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ABSTRACT: Illite particles were exfoliated by the intercalation and subsequent deintercalation of dimethyl sulfoxide (DMSO) in the

interlayer of illite, and the exfoliated illite particles were used to prepare a novel poly(ethylene oxide) (PEO)–illite nanocomposite.

The resulting exfoliated illite and PEO–illite nanocomposites were characterized by X-ray diffraction (XRD), fourier transform infra-

red (FTIR) spectroscopy, scanning electron microscopy (SEM), differential scanning calorimetry, ion conductivity testing, thermog-

ravimetry analysis, and mechanical testing. The XRD results showed that the acid treatment of illite to exchange K1 in the interlayer

of illite with H1 was a necessary condition for the DMSO intercalation. SEM micrographs confirmed the exfoliation of the illite par-

ticles in the process of DMSO deintercalation from the interlayer of the illite–DMSO intercalation complex. A good dispersion of

exfoliated illite in the PEO matrix was also confirmed. A gradual decrease in the PEO crystallinity in the PEO–illite nanocomposites

was observed with increasing exfoliated illite concentration. The ion conductivity of the nanocomposites gradually increased with the

filler content and reached 3.21 3 1025 S/cm at an illite concentration of 20 wt %. The formation of an amorphous region around the

exfoliated illite was beneficial for Li1-ion conduction. The ion conductivity significantly increased when the amorphous regions were

connected to each other to form a conducting path for Li1 ions with a high filler concentration of greater than 10 wt %. Meanwhile,

the thermooxidative stability and mechanical properties of the PEO–illite nanocomposites were also enhanced when exfoliated illite

was introduced into the polymer matrix. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44226.
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INTRODUCTION

Poly(ethylene oxide) (PEO) is one of the most promising solid

polymer electrolytes (SPEs) because of its flexible molecular

chain structure and its ability to dissolve salts; this ensures a

high ionic mobility. Ion conduction in PEO systems has

attracted great attention in terms of both fundamental and

applied studies.1–3 Because of the high crystallinity of PEO, cat-

ion transport can only be achieved through local segmental

motion; this corresponds to a low ion conductivity of 1027 S/

cm or lower. For this reason, many different methods have been

used to minimize the concentration of the PEO crystalline

phase while maintaining its flexibility and mechanical stability,

and this extends over a wide temperature range.4,5 One of the

most effective methods has been the addition of inorganic filler

materials to PEO.6–9

Among numerous materials that have been tested as fillers, lay-

ered clays, for instance montmorillonite (MMT), have become a

research focus. Ruiz-Hitzky and Aranda10 showed that the inter-

calation of PEO molecules into the silicate layers reduced the

polymer crystallization, and this led to a higher conductivity

compared to that in PEO systems without clay nanoparticles.

Kim et al.11 investigated the effects of organic MMT in the PEO

matrix on the ion conductivity and found that polymeric elec-

trolyte nanocomposites containing organic MMT showed a

higher conductivity than those with Na1-MMT because of the

increased interlayer spacing of organic MMT. Zhang et al.12 also

prepared a PEO–MMT SPE with octadecylamine-modified

MMT as the filler with the aim of improving the lithium-ion

conductivity, and the resulting SPE was used for all-solid-state

lithium–sulfur batteries. In addition, Chen et al.13 showed that

ion-exchanged Li-MMT clays could also be used as fillers to

improve the ion conductivity of the PEO matrix.

Most of these research efforts have focused on MMT because of

its cationic exchange capacity and its ability to participate in
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intercalation and swelling processes. Also, it has been pointed

out that the properties of polymer–clay nanocomposites also

depend on the type of clay used.14 This prompted us to survey

the possibility of the formation of novel nanocomposites with

different types of clays.

Illite is a clay mineral containing one [Al2(OH)4]21 octahedral

layer sandwiched between two (Si2O5)22 tetrahedral sheets.15 It

is a nonexpanding, clay-sized 2:1 layered mineral with potassi-

um as the interlayer cation, and it is more abundant than

MMT, composing 50% of mineral materials on earth.16 More-

over, illite is a mica clay with larger nanolayers, whereas MMT

is a smectite clay with smaller nanolayers.17 The higher aspect

ratio, which is due to the larger nanolayers of illite, contributes

to enhanced properties, such as mechanical and thermomechan-

ical properties and thermal stability, when a polymer–illite

nanocomposite is formed.17 Hence, illite as an inorganic filler

for hybrid organic–inorganic nanocomposites is very attractive

from a commercial aspect. The structural characteristics of illite

suggest that illite may also be a useful filler for improving cer-

tain properties of the PEO matrix, such as the ion conductivity,

mechanical properties and thermal stability. Meanwhile, it has

been noticed that the particle size of an inorganic filler signifi-

cantly affects the properties of the polymer matrix. If layered

illite can be exfoliated and dispersed homogeneously in the

PEO matrix on the nanometer scale, certain properties of the

PEO matrix may be significantly improved. However, most

studies involving polymer–clay nanocomposites have been about

polymer–MMT nanocomposites, and there have been only a

few studies about polymer–illite composites as far as we know.

Reports on PEO–illite nanocomposites with layer exfoliated illite

as an inorganic filler have been very rare.

In this study, we first prepared an illite–dimethyl sulfoxide

intercalation complex (ID) with acidified illite and DMSO.

Then, the DMSO molecule in the interlayer of ID was deinter-

calated to form the exfoliated illite. The exfoliated illite was

used as a filler to prepare PEO–illite nanocomposites. A series

of tests were used to characterize the as-prepared exfoliated illite

and PEO–illite nanocomposites. The effects of the exfoliated

illite on the crystallinity, ion conductivity, thermal stability, and

mechanical properties were studied to evaluate the possibility of

this PEO–illite nanocomposite as an SPE.

EXPERIMENTAL

Chemical

Dimethyl sulfoxide [DMSO; analytical reagent (AR)], anhydrous

ethanol (AR), 68 wt % HNO3, lithium perchlorate (LiClO4;

AR), PEO (molecular weight 5 5.0 3 105), and acetonitrile (AR)

were purchased from Beijing Chemical Reagent Co. PEO and

LiClO4 were dried in a vacuum oven for 24 h at 50 and 120 8C,

respectively. Illite was collected from Antu County (Jilin Prov-

ince, China), and it was purified before use.

Purification of Illite

A soil slurry was prepared from raw illite (15 wt %) and deion-

ized water (85 wt %) and left overnight. After uniform agitation

for 3 h and placement for 0.5 h, the settled impurities were sepa-

rated out. Then, the upper soil slurry was suction-filtered, dried

at 60 8C, and ground; then, it was passed through a 100-mesh

screen. The obtained sample was purified illite (PI).

Intercalation and Exfoliation of Illite

Pretreatment of Illite. The PI was pretreated via thermal activa-

tion and acidification. The PI was put into a muffle furnace and

heated at 600 8C for 1 h. Then, the sample was cooled down to

form thermally activated illite.

In the process of acidification, 5 g of PI was added to 100 mL of

a 2 M HNO3 solution. The mixture was stirred in a magnetic

stirrer and kept at 95 8C for 3 h, and then, it was suction-

filtered, washed to neutral with distilled water, and dried at

60 8C to form acidified illite.

Intercalation of Illite. An amount of 2 g of acidified illite,

50 mL of DMSO, and 5 mL of distilled water were mixed. After

the mixture was stirred for 1 h with a magnetic stirrer, it was

put into a microwave reactor (MKM-H1A, Qingdao Makewave

Co., Ltd.) for 50 min. Afterward, the sample was filtered and

fully washed with anhydrous ethanol to remove the excess

DMSO. After it was dried at 60 8C, the obtained sample, ID,

was obtained. To study the effects of the thermal activation and

acidification on DMSO intercalation into the interlayer of illite,

the PI and thermally activated illite were also subject to the

same process as was the acidified illite to prepare ID.

Exfoliation of Illite. In the exfoliation experiment, the mixture

containing acidified illite, DMSO and distilled water after

microwave treatment but without filtering was put into an

ultrasonicator (PL-J40, Dongguan Kangshijie Ultrasonic Co.,

Ltd.) for 1 h of ultrasonic treatment at 70 8C. Then the mixture

was centrifuged at 4000 rpm to separate the precipitate. The

obtained precipitate was washed with anhydrous ethanol to

remove the excessive DMSO to form the exfoliated illite sample

(IDE).

Preparation of the PEO–Illite Nanocomposites

The preparation of the PEO–illite nanocomposites involved first

the dispersion of PEO in acetonitrile. Agitation was performed

for 6 h at 60 8C so that PEO was completely dissolved in aceto-

nitrile. Then, LiClO4 in a molar ratio of ethylene oxide to Li of

8:1 and different weight percentages of exfoliated illite were

added to the solution of PEO and acetonitrile, and another agi-

tation was started for 48 h at 60 8C. The mixtures were poured

into Teflon plates and evaporated at 60 8C in a vacuum oven.

The samples were denoted as PL–IDE-X, where PL means PEO-

LiClO4 system and X is the percentage mass ratio of IDE. For

example, PL–IDE-15 refers to the PEO–illite nanocomposite

made from PEO, LiClO4, and 15 wt % IDE (relative to the

weight of PEO and LiClO4). For comparison, PI was also used

to prepare the PEO–illite composite under the same conditions,

and the product was denoted as PL–PI-15, where the mass ratio

of PI was 15 wt %. The PL–IDE-0 sample without illite filler

was named PEO–LiClO4 (PL).

Characterization

An X-ray diffraction (XRD) study of the prepared samples was

performed with an X’Pert PRO diffractometer with Cu Ka radi-

ation (1.5418 Å) at 50 kV and 250 mA.
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The Fourier transform infrared (FTIR) spectra of the samples

were obtained on a Nexus-670 FTIR spectrometer. The samples

were prepared as KBr pellets.

A JSM-6700F scanning electron microscope was used to observe

the morphologies of the samples at 8 kV.

Differential scanning calorimetry (DSC) analyses was performed

with a JY-DSC533 DSC instrument (Shanghai Qingyi Co., Ltd.).

The samples were loaded in a sealed aluminum pan, and meas-

urements were done in the range 30–125 8C at a heating rate of

5 8C/min under an N2 atmosphere.

Impedance spectroscopy was used to determine the ion conduc-

tivity of the PEO–illite nanocomposites. The measurements

were carried out in the frequency range of 10 Hz-10 KHz

(VMP3 potentiostat–galvanostat, Biologic Instruments). The

conductivity was measured by the sandwiching of the PEO–illite

nanocomposite film between the stainless steel electrodes. The

conductivity values (rs) of the nanocomposite systems were

calculated from the intercept of real part of the complex-plane

impedance plot with the following equation:

r 5 ð1=RbÞðt=AÞ

where t is the thickness of the PEO–illite nanocomposite film,

Rb is the bulk resistance of the nanocomposite film, and A is

the area of the film.11

Thermogravimetry analysis (TGA) was performed with a WCT-

2C thermoanalyzer (Beijing Optics Apparatus Co., Ltd.).

Approximately 10 mg of sample powder was heated in a plati-

num crucible from 30 to 800 8C at a rate of 10 8C/min under a

natural air atmosphere and Al2O3 was used as the inert refer-

ence. Methods for investigating the thermooxidative stability by

TGA included decomposition temperature analysis at weight

losses of 10 wt % (T210%) and 50 wt % (T250%) obtained from

the TGA curves and the mass losses of the polymer between

250 and 400 8C.18

The mechanical properties of the prepared PEO–illite nanocom-

posites were evaluated by tensile testing at room temperature.

Samples were cut to dumbbell shapes according to ISO/R 527-

1966E. The thickness of each sample was measured at six differ-

ent points with a micrometer, and the average was taken. Sam-

ples were then drawn with a universal testing machine (AG-IS,

Shimadzu) at a stretching speed of 20 mm/min. The results pre-

sented are the mean values of six independent measurements.

RESULTS AND DISCUSSION

Intercalation and Exfoliation of Illite

XRD Analysis of the Purified and Pretreated Illite. Figure 1

shows the XRD patterns of illite after purification and pretreat-

ment. Obvious characteristic peaks of illite appeared in the

XRD pattern of the raw illite, shown in Figure 1(a), and quartz

and calcite impurities were also found in the raw illite. After

the purification treatment, the diffraction peaks of quartz and

calcite almost disappeared from the XRD pattern of PI, shown

in Figure 1(b); this indicated that this was an effective purifica-

tion process for removing impurities. Thermal activation and

acidification was performed after the purification process of

illite. There was little change in the XRD pattern of the thermal-

ly activated illite except for some slight intensity changes in the

(001), (002), and (003) lattice planes [Figure 1(c)] when com-

pared to PI; this showed that the heating treatment at 600 8C

for 1 h did not obviously influence the structure of illite but

only slightly loosened the structure. In comparison, there was a

change in the XRD pattern of the acidified illite. As shown in

Figure 1(d), the (001) lattice plane of illite became broad and

asymmetric; this suggested the elastic deformation of illite

layers.19 This situation resulted from the part cation exchange

occurring in the process of the acidification of illite. A certain

amount of K1 in the interlayer of illite was exchanged with H1

from HNO3; this led to the deformation of illite layers because

of the different sizes of H1 and K1 ions.20 Meanwhile, the octa-

hedral and tetrahedral structures remained stable for the main

part of illite after the acid treatment. That was the reason why

we observed similar XRD patterns of PI and acidified illite in

Figure 2(b,d), except for in the d001 reflection shape.

Figure 1. XRD diffraction patterns of the (a) raw illite, (b) PI, (c) ther-

mally activated illite, and (d) acidified illite.

Figure 2. XRD diffraction patterns of the (a) PI and IDs prepared by (b)

PI, (c) thermally activated illite, (d) acidified illite, and (e) exfoliated illite.
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XRD Analysis of the Intercalation and Exfoliation of

Illite. Figure 2 shows the XRD patterns of several IDs. The

XRD pattern of PI showed an evident basal d001 reflection at a

d of 9.97 Å, as shown in Figure 2(a). The d001 reflection

remained in the same position shown in Figure 2(b) when PI

was used to prepare ID; this indicated that no molecules were

intercalated into the interlayer of illite. This was mainly due to

the nonexpendable nature of mica-type clays.21,22 Illite is a mica

clay with 2:1 layers, and the permanent negative charge of illite

is usually balanced by potassium ions, which are located at the

planar surfaces of both the clay particles and the interlayers.23

Those K1 ions in the interlayers produce tight bonding between

layers, and this largely precludes intercalation of DMSO into

the layers.24

Therefore, pretreatment to activate the lattice of illite and weak-

en the intense interaction between layers before organic mole-

cule intercalation is very necessary. For the activating clay,

thermal activation and acidification have long been used as two

major methods.25–27 In our experiment, thermal activation and

acidification were also used to activate the lattice of illite. The

thermally activated illite and acidified illite were used to prepare

the IDs. As shown in Figure 2(c) the basal d001 reflection of

illite still remained unchanged, whereas its intensity decreased,

and a new d001 reflection with a d of 11.53 Å and higher order

reflections with ds of 3.14 and 2.83 Å appeared, as shown in

Figure 2(d). This showed that DMSO intercalated the interlayer

of the acidified illite; this led to a larger interlayer distance. The

intercalation ratio (IR) of ID was 66.5%, as calculated from the

following equation:

IR 5I1=ðIN 1I1Þ

where IN and I1 are the intensities of the (001) diffractions of

illite and ID.28

These results indicate it was the acidification rather than the

thermal activation that fully activated the crystal lattices of illite;

this was beneficial for the intercalation of DMSO into the inter-

layer of illite. Through the analysis of the XRD pattern of acidi-

fied illite shown in Figure 1(d), we confirmed that a part of K1

in the interlayer of illite was exchanged with H1 from HNO3;

this affected the regular arrangement of illite layers and weak-

ened the strong interaction between the layers. Furthermore, the

H1 exchanged in the interlayer of illite may have played an

important role in promoting the intercalation of DMSO.

Figure 2(e) shows the XRD pattern of the exfoliated illite. The

disappearance of the d001 reflection with a d of 11.53 Å and the

enhancement of the intensity of the basal d001 reflection are

clearly shown in Figure 2(e) compared to Figure 2(d). However,

the basal d001 reflection of recovery was significantly weakened

and broadened; this indicated that the layered structure of illite

was less ordered. The cause of the change in the XRD pattern

was attributed to the deintercalation of DMSO molecules from

the interlayer of ID. The intercalation of the DMSO molecule

resulted in a weakening of the layer–layer interactions. When

the prepared ID sample without filtering from the mixture was

ultrasonicated for 1 h at 70 8C, the DMSO molecules located at

the interlayer of ID were removed. The deintercalation of the

DMSO molecule from the interlayer of ID disturbed the

ordered silicate layer stacking and led to a basal d001 diffraction

with a reduced intensity and broadened peak.29 This procedure

was similar to the organic molecule intercalation and layer exfo-

liation of kaolinite and dickite.30–32

FTIR Analysis of the Intercalation and Exfoliation of

Illite. Figure 3 presents the FTIR spectra of the purified and

treated illite. As shown in Figure 3(a), in the 3000–4000-cm21

frequency range, illite exhibited bands at 3622 cm21, which were

attributed to the vibrations of hydroxyls. The broad band at

3435 cm21 was attributed to the OH stretching of hydrogen-

bonded water molecules. Absorption bands in the 400–1200-

cm21 frequency range were attributed to the vibrations of typi-

cal aluminosilicates structural functions. such as SiAO (stretch-

ing at 1025 cm21), SiAOASi, SiAOAAl, and AlAOH

bonds,15,33 whereas that at 1630 cm21 was attributed to physi-

cally adsorbed water molecules on illite platelets. The FTIR

spectrum of ID [Figure 3(b)] showed the characteristic absorp-

tion bands of DMSO at 1403 and 1453 cm21, symmetric

stretching vibration bands of the methyl group at 3009 and

2922 cm21, and a symmetrical deformation absorption band of

the methyl group around 1390 cm21. These results prove that

the DMSO molecules were inserted into the interlayers of illite.

Unlike in the kaolinite–DMSO intercalation complex,34 the

hydrogen bonding of DMSO and hydroxyl groups of the illite

did not appear in the FTIR spectrum of ID. This was due to

the fact that illite was a phyllosilicate containing one

[Al2(OH)4]21 octahedral layer sandwiched between two

(Si2O5)22 tetrahedral sheets.35 The hydroxyl group of illite,

which was between the tetrahedral and octahedral layers, could

not come into contact with DMSO. Therefore, the formation of

hydrogen bonding between the hydroxyl groups of illite and

DMSO was impossible. Illite has a similar 2:1 type structure as

MMT, coupled with exchangeable cations in the interlayers, and

therefore, organic ammonium cations can intercalate into the

interlayers of illite by an ion-exchange reaction.16,35 However,

DMSO molecules are not cations, and the intercalation of

DMSO into the interlayer of illite occurred in a different way.

We believe that the reaction of DMSO and H1 in the interlayer

Figure 3. FTIR spectra of the (a) PI, (b) ID, and (c) exfoliated illite.
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of illite was the key factor. Before the intercalation reaction, PI

was treated by HNO3 and part of the K1 in the interlayer of

illite was exchanged with H1 from HNO3. The S atom center

in DMSO is nucleophilic and that makes it easy for DMSO to

combine with H1 and H2O and form forming

(CH3)2SO���H3O1 species by hydrogen bonding.36 The DMSO

molecule may have existed in the form (CH3)2SO���H3O1 in the

interlayer of ID. Because the volume of (CH3)2SO���H3O1 was

bigger than that of H1, the intercalation of DMSO caused the

expansion of the illite layers and led to the weak interaction

between layers. This was the reason that DMSO could only

intercalate into the interlayer of acidified illite rather than PI or

thermal activated illite. Figure 3(c) shows the FTIR spectrum of

the exfoliated illite. The bands of DMSO at 3009 and

2922 cm21 disappeared, as shown in Figure 3(c), but the bands

in the 1350–1500-cm21 frequency range were still present in the

FTIR spectrum of ID. We confirmed from Figure 2(e) that the

DMSO molecule was deintercalated from the interlayer of ID

because of the disappearance of the d001 reflection with a d of

11.53 Å. Thus, the presence of DMSO bands in the FTIR spec-

trum of the exfoliated illite were attributed to a small amount

of adsorbed DMSO molecules.

Characterization and Performance of the PEO–Illite

Nanocomposites

XRD Analysis of the PEO–Illite Nanocomposites. The XRD

patterns of the illite samples and various PEO–illite nanocom-

posites are presented in Figure 4. Compared to PI [Figure 4(a)],

the exfoliated illite exhibited a broad basal d001 reflection with a

low intensity, as shown in Figure 4(b). For PEO–illite nanocom-

posites containing exfoliated illite filler, the broad basal d001

reflection disappeared, as shown in Figure 4(e–h); this indicated

the further exfoliation of illite layers during the preparation

process and the good dispersion of exfoliated illite in the PEO

matrix. In comparison, the basal d001 reflection of PI was still

prominent when PI was used to prepare the PEO–illite nano-

composite. This indicated that the PL–PI-15 sample was a sim-

ple mixture of PEO, LiClO4, and PI [Figure 4(d)]. Meanwhile,

the crystallinity change in the PEO–illite nanocomposites with

different exfoliated illite contents was also studied by XRD. The

characteristic diffraction peaks of the PEO crystalline regions

were apparent between 2us of 19 and 258 [Figure 4(c)]. As

shown in Figure 4(e–h), these diffraction peaks became broader

and less prominent with the addition of exfoliated illite; this

resulted in a decreased crystallinity. With the addition of exfoli-

ated illite to the PEO matrix, the intensities of the characteristic

peaks gradually decreased and reached the lowest value for PL–

IDE-20.11 Therefore, the incorporation of exfoliated illite into

the PEO matrix increased the amorphous content in the nano-

composites and favored the conductivity of the PEO–illite nano-

composites as SPEs.12

FTIR Analysis of the PEO–Illite Nanocomposites

Figure 5 shows the FTIR spectra of the illite samples and vari-

ous PEO–illite nanocomposites. Figure 5(c) shows the large

broad band of asymmetric ACH2 stretching, which belonged to

PEO between 3000 and 2750 cm21, with two narrow bands at

2741 and 2694 cm21.37 The bands around 1145, 1117, and

1088 cm21 were related to the symmetric and asymmetric

stretching modes of the CAOAC groups.38,39 As shown in Fig-

ure 5(e), the intensity of these bands in the FTIR region 1200–

1000 cm21 decreased when exfoliated illite was added to the

PEO matrix. The situation suggests the possible formation of

coordination interactions between the ether oxygens of PEO

and H1 from exfoliated illite. The coordination of ether oxy-

gens of PEO with H1 could have changed the ether oxygen

vibrational modes, such as the CAOAC asymmetric and sym-

metric stretching modes.38 The results observed from the FTIR

spectra are quite similar to those in a literature report on the

sodium cations of clay.37,39 Meanwhile, we observed that the

intensity of the CAOAC deformation mode of PL–PI-15,

shown in Figure 5(d), was weaker than that of PEO–LiClO4

without any clay filler but was more intense than that of PL–

IDE-15. The introduction of PI also influenced the ether oxygen

vibrational modes because of the similar coordination interac-

tions between the ether oxygens of PEO and K1 from PI, but

the coordination interactions were weaker than those of PL–

Figure 4. XRD diffraction patterns of the (a) PI, (b) exfoliated illite, (c)

PEO–LiClO4, (d) PL–PI-15, (e) PL–IDE-5, (f) PL–IDE-10, (g) PL–IDE-

15, and (h) PL–IDE-20.

Figure 5. FTIR spectra of the (a) PI, (b) exfoliated illite, (c) PEO–LiClO4,

(d) PL–PI-15, and (e) PL–IDE-15.
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IDE-15. The H1 and K1 located at the surface of the exfoliated

illite and PI were involved in the coordination interactions,

respectively. For IDE, the illite layers were exfoliated, and more

H1 in the interlayer was exposed to reactions with the ether

oxygens of PEO. Therefore, we observed weaker CAOAC asym-

metric and symmetric stretching bands in the FTIR spectrum of

PL–IDE-15 in Figure 5(e). In addition, according to Ruiz-

Hitzky and Aranda’s research,10,40 the bands near 957 and

842 cm21 were assigned to CH rocking vibrations of methylene

groups in the gauche conformation required for the helical con-

formation, so it was generally believed that the PEO was in a

helical conformation. The absence of the characteristic PEO

band at 1320 cm21 assigned to CH2 vibrations of the ethylene

group in the trans conformation also confirmed the helical

structure of PEO.41 The presence of two bands at 957 and

842 cm21 and the absence of 1320 cm21 in Figure 5(d,e) also

suggested that the PEO chains in both PL–PI-15 and PL–IDE-

15 had a helical conformation.

Scanning Electron Microscopy (SEM) of the Illite Samples

and PEO–Illite Nanocomposites. As indicated by SEM micro-

graphs of PI [Figure 6(a)], the platelike illite particles had a

dense layer stacking morphology. The particle size was 0.5–

6 lm, and the thickness was 0.2–2 lm. As shown in Figure 6(b),

the stacking layers were delaminated, and the particle size of the

lamellar illite decreased. The mean diameter of exfoliated illite

decreased to about 1 lm, and the thickness reached 25–60 nm.

SEM directly displayed the exfoliation of the illite layers and

corresponded with XRD and FTIR results. Figure 6(c,d)

presents the morphology of the PI and exfoliated illite in the

PEO matrix. As shown in the micrograph of PL–PI-15 in Figure

6(c), PI with a larger diameter was not uniformly distributed

throughout the PEO matrix. In contrast, PL–IDE-15 displayed a

better dispersed morphology, consisting of exfoliated illite layers

of different sizes with a small amount of nonexfoliated illite

aggregates in an irregular array.

DSC Analysis of the PEO–Illite Nanocomposites. The PEO–

illite nanocomposites samples with various concentrations of

exfoliated illite were subjected to DSC analysis, as shown in Fig-

ure 7. The presence of an intense melting temperature (Tm)

indicated the semicrystalline nature of PEO.37 The intensity of

the PEO Tm decreased when exfoliated illite was used as a filler

in the PEO matrix because the addition of the exfoliated illite

strongly hindered crystallization and decreased the amount of

crystalline phase in PEO. The result was consistent with the

XRD analysis. This result also shows that illite played the same

role as MMT in hindering crystallization of PEO.37,42 The per-

centage of crystallinity (Xc) in the nanocomposites was calculat-

ed from the ratio of the enthalpy of melting (�Hm) per gram

of PEO present in the sample to the �Hm per gram of 100%

crystalline PEO. Here, �Hm per gram of 100% crystalline PEO

Figure 6. SEM microphotographs of the (a) PI, (b) exfoliated illite, (c) PL–PI-15, and (d) PL–IDE-15.
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was taken to be 196.4 J/g.43 The Tm, �Hm, and Xc values of the

PEO–LiClO4 and PEO–illite nanocomposites are shown in

Figure 8 and Table I. The Xc and �Hm values generally

decreased as the amount of exfoliated illite increased. The

reduction in Xc was beneficial to the improvement of the ion

conductivity of the PEO–illite nanocomposites when these

nanocomposites were used as SPEs.44 The decrease in Xc with

the addition of exfoliated illite could be explained by two possi-

bilities: the slowing down of the kinetics of crystallization and

the blockage of crystalline growth. These results were caused by

the exfoliated illite layers, which were dispersed in an irregular

array in the nanocomposite, as was evident from SEM observa-

tion as well.37 In addition, we found that Tm also deceased gen-

erally when the amount of exfoliated illite was increased; this

corresponded with the �Hm and Xc values.

Ion Conductivities of the PEO–Illite Nanocomposites. The ion

conductivities of the PEO–illite nanocomposites with different

exfoliated illite contents are presented in Figure 9. The figure

indicates that the ion conductivities of the PEO–illite nanocom-

posites increased as the amount of exfoliated illite increased.

The maximum ion conductivity was achieved at a 20 wt % filler

concentration. Also, a rapid increase in the ion conductivity was

observed when the content of exfoliated illite exceeded 5 wt %.

However, this trend saturated and changed to slightly increase

when the content of exfoliated illite exceeded 15 wt %. This

increase in the ion conductivity as a function of exfoliated illite

addition could have been due to the variation in Xc.
11 The DSC

analysis confirmed that the amount of crystalline phase in PEO

decreased when exfoliated illite was introduced into the PEO

matrix. The exfoliated silicate layers hindered the ordered

arrangement of the PEO molecular chain and intercepted the

extension of the crystalline phase in the process of nanocompo-

site preparation. Meanwhile, an amorphous phase with a certain

thickness appeared around the exfoliated silicate layers and

formed a capsulelike structure. As shown in Figure 10, the core

of the capsule was the exfoliated illite layer, and the outer layer

of the capsule was the amorphous region, where the Li1-ion

conduction was much faster than the crystalline region for the

PEO–LiClO4 system. When the concentration of filler in the

PEO matrix was very low, the formed capsules were separated

from each other; this meant that the amorphous regions were

not connected to each other. For a Li1 ion moving from one

side of the PEO–illite nanocomposite film to another side, the

conduction velocity of Li1 sped up when the ion passed

through the amorphous region of the capsules, whereas the

velocity was reduced or even stopped when it passed through

the crystalline region outside the capsules. The addition of a

Figure 8. Xc and Tm values of the PEO–LiClO4 and PEO–illite

nanocomposites.

Table I. Tm, �Hm, and Xc Values of the PEO–LiClO4 and PEO–Illite

Nanocomposites

Sample Tm (8C) �Hm (J/g) Xc

PEO–LiClO4 66.83 180.1 91.7

PL–IDE-5 65.74 157.2 80.0

PL–IDE-10 64.98 159.7 81.3

PL–IDE-15 63.21 134.3 68.4

PL–IDE-20 63.25 134.0 68.2

Figure 7. DSC thermograms of the PEO–LiClO4 and PEO–illite nanocom-

posites with different filler contents.

Figure 9. Ion conductivity of the PEO–LiClO4 and PEO–illite

nanocomposites
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small amount of exfoliated illite increased the Li1-ion conduc-

tivity of PEO because of the appearance of some amorphous

regions around the exfoliated illite, but the improvement in the

ion conductivity was not obvious. The situation can is shown

in Figure 9 at the point corresponding to 5 wt %. When the fil-

ler concentration reached a certain value (10 wt %), the separat-

ed capsules were connected to each other to form a network for

the transport of Li1 in the interconnected amorphous regions

(see Figure 10); this led to a sharp increase in the ion conduc-

tivity. When we continued to increase the filler concentration,

more capsules were connected to the network, and more path-

ways were formed by the connected amorphous region; this

resulted in a further improvement in the Li1-ion conductivity

for the PEO–LiClO4 system. However, the increase in the Li1-

ion conductivity was saturated at 15–20 wt %. In addition, PL–

IDE-15 exhibited a higher ion conductivity than PL–PI-15. This

was attributed to the more completed exfoliation of illite layers

and the better dispersion of exfoliated illite in the PEO matrix.

At the same filler concentration, exfoliated illite had more sili-

cate layers than PI, and the well-dispersed silicate layers in the

PEO matrix were beneficial to the formation of more pathways

for Li1-ion conductivity.

Thermooxidative Stability of the PEO–Illite Nanocomposites.

The TGA curves of the PEO–LiClO4 and several PEO–illite

nanocomposites are shown in Figure 11. The data of their

T210% and T250% values obtained from the TGA curves and the

mass loss of the material between 250 and 400 8C are tabulated

in Table II. The thermogravimetric analysis of the PEO–illite

nanocomposites (Figure 11) indicated the better thermal stabili-

ty of the PEO–illite nanocomposites with different amounts of

added exfoliated illite compared to the corresponding polymer

system without clay. The decomposition temperatures (T210%

and T250%) continuously increased as the amount of exfoliated

illite was increased. There was an almost 25–55 8C increase

(Table II) in the decomposition temperature of those nanocom-

posites compared with PEO–LiClO4 without clay. Moreover,

those PEO–illite nanocomposites exhibited a lower mass loss

(250–400 8C) value than PEO–LiClO4, and the mass loss gradu-

ally decreased with the addition of exfoliated illite; this indicat-

ed an improved thermooxidative stability. The improvement in

the thermooxidative stability of the PEO–illite nanocomposites

may have depended on two facts. One was the reduced mobility

of the polymer chains. Namely, the degradation of PEO started

with backbone scission and proceeded by intermolecular and

intramolecular transfer reactions, and a typical degradation

product was a mixture of monomer and oligomers.45 The

reduced molecular mobility induced by the coordination inter-

actions between the ether oxygens of PEO and H1 from exfoli-

ated illite suppressed chain-transfer reactions and, consequently,

improved the thermal stability of the PEO matrix. The other

was the hindered effect of the exfoliated illite platelets on the

diffusion of O2 and volatile products throughout the nanocom-

posites. This made a further contribution to the improved ther-

mooxidative stability. The combination of these two effects

resulted in the PEO–illite nanocomposites exhibiting much

Figure 10. Sketch of the effect of exfoliated illite on the ion conductivity

of the PEO–illite nanocomposites

Figure 11. TGA curves of the PEO–LiClO4 and PEO–illite nanocomposites

Table II. TGA and Tensile Test Data of the PEO–LiClO4 and PEO–Illite Nanocomposites

Sample T210% (8C) T250% (8C)
Mass loss %
(250–400 8C)

Tensile
strength (MPa)

Elongation
at break (%)

PEO–LiClO4 247.2 334.8 66.6 3.459 183

PL–IDE-5 270.7 372.4 61.5 7.429 253

PL–IDE-10 272.7 379.6 59.7 8.215 287

PL–IDE-15 278.6 383.8 56.7 15.650 421

PL–IDE-20 286.6 388.9 55.6 12.020 423
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better thermooxidative properties with respect to the polymer

system with the illite filler.

Mechanical Properties of the PEO–Illite Nanocomposites.

Tensile testing was conducted to obtain an idea of the effect of

different clay loadings on the mechanical behavior of nanocom-

posites, and the tensile test results are exhibited in Table II and

Figure 12. Compared to PEO–LiClO4 without clay, the tensile

strength increased with the incorporation of exfoliated illite; it

attained a maximum value of 15.65 MPa at 15 wt % clay. This

was followed by a significant decrease up to 20 wt %. This

result indicated that the incorporation of exfoliated illite up to

an optimum level resulted in a considerable reinforcing effect.

Moreover, as shown in Figure 12, the elongation at break of the

PEO–illite nanocomposites increased and decreased simulta-

neously with the tensile strength. The improvement in the ten-

sile strength resulted from the ion-exchange reaction in the

process of the acid treatment and the exfoliation of illite layers

in the PEO matrix; this allowed it to form strong coordination

interactions between the ether oxygens of PEO and H1 from

exfoliated illite. The strong coordination interactions increased

the tensile strength of the prepared PEO–illite nanocomposites.

However, at a high loading of the filler in the polymer matrix,

particle aggregation was likely to occur; this led to decreases in

the tensile strength and elongation at break.

CONCLUSIONS

ID was prepared with acidified illite and DMSO. The XRD

results show that the acid treatment of illite to exchange K1 in

the interlayer of illite with H1 was a necessary condition for the

DMSO intercalation because of the nucleophilic ability of the S

atom center in DMSO and the formation of (CH3)2SO���H3O1

species by hydrogen bonding. Effective ultrasonic treatment

deintercalated the DMSO molecules from the interlayer of ID

and destroyed the regular arrangement of illite layers. SEM

micrographs confirmed that the illite layers were exfoliated and

better dispersed in the PEO matrix; this was beneficial for

decreasing the crystallinity of PEO. Accordingly, the ion con-

ductivity of PEO–illite nanocomposites gradually increased with

increasing filler content because of the reduced crystallinity of

PEO. The maximum ion conductivity reached 3.21 3 1025 S/cm

at a 20 wt % filler concentration under the experimental condi-

tions. An amorphous phase with a certain thickness appeared

around exfoliated illite layers, forming a capsulelike structure.

At a high filler concentration (10 wt %), these capsules joined

together to form a network structure, and Li1-ion conductivity

took place in the connected amorphous region; this led to a sig-

nificant increase in the ion conduction. Moreover, the PEO–

illite nanocomposites displayed good thermooxidative stability

compared to the PEO–LiClO4 system without illite filler. That

situation was attributed to the reduced molecular mobility

induced by the coordination interactions between the ether oxy-

gens of PEO and H1 from illite and the hindered effect of exfo-

liated illite platelets on the diffusion of O2 and volatile products

throughout the nanocomposites. Furthermore, the exfoliated

illite also played a reinforcement role in the PEO–illite nano-

composites because of the delamination of illite layers and coor-

dination interactions between the exfoliated illite and the PEO

matrix.

Because all of these properties are very important in the perfor-

mance of SPEs for rechargeable polymer lithium battery appli-

cations, illite with exfoliated layers could be a better option for

preparing novel PEO-based SPEs.
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