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Abstract

Ni-based metal-organic framework (MOF), nickel 1,3,5-benzene tricarboxylate (NiBTC) has been synthesized by solvothermal
method and incorporated with ionic liquid (IL) 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,) at varying weight
ratios to use as nanofiller in the polymer matrix of poly (vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP). The struc-
tural properties of MOF-NiBTC-based composite polymer electrolyte system upon IL incorporation have been investigated by
XRD, FTIR, BET, scanning EXAFS and XANES techniques. Shifting of vibrational modes of -COOH groups is observed from
FTIR spectra due to strong interaction of Ni metal cluster with BF, anion of the IL. Local coordination structure and oscillation
periodicity of Ni K-edge are investigated in R-space and k-space from the EXAFS as well as XANES spectra. Asymmetric
oscillatory behavior with reduction in coordination number is observed upon IL incorporation due to strong interaction of guest
IL with the host MOF-NiBTC. Dielectric relaxation and scaling of AC conductivity have been analyzed in the temperature range
of 300-380 K and frequency range of 42 Hz—5 MHz. Non Debye type dielectric relaxation dynamics is observed due to short
range hopping of ions. lon concentration and temperature independent scaling behaviors are followed by the composite polymer
electrolyte membranes. Optimum ionic conductivity of 6.5 x 10> S cm ™' and electrochemical stability up to 5.7 V have been

obtained at 50 wt% of IL incorporation in the porous nanocomposite electrolyte system.
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Introduction

Metal-organic frameworks (MOFs) are microporous hybrid
nanomaterials composed of unsaturated inorganic metal clus-
ters linked with organic linker molecules [1]. Due to their
tremendous unique properties like high surface area, tunable
topological geometry, controllable pore textures they are
promising materials for various catalytic, sequestration, sens-
ing and electrochromic applications [2]. MOFs can be treated
as potential host materials for entrapping tiny guest molecules
inside their micropores so that their phase behavior can be
maintained by tunable guest-host interactions [3]. Ionic lig-
uids (ILs) are highly stable room temperature molten salts
composed of organic cations and inorganic anions with infi-
nite structural variations. They have also special properties
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such as high electrochemical and thermal stability, low vapor
pressure and high ionic conductivity [4]. ILs can be used as
highly preferable ionic guest materials to incorporate in the
micropores of MOFs so that strong interaction of ions of IL
and MOF can control the phase dynamics of the composite
system via nanosizing effect of IL [5]. Confinement of IL in
the micropores of different MOF materials to enhance struc-
tural as well as electrochemical properties has been reported
by several researchers. Yifei Chen et al. [6] reported experi-
mental as well as simulation work on confinement of IL 1-
Butyl-3-methylimidazolium hexafluoro phosphate
(BMIMPF) in IRMOF-1. The anionic part PF4  exhibits
strong interaction with the Zn metal cluster while the cationic
part BMIM™ resides at the open pores and reacts with the
organic ligands. Kazuyuki Fujie et al. [7] reported the con-
trolled phase dynamics of the framework ZIF-8 by incorpo-
rating IL EMI-TFSA in a view to enhance the electrochemical
properties of the composite system. X-ray absorption near
edge structure (XANES) and extended X-Ray absorption fine
structure (EXAFS) are widely used techniques to elucidate the
local structural geometry of the unsaturated inorganic metal
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unit of MOFs and their tunable interactions with tiny guest
molecules. XANES and EXAFS studies at Cu K-edge have
been reported by C. Prestipino et al. [8] to investigate the local
Cu”* coordination of dehydrated HKUST-1. Xinxin Sang et
al. [9] observed the comparative XANES and EXAFS at Zr K-
edge to determine the crystallization rate of UiO-66 frame-
works separately dissolved in ionic liquid and N-N-
Dimethyl Formamide. Luisa Sciortino et al. [10] studied the
local geometry and modeling of coordination numbers of
FeBTC MOF by XANES and EXAFS and proposed that the
locally ordered building blocks are in Fe** states. F. L. Morel
et al. [11] studied the topological environment in phosphine
and phosphine oxide functionalized MOF by P K-edge
XANES. Maike Muller et al. [12] reported the XANES and
EXAFS studies on MOF-5 upon incorporation of Cu and ZnO
nanoparticles to use as catalyst for methanol synthesis. Solid
polymer electrolytes are ionically conducting solvent free sys-
tem and have several advantages over liquid electrolytes such
as, no leakage, wide electrochemical stability, high compati-
bility etc. For the development of energy storage and conver-
sion devices including Li ion batteries, intensive research
works are going on solid polymer electrolytes. The ion con-
ductive behavior of poly (ethylene oxide) (PEO) has been
reported first by P.V. Wright in 1975 [13]. As the conventional
polymer electrolytes exhibit low ionic conductivity (~ 10~ to
107 S cm ") at room temperature, addition of ionic liquids to
polymer networks results in better ionic conductivity as well
as wide electrochemical stability. Anji Reddy Polu et al. [14]
reported the room temperature ionic conductivity of 1.85 x

107* S cm™! obtained by incorporation of ionic liquid
EMIMTFSI into poly (ethylene oxide) (PEO)-based compos-
ite polymer electrolyte system. J. Pitawala et al. [15] reported
the incorporation of pyrrolidinium-based ionic liquid into
PVdF-HFP electrolyte system to obtain ionic conductivity of
1.6 x 10> Scm ! at room temperature. A. Hofmann et al. [16]
studied the effect of IL incorporation into polymer networks
of PVdF-HFP and obtained optimum ionic conductivity of ~

2x 107 S ecm ! and electrochemical stability up to 5 V. It has
been already reported that addition of nanosized filler mate-
rials can influence the electrochemical properties as well as
compatibility of the polymer electrolyte system. The agglom-
eration rate of the polymer chain can be maintained by addi-
tion of nanofillers at specific concentration [17]. F. Croce et al.
[18] synthesized the PEO-LiClO4-based composite polymer
electrolyte system and observed significant improvement in
electrochemical properties upon incorporation of Al,O; and
TiO, ceramic fillers. W. Wieczorek et al. [19] reported the
mechanism of Lewis base-acid interaction in PEO-Nal com-
posite polymer electrolyte with incorporated nanofillers.
MOFs can be treated as suitable nanofillers to be incorporated
in polymer electrolyte matrix to improve their physicochemi-
cal properties. Studies on IL incorporated MOF nanocompos-
ites have been reported by several researchers for different
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electrochromic applications [6, 7]. Work on MOF-based poly-
mer electrolyte membranes have also been reported for use in
energy storage and conversion devices. Synthesis of highly
compatible nanocomposite polymer electrolyte incorporated
with Al-based MOF has been reported by Claudio Gerbaldi
et al. [20] with excellent improvement in cyclic profile.
Synthesis of polymer electrolyte membranes using IL incor-
porated MOF nanocomposites as filler materials have not
been reported yet. Addition of IL can generate more free space
in the micropores of MOF for cationic transport as the anionic
part of IL is closely packed or confined towards the metal
cluster. The cations mostly reside at the open pores and can
hop from one coordination site to another in the polymer ma-
trix to enhance the electrochemical performances Scheme 1.

In this present work, NiBTC-MOFs have been synthesized
and incorporated with different wt% of IL 1-butyl-
3methylimidazolium tetrafluoroborate by solvothermal pro-
cess. The effect of IL incorporation in MOF-NiBTC nano-
composites dispersed in the polymer poly (vinylidene fluo-
ride-co-hexafluoropropylene) (PVdF-HFP) matrix has been
investigated. Their structural properties have been investigat-
ed by scanning XANES and EXAFS to gain an insight into
the local geometry and coordination of IL ions in MOF frame-
work. Dielectric relaxation dynamics, electrochemical stabili-
ty, variation of AC conductivity and scaling behavior have
also been studied in the present work.

Experimental
Materials

All the chemicals used in the present work were used as-
received without further purification. Nickel (II) nitrate hexa-
hydrate (Ni(NO3),'6H,0) (purity: > 98.0%, molecular weight:
290.81 g/mol), N-N-dimethyl formamide (DMF) (purity: >
99.0%, molecular weight: 73.09 g/mol), 1,3,5-
benzenetricarboxylic acid (H;BTC) (purity: > 98.0%, molec-
ular weight: 210.14 g/mol), triethylamine (purity: > 99.0%,
molecular weight: 101.19 g/mol), methanol (purity: >
99.0%, molecular weight: 32.048 g/mol), ethanol (purity: >
99.9%, molecular weight: 46.078 g/mol) and acetonitrile (pu-
rity: > 99.0%, molecular weight: 41.05 g/mol) were purchased
from Merck. Poly (vinylidene fluoride-co-
hexafluoropropylene) (PVAF-HFP) (purity: > 99.0%, molec-
ular weight: 400000 g/mol) and 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIMBF,) (purity: > 98.0%, molecular
weight: 226.02 g/mol) were procured from Sigma Aldrich.

Synthesis of MOF-NiBTC

MOF-NiBTC has been prepared by solvothermal synthesis
method. 10 mmol of both Ni (NOs),-6H,0 and H;BTC were
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Scheme 1 Schematic representation for synthesis of IL incorporated NiBTC-MOF-based PVdF-HFP nanocomposite

dissolved separately in 30 ml DMF. The two solutions were
mixed together and stirred for 24 h at room temperature [21].
A precipitate was obtained by centrifugation and the liquid
portion was decanted. The precipitate was washed thrice with
DMF and Methanol to remove the unreacted Ni
(NO3),.6H,0. The precipitate was heated at 373 K under vac-
uum for 12 h to remove the DMF from the tiny micropores
[22, 23] and pale green colored product was obtained.

Incorporation of IL in MOF-NiBTC

1-Butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,)
has been incorporated into the micropores of MOF-NiBTC
at 30, 40 and 50 wt% of IL and MOF. The IL-MOF nanocom-
posites were prepared by mixing with pestle and mortar and
heating at 373 K for 12 h to dry off the water content and for
homogeneous distribution of IL in the pores of MOF.

Preparation of IL incorporated MOF-NiBTC-based
PVdF-HFP nanocomposite membranes

To prepare the polymer matrix, 1 g of pre-dried PVdF-HFP
was dissolved in 20 ml of acetonitrile and ultrasonicate for 2 h.
IL has been incorporated in MOF by mixing and vacuum
heating at 373 K for 12 h to dry off the water content. Only
after vacuum drying, the IL@MOF composites are dispersed
in PVAF-HFP matrix. For that 0.5 g of pristine MOF-NiBTC
and each of 30, 40 and 50 wt% IL incorporated MOF-NiBTC
nanocomposites were dispersed separately in the PVdF-HFP
matrix by ultrasonication. Each of the IL incorporated MOF-
NiBTC-based PVdF-HFP composite electrolyte solutions was
cast onto glass slides. After room temperature drying for 2 h
greenish white colored flexible self-standing membranes were
obtained that were taken for further characterizations.

Characterization techniques

XRD patterns of pristine and IL incorporated MOF-NiBTC-
based PVdF-HFP nanocomposites were obtained by Bruker
AXS D8 X-ray Diffractometer in the 26 range of 5° to 90°.
The FTIR spectra were recorded by Nicolet Impact 410 spec-
trometer in the range 0f 400 to 4500 cm ™. The scanning X-ray
absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) data were obtained by syn-
chrotron beamline in transmission mode having 2.5 GeV
bending magnet source with flux of 10'" photon/s in the en-
ergy range of 4.25 keV. The incident photon energy resolution
(E/A E) was 10* with beam size (H x V) of 1 mm x 0.2 mm.
The N, adsorption desorption isotherms of the nanocompos-
ites were obtained by using BET Surface area analyzer
(NOVA 1000 E). The size, shape and distribution of the nano-
particles have been observed by transmission electron micro-
scope (TECNAI G2 20 S-TWIN). Dielectric and AC imped-
ance measurements were investigated by Hioki 3532-50 LCR
Hitester in the frequency range of 42 Hz to 5 MHz and in the
temperature range of 300 to 380 K. The electrochemical sta-
bility analysis was done by Linear Sweep Voltammetry using
Autolab (PGSTAT 302 N).

Results and discussion
X-ray diffraction analysis

The XRD patterns of PVdF-HFP, IL BMIMBF, and NiBTC-
MOF are presented in Fig. 1(a). The characteristic peaks at
260 = 8° corresponds to the (110) planes and 26 =12 ° corre-
sponds to the (300) planes of NiBTC-MOF and the (010)
planes of IL BMIMBF,. The peak at 26 = 19.7° corresponds
to the (020) planes of PVdF-HFP. The XRD patterns of
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Fig. 1 a X-ray diffraction patterns of (a) PVdF-HFP, (b) BMIMBF,, (c)
NiBTC-MOF. b X-ray diffraction patterns of pristine and IL incorporated

pristine MOF-NiBTC and IL incorporated MOF-NiBTC
based PVdF-HFP nanocomposites are presented in Fig. 1(b).
Incorporation of IL with increasing wt% increases the
amorphicity of the nanocomposites owing to the interaction
of BMIM" cations of IL with the linker molecules of MOF-
NiBTC and the BF, anions of IL with the Ni metal cluster of
MOF. The cationic part of IL i.e. BMIM * can also interact
with the fluorine atoms of the PVdF-HFP chain, that contrib-
ute to reduce the crystallinity of the nanocomposites [24]. The
% degree of crystallinity (X.) for pristine MOF-NiBTC and
different wt% of IL incorporated MOF-NiBTC-PVdF-HFP
nanocomposites has been obtained according to Eq. (1) and
the values are depicted in Table 1.

A
X, = (A—)-IOO%

T

(1)

where Ar is the total area under the domain of the whole
diffractogram and A is the area under the particular crystalline
diffraction peak. For better understanding of the XRD pat-
terns, crystallite sizes of the nanocomposites have been deter-
mined by measuring the FWHM of the PVdF-HFP peak and
are depicted in Table 1. The crystallite size of the nanocom-
posites is found to decrease upon incorporation of IL because
of enhancement in amorphicity with increasing IL loading.

Table 1 The % degree of crystallinity and crystallite size of MOF-
NiBTC-based composite polymer electrolyte at different wt% of IL

Wt% of IL Degree of crystallinity (%) Crystallite size (A)
0% 23.7 0.428

30% 214 0.397

40% 17.9 0316

50% 13.8 0.290

@ Springer

110

300
020

(a)
= (b)
(c)
(d)

U M LU M l M U M U M U M U M U M 1

10 20 30 40 50 60 70 80 90
20(Degree)

MOF-NiBTC-based PVdF-HFP nanocomposites where, (a) 0 wt% IL,
(b) 30 wt% IL, (c) 40 wt% IL, (d) 50 wt% IL

Intensity (a.u.)

The Scherrer formalism was used to determine the crystallite

size (L) = ﬂ%& for a crystalline peak with FWHM 3 measured
at diffraction angle 26. K (~ 0.89) denotes the Scherrer con-
stant of proportionality and A is the wavelength of the Cu K,

(1.5406 A) X-ray used.

FTIR analysis

FTIR spectra of MOF-NiBTC-based PVdF-HFP nanocom-
posites with different wt% of IL have been presented in
Fig. 2. Interaction of ions of IL with MOF-NiBTC and also
with PVdF-HFP can affect the characteristic vibrational
modes as the interaction between the metal cluster and the
linker molecules of MOF becomes weaker upon incorporation

% Transmittance (a.u.)

) M I M ) M J M L) M U M Ll M L} M
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 2 FTIR spectra of pristine and IL incorporated MOF-NiBTC-based

PVdF-HFP nanocomposites where, (a) 0 wt% IL, (b) 30 wt% IL, (c)
40 wt% IL, (d) 50 wt% IL
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of IL. In the pristine MOF-NiBTC-based PVdF-HFP nano-
composites, characteristic peaks appear at 1115 cm™ ' and
1351 cm™' due to the symmetric stretching vibration of —
COOH group present in the linker molecules of MOF-
NiBTC [25]. At 1477 cm™' and 1671 cm™ ', peaks appear
because of the asymmetric stretching and bending vibrations
of —COOH group, respectively. Upon IL incorporation, the
peaks of -COOH vibrational bonds shift towards lower wave
number positions. The peak at 1115 cm™ " shifts to 1104 cm ™",
1351 cm ™" shifts to 1338 em™, 1477 cm ™" shifts to 1464 cm ™'
and the peak 1641 cm ! shifts to 1628 cm ™ in the 50 wt% IL
incorporated MOF-NiBTC-PVdF-HFP nanocomposites. Also
the stretching vibrational mode of Ni-O shifts from 538 cm ™
and 525 cm ™' towards lower wave number positions upon
incorporation of IL. The shifting of modes towards lower
wave number positions can be attributed to the elongation of
the chemical bonding between the MOF metal cluster and the
linker molecules due to interaction of ions of IL. At 3466 cm '
a broad peak appears due to the hydroxyl (-OH) group present
both in MOF-NiBTC and IL BMIMBF, [26]. At 2890 cm '
one significant peak is observed for —C—H stretching vibration
in PVAF-HFP chain [27, 28]. Other peaks at 969 cm ' and
851 cm™ ' are respectively due to ~OH bending vibration of
aromatic compound and —C—H out of plane bending vibration
present in MOF-NiBTC [29, 30].

Scanning EXAFS and XANES analysis

EXAFS and XANES techniques have wide impact on analyz-
ing the local coordination structures of unsaturated inorganic
metal nodes in MOF materials. Scanning EXAFS and
XANES spectra of pristine and IL incorporated MOF-
NiBTC nanocomposites have been observed to determine
the absorption characteristics and phase behavior dynamics
of the metal (Ni) K-edge upon IL incorporation. The absorp-
tion coefficient in transmission mode can be expressed as, /=

Iy exp.[—(E)x], where [, is the photon beam being incident on
material, / is the photon beam transmitted from the surface of
the material having absorption coefficient y(E) and x is the
distance travelled by the beam. The XANES spectra have
been recorded in the energy from 8300 to 8475 eV and the
EXAFS spectra from 8150 to 9050 eV. From the EXAFS
spectra shown in Fig. 3(a) Ni K-edge peak of MOF-NiBTC
observed at 8350 eV can be compared to Ni-Ni first shell peak
of pure Ni foil used as reference material. This confirms that
the Ni species has the oxidation state of +2. The absorption
coefficients of Ni K-edges are observed to increase from 0.86
to 5.01 with increasing wt% of IL. After Ni K-edge the first
resonance peak is clearly observed in XANES spectra around
8394 eV shown in Fig. 3(b) and can be attributed to Ni-O
bonding. At around 8333 eV, a weak shoulder pre-edge peak
appears that can be ascribed to 1 s — 3d quadrapolar transi-
tion. An increase in small pre-edge peak is observed around

8333 eV upon IL incorporation as confinement of IL can de-
stroy the original crystal structure of pristine MOF. The
XANES spectra at k-space (Fig. 3(c)) and EXAFS spectra at
R-space (Fig. 3(d)) have been derived from Athena software
to understand the periodic oscillation and coordination of Ni
metal node with IL loading. For IL incorporated samples cer-
tain mismatch or heterogeneity has been observed in oscilla-
tion periodicity from k=9 A™'. This can be attributed to the
deformation of first shell Ni-O bonding as strong interaction
of Ni metal nodes with BF, anion can weaken the metal—
ligand interaction of MOF. Dehydration of the metal cluster
may induce certain changes in the coordination of the Ni first
shell. In R-space, at 0.65 A and 1.59 A two distinct peaks
corresponding to oxygen and nickel are observed to be re-
duced to 0.61 A and 1.54 A after IL incorporation. It suggests
the reduction of coordination number as a result of first shell
dehydration of nickel metal cluster with increasing incorpora-
tion of IL [9, 10].

N, adsorption-desorption analysis

N, adsorption-desorption isotherms of pristine and IL incor-
porated MOF-NiBTC-based PVdF-HFP nanocomposites
have been recorded at liquid N, temperature (77 K) to observe
the changes in pore parameters upon IL incorporation and
depicted in Fig. 4. Agglomeration of MOF nanoparticles
may form granular morphology within the polymer matrix
due to the formation of mesopores as observed from TEM
results. The N, adsorption-desorption isotherms reveal hyster-
esis behavior at high relative pressure owing to the presence of
mesopores in the nanocomposite system [7]. With increasing
wt% of IL, N, adsorption decreases at low relative pressure as
IL is mostly confined at micropores of MOF-NiBTC rather
than at mesopores. As some portions of pristine MOF-NiBTC
structure may get collapse upon IL incorporation, total surface
area and total pore volume of the nanocomposites are ob-
served to be decreased with increasing wt% of IL and depicted
in Table 2.

Morphological analysis

Figure 5 [(a)-(d)] depicts the transmission electron microscope
(TEM) micrographs of pristine and IL incorporated MOF-
NiBTC-based PVdF-HFP nanocomposites having average
particle size of 2 nm at different wt% of IL. Upon IL incorpo-
ration, the distribution of MOF nanoparticles within the poly-
mer matrix is observed to be more uniform due to the confine-
ment effect of IL in the micropores of MOF. Electrostatic
interaction of the BF, anion with the Ni metal cluster and
BMIM* cation with the organic linkers of MOF as confirmed
from the FTIR results can reduce the free space leading to
compact and ordered structure of nanoparticles in the porous
polymer matrix. Appearance of agglomerated granular
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<« Fig. 3 a Scanning EXAFS spectra of MOF-NiBTC-based PVdF-HFP
nanocomposites at different wt% of IL. b Scanning XANES spectra of
MOF-NiBTC-based PVdF-HFP nanocomposites at different wt% of IL. ¢
Scanning XANES spectra at k-space for MOF-NiBTC-based PVdF-HFP
nanocomposites at different wt% of IL. d Scanning EXAFS spectra at R-
space for MOF-NiBTC-based PVdF-HFP nanocomposites at different
wt% of IL

morphology of the nanocomposites can be attributed to the
formation of mesopores [7]. The TEM micrograph for
NiBTC-MOF in Fig. 5(e) exhibits granular agglomerated
morphology with average particle size of 2 nm.

Analysis of dielectric permittivity

The dielectric permittivity of a disordered material can be
expressed as,

1 ’ oo
AT (w)—ie (w) (2)

@)
Where the real part reveals dielectric permittivity and the
imaginary part implies dielectric energy loss in every cycle.
Cy is the free space capacitance that can be denoted as C
= % [31]. The dielectric permittivity ¢ and dielectric loss
£/ can be denoted in context of real (2°) and imaginary (Z”)
parts of impedance as follows:

The dielectric relaxation dynamics have been analyzed
using Havriliak Nigami (HN) approximation as,
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Fig. 4 N, adsorption-desorption isotherms of MOF-NiBTC-based
PVdF-HFP nanocomposites at different wt% of IL

Table 2 BET surface area and pore volume of MOF-NiBTC-based
composite polymer electrolyte at different wt% of IL

Wt% of IL  Total surface area (Sggt) (mz/g) Pore volume (cm> /g)
0% 1154 0.62
30% 957 0.53
40% 845 0.44
50% 578 0.35
, Ae
5*((.‘()) = Exn =+ anN OSﬁHNO[HNSI (5)

{1 +( in)ﬂ”N}

where A e=¢,— €, €, and &, are dielectric permittivity at
high and low frequencies respectively. SN and oy are pa-
rameters that reveal symmetric and asymmetric distribution
respectively for the relaxation dynamics where as ayn =1
for Cole-Cole model , Byn=1.

for Davison-Cole model and By =agn = 1for Debye mod-
el [32].

From the Eq. (6) ¢ can be formulated as

Ae
[1 +( iWT)aHN:|

s*(w) =, +Re i (6)

Figure 6(a) shows the plots for real part of permittivity vs.
angular frequency w of the nanocomposites system at different
wt% of IL. Atlow frequency, high value of dielectric constant
exists as the electric dipoles can easily respond to the electric
field because of interfacial polarization effect. As the ion con-
centration increases with increasing wt% of 1L, accumulation
of space charge at the electrode-electrolyte interfaces occurs
due to dipolar mismatch as well as localized charge carriers
available in charge defect centers that in turn enhance dielec-
tric permittivity. At high frequency region, electric dipoles are
unable to respond to the quickly changing electric field and
dielectric permittivity decreases [33]. The permittivity data
have been fitted according to Eq. (6) and different fitting pa-
rameters have been presented in Table 3.

Figure 6 (b) represents the plots for dielectric loss ¢
vs. angular frequency for pristine and IL incorporated
MOF-NiBTC-based PVdF-HFP nanocomposites at room
temperature. Dielectric loss is affected by the contribu-
tion from Maxwell-Wagner interfacial polarization
(" ww), dc conductance (¢”4.), and Debye loss factor
(¢"p). Tt is observed that dielectric loss decreases with
increasing frequency and no well-defined relaxation
peak is formed because of less contribution from inter-
facial polarization effect [34]. As the cationic part
BMIM™* can interact with nearby polymer segments so
increase in ion mobility also influences dielectric loss
with increasing wt% of IL.

//
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Fig. 5 Transmission electron
microscopy (TEM) micrographs
of pristine and IL incorporated
MOEF-NiBTC-based PVdF-HFP
nanocomposites where (a) 0 wt%
1L, (b) 30 wt% IL, (c) 40 wt% IL
and (d) 50 wt% IL, (e) NiBTC-
MOF
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Fig. 6 a Real part of permittivity vs. angular frequency plots for MOF- frequency plots for MOF-NiBTC-based PVJF-HFP nanocomposites at
NiBTC-based PVdAF-HFP nanocomposites at different wt% of IL at room different wt% of IL at room temperature (300 K)
temperature (300 K). b Imaginary part of permittivity vs. angular
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Table 3 HN parameters for room temperature variation of & with
angular frequency for MOF-NiBTC-based composite polymer
electrolyte at different wt% of IL

Wt% of IL Exn Ae ﬂHN QYN
0% 25 136 0.62 0.92
30% 33 576 0.59 0.94
40% 42 945 0.55 0.96
50% 51 1789 0.51 0.98

Dielectric modulus analysis

The dielectric modulus formalism can be represented as recip-
rocal of dielectric permittivity and can be denoted as,

M (w) =M (W) +iM (W) (7)

where M (w) = % and M (w) = %

Figure 7(a) and (b) depicts the plots for real and imaginary
parts of dielectric modulus vs. angular frequency for MOF-
NiBTC based PVdF-HFP nanocomposites at different wt% of
IL. M ‘increases with increasing angular frequency but no
well-defined relaxation peaks are observed at higher frequen-
cy region. Due to negligible contribution of electrode polari-
zation M ‘attains zero at low frequency region.

In M “spectra certain dielectric loss peaks are observed
corresponding to particular relaxation frequencies. The relax-
ation frequency (wnmax) is reciprocal to the relaxation time (7)
and so relaxation time decreases as the peaks are getting
shifted towards higher frequency with increasing wt% of IL.
At the point of relaxation frequency there occur transition
from dc to ac conduction and ions follow frequency indepen-
dent behavior.

The dielectric modulus M “spectra can be fitted with
Kohlrausch-Williams-Watts (KWW) approximation as fol-
lows:

M (@) = Momle) W B
(1=Brww) + (Beww/ (1 + Brww)) {ﬁKWW (%) + (L) H

(8)

Where SBiww 1s the non linear relaxation fitting parameter and
its value lies between 0 and 1 [35]. KWW empirical model
deals with asymmetric non Debye relaxation dynamics of
short relaxation time and the values of SBgww are observed
to be decreased with increasing wt% of IL. The values of

M;{m (W), Bxww and wp,, have been evaluated from the
fitting curves and depicted in Table 4.

The temperature-dependent plots of imaginary part of mod-
ulus M “vs. angular frequency for MOF-NiBTC-based PVdF-
HFP nanocomposites at 50 wt% of IL have been presented in
Fig. 7(c). It has been observed that the modulus peaks are

a
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Fig. 7 a Real part of modulus vs. angular frequency plots for MOF-

NiBTC-based PVAF-HFP nanocomposites at different wt% of IL at
room temperature (300 K). b Imaginary part of modulus vs. angular
frequency plots for MOF-NiBTC-based PVdF-HFP nanocomposites at
different wt% of IL at room temperature (300 K). ¢ Imaginary part of
modulus vs. angular frequency plots for 50 wt% IL incorporated MOF-
NiBTC-based PVdF-HFP nanocomposites at different temperatures
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Table 4 M;]/m, logwmax, relaxation time (7), and Sxww for MOF- -2_0: v 50 wt% IL
NiBTC-based composite polymer electrolyte at different wt% of IL 4 A 40 wt%IL
(300 K) 2.2 _ * 30 wtt%IL
; 1 \V\ = Qwt%IL
Wt% of IL M. l0gWmax Relaxation time (7) Beww 2.4 § ~ T
4 A e
- - e
0% 00169  7.659 2.19%1078 0.78 2.6 g \'\\'\
1 P
30% 00159  7.745 1.79% 1078 0.76 © 2.8 T g
—8 4 é ~. \ \\
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—8 2 -3.0 4 : \\\ S
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<32+ - Famn
L \\\ e
. . . . o -3.4 4 h
getting shifted towards higher frequency region with increas- ] -
ing temperature and relaxation time decreases accordingly. -3.6 - \\§
3 q 1 3 14 3 3 ) L ) L L L L L 1
This can be attributed to increase in mobility of ions in the 25 26 27 28 29 30 31 32 33 34

vicinity of the polymer segments with increasing temperature
[36]. At different relaxation frequencies the values of corre-
sponding relaxation time are tabulated in Table 5.

lonic conductivity studies

The ionic conductivity of MOF-NiBTC based polymer elec-
trolyte nanocomposites has been observed at room tempera-
ture and attained 1.5x 10> S cm ™' at 50 wt% of IL. It has
been reported that the viscosity of the imidazolium-based ILs
decreases with increasing temperature that in turn intensify
ionic conductivity. At varying temperature range from 300 K
to 380 K ionic conductivity (o) for MOF-NiBTC-based
PVdF-HFP nanocomposite at different wt% of IL has been
observed and presented in Fig. 8. With increasing temperature
ionic conductivity increases due to enhanced mobility of ions
along the segmental motion of polymer chain and attains
6.5x107° S cm " at 380 K. As temperature increases, expan-
sion of polymer chain can generate more free channels for
easy migration of charge carriers leading to enhance ionic
conductivity [37]. According to Arrhenius formalism, ionic
conductivity follows linear process that is related to activation
energy (E,) follows,

g;mm@ﬁ 9)

Table 5  logw.x and relaxation time (1) for 50 wt% IL incorporated
MOF-NiBTC-based composite polymer electrolyte at different
temperatures

Temperature (K) logwmay (rad sh Relaxation time (7)

300 7.793 1.60x 1078
320 7.806 1.56x10°8
340 7.828 1.48x 1078
360 7.843 1.43x10°8
380 7.855 139%x10°8

@ Springer
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Fig. 8 Temperature-dependent ionic conductivity plots of IL
incorporated MOF-NiBTC-based PVdF-HFP nanocomposites at
different wt% of IL

The binding energy (£},) and strain energy (E) can contrib-
ute to the activation energy of the charge carriers as,

E, = Ey + E; (10)

Any ion has its binding energy (£},) that is needed to leave
its original site and strain energy (£) is required to create
hopping channels for migration of ion to any neighboring
coordination site. Increasing ion concentration can influence
to expand the polymer segments that reduce the strain energy
(Es) [38]. According to Anderson-Stuart model, the binding
energy E,, and strain energy (£) for any ion conducting ma-
terial can be expressed as,

_ ﬂZZOez
~(r+ro) -
Es = 47T.Grd(r*rd)2 (12)

Where (3 is the ‘Madelung constant’ that depends on the dis-
tance between neighboring ion sites, z and r are the charge
state and radius of the cation, zo and rg are the charge state
and radius of non-bridging oxygen ion, e is the charge of
electron and ~ is the covalency parameter that determines
the rate of charge neutralization of the ion with its nearest
neighbors, G is the elastic or shear modulus, 7 is the cation
radius, rq is the effective radius of the doorway for easy mi-
gration of the cation through the polymer segments. Hence,
the activation energy E, can be expressed in terms of £y, and E
as,

- 6ZZO 82

EFa=——
A0 +70)

+ 47.Grg(r—rq)* (13)

From the slope of the plot of o vs. 1000/7 the activation
energies of the composite polymer electrolyte at different wt%
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of IL have been calculated and depicted in Table 6. With
increasing wt% of IL the amorphicity of the composite poly-
mer electrolyte enhances that can minimize the potential hop-
ping barrier leading to reduce activation energy. The regres-
sion line (intercept) values are obtained from the linear fitted
data and presented in Table 6. Dielectric relaxation studies
show that the ion transport in MOF-NiBTC based PVdF-
HFP nanocomposites is enhanced with increasing wt% of
IL. This can be attributed to the plasticization effect of IL that
increases the amorphicity of the composite system which is
also confirmed from XRD results. The decrease in degree of
crystallinity in turn reduces the energy barrier to intensify the
segmental motion of PVdF-HFP chain [14]. lon concentration
as well as mobility of charge carriers contributes to the ionic
conductivity of the composite electrolyte system. The trans-
port mechanism for the nanocomposite electrolyte is both
intrachain and interchain hopping. Addition of IL can generate
more free space in the micropores of MOF for cationic trans-
port as the anionic part of IL is closely packed or confined to
the metal clusters. The cations mostly reside in the open pores
and hop from one coordination site to another in the same
polymer segment. The mobile cations can also interact with
the anions of the polymer chain. As the polymer chains are
interconnected, the cations can also migrate to the nearby
polymer segments through the free volume channels and the
mobility of ions is influenced by IL incorporation as well as
increasing temperature [39-41].

AC conductivity variation with frequency

Figure 9 (a) depicts the AC conductivity variation at
room temperature with frequency for MOF-NiBTC-
based PVdF-HFP nanocomposites at different wt% of
IL. Wide frequency range of 42 Hz—5 MHz has been
employed for the dielectric relaxation as well as AC
conductivity measurements for better convenience in da-
ta acquisition [33, 35, 36]. The AC conductivity plots
exhibit plateau region at low frequency side that corre-
sponds to DC conduction and spike region at high fre-
quency side due to AC conduction [42]. The transmis-
sion of ions from DC to AC conduction can be ex-
plained by the power law equation:

Table 6  Activation energy (£,) and regression line (intercept) value of
MOEF-NiBTC-based PVdF-HFP nanocomposites at different wt% of IL

Wt% of IL  Activation energy (£,) Regression line (intercept) value

(V)

0% 0.31 -0.135
30% 0.29 0.063
40% 0.26 0.186
50% 0.23 0.345

o=ao[l +(f/fo)"]

where o is the DC conductivity, fy is the characteristic
hopping frequency and »n is the frequency exponent
[43]. The DC plateau region provides the evidence for
the formation of ion conducting path throughout the
polymer matrix. The DC conductivity arises from the
long range motion of charges and the plateau region
due to DC conductivity extrapolates to zero frequency.
With increasing frequency, both DC and AC conductiv-
ity contribute to the overall conductivity that increases
with frequency. At lower frequencies, charge carriers
pass through long pathways and is dominated by bottle-
necks of low conducting regions and at higher frequen-
cies, localized charge motion contributes to the AC con-
ductivity. According to jump relaxation model, the hop-
ping of charge carriers occur from one coordination site
to the adjacent ones after crossing over activated diffu-
sion barriers. Translational hopping of charge carriers
occurs at lower frequencies while at higher frequencies
conductivity is dominated by localized orientational
hopping. Before completing any successful hopping ions
have to undergo several forward and backward hops and
the type of hopping whether it is forward or backward
can be determined by the frequency exponent n. Low
values of frequency exponent depict short range forward
hopping whereas high values of frequency exponent re-
veal long range backward hopping of mobile ions [44].
The range of frequency exponent ‘n’ is 0<n<l for short
range forward hopping and greater than or equal to
unity for long range backward hopping. Based on the
concept of jump relaxation model, the frequency depen-
dence of AC conductivity can be interpreted by mis-
match and relaxation of charge carriers. According to
this approximation, any mobile charge carrier can expe-
rience an effective potential at a position » by the su-
perposition of two different potentials: cage effect or
columbic potential V.(r) and periodic lattice potential
Vp(r). The effective potential V() can be denoted as
the sum of V.(r) and Vy(r). When an ion hops from
one coordination site to any neighboring site, mismatch
is generated as the nearby sites are already occupied by
neighboring ions. The mismatch can be minimized by
two effective ways: (i) the mobile ion returns to its
previous position keeping the effective potential un-
changed. The AC conductivity is not affected by this
type of correlated hopping process. (ii) The neighboring
atoms in the new sites get rearranged and the cage
effect potential changes by the columbic interactions
leading to minimize the effective potential, V(r). The
mobile ion experiences energetically favorable effective
potential to complete hopping successfully and in turn
contribute to enhance the AC conductivity. The plots of

(14)
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Fig. 9 a AC conductivity vs. angular frequency plots for MOF-NiBTC-based PVdF-HFP nanocomposites at different wt% of IL at room temperature
(300 K). b Temperature-dependent AC conductivity vs. angular frequency plots for MOF-NiBTC-based PVdF-HFP nanocomposites at 50 wt% of IL

AC conductivity vs. angular frequency have been fitted
with the Eq. (14) and the values of frequency exponent
are observed to be decreased with increasing wt% of IL
and presented in Table 7.

The variation of AC conductivity with angular frequency
have been observed for 50 wt% of IL in the temperature range
300 to 380 K and the curves are fitted according to Eq. (14) and
presented in Fig. 9 (b). As temperature increases mobility of the
ions as well as segmental motion of polymer chain increases
leading to short range hopping of ions in DC to AC transition
regions. With increasing temperature lower values of frequency
exponent are obtained from the fitted curves due to frequent
forward hopping and are depicted in Table 8.

Scaling of AC conductivity with frequency

The characteristic frequency of AC conduction can be consid-
ered as:

fO = UQ/€0AE,

(15)
The scaling condition of AC conductivity with frequency can
be formulated in the form of [45]:

o/oo = F( feoAe/ay ) (16)

Table 7 Frequency exponent n for room temperature variation of AC
conductivity with angular frequency for MOF-NiBTC-based composite
polymer electrolyte at different wt% of 1L

Wt% of IL Frequency exponent ()
0% 0.67
30% 0.58
40% 0.49
50% 0.38

Room temperature scaling of AC conductivity with fre-
quency has been observed according to Eq. (16) at different
wt% of IL and depicted in Fig. 10(a). At different wt% of IL
the curves merge as a single master curve showing similar
kind of scaling dynamics. The effect of strong interaction of
IL ions with that of MOF as well as with polymer segments
can increase ion diffusion length by creating more free volume
paths that enhance mobility of ions. The scaling of AC con-
ductivity for 50 wt% of IL incorporated MOF-NiBTC-based
PVdF-HFP nanocomposites at different temperatures are pre-
sented in Fig. 10 (b). At varying temperature the curves follow
similar scaling behavior merging to a common ideal curve.
The temperature independent scaling dynamics of charge car-
riers can be dealt with mismatch and relaxation model. This
model depicts the idea of occurrence of heterogeneity or mis-
match among newly migrating ions and already available ions
in any particular coordinate site. Re-arrangement of ions can
be done by frequent hopping of ions to the neighboring sites
and that can be modulated by increasing temperature [46].

Analysis of electrochemical stability

The electrochemical stability of the MOF-NiBTC-based
PVdF-HFP nanocomposites at different wt% of IL have been

Table 8  Frequency exponent n for variation of AC conductivity with
angular frequency for 50 wt% IL incorporated MOF-NiBTC-based
composite polymer electrolyte at different temperatures

Temperature (K) Frequency exponent (7)

300 0.38
320 0.34
340 0.31
360 0.28
380 0.25
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Fig. 10 a Scaling of AC conductivity for MOF-NiBTC-based PVdF-HFP nanocomposites at different wt% of IL at room temperature (300 K). b Scaling
of AC conductivity for MOF-NiBTC-based PVdF-HFP nanocomposites at 50 wt% of IL with varying temperature

studied by linear sweep voltammetry and shown in Fig. 11. In
the electrochemical set up one Ag/AgCl electrode is used as
reference electrode and two platinum electrodes are used as
counter and working ones. No apparent current has been ob-
served through working platinum electrode upto 3.8 V for the
pristine nanocomposite having 0 wt% of IL. With increasing
wt% of IL electrochemical stability increases and for the nano-
composite at 50 wt% of IL maximum stability is observed up
to 5.7 V. The anionic contact with the electrode at the
electrode-electrolyte interface may reduce electrochemical an-
odic stability due to irreversible oxidation of anions [47].
Strong interaction of BF, ions with the Ni metal cluster of
MOF can prevent the anionic motion through the polymer
electrolyte to reduce the oxidation reaction at anode electro-
lyte interface that in turn increases electrochemical stability.
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Fig. 11 Electrochemical stability analysis of MOF-NiBTC-based PVdF-
HFP nanocomposites at different wt% of IL

Conclusion

The structural and electrochemical properties of MOF-
NiBTC-based PVdF-HFP nanocomposites have been studied
at varying wt% of IL. From XRD results, reduction in degree
of crystallinity has been observed as amorphicity of the nano-
composites increases with higher uptake of ionic liquid to
enhance the mobility of polymer segments. Shifting of sym-
metric and asymmetric carboxylate modes is observed from
FTIR spectra due to elongation of chemical bonds between Ni
metal cluster and carboxyl groups with IL incorporation. From
the analysis of XANES and EXAFS results, asymmetry in
oscillatory behavior with reduction in coordination number
is observed in Ni K-edge because of nanosizing effect of IL
and strong interaction of BF, anions with Ni metal cluster.
HRTEM micrographs reveal compact and uniform structure
of MOF nanoparticles upon IL incorporation. Appearance of
agglomerated particles is seen, which is also confirmed by the
BET results. The permittivity and modulus spectra depict non-
Debye relaxation dynamics with low value of [Bxww with
increasing wt% of IL. From the AC conductivity profile, low-
er value of frequency exponent # is observed with increasing
IL concentration suggesting short range forward hopping of
ions. The scaling dynamics of AC conductivity shows ion
concentration and temperature independent behavior of the
composite polymer electrolyte. Wide electrochemical stability
up to 5.7 V and optimum ionic conductivity of 6.5 x

10 S ecm ™' at 380 K has been obtained at 50 wt% of IL
incorporation in the MOF-NiBTC-based composite polymer
electrolyte system.
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