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 Semiconductors have been gaining interest in the field of photocatalysis due to 

their ability to efficiently harvest energy from light, their versatility in performing many 

different photocatalytic reactions, and for making electronic devices.  Plasmonic metal 

nanoparticles have also been increasingly studied for their use in applications from 

spectroscopic enhancement and bioanalytics to photocatalysis.  In this study we 

photochemically deposited silver metal nanoparticles onto the surface of strontium 

titanate in-situ using silver nitrate and investigated how they affect the photocatalytic 

production of hydrogen from glycerol and water at several silver loadings.  The 

photocatalytic activity of the silver doped photocatalysts was also studied at different 

spectral regions of light.  We have confirmed the presence of silver nanoparticles using 

UV-Vis Diffuse Reflectance. 

 Furthermore it was found that the photocatalytic ability of the silver doped 

photocatalysts had a nonlinear dependence on the amount of silver loading.  There were 

two maxima of the photocatalytic ability which we propose was due to the creation of 

plasmonic nanoparticles and the overloading of silver on the strontium titanate which 

would inhibit light absorption of the bulk photocatalyst. 
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 We also studied the kinetics of silver deposition onto the strontium titanate using 

Photoluminescence spectroscopy.  This is due to the strontium titanate first 

photocatalytically reducing the silver ions into the metallic nanoparticles. 
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1 Introduction  

1.1 Semiconductors 

 Semiconductors are increasingly being studied and widely used for their 

electronic and catalytic abilities. Semiconductors have even been used in the field of 

electronics as structures for transparent electronics [1].  Recently transition metal 

semiconductors are being studied for use in the field of photocatalysis due to (1) their 

ability to absorb various wavelengths of electromagnetic radiation and (2) their ability to 

use that absorbed energy to promote reduction-oxidation catalysis [2].  The interest in the 

use of these inorganic semiconductors is also amplified by the fact that they are stable to 

many harsh conditions, such as pH, air, and other chemical reducing and oxidizing agents 

[3].  The ability to withstand these conditions allows for application in many different 

fields of study. However, for many of these applications more understanding of 

fundamental processes is required.    

 Semiconductors are materials that have an energy gap between the valence and 

conduction bands.  Inorganic semiconductors can be composed of metal oxides, metal 

sulfides, and various combinations of different elements as well [2-5].  These 

semiconductors have different crystalline lattice structures such as orthorhombic, cubic, 

and tetragonal.  The different band gaps correspond to different wavelengths of light they 

are able to absorb.  This is of great importance to photocatalysis.  Surface area plays a 

role in photocatalysis since all of the chemistry happens on or near the surface of the 

photocatalyst [6].  A major issue with the use of inorganic metal oxide photocatalysts is 

that the band gap is too large and requires a great amount of energy in order to excite an 

electron from the valence band to the conduction band; thus only making them useful for 
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UV photocatalysis.  The mechanism for photocatalysis using metal oxide semiconductors 

is shown in Figure 1.  The aim of this and other research projects is to close that gap to 

make it more suitable for photocatalysis at lower photon energy levels.   

 

Figure 1: General mechanism of semiconductor photocatalysis. 

1.2 Semiconductor Photocatalysis 

 Converting solar to chemical energy by photocatalysis has been quickly gaining 

interest in recent years. A major portion of these studies is in the field of semiconductors. 

Transition metal semiconductors come in a variety of forms each having different 

conduction and valence band energy levels, most of which only absorb in the UV region 

[3].  Metal oxide and sulfide semiconductors are used for photocatalysis by utilizing the 

conduction and valence band levels.  When a semiconductor photocatalyst is exposed to 

light of a certain energy an electron is excited from the low energy (valence) band to the 

higher energy (conduction) band leaving a hole in the valence band as shown in Figure 1.  

The energy difference between the valence band and the conduction band is called the 

band gap.  Once the semiconductor is in the excited state, the excited electron and the 

hole perform the reduction and oxidation respectively [3].  The process for water splitting 

using a semiconductor photocatalyst is shown in Figure 2. In recent years semiconductor 
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photocatalysts have been used for the decomposition of organic pollutants in water into 

CO2 and H2O [2], organic dye decompositions [7], and epoxidation reactions [8]. 

 

Figure 2: Mechanism for water splitting using a semiconductor photocatalyst. 

1.3 Photocatalysis with Metal-doped Semiconductors 

 Doped photocatalysts are a class of semiconductor photocatalysts that have been 

impregnated with a different atom into their structure or crystal lattice [9].  Many 

different metal dopants such as Zn [5], Cr, Mn, Ir, Sb, Ru, and Rh [10] have been 

reported to increase the photocatalytic activity of semiconductors by reducing the band 

gap energy to a level suitable for absorbing visible light.  The metal dopants introduce 

new energy levels within the photocatalyst that can either be an electron donor or electron 

acceptor level depending on the type of dopant used [11].  The mechanism for this type 

of photocatalysis is shown in Figure 3.  These new levels in essence decrease the energy 

gap and allow for the absorption of lower energy light promoting visible light catalysis. 
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Figure 3: Mechanism for photocatalytic water splitting using a metal doped 

semiconductor. 

 

 Another common way to dope photocatalysts is to deposit metals directly onto the 

surface of the catalyst.  It is well known that platinum deposited onto the surface of a 

semiconductor will greatly enhance its photocatalytic activity especially in producing 

hydrogen [12].  It has been reported that depositing platinum onto the surface of SrTiO3 

enhanced its catalytic ability by 400 percent [13].  The effects of depositing other metals 

such as gold, palladium, copper, rhodium, and nickel onto the surface of different 

semiconductor photocatalysts has also greatly increased their performance [14].   

 One way that the metal nanoparticles help to promote photocatalysis is through a 

phenomenon known as Surface Plasmon Resonance (SPR).  Linic et al. states “SPR can 

be described as the resonant photon-induced collective oscillation of valence electrons, 

established when the frequency of photons matches the natural frequency of surface 

electrons oscillating against the restoring force of positive nuclei” [15].  When the 

nanoparticles are irradiated with wavelengths that match that resonant frequency they can 
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eject an electron out of their electron cloud and into the semiconductor which is known as 

photoinjection [16] (Figure 4).  The metal nanoparticles need to be small (below 20 nm) 

so that upon excitation the electrons can break free from the electron cloud [16].  The 

interaction between the metal nanoparticles and the semiconductor causes a shift in the 

Fermi level of the system.  This is due to the Fermi level of the noble metal nanoparticles 

being around 0eV on the NHE scale which is optimal for water splitting and other 

catalytic reactions [15]. 

  

Figure 4: Mechanism of photoinjection of an electron from the metal nanoparticle into 

the conduction band of the semiconductor.  

   

1.4 Alkaline Earth Metal Titanates 

 Alkaline earth metal titanates are a group of semiconductors with the formula 

XTiO3 where X is an alkaline earth metal such as calcium, barium, or strontium.  These 

materials usually have wide band gaps around 3 eV or higher [11].  Alkaline earth metal 

titanates have been studied for many years for their different physical and 

electrochemical properties.  They have similar electronic properties with the conduction 

band arising from the degenerated Ti 3d-t2g orbital [17].  Besides photocatalysis, these 
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materials have found uses in electronic devices in the form of thin film transistors and 

resistors [1] and electroceramics [18].  Although there are others [4,5,19], the most 

common method for synthesis is by the sol-gel procedure [18] which involves dissolving 

the reactants then drying and subsequently calcining the powders. 

1.5 Photocatalysis with Alkaline Earth Metal Titanates 

 Alkaline earth metal titanates have been used for different applications and 

photocatalytic reactions.  Due to their band gap energy they have been widely used for 

UV photocatalysis but not often for hydrogen generation.  Studies have been conducted 

where alkaline earth metal titanates have been used for photocatalytically promoting 

organic reactions such as ethylene epoxidation and propene oxidation [20,21].  A major 

portion of the research being conducted on these catalysts is aimed at the photocatalytic 

cleaning of waste water.  These projects often study the ability to decompose organic 

molecules that are the pollutants released during various industrial processes [22].  

Textile industries are a major culprit of accidentally releasing dyes into the environment.  

The use of these photocatalysts for dye decomposition has been the topic of many studies 

[7,23,24].  These studies have gathered valuable information on the effectiveness of this 

group of photocatalysts but much has yet to be learned about the mechanistic pathways 

which drive these reactions. 

 In order for a semiconductor to be a good photocatalyst for water splitting it must 

satisfy several criteria.  In order to be able to perform the photocatalytic splitting of water 

into hydrogen and oxygen it must have a conduction band level more negative than that 

of the hydrogen reduction level and a valence band level more positive than the water 
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oxidation level [14].  The water reduction potential is 0 eV (with respect to the normal 

hydrogen electrode) and the oxidation potential is 1.23 eV making the energy gap 

correspond to around 1000 nm [3].  The ideal photocatalyst for water splitting that would 

use the energy in the visible light region would have a valence band level more negative 

than 3.0 eV and a conduction band slightly more negative than 0 eV making it absorb 

from 400 nm to slightly above 1000 nm which encompasses around 50% of the solar 

energy [14]. 

 This requirement has greatly hindered the use of many semiconductor 

photocatalysts.  Many of the transition metal oxide semiconductors have transition metal 

cations with d
0
 or d

10
 electronic configurations and O2p orbitals making the valence and 

conduction bands respectively [25].  The O2p orbitals are usually about +3 eV or more 

positive making the band gap too large to absorb visible light [25].  This makes the 

majority of semiconductor photocatalysts only active in the UV region of the spectrum.  

Stability becomes a concern when attempting to use semiconductor photocatalysts at an 

industrial scale.  Some catalysts will undergo photo self corrosion and decompose after a 

short time such as CdS [26].  In general sulfide semiconductors are unstable and undergo 

photoanodoic corrosion while most oxides are more stable over time [24].   

 In this work the semiconductor photocatalyst used is strontium titanate (SrTiO3) 

nanopowder.  Strontium titanate has a white appearance and is optically transparent in the 

visible range [27].  It has a cubic perovskite crystal structure at room temperature as in 

Supplementary Figure 1, but has a phase transition into a tetragonal phase at 108 K [27].  

The reported surface area for commercial strontium titanate nanopowder is between 28 

m
2
/g and 32 m

2
/g [6].  The band gap for SrTiO3 has been determined to be 3.2 eV [28].  
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This is often used for UV photocatalysis since it corresponds to an absorption wavelength 

of 387 nm.  Table 1 shows some rates obtained for pure strontium titanate.  There have 

been studies in which strontium titanate was doped with another metal ion in its crystal 

lattice as well as had metal nanoparticles deposited on its surface.  Tables 2 and 3 show 

the rates obtained from doping in the lattice as well as with surface-loaded metal 

nanoparticles.  Since Pyrex glass has an absorption spectrum in the UV range, it is worth 

noting when a Pyrex reaction vessel is used since it alters the intensity of light reaching 

the reaction mixture.  When a Pyrex reaction vessel was used in the experiments listed in 

the tables, “Pyrex” is written in the “Light source” column. 

 

Figure S1: Cubic structure of strontium titanate at room temperature.  Large green 

spheres are Sr, middle blue sphere is Ti, small red spheres are O 

Table  1: Previously reported rates of hydrogen production from pure SrTiO3 

SrTiO3 State Light source Conditions Activity 

μmol/hg 

Ref. 

Nanocrystaline 300 W Xe Pyrex  >415 nm MeOH 0 [4] 

Nanocrystaline 2816 W Hg Pyrex MeOH 46 [6] 

Mesoporous 2816 W Hg Pyrex MeOH 156 [6] 

Mesoporous 300 W Xe Pyrex >400 nm DEA donor 13.9 [13] 

Nanocrystaline 400 W Hg 10 wt% 

MeOH 

225 [19] 

Nanocrystaline 300 W Xe Pyrex >420 nm 20% MeOH 0 [29] 
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Table 2:  Rates of hydrogen production from metal promoted SrTiO3 

Form of 

STO 

Promoter Donor Light source Rate 

μmol/hg 

Ref. 

SrTiO3:Na   400 W Hg Pyrex<400 

nm 

22220 [3] 

SrTiO3:Ta Rh Cr2-xO3  450 W Hg Pyrex>400 

nm 

14160 [3] 

SrTiO3:La CoOx Na2CO3 400 W Xe <400 nm 2800 [3] 

SrTiO3 

:Rh/Ta 

Rh and Ta MeOH 300 W Xe Pyrex  >415 

nm 

2130 [4] 

SrTiO3 TiO2 Propanol 150 W Hg Pyrex<400 

nm 

150 [12] 

SrTiO3 Rh 10 wt% 

MeOH 

400 W Hg 1115 [19] 

composite NiO  Xe 400 W 250-380 nm 28 [30] 

Meso 

SrTiO3 

Au Formic 

acid 

176 W Hg Pyrex <400 

nm 

647 [31] 
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Table 3:  Rates of hydrogen production from Metal nanoparticle promoted SrTiO3 

Metal NP Donor Light source Rate 

μmol/hg 

Ref. 

Pt 30 vol% 

MeOH 

High pressure Hg 500 W 

λ≥210 nm 

76000 [32] 

Pt 30 vol% 

MeOH 

High pressure Hg 500 W 

λ≥420 nm 

0 [32] 

Pt 20 vol% 

MeOH 

300 W Xe >400 nm 95 [33] 

Rh 20 vol% 

MeOH 

300 W Xe>400 nm 45 [33] 

Cu 60 vol% 

MeOH 

300 W high pressure Hg 3292 [34] 

 

 

 Metal nanoparticles have gained interest due to their unconventional properties 

that the bulk metals do not display such as SPR.  The ability to perform SPR and 

photoinjection is dependent on several criteria.  The size and shape of the metal 

nanoparticle has a great effect on the strength and frequencies at which the SPR occurs.  

Metal nanoparticles usually have broad absorption spectra with extremely large molar 

extinction coefficients over both UV and visible light regions which is useful when 

attempting to increase photocatalytic activity into the visible region [35].  It has been 

shown that for silver nanoparticles the absorption spectra greatly depend on the shape of 

the particle, namely wires, spheres, or cubes, as well as the size (which red shifts the 
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absorption maxima with increasing size) [15].  The dependence on size and shape allows 

for the ability to tune the properties of the nanoparticles.  A recent study showed that for 

silver nanoparticles the absorption peak maxima can be tuned from 400 nm to 1000 nm 

using nanosphere lithography [36].    

1.6 Silver Deposition 

 Several methods of depositing metal nanoparticles onto the surface of 

semiconductor photocatalysts have been studied and performed.  The method of 

deposition is very important to the photocatalytic and plasmonic properties of the metal 

nanoparticles since different methods produce different shapes and sizes of the 

nanoparticles.  One prevalent method is photo-reduction of metal ions in solution.  

Primarily metal salts, such as nitrates, are dissolved in water or a water solution along 

with the catalyst then exposed to light causing the reduction of the metal ions.  After the 

deposition of the nanoparticles the photocatalysts are usually washed, dried, and calcined 

for various amounts of time [37-41].  Another common method for silver deposition is 

the use of the incipient wetness impregnation method [8,20].  This method is based upon 

the ability of the semiconductors to absorb the metal ions into their pores.  This is done 

by mixing or submerging the semiconductor substrate in a metal salt or complex solution 

and waiting a certain amount of time then washing the excess solution away followed by 

drying and calcination.  There has also been a study where silver nanoparticles were 

synthesized using microwave dielectric heating [42].  Each of these methods requires that 

the metal nanoparticle catalyst be prepared outside of the reaction vessel adding more 

steps to the synthesis and more opportunities for contamination and oxidation. 
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 In this work we have used a “one-pot” in-situ method.  This method removes the 

some sources of contamination and oxidation that are inherent in the other methods, as 

well as makes for an easier preparation and application of the photocatalysts.  By 

removing the drying and calcining processes the catalysts are not exposed to air which 

could reoxidize the metal nanoparticles thus destroying their catalytic ability.  

Synthesizing the catalyst within the reaction vessel will also benefit the industrial 

application of this system since it removes the equipment necessary for the washing, 

drying, etc. of the catalyst.  We have used the photocatalytic reduction of silver from 

silver nitrate solutions in-situ to create the silver nanoparticles on the surface of the 

strontium titanate in which the strontium titanate would photocatalytically reduce the 

silver ions into silver metal as previously reported for other metal oxides [43,44]. 

1.7 Photocatalytic Enhancement by Supported Silver Nanoparticles 

 Two mechanisms in which the metal nanoparticles enhance the photocatalytic 

ability of the semiconductor photocatalysts have been proposed.  The first method applies 

more in the UV excitation of the semiconductor itself.  When an electron in the valence 

band of the semiconductor is excited with UV light to the conduction band it creates a 

positive hole in the valence band.  These photogenerated electron-hole pairs can be easily 

recombined which limits the effectiveness and efficiency of the catalysts [30].  In the first 

proposed mechanism the photoexcited electron would move from the semiconductor’s 

conduction band into the metal nanoparticle [40] shown in Figure 5.  This happens at the 

interface between the metal nanoparticles and the surface of the semiconductor.  This 

contact can give rise to a Schottky barrier which makes the metal nanoparticle act as an 

electron trap delaying the electron from recombining with its hole [45].  This allows for 
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the hole to more efficiently interact with the target species promoting oxidation.  The 

electron trapped on the metal nanoparticle can then be used for the reduction half 

reaction. 

 

Figure 5: Mechanism of charge trapping due to a metal nanoparticle. 

 The second mechanism considers the effects of visible light on the catalytic 

system.  Upon excitation of the metal nanoparticle’s plasmon resonance, an electron is 

injected from the nanoparticle into the valence band of the semiconductor via the 

previously mentioned photoinjection.  Instead of an electron being excited from the 

valence band of the semiconductor an electron is photoinjected from the metal into the 

conduction band of the semiconductor [28].  This causes the hole to be present on the 

metal nanoparticle which is beneficial since it is on the surface of the catalyst and not in 

the bulk like in the excitation of the semiconductor itself has.  The scheme of this 

mechanism is shown in Figure 4. 

1.8 Sacrificial Donors 

 There have been several studies which investigate the production of hydrogen and 

other photocatalytic reactions using a sacrificial electron donor.  The purpose of a 
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sacrificial electron donor is to be more easily oxidized by the electron hole in the valence 

band of the semiconductor catalysts than the water or other target molecule [46].  This 

effect helps to increase the lifetime of the conduction band electron allowing for more 

time to react and consequently the higher efficiency of the catalyst [41].  Many studies 

have included sacrificial donors that are organic molecules that usually contain at least 

one –OH group such as alcohols and carboxylic acids.  The most common donors include 

methanol, acetic acid, ethanol, and sodium carbonate [3].  Many organic pollutants can be 

used as sacrificial donors which makes this type of photocatalysis beneficial with not 

only producing hydrogen but also removing pollutants from waste water.  The sacrificial 

electron donors upon being oxidized can eventually be broken down and produce CO2 as 

a byproduct.  Figure 6 shows a generic scheme of the mechanism of electron donation by 

a sacrificial electron donor.   

 

Figure 6: Mechanism of electron donation by a sacrificial donor. 
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1.9 Fossil Fuels 

 Fossil fuels such as petroleum, coal, and natural gas are the primary source of 

energy in the world.  Each one of these fuel sources has been shown to have harsh 

detrimental impacts on the environment as well as on the health and well-being of the 

human population [47,48].  Exposure to these pollutants can come from inhalation, 

contact, and even through ingesting contaminated food products.  Many studies have 

shown that byproducts from the manufacture and use of fossil fuels have lead to cancers, 

birth defects, and even death [48].  There are also great economic impacts as well since 

many people are employed by the companies that provide or use these products.  The 

burning of these products produces large amounts of dangerous byproducts that are 

released into the air, waterways, and soil but less commonly thought of aspects of these 

energy sources are the dangers and effects of producing these products.    

 All fossil fuels emit CO2 as a product of combustion.  Natural gas provides 24% 

of the energy used domestically and in doing so releases around 132 million tons of CO2 

each year [49] not taking into account the amount released during processing and 

transportation.  Methane emissions should also be taken into account when talking about 

pollutants.  In 1997, 75 million tons of CO2 equivalents of methane were released as well 

as 118.4 tons of CO2 transporting the coal [49]. 

 The pollutants from fossil fuels not only come from using them but also from 

making or retrieving them.  One has to keep in mind that it takes energy and resources to 

retrieve these fuels by mining or drilling.  A major source of pollutants comes from the 
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petroleum distilleries/refineries and the processes that are required to make the crude oil 

useable.  The distillation processes release volatile organic compounds into the 

surrounding environment via gaseous or liquid leaks or spills.  It has been shown that 

certain refineries release harmful aromatic organic chemicals such as benzene, toluene 

and xylene into the surrounding environment in considerable quantities [47].  These 

chemicals are toxic and carcinogenic.  Heavy metals can also be released during the 

various refining or consumption processes.  Power plants that consume coal have been 

shown to release heavy metals such as mercury and other compounds as well as the other 

pollutants mentioned above in considerable amounts [50].  Environmental laws, as well 

as improving methods of preventing contamination, are slowly alleviating the issue but 

there are still many improvements to be made. 

 The rate at which the world consumes these products has been steadily increasing 

with the increasing world population and more energy demands and will continue to do 

so.  Based upon the fuel reserves available, projections indicate that the reserves for coal, 

gas, and oil will be depleted by the years 2112, 2042, and 2040 respectively [51].  This 

causes a great concern and a need to develop new alternative sources of energy.  While 

“renewable” methods for generating electric power such as solar panels, wind, and 

hydrothermal technologies are quickly improving they will not be able to meet the 

demands of the human population alone.   

 Much research and development has gone into the areas of bio-fuels and energy 

from biomass and significant advancements have been made.   Biomass is anything that 

is organic or from biological processes such as plants and manure. 
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 The allure of ethanol made from corn or other crops has grown stronger over 

recent years as the threat of diminishing fossil fuels increases.  The use of widely grown 

crops such as corn and soy beans to produce the ethanol earns the title of “renewable 

resource” since it is derived from biomass [52].   It is also thought that the production and 

utilization of ethanol would reduce green house gasses (GHG).  Several studies have been 

conducted and found that to be true. However, those studies did not account for the entire 

life cycle of the ethanol [53].  It has been determined that the production and use of bio-

ethanol is worse for the environment than other forms of fuel in several areas such as air 

and water pollution [53,54].  The use of such crops raises concern for the agricultural 

community as well as the world’s food supply.  The availability of food has been 

decreasing in the world and 56% of the global population is malnourished as reported in 

2008 [55].  The demand for the crops has also lead to economic concerns since the price 

of the crops affects many other agricultural areas, including meats and milk [53].  The 

benefits of using ethanol from biomass as a fuel have been misconstrued and do not 

outweigh the environmental and economic costs. 

1.10 Hydrogen as a Fuel 

 As previously mentioned the supply of fossil fuels is quickly being depleted and 

the effects of pollution on the environment due to their use are becoming more and more 

apparent.  The combustion of pure hydrogen with oxygen will only lead to water and 

energy as products.  This makes the use of hydrogen as a fuel very appealing as it 

produces no GHGs or other pollutants.  It is projected that in the near future hydrogen 

produced from electrolysis and photochemical reactions will be the primary long term 

source of hydrogen for fuel [56].  There are several different processes which aim to 
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produce hydrogen for a fuel source but there are many hurdles left in their paths which 

hinder the economical and practical applications of such methods.   Studies involving the 

use of bacteria and plant life to biologically produce hydrogen have been conducted but 

have produced low rates and have not advanced significantly since the 1940s [57].  

Another method that is being studied is the use of electrochemical cells and catalytic fuel 

cells.  These cells use electricity and catalysts to produce hydrogen from water or organic 

substances and have the ability to reverse the process and produce electricity [58].  There 

are many improvements necessary to utilize hydrogen as an efficient fuel source however 

the largest impediment is the ability to produce hydrogen at a rate which is both efficient 

and economical. 

1.11 Research objective 

 The objective of this research is to investigate (1) how the deposition of silver 

metal nanoparticles affects the photocatalytic activity of strontium titanate to decompose 

water and glycerol into hydrogen gas under different regions of the UV-Vis spectrum and 

(2) the mechanism by which this photocatalysis proceeds.   The first objective is to 

determine the optimal silver loading concentration for the enhancement of photocatalytic 

activity of the decomposition of water and glycerol.  This is done by using various optical 

filters and measuring the rates of hydrogen production.  The second objective is to 

determine the electronic mechanism by which the supported metal nanoparticles aids or 

hinders the photocatalyst’s ability to perform using spectroscopic methods and kinetic 

studies. 
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2 Experimental    

2.1 Solids, Solvents, and Gases 

 Strontium titanate nanopowder was purchased from US Research Nanomaterials 

Inc.  Silver nitrate was purchased from Sigma-Aldrich and Salt Lake Metals.  Barium 

sulfate was purchased from Alfa Aesar Puratronic.  The solvents used in this research are 

glycerol purchased from Sigma-Aldrich and distilled water provided by Rutgers 

University.  The gases used in this research were oxygen and UHP Argon both purchased 

from Airgas.  Calibration standards for the hydrogen having concentrations of 10, 100, 

and 1000 ppm in argon were also purchased from Airgas.  The flow rates of the gases 

were controlled by mass flow controllers purchased from Omega, the argon controller 

had a range of 0-50 cc/min and the oxygen controller had a range of 0-10 cc/min. 

2.2 Sample Preparation 

 In order to use the products from the reaction, the reaction mixtures were 

centrifuged then washed with water repeated 10 times to remove any excess silver nitrate 

and glycerol.  Once washed the samples were dried in vacuum in the dark.  In order to 

make the samples useable for the ex-situ spectroscopic studies, they were ground with an 

agate mortar and pestle by hand until a uniform consistency was achieved. 
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2.3 Methods of Specrtoscopic Characterization 

2.3.1 Photoluminescence Spectroscopy (PL) 

 Photoluminescence spectroscopy was conducted using a Fluorolog spectrometer 

from Horiba.  There were several sample holders used.  For cuvettes, a temperature 

controlled cuvette holder provided by Horiba was used.  A custom sample holder was 

made in order to hold quartz capillaries for the measurements of samples with limited 

amounts.  For both pure nanocrystaline SrTiO3 and the Ag/SrTiO3 several 

photoluminescence spectra were taken.  The slit widths and excitation wavelengths were 

varied based upon intensity and experiment.   

 Synchronous photoluminescence where the excitation and emission wavelengths 

are swept simultaneously at fixed intervals was performed in order to better resolve the 

fluorescent peaks of the materials.  In order to determine the optimal excitation 

wavelengths which would produce the most define and highest intensity emission spectra, 

the 3-dimensional photoluminescence experiment was performed in which the 

spectrometer would perform a full emission spectrum scan while changing the excitation 

wavelengths at set intervals between each scan.     

 For data sets containing multiple peaks, the peaks were fit using the peak fit tool 

in the OriginPro 2015 data analysis program.  The areas of the peak were also analyzed 

by the auto-integrate function. 
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2.3.2 Near UV-Vis Diffuse Reflectance Spectroscopy (near UV-Vis DRS) 

 Diffuse Reflectance spectra were measured using the Cary 5000 UV-Vis-NIR 

spectrometer from Agilent Technologies.  In order to measure the Diffuse Reflectance 

spectra the Praying Mantis attachment purchased from Harrick Scientific Products Inc. 

was used since the powders were too optically dense to use transmission spectroscopy.  

The standard used for 100% reflectance was barium sulfate purchased from Alfa Aesar.  

The ground products were deposited in the “volcano” sample holder and the surface was 

packed down and leveled using a stainless steel spatula. 

 The spectra are reported in %Reflectance and not recalculated into the Kubelka-

Munk [59] function.  The Kubelka-Munk function depends on many parameters that must 

be kept constant.  These include sample depth, scattering coefficient, particle size and 

density, and specular reflection [59].  However, it was necessary to use the Kubelka-

Munk function in order to perform certain calculations.  The spectra were measured from 

200 nm to 800 nm using with an averaging time of 0.2 seconds and a data interval of 0.5 

nm with a zero/baseline correction. 

2.3.3 Raman Spectroscopy 

 Raman spectra were measured at room temperature using the Explora Plus 

confocal Raman microscope purchased from Horiba Scientific.  The dried and ground 

samples were placed on the glass slides and measured using the lasers with wavelengths 

of 532 nm and 638 nm with varying intensities.   
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2.4 Characterization of nanocrystaline pure SrTiO3 

2.4.1 Raman Spectroscopy 

 In order to confirm that the SrTiO3 was nanocrystaline and cubic the Raman 

spectrum was taken.  The 638 nm laser was used for this experiment since it gave the 

most resolved spectrum.  The accumulation was set to 100 and the 1600 grating was 

used. 

2.4.2 Diffuse Reflectance Spectroscopy 

 The diffuse reflectance spectrum of pure nanocrystaline SrTiO3 was taken in the 

Praying Mantis attachment using the “volcano” sample holder using barium sulfate as a 

white standard.  The reflectance spectrum was taken from 200 nm to 800 nm at an 

interval of 0.2 nm and an integration time of 0.1 seconds in double beam mode with a 

reduced slit height.  A zero/baseline method was used to create a more accurate baseline.  

The data was plotted in OriginPro 2015 and the peaks were assigned from the minima of 

the reflectance spectrum since the minima in the reflectance spectrum correspond to the 

maxima in the absorption spectrum. 

2.4.3 Photoluminescence Spectroscopy 

 The photoluminescence spectra for the pure strontium titanate were taken in 

several different manners depending on the information sought.  In order to screen for the 

optimal parameters the photoluminescence spectra were collected using three 

dimensional scanning.  This would scan at a selected excitation wavelength then scan 

again with another excitation wavelength a set interval away for a range of wavelengths.  
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The 3D spectra for pure SrTiO3 were taken in a 0.5 cc quartz cuvette with the excitation 

wavelength starting a 240 nm and rising to 400 nm at 10 nm increments with both of the 

excitation and emission slits at 2 nm and the emission being collected at 0.2 nm intervals 

at an integration of 0.1 seconds.  For that scan the emission was collected from 250 nm to 

700 nm.  The empty cuvette was also scanned using the same parameters to check for any 

emission from the cuvette itself.  As expected the cuvette showed no fluorescence in the 

range of interest.   

 Selected spectra were taken using the quartz capillary tubes so that they could be 

compared to the spectra of the post photocatalytic tested samples.  In order to be 

compared to the post photocatalytic tested samples a neutral density filter was required.  

The transmission spectrum of the neutral density filter is shown in Figure 7. 

 

Figure 7: Transmission spectrum of the neutral density filter. 
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2.5 Photocatalytic Measurements 

2.5.1 Photocatalytic Apparatus 

 Around 55.7 mg of the strontium titanate was massed and added into a quartz test 

tube.  Then 1.5 ml of glycerol was added along with various volumes of silver nitrate 

stock solutions with varying concentrations then brought up to 15 ml total with distilled 

water and a magnetic stir bar was added into the mixture.  From then until the mixture 

was first illuminated the mixture was kept in the dark to prevent any premature exposure 

to ambient light as it could begin the photocatalytic reduction of the silver.  The mixture 

was then sonicated using a sonic cleaner for 20 minutes to help remove dissolved or 

adsorbed air.  After sonication the reaction vessel was closed with a rubber stopper, 

which had two holes, one with a Teflon pipe that reached below the mixture’s surface, 

which was used for the entrance and purge of the liquid phase with argon, and the other 

was near the top of the reaction vessel which was used for the outgoing gas to the 

sensors.  The schematics for the reaction vessel are shown in Figure 8.  The mixture was 

vacuum degassed for 20 minutes to further remove dissolved gas, then back filled with 

argon to prevent any unwanted air from entering.  The mixture was stirred with a constant 

rate during all of the reactions.   
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Figure 8: Schematics for the photocatalytic reaction vessel. 

 The photocatalytic tests were performed using a 450 W medium pressure mercury 

vapor lamp and a custom apparatus.  To prevent any artifacts from back-scattered light a 

custom housing was built which covered the entire reaction vessel except for a 4 cm by 4 

cm window.  This housing was necessary in order to prevent any unwanted light from 

hitting the reaction vessel that was not filtered when using the filters and also to keep the 

amount of light hitting the reaction vessel constant.   

2.5.2 Measurement of Hydrogen Concentration 

 For the measurement of the amounts and concentration of the hydrogen produced 

in our experiments a 4-20 mAmp hydrogen sensor from Sierra Monitor Corporation 

model 4101-07 was used [60].  A periodic sampling method was used in which the 

reaction mixture was illuminated for different amounts of time while the reaction vessel 

was sealed.  Once the illumination time was reached the light was blocked from hitting 
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the reaction vessel as to prevent any additional hydrogen from being produced while 

measuring the amount of hydrogen produced during the earlier illumination time.  The 

reaction mixture was then purged with argon at 40 cc/min and sent to the sensor until the 

signal returned to the baseline.  In order to provide adequate oxygen to the sensor, while 

the sensor from Sierra Monitor model 4101-7 was used, oxygen was pre-mixed with the 

sample downstream of the reactor at 10 cc/min.  After the signal returned to the base line, 

the reactor was then closed again and the light shield was removed.  This process was 

repeated several times to monitor the rate at which hydrogen was being produced [61].  

Figure 9 shows a typical output signal using this method and sensor.  This produced 

several peaks which were then integrated using the OriginPro 2015 software and 

recalculated from Volt*seconds into μmol/(hour*gram) using a calibration curve and the 

mass of the catalyst used (see Appendix for calculation section details).  The calibration 

curve used for these calculations is shown in the Appendix Figure 1. 

 

Figure 9: Typical signal output from Sierra Monitor model 4101-7 sensor. 
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2.5.3 Hydrogen Production and In-situ Silver Deposition 

 Several concentrations of silver nitrate were used to determine the effect of 

different metal loadings on the metal which correspond to molar ratios of 0, 0.1:100, 

1:100, 5:100, 10:100, 15:100, 20:100, and 50:100 mol Ag:mol SrTiO3. Each of these 

samples was subjected to illumination under optically unfiltered, λ>375 nm, and λ>400 

nm illumination from the mercury lamp in order to measure the activity of the 

photocatalysts in the corresponding regions of light.  The filters used were a 375 nm 

cutoff filter 7380 from Ace Glass and a 400 nm cutoff filter also from Ace Glass.  The 

spectral distribution of the lamp with the different filters is shown in Figure 10 

(explanation of spectra is in the Appendix).   

 

Figure 10: Spectral distributions of the mercury lamp under the different optical filters. 
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2.6 Post Catalysis Characterization 

2.6.1 Sample Preparation 

 In order to perform ex-situ characterization techniques on the silver deposited 

Ag:SrTiO3 after the catalytic testing the reaction mixtures had to be centrifuged and 

washed with distilled water 10 times to remove any excess glycerol or silver nitrate 

present.  This was done with the minimal amount of light and air exposure as to prevent 

the products from being chemically altered by oxidation or further light exposure.  Once 

the washing was complete the products were dried and stored in a vacuum chamber to 

also reduce the exposure to air.  The dried powders had to be ground using an agate 

mortar and pestle until a uniform consistency was achieved so that they could be used in 

the spectrometers. 

2.6.2 Diffuse Reflectance Spectroscopy 

 The diffuse reflectance spectra were taken using the Praying Mantis accessory 

with the “volcano” sample holder.  Barium sulfate was used as a white 100 % reflectance 

standard.  The Ag:SrTiO3 sample used in this analysis was the 10:100 Ag:SrTiO3 silver 

photocatalysts.  The reflectance spectra were collected from 200 nm to 800 nm at an 

interval of 0.2 nm and an integration time of 0.1 seconds in double beam mode with a 

reduced slit height.  A zero/baseline method was used to create a more accurate baseline.  

These were the same parameters used for the spectra obtained for nanocrystaline SrTiO3 

so that the spectra could be compared to each other.  
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2.6.3 Photoluminescence Spectroscopy 

 Since there were small amounts of the photocatalysts that were able to be 

recovered after the photocatalytic testing the photo luminescence spectra had to be taken 

in the quartz capillary.   These spectra were taken for the 10:100 Ag:SrTiO3.  3D 

photoluminescence spectra were taken with the excitation wavelengths starting at 300 nm 

and ending at 400 nm with 5 nm steps.  Both the excitation and emission slits were set at 

3 nm and the emission was collected from 310 nm to 700 nm at 0.5 nm increments.  The 

integration time was 0.1 seconds.     
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3 Results 

3.1 Characterization of Pure SrTiO3 

3.1.1 Raman Spectroscopy 

 Cubic strontium titanate has a space group of Pm3m, which would correspond to 

a symmetry of 3F1u + F2u and neither of these symmetries are first order Raman-active 

modes due to the center of symmetry causing zero polarizability of the lattice [62,63].  

Since a Raman spectrum from strontium titanate can be obtained, there have been many 

recent reports that study this phenomenon.  It has been determined that the vibrational 

modes are modified by several factors such as oxygen vacancies, long range electrostatic 

factors, and other external factors [63].  This causes the appearance of new vibrational 

modes which, in the case of cubic strontium titanate, the F2u splits into a nondegenerate 

A1 mode and the F1u modes split into a doubly degenerate E mode and a nondegenerate 

A1 mode [63].  Long range electrostatic forces can also further separate the different 

modes [64].  In the case of strontium titanate these forces separate the E and A1 modes 

into longitudinal optical (LO) and transverse optical (TO) modes [62].  This splitting and 

mixing of vibrational modes causes the Raman spectrum of strontium titanate to have 

broad peaks.   

 As previously mentioned the Raman spectrum of pure SrTiO3 was taken using an 

638 nm excitation laser at room temperature from a Raman shift of 200 cm
-1

 to 1150 cm
-

1
.  Figure 11 shows the obtained Raman spectrum of strontium titanate.  It can be seen 

that the different vibrational modes previously mentioned that are within the measured 

range appear in the spectrum.  The assignments for the observed peaks are listed in Table 
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4.  The peak at 1074 cm
-1

 is due to strontium carbonate impurities which has been 

previously reported [63].  The 800 cm
-1

 and 270 cm
-1

 peaks appear as shoulders. 

 

Figure 11: Raman spectrum of pure strontium titanate collected at room temperature 

using 638 nm as the excitation laser. 

 

Table 4: Assignments of the Raman peaks for strontium titanate measured using an 

excitation wavelength of 638 nm and their vibrational mode assignments [63]. 

Obtained values (cm
-1

) Reported values (cm
-1

) Vibrational mode 

270 270 TO3 

544 544 TO4 

727 727 TO 

800 801 LO4 

1074 1074 SrCO3 
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3.1.2 Diffuse Reflectance Spectroscopy  

The diffuse reflectance spectrum was obtained for the purchased nanocrystaline SrTiO3 

from 200 nm to 800 nm using barium sulfate as a reference.  Figure 12 shows the 

obtained reflectance spectrum.  The reflectance spectrum shows a strong absorption 

between 200 nm and 350 nm with small “humps” at around 250 nm and 300 nm then 

nearly no absorption from 400 nm and above which agrees with reported spectra [6,19].  

The lack of absorption in the visible region is expected since the powder is optically 

white.  This also explains the lack of activity in the visible range since there is no 

absorption in that region.  The agreement between our obtained spectrum and the 

reported spectra confirm that the spectroscopic method used was acceptable 

 

Figure 12: DRS spectrum for pure SrTiO3. Inset showing two “humps” at 250 nm and 

300 nm  

 Using the obtained spectrum the reflectance was recalculated into Tauc plots as to 

further investigate the energy levels present within the pure strontium titanate.  Tauc plots 



33 

 

are frequently used to determine the optical band gap of different materials [65].  This is 

done by using the formula (α*E)
1/n

 = E – Eg, where α is an absorption coefficient, n is the 

Tauc constant, E is the photon energy and Eg is an optical band gap [66].  For powdered 

semiconductors the Tauc plots can constructed from the reflectance by first applying the 

Kubelka-Munk function [66].  In order to find the direct optical band gap the coefficient 

becomes n= ½ and for the indirect band gap it becomes n=2 [65].  It was found that there 

is a direct band gap at 3.87 eV and an indirect band gap at 3.30 eV which correspond to 

320 nm and 375 nm respectively as shown in Figure 13. 

 

Figure 13: Tauc plot for the (A) direct band gap and (B) indirect band gap of pure SrTiO3 
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3.1.3 Photoluminescence Spectroscopy 

 The photoluminescence spectra for pure SrTiO3 were collected in several 

manners.  3D photoluminescence was used to determine the optimal excitation 

wavelengths which would give the most intense emission spectra so that the powders 

could be better characterized.  The change in excitation wavelength also would affect the 

amount and positions of the emission peaks which allowed for better resolution of the 

energy transitions. The spectra were taken using quartz capillary tubes and a neutral 

density filter.  Figure 14 shows the photoluminescence spectrum of pure SrTiO3 with an 

excitation wavelength of 380 nm, which has an energy of 3.26 eV, which would excite 

the indirect band gap.  The maxima of the above spectra that were determined by 

mathematical fitting are 450 nm and a shoulder at 500 nm which correspond to 2.76 eV 

and 2.48 eV respectively.  These peaks are due to the presence of oxygen vacancies 

within the lattice structure as previously confirmed in literature [67,68].  These oxygen 

vacancies create energy levels below the conduction band.  There are also energy states 

above the valence band which allow the electrons to be excited by photons of lower 

energy than the band gap.  This explains the photoluminescence obtained when using 

lower energy excitation wavelengths.    

 When using 420 nm, corresponding to an energy of 2.95 eV which is well below 

the band gap of SrTiO3, as the excitation wavelength the spectrum shows a maximum at 

500 nm, corresponding to an energy of 2.48 eV, as shown in Figure 15.  The ability to 

photoluminescence using an excitation wavelength with an energy below the band gap is 

due to the excitation of an electron in the valence band of SrTiO3 into defect states below 
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the conduction band [68].  These delocalized orbitals are the result of broken bonds 

intrinsic in nano-powders and act as optical absorption centers [69]. 

 

Figure 14: Photoluminescence spectrum of pure SrTiO3 using 380 nm as the excitation 

wavelength and the neutral density filter. 
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Figure 15: Photoluminescence spectrum of pure SrTiO3 using 420 nm as the excitation 

wavelength and the neutral density filter. 

 

 Figure 16 shows the mechanism by which the photoluminescence is occurring.  

The “blue” emission seen using the 380 nm excitation wavelength is due to the excited 

electron relaxing from the conduction band of the strontium titanate to the oxygen energy 

states above the valence band of the strontium titanate then nonradiatively relaxing to the 

valence band.  The “green” emission is due to the electron relaxing nonradiatively to the 

oxygen defect energy levels below the conduction band then further relaxing to the 

oxygen states above the valence band then again relaxing nonradiatively to the valence 

band.  When using the excitation wavelength of 420 nm the “blue” emission is no longer 

seen since the excitation energy is too low for the electron to reach the conduction band 
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but instead moves to the oxygen vacancy states below the conduction band and relaxing 

to the lower oxygen states then again relaxes to the valence band nonradiatively. 

 

Figure 16: Diagram of the energy transitions determined from the photoluminescence 

spectra of strontium titanate using the excitation wavelengths of A) 380 nm and B) 420 

nm 

3.2 Photocatalytic Hydrogen Generation  

 The photocatalytic testing was performed by the above method detailed in the 

experimental section.  The rates for the optically filtered light exposures were measured 

using the Seirra Monitor sensor by using the periodic sampling method.  The reaction 

mixture was illuminated using the different optical filters for a set amount of time then 

the light was blocked and the reaction vessel was purged to the sensor allowing for the 
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measurement of the amount of hydrogen produced during that time. The method by 

which the signal obtained from the sensor was converted is detailed in the supplementary 

section.  

3.2.1 Photocatalytic Activity with Optically Unfiltered Light 

 For the unfiltered light exposure several peaks were obtained in order to confirm 

the maximum production was reached and no further increase in activity would go 

unnoticed.  For unfiltered light the silver loadings that were tested were 0, 1:100, 5:100, 

10:100, 15:100, 20:100, and 50:100 molar ratios of Ag:SrTiO3.  Figure 17 shows a graph 

of hydrogen production rate versus silver loading and Table 5 shows the numerical values 

of the hydrogen production rates for each concentration of silver loading.  It is shown that 

the photocatalytic rate has a bimodal dependence on the amount of silver loading.  This 

type of dependence has been previously reported for another photocatalyst [28] however 

no analysis was published.  It is suggested that the reason for the decreases of activity at 

higher Ag loadings is due to the optical absorption of the silver nanoparticles being too 

large which prevents the light from reaching the semiconductor photocatalyst hindering 

catalytic activity.  The optimal loading of silver as seen in the graph was 1:100 

Ag:SrTiO3 molar ratio.  The error bars cannot be seen on the graph due to the scale of the 

graph. 
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Figure 17: Graph of the rate of photocatalytic hydrogen production versus the Ag:SrTiO3 

mol ratio for unfiltered illumination 

 

Table 5: Numerical photocatalytic hydrogen production rates of Ag:SrTiO3 mol ratio for 

optically unfiltered light 

mol Ag per 100mol SrTiO
3
 Hydrogen production Rate 

μmol*h
-1

*g
-1

 

Error 

μmol*h
-1

*g
-1

 

0 242.5 ±6.8 

1 628.3 ±9.5 

5 162.2 ±6.5 

10 338.7 ±8.3 

15 291.0 ±5.6 

20 270.5 ±7.4 

50 39.2 ±2.6 
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3.2.2 Photocatalytic Activity with Near UV and Visible Light (Optical filter #7380, 

λ>375 nm) 

 The rates of hydrogen production for the 375 nm cutoff filter were obtained in the 

same method as in the unfiltered light except with the 7380 filter from Ace Glass filtering 

the light entering the reaction vessel.  During these experiments the SrTiO3 indirect band 

gap was still excited since there were still some wavelengths in the UV range that were 

reaching the reaction vessel.  Figure 18 and Table 6 show the graphical representation 

and the numerical values of the photocatalytic rates of the various silver loadings 

respectively.  The metal loadings used for this filtered light were the same as the loadings 

used for the unfiltered light with the addition of 0.1:100 Ag:SrTiO3 molar ratio.  It can be 

seen that the same bimodal phenomenon occurred for the 375 nm cutoff filtered 

photocatalysis as in the unfiltered photocatalytic tests.  There is a sharp decrease down to 

zero between 15:100 and 20:100 Ag:SrTiO3 molar ratios which indicates that there was a 

severe over loading effect preventing the light from reaching the SrTiO3.  Again the 

lower silver loadings were more efficient than the higher loadings.  
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Figure 18: Graph of the rate of photocatalytic hydrogen production versus the Ag:SrTiO3 

mol ratio for near UV and Visible light (optical filter 7380 λ>375 nm) 
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Table 6: Numerical photocatalytic hydrogen production rates of Ag:SrTiO3 mol ratio for 

near UV and Visible light (optical filter 7380, λ>375 nm) 

mol Ag per 100mol SrTiO3  Hydrogen production Rate 

μmol*h
-1

*g
-1

 

Error 

μmol*h
-1

*g
-1

 

0 57.9 ±2.8 

0.1 117.0 ±3.5 

1 84.5 ±3.1 

5 67.0 ±2.8 

10 74.8 ±3.1 

15 74.3 ±2.7 

20 0 ±0 

50 0 ±0 

 

3.2.3 Photocatalytic Activity with Visible Light (λ>400 nm Filter) 

 The photocatalytic tests for the 400 nm cutoff filter were performed in the same 

manner as those for the 375 nm cutoff filter.  The graphical representation of the 

photocatalytic rates and a table of their numerical values are shown in Figure 19 and 

Table 7 respectively.  Just as in the other two data sets the lower silver loadings give 

higher rates than the higher loadings because of the same reason as mentioned before.  As 

expected the hydrogen production rates for the visible light are significantly lower than 

those for the full spectrum and the 375 nm cutoff filter since the SrTiO3 is no longer 

being excited directly by the light.  The main difference with this section of tests is that 

the 5:100 Ag:SrTiO3 molar ratio is the highest which contrasts the previous data.  Our 
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working hypothesis for this phenomenon is that since the semiconductor is no longer 

being excited the hydrogen production rate depends largely on the plasmonic properties 

of the deposited silver nanoparticles.  As previously stated the plasmonic properties 

depend on the size of the nanoparticles which is affected by the amount of silver ions 

present in the solution available to be reduced.  When the loading is too high both the 

light shielding effect and the size of the nanoparticles affect the ability for photocatalysis 

to be performed.  The fact that the 5:100 Ag:SrTiO3 molar ratio was the highest in 

activity could be due to the increased amount of nanoparticles on the surface of the 

SrTiO3 then once any more silver is added the surface becomes over crowded the 

plasmonic properties are hindered.  

 

Figure 19: Graph of the rate of photocatalytic hydrogen production versus the Ag:SrTiO3 

mol ratio for Visible light (λ>400 nm) 
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Table 7: Numerical photocatalytic hydrogen production rates of Ag:SrTiO3 mol ratio for 

Visible light (λ>400 nm) 

mol Ag per 100mol SrTiO3 Hydrogen production Rate 

μmol*h
-1

*g
-1

 

Error 

μmol*h
-1

*g
-1

 

0 3.0 ±0.4 

0.1 12.2 ±0.6 

1 15.6 ±0.5 

5 17.2 ±0.5 

10 2.8 ±0.4 

15 3.7 ±0.3 

20 0 ±0 

50 0 ±0 
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4 Post-Photocatalytic Characterization 

4.1 Diffuse Reflectance Spectroscopy 

 The diffuse reflectance spectrum for 10:100 Ag:SrTiO3 molar ratio was taken 

after it was photocatalytically tested, washed, and dried as detailed above.  This was done 

in order to determine that the silver plasmonic peak was present in the sample.  The 

middle concentration of silver was used for this spectroscopic method to assure that the 

spectrometer would be able to resolve the plasmonic peaks and that they would not be 

hidden or altered by the strong absorption of the SrTiO3 which is near the location of the 

plasmonic peak for silver nanoparticles.  The reflectance spectrum was obtained using the 

same settings and processes as those for the nanocrystaline SrTiO3 so that they could be 

directly compared to each other.  Figure 20 shows the reflectance spectrum for 10:100 

Ag:SrTiO3 molar ratio.  The minima from the SrTiO3 remain the same as the 

nanocrystaline SrTiO3 and appear unaltered by the presence of the silver nanoparticles.  

As shown in the reflectance spectrum for the 10:100 Ag:SrTiO3 molar ratio there is a new 

broad minimum which corresponds to an absorption maximum centered at 446 nm which 

is 2.78 eV.  This confirms the presence of plasmonic silver nanoparticles that are slightly 

larger than 40 nm in diameter since it agrees with previously reported values [15].  A 

Tauc plot was calculated for the indirect band gap and it was found that the indirect band 

gap was 3.20 eV as shown in Figure 21.  Therefore, no band gap modification in 

strontium titanate has occurred after photodeposition of metallic silver nanoparticles. 
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Figure 20: Diffuse Reflectance spectrum for 10:100 Ag:SrTiO3 

 

 

Figure 21: Tauc plot for the indirect band gap of 10:100 Ag:SrTiO3 
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4.2 Ex-situ Photoluminescence Testing 

 The photoluminescence spectra for 10:100 Ag:SrTiO3 were taken using the quartz 

capillary tube and the neutral density filter.  The filter was used because the sample 

would begin to decompose if it was exposed to intense excitation light in the presence of 

air.  When using 380 nm as the excitation wavelength the obtained spectrum had the 

same intensity of as the pure SrTiO3 however it was slightly red shifted as shown in 

Figure 22.  

 

Figure 22: Photoluminescence spectrum of 10:100 Ag:SrTiO3 mol ratio using the neutral 

density filter and 380 nm as the excitation wavelength. 

 

 Upon excitation with 420 nm the photoluminescence intensity decreased 

significantly as shown in Figure 23 which is a direct comparison of the 10:100 Ag:SrTiO3 
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to the pure SrTiO3. The quenching of the 500 nm peak is due to the silver nanoparticle 

acting as a nonradiative pathway for relaxation.  When the 420 nm excitation wavelength 

is used, as previously stated, the electron moves into the oxygen vacancy states instead of 

the conduction band.  From there the electron relaxes nonradiatively into the energy band 

of the silver nanoparticle where it then relaxes back into the valence band of strontium 

titanate thus bypassing the “green” emission route as shown in Figure 24. 

 

Figure 23: Comparison of the photoluminescence spectra obtained using 420 nm 

excitation wavelength of pure SrTiO3 and 10:100 Ag:SrTiO3 
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Figure 24: Diagram of the photoluminescence quenching of the 500 nm emission peak 

due to the silver nanoparticle upon excitation with 420 nm 

 

4.3 In-situ Photoluminescence Spectroscopy Experiment 

 The rate of silver deposition was monitored using the photoluminescence 

spectroscopy by using the 373 nm excitation light to mimic the photocatalytic tests.  A 3 

ml cuvette was filled with the appropriate amounts to make a 1:10 Ag:SrTiO3 molar ratio 

and then the remaining volume was filled with 10 vol% glycerol/water solution.  While 

stirring the reaction mixture, the emission spectra were collected at 5 minute intervals 

using 373 nm as the excitation wavelength since this is close to an intense line in the 

emission spectrum of the mercury lamp at 366 nm.  The fluorescence intensity of the 444 

nm emission peak of strontium titanate was monitored as time progressed and the 

intensity of said peak versus time is shown in Figure 25. The peak from strontium titanate 

was quickly quenched within the first 10 minutes then continued to decrease more slowly 
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over the next 30 minutes.  This indicates that the deposition of silver onto the surface and 

electronically interacting with the strontium titanate requires an extended activation 

period before the final form of the photocatalyst is produced.   

 

Figure 25: Graph of PL intensity of 444 nm peak against time for 10:100 Ag:SrTiO3 at 5 

minute intervals  under constant excitation at 373 nm 
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5 Conclusions 

 We have studied the effect that photocatalytically depositing plasmonic silver 

metal nanoparticles onto the surface of SrTiO3 has on the photocatalytic rate of hydrogen 

evolution from an aqueous glycerol solution. We have also studied how the amount of 

silver deposited on the SrTiO3 surface affects the photocatalytic performance of the 

composite photocatalysts in the three regions of photoexcitation.  The following are the 

major findings we have obtained. 

 In this research it was found that photocatalytically depositing silver metal 

nanoparticles on the surface of SrTiO3 using an in-situ method affected the photocatalytic 

hydrogen production rate depending on the amount of silver loading.  The rates were 

obtained using the three optical regions of light to study the different proposed 

mechanisms.  It was found that the lower metal loadings increased the rate of hydrogen 

production and the higher loadings increased then decreased the rate of hydrogen 

production in all three regions of light studied.  This is due to overloading the catalysts 

with silver nanoparticles caused an increase in absorption blocking the light from getting 

to the catalyst thus hindering photocatalysis.  We have proposed that the smaller metal 

loadings promote photocatalysis by allowing for the plasmonic photoinjection of an 

electron from the nanoparticle into the semiconductor.  We have also shown by PL 

quenching that the metal nanoparticles act as charge trapping sites which delay electron-

hole recombination and allow for more efficient photocatalysis.  
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 The presence of the silver nanoparticles was confirmed by UV-Vis Diffuse 

Reflectance Spectroscopy, and Photoluminescence spectroscopy.  There was significant 

quenching of the emission peak from SrTiO3 upon deposition of the silver nanoparticles.    
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6 Future Plans 

 In the future we would further investigate the mechanism by which the silver 

nanoparticles participate in photocatalysis by more advanced spectroscopic methods.  We 

would also study how the rate of photocatalytic hydrogen production is affected by the 

rate of silver nanoparticle deposition.  This can be done by using custom reaction 

chambers that would allow for the measurement of hydrogen in real time as 

photoluminescence spectra are taken.   

 We would also like to investigate the mechanism by which the glycerol aids in 

photocatalytic production of hydrogen.  This would be done by examining the contents of 

the supernatant after longer photocatalytic tests.  We would use NMR spectroscopy to 

determine if any oxidation products of glycerol were present and determine their 

concentrations in order to further investigate the electron donation process. 
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Appendix 

 

 

 

Appendix Figure 1: Calibration curve relating voltage to ppm of H2 

 

 

Explanation of Conversion from Signal to ppmH2 

 In order to convert the signal from the sensor into μmol/hg several steps were 

taken.  First the voltage signal from the sensor was converted to ppm of H2 using the 

calibration curve made using 10 ppm, 100 ppm, and 1000 ppm H2 in argon under the 

same conditions as the photocatalytic experiments were under.  Once the signal was 

converted into ppm H2 it was again recalculated into μmol/s H2 using the flow rate of the 
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argon and the molar volume of a gas.  Once the data was in μmol/s it was integrated so 

that the total number of mols of H2 produced in that period was determined.  The number 

of mols H2 was then divided by the time of exposure to the mercury lamp for that run and 

again divided by the mass of catalyst used in that experiment which finally results in the 

units of μmol/hg (μmol H2*hour
-1

*gram
-1

). 

 

Explanation of Hg Lamp Spectral Distributions Under the Optical Filters 

 The intensities of the spectral lines from the Hg vapor lamp were obtained from 

the manufacturer.  Then the %Transmittance spectrum for each of the optical filters was 

obtained.  The obtained percentages were then applied to the intensities of the spectral 

lines of the Hg lamp to obtain the intensities of the spectral lines after passing through the 

optical filters. 
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