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The doctoral thesis entitled as “{M72Fe30} (M=Mo, W) Polyoxometalates: Electrocatalysis, 

Proton Conductivity, Gelation and Mechanochemistry” 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) Polyoxometalate Based Materials for Electrocatalysis and Proton 

Conduction: Introduction and Motivation of the Thesis Work, (2) Nano-blackberries of {W72Fe33} 

and {Mo72Fe30}: Electrocatalytic Water Reduction, (3) Solid Nano-blackberries Exhibiting Super 

Proton Conductivity Fabricated as Proton Transport Membrane, (4) Giant Polyoxometalate 

{W72Fe30} in the form of Gel and Xerogel: Rheology and Proton Conduction and (5) 

Mechanochemical and Aerial KI Oxidation Mediated by a Giant {Mo72Fe30} Polyoxometalate.     

The First Chapter which is the introduction chapter of this thesis includes discussion about 

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

and Oxygen evolution reaction (OER) catalysis. It also explains about the fuel cells, and materials 

to be developed to use as proton conductors and HER electrocatalysts. 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) and N2 & water sorption analysis. Gas 

chromatography (GC) is used to detect the hydrogen gas evolved during HER catalysis (Chapter 

2). The electrochemical studies were carried out in both aqueous and non-aqueous media in 

heterogeneous mode with the help of three-electrode setup. Proton conductivity studies of 

{W72Fe30} samples were performed using a two electrode setup, whereas the proton conductivity 

studies of {W72Fe30}@polymer membranes were performed with the help of four electrode setup.  
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Chapter 1 

Polyoxometalate Based Materials for Electrocatalysis and Proton Conduction: Introduction 

and Motivation of the Thesis Work 

Polyoxometalates (POMs) are one of the most unique class of functional materials whose story 

dates back to around two and half centuries, when these were first synthesized. Since then, the 

research works on POMs have been increased in an exponential rate. Specifically, Keplerates (a 

sub-class of POMs) have more than 130 research articles on {Mo72Fe30} and {W72Fe30} cluster 

containing compounds. Though these clusters are explored for many applications from last few 

years, their electrochemical functional nature has not been much explored. Having a closer look 

into their physical and chemical properties, it is expected that they have huge potential towards 

electrochemical water splitting to produce molecular hydrogen and oxygen. This class of 

compounds has also potential to show proton conductivity in the solid state. Current chapter 

describes the evolution of POMs, mainly, Keplerates of {W72Fe30} and {Mo72Fe30} cluster 

containing compounds and their diverse applications. We have described, how these clusters are 

useful in electrocatalytic hydrogen evolution reaction and we have also presented their ability to 

act as solid-state proton conducting materials (crucial for fuel cells for efficient energy conversion) 

and proton conduction mechanism. Lastly, we have given a brief overview on water splitting and 

proton conduction and finally we have mentioned the motivation of the thesis work.           

Chapter 2 

Nano-blackberries of {W72Fe30} and {Mo72Fe30}: Electrocatalytic Water Reduction 

The reversible self-assembly of {Mo72Fe30} cluster into nano-blackberries in the dilute solution of 

the relevant crystalline compound [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 

{H2Mo2O8(H2O)}(H2O)91]∙150H2O ({Mo72Fe30}cryst) was demonstrated by Liu, Müller and their 

coworkers as a landmark discovery in the area of polyoxometalate chemistry.  We have described, 

in the present work, how these nano-objects, {M72Fe30} (M = W and Mo) of ~2.5 nm can be self-

assembled into nano-blackberries irreversibly leading to their solid state isolation as 

nanomaterials, Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM) and 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM), respectively (NM stands 

for nanomaterial). The formulations of these one-pot synthesized nano-blackberries of 
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{W72Fe30}NM and {Mo72Fe30}NM have been established by spectral analysis including Raman 

spectroscopy, elemental analysis including ICP metal analysis, volumetric analysis (for iron), 

microscopy techniques and DLS studies. The thermal stability of the tungsten nano-blackberries, 

{W72Fe30}NM is quite higher than that of its molybdenum analogue {Mo72Fe30}NM. This might be 

due to the extra three ferric (Fe3+) ions per {W72Fe30} cluster in {W72Fe30}NM, that are not part of 

the {W72Fe30} cluster cage but are placed between two adjacent clusters (i.e., each cluster has six 

surrounding 0.5Fe3+) to form this self-assembly. The isolated blackberries behave like an inorganic 

acid, water suspension of which shows the pH values of 3.9 for {W72Fe30}NM and 3.7 for 

{Mo72Fe30}NM because of the deprotonation of the hydroxyl groups in them. We have 

demonstrated, for the first time, a meaningful application of these inexpensive and easily 

synthesized nano-blackberries by showing that it can act as an electrocatalyst for hydrogen 

evolution reaction (HER) by reducing water. We have performed detailed kinetic studies for the 

electrocatalytic water reduction catalyzed by {W72Fe30}NM and {Mo72Fe30}NM in a comparative 

study. The relevant turnover frequencies (TOFs) of {W72Fe30}NM and {Mo72Fe30}NM (~0.72s-1 and 

~0.45s-1, respectively), the overpotential values of {W72Fe30}NM and {Mo72Fe30}NM (527 mV and 

767 mV, respectively) and the relative stability issues of the catalysts indicate that {W72Fe30}NM 

is reasonably superior to {Mo72Fe30}NM. We have described a rationale of why {W72Fe30}NM 

performs better than {Mo72Fe30}NM in terms of catalytic activity and stability. 

 

 

 

 

 

 

Figure 1. Schematic representation of {W72Fe30}NM and {Mo72Fe30}NM, and their FESEM images showing their 

nanoblackberry type of morphology and their corresponding electrocatalytic water reduction reaction to produce 

hydrogen.   
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Chapter 3 

Solid Nano-blackberries Exhibiting Super Proton Conductivity Fabricated as Proton 

Transport Membrane 

The crystalline {Mo72Fe30} and {W72Fe30} Keplerates, a versatile polyoxometalate system, were 

first synthesized in Bielefeld, Germany by Müller’s research group. Subsequently, Liu, Müller and 

their co-workers demonstrated the formation of nanoblackberries of {Mo72Fe30} and {W72Fe30} in 

respective aqueous solutions. We have recently isolated these nanoblackberries in the solid state 

in the form of amorphous substances. In this work, we have shown that the isolated tungsten 

blackberries, Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NB) exhibit highest 

proton conductivity among polyoxometalates (POMs) and MOFs: 3.30 × 10-1 S cm-1 at 80 °C  and 

RH 98%. A vehicular mechanism is expected to operate in this proton conduction through the 

metal-oxide based solid electrolyte {W72Fe30}NB with an activation energy = 1.95 eV. But this solid 

electrolyte, as such, cannot form a free-standing film   which is essential for its use as proton 

exchange membrane (PEM) in the fuel cell.  We have thus used this POM-based solid electrolyte 

of highest proton conductivity among POMs and MOFs as nanofiller in an organic polymer, poly 

[2,2′-(m-phenylene)- 5,5′-benzimidazole] (m-PBI) to fabricate the POM-based polymer composite 

membrane, 50%{W72Fe30}@m-PBI ( 50% tungsten blackberries loading by weight). We have 

also prepared phosphoric acid (PA) doped {W72Fe30}@m-PBI membranes using two different 

loading levels of {W72Fe30} by weight: 2.5%{W72Fe30}+PA@m-PBI and 

5.0%{W72Fe30}+PA@m-PBI for their use as PEM at a higher temperature, at 160 °C. We have 

performed detailed proton conductivity studies of these polymer composite membranes along with 

their thermo-mechanical properties. In summary, we have demonstrated that the vesicle-like 

nanoblackberries, that are reversibly formed in a dilute aqueous solution of a giant 

polyoxometalate (POM) cluster {W72Fe30} containing compound, can be assembled irreversibly 

to nanoblackberries (without empty interior) that are isolated in solid state in gram quantities 

exhibiting super proton conductivity and fabricated to the flexible mixed matrix PEM of highest 

proton conducting efficiency.   
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Figure 2. Graphical representation of {W72Fe30}NB and its proton conductivity studies, and its fabrication into 

{W72Fe30}NB@polymer mixed matrix membranes. 
 

Chapter 4 

Giant Polyoxometalate {W72Fe30} in the form of Gel and Xerogel: Rheology and Proton 

Conduction 

Polyoxometalate (POM) gel is quite well-known, but mostly with organic molecules.  Pure 

inorganic POM gel is hardly known.  When an aqueous solution of sodium tungstate is mixed with 

an aqueous solution of ferric chloride, an immediate precipitation is observed to be formed ─ the 

resulting suspension on stirring at room temperature for three hours followed by its centrifugation 

results in the formation of straw-color gel. The resulting gel has been characterized by rheological 

studies indicating that this is a soft gel. Linear visco elastic (LVE) region for the 24 hours data of 

this gel spans from 0.1 – 2.5%, when the storage modulus (G′) is 2674 Pa. The relevant yield stress 

(σy) value is found to be 82 Pa. As expected, when we apply more strain, the storage modulus gets 

decreased. Dehydration of this gel at room temperature brings about the corresponding xerogel, 

characterization of which confirms that the xerogel is a {W72Fe30} type giant Keplerate-based 

POM compound [Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·166H2O ({W72Fe30}XG) and the basic 

building unit of the gel must be {W72Fe30} cluster unit. The xerogel is characterized with 60 

hydroxyl groups per formula unit and these hydroxyl groups are acidic in nature. Interestingly, the 

title xerogel, {W72Fe30}XG, an inexpensive metal-oxide-based material, exhibits proton conduction 

in the solid state. The material shows super proton conductivity of 6.99×10-2 S cm-1 at 80 ⁰C and 

98% relative humidity. The activation energy (Ea) for the proton conduction is found to be 0.2 eV 

indicating that the Grotthuss mechanism is involved in the proton conduction.  
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Figure 3. Schematic representation of {W72Fe30}XG formation and its proton conductivity studies. 

Chapter 5 

Mechanochemical and Aerial KI Oxidation Mediated by a Giant {Mo72Fe30} 

Polyoxometalate 

The giant polyoxometalate cluster of the Keplerate compound [Mo72Fe30O252(CH3COO)12 

{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150 H2O ({Mo72Fe30}cryst) is known to be 

characterized with 72 cage MoVI-centers and 30 high spin FeIII centers. When this yellow colored 

Keplerate compound is grinded with KI (potassium iodide) solid in a mortar pestle in solid state, 

the color of the solid mixture becomes olive green, which turns back into yellow-orange, when 

this green-color solid mixture is exposed to air for few hours. It turns out that KI gets oxidized by 

{Mo72Fe30}cryst in solid state with the formation of iodine (I2) in the solid reaction mixture and in 

turn, the {Mo72Fe30} cluster get reduced with the formation of {Mo72Fe30}
15-, retaining the 

{Mo72Fe30} cluster cage without any destruction. When this green-colored reduced solid reaction 

mixture is exposed to air, the aerial oxygen oxidizes the reduced {Mo72Fe30}
15- cluster regenerating 

the parent oxidized state of {Mo72Fe30} resulting in the formation of potassium superoxide (KO2) 

in the orange-yellow solid reaction mixture. The molecular iodine (I2) formed in the solid reaction 

mixture is extracted with chloroform (CHCl3). Thus the overall reaction cycle can be described as 

a mechanochemical aerial KI oxidation mediated by the Keplerate {Mo72Fe30}cryst. 
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Figure 4. Schematic representation of {Mo72Fe30} exhibiting mechanochemical solid state redox reaction. 

 

Summary and Future Scope 

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

working chapters. This thesis aims to show the isolation of Keplerate compounds into amorphous 

form by self-assembling process and application of these Keplerate materials as a heterogeneous 

electrocatalyst for hydrogen evolution reaction catalysis and proton conduction. The future scope 

of this work includes further development of Keplerate materials like Mo75V20, Mo102, Mo72V30, 

Mo72Cr30, W72Mo60, W72V30 which are less explored for electrochemical properties towards water 

reduction and water oxidation reactions. Also, Keplerates have an oxygen rich surface which are 

easily accessible to form extensive hydrogen bonding with water for proton conduction. 

Furthermore, formation of amorphous forms of these types of Keplerate compounds which show 

water insoluble nature can be utilized for the proton conductivity studies. POM 

(Keplerate)@polymer based mixed matrix membranes needs to be studied more as it has a good 

potential as a proton exchange membrane for fuel cells.    
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Overview 

Polyoxometalates (POMs) are one of the most unique class of functional materials whose 

story dates back to around two and half centuries, when these were first synthesized. Since then, 

the research works on POMs have been increased in an exponential rate. Specifically, Keplerates 

(a sub-class of POMs) have more than 130 research articles on {Mo72Fe30} and {W72Fe30} cluster 

containing compounds. Though these clusters are explored for many applications from last few 

years, their electrochemical functional nature has not been much explored. Having a closer look 

into their physical and chemical properties, it is expected that they have huge potential towards 

electrochemical water splitting to produce molecular hydrogen and oxygen. This class of 

compounds has also potential to show proton conductivity in the solid state. Current chapter 

describes the evolution of POMs, mainly, Keplerates of {W72Fe30} and {Mo72Fe30} cluster 

containing compounds and their diverse applications. We have described, how these clusters are 

useful in electrocatalytic hydrogen evolution reaction and we have also presented their ability to 

act as solid-state proton conducting materials (crucial for fuel cells for efficient energy conversion) 

and proton conduction mechanism. Lastly, we have given a brief overview on water splitting and 

proton conduction and finally we have mentioned the motivation of the thesis work.         

1.1. Introduction 

In the process of reaching an advance stage of social and cultural development, during last 

five decades, the energy demand has increased tremendously. It also increased the consumption of 

fossil fuels exponentially, thereby it becomes environmental concerns. When we look into the last 

few years’ reports, the primary energy demand has been increased by 5.8% in 2021.1 Though, the 

major renewable energy sources like solar energy, wind energy, biomass, hydroelectric, nuclear 

energy and geothermal energy are being used in the energy related sectors, but still to reach the 

energy demand, the electricity production from the fossil fuels is continued to increase.2    

Carbon and energy intensity are the two major components which builds the relation 

between energy consumption and emissions. As per the reports of international energy outlook 

2021, there is an increase in CO2 emission and greenhouse gases emission as the fossil fuel 

consumption has been increased by 25% from the last few years (Figure 1.1-1.2).3-6 According to 

the bp statistical review world energy 2022, the CO2 emission has been increased to 5.7% in 2021 

due to the energy use in industrial sector, usage of methane and also emissions from flaring.1,7  
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Figure 1.1.  Global primary energy consumption of the world.1 

                     

                    Oil, natural gas and industrial use of petroleum are going to increase in the coming 

years to attain the energy demand all over the world. Now it is essential to focus on energy 

transition to carbon free energy sources to achieve a clean energy and strong climate. To contain 

adverse effects of fossil fuel consumption, it is necessary to move towards the clean energy 

especially to renewable energy sources i.e., wind, solar, biofuels and green energy. According to 

the U.S. EIA Annual Energy Outlook 2022 and World Energy Transition outlook 2022, the solar 

energy is playing the crucial role as its share in energy production would be increased from 7% in 

2020 to 29% in 2050.3,8 But, despite of its fast growth, it still needs to long way to reach the 

production capacity suitable for industrial purposes. In this point of view, we have to consider two 

concerns in the energy production i.e., we have to produce green energy in efficient way to reach 

the high production level at low cost including its storage.  

                    The highly efficient green energy production has been achieved through the fuel cells 

and still the research is continuing to increase its efficiency to 100%.  The energy storage 

technologies involve hydrogen, batteries, superconductivity, pumped hydro, supercapacitors and 

compressed air etc.9-12 Among these, the best energy storage and energy carrier is hydrogen.13 It 

can fully compensate the place of fossil fuels in the energy production and its transportation is an 
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easy task from the production site. In fuel cell, the conversion of chemical energy to electrical 

energy, the only wastage is water as a steam which is harmless to the environment.14-15 

 

 

 

 

 

 

  

 

Figure 1.2.  Carbon dioxide emission by different fuel sources in india.3 

                One of the best ways to produce hydrogen in the clean energy form without any waste, 

is water splitting. Splitting of water molecules into hydrogen and oxygen can be achieved by 

choosing the relevant energy sources that can break the bond between hydrogen and oxygen in the 

water molecule. Some of the processes which are being used for the water splitting are 

photochemical, electrochemical and thermochemical processes etc. Among these processes, the 

electrochemical water splitting is worth mentioning. The water splitting through electrocatalysis 

can be taken place as mentioned below in two half-reactions, i.e., oxygen evolution reaction (OER) 

and hydrogen evolution reaction (HER). 

2H2O ↔ 2H2 + O2                     E0 = - 1.23 V vs. NHE             (1) 

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

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

                  On the other hand, the fuel cells are the most efficient device compared to others in the 

conversion of chemical energy to electrical energy. In the process of generating the green energy 

without the usage of fossil fuels, both the steps, namely water splitting and proton conduction play 

a major role.16 In the fuel cell, at the anode the hydrogen molecules are getting oxidized and at the 
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cathode oxygen is getting reduced.17-21 Especially, at the anode the oxidation of hydrogen 

molecules is taking place along with  

1. Electrons flow in the outer circuit. 

2. Protons flow from anode to cathode through the proton conducting polyelectrolyte 

membrane (PEM) on which the fuel cell efficiency is completely dependent. 

In the current chapter, the discussion will be divided into two parts: (1) POM as electrochemical 

HER catalyst and (2) POM as proton conducting material.       

  

1.2. Polyoxometalates: Keplerate structure and its importance in electrochemical water 

splitting and proton conductivity studies 

1.2.1. History and Structural description of POM 

Polyoxometalates are a unique class of anionic metal oxide clusters, that are formed  when 

metal oxides polyhedral units self-assemble in  specific reaction conditions. The commonly found 

metals (addenda atoms) in POMs are transition metals, mostly belongs to V and VI group, in their 

higher oxidation states and these metals are connected with bridging oxo group (O2- state). In the 

formation of polyoxometalates, reaction conditions like pH, temperature and concentration have a 

vital role. In the specific reaction conditions, the metal-oxo anions of these transition metals of 

group V and VI (W, Mo, V, Nb, Ta etc.) undergoes polycondensation through protonation to form 

a polyoxometalate.  

Though the first crystallographic structural analysis of POM was achieved in 1933 by 

Keggin ((H5O2)3[PW12O40],
22-41 their story dates back to 19th Century.  Based on the available 

literature, Berzelius discovered the formation of phosphomolybdic acid [PMo12O40]
3- (yellow 

precipitate) from ammonium molybdate and phosphoric acid in 1826 without any crystal 

structure.42 Before Keggin, many research groups have attempted to find the structure of this POM. 

Among them, Pauling was the one who could make an assumption that the basic units of POM 

clusters are in octahedral geometry, which was later supported by Keggin.42-43 In 1960’s M. T. 

Pope developed synthetic methods and characterization techniques for POMs. He also attempted 

and succeeded in NMR spectra-assisted POM structural analysis, and published his findings.44-47 

On the other hand, while studying the formation and degradation of POMs, in 1963, Souchay found 
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that the formation of polyoxometalates involve condensation reactions.48 All these studies helped 

in gaining deep insights in to their structural diversity along with their range of physical and 

chemical properties. As a result, POM field has seen major improvements in 20th century.49 

Various research groups have been working on this field including our group and made it as an 

interesting field by exploring its properties and applications. The timeline of major developments 

in POM chemistry and contribution of various researchers are tabulated and presented in Figure 

1.3.42-45,48,50-127 

                                                           

                                          

 

 

 

 

 

 

 

 

 

Figure 1.3.  Timeline showing the development of POMs along with scientists involved in it. 

Previous literatures showed that POMs can be broadly classified into two groups, namely, 

isopolyanions and heteropolyanions on the basis of their composition and structure. In 

isopolyanions [MmOy]
p-, only one type of transition metal is coordinated with the oxygen atom. 

Whereas, heteropoly anions consist of a common molecular formula [XxMmOy]
q- where x ≤ m and 

M is a V or VI group transition metal from the periodic table and X is a heteroatom (Phosphates, 

silicates and borates etc.) which is also coordinated with the oxygen atom.71-72, 128-132      

In the class of isopolyanions, Lindquist, is the well-known POM among them, which is 

discovered in the year 1950. Whereas, heteropoly anions’ class has Keggin, Silverton, Waugh, 

Dawson, Strandberg and Anderson kind of major POM sub-classes (Figure 1.4). Also, there is one 

more class of polyoxometalates which are formed due to the condensation of molybdates / 
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tungstates in a solution under reduced conditions and have large number of atoms with icosahedral 

symmetry. These are known as Keplerates with giant structures. The present thesis work mainly 

deals with Keplerate type of POMs; hence we have discussed only about Keplerates in details.   

 

                  

Figure 1.4. Structural representations of diverse polyoxometalates.133-135 

1.2.2. Molybdenum Blue and Molybdenum Brown ─ reduced POM clusters 

As mentioned in previous sections, Scheele and Berzelius pioneered the field of POMs. 

They were the first ones who identified and studied a naturally available bluish amorphous 

molybdenum blue (as it is normally called).50-51 Initially they formulated it as Mo3O8.nH2O and 

later changed to Mo5O14.nH2O. Later in 1995-1999, it was revealed that molybdenum blue consists 

of   huge clusters with torus shape i.e., Mo154 and Mo176 type clusters along with hedgehog shaped 

cluster Mo368.
136 In the journey to studying POM clusters, Müller and Group could isolate a few 

crystals from the molybdenum blue solution after adding hydroxylamine (a reducing agent) to it 

and with the help of crystal structure studies, they showed the Mo154 wheel structure with 14 NO 

ligands. Though they could produce crystals of the sample enough for structural studies, they could 

not isolate the complete crystalline phase of it.137,138  



Chapter 1 

7 
 

                      

Figure 1.5. Polyhedral representations of (a) {Mo176}, (b) {Mo154}, (c) {Mo248} and (d) {Mo368}.139, 141-142 

In later investigations, they replaced these 14 {MoNO}3+ units with 14 {MoO}4+ in Mo154 

and achieved the pure crystal it with high yield which assisted in determining the complete formula 

of it. Thorough structural studies revealed that, {Mo154} consists of 14 pentagonal bipyramids 

{MoO7} units and 140 octahedra {MoO6} units which were arranged in a ring-shaped structure. 

Similarly, Mo176 (wheel shaped cluster) was isolated by varying the experimental conditions viz. 

increasing the concentration of molybdates and lowering the pH.139-140 and a bulky Mo248 cluster 

was also synthesized from acidic aqueous molybdate solution by employing ascorbic acid (a 

reducing agent).141 Researchers also developed a lemon – shaped cluster {Mo368} with a formula 

[H16Mo368O1032(H2O)240(SO4)48] 
48-. Synthesis of this cluster was carried out in an acidic solution 

containing H2SO4 which facilitated incorporation of sulphate anions (48 sulphate anions on the 

inner sphere of the cluster) inside the cluster framework which was assumed to be the driving force 

behind shape of the cluster from wheel to lemon-shape.142-144 These wheel type of clusters (Figure 
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1.5) found to be having good applications in various fields including electrochemistry and  

electronic and magnetic properties driven fields etc. Their nano structures with cavities have a 

benefit in host-guest chemistry. In later stages Müller and group fine-tuned the art of producing 

and modifying giant POM clusters by altering reaction conditions. One of such interesting 

examples was synthesizing a spherical ball shaped Mo132 cluster. The cluster was produced from 

giant wheel shaped clusters in presence acetic acid, and increased amount of reducing agent along 

with altering the pH of the solution.145 Discovery of this Mo132 giant spherical cluster contributed 

significantly to the progress of POM chemistry. These clusters not only have been exhibiting many 

potential applications in   various fields including nanoscience, they also opened doors for a new 

branch of POM chemistry like Keplerates. 

1.2.3. Keplerates 

Keplerates are polyoxometalate with large number of atoms and giant structures formed by 

condensation of molybdates in a solution under reduced conditions with icosahedral symmetry. 

They are composed of two basic building units, namely pentagons and linkers and the sphere also 

consist of twenty evenly distributed hexagonal pores on the surface. The pore-diameter and cavity 

size of the Keplerates depend on the nature of the linker, whether it is mononuclear or binuclear. 

General formula for the Keplerate is [M72M`30] where M is Mo or W containing clusters and M` 

is the linker either a mononuclear or dinuclear.146 As mentioned earlier, in 1998 Müller and group 

synthesized Mo132 and it was termed as an inorganic super fullerene based on its topology. This 

was unambiguously characterized by single crystal X-ray crystallography and accordingly it was 

formulated as (NH4)42[MoVI
72MoV

60O372(CH3COO)30(H2O)72]. ca. 300H2O. ca. 10CH3COONH4.  

There are 12 pentagonal units {MoVI(MoVI
5O21)} and 30 binuclear linkers {MoV

2O4}.145 In this 

kind of Keplerate structures each pentagon {MVI(MVI)5} consists of pentagonal bipyramidal MoO7 

central unit sharing the five edges with MoO6 octahedra and all these 12 pentagonal units link 

together with the help of 30 linkers to form a complete spherical cluster. As depicted in Molecular 

formula of Mo132, there are additional bidentate ligands (CH3COO) present in the cluster which 

coordinates to linkers in different ways. Presence of this kind of ligands affects the total charge of 

the system, size of the cavity and hydrophilic or hydrophobic nature of the surface of the cluster 

compared to other clusters.  
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  After the synthesis of Mo132, Müller and his group has realized that the synthesis of 

Keplerates with combination of different linkers is possible and in later studies they started 

replacing these binuclear linkers {MoV
2O4} with mononuclear linkers like M` = Fe3+, Cr3+ and 

VO2+ which led to formation of smaller Keplerates like [MVI
72M`V

30].
147 One such example was 

Mo72Fe30 Keplerate which was a combination of 12 Mo(Mo)5 pentagonal units and 30 Fe3+ 

mononuclear linkers.147 

            

     

Figure 1.6. Types of Keplerates reported till date.145, 147-153 
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Consecutively they published a work related to the concept of building blocks in which they 

reported  Mo75V20 cluster.148 Later they  synthesized the Mo102 (Mo72Mo30) in which MoO3- group 

is linker and they  also reported Mo72V30 and Mo72Cr30 in which VIVO and CrIII are taken as linkers 

respectively.148-150 They also generated a pentagonal unit with W i.e., W(W5) which is assembled 

with Mo (W72Mo60) and Fe (W72Fe30).
151-152   Similarly, Wang group also grabbed opportunity and 

synthesized W72V30 cluster.153 All these Keplerate containing compounds (Figure 1.6) are  found 

to have  unique chemical, magnetic and electronic properties which can be used in the real time 

applications. The pores of these giant clusters have a receptor property; thus the spherical surface 

chemistry of this cluster opens a new way for supramolecular chemistry. There are huge number 

of reports related to their magnetic properties and catalytic behavior of the cluster in different 

reaction conditions.147-153  

Work presented in this thesis mainly focuses on {Mo72Fe30} and {W72Fe30} cluster 

containing compounds.  

1.2.4. {Mo72Fe30} Keplerate 

The {Mo72Fe30} Keplerate compound was synthesized by Müller and his group in 1999.147 

Initially, though they had hard time synthesizing a spherical object from pentagons {Mo(Mo)5} 

later they have constructed giant molecular spheres of different sizes by varying the linkers. They 

could separate a yellow colored crystalline compound {Mo72Fe30} by reaction of FeCl3 with Mo132 

cluster anion with high yield and formulated it as [Mo72Fe30O252(CH3COO)12 

{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]·150H2O. The structural analysis of {Mo72Fe30} 

revealed that, the 12 pentagonal units are in the form of {Mo(Mo)5} and the 60 {MoV
2} linkers 

were successfully replaced by 30 FeIII linkers. The closer look into the structural arrangement of 

this cluster also revealed that, the central pentagonal bipyramidal MoO7 group linked to the five 

MoO6 octahedra by edge sharing and these 12 pentagonal units [(Mo)Mo5O21(H2O)6]
6− connected 

to 30 FeIII linkers {FeIIIO5(H2O)}3+ to get the overall structure of the cluster i.e., icosahedral 

symmetry with 102 metal atoms and ligands (Figure 1.7). Müller group had also tried to study the 

stability of this cluster and in 2000 they published a report which has proved that the {Mo72Fe30} 

Keplerate is more stable than the Keggin POM; they have incorporated the Keggin POM inside 

the {Mo72Fe30} cluster without any structural changes in the ball structure.154 The importance of 

this cluster was shown by many research groups by publishing ample number of research articles 
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till date. In 2014, the Müller’s group has also synthesized a completely amorphous form of this 

cluster containing compound, following a similar synthetic procedure used for ferrimolybdite.155 

In 2016, our group published  

                                  

Figure 1.7. (a) Polyhedral and (b) Ball and stick representation of {Mo72Fe30}.147 

an article on amorphous {Mo72Fe30} (Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O) 

with an optimized synthetic procedure.156 Later this compound also acquired an immense interest 

in many applicative fields.   

1.2.5. {W72Fe30} Keplerate 

As stated earlier, Müller and group for the first time introduced {(W)(W)5} pentagonal 

units in to polyoxotungstates.151 In 2009 they reported a {W72Mo60} spherical Keplerate 

with{(W)(W)5} pentagons and Mo dinuclear linkers and in 2010 they reported the same pentagons 

linked with the FeIII ions and forming a Keplerate formulated as 

[Na6(NH4)20{Fe(H2O)6}2][{WVI
6O21(SO4)}12{Fe(H2O)}30(SO4)13(H2O)34]·200H2O (Figure 1.8).152 They 

synthesized it by treating the acidic sodium tungstate solution with ferrous sulphate which led to 

formation of yellow-colored crystals of {W72Fe30}. It is a cluster with icosahedral symmetry.  
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Figure 1.8. Ball and stick representation of {W72Fe30}.152 

It consist of 12 {WVI
6O21(SO4)} pentagonal units, 30 FeIII linkers {(Fe(H2O))30} and it has 20 crown 

ether type {Fe3W3O6} pores which are hydrogen bonded with 20 NH4
+ ions. It also has 25 SO4

2- 

ligands inside the cavity of the cluster. This crystalline compound {W72Fe30} is less explored in 

the application studies. Recently, our group published a report on amorphous {W72Fe30} Keplerate 

compound with high yield which will be discussed in detail in the second chapter of this thesis.157 

1.3. {Mo72Fe30} and {W72Fe30} related compounds and their applications 

1.3.1. {Mo72Fe30} and {W72Fe30} clusters importance as Catalysts 

{Mo72Fe30} type giant Keplerate cluster containing compound 

([Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150 H2O (which is 2.5 nm 

size) has been well explored in last few years. Thorough search on Scifinder, it was revealed that 

more than 126 research articles were published including their property studies and application in 

different fields; the relevant search results were summarized in Table 1.1. These {Mo72Fe30} 

clusters were found to be magnetically active, owing to the presence 150 unpaired electrons per 

cluster contributed by 30 Fe(III) high spin centers and these properties were well exploited by 

various research groups.158-165 Many research groups also worked on exploring its catalytic activity  for 

example, selective oxidation of anthracene (H2O2 as an oxidant), isolation of carbon nanotubes 

with the help of chemical vapour deposition process, aerobic synthesis of benzimidazoles, 

epoxidation of olefins (H2O2 as an oxidant) and the selective oxidation of methanol are worth 

mentioning. 166-169 Photocatalytic activity of the compound {Mo72Fe30} is also been well explored. 

Researchers from University of Birjand have shown that the both crystalline and amorphous forms 

of the compound {Mo72Fe30} exhibit the photocatalytic degradation of organic dyes and conversion 

of H2O2 to H2O and O2.
170-172 There are numerous research groups who have been working on the 
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bio-medical applications of this {Mo72Fe30} cluster containing compound. {Mo72Fe30} has been 

combined with biologically active substances like vitamin B1 and insulin to improve the drug 

delivery process. {Mo72Fe30} was also employed to study its ability to deliver antitumor drugs like 

doxorubicin.173-174 Interestingly, when the {Mo72Fe30} cluster is combined with tetracycline, it has 

exhibited the antibacterial activity.175   

On the other hand, {W72Fe30} is less explored compared to {Mo72Fe30} cluster.   To the 

best of our knowledge, till date, there is only one report found in literature related to the catalytic 

activity in which it catalyzes the selective oxidation of sulfides to sulfones in the presence of 

H2O2.
175   

 This thesis primarily focuses more on the properties and applications of this {W72Fe30} 

cluster containing compound.  

Table 1.1.  {Mo72Fe30} and {W72Fe30} compounds and related applications 

S.No. Compound Application Ref 

1 Amorphous {Mo72Fe30} Heterogeneous catalyst for 

condensation of various 

aromatic 1,2-diamines and 

aldehydes in green method. 

172 

2 Crystalline and Amorphous {Mo72Fe30} Visible-light driven 

photocatalyst for conversion of 

H2O2 to H2O and O2. 

171 

3 Chitosan and {Mo72Fe30} Electrocatalytic reduction of 

ClO3
−, BrO3

−, and IO3
−. 

176 

4 {Mo72Fe30} with Vitamin B1 Thermodynamic interactions 

between {Mo72Fe30} and 

Vitamin B1 for drug delivery. 

177 

5 Amorphous {Mo72Fe30} Photocatalytic degradation of 

organic dyes (Rhodamine B). 

170 

6 Amorphous {Mo72Fe30} Association of {Mo72Fe30} with 

vitamin B1 and insulin for drug 

delivery. 

173 

7 Melem and {Mo72Fe30} Photocatalytic activity toward 

hydrogen peroxide (H2O2) 

dismutation under visible-light 

irradiation. 

178 

8 {Mo72Fe30} with Albumin Stabilization of {Mo72Fe30} by 

albumin for targeted drug 

delivery. 
 

179 
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9 {PMo12O40@Mo72Fe30}n Photochemical water oxidation. 115 

10 {Mo72Fe30} {Mo72Fe30} used as an anode 

material for Lithium-ion 

batteries. 

180 

11 POM@(DOX)12 Binding of the antitumor drug 

doxorubicin (DOX) with the 

nanocluster polyoxometalate 

(POM) {Mo72Fe30} for drug 

delivery. 
  

174 

12 {Mo72Fe30}@TC12.5 Response of {Mo72Fe30} 

towards the antibacterial 

activity along with the 

Tetracycline (TC). 

175 

13 Magnetic surfactant (MagSurf), 

(C18)2C2N
+[FeCl4]

−, and POM, 

{Mo72Fe30} 

POM/MagSurf serves as 

magnetic transporting vehicles 

to anchor and deliver a protein 

molecule, myoglobin (Mb). 
 

181 

14 Crystalline {Mo72Fe30} Electrochemical behavior of 

{Mo72Fe30} and aggregated 

{Mo72Fe30}. 

182 

15 BW12 ⊂ Mo72Fe30  Catalytic activity of Keggin 

encapsulated Mo72Fe30 in the 

oxidation of sulfides into 

sulfoxides or sulfones and 

oxidative desulfurization of 

dibenzothiophene with 

hydrogen peroxide. 

183 

16 Crystalline {Mo72Fe30} Electrical conductivity at room 

temperature. 

184 

17 Metronidazole+{Mo72Fe30} 
  

Wound dressing in rat model. 185 

18 PMo12 ⊂ Mo72Fe30, 

SiMo12 ⊂ Mo72Fe30 and 

BW12 ⊂ Mo72Fe30 

Study of catalytic efficiency in 

the epoxidation of olefins with 

hydrogen peroxide. 

186 

19 HxPMo12O40 ⊂ H4Mo72Fe30(CH3COO)15

O254  

Catalyst for epoxidation 

of alkenes in the presence of 

H2O2 as a green oxidant with a 

selectivity of 99%. 

167 

20 Crystalline {Mo72Fe30} Isolation of Carbon nanotubes 

(CNTs) using chemical vapour 

deposition process catalysed by 

{Mo72Fe30}. 

168 

21 HDS-MoFeO from {Mo72Fe30} Catalytic activity for selective 

oxidation of methanol. 

169 

https://scifinder-n.cas.org/navigate/?appId=fa3c0c37-1967-45a8-9b0d-3169ac45f191&backKey=643aa37fe3287f4ca376e48d&backToPage=1&cidValue=713&contentUri=document%2Fpt%2Fdocument%2F64205150&key=643aa37fe3287f4ca376e48d&metricsOrdinal=40&metricsResultType=reference&ordinal=39&resultType=reference&resultView=DETAIL&sortBy=relevance&sortOrder=descending&state=searchDetail.reference&uiContext=364&uiSubContext=551&uriForDetails=document%2Fpt%2Fdocument%2F64205150
https://www.sciencedirect.com/topics/materials-science/surface-active-agent
https://www.sciencedirect.com/topics/chemistry/myoglobin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/metronidazole
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/wound-dressings
https://www.sciencedirect.com/topics/chemistry/epoxidation
https://www.sciencedirect.com/topics/chemistry/alkene
https://www.sciencedirect.com/topics/chemical-engineering/olefin
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22 {Mo72Fe30}+Doxorubicin Targeted drug delivery as an 

antitumor medicine. 

187 

23 Crystalline {Mo72Fe30} Preparation of bio-inspired 

FeMo2S4 microsphere via the 

one-step sulfuration of 

Keplerate-type 

polyoxometalate {Mo72Fe30}. 

188 

24 Crystalline {W72Fe30} Catalyst for Selective oxidation 

of sulfides to sulfones in the 

presence of H2O2. 

189 

25 Crystalline {W72Fe30} 

 

Effective electrocatalyst for the 

cathodic activation of O2 in 

H2O leading to the oxidation of 

light alkanes and alkenes. 

190, 

191 

 

Despite of their applicability found in other fields, there are a few reports found reporting 

electrocatalytic activity of these giant inorganic clusters {Mo72Fe30} and {W72Fe30}. Initially, 

Xiang Feng and his group have reported the electrochemical behavior of the {Mo72Fe30} and their 

aggregates in aqueous solution. They have compared the simple cyclic voltammogram of the both 

{Mo72Fe30} and its aggregations. Interestingly, the electrochemical behavior of both of them is 

same. In the same report they have additionally explained the major driving force of the self-

assembly of this cluster.182   

In 2009, Jingcheng Hao and coworkers fabricated composite films of {Mo72Fe30} + 

Chitosan for the electrocatalytic reduction of ClO3
-, BrO3

- and IO3
- in an acidic aqueous solution 

and the experimental results revealed the electrocatalytic activity followed the order of IO3
->BrO3

-

>ClO3
-.176 On the other hand, in 2017 Soumyajit Roy’s group has taken a step forward to 

demonstrate the photochemical water oxidation to produce oxygen with the help of 

{PMo12O40@Mo72Fe30}n in which Keggin type POM is encapsulated inside the Keplerate 

{Mo72Fe30}. This catalyst was found to be very much stable under photochemical reaction 

conditions and it exhibited reasonably good turnover frequency (24.11 min-1).115 

{W72Fe30} giant cluster has recently been recognized as an effective electrocatalyst for the 

cathodic activation of O2 in aqueous medium for the oxidation of alkanes to alkenes at room 

temperature.190 On the basis of above report, Neumann’s group used this giant Keplerate 

{W72Fe30} as electrocatalyst for arene hydroxylation, alkyl C-H bond activation, dealkylation of 

alkylamines and alkylsulphides including desaturation reactions. 191  
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The reports in literature dealing with electrocatalytic activity of these cluster containing 

compounds, prompted us to think of exploring their applicability towards an unexplored area of 

{Mo72Fe30} and {W72Fe30} assisted electro catalytic water splitting. In one of their reports, Müller 

group showed that two electron reduced species of crystalline {Mo72Fe30}, in which  the free 

electrons can be delocalized over 72 molybdenum ions on the surface of the {Mo72Fe30} cage by 

maintaining the structure intact.192 Hence we believe that {Mo72Fe30} and {W72Fe30} have a great 

potential to act as a heterogeneous electrocatalyst towards water reduction to produce molecular 

hydrogen (Chapter-2).  

1.3.2. Keplerates as Proton Conductors 

Proton conduction plays a crucial role in effective functioning of Fuel cells.  Generally, a 

fuel cell has two chambers, namely, cathodic chamber and anodic chamber which are physically 

separated by a polyelectrolyte proton conducting membrane and are connected by external 

connector including a output device as illustrated in Figure 1.9. Anodic chamber oxidizes H2/fuel 

to H+/proton, whereas in cathodic chamber oxygen is reduced to water. The electrical energy is 

provided by electrons flow in the outer circuit and the protons from anodic chamber are 

transformed to cathodic chamber via proton conducting membrane which helps in the conversion 

of O2 to H2O. The fuel cell functions successfully only if the protons are allowed to transfer 

efficiently from anodic chamber to cathodic chamber. If they are not being efficiently scavenged 

and H+ concentration increases at the anodic chamber, the functionality of the fuel cell will come 

to stall. In other words, the performance and efficiency of a fuel cell vastly depend on the efficiency 

of the proton conducting membrane separating its anodic and cathodic chambers.19,20,193   

 

Figure 1.9. Schematic representation of proton exchange membrane fuel cell (PEMFC). 
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As we know that water is one of the good proton conductors, hence initial research was 

conducted in water and protic acid solutions (aqueous) to know the mechanism of proton 

conduction. Earlier, it was reported that the proton transports through water following Grotthuss 

proton hopping mechanism. Here proton transported through rotation of the water molecules which 

requires a less activation energy and shows high efficiency at a temperature below 100 ⁰C.16,194 At 

elevated temperatures (temperatures above 100 ⁰C) the proton transport takes place through 

vehicular mechanism where the proton or proton source travels via proton conduction channel 

which requires a high activation energy compared to Grotthuss mechanism, due to which vehicular 

mechanism is efficient at higher temperature.18  

Initially all the studies were carried out on proton conduction in water and acidic aqueous 

solutions which are considered as proton conducting materials. Despite of their good conduction 

properties their practical applications were limited. To widen the usability of proton conducting 

materials, researchers started moving towards the development of solid-state proton conductors. 

20,193 In the search for potential solid state proton conducting systems, they found metal-oxides as 

suitable candidates for this purpose. Owing to the availability of wide range of structural 

information, the study of the proton transport mechanism through metal oxides became easy. 

However, these metal oxides and hydroxides came up with their own limitations like high 

activation energy requirement due to its rigid structure and lack of labile protons and they follow 

the vehicular mechanism.195 Later the organic polymers like Nafion attracted the lime-light   as an 

efficient proton conductor It was discovered in 1960 and has been a well-known and commercially 

available proton conductor. It contains a self-repeating unit of sulfonated tetrafluoroethylene and 

it is not only highly hydrophilic in nature but also very stable under harsh chemical environments 

and exhibits super-protonic conducting properties till the temperature of 100 ⁰C. As it is a polymer, 

it has been widely used as a proton conducting membrane in fuel cell.196 However, it is also having 

a few drawbacks like (1) non-crystalline nature and lacks a predictable long-range structure which 

makes it difficult to relate its structure, function and its proton conductivity. (2) Manufacturing 

cost of Nafion is very high. (3) Nafion follows the Grotthuss mechanism for water assisted proton 

transport. Its proton conductivity decreases rapidly near 100 ⁰C as its hydrophilicity decreases.        

Later MOFs came up as a link between organic polymers and metal oxides which combines 

the benefits of both materials.193 From the last few years POMs are also being considered as good 
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proton conducting materials because of their stable crystal structures and POMs can be easily 

converted to composites by reacting with the organic and inorganic motifs.197-198 These also can 

be the replacement for Nafion and another proton conducting organic polymer.199-200   

There are many reports where the POMs showing a good proton conducting properties 

(details summarized in Table 1.2). Like other POMs, Keplerate also penetrating the field as 

suitable proton conducting candidate, owing to their metal oxide nature with large number of 

hydroxyl groups. In their recent work Supriya and group measured proton conductivity of 

crystalline {Mo72Fe30} which showed a proton conductivity of 1.85 x 10-3 at a temperature of 330 

K. The required activation energy was 0.2 eV, which clearly indicates that it follows the Grotthuss 

proton hopping mechanism.197 Thus, giant spherical clusters {Mo72Fe30} and {W72Fe30} have a 

high chance of having proton conduction property as they consist of large number of mobile 

protons generated from the acidic Fe(III)-OH2 centers and lattice water molecules. Besides, it can 

be easily anticipated that the Grotthuss mechanism involved in proton conduction as the mobile 

protons from the Fe(III)-OH2 forms a hydrogen bonding with lattice water molecules and forming 

H3O
+-H2O system which helps in the migration of protons to achieve high conductivity values.  

In this thesis, proton conductivity studies of {W72Fe30} cluster containing compound and 

its real time application of making a proton exchange membrane are presented in chapters 3 and 4 

respectively. The scope of the thesis is extended to study the solid-state mechanochemical property 

of {Mo72Fe30} that involves grinding of {Mo72Fe30} crystalline solid and KI in solid state 

producing reduced {Mo72Fe30} and molecular iodine. This is discussed in the last working chapter 

of this thesis.                                    

Table 1.2. Table of various reported POM based proton conductors and their conductivity 

SI.No. Compound Conductivit

y (S cm-1) 

Activation 

Energy (eV) 

Conditions Reference 

1  {Mo72Fe30} 1.85 x 10-3 0.24 <330K, 50% RH 197 

2  Mo240 1.03 x 10-1 0.24 80 ⁰C, 98% RH 198 

3  HImMo132 4.98 x 10-2 0.51 60 ⁰C, 98% RH 199 

4  HMeIm-Mo132 2.1 x 10-2 0.44 60 ⁰C, 98% RH 199 

5  NbO2(OH)PW12 7.25 x 10-3 0.39 77 ⁰C, 98% RH 200 

6  H14[Na6(H2O)12]4 

[K42Ge8W72 

O272(H2O)60]·solvent 

6.8 x 10-2 0.52 85 ⁰C, 98% RH 201 



Chapter 1 

19 
 

7 7 [Cu12(BTC)8(H2O)12][

H3PW12O40]nH2O 

4.76 x 10-5 0.41 90 ⁰C, 70% RH 202 

8 9 K11Eu[P5W30O110K]·3

0H2O 

1.0 x 10-2 0.26 368K, 90% RH 203 

9 1

0 

K5H6Eu[P5W30O110K]·

0.032PAA3000·30H2

O 

1.2 x 10-2 0.48 368K, 90% RH 203 

10 1

3 

K8H4[Bi(H2O)P5W30O

110]•0.03PAA5000•19

H2O 

8.5 x 10-3 0.16 368K, 75% RH 204 

11 1

4 

K13.0H1.0[Na(H2O)P5

W30O110]·0.03PAA50

00·20H2O 

1.7 x 10-3 0.40 338K, 75% RH 205 

12 1

7 

[La10Ni48W140Sb16P12

O568(OH)24 

(H2O)20]
86− 

2.05 x 10-2 0.22 295K, 100% RH 206 

13 1

9 
H5PW10V2O40⋅15H2O 1.27 x 10-2 0.263 18 ⁰C, 80% RH 207 

14 2

1 

H2[Cu2OL3(H2O)2] 

[Ce(L)(H2O)3(PW11O3

9)]·17H2O 

3.175 x 10-4 0.456 85 ⁰C, 98% RH 208 

15 2

2 

((TEAH)7K2H9{P2W18

}⸦{Mo24Fe12} 

·116H2O) 

5.9 x 10-3 0.28 368K, 90% RH 209 

16 2

3 

((TEAH)14Na10K8H8{

P5W30}2⸦{Mo22Fe8} 

·50H2O) 

1.7 x 10-2 0.31 368K, 90% RH 209 

17 2

4 

[Cu(H2bibb)2(H2O)3(α

P2W18O62)]⋅10.5H2O 

2.52 x 10-4 0.42 85 ⁰C, 98% RH 210 

18 2

7 

H3PW12O40·29H2O 1.7 x 10-1 0.14 25 ⁰C, 80±5% RH 211 

19  NaH15{[P2W15Nb3O62]

2(4PBA)2((4PBA)2O)}

·53H2O 

1.59 x 10-1 0.66 90 ⁰C, 98% RH 212 

20  H14[Na6(H2O)12]4 

[K42Ge8W72 

O272(H2O)60]·solvent 

6.8 x 10-2 0.52 85 ⁰C, 98% RH 201 
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21  {Na7 

[(nBu)4N]17}[Zn(P3M

o6O29)2 ]2·solvent 

1.04 x 10-2 0.22 80 ⁰C, 75% RH 213 

22  H13(HIm)4K2Na4(H2O

)9[SbIII 9SbVSm3O14
-

(H2O)3][(SbW9O33)3(P

W9O34)]·26H2O 

1.64 x 10-2 0.54 85 ⁰C, 98% RH 214 

23  (H2bimb)3[Zn3(H6P4M

o6O31)2] 

4.54 x 10-3 0.46 85 ⁰C, 98% RH 215 

24  H[Ce(H2O)4]2[MnV1
3O

38]·9NMP·17H2O 

4.68 x 10-3 0.45 61 ⁰C, 97% RH 216 

25  H[La(H2O)4]2 

[MnV1
3O38]·9NMP·17

H2O 

3.46 x 10-3 0.48 61 ⁰C, 97% RH 216 

26  {(NH4)13[Mo28
VMo126

VIO456H34(H2O)70]Cl17(

ClO4)14·mH2O 

(m≈240)}n (3D-

{Mo154}n) 

1.1 x 10-2 0.264 22 ⁰C, 100% RH 217 

27  C108H36Cu24N48O116P

Mo4V8 

8.03 x 10-3 0.96 343K, 98% RH 218 

28  ((TEAH)7K2H9{P2W18

}⸦{Mo24Fe12} 

·116H2O) 

5.9 x 10-3 0.28 368K, 90% RH 209 

29  (TMA)KNa-

Mo16S16Se8 

1.2 x 10-2 0.77 55 ⁰C, 97% RH 219 

30  H3PMo12O40·29H2O 1.8 x 10-1 0.16 25 ⁰C, 80±5% RH 211 

 

1.4. Motivation of the work 

In the wake of modern world’s need for sustainable energy storage and effective energy conversion 

systems, generating water splitting catalysts for green hydrogen production and highly efficient 

solid state proton conducting material are found to be vital. In water splitting, both the HER and 

OER have their own significance and they also come with their own drawbacks which needs to be 

addressed. In the journey towards fabricating efficient materials for said purpose, our group 

previously reported the complete amorphous compound of {Mo72Fe30} and measured its stability 

at different temperatures. Similarly, part of the work, presented in this thesis, mainly deals with 

designing and producing a complete amorphous compound of {W72Fe30} and its role in 

electrocatalytic water splitting reaction along with the {Mo72Fe30} cluster containing compound 

(chapter 2). In following section of the thesis (chapter 3), proton conductivity studies 
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on{W72Fe30} cluster containing compound have presented along with its incorporation as a 

nanofiller in to a polymer membrane for proton conductivity applications. In next chapter (chapter 

4) of the thesis, the scope of the work extended to synthesizing a complete inorganic gel out of 

{W72Fe30} cluster containing compound. Formed gel’s strength and elasticity were measured by 

rheology studies and it was utilized as a proton conducting gel material for further studies.  On the 

other hand, there were few reports related to solid state transformation of POM containing 

compounds. This made us to study the solid-state transformation of {Mo72Fe30} cluster containing 

compound and its catalytic activity towards the conversion of KI to I2 at room temperature 

(chapter 5).  Since, in the present thesis work, I have synthesized a different form of {W72Fe30} 

cluster containing compounds and studied extensively to understand their electrocatalytic behavior 

towards the water splitting and proton conduction and I strongly believe that knowledge added to 

the field through this work would be significant and help others positively in moving a step closer 

to which are important to construct sustainable energy storage and effective energy conversion 

systems. 
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Overview 

 

The reversible self-assembly of {Mo72Fe30} cluster into nano-blackberries in the dilute 

solution of the relevant crystalline compound [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 

{H2Mo2O8(H2O)}(H2O)91]∙150H2O ({Mo72Fe30}cryst) was demonstrated by Liu, Müller 

and their coworkers as a landmark discovery in the area of polyoxometalate chemistry.  

We have described, in the present work, how these nano-objects, {M72Fe30} (M = W and 

Mo) of ~2.5 nm can be self-assembled into nano-blackberries irreversibly leading to their 

solid state isolation as nanomaterials, 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM) and 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM), respectively 

(NM stands for nanomaterial).   The formulations of these one-pot synthesized nano-

blackberries of {W72Fe30}NM and {Mo72Fe30}NM have been established by spectral 

analysis including Raman spectroscopy, elemental analysis including ICP metal analysis, 

volumetric analysis (for iron), microscopy techniques and DLS studies. The thermal 

stability of the tungsten nano-blackberries, {W72Fe30}NM is quite higher than that of its 

molybdenum analogue {Mo72Fe30}NM. This might due to the extra three ferric (Fe
3+

) ions 

per {W72Fe30} cluster in {W72Fe30}NM, that are not part of the {W72Fe30} cluster cage but 

are placed between two adjacent clusters (i.e., each cluster has six surrounding 0.5Fe
3+

) to 

form this self-assembly. The isolated blackberries behave like an inorganic acid, water 

suspension of which shows the pH values of 3.9 for {W72Fe30}NM and 3.7 for 

{Mo72Fe30}NM because of the deprotonation of the hydroxyl groups in them. We have 



{W72Fe30} and {Mo72Fe30}: HER electrocatalysts 
 

37 
 

demonstrated, for the first time, a meaningful application of these inexpensive and easily 

synthesized nano-blackberries by showing that it can act as an electrocatalyst for 

hydrogen evolution reaction (HER) by reducing water. We have performed detailed 

kinetic studies for the electrocatalytic water reduction catalyzed by {W72Fe30}NM and 

{Mo72Fe30}NM in a comparative study. The relevant turnover frequencies (TOFs) of 

{W72Fe30}NM and {Mo72Fe30}NM (~0.72 s
-1 

and ~0.45 s
-1

,
 
respectively), the overpotential 

values of {W72Fe30}NM and {Mo72Fe30}NM (527 mV and 767 mV, respectively) and the 

relative stability issues of the catalysts indicate that {W72Fe30}NM is reasonably superior 

to {Mo72Fe30}NM. We have described a rationale of why {W72Fe30}NM performs better 

than {Mo72Fe30}NM in terms of catalytic activity and stability. 

 

2.1 Introduction 

{Mo72Fe30}‒type giant spherical polyoxometalate (POM) cluster (popularly known as 

Keplerate) containing compound 

[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150H2O 

{Mo72Fe30}cryst, isolated as a single crystalline material more than a decade ago, has been 

recognized as a wonder molecule. More than 135 original research articles have been 

published till today (source: Scifinder, ACS) based on, only this compound.
 

The 

concerned {Mo72Fe30} cluster cage is constructed by 12 pentagonal 

[(Mo)Mo5O21(H2O)6]
6

 units, that are linked by 30 {Fe
III

O5(H2O)}
3+

 linkers (Figure 2.1).
1
 

Since this compound {Mo72Fe30}cryst, having 30 Fe(III) centers, has been characterized as 

a high spin system with 150 unpaired electrons per cluster, a major portion of its 

publications covers works related to its versatile magnetism.
2-9

  Its catalytic activities are 

also reported in recent time. Among {Mo72Fe30} cluster based catalysis, selective 

oxidation of anthracene (H2O2 as an oxidant),  epoxidation of olefins (H2O2 as an 

oxidant),  isolation of carbon nanotubes (using chemical vapour deposition process) are 

worth mentioning.
10-12

 Reversible self-assembly of this giant nano-sized object, 

{Mo72Fe30} in the dilute aqueous solution of the relevant compound {Mo72Fe30}cryst, 

demonstrated by Liu‒  and Müller‒group, has been proved to be the breakthrough 

research in the area of  polyoxometalate chemistry. Liu, Müller and their co-workers 

showed that, in an aqueous solution, {Mo72Fe30}cryst cluster acts as a weak inorganic acid 

that gets deprotonated to different extents, depending on the pH of the concerned aqueous 

solution and the cluster surface charge densities, and self-assemble to form blackberry-

type nano-vesicles of different sizes.
9,13-15

 The reversible formation of these blackberries 
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(spherical sized assemblies) was proven by dynamic light scattering (DLS) studies of the 

concerned dilute solution of {Mo72Fe30}cryst and HR-TEM studies (by drop-casting this 

solution onto a freshly glow discharged carbon-coated TEM grid).
9
  Until then, this kind 

assemblies (so called nano-blackberries) were never isolated as a solid material. In the 

meantime, Müller and co-workers synthesized {Mo72Fe30} compound as an amorphous 

substance.
16

 We, then, for the first time, described this amorphous material of {Mo72Fe30} 

as the assemblies of nano-sized blackberry type globules by FESEM and HR-TEM 

microscopic studies and formulated this molybdenum nano-blackberry compound as 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM) from various 

spectroscopic studies including Raman spectroscopy and elemental analysis.
17

  

               

 

Figure 2.1. (a) Polyhedral representation of {Mo72Fe30} cluster-based compound structure; (b) Stick 

representation of {Mo72Fe30} cluster containing compound (reprinted with permission from ref 17, 

copyright 2016, American Chemical Society). 

The isolated nano-blackberries, {Mo72Fe30}NM are insoluble in water, whereas 

{Mo72Fe30}cryst crystals are moderately water soluble. In this work, we have made an 

attempt to understand the irreversible solid state synthesis of these nano-blackberry type 

assemblies as an insoluble and amorphous nanomaterial versus their reversible formation 

in dilute solution of the soluble crystalline compound {Mo72Fe30}cryst (Appendix 2, 

Section A2.19). The amorphous nanomaterial {Mo72Fe30}NM (or nano-blackberries) can 

be synthesized instantaneously in gram quantities, but the synthesis of crystalline 

compound, {Mo72Fe30}cryst is not only time consuming but also with low yields.  We 

were, thus, very keen to investigate, whether such inexpensive and instantly isolated 

nanomaterial
17

 finds some meaningful applications. In the meantime, Rezaeifard, 

Jafarpour and their co-workers from Catalysis Research Laboratory of University of 
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Birjand have shown that this amorphous nanomaterial {Mo72Fe30}NM is quite superior to 

crystalline {Mo72Fe30}cryst as far as photocatalytic performances toward degradation of 

organic dyes and catalase like activity including an aerobic synthesis of benzimidazoles 

are concerned.
18-20

 Recently, Supriya and co-workers have performed the proton 

conductivity studies on {Mo72Fe30}cryst and they have even extended their studies to know 

the photochromism properties of {Mo72Fe30}-type Keplerate.
21,22

 Last several years, we 

have been working on electrocatalytic water splitting,
23,24

 an important and contemporary 

research goal at the moment worldwide (energy crisis issue on our planet Earth).  Since 

this amorphous substance, Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O 

({Mo72Fe30}NM) is water insoluble having 16 hydroxyl groups per (Mo72Fe30} cluster in 

contrast to its crystalline analogue, 

[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150H2O 

({Mo72Fe30}cryst) and Müller group established that guest-free {Mo72Fe30} cluster cage 

can be reduced by two electrons that get delocalized over 72 Mo ions on the cage surface 

retaining its structural integrity,
25

 the substance {Mo72Fe30}NM has potential to act as a 

heterogeneous electrocatalyst for water reduction to yield molecular hydrogen. We have 

truly shown in this work that the nanomaterial, {Mo72Fe30}NM acts as a heterogeneous 

electrocatalyst for hydrogen evolution reaction (HER) by reducing water. However, the 

major drawback of this isolated molybdenum “nano-blackberries” compound 

{Mo72Fe30}NM is that it is a kinetically labile substance, which transforms to ferric 

molybdate with time in a solid to solid transformation.
17,26

 We thus intended to synthesize 

the tungsten analogue of {Mo72Fe30}NM, because tungsten systems are generally 

kinetically sluggish in comparison to molybdenum system. We could synthesize the nano-

blackberries of its tungsten analogue by mixing sodium tungstate with ferric chloride and 

acetic acid in an aqueous solution; but a careful chemical analysis of this tungsten “nano-

blackberries” compound confirms that it is {W72Fe30}NM (with extra three iron ions per 

cluster compared to its molybdenum analogue) instead of {W72Fe30}NM. These three extra 

ferric ions per {W72Fe30} cluster in compound {W72Fe30}NM play a crucial role in offering 

an enormous amount of rigidity / thermal stability to {W72Fe30}NM (vide infra).  A 

crystalline {W72Fe30}cryst compound having {W72Fe30} cluster cage with sulfate ligand 

has been reported: 

[Na6(NH4)20{Fe(H2O)6}2][{W
VI

6O21(SO4)}12{Fe(H2O)}30(SO4)13(H2O)34] ·200H2O 

({W72Fe30}cryst), which is highly water soluble in comparison to the solubility of 
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crystalline {Mo72Fe30}cryst.
1,27

 This crystalline {W72Fe30}cryst compound includes two 

{Fe(H2O)6}
3+

 cations per {W72Fe30} cluster anion.    

 The discovery of reversible formation of nano-blackberries (vesicles) via self-

assembly of giant {Mo72Fe30} clusters in the dilute aqueous solution of compound 

[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150H2O 

({Mo72Fe30}cryst)  was remarkable from fundamental understanding (of how metal oxide 

based giant cluster self-assemble to nano-vesicles) point of view. It would have been even 

more versatile and significant if these black-berries could have been isolated in solid-state 

to check, whether these nano-blackberries find some useful applications. We reported the 

solid-state isolation of these nano-blackberries {Mo72Fe30}NM as an amorphous nano-

material as a preliminary communication,
17

 but without any application. In the present 

contribution, we not only have reported an important application, i.e., electrocatalytic 

water reduction to molecular hydrogen, catalyzed by this material {Mo72Fe30}NM (nano-

blackberries) but also we have succeeded to isolate its tungsten analogue {W72Fe30}NM. 

We have shown that the tungsten “nano-blackberries” material is much more superior to 

its molybdenum analogue {Mo72Fe30}NM as far as electrocatalytic water reduction 

performance and stability issues are concerned. We have given a rationale describing the 

driving force for this irreversible solid-state isolation of these nano-blackberries, that are 

known to be formed reversibly in dilute solution in the case of {Mo72Fe30}cryst. The 

tungsten “nano-blackberries” compound {W72Fe30}NM has been formulated as 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM), which unlike 

{Mo72Fe30}NM does not contain sodium ion but contains three extra ferric ions per 

{W72Fe30} cluster as shown in the Figure 2.2. The novelty of {W72Fe30}NM over 

{Mo72Fe30}NM is that the tungsten analogue is kinetically stable and it does not 

disintegrate even at 200
o
C to Fe2(WO4)3 unlike {Mo72Fe30}NM, a kinetically labile 

substance, which on heating at 60-70
o
C degrades to Fe2(MoO4)3.

17,28
 In this work, we 

have reported the synthesis and characterization of {W72Fe30}NM nano-blackberries. We 

have also described electrocatalytic hydrogen evaluation reaction (HER) by water 

reduction, catalyzed by {W72Fe30}NM and {Mo72Fe30}NM in a comparison mode with 

detailed kinetic studies.  
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2.2. Experimental Section  

 

2.2.1. Materials 

All the chemicals were used as received without any further purification. Sodium 

molybdate dihydrate (Na2MoO4·2H2O), sodium tungstate (Na2WO4·2H2O) and acetic acid 

– 100% were purchased from SRL chemicals. Ferric chloride hexa hydrate (FeCl3·6H2O) 

was purchased from Sigma Aldrich Chemicals.   

 

2.2.2. Synthesis  

2.2.2.1. Synthesis of Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O 

({Mo72Fe30}NM) 

An aqueous solution (25 mL) of Na2MoO4·2H2O (3 g, 12.3 mmol) was acidified with 25 

mL of acetic acid; under vigorous stirring condition, another aqueous solution (5 mL) of 

FeCl3·6H2O (2.09 g, 7.7 mmol) was added to it. Instantaneously yellow colored 

precipitation was observed; the reaction mixture was stirred for an hour at room 

temperature and the resulting precipitate was filtered off and washed with water 

thoroughly and dried the compound at room temperature. Yield: 2.6 g.  

2.2.2.2. Synthesis of Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O 

({W72Fe30}NM) 

An aqueous solution (25 mL) of Na2WO4·2H2O (4 g, 12.12 mmol) was acidified with 5 

mL of acetic acid; under vigorous stirring condition, another aqueous solution (5 mL) of 

FeCl3·6H2O (3.402 g, 12.58 mmol) was added to it. Instantaneously, a yellow-colored 

precipitation was observed; the reaction mixture was stirred for an hour at room 

temperature and the resulting precipitate was filtered off and washed with water 

thoroughly and dried at room temperature. Yield: 2.3 g.  

2.2.3. Methods 

The instrumental details of the all the experiments are provided in appendix 1.  

2.2.3.1. Electrochemical Studies  

We have performed most of the electrochemical studies with the help of an 

electrochemical cell with three-electrode system which has Ag/AgCl (3M) as reference 

electrode, glassy carbon as the working electrode and Pt-wire as the counter-electrode. 

The electrolyte used was aqueous solution of 0.1 M Na2SO4 at pH 2.5. The 

electrochemical measurements were carried out in a heterogeneous manner for the 

insoluble compounds by taking the sample and preparing a homogenous suspension. The 
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sample is prepared by taking 8.0 mg of amorphous compounds that are insoluble in water 

and 2.0 mg of carbon black powder in a 2.0 mL of ethanol and water mixture (3:2) 

solution. After sonicating the suspension mixture for 30 minutes, we added 20 µL of 5 

weight% nafion to the sonicated suspension and then the mixture was sonicated for 

further 30 minutes to get complete homogeneous suspension / ink. On the glassy carbon 

electrode which is having a geometrical area of 0.07 (cm
2
), 10 µL of the sample mixture / 

homogeneous suspension ink was coated and this way 40 µg of the sample was actually 

coated on the surface of the working electrode and the same amount of sample was used 

for whole electrochemical measurements except bulk electrolysis. In the case of bulk 

electrolysis, fluorine doped tin oxide (FTO) glass substrate was used as a working 

electrode instead of glassy carbon electrode and the counter electrode is Pt-wire with high 

surface area. Measurements were carried out at room temperature and the IR-Lamp was 

used to dry the sample mixture which was coated on the surface of the glassy carbon 

electrode (working electrode).  Ag/AgCl electrode was used as a reference electrode and 

all the electrode potentials in the measurements were transformed to RHE scale with the 

help of the following relation. E (NHE) = E (Ag/AgCl) + 0.204 + 0.059 pH. Usually, the 

cyclic voltametric measurements were carried out at a scan rate of 100 mVs
-1

 and iR 

corrections were manually fixed after finishing all the measurements. With the help of 

galvanostatic polarization curve, the Tafel plots were plotted and a home-made set-up 

was used to carry out the bulk electrolysis from which we calculated the Faradic 

efficiency of the compounds and we quantified the amount of hydrogen evolved in the 

bulk electrolysis.                                                   

 

2.3 Results and Discussion 

2.3.1. Reversible formation in dilute solution versus irreversible isolation of 

aggregated nano-blackberries 

Liu and Müller group established that the deprotonation of the iron-coordinated water 

molecules on the surface of the {Mo72Fe30} cluster (Figure 2.1.) of the crystalline 

compound [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 

{H2Mo2O8(H2O)}(H2O)91]∙150H2O ({Mo72Fe30}cryst) in a dilute aqueous solution 

[resulting in the generation of the charge density (OH
−
) on the cluster surface and 

formation of H3O
+
 ions around the clusters] is essential for the {Mo72Fe30} clusters to 

self-assemble into blackberry-like supramolecular structures (nano-sized vesicles) with 

counter cations (H3O
+
) placed between the {Mo72Fe30} cluster units.

9
 They also showed 
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that the rate of aggregation of {Mo72Fe30} cluster entities into nano-blackberries is 

directly dependent on the concentration of the {Mo72Fe30} clusters, meaning that, more 

the concentration of the {Mo72Fe30} clusters, more is their aggregation. Even though, 

formation of these nano-blackberries has been demonstrated in an aqueous solution of 

{Mo72Fe30}cryst, one cannot expect to isolate these blackberries as a solid-state material 

from the aqueous solution of {Mo72Fe30}cryst because of their reversible formation and the 

limited solubility (0.5−1.0 mg/mL) of {Mo72Fe30}cryst in an aqueous solution. In order to 

have more concentration of these cluster entities to be self-assembled in an aqueous 

solution, one has to generate a large excess amount of {Mo72Fe30} clusters in an aqueous 

solution, which is only possible by a direct in situ synthesis, in which the formation of a 

huge amount of {Mo72Fe30} cluster entities are possible. In the present study, the 

synthesis of aggregated nano-blackberries of 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM) includes the 

anticipated concentration of the {Mo72Fe30}- cluster species is 50 mg/mL. This high 

concentration of the cluster species with small negative charge, for example, 

[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]
2−

 in an aqueous solution, not surprisingly, 

leads to its isolation as a sodium salt; but this does not guarantee the self-assembly of this 

cluster anion to nano-blackberries. 

 

 2.3.2. Formation of {Mo72Fe30}NM 

 The formation of these nano-blackberries via self-assembly of {Mo72Fe30}-cluster 

species leading to the solid-state isolation of {Mo72Fe30}NM can be explained by 

understanding the formation of the {Mo72Fe30} cluster species in the present aqueous 

synthesis. The addition of FeCl3·6H2O (which is nothing but [Fe(H2O)6]Cl3) into an 

aqueous solution of sodium molybdate in the presence of acetic acid results in the 

isolation of {Mo72Fe30}NM instantaneously, whereby the pH of the solid-solution 

suspension turns out to be around 2.0. This pH drop (below 4.0) is due to the formation of 

HCl acid, one of the hydrolyzed products of FeCl3·6H2O. Even though the ultimate 

hydrolyzed products of FeCl3·6H2O are Fe2O3 and HCl (2FeCl3 + 3H2O  →  Fe2O3 + 

HCl), the formation of intermediate species of mononuclear-, di-nuclear- and multi-

nuclear iron complexes with hydroxide (OH
−
) and chloride (Cl

−
) ligands are known to be 

detected by ESI spectroscopy.
29

 It is already established that the basic building blocks of 

the {Mo72Fe30} cluster of crystalline compound 

[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 {H2Mo2O8(H2O)}(H2O)91]∙150H2O 
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({Mo72Fe30}cryst) are 12 pentagonal [(Mo)Mo5O21(H2O)6]
6

 units, that are connected  by 

30 {Fe
III

O5(H2O)}
3+

 linkers to construct the icosahedral {Mo72Fe30} nano-object 

[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91] of compound 

{Mo72Fe30}cryst.
1
 In this compound, +90 charges of 30 Fe(III) ions are counterbalanced by 

−72 charges of twelve pentagons [(Mo)Mo5O21(H2O)6]
6

, −12 charges of twelve acetate 

anions and −6 charges of three molybdenum dimers (each having −2 charge), 

encapsulated in the cavity of the {Mo72Fe30} cluster. The crystalline compound 

{Mo72Fe30}cryst was synthesized from relatively larger icosahedral cluster {Mo132} 

containing compound having 30 molybdenum dimers, each having an acetate ligand.
1
 

Thus twelve acetate anions and three molybdenum dimers, present in compound 

{Mo72Fe30}cryst, have come from its precursor {Mo132} compound. The twelve pentagonal 

units, 12 [(Mo)Mo5O21(H2O)6]
6

 remain intact from {Mo132} to {Mo72Fe30}cryst.  On the 

other hand, molybdenum nano-blackberries {Mo72Fe30}NM has been formulated as 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O based on elemental analysis and 

spectroscopic studies. In contrast to synthesis of crystalline {Mo72Fe30}cryst, the nano-

blackberries {Mo72Fe30}NM are synthesized instantaneously from the aqueous solution of 

sodium molybdate and ferric chloride in the presence of acetic acid.  During the addition 

of [Fe(H2O)6]Cl3 (FeCl3·6H2O) to the Na2MoO4 solution, {Fe(H2O)6}
3+

 induces  MoO4
2−

 

to form the pentagon [(Mo)Mo5O21(H2O)6]
6

 (eqn. 1) in an acidic aqueous solution as 

shown below. 

                         6 MoO4
2−

 + 6H
+
 + 3H2O  →  [(Mo)Mo5O21(H2O)6]

6
              (1) 

Since the spherical / icosahedral cluster (to be formed) in the isolated material needs 12 

pentagonal units, 12 such pentagonal units assemble with 30{Fe(H2O)6}
3+ 

mononuclear 

species (as linker) to form the nanosized cluster 

[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]
2−

 in the isolated nanomaterial (Mo nano-

blackberries) as shown below in the balanced equation (eqn. 2). 

30{Fe(H2O)6}
3+

 + 12[(Mo)Mo5O21(H2O)6]
6

  + 4 CH3COOH    →                                   

Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]
2−

 + 20H
+
 + 128 H2O                       (2)                 

The precipitation of nano-blackberries, {Mo72Fe30}NM, via this reaction (eqn. 2) with the 

generation of twenty protons per cluster formation,  explains the pH drop in the reaction 

mixture.  This also accounts for the number of acetate ligands per cluster of nano-

blackberries ({Mo72Fe30}NM), which is only four, considerably less than that (twelve 

acetate anions) per cluster of crystalline {Mo72Fe30}cryst. Because of this low pH value of 
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the resulting reaction mixture, the acetic acid would not be deprotonated easily to act as 

the ligand to balance the rest +16 charges (positive charges of 30 Fe
3+

 centers − negative 

charges of 12 pentagons = +90−72 = +18; four acetate ligands and two sodium cations are 

experimentally found, thus rest charges = +18 + 2−4 = 16) during the formation of 

{Mo72Fe30} cluster. In this situation, some of the iron coordinated water molecules 

deprotonate to form hydroxyl anions or that are formed by partial hydrolysis of 

FeCl3·6H2O used in this synthesis to counterbalance the excess positive charges of iron 

centers (+16 in the case of {Mo72Fe30} cluster) resulting in the cluster anion, 

[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]
2−

 that self-assemble into {Mo72Fe30}NM nano-

blackberries and the resulting nano-blackberries further aggregate leading to the solid 

state isolation of aggregated nano-blackberries (Figure A2.6a-c, Appendix 2).   

2.3.3. Formation of {W72Fe30}NM 

The formation of tungsten analogue of this molybdenum nano-blackberry material is even 

more interesting. We followed identical synthetic procedure for tungsten nano-

blackberries as that of molybdenum compound except we used sodium tungstate instead 

of sodium molybdate and we have used some more amount to FeCl3·6H2O in this case 

(12.58 mmol instead of 7.77 mmol). As expected, we could obtain the ‘tungsten nano-

blackberries’ compound Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O 

({W72Fe30}NM) instantaneously as an amorphous nano-material, consisting of aggregated 

nano-blackberries of {W72Fe30}. The compound is characterized by elemental and 

spectral analysis including microscopic studies (FESEM and HR-TEM). This time, the 

{W72Fe30} cluster is more anionic (with −9 charges) than the Mo-analogue one.   The 

relevant balanced chemical equations for this synthesis can be described as follows (eqns. 

3 and 4). 

                          6WO4
2−

 + 6H
+
 + 3H2O  →  [(W)W5O21(H2O)6]

6
               (3)             

 30{Fe(H2O)6}
3+

 + 12[(W)W5O21(H2O)6]
6

  + 2 CH3COOH    →  

[W72Fe30O252(CH3COO)2(OH)25(H2O)103]
9−

 + 27H
+
 + 124 H2O            (4) 

As shown in eqn. 4, the reaction mixture, in which the tungsten ‘nano-blackberry’ 

compound gets precipitated instantaneously, would be acidic (27 protons are generated 

per {W72Fe30} cluster formation) and indeed the measured pH value of the solid-solution 

suspension, in which the precipitation of {W72Fe30}NM occurs immediately after mixing of 

ferric chloride solution to acidified sodium tungstate solution, is 1.35, which is even 

lower than that of solid-solution suspension of {Mo72Fe30}NM. This does not allow acetic 
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acid, present in the reaction mixture, much to be deprotonated ─ thus only two acetate 

anions are present per {W72Fe30} cluster anion of {W72Fe30}NM. Accordingly there are 

more hydroxyl anions (25 OH
−
 anions), present per {W72Fe30} cluster in compound 

{W72Fe30}NM. Thus the negative charge density on the {W72Fe30} cluster surface of 

{W72Fe30}NM is much more than that on {Mo72Fe30} cluster surface in {Mo72Fe30}NM. 

This makes difference in terms of their self-assembly processes. In the self-assembly in 

{Mo72Fe30}NM, the H3O
+
 ions are placed between {Mo72Fe30} clusters, whereas in the 

self-assembly in the case of {W72Fe30}NM, the Fe
3+

 ions are placed between  {W72Fe30} 

clusters, according to Liu−Müller model of H3O
+
 ions placed between {Mo72Fe30} 

clusters in the reversible self-assembly in the dilute solution of {Mo72Fe30}cryst. The 

repetitive and careful analyses of tungsten ‘nano-blackberry’ compound shows 33 iron 

atoms per formula unit. We have thus formulated tungsten nano-blackberries as 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103] ·180H2O ({W72Fe30}NM), keeping in mind 

that in the self-assembly leading to the formation of nano-blackberries, each {W72Fe30} 

cluster is surrounded by six 0.5 Fe
3+

 ions from six directions along three orthogonal axes, 

each linking two adjacent {W72Fe30}clusters via Fe−OH−Fe−OH−Fe bonds as proposed 

in Figure 2.2,  where two Fe−OH entities are from two different adjacent {W72Fe30}                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Schematic representation of compound {W72Fe30}NM in which six 0.5Fe
3+

 cations surrounding 

each cluster from six sides in three axes. 

clusters. This linking offers the isolated material 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM)  an enormous 
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stability and robustness. This is evidenced by the fact that this material {W72Fe30}NM, 

even after heating in the aerial condition at 200
0
C, remains intact (Appendix 2, Figure 

A2.2e) without its collapsing. On the other hand, the molybdenum nano-blackberries, 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM), upon heating at 

60-70
0
C, undergoes solid to solid transformation resulting in the formation  of 

Fe2(MoO4)3 (Appendix 2, Figure A2.2b).
17

  Thus the nano-material {Mo72Fe30}NM 

(molybdenum nano-blackberries), is a kinetically labile product but its tungsten analogue 

is not. Accordingly, the aqueous suspension of tungsten nano-blackberries, 

({W72Fe30}NM) is extremely stable; tungsten nano-blackberry compound remains intact 

even after its reflux for several hours. On the other hand, one hour reflux of the aqueous 

suspension of {Mo72Fe30}NM  (molybdenum nano-blackberries) results in the 

transformation from nano-blackberries to ferric molybdate.  

Now we wish to give a rationale of why these instantaneously formed clusters 

[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]
2−

 and 

[W72Fe30O252(CH3COO)2(OH)25(H2O)103]
9−

  self-assemble irreversibly leading to the 

isolation of aggregated-nano-blackberries 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM)  and 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM), respectively   in 

our direct synthesis in contrast to the reversible self-assembly of the {Mo72Fe30} cluster in 

the dilute solution of crystalline [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 

{H2Mo2O8(H2O)}(H2O)91] ∙150H2O ({Mo72Fe30}cryst). Electrostatic intermolecular 

interaction would likely change when the supramolecular structures (globules / nano-

blackberries) transit from solution to solid state. In the present study, the driving force for 

the solidification of the nano-blackberries (solid-state isolation) is two-fold assemblies / 

aggregations: (i) first, the assemblies of {Mo72Fe30} and {W72Fe30} clusters into nano-

sized blackberries / globules as described by Liu and Müller
9
 and  (ii) aggregations of 

these nano-blackberries to macro-porous material as shown in Figure A2.6a-c (Appendix 

2) and Figure 2.3.(a-c), respectively.  Thus, the second-generation aggregation leading to 

the aggregated nano-blackberries is the driving force for their solid-state isolation.  

Electrostatic inter-blackberries interactions occur to form aggregated nano-blackberries 

considering Liu-Müller model of placing H3O
+
 ions in between the negatively charged 

nano-blackberries leading to their solid-state isolation. The experimental and convincing 

evidence for this electrostatic interaction of using H3O
+
 ions in between individual 

negatively charged nano-blackberries resulting in aggregated nano-blackberries can be 
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obtained simply by suspending aggregated nano-blakberries, {Mo72Fe30}NM and 

{W72Fe30}NM separately in neutral water, when the pH value drops down from 7.0 to 3.7 

for {Mo72Fe30}NM and 7.0 to 3.9 for {W72Fe30}NM. This clearly indicates that the inter-

nano-blackberries interactions, responsible for solid state isolation, involves 

deprotonation of hydroxyl groups of an individual nano-blackberry 

[Mo72Fe30O252(CH3COO)4 (OH)16(H2O)108]
2−

 and 

[W72Fe30O252(CH3COO)2(OH)25(H2O)103]
9−

 followed by placing the resulting H3O
+
 ions 

in between the nano-blackberries.  

 

2.3.4. Zeta potential measurement of {W72Fe30}NM and {Mo72Fe30}NM 

The mean Zeta-potential (ζ) values of the nano-suspensions of {W72Fe30}NM and 

{Mo72Fe30}NM, respectively,  are −34.6 mV and  −16.1  mV (Appendix 2,  Section 

A2.11). These values are consistent with the fact that nano-suspension of {W72Fe30}NM  

does not disintegrate to ferric tungstate (ever after heating for several hours) and that of  

{Mo72Fe30}NM, upon heating at a moderate temperature,  collapses to ferric molybdate. 

Zeta potential (ζ) determination of a nano-suspension is an important technique to 

estimate the surface charge, thereby to understand the physical stability of the concerned 

nano-particles in the suspension. A nano-suspension having a ζ value, that is not in the 

range of −30 mV to +30 mV, is generally considered to have the better physical colloidal 

stability because of sufficient repulsive forces between the nano-particles of the nano-

suspension.  

 

2.3.5. FESEM and HR-TEM analysis of {W72Fe30}NM 

The sizes of nano-blackberries of {W72Fe30}NM are in the range of 300 – 350 nm  as 

shown in their FESEM images in Figure 2.3.a, 2.3.b and 2.3.c. The analysis of high 

resolution transmission electron microscopy (HR-TEM) images of {W72Fe30}NM is 

consistent with its FESEM studies as shown in Figure 2.3.d and 2.3.e. The selective area 

electron diffraction (SAED) of compound {W72Fe30}NM does not show any diffraction as 

seen in the Figure 2.3.f which completely supports its amorphous nature. As shown in 

Figure 2.3.a-c, this amorphous material is nothing but aggregated nano-blackberries 

showing surface porosity. We have thus performed the gas adsorption studies for the 

compound {W72Fe30}NM and we have found that the BET surface area is 5.345 m
2
g

-1 

(Appendix 2, section A2.13). The average pore volume and average pore width of the 

material {W72Fe30}NM are 0.0117 cc/g and  43.95 Å (around 4 nm), respectively. The 
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nature of adsorption isotherm (Fig. A2.17, Appendix 2) for this material indicates that it 

is a type III macro-porous material.  

The sizes of nano-blackberries of {Mo72Fe30}NM are in the range of 70 – 100 nm  

(Appendix 2, Figure A2.6). The size difference of the resulting self-assemblies / nano-

blackberries in going from molybdenum to tungsten may be due to the difference in 

charge densities of the building units [Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]
2−

 

{Mo72Fe30} having 16 OH
−
 groups and [W72Fe30O252(CH3COO)2(OH)25(H2O)103]

9− 

{W72Fe30} having 25 hydroxyl groups. The surface of the tungsten cluster unit {W72Fe30} 

has more negative charge densities than that of molybdenum cluster unit {Mo72Fe30} and 

thus a {W72Fe30} cluster unit fetches more positive ions (Fe
3+

, in the case of tungsten 

nano-blackberries) around it and each of these surrounding Fe
3+

 ions would attract 

{W72Fe30} cluster unit around it and so on. This way, a solid sphere kind of arrangement 

or nano- blackberry would be formed as shown in Figure 2.2.  

 

Figure 2.3. (a-c) FESEM images of the compound Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O at 

different resolutions; (d,e) HR-TEM images of the cluster {W72Fe30}NM containing compound; (f) SAED 

pattern of the cluster {W72Fe30}NM containing compound. 

 

The situation of the irreversible formation of this solid nano-blackberry can be compared 

with the hydration of a small cation with high charge density (e.g., Li
+
 ion), whereby the 

surrounding water ligands would make a spherical arrangement around the small cation, 

as demonstrated in Figure 2.2, where the central {W72Fe30} cluster with high negative 

charge density is spherically surrounded by the Fe
3+

 ions. The difference between these 

isolated nano-blackberries, formed irreversibly in a direct one-pot synthesis and the 
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blackberries, formed reversibly from a dilute aqueous solution of 

[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150H2O 

({Mo72Fe30}cryst) is that the later are nano-vesicles (hollow / empty space inside) and the 

former are solid nano-blackberries (inside space is filled, as shown in the formation of 

these blackberries in Figure 2.2).  

 

2.3.6. DLS measurement of {W72Fe30}NM and {Mo72Fe30}NM 

The Zeta (ζ) potential value (−16.1 mV) of the ‘molybdenum nano-blackberries’ 

compound, {Mo72Fe30}NM indicates that these nano-blackberries  (70 −100 nm) would 

further aggregate in its aqueous suspension and indeed an aqueous suspension of 

molybdenum nano-blackberries (70 −100 nm) undergo further aggregation to form bigger 

supramolecular assemblies (with a hydrodynamic radius of ∼510 nm ), as found in the 

DLS studies (Figure A2.16, Appendix 2). On the other hand, ‘tungsten nano-blackberries’ 

(size distribution: 300 – 350 nm) in compound, {W72Fe30}NM  in its aqueous suspension 

does not aggregate further as indicated in the DLS studies hydrodynamic radius: ∼400 

nm (Figure A2.15, Appendix 2), which is consistent with its Zeta (ζ) potential value of 

−34 mV. 

 

2.3.7. Magnetic Moment measurements of {W72Fe30}NM 

We have performed the room temperature magnetic moment measurements for the both 

compounds {Mo72Fe30}NM and {W72Fe30}NM; the resultant magnetic moment values are  

10.19 BM and 9.47 BM respectively. Even though these values are comparable, the room 

temperature magnetic moment of {W72Fe30}NM is little less than that of  {Mo72Fe30}NM. 

This may be due to the presence of extra three Fe
3+

 ions per formula unit of {W72Fe30}NM, 

proposed to be placed in between the nano-blackberries to make the assembly. This may 

add some contribution from extra-antiferromagnetic coupling interactions which is not 

present in {Mo72Fe30}NM. 

 

2.3.8 Structural analysis Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O 

({W72Fe30}NM) 

2.3.8.1. Raman Spectroscopy 

In our preliminary communication,
17

 we reported synthesis of molybdenum nano-

blackberry compound Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O 

({Mo72Fe30}NM), as an amorphous nanomaterial, characterized by IR-  and Raman-
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spectral analyses, thermogravimetric studies, microscopic studies and elemental (C & H) 

analyses including metal content analyses (ICP-OES). Since the {Mo72Fe30} cluster, in 

crystalline compound [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 

{H2Mo2O8(H2O)}(H2O)91]∙150H2O ({Mo72Fe30}cryst), has characteristic Raman signal for 

the {Mo72Fe30}cluster cage,  it helped us to  characterize the identical {Mo72Fe30}cluster 

cage in the amorphous molybdenum nano-blackberry substance {Mo72Fe30}NM. Even  

                    

Figure 2.4. Raman spectrum of the cluster {W72Fe30}NM which is compared with that of  {W72Fe30}cryst 

though, there is no crystalline analogue of tungsten nano-blackberry compound 

{W72Fe30}NM  with acetate ligand, a {W72Fe30}cluster cage containing crystalline 

compound with sulfate ligand, [Na6(NH4)20{Fe(H2O)6}2][{W
VI

6O21(SO4)}12 

{Fe(H2O)}30(SO4)13(H2O)34]·200H2O is known with its single crystal structure. Its Raman 

signal (using 632 nm laser excitation) is comparable to that of amorphous tungsten nano-

blackberry compound {W72Fe30}NM in the present work (showing the Raman bands at 965 

(W=O), 856, 756, 528, 437, 364 and 202 cm
-1

) as shown in the Figure 2.4.; this conforms 

that the cluster  cage {W72Fe30} remains same in crystalline compound 

[Na6(NH4)20{Fe(H2O)6}2] [{W
VI

6O21(SO4)}12{Fe(H2O)}30(SO4)13(H2O)34]·200H2O 

({W72Fe30}cryst)  as well as in the amorphous material {W72Fe30}NM compound of the 

present study. We have formulated this amorphous nano-material as 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM) based on elemental 
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analysis / ICP metal analysis, diverse spectroscopic studies, microscopic techniques, 

thermogravimetry, powder X-ray diffraction (PXRD) studies and titrimetric analysis of 

iron.  

2.3.8.2. IR analysis of {Mo72Fe30}NM and {W72Fe30}NM 

The IR spectra of {Mo72Fe30}NM and {W72Fe30}NM are quite comparable (Figure 2.5. 

except the fact that the intensity of acetate peaks of the compound  {W72Fe30}NM is rather 

smaller than that of the acetate peaks of {Mo72Fe30}NM. This is consistent with their 

elemental analysis (Appendix 2, Figures A2.11 and A2.12). There are two acetate anions 

per formula unit of {W72Fe30}NM and four acetate anions per formula unit of 

{Mo72Fe30}NM. 

  

Figure 2.5. FT-IR spectrum of {W72Fe30}NM cluster containing compound 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O,  compared with that of the compound {Mo72Fe30}NM. 

 

2.3.8.3 Thermo gravimetric analysis- GCMS of {W72Fe30}NM and {Mo72Fe30}NM 

TGA plot of the compound {Mo72Fe30}NM clearly shows that below and around 100 ºC 

temperature, it loses the water molecules as shown in Figure A2.3 and it is thermally less 

stable when compared to {W72Fe30}NM compound as shown in the Figure 4c. We have 

also carried out the TGA-GCMS analysis for the compound {W72Fe30}NM to conform the 

presence of acetate ligands in the cluster and we have obtained a clear mass spectrum of 

the compound {W72Fe30}NM as shown in the Figure A2.4. As shown in the 

thermogravimetric analysis (TGA) plot of {W72Fe30}NM (Figure A2.4c), acetate anions come out 

(in the form of acetic acid) after 600
o
C (GC mass, Figure A2.4, Appendix 2).    
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Figure 2.6. Thermogravimetric plot of the amorphous compound {W72Fe30}NM. 

 

2.3.8.4 PXRD pattern of {Mo72Fe30}NM and {W72Fe30}NM 

The PXRD pattern of the as synthesized {Mo72Fe30} cluster showing broad peak 

(Appendix 2 Figure A2.2a) clearly indicates that is amorphous in nature. The 

molybdenum nano-blackberries, Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180 H2O 

({Mo72Fe30}NM), upon heating in oven at 70
0
C for 42 hrs, undergoes solid to solid 

transformation resulting in the formation  of Fe2(MoO4)3 as we have shown in the PXRD 

(Appendix 2 Figure A2.2b); it shows sharp peaks which is completely in crystalline state. 

We have also refluxed the compound {Mo72Fe30}NM in 50mL water at 100
0
C for one 

hour, it has been transformed to crystalline form of ferric molybdate as shown in 

Appendix 2 Figure A2.2c. When we have heated the compound {W72Fe30}NM in muffle 

furnace at 200
0
C for 2 hrs, the compound remains intact without transforming to ferric 

tungstate as shown in the PXRD pattern (Appendix 2 Figure A2.2e) it exhibits a broad 

peak as before in Figure A2.2d which indicates that {W72Fe30}NM is still in amorphous 

nature. Even, when the compound {W72Fe30}NM was refluxed in 50mL water at 100
0
C for 

six hours, it remained intact as it is showing the broad peak in PXRD (Figure A2.2f). The 

powder X-Ray diffraction (PXRD) plot of the as synthesized {W72Fe30}NM compound 

shows a broad feature (Figure A2.4d), which clearly establishes that it is amorphous in 

nature. This is consistent with the selective area electron diffraction (SAED) of 

compound {W72Fe30}NM, which did not show any diffraction (Figure A2.3f) in its HR-

TEM studies.   
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Figure 2.7. PXRD pattern of compound {W72Fe30}NM. 

 

2.3.9. Controlled Experiment 

Both the compounds, {Mo72Fe30}NM and {W72Fe30}NM  are synthesized under identical 

conditions, but there is a big difference in their cation contents; {Mo72Fe30}NM is 

characterized with two sodium cations per {Mo72Fe30} cluster per formula unit,
17

 

whereas, {W72Fe30}NM has three Fe
3+

 cations per {W72Fe30} cluster, thereby 33 Fe(III) 

ions per formula unit. We have confirmed this iron content not only from its ICP metal 

analyses (ICP-OES data, Appendix 2, Figure A2.9) but also from quantitative titrimetric 

estimation of iron (Appendix 2, Section A2.20). Likewise, the acetate content (two 

acetate ligands per formula unit) in Fe3[W72Fe30O252(CH3COO)2 (OH)25(H2O)103]·180H2O 

({W72Fe30}NM) is found out from elemental analyses and TGA studies. We have already 

mentioned that the iron(III) cations of compound {W72Fe30}NM take part in the self-

assembly by linking {W72Fe30} cluster units (Figure 2.2) to result in the formation of 

tungsten nano-blackberries (Figure 2.3.).  This linking of {W72Fe30} cluster units by Fe
3+

 

cations offers enormous stability to the resulting {W72Fe30}NM nano-blackberries 

compound. In principle, if our assumption that, these Fe
3+

 cations act as linkers to 

assemble {W72Fe30} cluster units to result in the {W72Fe30}NM nano-blackberries as 

shown in Figure 2.2 is correct, then we should be able to isolate this “nano-blackberries” 

compound  {W72Fe30}NM (beside its direct synthesis) from its crystalline analogue, 
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[Na6(NH4)20 [{Fe(H2O)6}2][{W
VI

6O21(SO4)}12{Fe(H2O)}30 (SO4)13(H2O)34]·200H2O 

({W72Fe30}cryst) because it has same {W72Fe30}discrete units and the crystalline 

compound is highly water soluble unlike {Mo72Fe30}cryst. Practically, when we dissolve 

0.4 gm of {W72Fe30}cryst in 20.00 mL water acidified with 25.0 mL of glacial acetic acid 

and to it, if we add 0.2 gm of FeCl3·6H2O dissolved in 5.0 mL of water under stirring, a 

small amount of precipitation formation is observed after 15 minutes. The resulting 

insoluble precipitate, after its washing (with water) and drying (at room temperature), 

shows micro-blackberries in its FESEM image (Figures A2.28, Appendix 2). The main 

difference between these blackberries (obtained from {W72Fe30}cryst, sulfate ligated) and 

{W72Fe30}NM blackberries (obtained in direct synthesis) is two folds: these are low yield 

micro-sized blackberries in contrast to high yield  nano-sized blackberries of direct 

synthesis. Moreover, as expected, these blackberries are characterized with both acetate 

and sulfate ligands (see IR spectrum Figure A2.29, Appendix 2).  The underlying 

chemistry of this partial transformation of sulfate ligated crystalline {W72Fe30} compound 

[Na6(NH4)20{Fe(H2O)6}2][{W
VI

6O21(SO4)}12{Fe(H2O)}30 (SO4)13(H2O)34]·200H2O 

({W72Fe30}cryst) to amorphous micro-blackberries includes replacement of sulfate ligands 

by water and acetate anion forming a cluster of relatively less anionic charges and some 

surface charge densities as shown in the following tentative formula: 

[{W
VI

6O21(H2O)6}12{Fe(H2O)}30(SO4)2(CH3COO)2(OH)3(H2O)19]
9−

, which can be self-

assembled by three Fe
3+

 cations (present in the concerned solution, excess ferric chloride 

added) to form micro-globules as shown in Figure A2.28 (Appendix 2).  This experiment 

clearly proves that tungsten nano-blackberries compound {W72Fe30}NM is formed by the 

self-assembly of {W72Fe30} having hydroxyl ligands, whereupon the Fe
3+

 cations are 

placed in between the {W72Fe30} clusters as linkers.  

We could not isolate the molybdenum nano-blackberries compound 

{Mo72Fe30}NM (other than its direct synthesis) from its crystalline analogue 

[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 {H2Mo2O8(H2O)}(H2O)91]∙150H2O 

({Mo72Fe30}cryst) because of its limited solubility in an aqueous medium. We attempted to 

covert {Mo72Fe30}cryst to {Mo72Fe30}NM by performing similar experiment as that of 

obtaining tungsten micro-blackberries from sulfate ligated crystalline compound  

{W72Fe30}cryst, but we could not succeed, instead, we always ended up with obtaining 

starting compound {Mo72Fe30}cryst (Figure A2.28, Appendix 2).  
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2.3.10. EDX analysis of {W72Fe30}NM 

Energy dispersive X-ray (EDX) spectroscopy was performed for the {W72Fe30}NM 

compound to find out the surface composition of tungsten nano-blackberries. Figure A2.7 

(Appendix 2) shows the image of the selected surface area of {W72Fe30}NM including  its 

EDX plot and histogram of the elemental composition.  The relevant EDX- elemental 

mapping analyses have been provided with Appendix 2 (Figure A2.8). 

  The number of 25 hydroxyl (OH
−
) anions as ligands in the formula of 

{W72Fe30}NM compound, i.e.,   Fe3[W72Fe30O252(CH3COO)2 (OH)25(H2O)103]·180H2O 

({W72Fe30}NM) has been deduced from repeated CHN elemental analysis, ICP metal 

analysis and quantitative titrimetric iron analysis and by understanding the formation of 

{W72Fe30} cluster in compound {W72Fe30}NM. It is known that {W72Fe30} cluster is 

formed by 12 [(W)W5O21(H2O)6]
6-

 pentagons and 30 [Fe
III

]
3+

 linkers,
27

 resulting in +18 

charges that has to be counter-balanced by −18 charges. From CHN and TGA analyses 

we found two acetate anions and from ICP-OES metal analyses, we found that there are 

72 tungsten ions and 33 iron ions per formula unit of the compound (Appendix 2, Section 

A2.5, A2.9 and A2.10). Quantitative titrimetric iron analyses also support 33 iron ions per 

formula unit (Appendix 2, Section A2.20). Raman spectroscopy has clearly indicated the 

presence of {W72Fe30} cluster in compound {W72Fe30}NM. These three extra iron ions act 

as cations per formula. Thus, if there are three Fe
3+

 ions and two acetate anions, we need 

−25 charges to compensate the resulting +25 charges (+18 + 9 – 2 = +25). Therefore, we 

have used 25 OH
−
 as monodentate ligands per formula unit.  We have already explained 

about the source of OH
−
 anions in the pertinent aqueous synthesis mixture in the section 

of irreversible formation of nano-blackberries (vide supra). On a par with molybdenum 

system, as established by Liu and his co-workers, the concentration of {W72Fe30} cluster 

units and the rate of their aggregation into nano-blackberries have a direct relationship 

between them, namely, the aggregation is faster when the concentration of cluster is 

higher;
 9,13,30,31

  as this is a spontaneous assembly process and the {W72Fe30}cluster is 

formed instantaneously in a large amount, the  concerned system does not get enough 

time to arrange the {W72Fe30} clusters in an order fashion to get the crystalline product, 

instead the clusters,  with large negative charge density on the clusters surfaces,
17

 

assemble via Fe
3+

 cations to result in the formation of nano-blackberries of enormous 

stability. In contrast to the solution phase assembly of {Mo72Fe30} clusters in a dilute 

aqueous solution of {Mo72Fe30}cryst, the formation of isolated nano-blackberries in the 

solid state includes two folds assemblies / aggregations. First the nano-blackberries are 
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formed by the assembly of {W72Fe30} clusters with the particle size ranging from 300 nm 

to 350 nm. The second fold aggregation involves some kind of fusion among the nano-

blackberries (Figure 2.3. a-c).  

 

2.3.11. {W72Fe30}NM versus {W72Fe30}cryst 

The dilute solution of known crystalline {W72Fe30} cluster containing compound 

[Na6(NH4)20{Fe(H2O)6}2][{W
VI

6O21(SO4)}12{Fe(H2O)}30(SO4)13(H2O)34]·200H2O 

({W72Fe30}cryst) was subjected to laser light-scattering studies by Liu and Müller and their 

co-workers to investigate, whether the relevant {W72Fe30} cluster (with sulphate  ligands) 

self-assembles into nano-blackberry-type structures, which is unlikely because of the 

electrostatic repulsion caused by the resulting high negative charge (−32) of the 

macroion, [{W
VI

6O21(SO4)}12 {Fe(H2O)}30(SO4)13(H2O)34]
32−

 (when 20 ammonium 

cations are released from the {W72Fe30} cluster pores).
27

 However, they demonstrated the 

formation of supramolecular structures in an aqueous dilute solution of {W72Fe30}cryst at 

pH 4.6, with an average hydrodynamic radius (Rh) of approximately 31 nm. Liu and 

Müller explained this unexpected observation by demonstrating a lower charge (e.g., −12) 

of the macroion in the dilute solution of {W72Fe30}cryst at pH 4.6, as if,  20 NH4
+
 ions are 

not released from the pores of the relevant {W72Fe30} cluster in this condition.
27

 This 

clearly indicates that the macroion [{W
VI

6O21(SO4)}12{Fe(H2O)}30(SO4)13(H2O)34 

(NH4)20]
12−

 undergoes self-assembly into nano-blackberries  in  the dilute aqueous 

solution of {W72Fe30}cryst at pH 4.6 and at this pH, 20 NH4
+
 ions remain intact on 20 

pores of the {W72Fe30} cluster to maintain the charge of the cluster of −12. In the present 

study, we have shown that the macroion [W72Fe30O252(CH3COO)2(OH)25(H2O)103]
9−

 

undergoes assembly using three Fe
3+

 cations as the linkers per macroion leading to the 

solid-state isolation of tungsten nano-blackberry compound 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103] ·180H2O ({W72Fe30}NM). We have also 

shown that the addition of ferric chloride and acetic acid to an aqueous solution of 

{W72Fe30}cryst results in the formation and solid-state isolation of micro-blackberries of 

probable composition Fe3[{W
VI

6O21(H2O)6}12{Fe(H2O)}30 

(SO4)2(CH3COO)2(OH)3(H2O)19]˖xH2O.  
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2.4. Electrocatalytic Water Reduction to Molecular Hydrogen   

The electrocatalytic performances of {Mo72Fe30}NM  and {W72Fe30}NM toward hydrogen 

evolution reaction (HER) by water reduction have been studied by cyclic voltammograms 

(CVs) and linear sweep voltammograms (LSVs) in the acidic electrolyte (0.1M Na2SO4 at 

pH 2.5) with three electrode configuration. As shown in Figure 2.8.a, {W72Fe30}NM 

exhibits better performance for HER, compared to {Mo72Fe30}NM since {W72Fe30}NM 

shows greater catalytic current density than {Mo72Fe30}NM. CVs of {Mo72Fe30}NM and 

{W72Fe30}NM were also recorded (Figure 2.8.b) at a scan rate 100 mV s
-1 

in 0.1M Na2SO4 

at pH 2.5 to check the electrocatalytic activity for HER. As expected, the CV of 

{W72Fe30}NM shows lower onset potential and greater catalytic current density, compared 

to those of {Mo72Fe30}NM. In polyoxometalate, a trend was observed that with increasing 

in electronegativity (of the polyatom the redox potential decreases.
32

As the of 

tungsten (2.36) is greater than of molybdenum (2.16), {W72Fe30}NM shows better 

electrocatalytic performance than {Mo72Fe30}NM. The another reason for better 

electrocatalytic activity of {W72Fe30}NM than {Mo72Fe30}NM is the labile nature of  

{Mo72Fe30}NM as compared to {W72Fe30}NM (vide supra). Catalytic stability of a catalyst 

is very crucial for the practical application. The catalytic stability of {Mo72Fe30}NM and 

{W72Fe30}NM for HER in acidic medium (0.1M Na2SO4 at pH 2.5) were investigated by 

chronoamperometric measurements at an onset potential −1.0V for 2h. As shown in 

Figures 2.8.c and 2.8.d, a stable current density (−0.73 mA cm
-2

) was achieved for a 

period of 2h by {Mo72Fe30}NM and also a stable current density (−1.02 mA cm
-2

) was 

achieved for a period of 2h by {W72Fe30}NM. A negligible change of current density in 

each case was observed due to the continuous evolution of hydrogen bubbles from 

electrode surface. The evolved H2 gas was analyzed by gas chromatography (Appendix 2, 

Section A2.15). A very negligible leaching of both catalysts into the electrolytic solution 

during the chronoamperometric measurement was observed, which are confirmed by ICP-

OES analysis of electrolytic solution, obtained at the end of the chronoamperometric 

measurement (Appendix 2 A2.18). 
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Figure 2.8. (a) LSV curves of blank, {Mo72Fe30}NM and {W72Fe30}NM in 0.1M Na2SO4 (pH 2.5) at a scan 

rate 10 mV s
-1

. (b) CV curves of blank, {Mo72Fe30}NM and {W72Fe30}NM in 0.1M Na2SO4 (pH 2.5) at a scan 

rate 100 mV s
-1

. (c) Chronoamperometric plot of {Mo72Fe30}NM at potential −1.0V for 2h. (d) 

Chronoamperometric plot of {W72Fe30}NM at potential −1.0V for 2h.       

           Tafel equation is of fundamental importance in electrochemical kinetics and it 

relates the rate of electrochemical reaction (electric current) to the applied 

electrochemical potential via a linear correlation, η = a + b log i (where i = current 

density, b = Tafel slope, η = overpotential and a = constant).
33

 A low value of 

overpotential and Tafel slope corresponds to better electrocatalytic performance for HER. 

Tafel plots of {Mo72Fe30}NM and {W72Fe30}NM were obtained  by performing 

galvanostatic polarization in 0.1M Na2SO4 at pH 2.5. In case of {Mo72Fe30}NM, an 

overpotential of 767 mV is required to attain a current density of 1 mV cm
-2

 (Figure 2.9a). 

Similarly,   
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Figure 2.9. (a) Tafel plot of {Mo72Fe30}NM in 0.1M Na2SO4 at pH 2.5. (b) Tafel plot of {W72Fe30}NM in 

0.1M Na2SO4 at pH 2.5.             

 

the overpotential requirement for {W72Fe30}NM is found to be 527 mV cm
-2 

which was 

lower than that of {Mo72Fe30}NM by 240 mV (Figure 2.9.b). This clearly indicates that 

{W72Fe33}NM is better electrocatalyst for HER, compared to that of {Mo72Fe30}NM. As 

shown in Figures 2.9.a & b, the Tafel slope of {W72Fe30}NM was lower than that of 

{Mo72Fe30}NM by 233 mV/decade. This also indicates that {W72Fe30}NM is superior 

electrocatalyst to {Mo72Fe30}NM for HER. The extra overpotential is required for 

{Mo72Fe30}NM to attain a current density of 1 mVcm
-2 

as compared to {W72Fe30}NM 

because {Mo72Fe30}NM is structurally labile than {W72Fe30}NM.  

 

2.4.1. Calculation of Turnover Frequency (TOF) for H2 evolution 

Turn over frequency (TOF) was calculated for both {Mo72Fe30}NM and {W72Fe30}NM 

using the formula TOF = I/Q, where I is the constant current (in A) obtained from 

chronoamperometric measurement and Q is the charge (in A s) obtained from the 

reduction peak in the CV, recorded under noncatalytic conditions (Appendix 2, Section 

A2.16).
34

 The TOF values for {Mo72Fe30}NM and {W72Fe30}NM are 0.45 s
-1

 and 0.72 s
-1

 

respectively. From the TOF values also, it is evident that {W72Fe30}NM is more efficient 

electrocatalyst to produce more hydrogen gas  per second than {Mo72Fe30}NM does per 

second. 

2.4.2. Calculation of Faradaic Efficiency 

Faradaic efficiencies of {Mo72Fe30}NM and {W72Fe30}NM have been calculated from the 

amount of evolved hydrogen gas under chronoamperometric measurement using 

homemade setup (Appendix 2, Section A2.14). Faradaic efficiencies of {Mo72Fe30}NM 

and {W72Fe30}NM are found to be 56% and 72% respectively. The Faradaic efficiency of 
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56% for molybdenum blackberry compound {Mo72Fe30}NM is directly consistent with  its 

kinetic lability of its solid to solid conversion to ferric molybdate.
17

 Even though, the 

thermal stability of tungsten analogue, {W72Fe30}NM is enormous, its stability in the 

electrochemical cell (0.1M sodium sulfate electrolyte at pH 2.5) is diminished as shown 

by its Faradaic efficiency of 72%.  

 

Figure 2.10. (a) Cyclic voltammograms of {Mo72Fe30}NM in THF (tetrabutylammonium perchlorate has 

been used as an electrolyte) with sequential additions  of 0 µL, 200 µL, 300 µL, 400 µL water. (b) Cyclic 

voltammograms of {W72Fe30}NM in THF (tetrabutylammonium perchlorate was used as electrolyte) with 

sequential additions  of 0 µL, 100 µL, 200 µL, 400 µL water.  

Since all the electrochemical HER measurements have been performed in an acidic 

medium (0.1M Na2SO4 at pH 2.5), there are two possibility to produce hydrogen gas: (i) 

water reduction and (ii) proton reduction. In order to confirm that it is water reduction 

(and not proton reduction), CVs of {Mo72Fe30}NM were performed in tetrahydrofuran 

(THF) medium using tetrabutylammonium perchlorate as supporting electrolyte with 

sequential addition of water (Figure 7a). It has been observed that the catalytic current for 

HER increases with sequential addition of water. Similar experiment was performed with 

{W72Fe30}NM and same results are observed (Figure 2.10.b). From these experiments, it is 

confirmed that the hydrogen gas is produced by both {Mo72Fe30}NM and {W72Fe30}NM due 

to water reduction. We wanted to find out the functional site for water reduction, 

especially for {W72Fe30}NM (kinetically stable compound), whether it is tungsten or iron 

center. We performed some controlled experiments using {W72Fe30}NM and ferric chloride 

(see Appendix 2, section A2.22, Figure A2.32) and found out that it is the iron center (not 

the tungsten center) that acts as the functional site for water reduction.  

To explain a reaction including concerned half reactions where both protons and 

electrons are involved with regard to the relevant mechanism, the proton-coupled electron 

transfer (PCET) has to be considered,
35

 because all HER measurements in the present 
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study were performed in an acidic medium.  As shown in Figures 2.11.a & b, a successive 

increase of catalytic current is observed with increase in pH of electrolyte for both 

{Mo72Fe30}NM and {W72Fe30}NM. In case of {Mo72Fe30}NM, a linear plot of potential 

versus pH has been constructed from the CVs in different pH values where required 

potentials have been obtained at a fixed current density of -2.1 mAcm
-2 

(Figure 2.11.c). 

The slope, obtained from potential versus pH plot for {Mo72Fe30}NM, is found to be −373 

mV/pH. Similarly, in case of {W72Fe30}NM, a linear plot of potential versus pH was  

 

Figure 2.11. (a) Cyclic voltammograms of {Mo72Fe30}NM in 0.1M Na2SO4 at pH 4.0, pH 3.5, pH 3.0, pH 

2.5. (b) Cyclic voltammograms of {W72Fe30}NM in 0.1M Na2SO4 at pH 3.5, pH 3.0, pH 2.5, pH 2.0. (c) 

Potential versus pH plot of {Mo72Fe30}NM (at j = -2.1 mA cm
-2

) and (d) potential versus pH plot of 

{W72Fe30}NM (at j = -1.5 mA cm
-2

).  

constructed from the CVs in different pH values, where required potentials were obtained 

at a fixed current density of -1.5 mA cm
-2 

(Figure 2.11.d). The slope, obtained from the 

plot of potential versus pH in this case ({W72Fe30}NM) is observed to be -324 mV/pH. 

Müller and his co-workers reported that guest-free {Mo72Fe30}-type polyoxometalate 

(POM) cluster is involved in electrochemical reduction by two electrons.
25

 It has been 

found from the concerned slope value that {Mo72Fe30}NM involves proton-coupled 
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electron transfer in HER with thirteen protons and two electrons (13H
+
-2e

-
) (Appendix 2, 

Section A2.17). Similarly, {W72Fe30}NM involves  proton-coupled electron transfer in  

water reduction with eleven protons and two electrons (11H
+
-2e

-
)  (Appendix 2, Section 

A2.17). Thus, a large number of protons are involved in the present proton-coupled 

electron transfer pathways because such type of POM clusters contains a large number of 

metal centers in their highest oxidation states on which electrons can be delocalized to 

accumulate a good number of protons.   

 The crystalline water soluble analogues Mo72Fe30 

O252(CH3COO)12{Mo2O7(H2O)}2 {H2Mo2O8(H2O)}(H2O)91]∙150H2O ({Mo72Fe30}cryst) 

and [Na6 (NH4)20{Fe(H2O)6}2] [{W
VI

6O21(SO4)}12{Fe(H2O)}30(SO4)13(H2O)34]·200H2O 

({W72Fe30}cryst) are known to be catalysts, in general. We thus attempted to perform 

homogeneous electrocatalytic water reduction by using the crystalline substances, 

{Mo72Fe30}cryst and {W72Fe30}cryst as catalysts in the same aqueous medium condition, 

which we  used for heterogeneous electrocatalysis of water using amorphous nano-

blackberry materials {Mo72Fe30}NM and {W72Fe30}NM as catalysts. But our attempts to 

perform homogeneous electrocatalysis of water using {Mo72Fe30}cryst and {W72Fe30}cryst 

as catalysts were without success. When we performed electrocatalysis in an aqueous 

solution of the crystalline compound, {Mo72Fe30}cryst or {W72Fe30}cryst, it does not act as a 

true electrocatalyst because it gets electrochemically deposited on the working electrode 

which we proved by doing controlled experiments (see Appendix 2, section A2.21, 

Figures A2.30 and A2.31). This restricts us to compare the electrocatalysis of our nano-

blackberries {Mo72Fe30}NM and {W72Fe30}NM  with that of their crystalline analogues  

{Mo72Fe30}cryst and {W72Fe30}cryst. 

 

2.5. Conclusions 

We have demonstrated that the fundamental concept of Liu and Müller of reversible 

formation of  self-assemblies / nano-blackberries of {Mo72Fe30} clusters in the dilute 

aqueous solution of the crystalline compound [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 

{H2Mo2O8(H2O)}(H2O)91]∙150H2O ({Mo72Fe30}cryst) can be materialized by isolating 

such nano-blackberries in the solid state. We have not only isolated molybdenum nano-

blackberries,
17

 but also we have isolated and characterized tungsten nano-blackberries 

{W72Fe30}NM focusing a new light of assembling {W72Fe30} clusters through Fe
3+

 ions. 
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For the first time we have shown a meaningful application of these nano-blackberries in 

the direction of generating sustainable energy.  

We have successfully synthesized the nano-blackberries of tungsten analogue 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM) by mixing low cost 

chemicals, sodium tungstate, ferric chloride and acetic acid in an aqueous solution. The 

self-assembled nano-blackberries of ({W72Fe30}NM) has been characterized by diverse 

spectral studies including FT-IR, Raman spectroscopy, elemental analysis including ICP 

metal analysis and CHN analysis, volumetric analysis (for iron), microscopy techniques, 

DLS and Zeta potential measurements. We have found that extra three iron ions, that are 

present per {W72Fe30} cluster in the compound {W72Fe30}NM as linker of assembly,  offer 

an enormous amount of rigidity / thermal stability of compound {W72Fe30}NM when 

compared to its molybdenum analogue 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM), a kinetically 

labile substance, which on heating at 60-70
o
C degrades to Fe2(MoO4)3. We have explored 

the electrocatalytic activity of the compounds {Mo72Fe30}NM and {W72Fe30}NM for 

hydrogen evolution reaction (HER) by water reduction. In a comparative kinetic study, 

the relevant turnover frequencies (TOFs) of {W72Fe30}NM and {Mo72Fe30}NM (~0.72s
-1 

and ~0.45s
-1

,
 

respectively) and  the overpotential values of {W72Fe30}NM and 

{Mo72Fe30}NM (527 mV and 767 mV, respectively) show that {W72Fe30}NM performs 

better than {Mo72Fe30}NM in terms of their catalytic activity.  
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Overview:  

 

The crystalline {Mo72Fe30} and {W72Fe30} Keplerates, a versatile polyoxometalate 

system, were first synthesized in Bielefeld, Germany by Müller’s research group. 

Subsequently, Liu, Müller and their co-workers demonstrated the formation of 

nanoblackberries of {Mo72Fe30} and {W72Fe30} in respective aqueous solutions. We have 

recently isolated these nanoblackberries in the solid state in the form of amorphous 

substances. In this work, we have shown that the isolated tungsten blackberries, 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NB) exhibit highest 

proton conductivity among polyoxometalates (POMs) and MOFs: 3.30 × 10
-1

 S cm
-1

 at 80 

°C  and RH 98%. A vehicular mechanism is expected to operate in this proton conduction 

through the metal-oxide based solid electrolyte {W72Fe30}NB with an activation energy = 

1.95 eV. But this solid electrolyte, as such, cannot form a free-standing film   which is 

essential for its use as proton exchange membrane (PEM) in the fuel cell.  We have thus 

used this POM-based solid electrolyte of highest proton conductivity among POMs and 

MOFs as nanofiller in an organic polymer, poly [2,2′-(m-phenylene)- 5,5′-benzimidazole] 

(m-PBI) to fabricate the POM-based polymer composite membrane, 50%{W72Fe30}@m-

PBI ( 50% tungsten blackberries loading by weight). We have also prepared phosphoric 

acid (PA) doped {W72Fe30}@m-PBI membranes using two different loading levels of 

{W72Fe30} by weight: 2.5%{W72Fe30}+PA@m-PBI and 5.0%{W72Fe30}+PA@m-PBI 

for their use as PEM at a higher temperature, at 160 °C. We have performed detailed 

proton conductivity studies of these polymer composite membranes along with their 

thermo-mechanical properties. In summary, we have demonstrated that the vesicle-like 

nanoblackberries, that are reversibly formed in a dilute aqueous solution of a giant 
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polyoxometalate (POM) cluster {W72Fe30} containing compound, can be assembled 

irreversibly to nanoblackberries (without empty interior) that are isolated in solid state in 

gram quantities exhibiting super proton conductivity and fabricated to the flexible mixed 

matrix PEM of highest proton conducting efficiency.   

 

3.1 Introduction 

There is a lot to talk about {M72Fe30} Keplerates (M = Mo and W), a versatile 

polyoxometalate (POM) system, discovered by Müller and his co-workers.
1-2

 The 

{M72Fe30} Keplerate is a giant icosahedral POM object (nano-sized cluster made up of 12 

{M6O21(H2O)}
6-

 pentagonal shaped-building units linked by 30 {Fe
III

} linkers), which has 

made a distinctive mark in contemporary chemical science because of its versatile 

applications including magnetism,
3-9

 catalysis
10-12

 and more importantly because of its 

propensity of undergoing self-aggregation to form vesicle-like super-assemblies.
13

 Liu 

and his group used this giant icosahedral POM system, particularly {Mo72Fe30} and made 

a landmark in discovery of {Mo72Fe30}-blackberry-like nano-vesicles.
13-16

 These nano-

blackberries were demonstrated to be formed reversibly in a dilute aqueous solution of 

crystalline (Mo72Fe30} compound, [Mo72Fe30O252(CH3COO)12 

{Mo2O7(H2O)}2{H2Mo2O8(H2O)} (H2O)91] ·150H2O ({Mo72Fe30}cryst).
10,13

 These 

{Mo72Fe30}-black-berries are single-layer, vesicle-like-supramolecular structures having 

sizes ranging from tens to hundreds of nanometres, as established by DLS and 

microscopy studies of dilute solution of {Mo72Fe30}cryst (by drop-casting the relevant 

dilute aqueous solution onto a freshly glow discharged carbon-coated TEM grid).
13

  

           These nano-vesicles, having cavities that are filled by millions of water molecules, 

could not be isolated as a solid substance (other than drop-casting on the grids) because of 

their reversible formation and the condition of dilute aqueous solution. We could isolate 

{M72Fe30}-nanoblackberries (M = Mo and W) as an amorphous solid-substance in an 

instantaneous one-pot synthesis involving an aqueous solution of sodium-molybdate / -

tungstate, ferric chloride and acetic acid.
17,18

 The amorphous nature of the isolated nano-

material is not surprising because there is no long-range ordered packing of {Mo72Fe30}-

building units on the resulting blackberry surface, as discussed by Liu and co-workers in 

the context of reversible formation of these nanoblackberries in a dilute aqueous solution 

of {Mo72Fe30}cryst.
10,13,15

 The solid {M72Fe30}-nanoblackberries (M = Mo and W), we 

isolated, are not vesicle-like, rather these are like nanoglobules having interior completely 

filled with same composition as that of the surface of the blackberry. Solid molybdenum 



Nano-blackberries as Proton Transporters 

71 
 

nano-blackberries, Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108] · 180H2O 

({Mo72Fe30}NB), are not thermally stable; at moderate temperature it decomposes to ferric 

molybdate.
18,19

 On the other hand, the isolated solid tungsten-nanoblackberries, 

Fe3[W72Fe30O252(CH3COO)2(OH)25 (H2O)103] ·180H2O ({W72Fe30}NB) are enormously 

stable even at higher temperatures.
17 

 This tungsten nanoblackberry material is the subject 

of this work. 

The vesicle-like blackberries, formed in dilute aqueous solution, have limitation as 

far as their practical applications are concerned, because these are formed reversibly in an 

aqueous solution and cannot be isolated as a solid material.
13-16

 Despite this limitation, 

Liu and his group have demonstrated a remarkable application of these {Mo72Fe30}-

nanovesicles in solution, in which the blackberry shell behaves like a membrane allowing 

passive transportation of small cations through the shell. This is because, these 

nanoblackberries are permeable unlike the constituent individual {Mo72Fe30}-cluster.
15

 

The permeability of these nanoblackberry-like vesicles’ shell is due to the fact that the 

individual {Mo72Fe30}-clusters do not touch each other (electrostatic repulsions!) but 

assembled via hydronium (H3O
+
) ions placed between the {Mo72Fe30}-clusters during the 

formation of these nanoblackberries resulting in the formation of channels on the surface 

of the blackberries.
15

  If the shell of the {Mo72Fe30}-nanovesicles, composed of 

{Mo72Fe30}-clusters (2.5 nm building objects) and hydronium ions, can transport small 

cations, our isolated solid nano-blackberries {W72Fe30}NB having similar {W72Fe30}-

building units and Fe
3+

 cations,  in principle, should have potential to behave like a 

membrane material for transporting small cations. We have chosen, in the present work, 

the smallest cation, proton (H
+
) to be transported through this membrane-like material, 

namely, solid (isolated) tungsten-nanoblackberries {W72Fe30}NB. Why have we chosen the 

passage of proton through this material!?  Proton transport through proton exchange 

membrane (PEM) is a crucial event in a fuel cell, an electrochemical energy conversion 

device converting directly the chemical energy into electrical energy in the context of 

today’s high demand of achieving sustainable / renewable energy.
20,21

 In a typical fuel 

cell, molecular hydrogen gets oxidized (to proton) in the anode and oxygen gets reduced 

(to water) in the cathode, while proton gets transported from anode to cathode (through a 

PEM) and current (electrical energy) flows in the outer circuit.
22,23

 The efficiency  of a 

fuel cell is largely  dependent on the effectiveness of proton conduction through the 

PEM.
24,25

 Thus, achieving efficient proton-conducting materials have become important 

goal in the contemporary sustainable energy research.  Nafion membrane, a 
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perfluorosulfonic acid polymer, developed by Dupont, is often used as PEM in the fuel 

cell. Even though Nafion has shown reasonable performance  in the PEM fuel cell but  its 

commercial  use is limited by its high cost and its considerably poor  performance at low 

humidity and at higher temperatures.
26 

In recent years, metal organic framework (MOF) 

and polyoxometalate (POM) based compounds have been evolved extensively as proton 

conducting materials.
25,27-36

 We have reported a MOF system that exhibits highest proton 

conductivity among MOF containing compounds; we made it possible by applying defect 

engineering to the concerned MOF system.
36

 In this work, we have demonstrated that the 

most inexpensive and instantaneously synthesized tungsten nano-blackberries 

{W72Fe30}NB exhibit highest proton conductivity of 3.30 × 10
-1

 S cm
-1

 at 80°C (relative 

humidity 98%), which is  not only highest among POMs but also highest among MOF 

containing compounds. We are talking about a POM system of maximum proton 

conductivity, which can be synthesized in gram quantities within few minutes in a simple 

aqueous synthesis. But a POM compound cannot be used as an electrolyte material for 

proton conduction in a fuel cell unless it is fabricated as a free-standing film (membrane). 

We have thus used this solid electrolyte of highest proton conductivity among POMs and 

MOFs as nanofiller with a polymer, poly [2,2′-(m-phenylene)-5,5′-benzimidazole] (m-

PBI) to fabricate a POM-based inorganic-organic composite membrane system, 

{W72Fe30}@m-PBI. We could load maximum 50% (by weight) {W72Fe30} into the m-PBI 

polymer i.e., we could achieve 50%{W72Fe30}@m-PBI composite membrane which 

shows proton conductivity of 5.70 × 10
-2

 S cm
-1

 at 80 °C and RH 98%. The obtained 

activation energy (Ea) of this composite is found to be 0.18 eV indicating that the proton 

transport is taking place following Grotthuss mechanism in the case inorganic-organic 

composite membrane unlike that in solid electrolyte {W72Fe30}NB (activation energy = 

1.95 eV indicating vehicular mechanism for proton conduction). We have also fabricated 

phosphoric acid (PA) doped {W72Fe30}@m-PBI membranes using two different loading 

levels of {W72Fe30} by weight: 2.5% {W72Fe30}+PA@m-PBI and 5.0% 

{W72Fe30}+PA@m-PBI for their use as PEM at a higher temperature, e.g., 160 °C. 

While, m-PBI polymer membrane itself shows proton conductivity value of 0.056 S cm
-1

 

at 160 °C under anhydrous condition, the obtained proton conductivity values of the 

2.5%{W72Fe30}+PA@m-PBI and 5.0%{W72Fe30}+PA@m-PBI membranes are 0.126 S 

cm
-1

 and 0.159 S cm
-1

, respectively at 160 °C under anhydrous condition. The obtained Ea 

values for 2.5%{W72Fe30}+PA@m-PBI and 5.0%{W72Fe30}+PA@m-PBI membranes 

are in the range of 0.13-0.14 eV. To our knowledge, this is the first report of a 



Nano-blackberries as Proton Transporters 

73 
 

polyoxometalate (POM)-based compound exhibiting highest proton conductivity not only 

among POMs but also among MOFs. Likewise, it is a rare paradigm of fabricating a giant 

POM cluster containing electrolyte into the flexible POM-polymer composite membranes 

with excellent proton conduction efficiency. 

 

3.2. EXPERIMENTAL SECTION 

3.2.1. Materials 

3,3',4,4'-tetraaminobiphenyl (TAB), Isophthalic acid (IPA) polyphosphoric acid (115%) 

(PPA), Sodium tungstate (Na2WO4.2H2O) and glacial acetic acid were purchased from 

SRL chemicals and ferric chloride (FeCl3·6H2O) from Sigma Aldrich, India. Ortho 

phosphoric acid (85%) were purchased from Merck India. Sulphuric acid (98%), N, N-

Dimethyl-acetamide (DMAc) and ethanol (EtOH) were purchased from Finar Chemicals. 

All the chemicals were used as received without any further purification. DDI water was 

used throughout the project. 

3.2.2. Synthesis 

3.2.2.1. Synthesis of Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]· 180 H2O 

({W72Fe30}NB) 

Synthesis of Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]· 180 H2O ({W72Fe30}NB) was 

adapted from our earlier report.
17

 An aqueous solution of Na2WO4.2H2O was acidified 

with acetic acid and another aqueous solution of FeCl3.6H2O was added to it. The 

resultant mixture was stirred for 1 h at room temperature. The obtained yellow precipitate 

was filtered off and thoroughly washed with water to remove the unreacted starting 

materials. Finally, the compound is dried properly at room temperature and used for 

further studies. 

 

3.2.2.2. Synthesis of poly [2,2′-(m-phenylene)-5,5′-benzimidazole]  

Synthesis of poly [2,2′-(m-phenylene)-5,5′-benzimidazole] (m-PBI) has been performed 

by following our earlier literature reported procedure.
37,38

  

 

3.2.3. Methods 

The instrumental details of the all the experiments are provided in appendix 1. 

 

3.2.4. Fabrication strategy of {W72Fe30}@m-PBI Mixed Matrix Membranes 
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Solution casting method has been utilized to fabricate the {W72Fe30}@m-PBI mixed 

matrix membranes (MMMs) with the loading of 2.5 wt% and 5 wt% and 50 wt% (with 

respect to m-PBI polymer wt%) {W72Fe30} polyoxometalates homogeneous dispersion in 

dimethyl acetamide (DMAc) to 2 wt % m-PBI solution in DMAc, and the final m-PBI 

concentration in solution was 1 wt %. Then the entire solution was stirred vigorously for 

24 h to form a homogeneous dispersion of the polyoxometalates into the PBI matrix, 

followed by casting the resulted solution in a glass Petri dish inside a heating oven at 80 

°C for 12 h to slowly evaporate the solvent. The transparent yellow-coloured membranes, 

namely 2.5%{W72Fe30}@m-PBI, 5%{W72Fe30}@m-PBI and  50%{W72Fe30}@m-PBI 

are then peeled off gently from the petri dish and dried further at 80 °C for 24 h to remove 

the trapped moisture and solvents inside the MMMs. The membrane fabrication 

procedure is schematically represented in Scheme 3.1. 

 

Scheme 3.1. Schematic representation of the fabrication of {W72Fe33}@m-PBI MMMs. 

 

3.2.5. Phosphoric Acid (PA) loading on the 2.5%{W72Fe30}@m-PBI, 

5%{W72Fe30}@m-PBI membranes 

 

2.5%{W72Fe30}@m-PBI, 5%{W72Fe30}@m-PBI membranes were dried properly at 100 

°C for 24 h  and then these  were immersed in PA solution (85%) for 5 days to obtain PA 

loaded MMMs that are effectively proton exchange membranes (PEMs). These 

membranes were then removed from the PA container and soaked with tissue papers to 

wipe out loosely bound surface PA. Finally, the PA doped MMMs were stored in zip-lock 

airtight covers for their characterizations and proton conduction performance.   
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3.3 Results and Discussions 

3.3.1. Origin of proton conductivity 

We have already mentioned that the tungsten nano-blackberries-compound 

Fe3[W72Fe30O252(CH3COO)2 (OH)25(H2O)103] ·180H2O ({W72Fe30}NB), that can be 

obtained in an instantaneous aqueous synthesis just by mixing an aqueous ferric chloride 

solution to an acidified (acetic acid) sodium tungstate solution, is the aggregation of nano-

assemblies, each of the nano-assembly (nanoblackberry)  being formed by 

[W72Fe30O252(CH3COO)2(OH)25(H2O)103]
9-

 cluster anions (icosahedral building units) and 

Fe
3+

 cations (linkers) using Coulombic type (attractive) interaction. There are 25 hydroxyl 

groups per formula unit of the nanoblackberries-compound. Each hydroxyl group (OH
-
) is 

attached with a Fe
3+

 center of icosahedral {W72Fe30} cage making the cluster surface 

negatively charged because of deprotonation of these hydroxyl groups (Fe
3+

 center is a 

strong Lewis acid!). Therefore, each nanoblackberry can be described as a spherical 

assembly, in which each negatively charged icosahedral {W72Fe30} cluster is linked by 

Fe
3+

 center from its six sides in three dimensions along with its deprotonated iron(III)-

coordinated hydroxyl groups so that each cluster in the nanoblackberry is surrounded by 

free protons as shown in Figure 3.1. 

         

Figure 3.1. a) Structure of {W72Fe30}NB individual cluster. (b) Structure of self-assembly of the cluster 

{W72Fe30}. 

 

These protons, that, as if, are floating around the cluster as well as in the linking region, 

in principle can freely move inside the nanoblackberries and make the overall material 
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proton conductive. Indeed, when this nanoblackberries-material is suspended in neutral 

water, the pH of the resulting suspension drops down from 7.0 to 3.4. Thus, the isolated 

tungsten nanoblackberries-compound behaves like an inorganic acid and can be used as 

an inexpensive metal-oxide based proton conductive material. The overall composition of 

the vesicle-like nanoblackberries (formed reversibly in a dilute aqueous solution of 

crystalline {M72Fe30}cryst) and present isolated solid globule like nano-blackberries is 

more or less similar: in both cases, the basic unit is {M72Fe30} icosahedral cluster. But in 

a vesicle-nanoblackberry, the whole interior is filled by millions of solvent water 

molecules along with a deprotonated surface, in which the resulting hydronium ions act as 

connectors, responsible for the formation of self-assembly / nanoblackberry; on the other 

hand, in the present isolated solid nanoblackberries, the whole interior has same 

composition as that of the surface and the nano-assembly is formed by  Fe
3+

 ion linkers 

(instead of hydronium ions) and deprotonated [W72Fe30O252(CH3COO)2 (OH)25(H2O)103]
9-

 

anions ─ the hydroxyl protons are freely available to move across the whole solid 

material, making the isolated solid tungsten nano-blackberries highest (super) proton 

conductor in solid state among polyoxometalates (POMs) as well as among MOFs.  

3.3.2. POMs as proton conducting materials 

It is well-established that the POMs are excellent candidates as proton conducting 

materials because of their high proton affinity, thereby their water retaining ability and the 

presence of oxygen rich surfaces providing hydrogen hopping sites and sufficient 

hydrophilicity.
39

 But POM’s water solubility restricts their direct use in proton conducting 

devices (e.g., fuel cells).  One way to overcome this solubility problem is to immobilize 

the POM in a porous material.
40-41

 Another approach is to synthesize an organic-inorganic 

hybrid compound (adduct of organic ligand cation, generally by protonation and POM 

anion).
42-43

 The most successful means to achieve a water insoluble and stable proton 

conductive POM is to obtain high-nuclear POM clusters
43-44

 and framework material, in 

which the basic building unit is the proton conductive POM cluster.
43

 We have 

introduced, in the present work, the self-assembly process of a giant POM cluster unit 

{W72Fe30} (vide supra), that leads to stable and water-insoluble inexpensive metal-oxide 

based material (nano-blackberries) of highest proton conductivity.  

Miyake and co-workers first reported proton conductivities of acid salts of Keggin 

POMs, H3PMo12O40∙29H2O and H3PW12O40∙29H2O⸺the respective values are 1.8 × 10
-1

 

S cm
-1

 and 1.7 × 10
-1

 S cm
-1

 at room temperature.
45

 But, because of their higher water 
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solubility, their proton conductivity could not be measured at higher temperatures and at 

slightly higher humidity. Martinelli and co-workers have recently used an anhydrous form 

of imidazolium substituted tungsten analogue, i.e., (imid)3PW12O40∙4H2O and reported the 

proton conductivity value of 0.8 × 10
−6

 S cm
−1

 at 322 K.
46

 After 12-tungstophosphoric 

acid, the next highest proton conductivity value is 1.59 × 10
-1

 S cm
-1

 at 90
0
C and 98% 

relative humidity shown by the covalently linked polyoxometalate-organoboronic acid-

polymers, reported by Chen, Streb and Li and their co-workers.
47

 Zheng group reported 

an interesting POM compound, {K42Ge8W72O272(H2O)60} having highest-nuclearity 

alkali-metal-water cluster, that exhibits the proton conductivity value of 6.8 × 10
-2

 S cm
-1

 

at 98% RH and 85
0
C.

48
  Khashab and her group have described  an interesting host-guest 

system, namely a strong Lewis acid guest within the Lewis base POM support, exhibits  

shows an exceptional proton conductivity of 4.5 × 10
-2

 S cm
-1

 at 85
0
C (70% RH).

49
 

3.3.3. MOFs as proton conducting materials  

In recent time, metal organic framework (MOF) containing compounds have received 

considerable attention and popularity being used as proton conducting materials. The 

notable proton conductive values are 1.27 × 10
−1

 S cm
−1

 at 80°C under 100% RH 

(sulfonic acid rich flexible MOF),
50

 1.49 × 10
−1

 S cm
−1

 under 80°C under 98% RH 

(polycarboxylate-templated coordination polymers),
51

 1.64 × 10
−1

 S cm
−1

 at 80 °C under 

98% RH (UiO-66-NH2, PSM 1)
52

 and 1.82 S cm
−1

 at 70 °C under 90% RH (MIL-101-

SO3H).
53

 The highest proton conductivity value among MOFs, so far, is found to be 2.6 × 

10
−1

 S cm
−1

 at 80 °C under 98% RH (defect engineering in MOF-808).
54

 With regard to 

the above-mentioned super proton conductivity values of POMs and MOFs, the title 

compound Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O{W72Fe30}NB in the 

present work, exhibits the proton conductivity of 3.30 × 10
-1

 S cm
-1

 at 80 °C (RH 98%), 

the    highest proton conductivity value among those of POMs and  MOFs, reported so 

far. In addition, this metal-oxide based nano-material can be synthesized instantaneously 

in a gram quantity from an aqueous solution. The title compound {W72Fe30}NB, which was 

reported in the context of electrocatalytic hydrogen evolution reaction (HER), has been 

characterized by PXRD analysis, Raman spectroscopy, TGA analysis, FT-IR 

spectroscopy, FESEM, water sorption analysis (Appendix3, Section A3.2-A3.6), that are 

compared and matched with relevant reported data.
17 

The primary objective of this work 

is to explore the proton transportation properties of this inexpensive instantly synthesized 
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material followed by its fabrication with a organic polymer to make mixed matrix proton-

exchange membranes suitable for fuel cell applications. 

 

3.4. Proton conductivity measurement and data analysis 

Temperature-dependent proton conductivities of {W72Fe30}NB were measured using two-

electrode setup attached in parallel mode by alternating current (ac) impedance 

spectroscopy. The amorphous powdered samples of {W72Fe30}NB were sandwiched 

between two carbon papers and pelletized with pressure of 5-ton cm
−2

 for 3 min. After 

putting the pellet inside the two-electrode cell setup, that whole electrode setup was 

employed into a home-made giant conical flask setup (Figure A3.6, Appendix3, section 

A3.7) to maintain the maximum relative humidity of 98% with temperature variations 

from 50 to 80 °C.  The details of pellet preparation, electrode setup, impedance 

measurement parameters, calculations of proton conductivity and activation energy are 

given in the Appendix3, Section A3.7-A3.7. To check the long-term stability of this 

proton conducting material, the pellet sample was held in the most humidified elevated 

temperature for 48 hours and the impedance spectra were recorded after a constant time 

interval. The conductivity values at different temperatures were calculated from their 

corresponding Nyquist plots of impedance spectra after fitting with the most resemble 

equivalent circuit (Figure 3.2a). 

 For the construction of Nyquist plots, the real impedances (Z´) were plotted 

against imaginary impedances (Z´´) as shown in Figure 3.2a. The impedance spectra in 

the low frequency region are responsible for electrode-electrolyte contact resistance and 

the inter-grain resistance of the sample. The high frequency region impedance spectra, 

obtained from the contribution of the title material’s resistance, correspond to the actual 

proton conduction / transport. As the temperature increases, the respective proton 

conductivity values increase and reach to a maximum value of 3.30 × 10
-1

 at 80.5 °C 

(Figure 3.2b).  

Stability of this POM based nano-blackberry material {W72Fe30}NB was verified 

by proton conductivity measurement of the palletised sample at 80 
°
C under relative 

humidity of 98% over a period of 72 hours. Each conductivity measurement data was 

recorded after an interval of 12 hours. The relevant Nyquist plots of impedance spectra 

show no significant change as shown in Figure 3.2c. Apart from doing the long-term 

stability during several cycles of proton conductivity measurements of the material, the 
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PXRD and FT-IR studies have been performed after the proton conductivity 

measurements, recorded at different temperatures (RH 98%) to check the robustness of 

the material. The title compound is found to be stable after proton conductivity 

measurement of each cycle, which is confirmed from FT-IR, PXRD, FESEM and EDX 

analysis as shown in, section A3.10, Appendix3. No notable changes were found in the 

spectra before and after the impedance measurement.  

Activation energy (Ea) of proton conduction was calculated for {W72Fe30}NB from the 

Arrhenius equation based on the proton conductivity measurement at different 

temperatures and at constant relative humidity (98%). From the least-squares fit of the 

Arrhenius plot, the activation energy (Ea) is calculated (section A3.9, Appendix3) and it is 

found to be 1.95 eV (˃0.4 eV) (Figure 3.2d). This indicates that the vehicle mechanism is 

associated with this proton conduction across these nano-blackberries. The vehicular 

mechanism is the most common mechanism of the proton migration in aqueous systems 

where migration of proton occurs by the diffusion of charged “proton-carrier”, such as, 

H3O
+
.
55-57

 The vehicular mechanism of diffusion-controlled proton conduction, shown by 

tungsten nano-blackberries  can be justified by the presence of free protons (arising from 

acidic hydroxyl groups) throughout the interior of the nano-blackberries that are floating 

around the cluster as well as in the linking region of {W72Fe30} clusters as shown in 

Figure 3.1.   
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Figure 3.2. a) Nyquist plots of impedance spectra collected from 50.8 

°
C to 80.5 

°
C at 98% RH. (b) The 

variation of proton conductivity with change in temperature for {W72Fe30}NB at a constant relative humidity 

(98% RH), (c) Nyquist plots of impedance spectra, recorded at each twelve hour time interval at 80 
°
C and 

98% relative humidity (RH) over a total period of 72 hours for {W72Fe30}NB. (d) Arrhenius plots of 

temperature dependence of proton conductivity of {W72Fe30}NB. 

 

The title material (tungsten nano-blackberries), super proton conductor, is considerably 

thermally stable, but it cannot be used directly in the fuel cells as the proton conductive 

electrolyte. This is because, a fuel cell needs a thin proton exchange membrane (PEM) for 

proton conduction from anode to cathode and this ‘nano-blackberries’ material per se 

lacks of ability to form a stable membrane. Thus, if this efficient proton conductive POM 

material is to be used in a fuel cell, it has to be processed / fabricated into a membrane. 

Indeed, “heteropoly acid” type POMs had been employed as “nanofillers to increase the 

proton conductivity of phosphoric acid (PA) doped polyethersulfone-

polyvinylpyrrolidone (PES-PVP) polymer membranes for high temperature polymer 

electrolyte membrane fuel cells (HT-PEMFCs).
40,43

 forming PWA/PES-PVP composite 

membrane for HT-PEMFCs. These proton exchange membrane fuel cells (PEMFCs) 

work at higher temperatures (more than 100 °C) offering enhancement of the electrodes' 
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kinetics, the recovery of useful heat and better water management due to the formation of 

water in the vapor phase. But the main disadvantage of using heteropoly acid POMs as 

nanofillers is their high solubility in polar solvents like water. On the other hand, the 

‘tungsten nano-blackberries’ material in the present work is not only stable at higher 

temperature but is also insoluble in water.  

 

3.5. Fabrication and proton exchange membranes 

Motivated by the obtained superior proton conductivity of as such {W72Fe30} 

nanoblackberries, we have further checked the processability of these polyoxometalates 

into a polymer supported matrix to fabricate superior proton conducting polymer-POM 

mixed matrix PEMs. We have chosen poly [2,2′-(m-phenylene)-5,5′-benzimidazole] (m-

PBI) polymer as a matrix, because it is a rigid polymer with high-mechanical strength, 

thermal stability, and -chemical stability. m-PBI shows high proton conductivity in a fully 

anhydrous condition after phosphoric acid (PA) loading; thus PA-loaded m-PBI can be a 

potential membrane material for a fuel cell. Even then, one needs to employ a proton 

conductive material (having supramolecular interaction sites) as a nanofiller into this PA-

loaded m-PBI membranes, because PBI-based membranes exhibit acid leaching at an 

elevated temperature, less PA doping level, low mechanical strength and low oxidative 

stability. In this context, the nanofillers (tungsten nano-blackberries in the present work) 

play an important role to obtain an efficient proton exchange membrane. The 

intermolecular supramolecular interactions (e.g., H-bonding interactions in the present 

study) between the nanofillers (having terminal and bridging oxo groups to accommodate 

hydrogen bonding in the present study) and the polymer (having N-H functionality, see 

Scheme 1) not only enhance the PA uptake, thereby enhances the proton conductivity but 

also it provides mechanical stability and reduces the acid leaching at the elevated 

temperatures. As mentioned in the experimental section (vide supra), we fabricated 

2.5%{W72Fe30}@m-PBI, 5%{W72Fe30}@m-PBI and  50%{W72Fe30}@m-PBI through 

the loading of 2.5 wt%, 5 wt% and 50 wt% {W72Fe30} polyoxometalates homogeneous 

dispersion (with respect to m-PBI polymer wt. %) in dimethyl acetamide (DMAc) to 2 wt 

% m-PBI solution in DMAc.  

 

3.5.1. PXRD Analysis 

The powder X ray diffraction patterns of pristine m-PBI, {W72Fe30}-2.5% and 

{W72Fe30}-5% membranes are portrayed in the Figure 3.3. {W72Fe30} nanoblackberries 
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clusters are amorphous in nature, analyzed from the observed broad halo in the 2θ region 

25°- 35°.
17

 Presence of broad halo was also observed for m-PBI in the 2θ range of 20°- 

30° due to the amorphous nature of the polymer.
38

 In the {W72Fe30}@m-PBI MMMs, the 

presence of similar kind of broad halo was also observed with slight shift in the 2θ value 

towards the higher 2θ region when compared with the pristine m-PBI. Presence of strong 

donor-acceptor type H-bonding interaction between the -W=O and -Fe-O-H2 functional 

groups of {W72Fe30} nanoclusters with the m-PBI imidazole ‘N-H’ groups resulted peak 

shifting into the fabricated MMMs. 

 
Figure 3.3. (a) PXRD patterns of m-PBI, {W72Fe30}, and the fabricated MMMs. 

 

3.5.2. FT-IR Analysis 

FT-IR spectra of {W72Fe30} nanoblackberries, m-PBI, {W72Fe30}-2.5% and {W72Fe30}-

5% membranes are given in the [Figure 3.4 and Figure A3.11]. m-PBI exhibits three 

distinguishable broad peaks at 3415, 3143 and 3060 cm
-1 

which appears due to the non-

hydrogen bonded free N-H groups, self-associated hydrogen bonded N-H groups and 

aromatic C-H stretching, respectively.
58,59

 All the peaks associated with m-PBI are present 

in the polymer-POM composite MMMs. {W72Fe30} nanoclusters also exhibit a broad 

peak at 3060 cm
-1 

due to the presence of –OH functionalities inside and outside of the 

polyoxometalates clusters (Figure A3.11). In addition, a peak at 553 cm
-1 

was observed 

due to –Fe=O, peaks at 637, 728, 937 cm
-1 

signify the presence of –W=O functionalities, 

1445 and 1540 cm
-1 

peaks are corresponding to –COO functionalities, and the peak at 

1616 cm
-1

 was observed due to the presence of H2O molecules inside the {W72Fe30} 

clusters (Figure 3.4).
17 

All those peaks of {W72Fe30}NB are appeared as new peaks in the 
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fabricated MMMs at 562, 592, 644, 738 and 1412 cm
-1

 with noticeable peak shifting, and 

the intensity of the  peaks increases with increasing {W72Fe30} loading from 2.5% to 5% 

in the membranes. The peak associated at 795 cm
-1

 in the m-PBI also resulted increased 

peak intensity in the {W72Fe30}-5% membrane signal by merging with the {W72Fe30} 

peaks. Also, significant spectral broadening was observed into the MMMs at (1020-1090) 

cm
-1 

and 1532 cm
-1

 (Figure 3.4). All such phenomenon are resulted due to the formation 

of strong donor-acceptor type H-bonding interfacial interaction between the –W=O, –

Fe=O, –Fe-OH2 and –COO, linkages present in the {W72Fe30} nanoclusters with the m-

PBI imidazole ‘N-H’ groups (as schematically represented in Scheme A3.1). The FT-IR 

signals of {W72Fe30} polyoxometalates (Figure 3.4 & Figure A3.11 of Appendix3) merges 

with the m-PBI peaks, which governs generation of new peaks with positional shifting 

along with spectral broadening in the polymer-POM composites due to the proposed 

interaction pattern. Hence, both the PXRD and FT-IR analysis signifies the inference 

drawn from each other. 

 

Figure 3.4. (a) ATR-FTIR spectra of m-PBI, {W72Fe30}, and the fabricated MMMs. 

 

3.5.3. Morphology studies of the fabricated MMMs 



Chapter 3 

84 
 

 

Figure 3.5. (a) FE-SEM cross-sectional image of pristine m-PBI, (b) {W72Fe30}-2.5% and (c) {W72Fe30}-

5% membranes. (d, e) Surface TEM images of {W72Fe30}-2.5% membrane at different magnification. (f, g) 

Surface TEM images of {W72Fe30}-5% membrane at different magnification. (h) AFM surface topology of 

m-PBI (i) {W72Fe30}-2.5% and (j) {W72Fe30}-5% membrane. 

 

3.5.3.1. FESEM analysis  

The surface and cross-sectional morphology of the {W72Fe30}-2.5% and {W72Fe30}-5% 

membranes are completely altered when compared with pristine m-PBI membrane. m-

PBI exhibits ripple-sponge like network structure with formation of small and 

homogeneous micro-cavities all over the matrix from the cryo-fractured cross-sectional 

FESEM analysis (Figure 3.5a-c). In contrast to m-PBI, in the {W72Fe30}-2.5% and 

{W72Fe30}-5% membranes, formation of larger triangular or square shaped crater-like 

fibrillar cavities were formed with homogeneous dispersion of {W72Fe30} clusters 

throughout the porous cross-sectional region (Figure 3.5b-c and Figure A3.12). The 

extensively altered morphology is a direct outcome of the strong interfacial H-bonding 

between the –W=O, –Fe=O and –Fe-OH2 functionalities present in the POM cluster with 

the imidazole ‘N-H’ groups of m-PBI, which is responsible for significantly improved 
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thermo-mechanical and tensile properties of the MMMs. The surface FESEM analysis of 

the {W72Fe30}-2.5% and {W72Fe30}-5% membranes also have been performed [see 

Appendix 3 Figure A3.13)], and the morphology exhibits homogeneous dispersion of 

polyoxometalates clusters throughout the membrane matrix with agglomeration and self-

assembly of the fillers at certain areas. The FESEM EDX elemental analysis was also 

being recorded for the {W72Fe30}-5% membrane (Figure A3.14), which shows 

homogeneous dispersion of Carbon (C), Nitrogen (N), Oxygen (O), Tungsten (W), and 

Iron (Fe) all over the membrane surface.  The homogeneous dispersion nature of the 

hydrophilic filler materials and the highly altered morphology resulted into the 

membranes surface and interfacial region responsible for superior proton conduction in 

the polymer-POM composite membranes. 

 

3.5.3.2. TEM analysis 

TEM analysis of the MMMs was also performed in order to further evaluate the 

dispersion nature of the polyoxometalates clusters into the m-PBI network (Figure 3.5d-

g). {W72Fe30} clusters are dispersed homogeneously into the dense polymeric network 

also self-assembled agglomeration of nanoclusters was observed at certain places into the 

{W72Fe30}-5% membrane surface. At higher filler loading, two factors contribute 

significantly, (1) the –W=O, –Fe=O and –Fe-OH2 functionalities present in the POM 

cluste forms H-bonding among themselves, which resulted in the self-assembly of fillers,
 

(2) and H-bonding with the m-PBI functionalities, which generates network like structural 

anisotropy into the dense fibrillar polymer matrix. Therefore, these two factors contribute 

significantly towards the generation of an anisotropic structural self-assembled network 

into the composite MMMs surface.      

 

3.5.3.3. AFM analysis 

Furthermore, Atomic force microscopy (AFM) analysis was also performed to evaluate 

the 2D surface topology of the fabricated MMMs. AFM topology of the MMMs resulted 

in completely altered morphology compared to m-PBI with homogeneous dispersion of 

polyoxometalates clusters throughout the membrane surface [(5 x 5) μm] and the surface 

becomes increasingly rough with formation of bright and dark areas in the MMMs 

(Figure 3.5h-j), which is responsible for significantly increased surface roughness in the 

{W72Fe30}-(2.5% and -5%) membranes with respect to m-PBI (see Table A3.2). The 

three-dimensional (3D) AFM images and the associated height profiles of the membranes 
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(see Figure A3.15a-c) also signifies the analogy made from the 2D surface topology, 

responsible for thermo-mechanical and tensile reinforcement in the MMMs.60 

 

3.5.4. TGA analysis  

The TGA plot of the {W72Fe30} clusters are given in the Appendix 3 Figure A3.4, where 

the initial weight loss is seen before 200 °C due to the evaporation of water molecules on 

the surface of the polyoxometalates cluster and due to the H-bonded bound water 

molecules present inside the {W72Fe30} cluster. The 2
nd

 weight loss is observed beyond 

600 °C due to the loss of acetate anions present in the cluster in the form of acetic acid.
17

 

The TGA plots of PA loaded m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% membranes are 

given in the Figure 3.6b and Figure A3.16 [zoomed TGA plot (50 °C - 200 °C)]. 

 
Figure 3.6. (a) TGA plots of dry m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% membranes. (b) TGA plots 

of PA doped m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% membranes. 

 

We observed that the first weight loss in between temperature region 100 °C - 200 °C due 

to the evaporation of bound water molecules and surface absorbed moisture of the PA 

doped membranes,
61,62 

followed by a gradual weight loss up to 550 °C due to the 

evaporation or polycondensation of PA impregnated in the membrane.
63

 The final weight 

loss is seen after 550 °C due to the degradation of the main polymer backbone. An 

interesting observation is observed while comparing the thermal stability of the undoped 

and PA doped MMMs (Figure 3.6 and Figure A3.16). Unlike the undoped composites, 

thermal stability of the PA doped MMMs found to be superior over PA doped m-PBI in 

the temperature region between 50 °C - 200 °C. It is worth mentioning that PA boiling 

point is only 158 ⁰C, therefore, the superior thermal stability of the PA loaded MMMs 

even at 200 °C signifies superior PA retention into the membranes porous fibrillar 
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interfacial region. Formation of extensive donor-acceptor type H-bonding between the of 

-W=O and -Fe-O-H2 functionalities present in the {W72Fe30} clusters with the PA 

molecules are responsible for such exceptional thermal stability of the PA doped MMMs.   

 

3.6. Water uptake, swelling ratio, PA loading and proton conductivity of the MMMs 

The water uptake, PA doping level, swelling ratio in water and PA for all of the MMMs 

and pristine m-PBI are tabulated in Table 1 with detailed experimental procedures (see 

Appendix 3 Section A3.11.9). It has been observed that, incorporation of {W72Fe30} 

nanoblackberries into the m-PBI matrix resulted decrement in water uptake in the 

MMMs, and the capacity of water uptake follows inverse relationship with the increasing 

filler loading in the membranes. While, m-PBI displayed water uptake value of 9.04 wt%, 

the {W72Fe30}-2.5% and {W72Fe30}-5% membranes resulted water uptake of 6.85 wt% 

and 5.21 wt%, respectively. In the Polymer-POM membrane matrix, there is a significant 

donor-acceptor type H-bonding formation occurs between the m-PBI imidazole ‘–N=’ 

groups with the polyoxometalates functionalities (Scheme A3.1), hence ‘–N=’ atoms of 

PBI remains unavailable to form H-bonding with the free H2O molecules, which resulted 

decrement in water uptake with increasing filler loading in the membranes.  

 

3.7. Swelling ratio and PA loading 

The swelling ratio (SWR) of the fabricated MMMs also follows inverse proportionality 

with increasing {W72Fe30} loading wt% in the composite membranes. The resulted SWR 

of {W72Fe30}-2.5% membrane in water and PA are 1.92 wt% and 15.93 wt%, 

respectively. While, for {W72Fe30}-5% membrane the SWR further decreased to 1.47 

wt% and 13.62 wt% in water and PA, respectively. The obtained values of SWR found to 

be significantly lower than the SWR observed from m-PBI membrane in water (8.07 

wt%) and PA (22.93 wt%). PXRD and FT-IR analysis have given evidences in favor of 

strong interfacial H-bonding inside the Polymer-POM composites which caused 

decreased SWR in the MMMs. PA doping level of the membranes is a significant 

parameter in order to evaluate the efficiency of proton conduction into the membrane 

matrix as higher PA doping level results formation of more labile proton conduction 

points into the membrane. m-PBI exhibits an expected PA doping level of 9.68 mol/PBI 

repeat unit which shows gradual increment with increasing polyoxometalates loading in 

the MMMs (Table 1.1). For example, the PA doping level of 13.80 and 16.19 mol/repeat 
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unit are achieved for {W72Fe30}-2.5% and {W72Fe30}-5% membranes, respectively which 

is a synergistic effect of several factors. Firstly, the {W72Fe30} nanoclusters are consisting 

of –W=O, –Fe=O, -COO and –Fe-OH2 functionalities which can form donor-acceptor 

type H-bonding interaction extensively with the PA molecules as shown in Scheme 3.2, 

hence with increasing POM loading PA doping level tends to increase in the MMMs. 

Secondly, the –W=O, –Fe=O, –Fe-OH2 functionalities of the POM materials interact 

significantly with the ‘−N=’ atom of the PBI imidazole to generate an ordered structure 

which resulted ordered space between the polymer chains in the MMMs responsible for 

significant PA impregnation into the membrane. Also, at higher filler loading PA 

molecules exert plasticizing effect and disrupt some of the existing H-bonding between 

the polyoxometalates clusters and m-PBI and form new H-bonding with the Polymer-

POM composites, responsible for improved PA loading. And thirdly, at higher POM 

loading, the development of highly altered crater like thick fibrillar morphology, and the 

self-assembly of nanoblackberries into the dance polymeric network developed 

hydrophilic ion channels throughout the membrane matrix, responsible for large amount 

of PA incorporation into the interfacial region.  

 

 
Scheme 3.2. Schematic representation of the interaction pattern in the PA doped 

{W72Fe30}@m-PBI MMMs with the PA molecules 
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Table 3.1. Water uptake, swelling ratio in water and PA, PA loading level of the m-PBI, 

{W72Fe30}-2.5% and {W72Fe30}-5% membranes 
a
 

Sample name Water 

uptake 

(wt%) 

Swelling 

ratio in 

water (%) 

Swelling 

ratio in PA 

(%) 

PA loading 

(no. of 

mol/PBI 

r.u) 

 

m-PBI 

9.04 (1.23) 8.07 (1.37) 22.93 (2.11) 9.68 (2.28) 

{W72Fe30}-2.5% 6.85 (0.77) 1.92 (0.45) 15.93 (1.71) 13.80 

(0.66) 

{W72Fe30}-5% 5.21 (0.69) 1.47 (0.62) 13.62 (1.57) 16.19 

(0.84) 

a 
The number in the bracket represents the standard deviation value obtained from 

measurements. 

3.8 Proton conductivity of the MMMs  

Proton conductivity analysis has been performed for all the PA doped m-PBI, {W72Fe30}-

2.5% and {W72Fe30}-5% membranes under an anhydrous environment between the 

temperature range of 30 °C – 160 °C, and the detailed experimental analysis procedure is 

given in the Appendix3 (Section A3.11.10). The obtained proton conductivity values of 

the MMMs were calculated from the experimentally generated Nyquist plots by fitting 

with the most relevant equivalent circuit (for details, see section 3.16, Figure A3.17 in 

Appendix3).  

All the {W72Fe30} loaded PA doped MMMs displayed much improved proton 

conductivity when compared with PA doped pristine m-PBI, and the proton conductivity 

values of the polyoxometalates loaded MMMs follows proportionality with increasing 

filler loading into the membrane matrix. While, m-PBI resulted proton conductivity value 

of 0.056 S cm
-1

 at 160 °C under anhydrous condition, the obtained proton conductivity 

values of the {W72Fe30}-2.5% and {W72Fe30}-5% membranes are 0.126 S cm
-1

 and 0.159 

S cm
-1

, respectively, at 160 °C, under identical experimental condition (Figure 3.7, Table 

A3.3, Section A3.16). 

Hence, the {W72Fe30}-5% membrane exhibits almost ~3-fold increment in proton 

conductivity compared with m-PBI. In the earlier section, we have discussed the 
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significant contributing factors for improved PA doping levels in the MMMs. In the 

similar note, all such factors responsible for increased PA doping levels in the composite 

membranes efficiently contribute towards superior proton conduction in the MMMs. 

Hence, the improved PA doping level of {W72Fe30}-5% membrane (16.19 mol/ PBI 

repeat unit) over {W72Fe30}-2.5% membrane (13.80 mol/ PBI repeat unit) resulted much 

higher proton conductivity in the former one. In addition, the as such {W72Fe30} 

nanoclusters exhibit proton conductivity in the 10
-1

 S cm
-1

 order at 80 °C. Therefore, 

incorporating hydrophilic {W72Fe30} polyoxometalates into the PBI matrix enables more 

proton hopping sites throughout the polymer network under PA doped condition, 

responsible for a significant ~3-fold increased proton conductivity value in the MMMs. In 

addition, the highly altered morphology of the MMMs observed from FESEM, TEM and 

AFM analysis (Figure 3.5) contributes efficiently towards more PA uptake and retention 

into the membranes interfaces, which further facilitates increased proton conductivity. We 

have also fabricated a membrane {W72Fe30}-7.5% (with 7.5% POM loading), and 

measured the proton conductivity under identical experimental condition, and we are 

unable to get any proton conductivity for this membrane, as for this sample the 

significantly higher filler loading forms agglomeration of nanoclusters into the membrane 

matrix, throughout the composite matrix causing no proton conduction at all. This 

phenomenon of nanofillers agglomeration causing disruption of the proton conduction 

channel is observed by several researchers.
64

 Hence, {W72Fe30}-5% filler loaded 

membranes found to be optimum loading of {W72Fe30} nanoclusters to fabricate efficient 

PBI based super proton conducting PEMs. To check the long-term efficiency of proton 

conduction in the membranes, isothermal proton conductivity of m-PBI, {W72Fe30}-2.5% 

and {W72Fe30}-5% membranes were performed at 160 °C for prolong 24 h and the 

detailed experimental procedure along with the observations obtained from the 

experiment is given in the Section A3.17 and A3.11.11, Figure A3.18 of Appendix3. All 

the MMMs demonstrated retention of proton conductivity without noticeable change at 

elevated temperature (160 °C) under prolong treatment. We have also fabricated 50% 

{W72Fe30}@m-PBI composite membrane and measured its proton conductivity at 

different temperature conditions in aqueous medium at a RH of 98% with the help of two 

electrode system by sandwiching the membrane between two carbon wafers to make a 

pellet (see Nyquist plot in Figure A3.19, Appendix3). We have achieved a proton 

conductivity of 5.706 × 10
-2

 S cm
-1 

in aqueous condition (80 °C and 98% RH) without PA 

doping. For the first time we have reported this 50% {W72Fe30}@m-PBI composite 
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membrane and the importance is that the membrane shows proton conductivity in 

aqueous medium whereas the as such membrane of m-PBI didn’t show any proton 

conduction in aqueous medium. This indicates that the proton transportation in aqueous 

medium is due to compound {W72Fe30}NB  which is 50% loaded into the membrane m-

PBI, as we have discussed earlier the compound {W72Fe30}NB itself acts as a shell, like a 

membrane allowing passive transportation of small cations through the shell.
15

 All the 

conductivity values of 50% {W72Fe30}@m-PBI  composite membrane are shown in the 

Table A3.5 (Appendix 3). 

 

Figure 3.7. Proton conductivity values of m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% membranes.  

 

3.9 Activation energy (Ea) calculations of the MMMs 

The activation energy (Ea) values for all the membranes have been calculated from the 

temperature dependent Arrhenius plot, obtained from the proton conductivity of the 

membranes within the temperature range of 30 °C - 160 °C. The calculated Ea values for 

m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% membranes are ranges from 12.71-13.54 

kJ/mol or ≈ (0.13-0.14) eV (Figure 3.8), implies proton conduction in the MMMs 

predominately occurs through Grotthuss proton transport mechanism, which operated due 

to the extensive proton conduction network generation, resulted continuous proton 

hopping sites in the MMMs between the PA molecules with the m-PBI imidazole ‘N-H’ 

and the –W=O, –Fe=O, –Fe-OH2 functionalities of the polyoxometalates clusters through 

continuous construction and destruction of H-bonding network inside the proton 

conduction channels.
15 

Also, minor deviation of the Arrhenius plots from linearity 

indicates proton conduction partially operated via vehicular mechanism. Self-assembly of 

{W72Fe30} nanoclusters into the MMMs network causes self-diffusion of protons 
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throughout the membrane matrix, which may have resulted partly operational vehicular 

mechanism.
60,64

 The resulted Ea values of the MMMs found to be slightly less than m-

PBI, resembles that POM clusters incorporation into the m-PBI network generated 

extensive proton conduction channels for more efficient pathway of proton conduction 

into the composite matrix, which resulted decreased Ea.
 
Activation energy of the 50% 

{W72Fe30}@m-PBI composite membrane without PA in aqueous medium has been 

measured and found to be 0.1845 eV (Figure A3.20, Appendix3) and hence in this case 

also the proton transport happens in the membrane by following the Grotthuss 

mechanism. It is to be noted that the {W72Fe30} nanoclusters proton conduction follows a 

vehicular mechanism with an activation energy 1.95 eV. Therefore, it is interesting to note 

that the activation energy barrier and the conduction mechanism of this nanocluster can 

be readily tuned by simply making a composite with m-PBI.   

 

Figure 3.8. Arrhenius activation energy plot of the corresponding membranes. 

 

3.10. Thermal transition and mechanical properties of the membranes 

3.10.1. The temperature dependent storage modulus (Eʹ) plots  

The temperature dependent storage modulus (Eʹ) plots (obtained from the DMA analysis) 

of the dry m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% membranes are represented in the 

Figure 3.9 and the corresponding storage moduli values of the membranes at 100 °C, 250 

°C and 400 °C are tabulated in the Table S6. All the {W72Fe30} polyoxometalates loaded 

MMMs exhibited significantly improved storage modulus values when compared with m-

PBI. But we have observed a slight decrement in storage modulus values with increasing 

POM loading from -2.5% to -5% in the MMMs, which might be resulted due to the 
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plasticizing effect operated at higher filler loaded membranes.
65

 In other words, beyond a 

certain wt% of filler loading, the reinforcement effect of the organic functionalities 

present in the polyoxometalates clusters is dominated by plasticizing effect. Therefore, 

the effective immobilization of the polymer chains occurs up to a certain threshold wt% 

concentration of {W72Fe30}NB loading in the membrane matrix, beyond which (i.e. for 

{W72Fe30}-5% membrane) the dominance of plasticizing effect causes softening of the 

polymer chains, which resulted slightly decreased storage modulus. Hence, , the 

{W72Fe30}-5% membranes still resulted a huge 318 % and 282 % increment in (Eʹ) at 100 

°C and 400 °C, respectively, when compared to pristine m-PBI, indicates the suitability 

and superiority of the MMMs for high temperature PEM applications.  

 

Figure 3.9.  Temperature dependent storage modulus,  

 

3.10.2. The temperature dependent Loss modulus and Tan δ plot  

The temperature dependent Loss modulus and Tan δ plot (Figure 3.10a, b) of all the 

{W72Fe30} loaded MMMs showed a single relaxation peak and the temperature associated 

with the peak is abbreviated as the glass transition temperature (Tg).
66

 The obtained Tg 

values, of the pristine m-PBI and the {W72Fe30}NB loaded membranes range from 320 °C 

- 340 °C (Figure 3.10b), which matches well with the literature reports of PBI based 

PEMs.
38,60

 The obtained Tg values of the composite membranes are almost similar with 

the Tg value of m-PBI, though from the Loss modulus plot we have observed slight 

decrement in Tg value for the {W72Fe30}-5% membrane, which might be due to the 

plasticizing effect in the -5% filler loaded membranes causing polymer chains softening.  
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Figure 3.10.  Temperature dependent (a) Loss modulus and (b) tan δ plots of m-PBI, {W72Fe30}-2.5% and 

{W72Fe30}-5% membranes obtained from DMA analysis (the obtained Tg values. from the Loss modulus 

and tan δ plots are given the bracket in the corresponsing Figures).  

 

3.10.3. The stress-strain profiles 

The stress-strain profiles of the PA doped m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% 

membranes were checked and are shown in Figure 3.11.  The tensile stress (MPa) and 

elongation at break (%) values of all the membranes are tabulated in the Table A3.7. All 

the POM loaded composite PEMs showed superior stress-strain profile when compared 

with m-PBI owing to the strong reinforcement effect from the POM fillers. The tensile 

stress value of the membrane decreases along with increase in the elongation at break (%) 

value with increasing {W72Fe30} nanoclusters loading from -2.5% to -5% in the MMMs. 

Earlier we have observed highest PA loading level in the {W72Fe30}-5% membrane, and 

PA doping level follows proportionality with the filler loading. Hence, for {W72Fe30}-5% 

membrane, due to higher PA doping level PA molecules might exert plasticizing effect by 

disrupting some of the existing interfacial H-bonding present in the Polymer-POM 

composites and forms new H-bonding with the composite functionalities, which makes 

the polymer chain movement much flexible resulting decrement in tensile stress with 

significantly improved elongation at break value. 
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Figure 3.11.  Temperature dependent stress-strain profile of PA loaded membranes. 

3.11. PA leaching analysis of the PA doped MMMs 

To evaluate the PA retention efficacy of the PA loaded {W72Fe30}@m-PBI membranes, 

PA leaching analysis of all the MMMs were performed and represented in Figure 3.12 

along with the detailed experimental procedure (see Section A3.11.12 in Appendix3). 

After each hour of analysis, the weight of the PA doped membranes was measured 

carefully and PA leaching was calculated from the weight loss ratio of PA present in the 

membrane (Figure 3.12).
67

 m-PBI loses 44.41% PA during first hour of analysis, followed 

by 54.27% and 67.17% PA loss during the 2
nd

 and 3
rd

 hour of analysis, respectively, and 

hence resulted to be inefficient membrane for PA retention under saturated water vapour 

condition. In contrast to the previous observation, {W72Fe30} POM loaded membranes 

showed much higher PA retention, which was also increases with increasing {W72Fe30} 

filler loading. While {W72Fe30}-2.5% membrane leaches 25.20%, 30.17% and 35.31% 

PA after 1
st
, 2

nd
 and 3

rd
 hour of analysis, respectively, the high filler loaded sample leaches 

25.56% and 29.56% PA after 1
st
, 2

nd
 and 3

rd
 hour of analysis, respectively.  The presence 

of W=O and Fe-O-H2 hydrophilic functionalities in the {W72Fe30} material form donor-

acceptor type H-bonding interaction with PA, and with increasing filler loading the extent 

of H-bonding increases, which results more PA loading followed by more PA retention in 

the MMMs.  Also, presence of porous thick fibrils in the membranes cross-section and 

homogenous dispersion of {W72Fe30}NB all over the MMMs surface obtain from FESEM,  

hydrophilic-hydrophobic domain formation with increased surface roughness from AFM, 

and structural self-assembly of {W72Fe30} fillers into the dense polymer network from 
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surface TEM analysis contributes significantly for improved PA retention. In addition, the 

increased thermal stability of the PA doped MMMs compared to PA doped m-PBI 

between 50 °C - 200 °C also indicates towards superior PA retention ability of the 

polymer-POM composites. The improved PA retention of {W72Fe30}-5% membrane over 

{W72Fe30}-2.5% is due to the higher PA doping level of the former one.   

 

Figure 3.12.  Time dependent PA retention study of the m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% 

membranes. 

 

3.12. Comparison of the current results with literature reports 

We have tried to evaluate a brief perspective by comparing our currently obtained results 

with the literature reports. We have compared the proton conductivity of the synthesized 

{W72Fe30} nanoblackberries with the other polyoxometalates based proton conductors in 

literature (see Appendix3 Section A3.20, Table A3.7), which signifies superior proton 

conductivity our synthesized {W72Fe30} compared to literature reports. To the best of our 

knowledge this will be the highest proton conductivity on POM based proton conductors 

reported in literature till date. Also, our fabricated MMMs {W72Fe30}-2.5% and 

{W72Fe30}-5% showed a superior ~3-fold proton conductivity increments with respect to 

bare m-PBI. Comparison with literature survey resembles the quality of our finding to 

develop superior polymer-POM based proton conductors. 
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3.13. Conclusions 

 

In conclusion, we have explored the proton conductivity of the nanoclusters containing 

compound {W72Fe30}NB, and we have achieved proton conductivity of  3.30 × 10
-1

 at 80 

°C (98%RH). For the first time we have reported the highest proton conductivity among 

MOF (metal organic frameworks) and POM based compounds. As we cannot use this 

compound directly in the practical application, we have fabricated PA doped 

{W72Fe30}@m-PBI membranes in two different loading levels of {W72Fe30} by weight: 

2.5% {W72Fe30}@m-PBI and 5.0% {W72Fe30}@m-PBI. Both membranes have 

performed as efficient proton exchange membranes when doped with PA and they are 

having good tensile and thermo-mechanical properties with superior PA retention 

capacity. The proton conductivity of 2.5% {W72Fe30}+PA@m-PBI and 5.0% 

{W72Fe30}+PA@m-PBI membranes are 0.126 S cm
-1

 and 0.159 S cm
-1

, respectively at 

160 °C. We have also fabricated 50% {W72Fe30}@m-PBI composite membrane and 

achieved a proton conductivity of 5.706 × 10
-2

 S cm
-1 

in aqueous condition (80 °C and 

98% RH). Finally, the current work showed the synthesis and proton conductivity of 

{W72Fe30} and its importance as a nanofiller in MMMs which improved its performance 

as a proton exchange membrane. 
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Overview 

                                                   

Polyoxometalate (POM) gel is quite well-known, but mostly with organic molecules.  Pure 

inorganic POM gel is hardly known. When an aqueous solution of sodium tungstate is mixed 

with an aqueous solution of ferric chloride, an immediate precipitation is observed to be formed 

─ the resulting suspension on stirring at room temperature for three hours followed by its 

centrifugation results in the formation of straw-color gel. The resulting gel has been 

characterized by rheological studies indicating that this is a soft gel. Linear visco elastic (LVE) 

region for the 24 hours data of this gel spans from 0.1 – 2.5%, when the storage modulus (G′) is 

2674 Pa. The relevant yield stress (σy) value is found to be 82 Pa. As expected, when we apply 

more strain, the storage modulus gets decreased. Dehydration of this gel at room temperature 

brings about the corresponding xerogel, characterization of which confirms that the xerogel is a 

{W72Fe30} type giant Keplerate-based POM compound 

[Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·166H2O ({W72Fe30}XG) and the basic building unit of 

the gel must be {W72Fe30} cluster unit. The xerogel is characterized with 60 hydroxyl groups per 

formula unit and these hydroxyl groups are acidic in nature. Interestingly, the title xerogel, 

{W72Fe30}XG, an inexpensive metal-oxide-based material,  exhibits proton conduction in the solid 

state. The material shows super proton conductivity of 6.99×10
-2

 S cm
-1 

at 80 ⁰C and 98% 

relative humidity. The activation energy (Ea) for the proton conduction is found to be 0.2 eV 

indicating that the Grotthuss mechanism is involved in the proton conduction.  
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4.1. Introduction 

Polyoxometalates (POMs) are the large metal-oxo cluster containing compounds, that are 

widely explored in the areas of electrochemical water splitting, photo-induced water splitting, 

electronics, catalysis, nanotechnology and medicinal chemistry.
1-14

 Among polyoxometalates, 

Keplerates {M72Fe30} (M = Mo and W) have a unique structure as a giant spherical cluster with a 

wide range of applications. The well-known Keplerate compound 

[Na6(NH4)20{Fe(H2O)6}2][{W
VI

6O21(SO4)}12{Fe(H2O)}30(SO4)13(H2O)34]·200H2O 

({W72Fe30}Cryst) was originally synthesized by Achim Müller group in the year 2010.
15

 It has 12 

pentagonal units [(W)W5O21(H2O)6]
6

,
 
linked among these pentagons, by 30 Fe(III) monomeric 

{Fe
III

O5(H2O)}
3+

 linkers as shown in Figure 4.1.
15

  Recently, we have isolated the amorphous 

{W72Fe30} cluster containing compound Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O 

({W72Fe30}NM) in a one-pot synthesis by reaction of aqueous solution of sodium tungstate with 

ferric chloride in the presence of acetic acid.
16

 The extra three Fe
3+

 ions, which are not part of the 

{W72Fe30} cluster, plays an important role in maintaining the stability of the isolated compound 

({W72Fe30}NM. The {W72Fe30} cluster is less explored in terms of its physical properties; there 

are only few reports that are related to its magnetic-, electronic- and  catalytic-properties.
17,18

  

The catalysis includes electrocatalytic hydrogen evolution reaction (HER) by water reduction 

and selective oxidation of sulfides to sulfones using hydrogen peroxide as an oxidant.
16,18 

 In the  

present work, we have explored gel formation in a simple aqueous synthesis involving 

{W72Fe30} cluster as a building unit without using any organic molecule.  

A gel is a non-fluid 3D network that expands through a fluid phase.
19

 If the fluid is 

having  organic building block, then it is called as organogel.
20-22

 If the fluid is water, then it is 

referred to as hydrogel.
20,23

  Estroff and Hamilton have proposed a theory related to the gel 

formation on self-assembly of proteins during the tertiary structure formation from the pertinent 

building blocks.
24

 Initially, the building blocks form the sub-nanosized aggregations and further 

they link to exhibit different morphologies like fibers, micelles, ribbons, etc. in nano- to micro-

meter scales.
25

 These self-assembling molecular gels (hydrogel and organogel) have recently 

gained enormous attention in the various fields, e.g., biosensing, self-cleaning membranes, 
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catalysis, batteries and drug delivery.
23,26,27

 Mostly, gel formation includes the self-assembly of a 

metal ion with an organic ligand.  Pure inorganic gel is scarcely reported.
23

 In inorganic 

chemistry, POM clusters have been introduced as building units for the formation of 

supramolecular gel because POM cluster units enhance the rate of formation of gels due to their 

oxygen-rich surface and charge on the cluster.
25

  

            

Figure 4.1. Ball and stick representation of {W72Fe30} cluster containing compound.
15

  

 

POM containing supramolecular gel materials have a vast number of applications in the field of  

lithium-ion batteries, supercapacitors, ink-free printing, switchable liquid separation and 

seawater desalination.
25,28-47

 Polyoxovanadate-gels have shown applications as biosensors, 

battery electrodes and in the area of solar energy conversion.
2
 Most of the POM gels are formed 

by the combination of ‘POM anion and surfactant cation’, ‘POM anion and ionic-liquid cation’, 

‘POM anion and zwitterion cation’, ‘POM anion and peptide cation’, POM anion and organic 

macrocyclic cation’, POM anion and organic polymer cation’, etc.
25

 In all these combinations, 

the cationic part is an organic molecule in its cationic form that counterbalances the negative 

charge of the POM anion. The gel-formation by a combination of a ‘POM anion and a metal 

cation’ (without an organic component) is hardly known,
23

 which is desirable to obtain thermally 

stable xerogel materials. And a gel material formed from a giant POM cluster anion is not at all 

known.  

In the present work, for the first time, we report a pure inorganic gel, formed from a giant POM 

cluster anion {W72Fe30}, popularly known as Keplerate anion, without using any commonly used 

organic moiety simply by mixing an aqueous solution of sodium tungstate with an aqueous 

solution of ferric chloride. This type of hydrogel formation is an unexplored area of 

contemporary materials research. We have dried the obtained hydrogel at an ambient condition 

by simple evaporation (a sol-gel technique)
19

 to the corresponding xerogel and characterized the 
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solid material (xerogel) by diverse spectral techniques including microscopy and elemental 

analyses to   obtains its formula as [Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·166H2O 

({W72Fe30}XG). The resulting xerogel is found to be a macroporous material as evidenced by 

microscopy. We have thus performed N2 gas adsorption studies of this xerogel {W72Fe30}XG. 

This is characterized with 60 hydroxyl groups per formula unit and this material is turned out to 

be acidic, evidenced from a simple pH experiment. Thus, this xerogel behaves like a solid 

inorganic acid having acidic hydroxyl groups. As expected, this xerogel material {W72Fe30}XG 

exhibits proton conduction in its solid-state.   

Solid materials exhibiting high proton conductivity has received considerable attention in 

recent times.
48-53

 The gel materials (especially xerogels from hydrogels) are generally the good 

proton conducting materials as they have more number of pores filled with water molecules 

which can be used in the proton conduction.
54

 It is known that Nafion is the well-known proton 

conducting electrolyte  in the proton exchange membrane fuel cells (PEMFCs).
55-56

 Although 

Nafion shows reasonable performance in the PEMFCs, its practical use is limited by its 

considerably poor performance at low humidity and at higher temperatures; Nafion is also 

considerably expensive.
55-57

 These restrictions have made researchers develop other materials 

that could replace Nafion for efficient proton conduction in PEMFCs. Thus, both MOF (metal 

organic framework) and POM (polyoxometalate) containing compounds have parallelly been 

evolved as solid proton conducting materials.
58-61

 In fact, {Mo132}-Keplerate with diverse 

organic cations and {Mo72Fe30}-Keplerate itself 

([Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]·150H2O) have been 

explored as solid proton conductors.
62-63

     

In this work, we have demonstrated that the xerogel material 

[Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·166H2O ({W72Fe30}XG) having large numbers of 

pores, lattice water molecules and -OH groups, exhibits excellent proton conductivity in its solid 

state (6.99 x 10
-2  

S cm
-1

 at 80 ⁰C  and RH 98%). There are various reports of xerogel materials, 

other than polyoxometalates, that show moderate to good proton conduction solid-state.
55, 64-70

 

To the best of our knowledge, this is the first report of hydrogel and corresponding xerogel 

materials that are obtained from a giant POM cluster, {W72Fe30}. This xerogel, {W72Fe30}XG, that 

is turned out to be a microporous material, not only shows moderate N2-adsorption behavior but 

also shows excellent proton conduction and moderate electrical conductivity. In a nut shell, we 
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have reported here a macro-porous gel material of {W72Fe30} giant polyoxometalate, obtained 

from a simple aqueous synthesis, that shows gas-adsorption, proton conductivity as well as 

electrical conductivity.   

 

4.2. Experimental Section 

4.2.1. Materials 

All the chemicals were used as received without any further purification. Sodium tungstate 

(Na2WO4.2H2O) was purchased from SRL chemicals and ferric chloride hexa hydrate 

(FeCl3.H2O) was purchased from sigma aldrich chemicals. 

4.2.2 Synthesis of {W72Fe30}Gel – [Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·160H2O 

An aqueous solution (25 mL) of Na2WO4·2H2O (4 g, 12.12 mmol) was made homogeneous 

solution under vigorous stirring condition and then another aqueous solution (5 mL) of 

FeCl3·6H2O (3.402 g, 12.58 mmol) was added to it. Instantaneously, a yellow-colored 

precipitation was observed; the reaction mixture was stirred for 3 hours at room temperature and 

then it was centrifuged for 15 mins at 1200 rpm. The resulting solution was filtered off and the 

filtrate got transformed to a thick gel material after 24 hours (even after an immediate 

centrifugation and filtration, filtrate forms a thick gel after 24 hours). The resultant hydrogel 

{W72Fe30}HG (mud brown color) was dried at room temperature and atmospheric pressure and 

then washed with distilled water to remove the crystallized sodium chloride on the surface of the 

xerogel. The washed xerogel was dried under vacuum desiccator to get a moisture free xerogel. 

Yield: 2.0 g. Infrared spectrum of the {W72Fe30}XG compound shows the bands at 1619 (m, δ 

(H2O)), 924 (m, ῡ(W=O)), 718 (s) and 552 cm
-1

 (m). The further characterizations of the 

compound have been discussed. 

4.2.3 Methods 

The instrumental details of the all the experiments are provided in appendix 1. 

 

4.2.4 Rheology Studies 

A strain-controlled rheometer of make Anton Parr, MCR 501 designed with a cone-plate 

measuring system with the cone angle of 0.5⁰ and a plate with the diameter of 25 mm have been 

used for the rheology studies. To the bottom plate of the rheometer, a Peltier temperature 
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controller is attached to check the temperature difference with an accuracy of 0.1⁰ C. The entire 

setup of the rheometer has been placed inside the hood to achieve the uniform temperature                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

throughout the measurement. We have used 10 g of gel compound for each rheology studies. We 

have placed the sample on the sample holder position of the rheometer and then evenly spread 

the compound and then applied the pressure to start the measurement once the temperature 

reaches to 25 ⁰C. All the measurements were carried out at a constant temperature of 25 ⁰C. We 

have also carried out the measurement of G′ and G′′ with respect to temperature.                                                                                                                                                                                                                                                                                                                              

4.3. Results and Discussion 

4.3.1. Structural Analysis of {W72Fe30}XG 

      Earlier, we have synthesized the nano-blackberries of both molybdenum 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM) and tungsten 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM) in amorphous form.
16

 

Among these two nanomaterials, the formation of tungsten nano-blackberry material seems to be 

of high significance because of its enormous stability (even at higher temperatures) and its 

efficient  

Figure 4.2. (a) Photographs of the gel materials in different shapes in inverted vials and beaker; (b) and (c) 

engraving the gel to make diverse shapes of the gel material using the beaker and vials. 

 

electrocatalytic activity towards water reduction to molecular hydrogen. When we mix an 

aqueous solution of sodium tungstate solution with an aqueous solution of ferric chloride in the 

presence  

of acetic acid, we obtain tungsten nano-blackberry compound {W72Fe30}NM after 15 minutes of 

mixing. But if the same reaction is carried out in the absence of acetic acid, we cannot isolate 

tungsten nanoblackberries {W72Fe30}NM; instead we observe the formation of gel after 45 

minutes of mixing the reaction mixture; after half an hour of stirring the aqueous reaction 
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mixture, a cloudy suspension is formed, which was centrifuged to get a clear solution; the clear 

solution on standing at room temperature leads to the formation of a gel as shown in Figure 4.2.   

Thus, acetic acid plays   

an important role to the formation of nano-blackberries; {W72Fe30} clusters (formed in situ) 

assemble through Fe
3+

 centers (through Coulombic interactions) resulting in the formation of a 

nano-blackberry as shown in Figure 4.3. Hence a nanoblackberry 

Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM) is nothing but a  

 

     

Figure 4.3. Schematic representation of compound {W72Fe30}NM in which six 0.5 Fe
3+

 cations surrounding each 

cluster from six sides in three axes.
16

  

 

supramolecular assembly of {W72Fe30} clusters linked through Fe
3+

 centers. It seems that 

coordinated acetate anion in {W72Fe30} cluster causes deprotonation of the iron-coordinated 

hydroxyl groups to make more negative charge density on each cluster surface. This facilitates 

the Coulombic attractive type of interactions between {W72Fe30} clusters and Fe
3+

 centers 

resulting in the formation of nano-blackberries, {W72Fe30}NM. On the other hand, when acetic 

acid is not present in this aqueous reaction mixture, {W72Fe30} clusters (formed in situ) do not 

get assembled through Fe
3+

 (probably, the cluster surface attached hydroxyl groups do not get 

deprotonated due to the lack of acetate anion); instead an inorganic gel is formed due to the 

formation of a supramolecular hydrogen bonding network involving {W72Fe30}
42-

 cluster anions 

and 14{Fe(H2O)6}
3+

 cations, whereby the network expands through fluid phase (water) resulting 

in a hydrogel [Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·xH2O, which on dehydration (air dry at 

room temperature) forms the xerogel  [Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·166H2O , where 

x>>>166. This xerogel is thoroughly characterized by diverse spectral techniques including 
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elemental analyses (ICP) and microscopy (FESEM and HR-TEM) and formulated as 

[Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·166H2O  ({W72Fe30}XG). It can be assumed that the 

parent hydrogel and dehydrated xerogel would have same compositions except the water content. 

The ‘tungsten nano-blackberries Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O 

({W72Fe30}NM)’ material (Figure 4.3) has already been reported by us and its characterization 

‘fingerprints’, for example, IR and Raman spectral features have been used to characterize the 

xerogel in the present work.   

 

4.3.2. FT-IR spectrum of {W72Fe30}NM and {W72Fe30}XG 

The main difference between the formulas of {W72Fe30}NM and {W72Fe30}XG is the presence of 

two acetate ligands per formula unit of {W72Fe30}NM and the absence of any acetate in  

{W72Fe30}XG. As shown in Figure 4.4, the IR spectra of {W72Fe30}XG and {W72Fe30}NM are 

comparable except the evidence of tiny features of carboxylate in the IR spectrum of 

{W72Fe30}NM. This is consistent with their elemental analysis by EDX (Appendix4, Section A4.6 

and A4.7).  

 

Figure 4.4. (a) FT-IR spectrum of {W72Fe30}XG compound [Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·166H2O,  
compared with that of the compound Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM). 

 

4.3.3. Raman spectrum of {W72Fe30}NM and {W72Fe30}XG 
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The Raman spectra (Figure 4.5) of {W72Fe30}XG and {W72Fe30}NM are identical confirming the 

presence of {W72Fe30} cluster cage in {W72Fe30}XG, thereby the presence of {W72Fe30} cluster in 

hydrogel in the present work. The Raman bands appear at 963 (W=O), 869, 760, 588, 439, 349 

and 185 cm
-1

 in the Raman spectra of both gel and nano-blackberry compounds as shown in the 

Figure 4.5.  ICP-OES metal analyses (Appendix4, Section A4.7) and thermogravimetric studies 

(vide infra) suggest that there are 44 iron atoms and 166 lattice water molecules per formula unit 

of the xerogel compound.  

 

Figure 4.5. Raman spectrum of the compound {W72Fe30}XG which is compared with that of  {W72Fe30}NM  

 

We have already seen from IR- and Raman- spectral studies that {W72Fe30} cluster is present in 

xerogel compound; thus 14 iron ions act as cations per formula unit of gel compound. Besides, 

ICP-OES analysis, we have also carried out the quantitative estimation of iron content of the 

xerogel compound by volumetric titration
 
(the detailed calculations and relevant experimental 

details are given in Appendix4, Section A4.7). The obtained result is consistent with ICP-OES 

data, i.e., 44 iron atoms per formula.  We have used 66 hydroxyl anions per formula unit to 

counterbalance the overall charge of the xerogel compound, [Fe(H2O)6]14 

[W72Fe30O252(H2O)72(OH)60]·166H2O  ({W72Fe30}XG).   

 

4.3.4. PXRD of {W72Fe30}XG  
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The powder X-Ray diffraction (PXRD) plot (Figure 4.6) exhibits four broad features at 27.17⁰, 

31.60⁰, 42.99⁰ and 53.85⁰ for the compound {W72Fe30}XG, which clearly indicates that the 

xerogel  compound is semi-crystalline in nature, which is consistent with TEM-SAED data (vide 

infra).  

 

Figure 4.6.  PXRD pattern of compound {W72Fe30}XG  

4.3.5. TGA of {W72Fe30}XG 

Figure 4.7 shows the thermogravimetric analysis plot of the compound {W72Fe30}XG; there is a 

weight loss from 30
o
C to 260

o
C due to loss of lattice water molecules (observed - 16.46%; 

theoretical - 16.94%). Further, a weight loss from 260
o
C to 300

o
C is observed corresponding to 

the loss of coordinated water molecules. We have already seen that the xerogel in the present 

work is a semicrystalline material from PXRD studies. When a hydrogel goes to xerogel by 

dehydration (at room temperature), formation of pores is expected. Thus, the obtained xerogel, 

obtained in this work, was subjected to microscopic studies, namely FESEM and HR-TEM. 



115 
 

 

Figure 4.7.  (d) thermogravimetric plot of the gel compound {W72Fe30} XG. 

 

4.3.6. FESEM of {W72Fe30}XG  

The FESEM images of the xerogel, {W72Fe30}XG is shown in Figure 4.8, which shows that the 

xerogel is porous in nature with the pore sizes ranging from 70 to 100 nm.  This xerogel, as 

mentioned previously, is obtained by air drying the gel material at room temperature. If we take 

the pre-gel material (the dense viscous liquid state which is about to be transformed to gel) and 

dry at room temperature, the resulting solid shows the pore sizes in the range of 200 to 250 nm as 

found from FESEM (Appendix4 Section A4.5). This indicates that the pores of this porous 

material are dynamic in nature and the pore sizes can be changed on the application of an 

external stimulus.  

Figure 4.8. (a-c) FESEM images of the compound [Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·166H2O at different 

resolutions;  
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4.3.7. HR-TEM of {W72Fe30}XG  

This is reflected in the high resolution transmission electron microscopy (HR-TEM) images of 

{W72Fe30}XG is shown in Figures 4.9a and 4.9b. The pore sizes get decreased when the same 

xerogel sample {W72Fe30}XG is subjected to HR-TEM source energy. Indeed, the compound gets 

disintegrated at higher magnification of HR-TEM. We have already mentioned that the title 

xerogel is semicrystalline on the basis of PXRD studies. This is consistent with the selective area 

electron diffraction (SAED) pattern (Figure 4.9c) of compound {W72Fe30}XG which shows 

diffraction when the compound is exposed to high electron beam environment, but there are less 

diffractions in the selective area electron diffraction (SAED) pattern. The porosity of this 

material has been corroborated by performing the gas adsorption studies of {W72Fe30}XG. We 

found that the relevant BET surface area is 73.737 m
2
g

-1 
(Appendix4, Section A4.9) and the 

average pore volume and pore width are 0.01925 cc/g and 2268 Å (around 200 nm), respectively. 

The pertinent adsorption isotherm shows that it is a type III macro-porous material. We have also 

performed the energy dispersive X-ray (EDX) spectroscopy for the {W72Fe30}XG compound to 

know the surface composition; Figure A4.6 and A4.7 (Appendix4) shows the image of the 

selected surface area of {W72Fe30}Gel including its EDX plot, histogram of the elemental 

composition and the elemental mapping analysis.    

 

Figure 4.9. (a,b) HR-TEM images of the compound {W72Fe30}XG; (c) SAED pattern of the compound {W72Fe30}XG. 

 

4.3.8. Rheology Studies 

In the present work, we are dealing with a giant polyoxometalate-based gel material (Figure 4.2). 

In order to have a deeper insights on this gel formation and its mechanical strength, the rheology 

studies are performed on this gel compound (which upon drying at room temperature gives 

xerogel {W72Fe30}XG). We have carried out the measurement of storage modulus (G′) and loss 

modulus (G′′) with respect to the angular frequency and strain. From the Figures 4.10a and 
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4.10b, we clearly observe that G′ is always greater than G′′ and also, with increase in time both 

the G′ and G′′ have increased, which indicates that with time the gel becomes more and more 

solid, meaning thereby the mechanical strength of the gel material {W72Fe30}HG increases with 

time.  As shown in the Figures 4.10c and 4.10d (the plots of modulus versus strain), we have 

measured the amplitude sweep (strain %) values for the compound {W72Fe30}HG at different time 

intervals and we found that the G′ remains constant in the range of 0.1-2.5%  and the values of 

G′′ are constant in the range of 0.1 - 5%. These ranges of 0.1-2.5% and 0.1 - 5% are called linear 

viscoelastic (LVE) ranges of G′ and G′′, respectively. At the higher values of strain %, the G′ and 

G′′ values gets dropped, which indicates a transition takes place from linear to non-linear 

viscoelastic region. We can see from Figure 4.10c, LVE for the 24 hours data ranges from 0.1 – 

2.5%, where the G′ is 2674 Pa.  Later, after this linear LVE, the G′ starts getting dropped on the 

application of higher strain / amplitude sweep. It is interesting to note that we have observed an 

unusual feature in this curve (kind of a hump) in the range of G′ 636 Pa to G′ 61 Pa at the applied 

strain range of 8% to 51%. This indicates a slight increase in the strain value in this particular 

range. This can be explained by the fact that the gel material in the present work is formed by the 

self-assembly of {W72Fe30} clusters and during this application of increasing strain in this range 

the self-assembly gets destructed, thereby consuming slightly more applied strain (energy). On 

further increase of strain i.e., beyond 50%, the cluster {W72Fe30}, i.e., the building unit gets 

deformed. We have calculated the G′ - G′′ values to know the rigidity of the gel material 

{W72Fe30}HG with respect to time. We have calculated G′ - G′′ values at different time intervals. 

In general, the more is the value of G′ - G′′, the mechanical strength is more. As shown in Table 

4.1, we observe that our gel compound after 24 hours of formation shows the G′ - G′′ value of 

2055 Pa, which is highest when we compare the same with those of other relevant 

polyoxometalate based gels.
71-73

 We have also measured the yield stress (σy) values for the 

compound {W72Fe30}HG with the help of a plot of shear stress versus strain measurement and we 

have observed that the gel of the present work exhibits the elastic nature till 82 Pa of yield stress, 

beyond which, the gel will be in the free flow state (semi-liquid). We have also observed that 

yield stress values increase with increase in time as shown in the Table 4.1, which shows that the 

elastic nature of the gel material is increased with time. The thermal behavior of the gel 

{W72Fe30}HG with respect to G′ and G′′ has also been monitored at the temperature range of 20-

50 °C as shown in the Figure 4.10e. We have observed that there is slow increase in the G′ and 
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G′′ as we increase the temperature from 20-50 ⁰C and the G′ is always larger than G′′ which 

proves that the compound is hydrogel, and it exhibits elastic nature throughout this temperature 

range. The gelation process has been monitored with time at a constant temperature of 25 ⁰C. We 

have measured G′ and G′′ as a function of time as shown in the Figure 4.10f. We have noted that 

the values of both G′ and G′′ increase with the time, but G′ increases more faster than G′′ which 

says that the strength of the present gel material increases with an elastic behavior by 

transforming from liquid to viscoelastic solid. Thus, the whole rheology studies including 

frequency sweep and amplitude sweep (strain (%)) studies, establish that the obtained gel 

material {W72Fe30}HG  exhibits an elastic solid nature. 

 

Figure 4.10. (a) Measurement of G′ with respect to angular frequency in the time span of two, ten and twenty-four 

hours of the compound {W72Fe30}HG. (b) Measurement of G′′ with respect to angular frequency in the time span of 

two, ten and twenty-four hours of the compound {W72Fe30}HG. (c) Amplitude sweep measurement of the compound 

{W72Fe30}HG with respect to G′ in the time span of two, ten and twenty-four hours. (d) Amplitude sweep 

measurement of the compound {W72Fe30}HG with respect to G′′ in the time span of two, ten and twenty-four hours. 

(e) Variation of G′ and G′′ with respect to temperature. (f) Variation of G′ and G′′ with respect to time.  

Table 4.1: G′- G′′ and Yield stress values for {W72Fe30}HG with respect to time. 
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4.3.9. Proton Conductivity Studies 

Proton conductivity(σ) was measured for the compound {W72Fe30}XG with help of 

electrochemical impedance spectroscopy; the two electrode system has been used for the 

measurement. The compound is sandwiched between two carbon paper electrodes to form a 

pellet (Pellet preparation has been mentioned in the Appendix4 Section A4.11). A homemade 

setup has been used for the proton conductivity measurements (Appendix4 Section A4.11). 

Conductivity calculations were done from the Nyquist plot fitted with the suitable equivalent 

circuit (Appendix4 Section A4.11). Nyquist plots were constructed between the real part of 

impedance (Z') and imaginary part of impedance (Z''). Impedance spectra were recorded in the 

temperature range of 30 ⁰C to 80 ⁰C at a relative humidity (R.H.) of 98% (Appendix4 Section 

A4.11). The title xerogel {W72Fe30}XG shows a relative increase in the proton conductivity with 

respect to increase in temperature (Figure 4.11a). At 80 ⁰C and 98% R.H., the compound 

{W72Fe30}XG shows the higher proton conductivity of  6.99×10
-2  

S cm
-1

.  This value suggests 

that the title material {W72Fe30}XG is one of the super proton conducting materials among the 

POM based proton conducting materials based on the relevant recent reports (Appendix4 Table 

A4.4). Even at lower temperature (30 ⁰C; 98% R.H.), the compound {W72Fe30}XG shows proton 

conductivity of  2.54×10
-2  

S cm
-1

. The relevant detailed calculations have been mentioned in the 

Appendix4 section A4.11. The impedance spectral data, obtained, were analyzed and fitted in the 

relevant circuit ((R1/Q1) + (R2/Q2) + Q3) to calculate the proton conductivity, where R1 and R2 

are resistance and Q1, Q2 and Q3 are constant phase. The experimental data of impedance 

spectra, obtained, could be fitted with the above-mentioned circuit without any notable error (χ
2
). 

Activation energy (Ea) for the proton conduction shown by the compound {W72Fe30}XG was 

calculated from the proton conductivity values obtained at different temperatures (Figure 4.11a) 

and thereby an Arrhenius plot is constructed (Figure 4.11b). We have found that the activation 

energy (Ea) during proton conduction in the compound {W72Fe30}XG is 0.2 eV and the linearity 

of the Arrhenius plot is well maintained as the proton conductivity as increased with increase in 

temperature from 30-80 ⁰C. The value of the activation energy indicates that the Grotthuss 

mechanism is involved in the proton conduction in the compound {W72Fe30}XG. This can be 

supported by the logic that the mobile protons of the Fe(III)-OH2 functionality of {W72Fe30} 

cluster forms a hydrogen bonds with the water molecules present between the different clusters 

by forming the H3O
+
-H2O system which helps in the migration of protons to achieve high 
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conductivity values. Further, we have analyzed the stability of compound by recording the 

PXRD patterns of the pelletized compound after the EIS measurement (Appendix4 Section 

A4.12). During stability check, we have carried out the conductivity measurement with time at 

80 ⁰C and relative humidity of 98%; we found that the compound is stable till 10 hours, beyond 

which pelletized compound started to deform and ooze out of the pellet which prevented us to 

carry on with the measurement. A prolonged exposure of the concerned xerogel compound 

{W72Fe30}XG to higher temperature results in the material into complete dryness, as a result of 

which the proton networking channel in the compound gets disturbed which leads to break of 

conductivity chain. The mobile protons for the proton conduction in the compound {W72Fe30}XG 

were generated from the acidic Fe(III)-OH2 centers and lattice water molecules.
65

 This is the first 

time we are reporting the formation of a gel material from a Keplerate type of POM {W72Fe30} 

cluster containing compound that shows huge proton conductivity (6.99×10
-2  

S cm
-1

) and low 

activation energy (0.2 eV). 

 

Figure 4.11. (a) the variation of proton conductivity with change in temperature for {W72Fe30}XG at a constant 

relative humidity (98% RH) and (b) Arrhenius plot of  proton conductivity for {W72Fe30}XG at 98% RH.  

4.3.10. Electrical Conductivity 

In the present work, we have measured the electrical conductivity of the xerogel material 

{W72Fe30}XG. This xerogel {W72Fe30}XG has a good number of unpaired electrons (44×5 = 220) 

as it is having the 44 Fe(III) centers per formula unit of compound  

[Fe(H2O)6]14[W72Fe30O252(H2O)72(OH)60]·160H2O (assuming each iron center is high spin 
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Fe(III) center). Some of these electrons could be loosely bound to the nucleus, that can make the 

material  

                                          

Figure 4.12. Current (I) vs. potential (V) plot of the compound {W72Fe30}XG. 

electrically conductive.  This made us interested to measure the electrical conductivity of this 

xerogel {W72Fe30}XG. Generally, the electrical conductivity is measured from the current (I) 

versus potential (V) curve to validate the behavior of the material for Ohm’s law. From the 

figure 4.12, we can observe that when we have applied a potential (V) from -1.0 V to 1.0 V, the 

current of the corresponding compound is also increased with respect to potential, which clearly 

shows that the compound {W72Fe30}Gel is following the Ohm’s law. We have also calculated the 

electrical conductivity of the compound from the following equation.          

                                                   σ = 
 

  
  (where A = πd

2
/4 )               …….  (eqn 1) 

Where, σ (S cm
─1

) is electrical conductivity, A (cm
2
) is the surface area and l is the length (cm) 

of the solid material, d (cm) is diameter of the cell and R is resistance for the xerogel. We have 

achieved an electrical conductivity of 2.43×10
-5 

S cm
-1

 for the compound {W72Fe30}XG at the 

potential range of -1 V to 1 V. The detailed calculation of the conductivity is mentioned in the 

Appendix4 section A4.13. 

 

4.4. Conclusion 
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In conclusion, a pure inorganic Keplerate hydrogel {W72Fe30}HG without any organic moiety has 

been reported for the first time in the gel chemistry area of polyoxometalates (POMs). The gel 

material has been characterized by rheology studies indicating that it is gel with modest 

mechanical strength. The xerogel {W72Fe30}XG has been characterized using various microscopic 

and spectroscopic techniques. FESEM images suggest that the compound is porous in nature. 

Further, the xerogel {W72Fe30}XG exhibits a high proton conductivity of 6.99×10
-2  

S cm
-1

.  The 

porosity of this xerogel material has been established by gas adsorption studies.  N2 gas 

adsorption capacity of this title material is found to be 0.556 mmol/g. It is a rare example of 

POM compound that exhibits an electrical conductivity of 2.43x10
-5 

S cm
-1

 at applied potential 1 

V. This xerogel {W72Fe30}XG material has potential to be used as a nanofiller in an organic 

polymer matrix to make proton exchange membrane for fuel cell applications. This is under 

progress in our laboratory. 
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Overview 

 

                       
 

 

The giant polyoxometalate cluster of the Keplerate compound [Mo72Fe30O252(CH3COO)12 

{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150 H2O ({Mo72Fe30} is known to be characterized 

with 72 cage Mo
VI

-centers and 30 high spin Fe
III

 centers. When this yellow colored Keplerate 

compound is grinded with KI (potassium iodide) solid in a mortar pestle in solid state, the color 

of the solid mixture becomes olive green, which turns back into yellow-orange, when this green-

color solid mixture is exposed to air for few hours. It turns out that KI gets oxidized by 

{Mo72Fe30} in solid state with the formation of iodine (I2) in the solid reaction mixture and in 

turn, the {Mo72Fe30} cluster get reduced with the formation of {Mo72Fe30}
15-

, retaining the 

{Mo72Fe30} cluster cage without any destruction. When this green-colored reduced solid reaction 

mixture is exposed to air, the aerial oxygen oxidizes the reduced {Mo72Fe30}
15-

 cluster 

regenerating the parent oxidized state of {Mo72Fe30} resulting in the formation of potassium 

superoxide (KO2) in the orange-yellow solid reaction mixture. The molecular iodine (I2) formed 

in the solid reaction mixture is extracted with chloroform (CHCl3). Thus, the overall reaction 

cycle can be described as a mechanochemical aerial KI oxidation mediated by the Keplerate 

({Mo72Fe30}).  
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5.1. Introduction 

 

Polyoxometalates (POMs) are the anionic clusters consisting of early transition metals with 

highest oxidation states.
1-3

 These have gained an enormous attention in the field of materials 

chemistry and medicinal chemistry due to their high charge, photochromic properties, nano 

dimension and rich electrochemical properties.
2,4-17

 Among POMs, giant clusters 

{(M
VI

)M
VI

5}12{Mo
V

2}30 (≡{M
VI

72Mo
V

60}) and {(M
VI

)M
VI

5}12{M'}30 (M = Mo or W; M' = VO
2+

, 

Fe
3+

 or Cr
3+

) represent giant metal oxide-based Nano-capsules, also called Keplerates, that have 

attracted huge attention because of their structural beauty and importance in  diverse areas of 

research, e.g., biological sciences, molecular physics, magnetochemistry, materials science, 

chemical science and mathematics.
18-31

 Among these Keplerates, {Mo72Fe30} cluster is of 

immense interest, which has been reflected in the following facts. {Mo72Fe30} cluster containing 

compound [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150 H2O (1) 

was discovered in the year of 1999 by Müller and co-workers and around 130 original research 

articles got published until today only on this compound in a wide range of journals: from 

chemistry to physics through materials science.
5-8,32

 It has unique properties like nano-

encapsulation, surface supramolecular chemistry and magnetic properties, that  have been 

explored, but still it is less explored compared to other polyoxometalates.
2,25,33

 POMs have 

distinct applications like sensing and catalysis which involves the redox activity (reversible) by 

changing their electronic states without any disintegration.
34-40

 POMs related to Dawson and 

Keggin have been explored much more in terms of their redox properties compared to the redox 

properties of Keplerates.
41-44

 The icosahedral molecule {Mo72Fe30} has 72 molybdenum 

polyhedra that are organized into sets of 12 pentagonal [(Mo)Mo5O21(H2O)6]
6

 units separated 

from one another by 30 {Fe
III

O6} linkers. Each of these linkers exposes a single terminal Fe
III

-

OH2 functional group projecting outwards from the surface of the {Mo72Fe30} cage.
32

 Inside this 

nano-capsule, there are 12 additional water molecules bound to 12 Fe
III

 centers. The remaining 

18 Fe
III

 linkers are bridged to molybdate (two of [Mo2O7(H2O)] type and one of 

[H2Mo2O8(H2O)] type) or to acetate ligands. The {Mo72Fe30} cluster having 30 high spin Fe
III 
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centers, thereby having 150 unpaired electrons, is considered to be a unique magnetic object and 

a considerable number of reports has appeared that describe diverse levels of magnetism of this 

nano-sized molecular magnet.
45-51

 Besides its magnetism, its supramolecular chemistry is also 

remarkable.
20,25

 Liu and co-workers have shown that the clusters of {Mo72Fe30} self-assemble in 

an aqueous solution into blackberry type supramolecular structures.
52-53

 Later, Liu, Müller and 

their co-workers demonstrated that the {Mo72Fe30} cluster acts as a nano-sized inorganic weak 

acid in dilute aqueous solution that can deprotonate differently depending on the pH, which 

allows to form “nanoparticles” of varying sizes.
52-53

 Thus, the nano-capsule {Mo72Fe30} has 

been explored extensively as far as magnetism and (solution) supramolecular chemistry are 

concerned.  The catalytic application of this cluster containing compound is also briefly 

mentioned.
54-56

 Recently, we have reported its electrocatalytic behavior towards the hydrogen 

evolution reaction.
57

 When an inorganic substance (compound 1) has proved its distinctive 

importance in the areas of chemistry, physics, materials science and biological sciences within 

23 years of its discovery, its solid-state reactions (more specifically, mechano-chemical 

reactions) have not been explored. Generally, the solid-state transformations accelerated by heat, 

substrate induced interfacial reactions, light and mechanochemical force.
58-72

 We wished to 

perform a mechanochemical reaction, mediated by {Mo72Fe30} cluster, because its outer surface 

is characterized 30 Fe
3+ 

centers, each ligating 30 water molecules directing outwards from the 

surface of the {Mo72Fe30} cage and 72 Mo
VI 

centers each having a terminal  

 

 

 

 

 

 

 

Figure 5.1. Left: polyhedral representation of {Mo72Fe30}; right: stick presentation of {Mo72Fe30}.
32

 

 

Mo=O group.  Keeping the fact in mind that each {Fe
III

-OH2} motif has electron pulling 

tendency towards iron center (as expressed by its acidic nature), they have potential to undergo 

redox reactions in the solid state; in other words, the cluster cage can be reduced by oxidizing a 

substrate. When compound 1 ({Mo72Fe30}) cluster containing compound) is mechanically 
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ground with KI in a mortar pestle in the solid state, it results in the formation of iodine (KI 

oxidation, eqn. 1). Surprisingly this reaction does not take place in solution state!  

                                             
                                             2 {Mo72Fe

III
30} + 30 e


  2 {Mo72Fe

II
30}

15 

                                                      
                                                     30 KI  30 e


  15 I2 + 30 K

+
 

 

                                           2 {Mo72Fe30} + 30 KI  15 I2 + 2{Mo72Fe30}
15

 + 30 K
+
    (eqn. 1)  

 

5.2. Experimental Section 

 

5.2.1. Materials  

 

Chemicals were purchased in AR grade and utilized as received. Sodium molybdate 

(Na2MoO4.2H2O) and glacial acetic acid were purchased from SRL chemicals and ferric chloride 

(FeCl3·6H2O) from Sigma Aldrich, India, potassium iodide from TCI chemicals and HPLC grade 

chloroform from Fischer scientific limited. 

 

5.2.2. Synthesis of Compound 1 ({Mo72Fe30}) – 

[Mo72Fe30O252(CH3COO)12[Mo2O7(H2O)]2[H2Mo2O8(H2O)](H2O)91] ∙150 H2O 

 

To a stirred solution of FeCl3 ∙ 6H2O (1.1 g, 4.1 mmol) and CH3COONa ∙ 3H2O (1.1 g, 

8.1 mmol) in 75 mL of H2O, 1.4 g of Mo132 [(NH4)42{Mo132O372(CH3COO)30(H2O)72}. Ca. 300 

H2O. Ca. 10 CH3COONH4] was added to it. The resulting mixture was stirred for 24 hours. After 

acidification with 1 mL HCl and 2.0 g of NaCl is added to it, the stirred reaction mixture was 

heated to 90 ± 95
o
C and then filtered hot. The yellow filtrate was cooled to room temperature, 

and a yellow, rhombic crystals of compound 1 formed over a time period of 2 ± 3 days. The 

crystals were collected by filtration, washed twice with water (to remove the NaCl), and then 

dried in air. Yield: 0.5 ± 0.6 g. Characteristic IR bands for 1 (KBr pellet): nÄ .1624 (m, d(H2O)), 

1534 (m, nas(COO)), 1416 (s-m, ns(COO)), 959 (m, n(Mo.O)), 854 (m), 736 (s), 619 (m), 537 

(s).  

 

5.2.3. Mechanochemical reaction of Compound 1 with Potassium Iodide (KI) 

A series of mechanochemical reactions were performed at different molar ratios of {Mo72Fe30} to 

KI ranging from 1: 30 and 1: 15.  
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5.2.3.1. {Mo72Fe30} 1:  30 (KI) ratio  

 

 200 mg (0.0107 mmol) of {Mo72Fe30}, compound 1 and 54 mg (0.32 mmol) of KI were taken in 

mortar and grinded together using pestle resulting in the formation of dark green color solid. The 

solid so obtained was treated with 15 mL of CHCl3 in order to extract Iodine and subsequently 

the reaction mixture was stirred for 5 hours whereby the CHCl3 medium turns into deep purple 

color. It was then filtered and the amount of iodine was estimated from the filtrate by 

spectrophotometric analysis. Chloroform solutions of various iodine concentrations were made 

and a calibration curve was obtained using UV-Visible spectrophotometer (Appendix5).  

 

5.2.3.2. {Mo72Fe30} 1:  15 (KI) ratio 

 

Compound 3 has been synthesized following the same procedure as for compound 2 except that 

the amount of KI taken was 27 mg (0.16mmol) 

 

5.2.4. Methods 

The instrumental details of the all the experiments are provided in appendix 1. 

5.2.5. Electrochemical studies 

We have performed most of the electrochemical studies with the help of an electrochemical cell 

with three-electrode system which has glassy carbon as the working electrode and Pt as the 

reference and counter-electrode. The electrolyte used was dry acetonitrile by using 

tetrabutylammonium perchlorate as a supporting electrolyte under inert condition (nitrogen 

atmosphere). The electrochemical measurements were carried out in a heterogeneous manner for 

the insoluble compounds by taking the sample and preparing a homogenous suspension. The 

sample is prepared by taking 8.0 mg of crystalline compounds and 2.0 mg of carbon black 

powder in a 2.0 mL of ethanol and water mixture (3:2) solution. After sonicating the suspension 

mixture for 30 minutes, we added 20 µL of 5 weight% nafion to the sonicated suspension and 

then the mixture was sonicated for further 30 minutes to get complete homogeneous suspension / 

ink. On the glassy carbon electrode which is having a geometrical area of 0.07 (cm
2
), 10 µL of 

the sample mixture / homogeneous suspension ink was coated and this way 40 µg of the sample 
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was actually coated on the surface of the working electrode and the same amount of sample was 

used for whole electrochemical measurements. Ag/AgCl electrode was used as a reference 

electrode and all the electrode potentials in the measurements were transformed to RHE scale 

with the help of the following relation. E (NHE) = E (Ag/AgCl) + 0.204 + 0.059 pH. Usually, the 

cyclic voltametric measurements were carried out at a scan rate of 100 mVs
-1

 and iR corrections 

were manually fixed after finishing all the measurements.  

 

5.3. Results and Discussion 

 

Synthesis of compound 1 was performed by following a reported procedure that resulted in 

isolation of yellow-colored rhombic crystals within 2-3 days after the reaction of FeCl3.2H2O 

solution with [NH4]42[{Mo132O372(CH3COO)30(H2O)72}. Ca. 300 H2O. Ca. 10 CH3COONH4] (1) 

in the presence of sodium acetate.
32

 We have also carried out the basic characterizations of the 

compound 1 like FTIR, Raman, PXRD, FESEM and UV-visible spectroscopy. A mechano-

chemical reaction (eqn 1) has been carried out at ambient condition mediated by {Mo72Fe30} 

cluster containing compound 1 which leads to oxidation of KI to produce I2. It is logical to know 

the proportion of the reactants of this KI oxidation reaction, because a {Mo72Fe30} cluster has 30 

Fe- and 72 Mo-centers in their highest oxidation states. Thus, we performed a series of mechano-

chemical reactions by grinding a  

                           

Scheme 5.1.  A schematic representation of reversible aerial KI oxidation mediated by {Mo72Fe30} Keplerate.   

 

constant amount of compound 1 {Mo72Fe30} crystals (Figure 5.2a) with varying amounts of KI 

powder. In each case we observe, during grinding, that the yellow {Mo72Fe30} solid (Figures 5.2a 

& 2b) turns into green solid (compound 2) (Figure 5.2c) instantaneously. Here potassium iodide 
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acts as a reducing agent; the formation of green solid (compound 2) from compound 1 indicates 

the reduction of {Mo72Fe30} cluster in compound 1 and potassium iodide self-oxidized to 

produce iodine. When we carry out same reaction in solution state by dissolving {Mo72Fe30} 

cluster containing compound 1 in water followed by adding KI aqueous solution, we do not find 

any color change and we do not find any iodine formation in solution state reaction. After each 

batch of mechano-chemical reaction, the compound 2 (green solid) in solid-reaction mixture is 

treated with CHCl3 solvent to extract iodine (Figure 5.2d). The purple-pink CHCl3 solution 

(iodine extract, Figure 5.2d), obtained from each mechanochemical reaction batch, is subjected 

to spectrophotometric study to determine the amount of iodine formed (a calibration plot was 

plotted using known concentrations of iodine, Appendix5, section A5.2). From these iodine 

estimation experiments, we found that, one equivalent of {Mo72Fe30} cluster containing 

compound 1 reacts with fifteen equivalents of KI to produce 7.5 equivalents of iodine (eqn. 1). In 

order to check the recyclability of the mechanochemical KI oxidation, it is necessary to 

regenerate  

 

 

Figure 5.2. Pictures of (a) as synthesized {Mo72Fe30} (in its crystals form), (b) as synthesized {Mo72Fe30} (in its 

powder form), (c) green solid obtained by grinding {Mo72Fe30} with KI, (d) CHCl3 extract (iodine solution) of this 

green solid, (e) regenerated {Mo72Fe30} compound. 

  

{Mo72Fe30} after one cycle of KI oxidation. It is observed that the material right after iodine 

extraction is not as active as parent {Mo72Fe30} compound towards mechanochemical oxidation 

of KI.  Thus, the material right after iodine extraction is heated in a conventional oven at 70
 ⁰
C 

for 3 hours followed by its exposure to water vapor for 24 hours. Apart from this, the 

regeneration of compound 1 involves oxidation of the reduced cluster {Mo72Fe30}
15

 (compound 

2) by aerial molecular oxygen (eqn. 2) to its original form (yellow solid). The regenerated 

{Mo72Fe30} (compound 3) (Figure 5.2e) behaves same way as parent {Mo72Fe30} compound 
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does towards KI oxidation in the mechanochemical reaction. Thus, regeneration of {Mo72Fe30} 

compound involves oxidation of the reduced cluster {Mo72Fe30}
15

 by aerial molecular oxygen 

(eqn. 2). As a result, superoxide is expectedly formed in the solid reaction mixture. We have seen 

that mechanochemical KI oxidation mediated by {Mo72Fe30} needs 15 KI per {Mo72Fe30} 

cluster, thereby meaning that each cluster is reduced by 15 electrons per cycle of 

mechanochemical KI oxidation.      

   

                        2{Mo72Fe30}
15

 + 30 K
+
 + 15 O2  2{Mo72Fe30} + 30 KO2  (eqn. 2) 

 

Diverse spectroscopic studies have been performed on the compound 1, compound 2 and 

compound 3 to know the performance of the reversible redox cycles carried out for the 

{Mo72Fe30} cluster containing compound.  

 

5.3.1. IR spectrum of Compound 1,2 & 3 

 

IR spectra (Figure 5.3) displays the characteristic peaks at 1619 (m, δ (H2O)), 1526 (m, νas 

(COO)), 1420 νs (s-m, (COO)), 963 (m, ν (Mo=O)), 845 (m), 740 (s), 623 (m), 541 (s) for the 

compound 3 which is regenerated from the compound 1 by reaction with KI. The peaks of the 

regenerated compound 3 match almost one to one with the peaks of parent compound 1 (IR 

peaks of compound 1: 1624, 1534, 1416, 959, 854, 736, 619, 537 cm
-1

).  The green colored 

compound 2 is supposed to be a mixture of reduced cluster {Mo72Fe30}
15

 , in-situ formed 

molecular iodine (I2) and excess KI used in the mechanochemical reaction. Thus the IR spectrum 

of green solid mixture (compound 3) shows the characteristic IR peaks of compound 1 with 

some amount shift of the IR peak-positions (because it is the reduced cluster {Mo72Fe30}
15

 ) and 

some additional peaks (for example, peaks at 1747 cm
-1

 and 1219 cm
-1

) that come from excess 

KI and molecular iodine formed in the mechanochemical reaction as shown in Figure 5.3.  
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Figure 5.3. Compared FT-IR spectrum of compound 1, 2 and 3. 

 

5.3.2. PXRD spectrum of Compound 1,2 & 3 

Figure 5.4 presents powder X-ray diffraction (PXRD) patterns of {Mo72Fe30} cluster containing 

compound 1 as such, KI-grinded {Mo72Fe30} cluster containing compound (compound 2), solid 

KI as such and the solid reaction mixture after iodine extraction (compound 3).  It is evident 

from Figure 5.4 that, the molecular structure of {Mo72Fe30} along with its crystal packing 

remains same even after its reduction by grinding with solid KI with the formation of iodine. 

Some of the un-reacted KI is present in the mechanochemical reaction mixture, as observed by 

comparing the powder X-ray diffraction pattern of KI grinded {Mo72Fe30} reaction mixture with 

those of {Mo72Fe30} compound itself and KI itself (Figure 5.4). The crystallinity of the 

compound 1 is maintained even after undergoing to reduction and oxidation reactions.  
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Figure 5.4. Compared PXRD spectrum of compound 1, 2 and 3. 

 

5.3.3. Solid-state DRS spectrum of Compound 1,2 & 3 

The solid-state diffused reflectance spectra are recorded for the compounds 1 and 2 and after the 

Kulbelka-Munk conversion, the spectral data are displayed in the Figure 5.5. As shown in Figure 

5.5, the overall spectral features of compounds 1 and 2 are similar except the fact that there are 

some extra features at around 500 to 650 nm in the electronic spectrum of compound 2 and the 

charge transfer transition in the region of 300 to 500 nm is resolved in the case of compound 2. 

In this study, compound 2 is nothing but a solid reaction mixture that contains mainly reduced 

cluster {Mo72Fe30}
15

 along with unreacted KI and some amount of iodine. The reduced cluster 

{Mo72Fe30}
15

 is formed by the reduction of oxidized {Mo72Fe30} by I
-
, when, in principle, both 

Mo(VI) and Fe(III) centers can be reduced. Among Fe(III) and Mo(VI) centers, Fe(III) center is 

more prone to be reduced than Mo(VI) center, because Fe(III) has acidic water coordinated to it. 

Even Fe(III) gets reduced first, there can be interatomic electron transfer forming Mo(V) center. 

There is an EPR spectral evidence of the formation of Mo(V) center (vide infra). The feature at 

around 500 to 650 nm in the electronic spectrum of compound 2 can be attributed d-d transition 

arising from Fe(II) / Mo(V) center or from both. The broad feature in the region of 300 to 500 

nm for both compounds 1 and 2 is due to oxygen to metals (molybdenum and iron) charge 
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transfer transitions and the reduction of Fe(III) and Mo(VI) centers in compound 2 causes the 

resolution of the charge transfer transition in the region of 300 to 500 nm in the electronic 

spectrum of compound 2.  

 

Figure 5.5. Compared solid-state DRS spectrum of compound 1 and 2. 

 

5.3.4. Raman spectrum of Compound 1,2 & 3 

The Raman spectra for the parent compound 1, reduced compound 2 and 3 (regenerated to parent 

compound) have been recorded and shown in the Figure 5.6. Raman signals of compounds 1, 2 

and 3 are almost identical to each other, indicating that {Mo72Fe30} cluster cage is retained (does 

not disintegrate) during the solid-state redox cycle. 
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Figure 5.6. Compared Raman spectrum of compound 1,2 and 3. 

 

5.3.5. EPR spectroscopic studies of Compound 1,2 & 3 

In this mechanochemical solid-state redox cycle, the regeneration step can be explained by 

oxidation of reduced cluster {Mo72Fe30}
15

 by aerial oxygen (eqn. 2), whereby the molecular 

oxygen (from air) gets oxidized to super oxide. The reduction of Mo(VI) center to Mo(V) center 

and formation of superoxide (one-electron-reduced O2 molecule)  by the reduced cluster 

{Mo72Fe30}
15

 can be monitored by EPR spectral studies.  The EPR spectroscopic studies were 

carried out for the compound 1, 2 and 3 at 4K. When we grind the compound 1 (fully oxidized 

cluster) with KI (white solid) in a mortar pestle, it turned into a green colored solid mixture. This 

was immediately subjected to EPR spectroscopy at 4K (liquid helium). A broad feature, which 

comes for any Fe(III) species, appeared with   the appearance of a tiny peak at g = 1.96. This can 

be assigned to Mo(V) formed in the solid reaction mixture with the formation of reduced 

{Mo72Fe30} cluster, which we characterized as {Mo72Fe30}
15

 in the present work. This reduced  
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Figure 5.7. (a) EPR spectrum of green solid reaction mixture after 15 minutes of grinding compound 1 with solid KI 

in a portal pestle; (b) EPR spectrum of yellow-green solid reaction mixture after 30-40 minutes of grinding 

compound 1 with solid KI; (c) EPR spectrum of yellow colored solid reaction mixture after 5-6 hours of grinding 

compound 1 with solid KI in a portal pestle. 
 

species reacts with molecular oxygen from air and forms superoxide.  Figure 5.7a displays the 

EPR plot of the green solid reaction mixture after 15 minutes of grinding, which shows a tiny 

peak at g = 2.00277 for potassium superoxide (KO2) formed in the solid reaction mixture along 

with the clearly visible signal for Mo(V) at g =1.96. With time the superoxide peak becomes 

more prominent as shown in Figure 5.7b, which shows a rhombic feature of superoxide with g1 = 

2.1051, g2 = 2.0101 and g3 = 2.0031 and Mo(V) signal gradually diminishes. After 5-6 hours of 

aerial oxygen exposure, the green reaction mixture becomes yellow colored solid which shows 

diminishing phase superoxide and Mo(V) as shown Figure 5.7c Thus, this time-dependent EPR 

spectral studies support the regeneration stage of compound 3 from compound 2.   

 

5.3.6. Aerial Oxidation Studies Compound 2 & 3 

 

We performed some experiments to know whether the aerial oxygen is the actual oxidant for this 

regeneration of parent compound 1 (or compound 3) from compound 2 and to know the time 

required for the compound 2 to get into aerial oxidation to convert into compound 3. We have 

placed one part of the grinded sample i.e., compound 2 in an inert condition (glove box) and we 

placed the second part of the same sample in an ambient atmospheric condition. We observed 

that in a week time the compound 2 (green color) converted completely to yellow-colored 

compound 3 in an atmospheric condition, whereas the green color of the sample placed in an 

inert condition (glove box) has been intact as shown in Figure 5.8a and 5.8c. We characterized 

the both samples with the help of solid-state diffused reflectance spectroscopy (DRS) as shown 

in the Figure 5.8a and 5.8b. We observed that the absorbance peaks for the freshly prepared 
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compound 2 (grinded green solid reaction mixture) match one to one with DRS peaks of sample 

placed in an inert condition (glove box), whereas the sample placed in the atmospheric condition 

has been oxidized to form compound 1 (or compound 3) whose absorption spectrum matches 

well with that of parent compound 1 as shown in Figure 5.8a and 5.8b respectively.  

                 

Figure 5.8. (a) Solid state UV-visible diffuse reflectance spectrum (DRS) of compound 2 kept in an inert condition, 

compared with the diffuse reflectance spectrum of freshly grinded green solid reaction mixture; (b) DRS of 

regenerated compound 1 (or 3) brought about by keeping the green solid reaction mixture at an ambient atmospheric 

condition, compared with DRS of parent compound 1; (c, d) pictures of compound 2 kept in an inert condition and 

in an ambient atmospheric condition, respectively. 

 

5.3.7. Room temperature magnetic moment measurements of Compound 1 & 3 

We have carried out the room temperature magnetic moment measurements for the both the 

compounds 1 and 2; the resultant magnetic moment values are 11.266 BM and 6.657 BM 

respectively. It can be seen that the room temperature magnetic moment of compound 2 is 

considerably less than that of compound 1.  This is consistent with the fact that the parent 

compound 1 contains 30 Fe(III) octahedral centers per formula unit and all 30 Fe(III) centers are 

in high spin states (oxo ligands), whereas, in compound 2, some of these Fe(III) ions get reduced 

to Fe(II), which would be low spin d
6
 system, naturally affecting on the magnetic moment by 

diminishing its value from 11.266 BM to 6.657 BM.   
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5.3.8. Mechanochemical reactions of {Mo72Fe30} 

We have performed a series of mechanochemical reactions at different molar ratios of 

{Mo72Fe30} to KI ranging from 1: 30 and 1: 15. To know the amount (concentration) of iodine 

released from the reaction mixture we have carried out the spectrophotometric measurements for 

the extracted iodine from the reaction mixture. Chloroform solutions of various known 

concentrations of Iodine solutions were made and a calibration curve was obtained using UV-

Visible spectrophotometer as shown in the Figure A5.4a (Appendix5 Section A5.4. The 

absorption spectra of 1: 30 and 1: 15 concentrated {Mo72Fe30} and KI grinded sample as shown 

in the Figure 5.9. From the spectra it is well known that the absorbance of 1: 30 sample is more 

when compared with the 1: 15 sample. With the help of these iodine estimation experiments, we 

found that, one equivalent of {Mo72Fe30} cluster containing compound 1 reacts with fifteen 

equivalents of KI to produce 7.5 equivalents of iodine (eqn. 1). When we carry out the same 

reaction in solution state by dissolving {Mo72Fe30} cluster containing compound in water 

followed by adding KI aqueous solution, we do not find any color change; thus, we do not find 

any iodine formation in solution state. 

 

Figure 5.9. (a) UV-visible spectrum (solution state) for compound 2 in two different loadings 1:30 and 1:15. 
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5.3.9. Electrochemical Studies of Compound 1 & 2 

We have carried out the electrochemical studies for the compound 1 and compound 2. But we 

know that both the compounds 1 and 2 are water soluble, but the iodine produced in the 

compound 2 is insoluble in water. Due to this reason, we could not perform the homogeneous 

electrochemical studies. We have opted for the non-aqueous electrochemical studies for both the 

compounds. We have performed a cyclic voltammograms (CVs) of compound 1 and 2 (Figure 

5.10) in acetonitrile medium by using tetrabutylammonium perchlorate as a supporting 

electrolyte under inert condition (nitrogen atmosphere). By comparing the CVs of both 

compounds, we can clearly observe that the compound 1 undergoes the electrocatalytic reduction 

which may involve Fe
3+

/Fe
2+

, Fe
2+

/Fe
+
 and Mo

6+
/Mo

5+
 couples and we also observe the 

corresponding oxidation peaks in the anodic side (Figure 5.10). On the other hand, in the case 

reduced compound 2, we observe similar feature along with a sharp oxidation in the anodic 

window that can be corresponded to KI (present in excess) oxidation to molecular iodine.   So, 

the electrochemical studies also support that the {Mo72Fe30} cluster remains intact during this 

solid-state redox cycle involving aerial KI oxidation.  

 

Figure 5.10. Cyclic voltammograms of compound 1 and 2 in acetonitrile (tetrabutylammonium perchlorate has been 

used as an electrolyte). 
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5.4. Conclusions 

 

Crystalline compound 1 which has an icosahedral structure with a basic unit {Mo72Fe30} cluster 

have been well explored in the many application fields, but its reversible redox conversion 

through mechanochemical and aerial KI oxidation is not been reported till now.  In the present 

work, we have demonstrated that the Fe
III

 containing cluster {Mo72Fe30} easily undergoes 

reduction by oxidizing KI to produce I2 involving the reduction of Fe(III) to Fe(II) followed by 

intramolecular electron transfer from Fe(II) center to Mo(VI) centers with the formation Mo(V) 

centers. The reduced {Mo72Fe30}
15-

 cluster can react with aerial oxygen to form superoxide with 

the regeneration of parent oxidized {Mo72Fe30} compound.  Thus, the whole cycle can be 

described as mechanochemical solid state aerial KI oxidation mediated by giant {Mo72Fe30} type 

POM. Therefore, the compound parent compound 1 has a potential towards solid state catalysis 

through mechanochemical reactions which is a new and interesting field to work with Keplerate 

type giant polyoxometalates.    
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6.1. Concluding Remarks 

This thesis, entitled “{M72Fe30} (M=Mo, W) Polyoxometalates: Electrocatalysis, Proton 

Conductivity, Gelation and Mechanochemistry” describes the isolation of Keplerate 

compounds into amorphous form by self-assembling process. We have demonstrated the 

applications of these materials by using as a heterogeneous electrocatalyst for hydrogen 

evolution reaction (HER) by water reduction of and as the proton conducting material for fuel 

cell applications. Both these events are important in achieving renewable energy to replace usage 

of the fossil fuels.   The gist of this has been discussed in the introductory note (chapter 1) of 

this thesis. 

Chapter 2 demonstrates the isolation and characterization of tungsten nano-blackberries 

{W72Fe30}NM focusing a new light of assembling {W72Fe30} clusters through Fe
3+

 ions. For the 

first time, we have shown a meaningful application of these nano-blackberries in the direction of 

generating sustainable energy. We have successfully synthesized the nano-blackberries of 

tungsten analogue Fe3[W72Fe30O252(CH3COO)2(OH)25(H2O)103]·180H2O ({W72Fe30}NM). The 

self-assembled material of nano-blackberries of ({W72Fe30}NM) has been characterized by diverse 

spectral studies including FT-IR, Raman spectroscopy, elemental analysis including ICP metal 

analysis and CHN analysis, volumetric analysis (for iron), microscopy techniques, DLS and Zeta 

potential measurements. We have found that extra three iron ions, that are present per {W72Fe30} 

cluster in the compound {W72Fe30}NM as linker of assembly,  offer an enormous amount of 

rigidity / thermal stability of compound {W72Fe30}NM when compared to its molybdenum 

analogue Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180H2O ({Mo72Fe30}NM), a kinetically 

labile substance, which on heating at 60-70
o
C degrades to Fe2(MoO4)3. We have explored the 

electrocatalytic activity of the compounds {Mo72Fe30}NM and {W72Fe30}NM for hydrogen 

evolution reaction (HER) by water reduction. In a comparative kinetic study, the relevant 

turnover frequencies (TOFs) of {W72Fe30}NM and {Mo72Fe30}NM (~0.72s
-1 

and ~0.45s
-1

,
 

respectively) and  the overpotential values of {W72Fe33}NM and {Mo72Fe30}NM (527 mV and 767 

mV, respectively) show that {W72Fe30}NM performs better than {Mo72Fe30}NM in terms of their 

catalytic activity.  

 

Chapter 3, we have explored the proton conductivity of the nanoclusters containing compound 

{W72Fe30}NB, and we have achieved proton conductivity of  3.30 × 10
-1

 at 80 °C (98%RH). For 
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the first time we have reported the highest proton conductivity among MOF (metal organic 

frameworks) and POM based compounds. As we cannot use this compound directly in the 

practical application, we have fabricated PA doped {W72Fe30}@m-PBI membranes in two 

different loading levels of {W72Fe30} by weight: 2.5% {W72Fe30}@m-PBI and 5.0% 

{W72Fe30}@m-PBI. Both membranes have performed as efficient proton exchange membranes 

when doped with PA and they are having good tensile and thermo-mechanical properties with 

superior PA retention capacity. The proton conductivity of 2.5% {W72Fe30}+PA@m-PBI and 

5.0% {W72Fe30}+PA@m-PBI membranes are 0.126 S cm
-1

 and 0.159 S cm
-1

, respectively at 160 

°C. We have also fabricated 50% {W72Fe30}@m-PBI composite membrane and achieved a 

proton conductivity of 5.706×10
-2

 S cm
-1

  in aqueous condition (80 °C and 98% RH). Overall, 

this work has demonstrated that an expensive metal-oxide based material can be obtained in 

gram quantity in an easy straight forward aqueous synthesis and this material shows super 

protonic conductivity; we have also shown that this metal-oxide material can be used as nano-

filler into a versatile polymer membrane resulting in the fabrication of proton exchange 

membranes for fuel cell applications.  

 

In Chapter 4, a pure inorganic Keplerate hydrogel {W72Fe30}HG without any organic moiety has 

been reported for the first time in the gel chemistry area of polyoxometalates (POMs). The gel 

material has been characterized by rheology studies indicating that it is a gel with modest 

mechanical strength. The xerogel {W72Fe30}XG has been characterized using various microscopic 

and spectroscopic techniques. FESEM images suggest that the compound is porous in nature. 

Further, the xerogel {W72Fe30}XG exhibits a high proton conductivity of 6.99×10
-2

  S cm
-1

.  The 

porosity of this xerogel material has been established by gas adsorption studies.  N2 gas 

adsorption capacity of this title material is found to be 0.556 mmol/g. It is a rare example of 

POM compound that exhibits an electrical conductivity of 2.43×10
-5

 S cm
-1

 at applied potential 1 

V. This xerogel {W72Fe30}XG material has potential to be used as a nanofiller in an organic 

polymer matrix to make proton exchange membrane for fuel cell applications. This is under 

progress in our laboratory. 

Finally, in the Chapter 5, Crystalline compound {Mo72Fe30} which has icosahedral structure 

with a basic unit {Mo72Fe30} cluster have been well explored in the many application fields, but 

its reversible redox conversion through mechanochemical reaction is not known until now.  In 
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this work, we have demonstrated a mechanochemical solid state reversible reaction that involves 

grinding of solid KI with solid {Mo72Fe30} crystalline compound resulting in KI oxidation to 

molecular iodine and reduction of {Mo72Fe30} cluster. The reduced cluster, in turn, gets oxidizred 

by aerial oxygen to regenerate parent oxidized {Mo72Fe30} compound with the formation 

potassium superoxide (KO2) in the resulting solid reaction mixture. This this cycle can be 

described as mechanochemical aerial KI oxidation mediated by {Mo72Fe30} cluster. The 

formation of intermediate Mo(V) state of the {Mo72Fe30} cluster and the formation of KO2 can 

be corroborated by EPR spectroscopy. Therefore, the compound {Mo72Fe30} has a potential 

towards solid state catalysis through mechanochemical reactions which is an interesting field to 

work with Keplerate type giant polyoxometalates. 

To conclude, in this thesis work, we have synthesized water insoluble Keplerate compounds 

(mainly related to {W72Fe30} and {Mo72Fe30} clusters) and used as an electrocatalyst for HER 

and also showed the proton conductivity of the {W72Fe30} cluster containing compound. We 

have synthesized {W72Fe30} and {Mo72Fe30} in their amorphous forms through one pot synthesis 

with easily available laboratory chemicals. These two amorphous compounds exhibited the 

electrochemical activity towards hydrogen evolution reaction; we have also used {W72Fe30} 

cluster containing compound as a nanofiller in proton transport membrane when it exhibits the 

super proton conductivity. As we have observed that the crystalline forms of these cluster 

containing compounds are water soluble and we observed the electrodeposition has happened 

during the electrochemical activity studies. Thus, by synthesizing the water insoluble Keplerate 

compounds, one can easily study their electrocatalytic activity and proton conductivity.      

6.2. Future Scope 

In future, we would like to synthesize a Keplerate {W72Cr30} cluster containing compound which 

is not reported till now, either in crystalline or amorphous form. This will allow us to study and 

analyze its properties and applications. 

We believe that the proposed Keplerate {W72Cr30} cluster containing compound will also plays 

an important role in exhibiting the catalytic activity. We know that, there are many reports on 

Keplerates which mainly focused on the study of their magnetic properties, selective catalytic 

properties and biomedical applications. So, we would like to focus on the synthesis of {W72Cr30} 

cluster containing compound (both in amorphous and crystalline form) and we would like to 
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explore its electrochemical properties towards the catalytic reduction of water to molecular 

hydrogen. 

 

 

 

 

 

 

Figure 6.1. Imaginary structure of {W72Cr30} adapted from the structure of {Mo72Fe30}.  

   

In the current thesis work, we have shown that the {W72Fe30}NB is a superprotonic conductor 

because of the presence of hydroxyl groups which can be easily deprotonated and can be made 

the material proton conductive. There are other Keplerate materials like Mo75V20, Mo102, 

Mo72V30, Mo72Cr30, W72Mo60, W72V30 which are not yet explored in studying their 

electrochemical properties to know their catalytic activity towards water reduction and water 

oxidation reactions and also as a proton conductor. All these known compounds have oxygen 

rich surfaces which can easily form a hydrogen bonding with water for proton conduction. The 

aim will be to make the amorphous forms of these Keplerate materials to make them water 

insoluble, so that heterogeneous electrocatalysis and proton conductivity can be studied.       

 Keplerate materials left behind due to the lack of processability.  One can make the practical 

usage of Keplerate based proton conductors in Fuel cell preparation as a proton exchange 

membrane with the support of a polymer like m-PBI with {W72Fe30}NB (Chapter 3). Such type 

of membranes are useful in improving the functional properties and proton conduction in fuel 

cell. These materials have high potential to replace the widely used proton exchange membrane 

Nafion.  
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Scheme 6.1. Synthesis of m-PBI polymer supported membranes using Keplerates as nanofillers.   
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Fourier transformed – infrared (FT-IR) spectra was obtained by an iD7 ATR Thermo Fisher 

Scientific-Nicolet iS5 instrument. Directly the powdered sample was exposed to IR radiation by 

putting it on sample holder. 

 

Raman Spectral Analysis was performed by a WITec model Alpha 300 R Raman microscope 

was used for recording the Raman spectra. A 633 nm laser was used as the excitation source. The 

laser intensity was maintained constant for all the samples. 

 

Thermogravimetric Analysis (TGA) were performed in PerkinElmer-STA 6000 analyzer and 

TGA-GCMS was conducted in PerkinElmer Gas chromatograph Clarus
®

 580 and Mass 

spectrometer Clarus
®
 SQ 8 S. 

 

Powder X-ray diffractions (PXRD) patterns were recorded on a Bruker D8-Advance 

diffractometer by using graphite monochromated CuKÅ andÅ) 

radiation. 

 

Inductively coupled plasma - optical emission spectrometry (ICP-OES) was used to estimate 

the amount of W, Mo, Fe and Na present in the {W72Fe30} and {Mo72Fe30} cluster containing 

compounds. An ICP-OES Varian 720-ES instrument was used.  

 

The tensile strength measurement (stress-strain profile) of all the PA doped m-PBI PA doped 

Polymer-POM MMMs was obtained from universal testing machine (UTM, INSTRON-5965). 

50 mm × 10 mm × 0.02 mm size PA doped films were used for this experiment. For each 

sample, at least three times measurements were tested in the machine to check the 

reproducibility. Stress-strain profile (tensile stress and elongation at break values) of the PA 

doped m-PBI and PA loaded nanocomposite MMMs were evaluated from the stress vs strain 

plot. 

 

Field emission scanning electron microscopy (FESEM) measurement along with energy 

dispersive X-ray (EDX) were recorded on a Carl Zeiss model ultra 55 microscope whereas EDX 
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spectrum was performed using oxford instruments X-Max
N
 SDD (50mm

2
) system and INCA 

analysis software. 

 

Transmission electron microscopy (TEM) images were recorded in an FEI Tecnai G
2
 S-Twin 

microscope with an accelerating voltage of 200 kV. The selected area electron diffraction 

patterns (SAED) were recorded with the help of Gatan Inc CCD camera and GATAN digital 

microgram software. 

 

Diffuse reflectance (DRS) UV-spectroscopy studies have been carried out on UV-2600 

Shimadzu UV-Visible spectrophotometer to measure absorbance of the {W72Fe30} and 

{Mo72Fe30} cluster containing compounds. 

  

Zeta potential measurement was carried out in Horiba SZ-100 to know the stability of 

nanoparticles of {W72Fe30} and {Mo72Fe30} cluster containing compounds. 

 

Electrochemical Measurements were carried out with the help of Zahner Zanium 

electrochemical work station operated with Thales software. Whereas the membrane samples 

were studied using Auto lab Impedance analyser (PGSTAT302N) instrument. 

 

Mechanical properties of m-PBI and Polymer-POM mixed matrix membranes were studied by 

using a dynamic mechanical analyser (DMA model Q-800). The loaded membranes dimensions 

were around 30 mm × 7 mm × 0.01 mm (L × W × T) and clamped on the films tension clamp of 

the pre-calibrated instrument. The samples were annealed at 400 °C for 15 minutes and then 

scanned from 100 °C to 400 °C with heating rate 4 °C/min. The storage modulus (E') and tan δ 

values were measured at a constant linear frequency 10 Hz with constant preloaded force of 

0.01N. 

 

Volumetric titration for the estimation of iron percent present in the compound {W72Fe30} 

and {Mo72Fe30} cluster containing compounds, in support with the ICP-OES analysis. 
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Dynamic light scattering (DLS) measurements has been carried out for the {W72Fe30} and 

{Mo72Fe30} cluster containing compounds dispersed in water, were performed using a Horiba 

SZ-100. 

 

Dynamic vapour sorption (DVS) analysis of the samples {W72Fe30}NM and {W72Fe30}XG were 

performed on a TA Q5000 SA instrument, at a temperature of 25 ºC and under N2 atmosphere.  

 

N2 gas sorption analysis were performed on the Quantachrome Autosorb IQ2 instrument. All 

the samples were degassed at 100 ℃ under vacuum for 24 hours, prior to N2 sorption analysis. 

The temperature was maintained at 77 K during the experiment by a liquid nitrogen bath. 

 

Rheology studies were carried out with help of strain-controlled rheometer (MCR 501, Anton 

Paar) at a temperature of 25 °C.  

 

The inherent viscosity (I.V.) of the poly 2,2′-(m-phenylene)-5,5′-benzimidazole (m-PBI) 

polymer was measured at 30 °C in water bath with the help of Cannon (model F725) capillary 

dilution viscometer and the I.V. values are calculated from the flow time data. A solution of m-

PBI in H2SO4 was used for the viscosity measurement. The concentration of the m-PBI solution 

in H2SO4 is 0.2 g/dL. The obtained I.V. value of the synthesised m-PBI is 1.02 dL/g. 
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Section A2.1. Physical characterizations 

As such synthesized compounds were characterized by FT-IR, powder X-ray diffraction, 

FESEM, thermogravimetric analysis (TGA), dynamic light scattering (DLS) studies and UV-

visible diffused reflectance spectroscopy (DRS), inductively coupled plasmon optical emission 

spectroscopy (ICP-OES) and electrochemistry. 

Fourier transformed – infrared spectra was obtained by an iD7 ATR thermo Fisher Scientific-

Nicolet iS5 instrument. Directly the powdered sample was exposed to IR radiation by putting it 

on sample holder. TGA analysis were performed in PerkinElmer-STA 6000 analyzer and TGA-

GCMS were conducted in PerkinElmer Gas chromatograph Clarus
®
 580 and Mass spectrometer 

Clarus
®
 SQ 8 S. Diffuse reflectance (DRS) UV-spectroscopy studies have been carried out on 

UV-2600 Shimadzu UV-Visible spectrophotometer. Zeta potential measurement was carried out 

in Horiba scientific nano particle analyzer SZ-100. Dynamic Light Scattering (DLS) studies are 
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carried out in Zetasizer nano S90 (Malvern Instruments, Germany) operating at 4mW He-Ne 

laser with 633nm wavelength at room temperature with the help of Malvern Zetasizer software. 

Field emission scanning electron microscopy (FESEM) measurement along with energy 

dispersive X-ray (EDX) was recorded on a Carl Zeiss model ultra 55 microscope whereas EDX 

spectrum was performed using oxford instruments X-Max
N
 SDD (50mm

2
) system and INCA 

analysis software. Transmission electron microscopy (TEM) images were recorded in an FEI 

Tecnai G
2
 S-Twin microscope with an accelerating voltage of 200 kV. The selected area electron 

diffraction patterns (SAED) were recorded with the help of Gatan Inc CCD camera and GATAN 

digital microgram software. All the electrochemical measurements were carried out with the help 

of Zahner Zanium electrochemical work station operated with Thales software. 

 

Section A2.2. Synthesis, material and procedures. 

The synthetic procedures were mentioned in the main text (article) and all the chemicals were 

taken as reagent grade, there was no further purification of the chemicals. 

 

Section A2.3. Raman spectral analysis of {Mo72Fe30}NM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1. Raman spectrum of isolated amorphous {Mo72Fe30}NM compound.  
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The solid-state Raman spectrum recorded using 632 nm laser excitation, compound 

{Mo72Fe30}NM shows the characteristic bands at 946, 841, 722, 511, 442, 359 and 238 cm
-1

 as 

shown in Figure A2.1. 

 

Section A2.4. PXRD pattern of {Mo72Fe30}NM 

The PXRD pattern of the as synthesized {Mo72Fe30} cluster showing broad peak (Figure A2.2a) 

clearly indicates that is amorphous in nature. The molybdenum nano-blackberries, 

Na2[Mo72Fe30O252(CH3COO)4(OH)16(H2O)108]·180 H2O ({Mo72Fe30}NM), upon heating in oven 

at 70
0
C for 42 hrs, undergoes solid to solid transformation resulting in the formation  of 

Fe2(MoO4)3 as we have shown in the PXRD (Figure A2.2b); it shows sharp peaks which is 

completely in crystalline state. We have also refluxed the compound {Mo72Fe30}NM in 50mL 

water at 100
0
C for one hour, it has been transformed to crystalline form of ferric molybdate as 

shown in Figure A2.2c. When we have heated the compound {W72Fe33}NM in muffle furnace at 

200
0
C for 2 hrs, the compound remains intact without transforming to ferric tungstate as shown 

in the PXRD pattern (Figure A2.2e) it exhibits a broad peak as before in Figure A2.2d which 

indicates that {W72Fe33}NM is still in amorphous nature. Even, when the compound {W72Fe33}NM 

was refluxed in 50mL water at 100
0
C for six hours, it remained intact as it is showing the broad 

peak in PXRD (Figure A2.2f).     
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Figure A2.2. PXRD patterns of the (a) amorphous {Mo72Fe30}NM compound, (b) {Mo72Fe30}NM heated at 

70
0
C for 42 hrs in oven, (c) {Mo72Fe30}NM heated at 100

0
C for 1 hrs in 50mL water, (d) amorphous 

{W72Fe30}NM compound, (e) {W72Fe30}NM heated at 200
0
C for 2 hrs in muffle furnace, (f) {W72Fe30}NM 

heated at 100
0
C for 6 hrs in 50mL water.  

 

Section A2.5. Thermo gravimetric analysis- GCMS of {W72Fe30}NM and {Mo72Fe30}NM 
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Figure A2.3. Thermogravimetric plot of the amorphous {Mo72Fe30}NM compound. 

TGA plot of the compound {Mo72Fe30}NM clearly shows that below and around 100 ºC 

temperature, it loses the water molecules as shown in Figure A2.3 and it is thermally less stable 

when compared to {W72Fe30}NM compound as shown in the Figure A2.4c. We have also carried 

out the TGA-GCMS analysis for the compound {W72Fe30}NM to conform the presence of acetate 

ligands in the cluster and we have obtained a clear mass spectrum of the compound {W72Fe30}NM 

as shown in the Figure A2.4. 

 

(a) 

(b) 
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Figure A2.4. Thermogravimetric Analysis – Gas Chromatograph Mass Spectrometric studies of the 

compound {W72Fe30}NM, (a) chromatogram of {W72Fe30}NM, (b) spectrum of {W72Fe30}NM and (c) Library 

search of the acquired spectrum of the compound {W72Fe30}NM. 

 

Section A2.6. UV-visible spectral analysis of {W72Fe30}NM and {Mo72Fe30}NM 

                       

 

Figure A2.5. Kubelka-Munk converted solid state diffused reflectance electronic spectra (DRS) of the 

compounds {Mo72Fe30}NM and {W72Fe30}NM. 

 

The solid state diffused reflectance spectra of the compounds {Mo72Fe30}NM and {W72Fe30}NM 

shows absorption peaks at 381 nm and 361 nm respectively after the Kubalka-Munk conversion 

as displayed in the Figure A2.5. 

 

(b) (a) 
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Section A2.7. FESEM and HR-TEM analysis of {Mo72Fe30}NM 

 

Figure A2.6. (a-c) FESEM images of the compound {Mo72Fe30}NM at different resolutions; (d,e) HR-

TEM images of the cluster {Mo72Fe30}NM containing compound; (f) SAED pattern of the cluster 

{Mo72Fe30}NM containing compound. 

 

The FESEM images of the compound {Mo72Fe30}NM has been taken on the carbon tape and 

coated with gold. Figures A2.6a, A2.6b and A2.6c clearly show that {Mo72Fe30} cluster 

containing compound {Mo72Fe30}NM aggregates to form blackberry like nanovesicles which have 

pores on the surface. These nanoparticles have a particle around 50-100 nm as shown in Figure 

S6b. For the high-resolution transmission electron microscopy (HR-TEM) studies, the compound 

was suspended in water and coated on the copper grid. HR-TEM images of the compound 

{Mo72Fe30}NM as shown in the Figure A2.6d and A2.6e are well in agreement with the FESEM 

images. The selective area electron diffraction (SAED) studies support the PXRD pattern, that 

the compound {Mo72Fe30}NM was in amorphous nature as there was no diffraction pattern as 

shown in the Figure A2.6f.  
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Section A2.8. Energy-dispersive X-ray (EDX) analysis of {W72Fe30}NM 

 

FigureA.2.7. (a) Selected surface area of the cluster {W72Fe30}NM for the EDX analysis; (b) EDX 

spectrum for the cluster {W72Fe30}NM; (c) histogram of the elemental composition on the selected surface 

of the  cluster {W72Fe30}NM. 

                                 

Energy dispersive X-ray (EDX) spectroscopy was performed for the {W72Fe30}NM compound to 

find out the composition on the surface of the {W72Fe33} cluster. Figure A2.7a and A2.7b shows 

the image of the selected surface area of the compound {W72Fe33}NM including its EDX analysis 

carried out and its  EDX plot. The elemental composition can be seen in the Figure A2.7c in the 

form of histograms and it can also be seen in the Table A2.1 which are experimentally recorded 

with the help of EDX spectroscopy. The clear elemental composition of the compound 

{W72Fe30}NM from EDX spectroscopy is displayed in the Table A2.1 and EDX-elemental 

mapping images of the compound {W72Fe30}NM are shown in Figure A2.8.   

 

Element Weight % Atomic % 

Tungsten (W) 58.89 13.31 

Iron (Fe) 12.70 9.45 

Oxygen (O) 23.79 61.77 

Carbon (C) 4.40 15.21 

 

Table A2.1. Elemental composition of the compound {W72Fe30}NM from EDX spectroscopic analysis.  
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Figure A2.8. (a) FESEM image of the compound {W72Fe30}NM; (b) selected surface area of the cluster 

{W72Fe30}NM for the EDX- elemental mapping analysis; (c), (d), (e) and (f) displays the elemental 

abundance of tungsten, iron, oxygen and carbon present in the compound {W72Fe3}NM. The sample is 

coated on a carbon tape.  

 

Section A2.9. Elemental analysis of {W72Fe30}NM and {Mo72Fe30}NM from ICP-OES analysis 

Sample Name Elements Na Fe Mo/W 

     {Mo72Fe30}NM 

Calculated 0.25% 9.12% 37.62% (Mo) 

Observed 0.04% 8.33% 

 

36.80% (Mo) 

       {W72Fe30}NM 

Calculated ----- 7.46% 53.49% (W) 

Observed <0.01% 7.83% 51.08% (W) 

Table A2.2. Comparison of metal elemental composition of the compounds {Mo72Fe30}NM and 

{W72Fe30}NM, results from ICP-OES analysis and theoretically obtained metal compositions respectively. 
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Figure A2.9. Results of ICP-OES analysis of the compound {W72Fe30}NM that gives the metal proportion 

present in the compound. 
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Figure A2.10. Results of ICP-OES analysis of the compound {Mo72Fe30}NM that gives the metal 

proportion present in the compound. 

 

Section A2.10. Carbon and hydrogen analysis of {W72Fe30}NM and {Mo72Fe30}NM 

 

Sample Name Elements Carbon  Hydrogen 

       

{Mo72Fe

30}NM 

Calculated 0.52% 3.31% 

Observed 0.62%               2.55% 

{W72Fe30}NM 

Calculated 0.19% 2.41% 

Observed     Not Detected               1.58% 
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Table A2.3. Comparison of carbon and hydrogen elemental composition of the compounds {Mo72Fe30}NM 

and {W72Fe30}NM, results from elemental analysis and theoretically obtained compositions respectively. 

 

Figure A2.11. Results of CHNS elemental analysis of the compound {W72Fe30}NM that gives the carbon 

and hydrogen proportion present in the compound. 
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Figure A2.12. Results of CHNS elemental analysis of the compound {Mo72Fe30}NM that gives the carbon 

and hydrogen proportion present in the compound. 

 

Carbon and hydrogen analyses of compounds {Mo72Fe30}NM and {W72Fe30}NM showing carbon 

analysis as 0.62 % (theoretical value 0.52%) and hydrogen analysis as 2.55% (theoretical value 

3.31%) consistent with four acetate anions and 180 water molecules for the compound 

{Mo72Fe30}NM  as shown in the Figure A2.12 and Table A2.3, whereas for the compound 

{W72Fe30}NM , it does not show any  carbon, because  less amount of carbon is present which 

was not able to be detected (theoretical value 0.19%) and hydrogen analysis as 1.58% 

(theoretical value 2.41%) consistent with two acetate anions and 180 water molecules as shown 

in the Figure A2.11 and Table A2.3. In order to conform the presence of acetate ligands in the 

compound {W72Fe30}NM, we have carried out the TGA-GCMS for the sample as shown in the 

Figure A2.4.      

 

Section S11. Zeta potential measurement of {W72Fe30}NM and {Mo72Fe30}NM 

For this analysis the compound was suspended in water and sonicated for 20 minutes for the 

uniform dispersion. Both the compounds {W72Fe30}NM and {Mo72Fe30}NM has been proved that 

they are negatively charged on the surface of the nanoparticles that was proved by the zeta 

potential studies as shown in the Figure A2.13 and A2.14 giving the values around -34.6 mV and 

-16.1 mV respectively. 
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Figure A2.13.  Zeta potential phase plot of {W72Fe30}NM.  
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Figure A2.14. Zeta potential phase plot of {Mo72Fe30}NM.  

 

Section A2.12. Dynamic light scattering (DLS) studies of {W72Fe30}NM and {Mo72Fe30}NM. 
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Figure A2.15. Size distribution plot from DLS of the compound {W72Fe30}NM (Compound was suspended 

in water and then sonicated for 20 minutes). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FigureA.2.16. Size distribution plot from DLS of the compound {Mo72Fe30}NM (compound was 

suspended in water and then sonicated for 20 minutes). 
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Section A2.13. Gas adsorption studies. 

                      

Figure A2.17. Gas adsorption isotherm of the amorphous compound {W72Fe30}NM. 

 

Surface porosity of the amorphous compound {W72Fe30}NM is measured by nitrogen gas 

adsorption study. Initially, the sample was degassed at 120⁰ C for 2 hrs under reduced pressure 

and then we have measured the adsorption isotherm with nitrogen gas using liquid nitrogen bath. 

According to the BET classification, the observed shape of the nitrogen adsorption isotherm 

belongs to TYPE III as shown in Figure A2.17. The BET surface area for the compound 

{W72Fe30}NM is 5.345 m
2
g

-1
. The average pore volume and average pore width of the material 

{W72Fe30}NM are 0.0117 cc/g and  43.95 Å (around 4 nm) respectively. According to the results, 

it is observed that the nature of adsorption isotherm for this material is type III macroporous 

material.  

Section A2.14. Electrocatalytic hydrogen evolution 

Quantitative hydrogen evolution experiment. 

Bulk electrolysis was carried out for the both {Mo72Fe30}NM and {W72Fe30}NM compounds 

respectively at a constant current density of 1 mA/cm
2
 for a period of 5 h with the help of two 
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electrode system in a home built electrolysis setup. Fluorinated tin oxide (FTO) glass substrate of 

surface area 0.6 cm
2
 was used as a working electrode (anode) where the measured amount of 

sample coated on the surface of the FTO glass substrate whereas a large platinum wire was used 

as a counter electrode (cathode) and 0.1M Na2SO4 solution of pH 2.5 was used as an electrolyte. 

The loading of the catalyst on the FTO glass substrate was 0.2 mg/cm
2
. The hydrogen bubbles 

evolved at the FTO electrode during the electrolysis where gradually collected in a graduated 

tube of home-built electrolysis setup as shown in Figure A2.18 which is initially filled with an 

electrolyte and slowly it has been displaced with these hydrogen gas bubbles. The oxygen gas 

which was evolved at the counter electrode could not mix up with the hydrogen gas evolved at 

working electrode because the setup was built in such a way that gas evolved in the cathodic 

chamber could not enter into the anodic chamber. The two chambers were separated from each 

other by an inverted glass tube and a small window has been kept open between them to 

maintain the electrical continuity.
1
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Figure A2.18. Home built electrolysis setup for quantitative determination of gas evolved, used to 

calculate the Faradic efficiency of the compounds {Mo72Fe30}NM and {W72Fe30}NM. 

 

Calculation of Faradaic Efficiency of {Mo72Fe30}NM: 

The amount hydrogen evolved from the above quantitative measurement in bulk electrolysis at 

constant current for a time period of 5 h under 1 atm pressure is 0.14 mL/hour. 

As we know 22.4 liters is equal to 1 mol, so that 1 mL = (1/22400) mol = 4.464 x 10
-5

 mol. 

Thus, the amount of hydrogen evolved in 1 hour = 0.14 x (4.464 x 10
-5

) mol = 6.25 x 10
-6

 mol. 

Whereas the ideal number of moles the hydrogen gas to be evolved is 

 

  

 

Where n is 2 for hydrogen evolution reaction as it is a two-electron process and we have 

employed current of 600µA.  

We know that, 

 

Here, H2 (ideal) for 1 h = (0.6 x 10
-3

 x 3600)/(2 x 96500) mol = 11.19 x 10
-6

 mol. 

Therefore, the formula for Faradaic Efficiency is 

 

 

 

Finally, Faradaic Efficiency of {Mo72Fe30}NM = {(6.25 x 10
-6

)/(11.19 x 10
-6

)} x 100 = 55.85% 

 

Calculation of Faradaic efficiency of {W72Fe30}NM: 

The amount hydrogen evolved from the above quantitative measurement in bulk electrolysis at 

constant current for a time period of 5 h under 1 atm pressure is 0.18 mL/hour. 

As we know 22.4 liters is equal to 1 mol, so that 1 mL = (1/22400) mol = 4.464 x 10
-5

 mol. 

Thus, the amount of hydrogen evolved in 1 hour = 0.18 x (4.464 x 10
-5

) mol = 8.04 x 10
-6

 mol. 

Whereas the ideal number of moles the hydrogen gas to be evolved is 
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Where n is 2 for Hydrogen Evolution reaction as it is a two-electron process and we have 

employed current of 600µA.  

We know that, 

 

Here, H2 (ideal) for 1 h = (0.6 x 10
-3

 x 3600)/(2 x 96500) mol = 11.19 x 10
-6

 mol. 

Therefore, the formula for Faradaic Efficiency is 

 

 

 

Finally, Faradaic Efficiency of {W72Fe30}NM = {(8.04 x 10
-6

)/(11.19 x 10
-6

)} x 100 = 71.85% 

 

Section A2.15. Gas chromatography (GC) of hydrogen which was evolved 

electrochemically from the clusters {W72Fe30}NM and {Mo72Fe30}NM 
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Figure A2.19. Gas chromatogram of the gas sample evolved during the electrolysis of the compound 

{Mo72Fe30}NM which clearly indicates that the hydrogen gas was collected at the headspace of the home 

built setup. 
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Figure A2.20. Gas chromatogram of the gas sample evolved during the electrolysis of the compound 

{W72Fe30}NM which clearly indicates that the hydrogen gas was collected at the headspace of the home 

built setup. 
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Section A2.16. TOF calculation
2 

TOF of both electrocatalyst {W72Fe30}NM and {Mo72Fe30}NM can be calculated from the equation, 

TOF = (I/2mF), where I, m and F correspond to current (in A), number of active sites (in mole) 

and Faraday constant (in C mol
-1

) and the value two signifies that number of electrons required 

to generate one hydrogen molecule from two protons. The number of active sites can be 

calculated from the equation, m = (Q/2F), where, Q corresponds to charge (in A s) and the value 

two signifies that both the electrocatalyst involve in two electrons reduction for HER. Now, the 

resulting formula for TOF calculation can be written as, TOF = (I/Q). The current can be 

calculated from chronoamperometric measurement and charge can be calculated by integrating 

current versus time plot, obtained from CV recorded under non-catalytic condition (in THF 

medium, Tetrabutylammonium perchlorate as supporting electrolyte and glassy carbon as 

working electrode).  

 

TOF of {Mo72Fe30}NM: From the chronoamperometric measurement of {Mo72Fe30}NM, the 

current value was observed to be – 5.5995 x 10
-5

 A (Figure 5c). The charge was calculated by 

integrating current versus time plot (within the potential range -0.5655V to -1.1080V) generated 

from CV, recorded under non-catalytic condition and calculated charge value was observed to be 

-1.231 x 10
-4 

A s [Figure A2.21 (a)]. Now, 

                         

                                      TOF = (-5.5995 x 10
-5

) A / (-1.231 x 10
-4

) A s 

                                               = 0.45 s
-1 

 

TOF of {W72Fe30}NM: From the Chronoamperometric measurement of {W72Fe30}NM, the current 

value was observed to be – 8.6042 x 10
-5

 A (Figure 5d). The charge was calculated by 

integrating current versus time plot (within the potential range -0.5655V to -1.1080V) generated 

from CV, recorded under non-catalytic condition and calculated charge value was observed to be 

-1.189 x 10
-4 

A s [Figure A2.21 (b)]. Now, 

                                    

                                       TOF = (-8.6042 x 10
-5

) A / (-1.189 x 10
-4

) A s 

                                               = 0.72 s
-1 



  Appendix 2 

187 
 

 

Figure A2.21. (a) CV of {Mo72Fe30}NM in THF ( tetrabutylammonium perchlorate as supporting 

electrolyte) on glassy carbon electrode. (b) CV of {W72Fe30}NM in THF ( tetrabutylammonium perchlorate 

as supporting electrolyte) on glassy carbon electrode. 

 

Section A2.17. PCET calculation
3 

  

For a half cell reaction where both protons and electrons are involved,                                   

                                        Ox + mH
+ 

+ ne
-
            Red(H)m

(m-n)+
 ……………….. (i) 

The Nernst equation can be written as, 

                                        E = E
0
 + (0.059m/n)*pH   …………………………..... (ii) 

The slope (0.059m/n) can be obtained from the potential (E) and pH plot using the linear 

equation (ii) 

 

In case of {Mo72Fe30}NM, the slope from the plot of potential versus pH  was observed to be 373 

mV/pH (Figure 8c). Since, Muller and their co-workers reported that guest-free {Mo72Fe30}-type 

polyoxometalate (POM) cluster involved in electrochemical reduction by two electrons, the 

value of “n” should be two.
4 

Now, 

                                   (0.059m/n) = 373 x 10
-3 

                                    So, m = (373 x 10
-3

 x 2)/0.059 = 13 

It was calculated from observed slope value that {Mo72Fe30}NM involves in HER via proton-

coupled electron transfer where thirteen protons and two electrons (13H
+
 and 2e

-
) were involved. 
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In case of {W72Fe30}NM, the slope from the plot of potential versus pH  was observed to be 324 

mV/pH (Figure 8d). Since, Muller and their co-workers reported that guest-free {Mo72Fe30}-type 

polyoxometalate (POM) cluster involved in electrochemical reduction by two electrons, the 

value of “n” should be two.
4 

Now,    

                                              (0.059m/n) = 324 x 10
-3 

                                    So, m = (324 x 10
-3

 x 2)/0.059 

                                           m = 11 

It was calculated from observed slope value that {W72Fe30}NM involves in HER via proton-

coupled electron transfer where eleven protons and two electrons (11H
+ 

and 2e
-
) were involved. 

   

Section A2.18. Characterization of sample coated on the electrode and electrolyte after 

electrochemical analysis 

 

The stability studies has been carried out to the samples {Mo72Fe30}NM and {W72Fe30}NM with 

the help of FESEM and EDX-elemental mapping for the coated samples and ICP-OES studies 

for the electrolyte samples after chronoamperometric measurement. The sample was prepared by 

taking 8mg of compound and 2mg of carbon black powder were mixed in a 2 mL of ethanol and 

water mixture solution. On the glassy carbon electrode which is having a geometrical area of 

0.0706 (cm
2
), the sample mixture of 10 µL was coated on the surface of the glassy carbon 

electrode. After the chronoamperometric measurement at onset potential of -1.0V for 2h, the 

electrolyte was tested with the ICP-OES analysis and Mo, Fe and W, Fe was found very less 

quantity in the case of {Mo72Fe30}NM and {W72Fe30}NM sample electrolyte respectively. It is 

observed that {Mo72Fe30}NM and {W72Fe30}NM compounds have very negligible leaching into the 

electrolytic solution during the chronoamperometric measurement. 
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ICP-OES analysis of electrolytic solution after chronoamperometric studies: 

Results of ICP-OES for the electrolytic solution display very negligible quantity of sample 

leaching into electrolytic solution after chronoamperometric measurement. The reports were 

shown in the Figure A2.22 and A2.23.  

Figure A2.22. Results of ICP-OES analysis of the electrolytic solution of the compound {Mo72Fe30}NM 

after chronoamperometric measurement for 2 hrs that gives the metal proportion present in the electrolyte. 
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Figure A2.23. Results of ICP-OES analysis of the electrolytic solution of the compound {W72Fe30}NM 

after chronoamperometric measurement for 2 hrs that gives the metal proportion present in the electrolyte. 

  

On the other hand, we have checked the stability of the catalysts with help of 

chronoamperometric measurements for 2 hrs by coating the sample on a carbon paper. We have 

analyzed the samples before and after the chronoamperometric measurement with the support of 

FESEM and EDX-elemental mapping as shown in the Figure A2.24, Figure A2.25, Figure A2.26 

and Figure A2.27 by coating the same quantity of prepared sample i.e., 60uL before and after the 

chronoamperometric measurement.    
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Figure A2.24. (a) and (b) are FESEM images of compound {Mo72Fe30}NM before and after 

chronoamperometric measurement, whereas (c) and (d) are related to compound {W72Fe30}NM before and 

after the chronoamperometric measurement, we have coated sample on carbon paper which is the 

working electrode. 
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Figure A2.25. EDX-elemental analysis of compounds {Mo72Fe30}NM and {W72Fe30}NM mixed with carbon 

black and coated on the carbon paper (working electrode) before and after the chronoamperometric 

measurement, (a) and (b) are before and after measurement of the catalyst {Mo72Fe30}NM whereas (c) and 

(d) are related to before and after measurement of catalyst {W72Fe30}NM (chronoamperometric 

measurement in 0.1M Na2SO4 solution). 

 

 

 

Figure A2.26. EDX-elemental mapping comparison of the carbon mixed sample {Mo72Fe30}NM coated on 

carbon paper before and after the chronoamperometric measurement, (a), (b) and (c) are before and (d), 

(e) and (f) are after chronoamperometric measurement for 2 hrs in 0.1M Na2SO4 solution.  
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FigureA2.27. EDX-elemental mapping comparison of the carbon mixed sample {W72Fe30}NM coated on 

carbon paper before and after the chronoamperometric measurement, (a), (b) and (c) are before and (d), 

(e) and (f) are after chronoamperometric measurement for 2 hrs in 0.1M Na2SO4 solution.  

 

Section A2.19. Controlled experiments for the formation of compounds {Mo72Fe30}NM and 

{W72Fe30}NM 

 

An aqueous solution (20 mL) of [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 

{H2Mo2O8(H2O)}(H2O)91] ∙ 150 H2O {Mo72Fe30}cryst (400 mg) was acidified with 10 mL of 

glacial acetic acid; under vigorous stirring condition, another aqueous solution (5 mL) of 

FeCl3·6H2O (200 mg) was added to it. A yellow-colored precipitation was observed; the reaction 

mixture was stirred for fifteen minutes at room temperature and the resulting precipitate was 

filtered off and washed with water thoroughly and dried the compound at room temperature. 

Similarly, aqueous solution (20 mL) of 

[Na6(NH4)20{Fe(H2O)6}2][{W
VI

6O21(SO4)}12{Fe(H2O)}30(SO4)13(H2O)34] ˖200H2O 

({W72Fe30}cryst) (400 mg) was acidified with 10 mL of glacial acetic acid; under vigorous stirring 

condition, another aqueous solution (5 mL) of FeCl3·6H2O (200 mg) was added to it. After ten 

minutes again 15mL more glacial acetic acid is added to the above mixture. Precipitate formation 

was observed; the reaction mixture was stirred for fifteen minutes at room temperature and the 
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resulting precipitate was filtered off and washed with water thoroughly and dried the compound 

at room temperature.  

Figure A2.28. FESEM images (a) is related to {Mo72Fe30}cryst before controlled experiment (b) and (c)  

are related {Mo72Fe30}cryst compound after the controlled experiment and (d) is image of {W72Fe30}cryst  

before controlled experiment (e) and (f) for {W72Fe30}cryst after the controlled experiment. 

 

FT-IR spectral analysis of {W72Fe30}cryst. 

                                  

Figure A2.29. FT-IR spectrum of {W72Fe30}cryst cluster containing compound which is compared with the 

same compound after controlled experiment. 
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From the FESEM images of the compounds {Mo72Fe30}cryst and {W72Fe30}cryst before and after 

carrying out the reaction clearly shows that {Mo72Fe30}cryst compound did not undergo any 

reaction, it was same as before which is clearly seen in the FESEM images in Figure A2.28a, 

A2.28b and A2.28c. Whereas in the compound {W72Fe30}cryst before the reaction it was completely 

in crystalline in nature as shown in the Figure A2.28d but when we have checked with the 

precipitate formed during the reaction as formed a aggregation of spheres of the compound 

{W72Fe30}cryst as shown in the Figure A2.28e and A2.28f; it clearly supports our proposal of Fe ion 

as linker that plays a crucial role in the formation of these-micro-spheres in the compound 

{W72Fe30}NM.   

Section A2.20. Volumetric titration for the estimation of Iron content in the compound 

Suspend around 500 mg of compound ({Mo72Fe30}NM or {W72Fe30}NM) in 10ml of distilled 

water. Add 1 M NaOH solution to the above uniformly mixed solution till it gives brick red color 

solution and stir it for 10 minutes. Filter the mixture and wash the residue thoroughly with water 

till tungsten completely removed from it (Test the filtrate solution by adding concentrated 

hydrochloric acid if it gives white precipitate tungsten is still remains in the residue, if not 

residue is free of tungsten). Dissolve the residue in the 10-15 mL of warm concentrated 

hydrochloric acid and makeup the solution to 20 mL by adding water and then heat the solution 

at 60ºC for 10 minutes. Add stannous chloride solution when the mixture is hot, color changes 

from yellow to pale green and excess 2-3 drops of stannous chloride is added. Solution is cooled 

down to room temperature and then add 10 mL mercuric chloride solution, makeup the solution 

to 150 mL with water and add 10 mL of Zimmermann Reinhardt solution to it. Now titrate the 

solution against 0.1 N KMnO4 solution till it gives the pink color (end point).        

 

Normality of KMnO4 solution = 0.1047 N 

 

 

 

 

 

Percentage of iron present in {W72Fe30}NM compound: 
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Amount of Iron present in the {W72Fe30}NM compound = {56x7.2x0.1047}/1000 = 0.04224 gms. 

Percentage of Iron present in the {W72Fe30}NM compound = {0.04224/0.5506}x100 = 7.672 %. 

  

Percentage of iron present in {Mo72Fe30}NM compound: 

Amount of Iron present in the {Mo72Fe30}NM compound = {56x8.1x0.1047}/1000=0.04752 gms. 

Percentage of Iron present in the {Mo72Fe30}NM compound = {0.04752/0.5110}x100 = 9.3 %. 

 

Section A2.21. An attempt to perform homogeneous electrocatalytic water reduction by 

using the crystalline substances {Mo72Fe30}cryst and {W72Fe30}cryst as catalysts 

We then attempted to perform homogeneous electrocatalytic water reduction by using the 

crystalline substances [Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2 {H2Mo2O8(H2O)}(H2O)91] 

∙150H2O ({Mo72Fe30}cryst) and [Na6(NH4)20{Fe(H2O)6}2][{W
VI

6O21(SO4)}12 {Fe(H2O)}30(SO4)13 

(H2O)34]·200H2O ({W72Fe30}cryst) as catalysts in the same aqueous medium condition, which we  

used for heterogeneous electrocatalysis of water using amorphous nano-blackberry materials 

{Mo72Fe30}NM and {W72Fe30}NM as catalysts. But our attempts to perform homogeneous 

electrocatalysis of water using {Mo72Fe30}cryst and {W72Fe30}cryst as catalysts were without 

success. The first and foremost criterion of a true homogeneous electrocatalysis is: there should 

not be any electrodeposition on the working electrode. When we performed electrocatalysis in an 

aqueous solution of the crystalline compound {Mo72Fe30}cryst or {W72Fe30}cryst, it does not act as 

a true electrocatalyst because it gets electrochemically deposited on the working electrode which 

we proved by doing controlled experiments as described below.  {Mo72Fe30}cryst and 

{W72Fe30}cryst as electrocatalysts were dissolved separately as homogeneous solutions in  two 

different electrochemical cells. Multiple CV cycles (200 cycles) have been performed using GC 

and carbon paper as working electrodes. When the same working electrodes, that were used for 

(200) multiple CV cycles in homogeneous solutions (0.1 M Na2SO4 at pH 2.5) of {Mo72Fe30}cryst 

or {W72Fe30}cryst, are used again in fresh electrolyte (0.1 M Na2SO4 at pH 2.5) solutions 

separately without dissolving the respective catalysts, comparatively high catalytic currents for 

HER were observed due to electrodeposition on working electrodes as shown in Figure A2.30 

(below).  Under the same conditions, the electrodepositions on carbon paper working electrodes 

were established by FESEM images and relevant EDX analyses after multiple CV cycles (200 

cycles) in both the cases of {Mo72Fe30}cryst and {W72Fe30}cryst (Figure A2.31). 
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Figure A2.30. Cyclic voltammograms (CVs): performed in 0.1 M Na2SO4 at pH 2.5. (a) CV of blank GC 

(blue line); CV of 0.5 mM of {W72Fe30}cryst (black line); CV of {W72Fe30}NM (red line). (b) CV of blank 

GC (blue line); 0.5 mM of {Mo72Fe30}cryst  (black line); CV of {Mo72Fe30}NM in (red line). (c) CV of blank 

GC (blue line); CV of 0.5 mM of {W72Fe30}cryst (red line); CV of GC electrode after 200 CV cycles in 

fresh 0.1M Na2SO4 at pH 2.5 (black line). (d) CV of blank (blue line); CV of 0.5 mM of {Mo72Fe30}cryst  

(red line); CV of GC electrode after 200 CV cycles in fresh 0.1M Na2SO4 at pH 2.5 (black line).  

 

 

It has already been mentioned that homogeneous electrocatalysis cannot be performed if the 

dissolved catalyst gets deposited under electrochemical condition, because in this case the 

dissolved crystalline compound does not work as a true catalyst.  This restricts us to compare the 

electrocatalysis of our nano-blackberries {Mo72Fe30}NM and {W72Fe30}NM with that of their 

crystalline analogues  {Mo72Fe30}cryst and {W72Fe30}cryst. In the present work, the nano-materials 

{Mo72Fe30}NM and {W72Fe30}NM act as true (heterogeneous) electrocatalysts, that are stable at 

least for two hours.    
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Figure A2.31. (a) and (b) FESEM image and EDX analysis of blank carbon paper respectively, (c) and 

(d) FESEM image and EDX analysis of carbon paper after multiple CV cycles (200 cycles) of 0.5 mM 

{W72Fe30}cryst in 0.1 M Na2SO4 at pH 2.5 respectively, (e) and (f) FESEM image and EDX analysis of 

carbon paper after multiple CV cycles (200 cycles) of 0.5 mM {Mo72Fe30}cryst in 0.1 M Na2SO4 at pH 2.5 

respectively.  

 

Section A2.22. Possible functional site for the HER: whether it is tungsten or iron 

In order to investigate the possible functional site of {W72Fe30}NM for the HER, we have 

performed the cyclic voltammograms (CVs) of {W72Fe30}NM (Figure A2.32(a), below) and 

FeCl3.6H2O (Figure A2.32(b), below) in THF medium (using tetrabutylammonium perchlorate 

as an supporting electrolyte) under inert condition (nitrogen atmosphere). By comparing CVs of 

both compounds, the redox couples A'4/A4, A'3/A3 and A'2/A2 appeared in CV of {W72Fe30}NM  

(Figure S32(a), below) can tentatively be assigned as follows: A'4/A4 corresponds to Fe
4+

/Fe
3+

 

couple, A'3/A3 corresponds to Fe
3+

/Fe
2+

 couple and A'2/A2 corresponds to W
6+

/W
5+ 

couple. The 



  Appendix 2 

199 
 

peak A1 can be considered as formation of Fe
+
 from Fe

2+
 and the corresponding Fe

2+
 from Fe

+
 

has been not observed in the CV. Thus, this peak A1 (Fe
+
) can be considered responsible for 

water reduction of hydrogen, because this (A1, Fe
+
) is very prone to convert to Fe

2+
 but response 

of Fe
2+

 formation is not there in the CV. From the Figure S32(b) (below), it has been observed 

that the redox peak of B1 and B2, generated from the FeCl3.6H2O, are resembled to the redox 

peak of A1 and A3 of {W72Fe30}NM respectively. This observation clearly indicates that the 

functional site of the compound {W72Fe30}NM is iron not the tungsten. Therefore, Fe
+
 center is 

the most probable functional site for the HER.  

 

Figure A2.32. (a) CV of {W72Fe30}NM in THF (tetrabutylammonium perchlorate as an supporting 

electrolyte); (b) CVs of {W72Fe30}NM (green line) and FeCl3.6H2O (blue line) in THF 

(tetrabutylammonium perchlorate as an supporting electrolyte).  
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Section A3.1. Physical characterizations of {W72Fe30}NB 

As such synthesized compound was characterized by FT-IR, powder X-ray diffraction, 

FESEM, thermogravimetric analysis (TGA) and proton conductivity. 

Fourier transformed – infrared spectra was obtained by an iD7 ATR thermo Fisher Scientific-

Nicolet iS5 instrument. Directly the powdered sample was exposed to IR radiation by putting 

it on sample holder. TGA analysis were performed in PerkinElmer-STA 6000 analyzer and 

TGA-GCMS were conducted in PerkinElmer Gas chromatograph Clarus
®
 580 and Mass 

spectrometer Clarus
®

 SQ 8 S. Field emission scanning electron microscopy (FESEM) 
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measurement along with energy dispersive X-ray (EDX) was recorded on a Carl Zeiss model 

ultra 55 microscope, whereas EDX spectrum was performed using oxford instruments X-

Max
N
 SDD (50mm

2
) system and INCA analysis software. Transmission electron microscopy 

(TEM) images were recorded in an FEI Tecnai G
2
 S-Twin microscope with an accelerating 

voltage of 200 kV. The selected area electron diffraction patterns (SAED) were recorded with 

the help of Gatan Inc CCD camera and GATAN digital microgram software. All the 

impedence measurements were carried out with the help of Zahner Zanium electrochemical 

work station operated with Thales software. 

 

Section A3.2. FT-IR and PXRD analysis of {W72Fe30}NB. 

 

Figure A3.1. (a)FT-IR spectra of {W72Fe30}NB. (b) PXRD analysis of {W72Fe30}NB. 

The FT-IR spectra recorded for the compound {W72Fe30}NB shows the characteristic bands at 

1616 (m, δ (H2O)), 1546 (m, ῡas(COO)), 1450 (s-m, ῡs(COO)), 937 (m, ῡ (W=O)), 728 (s), 

637 (m), 553 cm
-1

 (m) as shown in Figure A3.1(a). The PXRD data clearly shows that the 

compound {W72Fe30}NB is in amorphous nature as shown in the Figure A3.1(b)  
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Section A3.3. Raman spectral analysis of {W72Fe30}NB. 

 

Figure A3.2. Raman spectrum of isolated amorphous {W72Fe30}NB compound.  

The Raman spectrum of the compound {W72Fe30}NB recorded using 632 nm laser excitation, 

the characteristic bands shows at 965 (W=O), 856, 756, 528, 437, 364 and 202 cm
-1

 as shown in 

Figure A3.2. 

Section A3.4. Thermogravimetric analysis of {W72Fe30}NB. 

 

Figure A3.3. Thermogravimetric plot of the amorphous {W72Fe30}NB compound. 

TGA plot of the compound {W72Fe30}NB clearly shows that the compound is stable till 600 °C 

and the temperature below and around 100 °C, it loses the water molecules as shown in 

Figure A3.3.  
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Section A3.5. FESEM analysis of {W72Fe30}NB. 

 

Figure A3.4. (a-c) FESEM images of the compound {W72Fe30}NB at different resolutions. 

The FESEM images of the compound {W72Fe30}NB has been taken on the carbon tape and 

coated with gold. Figures A3.4a, A3.4b and A3.4c clearly show that {W72Fe30} cluster 

containing compound {W72Fe30}NB aggregates to form blackberry like nanovesicles which 

have pores on the surface. These nanoparticles have a particle size around 300-500 nm as 

shown in Figure A3.4b.  

Section A3.6 Water Sorption Analysis of {W72Fe30}NB 

 

Figure A3.5. Water sorption isotherm of the compound {W72Fe30}NB. 

The water sorptivity of the compound {W72Fe30}NB is measured up to a relative humidity of 

90% and the experiment is conducted at room temperature i.e. 25 °C by taking the known 

amount of sample. The water sorption is measured by increasing the relative humidity up to 

90% and measures the amount of water sorption has taken place in the compound. From the 
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above data it has been shown that 0.01185 g of water has been adsorbed per 1 g of sample as 

shown in the Figure A3.5. 

Section A3.7. AC impedance measurement of {W72Fe30}NB 

(a) General methodology and set up of measurement 

The proton conductivity of {W72Fe30}NB was measured by alternating current (ac) impedance 

spectroscopy using a two electrode setup. The powdered samples were sandwiched between 

two carbon papers and pressed to discs under a pressure of 3-ton cm
-2

 for 2 min. Carbon 

papers are used to lower the contact resistance between the electrodes and to reduce the 

possibility of anomaly comes from the in homogeneity of the sample surface. Measurements 

were carried out over the frequency range of 1 Hz to 1 MHz with the input voltage amplitude 

of 5 mV. A homemade setup is used to maintain the humidity and temperature. In this set-up, 

a 5 L conical flask is partially filled with 2 L distilled water and kept over a heating source to 

heat water as shown in the figure A3.6. A digital thermometer is fitted parallelly with 

electrode set-up through the Teflon lid to check the temperature. A small hole is there on the 

Teflon lid to release the excess pressure generated inside the conical from water vapour. The 

whole setup is then heated to generate enough humidity (RH 98%) and the desired 

temperature. Before recording each data, the system was kept at constant temperature for 4 

hours to achieve the equilibrium environment. 

 

Figure A3.6. Picture of the home-made setup for proton conductivity measurement. 
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Impedance spectra were recorded for {W72Fe30}NB during temperature variation at constant 

relative humidity (98%). To check the long-term stability of {W72Fe30}NB, the sample was 

kept in the maximum humidified condition i.e., at 98% relative humidity and at 80 °C 

temperature for 48 hours period and the data were taken after each 12 hours’ time interval. 

Bulk conductivities were calculated by fitting the Nyquist plots of impedance spectra with the 

most suitable electrical equivalent circuit. 

To calculate the proton conductivity of the compound, the experimentally obtained 

impedance spectral data were fitted with the most relevant electrical circuit ((R1/Q1) + 

(R2/Q2) + Q3.  

 

This circuit consists of three major components those are connected in a series such as, Z1 

contains (R1/Q1) that indicates the impedance of the electrolyte, Z2 consist of (R2/Q2) 

indicates the resistance of the electrode-electrolyte interface and Q3 is a constant phase 

element that accounts for the low frequency region of the Nyquist plot of impedance 

spectrum.  

Here R1 represents the bulk resistance of the pellet, is our prime interest from which 

conductivities were calculated and R2 accounts for the charge transfer resistance between the 

electrodes and the pellet electrolyte which is not related to the conductivity of the electrolyte. 

It depends mainly on the particle size of the material.  

Thus, while determining the proton conductivity of the palletised sample from R1, the area of 

the cross section and thickness of the pellet are considered as unity.  

Here we provided the values of R1, and R2 by fitting the experimentally obtained data points 

along the curve generated by the equivalent circuit mentioned above. The accuracy of the 

fitting was measured by the factor χ
2
. 
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Table A3.1. Table of fitting parameters to determine proton conductivity of {W72Fe30}NB 

in various temperatures: 

Temp. (°C) Software Value of R1(Ω) Conductivity 

(Scm
-1

) 

χ 
2 

value 

80.5 EC-Lab V10.21 0.377 0.330 1.496 × 10
-3

 

70.5 EC-Lab V10.21  1.92 0.0648 4.851 × 10
-3

 

60.5 EC-Lab V10.21  29.82 0.00415 5.426 × 10
-3

 

50.8 EC-Lab V10.21  99.48 0.00125 6.019 × 10
-3

 

 

Section A3.8. Calculation of proton conductivity from the R1 value for {W72Fe30}NB at 

80.5 °C (all other proton conductivity values were calculated using similar method:  

Value of R1 =0.377 Ω.  

Now we know, Conductance (L) = (1/R) = σ × (A/d) ……. Eqn (1)  

Thus, conductivity (σ) = (L) × d/A = (1/R) × (d/A) …….. Eqn (2) 

 Where R is resistance of sample; σ is conductivity of the sample;  

d = thickness of pellet = 0.165 cm.  

A = area of cross section of pellet = 1.326 cm
2
. 

Putting the value R1 =0.377 Ω, in Eqn (2) we get the conductivity of {W72Fe30}NB at 80.5 °C. 

Conductivity of {W72Fe30}NB at 80.5  C is (σ) 80.5 °C = 0.330 × 10
-1

 Scm
-1

.  

All the conductivity data for {W72Fe30}NB were calculated using similar data fitting and 

similar calculations. 

 

Section A3.9. Activation energy calculation 

Activation energy (Ea) of proton conductivity was calculated for {W72Fe30}NB from its proton 

conductivity values at various temperatures. Derived plot was constructed between ln(σT) 

and 1000/T for {W72Fe30}NB. Activation energy of proton conductivity was calculated from 

the slope of the plot with the help of Arrhenius equation. Detailed calculation is given below. 

Calculation of activation energy 

From Arrhenius Equation, σT = σ0 × exp(-Ea/RT) ……… Eqn. (3) 

Where, σ = conductivity of the sample, i.e., here proton conductivity; 

σ0 = Pre-exponential factor, Ea = Activation energy of proton conduction;  

R= Ideal gas constant;  

T= Temperature in Kelvin scale.  
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Eqn. (3) can be restructured as ln(σT) = lnσ0 – (Ea/RT)  

It can be written as ln(σT) = lnσ0 + (-Ea/(1000×R))(1000/T) … Eqn. (4) 

Eqn. (4) also represents the straight-line plot obtained between ln(σT) and. 1000/T  

Thus, Slope (m) = (-Ea/1000×R) = 22.8037 Scm
-1

K
2
. 

Activation energy of {W72Fe30}NB, Ea = 189.584 kJ/mole = 1.952 eV. 

 

Section A3.10. Characterization of the compound {W72Fe30}NB after EIS measurement 

                                  

Figure A3.7. FT-IR spectra of {W72Fe30}NB before and after EIS measurement with temperature variation at 

98% RH. 

 

 

 

 

 

 

 

 

 

Figure A3.8. PXRDs of {W72Fe30}NB before and after EIS measurement with temperature variation at 98% RH. 
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Figure A3.9. FESEM images of {W72Fe30}NB at different resolutions after EIS measurement with temperature 

variation at 98% RH. 

 

 

Figure A3.10 (a-c). EDX analysis of {W72Fe30}NB after EIS measurement with temperature variation at 98% 

RH. 

Section A3.11. Instrumental details of physical characterizations of MMMs 

A3.11.1- The inherent viscosity (I.V.) of the poly 2,2′-(m-phenylene)-5,5′-benzimidazole 

(m-PBI) polymer was measured at 30 °C in water bath with the help of Cannon (model 

F725) capillary dilution viscometer and the I.V. values are calculated from the flow time 

data. A solution of m-PBI in H2SO4 was used for the viscosity measurement. The 

concentration of the m-PBI solution in H2SO4 is 0.2 g/dL. The obtained I.V. value of the 

synthesised m-PBI is 1.02 dL/g. 

A3.11.2 - The powder x-ray diffraction patterns of m-PBI, and {W72Fe30}NB 

polyoxometalates loaded composite membranes were recorded on D8 Advance Bruker 

diffractometer 2 range (5⁰-50⁰). The diffraction patterns were analyzed using Bruker 

DIFFRAC plus EVA software.  
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A3.11.3 - Fourier transformed - infrared (FT-IR) spectra of the {W72Fe30}NB loaded 

MMMs were recorded on an iD7 ATR Thermo Fisher Scientific-Nicolet iS5 instrument. The 

membrane samples were directly put on the sample holder to record the spectra. 

 

A3.11.4 - Field Emission Scanning Electron Microscopy (FESEM) and Atomic Force 

Microscopy (AFM) 

 

The surface morphology of the pristine m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% membranes 

were evaluated by using a field emission scanning electron microscope (FESEM) (Model: 

Zeiss Merlin Compact). The FESEM cross section morphology of the membrane samples 

were done by breaking the membranes in liquid nitrogen medium. Samples were gold coated 

before imaging in FESEM. AFM surface topology and 3D AFM images of the membranes 

were captured by Atomic probe Microscope Model: NT-MDT Solve-Probe & Oxford 

Asylum. 

 

A3.11.5 - TEM analysis of mixed matrix membranes 

Transmission electron microscopy (TEM) studies were conducted on JEOL (JEM Model No. 

F200) TEM machine at an accelerating voltage of 200 kV. The samples were prepared by 

placing a drop of dimethyl acetamide (DMAc) dispersed m-PBI, {W72Fe30}-2.5% and 

{W72Fe30}-5% membranes solution on carbon coated copper (200 mesh) grids. 

 

A3.11.6 - Thermogravimetric analysis (TGA) of undoped pristine m-PBI, {W72Fe30}-2.5% 

and {W72Fe30}-5% MMMs and its PA doped membranes were carried out on a TGA (TGA 

Q500, TA Instruments, USA) instrument operated in a temperature range from 35 °C to 700 

°C with a scanning rate of 10°C / min under nitrogen gas flow. We have kept all the 

membrane samples at 100 °C isothermally for 30 minutes before measurement to evaporate 

excess water from the MOF loaded composite membranes. After that we have cooled the 

samples, allow them to achieve RT and start our measurement. 

 

A3.11.7 - Mechanical properties of m-PBI and Polymer-POM mixed matrix membranes 

were studied by using a dynamic mechanical analyser (DMA model Q-800). The loaded 

membranes dimensions were around 30 mm × 7 mm × 0.01 mm (L × W × T) and clamped on 

the films tension clamp of the pre-calibrated instrument. The samples were annealed at 400 

°C for 15 minutes and then scanned from 100 °C to 400 °C with heating rate 4 °C/min. The 
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storage modulus (E') and tan δ values were measured at a constant linear frequency 10 Hz 

with constant preloaded force of 0.01N.  

 

A3.11.8 - The tensile strength measurement (stress-strain profile) of the entire PA doped 

m-PBI PA doped Polymer-POM MMMs was obtained from universal testing machine (UTM, 

INSTRON-5965). 50 mm × 10 mm × 0.02 mm size PA doped films were used for this 

experiment. For each sample, at least three times measurements were tested in the machine to 

check the reproducibility. Stress-strain profile (tensile stress and elongation at break values) 

of the PA doped m-PBI and PA loaded nanocomposite MMMs were evaluated from the stress 

vs strain plot. 

 

A3.11.9 - PA doping level, swelling ratio, water uptake of the MMMs 

Three similar size pieces of the m-PBI, {W72Fe30} loaded (-2.5% and -5%) MMMs made 

from DMAc were immersed in phosphoric acid for 5 days. After that the doped membranes 

were soaked and wiped with filter paper and transferred to 50 ml water then titrated against 

0.1 N sodium hydroxide (NaOH) by using an Autotitrator (Model Metrohm702). The 

phosphoric acid content was calculated as the number of PA moles per PBI repeat unit. The 

length, thickness and width of the dried membranes were measured before dipping in 

phosphoric acid and after 5 days of the dipping.  

 

 Swelling ratio of the membranes were calculated from the following equation.                                                                                                                         

                                                                                                                     (1)                                                                                             

 

Where, Lw, and Ld are the length of the wet membranes and dry membranes, respectively. 

    Similarly, the water uptake and swelling ratio in water for m-PBI and the fabricated 

MMMs were obtained by immersing the membranes in water for 5 days. The length, 

thickness and width of the dried membranes were measured before dipping in water. After 5 

days, the membranes were removed from water bath and quickly wiped to remove surface 

water from the membranes and again the length, thickness and width of the wet membranes 

were measured. Water uptake was calculated from the following equation.              

                                                                                                

                                                                                                                      (2)            

           

Where, Ww is wet membrane weight and Wd, is dry membrane weight, respectively.  

%Swelling Ratio = 

 

%100


d

dw

L

LL

%Water Uptake = 

 

%100


d

dw

W

WW
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Similarly, swelling ratio in water was measured using equivalent equation like equation (1).  

A3.11.10 - Proton conductivity 

Proton conductivity was carried out by four probe impedance analysis by using Auto lab 

Impedance analyser (PGSTAT302N) over a frequency range from 1 Hz to 100 KHz. The 

phosphoric acid doped m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% membranes were cut in 

rectangular shape, and then kept sandwiched between two Teflon plates with four platinum 

electrodes. Two outer electrodes (1.5 cm apart) supply current to the cell, while the two inner 

electrodes 0.5 cm apart on opposite sides of the membrane measure the potential drop. At 

first, the surface PA of the membranes were wiped out carefully and fitted into conductivity 

cell. Then, the whole conductivity cell set up was kept in a vacuum oven to measure the 

temperature dependence of proton conduction. The conductivity cell was placed in a vacuum 

oven at 100 °C for 2h to avoid the conduction due to the presence of water molecules. After 

that, the conductivity cell was cooled to room temperature in a vacuum desiccator and then 

before going to conductivity measurement, the cell was taken out to keep the sample dry. The 

conductivities of the membranes were measured from room temperature to 160 °C at 

intervals of 20 °C. At every temperature jump, the sample was kept for 30 minutes to attain 

isothermal equilibrium and then measurements were recorded. The conductivities of the 

membranes were calculated from the following equation: 

  
 

   
             (3) 

       Where, D is the distance between the electrodes (here it is 0.5 cm), B is the thickness of 

the membrane, L is the width of the membrane and R is the bulk resistance obtained from the 

Nyquist plot. 

 

A3.11.11 - Isothermal proton conductivity 

The membranes were isothermally kept at 160 °C for 24 h. Under this condition, the 

conductivity of {W72Fe30}-2.5% and {W72Fe30}-5% composite membranes and pristine m-

PBI membrane were measured for every 2 h up to 24 h. We exclude night time measurement 

(8 h gap) and kept the cell in equilibrium for overnight at isothermal condition (160 °C). 

Further measurement of proton conductivity was performed next morning up-to 24 h, no 

notable change in proton conductivity of the membranes was observed after prolong 

treatment. 
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A3.11.12 - Acid retention test 

        The acid leaching test was performed for PA doped m-PBI, {W72Fe30}-2.5% and 

{W72Fe30}-5% membranes according to the previous reports. The doped membranes were 

taken out from the phosphoric acid bath medium and excess phosphoric acid was removed by 

wiping with a tissue paper. The membranes were then placed under the vapour condition at 

100 °C for a period of three hours and the weight of the membrane (Wt) after every one hour 

was recorded after removing the leached acid from the membrane. The weight loss ratio of 

acid in the membranes was calculated by using the following formula: 

                                                R = 
      

  
 × 100 %               (4)   

 

Where, Wo is weight of the PA doped membranes at the initial time of zero hour, Wt is the 

weight of the PA membrane after leaching at different times (t) and Wa is the original weight 

of PA present in the membranes calculated from the PA doping level of the membranes.  

Section A3.12 Donor-acceptor type H-bonding in the Polymer-POM composite network 

 

 

Scheme A3.1 (a) Schematic representation of interfacial H-bonding donor-acceptor type interaction between the 

{W72Fe30} clusters and the m-PBI polymers. 



  Appendix 3 

215 
 

A3.13- FT-IR analysis of {W72Fe30} loaded MMMs 

 

Figure A3.11. FT-IR spectra of the m-PBI, {W72Fe30}NB, {W72Fe30}-2.5% and {W72Fe30}-5% membranes. 

A3.14 - Morphology of the {W72Fe30} loaded MMMs 
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Figure A3.12. (a-c) Cross-sectional FESEM morphology of the {W72Fe30}-2.5% membrane at different 

magnification. (d-f) Cross-sectional FESEM morphology of the {W72Fe30}-5% membrane at different 

magnification. 

 

 
 

Figure A3.13. (a-c) Surface FESEM morphology of the {W72Fe30}-2.5% membrane at different magnification, 

and (d-f) Surface FESEM morphology of the {W72Fe30}-5% membrane, at different magnification. 

 



  Appendix 3 

217 
 

 
 

Figure A3.14. FESEM EDX and elemental analysis with elemental mapping of the {W72Fe30}-5% membrane 

surface. 
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Figure A3.15. (a) AFM 3D images of the surface morphology of m-PBI, (b) {W72Fe30}-2.5% and (c) 

{W72Fe30}-5% membranes in addition with the corresponding height profiles of the mentioned MMMs along a 

straight line, respectively.  

Table A3.2. Surface roughness of the Polymer-POM MMMs in a comparison with m-PBI.  

Sample Root mean square 

roughness (Sq) (nm) 

m-PBI 4.782 

{W72Fe30}-2.5% 7.878 

{W72Fe30}-5% 9.788 
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A3.15 - Thermogravimetric analysis (TGA) of the PA doped membranes 

                
Figure A3.16. Zoomed TGA plots (50 ⁰C -  200 ⁰C) of PA doped m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% 

membranes. 

 

Section A3.16 - Calculation of proton conductivity from Impedance spectra by fitting 

with equivalent circuit:  

 

Equivalent circuit  

 

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 bulk resistance (RS) connected in series with a parallel 

combination of charge transfer resistance (RCT) and a capacitor (CdI). Here RS accounts for 

the bulk resistance of the membrane while RCT represents the charge transfer resistance 



  Appendix 3 

220 
 

existing between the electrodes and the membrane electrolyte. Here, it should be noted that, 

charge transfer resistance RCT is not associated with the conductivity of the electrolyte. 

Instead RS is the crucial factor which quantifies the resistance of the bulk electrolyte. The 

bulk resistance of electrolyte i.e., RS is of our primary interest as it represents conductivity of 

the membrane. RS depends on (a) intrinsic conductivity of the PA loaded membrane sample 

(b) thickness of the membrane and (c) area of cross section of the membrane. Thus, to 

determine the proton conductivity of the membrane sample from the RS value both of the 

other two factors (i.e., area of cross section and thickness of membrane) should be taken into 

consideration.  

Here we provide the values of RS, and RCT by fitting the experimentally obtained data points 

along the curve generated by the equivalent circuit mentioned above.  

 

 

Figure A3.17. (a) Nyquist plot of {W72Fe30}-2.5% and (b) {W72Fe30}-5% membrane after equivalent circuit 

fitting at 160 
o 
C. 

 

Table A3.3. Fitting parameters to determine proton conductivity of {W72Fe30}-2.5% membrane in 

various temperatures: Membrane thickness = 0.002 cm or 0.02 mm. 

Temperature 

(°C) 

Value of 

RS (Ohm)

Conductivity 

(Scm
-1

) 

30 °C 4508.9 0.037 

50 °C 2512.6 0.066 

60 °C 2055.2 0.081 
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80 °C 1775.9 0.094 

100 °C 1505.9 0.110 

120 °C 1405.1 0.118 

140 °C 1381.9 0.120 

160 °C 1314.9 0.126 

 

Table A3.4. Fitting parameters to determine proton conductivity of {W72Fe30}-5% composite 

membrane in various temperatures: Membrane thickness =0.003 cm or 0.03 mm. 

Temperature 

(°C) 

Value of 

RS (Ohm) 

Conductivity 

(Scm
-1

) 

30 °C 2509.5 0.044 

50 °C 1408.7 0.078 

60 °C 1206.1 0.092 

80 °C 1037.1 0.107 

100 °C 894.24 0.124 

120 °C 813.40 0.136 

140 °C 724.80 0.153 

160 °C 695.64 0.159 

 

Section A3.17 - Isothermal proton conductivity of {W72Fe30} loaded MMMs at 160 °C. 

Isothermal proton conductivities of the m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% 

membranes were also measured to check the MMMs long term proton conductivity retention 

under elevated temperature. The membranes were isothermally kept at 160 °C for 24 h and 

the conductivity of individual membrane was measured for every 2 h interval up to 24 h. We 

observed an initial minor decrement in the proton conductivity values within the first 2-4 h of 

analysis. After the initial period, proton conductivities of the membranes found to be stable 

up to the entire experimental time range (24 h). Hydrophilic {W72Fe30} polyoxometalates 

loaded MMMs resulted prior retention of proton conductivity when compared to m-PBI. 

Generation of extensive donor-acceptor type H-bonding interaction between the –Fe=O, -

W=O, and –Fe-OH2 with the m-PBI imidazole ‘N-H’ groups, resulted formation of ordered 
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structure into the composites network along with altered morphology, responsible for 

enhanced thermal, dimensional and thermo-mechanical stability of the membranes followed 

by retention of proton conductivity under prolong isothermal environment at elevated 

temperature (160 °C). 

                   

Figure A3.18. Isothermal proton conductivity of PA doped m-PBI, {W72Fe30}-2.5% and {W72Fe30}-5% 

membranes at 160 
o 
C for 24 h. 

 

Section A3.18 - AC impedance measurement of 50% {W72Fe30}@m-PBI composite 

membrane in aqueous medium. 

Table A3.5. Table of fitting parameters to determine proton conductivity of 50% {W72Fe30}@m-PBI 

at various temperatures in aqueous medium: 

Temp. (°C) Software Value of R1(Ω) Conductivity 

(Scm
-1

) 

χ 
2 

value 

80 EC-Lab V10.21 0.944 0.0570 3.771 × 10
-3

 

70 EC-Lab V10.21 1.115 0.0583 1.074 × 10
-3

 

60 EC-Lab V10.21 1.338 0.0402 0.278 × 10
-3

 

50 EC-Lab V10.21 1.507 0.0357 0.453 × 10
-3

 

40 EC-Lab V10.21 26.58 0.0020 3.054 × 10
-3

 

30 EC-Lab V10.21 32.36 0.0016 6.078 × 10
-3

 

 

To calculate the proton conductivity of the 50% {W72Fe30}@m-PBI, the experimentally 

obtained impedance spectral data were fitted with the same electrical circuit ((R1/Q1) + 

(R2/Q2) + Q3 which we have used for the compound {W72Fe30}NM.  
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Calculation of proton conductivity from the R1 value for 50% {W72Fe30}@m-PBI at 80 

°C:  

Value of R1 =0.9448 Ω.  

Now we know, Conductance (L) = (1/R) = σ × (A/d) ……. Eqn (1)  

Thus, conductivity (σ) = (L) × d/A = (1/R) × (d/A) …….. Eqn (2) 

 d = thickness of pellet = 0.083 cm.  

A = area of cross section of pellet = 1.4 cm
2
. 

Putting the value R1 =0.9448 Ω, in Eqn (2) we get the conductivity of 50% {W72Fe30}@m-

PBI at 80 °C. 

Conductivity of 50% {W72Fe30}@m-PBI at 80  C is (σ) 80 °C = 5.706 × 10
-2

 Scm
-1

.  

All the conductivity data 50% {W72Fe30}@m-PBI were calculated using similar data fitting 

and similar calculations. 

 

Figure A3.19. (a-f) Nyquist plots of impedance spectra collected from 30 °C to 80 °C at 98% RH for the 

compound 50% {W72Fe30}@m-PBI.                
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Figure A3.20.  (a) Arrhenius plots of temperature dependence of proton conductivity of 50% {W72Fe30}@m-

PBI. 

 

Calculation of activation energy: 

From Arrhenius Equation, Eqn. (4) ln(σT) = lnσ0 + (-Ea/(1000×R))(1000/T)  

It also represents the straight-line plot obtained between ln(σT) and 1000/T  

Thus, Slope (m) = (-Ea/1000×R) = 2.1348 Scm
-1

K
2
. 

Activation energy of 50% {W72Fe30}@m-PBI, (Ea) = 189.584 kJ/mole = 0.1845 eV. 

 

A3.19 – Storage modulus values [Eʹ (MPa)] obtained from DMA, tensile stress values 

(MPa) and Elongation at break (%) values obtained from UTM analysis 

 

Table S6. Temperature dependent storage modulus of the m-PBI@{W72Fe30} membranes obtained 

from DMA analysis. 

 

Sample Eʹ (MPa) 

at 100 °C 

% of 

increase 

Eʹ (MPa) 

at 250 °C 

% of 

increase 

Eʹ (MPa) 

at 400 °C 

% of 

increase 

 

m-PBI 

 

1844 

 

 

 

1577 

  

921 

 

{W72Fe33}-2.5% 8616 367.24 7281 361.69 4194 355.37 

{W72Fe33}-5% 7711 318.16 6335 301.71 3525 282.73 

 

          

Table A3.7. Tensile Stress and Elongation at Break Values of m-PBI, {W72Fe30}-2.5% and 

{W72Fe30}-5% Composite Membranes 
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Sample Tensile stress at 

break (MPa) 

Elongation at 

break (%) 

 

m-PBI 

 

3.28 

 

47 

{W72Fe30}-2.5% 21.66 95 

{W72Fe30}-5% 18.00 110 

 

Section A3.20 A brief literature Survey of {W72Fe30} based proton conductors  

Table A3.7. Table of various reported POM based proton conductors and their conductivity  

S.No. Compound Conductivit

y (S cm
-1

) 

Activation 

Energy (eV) 

Conditions Reference 

0 {W72Fe30}NB 3.30 × 10
-1

 1.952 80 °C, 98% RH This 

work 

1 1 {Mo72Fe30} 1.85 × 10
-3

 0.24 <57 °C, 50% RH 2 

2 2 Mo240 1.03 × 10
-1

 0.24 80 °C, 98% RH 3 

3 3 HImMo132 4.98 × 10
-2

 0.51 60 °C, 98% RH 4 

4 4 HMeIm-Mo132 2.1 × 10
-2

 0.44 60 °C, 98% RH 4 

5 4 NbO2(OH)PW12 7.25 × 10
-3

 0.39 77 °C, 98% RH 5 

6 5 NaH15{[P2W15Nb3O62]2(

4PBA)2((4PBA)2O)}·53

H2O 

1.59 × 10
-1

 0.66 90 °C, 98% RH 6 

7 6 H14[Na6(H2O)12]4 

[K42Ge8W72 

O272(H2O)60]·solvent 

6.8 × 10
-2

 0.52 85 °C, 98% RH 7 

8 7 [Cu12(BTC)8(H2O)12][H3

PW12O40]nH2O 

4.76 × 10
-5

 0.41 90 °C, 70% RH 8 

9 8 {Na7 

[(nBu)4N]17}[Zn(P3Mo6

O29)2 ]2·solvent 

1.04 × 10
-2

 0.22 80 °C, 75% RH 9 

10 9 K11Eu[P5W30O110K]·30

H2O 

1.0 × 10
-2

 0.26 95 °C, 90% RH 10 

11 1

0 

K5H6Eu[P5W30O110K]·0.

032PAA3000·30H2O 

1.2 × 10
-2

 0.48 95 °C, 90% RH 10 

12 1

1 

H13(HIm)4K2Na4(H2O)9[

Sb
III

 9Sb
V
Sm3O14

-

(H2O)3][(SbW9O33)3(PW

9O34)]·26H2O 

1.64 × 10
-2

 0.54 85 °C, 98% RH 11 

13 1

2 

(H2bimb)3[Zn3(H6P4Mo6

O31)2] 

4.54 × 10
-3

 0.46 85 °C, 98% RH 12 

14 1

3 

K8H4[Bi(H2O)P5W30O110

] ·0.03PAA5000·19H2O 

8.5 × 10
-3

 0.16 95 °C, 75% RH 13 
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15 1

4 

K13.0H1.0[Na(H2O)P5W30

O110]·0.03PAA5000·20

H2O 

1.7 × 10
-3

 0.40 65 °C, 75% RH 14 

16 1

5 

H[Ce(H2O)4]2[Mn
V1

3O38

]·9NMP·17H2O 

4.68 × 10
-3

 0.45 61 °C, 97% RH 15 

17 1

6 

H[La(H2O)4]2 

[Mn
V1

3O38]·9NMP·17H2

O 

3.46 × 10
-3

 0.48 61 °C, 97% RH 15 

18 1

7 

[La10Ni48W140Sb16P12O56

8(OH)24 (H2O)20]
86−

 

2.05 × 10
-2

 0.22 22 °C, 100% RH 16 

19 1

8 

{(NH4)13[Mo28
V
Mo126

VI

O456H34(H2O)70]Cl17(Cl

O4)14·mH2O (m≈240)}n 

(3D-{Mo154}n) 

1.1 × 10
-2

 0.264 22 °C, 100% RH 17 

20 1

9 
H5PW10V2O40⋅15H2O 1.27 × 10

-2
 0.263 18 °C, 80% RH 18 

21 2

0 

C108H36Cu24N48O116PMo

4V8 

8.03 × 10
-3

 0.96 70 °C , 98% RH 19 

22 2

1 

H2[Cu2OL3(H2O)2] 

[Ce(L)(H2O)3(PW11O39)]

·17H2O 

3.175 × 10
-4

 0.456 85 °C, 98% RH 20 

23 2

2 

((TEAH)7K2H9{P2W18}

⸦{Mo24Fe12} 

·116H2O) 

5.9 × 10
-3

 0.28 95 °C, 90% RH 21 

24 2

3 

((TEAH)14Na10K8H8{P5

W30}2⸦{Mo22Fe8} 

·50H2O) 

1.7 × 10
-2

 0.31 95 °C, 90% RH 21 

25 2

4 

[Cu(H2bibb)2(H2O)3(αP2

W18O62)]⋅10.5H2O 

2.52 × 10
-4

 0.42 85 °C, 98% RH 22 

26 2

6 

(TMA)KNa-Mo16S16Se8 1.2 × 10
-2

 0.77 55 °C, 97% RH 23 

27 2

7 

H3PW12O40·29H2O 1.7 × 10
-1

 0.14 25 °C, 80±5% RH 24 

28 2

8 

H3PMo12O40·29H2O 1.8 × 10
-1

 0.16 25 °C, 80±5% RH 24 
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Section A4.1. Physical characterizations 

The synthesized compounds were characterized by FT-IR, Raman spectroscopy, powder X-ray 

diffraction, FESEM, HR-TEM, thermogravimetric analysis (TGA) and UV-visible diffused 

reflectance spectroscopy (DRS), inductively coupled plasmon optical emission spectroscopy 

(ICP-OES), rheology, proton conductivity and electrical conductivity. 

FT-IR (Fourier transformed – infrared spectra) was recorded in iD7 ATR thermo Fisher 

Scientific-Nicolet iS5 instrument. The xerogel sample was exposed to IR radiation by keeping it 

on sample holder. Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8-

Advance diffractometer by using graphite monochromated CuKÅ 

andÅ) radiation. Diffuse reflectance (DRS) UV-spectroscopy studies have been 

carried out on UV-2600 Shimadzu UV-Visible spectrophotometer. Field emission scanning 

electron microscopy (FESEM) measurement along with energy dispersive X-ray (EDX) was 

recorded on a Carl Zeiss model ultra 55 microscope whereas EDX spectrum was performed 

using oxford instruments X-Max
N
 SDD (50mm

2
) system and INCA analysis software. 

Thermogravimetric analysis (TGA) analyses were performed in PerkinElmer-STA 6000 

analyzer. Dynamic Vapour Sorption (DVS) studies were performed in TA Q5000 SA instrument. 

N2 gas sorption studies were carried out on Quantachrome Autosorb IQ2 instrument. High 

Resolution Transmission electron microscopy (HR-TEM) images were recorded in an JEM-F200 

microscope (JEOL) with an accelerating voltage of 200 kV. The selected area electron 

diffraction patterns (SAED) were recorded with the help of Gatan Inc CCD camera and GATAN 

digital microgram software. Zeta potential measurement was recorded in Horiba SZ-100. 

Rheology studies were carried out with help of strain-controlled rheometer (MCR 501, Anton 

Paar). All the proton and electrical conductivity measurements were carried out with the help of 

Zahner Zanium electrochemical workstation operated with Thales software. Details of the proton 

and electrical conductivity measurements are described below. 

 

Section A4.2. Synthesis, material and procedures. 

The synthetic procedures were mentioned in the main article and chemicals used are reagent 

grade, no further purification is required.            
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Section A4.3. Images of the compounds {W72Fe30}HG.  

 

 

 

                                       

 

 

  

 

 

 

Figure A4.1. (a) and (b) are the pictures of the compound {W72Fe30}HG before gel formation. 

 

 

 

Figure A4.2. Pictures of the compound {W72Fe30}HG after gel formation in the inverted vials of different volumes of 

the compound. 
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Figure A4.3. Pictures of the compound {W72Fe30}XG under microscope after gel formation dried and washed with 

water. 

 

Section A4.4. UV-visible spectral analysis of {W72Fe30}Gel  

                              

Figure A4.4. Kubelka-Munk converted solid state diffused reflectance electronic spectra (DRS) of the compounds 

{W72Fe30}Cryst and {W72Fe30}XG. 

The solid state diffused reflectance spectra of the compounds {W72Fe30}Cryst and {W72Fe30}XG 

shows same absorption peaks at the wavelength of 450 nm, 340 and 250 nm respectively after 

the Kubalka-Munk conversion the absorbance spectrum is displayed in the Figure A4.4. 



  Appendix 4 

235 
 

Section A4.5. FESEM analysis of {W72Fe30}XG 

 
Figure A4.5. (a-c) FESEM images of the immediate dried gel after its formation (i.e. two hours) of compound 

{W72Fe30}XG at different resolutions. 

 

The FESEM images of the compound {W72Fe30}XG has been taken on the carbon tape and coated 

with gold. The gel has been formed within two hours after that immediately it has been dried 

completely and then washed with water and then dried completely at room temperature. Figures 

A4.5a, A4.5b and A4.5c clearly show that {W72Fe30} cluster containing compound {W72Fe30}XG 

is a porous material. These pores has a size around 200-300 nm as shown in Figure A4.5c.  

 

Section A4.6. Energy-dispersive X-ray (EDX) analysis of {W72Fe30}XG 

 

Figure A4.6. (a) Selected surface area of the compound {W72Fe30}XG for the EDX analysis; (b) EDX spectrum for 

the compound {W72Fe30}XG; (c) histogram of the elemental composition on the selected surface of the  compound 

{W72Fe30}XG. 

 

Energy dispersive X-ray (EDX) spectroscopy was taken for the compound {W72Fe30}XG to know 

the composition on the surface of the compound. The selected surface area of the compound 

{W72Fe30}XG including its EDX analysis and EDX plot has been shown in Figure A4.6a and A4.6b. 

In the Figure A4.6c, the elemental composition of the compound {W72Fe30}XG can be seen in the 
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form of histograms and it also shown in the Table A4.1 which are experimentally recorded with 

the help of EDX spectroscopy. EDX-elemental mapping images of the compound {W72Fe30}XG 

are shown in the Figure A4.7.   

 

Table A4.1. Elemental composition of the compound {W72Fe30}XG from EDX spectroscopic analysis. 

                                  

 

Figure A4.7. (a) FESEM image and selected surface area of the compound {W72Fe30}XG for the EDX- elemental 

mapping analysis; (b), (c) and (d) displays the elemental abundance of tungsten, iron and oxygen present in the 

compound {W72Fe30}XG. The sample is coated on a carbon tape.  

 

Section A4.7. Elemental analysis of {W72Fe30}XG from ICP-OES analysis 
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Table A4.2. Comparison of metal elemental composition of the compound {W72Fe30}XG, results from 

ICP-OES analysis and theoretically obtained metal compositions respectively.  

Sample Name Elements Na Fe W 

       {W72Fe30}XG 

Calculated ----- 9.27% 49.87% (W) 

Observed <0.03% 9.88% 47.75% (W) 

 

 

Figure A4.8. Results of ICP-OES analysis of the compound {W72Fe30}XG that gives the metal proportion present in 

the compound. 

 

 

 

 

 

 

Section A4.8. Zeta potential measurement of the compound {W72Fe30}XG 
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The compound was suspended in water and sonicated for 20 minutes to disperse uniformly. The 

compound {W72Fe30}XG has been know that they are positively charged, that was proved by the 

zeta potential studies giving the value around 6.4 mV as shown in the Figure A4.9. 

                         

 

 

 Figure A4.9.  Zeta potential phase plot of {W72Fe30}XG.  
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Section A4.9. Gas adsorption studies. 

                                       

Figure A4.10. Gas adsorption isotherm of the gel compound {W72Fe30}XG. 

 

To know the surface porosity of the compound {W72Fe30}XG, we have carried out the nitrogen 

gas adsorption studies. Initially, the sample was degassed at 100⁰ C for 24 hrs under reduced 

pressure and then we have measured the adsorption isotherm with nitrogen gas using liquid 

nitrogen bath. As shown in Figure A4.10, TYPE III (according to BET classification) adsorption 

isotherm has been observed. The BET surface area for the compound {W72Fe30}XG is 73.737 

m
2
g

-1
. The material {W72Fe30}XG has an average pore volume and pore width are 0.01925 cc/g 

and 2268 Å (around 200 nm) respectively. From the results, we have observed that the material 

has the nature of adsorption isotherm is type III macroporous material. Adsorption Capacity is 

0.556 mmol/g. 
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Section A4.10. Dynamic Vapour Sorption Studies (DVS). 

                 

Figure A4.11. Water Up-take capacity of the compound {W72Fe30}XG is determined from the DVS studies. 

 

Initially, the compound {W72Fe30}XG is activated at 100 ⁰C for 4 hours. The water sorption for the 

compound {W72Fe30}XG is measured by taking a known amount of sample and a temperature of 

25 ⁰C is maintained by increasing the relative humidity to 90%. We have observed that with the 

increase of relative humidity there is an increase in water uptake of the compound. As the 

compound is a gel material, so the water uptake is more.       

Section A4.11. Electrochemical Impedance Spectroscopy Analysis (EIS). 

Sample Preparation and setup for the measurement. 

All the measurement were carried out by using Zahner Zanium electrochemical workstation 

operated with Thales software. Electrochemical Impedance was measured for the compound 

{W72Fe30}XG with help of two electrode system in a parallel plate mode. The powdered 

compound {W72Fe30}XG of 400mg is sandwiched between two carbon papers with the help of a 

custom-made pellet maker die (as shown in Figure A4.12) and kept under the hydraulic pressure 



  Appendix 4 

241 
 

of 3 ton for 3 min to make it in the form of pellet to avoid the airgaps in the material and after 

making the pellets we have carefully checked for breakage or crack on it. The carbon papers 

were used to decrease the contact resistance between the pellet and the electrode surface. 

Thickness of the pellet is measured with the help of a screw gauge and we have also measured 

the diameter of the pellets with the help of a scale and all the pellets have similar diameter as the 

pellet maker die is having the standard diameter. The pellet is placed between two metallic 

electrodes setup, it should be ensured that the two carbon papers are in contact with the two 

electrodes.  

 

 

 

 

 

 

 

Figure A4.12. Pellet maker die setup (a) Individual parts of the pellet maker (b) Assembly of parts together to make 

a pellet (c) Pellet of the compound {W72Fe30}XG. 

Then the electrode setup is placed in a homemade setup to carry out the proton conductivity 

measurements (as shown in Figure A4.13). The homemade setup consists of a conical flask of 

capacity 5 liters, 1-2 liters of distilled water inside the conical flask, a heater cum stirrer as a 

heating source and to heat the water uniformly and the two-electrode set up fitted (as shown in 

Figure A4.13) with a digital thermometer to monitor the temperature. The digital thermometer 

with a metallic tip has been adjusted to the length of the pellet position to measure the 

temperature at the pellet position. A Teflon lid holding the two-electrode setup and a digital 

thermometer is placed on the top of the conical flask containing water and then sealed with the 

Teflon tape and there is small hole on the Teflon lid to release the excess pressure due to water 

vapor inside the conical flask. The whole setup is placed on the heater and thereafter heated to 
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the temperature to reach the required humidity of 98%. The setup was kept at a constant 

temperature for 2 hours to equilibrate before taking each measurement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.13. (a) Two electrode setup to perform the electrochemical impedance measurements (b) Picture of the 

home-made setup for carrying out the proton conductivity measurement. 

Impedance spectra were recorded in the temperature range of 30 ⁰C to 80 ⁰C at a relative 

humidity of 98% and at a open circuit potential with the help of a sinusoidal signal of 5 mV 

amplitude with a frequency sweep from 1 Hz to 10
6
 Hz.  

 

Calculation of Proton Conductivity from Impedance Spectra. 

Impedance spectra were recorded in the temperature range of 30 ⁰C to 80 ⁰C at a relative 

humidity of 98%. Conductivity calculations were done from the Nyquist plot fitted with the 

suitable equivalent circuit.  
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Figure A4.14 Nyquist plots of impedance measurement for the compound {W72Fe30}XG at various temperatures and 

a relative humidity of 98% (Sphere indicates the experimental data points and thick line indicates the circuit fitted 

data points). 

                                                

Nyquist plots were constructed between the real part of impedance (Z') and imaginary part of 

impedance (Z''). We have carried out the temperature-dependent proton conduction 

measurements for the compound {W72Fe30}XG (Figure A4.14). Samples were put up at a constant 

relative humidity and temperature almost for four hours before collecting the data. The 

compound {W72Fe30}XG shows a relative increase in the proton conductivity with respect to 

increase in temperature. The impedance spectral data obtained were analyzed and fitted in the 

relevant circuit to calculate the proton conductivity ((R1/Q1) + (R2/Q2) + Q3), Where R1 and R2 

are resistance and Q1, Q2 and Q3 are constant phase. Here R1/Q1 is referred as Z1 and R2/Q2 is 

referred as Z2 and they are connected to each other in series. Z1 is the pellet impedance, Z2 is the 

impedance at electrode electrolyte junction and Q3 is the constant phase element which refers to 

linear low frequency region of the Nyquist plot. In Z1, R1 and Q1 are connected to each other in 
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parallel mode and in Z2 also R2 and Q2 are connected in parallel mode. Here R1 accounts for the 

bulk resistance of the compound {W72Fe30}XG, where R2 represents the inter grain proton 

conduction. The experimental data of impedance spectra obtained could be fitted with the above-

mentioned circuit without any notable error (χ
2
). {W72Fe30}XG compound shows a proton 

conductivity (σ) of 6.99x10
-2

 S cm
-1

 at 80 ⁰C temperature with 98% relative humidity whereas at 

30 ⁰C temperature proton conductivity (σ) of 2.54x10
-2  

S cm
-1

 with a relative humidity of 98%. 

This is the first time we are reporting the proton conductivity for the {W72Fe30} cluster 

containing compound as a proton conductor.   

Table A4.3: Table related to fitting parameters to determine the proton conductivity of the compound 

{W72Fe30}XG at different temperatures. 

Temperature (⁰C) Software Used Value of R1 (Ω) Conductivity (Scm
-1

) χ
2
 Value 

28.5 EC-Lab V10.21 4.495 2.54x10
-2

 9.66x10
-3

 

38.8 EC-Lab V10.21 3.486 3.28x10
-2

 4.08x10
-2

 

42.5 EC-Lab V10.21 3.192 3.58x10
-2

 2.24x10
-2

 

51.6 EC-Lab V10.21 2.62 4.36x10
-2

 7.19x10
-3

 

63.0 EC-Lab V10.21 2.134 5.35x10
-2

 4.96x10
-3

 

72.5 EC-Lab V10.21 1.959 5.83x10
-2

 9.43x10
-3

 

81.0 EC-Lab V10.21 1.635 6.99x10
-2

 8.62x10
-3

 

 

Calculation of proton conductivity from the R1 value for the compound {W72Fe30}XG at 80 

°C with the help of the formula described below (all other proton conductivity values were 

calculated using similar method):  

Value of R1 =1.635 Ω.  

Now we know, Conductance (L) = (1/R) = σ × (A/d) ……. Eqn (1)  

Thus, conductivity (σ) = (L) × d/A = (1/R) × (d/A) ……. Eqn (2)  

Where R is resistance of sample; σ is conductivity of the sample;  

d = thickness of pellet = 0.176 cm for {W72Fe30}XG.  

A = area of cross section of pellet = 1.4 cm
2
.  

Putting the value R1 =1.635 Ω, in Eqn (2) we get the conductivity of {W72Fe30}XG at 80 °C.  

Conductivity of {W72Fe30}XG at 80 °C is (σ) 80 °C = 6.99 × 10
-2

 Scm
-1

.  

All the conductivity data for {W72Fe30}XG was calculated using similar data fitting and similar 

calculations as shown in the table A4.3. 
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Activation energy (Ea) for the proton conduction of the compound {W72Fe30}XG was calculated 

from the different temperature proton conductivity measurement. The detailed calculation has 

been mentioned below. 

Activation Energy Calculation: 

Activation energy (Ea) of proton conductivity was calculated for {W72Fe30}XG from their proton 

conductivity values at different temperatures. Derived plot was drawn between ln(σT) and 

1000/T for {W72Fe30}XG. Activation energy of proton conductivity was calculated from the slope 

of the plot with the help of Arrhenius equation. Detailed calculation is given below.  

From Arrhenius Equation,  

⇒ σT = σ0 × exp(-Ea/RT)  

Where, σ = Proton conductivity of the sample; Ea = Activation energy of proton conduction;  

R= Ideal gas constant; T= Temperature in Kelvin.  

Above equation can be rewrite as  

⇒ ln(σT) = lnσ0 – (Ea/RT)  

⇒ ln(σT) = lnσ0 + (-Ea/(1000×R)(1000/T)  

Above equation also represents the straight-line plot obtained between ln(σT) and 1000/T. 

Thus,  

⇒ Slope (m) = (-Ea/1000×R) = 2.32356 Scm
-1

K
2
.  

Activation energy of {W72Fe30}XG, (Ea) = 0.200 eV.  

We have found that the activation energy (Ea) for the compound {W72Fe30}XG is 0.2 eV. 

According to the measurement values the compound {W72Fe30}XG follows a water-assisted 

Grotthuss mechanism for the proton conduction. 
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Section A4.12. Controlled experiment of compound {W72Fe30}XG after EIS measurements. 

PXRD profile: 

                          

Figure A4.15. Powder X-ray diffraction analysis of the compound {W72Fe30}XG before and after EIS measurement. 

 

Section A4.13. Electrical Conductivity Study.  

 

               

 

 

 

 

 

 

 

 

Figure A4.16. Electrical conductivity measurement (Potential vs. Current) of the compound {W72Fe30}XG at a 

applied potential of -1V to 1V. 
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A two-electrode setup has been used for the electrical conductivity measurement of the 

compound {W72Fe30}XG. Approximately, 10 mg of finely grinded sample was taken in a 

cylindrical cell and we were ensured that two electrodes were in contact with the sample, so that 

when we could apply the electric current (dc current) that can pass through the sample from one 

metal electrode to another metal electrode of the setup. All the measurements were taken with 

the help of Zahner Zanium electrochemical workstation. 

Calculation of Electrical Conductivity for the compound {W72Fe30}XG. 

A two-electrode setup has been used for the electrical conductivity measurement of the 

compound {W72Fe30}XG. Approximately, 10 mg of finely grinded sample has been taken in a 

cylindrical cell and ensure that two electrodes are in contact with the sample, so that when we 

apply the electric current (dc current), it is allowed to pass through the sample from one metal 

electrode to another metal electrode of the setup. Electrical conductivity is calculated from the 

following equations 3 and 4 (Eqn. 3 and 4) 

 

σ = 
 

  
   ……….. Eqn. 1 

R = 
 

 
  ………… Eqn. 2 

Where, σ = Electrical conductivity  

               = Length of the sample in the cylindrical cell = 0.06 cm. 

             R = Resistance  

             A = Surface area of the cylindrical cell = πd
2
/4 = 0.04018 cm

2
, where d = 0.2262 cm. 

             V = Applied potential (for compound {W72Fe30}XG, it is 1V)  

              I = current (Observed Current for the compound {W72Fe30}XG is 16.3μA) 

Electrical Conductivity of the compound {W72Fe30}XG at a applied potential of 1V at room 

temperature is as follows. 

σ= 
    

                  
   S cm

-1
 

σ= 0.243X10
-4 

= 2.43X10
-5 

S cm
-1 

Electrical Conductivity of the compound {W72Fe30}XG = 2.43X10
-5 

S cm
-1

. 
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Section A4.14. Volumetric titration for the estimation of Iron content in the compound 

{W72Fe30}XG. 

Suspend around 500 mg of compound ({W72Fe30}XG) in 10ml of distilled water. Add 1 M NaOH 

solution to the above uniformly mixed solution till it gives brick red color solution and stir it for 

10 minutes. Filter the mixture and wash the residue thoroughly with water till tungsten 

completely removed from it (Test the filtrate solution by adding concentrated hydrochloric acid 

if it gives white precipitate tungsten is remains in the residue, if not residue is free of tungsten). 

Dissolve the residue in the 10-15 mL of warm concentrated hydrochloric acid and makeup the 

solution to 20 mL by adding water and then heat the solution at 60ºC for 10 minutes. Add 

stannous chloride solution when the mixture is hot, color changes from yellow to pale green and 

excess 2-3 drops of stannous chloride is added. Solution is cooled down to room temperature and 

then add 10 mL mercuric chloride solution, makeup the solution to 150 mL with water and add 

10 mL of Zimmermann Reinhardt solution to it. Now titrate the solution against 0.1 N KMnO4 

solution till it gives the pink color (end point).        

 

Normality of KMnO4 solution = 0.1023 N 

 

 

 

 

 

Percentage of iron present in {W72Fe30}XG compound: 

Amount of Iron present in the {W72Fe30}XG compound = {56x9.0x0.1023}/1000 = 0.05155 gms. 

Percentage of Iron present in the {W72Fe30}XG compound = {0.05155/0.4506}x100 = 11.44 %. 

 

Section A4.15. Literature survey POM related proton conductors. 

Table A4.4. Table of various reported POM based proton conductors and their 

conductivity.  
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S.No. Compound Conductivit

y (S cm
-1

) 

Activation 

Energy (eV) 

Conditions Reference 

0 {W72Fe30}XG 6.99x10
-2 

 0.2 80 ⁰C, 98% RH This 

work 

1 1 {Mo72Fe30} 1.85 x 10
-3

 0.24 <330K, 50% RH 1 

2 2 Mo240 1.03 x 10
-1

 0.24 80 ⁰C, 98% RH 2 

3 3 HImMo132 4.98 x 10
-2

 0.51 60 ⁰C, 98% RH 3 

4 4 HMeIm-Mo132 2.1 x 10
-2

 0.44 60 ⁰C, 98% RH 3 

5 4 NbO2(OH)PW12 7.25 x 10
-3

 0.39 77 ⁰C, 98% RH 4 

6 6 H14[Na6(H2O)12]4 

[K42Ge8W72 

O272(H2O)60]·solvent 

6.8 x 10
-2

 0.52 85 ⁰C, 98% RH 5 

7 7 [Cu12(BTC)8(H2O)12][H3

PW12O40]nH2O 

4.76 x 10
-5

 0.41 90 ⁰C, 70% RH 6 

8 9 K11Eu[P5W30O110K]·30

H2O 

1.0 x 10
-2

 0.26 368K, 90% RH 7 

9 1

0 

K5H6Eu[P5W30O110K]·0.

032PAA3000·30H2O 

1.2 x 10
-2

 0.48 368K, 90% RH 7 

10 1

3 

K8H4[Bi(H2O)P5W30O110

] ·0.03PAA5000·19H2O 

8.5 x 10
-3

 0.16 368K, 75% RH 8 

11 1

4 

K13.0H1.0[Na(H2O)P5W30

O110]·0.03PAA5000·20

H2O 

1.7 x 10
-3

 0.40 338K, 75% RH 9 

12 1

7 

[La10Ni48W140Sb16P12O56

8(OH)24 (H2O)20]
86−

 

2.05 x 10
-2

 0.22 295K, 100% RH 10 

13 1

9 
H5PW10V2O40⋅15H2O 1.27 x 10

-2
 0.263 18 ⁰C, 80% RH 11 

14 2

1 

H2[Cu2OL3(H2O)2] 

[Ce(L)(H2O)3(PW11O39)]

·17H2O 

3.175 x 10
-4

 0.456 85 ⁰C, 98% RH 12 

15 2

2 

((TEAH)7K2H9{P2W18}

⸦{Mo24Fe12} 

·116H2O) 

5.9 x 10
-3

 0.28 368K, 90% RH 13 

16 2

3 

((TEAH)14Na10K8H8{P5

W30}2⸦{Mo22Fe8} 

·50H2O) 

1.7 x 10
-2

 0.31 368K, 90% RH 13 
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17 2

4 

[Cu(H2bibb)2(H2O)3(αP2

W18O62)]⋅10.5H2O 

2.52 x 10
-4

 0.42 85 ⁰C, 98% RH 14 

18 2

7 

H3PW12O40·29H2O 1.7 x 10
-1

 0.14 25 ⁰C, 80±5% RH 15 
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Section A5.1. Physical characterizations 

The synthesized compounds were characterized by FT-IR, Raman spectroscopy, powder X-ray 

diffraction, FESEM, HR-TEM, thermogravimetric analysis (TGA) and UV-visible diffused 

reflectance spectroscopy (DRS), UV-visible spectroscopy and electrochemical studies. FT-IR 

(Fourier transformed – infrared spectra) was recorded in iD7 ATR thermo Fisher Scientific-

Nicolet iS5 instrument. The samples were exposed to IR radiation by keeping it on sample 

holder. Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8-Advance 

diffractometer by using graphite monochromated CuKÅ andÅ) 

radiation. Diffuse reflectance (DRS) UV-spectroscopy studies have been carried out on UV-2600 

Shimadzu UV-Visible spectrophotometer. EPR spectra have been recorded using a JEOL JES–

FA200 spectrometer in frozen DMSO at –140ºC. Electronic absorption studies have been carried 

out using a Cary 100 Bio UV–visible spectrophotometer at room temperature. Field emission 

scanning electron microscopy (FESEM) measurement along with energy dispersive X-ray (EDX) 

were recorded on a Carl Zeiss model ultra 55 Microscope whereas EDX spectrum was performed 

using oxford instruments X-Max
N
 SDD (50mm

2
) system and INCA analysis software. 

Thermogravimetric analysis (TGA) analyses were performed in PerkinElmer-STA 6000 

analyzer. High Resolution Transmission electron microscopy (HR-TEM) images were recorded 

in an JEM-F200 microscope (JEOL) with an accelerating voltage of 200 kV. All the 

electrochemical measurements were carried out with the help of Zahner Zanium electrochemical 

workstation operated with Thales software.  

 

 

Section A5.2. Synthesis, material and procedures. 

The synthetic procedures were mentioned in the main article and chemicals used are reagent 

grade, no further purification is required.                

 

 

 



  Appendix 5 

255 
 

Section A5.3. Thermogravimetric analysis of compound 2. 

 

                                          

Figure A5.1. Thermogravimetric plot of the compound 2. 

TGA plot of the compound 2 clearly shows that below and around 100 ⁰C temperature, it loses 

the water molecules and I2 present in it as shown in Figure A5.1 and then the cluster coordinated 

water molecules and acetate ligands lose has occurred at 200-400 ⁰C. Above 400 ⁰C temperature 

cluster starts deforming till 600 ⁰C.  

Section A5.4. UV-visible spectral analysis.             

               

 

Figure A5.2. (a) Electronic absorption spectra of chloroform solutions of various Iodine concentrations; (b) 

calibration curve for the concentration Vs absorbance from UV-Visible spectrophotometer. 
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We have performed the UV-visible absorption spectral analysis for the chloroform solutions of 

various iodine concentrations as shown in the Figure A5.2a. We have recorded the spectra for the 

range of concentration from 0.0007 M to 0.001 M and obtained the absorbance range from 0.3 to 

0.95. From this obtained range of absorbance, we have calculated the concentration of unknown 

iodine concentrated chloroform solution extracted from the compound 2 (as discussed in the 

main text) through the calibration curve plotted between concentration and absorbance as shown 

in the Figure A5.2b.     

Section A5.5. FESEM analysis. 

 
 
Figure A5.3. FESEM images of (a, b) KI; (c, d) compound 2; (e, f) compound 3.   

 

The FESEM images of the samples has been taken on the carbon tape and coated with gold. As 

such KI has been taken for the analysis and we can observe a block type of structures of KI as 

shown in the Figure A5.3a and A5.3b. Compound 2, immediately after grinding with KI has 

been recorded for the FESEM analysis as shown in the Figure A5.3c and A5.3d. We have 

observed a broken crystal images in the compound 3 as shown in the Figure A5.3e and A5.3f. 
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Section A5.6. Energy-dispersive X-ray (EDX) analysis. 

 

Figure A5.4. (a) Selected surface area of the compound 2 for the EDX analysis; (b) EDX spectrum for the 

compound 2; (c) histogram of the elemental composition on the selected surface of the compound 2. 

 

 

 
Figure A5.5. (a) Selected surface area of the compound 3 for the EDX analysis; (b) EDX spectrum for the 

compound 3; (c) histogram of the elemental composition on the selected surface of the compound 3. 

 

Energy dispersive X-ray (EDX) spectroscopy was taken for the compound 2 and 3 to know the 

composition on the surface of the compound. The selected surface area of the compound 2 and 3 

including its EDX analysis and EDX plot has been shown in Figure A5.4a, A5.4b and Figure 

A5.5a, A5.5b respectively. In the Figure S4c and S5c, the elemental composition of the 

compound 2 and 3 can be seen in the form of histograms and it also shown in the Table A5.1 and 

Table A5.2 which are experimentally recorded with the help of EDX spectroscopy.  
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Table A5.1. Elemental composition of the compound 2 from EDX spectroscopic analysis.    

 

 

Table A5.2. Elemental composition of the compound 3 from EDX spectroscopic analysis. 

                                 

                       

Section A5.7. HR-TEM analysis of compound 2.  

 

          

 
Figure A5.6. (a-c) HR-TEM analysis of compound 2 has been recorded at different magnification range. 
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We have performed the HR-TEM analysis for the compound 2 by coating the powdered sample 

on the copper grid and carried out the analysis as shown in the Figure A5.6a-c.  

==================================================================== 
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