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The doctoral thesis entitled as “Functional Inorganic Materials for Heterogeneous 

Electrocatalytic Water Splitting and Proton Conduction” contains five chapters: four 

working chapters and one chapter on general introduction on literature and motivation of the 

work. The chapters are as follow: (1) Introduction to Polyoxometalates Mediated Electrocatalytic 

Water Splitting and Proton Conduction and Motivation of the Thesis Work, (2) Fabricating a 

Functionalized Polyoxometalate with ZIF-8: A Composite Material for Water Oxidation in a 

Wide pH Range, (3) Hydroxylated Polyoxometalate with Cu(II)- and Cu(I)-Aqua Complexes: A 

Bifunctional Catalyst for Electrocatalytic Water Splitting at Neutral pH, (4) Tungsten‒hydroxyl 

on Polyoxotungstate Surface for Green Energy: Electrochemical HER, (5) Superprotonic 

Conductivity Studies of W-OH  Grafted Polyoxometalates.     

The First Chapter which is the introduction chapter includes discussion about water 

splitting, which is basically two half cell reactions, viz. hydrogen evolution reaction (HER) and 

Oxygen evolution reaction (OER) catalysis. Then, a class of inorganic compounds, 

polyoxometalates, (POMs) and their structural versatility are discussed in details. It also explains 

how POMs are utilized or employed as electrocatalysts and proton conductors. The motivation of 

this thesis work is discussed in the end of this chapter. All other chapters are divided into the 

following parts: (a) Overview (brief overview of the work), (b) Introduction (literature survey 

relevant to the study), (c) Experimental section (including materials and methods employed for 

the study), (d) Results and discussion, (e) Conclusion and (f) References. The compounds in the 

thesis work are characterized by FT-IR spectral analysis, powder X-Ray diffraction (PXRD), 

Raman spectroscopy, thermogravimetric analysis (TGA), UV-Visible diffused reflectance 

spectroscopy (DRS), field emission scanning electron microscopy (FESEM), dynamic light 

scattering (DLS) analysis, high resolution transmittance electron microscopy (HRTEM), 

inductively coupled plasmon optical emission spectroscopy (ICP-OES), N2 and water sorption 

analysis. Proton conductivity studies of concerned samples were performed using a two electrode 

setup. 

 

 

  



Chapter 1 

Introduction to Polyoxometalates Mediated Electrocatalytic Water Splitting and Proton 

Conduction and Motivation of the Thesis Work  

This chapter aims to outline the current plight of ever-increasing energy demands in the world, 

the population's high dependency on depleting fossil fuels, and the severe urge to move towards 

feasible alternatives to quench energy needs. Progress towards these goals requires, in part, the 

development of advanced materials and their appropriate utilization for energy storage, 

conversion, and harnessing. In this respect, hydrogen (H2) is rising as an excellent fuel that can 

either be burnt or recombined with oxygen to release the stored energy in a fuel cell. One of the 

carbon-free methods to produce hydrogen includes electrochemical water splitting, where the 

development of electrocatalysts plays a vital role. Here, the basics of electrochemical water 

splitting, the reaction mechanisms involved, and the electrocatalysts utilized, particularly 

polyoxometalates (POMs) and metal-organic frameworks (MOFs) are briefed. Finally, 

advancement in fuel-cell technology with sufficient emphasis on the design of proton-conducting 

materials has also been discussed in this chapter. The chapter ends with concluding remarks and 

the future scope of the thesis.           

Chapter 2 

Fabricating a Functionalized Polyoxometalate with ZIF-8: A Composite Material for 

Water Oxidation in a Wide pH Range 

Designing an efficient oxygen evolution reaction (OER) electrocatalyst is a challenging task 

because molecular oxygen is essential to sustain life. Herein, we have synthesized and 

structurally characterized a {Bi(OH2)2}
3+−functionalized Keggin polyoxometalate (POM) 

compound, K5[Bi(H2O)2SiW11O39]‧13H2O (K51‧13H2O). Keeping in mind that {Bi(OH2)2}
3+ 

species on the surface of the POM has the potential to act as an active site for electrocatalytic 

water oxidation, we encapsulated the functionalized Keggin POM anion [Bi(OH2)2SiW11O39]
5− 

inside the cavities of a well-known zeolite type framework material ZIF-8, a zinc-imidazole 

containing metal-organic framework (MOF), because compound K51‧13H2O per se is water 

soluble and unstable in the oxidation window of water oxidation. The resulting host-guest type 

composite material H5[Bi(H2O)2SiW11O39]@ZIF8 (H51@ZIF8) functions as an efficient 



electrocatalyst for water oxidation. The detailed electrochemical analyses have established that 

the title oxygen evolution reaction (OER) catalyst, H51@ZIF8 works in a wide pH window, 

ranging from alkaline pH 13.0 to neutral pH 7.0 through an acidic pH 4.0. Diverse controlled 

experiments have been performed to infer that bismuth-aqua complex is the functional site 

responding to the OER, with a catalytic turnover frequency (TOF) of 1.24 s−1, 5.90 s−1 and 0.93 

s−1 of pH 13.0, pH 7.0 and pH 4.0 solutions, respectively at the respective overpotentials of 375.0 

mV (vs RHE), 585.21 mV (vs RHE) and 830.10 mV (vs RHE). 

 

Figure 1. Schematic representation of fabrication of H51@ZIF8 for electrocatalytic water oxidation in the wide pH 

spectrum. 

Chapter 3 

Hydroxylated Polyoxometalate with Cu(II)- and Cu(I)-Aqua Complexes: A Bifunctional 

Catalyst for Electrocatalytic Water Splitting 

A sole inorganic framework material [Li(H2O)4][{CuI(H2O)1.5} {CuII(H2O)3}2 

{WVI
12O36(OH)6}]‧N2‧H2S‧3H2O (LiCu3para-D), consisting of a hydroxylated 

polyoxometalate (POM) anion, {WVI
12O36(OH)6}

6‒, a mixed-valent Cu(II)‒ and Cu(I)‒aqua 

cationic complex species, [{CuI(H2O)1.5}{CuII(H2O)3}2]
5+, a Li(I)-aqua complex cation and three 

solvent molecules, has been synthesized and structurally characterized. During its synthesis, the 

POM cluster anion gets functionalized with six hydroxyl groups, i.e., six WVI‒OH groups per 

cluster unit. LiCu3para-D functions as a bifunctional electrocatalyst exhibiting oxygen evolution 

reaction (OER) by water oxidation and hydrogen evolution reaction (HER) by water reduction at 



the neutral pH. Diverse electrochemical controlled experiments have been performed to conclude 

that the title POM based material functions as a true bifunctional catalyst for electrocatalytic 

HER as well as OER at the neutral pH without catalyst reconstruction. 

 

Figure 2. Schematic representation of LiCu3para-D exhibiting the bifunctional behavior towards overall 

electrocatalytic water splitting in the neutral pH medium. 

Chapter 4 

Tungsten‒hydroxyl on Polyoxotungstate Surface for Green Energy: Electrochemical HER 

Transition metal-hydroxyls, M‒OH, is recognized as one of the vital mass transport agents, 

including in the clean energy cycle. In this chapter, a tungsten-hydroxyl (WVI‒OH)-tethered 

polyoxotungstate complex, Na6[{WVI
0.75(OH)(ONa)}2{MnII(H2O)2}2{BiWVI

9O33}2]∙18H2O 

(POM-MnW(OH)), has been described, which is  structurally  characterized  as a 2-D 

framework material. The presence of tungsten-hydroxyls drove us to investigate electrocatalytic 

hydrogen evolution. The title compound shows excellent hydrogen evolution reaction (HER) 

activity with a TOF value of 1.81 s-1 and stability in terms of 1000 cyclic voltammetric cycles 

besides 10 hours of chronoamperometry in acidic buffer environment of pH 4.                                 

 



 

Figure 3. Schematic representation of POM-MnW(OH) exhibiting the electrocatalytic water reduction to produce 

hydrogen gas in the acidic pH medium. 

Chapter 5 

Superprotonic Conductivity Studies of W-OH Grafted Krebs-type 

Polyoxometalates 

Achieving unique structural stability and exceptional proton conductivity in crystalline materials 

poses a formidable challenge within the realm of energy-material chemistry. Thus, two Krebs-

type polyoxometalate clusters incorporated with cobalt- and manganese- aqua complexes caught 

our attention. These POM compounds possess unique structural distinctness with the presence of 

hydroxyl groups grafted onto the surface of tungsten centers which are present as the core of 

sandwiched between two {BiIIIWVI
9O33}

9‒ units. The compounds formulated as 

Na6[{CoII(H2O)3}2{WVI(OH)2}2{(BiIIIWVI
9O33)2}]·8H2O (1) and 

Na8H3[{WVI
0.75(OH)(O)}2{MnII(H2O)2}2{BiWVI

9O33}2]∙18H2O (2), possessing labile protons and 

lattice- and coordinated water molecules encouraged us to perform proton conductivity studies. 

The compounds have exhibited super protonic conductivity values of 0.978 ×10-1 Scm-1 for 1 and 

1.07 ×10-1 Scm-1 for 2 at a temperature of 80 ℃ at 98% relative humidity (RH). The concerned 

Arrhenius plots constructed for compounds 1 and 2 have shown a good linearity throughout the 

temperature range of 40 to 80 ℃ revealing activation energy of 0.64 and 0.66 eV respectively.  



 

Figure 4. Schematic representation of compounds 1 and 2 which are hydroxyl grafted Krebs type POMs behaving 

as super-proton conductive materials. 

Summary and Future Scope 

The summary and future scopes of the work carried out in this thesis work are discussed at the 

end of the working chapters. The ranges of applications for polyoxometalates (POMs) based 

materials for energy harnessing are enormous and increasing on a daily basis, as the demand for 

the same are exponentially increasing. The works carried out in this thesis can be further taken 

ahead by utilizing POM compounds for photocatalytic water splitting, which is also regarded as 

a promising technique to produce green hydrogen. Similar to hydrogen evolution reaction (HER) 

and oxygen evolution reaction (OER), POMs or POM-based materials can be explored for 

oxygen reduction reaction (ORR) and CO2- reduction reactions (CO2-RR), which contribute 

extensively towards sustainable life. Finally, POMs or their composite materials can also be 

employed as nano-fillers in the proton exchange membranes (PEMs) which further can enhance 

the conductivity of PEM and could be used in the fuel cells. 
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Chapter 1 

Introduction to Polyoxometalates 

Mediated Electrocatalytic Water 

Splitting and Proton Conduction 
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OVERVIEW 

 

1.1. INTRODUCTION 

Can you believe that increased carbon emission is an indicative of higher economic growth? 

Yes, it is indeed. In other words, carbon emissions are an inevitable byproduct of a higher 

economic growth rate.
1-4

 

This chapter aims to outline the current plight of ever-increasing energy 

demands in the world, the population's high dependency on depleting fossil fuels, 

and the severe urge to move towards feasible alternatives to quench energy needs. 

Progress towards these goals requires, in part, the development of advanced 

materials and their appropriate utilization for energy storage, conversion, and 

harnessing. In this respect, hydrogen (H2) is rising as an excellent fuel that can either 

be burnt or recombined with oxygen to release the stored energy in a fuel cell. One 

of the carbon-free methods to produce hydrogen includes electrochemical water 

splitting, where the development of electrocatalysts plays a vital role. Here, the 

basics of electrochemical water splitting, the reaction mechanisms involved, and the 

electrocatalysts utilized, particularly polyoxometalates (POMs) and metal-organic 

frameworks (MOFs) are briefed. Finally, advancement in fuel-cell technology with 

sufficient emphasis on the design of proton-conducting materials has also been 

discussed in this chapter. The chapter ends with concluding remarks and the future 

scope of the thesis. 
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Figure 1.1. Global primary energy consumption by source measured in terawatt-hours (TWh) (left). Share of 

modern renewable energy of 2019 and 2020, compared with 2009.
4
 

The current consumption of fossil fuels/non-renewable energy sources in various sectors for 

power generation keeps the world in an alarming state of global sustainability and stability.
5-8

 

The primary causes for this intimidating state of the globe could be attributed to the ever-

increasing world population, rapid technological advancement, and resulting energy 

demands.
9,10

 There was a time when fossil fuels could satisfy energy needs, but the way the 

present global scenario is leading, they could not offer a prolonged energy supply for the 

world (Figure 1.1, left). Unfortunately, burning fossil fuel-based energy sources, namely coal, 

petroleum, and natural gas, contribute the most greenhouse gases to the environment, leading 

to drastic climatic disruption and endangering life on Earth. Hence, we must switch to less-

polluting energy sources leading to a carbon-neutral economy.
11,12

 Despite the intense focus 

on various green initiative policies/programs over the last few decades, the contribution of 

renewable energy sources, like solar, wind, geothermal, and hydropower, account to be 

minimal. The data analytics for the year 2022 revealed that the global share of modern-

renewable resources in final energy climbed marginally from 10.6% to 11.7 % from 2009 to 

2019, indicating a prolonged rate of shift to renewable energy sources (Figure 1.1, right).
5,13

 

Nevertheless, it has to be acknowledged that investments have risen in almost every 

sector of the market for energy storage, renewable energy, electrified transportation, nuclear, 

hydrogen, and, importantly, sustainable materials.
14-16

 This hike in energy-transition 

investments is a sign of encouragement for investors, governments, and businesses globally 

to commit to a carbon-free economy. 
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Figure 1.2. Global investment in energy transition by sector from the year 2004 to 2021.
16

 

 As seen from the above Figures, investments in hydrogen and sustainable materials 

are also rising remarkably, uplifting the field of materials chemistry and encouraging 

scientists worldwide to develop materials that could efficiently produce, store, and utilize 

hydrogen for energy requirements.
17-20

 Here, one can ask, “What is so significant about the 

molecule hydrogen in the energy field?” Surprisingly, hydrogen gas offers fascinating 

properties and applications for sustainable energy as follows; (i) it offers a very high energy 

density of 146 kJ/g; (ii) hydrogen is a non-toxic green energy gas, which is high quality and 

environmentally benign energy carrier with zero carbon emission; (iii) on its application as a 

fuel, it showcases energetic performance, because its combustion reaction gives rise to a 

combination of two simple molecules to form water as the product.
21-24

 Inspired by nature 

and utilizing the available resources, such as solar or wind-derived power and water-splitting 

technology, hydrogen is produced sustainably.
25

 

 The so-produced hydrogen fuel could further be utilized in fuel cells to produce 

electricity when required.
26

 Also, extensive research is going on worldwide in fabricating 

efficient fuel cells for energy production, particularly in designing proton exchange 

membranes. Thus, hydrogen production via water splitting and fuel cell fabrication play a 

vital role in sustainable energy production.
27,28

 

           This chapter mainly streamlines the design and development of functional inorganic 

materials, i.e., polyoxometalates (POMs) and metal-organic framework (MOF) containing 

compounds, hereafter this will be termed as MOFs, for two major applications, namely (i) 

electrocatalytic water splitting; and (ii) proton conduction. 
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1.2. ELECTROCHEMICAL WATER SPLITTING 

Electrochemical water splitting is regarded as one of the green paths to produce hydrogen 

apart from the other existing methods like, photochemical, photo-electrochemical, and 

thermo-chemical ways of water splitting. Water electrolysis was first reported in 1979,
29

 

Since then, studies and research on water electrolysis have seen massive growth in the 

scientific community. The method of electrochemical water splitting is highly flexible for 

producing hydrogen with high purity (100%). In the global market, hydrogen is mainly 

generated by steam methane reforming, which requires harsh conditions and is a highly 

energy-intensive method.
30,31

 However, electrochemical water splitting (EWS) is a promising 

and clean approach for producing hydrogen fuel under mild operational conditions. 

 

Figure 1.3. A schematic representation of an electrochemical cell showing electrochemical water splitting. 

Water electrolysis takes place as two half-cell reactions: hydrogen evolution reaction 

(HER) at cathode and oxygen evolution reaction (OER) at anode (Figure 1.3). The reactions 

involved in both the half-cells in different aqueous pH media
32 

are demonstrated in equations 

(1)-(4). 

In acidic medium; 

Cathode : 4 +
 + 4 ⁻→ 2H2;    = 0.0   vs. NHE    (1) 

Anode : 2 2  → O2 +4 +
 +4 ⁻;    = + 1.23  vs. NHE   (2) 

In alkaline medium; 

Cathode : 4 2  + 4 ⁻→ 2 2 +4  ⁻;    = -0.828  vs. NHE  (3) 
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Anode : 4  ⁻ →  2 +2 2  + 4 ⁻;    = + 0.401  vs. NHE   (4) 

Thus, the overall reaction involved in electrochemical water splitting is given in equation (5); 

2 2O→ 2 2 ( ) +  2 ;   0 = + 237.2   /   ;   0 = 1.23     . RHE  (5) 

As seen from the above equations, oxidation of water (OER) is a kinetically 

demanding, 4-electron process, which makes overall water electrolysis sluggish in nature. 

Moreover, even though the thermodynamic potential required for water splitting is 1.23 V vs 

RHE, in practical operational conditions, a larger potential is always required to overcome 

the complex electron / ion transfer during the reactions.
33

 Factors (that arise from diverse 

electrode materials) like, activation energy, gas or/and ion diffusion, and factors related to 

electrochemical cell like electrolyte concentration, wire and electrode resistances, bubble 

formation, heat release and so on contribute immensely for additional potential over the 

standard potential for water electrolysis.
34

 This extra applied potential is technically called as 

overpotential (η). The lower the overpotential, the efficient the reaction turns out. Therefore, 

suitable electrocatalysts assist in decreasing the overpotential and thereby increasing the 

reaction rate and overall efficiency.  

1.2.1 Hydrogen Evolution Reaction (HER) 

Hydrogen evolution reaction (HER) could occur in acidic or alkaline medium through a 

combination of three possible mechanisms, either Volmer–Heyrovsky or Volmer–Tafel 

mechanisms. 

In acidic medium, the possible mechanistic pathways are as described below. 

i. Combination of a proton and an electron on the catalyst surface (A) resulting into an 

adsorbed hydrogen atom (Volmer Reaction): 

A + H
+
 + e⁻   AHads      (6). 

ii. Adsorbed hydrogen atom again combines with a proton and an electron and results into a 

hydrogen molecule (Heyrovsky reaction): 

AHads + H
+
 + e⁻    H2 + A     (7). 

iii. Coupling of two adsorbed hydrogen atoms to produce H2 molecule (Tafel reaction):  

AHads + AHads  H2 + 2A     (8). 

Whereas, in alkaline medium, the possible mechanistic pathways are as follows. 
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i. Molecular H2O instead of H
+
 couples with an electron resulting to adsorbed hydrogen atom 

on the catalyst surface (Volmer Reaction): 

A + H2O + e⁻   AHads + OH⁻     (9). 

ii. Adsorbed hydrogen atom again combines water molecule and an electron to form a 

hydrogen molecule (Heyrovsky reaction): 

AHads + H2O + e⁻    H2 +  OH⁻ + A    (10). 

iii. Coupling of two adsorbed hydrogen atoms to produce H2 molecule (Tafel reaction): 

AHads + AHads  H2 + 2A     (11). 

1.2.2 Oxygen Evolution Reaction (OER) 

Oxygen evolution reaction (OER) takes place through various steps to produce oxygen, and 

the overpotential rises high due to the contribution of kinetic barriers from each step in the 

reaction mechanism.
35

 The below equations, (11) to (14) describe the possible mechanistic 

pathway for OER exhibited by the catalyst in alkaline as well as in the acidic medium. 

i. Active site of the catalyst surface (*) combines with water molecule (alkaline medium) 

resulting into an adsorbed oxygen atom: 

2H2O + *   OHads + H2O + e⁻ + H
+
     (12) 

OHads + H2O   Oads + H2O + e⁻+ H
+
     (13). 

ii. Intermediate OOHads is formed first by the reaction of Oads with H2O, which is 

subsequently combined to produce O2: 

Oads + H2O    OOHads + e⁻ + H
+
     (14) 

OOHads    O2 + e⁻+ H
+
      (15). 

 

Figure 1.4. a) HER mechanistic pathways in acidic and alkaline media with the Volmer reaction (blue), 

Heyrovsky reaction (green), and Tafel reaction (purple); (b) OER mechanism for acidic (red) and alkaline (blue) 
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conditions. The black line shows the OER pathway via an active site with the M-OOH ads intermediate. The 

alternative pathway via two M-O ads intermediates is shown in green.
35 

Now that the fundamentals of HER and OER are discussed in the previous sections, it 

is imperative to comprehend the crucial role of electrocatalysts in the overall electrochemical 

water-splitting reaction. The current state-of-the-art electrolysis uses Pt- and Ru/Ir-based 

electrocatalysts for HER and the OER, respectively. However, the commercial-scale 

application of water electrolysis is highly restricted because of the scarce/low availability and 

high cost of those noble metal-based materials. Therefore, cost-efficient electrocatalysts are 

critical to be scrutinized and developed. In this regard, transition-based or post-transition 

metal-based materials are explored as water electrolysis catalysts due to their high 

electrocatalytic activities, earth abundance, and low cost. Recent research focus has been 

intensely shifted towards non-noble metal-based materials for electrocatalytic water splitting. 

In this regard, metal-oxide-based materials are booming, such as polyoxometalates (POMs), 

metal-organic frameworks (MOFs), and so on. All the chapters in this thesis revolve majorly 

around two of the systems mentioned above: POMs and MOFs. 

1.3 SOLID-STATE PROTON CONDUCTION 

Proton conduction has attracted immense attention in the field of ionic transport lately. Solid 

proton conductors play a key role in many technological innovations, like hydrogen 

permeation membranes, membranes for water electrolyzers, humidity, and hydrogen sensors, 

and significantly in fabricating electrochemical energy devices for fuel cells (polymer/proton 

exchange membrane fuel cells). Due to the exceptional mobility by protons in water
36

 (36.2 × 

10
−8

 m
2
 s

−1
 V

−1
), compared with other ionic species such as Li

+ 
and Na

+
 ions, conduction by 

protons always has a higher demand. Also, these materials exhibit high conductivity due to 

the reduced net charge in electrostatic interactions and the partial covalent nature of hydrogen 

bonds (H-bond) in the solid material.
37

 The first proton-conducting material used 

commercially was perfluorinated sulfonated polymer, named as Nafion in the 1960s. This 

discovery commenced the domain of solid proton conductors worldwide, followed by 

numerous discoveries in the same field. However, Nafion has shown limitations in its 

operational temperature, i.e., it is prone to degrade at higher temperatures (>100 °C) and 

humidity conditions and is highly expensive. Thus, the development of alternative and 

efficient materials is required. The prime demand for most solid-state proton conductors is 

the conducting medium to donate or carry the protons, which could relate strongly to the 

possible fuel cell operational conditions (temperature, humidity). 
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 Thus, to satisfy the conduction medium for proton transport which includes transport 

of protons (H
+
) and any assembly that carries protons (OH

−
, H2O, H3O

+
, NH4

+
, HS

−
, etc.), 

two mechanisms are mainly followed. The transfer of protons (H
+
) between relatively 

stationary host anions, in other words, hopping of proton from one host anionic site to 

another, is termed the Grotthuss or free-proton mechanism. In the other principle, the proton 

diffuses together with a vehicle (e.g., as H3O
+
, NH4

+
), or transport of protons happen by any 

of the other species, is termed a vehicle mechanism.  

 In the actual proton conduction processes, the vehicle and Grotthuss mechanisms 

show cooperative contributions during the conduction of protons and are not independent. 

However, the activation energy (Ea) of the proton conduction, can possibly speak much about 

which mechanism would dominantly contribute. If the vehicle mechanism is predominantly 

involved in proton conductivity, the activation energy, Ea will be >0.4 eV, consuming higher 

energy for proton migration. Whereas, the Grotthuss mechanism takes place with a lesser 

activation energy, Ea <0.4 eV, consuming relatively lower energy for transport.
38

 

 

Figure 1.5. Schematic images of proton transport in the water medium. a) Vehicle mechanism. b) Grotthuss 

mechanism.
38 

1.3.1. Design Strategies for Solid Proton Conductors  

Generally, conductivity, σ, can be expressed by the equation σ = neμ, in which, n is the 

mobile proton density; e is the elementary charge, and μ proton mobility. This indicates that a 
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perfect combination of high proton concentration and good conduction trail is essential to 

achieve high proton conductivity. Several strategies are employed to synthesize materials that 

can provide high proton conductivity, and some of them are described below: 

(i) Introducing protonic counter-ions such as hydronium (H3O
+
), ammonium (NH4

+
, 

MeNH3
+
, Me2NH2

+
), and so on, in the cluster ease the conduction of protons. 

These protonic counter-ions form hydrogen bonds network with the guest water or 

the cluster anions, forming a continuous hydrogen channel with well-organized 

proton conductivity. 

(ii) Presence of intrinsic proton sources on the cluster framework, like hydroxyl (-

OH¯) and/or aqua (-H2O) groups, coordinated to the metal centers could also be 

regarded as the proton sources for easy conductions. 

(iii) Inclusion of conducting materials into the matrix of metal-organic materials 

(MOMs) also is considered as a fine strategy to enhance the proton conductivity 

of the composite material as a whole. 

As discussed in the earlier sections, in the fields of electrocatalytic water splitting as well as 

for proton conduction, judicious choices/development of materials are vital for their efficient 

functioning. Therefore, following sections are devoted for the discussion of some of those 

materials which are versatile electrocatalysts and solid proton conductors. 

1.4. MATERIALS  

1.4.1. Polyoxometalates (POMs) 

Polyoxometalates (POMs) are a class of carbon-free, metal-oxide, polyanionic inorganic 

functional materials. They are the growing class of inorganic structures highly accessible, 

tunable, inexpensive, and stable to oxidative degradation. They are capable of accepting and 

donating multiple electrons for reduction and oxidation, respectively. They are cluster anions 

bridged by oxo-groups to the transition metal atoms (called addenda atoms) in their highest 

oxidation states (like Mo
VI

, W
VI

, V
V
, Nb

V
 or Ta

V
, and so on). These metal atoms present in 

the cluster are coordinated to six oxo ions giving rise to a {MO6} octahedral geometry, and 

the resultant {MO6} groups are further connected by corner- or edge- (rarely face-) sharing 

oxo ions to form the whole anionic cluster.
39

 These polyanionic clusters can be further 

classified into several classical types: Keggin, Wells–Dawson, Lindqvist, Anderson–Evans, 

Weakley, Silverton, Strandberg, etc. (Figure 1.6). 
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Figure 1.6. Examples of polyoxometalate (POM) clusters (A-L) reported so far in the literature.
39

 

POM compounds are employed for many potential applications in various fields from 

catalysis
40

 to medicine,
41 

electroanalytical chemistry
42

 and materials science.
43-45

 Among the 

field of materials chemistry itself, they show interesting characteristic features such as 

photochromism and electrochromism,
46  

luminescence
47

 and magnetism.
48

 

The fascinating electrochemical redox-behavior of POMs makes them unique in the 

area of catalysis. POMs stand out due to their excellent stability of the oxidation/reduction 

states, which aid them to take part in rapid reversible electron transfer reactions. Another 

fabulous feature of POM accounts for its structural integrity besides its fast redox 

transformations. POMs are excellent redox active compounds that involve multi-electron 

transfer during the redox activity. Remarkable outcomes have been achieved both in 

electrocatalytic reductions and oxidations when the most appropriate forms of the POM 

clusters are used.
49,50

 

1.4.1.1. Polyoxometalates as Electrocatalysts for Water Splitting 

Polyoxometalate clusters owing to their wondrous redox properties are extensively exploited 

in catalysis, especially in electrochemical water splitting. As discussed above, POMs act as 

reservoirs of electrons that are ever-ready for electronic transfer without structural alterations. 

However, these multi-electronic transfer processes result in high overpotentials, leading to 

lower conversion efficiencies.
51

 Thus, as such, POMs (Figure 1.5a) are associated with 

various other moieties to form composite material like transition-metal (TM) inserted POMs 

(Figure 1.5b),
52,53

 rare-earth ions (RE) substituted POMs (Figure 1.5c),
54

 heterometallic 

POMs (Figure 1.5d),
55,56

 and organic ligand modified POMs
57-60

 (Figure 1.5e and f). These 
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combinations of POMs and other groups ultimately result in functionalizing the POM 

compounds for better stability, enhanced catalytic performances, and durability.
61

  

 

Figure 1.7 (a) Combined ball-and-stick and polyhedral views of some typical inorganic giant POMs. (b) 

Combined ball-and-stick and polyhedral views of some typical TM-inserted POMs. (c) Combined ball-and-stick 

and polyhedral views of some typical RE-substituted POMs. (d) Combined ball-andstick and polyhedral views 

of some typical TM-RE heterometallic POMs. (e) Views of some representative organic–inorganic hybrid 

POMs. (f ) Views of some representative POM-based coordination polymers.
61 

In addition, combining POMs with catalytically active nanoparticles (NPs) adds up to the 

development of new catalysts with higher efficiency and larger specific surface area.
62

 

Similarly, POMs serve as the best guest molecules which can be immobilized into host 

porous materials such as self-assembly cages,
63

 supramolecular networks,
64

 metal–organic 

frameworks,
65

 and zeolitic imidazolate frameworks
 66 

to build binary composite materials.  

Zeolitic imidazolate framework-8 (ZIF-8) 

Zeolitic imidazolate framework-8 (ZIF-8), a representative MOF with zeolite topology, is 

developed from Zn
2+

 (four-coordinated) ions and 2-methylimidazole (2-MeIm) ligands.
67,68

 

They have been widely exploited in chemical sensing, gas adsorption, catalysis, and so on.
69-

73
 Particularly, carbon-based materials resulting from ZIF-8 and ZIF-8 based MOFs have 

caught attention for their electrocatalytic application for HER, OER, ORR, and CO2RR. ZIF-

8 acts as a promising host material to design various functional materials. There are reports 

where ZIF-8 functions as a protective host material for polyoxometalates and help achieve 

the encapsulated POM compound's efficient electrochemical activity, stability, and durability 
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even in harsh alkaline conditions. Thus, as discussed above, to functionalize POM 

compounds, ZIF-8 serves to be one of the best host materials. 

1.4.1.2. Polyoxometalates as Solid Proton Conducting Electrolytes 

The hydrophilic properties and plentiful terminal oxygen ions on the surface of the POM 

cluster give rise to proton conductivity in POM based materials. Hydrated POMs have been 

reported to be the highest solid proton conductors among other inorganic solid electrolytes at 

room temperature (such as, 27 mScm
−1

 for H4SiW12O40∙28H2O),
74

 which could be attributed 

to the abundant water moieties on the surface.
75,76

 POMs tend to form stable hydrogen-

bonded network with various hydrophilic compounds, thereby enabling the development and 

employment of POM-based solid-electrolytes as smart materials.
77-79

 The structure–property 

relationship, tunable versatility and controllability bring up POM-based solid-state 

electrolytes in various functional devices for energy applications. 

 Solid-state POMs are prospective electrolytes for proton transport due to their strong 

Bronsted acidic nature. The constant delocalization of negative charges on the surface of  

cluster anions and the surplus existence of M=O double bonds on the POM structure gives 

rises to easy adsorption and dissociation of protons, enhancing the conductivity.
80

 This rapid 

hydrogen bond formation and dissociation are reversible in nature, and adds up to the easy 

proton conduction throughout the material.
81,82

 

Also, the arrangement of POMs in solids can be tuned by the choice of appropriate 

counter cations, which then controls the spatial distribution of protons around the POMs and 

the proton-hopping pathway, leading to an increase in η. Thus, it is possible to classify POM-

based cluster into four categories by the type of counterpart: a) inorganic cations, b) organic 

cations, c) organic polymers, and 4) cationic complexes, and introduce the design strategies, 

the proton conductivity, and the proton conduction mechanism for selected examples. 
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Figure 1.8. Design strategies, the proton conductivity, and the proton conduction mechanism for selected 

examples.
82

 

How to employ POMs for the commercial application as soon as possible?  

In the future, doping or fabricating POMs into organic polymeric materials and exploiting 

their interaction to manufacture durable and stable polymer composite membranes that can 

achieve high proton conductivity still needs a huge effort. In addition to applying these 

proton conductive POMs in fuel cells, their employment in other industrial areas should 

equally be boosted, like impedance sensors, molecular sieves and in, biological systems, etc. 

The design and development of POM-based proton conductive materials need new strategies 

to promote it to a broader range of fields and attain practical applications in fields such as 

fuel cells, impedance sensors, etc. Research in such areas will come up with vigorous 

development. The table below shows the solid proton conductivity data exhibited by several 

reported pristine POM compounds. 

Compounds 
Proton 

conductivity 

(Scm
-1

) 

Relative            

humidity (RH),  

Temperature   

(°C) 

Reference 

 NaH15{[P2W15Nb3O62]2(4PBA)2((4PBA)2O)}·53H2O 1.57 ⨯ 10-1 98 RH %, 90 °C   83 

 (NH4)21H
+

59-2x[MoV
180MoVI

60(OH)60O620-x(SO3)20- x(SO4)x]∙ca 
337H2O 1.03 × 10-1 98% RH, 80 °C 

 

84 

(HIm)24(NH4)20[MoV
I72MoV

60O372(CH3COO)30(H2O)72]∙ca190H2O 
4.98 × 10-2 98% RH, 60 °C 

 

84 

Na16(NH4)10H8{[W14CeIV6O61](W3Bi6CeIII3(H2O)3O14][-

BiW9O33]3)2}·ca38H2O 
2.4 × 10-3 90% RH, 25 °C 

 

85 

Na5[H7{N(CH2PO3)3}Mo6O16(OH)(H2O)4]4·18H2O 2.55 × 10-2 98% RH,100 °C 86 

[La3(H2O)22][P2W15Ta3O62] nH2O 1.26 × 10−2 98% RH, 95 °C 87 
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K8Na3Li5{[Na(NO3)(H2O)]4[Al16(OH)24(H2O)8(P8W48O184)]} 

·66H2O 
4.5 × 10−2 70% RH, 85 °C 88 

[Zn12(trz)20][SiW12O40]·11H2O 1.2 × 10-4 95% RH, 95 °C  89 

Na17K14(H2pip)10H8[La27Ge10W106O406(OH)4(H2O)24]·nH2O 3.8 × 10-5 98% RH, 30 °C 90 

 (NH4)5[Mo8(OH)2O24(μ8-PO4)](H2O)2 1.5 × 10-2 98% RH, 85 °C 

 

91 

 Na5[H7{N(CH2PO3)3}Mo6O16(OH)(H2O)4]4·18H2O 1.17 × 10-4 95% RH, 80 °C 

 

92 

 [H2en]4[Ni5(OH)3(trzS)3(en)(H2O)(B-α-PW9O34)]·6H2O 2.55 × 10-2 
98% RH, 100 °C 93 

[Co(bpz)(Hbpz)][Co(SO4)0.5(H2O)2(bpz)]4 
[PMoVI

8MoV
4VIV

4O42]⋅13H2O 
1.3 × 10-5 98% RH, 85 °C 

 

94 

[Cu3(μ3-OH)(H2O)3(atz)3]3[P2W18O62]·14H2O 4.4 × 10-6 97% RH, 25 °C 95 

[Mo5P2O23] [Cu(phen)(H2O)]3·5H2O 2.2 × 10-5 98% RH, 25 °C 96 

[Sm(H2O)5(CO2CH2NH3)2][Al(OH)6Mo6O18]·10H2O 4.53 × 10-3 95% RH, 80 °C 97 

H[Ce(H2O)4]2[MnV13O38]·9NMP·17H2O 4.68 × 10-3 97% RH, 61 °C 98 

H7Na19(H2O)26{Ni12(OH)9(PO4)4(A-α-SiW9O34) 

[W4O10(OH)(PO2(OH)2)2(A-α-SiW9O34)2]} 

·4C2H8N·27H2O 

 

1.89 × 10-2 
 

98% RH, 50 °C 

 

99 

Na70K4H12[La10Ni48W140Sb16P12O568(OH)24(H2O)20]·252 H2O 2.05 × 10-2 
100% RH, 25 °C 100 

1.5. MOTIVATION OF THE WORK 

Exploration of new materials for efficient water splitting and proton conduction can 

significantly smooth the progress of the development of alternative energy technologies and 

environmental protection. Over the globe, intense research, laws, and policies have already 

been developed to protect and sustain all energy resources for future generations. Therefore, 

becoming a part of designing and developing such functional materials for the existing library 

of the world of materials is the only motivation for this thesis. The developed materials in 

this thesis might give a relatively easy competition to the existing ones. Still, the idea or the 

strategies involved in the development of materials could, some-a-day, motivate the research 

community to overcome the current shortcomings and succeed in designing better materials 

to satisfy the world's energy need. Throughout the thesis, we have focused on developing 

economic yet versatile functional materials for electrocatalytic water splitting and proton 

conduction. 

The thesis begins with introducing (Chapter 1) the areas of electrochemical water 

splitting (HER and OER) and solid-state proton conduction for energy applications. Further, 

it moves on to an elaborate discussion of diverse materials like polyoxometalates (POMs), 

POM-based materials, and ZIF-8-derived compounds employed extensively for the 
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applications mentioned earlier. Then, Chapter 2 focuses on fabricating a POM-encapsulated 

MOF composite material (H51@ZIF8) for electrochemical water oxidation (WO) in a wide 

pH range. This work deserves special attention due to its beauty of fabrication. The main 

challenge of POM-based electrocatalysts is to maintain them in alkaline conditions; thus, this 

work has shown an exemplary fabrication where this POM acts as the guest molecule and the 

ZIF-8 (metal-organic framework) functions as an excellent protective shield for the POM 

compound. This composite material works well for electrochemical WO in the wide pH 

spectrum, i.e., acidic to alkaline medium. 

Chapter 3 deals with designing a bifunctional electrocatalyst for overall water 

splitting that works efficiently in the neutral aqueous medium. The compound has been 

functionalized with six tungsten-hydroxyl (W
VI

-OH) groups, and the copper ions present in 

the compound exist in mixed-valency in the compound. The compound exhibits promising 

stability, durability and efficiency in the operational conditions. The very same compound 

has shown excellent solid-state proton conduction in the order of 10
-2

 Scm
-1

, which is an 

exemplary conductivity data as far as the POM compounds are concerned.  

Chapter 4 describes the synthesis and thorough characterization of a W
VI

-OH 

functionalized Krebs-type polyoxometale, POM-MnW
VI

(OH). This 2-D POM cluster acts as 

a molecular catalyst for electrochemical water reduction to produce molecular hydrogen. The 

compound exhibits stable and commendable HER activity revealing highly promising results. 

Additionally, the same compound has demonstrated solid-state proton conduction. The proton 

conductivity studies have revealed that the compound acts as an excellent proton conducting 

material with one of the highest conductivity values, in the range of 10
-1

 Scm
-1

. Thus, POM-

MnW
VI

(OH) acts as an excellent electrocatalyst as well as a solid proton conductor.  

Finally, Chapter 5, aims in discussing about the synthesis, characterizations and 

electrochemical studies of another copper incorporated paratungstate based compound, 

Na4Cu2para-B. The compound shows hydrogen evolution reaction (HER) in acidic medium. 

The stability and kinetic studies on this electrocatalyst has proven it to be a highly robust and 

efficient compound for HER. 
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OVERVIEW 

 

 

Designing an efficient oxygen evolution reaction (OER) electrocatalyst is a 

challenging task because molecular oxygen is essential to sustain life. Herein, we 

have synthesized and structurally characterized a {Bi(OH2)2}3+−functionalized 

Keggin polyoxometalate (POM) compound, K5[Bi(H2O)2SiW11O39]‧13H2O 

(K51‧13H2O). Keeping in mind that {Bi(OH2)2}3+ species on the surface of the POM 

has the potential to act as an active site for electrocatalytic water oxidation, we 

encapsulated the functionalized Keggin POM anion [Bi(OH2)2SiW11O39]5− inside 

the cavities of a well-known zeolite type framework material ZIF-8, a zinc-

imidazole containing metal-organic framework (MOF), because compound 

K51‧13H2O per se is water soluble and unstable in the oxidation window of water 

oxidation. The resulting host-guest type composite material 

H5[Bi(H2O)2SiW11O39]@ZIF8 (H51@ZIF8) functions as an efficient electrocatalyst 

for water oxidation. The detailed electrochemical analyses have established that 

the title oxygen evolution reaction (OER) catalyst, H51@ZIF8 works in a wide pH 

window, ranging from alkaline pH 13.0 to neutral pH 7.0 through an acidic pH 

4.0. Diverse controlled experiments have been performed to infer that bismuth-

aqua complex is the functional site responding to the OER, with a catalytic 

turnover frequency (TOF) of 1.24 s−1, 5.90 s−1 and 0.93 s−1 of pH 13.0, pH 7.0 and 

pH 4.0 solutions, respectively at the respective overpotentials of 375.0 mV (vs 

RHE), 585.21 mV (vs RHE) and 830.10 mV (vs RHE). 
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2.1. INTRODUCTION 

Water splitting via electrocatalysis is a promising, sustainable and green practice to produce 

carbon free fuels,
1,2

 which is basically a process consisting of two fundamental half-cell 

reactions, namely, hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). 

Among these, OER is regarded as the crucial process of high energy demand with 

involvement of four electrons and four protons (OER: 2H2O → 4H
+
 + O2 + 4e

–
; E

0
 = 1.23 

V).
3,4

 This leads to a challenge in the development of inexpensive and robust water oxidation 

catalysts (WOCs). Among metal-oxide based WOCs,
5-7

 polyoxometalates (POMs) turn out to 

be one of the most intriguing classes of molecular metal oxide clusters exhibiting excellent 

water splitting (WS) properties.
8-12

  It is noteworthy that, POMs show rapid and reversible 

multi-electron redox transformations without significant structural alteration, but in an acidic 

pH condition (in an alkaline pH condition, POMs decompose).
13-15

 Numerous research 

groups worldwide have explored the process of water oxidation (WO), catalyzed by POMs 

and POM-based compounds including stabilization of POM water oxidation catalysts on 

hematite using atomic layer deposition by Hill and co-workers.
16

  We have used POM in a 

confined space of the framework material
17

 and POM supported transition metal coordination 

complex
18

 as efficient electrocatalysts for water oxidation. In this regard, bismuth, a post-

transition element, has drawn our special attention for the use of its aqua complex associated 

with a POM as an electrocatalyst for water oxidation because of two-fold reasons: (i) we have 

seen that a transition metal (e.g., Co
2+

 and Ni
2+

)-aqua complex, when it is encapsulated in the 

confined void space of a framework material or it is supported on a POM surface by 

coordinate covalent bonds, exhibits heterogeneous electrochemical water oxidation;
17,18

 (ii) 

Bi
3+

- based metal oxides, e.g., Bi2WO6, BiVO4, and Bi4Ga4O12 etc. are well-known catalysts 

for photoelectrocatalytic water splitting,
 19-27

 but electrocatalytic water splitting using Bi
3+

-

species as catalyst is hardly known.
28

 

Thus, we intended to use Bi
3+

−aqua species as an electrocatalyst for water oxidation, 

because {Bi
III

(H2O)}
3+

 species can be oxidized to {Bi
V
=O}

3+
 electrochemically that can 

oxidize water chemically to produce molecular oxygen as shown in the following equations 

(1-5). In the present study, equations 1-4 would be electrochemically driven and equation 5 

would be chemically driven.  

{−Bi
III

(H2O)}
3+

  − e
−   

 =    {−Bi
IV

(H2O)}
4+

    --------------------------- (eqn 1) 

{−Bi
IV

(H2O)}
4+

 − H
+
   =    {−Bi

IV
(HO)}

3+
     --------------------------- (eqn 2)   
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{−Bi
IV

(HO)}
3+

  − e
−   

 =     {−Bi
V
(HO)}

4+
    ----------------------------  (eqn 3) 

{−Bi
V
(HO)}

4+
 − H

+
   =      {−Bi

V
=O)}

3+
     -----------------------------  (eqn 4)   

{−Bi
V
=O}

3+
   + H2O =  {−Bi

III
}

3+
  + O2  + 2H

+
 + 2e

−
                         (eqn 5) 

However, in an aqueous homogeneous solution of a Bi
3+

 salt (e.g., bismuth nitrate), 

the formation of mono-nuclear oxidized {−Bi
V
=O}

3+ 
species, an active form for water 

oxidation, is not easily possible because Bi
3+

 is hydrolysed in water forming binuclear and 

polynuclear compounds using Bi−O−Bi bond(s).
29

   

An effective way to avoid this dimer/oligomer formation is to functionalize a POM 

cluster with {Bi
III

(H2O)}
3+

 species by attaching this active species on the POM cluster 

surface using coordinate-covalent bonds (as if the POM cluster acts as the ligand through its 

terminal or bridging oxo donors) so that dimer formation of bismuth would be prevented by 

the bulky POM ligand, except the sandwich compounds, in which two or four Bi
3+

 are 

circularly arranged through bridged oxygen of the POM in the sandwiched position.
30  

Most 

of the bismuth-containing reported POMs are bismuth-centered lacunary Keggin anions 

associated with other transition metal aqua cations (see Table S1, Supporting Information 

(SI)). On a par with equations 1-5 that a Bi
3+

−aqua complex has the potential to be oxidized 

to {Bi
V
=O} species electrochemically that can oxidize water chemically to molecular O2, we 

intended to synthesize a {(H2O)Bi
3+

}-functionalized POM. Even though, there are several 

Bi
3+

−(H2O)/(OH)-associated POM compounds, including lacunary Keggin POM compounds, 

known in the literature,
31-41

 there are only a few reports on 2:1 and 1:1 complexes formed by 

mono-lacunary Keggin anion and Bi(III) cation. In most of these bismuth(III)-mono-lacunary 

Keggin compounds, the lacunary polyoxometalates act as tetradentate ligands, especially in 

the case of 2:1 mono-lacunary Keggin:Bi(III) compounds. Whereas, 2:1 mono-lacunary 

Keggin:Bi(III) compounds were designed, synthesized, and structurally characterized by 

Sadakane group, the 1:1 mono-lacunary Keggin:Bi(III) compound has not yet been isolated, 

although its formation in an aqueous solution was proved by the same group using 
183

W 

NMR  and 
31

P NMR spectroscopy.
40

 We were interested to isolate the 1:1 mono-lacunary 

Keggin:Bi(III) compound because in 1:1 system, Bi(III) center will have possible water 

coordination besides its four coordination with lacunary polyoxometalate. Water coordination 

to Bi(III) center is the prime factor for the Bi(III) center to act as the functional site for water 

oxidation (referring equations 1-5). After multiple efforts, we could functionalize a lacunary 

Keggin POM anion [SiW11O39]
8−

 with a {Bi
III

(H2O)2}
3+

 species resulting in the isolation of a 

hitherto unknown compound K5[Bi(H2O)2SiW11O39]‧13H2O (K51‧13H2O), having 1:1 ratio 
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of mono-lacunary Keggin:Bi(III). We have characterized compound K51‧13H2O 

unambiguously by its single-crystal X-ray structure determination including its ICP elemental 

analyses. Compound K51‧13H2O, isolated as a potassium salt, is water soluble and as 

expected it exhibits electrochemical water oxidation but after few cycles it diminishes. Thus, 

compound K51‧13H2O is unstable in its homogeneous aqueous solution at its oxidation 

potential. When a catalytically active species, e.g., [Bi(H2O)2SiW11O39]
5−

 (1) in the present 

study, cannot survive in its homogeneous solution during its catalytic cycles towards water 

oxidation, a meaningful fabrication may be needed so that the ‘otherwise unstable catalyst’ 

becomes stable enough to exhibit multiple cycles and better efficiency. In this regard, 

POM@MOFs, i.e., POM molecule encapsulated into metal-organic frameworks’ cavities / 

void spaces, is a useful fabrication because there are advantages of using a MOF (as a host 

matrix) to encapsulate a POM (guest). High surface areas of MOFs having well-defined 

internal cavities / channels enable a homogeneous distribution of the guest POM in the MOF 

host which suppresses the aggregation of POMs, thereby improves the stability of the 

encapsulated POM; a lower loading level helps in smooth diffusion of the substrate and 

product inside the host matrix (MOF).
42-44

  R. Wang and co-workers reported an in situ self-

assembly strategy to encapsulate a strong Brønsted acid, H3PMo12O40, in the customized 

cavities of a Co-based MOF, ZIF-67 resulting in a series of H3PMo12O40@ZIF-67 hybrids 

exhibiting OER catalytic activity.
45

 Pang and his group demonstrated that ‘Yolk/Shell’ ZIF-

67@POM hybrids (POM = H3PW12O40) can act as efficient electrocatalysts for the OER with 

an overpotential of 287 mV at the current density of 10 mA cm
-2

 and Tafel slope of 58 mV/ 

decade.
46 

The same group combined ZIF-8 with ZIF-67@POM to prepare the ZIF-8@ZIF-

67@POM hybrids and used as heterogeneous OER catalysts.
47

 We have shown that a Co(II)-

centered Keggin cluster anion, [CoW12O40]
6−

, which is unstable in its homogeneous aqueous 

solution at a moderate oxidation potential, shows efficient heterogeneous electrocatalytic 

water oxidation up to 1000 cycles when it is confined/encapsulated in the void spaces of a 

zeolite-like framework material ZIF-8 in a “ship in a bottle” manner.
17 

 Voort, Song and their 

co-workers have covered POM@MOF research nicely in their review articles
48,49

 including 

the review article by Liu, Dong, and Lan.
50

  

In the present work, we have fabricated a POM@MOF composite material by 

encapsulating the active species, [Bi(H2O)2SiW11O39]
5−

 in the well-defined cavities of ZIF-8 

resulting in a host-guest type heterogeneous catalyst, H5[Bi(H2O)2SiW11O39]@ZIF8 

(H51@ZIF8). The beauty of this fabrication lies in the fact that the resulting composite 

material H51@ZIF8 offers protection to its encapsulated polyoxometalate (POM) guest 
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species not only in neutral aqueous medium but surprisingly also in a harsh alkaline aqueous 

solution. It is surprising because a POM cluster anion, which is generally formed in an acidic 

aqueous solution, does not survive in an alkaline aqueous medium. We have demonstrated 

that the title host-guest type composite material H51@ZIF8 exhibits heterogeneous 

electrocatalytic water oxidation in a wide pH window, ranging from acidic solution of pH 4.0 

to the neutral solution (pH 7.0) through harsh alkaline aqueous solution of pH 13.0.
51-53

 An 

account of this electrocatalytic oxygen evolution reaction (OER) including detailed kinetic 

studies and related controlled experiments has been described in this article. 

 

2.2. EXPERIMENTAL SECTION 

2.2.1. Materials  

All the experiments were conducted with deionized water at ambient atmospheric conditions. 

All the chemicals taken for synthesis are utilized without any purification. Bismuth nitrate 

pentahydrate, potassium nitrate, zinc nitrate hexahydrate are purchased from Finar 

Chemicals, India. Solvents like methanol and DMF are purchased from SRL Chemicals, 

India. 

2.2.2. Synthesis 

2.2.2.1. Synthesis of K5[Bi(H2O)2SiW11O39]‧13H2O (K51‧13H2O) 

An aqueous solution of K8[SiW11O39]·13H2O (0.5 mmol in 20 mL water) was heated to 55 ℃ 

for 5 minutes, under constant stirring, to form a clear solution. A solution of Bi(NO3)3·5H2O  

(0.5 mmol dissolved in 13 ml of 50% glacial acetic acid) was then added to the above 

solution drop-wise in such a way that the local precipitation was completely dissolved before 

the addition of the next drop, by maintaining the reaction condition. The reaction was 

continued for another 15 minutes. Further, a solution of KNO3 (20 mmol in 13 mL water) was 

added drop-wise to the above solution and stirred for ten more minutes maintaining the same 

reaction conditions. The resulting white opalescent solution was filtered through a celite bed. 

Subsequently, it was cooled down to room temperature and found that the resultant filtrate 

had a pH 2.01. The colourless needle-type crystals were grown from this transparent-

colourless solution in four days.  

2.2.2.2. Synthesis of Zeolitic Imidazolate Framework-8 (ZIF-8)
60

  

A solution of Zn(NO3)2·6H2O (5 mmol) in methanol (MeOH; 25 mL) was added slowly to a 

25 mL of methanolic solution of 2-methylimidazole (24.4 mmol) under stirring. The reaction 

mixture was then kept undisturbed for 24 hours at an ambient condition. The resulting white 
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color material was centrifuged and washed with DMF, water, and MeOH repeatedly to get rid 

of unreacted material and dried at 70 ℃ for 24 hours. 

2.2.2.3. Synthesis of H51@ZIF8 

A 25 mL of methanolic solution of Zn(NO3)2‧6H2O (5 mmol) and 5 mL of an aqueous 

methanolic solution of K51‧13H2O (0.2 % w/v, 40 mg in 2.5: 2.5 mL of H2O: MeOH) were 

added simultaneously drop-wise to the 25 mL of methanolic solution of 2-methylimidazole 

(24.4 mmol) with vigorous stirring at room temperature. The mixture was then kept 

undisturbed for 24 hours at room temperature, and H51@ZIF8 composite was obtained as a 

white color crystalline material. It was centrifuged and washed with DMF, MeOH, and water 

repeatedly to eliminate unreacted material (each for 5 times). The obtained final product was 

dried at 70 ℃ for 24 hours. Further, the composite material was stirred in an aqueous solution 

of 0.01M NaCl for 48 hours to get rid of surface adsorbed POM units if any. Finally, it was 

again dried at 70 ℃ for 24 hours. 

2.2.2.4 Synthesis of SiW11@ZIF8 

The same synthesis procedure was maintained as used for H51@ZIF8, except the use of 

K8[SiW11O39]·13H2O mono-lacunary cluster instead of K51‧13H2O. 

2.2.3. Methods 

2.2.3.1. Physical Characterizations 

The functionalized Keggin POM compound K51‧13H2O has unambiguously been 

characterized by single-crystal X-ray diffraction (SCXRD). Further, the K51‧13H2O, the title 

composite H51@ZIF8 and ZIF-8 have been characterized by ATR-FTIR, Raman, PXRD, 

electronic spectra, TGA, ICP-OES, XPS, BET analyses. The electrochemical measurements 

are performed to prove the catalytic nature of the characterized composite, H51@ZIF8. 

2.2.3.2. X-ray Crystallography 

A suitable nascent single-crystal of K51‧13H2O compound was selected from the mother 

liquor and mounted on a fibre-loop using Araldite resin mask for X-ray diffraction data 

collection (at 100 K). The Rigaku Oxford XtalLAB Synergy diffractometer is having a 

MoKα (λ = 0.71073 Å) graphite monochromatic X-ray beam source used for structure 

determination, and 40 mm of the crystal-to-detector distance was maintained. The collected 

data reduction was performed with AutoLab software.
 
Empirical absorption corrections were 

accomplished with the SADABS program. Structure solutions and full-matrix least-squares 

refinement were done by standard crystallographic software Olex2-1.3-ac4 embedded with 

SHELX 2018/1 package for the title compound.
 
The single crystals of K51‧13H2O are very 
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sensitive to the room temperature and the crystals could lose their quality very quickly. 

Except some lattice water and few framework oxygen atoms, all the non-hydrogen atoms 

were refined anisotropically. Hence, the atomic displacement parameter (ADP) alerts 

containing oxygen atoms were modelled with crystallographically allowed EADP command. 

The crystallographic details and structure refinement parameters for K51‧13H2O compound 

are listed in Table 2.1. CSD 2110621 contains the supplementary crystallographic data for 

K51‧13H2O. 

Table 2.1. Crystal data and structure refinement parameters for K51‧13H2O 

Parameter K51‧13H2O 

Empirical formula  BiK5O54SiW11 

Formula weight  3318.92 

T(K)/ λ (Å)   100(2)/ 0.71073 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions 

a = 11.6029(2) Å 

b = 11.9120(2) Å 

c = 19.8162(4) Å 

α = 96.202(2)
o
 

β = 97.574(2)
o
 

γ= 118.594(2)
o
 

Volume 2337.31(7) Å
3

 

Z 2 

Density (calculated) 4.716 Mg/m
3

 

Absorption coefficient (Μ) 31.294 mm
-1 

 

F(000) 2876 

Independent reflections 8228 [R(int) = 0.0814] 

Goodness-of-fit on F
2

 1.024 

R1/ wR2 [I > 2σ (I)] 0.0486/0.1133 

R1/ wR2 (all data) 0.0614/0.1190 

Absolute structure parameter 0.027(19) 

Largest diff. peak and hole 3.334 and -3.257 e Å
-3

 

 

2.2.3.3. Electrochemical Measurements 

All the electrochemical experiments were performed heterogeneously using conventional 

three-electrode electrochemical cell employing the H51@ZIF8 modified glassy carbon 
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electrode (GCE) as working, a home-made Ag/AgCl (3M) as a reference, and Pt mesh as 

counter electrodes at acidic pH 4 and neutral pH 7.0. Whereas in the case of alkaline 0.1 M 

KOH (pH 13) eleoctrolyte, H51@ZIF8 modified glassy carbon was used as working-, 

Hg/HgO (MMO) as a reference-, and graphite rod as counter-electrodes. A homogeneous 

suspension of H51@ZIF8 for electrochemical analysis was made by following our recent 

literature.
17

 In pH 4.0 and neutral pH 7.0, 25 µL of this homogeneous sample-suspension was 

coated on the glassy carbon electrode (GCE) having a 3 mm diameter (0.0706 cm
2
 

geometrical area), resulting in the ⁓100 µg of the sample on the GCE. Whereas in the case of 

alkaline pH 13.0, 20 µL of sample suspension was loaded corresponding to ⁓80 µg of the 

sample on the GCE. A diluted Nafion solution was prepared by mixing 40 µL (5 wt %) 

Nafion solution into a 60 µL of ethanol (in the ratio of 2:3 Nafion-ethanol mixture), and a 

drop of it was coated over the sample loaded electrode. The same amount of sample loading 

was maintained for all electrochemical experiments unless otherwise mentioned. The drop-

casted sample ink was dried under IR-lamp (temp ⁓70 ℃) and the coated electrode left at 

room temperature for 5 min to obtain an ambient condition, before using it. All the 

electrochemical experiments were carried out under the nitrogen atmosphere at room 

temperature. The experimentally observed potentials were converted to the RHE scale 

following the relation of E(RHE) = E(Ag/AgCl) + 0.204 V+ 0.059 pH where the Ag/AgCl (3M 

KCl) electrode was used as the standard reference electrode. In the case MMO (pH 13.0, 

0.1M KOH), the potential of the MMO would be E(RHE) = E(MMO) + 0.916 V (see below the 

section of calibration of MMO with respect to RHE). The cyclic voltammogram scans were 

initiated at the open circuit potential (OCP) and first scanned to the anodic side. Before every 

electrochemical experiment, at least five cyclic voltammogram (CV) scans were recorded 

continuously to understand the quality of prepared homogeneous H51@ZIF8 ink, and in 

most of the electrochemical experiments 100 mV/s scan rate was used to collect the CV 

cycles unless otherwise stated. All the electrochemical studies were performed at pH 13 of 

0.1 M KOH and  neutral pH (0.1 M) potassium phosphate buffer as well as in acidic pH 4 

solution of 0.1 M potassium phosphate. The chronoamperometry experiments were done with 

a GCE /stainless steel mesh/FTO as working, and a large surface Pt mesh/graphite rod as 

counter electrodes. The stainless steel mesh working electrode preparation for bulk 

electrolysis was carried out as 1 mg/cm
2
 area catalyst loading.

 
Controlled experiments of 

electrochemically fabricated FTO electrodes were conducted to establish the true 

electrocatalytic oxygen evolution reaction activity of encapsulated K51‧13H2O inside the 

ZIF-8 cage. The Tafel data were collected in a galvanostatic mode under steady-state mass 
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flow, the electrolyte solution was stirred at 480 rpm throughout the experiments. The internal 

cell resistance was manually calibrated. Differential pulsed voltammogram (DPV) was 

performed using the 50 mV pulse for 100 ms time and 5 mV step height for 80 ms step width 

and the integration time was 5 ms. 

Calibration of MMO with respect to RHE 

The calibration of Hg/HgO (0.1 M KOH) electrode was performed by running a linear sweep 

voltammogram (LSV) using Pt-disk (2 mm diameter) in H2 saturated 0.1 M KOH at a scan 

rate of 1 mV/s using MMO as reference electrode. The electrolyte was purged with H2 gas for 

30 minutes prior to the experiments and the same condition was maintained throughout the 

analysis. The potential was scanned from 0 to -1.3 V vs MMO. The potential at which the 

LSV curve crosses the zero current was considered the potential of the MMO vs RHE. Here, 

the corresponding potential is - 0.916 V.  

 

Figure 2.1. LSV plot for MMO calibration using Pt-disk as WE, Pt mesh and MMO as counter and reference 

electrodes respectively in H2-saturated 0.1 M KOH solution; scan rate was 1 mV/s. 
 

2.3. RESULTS AND DISCUSSION 

2.3.1. Physical Characterizations of K51‧13H2O 

2.3.1.1. Single Crystal X-ray Diffraction description of K51‧13H2O 

The bismuth-aqua complex attached Keggin-type polyoxometalate (POM) compound has 

been isolated in an aqueous synthesis. The aqueous solution of mono-lacunary Keggin 

compound K8[SiW11O39]·13H2O was reacted with bismuth nitrate solution at 55 ℃  and 

obtained as colorless needle-type crystals. The molecular formula of these needle crystals is 

determined as K5[Bi(H2O)2SiW11O39]‧13H2O (K51‧13H2O) from single-crystal X-ray 

structure analysis and ICP-OES analyses. The synthesized compound K51‧13H2O is freely 

soluble in an aqueous solution (0.28 g/mL). Furthermore, the presence of bismuth in the 
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synthesized POM compound K51‧13H2O is analyzed by its qualitative test, XPS (vide infra) 

and EDX elemental mapping and TGA has also been performed on K51‧13H2O. 

Compound K51‧13H2O is crystallized in the triclinic P-1 space group. The crystal 

structure includes a mononuclear bis(aqua)Bi(III) complex, {Bi(H2O)2}
3+

 attached to the 

peripheral position of the mono-lacunary Keggin {SiW11O39}
8‒

, resulting in a Bi(III)-aqua 

complex functionalized polyoxometalate (POM), [Bi(H2O)2SiW11O39]
5‒ 

(Figure 2.1a). In the 

crystal structure, the mono-lacunary Keggin POM anion {SiW11O39}
8‒

 acts as a tetra dentate 

ligand towards the coordination around Bi(III) center of {Bi(H2O)2}
3+

, thus bismuth ion in 

the crystal structure has distorted octahedral geometry (Figure 1a,b), consistent with the 

reported literature.
54-58

 

The bismuth(III) ion has compatibility to exist in the wide coordination numbers from 

3, 4, 5, 6 (octahedral, distorted octahedral and pentagonal pyramidal geometry of the BiO6) 

to  7, 8 (square-antiprismatic geometry of the BiO8) through 10 (pentagonal prismatic 

geometry of BiO10 unit). In 2011, our group has shown the presence of Bi
3+

 ion in octahedral 

geometry
54

 and very recently in 2021, C. Lichtenberg group has also claimed that the 

existence of distorted octahedral
55

 and other geometries for the same Bi
3+

 ion. The higher 

coordination numbers for the Bi
3+

 ion are common in polyoxometalate chemistry. T. Yamase 

and his group reported the formation of pentagonal pyramidal geometry with the coordination 

number of six for Bi
3+

 ion and they have observed the bond lengths of 2.15-2.52 Å and 2.41-

2.55 Å range  

 

Figure 2.2. (a) Polyhedral representation of [Bi(H2O)2SiW11O39]
5‒

 (1) in the single-crystal X-ray structure of 

K5[Bi(H2O)2SiW11O39]‧13H2O (K51‧13H2O); coordination around Bi(III) is shown in thermal-ellipsoidal 

representation. (b) Thermal ellipsoidal diagram of {BiO6} entity in the crystal structure of compound 

K51‧13H2O (colour code: O, red; Si, cyan; W, dark-grey; Bi, green). 

 

for Bi–O(W) and Bi–OH2 groups respectively.
56

 Furthermore, in 2018, M. Sadakane and U. 

Kortz groups have isolated bismuth(III) containing polyoxometalates with the square-

antiprismatic (BiO8) and pentagonal prismatic (BiO10) geometries having the Bi–O(W) bond 
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lengths in the range of 2.31-2.66 Å.
57,58 

 In the present system, the bond lengths 2.30, 2.30, 

2.33 and 2.38 Å for Bi–O(W) and 2.50, 2.68 for Bi–OH2 groups are found that are consistent 

with the reported literature.
54-58

 There are five potassium cations to counterbalance the five 

negative charges (−5) of the functionalized POM cluster anion [Bi(H2O)2SiW11O39]
5‒

 (1) and 

13 solvent water molecules per formula unit of compound K51‧13H2O.  

2.3.1.2. PXRD spectrum 

 

Figure 2.3.  Powder X-ray diffraction patterns of K51‧13H2O. 

The phase purity and homogeneity of the synthesized compound K51‧13H2O have been 

verified by PXRD analysis by comparing simulated and observed PXRD patterns. It is clearly 

visible from the Figure 2.3 that there is a close match of the PXRD pattern of K51‧13H2O to 

that of its simulated pattern, indicating same phase compound has been formed in the whole 

bulk. 

The compound K51‧13H2O characterized further with UV-DRS, XPS ICP-OES, 

FESEM-EDX analyses and the complete data have been provided in Appendix 2.2 to 2.4. 

Why fabrication in this Work? 

The prime objective of this work is to perform electrocatalytic WO using the synthesized 

POM compound. However, the POM compounds are sensitive in an alkaline aqueous 

solution, sometimes even in a neutral aqueous medium. As already mentioned in the 

introduction, the water-soluble compound K51·13H2O collapses in its neutral aqueous 

solution within few cyclic voltammetry (CV) cycles in the oxidation window. This prompted 

us to fabricate this synthesized compound K51·13H2O with a framework material so that we 

can use this as a heterogeneous electrocatalyst in an aqueous solution covering a wide pH 
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range. We have fabricated the composite material H51@ZIF8 following our well-established 

procedure
17

 (see the Experimental Section for detailed synthesis). The fabrication includes 

the encapsulation of the functionalized POM anion, [Bi(H2O)2SiW11O39]
5−

, inside the cavities 

of the zeolite-type framework material ZIF-8. 

 A proper “ship-in-a-bottle”-type inclusion of a guest species into a framework host 

material needs some primary criteria to be followed:
59

 (i) cavity size of the host framework 

material (ZIF-8) matches with the guest (Keggin POM) size, (ii) the window aperture of ZIF-

8 is smaller than the Keggin size (to avoid leaching), and (iii) presynthesized Keggin 

encapsulation occurs by the in situ synthesis of ZIF-8, as shown in the following Figure 2. 

The present fabrication (Figure 2.3.) not only fulfills these three norms for the successful 

encapsulation of the functionalized Keggin anion into the cavity of the ZIF-8 but also 

provides protection for the encapsulated Keggin POM anion, which per se is not stable in a 

neutral and in an alkaline aqueous solution in the anodic window of WO. But the resulting 

composite H5[Bi(H2O)2SiW11O39]@ZIF8 (H51@ZIF8) works as a heterogeneous 

electrocatalyst in a wide pH range of pH 4 to pH 7 through pH 13. In the formula, we have 

used five protons as cations, because ZIF-8 is a neutral framework, the charge of the 

functionalized Keggin anion is ‒5 and we could not find the presence of any potassium ion in 

the composite by ICP and EDX analyses.  However, the possibility of the coordination to the 

Zn
2+

 ions (of host framework material) by the oxo groups of the guest POM anion 

[Bi(H2O)2SiW11O39]
5-

cannot not be ruled out. 

 

Figure 2.4. Synthetic strategy of the composite material H5[Bi(H2O)2SiW11O39]@ZIF8 (H51@ZIF8) 

representing the inclusion of one functionalized Keggin POM per three cages of ZIF-8. 

2.3.2. Physical Characterizations of H51@ZIF8 

The synthesized composite material H5[Bi(H2O)2SiW11O39]@ZIF8 (H51@ZIF8) is 

thoroughly analyzed by various physical techniques, such as, PXRD and XPS studies, 

HRTEM-EDS and FESEM-EDX microscopy (see Appendix Axx.), BET, FTIR, electronic 



34 
 

absorption and ICP-OES and thermogravimetric analysis (TGA) (see Appendix Section Axx). 

The functionalized Keggin POM compound K5[Bi(H2O)2SiW11O39]‧13H2O (K51‧13H2O) and 

ZIF-8 separately are also considered for comprehensive characterization of the composite 

H51@ZIF8. 

2.3.2.1. PXRD analysis 

 

Figure 2.5. (a) Powder X-ray diffraction profiles of ZIF-8 and H5[Bi(H2O)2SiW11O39]@ZIF8 (H51@ZIF8). 

The PXRD profile of the composite H51@ZIF8 is found to be matching very well 

with that of ZIF-8 itself (Figure 2.5). Thus, the crystal planes of ZIF-8 of the composite 

H51@ZIF8 are not affected due to the in situ encapsulation of K51‧13H2O, 

H5[Bi(H2O)2SiW11O39] (guest) inside ZIF-8 (host) cavities. From the PXRD profiles, the 

average crystallite sizes of ZIF-8 and H51@ZIF8 have been calculated using Scherrer’s 

equation and the concerned calculated values are 28.436 nm and 26.995 nm respectively (see 

Appendix, section A2.6 for details). 

2.3.2.2. FTIR analysis 
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Figure 2.6. ATR-FTIR spectra of K5[Bi(H2O)2SiW11O39]‧13H2O (K51∙13H2O), ZIF-8 and H51@ZIF8. 

 

The ATR-FTIR spectra of functionalized POM K51‧13H2O, ZIF˗8 and H51@ZIF8 

are shown in Figure 2.6. The FTIR spectrum of K51‧13H2O has characteristic peaks in the 

region of 500 to 1000 cm
-1 

for Si-O-W, Bi-O-W, W-O-W, and W=O stretching and bending 

vibrations.
63 

The indicative FTIR peaks ranging from 695 to 1584 cm
-1

 for Zn-N(imidazole) 

imply a smooth formation of ZIF-8.
17

 From Figure 2.6, the presence of combined FTIR 

features of K51‧13H2O and ZIF˗8 in the IR spectrum of the resulting composite H51@ZIF8 

at 690, 760, 890, 953, 994, and 1386 cm
-1

 supports the successful fabrication of the title host-

guest composite. A careful observation on the FTIR spectra indicates that the IR bands at 876 

and 1620 cm
-1

 of the pristine POM compound K51‧13H2O are shifted by 20 and 60 cm
-1

 

(marked with purple color dotted lines, Figure 2.6) to 896 and 1680 cm
-1

 respectively, when 

the POM is encapsulated in ZIF-8, i.e., the formation of the composite H51@ZIF8; 

particularly the distinctive shift of 60 cm
-1

 of the bismuth coordinated water OH bending 

mode towards a higher wavenumber is notable in going from pristine POM (K51‧13H2O) to 

composite POM (H51@ZIF8). This shift towards higher wavenumber is a direct consequence 

to gaining more stability by strengthening of BiOW, WOW, W=O bonds and bismuth 

coordinated water OH bonds of the encapsulated POM, due to the interactions with ZIF-8 

inner surface. The IR bands at 477, 530 and 623 cm
-1

 (highlighted with brown color dotted 

lines, Figure 5b) which are present in IR spectra of K51‧13H2O and H51@ZIF8, are not 

visible in the case of as such ZIF-8 framework material, indicates the existence of POM 

clusters within the ZIF-8 framework voids. Two new IR bands at 1090 and 1256 cm
-1

 

(marked with symbol), that have arisen in the IR spectrum of the resulting composite 

(H51@ZIF8) but are absent in the IR spectra of K51‧13H2O and ZIF-8, could be attributed to 
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the consequence of interactions between encapsulated POM surface and ZIF-8 framework 

interior of H51@ZIF8. 

2.3.2.3. Raman analysis 

 

Figure 2.7. Raman spectra of K51‧13H2O, ZIF-8 and the composite H5[Bi(H2O)2SiW11O39]@ZIF8 

(H51@ZIF8). 

The Raman spectra of the pristine Keggin POM compound K51‧13H2O, ZIF-8 and the 

host-guest composite material H51@ZIF8 are compared in Figure 5c, which clearly show 

that the characteristic Raman peaks of the functionalized Keggin POM anion are present in 

the Raman spectrum of the composite H51@ZIF8 but with shifted positions toward higher 

wavenumbers. As shown in Figure 2.7, the Raman spectrum of the functionalized Keggin 

compound K51‧13H2O is dominated by a strong feature at 966 cm
-1

 which gets shifted to 

1028 cm
-1

 in the Raman spectrum of the resulting composite H51@ZIF8. Additionally, the 

Raman active features of ZIF-8 per se are clearly visible in the Raman spectrum of the title 

composite H51@ZIF8, which is consistent with relevant literatures
64,65

 and confirms the fine 

construction of the composite H51@ZIF8. Thus, the Raman spectral studies are on par with 

IR results supporting host-guest interactions and successful fabrication of the title composite. 

2.3.2.4. Electronic spectral analysis 
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Figure 2.8. Electronic absorption spectra of K51‧13H2O, ZIF-8 and the composite H51@ZIF8. 

From the electronic spectra (Figure 2.8), it is clearly evident that ZIF-8 does not have any 

prominent absorption except imidazole π‒π* transitions, whereas K51‧13H2O and 

H51@ZIF8 have absorption maxima at 276 and 330 nm, respectively which can be attributed 

to O→W LMCT transitions. The shift of this O→W charge transfer band from 330 nm to 276 

nm, in going from pristine Keggin POM to encapsulated Keggin POM (K51‧13H2O to 

H51@ZIF8), is again due to the host-guest interactions in the composite.  

2.3.2.5. HR-TEM analysis 

 

Figure 2.9. High resolution transmission electron microscopy (HRTEM) morphologies of (a) ZIF-8 and (b) 

H51@ZIF8, respectively 

 

The fabrication does not affect the overall crystal structure of ZIF-8 is also supported 

by the fact that the common hexagonal morphology of ZIF-8 crystals remained the same 

(a) (b) 
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before and after the encapsulation of molecular H5[Bi(H2O)2SiW11O39] (H51) into the cages 

of ZIF-8 as shown in HRTEM images (Figure 2.9) along with HRTEM-EDS and FESEM-

EDX (see Appendix Axx). It is observed from figure 3 that the size of the hexagonal particles 

of H51@ZIF8 has a smaller compared to that of ZIF-8 itself, which is in line with the 

average crystallite size obtained from Scherrer’s equation.  

2.3.2.6. N2 sorption isotherm, BET surface area and pore size distribution analysis 

 

Figure 2.10. N2 gas adsorption-desorption isotherms for ZIF-8 and composite material H51@ZIF8; (e) pore size 

distribution of ZIF-8 and H51@ZIF8. 

The Brunauer-Emmett-Teller (BET) isotherm profiles for ZIF-8 and H51@ZIF8 have 

also been collected and the obtained BET surface area values 1441.481 and 933.074 m
2
g

-1 
for 

ZIF-8 and H51@ZIF8 respectively have confirmed the smooth in-situ encapsulation of 

[Bi(H2O)2SiW11O39]
5-

 cluster molecules into the ZIF-8 cavities (Figure 2.9a). The average 

pore radius (half pore width) values for ZIF-8 and H51@ZIF8 have been obtained from the 

pore size distribution data and are found to be 16.576 Å and 7.049 Å respectively which 

further supports the encapsulation strategy (Figure 2.9b). X-ray photoelectron spectroscopy 

(XPS) has been performed on functionalized Keggin POM compound, K51‧13H2O and the 

resulting composite material, H51@ZIF8 to study the insertion of the guest unit H51 inside 

the well-defined host ZIF-8 cavities. 

2.3.2.7. XPS Analyses 

(a) (b) 
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Figure 2.11. X-ray photoelectron spectra (XPS) survey scans of K5[Bi(H2O)2SiW11O39]‧13H2O (K51‧13H2O) 

and H51@ZIF8. 

The presence of O1s, Si
4+

2p, W
6+

4f, and Bi
3+

4f responses from the functionalized 

POM 1 along with C1s, N1s and Zn
2+

2p responses from the host ZIF-8 in the XPS survey 

scan (Figure 3f) of the resulting composite H51@ZIF8 have added further support in 

establishing successful fabrication resulting in the formation of host-guest composite 

material.  

 

Figure 2.12. Core level XPS spectra: (a-b) O1s, (c-d) Bi4f and (e-f) W4f of K5[Bi(H2O)2SiW11O39]‧13H2O 

(K51‧13H2O) and H51@ZIF8. 
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The XPS analysis of both the compounds are studied with respect to the C1s response 

at 284.8 eV.
61

 The core level XPS profiles of O1s have shown the presence of 2 types of 

oxygens (Figure 4a,b), attributed for M-O-M (530.81 eV for K51‧13H2O and 530.87 eV for 

H51@ZIF8) and M-O-H (532.26 eV for K51‧13H2O and 532.46 eV for H51@ZIF8).
62

 As 

shown in Figure 4a,b, the peak area ratio of 532.46 eV : 530.87 eV has been increased after 

the immobilization / encapsulation. This can tentatively be understood by the logic that the 

host ZIF-8 is a microporous material and in the present work, the host (ZIF-8) accommodates 

one POM guest per three cages (vide supra); thus, there could be chances of adsorption of 

atmospheric water molecules into the vacant cages of ZIF-8 (host) and this adsorbed H2O, 

which could be weakly coordinated to the host metal Zn
2+

, i.e,  (H2O)adsorb−(Zn
2+

)host could 

cause this increase in the peak area ratio.
43

  Similarly, Figures 4c and 4d show the core level 

XPS plots of Bi4f for  K51‧13H2O and composite, H51@ZIF8  respectively; Figures 4e and 

4f show the core level XPS plots of  W4f for  K51‧13H2O and composite, H51@ZIF8 

respectively and Figures A2.7a and A2.7b (Appendix 2.9) show the core level XPS plots of 

Si2p for  K51‧13H2O and composite, H51@ZIF8 respectively. All these confirm the presence 

of POM cluster inside the ZIF-8 cavities. There is no XPS response of potassium ion (Figure 

3f) for the composite H51@ZIF8, which is indicative of the presence of H
+
 ions instead of K

+ 

satisfying the negative charge of the encapsulated POM cluster anion (ZIF-8 is a neutral 

framework!). 

 From all these characterizations (discussed above) of functionalized POM compound 

(K51‧13H2O) and fabricated composite material (H51@ZIF8), it is clearly evident that we 

have followed an approach of “molecule to material”. The functionalized Keggin compound 

K51‧13H2O is the molecule and the resulting composite H51@ZIF8 is the material here. The 

rationale of naming H51@ZIF8 a composite is that the spectral features of the host-guest 

compound H51@ZIF8 are quite different from those of the individual host (ZIF-8) and 

individual guest (1) separately. 

2.3.3. Electrocatalytic Water Oxidation 

2.3.3.1. Electrochemical oxygen evolution reaction by H51@ZIF8 

Oxygen evolution reaction (OER) by water oxidation using H51@ZIF8 as an electrocatalyst 

is assessed in a wide pH window, from acidic pH 4.0 to neutral pH 7.0 through an alkaline 

pH 13.0. The OER studies have been conducted in a conventional three electrode cell under 

nitrogen atmosphere and the measured potentials are reported against RHE scale. The cyclic 

voltammograms (CVs) of aqua-Bi(III) functionalized Keggin K51‧13H2O and the parent 
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lacunary Keggin K8[SiW11O39]·13H2O (hereafter referred to as SiW11) were recorded 

homogeneously, whereas CVs of title composite H51@ZIF8, SiW11@ZIF8 and ZIF-8 have 

been performed in a heterogeneous manner. The glassy carbon electrode (GCE) (blank), 

coated with conductive acetylene carbon-Nafion mixture, does not have any catalytic 

response in the operational potential window (Figure 6). 

As shown in Figure 6a, the parent lacunary Keggin compound SiW11 (without 

bismuth) does not have any redox response in the anodic potential window. However, 

bis(aqua)Bi(III)-functionalized Keggin compound K51‧13H2O shows two irreversible hump-

like redox responses centered at 1.09 and 1.33V vs RHE (Figure 2.11a), that can be assigned 

to the two single electron electrochemical oxidation of bismuth, as shown in equations 1-4 

(vide supra). This is followed by a prominent anodic current surge at 1.43V vs RHE, 

indicating the electrocatalytic water oxidation. However, K51‧13H2O undergoes an oxidative 

degradation within few CV cycles as shown in third CV cycle (Figure 6a) signifying the lack 

of stable catalytic behavior by the functionalized Keggin itself. At this stage, the significance 

of fabrication (encapsulation of the same functionalized Keggin anion inside the confined 

space of a framework material ZIF-8 resulting in the functional composite) begins. Can the 

composite H51@ZIF8 [protected Bi(III)-functionalized Keggin] be able to perform stable 

electrocatalytic water oxidation at a varied pH range?! The fabricated composite, H51@ZIF8 

was immersed in the three different operational electrolytes, i.e., aqueous electrolytes with 

pH 4.0, pH 7.0, and pH 13.0, and respective dried samples were subjected to powder X-ray 

diffraction analyses. The PXRD patterns of these three solids, obtained by dipping 

H51@ZIF8 in these electrolytes of three different pH values followed by their filtration and 

drying at room temperature, are essentially identical (see Appendix A2.x, Figure A14), 

indicating stability of the composite in a widespread pH window. The electrochemical water 

oxidation studies of the fabricated composite, H51@ZIF8 show its promising oxygen 

evolution reaction (OER) in a widespread pH window. Figures 2.11(b-d) show CV profiles of 

GCE blank, ZIF-8, and the composite H51@ZIF8 at pH 4.0, pH 7.0, and pH 13.0, 

respectively.  
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Figure 2.11. Cyclic‒ and linear‒sweep voltammograms recorded in an acidic pH 4.0, neutral pH 7.0 and  in an 

alkaline pH 13.0: (a) CVs of blank GCE, SiW11 and K51‧13H2O recorded homogeneously using 1 mmol 

compounds in neutral pH, 0.1 M potassium phosphate buffer solution; (b-d) CVs of H51@ZIF8, ZIF-8 and GCE 

recorded heterogenously at pH 4.0, neutral pH 7.0 and pH 13.0, respectively; (e) CVs of H51@ZIF8 recorded in 

variable pH electrolytes from pH 4 to pH 13.0; (f) linear sweep voltammogram (LSV) of H51@ZIF8, performed 

heterogenously at pH 4.0, neutral pH 7.0 and pH 13.0. The CVs and LSVs were performed with a scan rate of 

100 mVs
-1

 and 5 mVs
-1

, respectively. 

As shown in Figures 2.11(b-d), the GCE blank and ZIF-8, as expected, do not show 

any redox responses in all three pH values (4.0, 7.0 and 13.0). But in the case of composite, 

H51@ZIF8 a substantial increase in the anodic current is observed after 1.50 V vs RHE for 

all the pH values (4.0, 7.0 and 13.0). As shown in Figure 2.11(b-d), the CV profile of 

composite H51@ZIF8 at pH 13.0 is quite different from those of the composite at pH 4.0 and 

pH 7.0. More specifically, at pH 13.0, the CV of the composite displays an oxidative response 

centered at 1.54 V vs RHE followed by a tiny hump (not properly visible), and then there is a 

sudden current surge. Thus, at pH 13.0, a differential pulse voltammogram (DPV) analysis 

was performed on composite H51@ZIF8. This reveals two oxidative responses (see SI, 

Figure S15), indicating Bi(III)
 
→ Bi(IV) and Bi(IV)

 
→ Bi(V) electrochemical oxidation, 

which is consistent with equations 1-4. These two oxidative responses (at pH 13.0) are also 

seen in the CV plot of a homogeneous solution of aqua-Bi(III) functionalized POM Keggin, 

K51‧13H2O at neutral pH 7.0 (Figure 2.11a, first cycle), but these diminish in the third cycle. 

Thus, the heterogeneous CV of the composite H51@ZIF8 at pH 13.0 and homogeneous first 

cycle CV of functionalized Keggin compound K51‧13H2O at pH 7.0 clearly indicate that the 

functional site of both of these compounds is the bis(aqua)Bi(III) species, which undergoes 

proton-coupled two-electron transfer electrochemical reactions forming the {−Bi
V
=O}

3+
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species as shown in equations 1-4 (vide supra). The electrochemically generated {−Bi
V
=O}

3+
 

species then oxidizes water chemically to molecular oxygen as shown in equation 5. The 

oxidation of water (eqn 5) by {‒Bi
V
=O}

3+
 species may occur via equations 6 and 7 in acidic 

aqueous medium and via equations 8 and 9 in alkaline aqueous medium. 

 

{−Bi
V
=O}

3+
   + H2O =  {−Bi

III
}

3+
  + O2  + 2H

+
 + 2e

−
                (eqn 5) 

 

(i) In acidic medium, 

 

{−Bi
V
=O}

3+
+ H2O → {−Bi

IV
 ‒O‒OH}

3+
 + H

+
 + e

−
   (eqn 6) 

{−Bi
IV

 ‒O‒OH}
3+

→    {Bi
III

}
3+

 + O2 + H
+ 

+ e
−
                          (eqn 7) 

 

(ii) In alkaline medium, 

 

{−Bi
V
=O}

3+
+ OH

−
 → {−Bi

IV
 ‒O‒OH}

3+
 + e

−
   (eqn 8) 

{−Bi
IV

 ‒O‒OH}
3+

 + OH
−
 → {Bi

III
}

3+
  + O2 + H2O + e

−
  (eqn 9) 

Equations 1-4 explains that the present electrocatalytic water oxidation would be favored 

in an alkaline aqueous solution through the participation of the hydroxyl group in equations 2 

and 4 via deprotonation. This is reflected in Figure 2.11e that represents the electrocatalytic 

OER of the composite material H51@ZIF8 at different pH values starting from pH 4.0 to pH 

9.0 and at pH 13.0. At pH 13.0, we get maximum current surge. Similarly, the linear sweep 

voltammograms (LSVs) for H51@ZIF8 have been recorded at the pH values of 4.0, 7.0 and 

13.0 with a sweep rate of 5 mVs
-1

 (Figure 2.11f) and the LSV plots show the same trend as 

CVs at different pH values, i.e., electrocatalytic water oxidation activity with respect to 

current density increases from pH 4.0 to pH 7.0 through pH 13.0. In order to prove that the 

“bis(aqua)Bi(III)-functionality” of the lacunary Keggin cluster is the functional site in the 

present OER activity, a series of controlled electrochemical experiments have carefully been 

performed (Figure 7) at three different pH values (pH 4.0, 7.0 and 13.0) using the title 

composite H51@ZIF8, ZIF-8 (MOF only), GCE blank, ZIF-8 encapsulated lacunary Keggin 

POM (SiW11@ZIF8; a bismuth free composite). 
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Figure 2.12. Cyclic voltammograms of composite H51@ZIF8, SiW11@ZIF8 (bismuth free composite), ZIF-8, 

GCE blank and ZIF-8+K51.13H2O (physical mixture) at a scan rate of 100 mVs
-1

: (a) at pH 4.0, (b) at pH 7.0 

and (c) at pH 13.0. 

We have also prepared a physical mixture of ZIF-8 and K51.13H2O (ZIF-

8+K51∙13H2O) and then it was subjected to perform OER under identical operational 

conditions to comprehend the true catalytic nature of our composite material and the detailed 

procedure of preparation of physical mixture is available in the supporting information (see 

Appendix, section A16). None of the above systems show current surge/OER activity and the 

CV patterns of all these blank systems are not at all comparable to that of the composite 

H51@ZIF8, measured at pH 4.0, pH 7.0 and pH 13.0 as shown in Figure 2.12(a-c), 

respectively.  All these blank systems do not contain any bismuth content except the title 

composite. All these controlled experiments have collectively provided concrete evidence 

that the bismuth-aqua complex on POM surface in composite H51@ZIF8, not only works as 

a true molecular electrocatalytic water oxidation catalyst but also functions in a wide pH 

window (Figure 2.12a-c). The importance of the fabrication/encapsulation of the 

functionalized POM is evidenced by the fact that the physical mixture does not show any 

electrocatalytic water oxidation but the fabricated composite does. 

2.3.3.2. Electrochemical Stability Check on H51@ZIF8 
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Figure 2.13. (a,b) Derived plots of specific current density vs number of CV cycles for H51@ZIF8 composite 

as a heterogeneous catalyst: (a) in an acidic pH 4.0 and in the neutral pH 7.0; (b) in an alkaline pH 13.0. (c,d,e) 

Chronoamperometric (CA) electrolysis at 1.75 V vs RHE, mediated by H51@ZIF8 catalyst-loaded GC 

electrode: (c) in pH 4.0 (d) pH 7.0 and (e) in an alkaline pH 13.0; (f) CVs of H51@ZIF8, performed in non-

aqueous solution on sequential addition of a controlled amount of water, using 0.1 M tetrabutylammonium 

perchlorate as supporting electrolyte in dry acetonitrile at a scan rate of 100 mVs
-1 

Stability is an important factor for determining the durability of any catalyst. The 

sustainability of present OER catalyst (composite) is investigated by (i) continuous CV scans 

and (ii) chronoamperometric measurements for a long time. The composite, H51@ZIF8 has 

been subjected for multiple CV cycles and has been found to be stable for 100 CV cycles at 

an acidic pH 4.0, the neutral pH 7.0 as well as in an alkaline pH 13.0 (see Appendix, Figure 

Axx). This 100-cycles CV-stability in three different pH values (pH 4.0, pH 7.0 and pH 13.0) 

is shown by the plots of specific current density vs number of CV cycles, where the specific 

current density data points have been collected at the end of the catalytic OER current 

(Figures 2.13a and 2.3b). The relevant observations emphasize the stability of the present 

OER catalyst for 100 CV cycles in a wide pH range as shown in Figures 2.13a,b. 

Furthermore, the chronoamperometric measurements on H51@ZIF8 at 1.75 V vs RHE show 

the stable and steady-state current flow for a period of 3 hours at pH 4.0, neutral pH 7.0 and 

at pH 13.0 (Figures 2.13c-e). These two experiments have clearly verified that the present 

composite catalyst H51@ZIF8 performs stable OER by electrocatalytic water oxidation 

under operational conditions.  
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Figure 2.14. XPS survey scans of composite H51@ZIF8: (a) before electrolysis (b) after electrolysis at pH 13. 

F1s peak is from FTO plate. 

It is important to check the structural integrity of the catalyst, before and after the 

OER activity. To do this, we have performed the following experiments after 100 CV cycles: 

(i) inductively coupled plasma (ICP) optical emission spectroscopy analysis for a residual 

electrolyte after electrolysis (see Appendix, Figure A2.11); (ii) electronic spectral analysis of 

the residual electrolytes (see Appendix, Figure A2.12). We have also examined the 

chronoamperometric (CA) electrode material of H51@ZIF8 (after electrolysis at pH 13) by 

X-ray photoelectron spectroscopic (XPS) study (see Appendix, Figure A2.13 and 14).  We 

performed FTIR analyses (see Appendix, Figure A2.15) and Raman spectral studies (see 

Appendix, Figure A2.16) on the CA films of H51@ZIF8 after electrolysis at three different 

pH values (4.0, 7.0 and 13.0).  The Field emission scanning electron microscopy energy 

dispersive X-ray (FESEM-EDX) elemental mappings (see Appendix, Figure A2.19-A2.22) of 

the surfaces of the working electrodes after CPE at three different pH values (4.0, 7.0 and 

13.0) were performed.  All these controlled experiments before and after electrolysis 

convincingly establish the structural integrity of the title catalyst H51@ZIF8 during 

electrolysis and that no leaching of the catalyst has been taken place from the electrode 

surface during the electrocatalysis. 
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Figure 2.15. (a) CVs of H51@ZIF8, performed in non-aqueous solution on sequential addition of a controlled 

amount of water, using 0.1 M tetrabutylammonium perchlorate as supporting electrolyte in dry acetonitrile at a 

scan rate of 100 mVs
-1

. (b) Derived plot of potential values (required to reach a specific current density of 0.5 

mAcm
-2

) versus operative pH values, obtained from variable pH CV profiles of the title catalyst H51@ZIF8. 

In order to prove that this oxygen evolution reaction (OER) is the result of 

electrocatalytic water oxidation, catalyzed by H51@ZIF8, the CV features of OER electrode 

has been checked in a non-aqueous medium while adding a controlled amount of water 

sequentially. The sequential addition of water results in a chronological enhancement in the 

anodic catalytic current (Figure 2.15a) suggesting the OER by water oxidation (not by proton 

reduction). To understand the insights about oxygen evolution reaction mechanism, a plot has 

been constructed between the potential required to reach a specific current density of 0.5 

mAcm
-2

 and the operative pH values (Figure 2.15b). A linear dependence with the slope value 

of -21.5 mV/pH is observed from the derived plot. The concerned slope value has shown the 

involvement of (1H
+
‒2e

-
) proton coupled-electron transfer (PCET) step in the electrocatalytic 

molecular oxygen evolution reaction, catalyzed by the H51@ZIF8 composite. 

2.3.3.3. Kinetic study of H51@ZIF8 on a wide pH range 

2.3.3.3.1. Tafel analysis for determining overpotential of H51@ZIF8 



48 
 

 

Figure 2.16. Linear iR-corrected Tafel plots for H51@ZIF8, recorded at the catalytic OER region in acidic pH 

4.0, neutral pH 7.0 and in an alkaline pH 13.0. 

The reaction kinetics has been investigated in terms of slopes and overpotential values 

of Tafel plots. Linear Tafel plots in the catalytic OER region are constructed for H51@ZIF8 

in respective pH media under study-state mass flow (Figure 2.16, detailed procedure has been 

given in the section see Appendix, Section A2.15). The Tafel slope values 448 mV/dec, 233 

mV/dec and 188 mV/dec have been obtained at pH 4.0, pH 7.0 and pH 13.0 respectively for 

H51@ZIF8 which show that better OER activity occurs when we move from acidic pH to 

neutral pH through alkaline pH. The catalyst H51@ZIF8 consumes overpotentials () of 

830.1 mV, 585.21 mV and 375 mV to reach current density (j) of 1 mAcm
-2

 at acidic pH 4.0, 

neutral pH 7.0 and in alkaline pH 13, respectively. The trend of decreasing overpotential 

values with increase in pH values clearly indicate that the present composite is an efficient 

electrocatalyst at an alkaline pH, justifying equations 1-5. The obtained overpotential values 

have been compared with those of some of the relevant reported ZIF-8 based composite OER 

catalysts (see Appendix, Table A2.1). This comparison clearly shows an excellent oxygen 

evolution reaction (OER) activity by H51@ZIF8 (present work) at an alkaline pH 13.0.  

2.3.3.3.2. Electrochemical impedance spectroscopy of H51@ZIF8 
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Figure 2.17. Nyquist plots of impedence spectra for the compound H51@ZIF8 modified glassy carbon 

electrode (GCE) at (a) pH 4.0, (b) pH 7.0 and (c) pH 13.0. 

We have also performed electrochemical impedance spectroscopy (EIS) for H51@ZIF8 

modified GCE in the catalytic OER region for all the three pH values (acidic pH 4.0, neutral 

pH 7.0 and at alkaline pH 13.0); the relevant procedure has been given in Section Axx, in see 

Appendix. For an electrocatalyst, the more is the resistance value the less is the overall 

catalytic activity. The charge-transfer resistance R1 (Rct) values of 515, 463.9 and 210 ohms, 

obtained from Nyquist plots of the EIS data at acidic pH 4, neutral pH and alkaline pH 13, 

respectively are thus consistent with the observed trend, i.e., the performance of the catalyst 

follows the order:  pH 13 > pH 7 > pH 4. The fitting of the equivalent circuit in the present 

EIS study is in accordance with our earlier relevant proton conductivity work.
66 

2.3.3.3.3. Faradaic efficiency of H51@ZIF8 

The Faradaic efficiency can be calculated by bulk electrolysis where a constant current was 

applied for a period of time using a two-electrode cell. 

The Faradaic efficiency of H51@ZIF8, in the studied pH window, has been verified 

in a chronopotentiometric electrolysis mode using our reported procedure.
17

 The Faradaic 

efficiency of H51@ZIF8 has been found to be 95.7%, 87.6% and 79.8% at acidic pH 4.0, pH 

7.0 and alkaline pH 13.0, respectively (see Appendix, Section A2.16). The Faradaic 

efficiency values decrease with increase in the pH values of electrochemical reaction 

mixtures. The evolved gas in the bulk electrolysis of H51@ZIF8 has been identified as 

oxygen by gas chromatography (see Appendix, Section A2.18). Overall, the acquired kinetic 

parameters have demonstrated a consistent and predominant oxygen evolution activity of the 

title composite H51@ZIF8 in a wide pH spectrum. 

2.3.3.3.4. Turnover frequency calculation of H51@ZIF8 

The turnover frequency (TOF) values of 0.93 s
-1

, 5.90 s
-1

 and 1.24 s
-1

 for composite 

H51@ZIF8 have been obtained for pH 4.0, pH 7.0 and pH 13.0, respectively (see Appendix, 

Section A2.17). A comparison table for thus obtained TOF values to those  of a series of OER 

catalysts has been provided in the Appendix, Table A2.2. The trend of increasing TOF values 

(from 0.93 s
-1

 to 5.90 s
-1

) with increase in pH values (from pH 4.0 to pH 7.0) is consistent 

with the trend of decreasing over potential values (830 mV to 585 mV) with increase in pH 

values from pH 4.0 to pH 7.0. But at pH 13.0, TOF value unexpectedly decreases. This may 

be due to the partial hydrolysis of labile {-Bi(H2O)2}
3+

 moiety (active site for OER in the 

present study) at harsh alkaline condition of pH 13.0.  
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2.4. CONCLUSIONS 

The present contribution has potential to open a gateway in the employment of the post-

transition metal ion in a confined system for sustainable electrochemical water oxidation. 

More particularly, this report brings up a fascinating way of utilizing functionalized 

polyoxometalate cluster containing compound K51‧13H2O to fabricate with ZIF-8 resulting in 

a host-guest composite material H51@ZIF8 in an economical way. The title composite 

performs excellent electrocatalytic water oxidation in a broader range of pH. The novelty of 

this work in the perspective of ‘materials chemistry’ lies in the fact that a polyoxometalate 

compound, which cannot be imagined to function in an alkaline aqueous pH medium, can be 

made possible to electro-catalyze water oxidation in a harsh alkaline aqueous solution of pH 

13.0, when it is enclosed in the well-defined cages of a framework material.  The tile 

composite exhibits the OER turnover frequency (TOF) of 5.90 s
-1

 at the neutral pH 7.0 with 

88% Faradaic efficiency; this will have an immense impact on the contemporary materials 

chemistry as far as functional materials are concerned. 
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Chapter 3 

Hydroxylated Polyoxometalate with 

Cu(II)- and Cu(I)-Aqua Complexes: A 

Bifunctional Catalyst for 

Electrocatalytic Water Splitting  
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OVERVIEW 

 

 

3.1. INTRODUCTION 

In the last few decades, the exponential increase in the use of fossil fuels has put forth a high 

demand for researchers across the globe for alternative sustainable energy sources that serve 

the very same purposes as those of non-renewable resources. Electrochemical water splitting 

(ECWS) to produce molecular H2 and O2 is one of the sustainable ways to mitigate the 

A sole inorganic framework material [Li(H2O)4][{CuI(H2O)1.5} {CuII(H2O)3}2 

{WVI
12O36(OH)6}]‧N2‧H2S‧3H2O (LiCu3para-D), consisting of a hydroxylated 

polyoxometalate (POM) anion, {WVI
12O36(OH)6}6‒, a mixed-valent Cu(II)‒ and 

Cu(I)‒aqua cationic complex species, [{CuI(H2O)1.5}{CuII(H2O)3}2]5+, a Li(I)-aqua 

complex cation and three solvent molecules, has been synthesized and structurally 

characterized. During its synthesis, the POM cluster anion gets functionalized with 

six hydroxyl groups, i.e., six WVI
‒OH groups per cluster unit. LiCu3para-D functions 

as a bifunctional electrocatalyst exhibiting oxygen evolution reaction (OER) by 

water oxidation and hydrogen evolution reaction (HER) by water reduction at the 

neutral pH. Diverse electrochemical controlled experiments have been performed 

to conclude that the title POM based material functions as a true bifunctional 

catalyst for electrocatalytic HER as well as OER at the neutral pH without catalyst 

reconstruction.  
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growing energy demands.
1-3

 The half-cell reactions, namely oxygen evolution reaction (OER) 

by water oxidation, 2H2O = O2 + 4H
+
 + 4e

¯
 and hydrogen evolution reaction (HER) by water 

reduction, 2H2O + 2e
¯
 = H2 + 2OH

¯
 are important in the context of renewable energy but 

these are kinetically sluggish processes. Devising a sustainable electrocatalyst that exhibits 

both OER and HER is the most challenging task in the area of clean energy research. 

Contemporary researchers are looking for promising OER and HER catalysts that can 

minimize the net overpotential (η) of the electrochemical cell, making the OER and HER 

half-cell reactions efficient. 

The state-of-the-art catalysts, for example, Pt for HER, RuO2, and/or IrO2 for OER, 

are widely employed for ECWS.
4-6

 Due to their limited resources and high-cost production, 

these are considered as less economical water-splitting (WS) catalysts for practical 

applications. Thus, it is important to develop non-precious and versatile electrocatalysts that 

can perform economical water splitting (WS).
7-12

 Most of the reported non-precious WS 

photo/electrocatalysts including polyoxometalates (POMs) can show high OER or/and HER 

activity in the selective electrolytes (function either in alkaline or in an acidic medium),
13-18

 

but the earth-abundant bifunctional WS electrocatalysts that work at neutral pH are under-

explored. 

 Generally, POMs exhibit rapid multi-electron redox transformations (including 

reversible electron transfer) maintaining structural integrity  and thereby, many POMs can 

exhibit excellent electrocatalytic activity.
16-25

 Numerous POM-based systems including redox 

active POM cluster containing compounds, metal organic framework (MOF) encapsulated 

POM compounds (POM@MOFs), POMOF (POM based metal organic framework) 

containing compounds, POM@Substrates (POM compounds deposited onto conductive 

substrates) and POM supported transition metal-aqua coordination complexes, have been 

explored extensively as heterogeneous catalysts exhibiting photo- and electrocatalytic-water 

splitting and -CO2 reduction reactions, as documented in recent review articles.
22-24 

 In 2016, 

Hill and co-workers reported photocatalytic H2 evolution using copper-containing POM 

catalyst,
25

 and on the same line in 2017, the Patzke group claimed the photocatalytic H2 and 

O2 evolution using Cu-POM system as a catalyst.
26

 In this regard, copper-based catalysts 

have drawn our special attention because copper is an abundant element but less explored as 

an electrocatalyst for water oxidation (WO).
27-29

 In 2018, Ding and co-workers reported 

homogeneous electrocatalytic water oxidation by copper‒containing POM, [(-

SbW9O33)2Cu3(H2O)3]
12‒

.
30

 However, copper-containing POMs have rarely been employed as 

heterogeneous electrocatalysts for catalytic water oxidation. Last several years, we have been 
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exploring functional POMs as homogeneous‒
31

 as well as heterogeneous‒electrocatalysts
32-37

 

for water splitting. A POM‒based bifunctional catalyst that shows electrocatalytic water 

oxidation, as well as water reduction in the neutral aqueous medium, is hardly known. In our 

very recent report, we have shown the catalytic HER activity by a tungsten POM cluster, 

which is synergistically activated by a redox-active copper‒wheel.
38

 We have also 

demonstrated that if a transition metal aqua species is confined in a constrained space or put 

on the POM cluster surface by a coordinate covalent bond, it drives electrocatalytic water 

oxidation.
34,35

 And, our other report has shown that, if ‒W(OH)2 moiety is grafted on a POM 

cluster surface, this moiety acts as a functional group for electrocatalytic water reduction to 

molecular hydrogen.
39

 These two important facts inspired us to explore a POM‒based 

compound that has W‒OH moiety (referring to water reduction) and ‒M(H2O)n group 

(referring to electrocatalytic water oxidation) so that it would act as a bifunctional catalyst for 

HER as well as for OER. 

Thus, in the present work, we have reported the synthesis and crystal structure of a 

three-dimensional-framework-containing polyoxometalate (POM) compound 

[Li(H2O)4][{Cu
I
(H2O)1.5} {Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]‧N2‧H2S‧3H2O (LiCu3para-D), 

which is characterized with 6{W
VI

‒OH} groups on the cluster surface and a mixed-valent 

copper-aqua species, [{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2]

5+
 per formula unit of LiCu3para-D. As 

expected, LiCu3para-D exhibits electrocatalytic OER by water oxidation and HER by water 

reduction, importantly both in the neutral pH aqueous medium. We have understood that the 

POM cluster {W12O34(OH)6}
6‒

 (anionic part) and the copper-aqua complexes 

[{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2]

5+
 (cationic part) of LiCu3para-D individually respond to the 

electrocatalytic water reduction and water oxidation, respectively. To the best of our 

knowledge, LiCu3para-D is a rare paradigm of polyoxometalate (POM) system, which 

functions as a bifunctional electrocatalyst showing HER and OER at the neutral pH. 

3.2. EXPERIMENTAL SECTION 

3.2.1. Materials  

The chemicals used for the synthesis were of analytical grade which are commercially 

available and used without any further purification. Lithium tungstate (Li2WO4, 98%) was 

purchased from Sigma Aldrich India. Bismuth nitrate pentahydrate (Bi(NO3)3∙5H2O, 98%) 

was purchased from Alfa Aesar, India. Copper(II) sulphate pentahydrate pure (CuSO4∙5H2O) 

was purchased from Merck, India. Nitric acid extra-pure and ammonia solution extra pure 

were purchased from Finar chemicals. Double distilled water was utilized to carry out all the 
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syntheses and Milli-Q water for electrochemical experiments. LiCu3para-D was synthesized 

in a one-pot wet synthesis procedure, as discussed below. 

3.2.2. Synthesis 

3.2.2.1. Synthesis of 

[Li(H2O)4][{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]‧N2‧H2S‧3H2O (LiCu3para-D).  

Typically, Li2WO4 (2.3 mmol, 0.6 g) was dissolved in 30 mL of distilled water and 

was heated to 90 ℃ on a hot plate. Then, a solution of bismuth nitrate (0.3 mmol, 0.12 g 

Bi(NO3)3∙5H2O dissolved in 1 mL of 6 M HNO3) was added to the solution at 90 ℃. After 15 

min of stirring, a solution of copper sulfate (0.5 mmol, 0.125 g of CuSO4∙5H2O in 2 mL of 

water) was added dropwise to the above-mentioned reaction mixture. The reaction mixture 

was then treated with 125 µL of 6 M HNO3 and stirred for another 15 minutes. Next, the pH 

of the reaction mixture was adjusted to 8.25 using a 15% aqueous ammonia solution. And the 

reaction was carried out under the same reaction conditions for another one hour. The 

resultant reaction mixture was filtered twice to obtain a clear filtrate. It was left for 

crystallization at room temperature to obtain blue color block‒type crystals after 10 days. The 

obtained crystals of 1 were separated by filtration and washed with ice‒cold water and dried 

under ambient conditions. Yield: 26.6% based on tungsten. Anal. calc.% (Found from ICP-

OES) for Cu 5.61 (5.80), W 64.94 (64.05), Li 0.20 (0.11), S 0.94 (0.62). 

3.2.3. Methods 

3.2.3.1. Physical Characterizations 

Powder X-ray diffraction (PXRD) patterns of LiCu3para-D were recorded on a Bruker 

D8‒Advance diffractometer using graphite monochromated Cu Kα1 (1.5406 Å) and Kα2 

(1.54439 Å) radiation. FT-IR spectra of LiCu3para-D were recorded by an iD7 ATR Thermo 

Fisher Scientific-Nicolet iS5 instrument equipped with Platinum ATR (Attenuated Total 

Reflectance) accessory. Thermogravimetric analyses were carried out on a PerkinElmer–STA 

6000, and Raman spectra were recorded on a Wi-Tec alpha 300AR laser confocal optical 

microscope (T-LCM) facility equipped with a Peltier‒cooled CCD detector using a 683 nm 

Argon ion laser. Electronic absorption spectra were performed on a UV‒2600 Shimadzu 

UV−visible spectrometer at room temperature (in the diffuse reflection mode). Field emission 

scanning electron microscopy (FESEM) images and Electron dispersive X-ray spectroscopy 

(EDX) mapping were obtained from a Carl Zeiss model Ultra-55 microscope equipped with 

Oxford Instruments X‒MaxN SDD (50 mm
2
) system functioning with INCA analysis 
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software. The electrochemical studies were performed on Zahner Zanium electrochemical 

workstation operated with Thales software. 

3.2.3.2. Single-crystal X-ray Diffraction (SC-XRD) Analysis. A nascent single-crystal of 

LiCu3para-D was selected from the mother liquor and mounted on a glass fiber tip using 

grease for its single-crystal X-ray diffraction. The SCXRD data were collected under liquid 

N2 flow at 100 K using the Bruker APEX-II CCD diffractometer, equipped with a MoKα (λ 

= 0.71073 Å) graphite monochromatic X-ray beam source and 40 mm of the crystal-to-

detector distance was maintained. The data reduction was achieved with Bruker SAINT 

software and Empirical absorption corrections were performed with the SADABS program.
40

 

Structure solutions and full-matrix least-squares refinement for LiCu3para-D were done by 

standard crystallographic software’s WinGX v2021.3 and Olex2-1.3-ac4 embedded with 

SHELX 2018/1 package.
41-43 

All the non-hydrogen atoms were refined anisotropically. The 

lithium-ion (Li1) is located in a special position; hence, it was refined with the 

crystallographic EADP command. The sulfur atom (as H2S) is also present in a special 

position in the crystal structure of LiCu3para-D; due to this, we were unsuccessful to assign 

hydrogen atoms for the sulfur atom by the Fourier electron density refinement. Therefore it 

has shown Alert level-A with short inter D∙∙∙A contact of S1∙∙∙O16 which is addressed in 

detail in the supporting information (SI), Section S1. The crystallographic details along with 

structure refinement parameters for LiCu3para-D are listed in Table 1. The CSD 2240626 

contains the supplementary crystallographic data for LiCu3para-D. 

Table 1. LiCu3para-D single-crystal data and its structure refinement parameters 

Compound name LiCu3para-D 

Empirical formula  Cu3W12H37Li1N2S1O56.50 

Formula weight  3397 

T(K)/ λ (Å)   100(2) K/0.71073 

Crystal system  Triclinic 

Space group  P‒1 

Unit cell dimensions 

a = 10.7152(14) Å   

b = 11.8339(16) Å   

c = 13.3753(18) Å                                                 

Volume 1396.0(3) Å
3
 

Z 1 
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ρ(caled) 4.006 Mg/m
3
 

Absorption coefficient (Μ) 25.827 mm
-1 

 

F(000) 1464 

Theta range for data collection 2.270 to 24.999° 

Independent reflections 4779 [R(int) = 0.0550] 

Completeness to theta = 24.999° 97.0 % 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F
2
 1.236 

R1/wR2 [I > 2σ (I)] 0.0363/0.0950 

R1/wR2 (all data) 0.0367/0.0953 

Largest diff. peak and hole 3.252 and -2.347 e.Å
-3

 

Note: the required numbers of hydrogens for sulfur and lattice water 

molecules are added to the molecular formula to satisfy their coordination. 

 

3.2.3.3. Electrochemical Measurements. All the electrochemical experiments were 

performed heterogeneously using a conventional three-electrode electrochemical cell 

employing LiCu3para-D modified glassy carbon electrode as working‒, a home-made 

Ag/AgCl (3M) as a reference‒, and Pt mesh as the counter‒electrode. The method for coating 

LiCu3para-D on glassy carbon electrode (GCE) involves an ink preparation using 10 μL of 

5% Nafion solution, 4 mg of the well-grinded LiCu3para-D, and 1 mg of carbon black in 1 

mL of a mixture of ethanol-water (3:2, v/v). The obtained ink was sonicated for 30 minutes 

and was used for electrochemical experiments. 25 µL of this homogeneous ink was coated on 

the GCE working electrode having a 3 mm diameter (0.0706 cm
2
 geometrical area), resulting 

in the ⁓100 µg of the sample on the GCE. The same amount of sample loading was 

maintained for all electrochemical experiments unless otherwise mentioned. The drop‒cast 

sample ink was dried under IR‒lamp (temp ⁓70 ℃) and the coated electrode was left at room 

temperature for 5 min to obtain an ambient condition, before using it. All the electrochemical 

experiments were carried out under the nitrogen atmosphere at room temperature. The 

experimentally observed potentials were converted to the RHE (reversible hydrogen 

electrode) scale following the relation of E(RHE) = E(Ag/AgCl) + 0.204 V + 0.059pH where the 

Ag/AgCl electrode was used as the standard reference electrode. All the electrochemical 

studies were performed at a neutral pH of 7.0 of 0.1 M KCl electrolyte. The 

chronoamperometry experiments were done on 1 cm
2
 carbon paper with large surface as a 
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working electrode using Pt wire as a counter electrode. 250 µL of the above-mentioned 

homogeneous ink suspension was coated on carbon paper of 1 cm
2
 geometrical area. This 

provides 1 mg of the catalyst sample (LiCu3para-D) in 1 cm
2
 carbon paper working electrode 

for the CPE experiments. The Tafel data was collected in a galvanostatic mode under steady-

state mass flow, where the electrolyte solution was stirred at 480 rpm throughout the 

experiment. The internal cell resistance was manually calibrated. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Structural Analysis  

In a typical synthesis, the title compound [Li(H2O)4][{Cu
I
(H2O)1.5} 

{Cu
II
(H2O)3}2{W

VI
12O36(OH)6}]∙N2∙H2S∙3H2O (LiCu3para-D) has been formed at 100 ℃ 

and pH 8.25 involving the reaction mixture of lithium tungstate, bismuth nitrate, copper 

sulfate and an aqueous ammonia solution. Even though, bismuth nitrate has been used in this 

synthesis, bismuth does not get included in LiCu3para-D. However, it is necessary to add 

bismuth nitrate to achieve the isolation of LiCu3para-D. Interesting redox reactions occur 

during the synthesis of LiCu3para-D, which is obvious if we look carefully at the formula of 

LiCu3para-D, formulated from diverse characterization techniques including XPS studies, 

ICP elemental analysis and single crystal X-ray crystallography. A closer look on the formula 

of LiCu3para-D gives the following important information: (i) generation of H2S in the 

reaction, (ii) formation of N2 molecule in the reaction and (iii) formation of Cu(I)-aqua 

species. The formations of H2S and N2 molecules in the synthesis of title compound can be 

accounted from the following redox reaction:  

8NH4
+
 + 3SO4

2‒ 
→ 3H2S + 4N2 + 12H2O + 2H

+
   (1) 

The above reaction (eqn 1) is ammonium ion assisted reduction of sulfate anion in 

which ammonium ion itself gets oxidized to N2 molecule. This is a thermodynamically 

feasible metabolic reaction, commonly known as ‘sulfate-reducing ammonium oxidation 

(SRAO)’, that happened in subseafloor sediment.
44

 This reaction justifies the presence of H2S 

and N2 in LiCu3para-D as lattice molecules. In the above reaction (eqn 1), the sources of 

ammonium cation and sulfate anion are the ammonia solution and copper sulfate, 

respectively used in the synthesis of LiCu3para-D. The formation of Cu(I) species in 

LiCu3para-D can be understood this way that a partial amount of H2S, formed in eqn 1, 

reduces Cu(II) species (source, copper sulfate used in the synthesis of LiCu3para-D) to Cu(I) 

species, that forms Cu(I)-aqua complex species in LiCu3para-D as shown in eqn 2. This 
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reaction is thermodynamically feasible as far as standard reduction potential values of S
2-

/S
0
- 

and Cu
2+

/Cu
+
-couples are concerned.

45
  

H2S + 2Cu
2+

 → S + 2Cu
+
 + 2H

+
     (2) 

In the present synthesis, the formation of hydroxylated paratungstate type POM 

cluster, [W
VI

12O36(OH)6]
6‒ 

can be described in two steps: first the formation of [W12O42]
12‒

 in 

an acidic pH (eqn 3) and then its hydrolysis in an alkaline pH to form the hydroxylated 

paratungstate, [W
VI

12O36(OH)6]
6‒ 

(eqn 4), the POM anion of the title compound, LiCu3para-

D.  

   12[WO4]
2‒

 + 12H
+
 → [W

VI
12O42]

12‒
 + 6H2O            (3) 

   [W
VI

12O42]
12‒

 + 6H2O → [W
VI

12O36(OH)6]
6‒

 + 6OH
‒
  (4) 

It is already established that the paratungstate [W12O42]
12‒

 is formed in an acidic pH 

(below pH 4). In the present synthesis, the initial reaction mixture of sodium tungstate, 

bismuth nitrate and copper sulfate were treated with (6 M) HNO3 and in this acidic pH, the 

paratungstate [W12O42]
12‒

 is formed, justifying the eqn (3). Then the reaction mixture was 

treated with 15% aqueous ammonia solution to achieve the pH of 8.25 of the resulting 

reaction mixture. And in this unusual alkaline pH, we could achieve the hydroxylated 

paratungstate LiCu3para-D.  

Notably, the title paratungstate is characterized with six hydroxyl groups, which is, to 

our knowledge, the first example of this kind. The dihydroxy paratungstate, 

[W
VI

12O40(OH)2]
10‒

, known as ‘paratungstate B’, is well known and known to be formed in 

the pH range of 5-6.5.8
46-56 

In this context, it can be noted that, ‘paratungstate A’ ion has the 

formula, [W
VI

12O42]
12‒

.  According to this naming convention, [W
VI

12O38(OH)4]
8‒

 

(hypothetical one) should be named as ‘paratungstate C’ and therefore, the title paratungstate 

anion (in the present work), [W
VI

12O36(OH)6]
6‒

 can be named as ‘paratungstate D’. The POM 

anion, ‘paratungstate D’, which we have achieved in the present work is unique in the sense 

that it is synthesized in an alkaline pH and it has six hydroxyl groups that are attached with 

six different tungsten(VI) centers out of the twelve tungsten(VI) centers in paratungstate. 

Expectedly, these six tungsten(VI) centers (attached with hydroxyl groups) would behave 

differently than other six tungsten(VI) centers (that are not attached with hydroxyl groups) as 

far as the electrochemistry of this ‘paratungstate D’ is concerned. A tungsten(VI) center 

which is connected to ‒OH group (W
VI

‒OH) would be reduced easily compared with a 

tungsten(VI) center with a terminal oxo group (W
VI

=O). The serendipitous isolation of 
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LiCu3para-D having ‘paratungstate D’ type POM anion has enabled us to perform hydrogen 

evolution reaction (HER) using LiCu3para-D as an electrocatalyst (vide infra). 
 

 In the synthesis of LiCu3para-D, Li2WO4 was used as tungsten source and 

CuSO4∙5H2O was used to functionalize the present POM system to have Cu(II)-aqua species. 

But in the title LiCu3para-D, the cationic part is turned out to be mixed valent copper-aqua 

species [{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2]

5+
 and lithium-aqua coordination complex. We have 

exploited this mixed valent copper-aqua species as catalytic site for oxygen evolution 

reaction (OER) so that the overall system (LiCu3para-D) can be used as a bifunctional 

electrocatalyst for HER as well as OER (vide infra). 

3.3.2. Single-crystal X-ray Crystallography 

The single-crystal X-ray diffraction (SCXRD) analysis reveals that LiCu3para-D 

crystallizes in the triclinic P‒1 space group. The relevant asymmetric unit (Figure 3.1a) 

consists of six tungsten atoms with full occupancies, two copper atoms (Cu1 having half 

occupancy and Cu2 having full occupancy), one Li
+
-ion with half occupancy, 21 POM-

oxygens with full occupancies, 3.75 units of copper ions-coordinated water molecules, two 

lithium ion coordinated water molecules, 1.5 units of oxygen atoms as lattice water 

molecules, one-half unit of H2S and one-half unit of N2. Accordingly, LiCu3para-D has been 

formulated as [Li(H2O)4][{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2 {W

VI
12O36(OH)6}]‧N2‧H2S‧3H2O 

(LiCu3para-D). In the crystal structure of LiCu3para-D, as already mentioned, there are two 

types of copper ions: Cu1 in +1 oxidation state and Cu2 in +2 oxidation state.  
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Figure 3.1. Single-crystal structure analysis of LiCu3para-D: (a) asymmetric unit represented in 50% thermal-

ellipsoidal probability; (b) ball-and-stick representation of distorted octahedral geometry around Cu1 center and 

its interaction with two POM clusters; (c) ball-and-stick representation of distorted octahedral geometry around 

Cu2 center and its complexation with three POM clusters and three aqua-ligands; (d) 3×3×3 super cell packing 

of LiCu3para-D in ball-and-stick mode. Color code: tungsten, grey; copper, cyan; lithium, pink; nitrogen, blue; 

sulphur, yellow; oxygen, red; hydroxylated oxygen atoms and hydrogen atoms are shown in green color. 

Both types of copper centers have distorted octahedral geometry: four equatorial 

positions of Cu1 are coordinated by four terminal oxo-groups (W=O→Cu) of two different 

[W
VI

12O34(OH)6}]
6‒

 clusters from opposite sides, and the remaining two axial positions are 

occupied by two aqua-ligands (Figure 3.1b) resulting in a chainlike arrangement; the Cu2 

center has been locked by three different POM clusters and three aqua‒ligands (Figure 3.1c). 

As shown in Figure 3.1d, the POM cluster {W
VI

12O34(OH)6}
6‒ 

anion is interconnected 

through the both types of copper‒aqua‒complex cations, which in turn results in a sole 

inorganic three‒dimensional (3D) framework type architecture having well-defined void 

spaces. The most fascinating aspect in the crystal structure of LiCu3para-D is the 

hydroxylation of the POM cluster. There are three W
VI

−OH groups in the asymmetric unit; 

two of them are bridging oxo groups (one µ3−OH, named as O5 and one µ2−OH, named as 

O14) and other one a terminal W=O group (named as O19), which got protonated during the 

isolation / synthesis of the title compound (see eqn. 4 in the synthesis discussion).  
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Figure 3.2. (a) The presence of sulfur in the 3D void of LiCu3para-D and its interaction with cluster framework 

oxygens through the strong H-bonding. (b) Supramolecular interactions between N2 molecule and terminal and 

bridging oxygen atoms of the surrounding paratungstate cluster anions. Color code: tungsten, grey; copper, 

cyan; nitrogen, blue; oxygen, red; hydroxylated oxygen atoms and hydrogen atoms are shown in green color. 

The interactions are shown by dashed-lines. 

Figures 1b and 1c show these hydroxyl groups in green color. This protonated 

terminal {W=OH} group undergoes coordination to Cu(II) ion making this hydroxyl group as 

a µ2−OH entity, bridging a W(VI) center and a Cu(II) center as shown in Figure 3.1c. The 

hexa-hydroxylation on a paratungstate type POM cluster anion makes this system a new 

member (we have named this as a paratungstate-D) of the paratungstate family of 

paratungstate-A, paratungstate-B and paratungstate-D. The structurally characterized 

paratungstate B (i.e., having two W−OH groups) is known in many reported compounds.
46-56

 

The presence of these hydroxyl groups in LiCu3para-D is validated by bond valence sum 

(BVS) calculations
57

 using its crystal data (for details, see Appendix, Section A3.2) and XPS 

analysis of LiCu3para-D (vide infra). The void spaces of 3D-network in the crystal structure 

of LiCu3para-D have trapped H2S, N2, distorted tetrahedral lithium‒aqua‒complex cations, 

and lattice water molecules as shown in Figure 1d. Figure 3.2a shows the presence of H2S in 

the form of sulphur in the crystal structure of LiCu3para-D (the hydrogens of H2S could not 

be located in the crystal structure; the presence of sulphur is confirmed from ICP and XPS 

analyses). As shown in Figure 3.2a, the encapsulated H2S is strongly interacted with cluster 

framework oxygens through the H-bonding, with hydrogen bond distances in the range of 2.7 

to 2.9 Å. The presence of un-interacted N2 molecule in a crystal lattice is surprising, because 

it may get escaped easily from the crystal. We have thus investigated the supramolecular 

interactions of the N2 molecule with its surrounding atoms carefully in the crystal structure of 

LiCu3para-D. We found interesting N∙∙∙O interactions between N2 molecule and surrounding 
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POM clusters as shown in Figure 3.2b. The terminal oxygen atoms associated with these 

N∙∙∙O interactions offer the N∙∙∙O separation in the range of 2.870 Å-2.995 Å, whereas the 

bridging oxygen atoms of the surrounding POM clusters give the N∙∙∙O separation in the 

range of 3.115 Å-3.290 Å. This justifies the presence of N2 molecule (formed in the 

concerned synthesis reaction) in the crystal lattice of LiCu3para-D. The single crystal X-ray 

diffraction (SCXRD) parameters are given in Table 3.1, and other relevant details, such as, 

bond angles and bond distances, observed in the crystal structure of LiCu3para-D, are given 

in section A1 in Appendix 3, which are in good agreement with the relevant literature. The 

overall composition (formulation) of LiCu3para-D has been verified by ICP-OES analyses 

(see Appendix, Section A3.3) including diverse spectral studies as discussed in the 

succeeding section.  

The bond valence sum (BVS) calculations, as already mentioned, have been 

performed on the crystal data of LiCu3para-D and it indicates that Cu1, Cu2, and all W 

centers are in +1, +2, and +6 oxidation states, respectively. The bond valence sum (BVS) 

calculations, as already mentioned, have been performed on the crystal data of LiCu3para-D 

and it indicates that Cu1, Cu2, and all W centers are in +1, +2, and +6 oxidation states, 

respectively. 

3.3.3. Spectroscopic Analysis 

3.3.3.1. FTIR Analysis 

 

Figure 3.3. (a) FT-IR spectrum of LiCu3para-D, (b) Magnified view of the FTIR profile to show the presence 

of W‒OH group in LiCu3para-D. 

Figure 3.3a shows the FTIR spectral analysis for title LiCu3para-D. The FTIR 

spectrum has displayed the major peaks belonging to the POM cluster in the range of 950–
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500 cm
-1

 showing the W=O, W–O–W, and Cu–O stretching and bending vibrations. A peak at 

2804 cm
-1

 in the IR spectrum can be attributed to the S–H stretching, hence signifying the 

presence of H2S in LiCu3para-D.
37,58

 The broad bands at 1614 and 3378 cm
-1

 are ascribed to 

the O–H bending and stretching modes of the water molecules respectively. A magnified view 

of the FTIR spectrum in the region of 3700–3760 cm
-1

 has been displayed in Figure 3.3b, 

which shows a distinct IR band at 3725 cm
-1 

which can be assigned to the O‒H stretching 

mode of a metal-hydroxyl group. This strongly supports the presence of tungsten-hydroxyl 

(W‒OH) groups in LiCu3para-D, as found from X-ray crystallography studies along with 

BVS calculations (vide supra).
38

 

3.3.3.2. PXRD Analysis 

 

Figure 3.4. PXRD profile of experimentally obtained LiCu3para-D compared with that of simulated one from 

SCXRD data. 

The observed powder X-ray diffraction (PXRD) pattern of LiCu3para-D is consistent 

to the simulated pattern, obtained from single crystal data of LiCu3para-D, suggesting the 

bulk purity of the synthesis of the title compound (Figure 3.4). 

3.3.3.2. Raman Analysis 
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Figure 3.5. Raman spectrum of LiCu3para-D. 

The Raman spectrum of LiCu3para-D features prominent peaks in the region of 

200‒2500 cm
-1

 corresponding to the W=O bonds and W‒O‒W bonds (Figure 3.5). It is 

noteworthy to mention that, the Raman active mode for N2 can be seen at 2280 cm
-1

, 

supporting the single crystal structure of LiCu3para-D.
59

 

3.3.3.2. Electronic Absorbance Spectral Analysis 

 

Figure 3.6. UV-DRS electronic spectrum of LiCu3para-D. 

The absorbance peak at 495 nm in the solid state electronic spectrum of LiCu3para-D 

can be attributed to the d-d electronic transitions of copper, present in LiCu3para-D, and the 

peaks present below the region of 300 nm in the electronic spectrum (Figure 3.6) may be due 

to ligand to metal charge transfer (LMCT) transition. 

3.3.3.3. Thermogravimetric Analysis 
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Figure 3.7. UV-DRS electronic spectrum of LiCu3para-D. 

The thermal stability of as-synthesized LiCu3para-D has been investigated under the 

He gas atmosphere (Figure 3.7). From the obtained TGA curve, a continuous weight loss 

(10.16%) till 5000 °C was observed, which could be attributed to the loss of lattice water-, 

N2- and coordinated water molecules. The stagnated weight loss after 500 ℃ can be 

considered as the complete degradation of the 3D POM framework structure and formation of 

respective metal-oxides.  

3.3.3.4. FESEM-EDX Analysis 

 

Figure 3.8. (a-c) FESEM images under different magnification LiCu3para-D (d-f) EDX elemental analysis of 

LiCu3para-D. 
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Additionally, field emission scanning electron microscopy energy dispersive X-ray 

(FESEM-EDX) was performed to analyze the morphology and the surface elements present 

in LiCu3para-D (Figure 3.8).  

3.3.3.5. X-ray Photoelectron Spectrocsopic Analysis 

In order to identify constituent elements and comprehend their oxidation states, we 

performed the X-ray photoelectron spectroscopy (XPS) analysis on LiCu3para-D (Figure 3.9 

a-c). For the de-convolution of the obtained XPS data, Lorentzian-Gauguin (LG) fitting was 

used with permitted error (in terms of Adj. R
2
). The survey scan XPS plot reveals the 

presence of O, Cu, W, S, N, and Li elements in LiCu3para-D as shown in Figure 3.9a. Figure 

3.9b shows the high-resolution XPS plot of O 1s in LiCu3para-D; the de-convolution of the 

O 1s peak resulted in two peaks centered at 530.69 eV and 533.78 eV. The respective peaks 

correspond to the existence of different oxygen bonding interactions for O
2‒, 

namely, W–O–

W / W=O (bridging oxygen / terminal oxygen) and hydroxyl oxygen (that is, W–OH group in 

the present work).
38,60

 To be more precise, the latter O 1s XPS shoulder peak at 533.78 eV 

validates the presence of metal-hydroxyl groups in LiCu3para-D, consistent with SCXRD 

studies (vide supra).  

 

Figure 3.9. (a) Survey scan XPS plot of LiCu3para-D; (b) high-resolution XPS plots of O 1s of LiCu3para-D; 

(c) high-resolution XPS plots of Cu 2p LiCu3para-D. 

Figure 3.9c displays the high-resolution XPS plots of copper for LiCu3para-D: the Cu 

2p3/2 signal positioned at 932.84 eV has been assigned to the monovalent copper (Cu
I
) and its 

pertinent Cu 2p1/2 peak appears at 953.30 eV. Another Cu 2p3/2 peak, that appeared at 935.84 

eV, can be assigned to the divalent copper (Cu
II
) ⸺ its related Cu 2p1/2 signal is found at 

955.67 eV. As shown in Figure 3c, two additional unidentified peaks, positioned at the higher 

energy side of the Cu 2p signals (around 943 eV and 962 eV), may be due to the multi-

electronic transitions in the different energy levels of the copper ions in the POM cluster.
30,61

 

The LG fitting of the copper 2p XPS spectra evidently shows the higher intensity for Cu
II
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peak compared to its Cu
I
 peak. This is consistent with single crystal X-ray crystallography 

results combined with BVS calculations (vide supra) that showed the ratio of Cu
II 

: Cu
I
 

centers as 2:1, which is in accordance with the formula of compound 

[Li(H2O)4][{Cu
I
(H2O)1.5} {Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]‧N2‧H2S‧3H2O (1). The presence 

of tungsten (W 4f) is well observed in the XPS survey spectrum of LiCu3para-D, which has 

been de-convoluted to show two peaks at 35.69 and 37.89 eV (see Appendix, Section A3.4). 

The XPS plot of LiCu3para-D has shown a peak at 54.87 eV for Li 1s (see Appendix, 

Section A3.4). XPS analyses also show the presence of sulfur in LiCu3para-D which was 

already observed in the single crystal structure of LiCu3para-D (vide supra). In particular, a 

small response for S 2p has been detected at 159.5 eV in the XPS plot which indicates the 

existence of sulphur in LiCu3para-D in the form of H2S (see Appendix, Section A3.4).
62,63

 

Likewise, a distinct response at 400.38 eV for N 1s is observed in the XPS profile of 

LiCu3para-D, (see Appendix, Section A3.4) which is the proof of the presence of nitrogen as 

N2 in LiCu3para-D
,65

 which is again in accordance with crystallographic results (vide supra) 

supporting the crystal structure of LiCu3para-D, thereby supporting the formula of 

LiCu3para-D. 

3.3.4. Bifunctional Electrocatalytic Water Splitting  

3.3.4.1. Hydrogen Evolution Reaction (HER) by Water Reduction 

We have seen in our earlier report that POM surface grafted cis-{W
VI

(OH)2}2 can act as the 

active site for electrocatalytic water reduction (WR) to molecular hydrogen.
38

 This prompted 

us to explore the title compound [Li(H2O)4][{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]‧ 

N2‧H2S‧3H2O (LiCu3para-D) as an electrocatalyst for water reduction since LiCu3para-D is 

characterized with an enriched number of tungsten-hydroxyl (W
VI

‒OH) groups. In order to 

understand the importance of the {W
VI

‒OH} functional group in LiCu3para-D toward HER 

activity, we synthesized a known compound [NH4]10[W12O40(OH)2]·4H2O (para-B) having 

‘paratungstate B’ POM anion,
66

 which have two {W
VI

‒OH} groups, and compared its 

electrocatalytic HER activity with that of title LiCu3para-D. 

All the electrochemical experiments have been performed in 0.1 M potassium 

chloride solution at neutral pH; a 3 mm diameter glassy carbon (GC), Ag/AgCl (3 M), and Pt 

wire were used as working, reference, and auxiliary electrodes, respectively, unless otherwise 

stated. The potential values in the present study are reported against reversible hydrogen 

electrode (RHE) using the relation: E(RHE) = E(Ag/AgCl) + 0.204 V + 0.059pH where the 
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Ag/AgCl (3 M) electrode was used as the standard reference electrode. Figure 3.10a shows 

the cyclic voltammograms of blank-GCE, LiCu3para-D and para-B. The CV of blank-GCE 

does not show any redox activity. para-B (paratungstate B) having two hydroxyl groups 

shows a little HER activity with a very small current surge (‒0.53 mA/cm
2
 at -0.58 V vs 

RHE). On the other hand, LiCu3para-D (present work) shows a broad reductive response at 

‒0.025 V vs RHE followed by a sudden cathodic current surge at ‒0.150 V vs RHE due to the 

electrocatalytic water reduction leading to HER at neutral pH. The broad reductive response 

at ‒0.025 V vs RHE can be assigned to the W
VI

/W
V
 reduction because the relevant para-B 

shows a similar reductive response at ‒0.12 V vs RHE which is known to be the reduction of 

W
VI 

to W
V
 of the POM cluster anion, [W12O40(OH)2]

10‒
.
38

 Since the current surge appears (at 

‒0.150 V vs RHE) right after the broad and irreversible reductive response (‒0.025 V vs 

RHE), we believe that the electrochemically reduced W(V) centers of the hydroxylated POM 

cluster anion reduce water chemically to molecular hydrogen. Even though, we have assigned 

the concerned reductive response at ‒0.025 V vs RHE in LiCu3para-D to W
VI

/W
V
 reduction, 

which is responsible for observed HER in the present study, we cannot rule out the role of the 

copper centers (present in LiCu3para-D) in the present HER action.
38

 In the title compound, 

there are 12 tungsten(VI) centers, out of which six tungsten(VI) centers got hydroxylated 

during synthesis (vide supra, synthesis discussion). Since it would be easy to reduce a 

{W
VI

‒OH} moiety compared to reducing a {W
VI

=O} moiety,
38,58

 the broad reductive 

response at ‒0.025 V vs RHE in LiCu3para-D can be thought to be due the reduction of 

{W
VI

‒OH} centers [not {W=O} centers]. Thus, it can be accepted that the W
VI

‒OH 

functional groups, present in LiCu3para-D, respond to the electrocatalytic HER. Figure 3.10b 

shows the linear sweep voltammogram (LSV) curves for compounds 

[Li(H2O)4][{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]‧N2‧H2S‧3H2O (LiCu3para-D)  and 

[NH4]10[W12O40(OH)2] ·4H2O (para-B), that are in line with their respective CV profiles 

(Figure 3.10a). 
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Figure 3.10. (a) Cyclic‒ and (b) linear‒sweep voltammograms for LiCu3para-D, para-B, and blank-GCE (scan 

rate 100 and 10 mV/s, respectively). 

It is well known that POMs exhibit multi-electron redox responses in a single step and 

it is important to find out the number of electrons involved in the redox reactions of the 

present system, especially in the redox event at ‒0.025 V vs RHE in the electrochemistry of 

LiCu3para-D. The DPV plot (see Appendix, Section A3.5) indicates five electrons 

participation in the overall electrocatalytic water reduction as shown in equations (5) and (6). 

2[{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]

1‒
 + 10e

‒
 → 

2[{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
7W

V
5O36(OH)6}]

6‒
  (5) 

2[{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
7W

V
5O36(OH)6}]

6‒
 + 10H2O → 

2[{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]

1‒
 + 5H2 + 10OH¯  (6) 

We believe that six tungsten(VI) centers, that are attached to bridging hydroxyl groups 

(two µ3−OH groups, named as O5,  two µ2−OH groups, named as O14, and  terminal 

hydroxyl groups (two W=OH groups, named as O19), include these five tungsten centers that 

got  reduced during electrochemical reduction. 
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Figure 3.11. (a) Cycling stability analysis of LiCu3para-D for hydrogen evolution reaction by 100 CV cycles 

with a scan rate of 100 mVs
-1

 in 0.1 M KCl at pH 7.0; (b) Chronoamperometry (CA) electrolysis of LiCu3para-

D performed at -0.7 V vs RHE for 3 hours. 

The stability of LiCu3para-D as a water reduction (WR) catalyst is primarily 

examined by two basic electrochemical techniques: (i) we performed 100 CV cycles in the 

catalytic potential window (from 0.4 to ‒0.6 V vs RHE) for WR (Figure 3.11a) and (ii) the 

catalyst LiCu3para-D modified carbon paper (CP) was used as an electrode for 3 hours of 

chronoamperometry (CA) electrolysis at ‒0.7 V vs RHE (Figure 3.11b). No significant 

fluctuations have been observed in these two experiments, suggesting its stability under 

operational conditions. Post-electrolysis analyses of CA electrolysis electrode material by 

FTIR (see Appendix, Figure A3.5), X-ray photoelectron spectroscopy (XPS) (see Appendix, 

Figure A3.6,7), and FESEM-EDX (see Appendix, Figure A3.8,9) have confirmed the 

molecular catalytic behaviour of LiCu3para-D as a water reduction true catalyst at neutral 

pH. 

The insights of water reduction kinetics of LiCu3para-D have been assessed by 

performing scan rate variation, analyzing the turnover frequency (TOF), Tafel slope-, 

overpotential ()-, and Faradaic efficiency-values. Figure 3.12a shows the linear dependence 

of peak current with the square root of scan rates indicating the diffusion-controlled 

electrochemical hydrogen evolution by LiCu3para-D. Double-layer capacitance 

measurements are performed by running a cyclic voltammogram in a non-Faradaic region of 

the CV profiles of LiCu3para-D (see Appendix, Section A3.7). With the increase in the scan 

rate in the non-Faradaic region, the capacitive current also increases, and the concerned Cdl 

value for the title LiCu3para-D is found to be 7.732×10
-4

 Fcm
-2

 (Figure 3.12b).
31,37,38
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Figure 3.12. (a) Derived plot constructed from the peak current (ip) as a function of the square root of scan rate 

(-0.025 to -0.1 Vs
-1

) for LiCu3para-D; (b) The plot of slopes of current density against scan rates at a potential 

of -0.35 V vs RHE for LiCu3para-D illustrating the double layer capacitance of LiCu3para-D; (c) iR corrected 

Tafel plot for LiCu3para-D in the catalytic WR region. 

We have calculated the TOF value for LiCu3para-D by following a reported 

procedure (see Appendix, Section A3.8 for detailed calculations), and is found to be 4.66 s
-1

 

for electrochemical hydrogen evolution reaction (HER) by water reduction. In the catalytic 

HER region, the obtained Tafel slope value of 314.2 mV/dec and the overpotential value of 

442.75 mV (at 1 mA/cm
2
) for LiCu3para-D (Figure 3.12c) are considerably lower compared 

to those of related tungsten-mediated HER catalysts.
33,35,37

 A decent Faradaic efficiency value 

of 84% in the present HER study has confirmed the efficient electrical energy to chemical 

energy conversion (see Appendix, Section A3.9). All these above-described electrochemical 

parameters approve that the title LiCu3para-D having {W
VI

‒OH} functionality is an efficient 

electrocatalyst for HER by water reduction. 

3.3.3.2. Oxygen Evolution Reaction (OER) by Water Oxidation.  

We have been working on electrocatalysis toward OER by water oxidation last several years 

and we found that transition metal-aqua coordination complexes, that are in a constrained 

confined space or supported on a POM cluster by coordination covalent bonds, can act as 

electrochemical OER catalysts.
67,68

 However, there are not many reports with copper‒aqua 

systems functioning as OER catalysts. The single-crystal X-ray crystallography of our title 

compound shows the presence of copper‒aqua complexes [{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2]

5+
 as 

the linkers joining the POM clusters into the sole inorganic 3D architecture (vide-supra). 

Although, most of the known copper‒aqua (Cu‒OH2) POM systems exhibit electrocatalytic 

HER,
69-71

 in the present system, the Cu‒OH2 functionality of title LiCu3para-D responds to 

electrocatalytic OER, even at the neutral pH. Figure 3.13a,b show the CV and LSV profiles 

of [Li(H2O)4][{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]‧N2‧H2S‧3H2O (LiCu3para-D), 

[NH4]10[W12O40(OH)2]·4H2O (para-B) and CuOx‒GCE (CuOx was electrochemically 



76 
 

deposited on GCE from a 1 mmol aqueous solution of copper sulfate, and this deposited 

CuOx is termed as CuOx‒GCE in this work), and blank-GCE. As expected, para-D (devoid of 

the copper center), CuOx‒GCE, and blank‒GCE are inactive in the anodic potential window 

as shown in Figure 7a,b. On the other hand, LiCu3para-D (having Cu‒OH2 moieties) shows 

a prominent current surge at +1.52 V vs RHE, indicating the electrocatalytic water oxidation, 

mediated by the copper-aqua-complexes, present in LiCu3para-D. We could not find any 

other oxidative response for the Cu‒OH2 centers, other than the OER current surge (Figures 

3.13a,b). We, therefore, performed the DPV experiment on the catalyst‒modified GCE. 

 

Figure 3.13. (a) Cyclic- and (b) linear-sweep voltammograms for compounds LiCu3para-D and PARA-B, 

blank-GCE, and CuOx-GCE (scan rate: 100 mV/s for CV and 10 mV/s for LSV); (c) DPV recorded for 

LiCu3para-D in the anodic potential window prior to the onset potential, DPV was performed using the 50 mV 

pulse for 100 ms time and 5 mV step height for 80 ms step width and the integration time was 5 ms. 

 The DPV profile of LiCu3para-D (Figure 3.13c) displays three distinct oxidative 

peaks centered at +0.71 V, +1.05 V, and +1.38 V vs RHE in the anodic potential window. The 

first oxidative response at +0.71 V can be assigned to the oxidation of {Cu
I
(H2O)1.5}

+
 species 

to {Cu
II
(H2O)1.5}

2+
 species; in other words, the oxidative response at 0.71 V vs RHE can be 

attributed to the couple, {Cu
II
(H2O)1.5}

2+
 / {Cu

I
(H2O)1.5}

+
. The response at +1.05 V can be 

assigned to {Cu
III

(HO)} / {Cu
II
(H2O)} for both the species, {Cu

II
(H2O)1.5}

2+
  (formed 

electrochemically at +0.71V) and {Cu
II
(H2O)3}

2+
. Finally, the oxidative response at +1.38 V 

vs RHE on the DPV plot (Figure 7c) is attributed to {Cu
IV

=O} / {Cu
III

(HO)} couple. Right 

after this, the current surge at +1.52 V vs RHE is observed with the formation of visible 

oxygen bubbles suggesting electrocatalytic water oxidation to molecular oxygen, mediated by 

the copper-aqua complexes, as shown in equations 7-13. The existence of Cu(I) and Cu(II) 

centers in LiCu3para-D has already been validated from SCXRD, BVS, and XPS analyses 

(vide-supra).  

 Equations 7-11 demonstrate proton-coupled electrochemical reactions leading to the 

formation of [Cu
IV

=O]
2+

group that can oxidize water chemically to form oxygen with the 
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regeneration of Cu(II) species (equations 12-13). This electrocatalytic water oxidation 

description (equations 7-13) is also supported by various literatures.
72-78

 

[Cu
I
(H2O)]

+
 ‒ e

‒
 →  [Cu

II
(H2O)]

2+
  (7) 

[Cu
II
(H2O)]

2+
 ‒ e

‒
 → [Cu

III
(H2O)]

3+
  (8) 

[Cu
III

(H2O)]
3+

 ‒ H
+
 → [Cu

III
(OH)]

2+
  (9) 

[Cu
III

(OH)]
2+

 ‒ e
‒
  → [Cu

IV
(OH)]

3+
  (10) 

[Cu
IV

(OH)]
3+

 ‒ H
+
 → [Cu

IV
=O]

2+
  (11) 

[Cu
IV

=O]
2+

/[Cu
III

‒O
•
]

2+
 + H2O → [Cu

III
‒O‒O‒H]

2+
 + e

‒
 + H

+
  (12) 

[Cu
III

‒O‒O‒H]
2+

 → [Cu
II
]

2+
 + O2 + e

‒
 + H

+
     (13) 

In order to confirm the non-involvement of in-situ generated metal-oxide (CuOx) 

nanoparticles in catalytic water oxidation (WO) activity, the CV and LSV of 

electrochemically prepared CuOx‒GCE were scanned in an identical condition and compared 

with that of title LiCu3para-D; the CuOx‒GCE has shown no similar features with that of 

LiCu3para-D in the water oxidation (WO) window, confirming that the obtained WO 

activity, in the present work, is originated by the copper-aqua-complex of LiCu3para-D 

(Figures 3.13a,b). 

 

Figure 3.14. (a) Cycling stability analysis of LiCu3para-D for oxygen evolution reaction for 100 CV cycles 

with a scan rate of 100 mVs
-1

, in the neural pH of 0.1 M KCl electrolyte; (b) Chronoamperometry (CA) 

electrolysis of LiCu3para-D conducted at 1.53 V vs RHE. 

The stability of LiCu3para-D as an oxygen evolution reaction (OER) catalyst is again 

investigated using similar techniques as used for hydrogen evolution reaction (HER) catalyst 

in the present work (vide-supra), i.e., (i) by performing 100 CV cycles in the catalytic water 

oxidation potential window (from 0.55 to 1.8 V vs RHE; Figure 3.14a) and (ii) by using the 

LiCu3para-D modified carbon paper as a working electrode for chronoamperometry (CA) 
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electrolysis for 3 hours at 1.53 V vs RHE (Figure 3.14b). No significant variations have been 

observed in the CV‒ and CA‒plots in these respective two experiments, suggesting the 

stability of LiCu3para-D under WO operational conditions (at neutral pH). Routine 

post‒electrolysis studies of post‒CA electrolysis electrode material by FTIR spectral studies 

(see Appendix, Figure A12), XPS analysis (see Appendix, Figures A3.13,14), and FESEM-

EDX microscopy (see Appendix, Figures A3.15,16) have confirmed the molecular catalytic 

nature of LiCu3para-D as a WO catalyst towards OER at neutral pH. Furthermore, the 

efficiency of LiCu3para-D as an OER catalyst was assessed by determining routine kinetic 

parameters as described below.  

 

Figure 3.15. (a) Derived plots constructed with peak current (ip) as a function of square root of scan rate (0.025 

to 0.1 Vs
-1

); (b) Plots of slopes of current density against scan rates at a potential of 0.35 V vs RHE illustrating 

the double layer capacitance for LiCu3para-D; (c) iR-corrected Tafel plot for LiCu3para-D in the catalytic WO 

region.  

A linear plot has been obtained when peak current is plotted against the square root of 

scan rates, indicating that the electrochemical OER reaction is diffusion controlled (Figure 

3.15a). Similarly, an enhancement in capacitive current in the non-Faradaic region with an 

increase in scan rates of the concerned CV cycles for LiCu3para-D has been observed (see 

Appendix, A3.11, for details) and the related Cdl value is found to be 8.578×10
-4

 Fcm
-2

 

(Figure 3.15b). Tafel data collection was carried out for LiCu3para-D at neutral pH in 

galvanostatic mode. A linear plot has been obtained with a Tafel slope value of 356.42 

mV/dec for the OER catalytic region of LiCu3para-D (Figure 3.15c). An overpotential of 

418.5 mV was required to attain a current density of 1 mA/cm
2 

at the neutral pH. Also, the 

TOF value, which gives insights into the electrocatalytic activities, has been obtained for 

LiCu3para-D, which is found to be 2.81 s
-1

 for the present electrocatalytic water oxidation 

(for details, see Appendix, A3.12). 
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Figure 3.16. Non-aqueous medium cyclic voltammograms (CVs), performed under an inert atmosphere for 

LiCu3para-D, (a) showing the water reduction profiles in the cathodic region; (b) showing the water oxidation 

profiles in the anodic region. The CVs were collected during the sequential addition of water to the 

electrochemical cell (before adding water it was a dry acetonitrile solution having 0.1 M tetrabutylammonium 

perchlorate (TBA-ClO4) as a supporting electrolyte and the CV data were collected with 100 mVs
-1

 scan rate). 

From the quantitative measurements of evolved oxygen gas, the Faradaic efficiency of 

LiCu3para-D was calculated to be 80% at neutral pH assuring that a good amount of 

electrical energy is converted to chemical energy in this electrocatalytic OER (for details see 

Appendix, A3.13). The electrochemical performance of LiCu3para-D in terms of its 

overpotential value has been compared with the overpotential values of other well-established 

water splitting catalysts in Table S3.2 (Appendix), and we found that the present bifunctional 

LiCu3para-D is a considerably efficient electrocatalyst for HER as well as for OER.   

In order to comprehend, whether the HER and OER in the present work are the results 

of water reduction and water oxidation respectively, LiCu3para-D modified GC-electrode 

was employed as a working electrode separately in the cathodic and anodic potential 

windows and the CV profiles were collected in a non-aqueous medium while adding a 

controlled and sequential amount of water. The sequential addition of water in both 

experiments results in linear growth in the cathodic as well as in the anodic catalytic currents 

(Figure 3.16a and 3.16b), suggesting the electrocatalytic water reduction and water oxidation 

behavior, respectively of LiCu3para-D. Further, to have insights into the present 

electrocatalytic HER and OER mechanism, CVs of LiCu3para-D modified GC-electrode 

have been recorded in variable pH electrolytes from neutral pH to pH 4.0, separately in the 

cathodic and anodic potential windows, and the respective derived plots of potential (V 

against RHE; at a fixed 0.5 mA/cm
2
 current) vs operative pH values have been constructed. 

In the case of HER, the slope value of ‒33.5 mV/pH (from the concerned derived plot) 

suggests the involvement of 2H
+
‒1e

‒
, proton-coupled electron transfer (PCET) process in 
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electrocatalytic water reduction (Figure 3.17a). On the other hand, in the case of OER, the 

slope value of ‒20.38 mV/pH from the pertinent derived plot (Figure 3.17b), indicates the 

involvement of 1H
+
‒2e

‒
 PCET path in electrocatalytic water oxidation. 

In order to analyze the electrochemically generated gases, two individual bulk 

electrolysis experiments were performed: (i) with the catalyst-modified carbon paper 

(CP)‒electrode as cathode for H2 production (water reduction), and (ii) with catalyst-coated 

CP‒electrode as an anode for O2 generation (water oxidation). And, the electrochemically 

generated gases have been identified as H2 and O2 respectively by gas chromatography 

(Figures A3.19,20 in Appendix). 

 

Figure 3.17. A plot of potential (V) vs. pH, where for every pH at a fixed current density of (a)  -0.5 mAcm
-2

 for 

HER; (b) 0.5 mAcm
-2

 for OER, potential (E) was noted.  

In the present work, in order to detect, whether any copper gets leached out during 

electrocatalytic HER and OER experiments, we performed ICP-OES analyses of the residual 

electrolyte solutions before and after CPE experiments for OER as well as HER. As shown in 

Figure A3.21 (Appendix), copper is not detectable from the residual electrolyte solutions for 

both HER and OER experiments after CPE.  

3.4. CONCLUSIONS 

The dual active sites for electrochemical water reduction (WR) and water oxidation (WO) are 

embedded in a single polyoxometalate (POM)-based compound [Li(H2O)4][{Cu
I
(H2O)1.5} 

{Cu
II
(H2O)3}2{W

VI
12O36(OH)6}] ‧N2‧H2S‧3H2O (LiCu3para-D) and devised as a bifunctional 

electrocatalyst for hydrogen evolution reaction (HER) as well as oxygen evolution reaction 

(OER) by water reduction and water oxidation, respectively. The title compound represents a 

new paratungstate POM having six hydroxyl groups (paratungstate D). These {W
VI

-OH} 

groups of ‘paratungstate D’ act as the functional sites for water reduction and Cu(II)-aqua 
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species acts as the active site for water oxidation. The detailed electrochemical investigations 

including control experiments prove that the bifunctional catalyst is stable and efficient 

electrocatalyst toward water splitting (WS) at neutral pH.  An overpotential of 443 mV is 

required to achieve a current density of 1 mA/cm
2
 in the case of HER (water reduction) with 

a Faradaic efficiency of 92% and a turnover frequency of 4.66 s
-1

. In the case of OER (by 

water oxidation), the overpotential of 418 mV is needed to achieve a current density of 1 

mA/cm
2
 with a Faradaic efficiency of 88% and turnover frequency of 2.81 s

-1
. LiCu3para-D 

claims to be the first polyoxometalate (POM) compound acting as a dual functional 

molecular electrocatalyst at the neutral pH. This work has provided new insights into the 

development of noble-metal-free efficient multi-functional electrocatalysts for clean energy 

generation from water.  
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Chapter 4  

Tungsten‒hydroxyl on Polyoxotungstate 
Surface:  

Persistent Electrocatalyst for HER 
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OVERVIEW 

 

 

4.1. INTRODUCTION 

With the advancement in science and technology, the growing demand for innovative 

materials, particularly in energy-related fields, has always motivated the world scientific 

community. Thus, it is the need of the hour to devise such new materials with outstanding 

electrochemical properties to meet the demands of the growing population.
1
 

Transition metal-hydroxyl, M‒OH is recognized as one of the vital mass 

transport agents, including in the clean energy cycle. In  this work, a tungsten-

hydroxyl, WVI‒OH, tethered polyoxometalate (POM) complex, 

Na6[{WVI
0.75(OH)(ONa)}2{MnII(H2O)2}2{BiWVI

9O33}2]∙18H2O (1),  has  been synthesized 

in an aqueous synthesis and structurally characterized as a 2-D framework material. 

The presence of tungsten-hydroxyl groups on the surface of the POM of compound 

1 has driven us to investigate electrocatalytic hydrogen evolution reaction (HER). 

Compound 1 shows excellent hydrogen evolution reaction (HER) activity with a TOF 

value of 1.81 s-1 and long-term stability of 1000 cyclic voltammetric cycles besides 

its stability of 10 hours of chronoamperometry in an acidic buffer environment of 

pH 4.0.   
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Polyoxometalates (POMs) stand for a unique class of polynuclear metal-oxygen cluster 

complexes constructed by bridging oxygen atoms with two or more metals.
2,3

 POMs possess 

various definite structures and exhibit unique physical and chemical properties. The ability to 

tailor or configure the redox properties, features to be one of the fascinating highlights of 

POMs, which has paved a potential path in the development of diverse functional systems.
4
 

Owing to various properties like inherent resistance to oxidative decomposition, high thermal 

stability, and impressive sensitivity to light and electricity, POMs are utilized as excellent 

molecular catalysts.
5
 Also, POMs are activated by incorporating various conductive 

materials. The chemical modifications of POM structures have put forth a wider chance of 

exploiting the synergistic effects of POM-based materials, which in turn open a new class of 

materials in energy and conductivity applications.
6
  

           On the other hand, the scarcity and harsh consequences arising from the extensive 

utilization of fossil fuels for energy consumption in the world have urged researchers to 

develop new materials and/or techniques to switch away from the fossil fuel-dependent 

economy. An alternative yet one of the best techniques to tackle the above-mentioned 

challenges is to utilize hydrogen gas, which is considered to be the potential future fuel, with 

a high energy density of 146 kJ/g.
7
 The global agencies and scientific world have already 

commenced to develop novel materials that help in generating green H2 as well as utilize 

them in fuel cells for clean energy harnessing. 

In this regard, electrochemical splitting of water is practiced as one of the cleaner 

ways to produce H2 gas, wherein non-noble transition metal-based electrocatalysts have 

shown its tremendous demand. The era of utilizing noble metal based electrocatalysts is 

slowly vanishing due to their less availability and exorbitant cost, with the replacement of 

earth-abundant transition metal based electrocatalysts for water splitting.
8
 Owing to this fact, 

Lv et al. have shown an exciting approach of tailoring -Ni(OH)2 on the tungsten nitride 

nanowire surfaces to offer an enhanced alkaline hydrogen evolution reaction for 

electrochemical water splitting.
9
 Liu et al. reviewed metal alkoxide-based catalysts, and their 

derivatives (hydroxides, oxides, phosphides, and selenides) for electrochemical water 

splitting.
10

 Building on these seminal studies, the strategy of grafting/incorporating hydroxyl 

moieties onto metal surfaces has received immense scientific attraction due to their proactive 

nature toward catalytic water splitting.
11-13

 It is noteworthy that there are various reports 

where these metal-hydroxyl tethered catalysts have been employed for electrical conductivity 

due to their higher accessibility for reaction and electron/mass transport paths.
14-16
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Herein, we have synthesized and structurally characterized a Krebs-type POM-based 

compound where a [{W
VI

0.75(OH)(ONa)}2{Mn
II
(H2O)2}2] core is sandwiched by two 

{Bi
III

W
VI

9O33)}
9‒

 units. The compound has been formulated as 

Na6[{W
VI

0.75(OH)(ONa)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (POM-MnW(OH)). In 1999, 

Krebs and co-workers developed a unique set of sandwiched-type POMs,
17

 which were 

further taken forward for anti-cancer activities by Wang et al.
18-20

 Our group recently started 

exploring the energy applications of similar types of POMs that incorporate the W–OH 

groups into them. 

The W
VI

–OH structure-functional relationship for hydrogen evolution reaction (HER) 

has been proven extensively in our previous works.
21,22

 The present work reveals an addition 

to the library of Krebs-type POMs, wherein here, the tungsten present on the surface of the 

POM cluster is grafted with a tungsten-hydroxyl, W
VI

–OH group (along with W–ONa or W–

O
‒
 moiety; the complex moiety, [{W

VI
0.75(OH)(ONa)}2{Mn

II
(H2O)2}2], present in the 

sandwich zone of the compound, POM-MnW(OH), has been experimentally shown to be the 

active site for water reduction at acidic pH and the title compound acts as a solid-state proton 

conductor too (see next chapter). The HER action and the solid-state proton conduction could 

be a useful contribution to the clean energy cycle that is energy storage in the form of 

molecular H2 from water and as the proton transfer medium for the formation of water. 

Thus, we have designed and developed a POM-based solid-oxide-based material, 

Na6[{W
VI

0.75(OH)(ONa)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (POM-MnW(OH)) that acts 

as an excellent HER electrocatalyst with a stability of 1000 multiple CV cycles and a 

promising super proton conductor with a conductivity value of 1.07 × 10
-1

 S cm
-1

 (at 80 °C 

and 98% RH). The detailed heterogeneous catalytic hydrogen evolution reaction (HER) 

mediated by POM-MnW(OH) is discussed in this chapter including its kinetic details. 

4.2. EXPERIMENTAL SECTION 

4.2.1. Materials  

The chemicals used for the synthesis were of analytical grade which are commercially 

available and used without any further purification. Lithium tungstate (Li2WO4, 98%) was 

purchased from Sigma Aldrich, India. Bismuth nitrate pentahydrate (Bi(NO3)3∙5H2O, 98%) 

was purchased from Alfa Aesar, India. Manganese acetate  was purchased from India. Nitric 

acid extra-pure and ammonia solution extra pure were purchased from Finar chemicals. 
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Double distilled water was utilized to carry out all the syntheses and Milli-Q water for 

electrochemical experiments. 

4.2.2. Synthesis 

4.2.2.1. Synthesis of  Na6[{W
VI

0.75(OH)(ONa)}2{Mn
II

(H2O)2}2{BiW
VI

9O33}2]∙18H2O 

(POM-MnW(OH)).  

In a typical sythesis, 3g (10.22 mmol) of Na2WO4.2H2O was dissolved in 50 mL of 

distilled water and subsequently 0.5 mL of 6 M HNO3was added. The reaction mixture was 

heated to 90 ℃ on a hot plate under stirring for 15 minutes. An aqueous solution of  

Mn(CH3COO)2∙4H2O  (0.5 g in 2 mL of water) was added dropwise to the above reaction 

mixture with continuous stirring upon which the colour of the reaction mixture turned bright 

yellow from colourless. Subsequently, an acidic solution of bismuth nitrate (1.03 mmol, 0.49 

g of Bi(NO3)3∙5H2O dissolved in 1 mL of 6 M HNO3) was added to the solution at 90 °C. The 

reaction mixture was then treated with and stirred for another 15 minutes. Next, the pH of the 

reaction mixture was adjusted to 8.25 using a 15% aqueous ammonia solution. And the 

reaction was carried out under the same reaction conditions for another one hour. The 

resultant reaction mixture was filtered twice to obtain a clear filtrate. It was left for 

crystallization at room temperature to obtain yellow color block‒type crystals after 2 weeks. 

The obtained crystals of POM-MnW(OH) were separated by filtration and washed with 

ice‒cold water and dried under ambient conditions. Yield: 21.7% based on manganese. 

4.2.3. Methods 

4.2.3.1. Physical Characterizations 

The characterization techniques used includes PXRD, FTIR, TGA, Raman analysis, FESEM-

EDX, ICP-OES, XPS analysis, UV-DRS analysis and so on. The details of the instruments 

used for carrying out these characterization analyses have already been discussed in the 

previous chapter under the Section 3.2.3.1.  

4.2.3.2. Single-crystal X-ray Diffraction (SC-XRD) Analysis. A nascent single-crystal of 

compound Na6[{W
VI

0.75(OH)(ONa)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (POM-

MnW(OH)) was mounted on a glass-fiber tip for X-ray diffraction data collection at 100 K. 

The single crystals of compound POM-MnW(OH) are found to be sensitive at room 

temperature, which could quickly lose their quality. The disorder in the crystal structure 

mainly occurred due to the presence of heavy elements like bismuth and tungsten in the 

structure. Additionally, the crystal structure has shown the highest difference peak of 4.881 
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with the deepest hole -3.771, which falls below 1 Å distance from heavy elements. The 

framework oxygen atoms (O3, O5, O12, O15 and O29) and oxygen atoms of lattice water (O35 

and O42) have shown atomic displacement parameter (ADP) disorder; and the respective ADP 

alerts possessing oxygen atoms were refined with crystallographically allowed SHELXTL 

(EADP) command. Similarly, tungsten centers (W9 with 0.73298 and W6 with 0.98765 

occupancies) displaying electron-occupancy disorder were treated using occupancy factor 

free-refinement and their occupancies were constrained. the crystallographic details and 

structure refinement parameters for POM-MnW(OH) are listed in Table 4.1.  

Table 4.1.  Crystal data and structure refinement for POM-MnW(OH) 

Parameter POM-MnW(OH) 

Empirical formula  Bi2Mn2Na6O88W19.47 

Formula weight  5652.42 

T(K)/ λ (Å)   293(2) K/0.71073 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions 

a = 13.1922(3) Å 

b = 18.1891(5) Å 

c = 19.7810(7) Å 

α = 90° 

β = 97.226(3)° 

γ= 90° 

Volume 4708.8(2) Å
3
 

Z 2 

Density (calculated) 3.987 Mg/m
3
 

Absorption coefficient (Μ) 27.773 mm
-1 

 

F(000) 4853 

Independent reflections 8294 [R(int) = 0.2099] 

Goodness-of-fit on F
2
 1.044 

R1/ wR2 [I > 2σ (I)] 0.0846/0.2152 

R1/ wR2 (all data) 0.1183/0.2388 

Theta range for data collection 1.917 to 24.999° 

Data completeness 100 % 

Largest diff. peak and hole 4.881 and -3.778 e Å
-3
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4.2.3.3. Electrochemical Measurements. 20 µL of this homogeneous ink was coated on the 

GCE working electrode resulting in 80 µg of the sample. The same amount was maintained 

for all experiments unless otherwise stated. The experimentally obtained potentials were 

converted to RHE scale following the relation E(RHE) = E(Ag/AgCl) + 0.204 V + 0.059pH where 

the Ag/AgCl electrode was used as the reference electrode. All the electrochemical studies 

were performed in 0.1 M sodium acetate buffer of pH 4.8. The chronoamperometry 

experiments were done on 1 cm
2
 carbon paper as the working electrode and Pt wire as the 

counter electrode.  

4.3. RESULTS AND DISCUSSION 

4.3.1. Structural Analysis  

The typical one-pot wet synthesis of the title compound 

Na6[{W
VI

0.75(OH)(ONa)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (POM-MnW(OH)) has 

resulted in the formation of a Krebs-type POM, incorporated with W
VI

–OH functionality in 

its structure. The synthesis procedure was adapted from the reported literature with slight 

variations.
[22] 

In brief, sodium tungsten dihydrate, bismuth nitrate pentahydrate, and 

manganese acetate were reacted in an aqueous medium at 80 °C, at a slightly alkaline pH 

value of 8.25. The single crystal X-ray diffraction (SCXRD) analyses of the resulting yellow 

colored crystals have revealed the molecular formula of the titled compound as 

Na6[{W
VI

0.75(OH)(ONa)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (POM-MnW(OH)), and also 

has been found persistent with inductive coupled plasma optical emission spectroscopy (ICP-

OES) elemental analysis (see Appendix, section 4.1.1.). The composition of POM-

MnW(OH) has been verified by diverse spectroscopic characterization techniques such as X-

ray photoelectron spectroscopy (XPS), FTIR, electronic spectra, powder X-ray diffraction 

(PXRD) including SCXRD and bond valence sum (BVS) calculation (see Appendix, section 

4.1.2.) discussed in the following sections. 
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Figure. 4.1. (a) Ball-stick representation of molecular structure of POM-MnW(OH), (b) magnified view of -

{W
VI

0.75(OH)(ONa)}, core of POM-MnW(OH), (c) Formation of 2D architecture in POM-MnW(OH). 
 

The analysis using single-crystal X-ray diffraction (SCXRD) has revealed that POM-

MnW(OH) crystallizes in the monoclinic P 21/n space group, with a molecular formula of 

Na6[{W
VI

0.75(OH)(ONa)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (POM-MnW(OH)). The 

SCXRD analysis of POM-MnW(OH) has illustrated a two-dimensional framework structure 

characterized by Mn–O=W connections, further interconnected through sodium-aqua-

complexes (as depicted in Figure.4.1(a,b)). Notably, within the compound, one and a half 

units of tungsten with mono-hydroxyl groups, represented as cis-{W
VI

0.75(OH)(ONa)}, 

occupy individual environments compared to the rest of the framework tungsten centers (as 

illustrated in Figure.4.1c.) The bond distances obtained for Bi–O and O–W in the Bi–O–W 

and W–O–W in the cluster fragments are consistent with previously reported ones.
17-20,28,29]

 

Consequently, there are two W
VI

–OH groups with identical W–OH bond distances measured 

as 1.831 Å. The BVS value of the hydroxyl oxygen (O31) atom in POM-MnW(OH) is found 

to be 0.9208 (see Appendix, section 4.2.). 

4.3.3. Spectroscopic Analysis 

4.3.3.1. FTIR Analysis 
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Figure 4.2. (a) FT-IR spectrum of POM-MnW(OH). 

The FT-IR spectral pattern of POM-MnW(OH) has displayed significant peaks in the range 

of 950 to 550 cm
-1

 for W=O, W–O–W, and Bi–O–W belonging to the stretching and bending 

vibrations of the POM cluster (Figure 4.2).
30

 A broad feature at 3358 cm
-1

 and 1625 cm
-1

 

correspond to O–H stretching and bending modes of lattice water molelcules, respectively. 

This is in par with the BVS analyses, which have shown the presence of W-OH group in 

POM-MnW(OH). 

4.3.3.2. PXRD Analysis 

 

Figure 4.3. PXRD profile of experimentally obtained POM-MnW(OH) compared with that of simulated one 

from SCXRD data. 
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The powder X-ray diffraction pattern (PXRD) of POM-MnW(OH) has exhibited a 

matching pattern to the simulated one, indicating the compound's bulk purity and uniformity 

with the synthesized material (Figure 4.3). 

4.3.3.3. Raman Analysis 

 

Figure 4.4. Raman spectrum of POM-MnW(OH). 

The Raman spectrum of POM-MnW(OH) has displayed in Figure 4.4 strong peaks 

in the 870-930 cm
-1

 region, featuring the terminal W=O Raman active bands of the POM 

cluster anion. 

4.3.3.4. Electronic Absorbance Spectral Analysis 
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Figure 4.5. UV-DRS electronic spectrum of POM-MnW(OH). 

The weak d-d transition in the 800-520 nm region in the electronic spectrum (Figure 

4.5) corresponds to the d-d transition of Mn
2+

 ion, present in the title POM-MnW(OH).
21

 

The bands present below the range of 300 nm could be considered as the ligand to metal 

charge transfer (LMCT) bands.  

4.3.3.5. FESEM-EDX Analysis 

 

Figure 4.6. (a-c) FESEM images under different magnification POM-MnW(OH) (d-f) EDX elemental analysis 

of POM-MnW(OH). 
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The microscopic analysis of crystals of POM-MnW(OH) was also thoroughly 

examined using a field emission scanning electron microscope (FESEM) and the surface 

elemental mapping by energy dispersive X-ray (EDX) spectroscopy as shown in Figure 4.6. 

The rectangular block-type crystals of POM-MnW(OH) are clearly shown by FESEM, and 

the presence of respective elements in POM-MnW(OH) through EDX mapping 

4.3.3.6. X-ray Photoelectron Spectrocsopic Analysis 

POM-MnW(OH) was further analyzed with XPS to further comprehend the presence 

of tungsten-hydroxyl moieties along with the other metals present in POM-MnW(OH). As 

expected, the XPS provides a deeper understanding of the constituent elements and their 

respective oxidation states present in the title compound. The survey scan shown in Figure 

4.7a reveals the presence of bismuth, tungsten, manganese, sodium, and oxygen elements in 

POM-MnW(OH). The core-level XPS of carbon at 284.4 eV is considered as the reference 

to interpret the obtained data.
31

 The Lorentzian-Gaussian (LG) fitting has been used to 

deconvolute the concerned XPS data with permitted error (in terms of Adj. R
2
). The O 1s 

XPS spectrum interpretation has given rise to two peaks centered at 530.75 and 532.80 eV 

(Figure 4.7a). The resultant two peaks for the O 1s band disclose the presence of oxygen ions 

in different bonding interactions, particularly bridging / terminal oxygen (W-O-W / W=O) 

and the hydroxyl oxygen (W–OH group) in the present work, and is consistent with the 

reported literature.
21,22

 The O 1s response with a shoulder peak at 532.80 eV has conveniently 

confirmed the presence of metal-hydroxyl groups, i.e., W–OH functionality in compound 1.
32

 

Similarly, the core-XPS of Mn 2p confirms the presence of manganese at an oxidation state 

of +2 (Figure 4.7c). Further, the HR-XPS spectra of W 4f, Bi 4f, and Na 1s display the 

oxidation states of +6, +3, and +1 respectively in POM-MnW(OH) (see Appendix, section 

4.1.3), which are also supported by the relevant literature.
33

 Thus, XPS studies affirms a good 

agreement with the SCXRD and BVS results (vide supra) obtained for POM-MnW(OH). 

 

Figure 4.7. (a) Survey scan XPS plot of POM-MnW(OH); (b) high-resolution XPS plots of O 1s of POM-

MnW(OH); (c) high-resolution XPS plots of Mn 2p POM-MnW(OH). 
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4.3.4. Electrochemical analyses 

4.3.4.1. Hydrogen Evolution Reaction (HER) by Water Reduction 

In our prior reports, we established the significance of W
VI

‒OH functionalities on the 

POM surface in catalyzing the reduction of water into molecular hydrogen.
21,22  

It is crucial to 

recognize that the stability of these W
VI

‒OH functionalities on the POM surface varies 

significantly under different pH conditions during catalytic hydrogen evolution. While these 

moieties are effective for HER under neutral pH conditions, they have exhibited limited 

catalytic stability, lasting up to just 100 cyclic voltammetric cycles.
22 

However, when 

subjected to the same conditions at an acidic pH of 3, they remained stable even after 1000 

cyclic voltammetric cycles.
21

 This experimental evidence underscores the importance of fine-

tuning the electrolyte pH in relation to the W
VI

‒OH functionality for enhanced and 

sustainable green hydrogen production. Building upon this premise, the compound described 

in the title, features two W
VI

‒OH functional groups on the surface of POM cluster, prompting 

us to explore their potential in electrochemical water splitting and adjust the hydrogen 

evolution reaction environment through electrolyte pH. The entire electrochemical studies 

were conducted in 0.1 M sodium acetate buffer with a pH of 4.6, deemed to be an appropriate 

pH condition for HER. 

 

Figure 4.8. (a) Cyclic‒ and (b) linear‒sweep voltammograms for POM-MnW(OH),  POM-MnW(Ot), and 

blank-GCE (scan rate 100 and 10 mV/s, respectively). 

We recorded cyclic voltammetry (CV) and linear sweep voltammetry (LSV) profiles 

for three distinct electrodes: the bare glassy-carbon electrode (blank GCE), POM-

MnW(OH), and Na12[Mn3(H2O)3(BiW9O33)2]∙43H2O (POM-MnW(Ot)), synthesized as per 

established literature methods.
34

 Markedly, the latter compound lacks W
VI

‒OH functionality 

but contains a manganese complex. This experimental approach was aimed to elucidate the 
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respective contributions of W
VI

‒OH functionality and the manganese centres towards the 

hydrogen evolution reaction (HER) under identical operational conditions. The CV profile of 

the blank GCE has shown no notable catalytic current, which was coated with the acetylene 

carbon-Nafion mixture without a catalyst (Figure 4.8a). 
 

The CV profile of POM-MnW(Ot) has not shown any prominent reductive responses 

in the operational (cathodic) window but has displayed a small current surge at a potential of 

-0.52 V vs RHE. However, the CV profile of POM-MnW(OH) has shown a significant 

catalytic current surge, marking an onset potential of -0.38 V vs. RHE for hydrogen evolution 

reaction. Similarly, a closer look at the LSV profiles of POM-MnW(OH) and POM-

MnW(Ot), in Figure 4.8b, has clearly depicted a broad redox peak centered at -0.075 V vs 

RHE for POM-MnW(OH) (inset Figure 4.8b), which is absent in the case of POM-

MnW(Ot). The reductive response at -0.075 V vs. RHE could be ascribed to the reduction of 

W
VI

/W
V
, which closely matches the reductive responses for tungsten centers exhibited by 

relevant compounds of the literature.
21,22

 

It is already proven that the tungsten of the W
VI

‒OH moiety would easily be 

electrochemically reduced over the corresponding W
VI

=O groups, which in turn could reduce 

the water molecules chemically to generate hydrogen in catalytic HER action. Thus, the 

broad reductive response at ‒0.075 V vs RHE in POM-MnW(OH) could have arisen due to 

the reduction of W
VI

‒OH centers [not W
VI

=O centers]. Thus, from the electrochemical 

perspective, the W
VI

‒OH functional groups present in POM-MnW(OH) could be the 

potential active sites for electrocatalytic HER and are supported by the earlier observations. 

In a close view, a thorough analysis of the CV and LSV profiles of POM-MnW(OH) and 

POM-MnW(Ot) discloses that the former offers a significantly lower onset potential 

compared to the latter. In other words, this considerable shift in the onset potential among the 

compounds has directly strengthened the role of hydroxyl groups present on the surface of 

POM for efficient electrochemical reduction of water. The W
VI

–OH groups on the POM 

surface have undoubtedly enhanced the catalytic activity of POM-MnW(OH) and 

strengthened the role of W
VI

–OH functionality on HER. To unveil the number of electrons 

involved in the catalytic HER action by the electrochemically reduced W
VI

–OH centers, the 

differential pulse voltammogram (DPV) of POM-MnW(OH) was recorded prior to the HER 

onset potential (see Appendix, Section A4.4), where reductive response is present as shown in 

the LSV. The DPV measurement showed the involvement of two electrons, which supports 

the  W
VI

/W
V
 redox reaction of the tungsten-hydroxyls. Thus, equation (1) below could be 
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considered the potential redox reaction, and equation (2) could be the consequent HER action 

exhibited by the hydroxylated POM cluster, compound 1.  

2W
VI

 + 2e⁻ → 2W
V
  

 
    (eqn. 1) 

2W
V
 + 2H2O → 2W

VI
 + H2 + OH⁻  

 
  (eqn. 2) 

To gain insights into the stability and degradation behavior of catalyst (POM-

MnW(OH)) during HER, a series of multiple cyclic voltammetric experiments were 

conducted within the catalytic potential window (ranging from 0.38 to -0.71 V vs. RHE) on 

the GC electrode coated with catalyst POM-MnW(OH). As depicted in Figure 4.9a, these 

experiments demonstrated that the catalyst exhibited remarkable stability, maintaining its 

performance over 1000 cycles without significant degradation. This remarkable endurance 

stands out as a compelling feature of the polyoxometalate-based catalyst described in this 

study, showcasing its exceptional electrochemical stability within the acidic buffer medium 

(Figure 4.9a). 

 

Figure 4.9. (a) Cycling stability analysis of POM-MnW(OH) for hydrogen evolution reaction by 1000 CV 

cycles with a scan rate of 100 mVs
-1

 in 0.1 M sodium acetate buffer of pH 4.6; (b) Chronoamperometry (CA) 

electrolysis of POM-MnW(OH) performed at -0.45 V vs RHE for 10 hours. 

Additionally, we utilized a POM-MnW(OH)-modified carbon paper electrode to 

conduct a chronoamperometric (CA) experiment over a period of 10-hour at -0.45 V vs. 

RHE. Figure 4.9b illustrates a consistent current production by the catalyst-coated electrode 

at the applied potential of -0.45 V vs. RHE, affirming the exceptional HER activity of POM-

MnW(OH). The stability experiments mentioned above provide strong evidence of the 

promising HER catalytic performance exhibited by POM-MnW(OH). However, it is equally 

essential to understand the structural and compositional aspects of the catalyst after the 
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extensive long-term stability experiments. The post‒chronoamperometry (p-CA) electrolysis 

electrode material was subjected to various spectroscopic studies like FTIR (see Appendix 

Figure A4.4.) and FESEM-EDX microscopy (see Appendix Figure A4.5,6).  

These extensive analyses unequivocally establish that there was no discernible 

catalyst reconstruction or degradation observed in the case of POM-MnW(OH). This 

reaffirms the authentic catalytic essence of POM-MnW(OH) as an efficient HER catalyst for 

electrochemical water reduction. A key highlight of this research lies in the rarity of pristine 

polyoxometalate-based compounds demonstrating both excellent stability and durability 

under electrochemical operational conditions. Such characteristics are often unique or 

exceptionally challenging to achieve. Fortunately, our functional POM-based catalyst, as 

described in this study, stands out by driving a dominant hydrogen evolution reaction through 

the fine-tuning of reaction conditions. 

Kinetic insights play a major role in evaluating the efficiency of catalysts. Therefore, 

various critical kinetic experiments were carried out to assess the water reduction activity of 

the electrocatalyst. By varying the scan rates of cyclic voltammograms, we observed an 

increment in peak current with an increase in the scan rates (see Appendix Figure A4.7.). 

Thus, a derived plot was constructed with current vs square root of scan rates, resulting into a 

linear plot, as displayed in Figure 4.10a. This observation indicates that a diffusion-controlled 

electrochemical hydrogen evolution is demonstrated by POM-MnW(OH). 

 

Figure 4.10. (a) Derived plot constructed from the peak current (ip) as a function of the square root of scan rate 

(-0.025 to -0.1 Vs
-1

) for POM-MnW(OH); (b) iR corrected Tafel plot for POM-MnW(OH) in the catalytic 

WR region; (c) ) CV profiles of compound 1 in non-aqueous medium with controlled addition of water. CVs 

were collected during the sequential addition of water to the electrochemical cell (before adding water it was a 

dry acetonitrile solution having 0.1 M tetrabutylammonium perchlorate (TBA-ClO4) as a supporting electrolyte 

and the CV data were collected with 100 mVs
-1

 scan rate). 

Further kinetic investigations involve the determination of the double-layer 

capacitance (Cdl) value for POM-MnW(OH), which discloses insights regarding the non-

Faradaic processes happening at the electrode-electrolyte interfaces during the reaction.
35

 The 

Cdl value were obtain by running cyclic voltammograms of the catalyst coated GC electrodes 
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in the non-Faradaic region (0.09 V to 0.19 V vs RHE) varying the scan rates. The slope value 

obtained from the graph of capacitative current density vs scan rates, reveals the Cdl value and 

was found to be -6.9 mFcm
-2

 for POM-MnW(OH). The Cdl value of a blank GCE has also 

been obtained in the same way and was found to be -1.97 mFcm
-2

. This suggests that the 

electrochemically active surface area (directly proportional to the Cdl value) of the catalyst-

coated electrode is evidently higher than that of the blank GCE (see Appendix Figure A4.8). 

Furthermore, we conducted a Tafel plot analysis for compound 1, as illustrated in 

Figure 4.10b. POM-MnW(OH) exhibited an overpotential of 340 mV at a current density of 

1 mAcm
-2

, with a notably low Tafel slope value of 197 mV dec
-1

. It is worth emphasizing that 

such a low overpotential and minimal Tafel slope value, as observed in a POM-based 

compound engaged in water reduction, is quite remarkable.
36,37

 We also calculated the 

Turnover Frequency (TOF) value for POM-MnW(OH) using established procedures,
38,39

 and 

it was determined to be 1.81 moles of H2 produced per second (see Appendix Figure A4.2.5). 

This underlines the promising reaction rate achieved by this molecular catalyst in the context 

of HER activity. In addition, we assessed the Faradaic efficiency of POM-MnW(OH) 

through a bulk-electrolysis experiment, revealing an impressive value of 84% (see Appendix 

Figure A4.2.6). Therefore, as previously mentioned, comprehensive examinations of diverse 

electrochemical experiments suggest that POM-MnW(OH) serves as a highly efficient, 

versatile, and durable electrocatalyst for hydrogen evolution reactions. 

Additionally, to comprehend whether the HER exhibited by POM-MnW(OH) is the 

result of reduction of water or acidic proton, the CV profiles of POM-MnW(OH) modified 

GC-electrode were collected in a non-aqueous medium while adding a controlled amount of 

water. The sequential addition of water has resulted in a linear increment in the cathodic 

catalytic current) (Figure 4.10c), signifying the electrocatalytic water reduction behavior, not 

of proton reduction, of POM-MnW(OH). 

4.4. CONCLUSIONS 

The present work aspires to provide a distinct approach of employing an electrocatalyst as a 

solid electrolyte for the conduction of protons. Also, it establishes the role and activity of a 

small moeity  (-OH) on the surface of POM for enhancing the catalytic as well as 

conductivity behaviour. A manganese-based Krebs-type polyoxometalate functionalized with 

–OH moeity has been synthesized and unambiguously characterized with SCXRD and 

various other characterizations, confirming its chemical composition and structural integrity. 

This compound holds significant promise for advancing the fields of electrochemical water 
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reduction and solid-state proton conduction. The utilization of the synthesized 

polyoxometalate in electrochemical water reduction demonstrated its remarkable catalytic 

activity with more than 1000 cycles of multiple cycling stability, and promising values for 

kinetic parameters, which is absolutely rare for POM catalysts, showcasing its potential as a 

key player in green energy technologies.   
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OVERVIEW 

 

 

Achieving unique structural stability and exceptional proton conductivity in 

crystalline materials poses a formidable challenge within the realm of energy-

material chemistry. Thus, two Krebs-type polyoxometalate clusters incorporated 

with cobalt- and manganese- aqua complexes caught our attention. The 

respective POM compounds possess unique structural distinctness with the 

presence of hydroxyl groups grafted onto the surface of tungsten centers which 

are present as the core of sandwiched between two {BiIIIWVI
9O33}9‒ units. The  

compounds formulated as Na6[{CoII(H2O)3}2{WVI(OH)2}2{(BiIIIWVI
9O33)2}]·8H2O (1) 

and Na8H3[{WVI
0.75(OH)(O)}2{MnII(H2O)2}2{BiWVI

9O33}2]∙18H2O (2), possessing labile 

protons and lattice- and coordinated water molecules encouraged us to perform 

proton conductivity studies. The compounds have exhibited super protonic 

conductivity values of 0.978 ×10-1 Scm-1 for 1 and 1.07 ×10-1 Scm-1 for 2 at a 

temperature of 80 ℃ at 98% relative humidity (R.H.). The concerned Arrhenius 

plots constructed for compounds 1 and 2 have shown a good linearity throughout 

the temperature range of 40 to 80 ℃ revealing activation energy of 0.64 and 0.66 

eV respectively.  
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5.1. INTRODUCTION 

Unprecedented climate change and worldwide energy crisis have led to large-scale efforts 

towards the development of sustainable energy conversion and storage technologies.
1
 

Renewable energy solutions to move away from the burning of fossil fuels is receiving 

considerable attention in today’s world.
2
 To address these challenging energy and 

environmental issues, particular emphasis has been given to the design and engineering of 

electrochemical energy systems and new functional materials. Fuel cells are electrochemical 

energy conversion devices that produce electrical energy from chemical energy of fuels such 

as hydrogen, oxygen, methanol, natural gas, etc. through redox reactions providing 

extraordinary superiorities in power density, energy conversion efficiency and environmental 

compatibility.
3-6

 Among various types of fuel cells, proton exchange membrane fuel cells 

(PEMFCs) have received considerable attention in the past decades as they might be the best 

potential solution to high consumption of fossil fuel and environmental pollution. The 

efficiency of PEMFCs is determined by the proton conducting proficiency of the proton 

exchange membrane which serves as not only a conductor for protons but also barrier for 

reactants e.g., oxygen and hydrogen. So far, commercially available perfluorosulfonic acid 

(PFSA) ionomer membranes or Nafion has been well established as supreme proton 

conductor due to its chemical stability and high proton conductivity (10
-1

 S cm
-1

) under wet 

conditions.
7,8

 However, its practical usage is limited due to its high cost, high methanol 

permeability, low operating temperature and low proton conductivity at low humidity. 

In this regard, polyoxometalates (POMs), a class of metal oxide cluster containing 

materials with their unique ability to control redox reactions, have recently proven 

themselves as the breakthrough materials for proton conduction. When a POM cluster unit 

gets linked to an extended network-like structure, in many cases, it results in a POM-based 

framework material having well-defined voids / cavities. Because of the open framework 

with independent structural units and large number of redox active sites, these POMs have 

become appropriate materials to advance unconventional energy-related technologies. 

Polyoxometalates are anionic metal-oxo clusters based on early, high-valent transition metals 

(e.g. Mo, W, and V) with oxygen enriched surfaces, strong acidity and strong electron 

accepting capability.
9,10

 The negative charge distributed on the external surface oxygen atoms 

can provide abundant proton transfer sites to construct hydrogen bond networks for efficient 

proton transport, a crucial criteria for designing fuel cells.
11
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In the present work, two Krebs type POM compounds are studied for their solid-state 

proton conductivity. The compounds which are formulated as 

Na6[{Co
II
(H2O)3}2{W

VI
(OH)2}2{(Bi

III
W

VI
9O33)2}]·8H2O (1) and 

Na8H3[{W
VI

0.75(OH)(O)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (2) have similar skeleton of 

sandwiched type structure, but possess distinct core species connecting the two 

{Bi
III

W
VI

9O33}
9‒ 

units. Compound 1 has been incorporated with cis-{W
VI

(OH)2} and –Co(H2O)3 

as the core sandwiched between two {Bi
III

W
VI

9O33}
9‒

 units, whereas, in compound 2, the core has 

been found to possessing two cis-{W
VI

(OH)(ONa)} groups along with –Mn(H2O)2 complexes 

between the two tri-lacunary {Bi
III

W
VI

9O33}
9‒

 units. These two structural aspects make these 

compounds distict and unique form each other even though they fall into the same category 

of Krebs type POMs. The labile protons from the free hydroxyl groups on the surface of the 

POM cluster make the compound act as a proton pool.  In this work, we have described its 

detailed proton conductivity studies including kinetics and thermodynamics of this proton 

conduction.  

5.2. EXPERIMENTAL SECTION 

5.2.1. Materials  

The chemicals used for the synthesis were of analytical grade which are commercially 

available and used without any further purification. Sodium tungstate (Na2WO4, 98%) was 

purchased from Sigma Aldrich India. Bismuth nitrate pentahydrate (Bi(NO3)3∙5H2O, 98%) 

was purchased from Alfa Aesar, India. Cobalt(II) nitrate hexahydrate pure (Co(NO3)2·6H2O) 

was purchased from SRL Chemicals, India. Nitric acid extra-pure and ammonia solution 

extra pure were purchased from Finar chemicals. Double distilled water was utilized to carry 

out all the syntheses and Milli-Q water for electrochemical experiments.  Compound 

Na6[{Co
II
(H2O)3}2{W

VI
(OH)2}2{(Bi

III
W

VI
9O33)2}]·8H2O (1) was prepared according to the 

literature procedure
12

 whereas 

Na8H3[{W
VI

0.75(OH)(O)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (2) was isolated in a one-pot 

wet synthesis (as discussed in the previous chapter). 

5.2.2. Synthesis 

5.2.2.1. Synthesis of Na6[{Co
II

(H2O)3}2{W
VI

(OH)2}2{(Bi
III

W
VI

9O33)2}]·8H2O (1) 

To an aqueous solution of Na2WO4·2H2O (9 mmol in 25 mL of water), 0.5 mL of 6 M nitric 

acid (HNO3) was added drop wise and heated at 90 ℃ for 15 min under stirring. An aqueous 

solution of cobalt nitrate solution (2 mmol of Co(NO3)2·6H2O dissolved in 2 mL of water) 
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was added drop wise to the above reaction mixture at room temperature with constant 

stirring. Subsequently to this purple color solution, an acidic solution of bismuth nitrate (1 

mmol of Bi(NO3)3·5H2O in 1 mL of 6 M nitric acid) was added slowly with vigorous stirring 

and the pH of the reaction mixture was adjusted to 6.82, using 15% aqueous ammonia 

solution. The reaction was continued for one hour. The dilution turned blue with production 

of purple color slurry which was filtered in hot condition. The clear filtrate was left for 

crystallization at ambient condition. The block pink color crystals were isolated in ten days. 

Yield: 1.2 g (5.13% based on tungsten). 

5.2.2.2. Synthesis of Na8H3[{W
VI

0.75(OH)(O)}2{Mn
II

(H2O)2}2{BiW
VI

9O33}2]∙18H2O (2) 

Followed the same synthetic procedures as discussed in the previous chapter under the 

Section, Section 4.3.3. 

5.2.3. Methods 

5.2.3.1. Physical Characterizations 

All the compounds synthesized were characterized by PXRD analyses, FTIR analysis and 

UV-visible diffused reflectance spectral (DRS) studies. The characterization analyses of the 

reported compound 1 were found to be matching well with their reported analytical studies.  

5.2.3.2. Proton Conductivity Measurements 

Proton conductivity studies of the compounds 1 and 2 were measured by alternating current 

(AC) impedance spectroscopy with a two-electrode setup (parallel-plate mode). Micro-

crystals of the compounds were powdered finely and were pelletized and sandwiched 

between two carbon wafers (to lower the contact resistance between the electrodes and the 

sample) before placing inside a homemade cell of two-electrode setup. The powdered sample 

was pelletized under a pressure of 3 toncm
-2

 for 2 min using a hydraulic press. Impedance 

spectra were recorded in the temperature range of 40 to 80 °C at a constant relative humidity 

(RH) of 98%. A home-made setup was used to maintain the different temperature range and a 

constant relative humidity of 98%. Long-term stability of the conductors was checked by 

proton conductivity measurements in a constant time interval, while the sample was kept in 

the humidified elevated temperature throughout the whole period.
13-15 

Conductivity 

calculations were done from the Nyquist plots of impedance spectra by fitting with the most 

suitable equivalent circuit.
16

 Appendix A5.1. includes the details of the proton conductivity 

cell and the EIS measurement. The details of equivalent circuit and their fitting are provided 
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in Appendix A5.2. The calculations involving the activation energy from Arrhenius plots are 

supplied in Appendix A5.3. 

5.3. RESULTS AND DISCUSSION 

5.3.1. Description of Crystal Structures 

5.3.1.1. Na6[{Co
II

(H2O)3}2{W
VI

(OH)2}2{(Bi
III

W
VI

9O33)2}]·8H2O (1) 

In compound 1, two identical tri-lacunary bowls, {BiW9O33}
9‒

 are sandwiched together by 

two units of W
VI

-OH moieties and two -Co
II
(H2O)3 groups which constitute the core of the 

Krebs type compound. Significantly, the tungsten {W
VI

(OH)2} units located in the 

sandwiched positions exhibit distinct geometric and environmental characteristics compared 

to the other tungsten centers in the framework. Within each {W
VI

(OH)2} moiety, the W(VI) 

center is coordinated by two hydroxyl groups, and these groups are symmetrically related, 

cis-{W
VI

(OH)2}. This whole structure has been resulting in Co
II
-incorporated heteropoly 

cluster anion [{Co
II
(H2O)3}2{W

VI
(OH)2}2{(Bi

III
W

VI
9O33)2}]

6‒
 (Figure 5.1). Thus, the 

W
VI

(OH)2 moieties grafted onto the surface of the tungsten centres in POM surface along 

with -Co
II
(H2O)3 are found to be functionalizing the heteropoly tungstate anion.

12
 

 

Figure 5.1. Polyhedral representation of crystal structure of compound 1.  

5.3.1.2. Na8H3[{W
VI

0.75(OH)(O)}2{Mn
II

(H2O)2}2{BiW
VI

9O33}2]∙18H2O (2) 

Compound 2 also exhibit similar skeleton of formation of the compound to that of compound 

1, but with two distinct differences; (i) compound 2 has been incorporated with –Mn
II
(H2O)2 

complexes instead of cobalt-aqua complexes , (ii) there are one and a half units of tungsten 

with mono-hydroxyl groups, represented as cis-{W
VI

0.75(OH)(ONa)}, occupying distinct 

environments compared to the remaining framework tungsten centers, instead of cis-

{W
VI

(OH)2}in compound 1. A elaborative discussion of the crystal structure of compound 2 

is given in the Chapter 4, Section 4.2.1. 



112 
 

5.3.2. Spectroscopic Analyses 

5.3.2.1. FTIR Analysis 

 

Figure 5.2. FTIR spectrum of compound 1. 

The FTIR spectrum (Figure 5.2) of compound 1 has displayed the major peaks belonging to 

the POM cluster in the range of 950–500 cm
-1

 showing the W=O, W–O–W, and Co–O 

stretching and bending vibrations. The broad bands at 1614 and 3378 cm
-1

 are ascribed to the 

O–H bending and stretching modes of the water molecules respectively.
17

 

5.3.2.2. PXRD Analysis 

 

Figure 5.3. PXRD profile of experimentally obtained compound 1 compared with that of simulated one from 

SCXRD data. 
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The observed powder X-ray diffraction (PXRD) pattern of compound 1 is consistent to the 

simulated pattern, obtained from single crystal data of compound 1, suggesting the bulk 

purity of the synthesis of the title compound (Figure 5.3). 

5.3.2.3. Electronic Absorbance Spectral Analysis 

 

Figure 5.4. UV-DRS electronic spectrum of compound 1. 
The absorbance peak at around 350-420 nm in the solid state electronic spectrum of 

compound 1 can be attributed to the d-d electronic transitions of cobalt ions, and the peaks 

present below the region of 300 nm in the electronic spectrum may be due to ligand to metal 

charge transfer (LMCT) transition (Figure 5.4). 

 All major physical characterization spectra and the analyses of compounds 2 (FTIR, 

PXRD, Raman, UV-DRS, XPS, ICP-OES, FESEM-EDX analyses and so on) are described in 

detail in the previous chapter, under Section 4.2.1. 

5.3.3. Proton Conductivity Studies 

Extensive exploration of the functional characteristics of W
VI

-OH groups in electrochemical 

HER has sparked additional interest in investigating their applicability in the energy sector, 

specifically in the context of conducting proton studies on hydroxylated POM 

compounds.
18,19

 Utilizing the mobile protons within the functionalized hydroxyl groups and 

the lattice- and coordinated water molecules found in compound 1 and 2, we conducted a 

thorough investigation into the solid-state proton conductivity of these compounds. 

Alternative current electrochemical impedance spectroscopy (AC-EIS) was performed on the 

pelletized samples of compounds 1 and 2. Detailed experimental procedure has been supplied 
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in Appendix, A5.1. Initially, the well ground POM micro-crystals were pelletized between 

two carbon wafers and impedance spectra were recorded in a temperature range of 40−80 °C 

at 98% relative humidity (RH). High frequency region in Nyquist plots [Z’ (real impedance) 

vs. Z’’ (imaginary impedance)] was considered to determine the respective resistance values. 

Finally, pellet dimensions and the resistance values obtained after fitting the Nyquist plots to 

equivalent circuits (see details in Appendix, Section A5.2) were taken to calculate the proton 

conductivity values of the compounds at the respective operational conditions 

A preliminary experiment of protonolysis was performed on compounds 1 and 2. It 

has been observed that an initial pH of 7.2 and 6.85 for compounds 1 and 2 were observed 

when they were dispersed in de-ionised water, which later dropped to a pH of 5.8 and 5.6 

respectively over a period of 30 minutes. This suggests that the compounds 1 and 2 (insoluble 

in water) itself acts as an inorganic acid, releasing protons in aqueous environment. 

Therefore, it was further taken ahead for extensive proton conductivity studies. 

5.3.3.1. Impedance measurements varying the relative humidity (RH) 

Proton conductivity of any material is highly dependent on the relative humidity (RH) 

as well as the temperature applied. Initially, we evaluated the variations of the relative 

humidity (RH=75% to 90% at constant temperature = 50 °C) and their resulting performance 

shown by the pelletized compounds of 1 and 2. It has been observed that with increase in the 

humidification from 75%, there has been an increment in the proton conductivity on them. 

The results suggested that both compounds 1 and 2 follow the water-mediated proton 

conduction. Figure 5.5.a,b shows the similar trend of increase in the proton conductivity with 

increase in relative humidity in both the cases. 

 

Figure 5.5. Plot showing the linear increment in proton conductivity values with increase in the relative 

humidity (RH %) for compounds 1 and 2. The data were recorded at a constant temperature of 50 °C. 
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5.3.3.2. Impedance measurement under different temperature 

To gain a mechanistic insight on the proton transfer in the compound, temperature-dependent 

proton conductivity measurements were carried out from 40 °C at 98% relative humidity 

(RH). Impedance spectra were recorded for the pelletized compound in the temperature range 

of 40 to 80 °C. The compiled Nyquist plots obtained for compound 1 in the whole range of 

temperature (40 to 80 °C) have been shown in Figure 5.6.a. At an initial temperature of 40 

°C, the conductivity value of 4.58 ×10
-3

 Scm
-1

 was attained, which increased to 0.978 ×10
-1

 

Scm
-1

 at 80 °C. Similarly, temperature dependent proton conductivity studies have been 

initially carried out on compound 2. Figure 5.6.b has displayed a wide range of proton 

conductivity values from 1.58 ×10
-3

 Scm
-1

 at 40.1 °C and 98% R.H. to a higher value of 1.07 

×10
-1

 Scm
-1

 at an elevated temperature of 80 °C at 98% R.H. The proton conductivity value at 

80 °C demonstrates a hike by hundred times to that of obtained at 40 °C proving the material 

to exhibit an excellent performance as a solid-oxide proton conductor. Thus, compounds 1 

and 2 can be entitled as super proton conductive materials with a conductivity values in the 

range of 10
-1

 Scm
-1

 at a temperature of 80 °C and 98% RH. 

 

Figure 5.6. (a) Nyquist plots of impedance measurements performed at a constant relative humidity of 98% and 

variable temperature for (a) compound 1 and (b) compound 2. Spheres denote experimental data points; solid 

line denotes fitted curve. 

5.3.3.3. Determination of proton conductivity and activation energy 

The Arrhenius activation energy (Ea) serves as a valuable indicator of the underlying 

mechanism governing proton conduction within a material. To discern this mechanism for 

compounds 1 and 2, Arrhenius plots were constructed using temperature-dependent 

conductivity data. The experimentally obtained impedance spectral data were analyzed and 

fitted with the most relevant equivalent circuit ((R1/Q1) + (R2/Q2) + Q3), where R1 and R2 
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are resistance and Q1, Q2, and Q3 are constant phase elements)
20

 to calculate the proton 

conductivity values. Notably, a linear relationship was observed over a temperature range 

spanning from 40 to 80°C, with a high coefficient of determination (R
2
 = 0.95−0.97) for the 

Arrhenius plot. Through this analysis, the activation energy for compound 1 was determined 

to be 0.64 eV, strongly indicating that a vehicular mechanism predominantly facilitates 

proton transport within the compound (Figure 5.7.a). The detailed calculation of activation 

energy has been given in section A5.3 of the Appendix. 

 

Figure 5.7. Arrhenius plot of constructed for (a) compound 1, and (b) compound 2. 

On the same note, activation energy (Ea) for proton conduction was calculated for 

compound 2 as well, based on the proton conductivity values obtained from the temperature-

dependent plots (Figure 5.7.b). The activation energy (Ea) for compound 2 is found to be 

0.66 eV. The value of activation energy lies predominantly in the range of vehicular 

mechanism. There are basically two principal mechanisms to explain the proton 

transportation in any material, the Grotthuss mechanism; which shows activation energies 

lower than 0.4 eV, and the vehicle mechanism; showing higher activation energies larger than 

0.4 eV.
21,22

 In our study, the proton transport in both the compounds has been majorly 

governed by vehicular mechanism; with the involvement of vehicles like, protonated water 

molecules.  

The temperature-dependence and humidity-variation conductivity studies have helped 

in uncovering the mechanistic pathway of the conduction of protons in the title compound. A 

major contribution towards the proton conductivity could definitely be attributed due to the 

tungsten-hydroxyl (−OH) groups present on the surface of POMs, which offer labile and 

dynamic hydrogen bonding networks by acting as both proton donor as well as acceptor and 
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by imparting admirable proton conduction with minimal energy barriers.
23,24

 In the hydrogen 

bonded network, the adsorbed water molecules aid in the migration of protons by utilizing the 

adjacent cation chain {–W(ONa)} (in case of 1), in enhancing the proton conductivity. Thus, 

existence of two-dimensional hydrogen bonded network and lattice water molecules in the 

skeleton of compound 1 and 2, prominently constitute a major factor for efficient proton 

conductivity of compound.
25,26

 

5.3.3.4. Long-term stability check 

Finally, we conducted a comprehensive assessment of the stability of conductivity 

values for pelletized compound 1 and 2 (see Appendix, Section A5.4). The long-term proton 

conductivity stability on the pelletized compound studies were carried out for 1 at 80 °C and 

it was found to be stable for 24 hours (Figure 5.8.a). Each data point was recorded at a time 

interval of 5 hours. The plot shows no fluctuation in the proton conductivity data obtained 

from the long-term stability experiment. Long-term proton conductivity experiment for a time 

period of 24 h validate the stability and reusability of compound 1 as solid proton conductors.  

 

Figure 5.8. Long-term proton conductivity measurements on the pelletized sample of (a) compound 1 for 24 

hours, (b) compound 2 for 10 hours. 

Correspondingly, our investigation demonstrated that compound 1 maintained its 

robustness, with conductivity values remaining nearly constant over a 10-hour period at 80°C 

(Figure 5.8.b). Notably, achieving and sustaining stable conductivity values over an extended 

duration can be a formidable challenge for POM clusters. 

It important to validate the structural integrity of the compound after the extensive 

proton conductivity experiments. Thus, FTIR and PXRD analyses have been performed on 

the pelletized samples after their long-term stability measurements. The FTIR spectra (Figure 
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A4.a, Appendix) have revealed that, the FTIR peaks exhibited by the compounds 1 and 2 

before the proton conductivity analyses have remained intact even after long-term studies. 

Similarly, PXRD profile of the post proton conductive sample material has been compared to 

the post-pelletized samples of 1 and 2 (Figure A4.b, Appendix). The peaks of the post-

analysis sample match well with the PXRD pattern of the post-pelletized ones.  

Overall, compounds 1 and 2 have displayed remarkable stability for a long period of 

time. Thus, they exhibit exceptional proton conductivity values compared to other 

compounds documented in the literature. Based on this compelling evidence, we propose that 

hydroxylated POM-based materials have demonstrated their potential as outstanding solid 

proton conductors. 

5.4. CONCLUSIONS 

The application of compound 1 and 2 in solid-state proton conduction in the range of 10
-1

 

offers a promising approach to harnessing the power of protons as charge carriers in fuel 

cells, emphasizing its potential in the development of advanced energy storage solutions. This 

research not only enriches our understanding of catalytic materials but also provides an 

important contribution to the ongoing efforts to mitigate the environmental impacts of energy 

generation and consumption. As we move forward, the findings presented in this article serve 

as a stepping stone for further research and innovation in the field of energy conversion and 

storage. 
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6.1. Concluding remarks 

The doctoral thesis entitled as “Functional Inorganic Materials for Heterogeneous 

Electrocatalytic Water Splitting and Proton Conduction” describes mainly about the 

utilization of an inorganic class of compounds, called polyoxometalates (POMs) for two 

imperative applications towards clean energy harnessing, viz. electrochemical water splitting 

and proton conduction. Varieties of POMs have been synthesized and extensively 

characterized and were thoroughly analysed and investigated for electrochemical studies. 

Thus, the works of this thesis mainly revolves around understanding or studying the behavior 

of functionalized POMs towards electrochemical water splitting and proton conduction.  

Chapter 1 aims to outline the current plight of ever-increasing energy demands in the world, 

the population's high dependency on depleting fossil fuels, and the severe urge to move 

towards feasible alternatives to quench energy needs. Progress towards these goals requires, 

in part, the development of advanced materials and their appropriate utilization for energy 

storage, conversion, and harnessing. In this respect, hydrogen (H2) is rising as an excellent 

fuel that can either be burnt or recombined with oxygen to release the stored energy in a fuel 

cell. One of the carbon-free methods to produce hydrogen includes electrochemical water 

splitting, where the development of electrocatalysts plays a vital role. Here, the basics of 

electrochemical water splitting, the reaction mechanisms involved, and the electrocatalysts 

utilized, particularly polyoxometalates (POMs) and metal-organic frameworks (MOFs) are 

briefed. Finally, advancement in fuel-cell technology with sufficient emphasis on the design 

of proton-conducting materials has also been discussed in this chapter. 

Chapter 2 revolves around synthesizing and structurally characterizing a 

{Bi(OH2)2}
3+

−functionalized Keggin polyoxometalate (POM) compound, 

K5[Bi(H2O)2SiW11O39]‧13H2O (K51‧13H2O) to employ them as electrocatalyst for water 

oxidation. However, K51‧13H2O per se is water soluble and unstable in the oxidation 

window of water oxidation, thus we encapsulated the functionalized Keggin POM anion 

[Bi(OH2)2SiW11O39]
5−

 inside the cavities of a well-known zeolite type framework material 

ZIF-8 keeping in mind that {Bi(OH2)2}
3+

 species on the surface of the POM has the potential 

to act as an active site for electrocatalytic water oxidation. The resulting host-guest type 

composite material H5[Bi(H2O)2SiW11O39]@ZIF8 (H51@ZIF8) functions as an efficient 

electrocatalyst for water oxidation. 
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Chapter 3 describes the synthesis of a  sole inorganic framework material 

[Li(H2O)4][{Cu
I
(H2O)1.5} {Cu

II
(H2O)3}2 {W

VI
12O36(OH)6}]‧N2‧H2S‧3H2O (LiCu3para-D), 

consisting of a hydroxylated polyoxometalate (POM) anion, {W
VI

12O36(OH)6}
6‒

, a mixed-

valent Cu(II)‒ and Cu(I)‒aqua cationic complex species, [{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2]

5+
, a 

Li(I)-aqua complex cation and three solvent molecules and its characterization. LiCu3para-D 

is found to be a bifunctional electrocatalyst showing oxygen evolution reaction (OER) by 

water oxidation and hydrogen evolution reaction (HER) by water reduction at the neutral pH. 

Various electrochemical experiments were performed to conclude that the title POM based 

material functions as a true bifunctional catalyst for electrocatalytic HER as well as OER at 

the neutral pH without catalyst reconstruction. 

Chapter 4 basically studies a tungsten-hydroxyl, W
VI

‒OH, tethered polyoxotungstate 

complex, Na6[{W
VI

0.75(OH)(ONa)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (POM-

MnW(OH)),  which has been structurally obtained as a 2-D framework. The presence of 

tungsten-hydroxyls on the surface of POM drove us to investigate electrocatalytic hydrogen 

evolution which showed excellent hydrogen evolution reaction (HER) activity with a TOF 

value of 1.81 s
-1

 and stability in terms of 1000 cyclic voltammetric cycles besides 10 hours of 

chronoamperometry in acidic buffer environment pH 4. POMs in acidic conditions shows its 

best stability and activity, thus, here the title compound has also exhibited an exemplary 

stability and promising catalytic activity. 

Chapter 5 has dealt two Krebs-type polyoxometalate clusters incorporated with cobalt- and 

manganese- aqua complexes. These POM compounds possess unique structural distinctness 

with the presence of hydroxyl groups grafted onto the surface of tungsten centers which are 

present as the core of sandwitched complex of {Bi
III

W
VI

9O33}
9‒ 

units. The compounds 

formulated as Na6[{Co
II
(H2O)3}2{W

VI
(OH)2}2{(Bi

III
W

VI
9O33)2}]·8H2O (1) and 

Na8H3[{W
VI

0.75(OH)(O)}2{Mn
II
(H2O)2}2{BiW

VI
9O33}2]∙18H2O (2), possessing labile protons 

and lattice- and coordinated water molecules encouraged us to perform proton conductivity 

studies. These compounds have been thoroughly studied for proton conductivity in its solid-

state and were found to be revealing conductivity values in the range of 10
-1

 Scm
-1

, which are 

extremely high as far as polyoxometalate compounds are concerned.  
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6.2. Future Scope 

The ranges of applications for polyoxometalates (POMs) based materials for energy 

harnessing are enormous and increasing on a daily basis, as the demand for the same are 

exponentially increasing. POMs, with their unique molecular structures and tunable 

properties, have emerged as versatile catalysts in the realm of photochemical reactions. As 

the world continues to grapple with the challenges of climate change and the need for cleaner 

energy sources, the application of POMs in these key processes offers a pathway toward 

more efficient and environmentally friendly solutions. Moreover, POMs can play a crucial 

role in the reduction of carbon dioxide, offering a sustainable approach to mitigating 

greenhouse gas emissions. By leveraging POMs' catalytic capabilities, researchers envision a 

future where these compounds contribute significantly to the development of efficient and 

selective processes for converting CO2 into valuable chemical feedstocks.  

 Additionally, POMs show promise in oxygen reduction reactions, essential in fuel 

cells and other energy conversion technologies. The controlled catalytic activity of POMs in 

these reactions can enhance the efficiency and longevity of oxygen reduction catalysts, 

paving the way for more robust and economically viable energy storage solutions. Beyond 

their applications in specific reactions, the utilization of POMs in photochemical processes 

aligns with the broader global objectives of achieving sustainable development goals. The 

future integration of POMs in water splitting, CO2 reduction, and oxygen reduction reactions 

not only addresses the pressing need for cleaner energy sources but also contributes to a 

greener and more sustainable future by reducing the environmental impact of traditional 

industrial processes. 

In future, polyoxometalate compounds can be taken forward for making composite 

materials for the applications mentioned above. Finally, POM or their composite materials 

can also be employed as nano-fillers in the proton exchange membranes (PEM) which further 

can enhance the conductivity of PEM and could be used in the fuel cells. 
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Section A2.1 Single crystal X-ray diffraction analysis of K51‧13H2O 

Bond distances (Å) and angles (°) for K51‧13H2O 

 

Bi(1)-O(8)  2.300(12) 

Bi(1)-O(6)  2.301(10) 

Bi(1)-O(7)  2.334(11) 

Bi(1)-O(5)  2.382(11) 

Bi(1)-O(41)  2.507(11) 

Bi(1)-O(34)#1  2.549(11) 

Bi(1)-O(14)#2  2.586(10) 

Bi(1)-O(40)  2.688(11) 

W(9)-O(34)  1.716(10) 

W(9)-O(7)  1.764(11) 

W(9)-O(33)  1.924(11) 

W(9)-O(35)  1.937(11) 

W(9)-O(30)  2.055(11) 

W(9)-O(3)  2.335(10) 

W(11)-O(32)  1.700(11) 

W(11)-O(15)  1.873(11) 

W(11)-O(19)  1.880(11) 

W(11)-O(31)  1.927(11) 

W(11)-O(33)  1.939(11) 

W(11)-O(3)  2.341(11) 

W(1)-O(14)  1.742(11) 

W(1)-O(5)  1.767(11) 

W(1)-O(15)  1.938(10) 

W(1)-O(11)  1.943(11) 

W(1)-O(16)  2.080(11) 

W(1)-O(1)  2.253(11) 

W(2)-O(9)  1.726(10) 

W(2)-O(6)  1.807(10) 

W(2)-O(11)  1.929(11) 

W(2)-O(10)  1.933(11) 

W(2)-O(12)  2.036(11) 

W(2)-O(1)  2.257(10) 

W(8)-O(36)  1.712(11) 

W(8)-O(8)  1.768(11) 

W(8)-O(35)  1.899(10) 

W(8)-O(38)  1.950(11) 

W(8)-O(26)  2.026(11) 

W(8)-O(4)  2.365(11) 

W(4)-O(17)  1.711(11) 

W(4)-O(16)  1.807(11) 

W(4)-O(18)  1.923(10) 

W(4)-O(19)  1.928(11) 

W(4)-O(20)  2.003(11) 

W(4)-O(2)  2.361(11) 

W(10)-O(29)  1.705(11) 

W(10)-O(30)  1.852(11) 

W(10)-O(28)  1.900(11) 

W(10)-O(23)  1.938(11) 

W(10)-O(31)  1.949(11) 

W(10)-O(3)  2.419(11) 

W(3)-O(39)  1.718(11) 

W(3)-O(12)  1.841(11) 

W(3)-O(13)  1.904(12) 

W(3)-O(18)  1.933(11) 

W(3)-O(21)  1.971(12) 

W(3)-O(2)  2.336(10) 

W(7)-O(37)  1.708(11) 

W(7)-O(10)  1.900(11) 

W(7)-O(13)  1.903(12) 

W(7)-O(27)  1.911(11) 

W(7)-O(38)  1.940(11) 

W(7)-O(4)  2.319(10) 

W(5)-O(22)  1.751(11) 

W(5)-O(20)  1.875(11) 

W(5)-O(23)  1.896(10) 

W(5)-O(24)  1.899(12) 
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W(5)-O(21)  1.909(11) 

W(5)-O(2)  2.323(11) 

W(6)-O(25)  1.715(11) 

W(6)-O(26)  1.867(11) 

W(6)-O(28)  1.916(11) 

W(6)-O(24)  1.926(11) 

W(6)-O(27)  1.930(11) 

W(6)-O(4)  2.400(11) 

 

O(8)-Bi(1)-O(6) 77.3(4) 

O(8)-Bi(1)-O(7) 76.1(4) 

O(6)-Bi(1)-O(7) 121.4(4) 

O(8)-Bi(1)-O(5) 122.3(4) 

O(6)-Bi(1)-O(5) 79.6(4) 

O(7)-Bi(1)-O(5) 72.5(4) 

O(8)-Bi(1)-O(41) 81.0(4) 

O(6)-Bi(1)-O(41) 77.0(4) 

O(7)-Bi(1)-O(41) 145.6(4) 

O(5)-Bi(1)-O(41) 141.9(4) 

O(8)-Bi(1)-O(34)#1 78.6(4) 

O(6)-Bi(1)-O(34)#1 143.1(4) 

O(7)-Bi(1)-O(34)#1 78.4(4) 

O(5)-Bi(1)-O(34)#1 137.2(3) 

O(41)-Bi(1)-O(34)#1 72.0(3) 

O(8)-Bi(1)-O(14)#2 145.5(4) 

O(6)-Bi(1)-O(14)#2 75.9(4) 

O(7)-Bi(1)-O(14)#2 137.2(4) 

O(5)-Bi(1)-O(14)#2 73.3(3) 

O(41)-Bi(1)-O(14)#2 72.1(3) 

O(34)#1-Bi(1)-O(14)#2 111.9(3) 

O(8)-Bi(1)-O(40) 139.9(4) 

O(6)-Bi(1)-O(40) 142.4(4) 

O(7)-Bi(1)-O(40) 75.6(4) 

O(5)-Bi(1)-O(40) 74.3(4) 

O(41)-Bi(1)-O(40) 108.4(3) 

O(34)#1-Bi(1)-O(40) 68.5(3) 

O(14)#2-Bi(1)-O(40) 71.0(3) 

O(34)-W(9)-O(7) 103.6(5) 

O(34)-W(9)-O(33) 99.1(5) 

O(7)-W(9)-O(33) 93.7(5) 

O(34)-W(9)-O(35) 101.2(5) 

O(7)-W(9)-O(35) 91.8(5) 

O(33)-W(9)-O(35) 157.0(4) 

O(34)-W(9)-O(30) 94.4(5) 

O(7)-W(9)-O(30) 162.0(5) 

O(33)-W(9)-O(30) 84.3(5) 

O(35)-W(9)-O(30) 83.6(5) 

O(34)-W(9)-O(3) 165.5(4) 

O(7)-W(9)-O(3) 89.9(4) 

O(33)-W(9)-O(3) 74.2(4) 

O(35)-W(9)-O(3) 83.5(4) 

O(30)-W(9)-O(3) 72.4(4) 

O(32)-W(11)-O(15) 102.5(5) 

O(32)-W(11)-O(19) 100.8(5) 

O(15)-W(11)-O(19) 87.8(5) 

O(32)-W(11)-O(31) 98.8(5) 

O(15)-W(11)-O(31) 158.7(5) 

O(19)-W(11)-O(31) 88.5(5) 

O(32)-W(11)-O(33) 100.2(5) 

O(15)-W(11)-O(33) 89.7(4) 

O(19)-W(11)-O(33) 158.9(5) 

O(31)-W(11)-O(33) 86.3(5) 

O(32)-W(11)-O(3) 171.9(4) 

O(15)-W(11)-O(3) 83.2(4) 

O(19)-W(11)-O(3) 85.1(4) 

O(31)-W(11)-O(3) 75.5(4) 

O(33)-W(11)-O(3) 73.8(4) 

O(14)-W(1)-O(5) 102.0(5) 

O(14)-W(1)-O(15) 102.2(5) 

O(5)-W(1)-O(15) 93.6(5) 

O(14)-W(1)-O(11) 95.5(5) 

O(5)-W(1)-O(11) 97.0(5) 

O(15)-W(1)-O(11) 156.9(5) 

O(14)-W(1)-O(16) 91.9(5) 
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O(5)-W(1)-O(16) 165.7(5) 

O(15)-W(1)-O(16) 79.9(4) 

O(11)-W(1)-O(16) 84.9(4) 

O(14)-W(1)-O(1) 168.2(4) 

O(5)-W(1)-O(1) 84.9(5) 

O(15)-W(1)-O(1) 86.8(4) 

O(11)-W(1)-O(1) 73.9(4) 

O(16)-W(1)-O(1) 82.0(4) 

O(9)-W(2)-O(6) 100.0(5) 

O(9)-W(2)-O(11) 96.1(5) 

O(6)-W(2)-O(11) 95.7(5) 

O(9)-W(2)-O(10) 102.5(5) 

O(6)-W(2)-O(10) 92.2(5) 

O(11)-W(2)-O(10) 158.3(4) 

O(9)-W(2)-O(12) 95.0(5) 

O(6)-W(2)-O(12) 164.7(4) 

O(11)-W(2)-O(12) 85.4(4) 

O(10)-W(2)-O(12) 81.8(4) 

O(9)-W(2)-O(1) 169.6(5) 

O(6)-W(2)-O(1) 84.1(4) 

O(11)-W(2)-O(1) 74.0(4) 

O(10)-W(2)-O(1) 86.8(4) 

O(12)-W(2)-O(1) 81.5(4) 

O(36)-W(8)-O(8) 104.5(5) 

O(36)-W(8)-O(35) 101.9(5) 

O(8)-W(8)-O(35) 93.3(5) 

O(36)-W(8)-O(38) 100.3(5) 

O(8)-W(8)-O(38) 90.4(5) 

O(35)-W(8)-O(38) 155.7(5) 

O(36)-W(8)-O(26) 95.2(5) 

O(8)-W(8)-O(26) 159.9(5) 

O(35)-W(8)-O(26) 86.0(4) 

O(38)-W(8)-O(26) 82.4(4) 

O(36)-W(8)-O(4) 164.4(5) 

O(8)-W(8)-O(4) 89.3(5) 

O(35)-W(8)-O(4) 84.3(4) 

O(38)-W(8)-O(4) 71.8(4) 

O(26)-W(8)-O(4) 70.7(4) 

O(17)-W(4)-O(16) 104.4(5) 

O(17)-W(4)-O(18) 99.6(5) 

O(16)-W(4)-O(18) 92.6(5) 

O(17)-W(4)-O(19) 103.9(5) 

O(16)-W(4)-O(19) 89.5(5) 

O(18)-W(4)-O(19) 155.1(5) 

O(17)-W(4)-O(20) 98.4(5) 

O(16)-W(4)-O(20) 157.1(5) 

O(18)-W(4)-O(20) 84.9(5) 

O(19)-W(4)-O(20) 83.7(5) 

O(17)-W(4)-O(2) 168.4(4) 

O(16)-W(4)-O(2) 85.4(4) 

O(18)-W(4)-O(2) 73.4(4) 

O(19)-W(4)-O(2) 82.1(4) 

O(20)-W(4)-O(2) 72.1(4) 

O(29)-W(10)-O(30) 100.4(5) 

O(29)-W(10)-O(28) 103.1(5) 

O(30)-W(10)-O(28) 91.8(5) 

O(29)-W(10)-O(23) 104.1(5) 

O(30)-W(10)-O(23) 155.4(5) 

O(28)-W(10)-O(23) 84.7(5) 

O(29)-W(10)-O(31) 98.4(5) 

O(30)-W(10)-O(31) 89.0(5) 

O(28)-W(10)-O(31) 158.0(5) 

O(23)-W(10)-O(31) 85.5(5) 

O(29)-W(10)-O(3) 169.6(5) 

O(30)-W(10)-O(3) 73.7(4) 

O(28)-W(10)-O(3) 85.9(4) 

O(23)-W(10)-O(3) 81.7(4) 

O(31)-W(10)-O(3) 73.3(4) 

O(39)-W(3)-O(12) 102.4(5) 

O(39)-W(3)-O(13) 101.7(5) 

O(12)-W(3)-O(13) 87.6(5) 

O(39)-W(3)-O(18) 98.7(5) 

O(12)-W(3)-O(18) 91.9(5) 

O(13)-W(3)-O(18) 159.2(5) 
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O(39)-W(3)-O(21) 99.3(5) 

O(12)-W(3)-O(21) 158.2(5) 

O(13)-W(3)-O(21) 87.6(5) 

O(18)-W(3)-O(21) 85.1(5) 

O(39)-W(3)-O(2) 169.1(5) 

O(12)-W(3)-O(2) 86.0(4) 

O(13)-W(3)-O(2) 85.4(4) 

O(18)-W(3)-O(2) 73.8(4) 

O(21)-W(3)-O(2) 72.5(4) 

O(37)-W(7)-O(10) 99.3(5) 

O(37)-W(7)-O(13) 102.2(5) 

O(10)-W(7)-O(13) 86.0(5) 

O(37)-W(7)-O(27) 101.1(5) 

O(10)-W(7)-O(27) 159.6(5) 

O(13)-W(7)-O(27) 88.6(5) 

O(37)-W(7)-O(38) 99.6(5) 

O(10)-W(7)-O(38) 91.1(5) 

O(13)-W(7)-O(38) 158.2(5) 

O(27)-W(7)-O(38) 86.7(5) 

O(37)-W(7)-O(4) 172.0(5) 

O(10)-W(7)-O(4) 84.1(4) 

O(13)-W(7)-O(4) 85.2(4) 

O(27)-W(7)-O(4) 75.9(4) 

O(38)-W(7)-O(4) 73.0(4) 

O(22)-W(5)-O(20) 99.9(5) 

O(22)-W(5)-O(23) 101.4(5) 

O(20)-W(5)-O(23) 91.5(5) 

O(22)-W(5)-O(24) 100.7(5) 

O(20)-W(5)-O(24) 159.5(5) 

O(23)-W(5)-O(24) 84.7(5) 

O(22)-W(5)-O(21) 100.0(5) 

O(20)-W(5)-O(21) 88.4(5) 

O(23)-W(5)-O(21) 158.3(5) 

O(24)-W(5)-O(21) 87.8(5) 

O(22)-W(5)-O(2) 172.0(4) 

O(20)-W(5)-O(2) 75.2(4) 

O(23)-W(5)-O(2) 85.2(4) 

O(24)-W(5)-O(2) 84.4(4) 

O(21)-W(5)-O(2) 73.8(4) 

O(25)-W(6)-O(26) 103.5(5) 

O(25)-W(6)-O(28) 101.7(5) 

O(26)-W(6)-O(28) 88.7(5) 

O(25)-W(6)-O(24) 100.6(5) 

O(26)-W(6)-O(24) 155.8(5) 

O(28)-W(6)-O(24) 84.3(5) 

O(25)-W(6)-O(27) 98.3(5) 

O(26)-W(6)-O(27) 88.8(5) 

O(28)-W(6)-O(27) 159.9(5) 

O(24)-W(6)-O(27) 89.8(5) 

O(25)-W(6)-O(4) 170.8(5) 

O(26)-W(6)-O(4) 72.4(4) 

O(28)-W(6)-O(4) 86.7(4) 

O(24)-W(6)-O(4) 84.0(4) 

O(27)-W(6)-O(4) 73.6(4) 

O(1)-Si(1)-O(3) 112.5(6) 

O(1)-Si(1)-O(4) 110.6(6) 

O(3)-Si(1)-O(4) 108.6(6) 

O(1)-Si(1)-O(2) 107.9(6) 

O(3)-Si(1)-O(2) 108.1(6) 

O(4)-Si(1)-O(2) 109.1(6) 

W(10)-O(30)-W(9) 121.9(5) 

W(9)-O(33)-W(11) 120.3(5) 

W(11)-O(15)-W(1) 155.3(6) 

W(8)-O(35)-W(9) 145.8(6) 

W(4)-O(18)-W(3) 121.2(5) 

W(11)-O(32)-K(5) 140.8(6) 

W(11)-O(31)-W(10) 120.9(5) 

W(9)-O(34)-Bi(1)#1 156.8(6) 

W(7)-O(38)-W(8) 122.0(6) 

W(2)-O(6)-Bi(1) 133.8(5) 

W(1)-O(5)-Bi(1) 132.5(6) 

W(11)-O(19)-W(4) 147.4(7) 

W(10)-O(28)-W(6) 151.8(6) 

W(2)-O(11)-W(1) 116.5(5) 



130 
 

W(4)-O(16)-W(1) 151.2(6) 

W(7)-O(10)-W(2) 153.2(6) 

W(6)-O(26)-W(8) 124.4(6) 

W(9)-O(7)-Bi(1) 154.9(6) 

W(5)-O(21)-W(3) 120.9(6) 

W(5)-O(20)-W(4) 120.7(6) 

W(7)-O(13)-W(3) 149.7(7) 

W(5)-O(23)-W(10) 152.7(7) 

W(5)-O(24)-W(6) 153.0(6) 

W(7)-O(27)-W(6) 120.6(6) 

W(8)-O(8)-Bi(1) 154.4(6) 

W(3)-O(12)-W(2) 150.9(6) 

W(1)-O(14)-Bi(1)#2 138.3(5) 

Si(1)-O(3)-W(9) 123.6(6) 

Si(1)-O(3)-W(11) 123.6(6) 

W(9)-O(3)-W(11) 91.6(4) 

Si(1)-O(3)-W(10) 125.9(6) 

W(9)-O(3)-W(10) 91.9(4) 

W(11)-O(3)-W(10) 90.2(3) 

Si(1)-O(1)-W(1) 127.2(6) 

Si(1)-O(1)-W(2) 128.4(6) 

W(1)-O(1)-W(2) 93.8(4) 

Si(1)-O(4)-W(7) 124.9(6) 

Si(1)-O(4)-W(8) 123.0(6) 

W(7)-O(4)-W(8) 93.1(4) 

Si(1)-O(4)-W(6) 123.9(6) 

W(7)-O(4)-W(6) 89.9(4) 

W(8)-O(4)-W(6) 92.6(4) 

Si(1)-O(2)-W(5) 125.9(6) 

Si(1)-O(2)-W(3) 122.1(6) 

W(5)-O(2)-W(3) 92.8(4) 

Si(1)-O(2)-W(4) 123.4(6) 

W(5)-O(2)-W(4) 92.0(4) 

W(3)-O(2)-W(4) 91.3(4) 

 

Symmetry transformations used to generate equivalent atoms: #1 -x,-y+1,-z+1    #2 -x+1,-y+1,-z+1    

#3 -x,-y,-z+1  #4 -x+1,-y+2,-z+1    #5 x-1,y-1,z    #6 x+1,y+1,z  #7 -x+1,-y+1,-z+2    #8 x-1,y,z    #9 

x,y-1,z    #10 x+1,y,z  #11 -x+2,-y+1,-z+2    #12 -x+3,-y+2,-z+2    #13 -x+2,-y+2,-z+2 #14 x,y+1,z 

 

Bond Valence Sum (BVS) Calculations 

Bond valence calculation. Numbers in brackets after atom symbols are 

at.no., r and c - see O"Keeffe and Brese, J.A.C.S. 1991, 113, 3226 

......Bi1                                                                        

  

  Bi (83, 1.54, 1.67)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 2.12  2.30   .62  

                      -O  ( 8,  .63, 3.15) 2.12  2.30   .61  

                      -O  ( 8,  .63, 3.15) 2.12  2.33   .56  

                      -O  ( 8,  .63, 3.15) 2.12  2.38   .49  

                      -O  ( 8,  .63, 3.15) 2.12  2.59   .28  

                      -O  ( 8,  .63, 3.15) 2.12  2.55   .31  

  

  Bond valence sum for Bi  2.88 

  

......W1                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.74  1.67  
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                      -O  ( 8,  .63, 3.15) 1.93  1.77  1.56  

                      -O  ( 8,  .63, 3.15) 1.93  1.94   .98  

                      -O  ( 8,  .63, 3.15) 1.93  1.94   .97  

                      -O  ( 8,  .63, 3.15) 1.93  2.08   .67  

                      -O  ( 8,  .63, 3.15) 1.93  2.25   .42  

  

  Bond valence sum for W   6.28 

  

......W2                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.73  1.75  

                      -O  ( 8,  .63, 3.15) 1.93  1.81  1.40  

                      -O  ( 8,  .63, 3.15) 1.93  1.93  1.01  

                      -O  ( 8,  .63, 3.15) 1.93  1.93  1.00  

                      -O  ( 8,  .63, 3.15) 1.93  2.04   .76  

                      -O  ( 8,  .63, 3.15) 1.93  2.26   .42  

  

  Bond valence sum for W   6.33 

  

......W3                                                                         

   W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.72  1.78  

                      -O  ( 8,  .63, 3.15) 1.93  1.84  1.28  

                      -O  ( 8,  .63, 3.15) 1.93  1.90  1.08  

                      -O  ( 8,  .63, 3.15) 1.93  1.93  1.00  

                      -O  ( 8,  .63, 3.15) 1.93  1.97   .90  

                      -O  ( 8,  .63, 3.15) 1.93  2.34   .34  

  

  Bond valence sum for W   6.38 

  

......W4                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.71  1.82  

                      -O  ( 8,  .63, 3.15) 1.93  1.81  1.40  

                      -O  ( 8,  .63, 3.15) 1.93  1.92  1.03  

                      -O  ( 8,  .63, 3.15) 1.93  1.93  1.01  

                      -O  ( 8,  .63, 3.15) 1.93  2.00   .83  

                      -O  ( 8,  .63, 3.15) 1.93  2.36   .31  

  

  Bond valence sum for W   6.40 

  

......W5                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.75  1.63  

                      -O  ( 8,  .63, 3.15) 1.93  1.88  1.17  

                      -O  ( 8,  .63, 3.15) 1.93  1.90  1.10  

                      -O  ( 8,  .63, 3.15) 1.93  1.90  1.09  

                      -O  ( 8,  .63, 3.15) 1.93  1.91  1.07  

                      -O  ( 8,  .63, 3.15) 1.93  2.32   .35  

  

  Bond valence sum for W   6.41 
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......W6                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.72  1.80  

                      -O  ( 8,  .63, 3.15) 1.93  1.87  1.19  

                      -O  ( 8,  .63, 3.15) 1.93  1.92  1.05  

                      -O  ( 8,  .63, 3.15) 1.93  1.93  1.02  

                      -O  ( 8,  .63, 3.15) 1.93  1.93  1.01  

                      -O  ( 8,  .63, 3.15) 1.93  2.40   .28  

  

  Bond valence sum for W   6.34 

  

......W7                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.71  1.83  

                      -O  ( 8,  .63, 3.15) 1.93  1.90  1.09  

                      -O  ( 8,  .63, 3.15) 1.93  1.90  1.08  

                      -O  ( 8,  .63, 3.15) 1.93  1.91  1.06  

                      -O  ( 8,  .63, 3.15) 1.93  1.94   .98  

                      -O  ( 8,  .63, 3.15) 1.93  2.32   .35  

  

  Bond valence sum for W   6.40 

  

......W8                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.71  1.81  

                      -O  ( 8,  .63, 3.15) 1.93  1.77  1.56  

                      -O  ( 8,  .63, 3.15) 1.93  1.90  1.09  

                      -O  ( 8,  .63, 3.15) 1.93  1.95   .95  

                      -O  ( 8,  .63, 3.15) 1.93  2.03   .78  

                      -O  ( 8,  .63, 3.15) 1.93  2.37   .31  

  

  Bond valence sum for W   6.51 

  

......W9                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.72  1.79  

                      -O  ( 8,  .63, 3.15) 1.93  1.76  1.58  

                      -O  ( 8,  .63, 3.15) 1.93  1.92  1.02  

                      -O  ( 8,  .63, 3.15) 1.93  1.94   .99  

                      -O  ( 8,  .63, 3.15) 1.93  2.06   .72  

                      -O  ( 8,  .63, 3.15) 1.93  2.34   .34  

  

  Bond valence sum for W   6.43 

  

......W10                                                                        

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.71  1.85  

                      -O  ( 8,  .63, 3.15) 1.93  1.81  1.40  

                      -O  ( 8,  .63, 3.15) 1.93  1.92  1.03  

                      -O  ( 8,  .63, 3.15) 1.93  1.93  1.01  
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                      -O  ( 8,  .63, 3.15) 1.93  2.00   .83  

                      -O  ( 8,  .63, 3.15) 1.93  2.36   .31  

  

  Bond valence sum for W   6.43 

  

......W11                                                                        

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.70  1.87  

                      -O  ( 8,  .63, 3.15) 1.93  1.87  1.17  

                      -O  ( 8,  .63, 3.15) 1.93  1.88  1.15  

                      -O  ( 8,  .63, 3.15) 1.93  1.93  1.01  

                      -O  ( 8,  .63, 3.15) 1.93  1.94   .98  

                      -O  ( 8,  .63, 3.15) 1.93  2.34   .33  

  

  Bond valence sum for W   6.53 

  

......Si1                                                                        

  

  Si (14, 1.12, 1.58)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.70  1.61  1.27  

                      -O  ( 8,  .63, 3.15) 1.70  1.59  1.33  

                      -O  ( 8,  .63, 3.15) 1.70  1.64  1.17  

                      -O  ( 8,  .63, 3.15) 1.70  1.65  1.16  

  

  Bond valence sum for Si  4.93 

Section A2.2. Raman spectral study 

 

Figure A2.1. Raman spectrum of K8[SiW11O39]‧13H2O (SiW11) and K51‧13H2O. The newly arose Raman bands 

in K51‧13H2O are marked with a star (    ) symbol and Raman shifts are given with shaded boxes. 

Section A2.3. ICP-OES analysis of K51‧13H2O 
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Figure A2.2. ICP-OES analysis of K51‧13H2O. 

Section A2.4. Thermogravimetric study of K51‧13H2O 

 

Figure A2.3. TGA profile of K51‧13H2O. 

 

H51@ZIF8 analyses: 

Section A2.5. ICP-OES analysis of  H51@ZIF8 
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Figure A2.4. ICP-OES analysis of H51@ZIF8. 

The elemental composition of H51@ZIF8 composite is obtained from ICP-OES. The ICP-

OES data supplies a strong evidence for the elements present and their composition.  

Calculation of unit cell occupancy by POM units 

From the ICP-OES analysis data, Bi has the lowest molar mass percentage. Considering Bi 

composition to be unity, the composition of W and Zn are calculated. 

Bi W  Zn 

1 11.8057 31.8585 

Now, each unit cell of ZIF-8 consists of 24 (C8H10N4Zn) units (from SCXRD). 4 Zn ions are 

situated on each face of the unit cell. Thus, each of the Zn is shared between two adjacent 

unit cells. 

Therefore, contribution per Zn = ½. 

Effective number of Zn in each unit cell = 24 × ½ =12 

Thus, each unit cell has 12(C8H10N4Zn) units. 

From the calculated composition of elements from the ICP-OES data, we can derive at the 

unit cell occupancy of K51‧13H2O in ZIF-8 cavities, to be 2.65 (⁓3) cages of ZIF-8 for each 

K51‧13H2O.  

So, the unit cell occupancy of K51‧13H2O should be approximately one K51‧13H2O unit per 

3 unit cells of ZIF-8. 

Empirical formula of H51@ZIF8 from ICP-OES analysis 

The empirical formula can be derived from the molar ratio between Bi and Zn. Thus, it is 

given as (C8H10N4Zn)(H5Bi(H2O)SiW11O39)0.0322. This indicates that the loading level of 

K51‧13H2O in the cavities of ZIF-8 is found to be comparatively low. 
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Section A2.6. Average crystallite size calculation of ZIF-8 and H51@ZIF8 using 

Scherrer’s equation 

The average crystallite size of any material can be calculated from its PXRD profile using 

Scherrer’s equation, which is formulated as: 

D = Kλ/βcosθ           …. (1) 

D – crystallite size (nm) 

K – Scherrer’s constant (0.90) 

λ – wavelength of the X-ray source (0.15406 nm) 

β – Full width half maximum of intense PXRD peaks (rad), see Table below.  

θ – Bragg angle (rad), see Table below.  

Equation (1) gives the crystallite size value corresponding to each diffraction peak. 

Crystallite size for the intense diffraction peaks from the PXRD profile are separately 

calculated and thereby deriving the average value of crystallite size for the material under 

consideration.
6
 

Table for crystallite size calculation of ZIF-8:  

2θ θ FWHM β (°) Crystallite size D (nm) 

7.17428 3.58714 0.24923 31.9379  

10.21851 5.109255 0.24339 32.77037  

12.56834 6.28417 0.24966 32.01279  

16.29116 8.14558 0.2708 29.63535  

17.8766 8.9383 0.28147 28.57125  

21.98018 10.99009 0.25544 31.68144 

24.35625 12.17813 0.28774 28.24487 

26.52911 13.26456 0.31481 25.92689  

29.51706 14.75853 0.32275 25.45416 

30.45236 15.22618 0.31763 25.92106 

31.36397 15.68199 0.32802 25.15528 

32.22946 16.11473 0.33301 24.8317 

34.80237 17.40119 0.30237 27.5335 
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Average crystallite size for ZIF-8 = 
              

  
  

          = 28.436 nm 

Table for crystallite size calculation of H51@ZIF8: 

2θ θ FWHM β (°) Crystallite size D (nm) 

6.92868 3.46434 1.27895 6.222943 

10.07994 5.03997 0.19953 39.96955 

12.42383 6.211915 0.19452 41.08169 

16.14285 8.071425 0.22247 36.06677 

17.72557 8.862785 0.22866 35.16264 

21.82379 10.9119 0.28178 28.71237 

24.19875 12.09938 0.27168 29.90569 

26.37339 13.1867 0.31783 25.67233 

29.35388 14.67694 0.42378 19.37858 

30.28003 15.14002 0.44056 18.68065 

31.2022 15.6011 0.49956 16.51088 

32.08802 16.04401 0.33771 24.4774 

34.6271 17.31355 0.28598 29.09758 

Similarly, Average crystallite size for H51@ZIF8 = 
              

  
  

               = 26.995 nm 

Thus, we have calculated the average crystallite size for ZIF-8 and the composite 

H51@ZIF8 by following the above method and found to be 28.436 nm and 26.995 nm 

respectively. 

Section A2.7. HRTEM-EDS and FESEM-EDX elemental mapping on H51@ZIF8 

composite material 

 

(a) HRTEM-EDS mapping 
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Figure A2.5. HRTEM-EDS elemental mapping on H51@ZIF8 composite: (a) hexagonal particle, (b) mixed 

elemental mapping, (c) zinc,  (d) silicon, (e) tungsten and (f) bismuth. 

(b) FESEM-EDX mapping 

 

Figure A2.6. FESEM-EDX elemental mapping on H51@ZIF8 composite. 

Section A2.8. Thermogravimetric study 

The thermogravimetric analyses for the compounds ZIF-8 and H51@ZIF8 are carried out 

under N2 atmosphere upto a temperature of 800 ℃. There is an initial loss of weight upto 400 

℃ observed in H51@ZIF8 composite as well as in ZIF-8. This can be attributed to the loss of 

bismuth coordinated water molecules and slow degradation of the host MOF in the composite 

H51@ZIF8, whereas in the case of ZIF-8, the concerned weight loss could be assigned to the 

collapse of MOF framework.  
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Figure A2.6. Thermogravimetric analysis of ZIF-8 and H51@ZIF8. 

Section A2.9. Si2p XPS spectral analysis of K51‧13H2O and H51@ZIF8 

 

Figure A2.7. Si2p core level XPS spectrum of (a) K51‧13H2O and (b) H51@ZIF8. 

Electrochemical studies: 

Section A2.10. PXRD profiles of H51@ZIF8 immersed in different electrolytes 
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Figure A2.8. PXRD profiles of composite H51@ZIF8 after its dipping for more than half an hour in different 

electrolytes of three different pH values (4.0, 7.0 and 13.0). The aqueous suspensions were filtered and the 

solids were dried at room temperature.  

Section A2.11. Differential pulse voltammogram (DPV) profile of H51@ZIF8 

 

Figure A2.9. Differential pulse voltammogram (DPV) of H51@ZIF8 was recorded in 0.1 M phosphate solution 

of (a) acidic pH 4 (b) neutral pH; and (c) in 0.1 M KOH solution of pH 13. The DPV was performed using the 

50 mV pulse for 100 ms time and 5 mV step height for 80 ms step width and the integration time was 5 ms. 

Section A2.12. Electrochemical stability of H51@ZIF8 

 

Figure A2.10. Cycling stability analysis of H51@ZIF8 for oxygen evolution reaction was done for 100 CV 

cycles with a scan rate of 100 mVs
-1

; in 0.1 M phosphate electrolyte (a) at pH 4, (b) at pH 7 and (c) in an 

alkaline pH 13 electrolyte of 0.1M KOH. 
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Section A2.13. Post-electrolysis electrode material characterization  

(a) ICP-OES analysis of post electrolysis electrolyte 

 

 

Figure A2.11. ICP-OES analysis report of the electrolyte after OER at pH 13. 

(b) Electronic spectra of post electrolysis electrolyte 

 

Figure A2.12. UV-visible spectra of H51@ZIF8 recorded before (black line) and after (red line) electrolysis at 

(a) acidic pH 4 (0.1M) phosphate electrolyte (b) neutral pH 7 (0.1 M) phosphate buffer electrolyte and (c) 

alkaline pH 13 (0.1 M KOH) electrolyte. 

 

(c) XPS analyses 
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Figure A2.13. XPS survey scans of composite H51@ZIF8: (a) before electrolysis (b) after electrolysis at pH 13. 

F1s peak is from FTO plate.  

 

Figure A2.14. Core level XPS scans of Bi4f of composite H51@ZIF8: before electrolysis and after OER 

electrolysis at pH 13. 

 

(d) FTIR spectra 

 

Figure A2.15. FTIR profiles showing the before and after OER analysis on H51@ZIF8 films at different pH 

electrolytes. 

(e) Raman spectra 

 

Figure A2.16. Raman spectral analysis of H51@ZIF8 electrode material after CPE at pH 4. 
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Figure A2.17. Raman spectral analysis of H51@ZIF8 electrode material after CPE at pH 7. 

 

Figure A2.18. Raman spectral analysis of H51@ZIF8 electrode material after CPE at pH 13. 

 

(f) FESEM-EDX analysis:  
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Figure A2.19. FESEM-EDX analysis of H51@ZIF8-CPE electrode material performed before electrolysis. 

 

Figure A2.20. FESEM-EDX analysis of H51@ZIF8-CPE electrode material performed after OER at acidic pH 

4. 
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Figure A2.21. FESEM-EDX analysis of H51@ZIF8-CPE electrode material performed after OER at neutral 

pH. 

 

 

Figure A2.22. FESEM-EDX analysis of H51@ZIF8-CPE electrode material performed after OER at pH 13. 

Section A2.14. Scan rate variation 
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Figure A2.23. Scan rate variation cyclic voltammogram of H51@ZIF8 performed at (a) acidic pH 4 (0.1 M) 

phosphate solution, (b) neutal pH 7 (0.1 M) phosphate buffer and (c) alkaline pH 13 (0.1M) KOH. 

Section A2.15. Tafel data analysis 

Tafel data collection was conducted in a galvanostatic mode by applying a constant current 

for 10 minutes and recording the corresponding steady state potential obtained. In a similar 

way, different currents values were applied in the range of 10
-5

 to 10
-3

 amperes and steady 

state potential were recorded. The electrolyte solution was continuously stirred at 480 rpm 

throughout the experiment. Prior to the Tafel data collection, solution resistance was obtained 

from the instrument iR function. The resistance value was used to correct the uncompensated 

cell resistance manually for each current value. 
 

Table A2.1. Several ZIF-8 caged OER electrocatalysts working in acidic, neutral and 

alkaline conditions. 

Catalysts Electrolyte (pH)  j (mAcm
-2

) Overpotential 

(mV) 

Tafel slope 

(mVdec
-1

) 

     Ref 

POM@ZIF-8 0.1 M Na2SO4 (7) 1 784.19 783.62 40 (main 

text) 

 

CTMZ-8 

0.1 M KCl (7) 1 387 210  

7 0.1 M KCl (2) 1 562 253.68 

FSWZ-8 0.1 M KCl (7) 1 516 344.4             8 

SiW9Co3@ZIF-8 0.1 M KOH (13) 10 273 69.4 9 

ZIF-8@ZIF-

67@POM 

1 M KOH (13) 10 490 88 10 

 

 

H51@ZIF8 

0.1 M KOH (13) 1 375 188  

 

Present 

work 

0.1 M phosphate 

buffer (7) 

1 585.21 233 

0.1 M phosphate 

solution (4) 

1 830.1 448 
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Section A2.16. Faradaic efficiency calculation 

 

Figure A2.24. The above figure shows the complete bulk electrolysis setup on which the quantitative 

measurement of O2 evolution for H51@ZIF8 was carried out. The working electrode is the stainless steel mesh 

and Pt wire is the counter electrode. The experiment is performed with a two-electrode set up which is visible 

from the image. The inverted graduated glass tube shows the amount of O2 that evolved during the OER. The 

real-time O2 bubbles are captured during the experiment. 

 

The Faradaic efficiency can be calculated by bulk electrolysis where a constant current was 

applied for a period of time using a two-electrode cell.
1 

The sample coated on stainless steel 

mesh with a surface area of 1 cm
2 

(1.5 cm
2 
for pH 13)

 
was the working electrode (anode here) 

and a long platinum wire was used as the counter electrode. A loading of 1 mg/cm
2
 was 

utilized on stainless steel mesh. A homemade setup was used for the quantitative oxygen 

evolution studies (which has two different chambers to separate the gases, oxygen, which will 

be collected in an inverted graduated tube with a precision of 0.05 mL, and hydrogen, 

collected in a separate chamber). The electrolysis was performed by applying a current 

density of 1 mAcm
-2

. The oxygen bubbles initially were formed on the surface of the 

electrode and later were collected at the top of the inverted tube displacing the electrolyte. 

The H2 gas bubbles were formed as a ring on the outer counter electrodic chamber and were 

not mixed with the O2 bubbles due to the inverted tube setup. This way the amount of oxygen 

gas evolved was quantified. 

The Faradaic efficiency can be calculated by bulk electrolysis where a constant current was 

applied for a period of time using a two-electrode cell. 
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Calculation of Faradaic Efficiency 

Faradaic efficiency is defined as the efficiency with which charge is transferred in a system 

facilitating an electrochemical reaction.  

Faradaic efficiency can be formulated as 
                                                

                                                   
*100 

The quantitative oxygen evolution by bulk electrolysis was carried out in different pH 

solutions of acidic pH 4.0 and neutral pH 7.0 (in 0.1 M potassium phosphate electrolyte) and 

0.1 M KOH of pH 13.0 electrolytic solution. The Faradaic efficiency was calculated for all 

the cases. 

Case I: in acidic pH 4 potassium phosphate electrolyte 

From the bulk electrolysis, O2 evolved with the current density of 1 mAcm
-2

 was found to be 

0.2 mL/hour, at 1 atm pressure. 

Thus, No. of moles of O2 evolved = 
   

     
 = 8.9285 x 10

-6
 mol 

O2 ideally evolved = 
                   

                                                         
 

Here a current density of 1 mAcm
-2

 was employed and ‘n‘ = 4 for OER ( as it is a 4 electron reaction)  

Hence,  O2 ideally evolved = (0.001 A x 3600 s)/(4 x 96500 C) = 9.3264 x 10
-6

 mol. 

Therefore, Faradaic efficieny was found out to be 95.7%. 

Case. II: in neutral pH 7 potassium phosphate buffer 

From the bulk electrolysis, O2 evolved with the current density of 1 mAcm
-2

 was found to be 

0.183 mL/hour, at 1 atm pressure. 

No. of moles evolved = 0.183/22400 = 8.1696 x 10
-6

 mol 

Thus, Faradaic efficiency obtained was 87.6%. 

Case III : in pH 13 potassium hydroxide electrolyte 

For 0.1 M KOH, the amount of oxygen evolved on applying a current of 1.5 mA for 1.5 cm
-2 

was found to be 0.25 mL/1 hour at 1 atm pressure. 

No. of moles evolved = 0.25/22400 = 1.11607 x 10
-5

 mol 

Hence,  O2 ideally evolved = (0.0015 A x 3600 s)/(4 x 96500 C) = 1.3989 x 10
-5

 mol. 

Therefore, Faradaic efficieny was found out to be 79.8%. 

Section A2.17. Turnover Frequency (TOF) calculation 

Calculation of surface coverage and number of catalytically active atoms 
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The calculation of active surface coverage area on the surface of electrode is done using a 

method reported previously by our group. A graph of ip vs scan rate has been constructed for 

all the pH values of which the slope value is used in the formula (1) for the measuring surface 

coverage (Γ0). 

Slope = n
2
F

2
AΓ0/4RT ............. (1) 

where, 

n = no. of electrons involved, here it is 2. For Bi(III)→Bi(V) conversion 

F = 96500 C/mol; R= 8.314 J/mol K (ideal gas constant); T=298 K;  

A= 0.071 cm
2
 = geometrical surface area of GC electrode. 

T = temperature during experiment = 298 K 

Γ0 ‒ surface density of active bismuth atoms 

Calculation of Turn over Frequency (TOF) from Tafel plot 

TOF at any given over potential = 
                                        

                                        
          ……  (1)         

Here, 4 is the number of electrons involved in OER. The TOF was calculated at current 

density of 1 mA/cm
2
 or 0.001 A/cm

2
. 

Case I: at alkaline pH 13.0  

 

Figure A2.25. A graph of i vs scan rate was constructed for pH 13. 

Slope = 5.5592 × 10
-4

;  Γ0 = (Slope)(4RT)/ n
2
F

2
A 

or, Γ0 = (5.5592 × 10
-4

 ×4 × 8.314 ×298) / {(2)
2 

× (96500)
2 

×0.071} = 2.083 × 10
-9

  

Thus, at pH 13.0,  we obtained surface density of active bismuth atoms as 2.083 × 10
-9

 

mol/cm
2
. 

Thus the TOF at the given overpotential, 
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              0.001 

                                                                                                                                      

                                                                                                                                       

Thus (TOF)j=1 mA/cm
2
 = 1.24  s

-1
 at pH 13.0 

Case II: at neutral pH 7.0 

 

Figure A2.26. A graph of i vs scan rate was constructed for pH 7. 

Slope = 1.1717 × 10
-4

;  Γ0 = (Slope)(4RT)/ n
2
F

2
A 

or, Γ0 = (1.1717 × 10
-4

 ×4 × 8.314 ×298) / {(2)
2 

× (96500)
2 

×0.071} = 4.3906 × 10
-10

  

Thus, at pH 7.0,  we obtained surface density of active bismuth atoms as 4.3906 × 10
-10

 

mol/cm
2
. 

Accordingly,  

              0.001 

                                                                                                                                      

                                                                                                                                       

Thus (TOF)j=1 mA/cm
2
 = 5.90 s

-1
 at pH 7.0 

Case III: at acidic pH 4.0 

TOF = 

4   96500   2.083 × 10
-9 

TOF = 

4   96500   4.3906 × 10
-10 
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Figure A2.27. A graph of i vs scan rate was constructed for pH 4. 

Slope = 7.4096 × 10
-4

;  Γ0 = (Slope)(4RT)/ n
2
F

2
A 

or, Γ0 = (7.4096 × 10
-4

 ×4 × 8.314 ×298) / {(2)
2 

× (96500)
2 

×0.071} = 2.7766 × 10
-9

  

Thus, at pH 4.0, we obtained surface density of active bismuth atoms as 2.7766 × 10
-9

 

mol/cm
2
. 

Therefore,  

        0.001 

                                                                                                                                      

                                                                                                                                       

Thus (TOF)j=1 mA/cm
2
 = 0.93 s

-1
   at pH 4.0 

Table A2.2. Comparison table for TOF values of a series of OER catalysts. 

Catalysts TOF (s-1) References 

Co-WOC-1 0.05 Angew. Chem. Int. Ed. 2016, 55, 2425 –2430 

Y-CoII(H2O)2 0.35 Chem. Eur. J. 2017, 23, 8051 – 8057 

CoOx@G-Ph-SN 1.2 Chem. Sci., 2017, 8, 6111-6116 

Nickel(II) porphyrin complex 1 0.67 Inorg. Chem. 2015, 54, 5604−5613 

Co(PO3)2 0.21 Adv. Funct. Mater. 2013, 23, 227–233 

 

H51@ZIF8 

0.93 (pH 4.0)  

Present work 
5.90 (pH 7.0) 

1.24 (pH 13.0) 

 

Section A2.18. Oxygen Analysis by Gas Chromatography 

TOF = 
4   96500   2.7766 × 10

-9 
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For identifying the gas evolved during electrolysis, bulk electrolysis (constant current) has 

been carried out using a two-electrode system, where the stainless-steel mesh was used as 

working electrode (anode) and a large area platinum flag was used as a counter electrode (or 

cathode in the present case) in phosphate buffer of pH 7.0. The electrolysis was carried out by 

applying a constant current density of 2 mAcm
-2

 for a period of 6 h. The head space of the 

electrolysis cell was purged with high purity N2 gas for 1 h prior to electrolysis. Portion of 

gas mixtures in the head space of the electrolysis cell was directly injected into injection port 

of GC instrument (equipped with TCD detector) in order to know the composition of the 

evolved gas mixture over time. Below is the gas chromatographic trace of the gas mixture 

before and after electrolysis. The retention peak at around 2.5 corresponds to O2 and around 

3.5 corresponds to nitrogen. Increase in peak area of the oxygen in the plot clearly indicates 

evolution of oxygen gas over the experiment. 

Before electrolysis: 

 

Figure A2.28. Gas chromatogram of the aerial gas. 

After electrolysis: 

 

Figure A2.29. Gas chromatogram of the gas produced in OER bulk electrolysis. 
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Physical Characterizations 

Section A3.1. Single Crystal X-ray Diffraction (SCXRD) analysis 

 

Figure A3.1. Compound [Li(H2O)4][{Cu
I
(H2O)1.5}{Cu

II
(H2O)3}2{W

VI
12O36(OH)6}]‧N2‧H2S‧3H2O (LiCu3para-

D), shown in polyherdal-ball-stick representation  viewed down to the: (a) a-axis, (b) b-axis, and (c) c-axis. 

Alert level A 

PLAT430_ALERT_2_A Short Inter D...A Contact S1 ..O16 . 2.78 

Ang. 

1-x,1-y,1-z = 2_666 Check 

PLAT430_ALERT_2_A Short Inter D...A Contact S1 ..O16 . 2.78 

Ang. 

x,y,z = 1_555 Check 

Author Response: The sulfur atom (S1), which is present in the form of H2S as a lattice 

component in the concerned crystal and located in a special position, has been held by the 

POM framework oxygens with hydrogen bond distance of 2.78 Å; we, therefore, have been 

unsuccessful to assign hydrogen atoms to it. However, the distance of S1∙∙∙O16 is reasonable 

and this is on par with H-bond distances, in general.
1 

 

Table A3.1. Bond lengths [Å] and angles [°] in the crystal structure of LiCu3para-D. 

_____________________________________________________ 

W(3)-O(10)  1.729(8) 

W(3)-O(11)  1.821(8) 

W(3)-O(12)  1.914(8) 

W(3)-O(9)  1.943(8) 

W(3)-O(3)  2.069(8) 

W(3)-O(5)  2.255(8) 

W(2)-O(7)  1.741(9) 

W(2)-O(8)  1.802(8) 

W(2)-O(6)  1.900(8) 

W(2)-O(9)  1.944(8) 

W(2)-O(2)  2.070(8) 

W(2)-O(5)  2.245(8) 

W(1)-O(1)  1.719(9) 

W(1)-O(3)  1.837(9) 

W(1)-O(2)  1.871(8) 

W(1)-O(4)  1.960(8) 

W(1)-O(19)#1  1.992(9) 

W(1)-O(5)  2.277(8) 

W(6)-O(13)  1.726(9) 

W(6)-O(14)  1.784(8) 
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W(6)-O(4)  1.864(8) 

W(6)-O(15)  1.960(8) 

W(6)-O(8)#1  2.168(8) 

W(6)-O(12)  2.231(8) 

W(4)-O(21)  1.742(8) 

W(4)-O(20)  1.780(8) 

W(4)-O(19)  1.865(8) 

W(4)-O(18)  1.950(8) 

W(4)-O(11)  2.112(8) 

W(4)-O(6)#1  2.237(8) 

W(5)-O(17)  1.749(8) 

W(5)-O(16)  1.754(9) 

W(5)-O(18)  1.909(8) 

W(5)-O(15)  1.911(8) 

W(5)-O(6)#1  2.273(8) 

W(5)-O(12)  2.280(8) 

Cu(2)-O(14)  1.991(8) 

Cu(2)-O(23)  1.997(11) 

Cu(2)-O(24)  2.006(11) 

Cu(2)-O(25)  2.018(10) 

Cu(1)-O(20)  1.967(9) 

Cu(1)-O(20)#2  1.967(9) 

Cu(1)-O(22)  2.000(11) 

Cu(1)-O(22)#2  2.000(11) 

Cu(1)-O(17)#2  2.437(8) 

Cu(1)-O(17)  2.437(8) 

O(1)-Li(1)#3  2.70(9) 

O(27)-Li(1)  2.12(10) 

N(1)-N(2)  1.21(5) 

O(26)-Li(1)  1.91(10) 

O(28)-Li(1)#4  1.87(10) 

 

O(10)-W(3)-O(11) 104.0(4) 

O(10)-W(3)-O(12) 100.7(4) 

O(11)-W(3)-O(12) 94.0(3) 

O(10)-W(3)-O(9) 99.6(4) 

O(11)-W(3)-O(9) 93.7(3) 

O(12)-W(3)-O(9) 155.8(3) 

O(10)-W(3)-O(3) 95.0(4) 

O(11)-W(3)-O(3) 161.0(4) 

O(12)-W(3)-O(3) 82.9(3) 

O(9)-W(3)-O(3) 82.4(3) 

O(10)-W(3)-O(5) 165.4(3) 

O(11)-W(3)-O(5) 88.1(3) 

O(12)-W(3)-O(5) 86.3(3) 

O(9)-W(3)-O(5) 71.1(3) 

O(3)-W(3)-O(5) 73.0(3) 

O(7)-W(2)-O(8) 104.0(4) 

O(7)-W(2)-O(6) 103.0(4) 

O(8)-W(2)-O(6) 95.4(4) 

O(7)-W(2)-O(9) 98.6(4) 

O(8)-W(2)-O(9) 92.5(3) 

O(6)-W(2)-O(9) 154.5(3) 

O(7)-W(2)-O(2) 93.1(4) 

O(8)-W(2)-O(2) 162.6(3) 

O(6)-W(2)-O(2) 83.7(3) 

O(9)-W(2)-O(2) 81.6(3) 

O(7)-W(2)-O(5) 163.8(4) 

O(8)-W(2)-O(5) 89.4(3) 

O(6)-W(2)-O(5) 84.6(3) 

O(9)-W(2)-O(5) 71.3(3) 

O(2)-W(2)-O(5) 73.3(3) 

O(1)-W(1)-O(3) 103.6(4) 

O(1)-W(1)-O(2) 103.9(4) 

O(3)-W(1)-O(2) 93.4(4) 

O(1)-W(1)-O(4) 100.5(4) 

O(3)-W(1)-O(4) 88.6(3) 

O(2)-W(1)-O(4) 154.3(3) 

O(1)-W(1)-O(19)#1 99.5(4) 

O(3)-W(1)-O(19)#1 156.1(4) 

O(2)-W(1)-O(19)#1 86.7(3) 

O(4)-W(1)-O(19)#1 81.4(3) 

O(1)-W(1)-O(5) 179.6(4) 

O(3)-W(1)-O(5) 76.7(3) 

O(2)-W(1)-O(5) 76.2(3) 

O(4)-W(1)-O(5) 79.4(3) 
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O(19)#1-W(1)-O(5) 80.1(3) 

O(13)-W(6)-O(14) 102.2(4) 

O(13)-W(6)-O(4) 99.8(4) 

O(14)-W(6)-O(4) 96.7(4) 

O(13)-W(6)-O(15) 95.4(4) 

O(14)-W(6)-O(15) 95.3(4) 

O(4)-W(6)-O(15) 158.1(3) 

O(13)-W(6)-O(8)#1 91.9(4) 

O(14)-W(6)-O(8)#1 165.3(3) 

O(4)-W(6)-O(8)#1 84.8(3) 

O(15)-W(6)-O(8)#1 79.0(3) 

O(13)-W(6)-O(12) 166.3(4) 

O(14)-W(6)-O(12) 87.5(3) 

O(4)-W(6)-O(12) 88.5(3) 

O(15)-W(6)-O(12) 73.8(3) 

O(8)#1-W(6)-O(12) 77.8(3) 

O(21)-W(4)-O(20) 102.1(4) 

O(21)-W(4)-O(19) 99.8(4) 

O(20)-W(4)-O(19) 96.3(4) 

O(21)-W(4)-O(18) 98.3(4) 

O(20)-W(4)-O(18) 92.6(4) 

O(19)-W(4)-O(18) 157.7(3) 

O(21)-W(4)-O(11) 90.0(3) 

O(20)-W(4)-O(11) 166.9(4) 

O(19)-W(4)-O(11) 86.3(3) 

O(18)-W(4)-O(11) 80.7(3) 

O(21)-W(4)-O(6)#1 165.9(3) 

O(20)-W(4)-O(6)#1 89.7(3) 

O(19)-W(4)-O(6)#1 86.2(3) 

O(18)-W(4)-O(6)#1 73.3(3) 

O(11)-W(4)-O(6)#1 77.6(3) 

O(17)-W(5)-O(16) 103.0(4) 

O(17)-W(5)-O(18) 100.6(4) 

O(16)-W(5)-O(18) 95.6(4) 

O(17)-W(5)-O(15) 98.4(4) 

O(16)-W(5)-O(15) 99.5(4) 

O(18)-W(5)-O(15) 152.4(3) 

O(17)-W(5)-O(6)#1 88.7(3) 

O(16)-W(5)-O(6)#1 165.3(3) 

O(18)-W(5)-O(6)#1 73.2(3) 

O(15)-W(5)-O(6)#1 87.4(3) 

O(17)-W(5)-O(12) 163.3(3) 

O(16)-W(5)-O(12) 92.9(3) 

O(18)-W(5)-O(12) 82.8(3) 

O(15)-W(5)-O(12) 73.5(3) 

O(6)#1-W(5)-O(12) 76.6(3) 

O(14)-Cu(2)-O(23) 85.0(4) 

O(14)-Cu(2)-O(24) 89.9(4) 

O(23)-Cu(2)-O(24) 173.1(5) 

O(14)-Cu(2)-O(25) 173.9(4) 

O(23)-Cu(2)-O(25) 91.8(5) 

O(24)-Cu(2)-O(25) 93.8(5) 

O(20)-Cu(1)-O(20)#2 180.0 

O(20)-Cu(1)-O(22) 89.5(4) 

O(20)#2-Cu(1)-O(22) 90.5(4) 

O(20)-Cu(1)-O(22)#2 90.5(4) 

O(20)#2-Cu(1)-O(22)#2 89.5(4) 

O(22)-Cu(1)-O(22)#2 180.0 

O(20)-Cu(1)-O(17)#2 85.3(3) 

O(20)#2-Cu(1)-O(17)#2 94.7(3) 

O(22)-Cu(1)-O(17)#2 90.8(4) 

O(22)#2-Cu(1)-O(17)#2 89.2(4) 

O(20)-Cu(1)-O(17) 94.7(3) 

O(20)#2-Cu(1)-O(17) 85.3(3) 

O(22)-Cu(1)-O(17) 89.2(4) 

O(22)#2-Cu(1)-O(17) 90.8(4) 

O(17)#2-Cu(1)-O(17) 180.0 

W(5)-O(15)-W(6) 117.5(4) 

W(2)-O(8)-W(6)#1 140.2(4) 

W(2)-O(6)-W(4)#1 139.7(4) 

W(2)-O(6)-W(5)#1 124.5(4) 

W(4)#1-O(6)-W(5)#1 94.3(3) 

W(1)-O(3)-W(3) 116.2(4) 

W(3)-O(9)-W(2) 119.6(4) 

W(3)-O(11)-W(4) 137.3(4) 

W(1)-O(2)-W(2) 115.5(4) 
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W(5)-O(18)-W(4) 117.9(4) 

W(6)-O(14)-Cu(2) 138.8(5) 

W(3)-O(12)-W(6) 137.5(4) 

W(3)-O(12)-W(5) 126.9(4) 

W(6)-O(12)-W(5) 94.4(3) 

W(6)-O(4)-W(1) 145.7(5) 

W(5)-O(17)-Cu(1) 125.5(4) 

W(4)-O(19)-W(1)#1 148.4(5) 

W(4)-O(20)-Cu(1) 141.0(5) 

W(1)-O(1)-Li(1)#3 137(2) 

W(2)-O(5)-W(3) 96.6(3) 

W(2)-O(5)-W(1) 95.0(3) 

W(3)-O(5)-W(1) 94.2(3) 

O(28)#4-Li(1)-O(26) 171(5) 

O(28)#4-Li(1)-O(27) 86(5) 

O(26)-Li(1)-O(27) 101(3) 

O(28)#4-Li(1)-O(1)#3 89(3) 

O(26)-Li(1)-O(1)#3 85(4) 

O(27)-Li(1)-O(1)#3 95(3) 

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  #1 -x+1,-y+2,-z+1    #2 -x+1,-y+2,-z    

#3 -x+1,-y+1,-z+2  #4 -x+1,-y+1,-z+1 

 

Section A3.2. Bond Valence Sum (BVS) Calculations 

 
Bond valence calculation. Numbers in brackets after atom symbols are at.no., 

r and c - see O"Keeffe and Brese, J.A.C.S. 1991, 113, 3226 

  

......W3                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  2.07   .69  

                      -O  ( 8,  .63, 3.15) 1.93  1.94   .97  

                      -O  ( 8,  .63, 3.15) 1.93  1.82  1.35  

                      -O  ( 8,  .63, 3.15) 1.93  1.91  1.05  

                      -O  ( 8,  .63, 3.15) 1.93  1.73  1.73  

                      -O  ( 8,  .63, 3.15) 1.93  2.25   .42  

  

  Bond valence sum for W   6.22 

  

......W2                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.80  1.42  

                      -O  ( 8,  .63, 3.15) 1.93  1.90  1.09  

                      -O  ( 8,  .63, 3.15) 1.93  1.94   .97  

                      -O  ( 8,  .63, 3.15) 1.93  2.07   .69  

                      -O  ( 8,  .63, 3.15) 1.93  1.74  1.68  

                      -O  ( 8,  .63, 3.15) 1.93  2.24   .43  

  

  Bond valence sum for W   6.28 

  

......W1                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.84  1.29  

                      -O  ( 8,  .63, 3.15) 1.93  1.87  1.18  

                      -O  ( 8,  .63, 3.15) 1.93  1.96   .93  

                      -O  ( 8,  .63, 3.15) 1.93  1.72  1.78  

                      -O  ( 8,  .63, 3.15) 1.93  2.28   .39  
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  Bond valence sum for W   5.58 

  

......W6                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.96   .93  

                      -O  ( 8,  .63, 3.15) 1.93  1.78  1.49  

                      -O  ( 8,  .63, 3.15) 1.93  2.23   .45  

                      -O  ( 8,  .63, 3.15) 1.93  1.86  1.20  

                      -O  ( 8,  .63, 3.15) 1.93  1.73  1.75  

  

  Bond valence sum for W   5.82 

  

......W4                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  2.11   .62  

                      -O  ( 8,  .63, 3.15) 1.93  1.95   .95  

                      -O  ( 8,  .63, 3.15) 1.93  1.86  1.20  

                      -O  ( 8,  .63, 3.15) 1.93  1.78  1.51  

                      -O  ( 8,  .63, 3.15) 1.93  1.74  1.67  

  

  Bond valence sum for W   5.95 

  

......W5                                                                         

  

  W  (74, 1.38, 1.40)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.93  1.91  1.06  

                      -O  ( 8,  .63, 3.15) 1.93  1.91  1.07  

                      -O  ( 8,  .63, 3.15) 1.93  1.75  1.62  

                      -O  ( 8,  .63, 3.15) 1.93  2.28   .39  

                      -O  ( 8,  .63, 3.15) 1.93  1.75  1.64  

  

  Bond valence sum for W   5.78 

  

......Cu2                                                                        

  

  Cu (29,  .87, 1.75)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.47  2.02   .23  

                      -O  ( 8,  .63, 3.15) 1.47  1.99   .24  

                      -O  ( 8,  .63, 3.15) 1.47  2.00   .24  

                      -O  ( 8,  .63, 3.15) 1.47  2.01   .23  

  

  Bond valence sum for Cu   .94 

  

......Cu1                                                                        

  

  Cu (29,  .87, 1.75)                       Rij   Dij   Vij   

                      -O  ( 8,  .63, 3.15) 1.47  2.44   .07  

                      -O  ( 8,  .63, 3.15) 1.47  1.97   .26  

                      -O  ( 8,  .63, 3.15) 1.47  2.00   .24  

  

  Bond valence sum for Cu   .57 

  

......O8                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.80  1.42  

  

  Bond valence sum for O   1.42 
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......O6                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.90  1.09  

  

  Bond valence sum for O   1.09 

  

......O19                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.86  1.20  

  

  Bond valence sum for O   1.20 

  

......O13                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.73  1.75  

  

  Bond valence sum for O   1.75 

  

......O3                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  2.07   .69  

                      -W  (74, 1.38, 1.40) 1.93  1.84  1.29  

  

  Bond valence sum for O   1.98 

  

......O9                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.94   .97  

                      -W  (74, 1.38, 1.40) 1.93  1.94   .97  

  

  Bond valence sum for O   1.94 

  

......O11                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.82  1.35  

                      -W  (74, 1.38, 1.40) 1.93  2.11   .62  

  

  Bond valence sum for O   1.97 

  

......O12                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.91  1.05  

                      -W  (74, 1.38, 1.40) 1.93  2.23   .45  

                      -W  (74, 1.38, 1.40) 1.93  2.28   .39  

  

  Bond valence sum for O   1.89 

  

......O10                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.73  1.73  

  

  Bond valence sum for O   1.73 
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......O5                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  2.25   .42  

                      -W  (74, 1.38, 1.40) 1.93  2.24   .43  

                      -W  (74, 1.38, 1.40) 1.93  2.28   .39  

  

  Bond valence sum for O   1.24 

  

......O8                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.80  1.42  

  

  Bond valence sum for O   1.42 

  

......O2                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  2.07   .69  

                      -W  (74, 1.38, 1.40) 1.93  1.87  1.18  

  

  Bond valence sum for O   1.87 

  

......O7                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.74  1.68  

  

  Bond valence sum for O   1.68 

  

......O4                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.96   .93  

                      -W  (74, 1.38, 1.40) 1.93  1.86  1.20  

  

  Bond valence sum for O   2.13 

  

......O1                                                                         

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.72  1.78  

  

  Bond valence sum for O   1.78 

  

......O15                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.96   .93  

                      -W  (74, 1.38, 1.40) 1.93  1.91  1.06  

  

  Bond valence sum for O   1.99 

  

......O14                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.78  1.49  

                      -Cu (29,  .87, 1.75) 1.47  1.99   .24  

  Bond valence sum for O   1.23 
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......O18                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.95   .95  

                      -W  (74, 1.38, 1.40) 1.93  1.91  1.07  

  

  Bond valence sum for O   2.02 

  

......O20                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.78  1.51  

                      -Cu (29,  .87, 1.75) 1.47  1.97   .26  

  

  Bond valence sum for O   1.77 

  

......O21                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.74  1.67  

  

  Bond valence sum for O   1.67 

  

......O16                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.75  1.62  

  

  Bond valence sum for O   1.62 

  

......O17                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -W  (74, 1.38, 1.40) 1.93  1.75  1.64  

                      -Cu (29,  .87, 1.75) 1.47  2.44   .07  

  

  Bond valence sum for O   1.71 

  

......O22                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -Cu (29,  .87, 1.75) 1.47  2.00   .24  

  

  Bond valence sum for O    .24 

  

......O23                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -Cu (29,  .87, 1.75) 1.47  2.00   .24  

  

  Bond valence sum for O    .24 

  

......O24                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -Cu (29,  .87, 1.75) 1.47  2.01   .23  

  

  Bond valence sum for O    .23 

 

......O25                                                                        
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  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -Cu (29,  .87, 1.75) 1.47  2.02   .23  

  

  Bond valence sum for O    .23 

  

......O26                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -Li ( 3, 1.00,  .97) 1.50  1.91   .33  

  

  Bond valence sum for O    .33 

  

......O27                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -Li ( 3, 1.00,  .97) 1.50  2.12   .18  

  

  Bond valence sum for O    .18 

  

......O28                                                                        

  

  O  ( 8,  .63, 3.15)                       Rij   Dij   Vij   

                      -Li ( 3, 1.00,  .97) 1.50  1.87   .36  

  

  Bond valence sum for O    .36 

Section A3.3. ICP-OES Analysis 

 

Figure A3.2. ICP-OES analysis report of LiCu3para-D. 
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Section A3.4. X-ray Photoelectron Spectroscopy (XPS) Analysis 

 

Figure A3.3. High-resolution XPS plots of (a) W 4f, (b) Li 1s, (c) S 2p and (d) N1s of LiCu3para-D. 

Electrochemical Analysis 

Water Reduction (WR) 

Section A3.5. Differential pulse voltammogram (DPV) of LiCu3para-D 

 

 
Figure A3.4. Differential pulse voltammogram (DPV) of LiCu3para-D, shown in the above Figure, was 

recorded prior to the onset potential. DPV was performed using the 50 mV pulse for 100 ms time and 5 mV step 

height for 80 ms step width and the integration time was 5 ms. This shows that LiCu3para-D undergoes 5-

electron transfer reaction towards electrocatalytic water reduction in the present work. 

 

Section A3.6. Spectroscopic and Microscopic Analyses of Post-HER Material of 

LiCu3para-D 
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Figure A3.5. FTIR spectrum of post-WR-CPE electrolysis electrode material, compared with that of pre-

electrolysis sample.  

 

 
Figure A3.6. Survey scan XPS plot of the post-WR-CPE electrolysis electrode material of LiCu3para-D. 

The extra peak of fluorine obtained in the XPS survey scan of ‘after CPE’ has come from 

the Nafion binder used during the preparation of sample ink for the electrochemical studies. 
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Figure A3.7. Core level XPS plot of copper ions from the post-WR-CPE electrolysis electrode material of 

LiCu3para-D. 

 
 

Figure A3.8. FESEM images of the post-electrolysis electrode material of LiCu3para-D analysed (a) before and 

(b) after CPE analysis. 

 
Figure A3.9. EDX mapping of the post electrolysis electrode materials of LiCu3para-D analysed (a-d) before 

and (e-h) after CPE analysis. 

Section A3.7. Cyclic Voltammograms at Different Scan Rates in the non-Faradaic 

Region  

To understand the origins of the catalytic activities of LiCu3para-D, we measured the 

double-layer capacitance by cyclic voltammetry (CV) measurements. Double-layer 

capacitance measurements are performed by running a cyclic voltammogram in a non-

Faradaic region at the following scan rates: from 25 to 100 mVs
-1

 in pH 7 (0.1 M) KCl 

electrolyte. All current is assumed to be due to capacitive charging. The cathodic and anodic 

charging currents measured at -0.35 V vs. RHE were plotted as a function of scan rate. The 

double-layer capacitance of the system is the difference between anodic and cathodic current 

densities at a potential of -0.35 V vs RHE.
2
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Figure A3.10. (a) Cyclic voltammogram of LiCu3para-D at different scan rates in the non-faradaic region (-

0.03 to -0.04 V vs RHE) with different scan rates from 25 to 100 mVs
-1

 in pH 7 (0.1 M) KCl electrolyte (b) Plot 

of slopes of current density against scan rates at a potential of -0.35 V vs RHE for LiCu3para-D illustrating the 

double layer capacitance of LiCu3para-D. 

 

Double layer capacitance of LiCu3para-D (C1) = {5.616 - (-9.848)} × 10
-4

 Fcm
-2

 /2 

              = 7.732 × 10
-4

 Fcm
-2

   

Section A3.8. Turn over frequency calculations 

We have calculated turnover frequency (TOF) to get further insights into the catalysts’ 

activity. The TOF value of respective system has been calculated following the reported 

procedures as described below. The TOF is defined as the number of reactants getting 

converted into the product molecules in a unit of time per active site. Thus, the TOF of 

LiCu3para-D for HER is calculated as, 

TOF = 
 

   
             ...........(S3) 

I = current (A) value obtained from chronoamperometry electrolysis, 

F = Faraday constant (C mol
1

), 

m = number of active sites (mol); here W‒OH centers of the POM clusters are the 

catalytically active sites for water reduction reaction, 

2 = number of electrons required to form one mole of hydrogen 

Here, the number of active sites being ‘m’ calculated by the equation  

m = 
 

  
              ........... (S5) 

Q = charge (-3.28525×10
-5

 for LiCu3para-D) calculated by integrating the current (ip) vs. 

time plot generated from the trace of cyclic voltammogram recorded under non-catalytic 

conditions using non-aqueous medium (CH3CN medium), 

From equations (S3) and (S5), 
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TOF = 
 

        
              ...........(S6) 

Here, the factor  n = 5, because 5 electrons are involved in the HER reaction (refering the K-

L plot) 

TOF = 
 

    
               ........... (S7) 

 

TOF = 
   

   
               ........... (S8) 

 

 

Figure A3.11. (a) Plot of chronoamperometric electrolysis of LiCu3para-D performed at a potential of -0.4 V 

vs RHE for 3 hours at the neutral pH; (b) i-t plot, constructed from the trace of cyclic voltammogram of 

LiCu3para-D [the concerned CV was  recorded in a non-aqueous (acetonitrile) medium having 0.1 M TBAClO4 

as supporting electrolyte under nitrogen atmosphere]. 

 

Calculation of TOF values for LiCu3para-D using equation S8 

 

The current (I) value, obtained from CA electrolysis (Figure A11a) = -6.125 10
-5

 A and the 

charge (Q) (from Figure A11b) = -3.28525 10
-5

 C. 

 

TOF = 
          

            
 

 

           TOF = 4.66 mol (H2) s
-1

 

 

Section A3.9. Faradaic efficiency 

Following the recent procedure,
3
 the Faradaic efficiency was determined from the evolved 

hydrogen (H2) gas over a period of time. The chronopotentiometry electrolysis was carried 

out using a two-electrode system at 1 atm pressure. A known amount of sample coated on 

carbon paper (1 cm
2
 area surface) was used as a working electrode (in the present case, it 

works as a cathodic electrode), and a large surface area graphite rod was taken as a counter 

electrode (works as an anode). The catalyst loading on the carbon paper working electrode 
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was maintained as 1 mg/cm
2
, and neutral pH 7.0 (0.1 M) KCl elecrolyte was used as the 

electrolyte. A homemade setup was utilized to conduct the electrolysis process by employing 

a constant cathodic current -0.001 or -1 mA for 3 hours. The details of the home-made 

setup has been discussed in Appendix 2.11.  

Calculation of Faradaic efficiency. 

The Faradaic efficiency can be expressed as the efficiency, with which charge is utilized in 

the electrochemical reaction. The Faradaic efficiencies of the catalyst were determined by the 

following equation: 

In a chronopotentiometric electrolysis at pH 7.0 condition, the evolved hydrogen gas was 

collected by a homemade setup. We found 1.15 mL/3 hours (0.383 mL/hour) of hydrogen gas 

under 1 atm pressure at 25 C. 

Thus, the number of moles of hydrogen evolved in one hour for = (0.383/24500)   

= 1.563 10
-5

 mol 

H2 ideal = 
                         

                                                               
     .....(S9) 

Here, we employed a constant cathodic current -0.001  and n = 2 for HER (a two-electron 

process). 

Thus, the H2 ideally should evolve = 
            

         
    = 1.865  10

-5
 mol    .....(S10) 

Faradaic efficiency =
                                

                        
          .....(S11) 

Therefore, the Faradaic efficiency of  LiCu3para-D = [(1.563  10
-5

) 
 
/ (1.865 10

-5
)]  100 

                                                                          = 83.8 %  84% 

Water Oxidation (WO) 
 

Section A3.10. Spectroscopic and Microscopic Analyses of Post-OER Material of 

LiCu3para-D 
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Figure A3.12. FTIR spectrum of post OER-CPE electrolysis electrode material of LiCu3para-D, compared with 

that of pre-electrolysis sample. 

 

 
 

Figure A3.13. XPS Survey scan plot of the post OER-CPE electrolysis electrode material of LiCu3para-D. 

The extra peak of fluorine obtained in the XPS survey scan of ‘after CPE’ has come from the 

Nafion binder used during the preparation of sample ink for the electrochemical studies. 
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Figure A3.14. XPS core level plot of copper ions from the post-WO-CPE electrolysis electrode material of 

LiCu3para-D. 

 
Figure A3.15. FESEM images of the post electrolysis electrode material of LiCu3para-D: (a) before and (b) 

after CPE analysis. 

 

Figure A3.16. EDX mapping of the post electrolysis electrode material of LiCu3para-D: (a-d) before and (e-h) 

after CPE analysis. 
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Section A3.11. Cyclic Voltammograms at Different Scan Rates in the non-Faradaic 

Region  

CV profiles of LiCu3para-D have been recorded in the non-Faradaic region at the following 

scan rates: from 25 to 100 mVs
-1

 in pH 7 (0.1 M) KCl electrolyte in the potential window of 

0.3 V to 0.4 V vs RHE. Current produced is assumed to be due to capacitive charging. The 

cathodic and anodic charging currents measured at 0.35 V vs. RHE  have been plotted as a 

function of scan rate. The double-layer capacitance of the system is taken as the difference 

between anodic and cathodic current densities at a potential of 0.35 V vs RHE separately for 

LiCu3para-D (C1). 

 

Figure A3.17. (a) Cyclic voltammograms of LiCu3para-D at different scan rates in the non-faradaic region 

(0.03 to 0.04 V vs RHE) with different scan rates from 25 to 100 mVs
-1

 in pH 7 (0.1 M) KCl electrolyte, (b) Plot 

of slopes of current density against scan rates at a potential of 0.35 V vs RHE for LiCu3para-D illustrating the 

double layer capacitance of LiCu3para-D. 

 

Double layer capacitance of LiCu3para-D (C1) = {7.916-(-9.640)}×10
-4

 Fcm
-2

  / 2 

              = 8.778×10
-4

 Fcm
-2

   

Section A3.12. Turn over frequency calculations 

 

Calculation of surface coverage and number of catalytically active atoms: The calculation of 

active surface coverage area on the surface of electrode is done using a method reported 

previously by our group. A graph of ip vs scan rate has been constructed for which the slope 

value is used in the formula (S12) for the measuring surface coverage (Γ0). 

 

Slope = n
2
F

2
A Γ0/4RT          (S12) 

where, 

n = no. of electrons involved, here 2 (from DPV)  

F = 1 Farad = 96,500 C 
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A = geometrical surface area of GC electrode (0.0706 cm
2
) 

R = ideal gas constant 

T = temperature during experiment 

Γ0 = surface density of active copper atoms/ions 

Calculation of Turn over Frequency (TOF) from Tafel plot 

TOF at any given over potential = 
                                        

                                            
          ……  (S13)         

Here, 4 is the number of electrons involved in OER. The TOF was calculated at current 

density of 1 mA/cm
2
 or 0.001 A/cm

2
. 

 

Figure A3.18. A graph of i vs scan rate. 

Slope = 2.4433×10
-4

 

Γ0 = (Slope)(4RT)/n
2
F

2
A 

Γ0 = (2.4433×10
-4

×4×8.314×298) / {(2)
2
×(96500)

2
×0.0706} = 9.2075×10

-10
 mol/cm

2
. 

Therefore, the surface density of copper atoms is 9.2075×10
-10

 mol/cm
2
. 

                                                                        0.001 

                                                                                                                                      

                                                                                                                                       

Thus (TOF)j=1 mA/cm
2
 = 2.81 s

-1 

 

 

 

 

 

 

TOF = 

4   96500   9.2075  10
-10 
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Table A3.2. Several POM based HER and OER electrocatalysts (from literature) 

 

HER Electrocatalysts 

Catalysts Substrate Electrolyte j (mV)  References 

{Mo72Fe30}NM glassy 

carbon 

pH 2.5, 0.1 M 

Na2SO4  

767 (η1)  36 (main article) 

{W72Fe30}NM glassy 

carbon 

pH 2.5, 0.1 M 

Na2SO4 

527 (η1) 36 (main article) 

LiCu-POM glassy 

carbon 

pH 7, 0.1 M KPi 

buffer 

612 (η1) 38 (main article) 

[{Cu
II
(2,2´bpy)(H2O)2}] 

[{Co
II
W

VI
12O40} 

{(Cu
II
(2,2´-bpy)(H2O)} 

{(Cu
II
(2,2´-

bpy)}]·2H2O 

glassy 

carbon 

pH 4.8, 0.1 M 

sodium acetate 

buffer 

520 (η1) 69 (main article) 

[(UO2)2(μ-L)2] glassy 

carbon 

pH 7, 0.1 M 

phosphate buffer  

730 (η1) 4 

LiCu3para-D glassy 

carbon 

pH 7.0, 0.1 M 

KCl 

418.5 

(η1) 

Present work 

 

OER Electrocatalysts 

H2O2-CuOx glassy carbon 0.1 M KOH 440 (η1) 5 

CuO–FTO 1 cm
2
 FTO  pH 12, 0.2 M 

PBS 

500 (η1) 6 

CuO nanowire  1 cm
2 

FTO pH 9.2, 0.2 M 

KPi 

430 (η0.1) 7 

Cu(OH)2-NWs/CF  1 cm
2
 CF pH 13.0, 0.1 M 

NaOH 

530 (η10) 8 

LiCu3para-D glassy carbon pH 7.0, 0.1 M 

KCl 

418.5 

(η1) 

Present work 

 

Section A3.13. Faradaic efficiency 

Calculation of Faradaic efficiency 

In a chronopotentiometric electrolysis at pH 7.0 condition, the evolved oxygen gas was 

collected by a homemade setup. We found 0.55 mL/3 hours (0.183 mL/hour) of oxygen gas 

under 1 atm pressure at 25 C. 

The number of moles of oxygen evolved in one hour for LiCu3para-D = (0.183/24500) = 

7.469  10
-6

 mol 

 

O2 ideal = 
                         

                                                               
      …………… (S14) 

Here, we employed a constant anodic current 0.001  and n = 4 for OER (a four-electron 

process). 
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Thus, the O2 ideally should evolve = 
            

         
    = 9.326  10

-6
 mol    …………… (S15) 

Faradaic efficiency = 
                              

                      
                 …………… (S16) 

Therefore, the Faradaic efficiency of LiCu3para-D = [(7.469 10
-6

) / (9.326 10
-6

)]  100 

                                                                         = 80.08 %  80 % 

Section A3.14. Gas chromatograms for electrochemically generated hydrogen and 

oxygen gases 

 

Figure A3.19. Gas chromatogram obtained during bulk electrolysis for LiCu3para-D detecting hydrogen gas.  

 

 

Figure A3.20. Gas chromatogram obtained during bulk electrolysis for LiCu3para-D detecting oxygen gas. 
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Figure A3.21. ICP-OES analyses of the electrolyte solutions before and after the CPE (controlled potential 

electrolysis) for HER (hydrogen evolution reaction) as well as for OER (oxygen evolution reaction), for the 

probable detection of copper. 
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Section A4.1. ICP-OES Analysis 

 

Figure A4.1. ICP-OES analysis report of POM-MnW(OH). 

Section A4.2. Bond valence sum calculations 

BV-sum of Bi01: 2.5787v.u. 
Bonds for atom: 
     1     Bi01       Bi  0.5491  0.4346  0.6250                   x, y, z + (0,0,0) 
---------------------------------------------------------------------------------------------------- 
     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 
---------------------------------------------------------------------------------------------------- 
    16      O17        O  0.5196  0.3335  0.5665                   x, y, z + (0,0,0)   2.182   0.670 
    18      O25        O  0.7439  0.4645  0.5827                   x, y, z + (0,0,0)   2.853   0.166 
    22      O23        O  0.6799  0.3844  0.6811                   x, y, z + (0,0,0)   2.135   0.739 
    32       O8        O  0.3355  0.4679  0.6116                   x, y, z + (0,0,0)   2.862   0.162 
    37      O18        O  0.6914  0.5314  0.7170                   x, y, z + (0,0,0)   3.012   0.119 
    39      O10        O  0.4660  0.3898  0.7020                   x, y, z + (0,0,0)   2.146   0.722 
 
BV-sum of W7: 6.2839v.u. 
Bonds for atom: 
     2       W7        W  0.4825  0.3649  0.4630                   x, y, z + (0,0,0) 
---------------------------------------------------------------------------------------------------- 
     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 
---------------------------------------------------------------------------------------------------- 
    13      O15        O  0.3905  0.2802  0.4836                   x, y, z + (0,0,0)   2.034   0.730 
    16      O17        O  0.5196  0.3335  0.5665                   x, y, z + (0,0,0)   2.122   0.574 
    19      O29        O  0.5879  0.2795  0.4669                   x, y, z + (0,0,0)   2.080   0.644 
    21      O33        O  0.3834  0.4248  0.4838                   x, y, z + (0,0,0)   1.789   1.413 
    31      O39        O  0.4589  0.3558  0.3735                   x, y, z + (0,0,0)   1.766   1.503 
    33      O32        O  0.5876  0.4274  0.4764                   x, y, z + (0,0,0)   1.787   1.421 
 
BV-sum of W4: 6.1664v.u. 
Bonds for atom: 
     3       W4        W  0.7233  0.2781  0.7355                   x, y, z + (0,0,0) 
---------------------------------------------------------------------------------------------------- 
     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 
---------------------------------------------------------------------------------------------------- 
    15      O13        O  0.5982  0.2794  0.7719                   x, y, z + (0,0,0)   1.882   1.101 
    17      O22        O  0.8419  0.3033  0.6857                   x, y, z + (0,0,0)   2.004   0.790 
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    22      O23        O  0.6799  0.3844  0.6811                   x, y, z + (0,0,0)   2.251   0.406 
    23      O27        O  0.6725  0.2364  0.6562                   x, y, z + (0,0,0)   1.795   1.392 
    25      O20        O  0.7735  0.3552  0.7988                   x, y, z + (0,0,0)   1.940   0.940 
    27      O34        O  0.7829  0.2013  0.7772                   x, y, z + (0,0,0)   1.758   1.539 
 
BV-sum of W5: 6.2498v.u. 
Bonds for atom: 
     4       W5        W  0.8187  0.3878  0.6277                   x, y, z + (0,0,0) 
---------------------------------------------------------------------------------------------------- 
     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 
---------------------------------------------------------------------------------------------------- 
    14      O21        O  0.8528  0.4465  0.7077                   x, y, z + (0,0,0)   1.914   1.007 
    17      O22        O  0.8419  0.3033  0.6857                   x, y, z + (0,0,0)   1.919   0.994 
    18      O25        O  0.7439  0.4645  0.5827                   x, y, z + (0,0,0)   1.868   1.140 
    22      O23        O  0.6799  0.3844  0.6811                   x, y, z + (0,0,0)   2.226   0.434 
    24      O24        O  0.9361  0.3934  0.5982                   x, y, z + (0,0,0)   1.726   1.676 
    26      O26        O  0.7430  0.3205  0.5661                   x, y, z + (0,0,0)   1.917   0.999 
 
BV-sum of W3: 6.0477v.u. 
Bonds for atom: 
     5       W3        W  0.7413  0.4585  0.7662                   x, y, z + (0,0,0) 
---------------------------------------------------------------------------------------------------- 
     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 
---------------------------------------------------------------------------------------------------- 
    14      O21        O  0.8528  0.4465  0.7077                   x, y, z + (0,0,0)   1.994   0.812 
    22      O23        O  0.6799  0.3844  0.6811                   x, y, z + (0,0,0)   2.228   0.431 
    25      O20        O  0.7735  0.3552  0.7988                   x, y, z + (0,0,0)   2.014   0.769 
    30       O5        O  0.6135  0.4456  0.8044                   x, y, z + (0,0,0)   1.947   0.922 
    37      O18        O  0.6914  0.5314  0.7170                   x, y, z + (0,0,0)   1.726   1.676 
    51      O19        O  0.8150  0.5009  0.8374                   x, y, z + (0,0,0)   1.783   1.438 
 
BV-sum of W8: 5.8573v.u. 
Bonds for atom: 
     6       W8        W  0.3977  0.2486  0.5756                   x, y, z + (0,0,0) 
---------------------------------------------------------------------------------------------------- 
     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 
---------------------------------------------------------------------------------------------------- 
    13      O15        O  0.3905  0.2802  0.4836                   x, y, z + (0,0,0)   1.900   1.048 
    16      O17        O  0.5196  0.3335  0.5665                   x, y, z + (0,0,0)   2.253   0.403 
    20      O16        O  0.5235  0.1929  0.5646                   x, y, z + (0,0,0)   1.979   0.845 
    29      O12        O  0.4490  0.2389  0.6748                   x, y, z + (0,0,0)   2.001   0.796 
    36       O7        O  0.3154  0.3258  0.5994                   x, y, z + (0,0,0)   1.871   1.131 
    50      O14        O  0.3119  0.1759  0.5656                   x, y, z + (0,0,0)   1.735   1.634 
 
BV-sum of W2: 6.0955v.u. 
Bonds for atom: 
     7       W2        W  0.2966  0.3991  0.6711                   x, y, z + (0,0,0) 
---------------------------------------------------------------------------------------------------- 
     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 
---------------------------------------------------------------------------------------------------- 
    32       O8        O  0.3355  0.4679  0.6116                   x, y, z + (0,0,0)   1.834   1.250 
    36       O7        O  0.3154  0.3258  0.5994                   x, y, z + (0,0,0)   1.984   0.834 
    38       O6        O  0.1664  0.4060  0.6561                   x, y, z + (0,0,0)   1.710   1.751 
    39      O10        O  0.4660  0.3898  0.7020                   x, y, z + (0,0,0)   2.249   0.408 
    40       O9        O  0.3109  0.3103  0.7282                   x, y, z + (0,0,0)   1.967   0.874 
    43       O3        O  0.3237  0.4541  0.7545                   x, y, z + (0,0,0)   1.925   0.979 

 

BV-sum of W6: 6.3491v.u. 

Bonds for atom: 

     8       W6        W  0.6424  0.2452  0.5519                   x, y, z + (0,0,0) 

---------------------------------------------------------------------------------------------------- 
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     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 

---------------------------------------------------------------------------------------------------- 

    16      O17        O  0.5196  0.3335  0.5665                   x, y, z + (0,0,0)   2.324   0.333 

    19      O29        O  0.5879  0.2795  0.4669                   x, y, z + (0,0,0)   1.851   1.195 

    20      O16        O  0.5235  0.1929  0.5646                   x, y, z + (0,0,0)   1.878   1.111 

    23      O27        O  0.6725  0.2364  0.6562                   x, y, z + (0,0,0)   2.058   0.683 

    26      O26        O  0.7430  0.3205  0.5661                   x, y, z + (0,0,0)   1.903   1.038 

    52      O28        O  0.7140  0.1766  0.5290                   x, y, z + (0,0,0)   1.662   1.990 

 

BV-sum of W10: 6.2819v.u. 

Bonds for atom: 

     9      W10        W  0.4490  0.2823  0.7601                   x, y, z + (0,0,0) 

---------------------------------------------------------------------------------------------------- 

     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 

---------------------------------------------------------------------------------------------------- 

    15      O13        O  0.5982  0.2794  0.7719                   x, y, z + (0,0,0)   1.954   0.906 

    29      O12        O  0.4490  0.2389  0.6748                   x, y, z + (0,0,0)   1.864   1.155 

    39      O10        O  0.4660  0.3898  0.7020                   x, y, z + (0,0,0)   2.293   0.362 

    40       O9        O  0.3109  0.3103  0.7282                   x, y, z + (0,0,0)   1.920   0.992 

    42       O4        O  0.4604  0.3583  0.8247                   x, y, z + (0,0,0)   1.875   1.121 

    49      O11        O  0.4214  0.2090  0.8088                   x, y, z + (0,0,0)   1.710   1.748 

 

BV-sum of W1: 5.9881v.u. 

Bonds for atom: 

    10       W1        W  0.4699  0.4643  0.7896                   x, y, z + (0,0,0) 

---------------------------------------------------------------------------------------------------- 

     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 

---------------------------------------------------------------------------------------------------- 

    30       O5        O  0.6135  0.4456  0.8044                   x, y, z + (0,0,0)   1.911   1.016 

    39      O10        O  0.4660  0.3898  0.7020                   x, y, z + (0,0,0)   2.195   0.471 

    41       O2        O  0.4860  0.5381  0.7333                   x, y, z + (0,0,0)   1.773   1.475 

    42       O4        O  0.4604  0.3583  0.8247                   x, y, z + (0,0,0)   2.059   0.681 

    43       O3        O  0.3237  0.4541  0.7545                   x, y, z + (0,0,0)   1.974   0.856 

    46       O1        O  0.4516  0.5011  0.8700                   x, y, z + (0,0,0)   1.770   1.488 

 

BV-sum of W9: 4.7642v.u. 

Bonds for atom: 

    11       W9        W  0.7208  0.4981  0.4841                   x, y, z + (0,0,0) 

---------------------------------------------------------------------------------------------------- 

     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 

---------------------------------------------------------------------------------------------------- 

    18      O25        O  0.7439  0.4645  0.5827                   x, y, z + (0,0,0)   2.029   0.738 

    21      O33        O  0.6166  0.5752  0.5162                -x, -y, -z + (1,1,1)   2.117   0.582 

    28      O31        O  0.8274  0.5634  0.4938                   x, y, z + (0,0,0)   1.833   1.256 

    32       O8        O  0.6645  0.5321  0.3884                -x, -y, -z + (1,0,1)   2.041   0.715 

    33      O32        O  0.5876  0.4274  0.4764                   x, y, z + (0,0,0)   2.167   0.509 

    34      O30        O  0.7947  0.4208  0.4446                   x, y, z + (0,0,0)   1.930   0.964 

 

BV-sum of Mn1: 2.0087v.u. 

Bonds for atom: 

    12      Mn1       Mn  0.4048  0.3753  0.2699                   x, y, z + (0,0,0) 

---------------------------------------------------------------------------------------------------- 

     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 

---------------------------------------------------------------------------------------------------- 

    27      O34        O  0.2829  0.2987  0.2772    x+1/2, -y+1/2, z+1/2 + (-1,0,-1)   2.146   0.345 
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    31      O39        O  0.4589  0.3558  0.3735                   x, y, z + (0,0,0)   2.114   0.377 

    35      O40        O  0.4958  0.2807  0.2430                   x, y, z + (0,0,0)   2.201   0.298 

    37      O18        O  0.3086  0.4686  0.2830                -x, -y, -z + (1,1,1)   2.154   0.338 

    41       O2        O  0.5140  0.4619  0.2667                -x, -y, -z + (0,0,0)   2.141   0.351 

    45      O41        O  0.3516  0.3775  0.1600                   x, y, z + (0,0,0)   2.199   0.299 

BV-sum of O31: 0.9208v.u. 
Bonds for atom: 

    28      O31        O  0.8274  0.5634  0.4938                   x, y, z + (0,0,0) 

---------------------------------------------------------------------------------------------------- 

     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 

---------------------------------------------------------------------------------------------------- 

    11       W9        W  0.7208  0.4981  0.4841                   x, y, z + (0,0,0)   1.833   0.921 

BV-sum of O30: 0.7369v.u. 
Bonds for atom: 

    34      O30        O  0.7947  0.4208  0.4446                   x, y, z + (0,0,0) 

---------------------------------------------------------------------------------------------------- 

     N.     Atom      Type         xyz                      Sym. Op.                    d(A) BV(v.u.) 

---------------------------------------------------------------------------------------------------- 

    11       W9        W  0.7208  0.4981  0.4841                   x, y, z + (0,0,0)   1.930   0.707 

    57      Na4       Na  0.8960  0.2826  0.4539                   x, y, z + (0,0,0)   2.842   0.030 

 

Section A4.3. X-ray Photoelectron Spectroscopy (XPS) Analysis 

 

Figure A4.2. High-resolution XPS plots of (a) W 4f, (b) Bi 4f, and (c) Na 1s of POM-MnW(OH). 

Section S4.4. Differential pulse voltammogram (DPV) of POM-MnW(OH) 
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Figure A4.3. Differential pulse voltammogram (DPV) of POM-MnW(OH) recorded prior to the onset potential. 

DPV was performed using the 60 mV pulse for 100 ms time and 3 mV step height for 80 ms step width and the 

integration time was 3 ms. 

Section S4.5. Spectroscopic and Microscopic Analyses of Post-HER Material of POM-

MnW(OH) 

 

Figure A4.4. FTIR spectrum of post-WR-CPE electrolysis electrode material, compared with that of pre-

electrolysis sample.  
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Figure A4.5. FESEM images of the post-electrolysis electrode material of POM-MnW(OH) analysed (a,b) 

before and (c,d) after CPE analysis. 

 

Figure A4.6. EDX mapping of the post electrolysis electrode materials of POM-MnW(OH) analysed (a-f) 

before and (g-l) after CPE analysis. 

Section S4.6. Scan Rate Variation 

 

Figure A4.7. Cyclic voltammogram of POM-MnW(OH) at different scan rates from 25 mVs
-1

 to 100 mVs
-1

 in 

the cathodic operational window. 
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Section S4.7. Cyclic Voltammograms at Different Scan Rates in the non-Faradaic 

Region  

To understand the origins of the catalytic activities of POM-MnW(OH), we measured the 

double-layer capacitance by cyclic voltammetry (CV) measurements.
[5]

 Double-layer 

capacitance measurements are performed by running a cyclic voltammogram in a non-

Faradaic region at the following scan rates: from 25 to 100 mVs
-1

 in 0.1 M sodium acetate 

buffer of pH 4.8. All current is assumed to be due to capacitive charging. The cathodic and 

anodic charging currents measured at -0.14 V vs. RHE were plotted as a function of scan rate. 

The double-layer capacitance of the system is the difference between anodic and cathodic 

current densities at a potential of 0.09 to 0.19 V vs RHE. 

 

Figure A4.8. (a) Cyclic voltammogram of POM-MnW(OH) at different scan rates in the non-faradaic region 

(0.09 to 0.19 vs RHE) with different scan rates from 25 to 100 mVs
-1

 in 0.1 M sodium acetate buffer of pH 4.8 

(b) Plots displaying the slope of current density against scan rates at a potential of 0.14 V vs RHE for POM-

MnW(OH). 

Section S4.8. Turn over frequency calculations 

Calculation of surface coverage and number of catalytically active atoms. 

The calculation of active surface coverage area on the surface of electrode is done using a 

method reported previously by our group.
[6]

 A graph of ip vs scan rate has been constructed of 

which the slope value is used in the formula (1) for the measuring surface coverage (Γ0). 

Slope = n
2
F

2
AΓ0/2RT          ...(1) 

where, 

n = no. of electrons involved, here it is 2, from DPV plot (Figure A4.3) 
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F = 96500 C/mol; R= 8.314 J/mol K (ideal gas constant); T = temperature during experiment 

= 298 K 

A= 0.0706 cm
2
 = geometrical surface area of GC electrode. 

Γ0 ‒ surface density of active W-OH groups. 

Calculation of Turn over Frequency (TOF) from Tafel plot 

TOF at any given over potential = 
                                        

                                        
   …(2)         

Here, 2 is the number of electrons involved in HER. The TOF was calculated at current 

density of -1 mA/cm
2
 or -0.001 A/cm

2
. 

 

Figure A4.9. A graph of ip vs scan rate. 
 

Slope = 1.52 × 10
-3

;   

Γ0  = (Slope)(4RT)/ n
2
F

2
A 

or,    Γ0 = [(1.52 × 10
-3

)×2 × 8.314 ×298)] / [(2)
2 

× (96500)
2 

×0.0706]  

= 2.864 × 10
-9

 mol/cm
2
 

Thus, we obtained surface density as 2.864 × 10
-9

 mol/cm
2
 

Thus, the TOF at the given overpotential, 

                         0.001 

                                                                                                                                                                                

Thus,     

(TOF)j=1 mA/cm
2

 = 1.81  s
-1

 

 

TOF = 

2   96500   2.864 × 10
-9 
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Section A4.9. Faradaic efficiency 

Following the recent procedure,
[6,7]

 the Faradaic efficiency was determined from the evolved 

hydrogen (H2) gas over a period of time. The chronopotentiometry electrolysis was carried 

out using a two-electrode system at 1 atm pressure and 25 °C. A known amount of sample 

coated on carbon paper (1 cm
2
 area surface) was used as a working electrode (in the present 

case, it works as a cathodic electrode), and a platinum coil was taken as a counter electrode 

(works as an anode). The catalyst loading on the carbon paper working electrode was 

maintained as 1 mg/cm
2
, and 0.1 M sodium acetate pH 4.8, was used as the buffer. A 

homemade setup was utilized to conduct the electrolysis process by employing a constant 

cathodic current -0.001 A or -1 mA for 3 hours. The detailed description of this homemade 

setup along with its schematic- as well as its real-time photographs are provided below. 

Calculation of Faradaic efficiency 

The Faradaic efficiency can be expressed as the efficiency, with which charge is utilized in 

the electrochemical reaction. The Faradaic efficiency of the catalyst was determined by the 

following equation: 

In a chronopotentiometric electrolysis, the evolved hydrogen gas was collected by a 

homemade setup. We found 1.15 mL/3 hours (0.383 mL/hour) of hydrogen gas under 1 atm 

pressure at 25 C. 

Thus, the number of moles of hydrogen evolved in one hour for POM-MnW(OH) = (0.366 / 

24500) = 1.5632 10
-5

 mol 

H2 ideal = 
                         

                                                               
       …………(3) 

Here, we employed a constant cathodic current -0.001 A and n = 2 for HER (a two-electron 

process). 

Thus, the H2 ideally should evolve = 
            

         
    = 1.8652  10

-5
 mol   …………… (4) 

Faradaic efficiency =
                                

                        
             …………… (5) 

Therefore, the Faradaic efficiency of  compound 1  = [(1.5632  10
-5

) 
 
/ (1.8652 10

-5
)]  100 

                                                                          = 83.8%  84% 
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Section A5.1. Details of the proton conductivity measurements by the home-made setup 

All the impedance spectra were recorded at open circuit potential of each of the sample pellet. 

A sinusoidal signal of 5 mV was applied over a frequency range from 1 Hz to 10
6
 Hz. The 

electrochemical workstation was attached with a stainless steel-made two-electrode set up. 

The real-time images of the two electrode home-made cell are provided in Figure A22. The 

complete details of the two electrode cell are provided below. 

The home-made cell consists of (1) a conical flask of 5 L, (2) a heating source to heat 

water (3) 1-2 L of distilled water inside the conical flask (4) the two electrode set up fitted 

with a digital thermometer to check the temperature. The whole set up was heated to maintain 

the temperature and also to generate sufficient humidity. The water vapors maintain the near 

saturated relative humidity (98%) as well as the temperature inside the system. 

 

Figure A1. Real-time photographs of the home-made set up for proton conductivity measurement at a relative 

humidity of 98%. The photograph shows the whole setup (left side) and a close-up view of the two-electrode 

set-up where the pelletized sample is the working electrode (dotted square box). 
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Section A5.2. Calculation of proton conductivity from impedance spectra by fitting to 

relevant equivalent circuit 

Nyquist plot displays the general features obtained, and the simplest equivalent circuit which 

fitted these experimentally obtained data plots well, is given below. 

 

Figure A2. Schematic representation of the equivalent circuit utilized for fitting the impedance spectra obtained. 

Impedance data were fitted to the most suitable equivalent circuit mentioned above 

with the help of EC-Lab software. The equivalent circuit is composed of three major 

components connected to each other in series. The pellet impedance (R1/Q1), impedance at 

the electrode electrolyte junction/interface (R2/Q2) and a constant phase element (Q3) are 

connected in series. The constant phase element (Q3) accounts for the linear low frequency 

region of the Nyquist plot of impedance spectrum. R1/Q1 is composed of a resistance (R1) 

and constant phase element (Q1) connected to each other in parallel mode. Similarly, R2/Q2 

consists of a resistance (R2) and a constant phase element (Q2) connected in parallel mode. 

Here R1 accounts for the bulk resistance of the pellet while R2 represents the charge transfer 

resistance existing between the electrodes and the pellet electrolyte. Here, it should be noted 

that, charge transfer resistance R2 is not associated with the conductivity of the electrolyte. 

Instead R1 is the crucial factor which quantifies the resistance of the bulk electrolyte. R2 

depends mainly on the particle size, is a combination of (a) resistance created between the 

carbon paper and sample particles (b) inter-grain resistance (c) resistance existing between 

electrode surface and carbon paper of pellet. Use of (a) different coating method (e.g., use of 

silver paint instead of carbon paper) (b) different methods to prepare pellet with more 

intimate contact between the particles (c) use of thin film instead of pellet can be useful to 

reduce the value of R2 in actual application. On the other hand, the bulk resistance of 

electrolyte i.e., R1 is of our primary interest as it represents conductivity of the bulk pellet, 

which in this case is the proton conductivity of the pellet. R1 depends on (a) intrinsic 

conductivity of the pelletized sample (b) thickness of the pellet and (c) area of cross section 

of the pellet.  
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Here, Table S1 shows the values of R1 at different temperature, by fitting the 

experimentally obtained data points along the curve generated by the equivalent circuit 

mentioned above and its respective proton conductivity values.  

Table S1. Proton conductivity of compound 1 at different temperature 

Temperature (°C) Conductivity (Scm
-1

) 

40 0.00543 

50 0.00819 

60 0.01216 

70 0.02344 

80 0.09786 

Calculation of proton conductivity from R value  

Resistivity (ρ) of a material = (R × A)/l    ……. (1)  

Thus, conductivity (σ) = 1/ ρ = l/(R × A)    ……. (2)  

R = resistance of sample; σ = conductivity of the sample.  

l = thickness of pellet  

A = area of cross section of pellet 

The conductivity values were calculated using similar data fitting and calculations. 

Section A5.3. Activation energy calculation 

Activation energy of compound 1 for their proton conductivity was calculated from their 

variable temperature conductivity values. The derived plot was constructed as ln(σT) vs 

1000/T. The slope value of the plot was used to calculate the activation energies for 

compound 1. 

From Arrhenius equation, 

σT = A            ……. (3)  

Here, σ = conductivity of electrolyte, i.e., proton conductivity;  

Ea = activation energy for proton conduction;  

R = Ideal gas constant; T = temperature in Kelvin (K) scale. 

ln(σT) = lnA – 
  

  
    ……. (4)  

ln(σT) = (lnA) – 
  

      
  

    

 
  ……. (5)  

Eqn (6) represent the straight line between ln(σT) and 1000/T. 
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Thus, value of slope (m) = (
  

      
 ) 

For compound 1 slope (m) = -7.3971 K  

Therefore, the activation energy for compound 1, Ea = 0.64 eV. 

Table S2. Proton conductivity of compound 2 at different temperature 

Temperature (°C) Conductivity (Scm
-1

) 

40 0.0095 

50 0.0139 

55 0.0195 

60 0.0327 

65 0.0593 

70 0.0850 

80 0.1095 

Activation energy calculation 

From Arrhenius equation, 

ln(σT) = (lnA) – 
  

      
  

    

 
  

Eqn (6) represent the straight line between ln(σT) and 1000/T. 

Thus, value of slope (m) = (
  

      
 ) 

For compound 2, slope (m) = -7.6860 K 

Therefore, the activation energy for compound 2, Ea = 0.66 eV. 

Section A5.4. Long-term stability check for proton conductivity  

Apart from measuring proton conductivity of the sample, FTIR and PXRD analyses 

were also performed to check the durability of the material as proton conducting material. 

After 40 hours of stability check at 65 °C, compound 1 and 2 was examined by FTIR and 

PXRD analyses.  
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Figure A3. (a) FTIR spectrum of compound 1 after long-term stability studies, compared with the spectrum of 

original compound, (b) PXRD pattern of compound 1 after long-term stability measurements compared to the 

experimentally obtained PXRD pattern. 

 

Figure A4. (a) FTIR spectrum of compound 2 after long-term stability studies, compared with the spectrum of 

original compound, (b) PXRD pattern of compound 2 after long-term stability measurements compared to the 

experimentally obtained PXRD pattern. 

The FTIR spectra and PXRD profiles of the post-conductivity sample material do not show 

any prominent changes in their spectral features as seen from the above figure. 
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