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Synopsis: Designing Polyoxometalate Based Hybrid Compounds as Electrocatalysts for Water Splitting 
 

The doctoral thesis entitled “Designing Polyoxometalate Based Hybrid Compounds as 

Electrocatalysts for Water Splitting” consists of five chapters: four working chapters and one 

chapter on the general introduction focused on the literature available and motivation of the 

work. These chapters are as follows: (1) General Overview of Polyoxometalate and Related 

Hybrid Compounds for Electrocatalytic OER and HER: Introduction and Motivation of the 

Thesis Work, (2) Polyoxometalate Supported Bis(bpy)mono(aqua)Ni(II)  Coordination 

Complex: An Efficient  Electrocatalyst for Water Oxidation, (3) Designing POM Supported 

Metal Complex as an Efficient Electrocatalyst for HER, (4) Anderson Polyoxometalate 

Supported {Cu(H2O)(phen)} Complex as an Electrocatalyst for Hydrogen Evolution Reaction in 

Neutral Medium  (5) Cu(II)-bipyridine Complex and Anderson POM hybrid as a Pre-catalyst for 

Electrochemical Hydrogen Evolution Reaction. 

Besides the first chapter, all the chapters are divided into the following parts: (a) Overview 

(contains a brief overview of the work), (b) Introduction (literature survey relevant to the study), 

(c) Experimental section (includes materials and methods employed for the study), (c) Results 

and discussion (discussing the physical characterization of the compounds utilized for the study 

followed by an extensive discussion on the electrochemical activity with all the relevant 

experiments to support the result), (d) Conclusion and (e) References. All the compounds 

utilized in this work, are characterized by single crystal X-Ray diffraction (wherever required), 

powdered X-Ray diffraction (PXRD) pattern analysis for bulk purity of the compounds utilized, 

FT-IR spectral analysis, UV-vis. diffused reflectance spectroscopy (DRS), FESEM images and 

EDS analysis, thermogravimetric analysis (TGA), dynamic light scattering (DLS) analysis, 

whereas gas chromatography (GC) was used to detect hydrogen obtained from the HER catalysis 

(Chapters 3-5). Apart from this, less frequently availed techniques includes; ICP-OES and XPS. 

All the electrochemical studies were done in the aqueous medium in both homogeneous and 

heterogeneous manner. 
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Chapter 1 

General Overview of Polyoxometalate and Related Hybrid Compounds for 

Electrocatalytic OER and HER: Introduction and Motivation of the Thesis 

Work 

In this chapter, we have started the discussion by addressing the alarming situation of the energy 

crisis the world is facing today. All the factors contributing to this energy crisis and the 

consequences have been discussed in detail. This lays the foundation in motivating the 

development of catalysts for water splitting since hydrogen generated from water splitting could 

be used in fuel cells to generate energy or be directly utilized for energy storage purposes. 

Following this, a brief discussion on polyoxometalate (POM) mentioning the timeline of POM 

chemistry based on structural diversity. We have also discussed POM's functionalization by 

synthesizing POM-based hybrids by supporting transition metal complex on POM, followed by 

the importance of their diverse structures. Recent literature reports of POM-based hybrids with 

their applications are listed and discussed in a tabular manner.  This is followed by a dedicated 

discussion on POM based hybrids for both oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER). Limited availability of POM based hybrids, consisting of POM 

supported transition metal complexes (PSTMCs) which can electrocatalyze OER and HER, 

motivated us for this thesis work. 

Chapter 2 

Polyoxometalate Supported Bis(bpy)mono(aqua)Ni(II)  Coordination 

Complex: An Efficient  Electrocatalyst for Water Oxidation 

Polyoxometalate (POM) supported transition metal complexes are one of the popular hybrid 

compounds derived from the POM, which have the properties of both the POM unit and the 

supported transition metal complexes complemented by value-added property due to the 

synergistic effect. This makes polyoxometalate supported transition metal complexes (PMSTCs) 

a better candidate than its constituent units. With this in mind, we have synthesized a 

polyoxometalate (POM) supported nickel(II) coordination complex [NiII(2,2′-bpy)3]3[{NiII(2,2′-

bpy)2(H2O)}{HCoIIWVI
12O40}]2ˑ3H2O (1). Since the compound 1 has been characterized with a 
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{NiII(2,2′-bpy)2(H2O)}2+ fragment coordinated to the surface of the Keggin anion 

([H(CoIIW12O40]5-) via terminal oxo group of tungsten and the [NiII(2,2′-bpy)3]2+ coordination 

complex cation sitting as the lattice component in the concerned crystals, the electronic 

spectroscopy of compound 1 has been described by comparing its electronic spectral features 

with those of  [NiII(2,2′-bpy)2(H2O)Cl]Cl, [NiII(2,2′-bpy)3]Cl2 and K6[CoIIW12O40]٠6H2O. Most 

importantly, compound 1 can function as a heterogeneous and robust electrochemical water 

oxidation catalyst (WOC). To gain insights into the water oxidation protocol and interpret the 

active catalyst's nature, diverse electrochemical experiments have been conducted. During the 

electrochemical process, the WOC mode of action is accounted through confirming no 

formation/participation of metal oxide during different controlled experiments. It is found that 

the title compound acts as a true catalyst that has Ni(II) coordinated to the POM surface, serving 

as the active catalytic center. It is also found to follow a proton-coupled electron transfer (PCET) 

pathway (2 electrons and 1 proton) for WO catalysis with a high turnover frequency of 18.49 

(mol O2)(mol NiII)-1 s-1. 

 

Figure 1. Graphical representation of Ni-complex supported on Keggin POM as an 

electrocatalyst for water oxidation. 
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Chapter 3 

Designing POM Supported Metal Complex as an Efficient Electrocatalyst for 

HER 

 

Figure 2. Illustration of the electrochemical HER activity exhibited by the POM hybrid 

consisting of Cu-complex on Keggin POM. 

Hydrogen is the solution to all the problems associated with the energy crisis. Generating 

hydrogen from water splitting is one of the greener approaches, but it requires an efficient 

catalyst, which is economical for the bulk production of hydrogen. In this work, we have 

demonstrated a POM supported Cu-complex utilization for the electrochemical HER activity. 

This is among the few reports available with POM supported transition metal complexes 

(PSTMCs) for electrochemical HER. Polyoxometalate (POM) supported transition metal 

complexes are one of the popular hybrid compounds derived from the POM unit, with properties 

associated with both the POM and the supported transition metal complexes with additional 

value-added properties due to the synergistic effect making PSTMCs a better candidate then its 
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constituent units. In this chapter, we have demonstrated the successful synthesis of a Cu-complex 

coordinated to a Keggin POM ([CoIIW12O40]6-), forming a 2D-network with the molecular 

formula of [{CuII(2,2´-bpy)(H2O)2}][{CoIIWVI
12O40}{(CuII(2,2´-bpy)(H2O)}{(CuII(2,2´-

bpy)}]•2H2O (1). From the electrochemical studies, we found compound 1 can function as an 

efficient electrochemical catalyst for hydrogen evolution reaction (HER) in a near-neutral 

medium (pH 4.8) under buffered conditions (acetate buffer). The detailed study has been 

conducted through varied electrochemical experiments to gain insights into the electrocatalysis 

exhibited by 1. Compound 1 follows a PCET pathway with one proton and one electron 

involvement for electrocatalyzing HER. The overpotential required to achieve the current density 

of 1 mA/cm2 was 520 mV with the Faradic efficiency of 81.02%. 

 

Chapter 4 

Anderson Polyoxometalate Supported {Cu(H2O)(phen)} Complex as an 

Electrocatalyst for Hydrogen Evolution Reaction in Neutral Medium 

This chapter has employed two structurally analogous Anderson polyoxometalate (POM) 

supported copper complexes for the electrochemical studies to check the activity towards 

hydrogen evolution reaction (HER). These POM supported transition metal complexes, 

mentioned as compound 1 and 2 have the molecular formulas, 

[Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2].5H2O (1) and 

[Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2].5H2O (2) 

respectively. Both these compounds exhibited electrochemical activity for catalyzing hydrogen 

evolution reaction (HER) from water (phosphate buffer, pH 7) with relatively low overpotentials 

of 300 mV (compound 1) and 644 mV (compound 2) at the current density of 1 mA/cm2 

respectively. Compounds 1 and 2 show remarkable Faradic efficiencies of 95.7% and 89.4%, 

respectively. In terms of overpotential and Faradic efficiency, compound 1 turns out to be a 

superior electrocatalyst for HER from water over compound 2. In this chapter, we have evidently 

proved that the active site of this electrochemical HER is the water coordinated Cu(II) center, 

supported onto POM cluster anion; the polyoxometalate,  onto which this aqua-Cu (phen)-

complexes are supported, plays an essential role in making the overall system heterogeneous, for 
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designing a better electrocatalyst for direct reduction of neutral water. The compounds' 

analogous structure allowed us to understand the role of heteroatom of the Anderson POM in the 

activity of PSTMCs for catalyzing HER. 

 

Figure 3. Schematic representation of HER activity displayed by the two analogous Anderson 

POM hybrids.  

Chapter 5 

Cu(II)-bipyridine Complex and Anderson POM hybrid as a Pre-catalyst for 

Electrochemical Hydrogen Evolution Reaction 

In this chapter, we utilized a chain-like structured Cu-complex supported Anderson POM, 

[CuII(2,2′-bpy)(H2O)2Cl][CuII(2,2′-bpy)(H2O)2Al(OH)6Mo6O18]٠4H2O (1),  which undergoes 

structural rearrangement (labeled as compound 1´) under the electrochemical condition on the 

application of high cathodic potential resulting in the formation of the active catalyst for the 

electrochemical HER activity. In this chapter, we have discussed POM's role in the active 

catalyst's stability, which is otherwise difficult to achieve. Even though compound 1 is a pre-
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catalyst to the active catalyst towards electrochemical HER, POM plays a substantial role in 

achieving the catalysis's withstanding result. Compound 1´ achieves the current density of 

1mA/cm2 with overpotential of 348 mV, which is relatively low compared to such POM-based 

hybrids discussed in other chapters of this thesis work. 

 

Figure 4. Pictorial depiction of Anderson POM supported Cu-complex as an electrocatalyst for 

water reduction.   

Summary and Future Scope 

The summary and future scopes of the work done so far in this thesis are discussed at the end of 

all the working chapters. Understanding the chemistry involved in the electrocatalysis of OER or 

HER by POM based hybrids is dictated by varied factors, such as type of POM employed, 

transition metal present in the hybrid, the nature of ligand utilized, mode of coordination of TM-

complex to the POM unit, etc., In this thesis, we could only work on a few of them. From 

chapters 2 and 3, we concluded the nature of the transition metal complex's importance 

coordinated to the same Keggin POM. This work could be further studied by changing the ligand 

used; instead of 2,2´-bipyridine, one can employ a different type of ligands such as 1,2-bis(4-
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pyridyl)ethane (bpa); 1,3-bis(1H-imidazol-l-yl)methyl)-benzene (m-bimb); 1,3-bis(4-pyridyl)-

propane (bpp); 4,4′-di(1H-imidazol-1-yl)-1,1′-biphenyl (bibm). Chapters 3 to 4 could be 

correlated in one way or another as all of them are Cu-complexes coordinated to the POM unit. 

Here we have discussed the importance of different types of POM with similar TM-complex 

coordinated to it. In the future, we can work with Ni-based complex coordinated to similar 

Anderson POM as employed in chapters 4 and 5 and compare the observations to that of chapter 

2. 

 

**************************************************************************** 

*************************END************************* 
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OVERVIEW 

Polyoxometalate chemistry is one of the oldest known chemistry in the scientific world, 

which has completed 85 years in 2020.  With POM chemistry reaching towards centenary, 

there are still a lot of properties to be understood, researched, and well documented for 

future references. POM has broader spectra of application starting from biomedical 

application in tumor sensor to material synthesis in sustainable energy (as in 

photochemical/electrochemical OER/as an electrode in fuel cell/proton-conducting 

membrane). The versatility of POM, owing to its structural arrangement, complete inorganic 

skeleton, low lying MOs, and electron-rich structure (rich redox chemistry), make it 

interesting to explore under the varied conditions and for a different purposes. One such 

aspect would be transition metals (TM) complexes supported to the POM units, which add to 

both POM and TM-complexes' functionality. Such a structural arrangement leads to parental 

properties' inheritance and introduces new property arising from the change in the 

molecule's electronic level. Electrochemical water oxidation or water reduction is one field 

that is not well explored using theses hybrids. The lack of sufficient literature, interesting 

structure with the ease of structural tuning, motivated us to work in this direction.  We 

started working with different POM supported TM-complexes in above said direction, which 

gave us overwhelming results. 

In this chapter, we have discussed a brief history of POM and its application, followed by the 

main discussion on POM based hybrid compounds, which includes mainly different catalytic 

properties towards water reduction and water oxidation by electrochemical method. 

Weighing the work done so far in this field, which is available in the literature and what is 

lacking in this regard which is followed by the motivation of our work and the overall result 

we obtained in this direction. 
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1.1. Introduction  

Globalization and modernization have led to advancement; the human race has never thought of 

before. All the positives that came with these advances cannot undo the harm it did and will do 

in the future to earth if a proper step is not taken before it is too late. The expansion of 

technology comes with energy expenses, and this energy is drawn mostly from fossil fuels due to 

their high energy density values. The exploitation of fossil fuels to this extent has increased the 

CO2 emission in the atmosphere. From the ongoing trends of global emission, it is forecasted by 

the Global Carbon Project that emissions due to CO2 might increase roughly by 2.7%, making it 

37.1 giga-tons by the end of the year 3000.
1
 The leading cause of the deteriorating air quality is 

fossil fuel consumption in power plants, industrial work, or transport systems.
2,3

  

 

Figure 1.1. Global primary energy consumption of the world.2 

The dependency on fossil fuels for everyday usage to advanced industrial applications has 

worsened the CO2 emission. Though science has opened many doors for new opportunities, 

fossil fuel dependency to attain our daily energy needs is yet to be solved. The inefficiency in 

handling energy-related problems has thrown us to this situation where our fossil fuel sources are 

at the threat of extinction, and the air quality is at its worst form and is getting worsened with 
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every passing day. The survey conducted by the International Energy Agency (IEA) in its report 

of the year 2019 confirms this data (Figures 1.1. and 1.2.). In its statement of 2019, IEA showed 

that the primary source of energy used globally is a fossil fuel, thereby posing a constant threat to 

the environmental conditions.
3
 The ever increasing demand for energy due to modernization has 

forced the exploitation of fossil fuel faster than that ventured. This surge in the global energy 

economy has negative repercussions on the environment, making it high time to switch our 

approach to greener and sustainable ways to uphold the alarming situation of both energy crisis 

and environmental conditions.  This brings down us to two significant concerns/objectives: 

1. development of greener and efficient way for energy production and 

2. storage of the energy.  

 

Figure 1.2. Global energy consumption based on different sources.2  

Fuel cells of various types steal the limelight for the generation of greener and sustainable energy 

sources, thereby answering the first concern. This fundamental research is broken down into 

different areas where people are currently working; few are electrode development, electrolyte 

search/ development of better PEM membrane, etc.
4-10

 But this part of research alone cannot 

solve the problems we face today, emphasizing the importance of the second point mentioned 
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earlier about energy storage. Energy generated by various means needs to be stored appropriately 

to create less wastage, thereby solving the energy crisis and environmental issues. 

Hydrogen is the smallest molecule that can solve this energy crisis due to its low mass density 

and high energy density (0.0899 Kg/Nm
3
) values making it best suited for energy storage.

11
 

Hydrogen can be obtained by various methodologies, out of which steam refining of natural gas 

is the popular choice. Steam refining of natural gas is a cheap method, but it comes at the cost of 

an increase in CO2 emission to the environment (Figure 1.3.). Thus, it is high time to shift to a 

greener, sustainable, and cheaper form for practical purposes. Therefore, water splitting is one 

such appropriate way to produce the purest form of hydrogen with no carbon-based waste. Water 

being the simplest compound, it has only two components on its degradation, i.e., hydrogen and 

oxygen.    

 

Figure 1.3. Pathways for hydrogen generation using solar energy.12 

Water splitting is the process of decomposition or splitting of a water molecule into its 

constituent molecules, i.e., hydrogen and oxygen molecules. The overall water splitting process 

could be achieved by administering a suitable energy source to cleave the 'H‒O‘ bond from the 

water molecule. Some of these sources are worth mentioning as the following:  photochemical 

(applying the electromagnetic radiation; mostly solar energy), electrical energy (electrochemical 

process), thermal energy (thermochemical process), or via the chemical method. A water-
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splitting reaction could be written in the form of its two half-reactions, i.e., oxygen evolution 

reaction (OER) and hydrogen evolution reaction (HER).  Thus the overall water splitting (WS) 

could be represented as: 

2 H2O                           H2  +   2 O2   (WS)  E
0
= 1.23 V vs. NHE                          1 

2 H2O                           O2 + 4 H
+
 + 4 e-      E= 1.23 V vs. NHE (OER)                2 

4 H
+
 + 4e-                     2 H2                       E= 0.0 V vs. NHE (HER)                  3 

From the above reactions, it is easy to elucidate that OER is the bottleneck process for water 

splitting (WS) due to its thermodynamic uphill process and slow kinetic process. Apart from 

OER, WS's other half-reaction, known as HER, also has its demerit. For water reduction (WR) or 

HER process, the thermodynamic potential is 0 V. vs. NHE. Still, Pt and other noble metals are 

the only known catalyst to date to catalyze HER with negligible overpotential in alkaline 

medium.
13

 These noble metals are expensive, increasing the overall cost of catalyzing the HER 

process. Hence, they need to be replaced by more abundant materials on earth and catalyze HER 

effectively for a practical purpose. Thus, both the components of WS, namely OER and HER, 

need the development of catalysts for the reasons above. Indulging into earth-abundant materials, 

such as transition metal for designing the catalyst can reduce the catalyst cost, making it better 

for the practical purpose of bulk electrolysis. Consequently, we have worked in this direction by 

incorporating transition metal complexes onto the polyoxometalate (POM) unit to catalyze OER 

and HER. This chapter will discuss OER and HER catalysts based on POM-based materials after 

a brief introduction on POM.  

1.2. Polyoxometalates: structural aspect and its role in electrochemical water 

splitting 

1.2.1. Polyoxometalate: History and structural description 

From the revelation of the first polyoxometalate structure (POM) structure by Keggin in 1933 to 

date,
 
POM chemistry has developed many folds both in terms of structural diversity and 

application.
14-18

 POM chemistry could be traced back to the year 1778, thereby completing more 

than two centuries in the year 2020. A brief outline providing the timeline mapping of POM 
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chemistry is provided in Figure 1.4.
19-24

 The scientific community knew POM's existence before 

the availability of the first structural data of POM.
20,21

 Polyoxometalate (POM) belongs to a 

particular class of metal oxides that self-assemble under different reaction conditions to acquire 

interesting structures. POMs generally consist of transition metals which are connected by oxo-

bridge.  In most cases, if provided the right reaction conditions (temperature, pH, and 

concentration), oxoanions (MO4
2-

) of this transition metal (M=W/Mo/V/Nb/Ta in their highest 

oxidation state) undergoes protonation to undergo polycondensation. The reaction conditions 

play a very critical role in the assembly of a POM compound. 

 

Figure 1.4. Timeline showing POM development along with the scientists involved in its discovery/development. 

Based on structural diversity, POMs are broadly classified into two main categories, namely 

isopolyanion and heteropolyanion. Isopolyanion has only one type of metal transition metal 

present in it. Hence the term ―iso‖ is used for isopolyanion, whereas in heteropolyanion, a 
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hetero-atom is present apart from the main transition metal oxides (also referred to as addenda 

atom). The general formula for isopolyanion is [MmOy]
p-

 and heteropolyanion follows the 

general formula of [XxMmOy]
q-

. In heteropolyanion, the following relation is observed, i.e., x ≤ 

m and M is called addenda atom, which mostly belongs to group V and VI of the periodic table.   

Lindqvist type of POM belongs to the class of isopolyanion, which was discovered in the year 

1950. The following are well known and quite popular subclass of POM known under 

heteropolyanion: Keggin POM, Anderson-Evans POM, Dawson-Well POM, and Strandberg 

POM (Figure 1.5.). Lacunary POMs are also one class of heteropolyanion, which are generally 

derived from the Keggin type of POMs. These are formed by partial hydrolysis of the Keggin 

structure, creating vacancy or ‗lacunae,‘ hence the name. Based on the vacancy created, these are 

classified under mono-, bi- and tri- lacunary POMs. The vacant sites are often used to substitute 

the transition metal-aqua group (mostly 3d and 4d series metal ions).
25 

 

Figure 1.5.  Structure of different polyoxometalates.18d 

In this thesis work, we have dealt mainly with Keggin and Anderson‘s POM type only; hence, 

we have provided a detailed discussion of only these POMs. 
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 [A] Keggin Polyoxometalate: Keggin POM was named after J. F. Keggin after he successfully 

deduced its structure from the PXRD pattern in the year 1933, thereby laying a foundation stone 

for POM chemistry. Thus, phosphotungstic acid became the first fully characterized POM 

structure.
23a

 Keggin POM has the general formula of [XM12O40]
n-

 where X is heteroatom (such 

as Si(IV)/P(III)/Co(II)/Fe(II)) and M is addenda atom (e.g. M= W
6+

/ Mo
6+

). The central atom 

forms tetrahedron, which corresponds to ‗XO4‘. This ‗XO4‘ unit shares the vertices with the four 

‗M3O13‘ (triad). The oxygen in the ‗XO4‘ unit is shared by the MO6 octahedral which forms the 

triad. In the Keggin POM, major bonds between addenda and oxygen atoms are as follows: (a) 

twelve M-O-M (bridged), (b) twelve corner bridging M-O-M which are connected to the MO6 

units sharing the oxygen from the central ‗XO4‘ unit and (c) twelve M=O bonds (terminal bonds) 

(Figure 1.6.).
 

 

Figure 1.6. Keggin POM and its isomeric structures.26a 

Keggin POM has different isomers as a result of rotation around the basic {M3O13} unit. Each 

60° rotation of one or more of the {M3O13} gives rise to a different isomer. Theoretically, as 
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reported by Baker and Figgis, there are five possible isomers of Keggin POM, namely 

 (Figure 1.6.) -Keggin POM is the most stable and common type of POM among all 

the isomers.
26

  

[B] Anderson-Evans POM: J. S. Anderson suggested Anderson POM or Anderson-Evans POM 

structure in the year 1937, which was confirmed later in 1974 by Evans.
23b

 Anderson-Evans 

POM has the general formula of [Hy(XO6)(OH)6M6O18]
n-

, where X is the heteroatom (in this 

case, it is generally Al
3+

/Cr
3+

/Fe
3+

/Te
6+,

 etc.) and M is addenda atom (transition metal ion in its 

higher oxidation state such as W
6+

/Mo
6+

). Heteroatom in Anderson POM acquires octahedral 

geometry (XO6) and is surrounded by six MO6 units arranging themselves in a ring-like 

structure, giving a planar arrangement with D3d symmetry (Figure 1.7.).  

 

Figure 1.7. Anderson-Evans POM structural description where A represents ball and stick model and B is 

polyhedral representation from the Top and side view.14b 

Oxygen uses three different modes of coordination in this structure: bridged oxygens, μ3-O, and 

μ2-O, and via terminal oxygen (Ot). Based on the protonation of the structure, Anderson-Evans 

POM is categorized under two types, namely, protonated Anderson-Evans POM, B-type, and 

non-protonated Anderson-Evans POM, A-type with the general formula of [X
n+

M6O24]
(12-n)-

 and 

[X
n+

(OH)6M6O18]
(6-n)-

 respectively. A-Type POM has central heteroatom in high oxidation state, 
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such as Te(VI)/I(VII). In contrast, B-type has central heteroatom in relative lower oxidation 

states such as Cr(III)/Fe(III), etc.
14b 

1.2.2. POM based hybrid compounds: structure and its application 

POM-based hybrid compounds are also referred to as an inorganic-organic hybrid of POM unit 

with either organic ligands or transition metal complexes.  This is one of the ways to 

functionalize polyoxometalates. These hybrids could be both covalently or non-covalently 

attached to the POM unit. Based on the organic unit's mode of linkage with POM, these hybrids 

are classified under two categories: type-I and type-II.
27

 Type-I hybrids have a non-covalent 

linkage of organic part/metal complex with the POM unit. These are mostly electrostatic 

interactions/H-bond/weak interactions. On the contrary, type-II combinations have direct 

coordination covalent linkage between POM and organic/metal complex counterpart.
27c 

 

In this thesis work, we have worked with type-II POM hybrids where the metal complex unit is 

directly linked to the POM unit through a direct covalent bond via either terminal or bridged 

oxygen atom parent POM unit. These hybrids are also addressed as POM supported metal 

complex. Literature is filled with such systems.
27,28

 Even with such rich literature, POM 

chemistry grows exponentially with still a lot to explore. With its rich electronic structure, POM 

can be used in various applications for renewable and green energy sources, catalysis, and green 

chemistry.
29-45 

The polyoxometalate-based hybrid compounds can be efficiently designed and tuned by either 

altering the organic ligand structure or introducing a different POM anion altogether. The ease of 

fine-tuning these compounds' structures makes it an excellent choice to design a catalyst and 

understand the chemistry behind it. Transition metal-based compounds, typically containing Co, 

Ni, Fe, Cu, are among the few which are highly explored. Table 1.1. enlists a few examples of 

POM supported transition metal complexes (PSTMCs) with Keggin and Anderson type POM 

anion as POM unit. If we look closely, most PSTMCs are explored for their electrocatalytic 

behavior in the oxidation of ascorbic acid (AA), reduction of nitrate, and H2O2 reduction.
29-49

 

Apart from these, PSTMCs have also been shown to work well in photocatalysis, medicinal 

chemistry, molecular magnetism, proton conduction, materials chemistry, etc.
28

 Features of 

PSTMCs that make it so versatile are POM and metal complex conjugation, causing the electron 
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transfer facile. Designing PSTMCs is also among the ones that allow the highly soluble (in 

water) POM molecule to become insoluble by making it heterogeneous. As per the literature, 

Keggin type POM makes a higher percentage among other types of POM anion known in the 

literature for PSTMCs (Figure 1.8.). 

 

Figure 1.8. The available literature on PSTMCs involving different POM unit.16b 

Table 1.1. PMSTMCs: Structural formula and its application 

S.No. Compound Application Ref 

1.  

H{Co2(Hpyttz-I)2(H2O)6[CrMo6(OH)6O18]}.8H2O  

Electrocatalyst for reduction 

of H2O2 and BrO3
-
 ions 

29 

2  

[Ag6(btp)(pyttz)6·(HSiMo12O40)2]·4H2O  

Esterification (as a catalyst) 30 

3.  

[{Cu
I
(pyr)2}6(As2Mo6O26)]·H2O 

Electrocatalyst for AA 

oxidation and NO2
-
 

reduction 

31 

4. {Ag8O(Htrz)4(4,4′-bpy)2}{AgPMo12O40} Electrocatalyst for reduction 

of H2O2 and BrO3
-
 ions. 

32 

5 [Ag4(pz)6(SiW12O40)·H2O] Photocatalytic dye 

degradation of RhB 

33 

6.  [Ni(Htib)4][PW12O40]2 and 

[Nitib]2(H2O)4](GeW12O40)·2H2O 

Electrocatalyst for AA 

oxidation and NO2
- 

reduction 

34 

  Photocatalytic dye 35 
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7. {Zn(Htib)(tib)PMo12O40} degradation of RhB 

8. K10H2[Ni5(OH)6(OH2)3(Si2W18O66)]·34H2O  Photochemical WO 36 

 

9. 

 

Na24[Ni12(OH)9(CO3)3(PO4)(SiW9O34)3]·56H2O  

Na25[Ni13(H2O)3(OH)9(PO4)4(SiW9O34)3]·50H2O  

Na50[Ni25(H2O)2OH)18(CO3)2(PO4)6(SiW9O34)6]·85H2O 

 

 

photochemical WO 

 

37 

 

10. 

 

[Cu2(btc)4/3(H2O)2]6[HnXM12O40]·(C4H12N)2 (X=Si, Ge, P, As; 

M=W, Mo) 

 

 

Ester hydrolysis 

 

38  

 

11. 

 

[Cd(en)2]2[(en)2Cd2Si8V12O40(OH)8(H2O)0.5]·5H2O 

 

 

Styrene oxidation 

 

39 

 

12. 

 

(HTEA)2{[Na(TEA)2]H[SiW12O40]}•5H2O,  

(HTEA)2{[Na(TEA)2][PW12O40]}•5H2O and  

(HTEA)2{[Na(TEA)2]H[GeW12O40]}•4H2O  

(TEA = triethanolamine) 

 

Photocatalytic HER 

 

40 

 

13. 

  

{[CoII(2,2ʹ‐bpy)]2[PMoV
4MoVI

8O40]}
3– (Figure 1.9.) 

 

 

Photocatalytic OER 

 

41 

 

14. 

 

Na10[Co4(H2O)2(VW9O34)2]·35H2O 

 

 

Photocatalytic OER 

 

42 

 

15. 

 

[{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]
10– 

 

 

Photocatalytic OER 

 

43 

16.  

[Co4(H2O)2(PW9O34)2]
10– 

 

 

Photocatalytic OER 

 

44 

17.  

Na10[Mn4(H2O)2(VW9O34)2] 

 

Photocatalytic OER 

 

45 

18.  

α-K6Na[{Ru3O3(H2O)Cl2}(SiW9O34)]·17H2O 

 

Photocatalytic OER 

 

46 
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19. [{Co(H2O)3}2{CoBi2W19O66(OH)4}]10− 

 

Photocatalytic OER 47 

20.  [H5O2][imi]4 [BW12O40]·nH2O Nitrite reduction and 

photocatalytic methylene 

blue degradation.  

48 

21. [Cd(C2H8N2)2]2{[Cd(C2H8N2)]2[Ge8V12O40(OH)8](H2O)}·7H2O 

 

Nitrite reduction 49 

 

 

Figure 1.9.  (a) Co complex supported on POM unit. (b) Bicapped Keggin structure with Co(2,2´-bpy) unit 

coordinated to POM unit.41 

1.2.2.1. POMs and its related hybrid structures as an electrocatalyst for Oxygen Evolution 

Reaction (OER) 

Polyoxometalate, owing to its rich redox chemistry and the scope to introduce more redox-active 

metals, makes it suitable for designing new catalysts for various electrocatalytic processes. The 

initial success observed with sandwiched POM and transition metal substituted POM towards 

photocatalytic OER encouraged to explore the similar compounds for electrocatalytic OER. 
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Shan and his co-workers in the year 2010, synthesized PSTMC, [Hpy]2{[Co(4,4′-

bpy)2(H2O)2][SiCoW11O39]} which in the presence of [Ru(2,2´-bpy)3]
3+

, catalyzed OER under 

acidic condition (pH=4.5). This work showed the synergistic effect between Ru-salt and POM 

hybrid compounds, resulting in OER activity.
50 

In 2018, Yong Ding and his co-worker reported a homogeneous Cu(II)-substituted POM, [(-

SbW9O33)2Cu3(H2O)3]
12-

, which acts as an electrocatalyst for WO under neutral pH.
51

 This was 

shown to have stability for over 100 cycles and from 2.5 h of CPE measurements without the 

formation of any CuOx, confirming the true nature of catalyst to be the POM itself. 

Initially, POM based sandwiched compounds were synthesized and explored for both 

electro/photocatalytic water oxidation. These sandwiched compounds generally have MnOn or 

Mn(OH2)n core, where M is transition metal (M=Co/Ni/Mn/Ru), sandwiched between either two 

Keggin POM units or Wells-Dawson type of POM. These are the most common and highly 

explored POM units known as WOC.  

Shanon and Co-workers in 2004 showed the sandwiched POM, [Ru2Zn2(H2O)2(ZnW9O34)2]
14-

, as 

an efficient electrocatalyst for OER under mild basic condition (phosphate buffer, pH 8). Ru- 

based sandwiched compounds exhibited great result in both electrochemical and photochemical 

OER.
52 

In this regard, G.R. Patzke and her co-workers & Hill and his co-workers have contributed 

significantly.
46,47

 In the year 2012, an interesting sandwiched compound, 

[Co4(H2O)2(PW9O34)2]
10-

, showing electrocatalytic water oxidation remained under conflict on 

the nature of the catalyst for OER, a true catalyst or mere precatalyst for the formation of CoOx.  

C. L. Hill and his co-workers finally solved this conflict in the year 2013, confirming 

[Co4(H2O)2(PW9O34)2]
10-

 as molecular catalyst barring all the allegation of formation of CoOx in 

the course of WOC.
42-45

 This is a rarest case of POM based WOC was successfully 

experimentally proven to be stable under the catalytic WO conditions. 

Following this work, a nona-cobalt-based POM compound with the molecular formula of  

{Co9(H2O)6(OH)3(HPO4)2(PW9O34)3}
16-

 (={Co9}). {Co9} exhibited electrocatalytic OER 

activity, but when studied closely to understand the nature of the true catalyst, it was found that 

there was leaching of Co
2+

 ions forming CoOx layers on the working electrode. Thus, {Co9} was 



Chapter 1 
 

 16 

found to be precatalyst for the formation of CoOx under the electrochemical condition for 

catalyzing WO.
53

  

 

Figure 1.10. Comparison of  Percent of total cobalt from different Co-POM (500 μM), present in solution under 

different pH conditions after 3 h of aging [0.1 M NaPi with pH= 5.8 (red) and pH = 8.0 (blue), as well as in 0.1 M 

NaB pH = 9.0 (gray)].54a 

Even though, some of the TM substituted POM and POM-based sandwiched compounds showed 

promising results towards catalyzing WO electrochemically, there were constant questions on the 

catalyst's true nature.
54

 Most of the polyoxometalates, as we know them, are stable under acidic 

conditions. The range of pH of its stability varies from one kind of POM molecule to the other. 

Alkaline medium or higher pH and high oxidizing potential under which these POMs or POM 

based molecules showed OER activity might result in structural disintegration of POM and POM 

based compounds, thereby raising questions on the stability of POM under electrocatalytic OER 

conditions (Figure 1.10.).
54c,54d

 There is massive conflict in terms of the stability of POMs for 

WOC. POMs, generally Keggin type or those derived from Keggin structure, are stable in an 

acidic medium. As pH starts to move up on the scale, the {WO3} unit starts to leave and finally 

disintegrating the whole POM molecule into its corresponding metal oxides. Under 
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electrochemical conditions, the stability of POMs becomes an issue that raises the question of the 

true nature of the catalyst and the role of POM in it.  

The issues of catalyst stability under OER conditions persisted for the catalysts designed from 

transition-metal complexes. Some of them were known to act as a pre-catalyst for OER. One of 

the approaches to solve the stability issue is to use the guest-host chemistry by trapping the metal 

complex/POM into MOF's cavity. In 2016, our group showed that the Co
II
-aqua mononuclear 

complex trapped inside the MOF cavity showing exceptional results as an OER catalyst with 

high stability and low overpotential of 390 mV in alkaline pH (pH-13).
55

  

Inspired by our group's result and determined to solve the issue of the stability under 

electrochemical WO condition, we thought of merging POM and metal complex both by 

synthesizing TMSPOM and utilizing the TM for WO. These hybrids are known to be much more 

stable than its parent constituent. By designing such a catalyst, we would be able to incorporate 

all the POM properties, which should help us develop a better catalyst. 

POM supported TM complexes are not well exploited in this regard. The first report we found 

was in the year 2016 by Wang group showing electrocatalyst WO by three different PSTMC 

with similar transition metal complexes and different POM unit.
56

 They reported four different 

TMSPOM (1-4), formulated as [Ni(2,2-bpy)3]5[PW11NiO39(H2O)]21.08H2O (1), [Ni(2,2-

bpy)3]1.5[Ni(2,2-bpy)2(H2O)BW12O40] (2), {[Ni(2,2-bpy)3]1.5[Ni(2,2-bpy)2(H2O)GeW12O40]}
-
 (3), 

and {[Ni(2,2-bpy)3]1.5[Ni(2,2-bpy)2(H2O)PW12O40]}2 (4).  Out of these four compounds, 

compounds 1, 2, and 4 were studied for electrochemical WO under basic conditions (pH=8) 

(Figure 1.11.). These compounds showed an overpotential of 591, 632, and 616 mV for 1/2/4-

CPE, respectively. This report lacks information about the kinetics and plausible mechanism. 

This work only gave the possibility of such a compound to act as an electrocatalyst but lacks any 

in-depth information for the same. TMSPOMs have rich literature but are not explored in the 

field of electrochemical WO. These compounds are highly tunable, adds the overall compound's 

stability, and the synergistic effect adds to the value-added property to the overall stability. 

The lack of literature and the previous reports by our group showing the importance of mono-

aqua ligand in designing the WOC motivated us to pursue this path in quest of developing more 

WOCs. 
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Figure 1.11. (a) & (b) represents [NiII(2,2-bpy)3]
2+ and [NiII(2,2-bpy)2OH2O]2+ units respectively. (c) Core shell 

structure consisting of [PW11NiO39(H2O)]2 unit. Color code: P (yellow), W (green), B (pink), Ni (light blue), C 

(gray), O(red), N (blue). (d) Cyclic Voltammograms of a blank GC electrode, different POMs and their hybrid 

(1/2/4-CPE) in 0.2 M sodium borate buffer (pH-8).56  

1.2.2.2. POM and its related hybrid structures as an electrocatalyst for Hydrogen Evolution 

Reaction (HER) 

POM owing to its particular archetype, as stated in the above section, also contributes 

substantially to catalyzing HER at different pH ranges. POMs, as such, have befitted as an apt 

candidate for catalyzing both photocatalytic and electrocatalytic HER. Following are different 

types of POM based compounds employed for electrocatalytic HER activity: 1.POM-based 

hybrid structures, 2.POM supported metal complexes, or TM substituted POM compounds, 3. 

POMOF or POM based composite using different supporting materials and 4.POM derived metal 

oxides/sulphides/nitrides.
57-60

  

Over the last few decades, POM has attracted significant attention in sustainable energy research. 

Till now, POM-based electrocatalysts have been under constant surveillance for electrochemical 

water oxidation/reduction owing to its stability issue, as explained in the previous section. 

Scientists figured out different approaches to utilize POM properties for the OER/HER catalysis 

by creating different hybrids and composites. Low HOMO-LUMO gap enables fast electron 

transfer, plus the oxygen atoms coordinated to the addenda atoms are relatively basic, which 

helps in the catalysis. There is a synergistic effect between POM and the group, directly 

coordinated to it or the composite prepared using POM molecule as parent base.  
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In the year 2007, Louis Nadjo and his co-workers used different polyoxometalates for activating 

glassy carbon electrode for the HER activity.
61

 POM was either adsorbed directly on the 

electrode surface or entrapped in the polyvinylpyridine films of the electrode. Polyoxometalates 

taken for this study were [H7P8W48O184]
33-

, [Co6(H2O)30{Co9Cl2(OH)3(H2O)9(-Si-W8O31)3}]
5-

 

and [{Co3(B--SiW9O33(OH))(B--Si-W8O29OH)2}2]
22-

. In this work, they have shown the 

importance of the microenvironment around the electrode for HER activity. Electrodes modified 

with POM exhibited excellent results for HER due to the electron and proton-rich nature of 

POMs. Following this work, the scientific community started designing various methodologies 

to incorporate POM for developing the catalyst for HER. 

POM based metal-organic frameworks (POMOFs) gained popularity for exhibiting various 

exciting properties.
62

 In 2011, Nohra et al. synthesized three new novel POMOFs using -Keggin 

as a building block.
62a

 These POMOFs showed exceptionally high TOF with low overpotential. 

The presence of POM, high porosity of POMOF, and the use of conjugated ligand for the 

connection with POM unit are all decisive factors for the exceptional results seen for HER 

catalysis. 

The last few years have seen advancement in POM usage for developing composite materials for 

electrocatalytic HER. One such approach used different electroactive materials onto POM 

material to facilitate the overall composite's stability for the HER activity. M.‐R. Gao & S.‐H. 

Yu and their co-workers recently implemented this methodology by linking the POM molecule 

to the cobalt diselenide nanobelt's surface.
63

 This showed exceptional results in terms of stability 

of CoSe2 with the overpotential of 187 mV to obtain a current density of 10 mA/cm
2
. 

Utilizing POM or POM based hybrid compounds as the precursor for developing electroactive 

materials has recently shown quite a few reports. H. Ma and H. Pang and their co-workers 

utilized a POM-based hybrid compound to prepare the bimetallic sulfides containing Ni3S2–

MoS2 and CoS2–MoS2 having mesoporous structure.
64

 POM facilitates the easy formation of 

these bimetallic sulfides, which presented an overpotential of 224 (Ni3S2–MoS2@Carbon Cloth 

(CC)) and 222 mV (CoS2–MoS2@CC) for a current density of 10 mA/cm
2
.  
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Figure 1.12. Cu-metal complexes coordinated to Keggin POM with high electrocatalytic HER activity.65a 

With all these advancements and reports of POM based compounds for electrocatalytic HER, 

there are still very few reports of usage of PSTMCs for electrocatalytic HER. Li and his co-

workers synthesized a PSTMC using Lindqvist POM via hydrothermal reaction.
65b

 The 

compound synthesized has the formula of [Cu2(bimb)2(ox)(W6O19)]·4H2O, where 

bmib=1,3bis(1-imidazolyl)benzene and ox=oxalic acid. This compound forms a layered structure 

having complementary charges. This special intercalation is suspected to be responsible for the 

ease of diffusing the H
+ 

ions through the pores. Thus, this compound showed high 

electrocatalytic HER activity with an overpotential of 146 mV at a current density of 10 mA/cm
2
.  

Recently, Wang and his co-workers designed a series of Cu-complexes on Keggin POM using 

the hydrothermal method.
65a

 These compounds showed the HER activity in acidic and alkaline 

medium. These compounds were formulated as: {Cu2(3-bptzp)3(H2O)4[SiW12O40]}·H2O (1), 

{Cu2(3-bptzpe)2(H2O)8[SiW12O40]}·4H2O (2), and {Cu2(3-bptzh)3(H2O)6[SiW12O40]} (3) 

(Figure 1.12.). Compound (1) showed the lowest overpotential of 59.4 mV for electrocatalytic 

HER in 0.1 M KOH with a current density of 10mA/ cm
2
. This is the lowest value of 

overpotential reported to date by any POM based electrocatalyst for HER activity.  

These reports in the literature for POM based electrocatalysts emphasize the importance of 

structure in designing a better electrocatalyst for HER. With the nudge to understand the POM 
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unit's role for HER activity, we have developed different PSTMC using Keggin and Anderson-

Evans POM (discussed in Chapters 3-5) and explained their function. 

1.3. Motivation of the work 

Water splitting (WS) could be the answer to the biggest question of sustainable energy. The 

importance of developing a catalyst for WS, working in this direction, and exploring a new 

molecule is a step towards a sustainable lifestyle. WS with its constituent reactions viz. OER and 

HER both have their pitfall and needs to be addressed.  

Motivated from our group‘s previous reports for OER catalyst where mono-nuclear aqua Co-

complex trapped into MOF's cavity showed exceptional results, we designed various reactions to 

develop PSTMCs having aqua ligand coordinated to it. Our primary focus in these projects was 

to look into POM's importance in different PSTMC for OER and HER. The scarcity of literature 

on PSTMC for electrocatalytic OER and HER is one of the primary reasons to pursue the work 

in this direction. PSTMCs have excellent properties, with the ease of tunability for such 

compounds being an added benefit when looking closely into the reaction mechanism for 

OER/HER. 

In this thesis work, we have synthesized a few new POM supported metal complexes (PSTMCs), 

and a few of them are those reported earlier by our group, to study the role of POM in the overall 

catalysis process. We started our work from Ni-2,2
´
-bpy-complex supported on Keggin POM as 

a water oxidation catalyst (Chapter 2). Following a similar synthetic protocol in the next 

chapter, we have studied the effect of change in transition metal complex on its electrochemical 

activity (Chapter 3). This led to two new POM-supported complexes, which have Cu-2,2´-bpy 

complex coordinating to it. This mere replacement of transition metal leads to a change in the 

property as these compounds show water reduction rather than oxidation. This study intrigued us 

to look into POM's role in OER/HER activity, which led to the next project discussed in 

Chapters 4 and 5 where Anderson-type of POM substituted transition metal complex was 

studied towards electrocatalytic HER activity.  

Thus, to sum up, this thesis work, we have designed the projects to understand the role of both 

transition metal and POM in a PSTMC for electrocatalytic OER and HER.  
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OVERVIEW 

Polyoxometalate (POM) supported transition metal complexes are one of the popular hybrid 

compounds derived from POM unit which have the properties associated with both the POM unit 

and the supported transition metal complexes along with some value added property due to the 

synergistic effect. This makes Polyoxometalte supported transition metal complexes (PMSTCs) a 

better candidate then its constituent units. With this in mind, we have synthesized a 

polyoxometalate (POM) supported nickel(II) coordination complex [N iII(2,2′-bpy)3]3[{NiII(2,2′-

bpy)2(H2O)}{HCoIIWVI
12O40}]2·3H2O (1). Since the compound 1 has been characterized with a {NiII(2,2′-

bpy)2(H2O)}2+ fragment coordinated to the surface of the Keggin anion ([H(CoIIW12O40]5-) via terminal 

oxo group of tungsten and the [NiII(2,2′-bpy)3]2+ coordination complex cation sitting as the lattice 

component in the concerned crystals, the electronic spectroscopy of compound 1 has been 

described by comparing its electronic spectral features with those of  [Ni II(2,2′-bpy)2(H2O)Cl]Cl, 

[NiII(2,2′-bpy)3]Cl2 and K6[CoIIW12O40]·6H2O. Most importantly, compound 1 can function as 

heterogeneous and robust electrochemical water oxidation catalyst (WOC). To gain insights to the 

water oxidation protocol and to interpret the nature of active catalyst, diverse electrochemical 

experiments have been conducted. The mode of action of the WOC during the electrochemical 

process is accounted through confirming no formation/participation of metal oxide during 

different controlled experiments. It is found that title compound acts as true catalyst which has 

Ni(II), coordinated to POM surface, acting as the active catalytic center. It is also found to follow a 

proton coupled electron transfer (PCET) pathway (2 electrons and 1 proton) for WO catalysis with 

high turnover frequency of 18.49 (mol O2)(mol NiII)-1 s-1. 
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2.1. Introduction   

Energy, which we derive from various sources to meet our daily needs, has non-renewable 

sources as the major ones.
 
These sources' depletion rate has accelerated with the threat of an 

exponential decrease in our non-renewable sources of energy in the current scenario.
1  

 Thus, 

finding alternative ways to produce energy from renewable sources has been the central theme of 

research. One such promising alternative method could be to mimic the water-splitting process of 

plants that occurs during photosynthesis to convert solar energy into chemical energy.
2 

A 

successful water splitting (WS) reaction can generate H2 and O2 from H2O. Importantly, H2 is 

considered one of the most promising alternative sources of conventional fossil fuels. Hydrogen 

chemical energy can be converted into electrical energy using fuel cells; it is also the major 

component of feedstock in many chemical industries (including CO2 recycling via a chemical 

process, such as methanol synthesis).
3
 Hence, considering the need to develop sustainable and 

green energy sources for the future, the discovery of an easy method for H2 production seems to 

be fundamentally crucial. However, water oxidation (WO) is considered as the bottleneck 

process of WS as it advances in a thermodynamically uphill manner with the 

involvement/requirement of 4e
-
 and 4H

+
 (referring to equation 1), 

 2H2O → 4H
+
 + O2 + 4e

-
 , E

0 
= -1.23 V vs. NHE                                                      ……..…(1) 

where E
0 

is the standard Nernst potential for water oxidation, the negative potential signifies the 

process's thermodynamic uphill nature. 

Thermodynamic potential (E) of the half-cell reaction of water oxidation depends on pH. 

According to the Nernst equation, the thermodynamic potential for water oxidation in pH 7 can 

be stated as (from equation 1): E= E
0 
+ 0.059 × pH                                                      ……..…(2) 

Thus, at pH 7 for the process 2H2O → 4H
+
 + O2 + 4e

-
 , E= -0.817 V vs. NHE (from equation 2) 

 Understanding the Nature's route of WO is important to design a new catalyst. Till now, 

researchers have been working to find out the chemistry behind the process of photosynthesis.
4 

During this time stretch, scientists have contributed substantially by discovering the structure of 

oxygen evolving complex (OEC) and providing insights of the pathway involved during WO in 

photosynthesis.
5
 In 2011, Shen and Kamiya and their co-workers successfully obtained and 
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solved the crystal structure of OEC involved in photosynthesis, verifying the cubane structure of 

Mn4CaO5 unit.
6 

These findings motivated scientists towards functional mimicking of OEC to advance artificial 

photosynthesis.
7
  In the due course of time, not only bio-mimicking, but also the issues with 

structural stability of the catalyst seemed to be crucial.
8
 A good WO catalyst should be robust 

under high anodic potential and stable towards oxidation by in situ generated oxygen. Over the 

last few decades, various homogeneous as well as heterogeneous catalysts, where 

polyoxometalates (POMs) and organometallic complexes have evolved as two high potential 

fields for homogeneous WO catalysis.
3,9

  In case of heterogeneous catalysts, metal organic 

frameworks (MOFs), metal oxides (e.g., Co(OH)2) supported on solid surface, in situ generated 

CoOx, in situ generated Co-phosphate, POM encapsulated in ZIF-8 cavity, etc.  are few examples 

to name.
10

 

Polyoxometalates (POMs)  are one of the well-established WOCs due to their complete 

inorganic skeleton and the scope of fast as well as reversible electron transfer.
11,3  

But  there are 

only very few reports where POMs have been found to be stable, as they usually show high 

tendency towards degradation and form metal oxides (which acts as the active catalyst) under 

electrochemical conditions required for WO (i.e. under high anodic potential).
3,12

 In case of 

coordination complexes, oxidative degradation of organic ligands and formation of metal oxides 

are the major drawbacks, which necessitates further advancement.
13

 To overcome the stability 

issue, molecular level grafting of POM with coordination complex can be considered one of the 

most effective alternatives because the coordinate covalently attached POM can enhance the 

mechanical rigidity of the coordination complex increase the rate of electron transfer. These two 

issues are crucial regarding the lack of electrochemical stability of non-supported metal 

complexes during WO. In such hybrid structures, we can also exploit the advantage of both POM 

and metal coordination complexes.
14

 This allows possible synergistic interaction between 

inorganic POM units and attached coordination complex(es), leading to an improved functional 

behavior. This enhances its potential application in WO catalysis along with other fields of 

sciences (such as, materials sciences, biological sciences, and pharmaceutical sciences).
15 

    

Inspired by the recent reports of mononuclear Co
II
‒aqua coordination complex acts as a water 

oxidation catalyst (WOC),
10e,16

 we envisioned developing a new catalytic system have the scope 

to achieve WO with the aid of mononuclear Ni
2+
‒aqua coordination complex. Here, we have 
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successfully synthesized a Ni
2+ 

based POM supported complex, in which Ni(II) is bound to a 

Keggin POM ([CoW12O40]
6-

) through terminal oxygen of POM unit. Out of the remaining five 

coordination sites of Ni(II), one is occupied by a water molecule, and two (2,2´-bipyridine) units 

occupy the other four. The central Ni(II) has a distorted octahedral geometry around it. 

In this scenario, it is worth mentioning that Hill and co-workers have studied intensely on 

various sandwiched POM containing Co
2+

 and other first-row transition metals to act as WOCs.
17 

Among these,  Co
2+

 containing sandwiched-POM with the formula of [Co4(H2O)2(α-

PW9O34)2]
10−

 appeared as a major breakthrough. It was proved to be an efficient and stable true 

molecular catalyst, unlike many other POMs.
17b

  In order to synthesize cost-effective catalysts, 

scientists have employed 3d-transition metals, where Co, Mn, and Cu have gained more 

attention. Instead of the high abundance of nickel on the earth's crust and the potential biological 

importance of its derivatives, very few reports of Ni-based molecular WOC are available.
18,19

 

Especially, heterogeneous molecular catalysts containing Ni
2+ 

as an active catalyst are even less 

explored.
9(b-d),19

  To the best of our knowledge, the utilization of POM supported Ni
2+

 centered 

(or any other early transition metal ion as an active catalytic center) hybrid structures as 

electrochemical WOC are relatively less explored.
20

 

Hybrid compounds, having metal complexes coordinated to POM unit, are not new to the 

chemical society. There are quite a few reports where metal complexes are coordinated to 

Keggin POMs {K6[CoW12O40] as well as other Keggin POMs}, but till now there is only one 

report where this type of hybrid structure is employed as water oxidation catalyst.
14,20

 In 2003, 

Liu and his co-workers reported a hybrid structure containing [SiW12O40]
4-

 as Keggin POM to 

which [Co(2,2′-bpy)2(H2O)]
2+

 is coordinated, but they did not report any electrochemical 

studies.
14c

 Later, in 2009, Wang and his co-workers reported a hybrid structure using 

[CoW12O40]
6-

 as Keggin anion to which [Zn(2,2′-bpy)2(H2O)]
2+

 complex is supported.
14d 

 In 

this case, Zn(II), being d
10

 system, is electrochemically inactive since it cannot oxidize further 

from +2 oxidation state to higher oxidation or reduce from +2 to lower oxidation state. Hence, 

it should not have any role as an electrocatalyst for water oxidation. In 2016, Chen and his co-

workers reported two different hybrid structures, out of which one has [CoW12O40]
6-

 as Keggin 

anion, forming the compound having formula 

‗(Hbipy)2[Co(bipy)2(H2O)4]2(CoW12O40)·2bipy·7H2O‘, but did not explore any electrochemical 

properties.
14a

 So, in this context only report where such hybrid compound have been utilized as 
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electrocatalyst is by Wang and co-workers,
20

 which lacks complete electrochemical analysis for 

water oxidation catalysis and did not address important issues, such as robustness of the catalyst 

under the operational potential for electrochemical water oxidation. Thus, in literature 

precedents, such a system's report lacks kinetic and mechanistic studies, which urges for 

significant attention. Herein, for the first time, we have provided a comprehensive analysis of a 

new Ni-based inorganic-organic hybrid  [Ni
II
(2,2′-bpy)3]3[{Ni

II
(2,2′-

bpy)2(H2O)}{HCo
II
W

VI
12O40}]2·3H2O (1) as WOC, which can be truly helpful in providing the 

insights of such systems and developing this class of catalysts further. Compound 1 (with three 

lattice waters) has been studied in this work as far as its characterizations and electrochemical 

studies are concerned 

2.2. Experimental Section 

2.2.1. Material and methods 

2.2.1.1. General materials and methods.  

Starting materials were purchased in AR grade and were used as received. PXRD patterns were 

recorded on a Bruker D8-Advance diffractometer by using graphite monochromated 

CuKÅ andÅ) radiation. Infra-red spectra of solid samples were 

obtained as KBr pellets on a JASCO–5300 FT–IR spectrophotometer. Diffuse Reflectance 

(DRS) UV-visible electronic absorption spectra were recorded using Shimadzu-2600 

spectrophotometer. Thermogravimetric (TGA) analyses were carried out on a STA 409 PC 

analyzer. Carl Zeiss model Ultra 55 microscope was used for Field emission scanning electron 

microscope (FE-SEM) imaging with energy dispersive X-ray (EDX) spectroscopy. Oxford 

Instruments X-Max
N
 SDD (50 mm

2
) system and INCA analysis software were used for 

elemental mapping. Zahner Zanium electrochemical workstation which is operated with Thales 

software is used for conducting all the electrochemical activity. 

 

2.2.1.2. Crystal Data collection 

Single-crystals suitable for structural determination of the compound 1 was mounted on a three-

circle Bruker SMART APEX CCD area detector system under Mo−Kα (λ = 0.71073 Å) graphite 

monochromated X-ray beam with a crystal-to-detector distance of 60 mm, and a collimator of 

0.5 mm width (at 273 K temperature). The scans were recorded with a ω scan width of 0.3°. Data 
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reduction was performed by SAINT PLUS,
30

 empirical absorption corrections using equivalent 

reflections were performed by program SADABS.
31 

Structure solutions were done using 

SHELXS-97
32

 and full-matrix least-squares refinement was carried out using SHELXL-97.
33

All 

the non-hydrogen atoms were refined anisotropically. Hydrogen atoms on the C atoms were 

introduced on calculated positions and were included in the refinement riding on their respective 

parent atoms. Crystal data, along with the structure refinement parameters for compound 1 is 

summarized in Table 2.1.   Selected bond length and bond angle for compound 1 is summarized 

in the appendix A1. CCDC 1826902 (compound 1) contains the supplementary crystallographic 

data for this compound.  

  

2.2.1.3. Electrochemical studies  

All the electrochemical experiments were carried out using a Zahner Zanium electrochemical 

work station operated with Thales software. Complete electrochemical experiments were 

accomplished using a three-electrode electrochemical cell using compound 1 modified glassy 

carbon as working electrode, home-made Ag/AgCl (1M) electrode as a reference, and Pt-flag as 

a counter electrode in acidic and neutral pH in an aqueous medium. For basic medium home-

made Hg/HgO (0.1M KOH) electrode was used as a reference electrode (RE) while the other two 

electrodes were the same as mentioned above. For the preparation of 1 modified electrode, 4 mg 

of 1 and 1 mg of acetylene black carbon were taken in 1 mL of EtOH-H2O mixture (EtOH: 

H2O=3:2), and to it, 10 L 5 wt% nafion (aq.) was added following which it sonicated for 30 min 

in order to obtain a homogeneous suspension. For all the electrochemical studies, 20 µL of this 

mixture was coated on the working electrode (glassy carbon electrode having 3 mm diameter; 

geometrical area = 0.0706 cm
2
). This coat of sample is essentially equivalent to 40 µg 

(compound 1) in every coat done on the glassy carbon electrode. The same amount on the 

electrode surface was maintained for all electrochemical experiments unless otherwise 

mentioned. In the case of FTO as working electrode, area 0.07 cm
2
 was used to coat the sample 

or to generate the oxides/phosphates electrochemically. The coating mixture on the electrode was 

dried under IR-lamp (temperature ~70°C) before use. All the electrochemical experiments were 

performed at ambient temperature. Electrode potentials were converted to the normal hydrogen 

electrode (NHE) scale using the relation E (NHE) = E (Ag/AgCl) + 0.1263 V when the Ag/AgCl 

used as RE and E (NHE) = E (Hg/HgO) + 0.143 V for Hg/HgO as RE. Cyclic voltammetry scans 



Chapter 2 
 

 
39 

were initiated at the open circuit potential (OCP), and the anodic side was scanned first, followed 

by a cathodic scan. Five cycles were taken consecutively for each set of cyclic voltammetry 

measurements in quiescent solution. Cyclic voltammograms (CVs) were also recorded at various 

scan rates. 

2.2.2. Synthesis  

2.2.2.1. Synthesis of Compound K6[CoW12O40].6H2O (POM) 

Na2WO4·2H2O (9.9 g, 0.03 mol.) was taken in 20 mL water, following which the pH of the 

solution was adjusted to 7 (between pH ranges of 6.5 to 7.5) with the subsequent addition of 

glacial acetic acid. The solution was then heated to boiling. An aqueous solution (6.5 mL) of 

cobalt acetate tetrahydrate, Co(CH3CO2)2·4H2O,  (1.25 g, 0.005 mol.) was then added slowly 

with stirring to the solution mentioned above. The mixture was then boiled again for 10 minutes. 

To remove the traces of any insoluble matter, it was immediately filtered under hot conditions, if 

any present and the filtrate was boiled again. To this solution, a hot saturated solution (15 mL) of 

KCl (6.5 g, 0.087 mol.) was added and was heated again to boiling. The reaction-mixture so 

obtained was then cooled to room temperature (25 °C) and was kept undisturbed for 24 hours. 

After 24 hours, a pale blue solution and the dark green residue at the bottom were formed. The 

solution was discarded by decantation, and 2 M sulphuric acid (20 mL) was added to the dark 

green precipitate formed. The reaction mixture was heated to reduce the total volume to about 5 

mL. The final solution so obtained was then filtered and cooled slowly till it reached room 

temperature, following which it was cooled in an ice bath for about 24 hours, and POM crystals 

(K6[CoW12O40]·6H2O) were obtained.  

2.2.2.2. Synthesis of Compound 1  

A mixture of Ni(OAc)2·4H2O (71 mg, 0.28 mmol), 2,2′-bpy (114 mg, 0.73 mmol)  and 

K6[CoW12O40]·6H2O (32 mg, 0.01 mmol) in 3 ml MeOH and 2 ml water, pH=2 (using AcOH 

(50% w/v)) were taken in 23 mL Teflon lined reactor and was stirred for 45 min. The solution 

was heated to 160 ˚C for 5 days under solvothermal conditions. It was cooled down to room 

temperature (34˚C) in 24 h to obtain block-shaped green-colored crystals. Yield: 56% (based on 

W). 

Anal. Calcd for C130H104Co2N26Ni5O85W24: C, 19.01; H, 1.28; N, 4.43; Co, 1.43; Ni, 3.57; W, 

53.72. Found: C, 20.36; H, 1.41; N, 4.65; Co, 1.40 (ICP); Ni, 3.50 (ICP), W, 53.03 (ICP). 
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2.3 Results and Discussion 

2.3.1. Physical characterization 

Compound 1 was initially characterized by single-crystal XRD analysis. Compound 1 and 

K6[CoW12O40] was later characterized by FT-IR, PXRD, UV-Vis, Raman spectroscopy, FESEM-

EDX, XPS, ICP-OES analysis, and electrochemical methods whenever it was required.  

2.3.1.1. Single-crystal XRD analysis  

Compound 1 was characterized through X-ray crystallography at room temperature (293 K). 

Compound 1 crystalizes in the monoclinic unit cell with C2/c space group. The crystal structure 

shows that [Co
II
W12O40]

6- 
cluster unit is attached to the [Ni

II
(2,2′-bpy)2(H2O)]

2+  
complex moiety 

via coordination of terminal oxo group of the Keggin anion to Ni(II) ion. The remaining five 

coordination sites of Ni(II) center in  {Ni
II
(2,2′-bpy)2(H2O)}

2+  
are occupied by coordinating to 

two 2,2′-bipyridine units and one H2O molecule. This coordinated water molecule plays a vital 

role in this compound's catalytic activity (vide infra).  

 

Figure 2.1. The ORTEP diagram of the asymmetric unit of compound 1 (hydrogen atoms are omitted for clarity). 

Thermal ellipsoids set to 50% probability level. 
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The concerned asymmetric unit contains one POM cluster unit coordinating bis(bpy)(aqua)Ni(II) 

species,  [{Ni
II
(2,2′-bpy)2(H2O)}{HCo

II
W

VI
12O40}]

3˗
, 1.5 units of [Ni

II
(2,2′-bpy)3]

2+
 and 0.5 

solvent water molecules, thereby bringing about the formula of compound 1 as [Ni
II
(2,2′-

bpy)3]3[{Ni
II
(2,2′-bpy)2(H2O)}{HCo

II
W

VI
12O40}]2ˑH2O (Figure 2.1.).  

In other words,   in this system, three discrete units of [Ni
II
(2,2′-bpy)3]

2+
 complexes are shared 

between two adjacent unit cells. As far as the asymmetric unit is concerned, the Co(II) centered 

Keggin POM cluster has six negative charges (6˗) and the summation of positive charges of 1.5 

[Ni
II
(2,2′-bpy)3]

2+
 and  one coordinated {Ni

II
(2,2′-bpy)2(H2O)}

2+  
is +5. Thus, in order to fulfill 

the electroneutrality of the overall system (compound 1), we have proposed the presence of a 

proton along with the POM cluster anion (see the formula 1).  

Table 2.1. Crystal data and structure refinement for compound 1 

 

Empirical formula C130H104N26O88.20Co2Ni5W24 

Formula weight 8265.04 

Temperature/K 298K 

Crystal system monoclinic 

Space group C2/c 

a/Å 46.624(4) 

b/Å 14.3807(11) 

c/Å 26.2047(18) 

α/° 90 

β/° 90.079(2) 

γ/° 90 

Volume/Å
3
 17570(2) 

Z 4 

ρcalcg/cm
3
 3.1244 
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μ/mm
-1

 16.442 

F(000) 14966.1 

Radiation Mo Kα (λ = 0.71073) 

2θ range for data collection/° 4.96 to 52.82 

Index ranges -58 ≤ h ≤ 58, -17 ≤ k ≤ 17, -32 ≤ l ≤ 32 

Reflections collected 77175 

Independent reflections 17883 [Rint = 0.0294, Rsigma = 0.0243] 

Data/restraints/parameters 17883/12/1034 

Goodness-of-fit on F
2
 1.069 

Final R indexes [I>=2σ (I)] R1 = 0.0364, wR2 = 0.0807 

Final R indexes [all data] R1 = 0.0451, wR2 = 0.0876 

Largest diff. peak/hole / e Å
-3

 3.34/-3.04 

 

2.3.1.2. Bond Valence Sum (BVS) analysis of compound 1 

The +2 oxidation state of cobalt center of the Keggin POM anion is consistent with the bond 

valence sum (BVS) calculation. According to this BVS calculation, inter-atomic distances of 

'Co-O' suggest the valence of Co to be 2 (Table 2.2.). 

  Table 2.2. Output File of BVS calculation for ‗Co‘ in compound 1                                                           

                                              Co (27, 1.09, 1.70)      Rij    Dij     Vij 

-O  ( 8,  .63, 3.15)   1.68   1.87   .60 

-O  ( 8,  .63, 3.15)   1.68   1.87   .60 

-O  ( 8,  .63, 3.15)   1.68   1.89   .57 

-O  ( 8,  .63, 3.15)   1.68   1.88   .58 

Bond valence sum calculation. Numbers in brackets after atom symbols are atomic number, r and 

c 
1
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2.3.1.3. PXRD analysis of compound 1 

To check the compound's bulk purity, the PXRD of compound 1 was obtained and compared 

with the simulated PXRD pattern obtained from the Single-Crystal data. Figure 2.2. represents 

the PXRD patterns comparing the simulated and experimentally obtained data, confirming the 

compound's bulk purity. 

 

Figure 2.2. (      ) Represents PXRD pattern of simulated data generated from crystal structure of 1 and (      ) 

represents PXRD pattern experimentally obtained from bulk sample of 1. 

 

2.3.1.4. FTIR of POM and compound 1 

FTIR spectra of compound 1, K6[CoW12O40].6H2O  (CoW12), and 2,2ʹ-bipyridine (bpy) have 

been recorded and analyzed (Figure 2.3. (a)). Stretching frequencies arising from 'C=N' and 'C-

N' bond in bpy unit in compound 1 show  bands around 1600 cm
-1

 and 1460 cm
-1

 respectively. 

Due to POM unit, following bands are observed in compound 1: W-O)t 940 cm
-1

, (W-O-W) 

Oh edge sharing 865 cm
-1

, (W-O-W) corner sharing 780 cm
-1

, (O-Co-O) 454 cm
-1

 (Figure 2.3. 

(b)). 
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Figure 2.3. (a) FT-IR spectra of 2,2'-bipyridine (      ), K6[CoW12O40] (      ) and compound 1 (      ). (b) Enlarged 

FT-IR spectrum of 1 in 1800-400 cm-1 range where major strechings have been labelled. 

IR band around 780 cm
-1

 in compound 1 is mainly due to combine contribution from 2,2ʹ-

bipyridine and CoW12 unit. In bpy, a sharp band is seen due to out-of-plane 'C-H' bending, 

whereas in CoW12 cluster unit around the same region, the stretching band due to corner-sharing 

'W-O-W' bond is observed as broad peak. Thus, the broad and strong IR peak which appeared at 

around 780 cm
-1

 in the IR spectrum of compound 1 can be assigned to the combination of 'W-

O-W‘ fragments and bipyridine, where the broad IR band of Keggin cluster (CoW12) masks the 

sharp IR peak of bipyridine. 

2.3.1.5. TGA of compound 1 and POM 

Thermal stability of the hybrid compound was studied by thermogravimetry analysis (TGA). 

Compound 1 was taken for thermal studies without prior activation in high temperature vacuum. 

Initially with increase in temperature (T≤400 ˚C) a steady slope for weight loss is observed 

(Figure 2.4.). This decrease in weight loss of compound can be due to lattice water present in 1. 

Degradation of organic linker leads to weight loss of 28.2% (calcd 28.8%) at the temperature of 

490 ˚C. POM unit in 1 starts to degrade at higher temperature (T>600 ˚C). This leads to weight 

loss of 35.5% (calcd 35.9%). 
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Figure 2.4. TGA plot of compound 1.  

 

2.3.1.6. UV-Visible spectral analysis of Compound 1 and POM 

The electronic absorption spectrum of compound 1 is converted into Kubelka-Munk (K-M) 

derived plot. The spectrum thus obtained for 1 is compared with those of K6[CoW12O40]٠6H2O 

(CoW12), [Ni
II
(2,2′-bpy)2(H2O)Cl]Cl and [Ni

II
(2,2′-bpy)3]Cl2. All the spectra were recorded in 

solid-state diffuse reflectance spectroscopy (DRS) mode and were K-M converted for the sake 

of comparison. As shown in Figure 2.5. (a), a direct comparison with CoW12 shows that, in 

the case of 1, transitions in the near-IR range (1000-1200 nm) are due to charge transfer from 

e(Co)t2(W).
22

 Again, this study shows a blue shift of 12 nm when compared to that of CoW12, 

which can be attributed to the changes in the energy level of e(Co) and t2(W). This change in 

electronic energy level is expected due to structural modification of the CoW12 unit in 1. In the 

700-1000 nm range (Figure 2.5.), a broad peak is seen in the diffuse reflectance spectra (DRS) 

of 1, which is comparable to that, found in the UV-DR spectrum of [Ni
II
(2,2′-bpy)2(H2O)Cl]Cl 

as shown in Figure 2.5. (b).
23 

This supports the presence of {Ni
II
(2,2′-bpy)2(H2O)}

2+
 unit in the 

title compound 1.
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Figure 2.5. (a) K-M converted UV-vis diffuse reflectance spectra (DRS) of 1 and K6[CoW12O40]·6H2O. (b) K-M 
transformed UV-vis DRS spectra of 1 compared with [Ni(2,2′-bpy)3]Cl2 and [Ni(2,2′-bpy)2(H2O)Cl]Cl coordination 

complexes. 

 

In visible range of the spectrum of  hybrid 1, a broad peak at 630 nm and  two fine shoulders at 

592 nm and 560 nm  are observed (Figure 2.5. (a)) that are characteristic transitions of 

tetrahedral Co
2+

:
 
(
4
A2

4
T1), t2(Cotd)e(W) and e(Cotd)e(W) respectively.

22a
 In this range, a 

d-d transition (which is Laporte forbidden) is expected due to Ni
2+ 

of {Ni
II
(2,2′-bpy)2(H2O)}

2+
 

(comparing the electronic spectrum of [Ni
II
(2,2′-bpy)2(H2O)Cl]Cl, Figure 2.5. (b), but it is 

masked by d-d transition of Co
2+ 

of [CoW12O40]
6−

,which is Laporte allowed (because of 

tetrahedral geometry at Co
II
).

23
 At  around 408 nm in the DRS  spectrum of 1, a broad shoulder  

is observed (Figure 2.5.) due to d-d transition arising from [Ni
II
(2,2′-bpy)3]

2+ 
 units (comparing 

the DRS spectrum of [Ni
II
(2,2′-bpy)3]Cl2, Figure 2.5. (b).

24
 In UV region of DRS spectrum of 1 

(below 300 nm) peaks are mainly due to O2pW5d charge transfer.
22a

 Apart from this, peaks are 

seen in the same range (below 300 nm) which are mainly due to MLCT of [Ni
II
(2,2′-bpy)3]Cl2 

unit and 

transition of 2,2′-bpy ligand.

24 
Thus, absorption spectrum of 1 is in consistency 

with the structure, obtained by single crystal X-ray crystallography.  

 

2.3.1.7. Field Emission Scanning Electron Microscopy (FESEM) and Energy-dispersive X-ray 

(EDX) Analysis 

Compound 1 has also been characterized by elemental mapping using FESEM. Ni and Co atoms 

as the constituents of compound 1  were also confirmed by the EDX elemental mapping. FESEM  

a) b) 
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images and EDX-elemental mapping plots are provided in Figure 2.6. (a-i). Apart from the 

FESEM images, EDX analysis was done over different regions of the sample to check for 

homogeneity in the sample's distribution. In a tabular manner we have listed the weight and atom 

percent of all elements which are present in compound 1 (Table 2.3.).  

 

Figure 2.6. (a) EDX-elemental mapping of 1 (mixed all constituent elements). (b-g) EDX element mappings for Co, 

Ni, N, C, W and O respectively in 1. (h) Quantitative results of the EDX analysis. (i) Energy-dispersive X-ray 

spectroscopy (EDX) spectrum of 1. 

Table 2.3. EDX analysis over the different region of the surface of 1 

Sample Carbon  Nitrogen Oxygen Cobalt Nickel Tungsten 

 Wt % Atom 

% 

Wt % Atom 

% 

Wt % Atom 

% 

Wt 

% 

Atom 

% 

Wt 

% 

Ato

m % 

Wt % Ato

m % 

Area 1 41.03 60.12 11.09 13.93 20.69 22.76 0.58 0.17 2.29 0.69 24.33 2.33 

Area 2 39.63 57.33 11.39 14.13 23.16 25.16 2.22 0.65 2.49 0.74 21.12 2.00 

Area 3 43.44 65.77 8.81 11.43 16.96 19.27 1.46 0.45 0.84 0.26 28.50 2.82 
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2.3.1.8. X-ray photoelectron spectroscopy 

XPS of compound 1 and CoW12 were analyzed to understand the change in POM unit's 

environment when present in 1 and to confirm the oxidation state of Co in 1. Due to the very less 

weight percentage of Co in 1 (1.44%), the signal to noise ratio was found to be very poor 

(Figure 2.7. (a)). Co 2p3/2 and Co 2p1/2 energy levels of Co in compound 1 have the binding 

energies of 781.08 eV and 796.84 eV, respectively. The energy difference between these energy 

levels is 14.6 eV, which supports the oxidation state of Co as +2 (Figure 2.7. (a), Supporting 

Information).
25

 In case of W, a shift of 0.7 eV and 0.8 eV has been observed for W 4f5/2 and W 

4f7/2, respectively in comparison to those of CoW12. This shift in binding energy can be attributed 

to the changes in W's electronic level in 1 arising due to coordination of the concerned Keggin 

POM to Ni through its W=O bond (Figure 2.7.). 

The electronic redistributed in compound 1 can be confirmed by comparing the binding energy 

of W4f levels in CoW12 and compound 1. Shift in low energy (eV) is observed for W4f levels of 1 

when compared to that of CoW12 (Figure 2.7. (b)). The oxidation state of Ni in 1 was confirmed 

to be in +2 state (Figure 2.7. (c)). 

 

 
 

Figure 2.7. (a) Core Co2p XPS spectrum of compound 1. (b) Core W4f XPS spectra of compound 1 and CoW12. (c) 

Core Ni2p XPS spectra of compound 1.  

 

2.3.1.9. Elemental analysis of Compound 1 from ICP-OES and CHN analysis 

To know the elemental composition in percent mass present in compound 1, we analyzed the 

sample for ICP-OES (Figure 2.8.) and CHN analysis (Figure 2.9.). 
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Figure 2.8.  ICP-AES analysis report in weight percentage of the metal constituent in compound 1. 

 
 

Figure 2.9. CHN analysis report for compound 1. 
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2.3.2. Electrochemical measurements and water oxidation studies of Compound 1 

2.3.2.1. WO properties of Compound 1 

Cyclic voltammograms (CVs) of compound 1 were recorded in a 0.1 M phosphate buffer with 

pH 7 (unless specified otherwise). CV of 1 shows a broad oxidation peak A1 at 1.01 V and a 

reduction peak C1 at 0.91 V (Figure 2.10. (a)). Differential pulse voltammetry (DPV) was used 

to understand the redox phenomenon with higher precision during the anodic scan. DPV was 

carried out with step width and step height of 100 ms and 5 mV, respectively, and pulse width 

and pulse height as 200 ms and 25 mV, respectively. From DPV measurements, two distinct 

peaks were found for oxidation at 0.99 V (A1′) and 1.1 V (A2′) (Figures 2.10. (b), (c)). This 

observation was correlated with the CV of CoW12, which was recorded in 0.1 M Na2SO4 (since 

CoW12 is unstable in phosphate buffer) having pH 7 by dissolving 1 mmol CoW12 in it. A quasi-

reversible redox couple (A2/C2) was observed (Figure 2.10. (d)). Oxidation peak A2 represents 

the oxidation of Co(II)Co(III) at 0.95 V, and reduction peak C2 represents the reduction of 

Co(III)Co(II) at 0.83 V.  Cyclic voltammetric features of CoW12 provide an approximate 

guideline to assign the Co
III

/Co
II
 peak in the CV of compound 1.  

Similarities between the peak positions of the CV of CoW12 and compound 1 suggests the 

oxidative peak A1′ in the CV of compound 1 can be logically assumed to be the result of 

Co(II)Co(III) oxidation of CoW12 unit while peak A2′ to Ni(II) Ni(III) oxidation. As a result 

of the surge of current (due to liberation of 2e- from each water molecule during catalytic WO) 

at higher potential, peaks for further oxidation of Ni(III) could not be observed in the CV of 1. 

With the application of potential, once the reactive high valent Ni-species is formed, it catalyzes 

the oxidation of water molecules. This catalytic WO is accompanied by simultaneous reduction 

of the high valent Ni species back to Ni(III) species. Furthermore, on the reduction side, a broad 

peak C1 is present. This broad peak in CV in the reduction side can be a result of the close 

proximity of the reduction peaks of Co(III)Co(II) and  Ni(III)Ni(II) reduction.
9c,26 

The shift 

in the peak position of Co
III

/Co
II
 couple in compound 1 in respect to CoW12 as such is observed. 

This shift in peak position can be assumed due to a change in the distribution of electron density 

from CoW12 unit owing to sharing of the terminal oxygen atom of CoW12 to bis(2,2´-

bpy)(aqua)Ni(II) unit.  
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Figure 2.10. (a) Cyclic voltammogram (CV) of compound 1 in 0.1 M phosphate buffer, pH 7. (b) DPV of 

compound 1 in 0.1 M phosphate buffer, pH 7. (c)  DPV (          ) and CV (         ) of compound 1 showing two peaks. 

CV and DPV of 1 were obtained using 0.1 M phosphate buffer (pH 7) as supporting electrolyte after coating sample 

on glassy carbon electrode (3 mm diameter). See the text for assignments. (d) (          ) shows CV of CoW12 

recorded from 1 (mM) solution of CoW12 prepared in 0.1 M Na2SO4, pH 7 and (        ) shows CV of blank glassy 

carbon electrode in 0.1 M Na2SO4, pH 7. 

 

2.3.2.2. Electrochemical stability analysis of 1 

The stability of the catalyst (compound 1) was observed by performing constant potential 

electrolysis (CPE) measurements at the onset potential (1.23 V) for 20 h and accelerated 

durability test of 1000 cycles of cyclic voltammetric scans. For CPE, the current change was 

negligible for 20 h (Figure 2.11. (a)). CV was recorded before and after CPE measurement for 

the coated sample of 1. Insignificant change in water oxidation onset current (ca. 27 A) and no 
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alteration in onset potential were observed in CV recorded after 20 h CPE measurement (Figure 

2.11. (b)). The initial and final cycles of 1000 cycles of cyclic voltammetric scans were also in 

agreement with CPE observation as it showed imperceptible changes in catalytic current (Figure 

2.11. (c)). This negligible loss of catalytic current, observed in both 1000
th
  and 2

nd
  CV cycles of 

1 as well as in the CVs recorded before and after conducting 20 h CPE measurements, is a result 

of the loss of sample from electrode surface due to oxygen bubble evolution.  

 

Figure 2.11. (a) CPE of 1 recorded at 1.23 V for 20 h, in 0.1 M phosphate buffer (pH 7). (b) Cyclic voltammograms 

of 1 recorded before (         ) and after (           ) CPE measurements in 0.1 M phosphate buffer, pH 7. Inset: enlarged 
region of same voltammograms showing 20 µA catalytic current differences in CV before and after performing 

CPE. (c) Stability check of 1 by 1000 cycle CV scans in 0.1 M phosphate buffer (pH 7).  (           ) represents the 2nd 

cycle CV scan and (          ) represents 1000th cycle CV scan of 1. Inset: enlarged region of the same voltammograms 

showing only 58 µA difference in catalytic current. 
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For further validation of the results obtained so far, we recorded PXRD as well as FESEM 

images. EDX-elemental analysis for the coated sample of 1 (sample coated on fluorine-doped tin 

oxide (FTO) electrode) before and after recording 1000 cycle scans of CV were also recorded 

(Figure 2.12. (a-d)). All these observations of controlled experiments provide convincing 

information about the robustness and stability of compound 1 as WOC.  

Coated sample of compound 1 on the electrode was characterized by PXRD analysis after 1000 

cycle CV scans and was compared with the simulated PXRD pattern obtained from cif file 

(crystal data) of 1 (Figure 2.12. (g)).   

 

Figure 2.12. Comparison of EDX-Elemental analysis of different areas of carbon mixed coated sample on FTO 

before ((a)-(c)) and after ((d)-(f)) electrochemical analysis (1000 cycle scans of CV in 0.1 M phosphate buffer, pH 

7). (g) Comparison of PXRD pattern of coated sample of 1 on FTO electrode after 1000 cycles of CV scans (red 

solid line) and simulated PXRD pattern generated from cif file of 1 (black solid line). 

2.3.2.3. ICP OES report of electrolyte solution after 1000 cycles cyclic voltammetry 

To check the leaching of Co
2+

/ Ni
2+

 ions in electrolytes, ICP-OES analysis was done for the 

electrolyte after CPE measurement. ICP data of the electrolyte, collected after 8 h CPE 

measurements of 1 confirms no leaching out of Co
2+

 and Ni
2+,

 making it evident that compound 

1 is a true catalyst and does not degrade during WO catalysis  (Figure 2.13.). 
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Figure 2.13.  Report of ICP-AES analysis of electrolyte (0.1 M phosphate buffer, pH 7) after 8 h CPE analysis of 

coated sample of compound 1. 

2.3.2.4. Controlled experiments  

The crystal structure of compound 1 confirms the presence of three types of metal ions, which 

may probably catalyze electrochemical WO. These are Ni(II) from two different sources, i.e. 

[Ni(2,2′-bpy)2H2O]
2+ 

and [Ni(2,2′-bpy)3]
2+

 and Co(II) center from the POM unit. The mechanism 

of WO for the mononuclear Co
2+

 complex is well established. The requirement to form a Co(IV) 

intermediate in case of molecular Co-based WOC has been validated by Nocera
27a

 and 

Berlinguette
27b

, few of the pioneers in this field. Due to structural restriction for the central Co
2+

 

(tetrahedral CoO4 unit caged by 12 WO6 units of Keggin POM) in 1, it cannot bind to water 

molecule to perform catalytic WO. Involvement of central Co(II) of POM unit as a catalytic 

active center would  probably lead to degradation of the concerned POM unit, thereby collapsing 

the whole structure.
12 

[Ni(2,2′-bpy)3]
2+ 

unit, present in the crystal lattice,  if participates in 

catalytic WO, would degrade into NiOx due to its coordination to the rigid ligand sphere forming 

an octahedral geometry.  

In order to negate the possibility of Keggin POM unit to function as the catalytic center in the 

present work, we recorded CV of CoW12 (1 mmol in an aqueous homogeneous medium) at a 

neutral pH using phosphate buffer (0.1 M). The formation of precipitate was observed in the cell 
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prior to application of any external potential. 500 cycles of CVs were carried out at 100 mV/s 

scan rate using the same cell without changing anything. After completing 500 cycles, the 

working electrode (FTO electrode) was taken out and washed with Milli-Q water slowly. A dark 

deposit was observed on the surface of WE after CPE measurement for 8 h. The chemical 

composition of this coat, obtained from the degradation of CoW12, is confirmed to be composed 

of cobalt, phosphorous and oxygen from the EDX-elemental analysis. Henceforth, it is referred 

as ‗CoPxOy generated from CoW12‘(Figure 2.14.). New CV and CPE for 6h were recorded with 

this deposited moiety using similar conditions (0.1 M phosphate buffer, pH 7) used for the CV of 

1. The nature of CV obtained from this differs in terms of peak potential, peak current, and onset 

potential from that obtained for compound 1 (Figure 2.15. (a)). 

 

Figure 2.14. FESEM images and Quantitative representation of weight percentage of their constituent atom in 

sample coat on FTO electrode obtained after 8h CPE of sample, (a,c) Compound 1 (b,d) K6[CoW12O40] ; both in 0.1 

M phosphate buffer, pH 7. 

CPE at 1.3 V for 6 h conducted for ‗CoPxOy generated from CoW12‘ shows a steady increase in 

current with time (Figure 2.15. (b)).This nature of CPE confirms the lack of stability in ‗CoPxOy 

generated from CoW12‘ and the generation of more active species during this time course. It is 

noteworthy that the active species loses its catalytic activity after some time. These observations 

do not have any similarities with the electrochemical properties of compound 1. Thus, it 
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confirms that there is no participation of either CoW12 as such or any degraded product formed 

from CoW12 while using 1 as an electrochemical WO catalyst. 

Figure 2.15. (a) Cyclic voltammograms of CoPxOy generated from CoW12 and compound 1 CV recorded in 0.1 M 

phosphate buffer, pH 7. (b) Constant potential electrolysis (CPE) of sample obtained after 500 cycles scan by 

preparing 1 (mM) CoW12 in 0.1 M phosphate buffer (pH 7) for 6 h at 1.3 V, denoted by symbol (   ) and labeled as 

CoPxOy obtained from CoW12 and similarly for NiCl2 salt, we obtained a coat on FTO electrode which was 

subjected to CPE at 1.3 V for 6 h,denoted by NiPxOy (  ).  

 

2.3.2.4.1. Analysis of oxides and phosphates of Ni(II) & Co(II) salts 

Synthesis of NiOx and CoOx: 1 (mM) NiCl2 solution was prepared in 0.1 M KOH and FTO 

electrode was used as working electrode. Constant potential electrolysis was done at high anodic 

potential (1.4 V vs. NHE) for 30 min to obtained a coating of NiOx on FTO electrode. This 

coating was gently washed with Mili-Q water before using it further for electrochemical studies. 

Similar method was used for CoOx synthesis (instead of NiCl2, CoCl2 was used as starting 

material). 

Synthesis of NiPxOy and CoPxOy: 1 (mM) NiCl2 solution was prepared in 0.1 M phosphate 

buffer having pH 11 and FTO was used as working electrode. Constant potential electrolysis was 

done at high anodic potential (1.4 V vs. NHE) for 30 min to obtain a coating of NiPxOy on FTO 

electrode. This coating was gently washed with Mili-Q water before using it further for 

electrochemical studies. Similar method was used for CoPxOy synthesis. Instead of NiCl2, CoCl2 

was used as starting material. 

Once these oxides are successfully generated by following above mentioned protocol, we 

recorded CVs in neutral pH (0.1 M Na2SO4, was used as electrolyte for oxides and 0.1 M 
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phosphate buffer, pH 7 was used as electrolyte for phosphates). For oxides (Ni & Co), 0.1 M 

Na2SO4 was used to avoid formation of phosphate layer over the oxide layer generated. 

 CVs recorded for every species is provided in Figure 2.16. and Figure 2.17. After recording 

CVs for 50 scans, FESEM images along with EDX elemental analysis of the coated samples 

were taken (Figures 2.18.-2.21.). For each sample, EDX analysis was carried over different 

region to check on the homogeneity of the sample.  

 

Figure 2.16. Cyclic voltammograms of (a) CoOx on FTO in 0.1 M Na2SO4, pH 7 and compound 1 in 0.1 M 

phosphate buffer, pH 7 and (b) of CoPxOy generated on FTO, in 0.1 M phosphate buffer, pH 7 and compound 1 in 

0.1 M phosphate buffer, pH 7. 

 

Figure 2.17. Cyclic voltammograms of (a) NiOx on FTO in 0.1 M Na2SO4, pH 7 and compound 1 in 0.1 M 

phosphate buffer, pH 7 and (b) of NiPxOy generated on FTO, in 0.1 M phosphate buffer, pH 7 and compound 1 in 

0.1 M phosphate buffer, pH 7. 
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Figure 2.18. (a)-(b) FESEM images of CoOx deposited on FTO obtained after 100 cycle scans of CV in 0.1 M KOH 

containing 1 mmol CoCl2. (c) Energy-dispersive X-ray spectroscopy (EDX) spectrum of CoOx. (d) Quantitative 

representation of weight percentage of their constituent atom in the sample coat on FTO electrode obtained after 500 

cycle scans of CV. Table represents the EDX analysis over different region of the surface of CoOx. 

 

 

Figure 2.19. (a)-(b) FESEM images of CoPxOy deposited on FTO obtained after 100 cycle scans of CV in 0.1 M 

KOH containing 1 mmol CoCl2. (c) Energy-dispersive X-ray spectroscopy (EDX) spectrum of CoPxOy. (d) 

Quantitative representation of weight percentage of their constituent atom in the sample coat on FTO electrode 

obtained after 500 cycle scans of CV. Table represents the EDX analysis over different region of the surface of 

CoPxOy. 
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Figure 2.20. (a)-(b) FESEM images of NiOx deposited on FTO obtained after 100 cycle scans of CV in 0.1 M KOH 

containing 1 mmol NiCl2. (c) Energy-dispersive X-ray spectroscopy (EDX) spectrum of NiOx. (d) Quantitative 

representation of weight percentage of their constituent atom in the sample coat on FTO electrode obtained after 500 

cycle scans of CV. Table represents the EDX analysis over different region of the surface of NiOx. 

 

Figure 2.21. (a)-(b) FESEM images of NiPxOy deposited on FTO obtained after 100 cycle scans of CV in 0.1 M 

KOH containing 1 mmol NiCl2. (c) Energy-dispersive X-ray spectroscopy (EDX) spectrum of NiPxOy. (d) 

Quantitative representation of weight percentage of their constituent atom in the sample coat on FTO electrode 

obtained after 500 cycle scans of CV. Table represents the EDX analysis over different region of the surface of 

NiPxOy.  

In order to understand and correlate the kinetics followed by each of these species and compound 

1, we have devised Tafel plot. iR (cell resistance) corrected Tafel plot was constructed in 0.1 M 

Na2SO4, pH 7, for oxides and 0.1 M phosphate buffer, pH 7, for phophates (Figure 2.22.). The 
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slope of Tafel plot defines the kinetics involved, which varies tremendously for each of them. In 

Table 2.4., Tafel slopes for all these species including compound 1 is provided. 

 

Figure 2.22. Galvanostatic iR corrected Tafel plot of (a) CoOx, in 0.1 M Na2SO4 (pH 7), (b) CoPxOy, in 0.1 M 

phosphate buffer (pH 7), (c) NiOx, in 0.1 M Na2SO4 (pH 7), (d) NiPxOy, in 0.1 M phosphate buffer (pH 7). 

 

In order to find out whether any participation is coming from the degraded product of Ni(II) 

containing units ({Ni
II
(2,2′-bpy)2(H2O)]

2+
 and [Ni

II
(2,2′-bpy)3]

2+
), we conducted the following 

controlled experiments as mentioned below: 

(i) We have synthesized [Ni
II
(2,2′-bpy)2(H2O)Cl]Cl and [Ni

II
(2,2′-bpy)3]Cl2 following reported 

protocols,
21   

and conducted constant potential electrolysis (CPE) and cyclic voltammetry for both 

of them (Figure 2.23.). 
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Figure 2.23. (a) Cyclic voltammograms of 1 mmol [Ni(2,2′-bpy)2(H2O)Cl]Cl complex and compound 1. (b) CPE of 

[Ni(2,2′-bpy)2(H2O)Cl]Cl at 1.2 V for 8 h. (c) Cyclic voltammograms of 1 (mM) [Ni(2,2′-bpy)3]Cl2 and compound 

1. (d)  CPE of [Ni(2,2′-bpy)3]Cl2 at 1.2 V for 8 h. All the experiments were done in 0.1 M phosphate buffer, pH 7. 

 

 (ii) 1 mmol solution of NiCl2 was prepared in 0.1 M KOH, and was subjected to high anodic 

potential (0-1.6V) for 200 cycles of cyclic voltammetry. These CV scans were recorded with 

FTO as WE. Application of such high anodic potential during CV is known to form NiOx from 

NiCl2 salt.
9c 

Formation of NiOx was confirmed by EDX elemental mapping (Figure 2.20.). In 

similar fashion CoOx was synthesized by using 1 mmol of CoCl2 instead of NiCl2 and 

characterized (Figure 2.18.).  For these species, generated electrochemically on FTO, cyclic 

voltammetric measurements were carried out in 0.1 M Na2SO4 at pH 7. iR (cell resistance) 

corrected Tafel plot was also constructed for each of these compounds to have an idea about their 

water oxidation kinetics. 
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(iii) NiPxOy, was developed by preparing 1 mmol NiCl2 in 0.1 M phosphate buffer having pH 10, 

and applying high anodic potential (0-1.6 V). A dark colored coating was formed on FTO 

electrode. Prior to indulging in any electrochemical study by using this coat, it was washed 

slowly with mili-Q water. Formation of NiPxOy on FTO was confirmed by EDX elemental 

mapping (Figure 2.21.). Using the same protocol CoPxOy was synthesized and characterized 

(Figure 2.19.). Modification in the procedure was just to replace NiCl2 by CoCl2. For these 

species generated, electrochemically on FTO, CV was recorded and iR (cell resistance) corrected 

Tafel plot was constructed in galvanostatic mode in 0.1 M phosphate buffer, pH 7. For NiPxOy 

CPE was conducted at 1.3 V for 6 h. 

Table 2.4. Comparison of Tafel slope of electrochemically generated oxides & phosphates of Ni 

& Co with compound 1. 

S. No. Name/Chemical 

composition 

Tafel Slope (mV/decade) 

1. Compound 1 168.41 

2. NiPxOy 331.03 

3. CoPxOy 60.02 

4. NiOx 228.3 

5. CoOx 377.17 

 

FESEM images of all these electrochemically generated species (oxides and phosphates) were 

taken and compared with the coated sample of compound 1 obtained after 1000 cycle scans of 

CV on FTO electrode (Figures 2.14., 2.18., 2.21.).  

 

2.3.2.5. Kinetics and Mechanism involved in catalyzing water oxidation by Compound 1  

To deduce the mechanism of WO, cyclic voltammetric study was conducted in a wide pH range 

(acidic and neutral pH) (Figure 2.24. (a)). A derived plot has been constructed from these CVs 

of 1 obtained by varying pH, where the required potential values for a fixed current density of 

0.76 mA/cm
2
 is plotted against varied pH values. The reason behind the choice of large current 

density is to negate the interference of diffusional peak current. A linear plot is obtained over the 
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pH range 3-7 with the slope of -27.4 mV/pH (Figure 2.24. (b)). This suggests that present 

system 1 catalyzes WO via proton coupled electron transfer (PCET) pathway where 2 electrons 

and 1 proton are involved.
9c

 The rate determining step (RDS) is confirmed by the changes 

observed in normalized current density (j/

with variation in scan rate. CV scans were 

recorded by varying the scan rates (Figure 2.25. (a)). With increasing scan rate, normalized 

current density is found to decrease (Figure 2.25. (b)). This infers a chemical process i.e. 

formation of O-O bond as rate limiting step.
28 

 

Figure 2.24. (a) Cyclic voltammograms of 1 in 0.1 M phosphate buffer by varying pH; Fresh coat of sample 

(compound 1) was used before running CV in each pH. (b) Derived plot of potential (at j= 0.76 mA/cm2) vs. pH for 

compound 1. 

 

 

Figure 2.25. (a) Cyclic voltammograms of 1 at various scan rates in 0.1 M phosphate buffer at pH 7. (b) The plots 

of normalized current density versus potential of 1 at various scan rates in 0.1 M phosphate buffer at pH 7. 
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2.3.2.6. Tafel plot 

The galvanostatic mode was used for calculating Tafel data. To obtain the plot, we administered 

a constant current for about 10 minutes, after which the steady-state potential was noted. 

Following a similar method for 10 different currents values in the range of 10
-5

 A to 10
-3

 A, 

potential values were recorded. To maintain steady-state mass flow to the electrode, the 

electrolyte solution was stirred at 450 rpm throughout the experiment. Before starting the 

measurement, the solution resistance was recorded by directly reading the instrument‘s iR 

function value. The uncompensated resistance values were manually corrected for each current 

value by employing this resistance value. 

 

Figure 2.26. Galvanostatic iR corrected Tafel plot of 1 at pH 7 (0.1 M phosphate buffer). 

 

Thus, iR (cell resistance) corrected Tafel plot was devised with 0.1 M phosphate buffer in 

galvanostatic mode. Overpotential (η) of 475.6 mV was observed for 1 at current density of 

1mA/cm
2
 (Figure 2.26.) and high turnover frequency (TOF) of 18.49 s

-1 
was calculated.  
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2.3.2.7. Faradic efficiency calculation 

Calculation of Faradaic Efficiency of 1 

For faradic efficiency calculation, we quantified the oxygen evolved by the system by carryin out 

bulk electrolysis for a constant current. This experiment was carried out using a two-electrode 

system where fluorinated tin oxide (FTO) with a surface area of 0.75 cm
2
 was taken as working 

electrode while a large area platinum flag was used as the counter electrode (cathode). The 

loading of the catalyst was done in such a way to obtain a 1 mg/cm
-2

 of sample on FTO working 

electrode surface. 0.1 M phosphate buffer (pH 7) was used as the electrolyte. For this 

experiment, we employed a home-built set-up that can measure the volume of O2 evolved with a 

precession of 0.05 mL). Bulk-electrolysis was carried out by administrating a constant current 

density of 1 mA/cm
2
 for a period of 5 h.  

During the electrolysis, oxygen bubbles evolved by the catalysis of 1, initially gathered at the 

FTO electrode‘s surface, and later accumulating in an inverted graduated tube (previously filled 

with electrolyte) displacing the electrolyte (Figure 2.27.). The home-made set-up design is such 

that it separates the gas evolved at anode and cathode without hampering the measurements. A 

small window between the working and counter electrode maintained the electrical continuity in 

the system. Thus, H2 gas generated from the counter electrode formed a ring of the bubble 

around the inverted graduated tube (but could not get inside the tube).  

Calculation of Faradaic Efficiency of 1 

Faradaic efficiency of any system describes the efficiency with which charge is utilized in an 

electrochemical reaction.   

For oxygen evolving reaction, Faradic efficiency can be written as, 

    

 

From the bulk-electrolysis, the quantitative measurement of oxygen evolved was measured  

under constant current condition. For this work, we found 0.15 mL/hour of O2 evolved under 1 

atm. pressure. 

Moles of O2 evolved by the system 

Moles of O2 that can evolve by using the applied charge 
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Thus, moles of O2 evolved in one hour = (0.15/22400) mol = 6.21 μmol. 

 

O2 ideal =  

 

Here, we employed a current density of 1 mA/cm
2
 and ‗n‘= 4 for OER (a four-electron process). 

Thus, O2 that ideally should evolve = (75 × 3600)/(4 × 96500) mol = 6.995 μmol. 

Therefore Faradaic efficiency of compound 1, 

  
    

      
      = 88.7% 

Thus, Faradic efficiency is 88.7% for compound 1. 

Home-made set-up used for quantitative measurement of oxygen evolved 

 

Figure 2.27. Schematic diagram of home-built set-up employed for quantitative measurement of oxygen evolution. 

Q (Total Charge employed) 

n (no. of electrons required for the chemical change X 1 Farad) 
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2.3.2.8. Turnover Frequency (TOF) Calculation 

 Calculation of Surface Coverage and number of active nickel atoms 

In order to calculated the active Ni atoms/cm
2
 on the electrode surface, we measured the surface 

coverage (Γ0) from the slope (9.548 E-6 F) of the ip vs scan rate (Figure 2.28.) (obtained from 

Figure 2.25. (a)), using the equation 1 using a method recently described by Pintado et al.
34

  

    Slope = n
2
F

2
AΓ0/4RT   ............. (1) 

Where ‗n‘ = No. of electrons involved, here 1. For Ni(II) – Ni(III) conversion. 

‗F‘ = 1 Farad = 96,500 C. 

‗A‘ = Geometrical surface area of electrode. 

‗R‘ = Ideal Gas Constant. 

‗T‘ = Temperature during experiment (298 K). 

‗Γ0‘ = Surface density of active Nickel atoms. 

Γ0= (Slope)(4RT)/ n
2
F

2
A 

By substituting all the values, we found out that surface density of active nickel atoms is 

84.4×10
12

 Nickel atoms/cm
2
 or 1.401× 10

-10
 mol/cm

2
. 

 Calculation of Turnover Frequency (TOF) for O2 evolution from Tafel Plot: 

The TOF can be written as,  

 

                                                                                                                                      .....  (2) 

OER being 4e
-
 process, the numeric 4 can be seen in the equation 2. Hence, by dividing the 

current density at a particular overpotential by 4F (F = Faraday constant), we can get one 

catalytic turnover number, and further dividing this turnover number by the number of active 

Nickel atoms gives us the turnover frequency (TOF). 

                                                                                                                                  .....  (3) 

TOF at any given over potential = 

Current density at given over potential 

4   F   No. of active Nickel species/atoms 

(TOF )j=1 mA/cm
2 = 

10
-3 

4   F   1.401E
-10 
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Thus (TOF)j=1 mA = 18.49 [mol O2 (mol Ni)
-1

s
-1

] 

 

 

Figure 2.28. Peak current (ip) as a function of scan rate of 1 in 0.1 M phosphate buffer (pH 7). 

2.4. Conclusion 

To conclude, we are able to synthesize a new hybrid compound, [Ni
II
(2,2′-bpy)3]3[{Ni

II
(2,2′-

bpy)2(H2O)}{HCo
II
W

VI
12O40}]2ˑ3H2O (1), containing POM as inorganic unit and 2,2′-bipyrine as 

organic unit linked together with Ni(II) metal ion. This is the first report of such a class of 

compound where insights of water oxidation (WO) during electrochemical process are explained 

by confirming no formation of metal oxide during the process. Ni(II) from {Ni
II
(2,2′-

bpy)2(H2O)} unit acts as a catalytically active center. The title compound 1 is found to be 

highly stable, robust under the electrochemical conditions required for WO at pH 7. It shows 

moderate value of overpotential of 475.6 mV accompanied with a very high turnover frequency 

18.49 s
-1

. The catalytic cycle proceeds with O-O bond formation as rate-limiting step. Overall, 

this work has provided a glimpse that a ‗wide-range‘ class of polyoxometalate (POM) supported 
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transition metal complexes with (at least) one metal-coordinated water molecule (essential for 

water oxidation), for example, compound [Ni
II
(2,2′-bpy)3]3[{Ni

II
(2,2′-bpy)2(H2O)} 

{HCo
II
W

VI
12O40}]2ˑ3H2O (1) in the present work, have potential to act as electrocatalysts for 

efficient water oxidation.   
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OVERVIEW 

Hydrogen is the solution to all the problems associated with the energy crisis. Generating hydrogen from 

water splitting is one of the greener approaches but it requires an efficient catalyst which is economical for 

the bulk production of hydrogen. In this work we have demonstrated the utilization of a POM supported Cu-

complex, for the electrochemical HER activity. This is among one of the few reports available with POM 

supported transition metal complexes (PSTMCs) for electrochemical HER. Polyoxometalate (POM) supported 

transition metal complexes are one of the popular hybrid compounds derived from POM unit which have the 

properties associated with both the POM and the supported transition metal complexes along with some value 

added property due to the synergistic effect making PSTMCs a better candidate then its constituent units. In 

this work we have demonstrated successful synthesise of a Cu-complex coordinated to a POM molecule, 

forming a 2D-network with molecular formula of [{Cu(2,2´-bpy)(H2O)2}][{CoW12O40}{(Cu(2,2´-bpy)(H2O)}{(Cu(2,2´-

bpy)}]·2H2O (1). From the electrochemical studies, we found compound 1 can function as heterogeneous and 

robust electrochemical catalyst for hydrogen evolution reaction (HER) in near neutral medium (pH 4.8), under 

buffered condition (acetate buffer). Through varied electrochemical experiments, detailed study has been 

conducted to gain insights to the electrocatalysis exhibited by 1. Compound 1 follows PCET pathway with one 

proton and one electron involvement for electrocatalyzing HER. The overpotential required to achieve a 

current density of 1 mA/cm2 was found to be 520 mV with the Faradic efficiency of 81.02%.  
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3.1. Introduction  

Energy is the center of attraction, a prerequisite for development, modernization, and one of the 

culprits in environmental hazards due to humans' poor choice to implement energy sources. As 

discussed in chapter 1, how extensive use of fossil fuels has led to an increase in CO2 emission, 

thereby affecting environmental health. This made us look for a sustainable energy source to 

replace fossil fuels for good. As mentioned in Chapter 1, the whole discussion boils down to 

water splitting (WS) for generating hydrogen gas in its purest form with no C-based waste. Thus 

developing a catalyst for hydrogen evolution reaction (HER) needs urgent attention, considering 

the less availability of low-cost catalysts. HER process's thermodynamic potential is 0 V vs. 

NHE, making it seem an easily achievable process. 

But on the contrary, HER with very low overpotential is achieved to date mostly by a noble 

metal (e.g., Pt metal).
1-4

  In the last few years, research has advanced towards betterment where 

few noble metals based materials containing relatively less amount of Pt showed similar 

results.
3,4 

There are reports of bimetallic compounds that contain a certain percentage of Pt along 

with other metals such as Ru/Rh etc.
5-10

 Even though the results are encouraging, the catalyst's 

cost is still very high for practical usage. 

Scientists have looked into earth-abundant transition metal-based catalysts for HER, taking HER 

catalyst altogether to a different level. Especially last few years have been great for HER based 

catalysts, which witnessed an increase in publication.
11-15

 Utilizing transition metals, especially 

those abundant on the earth's surface, could solve the cost-related problem and be much more 

useful for practical purposes. Recent advancement in this direction has led to the exploration of 

Cu/Co/Fe/Ni-based compounds/materials for both photo/electrocatalytic HER.
16-20

  

Cu is one of the metals whose presence is eminent in the biological systems. There is a high 

probability of it mimicking the photocatalytic WS process if designed appropriately. The 

catalysts prepared for HER are primarily divided into molecular and non-molecular 

compounds/materials. Molecular catalysts are those which many times are isolated as single 

crystals, could be structurally characterized; whereas non-molecular substances do not have a 

definite structure (mostly, infinite structure). The ease of tuning the structure in the case of 

molecular catalysts makes it preferable while considering designing catalysts, as it facilitates one 

with various opportunities to understand the chemistry. The first molecular catalyst known for 

HER with Cu-complex was reported in the year 2014 by Wang and his co-workers.
21

 This copper 
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complex having a molecular formula of [(bztpen)Cu](BF4)2 

(bztpen=N‐benzyl‐N,N′,N′‐tris(pyridin‐2‐ylmethyl)ethylenediamine) exhibited excellent activity 

towards catalytic HER with a high TOF of 7000 h
-1

cm
-2

. The complex showed HER activity at 

low pH of 2.5 in the phosphate buffer. Late in the year 2016, the same group utilized this 

complex again at low pH (1.4-1.6) to obtain a deposit of Cu-CuxO-Pt.
22

 This deposit showed 

exceptional results with an overpotential of  45mV at a current density of 20mA/cm
2
.  

Siewert and her co-workers documented two different Cu-complexes acting as precursors to 

form Cu(0) and Cu2O deposition on the electrode surface.
23

 These depositions act as active 

catalysts for HER activity.  

Recently POM based materials have gained considerable attention for developing various HER 

catalysts. POMOF (polyoxometalate organic framework), POM@MOF, and POM supported 

transition metal complexes (PSTMCs) are a few to name.
24-28

 These POM based 

composites/compounds are seldom also utilized as a as precursor to prepare an active 

electrocatalyst for water splitting.  

POMs could be used to activate the electroactive species for HER activity. Yang, Gua, and his 

co-workers recently activated CoSe2 for HER by clubbing it with sandwiched POM.
29

 In this 

work, Keggin type sandwiched POM (Na10[Mn4(H2O)2(VW9O34)2].26H2O) was immobilized on 

CoSe2-Nanobelts(NBs). POM's synergistic effect on CoSe2-NBs, coupled with its fast electron 

transfer property, POM solves the major obstruction in designing CoSe2-based HER catalyst in 

an acidic medium (0.5 M H2SO4). This nanocomposite exhibited exceptional HER catalytic 

activity with an overpotential of 187 mV for the current density of 10 mA/cm
2

. In the extensive 

available literature on POMs and POM based materials, we have observed that POMs or 

PSTMCs are not well explored for electrocatalytic HER activity. The majority of PSTMCs are 

studied for either nitrate/bromate reduction or ascorbic acid oxidation, as tabulated in Table 1.1. 

of Chapter 1.  

The lack of literature followed by ease of metal complexes' stability by preparing PSTMCs 

motivated us to design new POM supported Cu-complexes. Metal complexes, especially Cu in 

most cases, have undergone decomposition forming elemental copper coat on the electrode in the 

electrocatalytic HER conditions.
23

 We planned the Cu-complex synthesis on cluster surface of 

POM compound via ‘W–O’ bond to look into the stability. POM's employment for metal 

complex stability has proven to be successful by our group earlier for OER catalysis (Chapter 



Chapter 3 
 

 
81 

2).
30 

In this chapter, by slightly modifying the synthetic procedure from Chapter 2, we successfully 

synthesized a two-dimensional network of Cu-complex coordinated to the Keggin POM 

(K6[CoW12O40]·6H2O).  The synthesized hybrid compound was characterized by single-crystal 

XRD and from its crystal structure, we formulated it as [{Cu(2,2´-

bpy)(H2O)2}][{CoW12O40}{(Cu(2,2´-bpy)(H2O)}{(Cu(2,2´-bpy)}]·2H2O (1). The ease with 

which Cu(II) species could be reduced to Cu(I) species, we speculated this hybrid to exhibit 

electrocatalytic HER activity. As expected, compound 1 shows HER activity at a moderate low 

pH (4.8) in an acetate buffer. Details about the true catalyst nature, role of POM in this hybrid 

for HER catalysis including its mechanistic and kinetic details are discussed further. 

3.2. Experimental Section 

3.2.1. Material and methods 

3.2.1.1. General materials and methods.  

Starting materials were purchased in AR grade and were used as received. PXRD patterns were 

recorded on a Bruker D8-Advance diffractometer by using graphite monochromated 

CuKÅ andÅ) radiation. Infra-red spectra of solid samples were 

obtained as KBr pellets on a JASCO–5300 FT–IR spectrophotometer. Diffuse Reflectance 

(DRS) UV-vis electronic absorption spectra were recorded using Shimadzu-2600 

spectrophotometer. Thermogravimetric (TGA) analyses were carried out on a STA 409 PC 

analyzer. Field emission scanning electron microscope (FE-SEM) imaging with energy 

dispersive X-ray (EDX) spectroscopy was carried out on a Carl Zeiss model Ultra 55 

microscope,  EDX spectra and maps were recorded using Oxford Instruments X-Max
N
 SDD (50 

mm
2
) system and INCA analysis software. All electrochemical experiments were conducted 

using a Zahner Zanium electrochemical workstation operated with Thales software. 

 

3.2.1.2. Crystal Data collection 

Single-crystal suitable for structural determination of compound 1 was mounted on a three-circle 

Bruker SMART APEX CCD area detector system under Mo−Kα (λ = 0.71073 Å) graphite 

monochromated X-ray beam with the crystal-to-detector distance of 60 mm, and a collimator of 

0.5 mm width (at 273 K temperature). The scans were recorded with a ω scan width of 0.3°. 
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SAINT PLUS performed data reduction,
31

 empirical absorption corrections using equivalent 

reflections were performed by program SADABS.
32 

Structure solutions were done using 

SHELXS-97
33

 and full-matrix least-squares refinement was carried out using SHELXL-97.
34

All 

the non-hydrogen atoms were refined anisotropically. Hydrogen atoms on the C atoms were 

introduced on calculated positions and were included in the refinement riding on their respective 

parent atoms. Crystal data and structural refinement parameters for compound 1 are summarized 

in Table 3.1.   Selected bond length and bond angle for compound 1 is summarized in Appendix 

A2. 

 

3.2.1.3. Electrochemical studies 

Similar protocol is followed as that discussed in Chapter 2 under section 2.2.1.3. All the 

electrochemical experiments were performed at ambient temperature. Electrode potentials were 

converted to the normal hydrogen electrode (NHE) scale using the relation E (NHE) = E 

(Ag/AgCl) + 0.2382 V when the Ag/AgCl used as RE. Cyclic voltammetry scans were initiated 

at the open circuit potential (OCP), and the anodic side was scanned first, followed by cathodic 

scan. Five cycles were taken consecutively for each set of cyclic voltammetry measurements in 

quiescent solution. Cyclic voltammograms (CVs) were also recorded at various scan rates. 

 

3.2.2. Synthesis  

3.2.2.1. Synthesis of Compound 1  

The Keggin POM,  K6[CoW12O40]·6H2O (POM) was synthesized using a reported protocol 

which is discussed in Chapter 2 in section 2.2.2.1.
30

 Synthesized and characterized POM was 

used as such for the synthesis of the hybrid compound which is formulated as [{Cu(2,2´-

bpy)(H2O)2}][{CoW12O40}{(Cu(2,2´-bpy)(H2O)}{(Cu(2,2´-bpy)}]·2H2O (1). A mixture of 

CuCl2·4H2O (71 mg, 0.34 mmol) 2,2′-bpy (114 mg, 0.73 mmol)  and K6[CoW12O40]·6H2O (32 

mg, 0.01 mmol) in 3 mL MeOH and 2 mL water, were taken in 23 mL Teflon lined reactor and 

was stirred for 45 min. The solution was heated to 160 ˚C for five days under solvothermal 

conditions. It was cooled down to room temperature (34˚C) in 24 h to obtain block-shaped green-

colored crystals. Yield: 36% (based on W). 
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3.3. Results and Discussion 

3.3.1. Physical characterization 

All the compounds synthesized for this work were characterized by PXRD pattern analysis, 

infra-red analysis, UV-vis. diffused reflectance spectral (DRS) analysis, Raman, FESEM, TGA 

analysis. Compound 1 was unambiguously characterized by single-crystal X-ray diffraction. For 

studying the electrocatalytic activity of 1 for HER, various electrochemical techniques were 

employed. The details are discussed in this section later.  

3.3.1.1. Single-crystal XRD analysis 

Compound 1 was characterized through Single-crystal X-ray crystallography at room 

temperature (286 K). Compound 1 crystallizes in a monoclinic crystal system with p21/n space 

group. The molecular formula of compound 1 is [{Cu(2,2´-

bpy)(H2O)2}][{CoW12O40}{(Cu(2,2´-bpy)(H2O)}{(Cu(2,2´-bpy)}]·2H2O. In this case, Keggin 

POM, K6[CoW12O40]·6H2O, acts as a multidentate ligand coordinating via oxygen atom 

present on the bridged ‘W‒O‒W’ and terminal ‘W=O’ position resulting in a two-dimensional 

network of the polymeric system. Compound 1 consists of three different crystallographically 

distinct ‘Cu
2+
’; let us label them as Cu(1), Cu(2), and Cu(3) for future reference.  Cu(1) has 

coordination number (C.N.) five where two nitrogens of 2,2′-bpy fulfill the two coordination 

sites, two from free aqua ligand (-OH2), and one from the bridging oxygen of the ‘W‒O‒W’ 

bond of the POM. Thus Cu(I) could be formulated as [(POM-Ob-Cu
II
(2,2′-bpy)(H2O)2)] where 

POM-Ob refers to the bridging oxygen of the ‘W‒O‒W’ bond of the POM. 

Table 3.1.  Crystal data and structure refinement for Compound 1 

 

Empirical formula  C30H24Co1Cu3N6O45W12 

Formula weight  3644.30 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 13.567(3) Å          = 90°. 

                                                               b = 19.287(6) Å          =94.427(10)°.                                                                      

                                                               c = 22.639(6) Å           = 90°. 
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Volume 5906(3) Å
3 

Z 2 

Density (calculated) 4.098 Mg/m
3
 

Absorption coefficient 24.698 mm
-1

 

F(000) 6432 

Theta range for data collection 2.297 to 27.500°. 

Index ranges -17<=h<=17, -24<=k<=24, -28<=l<=28 

Reflections collected 197748 

Independent reflections 12250 [R(int) = 0.0805] 

Completeness to theta = 25.242° 98.7 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12250 / 0 / 874 

Goodness-of-fit on F2 1.136 

Final R indices [I>2sigma(I)] R1 = 0.0320, wR2 = 0.0744 

R indices (all data) R1 = 0.0413, wR2 = 0.0812 

Largest diff. peak and hole 2.685 and -3.013 e.Å-3 

 

 

Figure 3.1.  (a) Asymmetric unit in the crystal structure of compound 1 representing thermal ellipsoidal diagram 

with 70% probability. (b) Packing of the molecules in the crystal structure of 1 looking down to the crystallographic  

b-axis after omitting the POM unit for clarity. Colour code: gray-C; blue-N; cyan-W; orange-Cu; red-O; pink-Co 

(hydrogen is omitted for clarity purpose). 
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Cu(2) also has C.N. of five but differs from Cu(1) in terms of ligands. 2,2′-bpy occupies the two 

coordination sites, and one of the sites is fulfilled by aqua ligand (‒OH2). The remaining two 

sites are filled by the ‘O’-atoms from two different POM units, thus resulting in the polymeric 

chain formation. Cu(2) coordinates with bridging oxygen of the ‘W‒O‒W’ bond of the POM 

unit and other via the terminal oxygen atom of the ‘W=O’ bond of another POM unit. Thus 

Cu(2) could be formulated as [(POM‒Ob‒Cu
II
 (Ot-POM(2)(2,2′-bpy)(H2O))] where POM(2) 

refers to the other POM cluster through which Cu(2) is coordinated, forming a chained structure. 

Cu(3) has coordination number four and the ligands coordinated to it are similar to that of Cu(2) 

except for the free aqua ligand. Cu(3) also links through two different POM units resulting in the 

2d-network formation. Thus, we can formulate the Cu(3) fragment as [(POM‒Ob‒Cu
II
 (Ot-

POM(2)(2,2′-bpy)]. 

As already mentioned, in the crystal structure of compound 1, both Cu(1) and  Cu(2) have penta-

coordination, acquiring a distorted square pyramidal geometry and Cu(3) has four coordination 

having distorted square planar arrangement around it. Cu(2) and Cu(3) centers are involved in 

the formation of the extended structure, while Cu(I) center (having two coordinated water 

ligands) is coordinated to the each POM cluster but not involved in the formation of the extended 

structure as shown in Figure 3.2.   

 

Figure 3.2.  Coordination pattern around each Keggin POM unit in the crystal structure of compound 1. 
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From the crystal structure, it is apparent that Cu(1) and Cu(2)t centers, having two- and one-

coordinated water molecules, can act as the functional sites for HER catalysis and Cu(3) center 

cannot take part in HER because of its lack of water coordination. Moreover, among Cu(1) and 

Cu(2) centers, the Cu(1) center should be more preferred HER site  than Cu(2) site because 

Cu(2) site is directly engaged in the formation of 2D coordination polymer involving the 

coordination of terminal oxo group (W=O) and bridging oxo group (W-O-W) from two different 

Keggin POMs (Figure 3.2.).  Thus compound 1 consists of three distinct Cu(II)-centers, which 

vary from each other with respect to the co-ordination environment and geometry. From the 

crystal structure analysis, compound 1 is formulated as [{Cu(2,2´-

bpy)(H2O)2}n][{CoW12O40}{(Cu(2,2´-bpy)(H2O)}{(Cu(2,2´-bpy)}]n·2nH2O (1), in which the 

copper(II)-bis(aqua)-bipyridine coordination complex in the first parentheses is supported on the 

POM cluster surface but not involved in the construction of 2D coordination polymer in contrast 

to the other two Cu(II) centers in the second parentheses in the formula, that are involved in the 

formation of extended structure.  

3.3.1.2. PXRD analysis of POM and compound 1 

Bulk purity of compound 1 has been confirmed by recording the powdered-XRD patterns of 1 

and comparing it with the one obtained from the relevant single crystal data. Major peaks from 

the simulated PXRD pattern of 1 matched with that of experimentally obtained data (Figure 3.3.) 

confirming its bulk purity. 

 

Figure 3.3.  PXRD patterns of compound 1: red plot, experimentally observed and black plot, simulated pattern 

from the single crystal data.    
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3.3.1.3. UV-vis. DRS, FTIR and Raman spectral analysis of compound 1 and the pristine 

POM 

The solid-state diffused reflectance spectra of the title compound 1 and the pristine POM 

compound have been recorded and converted into absorbance by the Kubelka-Munk (K.-M.) 

algorithm. In the visible range of the electronic spectra of compound 1, a broad absorbance band 

is seen at a wavelength of 630 nm with two humps at 748 nm and 873 nm. The absorbance at 

630 nm is due to the‘d-d’ transition of ‘Co
2+
’ from the Keggin POM; this feature is also clearly 

visible in the electronic spectrum of POM as shown in Figure 3.4 (a). On the other hand, the 

absorbance observed at 748 nm and 873 nm in the electronic spectrum of compound 1 is similar 

to that in the electronic spectrum of [Cu
II
(2,2′-bpy)2(H2O)2]

2+ 
complex (Figure 3.3 (b)). Hence, 

this feature at around 748 nm and 873 nm could be assigned to the absorbance of the POM 

supported Cu-complexes in 1. Absorbance in the near-IR range (1000-1200 nm), found in the 

electronic spectra of 1 and POM itself,  is mainly due to the charge transfer from e(Co) to t2(W) 

state of the POM unit.
30

  

 

Figure 3.4. (a)  Kubelka-Munk derived UV-vis. DRS spectrum of 1 and Keggin POM compound.  (b) Kubelka-

Munk derived UV-Vis. DRS spectrum of 1 and [CuII(2,2′-bpy)2(H2O)2]Cl2 (labeled as Cu-complex in the plot). 

In the UV region (below 300 nm) of the DRS spectra of 1 and POM compound, peaks are mainly 

due to O2p → W5d charge transfer of POM cluster (Figure 3.4(a)). Some additional features are 

seen in the same range (below 300 nm, Figure 3.4(a)) in the electronic spectrum of compound 1, 

that are attributed metal to-ligand charge transfer of the Cu
II
-complexes and the π−π* transition 

due to bpy ligand by comparing the same range (Figure 3.4(b)) of as-synthesized [Cu
II
(2,2′-

bpy)2(H2O)2]Cl2 complex . Thus, the absorption spectrum of 1 supports the presence of Co(II)-
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centered Keggin anion as well as the copper-bipyridine complex, as found in the crystal structure 

of compound 1 (vide supra).  

IR data of compound 1 is recorded and is provided in Figure 3.5. Stretching frequencies from 

the ‘C=N’ and ‘C-N’ bond of bpy unit in compound 1 shows bands around 1600 cm
-1

 and 1460 

cm
-1,

 respectively. Due to the POM unit, the following bands are observed in compound 1: W-

O)t 945 cm
-1

, (W-O-W) Oh edge-sharing 866 cm
-1

, (W-O-W) corner-sharing 730 cm
-1

, (O-Co-

O) 456 cm
-1

. The IR stretching of 1 is similar to that obtained for compound 1 from Chapter 2 

as expected (Figure 2.3.). 

 

Figure 3.5. IR spectrum of compound 1. 

 

The concerned Keggin POM, K6[CoW12O40]·6H2O, is Raman active, and hence we expected 1 

to show a similar Raman signature  arising due to the presence of the Keggin POM. A WITec 

model Alpha 300 R Raman microscope was used for recording the Raman spectrum of 1 as 

shown in Figure 3.6. The excitation source used for this analysis was 633 nm laser. The 

Raman spectral features obtained for 1 (Figure 3.6.) is found to be consistent with those found 

in the literature report available for POM K6[CoW12O40]·6H2O.
35 
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Figure 3.6. Raman spectrum of compound 1. 

3.3.1.4. TGA of compound 1  

The thermal stability of compound 1 has been analyzed by recording the TGA plot. Compound 1 

was taken for thermal studies without prior activation in a high-temperature vacuum. TGA curve 

of compound 1 shows 3 step weight loss (Figure 3.7.).  Initially, in the temperature range of 50-

250 ˚C, loss of 25% weight is observed, which is mainly due to loss of lattice water molecules 

from the compound. The temperature range of 250-550 ˚C shows a small hump, which could be 

due to the loss of coordinated water molecules followed by the organic unit's decomposition. 

This loss in weight is due to the decomposition of the organic component of the Cu
II
-complexes 

present in compound 1. For the temperature range of 600-800 ˚C, a steady decrease is observed. 

This loss is due to the complete disintegration of the POM unit, resulting in metal oxide 

formation after T≥800 ˚C. 
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Figure 3.7. TGA plot of compound 1. 

3.3.1.5. Field Emission Scanning Electron Microscopy (FESEM) and Energy-dispersive X-ray 

(EDX) Analysis 

The morphology and elemental mapping of compound 1 were done by FESEM and EDX 

analysis. Images were taken to study morphology (Figure 3.8. (a,b)) and EDX analysis (Figure 

3.8. (c)) was done to confirm both Cu and Co atoms' presence. Thus, from these data, we 

confirmed the structure elucidated for 1 from single crystal-XRD data. 

3.3.2. Electrochemical measurements and HER studies of compound 1  

Cyclic voltammetric (CV) analysis of [{Cu(2,2´-bpy)(H2O)2}][{CoW12O40}{(Cu(2,2´-

bpy)(H2O)}{(Cu(2,2´-bpy)}]·2H2O (1)  was performed in three-electrode systems consisting of 

glassy carbon (GC) as working electrode, Ag/AgCl (1M) as reference and Pt-wire as the counter 

electrode. The sample was prepared, as mentioned in section 3.2.1.3. and coated on the GC 

electrode surface. The bare GC was checked for any redox activity in the selected potential 

window prior to use. And bare GC was found to have no notable redox activity in the potential 

window of our interest. 
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Figure 3.8. (a-b) FESEM images and (c) EDX of 1. 

 

3.3.2.1. Electrocatalytic  HER catalyzed by compound 1 

Compound [{Cu(2,2´-bpy)(H2O)2}][{CoW12O40}{(Cu(2,2´-bpy)(H2O)}{(Cu(2,2´-bpy)}]·2H2O 

(1) exhibits electrocatalytic hydrogen evolution reaction (HER) activity.  All the electrochemical 

experiments for this study have been carried out in acetate buffer, pH 4.8 (unless mentioned 

otherwise). Figure 3.9. shows the CV of compound 1. 

The two major components of compound 1 are cobalt(II)-centered Keggin POM unit and the 

associated copper(II)-bipyridine moieties. Both these components are redox active: Co(II) center 

of this Keggin is well known to have Co
3+

/Co
2+

 couple and Cu(II)-bipyridine complexes are 

generally characterized with a Cu
2+

/Cu
+
 couple. As shown in Figure 3.9., the Co

3+
/Co

2+
 couple 

of the Co(II)-centered Keggin has the potential value of +1.0 V (Figure 3.9. (b))  which is out of 

the potential range selected for the present study, instead the A1C1 couple (Figure 3.9. (a)), 

assigned to Cu
2+

/Cu
+
 couple, has appeared at +0.182 V vs NHE  (EPC = +0.013 V and EPA  = 

+0.350 V) as a major couple. This major and broad feature has been attributed to the 

combination of Cu(2) and Cu(3) centers, found in the crystal structure of compound 1, having 
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distorted square pyramidal and distorted square planar geometry respectively (vide supra); the 

hump-like feature ( A1
’
) at 0.013 V supports the combined couples as shown in Figure 3.9.   

 

Figure 3.9. (a) CVs of 1 and Blank GC. (b) CVs of 1 and POM in acetate buffer, pH=4.8, scan rate 100 mV/s. 

This is followed by two less-intense couples A2C2 and A3C3 at around -0.5 V and -0.6V 

respectively, that are assigned to reduction of tungsten centres of the Keggin  POM unit by 

comparing the CV of compound 1 with that of POM Keggin itself. Right after the C3 (reductive) 

response there is a sudden surge of the current, which is not seen in the case of bare GC electrode 

or with POM compound per se indicating electrocatalytic hydrogen evolution reaction (HER), 

catalyzed by compound 1 coated on the working (glassy carbon) electrode. Bubbles of hydrogen 

evolution were visible on the working electrode during the CV scans The active site / functional 

site of the catalyst (compound 1) should be Cu(1) center supported on the Keggin POM unit (see 

the crystal structure, Figure 3.2., vide supra) having two coordinated water molecules, which is 

not particularly involved in the construction of the extended structure.  But we could not observe 

the reductive response of the functional site (Cu(3) center) in the CV plot, instead we see the 

abrupt current surge at –0.67 V (onset potential). The reason of not seeing the reductive response 

of the Cu(1) center is probably due to the  large  HER onset current. The relevant redox reactions 

producing molecular hydrogen by water reduction can be described in equations 1–3.   

                          2H2O + 2e
 
  → H2 + 2OH

 
                                   (eqn. 1)  

2[POM–Cu
II
(OH2)2] + 2e

 
  → 2[POM–Cu

I
(OH2)2]                              (eqn. 2) 

------------------------------------------------------------------------------                              

 2[POM–Cu
I
(OH2)2] +2H2O → H2(g)+2OH

 
 +2[POM–Cu

II
(OH2)2]             (eqn. 3) 
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It is expected that Cu
II
(1) center having two coordinated water molecules would be reduced to 

Cu
I
(1) center at a more negative potential than other two Cu

II
 centers, namely Cu

II
(2) and Cu

II
(3) 

centers having one coordinated water molecule and no coordinated water molecule respectively. 

We believe that the reductive response of the  Cu
II
(1) center is just before the onset potential, 

which we could not see due high current surge of HER and thus Cu
II
(1) center is the active site 

for water reduction in the present study.  

3.3.2.2. Analysis of Electrochemical stability for 1 

Long term stability of compound 1 was studied by carrying out constant potential electrolysis 

(CPE) at the onset potential (-0.7 V). The durability of the catalysts was determined by the 

number of CV cycles 1 could perform without any change in its features. Compound 1 was 

found to be stable for 3 h when constant potential of -0.76 V was applied (Figure 3.10.). No 

notable change in the current value was observed over this period. The sample was coated on 

FTO electrode and images were taken with FESEM (Figure 3.11.).  

 

Figure 3.10.  Constant Potential Electrolysis of compound 1 recorded at potential of -0.76 V. 

EDX analysis was done over the surface of the electrode surface before and after the CPE 

experiments to monitor the elemental composition on the surface. The weight and atomic percent 

of all the elements present on compound 1 are tabulated in the Table 3.2. The ratio of the weight 
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percent of the Cu atoms to Co atom does not change which infers to the structural integrity of 

compound 1 after the said time interval (3 h) of CPE analysis. This provided us with the proof of 

the sustainability of the catalyst for HER activity. Apart from this, the electrolyte after 3 h CPE 

was collected and the absorbance spectrum was recorded for the same (Figure 3.11.). No 

absorbance was found in the spectrum recorded ruling out of leaching of metal ion in the 

electrolyte during HER activity (Figure 3.12.). 

 

Figure 3.11. FESEM images of compound 1 coated on FTO, before (a-b) and after (c-d) CPE analysis. 

Table 3.2. EDX analysis over different region of the surface of 1. 

  C N O Co Cu W 

Before Weight(%) 45.89 1.55 24.04 0.92 1.46 26.14 

 Atomic (%) 68.05 1.97 26.76 0.28 0.41 2.53 

        

After Weight(%) 57.06 1.16 4.13 0.68 1.85 35.12 

 Atomic (%) 89.25 1.55 4.85 0.22 0.55 3.59 

        

 

Compound 1 sustained 150 cycles of CV scans without any change in its feature, confirming its 

durability for 150 cycles in the potential window of the study (Figure 3.12. (a)). Initially, the CV 
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plot has three peaks, one in the form of a hump, which could be initially seen due to the 

difference in coordination geometry of all involved Cu-species. With every consecutive cycle, 

the hump slowly disappears, and only a single redox peak is visible. For every cycle, the peak 

position and the onset potential remain constant; only after 150 cycles, notable changes in terms 

of the area under the peak for the redox peak assigned to Cu(II)/(I) redox (C1 and A1) was 

observed. We compared the 10
th

 cycle of CV scan with that recorded after continuous 150 cycles 

of CV scans (Figure 3.12. (b)). After completing long-term CV scans, the CV scans were 

recorded by washing gently the GC electrode containing coated sample with Mili-Q water and 

recording the CV with fresh electrolyte (0.1 M acetate buffer, pH=4.8). 

 

Figure 3.12. UV-visible Spectra of 0.1 M acetate buffer recorded before (black) and after (red) the CPE analysis. 
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Figure 3.13. (a) CV scans of 1 for long terms durability; 10
th
 cycle and 152

nd
 cycle of CV scan recorded after 

removing the working electrode and washing gently with water after 150 cycles. (b) 150 CV scans of 1 in 0.1 M 

acetate buffer, pH 4.8, with a scan rate of 100 mV/s. 

 

Figure 3.14. Element mapping of coated sample of 1 collected after CPE analysis. 

 



Chapter 3 
 

 
97 

3.3.2.3. Controlled Experiments to understand the HER catalysis by compound 1 

To understand the constituent POM and metal complex's role in compound 1, we designed varied 

experiments discussed below. All the experiments as discussed in this section, except compound 

1, were carried in a homogenous manner by taking 1 mmol of the concerned sample in three-

electrode systems containing the same electrode mentioned in experimental section 3.2.1.3. The 

electrochemical conditions were maintained the same as that of 1 unless otherwise mentioned. 

[1]K6[CoW12O40]·6H2O was studied for its redox activity under a potential window of (+1) V to 

(-1) V. No onset potential as seen in the case of 1 was observed for K6[CoW12O40]·6H2O 

debarring the direct involvement of Keggin POM for HER activity seen in case of 1 (Figure 3.9. 

(b)). 

[2] [Cu(2,2´-bpy)2(H2O)2]Cl2was prepared by following the protocol given in the literature.
36

 

The Cu-complex prepared was utilized for the study of its redox property by recording its CV 

scans. Cu(II)/(I) redox peak was seen at E=0.1125 V with cathodic peak for reduction of Cu(II) 

to Cu(I) at +0.046 V and the anodic peak of Cu(I) to Cu(II) at +0.179 V (Figure 3.14.) An onset 

current was observed of this Cu-complex with significantly less current at -0.82 V (Figure 3.14. 

(b)). 

 

Figure 3.15. (a) CV cycles (2nd and 52nd cycles) of  Cu(CH3COO)2·H2O (labelled as Cu-salt) and compound 1. (b) 

CVs of Cu-complex (black), physical mixture of Cu-complex and POM (red) and compound 1 (blue), recorded 

acetate buffer, pH=4.8, scan rate 100 mV/s. 



Chapter 3 
 

 
98 

[3] A physical mixture of K6[CoW12O40]·6H2O and [Cu(2,2´-bpy)2(H2O)2]Cl2 was prepared, and 

studies for their combined effect in the presence of each other were conducted. As expected, the 

CV of the physical mixture showed similar redox peaks as that of 1 with an onset at -0.83 V 

(Figure 3.15. (b)). The peaks for reduction of Cu(II) to Cu(I) were seen at -0.32 V, and that for 

its reoxidation was observed at -0.356 V. An anodic shift in the onset potential of the physical 

mixture was seen when compared with that of Cu-complex. The increase in onset current is due 

to the combined effect of Keggin POM K6[CoW12O40]·6H2O and Cu-complex, and hence, the 

synergistic effect of POM for the catalysis seen in 1 could be easily explained. 

[4] Cu(CH3COO)2·H2O (labeled as Cu-salt henceforth) was studied for its redox property. The 

Cu(II)/(I) redox peak E = 0.218 V (anodic peak at 0.34 V and cathodic peak at 0.097) was 

observed (Figure 3.15. (a)). An onset of current was seen at -0.72 V, which after 51 CV cycle 

scans shifted to the more cathodic side, i.e., at -0.8 V. The onset current observed, in this case, is 

way too low compared to onset current observed for 1. 

The observations from all these studies directed us to conclude that Cu-species present in the 

compound 1 has direct participation for the HER catalysis facilitated by POM through a 

synergistic effect. 

3.3.2.4. Hydrogen detection by Gas Chromatography (GC) 

The gas liberated after CPE of 1 at -0.76 V for 3 h was collected and detected by GC. The gas 

was found to be hydrogen by comparing the retention time with that of pure hydrogen gas. The 

gas accumulated after the CPE experiment was collected using a home-made volumetric set-up, 

which is discussed later in section 3.3.2.6.  

The retention time of pure hydrogen (Figure 3.16.) is 2.005 minutes, which for the gas collected 

after the three hours of CPE analysis of 1 is 1.999 minutes (Figure 3.17.). The presence of 

hydrogen was thus confirmed by analyzing the retention time observed for the pure hydrogen gas 

to that of the gas collected from the electrocatalysis by 1. A peak that appeared at the retention 

times of 2.550 minutes in both the chromatograms is assigned to the oxygen (from the air), 

which enters the chromatogram during the sample injection. 
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Figure 3.16. Chromatogram of pure hydrogen gas (standard sample). 

 

 

Figure 3.17. Chromatogram of gas collected after the CPE measurement by 1.  
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3.3.2.5. Mechanistic and Kinetic analysis 

3.3.2.5.1. Tafel Plot 

Tafel data was calculated by following the same process as dicussed in Chapter 1 under section 

2.3.2.6. Compound 1 is found to have the overpotential of 520 mV at the current density of 1 

mA/cm
2
 with a slope of 181 mV/decade (Figure 3.18.). 

 

Figure 3.18. Galvanostatic iR-corrected Tafel plot of compound 1. 

3.3.2.5.2. pH dependent studies 

Acetate buffer was prepared with different pH (pH 3 to pH 6), and was utilized directly for 

recoding CV scans of compound 1. A plot of CVs of 1 recorded in different pH is given in 

Figure 3.19. (a). pH values near to neutral point do not show any catalytic activity. The HER 

catalysis by 1 was observed from pH 5 onwards. The onset potential for HER shifts more 

towards the anodic side with the increase in proton concentration, suggesting the involvement of 

the proton-coupled electron transfer (PCET) pathway. From the CVs obtained at varied pH 

values, we constructed a pH vs. E plot by noting down the potential for every pH at the catalytic 

current of ‘-230 A’ (Figure 3.19. (b)). A linear plot is observed with the slope value of -66 

mV/pH, suggesting the PCET pathway's involvement with the one electron and one proton. 
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3.3.2.5.3. Catalyst loading 

The role of 1 in the catalytic reaction was further confirmed by recording CV scans by increasing 

the loading of the 1 on the working electrode. We started with a coat of 5 L followed by 10, 15, 

20 L so on and so forth. As expected, the current catalytic increases with the catalyst loading 

increase (Figure 3.20. (a)). The plot of catalytic current (at constant potential) at different 

catalyst loading was found to be linear with features similar to first-order reaction (Figure 3.20. 

(b)). 

 

Figure 3.19. (a) CVs of 1 were recorded at different pH values. (b) A plot of E vs. pH, where for every pH at a fixed 

current density of ‘-230 A/cm2’ E was noted. 

 

Figure 3.20. (a) CVs of 1 by varying the amount of loading of the sample on working electrode. (b) At the fixed 

potential (catalytic range -0.75 V) for every catalytic loading, current density was noted and plotted of j vs. catalyst 

load. 
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3.3.2.5.4. Scan rate variation 

CV scans were recorded at different scan rates (0.01 V to 0.3 V), and derived plots were obtained 

from these CVs (Figure 3.21.). For the CVs recorded in different scan rate, we observed that the 

peak current increase with the increase in scan rate (Figure 3.21. (a)). A derived plot was 

devised as a function of cathodic peak current of Cu(II) to Cu(I) reduction  to the scan rate. The 

linear relationship seen in the plot of ipc vs.suggests the diffusion-controlled process for the 

redox active species. 

 

Figure 3.21. (a) CVs of compound 1 were recorded by varying the scan rate. (b) Plot of ipc vs. scan rate (c) Plot of 

Ipc vs. square root of the scan rate. 

3.3.2.6. Quantitative hydrogen evolution and Faradic efficiency calculation 

Faradic efficiency was calculated using the similar protocol followed in Chapter 2 as discussed 

under section 2.3.2.7. It only differs in terms of reaction happening at the working electrode 

(HER in the present study whereas it is OER for Chapter 2). The home-built set-up used for this 

study is provided in the Figure 3.22.  

This same home-built set-up with only a difference of open-end towards the graduated tube was 

used for gas detection from a gas chromatogram. The open end was sealed with septa. The gas 

was collected using a micro-syringe from the top of this set-up (head-space) injected directly for 

analysis by gas chromatogram.  
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Figure 3.22. Schematic diagram of home-built set-up for quantitative measurement of hydrogen evolution. 

Calculation of Faradaic Efficiency of 1 

Faradaic efficiency of any system describes its efficiency with which charge is utilized in an 

electrochemical reaction.   

For hydrogen evolving reaction, Faradic efficiency can be written as, 

    

 

From the bulk-electrolysis, the quantitative measurement of hydrogen evolved was measured 

under constant current condition. For this work, we found 0.22 mL/hour of H2 evolved under 1 

atm. pressure. 

Thus, moles of H2 evolved in one hour = (0.22/22400) mol = 9.82 μmol. 

H2 ideal =  

Moles of H2 evolved by the system 

Moles of H2 that can evolve by using the applied charge 

 

Q (Total Charge employed) 

n (no. of electrons required for the chemical change X 1 Farad) 
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Here, we applied a current density of 1 mA/cm
2
 and ‘n’= 2 for HER (a two-electron process). 

Thus, H2 that ideally should evolve with the applied current density, 

 = (0.00065 × 3600)/(2 × 96500) mol = 12.12 μmol. 

Therefore Faradaic efficiency of compound 1, 

= x100 = 81.02 % 

Thus, Faradic efficiency is 81.02% for compound 1. 

3.3.2.7. Turnover Frequency (TOF) Calculation 

 Calculation of Surface Coverage and number of active copper atoms 

We have calculated the active Cu atoms/cm
2
 on the electrode surface using similar method 

utilized in Chapter 2 as discussed under section 2.3.2.8., by following  the equation 1.  

  Slope = n
2
F

2
AΓ0/4RT   ............. (1) 

Where ‘n’ = No. of electrons involved, here 1. For Cu(II) – Cu(I) conversion. 

Here, slope refers to the slope value of ip vs. scan rate plot (Figure 3.20. (b)), which is (2.008 E-

3 F). 

By substituting the values in the equation, we calculate the surface density Γ0 for compound 1. 

Thus, for compound 1, we obtained surface density of active copper atoms as 1.77 ×10
16

 copper 

atoms/cm
2
 or 2.947 × 10

-8
 mol/cm

2
. 

 Calculation of Turnover Frequency (TOF) for H2 evolution from Tafel Plot: 

  

                                                                                                                                      .....  (2) 

Here, numeric 2 is due to the involvement of 2e
-
 in HER process. Hence division of current 

density at a particular overpotential by 2F (F = Faraday constant) gives one catalytic turnover 

number and further division of turnover number by the number of active copper atoms results in 

turnover frequency (TOF). 

TOF at any given over potential = 

Current density at given over potential 

2  F  No. of active copper species/atoms 
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                                                                                                                                      .....  (2) 

 

Thus (TOF)j=1 mA = 1.758 [mol H2 (mol Cu)
-1

s
-1

] 

3.4. Conclusion 

A new 2-dimensional Cu-complex networked with the support Keggin POM having the 

molecular formula of [{Cu(2,2´-bpy)(H2O)2}][{CoW12O40}{(Cu(2,2´-bpy)(H2O)}{(Cu(2,2´-

bpy)}]·2H2O, is prepared via the hydrothermal method. Compound 1 catalyzes HER under near-

neutral pH (acetate buffer, pH 4.8) with the overpotential of 520 mV and TOF of 1.758 mol of 

H2 evolved for per mol of Cu atom per second at the current density of 1 mA/cm
2
. The 2-

dimensional network of Cu-complex plays an essential role in the stability of compound 1 

towards the electrocatalytic property for HER. Compound 1 follows a PCET pathway with the 

involvement of one electron and one proton for the catalysis of HER. In this work, we have 

shown the mechanistic pathway and kinetics of the HER electrocatalysis catalyzed by compound 

1. This chapter has shown how the choice of transition metal ion chosen for the hybrid structure 

preparation affects the property it will exhibit under the electrochemical conditions. POM 

provides stability and facilitates faster electron transfer, allowing the overpotential to reduce 

comparing it with the parent metal complex. 
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OVERVIEW 

Two structurally analogous Anderson polyoxometalate (POM) supported copper complexes, 

[Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (1) and 

[Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2),  were found to be an 

efficient catalyst for hydrogen production from a neutral aqueous medium. These compounds, 

catalyzes electrochemical hydrogen evolution reaction (HER) with relatively low 

overpotentials of 300 mV (compound 1) and 644 mV (compound 2) at current density of 1 

mA/cm2 from water (phosphate buffer, pH 7). Compounds 1 and 2 show remarkable Faradic 

efficiencies of 95.7% and 89.4%, respectively. Compound 1 turns out to be a better 

electrocatalyst for HER from water than compound 2, in terms of overpotential and Faradic 

efficiency.  In this report, we have evidently proved that the active site of this electrochemical 

HER is the water coordinated Cu(II) center, supported onto POM cluster anion; the 

polyoxometalate,  onto which these aqua-Cu(phen)-complexes are supported, plays an 

important role in making the overall system heterogeneous, for designing a better 

electrocatalyst for direct reduction of neutral water. 



Chapter 4 
 

 
112 112 

4.1. Introduction   

Molecular hydrogen has gained considerable attention as an alternative source for fossil fuels to 

meet the energy requirement globally in a cleaner and cheaper method.  Hydrogen production via 

electrochemical reduction of water can be considered as a sustainable method since this method 

derives hydrogen from carbon neutral process.
1
 The modern world craves for renewable energy 

sources over fossil fuels and thus, hydrogen evolution reaction (HER) from water carries 

immense importance replacing these non-renewable energy sources. To achieve this, the primary 

focus should be catalyzing HER with a catalyst, which is cheap and can provide catalysis with a 

good efficiency and low overpotential. Platinum and other noble metals, known to catalyze HER 

efficiently with small overpotential, are expensive and less abundant on earth’s crust, which 

limits their usage.
2-4

 The most popular method to address these issues includes the usage of 

bimetallic system with one expensive noble metal and other cheaper transition metal.
5-6

 Several 

nano-metal oxides and Mo-based catalysts have also acquired significant attention lately to 

achieve results similar to that showed by Pt-based catalyst.
7-8

 However, most of the 

aforementioned catalysts are non-molecular, which do not offer the scope for structural 

tunability. In this regard, molecular catalyst would be a preferable choice, as structural and 

electronic properties of molecular catalysts can be tuned/modified easily, which, in turn, can 

supply effective catalysts. Further, the incorporation of cheaper transition metals (3d-row 

transition metals) to it will be an added benefit.  

Designing new molecular catalysts, primarily containing earth-abundant 3d-transition metals as 

an active site, have attracted substantial attention in recent years. Nickel,
9
 cobalt,

10
 iron

11
 based 

complexes are few popular molecular catalysts, which have been employed in electrocatalytic 

HER. In this regard, the noteworthy contribution has been made by Cao and his co-workers in 

recent years.
8g,9g,10d-10f

 They have showcased various transition metal-based molecular catalysts 

for HER activity. In 2014, Wang and co-workers, for the first time, reported a Cu-complex that 

can electrochemically catalyze water reduction.
12a

 This complex displayed a very high catalytic 

activity with 96% Faradic efficiency and 420 mV onset overpotential in pH 2.5 under buffer 

conditions. After this report, many Cu-based complexes were discovered, which showcased 

comparatively decent activity in catalyzing HER electrochemically.
12

 The majority of these 

complexes catalyze the hydrogen evolution reaction (HER) in acidic conditions, which is one of 

the major drawbacks. There are very few reports of molecular catalysts, which can reduce water 
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in a neutral medium.
13

 Herein, we report two Cu-based molecular catalysts that can reduce water 

electrochemically in neutral medium. 

 From our recent works, as discussed in Chapters 2 and 3, we have disclosed that 

polyoxometalate (POM) supported metal complexes can catalyze electrochemical oxygen 

evolution reaction (OER) and hydrogen evolution reaction (HER).
14

 There, we have successfully 

proved the synergistic effect between Co(II)-centered POM and transition metal complexes 

(TMCs) coordinated to it, playing a significant role in electrocatalytic OER (Chapter 2) and 

HER (Chapter 3). Intending to introduce POM-supported Cu-aqua-coordination complex that 

may show catalyzing activity in water reduction in neutral medium, we have chosen two 

structurally analogous compounds available in the literature, 

{[Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (1) and 

[Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2), that was 

reported in 2005.
15

 The similarity in molecular structures of compounds 1 and 2, adds to our 

benefit for understanding the importance of POM and the role of synergistic effect on their 

catalytic behavior. These compounds, 

[Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (1) and 

[Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2), are 

ensemble of charge complimentary copper phenanthroline complexes on Anderson type 

heteropolyanion. These hybrid compounds exhibit the property of both POM and the 

coordination complex attached to the POM cluster surface by maintaining the overall system's 

heterogeneity. 

4.2. Experimental Section 

4.2.1. Material and methods 

4.2.1.1. General materials and methods 

All the chemicals were received as reagent grade and used without further purification. The 

compounds [Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O 

(1) and [Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2) 

were synthesized by following protocol reported in the literature.
15

 Both the compounds were 

characterized by analyzing and comparing their PXRD, IR, and UV-vis. spectra with those 
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reported in the literature. All electrochemical experiments were conducted using a Zahner 

Zanium electrochemical work station operated with Thales software. 

Infrared spectra of solid samples were recorded on a JASCO-5300 FT-IR spectrophotometer in 

neat form. Powder X-ray diffraction patterns were recorded on a Bruker D8-Advance 

diffractometer using graphite monochromatic CuKα1 (1.5406 Å) and Kα2 (1.54439 Å) radiations. 

Diffuse Reflectance (DR) UV-vis electronic absorption spectra were recorded using Shimadzu-

2600 spectrophotometer. 

 

4.2.1.2. Electrochemical studies  

Similar protocol is followed as that discussed in Chapter 2 under section 2.2.1.3. Electrode 

potentials were converted to the normal hydrogen electrode (NHE) scale using the relation E 

(NHE) = E (Ag/AgCl) + 0.1485 V when the Ag/AgCl used as reference electrode (RE). Cyclic 

voltammetry scans were initiated at the open circuit potential (OCP), and the cathodic side was 

scanned first, followed by an anodic scan. Five cycles were taken consecutively for each set of 

cyclic voltammetry measurements in quiescent solution. Cyclic voltammograms (CVs) were also 

recorded at various scan rates. 

4.2.2. Synthesis  

4.2.2.1. Synthesis of Compound 1  

[Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (1) 

CrCl3·6H2O (1 g, 3.75 mmol) was dissolved in 50 mL of water. To this solution, 100 mL of 

water containing Na2MoO4·2H2O (3.5 g, 14.46 mmol) followed by addition of 10 mL of glacial 

acetic acid.  A water-methanol mixture (1:1) was prepared (100 mL), to which 1,10-

phenanthroline (0.2 g, 1 mmol) and 0.7 g of Cu(NO3)2·2H2O (2.9 mmol) were sequentially 

added. This reaction mixture was added to the former solution. Using concentrated HCl, the 

resulting reaction mixture's pH was adjusted to 2.6, after which it was heated till its temperature 

reached 90 °C. The reaction mixture was filtered immediately, and the filtrate was kept 

undisturbed under the closed condition at room temperature. Within one week, blue colored 

blocks were obtained and separated from the mother liquor by filtration. Yield: 0.65 g (16% 

based on Mo). IR (neat, cm
-1

): 3328br, 1626m, 1577m, 1518m, 1492w, 1425m, 1344w, 1221w, 

1145m, 1105m, 937s, 893s, 775m, 640s-br, 439w. 



Chapter 4 
 

 
115 115 

4.2.2.2. Synthesis of compound 2 

[Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2) 

AlCl3·6H2O (1 g, 4.14 mmol) was dissolved in 50 mL of water. To this solution, 100 mL of 

water containing Na2MoO4·2H2O (1.5 g, 6.2 mmol) and 10 mL of glacial acetic acid were added.  

A water methanol-mixture (1:1) was prepared (100 mL) to which 1,10-phenanthroline (0.2 g, 1 

mmol) and 0.7 g of Cu(NO3)2·2H2O (2.9 mmol) were sequentially added. This reaction mixture 

was added to the former solution. Using concentrated HCl, pH of resulting reaction mixture was 

adjusted to 2.6, after which it was stirred for 10 min. The resulting reaction mixture was filtered 

immediately and kept undisturbed under the open condition at room temperature. Within one 

week, blue colored blocks were obtained and separated from the mother liquor by filtration. 

Yield: 0.80 g (47% based on Mo). IR (neat, cm
-1

): 3325br, 1626m, 1582m, 1518m, 1493w, 

1425m, 1344w, 1222w, 1145m, 1107m, 940s, 900s, 775m, 648s-br, 440w. 

4.3. Results and Discussion 

4.3.1. Physical characterization 

All the compounds synthesized for this work were characterized by PXRD pattern analysis, FT-

IR analysis, UV-vis. diffused reflectance spectral (DRS) analysis, FESEM, thermogravimetric 

analysis (TGA). For studying the electrocatalytic activity of both the compounds towards HER, 

various electrochemical techniques were employed. Some of them are cyclic voltammetry, 

differential pulse voltammetry (DPV), Constant potential electrolysis (CPE), etc.; the details are 

discussed later.  

4.3.1.1. Description of Crystal structures 

4.3.1.1.1. [Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (1). 

Compound 1 consists of polyoxometalate supported copper(II)-bis(aqua)-phenanthroline 

complex, [Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2]
+
  as cation and onto the same POM, copper(II)-

aqua-chloro-phenanthroline complex, [Cr(OH)6Mo6O18{Cu(phen)(H2O)-Cl}2]
-
, as anion. The 

cation consists of an Anderson-type anion, [Cr(OH)6Mo6O18]
3-

, which uses its terminal oxygen 

atoms of nonadjacent MoO6 octahedra to coordinate with two [Cu(phen)(H2O)2]
2+

 complexes. 

Similarly, in the relevant crystal structure, the anion is formed by the coordination of 

[Cr(OH)6Mo6O18]
3-

 to two [Cu(phen)(H2O)Cl]
+ 

 complexes.  
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Figure 4.1. Crystal structure of compound 1. Colour code: Gray:C; Blue:N; Red:O; Orange:Cu; Cyan:Mo; 

Violet:Cr; Green:Cl. 

Both of these copper complexes have a coordination number of five with a distorted square 

pyramidal geometry. In the cation, copper has coordination from two nitrogen atoms (from 

phenanthroline ligand), two oxygen donors from two water molecules, and a terminal oxygen 

atom from the Anderson anion. Similarly, coordination around copper in the anion has two 

nitrogen atoms from phenanthroline ligand, one water molecule, one chloride anion, and terminal 

oxygen from the Anderson anion (Figure 4.1.). 

4.3.1.1.2. [Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2). 

Compound 2 is structurally similar to compound 1, and it only differs in terms of heteroatom of 

the Anderson POM onto which copper complexes are supported (Figure 4.2.). Compound 1 has 

[Cr(OH)6Mo6O18]
3- 

whereas 2 has [Al(OH)6Mo6O18]
3-

 as POM anion.  
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Figure 4.2. Crystal structure of compound 2. Colour code: Gray:C; Blue:N; Red:O; Orange:Cu; Cyan:Mo; light 

Pink:Al; Green:Cl. 

4.3.1.2. PXRD analysis 

Bulk purity of both the compounds (compounds 1 and 2) was confirmed by recording the 

powdered-XRD patterns and comparing them with the one obtained from the single crystal data. 

Major peaks from the simulated PXRD pattern of both the compounds matched with that of 

experimentally obtained data confirming its bulk purity (Figure 4.3.). PXRD analysis is one of 

the crucial techniques to ensure the bulk purity of the synthesized compounds.  

 

Figure 4.3. PXRD patterns of both the compounds compared with the respective simulated patterns. (a) compound 1 

PXRD pattern. (b) Compound 2 PXRD pattern. 
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4.3.1.3. FT-IR and UV-vis. DRS spectral Analysis 

The IR features of both compounds are similar (Figure 4.4. (a)). This similarity in FTIR spectra 

is due to their analogous structures. The stretching seen in the FTIR spectra is mainly attributed 

to the vibrations arising due to various types of (Mo‒O) bonds present in the Anderson anion. 

The IR bands at 440, 648, 775, 900, and 940 cm
-1

 are due to the stretching arising from the 

following bonds of the Anderson anion: Mo‒Oc), Mo‒Ob) and Mo‒Ot). The bands in the 

range of 1100-1600 cm
-1 

are attributed to the stretching arising from the bonds of the Cu-

phenanthroline complex coordinated to the Anderson anion. A broad band originating due to 

stretching of H-bond from the coordinated water and lattice water is seen at 3200 cm
-1

. 

The solid-state UV-vis. diffused reflectance spectral analysis was recorded to understand the 

electronic absorption of both the compounds. It was later converted to absorption mode by 

applying Kubelka-Monk (K.-M.) algorithm. Absorption at 490 and 700 nm are observed 

corresponding to metal to ligand charge transfer (MLCT) (absorption due to O to Mo charge 

transfer in Anderson POM anion) and d-d transition of Cu(II) system of [Cu(phen)(H2O)2]
2+

 and 

[Cu(phen)(H2O)Cl]
+
 fragments present in both the compounds (Figure 4.4. (b)). 

 

Figure 4.4. (a) FTIR analysis of Compound 1 and 2 (b) K.M. converted UV-vis. DRS of Compound 1 and 2. 
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4.3.2. Electrochemical studies 

4.3.2.1. General features of cyclic voltammograms of both the compounds 

Cyclic voltammograms of both the compounds, 

{[Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (1) and 

[Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2), show 

similar features. The similarity in CV features is a result of the structural analogy between them. 

Both the compounds undergoes two subsequent reductions; both the responses are due to 

Cu
2+

/Cu
+ 

couple,  one for water-coordinated Cu(II) complex {Cu(phen)(H2O)2}
2+

 and other for 

chloro- and water-coordinated species {Cu(phen)(H2O)Cl}
+
 species.

 14
 Initially, the chloride ion 

ligated Cu(II) species (anionic part of compounds 1 and 2) is reduced to Cu(I).
14

 This is mainly 

due to the electronegative behavior of Cl
‒
, which makes the reduction of Cu(II) to Cu(I) feasible 

at low potential. The second copper (copper from cationic part of compounds 1 and 2), to which 

two water molecules are ligated, does not have any such electronegative group coordinated to it, 

thereby it reduces at relatively higher potential, which appears as a (not clearly visible) hump 

(Figure 4.5. (a)), but can be clearly seen in differential pulse voltammogram (DPV) of the 

compounds (Figure 4.5. (b)). After the reduction of second Cu(II) to Cu(I) (we mean,  

{Cu(phen)(H2O)2}
2+ 

species), water is reduced to produce hydrogen gas.  

 

Figure 4.5. (a) Cyclic voltammograms of compound 1 (solid line) and blank glassy carbon electrode (dotted line) in 

0.1 M phosphate buffer (pH 7) (b) Differential-pulse voltammogram of compound 1 recorded in 0.1 M phosphate 

buffer, pH 7 with the scan rate of 100 mV/s. 
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4.3.2.2. HER using compound 1 as electrocatalyst  

Cyclic voltammograms of compound 1 were recorded in 0.1 M phosphate buffer, pH 7. CV of 1, 

shows a peak in cathodic region C1 at −0.17 V, coupled with A1 peak at +0.18 V (Figure 4.5. 

(a)). From the relevant differential pulsed voltammogram (DPV), two consecutive redox couples 

are realized; in the reductive wave, two successive responses C1
'
 at −176 mV and C2

'
 at −735 

mV are observed as shown in Figure 4.5. (b).  

 

Figure 4.6. Differential pulse voltammogram of (a) compound 1 and (a) compound 2, recorded in 0.1 M phosphate 

buffer, pH 7. 

The second peak is masked due to catalytic current as the onset potential is seen around ‒0.76 V. 

This peak accounts for the reduction of Cu(II), which is part of the cationic fragment of 

compound 1 (i.e., {Cu(phen)(H2O)2}
2+

 species) , to Cu(I). The two peaks, observed in DPV of 1, 

are therefore mainly due to reduction of Cu(II) to Cu(I)  from {Cu(phen)(H2O)Cl}
+
 and 

{Cu(phen)(H2O)2}
2+

 respectively.  When both the Cu(II) species in compound 1 are reduced to 

Cu(I), the resulting reduced system reduces the water to produce H2 molecule accompanied by 

oxidation of Cu(I) to Cu(II). Towards the anodic scan of the CV of compound 1, similar 

subsequent oxidation is suspected, and this is evident from the DPV recorded in that range 

(Figure 4.6. (a)).  

 

4.3.2.3. HER using compound 2 as electrocatalyst  

Cyclic voltammograms of compound 2 were recorded in similar condition, used for compound 1 

(0.1 M phosphate buffer, pH 7). CV of 2 shows a reductive response in cathodic region C2 at 

−0.14 V, which is coupled with oxidative response A2 at 0.12 V as shown in Figure 4.7. (a). 
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From the relevant differential pulsed voltammogram (DPV), two peaks, expectedly, are found: 

C3' at −133 mV and C4' at −865 mV (Figure 4.7. (b)). Towards the anodic scan of the CV of 

compound 2, similar subsequent oxidation is suspected, and this is evident from the DPV 

recorded in that range (Figure 4.6. (b)). This compound follows the similar two successive 

reductions of Cu(II) to Cu(I) from {Cu(phen)(H2O)Cl}
+
 and {Cu(phen)(H2O)2}

2+
 respectively, 

followed by water reduction to molecular hydrogen, as observed in the case of compound 1.
11b,11c 

 

Figure 4.7. (a) Cyclic voltammogram of compound 2 (solid line) and blank glassy carbon electrode (dotted line) (b) 

Differential-pulse voltammogram of compound 2. CVs and DPV were  recorded in 0.1 M phosphate buffer, pH 7 

with the scan rate of 100 mV/s. 

 

4.3.2.4. Analysis of Electrochemical stability for both compounds (1 and 2) 

The stability of both the compounds under electrochemical conditions was studied by conducting 

chronoamperometric studies (Figure  4.8. (a-b)). For this, we applied a fixed potential of ‒0.8 V 

(onset potential) for compound 1 and ‒0.84 V (onset potential) for compound 2, over a period for 

3 h 30 min and monitored the changes in current. For both the compounds, CV is recorded 

before and after performing chronoamperiometric studies (Figure  4.8. (c-d)).  

Both the compounds were found to be stable for 3 h 30 min. This was also evident from the CVs 

recorded before and after the chronoamperiometric studies. Negligible changes in the onset 

potential and peak positions were observed for both the compounds. The onset current for 

compound 1 had a difference of 12.6 A (Figure 4.8. (c)), whereas for compound 2, it was 

found to be 40 A (Figure 4.8. (d)). This loss in current is minimal and is mainly due to loss of 

sample due to hydrogen bubbles generated on the surface of working electrode. 
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Figure 4.8.  Chronoamperometric studies of (a) compound 1 and (b) compound 2. CVs were recorded before (solid 

black line) and after (solid red line) chronoamperometric measurements for (c) compound 1 and (d) compound 2, in 

0.1 M phosphate buffer (pH 7). Inset in (c-d) shows the enlarged region of the voltammograms showing the catalytic 

current differences in the cyclic voltammograms before and after chronoamperometric measurements were 

performed.  

4.3.2.5. Recognizing active site: POM unit or POM attached Cu coordination complexes  

For better understanding and having a closer look for the role of POM in this HER catalysis, we 

synthesized the polymers of the parent POM by following the literature.
16

 

[La(H2O)7Cr(OH)6Mo6O18]n·4nH2O)] and [La(H2O)7Al(OH)6Mo6O18]n·4nH2O] are the POM 

polymers connected by Lanthanide ions. We prepared the sample for CV using the same protocol 

followed to prepare a CV sample of 1. CVs were recorded in similar condition as that of 

compound 1 and 2 (Phosphate buffer, pH 7). CV of [La(H2O)7Cr(OH)6Mo6O18]n·4nH2O)] and 

[La(H2O)7Al(OH)6Mo6O18]n·4nH2O] do not show any redox features in the range recorded 

(+1.45 to ‒1.15V) (Figure 4.9.). This confirms that red-ox features found in CVs of 1 and 2 are 

solely due to copper coordination complexes. 
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Figure 4.9.  Cyclic voltammogram of (a) [La(H2O)7Cr(OH)6Mo6O18]n·4nH2O)] and (b) 

[La(H2O)7Al(OH)6Mo6O18]n·4nH2O)]  recorded in 0.1 M phosphate buffer (pH 7, scan rate 100 mv/s). 

 

We also prepared Cu-phenanthroline complex [Cu(phen)2(H2O)](NO3)2 to enlighten the insights 

of electrocatalysis of HER driven by 1 and 2.  [Cu(phen)2(H2O)](NO3)2 were synthesized by 

following the protocol available in the literature.
17

 CV of [Cu(phen)2(H2O)](NO3)2 complex was 

recorded by taking 0.1 mmol of it in 0.1 M phosphate buffer, pH 7. CV of 

[Cu(phen)2(H2O)](NO3)2] shows the anodic peak at +0.073 V and cathodic peak ‒0.0290 V 

(Figure 4.10.). The peak observed in the cathodic wave is mainly due to the reduction of Cu(II) 

to Cu(I) which gets oxidized back to Cu(II)  in the anodic wave. 

 

Figure 4.10.  Cyclic voltammogram of (a) [Cu(phen)2(H2O)](NO3)2] complex (red line) and PM-1 (black line) (b) 
[Cu(phen)2(H2O)](NO3)2] complex (red line) and PM-2 (black line), recorded in 0.1 M phosphate buffer pH 7. 

 

In order to check, whether the attachment (coordinate covalent bond) between POM unit and 

copper coordination complex, plays a role on this HER, we prepared a physical mixture of 
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sample by making a suspension comprising of parent POM ([La(H2O)7Cr(OH)6Mo6O18]n·4nH2O 

or  [La(H2O)7Al(OH)6Mo6O18]n·4nH2O) and [Cu(phen)2(H2O)](NO3)2 complex. Sample 

preparation for electrochemical studies from this physical mixture was done by following the 

similar protocol used for electrochemical studies of compounds 1 and 2. The mixture containing 

[La(H2O)7Cr(OH)6Mo6O18]n·4nH2O will be denoted as physical mixture-1 (PM-1) and 

[La(H2O)7Al(OH)6Mo6O18]n·4nH2O as physical mixture-2 (PM-2). From the CV of PM-1, one 

reversible redox couple A5-C5 (0.053 V, ‒0.173 V) was found (Figure 4.10. (a)). The peak C5 

is due to the reduction of Cu(II) to Cu(I), and A5 is for the oxidation of Cu(I) to Cu(II). Thus 

PM-1 does not show any onset current for electrochemical hydrogen generation, as observed in 

the case of compounds 1 and 2.  For PM-2, CV shows similar redox behaviour with peaks A6 

and C6 at ‒2.34 mV and ‒176 mV, respectively (Figure 4.10. (a)). The peaks C5 and C6 are 

consistent with the CV peak obtained for [Cu(phen)2(H2O)](NO3)2 complex, which denotes 

single electron transfer resulting in the reduction of Cu(II) to Cu(I) species (Figure 4.10.). For 

the parent compounds, [La(H2O)7Cr(OH)6Mo6O18]n·4nH2O and 

[La(H2O)7Al(OH)6Mo6O18]n·4nH2O, neither any peak nor the onset current was seen (Figure 

4.9.). This confirms that peaks seen in the CVs of compound 1 and 2 are solely due to Cu(II) 

centre of the attached Cu-aqua-phen complex.  In other words, Mo(VI), Al(III), and Cr(III), the 

metal centers of the POM unit,  do not show any redox property under these conditions 

(phosphate buffer, pH 7). Thus, it clearly infers that Cu(II) coordination complexes, attached to 

the Anderson POM, are the catalytically active site for catalyzing the HER reaction in both the 

compounds, where synergistic effect also plays a significant role in the catalytic property of 

these compounds. 

 

4.3.2.6. Mechanistic and Kinetic analysis 

To understand these compounds' kinetics, we recorded CVs for both the compounds by varying 

scan rates (from 60 mV/s to 300 mV/s). These CVs are depicted in Figure 4.11. (a-b). A derived 

plot of peak current vs. scan rate was constructed (Figure 4.11. (c-d)). The linear nature of the 

graph confirms the diffusion-controlled nature of electron transfer for both the compounds.
14

 The 

slope, observed from this plot of peak current vs. square root (Figure 4.11. (c-d)), was 

implemented for turnover frequency (TOF) calculation, discussed in the next section.  
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Figure 4.11.  Cyclic voltammograms recorded at various scan rates for (a) compound 1 and (b) compound 2. 

A plot of cathodic peak current (ipc) as a function of scan rate for (c) compound 1 and (d) compound 2. 

 

An iR-corrected Tafel plot was devised in a galvanostatic mode for both compounds with 0.1 M 

phosphate buffer (pH 7). The overpotentials of 300 mV and 644 mV were observed for a current 

density of 1 mA/cm
2
 for compounds 1 and 2, respectively (Figure 4.12.). The slope, obtained 

from the linear fitting of Tafel plots for 1 and 2 are ‒668 mV/decade and ‒219 mV/decade. 

Although there is a structural similarity between both the compounds, from the Tafel slope, it is 

evidenced that both follow different kinetics, thereby resulting in such massive difference in their 

overpotential and Tafel-slope values. The overpotential obtained for compound 1 is half the 

value of that of compound 2, which suggests the importance of POM onto which the complex is 

supported in deciding the overpotential as well as overall efficiency of the catalyst. This anomaly 

in the catalytic behavior, even though there is a structural resemblance, is attributed to the 

synergistic effect from POM to Cu-complexes. Here from our studies, we found that role of 

heteroatom of POM is very crucial for such POM-supported complexes. POM is not just 



Chapter 4 
 

 
126 126 

dormant support but plays a vital role by facilitating electron transfer for overall HER catalysis. 

Thus the overall efficiency of compound 1 towards electrocatalytic HER is much better than that 

of compound 2. 

 

Figure 4.12. Galvanostatic iR-corrected Tafel plot of (a) compound 1 (b) compound 2, at pH 7 (0.1 M Phosphate 

buffer). 

 

4.3.2.7. Quantitative hydrogen evolution and Faradic efficiency calculation 

Following a similar method, as discussed in Chapter 3, section 3.3.2.6., we calculate the Faradic 

efficiency of both the compounds. For quantitative hydrogen evolution, a constant current 

density of 1 mA/cm
2
 for a period of 3 h. During the electrolysis, hydrogen bubbles first gathered 

at the FTO electrode's surface and later accumulated in an inverted graduated tube (home-built 

set-up, Figure 3.22., Chapter 3), which was previously filled with electrolyte, displacing the 

electrolyte. 

Faradaic efficiency of any system describes the efficiency with which charge is utilized in an 

electrochemical reaction.   

For HER, it can be formulated as, 

    

 

 

 

Moles of H2 evolved 

Moles of H2 that can evolve utilizing the employed charge 
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For compound 1, 

From the bulk-electrolysis, the quantitative measurement of hydrogen evolved was measured 

under constant current condition. For this work, we found 0.30 mL/hour of H2 evolved under 1 

atm. pressure. 

Thus, moles of H2 evolved in one hour = (0.30/22400) mol = 1.3391 μmol. 

For compound 2: 

From the bulk-electrolysis, the quantitative measurement of hydrogen evolved was measured 

under constant current condition. For this work, we found 0.28 mL/hour of H2 evolved under 1 

atm. pressure. 

Thus, moles of H2 evolved in one hour = (0.28/22400) mol = 1.25 μmol. 

 

H2 ideal =  

 

Here, we employed a current density of 1 mA/cm
2
 and ‘n’= 2 for HER (as it is a two-electron 

process). 

Thus, H2 that ideally should evolve = (75 × 3600)/(2 × 96500) mol = 1.398 μmol. 

Faradaic efficiency of compound 1 

= 
      

     
 x 100 = 95.7% 

Faradaic efficiency of compound 2 

= 
    

     
 x 100 = 89.4% 

Thus, Faradic efficiency of compound 1 and 2 was found to be 95.7% and 89.4% respectively.  

 

Q (Total Charge employed) 

n (no. of electrons required for the chemical change X 1 Farad) 
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4.3.2.8. Hydrogen detection by Gas Chromatography (GC) 

To confirm hydrogen evolution by reducing water molecules due to both the compounds' 

electrocatalysis, constant potential electrolysis was carried out using home-made glassware. This 

glassware is similar to the one used for quantitative hydrogen evolution (as discussed in Chapter 

3, section 3.3.2.6.). It only differs in terms of the availability of an open chamber at the top of the 

graduated tube, which is sealed with a rubber septum after filling with electrolyte. The gas was 

collected from the top of this set up (head space) using a micro-syringe and analyzed by gas 

chromatography. 

 

Figure 4.13. The chromatograms are showing the retention time obtained for gas collected from (a) compound 1 

and (b) compound 2. 

4.3.2.9. Turnover Frequency (TOF) Calculation 

 Calculation of Surface Coverage and number of active copper atoms 

We have calculated the active Cu atoms/cm
2
 on the electrode surface using a method recently 

described by Pintado et al.
18 

by measuring the surface coverage (Γ0) from the slope (2.677 E-7 F) 

of the ip vs scan rate (Figure 4.11. (c)) using the equation 1.  
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    Slope = n
2
F

2
AΓ0/4RT   ............. (1) 

Where ‘n’ = No. of electrons involved, here 1. For Cu(II) – Cu(I) conversion. This equation is 

discussed in detail in Chapter 2, under section 2.3.2.8. 

Thus, for compound 1 obtained surface density of active copper atoms is 43.6×10
12

 copper 

atoms/cm
2
 or in other words it is 7.30× 10

-11
 mol/cm

2
. 

 We have calculated the active Cu atoms/cm
2
 on the electrode surface for compound 2, using the 

similar method by measuring the surface coverage (Γ0) from the slope (6.547 E-8 F) of the ip vs 

scan rate (Figure 4.11. (d)) using the equation 1.  

Thus, for compound 2, the obtained surface density of active copper atoms is 12.5×10
12

 copper 

atoms/cm
2,
 or in other words, it is 2.09× 10

-11
 mol/cm

2
. 

 Calculation of Turnover Frequency (TOF) for H2 evolution from Tafel Plot: 

The activity of a catalyst can be well-expressed in terms of turn over frequency (TOF). It is 

defined as the number of reactant molecules converted into product molecules in unit time per 

active site. The TOF is measured as given in the literature.
14

  

 

                                                                                                                                      .....  (2) 

Here, 2 numeric is due to involvement of 2e
-
 in HER process. Hence division of current density 

at a particular overpotential by 2F (F = Faraday constant) gives one catalytic turnover number 

and further division of turnover number by the number of active copper atoms results in turnover 

frequency (TOF). 

TOF for compound 1: 

                                                                                                                                     .....  (3) 

 

Thus (TOF)j=1 mA = 70.90 [mol H2 (mol Cu)
-1

s
-1

] 

        (TOF)j=1 mA = 2.55 x 10
5
 [mol H2 (mol Cu)

-1
h

-1
] 

TOF at any given over potential = 

Current density at given over potential 

2 × F × No. of active copper species/atoms 

(TOF )j=1 mA/cm
2 = 

10
-3 

2 × F × 7.3E
-11 
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TOF for compound 2: 

                                                                                                                                     .....  (4) 

 

Thus (TOF)j=1 mA = 247.31 [mol H2 (mol Cu)
-1

s
-1

] 

         (TOF)j=1 mA = 8.90 x 10
5
 [mol H2 (mol Cu)

-1
h

-1
] 

4.4. Conclusion 

To conclude, we have shown the electrocatalytic activity of compounds 

{[Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5 H2O (1) and 

[Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2) towards 

HER under neutral condition (phosphate buffer, pH 7). Compound 1 showcases superior 

catalytic activity over compound 2. Overpotential observed at the current density of 1 mA/cm
2
 

for compounds 1 and 2 is 300 mV and 644 mV, respectively. The structural analogy between 

these compounds has confirmed the synergistic effect between Anderson POM and the copper 

complex playing a critical role in qualifying 1 and 2 as an efficient electrocatalyst for water 

reduction. The type of POM also dictates the catalyst's overall efficiency, thereby allowing a new 

pavement for understanding the chemistry for POM supported complexes and designing cheap 

and efficient catalyst for HER activity. 
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OVERVIEW 

Energy is the necessity of today’s generation to build a bright future. It is needed to meet the 

daily requirement as well as for the proper functioning of large scale industries. But this energy 

is primarily drawn from fossil fuels, a non-renewable energy source posing a threat to its 

existence. Thus, there is an urgent need to shift energy sources to some form of renewable 

energy. In this scenario, fuel cells can be a good alternative if the hydrogen required is obtained 

from any carbon-neutral process, such as water splitting. In this regard, the polyoxometalate 

(POM) supported metal complex has proved to be a suitable catalyst for water 

reduction/oxidation in recent studies. To catalyze hydrogen evolution reaction (HER), we have 

employed a POM-based inorganic-organic hybrid compound with a spiral-like structure. In this 

work, we have utilized this hybrid containing Anderson polyoxometalate, [Al(OH)6Mo6O18]3- onto 

which Cu-complex, [Cu(H2O)2(bpy)]2+ fragment, is supported having the resulting molecular 

formula of [CuII(2,2′-bpy)(H2O)2Cl][CuII(2,2′-bpy)(H2O)2Al(OH)6Mo6O18]·4H2O (1). This compound acts 

as a pre-catalyst towards forming the active catalyst for catalyzing HER in a neutral medium. 

The active catalyst derived from this compound achieves a current density of 1mA/cm2 at an 

overpotential of 348 mV. The turnover frequency calculated for the active catalyst is found to be 

17.80 [mol H2 (mol Cu)-1s-1] with the Faradic efficiency of 85%. 
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5.1. Introduction 

Metal oxides are an intriguing class of inorganic compounds that have immense importance in 

the industrial sector due to their versatility. Polyanionic metal oxides or polyoxometalates 

(POMs) are closely related classes of molecular oxide that can be considered molecular analogs 

of traditional solid-state metal oxides. Polyoxometalates (POMs) can be classified under a 

special category of metal oxides that self-assemble under specific reaction conditions such as pH, 

temperature, metal salts concentration, etc., to articulate varied structures (Figure 1.1.).
1
 As 

discussed in Chapter 1 under section 1.1., POMs are further classified based on the structure 

adopted. The Anderson-type polyoxoanions are a type of heteropolyanion with the general 

formula of [XM6O24]
n-

, where X is a heteroatom (X=Al
3+

/Cr
3+

, etc.) and M is an addenda atom 

(M= Mo
VI

/W
VI

, etc.). The structural arrangement of Anderson POM with the attractive planar 

structure and abundant oxygen coordination sites may conduce to coordinate with the transition 

metal ions by different coordination modes.
2
 Taking the structural advantage of Anderson POM, 

various POM supported transition metal complexes (PSTMCs) are synthesized by different 

research groups.
3-5

 In this work, we have employed a spirally arranged chained compound 

formed by connecting the Anderson anion's versatile building unit ([Al(OH)6Mo6O18]
3-

) with a 

Cu
II
-bipyridine-complex.

 

Polyoxometalates' versatility (POMs) allows them to be used for numerous applications, such 

as in catalysis, material science, magnetism, etc. POM and POM-based hybrids have been 

studied extensively to understand their electrochemical properties.
6-10

 More attention has been 

given to electrochemical water splitting catalysis by POM and POM-based hybrid in the last 

decades.
11-13

 As the understanding of POM chemistry grew, its shortcoming towards OER and 

HER's electrochemical catalysis became more prominent. The major problem in dealing with 

POM based electrocatalyst for water splitting is its structural stability under electrochemical 

oxidizing/reducing conditions.
14,15

 Majority of reports where POM exhibited good 

electrocatalytic activity towards OER/HER later were confirmed as pre-catalyst with the metal 

oxides/phosphates (CoOx/NiOx/CoPi/NiPi) as the active catalyst.
16-20

  

In the last few years, POM@MOF has gained attention as POM compliments the properties of 

MOF, which can be further utilized for various applications such as organic catalysis, drug 

delivery, magnetism, etc.
21,22

 With the increase in sustainable energy development research, 
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many reports of POM@MOF or POMOF for electrochemical water splitting (WS) were 

reported.  One such work by Lan Y.-Q. and Dai Z.-H. and their co-workers for synthesizing 

Fe3C/Mo2C with N, P, Co-doped graphitic carbon (labeled as Fe3C/Mo2C@NPGC) by using 

[PW12O40]
3-

 encapsulated in MOF-100 (PW12@MOF-100), has recently been reported.
23

 The 

Mo, N, and P sources were obtained from POM@MOF-100 (Fe) (where POM= [PW12O40]
3-

). 

Fe3C/Mo2C@NPGC exhibited magnificent electrochemical activity towards HER with high 

stability (10 h) and low onset overpotential of 18 mV (vs. RHE).  The electrocatalytic activity 

of Fe3C/Mo2C@NPGC is comparable to that of many Pt-based catalysts available in the 

literature, thus explaining the importance of POM for catalyst development.
 

There are various reports of utilizing POM for preparing efficient HER catalysts. In 2017, Prof. 

Sun-Li Li and Ya-Qian Lan and their co-workers prepared tungsten carbide material where they 

used POM as one of the precursor.
24 

By managing the composition of Polyoxotungstate : 

polypyrrole : graphene, a nitrogen doped porous carbon material (NC@WxC) was synthesized. 

The material so prepared catalyzed HER in acidic medium with long term durability and stability 

that to with low overportential of 100 mV for 10 mA/cm
2
.  

In a similar approach, H. Ma and H. Pang and their co-workers employed a POM-based hybrid 

compound for developing electroactive bimetallic sulfides, Ni3S2–MoS2 and CoS2–MoS2, having 

mesoporous structure.
25

 POM is used as a precursor for the formation of MoS2, facilitating the 

easy formation of these bimetallic sulfides. These bimetallic sulfides exhibited an overpotential 

of 224 mV (Ni3S2–MoS2@Carbon Cloth (CC)) and 222 mV (CoS2–MoS2@CC) for a current 

density of 10 mA cm
−2

.  

Inspired from various literature reports of POM and POM-based compounds, where they are 

either directly used as electrocatalysts or as a precursor for developing electrocatalysts for HER 

activity along with our recent observations as discussed in Chapters 3 and 4 motivated us to 

pursue this work. From the electrochemical studies done in Chapters 2 to 4, we have 

concluded that PSTMCs can act as a suitable catalyst for water oxidation (WO)/ water 

reduction (WR).
26,27

 In these kinds of POM-based hybrids, POMs do not participate directly in 

WO/WR but enable the overall compound's stability holding the active site. The transition 

metal complex, supported on to the POM, acts as an active catalyst. Intending to employ 

similar chemistry, we chose an Anderson POM supported Cu complex, reported previously in 
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2003.
28

 The compound used for this study has the molecular formula of [Cu
II
(2,2′-

bpy)(H2O)2Cl][Cu
II
(2,2′-bpy)(H2O)2Al(OH)6Mo6O18]·4H2O (1).  In this compound, Anderson 

anion unit, [Al(OH)6Mo6O18]
3-

, connects to a transition metal complex [Cu
II
(2,2′-bpy)(H2O)2]

2+
 

to form a spiral-shaped chain structure. From our studies, as discussed in later sections, we found 

out that this chained compound (1) acts as a pre-catalyst for electrochemical hydrogen 

evolution reaction (HER) in a neutral medium. The active catalyst, derived from compound 1, 

under electrochemical conditions, has an overpotential of 348 mV at the current density of 1 

mA/cm
2
 and also shows a turnover frequency (TOF) of 17.80 [mol H2 (mol Cu)

-1
s

-1
].  

5.2. Experimental Section 

5.2.1. Material and methods 

5.2.1.1. General materials and methods 

Starting materials were purchased in AR grade and were used as received. PXRD patterns were 

recorded on a Bruker D8-Advance diffractometer by using graphite monochromated 

CuKÅ andÅ) radiation. Infra-red spectra of solid samples were 

obtained directly using the sample on iD7 ATR Thermo Fisher Scientific-Nicolet iS5 instrument. 

Diffuse reflectance (DR) UV-visible electronic absorption spectra were recorded using 

Shimadzu-2600 spectrophotometer. Thermogravimetric (TGA) analyses were carried out on a 

STA 409 PC analyzer. Carl Zeiss model Ultra 55 microscope was used for Field emission 

scanning electron microscope (FE-SEM) imaging with energy dispersive X-ray (EDX) 

spectroscopy. Oxford Instruments X-Max
N
 SDD (50 mm

2
) system and INCA analysis software 

were used for elemental mapping. Zahner Zanium electrochemical workstation which is operated 

with Thales software is used for conducting all the electrochemical activity. 

 

5.2.1.2. Electrochemical studies 

Similar protocol is followed as that discussed in Chapter 2 under section 2.2.1.3. Electrode 

potentials were converted to the normal hydrogen electrode (NHE) scale using the relation E 

(NHE) = E (Ag/AgCl) + 0.1451 V when the Ag/AgCl used as RE. Cyclic voltammetry scans 

were initiated at the open circuit potential (OCP), and the cathodic side was scanned first, 

followed by an anodic scan. Five cycles were taken consecutively for each set of cyclic 
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voltammetry measurements in quiescent solution. Cyclic voltammograms (CVs) were also 

recorded at various scan rates. 

5.2.2. Synthesis  

5.2.2.1. Synthesis of Compound 1  

100 mL aqueous solution of Na2MoO4.2H2O (3.5 g, 14.46 mmol) was prepared and added to 50 

mL aqueous solution of AlCl3.6H2O (1.5 g, 6.21 mmol). To the mixture so formed, 10 mL of 

glacial CH3CO2H was added. A separate mixture was prepared containing 40 mL of 2,2′-

bipyridine (0.2 g, 1.28 mmol), which was prepared by dissolving it in a mixture of 25 mL of 

methanol and 15 mL of water, and Cu(NO3)2.2H2O (0.5 g, 2.06 mmol). This mixture was added 

to the initially prepared reaction mixture, following which the pH was adjusted to 2.6 by the 

addition of concentrated HCl. The resulting mixture was then filtered, and the filtrate was kept at 

room temperature for crystallization. Blue blocks appeared within a week. These crystals were 

collected from the mother liquor, after which they were washed with water and dried at room 

temperature. Yield: 0.50 g (12% based on Mo). 

5.3 Results and Discussion 

5.3.1. Physical characterization 

The synthesized compound was characterized by PXRD, FT-IR, FESEM, TGA, and UV-vis. 

DRS. Varied electrochemical experiments were designed to study the mechanistic and kinetic 

aspect of HER activity by compound 1. 

5.3.1.1. Structural Description of compound 1 

[Cu
II
(2,2′-bpy)(H2O)2Cl][Cu

II
(2,2′-bpy)(H2O)2Al(OH)6Mo6O18]·4H2O (compound 1) consists of 

[Cu
II
(2,2′-bpy)(H2O)2]

2+ 
fragment which is coordinated to POM unit ([Al(OH)6Mo6O18]

3-
 )  from 

the two oxygen atoms of terminal “Mo-O” bonds of two different Anderson anions. The crystal 

of 1 is made up of spiral-type chains, [Cu
II
(2,2′-bpy)(H2O)2Al(OH)6Mo6O18]n

n-
 as anions, chloro-

copper complexes, [Cu
II
(2,2′-bpy)(H2O)2Cl]n

n+
 as cations, and four lattice water molecule. Thus, 

from the crystallographic point of view, two independent Anderson anions have a unique 

position, denoted by labeling their heteroatom aluminum as Al(1) and Al(2). The figure is 

provided below (Figure 5.1.). From each Anderson anion through two non-adjacent oxygen 

atoms of terminal “Mo‒O” bond, two {[Cu
II
(2,2′-bpy)(H2O)2]

2+
}fragments are connected, 

forming a spiral chain type structure (Figures 5.1.).  The chain consists alternatively of Al(1) and 
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Al(2) containing Anderson anions, which have two different orientations: alternatively, they 

have identical configurations along the chain. In the polymer chain, each cluster anion acts as a 

bidentate ligand coordinating to two [Cu
II
(2,2′-bpy)(H2O)2]

2+ 
complex fragments through the 

terminal oxygen atoms of two nonadjacent MoO6 octahedra (Figure 5.1. (a)). 

There are two crystallographically independent copper sites comprising of two different 

coordination environments around copper: The first one is the part of the chain, [Cu
II
(2,2′-

bpy)(H2O)2]
2+

 and the other one is the chloro complex, [Cu
II
(2,2′-bpy)(H2O)2Cl]

1+,
 hydrogen-

bonded to Al(1) containing Anderson anion as shown in Figure 5.1. (b). The Cu-complex 

coordinated to the chain has distorted octahedral geometry. Its coordination geometry is fulfilled 

with two nitrogen atoms from bipyridine ligand, two oxygen atoms from H2O molecule, and two 

oxygen from “Mo‒O” of two different Anderson anions. The second copper center has square 

pyramidal geometry formed by two nitrogen atoms from the 2,2′-bipyridine ligand, two water 

molecules, and one chloride anion. 

 

Figure 5.1. (a) Asymmetrical unit of compound 1. (b) Representation of chain-like structure formed by compound 

1. Colour code: Red:O; blue:N; Light green:Cl; Gray:C; Violet:Al; Aqua blue:Mo; Orange:Cu. 
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5.3.1.2. PXRD analysis  

The successful synthesis of compound 1 was confirmed from the PXRD patterns. The PXRD 

pattern recorded from the instrument after synthesizing the compound was compared to the 

simulated PXRD patterns. All the major peaks from the PXRD pattern were found to match the 

simulated pattern confirming the synthesized compound's bulk purity (Figure 5.2. (a)). 

 

Figure 5.2. (a) PXRD pattern of compound 1 obtained experimentally compared with the simulated PXRD patterns. 

(b) FTIR of compound 1. 

5.3.1.3. FTIR and Diffused reflectance UV-vis. Spectral analysis   

IR stretching observed in the region of 890-950 cm
-1

 is due to ν (Mo=O) stretching. Series of 

bands between 1100 and 1600 cm
-1

 are attributed to various stretching associated with the 2,2′-

bipyridine ligand (Figure 5.2. (b)). In the lower frequency region ν (750-850 cm
-1

), bands with 

medium-weak intensity are observed attributed to ν (Cu−O−Mo). 

The electronic absorption spectrum of compound 1 was recorded in reflectance mode and is 

converted into Kubelka-Munk (K-M) derived plot (Figure 5.3.). The broad absorbance seen at 

710 nm is due to the d-d transition from Cu
2+ 

of both the Cu(II)-complexes present in compound 

1. The absorbance at 320 nm can be attributed to the ligand to metal charge transfer (LMCT) in 

the Anderson POM unit. This is due to the charge transfer from „O‟ to „Mo‟ of the POM unit. 

The absorbance at 250 nm is due to π to π
*
 transition arising from bipyridine ligand, which is 

present in Cu(II)-complexes in compound 1. 
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Figure 5.3. Kubelka Monk modified UV-vis. the diffused reflectance spectrum of compound 1. 

5.3.2. Electrochemical properties 

All the electrochemical experiments were performed in a three-electrode system as described in 

the section. The cyclic voltammetric experiments were performed by following the protocols as 

discussed earlier in section 5.2.2.2. The CV scans of bare glassy carbon electrodes were collected 

before initializing the electrochemical experiments to study the HER activity by compound 1. 

Blank GC electrode showed no HER activity in the electrochemical potential window of our 

study. 

5.3.2.1. Electrochemical property of compound 1  

The Cyclic voltammograms of compound 1 has three peaks towards the cathodic sweep of the 

CV scan denoted as C1, C2, and C3 at the potential of +0.054 V, –0.126V, –0.845 V, 

respectively. Towards the anodic sweep for the CV scan of compound 1, two peaks A1 and A2 

are seen at the potential of +0.128 V and –0.089 V, respectively (Figure 5.4.).  

As discussed in section 5.3.1.1., compound 1 consists two crystallographically distinct „Cu‟ 

species; one is part of the chain (involved in coordinate covalent bond formation), and the other 

is present in the cationic fragment of compound 1. These different „Cu‟ species give the hump-

like features we see both towards the anodic and cathodic scan of compound 1‟s CV. The 
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direction of the CV scan starts from the cathodic sweep with a hump-like peak C1 assigned to 

the reduction Cu(II)-complex, which is the part of the cationic fragment and is not coordinated to 

POM, from Cu(II) to Cu(I) (Figure 5.4.). Immediately following C1, peak C2 for the reduction 

of Cu(II)-complex, which is part of the chain and is coordinated to the POM unit, from Cu(II) to 

Cu(I) is seen.  Pre-catalytic peak C3 is slightly visible in the CV scan, following which HER 

activity is seen. After hydrogen generation, catalytic Cu-species revert to Cu(I) form, for which 

we observe two oxidation peaks (Cu(I) to Cu(II) oxidation peaks), labelled as A1 and A2.  

 

Figure 5.4. Cyclic voltammograms of compound 1 were recorded for the 2nd, and 14th CV cycles. Black coloured 

plot denotes the 2nd cycle of the CV scan, whereas the red one denotes the 14th cycle of the CV scan of compound 1. 

Inset: zoomed CV plot showing the redox peaks region. 

As we increase the number of CV scans for compound 1, changes in its CV features are 

observed, which gets stabilized after running 12 CV scans and maintaining it until the next 100 

cycles. We observe that area under the peak decreases significantly. The onset potential shifts 

towards a more cathodic value (Eonset = –0.74 V and Eonset = –0.866 V for 2
nd

 and 14
th

 CV scans 

of 1, respectively) with a relatively less catalytic current. A broad peak is seen towards both the 

anodic as well as the cathodic sweep of the CV scans labelled as C1´ and A1´at the potential of  



Chapter 5 
 

 
146 

–0.097 V and –0.094 V, respectively. A very slight hump at the potential of –0.121 V is also 

visible towards the anodic sweep labelled as A2´ (Figure 5.4.).  

In the 2
nd

 CV scan, where both the Cu-complexes are structurally intact, we can speculate that 

both play a substantial role in HER catalysis, resulting in relatively high onset current (j~ ‒5.5 

mA/cm
2
) with low onset potential (Eonset = –0.74 V). As we increase the CV scans from 2

nd
 cycle 

to 14
th

 cycle of the CV scan for 1, the onset potential also shifts to a more cathodic side (Eonset = 

–0.866 V) with relatively low catalytic current (j~ ‒3.5 mA/cm
2
). These changes mentioned 

could be attributed to the structural changes happening around the Cu-species, leading to more 

stable species, which catalyzes HER henceforth. 

5.3.2.2. Insights of the plausible structural changes  

The changes in CV features could be associated with the structural modifications happening in 

compound 1 due to high cathodic potential. We have speculated that the Cu-complex, {Cu
II
(2,2′-

bpy)(H2O)2Cl}
1+

, which is part of cationic fragment of compound 1, undergoes structural 

rearrangement under the electrochemical condition by substituting Cl
‒
 ligand with aqua ligand 

forming {Cu
II
(2,2′-bpy)(H2O)3}

2+
 resulting in weakening of its supramolecular interactions with 

Anderson POM. Once {Cu
II
(2,2′-bpy)(H2O)3}

2+
 species is formed, it starts leaching out in 

solution, and the  K
+
 ions from K2HPO4 and KH2PO4 (phosphate buffer) of the electrolyte helps 

in maintaining the electroneutrality of the core structure of PSTMC. Slowly with continuous CV 

scans {Cu
II
(2,2′-bpy)(H2O)3}

2+
 species completely leaches out in solution for which we redox 

couple  C1´/A1´ is seen. In this situation, we expect the core structure of the PSTMC (compound 

1) changes to K[Cu
II
(2,2′-bpy)(H2O)2Al(OH)6Mo6O18]·4H2O (1´) on the electrode surface, which 

catalyzes the HER generating the hydrogen. Thus, the more stable structure formed from 

compound 1 would be denoted as 1´ henceforth. 

5.3.2.3. Stability of 1´ (active catalyst) 

To understand the stability of 1´ on the electrode surface, we conducted constant potential 

electrolysis (CPE) experiment; we applied a constant potential (–0.9 V) and monitored the 

current for a fixed period (Figure 5.5. (a)). From this CPE experiment, we found out that the 

active species (1´) derived from compound 1 is stable for the period of 2.0 h, following which a 

steady increase in current is observed, indicating a further change in the active species' structure.  



Chapter 5 
 

 
147 

 

Figure 5.5. (a) Constant potential electrolysis (CPE) for compound 1´ at the potential of -0.9 V.  (b) Comparison of 

the CV scans of 14th and 120th CV scans of 1. Inset shows the difference in the catalytic current of 14th and 120th CV 

scans (200 A). 

Long term durability of 1´ (active catalyst) was studied by recording 100 CV scans after 1´ was 

formed. The CV scans were monitored for any change in the redox features and onset potential 

throughout, and a negligible difference was noted. The catalytic current, as shown in the inset of 

Figure 5.5. (b)), a difference of 200 A was seen. This difference in the catalytic current could 

be attributed to the loss in catalytic current due to the bubbles' deposition arising from the HER 

activity. Thus, we confirmed that 1´ is stable for 2 hours, confirmed from CPE experiment as 

well as from 100 CV scans.  

5.3.2.4. Controlled experiment 

General methodology: For the controlled experiments, we prepared [Cu(2,2´-bpy)2(H2O)2]Cl2 

complex and a relevant inorganic coordination polymer, [La(H2O)7Al(OH)6Mo6O18]n·4nH2O, 

comprising of Anderson POM unit {(Al(OH)6Mo6O18)
3-

} by following the methodology 

available in the literature.
29 

[La(H2O)7Al(OH)6Mo6O18]n·4nH2O was selected for these 

experiments due to its polymeric nature, which makes it insoluble in the water, allowing us to 

record its CV scans in a heterogenous manner by coating 20 L of the sample ink on GC 

electrode as mentioned in section 5.2.1.2. In the case of  [Cu(2,2´-bpy)2(H2O)2]Cl2, CV scans 

were recorded in homogeneous fashion by taking 1 mmol of it in 0.1 M acetate buffer (pH 4.8). 

Details of the experiments carried out along with their results are discussed below: 
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Figure 5.6. (a) Comparison of CVs of 14th CV scan of 1 (red) and physical mixture (PM) (black) prepared by 

coating [La(H2O)7Al(OH)6Mo6O18]n·4nH2O on GC electrode and taking 1 mmol of  [Cu(2,2´-bpy)2(H2O)2]Cl2 in the 

electrolyte solution. (b) 2
nd

 (black) and 25
th
 (red) CV scans of [Cu(2,2´-bpy)2(H2O)2]Cl2. 

We recorded the CVs by coating 20 L of [La(H2O)7Al(OH)6Mo6O18]n·4nH2O sample ink on the 

GC electrode and taking one mmol of [Cu(2,2´-bpy)2(H2O)2]Cl2 in the same electrolytic solution. 

This set up allowed us to have a mixture containing both POM and [Cu(2,2´-bpy)2(H2O)2]Cl2 in 

the system (labelled as PM or physical mixture) and obtain their cyclic voltammograms (Figure 

5.6. (a)). In the CV scan for PM, we got two features in the cathodic and anodic CV sweep 

labelled as C4, C5 and A4, A5. Peaks C4 and C5 were seen at +0.24 V and +0.023 V, 

respectively. Towards the anodic sweep of the CV scan peaks, A4 and A5 are observed at +0.28 

V and +0.104 V, respectively. 

On comparing the physical mixture system's CVs with that of 1´ as depicted in Figure 5.6. (a), 

we can draw the following conclusion: (i) The CV feature varies a lot from each other. The 

catalytic current obtained from PM is very low relative to that of 1´ (Figure 5.6. (a)). (ii) On 

increasing the CV scans of the PM system, we observed that the peak current, as well as catalytic 

current increases, and after 25 CV cycles, a red-coloured deposit was seen on the glassy carbon 

electrode (Figure 5.6. (b)). This red colour deposition is a characteristic feature of Cu metal. No 

such residue was seen in the case of 1´ (title electrocatalyst). From here, we concluded that 

catalytic activity of 1´ is facilitated by the synergistic effect from POM, which stabilizes the 

overall structure by debarring reduction of Cu(II) to elemental form. From Chapter 4, we know 

that the [La(H2O)7Al(OH)6Mo6O18]n·4nH2O  do not show any catalytic activity for HER in 
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phosphate buffer pH 7 (Figure 4.9. (b), Chapter 4). Thus, we can conclude that Cu(II)-species 

coordinated to the POM unit is an active centre for HER catalysis.  

5.3.2.5. Mechanistic and Kinetic study 

To understand the kinetics, we recorded CVs by varying the scan rate (Figure 5.7. (a)). From the 

CVs varying from low scan rate (50 mV/s) to high scan rate (300 mV/s) and calculated the 

cathodic peak current of the active species which was utilized for plotting the graph of cathodic 

peak current (ipc) vs. scan rate () (Figure 5.7. (b)). The graph's linear nature confirms the 

involvement of diffusion-controlled process in electron transfer for the overall process.
15

 The 

slope so obtained by linear fitting of the points is used to calculate the catalyst's turnover 

frequency (TOF) by finding the active Cu atoms participating in the catalysis (complete 

calculation for TOF is provided below in subsection of „TOF calculation‟). 

 

Figure 5.7. (a) Cyclic voltammograms of 1´ were recorded in 0.1 M phosphate buffer pH 7 by varying the scan rate 

from 50mV/s to 300 mV/s. (b) Cathodic peak current (ipc) as a function of scan rate. 

Tafel plot was constructed by following similar methodology as discussed in Chapter 2 under 

section 2.3.2.6. The overpotential required to achieve a current density of 1 mA/cm
2
 by the 

active catalyst (1´) was found to be 348 mV (Figure 5.8.). 



Chapter 5 
 

 
150 

 

Figure 5.8. Galvanostatic iR-corrected Tafel plot of 1 at pH 7 (0.1 M phosphate buffer). 

5.3.2.6. Quantitative hydrogen evolution and Faradic efficiency calculation 

Following a similar method, as discussed in Chapter 3, section 3.3.2.6., we calculate the Faradic 

efficiency of both the compounds. For quantitative hydrogen evolution, a constant current 

density of 1 mA/cm
2
 was applied for a period of 3 h. During the electrolysis, hydrogen bubbles 

first gathered at the FTO electrode's surface and later accumulated in an inverted graduated tube 

(home-built set-up, Figure 3.22., Chapter 3), which was previously filled with electrolyte, 

displacing the electrolyte. 

Faradaic efficiency of any system describes the efficiency with which charge is utilized in an 

electrochemical reaction.   

For HER, it can be formulated as,  

 

 

 

 

Moles of H2 evolved 

Moles of H2 that can evolve utilizing the employed charge 
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Calculation of Faradic efficiency for 1´: 

From the bulk-electrolysis, the quantitative measurement of hydrogen evolved was measured 

under constant current condition. For this work, we found 0.27 mL/hour of H2 evolved under 1 

atm. pressure. 

Thus, moles of H2 evolved in one hour = (0.27/22400) mol = 1.205 μmol. 

 

H2 ideal =  

 

Here, we employed a current density of 1 mA/cm
2
 and „n‟= 2 for HER (as it is a two-electron 

process). 

Thus, H2 that ideally should evolve = (76 × 3600)/(2 × 96500) mol = 1.417 μmol. 

Faradic efficiency = 
     

     
   100 = 85.03% 

Therefore, Faradaic efficiency of 1´ is 85%.  

5.3.2.7. Turnover Frequency (TOF) Calculation 

 Calculation of surface coverage and number of active copper atoms 

We have calculated the active Cu atoms/cm
2
 on the electrode surface using a method recently 

described by Pintado et al.
30 

by measuring the surface coverage (Γ0) from the slope (1.985 E-4 F) 

of the ip vs scan rate (Figure 5.7., derived from Figure 5.7. (a)) using the equation 1.  

    Slope = n
2
F

2
AΓ0/4RT   ............. (1) 

Where „n‟ = No. of electrons involved, here 1. For Cu(II) – Cu(I) conversion. 

Slope of ipc vs. scan rate plot, which is 1.98 E-7
 
A/mV = 1.98 E-4

 
A/mV 

Γ0 = (Slope)(4RT)/ n
2
F

2
A                                                  ............. (2) 

   By substituting all the values in equation 2, we obtain Γ0 as 2.91 × 10
-9

 mol/cm
2
 

Q (Total Charge employed) 

n (no. of electrons required for the chemical change X 1 Farad) 



Chapter 5 
 

 
152 

Thus, for compound 1 obtained surface density of active copper atoms is 1.75 ×10
15

 copper 

atoms/cm
2
 or in other words, it is 2.91 × 10

-9
 mol/cm

2
. 

 Calculation of Turnover Frequency (TOF) for H2 evolution from Tafel Plot: 

TOF can be written as,  

 

                                                                                                                                      .....  (2) 

HER process being a two-electron process, numeric 2 is included in the equation. Thus, division 

of current density at a particular overpotential by 2F (F = Faraday constant) gives one catalytic 

turnover number and it‟s further division by the number of active copper atoms gives us turnover 

frequency (TOF). 

TOF for compound 1: 

                                                                                                                          .....  (3) 

 

Thus (TOF)j=1mA/cm
2 = 17.80 [mol H2 (mol Cu)

-1
s

-1
] 

5.4. Conclusion 

[Cu
II
(2,2′-bpy)(H2O)2Cl][Cu

II
(2,2′-bpy)(H2O)2Al(OH)6Mo6O18]·4H2O, Anderson POM 

supported Cu-bipyridine metal complex, having a spiral-type chained structure, acts as the 

precursor to produce an active catalyst under the electrochemical condition for hydrogen 

evolution reaction. The high cathodic potential application led to the structural rearrangement, 

which is stable for 2 h and 100 CV cycle scans. This work shows that even though compound 1 

is not the active catalyst, POM still plays an intrinsic role in the HER activity, which is not 

possible otherwise. This emphasizes the importance of POM supported transition metal 

complexes for designing catalysts for HER activity. 1´ shows electrocatalytic activity for HER, 

where a current density of 1 mA/cm
2
 is achieved at the expense of 348 mV (overpotential).  

Turnover frequency calculated for the active catalyst is 17.80 [mol H2 (mol Cu)
-1

s
-1

]. 

 

TOF at any given over potential = 

Current density at given over potential 

2   F   No. of active copper species/atoms 

(TOF )j=1 mA/cm
2 = 

10
-3 

2   F   2.91 E
-9 
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Concluding Remarks 

This thesis, entitled “Designing Polyoxometalate Based Hybrid Compounds as Electrocatalysts 

for Water Splitting” describes designing and utilizing different POM supported transition metal 

complexes (PSTMCs) for electrocatalytic activity towards both OER and HER. In this thesis 

work, we have shown, how to tune the structure of PSTMCs by considering different factors 

such as reaction conditions, precursors employed, etc., while designing the synthetic 

methodology of PSTMCs. Strategically incorporating synthetic protocol allowed us to obtain the 

different structures of PSTMCs, thereby resulting in different catalytic activity.  

In Chapters 2 and 3, we have utilized a Keggin type of POM, K6[CoW12O40]·6H2O, as the POM 

support to obtain two different PSTMCs. We have shown, how the catalytic activity could be 

changed from OER to HER by substituting Ni(II)-complex (which shows OER activity in 

Chapter 2) with that of Cu(II)-complex (when it shows HER activity in Chapter 3). This also 

explains the transition metal (TM) of the transition metal complex supported on the POM unit 

acts as the active center for the OER/HER catalysis. The POM unit does not participate directly 

in this catalytic process.  

In Chapter 2, more specifically,  we synthesized a robust and efficient electrocatalyst for water 

oxidation, which has the molecular formula of [Ni
II
(2,2′-bpy)3]3[{Ni

II
(2,2′-

bpy)2(H2O)}{HCo
II
W

VI
12O40}]2ˑ3H2O. The catalyst was found to be stable for 20 h and durable 

for 1000 cycles under the catalytic conditions. We confirmed our compound's structural stability 

during the electrocatalytic process from various controlled experiments, and the active catalyst 

was found to be the „Ni‟ center of the transition metal complex. The overpotential to achieve a 

current density of 1 mA/cm
2
 was found to be 475.6 mV and a turnover frequency (TOF) of 18.49 

(mol O2)(mol Ni
II
)

-1
 s

-1
.  

On the other hand, in Chapter 3, we successfully synthesized a 2-dimensional coordination 

polymer containing  compound comprising three crystallographically distinct Cu(II)-complexes 

supported on a Keggin POM, K6[CoW12O40]·6H2O, achieved by slightly modifying the synthetic 

protocol from Chapter 2. This compound, [{Cu
II
(2,2´-bpy)(H2O)2}][{Co

II
W

VI
12O40}{(Cu

II
(2,2´-

bpy)(H2O)}{(Cu
II
(2,2´-bpy)}]·2H2O, exhibited electrochemical HER activity in the acetate 

buffer at pH 4.8. The overpotential required to achieve a current density of 1 mA/cm
2
 was 520 
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mV with the Faradic efficiency of 81.02%. This study intrigued us to dig down into other POM's 

role in the PSTMC catalyzed OER/HER and led to Chapters 4 and 5 as described below. 

In Chapters 4 and 5, we have utilized an Anderson type POM supporting Cu-complexes. In 

Chapter 4, for our study, we used two PSTMCs, 

[Cr(OH)6Mo6O18{Cu(phen)(H2O)2}2][Cr(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (1) and 

[Al(OH)6Mo6O18{Cu(phen)(H2O)2}2][Al(OH)6Mo6O18{Cu(phen)(H2O)Cl}2]·5H2O (2) having 

the analogous structure. The structural similarity between these two compounds enabled us to 

understand the POM unit's role in overall catalytic activity (HER). Both these compounds 

catalyze HER under the neutral condition of phosphate buffer. From the observation we obtained 

from our studies, we conclude that „Cr‟-centered Anderson POM based Cu(II)-complex hybrid 

compound 1 is a better catalyst than that containing the „Al‟-centered Anderson POM, compound 

2.  This conclusion was drawn based on low overpotential and high faradic efficiency (FE) 

obtained for compound 1 (j=1 mA/cm
2 = 300 mV, and FE is 95.7%) relative to compound 2 (j=1 

mA/cm
2 = 644 mV and FE is 89.4 %).  

 In Chapter 5, for our study, we once again incorporated Anderson POM supported transition 

metal complex. The Cu(II)-bipyridine complex is coordinated to the Anderson POM, forming a 

chain-like structure with the molecular formula of [Cu
II
(2,2′-bpy)(H2O)2Cl][Cu

II
(2,2′-

bpy)(H2O)2Al(OH)6Mo6O18]·4H2O. From the electrochemical studies (phosphate buffer, pH 7), 

we found that this compound act as a pre-catalyst as it undergoes structural rearrangement 

forming the active catalyst. The POM unit stabilizes the active catalyst; this was confirmed from 

the various controlled experiment. The active catalyst derived from this compound achieves a 

current density of 1mA/cm
2 
at an overpotential of 348 mV. The turnover frequency calculated for 

the active catalyst was found to be 17.80 [mol H2 (mol Cu)
-1

s
-1

] with the Faradic efficiency of 

85%. 

To conclude, from the studies carried out for this thesis work, we found out that POM supported 

transition metal complexes (PSTMCs) can be employed as an electrocatalyst for OER and HER, 

depending upon the transition metal complex coordinated to it. It can be easily tuned by 

changing the ligand or transition-metal employed or by administering different POM units. By 

structural tuning, one can achieve better catalytic results with a good understanding of the 

catalytic mechanism. From our observations, we confirmed that in the electrochemical activity of 
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PSTMCs, POM does not participate directly in the catalytic activity but has a synergistic effect 

and plays an essential role in stabilizing the overall structure. The active center is always the 

transition metal of the transition metal complex containing the labile ligand, coordinated to the 

POM unit. Thus, by incorporating different transition metal complexes, one can easily change / 

tune the electrocatalytic activity of PSTMCs. 

 

Future Scope 

For future work, we want to synthesize Ni-supported PSTMC where Anderson POM, preferably 

[Cr(OH)6Mo6O18]
3-

 anion as support. This will allow us to compare and analyze the results and 

observations discussed in Chapter 2, providing us with a better outlook.  

We believe ligand present in the transition metal complex supported on the POM unit also plays 

a decisive role in its catalytic activity. Literature is filled with a large pool of ligands from which 

we can choose our ligands and plan a synthetic methodology. So, our approach is to synthesize a 

series of PSTMCs containing the same POM unit (preferably Keggin POM) and transition metal 

but differing only in terms of ligands utilize. Since in this thesis work we have only dealt with 

2,2´-bipyridine (bpy) and 1,10-phenanthroline (phen) as ligands, for future work, we want to use 

other N-donor ligands such 4,4′-dimethyl-2,2′-dipyridyl, 1,2-bis(4-pyridyl)ethane (bpa); 1,3-

bis(1H-imidazol-l-yl)methyl)-benzene (m-bimb); 1,3-bis(4-pyridyl)-propane (bpp); 1,3-bis(1H-

imidazol-1-yl)benzene (bib), 4,4′-di(1H-imidazol-1-yl)-1,1′-biphenyl (bibm), etc. (Figure 1), 

which will allow us to study and understand the role of ligands in the catalytic activity of 

PSTMCs. 

 

Figure 1. N-donor ligands that can be used for the PSTMCs‟ syntheses. 
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PSTMCs have rich literature, which allows us to choose relevant compounds for the study as per 

our convenience. One such PSTMC containing B-centred-Keggin POM with Ni-complex 

coordinated to it is provided in Figure 2. Similarly, we can select different PSTMCs from the 

literature to study the electrochemical properties to understand better the catalytic activity (for 

OER and HER) they pose. 

 

Figure 2. ORTEP diagram of a PSTMC of [Ni(2,2′-bipy)3]1.5[{Ni(2,2'- bipy)2(H2O)}(BW12O40)], adapted from AKU 

J. Sci. Eng. 2020, 20, 576-581. 
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A1. Chapter 2. Polyoxometalate Supported Bis(bpy)mono(aqua)Ni(II)  

Coordination Complex: An Efficient  Electrocatalyst for Water Oxidation 

Table A1.1. Bond lengths [Å] and angles [deg] for compound [Ni
II
(2,2′-bpy)3]3[{Ni

II
(2,2′-

bpy)2(H2O)}{HCo
II

W
VI

12O40}]2ˑ3H2O. 

 

Bond Lengths Bond angles 

O(2)-W(5)  1.881(10) 

O(2)-W(3)  1.938(10) 

O(3)-W(12)  1.934(10) 

O(3)-W(11)  1.970(10) 

O(4)-Co(1)  1.891(9) 

O(4)-W(12)  2.149(9) 

O(4)-W(5)  2.174(10) 

O(4)-W(11)  2.185(9) 

O(5)-W(1)  1.875(10) 

O(5)-W(5)  1.961(10) 

O(6)-Co(1)  1.877(9) 

O(6)-W(4)  2.162(10) 

O(6)-W(7)  2.165(9) 

O(6)-W(1)  2.187(10) 

O(7)-W(1)  1.928(10) 

O(7)-W(7)  1.986(10) 

O(8)-W(4)  1.948(11) 

O(8)-W(1)  1.984(10) 

O(9)-W(4)  1.927(11) 

O(9)-W(9)  1.938(10) 

O(10)-W(2)  1.908(10) 

O(10)-W(9)  1.929(10) 

O(11)-Co(1)  1.872(9) 

O(11)-W(9)  2.148(9) 

O(11)-W(10)  2.169(10) 

O(11)-W(8)  2.198(9) 

O(12)-W(2)  1.921(10) 

O(12)-W(6)  1.951(10) 

O(13)-W(12)  1.876(11) 

 

W(5)-O(2)-W(3) 152.5(6) 

W(12)-O(3)-W(11) 114.4(5) 

Co(1)-O(4)-W(12) 120.4(5) 

Co(1)-O(4)-W(5) 118.8(4) 

W(12)-O(4)-W(5) 100.8(4) 

Co(1)-O(4)-W(11) 117.0(5) 

W(12)-O(4)-W(11) 98.4(4) 

W(5)-O(4)-W(11) 97.0(4) 

W(1)-O(5)-W(5) 152.5(5) 

Co(1)-O(6)-W(4) 118.9(5) 

Co(1)-O(6)-W(7) 118.8(4) 

W(4)-O(6)-W(7) 98.2(4) 

Co(1)-O(6)-W(1) 120.5(5) 

W(4)-O(6)-W(1) 98.4(4) 

W(7)-O(6)-W(1) 97.3(4) 

W(1)-O(7)-W(7) 113.2(5) 

W(4)-O(8)-W(1) 113.7(5) 

W(4)-O(9)-W(9) 149.0(6) 

W(2)-O(10)-W(9) 153.9(5) 

Co(1)-O(11)-W(9) 118.7(5) 

Co(1)-O(11)-W(10) 120.3(4) 

W(9)-O(11)-W(10) 97.5(4) 

Co(1)-O(11)-W(8) 121.2(5) 

W(9)-O(11)-W(8) 96.9(3) 

W(10)-O(11)-W(8) 96.9(4) 

W(2)-O(12)-W(6) 114.5(5) 

W(12)-O(13)-W(8) 150.4(6) 

W(12)-O(14)-W(6) 151.1(6) 

W(6)-O(18)-W(3) 115.0(5) 
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O(13)-W(8)  1.947(11) 

O(14)-W(12)  1.914(10) 

O(14)-W(6)  1.918(10) 

O(15)-W(5)  1.714(11) 

O(16)-W(6)  1.715(10) 

O(17)-W(2)  1.697(10) 

O(18)-W(6)  1.896(10) 

O(18)-W(3)  1.991(10) 

O(19)-Co(1)  1.870(9) 

O(19)-W(6)  2.171(9) 

O(19)-W(3)  2.181(9) 

O(19)-W(2)  2.185(9) 

O(20)-W(3)  1.932(9) 

O(20)-W(2)  1.953(10) 

O(21)-W(12)  1.716(11) 

O(22)-W(11)  1.943(11) 

O(22)-W(5)  1.943(10) 

O(23)-W(10)  1.877(11) 

O(23)-W(11)  1.945(11) 

O(24)-W(11)  1.887(10) 

O(24)-W(7)  1.944(11) 

O(25)-W(7)  1.706(11) 

O(25)-Ni(1)  2.101(10) 

O(26)-W(4)  1.857(9) 

O(26)-W(2)  1.975(9) 

O(27)-W(1)  1.712(10) 

O(28)-W(10)  1.775(19) 

O(28)-W(8)  1.980(16) 

O(29)-W(9)  1.84(2) 

O(29)-W(8)  1.913(17) 

O(30)-W(8)  1.895(10) 

O(30)-W(6)  1.946(10) 

O(31)-W(5)  1.957(10) 

O(31)-W(12)  2.015(10) 

O(32)-W(3)  1.712(10) 

Co(1)-O(19)-W(6) 120.1(4) 

Co(1)-O(19)-W(3) 119.1(4) 

W(6)-O(19)-W(3) 97.8(4) 

Co(1)-O(19)-W(2) 120.7(5) 

W(6)-O(19)-W(2) 96.8(3) 

W(3)-O(19)-W(2) 97.1(4) 

W(3)-O(20)-W(2) 114.7(5) 

W(11)-O(22)-W(5) 114.3(5) 

W(10)-O(23)-W(11) 154.0(5) 

W(11)-O(24)-W(7) 152.6(6) 

W(7)-O(25)-Ni(1) 162.3(7) 

W(4)-O(26)-W(2) 153.0(5) 

W(10)-O(28)-W(8) 120.9(12) 

W(9)-O(29)-W(8) 120.0(11) 

W(8)-O(30)-W(6) 152.9(6) 

W(5)-O(31)-W(12) 114.0(5) 

W(7)-O(34)-W(4) 112.7(5) 

W(10)-O(35)-W(9) 112.9(5) 

W(7)-O(37)-W(10) 154.2(6) 

C(65)-N(13)-C(61) 118.5(14) 

C(65)-N(13)-Ni(3) 126.2(11) 

C(61)-N(13)-Ni(3) 115.3(10) 

C(41)-N(9)-C(45) 120.0(15) 

C(41)-N(9)-Ni(2) 125.7(12) 

C(45)-N(9)-Ni(2) 114.2(11) 

C(36)-N(8)-C(40) 116.9(13) 

C(36)-N(8)-Ni(2) 114.8(10) 

C(40)-N(8)-Ni(2) 127.8(10) 

C(50)-N(10)-C(46) 119.8(14) 

C(50)-N(10)-Ni(2) 126.1(12) 

C(46)-N(10)-Ni(2) 112.9(10) 

C(31)-N(7)-C(35) 117.3(14) 

C(31)-N(7)-Ni(2) 125.2(11) 

C(35)-N(7)-Ni(2) 115.7(10) 

C(51)-N(11)-C(55) 117.4(18) 
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O(33)-W(4)  1.717(11) 

O(34)-W(7)  1.919(11) 

O(34)-W(4)  2.008(10) 

O(35)-W(10)  1.940(11) 

O(35)-W(9)  1.955(10) 

O(36)-W(11)  1.707(11) 

O(37)-W(7)  1.862(10) 

O(37)-W(10)  2.004(10) 

O(38)-W(9)  1.708(12) 

O(39)-W(10)  1.739(11) 

O(40)-W(8)  1.695(11) 

N(13)-C(65)  1.31(2) 

N(13)-C(61)  1.36(2) 

N(13)-Ni(3)  2.079(12) 

N(9)-C(41)  1.32(2) 

N(9)-C(45)  1.32(2) 

N(9)-Ni(2)  2.100(13) 

N(8)-C(36)  1.32(2) 

N(8)-C(40)  1.32(2) 

N(8)-Ni(2)  2.092(12) 

N(10)-C(50)  1.31(2) 

N(10)-C(46)  1.36(2) 

N(10)-Ni(2)  2.108(13) 

N(7)-C(31)  1.33(2) 

N(7)-C(35)  1.35(2) 

N(7)-Ni(2)  2.062(12) 

N(11)-C(51)  1.28(3) 

N(11)-C(55)  1.34(3) 

N(11)-Ni(3)  2.123(14) 

N(12)-C(56)  1.29(2) 

N(12)-C(60)  1.36(2) 

N(12)-Ni(3)  2.125(14) 

N(5)-C(21)  1.35(2) 

N(5)-C(25)  1.36(2) 

N(5)-Ni(2)  2.097(14) 

C(51)-N(11)-Ni(3) 127.5(14) 

C(55)-N(11)-Ni(3) 115.0(13) 

C(56)-N(12)-C(60) 117.1(16) 

C(56)-N(12)-Ni(3) 116.0(11) 

C(60)-N(12)-Ni(3) 126.0(12) 

C(21)-N(5)-C(25) 117.9(16) 

C(21)-N(5)-Ni(2) 126.2(12) 

C(25)-N(5)-Ni(2) 114.5(11) 

C(26)-N(6)-C(30) 118.7(15) 

C(26)-N(6)-Ni(2) 116.0(11) 

C(30)-N(6)-Ni(2) 125.3(12) 

C(6)-N(2)-C(10) 117.1(15) 

C(6)-N(2)-Ni(1) 116.1(11) 

C(10)-N(2)-Ni(1) 126.6(13) 

C(15)-N(3)-C(11) 116.1(14) 

C(15)-N(3)-Ni(1) 115.8(11) 

C(11)-N(3)-Ni(1) 127.9(11) 

C(1)-N(1)-C(5) 121.8(17) 

C(1)-N(1)-Ni(1) 125.5(14) 

C(5)-N(1)-Ni(1) 112.5(12) 

N(7)-C(35)-C(34) 123.2(15) 

N(7)-C(35)-C(36) 112.6(13) 

C(34)-C(35)-C(36) 124.2(15) 

N(8)-C(36)-C(37) 124.2(14) 

N(8)-C(36)-C(35) 115.3(13) 

C(37)-C(36)-C(35) 120.5(15) 

C(33)-C(32)-C(31) 118.7(18) 

C(39)-C(38)-C(37) 121.7(17) 

C(35)-C(34)-C(33) 118.8(16) 

C(38)-C(39)-C(40) 117.3(16) 

C(36)-C(37)-C(38) 116.2(16) 

C(32)-C(33)-C(34) 120.2(18) 

N(8)-C(40)-C(39) 123.8(15) 

N(7)-C(31)-C(32) 121.3(17) 

C(49)-C(48)-C(47) 114.8(17) 
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N(6)-C(26)  1.34(2) 

N(6)-C(30)  1.40(2) 

N(6)-Ni(2)  2.084(13) 

N(2)-C(6)  1.35(2) 

N(2)-C(10)  1.39(2) 

N(2)-Ni(1)  2.062(13) 

N(3)-C(15)  1.34(2) 

N(3)-C(11)  1.37(2) 

N(3)-Ni(1)  2.052(13) 

N(1)-C(1)  1.33(3) 

N(1)-C(5)  1.37(2) 

N(1)-Ni(1)  2.042(14) 

C(35)-C(34)  1.36(2) 

C(35)-C(36)  1.54(2) 

C(36)-C(37)  1.39(2) 

C(32)-C(33)  1.34(3) 

C(32)-C(31)  1.42(3) 

C(38)-C(39)  1.32(3) 

C(38)-C(37)  1.39(3) 

C(34)-C(33)  1.36(3) 

C(39)-C(40)  1.40(2) 

C(48)-C(49)  1.34(3) 

C(48)-C(47)  1.48(3) 

C(45)-C(44)  1.40(3) 

C(45)-C(46)  1.49(2) 

C(50)-C(49)  1.39(3) 

C(26)-C(27)  1.42(3) 

C(26)-C(25)  1.48(3) 

C(25)-C(24)  1.38(3) 

C(29)-C(30)  1.36(3) 

C(29)-C(28)  1.38(3) 

C(41)-C(42)  1.40(3) 

C(42)-C(43)  1.36(3) 

C(47)-C(46)  1.37(3) 

C(61)-C(62)  1.37(2) 

N(9)-C(45)-C(44) 121.9(17) 

N(9)-C(45)-C(46) 117.1(14) 

C(44)-C(45)-C(46) 121.0(16) 

N(10)-C(50)-C(49) 122.7(16) 

N(6)-C(26)-C(27) 122.0(19) 

N(6)-C(26)-C(25) 115.3(15) 

C(27)-C(26)-C(25) 122.8(19) 

N(5)-C(25)-C(24) 121.0(19) 

N(5)-C(25)-C(26) 115.1(16) 

C(24)-C(25)-C(26) 124.0(18) 

C(30)-C(29)-C(28) 122(2) 

C(48)-C(49)-C(50) 121.6(17) 

N(9)-C(41)-C(42) 121.6(17) 

C(43)-C(42)-C(41) 117.7(19) 

C(29)-C(30)-N(6) 120.1(19) 

C(46)-C(47)-C(48) 120.9(19) 

N(13)-C(61)-C(62) 120.8(16) 

N(13)-C(61)-C(61)#1 114.5(8) 

C(62)-C(61)-C(61)#1 124.6(11) 

C(63)-C(62)-C(61) 120.0(19) 

N(13)-C(65)-C(64) 123.2(17) 

C(59)-C(60)-N(12) 126(2) 

C(63)-C(64)-C(65) 115.4(19) 

C(62)-C(63)-C(64) 121.8(19) 

C(29)-C(28)-C(27) 118.1(17) 

C(24)-C(23)-C(22) 120(2) 

N(11)-C(55)-C(54) 121.2(19) 

N(11)-C(55)-C(56) 115.1(18) 

C(54)-C(55)-C(56) 124(2) 

C(21)-C(22)-C(23) 119(2) 

C(22)-C(21)-N(5) 121.8(19) 

N(12)-C(56)-C(57) 120.6(18) 

N(12)-C(56)-C(55) 116.3(16) 

C(57)-C(56)-C(55) 123.1(19) 

N(10)-C(46)-C(47) 119.7(16) 
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C(61)-C(61)#1  1.54(3) 

C(62)-C(63)  1.32(3) 

C(65)-C(64)  1.42(3) 

C(60)-C(59)  1.34(3) 

C(64)-C(63)  1.37(3) 

C(28)-C(27)  1.40(3) 

C(23)-C(24)  1.30(4) 

C(23)-C(22)  1.40(4) 

C(55)-C(54)  1.36(3) 

C(55)-C(56)  1.51(3) 

C(22)-C(21)  1.35(3) 

C(56)-C(57)  1.39(3) 

C(43)-C(44)  1.37(3) 

O(41)-Ni(1)  2.122(11) 

N(4)-C(20)  1.33(2) 

N(4)-C(16)  1.34(2) 

N(4)-Ni(1)  2.036(13) 

C(6)-C(7)  1.41(3) 

C(6)-C(5)  1.45(3) 

C(20)-C(19)  1.37(3) 

C(5)-C(4)  1.44(3) 

C(12)-C(11)  1.36(2) 

C(12)-C(13)  1.37(3) 

C(7)-C(8)  1.39(4) 

C(15)-C(14)  1.41(3) 

C(15)-C(16)  1.50(3) 

C(9)-C(10)  1.29(3) 

C(9)-C(8)  1.37(4) 

C(16)-C(17)  1.38(4) 

C(4)-C(3)  1.42(4) 

C(3)-C(2)  1.38(4) 

C(14)-C(13)  1.36(3) 

C(1)-C(2)  1.40(3) 

C(19)-C(18)  1.37(3) 

C(58)-C(59)  1.37(3) 

N(10)-C(46)-C(45) 115.0(13) 

C(47)-C(46)-C(45) 125.3(16) 

C(42)-C(43)-C(44) 121(2) 

C(20)-N(4)-C(16) 116.1(15) 

C(20)-N(4)-Ni(1) 128.3(11) 

C(16)-N(4)-Ni(1) 115.5(11) 

N(2)-C(6)-C(7) 122.7(19) 

N(2)-C(6)-C(5) 112.6(14) 

C(7)-C(6)-C(5) 124.5(19) 

N(4)-C(20)-C(19) 126.1(17) 

N(1)-C(5)-C(4) 120(2) 

N(1)-C(5)-C(6) 118.9(15) 

C(4)-C(5)-C(6) 121(2) 

C(11)-C(12)-C(13) 118.1(17) 

C(8)-C(7)-C(6) 116(2) 

C(12)-C(11)-N(3) 124.3(17) 

N(3)-C(15)-C(14) 122.1(17) 

N(3)-C(15)-C(16) 113.8(14) 

C(14)-C(15)-C(16) 123.1(18) 

C(10)-C(9)-C(8) 121(3) 

C(9)-C(10)-N(2) 123(3) 

N(4)-C(16)-C(17) 123.4(18) 

N(4)-C(16)-C(15) 115.3(15) 

C(17)-C(16)-C(15) 121.3(18) 

C(23)-C(24)-C(25) 121(2) 

C(3)-C(4)-C(5) 117(3) 

C(28)-C(27)-C(26) 119(2) 

C(2)-C(3)-C(4) 119(3) 

C(13)-C(14)-C(15) 118.5(19) 

C(14)-C(13)-C(12) 120.4(17) 

N(1)-C(1)-C(2) 121(2) 

C(9)-C(8)-C(7) 121(2) 

C(3)-C(2)-C(1) 120(3) 

C(43)-C(44)-C(45) 117(2) 

C(18)-C(19)-C(20) 117(2) 
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C(58)-C(57)  1.39(3) 

C(54)-C(53)  1.32(4) 

C(52)-C(51)  1.32(4) 

C(52)-C(53)  1.36(4) 

C(18)-C(17)  1.45(4) 

O(1)-W(3)  1.890(9) 

O(1)-W(1)  1.956(9) 

C(59)-C(58)-C(57) 117(2) 

C(53)-C(54)-C(55) 119(2) 

C(51)-C(52)-C(53) 118(3) 

C(60)-C(59)-C(58) 117(2) 

N(11)-C(51)-C(52) 125(2) 

C(56)-C(57)-C(58) 121(2) 

C(54)-C(53)-C(52) 119(2) 

C(19)-C(18)-C(17) 117(3) 

C(16)-C(17)-C(18) 117(2) 

W(3)-O(1)-W(1) 152.4(5) 

O(19)-Co(1)-O(11) 109.0(4) 

O(19)-Co(1)-O(6) 109.1(4) 

O(11)-Co(1)-O(6) 111.0(4) 

O(19)-Co(1)-O(4) 108.0(4) 

O(11)-Co(1)-O(4) 108.5(4) 

O(6)-Co(1)-O(4) 111.1(4) 

N(4)-Ni(1)-N(1) 98.6(6) 

N(4)-Ni(1)-N(3) 79.4(5) 

N(1)-Ni(1)-N(3) 93.3(6) 

N(4)-Ni(1)-N(2) 174.7(5) 

N(1)-Ni(1)-N(2) 79.8(6) 

N(3)-Ni(1)-N(2) 95.6(5) 

N(4)-Ni(1)-O(25) 92.5(5) 

N(1)-Ni(1)-O(25) 87.9(5) 

N(3)-Ni(1)-O(25) 172.0(5) 

N(2)-Ni(1)-O(25) 92.4(5) 

N(4)-Ni(1)-O(41) 90.0(6) 

N(1)-Ni(1)-O(41) 168.8(6) 

N(3)-Ni(1)-O(41) 95.4(5) 

N(2)-Ni(1)-O(41) 92.3(6) 

O(25)-Ni(1)-O(41) 84.5(5) 

N(7)-Ni(2)-N(6) 95.3(5) 

N(7)-Ni(2)-N(8) 79.2(5) 

N(6)-Ni(2)-N(8) 169.9(5) 

N(7)-Ni(2)-N(5) 96.9(6) 
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N(6)-Ni(2)-N(5) 77.8(6) 

N(8)-Ni(2)-N(5) 94.4(5) 

N(7)-Ni(2)-N(9) 92.2(6) 

N(6)-Ni(2)-N(9) 94.7(5) 

N(8)-Ni(2)-N(9) 93.9(5) 

N(5)-Ni(2)-N(9) 168.7(5) 

N(7)-Ni(2)-N(10) 170.9(5) 

N(6)-Ni(2)-N(10) 86.5(5) 

N(8)-Ni(2)-N(10) 100.3(5) 

N(5)-Ni(2)-N(10) 92.2(5) 

N(9)-Ni(2)-N(10) 78.8(5) 

N(13)-Ni(3)-N(13)#1 79.9(7) 

N(13)-Ni(3)-N(11)#1 168.4(5) 

N(13)#1-Ni(3)-N(11)#1 95.8(6) 

N(13)-Ni(3)-N(11) 95.8(6) 

N(13)#1-Ni(3)-N(11) 168.4(5) 

N(11)#1-Ni(3)-N(11) 90.5(9) 

N(13)-Ni(3)-N(12) 94.4(5) 

N(13)#1-Ni(3)-N(12) 92.2(5) 

N(11)#1-Ni(3)-N(12) 96.6(5) 

N(11)-Ni(3)-N(12) 77.3(5) 

N(13)-Ni(3)-N(12)#1 92.2(5) 

N(13)#1-Ni(3)-N(12)#1 94.4(5) 

N(11)#1-Ni(3)-N(12)#1 77.3(5) 

N(11)-Ni(3)-N(12)#1 96.6(5) 

N(12)-Ni(3)-N(12)#1 171.4(7) 

O(27)-W(1)-O(5) 100.3(5) 

O(27)-W(1)-O(7) 97.7(5) 

O(5)-W(1)-O(7) 92.2(4) 

O(27)-W(1)-O(1) 101.5(5) 

O(5)-W(1)-O(1) 84.3(4) 

O(7)-W(1)-O(1) 160.8(4) 

O(27)-W(1)-O(8) 98.2(5) 

O(5)-W(1)-O(8) 161.0(4) 

O(7)-W(1)-O(8) 89.8(4) 
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O(1)-W(1)-O(8) 87.6(4) 

O(27)-W(1)-O(6) 168.5(5) 

O(5)-W(1)-O(6) 89.0(4) 

O(7)-W(1)-O(6) 75.0(4) 

O(1)-W(1)-O(6) 86.1(4) 

O(8)-W(1)-O(6) 73.2(4) 

O(17)-W(2)-O(10) 102.1(5) 

O(17)-W(2)-O(12) 99.0(5) 

O(10)-W(2)-O(12) 89.9(4) 

O(17)-W(2)-O(20) 98.6(5) 

O(10)-W(2)-O(20) 158.9(4) 

O(12)-W(2)-O(20) 91.2(4) 

O(17)-W(2)-O(26) 101.0(5) 

O(10)-W(2)-O(26) 83.9(4) 

O(12)-W(2)-O(26) 159.8(4) 

O(20)-W(2)-O(26) 87.9(4) 

O(17)-W(2)-O(19) 169.6(5) 

O(10)-W(2)-O(19) 86.2(4) 

O(12)-W(2)-O(19) 74.5(4) 

O(20)-W(2)-O(19) 73.8(4) 

O(26)-W(2)-O(19) 86.0(4) 

O(32)-W(3)-O(1) 101.5(5) 

O(32)-W(3)-O(20) 96.8(5) 

O(1)-W(3)-O(20) 92.4(4) 

O(32)-W(3)-O(2) 101.9(5) 

O(1)-W(3)-O(2) 85.1(4) 

O(20)-W(3)-O(2) 161.3(4) 

O(32)-W(3)-O(18) 97.3(5) 

O(1)-W(3)-O(18) 161.0(4) 

O(20)-W(3)-O(18) 88.3(4) 

O(2)-W(3)-O(18) 88.2(4) 

O(32)-W(3)-O(19) 166.3(4) 

O(1)-W(3)-O(19) 89.4(4) 

O(20)-W(3)-O(19) 74.3(4) 

O(2)-W(3)-O(19) 87.1(4) 
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O(18)-W(3)-O(19) 72.5(4) 

O(33)-W(4)-O(26) 104.1(5) 

O(33)-W(4)-O(9) 101.1(5) 

O(26)-W(4)-O(9) 87.8(4) 

O(33)-W(4)-O(8) 97.7(5) 

O(26)-W(4)-O(8) 92.6(4) 

O(9)-W(4)-O(8) 160.6(4) 

O(33)-W(4)-O(34) 93.5(5) 

O(26)-W(4)-O(34) 162.2(4) 

O(9)-W(4)-O(34) 86.2(4) 

O(8)-W(4)-O(34) 87.7(4) 

O(33)-W(4)-O(6) 164.9(4) 

O(26)-W(4)-O(6) 89.3(4) 

O(9)-W(4)-O(6) 86.1(4) 

O(8)-W(4)-O(6) 74.5(4) 

O(34)-W(4)-O(6) 73.6(4) 

O(15)-W(5)-O(2) 100.9(5) 

O(15)-W(5)-O(22) 98.0(5) 

O(2)-W(5)-O(22) 160.9(4) 

O(15)-W(5)-O(31) 95.5(5) 

O(2)-W(5)-O(31) 90.8(4) 

O(22)-W(5)-O(31) 89.9(4) 

O(15)-W(5)-O(5) 102.5(5) 

O(2)-W(5)-O(5) 85.0(4) 

O(22)-W(5)-O(5) 88.5(4) 

O(31)-W(5)-O(5) 162.0(4) 

O(15)-W(5)-O(4) 165.7(4) 

O(2)-W(5)-O(4) 87.7(4) 

O(22)-W(5)-O(4) 74.3(4) 

O(31)-W(5)-O(4) 72.8(4) 

O(5)-W(5)-O(4) 89.5(4) 

O(16)-W(6)-O(18) 98.9(5) 

O(16)-W(6)-O(14) 103.0(5) 

O(18)-W(6)-O(14) 92.0(4) 

O(16)-W(6)-O(30) 99.7(5) 
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O(18)-W(6)-O(30) 161.4(4) 

O(14)-W(6)-O(30) 84.8(5) 

O(16)-W(6)-O(12) 94.4(5) 

O(18)-W(6)-O(12) 90.5(4) 

O(14)-W(6)-O(12) 161.8(4) 

O(30)-W(6)-O(12) 87.1(4) 

O(16)-W(6)-O(19) 166.6(5) 

O(18)-W(6)-O(19) 74.5(4) 

O(14)-W(6)-O(19) 89.1(4) 

O(30)-W(6)-O(19) 87.0(4) 

O(12)-W(6)-O(19) 74.2(4) 

O(25)-W(7)-O(37) 101.2(5) 

O(25)-W(7)-O(34) 98.6(5) 

O(37)-W(7)-O(34) 93.3(5) 

O(25)-W(7)-O(24) 100.6(5) 

O(37)-W(7)-O(24) 84.7(4) 

O(34)-W(7)-O(24) 160.7(4) 

O(25)-W(7)-O(7) 96.4(5) 

O(37)-W(7)-O(7) 161.6(4) 

O(34)-W(7)-O(7) 89.2(5) 

O(24)-W(7)-O(7) 86.9(4) 

O(25)-W(7)-O(6) 168.8(4) 

O(37)-W(7)-O(6) 88.7(4) 

O(34)-W(7)-O(6) 75.2(4) 

O(24)-W(7)-O(6) 85.5(4) 

O(7)-W(7)-O(6) 74.4(4) 

O(40)-W(8)-O(30) 102.3(5) 

O(40)-W(8)-O(29) 103.2(8) 

O(30)-W(8)-O(29) 88.0(7) 

O(40)-W(8)-O(13) 99.9(5) 

O(30)-W(8)-O(13) 85.6(5) 

O(29)-W(8)-O(13) 156.8(7) 

O(40)-W(8)-O(28) 102.6(7) 

O(30)-W(8)-O(28) 154.5(7) 

O(29)-W(8)-O(28) 91.6(7) 



Appendix 
 

 
172 

O(13)-W(8)-O(28) 84.8(6) 

O(40)-W(8)-O(11) 168.7(5) 

O(30)-W(8)-O(11) 87.0(4) 

O(29)-W(8)-O(11) 70.3(7) 

O(13)-W(8)-O(11) 87.1(4) 

O(28)-W(8)-O(11) 69.0(7) 

O(38)-W(9)-O(29) 99.4(8) 

O(38)-W(9)-O(10) 101.9(6) 

O(29)-W(9)-O(10) 86.1(7) 

O(38)-W(9)-O(9) 100.5(6) 

O(29)-W(9)-O(9) 159.8(7) 

O(10)-W(9)-O(9) 86.5(4) 

O(38)-W(9)-O(35) 96.0(6) 

O(29)-W(9)-O(35) 92.1(6) 

O(10)-W(9)-O(35) 162.1(4) 

O(9)-W(9)-O(35) 89.3(4) 

O(38)-W(9)-O(11) 167.5(5) 

O(29)-W(9)-O(11) 72.8(6) 

O(10)-W(9)-O(11) 87.5(4) 

O(9)-W(9)-O(11) 88.2(4) 

O(35)-W(9)-O(11) 74.9(4) 

O(39)-W(10)-O(28) 101.6(8) 

O(39)-W(10)-O(23) 102.3(5) 

O(28)-W(10)-O(23) 89.8(7) 

O(39)-W(10)-O(35) 96.6(5) 

O(28)-W(10)-O(35) 92.6(6) 

O(23)-W(10)-O(35) 160.1(4) 

O(39)-W(10)-O(37) 100.3(5) 

O(28)-W(10)-O(37) 158.0(7) 

O(23)-W(10)-O(37) 83.1(4) 

O(35)-W(10)-O(37) 87.5(4) 

O(39)-W(10)-O(11) 169.4(5) 

O(28)-W(10)-O(11) 73.2(7) 

O(23)-W(10)-O(11) 87.1(4) 

O(35)-W(10)-O(11) 74.7(4) 
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O(37)-W(10)-O(11) 85.7(4) 

O(36)-W(11)-O(24) 101.6(5) 

O(36)-W(11)-O(22) 98.9(5) 

O(24)-W(11)-O(22) 90.1(4) 

O(36)-W(11)-O(23) 100.4(6) 

O(24)-W(11)-O(23) 85.8(4) 

O(22)-W(11)-O(23) 160.7(4) 

O(36)-W(11)-O(3) 98.0(5) 

O(24)-W(11)-O(3) 160.2(4) 

O(22)-W(11)-O(3) 89.8(5) 

O(23)-W(11)-O(3) 87.7(5) 

O(36)-W(11)-O(4) 168.1(5) 

O(24)-W(11)-O(4) 88.2(4) 

O(22)-W(11)-O(4) 74.1(4) 

O(23)-W(11)-O(4) 86.9(4) 

O(3)-W(11)-O(4) 72.7(4) 

O(21)-W(12)-O(13) 101.8(5) 

O(21)-W(12)-O(14) 101.6(5) 

O(13)-W(12)-O(14) 87.0(5) 

O(21)-W(12)-O(3) 97.1(5) 

O(13)-W(12)-O(3) 92.5(5) 

O(14)-W(12)-O(3) 161.0(4) 

O(21)-W(12)-O(31) 95.3(5) 

O(13)-W(12)-O(31) 162.7(4) 

O(14)-W(12)-O(31) 86.6(4) 

O(3)-W(12)-O(31) 88.4(4) 

O(21)-W(12)-O(4) 164.7(5) 

O(13)-W(12)-O(4) 91.3(4) 

O(14)-W(12)-O(4) 86.8(4) 

O(3)-W(12)-O(4) 74.2(4) 

O(31)-W(12)-O(4) 72.3(4) 

 

  
 

 

# Symmetry transformations used to generate equivalent atoms: #1 –x,y,-z+3/2 

 



Appendix 
 

 
174 

A2. Chapter 3. Designing POM Supported Metal Complex as an Efficient 

Electrocatalyst for HER 

Table A2.1. Bond lengths [Å] and angles [deg] for compound [{Cu(2,2´-

bpy)(H2O)2}][{CoW12O40}{(Cu(2,2´-bpy)(H2O)}{(Cu(2,2´-bpy)}]·2H2O 

Bond Lengths Bond angles 

W(4)-O(019)  1.749(4) 

W(4)-O(5)  1.884(4) 

W(4)-O(8)  1.908(4) 

W(4)-O(11)  1.937(5) 

W(4)-O(10)  1.951(4) 

W(4)-O(1)  2.182(4) 

W(12)-O(01C)  1.711(5) 

W(12)-O(20)  1.900(4) 

W(12)-O(010)  1.937(4) 

W(12)-O(00Z)  1.938(4) 

W(12)-O(6)  1.993(4) 

W(12)-O(4)  2.190(4) 

W(2)-O(80)  1.705(5) 

W(2)-O(00X)  1.924(4) 

W(2)-O(17)  1.928(4) 

W(2)-O(013)  1.939(4) 

W(2)-O(19)  1.968(4) 

W(2)-O(3)  2.198(4) 

W(11)-O(01F)  1.705(5) 

W(11)-O(7)  1.875(4) 

W(11)-O(16)  1.909(4) 

W(11)-O(010)  1.943(4) 

W(11)-O(00Y)  2.038(4) 

W(11)-O(4)  2.164(4) 

W(10)-O(01A)  1.712(5) 

W(10)-O(18)  1.844(4) 

W(10)-O(19)  1.889(4) 

W(10)-O(00Y)  1.991(4) 

W(10)-O(20)  2.063(4) 

W(10)-O(4)  2.131(4) 

 

O(019)-W(4)-O(5) 101.9(2) 

O(019)-W(4)-O(8) 100.47(19) 

O(5)-W(4)-O(8) 90.04(18) 

O(019)-W(4)-O(11) 98.8(2) 

O(5)-W(4)-O(11) 159.19(18) 

O(8)-W(4)-O(11) 84.17(18) 

O(019)-W(4)-O(10) 97.85(19) 

O(5)-W(4)-O(10) 92.29(18) 

O(8)-W(4)-O(10) 160.62(19) 

O(11)-W(4)-O(10) 86.88(19) 

O(019)-W(4)-O(1) 170.92(17) 

O(5)-W(4)-O(1) 74.64(17) 

O(8)-W(4)-O(1) 88.01(16) 

O(11)-W(4)-O(1) 85.17(17) 

O(10)-W(4)-O(1) 74.12(16) 

O(01C)-W(12)-O(20) 98.1(2) 

O(01C)-W(12)-O(010) 97.5(2) 

O(20)-W(12)-O(010) 93.82(18) 

O(01C)-W(12)-O(00Z) 101.9(2) 

O(20)-W(12)-O(00Z) 92.06(18) 

O(010)-W(12)-O(00Z) 158.67(17) 

O(01C)-W(12)-O(6) 101.0(2) 

O(20)-W(12)-O(6) 160.72(17) 

O(010)-W(12)-O(6) 86.31(17) 

O(00Z)-W(12)-O(6) 81.48(17) 

O(01C)-W(12)-O(4) 168.5(2) 

O(20)-W(12)-O(4) 75.73(16) 

O(010)-W(12)-O(4) 73.57(16) 

O(00Z)-W(12)-O(4) 88.10(17) 

O(6)-W(12)-O(4) 85.87(16) 
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W(5)-O(01K)  1.720(5) 

W(5)-O(6)  1.861(4) 

W(5)-O(00R)  1.873(4) 

W(5)-O(0AA)  2.026(4) 

W(5)-O(5)  2.038(4) 

W(5)-O(1)  2.130(4) 

W(1)-O(81)  1.727(4) 

W(1)-O(00Z)  1.901(4) 

W(1)-O(013)  1.935(4) 

W(1)-O(015)  1.948(4) 

W(1)-O(00R)  1.949(4) 

W(1)-O(3)  2.160(4) 

W(1)-W(3)  3.2384(9) 

W(6)-O(01G)  1.714(5) 

W(6)-O(12)  1.858(5) 

W(6)-O(10)  1.920(4) 

W(6)-O(7)  1.959(4) 

W(6)-O(0AA)  2.010(4) 

W(6)-O(1)  2.167(4) 

W(8)-O(01D)  1.718(5) 

W(8)-O(17)  1.899(4) 

W(8)-O(14)  1.910(4) 

W(8)-O(15)  1.970(4) 

W(8)-O(18)  1.979(4) 

W(8)-O(2)  2.182(4) 

W(9)-O(01J)  1.713(5) 

W(9)-O(9)  1.903(4) 

W(9)-O(11)  1.911(5) 

W(9)-O(14)  1.946(5) 

W(9)-O(13)  1.990(4) 

W(9)-O(2)  2.160(4) 

W(3)-O(01E)  1.711(4) 

W(3)-O(015)  1.917(4) 

W(3)-O(9)  1.935(4) 

W(3)-O(8)  1.937(4) 

O(80)-W(2)-O(00X) 98.7(2) 

O(80)-W(2)-O(17) 101.1(2) 

O(00X)-W(2)-O(17) 91.09(18) 

O(80)-W(2)-O(013) 98.8(2) 

O(00X)-W(2)-O(013) 91.48(18) 

O(17)-W(2)-O(013) 159.27(17) 

O(80)-W(2)-O(19) 100.8(2) 

O(00X)-W(2)-O(19) 160.45(17) 

O(17)-W(2)-O(19) 83.29(18) 

O(013)-W(2)-O(19) 87.48(18) 

O(80)-W(2)-O(3) 169.5(2) 

O(00X)-W(2)-O(3) 74.40(16) 

O(17)-W(2)-O(3) 87.09(16) 

O(013)-W(2)-O(3) 73.84(16) 

O(19)-W(2)-O(3) 86.58(16) 

O(01F)-W(11)-O(7) 105.0(2) 

O(01F)-W(11)-O(16) 100.9(2) 

O(7)-W(11)-O(16) 87.19(19) 

O(01F)-W(11)-O(010) 98.2(2) 

O(7)-W(11)-O(010) 92.03(19) 

O(16)-W(11)-O(010) 160.46(18) 

O(01F)-W(11)-O(00Y) 91.8(2) 

O(7)-W(11)-O(00Y) 163.01(18) 

O(16)-W(11)-O(00Y) 87.42(18) 

O(010)-W(11)-O(00Y) 87.72(18) 

O(01F)-W(11)-O(4) 161.86(19) 

O(7)-W(11)-O(4) 91.79(17) 

O(16)-W(11)-O(4) 86.44(17) 

O(010)-W(11)-O(4) 74.06(16) 

O(00Y)-W(11)-O(4) 71.81(16) 

O(01A)-W(10)-O(18) 103.4(2) 

O(01A)-W(10)-O(19) 101.4(2) 

O(18)-W(10)-O(19) 90.24(18) 

O(01A)-W(10)-O(00Y) 96.6(2) 

O(18)-W(10)-O(00Y) 90.79(18) 
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W(3)-O(00X)  1.944(4) 

W(3)-O(3)  2.160(4) 

W(7)-O(01I)  1.720(5) 

W(7)-O(13)  1.895(5) 

W(7)-O(16)  1.932(4) 

W(7)-O(15)  1.941(4) 

W(7)-O(12)  1.969(5) 

W(7)-O(2)  2.179(4) 

Co(0E)-O(2)  1.879(4) 

Co(0E)-O(3)  1.884(4) 

Co(0E)-O(4)  1.896(4) 

Co(0E)-O(1)  1.904(4) 

O(00Y)-Cu(0A)  1.983(4) 

O(019)-Cu(1)#1  1.959(4) 

O(81)-Cu(0A)#2  2.330(4) 

N(4)-C(6)  1.325(9) 

N(4)-C(8)  1.349(8) 

N(4)-Cu(0A)  1.997(5) 

N(2)-C(11)  1.350(9) 

N(2)-C(15)  1.356(8) 

N(2)-Cu(1)  1.992(5) 

N(1)-C(20)  1.322(8) 

N(1)-C(16)  1.359(8) 

N(1)-Cu(1)  1.986(5) 

N(6)-C(7)  1.336(10) 

N(6)-C(2)  1.348(10) 

N(6)-Cu(1A)  1.965(6) 

C(18)-C(17)  1.381(10) 

C(18)-C(19)  1.394(9) 

N(3)-C(33)  1.336(9) 

N(3)-C(9)  1.349(8) 

N(3)-Cu(0A)  1.976(5) 

C(8)-C(29)  1.385(9) 

C(8)-C(9)  1.488(9) 

C(15)-C(14)  1.385(9) 

O(19)-W(10)-O(00Y) 161.21(18) 

O(01A)-W(10)-O(20) 92.4(2) 

O(18)-W(10)-O(20) 164.23(18) 

O(19)-W(10)-O(20) 86.40(18) 

O(00Y)-W(10)-O(20) 87.54(17) 

O(01A)-W(10)-O(4) 163.1(2) 

O(18)-W(10)-O(4) 90.60(17) 

O(19)-W(10)-O(4) 87.81(17) 

O(00Y)-W(10)-O(4) 73.42(16) 

O(20)-W(10)-O(4) 73.89(16) 

O(01K)-W(5)-O(6) 104.2(2) 

O(01K)-W(5)-O(00R) 103.6(2) 

O(6)-W(5)-O(00R) 88.14(18) 

O(01K)-W(5)-O(0AA) 92.4(2) 

O(6)-W(5)-O(0AA) 91.58(17) 

O(00R)-W(5)-O(0AA) 163.54(18) 

O(01K)-W(5)-O(5) 93.6(2) 

O(6)-W(5)-O(5) 162.14(18) 

O(00R)-W(5)-O(5) 88.16(17) 

O(0AA)-W(5)-O(5) 87.09(17) 

O(01K)-W(5)-O(1) 160.22(19) 

O(6)-W(5)-O(1) 89.71(17) 

O(00R)-W(5)-O(1) 90.58(17) 

O(0AA)-W(5)-O(1) 72.96(16) 

O(5)-W(5)-O(1) 72.87(17) 

O(81)-W(1)-O(00Z) 102.3(2) 

O(81)-W(1)-O(013) 98.06(19) 

O(00Z)-W(1)-O(013) 89.59(18) 

O(81)-W(1)-O(015) 95.6(2) 

O(00Z)-W(1)-O(015) 161.90(18) 

O(013)-W(1)-O(015) 90.76(18) 

O(81)-W(1)-O(00R) 100.9(2) 

O(00Z)-W(1)-O(00R) 85.45(18) 

O(013)-W(1)-O(00R) 161.02(17) 

O(015)-W(1)-O(00R) 88.39(18) 
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C(15)-C(16)  1.454(9) 

C(19)-C(20)  1.397(9) 

N(5)-C(28)  1.327(11) 

N(5)-C(3)  1.346(10) 

N(5)-Cu(1A)  1.972(7) 

C(3)-C(24)  1.393(11) 

C(3)-C(2)  1.466(10) 

C(14)-C(13)  1.388(10) 

C(9)-C(30)  1.365(10) 

C(11)-C(12)  1.379(10) 

C(12)-C(13)  1.375(11) 

C(6)-C(5)  1.385(11) 

C(2)-C(23)  1.390(10) 

C(5)-C(27)  1.358(12) 

C(17)-C(16)  1.361(9) 

C(7)-C(21)  1.384(12) 

C(23)-C(22)  1.375(12) 

C(32)-C(31)  1.391(12) 

C(32)-C(33)  1.393(11) 

C(28)-C(26)  1.385(14) 

C(24)-C(25)  1.381(13) 

C(30)-C(31)  1.356(12) 

C(22)-C(21)  1.371(14) 

C(27)-C(29)  1.383(12) 

C(25)-C(26)  1.340(14) 

O(0AA)-Cu(1)  1.942(4) 

Cu(0A)-O(1AA)  1.999(5) 

Cu(1A)-O(2AA)  1.965(7) 

Cu(1A)-O(3AA)  1.975(6) 

 

 

O(81)-W(1)-O(3) 167.21(18) 

O(00Z)-W(1)-O(3) 88.44(17) 

O(013)-W(1)-O(3) 74.81(16) 

O(015)-W(1)-O(3) 74.21(17) 

O(00R)-W(1)-O(3) 86.74(16) 

O(81)-W(1)-W(3) 128.16(15) 

O(00Z)-W(1)-W(3) 129.54(13) 

O(013)-W(1)-W(3) 82.98(13) 

O(015)-W(1)-W(3) 32.80(13) 

O(00R)-W(1)-W(3) 86.09(12) 

O(3)-W(1)-W(3) 41.44(11) 

O(01G)-W(6)-O(12) 104.1(2) 

O(01G)-W(6)-O(10) 97.9(2) 

O(12)-W(6)-O(10) 93.3(2) 

O(01G)-W(6)-O(7) 101.3(2) 

O(12)-W(6)-O(7) 85.59(19) 

O(10)-W(6)-O(7) 160.45(17) 

O(01G)-W(6)-O(0AA) 93.2(2) 

O(12)-W(6)-O(0AA) 161.70(17) 

O(10)-W(6)-O(0AA) 90.30(18) 

O(7)-W(6)-O(0AA) 85.07(18) 

O(01G)-W(6)-O(1) 163.7(2) 

O(12)-W(6)-O(1) 91.12(18) 

O(10)-W(6)-O(1) 75.07(16) 

O(7)-W(6)-O(1) 85.43(16) 

O(0AA)-W(6)-O(1) 72.47(16) 

O(01D)-W(8)-O(17) 102.1(2) 

O(01D)-W(8)-O(14) 98.7(2) 

O(17)-W(8)-O(14) 91.64(19) 

O(01D)-W(8)-O(15) 97.3(2) 

O(17)-W(8)-O(15) 159.65(18) 

O(14)-W(8)-O(15) 91.45(19) 

O(01D)-W(8)-O(18) 100.0(2) 

O(17)-W(8)-O(18) 84.39(18) 

O(14)-W(8)-O(18) 161.29(18) 
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O(15)-W(8)-O(18) 86.26(18) 

O(01D)-W(8)-O(2) 168.92(19) 

O(17)-W(8)-O(2) 86.99(16) 

O(14)-W(8)-O(2) 74.49(17) 

O(15)-W(8)-O(2) 74.48(17) 

O(18)-W(8)-O(2) 87.02(16) 

O(01J)-W(9)-O(9) 102.1(2) 

O(01J)-W(9)-O(11) 101.2(2) 

O(9)-W(9)-O(11) 85.95(19) 

O(01J)-W(9)-O(14) 97.1(2) 

O(9)-W(9)-O(14) 91.07(19) 

O(11)-W(9)-O(14) 161.65(18) 

O(01J)-W(9)-O(13) 95.5(2) 

O(9)-W(9)-O(13) 162.20(18) 

O(11)-W(9)-O(13) 88.48(19) 

O(14)-W(9)-O(13) 88.91(19) 

O(01J)-W(9)-O(2) 165.7(2) 

O(9)-W(9)-O(2) 89.64(17) 

O(11)-W(9)-O(2) 87.56(17) 

O(14)-W(9)-O(2) 74.30(17) 

O(13)-W(9)-O(2) 73.22(16) 

O(01E)-W(3)-O(015) 97.7(2) 

O(01E)-W(3)-O(9) 100.5(2) 

O(015)-W(3)-O(9) 161.70(18) 

O(01E)-W(3)-O(8) 101.5(2) 

O(015)-W(3)-O(8) 90.87(18) 

O(9)-W(3)-O(8) 83.70(18) 

O(01E)-W(3)-O(00X) 97.0(2) 

O(015)-W(3)-O(00X) 90.91(18) 

O(9)-W(3)-O(00X) 88.77(18) 

O(8)-W(3)-O(00X) 161.06(18) 

O(01E)-W(3)-O(3) 168.67(18) 

O(015)-W(3)-O(3) 74.81(17) 

O(9)-W(3)-O(3) 87.46(17) 

O(8)-W(3)-O(3) 87.35(16) 
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O(00X)-W(3)-O(3) 74.93(16) 

O(01E)-W(3)-W(1) 130.80(15) 

O(015)-W(3)-W(1) 33.38(13) 

O(9)-W(3)-W(1) 128.64(13) 

O(8)-W(3)-W(1) 88.11(12) 

O(00X)-W(3)-W(1) 83.05(13) 

O(3)-W(3)-W(1) 41.45(11) 

O(01I)-W(7)-O(13) 100.3(2) 

O(01I)-W(7)-O(16) 100.8(2) 

O(13)-W(7)-O(16) 158.45(18) 

O(01I)-W(7)-O(15) 96.3(2) 

O(13)-W(7)-O(15) 92.8(2) 

O(16)-W(7)-O(15) 89.02(19) 

O(01I)-W(7)-O(12) 100.8(2) 

O(13)-W(7)-O(12) 88.23(19) 

O(16)-W(7)-O(12) 83.74(19) 

O(15)-W(7)-O(12) 162.38(18) 

O(01I)-W(7)-O(2) 169.5(2) 

O(13)-W(7)-O(2) 74.59(17) 

O(16)-W(7)-O(2) 85.17(17) 

O(15)-W(7)-O(2) 75.11(17) 

O(12)-W(7)-O(2) 88.27(17) 

O(2)-Co(0E)-O(3) 109.10(18) 

O(2)-Co(0E)-O(4) 107.99(18) 

O(3)-Co(0E)-O(4) 109.13(17) 

O(2)-Co(0E)-O(1) 109.65(18) 

O(3)-Co(0E)-O(1) 109.22(18) 

O(4)-Co(0E)-O(1) 111.70(18) 

Co(0E)-O(4)-W(10) 119.6(2) 

Co(0E)-O(4)-W(11) 116.07(19) 

W(10)-O(4)-W(11) 102.20(17) 

Co(0E)-O(4)-W(12) 119.0(2) 

W(10)-O(4)-W(12) 98.71(16) 

W(11)-O(4)-W(12) 97.37(16) 

Co(0E)-O(1)-W(5) 116.34(19) 
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Co(0E)-O(1)-W(6) 119.2(2) 

W(5)-O(1)-W(6) 102.34(17) 

Co(0E)-O(1)-W(4) 119.6(2) 

W(5)-O(1)-W(4) 98.88(17) 

W(6)-O(1)-W(4) 96.59(15) 

Co(0E)-O(2)-W(9) 118.4(2) 

Co(0E)-O(2)-W(7) 120.6(2) 

W(9)-O(2)-W(7) 97.70(15) 

Co(0E)-O(2)-W(8) 121.14(19) 

W(9)-O(2)-W(8) 96.58(16) 

W(7)-O(2)-W(8) 97.07(17) 

Co(0E)-O(3)-W(3) 121.06(19) 

Co(0E)-O(3)-W(1) 120.1(2) 

W(3)-O(3)-W(1) 97.11(16) 

Co(0E)-O(3)-W(2) 119.8(2) 

W(3)-O(3)-W(2) 96.39(16) 

W(1)-O(3)-W(2) 96.78(15) 

W(11)-O(16)-W(7) 152.6(3) 

W(4)-O(8)-W(3) 154.5(3) 

W(11)-O(7)-W(6) 150.5(3) 

W(8)-O(17)-W(2) 156.8(2) 

W(9)-O(9)-W(3) 151.9(2) 

W(5)-O(6)-W(12) 153.0(2) 

W(5)-O(00R)-W(1) 148.9(2) 

W(10)-O(18)-W(8) 148.8(2) 

W(4)-O(5)-W(5) 113.3(2) 

W(9)-O(11)-W(4) 152.7(3) 

W(10)-O(19)-W(2) 149.8(2) 

W(2)-O(00X)-W(3) 114.3(2) 

Cu(0A)-O(00Y)-W(10) 131.7(2) 

Cu(0A)-O(00Y)-W(11) 114.7(2) 

W(10)-O(00Y)-W(11) 112.1(2) 

W(1)-O(00Z)-W(12) 155.2(2) 

W(12)-O(010)-W(11) 114.8(2) 

W(7)-O(13)-W(9) 114.5(2) 



Appendix 
 

 
181 

W(12)-O(20)-W(10) 111.57(19) 

W(1)-O(013)-W(2) 114.6(2) 

W(8)-O(14)-W(9) 114.4(2) 

W(3)-O(015)-W(1) 113.8(2) 

W(7)-O(15)-W(8) 113.3(2) 

W(6)-O(12)-W(7) 153.1(3) 

W(6)-O(10)-W(4) 114.1(2) 

W(4)-O(019)-Cu(1)#1 170.6(3) 

W(1)-O(81)-Cu(0A)#2 137.4(2) 

C(6)-N(4)-C(8) 120.7(6) 

C(6)-N(4)-Cu(0A) 126.1(5) 

C(8)-N(4)-Cu(0A) 113.0(4) 

C(11)-N(2)-C(15) 119.5(6) 

C(11)-N(2)-Cu(1) 126.7(4) 

C(15)-N(2)-Cu(1) 113.6(4) 

C(20)-N(1)-C(16) 118.7(6) 

C(20)-N(1)-Cu(1) 126.0(4) 

C(16)-N(1)-Cu(1) 115.0(4) 

C(7)-N(6)-C(2) 118.4(7) 

C(7)-N(6)-Cu(1A) 128.1(6) 

C(2)-N(6)-Cu(1A) 113.5(5) 

C(17)-C(18)-C(19) 118.1(6) 

C(33)-N(3)-C(9) 117.3(6) 

C(33)-N(3)-Cu(0A) 126.6(5) 

C(9)-N(3)-Cu(0A) 115.7(4) 

N(4)-C(8)-C(29) 120.2(6) 

N(4)-C(8)-C(9) 116.3(5) 

C(29)-C(8)-C(9) 123.4(6) 

N(2)-C(15)-C(14) 120.3(6) 

N(2)-C(15)-C(16) 115.7(5) 

C(14)-C(15)-C(16) 124.0(6) 

C(18)-C(19)-C(20) 118.2(6) 

C(28)-N(5)-C(3) 119.0(7) 

C(28)-N(5)-Cu(1A) 127.3(6) 

C(3)-N(5)-Cu(1A) 112.6(5) 
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N(5)-C(3)-C(24) 121.1(7) 

N(5)-C(3)-C(2) 115.2(6) 

C(24)-C(3)-C(2) 123.7(7) 

C(15)-C(14)-C(13) 120.2(6) 

N(3)-C(9)-C(30) 123.1(7) 

N(3)-C(9)-C(8) 112.6(6) 

C(30)-C(9)-C(8) 124.3(6) 

N(1)-C(20)-C(19) 122.7(6) 

N(2)-C(11)-C(12) 121.6(6) 

C(13)-C(12)-C(11) 119.7(7) 

N(4)-C(6)-C(5) 120.6(7) 

N(6)-C(2)-C(23) 121.8(7) 

N(6)-C(2)-C(3) 114.6(6) 

C(23)-C(2)-C(3) 123.6(7) 

C(12)-C(13)-C(14) 118.6(6) 

C(27)-C(5)-C(6) 120.1(7) 

C(16)-C(17)-C(18) 120.5(6) 

N(6)-C(7)-C(21) 122.4(8) 

N(1)-C(16)-C(17) 121.6(6) 

N(1)-C(16)-C(15) 113.6(6) 

C(17)-C(16)-C(15) 124.8(6) 

C(22)-C(23)-C(2) 119.0(8) 

C(31)-C(32)-C(33) 119.2(8) 

N(5)-C(28)-C(26) 122.3(9) 

C(25)-C(24)-C(3) 118.2(8) 

N(3)-C(33)-C(32) 122.2(7) 

C(31)-C(30)-C(9) 120.2(8) 

C(21)-C(22)-C(23) 119.2(8) 

C(22)-C(21)-C(7) 119.1(8) 

C(5)-C(27)-C(29) 118.9(7) 

C(27)-C(29)-C(8) 119.4(7) 

C(26)-C(25)-C(24) 120.5(9) 

C(30)-C(31)-C(32) 118.0(8) 

C(25)-C(26)-C(28) 118.8(9) 

Cu(1)-O(0AA)-W(6) 117.6(2) 
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Cu(1)-O(0AA)-W(5) 129.9(2) 

W(6)-O(0AA)-W(5) 112.08(19) 

O(0AA)-Cu(1)-O(019)#1 90.61(18) 

O(0AA)-Cu(1)-N(1) 94.2(2) 

O(019)#1-Cu(1)-N(1) 175.2(2) 

O(0AA)-Cu(1)-N(2) 175.1(2) 

O(019)#1-Cu(1)-N(2) 93.8(2) 

N(1)-Cu(1)-N(2) 81.4(2) 

N(3)-Cu(0A)-O(00Y) 170.5(2) 

N(3)-Cu(0A)-N(4) 82.1(2) 

O(00Y)-Cu(0A)-N(4) 93.6(2) 

N(3)-Cu(0A)-O(1AA) 95.3(2) 

O(00Y)-Cu(0A)-O(1AA) 87.1(2) 

N(4)-Cu(0A)-O(1AA) 167.6(2) 

N(3)-Cu(0A)-O(81)#3 85.85(19) 

O(00Y)-Cu(0A)-O(81)#3 103.52(17) 

N(4)-Cu(0A)-O(81)#3 107.49(19) 

O(1AA)-Cu(0A)-O(81)#3 84.35(19) 

N(6)-Cu(1A)-O(2AA) 164.6(3) 

N(6)-Cu(1A)-N(5) 82.9(3) 

O(2AA)-Cu(1A)-N(5) 90.8(3) 

N(6)-Cu(1A)-O(3AA) 91.8(3) 

O(2AA)-Cu(1A)-O(3AA) 92.2(3) 

N(5)-Cu(1A)-O(3AA) 170.1(2) 

 

 

  
 

 

# Symmetry transformations used to generate equivalent atoms: #1 -x+1, -y+1, -z+1 #2 -x+1/2, 

y-1/2, -z+1/2    #3 -x+1/2, y+1/2, -z+1/2 
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