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Abstract Vermiculite (VMT) was readily intercalated by hexadecyl trimethyl

ammonium bromide to yield organo-vermiculite (OVMT), which was confirmed by

X-ray diffraction measurement and Fourier transform infrared spectroscopy.

Poly(ethylene glycol)/organo-vermiculite (PEG/OVMT) nanocomposites were

prepared by using the direct melt intercalation method, and its intercalation state

was confirmed by transmission electron microscope. Thereafter, a lithium salt was

dissolved in the PEG/OVMT nanocomposites to prepare composite polymer elec-

trolytes. The highest conductivity was 2.1 9 10-5 S cm-1 at room temperature,

which was obtained by AC impedance analysis when the amount of OVMT based

on PEG was 1 wt%.

Keywords Polymer electrolytes � Vermiculite � Poly(ethylene glycol) �
AC impedance

Introduction

Solid polymer electrolytes (SPE) are formed by dissolving salts in a polymer matrix.

They have been receiving considerable attention as solid electrolyte materials for

advanced applications, such as high energy density batteries, electrochromic
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devices, chemical sensors, etc. Over the past 25 years, global interest has especially

focused on lithium polymer electrolyte batteries because of their high energy

density, safety, and the flexibility in both their shapes and production processes. A

large number of studies to date have been carried out on poly(ethylene oxide)

(PEO)-containing lithium salts [1–3].

In recent years, polymer/clay composites have attracted attention as new

composite solid polymer electrolytes (CSPE) [4, 5]. It was reported that when the

polymer was compounded with montmorillonite (MMT), the maximum value of the

ionic conductivity based on CSPE reached 10-6 S cm-1 at 30 �C [4].

Vermiculite (VMT) like the well-known montmorillonite (MMT), as shown in

Fig. 1, is a mica-type silicate and possesses a layered structure [6]. Because of the

unique morphology and structure of VMT, it has been studied for the preparation of

composites.

There have been some reports of the use of VMT in rubbers [7], building

materials [8], plastic [9], silicateepoxy nanocomposite [10, 11]. It was found that the

stacks of VMT sheets can be exfoliated and dispersed into individual layers, with a

thickness of approximately 1 nm. The layers of VMT have the ability to have their

surface chemistry fine-tuned through exchange reactions with organic and inorganic

cations. Bridging flocculation and the interlayer structure of VMT with PEO

mixtures have also been studied [12, 13]. However, there are no published data for

the preparation of poly(ethylene glycol)/organo-vermiculite (PEG/OVMT) nano-

composite polymer electrolytes.

We select VMT as the host because of its important advantage: (a) VMT is a

mica-type silicate and possesses a layered structure; (b) it is an inactive inorganic

host without redox character, so the polymerization can be controlled; (c) it has a

large surface area and strong absorptive capacity that is greater than any other

natural minerals. The aim of this work was the preparation of PEG/OVMT

nanocomposite polymer electrolytes by direct melt intercalation of PEG in OVMT.

Fig. 1 SEM micrographs of raw vermiculite
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The morphology and the mechanism of formation of the resulting PEG/OVMT

nanocomposite polymer electrolytes were investigated.

Experimental

Materials

Vermiculite (VMT) with a cation exchange capacity (CEC) value of 120 mmol/

100 g was purchased from Aldrich. It was heat treated for 12 h at 200 �C prior to

use. Poly(ethylene glycol) (PEG) (Mv = 20,000 g/mol) was obtained from Sinop-

harm Chemical Reagent Co., Ltd and used after drying for 48 h in a vacuum oven at

70 �C. Lithium perchlorate (LiClO4) was also obtained from Sinopharm Chemical

Reagent Co., Ltd and used after drying for 48 h in a vacuum oven at 130 �C.

Hexadecyl trimethyl ammonium bromide (HTAB) and lithium chloride (LiCl) were

obtained from commercial suppliers and used directly without further purification.

Preparation of OVMT

Approximately, 10 g of the raw VMT was introduced into 600 ml of a 1 M HCl

solution in a flask at room temperature. The resulting slurry was magnetically stirred

for 8 h. Then VMT was separated by centrifuging and washing thoroughly with

distilled water several times until the pH of the filtrate was 7.0. Following washing,

VMT was dried at 160 �C overnight. The obtained fine VMT (1 g) was refluxed in

about 200 ml of an aqueous solution containing LiCl (3 g) for 4 days at 50 �C, and

the solution was changed four times everyday. At the end of the reaction, VMT was

repeatedly washed with distilled water until no precipitate was obtained, after which

AgNO3 solution was added to the filtrate. Lithium-exchanged vermiculite (Li-VMT)

(10 g) was then added to approximate 500 ml distilled water containing 32 g of

HTAB and stirred for a week at 60 �C [14]. The resulting OVMT was repeated

washed with distilled water until no precipitate was detected, after which AgNO3

solution was added to the filtrate. The obtained OVMT was dried at 80 �C in a

vacuum.

Preparation of nanocomposite solid polymer electrolytes (CSPE)

PEG was compounded with OVMT at 70 �C for 24 h to form the PEG/OVMT

nanocomposites. The content of OVMT in PEG/OVMT nanocomposites was 0.5, 1,

2, and 5 wt%, respectively. Thereafter, the desired amount of LiClO4 was added and

dissolved in the PEG/OVMT nanocomposites at 70 �C for 4 h (molar ratio of O/Li

was 16 [15]).

Characterization

The FTIR measurements (Impact 400, Nicolet, Waltham, MA) were carried out with

the KBr pellet method. X-ray diffraction (XRD) patterns (Cu Ka-radiation) were
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recorded with a Rigaku D-max/2400X diffractometer in range of 2h = 1*20� at

room temperature, at a scanning speed and step size of 5�/min and 0.02�,

respectively. Transmission electron microscope (TEM) were performed using a

Hitachi H-600 at 100 kV, the specimens were solved in the ethanol and made by

evaporating a drop of sample solutions on carbon-copper grids. AC impedance

spectra was measured using LCR TH2818 automatic component analyzer, at

scanning frequency range from 20 Hz to 300 kHz.

Results and discussion

Analysis of OVMT

Various methods have been proposed for the delamination of VMT. The classical

methods are the acid-treatment method and the ion-exchange method [16, 17].

However, the acid-treatment method is poor for the preparation of PEG/VMT

nanocomposites. It leads to poor compatibility between PEG and VMT, since PEG

is organic matter and VMT is inorganic. Therefore, in this work, the ion-exchange

method was adopted. We used 1 M HCl, and in acid-treatment time is 8 h, because

too high a concentration or too long a treatment time may cause destruction of the

crystal structure of VMT [16]. The acid-treated VMT was treated by using lithium-

exchange method and HTAB-organized, respectively. In the spectrum of raw VMT

shown in Fig. 2a, the peak at 997 cm-1 can be ascribed to asymmetric stretching

vibrations of Si–O–Si and Si–O–Al; the bending vibration of Al–OH appeared at

819 cm-1. The peaks at 1,635 and 3,420 cm-1 are assigned to hydration HOH and

–OH vibrations. The spectrum of acid-treated VMT (Fig. 2b) and Li-VMT (Fig. 2c)

are similar to the raw VMT. For the OVMT (Fig. 2d), C–H stretching vibration of

alkyl chain appeared at 2,920 and 2,851 cm-1, and C–H bending vibration appeared
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Fig. 2 FTIR spectrum of VMT (a) raw VMT, (b) acid-treated VMT, (c) Li-VMT, (d) OVMT, (e) PEG/
OVMT nanocomposite, and (f) PEG
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at 1,472 cm-1, which indicates OVMT was successfully synthesized. In Fig. 1f, the

IR pesks of C–O–C stretching modes at 1,080–1,150 cm-1, C–H stretching

vibration 2,980 and 2,880 cm-1, and C–H bending vibration appeared at 1,472 and

1,370 cm-1 for PEG existed, together with –OH stretching modes at 3,200–

3,600 cm-1. The same phenomenon appears in Fig. 1e. The new absorption band at

1,003 cm-1 (Fig. 1e) is attributed to Si–O–Si and Si–O–Al stretching vibrations.

These results show the existence of OVMT in nanocomposites.

Figure 3 shows the XRD pattern of raw VMT, acid-treated VMT, Li-VMT,

OVMT, and PEG/OVMT nanocomposite. As-received VMT (Fig. 3a) yielded

characteristic diffraction peaks at 2h = 7.0� and 8.4� [16]. The acid-treated VMT

(Fig. 3b) also has characteristic diffraction peaks at 2h = 7.0� and 8.4�, corre-

sponding to the d-spacings of 1.25 and 1.04 nm, respectively. Li-VMT, however,

has only one peak in the 2h range from 0 to 15�, corresponding to a d-spacing of

1.13 nm (Fig. 3c), which is similar to Li-MMT [18]. The d-spacings decrease and

become more uniform as other cations are replaced by Li?. In Fig. 3c, OVMT

yielded characteristic diffraction peaks at 2h = 4.8�, 7.2�, and 9.5�, corresponding

to the d-spacings of 1.84, 1.22, and 0.92 nm, respectively. The d value of 1.84 and

0.92 nm show that HTAB was partly intercalated into VMT (d = 1.22 nm belongs

to the residual VMT). From the XRD pattern of nanocomposite (Fig. 3e), it suggests

the formation of exfoliated structure, together with intercalated structure.

Analysis of PEG/OVMT nanocomposites

In general, the dispersion of layer particles in a polymer matrix can result in the

formation of three types of phases, as illustrated in Fig. 4. Phase (a), exfoliated

polymer–clay nanocomposite has low clay content and a monolithic structure.

Intercalated clay composite (phase (b)) is formed by the insertion of a polymer into

the layers of the host clay. As for conventional composites (phase (c)), the
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Fig. 3 XRD patterns of VMT (a) raw VMT, (b) acid-treated VMT, (c) Li-VMT, (d) OVMT, and (e)
PEG/OVMT nanocomposite
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aggregated layers are simply dispersed as a segregated phase. Generally, there is

more than one phase in a composite material. The dispersion of the clay particles in

the polymer matrix depends on the clay content and properties of the polymer. In

Fig. 5a and b, it can be seen that the stacks of OVMT were exfoliated within the

PEG matrix and the OVMT sheets were dispersed within the PEG matrix

irregularly. With the increase of OVMT content, however, a small amount of

unexfoliated OVMT layers exist as clusters shown in Fig. 5c and d. In this sense, the

PEG/OVMT nanocomposite can be considered to be a mixed exfoliated/intercalated

system (Fig. 4a, b). Presumably, the edges of OVMT are more accessible

intercalation for the PEG chains than the center. Because of the shape of the

OVMT layers, PEG molecular chains must enter the galleries from the agglomerate

polymer melt to the primary OVMT particles, and further to the edges of OVMT

layers. OVMT crystallites on the interior side of the front remained unintercalated.

Therefore, it leads to take on phase (b) and phase (c).

Conductivity of PEG/OVMT CSPE

The ionic conductivity of the CSPE was analyzed by their AC impedance spectra.

The dependence of the AC impedance plots SS|SPE|SS sandwiched structures are

shown in Fig. 6. Except for Fig. 6c, each spectrum shows a compressed semicircle

in the high frequency range and an inclined straight line in the low frequency

range, which is different from the Li non-blocking electrode. For the Li non-

blocking electrode [20], there are two semicircles at high and inter-mediate

frequencies and a spur in the low frequency range. In our experiment, only one

semicircle was observed, which indicates that there was no electrode reaction at

the electrode/electrolytes interfaces. The high frequency semicircle, as reported,

represents the bulk relaxation of the SPE films as CSPE, while the straight line

after the semicircle is due to the migration of ions and the surface in-homogeneity

Fig. 4 Schematic illustration of the OVMT incorporation into the PEG matrix: (a) exfoliated,
(b) intercalated, (c) conventional [19]
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Fig. 5 TEM micrographs of CSPE: a 0.5 wt% OVMT, b 1 wt% OVMT, c 2 wt% OVMT, and d 5 wt%
OVMT
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Fig. 6 AC impedance spectra of CSPE: (a) pure PEG, (b) 0.5 wt% OVMT, (c) 1 wt% OVMT, (d) 2 wt%
OVMT, and (e) 5 wt% OVMT
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of the electrodes [21]. In Fig. 6c, it can be seen that the high frequency semicircle

was reduced. The main reason is that the ionic conductivity is due to the migration

of ions offering [22, 23].

The ionic conductivity (d) was calculated from the bulk resistance (Rb) found in

the AC impedance spectra. In Fig. 6, the low frequency end of the semicircle and

the high frequency end of the straight line coincide with the bulk resistance of the

CSPE. The ionic conductivity of the samples can be then calculated by the

following equation:

d ¼ d= Rb � Sð Þ

where d is the thickness of the CSPE thin film, Rb is the bulk resistance, S is the area

of SS electrodes contacting with the CSPE film. Table 1 shows the relative values

for calculating the ionic conductivity. It is found that the conductivity of PEG/

OVMT CSPE first increased and then decreased with the addition of OVMT at room

temperature. The highest conductivity among the PEG/OVMT CSPE samples is

2.1 9 10-5 S cm-1 when the amount of OVMT based on PEG was 1 wt%.

It has been reported that the extent to which the platelets are intercalated or

exfoliated is expected to play a distinct role in the conductivity of these

nanocomposites. A completely exfoliated morphology is expected to yield the

highest conductivity since more Li cations would be mobile and available for

conduction. Conversely, a system in which the Li cations are trapped between

intercalated platelets would not be nearly as conductive [24]. In this work, OVMT

was best exfoliated in PEG matrix when the amount of OVMT was low, as shown in

Fig. 4. Each silicate layer possesses numerous negative charges, and interacts with

lithium cations as a Lewis acid–base [25]. Therefore, the interaction of lithium

cations and PEG was weakened, which leads to enhancement of the number of

charge carriers [26]. The overall reactions will lead to the increase of the ionic

conductivity. Figure 7 shows the schematic illustrations of the interactions of PEG

and OVMT with lithium salt. However, it was found to increase the silicate

aggregation tendency with increasing OVMT concentration. The mobility of lithium

ions was restricted by the additional negative charges provided by more silicate

layers. Thus, it leads to the decrease in ionic conductivity of CSPE [4].

In the log d versus 1/T plot, as shown in Fig. 8, the ionic conductivity increases

with increasing temperature in the nanocomposite polymer electrolytes based on 1

wt% OVMT. The tendency is essentially linear, meaning that the temperature

dependence of the ionic conductivity follows the ‘‘Vogel–Tammann–Fulcher’’

(VTF) equation, namely,

Table 1 Relative values of CSPE for calculating the ionic conductivity

OVMT (wt%) 0 0.5 1 2 5

d (lm) 225 245 180 245 225

S (cm2) 0.2826 0.2826 0.2826 0.2826 0.2826

Rb (X) 16,070 9,690 3,098 7,530 14,260

d (S cm-1) 5.0 9 10-6 8.9 9 10-6 2.1 9 10-5 1.2 9 10-5 5.6 9 10-6
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d ¼ AT�1=2exp �Eb= T � Tg

� �� �

in which A and Eb are fitting constants and Tg is related to the equilibrium state glass

transition temperature, indicating that the ion transport was correlated with the

segmental motion of the polymer chain [27]. In Fig. 9, the bulk resistance of the
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polymer electrolytes decreases with increasing temperature, and the high frequency

semicircle gradually reduce. In simple, the energy of ions transfer was reduced due

to the increased segmental motion of the polymer chain, which is reflected in the

ionic conductivity.

Conclusions

This work represents the preparation of PEG/OVMT nanocomposite polymer

electrolytes. VMT can be readily intercalated by HTAB to yield OVMT. PEG was

then direct melt intercalated into the OVMT. The obtained PEG/OVMT nanocom-

posites can result in the formation of three types of phases (exfoliated, intercalated

and conventional). The room temperature ionic conductivity of PEG/OVMT

nanocomposite polymer electrolytes can be enhanced with the addition of OVMT.

The highest conductivity was 2.1 9 10-5 S cm-1 when the amount of OVMT based

on PEG was 1 wt%, enhanced nearly four times compared with pure PEG

electrolytes. The ionic conductivity versus temperature plot follows the VTF

equation. We suggest that polymer/vermiculite nanocomposite polymer electrolytes

will have great potential in the research field of CSPE.
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