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Abstract  

Polyoxometalate-Modified Metal and Metal Oxides for Multifunctional Catalysis  

By  

Ting Cheng 

Polyoxometalate-modified metal and metal oxide materials have been applied in a wide range of 

fields. This dissertation focuses on the synthesis of the polyoxometalate-modified metal and metal 

oxides and studies their activities for photocatalysis and electrocatalysis. Chapter 2 describes the 

decatungstate-stabilized platinum nanoparticles (W10-PtNPs) for photochemical dehydrogenation 

of alkanes at room temperature.  The W10-PtNPs (~ 20 nm) catalyze the reaction of alkane to 

produce alkene and hydrogen in acetonitrile under UV light with high selectivity and quantum 

efficiency. Several characterization methods confirm the integrity of decatungstates that absorb on 

the surface of platinum nanoparticles during the catalysis. The calculation model of a (Na-

3MeCN)4W10O32/Pt19 complex reveals the strong interaction between the Pt and decatungstates.  

Chapter 3 examines polyoxometalate-stabilized gold nanoparticles for electrochemical CO2 

reduction. Several Keggin-type POMs (PW12O40
3- and SiW12O40

4-) are capable of protecting Au 

nanoparticles in aqueous solution by forming POM-AuNPs, which are centrifuged and deposited 

on the electrode for electrochemical CO2 reduction in acetonitrile solution with 0.5% (v/v) H2O. 

However, these POM-AuNPs only produce CO and show no obvious advantages compared to 

citrate-AuNPs. Chapter 4 reports a POM immobilization method by anchoring APS ligand on 

metal oxide light absorber that successfully fabricates a Co9POM functionalized TiO2 

photoelectrode with three-fold photocurrent enhancement compared to bare TiO2 in acid condition. 

We demonstrate the hybrid photoanode can operate for up to 5 hours with maintained Co9POM 

structural integrity. To the best of our knowledge, this is the first application of functionalization 

of efficient OER catalyst Co9POM on photoanode that achieves efficient water photo oxidation in 

acid condition. Further mechanistic studies conclude that the enhancement of photocurrent is 

mainly due to Co9POM acting as a fast hole collector and active catalytic center rather than surface 

states passivation. TA spectroscopies further verify the fast photogenerated hole transfer from TiO2 

to Co9POM at ps timescale. The highly charged surface by Co9POM also modifies the TiO2 band 

edge, enabling a suitable surface electric field to separate the surface photogenerated charge carrier. 

Chapter 5 describes the incorporation of PVxMo12-xO40
(3+x)- (x = 1-3) and transition-metal-

substituted polytungstates, XPW11 (X = V, Co, Zn and Co) into the pores of HKUST-1. Studies 

show that the reactivity synergism exists between Cu(II) in the nodes of HKUST-1 and PVxMo12-

xO40
(3+x)- (x = 1-3) but not for the corresponding transition-metal-substituted polytungstates XPW11 

(X = V, Co, Zn and Co). In addition, synergism in activity also leads to synergism in stability by 

fast electron transfer between the POM and the MOF framework. For the XPW11@HKUST, the 

Cu(II) nodes decompose to Cu(I) structures discovered by X-ray photoelectron spectroscopy 

(XPS).  
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1.1 Overview of Polyoxometalates 

       Polyoxometalates (POMs) represent a class of nanosized molecular metal 

oxides with structural and functional diversities that have been widely explored 

since the first synthesis by Berzelius in 1824 and the structure determination by 

Keggin in 1933.1-3 The unique characteristics of POMs with respect to structure, 

geometry, and adjustable redox properties have attracted widespread attention 

in catalysis, nanomaterials, biomedicine, and (photo)electrochemical energy 

conversion.4-25 In this work, we focus on polyoxometalate-modified metal and 

metal oxides and study their activities for photocatalysis and electrocatalysis. 

In addition, POMs immobilized in metal-organic frameworks (POM@MOFs) for 

oxidative catalysis will be briefly discussed. 

1.1.1 Polyoxometalate Structures 

       POMs are anionic metal oxide species mostly composed of redox metal 

centers (Mo, W, V, and Nb) in their highest oxidation states. These electron-

poor molecular units are usually formed from the condensation of basic tetra-

oxoanions [MO4]n- in acidic medium giving connected [MOn] polyhedron through 

corner or edge shared junctions.3 By tuning experimental variables such as 

concentration, pH, and temperature etc., various POMs with highly diverse 

structures can be synthesized.9 The structural features of POMs, especially the 

nature of the catenated polyhedral metal building blocks constituting the metal-

oxo frameworks, are closely linked to their redox properties. This observation 

was first made by Pope who proposed a classification of POM structures into 

three types in 1972.26 Since this historical classification, considerable advances 

in the structural chemistry of POMs have resulted in extending Pope ’ s 
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classification to six types (Figure 1.1).  

 

Figure 1.1. Six principal broad POM structural families based on the point group of the 

polyhedron, MOxLy, of the POM (O: oxygen atoms doubly bonded to the metal center; 

L = oxygen atoms singly bonded to the metal center) are named Type I, II, III, IV, V, 

and VI. Reproduced with permission from ref. 21. Copyright © 2022, American 

Chemical Society. 

      The first class, Type I, represents all POMs in which all the oxometalate 

centers (mostly Mo6+ or W6+ based) are in octahedral sites with a single 

unshared oxygen atom (MOL5 with C4v symmetry). Illustrative examples of this 

family are the Lindqvist [M6O19]n-, the Keggin [XM12O40]n−, the Dawson 

[X2M18O62]n−, and the Preyssler-type [P5W30O110]15−, polyanions. Type I POMs 

exhibit reversible redox activity, and their reduction leads generally to mixed-

valence POMs with delocalized electrons over the metals. The second 

structural type, namely Type II, corresponds to the polyoxoanions built from 
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addenda atoms with two mutually cis M=O bonds (MO2L4 with Cs symmetry). 

These POMs do not exhibit a reversible redox process because their reduction 

involves the addition of electrons to antibonding orbitals, which results in 

significant structural rearrangement of the polyanion. Type II archetypes are 

Anderson-type POMs or heptamolybdate [Mo7O24]6-. The POM structures built 

from MO2L4 octahedra with Cs symmetry and with MOL5 with C4v symmetry, 

such as lacunary Keggin ([XM11O39]n−, [XM9O34]n−) or the macrocyclic type 

POMs, [H7P8W48O184]33−, belong to the Type III structural family. These POMs 

are particularly interesting for (photo)electrocatalytic applications27-32 because 

they exhibit nucleophilic oxygen atoms that are able to coordinate a large 

variety of transition metals and catalytically active metal atom clusters, which 

are suitable binding sites for reaction substrates such as O2, H2O, and CO2. 

Type IV POMs contain the pentagonal bipyramidal units, MOL6, with C5v 

symmetry. Such polyhedra have been identified as key building blocks for the 

construction of giant molybdenum POMs such as {Mo132} , {Mo154}, {Mo368}, and 

{Mo126W30}.33-37 The structural Type V defines POMs exclusively constructed 

from square pyramids MOL4. Such POMs are mostly built on vanadium-based 

hollow structures encapsulating a wide variety of anions (CO3
2-, Cl−, I−, SCN−, 

and ClO4
− etc.).38 The last structural type (Type VI) corresponds to POMs that 

result from the condensation of octahedra MOL5 and square pyramids MOL4 

units. They often exhibit rich redox activity, as illustrated by sandwich-like 

compounds [(XW9O33)2(VO)3]9− with X = AsIII or SbIII.39 

1.1.2 Polyoxometalate Redox Properties 

      The redox properties of POMs are generally influenced by the metalate 

composition, the overall charge of the POMs, and its environment including 
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nature of the solvent, the proton concentration (pH), and the cation 

concentration,6, 40 which collectively make the electrochemical behavior of 

POMs fairly complicated. Here we discuss the effects of above factors with 

specific examples. 

      First, the potential of different metalates with similar structures follows the 

order of V > Mo > W in both aqueous and organic solvents. For instance, only 

V atoms in [PV2W10]5- are reduced during the first two-electron reduction 

process. Second, the negative overall charge of POMs dictates their reduction 

potentials. As shown in Figure 1.2, the first one-electron reduction potentials of 

XW12O40
n- and XW11VO40

n- decrease linearly with the overall anion charge of 

POMs, which is about 180 mV per unit charge. The heteroatom effect is small 

compared to the charge effect since POMs with the same charge but different 

heteroatoms exhibit similar potentials (e.g., Si vs. Ge and Fe vs. B). The POM 

 

 

 

 

 

 

 

 

 

Figure 1.2. Dependence of the first one-electron reduction potentials on the negative 

charge: (1) XW12O40
n-, X = P, Si, Ge, Fe, B, Co, H2, Cu; and (2) XW11VO40

n-, X = P, Si, 

Ge, B, H2, Zn. Reproduced with permission from ref. 6. Copyright © 1998, American 

Chemical Society. 
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size also partly dictates charge and thus charge density as in the first redox  

potential of Preyssler-type POMs [Xn+P5W30O110]n-15, which vary with a slope of 

only 48 mV per unit charge.41 This slope is much lower than that of Keggin-type 

POMs and could be explained by the charge density: larger POMs disperse 

charge more effectively than smaller ones. The Preyssler and Keggin POMs 

have respective volumes of 1600 Å3 and 590 Å3.41 Third, Keggin POMs undergo 

several one-electron reductions in solutions where no protonation can happen, 

such as neutral aqueous and most organic solvents. In acidic aqueous 

conditions (pH < 1), the two one-electron waves convert into one two-electron 

wave and shift to more positive potentials by a proton-coupled electron transfer 

(PCET) process.42 This phenomenon could also be observed in organic 

solvents if a strong acid such as CF3SO3H is added.43 Fourth, the potential of 

POMs vary in different solvents as shown in Figure 1.3. This is attributed to the  

 

 

 

 

 

 

 

 

 

Figure 1.3. Relationship between the first one-electron reduction potential of POMs 

and the acceptor number of the solvent. (1) α-K4SiW12O40 and (2) α-K6P2Mo18O62. 

Reproduced with permission from ref. 6. Copyright © 1998, American Chemical 

Society. 
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solvation energy difference in the overall thermodynamics44 or the acceptor 

number that describes the Lewis acidity of the solvents.45 The reduction peak 

potential shifts linearly to more negative potentials with the decreasing solvent 

acceptor number: H2O (54.8) > formamide (39.8) > N-methylformamide (32.1) > 

DMSO (19.3) > DMF (16.0) because the reduced POM is better stabilized by 

solvents that have a higher acceptor number. In addition to above factors, the 

counter-cations and electrolytes also impact POM redox behaviors via cation-

POM ion-pairing.44 

1.1.3 Mixed-Valence Polyoxometalates 

      The introduction of several electrons into polyoxometalates leads to intense 

blue-colored compounds in solution, usually named “heteropoly blues”. These 

reduced POMs are designated as Class II mixed valence compounds according 

to the Robin−Day classification.46 In such compounds, the added “blue” 

electrons are delocalized over different metal sites of the polyanions owing to 

fast thermal hopping (~109−1011 s−1) at room temperature. While the “blue” 

electrons are delocalized over all 12 metal centers in the Keggin-type POMs 

([XM12O40]n-),  the “blue” electrons are delocalized over the 8 and 12 equatorial 

metal centers of decatungstate ([W10O32]6-) and the Wells-Dawson 

([P2W18O62]8-) polyanions, respectively.47-49 The UV−vis spectra of “heteropoly 

blues” are characterized by broad and intense absorption at wavelengths above 

600 nm which are assigned as intervalence charge transfers (IVCTs: MoV → 

MoVI or WV → WVI).50, 51 A special case is the six-electron-reduced Keggin-type 

polyoxotungstates that are brown in color and are referred to as “heteropoly 

browns”. In contrast to the “heteropoly blues”, the electrons in “heteropoly 

browns” appear located within three W−W bonds forming a WIV-based triad as 
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clearly indicated by 183W NMR and X-ray diffraction studies.52, 53 Thus, the 

“heteropoly browns” are Robin and Day Class I complexes46 and do not have 

IVCT bands. Figure 1.4 shows the structures of “heteropoly browns” and 

“heteropoly blues”. 

 

Figure 1.4. Polyhedral structures of “heteropoly browns” (left) and “heteropoly blues” 

(right). Different colors indicate different oxidation states: brown (+IV), light blue (+VI), 

and dark blue (+V). Most of W centers in “heteropoly blues” have W (VI) and W (V) 

properties. Reproduced with permission from ref. 21. Copyright © 2022, American 

Chemical Society. 

The ability to reversibly accept and donate electrons makes POMs   ideal 

for electron storage, and as a consequence, POMs are termed “electron 

reservoirs” or “electron sponges”. Cronin et al. first reported that the Keggin-

type POM [SiW12O40]4− acted as a recyclable redox mediator in a water splitting 

device. The incorporation of [SiW12O40]4− in the platinum-catalyzed system 

produced pure hydrogen over 30 times faster than the proton exchange 

membrane electrolyzer at equivalent platinum loading.54 More recently, Cronin 

et al. have also shown that the Dawson-type POM, [P2W18O62]6−, is an 

appealing water-soluble charge carrier in both redox flow battery cells and 

electrolytic cells because this POM can accept a high number of electrons 

which can reach 18 electrons per POM unit.55 
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1.2 Polyoxometalate-Modified Metal Materials 

       Metal nanoparticles are nanoparticulate metals with diameters in the range 

of 1–100 nm that exhibit unique physical and chemical properties. As such, they 

have been applied in a wide variety of fields, including catalysis, optics, 

electronics, sensing, medicines, surface chemistry, pharmaceutics, and 

fluorescent materials.56-59 The properties of metal nanoparticles can be 

modified with appropriate protecting ligands, polymers, and supporting 

materials. Methods for metal nanoparticle modification include using metal 

oxide supports to improve stability and reactivity,60 constructing conjugated 

metal–ligand interfacial bonds to achieve intraparticle charge transfer,61 

employing specific biomolecules for bioimaging,62 and applying organic 

polymers to retain high dispersion stability by regulating interfacial 

interactions.63 As a large family of anionic inorganic macromolecules, POMs 

have also been used to modify metal nanoparticles and their properties.64, 65 

This research field emerged after the demonstration that POMs could modify 

electrode surfaces (Hg, Pt, and Au), which paved the way for later applications 

in electrochemistry.66 The first preparation of POM-modified metal 

nanoparticles was reported in 1994,67 and the resulting metal nanoparticles 

exhibited excellent catalytic activity, stability, and reusability in hydrogenation 

reactions.68, 69 Afterwards, a viable method for the preparation of noble-metal 

nanoparticles that relied on the photochemical redox properties of POMs was 

reported.70 Further studies in this field have been conducted to encompass 

various nanoparticulate structures and different types of POMs for diverse 

applications.71-73 In general, POMs including Keggin-type and Dawson-type 

POMs together with their lacunary species, can act as oxygen-based 
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multidentate ligands for capturing metals and constructing self-assembled 

structures, thereby resulting in new species with various structures and 

properties. 

1.2.1 Synthesis of POM-Modified Metal Nanoparticles 

The preparation methods for POM-modified metal nanoparticles can be 

divided into three methods according to the following classifications (Figure 1.5):  

 

Figure 1.5. Three methods for the synthesis of POM-modified metal nanoparticles. 

Reproduced with permission from ref. 23. Copyright © 2022, Wiley-VCH GmbH. 

(i) reduction of metal ions by suitable reductants in the presence of POM 

stabilizing ligands; (ii) reduction of metal ions using (photo)electrochemically 

reduced POMs as both reductants and ligands; and (iii) ligand exchange 

between POMs and metal nanoparticles stabilized by other ligands such as 

citrate. In the first method, POM-modified metal nanoparticles can be prepared 

by reducing metal ions with a number of reductants such as sodium borohydride, 

ascorbic acid, and hydrogen gas in the presence of various types of POMs.67 
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This method is the most adopted method owing to its wide applicability to 

various types of POMs because general POMs with high negative charges and 

coordination sites can satisfy the role of stabilizing ligands. The second method 

is based on the reversible redox properties of POMs, whereby reduced POMs 

are prepared by electroreduction or photoreduction and are used as both the 

ligands and reductants.70, 72 In this method, despite the limitation that only 

redox-active POMs with appropriate redox potentials for metal ions can be used, 

the control of particle size and morphology can be achieved relatively easily 

because of the following two reasons. First, the POM functions simultaneously 

as a reducing agent and a protecting ligand, which facilitates the formation of 

metal nanoparticles. Second, the reaction conditions of the photochemical and 

electrochemical reactions are more easily adjusted than the thermal reduction 

method. The third method is applicable since POMs are generally better 

stabilizing ligands than many other common ligands such as citrates, 

phosphates, acetates, and halogen anions.74-77 When metal nanoparticles 

protected by these ligands are treated with POMs, they undergo a ligand-

exchange process to form POM-modified metal nanoparticles. However, the 

exchanged ligands are supposed to be removed before practical applications, 

which makes this method less competitive compared to the other two methods. 

It is important to note that only noble-metal nanoparticles (Ru, Rh, Pd, Ag, Ir, 

Pt, Au) have been synthesized with POM ligands; the preparation of non-noble-

metal nanoparticles has not been reported yet possibly due to their low stability. 

In addition, metal nanoclusters incorporated in POMs have also been explored 

with great success,78-81 which is beyond the scope of this chapter. 
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1.2.2 Applications of POM-Modified Metal Nanoparticles 

   POM-modified metal nanoparticles have wide and promising applications 

in various fields such as electrochemistry, photochemistry, catalysis, and 

biochemistry. For example, Au nanoparticles can assist POMs with a facile two-

electron reduction of the environmentally significant analyte bromate by 

lowering the potential commonly needed for bromate reduction.82 Furthermore, 

POM-protected Pd and Pt nanoparticles were found to be highly efficient and 

stable for the electrocatalytic methanol oxidation reaction (MOR).73 Oxygen 

reduction reaction (ORR) and CO2 reduction reaction (CO2RR) were also 

reported to be catalyzed by POM-modified Pt and Ag nanoparticles, 

respectively.83, 84 In general, the multielectron redox properties as well as high 

negative charges of POMs are used to facilitate electron transfer, strengthen 

the adsorption of the substrates, and reduce the overpotential. The photo-

responsive redox properties of POMs enable attractive applications in 

photochemistry. The report of [SiW12O40]4- photoreduction with UV light (λ>320 

nm) in the presence of 2-propanol as a sacrificial reagent and metal ions as 

precursors70 is the foundation for the photochemical synthesis of POM-

stabilized nanoparticles. Metal-containing POMs and thiol-functionalized POMs 

can also be used as functional ligands. Notably, the combination of the photo-

redox properties of POMs and the strong coordination ability of thiols enabled 

the synthesis of highly stable and uniformly sized photo- and redox-active 

hybrid metal nanoparticles.85 The surface plasmon resonance (SPR) of these 

POM-modified metal nanoparticles can be used for photocatalytic reactions. 

For example, the SPR of Au nanoparticles was found to assist the esterification 

of 3-phenylpropionic acid with methanol under POM acid catalysis. This likely 
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arises from a local photothermal effect and/or electric field effect caused by the 

SPR of the Au nanoparticles.86 In addition, the immobilization of POM-modified 

metal nanoparticles on appropriate supporting materials is another strategy for 

efficient photocatalytic systems. For instance, POM-modified Au nanoparticles 

on multiwalled carbon nanotubes (Figure 1.6a) and POM-modified Pt 

nanoparticles inside metal-organic frameworks (MOFs) (Figure 1.6b) are 

visible-light-responsive photocatalysts for the oxidation of rhodamine B (RhB) 

or H2 evolution.87, 88 In these cases, the POMs act as multielectron transfer 

mediators for charge separation between the metal nanoparticles and the 

supporting materials to increase the photocatalytic efficiency. 

 

Figure 1.6. Photocatalytic systems of a) POM-modified Au nanoparticles on carbon 

nanotubes for the oxidative degradation of organic dyes and b) POM-modified Au 

nanoparticles in metal-organic frameworks for photocatalytic H2 evolution. Reproduced 

from ref. 87 and ref. 88 with permission from The Royal Society of Chemistry. 
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   The application of POM-modified metal nanoparticles in catalysis dates 

back to their discovery in 1994 when Finke et al. conducted a study of 

cyclohexene hydrogenation in acetone catalyzed by an iridium-containing 

POM.67 The authors prepared the Ir~900 nanoclusters by reacting the iridium-

containing POM with high pressure H2 gas and found that the Ir~900 

nanoclusters catalyzed the cyclohexene hydrogenation with high yield and 

excellent recyclability. Later on, POM-modified metal nanoparticles were 

employed in Suzuki–Miyaura, Heck, and Stille C–C and C–N coupling 

reactions,89 the epoxidation of alkenes,72 and the aerobic oxidation of 

secondary alcohols.90 In particular, POM-modified Pd nanoparticles performed 

well in Heck reactions, the ring-opening reactions of epoxy compounds, and 

acylation reactions, while POM-modified Ru nanoparticles were used for 

catalytic aromatic hydrogenations (Scheme 1.1).91-93 POM-modified metal 

nanoparticles are found to be active and rather stable in the above reactions, 

which demonstrates the versability and viability of these hybrid materials. 
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Scheme 1.1. Representative examples of organic functional group transformations 

catalyzed by POM-modified metal nanoparticles. Reproduced with permission from ref. 

23. Copyright © 2022, Wiley-VCH GmbH. 

        Complementing the above applications, POM-modified metal 

nanoparticles have shown considerable potential in biochemical applications as 

well. While Ag nanoparticles are used as antibacterial agents94 and Au 

nanoparticles can be used in nanomedicine because of their good 

biocompatibility95, POMs also possess antibacterial, antiviral, and anticancer 

activity.5, 14, 96 In this context, the first application of POM-modified Au and Ag 

nanoparticles in antimicrobial study was reported by a stepwise 

functionalization of metal nanoparticles using POMs in combination with lysine 

or tyrosine to manipulate their antibacterial activity.97 Further studies suggested 

that the metal nanoparticles (Au and Ag) and POMs functioned 

synergistically,98, 99 and the selectivity and cytotoxicity of the nanoparticles 

could be controlled by the type of POM.100 Another important finding was that 

POM- and peptide-co-modified Au nanoparticles can function as multifunctional 

anti-Alzheimer drugs.101  

1.3 Polyoxometalate-Modified Metal Oxide Materials 

    Polyoxometalates have been widely used to modify the existing properties 

of metal oxides, especially photoactive semiconducting materials. The 

combination of POMs and semiconductors (SCs) provides an attractive way to 

convert solar power into clean, energy dense, and storable fuels, such as H2 

and CO2 reduction products. Consequently, numerous semiconductors with a 

band gap ranging from 1.1 eV (Si) to 3.2 eV (TiO2) have been associated with 

POMs to efficiently promote light-driven cathodic or anodic reactions.  
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1.3.1 POM-Modified p-type Photocathodes 

Among different semiconductors, silicon appears as one of the most 

promising candidates to be used as a photocathode because of its abundance, 

biocompatibility, and ability to harvest photons from a large portion of the solar 

spectrum.102 Moreover, the position of its conduction band is particularly 

appropriate relatively to the H+/H2 redox potential for HER and the different 

proton-assisted multielectron reduction potentials for CO2.103 Nevertheless, 

bare silicon like other SCs fails to efficiently promote multielectron transfers 

because of slow charge-transfer kinetics.102 Additionally, Si electrodes are often 

susceptible to degradation under certain harsh electrochemical conditions by 

the notorious photo-corrosion phenomenon. Therefore, the interface between 

the semiconductor and the POM constitutes a critical step in efficient and 

sustained photo-electrocatalysis. Lacunary Keggin [PW11O39]7--type POM 

hybrids have been covalently grafted on Si/SiO2 substrates through carboxylic 

acid binding units.104 However, the presence of an electrically insulating SiO2 

layer precluded the use of these modified surfaces for photo-electrocatalytic 

purposes. Improved interfacial electron transfer properties have been obtained 

when these hybrid assemblies were covalently attached to hydrogen-

terminated, oxide-free Si (Si−H) surfaces through the aryldiazonium 

chemistry.105 Unlike SiO2, Si−H possesses a very low density of electrically 

active surface defects (the so-called surface states), which renders it 

particularly attractive for electrical applications. M. J. Rose and co-workers have 

also prepared high electronic quality and densely packed lacunary Keggin 

[[PW11O39]7- POM monolayers covalently bound to p- or n-type Si(111).106 

Recently, Cadot et al. reported on the remarkable catalytic properties for HER 
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of silicon photocathodes functionalized with polyoxothiometalate-incorporating 

polymer assemblies. The so-called anionic thio-POM resulting from the 

covalent association of the [Mo3S4(H2O)9]4+ cluster with the robust macrocyclic 

polyoxotungstate [H7P8W48O184]33- was electrostatically entrapped into a 

conducting polymer film, namely poly(3,4-ethylenedioxythiophene) (PEDOT), 

to durably retain the catalyst at the interface of the silicon photocathode.107 This 

molecular and material engineering strategy makes thio-POM/PEDOT-coated 

silicon photocathodes able to produce H2 under one-sun illumination at a rate 

of ca. 100 μmol cm−2 h−1 at 0 V vs RHE. Besides silicon, a p-type Cu2O 

photocathode with a direct band gap of 2.0 eV has been modified with a 

catalytic multilayer of anionic Ni-containing Weakley-type POM 

[Ni4(H2O)2(PW9O34)2]10- using a cationic polyethyleneimine as an electrostatic 

adhesive.108 Despite a significant improvement in the stability of the 

photocathode under HER electrolytic conditions, the maximum photocurrent 

densities reached for the POM-functionalized photocathode were quite low (ca. 

0.2 mA cm−2 at 0.35 V vs RHE) and only modestly higher than those measured 

for a bare Cu2O photocathode.  

1.3.2 POM-Modified n-type Photoanodes 

   In parallel to these POM-modified p-type SC photocathodes designed for 

photo-electrocatalytic HER, some studies focused on the fabrication of POM-

modified n-type photoanodes to catalytically promote oxidation reactions with 

photogenerated holes. For example, an organic lead halide perovskite 

photoanode was judiciously modified with dual POMs, namely [PW12O40]3- and 

[{Co(H2O)3}2{CoBi2W19O66(OH)4}]10-, both to improve the quality of the 

perovskite film and facilitate transfer of photogenerated holes.109 By effectively 



18 

 

reducing the photogenerated charge carrier recombination, the photo-

electrocatalytic efficiency for the oxidation of benzene into phenol was markedly 

boosted. The modified photoanode showed 2.6-fold higher photocurrent 

densities and a significantly increased conversion yield (32% vs 26%) than a 

pure perovskite photoanode. Apart from this report, all the other recent studies 

have dealt with POM-modified photoanodes for sunlight-driven OER, which is 

more challenging and more directly associated with solar fuel production.110 In 

the report published by Hill and co-workers, semiconducting photoanodes 

consisting of nano-porous TiO2 and electrostatically immobilized ruthenium 

POMs ([RuIV
4O5(OH)(H2O)4(γ-PW10O36)2]9- and [RuIV

4O4(OH)2(H2O)4(γ-

SiW10O34)2]10−) have been prepared and used for UV-light-driven OER with 

photocurrent densities of 1.2 mA cm−2 at 1.5 V vs RHE and pH = 10.111 A recent 

study employed the same immobilizing method for TiO2 coated with the cobalt 

POM, [CoIIICoII(H2O)W11O39]7−, and achieved efficient and stable photocatalytic 

oxygen evolution under 365 nm UV light illumination.112 In another study, an 

earth-abundant and cost-effective hematite α-Fe2O3 photoanode was 

decorated with [RuIV
4O4(OH)2(H2O)4(γ-SiW10O34)2]10− and then protected by an 

optimized 4-nm-thick Al2O3 stabilizing layer.113 Because of this protecting layer, 

the POM-modified photoanode was able to sustain the photoelectrochemical 

production of O2 at 1.24 V vs RHE in aqueous solution pH = 8.3 with a nearly 

100% Faradaic yield with an operating stability of >12 h which is much greater 

than that of an unfunctionalized photoanode. Besides binary metal oxides, there 

are also some examples of POM-modified photoanodes using the ternary oxide 

BiVO4 as the electrode material. In the first example, a BiVO4 photoanode 

modified with Keggin POMs ([PW12O40]3− or [CoW12O40]6−) was prepared. 
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Nevertheless, such assemblies exhibited poor photo-electrocatalytic 

performance with disappointingly low photocurrent densities of 0.2 mA cm−2 at 

about 1.8 V vs RHE in sulfate solution (pH = 5.9).114 Better performance was 

reported for a BiVO4 photoanode modified with an anionic Co-containing 

Weakley-type POM [Co4(H2O)2(VW9O34)2]10− electrostatically entrapped into a 

cationic polyethyleneimine multilayer.108 Such a photoanode working at pH = 7 

showed an onset potential for OER of 0.24 V vs RHE and a photocurrent density 

of 2.3 mA cm−2 at 1.23 V vs RHE. The beneficial effect of the immobilized POM 

was clearly indicated by a ca. 400 mV cathodic shift of the onset potential and 

a 3-fold higher photocurrent relative to the pristine BiVO4 photoanode. 

       In addition to the above POM-modified semiconductor materials, 

Weinstock et al. has pioneered the field of POM-stabilized metal oxide 

nanoparticles for homogeneous catalytic reactions including oxygen 

evolution115-118 and carbon dioxide reduction.119, 120 Such research highlights 

the unique role of POMs in protecting small metal oxide nanoclusters in solution 

and narrows the common division between molecular and solid-state materials. 

1.4 Polyoxometalate-Immobilized Metal-Organic Frameworks 

       Metal-organic frameworks (MOFs) are porous materials formed by the self-

assembly of organic ligands and transition metal ions or clusters through 

coordination bonds.121, 122 Due to their abundant cavities and adjustable 

functional groups, MOFs have widespread applications in catalysis, gas 

separation, and biomedicine.123-125 The introduction of POMs into MOF 

structures endows both the POMs and the MOFs with new properties by 

creating additional active sites and building synergistic effects for different 

reactions.126-128 There are generally three methods for the synthesis of MOF-



20 

 

immobilized POMs as shown in Figure 1.7.  The first method involves covalent 

bonding between POM modes and organic linkers, which generates POM-

based MOF materials termed as POMOFs.129 The second and third methods 

are by immersion of pre-synthesized MOFs in POM solution and in-situ 

synthesis via one-pot reaction of POMs, metal ions, and linkers, respectively. 

The POM-based MOF materials made by these two methods are labeled as 

POM@MOFs indicating the electrostatic nature of interactions between POMs 

and MOFs. 

 

Figure 1.7. Routes of forming POMOF or POM@MOF materials starting from the 

precursors of POMs and MOFs. Reproduced with permission from ref. 127. Copyright 

© 2020, American Chemical Society. 

       The study in this thesis focuses on Keggin-type POMs incorporated into 

the pores of HKUST-1 (MOF-199), which is named after Hong Kong University 

of Science and Technology and uses 1,3,5-benzenetricarboxylic acid (BTC) as 

the organic linker and Cu2+ ions as inorganic nodes.130 The two large pores in 

HKUST-1 have sizes of 10 and 13 Å, respectively. Considering the size of 



21 

 

Keggin-type POM is around 10 Å in diameter, HKUST-1 can accommodate one 

Keggin unit within its larger pore (Figure 1.8).131 Since the accessible window 

to the larger pore is around 11 Å, Keggin POMs residing in HKUST-1 pores 

after hydrothermal synthesis cannot easily leak out.132 Yamase et al. 

synthesized the first POM@HKUST-1 using a one-pot hydrothermal synthesis 

that generates POM and MOF at the same time from the initial reactants.133 

Several Keggin-type POMs including H4SiMo12O40, H3PW12O40 and 

H3PMo6W6O40 were generated inside the pores of HKUST-1. Subsequently, Su 

et al. used a different synthetic method to insert pre-formed Keggin POMs 

during hydrothermal synthesis. A series of Keggin complexes have been 

successful inserted into the pores of the MOF, NENU 1-6 (Northeast Normal 

University) during synthesis.132 Hill et al. incorporated the transition-metal-

substituted Keggin, [CuPW11O39]5- into HKUST-1 and found a synergistic effect 

between this MOF and POM with respect to both catalytic activity (H2S and thiol 

oxidation) and stability.131 In general, POM@HKUST-1 materials are effective 

catalysts for catalytic oxidative desulfurization, oxidation of olefins, benzene, 

and thiols.134-136 
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Figure 1.8. X-ray crystal structure of POM@HKUST-1 (ball and stick). Atoms: gray, C; 

red, O; and blue, Cu. The Keggin POM is present in white polyhedral notation and the 

copper(II) acetate cluster linkers are yellow cubes. Reproduced with permission from 

ref. 131. Copyright © 2011, American Chemical Society. 

1.5 Scope of Current Work 

       In the following chapters, polyoxometalate-modified metal nanoparticles 

and metal oxide photoelectrodes for photocatalysis and electrocatalysis are 

explored and discussed. Chapter 2 describes the decatungstate-stabilized 

platinum nanoparticles (W10-PtNPs) for photochemical dehydrogenation of 

alkanes at room temperature.  The W10-PtNPs (~ 20 nm) catalyze the reaction 

of alkane to produce alkene and hydrogen in acetonitrile under UV light with 

high selectivity and quantum efficiency. Several characterization methods 

confirm the integrity of decatungstates that absorb on the surface of platinum 

nanoparticles during the catalysis. The calculation model of a (Na-

3MeCN)4W10O32/Pt19 complex reveals the strong interaction between the Pt 

and decatungstates. Chapter 3 examines polyoxometalate-stabilized gold 

nanoparticles for electrochemical CO2 reduction. Several Keggin-type POMs 

(PW12O40
3- and SiW12O40

4-) are capable of protecting Au nanoparticles in 

aqueous solution by forming POM-AuNPs, which are centrifuged and deposited 

on the electrode for electrochemical CO2 reduction in acetonitrile solution with 

0.5% (v/v) H2O. However, these POM-AuNPs only produce CO and show no 

obvious advantages compared to citrate-AuNPs. Chapter 4 reports the 

fabrication of amorphous n-type TiO2 photoelectrodes by treatment of cationic 

3-aminopropyltrimethoxysilane (APS)-functionalized TiO2 with 

Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3] (Co9POM). Compared to the 
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unmodified TiO2, the functionalized TiO2 photoanode, TiO2-APS-Co9POM, 

exhibits an approximately three-fold OER enhancement of photocurrent in a 

sulfate buffer solution (pH = 2). Mechanistic investigations indicate that 

Co9POM serves as an efficient water oxidation catalyst, extracting 

photogenerated holes from TiO2 at picosecond timescale. Moreover, by shifting 

the TiO2 band edge, the functionalized catalytic layer creates a favorable 

interfacial electric field, which efficiently separates the photogenerated carriers 

and mitigates surface recombination. Chapter 5 describes the incorporation of 

PVxMo12-xO40
(3+x)- (x = 1-3) and transition-metal-substituted polytungstates, 

XPW11 (X = V, Co, Zn and Co) into the pores of HKUST-1. Their catalytic 

activity for aerobic thiol oxidation and stability are studied. Reactivity synergism 

between POM and Cu(II) ion is confirmed in these heterogeneous 

PVMo@HKUST catalysts, but this synergism does not exist in the 

corresponding polytungstate-MOFs, XPW11@HKUST. Moreover, the 

PVMo@HKUST catalysts are stable after the reaction while XPW11@HKUST 

materials decompose completely under the same aerobic oxidation conditions. 
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Abstract  

The development of cost-effective systems for alkene production by direct alkane 

dehydrogenation is of scientific and commercial interest. The irradiation of hexachloroplatinic 

acid, sodium decatungstate, and 2-propanol as a reducing agent, in a deaerated aqueous 

solution under 365 nm LED light forms Na4W10O32-stabilized Pt(0) nanoparticles (W10-PtNPs) 

in high yield. Irradiation of W10-PtNPs suspended in acetonitrile (MeCN) solutions of alkanes 

produces alkenes in ~85% selectivity and hydrogen with quantum yields ~0.20 and turnover 

numbers ~100. This reverse process of catalytic hydrogenation is endothermic and endoergic 

thus converts light into chemical energy. Several arguments are consistent with the 

decatungstate adsorbed on the Pt NPs and not freely diffusing decatungstate as the 

photochemically active entity including the fact that neither Na4W10O32 nor Pt(0) alone under 

these conditions is inactive. The W10-PtNPs can be isolated and re-used. Transient 

absorption spectroscopy indicates that Pt perturbs the Na4W10O32 excited state properties. 

Computational models display a charge-neutralizing solvated (Na-3MeCN)4W10O32 structure 

where MeCN forms a well-defined hydrogen bonded network involving the bridging oxygens 

of decatungstate. The UV-Vis spectrum of this solvated decatungstate is simulated based on 

its molecular orbitals and is consistent with the experimental results. Calculations of the 

dyadic structure, (Na-3MeCN)4W10O32/Pt19 reveal that the decatungstate is strongly bound to 

the Pt(0) nanoparticles and that this interaction involves heretofore unrecognized multiple Pt-

to-POM d-d transitions in the infrared region. 

 

2.1 Introduction  

       The dehydrogenation of alkanes to alkenes is one of the most investigated areas in 

organic synthesis and has received considerable attention from the petrochemical industry 

because of the increasing global demand for light alkenes.1, 2 The majority of research has 
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focused on thermal alkane dehydrogenation with metal and metal oxide catalysts, which 

suffer from harsh reaction conditions and low conversion rate. For example, the Pt/TiO2-Al2O3 

catalyst for propane dehydrogenation operates at 873 K and results in only a ca. 50% 

conversion to propene.3 Homogenous catalysts such as iridium pincer complexes, i.e., 

(tBu4PCP)Ir, drive reactions at lower temperature and are more efficient for alkene production, 

but these processes require a sacrificial alkene reagent, M, as the hydrogen acceptor, eq 1, 

to overcome the unfavorable thermodynamics.4-7 The direct photocatalytic dehydrogenation 

of hydrocarbons, eq 2, is highly desirable, but the unfavorable thermodynamics and kinetics 

(cleavage of unactivated C-H bonds) makes it as difficult to achieve as it is attractive. There 

are reports of photocatalytic alkane dehydrogenation, eq 2, but these have limitations. One 

system uses Vaska-type rhodium complexes, [RhCl(CO)(PR3)2] (R = Me, Et, and Ph), as 

alkane photodehydrogenation catalysst.8-10  However, the recyclability of these 

photocatalysts is poor and key features of the mechanisms remain unclear.  

alkane  +  M  →  alkene  +  MH2     (1) 

alkane  +  light  →  alkene  +  H2     (2) 

       Our group reported that polyoxometalates (POMs), metal-oxo clusters of high-valent 

early-transition metals (V, Mo, W, Nb, and Ta),11 including decatungstate, W10O32
4-, 

photocatalyze alkane C-H bond cleavage with the platinum cocatalyst,12-15 a process that has 

been used quite recently by several groups in C-H bond functionalization chemistry.16-21 

Decatungstate has also been combined with cobaloxime pyridine chloride to achieve 

cooperative hydrogen atom transfer for photochemical alkane dehydrogenation22 although 

the yield was lower than that in the decatungstate/platinum system. All these applications 

demonstrate the important role of decatungstate in alkane dehydrogenation. 

       While POMs in the absence of a hydrogen evolution catalyst such as Pt(0) are very poor 

at evolving H2, we reasoned that having intimate and molecular communication between the 
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photocatalyst (light-absorber and hydrogen-atom abstractor, namely, W10O32
4-) and a 

hydrogen evolution catalyst (HEC) would significantly facilitate eq 2. This process constitutes 

an alternative route to solar fuel (H2) complementing conventional artificial photosynthesis 

(photoreduction of H2O and/or CO2) given that eq 2 is thermodynamically uphill. Since 

platinum metal is a well-known catalyst for hydrogen evolution and POMs are well studied 

stabilizers of some metal(0) nanoparticles,23-26 we sought conditions under which the POM 

photocatalyst and the HEC could remain in intimate contact during photo-driven alkane 

dehydrogenation. After several different trials, we successfully prepared Na4W10O32-

stabilized Pt(0) nanoparticles (NPs) (20 nm), W10-PtNPs, by a facile one-pot photochemical 

synthesis, and that this hybrid nanosystem photo-dehydrogenates alkanes, eq 2, at ambient 

temperature with near-UV light and can be re-used.  

 

2.2 Experimental 

2.2.1 General Materials and Methods 

       All chemical reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) 

and were used directly without further purification. UV-Vis spectra were recorded with an 

Agilent 8453 spectrophotometer equipped with a diode array detector using a 1.0 cm optical 

path length quartz cuvette. Infrared spectra (2% sample in KBr pellet) were recorded on a 

Nicolet TM 6700 Fourier transform infrared (FT-IR) spectrometer. Transmission electron 

microscopy (TEM) measurements were conducted on a Hitachi H-7500 transmission electron 

microscope at an accelerating voltage of 80 kV in the Robert P. Apkarian Integrated Electron 

Microscopy Core at Emory University. SEM-EDX data were collected on a HITACHI SU8230 

FE-SEM at an accelerating voltage of 10 kV in Institute of Electronics and Nanotechnology 

at Georgia Institute of Technology. X-ray photoelectron spectroscopy (XPS) were conducted 

on a thermos K-ALPHA XPS instrument. The TGA data were collected on a Mettler Toledo 
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TGA instrument. Dynamic light scattering (DLS) data were acquired on a NanoPlus DLS 

Particle Size Analyzer instrument (Particulate Systems, Norcross, GA). 1H nuclear magnetic 

resonance (NMR) spectra were acquired on a Varian INOVA 400 spectrometer using 

deuterated chloroform (δ 7.24) as an external standard. Gas chromatography (GC) analysis 

of the gas phase was analyzed using an Agilent 7890 gas chromatograph with a 5 Å 

molecular sieve column, a thermal conductivity detector, and argon carrier gas. 

 

2.2.2 Synthesis of Na4W10O32-stabilized Pt nanoparticles (W10-PtNPs):      

       Na4W10O32·12H2O was synthesized according to previous reports12 and the water 

content was determined by thermogravimetric analysis (TGA) (Figure 2.2). A 5 mL aqueous 

solution of 0.70 mM Na4W10O32, 0.17 mM H2PtCl6, and 0.50 M 2-propanol was put into a 1-

cm path length cell deareated with argon and covered with a plastic cap. The solution was 

stirred and irradiated with 365 nm LED light, the intensity of which on the cell was measured 

by a radiometer as 100 mW/cm2. The color of the solution quickly turned into dark blue and 

then gradually changed to dark brown after exposure to air. The dark brown solution was 

centrifuged at 5,500 rpm for 30 min, the resulting supernatant decanted via pipette, and the 

remaining solids redissolved in water. 

 

2.2.3 Photocatalytic alkane dehydrogenation:  

      W10-PtNPs (5 mg) were dispersed in 5 mL of CH3CN containing 50 mM alkane in a 1 cm 

path length cell deareated with argon and covered with a plastic cap. The solution was stirred 

and irradiated with 365 nm LED light, the intensity of which on the cell was measured by a 

radiometer to be 100 mW/cm2. Control experiments were conducted using (a) Na4W10O32 

and platinum black mixture (the ratio of Na4W10O32 to platinum black equals that of W10-

PtNPs) with light, (b) only Na4W10O32(s) with light, (c) only platinum black (s) with light, and 
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(d) W10-PtNPs without light. The reaction conversion and selectivity for alkene product were 

determined by nuclear magnetic resonance (NMR) spectroscopy. The amount of the 

hydrogen gas was quantified by gas chromatography (GC). The difference between the 

moles of alkene and hydrogen was within 5% throughout the experiment, thus validating 

equation 2. The quantum efficiency (QE) was measured using the following equation: QE = 

2 ˣ N(alkene) / N(photons). To assess the recyclability of W10-PtNPs, the solution after the 

initial catalytic photodehydrogenation was centrifuged at 5,500 rpm for 30 minutes; the W10-

PtNPs were collected and re-dispersed in a fresh 5 mL CH3CN solution of 50 mM alkane for 

subsequent runs. 

 

2.3 Results and Discussion 

2.3.1 Synthesis and characterization of W10-PtNPs. 

       This binary nanosystem is prepared using a one-pot photoredox reaction and is 

characterized by a range of physical methods under heterogeneous conditions, meaning 

there is no detectable dissocation of Na4W10O32 from the Pt NPs surfaces. The synthesis 

involves mixing hexachloroplatinic acid (0.20 mM), sodium decatungstate (0.70 mM), and the 

reducing agent 2-propanol (0.50 M) in a deaerated aqueous solution under 365 nm LED light 

illumination. The decatungstate excited state after light absorption is first reduced by 2-

propanol producing an equivalent quantity of acetone, and the resulting dark-blue reduced 

POM then reduces Pt(IV) to Pt(0) NPs, which associate the decatungstate molecules 

stabilizing the NPs to aggregation and forming quite robust W10-PtNPs. The platinum 

reduction returns decatungstate to the ground electronic state of its resting oxidation state 

with all four tungsten centers in the +6 (d0) state. The decatungstate immediately bond to the 

surfaces of the nascent Pt(0) NPs stabilizing them as W10-PtNPs.24 The UV-Vis spectra of 

reduced Na4W10O32 and Na4W10O32-stabilized Pt nanoparticles are shown in Figure 2.1. The 
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reduced sodium decatungstate has a relatively weak O-to-W charge-transfer absorption band 

at 360 nm. Two strong absorption peaks at 650 nm and 770 nm are assigned to inter-valence 

charge transfer bands in W10O32
6- and W10O32

5- respectively.27 The final solution of 

Na4W10O32-stabilized Pt nanoparticles is dark-brown. Importantly, a similar attempted 

preparation using tetra-n-butylammonium (TBA) decatungstate in acetonitrile does not 

produce decatungstate-stabilized Pt nanoparticles because the sterically large organic 

counter cations likely prevent the close POM-Pt interaction seen in the case of W10-PtNPs. 

The solution of W10-PtNPs can be centrifuged, decanted off the supernatant to remove 

residual W10O32
4-

 and PtCl62-, and the remaining solids, effectively the W10-PtNPs, readily 

redissolve in water. This process is repeated several times to prepare the purified W10-PtNP 

powder and the corresponding solution for subsequent characterizations. 

 

Figure 2.1. UV-Vis spectra of aqueous solutions of reduced Na4W10O32 (black) and the W10-PtNPs 

(red). Inset: Photograph of aqueous solution of the W10-PtNPs in a 1 cm quartz cuvette. 

       It is important to note that W10-PtNPs can be dissolved in a CH3CN/H2O (v/v = 9/1) mixed 

solvent and catalyze alkane dehydrogenation as described in the experimental section. 

Under these conditions, W10O32
4- is fairly effective at preventing rapid aggregation of Pt(0) 

particles to microscale or macroscale ones. However, W10O32
4- does dissociate form the Pt(0) 

surfaces generating the POM in solution after the catalytic reaction. This is proved by the 
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zeta potential of the solution, which changes from -36.2 mV (indicates moderate stability) 

before the reaction to -12.5 mV (indicates incipient instability) after the reaction. Since the 

anionic polyoxometalates contribute to most of the zeta potential, the notable change 

suggests that a significant number of POMs dissociate from the Pt(0) NP surfaces. The 

average size of W10-PtNPs doesn’t change much after the reaction because the ~20 nm Pt 

nanoparticles are still protected by the remaining decatungstate molecules. As a 

consequence, all W10-PtNPs-catalyzed reactions are conducted in pure acetonitrile where 

Na4W10O32 is insoluble preventing any detectable dissociation of the POM from the Pt 

surfaces. Moreover, the redox potentials for decatungstates shift positively as the water 

content in the mixed solvent increases,27, 28 while decatungstates in pure organic solvents 

such as acetonitrile or dimethylformamide exhibit the most negative potential that is favorable 

for the hydrogen evolution reaction (Figure 2.3). 

 

Figure 2.2. Thermogravimetric analysis (TGA) of Na4W10O40·12H2O. 
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Figure 2.3. Cyclic voltammogram of 1.0 mM TBA4W10O40 in CH3CN. The cyclic voltammogram was 

measured at the scan rate of 100 mV/s on the glassy carbon electrode. The red vertical dash line 

indicates the potential of hydrogen evolution reaction. 

       The transmission electron microscopy (TEM) image (Figure 2.4) and dynamic light 

scattering (DLS) data (Figure 2.5) reveal that the average size of W10-PtNPs is around 20 

nm, which is similar to the size of other POM-stabilized Pt(0) nanoparticles.24, 29 The scanning 

electron microscope (SEM) images (Figure 2.6) display a comparable particle size and the 

energy dispersive X-ray spectroscopy (EDX) (Figure 2.7 and Figure 2.8) confirms the 

existence of decatungstate surrounding the platinum NPs. 

 

Figure 2.4. Transmission electron microscopy (TEM) image of W10-PtNPs. 
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Figure 2.5. Dynamic light scattering (DLS) data of W10-PtNPs. 

 

Figure 2.6. Scanning electron microscopy (SEM) images of W10-PtNPs. The scale bar is 1.00 μm 

for Figure a and 200 nm for Figure b. 
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Figure 2.7. EDX spectrum of W10-PtNPs. 

 
Figure 2.8. SEM of (a) W10-PtNPs with elemental mapping of (b) Pt, (c) W, and (d) O. 

 

        The X-ray photoelectron spectroscopy (XPS) (Figure 2.9) of W10-PtNPs in powder form 

was then conducted to establish the ratio of POM to Pt. The asymmetric XPS spectrum of Pt 

4f (Figure 2.10a) has well separated spin-orbit components (∆metal =3.35 eV) with the Pt 4f7/2 

peak and the Pt 4f5/2 peak located at 71.23 eV and 74.58 eV, respectively. The XPS spectrum 
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of W 4f (Figure 2.10b) shows the binding energy of 36.08 eV (4f7/2) and 38.28 eV (4f5/2), which 

corresponds to the W (VI) chemical state. The loss feature for W(VI) at 42 eV is also observed. 

The POM : Pt ratio in W10-PtNPs, based on the atomic ratio of W to Pt in the XPS spectra 

and the number of tungsten atoms in decatungstate is calculated to be 0.06.  

 

Figure 2.9. X-ray Photoelectron spectroscopy (XPS) of W10-PtNPs. 
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Figure 2.10. XPS of (a) Pt 4f, (b) W 4f, and (c) Na 1s in W10-PtNPs. 

        The POM : Pt ratio is also quantified by adding 1.0 g of solid KCl to 3.0 mL of W10-PtNP 

solution. The addition of KCl salt precipitates the Pt(0) nanoparticles and frees the Pt-surface-

bound decatungstate anions, resulting in a colorless solution with black Pt solids in the bottom. 

The weight of the precipitated black Pt solids after vacuum drying is 0.010 g. Understandably, 

these Pt solids could not be redissolved in fresh water because decatungstates are no longer 

present on their surfaces. The concentration of decatungstate in the colorless solution is then 

determined to be 1.3 mM based on its UV-Vis spectrum and the decatungstate UV-Vis 

standardization curves (Figure 2.11). Therefore, the POM : Pt ratio for W10-PtNPs is 

calculated to be 0.08, which is in good agreement with the XPS-determined POM : Pt ratio 

(0.06) considering the potential uncertainties related to such small amounts of precipitated Pt 

solids. 
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Figure 2.11. UV-Vis spectra of post-salting and standard decatungstate aqueous solution. 

 

2.3.2 Reactivity and stability of W10-PtNPs.  

      The photodehydrogenation of alkanes by W10-PtNPs is conducted with these 

nanoparticles suspended in a solution of acetonitrile and alkane in which Na4W10O32 is 

insoluble. This prevents dissociation of W10O32
4- from the Pt(0) surfaces. This lack of W10O32

4- 

dissociation is readily detected by UV-Vis spectroscopy because decatungstate has a very 

high absorbance in the UV region (see Figure 2.1). In contrast, Na4W10O32 does dissociate 

from Pt when W10-PtNPs are dissolved in an acetonitrile/water mixed solvent. 

Characterization of the latter system is given in the synthesis and characterization section. 

The experimental details of photocatalytic alkane dehydrogenation are described in the 

experimental section and Figure 2.12 shows the reactivity and recyclability of W10-PtNPs for 

2,3-dimethylbutane dehydrogenation to 2,3-dimethylbutene and hydrogen gas. As shown in 

Figure 2.12a, Na4W10O32-stabilized Pt nanoparticles achieve over 40% alkane conversion 

rate while Na4W10O32 and platinum black mixture only transforms ~10% of the alkane. Alkene 

and hydrogen are not detected for experiments without either Na4W10O32 or platinum or light. 

The known side reaction of tetra-n-butyl ammonium cation oxidation to 1-butene and 
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tributylamine30 is noticeably avoided in our system by using the sodium salt of decatungstate. 

These results demonstrate the superior alkane dehydrogenation activity of W10-PtNPs and 

the indispensable role of Na4W10O32, platinum, and light in the photocatalysis. The specific 

mechanism of the reaction will be discussed in the next section. 

 
Figure 2.12. (a) Hydrogen evolution kinetics from photocatalytic dehydrogenation of 50 mM 2,3-

dimethylbutane by W10-PtNPs (black), a mixture of Na4W10O32
 and Pt black (red), and experiments 

without Na4W10O32, Pt, and light, respectively (blue) in CH3CN solution. (b) Recyclability test of W10-

PtNPs for photocatalytic 2,3-dimethylbutane dehydrogenation.  

 

      Stability of the W10-PtNP solution was assessed by multiple methods. First, an 

acetonitrile-alkane solution of W10-PtNPs shows no change after several months. There are 

no signs of aggregation. Second, we evaluated the recyclability of W10-PtNPs after sequential 

photochemical alkane dehydrogenation reactions. Figure 2.12b shows that after 12 hours of 

continuous reactions, the activity of W10-PtNPs remains almost the same. The small 

diminution in activity can be ascribed to catalyst loss during recycling. Third ,fourth, and fifth, 

TEM images (Figure 2.13), Fourier-transform infrared (FT-IR) spectra (500 to 1000 cm-1; 

Figure 2.14) , and XPS spectra (Figure 2.15) of W10-PtNPs before and after photocatalytic 

alkane dehydrogenation showed no change, which indicates the integrity of decatungstates 

absorbed on the Pt surface. 
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Figure 2.13. TEM images of W10-PtNPs (a) before and (b) after 12 hours of continuous 

photochemical alkane dehydrogenation in acetonitrile. 

 

Figure 2.14. FT-IR spectra of W10-PtNPs before (black) and after (red) 12 hours of continuous 

photochemical alkane dehydrogenation in acetonitrile. 
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Figure 2.15. XPS spectra of Pt 4f and W 4f in W10-PtNPs (a) before and (b) after 12 hours of 

continuous photochemical alkane dehydrogenation in acetonitrile. 

 

        Table 2.1 summarizes the product yields and quantum efficiencies for photocatalytic 

dehydrogenation of other alkanes by W10-PtNPs. The alkene products were established by 

nuclear magnetic resonance (NMR) spectroscopies (Figure 2.16-18) and the quantum 

efficiencies and yields were calculated as described in the previous section. Significantly, the 

major products of alkane dehydrogenation are the non-thermodynamic (less-substituted) 1-

alkenes. The logical explanation for these products is a kinetically-controlled alkane radical 

disproportionation reaction, where steric hindrance dictates that the hydrogen atom on the 

less substituted carbon atom is more likely to be abstracted.12 The quantum efficiencies and 

yields decrease in the order 2,3-dimethylbutane > cycloalkanes > n-alkanes, which is 

consistent with the decreasing disproportionation rates for tertiary, secondary, and primary 

radicals.31 The higher yield of cyclooctene than cyclohexene can be explained by the lower 

heat of dehydrogenation of cyclooctane (+23.53 kcal/mol) than cyclohexane (+28.59 

kcal/mol).32  
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Table 2.1. Photodehydrogenation of different alkanes catalyzed by W10-PtNPs at ambient 

temperature with 365-nm light. 

Substrate Product Quantum Efficiency        Yield 

2,3-dimethylbutane 2,3-dimethyl-1-butene 0.20         42% 

cyclohexane cyclohexene 0.06         12% 

cyclooctane cyclooctene 0.10         21% 

n-hexane 1-hexene N/A          N/A 

n-octane 1-octene N/A          N/A 

 

 

Figure 2.16. 1H NMR spectrum of the acetonitrile-d3 solution after 3 hours of photochemical 

dehydrogenation of 2,3-dimethylbutane. Internal standard: 1,3,5-trimethoxybenzene. 

 

 

Figure 2.17. 1H NMR spectrum of the acetonitrile-d3 solution after 3 hours of photochemical 

dehydrogenation of cyclohexane. Internal standard: 1,3,5-trimethoxybenzene. 
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Figure 2.18. 1H NMR spectrum of the chloroform-d solution after 3 hours of photochemical 

dehydrogenation of cyclooctane. Internal standard: 1,3,5-trimethoxybenzene. 

 
2.3.3 Transient absorption spectroscopy  

      The mechanism of decatungstate anion (W10O32
4-) for photocatalysis has been discussed 

in our initial papers and subsequently by other groups.33-35 In general, W10O32
4- first absorbs 

ultraviolet light (i.e., 365 nm light) forming a ligand-to-metal charge transfer (LMCT) excited 

state ([W10O32
4-]*). This excited state survives for ca. 30 ps and then decays with a quantum 

yield of around 0.5 to generate an oxyradical-like triplet state (termed as wO). This 

intermediate triplet state wO has a strong absorption around 780 nm and the lifetime for wO 

is measured to be 55 ± 20 ns. wO is chemically active and interacts with organic substrates, 

which leads to the one-electron-reduced form (H+)[W10O32
5-] and the corresponding organic 

radical. 

 
2.3.4 Calculations 
 

        To properly describe the Na4W10O32 complex (POM) and its interaction with a Pt 

nanoparticle computationally, we first modeled the solvent effects on the former by placing 

12 acetonitrile (MeCN) molecules around Na4W10O32 with three MeCN per Na+ counterion. 
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The structures and complexation energies of these MeCN-solvated sodium cations are given 

in Figure 2.21. We used the long-range corrected B3LYP-GD3/6-31G(d)[Na-LANL2DZ] level 

of theory,36 while all the electronic structure calculations were performed with Gaussian 16. 

It is evident that Na+ can coordinate up to six MeCN molecules at room temperature, yet for 

practical purposes. we find it efficient to use a three-coordinated Na+ ion that allows Na+ to 

bind with POM sites and permits large scale excited state calculations. 

 

Figure 2.21. Graphic illustration of structures along with free energies of complexation (in kcal/mol) 

calculated at T = 298 K and 1 atm. The average Na-N distances (Å) are for a thermally stable solvated 

Na+ ion in explicit acetonitrile: Na+(MeCN)n for n = 3 – 6. The level of electronic structure theory is 

B3LYP-GD3/6-31G(d)[Na-LANL2DZ]. 

       Figure 2.22 shows the optimized structures of a “bare” W10O32
4- POM and a charge 

neutral solvated (Na-3MeCN)4W10O32. These were calculated by unconstrained energy 

minimization followed by a vibrational frequency analysis to confirm stability. We first 

analyzed the different oxygen types of the POM including their electron density distribution: 

the inner oxygens, OIN, have -0.86 |e| charge; the OT1 and OT2 oxygens carry -0.63 and -0.60 

charge, respectively; and the OB1, OB2 and OB3 oxygens have -0.79, -0.81 and -0.87 charges, 
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respectively. Thus, the inner and the bridging oxygens carry an appreciably higher charge 

density than the terminal ones. Secondly, we note that in the POM structure complete with, 

MeCN-solvated Na+ counterions, the MeCN molecules remain fully attached to their 

respective Na+ centers with the average Na-N distance increasing from 2.40 to 2.45 Å. The 

Na-POM distances, as measured by the shortest Na-O distances, range from 2.3 to 2.7 Å. At 

the present level of solvation treatment, the Na+ counterions are in relatively close contact 

with the POM. Furthermore, the acetonitrile molecules form a well-defined hydrogen bonded 

network involving mainly the bridging oxygens with the various H...OB distances which span 

a range of  2.2 - 2.7 Å (dashed lines in Figure 2.22B). These interactions are consistent with 

the higher negative charges of the OB bridging oxygens than the OT terminal oxygens. 

 

Figure 2.22. The optimized structures of the (A) “bare” W10O32
4- POM (oxygen in red, tungsten in 

blue), and (B) charge neutralized solvated (Na-3MeCN)4W10O32 complex. The POM oxygens are 

classified as follows: two internal OIN (bonded to W by dashed lines); two axial terminal OT1; eight 

lateral OT2; eight type-1 and type-2 bridging OB1 and OB2, respectively; and four central bridging OB3. 

Notable features in (B) include the shortest Na-O distances, ranging from 2.3 to 2.7 Å. The level of 

theory is B3LYP-GD3/6-31G(d)[W,Na-LANL2DZ]. 

 

         Following this step, molecular orbitals (MOs) and a UV-Vis spectrum of (Na-

3MeCN)4W10O32 were calculated and characterized. A brief inspection of the MOs reveals 
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the following; the few leading Lowest Unoccupied MOs, LUMO to LUMO-8, are pure W(5d) 

based orbitals. In contrast as expected, the few Highest Occupied MOs, HOMO to HOMO-3 

are oxygen p-orbital in character: HOMO is comprised of OIN, OB1, OB3 with some contribution 

from OT1/OT2, while OB2 is not involved at all. HOMO-1 is dominated by OB2 and OB3 with a 

minor involvement of OIN and OB1. HOMO-2 is another case of a major OIN centered MO with 

a small contribution from OB1 and OT1, and HOMO-3 is primarily an OB1/OB3-based orbital. 

Therefore, as expected from the charge density, the occupied frontier MOs are dominated by 

the more charge negative (the inner and bridging) oxygens. A few representative MOs are 

presented in Figure 2.23. 

 

             HOMO-3        HOMO-2   HOMO-1         HOMO    LUMO 

Figure 2.23. Orientation horizontal: the lowest four HOMO and LUMO orbitals of (Na-3MeCN)4W10O32 

calculated at the B3LYP-GD3/6-31G(d)[W,Na-LANL2DZ] level of theory. 

 

        The aforementioned UV-Vis spectrum, shown in Figure 2.24b, was calculated over a 

broad wavelength region, up to ~200 nm, using the time-dependent DFT formalism.37 The 

line-shape exhibits two clearly separate bands: the weaker one appearing at ~340-360 nm, 

and the stronger one originating at ~300 nm and extending to the UV region below 220 nm 

(the cutoff threshold applied in the present calculations). The weak band is mainly a 

OB1(p)/OB3(p) to W(5d) transition, while the strong band may best be characterized by mixed 

OB1(p)/OB2(p)/OIN(p) to W(5d) transitions. The laboratory measurement of aqueous 

Na4W10O32 solution (Figure 2.24a) displays a band of 300-340 nm in reasonable agreement 

with the calculations. 
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Figure 2.24. The UV-Vis spectrum of (a) 0.5 mM Na4W10O32 aqueous solution in a 2 mm quartz 

cuvette and (b) (Na-3MeCN)4W10O32 calculated with 600 singlets at the TD-B3LYP-GD3/6-

31G(d)[W,Na-LANL2DZ] level of theory. The vertical blue lines are the optical S0->Sn (n=1-600) 

intensities, and the smooth black line is a convoluted Lorentzian line-shape.  

       Interaction of the solvated POMs with the Pt nanoparticle was modeled using a number 

of small Ptn clusters for n = 12 - 79. Having exhausted most of our options after many 

exploratory calculations, we found it both computationally practical and physically realistic to 

use Pt19 given its size of ~8 Å. This is comparable to the “bare” POM, which is approximately 

a 6x6x12 Å cuboid. We note that others have observed recently that small Ptn clusters with 

an average size n = 12 are viable as interacting partners with MOFs.38 After initially relaxing 

Pt19 from its bulk structure, a series of geometry optimizations with the solvated POM 

produced an extremely stable complex, depicted in Figure 2.25. The electronic energy of 
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interaction relative to the separated (Na-3MeCN)4W10O32 and Pt19 fragments is ~5 eV. Ths is 

explained in part by a fairly close approach of Pt19 to the OB3, OB2 and OT2 centers of the 

POM, with the average Pt-O contact distance of ~2.2 Å. Additional interaction arises from the 

displaced MeCN solvent molecules that partly envelope Pt19, which we presently consider as 

an artifact of the small nanoparticle model. Nevertheless, these findings support our 

experimental suppositions of a strong POM absorption on the Pt nanoparticle surfaces. 

Further information of the POM/Pt interaction can be extracted from an analysis of the frontier 

orbitals and the density of states, provided in Figures 2.26 and 2.27, respectively. There is a 

fair amount of orbital mixing in the HOMO (a Pt orbital) where a sizable density on an OB3 

site is clearly visible. Similarly, the LUMO, which is a POM W(5d) orbital shares an 

appreciable overlap with Pt(5d). The density of states (DOS) spectra show that the addition 

of solvated counter-cations shifts the DOS down by ~10 eV without significantly changing the 

band gap (HOMO-LUMO gap), i. e. from 3.89 to 3.96 eV. The interaction with Pt19 introduces 

a large block of 5d Pt orbitals in the gap region, thus formally reducing the gap to ~0.5 eV. 

This leads to multiple Pt-to-POM d-d transitions in the longer wavelength regions of the UV-

Vis spectrum, as may be inferred from Figure 2.27. 

 

Figure 2.25. An optimized geometry of the strongly bound complex, (Na-3MeCN)4W10O32/Pt19, 

calculated using B3LYP-GD3/6-31G(d)[Pt,W,Na-LANL2DZ] level of theory. The interaction energy is 

~5 eV, and the average Pt-O contact distance is ~2.2 Å. 
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                                            HOMO (-4.6 eV)       LUMO (-4.1 eV) 

Figure 2.26. The two frontier orbitals of the (Na-3MeCN)4W10O32/Pt19 complex, calculated at the 

B3LYP-GD3/6-31G(d)[Pt,W,Na-LANL2DZ] level of theory. 

 

Figure 2.27. Density of MO states of the “bare” POM4- (upper panel) and charge neutral and solvated 

(Na-3MeCN)4W10O32 and its Pt complex (Na-3MeCN)4W10O32/Pt19 (lower panel). The vertical lines 

indicate the energy of the HOMO (solid line) and LUMO (dashed line). The bandgap ∆ε is given as 

the HOMO-LUMO energy difference. 

 

2.4 Conclusions 

1. Na4W10O32-stabilized (~20 nm) Pt(0) nanoparticles (W10-PtNPs) have been synthesized 

0 1 2 3 4 5 6 7 8 9 10

0

5

10

15

D
en

si
ty

 o
f 

st
at

es

De = 3.89 eV
POM

4-

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

Orbital Energy [eV]

0

5

10

15

D
en

si
ty

 o
f 

st
at

es

De = 3.96 eV

Pt(5d)

POM
solv

POM
solv

/Pt
19



                                                                                                                                                                    67 

 

through a photochemical method and characterized by UV-Vis spectroscopy, FT-IR 

spectroscopy, transmission electron microscopy, dynamic light scattering, and X-ray 

photoelectron spectroscopy. These W10-PtNPs work as photocatalysts for alkane 

dehydrogenation at room temperature and are quite stable under turnover conditions.  

2. W10-PtNPs exhibit higher quantum efficiency and higher yield than a simple combination 

of Na4W10O32 and platinum black for photochemical alkane dehydrogenation at room 

temperature. The transient absorption spectroscopy reveals that Pt perturbs the Na4W10O32 

excited state properties and calculations suggest strong interactions between decatungstates 

and platinum clusters. The superior activity of W10-PtNPs demonstrates the huge potential of 

polyoxometalate-stabilized metal nanoparticles for photocatalytic reactions. 
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Abstract  

The electrochemical carbon dioxide reduction reaction (CO2RR) is an attractive and 

sustainable method for storage of renewable energy in fuels or value-added chemicals, such 

as carbon monoxide (CO), hydrocarbons, and alcohols. In this chapter, phosphotungstate 

(PW12O40
3-) stabilized gold nanoparticles (PW12-AuNPs) are synthesized by a photochemical 

method and deposited on electrodes for electrochemical CO2RR. Citrate stabilized gold 

nanoparticles (citrate-AuNPs) are also synthesized and tested for comparison. The 

electrocatalytic performance of PW12/citrate-AuNPs for CO2 reduction is evaluated in a CO2 

saturated acetonitrile (CH3CN) solution containing 0.10 M [n-Bu4N]PF6 and 0.5% (v/v) H2O. 

The results show that PW12-AuNPs can catalyze the reduction of CO2 to CO with an onset 

potential of -1.70 V versus Fc+/0, which is 0.60 V more negative than the estimated reversible 

potential (-1.10 V) for this process. Faradaic efficiencies of around 70% for CO are obtained 

over a wide range of applied potentials. Cyclic voltammograms of TBA3PW12O40 in 

acetonitrile under argon and CO2 atmosphere reveal no difference and citrate-AuNPs exhibit 

similar activity for CO2 reduction under the same condition. Other POM-stabilized gold 

nanoparticles have also been examined with no obvious enhancement compared to citrate-

AuNPs. These results suggest that POMs may not act as efficient electrocatalysts for CO2RR. 

 

3.1 Introduction  

The world economy has depended on fossil fuel energy sources since the Industrial 

Revolution. The accompanying sharp increase of carbon dioxide (CO2) emission triggers 

serious environmental and climate problems (extreme weather, ocean acidification, species 
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extinction, etc.). According to recent reports, global CO2 emission currently is ca. 37 Gt with 

30.4 Gt related to fossil fuels and is predicted to increase to 36~43 Gt by 2035.1 The 

atmospheric level of CO2 has risen from 270 ppm in the preindustrial era to nearly 425 ppm 

in 2023, which far exceeds its natural fluctuation (d = 180~300 ppm) over the past millions of 

years.2 Consequently, there is an urgent need to reduce the deep dependence on fossil fuels 

and achieve zero-carbon emissions without hurting economic growth. Since the “Paris 

Agreement” set a goal of net zero emissions, more and more countries are transforming this 

paradigm into national strategies. For example, China has pledged to cut net carbon 

emissions to zero by 2060. The European Union, Japan, and India have set similar targets. 

At the same time, the growing domination and falling price of renewable electricity make the 

electrocatalytic carbon dioxide reduction reaction (CO2RR) a promising option to address the 

increasing CO2 crisis. Its use could not only help close the carbon cycle by mitigating CO2 

emissions, but also allow storage of electrical energy in the form of chemical feedstocks and 

fuels.3  

Since CO2 is a linear molecule with relatively high thermodynamic stability due to its 

much higher bond energy of C=O (750 kJ/mol) compared with that of C−C (336 kJ/mol), C−O 

(327 kJ/mol), and C−H (411 kJ/mol), the CO2 reduction reaction usually demands multiple 

energy inputs to break the C=O bonds. Tremendous efforts have been made to achieve 

efficient electrocatalytic CO2 reduction processes4-11 and POMs are attractive candidates to 

promote the multi-proton/multielectron reduction of CO2 to useful chemicals due to their 

proton- and electron-storage properties. In 1998, Kozik and co-workers studied the 

interaction of CO2 with transition-metal-substituted heteropolyanions in nonpolar solvents.12 
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It was found that the α-Keggin structure could reversibly form complexes with CO2 when 

substituted with Co(II), Ni(II), and Mn(II) and traces of water are necessary for the reactions 

to take place. On basis of these previous fragmented research works, Proust et al. proposed 

the first systematic investigation of electrocatalytic CO2 reduction by a POM homogeneous 

catalyst, (TOA)6[α-SiW11O39Co(_)] (TOA = tetraoctyl ammonium), in 2015. The “(_)” denotes 

a vacant coordination position on the cobalt center.13 It was demonstrated that the electrolysis 

of a CO2-saturated dichloromethane solution in the presence of the (TOA)6[α-SiW11O39Co(_)] 

could lead to the formation of CO. By adding acid and water into POM solution for electrolysis 

under CO2, CO was produced continuously to reach 37 μmol after 66 h of electrolysis. In 

addition, formaldehyde could be detected without H2 or other CO2 reduction products. 

Although the proposed POM catalyst showed low faradic yield, this research suggested that 

(TOA)6[α-SiW11O39Co(_)] was capable of fairly selective electrocatalytic reduction of CO2 to 

CO with simultaneous four-electron/four-proton reduction to formaldehyde. Proust et al. also 

studied a new organometallic derivative of POMs, (TBA)3[α-H2PW11O39-{RhIIICp∗(OH2)}], 

presenting an accessible coordination site on the RhIII center, for electrocatalytic reductions.14 

The electro-assisted reduction of CO2 in the presence of water as a proton source mainly led 

to the catalytic formation of hydrogen, with formic acid being a minor product. Very recently, 

Neumann et al. synthesized several tri-lacunary polyoxometalates with three first-row 

transition metals FeIII, NiII, and CuII in various combinations placed in nearest neighbor 

positions. The metal centers in these polyoxometalates mimicked natural carbon monoxide 

dehydrogenase (CODH) enzymes. All of the studied polyoxometalates displayed both CO2 

reduction and CO oxidation activity while the tri-copper-substituted compound, {SiCu3W9}, 
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was most active for CO2-to-CO reduction in acetonitrile with the highest turnover frequency 

(TOF) and lowest overpotential.15 UV/Vis spectroelectrochemical measurements confirmed 

the reduction of Cu(II) to Cu(I) instead of W(VI) to W(V) in these POMs at negative potentials 

and Raman spectroscopy further revealed the carbonyl intermediates during electrochemical 

CO2 reduction. 

POMs constitute a well-defined library of inorganic nanoscale building blocks with 

oxygen-rich surfaces. As such they are attractive candidates for the design and construction 

of tailored framework materials.16 Based on previous research findings, Lan and co-workers 

developed a series of precisely designed polyoxometalate-metalloporphyrin organic 

frameworks for electrocatalytic CO2 reduction.17 The special structural design involving the 

integration of {ε-PMo8
VMo4

VIO40Zn4} and the metalloporphyrin endowed the proposed M-

PMOFs (M = Co, Fe, Ni, Zn) with excellent electron collection and donation properties that 

are vital to multiple-electron CO2 reduction processes. The Co-PMOF catalyst exhibited a 

remarkable faradaic efficiency of 94% over a wide potential range from -0.8 to -1.0 V with the 

faradaic efficiency reaching 99%, the highest in reported metal organic frameworks to date. 

The Co-PMOF also showed a high TOF of 1656 h-1 and excellent catalysis stability up to 36 

h of continuous testing. DFT calculations were performed to understand the highly active as 

well as selective reaction mechanism of Co-PMOF. The assembly of Zn-ε-Keggin POM and 

Co-TCPP resulted in the decreased ∆G for the rate-determining steps with the formation of 

adsorbed intermediates ∗COOH and ∗CO during CO2 reduction. The computational results 

proved that the Co atom in Co-TCPP and not POM ligand was the active site, in addition to 

establishing that a synergy exists between the POM and the porphyrin metal center with 
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respect to electron transfer. 

At the same time, the photocatalytic reduction of CO2 to carbonaceous fuels is appealing 

because solar energy is clean and inexhaustible. Major research has revealed many effective 

photocatalysts and their corresponding systems.18-22 In addition, POMs have been integrated 

into such systems because of their fast, reversible, stepwise and largely controllable electron-

transfer reactions without degradation of the POM structure. Neumann and co-workers first 

reported a polyoxometalate of the Keggin structure substituted with RuIII, 

{(C6H13)4N}5[RuIII(H2O)SiW11O39], that catalyzed the photoreduction of CO2 to CO in 2010.23 

This study demonstrated that in the presence of (CH3CH2)3N, the mildly nucleophilic O atom 

of CO2 coordinates to the Ru(III) center of the POM leading to formation of a O2C-NMe 

zwitterion stabilized by both Ru-O and C-N interactions. The amine has a promotional effect 

on the activation of CO2 by [RuIII(H2O)SiW11O39]5-. The detailed mechanistic pathway for 

photoreduction of CO2 was also predicted and provided, in which the POM took part in the 

activation of both CO2 and (CH3CH2)3N. Subsequently, Poblet and co-workers performe 

detailed DFT and TD-DFT calculations on the mechanism of photoreduction of CO2 to CO by 

the Re-organic hybrid POMs {NaH[PW12O40]3-ReIL(CO)3DMA}n- (L = 15-crown-5-

phenanthroline, DMA = N,N-dimethylacetamide).24 The proposed reaction mechanism can 

be divided into several steps, including photoexcitation and charge transfer, DMA release, 

CO2 addition, protonation, CO release then recoordination of DMA. The charge transfer 

states in the POM-Re complex, involve metal-centered excitations occurring in the reduced 

POM that lead to one-electron transfer to the organometallic unit from the excited POM, then 

Re can bind and activate the CO2 substrate. No quantum yields were measured. Subsequent 
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steps involving protonation of CO2 and CO release are thermodynamically favorable and are 

induced by a second electron transfer from the POM to the Re complex. In this system, the 

POM acts as the photosensitizer, electron reservoir, as well as electron donor. More recently, 

Lan et al. reported the synthesis of two phosphate (PO4
3-)-centered polyoxo-titanium clusters 

(PTCs), PTi16 and PTi12, which display the classic heteroatom-centered Keggin structure and 

its trivacant structures, respectively.25 These POMs absorb UV light and catalyze CO2 

reduction by triethanolamine (TEOA) as the electron donor in acetonitrile. HCOOH was the 

main reaction product generated with a selectivity of 93.4% and 83.9% for PTi16 and PTi12, 

respectively. The electron spin resonance (ESR) spectra confirmed the existence of Ti3+ 

during UV irradiation, which suggested that the Ti4+ within titanium–oxo clusters was reduced 

to Ti3+ by receiving photoexcited electrons transferred from O2- centers while the 

corresponding photo-generated holes were quenched by TEOA. Subsequently, the Ti3+ 

donated electrons to the absorbed CO2 for HCOOH production regenerating Ti4+.  

The idea of POM acting as an electron “shuttle” during photochemical CO2 reduction 

reaction has been explored with well-known photocatalysts. For example, Wang and Su et al. 

reported a noble-metal-free POM (Na10Co4(H2O)2(PW9O34)2, Co4) with oxidative ability that 

was combined with g-C3N4 to form inexpensive hybrid materials (Co4@g-C3N4). The resulting 

composite catalysts showed a higher activity for CO2 reduction to CO than bare g-C3N4 with 

a highest yield reaching 107 μmol g-1 h-1 under visible-light irradiation ( λ≥420 nm) as well as 

high selectivity for CO production (94%). After 10 h of visible-light irradiation, the yield of CO 

reached 896 μmol g-1. Mechanistic analysis revealed that Co4 facilitates charge transfer 

involving g-C3N4 and increases the catalytic oxidative ability of the surface.26 Neumann et al. 
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prepared a three-component construct including g-C3N4 as a visible-light photoactive 

semiconductor, a polyoxometalate (H3PW12O40) that functions as an electron acceptor to 

improve hole-electron charge separation and an electron donor to a rhenium-based CO2 

reduction catalyst.27 Upon photoactivation of g-C3N4, a cascade is initiated by 

dehydrogenation of hydrocarbons coupled to the reduction of the polyoxometalate. Visible-

light photoexcitation of the reduced polyoxometalate enables electron transfer to the rhenium-

based catalyst which selectively reduces of CO2 to CO. As in electrocatalytic CO2RR, the 

POM-incorporated framework materials have shown remarkable photocatalytic activity for 

CO2RR. Lan et al. designed and synthesized a polyoxometalate metal organic framework 

(NNU-29) with a hydrophobic ligand and ε-{Zn4PMo12O40} as a heterogeneous catalyst for 

photocatalytic reduction of CO2.28 NNU-29 after 16 h illumination in the water selectively 

produces formic acid in 97.9% yield with the hydrophobic group hindering the competitive 

hydrogen generation reaction. Lan’s group further developed a covalent organic framework 

(COF) with uniformly dispersed POMs through confining POM cluster in the regular 

nanopores of the COF by covalent linkages. These COF-POM composites combine the 

properties of light absorption, electron transfer, and catalysis at well-defined active sites. The 

best COF-POM photocatalyst achieved a CO yield of 37.25 μmol g-1 h-1 with ca. 100% 

selectivity.29  

Based on the above research, I initially assessed whether dicopper-substituted POMs 

might be effective for CO2 reduction because there were reports of binuclear copper 

organometallic CO2RR catalysts generating oxalates products.30, 31 These products are 

noteworthy considering most homogenous CO2RR catalysts only form C1 products (CO, 
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HCOOH, CH3OH, CH4, etc.).32, 33 I synthesized a dicopper-substituted silicotungstate ([γ-

H2SiW10O36Cu2(μ-1,1-N3)2]4-) using a literature procedure34, 35 and tested its catalytic activity 

for CO2RR. The results were negative, and I found a study by another group that couldn’t 

reproduce the experiments in reference 30. Recently, reference 31 was also retracted by 

the original authors because they demonstrated that the true origin of the claimed oxalate 

product involved oxidation of ascorbate by oxygen. These further developments suggest that 

dicopper-substituted POMs may not be able to reduce CO2 to oxalate or any other product. 

Then I prepared and evaluated the molecular thiomolybdate ([Mo3S13]2-) as a possible CO2RR 

catalyst since its heterogeneous form, i.e. molybdenum sulfide, is a well-established CO2RR 

electrocatalyst.36-38 Unfortunately, both electrochemical and photochemical experiments 

failed to yield CO2 reduction products likely due to the high activity of [Mo3S13]2- for the 

hydrogen evolution reaction (HER).39, 40 The latter almost always competes with CO2 

reduction. I also checked the copper-containing POMs 

([{Cu2(OH2)2}2{Cu(OH2)2}4P8W48O176(OCH3)8]16- and ([Cu20Cl(OH)24(H2O)12(P8W48O184)]25-)41, 

42 and the niobium-containing POMs, [Nb4V2O19]8-
 and [Nb2V4O19]8-, and all these failed to 

catalyze CO2RR as well. As a consequence, I discontinued the above exploration and 

focused on polyoxometalate-stabilized metal nanoparticles (POM-Metal NPs) as these 

metals (e.g., Au, Ag, and Cu) are well-known electrocatalysts for CO2RR.43-47 To the best of 

our knowledge, such POM-Metal NPs have never been reported as electrocatalysts for 

CO2RR and warrant extensive study. 
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3.2 Experimental 

3.2.1 General Materials and Methods 

Materials and solvents were purchased as ACS analytical or reagent grade and used as 

received. The purity of the H3PW12O40·12H2O (PW12) was verified by the Fourier transform 

infrared (FT-IR) (Figure 3.12) and the water content was determined by thermogravimetric 

analysis (TGA) (Figure 3.13). The FT-IR spectra were collected on a Nicolet TM 600 FT-IR 

spectrometer by the attenuated total reflectance (ATR) sampling technique. UV-vis spectra 

were collected with an Agilent 8453 spectrophotometer using a 1.0 cm optical path length 

quartz cuvette. Dynamic light scattering (DLS) data were acquired on a NanoPlus DLS 

Particle Size Analyzer instrument (Particulate Systems, Norcross, GA). Transmission 

electron microscopy (TEM) measurements were conducted on a Hitachi H-7500 transmission 

electron microscope at an accelerating voltage of 80 kV in the Robert P. Apkarian Integrated 

Electron Microscopy Core at Emory University. SEM-EDX data were collected on a HITACHI 

SU8230 FE-SEM at an accelerating voltage of 10/30 kV in the Institute of Electronics and 

Nanotechnology at Georgia Institute of Technology. The thermogravimetric analysis (TGA) 

data were collected on a Mettler Toledo TGA instrument. X-ray photoelectron spectroscopy 

(XPS) were conducted on a thermos K-ALPHA XPS instrument. Gas chromatography (GC) 

analysis of the gas phase was performed using an Agilent 7890 gas chromatograph with a 5 

Å molecular sieve column, a thermal conductivity detector, and argon carrier gas. Gas 

chromatography (GC) analysis of the liquid phase was performed on a Hewlett-Packard 6890 

instrument with a 5% phenyl methyl silicone capillary column, a flame ionization detector, a 

Hewlett-Packard 3390A series integrator using N2 as the carrier gas. 
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3.2.2 Electrochemistry 

Cyclic voltammograms (CVs) and bulk electrolysis data were obtained using a BAS CV-

50W electrochemical analyzer and conducted at room temperature (25 ± 2 °C). CVs were 

recorded in a standard three-electrode electrochemical cell with a glassy carbon disk working 

electrode, a platinum wire counter electrode and Ag/Ag+ (0.01 M AgNO3 in CH3CN) reference 

electrode using 0.1 M tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) as the 

supporting electrolyte. PW12-AuNPs/Citrate-AuNPs were mixed with Nafion solution and 

dispersed in ethanol to prepare the catalyst ink that was drop-coated on the working electrode. 

The scan rate used in voltametric experiments was 100 mV/s. The measured potential was 

converted to the Fc+/Fc0 scale using data measured from CV for 1.0 mM ferrocene (Fc). 

PW12-AuNPs/Citrate-AuNPs deposited glassy carbon electrode/carbon paper electrode was 

used as a working electrode in bulk electrolysis and the working and counter electrodes were 

separated by porous glass frits. Bulk electrolysis was conducted in a three-necked 50 mL 

round bottom flask equipped with airtight adapters and purged with argon gas prior to use. 

The headspace and solution phase after bulk electrolysis was then analyzed by GC as 

described in the method section. 

 

3.3 Results and Discussion 

3.3.1 Synthesis and characterization of PW12-AuNPs/Citrate-AuNPs. 

The synthesis of the PW12-AuNPs is similar to the synthesis of W10-PtNPs (Chapter 2 of 

this thesis), which involves preparing 15 mL deaerated aqueous solution of 0.20 mM AuCl3, 

0.70 mM H3PW12O40, and 0.50 M reducing agent 2-propanol which was then irradiated with 

a 365 nm LED light. The phosphotungstate (PW12O40
3-) absorbs light to the excited state, 
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which oxidizes the 2-propanol to produce dark-blue reduced POM. The reduced 

phosphotungstate then reacts with Au (III), forming Au (0) nanoparticles which immediately 

absorb the unreacted/re-oxidized ground state phosphotungstate (PW12O40
3-). The pH of the 

solution stays at 2 throughout the synthesis so that the integrity of PW12O40
3- is maintained 

because PW12O40
3- is known to hydrolyze at higher pH to form the well-defined lacunary 

phosphotungstate such as PW11O39
7- (PW11), PW10O37

9- (PW10), and PW9O34
9- (PW9). The 

UV-Vis spectra of H3PW12O40, one-electron reduced H3PW12O40, and H3PW12O40-stabilized 

Au nanoparticles (PW12-AuNPs) are shown in Figure 3.1. The one-electron reduced 

H3PW12O40 has two strong absorption bands located at around 500 nm and 750 nm, which 

correspond to inter-valence charge transfer transitions.48, 49 The H3PW12O40-stabilized Au 

nanoparticles (PW12-AuNPs) have a characteristic surface plasmon resonance (SPR) with 

the absorption maximum at 526 nm. The transmission electron microscopy (TEM) image 

(Figure 3.2) and the dynamic light scattering data (Figure 3.3) reveal that the average size of 

PW12-AuNPs is around 20 nm. 

 

Figure 3.1. UV-Vis spectra of 0.70 mM aqueous solutions of H3PW12O40 (black), one-electron 

reduced H3PW12O40 (blue), and the PW12-AuNPs (red). 
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Figure 3.2. Transmission electron microscopy (TEM) image of PW12-AuNPs. 

 

 

Figure 3.3. Dynamic light scattering (DLS) data of citrate-AuNPs and PW12-AuNPs. 

The synthesis of Citrate-AuNPs is based on the Turkevich method50 after minor 

modification. After heating 100 mL of 0.50 mM AuCl3 to boiling on a hotplate, 0.20 mL of 1.0 

M trisodium citrate is added quickly with vigorous stirring. The faint yellowish color of AuCl3 

disappears immediately because of the citrate reduction reaction. After about 5 min, the color 

of the solution changes to wine-red indicating the formation of Au nanoparticles. The solution 

is heated with stirring for another 25 min to ensure complete conversion of AuCl3 to Au (0), 

removed from the hot plate, and allowed to cool to room temperature. After the addition of 
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water to restore the volume to 100 mL, the solution is stored in the dark at room temperature. 

Figure 3.4 shows the UV-Vis spectra of citrate-stabilized Au nanoparticles (citrate-AuNPs), 

which have a surface plasmon resonance (SPR) with the absorption maximum shifted to 520 

nm compared with the PW12-AuNPs. This difference is detectable by human eyes as 

demonstrated by the inset photographs of citrate-AuNP and PW12-AuNP aqueous solution in 

Figure 3.4. According to the transmission electron microscopy (TEM) image (Figure 3.5) and 

the dynamic light scattering data (Figure 3.3), the average size of citrate -AuNPs is around 

16 nm, which is very similar to that of the PW12-AuNPs. Therefore, the absorption maximum 

difference of the surface plasmon resonance (SPR) between the citrate-AuNPs and the 

PW12-AuNPs is not the result of different particle size but different ligand (citrate vs. 

H3PW12O40), which is consistent with previous reports.51 

 

Figure 3.4. UV-Vis spectra of 0.70 mM aqueous solutions of citrate-AuNPs (black) and the PW12-

AuNPs (red). Inset: Photograph of 0.70 mM aqueous solution of citrate-AuNPs (left) and the PW12-

AuNPs (right) in a 1 cm quartz cuvette. 
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Figure 3.5. Transmission electron microscopy (TEM) image of citrate-AuNPs. 

The X-ray photoelectron spectroscopy (XPS) (Figure 3.6) of the PW12-AuNPs powder is 

then performed to analyze the ratio of POM to Au. The asymmetric XPS spectrum of Au 4f 

(Figure 3.7a) has well separated spin-orbit components (∆metal = 3.70 eV) with the Au 4f7/2 

peak and the Au 4f5/2 peak are located at 84.18 eV and 87.88 eV, respectively. The XPS 

spectrum of W 4f (Figure 3.7b) shows that the binding energies are 36.08 eV (4f7/2) and 38.28 

eV (4f5/2), which corresponds to the W (VI) chemical state. The loss feature for W(VI) at 42 

eV is also observed. The POM : Au ratio in PW12-AuNPs, based on the atomic ratio of W to 

Au in the XPS spectra and the number of the tungsten atoms in phosphotungstic acid is 

calculated to be 0.08. The POM : Au ratio is also quantified by adding 1.0 g of solid KCl to 

3.0 mL of PW12-AuNP solution. The addition of KCl salt precipitates the Au(0) nanoparticles 

and frees the Au-surface-bound phosphotungstate anions, resulting in a colorless solution 

with brown Au solids in the bottom. Understandably, these Au solids could not be redissolved 

in fresh water because phosphotungstates are no longer present on their surfaces. The 

weight of the precipitated brown Au solids after vacuum drying is 0.014 g. The concentration 

of phosphotungstate in the colorless solution is then determined to be 1.2 mM based on its 
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UV-Vis spectrum and the phosphotungstate UV-Vis standardization curves (Figure 3.11). The 

POM : Au ratio for PW12-AuNPs is then calculated to be 0.05, which is in good agreement 

with the XPS-determined POM : Au ratio (0.03) considering the potential uncertainties related 

to such small amounts of precipitated Au solids. This POM : Au ratio for PW12-AuNPs 

(0.05/0.03) is smaller than that of PW11-AuNPs, SiW11-AuNPs, and AlW11-AuNPs reported in 

the literature because the binding affinities between POMs and Au nanoparticles increase 

with the POM-anion charge.51 It is important to point out here that the synthesis method 

(ligand exchange method) applied for PW11-AuNPs, SiW11-AuNPs, and AlW11-AuNPs is 

different than our method (photochemical method) despite similar nanoparticle sizes. 

Moreover, PW12-AuNPs couldn’t be synthesized by the ligand exchange method possibly due 

to the lower binding strength of PW12 with Au NPs than that of citrate. On the other hand, 

PW11-AuNPs, SiW11-AuNPs, and AlW11-AuNPs couldn’t be synthesized by the photochemical 

method because it is increasingly difficult to chemically reduce POMs as their negative 

charges increase. 

 

Figure 3.6. X-ray Photoelectron spectroscopy (XPS) of PW12-AuNPs. 



88 
 

 

Figure 3.7. X-ray Photoelectron spectroscopy (XPS) of (a) Au 4f and (b) W 4f in PW12-AuNPs. 

The X-ray photoelectron spectroscopy (XPS) (Figure 3.8) of citrate-AuNPs powder was 

also performed. The asymmetric XPS spectrum of Au 4f (Figure 3.9a) has well-separated 

spin-orbit components (∆metal =3.70 eV) with the Au 4f7/2 peak and the Au 4f5/2 peaks located 

at 84.18 eV and 87.88 eV, respectively. The XPS spectrum of Na 1s (Figure 3.9b) shows a 

binding energy of 1071.68 eV. The XPS spectrum of C 1s (Figure 3.10) is fitted by three 

peaks at 284.8 eV, 286.5 eV, and 288.5 eV, which correspond to carbon atoms in the C-C, 

C-O, and C=O chemical environments, respectively.  

 

Figure 3.8. X-ray Photoelectron spectroscopy (XPS) of citrate-AuNPs. 
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Figure 3.9. X-ray Photoelectron spectroscopy (XPS) of (a) Au 4f and (b) Na 1s in citrate-AuNPs. 

 

Figure 3.10. X-ray Photoelectron spectroscopy (XPS) of C 1s in citrate-AuNPs. 

 

 

Figure 3.11. UV-Vis spectra of standard and post-salting H3PW12O40 aqueous solution. 
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The FT-IR spectrum of PW12-AuNPs is shown as the black curve in Figure 3.12. The 

peaks at 770 cm-1 ν(W-Oc-W, c = octahedral edge-sharing), 890 cm-1 ν(W-Ob-W, b = 

octahedral corner-sharing), 972 cm-1 ν(W-Od, d = terminal), and 1071 cm-1 ν(P-Oa, a = 

tetrahedral) are consistent with the Keggin structure of [PW12O40]3-,52 which confirms the 

existence of [PW12O40]3- in the nanoparticles. These peaks in the FT-IR spectrum remain the 

same (red curve) after 3 hours of continuous electrochemical CO2 reduction in acetonitrile 

(the experimental detail will be discussed in the next section), which indicates the stability of 

[PW12O40]3- during the catalysis. The formula of commercial phosphotungstic acid hydrate 

(H3PW12O40·12H2O) is determined by TGA as shown in Figure 3.13. The weight loss before 

400 ˚C is 7.2%, which corresponds to 12 hydrated water molecules, and the weight loss after 

400 ̊ C is 0.9%, which results from the following decomposition reaction: 2H3PW12O40 → P2O5 

+ 24WO3 + 3H2O. This decomposition reaction is also verified by the color change of 

H3PW12O40·12H2O before heating (white) and after heating (yellow). 

 

Figure 3.12. FT-IR spectra of PW12-AuNPs before (black) and after (red) 3 hours of continuous 

electrochemical CO2 reduction in acetonitrile. 
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Figure 3.13. Thermogravimetric analysis (TGA) of H3PW12O40·12H2O (PW12). 

 

3.3.2 Reactivity of PW12-AuNPs/Citrate-AuNPs. 

The electrocatalytic activity of PW12-AuNPs for CO2 reduction was investigated in 

CH3CN in the presence of 0.5% (v/v) H2O. CH3CN was chosen as the solvent medium for 

CO2 reduction in our study, because (1) the solubility of CO2 in CH3CN is high (~ 0.28 M at 1 

atm), 53 (2) the proton source can be readily controlled in CH3CN, so that the competing HER 

can be minimized, and (3) PW12 is not stable in aqueous solutions at neutral pH where most 

of the aqueous CO2 reduction reactions are conducted.7 The amount of added H2O of 0.5% 

(v/v) was chosen to provide adequate proton source because its molar concentration is 0.275 

M, which is comparable to that of CO2 concentration (~ 0.28 M) in CO2 saturated CH3CN53 

and is generally the optimal amount for the CO2 reduction reaction.33 The measured potential 

was converted to the Fc+/Fc0 scale using data measured from CV for 1.0 mM ferrocene (Fc) 

(Figure 3.14). Under an argon atmosphere, three surface-confined redox processes are 

observed at potentials of about -0.75 V, -1.15 V, and -1.8 V versus Fc+/Fc0 (Figure 3.15 inset 

black curve). These are the characteristic redox processes of PW12, which again confirm the 
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Figure 3.14. CV of 1.0 mM ferrocene (Fc) in CH3CN with 0.5% (v/v) added H2O. 

presence of PW12 in the deposited film on the glassy carbon electrode and its stability in 

organic solvent-water mixtures. Under a CO2 atmosphere, a larger current is observed when 

the potential is scanned to more negative than the onset potential of about -1.7 V versus 

Fc+/Fc0 (Figure 3.15 inset red curve). This enhanced current is even more pronounced when 

the potential reaches -2.3 V versus Fc+/Fc0 (Figure 3.15 red curve), which is assigned to the 

reduction of CO2 catalyzed by PW12-AuNPs. To explore the potential role of PW12 in the 

electrocatalytic reduction of CO2, cyclic voltammograms of TBA3PW12O40 in acetonitrile under  

      

Figure 3.15. CVs of PW12-AuNPs deposited on glassy carbon electrode in CH3CN with 0.5% (v/v) 

added H2O under an argon atmosphere (black) and a CO2 atmosphere (red). 
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argon and CO2 atmosphere are conducted for comparison. Cyclic voltammograms obtained 

under a N2 atmosphere (Figure 3.16 black curves) show three well-defined chemically 

reversible redox processes in the potential range of 0 to -2.0 V, with the reversible potentials 

of -0.60 V (one electron), -1.20 V (one electron), and -1.80 V (two electron), respectively.54 

Some small peaks observed may be attributed to the acid-base chemistry of PW12 in the 

presence of 0.5% added water. However, these peaks remain largely unchanged and no 

catalytic current is obtained under the CO2 atmosphere, suggesting that PW12 itself does not 

catalyze CO2 reduction. Therefore, I tested the CO2 reduction activity of citrate-AuNPs and 

found that it was almost the same as that of PW12-AuNPs (Figure 3.17). I also checked other 

POM-stabilized gold nanoparticles that unfortunately all displayed comparable activities. The 

CO2 reduction product with PW12-AuNPs/citrate-AuNPs as the catalyst was measured by bulk 

electrolysis and determined to be only CO, which is not highly interesting. These findings 

indicate that POMs may not be able to assist metal electrocatalysts with CO2 reduction, thus 

I stopped further study on PW12-AuNPs. 

 

Figure 3.16. CVs of TBA3PW12 in CH3CN with 0.5% (v/v) added H2O under an argon atmosphere 

(black) and a CO2 atmosphere (red). 
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Figure 3.17. CVs of PW12-AuNPs (black) and citrate-AuNPs (red) in CH3CN with 0.5% (v/v) added 

H2O under a CO2 atmosphere. 

 

3.4 Conclusions 

1. Phosphotungstate (PW12O40
3-) stabilized gold nanoparticles (PW12-AuNPs) and citrate 

stabilized gold nanoparticles (citrate-AuNPs) were synthesized by the photochemical and 

thermochemical methods, respectively. They have similar particle sizes according to 

transmission electron microscopy (TEM) and dynamic light scattering (DLS) but have 

different absorption maxima of the surface plasmon resonance (SPR) and thus different 

colors. The composition of PW12-AuNPs was determined by the X-ray photoelectron 

spectroscopy (XPS) and precipitation method. 

2. PW12-AuNPs and citrate-AuNPs are both tested for electrochemical CO2 reduction reaction 

(CO2RR) and exhibit almost the same activity. Cyclic voltammograms reveal that PW12 does 

not catalyze CO2RR and other POMs such as SiW12, PW11, and PW9 couldn’t promote 

CO2RR when combined with Au nanoparticles as well. Besides, some copper and niobium 

containing POMs are also inactive for CO2RR.  

 



95 
 

3.5 References 

1. Ma, Y.;  Wang, X.;  Jia, Y.;  Chen, X.;  Han, H.; Li, C., Titanium dioxide-based 

nanomaterials for photocatalytic fuel generations. Chem. Rev. 2014, 114 (19), 9987-10043. 

2. Pearson, P. N.; Palmer, M. R., Atmospheric carbon dioxide concentrations over the past 

60 million years. Nature 2000, 406, 695-699. 

3. Seh, Z. W.;  Kibsgaard, J.;  Dickens, C. F.;  Chorkendorff, I.;  Norskov, J. K.; Jaramillo, 

T. F., Combining theory and experiment in electrocatalysis: Insights into materials design. 

Science 2017, 355, eaad4998. 

4. Handoko, A. D.;  Wei, F.;  Jenndy;  Yeo, B. S.; Seh, Z. W., Understanding 

heterogeneous electrocatalytic carbon dioxide reduction through operando techniques. Nat. 

Catal. 2018, 1 (12), 922-934. 

5. Birdja, Y. Y.;  Pérez-Gallent, E.;  Figueiredo, M. C.;  Göttle, A. J.;  Calle-Vallejo, F.; 

Koper, M. T. M., Advances and challenges in understanding the electrocatalytic conversion 

of carbon dioxide to fuels. Nat. Energy 2019, 4 (9), 732-745. 

6. Gao, D.;  Arán-Ais, R. M.;  Jeon, H. S.; Roldan Cuenya, B., Rational catalyst and 

electrolyte design for CO2 electroreduction towards multicarbon products. Nat. Catal. 2019, 

2 (3), 198-210. 

7. Ross, M. B.;  De Luna, P.;  Li, Y.;  Dinh, C.-T.;  Kim, D.;  Yang, P.; Sargent, E. H., 

Designing materials for electrochemical carbon dioxide recycling. Nat. Catal. 2019, 2 (8), 648-

658. 

8. Franco, F.;  Rettenmaier, C.;  Jeon, H. S.; Roldan Cuenya, B., Transition metal-based 

catalysts for the electrochemical CO2 reduction: from atoms and molecules to nanostructured 

materials. Chem. Soc. Rev. 2020, 49 (19), 6884-6946. 



96 
 

9. Nam, D. H.;  De Luna, P.;  Rosas-Hernandez, A.;  Thevenon, A.;  Li, F.;  Agapie, T.;  

Peters, J. C.;  Shekhah, O.;  Eddaoudi, M.; Sargent, E. H., Molecular enhancement of 

heterogeneous CO2 reduction. Nat. Mater. 2020, 19 (3), 266-276. 

10. Li, L.;  Li, X.;  Sun, Y.; Xie, Y., Rational design of electrocatalytic carbon dioxide 

reduction for a zero-carbon network. Chem. Soc. Rev. 2022, 51 (4), 1234-1252. 

11. Zhang, S.;  Fan, Q.;  Xia, R.; Meyer, T. J., CO2 Reduction: From Homogeneous to 

Heterogeneous Electrocatalysis. Acc. Chem. Res. 2020, 53 (1), 255-264. 

12. Szczepankiewicz, S. H.;  Ippolito, C. M.;  Santora, B. P.;  Van de Ven, T. J.;  Ippolito, 

G. A.;  Fronckowiak, L.;  Wiatrowski, F.;  Power, T.; Kozik, M., Interaction of Carbon 

Dioxide with Transition-Metal-Substituted Heteropolyanions in Nonpolar Solvents. 

Spectroscopic Evidence for Complex Formation. Inorg. Chem. 1998, 37, 4344-4352. 

13. Girardi, M.;  Blanchard, S.;  Griveau, S.;  Simon, P.;  Fontecave, M.;  Bedioui, F.; 

Proust, A., Electro‐Assisted Reduction of CO2 to CO and Formaldehyde by (TOA)6[α‐

SiW11O39Co(_)] Polyoxometalate. Eur. J. Inorg. Chem. 2015, 2015 (22), 3642-3648. 

14. Girardi, M.;  Platzer, D.;  Griveau, S.;  Bedioui, F.;  Alves, S.;  Proust, A.; Blanchard, 

S., Assessing the Electrocatalytic Properties of the {Cp*RhIII}2+‐Polyoxometalate Derivative 

[H2PW11O39{RhIIICp*(OH2)}]3–towards CO2 Reduction. Eur. J. Inorg. Chem. 2018, 2019 (3-4), 

387-393. 

15. Azaiza-Dabbah, D.;  Vogt, C.;  Wang, F.;  Masip-Sanchez, A.;  de Graaf, C.;  Poblet, 

J. M.;  Haviv, E.; Neumann, R., Molecular Transition Metal Oxide Electrocatalysts for the 

Reversible Carbon Dioxide-Carbon Monoxide Transformation. Angew. Chem., Int. Ed. 2022, 

61 (5), e202112915. 



97 
 

16. Du, D. Y.;  Qin, J. S.;  Li, S. L.;  Su, Z. M.; Lan, Y. Q., Recent advances in porous 

polyoxometalate-based metal-organic framework materials. Chem. Soc. Rev. 2014, 43 (13), 

4615-4632. 

17. Wang, Y. R.;  Huang, Q.;  He, C. T.;  Chen, Y.;  Liu, J.;  Shen, F. C.; Lan, Y. Q., 

Oriented electron transmission in polyoxometalate-metalloporphyrin organic framework for 

highly selective electroreduction of CO2. Nat. Commun. 2018, 9 (1), 4466. 

18. White, J. L.;  Baruch, M. F.;  Pander Iii, J. E.;  Hu, Y.;  Fortmeyer, I. C.;  Park, J. E.;  

Zhang, T.;  Liao, K.;  Gu, J.;  Yan, Y.;  Shaw, T. W.;  Abelev, E.; Bocarsly, A. B., Light-

Driven Heterogeneous Reduction of Carbon Dioxide: Photocatalysts and Photoelectrodes. 

Chem. Rev. 2015, 115 (23), 12888-12935. 

19. Li, K.;  Peng, B.; Peng, T., Recent Advances in Heterogeneous Photocatalytic CO2 

Conversion to Solar Fuels. ACS Catal. 2016, 6 (11), 7485-7527. 

20. Li, X.;  Yu, J.;  Jaroniec, M.; Chen, X., Cocatalysts for Selective Photoreduction of CO2 

into Solar Fuels. Chem. Rev. 2019, 119 (6), 3962-4179. 

21. Jiao, X.;  Zheng, K.;  Liang, L.;  Li, X.;  Sun, Y.; Xie, Y., Fundamentals and challenges 

of ultrathin 2D photocatalysts in boosting CO2 photoreduction. Chem. Soc. Rev. 2020, 49 

(18), 6592-6604. 

22. Wagner, A.;  Sahm, C. D.; Reisner, E., Towards molecular understanding of local 

chemical environment effects in electro- and photocatalytic CO2 reduction. Nat. Catal. 2020, 

3 (10), 775-786. 

23. Khenkin, A. M.;  Efremenko, I.;  Weiner, L.;  Martin, J. M.; Neumann, R., 

Photochemical reduction of carbon dioxide catalyzed by a ruthenium-substituted 



98 
 

polyoxometalate. Chem. -Eur. J. 2010, 16 (4), 1356-1364. 

24. Poblet, J. M., Photoreduction Mechanism of CO2 to CO Catalyzed by a Rhenium(I)-

Polyoxometalate Hybrid Compound. ACS Catal. 2016, 6, 6422-6428. 

25. Li, N.;  Liu, J.;  Liu, J. J.;  Dong, L. Z.;  Li, S. L.;  Dong, B. X.;  Kan, Y. H.; Lan, Y. Q., 

Self-Assembly of a Phosphate-Centered Polyoxo-Titanium Cluster: Discovery of the 

Heteroatom Keggin Family. Angew. Chem., Int. Ed. 2019, 58 (48), 17260-17264. 

26. Zhou, J.;  Chen, W.;  Sun, C.;  Han, L.;  Qin, C.;  Chen, M.;  Wang, X.;  Wang, E.; 

Su, Z., Oxidative Polyoxometalates Modified Graphitic Carbon Nitride for Visible-Light CO2 

Reduction. ACS Appl. Mater. Interfaces 2017, 9 (13), 11689-11695. 

27. Yu, H.;  Haviv, E.; Neumann, R., Visible-Light Photochemical Reduction of CO2 to CO 

Coupled to Hydrocarbon Dehydrogenation. Angew. Chem., Int. Ed. 2020, 59 (15), 6219-6223. 

28. Li, X. X.;  Liu, J.;  Zhang, L.;  Dong, L. Z.;  Xin, Z. F.;  Li, S. L.;  Huang-Fu, X. Q.;  

Huang, K.; Lan, Y. Q., Hydrophobic Polyoxometalate-Based Metal-Organic Framework for 

Efficient CO2 Photoconversion. ACS Appl. Mater. Interfaces 2019, 11 (29), 25790-25795. 

29. Lu, M.;  Zhang, M.;  Liu, J.;  Yu, T. Y.;  Chang, J. N.;  Shang, L. J.;  Li, S. L.; Lan, Y. 

Q., Confining and Highly Dispersing Single Polyoxometalate Clusters in Covalent Organic 

Frameworks by Covalent Linkages for CO2 Photoreduction. J. Am. Chem. Soc. 2022, 144 (4), 

1861-1871. 

30. Angamuthu, R.;  Byers, P.;  Lutz, M.;  Spek, A. L.; Bouwman, E., Electrocatalytic CO2 

Conversion to Oxalate by a Copper Complex. Science 2010, 327, 313-315. 

31. Pokharel, U. R.;  Fronczek, F. R.; Maverick, A. W., Reduction of carbon dioxide to 

oxalate by a binuclear copper complex. Nat. Commun. 2014, 5, 5883. 



99 
 

32. Takeda, H.;  Cometto, C.;  Ishitani, O.; Robert, M., Electrons, Photons, Protons and 

Earth-Abundant Metal Complexes for Molecular Catalysis of CO2 Reduction. ACS Catal. 

2016, 7 (1), 70-88. 

33. Francke, R.;  Schille, B.; Roemelt, M., Homogeneously Catalyzed Electroreduction of 

Carbon Dioxide-Methods, Mechanisms, and Catalysts. Chem. Rev. 2018, 118 (9), 4631-4701. 

34. Kamata, K.;  Nakagawa, Y.;  Yamaguchi, K.; Mizuno, N., 1,3-Dipolar Cycloaddition of 

Organic Azides to Alkynes by a Dicopper-Substituted Silicotungstate. J. Am. Chem. Soc. 

2008, 130, 15304-15310. 

35. Kamata, K.;  Yamaguchi, S.;  Kotani, M.;  Yamaguchi, K.; Mizuno, N., Efficient 

oxidative alkyne homocoupling catalyzed by a monomeric dicopper-substituted 

silicotungstate. Angew. Chem., Int. Ed. 2008, 47 (13), 2407-2410. 

36. Asadi, M.;  Kumar, B.;  Behranginia, A.;  Rosen, B. A.;  Baskin, A.;  Repnin, N.;  

Pisasale, D.;  Phillips, P.;  Zhu, W.;  Haasch, R.;  Klie, R. F.;  Kral, P.;  Abiade, J.; 

Salehi-Khojin, A., Robust carbon dioxide reduction on molybdenum disulphide edges. Nat. 

Commun. 2014, 5, 4470. 

37. Hong, X.;  Chan, K.;  Tsai, C.; Nørskov, J. K., How Doped MoS2 Breaks Transition-

Metal Scaling Relations for CO2 Electrochemical Reduction. ACS Catal. 2016, 6 (7), 4428-

4437. 

38. Francis, S. A.;  Velazquez, J. M.;  Ferrer, I. M.;  Torelli, D. A.;  Guevarra, D.;  

McDowell, M. T.;  Sun, K.;  Zhou, X.;  Saadi, F. H.;  John, J.;  Richter, M. H.;  Hyler, F. 

P.;  Papadantonakis, K. M.;  Brunschwig, B. S.; Lewis, N. S., Reduction of Aqueous CO2 to 

1-Propanol at MoS2 Electrodes. Chem. Mater. 2018, 30 (15), 4902-4908. 



100 
 

39. Kibsgaard, J.;  Jaramillo, T. F.; Besenbacher, F., Building an appropriate active-site motif 

into a hydrogen-evolution catalyst with thiomolybdate [Mo3S13]2- clusters. Nat. Chem. 2014, 

6 (3), 248-253. 

40. Lei, Y.;  Yang, M.;  Hou, J.;  Wang, F.;  Cui, E.;  Kong, C.; Min, S., Thiomolybdate 

[Mo3S13]2- nanocluster: a molecular mimic of MoS2 active sites for highly efficient 

photocatalytic hydrogen evolution. Chem. Commun. 2018, 54 (6), 603-606. 

41. Mal, S. S.; Kortz, U., The wheel-shaped Cu20 tungstophosphate 

[Cu20Cl(OH)24(H2O)12(P8W48O184)]25- ion. Angew. Chem., Int. Ed. 2005, 44 (24), 3777-3780. 

42. Sasaki, S.;  Yonesato, K.;  Mizuno, N.;  Yamaguchi, K.; Suzuki, K., Ring-Shaped 

Polyoxometalates Possessing Multiple 3d Metal Cation Sites: 

[{M2(OH2)2}2{M(OH2)2}4P8W48O176(OCH3)8]16- (M = Mn, Co, Ni, Cu, Zn). Inorg Chem 2019, 58 

(12), 7722-7729. 

43. Rosen, B. A.;  Salehi-Khojin, A.;  Thorson, M. R.;  Zhu, W.;  Whipple, D. T.;  Kenis, 

P. J. A.; Masel, R. I., Ionic Liquid–Mediated Selective Conversion of CO2 to CO at Low 

Overpotentials. Science 2011,  (334), 643-644. 

44. Liu, M.;  Pang, Y.;  Zhang, B.;  De Luna, P.;  Voznyy, O.;  Xu, J.;  Zheng, X.;  Dinh, 

C. T.;  Fan, F.;  Cao, C.;  de Arquer, F. P.;  Safaei, T. S.;  Mepham, A.;  Klinkova, A.;  

Kumacheva, E.;  Filleter, T.;  Sinton, D.;  Kelley, S. O.; Sargent, E. H., Enhanced 

electrocatalytic CO2 reduction via field-induced reagent concentration. Nature 2016, 537 

(7620), 382-386. 

45. Mariano, R. G.;  McKelvey, K.;  White, H. S.; Kanan, M. W., Selective increase in CO2 

electroreduction activity at grain-boundary surface terminations. Science 2017, 358, 1187-



101 
 

1192. 

46. Dinh, C. T.;  Burdyny, T.;  Kibria, M. G.;  Seifitokaldani, A.;  Gabardo, C. M.;  De 

Arquer, F. P.;  Kiani, A.;  Edwards, J. P.;  Luna, P. D.;  Bushuyev, O. S.;  Zou, C.;  

Quintero-Bermudez, R.;  Pang, Y.;  Sinton, D.; Sargent, E. H., CO2 electroreduction to 

ethylene via hydroxide-mediated copper catalysis at an abrupt interface. Science 2018, 360, 

783-787. 

47. Yang, Y.;  Louisia, S.;  Yu, S.;  Jin, J.;  Roh, I.;  Chen, C.;  Fonseca Guzman, M. V.;  

Feijoo, J.;  Chen, P. C.;  Wang, H.;  Pollock, C. J.;  Huang, X.;  Shao, Y. T.;  Wang, C.;  

Muller, D. A.;  Abruna, H. D.; Yang, P., Operando studies reveal active Cu nanograins for 

CO2 electroreduction. Nature 2023, 614 (7947), 262-269. 

48. Varga, G. M.; Pope, M. T., Heteropoly Blues. I. Reduction Stoichiometries and Reduction 

Potentials of Some 12-Tungstates. Inorg. Chem. 1966, 5, 1249-1254. 

49. Varga, G. M.;  Papaconstantinou, E.; Pope, M. T., Heteropoly Blues. IV. Spectroscopic 

and Magnetic Properties of Some Reduced Polytungstates. Inorg. Chem. 1970, 9 (3), 662-

667. 

50. Kimling, J.;  Maier, M.;  Okenve, B.;  Kotaidis, V.;  Ballot, H.; Plech, A., Turkevich 

Method for Gold Nanoparticle Synthesis Revisited. J. Phys. Chem. B. 2006, 110, 15700-

15707. 

51. Wang, Y.;  Neyman, A.;  Arkhangelsky, E.;  Gitis, V.;  Meshi, L.; Weinstock, I. A., Self-

Assembly and Structure of Directly Imaged Inorganic-Anion Monolayers on a Gold 

Nanoparticle. J. Am. Chem. Soc. 2009, 131, 17412-17422. 

52. Ishiba, K.;  Noguchi, T.;  Iguchi, H.;  Morikawa, M. A.;  Kaneko, K.; Kimizuka, N., 



102 
 

Photoresponsive Nanosheets of Polyoxometalates Formed by Controlled Self-Assembly 

Pathways. Angew. Chem., Int. Ed. 2017, 56 (11), 2974-2978. 

53. Costentin, C.;  Drouet, S.;  Robert, M.; Saveant, J. M., A Local Proton Source 

Enhances CO2 Electroreduction to CO by a Molecular Fe Catalyst. Science 2012, 338, 90-

94. 

54. Himeno, S.;  Takamoto, M.; Ueda, T., Synthesis, characterisation and voltammetric 

study of a β-Keggin-type [PW12O40]3- complex. J. Electroanal. Chem. 1999, 465, 129-135. 

 



103 
 

 

 

 

 

 

Chapter 4: 

 

Cobalt-polyoxometalate-TiO2 Photoelectrode for Efficient 

Oxygen Evolution Reaction in Acidic Media 

 

 

 

 

 

 

 

 

 

 

 



104 
 

Abstract 

Renewable fuel generation by solar power is crucial to a low-carbon economy and 

eliminates CO2 production from burning of fossil fuels. The oxygen evolution reaction 

(OER), a critical process in solar fuel production, has drawn significant research attention, 

with numerous (photo)electro-catalysts being identified and examined.1-11 However, 

achieving OER, especially under acidic conditions, poses a challenge for metal oxide 

photoanodes, due to the sluggish four-hole oxidization process and the corrosive  nature 

of an acidic environment. Here we report fabrication of amorphous n-type TiO2 

photoelectrodes by treatment of cationic 3-aminopropyltrimethoxysilane (APS)-

functionalized TiO2 with Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3] (Co9POM). Compared 

to the unmodified TiO2, the functionalized TiO2 photoanode, TiO2-APS-Co9POM, exhibits 

an approximately three-fold OER enhancement of photocurrent in a sulfate buffer solution 

(pH = 2). X-ray photoelectron spectroscopy shows that the surface-bound Co9POM 

retains its structural integrity throughout bulk electrolysis. We studied the catalytic effect 

of Co9POM using open circuit photovoltage measurements and transient absorption 

spectroscopy in both the visible and mid-IR ranges. Mechanistic investigations indicate 

that Co9POM serves as an efficient water oxidation catalyst, extracting photogenerated 

holes from TiO2 at picosecond timescale. Moreover, by shifting the TiO2 band edge, the 

functionalized catalytic layer creates a favorable interfacial electric field, which efficiently 

separates the photogenerated carriers and mitigates surface recombination. 

 

4.1 Introduction  
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Solar energy is the most attractive renewable replacement for fossil fuels because it is 

plentiful, inexhaustible, and widely distributed. However, due to the diffuse and 

intermittent nature of solar irradiation, energy harvested from the sun must be efficiently 

converted into chemical fuels that are storable, transportable, and usable upon demand. 

This requirement has motivated the development of sustainable artificial photosynthetic 

processes, with the aim of mimicking natural photosynthesis to generate fuels from water 

and carbon dioxide utilizing solar energy. Therefore, a significant effort has been 

dedicated towards increasing the performance of solar-fuel-generating devices over the 

last few decades.12-16 The oxygen evolution reaction (OER) is thus of great importance 

because it is the critical (photo)anode reaction for (photo)electrochemical production of 

solar fuels including H2 from water and hydrocarbons from CO2.17-19 The multielectron 

transfer OER process involves multiple reaction intermediates, and a high overpotential 

is needed to overcome the sluggish kinetics. Among the different water splitting devices, 

acidic proton-exchange-membrane (PEM) water electrolyzers offer greater advantages 

such as high current density and high-purity hydrogen output. However, current anode 

OER electrocatalysts in PEM electrolyzers are limited to precious iridium and ruthenium 

oxides because of their high stability.20 Therefore, the major challenge facing PEM 

electrolysis is minimizing Ir or Ru utilization due to their scarcity and thus high and volatile 

price. For example, Yan and co-workers report a novel strategy to prepare iridium single-

atoms (Ir-SAs) on ultrathin NiCo2O4 porous nanosheets (Ir-NiCo2O4 NSs) by the co-

electrodeposition method.21 The surface-exposed Ir-SAs couplings with oxygen 

vacancies (VO) result in boosted catalytic OER activity and stability in acid media. They 

display superior OER performance with an ultralow overpotential of 240 mV at j = 10 
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mA/cm2 and long-term stability of 70 h in acid media. The TOFs of 1.13 and 6.70 s-1 at 

an overpotential of 300 and 370 mV also confirm their remarkable performance. Density 

functional theory (DFT) calculations reveal that the prominent OER performance arises 

from the surface electronic exchange and transfer activities facilitated by atomic Ir 

incorporation on the intrinsic VO existed NiCo2O4 surface. More recently, Wang and co-

workers synthesized a nickel-stabilized, ruthenium dioxide (Ni-RuO2) catalyst, a 

promising alternative to iridium, with high activity and durability for acidic OER in PEM 

water electrolysis. While pristine RuO2 showed poor acidic OER stability and degraded 

within a short period of continuous operation, the incorporation of Ni greatly stabilized the 

RuO2 lattice and extended its durability by more than one order of magnitude.22 The Ni-

RuO2 catalyst was stable for >1,000 h stability at a water-splitting current of 200 mA/cm2 

when functioning as the anode of a PEM water electrolyzer.  

    To further eliminate the use of Ir or Ru oxides, Nocera and co-workers synthesized an 

electrodeposited manganese oxide (MnOx) that could be functionally stable for OER in 

pH 2-2.5.23 The intersection of the kinetic profile of deposition and that of water oxidation 

as a function of pH is found to define the region of kinetic stability for MnOx and the 

electrocatalyst film is considered to be in a dynamic but functionally stable state. 

Moreover, this work suggests that a nonnoble metal oxide OER catalyst can be operated 

in acid by exploiting a “self-healing” process. In detail, the intrinsically unstable MnOx films 

dissolved in the electrolyte near the electrode can regrow MnOx films through an anodic 

electrodeposition process during the catalytic cycle, as long as MnOx deposition occurs 

at potentials below those required for OER. The activity of this MnOx catalyst can be 

further improved after activation by potential cycling protocols, as measured by Tafel 
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analysis from ≈ 650 to ≈ 90 mV/dec in acidic solutions.24 During the activation process, 

the original birnessite-like manganese oxide (δ-MnO2) undergoes a phase change to a 

hausmannite-like intermediate (α-Mn3O4). Subsequent anodic conditioning from voltage 

cycling or water oxidation produces a disordered δ-MnO2 phase, which is highly active for 

oxygen evolution. At pH = 2.5, the current density of activated MnOx (at an overpotential 

of 600 mV) is two orders of magnitude higher than that of the original MnOx and begins 

to approach that of Ru and Ir oxides in acid. 

While progress has been made toward achieving greater acid stability under device-

relevant conditions for manganese oxide OER catalysis, cobalt-based OER catalysts are 

known to be more active than manganese systems over a range of pH values. Hence the 

exploration of efficient and acid-compatible cobalt oxide OER catalysts is all the more 

imperative. Schaak et al. prepared crystalline cobalt oxide film deposited on fluorinated 

tin oxide (FTO) via calcination at 400 °C.25 The Co3O4/FTO electrode can evolve oxygen 

with near-quantitative Faradaic yield and maintain a current density of 10 mA/cm2 for over 

12 h at an overpotential of 570 mV in 0.5 M H2SO4. Nocera and co-workers designed 

mixed metal oxide films (CoFePbOx) by decoupling catalytic sites (CoOx) and structural 

sites (FePbOx) as separate components. The mixed metal oxides exhibited much 

enhanced stability compared with bare cobalt oxide in acidic media.26 The optimized 

CoFePbOx can oxidize water at an overpotential of ≈ 720 mV to maintain 1 mA/cm2 in pH 

2.0 solution for 50 h. Another similar CoFePbOx mixed metal oxide was formed in situ 

during electrooxidation of acidic water containing cobalt, lead and iron precursors. 

Utilizing a stable Pt/Ti electrode as the substrate, the electrode-electrolyte system allows 

for a continuous water oxidation at temperatures up to 80 °C and rates up to 500 mA/cm2 
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at overpotentials below 0.7 V in 1 M H2SO4 containing metal precursors.27 The robust 

operation of this CoFePbOx catalyst is provided by the thermodynamically stable lead 

oxide matrix that accommodates homogeneously distributed catalytic dopants via a 

similar self-healing mechanism mentioned above. Galan-Mascaros et al. synthesized 

carbon-coated cobalt oxide (Co3O4@C) nanoparticles, starting from the thermal treatment 

of Co(bIm)2 (bIm= 2-benzimidazolate), a metal-organic framework (MOF) precursor (ZIF-

9). Co3O4@C was then mixed with graphite (G) and paraffin oil (PO) in the desired ratio 

to prepare a homogeneous composite (Co3O4@C/GPO) anode, which catalyzed stable 

oxygen formation with a 10 mA/cm2 current density at overpotentials around 400 mV for > 

40 h in 1 M H2SO4 solution.28 Very recently, Liu et al. reported a nanofibrous cobalt spinel 

catalyst co-doped with lanthanum (La) and manganese (Mn) prepared from a zeolitic 

imidazolate framework embedded in electrospun polymer fiber. The catalyst 

demonstrated a low overpotential of 353 mV at 10 mA/cm2 and a low degradation for OER 

over 360 hours in acidic electrolyte. A PEM water electrolyzer containing this catalyst at 

the anode achieved a current density of 2000 mA /cm2 at 2.47 V (Nafion 115 membrane) 

or 4000 mA/cm2 at 3.00 V (Nafion 212 membrane) and low degradation in an accelerated 

stress test.29 The design concept is that the lanthanum ion (La3+) has a much larger radius 

compared with that of Co2+ (1.06 Å versus 0.72 Å) so it could generate strain, oxygen 

vacancy (Vo), and acid tolerance while the manganese ion (Mn2+) has a similar radius to 

Co2+ (0.8 Å versus 0.72 Å), which would be oxidized to Mn3+ (0.72 Å) during the oxidative 

conversion and uniformly distributed inside the cobalt spinel lattice to promote 

conductivity (via bandgap) and OER activity (via affinity OH or H group). In situ x-ray 

absorption spectroscopy (XAS) and density functional theory (DFT) supported the above 
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analysis of the La and Mn doping effects. Other cobalt related materials including Co-

doped MoS2
30 and polymetallic MoS2/Co9S8/Ni3S2/Ni-foam composite31 were also 

investigated for OER in acidic media. It was demonstrated that cobalt-doping could 

enhance the OER activity of MoS2 in acid, but its performance was still much lower than 

that of RuO2.30
 The optimized hierarchical nano assembly of MoS2/Co9S8/Ni3S2/Ni only 

needed an overpotential of 228 mV to reach 10 mA/cm2 in acid due to the 3D structure 

and possible synergistic effects, but the long-term stability was unknown.31  

     Cobalt polyoxometalates (Co-POMs) have emerged as promising water oxidation 

catalysts (WOCs), with the added advantage of their molecular nature despite being metal 

oxide fragments.32-43 In comparison with metal oxides that do not offer well-defined active 

surfaces, POMs have a controlled, discrete structure that allows for precise correlations 

between experiment and computational analyses. Thus, beyond highly active WOCs, 

POMs are also model systems to gain deeper mechanistic understanding on the oxygen 

evolution reaction (OER). For instance, Hill and co-workers reported 

[Co4(H2O)2(PW9O34)2]10- (Co4POM) as the first POM WOC constituted solely by earth-

abundant elements using Ru(bpy)3
3+ as the oxidant32 and later using Ru(bpy)3

2+ and 

S2O8
2- as the photosensitizer and the sacrificial agent, respectively, in pH = 8 borate buffer 

solution.42 Co4POM is composed of a tetra cobalt-oxo core stabilized by two tri-lacunary 

Keggin moieties (PW9O34
9-) forming the well-known Weakley sandwich structure. The 

integrity of the molecular Co4POM during water oxidation reaction was confirmed33, which 

ruled out the possibility of CoOx formation from Co4POM decomposition and consequent 

contribution to the catalytic activity. The vanadium derivative of Co4POM, i.e., 

[Co4(H2O)2(VW9O34)2]10- was also identified as an efficient and stable WOC.34, 41 In 
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addition, Cronin et al. synthesized Mo-doped Co4POM, i.e., [Co4(H2O)2(PWxMoyO34)2]10- 

(x + y = 9), which displayed a lower onset potential for OER in a pH = 7 potassium 

phosphate buffer solution compared with the pure Co4POM.43 Furthermore, Co4POM has 

also been incorporated into a light-absorbing metal organic framework (MOF-545) to 

perform photocatalytic water oxidation reaction with S2O8
2- as the sacrificial agent in a pH 

= 8 borate buffer solution.39 

In addition to Co4POM, Galan-Mascaros et al. reported another Co-POM, 

[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16- (Co9POM), catalyzed efficient water oxidation 

reaction. This Co9POM contains three triads of edge-sharing CoIIO6 octahedra supported 

by three tri-vacant Keggin-type [PW9O34] units. The triads are interconnected through 

three OH- and two HPO4
2- bridges. Six of the Co ions complete their coordination sphere 

with terminal water molecules. When coated on a FTO electrode then applied with an 

anodic overpotential of ≈ 600 mV in a pH = 7 sodium phosphate buffer solution, Co9POM 

evolved O2 for weeks without sign of fatigue or decomposition.37 By substituting the 

counter cations of Co9POM with Ba2+, a water-insoluble Ba2+ salt formed, which acted as 

a very efficient WOC whose activity outperformed the state-of-the-art IrO2 catalyst even 

at pH < 1, with an overpotential of 189 mV at 1 mA/cm2.35 Subsequently, Galan-Mascaros 

et al. tested different Cs+ and Ba2+ salts of Co-POMs for water oxidation reaction in acidic 

media and concluded that the Keggin-derivatives of Co-POMs containing PV as the 

heteroatom and higher nuclearity of the cobalt cluster exhibited better stability and 

catalytic activity with Co9POM being the best WOC.36 Based on all of these research, I 

decided to use Co9POM as the catalyst and immobilize it on the TiO2 photoelectrode for 

the photoelectrochemical oxygen evolution reaction in acidic media. 
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4.2 Experimental 

4.2.1 General Materials and Methods 

Materials and solvents were purchased as ACS analytical or reagent grade and used 

as received. Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·49H2O (Co9POM) was obtained 

following a synthesis described in the literature.44 The purity of the Co9POM was 

confirmed by the Fourier transform infrared (FT-IR) (Figure 4.1a) and the water content 

was determined by thermogravimetric analysis (TGA) (Figure 4.1b). Infrared spectra (2% 

sample in KBr pellet) were recorded on a Nicolet TM 6700 Fourier transform infrared (FT-

IR) spectrometer. UV-vis spectra were collected with an Agilent 8453 spectrophotometer 

using a 1.0 cm optical path length quartz cuvette.  The Inductively Coupled Plasma (ICP) 

data were collected on a Thermo iCAP ICP-MS instrument in the Institute of Electronics 

and Nanotechnology at Georgia Institute of Technology. X-ray photoelectron 

spectroscopy (XPS) was conducted on a thermos K-ALPHA XPS instrument. The TGA 

data were collected on a Mettler Toledo TGA instrument. Diffuse reflectance 

spectroscopy was measured on a Cary 5000 UV-Vis/NIR instrument. Gas 

chromatography (GC) analysis of the gas phase was analyzed using an Agilent 7890 gas 

chromatograph with a 5 Å molecular sieve column, a thermal conductivity detector, and 

argon carrier gas. The Raman spectroscopy is measured in a home-built Raman setup 

as described in previous literature.45 

4.2.2 Preparation of POM/Co-Pi modified TiO2 Photoelectrodes 

      The preparation of TiO2 and TiO2 coated with Co9POM photoelectrodes is based on 

our previous report with modifications.46 The fluorine-doped tin oxide substrates, FTO 

(Pilkington TEC15, ~ 15 Ω/sq resistance), were cleaned by sonicating sequentially in 
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deionized water, acetone, and ethanol for 20 min each time, followed by blowing dry with 

nitrogen gas. Before coating, the top area of substrate was covered by one layer of 

adhesive tape (40 μm thickness) to provide a noncoated area for electrical conductance 

for the final electrode. The bottom area (smaller than the top area) was also covered by 

one layer of adhesive tape for the following Doctor blade coating process. The 20 nm-

sized TiO2 paste (Dyesol, 90-T) was then applied in the center of the substrate and 

distributed with a glass rod sliding over the tape-covered substrates on the side. The 

substrates were sintered at 500 °C for 1 hour, yielding a ~10-20 μm thick nanostructured 

TiO2 film. The noncoated area of TiO2 electrodes which were covered by Teflon tape, 

were treated with an anhydrous toluene containing 6 weight% 3-

aminopropyltrimethoxysilane (APS) for 6 hours at 70 °C. The resulting films were washed 

with toluene, acetone, and ethanol before being suspended in a 1 mM aqueous solution 

of the Co9POM. The electrodes were then rinsed three times with 5-mL portions of water 

and dried in air. Finally, the top area of the electrodes was connected with a conductive 

copper tape and sealed with Epoxy adhesive (Henkel Loctite Hysol 1C Epoxi). The 

attachment of H3PW12O40 to the TiO2 photoelectrode is the same as that of Co9POM. The 

TiO2 photoelectrode coated with cobalt-phosphate water oxidation catalyst (Co-Pi)47 was 

prepared according to the literature.48, 49 A three-electrode cell was used with a TiO2 

working electrode, Ag/AgCl (1 M KCl) reference electrode, and Pt mesh counter electrode. 

A potential of 0.9 V vs. Ag/AgCl was applied to a solution of 0.5 mM cobalt nitrate in 0.1 

M potassium phosphate buffer at pH 7. The Co-Pi deposition time is 300 s and the current 

densities was around 8 μA/cm2.  
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4.2.3 Photoelectrochemical Studies 

Cyclic voltammograms (CVs), linear sweep voltammograms (LSVs) and bulk 

electrolysis data were obtained using a BAS CV-50W electrochemical analyzer and 

conducted at room temperature (25 ± 2 °C) in a custom 50 mL quartz cell (C012-2, Gaoss 

Union) equipped with airtight adapters and purged with argon gas prior to use. Mott-

Schottky and AC impedance measurements are performed with a CHI 660e 

electrochemical station in the same quartz cell. CVs and LSVs were recorded in a 

standard three-electrode configuration with a glassy carbon working electrode (S = 0.07 

cm2) or a Co9POM-coated FTO working electrode (S = 1.0 cm2), a platinum wire counter 

electrode and a 3 M KCl Ag/AgCl (+0.210 V vs. RHE) reference electrode in a 0.1 M pH 

= 2 sulfate buffer solution as determined by an Orion pH meter (model 230A). In this work, 

all potentials measured against Ag/AgCl were then converted to the reversible hydrogen 

electrode (RHE) scale using: E(potential, versus RHE) = E (versus Ag/AgCl) + 0.210 V + 

0.0591×pH. The scan rate used in voltametric experiments was 100 mV/s. A 100 mW/cm2 

365 nm LED light was focused on the photoelectrode. Bulk electrolysis was conducted in 

a 0.1 M pH = 2 sulfate buffer solution with the potential held at 0.73 V vs. RHE under 20 

mW/cm2 365 nm LED UV illumination. TiO2-Co9POM photoanode was used as a working 

electrode in bulk electrolysis in a H-cell (C012-1, Gaoss Union) with a Nafion 115 proton 

exchange membrane platinum wire counter electrode from working and reference 

chamber.  The headspace during bulk electrolysis was then analyzed by GC as described 

in the methods section. The number of electrons transferred during bulk electrolysis was 

calculated by Faraday’s law of electrolysis Q = nFN, where Q is the number of coulombs, 

F = 96485 C/mol is Faraday’s constant, N is the moles of substrate electrolyzed and n is 
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the stoichiometric number of electrons consumed (4 in the case of the oxygen evolution 

reaction). Incident photon-to-current efficiency (IPCE) of TiO2 and TiO2-Co9POM are 

measured under chopped light illumination under 1.23 VRHE applied potential and 

calculated using the following equation: 

IPCE =
𝐽𝑝ℎ × 1239.8

𝑃 × 𝜆
× 100% 

where Jph (mA/cm2) is the photocurrent; P (mW/cm2) is the power density of 

monochromatic incident light; λ (nm) is the wavelength of monochromatic light; and 

1239.8 (V nm) is a coefficient from the multiplication of speed of light, reciprocal of unit 

charge and Planck’s constant.  

4.2.4 Transient Absorption (TA) Spectroscopy Studies 

Both visible TA and mid-IR TA spectroscopy pump probe are derived from an 

amplified Ti:sapphire laser system (Coherent Astrella, 800 nm, 5 mJ/pulse, 35 fs, and1 

kHz repetition rate). 

In TA-vis experiments, 40% of 800 nm fundamental output (2 mJ) is used to pump a 

visible Optical Parametric Amplifier (OPA) (Opera, Coherent) to generate a visible light 

as a pump in TA-vis experiments. In visible OPA, two tunable near-IR pulses, signal and 

idler, from 1.1 to 2.5 μm are generated. Signal and idler beams were separated with a 

dichroic mirror to generate tunable visible pump beam by sum-frequency generation with 

800 nm or second-harmonic generation on a BBO crystal. In our study, 350 nm pump 

beam was generated by fourth-harmonic generation of 1400 nm signal beam. A 

continuously variable neutral-density filter wheel was used to adjust the power of the 

pump beam. The pump beam was focused on the sample with a beam waist of about 420 
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μm. 10% of 5mJ/pulse output is used to generate a white light continuum from 380 to 700 

nm on a single crystal CaF2 as a probe of TA-vis experiments. The WLC was split into a 

probe and reference beam. The probe beam was focused with an Al parabolic mirror on 

the sample with a beam waist of 150 μm. After passing the sample, the probe beam was 

focused on a fiber-coupled multichannel spectrometer with complementary metal-oxide-

semiconductor (CMOS) sensors and detected at a frequency of 1 kHz. The delay between 

the pump and probe pulses was controlled by a motorized probe delay stage. The pump 

beam was chopped by a synchronized chopper to 500 Hz. The change in absorbance of 

the samples with and without pump was calculated. The samples used in TA-vis 

experiments are deposited on FTO glass. The instrument response function (IRF) of this 

system was measured to be ~300 fs by measuring the pump-probe response on a FTO 

substrate. 

In TA-IR experiment, output from the same visible OPA is used as pump beam, it 

was focused on the IR sample stage with a beam waist of 410 μm. 40 % of 800 nm 

fundamental out (2 mJ) is used to pump an IR OPA (Opera, Coherent). Two tunable near-

IR signal and idler pulses from 1.1 to 2.5 μm were generated. The singal and idler pulses 

were further combined in a 1-mm-thick AgGaS2 crystal to generate a tunable mid-IR pulse 

from 3 to 10 μm by difference frequency generation (DFG). The mid-IR beam was focused 

on the sample stage at a beam waist of around 290 μm to overlap with pump beam. After 

passing the sample, mid-IR probe was dispersed into a spectrograph and detected with 

a 32-element infrared HgCdTe (MCT) array detector at a frequency of 1k Hz. The pump 

beam was chopped by a synchronized chopper to 500 Hz. The typical IRF of TA-IR 
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experiments was determined to be ~ 240 fs using a silicon wafer. The sample used in TA-

IR experiments are deposited on a sapphire window to avoid strong IR absorption of FTO. 

4.3 Results and Discussion 

4.3.1 Characterization of TiO2 and TiO2-Co9POM photoelectrodes  

  Co9POM and TiO2 photoelectrodes coated with Co9POM (referred to as TiO2-APS-

Co9POM or TiO2-Co9POM) were synthesized as described in the experimental section. 

The Fourier transform infrared (FT-IR) spectrum (Figure 4.1a) of Co9POM has 

characteristic Keggin structure peaks at 803 cm-1 ν(W-Oc-W, c = octahedral edge-sharing), 

886 cm-1 ν(W-Ob-W, b = octahedral corner-sharing), 935 cm-1 ν(W-Od, d = terminal), and 

1029 cm-1 ν(P-Oa, a = tetrahedral). Another prominent peak at 716 cm-1 corresponds to 

ν(Co-O-Co) stretching. These peaks are consistent with the literature assignments50, 

thereby confirming the presence of Co9POM: infrared bands represent a reliable 

fingerprint for molecular structure in POM chemistry. The number of water molecules in 

Co9POM is calculated to be 49 based on the thermogravimetric data (Figure 4.1b). After 

treatment of TiO2 nanoporous films with the cationic silylating agent (APS), anionic 

Co9POM is absorbed onto the TiO2 photoelectrode via strong electrostatic interaction. 

Raman spectroscopy confirmed the attachment of Co9POM on TiO2 as shown in Figure 

4.2. Four characteristic peaks at 151 cm-1, 390 cm-1, 505 cm-1, 626 cm-1 are observed on 

TiO2, corresponding to Eg, B1g, A1g, and Eg of anatase phase of TiO2 (black diomond).51, 

52 Co9POM characteristic peaks (red stars) are observed on solid Co9POM consistent 

with previous report.35 On TiO2-Co9POM, both TiO2 and Co9POM characteristic peaks 

can be identified simultaneously, confirming the successful surface immobilization. The 

diffuse reflectance spectra (Figure 4.3) of TiO2, TiO2-APS, and TiO2-APS-Co9POM all 
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show a band-edge absorption around 390 nm (3.2 eV). TiO2 and TiO2-APS have a similar 

and small absorption in the visible region but TiO2-APS-Co9POM has a higher absorption 

due to the presence of surface-bound Co9POM. 

 

Figure 4.1. FT-IR spectroscopy (a) and TGA (b) of Co9POM. 

 

Figure 4.2. Raman spectra of TiO2, TiO2-APS-Co9POM on the FTO electrode and 

Co9POM solid. 
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Figure 4.3. Diffuse reflectance spectra of TiO2, TiO2-APS, and TiO2-APS-Co9POM. 

To further assess the incorporation of Co9POM on the TiO2 photoelectrode, X-ray 

photoelectron spectroscopy (XPS) was conducted on the TiO2-APS-Co9POM film. Figure 

4.4 shows the full XPS spectrum of TiO2-APS-Co9POM, which confirms the existence of 

TiO2 (Ti 2p peak and O 1s peak), APS (C 1s peak, N 1s peak, and Si 2p peak), and 

Co9POM (Co 2p peak, W 4f peak, and O 1s peak). The XPS spectrum of Ti 2p (Figure 

4.5a) has significantly split spin-orbit components (∆oxide = 5.7 eV) with the Ti 2p3/2 peak 

and the Ti 2p1/2 peak located at 458.5 eV and 464.2 eV, respectively. A broad satellite 

peak at 472 eV is consistent with the literature.53 The signal to noise ratios of these Ti 

peaks are understandably low because TiO2 surface is covered by APS and Co9POM. 

The XPS spectrum of W 4f (Figure 4.5b) shows the binding energy of 35.28 eV (4f7/2) and 

37.48 eV (4f5/2), which are typical for tungsten in the VI oxidation state. The loss feature 

for W(VI) at 41 eV is also observed. Figure 4.6a displays the XPS spectrum of Co 2p with 

the binding energies of 780.7 eV (2p3/2) and 797.1 eV (2p1/2). Associated with these peaks 

are two observable satellite peaks at 786.4 eV and 803.0 eV. These features correspond 
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to the Co(II) oxidation state and will be used for comparison in the following 

characterizations. The O 1s XPS spectrum in Figure 4.6b could be fitted with two peaks 

located at 530.5 eV and 532.2 eV, which are assigned to oxygen atoms in the chemical 

environment of W-O (POM) and Si-O (APS), respectively. The ICP experiment quantifies 

a Co loading of 7.7 μg/cm2 sample geometric area. 

 

Figure 4.4. XPS of TiO2-APS-Co9POM. 

 

Figure 4.5. XPS of (a) Ti 2p and (b) W 4f in TiO2-APS-Co9POM. 



120 
 

 

Figure 4.6. XPS of (a) Co 2p and (b) O 1s in TiO2-APS-Co9POM. 

4.3.2 Photoelectrochemical Oxygen Evolution by TiO2-Co9POM 

  The details of (photo)electrochemical studies of Co9POM and TiO2-Co9POM 

photoelectrode are described in the experimental section. The effect of the Co9POM 

modification on TiO2 photoelectrode is evaluated by linear sweep voltammograms and 

open circuit photovoltage as shown in Figure 4.7. Under the dark environment, TiO2 and 

TiO2-Co9POM electrodes exhibit negligible current when scanned to positive potentials, 

though there is an oxidation peak at around 0.0 V vs. RHE that is attributed to Ti(III)/Ti(IV) 

redox couple.54 When the UV light is turned on, the photocurrent increases substantially 

and reaches plateau at around +0.25 V vs. RHE for both TiO2 and TiO2-Co9POM. The 

saturated photocurrent of TiO2-Co9POM is nearly three times that of TiO2. Figure 4.7b 

shows the open circuit measurement with the arrow indicating light on and off. The open 

circuit potential (OCP) of TiO2 and POM-modified TiO2 are similar under dark condition at 

~290 mV. Under UV illumination, however,  the OCP of TiO2-Co9POM (-170 mV) is more 

negative than that of TiO2 (-80 mV). More interestingly, OCP of TiO2-Co9POM shows a 

slower recovery to its dark equilibrium potential when the light is off compared to pure 
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TiO2 (Figure 4.7b). These phenomena can be attributed to the synergic effect of band 

edge modification and the charge transfer effect. The first effect can be confirmed by 

around 100 mV more negative flat-band potential (Efb) of TiO2-Co9POM (-0.16 VRHE) 

compared to TiO2 (-0.83 VRHE) and TiO2-APS extracted from Mott-Schottky analysis 

(Figure 4.8a). The highly charged Co9POM modifies the conduction and valance band 

edge, enabling a faster electron-hole separation and a higher electron concentration 

build-up, i.e., OCPlight, under illumination. As an efficient water oxidation catalyst, 

Co9POM can also extract and store photogenerated holes, resulting in a larger OCP 

photovoltage and slower electron-hole recombination (Figure 4.9). 

 

Figure 4.7. Linear sweep voltammogram (a) and open circuit photovoltage (b) of TiO2 and TiO2-

Co9POM. Both experiments are performed under 100 mW/cm2 365 nm illumination. 

     AC impedance measurements are performed on TiO2, TiO2-APS, and TiO2-

Co9POM to further reveal the function of APS and the catalyst effect of Co9POM under 

light illumination. As shown in Figure 4.8b and Table 4.1, TiO2-Co9POM exhibits a smaller 

trapping resistance and large capacitance compared to TiO2 and TiO2-APS, which can 

be attributed to the hole extraction and storage properties of Co9POM. The impedance 
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between TiO2 and TiO2-APS samples, however, are very similar. Together with the LSV 

performance and Mott-Schottky experiments, we believe that APS ligands behave more 

as a spectator than as a passivation layer on TiO2. 

 

Figure 4.8. (a) Mott-Schottky and (b) Nyquist plot of electrochemical impedance spectroscopy of 

TiO2, TiO2-APS, and TiO2-Co9POM, respectively. Mott-Schottky is conducted under 500 Hz 

frequency, AC impedance is performed at 1.23 VRHE under 12.8 mW/cm2 365 nm UV illumination. 

 

Figure 4.9. Band structure schematic of TiO2 and TiO2-Co9POM under illumination and dark 

OCP process. 
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Table 4.1. AC impedance fitting paramater of TiO2, TiO2-APS and TiO2-Co9POM 

photoanode  

 TiO2 TiO2-APS 
TiO2-

Co9POM 

Ufb 

(VRHE) 

-

0.083±0.017 

-

0.062±0.020 

-

0.164±0.009 

Rs 

(Ohm 

cm-2) 

25.41±0.17 27.88±0.12 46.32±0.28 

Rct 

(kOhm 

cm-2) 

567.8±292 410.3±80.6 153.3±28.2 

CPE-

Q (𝜇F 

cm-2) 

7.70±0.10 6.67±0.05 126.2±0.16 

CPE-

𝛼 
0.978±0.002 0.979±0.001 0.904±0.002 

 

Excitation fluence-dependent photocurrent densities of TiO2, TiO2-APS, and the 

TiO2-Co9POM photoanode are given in Figure 4.10. Corresponding calculated incident 

photon-to-current efficiencies (IPCEs) are as shown in Figure 4.10b. TiO2 and TiO2-APS 

show a steady IPCE of around 5% regardless of illumination intensity. Notably, IPCE of 
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TiO2-Co9POM remains unchanged at around 18% before 6.4 mW/cm2, while it decreases 

at a higher intensity. This means that the catalysts turnover rate lag behind the 

photogeneration rate at higher illumination intensity, shifting the efficiency limiting step 

from photon generation to catalyst loading. 

 

Figure 4.10. (a) Photocurrent density measured at 1.23 VRHE and (b) corresponding IPCE of TiO2, 

TiO2-APS, and TiO2-Co9POM plotted as a function of 365 nm illumination power density. 

      The stability test of TiO2-Co9POM is carried out under chronoamperometric conditions 

under 0.73 VRHE applied potential and 20 mW/cm2 365 nm UV illumination. As shown in 

Figure 4.11a, the photoanode exhibits a stable photocurrent throughout 5-hour test 

passing around 3 coulombs of charge. The initial fast decay is related to the capacitance, 

a non-Faradaic process, which is also reported in the previous literature.35 The Co and W 

peaks in the XPS of the photoanode were well-maintained after 5 hours of use (Figures 

4.11b-d), which are different from XPS peaks of CoOx (Figure 4.12) thus indicating the 

structural integrity over this time-scale. All these data showed that Co9POM-modified TiO2 

acts as a highly efficient and stable system. 
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Figure 4.11. (a) Chronoamperometry curve of TiO2-Co9POM photoanode collected at 0.73 VRHE 

under 20 mW/cm2 365 nm UV illumination. (b)-(d) XPS test of Co 2p, W 4f, O 1s after stability 

test, respectively. 

 

Figure 4.12. XPS of (a) Co 2p and (b) O 1s in CoOx. 
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        Control experiments using the non-transition-metal substituted POM and Co-Pi 

modified TiO2 photoelectrodes were also conducted to confirm the indispensable role of 

Co9POM for catalytic water oxidation reaction in aqueous acid. As shown in Figure 4.13, 

both H3PW12O40 and Co-Pi coated TiO2 photoelectrodes exhibit inferior activity relative to 

the pure TiO2 photoelectrode. The lack of a catalytic metal center in the H3PW12O40-

modified TiO2 leads to decreased photocurrent. This also confirms that it is Co center 

rather than Keggin polyanion that acts as the water oxidation active site. In addition, 

although Co-Pi has been extensively reported as a superior water oxidation co-catalyst 

in neutral and alkaline solutions,47, 55-57 it does not act as an efficient catalyst in acidic 

condition. It likely blocks the water oxidation reaction sites on TiO2, leading to a worse 

performance. 

 

Figure 4.13. (a) J-V curve of H3PW12O40 and (b) J-V photocurrent of Co-Pi modified TiO2 under 

100 mW cm-2 365 nm LED light illumination. 

 

4.3.3 Transient Absorption Spectroscopies of TiO2-Co9POM    

       To further elucidate the charge carrier dynamics in TiO2-Co9POM, transient 

absorption (TA) spectroscopy has been applied to study the photo-physics of this 
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photoanode in both visible (TA-vis) and mid-IR (TA-IR) regions as shown in Figure 4.15. 

Before detailed analysis of TA spectra and kinetics of TiO2-Co9POM, a series of control 

experiments were done on TiO2 to assign the spectral features observed in the visible 

range after excitation. As shown in Figure 4.14a and Figure 4.15a, similar broad positive 

signals were observed upon excitation on both TiO2 and TiO2-Co9POM. The broad signal 

in the visible range is assigned to be a convolution contribution of both electron and hole 

signals, where the trapped hole and electrons have absorption peaks at 520 and 770 nm 

by previous reports.58-60 We extracted the kinetics from 460-520 nm and compare their 

decay behavior in DI H2O, an electron scavenger solution (0.1 M Na2S2O8 aqueous 

solution), and a hole scavenger solution (30% methanol aqueous solution) as shown in 

Figure 4.14d. Compare to kinetics in DI H2O, the kinetics decay much faster in 30% 

methanol solution and slightly slower in electron scavenger solution. This indicates that 

the kinetics from 460-520 nm mainly originated from photogenerated holes in 

nanocrystalline TiO2 and agrees well with previous assignments. Kinetics at this range 

can be further used to represent the kinetic decay of photogenerated holes. 

         Excitation fluence-dependent hole kinetic decays are done and compared in Figure 

4.14b and c. Interestingly, the maximum signal amplitude scales linearly with power 

density, but signal decay half-time and signal residual decay with increased excitation 

power. This means that the amount of photogenerated holes linearly scales with 

excitation power, but recombines faster with more generated carriers. These can be 

explained by the trap-assisted electron-hole recombination nature. Fluence-dependent 

hole kinetics can be well-fitted by a power law decay A = (t-t0)-β, with β lying within 0.25 ± 

0.002 for all decays. The dispersive bimolecular recombination is in accordance with 
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metal oxides and organic semiconductor materials.61-64 The hole kinetics decay in TiO2, 

TiO2-APS, and TiO2-Co9POM samples are compared in Figures 4.14e and 4.15b. The 

hole decay kinetics are similar in TiO2 and TiO2-APS, while the signal decay is 

accelerated in TiO2-Co9POM. This further confirms the previous conclusion: Co9POM 

acts as a water oxidation catalyst that can extract photogenerated holes at ultrafast 

timescale, while APS acts as a spectator and does not affect the hole kinetics. 

 

Figure 4.14. Transient absorption spectroscopy of TiO2 on FTO pumped by 350 nm probe by 

visible white light: (a) TA-vis spectra; excitation fluence dependence of (b) kinetic decay and (c) 

maximum signal amplitude, half lifetime and signal residual; (d) kinetic decay in DI water, 0.1 M 

Na2SO4, and 30% methanol; (e) kinetic decay of TiO2 and TiO2-APS compared. All signal kinetics 

decays are extracted by averaging 460-520 nm; an excitation power density of 462 μJ/cm2 was 

used in (a), and 231 μJ/cm2 was used in (d) and (e). 
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         Furthermore, TA-IR spectroscopy is conducted on TiO2, TiO2-APS, and TiO2-

Co9POM samples to probe the photogenerated electron kinetics in the TiO2 conduction 

band as shown in Figure 4.15 c, d, and Figure 4.16. All samples showed a broad positive 

signal in the IR range from 2000 to 2080 cm-1 upon excitation. The signal can be assigned 

to the free electron absorption at TiO2 conduction band.65-67 The contribution of Co9POM 

or APS excited states or oxidized states are excluded in the TΑ-IR spectra, judging from 

the lack of IR transitions in this region.68 As shown in Figure 4.16d, the electron signal in 

TiO2 shows a similar decay feature with or without APS-present, indicating that APS is 

not reduced by TiO2 conduction band electrons and remains stable. Notably, the electron 

signal decays faster when Co9POM is attached to TiO2-APS. This can be explained by 

TiO2 conduction band electrons reducing tungsten in Co9POM due to its favorable 

energetics (~-0.1 VRHE, Figure 4.17)69 compared to TiO2 conduction band edge (-0.4 VRHE). 

Despite this unfavorable electron transfer process observed in dry film TA-IR 

measurement conditions, we believe this effect will be greatly mitigated during OER 

condition as sufficient applied positive potential can decrease the electron population in 

nanocrystalline TiO2. In summary, from the above TA-vis and TA-IR experiments, we 

identify the TiO2-Co9POM to be a highly coupled system that can achieve both electron 

and hole transfer, owing to the APS ligand serving as both electron and hole transfer 

highway. 
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Figure 4.15. Transient absorption spectra of TiO2-Co9POM under 350 nm pump using a (a) visible 

and a (b) mid-IR probe. Transient absorption decay kinetics of TiO2 and TiO2-Co9POM compared 

in the (b) 460-520 nm visible and (d) 2020-2040 cm-1 regions. (e) Schematic illustration of the 

charge transfer mechanism between TiO2 and Co9POM. Samples for TA-vis experiments are 

deposited on FTO substrates, samples for TA-IR experiments are deposited on sapphire windows 

to avoid extensive absorption by tin oxide. An excitation power density of 462 μJ/cm2 is used in 

all experiments. 
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Figure 4.16. TA-IR spectra of (a) TiO2, (b) TiO2-APS, and (c) TiO2-Co9POM samples. (d) 

Kinetics comparison of three samples from 2020-2040 cm-1. TA-IR experiments are conducted 

under 462 μJ/cm2 350 nm pump, samples are all deposited on the sapphire window. 

 

Figure 4.17. Cyclic voltammetry of Co9POM in pH 2 sulfate buffer solution. 
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4.4 Conclusions 

1. By treating porous n-type TiO2 with cationic 3-aminopropyltrimethoxysilane (APS), 

Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3] (Co9POM) is successfully introduced onto 

TiO2 photoelectrodes via electrostatic interactions. Co9POM-modified TiO2 

photoelectrodes exhibit an approximately three-fold OER enhancement of photocurrent 

compared to the unmodified TiO2 in a sulfate buffer solution (pH = 2). This enhancement 

is maintained throughout bulk electrolysis while the surface-bound Co9POM remains 

intact, which is confirmed by the X-ray photoelectron spectroscopy. 

2. Open circuit photovoltage measurements and transient absorption spectroscopy in 

both the visible and mid-IR ranges are conducted to reveal the catalytic effect of Co9POM. 

We conclude that Co9POM serves as an efficient water oxidation catalyst, extracting 

photogenerated holes from TiO2 at picosecond timescale. The functionalized Co9POM 

layer also separates the photogenerated carriers and mitigates surface recombination by 

creating a favorable interfacial electric field. 
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Abstract: A multi-electron-capable POM captured in the pores of a metal-organic 

framework (MOF), HKUST-1 (POM@HKUST), is synthesized to achieve the synergism 

between polyoxometalates (POM) and Cu(II) ion for aerobic thiol oxidation that has 

already been established in homogeneous solutions. The synergism between POM and 

the Cu(II) nodes in the MOF depends on the type of POM. The incorporation of 

phosphovanadomolybdates, PVxMo12-xO40
(3+x)- (x = 1-3) (PVMo), but not transition-

metal-substituted polytungstates, PXW11 (X = V, Co, Zn and Co), results in POM@MOF 

materials that exhibit synergy not only for reactivity but also for catalyst structural 

stability. The PVMo@HKUST materials catalyze thiol oxidation reaction with nearly 100% 

conversion and the material is recoverable and unchanged based on FTIR 

spectroscopy, powder XRD data and other observations after reaction. In contrast, 

PXW11@HKUST materials show limited activity and decompose to white powders after 

the reaction.  

 

5.1 Introduction: 

        POM@MOF composites comprising  polyoxometalates (POMs) residing in metal-

organic framework (MOF) pores.1–4 have been reported as catalysts for oxidative, 

electrocatalytic, photocatalytic and other reactions.3–6 A central point of interest is that 

they can combine the attractive properties of POMs and also those of MOFs. POMs 

have been investigated as catalysts for years,7–10 resulting from one or more of their 

following attributes: strong acidity,11,12 facile redox chemistry,13–16 photoactivity17–22 and 

multielectron transfer ability.17,23,24 POMs in conventional solid phases, not pseudo-

liquid phases,25 have small surface areas but are soluble in aqueous and many organic 
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solvents. Thus, the immobilization of POMs on porous materials, including polymers,26 

covalent organic frameworks (COFs),27 zeolites28 and MOFs,29–32 is attractive because it 

converts these homogeneous catalysts into more utilitarian heterogeneous ones with 

substantial surface area. Among all POM supports, MOFs, such as MIL-101,33–35 MOF-

199 (HKUST-1),4,36–38 NU-1000,39–42 UIO-66 43–46 and ZIF-8 47–49 are highly attractive 

host materials because they offer high porosity and sufficient pore (cage) size to 

encapsulate POMs, including Keggin,37 Wells-Dawson43 and sandwich structural 

families,50 as guest materials forming POM@MOF composites.  

         Recent work in our group51,52 reveals strong synergism effect between Cu(II) ion 

and phosphovanadomolybdates, PVxMo12-xO40
(3+x)- (x = 1-6) (PVMo) for catalysis of air-

based oxidative removal of odorous thiols, facilitated by the redox buffering effect of 

PVMo. Moreover, the redox buffering and synergism are only operative for PVMo and 

not phosphovanadotungstates, PVxW12-xO40
(3+x)- (x = 1, 3, 6) (PVW). Triggered by this, 

we sought formulation of a solid and thus more useful catalyst for aerobic thiol 

deodorization by combining Cu(II) and POM together as a heterogeneous catalyst. Here, 

we use the POM, HKUST-1 with Cu-containing nodes to bring Cu(II) and reversible 

multi-electron POM centers into proximity.  HKUST-1, in addition to providing well-

ligated Cu(II), contains large pores that accommodate Keggin POMs with their 

accompanying counter-cations in the smaller pores. Various Keggin POMs have been 

incorporated into HKUST-1 for oxidation,36,53–59 esterification,60,61 hydrolysis37 and other 

organocatalytic reactions.62  Many efforts have been made to increase the catalytic 

activity such as tuning the nanocrystal size,53 modifying the morphology,60 designing the 

hierarchical structure57 and regulating the pore size.63 Incorporating Keggin POMs into 
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HKUST-1 not only increases the thermal64 and hydrolytic36 stability of the MOF but also 

increases the reactivity of the POM with a marked synergy between POM and MOF 

framework.36,53–55 However, almost all the synergism reported previously is due to the 

MOF framework confinement effect that enhances the absorption, selectivity, and 

conversion of organic substrates, while POM is the real catalytic center of the 

reaction.53–55  In this work, we show that the aerobic thiol oxidation mechanism involves 

both the Cu(II) nodes in the MOF framework and multi-electron redox processes of the 

POM polyanion. In addition, we show that synergistic electron transfer between MOF 

and POM maintains the overall POM@MOF framework. 

5.2 Experimental 

5.2.1 General Materials and Methods 

All the polyoxometalates (POM) including [PVMo11]4-, [PV2Mo10]5-, [PV3Mo9]6-, 

[PVW11]5-, [PV2W10]5-, [PCoW11]5-, [PNiW11]5- and [PCuW11]5- were synthesized 

according to literature methods. PVMo@HKUST (PVnMo12-nO40
(3+n)-) [PMo12]3-, 

[PVMo11]4-, [PV2Mo10]5- and [PV3Mo9]6-, in HKUST-1) and PW12@HKUST were prepared 

following literature methods.  All other chemicals and solvents were purchased from 

commercial sources without further purification. The FT-IR spectra were collected on a 

Nicolet TM 600 FT-IR spectrometer by the attenuated total reflectance (ATR) sampling 

technique. Powder XRD data were collected on a D8 Discover Powder Instrument using 

monochromatic Cu Kα (λ = 1.54060 Å) radiation. SEM-EDX data were collected on a 

HITACHI SU8230 FE-SEM. The POM@MOF samples were coated with gold using a 

Hummer 6 sputterer. UV−vis spectra were collected with an Agilent 8453 
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spectrophotometer using a 1.0 cm optical path length quartz cuvette. The kinetics were 

followed by an SF-61 stopped-flow instrument (Hi-Tech Scientific, U.K.) 1H nuclear 

magnetic resonance (NMR) spectra were acquired on a Varian INOVA 400 

spectrometer. The thermogravimetric (TGA) data were collected on a Mettler Toledo 

TGA instrument. X-ray photoelectron spectroscopy (XPS) was conducted on a thermos 

K-ALPHA XPS instrument. The nitrogen isotherms were collected by Micromeritics 

Instrument Corporation. 

5.2.2 Synthesis of POM@HKUST 

PXW@HKUST ([PVW11]5-, [PCoW11]5- and [PNiW11]5- in HKUST-1) were 

synthesized by modified methods as previously reported for PCuW11@HKUST.9 In a 

typical experiment, Cu(NO3)2·2.5H2O (240 mg) and POM (200 mg) were added to a 

flask with 10 mL of distilled water and stirred for 20 min. Trimesic acid (210 mg) and 

(CH3)4NOH (180 mg) were then added sequentially and stirred for 10 min after each 

addition. The solution was stirred until a uniform dispersion was achieved. The resulting 

solution (pH ∼ 2 for [PVW11]5-, pH ∼ 4 for [PCoW11]5- and [PNiW11]5-) was transferred to 

a Teflon-lined Parr bomb, programmatically heated up to 200 °C for 16 h, then cooled 

down and maintained at 100 °C for another 4 h. Finally, the reactor was allowed to cool 

to ambient temperature. Blue or dark green crystals were obtained and separated from 

the solution. The products were washed 3 times with distilled water, 3 times with 50% 

v/v ethanol at 50 °C, then dried in vacuo overnight to remove solvent molecules. The 

crystal structures were characterized by single crystal X-ray diffraction. Their purity was 

confirmed by Fourier transform infrared (FT-IR) and powder X-ray diffraction (XRD) 
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analyses. The new materials in this work are PVW11@HKUST, PCoW11@HKUST and 

PNiW11@HKUST.  

5.2.3 Thiol (RSH) oxidation 

An exemplary substrate, 2-mercaptoethanol, was used for probing the aerobic thiol 

oxidation mechanism, eq S1, where RSH is 2-mercaptoethanol. The product (bis(2-

hydroxyethyl) disulfide (RSSR)) was formed : 2 RSH + ½ O2 → RSSR + H2O                                      

In a typical RSH oxidation catalyzed by the heterogeneous POM@HKUST systems, 20 

mg catalyst, 28.6 mM RSH and 5 mL dichloroethane were stirred in a 50 mL heavy-wall 

glass pressure vessel at 50 °C under air. Aliquots were withdrawn every hour, and the 

RSH concentration was determined using Ellman’s reagent, 5,5-dithiobis(2-nitrobenzoic 

acid (DTNB). The head space of the vessel was purged with fresh air every hour. The 

product RSSR was confirmed by 1H NMR. The POM@HKUST catalysts were collected 

by centrifugation and dried under vacuum overnight then evaluated to quantify stability. 

The IR spectrum and powder XRD were measured and compared with those data 

before RSH oxidation. 

5.3 Results and discussion 

5.3.1 POM@MOF Materials and Characterization 

       PVxMo12-xO40
(3+x)- (x = 0-3) (PVMo) were incorporated into the HKUST-1 using the 

well-established hydrothermal synthetic method,37,38 however the synthesis of 

POM@HKUST with PVMo with x>3 using the same synthetic method failed. It is 

possibly because of the decreasing hydrolytic stability of PVMo with the increasing 

number of V on it. We note that there are other synthetic methods to synthesize 
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POM@HKUST materials53,61,65,66 that we didn’t explore.  Thus, in this work, 

PVMo@HKUST (PVMo11@HKUST, PV2Mo10@HKUST and PV3Mo9@HKUST) were 

discussed.  The phase purity of PVMo@HKUST was established by FT-IR spectra and 

powder X-ray diffraction (PXRD) patterns (Figures 5.1a, b). For the PVW, only x=0, 1 

can be inserted into HKUST-1 (PW12@HKUST and PVW11@HKUST). This likely 

derives from the fact that unlike the corresponding Mo-based Keggin POMs, the Keggin 

polytungstates are more rigid and far less hydrolytically labile. In addition, we 

succeeded in incorporating a series of transition-metal-substituted polytungstates 

(PXW11, X = Cu, Co and Ni) into HKUST-1. FT-IR spectroscopies establish the phase 

purity of these materials as shown in Figures 5.2. Nitrogen isotherms of 

PV2Mo10@HKUST and PCoW11@HKUST (Figure 5.3) show the specific surface area 

are 619.2 and 413.5 m2/g, respectively, which are comparable with previous reports.36,60 

Compared with the HKUST-1 alone, 1264 m2/g,36 the smaller specific surface area can 

be attributed to the successful insertion of POMs.  

 

Figure 5.1. (a) FT-IR of Na5PV2Mo10O40, HKUST-1 and PV2Mo10@HKUST; (b) 

PV2Mo10@HKUST calculated XRD pattern from single-crystal refinement data compare with the 

experimental powder XRD pattern. 
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Figure 5.2. FT-IR of POM alone, HKUST-1 and the corresponding PXW11@HKUST. (a) 

PVW11@HKUST; (b) PCuW11@HKUST; (c) PCoW11@HKUST; (d) PNiW11@HKUST. 

 

Figure 5.3. N2 gas adsorption isotherms of PV2Mo10@HKUST and PCoW11@HKUST measured 

at 77 K. 
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5.3.2 POM Leaching and Solvent Selection 

        The leaching of POM from MOF pores during the reaction is a potential issue for 

POM@MOF materials.3,4 Figure 5.4a shows the thiol (RSH) oxidation reactivity of 

PV2Mo10@HKUST in different organic solvents. Auto-catalytic behavior is seen in 

acetonitrile (AN) and dimethylacetamide (DMA). This is because POM is leached into 

the solution during reaction in these polar POM-solubilizing solvents, and the dominant 

mode of catalysis switches from heterogeneous to homogeneous by POM in solution. 

To further address POM leaching from MOF pores in these catalytic studies, we 

developed a colorimetric method to detect whether POM is extracted into the solution. 

Supernatants were filtered after the oxidation reaction, then SnCl2, a strong reducing 

agent, was added to the argon-purged, filtered solution. Since Mo(VI)-Mo(V) 

intervalence charge transfer (IVCT) band has very high extinction coefficient around 

600-800 nm,67 even a trace amount of POM that leaks into the solution is rapidly 

reduced and quantified by the UV-Vis spectroscopy. Figure 5.4b shows the UV-Vis 

results. When ethanol is used as a solvent, a slight absorbance due to reduced POM in 

solution is observed; when AN and DMA are used, large absorbances are observed. 

When solvents less polar than ethanol are used, no absorbances around 600-800 nm 

are generated. Here we use dielectric constant (𝜀 ) to differentiate and quantify the 

polarity of the organic solvents. The reactivity increases as 𝜀 increases, however, when 

𝜀  is too large (ethanol, 24.6), the POM starts to leach from the MOF pores. As a 

consequence, we chose dichloroethane for all the catalytic studies. 
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Figure 5.4. (a) RSH consumption catalyzed by PV2Mo10@HKUST in different solvents. 

Conditions: dichloroethane (5 mL), 2-mercaptoethanol (28.6 mM), catalyst (0.774 mM), reaction 

at 50 °C. (b) UV-Vis absorbance of the reduced supernatant solution after addition of SnCl2 

under argon after reaction. 

 

5.4 Conclusion 

In this work, phosphovanadomolybdates, PVxMo12-xO40
(3+x)- (x = 1-3) (PVMo), and 

transition-metal-substituted polytungstates, PXW11 (X = V, Co, Zn and Co)-incorporated 

HKUST-1 materials are synthesized based on the hydrothermal method. While 

PXW11@HKUST materials exhibit limited catalytic acitivty for the thiol oxidation reaction 

and decompose to white powders after reaction, PVMo@HKUST materials catalyze the 

thiol oxidation reaction with nearly 100% conversion and high stability and recoverability 

based on FTIR spectroscopy, powder XRD data and other observations after reaction. 

The superior performance of PVMo@HKUST materials is attributed to the synergism 

between POM and the Cu(II) nodes in the HKUST. 
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