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The positron annihilation lifetime and ionic conductivity are each measured as a function of organophilic rectorite

(OREC) content and temperature in a range from 160 K to 300 K. According to the variation of ortho-positronium

(o-Ps) lifetime with temperature, the glassy transition temperature is determined. The continuous maximum entropy

lifetime (MELT) analysis clearly shows that the OREC and temperature have important effects on o-Ps lifetime and
free volume distribution. The experimental results show that the temperature dependence of ionic conductivity obeys

the Vogel-Tammann-Fulcher (VTF) and Williams-Landel-Ferry (WLF) equations, implying a free-volume transport

mechanism. A linear least-squares procedure is used to evaluate the apparent activation energy related to the ionic

transport in the VTF equation and several important parameters in the WLF equation. It is worthwhile to notice that a

direct linear relationship between the ionic conductivity and free volume fraction is established using the WLF equation

based on the free volume theory for nanocomposite electrolyte, which indicates that the segmental chain migration and

ionic migration and diffusion could be explained by the free volume theory.
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1. Introduction

The electrical properties of poly(ethylene oxide)
(PEO) and its salt compounds have been extensively
investigated due to its possible application in lithium
ion batteries or in electrolyte fuel cells since lithium
conductivity was studied.! =3 However, the applica-
tion of PEO solid electrolytes has been restricted due
to the high crystallinity impeding the ion transport
by limiting the segmental motion!*5! and resulting in
a relatively low ionic conductivity at ambient temper-
ature. In order to overcome the drawback, the most
common approach is to add liquid plasticizers, such as,
low molecular weight polyethylene glycols or aprotic
organic solvents, into the PEO matrix. However, the
addition of liquid leads to the deterioration of the me-
chanical properties of electrolyte. Recently, the stud-
ies on the polymeric composite solid electrolytes with
nano particle fillers have attracted considerable atten-

tion because the additional nanofiller not only reduces
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the crystallinity of the PEO and enhances the ionic
conductivity, but also improves the mechanical stabil-
ity and extends the thermal stability of PEO-based
electrolytes.l! Although significant progress has been
made in developing the polymer nanocomposite solid
electrolytes,!”) the micro-mechanism of the enhance-
ment of the conductivity is not very clear and needs
to be studied further. As is well known, significant
ion transport requires the presence of a noncrystalline
phase and the free volume, which indicates that the
free volume plays an important role in determining
ionic conductivity and mechanical property. However,
the reports on direct experimental measurements of
the free volume for polymer solid nanocomposite are
very lacking, because the detection of the atomic scale
free volume is very difficult for traditional experimen-
tal technologies, including TEM and XRD, etc.
Positron lifetime

annihilating spectroscopy

(PALS) is a very useful tool to probe the atomic scale
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free volume.[®?) The principal advantage of PALS over
other techniques is that the formation and annihila-
tion characteristics of positronium (Ps), i.e., bound
states of e™ and e, strongly depend on an atomic-
Therefore, PALS has been

widely used in the study of polymeric materials for

scale free volume hole.

many years.[10—13]

In the present work, the effects of temperature
and OREC on the atomic scale free volume and its
distribution, and the ionic conductivity are system-
atically studied. The detailed analyses about the en-
hancing micro-mechanism of the ionic conductivity are

presented.

2. Experiment

2.1. Materials

Pristine rectorites supplied by Hubei
Celebrities Technology Co. (Wuhan, China). Exchang-
ing cation of rectorite is Ca?", and the cation ex-

were

change capacity is 44.9 mequiv/100 g. PEO was sup-
plied by Dadi Fine Chemical Co. Ltd. (Changchun,
China, M,, = 6 x 10°) LiClO4-3H20 was supplied by
Shanghai Yingyuan Chemical Co. Ltd. (A.R.). Hex-
adecyl trimethyl ammonium bromide (CTAB) was
supplied by Shanghai Zhanyun Chemical Co. Ltd.
(AR.).

2.2. Nanocomposite preparation

Na-rectorite (Na-REC) was successfully made
through a cation exchanging reaction with alkylamine

as follows:
REC — Ca?t + Nat = REC — Nat + Ca2*.

Then, hexadecyl trimethyl ammonium bromide
(CTAB) was used as the intercalation reagent to ob-
tain the OREC.

PEO and LiClOy4- 3H50 were dried in a vacuum
oven at 60 °C for 24 h and at 120 °C for 48 h, re-
spectively, which were mixed according to the molar
ratio of the ethylene oxide segments to the lithium
ions as [EO]/[Li]=8. The preparation procedure of
OREC nanocomposite was as follows: first, OREC
was dissolved in anhydrous acetonitrile, and then dis-
persed on magnetic stirring apparatus for 30 min, fol-
lowed by adding predetermined amounts of LiClO4
and PEQO. This mixed solution was stirred at room

temperature for approximately 12 h until a homoge-
neous solution was formed. The resulting solution was
cast on a teflon plate in a fume cupboard overnight to
evaporate the solvent. Finally, the films were dried at
60 °C in a vacuum for 48 h. PLCO, PLC1, PLC3, and
PLC6 denote the nanocomposites with 0, 1, 3, and
6 wt% OREC, respectively. PLC stands for PEO-
LiClO4—Clay.

2.3. Characterization

The small angle X-ray diffraction (SXRD) of mod-
ified clays and polymer-clay composites were mea-
sured with a Bruker D8 Advance X-ray Diffractometer
using Cu Ko radiation, 1.5406 A (1 A=0.1 nm) wave-
length, at a voltage of 40 kV, under a 1° /min scanning
rate respectively.

Electrical resistivity was measured by a conven-
tional four-probe method. The current was provided
by a Keithley 2400 Sourcemeter.

across the sample was measured by a Keithley 2182

The voltage drop

Nanovoltmeter, and the temperature was controlled
by a LakeShore 340 temperature controller.

Positron lifetime measurements were carried out
using a conventional fast—fast coincident spectrome-
ter. A 15-uCi 22Na source was sandwiched between
two identical samples, each spectrum contained 1x 109
counts for PATFIT analysis.['¥ To reduce artificial ef-
fects, all spectra were resolved using the same param-
eters. The temperature was controlled by a LakeShore

340 temperature controller.

3. Results and discussion

3.1. XRD results

Figure 1 shows the SXRD patterns of all sam-
ples. From Fig. 1, we can identify the intercalated
structure with Bragg’s law, A = 2dsinf, where A is
the wavelength of the X-ray radiation (1.5406 A), d
corresponds to the spacing between the (001) diffrac-
tion lattice plane in this study, and 6 refers to the
measured diffraction angle.

The pristine REC shows a digp peak at 20 =
3.51°, which corresponds to a d-spacing of 2.52 nm,
while the OREC modified clay shows a d-spacing of
4.42 nm. This result reveals that the organic modi-
fication of the clay extends the d-spacing, which fa-

cilitates the PEO intercalating into the interlayers of

107803-2



Chin. Phys. B Vol. 21, No. 10 (2012) 107803

clay. In PLC1 and PLC3, there are found no appar-
ent intercalated peaks of the clay, which means that
an exfoliated structure is formed. However, a new
peak is observed at a lower angle (20 = 1.23°) for
PLC6 as shown in Fig. 1, suggesting that PEO chains
are intercalated into the OREC layers, which makes
the d-spacing increase up to 6.96 nm. We also find a
d10p peak of modified clay, which implies that part of
OREC aggregates in PLCG6.

:g
g
5
e}
-
3
~
>
=1
2
g
s
1 2 3 4 5
26/(%)
Fig. 1. SXRD patterns of pristine rectorite (REC),

organophilic rectorite (OREC), and PEO/Li*/clay com-
posites with different values of clay content.

3.2. Effect of clay content on the conduc-
tivity
In order to study the effect of free volume on con-

ductivity of polymeric electrolyte, a relatively free vol-
ume fraction f; is calculated based on the following

equations:[19]
1 R 1 27k \17!
=g 1R+AR+271SIH<R+AR)] , (1)
Vi = 47R3/3, (2)
fr = ‘/f-[3; (3)

where R is the radius of the free volume cavity and
AR = 1.656 Al' is derived from fitting the observed
0-Ps lifetime in a molecular solid with a known cavity
size.

The variations of the fractional free volume and
the conductivities of PLC composites with clay con-
tent at room temperature are shown in Fig. 2.

From Fig. 2, it is obvious that the conductivity
increases rapidly with the OREC content, increasing
up to 3 wt% at which the conductivity reaches a max-
imum value, then it decreases drastically with a fur-
ther increase in clay content, which is consistent with

previous reports.[17:18]
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Fig. 2. Free volume fraction and conductivity versus clay
content.

From Fig. 2, it is obvious that the variation trend
of the fractional free volume with OREC content is
similar to the conductivity variation with OREC con-
tent. The experimental results can be explained. Ac-
cording to the Nernst-Einstein equation,!'® the ionic

conductivity o can be expressed as!?0

2
q°nD
= 4
kT )

where n and ¢ are the concentration and charge of the

charge carriers respectively, k is the Boltzmann con-
stant, and T refers to the absolute temperature. The
diffusion coefficient D can be rewritten as

D = ga*uexp {— ’YV*} , (5)
Vi

where ¢ is a geometrical factor, a* is the molecular
diameter, u is the average speed of the molecules and
is proportional to T'/2, ~ is a numerical factor, and
V* is the critical volume just large enough to permit
another molecule to jump in after the displacement.
The ionic conductivity o can also be written as

C .
o= T/ exp(—yV*/ V%), (6)

where C is a fitting parameter including the change
carrier number.['% Therefore, at the same tempera-
ture, the ionic conductivity o is closely related to the
free volume. The increase of fractional free volume can
directly lead to the increase of the ionic conductivity.

When the OREC was added into the PEO ma-
trix, the changes in the segmental chain configura-
tions were induced. The PEO molecular segments
were partly disarranged due to the interaction be-
tween the nano-rectorite and polymer matrix, leading
to the increase in free volume.[?!=23] In the pure PEO
matrix, the LiT and PEO chains can form complex
I as shown in Fig. 3.724 The additional OREC
nanosheets can destroy part of these complexes and

release more “free” ions. Moreover, the nanosheets
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can create a higher interfacial area between the poly-
mer matrix and the clay. According to the reported
results in Ref. [25], the “free” lithium ion can trans-
port through the surface of the nanosheet, which
can effectively enhance the conductivity of nanocom-
posite. However, when the clay content exceeds
3 wt%, the excess clay may lead to the formation
of two types of complexes (complex II and complex
IT1) with the lithium ion as shown in Fig. 3,/17:24
which restricts the mobility of the lithium ion, lead-
When

the filler content exceeds 3 wt%, the fractional free

ing to a decrease in the ionic conductivity.

Complex 1:
/CHQ_ CHy~~

\CHQ_ CH2/\/\M

~~~CHs— CHQ\
O. o)

~nCH— G il

A~~~ CHy—CHan - CHy—CHy~
0) O

AN
NNCHZ_CHQ/ CHy— CH, M

Complex 2:

Complex 3:

Fig. 3. Schematic structure of the complex formed by
LiT cation with polymer chains (complex I), polymer and
silicate layers (complex II), and silicate layers (complex
I1I).

Maybe this is at-

tributed to the coordination of the Lit ions with sol-
26,27

volume decreases significantly.
vating sites in the polymer.!

3.3. Free volume analysis of the conduc-
tivity dependence on temperature

3.3.1. Structural transition and free volume
distribution

The most important structural transition for a
polymer is a glassy transition, because there are dra-
matic changes in the properties of a polymer at the
glassy transition temperature, such as heat capacity,
thermal expansion coefficient, etc. One of the most
widely used methods of demonstrating the glassy tran-
sition and determining T, is to measure the specific
volume of a polymer as a function of temperature.
Recent research indicated that the o-Ps annihilation
lifetime is very sensitive to the change in the free vol-
ume with temperature.l?$:29 As is well known, one of
the most useful approaches to the analysis of the glass
transition is to use the concept of free volume. The
temperature dependences of the o-Ps lifetime and the
free volume for composites with different values of clay
content are shown in Fig. 4.
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Fig. 4. Temperature dependences of the o-Ps lifetime for
PEO-LiClO4—clay composites.

From Fig. 4, it is obvious that the o-Ps lifetime
and the free volume all increase with temperature.
However, in different temperature ranges, these curves
have different slopes dv/dT or d73/dT, which indi-
cates the existence of structural transition. In order to
determine the glassy transition temperature, a least-
squares linear fitting program is used to fit the two
regions. The temperature corresponding to the inter-
section of the two straight lines is identified as the
glassy transition temperature T, as shown in Fig. 4.
Below T, the motion of the main chains is frozen,
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only the short-range diffusion of the chains and mo-
tion of branch chains can occur, which leads to slow in-
creases in 0-Ps lifetime and free volume. Above Ty, the
motion of the main chains is activated, which brings
about sharp increases in the o-Ps lifetime and the free
volume.

In order to inspect the effects of temperature
and the OREC content on o-Ps lifetime and free
volume distributions, the lifetime spectrum contain-
ing approximately 4x10° counts for the continuous
maximum entropy lifetime (MELT) analysis has been
measured,?? as shown in Fig. 5.

Free volume size/A3
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Fig. 5. Variations of probability density function (PDF)
with o-Ps lifetime for (a) PLCO and (b) PLC3 at different
temperatures.

From Fig. 5, we can see that as the tempera-
ture increases, the values of the peak shifts toward a
higher value in both PLCO and PLC3, resulting from
the thermal expansion of free volume. Moreover, we
also find that OREC has an important effect on the

0-Ps lifetime and free volume distributions, i.e., in all
temperature ranges, the peaks of the o-Ps lifetime dis-
tributions are split into two peaks due to the addition
of nanoclay. Many polymeric composites show similar

5.128=30] This fact means the addition of nan-

result
oclay can induce an effective rearrangement of poly-
mer chains. This phenomenon has been observed by

Winberg et al.??

3.3.2. Relationship between ionic conductivity
and temperature and free volume frac-
tion

Figure 6 shows the temperature dependence of the
ionic conductivity of PLC composites in the rubbery
state. The conductivity shows a continuously curved
Vogel-Tammann—Fulcher (VTF) type profile and in-
creases with increasing temperature.
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Fig. 6. Temperature dependence of conductivity of PEO-
LiClO4 complexes in a rubbery state.

As is well known, the ionic conduction depends
strongly on the free volume and motion of polymer
chains in the amorphous phase.[>!] When the temper-
ature is raised, the fractional free volume increases as
shown in Fig. 4, which makes the motion of segmental
chains more free and so brings about an increase in
ionic conductivity.

The electrical conductivity temperature depen-
dence can be well described by the VTF equation (7),
especially for the ionic transport in the amorphous

polymer electrolyte as[32:33]

E
o=AT"2exp [—a] , 7
ko (T — To) @)
where A is the pre-exponential factor, Ty is the tem-
perature at which the free volume vanishes and the
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ionic mobility goes to zero. FE, is the apparent acti-
vation energy, which means the necessary energy re-
quired to move any chain segment for ion motion.%
In order to calculate the value of E,, equation (7) can
be rewritten as

E,

log; (0T %) = log,n A — 0.43 ———2>
glO( ) glo kb(T _ TO)

(8)

Figure 7 shows the dependences of log(¢T"/?) on
temperature. A linear least-square procedure is used
to evaluate the apparent activation energy F,. Based
on the equations of the fitting straight lines, we can
obtain the values of E, of PEO-LiClO4—clay compos-
ites to be 4.07 kJ /mol (0.04 eV) for PLCO0, 7.33 kJ/mol
(0.07 V) for PLC3, and 5.824 kJ/mol (0.06 €V) for
PLC6. The values of E, are quite close to the value
of 0.076 eV found by Wright.[3®! The temperature de-
pendence of conductivity which obeys the VTF equa-
tion reveals that the conducting behaviour can be de-
scribed by the free-volume ion transport mechanism
and that the ionic mobility is affected by the micro-
Brownian motion of the polymer segments. This fact
indicates that ion transport occurs preferentially in an
amorphous matrix.

= PLCO
o PLC3
A PLC6

log(cT°%)/S-cm~1. K05
|
B
B
T

—5.6[ P T R R E U T Y
8 9 10 11 12 13 14 15
[1/(T-Tp)]/107% K~

Fig. 7. Curves of log(cT"/?) versus 1/(T —Tp) for PEO-
LiClO4—clay composites.

In order to clarify the ionic conductivity mech-
anism, the WLF equation based on the free volume
theory is used to obtain a direct relationship between
ionic conductivity o and fractional free volume f,(T).
This is because the free volume concept has been suc-
cessfully used to describe solvent diffusion in a poly-
mer, and it is logical that they may also be valuable in
modeling the temperature dependence of the conduc-
tivity, that is, the evolution of the ionic conductivity

with temperature also complies with the WLF equa-
tion,

o(T) _ T ~T) o)
o(Ty) Co+ (T —T,)’

where C1 = B/2.3(Ty — Tp) and Cy = T, — Tp, with
Ty being a reference temperature at which the free

log

volume vanishes and the ionic mobility goes to zero.
The variation of the fractional free volume as a func-
tional of temperature above T, can be described by
the following equation

F(T) = fe(Tg) + (T = Ty), (10)

where « is the thermal expansion coefficient of the free
volume hole. Combining Egs. (9) and (10), we can ob-
tain a good linear relationship between logigo and the
fractional free volume as follows:

A
£:(T)

where f,(T}) is the fractional free volume at the glass

log,oo(T) = log,po(Ts) + Ch [1 ] . (11)

transition temperature of composites. Figure 8 shows
the direct relationship between ionic conductivity and
the free volume fraction.
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Fig. 8. Variations of logo with 1— f.(Ty)/ f:(T) for PEO—
LiClO4—clay composites.

From Fig. 8, it is very clear that the ionic con-
ductivity increases with fractional free volume. From
Fig. 8, the values of C; can be obtained for all sam-
ples to be 6.7+0.9 for PLCO, 6.4+0.4 for PLC3, and
4.941.2 for PLC6, which are lower than the universal
constant value of 17.4. Maybe this is attributed to
the fact that the critical volume for migration of the
ions is less than the volume required to migrate the

32,36] This deviation may also re-

polymer segments.|
sult from the interaction between ions and polymeric
chains, and it may be neglected in the WLF equation.
In Fig. 8, the linear relationships between logo and
1— fi(Ty)/ fr(T) suggest that the segmental chain mi-
gration and ionic transmission and diffusion could be

explained by the free volume theory.
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4. Conclusion

The free volume, structural transition and

ionic conduction are systematically investigated for
PEO/LiClO4/clay nanocomposite electrolytes. Ac-
cording to the change in the o-Ps lifetime with tem-
perature, the glassy transition temperature is deter-
mined. Experimental results also show that a small
amount of additional OREC can increase the ionic
conductivity by nearly one order of magnitude com-
pared with those of PEO-LiClO4 composites. The
apparent activation energy and several important pa-
rameters in the VIF and WLF equations are ob-
tained. The conducting mechanism can be explained
in terms of the free-volume theory.
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