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Abstract 
 
 
The large variety of size, structure and elemental composition of polyoxometalates leads 
to a wide range of different properties. The primary goal of this dissertation is to study the 
structure-property relationship of polyoxometalates and to employ these versatile molecules as 
electron mediator in nano-scale. Stability of some polyoxometalates in the presence of metal ions 
in aqueous environment will also be discussed.  
Chapter 1 provides the motivation of studies and an introduction to polyoxometalate 
structure and chemistry with a detailed literature review of the value added properties 
responsible for the electrocatalytic activities of polyoxometalates used in this research. Insights 
into the phenomenon of electrocatalysis are provided and the suitability of employing 
polyoxometalates as electron transfer mediators is discussed in detail. 
Chapter 2 deals with the application TiO2-Polyoxometalate co-catalyst system for use in a 
hybrid photo-electrochemical cell to oxidize methanol. We employed a simple ?-Keggin-type 
polyoxometalate (PW12O403-) that is known to adsorb to the surface of positively charged TiO2 
particles at low pH. The use of the co-catalyst system dramatically improves the separation of 
photogenerated electron?hole pairs in suspended TiO2 nanoparticles, leading to a 50-fold 
increase in the observed photocurrent compared to the use of TiO2 alone. Due to the improved 
charge separation offered by the co-catalyst system, the new kinetic limitation appears to be the 
electron transfer from the reduced polyoxometalate to the anode. In addition, we find that the 
polyoxometalate itself can oxidize methanol efficiently in the absence of TiO2. However, 
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photogenerated holes in the POM are unable to oxidize either formic acid or acetic acid, in 
contrast to the behavior of TiO2. The dependence of the photocurrent on [PW12O403-] was also 
investigated. We find that the optimum [PW12O403-] is approximately 2 mM. A study of pH 
dependence is performed. An optimum pH equal to ~3 is found, suggesting a balancing of two 
processes. A survey using two other ?-Keggin-type polyoxometalates (SiW12O403- and 
PMo12O403-) is also executed. The comparison of results of three polyoxometalates meets our 
theoretical expectation well. 
In Chapter 3, Au nanoparticle films were prepared on glassy carbon supports by 
depositing alternating layers of positively charged poly(diallyldimethylammonium)-stabilized 
Au nanoparticles and negatively charged Cobalt substituted ?2-Wells-Dawson-polyoxometalate 
(CoP2W17O618-) interlayers. The polyoxometalate anions act as electron shuttles transferring 
electrons between the carbon electrode and Au nanoparticles, as well as between adjacent Au 
nanoparticles layers. Au/CuI, Au/CdS and Au/CdTe core-shell nanoparticle thin films were 
synthesized using codeposition and electrochemical atomic layer deposition (EC-ALD). CuI was 
deposited onto the surface of Au nanoparticles using electrochemical atomic layer deposition, 
while CdS and CdTe films were grown by an atom-by-atom codeposition method. The Au-
semiconductor core-shell nanoparticles were characterized by electrochemistry, 
photoluminescence spectroscopy, and Raman spectroscopy. Our results indicate that the 
semiconductors are deposited onto the Au nanoparticles surface by surface-limited 
electrochemical reactions. A Mott-Schottky analysis using capacitance data from electrochemical 
impedance spectroscopy is also discussed. 
Chapter 4 deals with dual-functional aspect of polyoxometalates in photosynthesis of Ag 
nanoparticles. The Ag nanoparticles prepared by simple ?-Keggin-type polyoxometalate 
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(PW12O403-) and sandwich type polyoxometalate ([WZn3(H2O)2(ZnW9O34)2]12-) are characterized 
by UV-vis, TEM and Dynamic light Scattering. The fact that polyoxometalates can serve as both 
reducing agent and stabilizing agent in metal nanoparticles synthesis has been well known. The 
Ag nanoparticles synthesized by [WZn3(H2O)2(ZnW9O34)2]12- in return assist the 
polyoxometalate blackberry structure formation. Only Polyoxometalates with very large sizes are 
reported to self-assemble into the blackberry structures. [WZn3(H2O)2(ZnW9O34)2]12-  is much 
smaller in size than those reported. The roles of Ag nanoparticles in blackberry structure 
formation are discussed. A detail mechanism is proposed. 
Chapter 5 presents a degradation phenomenon of giant Keplerate type mixed valence 
polyoxometalate MoVI72MoV60O372(CH3COO)30(H2O)72]42- catalyzed by Cu2+. The degradation is 
monitored by UV-vis spectroscopy. The decomposition of 
MoVI72MoV60O372(CH3COO)30(H2O)72]42- is not sensitive to other divalent metal cations such as 
Co2+ and Ni2+. 
Chapter 6 provides a brief conclusion of this research and recommendations for further 
research. 
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Chapter 1. 
 Introduction 
 
1.1 Research Motivations 
The mission for scientific community is to improve our understanding to the nature. In 
the meantime, it?s better to help solving real world problems. Global warming, environmental 
pollutions, and the energy crisis are some of the main challenges facing the scientific community, 
and the world in general, in the twenty-first century. Coal, oil and natural gas currently provide 
more than 85% of all the energy consumed in the United States1. These fossil fuels, essentially 
storage of ancient solar energy, supply nearly two-thirds of electricity, and virtually all of the 
transportation fuels. The reserves of these fossil fuels, however, are not unlimited, and are in fact, 
approaching the bottom. The development of alternative energy sources to take the place of these 
fossil fuels is a promising solution to these problems. With respect to everyday use, electricity is 
the ideal energy source. It is clean, controllable, and easy to be produced, stored, and transported. 
Hence, converting energy from alternative source other than fossil fuel into the form of 
electricity is desirable. Numerous groups around the world are striving to investigate such 
conversion systems2, namely fuel cells and solar cells.  In these systems, catalysts play the key 
role in terms of efficiency, economical feasibility and environmental viability. A catalyst with 
stable electron mediating ability would be beneficial to these alternative energy technologies. 
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Based on previous research3,4, polyoxometalates are very promising in terms of retaining 
structural stability when undergoing redox reaction. In this context, we have embarked on a 
journey to investigate the electron mediation properties of polyoxometalates and their potential 
applications. 
 
1.2 Introduction to Polyoxometalate (POM)  
1.2.1 Fundamentals 
Polyoxometalates (POM) are a group of large, closed 3-dimensional polyanion 
frameworks that form via self assembly of monomeric oxoanions in acidic solutions. The 
polyanion usually consists of three or more metal oxyanions linked together by shared oxygen 
atoms. The metal atoms in the oxoanions are usually group V or group VI transition metals in 
their high oxidation states, normally with electron configuration of d0 or d1. Typical examples 
include vanadium (V), niobium (V), tantalum (V), molybdenum (VI), and tungsten (VI). Unlike 
main group metals, transition metals may have multiple oxidation states, since they can lose d 
electrons without a high energetic penalty. This feature of transition metals can be extended to 
polyoxometalates, and enable polyoxometalates to undergo multiple one- or two- electron 
oxidation/reduction. Some polyoxometalates can accept as many as 32 electrons without major 
structural modification5. Thus, this group of molecules possesses opportunities, insights, 
properties, and applications that cannot be matched by any other single group of inorganic 
compounds6.  
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1.2.2 Retrospectives 
Even though the first observation of polyoxometalates dates back to centuries ago when 
Native Americans observed mysterious ?blue water? from Idaho Springs or the Valley of the Ten 
Thousand Smokes7, the scientific community did not pay much attention to polyoxometalates 
until the late eighteenth century.  In 1826, Berzelius8 described that the yellow precipitate 
produced when ammonium molybdate is added in excess to phosphoric acid and which is now 
known as (NH4)3[PMo12O40]. However the 12:1 composition was not revealed until Galissard de 
Marignac9 discovered and determined the atomic ratio of the tungstosilicic acids and their salts in 
1864. The first attempt to extract the exact structures of 12:1 species was made based on 
Werner?s coordination theory10 in 1907. The structural hypothesis was then further developed by 
Miolati and Pizzighelli11, and later by Rosenheim12 in the early 20th century. According to the 
so-called Miolati-Rosenheim theory, polyoxometalates were assembled based on six-coordinate 
units MO42- or M2O72-, which showed structures different to the ones with modern inorganic 
chemistry. Pauling13, however, questioned this and claimed that the basic units were octahedral 
based on his element radii measurement. Keggin14 solved the first crystal structure of 
heteropolyanion (H5O2)3[PW12O40] by using X-ray diffraction, and the results supported 
Pauling?s theory. By the mid-20th century, hundreds of polyanions had been reported and their 
chemical and physical properties had been described and some of these structures had been 
solved12. However, very little was known about the reactions of formation, degradation and 
interconversion of these species until Souchay15-20 started the study of condensation reactions in 
solution by various techniques. Pope, then enabled the use of the NMR as a tool to resolve the 
structure of polyoxometalates in 1960s21,22. Pope contributed immensely to the field of 
polyoxometalates by publishing the leading monograph5 on polyoxometalates and around 200 
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research papers, review articles and chapters. He developed a systematical method to prepare and 
characterizes heteropolyanions containing vanadium23-28, niobium23 and tantalum29,30, 
lanthanide31-36 and actinide elements, as well as their organic and organometallic derivatives. His 
groundbreaking work has important implications for homogeneous catalysis applications and 
nuclear waste management. It could be said that Pope had brought the research of 
polyoxometalates into the realm of modern inorganic chemistry and drawn the attention of 
workers of various areas to the great potential of these compounds. 
 
1.2.3 Structures 
Depending on the presence of heteroatoms X, polyoxometalates can be categorized into 
two groups: isopolyoxometalates and heteropolyoxometalates. Here the polyoxometalates 
discussed in this thesis are referred to heteropolyoxometalates only. The general formula of these 
two groups can be written as: 
[MmOy]p- Isopolyanions 
[XxMmOy]q- Heteropolyanions 
Where M is termed as addenda atoms, usually group V or group VI transition metals in their high 
oxidation states, normally with electron configuration is d0 or d1. The selection of addenda atoms 
appears to be limited by a combination of ionic radius, charge, and the ability to from d?-p? 
metal-oxygen bonds.  Thus, only certain elements can be addenda atoms. In a contrast, there 
seems to be no such restriction on the heteroatoms X in a heteropolyanion. It has been reported 
that more than sixty-five elements from all groups in the periodic table, except for noble gases, 
can be filled as heteroatoms5. Taking several factors, such as different M/X ratio, more than one 
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kind of heteroatoms, and mixture of addenda atoms, into account, the number of different 
heteropolyanions could be unlimited. 
 
Keggin structures 
 
 
 
Figure 1.1 the ?-Keggin structures in ball and stick, polyhedral, and space-filling representations. 
Taken from Ref. 5 with permission 
 
The Keggin structures are the best known polyoxometalate structures. They were the first 
XRD-resolved structure of polyoxometalates which was reported by Keggin in 1933 for 12-
tungstophosphoric acid, and later confirmed for numerous other compounds. Keggin structures 
are quasi-spherical molecules with diameter of approximately 1.2 nm, as show in Figure 1.1 in 
their ?-isomer form37.  
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The Keggin structure can be represented by the general molecular formula, [XM12O40]x-8, 
where X is the heteroatom, x is the oxidation state of X, and M is the addenda atom.   
From a more structural point of view, this formula can be re-written as [XO4?(MO3)12]x-8. 
The Keggin unit has a central XO4 tetrahedron surrounded by twelve edge and corner-sharing 
MO6 octahedra. These 12 MO6 octahedra are arranged in four groups of three octahedra, M3O13, 
which are so-called ?M3 triplet?. Each group is formed by three edges-sharing octahedra and 
linked by sharing a common corner oxygen atom. Each M3 triplet group also shares an oxygen 
atom with the central tetrahedron XO4.  
 
 
 
Figure 1.2 The five Baker-Figgis isomers of Keggin structures. Taken from Ref. 5 with 
permission 
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The Keggin structures have five different isomers. The ?-Keggin structure is one with a 
symmetry point Td. With one, two, three, and four M3 triplet rotated by ?/3 along their tri-fold 
axis, there forms ?, ?, ?, and ?-isomers respectively. The structures of all five isomers are shown 
in Figure 1.2.  
The overall symmetry for these five isomers are Td (?), C3v (?), C2v (?), C3v (?), and Td (?). 
The degrees of symmetries, however, have little relationship with stabilities of these isomers. 
The ?-isomer is the most common Keggin anion. The rotation of M3O13 triplets will result in a 
more acute M-O-M angle and a shorter M-M distance, which imply less favorable p?-d? 
interaction38 and stronger coulombic repulsion39 respectively. Thus, the more rotated the M3O13 
units, the less stable the Keggin unit is.  
One or more MO6 octahedron can be replaced by other octahedrally coordinated 
peripheral addenda atoms, which is the ?mixed? Keggin with general formula [XMg2934?Mg2869g2870g2879g2934Og2872g2868]n-. 
If more than one MO6 octahedron is substituted, it will lead to numerous isomer possibilities 
termed positional isomers. The existence of positional isomers makes the number of possible 
polyoxometalates even larger. Taking [PV2W10O40]5- as a quick example, its ?-structure has 5 
different positional isomers, and its ?-structure can form 14 positional isomers, theoretically. 
Several of the 5 positional isomers of ?-[PV2W10O40]5- had been experimentally confirmed the 
existence by NMR and ESR40.  
If the MO6 octahedron are removed from Keggin molecules and not replaced by other 
heteroatoms, ?Keggin with holes? will be formed. This ?defective Keggin? is termed Lacunary 
Keggin, which is shown in Figure 1.341. Usually Keggin unit with one or two ?holes? are used as 
precursors to prepare mixed Keggin materials. Of those trivacant lacunary structures, if there is a 
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removal of one corner-sharing MO6 octahedron from each of three bridging M3O13 triplets, it is 
called an A-type; if there is a removal of one entire M3O13 triplet, it is called a B-type. Such 
trivacant species can be used as building blocks to assemble into larger polyoxometalate 
structures, either directly or by the incorporation of metal ion linkers. 
 
 
 
Figure 1.3 The structures of (a) ?-Keggin anion [XM12O40]x-8, and its lacunary derivatives: (b) 
monovavant, (c) A-type trivacant, (d) B-type trivacant. Taken from Ref. 5 with permission 
 
Wells-Dawson Structures 
One of these trivacant lacunary Keggin derivatives is the well-known Wells-Dawson 
heteropolyanion [X2M18O62]2x-16. Its ?-structure is shown in Figure 1.4. The Wells-Dawson 
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structure was first synthesized by Kehrmann42 in 1892 and then solved by Dawson43 60 years 
later. The Wells-Dawson polyoxoanion consists of two A-type trivacant lacunary Keggin units 
linked directly across the lacunae. 
 
 
 
Figure 1.4 The structure of Wells-Dawson type polyoxometalate [X2M18O62]2x-16 (?-isomer). 
Taken from Ref. 5 with permission 
 
The Wells-Dawson structure contains two M3O13 groups. Its isomeric ? structure can be 
originated by rotating one half unit of the ?-isomer ?/3 around the X-X axis. Similar to Keggin 
and many other polyoxometalate structures, the Wells-Dawson polyanions can be chemically 
manipulated to generate ?Wells-Dawson with holes? species by removing up to 6 MO6 octahedra. 
These ?holes? of the lacunary species can be filled by other octahedrally coordinated elements 
and form substituted Wells-Dawson polyoxometalates.  
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Sandwich Type Polyoxometalate 
 
 
 
Figure 1.5 (a) The Polyhedral structure of sandwich type polyoxometalate 
[M4(H2O)2(XW9O34)2]n-  and (b) ball and stick structure of sandwich type polyoxometalate 
[M4(H2O)2(XW9O34)2]n-  with the central M4(H2O)2O14 unit in a highlighted.  
Taken from Ref. 64 with permission. 
 
Trivacant lacunary Keggin species can undergo self-assembly to form another type 
dimeric polyoxometalate framework - the sandwich structure, also known as Weakley or Tourne 
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structures. These sandwich complexes were first reported by Weakley, Tourne and co-workers44 
in 1973.  
Sandwich structures are formed by two B-type trivacant ?-Keggin fragments with vacant 
site facing each other and a belt shape central unit in between, as shown in Figure 1.5a. Many 
elements that may not be used as addenda atoms, such as Co, Cu, Zn, Mn, Fe, can fit in the 
central belt region of these sandwich type polyoxometalates (Figure 1.5b). Unlike heteroatoms 
that almost are fully covered by addenda octahedra, MO6, the central atom at the belt region is 
fully exposed to the solution and can be directly involved in some reactions. Some noble metals, 
such as ruthenium45-48, palladium45 and platinum45, based sandwich type structures, have 
revealed interesting catalytic properties and were believed to be promising in oxygen reduction 
reactions. 
  
Giant Polyoxometalates and Their Second Solute State 
Polyoxometalate chemistry has been developed rapidly in the past 15 years. As a result of 
the incorporation of advanced combinatorial strategies into inorganic chemistry, giant 
polyoxometalates, which can be regarded as inorganic ?nanomodels? for biological activity at the 
cellular level, can be created by self assembling systems using molybdates, vanadates and 
tungstates in solution as building blocks49. The first giant polyoxometalate was discovered by 
M?ller50 in 1995, with a giant wheel shape structure. Each molecule was made up of a total of 
154 molybdenum atoms embedded in a network of oxygen atoms, as shown in Figure 1.6a. At 
that time, it was the largest inorganic molecular cluster ever characterized. Some other typical 
 
examples of giant polyoxometalates includes ball shape Mo
hedgehog? Mo36852 (Figure 1.6 c and d
 
Figure 1.6 (a) the ?Bielefeld giant wheel
and toipview of the ?Nano
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actually the size of a protein. It is believed that these giant polyoxometalates structures could be 
used as selective catalysts, similar to zeolites, or as nanoreactors. 
These giant polyoxometalates can be self-assembled into a large ordered structure, which 
mimics the protein self-assembly into cell. The as-formed large structure, which was termed 
?second solute state?, was first discovered by Liu in 2003. It will be developed into more detail 
in the following chapter. 
 
Secondary, and Tertiary Structures 
The structures of polyoxometalates being discussed in the previous sections are 
considered as primary structure by Misono53. The primary structure refers to the large polyanions. 
The polyaions, plus their counter-ions, water of crystallization or solvation, and other molecules, 
is the ?secondary structure?. In contrast, the tertiary structure refers to how polyoxometalates 
assemble in the solid state. The size of the particles, pore structure, and distribution of protons in 
the particle, are the characteristic elements of the tertiary structure. The term tertiary structure 
only applies to solid state polyoxometalates, which is beyond the scope of this dissertation. The 
graphical definitions of three structures of polyoxometalates are shown in Figure 1.7.  
In general, the primary structure is maintained regardless of whether it is in solid state or 
in solution state. It remains unchanged in different solvents. In contrast, the secondary structure 
is very variable.  
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Figure 1.7 Primary, secondary, and tertiary structures of polyoxometalates: (a) primary structure 
(Keggin structure, PW12O40), (b) secondary structure (H3PW12O40?6H2O), and (c) tertiary 
structure. 
  
 
1.2.4 Structure-Property relationship 
The properties of polyoxometalates are closely related to their size, structure and 
elemental compositions. For example, some polyoxometalates exhibit luminescence due to the 
excitation of ligand-to-metal charge-transfer54; some polyoxometalates containing transition 
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metal atoms with unpaired electrons have unusual magnetic properties and are being investigated 
as electrically-controlled gates device for possible quantum bit computer data storage55.  
Polyoxometalates are most widely used as catalysts for a range of reactions, taking 
advantage of their thermal stability and reversibility of being reduced by accepting electrons. The 
catalytic properties of polyoxometalates are mainly determined by the electronic structure of the 
metal forming the bond with oxygen and also by the geometry of the polyanion structures. In fact, 
the degree of charge transfer from the metal to oxygen, which determines the degree of ionicity 
or covalence of the M-O bond, depends on the nature of the metal and on its coordination 
number, which in turns determines acid and oxidation?reduction properties properties of the 
polyoxometalate system. In another words, it is very important to the understanding of the metal-
oxygen interaction. Taking Keggin as an example, there are totally 40 oxygen atoms in one 
Keggin polyanion and they can be categorized into four types based on their position in the 
matrix41: 
? Twelve terminal oxygen atoms at the outer edge of MO6 octahedra. 
? Twelve edge-bridging angular M-O-M shared by three octahedra within the same 
M3O13 triplet.  
? Twelve corner-bridging quasi-linear M-O-M connecting two different M3O13 triplets. 
? Four X-O-M in the internal XO4 tetrahedron.  
All these four types of oxygen atoms can be individually addressed by 17O NMR, and 
their metal-oxygen bonds provide the signature bands in the fingerprint range (600 to 1100cm-1) 
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in infrared spectroscopy. Thus, it is convenient to modify the Keggin unit structure to tune the 
properties of polyoxometalates. 
One noteworthy catalytic processes of polyoxometalate have been reported as an 
environmentally friendly alternative to current widely-used but toxic approaches: a non-chlorine 
based, wood pulp bleaching process56. Some potential medical applications for antitumoral, 
antibacterial, and antiviral purposes have been reported as well57. 
 
1.3 Polyoxometalates as electrocatalysts 
1.3.1Electrocatalysis 
Catalysis is the process in which the rate of a chemical reaction is changed, either 
increased or decreased, by chemical substances termed as catalysts, which do not themselves 
show a permanent chemical change. Catalysts that speed up the reaction are called positive 
catalysts, while catalysts that slow down the reaction are called negative catalysts or inhibitors. 
In general, people want to get more desired products rather than less, from reactants (termed 
substrate). Positive catalysts can lower the activation energy of the chemical reaction, thus 
resulting in a higher reaction rate at the same temperature. Depending on whether catalysts exist 
in the same phase as the substrate or not, there are two type of catalysis. Heterogeneous catalysts 
are those which function in a different phases than the substrates.  And homogeneous catalysts 
function in the same phase as the substrates. 
Electrocatalysis usually relates to the increase of rates of electrochemical reactions, or the 
decrease of overpotential. Electrocatalysis is unique from other catalytic systems because the 
electrode potential can be controlled, and so do the electrochemical reaction rate. A relatively 
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small change in electrode potential can cause very large changes in rate for a reaction. For 
example, a change about 400 mV in electrode potential can cause 103 to1010 fold increase of 
reaction rate58. Both rate increase and decrease are of considerable practical importance in 
electrocatalysis since they can affect the economics of electrochemical processes. Similar to 
conventional catalysis, electrocatalysis can be divided into two types ? heterogeneous 
electrocatalysis and homogeneous electrocatalysis. In heterogeneous electrocatalysis, the 
electrocatalyst can either function at electrode surfaces or may be the electrode surface itself. In 
contrast, the catalytic species is spread in electrolyte and in homogeneous electrocatalysis. In a 
homogeneous electrocatalytic reaction, the electrocatalysts assist in electron transfer between the 
electrode and substrates, as shown in Figure 1.8. Direct heterogeneous electron transfer between 
the electrode and the substrate is sometimes very slow because of poor interaction. In these cases 
the electrode reaction occurs only at high overpotentials. Electrocatalysts can minimize the 
activation energy and hence allow such an electrode reaction to occur at high current density 
close to the equilibrium potential or even considerably below it59. In an electrocatalytic reaction, 
an electrocatalyst is activated by a heterogeneous redox step at the electrode surface (E process) 
in order to react homogeneously with the substrate in the bulk solution (C process). The C 
process will regenerate the unactivated electrocatalyst.  
 
 
 
Figure 1.8 Schematic presentation
 
There is one more advantage that makes
catalysis. In conventional systems, the free energy of the reaction is turned into heat while it?
possible to collect the free energy in the form of electricity by using electrocatalytic systems. 
Fuel-cell is the kind of devices that are designed to take advantages of it
 
1.3.2 Polyoxometalates in electrochemical reactions
Although a large number o
number of polyoxometalates which have been used
ability of polyxoxmetalate is closely related to it molecular structure, especially 
octahedra structures. Depending on 
octahedra, polyoxometalates are categorized into the following two types
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 as electrocatalysts is limited
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1. Type I or Mono-oxo. The metal atom displacement occurs towards one, always 
terminal oxygen atom.  
2. Type II or cis-dioxo. The metal atom displacement occurs towards two cis, usually but 
not always, terminal oxygen atoms.  
For type I polyoxometalate, the metal atom in the MO6 octahedra can be with d0, d1 and 
d2 electronic configurations. There is an absence of in-plane ? bonding and the LUMO are 
normally non-bonding and is metal centered (dxy orbital) in these type I polyoxometalates. Thus 
the type I polyoxometalates can easily accept electrons.  
In type II polyoxometalates, the metal atom in the MO6 octahedra can only be d0 metals. 
The LUMO is strongly antibonding with respect to terminal M-O bonds. Thus accepting electron 
will result in irreversible decomposition of these type II polyoxometalates. 
Theoretically, all type I polyoxometalate can be used as electrocatalyst. However, only ?-
Keggin, ?-Dawson types polyoxometalates, their mixed-addenda derivatives, and their transition 
metal-substituted derivatives are used as electrocatalysts in practical because of their stability 
and ease of preparation.  
The type I hpolyoxometalates can undergo several rapid one and two-electron reversible 
reductions to produce the so-called ?heteropoly blue?, which are the result of reduced mixed 
valence polyoxometalate species, and further irreversible multi-electron reductions leading to 
decomposition.  
For ?-Keggin, ?-Dawson polyoxometalates, the electrons are accepted by the addenda 
ions of the heteropolyanions.  If the addenda ions are all identical, the electrons are delocalized 
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on the addenda MO6 octahedra at room temperature by rapid electron hopping (intramolecular 
electron transfer)5. The reduction-induced-increased-negative-charge-density is spread over the 
polyoxoanion and thus the stability of polyoxometalate itself can be retained.  
In the case of mixed addenda ?-Keggin, ?-Dawson polyoxometalates, the electrochemical 
character of polyoxometalates can be widely changed. The oxidizing ability of polyoxometalates 
can be arranged based on oxidizing ability of addenda atoms in the following order: V(V) > 
Mo(VI) > W(VI). In a simplified example of reduction reactions that only one-electron is 
transferred, the transferred electron of the reduced mixed-addenda heteropolyanions is 
considered localized on the more reducible atom at room temperature60,61.  
In most transition metal-substituted ?-Keggin, ?-Dawson polyoxometalates, the 
incorporated metal is the active site for the catalytic reactions. The metals incorporated in the 
polyxoxanion network reside in an octahedral environment with five coordination site linked by 
oxygen atom of the polyoxoanion and one coordination site occupied by a solvent molecule. In 
the case of aqueous solution, the solvent molecule is a labile water molecule. In general, the 
redox ability of transition metal-substituted polyoxometalates are depending on the character of 
the incorporated metals. Take Rhenium substitudeted Keggin62,63 as an example, the 
aquametal(III) is reducible to the aquametal(II) and oxidizable to the corresponding 
oxometal(IV), hydroxometal(IV), oxometal(V) oxometal(VI) and -(VII) stage derivatives, as 
shown in Figure 1.9. 
 
21 
 
 
 
Figure 1.9 General Electrochemical Behavior of Transition Metal-Substituted Polyoxometalates. 
Taken from Ref. 59 with permission. 
 
Applications of polyoxometalates as electrocatalysts and electron mediator will be 
explored in the following chapters. All four types of polyoxometalates described in this chapter 
are used in following studies. Specifically, the electron mediating behavior of Keggin, Wells-
Dawson, Sandwich type, and giant polyoxometalates were studied in Chapter 2, 3, 4, and 5, 
respectively. In detail, Chapter 2 describes using TiO2 and ?-Keggin type Polyoxometalate co-
catalysts in a photo-electrochemical system to boost the oxidation rate of methanol. Comparisons 
of co-catalysts system in the dark and under illumination, as well as single catalyst under light 
conditions were performed. The dependence of polyoxometalate concentrations, pH values, and 
polyoxometalate types was studied. In Chapter 3, positively charged poly-(diallyl-dimethyl-
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ammonium)-stabilized Au nanoparticles and negatively charged Cobalt substituted ?2-Wells-
Dawson-polyoxometalate (CoP2W17O618-) were employed to prepare Au nanoelectrode arrays. 
And CuI, CdS and CdTe semiconductor thin films were synthesized onto the surface of Au 
nanoparticles using electrochemical codeposition and electrochemical atomic layer deposition 
(EC-ALD). The Au-semiconductor core-shell nanoparticles were characterized by 
electrochemistry, photoluminescence spectroscopy, Raman spectroscopy, and Mott-Schottky 
analysis using capacitance data from electrochemical impedance spectroscopy. Chapter 4 deals 
with dual-functional aspect of polyoxometalates in photosynthesis of Ag nanoparticles. The Ag 
nanoparticles prepared by simple ?-Keggin-type polyoxometalate (PW12O403-) and sandwich type 
polyoxometalate ([WZn3(H2O)2(ZnW9O34)2]12- ) are characterized by UV-vis, TEM and 
Dynamic light Scattering. The discrete size distribution of Ag nanoparticles is discussed. Chapter 
5 presents a degradation phenomenon of giant Keplerate type mixed valence polyoxometalate 
MoVI72MoV60O372(CH3COO)30(H2O)72]42- catalyzed by Cu2+. The degradation is monitored by 
UV-vis spectroscopy. The decomposition of MoVI72MoV60O372(CH3COO)30(H2O)72]42- is not 
sensitive to other divalent metal cations such as Co2+ and Ni2+. Chapter 6 provides a brief 
conclusion of this research and recommendations for further research. 
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Chapter 2.  
Investigation of the Photocatalytic Activity of TiO2?Polyoxometalate Systems for the 
Oxidation of Methanol 
 
2.1 Introduction 
2.1.1 Direct methanol fuel cell 
Fuel cells are environmentally benign and versatile alternative power sources that are 
currently under active development. Fuel cells consume reactant from an external source, which 
can be replenished continuously, making them a thermodynamically open system. In contrast, 
electrochemical cell batteries store electrical energy chemically inside the batteries and hence 
represent a thermodynamically closed system. Fuel cells can produce electricity from fuel and an 
oxidant. Many combinations of fuels and oxidants are possible. A hydrogen fuel cell uses 
hydrogen as its fuel and oxygen (usually from air) as its oxidant. Other fuels include 
hydrocarbons and alcohols. Other oxidants include chlorine and chlorine dioxide. 
There are two types of fuel cells using methanol as fuels. One is Direct Methanol Fuel 
Cell (DMFC), in which the methanol fuels are fed directly to the fuel cell. The other one is 
Reformed Methanol Fuel Cell (RMFC) or Indirect Methanol Fuel Cell (IMFC), in 
 
which methanol fuels are reformed to H
is oxidized in the presence of water to produce CO
through the external circuit while hydrogen ions
combine with oxygen at the cathode to form water
 
Figure 2.1 Schematic structure of Direct Methanol Fuel Cell (DMFC)
In direct methanol fuel cell, 
of methanol is much safer and 
pressures or low temperatures, because methanol is a liquid 
temperature. What?s more, the energy density of methanol is an order of magnitude greater than 
even highly compressed hydrogen. 
Methanol Fuel Cell (DMFC) can achieve very small device size comparable to conventi
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2 before being fed into the device. In a DMFC, methanol 
2 and protons at the anode.
 cross a proton exchange membrane (PEM) to 
, as shown in Figure 2.1.  
 
 
steam reforming is not required. Storage and transportation 
easier than that of hydrogen as methanol does not need high 
under normal pressure and room 
Combining the three factors discussed above, Direct 
 Electrons flow 
 
 
onal 
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batteries, making them ideal for consumer goods such as mobile phones, digital cameras or 
laptops. 
Existing DMFC technologies are mainly limited by two factors. One is low cell voltage, 
which restricts them from high-power applications. The other limiting factor comes from the 
catalysts. The use of precious metals such as platinum in both the anode and cathode makes 
DMFC expensive. Carbon monoxide is an inevitable intermediate product during methanol 
oxidation. Thus the poisoning of the catalyst by CO adsorption is inevitable, leading to low 
catalytic efficiency. 
 
2.1.2 TiO2 in DMFC 
Several strategies have been explored in an attempt to improve the overall efficiency of 
DMFCs. For example, efforts have been made to minimize the use of Pt in the catalyst either by 
increasing the electrode surface area or by exploring alternative catalyst materials1. More 
recently, several groups have looked into ways of incorporating photocatalysts such as TiO2 on 
the anode side of the DMFC to further improve device performance and reduce the amount of 
precious metals in the catalyst. The use of photons to boost DMFC performance may be practical 
in applications where the fuel cell is operated outdoors under ambient illumination. In such a 
hybrid device, UV photons absorbed by the TiO2 would generate electron?hole pairs by 
promotion of an electron from the valence band to the conduction band of the Titanium dioxide2. 
If the electrons can be collected efficiently, thereby minimizing the rate of electron?hole 
recombination, the holes can be used to carry out oxidative chemistry. This basic approach has 
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been used successfully for many years to oxidize methanol at wide band gap semiconductors 
using UV irradiation3-9, for CO2 fixation10, and for the remediation of environmental pollutants11. 
Electron?hole recombination is always a critical issue in the efficiency of TiO2 
photocatalyst systems, regardless of the application. The solution to this problem has typically 
been to use a sacrificial oxidant, such as dioxygen, to scavenge the photogenerated conduction 
band electrons, but this is not always an efficient process12. Another approach is to adsorb the 
TiO2 photocatalyst directly onto the surface of an electrode where the electrons can be collected 
by applying a suitable voltage. Kamat and co-workers recently have shown that such an 
approach is workable in principle in a hybrid Direct Methanol Fuel Cell13. These workers 
deposited TiO2 particles onto an anode formed from carbon fibers and showed that photocurrents 
arising from the photooxidation of methanol could indeed be collected. Interestingly, improved 
performance in the dark was also observed, which might be due to the mitigation of poisoning 
effects by adsorbed TiO2. A possible drawback to this approach, however, is that there must be a 
robust electrical contact between the anode and the photocatalyst. For example, if there is any 
kinetic barrier existing at the junction between the anode and the TiO2, the electron collection 
efficiency of the anode will be reduced and device performance will suffer due to increased 
electron?hole recombination rates in the semiconductor. 
An alternative approach would be to employ an electron scavenger such as a 
polyoxometalate (POM) to transport electrons from suspended TiO2 particles in the supporting 
electrolyte to the anode. This would offer the additional advantage of being able to turn over a 
larger fraction of the incident photons by using more TiO2 than could be directly adsorbed onto 
the surface of the anode. The ability of polyoxometalates to accept electrons readily has been 
known for many years. Upon chemical or electrochemical reduction, many polyoxometalates 
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form stable, highly colored mixed-valence species generically termed ?heteropoly blues?14,15. 
Ozer and Ferry have investigated the use of POMs such as PW12O403?, SiW12O404?, and W10O324? 
to facilitate the transfer of photogenerated TiO2 conduction band electrons to dioxygen as a 
means of increasing the efficiency of the photodegradation of 1,2-dichlorobenzene16. Using 
TiO2?POM mixed systems, these workers observed an eight-fold increase in the apparent 
degradation rate of 1,2-dichlorobenzene compared to TiO2 alone. Zhao and co-workers have 
reported similar findings, but also discovered that different product distributions can result when 
using TiO2 alone or in tandem with POMs17. POM systems have also been shown to be viable in 
fuel cell applications. For instance, Dumesic and co-workers have demonstrated that it is 
possible to use polyoxometalates such as PMo12O403? to drive a fuel cell by oxidizing CO to CO2, 
thus bypassing the water gas shift reaction18. Electrons were stored in the form of reduced 
polyoxometalate PMo12O405? and later collected at a gold electrode. 
With these results in mind, we decided to investigate the possibility of using POMs to 
catalyze the transfer of photogenerated electrons in TiO2 to a Pt anode in an electrochemical cell. 
The operation of these ?soluble photoanodes? as a component of a DMFC is illustrated in Figure 
2.2.  
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Figure 2.2 POM-mediated electron transfer from the conduction band of TiO2 to a Pt anode. 
Taken from Ref. 30 with permission. 
 
In this study, we employed a simple ?-Keggin-type polyoxometalate (Na3PW12O40) to 
scavenge electrons from photoexcited TiO2 particles suspended in solution. The reduced 
polyoxotungstates were subsequently oxidized back to the parent Keggin complex at the Pt 
anode, resulting in a photocurrent. And the recycled parent PW12O403- can perform the electron 
mediation again. By using a POM to collect and store photogenerated electrons from TiO2, we 
have observed a 50-fold increase in the methanol oxidation photocurrent as compared to the use 
of TiO2 alone. Indeed, the photocurrent densities we measured were higher than those reported 
by Kamat and co-workers13 due to higher light accepting areas. 
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2.2 Experimental 
2.2.1 Materials and reagents 
TiO2 powder (Degussa P-25), with an anatase to rutile ratio of 8:2, a surface area of 
50m2/g and average particle diameter of 30 nm, was used as received without further purification. 
Methanol (99.9%, Fisher Chemical), perchloric acid (Fisher Chemical) with a nominal 
composition of 69?72% HClO4, acetic acid (Fisher Chemical), formic acid (Fisher Chemical), 
and Na3PW12O40 (>99.9%, Sigma?Aldrich) were used as received without further purification. 
Millipore-Q purified distilled water (18M??cm) was used to clean electrodes and make up all 
solutions. 
 
2 2.2 Electrode preparation  
Pt electrodes were cleaned by rinsing sequentially with distilled water, absolute ethanol, 
piranha solution (1:3 (v/v) 30% H2O2, 18M H2SO4), distilled water, and absolute ethanol. After 
being dried in a stream of flowing nitrogen, the clean Pt was annealed in a H2 flame for several 
minutes. The cleanliness of the Pt electrodes was verified by cyclic voltammetry prior to making 
measurements. 
 
2.2.3 Photoelectrochemistry 
Photoelectrochemical measurements were carried out in a Rayonet Photochemical reactor 
(RPR-100, Southern New England Ultraviolet Company) equipped with RPR 3500 lamps (ca. 
500 ?W/cm2 for ? = 350 nm). The temperature inside the reactor was maintained at 35 ?C with a 
cooling fan in operation. A 20mL vessel made of Pyrex glass was used as the 
 
photoelectrochemical cell. A schematic diagram of the whole experimental setup is shown in 
Figure 2.3. The photoelectrochemical cell was put in the center of the 
that it can absorb UV-irradiation from all directions.
 
Figure 2.3 Schematic diagram of experimental setup. Blue: photoelectrochemical cell. Purple: 
UV
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-lamps with lamps ?max = 350 nm 
 so 
 
Figure 2.4 Photoelectrochemical cell setup. Blue dots: TiO
The electrochemical measurements were performed using a conventional three electrode 
setup, as shown in Figure 2.4. Titanium dioxide particles were dispersed al
maximize the UV irradiation area. 
1.0 before reaction (after the addition of Na
0.77 cm2), a Ag|AgCl (sat) electrode and a 
reference, and counter electrodes, respectively. Nitrogen
suspension during the experiment. The Pt anode was held at a potential of +0.60V
Ag|AgCl(sat) to measured the generated photocurrent.
39 
 
2 particles
 
l over the solution to 
The pH of the reaction suspension/solution was adjusted to
3PW12O40). A platinum flag electrode (approximately 
platinum gauze electrode were used as the working,
 gas (>99.9%) was used to purge the 
 The potential of the working electrode 
 
 
 
 
 versus 
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was controlled using a potentiostat (Pine Instruments, AFRDE-4) connected to a computer. Data 
was acquired using Lab View. 
 
2.3 Results and discussion  
2.3.1 Photocurrent 
Representative photocurrent?time data for a series of four experiments are presented in 
Figure 2.5. In all cases, the concentration of methanol was fixed at 0.2M and the pH was 
adjusted to a value of 1.0 using perchloric acid, which also served as the supporting electrolyte. 
The solutions were rigorously purged with N2 prior to all experiments and N2 was flowed 
continuously through the photoelectrochemical cell during data acquisition to prevent reaction of 
the reduced POMs with dioxygen. The anode (Pt, 0.077 cm2 geometrical surface area) was 
poised at a potential of 0.6V versus Ag|AgCl(sat) to ensure efficient collection of the reduced 
POM. In the first experiment, Figure 2.5D, a solution containing 1mM POM and 0.05 mg/mL 
TiO2 was held at a potential of 0.6V in the dark. The data clearly indicated that there was no 
significant electrochemical oxidation of any of the solution components occurs under these 
experimental conditions. 
We then performed an experiment in which a 0.2M CH3OH + 0.1M HClO4 solution 
containing 0.05 mg/mL TiO2 but no POM was irradiated at 350 nm. This concentration of TiO2 
was chosen to ensure that there was no significant settling of particles during the course of the 
experiment. Typical data are shown in Figure 2.5C and are characterized by a very slow increase 
of current as a function of time over the course of many hours. We estimated the steady state 
photocurrent to be about 0.81mA?cm?2 for this experiment. The low photocurrents measured 
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under these experimental conditions are a result of the poor efficiency of photo-oxidation 
processes in the absence of an electron scavenger. 
 
 
 
Figure 2.5 Photocurrent vs. time plots for samples irradiated at 350 nm. (A) 0.2M CH3OH + 
0.1M HClO4 solution with 0.05 mg/mL TiO2 and 1mM PW12O403?. (B) 0.2M CH3OH + 0.1M 
HClO4 solution with 1mM PW12O403? (no TiO2). (C) 0.2M CH3OH + 0.1M HClO4 solution with 
0.05 mg/mL TiO2 (no POM). (D) 0.2M CH3OH + 0.1M HClO4 solution with 0.05 mg/mL TiO2 
and 1mM PW12O403? in the dark. Taken from Ref. 30 with permission. 
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Next, we carried out an experiment in which a 0.2M CH3OH + 0.1M HClO4 solution was 
irradiated in the presence of 1mM PW12O403?, Figure 2.5B. In this experiment, the photocurrent 
increased rapidly and monotonically over the course of the first hour or so of irradiation at 350 
nm, finally reaching a steady state value of 9.0mA?cm?2 after about 2 hours. Interestingly, the 
steady-state photocurrent we observed in this experiment is significantly larger than in the case 
of TiO2 alone. This result provides clear experimental evidence that the PW12O403? anion itself 
displays significant photocatalytic activity toward methanol oxidation, consistent with previous 
research on the photooxidation of alcohols by polyoxometalates19. Furthermore, our observation 
that PW12O403? is a better photocatalyst than TiO2 in the absence of O2 parallels the results 
reported by Hill and Chambers, who compared the ability of semiconductor- and 
polyoxometalate-based photocatalysts to photodegrade a series thioethers20. In addition, the 
solution was observed to turn blue under UV irradiation, indicating the formation of a significant 
concentration of reduced polyoxometalate. Finally, when methanol was replaced with either 
acetic acid or formic acid, no color change was observed and no significant photocurrents were 
detected at the Pt anode. 
The reason that a photocurrent is observed when methanol is used as the substrate but not 
in the other cases is that while the oxidized form of the polyoxometalate can oxidize methanol, it 
is not able to oxidize either formic acid or acetic acid under our experimental conditions. There 
is some debate in the literature about the exact nature of the POM that facilitates electron transfer 
to the anode. On one hand, Park and Choi claim that both ground state and excited state 
polyoxometalate can serve as effective electron acceptors21. In their view, photoexcited 
polyoxometalates can accept an electron from a donor species in solution to produce POM?, 
which can then be oxidized back to polyoxometalate at the anode. Photocurrent data obtained by 
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these workers from solutions containing polyoxometalate alone and compared to data from 
solutions containing mixtures of polyoxometalate and TiO2 appear to bear this out. On the other 
hand, Ozer and Ferry assert that the electron mediator is exclusively ground state 
polyoxometalate, presumably on the basis of the weak absorption of the polyoxometalate at the 
narrower band of wavelengths region used in their experiments16. Our results clearly show the 
ability of the photoexcited state of the polyoxometalates to oxidize methanol, although the 
oxidizing power of the polyoxometalate excited state holes does not match that of the 
photogenerated holes in TiO2. 
Finally, we irradiated a 0.2M CH3OH + 0.1M HClO4 solution that also contained 0.05 
mg/mL TiO2 and 1mM PW12O403?, as shown in Figure 2.5A. As in the previous experiments, the 
photocurrent increases almost linearly over the course of about two hours and then reaches a 
plateau value. In the case of the mixed TiO2?POM system, however, the rate of increase of the 
photocurrent with respect to time appears to be somewhat greater than in the previous 
measurements. In this experiment, a steady state current of about 40mA?cm?2 was observed. This 
is about 50 times greater than the steady state photocurrent we observed for TiO2 alone and about 
a factor of four greater than in the case of POM alone. As before, the solution turned blue upon 
irradiation, demonstrating that reduced polyoxomtalates are formed. When methanol is replaced 
with either acetic acid or formic acid, photocurrents similar to those previously reported by Park 
and Choi were observed21. These findings confirm our earlier assertions about the oxidizing 
power of the photoexcited POM as compared to TiO2. Taken together, our observations are 
consistent with a mechanism whereby methanol is oxidized by the TiO2 excited state as shown in 
Figure 2.2. Mechanisms proposed for Figure 2.5 A, B and C is shown in Figure 2.6.  
 
 
Figure 2.6 Proposed mechanisms for Figure 2
Even though we tried to g
system, we still cannot rule out the existence
such as the formation of formaldehyde
presence of dioxygen, methanol is oxidized to formaldehyde
photocatalysts23. 
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2.3.2 Polyoxometalate concentration dependence  
Perhaps most importantly, however, the blue color of the solution persists for several 
minutes after the light is turned off. This observation is an unambiguous demonstration of the 
fact that the conduction band electrons from photoexcited TiO2 are scavenged so efficiently by 
the POM that the rate of oxidation of reduced POM? at the anode now represents the kinetic 
bottleneck in the system. The highly efficient electron transfer from the conduction band of TiO2 
to POM is in great part due to the fact that POMs such as PW12O403? adsorb strongly to the 
surface of TiO2 particles, which are positively charged at pH 1. As noted earlier, Ozer and Ferry 
compared a series of POMs to dioxygen as electron scavengers in the photodegradation of 1,2-
dichlorobenzene using TiO2 suspensions under UV irradiation16. The binding constants between 
the electron acceptor (either dioxygen or POM) and TiO2 correlated reasonably well with the 
Langmuir?Hinshelwood kinetic data that they measured for 1,2-dichlorobenzene decomposition. 
Specifically, by assuming a Langmuir adsorption isotherm, the binding constants for PW12O403? 
and O2 adsorption on TiO2 surface at pH 1 were found to be 467 and 84.6M?1, respectively, a 
ratio of 5.5:1. The apparent rate constants for 1,2-dichlorobenzene degradation were reported to 
be 0.638 and 0.0818 min?1, a ratio of 7.8:1. More recently, Zhao and coworkers have carried out 
a detailed mechanistic study of the TiO2?PW12O403? system as it pertains to the photodegradation 
of organic compounds17. These workers measured the adsorption of PW12O403? onto TiO2 under 
conditions similar to those of Ferry et al. using similar experimental methods. However, the 
binding constant reported by these workers is 7.1 x 104 m-1, which is more than two orders of 
magnitude greater than that reported by Ferry and co-workers. It should be noted that accurate 
measurement of Langmuir adsorption parameters can be notoriously difficult, especially in cases 
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where the kinetics of adsorption and/or desorption are slow, owing to the fact that the 
measurement system may not be at thermodynamic equilibrium. In addition, other factors, 
particularly ion pairing interactions, are expected to play a critical role in the adsorption of POM 
on the TiO2 surface, and these effects will be strongly dependent on the nature of the supporting 
electrolyte24. Another useful predictor of electron acceptor activity is the free energy change for 
the one electron reduction of the electron acceptor by TiO2 conduction band electrons. The redox 
potential of PW12O403? and the flatband potential of the TiO2 (particle) conduction band are 
+0.218 and ?0.189V versus NHE, respectively25,26. Thus, electron transfer between the 
conduction band of TiO2 and PW12O403? is thermodynamically favored by about 39 kJ/mol. It 
should be noted, however, that such arguments do not take into account many complicating 
factors that may be important in POM systems, including the diversity of electron acceptor states, 
the possibility that more than one electron may be transferred simultaneously and the fact that 
the acceptor and donor energy levels may be perturbed upon adsorption of polyoxometalate to 
TiO2. 
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Figure 2.7 Dependence of the steady state photocurrent on [PW12O403?]. The filled circles are 
experimental data points, while the line is a guide to the eye. Taken from Ref. 30 with 
permission. 
 
To further investigate the scavenging of electrons from photoexcited TiO2 by PW12O403?, 
we performed concentration dependent studies in which [PW12O403?] was varied at a constant 
TiO2 concentration of 0.05 mg/mL. As seen in Fig. 2.7, the steady state photocurrent increases 
with increasing POM concentration, reaching a maximum when [PW12O403?] is about 2 mM. At 
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higher [PW12O403?] , the steady state photocurrent decreases slightly, and then begins to increase 
again above ca. 3 mM. The observation of a local maximum suggests that interactions between 
the POM electron scavenger and the surface of the TiO2 nanoparticles are important. Previous 
researchers have suggested that such behavior is due to competition between PW12O403? and 
methanol for the finite number of surface sites on the TiO2 particles16. Assuming a Langmuir 
adsorption isotherm, and using Ferry?s previously reported binding constants, a POM 
concentration of 2mM corresponds to roughly 50% surface coverage. 
Zhao and coworkers have reported behavior similar to what we have observed; however, 
they offer a different interpretation17. These workers suggest that at elevated [POM], POMs in 
solution act as an ?inner filter?, absorbing a significant fraction of the incident UV, and 
effectively blocking that radiation from being absorbed by the TiO2 particles. This model 
predicts that if TiO2 particles become encapsulated by POM, the adsorbed POM would 
essentially behave as a local UV ?filter?, resulting in a lower absorbance of UV irradiation by the 
TiO2. This is not an entirely unreasonable possibility; for instance, it is well known that POMs 
readily adsorb to metal surfaces27. Nevertheless, such a filter effect seems not to be important in 
the case of methanol photooxidation, as evidenced by the increase of in steady state photocurrent 
when [PW12O403?] > 3 mM. This increase may be due to increased absorption of UV by the POM 
relative to the TiO2 at these concentrations, leading to direct oxidation of methanol by the POM 
excited state. 
 
 
2.3.3 pH dependence 
Generally speaking, the electron mediation pr
dependent on proton concentrations of surrounding media. 
of electrons from photoexcited 
constant TiO2 concentration of 0.05 mg/mL
shown in Figure 2.8. 
 
Figure 2.8 Dependence of the steady state photocurrent on 
experimental data points, while the line is a guide to the eye.
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To further investigate the scavenging 
TiO2 by PW12O403?, we performed pH dependent studies at a 
 and a constant PW12O403- concentration of 1mM, as 
 
pH. The filled squares
 
 
 are 
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The electron shuttling behavior of polyoxometalates between the conduction band of 
TiO2 and the Pt anode can be broken down to two cycling sequential steps. The first step is that 
the POM gets an electron from the conduction band of TiO2 and become reduced POM?.  This 
step favors a lower pH due to two factors. The PW12O403? reduction works at highest speed when 
pH is close to 1. Thus this step works faster when pH is more close to 1. The TiO2 surface is 
partial positively charged at lower pH, which will facilitate the electron transfer from the 
conduction band of TiO2 to POM, as well. The second step is the reduced POM? pass the 
electron back to the Pt anode, resulted in photocurrent and re-generation of the parent Keggin 
heteropolyanion, which can be used back in the polyoxometalate reduction step. The reduced 
polyoxometalates would be protonated thermodynamically at lower pH28. The protontation will 
decrease the charge density of the reduced POM, and as a result, slow down the rate of reduced 
POM? reoxidation at the electrode. Another obvious explanation for the second step is that the 
PW12O403? polyanion may start to decompose at higher pH, which is usually true for most keggin 
type polyoxometalates. Thus, the electron shuttling behavior of polyoxometalates between the 
conduction band of TiO2 and the Pt anode is a balance of two reactions in favor of high and low 
pH respectively. A peak performance of the TiO2-POM photoelectrochemical catalytic system is 
expected to be observed in between pH 1, where the POM reduction by the conduction band 
electron of TiO2 is fastest, and pH 6, where the most basic environment that the polytungstate 
can withstand. Our experimental result, as shown in Figure 2.8, displays a peak photocurrent at 
around pH 3, which falls in the expectated region. The existence of peak performance confirms 
that the balance of two reactions in favor different pH. It should be noted that the photocurrent at 
the higher pH side of the peak is lower than the one at the lower pH side, suggesting that the 
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redox reversibility of PW12O403? is gradually decreased at higher pH due to structural distortion 
or decomposition. 
 
2.3.4 Electrothermodynamic Study 
 
 
 
Figure 2.9 Comparison of E0 of three different polyoxometalates and conduction band of TiO2 vs 
Ag/AgCl 
 
 
For better understanding of 
PW12O403? was substituted by two other different polyoxometalates, Si
The reason to choosing these two polyoxometalate
weight, charge density but dramatically different redox potential. Their redox potentials and the 
conduction band energy of TiO2 
 
Figure 2.10 Photocurrent of TiO
52 
this TiO2-POM co-catalytic system in methanol oxidation
W12O403? 
s is that they have similar size, molecular 
are summarized in Figure 2.9. 
 
2-POM co-catalytic system with different POMs and different 
applied potential on electrode. 
 
, 
and PMo12O403?. 
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It is predicted that the photocurrent produced by TiO2?SiW12O403? is smaller than the one 
by TiO2?PW12O403?, while TiO2?PMo12O403? system can generate higher current density than 
TiO2?PW12O403?. The redox potential of SiW12O403? is negatively higher than the TiO2 
conduction band energy. Thus, electrons on TiO2 conduction band have less probability the jump 
to SiW12O403? polyanion. In contrast, the redox potential of PW12O403? and PMo12O403? are lower 
than the TiO2 conduction band energy, which should result in higher photocurrent than 
SiW12O403?. And E0 of PMo12O403? is lower than the one of PW12O403?. As we have discussed in 
the previous paragraphs, the electron shuttling behavior of polyoxometalates between the 
conduction band of TiO2 and the Pt anode can be broken down to 2 sequential steps. The first 
step is the POM get an electron from the conduction band of TiO2 and become reduced POM?.  
And the second step is the reduced POM? pass the electron to the Pt anode, resulted in 
photocurrent and re-generation of the parent Keggin POM. Substituting the POM species with 
different redox potential is in fact manipulating the reaction speed of the first step. And we can 
also vary the potential applied on the anode to change the reaction speed of the second step. If 
we apply higher positive potential on the electrode, we get higher photocurrents, as shown in 
Figure 2.10. Please note that the data for PMo12O403? have only one point because it would go 
into the potential region of hydrogen evolution if we increase the applied potential on electrode. 
If we keep the energy gap, which is defined as the difference between electrical voltage applied 
on the Pt anode and standard redox potential of the POM, constant, we can assume that the 
reaction rate of the second step are the same. Thus the intensities of photocurrents in that 
scenario are mainly related to the rate of the first step, the polyoxometalate reduction. We can 
predict that the intensity of photo current should be in the following order: Iphoto(PMo12O403?) > 
Iphoto(PW12O403?) > Iphoto(SiW12O403?). Our results shown in Figure 2.10 have confirmed our 
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prediction. The assumption here we made is oversimplified. Several parameters, such as 
electrostatic attraction between reduced polyoxometalate and positively charged electrode, are 
not considered. However, the results based on this assumption are good enough to get qualitative 
conclusion.   
 
2.4 Conclusions 
We have developed a TiO2?polyoxometalate co-catalyst system for use in a hybrid photo-
electrochemical cell for the oxidation of methanol. Although the photocatalytic behavior of 
polyoxometalate and TiO2 photocatalysts are nominally quite similar29, the use of a co-catalyst 
dramatically improves the separation of photogenerated electron?hole pairs in suspended TiO2 
nanoparticles, leading to a 50-fold increase in the photocurrent compared to the use of TiO2 
alone. Thus, the problem of efficient electron transfer out of the conduction band of the 
semiconductor appears to have been solved in our co-catalyst system. The use of Pt(0) clusters to 
improve the rate of electron transfer to and from polyoxometalates has been explored by several 
groups19. Such a strategy might lead to improved electron transfer between the reduced 
polyoxometalates and the anode in our photoelectrochemical system and will be explored in 
future studies. There also appears to be an optimum concentration of PW12O403- = 2 mM, 
probably result from the competition for limited surface site of TiO2 between methanol and POM, 
above which direct oxidation of methanol by the photoexcited state of the polyoxometalate 
competes with the oxidation of methanol by TiO2. A pH dependence study was also performed. 
The balance of two processes favoring low and high pH respectively result in an optimum pH 
value in the media. In our system, the optimum pH = 3. Thermodynamic experimental data 
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match theoretical predicted order, which also confirms the two-step electron shuttling 
mechanism. 
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Chapter 3.  
Synthesis of Metal-Semiconductor Core-Shell Nanoparticles Using Electrochemical 
Surface-Limited Reactions 
 
3.1 Introduction 
3.1.1 Core-Shell nanoparticles 
Core-shell nanoparticles refers to nanomaterials consisted of a core nanoparticles 
encapsulated by a thin shell of a second material. A wide range of chemical and physical 
properties can be realized in these systems depending on the choice of the two components. For 
example, a narrow band gap semiconductor nanoparticle can be capped with a wide gap material 
to prevent the formation of surface traps, leading to enhanced band edge luminescence in the 
core-shell system1-6. Alternatively, the shell material can be chosen to improve the chemical 
stability of the core, which is important for medical imaging applications7,8. Metal-
semiconductor core-shell nanoparticles in particular are the focus of intensive research due to 
their enhanced optical properties9-17. For instance, it is believed that if the surface plasmon 
resonance excitation energy of the metal nanoparticle core can be tuned to match the band gap 
energy of the semiconductor shell, the energy transfer between the semiconductor coating and 
the metal cores will be more efficient9-11. 
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Typically, metal-semiconductor core-shell nanoparticles are synthesized using wet 
chemical methods. A common synthetic strategy involves harvesting seed crystals of the core 
material and treating them to induce growth of the shell material9-13. This conventional synthesis 
method has several disadvantages. It is usually carried out in toxic organic solvent at elevated 
temperatures. The thickness of semiconductor shell is usually predetermined by the amount of 
precursor added into the system, which makes it somewhat difficult to control17,18. 
 
3.1.2 Electrochemical Atomic layer deposition of metal-semiconductors core-shell 
nanoparticles 
 
Electrochemical synthesis of metal and semiconductor nanometer-scale films is attractive 
for a number of reasons, including the ability to use aqueous rather than organic solvents, 
formation of conformal deposits, room-temperature deposition, low cost, and precise control of 
composition and thickness of semiconductor coating on metal nanoparticles. Electrochemical 
atomic layer deposition (EC-ALD) and electrochemical atomic layer epitaxy (EC-ALE) are 
techniques in which electrochemical surface limited reactions such as underpotential deposition 
(UPD) and surface redox replacement reactions are used to deposit elements from molecular 
precursors in solution. These techniques have been successfully used by a number of research 
groups to deposit binary semiconductor nanofilms19-21, semiconductor heterojunctions22, 
superlattices20,23-26, and, more recently, metal nanofilms27,28. 
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Figure 3.1 Formation of Metal-Semiconductor Core-Shell Nanoparticle Films Using Surface 
Limited Electrochemical Reactions. Route 1: deposition of a binary semiconductor, MX, using 
electrochemical atomic layer deposition (EC-ALD). Route 2: atom-by-atom co-deposition of 
MX. Taken from ref. 88 with permission. 
 
To our knowledge, the use of electrochemical techniques to produce core-shell 
nanoparticles has not been explored to any significant extent, primarily owing to the difficulty of 
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preparing electrically addressable arrays of nanoparticles. Recently, we have developed a method 
for depositing conductive thin films composed of polyelectrolyte stabilized metal nanoparticles 
onto glassy carbon electrodes using layer-by-layer self-assembly methods. We have shown that 
the metal nanoparticles in these films can participate in electron transfer reactions, behaving as 
an array of nanoscopic electrodes. Herein, we discuss how EC-ALD and deposition techniques 
based on surface limited reactions can be used to modify the surfaces of these adsorbed 
nanoparticle electrodes with thin layers of semiconductors (Figure 3.1). The resulting 
semiconductor coated Au core-shell nanoparticle films are characterized using 
photoluminescence (PL) and Raman spectroscopies. 
 
3.2 Experimental 
3.2.1 Chemicals 
Sodium borohydride (98+% NaBH4, Acros Organics), poly-(diallyldimethylammonium 
chloride) (PDDA) (very low molecular weight, 35 wt % in water, Aldrich), Sodium hydroxide 
(98.4% NaOH, Fisher), and Chloroauric acid (30 wt% HAuCl4 solution in dilute hydrochloric 
acid, 99.99%, Aldrich) were used as received to synthesize gold nanoparticles. Na2WO4?2H2O 
(99.995%, Sigma?Aldrich) and Phosphoric acid (85 wt. % H3PO4 in H2O, 99.99% trace metals 
basis, Sigma?Aldrich), KHCO3 (?99.5%, Sigma-Aldrich), KCl (? 99.0%, Fisher), Ethanol 
(99.5%, Fisher), Diethyl Ether (anhydrous, Arcos), Hydrochloric acid (Fisher) with a nominal 
composition of 36.5-38.0% HCl, Cobalt nitrate hexahydrate (99.999% trace metals basis, Aldrich) 
were used as received to synthesize ?2-K8CoP2W17O61. Sodium acetate (99.9% CH3COONa, 
Fisher) and glacial acetic acid (100.0% CH3COOH, Fisher) were used to prepare the acetate 
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buffer described below. Sulfuric acid (Fisher) with a nominal composition of 95-98% H2SO4, 
Copper Sulfate Pentahydrate (99.4% CuSO4 ?5H2O, Fisher), Potassium Iodide (100.4% KI, 
Fisher), Cadmium Sulfate (99% CdSO4, Sigma-Aldrich), Sodium Sulfide (98+% Na2S, Sigma-
Aldrich), and ethylenediaminetetraacetic acid disodium salt (EDTA) (99+% 
Na2C10H14N2O8 ?2H2O, Sigma), Tellurium dioxide (?99% TeO2, Sigma-Aldrich) was used as 
received for semiconductor depositions. Tetraethylammonium perchlorate (?99.0% 
(C2H5)4N?ClO4, electrochemical grade, Fluka) and Acetonitrile (99.8% CH3CN, Sigma-Aldrich) 
are used to prepare supporting electrolyte in Electrochemical Impedance Spectroscopy (EIS). 
Millipore-Q purified deionized (DI) water (18.2 M?/cm3) was used to make up all solutions and 
to rinse electrodes. 
 
3.2.2 Synthesis of ?2-K8CoP2W17O61 
?2-K8P2CoW18O61?15H2O was synthesized according to the procedure described by 
Finke29. The precursor ?-K6P2W18O62?15H2O was synthesized by dissolving of 100 g 
Na2WO4?2H2O (0.303 mol) in 350 mL of refluxing H2O in a 1000-mL Erlenmeyer flask. 
Phosphoric acid (150 mL, 0.772 mol) was added dropwisely over 30 min, and the resulting light 
green solution was refluxed for 8 h. The crude product was precipitated by the addition of 100 g 
(1.34 mol) of solid KCl and recrystallized by dissolving the precipitate in about 500 mL of 
boiling H2O and cooling to 5?C overnight. The product was collected on a medium frit and 
washed with 150 mL (3 X 50 mL) of H2O, 150 mL (3 X 50 mL) of 95% ethanol, and 150mL (3 
X 50 mL) of anhydrous diethyl ether. The solid was dried under vacuum at room temperature for 
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8 hours. The final product was a mixture of ?- and ?-isomers of K6P2W18O62?10H2O, which 
requires further purification.  
Further purification can be achieved by dissolving ?/?- K6P2W18O62?10H2O (70 g, 0.015 
mol) into a 250 mL of 80 ?C water in a 1500-mL flask, with magnetic stirring. KHCO3 (400 mL 
of a 1 M solution, 0.4 mol) was added over 5 min, causing a white precipitate of P2W17O6110- 
(This precipitate continues to evolve over about 30 min.) HCI (150 mL of a 6 M solution, 0.9 
mol) was then added over about 10 min, regenerating a clear yellow solution of ?-P2W18O626-. 
Solid KCl (100 g, 1.34 mol) was then added to the solution, and it was cooled to 5 ?C overnight. 
The compound was then recrystallized from a minimum of boiling H2O (about 150 mL) and 
again cooled to 5 ?C overnight, result in a pure form of ?-K6P2W18O62?14H2O.  
To get the desired ?2-K8P2CoW18O62?15H2O, in a 1000-mL Erlenmeyer flask, 135 g 
(0.0293 mmol) of ?-K6P2W18O62?14H2O was dissolved in 300 mL of 40 ?C H2O. KHCO3 (500 
mL of a 1 M solution, 0.5 mol) is added with vigorous stirring. A white precipitate begins to 
form after about 50 mL of the base has been added. After the base addition was complete, the 
mixture was stirred for an additional 30 min. The white precipitate is collected on a coarse glass 
frit. The crude white solid was recrystallized by dissolving it in 200 mL of boiling H2O and 
cooling to 5 ?C overnight. The resulting white crystals were collected on a medium glass frit and 
washed with 150 mL (3 X 50 mL) of H2O, 150 mL (3 X 50 mL) of 95% ethanol, and 150 mL (3 
X 50 mL) of anhydrous diethyl ether. The solid is dried under vacuum at room temperature for 8 
h. The crystals collected are the lacunary precursor ?2-K6P2W17O61?15H2O. In a 500-mL flask, 
the lacunary precursor ?2-K6P2W17O61?15H2O (51.0 g, 10.6 mmol) was dissolved in 200 mL of 
90 ?C H2O. A solution of 3.36 g (1.15 mmol) of Co(NO3)2?6H2O in 40 mL of H2O was added 
with vigorous stirring, giving a dark red solution. After 15 min, solid KCl (30 g, 0.40 mmol) was 
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added, and the solution was cooled to room temperature. The resulting light red crystals were 
collected on a medium glass frit and recrystallized twice from a minimum amount (about 50mL) 
of boiling H2O. The product was collected on a medium glass frit, washed with 50 mL of H2O, 
and dried under vacuum at room temperature for 6 hours. The collected crystals were light red 
color, which is the desired compound ?2-K8P2CoW18O61?15H2O.  
 
 
 
 
Figure 3.2 structure of ?2-P2CoW18O618- 
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The structure of ?2-K8P2CoW18O61?15H2O, as shown in Figure 3.2, is confirmed by 
Infrared, Raman, UV-vis spectroscopy, and powder X-ray diffraction by comparing to published 
papers29. 
 
3.2.3 Fabrication of Gold nanoparticles Multilayer Films. 
NaOH was added dropwisely into a 5 mL solution containing 0.004 mM HAuCl4 and 
1.75 wt % poly-(diallyldimethylammonium chloride) (PDDA) until the yellow precipitate 
disappear. Then a 0.1 mL of 0.5 M NaBH4 was immediately added into the solution under 
vigorous stirring. The resulting Au nanoparticles have an average size of ?10?3 nm, as 
determined by transmission electron microscopy (TEM). PDDA, with its structure shown in 
Figure 3.3, is a positively charged chain polyelectrolyte that is playing a role as a stabilizer for 
the Au nanoparticles. Thus the Au nanoparticles are positively charged.  
The glassy carbon substrate was carefully polished before use and then pretreated in 1 M 
NaOH solution by applying a potential of +1300 mV for 10 min to render it negatively charged. 
The pretreated glassy carbon electrode was then immersed into the Au nanoparticle containing 
solution to allow the positively charged PDDA stabilized Au nanoparticles to adsorb onto the 
negatively charged glassy carbon surface. After 30 min, the electrode was removed, rinsed with 
DI water, and dried in a stream of N2 gas. Next, the electrode was immersed in a solution 
containing 0.2 mM ?2-K8P2CoW18O62, and the negatively charged polyanions were allowed to 
adsorb onto the positively charged PDDA-stabilized Au nanoparticle film for 30 min. Finally, 
the electrode was removed from this solution, rinsed with DI water, and dried in a stream of 
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flowing N2 gas. By repeating this series of steps, we are able to produce a film of any desired 
thickness, as shown in Figure 3.4. 
 
 
 
Figure 3.3 structure of poly-(diallyldimethylammonium chloride) (PDDA) 
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Figure 3.4 Fabrication of Gold nanoparticles Multilayer Films 
 
For the experiments described here, 10 AuNP/polyoxometallate (POM) bilayers were 
deposited. The electrochemically active surface area of the films was determined by scanning 
from 0.20 to 1.3 V in 0.1 M HClO4 and integrating the peak current associated with oxide 
stripping at ?800 mV, yielding a value of 0.015 cm2. 
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3.2.4 Electrodeposition of Semiconductors onto Gold Nanoparticles 
Cuprous Iodide (CuI) Electrodeposition 
In a typical experiment, the 10 AuNP/polyoxometallate (POM) bilayers electrode 
(GC/{AuNP/POM}10), a Ag/AgCl(sat) electrode , and a platinum gauze electrode were used as 
the working, reference, and counter electrodes, respectively. A Cu atomic layer was first 
deposited at underpotential onto the surface of the Au nanoparticles by applying a potential of 
+100 mV in a solution containing 10 mM CuSO4 and 0.5 M H2SO4. The deposition time was 5 
min to ensure full monolayer coverage. The electrode was then removed from the solution under 
potential control, rinsed with DI water, and dried with N2 gas. An iodine atomic layer was then 
underpotentially deposited onto the Cu monolayer by applying a potential of +200 mV for 5 min 
in a solution containing 1 mM KI and 5 mM H2SO4. 
 
Cadmium Sulfide (CdS) Deposition 
 The electrode configuration used for CdS deposition was the same as that used for CuI 
deposition. However, instead of using a traditional EC-ALD deposition program, we adopted the 
electrochemical atom-by-atom codeposition method developed by Demir and co-workers30 so 
that the growth could be carried out from a single solution. The CdS deposition solution 
contained 0.05 M CdSO4, 0.15 M EDTA, and 0.005 M Na2S. The pH of the solution was 
adjusted to 5.0 using an acetate buffer. CdS was grown onto the surface of gold nanoparticles by 
applying a potential of -600 mV for 1.0 h. 
 
71 
 
Cadmium Telleride (CdTe) Deposition 
The CdTe co-deposition was performed in a similar way to CdS co-deposition. The CdTe 
co-deposition solution contained 0.1 M CdSO4, 0.0001 M TeO2, and 0.1M HClO4. CdTe was 
grown onto the surface of gold nanoparticles by applying a potential of -10 mV for 1.0 h. 
 
3.2.5 Characterization of Semiconductor Gold Core-Shell Nanoparticle Films. 
Electrochemistry 
A glassy carbon electrode (3.0 mm diameter, Bioanalytical Systems, Inc.), a homemade 
copper electrode (1.2 mm diameter), and a gold electrode (1.6 mm diameter, Bioanalytical 
Systems, Inc.) were used as working electrodes. A Ag/AgCl(sat) electrode (Bioanalytical 
Systems, Inc.) was used as the reference electrode. A homemade platinum gauze electrode (0.77 
cm2) was used as the counter electrode. The electrochemical cell was controlled using an Epsilon 
electrochemistry workstation (Bioanalytical Systems, Inc.). 
 
Photoluminescence Spectroscopy 
Photoluminescence was excited using the 325 nm line (20mW)from a HeCd laser 
(Kimmon Electric Co., Ltd.). The photoluminescence spectra were dispersed by a Jobin-Yvon 
spectrometer and detected by a thermoelectrically cooled charge-coupled device (CCD) detector. 
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Raman Spectroscopy 
Raman spectroscopy was performed using the 785 nm (300 mW) line from a wavelength-
stabilized high power laser diode system (model SDL-8530, SDL Inc.) or the 514 nm line (20 
mW) from an air-cooled ion laser (model 163-C42, Spectra-Physics Lasers, Inc.) as the 
excitation source. Raman spectra were collected and analyzed using a Renishaw inVia Raman 
microscope system. 
 
Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy was performed using the BAS 100B/W 
Electrochemical Workstation (Bioanalytical Systems, Inc.) with the AC Impedance Module 
(Bioanalytical Systems, Inc.) at a fixed frequency of 1000 Hz. A glassy carbon electrode (3.0 
mm diameter, Bioanalytical Systems, Inc.) was used as working electrodes. A Ag/AgCl(sat) 
electrode (Bioanalytical Systems, Inc.) was used as the reference electrode. A homemade 
platinum gauze electrode (0.77 cm2) was used as the counter electrode. The electrochemical cell 
was placed in a C3 Cell Stand (Bioanalytical Systems, Inc.) to minimize electrical interference. 
N2 gas was purged into the solution for 15 min before each measurement. Data was analyzed by 
software package 100B/W Version 2.0. 
 
3.3 Results and Discussions 
3.3.1 Au/CuI Core-Shell Nanoparticles 
 Cuprous Iodide (CuI) is a semiconductor with a direct band gap of about 3.1 eV. As-
grown ?-CuI is generally a p-type material and consequently is of interest as a hole transport 
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layer in solar cells. A variety of synthetic approaches have been developed to produce CuI thin 
films, including several electrochemical routes. For example, Penner and co-workers showed that 
?-CuI nanoparticles can be grown on glassy carbon (GC) surfaces using a hybrid 
electrochemical/chemical method in which electrodeposited Cu nanocrystals are chemically 
converted to CuI via a surface metathesis reaction31. Several groups have reported on the 
interaction of I- with single crystal Cu electrode surfaces. In an early combined 
electrochemistry/ultrahigh vacuum study, Itaya et al. discovered the existence of ordered 
monolayers of iodide on Cu(111) electrode surfaces32. The (?3 ? ?3)R30? structures were found 
to be stable as a function of electrode potential. More recently, Broekmann and co-workers 
reported on the formation of stable 2D CuI phases on Cu(100) surfaces during the initial phase of 
the anodic dissolution of Cu in iodide-containing electrolytes. Interestingly, the presence of CuI 
did not appear to inhibit Cu dissolution; indeed, at higher dissolution rates, 3D CuI phases were 
observed to form on the surface.33,34 
In this study, we adapted the approach pioneered by the Stickney group35 to develop a 
straightforward two-step EC-ALD cycle for CuI deposition. First, an atomic layer ofCuwas 
deposited at underpotential onto Au. The Cu-modified Au substrate was then transferred to an 
iodide-containing electrolyte where the UPD layer was converted to CuI at a constant applied 
potential of 0.20 V. It should be noted that this potential is cathodic of the Cu stripping potential, 
ensuring that the Cu UPD layer and resulting CuI film remains adsorbed on the Au substrate. 
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Figure 3.5 Underpotential deposition of Cu at polycrystalline Au (dotted line), 
GC/(AuNP/POM)10 (solid line), and glassy carbon (dashed line). Scan rate: 1 mV/sec. Taken 
from ref. 88 with permission. 
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Cyclic voltammetric curves obtained using glassy carbon, polycrystalline Au, and 
GC/(AuNP/POM)10 working electrodes immersed in a solution containing 10 mM CuSO4 and 
0.5 M H2SO4 are shown in Figure 3.5. As the potential of a polycrystalline Au electrode is 
scanned cathodically from an initial value of +0.40 V, a broad, well-defined UPD peak is 
observed at ?0.27 V (dotted line). The integrated charge density of the Cu UPD peak is ?260 
?C/cm2. These results are in excellent agreement with previous measurements of Cu UPD on 
polycrystalline Au electrodes36. 
It should be noted that the polyoxometallates used in these films are electrochemically 
silent in this potential window and have no apparent effect on the Cu UPD voltammetry. A 
relatively small UPD peak is seen at the same position for the GC/(AuNP/POM)10 electrode 
(solid line), corresponding to a total charge density of ?75 ?C/cm2. This result is consistent with 
previous reports of Copper UPD on Au nanoparticles37. And as expected, no peaks are observed 
in the Cu UPD region on a bare glassy carbon electrode (dashed line) under these experimental 
conditions, indicating no Cu was deposited onto bare glassy carbon. 
Following conversion of the Cu UPD layer to CuI as described above, PL spectroscopy 
was employed to determine the existence and phase of the as-deposited CuI thin films, as shown 
in Figure 3.6.  
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Figure 3.6a Photoluminescence spectra of electrodeposited CuI films: Bulk CuI film formed on 
polycrystalline Cu (solid line); CuI thin film deposited on a polycrystalline Au foil using EC-
ALD (dotted line). Taken from ref. 88 with permission. 
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Figure 3.6b Photoluminescence spectra of electrodeposited CuI films: CuI deposited on a 
GC/(AuNP/POM)10 electrode using EC-ALD; glassy carbon subjected to an EC-ALD cycle. 
Taken from ref. 88 with permission. 
 
For comparison, a thick CuI film was grown onto polycrystalline Cu. As shown in Figure 
3.6A (solid line), the thick CuI layer grown on a polycrystalline Cu electrode is characterized by 
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a strong band edge PL feature centered at ?410 nm, consistent with published literature. Next, 
we deposited a CuI monolayer film onto the surface of a polycrystalline Au electrode using EC-
ALD. The photophysical properties of this specimen are quite similar to what we observed for 
the CuI(bulk)/Cu sample; in particular, the main band edge PL peak appears at the same 
wavelength, as shown in Figure 3.6A (dotted line). In addition, there is a distinct shoulder peak 
centered at ?420 nm. Zheng and co-workers attribute these two distinct PL peaks to different 
CuI orientations38.  Specifically, the PL peak at 410 nm is believed to originate from CuI(110) 
crystallites, while the broad band at 420 nm is due to films composed primarily of CuI(111) 
grains. The PL spectrum obtained from a CuI film deposited on a GC/(AuNP/POM)10 electrode 
is shown in Figure 3.6B (upper trace). The overall luminescence intensity is greatly diminished 
and consists of a single broad peak positioned at ?420 nm, consistent with the formation of a 
deposit comprised of predominantly CuI(111) grains. It is often possible to identify 
pseudomorphic heteroepitaxial conditions for growth on atomically flat single crystal substrates 
(for example, in the case of CuI/Cu(111), 3aCuI?5aCu). On the other hand, it is harder to 
rationalize heteroepitaxial deposition onto the more disordered, curved surface of AuNPs. In this 
case, formation of the thermodynamic product is the most likely outcome. Since such core-shell 
structures grow epitaxially and the shell can be considered as an extension of core structure with 
different chemical compositions. In addition, the growth of core and shell in these systems are 
very closely related39. 
Interestingly, we do not observe strong confinement shifts in the CuI PL data. In contrast, 
Penner et al.31 observed confinement shifts in the PL of CuI quantum dots deposited onto 
graphite electrodes. Two factors account for the different behavior. First, in our system, the 
nanoparticle PL spectra are red shifted with respect to the bulk data due to the preferred 
79 
 
crystallite orientation. Since the maximum possible red shift is not known, our observation does 
not rule out the existence of small confinement effects in these systems.  
 
 
Figure 3.7 Raman spectrum of CuI deposited on a GC/(AuNP/POM)10 electrode. Excitation 
wavelength: 514 nm. Taken from ref. 88 with permission. 
 
Second, we have previously shown that electronic coupling between CdS and Au reduces 
the magnitude of quantum confinement effects compared to isolated CdS nanocrystals40. On the 
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other hand, substrate-nanoparticle electronic coupling is expected to be much weaker for 
quantum dots adsorbed on graphite, as in the case of the Penner study. Finally, we subjected a 
naked GC electrode to the same EC-ALD cycle we used for the Cu monolayer on Au and for the 
GC/(AuNP/POM)10 electrode. The PL spectrum shown in Figure 3.6B (lower trace) displays no 
obvious PL peak because Cu UPD does not occur on GC under these conditions, and hence, no 
CuI can form. This result also indicates that no significant amounts of CuI precipitate under the 
experimental conditions employed for EC-ALD. 
Additional evidence for CuI formation comes from Raman spectroscopy. A 
representative Raman spectrum (514 nm excitation wavelength) of the CuI layer deposited on the 
GC/(AuNP/POM)10 electrode is shown in Figure 3.7 and consists of two strong Raman bands 
centered at ?141 cm-1 and ?158 cm-1 superimposed on a broad, intense luminescent background. 
These bands are assigned as the transverse optical (TO) and longitudinal optical (LO) phonon 
modes of CuI, respectively41. Similar spectra (data not shown) were obtained for bulk CuI films. 
Taken together, our voltammetric and spectroscopic data indicate the formation of a CuI 
layer on the surface of Au nanoparticles embedded in the polyelectrolyte layers. Next, we wished 
to investigate whether another class of surface limited reaction could be used to modify the 
surface of the embedded Au nanoparticles. CdS is an ideal candidate for this investigation 
because it can be deposited electrochemically and its surface spectroscopy is well explored. 
 
3.3.2 Au/CdS Core-Shell Nanoparticle Thin Films. 
Cadmium sulfide (CdS) is a direct band gap semiconductor with 2.42 eV band gap 
energy and has many applications for example in light detectors. CdS was deposited onto AuNP 
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surfaces from a solution containing 0.05 M CdSO4, 0.15 M EDTA, and 0.005 M Na2S buffered 
to pH 5.0 using an acetate buffer. To determine the appropriate applied potential for the 
codeposition of CdS, we first studied the voltammetric response of a GC/(AuNP/POM)10 
electrode in separate solutions containing the Cd and S precursors, as shown in Figure 3.8. 
 
 
 
Figure 3.8 Cyclic voltammetry of Cd and S electrodepositionin separate solutions. The arrows 
denote for UPD peaks.can rate: 100 mV/sec. 
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Both cyclic voltammetric behavior of Cd and S agree well to that observed in previous 
electrochemical studies of this system. The UPD peaks of Cd and S are around -0.05 and -0.61 V, 
respectively. Obviously, the UPD peak position of sulfur is more negative than the bulk 
deposition peak of Cadmium, and the underpotential deposition peak of Cd is more positive than 
the bulk deposition position of S. Thus, in the S UPD region, Cd bulk deposition will occur and 
in the Cd UPD region, S bulk deposition will occur. We can conclude that, under the EDTA-free 
environment, the desired co-UPD of Cd and S is not likely to happen. 
A representative CV obtained in a 0.005 M Na2S and 0.15 M EDTA solution at pH 5 is 
shown in Figure 3.9. Both S and Cd UPD peak shift negatively in the presence of EDTA, which 
was also reported by Demir and co-workers30. The S UPD peak is centered at approximately -
0.62 V on the anodic scan (dashed vertical line), and the S monolayer stripping peak is centered 
at approximately -0.65 V on the cathodic scan, consistent with previous research. Figure 3.9 also 
shows the cyclic voltammetric response of a GC/(AuNP/POM)10 electrode immersed in a 0.05 M 
CdSO4 and 0.15 M EDTA solution at pH 5. EDTA is used to chelate Cd2+ and thus prevent 
precipitation of CdS in the codeposition solution; as a consequence, the Cd UPD peak is shifted 
negative to a potential of approximately-0.58V (dashed vertical line). Actually both S and Cd 
UPD peak shift negatively in the presence of EDTA, though the shift of S UPD is very small, 
which was also reported by Demir and co-workers30. 
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Figure 3.9 Cyclic voltammetry of Cd and S electrodeposition, showing the potential window for 
CdS codeposition. Scan rate: 100 mV/sec. Taken from ref. 88 with permission. 
 
Under these experimental conditions, a narrow range of potentials exists where Cd and S 
can simultaneously be deposited at underpotential onto Au. The codeposition window lies 
between the two vertical dashed lines in Figure 3.9 (between -0.58 and -0.62 V).  
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Figure 3.10 Raman spectroscopy of CdS nanofilms. Lower trace, glassy carbon; middle trace, 
polycrystalline Au; upper trace, GC/(AuNP/POM)10 electrode. The inset shows the Raman 
spectrum of a CdS single crystal. The excitation wavelength was 514 nm. Taken from ref. 88 
with permission. 
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It should be pointed out that deposition of Cd2+ onto UPD Cd or HS- onto UPD S will not 
take place in the codeposition window, since the bulk deposition potentials are never reached. In 
our experiments, we applied a -0.60 V potential to the working electrode. Although 
polyoxometalates such as the Wells-Dawson anions used here can be reduced at negative 
potentials, the cyclic voltammetric behavior illustrated in Figure 3.9 is virtually identical to what 
has been previously reported for Cd and S upd on Au electrodes in electrolytes that do not 
contain POMs. Thus, while the POMs may act as a sink for electrons, they do not appear to 
significantly alter the UPD of Cd or S on Au nanoparticle surfaces. 
 
3.3.3 Au/CdTe Core-Shell Nanoparticle Thin Films. 
Cadmium telluride (CdTe) is a crystalline compound formed from cadmium and 
tellurium. It is a direct band gap semiconductor with a 2.42 eV band gap energy and has many 
applications for example in light detectors. Because both Cd and Te deposition are reductive 
deposition, the co-deposition of CdTe is different from that of CdS.  
To determine the appropriate applied potential for the codeposition of CdTe, we first 
studied the voltammetric response of a GC/(AuNP/POM)10 electrode in separate solutions 
containing the Cd and Te precursors at various concentrations, to find a good concentration pair 
that Cd and Te UPD peaks aligned. A cyclic voltammetric result of a solution containing 0.1 M 
CdSO4, and 0.1M HClO4 is shown as red curve in Figure 3.11. 
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Figure 3.11 Cyclic voltammetry of Cd and Te electrodepositionin separate solutions.  
Scan rate: 100 mV/sec. 
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Figure 3.12 Raman spectroscopy of CdTe nanofilms on GC/(AuNP/POM)10 electrode.  
The excitation wavelength was 514 nm. 
 
The Cd UPD peak is about -50 mV versus Ag/AgCl, and the Cd bulk deposition is about 
-300 mV versus Ag/AgCl. A cyclic voltammetric result of a solution containing 0.0001 M TeO2, 
and 0.1M HClO4 is shown as blue curve in Figure 3.11. The Te UPD peak is about -20 mV 
versus Ag/AgCl, and the Cd bulk deposition is about -200 mV versus Ag/AgCl.Thus, for this 
concentration pair of Cd2+ and HTeO2+, a co-UPD region can be found between 0 and -100 mV 
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versus Ag/AgCl. We should note that the UPD current for Te is slightly higher than that for Cd 
at this concentration pair. Overdeposition of Te can be foreseen. 
Raman spectroscopy result of CdTe nanofilms on GC/(AuNP/POM)10 electrode is shown 
in Figure 3.12. Two strong Raman bands centered at ?146 cm-1 and ?154 cm-1 can be assigned 
as the transverse optical (TO) and surface optical (SO) phonon modes of CdTe, respectively43, 
and a shoulder peak centered around 170 cm-1 can be assigned as longitudinal optical (LO) 
phonon of CdTe. All three bands confirm the existence of CdTe. However, in the case of CdTe 
nanoparticles43, the intensities of three different phonon modes are in the following order: 
ILO>ISO?ITO. However, in our result, the intensities of phonon modes are: ISO?ITO>ILO. This 
inverse intensity order can be attributed to the doping effect of the gold core. Another 
explaination is that most semiconductor are on the surface, which shows a strong surface optical 
(SO) phonon modes. 
Also, there is a mid-intensity band centered at 114 cm-1, which can be assigned as Te A1 
phonon mode, indicating there are excess Te deposited, which confirms our prediction of Te 
overdeposition. 
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3.3.4 Mott-Schottky analysis 
Generally, electrochemical systems can be treated as a combination of several resistances 
and capacitors. Both real and imaginary component of impedance (Z) can be obtained from 
electrochemical impedance spectroscopy. The capacitance C can be calculated from the 
imaginary component of the impedance (Z") using the relationship Z" = 1/2?fC. The model is 
adequate provided the frequency is high enough (on the order of kHz). The overall capacitance 
for electrochemical systems consists of double layer capacitance and dielectric capacitance. In 
metal electrodes, double layer capacitance is the major contribution of the overall capacitance. 
While in semiconductor or polymeric electrodes, the dielectric capacitance becomes important44. 
In the case of semiconductors, dielectric capacitance is all from the space charge region of 
semiconductor. Since these capacitances are in series, the total capacitance is the sum of their 
reciprocals. As the space charge capacitance is much smaller than double layer capacitance (2-3 
orders of magnitude), the contribution of the double layer capacitance to the total capacitance is 
negligible. Therefore, the capacitance value calculated from this model is assumed to be the 
value of the space charge capacitance45. 
Mott-Schottky relationship was initially used to characterize metal-semiconductor 
junctions. It can be adopted into solution-semiconductor system as well46-48. The Mott-Schottky 
equation describes the relationship between inverse square of space charge layer capacitance, g2869g2887
g3177g3161g3118
, 
and semiconductor electrode potential E, as shown in the following equation: 
1
Cg2929g2913g2870 =
2
e??g2868Ng3436E?Eg2890g2886?
kT
eg3440 
 Where 
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By using the well-accepted value of parameters, such as e = 1.602 X 10-19 C, ?0 = 8.854 X 
10-12 F?m-1, the slope of the Mott-Schottky plot, g2870g3032g3084g3084
g3116g3015
, can be used to calculate the majority 
carrier concentration of the semiconductor. And the sign of the slope implies the type of 
semiconductors. If the slope is positive, the semiconductor is N type. And if the slope is negative, 
the semiconductor is P type.  
The flatband potential of semiconductor can be determined by extrapolation the Mott-
Schottky plot to g2869g3004g3118 = 0.  
 To further investigate the metal-semiconductor core-shell structure by Electrochemical 
Surface-Limited Reactions. Mott-Schottky analysis was performed by measuring the dielectric 
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capacitance by electrochemical impedance spectroscopy for our three gold-semiconductors 
nanofilms.  
 
 
 
Figure 3.13 Mott-Schottky plot of Au-CuI nanofilms 
 
In a typical experiment, the semiconductor deposited GC/(AuNP/POM)10 electrode was 
used as working electrodes. A Ag/AgCl(sat) electrode was used as the reference electrode. A 
homemade platinum gauze electrode was used as the counter electrode. The electrochemical 
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inactive supporting electrolyte made of 0.1 M Tetraethylammonium perchlorate in Acetonitrile is 
used to preclude the contribution od faradic currents. 
Typical Mott-Schottky plot of Au-CuI nanofilms is shown in Figure 3.13. It?s a P type 
semiconductor since the slop is negative. The majority carrier (hole) concentration are calculated 
as N = 4.86 x 1021 cm-3 by adopting dielectric constant ? = 4.84 form the work of Madelung and 
co-workers49. And the flatband potential of electrochemical deposited Au-CuI nanofilms is -170 
mV. 
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Figure 3.14 Mott-Schottky plot of Au-CdS nanofilms 
 
Typical Mott-Schottky plot of Au-CdS nanofilms is shown in Figure 3.14. It?s a N type 
semiconductor since the slop is positive. The majority carrier (electron) concentration are 
calculated as N = 2.03 x 1019 cm-3 by adopting dielectric constant ? = 29.57 form the work of 
Zhou50 for chemically grown CdS nanoparticles. And the flatband potential of electrochemical 
deposited Au-CdS nanofilms is +40 mV. 
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Figure 3.15 Mott-Schottky plot of Au-CdTe nanofilms 
 
Typical Mott-Schottky plot of Au-CdTe nanofilms is shown in Figure 3.15. It?s a P type 
semiconductor since the slop is positive. The majority carrier (hole) concentration are calculated 
as N = 1.06 x 1022 cm-3 by adopting dielectric constant ? = 6.615 form the work of Mathew and 
co-workers51 for electrodeposited CdTe on stainless steel foil. And the flatband potential of 
electrochemical deposited Au-CdTe Core-shell nanostructure is -10 mV. 
A summary of the Mott-Schottky analysis for all three semiconductors is listed in Table 
3.1. For CuI and CdTe, the majority carrier concentrations greatly exceed the reported value. 
And for CdS, the majority carrier concentration is close to those with highest values. The high 
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majority carrier concentration measured by Mott-schottky can be explained by several factors.  
One is the low dielectric constant ? measured from the single crystal or micrometer thick thin-
film semiconductors cannot represent the nanometer thick semiconductor coating on the gold 
nanoparticles. On one hand, the dielectric constant ? of semiconductors increase inversely with 
size50, due to the high surface-volume-ratio in the nanomaterials. The interfaces with high 
surface-volume-ratio in the nanosized samples may contain a great deal of defects such as 
nanoporosities, vacancy clusters, vacancies and dangling bonds85. These defects can result in a 
change of positive and negative space-charge distributions in the nanomaterials surface when 
exposed to an external electric field. 
Meanwhile, a great number of dipole moments are unavoidably formed after they have 
been trapped by defects. Consequently, space-charge polarization occurs in the interfaces of 
semiconductor nanoparticles, which results in the much larger dielectric constant ? for 
semiconductor nanoparticles. In contrast, macro-scale semiconductors mainly show their bulk 
properties. Thus the space charge polarization is hardly observed on them. 
On the other hand, these compound semiconductors have a specific surface with a high 
density of disordered ions. For examples, there are many S vacancies with negative ions in the 
CdS nanoparticles. There are also a great number of dense Cd gaps at high bands with positive 
ions on the interfaces acting as shallow donors. In consequence, Cd gaps together with S 
vacancies lead to many dipole moments. When these dipole moments are under the influence of 
an external electric field many of them rotate. In this case, rotation-direction polarization 
happens in the interfaces of the nanoparticles. 
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Table 3.1 Summary of Mott-Schottky analysis for all three semiconductors 
 Type Carrier Concentration /cm
-3 
Published values 
Efb /mV v.s. Ag/AgCl 
Published values 
CuI P 4.86 x 1021 9.30 x 10
16 (ref 52) 
4.9 x 1018 (ref 53) -170 + 68 (ref 54) 
CdS N 2.03 x 1019 
1.3 x 1015 (ref 55) 
2 x 1017 (ref 56) 
2.8 x 1019 (ref 57) 
1.62 x 1014 (ref 58) 
1.8 x 1017 (ref 59,60) 
1.02 x 1017 (ref 61) 
1.86 x 1016 (ref 62) 
4.82 x 1019 (ref 63) 
2.90 x 1016 (ref 64) 
7.5 x 1018 (ref 65) 
6.1 x 1018 (ref 66) 
+ 40 
-1050 (ref 56) 
+ 400 (Ref 67) 
-850 (Ref 68) 
-1250 (Ref 69) 
-700 (Ref 70) 
CdTe P 1.06 x 1022 
7.6 x 1015 (ref 71) 
4.0 x 107 (ref 72) 
2.4 x 1013 (ref 73) 
1.0 x 1017 (ref 74,77) 
1.2 x 1017 (ref 75) 
1.72 x 1013 (ref 76) 
2.1 x 1011 (ref 78) 
1.36 x 1013 (ref 79) 
2 x 1016 (ref 80) 
1014 ? 1015 (ref 81) 
1.5 x 1017 (ref 82) 
2.5 x 1015 (ref 83) 
- 10 
+640 (Ref 67) 
-650 (Ref 84) 
-350 (Ref 83) 
 
 
Considering that conventional CdS single crystals that do not have such large specific 
surfaces and high-density gaps, the rotation-direction polarization disappears on the interfaces of 
conventional CdS single crystals. Since this rotation-direction polarization has an important 
97 
 
contribution to higher values of the dielectric constant ?, this is another reason why ? of 
nanosized CdS is much higher than that of macro-sized CdS. One way to eliminate the effects of 
space-charge polarization and rotation-direction polarization on the dielectric constant ? 
measurement of semiconductors nanoparticles is to increase the measurement frequency. Under 
the circumstance when measurement frequency is high enough, the two polarization discussed 
above will not exist50, according to the theory of dielectric polarization and space-charge 
polarization. 
Another factor can be attributed to the high majority carrier concentrations is the pinholes 
of the semiconductor thin film on top of the gold nanoparticles. The concept of electrochemical 
atomic layer deposition is based on the fact that the interaction between materials deposited and 
the substrate surface (M-S interaction) is stronger than the interaction between each atom of 
materials deposited (M-M interaction). If the substrate cannot establish such interactions, or the 
M-S interaction is weaker than the M-M interaction, the electrochemical atomic layer deposition 
will not occur at the underpotential. Thus, semiconductor cannot be deposited on the defect sites 
of substrate, which is gold nanoparticle in our case, leaving out uncovered gold surface and 
forming semiconductor pinholes. In the electrochemical impedance spectroscopy, the pinholes 
are filled with electrolytes and play as conducting or semiconducting if taking the small pore-size 
into account, pathways. Thus, the pinhole can increase the overall conductance of the 
semiconductors and as a result, attributed to the calculated high majority carrier concentrations. 
Flatband potential, Efb, refers to the potential where the potential drop associated with the 
space charge in the semiconductor, vanishes as the charge on the semiconductor becomes zero. 
At Efb, the Fermi level of the semiconductor, which can be changed by the applied potential, 
matches the Fermi level of the electrolyte, and there is no band bending in the semiconductor. 
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Thus, flatband potential is solution determined. That is the reason why all the reported values of 
flatband potentials are scattered from each other, as well as from our results.  
One of the two premises of using Mott-Schottky analysis on the semiconductor/solution 
interface is that the double-layer capacitance is much larger (at least 2-3 orders of magnitude) 
than the semiconductor space charge capacitance so the inverse square of the double-layer 
capacitance is much smaller than the inverse square of the space charge capacitance. Then the 
contribution from double-layer capacitance to the inverse square of the total capacitance is 
negligible. It is usually true in marco-scale system. However, the validity of this assumption in 
nanomaterials remains at stake. In the marco-scale systems, the double-layer capacitance can be 
expressed using a parallel-plate capacitor model. 
 
 
 
The parallel-plate capacitor is constructed of two parallel plates both of area A separated 
by a distance d. As the size decreases into nano-scale, the area A becomes very small, while the 
thickness of Helmholtz layer d remains unchanged. Thus the double layer capacitance C can be 
regarded as a linear function of area A. Using the same theory to examine the thin film 
semiconductor space charge capacitance, as the size decreases into nano-scale, the area A 
becomes very small, as well. But the thickness of space charge region d also becomes very thin, 
at most as thick as the semiconductor film. Thus the space cahrge capacitance C can be regarded 
as both a linear function of area A and an inverse linear function of depletion depth d.  Thus, in a 
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nano-sized system, the semiconductor space charge capacitance is large, and the double-layer 
capacitance is no longer much larger than the semiconductor space charge capacitance.  
Back in our gold-semiconductor core-shell nanoparticles, the measured high majority 
carrier concentrations (1019-1022 cm3) also backs the thin space charge region theory86,87 up. Thus, 
the contribution from double-layer capacitance to the inverse square of the total capacitance may 
not be neglected and the expected capacity/voltage relationship for this case is86, where CH 
demotes for the double-layer capacitance (Helmholtz layer capacitance): 
 
1
Cg2929g2913g2870 =
1
Cg2892g2870 +
2
e??g2868Ng3436E?Eg2890g2886?
kT
eg3440 
 
Due to the interference of double-layer capacitance, the flat band potential measured by 
Mott-Schottky plot is shifted. For n-type semiconductor, it shifts to negative direction, and for p-
type semiconductor, it shifts to positive direction. 
 
3.4 Conclusions 
Gold nanoparticles are electroactive sites on POM/Au nanoparticle electrode layer-by-
layer assemblies. POM function as electron shuttle transporting e- between Au nanoparticles 
layers. EC-ALD and electrochemical atom-by-atom codeposition have been used to grow three 
different semiconductor nanofilms, namely CuI, CdS, and CdTe, onto the surfaces of metal 
nanoparticles embedded in polyelectrolyte thin films. By utilizing underpotential deposition and 
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atom-by-atom deposition, semiconductor growth is limited to the metal nanoparticle surface. The 
semiconductor nanofilms show similar spectroscopic response to those bulk materials. The slight 
differences of characterizations between bulk semiconductors and semiconductors on gold 
nanoparticles can be attributed to unique properties of metal nanoparticles surface. These core-
shell nanoparticle thin films are promising candidates for a number of energy conversion and 
optoelectronic applications.  
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Chapter 4.  
Large Nanostructures using Sandwich Polyoxometalates and Silver Nanoparticles as 
Building Blocks 
4.1 Introduction 
4.1.1 Nanoparticles 
Nanoparticles are of great scientific interest because their unique properties similar to 
neither bulk materials nor atomic or molecular structures. Although they are often considered a 
modern invention, nanoparticles actually have been used long time ago by the 9th century 
ceramists for generating a glittering effect on the surface of pots. The formal scientific re-visit of 
nanoparticles started by Faraday in his 1857 paper1, where he described the optical properties of 
nanometer-scale metals. However, there was no intensive investigation due to the lack of proper 
chemical and physical properties characterization instruments.  
Bulk materials have constant physical properties regardless of its size. The properties 
change as the materials? size approaches the nano-scale and as the percentage of atoms at the 
surface of a material becomes significant. Unlike those bulk materials larger than one 
micrometer, nano-scale materials have size-dependent properties, such as quantum confinement 
in semiconductor particles, surface plasmon resonance in somemetal particles and 
superparamagnetism in magnetic materials. The interesting and sometimes unexpected properties 
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of nanoparticles are due to the surface-to volume ratio, which means that the aspects of the 
surface of the material dominating the properties instead of the bulk properties. 
Silver nanoparticle is one of the most widely used substrates for surface enhanced 
spectroscopy (SERS). Its plasmon resonance frequencies fall within the wavelength ranges of 
visible and Near-Infrared, providing maximal enhancement to probe a single molecule2. Also, 
silver nanoparticle is of particular interest because of its good conductivity, chemical stability, 
catalytic and antibacterial activity3.   
 
4.1.2 Nanoparticles preparation using Polyoxometalates 
There are two approaches are used in making nanoparticles. In the "bottom-up" approach, 
materials and devices are built from molecular components which assemble themselves 
chemically by principles of molecular recognition. A good example is chemical reduction. In the 
"top-down" approach, nano-objects are constructed from larger entities without atomic-level 
control, such as mechanical attrition. In chemical reduction, metal cation (Mn+) is reduced to its 
element form (M) by a reducing agent. As more and more of these metal atoms form, the 
solution becomes supersaturated, and metal gradually starts to precipitate in the form of sub-
nanometer particles. The rest of the metal atoms will grow on the surface of the existing particles. 
To prevent these particles from aggregating, some sort of stabilizing agent that sticks to the 
nanoparticles surface is usually added.  
Usually the reducing agent and the stabilizing agent are separate chemicals. But there are 
many single reagents that can perform dual functions, both reducing and stabilizing, which give 
great convenience in preparing and processing nanoparticles solutions. The selection of reducing 
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and the stabilizing agents are based on the fabrication environment and application purpose of 
the nanoparticles. Some polymer stabilizers are not suitable for making nanoparticles for 
electrochemical reactions because they block electron transfer. 
Polyoxometalate is one of the dual-function reagents. It has been used in fabrication of 
Gold4,5, Silver4-7, Platinum5,8-10, Palladium5,8,9,11, Rhodium12, Copper7, Cadmium7, Thallium7, 
Lead7, Cobalt7, Nickel7 and Iridium13 nanoparticles. Apart from reducing and stabilizing, fast 
electron transfer capability and high proton conducting ability makes polyoxometalates as an 
attractive reagent to prepare nanoparticles, especially for those with electrochemical applications. 
Polyoxometalates can ensure enhanced availability and mobility of the protons as well as 
electrons at the nanostructure surface14,15. Also, preparing Silver nanoparticles using 
polyoxometalates is considered to be a ?green method? 16. 
In this chapter, silver nanostructure prepared by Keggin type and sandwich type 
polyoxometalates will be explored.  
 
4.2 Experimental 
4.2.1 Materials and reagents 
Methanol (99.9%, Fisher Chemical), Nitric acid (Fisher Chemical) with a nominal 
composition of 68?70% HNO3, Na3PW12O40?2H2O (>99.9%, Sigma?Aldrich), Na2WO4?2H2O 
(99.995%, Sigma?Aldrich),  Zn(NO3)2?6H2O (>99.9%, Sigma?Aldrich),  AgNO3 (99+%, Arcos 
Organics), and NaBH4 (99%, Arcos Organics) were used as received without further purification. 
Millipore-Q purified distilled water (18M?/cm) was used to make up all solutions.  
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4.2.2 Preparation of sandwich polyoxometalate Na12[WZn3(H2O)2(ZnW9O34)2]: 
The synthetic procedure developed by Tourn? et al17, was employed for the preparation 
of the zinc sandwich polyoxometalate Na12[WZn3(H2O)2(ZnW9O34)2]. A solution of 
Na2WO4?2H2O (32 g) in water (87.5ml) was treated with nitric acid (14N, 0.5 ml) at 80-85? C 
with vigorous stirring, until the initial precipitate dissolved completely to form a dark yellow 
solution. Then a solution of zinc nitrate (7.5g) in water (25ml) was added very slowly, 
accompanied by continuous stirring and heating at 90-95?C (without boiling). A burette with 
stopcock was used to control speed of zinc nitrate solution addition to about 15 second per drop. 
During the initial addition of zinc nitrate, a white precipitate was formed, which re-dissolved 
immediately, and after about 2/3 addition, the precipitate started to dissolve more slowly and 
hence the solution was added in the speed of ~20 seconds per drop, so that the mixture remained 
clear till the end. This addition requires about 2-3 hours and the final pH was about 7.5. On 
moderate cooling to about 40 ?C, a first batch of fine needles were crystallized. The liquid was 
evaporated to half the volume and was left unstirred overnight. More white needle-like crystals 
were formed and separated by filtration. The resulting cold filtrate was treated with an equal 
volume of acetone to produce two separate layers. The dense lower layer was further diluted and 
heated to 50 ?C and maintained at this temperature overnight to extract more products. The total 
yield was about 75-80%. The entire collected product was subjected to recrystallization from 
water to yield a uniformly hydrated product. 
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4.2.3 Preparation of Silver nanoparticles. 
Photoreduction 
Photopreparation of silver nanoparticles was carried out in a Rayonet Photochemical 
reactor (RPR-100, Southern New England Ultraviolet Company) equipped with RPR 3500 lamps 
(ca. 500 ?W/cm2 for ? = 350 nm). The temperature inside the reactor was maintained at ~35?C 
with a cooling fan in continuous operation. AgNO3 and polyoxometalate were dissolved in to a 
solution containing 19mL water and 1mL methanol. Then the solution was irradiated at the 
center of the Rayonet Photochemical UV reactor for 30 minutes to ensure all silver ions were 
converted to nanoparticles. 
 
Chemical reduction 
For comparison, traditional chemical reduction of Ag+ to silver nanoparticles was 
performed. In a chemical reduction reaction, AgNO3 and polyoxometalate were dissolved in to a 
solution containing 19mL water and 1mL methanol. Then a solution containing 0.1M NaBH4 
was added drop by drop until the mixture shows characteristic heteropoly bluecolor of reduced 
polyoxtalate. The blue color should fade in one day and the solution should show the color of Ag 
nanoparticles. 
 
4.2.4 Characterization 
 UV-visible spectra were recorded on an Agilent 8453 UV-Visible Spectrophotometer 
with Agilent UV-Visible ChemStation software. FT-IR analysis was done on loaded transparent 
KBr pellets on a Shimadzu spectrometer. Raman spectroscopy was performed using the 785 nm 
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(300 mW) line from a wavelength-stabilized high power laser diode system (model SDL-8530, 
SDL Inc.) or the 514 nm line (20 mW) from an air-cooled ion laser (model 163-C42, Spectra-
Physics Lasers, Inc.) as the excitation source. Raman spectra were collected and analyzed using a 
Renishaw inVia Raman microscope system. Crystal is analyzed using an APEX single crystal X-
ray diffractometer. TEM micrographs were obtained using a Zeiss EM10 transmission electron 
microscope. Dynamic light scattering (DLS) tests were performed with a Nicomp 380 submicron 
particle sizer at a fixed measurement angle of 90? (internal He-Ne laser, ?=633 nm). The DLS 
data were processed with the software package CW388 to yield the volume-weighted size 
distributions. Mie theory simulation is performed using MiePlot computer program version 
3.5.01. 
 
4.3 Result and discussion 
4.3.1 Structural Characterization of Na12[WZn3(H2O)2(ZnW9O34)2] 
Infrared spectroscopy was employed to determine the structural integrity of the 
synthesized polyoxometalate. Figure 4.1 clearly shows the FT-IR characteristics of 
Na12[WZn3(H2O)2(ZnW9O34)2] sandwich polyoxometalate. The FT-IR spectrum shows five 
distinct bands in the fingerprint region. Three prominent bands, ?(W-O, terminal) at 927 cm-1, 
?(W-O-W, octahedral edge sharing) at 881 cm-1, and ?(W-O-W, octahedral corner sharing) 777 
cm-1, denoted the W-O stretching in the terminal oxo group, corner sharing WO6 octahedra, and 
edge sharing octahedra in the lacunary Keggin moiety of [WZn3(H2O)2(ZnW9O34)2]12- 
respectively. A medium strength shoulder band at ~700 cm-1, and a low intensity band at 576 cm-
1 show the Zn-O stretching and O-Zn-O angle bending in the center ZnO4 tetrahedron in the 
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lacunary Keggin moiety of sandwich polyoxometalate respectively. A following Raman 
measurement also revealed the characteristic W-O peak for the Keggin moiety. Compared to the 
FT-IR spectra of ZnW12O406- Keggin polyoxometalate obtained by Nomiya18, all three W-O 
stretching bands in WO6 octahedra remained at similar position with no or little shift, indicating 
that the as-synthesized polyoxometalate conserve Keggin moiety. However, all three bands 
broadened to a significant degree, suggesting that the 18 WO6 octahedra were not in the same 
chemical environment due to the symmetry reduction. The broadening of Zn-O stretching band 
in the center ZnO4 tetrahedron can also be attributed to it.  The O-Zn-O angle bending band is 
often considered as a direct indicator that the center ZnO4 unit is in regular Td or not18. The band 
intensity was weakened in [WZn3(H2O)2(ZnW9O34)2]12- polyanion.  Its peak position shifted 
dramatically, from a lower energy region, 440cm-1 in ZnW12O406- Keggin, to a higher energy 
region, 576cm-1 in [WZn3(H2O)2(ZnW9O34)2]12- sandwich polyoxometalate, suggesting that there 
is a distortion on the tetrahedron, which confirmed that reduction of symmetry. 
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Figure 4.1 Transmission FT-IR spectrum of Na12[WZn3(H2O)2(ZnW9O34)2] sandwich 
polyoxometalate in a KBr pellet. 
 
 
In order to further confirm the structure, white needle shaped single crystals obtained 
from recrystallization of raw products were submitted for single crystal XRD analysis. 
Reproducible results were obtained, as shown in Figure 4.2. Two ?-B-[ZnW9O34]12- moieties 
linked by a four metal atom belt. The two lobes of the sandwich are related through a center of 
inversion. Two zinc centers [Zn (1) and Zn (1?)] at the four atom belt are five coordinate to the 
two ?-B-[ZnW9O34]12- fragments, and their sixth sites are coordinated by a water molecule. W 
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and another Zn atom that are disordered by the inversion center occupy the remaining two 
positions on the belt. 
 
 
 
Figure 4.2 ORTEP plot of Single Crystal X ray structure of [WZn3(H2O)2(ZnW9O34)2]12- 
sandwich polyoxometalate 
 
 
4.3.2 UV-vis spectroscopy 
 
 
Figure 4.3 Redox potentials of polyoxometalate anions and metal ions (
Reproduced from Ref 19 and 20
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Volts vs. NHE). 
 with permission 
 
/V v.s. NHE 
/V v.s. NHE 
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Photo-synthesis of metal nanoparticles by polyoxometalates has been explored to a 
significant extent. The key of photosynthesis of metal nanoparticles by polyoxometalates is that 
the reduced form of polyoxometalates should be able to reduce metal ions. Many Keggin and 
Wells-Dawson type polyoxometalates with various oxidation states have been employed to 
prepare different metals nanostructures, as summarized19,20 in Figure 4.3. 
Photo-synthesis of metal nanoparticles by polyoxometalates is governed by a two-step 
mechanism5.  In the first step, polyoxometalates (POM) are reduced photochemically by 
abstracting electrons from oxidizable organic substrates, S, under illumination of UV light, as 
shown in Equation (1). Then, reduced polyoxometalate reduce metal ions M+ to the 
corresponding metal nanoparticles, via the route shown in Equation (2). 
 
 
 
 
 
There is one major factor that determines whether the second step, as well as the whole 
process, are working or not. The potential of the one-equivalent-reduced tungstate couple must 
be lower than potential of the metal redox couple so that the reduced POM is able to transfer the 
electrons efficiently to metal ions21.  Both of our selection of polyoxometalates, PW12O403-/4- 
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(0.221 V v.s. NHE) and [WZn3(H2O)2(ZnW9O34)2]12-/13- (-0.23 V v.s. NHE), have redox 
potentials significantly lower than Ag+/Ag (0.799 V v.s. NHE). 
 
 
 
Figure 4.4 Photography of as-synthesized Ag nanoparticles. 0.5mM Ag+ ? PW12O403-, 1mM 
Ag+ ? PW12O403-, 1.5mM Ag+ ? [WZn3(H2O)2(ZnW9O34)2]12-, 0.5mM Ag+ ? 
[WZn3(H2O)2(ZnW9O34)2]12- (from left to right). The concentrations of polyoxometalate are set 
to 1mM. 
 
The product photos were taken after one day of sitting in the open air to ensure there is no 
reduced polyoxometalate remaining. The pictures of Ag nanoparticles prepared by 
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photoreduction method using PW12O403- Keggin and [WZn3(H2O)2(ZnW9O34)2]12- sandwich type  
polyoxometalates show different colors, as shown in Figure 4.4.  
At lower Ag+ concentration (0.5 mM in this case), color of the colloidal silver protected 
by [WZn3(H2O)2(ZnW9O34)2]12- sandwich POM is brownish red while the one prepared by 
PW12O403- Keggin is light yellow. If is silver ion concentration is increased, the Keggin stabilized 
silver nanoparticles began agglomeration at [Ag+]=1mM. In contrast, the 
[WZn3(H2O)2(ZnW9O34)2]12- capped Ag nanoparticles is still stable at [Ag+]=1.5mM, presenting 
a wine-red color. Obviously, the sandwich POM can accommodate more silver than the Keggin 
do.  
The UV-visible spectra were collected on the above samples, which are shown in Figure 
4.5. Apparently, the silver colloid made by the sandwich polyoxometalate has a different 
plasmon resonance peak position than the one prepared by the Keggin molecules. In the Ag+ 
reduction reaction, polyoxometalates can be considered as ?soluble cathodes?.  They are able to 
trigger pure multielectron transfer reactions, which are not accompanied by the formation or 
breaking of bonds, acting as multielectron relays in pure-electron transfer processes as actually 
conventional electrodes do. Thus, the POM with more negative potential should reduce Ag+ at a 
higher rate. Faster reduction leads to smaller nanoparticles with narrower size distribution as a 
result of favoring nucleation versus growth. 
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Figure 4.5 UV-visible spectra as-synthesized Ag nanoparticles. 0.5mM Ag+ ? PW12O403- 
(Yellow solid line), 1.5mM Ag+ ? [WZn3(H2O)2(ZnW9O34)2]12- (Red dashed line), and 0.5mM 
Ag+ ? [WZn3(H2O)2(ZnW9O34)2]12- (Blue dotted line). The concentrations of polyoxometalate 
are set to 1mM. 
 
In addition,  [WZn3(H2O)2(ZnW9O34)2]12- should be able to provide better stabilization 
than PW12O403- due to its higher charge density, which also favor for smaller nanocrystallines 
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with higher uniformity. Interestingly, with the same Ag+ concentration, the POM with more 
negative redox potential, [WZn3(H2O)2(ZnW9O34)2]13- (-0.23 V v.s. NHE) resulted in larger size 
Ag colloid with a broad plasmon resonance band centered at 450 nm, while the one with more 
positive redox potential, PW12O404- (0.221 V v.s. NHE) produced smaller silver nanoparticles 
with a narrower plasmon resonance band peaked at 420 nm. The chemical reduction method 
using NaBH4 as reducing agent yielded the same result. Thus, the strange phenomenon should be 
highly related to the stabilizing polyoxometalates and is beyond explanations of either ?soluble 
electrode? electrochemical reduction or stabilizing strength theory. 
 
4.3.3 Transmission Electron Microscopy 
To further investigate this counter-intuitive result, Transmission electron microscopy 
(TEM) was employed to look at as-synthesized nanoparticles. Figure 4.6 a and b show 
representative TEM images recorded from a drop-coated film of the Ag nanoparticles stabilized 
by PW12O403- Keggin. Silver nanoparticles with average diameter of 6 nm dispersed in a matrix 
of polyoxometalate were observed, which is similar to published Ag nanoparticles stabilized by 
Keggin POM22.  
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Figure 4.6a Transmission electron micrographs for Ag nanoparticles stabilized by PW12O403- 
Keggin. (200k X) 
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Figure 4.6b Transmission electron micrographs for Ag nanoparticles stabilized by PW12O403- 
Keggin. (500k X) 
 
 
 
Figure 4.7a Transmission electron micrograph
[WZn3(H2O)2(ZnW
130 
 
s for Ag nanoparticles stabilized by 
9O34)2]12- sandwich polyoxometalate. (200k X)
 
 
 
 
Figure 4.7b Transmission electron micrograph
[WZn3(H2O)2(ZnW
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s for Ag nanoparticles stabilized by 
9O34)2]12- sandwich polyoxometalate. (200k X)
 
 
 
 
Figure 4.7c Transmission electron micrograph
[WZn3(H2O)2(ZnW
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s for Ag nanoparticles stabilized by 
9O34)2]12- sandwich polyoxometalate. (20k X)
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In contrast, TEM images taken from a drop-coated film of the Ag nanoparticles stabilized 
by [WZn3(H2O)2(ZnW9O34)2]12- sandwich polyoxometalate showed different morphology, as 
shown in Figure 4.7 a, b, and c.  
The silver nanoparticles stabilized by [WZn3(H2O)2(ZnW9O34)2]12- sandwich 
polyoxometalate can be categorized into two groups depending on their size. Some large 
nanoparticles with mean diameter ~20nm decorated on the surface of ball shape matrix 
polyoxometalates with a size of 50~60 nm in diameter. A bigger population of smaller particles 
(c. a. 8 nm) was dispersed all over the micrograph.   Thus, the 420nm plasmon resonance band 
should be attributed to the ~6nm Ag colloid when stabilized by PW12O403- Keggin, and the band 
centered at 450nm can either be assigned to the 20nm Ag nanoparticles, or 60nm Ag-sandwich 
POM nanocomposite, when stabilized by [WZn3(H2O)2(ZnW9O34)2]12-. By comparing with 
reported the peak position/size relationship23,  we tended to believe that the 450nm band are due 
to 60nm Ag-sandwich POM nanocomposite, which implied that two different species, a 60nm 
Ag-sandwich POM nanocomposite and 5nm Ag nanoparticles, co-existed in the solution. But if 
that was the case, some other questions would come up; for example, should a peak for the 
smaller nanoparticles been seen in the UV-vis spectra, and how come a single reducing agent can 
produce two distinct sizes of silver nanoparticles in the same pot.  Further investigations are 
needed. 
 
4.3.4 Dynamic Light Scattering 
Bearing these questions in mind, Dynamic Light Scattering (DLS) was performed to 
depict the size distribution in solution. In complementary to TEM, which reads the ?dried? 
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particle size, DLS can be used to determine the size of particles in solution. Dynamic Light 
Scattering works by measuring the scattered light intensity at one fixed angle. Due to Brownian 
motion, particle positions in the solution are constantly changing. Thus the intensity of light 
scattered in a particular direction by dispersed particles tends to periodically change with time. 
Brownian motion for smaller particles is faster than the one for larger particles. The fluctuations 
in the intensity versus time profile for all particles in solution are recorded by DLS instruments. 
A correlation function can be derived from the intensity versus time profile. This exponentially 
decaying correlation function is analyzed for characteristic decay times, which are related to 
diffusion coefficients for different particles. And then particle size can be obtained from the 
Stokes-Einstein equation,  
g1830= g1863g3003g18466g2024g2015g1870 
where D is the particles diffusion coefficient, g1863g3003 is the Boltzmann constant, T is the temperature 
of the solution, g2015 is the viscosity of the solution, and r is the particle radius. A schematic diagram 
of working principles of dynamic light scattering (DLS) is outlined in Figure 4.8. 
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Figure 4.8 Schematic diagram of working principles of dynamic light scattering (DLS)  
 
The Dynamic Light Scattering size distributions are shown in Figure 4.9. The intensity 
weighting and volume weighting results clearly indicated that there are two groups of 
nanoparticles in the solution, a group with larger mean diameter of ~60nm, and a group with 
smaller particles sizing around 7~8nm. The number weighting result only showed a single peak 
for the smaller particles, that?s due to the overwhelming numbers of smaller particles to the 
numbers of larger nanocomposite. Statistical results of Dynamic Light Scattering size 
distributions using three different weighting methods are summarized in Table 4.1. The result of 
Dynamic Light Scattering not only confirmed the co-existence of ~60nm diameter Ag-sandwich 
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POM nanocomposite and ~5nm Ag nanoparticles, but also automatically answered the question 
why the peak for the smaller nanoparticles was not observed in the UV-vis spectra. There are 
two components23 of the electromagnetic field contributing to the plasmon resonances in silver 
nanoparticles: a non-radiative absorbing component and a near-field component that evolves into 
radiative far-field scattering. Usually, for small particles, absorption of light is the predominant 
part of the plasmon resonances, whereas scattering grows quickly, becoming the major 
contribution as particle diameter approaches the wavelength of visible light. From the DLS data, 
the scattered light intensity from the nanocomposites was found almost 50 times larger than the 
one from nanoparticles. A Mie theory model for 70nm silver nanoball produced a scattering 
coefficient which is 35 times larger than absortion coefficient. Thus, the contributions from 
~5nm Ag nanoparticles were too weak and overlapped by the broad plasmon resonance band of 
Ag-sandwich POM nanocomposites in the UV-vis result.  
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Figure 4.9a Intensity Weighting Dynamic Light Scattering size distribution of 
[WZn3(H2O)2(ZnW9O34)2]12-stabilizing silver colloid.  
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Figure 4.9b Volume Weighting Dynamic Light Scattering size distribution of 
[WZn3(H2O)2(ZnW9O34)2]12-stabilizing silver colloid.  
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Figure 4.9c Number Weighting Dynamic Light Scattering size distribution of 
[WZn3(H2O)2(ZnW9O34)2]12-stabilizing silver colloid.  
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Table 4.1 Statistical data for Dynamic Light Scattering size distributions using 
three different weighting methods 
 
Peak 1 Peak 2 
size /nm % size /nm % 
Volume 7.5?0.8 93.9 53.7?11.2 6.1 
Intensity 7.9?1.0 2.2 62.0?11.2 97.8 
number 7.2?0.9 100 ????            ? 
 
The confirmed existence of ~60nm diameter Ag-sandwich POM nanocomposite 
answered one question, yet another interesting question came up. Is the nanocomposite hollow or 
filled? Figure 4.10 shows a TEM micrograph of a broken Ag-sandwich polyoxometalate 
nanocomposite, which indicates the composite is not filled. Polyoxometalates have been reported 
to self-assemble hollow, vesicle-like, ball-shape structures24-44, as shown in Figure 4.11. These 
second order structures are similar to the surfactants and membrane lipids bilayer structure, such 
as micelles and liposomes due to their amphiphilic character?the fact that part of their structure 
is attracted to polar environments while another part is attracted to non-polar environments. But 
the heterpolyanions do not have these bi-polar features. The driving force for the 
polyoxometalates self-assembly formation is believed to be a delicate balance between short-
range attractive forces among polyanions solvent molecules and counter-ion, and repulsive 
electrostatic interactions between adjacent polyoxometalates. However, the polyoxometalates 
that can self-assemble into the second order structures by themselves have very large sizes, 
which are so-called ?giant polyoxometalates?. The smallest reported POM38 can form hollow 
vesicle structures by themselves is [Cu20Cl(OH)24(H2O)12(P8W48O184)]25-.   
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Figure 4.10 Transmission electron micrographs showing a broken hollow Ag-sandwich 
polyoxometalate nanocomposite. 
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Figure 4.11 Schematic plot of the vesicle structure formed from Mo154 wheel-shape 
polyoxometalate (90nm in diameter) in aqueous solution, with inset showing enlarged 
nanowheels. Taken from Ref. 27 with permission. 
  
4.3.5 Blackberry Structure 
Smaller polyoxometalates can also form similar large vesicles, either by encapsulation of 
the polyanions by surfactants39 to take advantages of their amphiphilic properties, or attaching 
POM to  the surface of metal nanoparticles45 to obtain nanometer sized object with POM surface. 
Usually, in the latter case, the size of self-assembled vesicle structure is subject to ratio of metal 
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ion concentration to polyoxometalate concentration. At lower ratio, the size of nanostructure 
increases as the ratio increase. When the ratio reaches a certain number, the diameter of self-
assembled hollow vesicle becomes stable and further increase of the ratio has little influence on 
the size. A study of nanocomposite size dependence on the ratio of [Ag+] to 
{[WZn3(H2O)2(ZnW9O34)2]12-}, by Dynamic Light Scattering volume weighting, revealed that 
our system follow the same trend, as shown in Figure 4.12. Thus, the Ag-sandwich 
polyoxometalate nanocomposite is hollow ball-shape.  
 
 
 
Figure 4.12 Volume weighting diameter at different molar ratios of Ratio of Ag+ to POM 
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The last mystery unsolved is why the Ag nanoparticles on the polyoxometalate vesicle 
surface (`20nm) are larger than those dispersed among vesicles. It has been reported that small 
Ag nanoparticles can fuse into larger ones via Ostwald ripening process46-52, due to the energetic 
driven forces. Usually, Ostwald ripening occurs only at elevated temperatures, at least > 100 ?C. 
However, on the surface of a conductive substrate such as ITO or graphite, the reformation can 
happen with presence of water, which is so-called electrochemical Ostwald ripening47. 
Polyoxometalate molecules have been considered as electron-mediators at the molecular level 
for a long time. Some POMs have been used as conductivity promoter53-56 in polyelectrolyte fuel 
cell membrane. Thus, we believe that electrochemical Ostwald ripening occurred in our system. 
One evidence is that the large silver nanoparticles are only found on the outer surface of the 
POM assembly, where there are plenty of water supplies. A formation mechanism is proposed, 
as shown in Figure 4.13.  
 
 
Figure 4.13 Proposed mechanism for p
polyoxometalate as reductant and stabilizer. (a) PW
4.4 Conclusions 
Sandwich type polyoxometalates Na
as-synthesized sandwich POM and a Keggin type polyoxometalate Na
both reducing agent and stabilizing agent for silver nanoparticles. Both photoreduction and 
chemical reduction routes produced Ag nanoparticle
However, the plasmon resonance band position suggested that the particles produced by 
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hotogeneration of Ag nanoparticles using 
12O403- ; (b) [WZn3(H2O)2(ZnW
 
12[WZn3(H2O)2(ZnW9O34)2] were synthesized. The 
3PW12O
s with very similar size distribution. 
 
9O34)2]12- 
40 were used as 
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sandwich POM is larger than the ones produced by Keggin, which is contradict to either ?soluble 
electrode? electrochemical reduction or stabilizing strength theory. Transmission electron 
microscopy and Dynamic Light Scattering investigation showed that a large hollow ball-shape 
nanocomposite is formed in the sandwich polyoxometalate case. The size of the nanocomposite 
increased as the ratio of [Ag+] to [POM] increased, and reached a plateau region when the ratio 
was greater than 1. The small silver nanoparticles are fused into larger ones via electrochemical 
Ostwald ripening on the outer surface of nanocomposite. 
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Chapter 5.  
Aqueous Mixed-Valence Di-Copper Complex Intermediate in Copper Catalyzed 
Degradation of Giant Polyoxomolybdate 
 
5.1 Introduction 
5.1.1 Mixed-valence di-copper complex 
Copper-containing enzymes play an essential role in oxygen processing of living cells. 
Some enzymes are found to have fully delocalized mixed-valence di-copper center as active sites 
to process dioxygen activation. For example, the cellular respiratory enzyme cytochrome c 
oxidase couples the reduction of dioxygen to water with the production of a proton gradient 
across the cell membrane.  Several representative di-copper enzymes are summerized in table 5.1. 
Mixed-valence complexes with rapid electron exchange between the two copper nuclei 
are great inorganic candidates to model the redox behavior of these biological enzymes. Mixed-
Valence Copper acetate (CH3COO)2CuI-CuII(OOCCH3)2, as shown in Figure 5.1, has been 
reported to be delocalized and to show some unusual absorption spectra only observed with di-
copper enzymes1. However, due to the Cu(I) disproportionating reaction in water, the mixed-
valence compound (CH3COO)2CuI-CuII(OOCCH3)2 is prepared in methanol1-3, which is quite 
different from physiological conditions.  
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Table 5.1 Enzymes with di-copper active site 
enzyme function 
cytochrome c oxidase Reduction of O2 to water and production of H
+ gradient 
across the cell membrane. 
Nitrous oxide reductase Reduction of N2O to N2 and water. 
Tyrosinases ortho-hydroxylation of phenols to catechols 
Dopamine ?-hydroxylase* Conversion of dopamine to norepinephrine 
*Dopamine ?-hydroxylase has two di-copper units 
 
One possible reason for those mixed-valence Copper cores stable in the enzymes is that 
there is less water inside. To obtain a better understanding of how the di-metal center works as 
active sites under the physiological conditions, some new inorganic compounds are needed. The 
new protein mimicking compounds need to meet the following conditions:  
1. They should be stable in water.  
2. They should have copper binding sites such as acetate. 
3. They should be large enough to encapsulate Copper cores inside and provide them a 
mild aqueous environment. 
4. They should have ion-channels for ion transportation. 
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Figure 5.1 Structure of Mixed-Valence Copper acetate (CH3COO)2CuI-CuII(OOCCH3)2 
 
 
5.1.2 Mo132 Keplerate type nano-capsule as model system. 
 
[Mo132O372(CH3COO)30(H2O)72]42- is an ideal model compound in terms of above criteria. 
Its structure4 contains mixed valence molybdenum species, as shown in Figure 5.2. It is solvable 
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and stable in water. It has 30 CH3COO- sites that Cu ion can bind to. These 30 CH3COO- sites 
are all attached to the {MoV2} groups and located in the inner side of Keplerate.  
 
 
 
Figure 5.2 Structure of giant polyoxomolybdate 
[{(MoVI)MoVI5O21(H2O)6}12{MoV2O4(CH3COO)}30] 42-. {(MoVI)MoVI5} groups (blue, with the 
pentagonal MoVIO7 bipyramids in bright blue). {MoV2} groups, red. Taken from ref 4 with 
permission. 
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The diameter of the [Mo132O372(CH3COO)30(H2O)72]42- Keplerate is about 2.9 nm, which 
may accommodate more 100 Cu2+ ions. The ion-channels in the Keplerate have been proved to 
transport ions5, such as Li+, Na+, Ca2+ and K+. It should be noted that the latter two are larger 
than Cu2+ in size. The ion transportation by ion channels in Mo132 Keplerate is shown in Figure 
5.3. 
 
 
 
Figure 5.3 Illustration of the ion uptake and release by the Mo132. (b) Cross-section view of the 
capsule, (full red circles: ions; open circles: solvent molecules). Taken from ref 5 with 
permission. 
 
Thus, we planned to see the interaction of acetate and Cu2+ inside the Keplerate and hope 
to be able to generate mixed valence copper complexes which can mimic the biological enzymes. 
However, the original plan is not successful. It turned out that Cu2+ can destroy the 
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[Mo132O372(CH3COO)30(H2O)72]42- by acting as catalysts in the degradation of the Keplerate. So 
the research switched to investigate catalytic degradation of Mo132 Keplerate type 
polyoxometalate by Cu2+ ions. Some preliminary were discussed in this chapter. 
 
5.2 Experimental 
5.2.1 Materials and reagents 
CuSO4?5H2O (?98.0%, Sigma-Aldrich), N2H4?H2SO4 (?99.0%, Sigma-Aldrich), 
(NH4)6Mo7O24?4H2O (99.98%, Sigma-Aldrich), CH3COONH4 (?97.0%, Fisher Chemical),   
Acetic Acid, Glacial (?99.7%, Fisher Chemical), ethanol (89-91%, Fisher Chemical),   and 
diethyl-ether (?99.0%, Fisher Chemical) was used as received with further purification. 
Millipore-Q purified distilled water (18M?/cm) was used to make up all solutions.  
 
5.2.2 Synthesis of (NH4)42[Mo132O372(CH3COO)30(H2O)72] ? ~300H2O 
(NH4)42[Mo132O372(CH3COO)30(H2O)72] was synthesized according to reference 4. 
N2H4?H2SO4 (0.8 g, 6.1 mmol) was added to a solution of (NH4)6Mo7O24?4H2O (5.6 g, 4.5 mmol) 
and CH3COONH4 (12.5 g, 162.2 mmol) in H2O (250 mL). The solution was then stirred until the 
solution color changed to bluegreen. And then 50% CH3COOH (83 mL) was subsequently added. 
The reaction solution, now green, was stored in an open 500-mL Erlenmeyer flask at 20oC 
without further stirring. The solution color slowly changed to dark brown. After 4 days the 
precipitated red brown crystals were filtered off over a glass frit, washed with ethanol, ethanol, 
and, and dried in air. The crystals were collected in a glass vial for future use. 
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5.2.3 Characterization 
UV-visible spectra were recorded on an Agilent 8453 UV-Visible Spectrophotometer 
with Agilent UV-Visible ChemStation software. FT-IR analysis was done on loaded transparent 
KBr pellets on a Shimadzu spectrometer. Raman spectroscopy was performed using the 785 nm 
(300 mW) line from a wavelength-stabilized high power laser diode system (model SDL-8530, 
SDL Inc.) or the 514 nm line (20 mW) from an air-cooled ion laser (model 163-C42, Spectra-
Physics Lasers, Inc.) as the excitation source. Raman spectra were collected and analyzed using a 
Renishaw inVia Raman microscope system. 
 
5.3 Results and discussion 
5.3.1 Structural Characterization of (NH4)42[Mo132O372(CH3COO)30(H2O)72] ? ~300H2O 
Infrared spectroscopy was employed to determine the structural integrity of the 
synthesized polyoxometalate. The FT-IR characteristics of the as-synthesized crystal, 
(NH4)42[Mo132O372(CH3COO)30(H2O)72] ? ~300H2O in a typical KBr pellet is shown in Figure 
5.4.  
The FT-IR spectrum of the as-synthesized (NH4)42[Mo132O372(CH3COO)30(H2O)72] ? 
~300H2O Keplerate polyoxometalate matched the published literature4 well. The bands, ?(H-O-
H) at 1616 cm-1, ?as(COO) at 1541 cm-1, ?(CH3) at 1442 cm-1 (shoulder peak),  ?s(COO) at 1400 
cm-1, showed the non metal-oxygen feature in the molecule. The bands in the fingerprint region, 
1041, 967, 932, 849, 792, 719, 630, 567, 511, and 459 cm-1, can all be attributed to the mixed 
valence Mo-O vibrations. Fine structues form gas phase H2O rotation modes care also observed 
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over the range of 1450-1900cm-1, since the (NH4)42[Mo132O372(CH3COO)30(H2O)72] ? ~300H2O 
crystals we got are pretty wet. 
 
 
 
Figure 5.4 Transmission FT-IR spectrum of (NH4)42[Mo132O372(CH3COO)30(H2O)72] ? ~300H2O 
Keplerate polyoxometalate in a KBr pellet. 
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5.3.2 Cu2+ induced decomposition of [Mo132O372(CH3COO)30(H2O)72]42- Keplerate type 
Polyoxometalate 
 
 
Figure 5.5 Typical time-based UV-vis spectra. The solution contains 0.01mM Mo132, 10mM 
Cu2+.   
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Cu2+ induced decomposition of [Mo132O372(CH3COO)30(H2O)72]42- Keplerate type 
Polyoxometalate can be confirmed by UV-vis spectroscopy and Raman spectroscopy. Typical 
time-dependence UV-vis spectra are shown in Figure 5.5.   
The pure Mo132 solution shows a characteristic UV-vis resonance band showing the MoV-
MoVI mixed valence feature centered at 454nm. After adding the Cu2+, the intensity of the mixed 
valence feature band decreased over time, which implied that the MoV-MoVI mixed valence 
structure disappeared gradually, suggesting a slow decomposition of the mixed valence 
MoVI72MoV60 O372(CH3COO)30(H2O)72]42- Keplerate type polyoxometalate.  
After the solution completely turn light blue, which only indicating the color of Cu2+, the 
mixed valence MoVI72MoV60O372(CH3COO)30(H2O)72]42- Keplerate type Polyoxometalate is 
considered totally destroyed. Then the solution was evaporated into 1/10, and colorless crystals 
were collected for Raman spectroscopy, which is shown in Figure 5.6. 
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Figure 5.6 Raman spectra of (NH4)42[Mo132O372(CH3COO)30(H2O)72] polyoxometalate and its 
degradation product. 
 
The Raman results showed two totally different spectra of the Mo132 POM and its 
degradation product, which confirmed that the mixed valence 
MoVI72MoV60O372(CH3COO)30(H2O)72]42- Keplerate type Polyoxometalate is fully destroyed. 
According to Reference 4, the broad band centered at 953cm-1, 875cm-1, 374cm-1, and 314cm-1 
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are corresponding to the mixed valence Mo-O vibration. And the broad bands centered at 
1362cm-1 and 1750cm-1 are due to NH4+ and H2O in 
(NH4)42[Mo132O372(CH3COO)30(H2O)72]?~300H2O Keplerate type polyoxometalate respectively. 
All these bands are not observed in the Raman spectra of decomposition products. The narrow 
sharp peaks observed in the product Raman spectrum suggested that the Keplerate type 
polyoxometalate had been fully converted to simple molybdenum oxides.  
Interestingly, the UV-vis spectra showed the same intensity drop between every five 
minutes, which suggested that the decomposition rate remained the same while the POM 
concentration decreased. To further look into this, additional UV-vis studies were performed by 
monitoring the 454nm peak intensity changed over time, as shown in Figure 5.7. Cu2+ was added 
into the solution at t=600s.  
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Figure 5.7a Peak intensity at ?=454 nm change as a function of time at different Cu2+ 
concentration. Cu2+ was added at t=600s. 
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Figure 5.7b Ln(A/A0) as a function of time at different Cu2+ concentration. Cu2+ was added at 
t=600s. 
 
 By keeping [POM] constant, the influence of [Cu2+] was studied. From Figure 5.7a, it 
can be observed that the absorbance of POM is steady until addition of Cu2+, indicating that the 
mixed valence Keplerate polyoxometalate MoVI72MoV60O372(CH3COO)30(H2O)72]42- itself is 
stable in water. After Cu2+ addition, the absorbance intensity started to drop. Thus, we can 
conclude that the higher concentration of [Cu2+], the faster the drop was.  
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From Figure 5.7b, a linear feature could be easily observed when plotting g1864g1866 g3002g3002
g3116
 versus 
time, which suggested that the overall decomposition reaction kinetics is psudo-first order. The 
same conclusion could be achieved by another UV-vis kinetic study, which kept [Cu2+] constant 
and varied {MoVI72MoV60O372(CH3COO)30(H2O)72]42-}, as shown in Figure 5.8. 
 
 
 
Figure 5.8 Peak intensity at ?=454 nm change as a function of time at different POM 
concentration. Cu2+ was added at t=600s. 
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Figure 5.8 Ln(A/A0) as a function of time at different POM concentration. Cu2+ was added at 
t=600s. 
 
5.4 Conclusions 
From the above investigations, it can be draw to a conclusion that 
MoVI72MoV60O372(CH3COO)30(H2O)72]42- is not a suitable model system to study mixed valence 
di-copper compound in aqueous environment, due to the Cu2+ catalyzed degradation of the 
Keplerate polyoxometalate. The degradation reaction kinetics is first order. Some other model 
systems are needed to mimic the di-copper enzyme. However, by having numerous advantages, 
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larger inner volume with multiple channel for ion transportations, 
MoVI72MoV60O372(CH3COO)30(H2O)72]42- Keplerate polyoxometalate is still a promising 
inorganic candidate for mimicking biological cells, especially for small ion uptake and release. 
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Chapter 6.  
Conclusions and Recommendations for Future Work 
 
The primary objective of this research work was to employ these versatile 
polyoxometalate structures as electron mediators in nano-scale applications. For this purpose, 
several polyoxometalate structures were successfully synthesized and characterized. We have 
successfully demonstrated that polyoxometalates can conduct electrons, not only between 
conventional electrodes and nanoparticles (Chapter 2 and 3), but also between adjacent 
nanoparticles assembly layers (Chapter 3), and among individual nanoparticles (Chapter 4). The 
electron shuttling properties of polyoxometalates opens a door for electrochemistry for 
nanomaterials. 
In terms of methanol oxidation, polyoxometalates grab the photo-generated electrons 
from conduction band of dispersed TiO2 nanoparticles to platinum electrode, preventing them 
from recombining with electron holes in valence band. This process protects a significant amount 
of electron holes, and thus boosting the methanol oxidation rate. The efficiency of the 
polyoxometalate assisted hybrid photo-electrochemical cell is 50 times greater than similar 
photo-electrochemical system without the polyoxometalates. Although the system has been 
applied in some other fields, this is the first example of using polyoxometalate-TiO2 co-catalytic 
photo-electrochemical system in methanol oxidation. Some optimizations, such as 
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polyoxometalateconcentration dependence, pH dependence, are executed as well. Further 
optimizations are needed to improve the performance/price ratio. For example, we used a whole 
full beaker of dispersed TiO2 solution to reach a larger light accepting area, which might be 
largely excessed to what the system really need. An optimization of dispersed TiO2 solution to 
electrode area is desired to reduce the cost and device size. And a fuel cell system test is needed 
for further investigation to adopt the polyoxometalate-TiO2 co-catalytic photo-electrochemical 
system to the real methanol fuel cell. The polyoxometalate-TiO2 co-catalytic photo-
electrochemical can be used in other applications too. The final products of methanol oxidation 
should be identified as well. 
Au nanoparticle inside films prepared on glassy carbon supports by depositing alternating 
layers of positively charged poly(diallyldimethylammonium)-stabilized Au nanoparticles and 
negatively charged Cobalt substituted ?2-Wells-Dawson-polyoxometalate (CoP2W17O618-) 
interlayers are electro-active. The polyoxometalate anions play as electron shuttle transferring 
electrons between the carbon electrode and Au nanoparticles, as well as between adjacent Au 
nanoparticles layers. CuI was deposited onto the surface of Au nanoparticles using 
electrochemical atomic layer deposition, while CdS and CdTe films were grown by an atom-by-
atom codeposition method. The conventional ways to prepare metal-semiconductor core-shell 
nanoparticles are wet-chemistry, usually involve toxic organic solvent, high temperature, 
expensive precursors. And the thickness of the semiconductors shell is predetermined by the 
precursors added before the reaction starts, which lacks flexible control. In contrast, 
electrochemical methods offer numerous advantages over wet-chemistry, such as aqueous 
solvents, room-temperature deposition, low cost, and precise control of composition and 
thickness. However, the lack of electrically addressable nanoparticles makes electrochemical 
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synthesis of metal-semiconductor core-shell nanoparticles very difficult. Ours is the first 
example of synthesis of metal-semiconductor core-shell nanoparticles using electrochemical 
methods. However, we confirm the synthesis using only electrochemistry and spectroscopic 
methods. Microscopic methods such as TEM are desired to provide direct evidence of the 
formation of the core-shell structure, as well as morphology and defects on the shell. However, 
the layer-by-layer assembly is very stable. To get Au nanoparticles out of it, we need to use 
harsh conditions to break the layer-by-layer film, which would destroy the nanoparticles as well. 
Some better methodologies should be devised to achieve this goal. And the metal nanoelectrode 
array can be used in other applications too. 
The dual function role of polyoxometalate in nanoparticles synthesis is already well-
known. However, the Ag nanoparticles synthesized by [WZn3(H2O)2(ZnW9O34)2]12- in return 
assist the polyoxometalate blackberry structure formation is a big surprise. Polyoxometalates that 
reported to self-assembled into the blackberry structures by themselves have very large sizes. 
[WZn3(H2O)2(ZnW9O34)2]12-  is very small, compared to those so-called ?giant 
polyoxometalates?. The polyoxometalate shell has been proved to be able to separate the inside 
and outside solution of the blackberry structure by other researchers using fluorescence 
spectroscopy. The Ag nanoparticles on the blackberry structure might be able to serve as an 
electrochemical probe for the inside blackberry environment. Future research may also be 
focused on surface enhanced Raman spectroscopy (SERS) of the inside blackberry environment 
to take advantages of the Ag nanoparticles. 
Further focus of the Cu2+ catalyzed degradation of giant mixed valence polyoxometalate 
[{(MoVI)MoVI5O21(H2O)6}12{MoV2O4(CH3COO)}30] 42- should be focused on detail degradation 
mechanism, the role that acetate plays, and reason why the degradation is only sensitive to Cu2+, 
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but not other di-valent metal cations, such as Co2+ and Ni2+, might also worth to be explored. To 
achieve these three goals, collaborations with other faculties are recommended. Understanding of 
the decomposition mechanism would help in design and synthesize new type of 
polyoxometalates as well. 

