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Synopsis Functional Polyoxometalates for Clean Environment and Energy
Applications

The doctoral thesis titled “Functional Polyoxometalates for Clean Environment and Energy
Applications” consists of four working chapters followed by concluding remarks and future
scope of the thesis, in addition to a chapter dedicated to general introduction. The chapters are
titled as (1) An Introduction to Recent Advances in POM Based Functional Materials and Their
Applications, (2) WY'-OH Functionality on Polyoxometalates for Hydrogen Evolution
Reaction, (3) Barrel-shaped Polyoxometalates Exhibiting Electrocatalytic Hydrogen Evolution
at Neutral pH, (4) A Fully Reduced {Vis'VOs} Host and VO.*, CI™ as Guest Anions:
Synthesis, Characterization and Proton Conductivity and (5) Carbonate Encapsulation from
Dissolved Atmospheric CO- into a Polyoxovanadate Capsule.

All the working chapters (Chapter 2-5) consist of (i) a brief overview of the work, (ii)
introduction, which includes the relevant literature survey and importance of the work, (iii)
experimental methods, (iv) results and discussion, and (v) conclusion. All the compounds,
synthesized in this thesis, are characterized by routine analytical methods such as single-crystal
X-ray diffraction (SCXRD) studies, powder X-ray diffraction (PXRD) studies, Fourier-
transform infrared (FTIR)—, electronic—, Raman-—spectral studies including inductively coupled
plasma optical emission spectroscopy (ICP-OES), Field emission scanning electron microscopy
(FESEM), Thermogravimetric (TG) analysis, and X-ray photoelectron spectroscopy (XPS). In
addition, variable temperature magnetic measurement studies, TGA-FTIR—, TGA-mass— and
HR-MS-analyses have been performed whenever they are needed. Electrochemical hydrogen
evolution reactions (HERS) were conducted in an aqueous as well as in non-aqueous medium
(using both heterogeneous and homogeneous materials). Proton conductivity studies were
performed on solid pelletized samples using a home-made setup. The gas-solid interface
reaction was conducted using a home-made setup.

Chapter 1

An Introduction to Recent Advances in POM Based Functional Materials and Their
Applications

Polyoxometalates (POMs) are biocompatible systems prepared from earth-abundant resources.
POM compounds are considered as the most emerging class of inorganic materials. The history
of the POMs begins 200 years ago and contains thousands of diverse molecules. The materials,
based on POMs, are capable to hold and exchange multiple-number of electrons and/or protons
(H™) with small or no structural changes. The faster multi-electron redox properties of POMs
enable researchers to employ these materials in a broad range of applications, including
magnetism, energy storage, and catalysis (e.g. organic and electrochemical catalysis, etc.).
Simple and easy synthetic protocols of these materials are added advantages that are vital for
bulk production. All these fundamental features of POMs motivated us to explore them in clean
energy applications. Thus, this introductory note (chapter 1) contains a general introduction
about the importance and development of abundant and electrochemically active POM
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materials including their hydrogen evolution reactions (HERS) and proton conductivity studies.
More specifically, this chapter discusses a short overview of the development of electrocatalysts
for water reduction (WR) or hydrogen evolution reaction (HER) and materials for proton-
conduction. It also provides a brief discussion on interactions of POMs with CO». This chapter
ends with the motivation of the present thesis work for clean energy applications.

Chapter 2

WV'_OH Functionality on Polyoxometalates for Hydrogen Evolution Reaction

0 Hierarchical Water Reduction
P — POM-CoW(OH),
g E —— HIm@POM-MnW(OH),
-1y B —rovcowion,
E L1
~ 4
< I
R
o
-4 -
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-1.2 -0.8 -0.4 0.0
E (V) vs NHE

Figure 1. Schematic representation of POM-CoW(OH), and HImM@POM-MnW(OH), modified electrodes
exhibited electrocatalytic hydrogen evolution reaction.

Grafting a WY'-(OH). functionality on a polyoxometalate (POM) surface makes the concerned
POM compounds, [{Nas(Hzo)z}] [{CO“(Hzo)g}z{WVI(O H)z}z{BiIIIW\/IgOsg)z}] -14H,0
(POM-COW(OH)z) and [(WVI(OH)z)z(MI’l“(HzO)g)z(N&4(H20)14(BinOsg)z](Him)z-16H20
(HIm@POM-MnW(OH);) prominent heterogeneous electrocatalysts for direct water
reduction to molecular hydrogen (2H20 +2e — H + 20H) at the neutral pH. We have identified
that the WY'-(OH). functionality acts as the active site for hydrogen evolution reaction (HER)
in the cathodic window. Controlled experiments exclude the chances of formation and
participation of metal particles in this electrocatalytic water reduction. We could demonstrate
that the electrocatalysts (POM-CoW(OH). and HIm@POM-MnW(OH).) are stable enough
towards HER up to 1000 cycles. The concerned (HER) Faradaic efficiencies for POM-
CoW(OH), and HImM@POM-MnW(OH), are 79% and 86% at pH 7, and 93 % and 96% at
pH 3, respectively. The respective turn over frequencies (TOFs) are 0.318 s and 0.402 s (at
pH 7) and 1.154 st and 1.289 s (at pH 3). The W-OH group, grafted on a POM surface, is
known for a while; however, the evidence that this can be a well-defined functionality for water
reduction (at the neutral pH) has never been demonstrated until this work. Figure 1 shows the
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schematic representation of the hydrogen evolution reaction by POM-CoW(OH). and
HIm@POM-MnW(OH)s.

Chapter 3

Barrel-shaped Polyoxometalates Exhibiting Electrocatalytic Hydrogen Evolution at
Neutral pH

Figure 2. Schematic representation of the electrocatalytic hydrogen evolution reaction exhibited by electrodes
modified with NaCu-POM and LiCu-POM at neutral pH.

Two copper-based barrel-shaped POMs, namely [{H30}4{Nas(H20)22}[{(Cu'0.25Cu'o75)
(H20)3}{Cu"(H20)}s{B-a-Bi""WV"'3033},]-7H.0 (NaCu-POM) and
Lis[{NH4}2{H30}s{Li(H20)s}][{Cu"(SH)H{(Cu'""Cu'15)(B-a-Bi""W"'3033) }.]-9H.0  (LiCu-
POM) were synthesized and characterized. The molecular structures of NaCu-POM and LiCu-
POM are obtained from their single-crystal diffraction studies that reveal a hexa-nuclear copper
{Cus}-wheel, sandwiched between two lacunary {B-a-Bi"'WVY's033}°> POM units to form
barrel-shaped title POM molecules. In both the compounds (LiCu-POM and NaCu-POM), the
mixed-valent nature of copper centers in the hexa- and penta-nuclear copper wheels were
confirmed by bond valence sum (BVS) calculations and XPS analysis. The core structures of
NaCu-POM and LiCu-POM are quite similar, but the LiCu-POM additionally shows a
sulfide ligand (SH") that is coordinated to one of the copper centers of {Cug}-wheel. The sulfide
in LiCu-POM was expected to be generated from the in situ reduction of sulfate anion since it
was the only source of sulfur in the reaction (reducing agent is expected to be ammonia). The
presence of redox-active mixed-valent copper centers and their synergetic interactions with
tungsten are probably driving the electrocatalytic activity of these compounds in water
reduction at neutral pH. Figure 2 shows a schematic representation of the electrocatalytic
hydrogen evolution reaction at neutral pH exhibited by electrodes modified with NaCu-POM
and LiCu-POM. The Tafel slope values of 267 and 352 mV dec? are found for NaCu-POM
and LiCu-POM, respectively. The respective turn over frequencies (TOFs) are 1.598 mol H;
stand 1.117 mol Hp s at pH 7. The Faradic efficiencies are 89% for NaCu-POM and 92% for
LiCu-POM at pH 7. The catalysts are stable during 4 hours of chronoamperometric experiment
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and 100 cycles of cyclic voltammetric (CV) experiments. The controlled experiments exclude
the chances of the decomposition of molecular catalysts to other electrochemically active
species (such as, Cu or W metal nano-particles) during the course of the reaction which establish
the true catalytic nature of concerned barrel-shaped POMs.

Chapter 4

A Fully Reduced {Vis'VOs} Host and VO.*, CI” as Guest Anions: Synthesis,
Characterization, and Proton Conductivity

200

1504

100
Proton conduction

zin

=50 T T T
200 400 600 800 1000
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Figure 3. Schematic representation of the fully reduced proton-rich polyoxovanadate based solid-state proton
conductivity.

Fully reduced polyoxometalates (POMs), generally, have a high negative charge that can be
compensated by diverse cations including protons. The POMs with a larger number of acidic
protons often exhibit solid-state proton conduction. We synthesized two polyoxovanadate
(POV)-based  compounds  [Naz(H20)14][HsV'"V18042(VVO4)]-N2Hs- 7TH,O (1)  and
[Nas(H20)16][HsV'V18042(Cl)]-4N2H4-6H20 (2), each of which accommodates eight acidic
protons (per formula unit) acting as the cations. Compounds 1 and 2 were characterized by
routine analytical techniques, such as IR, Raman, XPS, PXRD, TGA, elemental analysis and
unambiguously by single-crystal X-ray diffraction. As expected, compounds 1 and 2 having
eight protons per formula unit exhibit proton conductivity in the solid-state. Proton conductivity
(o) measurements of compounds 1 and 2 were performed (a) at variable temperature (20-50
°C), with constant humidity (70% RH) and (b) variable relative humidity (relative humidity
from 40 % to 70%) under constant temperature (30 °C). The proton conductivity was observed
to increase with the increase in temperature and relative humidity. The good conductivity values
were obtained at 50 °C under 70% RH and found to be 3.62 x 10 S cm™ for compound 1 and
2.16 x10*S cm for compound 2. Reproducibility of proton conductivity was verified by
repetitive data recording over a long period and determining the mean value of conductivity of
compounds 1 and 2 at 50 °C. The activation energies (23.34 kJ mol™ for 1 and 18.40 kJ mol™
for 2), calculated using Arrhenius plots (In(cT) vs. 1000/T) of compounds 1 and 2, suggest a
Grotthuss proton hoping mechanism for solid-state proton conduction. Controlled experiments
have shown that the synthesized compounds 1 and 2 are stable and robust under operational
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conditions. Figure 3 shows a schematic representation of the fully reduced proton-rich
polyoxovanadate based solid-state proton conductivity.

Chapter 5

Carbonate Encapsulation from Dissolved Atmospheric CO: into a Polyoxovanadate
Capsule

Aerial ™™=
co, ) NaVO,
+
‘ Fixation NaOH
.
@ i
o
('-I) HClrrapnnr) O
b) PhMgBr
Compound 1 o :

Exclusion & Grignard reaction

Figure 4. Schematic representation of the aerial CO; absorption and its encapsulation into the cavity of the fully
reduced polyoxovanadate capsule followed by its exclusion in a gas-solid interface reaction for the formation of
organic products.

An aqueous synthesis, involving the reduction of VO3 anion in a mild alkaline pH in the
presence of a-Bi203, leads to the formation of a fully reduced polyoxovanadate (POV) capsule,
with  COz*>~ anion encapsulation in its internal cavity, in the compound
[Nag(H20)24][HsV'V15036(CO3)]-3N2H4-10H,0 (1). This CO3> anion encapsulation, the source
of which is absorbed aerial CO: in the pertinent aqueous alkaline reaction mixture, occurs only
in the presence of a-Bi>Os. Compound 1 crystals, upon exposure to HCI acid vapor, exclude
CO2 gas that can be reacted to the Grignard reagent (PhMgBr) to form triphenyl carbinol and
benzoic acid; during this solid-vapor interface reaction, compound 1 itself is transformed into
an amorphous material that includes CI~anion, but could not be characterized unambiguously.
Thus, we have synthesized a chloride ion (CI) encapsulated compound
[Naio(H20)24][H3V'V15036(CI)]-6H.0 (2) in a direct synthesis protocol, which has been
characterized by crystallography as well as by other spectroscopic methods. Compounds 1 and
2, each having fifteen vanadium (1V) centers, exhibit interesting magnetism in their solid-state.
The temperature-dependent magnetic susceptibilities for compounds 1 and 2 have solid states.
The temperature-dependent magnetic susceptibilities for compounds 1 and 2 have been
recorded at 0.1 T in the temperature range of 3-300 K. Figure 4 shows a schematic
representation of the aerial CO> capture and its encapsulation into the cavity of fully reduced
polyoxovanadate capsule followed by its exclusion in a gas-solid interface reaction for the
formation of organic products.






Chapter 1 Introduction and Motivation of the Thesis Work

An Introduction to Recent Advances In
Polyoxometalate Based Functional
Materials and Their Applications

Overview:

Polyoxometalates (POMs) are biocompatible systems prepared from earth-abundant
resources. POM compounds are considered as the most emerging class of inorganic materials.
The history of the POMs begins 200 years ago and contains thousands of diverse molecules.
The materials, based on POMs, are capable to hold and exchange multiple-number of
electrons and/or protons (H*) with a little or no structural changes. The faster multi-electron
redox properties of POMs enable researchers to employ these materials in a broad range of
applications, including magnetism, energy storage, and catalysis (e.g., organic and
electrochemical catalysis, etc.). Simple and easy synthetic protocols of these materials are
added advantages that are vital for bulk production. All these fundamental features of POMs
motivated us to explore them in clean energy applications. Thus, this introductory note
(chapter 1) contains a general introduction about the importance and development of abundant
and electrochemically active POM materials including their hydrogen evolution reactions
(HERs) and proton conductivity studies. More specifically, this chapter discusses a short
overview of the development of electrocatalysts for water reduction (WR) or hydrogen
evolution reaction (HER) and materials for proton-conduction. It also provides a brief
discussion on interactions of POMs with CO,. This chapter ends with the motivation of the
present thesis work for clean energy applications.

1.1. Introduction

Over past fifty years, with rapid industrialization and technological growth along with sudden
explosion in population, urge for high-density energy sources and production of clean enery
has been increasing rapidly. According to the recent statistics, global energy demand is
expected to reach 27.6 (almost ~30) Terawatt (TW) in the year 2050.1° Currently, we mainly
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dependent on fossil fuels for energy production. But, excess use of fossil fuels is not only the
concern of our inability to preserve available natural energy resources for future generations,
but also is alarming in terms of irreversibly changing environmental factors. In recent times, to
substitute fossil fuels, significant progress has been made in the production of energy from
various unconventional energy resources including geothermal, nuclear, solar and tidal energy.
However, from total energy consumption, energy harnessing techniques, renewable energy
sources are contributing to only 20.5%, even after our best efforts based on available resources;
the remaining major share (79.5%) of energy is mainly being obtained by burning fossil

Regional consumption pattern 2019
Percentage

B Renewables

B Hydroelectricity
Nuclear energy
Coal

B Natural gas

u Oil

North America S. & Cent. America urof s Middle East Africa Asia Pacific
Figure 1.1. Rate of all forms of fuel consumption (%) in the main regions of the world in the year 2019.4

fuels. Notably, economic growth of India, China and other developing Asia Pacific countries
has primarily been associated with a high rate of fossil fuel consumption such as coal, oil, and
natural gas (Figure 1.1). These findings collectively conclude that human development is still
over-reliant on the carbon energy economy. Therefore, it is a need of the moment to build a
clean, renewable, and carbon-free energy economy for the sustainable growth (Figure 1.2).112

Among a plethora renewbale enrgy sources, hydrogen (Hz) is holding significant position,
owing not only to its relatively high gravimetric energy density (146 kJ g*) but also to
production of harmless carbon-free end product (i.e., H20), on burning.?8° These benefits are
keeping it as an emergent green fuel for present and future generations. There are plenty of
hydrogen production technologies, that have been developed in recent times, starting from
chemical methods to photocatlytic and electrocatalytic water splitting for storing (electric)
energy in chemical energy form i.e., H-H bond formation.®’-*® Though, photocatalytic water
splitting (direct conversion of solar energy into chemical energy) has been of a great
importance, it is still in the conceptualization stage and requires even more attention to develop
it to industrial scale.’®*?! Besides, the electrocatalytic hydrogen production, storing electric
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energy (from other renewable sources like solar, hydal etc.) in the form of chemical bonds, has
been growing parallelly to tackle with the exponentially growing thirst for renewable energy.
During the course of electrocatlytic water splitting, hydrogen evolution takes place at the
cathode (a cathodic reaction). The reduction catalyst electrochemically reduces the water into
molecular hydrogen (HER: 2H,0 + 2e — H, + 20H; at neutral or alkaline pH ) in the cathodic
potential window. On the other hand, its counter-response electrochemically produced 20H
ions which could be later oxidized to the molecular oxygen (OER: 20H — 1/20) + 26 +
H20¢q) at the anode.?’8

H+0O

2 2

Catalysts

H,0

Renewable energy Usable energy
Figure 1.2. The future hydrogen energy cycle.?

For rapid hydrogen fuel production, highly active and robust HER and OER electrocatalysts
are required.

On the other hand, it is not only important to search for methods to produce clean, easily
accessable and highest gravimetric energy density fuel materials, it is also essential to develop
a technology for efficient harvesting of usable form energy using those materials. Fuel Cell
(FC) is one such technology, developed to safely convert chemical energy into usable electric
energy (as far as hydrogen as a energy source is concerned). The FC has the highest chemical
energy to an electrical energy conversion factor and its end products are essentially water and
electric energy.??2® The working principle of FC is almost opposite to that of cell using for
electrocatalytic hydrogen production. Here, at the anode oxidation of hydrogen molecules takes
place and at the cathode oxygen (O-) is reduced.

For a fuel to harvest electric energy, besides hydrogen fuel there are other components like
polyelectrolyte membrane (PEM), that also plays vital role in its efficiency. As it was hinted
above, the catalytic hydrogen oxidation at the anodic chamber is accompanied by (i) flow of
electrons through the external circuit (the usable electrical energy) and (ii) catalytically
generated protons in the anodic chamber that essentially transports to the cathodic chamber
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through a PEM separator. Here comes the role of PEM which directly influences the output of
FC. Higher the proton transportation ability of PEM higher is the efficiency of FC.2

Considering these facts, it could be conveniently stated that, efficient water reduction/hydrogen

evolution and effective proton conduction process are vital for clean energy generation (Figure
1.2). In the present thesis, we mainly focused on the developing of polyoxometalate based
electrocatalyst for hydrogen production and proton conductivity materials for their viable
electrochemical application. Besides these, there is also a high demand for materials for
sustainable fixing/incorporation of major air pollutants like CO> in to usable substances. In this
thesis, we have also presented a carbonate ion (derived from in-situ absorbed aerial COy)
encapsulated polyoxovanadate (POV) cluster and its exclusion (as COz by a gas-solid interface
reaction) for organic synthesis.

To work on POM based materials for sustainable energy processing applications, it will be
handy to have at least concise knowledge of all stake holders (molecular properties of POMs,
and factors involving in electrocatalysis etc.) involving in this field of science. Hence, elements
associated with these system and relevant studies will be briefly introduced in following
sections.

Keeping the above facts in mind and for convenience of readers, the present chapter will be
discussed in five parts: (1) brief introduction and general synthetic procedure of POMs, (2)
basic requirements to design and development of a water reduction (WR)/hydrogen evo lution
reaction (HER) catalyst, (3) proton-rich POMs as proton-conducting polyelectrolytes, (4) aerial
CO. sequestration by POMs and finally (5) the motivation behind the work presented in
following chapters.

1.2. Brief introduction and general synthetic procedure of POMs

POMs are commonly known as, metal-oxide cages of early transition metal ions (e.g., V, Mo,
W, Nb, Ta, Ti) which can be formed in their highest oxidation state. POMs have a very long
history (almost ~200 years) when Jons Jacob Berzelius in 1826 first reported a metal-oxide
cluster of ammonium phosphomolybdate (i.e., [NH4]s[PMo012040]).* Later on, James Fargher
Keggin, in 1933, experimentally determined the structure of phosphomolybdic acid
([HsPW12040]-6H20) by X-ray diffraction studies.?®> POM like metal-oxides are also naturally
present in the earth-crusts. These POMs have completely constructed a three dimensional (3D)
molecular structure by metal-oxide backbone and can form unmatched molecular structures (for
example, Keggin, Lindgvist, Wells-Dawson, Anderson, Strandberg, Waugh, etc.).?*%° It is
commonly known that, POMs can hold multi-electrons/protons without structural change and
can have excellent physicochemical stabilities. Due to these features, POMs are considered as
solid-state Brgnsted acids. POMs are superior redox-active materials for various types of
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catalysis (such as organic transformations, photo-/electro-chemical catalysis for sustainable
energy harvesting), magnetism, bio-medical, etc. applications.33

Further, POMs could be prepared in a straightforward synthesis. Most of the POMs are isolated
in a one-pot wet synthesis and the formation of POMs is mainly proceeded by proton-induced
condensation-/dehydration reactions in an aqueous solution. On the other hand, the formation
mechanism of POMs is still ambiguous and is generally expected that it involves self-assembly
reaction process. Few factors play a crucial role in the formation of POMs, such as (i)
stoichiometric ratios of reactants, (ii) reaction mixture pH, (iii) temperature, (iv) solvent effect,
(v) addition of reducing agents, and (vi) presence of additional ligands. It is always challenging
to synthesize a novel POM using sequential multi-step reactions, but careful functionalization
of in-situ generated or presynthesized lacunary POM clusters makes possible in isolating the
targeted POMs. This functionalization strategy can lead to form discrete molecule to multi-

dimensional structures, such as, complete inorganic or organic-inorganic network structures.
38

1.3. Basic requirements to design and develop the HER catalyst
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Figure 1.3. Three different groups of elements for designing hydrogen evolution reaction catalysts.®

To develop an efficient HER electrocatalyst for sustainable energy production in the cost-
effective path, two things needs to be considered. Firstly, the abundance of catalyst or catalyst
precursor elements and secondly, their electrochemical redox activity. Based on these
parameters, the HER catalysts are mainly divided into three groups (i) noble metal(s)- (platinum
and metals in its group), (ii) transition metal(s)- and (iii) non-metal- based electrocatalysts "%
3942 (Figure 1.3).

On the other hand, as mentioned before, it essential to have basic knowledge of parameters, that
include (1) HER activity of electrode, (2) stability, (3) overpotential, (4) Tafel plot, (5) HER
mechanism, (6) Faradic efficiency, and (7) turnover frequency (TOF).2"1!
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1.3.1. HER activity of the electrode

Generally, the HER activity of a developed catalyst can be tested by the cyclic voltammogram
(CV) or linear sweep voltammogram (LSV). To understand better the preliminary behaviour of
the HER electrocatalyst, at least five consecutive CV- or LSV-scans have to be recorded. While
comparing the activity of analogous catalytic systems, the HER onset potential (where the
hydrogen evolution reaction starts) of that particular catalyst becomes significant. Based on the
response obtained from any one of these techniques, the catalyst material would be assessed
further to estimate its stability and efficiency under operational conditions.

1.3.2. Stability of the catalyst

The stability of the developed catalyst under electrochemical conditions is highly essential for
its practical application. There are two basic methods, that have been commonly in use to
estimate the extent of stability of a given catalyst; these are (i) electrochemical analyses
(chronoamperometric analysis (>10 h; I-t curve) and continuous CV/LSV scanning (>1000
scans)), and (ii) spectroscopic techniques to characterize the electrode material before and after
the experiment (or by in-situ methods during the electrochemical reaction). These two methods
are useful in evaluating the stability of a catalyst. A good catalyst retains its electrochemical
and spectroscopic identity even after prolonged electrochemical tests.

1.3.3. Overpotential

To get clear insights into this interesting parameter, having brief understanding of
electrochemical cell and its associated processes, is advisable. Hence, they are summerised in
the following paragraph.

An electrochemical cell consists of three necessary components: anode, cathode, and an
electrolyte (i.e., H20 in this case). The OER and HER catalysts can be coated on the anode and
cathode, respectively, to accelerate the overall water splitting reaction. When an external
potential applied to the electrochemical cell, the reactant water molecules would be
decomposed into hydrogen and oxygen at cathode and anode chambers, respectively (Figure
1.4). The evolved H> and Oz will be collected in separate containers and stored for later use.
This water splitting (WS: H20¢y — Hz(g) + 1/2 O2(g) reaction phenomenon was first reported in
1789 and presented in two half-cell reactions: (i) HER at the cathode and (ii) OER at the
anode.?**

Depending on the reaction medium in which WS takes place, it proceeds in two different
pathways.

Electrocatalytic water splitting in an acidic media:

Anode: 2H20 = O+ 4H* + 4e E_=+123V  (eqn. 1)
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Cathode: AH +4e = 2H; E_,=000V (eqn.2)

Net reaction: 2H.O — 2H>+ O» AE° =+1.23V

The OER requires high energy in an acidic aqueous electrolyte, and it practically takes place at
higher than thermodynamic potential (>1.23V vs NHE). In contrast, the HER is carried out at
0.00 V vs NHE in the presence of noble metal as the cathode (e.g., Pt).

Electrocatalytic water splitting in an alkaline/neutral media:

Anode: 40H = 02+2H0+4e  E =-040V  (Eqn.3)

Cathode: 4H0 +4e =2H,+40H E° =+0.83V (Eqn.4)

Net reaction; 2H.O — 2H.+ O» AE° =+1.23V

Acidic to alkaline aqueous electrolytes the OER becomes feasible but HER demands more
energy for cleavage of O—H bond in water molecule and for the formation of H-H bond. In this
process, several reaction intermediate steps (Volmer, Heyrowsky and Tafel) are involved and
follows the sluggish reaction kinetics.”**

Cathode

Membrane separator

Figure 1.4. The water-splitting reaction in the electrochemical cell: HER (left side) and OER (right side).?

But, irrespective of the reaction medium, the overall WS reaction is carried out to complete at
the thermodynamic potential E° = +1.23 V (vs NHE at 25 °C and 1atm). However, in the real-
reaction conditions, due to the sluggish reaction kinetics (such as electron and ion transportation
from the electrode along with other contact resistances), it consumes more than 1.23 V vs NHE
to complete the electrochemical WS at 25 °C and 1 atm. This additional potential needed above
1.23 V called overpotential (77) which is basically needed to cross the intrinsic energy barriers
for HO-H bond breaking and making of H-H as well as O-O bond at the cathode (7c) and
anode (7a), respectively. In addition to those mentioned earlier, there are some other resistances
(7ir) such as electrolyte resistance, electrode and wire contact resistance, electrode surface
blockage due to the H» gas generated on the electrode surface, that also would be present. Thus,
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the practically consumed potential (Ecp) could be the combination of all, and it can be
represented as Ecp = 1.23 V + 5c + na + ir. It is visible from this equation that, suitable
modulations would play a vital role to lower down the required overpotential to achieve an
efficient water-splitting reaction. In other words, #ir can be minimized by designing an efficient
electrochemical cell.2"84445 But, 5. and 5a can be lowered only through the development of
highly active electrode materials. In this scenario, design and fabrication of highly active
electrocatalysts using earth-abundant metal ions are essential for the efficient WS reaction in a
more cost-effective way. Deliberately two striking overpotentials (#), corresponding to the
current densities of 1 (1) and 10 (1710) mA/cm?, are considered to represent the efficiency of a
catalyst. And this can be used to make a comparison between different catalysts (Figure 1.5(a)).
The overpotential (1) can commonly be known as HER or OER onset overpotential. On the
other hand, the specific current density of 10 mA/cm? is equivalent to the efficiency of a solar-
water splitting device (12.3 %). Hence, the overpotential needed to this specific current density
provides a means of comparison of a developed catalyst with a solar-water splitting device.?®

@ oo (b)
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Figure 1.5. (a) Schematic illustration of HER polarization curves for different electrocatalysts with iR-corrected
overpotentials at 10 mA/cm?; (b) schematic representation of Tafel plots for different electrocatalysts with the
Tafel slopes and exchange current densities.*?

Therefore, an efficient HER catalyst should have low overpotential with minimal Tafel slope
value (discussed in follwing section). Another important issue is that the direct comparison of
the developed catalyst with different HER catalysts could not make the real-time catalytic
activity comparison because the loading level of catalytically active material on the particular
geometric area of the electrode may vary for different cases. Thus, to make a more precise
comparison of catalytic activity of various catalysts, the standard quantity (e.g., 0.1 mg) or the
same amount of catalyst loading on a standard geometric area of the electrode (e.g., GCE area
of 0.0706 cm?) is highly recommended.?

1.3.4. Tafel plot
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Tafel plot helps in understanding the dependence of the rate of hydrogen evolution reaction in
terms of overpotentials at various current density values. The Tafel plot is constructed under
study-state mass flow following the chronopotentiometry electrolysis.*®*® The obtained
overpotential () can be plotted as a function of log Ijl (# = bloglj/,|) (Figure 1.5(b)), where b
is the slope of Tafel plot acquired by the linear fit of data points, and j and j, are the current
density and exchange-current density, respectively. Exchange-current density (j,) and Tafel
slope (b) values are crucial factors, and these depict the intrinsic catalytic activity of the
electrocatalyst. The j, value is obtained by the extrapolation of the linear fit on the X-axis. That
particular point current density value, where the linear fit line touching to the X-axis, is
considered to be the exchange-current density (j,) and assumed to be the zero overpotential (7o)
under equilibrium reaction condition. The small b and low #» along with high j, value, are
required to deliver the particular current density, indicating the fast electron-transfer rate or
reaction kinetics. An excellent electrocatalyst must possess these parameters.?

1.3.5. HER mechanism

Volmer-Tafel Volmer-Heyrovsky Volmer-Tafel Volmer-Heyrovsky
a mechanism mechanism b mechanism mechanism
I @ N ' ‘ \
4 - " ® ® ' @ H H
5 é\ /') . N (—\ /) >
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Figure 1.6. Schematic representation of the hydrogen evolution reaction mechanism on the electrode surface (a)
in acidic and (b) alkaline or neutral solutions.?

The HER mechanism takes place by three necessary steps in an acidic medium (Figure 1.6(a)
and Table 1.1), whereas in the alkaline or neutral medium it is still ambiguous. Researchers
have explained the plausible HER mechanism using the acidic reaction path steps (Figure
1.6(b) and Table 1.1). However, the detailed investigation of HER mechanism in alkaline and
neutral pH condition is essential for its fundamental understanding.”®

Table 1.1. Plausible HER reaction pathways

Condition Overall reaction Reaction path
Volmer: HsO* + Cat + ¢ = Cat-H* + H,O
In acidic medium: 2H" + 2¢ — H; Heyrovsky: H*+e + Cat-H* = H, + Cat
Tafel: 2Cat-H" = H, + 2 Cat
In alkaline and Volmer: H.O + Cat + & = Cat-H* + OH
neutral medium: 2H,0 + 2e = H; +20H Heyrovsky: H,O + e + Cat-H* = H, + OH +Cat
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| Tafel: 2Cat-H" = H, + 2Cat |

Note: Cat: catalyst; Cat—H*: adsorbed hydrogen atom or hydrogen adduct on the active
electrocatalyst surface.

In all the HER reaction conditions VVolmer step takes place first, where the proton and electron
react together to form adsorbed hydrogen atom (H*) on the active electrocatalyst surface (Cat).
The source of proton for the adsorbed hydrogen atom (H*) is acidic water (H3zO") in acidic
medium and the source is water molecule (H2O) in alkaline or neutral medium. After the
Volmer step (Cat—H*), molecular hydrogen (H2) would be formed through the Heyrovsky step
or Tafel step or the result of both (Heyrovsky-Tafel) steps. The Tafel slope (b) value determines
the hydrogen evolution reaction path. According to the theoretical calculations, when the Tafel
slope (b) values are 30, 40, and 118 mV dec™ then the Tafel, Heyrovsky, and Volmer steps are
the rate-determining step in the HER process, respectively.’114°

1.3.6. Faradic efficiency of the catalyst

Faradic efficiency is another important parameter to estimate the efficiency of HER catalyst.
Generally, the Faradic efficiency can be measured chronopotentiometrically by bulk
electrolysis using a standard procedure.!?#64¢ The Faradic efficiency is defined as the ratio of
the experimental to the theoretically evolved hydrogen gas in an electrochemical hydrogen
evolution reaction utilizing the externally supplied energy in the form of electrons. A suitable
catalyst produces higher catalytic Faradic efficiency.

Experimentally evolved hydrogen

Faradic efficiency = x 100

Ideally evolved hydrogen

1.3.7. Turn over frequency (TOF)

The turnover frequency (TOF) is an another important feature of the catalyst to express the
efficiency of a catalyst. It is expressed as the number of reactant molecules getting converted
into the products per active site per second.’*°! Researchers use several methods to predict the
TOF of a catalyst. 124648 Still, it is quite challenging to determine the precise TOF value because
all the active sites in the coated material may not be accessible or equally reactive, particularly
in heterogeneous or solid-state catalytic reaction condition. However, in our present
investigations, the recently reported method is used to determine the TOF value of the hydrogen
evolution reaction catalyst.}2°? A high-end active catalyst should always exhibit high turnover

frequency. The turnover frequency of the catalyst can be determined using this equation TOF

I

= where | = steady-state current (A) value obtained from chronoamperometry electrolysis,

F = Faraday constant (C mol), m = number of active sites (mol), 2 = number of electrons
required to form one mole of hydrogen.

1.3.8. POMs as HER catalysts

11
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A large number of POM molecules have been isolated and characterized, but their efficient
employment as electrode materials remains unexplored. As mentioned elsewhere, POMs
possess very high redox activity, and they can accommodate as many electrons as possible
without changing their respective structures. Recently, considerable interest has been given to
develop the POMs as the new-generation electrode materials for HER and OER, solid-state
batteries, redox flow batteries and fuel cells.33%3%% Cronin group has published plenty of
research articles on POM based electrode materials such as HER and OER catalysts, solid-state
batteries, redox flow batteries (Figure 1.7), and supercapacitors.>®-2 Kortz%3-* and Hill®%® and
other groups®’-"* contributed significantly to this field.

Carbon paper

IrO, OER catalyst

Nafion membrane

Reference

electrode Pt mesh

Flow plates HER catalyst

Figure 1.7. [P2W15062]° based reversible multi-electron redox flow cell device used for the hydrogen evolution
reaction (at the cathode) and oxygen evolution reaction (at the anode).®

1.4. Proton conductivity

Being associated with majority of fundamental biological energy-transportation processes (e.g.,
photosynthesis) and artificial energy related technologies, like fuel cells for sustainable energy
conversion, proton conductivity phenomenon is found to be essential part of fundamental and
applied sciences.”>"® The FCs consist of two compartments, i.e., cathodic and anodic chambers
separated by polyelectrolyte membrane. In the FC, the molecular H> is oxidized in the anodic
chamber and generate protons and electrons. In the cathodic chamber, oxygen is reduced to
water using the protons and electrons circulated from the anodic chamber. The uninterupted
electron flow in external circuit provides the usable electrical energy. At the end of the process,
FC emits H>O as a by-product at the cathodic chamber. For the sustainable fuel cell operation,
efficient and continuous proton transportation from the anodic chamber to the cathodic chamber
is essential. Otherwise, increasing concentration of protons (H) in the anodic chamber can
result in the stoppage of the fuel cell in its functioning. Hence, designing and fabrication of
high proton-conducting membrane is vital in the construction of FCs for sustainable energy
management. It is remarkable to mention that the efficiency of a FC is highly reliant not only
on the ability of hydrogen oxidation and oxygen reduction at the anode and cathode but also on
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the efficient proton transportation by PEM. Thus, the scientists across the globe are putting their
best efforts in preparing a highly efficient and robust proton conductor that can perform
continuous proton transportation in the fuel cell under operational conditions. "%

1.4.1. Proton conductivity mechanism

Water is the universal solvent for the versatile class of studies, including proton conductivity in
the viable FC operations. As we know, it is an excellent proton conductor by establishing an
extensive hydrogen bonding. Thus, the initial proton conductivity and its mechanism studies
are mainly conducted in the water and protic acids solvents (source of labile protons). It was
well established that, the water-assisted proton transportation follows the Grotthuss proton
mechanism  (Figure 1.8) and it takes place at ambient temperature
(< 100 °C) with high efficiency. Proton transportation by Grotthuss mechanism occurs through
the flipping of water molecules via O—H bonds, which requires very less activation energy (<
0.4 eV) for proton transportation. At he temperature above 100 °C, the operation of the
Grotthuss mechanism is unusual to happen. Generally at elevated temperatures, the proton
transportation takes place through the vehicular mechanism instead of the Grotthuss pathway.
In the vehicular mechanism, the proton-conducting channels or Brgnsted acidic molecules play
a crucial role in proton transportation,00-102

Grotthuss mechanism (proton hopping mechanism)

MM AR AR

Vehicular mechanism

Hhabpddy

Figure 1.8. Represention of Grotthuss and Vehicular proton conduction mechanisms.

1.4.2. POM based proton conductivity

POMs have immense importance in various fields including solid-state electrolytes (proton
conductivity electrolytes). In general, the charge of anionic POVs/POMs was mainly
compensated by 1A group cations (e.g., Li*, Na*, K" and Cs*), ammonium ions, organic cations,
and transition metal ions/complex cations (mostly 3d metals)!?11° as well as the required
number of protons. Due to the ascribed acidity by these protons, the concerned POMs are
considered as heteropolyacids. Solid-state electrolytes like POMs with acidic protons are of
great importance as the high concentration of acidic protons and rich H-bonding on the POM

13
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surface play an important role in the proton conductivity. The proton exchange membrane fuel
cells (PEMFCs) efficiency is highly depended on the efficiency of polyelectrolyte material.!t!-
11350 far, Nafion has been used as polyelectrolyte material in PEMFCs. It shows lareger proton
conductivity (10 S cm™*) among the reported proton conductive materials.” However, its high
manufacturing cost and low water-holding capability still motivate us to search for suitable
alternative materials.”®'® In this regard, several materials including metal-organic frameworks
(MOFs),”®™ covalent organic frameworks (COFs),8%8! and functionalized zeolites***® have
been employed for proton conductivity studies, but they often showed poor proton conductivity
values due to their hydrophobicity and internal resistances due to the organic backbone.8283
Hence, POMs have been opted as one of the potential proton conductive materials. For the first
time in 1979, Nakamura et al. employed a novel Keggin-POM {H3PM312040-29H,0; M = Mo,
W} as solid electrolyte material in the fuel cell (H2llO2) and it was shown as superior proton
conductor (0.18 S cm) among all POMs, till date.*** Very recently, Lin et al. reported a mixed-
valent Mo24o [MoV150M0Y's0] hollow sphere POM with second highest proton conductivity
value of 0.103 S cm™ (at 80 °C and 98% RH).*> Recently, Liu et al.!'® and Li et al.1*’ have
reported a stable mixed-valent Mo1s2 spherical cluster containing- and reduced vanadium (1V)
containing- POM based-proton conductivity materials, respectively. In general, fully reduced
POVs are relatively more negatively charged compounds compared to their mixed-valent and
oxidized analogues. This feature may result in a high probability of having more number of
protons on the relevant POV cluster surface, thereby bringing them as a potential proton
conductivity materials.**8'° Cronin group has described a thiometalate associated POM based
wheel type material (CH3)2aN]15KssNaz[lsc(MoY20,S,)s (Se'VO3)s(OH)s] - 25H20 with a proton
conductivity value of 1.2x102 S cm? (at 55 °C and 97% RH).}? In 2010, Ohkoshi et al.
reported proton conductivity of 2.6x10° S cm™ based on reduced vanadium compound
(V'"[Cr'"(CN)6]2i3-zH20).1%! Inspite of their potential applicability in this area, vanadium-based
POMs are less explored as solid-state proton conductivity materials compared to the other
POMs. In this context, we are more interested in studying proton conductivity, based on
reduced POVs.2?

Proton conduction 100

Figure 1.9. lllustrating the highly protonated POV turns into the proton conduction material.??2

1.5. Aerial CO2 sequestration
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As it was discussed earlier, the CO concentration is enormously increasing in the environment
due to fossil fuel burning. Besides the developments in sustainable fuel production techniques,
it is essential to sequester the excess amount of pre-existed CO, gas from the atmosphere for
sustainable life on the earth surface. In Nature, photosynthesis is a well-known reaction, that
converts the aerial CO> gas into the useful feedstocks. Across the globe, reserchers have been
continuously working in this direction, and numerous research articles have been published.'?*
128 These mainly include the CO; absorption by porous materials (e.g., MOFs, COFs etc. which
are mostly used as storage materials), electro/photocatalytic CO reduction by various catalysts.
Despite the enormous contribution in this area of CO2 management, its adsorption and
conversion into the useful feedstocks is still growing with very slow pace. Especially, POMs
are less explored in this area. Recently, we have demonstrated the COs% ion encapsulation into
a POV capsule from the absorbed atmospheric CO.1?° The encapsulated CO,as COs? ion can
further be removed by a gas-solid interface reaction. In the gas-solid interface reaction, the
crystals of isolated host-guest compound (POV capsule) were treated with the HCI vapours in
a mild reaction condition and the excluded COs% as CO- gas, without capsule braking, was then
treated with Grignard (PhMgBr) reagent for its organic transformation. In the Grignard reaction,
triphenylmethanol and benzoic acid products were the main products. This work is part of the
working chapter of this thesis and will be discussed in detail in Chapter 5.

Aerial
co, ) Navo,
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0 |

Exclusion & Grignard reaction

Figure 1.10. Depiction of carbonate encapsulation into the POV capsule from absorbed aerial CO,, and its
exclusion by gas-solid interface reaction for organic formation.*®

1.6. The motivation behind the work presented in following chapters

The increasing energy demand along with a growing population, has largely motivated us to
search for high-density energy materials. In this context, presently, most of the energy is being
produced by combustion of all forms of fossil fuels. The rapid burning of fossil fuels is not only
leading to exhaust of the natural resources but also depositing the hazardous by-products (e.g.,
CO») into the environment, which are damaging the eco-system. Producing high-density
sustainable energy sources, like molecular hydrogen using renewable resources is most
important to reach the world energy demand. It is already discussed that among all possible
energy-producing technologies, the electrochemical hydrogen production is the most promising

15
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way at the moment. For the efficient electrochemical hydrogen evolution, we need to develop
an electrocatalyst using bio-compatible materials; this is highly desirable because of its safe
disposal into the environment. In this regard, earth-abundant metal-oxides or POMs are the best
option for sustainable energy production. POMs can be easily isolated through simple and one-
pot wet synthesis.

The present thesis work is mainly divided into three major parts: (1) electrocatalytic hydrogen
evolution, (2) POMs based solid-state proton conductivity, and (3) CO3z? ion encapsulation into
a polyoxovanadate (POV) shell from absorbed atmospheric CO. and its exclusion for value-
added conversion to organic products. The first part of the thesis work, i.e., Chapters 2 and 3,
we have discussed the POMs based electrocatalytic hydrogen evolution at neutral pH condition.
More specifically, in Chapter 2, we have demonstrated that the POM surface grafted W-OH
functional site catalyzes electrocatalytic hydrogen evolution in both neutral and acidic pH
medium. Chapter 3 describes hexa-nuclear and penta-nuclear copper wheel sandwiched barrel-
shaped POMs that exhibit electrocatalytic hydrogen evolution at neutral pH. The second part
of the thesis, i.e., Chapter 4, depicts the POVs based solid-state proton conductivity. And in
the third part of the thesis, i.e., Chapter 5, we have demonstrated that the COs* ion
encapsulation into a POV shell from the absorbed atmospheric CO2 and its exclusion by gas-
solid interface reaction for value-added organic products.
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Grafting a WY'-(OH). functionality on a polyoxometalate (POM) surface makes the

concerned POM compounds,
[{Nas(H20)2}1[{Co II(H20)3}2{WV|(O H)2}{B i'“WVI9033)2}] -14H,0 (POM-
CoW(OH)») and [(WY!(OH)2)2(Mn'"'(H20)3)2(Nas(H20)14(BiWsO33)2]

(Him)2-16H20 (HIm@POM-MnW/(OH),) prominent heterogeneous
electrocatalysts for direct water reduction to molecular hydrogen (2H,0 +2e — H; +
20H) at the neutral pH. We have identified that the WY'-(OH). functionality acts as
the active site for hydrogen evolution reaction (HER) in the cathodic window.
Controlled experiments exclude the chances of formation and participation of metal
particles in this electrocatalytic water reduction. We could demonstrate that the
electrocatalysts (POM-CoW(OH), and HIM@POM-MnW(OH);) are stable
enough towards HER up to 1000 cycles. The concerned (HER) Faradaic efficiencies
for POM-CoW/(OH), and HIm@POM-MnW/(OH). are 79% and 86% at pH 7.0,
and 93 % and 96% at pH 3.0, respectively. The respective turn over frequencies
(TOFs) are 0.318 s* and 0.402 s (at pH 7.0) and 1.154 s and 1.289 s (at pH 3.0).
The W-OH group, grafted on a POM surface, is known for a while; however, the
evidence that this can be a well-defined functionality for water reduction (at the
neutral pH) has never been demonstrated until this work.
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2.1. Introduction

We are still dependent on fossil fuels as far as ‘energy needed on the earth surface’ is concerned.
But the utmost truth is that fossil fuels are getting depleted. Scientists, worldwide, have realized
that hydrogen energy can be considered as the next-generation energy source, because this not
only has huge energy density (146 kJ g1), but also it is a carbon free energy carrier (usage of
fossil fuels adds air pollution, thereby global warming!).}™ Among the three industrial
hydrogen production routes (steam reforming of natural gas, coal gasification and water
electrolysis), the electrochemical water splitting, a carbon zero hydrogen production process,
has been thought to be the best one because it produces hydrogen in a sustainable manner using
the most abundant substance on the earth surface, water as the raw material.’> The overall
electrochemical water splitting consists of the oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) as the most crucial half-reactions.?2

For example, in an acidic aqueous solution, the water oxidation to molecular oxygen (eqn. 1)

Acidic media
Anode: 2H* + Oz + 4e = 2H,0 Eo=+123V  (eqgn. 1)
Cathode: 2H" +2e = H; Eo=0.00 V  (egn.2)

followed by proton reduction to molecular hydrogen (eqn. 2) gives rise to overall water splitting
reactions (egns. 1 and 2). Besides these water splitting reactions (eqns. 1 and 2), there are two
more important half-reactions (eqns. 3 and 4) giving rise to overall water splitting in neutral as
well as in an alkaline medium.

Alkaline media
Anode: O,+2H0+4e = 40H  Eo=+040V  (eqgn. 3)
Cathode: 4H,0 +4e = 2H,+40H  Eo=-0.83V  (egn. 4)

Regardless of the reaction media (acidic or alkaline), in which water splitting occurs, the overall
thermodynamic potential of water splitting is 1.23 V at 25 °C and at 1 atm pressure. The water
splitting reactions demonstrate that equations (2) and (4) are hydrogen evolution reactions
(HERS), occurred at the cathode and reactions (1) and (3) are oxygen evolution reactions
(OERs), taken place at the anode. The bottleneck problem of water oxidation at the anode
(egn.1) is high thermodynamic potential and large Kinetic barrier. The resulting H* can be
converted into molecular hydrogen at the cathode (eqn.2), but in the presence of an expensive
catalyst (e.g., platinum metal). Therefore, a lot of efforts have been made in the development
of noble metal-free electrocatalysts for the hydrogen evolution reaction (HER). Zou and
Zhang® have written recently a landmark review article mentioning several noble-metal-free
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metal electrocatalysts, that work in a heterogeneous manner, e.g., metal sulphides,?° metal
selenides,®*3! metal carbides,®?> metal nitrides,*®**? metal phosphides,*3¢ heteroatom-doped
nanocarbons,*’° etc.121523-5 The reported catalytic studies on HER are mainly performed in
acidic conditions because, in an acidic condition,1%1222%4% jt follows a simple reaction
pathway: 2H* + 2e = Hp, for which the mechanism [the VVolmer step, H* + e — Hags (adsorbed
hydrogen atom on the electrode surface), followed by the Tafel step (2Hais — H2) or the
Heyrovsky step (Hags + H* + € — Hy) or both result in hydrogen evolution] is well established.
On the other hand, the HER mechanism in alkaline or in neutral media (eqn. 4: 2H0 +2e = H;
+ 20H) is still unclear,>°%-°° despite the fact that, in the photoelectrochemical water splitting
technology for hydrogen production,’*° the electrocatalysts for OER (egn. 3: Oz + 2H.0 + 4e
= 40H) work very well in the basic or neutral media.®*®® Thus the development of HER
catalysts, suitable for alkaline as well as neutral solutions (eqn. 4: 2H,0 +2e = H, + 20H) is
vital. Catalysing this reaction, because of its mechanistic ambiguity, has not much been
explored as far as neutral pH is concerned. This half-reaction (eqn. 4: 2H.0 +2e = H, + 20H
) has drawn our immense attention and interest because it represents the direct hydrogen
production from neutral water.®>®”72 |n this direction, we were very keen to develop
polyoxometalate (POM) based catalysts, that can be coupled with direct water reduction half
reaction (eqn. 4). This is because, POMs, not only show enormous applications in diverse areas
including medicinal science, magnetism, photo-/electro-chemical water splitting, etc. but also
are earth-abundant metal-oxides (inexpensive materials) and most of them are able to hold more

number of electrons reversibly, exhibiting rich redox chemistry with structural integrity.1%-
12,22,73-95

We have synthesized and structurally characterized a polyoxometalate (POM)-based compound
[{Nae(Hzo)z}] [{CO”(HzO)g}z{WVI(OH)z}z{Bi“IWVI9033)z}] -14H,0 (POM-COW(OH)z)
having {W"!(OH).} functionality ([POM—{W"!(OH),}.]), which responds to this half-reaction
(egn. 4) and produces H2 molecule electrochemically as shown below (egns. 4,5 and 6) ).

2H,O +2e — Ho + 20H (eqn. 4)

[POM—{WV!(OH)2}2] + 26 — [POM—{WY(OH).}-] (eqn. 5)

[POM—{WY(OH)2}.]+2H20 — Hz(g)+20H +[POM—{W"'(OH)2}.] (eqgn. 6)

We could identify that {W"!(OH).} moiety on the POM cluster surface (POM-CoW(OH),) is
the active site for this electrochemical water reduction. We then dug into the literature of POM
chemistry®-1%4 to learn the availability of any other report of the POM compound that is
associated with {WVY(OH),} moiety. We indeed found out two compounds
[(WVI(OH)z)z(MnlI(HzO)g)z(Na4(H20)14(BiW9033)2](Him)z-16H20 (HIm@POM-
MnW(OH)2) and (Him)2[Bi2W2006s(OH)4C02(H20)sNas(H20)14]-17H.O (BWCN), each
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having two {WV!(OH),} functionality, reported by Zhou-Liu-Yang groups and Zhou-Liu
groups respectively, besides the classic Krebs compound Nai2[(WO2(0OH))2(WO2)2(BiWsO3s3)]
-44H,0 having two W-OH moieties.®®%® HImM@POM-MnW(OH); can act as an antitumor
agent in prevention and treatment of gastric adenocarcinoma.®® And BWCN can inhibit the cell
viability of human cancer cells.’®® We found that, both these compounds having {W"'(OH).}
functionality, as expected, respond to the half-reaction of water reduction (neutral or alkaline
pH, eqn. 4) and generates molecular hydrogen. The main goal of this work is to establish a ‘new
insight’ of polyoxometalate (POM) chemistry that a {W"Y'-OH} functionality on a POM cluster
surface can be an well-defined functional site for water reduction. We have described a detailed
account of electrocatalytic water reduction to molecular hydrogen at the neutral pH value as
well as at an acidic pH (=3), catalyzed by the polyoxometalate (POM) compounds
[{Nag(H20)2}][{Co" (H20)3}{WV(OH),}{Bi'""WV'5033).}]-14H.0 (POM-CoW(OH),) and
[(WVI(OH)z)z(Mn'I(HzO)g)z(Naz;(HzO)u(BinOgg)z](Him)z-16H20 (HIm@POM-
MnW(OH).). Since the cluster (anionic) part of BWCN and that of our compound POM-
CoW(OH), are essentially identical, we have not explored further the electrocatalytic
properties of BWCN in this work.

2.2. Experimental section
2.2.1. Materials and methods

All the experiments were conducted with deionized water under ambient atmospheric
conditions and chemicals used as received of A.R grade without any further purification. The
[Nas(H20)2][{Co(H20)3}2{ W(OH)2}2{BiWO33}2]- 14H.O (POM-CoW(OH)2) was isolated
in a onepot wet synthesis. And the [(W(OH)2)2(Mn(H20)s)2(Nas(H20)14)
(BiWg0O33)2](Him)2-16H20 (HIm = protonated imidazole) (HIm@POM-MnW(OH),),
Nalz[Bi2W22074(OH)2]-44H20 (POM-W(OH)), Nalo[Bi2W20C02070(H20)6]-41H20 (POM-
CoW(Ox).) were prepared according to the literature. %

2.2.1.1. Synthesis of [Nas(H20)2][{Co(H20)3}{W(OH)2}2{BiWyO33}>]-14H,0O (POM-
CoW(OH),)

0.5 mL of 6 M nitric acid (HNO3s) was added dropwise to the aqueous solution of sodium
tungstate (9 mmol (3.0 g) of Na;WO4-2H,0 present in 25 mL of water) and subjected to heat
at 90 °C for 15 min with continuous stirring. Then, the reaction mixture was taken from the hot
plate and allowed to cool to the room temperature and then filtered off to remove the trace of
insoluble material. The cobalt nitrate solution (2 mmol (0.58 g) of Co(NO3).-6H0 dissolved
in a 2 mL of water) was added dropwise to the above colourless reaction mixture at room
temperature under stirring, and immediately it turned to be a purple colour reaction mixture.
Successively, a bismuth nitrate solution (1 mmol (0.48 g) of Bi(NOz)3-5H20 present in 1 mL
of 6 M nitric acid) was added dropwise with vigorous stirring. After that, the pH of the reaction
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mixture was adjusted to 6.82, using a 15% aqueous ammonia solution. Then again, the reaction
mixture was subjected to heat at 90 °C for 1 hour with continuous stirring, while stirring the
Erlenmeyer flask mouth was closed with a watch glass. The reaction mixture was offered a
cobalt blue colour solution along with purple colour slurry. The hot reaction mixture was
filtered off twice. Again, after four hours, the purple colour slurry formed in the filtrate was
removed by filtration and the clear filtrate left for crystallization at room temperature. The block
type pink colour crystals were formed after ten days. The crystals were isolated by washing
twice with a minimal amount of ice-cold water and kept for drying at room temperature. Yield:
1.65 g (61.84 % based on tungsten). Elemental analysis: (%) calc. Bi: 7.12, Co: 2.01, Na: 2.35,
W: 62.63 and H.0: 6.74 and (%) Found. Bi: 7.25, Co: 1.96, Na: 2.17, W: 62.89 and H.0: 6.59
(TGA). FT-IR (4000-400 cm™): 3730, 3314, 1625, 941, 874, 831, 782, 730, 640, 579, 475.

2.2.2. Physical measurements

Single-crystal X-ray diffraction data was collected on Bruker D8 Quest CCD diffractometer
with Mo—Ka (A= 0.71073 A) source. Powder X-ray diffraction (PXRD) data were recorded on
Bruker D8-Advance diffractometer using graphite mono chromated Cu Kal (1.5406 A) and
Ka2 (1.54439 A) radiation. Elemental analyses performed on ICP-OES Varian 720ES. Bruker
Tensor Il equipped with Platinum ATR (Attenuated Total Reflectance) accessory used to collect
IR spectra. Thermogravimetric analyses (TGA) carried out on Perkin Elmer — STA 6000
analyzer. Raman spectra obtained with the help of Wi-Tec alpha 300 AR laser confocal optical
microscope (T-LCM) facility equipped with a Peltier cooled CCD detector using 633 nm Argon
ion laser. Electronic absorption spectra were obtained on the UV-2600 Shimadzu UV—Visible
spectrophotometer at room temperature. Field-Emission Scanning Electron Microscopy (FE-
SEM) was carried out with a Carl Zeiss model Ultra 55 microscope equipped with Oxford
Instruments X-MaxN SDD (50 mm?) system functioned with INCA analysis software. All the
electrochemical studies performed on Zahner Zanium electrochemical workstation operated
with Thales software.

2.2.2.1. X-ray crystallography

A suitable single-crystal of POM-CoW(OH), was selected from the mother liquor and mounted
on glass fibre-tip, using Araldite resin mask, for X-ray diffraction data collection (at 293 K).
The Bruker D8 Quest CCD diffractometer is equipped with a Mo—Ka (L= 0.71073 A) graphite
monochromatic X-ray beam source used to determine the structure of POM-CoW(OH).. A 40
mm crystal-to-detector distance was maintained during the data collection. The ® scans were
recorded with a width of 0.3°. Data reduction was performed by SAINT PLUS,® and empirical
absorption corrections were done using equivalent reflections performed by the SADABS.10¢
Structure solutions were carried out using SHELXT-2015,1%7 and full-matrix least-squares
refinement was completed with SHELXL-2015.1% All the non-hydrogen atoms refined
anisotropically. Only the O: (oxygen) has adopted the disorder of an atomic displacement
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parameter (ADP) due to the ps—oxo coordination mode with the heavy metal ions such as
bismuth and tungsten. Attempts were made successful for the hydrogen atom location on
terminal oxo-groups of the tungsten {-W(OH).} centers through the Fourier electron density
map. The crystallographic details such as structure refinement parameters and bond lengths of
the POM-CoW/(OH)2 was shortlisted in the Table 2.1 and Appendix 2(i). The CSD-2033177
contains the supplementary crystallographic data for POM-CoW(OH)2. The crystal data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

Table 2.1 shows a single crystal data structure refinement parameters for POM-Co{W(OH)}-.

Parameter POM-Co{W(OH)}-
Empirical formula HasBi,C0,NagO92Wago
Formula weight 5858.79

TEK)/ A (A) 293(2) K/0.71073
Crystal system Monaoclinic

Space group C2/m

aA 17.7208(7)

b A 18.7141(7)

cA 14.1533(6)

a(°) 90

B(°) 112.74

() 90

Volume (A3) 4328(3)

z 2

P calcd (Mg m™3) 4.438

« (mm™), F(000) 30.712, 4978
Goodness-of-fit on F? 1.242

Ri/wWR: [I > 26(1)] 0.0461/0.0995
R1/wWR; (all data) 0.0472/0.1000

Largest diff. peak/hole (e A~3) 3.391/-3.421

2.2.2.2. Electrochemical methods

All the electrochemical experiments were performed using a home-made three-electrode
electrochemical cell employing the POM-CoW(OH),;, HImM@POM-MnW(OH), modified
glassy carbon as working (WE), a home-made Ag/AgCl (3M) as a reference (RE), and Pt wire
as counter (CE) electrodes. The preparation of POM-CoW(OH),, HIm@POM-MnW(OH):
modified electrode carried out as 4 mg of sample and 1 mg of acetylene carbon black was taken
into a 1 mL of the ethanol-water mixture (3:2 ratio). And a 20 uL of 5 wt% aqueous Nafion
binder was added and subjected to the ultra-sonication at room temperature for 30 min to make
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it as a homogenous suspension. 10 pL of this homogeneous ink was coated on the glassy carbon
working electrode (GCWE) having a 3 mm diameter (0.0706 cm? geometrical area), resulting
in the ~40 g of the sample on the working electrode. Separately, the diluted Nafion solution
was prepared by adding the 40 pL (5 wt %) Nafion solution into a 60 L of ethanol (in the ratio
of 4:6 Nafion-ethanol mixture) and a drop of it was coated over the sample loaded electrode.
The same amount of sample loading was maintained for all the electrochemical experiments
unless otherwise notified. The drop-cast sample was dried under the IR-lamp (temp~70 °C),
and before using it, the sample coated electrode left at room temperature (for 5 min) to get the
ambient atmosphere condition. All the electrochemical experiments were run under the nitrogen
atmosphere. The experimentally observed potentials were converted into the NHE (Normal
Hydrogen Electrode) scale following the relation Enney = Eagiageny + 0.204 'V, when the
Ag/AgCl electrode was used as a standard reference electrode. The cyclic voltammogram (CV)
scan was initiated at the open circuit potential (OCP) and first scanned to the cathodic side. All
the electrochemical studies were performed in a 0.1 M potassium phosphate buffer (KPi) of
neutral pH as well as in acidic pH 3 (acidic electrolyte was prepared by adjusting the pH 7 of
0.1 M KPi using 0.1 M H3POs solution) used as a supporting electrolyte. The Fluorinated Tin
Oxide (FTO) and a large surface area Pt net were used as working and counter electrodes in
chronoamperometry/chronopotentiometry bulk electrolysis. The preparation of the FTO
working electrode for bulk electrolysis was carried out as 1 mg/cm? area catalyst loading.
Possible in-situ generated species or catalyst degraded metal (M) particles were prepared
following the reported procedure (but here we were carried out in our interested cathodic
window instead of the anodic window).®? The generation of metal particles on the working
electrode was done in a three-electrode cell (using 1 mM solution of respective metal salt
present in 0.1 M potassium phosphate buffer (neutral pH) and the FTO was the working
electrode (WE). After the deposition of metal particles on the FTO-WE (M-FTO) at a cathodic
potential -1.1 V (vs NHE) for 30 min. The electrode was washed thoroughly with flowing water
and dried under IR-lamp before performing the following experiments such as cyclic
voltammogram and FE-SEM analysis. The bulk electrolysis of water reduction reaction was
carried out to understand the changes in electrolyte pH during the electrolysis. For this, we have
employed a neutral pH (0.1 M) KCl solution used as the supporting electrolyte instead of neutral
pH (0.1 M) phosphate buffer, to eliminate the buffer action on bulk electrolysis. The
electrochemical impedance spectroscopy was done under similar experimental conditions, as
mentioned above for CV experiments. The Nyquist plots of impedance spectra were obtained
by the employment of 1 Hz to 1 MHz frequency using -0.062 V of sinusoidal potential in both
the mediums. And the internal cell resistance was manually calibrated. The Tafel data was
collected in a galvanostatic mode under steady-state mass flow by stirring the electrolyte
solution at 480 rpm throughout the experiment. Differential Pulsed VVoltammogram (DPV) for
POM-CoW(OH)2, and HIm@POM-MnW(OH). was performed in neutral pH (0.1 M) KPi
solution, 15 mV pulse for 10 ms time and 10 mV step height for 100 ms step width used. The
integration time was 10 ms.
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2.3. Results and Discussion
2.3.1. Detailed discussion on synthesis

The cobalt incorporated anti-Lipscomb (Krebs type) compound
[{Nas(H20)2}1[{Co" (H20)3}{ WY (OH)2}{Bi""W"'4033),}]- 14H,0 (POM-CoW(OH),) has
been obtained in a one-pot aqueous wet synthesis involving Na;WO4-2H>0, Bi(NO3)3-5H-0,
HNO3z and Co(NOs3),2-6H20 (at 90 °C for 1 h; pH= 6.82, adjusted with 15% aqueous ammonia
solution). The heterpolytungstate, POM-CoW(OH). is isolated as water-insoluble pink
coloured crystals. The molecular formula of POM-CoW(OH): is derived from the single-
crystal X-ray structure analysis, elemental as well as thermogravimetric analyses and
formulated as [{Nag(H20)2}[{Co"(H20)3}AWY(OH)2}{Bi'""WV"'4033),}]-14H,0. The
manganese  analogue, compound  [(WY'(OH)2)2(Mn"(H20)3)2(Nas(H20)14(BiWsOs3)]
(Him)2:16H20 (HImM@POM- MnW(OH)>) has been synthesized according to a similar but
reported procedure.®® These two compounds have a common anionic component except the fact
that Co(Il) and Mn(Il) ions are present in compounds POM-CoW(OH). and HIm@POM-
MnW(OH),, respectively. The discussion of this common cluster anion,
[{M"(H20)3}{WV(OH)2}2{Bi"W"'5033),}]*> (M" = Co and Mn) in compounds POM-
CoW(OH)2 and HIm@POM-MnW(OH)>, can not appropriately be justified, unless, we talk
about following two systems of heteropolyanions:  [Bi?W22074(OH)2]** and
[X2W20M2070(H20)s] 442" (X = Sb3*, Bi®*; M™ = Fe3*, Co?*, Zn?*), reported by Krebs and co-
workers.®®% In both of these systems, two {#-XWoyOs33}° tri-lacunary Keggin units are
connected by two {WO,}?* groups resulting in the hypothetical species, [X2W20070]*4~. When
this bis-decatungsto ion is capped by two facial {WO2(OH)}" units, it results in the formation
of [(WOz(OH))z(WOz)z(BiW9033)2]127 = [Bi2W22074(OH)2]127, isolated as Nai2[(WO2(OH)):
(WO2)2(BiWg033)2]-44H,0. And when the hypothetical anion [X2W20070]** adds two
M"(H20)s groups (M™ = Fe3*, Co?*, Zn?"), transition-metal-substituted heteropolyanion
clusters [X2W20M2070(H20)s] 42"~ arise. The heteropolyanion cluster, in the present work,
[{M"(H20)3}{WV!(OH)2}{Bi"WV'3033),}]° is neither of these two systems, but can be
argued as a hybrid one of these two systems, as described below. In the present study, two
identical tri-lacunary bowls, {BiWyO33}° are joined together by two units of {WVY'(OH),}**
moieties resulting in a hypothetical entity of bis-dodecatungstate, [{W(OH)2}2(BiWsO33)2]**".
This is further coordinated to two units of {M'"(H.0)3}** (M = Co, Mn) to result in M'-
incorporated heteropoly cluster anion [{M"(H20)3}2{W(OH)2}2(BiWs033)2]* (M = Co, Mn) of
the title compounds, POM-CoW(OH), and HImM@POM-MnW(OH).. Thus, the present
heteropoly tungstate anion, [{M"(H20)3}2{W(OH)2}2(BiWs033)2]® (M = Co, Mn), having two
WV!(OH), moieties (instead two WY'(OH) moieties, found in the system [Bi2W22074(OH)2]*%)
and two {M"(H.0)s} entities, found in [BizW20M2070(H20)6] 42"~ (M™ = Fe®*, Co?*, Zn?*),
can be described as a kind of mixed-system of [Bi2W207:(OH)2]*> and
[Bi2W20M2070(H20)6]42"-,%6.98 The presence of ~-WV'(OH) group in [Bi2W22074(OH),]*? and
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~WVI(OH), functionality in [{M"(H20)3}{W(OH).}2(BiWs033),]® (M = Co, Mn) can be
understood from the synthetic point of view: the relevant former compound
Nai2[(WO2(OH))2(WO2)2(BiWs033)2]-44H20 was isolated from an aqueous synthesis, where
acetate buffer was used (pH cannot me more than 5.0); on the other hand, in case of compounds
POM-CoW(OH)2 and HIm@POM-MnW/(OH). containing the common heteropolytungstate
anion [{M"(H20)3}{W(OH)2}2(BiWsO33)2]%, the pH of the aqueous synthesis mixture was
maintained to 6.8 (almost the neutral pH). There are a number of POM compounds, that have
bridging hydroxyl (OH) groups;1%!1° but there are only a few POM compounds having terminal
M-OH, as found in the compound Nai2[(WO2(OH)). (WO2)2(BiWsOss)2]-44H,0.%% And
there are only two reported structurally characterized POM  compounds,
[(WVY(OH)2)2(Mn""(H20)3)2(Nas(H20)14(BiWyO33)2](Him)2- 16H20 (HIm@POM-
MnW(OH),)* and (Him)2[BizW20066(OH)4C02(H20)sNas(H20)14]-17H20 (BWCN), % to our
knowledge, that has two terminal hydroxyl (OH) groups, i.e., “-W(OH). moiety. Compound
[{Nag(H20)2}][{Co" (H20)3}{WV!(OH),}{ Bi""WV"'5033).}] - 14H.0 POM-CoW(OH),) is the
third example of structurally characterized POM compound (present work) having —W(OH).
functionality. This article has been coined to establish the importance of {W"!(OH).} moiety
on the POM cluster surface, that can act as the catalyst for direct water reduction to molecular
hydrogen.

2.3.2. Physical characterizations

2.3.2.1. Single-crystal X-ray crystallographic analysis

Figure 2.1. Single-crystal X-ray structure: (a and b) polyhedral and ball-stick representation, respectively, of the
molecular structure of the POM-CoW(OH)z; (c) magnified view of “WVY(OH), core of POM-CoW(OH)2 (W,
blue; O, red; H, blue).

Single-crystal X-ray diffraction (SCXRD) analysis reveals that the POM-CoW(OH),
crystallizes in a monoclinic C2/m space group, but the compound HIm@POM-MnW(OH):
crystallized in triclinic P-1 space group.®® The presence of protonated imidazole molecule in
the crystal structure of HIm@POM-MnW(OH), probably, makes this difference. The six
negative charges of the common heteropoly tungstate anion,
[{M"(H20)3}{W(OH).}2(BiWs033).]°, is counter-balanced by six sodium cations in the case
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of POM-CoW/(OH),, whereas, in the case of HIm@POM-MnW(OH)y, it is counter-balanced
by four sodium cations and two imidazolium cations.*®

The molecular  structure  of  the  cobalt incorporated cluster  anion
[{Co(H20)3}2{W(OH)2}2(BiWs033)2]% in the crystal structure of POM-CoW(OH): is shown
in Figure 2.1(a and b). The Bi-O and O-W bond distances in Bi-O—W and W-O-W fragments
within this POM cluster unit fall in the range of 2.1 to 2.2 A, that are consistent with those of
reported analogues.®®1% The complete details of bond distances and bond angles are given in
the crystallographic Table 2.1 and Appendix 2(i). It is important to note that, two units of the
tungsten {W"'(OH).} centers, that are symmetrically related and present at the sandwiched
position, are geometrically/environmentally different from the other framework tungsten
centers as shown in Figures 2.1(b and c). In each of the {W"'(OH).} moieties, the tungsten(V1)
center is coordinated two hydroxyl groups, that are, in turn, symmetrically related. Thus, there
are four WY'-OH groups with an identical W—OH bond distance of 1.839 A. This WY'-OH
functionality plays the title role of this work. The average bond distance of the terminal W=0
is 1.71 A (in the range of 1.70 to 1.72 A); thus the WY'-OH bond distance in the {W"'(OH).}
moieties is 0.129 A longer than that of terminal WY'=0 groups. This W-OH bond distance of
1.839 A is consistent with W—OH bond distance of HImM@POM-MnW(OH),%*® BWCN® and
Nai12[(WO2(OH))2(WO2)2(BiWgO33)2] -44H20.%6% The ‘H’ atom of this WY'-OH functionality
is located from differential furrier map during the pertinent structure refinement method. We
also performed bond valence sum (BVS) calculations of this hydroxyl oxygen (—OH) in all
these systems (Appendix 2(ii)). The bond valence sum values of the hydroxyl oxygen (—OH)
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Figure 2.2. Single-crystal X-ray structure of POM-CoW/(OH)2: POM-CoW/(OH): clusters are interconnected
through POM-{Na(H:0)}-POM linkage and formed as a 2D network.
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atoms in POM-CoW(OH),, BWCN and HIm@POM-MnW(OH), respectively are
1.29,1.26, 1.30. This ensures the monoprotonation on this oxygen. There are sixteen lattice
water molecules per formula unit of POM-CoW/(OH)2; out of these sixteen water molecules,
two water molecules are coordinated to two sodium cations out of six sodium cations per
formula unit. A two-dimensional coordination polymer is observed in the crystal structure of
POM-CoW(OH),, formation of which involves the coordinations of bridging type oxygen
atoms of the cluster anion and cobalt-coordinated water oxygen atoms toward the sodium cation
(Figure 2.2). On the other hand, a chain-like coordination polymer was reported to be formed
in the crystal structure of HIm@POM-MnW(OH): involving terminal oxygen atoms of the
cluster anion and water coordinated sodium cation.’® The strong coordinate covalent
interactions between bridging and terminal oxygen atoms of the POM cluster anion and sodium
cation result in the formation of a two-dimensional coordination polymer, thereby making the
compound POM-CoW(OH). a water insoluble material (thereby a heterogeneous HER
catayst).

2.3.2.2. FT-IR spectra

(a) — POM-CoW(OH), —rom-cowon, (b)
— POM-MnW(OH), —— POM-MnW(OH),
E)
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Figure 2.3. FT-IR spectra: (a) FT-IR spectra of the POM-CoW(OH)2 and HIm@POM-MnW(OH)z; (b)
magnified view of FTIR spectra.

The IR spectra of POM-CoW(OH), and HIm@POM-MnW(OH)., as expected, have shown
POM characteristic IR peaks in the region of 950 to 450 cm™ for W=0, W-O-W, and Bi-O—
W stretching and bending vibrations for POM-CoW/(OH)2 and for HIm@POM-MnW(OH).
(Figure 2.3(a and b)). The distinctive small IR features, visible in the region of 1400 and 1100
cm? in the IR spectrum of HIM@POM-MnW(OH); but not visible in the IR spectrum of
POM-CoW(OH),, are due to the presence of imidazolinium cation in HImM@POM-
MnW(OH).. The strong IR bands at 1625 cm™ for both compounds are assigned to the lattice
water molecules’ bending mode. The broad band around 3300 cm™ in both implies the O-H
stretching of lattice water. However, in HIm@POM-MnW(OH). two weak bands at 2995 and
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2850 cm™ have resembled the N-H, C—H vibrations of the imidazole. The presence of W(OH):
functionality in these two compounds can also be supported by the appearance of weak feature
at around 3730 cm? in the IR spectra of POM-CoW(OH),; and HIm@POM-MnW(OH):
(Figure 2.3(b)) — transition metal-hydroxyl (M—OH) group is known to appear in this region
of IR spectrum, 1112

(a) —— POM-CoW(0,),

POM-W(OH),
——POM-CoW(OH),
—— Hlm@POM-MnW(OH),

()

POM-W(OH)
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Figure 2.4. FT-IR spectra: (a) comparative FT-IR spectra of POM-CoW(OH)2, HIm@POM-MnW/(OH).,
POM-W(OH), and POM-CoW(Oy)2; (b) an enlarged view FT-IR spectra for all the compounds.

In order to validate the appearance of this weak feature at around 3730 cm in the IR spectra
due to the presence of W-OH group, we synthesized two more known compounds, (i)
Nai2[(WO2(OH))2(WO2)2(BiWyOss)2]-44H,0 (POM-W(OH)) having two W-OH groups and
(i)) Na1o[Bi2W20C02070(H20)6]-41H20 (POM-CoW(Oy)2), similar sandwich compound but
without W-OH group and performed their IR spectral studies. As expected, compound
Na12[(WO2(OH))2(WO2)2(BiWgO3s)2]-44H,0 shows the weak IR band around 3730 cm in its
IR spectrum and compound Naio[Bi2W20C02070(H20)e]-41H20 does not show any IR peak
around 3730 cm™ (Figure 2.4(a and b)).

2.3.2.3. Raman spectra

The Raman spectra of POM-CoW/(OH)2 and HIm@POM-MnW/(OH). showing a strong peak
in the region of 883-950 cm™ for terminal W=0 bonds are given in Figure 2.5. These Raman
spectra are compared with those of two related sandwich compounds,
Na12[(WOz(OH))z(WOz)z(BinOgg)z]-44H20 POM-W(OH) and Nalo[Bi2W20C02070(H20)6]
-41H,0 POM-CoW/(Ox).. The weak bands in the region of 880-280 cm™ represent to the
Raman active modes of POM framework (u2—O/us—O oxo-groups). In the case of HIm@POM-
MnW(OH),, two weak bands at 1212 and 1430 cm™ are assigned to the Raman active modes
of imidazole. At the same time, no response is present in the remaining compounds. Other than
these two-week bands, all the compounds have consistent Raman spectral profiles.
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Figure 2.5. Raman spectra of POM-CoW(OH);, HImM@POM-MnW(OH)., POM-W(OH), and POM-
CoW(Or)2 compounds.

2.3.2.4. Electronic spectra
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Figure 2.6. Electronic spectra of POM-CoW(OH)2, HIm@POM-MnW(OH)2, POM-W(OH), and POM-
CoW(Ox)2 compounds.

The presence of 3d metal ions, such as, Co?*, Mn?* in the POM-CoW(OH); and HImM@POM-
MnW/(OH),, respectively can be realized from the d-d electronic transitions of cobalt and
manganese, respectively. The d—d electronic transitions are in the region of 800 to 540 nm for
the POM-CoW(OH); and HImM@POM-MnW(OH). confirm the incorporation of 3d metal
ion (Co?* and Mn?*) in the respective systems. The diffuse reflectance (electronic) spectra of
these two compounds are also compared with those of related two sandwich compounds, as
mentioned above for the IR and Raman spectra. As expected, the compound
Na12[(WO2(0OH))2(WO2)2(BiWs033)2]-44H20 does now show any feature for d—d transition and
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the compound Na1o[Bi2W20C02070(H20)e]-41H.0 shows the similar feature in its solid state
electronic spectrum as shown by that of POM-CoW(OH). (Figure 2.6).

2.3.2.5. Thermogravimetric analysis

100 s - ,
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Figure 2.7. Thermogravimetric analysis plots of POM-CoW(OH)2, HIm@POM-MnW/(OH)2, POM-W/(OH),
and POM-CoW(Ot)2 compounds.

Thermal stability of POM-CoW(OH), and HIM@POM-MnW(OH), along with
Nai2[(WO2(0OH))2(WO2)2(BiWg033)2]-44H.0 and Naio[Bi2W20C02070(H20)6]-41H.0  was
carried out from their as-synthesized samples under the He gas atmosphere (Figure 2.7).
Compounds POM-CoW(OH), and Naio[Bi2W20C02070(H20)6]-41H20 POM-CoW(Ox)2
show similar weight-loss trend in their TGA plots. Compound Nai2[(WO2(OH)),
(WO2)2(BiWg033)2]-44H,0 shows steep weight loss in comparison to other three. The gradual
weight loss in these cases from the initial temperature to 300 °C indicates the loss of lattice
water molecules followed by the loss of coordinated water molecules. But in the case of
compound HImM@POM-MnW/(OH),, the additional weight loss of 3.01% in the region of 500
to 630 °C ensures the degradation of the imidazole ring, which is consistent with relevant
literature.® The presence of the high percentage of residual mass (%) indicates the formation
of metal-oxide contents.

2.3.2.6. Powder X-ray diffraction analysis

Powder X-ray diffraction (PXRD) profiles of POM-CoW(OH),;, HIm@POM-MnW(OH),
POM-W(OH), and POM-CoW(Oxy). were recorded using respective bulk materials. The
experimentally obtained profiles are consistent with simulated patterns, obtained from the
crystallographic information file (CIF), hence confirms the bulk purity and homogeneity of the
material (Figure 2.8).
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Figure 2.8. (a-d) Powder X-ray diffraction patterns of POM-CoW(OH)2, HIm@POM-MnW(OH)., POM-
W(OH), and POM-CoW(Ot)2 compounds.

2.3.3. Electrochemistry

2.3.3.1. Cyclic voltammograms
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Figure 2.9. Cyclic voltammogram profiles at neutral pH: (a) cyclic voltammogram of the POM-CoW/(OH)2 and
its differential pulse voltammogram response shown as an inset; (b) cyclic voltammogram of the HImM@POM-
MnW/(OH): and its differential pulse voltammogram response shown as an inset. CVs were collected with a scan
rate of 100 mVs.
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The cyclic voltammograms (CVs) of both the compounds of POM-CoW(OH). and
HIm@POM-MnW(OH): have been recorded at neutral pH, under nitrogen atmosphere. As
shown in Figure 2.9(a), there is a small feature on reduction wave at around —0.52 V followed
by a broad quasi-reversible redox couple at E1> =—0.655 V (vs. NHE; Epc = —0.68 V and Epa =
—0.63 V) for POM-CoW(OH): at the neutral pH. Right after this broad cathodic response at
around —0.68 V, there is a prominent surge in the current at —0.766 V (vs. NHE) indicating
electrocatalytic water reduction reaction (WRR), catalyzed by POM-CoW(OH). (blank
experiment: the bare glassy carbon electrode, coated with the acetylene-Nafion mixture in the
absence of catalyst, was recorded and no considerable response is found as shown in Figure
2.9(a)). The reduction at —0.52 V (vs. NHE) can be assigned to the reduction of {W"'(OH).}
moiety to {W"(OH),} of the POM cluster as shown in equation 5: [POM—{W"!/(OH),}.] + 2e
— [POM—{W"(OH)2}.]*". The reduced species having {W"(OH).} moieties reduce water to
molecular hydrogen according to the equation 6 and this is why we do not see any
electrochemical oxidative

[POM—{WY(OH)2}:]* +2H.0 — Hz(g)+20H +[POM—{W"'(OH).}.] (eqn. 6)

response (Figure 2.9(a)), corresponding to the reduction of [POM—{W"!(OH).}] (eqn 5). The
broad-like quasi-reversible reductive feature with Ei» = —0.655 V can be attributed to the
reduction of the deprotonated form of [POM—{W"'(OH);},] assuming that there is an
equilibrium between deprotonated and protonated forms of POM-CoW(OH); at the neutral pH
as shown in equation 7.

[POM—{WV!(OH).}.] = [POM{W"!(0)2}.]* + 2H*  (eqn.7)
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Figure 2.10. Cyclic voltammograms of POM-CoW(OH)z, POM-W(OH), and POM-CoW/(Ox)2 were recorded
at neutral pH (0.1 M potassium phosphate used as a supporting electrolyte) at a scan rate of 100 mV s. The CV
of POM-W/(OH) was collected in a homogeneous manner using a 1 mmol of compound POM-W(OH) in the 0.1
M potassium phosphate at neutral pH.
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This equilibrium is supported by the fact that an aqueous suspension of compound POM-
CoW(OH)2 shows the pH value of 5 (thus the compound behaves like an inorganic acid) and
the quasi-reversible response, observed at neutral pH, disappears when the CV experiment is
performed at an acidic pH (vide infra). Thus the quasi-reversible response in the CV of POM-
CoW(OH), centered at = —0.655 V (vs. NHE), is assigned to {WV(0")2}/ {W"(0O").} couple
by comparing the relevant response with that of Nai2[(WO2(OH))2(WO2)2(BiWsO33).]-44H.0
and Naio[Bi2W20C02070(H20)s]-41H20 (Figure 2.10). It is logical to accept that, this couple
(deprotonated form) appears at a more negative potential (—0.655 V) than the reduction potential
(-0.52 V) of the protonated form [POM—{W"!(OH).}], because it would be easy to reduce
{WVYI(OH).} moieties compared to {W"'(O"),} moieties. But only the protonated form, [POM-
{WVY!(OH).}-] (not the deprotonated form) responses to the half reaction (eqn 4), HER, occurred
at the cathode at neutral pH, despite the fact, it has lower negative potential (—0.52 V) than that
(-0.655 V) of deprotonated form. Surprisingly, the manganese analogue HIM@POM-
MnW(OH). does not show the reductive response for the deprotonated species at the neutral
PH (Figure 2.9(b)), though its anionic component is identical to that of POM-CoW(OH)>
[both have two peripheral {W"(OH).} groups, but the former has Mn(I1) and the latter contains
Co(1D)]. In other words, HIm@POM-MnW/(OH). does not behave like an inorganic acid in
contrast to its cobalt analogue. The weak broad reductive responses at around —0.52 V in cyclic
voltammograms of both compounds, when subjected to DPV experiments, split into two
consecutive reductions c1 and c2 corresponding to two {WY(OH).} groups of the same POM
cluster (Figure 2.9(a and b), inset); The consecutive reductions at c¢3 and c4 after DPV
experiments, shown in inset of Figure 2.9(a) correspond to two deprotonated {W"!(O"). groups
(see egn. 7). As expected, because of the presence of protonation-deprotonation equilibrium for
the compound POM-CoW/(OH)., the HER Faradaic efficiency for POM-CoW/(OH)2 (79%) is
less than that (86%) of HImM@POM-MnW(OH); at pH 7.0.
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Figure 2.11. Cyclic voltammograms for both catalysts (POM-CoW(OH)2 and HIm@POM-MnW(OH)2): (a)
cyclic voltammogram response of POM-CoW/(OH): at acidic pH 3; (b) cyclic voltammogram Him@POM-
MnW(OH): at pH 3 (CVs were recorded with a scan rate of 100 mVs?).
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Thus, if, at the neutral pH, the compound POM-CoW(OH)2 has an equilibrium between its
protonated and deprotonated forms (eqn. 7), at a lower pH, its protonated form would dominate
and we would not observe the redox response/couple for the deprotonated form. Indeed, the CV
of POM-CoW(OH); at pH 3 does not show any redox response/couple other than HER current
surge. Moreover, the reduction of {W"!(OH),} moiety to {W"(OH).} of the POM cluster of
compound POM-CoW(OH)., observed at —0.52 V (vs NHE) as a weak shoulder response at
the neutral pH, is not observed at pH 3. This is not visible clearly at pH 3 due to the large HER
onset current as shown in Figure 2.11(a). It is consistent with the fact that the HER turn over
frequency (TOF) at the neutral pH is 0.318 s and that at pH 3 is 1.154 s for compound POM-
CoW(OH)2. On the other hand, compound HIM@POM-MnW(OH),, which does not
deprotonate at the neutral pH, shows a weak but new response at around —0.40 V (vs. NHE) at
pH 3 (Figure 2.11(b)). This can be assigned to the reduction of protonated imidazole, present
as the cation in compound HIM@POM-MnW(OH)..131# The CVs of both compounds,
POM-CoW(OH)2 and HIm@POM-MnW(OH):at pH 3 exhibit two weak oxidative responses
at around 0.15 V (vs. NHE) which could be due to the redox reaction of surface oxygen
containing groups, hydrogquinone/quinine, inherently formed by oxidation at the edge sites of
the glassy carbon working electrode surface.'®
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Figure 2.12. Linear sweep voltammograms for both catalysts (POM-CoW(OH)2 and Him@POM-MnW(OH)2):
(a) linear sweep voltammogram profiles for both catalysts at neutral pH; (b) linear sweep voltammogram profiles
for both catalysts at acidic pH 3. (LSVs were collected with a sweep rate of 50 mVs™?).

The linear sweep voltammograms (LSVs) were recorded to investigate the HER activity of
POM-CoW(OH)2 and HIm@POM-MnW/(OH): at neutral pH (Figure 2.12(a)) as well as in
pH 3 (Figure 2.12(b)) with sweep rate of 50 mVs™. The linear sweep voltammetry studies have
shown that compound HImM@POM-MnW)(OH): exhibits dominant HER activity in terms of
less catalytic onset potential with more current density compared to that shown by POM-
CoW/(OH): at identical experimental conditions. The better HER activity for HIm@POM-
MnW/(OH)> compared to that of POM-CoW(OH). can be understood by the presence of
H-bonding network of protonated imidazole (HIm) in the crystal structure of HIm@POM-
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MnW(OH). over its analogous system, the only additional structural deference found among
two systems by SCXRD analysis. The protonated/cationic imidazole is supposed to be good
charge carrier, which can thus lower the charge-transfer resistance (Rct) in HIm@POM-
MnW(OH)., thereby facilitate the electron transfer during its HER activity. This is supported
by the electrochemical impedance spectroscopy (EIS) of HImM@POM-MnW/(OH), (vide-
infra). Thus, the catalyst HIm@POM-MnW(OH); has leading HER performance over POM-
CoW/(OH)2 (at both pH).

2.3.3.2. WY'_OH Functionality on POM surface for electrocatalytic HER: controlled
experiments

It has been known that transition metal-hydroxyl groups (e.g., M"™-OH) are
chemically/electrochemically more reactive than the other forms of metal-oxo groups,®>8%72
because metal-hydroxyl groups are Brgnsted acid in nature. There are reports of M™—OH group
containing compounds exhibiting hydrogen evolution reaction (HER), but without much
emphasis on metal-hydroxyl group that is responsible for HER (a structure—function
relationship). The reports, that enlighten on structure-function relation for HER, based on
M™—OH group(s) on a polyoxometalate (POM) cluster surface, are not much known. The main
theme of this article is to demonstrate electrochemical water reduction mediated by WV'-OH
group of a polyoxometalate. For this, we have chosen the title compounds
[{Nag(H20)2}][{Co" (H20)3}{WV(OH).}{Bi'""WV'5033).}]-14H.0 (POM-CoW(OH),) and
[(WY(OH)2)2(Mn""(H20)3)2(Nas(H20)14(BiWsO33)2] (Him)2- 16H.0 (HIm@POM-
MnW/(OH).), each having two symmetrical ~-W"'(OH), functionalities. In order to make this
demonstration convincing, we have included two more known structurally relevant compounds,
Nai2[(WO2(OH))2(WO2)2(BiWyOss)2]-44H,0 (POM-W(OH)) having two W-OH groups and
Naio[Bi2W20C02070(H20)6]-41H.0 (POM-CoW(Oy)2), which does not contain any W-OH
group. We then performed a series of controlled experiments to reach a conclusion that W-OH
functionality on POM surface is responsible for HER. The CV of POM-CoW(Ox)2 was
performed in a heterogeneous manner (as done for POM-CoW(OH), and HIm@POM-
MnW/(OH)2), whereas the CV of POM-W(OH) was recorded from its homogeneous solution
(using 1 mmol of POM-W(OH) in 0.1 M neutral pH potassium phosphate buffer), since it is
soluble in water.

As shown in Figure 2.13(a and b), the reductive scans of POM-W(OH), POM-
CoW(OH)2 and HIm@POM-MnW/(OH)2 show the electrocatalytic water reduction but the
reductive scan of compound POM-CoW/(Ox). does not show any such current surge. This result
offers manifold information: (i) —-W(OH) functionality containing compounds gives
electrocatalytic water reduction, (ii) there is no role of first series transition metal ion, for
example, Co(Il) and Mn(ll) coordination in compounds POM-CoW(OH), and HIm@POM-
MnW(OH). respectively, on this electrocatalytic water reduction, because compound POM-
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Figure 2.13. (a) Cyclic voltammograms for POM-CoW(OH)., HIm@POM-MnW(OH)2, POM-W(OH),
POM-CoW(Ox)2, W-FTO, Co-FTO, and Mn-FTO, that were recorded at neutral pH with a scan rate of 100
mVs?; (b) linear sweep voltammograms of POM-CoW(OH)z, HImM@POM-MnW(OH)z, POM-W(OH)z,
POM-CoW(Ox)2, and GCE blank, recorded at the neutral pH using a sweep rate of 50 mVs?; (c)
chronoamperometry electrolysis responses of POM-CoW(OH).-, HImM@POM-MnW(OH).- modified GC
electrodes at -1 V (vs NHE) for 10 hours at neutral pH as well as in acidic pH 3; (d and e) 1000 cycles CVs of
POM-CoW(OH).- and HIm@POM-MnW(OH).- modified GC electrodes at neutral pH (scan rate of 100 mVs’
D; (fand g) 1000 cycles CVs of POM-CoW(OH).- and HIm@POM-MnW/(OH).- modified GC electrodes at
pH 3 (scan rate of 100 mVs™?); (h and i) the comparison of Raman spectra of POM-CoW/(OH)2- and HIm@POM-
MnW!(OH).- modified electrodes after chronoamperometry experiments (at neutral pH and acidic pH 3) with their
Raman profiles of partent POM-CoW/(OH)2 and HIm@POM-MnW(OH)z.

W/(OH) does not contain such first transition series metal ions but contains ~-W(OH) groups
and (iii) structurally similar compound POM-CoW/(Oy). having —W=0 group instead of —
W(OH) groups does not show electrocatalytic water reduction. It is noteworthy to mention that,
the compound POM-CoW/(Oy)2 having —W=0 group in place of ~-W(OH) group show similar
CV feature, as shown by the compounds POM-CoW(OH)2 and HIm@POM-MnW(OH)., but
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without a current surge (electrocatalytic hydrogen evolution). This indirectly supports that —
W(OH) functionality is responsible for electrocatalytic water reduction. The onset potentials
for the electrocatalytic water reduction reactions (WRRs), catalyzed by POM-W(OH), POM-
CoW(OH)2 and HIm@POM-MnW(OH)., respectively are —0.919, —0.766 and —0.600 V (vs.
NHE), meaning thereby that efficiencies of the catalysts in electrcatalytic WRR are in the order
of HIM@POM-MnW(OH), > POM-CoW(OH), > POM-W(OH). The fact that the
compound POM-W(OH) is less efficient than HImM@POM-MnW(OH), and POM-
CoW(OH)2 in terms of electrocatalytic WRR, is not surprising because the compound POM-
W(OH) contains two —W(OH) functional groups, whereas the compounds HImM@POM-
MnW(OH), and POM-CoW(OH),, each have two —~W(OH), groups (i.e., there are four
hydroxyl groups in the latter two compounds in comparison to two hydroxyl groups present in
former compound). Now, why is HImM@POM-MnW(OH). more efficient than POM-
CoW(OH)2, even though both have identical numbers of ~-W(OH). functionalities? This can
be understood by the presence of protonated imidazole cations in compound HImM@POM-
MnW(OH). that might contribute to the WRR activity by acting as charge transfer carriers.
The less charge transfer resistivity of HIm@POM-MnW(OH): is supported by the EIS studies
(vide infra).

We also examined the chances of formation and participation of the pre-catalyst that can be
formed by the degradation of molecular catalyst under electrochemical operational (reducing)
condition. We electrochemically generated the metal nanoparticles of tungsten, cobalt and
manganese by reducing aqueous solutions of sodium tungstate, cobalt nitrate and manganese
nitrate in the cathodic window in the operational conditions of our interest. The cyclic
voltammograms (CVs) of electrochemically generated (a) W—FTO, (b) Co—FTO and (c) Mn-
FTO were performed at neutral pH and relevant CV plots are shown in Figure 2.13(a). These
modified—FTO electrodes neither show CVs that are comparable to those of POM-W(OH),
POM-CoW(OH)zand HIm@POM-MnW(OH)2 nor show any electrocatalytic HER (not any
sudden current surge). All these experiments support that WY'(OH). active sites (not any
degrated products) of POM-CoW(OH), and HIm@POM-MnW(OH). are responsible for
electrocatalytic HER in the present study.

Sustainability or long-term stability of a catalyst is an important factor for its usable
applications. For this, we have performed accelerated durability test of the cathodic (modified)
electrodes, the working electrodes, on which the title catalysts, POM-CoW(OH)., and
HImM@POM-MnW(OH) were deposited. The durability tests were carried out by performing
(i) chronoamperometry (CA) experiment and (ii) 1000 cycles of CV scan measurements.
Chronoamperometric measurements were performed at —1.00 V (vs NHE) for 10 hrs at neutral
pH as well as at pH 3. As shown in Figure 2.13(c), both catalysts POM-CoW(OH), and
HImM@POM-MnW(OH), have notable long-term stability (minimum 10 hrs) under
operational conditions at pH 7 as well as at pH 3. The accelerated durability has also been
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Figure 2.14. A photograph of electrochemically generated hydrogen gas on the POM-CoW(OH). catalyst
modified working electrode surface at neutral pH.

performed by 1000 cyclic voltammetric scans (from 0.5 to —1.0 VV vs NHE) using the catalysts
POM-CoW(OH)2 and HIm@POM-MnW(OH). in neutral pH as well as in acidic solution
(pH 3); no significant changes in HER catalytic current have been observed after 1000 scans
(Figures 2.13(d and e) and Figures 2.13(f and g)) indicating that compounds POM-
CoW(OH)2 and HIm@POM-MnW/(OH)> have enormous stability during electrocatalytic
HER in a wide pH range (pH 3-7). We must mention that there is a small drop in catalytic
current (0.072 and 0.12 mA at neutral pH and 0.022 and 0.53 mA at pH 3 for POM-CoW(OH),
and HIm@POM-MnW/(OH): respectively), which can be understood by the mechanical loss
of the sample from the glassy carbon modified electrode surface during vigorous hydrogen
evolution at potential around —1.0 V (vs NHE). It is found that the drop in catalytic current is
considerably more for HImM@POM-MnW(OH), compared to that shown by POM-
CoW/(OH).. This is not surprising because we have seen that HIm@POM-MnW(OH); is
more efficient HER catalyst than POM-CoW(OH),, thereby more vigorous hydrogen
evolution occurs at the HImM@POM-MnW(OH).-quoted working electrode. And more
vigorous the hydrogen evolution more is the loss in catalytic current after 1000 cycles. Another
reason of this little loss of catalytic current after 1000 cycles could be due to the considerable
amount of resulting hydrogen gas bubbles that block the electrode surface (Figure 2.14).

It is necessary to check the structural integrity of a molecular catalyst after its prolonged use to
find out its parent identity. We performed Raman spectral analysis, PXRD studies and FESEM
analysis of the electrode materials of POM-CoW(OH)zand HIm@POM-MnW(OH); after 10
hours of chronoamperometric (CA) measurements. The Raman spectra were recorded after CA
electrolysis and compared with their parent compounds’ Raman profiles (Figures 2.13(h and
i)). In the case of POM-CoW(OH),, the Raman spectral feature of the molecular catalyst
POM-CoW(OH): is clearly visible in the Raman spectrum of the electrode material of POM-
CoW/(OH); after CA measurement (in neutral as well as in acidic pH) along with the Raman
active modes of Nafion (-SOz , C-C) and acetylene carbon in the region of 1060 to 1650 cm"
1 which are not perceived in the parent material profile (Figure 2.13(h)).1511° But in the case
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of HIm@POM-MnW(OH)> (Figure 2.13(i)), the Raman profile of the electrode material after
CA experiment is dominated by the Raman spectral features of Nafion (-SO; , C-C) and
acetylene carbon, but the Raman feature of parent HIm@POM-MnW(OH) is visible as weak
peaks in the region of 750-1000 cm™ at neutral pH and is hardly visible in pH 3. This is
consistent with vigorous hydrogen evolution at pH 3 with the mechanical loss of the quoting
from the working electrode. The PXRD patterns of the coated samples after 10 hrs of CA

(a) POM-CoW(OH), HIm@POM-MnW(OH), (b)
—— CA electrode profile at pH 7 — CA electrode profile at pH 7
Experimental profile Experimental profile
— CA electrode profile at pH 3 —— CA electrode profile aj pH 3
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Figure 2.15. Powder X-ray diffraction patterns of catalyst coated FTO electrodes collected after
chronoamperometry electrolysis: (a) POM-CoW(OH)z, and (b) HIm@POM-MnW(OH). were performed at
neutral pH as well as in pH 3.

Figure 2.16. FE-SEM analysis of chronoamperometry electrodes at neutral pH as well as in acidic pH 3: (a and
b) shows the flake type of particles for POM-CoW(OH); (c and d) hexagonal/rhombohedral shaped particles
were observed for HIm@POM-MnW(OH)z; (e and f) in-situ generated W-FTO electrode shows foam/sponge
particles; (g and h) in-situ prepared Co-FTO and Mn-FTO electrodes were formed spherical type particles; (i and
j) shows the FE-SEM images of POM-CoW(OH)2 and HIm@POM-MnW/(OH): electrodes at pH 3.
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measurement show that there are some shifts and intensity difference of the peaks, when
compared to PXRD patterns of parents POM-CoW(OH), and HIm@POM-MnW(OH),
(Figure 2.15). These peak shifts and intensity difference are not surprising, because the
preparation of coated samples was carried out by grinding the crystalline parent compounds
into a very fine powder followed by its mixing with acetylene carbon as well as with Nafion.

Overall the PXRD patterns of the coated samples after CA experiments indicate that the parent
compounds retain on the electrode surface after 10 hrs of CA measurement as molecular
catalysts. In FESEM analysis after CA experiments (neutral pH as well as acidic pH), the POM-
CoW(OH)2 has shown flake type of particles, whereas in the case of HIm@POM-MnW(OH).
the rhombohedral/hexagonal particles are observed (Figures 2.16(a-d)); in the both the cases,
spherical-shaped of metal nanoparticles were not observed. On the other hand, the
electrochemically generated W-FTO, Co-FTO and Mn-FTO show spherical shaped nano-
particles of respective metals in their FESEM images (Figures 2.16(e-j)). Thus, all the above-
described experiments support that the POM based compounds POM-CoW(OH). and
HIm@POM-MnW(OH); are true molecular catalysts for electrocatalytic HER in neutral pH
as well as in acidic solution (pH 3).
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Figure 2.17. Non-aqueous medium cyclic voltammograms performed under inert atmosphere: (a) shows for
POM-CoW(OH)2; and (b) represent for HIm@POM-MnW(OH).. The CVs were collected during the sequential
addition of a controlled amount of water and dry tetrahydrofuran (THF) solution containing 0.1 M
tetrabutylammonium perchlorate (TBA-CIO,) used as a supporting electrolyte.

In the present work, in order to investigate the basis of HER, i.e., whether it is direct water
reduction (eqn. 4) or just proton reduction (eqgn. 2), we examined the CV studies of catalyst-
coated electrodes in a non-aqueous medium, tetrahydrofuran (THF) medium containing 0.1 M
tetrabutylammonium perchlorate (TBA-CIO,) as supporting electrolyte by adding the
controlled amount of water. The sequential addition of water (in micro-liter amounts) results in
the chronological enhancement in cathodic onset current density for both POM-CoW(OH)>—
and HIm@POM-MnW(OH),—coated electrodes (Figure 2.17(a and b)). This conforms direct
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Figure 2.18. Chronoamperometry bulk-electrolysis (at -1.1 V for 12 hours), carried out in a two-electrode mode
(at neutral pH, 0.1 M KCI) for POM-CoW(OH)2 and HIm@POM-MnW(OH)2; the inset photograph shows the
bulk-electrolysis experimental setup (CE: Pt net, WE: sample coated FTO and pH electrode).

electrocatalytic water reduction (eqn. 4) catalyzed by POM-CoW(OH), and HIm@POM-
MnW/(OH).. In order to comprehend further insights into the water reduction capability of the
POM-CoW(OH); and HIm@POM-MnW(OH),, we performed the bulk chronoamperometry
electrolysis using FTO electrode, coated with the catalyst at —1.1 V for 12 hrs in a two-electrode
cell (FTO as working electrode and platinum counter electrode), connected to a digital pH meter
with a pH electrode dipped into the electrolyte solution (Figure 2.18). During the electrolysis,
changes in the pH value of the electrolyte were monitored with the pH meter. The initial pH
value of the electrolyte was 6.96 (a neutral pH, before the electrolysis begins). After 12 hours
of electrolysis, the final pH value was found to be 7.68 and 7.71 for POM-CoW(OH). and
HIm@POM-MnW(OH), respectively. This increase in pH value of the electrolyte solution
from the neutral pH to an alkaline pH is consistent with direct water reduction at the cathode
(4H,0 +4e = 2H, + 40H, eqn. 4) resulting in hydrogen evolution with the formation of
hydroxyl ion making the electrolyte solution alkaline. This observation strengthens our claim
of electrocatalytic water reduction to molecular hydrogen.

2.3.3.3. Kinetic insights

In order to understand the electrochemical HER kinetics catalyzed by POM-CoW(OH), and
HIm@POM-MnW(OH),, the iR corrected Tafel plots were constructed by carrying out
galvanostatic polarization under steady-state mass transfer control in neutral solution (pH 7) as
well as in acidic solution (pH 3). The relevant electrolyte solutions were continuously stirred at
480 rpm to maintain the mass transfer control. The observed Tafel slope values are 180.17 and
170.14 mV dec? at neutral pH, and are 176.60 and 161.99 mV dec? at pH 3 for POM-
CoW(OH): and HIM@POM-MnW(OH),, respectively indicating that HIm@POM-
MnW/(OH); is a better HER catalyst than POM-CoW(OH), (smaller Tafel slope is desired
for an efficient catalyst) as shown in Figure 2.19.
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Figure 2.19. iR-corrected Tafel plots for POM-CoW(OH)2 and HIm@POM-MnW(OH): at neutral pH as well
as in acidic pH 3: (a and b) shows the Tafel plots for POM-CoW(OH)2 and HIm@POM-MnW/(OH): at neutral
pH; (c and d) represent the Tafel plots for POM-CoW(OH). and HIm@POM-MnW(OH): in acidic pH 3.

We have already shown, in the present HER study, that we are dealing with water reduction
2H,0 + 2e = Hz + 20H (eqn. 4) and not hydronium ion reduction 2HzO* + 2e = Hz + 2H.0
(or 2H* + 2e = Hy, eqn. 2). The water reduction step (eqn. 4), the mechanism of which is still
not well-established, can be described by Volmer— and Heyrovsky-steps.

Volmer step: H:-O+e + M= M-H+OH
Heyrovsky step: M—H + H,O + e = Hz + OH + M, where M is the electrode surface site.

It has been established that if the rate determining step is water dissociation, i.e., the VVolmer
step as shown above, the theoretical value of the Tafel slope would be 118 mV dec1.°¢ In the
present electrocatalytic HER study, the values of experimentally observed Tafel slopes are in
the range of 162—-180 mV dec ™. Even this range of experimentally observed Tafel slope values
is 50-60 mV dec! more than the theoretical values of Tafel slope, it indicates the Volmer step
as the rate determining step in the present HER study. This increase in Tafel slope value from
the theoretically predicted value could be due to the slow combination of Haps to molecular

hydrogen H: in the Heyrovsky step, high charge transfer resistance (Rct) or low mass transfer
rate, electrolyte solution resistance, etc.!?
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Besides Tafel slope, an overpotential (), required to attain a current density (j) of 1 mAcm™ is
an important parameter to understand the kinetics of HER. It is to be noted that the required
overpotential to reach a current density of 1 mAcm is described in the present study, even
though it is more convenient to report n in terms of the current density of 10 mAcm2. This is
due to low concentration of the actual active species, two —W(OH)> moieties per formula units
of both  compounds[{Nas(H20)2}[{Co"(H20)3}{WV(OH)2}{Bi"W"'4033),}]-14H.0
(POM-CoW(OH);) and [(WY'(OH)2)2(Mn"(H20)3)2(Nas(H20)14(BiWsOs3)2](Him)2- 16H,0
(HIm@POM-MnW(OH)»). The total amount of active species on the electrode surface is only
~0.6 x 10~° mol, which makes quite difficult to obtain 10 mAcm™ current density. The
overpotentials (n) at a current density of 1 mAcm are found to be 629 mV and 464 mV at
neutral pH for POM-CoW(OH), and HIm@POM-MnW(OH),, respectively and those
respectively are 316 mV and 271 mV in pH 3 (Figure 2.19).

2.3.3.4. Electrochemical impedance spectra
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Figure 2.20. Nyquist plots of electrochemical impedance spectra for both catalysts (POM-CoW(OH). and
HIMm@POM-MnW/(OH)2): Nyquist plots of both the catalysts were collected (a) at neutral pH (inset image shows
magnified view of Nyquist plot), and (b) represent the Nyquist plots at acidic pH 3; (c) equivalent circuit is used
to fit the Nyquist plots of electrochemical impedance spectra data of POM-CoW(OH)2 and HIm@POM-
MnW/(OH)..

We performed electrochemical impedance spectroscopy (EIS) for both the compounds POM-
CoW(OH)2 and HImM@POM-MnW(OH): to find out the charge transfer resistance (Rct).
Figure 2.20(a and b) represents the Nyquist plots of electrochemical impedance spectra for
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POM-CoW(OH)2 and HIm@POM-MnW(OH),. The impedance spectra were measured by
alternative current electrochemical impedance spectroscopy (AC-EIS) by coating the samples
on GC electrode at neutral pH as well as in acidic pH 3. The measurements were done in an
identical condition to that of CV experiments, under the nitrogen atmosphere. The measured
Nyquist plots of impedance data were constructed between the Z’ (real impedance) vs Z”’
(imaginary impedance) planes of Nyquist plot. The fitting of experimental impedance data of
Nyquist plots were done by using the most appropriate equivalent circuit ((R1/Q1) + (R2/Q2) +
Q3) shown in Figure 2.20(c). The electrochemical lab (EC-lab) software was used to fit the
experimentally obtained impedance data of Nyquist plots. The catalyst impedance (R1/Q1),
electrode-electrolyte interface impedance (R2/Q.) and constant phase element (Qz) are
connected in a series. The Q1, Q2, and Q3 are the constant phase elements. The (R1/Q:) and
(R2/Q2) are present in the parallel. The origin of the Nyquist plot represents the bulk charge-
transfer resistance (Rct) of electrode material (in the present case Ri) at higher frequency
region. On the other hand, the tail part of the Nyquist plot indicates the minor resistance (e.g.
electrode-electrolyte inter-grain boundary, contact resistance, and electrolyte resistance, etc.) at
lower frequency region, here it is R2. The charge-transfer resistance of the POM-CoW(OH)>
and HIm@POM-MnW(OH), compounds were determined with no noticeable error, in terms
of 2. Figure 2.20(a and b) show the Nyquist plots of electrochemical impedance spectra for
POM-CoW(OH); and HImM@POM-MnW)(OH);at neutral pH and pH 3.

In both pH mediums, we found that compound HIM@POM-MnW(OH). has less Rct value
(194.7 Ohms, at pH 7; 41.35 Ohms, at pH 3) than that of compound POM-CoW(OH), (212.8
Ohms, at pH 7; 131.8 Ohms, at pH 3). The relatively less Rcr value for HIm@POM-
MnW(OH): is, probably, due to the presence of N-H----O hydrogen bonding interactions
between the protonated imidazole and POM cluster surface oxo-groups (found in its single-
crystal structure), which are not present in the compound POM-CoW(OH).. This facilitates
the (fast) charge/electron transfer in the catalytic action of HIm@POM-MnW(OH)2, which is
consistent with relatively lower value of Tafel slope of HImM@POM-MnW(OH)..

2.3.3.5. Faradic efficiency

The other important related parameter i.e., Faradic efficiency, for POM-CoW(OH). and
HIm@POM-MnW(OH), was evaluated according to the procedure from recent relevant
literature.52%6122. The Faradic efficiency was determined from the evolved hydrogen (H2) gas
over a period of the time. The chronopotentiometry electrolysis was carried out using a two-
electrode system at 1 atm pressure. A known amount of sample coated on a 0.5 cm? area surface
of Fluorinated Tin Oxide (FTO) was used as a working electrode (in the present case it works
as a cathodic electrode), and a bulk area platinum spiral was used as a counter electrode (works
as an anode). The catalyst loading on the FTO working electrode maintained as 1 mg/cm? and
(0.1 M) potassium phosphate buffer was used as the electrolyte for both mediums (such as



Chapter 2 Role of WVI-OH Active Sites on Hydrogen Evolution Reaction

neutral pH and acidic pH 3). The home-made setup was used to conduct the electrolysis process
by employing a constant cathodic current -500 pA per 4 hours (Figure 2.21).

Figure 2.21. Photographs of bulk-chronopotentiometry electrolysis process of the HIm@POM-MnW(OH):z: (a)
A home-made inverted graduate tube setup was used for quantitative hydrogen evolution electrolysis experiment;
(b) before electrolysis inverted graduated tube filled with electrolyte; (c) magnified view of the two-electrode setup
separated by an inverted graduated tube; (d) the hydrogen gas production at working electrode during the
electrolysis and the generated oxygen gas at the anode (i.e., counter electrode) was formed as a ring of gas bubbles
outside the graduated tube; (e and f) shows hydrogen gas accumulation at the top of the inverted graduated tube
by replacing the electrolyte.

Calculation of Faradic efficiency:

The Faradic efficiency could be express the efficiency of a catalyst in terms of electrical energy
utilization in the electrochemical reaction. The Faradic efficiency of both the catalysts was
determined as following.
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For HER, Faradic efficiency

Number of moles of hydrogen evolved

" Number of moles of hydrogen that can evolve by utilizing the employed charge

In the quantitative measurement, the hydrogen gas was evolved in chronopotentiometry
electrolysis by employing the constant cathodic current. The evolved molecular hydrogen gas
was found to be 0.195 mL/hour (0.78 mL/4 hours) and 0.165 mL/hour (0.66 mL/4 hours) at
neutral pH and 0.2 mL/hour (0.80 mL/4 hours) and 0.18 mL/hour (0.72 mL/4 hours) in acidic
pH (i.e. at pH 3) under 1 atm pressure for HIM@POM-MnW/(OH). and POM-CoW(OH)z,
respectively.

Thus, the number of moles of molecular hydrogen gas evolved per hour = (0.195/22400) mol
= 8.705%10® mol

_ Q (Total Charge employed)
H2 ideal = (9)

n(number of electrons required for the chemical change)x1Farad

Here, we employed a constant cathodic current -500 pA and n = 2 for HER (as it is a two-
electron process).
_ (0.0005%3600)

Thus, the Hz ideally should evolve = —-—"—mol = 9.32x10% mol ............... (10)
2X96500

. .. Experimentally evolved hydrogen
Faradic efficiency =——~ Y Yoo8

x190
Ideally evolved hydrogen 100 (11)

Therefore, the Faradic efficiency at neutral pH,
For POM-CoW(OH); found to be = 7.36x10°/9.32x10%x100

= 78.96%.
For HIM@POM-MnW(OH), found to be =8.705x10%/9.32x10°x100

= 93.34%.
The Faradic efficiency at pH 3,
For POM-CoW(OH), found to be =8.03x10°/9.32x10°x100
= 86.15%.

For HIM@POM-MnW/(OH); found to be =8.92x10%/9.32x10%x100

= 95.70%.
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The Faradic efficiencies for POM-CoW/(OH); and HIm@POM-MnW/(OH); are found to be
78.96 and 93.34% at neutral pH for POM-CoW(OH). and HIm@POM-MnW(OH).,
respectively. At pH 3, the Faradic efficiencies, respectively are 86.15 and 95.70%.

2.3.3.6. Turn over frequency (TOF)

The turn over frequency (TOF) is the finest parameter to represent the efficiency of a water
splitting catalyst.*?122 |t is defined as the number of reactant molecules getting converted into
the product molecules in a unit time per active site. The TOF of both the catalysts were
calculated as.

The turnover frequency is calculated by using the below equation:

TOF=—— (12)

2mF

Where;

I = current (A) value obtained from the chronoamperometry electrolysis (Figure 2.13(c)),
F = Faraday constant (C mol?),

m = number of active sites (mol),

2 = number of electrons required to form one mole of hydrogen,

Here; the number of active sites (m) calculated from bellow equation

m=< (13)

nr

Q = charge (C mol™?) calculated by integrating the current vs time plot generated from the cyclic
voltammogram trace recorded under non-catalytic conditions using non-agueous medium
(CH3CN medium),

n = number of electrons involved in the catalytic process.

From equation (12) and (13),

I

TOF = m ............... (14)
_ 1
TOF=_— e (15)

n = 2 for both the catalysts (two electrons are involving in HER);

TOF = é ............... (16)
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Calculation of charge (Q) from non-catalytic cyclic voltammogram:

-14E-5
1E-5 ( a) ——i ws. t plot for POM-CoW(OH),
-1.6E-54
0E-+0 1 -
< « -1.8E-5-
£ -1E-5- E
i3 = -2.0E-5
2 S
S L 2265
—— POM-CoW(OH
-3E-5+ O, -2.4E-5
area(Area of the Integration) =-1.143165E-4
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-1.5 -1.0 -0.5 0.0 0.5 1.0 51 52 53 54 55 56 57
E (V) vs NHE Time (s)
2E-5
_5.0E-64 i vs. t plot for HIm@POM-MnW(OH),
1E-5 (c) >
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Figure 2.22. Cyclic voltammogram and its i-t plot: (a and b) for POM-CoW(OH):; (c and d) for HIm@POM-

MnW(OH).. 0.1 M tetrabutylammonium perchlorate (TBACIOs) in dry acetonitrile medium used as a supporting
electrolyte under nitrogen atmosphere.

TOF = é ............... (16)

At neutral pH, the TOF values:
For HIm@POM-MnW(OH).,

The current (1) =-6.1513x10°A and Q = -1.5276x10* C

—6.1513E-5
TOF = 21313825
—1.5276E—4

TOF = 0.4028 mol (H2) s
For POM-CoW/(OH),

The current (1) =-3.638x10°A and Q = -1.143x10* C

TOF = —3.638E-5

—1.143E—-4
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TOF = 0.3182 mol (H) s*
TOF of HIM@POM-MnW(OH); = 0.402 mol (H.) s
TOF of POM-CoW(OH) = 0.318 mol (H) s

In acidic pH 3, a similar procedure was followed to calculate the TOF values for HIm@POM-
MnW/(OH); and POM-CoW(OH)s.

TOF for HIM@POM-MnW(OH), = 1.289 mol (H>) s*
TOF for POM-CoW(OH), = 1.154 mol (H) s*

The obtained TOF values are 0.318 s and 0.402 s at the neutral pH for POM-CoW(OH).
and HIm@POM-MnW/(OH),, respectively. But at pH 3, the TOF values respectively, are
1.154 st and 1.289 s. Thus in the present study, the TOF values can be enhanced more than
three folds if pH of the neutral electrolyte solution is reduced to pH 3.

All these kinetic parameters (such as, pH measurement, Rct value, Overpotential, Tafel slope,
Faradic efficiency and TOF values) and stability experiments (CA electrolysis and 1000 cycles
CV experiments) unambiguously establish that the title compounds POM-CoW(OH). and
HIm@POM-MnW(OH), are efficient and robust electrocatalysts for hydrogen evolution
reaction (HER), that work in a heterogeneous manner.

2.3.3.7. -\W(OH): functionality for HER and mechanistic view

We have already given a lot of emphasis on —W(OH). functional group by claiming that, this
functionality is responsible for electrocatalytic HER. We have reached this conclusion by
performing a series of controlled experiments including detailed Kinetic studies. We have
shown that one of the title compounds, POM-CoW/(OH)2 behaves like an inorganic acid at the
neutral electrolyte solution by showing its deprotonation in an equlilibrium: POM-
{WVY(OH);}.] = [POM—{W"!(0).}.]* + 2H* (eqn.7). Both these protonated and deprotonated
forms of this equilibrium undergo electrochemical reduction; but only the protonated reduced
form, [POM—{WV(OH);}:]* reduces water to hydrogen. The deprotonated reduced form
[POM—{WV(0).}.]* undergoes electrochemical oxidation, but do not reduce water to
molecular hydrogen, even it (deprotonated form) has more negative reduction potential (—0.655
V vs NHE) compared to its protonated form having reduction potential of —-0.52 V vs NHE. A

careful investigation on the electrocatalytic HER, [POM—{W"(OH),}:]> +2H.0 — Ha(g)+20H

+[POM—{WV!(OH).} (eqn. 6) shows that the number of protons is balanced properly. This will
not be the case with deprotonated form [POM—{W"!/(O").}.]*>. That the protonated form
[POM—{WV!(OH).}] is the active site for the HER in the present study can also be reasoned
from the mechanistic point of view. An active site for electrocatalytic HER needs to bind the
substrate, which is water (H20) here. One of the two reduced {W"(OH).} functionalities on
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the POM cluster can release one hydroxyl group (known as a leaving group) and the substrate
H0 can bind to the W) center (in the place of released hydroxyl group) through its lone pair
on oxygen atom. Then one electron transfer can happen from W™ to the coordinated water
(substrate) to form a coordinated hydroxyl group (thereby, retaining the protonated form of the
catalyst active site) with the release of a H~ (can be described as VVolmer step) which can
combine with another H+, formed from the other reduced {W"(OH),} functionality of the same
cluster, to generate H> molecule (can be recognized as Heyrovsky step). Thus, essentially one
formula unit POM cluster having two reduced {WY(OH).}~ functionalities, i.e., [POM-
{WV(OH)2}.]* binds with two substrate water molecules (by releasing two hydroxyl groups)
generates a molecule of H, and the active sites get oxidized from W™ to W™ as shown in
equation 6. The deprotonated form [POM—{W"'(0").}.]*>" would not be able to do this, due to
the lack of a leaving group, which can be substituted by the substrate molecule water.

j mA/cm?

HIm@POM-MnW(OH),
= POM-CoW(OH),
= POM-NiW(ONa),

-1.5 -1.0 -0.5 0.0 0.5
E (V) vs NHE

Figure 2.23. Single-crystal X-ray structure of POM-NiW(ONa)2 and its cyclic voltammogram: (a) single-crystal
X-ray structure of POM-NiW(ONa)z; (b) comparative cyclic voltammograms of POM-CoW(OH),
HIM@POM-MnW/(OH)., and POM-NiW(ONa).. All the cyclic voltammograms were recorded in an identical
condition (0.1 M potassium phosphate buffer used as a supporting electrolyte, neutral pH).

The ultimate evidence to support our model that protonated form [POM—{WV'(OH).}. is
accountable for HER, comes from our serendipitous isolation of nickel analogue of POM-
CoW/(OH)2, The single-crystal X-ray structure of POM-NiW/(ONa), shows that it has identical
molecular structure of the cluster unit as that of POM-CoW(OH), except it has {W"!(ONa).}
moieties instead of {W"!(OH).} moieties. As expected, POM-NiW(ONa). does not exhibit
electrocatalytic HER (Figure 2.23) establishing that {W"!(OH),} moieties are active sites for
HER.
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2.4. Conclusions

We intended to establish that if WY'—-OH functionality is grafted on a polyoxometalate (POM)
cluster surface, the resulting POM can be used as an electrocatalyst for HER. We have
successfully demonstrated this structure-function relationship model by studying two POM
based compounds POM-CoW(OH). and HIM@POM-MnW(OH),, each having two
{WV(OH),} moieties as active sites for HER. We have shown that the catalysts are more
efficient in an acidic pH than the neutral pH. The obtained kinetic parameters suggest that the
compound HImM@POM-MnW(OH). is relatively a better electrocatalyst than POM-
CoW/(OH): as far electrochemical HER is concerned. There are numerous POM compounds
and many of these POM compounds have been used as OER as well as HER catalysts. There
has never been an attempt/effort to designate a well-defined functional group on a POM surface
that can be used for the most demanding hydrogen evolution reaction (HER). We have
successfully demonstrated this. From this work, we predict that a POM compound, known or
unknown, having M—OH group/functionality would function as a HER catalyst. This structure-
function relation and the observed hierarchical HER trend at neutral pH provide the necessary
toolkits for further introduction of more number of active sites (M—OH) and charge carriers as
well as molecular modulation for the next generation catalysts to harvest the clean energy.
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Overview:

Two copper-based barrel-shaped POMs, namely [{H30}s{Nas(H20)22}]
[{(Cu'o25Cu'o.75) (H20)3}2{ Cu" (H20) }s{B-a-Bi""WV'5033},]- 7H.0 (NaCu-POM)
and Lis[{NH4}2{H30}s{Li(H20)s}[{Cu"(SH)H{(Cu"Cu'.5)(B-a-
Bi'""WV15033)}2]-9H20 (LiCu-POM) were synthesized and characterized. The
molecular structures of NaCu-POM and LiCu-POM are obtained from their
single-crystal diffraction studies that reveal a penta- {Cus}- and hexa-nuclear
copper {Cug}-wheels, sandwiched between two lacunary {B-a-Bi""WV's033}°
POM units to form barrel-shaped title POM molecules. In both the compounds,
the mixed-valent nature of copper centers in the penta- and hexa-nuclear copper
wheels were confirmed by bond valence sum (BVS) calculations and XPS
analysis. The core structures of NaCu-POM and LiCu-POM are quite similar,
but the LiCu-POM additionally shows a sulfide ligand (SH ) that is coordinated
to one of the copper centers of {Cue}-wheel. The sulfide in LiCu-POM was
expected to be generated from the in-situ reduction of sulfate anion since it was
the only source of sulfur in the reaction (ammonia solution and lithium are
expected to be involving as reducing agents). The presence of redox-active mixed-
valent copper centers and their synergetic interactions with tungsten are probably
driving the electrocatalytic activity of these compounds in water reduction at
neutral pH. The Tafel slope values of 267 and 352 mV dec are found for NaCu-
POM and LiCu-POM, respectively. The respective turn over frequencies (TOFS)
are 1.598 mol Hps? and 1.117 mol Hzs™ at pH 7. The Faradic efficiencies are 89%
for NaCu-POM and 92% for LiCu-POM at pH 7. The catalysts are stable during
4 hours of chronoamperometric experiment and 100 cycles of cyclic voltammetric
(CV) experiments. The controlled experiments exclude the chances of the
decomposition of molecular catalysts to other electrochemically active species
(such as, Cu or W metal nano-particles) during the course of the reaction which
establish the true catalytic nature of concerned barrel-shaped POMs.
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3.1. Introduction

Considering the fast growing energy demands and associated environmental concerns,
hydrogen (H2) is found to be one of the clean and efficient energy source owing to its high
energy density (146 kJ g™) and carbon-free end product (i.e., H.0) formation after its usage.'2
There have been plenty of physical and chemical methods developed for hydrogen production.
However, electrochemical hydrogen evolution/water splitting has been considered as one of the
clean, efficient and sustainable methods owing to its demand for easily available reactant
(water) and easily processable electrical energy, that are sole reactants and by products in the
hydrogen energy cycle.r® Generally, overall electrochemical water splitting (WS) reaction
(H200) — Hagg) + 1/2 Oz, AG® = +237.2 kJ mol?, AE° = 1.23 V vs NHE at 25 °C and 1 atm
pressure) process demands high thermodynamic potential irrespective of the reaction
medium.>!8 But it could be achievable by employing a sustainable electrocatalyst. Besides, it
is worthy to be noted that, hydrogen evolution is an acidic medium cathodic reaction (takes
place at cathode: HER: 2H"(ag) + 26 — Ha(g)) and most often, used cathodic materials include
noble metals (e.g., Pt), which are costly and also not easily accessible. Therefore, enormous
attention has been paid to develop an effective noble metal-free electrocatalysts, such as,
transition metal-borides, carbides, nitrides, phosphides, selenides, sulfides, heteroatom-doped
nano-carbons, polyoxometalates (POMs), metal-organic frameworks (MOFs), and
polyoxometalate—metal-organic framework (POMOF) composites, etc. for hydrogen evolution
reactions (HERs).1*171° But, even after so many best efforts from pertinent science community,
there is much void still left to develop an effective and robust electrocatalyst, to perform
hydrogen evolution in non-acidic (alkaline/neutral pH) medium, because of its demand for an
additional input energy (n) to break the H-O—H bond for water reduction reaction (2H20 + 2e~
= Hz + 20H), thereby H, production in alkaline/neutral pH.12711-17.21-24 Hence, it is found to
a need of the hour to develop a highly stable and active noble metal-free WR catalyst that works
with minimal overpotential requirements. With this rationale in mind, our group has been
actively working on developing noble metal-free POM based bio-compatible electrocatalyst for
this cathodic half-cell reaction (2H20 +2e” = H, + 20H ) at alkaline/neutral pH.

In the course of our journey, it was found that the transition metal and alkaline (such as Li* and
Na®) ion coupled polyoxometalates (POMs) have been identified as potential electrode
materials for sustainable clean energy generation and its reversible storage.'®?%2>3" Even
though, there is a plethora of POMs combined with transition and alkaline metal ions, very
limited number of examples of polyoxotungstates (POTs) with copper/lithium (or their
combination in a single system)®3° have been reported (Appendix Table 3(i)).%28 Besides, with
their potential applicability of small cation charge carriers (i.e. Li* and Na*) in clean energy
harnessing*®**and in reversible energy storage devices (solid-state batteries, battery electrodes,
redox flow batteries),'®*4 curiosity to embed these small cations into POTS’ matrix and
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exploring the energy applications of the resulting Li/Na-POTs has exponentially been
increasing.

In addition to small cationic charge carriers added POTSs, transition metal ion anchored POTs
have also been evolving parallelly. As a special mention, copper ion incorporated POTs have
been well-known redox active systems and found to play a vital role in photochemical hydrogen
evolution.*>*4 But, they are largely unexplored for their potential application in electrocatalytic
hydrogen evolution reactions. Interestingly, among all reported copper containing POT
systems, copper ion(s) sandwiched POTs have been in focus, owing to their interesting
structural and functional properties. Thanks to some of the actively working groups in this area,
who have been extensively explored tri- to hexa-nuclear copper-wheel substituted sandwich
type POTs with As'"' or Sh'" as hetero atom.*’>” Though, a few reports have come out with tri-
and tetra-nuclear copper-wheel substituted sandwich type POTs containing Bi'"' ion as hetero
atom,*>°8-60 tyungstobimuthates with higher nuclear copper-wheels have not been much studied
and opens door for their construction and exploration.

In the wake of these significant features and necessity associated with this class of materials,
we attempted to synthesize copper containing POTs with small ion charge carriers. Here we are
reporting two such (Na* and Li* containing) functional copper-polyoxotunstobismuthate barrels
[{H30}4{Nas(H20)22}[{(Cu'0.25Cu'0.75)(H20)3}2{Cu" (H20) }s{B-a-Bi'""W"'3033}.] - 7H.0
(NaCu-POM) and Lia[{NH4}2{H30}3{Li(H20)s}][{Cu" (SH)}{(Cu"Cu'15)(B-a-
Bi''"WV19033)}2]-9H,0 (LiCu-POM), fabricated in a simple one-pot wet synthetic procedure.
Careful structural analysis of fabricated systems revealed that, the copper centers are present as
mixed-valent ions, arranged in the form of penta- and hexa-nuclear copper wheels sandwiched
between POT clusters in compounds NaCu-POM and LiCu-POM, respectively. We have
described their detailed electrochemical properties emphasizing the electrocatalytic hydrogen
evolution reactions (HERS) at the neutral pH.

3.2. Experimental section
3.2.1. Materials and methods

All chemicals were of analytical grade and used as received. All the experiments were
conducted in ambient conditions using deionized water. Both of the barrel type compounds
were synthesized in a one-pot wet reaction method, as described below.

3.2.1.1. Synthesis of [{H30}4{Na6(H20)22}][{(CUIo,zsCU|0,75)(H20)3}2{CU|I(HzO)}g{B-a-
Bi”IWVI9033}2]-7H20 (NaCu-POM)

3.0 g of Na,WOQ4-2H,0 was dissolved in 50 mL of water and subsequently 0.5 mL of 6 M nitric
acid (HNOs3) was added; then the reaction mixture was left on a hot plate for stirring at 90 °C
for 15 min. The resulting reaction mixture was allowed to cool down to room temperature,
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filtered and collected the filtrate. Later, an aqueous solution of copper sulphate (0.5 g
CuS0O4-5H20 dissolved in 2 mL of water) was added drop wise to the above filtrate with
continuous stirring upon which the colour of the reaction mixture turned to parrot-green from
colourless. Subsequently, an acidic solution of bismuth nitrate (0.48 g of Bi(NOs)3-5H20
dissolved in 1 mL of 6M nitric acid) was added drop wise under constant stirring followed by
adjusting pH of the reaction mixture to 6.85 using a 15% aqueous ammonia solution. The
resulted reaction mixture was left for stirring for 1 hour at 90 °C while covering the reaction
flask with a watch glass. The resulting reaction mixture was filtered twice to get a clear solution
and was left for crystallization at room temperature. Block-shaped yellow-green crystals were
isolated after one week, washed twice with minimum amount of ice-cold water and kept for
drying at room temperature. Yield: 1.52 g (49.65% based on Tungsten). Anal. calc. % (Found
from ICP-OES) for Hg7O108Bi>CusNas: Bi, 6.89 (7.07); Cu, 6.29 (6.54); Na, 2.28 (2.03); W,
54.59 (54.90); TGA: ca.% 12.0 (10.40); FTIR (cm™): 3360, 2060, 1629, 1415, 940, 873, 689;
UV-Vis (nm): 1258, 520, 275.

3.2.1.2. Synthesis of  Lis[{NHa4}{H30}s{Li(H20)s}][{Cu'"'(SH)}{(Cu'"Cu'15)(B-a-
Bi'"WV!3033)}2]-9H20 (LiCu-POM)

0.6 g of Li2WO4 was dissolved in a 20 mL of water and heated at 90 °C on a hot plate followed

by drop wise addition of bismuth nitrate solution (0.12 g of Bi(NO3)3-5H20 dissolved in 1 mL
of 6 M nitric acid) while maintaining the temperature. Later, after around 15 minutes of stirring,
ag. CuS0O4-5H20 solution (0.125 g in 2 mL) was added drop wise to the above colorless reaction
mixture under stirring at the same temperature. The reaction mixture was then treated with 125
ul of 6 M nitric acid, and the stirring was continued for more 30 minutes. Then the pH of the
reaction mixture was adjusted to 6.87, using a 15% agqueous ammonia solution. The resulting
reaction mixture was again heated at 90 °C for additional 1 hour with continuous constant
stirring (covering the reaction flask with a watch glass). The resulting reaction mixture was then
filtered to get a clear filtrate, which was left for crystallization at room temperature. The golden
yellow colored crystals, isolated after 10 days, were washed twice with a minimum amount of
ice-cold water and kept for drying at room temperature. Yield: 0.33 g (46.74% based on
Tungsten). Anal. calc. % (Found from ICP-OES) for HasN20g3S1Bi>CusLisW1s: Bi, 7.53 (7.32);
Cu, 6.87 (7.24); Li, 0.63 (0.71); S, 0.58 (0.2); W, 59.63 (60.19); TGA: ca.% 7.40 (7.91); FTIR
(cm™): 3375, 3170, 2840, 2060, 1621, 1415, 932, 865, 686; UV-Vis (nm): 1341, 545, 281.

3.2.2. Physical measurements

Both the compounds (NaCu-POM and LiCu-POM) were characterized by single-crystal X-
ray diffraction (SCXRD) as well as other analytical techniques (such as FT-IR, Raman, TGA,
PXRD, XPS, and ICP-OES etc.) including electrochemical studies. The FT-IR spectra were
collected using Bruker Tensor Il equipped with Platinum ATR (Attenuated Total Reflectance)
accessory. Raman spectra were recorded with Wi-Tec alpha 300AR laser confocal optical
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microscope (T-LCM) facility coupled with a Peltier cooled CCD detector using 785 nm Argon
ion laser. Thermogravimetric analyses were performed on the Perkin Elmer — STA6000
analyzer. The powder X-ray diffraction (PXRD) patterns were recorded using Bruker D8-
Advance diffractometer equipped with graphite monochromated CuKal (1.5406 A) and Ka2
(1.54439 A) radiation. X-ray photo electron spectra (XPS) of crystalline powder samples were
collected with Thermo Scientific K-ALPHA surface analysis spectrometer using Al Ka
radiation (1486.6 eV). Elemental analyses were carried out on inductive coupled plasma optical
emission spectroscopy (ICP-OES) Varian 720ES. Field emission scanning electron
microscopy-energy dispersive X-ray analysis was conducted on Carl Zeiss model Ultra 55
microscope equipped with Oxford Instruments X-MaxN SDD (50 mm?) system functioned with
INCA analysis software.

3.2.2.1. X-ray crystallography

Suitable nascent single-crystals of LiCu-POM and NaCu-POM were selected from the bunch
of crystals present in the mother liquor and quickly mounted on a glass fiber-tip using the
silicone grease. The X-ray diffraction data of LiCu-POM were collected at 293 K. Since the
crystals of NaCu-POM are found to loose crystallinity under the ambient environment, the data
collection was carried out at 100 K temperature and under nitrogen gas flow. A Bruker D8
Quest CCD diffractometer having a Mo—Ko. (A = 0.71073 A) graphite monochromatic X-ray
beam source was used to collect the diffraction data of both the compounds and 40 mm of the
crystal-to-detector distance was maintained while collection. The @ scans were recorded with
a width of 0.3°. Data reduction was performed by SAINT PLUS,% and empirical absorption
corrections were done using equivalent reflections performed by the SADABS.®? Structure
solutions and full-matrix least-squares refinements were carried out using SHELXT-2015,%
SHELXL-2015.%* All the non-hydrogen atoms refined anisotropically. The following atoms
Cug, Liy, Lis, O1, 02, O14, O1s, O19 of LICu-POM and Oz, Ozs 0f NaCu-POM adapted atomic
displacement parameter (ADP) disorder. The specified atoms were refined with EADP
instruction. Attempts made to locate hydrogen atoms of lattice ammonia and water molecules
in LiCu-POM and NaCu-POM were unsuccessful. The crystallographic details such as
structure refinement parameters, bond distances, and bond angles of LiCu-POM and NaCu-
POM are provided in Table 3.1 and Appendix 3(ii) respectively. The CSD-2033171, CSD—
2033173 contains the supplementary crystallographic data files of LiCu-POM and NaCu-
POM respectively. The crystal data of the LiCu-POM and NaCu-POM can be obtained free
of charge via ttp://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk.
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Table 3.1. Crystal data and structural refinement parameters for LiCu-POM and NaCu-POM

Parameter NaCu-POM LiCu-POM

Empirical formula Hg70108Bi2CusNagWhsg HasN20g3S1Bi>CusLis W1
8

Formula weight 5998.40 5549.44

TK)/ X (A) 100(2) /0.71073 293(2)/0.71073

Crystal system Monaoclinic Tetragonal

Space group C2/m P-421m

aA 33.074(4) 16.7401(18)

b A 19.569(2) 16.7401(18)

cA 14.8466(17) 13.869(2)

a (%) 90 90

B (°) 90.589(4) 90

v(®) 90 90

Volume (A3) 9608(2) 3886.6(10)

Z 2 2

P calc. (Mg/m?) 4.086 4.726

« (mm™), F(000) 26.331, 10292 32.767, 4762

Goodness-of-fit on F? 1.020 1.050

Ri/wWR: [I > 26(1)] 0.0355/0.0868 0.0309/0.0779

Ri/WR; (all data) 0.0471/0.0919 0.0324/0.0786

Largest diff. 3.233/-2.323 2.849/-2.895

peak/hole (e A=)

3.2.2.2. Electrochemical Measurements

All the electrochemical experiments were performed using three-electrode electrochemical cell.
The catalyst modified glassy carbon was a working electrode, a home-made Ag/AgClI (3M) was
a reference electrode, whereas Pt spring was used as a counter electrode. The neutral pH
potassium phosphate buffer (0.1 M) was used as the supporting electrolyte for all the
experiments. For catalyst modified electrode fabrication, 4 mg of sample along with 1 mg of
acetylene carbon black was taken into 1 mL of the ethanol-water mixture (3:2 ratio). Later, 20
pL of 5 wt% aqueous Nafion binder was added to it and was sonicated at room temperature for
around 30 minutes to obtain a homogeneous mixture. 10 pL of this homogeneous ink was
coated on to a 3 mm diameter (0.0706 cm? geo-metrical area) glassy carbon (GC) electrode
(which leaves around 40 ug of the material on the working electrode). Additionally, 5 wt %
Nafion solution in the ethanol (4:6 ration of Nafion-ethanol mixture) was also prepared and
coated drop of solution over above electrode coated material. The same amount of sample
loading, was maintained for all the electrochemical experiments unless otherwise notified. The
coated ink was dried under the IR-lamp (temp ~70 °C) and the electrode was left at room
temperature for 5 min before using. For all the electrochemical experiments, UHP grade
nitrogen gas was passed through electrolyte solution to obtain saturation, and continuous
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nitrogen gas flow (1 atm) was maintained over the solution throughout the experiments. The
experimentally obtained potential values were converted to the NHE scale (normal hydrogen
electrode scale) following the relation of E(NHE) = E(Ag/AgCI) + 0.204V when the Ag/AgCl
electrode is used as a standard reference electrode. The cyclic voltammogram (CV) scans were
initiated at the open circuit potential (OCP), and five continuous cycles of the CV were recorded
to make the quiescent electrolyte. Bulk-electrolysis experiments were conducted using 0.5 cm?
area fluorinated tin oxide ‘FTO’ working, and large area Pt wire counter electrode. The catalyst
loading of 1mg/cm? was maintained on the FTO electrode. Most of the cyclic voltammograms
were recorded with a scan rate of 100 mVs™. The Nyquist data of an electrochemical impedance
spectra were collected applying —796 mV (vs NHE) in an identical experimental conditions.
The obtained complex impedance data of Nyquist plots were constructed as real impedance
Z(Real) on X-axis and imaginary impedance Z(Im) on Y-axis, and was fitted with the following
circuit ((R1/Q1)+(R2/Q2)+Qs). Tafel data were obtained in the galvanostatic mode under study-
state mass flow. The study-state mass was maintained by 480 rpm constant stirring of
electrolyte throughout the experiment.

3.3. Results and Discussion
3.3.1. Detailed discussion on synthesis

In the present work, a mixed-valent {Cus}- penta- and {Cus}- hexa-nuclear copper-wheel
coupled polyoxotungstate (POT) barrels with sodium (NaCu-POM) and lithium ions (LiCu-
POM) were constructed following an one-pot wet synthetic protocol at 90 °C temperature and
near neutral pH. Both the systems were water insoluble and considerably air stable, except slight
degradation in the crystal quality with time in the case of NaCu-POM. The crystal quality
degradation is a quite commonly expected phenomenon in POM chemistry as they tend to lose
lattice water. These analogous molecular systems NaCu-POM and LiCu-POM were
thoroughly characterized by SCXRD, ICP-OES and other analytical techniques viz. FT-IR,
Raman, XPS, PXRD, TGA etc., wherever needed. Careful structural analysis reveals that, each
molecule broadly consisting of mixed-valent penta- and hexa-nuclear copper-wheels at the
center connecting two lacunary {B-a-Bi""W"'4033}° POM units. The copper centers of wheels
are found to be in two different oxidation states (Cu(l) and Cu(ll)). These varying oxidation
states of copper atoms were determined and confirmed by bond valence sum (BVS) calculations
and other analytical method viz., X-ray photoelectron spectroscopy (XPS) (discussed in later
parts of this section). The appearance of mixed-valent species in product, points towards in-situ
partial reduction of copper species in aqueous ammonium medium as stated in a few earlier
reports.®®% The charge on the title Cu-POM clusters was mainly balanced with sodium and
lithium counter cations, yielding NaCu-POM and LiCu-POM, respectively. Though the basic
core structure of both Cu-POT barrels has been found to be similar, the careful SCXRD data
analysis and elemental analysis show a few significant distinctions between NaCu-POM and
LiCu-POM, especially in terms of coordination sphere of copper ions. To state it clearly, in
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NaCu-POM, copper coordination spheres are made of only oxygen donor atoms, whereas in
the case of LiCu-POM, one of the copper ions is coordinated to SH™ group. The newly appeared
SH is assumed to be derived from lithium or ammonium ion assisted reduction of sulfate anion
(as it was the only source of sulphur in the reaction system) in an aqueous ammonium solution.
The presence of sulfide group coordinated to a boarder-line acidic copper(ll) center is indicated
by single crystal X-ray diffraction analysis and BVS calculations and later it was substantiated
by other analytical confirmation techniques viz. ICP-OES and XPS analyses (vide infra).
Finally, results from all of the analytical data led us to conclude and propose molecular
formulas for NaCu-POM and LiCu-POM as
[{H30}4{Nas(H20)22}[{(Cu'0.25Cu'o.75)(H20)3}{ Cu" (H20) }s{B-a-Bi""WV'3033},]- 7H.O and
Lis[{NH4}2{H30}s{Li(H20)s}][{Cu"(SH)H{(Cu"Cu'15)(B-a-Bi""W"'3033) }»]-9H0,
respectively. Detailed data interpretations are presented in following sections:

3.3.2. Physical characterizations
3.3.2.1. Single-crystal X-ray crystallography

SCXRD analysis reveals that the NaCu-POM crystallizes in a monoclinic C2/m space group.
There are four copper atoms in the pertinent asymmetric unit in the crystal structure of
compound NaCu-POM with different occupancies (Cul, 1.0; Cu2, 0.50; Cu3, 0.75; and Cu4,
0.25). Thus, Cul has full occupancy, Cu2 has half occupancy, Cu3 has three-fourth occupancy
and Cu4 has one-fourth occupancy. Therefore, 2.5 copper atoms present in the asymmetric unit
and thereby there are five copper centers per formula unit of this compound
[{H30}4{Nas(H20)22}[{(Cu'0.25Cu'0.75)(H20)3}2{Cu" (H20) }s{B-a-Bi'""W"'5033}.] - 7H.0
NaCu-POM), even though the Figure 3.1(a) shows that there are apparent six copper centers
per barrel molecule (all coppers in the barrel are not with full occupancies). The structural
analysis shows that two units of the lacunary {B-a-Bi"'W"'s033}°~ POMs are coupled together
by a penta-nuclear copper (Cus)-wheel i.e., [{(Cu'o25Cu'o.75)(H20)3}{Cu"(H20)}s]®* (Figure
3.1(b)). Based on the coordination environment and oxidation states (see BVS calculations and
XPS analysis, vide infra), copper atoms in the (Cus)-wheel were divided into two types. Type-
(a) consists of three alternatively arranged copper atoms (Cul, #Cul, and Cu2; *symmetrically
equivalent) with square pyramidal geometry, whereas the remaining two copper atoms (Cu3,
#Cu3 and Cu4) are with distorted octahedral geometry included in type-(b). These two types of
atoms are having a sharp distinction not only in terms of their geometrical environment (Figure
3.1(b)), but also in terms of their oxidation states. Type-(a) includes Cu(ll) ions and Cu(l) ions
in type-(b)) that are consistent with BVS calculations and other analytical techniques (vide
infra).

Additionally, sodium counter cations are found in the form of sodium-aqua wheels in
the overall crystal structure. Each of these wheels was made up of twelve doubly aqua-bridged
sodium atoms with four additional non-bridging coordinated water molecules (Figure 3.1(c)).
In the crystal structure, each sodium-aqua wheel is bridged between two units of above
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Figure 3.1. Single crystal-structure analysis of barrel-shaped NaCu-POM: (a) ball-stick representation of NaCu-
POM cluster; (b) a penta-nuclear copper wheel of NaCu-POM,; (c) connectivity of sodium aqua-wheel with two
penta-nuclear copper wheels in side on ways (color code: cyan, Cu?*; yellow, Cu'*; dark-grey, tungsten; purple,
bismuth; red, oxygen; sodium, violate).

discussed polyoxotungstate (POT) barrels in a ‘side on” manner, by sharing a pair of copper
wheel coordinated aqua-ligands; this leads to the formation of a {POT}-{Na-wheel}-{POT}
type extended arrangement throughout the crystal structure (Figure 3.1(c)). This {POT}-{Na-
wheel}-{POT} extended structure is further observed to interact with two such parallelly
arranged neighbouring units with the plug-socket type of arrangement (Figure 3.2(a and b))
and yielding a 1D-supramolecular chain propagating in the crystallographic c-axis. These 1D
chains are further closely packed and cemented by supramolecularly interacted crystal water
molecules along with other inter chain secondary interactions that lead to a water-insoluble 3D-
supra molecular network. In 2003, Weakley group isolated an iso-structural copper-
tungstobismuthate barrel system [{Na(H20)2}s{Cu'"(H20)}s{Bi'""W"'s033}.]°~ (CusBiWs).%®
But, the major difference between earlier report and present barrel lies in the composition of
the center connecting wheel of the core barrel structure. In the case present (NaCu-POM)
[{(Cu'o25Cu'.75) (H20)3}2{ Cu" (H20)}s{B-a-Bi'""WV'5033},]*" system, the central belt is a
penta-nuclear copper {Cus(""}-wheel whereas CusBiWjy possess a hexa-nuclear tri-copper and
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Figure 3.2. Single crystal-structure analysis of barrel-shaped NaCu-POM: (a) Ball-stick representation of crown
ehter type sodium-aqua wheel connected with two barrel-shaped POMs in side-on manner and further sandwiched
by other two POM barrels in plug-socket mode; (b) sodium aqua-wheel was sandwich by two POM barrels (plug-
socket type) (color code: cyan, Cu?*; yellow, Cu'*; dark-grey polyhedral, tungsten (WOs); red, oxygen; sodium,
violate).

tri-sodium {Naz"Cuz"}-wheel. Further, the present NaCu-POM system consists of mixed-
valent copper {Cus"""}-wheel, but in the case of CusBiW,, the copper in center wheel was only
in divalent state Cu(ll)-wheel. The structural similarity prompted us to crosscheck the
possibility of the presence of sodium ions in the central copper wheel; thus the concerned
distorted octahedral copper centers (in the present work) were attempted to refine as sodium.
But, the refinement was unstable and increment in the residual electron density as well as Ry
factor were observed. On the other hand, respective atoms and cluster framework oxygen atoms
were also affected with non-positive definition (NPD) alert. These crystallographic factors
clearly suggest that the presence of only copper ions at the distorted octahedral geometric
centers in the central metal belt. Besides, electronic resonance or disorder is commonly
observed phenomenon in similar type of systems and in present case, the Cu3 center has
occupancy factors of 0.75.%342 |n addition to the crystallographic characterization, the molecular
formula of the NaCu-POM system has also been deduced from ICP-OES analysis of the
synthesized material.

On the other hand, LiCu-POM was crystallized in the tetragonal P-42:m space group
and similar to the structure of NaCu-POM, in this structure also, two identical lacunary [B-a-
Bi"'WVY5033]°> POM  units are linked  together by a  {Cus}-wheel
[{Cu'}s{Cu"(SH)HCu"«—(O=W)},]** (this +9 charge is based on the charges of only copper
centers excluding the ligand charges) and have made it a barrel-shaped POM cluster anion
[{Cu"(SH)H(Cu"Cu'15)(B-a-Bi"W"'9033)}.]"~ (Figure 3.3(a)) with the only notable
distinction (as mentioned earlier and in formula as well) of a presence of sulfide coordinating
copper center in this LiCu-POM compound. Interestingly, the LiCu-POM also shows the
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Figure 3.3. Single crystal-structure analysis of barrel-shaped compound LiCu-POM: (a) ball-stick representation
of LiCu-POM cluster; (b) a hexa-nuclear copper wheel of LiCu-POM (the disordered copper center present
outside the copper wheel labelled as Cuda (yellow color ball)); (c) connectivity of barrel-shaped POM cluster with
hexa-nuclear copper wheel through the W=0-Cu linkage; (d) layer-like two dimensional (2D) network
(crystallographic ab-plane); the channels present in this 2D network are occupied by lithium aqua clusters (color
code: cyan, Cu?*; yellow, Cu'*; dark-grey, tungsten; purple, bismuth; red, oxygen; lithium, violate).

presence of a mixed-valent but hexa-nuclear copper {Cue}-wheel i.e.,
[{Cu'}s{Cu"(SH)HCu"—(0=W)}2]°* (Figure 3.3(b)). In this structure also, the central hexa-
nuclear copper-wheel consists of two types of coordination geometries and it is sandwiched
between two lacunary [B-o-Bi''"WY!4033]°~ POM anions. In type-(a), the copper(ll) (Cul, Cu3
and #Cu3) centers were present in square-pyramidal geometry (penta-coordinated). The four
corners of the basal plane of the {Cues}-wheel are coordinated by bridged oxo groups from
lacunary [B-o-Bi''"W"!3033]°~ POM clusters. Whereas the apical position of one of the coppers
(Cul) is coordinated by a hydrogen sulphide (SH™) molecule (Cu"-SH) and that of remaining
two copper centers (Cu3 and *Cu3) are occupied by (Cu'«—O=W) terminal oxygen of other
adjacent POT barrels.

On the other hand, type-(b) copper(l) (Cu2, #Cu2 and Cu4) centers adopt distorted square-
planar geometry (tetra-coordinated). All the four coordination sites of copper(l) centers ligated
with oxo-groups of two lacunary [B-a-Bi""WVY'9033]°~ POM anions of the barrel. These Cu(l)
centers are placed in the alternative sites of the copper-wheel (Figure 3.3(b)), similar to that of
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Figure 3.4. Single crystal-structure analysis of barrel-shaped compound LiCu-POM: (a) Overall packing diagram
in the crystal structure of LiCu-POM showing 2D network structure, formed by coordinated covalent bonds
among barrel-shaped clusters, leaving a 1D void spaces looking through crystallographic c-axis; (b) lithium-aqua
clusters are separately shown which are present in the 1D channels looking through crystallographic c-axis; (c)
magnified view of lithium-aqua cluster (color code: red, oxygen; blue color balls, lithium; cyan, copper wheel;
green; bismuth; all the tungsten centers are shown in polyhedral representation (alternatively, blue and grey color).

NaCu-POM. Of note, it has been observed that, due to the disorder, some of the electron
density of the Cu atom (with a partial site occupancy factor of 0.025) is located away from the
Cu4 center (with a distance of 1.366A) and it has been assigned as Cu4A (represented as yellow
color ball; Figure 3.3(b)). This disorder might be expected due to the electron delocalization
or strained squire-planar geometry or some other internal factors; this type of situations are
commonly observed in the relevant systems.*? Each of these anionic POT barrels were cross-
linked with four neighbouring perpendicularly arranged barrel clusters through the strong
coordinate covalent bonds (Cu''«—O=W bond distance: 2.307A, Figure 3.3(c)) resulting in the
formation of a two-dimensional (2D) layer-like wavy polymeric network (along
crystallographic ab plane, Figure 3.3(d)). These 2D layered—networks are cemented by
secondary interactions involving lattice water molecules, yielding a strong supramolecular 3D
network, which is characterized by 1D open channels, parallel to crystallographic c-axis
(Figure 3.4(a)). These channels were further occupied with lithium-aqua cationic {Li(H20)s}'*
clusters which are supramolecularly interacting and thereby further strengthening the LiCu-
POM network (Figure 3.4(b and c)). The anionic charges of the copper coordinated POM
cluster anion (barrel), [{Cu"(SH)H(Cu"Cu'15)(B-a-Bi""W"!9033) }2]**~ are counterbalanced by
five lithium ions, two ammonium ions and three hydronium ions as shown in the relevant
formula Li4[{NH4}2{H30}3{Li(H20)5}][{CUII(SH)}{(CU“CUI1,5)(B-(X-Bi“IngOgg)}z]-9H20
(LiCu-POM).

In 2017, Patzke group isolated tri- and tetra-nuclear-copper(ll) wheel containing
polyoxotungstobismuthates from a reaction containing lacunary [B-o-Bi'""WV's033]°~ POM and
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Cu(ll) ion precursors.*? In the very same report, they also discussed about the possibility of
formation of the copper wheel with higher nuclearity (penta— or hexa—nuclear), but, they were
unsuccessful. Even in later period, very few examples of hexa—nuclear copper(ll) wheel
containing inorganic as well as organic-inorganic hybrid POTs were reported with As(l11) and
Sb(111) ions as hetero atoms.*®" Thus, the present two examples (NaCu-POM and LiCu-
POM) are new addition to the polyoxotungstobismuthate class.

In the course of structural analysis, oxidation states of cluster elements were determined
by bond valence sum (BVS) calculations. Bond valence sum (BVS) calculations®® shows that
copper centers exist in +2 as well as +1 oxidation states in the both compounds. In both the
compounds, copper centers that are in square-pyramidal geometry are stabilized in cupric state
(Cu?"), whereas those are in distorted-octahedral geometry (Cu3, *Cu3, and Cu4 in NaCu-
POM) and distorted square-planer geometry (Cu2, *Cu2 and Cu4 in LiCu-POM) are present
in cuprous state (Cu'*). Based on the BVS analysis, the sulfur present in the crystals of LiCu-
POM may be considered as a hydrogen sulfide (SH ). The oxidation states of the metals and
sulfur, estimated from BVS calculations, are further experimentally analyzed by X-ray
photoelectron spectroscopy (XPS) as described below.

3.3.2.2. X-ray photoelectron spectra (XPS)
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Figure 3.5. X-ray photoelectron spectra: (a and b) show survey scan XPS plots for NaCu-POM and LiCu-POM
compounds; (c) displays high resolution XPS plot of O1s for LiCu-POM.

We have analyzed the title compounds by X-ray photoelectron spectroscopy (XPS) in order to
understand more about oxidation states. The obtained data were de-convoluted using
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Figure 3.6. High resolution X-ray photoelectron spectra: (a and b) show XPS plot of Cu2p for NaCu-POM and
LiCu-POM compounds.

Lorentzian-Gauguin (LG) fitting without noticeable error (in terms of Adj. R?). The low
resolution XPS plots of both compounds indicate the presence of O, Bi, Cu, and W elements;
these plots also show presence of sodium and lithium in compounds NaCu-POM and LiCu-
POM, respectively (Figure 3.5(a and b)). Additionally, the survey scan spectrum for LiCu-
POM (Figure 3.5(b)) indicates the presence of sulfur at 224.63 eV. The oxygen (O1s) peak at
530 eV was taken as a reference in the interpretation of obtained XPS plots (Figure 3.5(c)).
The Figure 3.6(a and b), displays the high resolution XPS plots of copper for compounds
NaCu-POM and LiCu-POM, respectively; the copper Cu2ps/, signals positioned at 930.68 eV
and 931.63 eV have been assigned to the monovalent copper (Cu') and their respective Cu2p1/
peaks appear at 950.62, 951.37 eV, respectively. Whereas, the Cu2ps;» peaks at 933.56 and
934.03 eV are consistent with copper(ll) oxidation state and their respective Cu2pi2 signals
appear at 953.87 and 953.68 eV. In both systems, additional two satellite peaks (around 942 eV
and 962 eV) at higher energy side to the Cu2p signals signify multi-electronic transitions in the
different energy levels of copper atom.®’ In accordance to the BVS calculations (three Cu* and
three Cu?* centers per formula unit), the LG fitting of the copper Cu2p peaks in LiCu-POM
system shows two equivalent-intensities for Cu(l) and Cu(ll) signals. On the other hand, the
copper Cu2p peaks in NaCu-POM system are relatively broad with less intensity than that of
LiCu-POM. This broadness in the Cu2p band in NaCu-POM suggests that some of the
copper(l) center electron density participates in the resonance or delocalization within copper
{Cus}-wheel, which can be realized by the occurrence of three-fourth occupancy (not full
occupancy) of two copper(l) ions (namely Cu3 and its symmetry equivalent in the relevant
crystal structure) in the SCXRD analysis. The tungsten XPS plots of both systems show two
peaks at 34.98, 34.28 and 37.18, 36.72 eV corresponding to the W4f7, and WA4fs,, respectively
(Figure 3.7(a and b)).®® The high resolution XPS features for bismuth (Bi4f) of compounds
NaCu-POM and LiCu-POM exhibit two peaks of Bi4f7, and Bi4fs;, at 158.16, 158.88 and
164.54, 163.22 eV (Figure 3.7(c and d)), respectively.®® Along with all these elements,
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measurements were also performed to ascertain the presence sulphur (the presence of which
was already hinted by ICP-OES, SCXRD analyses and BVS calculations). However, owing to
its very minute content in the barrel (a single atom per unit formula) and overlap with bismuth
(Bi4f) band binding energy, the sulphur 2p (S2p) XPS peak was not traceable from the overall
XPS profile. Therefore, we performed further de-convolution analysis of high resolution Bi4f
XPS band to confirm the presence of sulphur in LiCu-POM. The de-convolution of XPS plot
of Bi4f essentially shows two weak band at 160.22 eV which has been assigned to binding
energy of S2ps2.%%7% The similar analysis was also carried out to the Bi4f XPS feature of NaCu-
POM, but the trials were unsuccessful. This confirmed that sulphur is absent NaCu-POM. As
shown in Figure 3.5(b), a small response (S2s) at 224.63 eV is found in XPS survey scan of
LiCu-POM compound (S2s peak highlighted with *), which was a clear indication for the
presence of sulphur in this compound. The binding energy value for this feature suggests that
the sulphur is present in the form of sulphide in compound LiCu-POM. Hence, it has been
assigned as hydrogen sulphide (SH"), because it is coordinated to one of the copper(ll) centers
and Cu-S bond distance is 2.545A (vide supra, crystallography section), which considerably
larger than Cu=S bond. The presence of sodium and lithium can be confirmed based on
appearance of the peaks at 1076.05 eV (attributed to Nals of sodium; Figure 3.5(a)) and 52.48
eV (Lils of lithium; Figure 3.7(e))™* in the XPS plots of NaCu-POM and LiCu-POM,
respectively.
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Figure 3.7. High resolution X-ray photoelectron spectra: (a and b) show XPS plots of W4f for NaCu-POM and
LiCu-POM compounds respectively; (c and d) show XPS spectra of Bi4f for NaCu-POM and LiCu-POM
compounds, respectively; (e) show XPS plot of Lils for LiCu-POM.
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3.3.2.3. FT-IR, Raman and UV-Vis spectra
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Figure 3.8. FT-IR, Raman, and electronic spectra: (a) FT-IR spectra; (b) Raman spectra; (c) electronic spectra for
NaCu-POM and LiCu-POM compounds.

The FT-IR spectra were recorded to understand the inter-atomic bond vibrational behaviour of
NaCu-POM and LiCu-POM systems. In the FT-IR spectra (Figure 3.8(a)), the bands at
around 930-610 cm™ are assigned to stretching and bending modes of polyoxotungstate (POT)
barrel-like cluster (W=0, W-O-W, Cu—O-W, and Bi—-O-W) and those appeared at around
1626, 3400 cm™ can be correlated to bending and stretching modes of lattice and coordinated
water, respectively.®585° The weak features at 2840 and 3180 cm™ in the IR spectrum of LiCu-
POM are ascribed to the S—H (transition metal ion coordinated hydrogen sulfide; here it is
copper coordinated hydrogen sulfide) and N-H (present as ammonium cation) bonds,
respectively. Whereas in the same region of the IR spectrum of NaCu-POM, no such S—H and
N-H responses are found. Further, in the Raman spectra (Figure 3.8(b)), recorded for both the
systems, the bands in the region of 950-280 cm™ signify the Raman active modes of POT
framework (W=0ter and p,—O/p4—0). The observed electronic absorption bands in 800-540 nm
region are attributed to copper d—d electronic transitions which in turn supports its presence in
NaCu-POM and LiCu-POM systems.%®° On the other hand, bands located in 500-220 nm
window are ascribed to the ligand to metal charge transfer (LMCT) transitions (Figure
3.8(c)).”®

3.3.2.4. Powder X-ray diffraction studies

Powder X-ray diffraction (PXRD) profiles were carried out for NaCu-POM (Figure 3.9(a))
and LiCu-POM (Figure 3.9(b)) to get insights into their bulk properties, like phase purity and
homogeneity of as synthesized compounds. The PXRD prifiles show, in close observation, that
some of the minor peaks in experimental pattern have minute (more or less shift) shift in the
peak position from their simulated pattern peaks, which can be expected due to the solvent
water loss. The effect of lattice water loss from NaCu-POM and LiCu-POM systems can also
be realized in the thermal analysis (see below). Other than this, the overall patterns are found
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to be consistent together and it confirms the bulk phase purity and homogeneity of both
compounds.

(a) LiCu-POM (b)

Simulated

NaCu-POM
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Figure 3.9. (a and b) Powder X-ray diffraction profiles for NaCu-POM and LiCu-POM compounds.
3.3.2.5. Thermogravimetric analysis
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Figure 3.9. Thermogravimetric analysis profiles for NaCu-POM and LiCu-POM compounds.

Thermal stability analysis of both the compounds (NaCu-POM and LiCu-POM) were
investigated using as-synthesized samples, under the He gas atmosphere. Figure 3.9 shows the
thermal stabilities for both the compounds. The NaCu-POM has gradual weight loss of 10.40%
(ca. 12.0%) is observed from initial temperature to around 400 °C implying the loss of lattice
water- and sodium-aqua wheel water-molecules as well as copper coordinated aqua ligands.
While in the case of LiCu-POM, it has overall weight loss of 7.91% (ca. 7.40%) in two-stages
from the initial temperature to 408 °C indicating the loss of lattice- and lithium-coordinated-
water molecules and ammonium ions as well as hydrogen sulfide. A small hump of 0.8% (ca.
0.58%) weight loss around 390 °C in LiCu-POM is probably due to the loss of metal ion
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coordinated sulfur (SH ) ligand, which is not present on the TGA profile of NaCu-POM (as
expected). The presence of high amount of residual mass around 89 and 91%, respectviely for
NaCu-POM and LiCu-POM, reflected fromtheir TGA curves, is due to degraded metal-oxide
contents for both the compounds.

3.3.3. Electrochemical water reduction
3.3.3.1. Cyclic voltammograms

It is noteworthy to be mentioned here, that the tungsten (WV') assisted electron coupled proton
reduction for polyoxotungstates/polyoxometalates is commonly observed in an acidic medium.
But, it is observed to be significantly suppressed at neutral pH (in absence of redox induced
protons).”>’* Based on these observations, it could be concluded that, to achieve effective water
reduction at neutral pH using tungsten based systems, their functionalization/activation would
be vital. Structural alterations of polyoxotungstate clusters and combining them with redox
active elements are some of the commonly adapted strategies for POM activation.

Along this line, Cronin and coworkers? recently functionalized a “Weakley-type POM” with
molybdenum. They further investigated the effect of structural modulation on electrochemical
properties and achieved an enhanced electrochemical water oxidation activity. Inspired from
such studies, in the present work, lacunary [B-a-Bi"'WV'4033]°~ POM clusters were
functionalized by means of incorporating redox-active copper ion (copper-wheel) between two
lacunary cluster anions. Keen electrochemical investigation revealed that, newly generated two
systems NaCu-POM and LiCu-POM are synergistically activated, exhibiting polyoxotungsten
based water reduction reaction at the neutral pH.
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Figure 3.10. Cyclic voltammograms: (a) cyclic voltammogram of NaCu-POM compound; (b) cyclic
voltammogram of LiCu-POM compound, recorded at neutral pH using 0.1 M potassium phosphate buffer used
as supporting electrolyte (scan rate 100 mV/s).
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In the course of present studies, hydrogen evolution reactions (HERs) of both the systems
(NaCu-POM and LiCu-POM) were accessed at neutral pH in a three electrode mode unless
otherwise mentioned. Both the systems have quite similar CV profiles (Figure 3.10) and they
show two common quasi-reversible redox couples and two irreversible reductive responses
followed by a substantial surge in the current corresponding to the electrocatalytic water
reduction (Figure 3.10). Specifically, Figure 3.10(a) illustrates the CV of NaCu-POM, in
which two redox couples at ca. *AE1 = 0.12 V (vs. NHE; Epc: = 0.07 V and Epa; = 0.17 V)
and 2AE1, = -0.05 V (vs. NHE; Epc, = -0.08 V and Epa, = —0.02 V) were assigned to two
single-electron redox processes of copper (Cu''/Cu') centers. Since it was already observed in
SCXRD analysis, that the copper centers were present in two different coordination
environments. Thus, these two different coordination environments may be the reason for these
two redox couples separately.”’® Two irreversible reduction responses (Epcs and Epca) indicate
the involvement of the reduction of cluster tungsten (W' + e~ — WV) centers. 3841727778 Thege
two irreversible reductions are followed by a large surge in the current (onset at ca. —0.75 V
(vs. NHE)) along with the visual observation of gas bubbles on working electrode surface,
indicating the electrocatalytic water reduction to molecular hydrogen. The CV of LiCu-POM
is shown in Figure 10(b). On par with CV of NaCu-POM, two redox couples for LiCu-POM
appear at *AE12 = 0.04 V (vs. NHE; ‘Epci = —0.09 V and ‘Epa; = 0.17 V) and 2AE1, =-0.31V
(vs. NHE; ‘Epcs =-0.43 V and ‘Epa. =-0.19 V). That are ascribed to two single electron redox
processes (Cu''/Cu') from two types of environmentally different copper centers. Right after
these two Cu''/Cu' couples, two irreversible reduction peaks (‘Epcs and ‘Epcs) appear due to
the reduction of cluster tungsten centers (WY' + e~ — WV) followed by large WR current surge
(onset at ca. —0.92 V (vs. NHE)) and the observation of Hz gas bubbles on the working electrode
surface.
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Figure 3.11. Differential pulse voltammogram (DPV): (a) DPV of NaCu-POM compound; (b) DPV of LiCu-
POM compound, recorded at neutral pH using 0.1 M potassium phosphate buffer as supporting electrolyte.

The two irreversible reduction peaks in both compounds have been resolved by cathodic
differential pulse voltammogram (DPV) measurement. The resolved DPV responses are *Cy,
#Cy, *Cs, and *C4 for NaCu-POM as shown in Figure 3.11(a). Thus the cathodic DPV



Chapter 3 Hydrogen Evolution by Barrel-shaped POMs

1 - NaCu-POM — W-FTO
—— LiCu-POM (a) 1{ —cuFrO (b)
NaCu-POM
—— LiCu-POM
T o ' <
L g 01
< <
g E
— —
-1 1.
Y .
-2- -' - T Ll L ‘2 T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

E (V) vs. NHE E (V) vs. NHE

Figure 3.12. Controlled experiments: (a) cyclic voltammogram profiles for NaCu-POM, LiCu-POM, and PWo,
(b) cyclic voltammogram profiles for NaCu-POM, LiCu-POM, Cu-FTO and W-FTO, were collected in 0.1 M
potassium phosphate buffer (neutral pH) used as electrolyte for all the cases (scan rate 100 mV/s).

measurement elucidates that the Epcs and Epca responses, shown in Figure 3.10(a), are each
two electron reduction waves that split into four DPV responses #C1, #Ca, #Cs, and #*C4 (Figure
3.11(a)). Likewise, the resolved DPV responses *Cy, *C», *Cs, and *C4 for LiCu-POM (Figure
3.11(b)) reveal that the irreversible reductions at Epcz and Epcs (Figure 3.10(b)) are each two-
electron reduction waves for the compound LiCu-POM. Thus both the compounds, NaCu-
POM and LiCu-POM show four electron reductions of the tungsten centers, that responsible
for electrocatalytic water reduction to molecular hydrogen. This is because we do not observe
the respective oxidative responses in their CVs for both compounds, instead we find large
current surges right after these irreversible reductions indicating the electrocatalytic water
reduction for both compounds. It is commonly known that, the reduced tungsten centers (W'
+ e — WV) of a POM cluster are highly reactive and capable of breaking H-OH bond through
the plausible cathodic reaction pathway (eqns 1 and 2). After water reduction

Cathode: [Cu-POM] + 4e~ — [Cu-POM]* (%) (eqn 1)
[Cu-POM]*™ (*) + 4H,0 — 2H; + [Cu-POM] + 40H" (eqn 2)
Anode: 40H" — Oz + 4e” + 2H20 (egn 3)

reaction (egn 2), catalytically active tungsten sites [Cu-POM] (*), the highly reactive reduced
species, regenerate to their original (oxidized) [Cu-POM] form ((*) refers to the
electrochemically activated state of catalyst) in the catalytic cycles.

A small shoulder-type anodic response (labelled as ‘Epaz, Figure 3.10(b)) at ca. 0.02V
(vs. NHE) for the compound LiCu-POM may be due to the result of an irreversible oxidation
of its copper coordinated hydrogen sulphide (Cu—SH) group.
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A careful investigation on catalytic activities of NaCu-POM and LiCu-POM towards HER,
NaCu-POM is found to be more efficient than LiCu-POM as far as the onset potential values
are concerned. NaCu-POM has less cathodic HER onset potential by ca. 0.17 V (vs. NHE)
than that of LiCu-POM. This difference in onset potential values can be attributed to their
supramolecular level structural dissimilarities in their solid state. As we have already described
in the crystallography section, NaCu-POM possess copper coordinated water molecules, that
are not present in the crystal structure of LiCu-POM. Hence, it can conveniently be assumed
that, the ligated water molecules in NaCu-POM can establish an extensive H-bonding network
and making it more hydrophilic which could in turn allows larger number of reactant (water)
molecules to interact with catalyst, allowing more amount of water reduction compared to that
in the case of LiCu-POM. This solid state supramolecular level topological comparison is
logical because in the present work, the electrocatalytic HER has been performed in a
heterogeneous manner (in the solid state).

Importance of copper wheel in these barrel POMs: synergistic effect

We have already seen that the tungsten centers of the POM barrels are mainly responsible for
the electrocatalytic HER in the present study. In order to strengthen our claim tungsten centers
are responsible for HER, we perform CV studies of Nas[PWyO34]-7H.0 (PWs)'® because the
title barrels are formed by fusing two identical lacunary Keggin anions{Bi""WV's033}°~ by a
mixed-valent copper wheel at the middle portion of the barrel. Thus, ideally we should have
performed the CV studies of {Bi""WV's033}° cluster containing compound; but unfortunately,
{Bi""WVl5033}° cluster containing compound cannot be synthesized in a pure form. Thus we
performed the CV studies of {PYWV's034}°~ cluster containing compound to exclude the
possibility of the participation of bismuth and other form of tungsten. Since PWy (a sodium
salt) is water soluble, the CV was recorded in a homogeneous manner using 1 mmol compound
in 0.1 M phosphate buffer (pH 7) solution under identical operational condition as was used for
the title compounds. The CV of PWs shows two irreversible weak reduction responses ca. —
0.66 and — 1.04 V (vs. NHE) followed by a very small HER onset (Figure 3.12(a)). Thus,
NaCu-POM and LiCu-POM systems have less cathodic HER onset potential by ca. 0.31 V
and 0.14 V (vs. NHE), respectively, compared to the analogous constituent PWgy (Figure
3.12(a)). This clearly indicates that the mixed valent-copper wheel, joining two BiWjs clusters
at the equatorial position POM clusters plays an important role in the synergetic enhancement
of electrocatalytic HER activity.

In order to understand more about the active site of the catalysts, the cyclic
voltammogram profiles of in-situ (electrochemically in the cathodic window) generated Cu-
FTO and W-FTO (metal nano-particles) were also recorded and presented along with the CV
profiles of NaCu-POM and LiCu-POM in Figure 3.12(b). As shown in Figure 3.12b, the
electrochemically generated W-FTO and Cu-FTO do not show any considerable CV response
as shown by NaCu-POM and LiCu-POM.
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Similarly, comparative studies were also conducted with in-situ generated W-FTO electrode to
understand the redox phenomena of electrochemically formed tungsten-metal particles and
their involvement in the hydrogen evolution reaction. The obtained CV responses of NaCu-
POM and LiCu-POM are not identical to the Cu-FTO, PWy and W-FTO electrodes (where
are those Figure 3.12(b and b)). This clearly indicates the true molecular catalytic nature of
NaCu-POM and LiCu-POM and the intrinsic activation and involvement of cluster tungsten
centers of the title compounds in the electrochemical water reduction to molecular hydrogen in
the present work.

3.3.3.2. Stability test and controlled experiments
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Figure 3.13. Stability tests: (a) chronoamperometry electrolysis responses for NaCu-POM and LiCu-POM
compounds conducted for 4 hours at —1 V vs NHE; (b) a derivative plot constructed for cyclic voltammogram
cycle numbers vs specific current density (each data point extracted at —1.183 V vs NHE; i.e. end point of each
cycle’ HER current) for both compounds; (c and d) 2" and 100" cycles of cyclic voltammogram profiles for
NaCu-POM and LiCu-POM, respectively; in all the cases, 0.1 M potassium phosphate buffer (neutral pH) has
been used as an electrolyte (CV scan rate 100 mV/s).

We have investigated long-term stability of these two catalytic systems (NaCu-POM and
LiCu-POM) by following means: (i) chronoamperometric (CA) electrolysis (performed at —
1V vs. NHE for 4 hours) of both the systems as shown in Figure 3.13(a) showing stability over
the period of 4 hours and (ii) 100 consecutive cycles of cyclic voltammogram (CV) scan (Figure
3.13(b-d)). The specific current density is plotted against number of cyclic voltammogram
cycles. All the data points of specific current density for this plot were extracted from the end
points of the each cycle of HER current density ( i.e., at —1.183 V (vs. NHE)) and plotted against
the respective cycle count (Figure 3.13(b)). Both the electrocatalysts produced stable and
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study-state current density over 100 cycles and indicates a moderate durability of respective
electrodes (Figure 3.13(c and d)). These two tests conveniently suggest that these Cu-POT
electrocatalysts are enough stable and robust under operational condition. Despite of these
estimated adequate stabilities, a little loss in catalytic activity and redox peak current were
observed during the 100 cycles CV scan, which can be attributed to possible fractional
delamination of the coated sample from the electrode surface, due to the continuous evolution
of hydrogen bubbles.

Figure 3.14. FESEM-EDX analysis on the post chronoamperometric electrolysis electrode surfaces: (a and b)
FESEM images of chronoamperometric electrolysis electrodes surface for NaCu-POM and LiCu-POM
compounds; (c and d) FESEM image of in-situ generated Cu-FTO and W-FTO electrodes; (e-i) EDX elemental
mapping on chronoamperometric electrolysis electrode surface of NaCu-POM,; (j-n) EDX elemental mapping on
chronoamperometric electrolysis electrode surface of LiCu-POM.

The chemical nature of the catalyst is assumed to be intact even after prolonged CV cycle scan,
there is no considerable similarities found between the CV patterns of NaCu-POM and LiCu-
POM, and those of in-situ generated Cu-FTO, W-FTO and PWs under similar operational
conditions (Figure 3.12). In general, the change in surface morphology (viz. appearance of
spherical metal nano-particles on the surface of the electrode) has been a very frequently
observed phenomenon in the case of reductive degradation of POM clusters under cathodic
hydrogen evolution reaction condition. Nevertheless, as illustrated by FESEM imaging of post-
catalytic CA electrodes, there were no observable morphological changes like formation of
spherical metal nano-particles over electrode surface (Figure 3.14(a and b)), found (which is
inevitable on degradation of catalytic species to compounds similar to in-situ grown Cu-FTO
and W-FTO electrodes (Figure 3.14(c and d))®. The EDX imaging on both catalysts shows
their back-bone construction elements in the EDX elemental mapping of both the samples,
NaCu-POM (Figure 3.14(e-i) and for LiCu-POM (Figure 3.14(j-n) after CA catalytic
electrolysis. This is also supported by Raman spectra, which were recorded after 4 hours of CA
measurement.
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Figure 3.15. Raman spectral analysis of the electrodes after chronoamperometric experiments: (a and b) Raman
spectra of chronoamperometric electrolysis electrode surfaces for NaCu-POM and LiCu-POM compounds,
respectively.

Raman spectral data (Figure 3.15(a and b)), recorded for both the CA electrodes after electro-
catalysis, have not shown noticeable deviation from that of parent material and it (along with
all of the above electrochemical and spectroscopic outcomes) strongly advocate the unaltered
identity of catalysts during electrochemical water reduction.

3.3.3.3. Kinetic insights
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Figure 3.16. Hydrogen evolution reaction kinetics: (a and b) Tafel plots for NaCu-POM and LiCu-POM
compounds, respectively were constructed at neutral pH condition; 0.1 M potassium phosphate buffer was used as
supporting electrolyte.

To understand better the reaction kinetics of electrochemical HER, Tafel plots were plotted
(Figure 3.16(a) for NaCu-POM and Figure 3.16(b) for LiCu-POM); the relevant data were
collected in a galvanostatic mode under study-state mass flow at the neutral pH. The electrolyte
was stirred constantly at 480 rpm to maintain the constant mass transfer in the HER.8587476 The
obtained Tafel slopes (267 and 352 mV dec? for NaCu-POM and LiCu-POM, respectively)
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with respective overpotential values (430 and 612 mV; at j = 1 mAcm™) clearly indicate the
enhanced catalytic water reduction based on tungsten active sites of the title catalysts.

Furthermore, the Tafel slope values can also predict the hydrogen evolution reaction
path: the Volmer step (V), H20 + e — OH + Hags (adsorbed hydrogen atom on the catalyst
active site), followed by the Heyrovsky step (H), Hags + H20 + € — Hz + OH or the Tafel step
(T), 2Hags— H> or result of both in hydrogen evolution. The obtained Tafel slope (267 and 352
mV dec™) values for NaCu-POM and LiCu-POM are almost twice and thrice compared to the
theoretically predicted Volmer step value (118 mV dec™; as rate determining step (RDS) in
HER),® and are demonstrate that VVolmer step as the RDS in title compounds catalytic HER
process followed by the involvement of slow (both H-T steps) recombination of HER
intermediates (Hads). Among two catalysts, the NaCu-POM has shown efficient HER activity
with 85 mV dec™ (180 mV of less overpotential) of lower Tafel slop than the LiCu-POM under
identical conditions.

3.3.3.4. Faradic efficiency

Faradic efficiencies [efficiency of a catalyst to convert reactants (here H-O) into the product
(here Hy) for a given amount electrical energy] of catalysts (NaCu-POM and LiCu-POM)
were calculated from bulk electrolysis to assess their electrocatalytic ability. Here we have
measured the amount of hydrogen gas, evolved from a constant current electrolysis, using a
homemade setup (vide infra).2687

Detailed Experimental procedure

Faradic efficiencies of both the catalysts (NaCu-POM and LiCu-POM) were determined from
the experimentally evolved hydrogen (H2) gas over a period of time, by the application of the
constant current in a two-electrode electrolysis system at 1 atm. The known amount (1 mg/cm?)
of sample was coated on to Fluorinated Tin Oxide (FTO) with 0.5 cm? surface area and it was
used as a working electrode (cathode), whereas the platinum net as a counter electrode (anode)
for Faradic electrolysis. The 0.1 M potassium phosphate buffer with neutral pH was used as an
electrolyte. The home-built setup was used to carry out the electrolysis with constant applied
cathodic current -500 pA per 6 hours. The setup was constructed in such a way that, any gas
evolved in the counter electrode chamber could not enter into the working electrode chamber,
as they were separated from each other by the inverted glass tube. The counter and working
components separating glass tube remains open at the bottom and also contains a small window
between the working and counter electrode, to maintain the better electrical continuity. The
design of this homemade setup not only maintains clear separation between hydrogen and
oxygen generated at their respective electrolysis, but also measures the volume of collected
hydrogen gas with a precession of 0.05 milliliters. During the electrolysis, hydrogen gas bubbles
first accumulates at the surface of the working electrode then moves up and collected in an
inverted graduated tube by displacing already present electrolyte. On the other hand, the oxygen
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gas produced from the counter electrode was amassed as a ring of bubbles around the inverted
graduated tube, but could not get inside the tube and do not mix up with the hydrogen.

Calculation of Faradic efficiency

The Faradic efficiency, is the efficiency with which charge is utilized in an electrochemical
reaction. The Faradic efficiencies of both the catalysts were determined by following the
reported method.868.75

For WRC, it could be formulated as

Number of moles of hydrogen evolved

100 ..l 4)

" Moles of hydrogen that can evolve by utilizing the employed charge

From the quantitative measurement, the hydrogen gas evolved in constant current electrolysis,
at neutral pH we found, was 0.186 mL/hour (1.12 mL/6 hours) and 0.193 mL/hour (1.16 mL/6
hours) under 1 atm pressure for NaCu-POM and LiCu-POM systems, respectively.

Detailled calculation given for NaCu-POM:

Thus, the moles of hydrogen evolved in one hour = (0.186/22400) mol = 8.33x10° mol

Q (Total Charge employed)

H2 igeal = n(number of electrons required for the chemical change)x1Farad
Here, we employed a constant cathodic current -500 pA and ‘n’= 2 for HER (as it is a two-
electron process).

(0.0005%3600)
2X96500

Thus, the Hz ideally should evolve = mol = 9.32x10% mol  ............ (6)

. .. Experimentally evolved hydrogen
Faradic efficiency =——~ Y Y=o8

x100 L 4
Ideally evolved hydrogen ( )

However, the Faradic efficiency,
For NaCu-POM found to be =8.33x10°/9.32x10°x100 = 89.37% (= 89 %)
For LiCu-POM found to be =8.61x10°/9.32x10°x100 = 92.39% (= 92 %)

Thus, the experimental results reveal that, the HER Faradic efficiencies for NaCu-POM and
LiCu-POM were found to be ~88 % and ~92 %, respectively. These values not only illustrate
the effectiveness of catalysts, but also exclude the occurrence of any major side reactions during
electrocatalytic HER. From the experimentally obtained values it is evident that NaCu-POM
was having slightly lower efficiency compared to that of LiCu-POM. This difference in Faradic
efficiency can be attributed to the combined effect of (a) presence of relatively lower number
of catalytically active sites in unit area of electrode, and (b) probably low rate of mass
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transportation or partial delamination of electrode film due to the high activity and more
hydrogen gas production,® in the case of NaCu-POM. In order to establish these assumptions,
number of active sites on specific surface area of glassy carbon (working) electrode (GCE) were
calculated from the sample (i.e. 10uL) coated on electrode surface (see below) adopting a
reported procedure.®?

Calculation of number of electrochemically active sites present on electrode surface:®2

The number of catalytically active sites present on the sample coated electrode was calculated
as follows:
First we determined the number of grams of catalyst sample present in the 10 microliters of ink
that was used to coat the GCE surface.
During the preparation of catalyst coating on the GC electrode, 4 milligram of the material
(catalyst) was taken in 1 mL of ethanol-water solution. So, it was 4 X107 gm per mL.
Then we found out the number of grams of sample present in 10 microliters of ink as follows.

e 10 microliters = 10103 mL or 1x102 mL.

e Now the combination of both values = 4x10°3g mL™? x 1x102mL.

=4x10°g or 40x10°g.
e S0, ~40x10°g of sample present in 10 microliters ink.

For NaCu-POM,
No. of catalytically active sites present in 10 uL ink.

e Molecular weight of NaCu-POM = 5998.4 g mole™.

e One mole of NaCu-POM cluster has five moles of copper and eighteen moles of
tungsten ions (therefore in the calculation, we have assumed to be considered all the
copper and tungsten ions (5+18 = 23) are active sites).

¢ No. of active sites = coated sample (g)/mole wt. of catalyst (g).

= 0.00004 g/5998.4 g.
= 6.668x10° moles.

e Now, how many moles of active sites present in the electrode coated 10 microliters ink.

e No. of active sites (I'o) = 6.598x10° moles x 23 moles of active sites.
= 1.5337x10" moles of active sites present.

For LiCu-POM,

e Molecular weight of LiCu-POM = 5549.44 g mole™.

e No. of active sites = 0.00004 g/5549.44 g.
=7.207x10®° moles.

e No. of active sites (I'o) = 7.207x10° moles x 24 moles of active sites
= 1.7299x10" moles of active sites present.
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In 10uL of suspension, the NaCu-POM and LiCu-POM consisted of 1.5337x10" and
1.7299x 107" moles of active sites, respectively. Presence of lower number of active sites on the
electrode surface can result the lower yield of product conversion. The second factor i.e., low
rate of mass transportation or lower number of accessible active sites due to the more surface
blockage by hydrogen gas bubbling for NaCu-POM compared LiCu-POM can be found out
by electrochemical impedance spectroscopy (EIS) measurements.

3.3.3.5. Electrochemical impedance spectra
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Figure 3.17. Eelectrochemical impedance study: (a) Nyquist plots for NaCu-POM and LiCu-POM compounds
(inset represent the magnified view of higher frequency region Nyquist plot for both) recorded at neutral pH
condition 0.1 M potassium phosphate buffer used as supporting electrolyte; (b) equivalent circuit used to fit
impedance data.

Figure 3.17(a) represent the electrochemical impedance spectra of NaCu-POM and LiCu-
POM which were measured from the alternative current electrochemical impedance
spectroscopy (AC-EIS) for sample coated GC electrodes at neutral pH in an identical
experimental condition, under nitrogen atmosphere. The EIS spectra for both the systems were
measured at —796 mV (vs. NHE). The measured complex impedance data were constructed
between the Z’(real) vs Z’’(imaginary) impedance planes of Nyquist plots. The experimentally
obtained impedance data of Nyquist plots were best fitted using the most appropriate equivalent
circuit ((R1/Q1) + (R2/Q2) + Q3) shown in Figure 3.17(b). The origin of the slanting line (having
a very small semi-circle, shown as inset in Figure 3.17(a)) of the Nyquist plot at higher
frequency region represents the bulk charge transfer resistance (Rct) of electrode material (in
the present case R1), whereas the tail part of the Nyquist plot indicates the electrode-electrolyte
inter-grain boundary and electrolyte resistance at lower frequency region (here it is R2). The
Q1, Q2, and Qs are constant phase elements used to determine the charge-transfer resistance of
the NaCu-POM and LiCu-POM with no noticeable error in terms of ;2 value.

As shown in Figure 3.17(a), the NaCu-POM has more charge transfer resistance (Rct
= 294 Ohms) than that of LiCu-POM (Rct = 269 Ohms). As we have already seen that the
NaCu-POM has relatively less number of active sites (1.5337x10” moles) than that of LiCu-
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POM system (1.7299x107 moles). Thus, the less number of active sites along with more
charge transfer resistence in NaCu-POM system can limit the overal rate of mass transportation
than the LiCu-POM system. This can affect on overal Faradic efficiency of NaCu-POM
system. It is apparent that the number of active sites also influence the overall rate of mass
transportation which has been revealed in terms of Rct value of the electrode. It suggested that
the electrode with less number of active sites i.e. NaCu-POM-GC electrode (1.5337x107
moles) has more charge transfer resistance 294 Q than the electrode with more number of
surface active sites, i.e. LICu-POM-GC (1.7299x10" moles) having less charge transfer
resistance 269 Q.

3.3.3.6. Scan rate variation
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Figure 3.18. Scan rate plots: (a and b) derivative plots constructed from the peak current (iyc) as a function of scan
rate variation (-0.025 to -0.125 Vs™) for NaCu-POM and LiCu-POM compounds, respectively; (c and d) scan
rate variation cyclic voltammogram plots for NaCu-POM and LiCu-POM compounds, respectively.

In addition to the calculation of number of active sites and EIS analysis, the derivative plots
were also constructed by the cathodic peak current vs function of a scan rate (Figure 3.18(a
and b)). The derivative plots show linear enhancement in the cathodic peak current. The linear
fits of such plots were estimated as —1.042x10* and —4.084x10 F values for NaCu-POM and
LiCu-POM, respectively, which signify the presence of lower number of active sites in NaCu-
POM than that in LiCu-POM as these numbers directly relate to the quantities of active sites.
These results are also pretty good support to the above analyses. Later, the effect of scan rate
on the catalyst response was also studied. As illustrated in Figure 3.18(c and d), with raise in
the scan rate (0.025-0.125 V/s), the enhancement in the peak current is also observed, which
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clearly indicates the diffusion controlled electrochemical hydrogen evolution by both the
catalysts.® Results from all these experiments, i.e. calculation of number of active sites, EIS,
and scan rate variation measurements, suggest the effect of loading of catalytically active sites
and charge carrier ions on the ion transportation as well as the Faradic efficiency (quantitative
measurement) on the overall HERSs.

3.3.3.7. Turn over frequency (TOF):

We calculated turn over frequencies (TOFs) to get further insights in to the catalysts’ activity.
The TOF values of respective systems were calculated following the reported procedures as
described below.2#* The TOF is defined as the number of reactants getting converted into the

product molecules in a unit time per active site. Thus, the TOF of both catalysts were calculated
as, TOF=—— ... (7).

2mF

where

I = current (A) value obtained from chronoamperometry electrolysis,
F = Faraday constant (C mol?),

m = number of active sites (mol),

2 = number of electrons required to form one mole of hydrogen.

Here, the number of active sites being ‘m’ calculated by the equation 8

m:f—F ...................... (8)

Q = charge (-3.667x10° and —6.6486x10° C mol* for NaCu-POM and LiCu-POM,
respectively) calculated by integrating the current vs time plot generated from the trace of cyclic
voltammogram recorded under non-catalytic conditions using non-aqueous medium (CHsCN
medium),

Calculation of charge (Q) from trace of non-catalytic cyclic voltammogram:

From equations (7) and (8),

TOF=——— (9)

B 2XFXQ/nF
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Figure 3.19. (a and b) i-t plots, constructed from the trace of cyclic voltammogram of NaCu-POM and LiCu-
POM compounds [CVs were recorded in non-aqueous (acetonitrile) medium having 0.1 M TBACIO4 as
supporting electrolyte under nitrogen atmosphere].

Here, the factor n = 4 for both the catalysts, becuase four electrons are involved in the HER
reaction.

I
TOF:m ............... (10)
TOF =% ............... (11)

Calculation of TOF values for NaCu-POM and LiCu-POM using equation 11.
For NaCu-POM,
The current (1) value, obtained from CA electrolysis (Figure 3.13(a)) = —2.931x10°A

and charge (Q) (from Figure 3.19(a)) = -3.667x10° C.

_ 4x2.931E-5
2X3.667E—5

TOF

TOF = 1.598 mol (H.) s*
For LiCu-POM,
The current (1) value obtained from CA electrolysis (Figure 3.13(a)) = -3.716x10°A

and charge (Q) (from Figure 3.19b) = —6.648x10° C.

_ 4%3.716E-5
2X6.648E -5

TOF

TOF =1.117 mol (H) s*

This, the obtained TOF values of 1.598 and 1.117 sec™* clearly demonstrate that NaCu-POM
is a more efficient HER electrocatalyst compared to LiCu-POM.
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3.4. Conclusion

In conclusion, two analogous higher nuclear mixed-valent copper wheel functionalized
polyoxotungstobismuthates (NaCu-POM and LiCu-POM) were isolated adopting a facile
one-pot wet synthetic method. Interestingly, presence suitable reaction conditions like reducing
atmosphere in the LiCu-POM reaction mixture, the sulphate (source CuSQO4) gets converted
into a hydrogen sulfide (SH ) and coordinated to the one of the six copper centers. The
functionalized NaCu-POM and LiCu-POM systems synergistically activate the cluster
tungsten centers towards electrocatalytic water reduction to molecular hydrogen at neutral pH.
The NaCu-POM and LiCu-POM catalysts exhibit enhanced electrocatalytic activity with less
cathodic onset potentials, 0.31 and 0.14V, respectively along with a high WR (water reduction)
current compared to the pristine PWy system. The stability tests and controlled experiments
reveal the robustness and true molecular electrocatalytic water reduction nature of the NaCu-
POM and LiCu-POM catalysts. Besides, relatively low Tafel slope values 267 and 352 mV
dec with good Faradic efficiencies 88 and 92% confirm the high-end water reduction activity
at neutral pH by the title compounds NaCu-POM and LiCu-POM, respectively. The high TOF
values of 1.598 and 1.117 sec’ demonstrate also the high efficiencies of NaCu-POM and
LiCu-POM catalysts, respectively. Between these two catalysts, the NaCu-POM has shown
better WR performance in terms of efficiency parameters. The design and functionalization
strategy of these two POM s in the present investigation can open up new avenue for clean and
sustainable energy production using noble metal free bio-compatible catalyst.
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Fully reduced polyoxometalates (POMs), generally, have high negative charge that
can be compensated by diverse cations including protons. The POMs with larger
number of acidic protons often exhibit solid state proton conduction. We
synthesized two polyoxovanadate (POV)-based compounds [Naz(H20)14][Hs
VV15042(VV04)]-N2H4-7TH20 (1) and  [Nas(H20)16][HsV'V18042(Cl)]-4N2H4
-:6H20 (2), each of which accommodate eight acidic protons (per formula unit)
acting as the cations. Compounds 1 and 2 have been characterized by routine
analytical techniques, such as, IR, Raman, XPS, PXRD, TGA, etc. including
elemental analysis and unambiguously by single crystal X-ray diffraction. As
expected, compounds 1 and 2 having eight protons per formula unit exhibit proton
conductivity in the solid state. Proton conductivity measurements of compounds 1
and 2 were performed (a) at variable temperature (20-50 °C), with constant
humidity (70% RH) and (b) variable relative humidity (relative humidity from 40
% to 70%) under constant temperature (30 °C). The proton conductivity was
observed to increase with increase in temperature and relative humidity. The best
conductivity values were obtained at 50 °C under 70% RH and found to be 3.62 x
103 S cm* for compound 1 and 2.16 x10*S cm™ for compound 2. Reproducibility
of proton conductivity was verified by repetitive data recording over long time
period and determining the mean value of conductivity of compounds 1 and 2 at
50 °C. The activation energy for 1 (23.34 kJ mol?) and 2 (18.40 kJ mol?)
calculated from Arrhenius plots of temperature dependence of proton conductivity
suggest a Grotthuss proton hoping mechanism for solid state proton conduction.
Controlled experiments have shown that the synthesized compounds 1 and 2 are
stable and robust under operational conditions.
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4.1. Introduction

Polyoxometalates (POMs) are the compounds known over two hundred years for their structural
diversities with various molecular motifs and sizes*? and numerous applications in physical
sciences like catalysis, medicinal chemistry, magnetism, nonlinear optics, solar cells and
material science.® Being a subclass of POMs, polyoxovanadates (POVs) also gained a special
attention because of their diverse structures,'*? supramolecular topologies,* and their
applications such as catalysts,** electron reservoirs as well as supercapaciters,**8 single
molecular magnets,'®2? and sensors.2’=° In general, the charge of anionic POVs/POMs were
compensated by 1A group cations, e.g., Li*, Na*, K" and Cs*, organic cations as well as
transition metal ions/complex cations (mostly 3d metals)!*° along with required number of
protons. Due to the imparted acidity by these protons, the concerned POMs are regarded as
heteropolyacids.®” Solid state electrolytes with acidic protons are very important class of
materials that show proton conduction. The magnitude of conductivity is proportional to the
number of labile protons/ions (such as HsO", HsO2* NH4* etc.).*® Hence, the presence of more
the number of labile protons, can help to enhance the proton conductivity. Proton exchange
membrane fuel cells (PEMFCs) are highly attractive, where proton conduction analogy is
similar to that, occurred in photosynthesis.®*4! So far, Nafion is used as proton conduction
material in PEMFCs, as it show high proton conductivity (101 S c¢m™) and chemical
stability.**#* However, its high manufacturing cost and low water holding capability still
motivate researchers to search for suitable alternative materials.*>“® In this regard, several
materials including metal-organic frameworks (MOFs),**%? covalent organic frameworks
(COFs),*"*® functionalized zeolites,**>® and polyoxometalates have been studied for their
proton conducting properties.>*%” Here it is noteworthy to mention that, recently, Liu et al.®®
and Li et al.®® reported stable mixed-valence molybdenum (VI/V) Mois, spherical cluster
containing- and reduced vanadium (IV) containing POM based-proton conducting materials,
respectively.®®%° In this context, fully reduced polyoxovanadates (POVs) are relatively more
negatively charged compounds compared to their mixed-valent and oxidized analogues,
resulting in a high probability of having protons on the relevant POV cluster surface,®’?%2
thereby bringing about potential proton conducting materials. However, vanadium based POMs
(i.e., POVs) are less explored as solid state proton conducting materials compared to the other
POMs.%6%% In general, POVs are well known for their host-guest chemistry.”?1:2279-88 The fylly
reduced [V1s042]*?" host system as such (without any guest)® and the same reduced host system
with a guest species [V1s042(X)]™ (X =H20, CI', Br~, I, VO4>") are known.?!?? In these cases,
the number of protons are 1—4 and the relevant syntheses were carried out at relatively high pH
(11-13). Keeping the fact that, an occurrence of more protons on the fully reduced POV cluster
surface may give rise to proton conduction, in mind, we intended to use relatively lower pH in
the relevant aqueous synthesis (around pH 8 instead of pH 11-13) to stabilize the same POV
clusters [V'V15042(VV04)]*> and [V'V15042(CN]**" in achieving more protons, associated with
the fully reduced POV cluster. Thus, herein, we have described the synthesis and
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characterization of [Naz(H20)14][HsV'V18042(VV04)]-N2Ha-7H,0 (1) and [Nas(H20)16]
[HsV'V15042(Cl)]-4N2H4-6H.0 (2), each having eight protons per formula unit, emphasizing
their solid state proton conducting properties. In this context, we must mention that similar fully
reduced compounds Nag[HgV'V15042(VV04)]-21H,0?  and  [Kia[H2V'V18042(Cl)]-2N2H4
-13H,02% were reported, but their proton conducting properties were never explored.

4.2. Experimental section
4.2.1. Materials and methods

All the chemicals were AR grade (purchased from available commercial sources) and used as
received. Deionised water was used for all the experiments. Compounds 1 and 2 have been
isolated by conventional wet synthesis methods under ambient atmosphere.

4.2.1.1. Synthesis of [Naz(H20)14][HsV'V18042(VYO4)]-NaHa- 7H20 (1)

3.6 g (30 mmol) of NaVO3s was added to 100 mL of hot water (temp. 85-90 °C) in a 250 mL
conical flask to give a clear colourless solution. 0.71 g (17.75 mmol) of solid NaOH was added
to the above solution (pH=8.47) and immediately covered with a watch glass. The mixture was
stirred for 30 mins on a hot plate (temp. 85-90 °C). To this, 2.5 g (19.23 mmol) of N2Hs-HSO4
was added in small portions. A dark green coloured solution, obtained, was further stirred for
15 mins. The hot reaction mixture was sealed in a vial with rubber septum and N2 gas was
purged for 1 h though the solution. The solution was then filtered and filtrate was left
undisturbed for 24 hours in a vial closed with air tight septum. The dark brown coloured
precipitate formed was filtered off and dark green colored filtrate was again kept undisturbed
for crystallization in a closed vial at room temperature. The dark green crystals, settled after a
week, were filtered, washed three times with a 20 mL of ice cold water and dried in air at room
temperature. Yield: 2.09 g (63% based on vanadium). Anal. calc. % (Found) for HsiN2
Os7NazV1g: V, 42.39 (42.23); Na, 7.05 (7.20); H, 2.38 (2.49); N, 1.23 (1.42).

4.2.1.2. Synthesis of [Nas(H20)16][H8V|V18042(C|)]-4N2H4-6H20 (2)

3.6 g (30 mmol) of NaVO3 was added to 100 mL of hot water (temp. 85-90 °C) in a 250 mL
conical flask to give a clear colourless solution. 0.72 g (18 mmol) of solid NaOH was added
subsequently to the above solution (pH=8.5) and immediately covered with a watch glass. The
mixture was stirred for 30 mins on a hot plate (temp. 85-90 °C). To this, 2.5 g (19.23 mmol) of
N2Hs-HSO4was added in small portions. A dark green coloured solution was obtained and was
further stirred for 15 mins. The hot reaction mixture was sealed in a vial with rubber septum
and N2 gas was purged for 1 h though the solution. The solution was filtered and 4 g (68.44
mmol) of NaCl was added to the filtrate and stirred for 10 more minutes and left undisturbed
for 24 hours in a closed vial. The dark brown coloured precipitate, formed, was filtered off and
dark coloured filtrate was again kept undisturbed for crystallization in a closed vial at room
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temperature. The dark crystals settled after a week, were filtered, washed three times with a 20
mL of ice cold water and dried in air at room temperature. Yield: 2.47g (67% based on
Vanadium). Anal. calc. % (Found) for HesNgOssNasV1sCl: V, 40.36 (40.92); Na, 5.0 (65.20);
Cl, 1.56 (1.63); H, 3.02 (3.39); N, 4.93 (4.82).

4.2.2. Physical measurements

Elemental analyses were performed using FLASH EA series 1112 CHNS analyser. Bruker
Tensor Il FTIR instrument equipped with Platinum ATR (Attenuated Total Reflectance)
accessory was used to collect FT-IR spectra. TG analyses were carried out on PerkinElmer —
STA 6000 thermo-gravimetric analyser, under UHP nitrogen gas flow. Raman spectra were
recorded on Wi-Tec alpha 300AR laser confocal optical microscope (T-LCM) facility equipped
with a Peltier cooled CCD detector using 785 nm Argon ion laser. ICP-OES elemental analyses
were performed on ICP-OES Varian 720ES. XPS analyses of powdered samples were
performed on Omicron Nano Tec. ESCA" Oxford instruments Germany. Powder X-ray
diffraction (PXRD) patterns of 1 and 2 were recorded on a Bruker D8-Advance diffractometer
using graphite mono chromated CuKal (1.5406 A) and Ka2 (1.54439 A) radiation.

4.2.2.1. X-ray crystallography

Single crystals of compounds 1 and 2, suitable to collect diffraction data, were obtained directly
from the crystallization solvent. Single crystal X-ray diffraction data of 1 and 2 were collected
at 100 K and 301 K respectively on a Bruker SMARTAPPEX 1l single crystal X-ray
diffractometer equipped with CCD area detector, graphite monochromator and sealed Mo-Ka
fine-focus X-ray tube (A = 0.71073 A). The scans were recorded with a ® scan width of 0.3°.
Data reduction was performed by SAINT PLUS,?® and empirical absorption corrections using
equivalent reflections were performed by the SADABS.* Structure solutions were done using
SHELXT-2015,% and full-matrix least-squares refinement was carried out using SHELXL-
2015.92 The important crystallographic data of compound 1 and 2 was given in Table 4.1. The
details of bond distances and angles corresponding to compound 1 and 2 were provided in
Appendix 4(i). CCDC-1906755 and CCDC-1906756 contain the supplementary
crystallographic data for compounds 1 and 2, respectively. The crystal data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk.

Table 4.1 Crystal data and structural refinement parameters for compounds 1 and 2.

Compound 1 Compound 2
Empirical formula Hs4N2Na7Og7V1g ClHgsNsNasOgesV1s
Formula weight 2283.22 2271.90
TK)/ A (A) 100(2)/0.71073 301(2) /0.71073
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Crystal system Monaoclinic Trigonal
Space group Cc P 3121

aA 20.7093(14) 12.8267(8)

b A 15.2374(9) 12.8267(8)
cA 19.1923(11) 33.368(2)

a (°) 90 90

L) 97.834(3) 90

y (°) 90 120

Volume (A3) 5999.7(6) 4754.3(7)

z 4 3

P calcd (g cm™) 2.467 2.309

« (mm1), F(000) 2.989, 4256 2.719, 3162
Goodness-of-fiton F?  1.043 1.105

RiMR; [1 > 206(1)] 0.0513/0.1406 0.0291/0.0809
Ri/WR; (all data) 0.0547/0.1431 0.0296/0.0809

Largest diff. 1.445/-1.023 1.341/-0.655
peak/hole (e A=)

4.2.2.2. Solid-state proton conductivity methods

Pure powdered samples of 1 and 2 (400mg) were kept in between the two carbon sheets and
made as a tablet having, 1.1455 cm? in area (a) and 0.286 cm in thickness (1) for compound 1
and 1.149 cm? in area (a) and 0.279 cm in thickness (I) for compound 2, with the help of KBr
press at 3 tons for 2 mins. The tablet was sandwiched in between two probe stainless steel
electrodes (electrode Il sample Il electrode). The alternative current electrochemical impedance
spectra (AC-EIS) for 1 and 2 were recorded in the range of 1Hz to 1MHz frequency applied by
100 mV of DC potential in the temperature range 20-50 °C with an interval of 10 °C at 70%
relative humidity (RH) as well as in the range 40-70% RH with 10% relative humidity
increment at 30 °C. The conditions are maintained with the help of a homemade humidity
chamber and 4h of interval time was given between the successive measurements to attain the
required experimental conditions. The alternative current electrochemical impedance
spectroscopy (AC-EIS) was recorded on a Zahner Zanium electrochemical work station that
operates with a Thales software. The experimentally obtained data were simulated/fitted with
the electrochemical lab (EC-Lab VV10.21 version) software.

4.3. Results and Discussion
4.3.1. Detailed discussion on synthesis

The fully reduced and proton rich vanadate cluster compounds 1 and 2 were isolated in a similar
aqueous synthetic procedure, carried out under ambient condition. The synthesis involves usage
of sodium meta-vanadate (NaVVOs) as a vanadium source, hydrazinium sulphate (N2Hs-HSO4)
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as a reducing agent and the pH of reaction mixture is adjusted to 8—8.5 using NaOH pellets. At
the end of the reaction, N2 gas was purged through the hot reaction mixtures of 1 and 2 to avoid
the aerial contact. The reaction mixture of 2 was treated with slight excess of solid NaCl. Both
the reaction mixtures (of compounds 1 and 2) were kept undisturbed in a closed Erlenmeyer
flask for crystallization. The isolated compounds are highly soluble in water, but insoluble in
common organic solvents, e.g., methanol, ethanol, chloroform, dichloromethane etc. The
elemental analysis data were consistent with the formulas [Naz(H20)14][HsV'V18042(VVOa)]
‘N2Ha4:7H20 (1) and [Nas(H20)1s][HsV'V18042(ClI)]-4N2Hs-6H20 (2), also derived from the
respective single crystal X-ray data.

4.3.2. Physical characterizations

4.3.2.1. Powder X-ray diffraction

Experimental (b) —— Simulated pattern
Experimental

(@)

———Simulated pattern

Intensity (a.u)
Intensity (a.u)

M
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10 20 30 40 10 20 30 40

2 Thita (degree) 2 Theta (degree)

Figure 4.1. (a and b) powder X-ray diffraction analysis for compounds 1 and 2.

The experimental powder XRD patterns recorded using powdered samples of compounds 1 and
2 were compared with the powder XRD patterns, simulated from respective single crystal data.
The close matching of the observed PXRD pattern with their simulated profile indicates the
bulk purity of the products 1 and 2 (Figure 4.1(a and b)). The compounds were further
characterized by FTIR, Raman, UV-Vis and XPS spectroscopy. Thermogravimetric profiles of
1 and 2 were also collected to check their thermal stability.

4.3.2.2. Single-crystal X-ray crystallographic analysis

Compound [Naz(H20)14][HsV"V18042(VVO4)]-N2Ha- 7H20 (1) crystalized in a monoclinic space
group Cc. The molecular structure of the concerned cluster is shown in Figure 4.2(a) as an
ellipsoidal plot. The molecular structure reveals that a VO4* ion is encapsulated by the metal-
oxide cage made of spherically disposed 18 vanadyl [{V=0}?*] groups and 24 {ps—O} oxygen
atoms. Each of the 18 vanadium atoms of the vanadyl groups coordinate to four bridging
oxygens and one terminal oxygen atom to form a square pyramidal {VOs} unit. The central
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Figure 4.2. Single-crystal structures: (a) thermal ellipsoidal (60%) plot of the polyoxovanadate cluster anion in
compound 1; (b) thermal ellipsoidal (60%) diagram of the polyoxovanadate cluster anion of compound 2.

encapsulated tetrahedral {VO4*} anion is connected to four {ps—O} oxygens and these {pa—
O} oxygens are coordinated to twelve square pyramidal {VOs} units of the cluster and forms
twelve octahedral {VOs} units. The remaining six {VOs} units do not have any interactions
with central {VO4>} unit. The V-usO(VO4*) distances fall within the range of 2.10-2.60 A.
The V=0 terminal bond distances in the range 1.613-1.669 A are similar to those of fully
reduced POV cluster anions.®”?1:22 The details of bond distances and bond angles of 1 is listed
in Appendix VI(i). Bond valence sum calculations on the single crystal X-ray structure of
compound 1 shows that all 18 cage vanadium centers are in +4 oxidation state and encapsulated
tetrahedral vanadium has +5 oxidation state. The cluster ion {V'V15042(VVO4}*>~ demands
fifteen positive charges; however in the crystal structure, only seven sodium ions are found to
be located as cationic part. We therefore added eight protons (as cations) to compensate the
fifteen negative charges of {V'V1s042(VVO,4}*>". Similar proton addition has been shown by
Miiller and co-workers in the formulas of the similar fully reduced POV compounds.??? In the
crystal structure, the [HsV'V1s042(VVO4)]" cluster units are inter-linked through the hydrated
Na* cationic complexes and are hydrogen bonded lattice waters as well as hydrazine molecules
to form a three-dimensional supra-molecular network shown in Figure 4.3(a).

Compound [Nas(H20)16][HsV"V18042(CI)]-4N2H4-6H20 (2) crystallized in a trigonal P3121
space group. The molecular structure of cluster is shown in Figure 4.2(b) as ORTEP
representation. The topology of cluster cage (compound 2) is similar to that of 1, except the
encapsulation of Cl ion (compound 2) instead of VO4*~ ion (compound 1). Unlike the VO4*
ion in 1, the encapsulated CI ion does not display any covalent interaction with the cluster cage
and stabilized by establishing simple electrostatic interactions with the vanadium centers of
cage. The V=0 terminal bond distances in the range 1.606—1.636 A are also similar to the same
V=0 distances of fully reduced clusters, reported earlier.®"21?2 The details of bond distances
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Figure 4.3. Single-crystal structures: (a) molecular packing, found in the crystal structure of compound 1, viewed
down to the crystallographic b-axis; (b) molecular packing, found in the crystal structure of compound 2, viewed
down to the crystallographic b-axis.

and bond angles of 2 listed in Appendix 4(i). Bond valence sum calculations and the number of
sodium cations found in the crystal structure of compound 2, suggest the existence of eight
protons (as cations) per formula unit of compound 2. Notably, all the cage vanadium ions in
both of these compounds are reduced ones (in +4 oxidation state) and both have lattice NoH4
molecules along with lattice water molecules. Compound 2 also shows three-dimensional
supramolecular network in crystalline state, formed by the interactions of sodium ion
coordinated water molecules with POV cluster anions (Figure 4.3(b)).

4.3.2.3.. FT-IR, Raman spectra
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Figure 4.4. FT-IR and Raman spectra: (a) FT-IR spectra of compounds 1 and 2; (b) Raman spectra of compounds
land 2
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The FTIR spectra of 1 and 2, collected for powdered samples, display several bands in the
region of 400-4000 cm™ as shown in Figure 4.4(a). The V=0 stretching bands, observed at
938, 927 cm'* for compounds 1 and 2 respectively, are very close to the corresponding values
reported for reduced POVs.?? The V—O(uz—O and ps—O in 1 and ps—O in 2) stretching bands
are observed in the range of 450-780 cm™. Broad stretching bands, observed in the region of
3560-2850 cm for compound 1 and compound 2 correspond to the O—H stretching of water
as well as N—H stretching of lattice hydrazine molecules. In compound 2, the corresponding
band was further broadened in the range 3560-2750 cm™ due to the presence of both O-H
stretching bands of water as well as N—H stretchings of more lattice hydrazine molecules in the
crystals of compound 2. The Raman spectra of compounds 1 and 2 (Figure 4.4(b)) were
recorded in the range of 100-2500 cm™. Both compounds 1 and 2 exhibit similar stretching
bands, corresponding to V—Ous in the range of 200 to 680 cm™ including a strong stretching
band around 950 cm™ for terminal V=0. In the Raman spectrum of compound 1, one extra
band, appeared around 350 cm™, is perhaps due to V—Oys bond of encapsulated VO4* which is
not found in the Raman spectrum of compound 2.

4.3.2.4. Thermogravimetric analysis
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Figure 4.5. (a and b) thermogravimetric analysis of compound 1 and compound 2.

Thermal stability of the compounds 1 and 2 were examined by TGA analysis under N2 gas
atmosphere (Figure 4.5). Thermogravimetric analysis inferred that compound 1 shows two
stage mass loss corresponding to lattice water, hydrazine and sodium coordinated water
molecules in the temperature ranges 50 to 320 °C respectively (Figure 4.5(a)). The cluster
displays thermal stability until 350 °C; subsequently it gets decomposed. In case of compound
2, there is a gradual weight loss in the temperature range 50 to 400 °C corresponding to loss of
water of crystallization and hydrazine molecules as well as sodium coordinated water molecules
(Figure 4.5(b)).

4.3.2.5. Bond valance sum (BVS) calculations
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The reduction of vanadium centers in both compounds 1 and 2 was indicated by the longer
V=0 bond distances measured through crystal structure and observation of stretching
vibrations for V=0; bond at lower frequencies.?? So, we calculated the bond valance sum (BVS)
values for vanadium centers of both 1 and 2. The BVS calculations reveal that all the 18
vanadium centers of host cage of 1 are in +4 oxidation state. The relevant BVS values are in
the range 3.40-4.22 (Avg. = 3.89). The vanadium center of tetrahedral VO4*~ guest was in +5
oxidation state (BVS = 4.72). Whereas in compound 2, all the 18 vanadium centers of host cage
are in +4 oxidation state and corresponding BVS values are in the range 3.87—4.28 (Avg. =
4.11). The details of BVS calculations are given in the Appendix 4(ii).

4.3.2.6. X-ray photoelectron spectra (XPS)
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Figure 4.6. XPS spectra: (a) vanadium (V2ps2, V2p12 and O1s) core scan XPS spectra of compounds 1 and 2; (b)
de-convoluted XPS spectrum of compound 1; (c) de-convoluted XPS spectrum of compound 2; (d and €) survey
scan XPS spectrum of compounds 1 and 2.

From the bond distances around vanadium centers, bond valance sum values calculated for
vanadium centers and IR and Raman spectra, it is inferred that the vanadium centers of
{V18042} cages in both 1 and 2 are in +4 oxidation state. To obtain further confirmation of
oxidation states of vanadium centers, we have collected X-ray photoelectron spectra (XPS) of
compounds 1 and 2 (Figure 4.6). The O1s response, observed at 530 eV, was taken as the
reference (Figure 4.6(a)). V'VO, powder is known to exhibit O1s peak at 530 eV along with
V'V2ps, peak at 515.65 eV.% The same literature reported the XPS plot of V205 with O1s and
VV2ps2 binding energy peaks at 529.8 eV and 517 eV respectively.®® In the present work,
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Figure 4.6(a) displays vanadium core level XPS spectra plots of 1 and 2. In XPS spectrum of
1, a signal, observed at 515.7 eV with 3.0 eV FWHM (full width at half maximum), is for the
cage V'V2psy, (Figure 4.6(b)). The corresponding cage V™) signal (V'V2ps2) was observed at
515.6 eV with 2.8 eV FWHM in XPS plot of 2 (Figure 4.6(c)). These signals clearly indicate
the +4 oxidation state of vanadium centres of the cluster cages in 1 and 2. Now, in compound
1, even though, all cage vanadium ions are in reduced (+4) oxidation state, its encapsulated
central vanadate (guest) has vanadium in +5 oxidation state, whose presence could not simply
be figured out from its XPS plot (Figure 4.6(a), black curve). We thus performed de-
convolution on the experimentally obtained XPS plot of compound 1 as shown in Figure 4.6(b),
which shows two peaks: major (intense) peak at 515.70 eV with 2.43 eV FWHM, consistent
with V2ps, for reduced cage V** ions and a relatively weak intensity peak at 517.48 eV with
2.70 eV FWHM, consistent with VV2pz/. of centrally encapsulated ortho-vanadate with V in +5
oxidation state.® We also performed de-convolution on the experimentally obtained XPS data
of compound 2 as shown in Figure 4.6(c) and in this case (de-convoluted plot), we found that
there is no resolution of the experimentally obtained plot retaining the original peak at around
516.0 eV with 2.46 eV FWHM, consistent with V2ps, for reduced cage V** ions® of compound
2. This peak clearly indicate the presence of +4 oxidation state of vanadium only in compound
2. An additional XPS peak with relatively weak intensity (in both plots) is also been observed
in the range of 521.50-525.62 eV with FWHM in the range of 2.71-2.84, that corresponds to
V2p12. The survey scan of both the compounds were shown in Figure 4.6(d and e).

4.3.2.7. UV-Vis absorption spectra
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Figure 4.7. UV-visible spectra: (a) for compound 1 and (b) for compound 2.

In addition to above mentioned XPS and BVS analyses, the solid state electronic absorption
spectra of solid samples of compounds 1 and 2 were collected with background reference of
BaSO, (Figure 4.7). The broad absorption feature present in the electronic spectrum of
compound 1 in the near-IR region (with absorption maximum at 1130 nm) can tentatively be
assigned to inter-valence charge transfer (IVCT) transition (cage V#* to centrally encapsulated
V>* centre). Miiller and Déring have described similar IVCT transition for the similar system,?!
as exhibited by compound 1 (Figure 4.7(a)). The small band around 574 nm may be due d-d
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transitions of V** (d?) ion. The response, appeared around 331 nm, might be due to ligand-to-
metal charge transfer (LMCT) transition (O—YV). In the case of compound 2 (Figure 4.7(b)),
the broad absorption feature has two bands at 567 and 662 nm, that are attributed to d-d
transitions of V#* (d?) ion,**% and a shoulder at around 311 nm due to O—V charge transfer
transition.

4.3.3. Solid state proton conductivity
4.3.3.1. Variable temperature proton conductivity

The reduction of all vanadium centres in the present system increase the overall charge (e /H")
on the cluster and allows the concerned POV clusters to be protonated to a greater extent. Both
compounds 1 and 2 are having eight protons per formula unit, associated with respective POV
cluster anions. The proton conduction/transportation step is the key part in hydrogen fuel cells
for viable energy production which requires an efficient, affordable and robust proton exchange
membrane (PEM), which can be a solid electrolyte or proton exchange membrane with efficient
water retention capability and should work for a prolonged period. In the present study, proton
conductivity has been evaluated from alternative-current (A.C.) electrochemical impedance
spectroscopy (EIS) of solid pelletized samples of compounds 1 and 2 under different particular
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Figure 4.8. Proton conductivity: Nyquist plots of impedance spectra, collected during heating cycle (20 to 50 °C
at 70% RH), (a) for compound 1 and (b) for compound 2; (c and d) show the variation of proton conductivity with
change in temperature for compounds 1 and 2 respectively. Measurements were done during heating cycle at a
constant relative humidity (70% RH).
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temperatures and relative humidity (RH). Before each proton conductivity measurement, fine
powdered sample was sandwiched in between two carbon papers (thickness 50 pm) and
pelletized under a pressure of 3 ton/cm? for 2 minutes. The use of conducting carbon paper was
to lower the electrode-electrolyte contact resistance, which can contribute significantly to the
observed impedance unless the conducting carbon paper is used. As the solid particles of
powdered compounds 1 and 2 cannot form intimate microscopic contact with the metallic
electrode surface, thus the use of conducting carbon paper was vital. Measurements were
carried out using a home-made stainless steel two electrode set-up. The experimentally obtained
proton conductivity data (Nyquist plots, Figures 4.8, 4.10 and 4.13) were fitted with the most
relevant equivalent circuit that can be explain the proton conducting behaviour of both the
compounds i.e., compounds 1 and 2. The ((R1/Q1)+(R2/Q2)+Qs) circuit was used, where R1, Ry,
represents resistance components of the sample and Q1, Q2 and Qs are constant phase elements.
In particular, the Ry component accounts for the bulk conductivity or in other words the proton
conductivity of compounds 1 and 2. The constant phase elements account for the deviation of
compounds 1 and 2 from the ideal behaviour (Figure 4.9). The conductance values are
calculated from the equation: conductance (o) = L/(AxR) S cm™ (where L = thickness, A =
cross sectional area of the pellet and R is the experimentally observed resistance, in this case of
the Rl).

Calculation of proton conductivity from impedance spectra by fitting with equivalent
circuit as shown below:

Figure 4.9. Equivalent circuit was used to fit the proton conductivity data of both the compounds.

Table 4.2. Fitting parameters were used to calculate the proton conductivity of compound 1 at various temperatures
and 70% relative humidity (RH).

Temp. (°C) R1(Q) Conductivity (S cm™)
50 82.71 3.01x10°
40 226.3 1.10x10°
30 433.2 5.74x10*
20 587.2 4.24x10*
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Table 4.3. Fitting parameters were used to calculate the proton conductivity of compound 2 at various temperatures

and 70% relative humidity (RH).

Temp. (°C) R1(Q) Conductivity (S cm™)
50 1228 1.97x10*
40 1818 1.33x10*
30 3137 7.73x10°%
20 4319 5.61x10°%

Calculation of proton conductivity for compound 1 from R: value at 50 °C using the
formula, described below:

Here we know that,

R = resistance of the electrolyte (R1)

p = specific resistance of the electrolyte
| = thickness of the pallet (cm)

a = cross section area of pellet (cm?)
Therefore, x = ﬁ

Then the Eqgn (1) can be written as,

= g ....................... Eqgn (2)
R1=82.71 (Q)
1 =0.286 cm
a = 1.1455 cm?

Therefore, x = 0.249 cm™ (~ 0.25)

Specific resistance of the electrolyte (p) = 332.16 Q cm

We calculated specific resistance from Eqn (2),

Then we know that, the conductance is inversely proportion to the resistance.

By putting the specific resistance value in Egn (3), we get the specific conductivity of

compound 1 at 50 °C.
Thus, the proton conductivity of compound 1, (6)s0ec = 3.01x102 S cm™.

* Note: Similar data fitting and calculation procedures were used to calculate proton

conductivity values for 1 and 2 at various experimental conditions.
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Nyquist plot at high frequency region which often resembles a semi-circular shape represents
the impedance corresponds to the electrolyte bulk resistance (Figure 4.8). The proton
conductivities of compounds 1 and 2 are 4.24x10* S cm™ and 5.61x10° S cm™ at 20 °C and
70% RH (relative humidity). Notably, these conductivity values are comparatively lower to that
of traditional proton conducting material Nafion 117 (5x102S cm™) under similar conditions
but compounds 1 and 2 has a much lower manufacturing cost than commercial nafion.**44 The
present conductivity values are comparable to those of many reported POM based proton
conducting materials.®®° These conductivity values are found to increase, when we increase
the temperature by keeping relative humidity constant (70% RH). The proton conductivities are
found to reach to 10 times of its initial value when the temperature is increased from 20 to 50
°C keeping the RH constant at 70% (Figure 4.8).

4.3.3.2. Durability test
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Figure 4.10. Stability test: Nyquist plots of impedance spectra recorded each cycle with a six hour time interval
at 50 °C and 70% RH over a period of 24 hours, (a) for compounds 1 and (b) for compound 2.

To check the reproducibility of the proton conductivity of compounds 1 and 2, proton
conductivity measurements were performed at each 6 hour time intervals for a total duration of
24 hours at 50 °C for both compounds (Figure 4.10). In this process, a total of four repetitive
measurements were done and the mean value of the proton conductivity is being reported here
as 3.62x1072 S cm* for compound 1 and 2.16x10* S cm™ for compound 2. The standard
deviation of measurement was calculated to be 8.62 x104S cm™ for compound 1 and 4.62x10"
® S cm? for compound 2. Thus, taking their standard deviation values, the proton conductivity
values of compounds 1 and 2 at 50 °C (under 70% relative humidity) are 3.62 x10° S cm™ and
2.16 x104S cm? respectively.

4.3.3.3. Controlled experiments on residual electrolyte of compounds 1 and 2 after EIS
measurements

Controlled experiments have shown consistent spectral futures as like synthesized compounds
1 and 2 even after long-term proton conductivity measurements (Figures 4.11 and 4.12).
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Hence, confirms that the compounds 1 and 2 are stable and robust under operational conditions.
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Figure 4.11. Controlled experiments: FTIR, Raman and UV-Vis spectra before and after EIS measurements of
compounds 1 and 2, (a and b) FTIR spectra of compounds 1 and 2; (c and d) Raman spectra of compounds 1 and
2; (e and f) UV-vis spectra of compounds 1 and 2.
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Figure 4.12. Controlled experiments: XPS spectra and PXRD profiles before and after EIS measurements of
compounds 1 and 2, (a and b) XPS spectra of compounds 1 and 2; (c and d) PXRD of compounds 1 and 2.

Detailed calculations of standard deviation of proton conductivity values for compounds
land 2:

The following equation (1) was used to calculate the standard deviation of compounds 1 and 2.
For this calculation, four proton conductivity measurements were recorded in 24 hours with 6
hours regular time intervals at a particular temperature and relative humidity (i.e., 50 °C and
70% RH). The obtained four proton conductivity values were used to calculate the standard
deviation for compounds 1 and 2.
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Hence here,

§2 — Y(xi—-xa)?

xi = Proton conductivity value,
xa = Mean value of total number of proton conductivity values, here is four data points,
n = Number of data points,

S = Standard deviation.

For compound 1:

equation (4)

Cycle number xi xa (xi — xa) (xi — xa)?
1t 3.01x10%° 6.1x10* 3.72x107
2nd 2.99x10°° 3.62x10° 6.3x10 3.96x1077
3 3.68x10° 6.0x10° 3.6x10°
4t 4.83x10°° 1.2x10°° 1.46x10°

Note: the sign is taken as positive in the calculation of (xi — xa) and(xi — xa).

sum ofall xi values

xa = -
number of data points

.................. equation (5)

_{(3.01 x 10"(—3)) + (2.99 x 10"(—3)) + (3.68 x 10" (—3)) + (4.83 X 10"(—3))}

xa 4

xa = 3.627/1000

The total sum value of (xi — xa)? = 2.231x10®

i 2
Equation 1 written as, S = f%

S = \/Z 2.231 x10"(—6)

4-1

S =/7.438 x 10" (=7)
Standard deviation(S) for compound 1 = 8.62x10* S cm™

For compound 2:

The same calculation procedure of compound 1 followed to calculate the standard deviation of

compound 2.



Chapter 4 Host-Guest POVs based Proton Conductivity

Cycle number xi xa (xi — xa) (xi — xa)?
1% 1.97x10* 1.9x10° 3.61x101°
2nd 1.86x10™ 2.16x10™ 3.0x10° 9.0x100
3 1.96x10™ 2.0x10° 4.0x10710
4t 2.85x10™ 6.9x10° 4.76x107°

The total sum value of (xi — xa)?= 6.421x10°
Standard deviation (S) for compound 2 =4.621x10° S cm
4.3.3.4. Variable relative humidity proton conductivity

We also measured the proton conductivities of compounds 1 and 2 at 30 °C by varying the
relative humidity in the range of 40 to 70%. The proton conductivities of compounds 1 and 2
are increased with the increase of relative humidity (Figure 4.13). The proton conductivity
values of compounds 1 and 2 at 40% RH and 30 °C temperature are 5.57x10* S cm* and
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Figure 4.13. Proton conductivity: Nyquist plots of impedance spectra, collected under variable relative humidity
condition (from 40 to 70% RH at 30 °C), (a) for compound 1 and (b) for compound 2; (c and d) show the effect of
variation of relative humidity on proton conductivity of compounds 1 and 2.

6.35x107° S cm?, respectively. These values reach to 7.41x10% and 1.61x10# S cm™ at 70%
RH and 30 °C for 1 and 2, respectively. This observation clearly indicates that the enhancement
of proton conductivity is associated with the water as well as temperature. We believe that, high
concentration of labile protons, negative charged domains on the cluster and presence of aqua-
chain are the major factors to influence the proton conductivities in compounds 1 and 2.

Calculation of activation energy (Ea) for compounds 1 and 2:
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Figure 4.14. Activation energy plot: temperature dependent Arrhenius plots of proton conductivity for compounds
land 2.

The Arrhenius activation energy (Ea) was calculated from Arrhenius plots (In(¢7) vs 1000/T)
of the compounds 1 and 2 (Figure 4.14). Activation energies of 1 and 2 (Ea) from Arrhenius
equation o =A.e®RN (where, o = conductance, E, = activation energy, A = Arrhenius co-
efficient/pre-exponential factor, R = ideal gas constant and T = temperature in K) are found to
be, 23.34 kJ mol*? (0.242 eV) and 18.40 kJ mol? (0.19 eV) respectively. This clearly suggests
that the proton conduction in 1 and 2 follows Grotthuss mechanism.*?

The slope value of the plot was used in Arrhenius equation to calculate the activation energies
for compounds 1 and 2.

From Arrhenius equation,

oT = A. e(_ﬁ) ................................. Eqgn (6)

Here, o= conductivity of electrolyte, i.e., proton conductivity;
-Ea = activation energy for proton conduction;
R = Ideal gas constant;
T =temperature in Kelvins (K) scale;

Eqgn (6) can be written as,

In(oT) = mA— (S2)....oooooi, Eqn (7)

Eqgn (7) can be rewritten as,

Ea 1000
In(oT) = InA - (o) x( =) Eqn (8)
Eqgn (8) represent the straight line between In(cT) and 1000/T.

Thus, value of slope (m) = — (inzoo)
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For compound 1 slope (m) =-2.813 S cm? K2,
And compound 2 slope (m) =-2.194 S cm™® K2,

Therefore,
the activation energy for compound 1, Ea = 0.24 eV (23.3 kJ mol™?),
Whereas for compound 2, Ea = 0.19 eV (18.4 kJ mol™Y).

4.4. Conclusions

In conclusion, we have synthesized and structurally characterized two polyoxovanadate based
host-guest compounds [Naz(H20)14][HsV'V18042(VV04)]-N2Ha-7H20 (1) and [Nas(H20)16]
[HsV'V15042(Cl)]-4N2H4-6H20 (2), in which the host cages are fully reduced as far as metal
centers are concerned. Both of these compounds have been characterized by routine spectral
analyses including structural characterization by single crystal X-ray crystallography.
Interestingly, in both compounds, the POV cluster is associated with eight protons and both
structures have high amount of water molecules present in the crystal lattice. Thus we have
performed solid state proton conductivity studies of the title polyoxovanadate compounds,
which are very important in the context of sustainable/renewable energy, because the proton
conducting membrane is one of the major component in the fuel cell. In general, protonated
polyoxometalates are known to exhibit solid state proton conductivity. Among the
polyoxometalates, polyoxovanadates are rarely explored as proton conducting materials.
Therefore, this is one of seldom report of polyoxovanadates that show solid state proton
conductivity.
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An aqueous synthesis, involving the reduction of VO3 anion in a mild alkaline pH in
the presence of a-Bi203, leads to the formation of a fully reduced polyoxovanadate
(POV) capsule, with CO3?~ anion encapsulation in its internal cavity, in compound
[Nag(H20)24][HsV'V15036(CO3)]-3N2H4-10H20 (1). This COs> anion encapsulation,
the source of which is absorbed aerial CO> in the pertinent aqueous alkaline reaction
mixture, occurs only in the presence of a-Bi>Os. Compound 1 crystals, upon exposure
to HCl acid vapor, exclude CO- gas that can be reacted to Grignard reagent, PhMgBr
to form triphenyl carbinol and benzoic acid; during this solid-vapor interface
reaction, compound 1 itself is transformed into an amorphous material that includes
CIanion, but could not be characterized unambiguously. Thus, we have synthesized
a chloride ion (CI") encapsulated compound [Naio(H20)24][H3V'V15036(Cl)]-6H.0
(2) in a direct synthesis protocol, which has been characterized by crystallography as
well as by other spectroscopic methods. Compounds 1 and 2, each having fifteen
vanadium(lV) centers, exhibit interesting magnetism in their solid state. The
temperature dependence magnetic susceptibilities for compounds 1 and 2 have been
recorded at 0.1 T in the temperature range of 3—300 K. The temperature dependence
magnetic susceptibilities of compounds 1 and 2 are shown in the form of ym vs T and

their product ymT vs T plots.
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5.1. Introduction

Polyoxometalates (POMs), that are all-inorganic metal-oxygen cluster species having wide
structural diversity*™* (in size as well as in shape) and diverse applications (in catalysis,*®
photochemistry,® electrochemistry,*! medicine,? magnetism,'32° proton conduction? etc.),
exhibit interesting host-guest chemistry.?2° Complete encapsulation of a guest molecule / ion
in the internal cavity of host POM cluster is of considerable interest because it represents a
unique supra-molecular core-shell entity, in which the guest species influence the electronic
properties of the resulting host-guest system.?!*® In this regard, among POMs,
polyoxovanadates (POVs) draw special attention, because, a number of POVs are known to
have well-defined internal cavities for encapsulation.??2®> All these shell containing POV
clusters, capable of encapsulating a guest species, have a common feature of the presence of
square-pyramidal {O,V=0} polyhedron, which is believed to have a tendency to form the cage
or shell.?27:30-49 The presence of the guest spices, such as, halide, pseudohalide, inorganic, or
organic anions in the concerned synthesis reaction mixture, plays a key role in the isolation of
resulting host-guest compounds. The guest-anionic-species like CI-, Br-, I, CN-, COz*", NO,
NO2", N3-, POs*, HCOO", CH3COO", SH", SCN", SOs*, SO+*, ClOs are known to get
encapsulated by the following shell-containing POV hosts: [V120s2(X)]>” (X = NO-, CN-,
OCN-, NOz-, NOs-, HCO2", CH3sCOO-, CI, Br, 1N);33* [V1,03(X)]* (X = CO,, CHsCN,
DCM, CHsNO;, CH3Br);?620 [V15036(C03)]";24?° [V15036(X)]* (X = CI, Br, )%
[V1603s(X)]* (X =F, CI", Br, CN", H20; n = 3, 4);3% [V16039(CI)]*;* [V16042(CN]*;*?
[V18042(X)]™ and [V18044(X)]™ (X =H20, CI, Br, I, SO4*", SO3*", VO4~, PO+*", N3, NO;,
NO3z~, SH™, HCOO; n = 5-15);%4 [V2,054(X)]” (X = ClO4~, N3°); [V30072{(V204)04}]10-.%6
Thus, the chloride anion (CI") encapsulation is found in diverse cage containing POV systems,
reported by Miiller,® Peng,®” Khan,*? Hayashi*® and their Co-workers. Among these host-guest
systems, carbonate anion (COs®) encapsulation by the mixed-valence POV cluster anion
[VV7V!V5036(CO3)]" has drawn our special attention, because CO3>~ anion can be derived from
COz gas (CO,+ OH — CO3*> + H*), which is an important component on our earth-surface
atmosphere in the context of global warming.*®>* Miiller and coworkers reported the first
mixed-valent POV encapsulated carbonate compound Li7[VV7V'VgO36(CO3)]~ca-39H20 in
1990, which was synthesized in the presence of Li,CO3.2* Four years later, Yamase and Ohtaka
prepared the same mixed-valent host-guest compound KsHz[VV7V!Vg036(CO3)]-14.5H,0 (but
with different cations), which was synthesized by photolyzing an agueous CH3OH solution
mixture of [V4O12]* in the presence of K2COs.% There are reports on interactions between CO2
and POMs.%%%7

Here we report an unique aqueous synthesis of a POM-based host-guest system
[Nag(H20)24][HsV'V15036(CO3)]-3N2H4-10H20 (1), in which the fully reduced POV capsule
captures dissolved aerial CO> from an alkaline aqueous synthesis mixture in the form of
carbonate anion. The absorption of aerial CO2 by an aqueous alkaline solution is not surprising.
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But, the fact, that the encapsulation of this dissolved aeiral CO> into the internal cavity of the
POV capsule does not happen ‘just like that” without the presence of some amount of 0-Bi>O3
in the concerned reaction mixture, is surprising. We could isolated compound 1 from an
aqueous alkaline solution of sodium vanadate under reducing condition, only in the presence of
0-Biz03. Compound [Nag(H20)24][HsV'V15036(CO3)]-3N2H4-10H20 (1), on exposure to HCI
vapor, excludes carbonate in the form of CO,, whereby compound 1 gets transformed to an
amporphous substance, which could not be characterized unambigiously, but it is found to
contain chlorine element (from elemental analysis). We therefore synthesized a chloride
included compound [Naio(H20)24][HzV'V15036(C1)]-6H20 (2), in which the same POV cluster
capsule, as found in compound 1, encapsulates chloride anion in its cavity as observed from its
crystal structure determination.

5.2. Experimental section
5.2.1. Materials and methods

All the chemicals were of analytical grade and used as received. Deionised water was used for
all the experiments. Compounds 1 and 2 have been synthesized by conventional wet synthesis
methods under ambient atmosphere.

5.2.1.1. Synthesis of [Nas(H20)24][HsV'V15036(CO3)]-3N2H4-10H,0 (1)

3.66 g of NaVOs3 was added to 100 mL of hot water (temp. 85-90 °C) in a 250 mL conical
flask to give a clear colourless solution. 0.31 g of solid a-Bi.O3 and 0.72 g of solid NaOH were
added subsequently to the above solution and immediately covered with a watch glass and
stirred for 30 mins on a hot plate (temp. 85-90 °C). Afterwards, 2.5 g of N2Hs-HSO, was added
in small portions (to avoid aggressive effervescence), to the above reaction mixture. After
addition of N2Hs-HSQg, the colour of the solution was changed from yellow to dark green and
this was stirred for another 15 mins and cooled to room temperature. The solution was filtered
and the filtrate was left undisturbed for 24 hours in an open atmosphere. The dark brown
coloured precipitate, formed, was filtered off and dark green coloured filtrate was kept
undisturbed for crystallization. After 10 days, the dark green crystals along with a minute
amount of unidentified precipitate settled were filtered, washed three times with a little amount
of ice cold water (~20 mL), twice with 20 mL of ethanol-ice cold water mixture (1:1 ratio) and
dried in air at room temperature. Yield: 2.21 g (50% based on Vanadium). Anal. calc. for
V15NasO79C1HesNs: V, 33.81%; Na, 6.09%; C, 0.55%; H, 3.61%, N, 3.76%. Found: V, 34.96%;
Na, 6.58%; C, 0.61%; H, 3.98%; N, 3.72%.

5.2.1.2. Synthesis of [Naio(H20)24][H3V15036(Cl)]-6H20 (2)

3.66 g of NaVO3 was added to 100 mL of hot water (temp. 85-90 °C) in a 250 mL conical flask
to give a colourless solution. 0.31 g of solid a-Bi,O3 and 0.72 g of solid NaOH were added
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subsequently to the above solution and immediately covered with a watch glass and stirred for
30 mins on a hot plate (temp. 85-90 °C). 2.5 g of N2H4-H2SO4 was added in small portions (to
avoid effervescence) to the resulting reaction mixture. After addition of N2Hs-HSOj4, the colour
of the solution was changed from yellow to dark green and this was stirred for another 15 mins.
4.5 g of solid NaCl was added to the reaction mixture and stirring was continued for 10 more
minutes. The reaction contents were cooled to room temperature and the solution was filtered.
The filtrate was kept undisturbed in an open atmosphere; after 4 days, black colored crystals
along with a minute amount of unidentified precipitate, obtained, were filtered, washed three
times with minimum amount of ice cold water (~20 mL), twice with 20 mL of ethanol-ice cold
water mixture (1:1 ratio) and dried in air at room temperature. Yield: 2.35 g (55.5 % based on
vanadium from product). Anal. calcd. for V1sNa10OssCliHs3: V, 35.56%; Na, 10.70%; ClI,
1.65%. Found: V, 35.53%; Na, 10.58%; Cl, 1.68%.

5.2.2. Physical measurements

Elemental analyses were performed using FLASH EA series 1112 CHNS analyser. Bruker
Tensor 11 equipped with Platinum ATR (Attenuated Total Reflectance) accessory was used to
collect FT-IR spectra. TA instrument Q600 TG/DTA coupled with Bruker Tensor 11 ATR-IR
was used to record TGA-FTIR measurements. TG analyses were carried out on PerkinElmer —
STA 6000 and TG-Mass analyses were performed on PerkinEImer — STA 6000 coupled with
PerkinElmer—Clarus SQ8S mass spectrometer. Raman spectra were recorded on Wi-Tec alpha
300AR laser confocal optical microscope (T-LCM) facility equipped with a Peltier cooled CCD
detector using 785 nm Argon ion laser. Magnetic susceptibilities were measured in the
temperature range of 3-300 K on a Quantum Design VSM SQUID. ICP-OES elemental
analyses were performed on ICP-OES Varian 720ES. XPS analyses of powdered samples were
performed on Omicron Nano Tec. ESCA* Oxford instruments Germany. Powder X-ray
diffraction (PXRD) patterns of 1 and 2 were recorded on a Bruker D8-Advance diffractometer
using graphite monochromated CuKal (1.5406 A) and Ka2 (1.54439 A) radiation.

5.2.2.1. X-ray crystallography

Single crystals of compounds 1 and 2, suitable to collect diffraction data, were obtained directly
from reaction mixture. Single crystal X-ray diffraction data of 1 and 2 were collected at100 K
and 293 K respectively on a Bruker SMART APEX III single crystal X-ray diffractometer
equipped with CCD area detector system, graphite monochromator and Mo-Ka fine-focus
sealed tube (A = 0.71073 A). The scans were recorded with a o scan width of 0.3°. Data
reduction was performed by SAINT PLUS,*® and empirical absorption corrections using
equivalent reflections were performed by the program SADABS.*® Structure solutions were
done using SHELXT-2014,% and full-matrix least-squares refinement was carried out using
SHELXL-2018.% All of the non-H atoms were refined anisotropically. Compound 1 crystallizes
in hexagonal P-62c space group and compound 2 crystallizes in hexagonal P-62m space group.
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Table 5.1. Crystal data and structural refinement parameters for compounds 1 and 2

Compound 1 Compound 2
Empirical formula C1Hgs NsNasO73V1s Cl1Hs3Na10066V1s
Formula weight 2254.77 2148.93
T(K)/ A (A) 100(2)/0.71073 293(2) /0.71073
Crystal system Hexagonal Hexagonal
Space group P-62c P-62m
aA 12.9910(6) 13.0800(18)
b A 12.9910(6) 13.0800(18)
cA 23.1099(12) 11.160(2)
a(°) 90 90
B(©) 90 90
v () 120 120
Volume (A3) 3377.5(4) 1635.5(5)
VA 2 1
Pcalcd (gcm™) 2.130 2.094
w« (mm~1), F(000) 2.140, 2086 2.237, 1000
Goodness-of-fit on F2 1.085 1.065
Ri/wWR: [1 > 20(1)] 0.0285/0.0769 0.0585/0.1753
Ri/wWR; (all data) 0.018(6) 0.02(9)
Largest diff. peak/hole 2.384/-0.705 1.005/-0.797

A%

The important crystallographic data of compounds 1 and 2 were given in Table 5.1. The
supplementary crystallographic details such as bond distances and angles corresponding to
compounds 1 and 2 were provided in Appendix 5(i), respectively. CCDC-1839257 and CSD-
434477 contain the supplementary crystallographic data for compounds 1 and 2, respectively.
The crystal data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.

5.3. Results and Discussion

5.3.1. Detailed discussion on synthesis
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Synthesis scheme:

[Nag(Hy0),4 [HsV™ 15046(CO3)]-3N,H, -10H,0

i. 90°C/h,
H,0 Compound 1
29 NavVO;+ e- Bi,0,
ii. NaOH,
N,H;-HSO, NaCl [Nayo(H0),4] [H; VTV 15036(CD] 61,0
(excess) Compound 2

Scheme. 5.1. Scheme for fully reduced polyoxovanadate compounds synthesis in a one-pot wet reaction.

The synthesis of deep green colored compound [Nas(H20)24][HsV'V15036(CO3)]-3N2H4-10H20
(1) was carried out in an aqueous medium under an ambient condition (Scheme. 5.1). The
synthesis involves NaVOs as the vanadium precursor, NoHs-HSO4 as the reducing agent, a
small quantity (10 mol%) of a-Bi.O3 and solid NaOH (to adjust the pH to 8.5). Compound 1
(which does not have any bismuth atom in it) cannot be synthesized in absence of a-Bi.Oz from
the concerned reaction mixture. It is also important to mention that, no external CO3?source
was used for the preparation of 1, and spontaneous absorption of atmospheric CO; is the only
possible source of encapsulated COz?~ in 1. Thus a-Bi;Os plays an important role in the
encapsulation of dissolved atmospheric CO> (in the alkaline aqueous synthesis mixture) into
the cavity of {Vis} capsule in 1. It is known that a-Bi>Os shows a weak synergetic interaction
with CO- in an alkaline solution.®2-%° Based on this, we speculate that, in the present aqueous
alkaline synthesis of compound 1, a-Bi>Os establishes a reversible equilibrium with absorbed
atmospheric COz: a-Bi203 + CO. % (Bi0O).CO3z and supplies carbonate anion to compound 1
for its encapsulation. In order to understand, the survival of Bi,Os in the concerned reaction
mixture before and after crystallization, we performed the FESEM studies along with elemental
map on the reaction mixture by analyzing sample solution after one day and after four days of
the reaction (in this synthesis, crystallization starts after two days of the reaction). FESEM
images of reaction mixture collected after one day show the presence of some flake-shaped
particles decorated on sphere-shaped vanadium containing particles (Figure 5.1). In case of
reaction mixture collected after four days, FESEM images show the presence of similar type of
flake-shaped particles, but on needle-shaped vanadium containing crystals (since the
crystallization was already started). The elemental map of these flake-shaped particles of two
instances show mainly the existence of bismuth and oxygen. Thus, the solution contains some
amount of bismuth and oxygen containing compounds that can be Bi>Os (Figure 5.2). The
existence of Bi(OH)s (in the alkaline reaction mixture) and elemental bismuth (under reducing
condition) cannot be ruled out. Synthesis of compound 2 was carried out using similar synthetic
protocol as of compound 1, but at the end of the reaction an excess amount of NaCl was
additionally supplied to the reaction mixture.
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Spectrum 1

Quantitative results

Figure 5.1. Reaction mixture analysis: FESEM-EDX elemental mapping of reaction mixture solution of
compound 1 collected after one day.

Quantitative results

BiMa1 VKa1t NaKa1_2

Figure 5.2. Reaction mixture analysis: FESEM-EDX elemental mapping of reaction mixture solution of
compound 1 collected after four day.

5.3.2. Physical characterizations
5.3.2.1. Single-crystal X-ray crystallographic analysis
The crystal structure of 1 reveals that an encapsulated COs> anion is surrounded by 15

vanadium and 21 oxygen atoms spherically in the fully reduced POV capsule anion
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[HsV'V15036(C0O3)]®. The carbonate anion is stabilized by coordination with three vanadate
units {V—-0O(CO3?") = 2.30A} in the cavity of the POV capsule. The POV cluster displays 12
{VOs} square pyramidal units and three distorted octahedral {VVOe} units that are formed by
coordination with central encapsulated CO3?~ anion as shown in Figure 5.3. Each of these three
vanadium centers, coordinated to the central CO3%", is lying about 0.39 A above the mean plane
of four equatorial oxygen atoms. On the other hand, in each of twelve VOs centers, the
vanadium is located about 0.631 A above the mean plane of the concerned basal square-plane
of four oxygen atoms. This implies that the interactions between peripheral vanadium atoms
and the central carbonate ion is strong enough to consider these as coordinate covalent bonds.
The overall topology of the POV cluster (compound 1) is comparable to that of mixed-valent
POV cluster in compound, Liz[VVY7V'V5036(CO3)] ~ca.-39H,0, reported by Miiller and co-
workers.2*

Figure 5.3. Single-crystal structure: thermal ellipsoidal and polyhedral plots (with 60% probability) of carbonate
encapsulated cluster cage, [HgV'V15035(C0O3)]¢ (in compound 1).

5.3.2.2. Spectroscopic characterization of the encapsulated carbonate ion

Since we did not supply any source of CO3? anion (included in the cavity of the {V1s} capsule
in compound 1) to the concerned reaction mixture and it is the aerial CO> dissolved in alkaline
reaction mixture that gets encapsulated in the internal cavity of compound 1, we have
characterized the guest carbonate anion by IR and Raman spectral studies along with TGA-MS
and TGA-IR studies besides single crystal X-ray crystallography. The presence of carbonate
can be realized by Infrared (IR) bands observed at 1468 and 1406 cm™ that can be assigned to
stretching frequencies of carbonate ion (Figure 5.4(a)). The presence of COs?"is also realized
with the help of online coupled TGA-Infrared (Figure 5.4(b-e) and corresponding TGA
response shown as inset in Figure 5.4(f)) and TGA-mass spectral analysis (Figure 5.4(f)).
When the temperature of the sample reaches to 350 °C, the appearance of CO- stretching
vibrations at 2295 cm™ and 2345 cm™ is started (i.e., decomposition of COs?*~ as CO,). The
complete disappearance of CO> vibrations occurs around 445 °C. The TGA-mass spectra are
also consistent with the TGA-IR data and show a mass loss response, corresponding to CO: at
a similar temperature region (Figure 5.4(f)). The carrier gas (He) was flushed through the
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sample port for 5 min prior to the measurement to eliminate the interference of atmospheric
CO.. The TGA profile was recorded in the temperature range 50 °C to 950 °C (10 °C/min,) and
mass spectra were harvested between 3 to 42 min. A high intense mass peak at m/z = 44
corresponding to CO2 observed in mass spectra of TGA effluent after 39" min in GC which
corresponds to ~400 °C temperature in TGA.
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Figure 5.4. FT-IR, TGA-IR and TGA-mass spectra: (a) FTIR spectra of compounds 1, 2 and Muller mixed-valent
compound Li7[VV7V"V5036(CO3)] ~ca.-39H,0?* (prominent carbonate stretching bands of 1 and Muller mixed-
valent compound at 1468 and 1406 cm™, whereas compound 2 show none of these bands in that region); (b-e)
TGA-IR spectral profile of compound 1 displaying stretching bands, corresponding to CO- evolved as a result of
CO3% decomposition in 1; (f) TGA-mass spectrum of compound 1 displaying a peak corresponding to CO; evolved
as aresult of CO3%~ decomposition in 1 (inset of Figure (f) can represent the thermogravimetric profile of compound
1 during the TGA-IR measurement).

5.3.2.3. Qualitative analysis of carbonate ion

The qualitative analysis test for CO3?” ion has also been performed and consistent positive
results were obtained (Figure 5.5(a and b)).

Test 1: 0.1M calcium hydroxide solution was added drop-wise to a (0.1 mmol) 5 mL solution
of compound 1 (deep green solution). A cloudy white precipitation was slowly formed which
in turn confirms the presence of CO3?" ion in the compound 1.

Test 2: Ina 15 mL test tube, 5 mL of 0.1 mmol solution of compound 1 was treated with 5 mL
of 0.1M hydrochloric acid. An immediate gas effervescence was observed along with
generation of bright blue color solution. The effervescence confirms the presence of carbon
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dioxide in the form of carbonate and the generation of bright blue color in solution indicates
the presence of vanadium in their +4 oxidation state.

Figure 5.5. Carbonate ion test: (a) before addition of calcium hydroxide solution to the compound 1; (b) after
addition of calcium hydroxide solution to the compound 1.

5.3.2.4. Carbonate ion exclusion as CO> from compound 1 in a gas-solid interface
reaction followed by Grignard reaction

Exp. PXRD pattern of amorphous
compound

10 20 30 40 50
20 (degree)

Figure 5.6. Powder X-ray diffraction pattern of an amorphous compound resulted in a gas-solid interface reaction.

Any carbonate salt, on reacting with a mineral acid, liberates CO, gas (COs*> + 2H* — CO. +
H20), but not always with an acid vapor. Remarkably, the crystals of compound [Nas(H20)
24][HsV"V15036(C0O3)]-3N2H4- 10H,0 (1) (having a carbonate anion per formula unit) undergoes



Chapter 5 Aerial CO; Fixation and Its Exclusion for Organic Transformation

gas-solid interface reaction with HCI vapor with the exclusion of COs? from the POV capsule
as CO> gas resulting in the formation of an amorphous solid (egn. 1), as confirmed from its
PXRD studies (Figure 5.6).

[Nas(H20)24][HsV'V15036(CO3)]-3N2H4-10H20 (1, solid) + HCI (vapor) —  CO2 + an

amOTPhoUS SOLIA ... (egn. 1)
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Figure 5.7. FTIR spectra; exclusion of carbonate as CO; gas from compound 1 was monitored by the FTIR spectra
collected in the regular time intervals and the collected FTIR spectrums were represented in an overlay manner.

This exclusion of carbonate as CO> gas can simply be monitored by IR spectroscopy (Figure
5.7). The IR bands, observed at 1468 and 1406 cm™ for 1, disappears on exposing the crystals
of 1 to HCI vapor resulting in the formation of amorphous substance in a solid to solid
transformation (eqn. 1). We could not characterize unambiguously the resulting amorphous
compound, formed by gas-solid reaction (egn. 1). However, the elemental (ICP-OES; Appendix
5(ii(d))) analyses of this resulting amorphous solid shows the presence of chlorine element in
it. The excluded CO; gas from encapsulated carbonate, as usually, can be reacted with Grignard
reagent, PhMgBr to form triphenylmethanol and benzoic acid (Scheme 5.2). 2.2 g (1 mmol) of
compound 1 having encapsulated carbonate anion was taken in a three neck round bottom flask
and reacted with dry HCI vapours at 5 °C. The generated CO, was passed through dry
tetrahydrofuran (THF) solution of trimethylamine to trap the unreacted HCI vapours and
allowed to react with 2 mL of freshly prepared 0.1M PhMgBr reagent in 10 mL THF at -80 °C.
The reaction mixture was mixed with water and pH was adjusted to 6.3 with 1M aqueous HCI
solution and then extracted with diethyl ether. The resultant reaction mixture was analysed
through the HRMS to identify the resulting products (Appendix 5(ii(f))).
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Scheme 5.2. Organic products formation: conversion of CO,, excluded from compound 1, to triphenylmethnol
and benzoicacid by reacting with PhMgBr.

5.3.2.5. Understanding about molecular insights of gas-solid interface reaction material

As we could not characterize the amorphous compound formed in the gas-solid reaction (it
loses crystallinity during its solid to solid state formation!) unambiguously and it is found to
contain chlorine element, we intended to synthesize a chloride anion encapsulated compound
in a direct synthesis. Thus, we have performed a synthesis similar to the synthesis of compound
1, but added excess amount of NaCl at the end. We indeed have isolated and structurally
characterized a Cl ion included compound [Na1o(H20)24][H3V15036(CI)]-6H20 (2), in which a
chloride anion is found to be encapsulated in the internal cavity of same {V1s} cluster, found in
compound 1. The crystal structure of this chloride anion encapsulated cluster cage is shown in
Figure 5.8. As far as compositions are concerned, compound 2 POV cluster anion encapsulates
a Cl™ in its cavity (Figure 5.8) and is tri-protonated in contrast to the compound 1 POV cluster
anion, which encapsulates a CO3> anion in its cavity and is protonated by 8 H*. The CI- ion at
the center of cluster shell (compound 2) does not have any significant interactions with cluster
cage and hence is stabilized by electrostatic interactions.

Figure 5.8. Single-crystal structure: polyhedral and thermal ellipsoidal plots (with 60% probability) of chloride
encapsulated cluster cage, [HsV'V15036(C1)]'*- (in compound 2).

4.3.2.6. Raman spectra

The presence of same {V1s} cluster cage in compound 2 can also be established by comparing
its Raman signal with that of compound 1. As shown in Figure 5.9, the Raman signals of
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Figure 5.9. Raman spectra of compounds 1 and 2 along with Miiller’s mixed-valent compound
Li7[VV7V|V3036(CO3)] ~ca.‘39HzO.24

compounds 1, 2 and known mixed-valent compound Liz[VV7V!Vs036(CO3)] ~ca.-39H,0%** are
comparable. More specifically, the Raman bands corresponding to V-O(u2-O/u3-0)
stretchings, observed for 1 and 2 in the range 200-650 cm™, are comparable to those found for
the iso-structural mixed-valent compound Liz[VV7V'Vs036(CO3)] ~ca.-39H.0.2* The Raman
spectral results are consistent with IR spectral results (Figure 5.4a, vide supra). Careful analysis
shows an extra but small feature at around 800 cm™ in the Raman spectra of 1 as well as in
mixed-valent compound (both are carbonate anion containing compounds), which is not present
in the Raman spectrum of 2 (chloride anion encapsulated compound 2). We can thus assign this
band at around 800 cm™ in the Raman spectra of both compounds to Raman active A' mode of
Dsh carbonate.®®

5.3.2.7. Variable temperature magnetic susceptibility
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Figure 5.10. Variable temperature magnetic susceptibility: (a and b) yu vs T and 1/, T vs T plots of compounds
land 2.

There are only very few organic free fully reduced polyoxovanadate (POV) cluster containing
compounds; interestingly, all of them were reported by Miiller group.t>%2947 All these fully
reduced organic free POV compounds were reported to exhibit remarkable magnetism.
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Compounds 1 and 2 (present work) are new addition to this rare class of organic free fully
reduced vanadium-based magnetic materials. Thus we have recorded magnetic susceptibilities
of compounds 1 and 2 at 0.1 T in the temperature range 3-300 K. Figure 5.10 shows the
magnetic behaviors of compounds 1 and 2 in the form of ym versus T and product ymT versus T
plots, respectively. The ymT value of compound 1 at 300 K is 5.758 cm® K mol (6.786 us),
which is very close to the total spin only value 5.626 cm® K mol™ (6.708 ug), expected for 15
non interacting electrons. In the case of compound 2, the corresponding value is 4.104 cm® K
mol at 300 K, which is significantly less compared to their total spin only value (6.708 ps,
expected for 15 non interacting electrons). As shown in Figure 5.10, as the temperature
decreases, the ymT value of 1 was linearly decreased and reached to 2.36 cm® K moltat 42 K.
The value decreased rapidly below 42 K and reached to 1.104 cm® K mol? at 3 K. This
behaviour does not follow curie and curie-wies law and seems to be antiferromagnetic
interactions of individual spins in 1. On the other hand, the ymT value of 2 is constant when the
temperature is varied from 300 K to 250 K, but decreased linearly to 0.39 cm® K mol* with the
decrease of temperature from 250 K to 3 K. The ymT value of 0.39 cm® K mol* at 3 K for 2 is
close to zero and infers a S = 0 ground state for 2. Thus the magnetic susceptibilities of 1 as a
function of temperature is considerably different from 2 as a function of temperature. This
clearly suggests that the encapsulated and coordinated carbonate anion in 1 as guest facilitates
a different magnetic pathway compared to the magnetic exchange pathways, shown by
compound 2 having non-coordinated encapsulated CI~ anions as guest. However, the detailed
account of magnetic interactions including theoretical studies in these compounds 1 and 2 are
not possible at this stage and will be reported later in details.

5.3.2.8. BVS and XPS spectra

The bond valence sum calculations concludes that, all vanadium centers in 1 and 2 are in +4
oxidation state in contrast to the vanadium centers of same cluster cage containing compound
Liz[VV7V!V5036(CO3)] ~ca.-39H,0 (mixed-valent compound),?* that has 7 vanadium atoms in
+5 oxidation state and 8 vanadium atoms in +4 oxidation state. Accordingly, the bond distances
around the vanadium centres in 1 and 2 are quite different from those in Liz[VV7V'VgO36(CO3)]
~ca.-39H,0%* and other mixed-valent {V1504,} systems.*® The bond valance sum calculations
(BVS) on 1 and 2 (Appendix 5(iii)) furnishes that the relevant BVS values are in the ranges of
3.40-4.22 (Avg. = 3.89) and 3.87-4.28 (Avg. = 4.11) for 1 and 2 respectively. The average V-
O terminal bond distances (1.62-1.64) are significantly longer in 1 and 2 compared to the same
distances reported for mixed-valent and fully oxidized polyoxovandates.®” This observation is
also consistent with +4 oxidation state of vanadium centers in 1 and 2. In order to support the
BVS calculations, we recorded X-ray photoelectron spectra (XPS) of compounds 1 and 2,
whereby O1s response at 530 eV was taken as the reference. Figure 5.11 shows partial and
survey scan XPS plots of 1 and 2. Both compounds display a signal in the range of 514.96—
515.73 eV for V2pz, with FWHM (full width at half maximum) of 2.73-4.27 eV, which is
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characteristic for a vanadium (1V) oxidation state.®® An another XPS signal with relatively weak
intensity has also been observed in the range of 522.50-523.12 eV corresponding to V2pu2.

Compound 1

o1s (a) Compound 2 s (b)

-

V2p3/y

T T T T
500 510 520 530 540 550 T - T -
Binding Energy (eV) 500 510 520 530 540 550

Binding Energy (eV)

Compound 1 (C) Compound 2 (d)
o1s
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Binding Energy (eV) 0 200 400 600 800 1000
Binding Energy (eV)

Figure 5.11. XPS spectra: (a and b) vanadium 2p core level XPS spectra of compounds 1 and 2; (¢ and d) areal
scan XPS spectra of compounds 1 and 2.

5.3.2.9. Manganometric redox titrations

Prior to preparation of solutions, the solvents used were saturated with UHP nitrogen gas to
remove the dissolved oxygen. 0.05N potassium permanganate solution (KMnQ4) was prepared
and standardized with 0.05N ammonium ferrous sulphate ((NH4)2Fe(SOa4)2-6H20) in 0.2N
sulphuric acid solution. The titrations are completely carried out under nitrogen atmosphere at
room temperature to prevent the interaction of air with vanadium (IV) ion solution. 0.05N
solution was freshly prepared by dissolving corresponding vanadium(lVV) compound in 0.2N
H2S04 solution. 10 mL of the above solution was transferred into an Erlenmeyer flask and 0.2
mL of HsPO4 85% (syrupy phosphoric acid) as catalyst and 2 drops of ferroin as redox indicator
were added. The mixture was titrated against standardized 0.05N potassium permanganate
solution (KMnQg). The end point was realized by a colour change from red to pale green. The
experiment was repeated for two concurrent values.

Calculations for manganometric determination of vanadium oxidation states in
compounds 1 and 2:

Compound 1
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0.05N vanadium(IV) in 0.2N H,SO4 | Taken amount of 0.05N KMnOj (in Burette)
S No. | solution (mL)
Initial (mL) End point (mL)
1 10 0 10.3
2 10 0 10.4
3 10 0 10.4
4 Average titre value 10.36
Compound 2
0.05N vanadium(1V) in 0.2N H,SO, | Taken amount of 0.05N KMnQj (in Burette)
S No. | solution (mL)
Initial (mL) End point (mL)
1 10 0 10.5
2 10 0 10.5
3 10 0 10.5
4 Average titre value 10.5

Formula for calculation:

{VVis} + 3 KMnOs+24 H* > {VVis} + 3 Mn?* + 12H,0

10 mL of 0.05 N of KMnQO4 = 15 no. of V'V centres (in 10 mL of 0.05 N of V15 cluster)
x mL of 0.05 N of KMnO. = No. of V'V centres (in 10 mL of 0.05 N of V15 cluster)

No. of V(IV) centers present(in 10 mL of 0.05 N of V15 cluster)
_ 15 x xmL of KMn0O4 (0.05 N)

10 mL of KMnO4 (0.05 N)

For Compound 1,

No. of V(IV) centers present (in 10 mL of 0.05 N of V15 cluster)
_ 15 % 10.36 mL of KMnO4 (0.05 N)

10 mL of KMn04 (0.05 N)

= 15.54
For Compound 2,

No. of V(IV) centers present(in 10 mL of 0.05 N of V15 cluster)
15 x 10.5 mL of KMnO4 (0.05 N)

~ 10 mL of KMnO4 (0.05 N)

=15.75
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The obtained volumetric redox titrations results of 1 and 2 using standardized KMnOj4 solution
and ferrion as an indicator was also revealed the presence of 15 electrons per formula unit of
each of these compounds 1 and 2.

5.3.2.10. UV-Vis absorption spectra
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Figure 5.12. UV-Vis absorption (solution) spectra of compounds 1 and 2 in water.

Apart from above mentioned BVS, XPS, and volumetric redox titration confirmations, the
presence of V(IV) oxidation states of 1 and 2 can be realized with the help of d-d transitions in
UV-Vis spectra. For this, 0.1M lit™* aqueous solutions (based on VV** metal ion 0.1M per mL) of
compounds 1 and 2 were used to record UV-Vis absorption (solution) spectra. The d-d
transitions corresponding to V** (d*) ion in the region of 600 to 1200 nm with an absorption
maxima at 964 nm for 1 and at 995 nm for 2 (Figure 5.12) were observed.%®"° The bands below
400 nm are perhaps due to ligand-to-metal charge transfer ‘LM-CT’ (O—V) transitions.

5.3.2.11. Thermogravimetric analyses
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Figure 5.13. Thermogravimetric analyses plots of compounds 1 and 2.
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Thermal stability of the compounds 1 and 2 were examined by TGA analysis under helium gas
atmosphere (Figure 5.13). The TGA analysis reveals that the compound 1 shows two stage
dissociation of lattice water and hydrazine molecules as well as sodium coordinated water
molecules and fallowed by CO. evaluation with the decomposition of COs* ion. However
cluster show much thermal stability up to 495 °C then gets decomposed. Whereas compound 2
has a gradual weight loss in the temperature range 50 to 400 °C corresponding to water of
crystallization and remains stable up to 600 °C.

5.3.2.12. Powder X-ray diffraction profiles
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Figure 5.14. Powder X-ray diffraction patterns of compounds 1 and 2.

Finally, the powder X-ray diffraction (PXRD) patterns were recorded to understand the phase
purity and homogeneity of synthesized compounds 1 and 2. Figure 5.14 show the PXRD
profiles of compounds 1 and 2, the resulted experimental patterns were consistent with their
calculated profiles hence confirmed that the homogeneity and phase purity of as synthesized
compounds 1 and 2.

5.4. Conclusions

In conclusion, even it is known that an alkaline aqueous solution absorbs aerial CO2 gas and
aqueous polyoxometalate chemistry had long been known (more than 200 years!), not a single
polyoxometalate compound is known until today, in which this absorbed aerial CO, gets
encapsulated. We have made this inclusion (as carbonate) possible by using some amount of a-
Bi20s in the relevant reaction mixture. We have characterized this confined carbonate anion by
IR, TGA-mass, TGA-IR spectral studies including single crystal X-ray crystallography. We
have to admit that, even though, the terminal source of this carbonate encapsulation is air, this
will not solve the global warming problem (one big cluster anion encapsulates only one
carbonate anion!). But the present host-guest system is a unique one in the sense that, this on
exposure to HCI vapor excludes the guest carbonate anion as CO2 gas leading to the formation
of an amorphous material. The excluded CO- can be reacted with PhMgBr (a Grignard reagent)
to produce useful organic products (triphenyl carbinol and benzoic acid). We could not
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characterize the resulting amorphous material (formed after CO> exclusion with HCI vapor in
a solid to solid transformation). Elemental analysis of this amorphous material shows the
presence of not only chlorine element but also a good amount hydrogen content even after
thorough washing with water. A preliminary measurement on this amorphous material shows
that it exhibits excellent proton conduction in the solid state. The detailed studies in this
direction is under progress.
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Concluding Remarks and Future Scope of
the Present Thesis Work

Concluding Remarks:

The present thesis has highlighted the necessity of polyoxometalates (POMs), earth-abundant
bio-compatible materials, for carbon free-energy production (i.e., electrocatalytic hydrogen
evolution and solid-state proton conduction) and environmental cleaning (CO2 sequestration).
Throughout the thesis work, simple and energy efficient one-pot wet synthetic methodologies
were adapted for POM materials production, using a green solvent (i.e., water) and earth-
abundant metal-oxides precursors. All the compounds, presented in this thesis work, were
characterized by routine analytical techniques as well as unambiguously by single-crystal X-
ray diffraction studies.

Chapter 2, the first working chapter, presents isolation and exploration of two WY'-(OH)
functional sites containing POM systems, i.e., (POM-CoW(OH), and Him@POM-
MnW(OH),). The WY'-(OH), sites on the surface of POMs are found to be electrochemically
active for electrocatalytic hydrogen evolution reaction in a wide pH range (from acidic to
neutral pH medium). The electrochemical controlled experiments have clearly established the
structure-function relationship and also revealed the crucial role of WY'—(OH). functional sites
on electrocatalytic hydrogen evolution reaction. Both the catalysts, studied in this chapter, have
been shown to be stable and to exhibit efficient hydrogen evolution reaction activity in a wide
pH range under the given electrochemical operational condition. Between the two compounds
presented in this section,, the HIM@POM-MnW(OH). is found to have better catalytic
efficiency towards electrocatalytic hydrogen evolution reaction than that shown by POM-
CoW(OH)2. The enhanced activity in the case of HIm@POM-MnW/(OH): is expected due to
the presence of an additional charge carrier ions (i.e., protonated imidazole). This chapter opens
up the doors and strengthens the idea of introducing more number of transition metal-hydroxyl
(M™—-OH) groups and charge carriers into the POMs for further enhancement in the hydrogen
evolution reaction activity.

Chapter 3 describes the functionalization of lacunary (in-situ generated BiWy) clusters by
redox-active hexa-nuclear and penta-nuclear mixed-valent copper wheel and isolated as barrel-
shaped POM (LiCu-POM and NaCu-POM) clusters containding compounds. Among two
barrel-shaped POM clusters, studied in this chapter, one of the POM cluster (LiCu-POM)
contains lithium counter cations and grown in to a 2D layered network though the Cu—O=W
linkage and the void spaces of the 2D network were occupied by lithium aqua-clusters.
Interestingly, in the LiCu-POM compound, a sulphide group was found to be coordinated to
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the apical position of one of the copper center, which seems to be derived from in situ reduction
of sulphate to sulfide. Ammonia solution and lithium ions are expected to take the leading role
in this reduction of sulphate to sulfide. In contrast, the same observation is not made in the other
compound (NaCu-POM). On the other hand, the NaCu-POM cluster containing compound
contains sodium ions as counter cations in the form of a sodium aqua-wheel that connect to
two POM barrels in a side on manner. In another view, the sodium aqua-wheel is sandwiched
by two POM barrels in a plug-socket type and has made it a strong supramolecular network.
The electrochemical studies of these barrel-type compounds reveal that both the functionalized
compounds are synergistically activated and exhibit efficient electrocatalytic hydrogen
evolution at neutral pH. In a close observation, the NaCu-POM has leading catalytic hydrogen
evolution reaction activity over that of LiCu-POM catalyst. This enhanced activity in NaCu-
POM could be attributed to the presence of extensive H-bonding, which further helps to interact
with water and make the catalytic hydrogen evolution more feasible.

Chapter 4 depicts the role of reduced POMs on proton conductivity. It is commonly known
that the higher the number of labile protons on POM surface and the higher is the conductivity.
The higher number of protons on the concerned compounds surface prompted us to investigate
the proton conductivity studies. In this chapter, we have studied the solid-state proton
conductivity using such two simple, fully reduced, and proton-rich polyoxovanadate
compounds (named as compounds 1 and 2). The proton conductivity studies reveal that both
the compounds are found to be stable under operational condition. Among two compounds,
compound 1 has been shown to have better proton conductivity compared to that of compound
2.

In Chapter 5, we have demonstrated the carbonate (CO3*) ion encapsulation into the fully
reduced polyoxovanadate capsule cavity from absorbed atmospheric CO; in the concerned
synthesis reaction mixture. Interestingly, the encapsulated COs? has been excluded by gas-solid
interface reaction under the controlled experimental condition and is further reacted with the
Grignard (PhMgBr) reagent for its transformation to value added organic products (triphenyl
carbinol and benzoic acid as the products). The resulted residual material from the gas-solid
interface reaction was found to exhibit excellent proton conductivity in the order of 102 S cm’
Land its membrane fabrication is under progress. This chapter has also described the variable
temperature magnetic studies of the title host guest compounds, that are fully reduced in terms
of vanadium centers. This chapter demonstrates an immense attention of the modern scientific
community for post-synthetic modifications on such fully reduced POMs (e.g., gas-solid
interface reaction) for next-generation materials for clean energy applications.

Future Scope:

In Chapters 2-5, we have already emphasized the role of functional polyoxometalates in clean
energy management. In addition to this, direct utilization of solar energy is vital to produce
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energy in a continuous manner. It is known that in total solar energy, around 70% of red light
is present. Converting this form of energy into usable energy is most important and crucial to
avoid global warming effect (fossil fuel burning) and sustainable life on the earth surface. We
need a stable and efficient catalyst to capture and conversion of this energy in the form of fuels
(H2 molecules). On the other hand, the development of highly efficient energy processing
devices is also most important to use the produced fuels efficiently. Hence, the construction of
sustainable hydrogen fuel cell (FC) is also vital. The efficiency of FC largely depends on the
efficiency of the proton exchange membrane (PEM) material. Besides, solar energy conversion,
the fabrication of PEMs can make the fulfilment for overall energy management.

On the other hand, storage of electrical energy in the form of charge (e.g., solid-state
lithium/sodium-ion batteries, redox flow batteries etc.) is another important challenge for
energy management in portable device applocations. For this, we need to develop the high-
energy density charge carrier and conversion devices safely. In this area of technology,
founctional polyoxometalates may be found to be the most potential candidates to address most
of these energy management issues not only due to their very fast multi-electron redox reactions
but also because of their structural integrity even after multiple number of electron transfer
involeved in the concerned red-ox reactions. In addition to all these characteristics, their earth-
abundancy, bio-compatible nature, and ‘easy to synthesize for industrial demand in a one-pot
aqueous methodology’ are added advantages in employing these materials in clean energy
management. The following attempts can be described as future scopes of this thesis work.

(1) Red-light driven photocatalytic hydrogen evolution using polyoxometalates.

Figure 1. The representation of the red-light driven photocatalytic water splitting reaction using polyoxometalate
molecular catalyst.

As we have seen in Chapters 2 and 3, presence of redox-active 3d- metal ions, such as, Mn?*,
Co?*, Cu?* and W®" in the POM based molecular compounds can make them potential
photocatalysts for red-light driven photocatalytic water-splitting reaction. Thus, these materials
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can be employed for the red-light driven photocatalytic water splitting reaction for solar fuel
production, and this work is under progress in our laboratory and will completed in near future
(Figure 1).

(2) Fabrication of proton exchange membrane (PEM) using proton-rich polyoxometalates
for fuel cell application

Membrane Fabrication ‘

POV amorphous (i) Mixing

material + PBI polymer ; POV + PBI

+ Formic Acid —/ membrane
(ii) Drying

Proton I
conductivity

(iii) Characterizations

Figure 2. A schematic representation of the PBI supported membrane fabrication using POV amorphous material.

Polyoxometalates can be potential candidates for the development of proton exchnage
membranes (PEMs) for fuel cell application because of their proton rich surface and can
perform proton transportation through the surface oxo-groups. But their direct application in
fuel cell being limited due to their high ionic nature. To overcome these drawbacks, it is
required to dope these materials into the polymers (e.g. polybenzimidazole (PBI)) for the
preparation of membranes. In this direction, i.e., membrane fabrication work is under progress
using polyoxovanadate (POV) amorphous material obtained from gas-solid interface reaction
(Chapter 5). The prepared membrane is expected to be more stable and efficient for its direct
application in real-life fuel cells (Figure 2).

(3) Fabrication of lithium-ion cell using lithium-containing polyoxometalates

Rechargeable lithium-ion batteries are promising candidates to store high-density energy for
various applications (e.g., portable electronic devices, electric vehicles and grid balancing).
Among cathodic materials, polyoxometalates (POMs) are considered as potential candidates to
develop the high electrical energy storage materials due to their versatile redox properties and
multi-electrons storage capacity without structural alterations. These properties largely
motivate us to research for efficient and high energy storage cathode materials based on
polyoxometalates. In this regard, here, lithium-ion coupled POM (like LiCu-POM, chapter 4)
material has drawn our immense attention to fabricate the POM-based cathodic batteries
(Figure 3).
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Lithium ion cell Fabrication

(i) Annealed

- [—— Slurry (Fine powder + Acetylene black
Under N, + PVYDF binder) coated on Al foil

(ii) Ball-milling
| (iii) Drying at >100 °C
Under Vacuum

bk

Anode (Li foil)

p
Electrolyte Separating membrane

A simple model of Lithium ion cell |

Figure 3. A schematic representation of the Lithium-ion cell fabrication using LiCu-POM material.
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Appendix Chapter 2

Appendix 2(i). Details of bond distances and angles of POM-CoW/(OH)>

Bi(1)-0(10)
Bi(1)-0(1)
Bi(1)-O(1)#1
W(1)-0(2)
W(1)-O(4)
W(1)-O(6)
W(1)-0(3)
W(1)-O(5)
W(1)-O(1)
W(2)-0(7)
W(2)-0(11)
W(2)-0(9)
W(2)-0(8)
W(2)-0(4)
W(2)-O(10)
W(3)-0(12)
W(3)-0(13)
W(3)-O(13)#1
W(3)-0(11)
W(3)-O(11)#1
W(3)-O(10)
W(4)-O(14)
W(4)-O(15)
W(4)-O(16)
W(4)-0(9)
W(4)-O(5)
W(4)-O(1)
W(5)-0(17)
W(5)-0(18)
W(5)-0(19)
W(5)-O(16)
W(5)-0(6)
W(5)-O(1)
W(6)-O(20)#2
W(6)-0(20)
W(6)-O(15)
W(6)-O(15)#2
W(6)-O(13)#3
W(6)-O(13)#1
Co(1)-0(22)
Co(1)-0(21)#1
Co(1)-0(21)

Bond distances (A) and angles (°) of POM-CoW(OH),

2.131(15)
2.156(9)
2.156(9)
1.714(12)
1.886(12)
1.899(12)
1.914(4)
1.957(13)
2.289(10)
1.720(12)
1.861(11)
1.895(11)
1.943(8)
1.981(12)
2.302(10)
1.747(16)
1.780(10)
1.780(10)
2.058(11)
2.058(11)
2.212(15)
1.715(13)
1.868(12)
1.918(13)
1.954(11)
1.963(12)
2.236(10)
1.707(12)
1.791(13)
1.928(5)
1.993(13)
2.027(13)
2.191(11)
1.837(16)
1.837(16)
1.996(11)
1.996(11)
2.121(10)
2.121(11)
1.97(5)
2.13(4)
2.13(4)

Co(1)-O(18)#1
Co(1)-0(18)
Co(1)-O(12)#3
Na(1)-0(23)
Na(1)-O(19)
Na(2)-O(16)
Na(2)-0(20)#4
Na(2)-O(21)#5
Na(2)-O(18)#5

0(10)-Bi(1)-O(1)
0(10)-Bi(1)-O(1)#1
O(1)-Bi(1)-O(1)#1
0(2)-W(1)-O(4)
0(2)-W(1)-O(6)
O(4)-W(1)-O(6)
0(2)-W(1)-0(3)
O(4)-W(1)-0(3)
0(6)-W(1)-0(3)
0(2)-W(1)-O(5)
O(4)-W(1)-O(5)
0(6)-W(1)-O(5)
0(3)-W(1)-O(5)
0(2)-W(1)-0(1)
O(4)-W(1)-0(1)
0(6)-W(1)-O(1)
0O(3)-W(1)-0(1)
0O(5)-W(1)-0(1)
0(7)-W(2)-0(11)
O(7)-W(2)-0(9)
0(11)-W(2)-0(9)
O(7)-W(2)-O(8)
0(11)-W(2)-O(8)
0(9)-W(2)-O(8)
O(7)-W(2)-O(4)
0(11)-W(2)-O(4)
0(9)-W(2)-O(4)
0(8)-W(2)-O(4)
0(7)-W(2)-0(10)
O(11)-W(2)-O(10)
0(9)-W(2)-0(10)
0(8)-W(2)-0(10)

2.165(13)
2.165(13)
2.259(17)
2.91(5)
2.95(3)
2.81(2)
2.86(2)
2.87(4)
2.94(2)

88.2(4)
88.2(4)
85.1(5)
101.8(6)
101.8(6)
156.1(5)
98.2(7)
89.6(7)
91.0(6)
98.3(6)
86.2(6)
86.5(5)
163.4(6)
171.6(6)
83.5(4)
72.6(4)
88.2(6)
75.4(4)
99.6(6)
101.1(7)
93.8(5)
97.7(7)
90.4(6)
150.8(5)
100.9(6)
150.3(5)
85.0(5)
84.2(6)
170.0(6)
73.9(5)
87.1(4)
75.1(5)
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O(4)-W(2)-0(10)
0(12)-W(3)-0(13)
0(12)-W(3)-O(13)#1
0(13)-W(3)-O(13)#1
0(12)-W(3)-0(11)
0(13)-W(3)-0(11)
O(13)#1-W(3)-O(11)
0(12)-W(3)-O(11)#1
0(13)-W(3)-O(11)#1
O(13)#1-W(3)-O(11)#1
O(11)-W(3)-O(11)#1
0(12)-W(3)-0(10)
0(13)-W(3)-0(10)
O(13)#1-W(3)-0(10)
0(11)-W(3)-0(10)
O(11)#1-W(3)-O(10)
O(14)-W(4)-O(15)
O(14)-W(4)-O(16)
O(15)-W(4)-O(16)
O(14)-W(4)-0(9)
O(15)-W(4)-O(9)
O(16)-W(4)-O(9)
0(14)-W(4)-O(5)
0(15)-W(4)-O(5)
0(16)-W(4)-O(5)
0(9)-W(4)-0(5)
O(14)-W(4)-O(1)
O(15)-W(4)-O(1)
0(16)-W(4)-O(1)
0(9)-W(4)-O(1)
0(5)-W(4)-O(1)
O(17)-W(5)-O(18)
O(17)-W(5)-0(19)
0(18)-W(5)-O(19)
O(17)-W(5)-O(16)
0(18)-W(5)-O(16)
0(19)-W(5)-O(16)
O(17)-W(5)-O(6)
0(18)-W(5)-O(6)
0(19)-W(5)-0(6)
0(16)-W(5)-O(6)
O(17)-W(5)-O(1)
0(18)-W(5)-O(1)
0(19)-W(5)-O(1)
0(16)-W(5)-O(1)
0(6)-W(5)-O(1)
0(20)#2-W(6)-O(20)
0(20)#2-W(6)-O(15)

85.4(5)
103.7(6)
103.7(6)
96.1(8)
94.1(6)
160.2(5)
87.9(5)
94.1(6)
87.9(5)
160.2(5)
82.1(7)
162.0(8)
88.2(4)
88.2(4)
72.5(4)
72.5(4)
103.3(6)
98.9(6)
93.7(5)
100.4(6)
87.4(5)
159.9(5)
99.2(6)
156.9(5)
87.9(6)
83.4(5)
172.1(5)
81.7(4)
74.5(5)
85.9(4)
76.5(4)
104.6(7)
101.7(7)
91.5(6)
95.9(6)
90.0(6)
161.3(6)
94.2(6)
161.2(5)
85.0(6)
87.6(5)
163.5(6)
88.8(5)
87.2(6)
74.2(5)
72.6(4)
99.9(11)
92.7(5)

0(20)-W(6)-O(15)
0(20)#2-W(6)-O(15)#2
0(20)-W(6)-O(15)#2
O(15)-W(6)-O(15)#21
0(20)#2-W(6)-O(13)#3
0(20)-W(6)-O(13)#31
O(15)-W(6)-O(13)#3
O(15)#2-W(6)-O(13)#3
0(20)#2-W(6)-O(13)#1
0(20)-W(6)-O(13)#1
O(15)-W(6)-O(13)#1
O(15)#2-W(6)-O(13)#1
O(13)#3-W(6)-O(13)#1
0(22)-Co(1)-0(21)#1
0(22)-Co(1)-0(21)
0(21)#1-Co(1)-0(21)
0(22)-Co(1)-O(18)#1
0(21)#1-Co(1)-O(18)#1
0(21)-Co(1)-O(18)#1
0(22)-Co(1)-0(18)
0(21)#1-Co(1)-0(18)
0(21)-Co(1)-0(18)
0(18)#1-Co(1)-0(18)
0(22)-Co(1)-0(12)#3
0(21)#1-Co(1)-O(12)#3
0(21)-Co(1)-0(12)#3
O(18)#1-Co(1)-O(12)#3
0(18)-Co(1)-0(12)#3
0(23)-Na(1)-0(19)
0(16)-Na(2)-0(20)#4
0(16)-Na(2)-0(21)#5
0(20)#4-Na(2)-O(21)#5
0(16)-Na(2)-0(18)#5
0(20)#4-Na(2)-O(18)#5
0(21)#5-Na(2)-O(18)#5
Bi(1)-O(1)-W(5)
Bi(1)-O(1)-W(4)
W(5)-O(1)-W(4)
Bi(1)-O(1)-W(1)
W(5)-O(1)-W(1)
W(4)-O(1)-W(1)
W(1)-O(3)-W(L)#1
W(1)-O(4)-W(2)
W(1)-O(5)-W(4)
W(1)-O(6)-W(5)
W(2)-0(8)-W(2)#1
W(2)-0(9)-W(4)
Bi(1)-O(10)-W(3)

95.4(5)
95.4(5)
92.7(5)
67.3(7)
90.3(6)
69.8(6)
84.2(5)
86.0(5)
169.8(6)
90.3(6)
86.0(5)
84.2(5)
79.5(7)
93.8(13)
93.8(13)
91.4(18)
95.6(13)
94.5(10)
168.5(10)
95.6(13)
168.5(10)
94.5(10)
78.0(7)
178.0(16)
84.8(9)
84.8(9)
86.0(5)
86.0(5)
133.8(14)
98.6(7)
102.2(9)
153.9(9)
118.4(7)
117.1(7)
65.7(9)
111.0(4)
111.7(4)
96.3(4)
139.1(5)
97.1(4)
93.3(4)
153.1(9)
146.8(7)
114.2(6)
117.6(5)
117.4(8)
146.5(6)
106.1(6)
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Bi(1)-O(10)-W(2)#1 129.1(4) W(4)-0(16)-Na(2) 117.0(7)
W(3)-0(10)-W(2#1  95.9(5) W(5)-0(16)-Na(2) 124.8(6)
Bi(1)-0(10)-W(2) 129.1(4) W(5)-0(18)-Co(1) 133.6(7)
W(3)-0(10)-W(2) 95.9(5) W(5)-0(18)-Na(2#5  124.0(7)
W()#1-0(10)-W(2)  92.3(5) Co(1)-O(18)-Na(2#5  92.7(6)

W(2)-0(11)-W(3) 117.5(6) W(5)-0(19)-W(5)#1 143.8(8)
W(3)-0(12)-Co(1)#3  172.1(11) W(5)-0(19)-Na(1) 107.9(4)
W(3)-O(13)-W(B)#3  177.8(7) W()#1-0(19)-Na(l)  107.9(4)
W(4)-0(15)-W(6) 133.1(6) Co(1)-0(21)-Na(2)#5  95.4(14)
W(4)-O(16)-W(5) 115.0(6) W(6)-0(20)-Na(2)#6  105.9(7)

Symmetry transformations used to generate equivalent atoms:
#1 X,-y+2,z  #2 -x+2)y,-z+1  #3 -x+2,-y+2,-z+1
#4 x-1/2,-y+3/2,z  #5 -x+3/2,-y+3/2,-z+1 #6 x+1/2,-y+3/2,z

Appendix 2(ii). Bond valence sum (BVS) calculations for compounds (POM-CoW/(OH),
Him@POM-MnW(OH), and BWCN)

Bond valence calculation. Numbers in brackets after atom symbols are at. no.,
r and ¢ - see O"Keeffe and Brese, J.A.C.S. 1991, 113, 3226

...... 01 of W-OH for [POM-CoW (OH),]

O (8, .63, 3.15) Rij  Dij  Vij
-W (74, 1.38, 1.40) 1.93 1.84 1.29

Bond valence sum for O 1.29
...... 02 of W-OH for [POM-CoW (OH),]

o (8, .63, 3.15) Rij  Dij  Vij
-W (74, 1.38, 1.40) 1.93 1.84 1.29

Bond valence sum for O 1.29

...... 01 of W-OH for [BWCN]

o (8, .63, 3.15) Rij Dij Vij
-Ww (74, 1.38, 1.40) 1.93 1.85 1.26

Bond valence sum for O 1.26

...... 02 of W-OH for [BWCN]
o (8, .63, 3.15) Rij Dij Vij
-w (74, 1.38, 1.40) 1.93 1.89 1.11
Bond valence sum for O 1.11

...... 01l of W-OH for [HImM@POM-MnW (OH),]
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O (8, .63, 3.15) Rij ~ Dij  Vij
-W (74, 1.38, 1.40) 1.93 1.86 1.23
Bond valence sum for O 1.23
...... 02 of W-OH for [HIm@POM-MnW (OH),]
O (8, .63, 3.15) Rij ~ Dij  Vij

-W (74, 1.38, 1.40) 1.93 1.84 1.30

Bond valence sum for O 1.30

Appendix 2(iii). Elemental analysis report

Issued to:

Prof Samar K.Das Report No :LL/DR/19-20/001238
School Of Chemistry Issue Date 23/10/2019
University of Hyderabad, Gachibowli, Customer Ref.- TRF
Hyderabad-500046

Kind Attn..Dr Sathish Kumar K Ref.Date 01/10/2019

Sample Particulars :  [CoW(OH),]

Qty. Received : 100mg X 1 No Vial
Test Parameters : Tungsten as W Sodium as Na,Cobalt as Co,Bismuth as Bi
Date of Receipt of Sample  :  01/10/2019 Date of Starting of Analysis : 22/10/2019
Date of completion of analysis : 23/10/2019 SAMPLE TESTED AS RECEIVED
TEST RESULTS
S.No. Parameters Uom Results
1 |Tungsten as W % by mass 62.89
2 |Sodium as Na % by mass 217
3 |Cobalt as Co % by mass 1.96
4 |Bismuth as Bi % by mass 125

Instrument Used: ICP-OES Varian 720-ES

NOTE : This report and results relate only to the sample / items tested.

Srinivasu.G

Page No. 1/1 Authorized Signatory

Appendix Figure 2. Elemental analysis report of POM-CoW(OH), compound.
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Appendix 3(i). Reported Cu-wheel substituted sandwich type tungstobismuthates.

Sandwich Polyoxometalate Copper Motif Cgslpgfrs S?ul(zjis Ref.
| | 1
[{HO}e{Nas(Hz0)22}][{(Culo5Culo.15) (H20)s32{CU(H: ggf;‘ 025CU075) (HO)sJo{ CUT(H: | eraomenca | TS
0)}s{B-a-Bi"W"'5033}2]- 7H20 (NaCu-POM) 8 ° work
Lia[{{NH4}2{H:0}{Li(H20)s}][{Cu"(SH)H(Cu"Cu'.5)( . o | This
B--Bi"W1s013)}2]-9H20 (LiCu-POM) [{Cu'ls{Cu"(SHYHCu''(O=W)},] | {Cu}s Electrochemical work
e Kgs6CUo.43H2.20[(CusCl)(K268CUo.38(H20)3( | [(Cu"sCl)(Kz68Cu'"o.38(H20)3] {Cu}4
B-0-BiWy033)2]- 13H20 Photochemical 1
e NasRbs[Cus(H20)3(B-4-BiWg033)2]-21H20 | [Cu''3(H20)s] {Cu};
Na12[Cus(H20)3(B-a-BiWgO3z3)2]-47H20 [Cu'3(H20)3] {Cu}s 2
Na12[Cus(H20)3(B-a-BiWsO33)2] [Cu'3(H20)3] {Cu}s 3
e Nai[Cuz(H20)3(B-a-BiWsOs3)2]-29H20 [Cu'3(H20)3}] {Cu}; 4
o Nai[Cus(H20)2(B-a-BiWgOs33)2]-43H20 [Cu"4(H20):] {Cu}4
2D-Nas(TEOA-H)4[(Cu(H20))3(B-a-BiWg0s33)2] [Cus(H20)3] {Cu}s 5
Na12[{Cu(H20)2}3(B-a-BiWsOs3)2]-42H20 [Cu"3(H20)303] {Cu}s 6
Other X-atoms
NaKe[CusCl(SbWaOs3)z]- 14H20 [Cu"eCI] {Cus 7
(n-BuNHs3)12[(CuCl)s(B-a-AsWsO33)2]-6H20 [Cu"Cl]s {Cu}s 8
[n-BuNHz]12[(CuCl)s(B-a-SbWeO33)2]- 6H20 [Cu"Cl]e {Cu}s 9
{K7Na-[CusK2(H20)s(a-AsWeO33)2]*5.5H20}n [Cu"4K2(H20)e] {Cu}4 10
NazK7[Cua(H20)2(B-a-PWgO34)2]-30H20 [Cu's(H20)2] {Cu}s Photochemical | 11
e [Cu's(trz)s{PW12040}2] (HENU-2) [Cu's(trz)e] {Cu}s 12
e [Cu's(trz)s{PM012040}] (HENU-3) [Cu's(trz)s] {Cu};
[Cuz(H20)3(B-a-XW9O33)2]™ "
(X =As, Sb, Se, Te; n =10 for Te and Se, 12 for Sh, As) [Cu"s(Hz0)] {Cuks 13
e 2D-[enHz]s[Cu'"(en)z][Cu'2(WO2)2(B-4- |
SbWeOs3)2] - 16H20 [Cu'((H0)W204] {Cul y
e 2D-[enHz]s[Cu'"(en)z][Cu'2(WO2)2(B-4- |
BiWsOs:)2] -22H70 [Cu(H0)W204] {Cuk
NasH4[Bi2Cu2W20070(H20)s]-36H20 [Cu"2(H20)2W204] {Cu}. 15
Lithium and higher nuclear copper containing polyoxometalates
. . {Cu'"'s(OH)4}{Cu'"'s(OH)2(u-
LiK14Nao[PsWais0184Cu20(N3)s(OH)1s8]-60H20 1,1,3,3-Ng) b2 {Cu}x 16
K12Li13[Cu20X(OH)24(H20)12(PsWa1sO -22H20
(;2: |<1:3I[, B“rzl"l)( )24(H20)12(PeWaeOse4)] - 22Hz [Cu"0X(OH)24(H20)12] {Culn 17,18
[Cu1s02(OH)10CI(A-a-SiWeOs4)a] [Cu"1502(OH)1Cl] {Cus Ec'?rr‘;?::ﬁ: 19
2
Lie[a-P2W10¢2]-28H0 | 20
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Appendix 3(ii). Details of bond distances and angles of NaCu-POM and LiCu-POM

compounds

0(25)-Bi(2)
0(25)-W(9)
0(25)-W(10)
0(25)-W(8)
0(24)-Bi(2)
0(24)-W(6)
0(24)-W(B)#1
0(24)-W(7)
0(34)-W(9)
0(31)-W(8)
0(41)-W(10)
0(28)-W(7)
0(23)-W(6)
0(38)-W(9)
0(38)-Cu(4)
0(38)-Cu(3)
0(36)-W(9)#1
0(36)-W(9)
0(35)-W(10)
0(35)-W(9)
0(32)-W(8)
0(32)-W(9)
0(30)-W(8)
0(30)-W(8)#1
0(33)-W(8)
0(33)-W(10)
0(29)-W(7)
0(29)-W(8)
0(39)-W(10)
0(39)-Cu(L)#1
0(39)-Cu(3)

Bond lengths [A] and angles [°] for NaCu-POM

2.105(8)
2.239(8)
2.246(8)
2.273(8)
2.103(10)
2.237(7)
2.237(7)
2.295(11)
1.736(9)
1.715(9)
1.738(8)
1.727(13)
1.722(8)
1.809(9)
1.951(8)
2.422(9)
1.923(4)
1.924(4)
1.949(8)
1.960(8)
1.914(8)
1.995(9)
1.919(3)
1.919(3)
1.912(8)
1.979(8)
1.903(8)
1.921(8)
1.810(8)
1.947(8)
2.436(8)

0(37)-W(B)#1
0(37)-W(10)
0(27)-W(7)
0(27)-W(6)
0(26)-W(6)
0(26)-W(B)#1
0(21)-W(6)
0(21)-Cu(1)
0(21)-Cu(2)
0(1)-Bi(1)
0(1)-W(1)
O(L)-W(L)#1
O(1)-W(2)
0(2)-Bi(1)
0(2)-W(4)
0(2)-W(5)
0(2)-W(3)
0(3)-W(1)
0(7)-W(2)
0(9)-W(3)
0(17)-W(5)
0(17)-Cu(1)
O(17)-Cu(3)#1
0(16)-W(5)
0(13)-W(4)
0(19)-W(1)
0(19)-Cu(L)#1
0(19)-Cu(2)
0(4)-W(1)
O(4)-W(B)#1
0(6)-W(2)

1.905(8)
1.928(8)
1.897(8)
1.996(9)
1.969(6)
1.969(6)
1.811(8)
1.959(9)
2.395(9)
2.101(11)
2.244(7)
2.244(7)
2.271(11)
2.102(7)
2.243(8)
2.260(8)
2.263(8)
1.718(8)
1.735(12)
1.725(8)
1.818(8)
1.955(8)
2.429(8)
1.735(8)
1.739(8)
1.824(8)
1.935(8)
2.402(9)
1.918(8)
1.931(8)
1.902(8)
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0(6)-W(1) 1.994(8) 0(52)-Na(3) 2.416(11)
0(5)-W(1) 1.969(6) 0(53)-Na(3)#3 2.663(12)
0(5)-W(L)#1 1.969(6) 0(53)-Na(3) 2.663(12)
0(8)-W(2) 1.902(8) 0(54)-Na(3) 2.443(11)
0(8)-W(3)#1 1.923(8) 0(55)-Na(3) 2.464(10)
O(11)-W(3) 1.920(3) 0(55)-Na(3)#3 2.464(10)
O(11)-W(3)#1 1.920(3) Na(1)-Na(1)#2 3.540(12)
0(10)-W(3) 1.891(8) Na(1)-Na(2) 3.598(8)
0(10)-W(4) 2.011(8) Na(2)-0(48) 2.421(18)
0(12)-W(3) 1.916(8) Na(2)-Na(3) 3.541(8)
0(12)-W(5) 1.991(9) Na(3)-Na(3)#3 3.799(11)
O(15)-W(4) 1.951(8)

0(15)-W(5) 1.960(8) Bi(2)-0(25)-W(9) 111.6(3)
O(14)-W(4) 1.923(4) Bi(2)-O(25)-W(10) 110.6(3)
O(14)-W(4)#1 1.923(4) W(9)-O(25)-W(10) 95.5(3)
0(18)-W(4) 1.804(8) Bi(2)-0(25)-W(8) 139.7(4)
0(18)-Cu(4) 1.947(8) W(9)-0(25)-W(8) 95.6(3)
0(40)-Cu(3) 2.344(10) W(10)-O(25)-W(8) 95.1(3)
0(22)-Cu(4) 2.263(16) Bi(2)-O(24)-W(6) 111.9(3)
0(20)-Cu(1) 2.183(9) Bi(2)-0(24)-W(6)#1 111.9(3)
0(43)-Na(1) 2.451(14) W(6)-O(24)-W(B)#1 95.9(4)
0(42)-Na(1)#2 2.427(16) Bi(2)-0(24)-W(7) 139.2(5)
0(42)-Na(1) 2.427(16) W(6)-O(24)-W(7) 94.7(3)
0(44)-Na(1) 2.435(15) W(B)#1-0(24)-W(7) 94.7(3)
0(45)-Na(1) 2.400(12) W(9)-0(38)-Cu(4) 143.8(5)
O(45)-Na(1)#2 2.400(12) W(9)-0(38)-Cu(3) 112.2(4)
0(46)-Na(2) 2.436(11) Cu(4)-0(38)-Cu(3) 100.3(4)
0(46)-Na(1) 2.447(12) W(9)#1-0(36)-W(9) 146.3(8)
0(47)-Na(2) 2.425(11) W(10)-O(35)-W(9) 116.3(4)
0(47)-Na(1) 2.470(12) W(8)-0(32)-W(9) 117.5(4)
0(50)-Na(2) 2.420(12) W(8)-O(30)-W(8)#1 151.1(7)
0(49)-Na(3) 2.367(11) W(8)-0(33)-W(10) 118.0(4)
0(49)-Na(2) 2.473(12) W(7)-0(29)-W(8) 153.3(5)
0(51)-Na(2) 2.359(11) W(10)-0(39)-Cu(L)#1 144.1(5)
0(51)-Na(3) 2.465(11) W(10)-0(39)-Cu(3) 111.3(3)
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Cu(1)#1-0(39)-Cu(3)
W(6)#1-O(37)-W(10)
W(7)-0(27)-W(6)
W(6)-O(26)-W(6)#1
W(6)-0(21)-Cu(L)
W(6)-0(21)-Cu(2)
Cu(1)-0(21)-Cu(2)
Bi(1)-O(1)-W(1)
Bi(1)-O(1)-W(1)#1
W(1)-O(1)-W(1)#1
Bi(1)-O(1)-W(2)
W(1)-O(1)-W(2)
W(L)#1-0(1)-W(2)
Bi(1)-0(2)-W(4)
Bi(1)-0(2)-W(5)
W(4)-0(2)-W(5)
Bi(1)-0(2)-W(3)
W(4)-0(2)-W(3)
W(5)-0(2)-W(3)
W(5)-O(17)-Cu(l)
W(5)-O(17)-Cu(3)#1
Cu(1)-O(17)-Cu(3)#1
W(1)-O(19)-Cu(1)#1
W(1)-0(19)-Cu(2)
Cu(1)#1-0(19)-Cu(2)
W(L)-O(4)-W(5)#1
W(2)-0(6)-W(1)
W(L)-O(5)-W(1)#1
W(2)-O(8)-W(3)#1
W(3)-O(11)-W(3)#1
W(3)-O(10)-W(4)
W(3)-0(12)-W(5)
W(4)-O(15)-W(5)
W(4)-O(14)-W(4)#1
W(4)-O(18)-Cu(4)

100.8(3)
148.6(5)
117.7(4)
115.0(5)
143.0(5)
114.3(4)
100.5(3)
112.1(4)
112.1(4)

95.8(4)
138.1(5)

95.2(3)

95.2(3)
111.5(3)
109.6(3)

95.0(3)
141.0(4)

95.1(3)

95.3(3)
141.5(4)
111.8(3)
100.8(3)
143.1(5)
112.8(4)
101.0(4)
147.0(5)
117.6(4)
115.5(5)
151.8(5)
151.4(7)
116.8(4)
117.6(4)
116.2(4)
144.6(6)
145.0(5)

Na(1)#2-0(42)-Na(1)
Na(1)-O(45)-Na(1)#2
Na(2)-0(46)-Na(1)
Na(2)-0(47)-Na(1)
Na(3)-0(49)-Na(2)
Na(2)-O(51)-Na(3)
Na(3)#3-0(53)-Na(3)
Na(3)-0(55)-Na(3)#3
0(45)-Na(1)-0(42)
0(45)-Na(1)-O(44)
0(42)-Na(1)-0(44)
0(45)-Na(1)-0(46)
0(42)-Na(1)-0(46)
0(44)-Na(1)-0(46)
0(45)-Na(1)-0(43)
0(42)-Na(1)-0(43)
0(44)-Na(1)-0(43)
0(46)-Na(1)-0(43)
0(45)-Na(1)-0(47)
0(42)-Na(1)-0(47)
0(44)-Na(1)-0(47)
0(46)-Na(1)-0(47)
0(43)-Na(1)-0(47)
0(45)-Na(1)-Na(L)#2
0(42)-Na(1)-Na(L)#2
0(44)-Na(1)-Na(L)#2
0(46)-Na(1)-Na(L)#2
0(43)-Na(1)-Na(L)#2
0(47)-Na(1)-Na(L)#2
0(45)-Na(1)-Na(2)
0(42)-Na(1)-Na(2)
0(44)-Na(1)-Na(2)
0(46)-Na(1)-Na(2)
0(43)-Na(1)-Na(2)
0(47)-Na(1)-Na(2)

93.6(8)
95.0(6)
94.9(4)
94.6(4)
94.0(4)
94.4(4)
91.0(5)
100.9(5)
85.7(5)
174.9(5)
92.3(5)
95.4(5)
168.2(4)
87.5(5)
88.6(4)
82.5(3)
95.8(6)
85.8(4)
94.1(4)
107.3(3)
81.9(5)
84.4(4)
170.0(5)
42.5(3)
43.2(4)
135.3(4)
136.7(3)
83.9(4)
104.5(4)
99.8(3)
149.0(3)
79.5(4)
42.4(3)
127.8(4)
42.2(3)
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Na(1)#2-Na(1)-Na(2)
O(51)-Na(2)-0(50)
O(51)-Na(2)-0(48)
0O(50)-Na(2)-0(48)
0(51)-Na(2)-0(47)
0O(50)-Na(2)-0(47)
0(48)-Na(2)-0(47)
0O(51)-Na(2)-0(46)
0O(50)-Na(2)-0(46)
0O(48)-Na(2)-0(46)
0O(47)-Na(2)-0(46)
0O(51)-Na(2)-0(49)
0O(50)-Na(2)-0(49)
0O(48)-Na(2)-0(49)
0O(47)-Na(2)-0(49)
0O(46)-Na(2)-0(49)
0O(51)-Na(2)-Na(3)
0O(50)-Na(2)-Na(3)
0O(48)-Na(2)-Na(3)
O(47)-Na(2)-Na(3)
0O(46)-Na(2)-Na(3)
0O(49)-Na(2)-Na(3)
O(51)-Na(2)-Na(1)
0O(50)-Na(2)-Na(1)
0O(48)-Na(2)-Na(1)
O(47)-Na(2)-Na(1)
0O(46)-Na(2)-Na(1)
0(49)-Na(2)-Na(1)
Na(3)-Na(2)-Na(1)
0(49)-Na(3)-0(52)
0(49)-Na(3)-0(54)
0(52)-Na(3)-0(54)
0(49)-Na(3)-O(55)
0(52)-Na(3)-0(55)
0(54)-Na(3)-0(55)
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134.2(2)
81.5(4)
104.9(5)
97.1(7)
86.1(4)
158.6(5)
102.9(7)
171.6(4)
106.2(4)
78.0(6)
85.6(4)
85.6(4)
81.8(4)
169.2(5)
80.0(4)
92.0(4)
44.0(3)
75.5(3)
148.3(5)
83.4(3)
133.7(4)
41.8(3)
129.1(3)
147.0(3)
87.2(6)
43.2(3)
42.7(3)
88.0(3)
116.0(2)
81.7(4)
178.1(4)
96.5(4)
94.5(5)
97.6(4)
85.3(5)

0(49)-Na(3)-O(51)
0(52)-Na(3)-O(51)
0O(54)-Na(3)-O(51)
0O(55)-Na(3)-O(51)
0(49)-Na(3)-0(53)
0(52)-Na(3)-0(53)
0O(54)-Na(3)-0(53)
0O(55)-Na(3)-0(53)
0O(51)-Na(3)-0(53)
0(49)-Na(3)-Na(2)
0(52)-Na(3)-Na(2)
0O(54)-Na(3)-Na(2)
0O(55)-Na(3)-Na(2)
0O(51)-Na(3)-Na(2)
0O(53)-Na(3)-Na(2)
0(49)-Na(3)-Na(3)#3
0O(52)-Na(3)-Na(3)#3
O(54)-Na(3)-Na(3)#3
0O(55)-Na(3)-Na(3)#3
O(51)-Na(3)-Na(3)#3
0O(53)-Na(3)-Na(3)#3
Na(2)-Na(3)-Na(3)#3
O(18)#1-Cu(4)-O(18)
O(18)#1-Cu(4)-O(38)
0O(18)-Cu(4)-0(38)
O(18)#1-Cu(4)-O(38)#1
0O(18)-Cu(4)-0(38)#1
0O(38)-Cu(4)-0(38)#1
O(18)#1-Cu(4)-0(22)
0O(18)-Cu(4)-0(22)
0O(38)-Cu(4)-0(22)
O(38)#1-Cu(4)-0(22)
O(19)#1-Cu(1)-O(39)#1
O(19)#1-Cu(1)-O(17)
0(39)#1-Cu(1)-0(17)

85.6(4)
84.3(3)
94.7(4)
178.1(4)
88.1(4)
169.7(5)
93.7(4)
84.0(4)
94.2(4)
44.2(3)
83.5(3)
136.2(3)
138.3(4)
41.6(2)
88.6(3)
94.3(3)
136.8(3)
86.7(3)
39.6(3)
138.6(2)
44.5(3)
122.45(13)
86.7(5)
90.6(3)
163.3(4)
163.3(4)
90.6(3)
87.2(5)
101.5(5)
101.5(5)
95.2(5)
95.2(5)
163.5(4)
88.2(3)
89.5(3)
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O(19)#1-Cu(1)-0(21)
0(39)#1-Cu(1)-0(21)

0(17)-Cu(1)-0(21)

O(19)#1-Cu(1)-0(20)
0(39)#1-Cu(1)-0(20)

0(17)-Cu(1)-0(20)
0(21)-Cu(1)-0(20)
0(34)-W(9)-0(38)
0(34)-W(9)-0(36)
0(38)-W(9)-O(36)
0(34)-W(9)-0(35)
0(38)-W(9)-0(35)
0(36)-W(9)-0(35)
0(34)-W(9)-0(32)
0(38)-W(9)-0(32)
0(36)-W(9)-0(32)
0(35)-W(9)-0(32)
0(34)-W(9)-0(25)
0(38)-W(9)-0(25)
0(36)-W(9)-0(25)
0(35)-W(9)-0(25)
0(32)-W(9)-0(25)
0(31)-W(8)-0(33)
0(31)-W(8)-0(32)
0(33)-W(8)-0(32)
0(31)-W(8)-0(30)
0(33)-W(8)-0(30)
0(32)-W(8)-0(30)
0(31)-W(8)-0(29)
0(33)-W(8)-0(29)
0(32)-W(8)-0(29)
0(30)-W(8)-0(29)
0(31)-W(8)-0(25)
0(33)-W(8)-0(25)
0(32)-W(8)-0(25)

88.6(3)
88.6(3)
162.3(4)
97.5(4)
99.0(4)
97.6(4)
100.1(4)
104.3(4)
100.8(5)
89.9(5)
98.3(4)
90.1(4)
160.3(4)
97.4(4)
158.3(4)
86.9(5)
85.9(3)
167.9(4)
85.3(3)
86.5(4)
73.9(3)
73.1(3)
99.8(4)
99.4(4)
89.6(4)
100.6(5)
159.5(4)
89.3(4)
100.6(4)
89.0(4)
160.0(4)
85.2(4)
170.3(4)
73.7(3)
73.8(3)

0(30)-W(8)-0(25)
0(29)-W(8)-0(25)
0(41)-W(10)-0(39)
0(41)-W(10)-0(37)
0(39)-W(10)-0(37)
0(41)-W(10)-O(35)
0(39)-W(10)-0(35)
0(37)-W(10)-0(35)
0(41)-W(10)-0(33)
0(39)-W(10)-0(33)
0(37)-W(10)-0(33)
0(35)-W(10)-0(33)
0(41)-W(10)-0(25)
0(39)-W(10)-0(25)
0(37)-W(10)-0(25)
0(35)-W(10)-0(25)
0(33)-W(10)-0(25)
0(28)-W(7)-0(27)
0(28)-W(7)-0(27)#1
0(27)-W(7)-0(27)#1
0(28)-W(7)-0(29)
0(27)-W(7)-0(29)
0(27)#1-W(7)-0(29)
0(28)-W(7)-0(29)#1
0(27)-W(7)-0(29)#1

O(27)#1-W(7)-0(29)#1

0(29)-W(7)-0(29)#1
0(28)-W(7)-0(24)
0(27)-W(7)-0(24)
O(27)#1-W(7)-0(24)
0(29)-W(7)-0(24)
0(29)#1-W(7)-0(24)
0(23)-W(6)-0(21)
0(23)-W(6)-0(37)#1
0(21)-W(6)-O(37)#1

86.3(4)
86.6(3)
105.3(4)
98.5(4)
88.8(3)
101.1(4)
90.9(3)
159.8(3)
96.6(4)
158.1(3)
85.7(3)
87.2(4)
168.6(4)
85.3(3)
85.9(3)
73.9(3)
73.1(3)
99.6(4)
99.6(4)
89.8(5)
100.7(4)
159.6(4)
89.5(4)
100.7(4)
89.5(4)
159.6(4)
84.2(5)
170.7(5)
74.0(3)
74.0(3)
86.2(3)
86.2(3)
104.3(4)
100.1(4)
90.2(4)
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0(23)-W(6)-0(26)
0(21)-W(6)-0(26)
O(37)#1-W(6)-O(26)
0(23)-W(6)-0(27)
0(21)-W(6)-0(27)
O(37)#1-W(6)-0(27)
0(26)-W(6)-0(27)
0(23)-W(6)-0(24)
0(21)-W(6)-0(24)
O(37)#1-W(6)-0(24)
0(26)-W(6)-0(24)
0(27)-W(6)-0(24)
0(3)-W(1)-0(19)
0(3)-W(1)-0(4)
0(19)-W(1)-O(4)
0(3)-W(1)-0(5)
0(19)-W(1)-O(5)
0(4)-W(1)-O(5)
0(3)-W(1)-0(6)
0(19)-W(1)-O(6)
0(4)-W(1)-0(6)
0(5)-W(1)-0(6)
0(3)-W(1)-O(1)
0(19)-W(1)-O(1)
0(4)-W(1)-O(1)
0(5)-W(1)-O(1)
0(6)-W(1)-O(1)
0(7)-W(2)-O(6)#1
0(7)-W(2)-0(6)
O(6)#1-W(2)-O(6)
0(7)-W(2)-0(8)
O(6)#1-W(2)-O(8)
0(6)-W(2)-O(8)
0(7)-W(2)-O(8)#1
O(6)#1-W(2)-O(8)#1

99.1(4)
90.8(4)
159.8(4)
96.3(4)
159.4(4)
86.7(3)
85.2(4)
168.1(4)
85.9(4)
85.7(3)
74.3(3)
73.6(3)
104.7(4)
100.7(4)
89.9(4)
98.1(4)
90.2(4)
160.5(4)
97.4(4)
157.9(4)
86.5(3)
86.2(4)
167.9(4)
85.0(4)
86.4(3)
74.2(3)
73.1(4)
97.7(4)
97.7(4)
89.2(5)
101.3(4)
161.0(4)
89.2(3)
101.3(4)
89.2(3)

0(6)-W(2)-0(8)#1
0(8)-W(2)-0(8)#1
0(7)-W(2)-0(1)
O(B)#1-W(2)-O(1)
0(6)-W(2)-O(1)
0(8)-W(2)-O(1)
O(8)#1-W(2)-O(1)
0(9)-W(3)-0(10)
0(9)-W(3)-0(12)
0(10)-W(3)-0(12)
0(9)-W(3)-0(11)
0(10)-W(3)-O(11)
0(12)-W(3)-0(11)
0(9)-W(3)-0(8)#1
0(10)-W(3)-O(8)#1
0(12)-W(3)-O(8)#1
O(11)-W(3)-O(8)#1
0(9)-W(3)-0(2)
0(10)-W(3)-0(2)
0(12)-W(3)-0(2)
0(11)-W(3)-0(2)
O(8)#1-W(3)-0(2)
0(16)-W(5)-0(17)
0(16)-W(5)-O(4)#1
O(17)-W(5)-O(4)#1
0(16)-W(5)-O(15)
O(17)-W(5)-O(15)
O(4)#1-W(5)-0(15)
0(16)-W(5)-0(12)
0(17)-W(5)-0(12)
O(4)#1-W(5)-0(12)
0(15)-W(5)-0(12)
0(16)-W(5)-0(2)
0(17)-W(5)-0(2)
O(4)#1-W(5)-0(2)

161.0(4)
86.1(5)
168.2(5)
74.1(3)
74.1(3)
87.3(3)
87.3(3)
99.8(4)
98.7(4)
90.9(4)
101.2(5)
88.9(4)
150.9(4)
99.9(4)
160.2(3)
87.9(3)
85.5(4)
170.8(3)
74.9(3)
74.2(3)
86.3(4)
85.8(3)
105.1(4)
100.4(4)
89.7(3)
97.9(4)
91.1(3)
160.7(3)
97.9(4)
157.0(3)
85.8(3)
85.9(3)
167.8(4)
84.3(3)
87.1(3)
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0(15)-W(5)-0(2)
0(12)-W(5)-0(2)
O(13)-W(4)-O(18)
O(13)-W(4)-O(14)
0(18)-W(4)-O(14)
0(13)-W(4)-O(15)
0(18)-W(4)-O(15)
O(14)-W(4)-O(15)
O(13)-W(4)-O(10)
0(18)-W(4)-O(10)
O(14)-W(4)-O(10)
O(15)-W(4)-O(10)
0(13)-W(4)-0(2)
0(18)-W(4)-0(2)
O(14)-W(4)-0(2)
O(15)-W(4)-0(2)
0(10)-W(4)-0(2)

0(24)-Bi(2)-0(25)#1

73.8(3)
72.9(3)
103.5(4)
99.8(4)
90.9(4)
99.3(4)
91.1(4)
159.8(4)
97.6(4)
159.0(3)
84.8(4)
86.1(3)
169.0(4)
86.0(3)
85.6(4)
74.4(3)
73.2(3)
87.3(3)

0(24)-Bi(2)-0(25)

O(25)#1-Bi(2)-0(25)

0(1)-Bi(1)-0(2)
0(1)-Bi(1)-O(2)#1
0(2)-Bi(1)-0(2)#1

O(21)#1-Cu(2)-0(21)
O(21)#1-Cu(2)-0(19)

0(21)-Cu(2)-0(19)

O(21)#1-Cu(2)-O(19)#1
0(21)-Cu(2)-0(19)#1
0(19)-Cu(2)-O(19)#1

0(40)-Cu(3)-0(38)

0(40)-Cu(3)-O(17)#1
0(38)-Cu(3)-O(17)#1

0(40)-Cu(3)-0(39)
0(38)-Cu(3)-0(39)

O(17)#1-Cu(3)-0(39)

Symmetry transformations used to generate equivalent atoms:
#1 x,-y+1,z #2 -x+1y,-z #3 X,-y+2,2

Bi(1)-0(2)
Bi(1)-0(1)
Bi(1)-O(1)#1
W(1)-03)
W(1)-0(4)
W(1)-0(5)
W(1)-O(6)
W(1)-0(7)
W(1)-0(1)
W(2)-0(11)
W(2)-0(8)

Bond lengths [A] and angles [°] for LiCu-POM

2.066(15)
2.124(11)
2.124(11)
1.716(13)
1.826(14)
1.922(5)

1.979(12)
1.987(13)
2.245(10)
1.725(11)
1.904(4)

W(2)-0(9)
W(2)-0(7)
W(2)-0(10)
W(2)-0(2)
W(3)-0(12)
W(3)-0(13)
W(3)-O(13)#1
W(3)-0(10)
W(3)-O(10)#1
W(3)-0(2)
W(4)-0(14)

87.3(3)
86.2(4)
87.2(3)
87.2(3)
84.8(4)
77.9(4)
69.1(3)
115.4(3)
115.4(3)
69.1(3)
77.4(4)
137.7(4)
93.9(4)
112.9(3)
83.9(3)
76.8(3)
68.8(3)

1.906(13)
1.917(11)
1.921(13)
2.268(12)
1.697(17)
1.908(12)
1.908(12)
1.916(14)
1.916(14)
2.315(16)
1.728(12)
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W(4)-O(16)
W(4)-0(6)
W(4)-O(15)
W(4)-0(9)
W(4)-O0(1)
W(5)-0(17)
W(5)-0(19)
W(5)-O(15)
W(5)-O(18)
W(5)-O(13)#1
W(5)-0(2)
Cu(1)-O(4)#2
Cu(1)-O(4)#1
Cu(1)-0(4)#3
Cu(1)-0(4)
Cu(1)-S(1)
Cu(2)-0(16)
Cu(2)-O(16)#2
Cu(2)-0(4)
Cu(2)-0(4)#2
Cu(3)-O(16)#2
Cu(3)-0(16)
Cu(3)-O(19)#2
Cu(3)-0(19)
Cu(3)-0(12)#4
0(21)-Li(1)#5
0(21)-Li(1)
0(21)-Li(1)#6
0(20)-Li(1)
0(20)-Li(1)#6
0(22)-Li(1)
0(22)-Li(1)#5
0(22)-Li(1)#6
0(22)-Li(1)#7
0(19)-Cu(6)

1.833(13)
1.927(11)
1.938(11)
2.011(13)
2.232(12)
1.719(12)
1.881(12)
1.907(12)
1.958(8)

1.980(13)
2.262(10)
1.948(14)
1.948(14)
1.948(14)
1.948(14)
2.545(11)
2.279(13)
2.279(13)
2.417(15)
2.417(15)
1.938(13)
1.938(13)
1.939(12)
1.939(12)
2.307(18)
1.50(11)

2.48(12)

2.65(12)

2.02(11)

2.02(11)

1.58(11)

1.58(11)

1.58(11)

1.58(11)

2.296(11)

Cu(6)-Cu(7)

Li(1)-Li(L)#7
Li(2)-Li(1)#5
Li(2)-Li(1)#6

0(2)-Bi(1)-O(1)
0(2)-Bi(1)-O(1)#1
0(1)-Bi(1)-O(1)#1
0(3)-W(1)-O(4)
0(3)-W(1)-0(5)
0(4)-W(1)-0(5)
0(3)-W(1)-0(6)
0(4)-W(1)-0(6)
0(5)-W(1)-0(6)
0(3)-W(1)-0(7)
0(4)-W(1)-0(7)
0(5)-W(1)-0(7)
0(6)-W(1)-O(7)
0(3)-W(1)-0(2)
0(4)-W(1)-0(2)
0(5)-W(1)-0(2)
0(6)-W(1)-O(1)
0(7)-W(1)-O(1)
O(11)-W(2)-O(8)
O(11)-W(2)-0(9)
0(8)-W(2)-0(9)
O(11)-W(2)-0(7)
0(8)-W(2)-0(7)
0(9)-W(2)-0(7)
O(11)-W(2)-O(10)
0(8)-W(2)-0(10)
0(9)-W(2)-0(10)
0(7)-W(2)-0(10)
O(11)-W(2)-O(1)
0(8)-W(2)-O(1)

1.37(4)
2.55(19)
2.55(19)
2.6(2)

86.6(4)
86.6(4)
88.0(6)
103.5(7)
101.8(7)
89.4(7)
97.9(6)
90.3(6)
159.8(6)
98.8(6)
157.7(5)
86.7(7)
85.9(5)
167.9(6)
84.7(5)
87.0(6)
72.9(4)
73.2(4)
100.3(6)
99.9(5)
159.7(6)
97.2(6)
88.8(6)
90.9(5)
102.3(6)
85.4(7)
88.0(6)
160.3(6)
169.2(5)
85.9(6)
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0(9)-W(2)-0(1)
0(7)-W(2)-0(1)
0(10)-W(2)-O(1)
0(12)-W(3)-0(13)
0(12)-W(3)-O(13)#1
0(13)-W(3)-O(13)#1
0(12)-W(3)-0(10)
0(13)-W(3)-0(10)
O(13)#1-W(3)-O(10)
0(12)-W(3)-O(10)#1
0(13)-W(3)-O(10)#1
O(13)#1-W(3)-O(10)#1
0(10)-W(3)-O(10)#1
0(12)-W(3)-0(2)
0(13)-W(3)-0(2)
O(13)#1-W(3)-0(2)
0(10)-W(3)-0(2)
O(10)#1-W(3)-0(2)
O(14)-W(4)-O(16)
O(14)-W(4)-O(6)
O(16)-W(4)-O(6)
0O(14)-W(4)-O(15)
O(16)-W(4)-O(15)
0(6)-W(4)-O(15)
O(14)-W(4)-0(9)
O(16)-W(4)-0(9)
0(6)-W(4)-0(9)
O(15)-W(4)-0(9)
O(14)-W(4)-O(1)
O(16)-W(4)-O(1)
0(6)-W(4)-O(1)
O(15)-W(4)-O(1)
0(9)-W(4)-O(1)
O(17)-W(5)-O(19)
O(17)-W(5)-O(15)

74.5(5)
73.9(5)
86.9(5)
99.1(5)
99.1(5)
88.9(7)

101.4(6)

159.4(5)
88.9(6)

101.4(6)
88.9(6)

159.4(5)
86.0(9)

170.0(7)
73.9(4)
73.9(4)
85.8(5)
85.8(5)

104.9(6)
98.9(5)
90.8(6)

100.7(5)
88.8(5)

159.8(5)
94.7(5)

160.4(6)
87.4(5)
86.3(5)

166.2(5)
87.3(5)
74.1(5)
85.7(5)
73.4(5)

103.4(6)

101.3(6)

0(19)-W(5)-O(15)
0(17)-W(5)-O(18)
0(19)-W(5)-O(18)
0(15)-W(5)-O(18)
O(17)-W(5)-O(13)#1
0(19)-W(5)-O(13)#1
O(15)-W(5)-O(13)#1
0(18)-W(5)-O(13)#1
O(17)-W(5)-0(2)
0(19)-W(5)-0(2)
0(15)-W(5)-0(2)
0(18)-W(5)-0(2)
O(13)#1-W(5)-0(2)
O(4)#2-Cu(1)-O(4)#1
O(4)#2-Cu(1)-O(4)#3
O(4)#1-Cu(1)-O(4)#3
O(4)#2-Cu(1)-0(4)
O(4)#1-Cu(1)-0(4)
O(4)#3-Cu(1)-0(4)
O(4)#2-Cu(1)-S(1)
O(4)#1-Cu(1)-S(1)
O(4)#3-Cu(1)-S(1)
0(4)-Cu(1)-S(1)
0(16)-Cu(2)-O(16)#2
0(16)-Cu(2)-0(4)
O(16)#2-Cu(2)-0(4)
0(16)-Cu(2)-O(4)#2
O(16)#2-Cu(2)-O(4)#2
O(4)-Cu(2)-O(A)#2
O(16)#2-Cu(3)-0(16)

O(16)#2-Cu(3)-O(19)#2

0(16)-Cu(3)-O(19)#2
O(16)#2-Cu(3)-0(19)
0(16)-Cu(3)-0(19)

0(19)#2-Cu(3)-0(19)

89.3(5)
98.1(6)
88.9(6)
160.4(5)
99.2(6)
157.4(5)
87.3(5)
86.9(6)
169.8(6)
83.6(5)
86.0(5)
74.4(5)
73.9(5)
159.1(9)
88.9(9)
87.3(9)
87.3(9)
88.9(9)
159.1(9)
100.4(4)
100.4(4)
100.4(4)
100.4(4)
72.4(7)
80.4(5)
119.4(5)
119.4(5)
80.4(5)
67.6(7)
88.0(8)
89.4(5)
161.1(6)
161.1(6)
89.4(5)
86.9(7)
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O(16)#2-Cu(3)-O(L2)#4
0(16)-Cu(3)-O(12)#4
O(19)#2-Cu(3)-O(L12)#4
0(19)-Cu(3)-O(12)#4
Bi(1)-O(1)-W(4)
Bi(1)-O(1)-W(1)
W(4)-O(1)-W(1)
Bi(1)-O(1)-W(2)
W(4)-0(1)-W(2)
W(1)-O(1)-W(2)
Bi(1)-0(2)-W(5)#1
Bi(1)-0(2)-W(5)
W(5)#1-0(2)-W(5)
Bi(1)-0(2)-W(3)
W(5)#1-0(2)-W(3)
W(5)-0(2)-W(3)
W(1)-O(4)-Cu(1)
W(1)-O(4)-Cu(2)
Cu(1)-0(4)-Cu(2)
W(L)#1-O(5)-W(1)
W(4)-0(6)-W(1)
W(2)-0(7)-W(1)
W(2)-0(8)-W(2)#1
W(2)-0(9)-W(4)
W(3)-0(10)-W(2)
W(3)-O(13)-W(5)#1
W(5)-O(15)-W(4)
W(4)-0(16)-Cu(3)
W(4)-0(16)-Cu(2)
Cu(3)-0(16)-Cu(2)
W(5)-O(18)-W(5)#1
W(3)-0(12)-Cu(3)#8
Li(1)#5-0(21)-Li(1)
Li(1)#5-O(21)-Li(1)#6
Li(1)-O(21)-Li(1)#6

98.5(5)
98.5(5)
100.5(5)
100.5(5)
112.4(5)
110.6(5)
95.9(4)
138.6(6)
95.5(4)
95.4(4)
112.2(5)
112.2(5)
94.7(6)
140.5(8)
93.8(5)
93.8(5)
140.7(8)
113.4(6)
102.2(6)
148.4(10)
116.7(6)
117.5(6)
153.8(10)
116.5(6)
151.4(8)
118.5(6)
149.1(7)
144.3(8)
114.8(6)
99.2(5)
116.4(8)
171.3(9)
75(7)
70(6)
61(5)

Li(1)-O(20)-Li(L)#6
Li(1)-0(22)-Li(L1)#5
Li(1)-0(22)-Li(L)#6
Li(1)#5-0(22)-Li(1)#6
Li(1)-0(22)-Li(L)#7
Li(L)#5-0(22)-Li(L1)#7
Li(1)#6-0(22)-Li(1)#7
W(5)-0(19)-Cu(3)
W(5)-0(19)-Cu(6)
Cu(3)-0(19)-Cu(6)
Cu(7)-Cu(6)-O(19)#1
Cu(7)-Cu(6)-O(19)#3
O(19)#1-Cu(6)-O(19)#3
Cu(7)-Cu(6)-O(19)#2
O(19)#1-Cu(6)-O(19)#2
O(19)#3-Cu(6)-O(19)#2
Cu(7)-Cu(6)-0(19)
O(19)#1-Cu(6)-O(19)
O(19)#3-Cu(6)-0(19)
0(19)#2-Cu(6)-O(19)
O(21)#7-Li(1)-0(22)
O(21)#7-Li(1)-0(20)
0(22)-Li(1)-0(20)
O(21)#7-Li(1)-0(21)
0(22)-Li(1)-0(21)
0(20)-Li(1)-0(21)
O(21)#7-Li(1)-Li(L)#7
0(22)-Li(1)-Li(1)#7
0(20)-Li(1)-Li(1)#7
0(21)-Li(1)-Li(1)#7
O(21)#7-Li(1)-Li(L)#5
0(22)-Li(1)-Li(1)#5
0(20)-Li(1)-Li(1)#5
0(21)-Li(1)-Li(1)#5
Li(L)#7-Li(1)-Li(L)#5

80(7)
108(4)
112(8)
108(4)
108(4)
112(8)
108(4)
140.3(7)
115.0(5)
100.8(5)
119.9(3)
119.9(3)

71.0(6)
119.9(3)
120.2(6)

80.1(6)
119.9(3)

80.1(6)
120.2(6)

71.0(6)

90(6)
171(8)

84(5)
100(5)

60(4)

82(4)

70(6)

35.9(19)
101(5)

94(4)

77(6)

35.9(19)
101(5)

35(3)

62(5)
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O(21)#7-Li(1)-Li(L)#6 124(5)
0(22)-Li(1)-Li(1)#6 34(4)
0(20)-Li(1)-Li(1)#6 50(3)
0(21)-Li(1)-Li(1)#6 63(4)
Li(L)#7-Li(1)-Li(L)#6 59(2)
Li(L)#5-Li(1)-Li(L)#6 59(2)
O(21)#7-Li(1)-O(21)#6 93(5)

0(22)-Li(1)-O(21)#6
0(20)-Li(1)-O(21)#6
0(21)-Li(1)-O(21)#6
Li(1)#7-Li(1)-O(21)#6
Li(1)#5-Li(1)-O(21)#6
Li(1)#6-Li(1)-O(21)#6

Symmetry transformations used to generate equivalent atoms:
#1 -y+1/2,-x+1/2,z #2 y+1/2,x-1/2,z #3 -x+1,-y,Z

#4 -y+1 X,-z+1 #5y,-x+1,-z #6 -x+1,-y+1,z

#7 -y+1.X,-z #8y,-x+1,-z+1

Appendix 3(iii). Details of bond valence (BVS) calculation for NaCu-POM and LiCu-

POM compounds

Bond valence calculation for NaCu-POM compound

Bond valence calculation.

at.no., r and ¢ - see O"Keeffe and Brese, J.A.C.S. 1991,

Py

1

—_ o~ o~ o~ o~

~

~ ~

o CO GO O
~

~

.24

~

~ ~

o 0O O o
~

~

.63,
.63,
.63,
.63,
.63,

.63,
.63,
.63,
.63,
.63,

w W w w w

w W w w w

113,

Rij  Dij  Vij

.28
.27
.27
L27
.14

.28
.27
.27
.27
.14

15) 1.47 1.94
15) 1.47 1.95
15) 1.47 1.95
15) 1.47 1.96
15) 1.47 2.18
Rij  Dij  Vij
15) 1.47 1.94
15) 1.47 1.95
15) 1.47 1.95
15) 1.47 1.96
15) 1.47 2.18

55(3)
78(4)
114(4)
33(3)
89(3)
56(4)

Numbers in brackets after atom symbols are
3226.
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Bond valence sum for Cu 1.24

~
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Bond valence sum for Cu 1.21
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Bond valence sum for Cu .41
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Rij
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.47
.47
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.47
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DN DNDDN DD N N P PP

DN DN DN DN

Dij
.95
.95
.95
.95
.26

Dij
.52
.35
.46
.43
.43
.42

Dij
.52
.35
.46
.43
.43
.42

Dij
.40
.40
.39
.39
.62
.62

Vij
.27
.27
.27
.27
.12

Vij
.06
.09
.07
.07
.07
.08

Vi
.06
.09
.07
.07
.07
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Vij
.08
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.08
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Bond valence calculation for LiCu-POM compound

Bond valence calculation. Numbers in brackets after atom symbols are

at.no., r and ¢ - see O"Keeffe and Brese,

~

~

~

|
[©)
oy ® W W
~

Bond valence sum for Cu 1.26

~ ~

o O 0
~

~

—_— o~ o~ o~

Bond valence sum for Cu .38

~ ~

O O O
~

~

—_~ o~~~

Bond valence sum for Cu .38
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~

|
@)
@ 0 0 0
~
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Bond valence sum for Cu 1.23

.63,
.63,
.63,
.63,
.03,

.63,
.63,
.63,
.63,

.63,
.63,
.63,
.63,

.63,
.63,
.63,
.63,
.63,

w W w w N W w w w

w W w w

w W w w w

J.A.C.S.

e e e el e

e R

Rij
.47
47
47
47
.89

Rij
.47
.47
.47
47

Rij
.47
.47
.47
.47

Rij
.47
.47
.47
.47
.47

DN N DD NN N P P

S

1991,

Dij
.95
.95
.95
.95
.55

Dij
.28
.28
.42
.42

Dij
.28
.28
.42
.42

Dij
.94
.94
.94
.94
.31

113,

Vij
.27
.27
.27
.27
.17

Vij
.11
.11
.08
.08

Vi
11
.11
.08
.08

Vij
.28
.28
.28
.28
.10

3226.
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Cu (29, .87, 1.75)

S (le, 1.03, 2.35)
-Cu

Bond valence sum for S
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QO O 0 O @
~

~
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~ ~

o O 0
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~

.43
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.17

.63,
.63,
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.63,
.63,
.63,

.87,

w W w w w

w W w w
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Rij
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e e e
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e e
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N B e
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N NN
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.28
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Appendix 3(iv). Elemental analysis reports for NaCu-POM and LiCu-POM compounds

PEMDIDKBKGIDIC
LEOHKHLF
PNEEAMJEEKEFID
ILOHBKFF
PFLIJBAPKEIFMBE
AGPJAGCF
Issued to:

Prof Samar K.Das

School Of Chemistry
University of Hyderabad, Gachibowli,
Hyderabad-500046

Kind Attn.:Dr.Sathish Kumar.K, 9908652965

Sample Particulars :

Cu-POM

Report No.  :LL/DR/19-20/008408
Issue Date  :05/12/2019
Customer Ref.: TRF

Ref.Date :28/11/2019

Date of Receipt of Sample
Date of completion of analysis :

Qty. Received : 100mg X 1 No Polythene Cover

Test Parameters : Copper as Cu, Sodium as Na,Tungsten as W, Bismuth as Bi

28/11/2019
02/12/2019

Date of Starting of Analysis : 02/12/2019
SAMPLE TESTED AS RECEIVED

TEST RESULTS

S.No, Parameters uom Results
1 |Copper as Cu % by mass 6.54
2 [Sodium as Na % by mass 2.03
3 |Tungsten as W % by mass 54.90
4 IBismuth as Bi % by mass 7.01

Instrument Used: ICP-OES Varian 720-ES

NOTE : This report and resulits relate only to the sample / items tested

Page No. 1/1

Srinivasu.G

Authorized Signatory

Appendix Figure 3(a). Elemental analysis report of NaCu-POM compound.
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PEMDIDKBKGIDIC
LEOHKHLF
PNEEAMJEEKEFID
ILOHBKFF
PFLIJEAPKEIFME
AGPJAGCF
Issued to:

Prof Samar K.Das Report No.  :LL/DR/19-20/001239
School Of Chemistry Issue Date  :23/10/2019
University of Hyderabad, Gachibowli, Customer Ref.: TRF
Hyderabad-500046

Kind Attn..Dr.Sathish Kumar K, 9908652965 Ref Date -01/10/2019

Sample Particulars :  LiCu-POM (Barrel)

Qty. Received : 100mg X 1 No Polythene Cover

Test Parameters : Copper as Cu,Lithium as Li,Tungsten as W,Bismuth as Bi

Date of Receipt of Sample  : 01/10/2019 Date of Starting of Analysis : 22/10/2019
Date of completion of analysis : 23/10/2019 SAMPLE TESTED AS RECEIVED
TEST RESULTS
S.No| Parameters uom Results

1 |Copper as Cu % by mass 7.24
2 |Lithium as Li % by mass 0.71
3 |Tungsten as W % by mass 60.19
4 |Bismuth as Bi % by mass 7.32

Instrument Used: ICP-OES Varian 720-ES

NOTE :

This report and results relate only to the sample / items tested.

Srinivasu.G

Authorized Signatory
Page No. 1/1

Appendix Figure 3(b). Elemental analysis report of LiCu-POM compound.
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F-01-MSP7.8-TRP

Plot No. 3, IDA, Balanagar,

Hyderabad - 500 037, Telangana.

Ph: +91-40 2372 0678, 680, 681

. Fax: +91-40 2372 0406

ing to the Core E-mail: info@lucidlabsindia.com
Web: www.lucidlabsindia.com

Issued to:

University of Hyderabad Report No.  :LL/19-20/008409
C/O Prof Samar.K Das Issue Date  :30/11/2019
School of Chemistry Customer Ref.: TRF
Hyderabad-500046

Kind Alin.:Mr.Sateesh M, 9515219655 RefDate  .25/11/2019

Sample Particulars :

Li Cu-POM

Qty. Received : 1no Vial

Test Parameters : Sulphuras S

Date of Receipt of Sample @ 28/11/2019 Date of Starting of Analysis : 29/11/2019
Date of completion of analysis : 30/11/2019 SAMPLE TESTED AS RECEIVED
B o ~ TEST RESULTS
s.No| Parameters uom Results
1 |Sulphuras S i % by mass 0.20

Instrument Used: 1CP-OES Varian 720-E8
NOTE : This reporl and results relate anly lo the sample / ilems lesled

\Lhy

D.Veeresh

Authorized Signatory
Page No 1/1

\] —
. . . . . {
Note: This report is subject to the terms and conditions mentioned overleaf 0 1 3 60

Appendix Figure 3(c). Elemental analysis report of sulfur for LiCu-POM compound.
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Appendix 4(i). Details of bond distances and angles for compounds 1 and 2

Bond distances (A) and angles (°) for compound 1

V(1)-0(2) 1.689(8) V(4)-0(13) 1.634(8)
V(1)-0(4) 1.698(7) V(4)-0(14) 1.926(7)
V(1)-0(1) 1.711(7) V(4)-0(16) 1.945(7)
V(1)-0(3) 1.731(7) V(4)-0(11) 1.963(8)
V(15)-0(46) 1.625(7) V(4)-0(15) 2.050(7)
V(15)-0(8) 1.936(7) V(3)-0(10) 1.630(8)
V(15)-0(34) 1.958(7) V(3)-0(12) 1.952(8)
V(15)-0(9) 2.021(7) V(3)-0(7) 1.962(7)
V(15)-0(32) 2.059(7) V(3)-0(11) 2.000(7)
V(15)-0(4) 2.368(7) V(3)-0(6) 2.029(7)
V(9)-0(30) 1.625(7) V(3)-0(1) 2.413(8)
V(9)-0(25) 1.940(7) V(19)-0(26) 1.651(8)
V(9)-0(31) 1.975(7) V(19)-0(12) 1.903(8)
V(9)-0(21) 1.987(8) V(19)-0(20) 1.936(8)
V(9)-0(32) 2.057(7) V(19)-0(23) 2.058(7)
V(9)-0(4) 2.439(7) V(19)-0(18) 2.073(8)
V(16)-0(45) 1.620(7) V(19)-0(3) 2.198(8)
V(16)-0(44) 1.930(7) V(14)-0(42) 1.670(9)
V(16)-0(35) 1.970(7) V(14)-0(16) 1.866(7)
V(16)-0(34) 1.977(7) V(14)-0(44) 1.903(8)
V(16)-0(43) 1.977(8) V(14)-0(43) 1.936(8)
V(10)-0(33) 1.659(8) V(14)-0(15) 2.111(8)
V(10)-0(34) 1.892(7) V(7)-0(22) 1.641(8)
V(10)-0(31) 1.894(7) V(7)-0(25) 1.873(7)
V(10)-0(35) 1.950(8) V(7)-0(20) 1.886(7)
V(10)-0(32) 2.103(8) V(7)-0(21) 1.960(8)
V(6)-0(19) 1.622(8) V(7)-0(23) 2.129(8)
V(6)-0(20) 1.953(7) V(13)-0(40) 1.625(8)
V(6)-0(21) 1.964(7) V(13)-0(39) 1.928(8)
V(6)-0(7) 1.970(7) V(13)-0(28) 1.953(8)
V(6)-0(9) 2.026(7) V(13)-0(14) 1.970(8)
V(18)-0(47) 1.622(8) V(13)-0(18) 2.071(8)
V(18)-0(8) 1.949(8) V(2)-0(5) 1.632(9)
V(18)-0(44) 1.955(7) V(2)-0(7) 1.870(7)
V(18)-0(6) 2.000(8) V(2)-0(8) 1.902(7)
V(18)-0(15) 2.059(7) V(2)-0(9) 2.024(8)
V(18)-0(1) 2.357(7) V(2)-0(6) 2.026(8)
V(11)-0(41) 1.632(8) V(12)-0(37) 1.647(9)
V(11)-0(16) 1.932(8) V(12)-0(39) 1.873(8)
V(11)-0(39) 1.974(7) V(12)-0(29) 1.884(8)
V(11)-0(43) 1.989(7) V(12)-0(28) 1.970(8)
V(11)-0(38) 2.044(8) V(12)-0(38) 2.106(8)
V(11)-0(2) 2.403(8) V(5)-0(17) 1.634(9)
V(8)-0(27) 1.612(8) V(5)-0(14) 1.856(8)
V(8)-0(29) 1.944(8) V(5)-0(12) 1.895(8)
V(8)-0(28) 1.985(8) V(5)-0(11) 1.960(7)
V(8)-0(25) 1.985(8) V(5)-0(18) 2.129(8)
V(8)-0(23) 2.078(7)

V(8)-0(3) 2.431(7) 0(2)-V(1)-0(4)  109.0(4)
V(17)-0(36) 1.620(8) 0(2)-V(1)-0(1)  109.4(4)
V(17)-0(31) 1.926(7) 0(4)-V(1)-0(1)  108.8(4)
V(17)-0(29) 1.966(8) 0(2)-V(1)-0(3)  108.9(4)
V(17)-0(35) 1.978(7) 0(4)-V(1)-0(3)  110.5(4)
V(17)-0(38) 2.082(8) 0(1)-V(1)-0(3)  110.2(4)
V(17)-0(2) 2.355(7) 0(46)-V(15)-0(8) 103.4(4)
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0(46)-V/(15)-0(34)
0(8)-V/(15)-0(34)
0(46)-V(15)-0(9)
0(8)-V(15)-0(9)
0(34)-V(15)-0(9)
0(46)-V(15)-0(32)
0(8)-V(15)-0(32)
0(34)-V(15)-0(32)
0(9)-V(15)-0(32)
0(46)-V(15)-O(4)
0(8)-V(15)-0(4)
0(34)-V(15)-0(4)
0(9)-V(15)-0(4)
0(32)-V(15)-0(4)
0(30)-V(9)-0(25)
0(30)-V(9)-0(31)
0(25)-V(9)-0(31)
0(30)-V(9)-0(21)
0(25)-V(9)-0(21)
0(31)-V(9)-0(21)
0(30)-V(9)-0(32)
0(25)-V(9)-0(32)
0(31)-V(9)-0(32)
0(21)-V(9)-0(32)
0(30)-V(9)-0(4)
0(25)-V(9)-0(4)
0(31)-V(9)-0(4)
0(21)-V(9)-0(4)
0(32)-V(9)-0(4)
0(45)-V/(16)-O(44)
0(45)-V(16)-0(35)
0(44)-V(16)-0(35)
0(45)-V(16)-0(34)
0(44)-V(16)-0(34)
0(35)-V(16)-0(34)
0(45)-V(16)-0(43)
0(44)-V(16)-0(43)
0(35)-V(16)-0(43)
0(34)-V(16)-0(43)
0(33)-V(10)-0(34)
0(33)-V(10)-0(31)
0(34)-V(10)-0(31)
0(33)-V(10)-0(35)
0(34)-V(10)-0(35)
0(31)-V(10)-0(35)
0(33)-V(10)-0(32)
0(34)-V(10)-0(32)
0(31)-V(10)-0(32)
0(35)-V(10)-0(32)
0(19)-V(6)-0(20)
0(19)-V(6)-0(21)
0(20)-V(6)-0(21)
0(19)-V(6)-0(7)
0(20)-V(6)-0(7)
0(21)-V(6)-0(7)
0(19)-V(6)-0(9)
0(20)-V(6)-0(9)
0(21)-V(6)-0(9)
0(7)-V(6)-0(9)
0(47)-V(18)-0(8)
O(47)-V(18)-O(44)

103.6(3)
91.5(3)
97.1(4)
81.7(3)
159.2(3)
97.4(4)
159.2(3)
81.4(3)
98.0(3)
164.0(3)
88.5(3)
86.5(3)
73.7(3)
71.7(3)
104.3(4)
102.8(4)
90.9(3)
101.1(4)
84.0(3)
156.1(3)
98.0(4)
157.3(3)
79.9(3)
96.1(3)
165.0(4)
88.4(3)
84.6(3)
72.0(3)
70.2(3)
105.3(4)
102.2(4)
152.4(3)
103.5(4)
91.1(3)
80.7(3)
101.9(4)
80.2(3)
96.0(3)
154.5(3)
118.3(4)
118.9(4)
122.7(3)
105.7(4)
83.4(3)
85.3(3)
104.7(4)
81.8(3)
80.5(3)
149.6(3)
103.9(4)
100.9(4)
83.3(3)
104.0(4)
88.5(3)
155.0(3)
99.9(4)
155.8(3)
96.5(3)
81.5(3)
102.3(4)
102.3(4)

0(8)-V/(18)-0(44)
0(47)-V(18)-0(6)
0(8)-V/(18)-0(6)
0(44)-V(18)-0(6)
0(47)-V(18)-O(15)
0(8)-V(18)-O(15)
0(44)-V(18)-O(15)
0(6)-V(18)-O(15)
O(47)-V(18)-O(1)
0(8)-V(18)-O(1)
0(44)-V(18)-O(1)
0(6)-V(18)-O(1)
0(15)-V(18)-O(1)
0(41)-V(11)-O(16)
0(41)-V(11)-0(39)
0(16)-V(11)-0(39)
0(41)-V(11)-0(43)
0(16)-V(11)-0(43)
0(39)-V(11)-0(43)
0(41)-V(11)-0(38)
0(16)-V(11)-0(38)
0(39)-V(11)-0(38)
0(43)-V(11)-0(38)
0(41)-V(11)-0(2)
0(16)-V(11)-0(2)
0(39)-V(11)-0(2)
0(43)-V(11)-0(2)
0(38)-V(11)-0(2)
0(27)-V(8)-0(29)
0(27)-V(8)-0(28)
0(29)-V(8)-0(28)
0(27)-V(8)-0(25)
0(29)-V(8)-0(25)
0(28)-V(8)-0(25)
0(27)-V(8)-0(23)
0(29)-V(8)-0(23)
0(28)-V(8)-0(23)
0(25)-V(8)-0(23)
0(27)-V(8)-0(3)
0(29)-V(8)-0(3)
0(28)-V(8)-0(3)
0(25)-V(8)-0(3)
0(23)-V(8)-0(3)
0(36)-V(17)-0(31)
0(36)-V(17)-0(29)
0(31)-V(17)-0(29)
0(36)-V(17)-0(35)
0(31)-V(17)-0(35)
0(29)-V(17)-0(35)
0(36)-V(17)-0(38)
0(31)-V(17)-0(38)
0(29)-V(17)-0(38)
0(35)-V(17)-0(38)
0(36)-V(17)-0(2)
0(31)-V(17)-0(2)
0(29)-V(17)-0(2)
0(35)-V(17)-0(2)
0(38)-V(17)-0(2)
0(13)-V(4)-0(14)
0(13)-V(4)-0(16)
0(14)-V(4)-O(16)

92.8(3)
98.8(4)
81.9(3)
159.0(3)
97.8(4)
159.8(3)
81.2(3)
96.9(3)
164.5(4)
89.4(3)
87.1(3)
72.5(3)
71.2(3)
105.1(4)
101.2(4)
89.7(3)
102.8(4)
84.5(3)
156.0(3)
98.0(4)
156.0(3)
79.3(3)
96.9(3)
166.2(4)
87.9(3)
83.3(3)
73.2(3)
69.8(3)
104.4(4)
100.5(4)
83.1(3)
102.5(4)
91.6(3)
157.1(3)
96.5(4)
158.5(3)
98.2(3)
78.8(3)
162.4(4)
90.9(3)
72.6(3)
85.3(3)
69.3(3)
103.0(4)
101.7(4)
91.9(3)
100.5(4)
83.7(3)
157.8(3)
96.9(4)
159.6(3)
79.5(3)
97.2(3)
164.8(4)
90.6(3)
84.3(3)
74.1(3)
70.3(3)
105.9(4)
102.0(4)
90.2(3)
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0(13)-V(4)-O(11) 102.9(4) 0(25)-V/(7)-0(20) 121.2(3)
0(14)-V(4)-0(11) 84.1(3) 0(22)-V(7)-0(21) 106.3(4)
0(16)-V(4)-O(11) 155.1(3) 0(25)-V(7)-0(21) 86.5(3)
0(13)-V(4)-O(15) 97.8(4) 0(20)-V(7)-0(21) 85.2(3)
0(14)-V(4)-O(15) 155.6(3) 0(22)-V(7)-0(23) 101.9(4)
0(16)-V(4)-O(15) 79.4(3) 0(25)-V(7)-0(23) 80.0(3)
0(11)-V(4)-O(15) 96.0(3) 0(20)-V(7)-0(23) 80.9(3)
0(10)-V(3)-0(12) 101.6(4) 0(21)-V(7)-0(23) 151.8(3)
0(10)-V(3)-0(7) 102.0(4) 0(40)-V/(13)-0(39) 103.3(4)
0(12)-V(3)-0(7) 92.0(3) 0(40)-V/(13)-0(28) 102.4(4)
0(10)-V(3)-0(11) 99.3(4) 0(39)-V(13)-0(28) 84.1(3)
0(12)-V(3)-0(11) 80.6(3) 0(40)-V/(13)-0(14) 102.3(4)
0(7)-V(3)-0(11) 158.5(3) 0(39)-V(13)-0(14) 91.1(3)
0(10)-V(3)-O(6) 100.4(4) 0(28)-V(13)-0(14) 155.3(3)
0(12)-V(3)-0(6) 157.9(3) 0(40)-V/(13)-0(18) 99.4(4)
0(7)-V(3)-0(6) 81.1(3) 0(39)-V(13)-0(18) 156.7(3)
0(11)-V(3)-0(6) 98.1(3) 0(28)-V(13)-0(18) 96.1(3)
0(10)-V(3)-0(1) 166.4(4) 0(14)-V(13)-0(18) 79.0(3)
0(12)-V(3)-0(1) 87.9(3) 0(5)-V(2)-0(7) 119.1(4)
0(7)-V(3)-0(1) 87.2(3) 0(5)-V(2)-0(8) 118.7(4)
0(11)-V(3)-0(1) 72.4(3) 0(7)-V(2)-0(8) 122.2(3)
0(6)-V(3)-0(1) 70.8(3) 0(5)-V(2)-0(9) 104.5(4)
0(26)-V(19)-0(12) 101.3(4) 0(7)-V(2)-0(9) 84.0(3)
0(26)-V/(19)-0(20) 102.0(4) 0(8)-V(2)-0(9) 82.5(3)
0(12)-V(19)-0(20) 94.1(3) 0(5)-V(2)-0(6) 104.4(4)
0(26)-V(19)-0(23) 95.1(4) 0(7)-V(2)-0(6) 83.5(3)
0(12)-V(19)-0(23) 163.6(3) 0(8)-V(2)-0(6) 82.4(3)
0(20)-V(19)-0(23) 81.6(3) 0(9)-V(2)-0(6) 151.1(3)
0(26)-V(19)-0(18) 94.3(4) 0(37)-V(12)-0(39) 118.5(5)
0(12)-V(19)-0(18) 81.2(3) 0(37)-V(12)-0(29) 119.1(5)
0(20)-V(19)-0(18) 163.7(3) 0(39)-V(12)-0(29) 121.7(3)
0(23)-V(19)-0(18) 98.6(3) 0(37)-V(12)-0(28) 108.8(5)
0(26)-V(19)-0(3) 163.8(4) 0(39)-V(12)-0(28) 85.1(3)
0(12)-V(19)-0(3) 89.6(3) 0(29)-V(12)-0(28) 85.0(3)
0(20)-V(19)-0(3) 89.0(3) 0(37)-V(12)-0(38) 101.4(4)
0(23)-V(19)-0(3) 74.5(3) 0(39)-V(12)-0(38) 80.0(3)
0(18)-V(19)-0(3) 75.4(3) 0(29)-V(12)-0(38) 80.8(3)
0(42)-V(14)-0(16) 117.3(4) 0(28)-V(12)-0(38) 149.8(3)
0(42)-V(14)-0(44) 120.9(4) 0(17)-V(5)-0(14) 120.0(6)
0(16)-V(14)-O(44) 121.0(3) 0(17)-V(5)-0(12) 120.6(6)
0(42)-V(14)-0(43) 109.7(4) 0(14)-V(5)-0(12) 118.8(3)
0(16)-V(14)-0(43) 87.8(3) 0(17)-V(5)-0(11) 108.2(5)
0(44)-V(14)-0(43) 81.9(3) 0(14)-V(5)-0(11) 86.0(3)
0(42)-V(14)-0(15) 100.7(4) 0(12)-V(5)-0(11) 83.0(3)
0(16)-V(14)-0(15) 79.7(3) 0(17)-V(5)-0(18) 102.6(5)
0(44)-V(14)-0(15) 81.0(3) 0(14)-V(5)-0(18) 80.0(3)
0(43)-V(14)-0(15) 149.6(3) 0(12)-V(5)-0(18) 79.9(3)
0(22)-V(7)-0(25) 120.2(4) 0(11)-V(5)-0(18) 149.2(3)
0(22)-V(7)-0(20) 117.9(4)

Symmetry transformations used to generate equivalent atoms: #1 x,-y+2,z+1/2  #2 x,-y+2,z-1/2  #3 x+1/2,y+1/2,z #4 x+1/2,-
y+3/2,2-1/2  #5x,-y+1,2-1/2  #6 x-1/2,-y+3/2,2-1/2 #7 x,-y+1,z+1/2 #8 x-1/2,y+1/2,z #9 x-1/2,-y+3/2,z+1/2 #10 x-1/2,y-
12,z #11 x+1/2,-y+3/2,2+1/2  #12 x+1/2,y-1/2,z

Bond distances (A) and angles (°) for compound 2

V(1)-0(2) 1.626(4) V(1)-0(5) 1.943(4)
V(1)-0(2) 1.933(4) V(1)-0(3) 1.960(4)
V(1)-0(4) 1.940(4) V(3)-0(7) 1.614(4)
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V(3)-0(8)
V(3)-0(4)
V(3)-0(17)#1
V(3)-0(9)
V(7)-0(18)
V(7)-0(15)
V(7)-0(2)#1
V(7)-0(13)
V(7)-0(19)
V(9)-0(16)
V(9)-0(17)
V(9)-0(15)
V(9)-0(14)
V(9)-O(10)#1
V(5)-0(21)
V(5)-0(8)
V(5)-0(5)
V(5)-0(13)
V/(5)-0(19)
V/(6)-0(20)
V(6)-0(3)#1
V(6)-0(19)
V(6)-0(5)
V(6)-0(3)
V(2)-0(6)
V(2)-0(2)
V(2)-0(15)#1
V(2)-0(17)#1
V(2)-0(4)
V(4)-0(12)
V(4)-0(14)
V(4)-0(13)
V(4)-0(9)
V(4)-0(8)
V(8)-0(11)
V(8)-0(9)
V(8)-0(10)
V(8)-0(14)
V(8)-O(10)#1

0(1)-V(1)-0(2)
0(1)-V(1)-0(4)
0(2)-V(1)-0(4)
0(1)-V(1)-0(5)
0(2)-V(1)-0(5)
0(4)-V(1)-0(5)
O(1)-V(1)-0(3)
0(2)-V(1)-0(3)
0(4)-V(1)-0(3)
0(5)-V(1)-0(3)
0(7)-V(3)-0(8)
0(7)-V(3)-0(4)
0(8)-V(3)-0(4)
O(7)-V(3)-0(17)#1
0O(8)-V(3)-0(17)#1
O(4)-V(3)-0(17)#1
0(7)-V(3)-0(9)
0(8)-V(3)-0(9)
0(4)-V(3)-0(9)
O(17)#1-V(3)-0(9)
0O(18)-V(7)-0O(15)

1.953(4)
1.956(4)
1.957(4)
1.958(4)
1.624(4)
1.940(4)
1.951(4)
1.951(4)
1.957(4)
1.624(4)
1.939(4)
1.945(4)
1.946(4)
1.955(4)
1.633(4)
1.920(4)
1.924(4)
1.954(4)
1.960(4)
1.613(4)
1.883(4)
1.893(4)
1.931(4)
1.952(4)
1.636(4)
1.917(4)
1.935(4)
1.940(4)
1.948(4)
1.626(4)
1.918(4)
1.941(4)
1.946(4)
1.948(4)
1.606(4)
1.875(4)
1.881(4)
1.912(4)
1.952(4)

104.98(18)
105.52(19)
83.39(15)
107.60(18)
147.25(16)
91.03(16)
105.56(19)
88.70(15)
148.92(16)
79.59(15)
106.75(18)
104.63(19)
92.30(16)
103.55(18)
149.69(16)
80.49(15)
106.77(19)
79.65(16)
148.59(16)
91.26(15)
105.25(19)

0(18)-V(7)-0(2)#1
0(15)-V(7)-0(2)#1
0(18)-V(7)-0(13)
0(15)-V(7)-0(13)
O(2)#1-V(7)-0(13)
0(18)-V(7)-0(19)
0(15)-V(7)-0(19)
O(2)#1-V(7)-0(19)
0(13)-V(7)-0(19)
0(16)-V(9)-0(17)
0(16)-V(9)-O(15)
0(17)-V(9)-O(15)
0(16)-V(9)-O(14)
O(17)-V(9)-O(14)
0(15)-V(9)-O(14)
0(16)-V(9)-O(10)#1
0(17)-V(9)-O(10)#1
0(15)-V(9)-O(10)#1
0(14)-V(9)-O(10)#1
0(21)-V(5)-0(8)
0(21)-V(5)-0(5)
0(8)-V(5)-0(5)
0(21)-V(5)-0(13)
0(8)-V(5)-0(13)
0(5)-V(5)-0(13)
0(21)-V(5)-0(19)
0(8)-V(5)-0(19)
0(5)-V(5)-0(19)
0(13)-V(5)-0(19)
0(20)-V(6)-O(3)#1
0(20)-V(6)-0(19)
O(3)#1-V(6)-0(19)
0(20)-V(6)-O(5)
O(3)#1-V(6)-0(5)
0(19)-V(6)-O(5)
0(20)-V(6)-0(3)
O(3)#1-V(6)-0(3)
0(19)-V(6)-0(3)
0(5)-V(6)-0(3)
0(6)-V(2)-0(2)
0(6)-V(2)-O(15)#1
0(2)-V(2)-0(15)#1
0(6)-V(2)-O(17)#1
0(2)-V(2)-0(17)#1
O(15)#1-V(2)-O(17)#1
0(6)-V(2)-0(4)
0(2)-V(2)-0(4)
O(15)#1-V(2)-O(4)
O(17)#1-V(2)-0(4)
0(12)-V(4)-0(14)
0(12)-V(4)-0(13)
0(14)-V(4)-0(13)
0(12)-V(4)-0(9)
0(14)-V(4)-0(9)
0(13)-V(4)-0(9)
0(12)-V(4)-0(8)
0(14)-V(4)-0(8)
0(13)-V(4)-0(8)
0(9)-V(4)-0(8)
0(11)-V(8)-0(9)
0(11)-V(8)-0(10)

105.73(18)
82.51(15)
104.29(18)
92.23(16)
149.86(15)
104.84(19)
149.89(16)
90.35(15)
79.41(15)
104.09(19)
107.23(19)
80.97(15)
108.80(19)
147.09(16)
90.25(16)
105.61(19)
91.74(15)
147.16(16)
78.61(16)
106.29(19)
107.8(2)
94.54(16)
110.20(19)
82.17(16)
141.24(16)
110.31(19)
142.79(16)
80.70(15)
79.28(15)
105.9(2)
106.0(2)
96.41(16)
108.6(2)
144.44(16)
82.25(16)
107.3(2)
81.76(17)
145.75(16)
80.08(15)
111.8(2)
110.44(18)
83.53(15)
111.8(2)
136.45(16)
81.18(16)
111.57(18)
83.60(15)
137.90(16)
81.12(15)
106.7(2)
105.84(19)
94.13(16)
110.7(2)
81.46(17)
142.94(16)
110.2(2)
142.58(16)
81.78(15)
80.06(16)
107.8(2)
106.7(2)
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0(9)-V(8)-0(10) 93.30(17) 0(10)-V(8)-O(10)#1 82.13(17)
0(11)-V(8)-0(14) 109.2(2) 0(14)-V(8)-O(10)#1 79.48(16)
0(9)-V(8)-O(14) 83.47(17) 0(30)-Na(3)-0(22)#1 89.5(2)
0(10)-V(8)-0(14) 143.20(17) 0(28)-Na(3)-0(6)#1 89.80(18)
0(11)-V(8)-O(10)#1 107.8(2)

0(9)-V(8)-O(10)#1 143.92(17)

Symmetry transformations used to generate equivalent atoms: #1 y,X,-z+1 #2x-1,y,z #3 X-y,-y,-z+2/3 #4 x+1y,z
Appendix 4(ii). Bond valance sum (BVS) calculations of compounds 1 and 2
Compound 1

Bond valence calculation. Numbers in brackets after atom symbols are at.no., r and c
- see O"Keeffe and Brese, J.A.C.S. 1991, 113, 3226.

...... V106
vV o (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.63 1.47
-0 ( 8, .63, 3.15) 1.77 2.00 .54
-0 ( 8, .63, 3.15) 1.77 1.96 .61
-0 (8, .63, 3.15) 1.77 1.97 .59
-0 ( 8, .63, 3.15) 1.77 2.02 .51
-0 ( 8, .63, 3.15) 1.77 2.40 .18
Bond valence sum for V 3.90
...... V206
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.61 1.54
-0 ( 8, .63, 3.15) 1.77 1.98 .57
-0 ( 8, .63, 3.15) 1.77 2.06 .46
-0 ( 8, .63, 3.15) 1.77 1.94 .64
-0 ( 8, .63, 3.15) 1.77 1.94 .64
-0 ( 8, .63, 3.15) 1.77 2.39 .19
Bond valence sum for V 4.04
...... V306
V. (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.62 1.51
-0 ( 8, .63, 3.15) 1.77 1.99 .55
-0 ( 8, .63, 3.15) 1.77 2.06 .46
-0 ( 8, .63, 3.15) 1.77 1.94 .64
-0 (8, .63, 3.15) 1.77 1.93 .66
-0 (8, .63, 3.15) 1.77 2.46 .16
Bond valence sum for V 3.98
...... V405
vV (23, 1.21, 1.45) Rij Dij Vij
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-0 (8, .63, 3.15) 1.77 1.64 1.43
-0 (8, .63, 3.15) 1.77 2.08 .43
-0 (8, .63, 3.15) 1.77 1.86 .79
-0 (8, .63, 3.15) 1.77 1.95 .62
-0 (8, .63, 3.15) 1.77 1.90 .70
Bond valence sum for V 3.98
...... V506
vV (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.63 1.48
-0 ( 8, .63, 3.15) 1.77 1.93 .65
-0 (8, .63, 3.15) 1.77 2.00 .55
-0 (8, .63, 3.15) 1.77 2.05 .48
-0 (8, .63, 3.15) 1.77 1.96 .61
-0 ( 8, .63, 3.15) 1.77 2.45 .16
Bond valence sum for V 3.92
...... V606
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.63 1.46
-0 (8, .63, 3.15) 1.77 2.06 .46
-0 ( 8, .63, 3.15) 1.77 1.96 .60
-0 ( 8, .63, 3.15) 1.77 1.93 .65
-0 ( 8, .63, 3.15) 1.77 1.99 .56
-0 ( 8, .63, 3.15) 1.77 2.33 .22
Bond valence sum for V 3.96
...... V705
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.62 1.51
-0 ( 8, .63, 3.15) 1.77 2.00 .55
-0 ( 8, .63, 3.15) 1.77 1.94 .64
-0 ( 8, .63, 3.15) 1.77 1.99 .56
-0 ( 8, .63, 3.15) 1.77 1.98 .57
Bond valence sum for V 3.84
...... V805
V. (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.63 1.406
-0 (8, .63, 3.15) 1.77 1.88 .75
-0 (8, .63, 3.15) 1.77 2.00 .55
-0 (8, .63, 3.15) 1.77 1.89 .72
-0 (8, .63, 3.15) 1.77 2.08 .44

Bond valence sum for V 3.92
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vV (23, 1.21, 1.45)
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Bond valence sum for V 3.85

...... V1406
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.67 1.33
-0 (8, .63, 3.15) 1.77 1.91 .70
-0 (8, .63, 3.15) 1.77 1.93 .65
-0 (8, .63, 3.15) 1.77 2.05 .48
-0 (8, .63, 3.15) 1.77 2.08 .43
-0 (8, .63, 3.15) 1.77 2.19 .32
Bond valence sum for V 3.92
...... V1505
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.62 1.54
-0 (8, .63, 3.15) 1.77 1.96 .61
-0 ( 8, .63, 3.15) 1.77 1.93 .66
-0 (8, .63, 3.15) 1.77 1.96 .61
-0 (8, .63, 3.15) 1.77 2.06 .46
Bond valence sum for V 3.88
...... V1605
Vo (23, 1.21, 1.45) Rij Dij vij
-0 ( 8, .63, 3.15) 1.77 1.64 1.43
-0 ( 8, .63, 3.15) 1.77 1.89 .73
-0 ( 8, .63, 3.15) 1.77 2.02 .51
-0 ( 8, .63, 3.15) 1.77 1.88 .74
-0 ( 8, .63, 3.15) 1.77 2.12 .40
Bond valence sum for V 3.81
...... V1705
V. (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.65 1.39
-0 ( 8, .63, 3.15) 1.77 2.10 .41
-0 ( 8, .63, 3.15) 1.77 1.88 .75
-0 ( 8, .63, 3.15) 1.77 1.88 .75
-0 ( 8, .63, 3.15) 1.77 1.95 .61
Bond valence sum for V 3.91
...... V1805
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.64 1.43
-0 (8, .63, 3.15) 1.77 1.99 .56
-0 ( 8, .63, 3.15) 1.77 1.88 .76
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-0 (8, .63, 3.15) 1.77 1.90 .71
-0 (8, .63, 3.15) 1.77 2.11 .40

Bond valence sum for V 3.87

...... V1904

Vo (23, 1.21, 1.45) Rij Dij Vi
-0 (8, .63, 3.15) 1.77 1.70 1.21
-0 (8, .63, 3.15) 1.77 1.70 1.22
-0 (8, .63, 3.15) 1.77 1.73 1.13
-0 (8, .63, 3.15) 1.77 1.72 1.16

Bond valence sum for V 4.72
Compound 2

Bond valence calculation. Numbers in brackets after atom symbols are at.no., r and c
- see O"Keeffe and Brese, J.A.C.S. 1991, 113, 3226

...... V1
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.96 .61
-0 ( 8, .63, 3.15) 1.77 1.97 .59
-0 ( 8, .63, 3.15) 1.77 1.95 .62
-0 ( 8, .63, 3.15) 1.77 1.94 .63
-0 ( 8, .63, 3.15) 1.77 1.63 1.49
Bond valence sum for V 3.93
...... V2
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.96 .61
-0 ( 8, .63, 3.15) 1.77 1.97 .60
-0 ( 8, .63, 3.15) 1.77 1.96 .61
-0 ( 8, .63, 3.15) 1.77 1.96 .61
-0 ( 8, .63, 3.15) 1.77 1.62 1.52
Bond valence sum for V 3.94
...... V3
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.94 .63
-0 (8, .63, 3.15) 1.77 1.95 .61
-0 (8, .63, 3.15) 1.77 1.95 .61
-0 (8, .63, 3.15) 1.77 1.92 .67
-0 (8, .63, 3.15) 1.77 1.63 1.48

Bond valence sum for V 4.01
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V (23, 1.21, 1.45) Rij  Dij  Vij
-0 (8, .63, 3.15) 1.77 1.96 .61
-0 (8, .63, 3.15) 1.77 1.90 .71
-0 (8, .63, 3.15) 1.77 1.88 .75
-0 (8, .63, 3.15) 1.77 1.94 .64
-0 (8, .63, 3.15) 1.77 1.61 1.55

...... V5
vV (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.96 .60
-0 (8, .63, 3.15) 1.77 1.89 .72
-0 (8, .63, 3.15) 1.77 1.92 .68
-0 ( 8, .63, 3.15) 1.77 1.89 .73
-0 ( 8, .63, 3.15) 1.77 1.60 1.58
Bond valence sum for V 4.32
...... Vo
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.94 .64
-0 ( 8, .63, 3.15) 1.77 1.96 .61
-0 ( 8, .63, 3.15) 1.77 1.95 .62
-0 ( 8, .63, 3.15) 1.77 1.95 .62
-0 ( 8, .63, 3.15) 1.77 1.62 1.51
Bond valence sum for V 3.99
...... v7
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.93 .65
-0 ( 8, .63, 3.15) 1.77 1.95 .62
-0 ( 8, .63, 3.15) 1.77 1.95 .63
-0 ( 8, .63, 3.15) 1.77 1.98 .58
-0 ( 8, .63, 3.15) 1.77 1.62 1.51
Bond valence sum for V 3.98
...... v8
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 (8, .63, 3.15) 1.77 1.92 .67
-0 (8, .63, 3.15) 1.77 1.97 .59
-0 (8, .63, 3.15) 1.77 1.96 .60
-0 (8, .63, 3.15) 1.77 1.92 .67
-0 (8, .63, 3.15) 1.77 1.64 1.43

Bond valence sum for V 3.96
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vV (23, 1.21, 1.45) Rij  Dij  Vij
-0 (8, .63, 3.15) 1.77 1.95 .63
-0 (8, .63, 3.15) 1.77 1.92 .67
-0 (8, .63, 3.15) 1.77 1.93 .65
-0 (8, .63, 3.15) 1.77 1.94 .63
-0 (8, .63, 3.15) 1.77 1.64 1.45
Bond valence sum for V 4.03
Appendix 4(iii). Elemental analysis reports
Issued to
Dr.Sathish Kumar Kurapati ReportHo.  :LLPLI13-19/001890
Clo Prof Samar K Das, School of Chemistry, Issue Date 08/06/2013

University of Hyderabad, Hyderabad-500045.
Kind Atin.Mr.Sateesh M, 9903652965 Ref Date

Sample Particulars : NaV19046

Customer Ref.: TpF

1305/2018

|Qty. Received : TNo Vial

ITest Parameters : Vanadium ss V. Sadium as Na

Date of Receipt of Sample  : 310572018 Date of Starting of Analysis : 07/06/2018
Date of completion of analysis : 08/06/2013 SAMPIE TESTED AS RECEIVED
TEST RESULTS
5.No. Parameters uom Results
1 [Vanadium as V %% by mass 4233 1
ium as Na T Dy mass 7.20 ‘
Tnstrument Used: ICP-OES Varian T20-ES
NOTE : This report and results relate only to the sample { items tested.
Appendix Figure 4(a). Elemental analysis report of compound 1.
PRUDIPKERCKEIE
xapcIcIE
ue:
LisERzER
Issued fo:
Dr.Sathish Kumar Kurapati Repori Mo,  LLPLI3-19/001391
C/o Prof Samar K Das, School of Chemistry, Issue Date 08/06/2015
University of Hyderabad, Hyderabad-500046. Customer Ret: TRF
Kind Atin -Mr Sateesh M, 9908652965 RefDate  :31/05:2018

Sample Particular: NaV18042(C1)

Qty. Received : 1Mo Vial

Test Parameters : Vanadium ss V. Sodium ss Na,Chloride as G

Date of Receipt of Sample ~ : 31/052013 Date of Starting of Analysis : 07/06/2018
Date of completion of analysis : 08/06/2018 S4MPLE TESTED AS RECEIVED
TEST RESULTS
SN0 Parameters uom Results
1 [Vanadium as WV % Dby mass 42.52
2 |Sedium as Na % by mass 5.44
3 IChInride as Gl %._ by, mass 163

Instrument Used: ICP-OES Varian 710-ES & IS 3028 Part 31
MQTE ; This report and results relate only to the sample | items tested.

Appendix Figure 4(b). Elemental analysis report of compound 2
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Appendix 5(i). Details of bond distances and angles for compounds 1 and 2

V(2)-0(4)
V(2)-0(5)#1
V(2)-0(3)
V(2)-0(5)
V(2)-0(8)#1
V(2)-V(3)
V(2)-V(3)#1
V(2)-V(1)
V(3)-0(6)
V(3)-0(7)
V(3)-0(3)
V(3)-0(8)
V(3)-0(5)
V(1)-0(2)
V(1)-0(3)#2
V(1)-0(3)
V(1)-O(8)#1
V(1)-0(8)#3
V(1)-0(1)
0(1)-C(1)
N(1)-N(1)#8
0(4)-V(2)-O(5)#1
0(4)-V(2)-0(3)
O(5)#1-V(2)-0(3)
0(4)-V(2)-0(5)
O(5)#1-V(2)-O(5)
0(3)-V(2)-0(5)
0(4)-V(2)-O(8)#1
O(5)#1-V(2)-O(8)#1
0(3)-V(2)-0(8)#1
0(5)-V(2)-O(8)#1
0(4)-V(2)-V(3)
O(B)#1-V(2)-V(3)
0(3)-V(2)-V(3)
0(5)-V(2)-V(3)
O(8)#1-V(2)-V(3)
0(4)-V(2)-V(3)#1
O(B)#1-V(2)-V(3)#1
0(3)-V(2)-V(3)#1
0(5)-V(2)-V(3)#1
O(8)#1-V(2)-V(3)#1
V(3)-V(2)-V(3)#1
0(4)-V(2)-V(1)

Bond distances (A) and angles (°) for compound 1

1.6236(18)
1.9067(18)
1.9280(17)
1.9287(18)
1.9952(18)
2.9530(6)
2.9550(6)
3.0002(4)
1.6290(19)
1.8318(11)
1.9206(17)
1.9469(19)
1.9665(19)
1.637(3)
1.9464(17)
1.9465(17)
2.0527(18)
2.0527(18)
2.293(3)
1.275(3)
1.446(5)
109.53(9)
113.15(9)
137.08(8)
105.90(9)
92.06(11)
80.78(8)
107.87(9)
81.69(8)
81.29(7)
145.81(8)
112.94(7)
123.15(6)
39.80(5)
41.18(6)
117.39(5)
117.92(7)
41.03(6)
110.55(5)
122.91(6)
40.83(5)
128.88(2)
124.95(7)

0(5)#1-V(2)-V(1)
0(3)-V(2)-V(1)
0(5)-V(2)-V(1)
0(8)#1-V(2)-V(1)
V(3)-V(2)-V(1)
VB)#1-V(2)-V(1)
0(6)-V(3)-0(7)
0(6)-V(3)-0(3)
0(7)-V(3)-0(3)
0(6)-V(3)-0(8)
0(7)-V(3)-0(8)
0(3)-V(3)-0(8)
0(6)-V(3)-0(5)
0(7)-V(3)-0(5)
0(3)-V(3)-0(5)
0(8)-V(3)-0(5)
0(6)-V(3)-V(2)
0(7)-V(3)-V(2)
0(3)-V(3)-V(2)
0(8)-V(3)-V(2)
0(5)-V(3)-V(2)
0(6)-V(3)-V(2)#9
0(7)-V(3)-V(2)#9
0(3)-V(3)-V(2)#9
0(8)-V(3)-V(2)#9
0(5)-V(3)-V(2)#9
V(2)-V(3)-V(2)#9
0(2)-V(1)-0(3)#2
0(2)-V(1)-0(3)
O(3)#2-V(1)-0(3)
0(2)-V(1)-0(8)#1
O(3)#2-V(1)-0(8)#1
0(3)-V(1)-0(8)#1
0(2)-V(1)-0(8)#3
O(3)#2-V(1)-0(8)#3
0(3)-V(1)-0(8)#3
O(8)#1-V(1)-O(8)#3
0(2)-V(1)-0(1)
O(3)#2-V(1)-0(1)
0(3)-V(1)-0(1)
O(8)#1-V(1)-0(1)
0(8)#3-V(1)-0(1)
V(3)#2-0(7)-V(3)

108.87(6)
39.48(5)
110.54(6)
42.91(5)
74.706(15)
72.696(15)
102.61(10)
106.26(9)
93.21(9)
105.19(9)
92.99(10)
145.71(8)
99.96(9)
157.43(9)
80.01(7)
81.44(7)
104.14(7)
131.05(8)
39.98(5)
117.96(6)
40.23(5)
109.40(7)
129.72(8)
112.92(6)
42.07(5)
39.53(5)
76.814(19)
103.35(8)
103.35(8)
92.18(10)
99.73(8)
156.71(8)
79.40(7)
99.73(8)
79.41(7)
156.71(8)
99.83(10)
165.98(13)
86.24(8)
86.24(8)
71.67(7)
71.67(7)
127.12(14)
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V(3)-0(8)-V(2)#9 97.10(8) V(2)#9-0(5)-V(2) 146.26(11)
V(3)-0(8)-V(1)#9 123.88(9) V(2)#9-0(5)-V(3) 99.44(8)
V(2)#9-0(8)-V()#9  95.65(8) V(2)-0(5)-V(3) 98.59(8)
C(1)-0(1)-V(1) 129.80(19) O(1)#1-C(1)-0(1) 120.000(1)
V(3)-0(3)-V(2) 100.22(8) O()#1-C(1)-O(L)#9  120.002(1)
V(3)-0(3)-V(1) 138.15(9) 0(1)-C(1)-O(1)#9 120.0
V(2)-0(3)-V(1) 101.49(8)

Symmetry transformations used to generate equivalent atoms:

#1 -x+y+1,-x+2,Z; #2 X-y+1,-y+2,z; #3 X,y,-z+1; #4 X-y+1,-y+2 -z+1; #5y,x,z; #6 -y+2,x-y+1,z; #7 x,y+1,z; #8
-y+1,X-y+1,7; #9 -x+y,-x+1,z; #10 y,X,-z+1; #11 y,X,-z+2; #12 -y+1,X-y,Z; #13 X-y,-Y,-2+2; #14 X-y+1,-y+1 -
z+2; #15 x,y-1,z; #16 -x+y+1,-x+1,z.

Bond distances (A) and angles (°) for compound 2

198

0(8)-V(3) 1.611(13) Na(3)-O(1)#15 2.291(14)
V(1)-0(1) 1.605(8) Na(3)-O(10)#15 3.11(3)
V(1)-0(2)#1 1.916(3) Na(3)-O(10)#14 3.11(3)
V(1)-0(2) 1.916(3) 0(1)-V(1)-0(2)#1 106.4(3)
V(1)-0(3) 1.951(5) 0(1)-V(1)-0(2) 106.4(3)
V(1)-0(3)#2 1.951(5) O(2)#1-V(1)-0(2) 94.3(5)
V(3)-0(3)#2 1.976(5) 0(1)-V(1)-0(3) 109.0(3)
V(3)-0(3)#3 1.976(5) 0(2)#1-V(1)-0(3) 144.0(3)
V(3)-0(3) 1.976(5) 0(2)-V(1)-0(3) 82.1(3)
V(3)-0(3)#4 1.976(5) 0(1)-V(1)-0(3)#2 109.0(3)
V(2)-0(4) 1.621(8) OQ#1-V(1)-0(3)#2  82.1(3)
V(2)-0(5) 1.820(5) 0(2)-V(1)-0(3)#2 144.0(3)
V(2)-0(3)#5 1.915(5) 0(3)-V(1)-0(3)#2 80.3(3)
V(2)-0(3) 1.915(5) 0(8)-V(3)-0(3)#2 105.34(17)
V(2)-0(2) 2.009(9) 0(8)-V(3)-0(3)#3 105.34(17)
0(2)-V(1)#6 1.916(3) 0(3)#2-V(3)-0(3)#3  149.3(3)
0(2)-Na(2) 2.868(11) 0(8)-V(3)-0(3) 105.34(17)
O(1)-Na(3)#7 2.291(14) 0(3)#2-V(3)-0(3) 79.1(3)
Na(1)-O(9)#8 2.373(9) 0(3)#3-V(3)-0(3) 92.8(3)
Na(1)-0(9) 2.373(9) 0(8)-V(3)-O(3)#4 105.34(17)
Na(1)-O(9)#9 2.373(9) 0(3)#2-V(3)-0(3)#4  92.8(3)
Na(1)-O(6)#8 2.446(9) 0(3)#3-V(3)-0(3)#4  79.1(3)
Na(1)-0(6) 2.446(9) 0(3)-V(3)-0(3)#4 149.3(3)
Na(1)-O(6)#9 2.446(9) 0(4)-V(2)-0(5) 104.7(4)
0(5)-V(2)#10 1.820(5) 0(4)-V(2)-0(3)#5 109.47(16)
0(6)-Na(1)#3 2.446(9) 0(5)-V(2)-0(3)#5 91.16(18)
0(7)-Na(3) 2.34(2) 0(4)-V(2)-0(3) 109.47(16)
Na(2)-0(10) 2.90(5) 0(5)-V(2)-0(3) 91.16(18)
Na(2)-O(10)#11 2.90(5) 0(3)#5-V(2)-0(3) 139.0(3)
Na(2)-0(2)#11 2.868(11) 0(4)-V(2)-0(2) 99.6(4)
0(10)-Na(3)#7 3.11(3) 0(5)-V(2)-0(2) 155.7(4)
Na(3)-O(7)#13 2.34(2) 0(3)#5-V(2)-0(2) 80.67(18)
Na(3)-O(L)#14 2.291(14) 0(3)-V(2)-0(2) 80.67(18)
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V(2)-0(3)-V(1)
V(2)-0(3)-V(3)
V(1)-0(3)-V(3)
V(1)#6-0(2)-V(1)
V(1)#6-0(2)-V(2)
V(1)-0(2)-V(2)
V(1)#6-0(2)-Na(2)
V(1)-0(2)-Na(2)
V(2)-0(2)-Na(2)
V(1)-O(1)-Na(3)#7
0(9)#8-Na(1)-0(9)
0(9)#8-Na(1)-O(9)#9
0(9)-Na(1)-0(9)#9
0(9)#8-Na(1)-O(6)#8
0(9)-Na(1)-O(6)#8
0(9)#9-Na(1)-O(6)#8
0(9)#8-Na(1)-0(6)
0(9)-Na(1)-0(6)
0(9)#9-Na(1)-0(6)
O(6)#8-Na(1)-0(6)
0(9)#8-Na(1)-O(6)#9
0(9)-Na(1)-O(6)#9
0(9)#9-Na(1)-O(6)#9
0(6)#8-Na(1)-O(6)#9
0(6)-Na(1)-O(6)#9

99.6(2)
137.7(3)
99.9(2)
141.1(5)
97.6(3)
97.6(3)
105.0(2)
105.0(2)
105.6(5)
168.8(6)
94.6(4)
94.6(4)
94.6(4)
90.5(3)
171.4(4)
91.8(3)
91.8(3)
90.5(3)
171.4(4)
82.5(3)
171.4(4)
91.8(3)
90.5(3)
82.5(3)
82.5(3)

V(2)-0(5)-V(2)#10
Na(1)#3-0(6)-Na(1)
0(10)-Na(2)-O(10)#11
0(10)-Na(2)-0(2)#11

O(10)#11-Na(2)-0O(2)#11

0(10)-Na(2)-0(2)
0(10)#11-Na(2)-0(2)
0(2)#11-Na(2)-0(2)
Na(2)-O(10)-Na(3)#7
0(7)-Na(3)-0(7)#13
0(7)-Na(3)-O(1)#14

O(7)#13-Na(3)-O(1)#14

O(7)-Na(3)-O(1)#15

O(7)#13-Na(3)-O(1)#15
O(1)#14-Na(3)-O(1)#15

0(7)-Na(3)-O(10)#15

132.4(6)
80.8(4)
97.1(12)
107.1(2)
107.1(2)
107.1(2)
107.1(2)
127.4(7)
86.7(12)
103.1(14)
170.9(9)
86.0(6)
86.0(6)
170.9(9)
84.9(7)
95.0(5)

O(7)#13-Na(3)-O(10)#15 95.0(5)
O(1)#14-Na(3)-O(L0)#15 84.0(6)
O(1)#15-Na(3)-O(10)#15 84.0(6)

0(7)-Na(3)-O(10)#14

95.0(5)

O(7)#13-Na(3)-O(10)#14 95.0(5)
O(1)#14-Na(3)-O(10)#14 84.0(6)
O(1)#15-Na(3)-O(10)#14 84.0(6)
O(10)#15-Na(3)-O(10)#14163.8(17)

Symmetry transformations used to generate equivalent atoms:

#1 -X+y+1,-X+2,Z; #2 X-y+1,-y+2,z; #3 X,y,-2+1; #4 X-y+1,-y+2,-z+1; #5 y,X,z; #6 -y+2,x-y+1,z; #7 x,y+1,z; #8
-y+1,X-y+1,z; #9 -x+y,-x+1,z; #10 y,X,-z+1; #11 y,X,-z+2; #12 -y+1,X-y,z; #13 X-y,-y,-2+2; #14 x-y+1,-y+1,-
z+2; #15 x,y-1,z; #16 -x+y+1,-x+1,z.
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Appendix 5(ii). Elemental analysis reports

Issued fo:

Prof. Samar K. Das Report No. LLPL/16-17/008631
Clo Prof .Samar K.Das Lab -School of chemistry Issue Date  :21/12/2016
University of Hyderabad - 018 Customer Ref: TRF

Kind Aftn.-M sateesh RefDate  -171272018

Sample Particulars : SKD13

Qty. Received : 260mg, Packed in Sealed bottle

Test Parameters : Vanadium as V Sodium as Na

Date of Receipt of Sample  : 19/1272016 Date of Starting of Analysis : 21/12/2016
Date of completion of analysis : 21/12/2016 SAMPLE TESTED AS RECEIVED)
TEST RESULTS
S.No. Parameters uom Results
1 |Vanadiumas V % by mass 3496
2 [Sodium as Na % Dy mass 658

Instrument Used: ICP-OES Varian 720-ES
NOTE : This report and results relate only to the sample / items tested.

Appendix Figure 5(a). Elemental analysis report of compound 1.

Issued to

Prof. Samar K. Das Report No LLPL/17-18/008151
Clo Prof Samar K Das Lab -School of chemistry Issue Date -~ 10/02/2018
University of Hyderabad - 019 Customer Ref -TRF

Kind Attn M sateesh, +91 9908652965 Ref Date 071122017

Sample Particulars :  V15(C03)

Qty. Received : 150mg, Polythene Cover

est Parameters : Bismuth as 8/

Date of Receipt of Sample  : 06/02/2018 Date of Starting of Analysis : 10/02/2018
Date of completion of analysis : 10/02/2018 SAMPLE TESTED AS RECEIVED
TEST RESULTS
S.No. Parameters UoM Results
1 |Bismuth as Bi ppm <100

Instrument Used: ICP-OES Varian 720-ES
NOTE : This report and results relate only to the sample / itoms tested

Appendix Figure 5(b). Elemental analysis report of bismuth for compound 1.
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Method filename: C:\Program Files\Thermo Finnigan\Eager 300 for EA1112\DATA'Sys_data_ex
Sample ID: VISCO3 (£17)

Amalysis type UnkNown

Chromatogram filcname: UNK-30012019-7.dat

Sample weight: L113

108, om
727
!! ;l27
ses4 |||
@very| |||
40- |
AR
:l\
2391 / \| 3
J — =
| -~ T~ =
0.7614Z —
0.0 24 & (mm) 72 96 120
Element Name Element % Ret. Time
Nitrogen 3 68 0. 88
Carboa 0. 56 .27
Hydrogea i 4N

Appendix Figure 5(c). CHN elemental analysis report of compound 1.
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PBMDJFKBOCXEIIT

KBIPGKBJF

PMIHAZAONNCIGD

ILHCICNF

PECAFEJGBHAGMB

FRCEARDT

Issued to:

Prof .Samar K.Das Report No.  :LLPL/16-17/010661

School of chemistry Issue Date  :03/04/2017
University of Hyderabad - 046 Customer Ref.: TRF

Kind Attn.:M._sateesh
Ref.Date :21/02/2017

Sample Particulars:  V15+HCI

Qty. Received : 30mg X1no Vial

Test Parameters : Vanadium as V,Sodium as Na,Chloride as CI

Date of Receipt of Sample  : 22/02/2017 Date of Starting of Analysis : 03/04/2017
Date of completion of analysis : 03/04/2017 SAMPLE TESTED AS RECEIVED
TEST RESULTS
S.Ne. Parameters uom Results
1 |Vanadium as V % by mass 40.40
2 |Sodium as Na % by mass 2.32
3 |Chiloride as Cl % by mass 1.54

Instrument Used: ICP-OES Varian 720-ES & IS 3025 part 32
NOTE : This report and results relate only to the sample / items tested.

R.V. Rama Rao
Authorized Signatory

Page No. 111

Appendix Figure 5(d). Elemental (ICP-OES) analysis report of an amorphous compound.
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UOH -SCHOOL OF CHEMISTRY -HRMS UOH -SCHOOL OF CHEMISTRY -HRMS
Analysis Info Acquisition Date  7/26/2018 3-18:46 PM Analysis Info Acquisition Date 772672018 3:22:08 PM
Analysis Name D OF SKDUULY! -1-1-R-1.d Analysis Name D \Data\2018\PROF SKDUULY\COZRMGX.-1-1-R-2.d
Method tune_low_Pos-R2.m Operator UOH-Chemi Method tune_low.m Operator UOH-Chemistry
Sample Name ~ CO2RMGX-1-1 Instrument maXis 10138 Sample Name ~ COZRMGX-1-1 Instrument maXis 10138
bnssindiy Comment
Acquisition Parameter Acquisition Parameter
Source Type ESI Ion Polarity Postive Set Nebulizer 03Bar Source Type ES lon Polarity Postive Set Nevukzer 04 Bar
Focus Not active Set Capillary 3800V Set Dry Hoater 180°C Focus Nat actve Set Capitary 3800V Set Ory Heater 200°C
Scan Begin 50 miz SetEnd Plate Offset 500V Set Dry Gas 40 Umin Scan Begin Rme SastEnd Pl Ot SO0V SutOy Ges S0 Wiy
Scan Eng 2680 miz Set Collsion el RF  350.0 Vpp St Dhvot Vaive oy Scan End 1800 mz Set Colsion CeiRF 3500 Vpp Set Dvert Vave Waste
|n:;‘ +MS,02-20min #(10-174 X104 S 0.1-20mn #(4-118)
e, (a) e (b)
/——\, 1
auiitios: | 1219661
s oW ‘ ‘ =
4 " [
259 1899 ‘
3 ‘ 078y
I 123,953
050
2 284 1897
|
2701851 273.1670) 0251 117 0809 |
1 i ‘ | 1271489
| | 23153 ‘ 1 118.08e2 e || 2P 1250045 | 1280812
2562095 | | 2674770 {1
Lo UL T Y L k.2 O I sl
| " al. | ) )
1| 1 _l " L |l l L 11 l J | 16 18 120 12 124 128 128 mz
250 255 260 25 270 mz
Bruker Compass DataAnalysis 4.0 printed: 772672018 5:03:42 PM Page 10 1
Bruker Compass DataAnalysis 4.0 printed:  7/26/2018 5:02:48 PM Page 10f 1 -

Appendix Figure 5(e). HR-MS analysis report of triphenyl methanol (left) and benzoic acid (right) resulted in a
1:1 mmol (compound 1: PhMgBr reagent) ratio reaction.

Issued to:

Prof. Samar K. Das Report No. :LLPLD/16-17/002200
C/o Prof .Samar K.Das Lab -School of chemistry Issue Date  :21/1272016
University of Hyderabad - 019 Customer Ref: TRF

Kind Attn.:Mr.M.Sateesh RefDate  -30/1122018

Sample Particulars :  [V15(CI)]

Qty. Received : 0.45gm ,Packed in Sealed bollie

Test Parameters ;: Vanadium as V, Sodium as Na,Chionde as Ci

Date of Receipt of Sample  : 30/11/2018 Date of Starting of Analysis : 05/122018
Date of completion of analysis : 21/12/2016 SAMPLE TESTED AS RECEIVED)
TEST RESULTS
S.No Parameters uom Results
1 |Vanadiumas V % by mass 35.53
as Na % Dy mass 1058
3 |Chioride as CI % Dy mass 168

Instrument Used: ICP-OES Varian 720-ES & IS 3025 part 32
NOTE : This report and results relate only to the sample / items tested.

Appendix Figure 5(f). Elemental (ICP-OES) analysis report of compound 2.
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Appendix 5(iii). Bond valance sum (BVS) calculations of compounds 1 and 2

Compound 1

Bond valence calculation. Numbers in brackets after atom symbols are at.no.,
r and ¢ - see O"Keeffe and Brese, J.A.C.S. 1991, 113, 3226.

V1
V. (23, 1.21, 1.45) Rij Dij  Vij
-0 ( 8, .63, 3.15) 1.77 1.62 1.50
-0 ( 8, .63, 3.15) 1.77 1.93 .65
-0 ( 8, .63, 3.15) 1.77 1.93 .65
-0 ( 8, .63, 3.15) 1.77 1.91 .70
-0 ( 8, .63, 3.15) 1.77 2.00 .55
Bond valence sum for V 4.05
V2
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.97 .59
-0 ( 8, .63, 3.15) 1.77 1.95 .63
-0 ( 8, .63, 3.15) 1.77 1.63 1.48
-0 ( 8, .63, 3.15) 1.77 1.83 .85
-0 ( 8, .63, 3.15) 1.77 1.92 .67
Bond valence sum for V 4,22
V3
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 2.29 .25
-0 ( 8, .63, 3.15) 1.77 1.64 1.42
-0 ( 8, .63, 3.15) 1.77 1.94 .63
-0 ( 8, .63, 3.15) 1.77 1.94 .63
-0 ( 8, .63, 3.15) 1.77 2.05 .47
Bond valence sum for V 3.40
Compound 2
V1
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.61 1.58
-0 ( 8, .63, 3.15) 1.77 1.92 .68
-0 ( 8, .63, 3.15) 1.77 1.95 .62
-0 ( 8, .63, 3.15) 1.77 1.92 .68
-0 ( 8, .63, 3.15) 1.77 1.95 .62
Bond valence sum for V 4.18
V2
Vo (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.62 1.51
-0 ( 8, .63, 3.15) 1.77 2.01 .53
-0 ( 8, .63, 3.15) 1.77 1.82 .88
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-0 ( 8, .63, 3.15) 1.77 1.91 .68
-0 ( 8, 63, 3.15) 1.77 1.91 68

Bond valence sum for V 4.28

V3

vV (23, 1.21, 1.45) Rij Dij Vij
-0 ( 8, .63, 3.15) 1.77 1.61 1.55
-0 ( 8, .63, 3.15) 1.77 1.98 .58
-0 ( 8, .63, 3.15) 1.77 1.98 .58
-0 ( 8, .63, 3.15) 1.77 1.98 .58
-0 ( 8, .63, 3.15) 1.77 1.98 .58

Bond valence sum for V 3.87
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