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The CO formation started immediately in the feeding phase and continued in the steady 

state measurements. This means the activation of CO2 was successful and CO was formed 

rapidly on the surface of the catalyst. In Figures 30 and 31 the results differ from the 

results presented earlier. In these cases, some possible formation of hydrocarbons could 

be found but any CO formation could not be detected. 

 

Figure 30. Samples showing some changes in hydrocarbons region in CO2 activation. 
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Figure 31. Close up of samples that had changes in C-H-region in CO2 activation tests. 

 

Some of the samples showed different kind of activity in CO2 activation tests. These 

samples seemed to be forming products only on the hydrocarbons region. Gao et al. fed 

CO on Pt containing CeO based sample and they got peak at 1786 cm-1. According to 

Gao and co-workers this can be CO adsorbed on the surface of Pt. Liu and co-workers 

studied adsorption of CO2 on Al2O3 based catalyst and they got peak at 1798 cm-1. They 

suggested it to be weakly held carbonates and it correlates well with the peak in 1791 cm-

1 in our studies. The peaks between 1600 and 1250 cm-1 are carbonate species adsorbed 

on the surface. Also, the peak at 1558 cm-1 in this measurement is probably some species 

of carbonate. (Gao et al., 2008) Liu et al. measured in situ DRIFT measurements for CO2 

and H2O adsorption and they identified the peak at 1547 cm-1 as bridged carbonate (Liu 

et al., 2014). This could be suitable explanation for product peak in area around 1558 cm-

1.  

The most important results of FT-IR DRIFT tests are combined in tables in Appendix 3. 

 

1791 1558 
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7 CONCLUSIONS 

The aim of the work was to get information about the functionality of the prepared 

catalysts by characterization and to study the photocatalytic activity of the catalysts under 

visible light irradiation. Oxidation of CO was studied first to see how the particular 

catalyst materials work in this widely studied reaction. The study was continued with CO2 

activation experiments since CO2 reduction and utilization is very important field in 

developing more sustainable energy sources and also prevent the climate change.  

Based on the characterization results obtained in this work it can be assumed that the 

materials were prepared successfully as the metal distributions and particle sizes were 

found to be uniform. From the results of photocatalytic property studies, it could also be 

stated that prepared materials should have good photocatalytic properties and activity 

under visible light. The results of adsorption tests showed good adsorption properties for 

Pt-decorated titanium nanowires and nanoparticles and Pd decorated titanium 

nanoparticles. This correlates to the known adsorption properties of CO and CO2 on 

palladium and platinum decorated catalysts. The CO oxidation studies were expected to 

show good activation properties and results gained confirmed the expectations. Especially 

platinum decorated TiO2 nanoparticles doped with nitrogen and without doping and 

platinum decorated TiO2 nanowires without N-doping was found to be working in CO 

oxidation. 

Since CO2 activation and reduction is known to be quite difficult to obtain due to the 

stability of CO2 molecule the gained results were unexpectedly good. The Pt decorated 

TiO2 nanoparticle catalysts (Pt/TiNP and Pt/TiNP/N) showed clear formation of CO from 

the feed of CO2 and hydrogen. The activation of CO2 can be detected with water and as 

well hydrogen as a hydrogen source. In addition to CO formation, Pt/TiNP and Pt/TiNP/N 

formed also bidentate and bridging carbonates. The Pt decorated TiO2 nanowires 

(Pt/TiNW) were also able to activate CO2 and form CO but the formation was not as clear 

as with the Pt/TiNP samples. In the CO2 activation tests with palladium decorated TiO2 

nanoparticles (Pd/TiNP and Pd/TiNP/N) several peaks on carbonates region could be 

detected and possibly also methane was produced.  The potential of the Pt and Pd 

decorated TiO2 based catalyst materials in photocatalysis is clear and by deeper 

experiments a wider understanding on the effect of the used wavelength could be 

achieved.  
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To state with certainty that surface plasmon effect is behind the good reactivity more 

accurate investigations are needed. Since reaction was observed with a variety of feed 

gases further studies should be done to get precise information of the formed compounds 

and reaction mechanism of each reaction. Possibility of enhanced activity by small 

increase of temperature should be studied since temperature might have an impact on 

reaction rates as well. Additionally, the deactivation and reuse of the catalyst would be 

studied to gain information about the possible performance of the materials in a larger 

scale and their stability in the longer use.  
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FTIR-DRIFT SPECTRA OF CO OXIDATION TESTS 

  

Figure 1. CO oxidation test spectra of Pd/TiNW. 

 

  

Figure 2. CO oxidation spectra of Pd/TiNW/N.   
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Figure 3. CO oxidation spectra of Pd/TiNP/N. 

 

 

 

Figure 4. CO oxidation spectra of Pd/TiNP. 
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Figure 5. CO oxidation spectra of Pt/TiNW. 

 

Figure 6. CO oxidation spectra of Pt/TiNW/N. 
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Figure 7. CO oxidation spectra of Pt/TiNP. 

 

 

Figure 8. CO oxidation spectra of Pt/TiNP/N. 



APPENDIX 2 (1/4) 

 

FTIR-DRIFT SPECTRA OF CO2 ACTIVATION TESTS 

 

Figure 1. CO2 activation spectra of Pd/TiNW.  

 

Figure 2. CO2 activation spectra of Pd/TiNW/N. 
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Figure 3. CO2 activation spectra of Pd/TiNP/N. 

 

 

Figure 4. CO2 activation spectra of Pd/TiNP. 
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Figure 5. CO2 activation spectra of Pt/TiNW. 

 

Figure 6. CO2 activation spectra of Pt/TiNW/N. 
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Figure 7. CO2 activation spectra of Pt/TiNP. 

 

 

Figure 8. CO2 activation spectra of Pt/TiNP/N. 
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TABLES OF COMBINED RESULTS 

Table 1. CO oxidation test results combined for all samples. 

Sample 

Works in 

CO 

oxidation  

Products Absorption  

TiNP NO - low 

TiNP/N NO - low 

TiNW NO - low 

TiNW/C NO - low 

TiNW/C/N NO - low 

Pd/TiNW (1wt% 

Pd decorated) 

little 

formation 

of CO2 

CO2 + methane OR bidentate 

carbonates CO3 (1322) + 

bicarbonates HCO3 (1623) 

3. 

Pd/TiNW/N 

(1wt% Pd 

decorated, N-

doped) 

little 

formation 

of CO2 

CO2 4. 

Pd/TiNP/N 

(1wt% Pd 

decorated, N-

doped) 

YES CO (linear/bridge) 

8. (small 

area of 

sample) 

Pd/NP (1wt% Pd 

decorated) 
YES 

CO(bridge/multi) + 

bicarbonates HCO3 (B2) 

+hydroxyls 

1. 

Pt/TiNW (1wt% 

Pt decorated) 
YES 

CO2 + CO+  bidentate 

carbonates CO3  (1332+1599 

+ 1830) 

5. 

Pt/TiNW/N 

(1wt% Pt 

decorated, N-

doped) 

YES 
CO2 + CO+  bidentate 

carbonates  
2. 

Pt/TiNP (1wt% 

Pt decorated) 
YES CO2 + CO(bridge/multi) 6. 

Pt/TiNP/N(1wt% 

Pt decorated, N-

doped) 

YES 

CO2 

+CO(bridge/multi)+carbonates 

(1716) 

7. (small 

area of 

sample) 
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Table 2. CO2 activation test results combined. 

Sample 

Works in 

CO2 

activation  

Products Absorption  

TiNP NO - low 

TiNP/N NO - low 

TiNW NO - low 

TiNW/C NO - low 

TiNW/C/N NO - low 

Pd/TiNW (1wt% 

Pd decorated) 
no - 3. 

Pd/TiNW/N (1wt% 

Pd decorated, N-

doped) 

no - 4. 

Pd/TiNP/N (1wt% 

Pd decorated, N-

doped) 

maybe  
8. (small 

area of 

sample) 

Pd/NP (1wt% Pd 

decorated) 
yes/maybe 

bridging carbonates/bridging 

CO2 species+ bicarbonates 

HCO3 +hydroxyls 

1. 

Pt/TiNW (1wt% 

Pt decorated) 
yes  CO 5. 

Pt/TiNW/N (1wt% 

Pt decorated, N-

doped) 

no  2. 

Pt/TiNP (1wt% Pt 

decorated) 
yes 

CO(linear/bridge), bidentate 

or bridging carbonates CO3, 

bicarbonates HCO3 

6. 

Pt/TiNP/N(1wt% 

Pt decorated, N-

doped) 

yes 

CO2 

+CO(bridge/multi)+carbonates 

(1716) 

7. (small 

area of 

sample) 

 


