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Transition-metal complexes, with their reversible redox properties, are the basis for electrochemical
energy storage devices, such as rechargeable batteries and supercapacitors. In order to comprehend
the variation in the electronic properties and electrochemical activity of concurrent transition elements
existing in identical coordination environments, we have pursued extensive multi-method
spectroscopic and electrochemical studies of three new isostructural 3d-4d mixed metal
polyoxometalate complexes, viz. the vanado-molybdate Nax(NH4)s[(Mo3'Os),(V"O,){0zP-C(O)(CH,-4-
CsNH4)-POs),1-10H,O  (1a), the chromo-molybdate (NH4)s[H2(MoY'Os)o(Cr"O,){0sP-C(O)(CH,-4-
CsNH4)-POs},l-10H,O  (2a) and the mangano-molybdate  Na(NH4)glH(MoY'Os),(Mn""O,){O<P-
C(O)(CH>-4-CsNH4)-PO3},]-9H,0 (3a). The structures of the polyanions have been determined using
single-crystal X-ray diffraction studies, with all three polyanionic complexes having identical
connectivity and arrangement in the solid state. The electronic properties of the complexes have been
analyzed thoroughly with electronic paramagnetic resonance (EPR) and X-ray photoelectron
spectroscopy (XPS) methods. EPR measurements for all three complexes are characterized by Amg =
+2 signals (forbidden half-field transition) at 77 K in the solid state, confirming the existence of V!, § =
1 for 1a; Cr'", S = 3/2 for 2a; Mn", S = 2 for 3a. Using our original and novel binder-free approach to
prepare supercapacitor electrodes, thorough comparative electrochemical energy storage studies have
been performed on the three compounds using cyclic voltammetry, galvanostatic charge—discharge,
electrochemical impedance spectroscopy, and cycling stability tests. The oxo-vanado-molybdate
complex has shown superior electrochemical performance, with respect to specific capacitances,
energy density, power density, and electrochemical stability, followed by the oxo-chromo-molybdate
and the oxo-mangano-molybdate complexes. The electrochemical performance trend has been
corroborated by DFT calculations at the B3LYP-D3(BJ)/Def2-SVP level of theory in a polar medium,
with the same order of promptness of undergoing oxidation of the polyanionic species [M?* to M3*; M
=V (1) > Cr (2) > Mn (3); AG(M**~M?*) = +48 (1'), +58 (2'), +81 (3') kcal mol™Y], corroborating the
experimental observations. The oxidation of these anionic species from 8-(M") to 7-(M") has thus been
computed to be highly favourable in the gas phase [~—328 (1), =311 (2/), and —309 (3') kcal mol™].
The studies on the HOMO-LUMO structures of the complexes also corroborate the trend of the
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1. Introduction

Electrochemical energy storage devices have been the backbone
of modern electronics and the accompanying age of portable
electronics.”™ The most important types of electrochemical
storage devices come in two forms, batteries and capacitors,
which function in fundamentally different ways.** While
batteries store energy through chemical reactions where the
stored chemical energy is converted to electrical energy via
reactions releasing electrons, which flow through an external
circuit to provide electrical energy, i.e. discharging,” capacitors
store energy in an electric field created between two metal plates
(electrodes), with an insulating material (dielectric) in between,
with no chemical reaction being involved in the energy storage
process.*™ As such, batteries generally have high energy
density, and capacitors on the other hand have high power
density. This makes batteries suitable for applications where
long-lasting energy is needed,"* while capacitors are ideal for
applications that require immediate power supply for a short
duration. Batteries and capacitors therefore form the two
extreme ends of energy vs. power density. Supercapacitors
bridge this gap, offering higher power density than the former
and higher energy density than the latter.***

A supercapacitor, also known as an ultracapacitor or double-
layer capacitor, is a type of capacitor that has a very high
capacitance compared to standard capacitors. Since super-
capacitors offer amazing qualities like high specific capaci-
tance, higher power density, and long-term stability, they have
become a better prospect for the future,*™ and are used in
applications where rapid charging and discharging of energy
are required. Unlike batteries, which rely on chemical reactions,
supercapacitors store and release energy through a physical
process, involving the separation of charge at the interface
between an electrode and an electrolyte.*”*" This process occurs
in the electric double layers formed at the surfaces of the elec-
trodes. As such supercapacitors can be classified according to
their mechanism of energy storage: electrochemical double
layer capacitance (EDLC) and pseudocapacitance.” While in
EDLC there is an electrostatic separation of charges at the
interface between an electrode and an electrolyte solution,
pseudo-capacitance involves faradaic redox reactions at the
electrode-electrolyte interface.”® This means that during charge
and discharge cycles in EDLC-type supercapacitors, no faradaic
redox reactions occur; instead, charges accumulate at the elec-
trode-electrolyte interface in the form of an electric double
layer,> while in pseudo-capacitors reversible electrochemical
reactions occur within the bulk of the electrode material.*®
Materials that show a combination of the two properties, vis d
vis hybrid supercapacitors,”*?® therefore show superior
performance.

The choice of electrode material(s) is of paramount impor-
tance in the building of a hybrid supercapacitor with high
efficiency.’** EDLC materials primarily consist of carbon-based
substances like activated carbon, MWCNTSs, etc.,>*** whereas
different metal oxides like V,05, M0oO3;, MnO,,WO;, etc., are
involved in pseudocapacitance.***° However, the low power, low
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energy density, and poor rate performance encountered with
these materials still leave numerous issues. Therefore, in order
to improve supercapacitive performance, it is imperative to look
into materials with multifunctional behaviour. In this respect,
polyoxometalates (POMs) have great potential to act as efficient
electrode materials, and their exploration has led to new
developments in this field.*~** POMs exhibit unique properties,
such as versatile redox activity, tuneable electronic properties
and fast electron transfer capacity due to redox activity.** The
stable and compatible nature of these materials makes them
effective and promising candidates for energy storage applica-
tions.*>*® The multielectron transmitting features of POMs with
different oxidation states possessed by metal cations enable
them to be effective materials for studying pseudocapaci-
tance.””*® In combination with carbonaceous materials, such as
activated carbon, carbon nanotubes, etc., these materials have
shown great promise towards the fabrication of hybrid-type
supercapacitor electrodes.*>*® Nevertheless, certain limiting
properties such as solubility, low surface area, and weak
adherence to an electrode limit their practical usage in aqueous
electrolyte solutions.>* To overcome such shortcomings,
researchers have focused on the POM materials' design, struc-
ture, composition, and fabrication. The formation of compos-
ites with the integration of POMs with carbon-based materials,
conducting polymers, and metal-organic frameworks, to
provide better adherence power between the material and
electrode surface with the use of various binders such as PVDF,
MES, etc., can eventually improve insolubility character in the
electrolyte solution,** but at the cost of electrochemical effi-
ciency. Numerous research teams have therefore continued
work on such a combination of materials with a great variety of
POM compounds. In this respect, our team has developed
a novel binder-free approach towards the fabrication of super-
capacitor electrodes, using sustainable growth of particle films
with simple solvent evaporation techniques.

Our group has been primarily interested in the study of
organic-inorganic hybrid diphosphonate-functionalized POMs,
a subclass within the hybrid-POM literature, towards energy
storage applications.*® The presence of diphosphonate ligands
makes such compounds adopt a more open-type assembly, as
compared with classical POM structures. In the case of poly-
oxovanadates, this leads to the presence of varied oxidation
states and coordination environments of the same metal atom,
viz. vanadium, within the structure.>”*® Such versatility makes
these complexes extremely interesting for electrochemical
applications.

In order to gain a better understanding of redox processes
involved in different metal atoms in identical environments,
which eventually influence their electrochemical efficiency(ies),
we have strived to study isostructural complexes with different
transition metals, wherein except for the metal itself, the rest of
the parameters such as the coordination environment and the
oxidation state of the metal(s) remain the same. Our focus has
always been to compare the redox efficiency of vanadates
against other 3d-transition metal complexes. Since it proved
difficult to synthesize iso-structural vanadate complexes with
other 3d-metal ions, we endeavoured to explore a mixed-metal
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3d-4d system. As such, we have been successful in synthesizing
three new isostructural compounds with the formulae Na,(-
NH,)s[(Mo3'05),(V"'0,){0;PC(O)(CH,-4-CsNH,)PO; ), |-

10H,0 (1a), (NH,)s[Hs(Mo3'O5),(Cr'"0,)}{0;P-C(O)(CH,-4-
CsH4N)-PO;},]- 10H,0 (2a) and Na,(NH,)s[H(Mo3 Os),(Mn™0,)
{0;P-C(O)(CH,-4-C5H,N)-PO;},]-9H,O (3a), in a one pot reac-
tion. All three compounds have isostructural polyanionic units,
formulated as [(M03'05),(MO,)}{0;PC(0)(CH,-4-CsNH,)
PO;},]"~, where M = V(m), Cr(m) and Mn(m) for polyanions 1, 2
and 3, respectively, and even crystallize in an identical space
group. The structures of the compounds were obtained using
the single-crystal X-ray diffraction method, and the oxidation
state of the metal ion(s) was determined using bond-valence-
sum (BVS) calculations and corroborated by several spectro-
scopic methods. With the central 3d-metal atom(s) vanadium,
chromium and manganese in the three polyanions 1-3 pos-
sessing identical charge and coordination environment, this
makes them excellent candidates for a thorough comparative
analysis, with respect to their electronic and electrochemical
properties. We have therefore aimed to correlate the electronic
states of d-orbitals in central hetero-metal atoms using DFT
studies and their effect on the electrochemical behavior of the
complexes 1-3. Using our already optimized binder-free
approach for making supercapacitor electrodes with multi-
walled carbon nanotubes (MWCNTS), extensive electrochemical
analyses, such as cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), electrochemical impedance spectroscopy
(EIS), and cycling stability tests using a three-electrode system
on the electrochemical workstation, have been performed.
Synergistic effects between the pseudocapacitive material(s), i.e.
complexes 1a-3a, and the electrochemical double layer capaci-
tive (EDLC) material MWCNTs result in the electrodes display-
ing hybrid characteristics and acting as hybrid electrode(s) with
enhanced supercapacitive performance. A thorough compara-
tive analysis of the electrochemical properties such as specific
capacitance, energy density, power density, b-values, surface
contribution, resistive components, and cycling stability, for
complexes 1a, 2a, and 3a, provides us with a greater insight into
their electronic properties.

2. Experimental section
2.1 Materials and methods

Chemicals used for organic ligand synthesis, metal salts and
electrolytic materials were procured from commercial sources
and used without purification. Millipore water was used for the
synthesis of the compounds 1a, 2a, and 3a.

Powder X-ray diffraction (P-XRD) data were collected at room
temperature on a Bruker D8ECO with a Cu-K,, radiation source
(A =0.154 nm) in an angular range of 5-90° 24. Infrared spectra
were recorded in transmittance mode on a Thermo Fisher
Scientific iS50 spectrometer in the mid-IR region (4000-400
cm ') at room temperature. The X-band EPR spectra were
recorded with a JEOL JES-FA series at 9.45 GHz, and all
complexes 1a-3a were measured in solid and solution phases.
Elemental analysis for C, H, N, and O was performed on
a Thermo Scientific Flash 2000 Organic Elemental Analyzer

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

(CHNS/O Mode). Elemental analysis for Mo, V, Cr, Mn and P was
performed using a quadrupole inductively coupled plasma-
mass spectrometer (ICP-MS, Thermo X Series II). FESEM anal-
ysis was done on an ULTRA55 FE-SEM Karl Zeiss MonoCl
integrated with an EDX analyser, and XPS analysis was done on
an Omicron Nanotech instrument with MgKea (1253.6 eV) radi-
ation. Electrochemical analysis was performed on a PARSTAT
4000 potentiostat/galvanostat (Princeton Applied Research)
electrochemical workstation at room temperature. All the elec-
trochemical analyses were carried out in a ternary solvent
mixture of ethylene carbonate, propylene carbonate, and ethyl
acetate in a volume ratio of 1:1:1, containing 0.5 M NaClO,.
This is referred to as 0.5 M NaClO, electrolyte solution.

2.1.1 Single-crystal X-ray diffraction. Data on single crystals
of 1a and 2a were obtained on a BRUKER AXS (D8 Quest System)
X-ray diffractometer equipped with a PHOTON 100 CMOS
detector using Mo Ko radiation (A = 0.71073 A), at 293(2) K.
Routine Lorentz and polarization corrections were applied, and
absorption correction was performed using the SADABS
program. Data on a single crystal of compound 3a were
collected at 180 K on a Stoe STADIVARI diffractometer (Ga-Ko. =
1.34143 A and detector: Dectris Eiger2 R 4M). Absorption
corrections were applied using LANA.*® Direct methods were
used to solve the structures and to locate the heavy atoms
(SHELXS97), and the remaining atoms were found from
successive difference maps (SHELXL-2018).*® The hydrogens of
all the C atoms were added in calculated positions and refined
using a riding model. Crystallographic data are summarized in
Table 1. CCDC 2345425-2345427 contains the ESIf crystallo-
graphic data for this paper.

2.1.2 [Mo30,(H,0)s]**. The synthesis of the dimeric unit of
molybdenum [Moy04(H,0)s]*" was performed according to
a literature procedure.®* To a suspension of Na,MoO, (4 g, 3.2
mmol) in 4 M hydrochloric acid solution (80 mL), N,H,-3H,0
(210 pL, 4.29 mmol) was added. The colour of the solution
changed slowly from yellow to dark red during heating at 80 °C
for 3 h. The solution was then allowed to cool to room
temperature and used for further reactions.

2.1.3 1-Hydroxo-2-(4-pyridyl) ethylidene-1,1-bisphosphonic
acid. 1-Hydroxo-2-(4-pyridyl) ethylidene-1,1-bisphosphonic acid
was synthesized according to the literature® and characterized
using NMR spectroscopy. To 2.0 g (11.5 mmol) of 4-pyridyl
acetic acid hydrochloride, taken in a 100 mL two-necked flask
equipped with a reflux condenser, 3.6 g (43.8 mmol) of phos-
phorus acid and 12 g (86.3 mmol) of p-nitrophenol were added.
This mixture was heated to 90 °C for a period of approximately 2
h until all of the solids had melted to form a homogeneous
mixture and a thick suspension. Then 7.0 g of phosphorus tri-
chloride was added to this suspension, and the resulting
mixture was kept at 90 °C for an additional period of 6 h, after
which a yellow, gel-like material was obtained. This mixture was
allowed to cool to room temperature. 20 mL of water was then
added dropwise, and the mixture was refluxed for 12 h. Then the
mixture was again allowed to cool to room temperature. 20 mL
of methanol was then added, and the precipitated product was
stirred at 0-5 °C for an additional period of 2 h. A white,
amorphous product was obtained by filtration and washed with
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Table 1 Crystal data and structure refinement parameters of the complexes 1a, 2a, and 3a

Complex la 2a 3a

Empirical formula Na,VMo,P,C,N,O36H5, CrMo4P,C,4N;056H;5, NaMnMo,P,C;,NgO;6Hs5¢
Molar mass (g mol ) 1499.18 1456.28 1498.23

Crystal system Monoclinic Monoclinic Monoclinic

Space group P2,/n P2,y/n P24/n

a (A) 12.3234(7) 12.494(2) 12.4413(3)

b () 10.5882(6) 10.9438(18) 11.0036(3)

c(A) 17.3903(11) 16.817(3) 17.3237(5)

a (0) 90 90 90

8 () 99.099(2) 99.339(4) 100.425(2)

v (©) 90 90 90

Volume (A% 2240.6(2) 2269.0(7) 2332.45(11)

Z 2 2 2

Temp (K) 298(2) 298(2) 180(2)

Dealed (g cm™3) 2.222 2.132 2.133

Abs coeff (L mm ™) 1.569 1.562 8.855

F(000) 1492 1454 1496

Crystal size (mm) 0.48 x 0.33 x 0.21 0.46 x 0.23 x 0.15 0.10 x 0.10 x 0.03
Theta range for data collection (°) 2.550-26.118 2.455-28.397 3.522-62.512
R(int) 0.0576 0.0381 0.0244

Tmin/Trmax 0.520/0.734 0.534/0.799 0.471/0.777

GoF 1.052 1.114 1.071

R1[I> 20(D)] 0.0532 0.0342 0.0495

wR2? 0.1430 0.0986 0.1350

@ R1 = 3||F,| — |Fe||/2|F,|. wR2 = {S[w(Fo> — FA))/S[w(F,2)*]is™2.

methanol (vield 2.271 g, 69.6%). "H NMR (500 MHz, D,O/NH5):
6 (ppm) 3.156 (t, *Ju_p = 12.5 Hz, 2H), 7.391 (d, *Jy_y = 6 Hz,
2H), 8.259 (d, ¥1u = 6 Hz, 2H). *'P NMR (500 MHz, D,0/NH):
6 (ppm) 17.2.

2.1.4 Nay(NH,)5[(M03'05),(V™"0,){0;P-C(0)(CH,-4-
CsNH,)-PO3},]- 10H,0 (1a). To 20 mL of [MoyO,(H,0)s*"
solution (2 mmol) in 4 M HCI, 0.1225 g of NavVO; (1 mmol) was
added and the pH was adjusted to 1.50 using concentrated
ammonia solution. Following this, 0.60 g of 1-hydroxo-2-(4-
pyridyl) ethylidene-1,1-bisphosphonic acid (2 mmol) was added,
and the final pH was increased and maintained at 7.80 by the
further addition of concentrated ammonia solution. The solu-
tion mixture was kept for heating at 80 °C for one hour, and
then the solution was allowed to cool to room temperature and
filtered. The resulting solution was left for slow evaporation for
two days, yielding dark brown coloured block-shaped crystals of
1a. Yield: 0.36 g (24% based on vanadium). Elemental analysis
(%) calculated for 1a: Na: 3.07, Mo: 25.60, V: 3.40, P: 8.26, C:
11.22, H: 3.50, N: 6.54, O: 38.42. Found: Na: 2.87, Mo: 25.41, V:
3.51, P: 8.53, C: 11.50, H: 3.44, N: 7.12, O: 38.24.

2.1.5 (NH,)s[H,(M0}Y'05),(Cr™0,){0;P-C(0)(CH,-4-CsNH,)
POs},]-10H,O (2a). To a solution of 0.49 g (0.4 mmol) of
(NH4)6M0,0,4-4H,0, 0.18 g (1 mmol) of Cr,(SO,)5(OH), and
0.28 g (1 mmol) of 1-hydroxy-2-(4-pyridine) ethylidene-1,1-
bisphosphonic acid were added, and the pH was maintained at
6.0, using 25% aqueous ammonia solution. The solution was
heated at 60 °C for 1 h with stirring, allowed to cool to room
temperature and filtered. The filtrate was kept for slow evapo-
ration and dark green coloured block-shaped crystals of 2a were
obtained after 7 days. Yield: 0.2831 g (4.9% based on chro-
mium). Elemental analysis (%) calculated for 2a: Mo: 25.35, Cr:

22016 | J. Mater. Chem. A, 2024, 12, 22013-22029

3.57, P: 8.51, C: 11.55, N: 6.73, O: 39.55, H: 3.74. Found: Mo:
26.35, Cr: 3.40, P: 8.28, C: 11.23, N: 6.62, O: 38.90, H: 3.30.

2.1.6 Na(NH,)s[H(Mo0}'05),(Mn™0,){0;P-C(0)(CH,-4-
C5NH,)PO;},]-9H,0 (3a). To a 20 mL solution of [Mo3O,4(H,-
0)s]** (2 mmol), 0.1600 g (1 mmol) of KMnO, was added and the
pH was maintained at 1.5 using 25% ammonia solution.
Subsequently, to the same solution, 0.5 g (1.80 mmol) of 1-
hydroxy-2-(4-pyridyl)-ethylidine-1,1bisphosphonic acid was
added and the pH was further increased and maintained at 6.0.
The solution was kept for heating at 80 °C for 1 h and then
allowed to cool to room temperature and filtered. The filtrate
was kept for slow evaporation and yellow coloured block-shaped
crystals of 3a were obtained after a period of 15 days. Yield:
0.059 g (3.9% based on manganese). Elemental analysis (%)
calculated for 3a: Na: 1.57, Mo: 26.23, Mn: 3.75, P: 8.47, C: 11.49,
N: 6.70, O: 38.27, H: 3.51. Found: Na: 0.98, Mo: 25.54, Mn: 3.63,
P: 8.18, C: 11.39, N: 7.51, O: 38.04, H: 3.28.

2.2 Electrode preparation for cyclic voltammetry

Cyclic voltammogram (CV) studies of pristine compounds 1a-3a
were done at 5 mV s~ in a non-aqueous electrolytic solution of
0.5 M NaClO, in a ternary solvent mixture of ethylene carbonate,
propylene carbonate, and ethyl acetate in a volume ratio of 1:
1:1, using a sample coated directly on glassy carbon as the
working electrode, Ag/AgCl (3 M KCI) as the reference electrode
and a platinum wire as the counter electrode.

2.3 Preparation of the MWCNT@SS substrate

The preparation of the MWCNT solution followed the reported
literature.®® A thoroughly cleaned stainless steel (SS) substrate

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta03188a

Published on 12 July 2024. Downloaded by Indian Institute of Technology Patna on 4/27/2025 6:41:18 PM.

Paper

was used for MWCNT solution deposition. MWCNT function-
alization was carried out to improve surface reactivity during
crystal growth on the surface. The process of functionalization
was accomplished by refluxing MWCNTs in hydrogen peroxide
for 48 hours at 90 °C. After the functionalization, the surface
gets added with oxygenated functional groups. Powdered,
functionalized MWCNTSs were obtained and rinsed with double
distilled water (DDW) four to five times before being dried at 60
°C for 12 hours. The MWCNT powder was mixed with Triton X-
100 and DDW using an ultrasonication process to acquire
a stable and well-dispersed solution. After that, the “dip and dry
coating method” was used for depositing MWCNTs on the well-
cleaned surface of the SS substrate. These prepared films of the
MWCNT-coated SS substrate were subsequently used for the
binder-free growth of crystalline phases of 1a, 2a and 3a on the
surface of the MWCNT@SS substrate.

2.4 Supercapacitor electrode preparation - direct growth of
crystalline phases of 1a, 2a, and 3a on the MWCNT@SS
substrate

The growth of compounds 1a, 2a, and 3a on the MWCNT-coated
SS substrate was accomplished using a simple dip method.
Using a procedure similar to the synthesis of compounds 1a-3a,
the prepared MWCNT@®@SS substrate was vertically dipped in
a vial containing the reaction mixture for compounds 1a-3a,
respectively, thereby providing nucleation centres for the
growth of the crystalline phase of the compounds. After 3-4
days, MWCNT@SS was taken out of the vial and dried at room
temperature. The substrate grown electrodes 1-MWCNT@SS, 2-
MWCNT®@SS, and 3-MWCNT@SS for 1a, 2a, and 3a, respec-
tively, were used as electrodes for electrochemical studies. The
weight of the electrodes was recorded before and after deposi-
tion, to get the quantity of compounds deposited on
MWCNT@SS.

The phase purity of the electrode materials 1-MWCNT@SS,
2-MWCNT@®@SS, and 3-MWCNT@SS was investigated by powder
X-ray diffraction analysis [Fig. S23(a)-(c) in the ESI{]. Prominent
and intense peaks were observed in the P-XRD patterns of
compounds 1a, 2a, and 3a in electrode materials due to their
crystalline nature, and all the major peaks observed for the
simulated powder XRD patterns of compounds 1a, 2a, and 3a
matched well with the experimental P-XRD patterns of 1-
MWCNT@SS, 2-MWCNT@SS, and 3-MWCNT@SS, indicating
the phase purity of the crystals grown over MWCNT@SS. The
peak present around 25.58° in the pattern of MWCNT@SS
corresponds to the lattice plane (002) of graphitic carbon in
MWCNTSs on the stainless steel. 26 values of 43.5, 44.3, 50.2,
74.5, and 81.8° correspond to stainless steel. The difference in
the intensity of peaks may be due to the change in the orien-
tation of crystals on the film.

Morphological studies of 1-MWCNT@SS, 2-MWCNT@SS,
and 3-MWCNT@SS were done by scanning electron microscopy
[Fig. 3(a)—(c)]. The electrode material 1-MWCNT@SS exhibited
micro-square block-type crystals on MWCNT®@SS, with high
grain boundaries of block-type crystals helping in the pseudo-
capacitive behaviour showing a higher surface contribution

This journal is © The Royal Society of Chemistry 2024
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with enhanced electrochemical activity due to more electro-
active sites for better ion-electrode surface interaction. 2-
MWCNT@SS displayed polygonal-type crystals over the
MWCNT-coated stainless steel. Non-uniformity among crystals
leads to increased diffusive controlled behaviour for charge
contribution due to the inclusion of MWCNTSs and their inter-
action with ions. 3-MWCNT@®@SS displayed granular-type crys-
tals with uniform distribution.

EDS analysis was performed for 1-MWCNT@SS, 2-
MWCNT@SS, and 3-MWCNT@SS, to tabulate the composition
of different atoms present in the compounds of electrode
materials [Fig. S25(a)—-(c) in the ESIf for 1-MWCNT@SS, 2-
MWCNT@SS, and 3-MWCNT®@SS, respectively].

3. Results and discussion
3.1 Synthesis and structure

All three complexes were synthesized by the reaction of molyb-
denum(v) containing [MoyO4(H,0)e]*" or molybdenum(vi) con-
taining (NH4)sMo0,0,,, with the respective metal salt, NavOs;,
Cr4(S04)5(0OH), and KMnO,, for compounds 1a, 2a and 3a,
respectively, and the diphosphonate ligand. As determined from
elemental analysis studies, complexes 1a and 3a were observed to
crystallize as mixed sodium-ammonium salts with the molecular
formulae of Nay(NHy)s[(Mo03'Os),(V"0,{0;PC(O)(CH,-4-CsNH,)
PO;},]- 10H,0 and Na(NH,)s[H(Mo3'O5),(Mn""0,){0;P-C(O)(CH,-
4-CsH4N)-PO;},]-9H,0, respectively, while compound 2a was
observed to crystallize purely as an ammonium salt, (NH,)s[-
H,(M03'05),(Cr™0,){0;P-C(0)(CH,-4-CsH,N)-PO;},]- 10H,0. The
structures of the compounds were determined using single-
crystal X-ray diffraction, which showed that all three complexes
have crystallized in the monoclinic crystal system with the
centrosymmetric space group P2,/n. Crystallographic informa-
tion for all three complexes is summarized in Table 1.

The asymmetric unit(s) of the polyanions, [(Moy Os),(MO,)
{0;3P-C(O)(CH,-4-C5sH,4N)-PO;},]"~, where M = V(u), Cr(m), and
Mn(m), for polyanions 1, 2 and 3, respectively, consists of 24
crystallographically independent atoms, two molybdenum(wvi),
one 3d-transion metal [vanadium(m), chromium(m) or man-
ganese(i)], two phosphorous, seven carbon, one nitrogen and
eleven oxygen atoms, respectively, with the 3d-transion metal(s)
residing on a special position with an occupancy of 0.5. The
asymmetric unit thus constitutes half of the polyanion and the
complete structure is generated via symmetry. The polyanion
structure resembles an S-shaped assembly of two {Moy Os}-
units connected to each other by the central {MO,} unit [M =
V(m), Cr(m) or Mn(ur)] and capped by the diphosphonate
ligand(s) on either side [see Fig. 1]. The pyridine ring of both
diphosphonate ligands within each polyanion are oriented in
opposite directions to each other, and the dimeric {Moy'Os}-
as well as the {MO,} units are thereby connected to the
pentadentate diphosphonate ligand via P-O-M, P-O-Mo, and
C-0O-Mo linkages.

Single-crystal X-ray diffraction (SC-XRD) studies help in the
preliminary determination of the oxidation states of the cen-
trally located 3d-transition metal, ostensibly via bond-valence-
sum calculations, to be +3 [see Tables S1-S3 in the ESIt]. This
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Fig. 1 Ball and stick representation of [(MoY'Os)o(MO,)}{O5P-
C(O)(CH-4-CsH4N)-PO3},]"~, where M = Vi), Cr(in), Mn(), for pol-
yanions 1, 2 and 3, respectively. Colour code: yellow, molybdenum(vi);
green, vanadium(n)/chromium(i)/manganese(in); purple, phospho-
rous; red, oxygen; blue, nitrogen; grey, carbon; white, hydrogen.

has been further confirmed by multiple spectroscopic studies
(vide infra). The synthesis of compounds 1a and 3a was done
from the reduced molybdenum(v) precursor [MoyO4(H,0)e]*",-
while the synthesis of 2a was done from the heptamolybdate
anion [M03'0,,]°~, where molybdenum is in its highest oxida-
tion state of +6. Thus, during the formation of the compounds
1a and 3a, the 3d-transion metal oxometallate anions, the
metavanadate [V'O;] and permanganate [Mn'"0,], act as
oxidizing agents, oxidising Mo(v) to Mo(vi), and themselves
getting reduced from +5 to +3 and +7 to +3, for vanadium and
manganese, respectively. For compound 2a, both the chromium
and molybdenum sources retain their initial oxidation state(s),
from the precursor to the product. Furthermore, with SC-XRD
we were also able to determine the arrangement of these ions in
the solid state, and it is worth mentioning here that such near
identical solid-state assembly of these three different poly-
anions is directed by the nature of the functional group present
on the diphosphonate ligand(s). The symmetric nature of the 4-
pyridyl group makes all these structures inherently symmetric,
and we have observed that any change in the location of the
nitrogen atom position(s) on the aromatic ring plays a direct
role in disrupting this symmetry.**

With degeneracy present in the d-orbital electronic config-
uration of vanadium(m) and manganese(m) atoms ([Ar] d* and
[Ar] d* electronic configurations) in polyanions 1 and 3,
respectively, a Jahn-Teller distortion in the metal-oxygen
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bond(s), needed to break such degeneracy, is observed. Chro-
mium(mr), with a d-orbital electronic configuration of d*, has no
such degeneracy present, and therefore none to be lifted via
a distortion of the metal-oxygen bond(s). Due to the symmetry
of the polyanions 1-3, three sets of metal-oxygen bond
distances are observed, 1.952(5), 2.012(5) and 2.019(5) A, for
vanadium-oxygen in polyanion 1, 1.938(2), 1.985(2), and
1.989(2) A, for chromium-oxygen in polyanion 2, and 1.919(3),
2.028(3), and 2.152(2) A, for manganese-oxygen in polyanion 3
[Tables S1-S3 in the ESIT]. Therefore, the vanadium(ur)-oxygen
and manganese(m)-oxygen bonds in polyanions 1 and 3, unlike
chromium(m) bonds in polyanion 2, show severe Jahn-Teller
distortion, with a z-in type compressed metal-oxygen bond
observed, with the compression being slightly larger in Mn-O
bond distances compared with V-O bond distances [an average
difference of 0.063 vs. 0.171 A between axial and equatorial
bond distances in vanadium-oxygen and manganese-oxygen,
respectively]. In polyanion 2 however, all three metal-oxygen
bonds have similar lengths. As the distortion to lift the degen-
eracy in the t,; set of orbitals is substantially weaker as
compared to the distortion to lift degeneracy in the e, set of
orbitals,”® the amount of depression in the V-O bond is
expectedly less with respect to the manganese-oxygen bond.
Distortions in vanadium-oxygen and manganese-oxygen bonds
have also been observed in polyanions having similar S-shaped
mixed-metal assemblies. While in the polyanions
[(M0,05),(VO,){O;P-C(O)(CH;)-PO;},]°~ and  [(M0,05),(VO,)
{0;P-C(O)(CH;CH,CH,CH,NH;)-PO;},]* ", the V-0 bonds expe-
rience similar z-in type distortion [difference in axial vs. equa-
torial bond distances of 0.057 and 0.077 A, respectively],*® in the
polyanion [(MnO,){(03P-C(0)(CH,-3-CsNH;)-PO,)(Mo0,0s)(-
MnO,)(H,0)(M0,0,)(03P-C(O)(CH,-3-CsNH,)-PO3)},],>> 77
the Mn-O bonds are observed to undergo a z-out type distortion
[difference in axial vs. equatorial bond distances of 0.248 A].
And, as expected in the analogous chromium derivative [(Mo,-
05),(Cr0,)}{0;P-C(0)(CH,-3-CsNH;)-PO;}1,]°~, no  significant
distortion of the Cr-O bond(s) is observed.®”*® Distortion in the
Mn-O bonds has been thoroughly studied with computational
methods, to rationalize the stereochemistry of manganese(ur)
complexes.”"”?

Phase purity analysis of compounds 1a-3a was established
using powder X-ray diffraction [see Fig. S1-S3 in the ESI{], and
the complete composition with the formula was determined
using elemental and thermal analysis [see Fig. S4 in the ESI{].

3.1.1 Geometry optimization and energy profile determi-
nation. The geometry optimization of the polyanionic species
[(M03'05),(M"™0,){0;PC(0)(CH,-4-CsNH4)PO3 ), [1'-3/,M =V
(1), Cr (2'), Mn (3'), see Fig. S5 in the ESIf] and the corre-
sponding reduced anions [(Moy 'Os),(M"0,){0;PC(O)(CH,-4-
CsNH,)PO;},]% [1'7-3', see Fig. S6-S8 in the ESI{] was carried
out at the B3LYP-D3(BJ)/Def2-SVP level of theory both in the gas
phase and in a polar medium (water). The NBO (natural bond
orbital) analyses of 1’ show that the LUMO is centred on the
central V" ion, which is separated by a bridging oxygen atom
attached to a Mo"" ion. The d-orbital of the Mo"" ion also
contributes to the LUMO. The LUMOs of Cr (2') and Mn (3)
analogues show the involvement of the d-orbitals of both the
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metal ions (M™ and Mo""), the p-orbital of the bridging oxygen
atom and P-O groups. The a-SOMO (singly occupied molecular
orbital) and ¢-SOMO-1 in 1’ represent the d-orbital of the V"
atom and the p-orbital of adjacent bridging O atoms. Nearly
similar NBO pictures are obtained for Cr (2') and Mn (3)
analogues involving a-SOMO-4 (2') and a-SOMO/a-SOMO-2 (3')
[see Fig. S9 in the ESIt].

DFT calculations suggest that polyanion 1 possesses a V
atom in the +3 oxidation state at the centre, which cannot be
unambiguously concluded just from X-ray single crystal bond
parameters and BVS calculations alone. The Jahn-Teller
contraction (z-in) of the V" ion (3d2) in 1 was also noticed in the
optimized bond parameters of the polyanion species [Fig. S5(a)
in the ESIT]. However, the similar contraction of the Mn™ ion
(3d4) in complex 3 is mostly favoured by intermolecular inter-
actions, as the DFT -calculations of the free polyanion
[(M03'05),(Mn™0,){03PC(O)(CH,-4-C5sNH,)PO5},]”~ (3') show z-
out Jahn-Teller elongation [Fig. S5(c) in the ESI{]. For complex
2, DFT calculations show undistorted Cr™™" at the centre of the
polyanion species [Fig. S5(b) in the ESIT].

3.1.2 Weak interactions and crystal packing. Because of the
identical crystal symmetry, the arrangement of the polyanions
1-3 in their respective three compounds 1a-3a is also observed
to be similar along the three dimensions in the solid state. The
three-dimensional packing is observed to be directed by inter-
molecular hydrogen bonding as well as 7---7 stacking interac-
tions. The intermolecular hydrogen bonding arises because of
the presence of donor atom(s) from the heteroaromatic ring, the
sp*-hybridized C-H bond, and the acceptor O-Mo group from
the {Mo3y'Os} unit, within the polyanions. The intermolecular
hydrogen-bond distances between the donor and the acceptor
atoms are in the range of 3.093-3.537 A, 3.050-3.362 A, and
3.145-3.432 A for compounds 1a, 2a, and 3a, respectively [see
Tables S7-S9 in the ESIf]. Furthermore, -7 stacking inter-
actions can also be considered to be significant in affecting the
overall packing arrangement, as the heteroaromatic pyridine
rings of the bisphosphonate ligand(s) are observed to be in the
range of 3.720-3.684 A, 3.891-3.947 A, and 3.891-3.947 A, for
compounds 1a, 2a and 3a, respectively. Along the a-axis, each
polyanionic unit is thus assembled in a zig-zag manner [see Fig.
S10 in the ESIf]. This results in the presence of cavities within
such an assembly, occupied by lattice water and counter
cations.

3.2 Spectroscopic analysis

Different spectroscopic analyses provided us with invaluable
information on the electronic properties and behavior of the
atoms within the compounds 1a-3a. Analysis with different
spectroscopic methods, such as infrared, optical, electron
paramagnetic resonance and X-ray photoelectron spectroscopy,
provided us with a detailed understanding of the behavior of
the atoms within each polyanion, which are then correlated
with the structure and electrochemical properties.

3.2.1 Infrared spectroscopy. To understand the bonding
nature present in the polyanionic assembly, infrared spectros-
copy was performed on compounds 1a-3a in the range of 4000-
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400 cm . As such, the isostructural nature of the polyanions is
also evident in the characteristic peaks observed, with all three
compounds showing close to identical spectra in the fingerprint
region [2000-400 cm ™, see Fig. S11 in the ESI{]. Characteristic
peaks corresponding to P-O and P=O0 stretching vibrations are
observed around 1040 and 1140 cm™ .7 The absorption band
appearing around 920-870 cm™ ' corresponds to various Mo-O
bond stretching vibrations”™ and also peaks between 750 and
680 cm™ " can be attributed to O-Mo-O bending mode in
compounds 1a-3a.”® In compound 1a, peaks observed at 788
and 818 cm ™' correspond to V=0 and V-O stretching, respec-
tively,”*”” peaks observed at 535 and 957 cm™ " in 2a are attrib-
uted to Cr-O stretching vibrations,”®” and peaks at 538 cm ™"
for 3a are attributed to Mn-O stretching mode.*

3.2.2 X-ray photoelectron spectroscopy. XPS analysis was
performed on solid samples of 1a-3a and on the crystalline
phase grown on the MWCNT@SS substrate [see Fig. 2(a-f) for
the XPS spectra of 1a-3a]. The XPS data gave us better insights
into the oxidation state of the metal atoms present in the as-
synthesized compounds and confirmed the retention of the
oxidation states of the compounds upon growth over the
MWCNT@®@SS substrate. All the XPS spectra were corrected with
respect to C 1s (284.6 eV) [Fig. S12(a)-S14(a) in the ESI{]. In all
three compounds 1a-3a, the spectral data of molybdenum
[Fig. 2(a), (c) and (e) for 1a, 2a, and 3a, respectively] show two
deconvoluted peaks at binding energy values of 235.3 and 232.1
eV attributed to 3d;/, and 3d;,,, which confirms the +6 oxidation
state of Mo in all three compounds.**

The XPS spectra of compound 1a exhibit V 2p peaks at 522.8
eV and 516.7 eV [Fig. 2(b)], corresponding to V 2p,/, and V 2p3/,,
respectively, affirming a +3 oxidation state for the vanadium
atom in complex 1.*>* For compound 2a, the XPS spectra of Cr
display two peaks [Fig. 2(d)] at binding energy values of 586.4 eV
and 576.6 eV, assigned to Cr 2p,,, and Cr 2p;,, respectively,
confirming the +3 oxidation state of Cr in complex 2.**** In
compound 3a [Fig. 2(f)], the Mn 2p spectrum displays peaks at
652.5 eV and 640.5 eV, assigned to Mn 2p,, and Mn 2p3,,
respectively, indicating a +3 oxidation state for manganese in
complex 3.*¢ The XPS results thus corroborate the oxidation
state values obtained from the BVS calculations for complexes
1-3, Mo(+6) and M(+3) [M =V, Cr, Mn for complexes 1, 2, and 3,
respectively]. The XPS spectra of all remaining elements of
compounds 1a, 2a and 3a are given in the ESI [Fig. S12-514 in
the ESI{].

3.2.3 Electron paramagnetic resonance spectroscopy. The
XPS bands of the vanadium atom in complex 1 do not unam-
biguously confirm its formal oxidation state (3+ vs. 4+). The spin
ground states of V'V and V"' are expected to be § =1 and 1,
respectively, which we identified by X-band EPR measurements
at 77 K in the solid state.*® The presence of a half-field
forbidden signal at g = 1.989, corresponding to Amg £ 2, was
observed clearly. Multiple hyperfine lines corresponding to
allowed electronic transition at Amg £ 1 can be attributed to the
interaction of coupling of unpaired electrons on the V™" centre
(°'V; 99.8%; I = 7/2) with the nuclei of *'P atoms (I = 1) of
phosphate groups. The slight unsymmetrical nature of hyper-
fine lines around the centre of the signal is the manifestation of
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Fig.2 Comparative XPS spectra of compounds 1a, 2a and 3a with 1-MWCNT@SS, 2-MWCNTQ@SS, and 3-MWCNT@SS, respectively. (a, c and e)
Mo 3ds,» and Mo 3ds),, (b) V 2p1/» and V 2ps,, for 1a with 1-MWCNT@SS, (d) Cr 2p4/» and Cr 2ps,, for 2a with 2-MWCNTQ@SS, and (f) Mn 2p4/, and

Mn 2ps,, for 3a with 3-MWCNT@SS.

the structural distortion of the coordination geometry of the V"""

ion in polyanion 1.

All three complexes display very weak EPR activity at room
temperature in aqueous solution at g = 2, corresponding to the
allowed transition (Amg = +1). However, signals due to both the
half-field forbidden transition (Ams; = +2) and the allowed
transition (Amg = £1) were observed in solid samples at 77 K.
The intensities at half-field were stronger for Cr'™" (2a; g =
1.7621) [Fig. S16(a) in the ESIf] and Mn™ (3a; g = 1.974) [Fig.
S16(b) in the ESIt] complexes than that of V"' (1a; g = 1.998)
[Fig. S15 in the ESIT].*° The unsymmetrical patterns of the EPR
signal of these complexes are due to the rhombic nature of these

22020 | J Mater. Chem. A, 2024, 12, 22013-22029

ions. The triplet state of vanadium in complex 1a was confirmed
by the half-field forbidden transition (Ams; = #2) in EPR
measurements [Fig. S15(a) in the ESIT]. Multiple hyperfine lines
were observed for complex 1 in the solid state at 77 K. Complex
2a possesses a Cr'" atom (>*Cr; 9.5%; I = 3/2), which showed
a stronger forbidden signal at g = 1.7842 corresponding to
Amg = £2, while the corresponding signal for complex 3a, the
Mn'™ analogue (**Mn, 100%; I = 5/2), was noticed at g = 1.994.
The corresponding signals for Amg & 1 are broad in general at
77 X in the solid states of compounds 2a and 3a.

The EPR spectrum of complex 1a in the solid state was
simulated with V(m) [S = 1, g, = 1.9907, g, = 1.99908, g, =

This journal is © The Royal Society of Chemistry 2024
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2.03178, LWPP(1) = 0.2199 mT, LWPP(2) = 0.8177 mT, Ax =
537.269 MHz, Ay = 322.895 MHz, and A, = 190.087 MHz, see
Fig. S15 in the ESIt]. From the experimental EPR spectrum of
Cr(m) complex 2a [Fig. S16(a) in the ESI{], the perpendicular g-
value (g ) is 1.688 (Am = £2), and the parallel g-value (g) is
2.106 (Am = =£1).°* The effective g-value derived from the
experimental plot is 1.897.> To support these experimental
findings, a simulation of the same EPR signal was conducted
using EasySpin.” The simulated g-values for g, g, and g, were
determined to be 1.9186, 2.1300, and 2.01047, respectively. The
effective g-value from the simulated spectrum is 2.01969, which
closely approximates the effective g-value obtained experimen-
tally, i.e., gesr = 2. The gis, value from the simulated spectrum
(with the assistance of EasySpin®) of Mn(m) complex 3a [Fig.
S16(b) in the ESI}] is 1.8046, which is approximately in accor-
dance with the reference value g, = 1.99(1), where gis, = [(g,> +
g+ 2.2)/3. Fits were made with D limited to positive or
negative values, E provided an identical sign where appropriate,
and D limited to |E/D| = 1/3 since magnetic data are generally
immune to D's sign.’* The D and E values of the simulated
spectrum are 0.59 cm ™" and 0.038 cm ™" respectively, which are
greater than zero according to the reference value D = +6.9 cm ™"
and E = +0.63 cm ™ ' respectively.*® In this study, the |E/D| value
is approximately 0.064, which is comparable to the result ob-
tained by Retegan et al., reported as 0.07.%

3.2.4 Solution-phase UV-visible spectroscopy. Solution-
phase UV-vis studies of compounds 1a, 2a, and 3a were per-
formed in the region from 200 to 800 nm in aqueous solution.
Systematic studies of the time-dependent UV-visible spectra
were performed to confirm the long-term stability of the
synthesized compounds in solution. Charge transfer transi-
tions, observed in the ultraviolet region, dominate the spectra
in all three complexes. The strong absorption peak(s) in the
range of 210-220 nm are attributed to pm-dm ligand metal
charge transfer (LMCT) from the terminal oxygen atom (O) to
molybdenum, while peaks observed in the range of 230-250 nm
are attributed to a prn-dm charge transition from the bridging
oxygen atoms (Op) of molybdenum [see Fig. S17(a)-(c) in the
ESIT].*” In the visible region, relatively low intensity peaks
(corresponding to d-d transitions) were observed in all three
complexes. For 1a, the peak at 430 nm is attributed to *T;; —
°T,q [see Fig. S17(a)f inset].*® For 2a, two peaks are observed at
456 and 642 nm, attributed to *A,, — Ty, and A,y — Ty
transitions [see Fig. S17(b)T inset].””*®* And for 3a, a broad
shoulder, observed at 515 nm, is attributed to the E; — Ty,
transition [see Fig. S17(c)t inset].”®

TD-DFT calculations were performed at the B3LYP/def2svp
level of theory in order to obtain greater insights into the
absorption peaks for each polyanionic species [see Fig. S18-S21
in the ESI{]. For polyanions 1 (V™) and 2 (Cr™), the Amax values
obtained from such calculations are within the range of LMCT
peaks observed. However, a substantial divergence between the
experimental and theoretical A, values is observed for poly-
anion 3 (Mn'™). Such slight differences in their absorption
bands are attributed to the structural differences between
modelled structures (1'-3') and the polymeric experimental
structures (1a-3a).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

3.3 Electrochemical studies - supercapacitor energy storage

Aqueous phase electrochemical studies did not provide us with
conclusive oxidation-reduction potential values for the metal
atom(s) within each polyanion. This was due to the fact that such
values existed beyond —1.23 V [HER potential]. As such to
understand the redox properties of the complexes, cyclic vol-
tammetry was performed in an organic solvent mixture, on
materials pasted directly on the working electrode [see the
Experimental section]. Cyclic voltammograms collected using
this method provided us with distinct oxidation-reduction peak
potentials for all three compounds [see Fig. S22 in the ESI}].
Compound 1a displays a single oxidation peak at —0.67 V and
a reduction peak at —1.04 V vs. Ag/AgCl. For compound 2a, two
distinct oxidation peaks are observed at —0.67 and —0.27 V as well
as two distinct reduction peaks at —0.69 and —0.897 V vs. Ag/AgCl.
For compound 3a, single oxidation reduction peaks are observed
as well, with the oxidation peak potential observed at 0.225 V and
the reduction peak potential observed at —0.69 V vs. Ag/AgCl.
Having observed the good redox behaviour of the three
compounds 1a-3a in solution, we subsequently endeavoured to
explore their applications with respect to energy storage capa-
bilities as supercapacitor(s). Electrochemical studies were now
undertaken with the compounds in a heterogeneous phase with
respect to electrolyte, with electrodes fabricated by the growth
of crystalline phases of the compounds on supporting
substrates. In order to get a reliable comparative understanding
of the activities of the three polyanions, our earlier used binder-
free approach was employed to grow films of crystalline
compounds on multi-walled carbon nanotubes on a stainless
steel substrate (MWCNT®@SS). The choice of this particular
substrate has multiple advantages, including the formation of
durable electrodes for multiple redox cycles and hybrid super-
capacitive behaviour from these compounds, resulting in better
performance. Thus, besides providing a robust support for the
growth of films of the redox active material(s), possible owing to
the strong interactions of the polyanions with the CNT material,
the MWCNT®@SS substrate also provided electrochemical
double layer capacitance properties, which in conjunction with
the pseudocapacitive behaviour of the polyanions resulted in
the highly desired hybrid supercapacitor activity. The electrodes
thus obtained are labelled as 1-MWCNT®@SS, 2-MWCNT@SS,
and 3-MWCNT@SS for compounds 1a, 2a, and 3a, respectively
[see the Experimental methods for the detailed procedure]. To
confirm the validity and purity of phases grown on the
MWCNT@®@SS substrate, the electrodes were thoroughly char-
acterized using powder X-ray diffraction [Fig. S23 in the ESIt], as
well as X-ray photoelectron spectroscopy [Fig. 2] and infrared
spectroscopic methods [Fig. S24 in the ESIf]. The morphology
of the phases grown on the MWCNT®@SS substrate was char-
acterized with scanning electron microscopy imaging [see
Fig. 3(a)-(c) for 1-MWCNT@SS-3-MWCNT@SS, respectively],
confirming the crystalline nature of such phases, and their
elemental composition was established with EDX spectra and
tabulated [Fig. S25(a)-(c) and Table S10 in the ESI{].
Preliminary electrochemical investigations of the electrodes
1-MWCNT®@SS, 2-MWCNT®@SS and 3-MWCNT@SS were
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Fig. 3 (a—c) FESEM images of 1-MWCNTG@SS, 2-MWCNT@SS and 3-MWCNTQ@SS, respectively.

performed by cyclic voltammetry (CV) studies with a three-
electrode system having 1-MWCNT@SS, 2-MWCNT@®@SS or 3-
MWCNT®SS as the working electrode, Ag/AgCl (3 M KCl) as the
reference electrode and a platinum rod as the counter electrode,
in 0.5 M NaClO, electrolyte solution in a ternary mixture of
organic solvents ethyl acetate, ethylene carbonate, and
propylene carbonate. Additionally, galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy
(EIS) provided us with data on their energy storage capabilities.
The specific capacitances (Cs), energy density (E) and power
density (P) of all the 1-MWCNT@®SS, 2-MWCNT@SS, and 3-
MWCNT@SS electrode materials were calculated using the
following equations from the CV and GCD data.**®
Specific capacitance (Cs):

G- — 1 JI(V)dV (1)

mxvxAV
where m, v, and AV represent the active material mass, scan
rate, and potential window.
Specific capacitance (Cs):
21 [ vdt
G = 172 (2)
m(vf — Vi)
where I, m, (v; — v), and [Vdt represent the current, mass,
potential window, and area under the experimental discharge
curve, respectively.
The energy density, E, and power density, P, are expressed by
the following equations:**

_1GAav)y
E=35"35 ©)
P=-L 3600 Wke (4)
= A(s) &

where E, P, At, Cs, and AV represent the energy density, power
density, discharge time in seconds, capacitance, and potential
window.

3.3.1 Cyclic voltammetry. The electrochemical properties
of electrodes prepared with MWCNT, 1-MWCNT@SS, 2-
MWCNT@SS, and 3-MWCNT@SS, respectively, were examined
through cyclic voltametric (CV) studies with varying scan rates
in the range of 5-100 mV s, starting from higher to lower

22022 | J. Mater. Chem. A, 2024, 12, 22013-22029

values of scan rates. The vanadium-based electrode 1-
MWCNT@SS was observed to exhibit the highest potential
window, showing a potential range from —1.5 to +0.5 V, fol-
lowed by the chromium-based 2-MWCNT@SS -electrode
showing a potential range of —1.155 to +0.5 V, and subsequently
the manganese-based 3-MWCNT@SS electrode showing the
lowest potential range of —0.93 to +0.5 V [Fig. 4(a)-(c)]. For all
three electrodes, the starting potential range was observed to
occur at a negative value with respect to the maximum positive
potential of +0.5 V. As such, with values of +2, +1.655, and +1.43
V, for vanadium, chromium and manganese-based electrode(s),
respectively, the highest potential window was observed for the
vanadium-based electrode 1-MWCNT®@SS. Such a behaviour
well matched with our theoretical analysis of the electronic
properties of the polyanions themselves.

The quasi-rectangular shape of the CV curve [Fig. 4(a)-(c)]
indicates the pseudocapacitive nature of the hybrid electrode(s),
combining the behaviour of the pseudocapacitive of the oxome-
tallate polyanion and the EDLC supercapacitance of MWCNTs.'*
With increased values of the scan rate, a shift in the CV curve
occurs towards high current density values, ostensibly due to the
increased polarization over the electrode surface. The scan rate
affects the transport of electrons as well as electrolytic ion diffusion
on the surface of the electrode. Lower scan rates tend to support
effective ionic transport, leading to high specific capacitance
values, while the reverse phenomenon occurs at high scan rates,
due to insufficient time for the interaction of ions with the external
and internal active sites on the electrode material. With specific
capacitance values of 640 F g%, 256 F ¢ ', and 132 F g for
electrodes 1-MWCNT@SS, 2-MWCNT@SS and 3-MWCNT@SS,
respectively, at a particular scan rate of 5 mV s, the vanadium
electrode also shows the best redox efficiency [see Fig. 4(d) and (e)
for the comparative CV curves and specific capacitances of 1-
MWCNT@SS, 2-MWCNT@SS and 3-MWCNT@SS, respectively].
The area under the CV curve along with the potential window thus
follows the order of 1-MWCNT®@SS > 2-MWCNT®@SS > 3-
MWCNT@SS. From the above results, we can clearly infer that the
vanadium-based 1-MWCNT@SS, with its higher specific capaci-
tance values, exhibits the best performance, in comparison with
the chromium-based 2-MWCNT®@SS and manganese-based 3-
MWCNT®@SS. Such a behaviour can once again be explained on
the basis of the high redox efficiency of V** in 1-MWCNT@SS.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta03188a

Published on 12 July 2024. Downloaded by Indian Institute of Technology Patna on 4/27/2025 6:41:18 PM.

Paper

View Article Online

Journal of Materials Chemistry A

»
~

(a

—_~
(=
~

o

= 10 mV/s
= 25mV/s
50 mV/s
= T5mV/s

100 mV/s

Current Density (mA/cmz) -t
=

Current Density (mA/cm?)

—~
)

g

>

2,

Current Density (mA/cm®)
b3

e
°

:

=100 mV/s
———T75mV/s
50 mV/s
———25mV/s
~——10 mV/s
——=5mV/s

—— 100 mV/s
——75mV/s
——50mV/s
——25mV/s
~———10 mV/s
SmV/s

|
>

-1.6  -12 08 04 0.0 0.4 “12 ~08
Potential (V) Vs Ag/AgCl

o

—— 1I-MWCNT@SS
~———2-MWCNT@SS
——3-MWCNT@SS

|
~

Current Density (mA/cm?)

|
w

-15 -1.0 0.5 0.0 0.5 1.0
Potential (V) Vs Ag/AgCl

-1.0 08 -0.6 -0.4 -0.2 0.0 02 04 06
Potential (V) Vs Ag/AgCl

0.4 0.0 0.4
Potential (V) Vs Ag/AgCl

Compounds

Fig. 4 Electrochemical performance of the prepared electrodes in 0.5 M NaClO, electrolyte solution. (a—c) CV plots of 1-MWCNT@SS, 2-
MWCNT@SS and 3-MWCNT@SS with varying scan rates of 5-100 mV s, (d) Comparative CV plots of 1-MWCNT@SS, 2-MWCNT@SS and 3-
MWCNT@SS at a scan rate of 100 mV s, (e) Comparative specific capacitance plots of 1-MWCNT@SS, 2-MWCNT@SS and 3-MWCNT@SS. (f)
Comparative b-values of 1-MWCNT@SS, 2-MWCNT@SS and 3-MWCNT@SS.

Compounds 1a, 2a and 3a contain isostructural and identi-
cally charged anionic species, balanced by sodium and/or
ammonium ions. During the electrochemical process, electro-
lyte ion diffusion occurs on the electrode surface, with charge
storage primarily facilitated by the intercalation and dein-
tercalation of the Na' ions from the electrolytic solution and
therefore present in excess, accompanied by faradaic redox
reactions.'” The plausible reaction mechanism for polyanions
1-3 is hence summarized as follows:

[(Mo03"05),(M"™0,){O3P-C(O)(CH,-4-CsH4N)-POs} 5]~
+zNa" + ze~ < [(M0Y'0s5),(M~0,)
{O3P-C(O)(CH»-4-CsH4N)-PO5},]Na, 7+~

The above equation involves one of the electrochemical
redox reactions associated with the M"-e~ < M" pair [M =V,
cr, Mn]_104,105

The internal charge contribution is explained using the
power law, on the basis of the scan rate (ip = avb), with the
b value generally lying in the range of 0 to 1 [a b value of 1 refers
to surface-contributed mechanisms, whereas a value of 0.5
refers to diffused controlled mechanisms]."* The b value can
thus be determined from a plot of log(i},) vs. log(v) at different
voltages in the potential window of 1-MWCNT@SS, 2-
MWCNT@SS and 3-MWCNT@SS [Fig. $26(d)-(f) in the ESI{].
Comparative b-values [shown in Fig. 4(f)] depict that 1-
MWCNT®@SS (with an average b value of 0.87) has a mixed
contribution of both surfaces as well as the diffusive charge
phenomenon in the charge storing mechanism. 2-MWCNT@SS
and 3-MWCNT@SS show b values of 0.79 and 0.76, respectively,
also indicating a mixed combination of capacitive and

This journal is © The Royal Society of Chemistry 2024

diffusion-controlled processes similar to 1-MWCNT@SS. Such
a phenomenon can be attributed to the hybrid electrode
material behaviour. The higher b-value for 1-MWCNT@SS
corresponds to a mechanism where surface contributions are
more significant. The overall charge generated at the electrode
surface is the summation of the surface charge at the electrolyte
and at the electrode interface, where diffusive charges arise
from the redox reaction over the electrode surface, given by the
semi-infinite linear graph [as shown in Fig. S26(a)-(c) in
the ESIT]. The ratio of the overall charge contribution from the
electrode materials 1-MWCNT@SS, 2-MWCNT®@SS, and 3-
MWCNT@SS is given in Fig. 5(a)-(c). As such, surface capacitive
charge increases and diffusive controlled charge decreases with
increasing scan rate from 5-100 mV s~ '. 1-MWCNT@SS shows
a more diffusive contribution of 72% and a surface capacitive
contribution of 28% at a scan rate of 100 mV s ', indicating the
dominance of diffusive contribution as well as a high surface
capacitive contribution, due to the wide potential range [—1.5 to
+0.5 V]. In a similar way, electrodes 2-MWCNT@SS and 3-
MWCNT@SS exhibit enhanced diffusive controlled charge
contribution over the surface charge with respect to decreased
scan rates. This can be attributed to the low potential window
and morphology variation on the surface of the electrodes.
Thus, the charge contribution of the electrodes involves both
diffusive controlled and surface charge capacitive processes.
However, the contribution of the diffusive controlled process
mainly dominates over the surface charge capacitive for the
overall internal charge of the electrodes due to the covering of
grown crystals of compounds on the electrode surface.

3.3.2 Galvanostatic charge-discharge (GCD) measure-
ments. In order to assess the electrochemical activity with their

J. Mater. Chem. A, 2024, 12, 22013-22029 | 22023
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Fig. 5 Charge contribution profiles for (a) 1-MWCNT@SS, (b) 2-MWCNT@SS, and (c) 3-MWCNT@SS, at varying scan rates from 5-100 mV s %,

respective potential ranges, as well as their energy storage effi-
ciencies, GCD studies of the as prepared electrodes 1-
MWCNT@SS, 2-MWCNT@SS, and 3-MWCNT@SS were con-
ducted with variable current density values [chosen as per the
response of the electrode] in the same electrolytic medium.
Fig. 6(a) shows the GCD plots for the vanadium-based 1-
MWCNT@SS, at current densities of 0.4, 0.8, 1.2, 1.6, and 2 mA
cm 2, giving specific capacitance values of 42.82, 30.55, 21.19,
23.82, and 9.26 F g ', respectively. From the GCD plot for
chromium-based 2-MWCNT@SS [Fig. 6(b)], at current density
values of 1.0, 1.2, 1.4, 1.6, and 1.8 mA cm >, specific capaci-
tances were obtained as 48.83, 35.78, 29.71, 23.78, and 19.89 F
g, respectively. And, from the GCD plot for manganese-based
3-MWCNT@®@SS [Fig. 6(c)], at current densities of 0.4, 0.8, 1.2,
1.6, and 2 mA cm 2, specific capacitances were obtained as
14.64, 8.82, 7.45, 6.88, and 6.83 F g~ ', respectively. From the
comparative plot of GCD measurements for 1-MWCNT@SS, 2-

MWCNT@SS, and 3-MWCNT@SS, at a common current density
value of 1.6 mA cm ™2, it is clearly observed that the vanadium-
based electrode 1-MWCNT@SS shows the highest discharge
time of 20.5 s, followed by the chromium-based 2-MWCNT@SS,
with a discharge time of 15.66 s, and finally the manganese-based
3-MWCNT@SS, with a discharge time of 4.79 s [Fig. 6(d)].
Furthermore, with a discharging specific capacitance of 23.82,
23.78 and 6.88 F g’1 for vanadium, chromium and manganese,
respectively, the electrochemical activity trend of the electrodes as
well as the electrode materials can be inferred as 1-MWCNT®@SS
(vanadium) > 2-MWCNT@SS (chromium) > 3-MWCNT@SS
(manganese). This trend is consistent with the results obtained
from the CV studies, wherein 1-MWCNT@SS showed the highest
activity, whereas 3-MWCNT@SS had the lowest activity.

Ragone plots show the correlation between the energy
density and power density of an electrode material. Fig. 6(e)
depicts the comparative Ragone plots for 1-MWCNT@®SS, 2-
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Fig. 6 Electrochemical performance of the prepared electrodes in 0.5 M NaClO4 electrolyte solution, GCD plots of (a) 1-MWCNT@SS, (b) 2-
MWCNT@SS and (c) 3-MWCNT@SS, with varying current densities (mA cm™2), (d) comparative GCD plots of 1-MWCNT@SS, 2-MWCNT@SS and
3-MWCNTQ@SS at a current density of 1.6 mA cm=2, (e) comparative Ragone plots of 1-MWCNT@SS, 2-MWCNT@SS and 3-MWCNT@SS, and (f)
comparative electrochemical stability plots of 1-MWCNT@SS, 2-MWCNT@SS and 3-MWCNT@SS.
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MWCNT@SS, and 3-MWCNT@SS. As expected, 1-MWCNT@SS
shows the highest energy density of 13.23 W h kg™" with the
highest power density of 2324 W kg~ '. This is followed by 2-
MWCNT@®@SS, with an energy density of 9.04 W h kg~ " at a power
density of 2079.9 W kg™ ". And finally, 3-MWCNT@SS gives an
energy density of 1.95 W h kg™ at a power density value of
1469.72 W kg~ .

3.3.3 Electrochemical impedance spectroscopy (EIS)
studies. In order to analyse the interfacial properties at the
electrode surface during the electrochemical process of our as-
prepared electrodes, electrochemical impedance spectroscopy
(EIS) studies were performed at varying frequency values. The
purpose behind such EIS studies is to obtain information about
the reaction kinetics and mechanisms in these electrochemical
systems. As such, EIS is crucial in the study of energy storage
and conversion devices. It provides insights into the electro-
chemical performance, charge transfer processes, and other
parameters that affect the efficiency of these devices, and in our
case, it is extremely useful to gauge the relative efficiency of the
three compounds and their respective electrodes.

To interpret the relationship between the specific capaci-
tance of electrode materials and resistances faced, EIS studies
of the electrodes 1-MWCNT@®@SS, 2-MWCNT@SS, and 3-
MWCNT@SS were performed in the frequency range of 100 000
Hz to 0.1 Hz. The Nyquist plots of 1-MWCNT@SS, 2-
MWCNT@SS, and 3-MWCNT@SS, a plot of the real part of the
impedance (Z') on the x-axis vs. the imaginary part of the
impedance (Z”) on the y-axis, are shown in Fig. 7(a)-(c),
respectively [the fitting circuit is shown as an inset in the plot].
The Nyquist plot is particularly useful for analysing processes
like charge transfer reactions, diffusion, and adsorption in
electrochemical systems, and the size and shape of features in
the plot can provide insights into the kinetics of these
processes, the resistance of the electrolyte, the double-layer
capacitance, and other important parameters. For our
purposes, charge transfer resistance (R.) and solution resis-
tance (Rs) are the main parameters obtained from the Nyquist
plot. R, and Ry influence the specific capacitance values with
increased resistance. The high-frequency region in the Nyquist
plot provides Rs with an intersection on the x-axis. R arises
from the semicircular curve in the region of high frequency.
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Table 2 The Rg, Re, and R, values of 1-MWCNT@SS, 2-MWCNT@SS
and 3-MWCNT@SS electrodes

Electrode materials R, (Q) R. (Q) R (Q)
1-MWCNT@SS 6.56 107.7 9.66
2-MWCNT@SS 62.84 264 8900
3-MWCNT@SS 26.83 223.2 3500

A comparative summary of the Ry and R values for the
electrodes 1-MWCNT®@SS, 2-MWCNT@SS, and 3-MWCNTs@SS
is presented in Table 2. The vanadium-based 1-MWCNT@SS
shows a low R value of 107.7 Q, indicating better charge transfer
across the electrode-electrolyte interface, resulting in its high
specific capacitance. This also indicates the greater ease of
oxidation and/or reduction of the V** centre, facilitating the
redox reactions, and can be associated with the faster electron
transfer kinetics across the electrode interface. 2-MWCNT®@SS
and 3-MWCNT@®@SS containing Cr** and Mn*" gave measured R..
values of 264 and 223.2 Q, respectively, which indicate lower
charge transfer kinetics at the interface of the electrode.
Furthermore, 1-MWCNT@SS, 2-MWCNT@SS, and 3-
MWCNT®@SS show measured R, values of 6.56, 62.84, and 26.83
Q, respectively. The relatively low R; of 1-MWCNT@SS can also be
attributed to the better multielectron transfer tendency of the V>*
system, which is able to reduce the intrinsic resistance of the
electrolyte-electrode interface with the acceleration of charge
transfer. 2-MWCNT@SS shows high R, due to the feeble electron
transfer from the stable configuration of the half-filled d* elec-
tronic system of Cr>*. However, the higher specific capacitance of
2-MWCNT@SS compared to 3-MWCNT®@SS indicates that the
ease of the redox process determines the overall solution resis-
tance provided by the electrode. Diffusive contributions [as
shown in Fig. 5(a), a comparative graph of the diffusive and
surface contributions] also have important effects on such
systems, and a multi-factor combination leads to the overall
charge transfer as well as surface resistance of the electrodes to
the circuit.'® Therefore, from the EIS results, it can be again
observed that the vanadium-based 1-MWCNT®@SS shows a rela-
tively higher ion conductivity, good electroactivity, and enhanced
capacitive performance as compared to the chromium-based 2-
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Fig. 7 Electrochemical impedance spectroscopy (EIS) analysis: Nyquist plots of (a) 1-MWCNTG@SS, (b) 2-MWCNT@SS, and (c) 3-MWCNT@SS.

Fitting circuit is shown as an inset.
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Table 3 Comparative data for electrochemical studies (potential window, specific capacitance, power density, energy density and capacity

retention rates)

Potential window Specific capacitance

Power density Energy density Capacity retention

Electrode materials W) (Fg™h Whkegh Wkg™ (%)
1-MWCNT@SS —1.5 to +0.5 640 2324.0 13.23 98
2-MWCNT@SS —1.155 to +0.5 256 2079.9 9.04 68
3-MWCNT@SS —0.93 to +0.5 132 1469.7 1.95 69

MWCNT®@SS and manganese-based 3-MWCNT@SS. With
smaller values of R.. and R, which are attributed to the richness
of redox activity in hybrid inorganic organic polyoxomolybdate
complexes, V** shows the greatest efficiency.

3.3.4 Stability tests. The electrochemical cycling stability of
the electrodes 1-MWCNT@SS, 2-MWCNT@SS, and 3-
MWCNT®@SS was determined for 2000 CV cycles at a scan rate of
300 mV s, within their optimized potential ranges. Fig. 6(f)
shows the comparative cycling stability plots of all three elec-
trodes, which exhibit initial specific capacitance retentions of
98%, 68%, and 69% for the electrodes 1-MWCNT@SS, 2-
MWCNT@SS, and 3-MWCNT@SS, respectively [for graphs of
2000 CV cycles with an interval of 100 CV cycles see Fig. S27 in
the ESIt]. This indicates the superior charge retention efficiency
and the superior reversible electron transfer tendency, without
altering the structural topology and properties of the vanadium-
based electrode 1-MWCNT@SS. The 2-MWCNT®@SS electrode
displays a linear decrease in the stability curve with respect to
the number of cycles, with a capacity retention of 68% at the
end of 2000 CV cycles. For the electrode 3-MWCNT@SS, an
initially stable nature of the linear curve until 100 cycles is fol-
lowed by a steep decrease in the specific capacitance, with
a final specific capacitance retention of 69% reached after 2000
CV cycles. These can be attributed to the changing faradaic
redox process, ostensibly due to the dislodging of a very small
number of granular crystals from the electrode surface. Thus 1-
MWCNT@SS is notably observed to be more stable over
extended redox cycles, as compared with the 2-MWCNT@SS and
3-MWCNT@SS electrodes, both of which show nearly equal
stability after capacity retention. To investigate the integrity of
electrode materials after cycling stability tests, we have carried
out P-XRD measurements of the electrode materials before and
after the electrochemical analysis [Fig. S28 in the ESI{]. The
prevalence and shape of the P-XRD pattern, before and after
analysis, confirm the stable nature of the compounds during
the electrochemical process.

3.4 A comparative analysis of the electrochemical behavior -
correlation with theoretical studies

From the electrochemical studies of the bare compounds 1a-3a,
pasted on the working electrode, the better redox activity of the
vanadium-containing complex is clearly observed. Compound
1a having V(m) atoms shows a higher reduction potential of
—1.03 V, as compared to compound 2a with Cr(u) showing
a redox potential of —0.89 V and compound 3a containing
Mn(m) atoms showing a redox potential of —0.65 V.

22026 | J. Mater. Chem. A, 2024, 12, 22013-22029

The greater efficiency of 1a with respect to 2a and 3a is further
corroborated by the extensive studies of its supercapacitor prop-
erties. Our binder-free approach to preparing such electrodes
makes it possible to compare the solid-state electrochemical and
energy storage performance between these three systems. All
such studies show the highest performance for the vanadium(u)
system [Table 3]. In cyclic voltametric studies, the vanadium(m)-
based electrode exhibits the widest potential window. Specific
capacitance values also show the superior performance of the
vanadium compound, with the obtained values of 640, 256, and
132 F g7, for vanadium(m) containing 1-MWCNT@SS, chro-
mium(m) containing 2-MWCNT@®@SS, and manganese(u) con-
taining 3-MWCNT@®@SS, respectively. Subsequently, from GCD
studies vanadium(m) and chromium(u) show the highest poten-
tial, with discharging specific capacitance values of 23.82, 23.78
and 6.88 F g ' for 1-MWCNT@SS, 2-MWCNT@SS and 3-
MWCNT@SS, respectively. Finally, with energy density values of
13.23,9.04, and 1.95 W h kg™ ' and power density values of 2324,
2079.9, and 1469.72 W kg* for 1-MWCNT@SS, 2-MWCNT@SS
and 3-MWCNT@SS systems, respectively, the vanadium(u)-based
1-MWCNT@SS showed the best performance. The vanadium(my)-
based system also outperformed the other two electrodes in the
cycling stability test for 2000 CV cycles with an initial specific
capacitance retention of 98%. Solution and charge transfer
resistances, obtained from the EIS studies, also showed
substantially lower values for the vanadium(ur)-based electrode.
Therefore, from the above comparative correlation, it can be
concluded that the vanadium(m)-based 1-MWCNT®@SS shows
significantly better efficiency when compared with the chromiu-
m(m) and manganese(i) systems.

This trend in electrochemical behaviour has been estab-
lished with our theoretical studies on the relative ease of
oxidation-reduction for all three compounds. To rationalize the
redox behaviour and the relative electrochemical performances,
the oxidation-reduction propensity of the corresponding
complexes 1-3 was studied using DFT calculations. DFT calcu-
lations suggest that central paramagnetic atoms [V(ur), Cr(ur) or
Mn ()] play a significant role in the supercapacitor activity of
complexes 1a-3a, assisting the electronic transport via the
participation of the d-orbitals of the central metal atoms and
their oxidation/reduction (V"™ cr'™ and mMn"™™). DFT
calculations further suggest that the polyanions with 7- charge
[Fig. S51] are comparatively more stable than corresponding 8-
anions in the gas phase, while the trend is shown to be reversed
in polar solvent [Fig. S7-S9 in the ESI{]. The reduction of V** (1)
to V** (1'7), Cr’* (2/) to Cr*" (2'7), and Mn** (3') to Mn>* (3'7) is
favorable by ~—47, —58, and —81 kcal mol ', respectively, in

This journal is © The Royal Society of Chemistry 2024
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water medium. Conversely the trend of the oxidation of the
reduced species is observed tobe 1~ — 1/ (V** - V*")>2'" —
2’ (cr** - ¢r’") >3~ - 3’ (Mn** — Mn*"). Also, the trend of
the computed HOMO-LUMO energy gaps of 1'"-3'~ is V=Cr <
Mn. Further calculations showed that protonation at the N atom
in 1’-3’ can further facilitate the electron transfer process by
~3-4 keal mol™" only. The HOMO-LUMO energy gaps and the
corresponding NBOs are given in the ESIt [Table S5 in the ESIT].

4. Conclusions

In conclusion, three newly synthesized 3d-4d metal-based hybrid
polyoxomolybdates, having an S-shaped structure containing two
{Mo0,0s} units connected via a central 3d metal [vanadium (1a),
chromium (2a) and manganese (3a)], and capped with
a diphosphonate ligand, have been synthesized and structurally
characterized. All three complexes are observed to be iso-
structural and crystallize in the identical space group of P2,/n.
Bond-valence-sum calculations, as well as XPS and EPR spec-
troscopic studies, show that the 3d-transition metals V, Cr, and
Mn are all in a +3 oxidation state. In order to study the effect of
electrons in the d-orbitals of central 3d metals on their electro-
chemical properties, electrodes were prepared by growing crys-
talline-phase films on multi-walled carbon nanotubes on
a stainless steel substrate (MWCNT@SS). The electrodes thus
prepared 1-MWCNT@SS, 2-MWCNT@SS, and 3-MWCNT@SS for
complexes 1a, 2a, and 3a, respectively, were subjected to elec-
trochemical supercapacitor performance analysis in an electro-
lytic solution of 0.5 M NaClO, in a ternary solvent mixture of
ethylene carbonate, propylene carbonate, and ethyl acetate in
a volume ratio of 1:1:1. The electrode 1-MWCNT®@SS was
observed to show superior performance, with respect to the other
two, in terms of potential window, specific capacitance, energy
density, power density, solution and charge transfer resistance,
and cycling stability retention rates. The comparative correlation
of all the above properties showed that the V'™ based (d* electron)
system of 1-MWCNT®@SS shows better electrochemical perfor-
mance as compared to Cr'™ based (d*) and Mn™ based (d* elec-
tron) systems, with an electrochemical performance trend of 1-
MWCNT@SS > 2-MWCNT@SS > 3-MWCNT@SS. This has also
been corroborated by theoretical studies on the ease of oxida-
tion-reduction for all three complexes, which confirms the above
trend. DFT calculations suggest that these complexes can most
likely be classified as pseudo-supercapacitors. The electro-
chemical redox reaction is associated with the M"-e~ < Mn™
pair [M = V, Cr, Mn]. The complexes containing the former
divalent metal ion (vanadium) are more stable in polar solvent.
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