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calation and multi redox behavior
of a Keggin type polyoxometalate during
[PMo10V2O40]

5� to [PMo10V2O40]
27� as a cathode

material for Na-ion rechargeable batteries†

Marimuthu Priyadarshini,a Swaminathan Shanmugan,*a

Kiran Preethi Kirubakaran, ab Anoopa Thomas, a Muthuramalingam Prakash a

and Kumaran Vediappan *a

Recently, the development of cathode materials for Na-ion batteries has gained much attention due to the

abundance, low cost, and easy availability of resources. Apart from the usual metal oxides, multi-electron

redox materials grabbed attention due to their high energy density and practical capacity with long cycle

life. Polyoxometalates (POMs) are inorganic clusters of higher valent metals, and act as electron sponges

with multi-electron redox properties. Herein we report a Keggin-type polyoxometalate [PMo10V2O40]
5�

with Na+ and H+ counter cations as a cathode material for Na-ion batteries. Further the formation of

POM is evidenced by PXRD, FT-IR, flame photometry and XPS studies. In Na-POM, Na+ ions in the

intercluster cavities provide a better pathway and easy diffusion during the charge/discharge process,

and contribute to better electrochemical properties than H-POM. The DFT studies further explore the

detailed mechanistic pathway of Na+ ions around the clusters in the normal and super-reduced states.

Na-POM enables better cycling stability and capacity retention with a specific discharge capacity of

123 mA h g�1 at 0.1C rate at room temperature.
Introduction

Owing to the economic and energy concerns, advancements in
energy storage and conversion devices are mostly necessary in
recent modernization and for global population as energy
storage devices impose their advantages in portable electronic
devices, gadgets, electric vehicles (EVs), and hybrid electric
vehicles (HEVs).1 Among the various energy storage devices, Li-
ion batteries2,3 meet the huge energy demands with long cycle
life4,5 and high energy density.6–9 Despite these advantages in Li-
ion batteries (LIBs), the growing demand is limited by low
reserves, uneven distribution of the source, high costs and
safety parameters.10,11 In the periodic table as Na metal lies just
below the Li metal, it shares similar chemical reactivity, elec-
trochemical and ionic properties to lithium; besides, the
abundant source and cheap price of sodium makes Na-ion
batteries (NIBs) a next promising alternative to LIBs.12,13
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However, NIBs show analogous behavior to LIBs; the larger
ionic radius of sodium (1.03 Å) compared to lithium (0.76 Å)
results in undesirable volume changes, thereby leading to
slower kinetics, decreased capacity and energy densities.14 To
alleviate these effects and improve the performance, the devel-
opment of NIBs in material design and engineering aspects is
essential in the rapidly growing world toward technology
developments.

Recently transition metal oxides NaXO2 (where X ¼ Co, Ni,
Fe, Mn, Ti, and Cr) were identied as cathodematerials for NIBs
due to their ease of preparation and higher capacity, but these
materials tend to lose the capacity on continuous cycling in
higher voltage ranges.14–17 In the line of replicating the
commercial LiCoO2, NaCoO2 paves the way in the NIB cathode
chemistry with an increased specic capacity of 121 mA h g�1 at
0.1C rate.18 However, the latter undergoes numerous phase
transitions during cycling, which leads to poor reversibility.
Polyanionic frameworks comprise Na3M2(XO4)3 (where M ¼ V,
Fe, Mn, Ti, etc. and X ¼ P, S and Si) in which NASICON type
Na3V2(PO4)3 (NVP) is reported to have fast ion transport, high
thermal and chemical stability.19 A high capacity of
116 mA h g�1 is observed as a result of Na+ ion insertion/
extraction from NVP units during charging/discharging
processes. But due to its poor electronic conductivity, the
above material suffers from poor rate capability and cycle
© 2021 The Author(s). Published by the Royal Society of Chemistry
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life.20,21 To overcome these drawbacks and to achieve better-
ment in the above materials, pyrophosphates [Na2FeP2O7],22

uorophosphates [Na3V2(PO4)2F3],23 uorosulphates [Na2-
Fe(SO4)2],24 and mixed phosphates [(PO4)2(P2O7)

10�]25 are the
viable solution. These phosphates yield good thermal/chemical
stability and robust structures due to their tight P–O covalent
bonding26 but these materials undergo structural reversibly
when operated above 4.0 V. Many types of insertion materials
undergo huge volume expansion during multi-electron redox
reactions. Other than insertion materials, conversion type and
organic materials are considered as upcoming ancillary
commercial electrode materials.

POMs are molecular clusters of early transition metals in the
higher oxidation state of the negative charges, balanced by the
opposite positive charges. The unique property of higher metal
valence in the POM cluster is favorable for improving the redox
properties and offers greater versatility in developing cathode
materials.27 Many types of POMs have been reported for appli-
cation in LIBs and NIBs due to their unique properties, where
Na6[V10O28] was the rst reported anode material with a specic
capacity of 275 mA h g�1 and high cycling stability.28 However,
only a limited number of POM clusters are reported for the
cathode, where hetero bimetals are introduced into the POM
cluster [MnV13O38] to improve and optimize the rate perfor-
mance, discharge capacity and cycle life. The inclusion of Mn in
[MnV13O38] may lead to sluggish conductivity resulting from
Jahn–Teller distortion.29 To avoid the limitation and utilize
POMs as fascinating and advanced materials, we explored our
research interest in this eld, mainly in the Keggin poly-
oxometalate, a type of polyoxometalate with Mo and V. The
choice of Keggin type in various polyoxometalates lies in the
material design suitable for metal ion batteries with the multi-
electron reduction during the redox process.30 The vanadium
substituted in the Keggin polyoxometalate improves the redox
potential31 and the counter cations H+ and Na+ in the cluster
enhance the stability32 and the specic capacity during the
charge/discharge process.

Owing to the fact that the redox property of POMs is tunable by
the substitution of hetero bimetals and heteroatoms in the anionic
cluster and changes in the counter cations,27,32–34 in this study, we
have employed a Keggin type [PMo10V2O40]

5� cluster with H+ and
Na+ as counter cations (denoted as H-POM and Na-POM), the rst
developed electrodes for rechargeable Na-ion batteries in the
electrode materials database. The main reasons for choosing
[PMo10V2O40]

5� are as follows: (1) variable redox behaviors of the
metals; (2) inclusion of vanadium in the anionic cluster increases
the redox potential; (3) combination of molybdenum and vana-
dium in POMs exhibits higher reduction potential as they are
easily reducible.31 Density functional theory (DFT) based periodic
calculations are used to explore the geometrical changes of Na5[-
PMo10V2O40] in both the charge and discharge states.

Experimental
Synthesis of the Na-POM

The synthesis of the H-POM is given in our previous work.35 The
Na-POM was synthesized according to a patent with slight
© 2021 The Author(s). Published by the Royal Society of Chemistry
modications.36 Typically, V2O5 (5mmol) was dispersed in 20ml of
distilled water and heated at 70 �C. To the above mixture, Na2CO3

(5mmol) was added, and the solution was heated to reux at 90 �C
for 2 h. Then, MoO3 (50 mmol) was added into the reaction
mixture with constant stirring and reux for an additional 1 h. The
solution was ltered to remove the impurities. Na2CO3 (7.5 mmol)
was added into the ltrate solution followed by the addition of
H3PO4 (1 mmol) and heated to reux for an additional 3 h. The
nal product was obtained by drying. Yield: 6.29 g (68%). The
simple reaction mechanism is given below.

V2O5 + Na2CO3 / 2NaVO3

2NaVO3 + 10MoO3 + 1.5Na2Co3 + H3PO4

/ Na5PMo10V2O40 + 1.5CO2 + 1.5H2O

Electrode preparation

The electrochemical properties of the electrodes were analyzed
with CR2032 type coin cells. The electrodes were prepared as
follows: POM, Super P black, and polyvinylidene uoride (PVDF)
in a weight ratio of 50 : 40 : 10 are dispersed in the N-methyl
pyrrolidone (NMP) solvent to form a homogeneous slurry. The
homogeneous slurry is then cast onto aluminium foil, followed
by vacuum drying at 110 �C overnight. Aer drying, the elec-
trodes are hot pressed in a roller and punched into 15 mm
diameter. Using the punched electrodes with Na metal as an
anode, glass ber as a separator, and 1 M NaPF6 in propylene
carbonate (PC) as an electrolyte, half-cells are assembled in an
argon lled glove box (O2 < 0.1 ppm, H2O < 0.1 ppm).

Results and discussion

The PXRD pattern of both H-POM and Na-POM shows sharp
peaks, an indication of the crystalline nature of the clusters
(Fig. S1†), where both exhibit peaks around 8–9�, 17–23�, 26–
31�, and 33–36�, characteristic peaks for the Keggin structure.37

A slight difference between the POMs are observed due to the
cations around the cluster. The counter cations of the POM
usually stabilize the negative charge and inuence the self-
assembly process. Considering that H+ has an even smaller
ionic radius compared to Na+, we would expect shis in the 2
theta values and lattice contraction. Fig. 1a shows the FT-IR
spectra with the identied peaks of the Keggin structure in
the range of 731, 873, 950, and 1049 cm�1 which are attributed
to intra-octahedral oxygen M–Oc–M, inter-octahedral oxygen
M–Ob–M, terminal oxygen M–Od (where M ¼ Mo and V) and
central oxygen P–Oa of the Na-POM. The corresponding metal
to oxygen bonding is displayed in the inset image. On the other
hand, for the H-POM the bands are shied to the higher
wavenumbers 779, 879, 956, and 1051 cm�1. The difference in
the wavenumbers is due to the effect of electronegativity of large
Na+ ions around the cluster.38 Therefore, the FT-IR spectrum
conrms the successful formation of the Keggin structure of H-
POM and Na-POM.39 TGA illustrates the weight loss of the H-
POM and Na-POM starting above 45 �C and continuing to
240 �C, which indicates the removal of lattice bound water
RSC Adv., 2021, 11, 19378–19386 | 19379

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02092g


Fig. 1 (a) FT-IR spectra of the H-POM and Na-POM; inset: the image shows the polyhedral representation of the Keggin structure with the
corresponding metal–oxygen bond, where yellow: P, blue: Mo, green: V and red: O. (b) TGA of the H-POM and Na-POM.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 3
:4

4:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
molecules from the cluster,40 given in Fig. 1b. Both the H-POM
and Na-POM undergo the gradual weight loss of 15% and 10%,
but the Na-POM shows smaller weight loss than the H-POM.41

The FE-SEM and HR-TEM images of the H-POM in Fig. 2a
and b show the spherical cluster formation, whereas the Na-
POM shows a rod-like morphology with 100–200 nm diame-
ters in the size of unequal lengths in both FE-SEM and HR-TEM
studies as given in Fig. 2c and d. The rod formation of the Na-
POM rather than the H-POM cluster formation enhances the
electrochemical properties. The XPS measurement of the H-
POM is already given in our previous work.35 The tted XP
Fig. 2 (a and c) FE-SEM images of the H-POM and Na-POM and (b and

19380 | RSC Adv., 2021, 11, 19378–19386
spectrum of the Na-POM cluster is given in Fig. 3a–e. The
binding energy of 133.9 eV corresponds to the phosphorus in
the 5+ oxidation state. The Mo 3d spectrum in Fig. 3c is
deconvoluted into two peaks at 233.1 eV and 236.2 eV which
correspond to the Mo 3d5/2 and Mo 3d3/2 for Mo in the 6+
oxidation state. The peak at 517.8 eV is assigned to the V5+

species in V 2p3/2 spectra in Fig. 3d.
The XP spectra of Na 1s with a peak at 1071.2 eV, as shown in

Fig. 3, conrm the sodium ions around the cluster. Thus the
spectrum of the Na-POM shows the existence of P, Mo, V, and O,
further conrming the formation of the Na5[PMo10V2O40]
d) HR-TEM images of the H-POM and Na-POM.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 High resolution XP spectra of (a) Na 1s, (b) P 2p, (c) Mo 3d, (d) V 2p and (e) O 1s.
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Keggin structure. Additionally, further to analyze the number of
sodium ions around the cluster, ame photometry with higher
solution concentration is performed. The experimental molar
ratio of sodium of 7.15% relates to the theoretical molar ratio of
6.22%. The variance in the molar concentration of sodium ions
results from the water. Based on these characterization results
the desired Keggin clusters H5PMo10V2O40 and Na5PMo10V2O40

are formed successfully and further employed as electrodes for
Na-ion batteries.

Electrochemistry

To understand the electrochemical behavior of the H-POM and
Na-POM, the CV, GCD, and impedance studies are performed.
The charge/discharge proles of the H-POM and Na-POM for
the initial twenty cycles are given in Fig. 4a and b. For the H-
POM, as shown in Fig. 4a only one plateau region in both
charge and discharge states shows the reduction/oxidation of
molybdenum alone.

The specic discharge capacity for the H-POM is 23 mA h g�1

at 0.1C in the initial cycle due to the lack of the reduction of the
V5+ to V4+ and the charge/discharge life cycle of the H-POM at
0.1C for 100 cycles is given in Fig S3.† In Fig. 4b, the plateau at
2.7 V for the Na-POM in the rst discharge cycle indicates the
intercalation of sodium ions between the intercluster regions as
shown in Fig. S2† by the reduction of higher valent molyb-
denum. But there is no distinct voltage plateau for the redox
behavior of vanadium in the following cycles. The reason is, in
the super-reduced state (i.e. discharge process), the outer and
inner V–O increases, which results in the expansion/change in
the geometries. This results in the lack of redox behavior of
vanadium during the Na+ ion intercalation. Similarly, the two
charge plateaus at 3.0 V and 4.2 V correspond to the oxidation of
Mo4+ to Mo6+ and V4+ to V5+ for the Na-POM. Thus, it is indi-
cated that the sodium ions de-intercalated from the intercluster
cavities during oxidation. Aer the 1st cycle, the charge/
discharge curves tend to show the plateaus in the same
© 2021 The Author(s). Published by the Royal Society of Chemistry
voltage regions, indicating better reversibility, with minimal
capacity fading between the consecutive cycles. But practically
the specic capacity was maintained at 46 mA h g�1 aer twenty
cycles. In Fig. 4d, the irreversible capacity loss and low
coulombic efficiency (CE) in the initial and the following cycles
are mainly due to the decomposition of the electrolyte and
formation of the electrode–electrolyte interfacial (EEI) layer
during the insertion/extraction which is common in most of the
cathode materials.42,43 Another strong reason for the major
capacity fading is the dissolution of the POM cluster which is
also reported in other POM based electrode materials.44 The Na-
POM shows higher specic discharge capacity when compared
to the H-POM. The reason behind this fact is that the more
dispersive nature of Na+ ions results in the feasible movement
of the large Na+ ions intercalated within the intercluster
regions. Due to the large expansion in the core structure and the
bigger size of cations, the Na+ ions are bound less effectively to
the anionic core which makes them easily accessible for stress-
free exchange during charge–discharge studies, which is also
explained and proved from the computational studies. The
charge/discharge life cycle of the Na-POM at 0.1C and 1C rate
for 100 cycles is studied and given in Fig. S4 and S5.† The
irreversible capacity aer 100 cycles at a 1C rate was maintained
at 41mA h g�1 as shown in Fig. 4e. Compared with the 0.1C rate,
at higher current rate (say 1C), the less bound Na+ ions (known
interaction distances from the DFT studies given in Table S1†)
to the anionic core may activate faster and result in minimal
capacity loss throughout the cycling.

The initial specic charge capacity of 174 mA h g�1 at 0.1C
corresponds to 55% theoretical capacity (ca. 319 mA h g�1)
contribution of 12 electron reduction per Na-POM cluster. The
theoretical capacity of 319 mA h g�1 is the result of 22 electrons
resulting from the redox couple of ten Mo6+/Mo4+ and two V5+/
V4+. The major difference in the theoretical and the practical
capacity is the result of partial reduction of the Mo6+/Mo4+ redox
couple which is placed in the outer ring of the cluster. Instead of
RSC Adv., 2021, 11, 19378–19386 | 19381
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Fig. 4 (a and b) Charge–discharge profiles (versusNa+/Na) at 0.1C rate. (c and d) Comparative life cycle and coulombic efficiency over 20 cycles
at 0.1C rate of the H-POM and Na-POM. (e) Comparative life cycle and coulombic efficiency over 20 cycles at 1C rate of the Na-POM.
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ten, only a few Mo6+/Mo4+ redox couples undergo the reaction,
which results in the 10 electron transfer. Due to the larger ionic
radius of Na+, rather than 22 Na+ ions, only 12 sodium ions are
intercalated in the intercluster cavities.18 During the discharge
process the Na-POM experiences huge volume expansion as
a result of sodium ion intercalation in the intercluster cavities.
In the DFT studies, the geometry of the Na-POM and its inter-
cluster interaction in charged and super reduced states (i.e.
[PMo10V2O40]

27�) are explained. So instead of 22 electrons, only
12 electron transfers take place during the charge/discharge
process. The above results indicate that the POM cluster
behaves as an electron sponge29,45 and the Na-POM shows better
electrochemical properties.

Ex situ studies

Aer cycling, the Na-POM cells are de-crimped and the elec-
trodes are separated and washed with dimethyl carbonate
inside a glovebox. The electrodes are sonicated in the water
medium, where the Na-POM dissolves in water and is later
recovered by vacuum drying. The morphological changes,
structural evolution and redox reaction during the charge/
discharge process are studied from the ex situ PXRD, HRTEM
and XPS studies. In Fig. 5a the spectra aer 1st discharge are
given, where the signal for Mo 3d is deconvoluted into two
19382 | RSC Adv., 2021, 11, 19378–19386
peaks at 236.9 eV and 233.9 eV corresponding to the Mo6+

oxidation state of Mo 3d3/2 and Mo 3d5/2, and also the existence
of signals at 231.9 eV and 229.6 eV corresponds to the Mo4+

oxidation state. The presence of Mo6+ in the POM cluster
corroborates the partial reduction of Mo6+ to Mo4+. And the V 2p
spectra given in Fig. 5a (right) centered at 516.4 eV clearly
indicated the presence of V4+ in the POM. This validates that
during the 1st discharge, all ten Mo6+ species don't undergo the
reduction process and the two V5+ species undergo reduction.
Thus it can be said that during discharge the reduction of Mo
and V happens simultaneously with the insertion of Na+ ions
around the intercluster regions, whereas aer charging the
presence of Mo6+ and V5+ as shown in Fig. 5b in the XP spectra
indicates the reversibility of the POM cluster with the insertion/
extraction of Na+ ions in the intercluster regions. FT-IR studies
for the recovered samples are performed in transmission mode
with KBr pellets. The ex situ FT-IR studies given in Fig. 5c show
the important Mo–O bond shis aer charge and discharge
processes. During the rst discharge the absorption peak shis
to a lower wavelength as compared to that before the cycling
process. The red shi of inter-octahedral oxygen M–Ob–M and
terminal oxygen M–Od (where M ¼ Mo and V) from 873,
950 cm�1 to 866, 948 cm�1 indicates the reduction/oxidation of
Mo and V ions. The slight change in the peaks is the result of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Ex situ XP spectra of (a) (left) Mo 3d and (right) V 2p after the 1st discharge and (b) (left) Mo 3d and (right) V 2p after the 1st charge. (c) FT-IR
spectra of the Na-POM recorded after the first charge and discharge process and (d) HRTEM images of the Na-POM (i), (ii) after the 1st cycle (iii),
and (iv) after 100 cycles.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 3
:4

4:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
decrease in the M–O stretching energy, attributed to the redox
reaction of Mo6+/Mo4+ and V5+/V4+. In the following charge
process, the wavenumber again shis to a higher wavenumber,
indicating the Na+ ions. The reversible shis in the respective
peaks indicate the reversibility of the Na-POM with multi-redox
properties even aer the charge/discharge process.29 The above
results validated that the POM cluster is stable, reversible, and
supports multi-electron transfer during the cycling perfor-
mance. Fig. 5d shows the TEM images of the Na-POM aer the
1st cycle and 100 cycles. The Na-POM exhibits a rod shape even
aer 100 cycles and in Fig. 5d(i), (iii) and (iv) the presence of
individual particles with the sp carbon and PVDF is seen and
the absence of agglomeration or change in the particle size is
evident. Comparing the TEM images with that of the pristine
© 2021 The Author(s). Published by the Royal Society of Chemistry
Na-POM, no signicant differences are observed and no specic
damage or deposit is visible. The rod shape of the electrode
could be essentially preserved even aer cycling for a long time.
This result illustrates the constructive merit of the Na-POM as
a cathode for Na-ion batteries.

Na+ ion kinetics

The Na+ ion kinetics in the Na-POM cluster is evaluated at the
different scan rates of CV from 0.1 to 1.25 mV s�1 as shown in
Fig. 6a. The different scan rate CV shows the quasi rectangular
shape stretching in the anodic area, whereas there is no
distinguishable peak in the cathodic area. The energy storage
system involves two distinct processes namely, (1) diffusion
controlled process, in batteries, and (2) surface controlled
RSC Adv., 2021, 11, 19378–19386 | 19383
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process, in capacitors. From the linear relationship between the
response peak current (mA) and the scan rate (v), the kinetics is
predicted by the below equation,

i ¼ avb

where a and b are variable parameters between 0.5 and 1.0. A
b value of 0.5 corresponds to the diffusion controlled process,
and a b value of 1.0 corresponds to the capacitive process.46 For
our system from the plot of log scan rate vs. log peak current,
a slope is obtained in Fig. 6b which corresponds to b ¼ 0.5,
implying the diffusive behavior of the Na-POM. The diffusive
process of the battery also contributes to the electron sponge
behavior. The EIS spectra for both the H-POM and Na-POM
before and aer cycling are illustrated in Fig. 6c in
a frequency range of 0.01 Hz–100 kHz. The Na-POM displays
a much smaller charge transfer resistance (Rch) than the H-
POM. In the Na-POM the diameter of the semicircle increases
aer cycling; this results in the continuous formation of an SEI
layer on the electrodes, followed by the increased internal
resistance.45 This results in the increased resistance aer
cycling, accompanied by the capacity fading.
DFT studies on the POM cluster

DFT simulations and the optimization of various structures are
gaining widespread attention due to their high accuracy in
predicting complex experimental structures.47 In our previous
work, we have analyzed the H5[PMo10V2O40] cluster for LIB
application. The current structure in this study is very similar to
the previous material.35 Similarly, to compare the structural
Fig. 6 (a) Resolved CV scans of the Na-POM from 0.1 mV s�1 to 1.25 mV s
of scan rate. (c) Comparative EIS spectra of the H-POM and Na-POM.

19384 | RSC Adv., 2021, 11, 19378–19386
changes happening during the charging/discharging process,
we analyzed POM5/POM27� anionic clusters. During the
charging process, there are 5 Na+ ions in the vicinity of the POM
and in the discharging state, there are 27 Na+ cations sur-
rounded by the POM core. Hence, the respective charges of the
anionic clusters are 5 and 27 negative state. This charge/
discharge process corresponds to the exchange of 22 elec-
trons. An earlier report on the Na-POM suggests the presence of
sodium cations in the inter-cluster space.29 So the cations are
placed in the vicinity of the anionic cluster and all the elements
in the clusters are freely optimized (i.e. there are no constraints
applied). The structures of POM5� and POM27� are given in Fig.
7b and c, respectively. The POM structure with excess electrons
is termed “super-reduced” POM.30,47

From Fig. 7b and c, it is clear that the outer Mo–O distance
increases from 1.70 to 1.76 Å and the inner Mo–O distance
reduces from 2.58 to 2.46 Å on the transition from POM5� to
POM27�. There is no signicant change in the central part of the
POM (i.e. P–O distance). Both inner and outer V–O distances are
enhanced in the POM27� compared to the POM5� structure. The
peripheral and internal V–O bonds in the POM core signi-
cantly affect the geometries during the charging and discharg-
ing process. It is found from our calculation that the O–O (end
to end, shown inFig. 7b and c) distance of the super-reduced
form of the POM has enhanced and thus the structure of the
super-reduced POM is expanded. This is contradicting with the
previous report of super-reduced POM ([PMo12O40]

27�), where
they found a reduction in the size of the POM27�.30,47 These
structural changes occurring during the charging/discharging
process lead to a higher charge capacity of the Na-POM and
�1. (b) Relationship between cathodic peak current and the square root

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Single unit cell of the Na-POM with important interacting distances. The optimized geometries of reduced and super-reduced
structures: (b) POM5� and (c) POM27�. The calculated internuclear distance between different atoms is shown in�A. The green color represents
Mo, cyan V, yellow P and red O in the POM clusters.
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hence make it a better material for rechargeable battery
systems.

Also, we analyzed different properties such as BE and charge
transfer of Na5[PMo10V2O40]. There are ve Na+ cations
surrounding each anionic core of the cluster; during the opti-
mization the cations are stabilized in the inter-cluster cavity.
The optimized geometry of the Na-POM is given in Fig. S2†
which explains the occupancy of Na+ ions in the inter-cluster
space. Fig. 7a is the optimized geometry of a single unit cell
of the Na-POM. Aer optimization, the changes in the crystal
structure are noted and the corresponding volume change is
calculated. From Table S1,† it is clear that there is a huge
change in the lattice parameters and volume of the Na-POM.
The Na-POM structure is expanded about 36% from the orig-
inal crystal structure. The corresponding volume change in the
H-POM was 12.12%. The large expansion of the Na-POM is due
to the relatively larger size of Na+ when compared to H+. The
expanded anionic core can affect the binding of cations to the
cluster. So we calculated the complexation energy between
cations and the anionic cluster. The BE between anions and
cations is found to be �32.91 eV for the Na-POM. Due to the
large expansion in the core structure and bigger size of cations,
the Na+ ions are bound less effectively to the anionic core. The
calculated BE for H+ in the H-POM is �100.65 eV.35 It is very
important to note that the complexation energy of the Na-POM
structure is signicantly very less compare to the H-POM. Due to
the dispersive nature of Na+ ions, they can easily diffuse on the
surface and ow between the electrodes during the redox
reaction. This interesting phenomenon makes the charge/
discharge process more efficient compared to the H-POM.
From this result, it is clear that the Na+ bound to the anionic
cluster has a major impact on the electron transfer process
compared to the H+. To quantify the charge transfer between
Na+ and anionic clusters, we performed Lӧwdin population
analysis for the optimized geometries. The charge correspond-
ing to anions and cations is �3.63 and 3.63 a.u for the Na-POM.
The charge transfer potential is signicantly higher compared
to that of the H-POM (�0.642 and 0.642 a.u.) structure. This
© 2021 The Author(s). Published by the Royal Society of Chemistry
higher charge transfer can be correlated with the less charge
transfer resistance observed experimentally from the EIS. The
less complexation energy and more charge transfer of the Na-
POM make it a good electrochemical material for Na-ion
batteries.
Conclusion

In summary, a Keggin type Na5PMo10V2O40 polyoxometalate
(Na-POM) is synthesized, characterized by PXRD, FT-IR and XPS
studies and used as a cathode material for Na-ion batteries. The
higher redox potential of POM can be tuned by varying the
counter ions, heteroatoms and transition metals of the cluster.
The Na-POM at 0.1C rate exhibits a specic discharge capacity
of 123 mA h g�1 in the initial cycle. The charge capacity pertains
to the multi-electron redox reaction of Mo6+/Mo4+ and V5+/V4+ in
the super-reduced state. The intercalation mechanism in both
the charge and discharge state of the Na-POM is explored from
the DFT calculations. Thus, the less bound sodium ions inter-
calated in the intercluster cavities enhance the electrochemical
behavior. The higher capacity with the multi-electron transfer is
the result of the Na+ ion intercalation/deintercalation in/from
the intercluster cavities. This result increases the future hope
for the upcoming Na-ion batteries.
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