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Although various types of nanoparticle have been ubiquitously employed as additives to promote the
practical performances of composite polymer electrolytes (CPEs) in lithium-ion batteries, the influence
of the type of chemical bond between the core and canopy of the modified nanoparticle on the
properties of CPEs has rarely been investigated. Herein, two types of nanoparticle additive, namely, ionic
bond modified nanoparticles (IBNs) and covalent bond modified nanoparticles (CBNs), were prepared
conveniently based on nanosilica with different particle sizes in order to optimize the overall
performance of the electrolyte. Furthermore, the CPEs were fabricated by doping IBNs or CBNs as well
as lithium salts within a poly(ethylene oxide) matrix and their electrochemical properties were
investigated. The dramatic enhancement of the ionic conductivity of the CPEs resulted from the addition
of fillers into the system, and the improvement became more significant when the fillers were IBNs that
used the smaller silica nanoparticle as the core segment, due to the increased chain mobility, as
estimated by the smaller T4 value. Moreover, a broad electrochemical stability window was obtained in
the presence of IBNs, and the lithium-ion transference number of the system containing lithium
bis(trifluoromethanesulfonimide), which has large anions in the structure, was almost two times higher
than the CPEs using lithium perchlorate as the lithium source. Therefore, the synergistic effects of the
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Introduction

Lithium-ion batteries (LIBs) are one of the most important
electrochemical devices for energy storage and they play
a crucial role in the modern world because of their widespread
applications in  portable telecommunication devices,
computers, and hybrid electric vehicles. They have become an
indispensable part of our daily life due to their high energy
density and stable cycling performance.'* However, a series of
insecure events originating from the use of combustible organic
solvents in the system have aroused concern about the security
matters of LIBs. To prevent the risks of leakage and related fire
hazards, heavy and peculiar packaging structures have to be
applied to meet the stringent requisites, but such heavy
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protective packaging can lead to a reduction in energy density.?
As an alternative, the use of an all-solid construction has been
suggested as a preferred solution to these security problems
because it possesses several advantages, such as high safety due
to a lack of leakage, good chemical stability, and high flexibility
within the cell geometry.

As solid-state electrolytes, both ceramic electrolytes and
polymer electrolytes have been investigated systematically for
decades. From the perspective of materials, ceramic electrolytes
possess the characteristic of a wide electrochemical stability
window. However, the hard and brittle mechanical properties of
ceramic electrolytes could result in enhanced interfacial resis-
tance and weak interfacial contact with the electrodes in the
cell.*” Compared to ceramic electrolytes, solid polymer elec-
trolytes (SPEs) offer advantages, including good processability
and flexibility, and they even improve the stability of the cycling
performance under high voltage.>** Unfortunately, the original
SPEs still suffer from relatively poor ionic conduction, which is
less than 107> S em ™" at ambient temperature.*? It is generally
known that ionic transport takes place in the amorphous elec-
trolyte phase, in which conductivity is two or three orders of
magnitude higher than that in the crystalline regions.™

To reduce the crystallizing ability of the polymer electrolytes
and further improve the ionic conductivity, composite polymer

This journal is © The Royal Society of Chemistry 2017
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electrolytes (CPEs) with inorganic fillers incorporated into the
polymer skeleton have drawn significant attention from
researchers for developing state-of-the-art electrolytes to satisfy
the practical application of LIBs."** In CPEs, both the inor-
ganic fillers and polymer matrix retain their own characteristics,
and the performances of the composites hinge on the nature of
each segment, and also relate to the interactions between the
filler and matrix. It is well known that the blending of a filler
into a polymer matrix can elevate the ionic conductivity due to
the destruction of the crystal of the polymer and further
increase the amorphous phase. Moreover, the electrolyte/
electrode interfacial properties are improved simultaneously
because of the addition of additives.

Undecorated inert fillers, such as a-alumina,?® fumed silica,**
titanium dioxide,” magnesium oxide* and other metal oxides
have been used to blend with a polymer matrix to fabricate
CPEs. Furthermore, the electrolytes on which these composite
systems are based consist of varying types of functionalized
nanoparticle, and the evolution of electrolyte technology has
subsequently been fuelled by these backbone materials. The
inorganic fillers can indemnify the declension of the mechan-
ical properties resulting from low crystallinity. Most impor-
tantly, the ionic pathway formed in the interphase between the
fillers and polymer because of the embedding of these inorganic
particles can promote ionic conduction. Besides the pristine
state additives, functionalized particles have also been used as
fillers to fabricate CPEs. Archer and co-workers developed
a novel family of ionically modified nanoparticles that exhibit
liquid-like behavior in the absence of solvents.***” The core
nanostructure was commonly functionalized with a soft organic
shell through ion-exchange grafting, and the mobility of these
nanoparticles in the polymer was promoted.?® Thereafter, CPEs
were further fabricated by utilizing ionic liquid®*~* or sulfo-
nate** ionically tethered inorganic nanoparticles, which
exhibited gratifying mechanical and electrochemical perfor-
mances. On the other hand, covalently functional nanoparticles
have also been justified as effective additives to elevate the
properties of solid-state electrolytes.*® In addition, the size and
specific surface area of additives also play crucial roles in
enhancing the ionic conductivity of CPEs. Smart and Green-
baum investigated the effect of the filler size on the electro-
chemical properties of CPEs, which indicated that smaller
particles, such as those on the nanoscale grade, could improve
the physico-chemical performances and make them more
pronounced.** However, the researchers did not carry out
a detailed investigation to demonstrate the influence of the
functionalized fillers modified by the same component, but
with the connections between the core and canopy structure
differing as either an ionic bond or a covalent bond, on the
practical properties of CPEs.

In this study, two types of inorganic filler were fabricated
based on silica nanoparticles with different particle sizes
anchored on the same polyether composition; however, the
connection between the core segment and the canopy structure
was different. Specifically, on the one hand, silica was linked
with polyether by sulfo-amino ionic connection to fabricate
ionic bond modified nanoparticles (IBNs); on the other hand,
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silica was coupled with polyether through epoxy-amino associ-
ation to fabricate covalent bond modified nanoparticles (CBNs).
Furthermore, two types of CPE were fabricated with
poly(ethylene oxide) as the polymer matrix blended with lithium
perchlorates or lithium bis(trifluoromethanesulfonimide) and
a certain amount of IBN or CBN. The effect of the filler
composition was investigated to provide solid electrolytes with
high ionic conductivity and good mechanical stability, and the
enhancement became more significant when the fillers were
IBNs that consisted of smaller nanosilica, the lithium-ion
transference number became higher when lithium bis(tri-
fluoromethanesulfonimide) was used as the lithium source in
the system. The nanoparticles modified by an ionic bond were
successfully employed as effective fillers to fabricate ideal CPEs,
thus the CPEs composed of IBNs acted as potential candidates
for application in LIBs.

Experimental

Materials

Poly(ethylene oxide) (PEO, M,, = 6 x 10° g mol ', Acros),
LUDOX® SM colloidal silica (30 wt% suspension in H,O, Sigma-
Aldrich), 3-mercaptopropyltrimethoxysilane (MPTMS, 95 wt%,
Sigma-Aldrich) and 3-glycidoxypropyltrimethoxysilane (GPTMS,
98 wt%, Sigma-Aldrich) were used as received. Lithium
perchlorate  (LiClO,, Aladdin) and lithium  bis(tri-
fluoromethanesulfonimide) (LiTFSI, Macklin) were dried at
150 °C in a vacuum oven for 24 h and stored in a glove box
before use. The monoamine-terminated PEO derivative,
JEFFAMINE® M2070, was gained form Huntsman Co., Ltd.
Other chemicals, including alcohol, tetraethyl orthosilicate
(TEOS), ammonia, hydrogen peroxide, acetonitrile, lithium iron
phosphate (LFP), acetylene black (AB), polyvinylidene fluoride
(PVDF), and N-methyl-2-pyrrolidone (NMP) were purchased
locally. De-ionized (DI) water was used in all the experiments.

Preparation of nanosilica

According to the Stober method,* 330 mL of ethanol, 11 mL of
ammonia, and 110 mL of DI water in a 3-necked flask were
vigorously stirred at ambient temperature for 0.5 h. Then 20 mL
of TEOS was added quickly to the flask, and the reaction
continued with vigorous stirring for 24 h. After being washed
three times with ethanol, the silica nanoparticles were dried
under vacuum at 50 °C for 24 h.

Preparation of functionalized silica nanoparticles

The fabrication of the IBNs was inspired by the method
proposed in the literature.** MPTMS (10 mL) was dissolved in
ethanol (40 mL) to form a transparent solution. Then the
solution was dripped into nanosilica prepared previously (6 g)
and combined with DI water (180 mL) by intense mechanical
stirring (700 rpm). The reaction was carried out under reflux at
70 °C for 24 h. After being separated by centrifugation and
washing three times with ethanol to remove unreacted MPTMS,
the thiol coated silica nanoparticles, SiO,-SH, were obtained by
drying at 60 °C under vacuum for 24 h. The sulfonation of the
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silica nanoparticles (hereafter SiO,-SO;H) was further per-
formed by oxidizing the surface thiol groups of the silica into
sulfonic acid groups with 30 wt% H,0, solution at 25 °C for
24 h. Then, the IBNs were prepared by acid-base neutralization
between the sulfonic acid groups of the SiO,-SO;H and the
amino groups terminating on JEFFAMINE® M2070.%” Briefly,
Si0,-SO3H (10 g) was added to DI water, and the mixture was
ultrasonicated for 30 min to promote the dispersion of SiO,-
SO;zH in the solution. JEFFAMINE® M2070 (10 g) was also dis-
solved in DI water (50 mL) separately, and SiO,-SOz;H solution
was added with continuous stirring. The linking reaction was
allowed to proceed to completion over several days, and the
termination of the reaction was evaluated by the changes in the
pH value. The product was put into dialysis tubing and dialyzed
for several days in DI water to remove any remaining free
JEFFAMINE® M2070. The water was evaporated in a convection
oven and the product was dried extensively under vacuum and
stored in its dried form at room temperature. The variation in
the proportion of SiO,-SO;H to JEFFAMINE® M2070 caused the
difference in the grafting density of the ionic segment modified
on silica. In order to gain IBNs with various particle sizes,
LUDOX® SM colloidal silica was used as the core component to
fabricate the functionalized nanosilica via the same formerly
mentioned method.

CBNs were prepared by the following two steps: first, silica
nanoparticles (LUDOX® SM colloidal silica) were decorated
with GPTMS, and the reaction route was analogous to the
method for fabricating SiO,-SH. The purpose of this step was to
produce epoxide group modified silica, designated as SiO,-EP.
Second, following the similar procedure for preparing IBNs,
CBNs were synthesized facilely due to the covalent connection
between the epoxide group terminated on SiO,-EP and the
amino group of JEFFAMINE® M2070.*® The purification of
CBNs was also carried out according to the post-treatment
approach of IBNs.

Electrolyte preparation

The CPEs containing IBNs as fillers were prepared via solution
casting procedure.***® Appropriate amounts of IBNs, PEO, and
lithium salts (LiClO, or LiTFSI, EO/Li" = 16) were dispersed in
acetonitrile and stirred for 16 h at room temperature, and the
IBN content of the system was fixed at 30 wt%. After PEO was
dissolved in acetonitrile, the mixture was a homogeneous
composition, and this was then poured into a PTFE dish. The
solvent was slowly evaporated and further dried in a vacuum
drying oven for 48 h to eliminate the trace content of acetoni-
trile, and a solid-state flexible membrane was thus obtained.
The thickness of the film was kept at about 100 pm. This kind of
CPE consisted of different lithium salts, which were denoted as
CPE-IBN-LiClO, and CPE-IBN-LiTFSI. Moreover, the CPEs
composed of CBNs that used LiClO, as a lithium source (CPE-
CBN-LiClO,) were prepared following a similar procedure.

Physico-chemical characterization

The structure of the raw material, such as pristine SiO,, as well
as products including SiO,-SH, SiO,-SOz;H, IBNs, SiO,-EP, and
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CBNs were characterized via Fourier transformation infrared
absorption (FT-IR) spectroscopy using an FT interferometer
(Equinox 55, Bruker, Germany). The grafting densities of the
IBNs and CBNs were estimated by an STA449F3 Jupiter ther-
mogravimetric analyzer (Netzsch, Germany) in the temperature
range from ambient temperature to 800 °C at a heating rate of
10 °C min~ ' under a nitrogen atmosphere. All the samples were
dried at 60 °C under vacuum overnight before testing. Scanning
electron microscopy (SEM, Nova NanoSEM 450, FEI, Nether-
lands) and transmission electron microscopy (TEM, Tecnai G2
20, FEI, Netherlands) were used to evaluate the particle
morphology. Energy dispersive X-ray (EDX, Nova NanoSEM 450,
FEI, Netherlands) mapping was employed to detect the homo-
geneity of the fillers in the chemical composition. The crystal
structure of the CPEs was detected via the X-ray diffraction
(XRD, X’Pert PRO, PANalytical B.V., Netherlands) data using Cu
Ko radiation (40 mA/40 kV). Differential scanning calorimetry
(DSC) was performed on a Q2000 TA Instrument (USA) for
a temperature range of —90 to 150 °C under an argon atmo-

sphere at a constant heating rate of 10 °C min~ .

Electrochemical characterization

The ionic conductivity, electrochemical stability window, and
lithium-ion transference number were carried out on an Auto-
lab PGSTAT302N electrochemical test system (Eco Chemie,
Netherlands). The ionic conductivity was determined by the two
electrode AC impedance method over a frequency range from 1
MHz to 100 Hz using a sinusoidal amplitude modulation of
10 mV at temperatures ranging from 20 to 60 °C at 10 °C
intervals. An ionic conductivity measurement cell containing
two stainless steel (SS) electrodes was employed, and the cells
were held at each temperature for more than 30 min to equili-
brate prior to testing. The ionic conductivity was calculated by
utilizing the equation ¢ = L/(SR), where L is the thickness of the
electrolyte film, S is the contact area between the electrolyte and
electrode, and R is the bulk resistance of the electrolyte. The
electrochemical stability window of the CPEs was obtained by
linear sweep voltammetry (LSV) at a sweep rate of 10 mV s .
The samples were sandwiched between lithium foil and an SS
electrode in a coin cell CR2032 assembled in an argon-filled
glove box. The lithium-ion transference number (t.;") of the
polymer electrolyte was determined at 50 °C based on the
method described elsewhere.*** The impedance of the
symmetrical cell (Li|electrolyte|Li) was tested before and after
polarization with a fixed DC voltage pulse, AV = 20 mV. The
initial current is I,, and the current after decaying to a steady
state is denoted as I,. The equation t;;" = I(AV — I4Ro)/Io(AV —
I Ry) was used to calculate #;", where R, and Ry, are the
interfacial resistances before and after polarization.

Results and discussion
Fabrication of the inorganic fillers and electrolyte membranes

Two types of inorganic fillers were utilized in this study,
including IBNs and CBNs, which were prepared through
a simple and scalable method based on silica nanoparticles. A

This journal is © The Royal Society of Chemistry 2017
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schematic illustration of the fabrication routes of the fillers and
electrolyte membranes is shown in Fig. 1. The SEM micrograph
for nanosilica prepared via Stober method confirmed its nano-
particulate nature and Fig. 2a clearly showed that the nanosilica
grain size was estimated to be approximately 130 nm, after
grafting JEFFAMINE® M2070 through the ionic bond, and the
size of this kind of IBN was about 200 nm (Fig. 2b). However, the
size of the IBNs or CBNs fabricated based on LUDOX® SM
colloidal silica was about 20 nm (Fig. 2¢ and d). In this study,
only the type of filler was varied, the content of the fillers
remained constant for all CPEs (30 wt%), which was basically
targeted to understand the influence on the physical and elec-
trochemical properties induced by the additive structure. To
begin with, the electrolyte membranes consisting of only PEO
mixture were nearly translucent films; however, CPEs with
incorporated IBNs or CBNs resulted in opaque but white
membranes (Fig. Sla, ESIT). All the CPEs were flexible, indi-
cating that the mechanical property was improved because of
the addition of the fillers (Fig. Sib, ESIt).

By altering the grafting density, the compositions of the IBNs
were varied, which were denoted as IBNx(y), where x is the size
of the functionalized nanoparticles in nm and y is the weight
percentage of the component anchored on silica nanoparticles,
as obtained from the TGA results shown in Fig. 3. Like the IBNs,
the CBNs were denoted as CBN20(80). For the CPEs composed
of IBNs, two types of lithium salt, such as LiClO, or LiTFSI, were
used as the lithium source in the system, which were abbrevi-
ated to CPE-IBNx(y)-LiClO, or CPE-IBNx(y)-LiTFSI, respectively.
In contrast, the CPEs with embedded CBNs and LiClO, were
represented as CPE-CBN20(80)-LiClO,. The TGA diagrams
demonstrate significant weight loss, which originated from the
organic composition of the IBNs or CBNs. Otherwise, before
thermal decomposition, a slight weight loss of around 2% was
observed for some samples, and this was probably due to the
evaporation of the physically absorbed moisture.*® The

(a)
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Fig. 2 (a) The SEM image of nanosilica prepared via the Stober
method, (b) the TEM image of the IBNs fabricated based on this kind of
silica nanoparticles, and (c) the TEM images of the IBNs and (d) the
CBNs fabricated based on LUDOX® SM colloidal silica.

functionalized nanoparticles clearly exhibited the following two
types of distinct weight loss events: continuous rapid decom-
position at approximately 200 °C due to the degradation of the
anchored segment and the relatively slow weight loss region at
around 400-700 °C due to the intermolecular condensation of
the silica nanoparticles. The high decomposition temperature
of the IBNs or CBNs (approximately 200 °C) indicated their
outstanding thermal stabilities.

The IBNs were prepared via the sulfonation of silica nano-
particles, and subsequently the neutralization reaction between

(b)

IBNs or CBNs + Lithium Salts |
+ PEO + Acetonitrile I

Alcohol + H,O 30% H,0, N
+MPTMS — — + JEFFAMINE® M2070 —— /\\# =
S 70 °C, reflux, 24h . 259C, 24h . P8
00@ Si0,-SH Si0,-S0, (\vf‘ % "71
& 2
& . Sio, lonic Bond Modified Nanoparticles
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& 3
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Fig. 1

(a) A schematic illustration of the preparation procedure of IBNs and CBNs along with (b) the fabrication route of CPE-IBN and CPE-CBN

via the solution casting procedure. The chemical structures of the materials used in the process are also shown.
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Fig. 3 The TGA results for IBNs and CBNs.

Si0,-SO;H and JEFFAMINE® M2070 was promoted. Moreover,
CBNs were prepared by a covalently linked reaction between the
epoxide group decorated silica nanoparticle (SiO,-EP) and
JEFFAMINE® M2070 (Fig. 1). The FT-IR spectra of the pristine
silica, Si0,-SH, SiO,~SO3H, IBN20(79), SiO,-EP, and CBN20(80)
are shown in Fig. 4. For bare silica, the characteristic absorption
peak of the tetrahedral silica structures at 1105 cm™* (Si-O
stretching), as well as the Si-O-Si bending peak at 808 cm ™" are
both observed. In the spectrum of SiO,-SH, there is a small
peak at 2556 cm ' (S-H stretching), indicating the existence of
a thiol group. Moreover, the peak at 1342 cm ™" corresponding
to the C-H bending vibration can also be observed. In the
spectrum of SiO,-SO;, the S-H stretching vibration peak
disappears; however, three characterization peaks at 1192 cm ™"
(S=O0 stretching), 1053 cm ™" (S=O stretching), and 741 cm™
(S-O stretching) emerge, indicating the oxidation of the thiol

1

[ Pristine SiO2
e 2
SiO2-SH

808

[ Si02-S03H
IBN20(79)

[ SiO2-EP

CBN20(80)

Transmittance (%)

798

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 4 The FTIR spectra of pristine SiO,, SiO,-SH, SiO,-SOzH,
IBN20(79), SiO,—EP, and CBN20(80).
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group into a sulfonic acid group. Compared to Si0,-SO3;, a peak
at 1468 cm ™ attributed to the NH,;" deformation vibration is
observed for IBN20(79), demonstrating the ionic modification
of the silica nanoparticle. As illustrated in the spectrum of SiO,-
EP, the peak at 910 cm ' (epoxy stretching) elucidates the
successful grafting of the epoxy group on silica. However, the
characteristic epoxy band at 910 cm ™" disappears in the spectra
of CBN20(80), indicating the complete reaction of most of the
epoxy groups with the amino groups. Furthermore, the peak at
798 em™ ", which originates from the tertiary amine deforma-
tion vibration, also proves that JEFFAMINE® M2070 has been
coated on the surface of the silica by covalent connection via the
epoxy-amino reaction.

The physical properties of the electrolyte membrane

To confirm the influence of the added IBN or CBN inorganic
fillers on the CPEs and the changes in the crystalline structure
of the as-fabricated electrolyte, XRD measurements were carried
out at room temperature (Fig. 5), and the FWHM value for the
diffraction peak of each sample could be concluded from Fig. S2
(ESIT). Compared to the XRD pattern of the solid polymer
electrolyte composed of only PEO and LiClO, (EO/Li" = 16)
without any blended additive (hereafter abbreviated as SPE-
PEO-LiClO,), the characteristic diffraction peaks of the crystal-
line PEO between 20 = 17° and 25° became weaker and broader
when IBNs or CBNs were introduced to the electrolyte system,
thus indicating that the coordination interactions between the
fillers and the polymer matrix could decrease the crystallinity of
PEO.**** The phenomenon became more obvious when the
fillers were IBNs. In addition, the diffraction peaks of CPE-
IBN20(79)-LiClO,, CPE-CBN20(80)-LiCl0,, and CPE-IBN200(68)-
LiClO, were all slightly smaller than those of the sample con-
sisting of PEO doping with LiClO, (EO/Li* = 16) and the silica
nanoparticles fabricated via the Stober method mentioned

—— SPE-PEO-LIiCIOs4

—— CPE-Si02130-LiClO4
—— CPE-CBN20(80)-LiClO4
—— CPE-IBN200(68)-LiClO4
—— CPE-IBN20(79)-LiClO4

Intensity (a.u.)

20 (degree)
Fig.5 The XRD patterns of CPE-CBN20(80)-LiClO4, SPE-PEO-LIClO,4

and the CPEs containing IBNs with various grafting densities. The
weight ratio of the fillers in the CPEs was fixed at 30 wt%.

This journal is © The Royal Society of Chemistry 2017
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above at 30 wt% (hereafter abbreviated as CPE-Si0,130-LiClO,,
where 130 was the particle size estimated by SEM, Fig. 2).
Because the grain size of the additive and the type of lithium
salt were also similar in CPE-IBN200(68)-LiClO, and CPE-
Si0,130-LiClO,, the smaller diffraction peak in the XRD pattern
of CPE-IBN200(68)-LiClO, arose from the shell segment grafted
on the surface of the silica nanoparticles, which increased the
amorphous domain of the PEO matrix in the system. Unfortu-
nately, obvious aggregation of the pristine SiO, emerged in CPE-
Si0,130-LiClOy, illustrated in the EDX micrograph, and in
contrast to this result, CPE-IBN200(68)-LiClO, was comprised of
well-dispersed spherical nanoparticles (IBN200(68)) due to the
balanced charge caused by sulfo-amino neutralization between
the core and shell structures (Fig. S3, ESIT).

The thermal behaviors of the CPE samples, evaluated by
DSC, together with those of JEFFAMINE® M2070, IBN20(79),
CBN20(80) and the SPE-PEO-LiClO,, are shown in Fig. 6. The
glass transition temperature (Ty) is known to be a crucial factor
that influences the ionic conductivity of the polymer electro-
lytes, as ionic transference occurs only in the amorphous region

/ 5{4.34 °C (Te)
T - ~ ——SPE-PEO-LiCIOs
—— CPE-CBN20(80)-LiCIOs
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Fig. 6 The DSC curves of JEFFAMINE® M2070, IBN20(79),

CBN20(80), CPE-CBN20(80)-LiClO,4, SPE-PEO-LICIO4 and the CPEs
containing IBNs with various grafting densities and grain sizes under
both cooling and heating processes.
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(above Ty) of the polymer matrix. Thus, the composite material
with low value of T, is more advantageous to ionic conduction.*
As illustrated in both the DSC curves and Table 1, the T, of
JEFFAMINE® M2070 is —66.24 °C, which is a relatively low value
because JEFFAMINE® M2070 is a viscous liquid due to the
smaller molecular weight of around 2000 g mol ~*. However, the
T, of IBN20(79) is enhanced to —43.85 °C, and the T, of
CBN20(80) is further increased to —22.24 °C. The obvious
enhancements of T, indicate that the segment mobility of
JEFFAMINE® M2070 is suppressed when the silica nano-
particles are anchored to JEFFAMINE® M2070 through chem-
ical connection, and the trend become more distinct owing to
the covalent linkage between the inorganic core and organic
shell. The CPE-IBN series have much lower T, values than those
of SPE-PEO-LiClO, as well as CPE-CBN-LiClO,, indicating the
generation of a weak ion-dipole interaction in the system
because of the introduction of IBNs. It is noteworthy that,
compared with the higher T, of SPE-PEO-LiClOy, the T, values of
the IBN20(79) and CPE-IBN20 samples are all approximately
—40 °C, suggesting that the improved mobility of the polymer
chains in CPEs mainly originates from the activity of the teth-
ered polyether grafted on the surface of IBNs. In addition, the
same phenomenon can be found in the CPE-CBN series because
the T, values of CBN20(80) and CPE-CBN20(80)-LiClO, are
almost the same and —20 °C, demonstrating that the organic
segment functionalized on the silica nanoparticles dominates
the polymer chain mobility of the CPEs. IBNs and CBNs possess
the same shell structure (JEFFAMINE® M2070), and the
significant distinction in the thermal features of CPE-IBN and
CPE-CBN merely results from the type of linkage between the
core and shell segments of the two types of nanoscale filler.
Moreover, the T, of CPE-IBN200(68)-LiClO, is —32.28 °C, which
is around 10 °C higher than the values of the CPEs embedding
IBNs with a grain size of 20 nm. Clearly, the small particle sizes
lead to an increase in the specific surface area, and the
dispersed low-particle-size fillers influence the recrystallization
kinetics of the PEO matrix, thus ultimately improving the

Table 1 The composition and thermal behavior of JEFFAMINE®
M2070, IBN20(79), CBN20(80), CPE-CBN20(80)-LiClO,4, SPE-PEO-
LiClO4 and the CPEs containing IBNs with various grafting densities
and grain sizes at a certain weight ratio of 30 wt%

Entry” Ty/°C T./°C Teel°C
JEFFAMINE® M2070 —66.24 b P
IBN20(79) —43.85 —b >
CBN20(80) —22.24 b b
CPE-IBN20(71)-LiClO, —40.41 b 12.43
CPE-IBN20(74)-LiClO, —40.74 — 11.00
CPE-IBN20(79)-LiClO, —43.40 > 2.29
CPE-IBN20(85)-LiClO, —46.08 - —4.97
CPE-IBN200(68)-LiClO —32.28 44.34 b
CPE-CBN20(80)-LiCl0O, —14.87 32.78 b
SPE-PEO-LiClO, —12.54 40.18 -

¢ LiClO, is used for all the entries (EO/Li" = 16), and the weight ratio of
the fillers is fixed at 30 wt% in all the CPE entries. ” No signal observed
in the DSC curves.
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localized amorphous regions.***” On the other hand, the
obvious exothermic peaks can be observed in the DSC curves of
CPE-IBN200(68)-LiClO,, CPE-CBN20(80)-LiClO,, and SPE-PEO-
LiClO, during the cooling process, which are attributed to the
crystalline transition of the materials. The peak temperature of
crystallization (7.) for the three entries is 44.34, 32.78 and
40.18 °C, respectively. Very interestingly, no exothermic peak
appears in the cooling procedure for the CPE-IBN20 series,
indicating that crystals cannot be formed during cooling.
However, the clear existence of the exothermic peaks in the
heating DSC curves of the CPE-IBN20 series due to cold crys-
tallization indicated the formation of crystals. Furthermore, the
cold crystallization temperature (T..) gradually shifts to the
lower temperature region with increasing grafting density of the
IBNs. Obviously, the shift of T¢.. to a lower temperature is related
to the nucleation effect of the pre-existing PEO crystallites,
which promotes the occurrence of cold crystallization at a rela-
tively low temperature.”® The other possibility is related to the
enhanced mobility of the molecular chains, which is induced by
the increase in the free polymer chains on the shell structure of
the IBNs due to weaker ionic connection. The test conditions,
viz. the cooling/heating rate, remained unchanged for all the
DSC measurements, therefore, the differences in the crystalli-
zation behavior were mainly caused by the composite structure.
The above mentioned results indicate that CPE-IBN tends to
form an amorphous phase more obviously when the grain sizes
of the fillers are smaller, and the mobility of the molecular
chains is improved. Therefore, we suggest that the IBNs play
a dual role in the composite electrolyte: the core structure
depresses crystallinity similar to the performance in other
organic-inorganic hybrid electrolytes, and the shell segment
acts as an extra plasticizer to retard crystallization because of
the free state induced by ionic linkage.

Electrochemical properties of the electrolyte membrane

The ionic conductivity is a crucial property for the application of
solid-state electrolytes in energy storage devices.*’ Fig. 7 exhibits
the temperature dependence of the ionic conductivities for CPE-
CBN20(80)-LiClO,, SPE-PEO-LiClO,, and CPE-IBNSs consisting of
various fillers sizes and lithium salts. As expected, the ionic
conductivity increases with increasing temperature for all the
samples owing to the faster movement of the ions and improved
flexibility of the polymer chains. The ionic conductivities of the
CPEs are higher than those of SPE-PEO-LiClO, at all tempera-
ture ranges investigated, indicating that the addition of IBNs or
CBNs enhances the ionic conductivity of the composite solid
electrolyte. Furthermore, most CPEs containing IBN20 and
LiClO, exhibit higher ionic conductivity than CPE-CBN20(80)-
LiClO,, and CPE-IBN20(79)-LiClO; owns the highest ionic
conductivity of 3.74 x 107> S ecm™' at ambient temperature,
which is attributed to the lower T, of the material and which
promotes polymer chain relaxation.®® In other words, the
enhanced ionic conductivity of CPE-IBN20 can be attributed to
the incorporation of the ionic bond coated nanoscale fillers.
The increase in the ionic conductivities of the CPEs compared
to that of SPE-PEO-LiClO, also arises from the reduction in the
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Fig. 7 The ionic conductivities of CPE-CBN20(80)-LiClOg4, SPE-PEO-
LIClO4 and the CPEs containing IBNs with various grafting densities
and grain sizes at a certain weight ratio of 30 wt% as functions of the
temperature.
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crystallinity of the PEO phase by adding ceramic fillers (IBNs or
CBNGs), as explained in Fig. 5. But, undeniable as it is, the ionic
conductivity of CPE-IBN20(85)-LiClO,, which is composed of
fillers with more ionic content, is a little lower than that of CPE-
IBN20(79)-LiClO,. This result indicates that ionic conductivity is
not only caused by the relaxation of the polymer chains, but also
the lithium ion mobility. A higher grafting density is associated
with high melt viscosity, which hampers the lithium ion
conduction. In addition, when IBNs with relatively large grain
sizes (=200 nm) are used as fillers in the CPEs, the ionic
conductivity is obviously lower than CPE-CBN20(80)-LiClO, in
contrast. As is known, the cation-anion coupling can be
reduced because of the interaction between the anions and the
surfaces of the nanoparticles, the nanoparticle surface-polymer
interface can form a new ionic pathway for promoting ionic
conduction,* and the improvement will be more prominent as
the filler sizes trend to smaller. Clearly, the differences between
the ionic conductivities of CPE-IBN20(79)-LiClO, and CPE-
IBN20(79)-LiTFSI are subtle, indicating that the ionic conduc-
tivities obtained in this study yield no definitive trends
regarding the type of lithium salt. Consequently, the conduc-
tivity performance of the CPEs is determined by the synergistic
effect between the type of the chemical bond of the modified
additives, as well as the grafting densities and grain sizes of the
functionalized fillers.

The electrochemical stability window of the CPEs was
observed by LSV, and the resulting LSV curves are shown in
Fig. S4 (ESIt). The anodic current onset in the current-voltage
curve is related to the electrochemically oxidized decomposition
of the electrolyte. The LSV results of the CPEs show that no
decomposition in the electrolyte takes place below 5.0 V vs. Li'/
Li, revealing that the CPEs have high anodic stability. Fig. S5
(ESIT) shows the results of DC polarization and the AC imped-
ance measurements for the CPE-IBN20(79)-LiTFSI system.

This journal is © The Royal Society of Chemistry 2017
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Table 2 The ionic conductivity and lithium-ion transference number
of CPE-CBN20(80)-LiClO,4, SPE-PEO-LIClO4 and the CPEs containing
IBNs with various types of lithium salts

Entry® a®/s em™? tu”
CPE-IBN20(71)-LiClO, 3.04 x 107° 0.22
CPE-IBN20(74)-LiClO, 4.66 x 10°° 0.21
CPE-IBN20(79)-LiClO, 3.74 x 107° 0.22
CPE-IBN20(85)-LiClO, 1.52 x 107° 0.23
CPE-IBN200(68)-LiClO, 1.69 x 107° —
CPE-IBN20(79)-LiTFSI 3.57 x 107° 0.44
CPE-CBN20(80)-LiClO, 4.69 x 107° —<
SPE-PEO-LiClO, 4.61 x 1077 —°

“ The weight ratio of the fillers is fixed at 30 wt% in all the CPE entries.
b The data shown here is the ionic conductivity at 30 °C. ¢ Not detected
for these samples.

Because the free anions in the composite can be trapped by the
functionalized ceramic fillers, which has been proven by our
previous studies,® the obtained ¢;;" is 0.44. The other ¢;;" values
of the CPE-IBN-LiClO, samples are listed in Table 2. These
values are almost the same as those for PEO-based electrolytes,
which exhibited #;" below 0.4.5

Conclusions

In this study, ionic or covalent bond modified nanoparticles
(IBNs or CBNs) were synthesized successfully. The composite
polymer electrolytes composed of PEO-LiClO,/LiTFSI as well as
IBNs or CBNs were prepared as thin films by a solution casting
process, and their electrochemical properties were investigated.
Compared to the bare PEO based electrolyte without blended
nanoscale fillers, the CPEs exhibited enhanced ionic conduc-
tivities at ambient temperature when a certain content (30 wt%)
of additives was added, and the improvement became more
exciting when the fillers were IBNs with smaller grain size. The
results indicated that the core materials of the IBNs could
depress the crystallization of the polymer matrix, the shell
segment acted as an extra plasticizer to retard crystallization
due to the free state induced by the weak ionic connection, and
the improvement became more significant when the filler size
was smaller. Furthermore, when LiTFSI was embedded in the
system, the lithium-ion transference number was almost two
times higher than those of the CPE-IBN-LiClO, samples because
of the large anions in the structure of LiTFSIL In a word, the
performances of the CPEs were mainly influenced by the type of
chemical bond of the modified additives, together with the
grafting densities and particle size of the modified silica
nanoparticles. The enhanced ionic conductivity and good elec-
trochemical stability indicate that IBNs are efficient fillers for
promoting the performances of solid-state electrolytes, and
thus it is expected that CPE-IBN can potentially be applied to
solid-state LIBs.
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