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In this study, polyetheramine and polyetherdiamine were cross-linked separately with (3-glycidyloxypropyl)
trimethoxysilane (GLYMO) and poly(ethylene glycol) diglycidyl ether (PEGDGE) and then blended in different
ratios to obtain blended hybrid solid polymer electrolytes (SPEs). The blend network architecture improved
the LiClO4 salt dissociation, which led to a higher ionic conductivity of the SPEs (4.5 x 107 Scm™at 60 °C
and 1.2 x 107* S cm™* at 30 °C for the [O]/[Li] ratio of 16). When the salt concentration was increased, the
phase of the SPEs changed from semi-crystalline to an amorphous state, as revealed by differential scanning
calorimetry. Complexation with different constituents of the SPEs was evidenced from the Fourier
transform infrared measurements, while *C and 2°Si solid-state NMR spectroscopy provided information
about the successful formation of the blend organic—inorganic hybrid with a silicate architecture, and "Li
NMR static linewidth measurements gave an insight into the dynamic behaviour of the lithium ions inside
the SPEs. The blend hybrid SPEs demonstrated an electrochemical stability window of over 5 V. The
electrochemical performance of the blend hybrid SPE assembled in a battery with lithium as the anode
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eceived ebruary 20 and LiFePO,4 as the cathode exhibited a good cycle life of over 100 cycles, with an initial discharge
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Introduction

With the technological prowess and advent of new electronic
devices, the need for efficient energy storage devices is
increasing urgently. Meanwhile, environmental concerns
related to global warming and rising sea levels expedite the
requirement for the use of renewable energy resources and
effective storage systems. Among the storage devices, lithium-
ion batteries have more market share, from consumer elec-
tronics to electric/hybrid electric vehicles."” However, safety
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T Electronic supplementary information (ESI) available: Temperature dependence
of ionic conductivity of MP(x : ¥)-16 blend hybrid SPEs with x : y = (a) 0 : 100 (b)
30:70 (c) 50: 50 (d) 70 : 30 (Fig. S1); TGA curves of MP(70 : 30)-Z blend hybrid
SPEs with Z = (a) 32, (b) 24, (c) 16, (d) 12, and (e) 8 (Fig. S2); deconvoluted FTIR
spectra of MP(70 : 30)-Z blend hybrid SPEs with Z = (a) 32, (b) 24, (c) 16, (d) 12,
and (e) 8 (Fig. S3); 'Li-{"H} MAS NMR spectra of MP(70 : 30)-Z blend hybrid
SPEs with Z = (A) 32 and (B) 16, acquired at a spinning speed of 3 kHz (Fig. S4);
SEM images of MP(70:30)-16 blend hybrid SPE (a) before and (b) after
charge-discharge cycle testing with EDS spectrum (c) (Fig. S5). See DOI:
10.1039/c7ra01542a
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and a coulombic efficiency of over 99%. With these good characteristic
properties, the present blend hybrid SPE has the potential to be used in lithium solid-state batteries and

issues, such as the flammability of organic liquid electrolytes,
poor thermal stability, electrolyte leakage and the formation of
lithium dendrites that may cause internal short circuits, are the
major problems associated with these Li-ion batteries.> Thus,
finding a suitable electrolyte with higher ionic conductivity and
free from these drawbacks still remains a challenge. Over the
last few decades, solid electrolytes, such as ceramics and poly-
mer electrolytes, have been investigated for applications in Li-
ion batteries as possible replacements for liquid electro-
lytes.*® In particular, the advantages, such as flame resistance,
leakage proof, flexible and versatile, easily processable and cost-
effectiveness, associated with solid polymer electrolytes (SPEs)
have made them become the electrolytes of choice.”” Work on
SPEs was started after Wright's group's report on solid-state
electrolytes with a Li-ion doped poly(ethylene oxide) (PEO)
system' and when Armand recognized its technological
importance in lithium batteries."* However, it was soon recog-
nized that the main drawback of SPEs was their low ionic
conductivities at ambient temperature.” In order to address
this key issue, a number of strategies and/or modification
procedures have been designed and employed to improve the
ionic conductivity of SPEs. For example, various polymeric
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matrices with high dielectric constants, such as PEO, poly-
(propylene)oxide (PPO), poly(methyl methacrylate) (PMMA),
polyacrylonitrile (PAN), poly(vinylidene fluoride) (PVdF) and
their copolymers, have been tested by doping with different
lithium salts.”®"” In view of the good solvation property of PEO
with lithium salts, PEO-based SPEs are the most widely inves-
tigated system. Still, not much improvement in ionic conduc-
tivity values for PEO-based SPEs has yet been achieved. Another
important modification of SPEs is the addition of ceramic fillers
to improve the ionic conductivity and mechanical stability.
Fillers like TiO,, Al,O3, SiO,, ZrO,, etc. have been successfully
added to different polymeric matrices to give an enhancement
in their ionic conductivity values.”®' It is believed that the
presence of fillers in SPEs helps to reduce the degree of crys-
tallinity of polymers and polymer-filler grain boundaries, which
generate conducting pathways for the rapid movement of ions,
and thus results in an improvement in ionic conductivity.
However, particle aggregation still remains a concern for the
use of these electrolytes in lithium solid-state batteries. Alter-
natively, hybrid SPEs of organic and inorganic components
have recently received much attention due to their higher ionic
conductivities as compared to PEO-based SPEs and due to their
flexibility in design.”*?* As the presence of organic and inor-
ganic groups in the SPEs can be controlled in a desirable way,
according to the requirements and structural design, these
hybrid SPEs can hold unique chemical and physical properties
that are different from the parent ones. Furthermore, the use of
the sol-gel synthesis technique makes it easier to regulate the
functionalization level of the material as well as the connectivity
between interfaces. Alternately, an easy and convenient
approach to synthesize SPEs with high ionic conductivity and
mechanical stability is by polymer blending. SPEs based on
polymer blending are simple to be processed and their physical
properties can be easily adjusted when one part is softer and the
other part is comparatively harder.>>*” Normally, intermolec-
ular interactions, such as hydrogen bonding, ionic and dipole-
dipole, play a role in the physico-chemical and electrochemical
behaviours of the blended polymer systems.

In this work, the blending of two organic-inorganic hybrids
to form a new type of SPE was developed. The first hybrid was
formed by cross-linking (3-glycidyloxypropyl)trimethoxysilane
(GLYMO), an organosilane, with a monoamine-based polyether,
while the second hybrid was prepared based on the reactions of
GLYMO and poly(ethylene glycol) diglycidyl ether (PEGDGE)
with a diamine-based polyether. These two hybrids were then
blended together to obtain the final blended hybrid system. The
present type of the hybrids has the advantage to offer the
formation of in situ sub-micron silica particles, which gives
a composite nature to the membrane for use. By varying the
weight percentages of the blending parts and the [O]/[Li] ratios
with LiClO, salt, a series of blended hybrid SPEs with the
optimum conductivity value and mechanical property can be
obtained. Characterization of the blended SPEs was systemati-
cally performed to investigate their physical and electro-
chemical behaviours. DSC/TGA and FTIR analyses gave insights
into the phase behaviour, thermal stability and interactions
among the constituents of the blended system. Furthermore,
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multinuclear solid-state NMR spectroscopy (**C, 2°Si, "Li) was
utilized as it is recognized to be a powerful technique to verify
the successful synthesis of blended hybrid structure as well as
good lithium-ion mobility within the blended SPEs. The present
work focused on the ionic conductivity and electrochemical
behaviours, such as the transference number of lithium cations,
electrochemical stability window and cycle performance of the
blended hybrid SPEs.

Experimental
Synthesis of the blended SPE membranes

The synthesis procedures of the blended hybrid SPEs are briefly
illustrated in Scheme 1. The blended hybrid membranes were
prepared by mixing two precursor materials in different weight
percentages. The first precursor (precursor I) was synthesized as
follows: a solution was made by dissolving 1 mol of polyether-
amine (Jeffamine M-2070 with M,, = 2000 g mol !, Huntsman)
into 16 mL of THF and then adding 1 mol of GLYMO (Aldrich),
which was stirred for 24 h at 50 °C. Afterwards, the dropwise
addition of 0.3 mL of 1 M HCI to the above solution was con-
ducted to ensure the hydrolysis and condensation reactions of
the organosilane to form the silicate architecture. The hydro-
lysis and condensation reactions of GLYMO that led to the
formation of silicate particles can be described by the following
equations.

hydrolysis

=Si — OR + H,0 =Si—OH-+ROH (1)

water condensation

=Si - O - Si= + H,0
(2)

=Si — OH 4 =Si — OH

The hydrolysis of the GLYMO molecules forms silanol
groups. The condensation between the silanol groups generates
the siloxane bridges (Si-O-Si) that form the entire silicate
structure. The GLYMO molecule has an organic linker

(A)
50°C,24h
CH:(CHzCHzO)e-ICHzCH(R)OlerHz+ CoHOsSi s ) NN\

M2070 NN GLYMO - SUTEdINTHE o irsor 1

B
© 50 °C
CaHs(NHz)(OCaHa)xlOCszau(CaHaO)s-xNHz+ C3Hs0,-(C;H,0),-C3HsO 3 M) NN NNAN

22h
ED2003 NN\ PEGDGE —¥%¥“- soeclf
2h

GLYMO =
NN
Precursor Il
© +
ANNN D

Precursor |

g I WY
50°C,24h
Precursor Il v

Stirred in THF

Blend hybrid polymer

Blend hybrid solid polymer electrolyte

Scheme 1 Schematic representation of the synthesis procedures for
the blended organic—inorganic hybrid electrolytes.
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covalently bonded with the silicon atom. The other end of the
organic linker can react with the polyetheramine to form the
hybrid structure, as shown in Scheme 1. Therefore, these sili-
cate particles are attached to the polymeric sub-units and are
uniformly dispersed in the hybrid structure. To synthesize the
second precursor (precursor II), on the other hand, another
solution consisting of polyetherdiamine (H,N-(PPG),(PEG),-
(PPG),-NH,, Jeffamine ED2003 with M, = 2000 g mol " con-
taining x + z = 6; y = 39, Huntsman) and PEGDGE (M,, = 526 g
mol™?, Aldrich), which were dissolved in 16 mL of THF in
2 : 1 mol ratio, was kept at 50 °C for 22 h under vigorous stir-
ring. Then, the resulting solution was further stirred for 2 h at
50 °C after the addition of 2 mol of GLYMO. As in the previous
case, the same amount of HCI was added and GLYMO went
through the hydrolysis and condensation process in a similar
way. Both the precursor I and precursor II solutions were then
mixed in different weight ratios, under conditions of stirring at
50 °C for 24 h, to form a series of the blended hybrid. Finally,
a certain amount of LiClO, salt was added to the blended hybrid
solution for the desired [O]/[Li] ratios at the same temperature.
After that, the resulting viscous solution was cast onto Teflon
dishes and dried at 70 °C under vacuum for 2 days. The blended
hybrid SPE membrane with a thickness ranging from 70 to 90
um was finally formed. The blended hybrid SPEs were abbre-
viated as MP(x : y)-Z, where M and P correspond to precursors I
and II with the weight ratio of x and y, respectively, and Z stands
for the [O]/[Li] ratio calculated from the ether oxygen atoms
from both the mono and diamine polyethers and PEGDGE. The
blended hybrid SPEs were stored in a glove box for further use in
the different characterizations.

Characterization methods

The thermal behaviours of the present hybrid electrolytes were
investigated by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) by using a Perkin-Elmer Pyris 6
and TA instrument Q50, respectively. The samples (around 6 to 8
mg) were heated at a heating rate of 10 °C min~ " under a nitrogen
environment for the measurements. Fourier transform infrared
(FTIR) spectroscopy was recorded in the range of 4000-500 cm™*
(resolution of 4 cm™") on a JASCO 4200 spectrometer using the
KBr wafer technique. The degree of ionic dissociation was further
analyzed by conducting band deconvolution in the spectral range
of 650-600 cm ™~ * for the ClO,~ vibrations.

Multinuclear solid-state NMR spectra were recorded by using
a Varian Infinityplus-500 NMR spectrometer at the Larmor
frequencies of 194.3, 125.36 and 99.03 MHz, respectively, for "Li,
3C and *°Si spins. Adamantane and octakis(trimethylsiloxy)-
silsesquioxane (QgMjg) were used as the standards to establish
the set-up of the Hartmann-Hahn matching conditions for the
BC and *°Si cross-polarization magic angle spinning (CPMAS)
conditions, respectively. "Li chemical shifts were referred to 1 M
LiCl (aq) at 0 ppm, while both the **C and *°Si chemical shifts
were referenced to a single standard tetramethylsilane (TMS) at
0 ppm.

The AC impedance of the blended hybrid SPEs was measured
by using the Autolab/PGSTAT302 (Metrohm Autolab B.V.,
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Netherlands) frequency response analyzer. The frequency range
was between 100 kHz and 1 Hz and an amplitude of 10 mV was
employed. The temperature range of 15-80 °C was chosen to
carry out the measurements. Before recording the data, the
samples were thermally equilibrated for at least 30 min at each
chosen temperature. The bulk electrolyte resistance (Ry,) can be
deduced from the intercept at the real impedance axis in the
complex impedance plot. Since both the thickness (¢) of the
blended SPE membrane and the electrode area (4) are known,
the ionic conductivity (¢) can be calculated from the equation
o = (1/Rp)(t/A).

The method of Evans et al. was employed in this study to
measure the Li transference numbers (¢,) of the blended hybrid
SPEs.”® The present blended SPEs with non-blocking lithium
(Alfa Aesar) electrodes were assembled in an argon environment
using a standard 2032 coin-cell holder. The current and resis-
tance values were measured at 70 °C on an Autolab/PGSTAT302
frequency response analyzer with an applied dc voltage of
10 mV.

A coin-cell holder was used to fabricate the cell for
measuring the electrochemical stability window of the blended
hybrid SPEs by the linear sweep voltammetry technique. The
cell was made of the blended SPE sandwiched in-between
a stainless steel (SS) working electrode and lithium as the
counter and reference electrodes. The measurement was per-
formed from 0 to 6 V vs. Li/Li" at a scan rate of 1 mV s~ .

A LANHE CT2001A battery testing system was employed to
study the charge-discharge behaviour of the cell with the
blended hybrid SPE. Lithium metal (Alfa product) and LiFePO,
were used as the anode and cathode, respectively, to fabricate
the battery and the test was carried out at a current rate of 0.2C.
The LiFePO, cathode was prepared by mixing 80 wt% of the
active material, 10 wt% super P carbon and 10 wt% poly-
(vinylidene fluoride) (PVdF) binder in NMP (N-methyl-2-
pyrrolidone) solution. To achieve good contact with the hybrid
electrolyte membrane, 2-3 drops of liquid electrolyte were
poured over the cathode surface.

The cycled cell was disassembled and the hybrid SPE
membrane was recovered to be characterized by SEM to analyse
the morphology after prolonged cycles.

Results and discussion

Optimization of the blending ratio of precursor I and precursor
I, with a fixed [O]/[Li] ratio of 16, was the first priority to
maximize the ionic conductivity as well as the mechanical
integrity of the present SPEs system. The temperature depen-
dence of ionic conductivity as a function of the weight ratios of
precursors I and II was investigated and the results are shown in
Fig. S1 (ESIf). It was found that the blended SPE sample,
MP(70 : 30)-16 with 70 wt% precursor I and 30 wt% precursor II,
possessed the maximum ionic conductivity at 30 °C among the
compositions investigated. When the amount of precursor I was
increased to 80 wt%, the MP(80:20)-16 sample became
mechanically unstable and the ionic conductivity could not be
measured. Hence, a decision was made to prepare a 70 : 30
weight ratio of precursor I and precursor II, which allowed the

RSC Adlv., 2017, 7, 20373-20383 | 20375
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blended hybrid membrane to be sufficiently flexible and
mechanically strong enough to consider it further as a potential
electrolyte matrix for electrochemical applications. Based on
the 70 : 30 weight ratio of the two precursors, the [O]/[Li] ratios
were further varied to optimize the final blended hybrid SPE
system with the highest ionic conductivity. Detailed character-
izations on the MP(70 : 30)-Z blended SPEs system were there-
fore performed in this study.

DSC and TGA of the blended hybrid SPEs

The melting (T1,) and glass transition (7,) temperatures of the
MP(70 : 30)-Z blended hybrid SPEs was measured by DSC in
order to evaluate the degree of crystallinity and flexibility of the
blended SPEs. The DSC thermograms of pure starting materials
and the blended hybrid SPEs without and with various [O]/[Li]
ratios are depicted in Fig. 1. While the pure polymers poly-
etherdiamine (ED2003) and polyetheramine (M2070) displayed
crystalline melting peaks (T,) around 35.4 °C and 1 °C,
respectively, the blended hybrid MP(70:30) showed the
melting transition at 18.5° (Table 1). In the blended hybrid
electrolytes, the melting transition shifted to lower temperature
starting with MP(70 : 30)-32 and completely disappeared from
MP(70 : 30)-16 onwards, suggesting a semi-crystalline to amor-
phous phase transition of the synthesized blended hybrid
electrolytes with increasing salt concentrations. Therefore, it is
clear that the effect of the salt transforms the semi-crystalline
hybrid electrolytes to an amorphous one. Normally, the
degree of crystallinity (x.) of SPEs can be estimated from the
area under the melting endotherm curve based on the equation:

= ——— X 100% 3
X AI_IEDZOOB ( )
-2|3.2 (h)
-33.0 (9)
-43.6 ' )
—
523 ()
5-55.8 (d)
g “:’ﬁ/”/\
£ N ©)
(o]
2
| (b)
M_A
(a)
-5IO -2I5 (I) 2;5 5I0 7I5 1(I)0

Temperature (°C)

Fig.1 DSC thermograms of: (a) ED2003, (b) M-2070 and MP(70 : 30)-
Z blended hybrid SPEs with Z = (c) «, (d) 32, (e) 24, (f) 16, (g) 12 and (h)
8. Z indicates the [O]/[Li] ratio.
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where AHpyhria and AHgp,g03 are the enthalpies of fusion of the
hybrid electrolytes and polyetherdiamine (ED2003), respec-
tively, and the latter is viewed as 100% crystalline in nature. The
AHpybria and x. of the blended hybrid SPEs as a function of the
[O]/[Li] ratio are summarized in Table 1. As seen in Table 1, the
endothermic heat decreases with the increase in the salt
concentration, and so does the degree of crystallinity. As the [O]/
[Li] ratio was increased from 16 to 8, the MP(70 : 30)-8 sample
became completely amorphous. It is generally accepted that the
increased interactions of ether oxygen atoms from the poly-
ethers and Li" cations restrict the reorganization of polymer
chains or destroy the regular crystallized structure, leading to
a reduction in the degree of crystallinity.>® An exothermic peak
at —27.6 °C was observed for the MP(70 : 30)-32 sample, which
shifted to —9.9 °C for the MP(70 : 30)-24 sample and became
less intense. This could be due to the recrystallization of poly-
etherdiamine, but such peaks were not observed for the
MP(70 : 30)-Z (Z = 16-8) samples with higher salt concentra-
tions. This observation suggested that a higher salt amount in
the MP(70 : 30)-Z (Z = 16-8) samples suppresses the recrystal-
lization process.*

Measurements of the T, values of the blended hybrid SPEs
provide information about the flexibility of the polymer chains.
Both the results presented in Fig. 1 and the data in Table 1
indicated that the T, values increased with the increase in salt
concentration. The MP(70 : 30)-32 blended SPE sample showed
a T, value of —55.8 °C, which increased to —23.2 °C for the
MP(70 : 30)-8 sample. It is believed that the interaction of
polyether units (from precursor I and precursor IT) with the Li"
cations enhances the T, values gradually, since the increased
salt concentration causes an increase in the intermolecular
interaction, which effectively results in less movement of the
polymer chains.*

TGA experiments were conducted to determine the thermal
stability of the blended hybrid SPEs, and the results are pre-
sented in Fig. S2 (ESIt). The physisorbed water on the surface of
the MP(70 : 30)-Z blended hybrid SPEs corresponds to the initial
1-2% weight loss observed at 100 °C. The decomposition of EO
units of M-2070 and ED2003 started, accounting for the weight
loss up to 3-4%, when the temperature was increased to 270 °C.
Between 270 °C and 430 °C, the maximum weight loss occurred
due to the complete decomposition of the EO and PO units from
the mono and diamine polyethers. The remaining weight
(varying from 3% to 9%) at 900 °C was mainly attributed to the
silicon, which formed the silicate architecture in the blended
hybrid matrix. From the above results, it is clear that the present
blended hybrid SPEs are thermally stable up to 260 °C and can
be used to that temperature without any adverse effect on the
electrochemical devices.

Infrared spectroscopic investigations

FTIR investigation is useful to monitor the molecular interac-
tions and formation of the organic-inorganic structure. Fig. 2
depicts the FTIR spectra of the blended hybrid SPEs without
and with various [O]/[Li] ratios. Different fingerprint bands can
be observed in the IR spectra for particular functional groups. A

This journal is © The Royal Society of Chemistry 2017
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Table 1 Glass transition temperature (Ty), melting temperature (T,), enthalpy of fusion (AH), crystallinity (xc). VTF parameters (A and B) and
transference number (t,) of the MP(70 : 30)-Z blended hybrid electrolytes

Sample T, (°C) T (°C) AHnybria J g1 Xe (%) A(Sem 'K %) B (k] mol™) tr
ED2003 — 35.4 96.3¢ 100 — — —
M-2070 — 1.0 21.9 22.7 — — —
MP(70 : 30)-o — 18.5 31.5 32.7 — — —
MP(70 : 30)-32 —55.8 12.8 24.4 25.3 2.7 8.4 0.23
MP(70 : 30)-24 —-52.3 13.7 16.9 17.5 2.4 8.0 0.24
MP(70 : 30)-16 —43.6 — — — 2.3 7.2 0.28
MP(70 : 30)-12 -33.0 — — — 4.5 8.1 0.20
MP(70 : 30)-8 —23.2 — — — — — —

¢ Enthalpy of fusion for pure ED2003 (AHgp2003)-

(b)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-)

Fig.2 FTIR spectra of the MP(70 : 30)-Z blended hybrid SPEs with Z =
(@) =, (b) 32, (c) 24, (d) 16, (e) 12 and (f) 8.

broad band due to the hydrogen bonded N-H stretching mode
was observed around 3445 cm .3 The asymmetric and
symmetric -CH, stretching vibrations gave rise to bands at 2917
and 2878 cm ™", respectively,* while the bands around 1653 and
1300 cm ™" can be ascribed to the C-N stretching vibration,**%
and the band at 1472 cm™ " was due to the CH, scissoring.** The
1375 cm™ ' band was assigned to the CH; bending vibration of
the PPG unit.**2¢ Other bands around 1457, 1350, 1251 and 842
em ™! correspond to CH, vibrational modes, such as bending,
wagging, twisting and rocking, respectively.***” The C-O-C
stretching vibrations of the blended hybrids gave rise to the
major bands at 1108 and 1091 cm™'.*® Unfortunately, the
Si-O-C and Si-O-Si bands due to the hydrolysis of GLYMO also
appeared in the region of 1000-1200 cm ", and therefore could
be possibly seriously overlapped with the bands of the C-O-C
stretching vibrations. Therefore, it was not possible to ascertain
separately the effect of the salt concentration on these interac-
tions.*”*® The band found at 952 cm ! was ascribed to CH,
rocking vibration and/or the non-condensed Si-OH from

This journal is © The Royal Society of Chemistry 2017

GLYMO.* The absorption bands in the range of 635-625 cm™*

were attributed to the characteristic »(ClO, ) modes of the
LiClO, salt that was doped within the blended hybrid SPEs.*>%”

The information about the dissociation of lithium salt in
SPEs can be provided by the characteristic »(ClO,~) mode of the
LiClO, salt in the frequency region of 650-600 cm '. When
Gaussian-Lorentzian functions were applied to deconvolute the
IR spectra in the frequency region of 650-600 cm ™', one band
centred at 635 cm™ " and another at 625 cm™ " were generated.
The band around 625 cm ™" was assigned to the vibration mode
of free ClO,~ anions, whereas the band at 635 cm™* was related
to the vibration of Li'ClO,~ contact-ion pairs.**** It can be
observed from Fig. S3 (ESIT) that around 86-90% of free ClO,~
anions are available for the MP(70 : 30)-Z (Z = 32-12) blended
hybrid electrolytes, which means that the same amount of free
Li* cations are available for conduction. When a higher salt
concentration was doped in the MP(70 : 30)-8 sample, the
amount of free ClO,  anions was reduced to around 78% due to
the formation of more contact-ion pairs. It is possible that the
ClO,~ anion and Li" cation are not far apart from each other at
higher salt concentrations due to the presence of a large
number of ions in the electrolytes. As a result, the opposite ions
can easily combine and thus increase the number of contact-ion
pairs but this reduces the free ions availability.

Structural confirmation from the *3C and >°Si solid-state NMR

The architectural design of the present polymer matrices can be
explored by *C solid-state NMR spectroscopy. As observed in
Fig. 3(A), the >C CPMAS NMR spectra of the MP(70 : 30)-Z
blended hybrid SPEs exhibited a prominent peak at 70 ppm,
which can be easily assigned to the ether carbons in the
ethylene oxide segments of polymers ED2003, M-2070 and
PEGDGE.*® On the other hand, the ether carbons in the
propylene oxide segments of ED2003, M-2070, and PEGDGE
accounted for the small peak at 75 ppm. Although the carbon
atoms of the epoxy ring of GLYMO were expected to resonate at
42 and 49 ppm,* they were not observable in the present case.
Instead, a small peak at 55 ppm was observed, which indicated
the opening of the epoxide ring of GLYMO after the hydrolysis
reaction. Two other peaks at 22 and 9 ppm can be ascribed to
the methylene carbons in the o and B positions to the Si atom of

RSC Adv., 2017, 7, 20373-20383 | 20377
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Fig. 3 (A) BC CPMAS NMR spectra of the MP(70 : 30)-Z blended
hybrid SPEs with Z = (a) «, (b) 32, (c) 24, (d) 16, (e) 12 and (f) 8. (B)
Deconvoluted 2°Si CPMAS NMR spectra of the MP(70 : 30)-16 blended
hybrid SPE.

GLYMO, respectively. The carbons from the -CH; groups of the
propylene oxide units appeared at 17 ppm. The presence of
these characteristics peaks of carbons from different groups
suggested the successful synthesis of the blended hybrid
structure.

>9Si CPMAS NMR spectroscopy can provide information
about the silicate structure in the blended hybrid system. The
deconvoluted *°Si CPMAS NMR spectrum of the MP(70 : 30)-16
blended hybrid SPE is displayed in Fig. 3(B). Two peaks related
to the T> (RSi(0Si),(OH), R = alkyl group) and T® (RSi(0Si);)
silicon species were observed around —66.9 and —58.0 ppm,
respectively. The presence of T groups in the *°Si NMR spectrum
suggested the formation of silicon domains or silica particles
within the blended hybrid structure. Moreover, silica conden-
sation in the present system was relatively high since the
intensity of T* was almost twice that of T> (T* : T*> = 1.8 : 1).

Ionic conductivity as a function of the salt concentration

The temperature-dependent ionic conductivities of the
MP(70 : 30)-Z blended hybrid SPEs as a function of the [O]/[Li]
ratio are shown in Fig. 4(A). For all the electrolyte samples, it
was observed that ionic conductivity increased continuously with
the increase in temperature. The MP(70 : 30)-16 sample exhibi-
ted the maximum ionic conductivity values of 1.2 x 10™* S ecm ™"
and 8.3 x 107" S em™" at 30 °C and 80 °C, respectively, among
the salt concentrations investigated. The present ionic conduc-
tivity value is comparatively higher since most of the ionic
conductivity values reported for other organic-inorganic hybrid
SPEs are well below 10°* S ecm™" at 30 °C.2*** The observed
curve-like Arrhenius plots suggested that ionic movements fol-
lowed the Vogel-Tamman-Fulcher (VTF) behaviour, indicative of
ion transport through the segmental motion of polymers.

Generally, several factors can contribute to the total ionic
conductivity of an electrolyte, and these can be summarized by
the equation:

20378 | RSC Adv., 2017, 7, 20373-20383

View Article Online

Paper
(A)
-3.0 4
4 A
| |
', ; .
A
3.5 1 U a
—_ v : a 4 .
.E v [ ] 4 R
o 4 1 i
L 4.0+ v 2 a
; v | A
3 v H A(c)
o (b)
4.5 - v i)
v
v(d)
SO0T——T1 T T T T T 1
2.8 29 3.0 3.1 3.2 3.3 3.4 35
1000/T (K1)
(B)
4.0 -
-5.0
X
£ 6.0
2
6 7.0
[—
)
-8.0 —
1

11

1000/(T-To) (K1)

Fig. 4 Temperature dependence of: (A) ionic conductivity and (B) the
corresponding VTF fitting curves of the MP(70 : 30)-Z blended hybrid
SPEs with Z = (a) 32, (b) 24, (c) 16 and (d) 12. Inset of (A) shows the SEM
image of the MP(70 : 30)-16 blended hybrid SPE.

o(1) = mam, @

where n;, g; and y; are the number, charge and mobility of the
charge carrier i. As shown in Fig. 4(A), the ionic conductivity
initially increased with increasing the salt concentration,
reaching the maximum at an [O]/[Li] ratio of 16, and then
started to decrease for an [O]/[Li] ratio of 12. It can be realized
that the concentration of the charge carriers are enhanced with
the increase in the salt concentration in the electrolyte sample,
and thus results in an enhancement of the ionic conductivity.
However, this conductivity enhancement also has a limit at
a certain salt concentration, and when the amount of salt in the
hybrid electrolyte reached a certain level, the numbers and
mobility of the effective charge carriers were reduced, due to the
presence of accompanying ionic species, such as contact-ion
pairs or ion aggregates. Therefore, the ionic conductivity
decreased for the MP(70 : 30)-12 blended SPE with a higher salt
amount. Another important factor that can influence the ionic
conductivity is the T, value of the electrolytes, which is an
indication of segmental motion of the polymers. As seen in
Table 1, the T, values increased with the increase in salt

This journal is © The Royal Society of Chemistry 2017
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concentration, suggesting a reduction of the flexibility of the
blended SPEs. The increased T, values of the blended hybrid
SPEs suggested that the transient coordination of ether dipoles
with Li" cations restricted segmental movements of the poly-
mers, and thus caused a decrease in the free volume and ionic
mobility.*” Thus, the factors, such as the number of total charge
carriers, free ions, free volume and segmental movement of the
polymers, collaborate in a well suited way to make the
MP(70 : 30)-16 sample the most ion conductive sample in the
present blended hybrid SPE system.

The use of organosilanes in the synthesis mixture also
produces some sub-micron-sized in situ SiO, particles in the
present organic-inorganic hybrid blended electrolytes, as
observed in the inset SEM image of Fig. 4(A). The ionic
conductivity behaviour can be explained by the effective-
medium theory (EMT).**** The present hybrid blended SPE
can be viewed as a composite system that is composed of ion-
conducting polymer matrices accompanied with dispersed
silicate particles. The presence of these sub-micron SiO, parti-
cles reduce the polymer-cation interactions and suppress the
crystallinity, resulting in an enhancement in the ionic conduc-
tivity.®® Moreover, a highly conducting interface layer (grain
boundary) that can assist in the enhancement of the ionic
conductivity of the blended hybrid SPEs might be generated by
the polymer-SiO, interactions.’® Grain boundaries are sites of
high defect regions that may allow rapid ion movement. Such
grain boundaries between polymers and sub-micron SiO,
particles can act as channels for the free ions to pass through,
and thus facilitate rapid ion movement and increase the ionic
conductivity.*® Therefore, the in situ formation of sub-micron-
sized SiO, particles during the synthesis of organic-inorganic
hybrids plays a key role in achieving such a high conductivity
value for this blended hybrid SPE system. Furthermore, the
Lewis-acid-based interactions among the surface groups of
silicate particles, PEO/PPO segments and lithium salt anions
enhance the ionic conductivity.**** The Lewis acid -OH groups
on the silicate surface may interact with the ether oxygen atoms
of the PEO/PPO segments and ClO,  anion of the salt. This
results in a structural modification with a decrease in the PEO/
PPO chains reorganization and an increase in the amorphous
phase fraction, thereby creating Li‘-conducting pathways at the
surfaces of silicate particles. The interactions of -OH groups
with the ClO,~ ions reduce the ionic coupling and promote the
salt dissociation by forming ion-silicate-type complexes.* These
interactions facilitate the formation of more free ions, and thus
support the enhancement in ionic conductivity.

As the Arrhenius conductivity plots showed a VTF-like
character, the conductivity data were fitted with the VTF
equation:

o(T) = AT exp (R(T;fm) (5)

where A is a pre-exponential factor related to the concentration
of charge carriers, B represents the pseudo-activation energy
associated with the configurational entropy of the polymer
chains, R is the ideal gas constant, 8.314 J K mol *, and Tj, is
the ideal transition temperature at which the configurational
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entropy becomes zero. The conductivity data were well fitted
with eqn (5) when the T, value was chosen to be T, - 50 K by
following the reported literature on polymer electrolytes.*® As
observed in Fig. 4(B), the linearity of the plot of In(¢7°") vs. 1/(T
— Tp) confirmed the good interpretation of the VIF equation for
the conductivity behaviour. The fitting parameters used in the
VTF equation for the blended hybrid SPEs are summarized in
Table 1. It was found that the A parameter decreased when the
salt concentration was increased up to an [O]/[Li] ratio of 16,
and then it was reduced for [O]/[Li] = 12. The values of A4 varied
from 2.3 to 4.5 S ecm ' K *° for this hybrid SPE system.
Furthermore, the B parameter was in the range of 7.2-8.4 k]
mol ', which was comparatively lower and well matched with
the previously reported literature, suggesting the presence of
highly mobile ions in the current blended hybrid SPEs.>*>® The
good matching of the conductivity data with the VIF equation
implied that the transport of lithium ions mainly takes place via
the polymer segmental motions.

Transference number measurements

The cationic contribution to the ionic conductivity can be
evaluated by measuring the Li" transference number, which is
derived by the following equation from Evans et al.:*®

_ L(AV — LRy)

= L(AV — LR,) ©)

where AV is the applied potential, I, and I are the initial and
steady-state dc currents, and R, and R; are the initial and steady-
state resistances, respectively. The typical depolarization curve
of MP(70 : 30)-16 is shown in Fig. 5 and the values of ¢, for the
blended hybrid SPEs are presented in Table 1. As observed in
Fig. 5, the low frequency semi-circle is extended in the steady-
state condition in comparison to the initial state, suggesting
that a passivation layer on the lithium electrode was formed
that led to an enhancement in the interfacial resistance.’>*
This passive layer mainly consists of the lithium electrode and
the polymer, salt and other impurities derived from the

50 -
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Fig. 5 Typical depolarization curve of the MP(70 : 30)-16 blended
hybrid SPE.
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corrosion reaction products. Therefore, the establishment of
a concentration polarization of the anion and development of
the passivating layer resulted in the steady-state current, as
observed in Fig. 5. The interactions of the Li" cations with the
ether oxygen atoms of the different polymeric groups (EO and
PO segments) and the oxygen atoms in ClO,” limited the
movement of Li* ions. As a result, low ¢, values (<0.5) were ob-
tained in the present blended hybrid SPEs.*® It can be concluded
that the main contribution to the ionic conductivity came from
the anionic species of the blended hybrid SPEs, since the
transference number values of the lithium cations in the
MP(70 : 30)-Z blended hybrid SPEs were all lower than 0.5.

Determination of Li* ion mobility from the "Li static
linewidths

The temperature-dependent ’Li static linewidths measured
from “Li solid-state NMR provides information about the
lithium-ion mobility in the blended hybrid SPEs. Fig. 6 depicts
the temperature dependence of the 7Li static linewidths for the
MP(70: 30)-32 and MP(70: 30)-16 blended hybrid SPEs,
acquired under conditions of with and without "H decoupling.
As observed in Fig. 6, the linewidth evolution could be described

0 T T T T T 1
3.0 3.5 4.0 4.5 5.0 5.5
1000/T (K1)
(B)
6 —
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5 /’:r'/.\' —
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L H
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Fig. 6 Temperature dependence of the “Li static linewidths of (A)
MP(70 : 30)-32 and (B) MP(70 : 30)-16 blended hybrid SPEs, measured
(a) without and (b) with proton decoupling.
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by two flat regions separated by a temperature range, in which
the linewidths changed dramatically. A broad linewidth with
a full width half height (FWHH) of around 5 kHz was observed
at a low sample temperature (e.g. <—60 °C), which was well
below its T, value. At this stage, the mobility of lithium ions was
much hindered by the low temperatures, while the interactions
from either quadrupolar or internuclear dipole-dipole interac-
tions caused such a broad linewidth. With increasing the
sample temperature, the linewidth started to sharpen
approaching the T, of the samples. At —50 °C, the linewidths of
MP(70 : 30)-32 and MP(70 : 30)-16 were measured to be 4.6 and
5.1 kHz, respectively. This observed linewidth might come from
two interactions, that is, "Li-'H dipolar interactions and “Li-"Li
homonuclear interactions. When the proton decoupling tech-
nique was employed to eliminate the “Li-'H dipolar interaction,
linewidths of 0.95 and 1.0 kHz were obtained for the
MP(70: 30)-32 and MP(70:30)-16 samples, respectively.
Therefore, the “Li-'H dipolar interactions contributed 3.65 kHz
for MP(70 : 30)-32 and 4.1 kHz for MP(70 : 30)-16 to the total
lithium linewidths. Approximately 80% of interaction in the
MP(70 : 30)-32 and MP(70 : 30)-16 SPE samples was because of
the “Li-"H dipolar interactions. These “Li static NMR results are
comparable to those for the other reported SPEs.*"%*

From the NMR line narrowing data, it is also possible to
estimate the activation energy of the blended hybrid SPEs. The
activation energy (E,) can be obtained from the following

equation:*
o ™ AHT 2
= —tan|= [ —— 7
T [2 (ARL) ] v)

where 7. is the correlation time, 4yt and 4g;, are the FWHHSs at
a given temperature and in the rigid lattice, respectively, and
« is a constant of the order of unity. The onset temperature of
the rigid lattice linewidth for the MP(70:30)-32 and
MP(70 : 30)-16 samples took place around —50 °C. Considering
that 7. is thermally activated, the relationship becomes:

Te = 1o eXp(EL/kT) (8)

By fitting eqn (7) and (8), the E, values could be estimated
from the linewidth and were found to be 0.15 and 0.14 eV for
MP(70 : 30)-32 and MP(70 : 30)-16, respectively. The current E,
are comparable to other reported

values lower or

literature.®>¢*%>

"Li-{"H} MAS NMR study

The local environments of Li* cations in the MP(70 : 30)-32 and
MP(70 : 30)-16 SPEs were explored with the variable tempera-
ture "Li-{"H} (i.e. proton decoupled) MAS NMR measurements
in the temperature range of —90 to +90 °C. The most dominant
coordination sites for Li* cations are the ether oxygen atoms of
polyethers from the M-2070, ED2003 and PEGDGE, which
correspond to the peak observed at —1.0 ppm, as shown in
Fig. S4 (ESIf). The Li" cations coordinated with the oxygen
atoms of GLYMO were difficult to be detected due to the smaller
amount of GLYMO in the blended hybrids, while the lithium

This journal is © The Royal Society of Chemistry 2017
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linewidths were broad at —90 °C with FWHH values of 0.79 and
0.64 kHz for MP(70 : 30)-32 and MP(70 : 30)-16, respectively,
and then became narrower to 0.51 and 0.47 kHz at +90 °C,
suggesting that the mobility of lithium ions was enhanced with
increasing the sample temperature.

Electrochemical stability window of the blended hybrid SPEs

The electrochemical stability window of an electrolyte is an
important parameter that can be used to evaluate whether the
electrolyte can perform safely up to certain voltage limit in
a battery. The linear sweep voltammograms of the cell consist-
ing of the MP(70 : 30)-Z blended hybrid electrolytes sandwiched
in-between the lithium and SS electrodes are presented in Fig. 7.
The measurement was carried out from 0 to 6 V and at a scan
rate of 1 mV s~ . In the potential regions of 2 to 5 V, a small
background current flowed through the cell. The changes in the
stainless steel surface might contribute to the observed lower
current.®® When the voltage crossed over 5 V, the current
increased considerably, suggesting that the decomposition
process of the electrolyte had started. The oxidation of some
trace species generated a hump between 2 and 3.5 V for the
blended hybrid SPEs.®” One hump was also observed at a higher
voltage of 4.3 V for the MP(70 : 30)-32 blended hybrid electro-
lyte. Overall, the attainment of an electrochemical stability
window of over 5 V opens the opportunity for the presented
blend hybrid SPEs to be utilized in applications in high voltage
lithium-ion batteries.

Charge-discharge behaviour of the blended hybrid SPE

The highest ion-conducting sample MP(70 : 30)-16 was chosen
to fabricate the lithium-ion battery with upper and lower cut off
voltages of 3.6 and 2.2 V, respectively, at a current rate of 0.2C.
Fig. 8 shows the discharge capacity and coulombic efficiency of
the test cell for 100 cycles. As shown in Fig. 8, the cell delivered
an initial discharge capacity value of 110 mA h g~ . However,

200

150

100 —

50

Current density (WA cm2)

Voltage (V vs. Li/Li*)
Fig. 7 Linear sweep voltammetry curves of the cell prepared with the

MP(70 : 30)-Z blended hybrid SPEs with Z = (a) 32, (b) 24, (c) 16 and (d)
12.
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Fig. 8 Cycle performance and coulombic efficiency of the cell
fabricated with the MP(70 : 30)-16 blended hybrid SPE.

the capacity declined continuously and it delivered lower values
of 79 mA h g~ ! after 50 cycles and 61 mA h g~ " after 100 cycles.
The reduction in capacity was mainly attributed to the forma-
tion of a passivation layer at the lithium electrode/electrolyte
interface.®® Although the capacity retention was almost 72%
after 50 cycles, it gradually decreased and the cell finally
retained only 55% of capacity after 100 cycles. This suggested
that the formation of a passivation layer on the electrode
surface and the physical changes in the active materials grad-
ually enhance the cell's internal resistance and resist the charge
transfer between the hybrid SPE and the lithium anode, thus
resulting in the loss in discharge capacity with the increase in
cycle numbers. However, the capacity fading slowed down
between the 50th and 100th cycles, suggesting an improved
stability of the hybrid SPE with the electrodes.

As observed in Fig. 8, the first cycle coulombic efficiency
value was 97%, which slowly increased to above 99% at the 10th
cycle and then the value was continuously maintained above
99% up to the 100th cycle. The formation of the passivation
layer on the surface of the lithium electrode due to decompo-
sition of the electrolyte caused the irreversible capacity loss. The
formed passivation layer consumed part of the anode capacity
and resulted in an irreversible capacity loss, which led to a lower
coulombic efficiency value for the initial few cycles. On the other
hand, the passivation layer shielded the hybrid SPE from
further reduction by the lithium and helped to maintain stable
coulombic efficiency values of over 99% up to 100 cycles,
excluding the first 9 cycles. The high coulombic efficiency values
suggested good reversibility of charge transfer at the electrode/
electrolyte interface.

Morphological study of the blended hybrid SPE after the cycle
tests

The hybrid SPE membrane was recovered from the cell after the
charge—discharge cycling and subjected to a morphological
study by SEM to analyse whether the silicate particles were
uniformly dispersed or aggregated after the cycle tests. The SEM
images of the MP(70 : 30)-16 hybrid SPE membrane before and
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after the charge-discharge cycle test are displayed in Fig. S5(a
and b) (ESIf). As observed in the Fig. S5(a),} the hybrid SPE
membrane was quite smooth with uniformly dispersed sub-
micron silicate particles. After the charge-discharge cycles,
there was no obvious change related to particle aggregation or
cracking of the hybrid SPE membrane, suggesting good stability
of the hybrid SPE membrane (Fig. S5(b)). It also established
that the present hybrid membrane is able to prevent aggrega-
tion and delivers a suitable capacity in lithium-ion batteries.
The presence of silicate particles was confirmed from the EDS
spectrum presented in Fig. S5(c).t From the results, it can be
inferred that the present synthesis strategy successfully
prevents particle aggregation in the hybrid SPE membrane after
prolonged charge-discharge cycles.

Conclusions

In summary, a highly conductive hybrid SPE based on the
blending of two organic-inorganic hybrids was synthesized
successfully. The alkoxysilane (3-glycidyloxypropyl)trimethox-
ysilane was used to modify the amine ends of the polyethers and
poly(ethylene glycol) diglycidyl ether to design a silicate network
architecture along with the polymer networks. The blended
hybrid SPE possessed the maximum ionic conductivity value of
1.2 x 10°* S em ™" at 30 °C for the [O]/[Li] ratio of 16 and an
electrochemical stability window of over 5 V. The almost
amorphous structure of the blended hybrid SPEs at higher salt
concentrations was believed to make an important contribution
to the reported ionic conductivity as the amorphous networks
mainly contributed to the movement of ions in the SPEs.
Multinuclear solid-state NMR spectroscopy confirmed the
successful synthesis of the blended hybrids as well as the
interactions of Li" cations with the polymer chains. “Li solid-
state NMR further established that the main ion conduction
paths resulted from the segmental motions of polymer chains,
which was also verified through the VTF fitting results of the
ionic conductivity data. The good thermal stability of the
blended hybrid SPE is promising for enhancing the safety of
electrochemical devices if used. A test cell with the blended
hybrid SPE, lithium anode and LiFePO, cathode possessed an
initial discharge capacity value of 110 mA h g " at 0.2C and
a coulombic efficiency of about 99% up to 100 cycles. These
characteristic features of the present blend hybrid SPEs suggest
the good possibility of their use in high voltage lithium solid-
state batteries.
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