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Abstract. In recent years, solid polymer electrolytes (SPE) has attracted much attention because of its good safety and en-
vironmental stability, among which poly(g-caprolactone) (PCL) based solid electrolyte film is one of the most potential ma-
terials. We have adopted the method of synthesizing polymer nanocomposites with natural clay, which can effectively meet
the needs of electrolytes. In this study, cetyl trimethyl ammonium bromide (CTAB) was used to modify rectorite (REC),
and the e-CL monomer is inserted between the rectorite silicate layers. PCL/organic rectorite (OREC) nanocomposites were
synthesized by in situ intercalation polymerization. The yield of the polymer nanocomposite could reach 93.6% when the
molecular weight of the polymer nanocomposite was 39 000. The effects of OREC addition on the morphology, thermal sta-
bility, and electrochemical properties of PCL/OREC nanocomposites were investigated by various characterization methods.
The temperature can be increased by 50 °C when the thermal decomposition is 50 wt%, and the crystallinity decreases by
4.6%. Composite polymerelectrolytes (CPEs) (PCL/OREC) showed a good electrical conductivity of 1.13-10* S-cm™! at
60°C and an excellent capacity retention rate of 96.7% after 100 cycles at 0.5 C current density. This study has important

guiding significance for the development of polymer nanocomposites as solid electrolytes.
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1. Introduction

Poly(e-caprolactone) (PCL) is a synthetic biodegrad-
able polyester that is compatible with a variety of
polymers and is one of the most promising bio-
degradable polymers in the market at present [1].
Moreover, due to the unique lithium-ion complex-
ation and transport mechanism, PCL-based solid
polymer electrolyte (SPE) has a wide electrochem-
ical stability window and high lithium ion migration
number [2-5], so PCL can be applied to the prepara-
tion of SPE. However, the poor thermal stability and
semi-crystallinity of PCL [6] limit the cell cycle per-
formance and ionic conductivity of PCL-based solid
electrolytes. The addition of organic layered silicates
as nanoparticles to PCL can ameliorate these limita-
tions. However, the compatibility and dispersion of
natural mineral materials in polymers are poor. If the
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traditional physical blending method is used to pre-
pare polymer composite materials, uneven disper-
sion may occur in silicate mineral polymer materials,
and poor compatibility leads to the reduction of me-
chanical and thermal properties of composite mate-
rials [7]. And the presence of larger mineral particles
in the polymer matrix creates a lot of ‘Blocks’ which
in part blocks the movement of ions, resulting in
lower conductivity. In order to overcome these dif-
ficulties, the method of in situ intercalation polymer-
ization is adopted. By in situ polymerization of
monomers between layers, the silicate layer is
stripped, and the large particle size is converted to a
smaller size and distributed uniformly in the polymer
matrix. As llsouk et al. [8] prepared poly(e-capro-
lactone)/organomodified Moroccan beidellite clay
through in situ polymerization, Moroccan beidellite
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clay was well stripped and dispersed in PCL, which
is consistent with other relevant reports [9—11]. In
addition to improving the thermal stability of poly-
mer, the addition of nano-sized particles enhanced
the activity of polymer molecular chains, thus im-
proving the ionic conductivity of polymer elec-
trolytes. Due to the nano-dispersion of the silicate
layer, the properties of ordinary materials are com-
pletely different from those of composite materials
with inorganic components dispersed at the micron
level. Unexpected properties were observed, such as
large increases in thermal stability, mechanical
strength, and permeability to gases such as oxygen
and water [12, 13].

Compared with silicate minerals such as montmoril-
lonite and kaolin, there is relatively little research on
rectorite nanocomposites, so there is potential for re-
search and development. Natural rectorite is a spe-
cial layered silicate mineral composed of octahedral
mica and octahedral montmorillonite layers stacked
ina 1:1 ratio, with good colloid properties and cation
exchange capacity [14, 15]. Because of the special
layered structure, it has the characteristics of both
mica and montmorillonite [16]. Recently, rectorite
(REC) has been widely used in polymer modifica-
tion. It was found that the mechanical and thermal
properties of the polymer were greatly enhanced
with the introduction of REC [17]. In addition, rec-
torite is more resistant to heat and is a better barrier
than montmorillonite because of its higher aspect
ratio [18].

Considering the dual advantages of excellent cation
exchange and the low cost of REC, cetyl trimethyl
ammonium bromide (CTAB) was used to modify
rectorite to obtain organic rectorite (OREC).
PCL/OREC nanocomposites were synthesized by in-
tercalating -CL monomer into OREC layers and in
situ intercalation polymerization. The optimum syn-
thesis conditions of PCL/OREC nanocomposites
were studied by changing the ratio of initiator to
OREC. The effects of OREC incorporation on the
morphology, thermal stability, and electrochemical
properties of PCL/OREC nanocomposites were in-
vestigated by various characterization methods.

2. Experimental

2.1. Materials

Ca-Rectorite (Ca-REC) (95% purity) was purchased
from Lingshou Country Deheng Mineral Prod-
ucts Co., Ltd (Hebei, China). Hexadecyl trimethyl

ammonium bromide (CTAB, 99% purity) was pur-
chased from Shanghai Aladdin Bio-Chem Technol-
ogy Co., Ltd (Shanghai, China). Tin 2-ethylhexa-
noate (Sn(Oct),, 98% purity) was purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Methanol, dichloromethane, hydrochloric
acid and Al,03 (99.9% metals basis, a-phase, 30 nm,
99% purity) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd (Shanghai, China). e-caprolac-
tone (e-CL, 99% purity) was purchased from Shang-
hai Aladdin Bio-Chem Technology Co., Ltd (Shang-
hai, China).

2.2. Purification of rectorite

10 g REC was added to 100 ml deionized water and
stirred to a uniform liquid phase, then 3 g sodium
hexametaphosphate was added as dispersant and
stirred at room temperature for 5 h. The solution was
poured into the centrifugal tube and the upper solid
was collected after high-speed centrifugation; the
lower black solid was removed as impurities, and
then an appropriate amount of deionized water was
added for washing. This process was repeated three
times. After drying and grinding, purified REC is
stored in a dry environment.

2.3. Organization of rectorite

REC was added to 1 mol/l hydrochloric acid solution
with a solid-liquid ratio of 1:20. Disperse for 15 min
with ultrasound and stir for 12 h. The solution was
poured into a centrifuge tube and washed three times
until the pH value approached 7. After drying for 12 h
at 80°C, the acid REC was obtained by grinding. 5 g
acidified REC was added to 50 ml deionized water,
stirred evenly, and 0.879 g CTAB was added. The re-
action was performed at 60 °C for 5 h under a nitro-
gen atmosphere, followed by high-speed centrifuga-
tion and deionized water washing for three times. The
supernatant was taken, and no bromine ions were de-
tected with silver nitrate solution, dried at 80°C for
12 h, and OREC was obtained by grinding.

2.4. Synthesis of PCL/OREC nanocomposites

PCL/OREC nanocomposites were prepared by
monomer intercalation in sifu polymerization. A cer-
tain amount of ¢-CL and OREC was added to the
branching flask, and the samples were dispersed by
ultrasonic for 30 min in a nitrogen atmosphere and
stirred at 66°C for 12 h. A certain amount of
Sn(Oct), was added to the system as a catalyst, and
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Figure 1. Mechanism of PCL/OREC synthesis.

the flask was stirred in an oil bath at 140 °C for 24 h
after being purged with nitrogen three times. At the
end of the reaction, an appropriate amount of meth-
ylene chloride was added to the system to dissolve
the product. When the product was completely dis-
solved, excessive methanol was added and placed in
the refrigerator overnight. After the product is pre-
cipitated from the solution, it is washed and filtered
with methanol to remove unreacted monomers and
catalysts. The product was dried at a vacuum of
40°C for 48 h, then weighed and yield calculated.
The general procedure is illustrated in Figure 1.

2.5. Synthesis of composite polymer
electrolytes (CPEs)

In the glove box, an appropriate amount of pure PCL
or PCL/OREC nanocomposites and LiTFSI were
dissolved in an appropriate amount of dimethyl car-
bonate, in which LiTFSI accounted for 20% of the
mass of the polymer and stirred at 60 °C for 1 h. Then
15 wt% Al,O; powder was added and stirred for a
certain time under continuous heating. When the sys-
tem was completely evenly dispersed, the solution
was poured onto a glass plate with a spatula to form
a film and dried at room temperature for 24 h to re-
move residual solvents. The resulting CPE film was
cut into 19 mm diameter disks and assembled into
coin-shaped cells in a glove box.

2.6. Characterization

The phase and composition of the samples were
characterized by X-ray powder diffraction (XRD,
Bruker D8 Advance, Bruker AG, Saarbrucken,
Germany) using Cu K, radiation (A = 0.15406 nm)
and characterized by Fourier transform infrared

spectrometer (FTIR, ThermoFisher Nicolet iS50,
Thermo Fisher Scientific, Massachusetts, USA).
Thermal analysis was performed in nitrogen at a
heating rate of 10°C-min~! from 30 to 600°C (TG,
Netzsch STA 2500, Netzsch, Selbu, Germany). The
morphology and structure were examined by scan-
ning electron microscopy (SEM, Hitachi SU8010,
Hitachi Corporation, Tokyo, Japan and GeminiSEM
300, Carl Zeiss AG, Oberkochen, Germany). The
thermal behavior of the samples was performed by
differential scanning calorimetry (DSC, Discovery
DSC 25, TA Instruments, Newcastle, USA). Firstly,
the samples were heated from ambient to 80 °C at a
heating rate of 20 °C-min~' and held isothermally at
80 °C for 10 min; secondly, the samples were cooled
from 80 to —80°C at a cooling rate of 20°C-min™!
and held isothermally for 10 min; and finally, the
samples were again heated from —80 to 80°C at a
heating rate of 20 °C-min~!. The chemical structures
of the samples were recorded by nuclear magnetic
resonance (‘H-NMR, Bruker 400M, Bruker AG,
Saarbrucken, Germany). The number-average mo-
lecular weight (M,) of the samples was determined
using gel permeation chromatography (GPC, Breeze
2 Hplec 1525, Waters Corporation, Massachusetts,
USA). The dynamic thermomechanical analyzer
(DMA) was used, and the test conditions were as fol-
lows: using a single cantilever fixture, the test tem-
perature range was —120 to 30 °C, the test frequency
was 1 Hz, and the heating rate was 2 °C-min~" (Dis-
covery DMAS&S50, TA Instruments, Newcastle, USA).
The ionic conductivities of the membranes were de-
termined by electrochemical impedance spectro-
scopy (EIS, Zennium X, Zana Electrochemistry,
Kronach, Germany). The charge and discharge tests
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were performed from the LAND system (LAND,
CT2001A, Wuhan Shenglan Electronic Technology
Co., Wuhan, China). For cycling performance, the
cells were charged and discharged with a 0.5 C rate.

3. Results and discussion

3.1. Structural analysis of REC and OREC
FTIR spectra of REC and OREC are shown in
Figure 2. In the FTIR spectra of REC, the peak at
3620 cm™! was related to the tensile vibration of the
hydroxyl group of the AI-OH unit in rectorite. The
peak values of 3419 and 1637 cm™! are correlated
with H-O—H tensile vibration and bending vibration
of H,O [19]. The peak at 1050 cm™! is attributed to
Si—O-Si tensile vibration in the plane. A peak of
822 cm™! was associated with the bending vibration
of Si—-O—Al, while the peak of 822 cm™" disappeared
in FTIR spectra of acid-treated OREC. These results
showed that the strength of the Si—O—Al band was
weakened after acid treatment, and part of AI** in the
surface skeleton was dissolved. Meanwhile, it was
further indicated that acid treatment could change the
surface properties of rectorite without destroying the
structure of the original rectorite [20, 21], which was
consistent with other layered silicate minerals with
similar structures, such as montmorillonite and talc
[22, 23]. In the FTIR spectrum of OREC, the broad
peak at 3590 cm™ and the peak at 1637 cm™! were at-
tributed to the tensile vibration and bending vibration
of adsorbed water molecules. Compared with the vi-
bration peak at 1050 cm™! in the REC spectrum, the
OREC spectrum moves to a higher wave number of
1100 cm™, corresponding to the out-of-plane Si-O-Si
tensile vibration after acid treatment [24, 25]. At peak
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Figure 2. FTIR spectra of REC and OREC.
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values of 2927, 2852, and 1454 cm™, they were cor-
related with characteristic peaks of alkyl chains of sur-
factants, indicating [26] CTAB molecules were suc-
cessfully grafted onto the surface of REC.

Figure 3 shows the X-ray diffraction data for REC
and OREC. The interlayer distance of rectorite was
obtained from the peak position (dyo;-reflection) of
X-ray diffraction data. In the X-ray diffraction data
of REC, the dy;-reflection of phyllosilicate at 260 =
7.20° corresponds to the interlayer distance of
12.3 A. In the X-ray diffraction data of OREC, the
door-reflection of phyllosilicate at 20 = 4.98° corre-
sponds to the interlayer distance of 17.7 A. These
data show that the dyo; crystal plane spacing of rec-
torite increases by 5.4 A interlayer distance after or-
ganic treatment. Cetyltrimethyl ammonium bromide
(CTAB) has a long alkyl chain structure and enters
the silicate layer through ion exchange with REC
[27]. Cationic surfactants can effectively increase the
interlayer spacing of clay, thereby effectively reduc-
ing the interaction force between clay sheets [28§]
and improving the compatibility between natural
clay and polymer.

The surface morphologies of REC and OREC were
characterized by SEM images. It can be observed
from Figure 4a that there is uneven particle size in
the original REC, and the particle surface is rough,
presenting a jagged and irregular sheet structure. As
the layers are closely superimposed on top of each
other, the spacing between the layers is almost indis-
tinguishable. However, in the SEM image of OREC
(Figure 4b), the particle size becomes smaller, the
size distribution becomes uniform, more pore struc-
tures appear, the layered structure becomes loose,
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Figure 3. X-ray diffraction patterns of REC and OREC.
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Figure 4. SEM images of a) REC and b) OREC.

and the layered stepped structure can be clearly seen.
The results showed that after acid treatment and or-
ganic modification, the interlayer spacing increased
and became more conducive to monomer entry. This
result is consistent with the analysis of XRD.

3.2. Characterization of PCL/OREC
nanocomposites

Figure 5 shows the NMR hydrogen spectrum, and
the analysis reveals the chemical structure of the
sample. 'TH-NMR (CDCls, § [ppm]):2.2 (H,, 2H), 1.7
(Hy, 4H), 1.4(H,, 2H), 4.1 (Hg4, 2H). The results con-
firm the successful synthesis of PCL [29].

To study the optimum ratio of initiator Sn(Oct), and
OREC in the polymerization of e-CL. Table 1 shows
the effects of different initiator/monomer (//M) mass
ratios on the conversion rate and polymer dispersion
index PDI (M/M,) of nanocomposites when OREC
addition amounts are 1, 2 and 4 wt%, respectively. As

o [ppm]
Figure 5. NMR hydrogen spectrum of PCL.

R I
SUB010 10.0kV 11.4mm x10.0k SE(UL) 7/4/2022" 5.00 pm

can be seen from the above table, the best conditions
for composite synthesis are OREC with /M = 0.2
and 2 wt%. Therefore, the subsequent tests were car-
ried out with this sample.

When OREC content was increased to 2 wt%, a de-
crease in polymer dispersion index was observed.
This is because the chain growth in the clay layer is
limited at the beginning of polymerization, and these
chains are not easy to participate in the transesteri-
fication reaction. When the chain grows long
enough to achieve the effect of stripping, this pro-
tection will disappear [30]. The dispersion of rec-
torite in PCL was greatly improved after the strip-
ping effect occurred, and the inorganic/organic
interface effect was enhanced. After acid treatment,
some Si—O—Al structures in rectorite are dissolved,
resulting in the formation of more Si-OH. These
surface hydroxyl groups can attack the C—O bond in
the caprolactone monomer and achieve the purpose
of ring-opening polymerization [31]. Therefore, a
portion of the PCL molecular chain grows on the
surface of the REC; we believe that rectorite and

Table 1. Effect of different ratios on conversion, molecular
weight, and PDI of polymer nanocomposites.

Sample O[;R/(I)Z]C [vi/t]“’//lo] [Co}:] [g~n]‘14;l‘1] PDI
1 1 0.1 89.60 32000 1.65
2 1 0.2 88.00 36000 1.61
3 1 0.4 86.50 35000 1.84
4 2 0.1 89.20 34000 1.39
5 2 0.2 93.60 39000 1.23
6 2 0.4 95.60 35000 1.50
7 4 0.1 89.40 19000 1.61
8 4 0.2 94.40 22000 1.58
9 4 0.4 92.00 20000 1.78
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Sn(Oct); cooperate to catalyze e-CL polymerization.
When the clay concentration reached 4 wt%, clay
stripping became difficult and resulted in shorter
molecular chain growth lengths and lower molecular
weight of polymers. At these concentrations, stripped
and unstripped rectorite co-existed in the composite,
leading to an increase in PDI.

Figure 6 shows the X-ray diffraction data of PCL
with different amounts of rectorite. It can be ob-
served that the diffraction peak of the dyg; crystal
plane of rectorite exists in PCL with a mass fraction
of OREC of 4 wt%, which indicates that part of rec-
torite is not stripped when the amount of rectorite is
too large. However, when a low amount of rectorite
was added, no dyo; crystal plane was observed, indi-
cating that the interlayer distance became infinite
and rectorite was completely stripped and dispersed
in PCL. At the same time, the peak width of
1%0REC to 4%OREC is significantly different.
With the increase of OREC addition, the peak width
of PCL/OREC XRD curve is wider, and the peak
height is lower, indicating that the presence of
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Figure 6. X-ray diffraction data of PCL with different
amounts of rectorite.

OREC can reduce the crystallinity of PCL, and the
crystallinity of PCL/OREC is lower with the in-
crease of OREC addition.

Figure 7 shows SEM images of pure PCL and
PCL/OREC with different OREC content, which are

Figure 7. SEM images of a) pure PCL, b) PCL/1%0REC, ¢) PCL/2%OREC and d) PCL/4%OREC.
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sectional images obtained by brittle fracture after
liquid nitrogen cooling. As can be seen from
Figure 7a, pure PCL shows a well-organized and well-
grown spherulite structure, while dispersed rectorite
exists in PCL/OREC, and the mobility of the chain
is limited, leading to imperfect crystallization, which
does not allow the growth of well-developed spher-
ulite structure [32]. It can be seen from Figure 7b—
7d that with the increase of OREC content, the
spherulite structure in the crystallization process of
PCL is gradually weakened, the amorphous region
increases and the overall structure becomes loose.
This shows that the addition of OREC can inhibit the
crystallization of PCL and thus change the polymer
structure. Moreover, no mineral was observed, indi-
cating that rectorite completely dispersed in PCL.
Thermogravimetric analysis (TGA) was used to
study the thermal degradation behavior of nanocom-
posites at a heating rate of 10°C-min~'. Figure 8
compares pure PCL with nanocomposites containing
1, 2, and 4 wt% OREC. Compared with pure PCL,
the temperature at which the nanocomposite loses
50 wt% increases with the increase of rectorite con-
tent and reaches an increase of 50 °C at 4 wt%. This
shift to higher temperatures may be due to the barrier
properties conferred by the highly anisotropic nano-
particles and the formation of carbon, resulting in re-
duced permeability/dispersion of oxygen and volatile
degradation products through the sample. This indi-
cates that the addition of rectorite can effectively im-
prove the thermal stability of PCL.

Figure 9 shows the DSC curves of different samples.
The melting temperature (71,), melting enthalpy
(AHy,), and crystallinity (y.) data obtained from

100 4 PCL/4%OREC

80

PCL/2%OREC
0,

< 604 PCL/1%OREC
£
2
2 40

20 1

O -
T T T T T T
0 100 200 300 400 500 600

Temperature [°C]

Figure 8. Thermogravimetric analysis of pure PCL and PCL
with different content of OREC.

DSC curves are shown in Table 2. Crystallinity was
calculated using the ratio of the heat of melting per
gram of sample determined by DSC measurements
to the heat of melting corresponding to 100% crys-
talline PCL (156 J-g™!) [33]. As shown in Table 2,
compared with pure PCL, the melting temperature
of PCL/OREC nanocomposite basically remains un-
changed. However, the melting enthalpy of
PCL/OREC decreased with the increase in OREC
content, and the crystallinity decreased by 4.6% at
4% OREC. The crystallinity of the PCL/OREC nano-
composite is reduced because the stripped OREC
nanoparticles in the nanocomposite limit the mobil-
ity of the PCL chain to a certain extent, thereby re-
ducing the crystallinity of the matrix [34, 35]. This
is consistent with the results of the previous XRD
analysis. In polymers, ionic conduction predomi-
nantly occurs in amorphous regions through the local
segmental motion [36]. The reduced crystallinity
makes the polymer chain segments more flexible,
which has a beneficial effect on electrical conduc-
tivity [37].

Dynamic mechanical analysis (DMA) is one of the
most effective methods to investigate the molecular
motion of polymers. It can describe the modulus of

Table 2. The melting temperature (7)), melting enthalpy
(AHy,), and crystallinity (y.) data of PCL and PCL
with different content of OREC.

Sample o [?Z-"fl %
Pure PCL 57.6 69.8 44.7
PCL/1%0OREC 57.5 67.5 433
PCL/2%O0OREC 57.7 64.6 41.4
PCL/4%0OREC 57.3 62.6 40.1

Exo up —=

PCL/4%0OREC

PCL/2%0OREC

PCL/1%0OREC

Heat flow

Pure PCL

T
30 40 50 60 70

Temperature [°C]

Figure 9. DSC curves of pure PCL and PCL with different
content of OREC.
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Figure 10. The curve of energy storage modulus of PCL and
PCL/OREC.

materials, investigate the mechanical internal friction
of materials, and explore the molecular motion of var-
ious units. The relationship between material mi-
crostructure and material properties can be studied.
Figure 10 shows the variation curve of energy stor-
age modulus of PCL and PCL/OREC with tempera-
ture. As can be seen from the figure, the energy stor-
age modulus of PCL/OREC nanocomposite is higher
than pure PCL at different temperatures. The in-
crease in energy storage modulus is due to the uni-
form dispersion of nanoparticles in the matrix and
the strong interaction between nanoparticles and the
PCL matrix. The increase of energy storage modulus
is beneficial to the practical application of PCL ma-
terials at higher temperatures.

As can be seen from Figure 11, the 7, value of
PCL/OREC corresponds to —30.5 °C, while that of
pure PCL corresponds to —28.1 °C. This phenome-
non indicates that the addition of nanoparticles as in-
ternal plasticizers increases the distance between
polymer molecular chains [38] and reduces the in-
ternal friction between polymer chains. Therefore,
the degree of interaction between polymer chains de-
creases, and the T, value decreases. In addition,
compared with pure PCL materials, the maximum
value of tan § of composites with nanoparticles is re-
duced, mainly because the volume effect caused by
the dilution effect after filler is added has a certain
effect on the reduction of loss factor. Moreover, there
is a strong interaction between the nanoparticles
modified by CTAB and the PCL matrix, which can
reduce the peak internal friction of the composite
[39]. Therefore, the addition of nanoparticles en-
hances the activity of molecular chains in the system,

0.08 7 —— Pure PCL
—— PCL/IOREC
0.06
w
j
8
0.04
0.027 PCL/OREC
Pure PCL
T T T T T
-120 -80 -40 0 40

Temperature [°C]

Figure 11. Relationship between temperature and tand of
PCL and PCL/OREC.

thus improving the ionic conductivity of polymer
electrolytes.

The ionic conductivity of solid electrolytes is a direct
reflection of the ionic conductivity in the material.
To obtain ionic conductivity, an AC impedance test
is first performed to obtain electrochemical imped-
ance spectroscopy (EIS). Solid electrolyte mem-
brane CPEs (pure PCL and PCL/OREC) was made,
and the AC impedance spectrum obtained by testing
was shown in Figure 12. The results showed that
PCL/OREC samples showed lower ionic resistance
compared with pure PCL at temperatures greater
than 30°C. The conductivity values of the samples
can be calculated separately, and the results are
shown in Table 3. Obviously, in the range of 40 to
60 °C, the conductivity of CPEs (PCL/OREC) is im-
proved compared with that of CPEs (pure PCL). The
possible reason is that the addition of inorganic
nanoparticles affects the growth pattern of PCL mo-
lecular chains, resulting in branched structures that
can provide relatively short ion transport paths, re-
duce the crystallinity of the polymer, and improve
the ionic conductivity of the electrolyte. At the same
time, uniformly dispersed stripped OREC reduces
the intermolecular hydrogen bond strength between
the polymer network molecules and increases the
proportion of amorphous domains associated with
lithium-ion migration, which ultimately improves
the ionic conductivity of the sample [40, 41].

The way polymer solid electrolytes transport ions is
through the movement of chain segments [42, 43].
The ionic conductivity of pure PCL and PCL/OREC
is not much different at room temperature because
the chain structure of PCL is relatively static at low
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Figure 12. Nyquist plot of a) CPEs (pure PCL) and b) CPEs (PCL/OREC).

Table 3. Ionic conductivity of pure PCL and PCL/OREC at
different temperatures.

Ionic conductivity
Sample [S-em™]
30°C 40°C 50°C 60°C
CPEs (pure PCL) |0.56-107 | 0.73-107 | 0.16-10™* | 0.27-107*
CPEs (PCL/OREC)| 0.52-107 | 0.95-107 | 0.18-107* | 1.13-107*

temperatures, and the activity capacity of PCL and
PCL/OREC chains is similar. However, the activity
of polymer nanocomposite chains is better at higher
temperatures. At the same time, the operating temper-
ature of the battery is generally higher than the normal
temperature. At more than 30°C, the chain movement
of PCL/OREC is better, lithium ions are easier to
transmit, and the ionic conductivity is higher.

LFP//CPE//Li cells were assembled to evaluate the
electrochemical performance of the prepared CPEs
(PCL/OREC) in lithium solid-state batteries. The ex-
perimental temperature is 60 °C, the theoretical spe-
cific capacity is set to 170 mAh-g~!, and the test con-
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dition of the rate charge and discharge experiment is
the current density of 0.5 C. As shown in Figure 13,
the discharge capacity shows an upward trend with
the increase in the number of cycles, indicating that
the activation process of the battery is slow. The re-
versible discharge capacity is maintained at
181.2 mAh-g!, and a specific discharge capacity of
about 174.2 mAh-g~! was shown after 100 cycles,
indicative of good capacity retention at 96.7%.

4. Conclusions

In this paper, the organic rectorite (OREC) was pre-
pared by acid treatment and CTAB modification, and
the structural changes of REC before and after mod-
ification were obtained by XRD, FTIR and SEM. The
&-CL monomer was intercalated and dispersed into
the layered structure of OREC, and the PCL/OREC
nanocomposites were successfully synthesized by
in situ intercalation polymerization. The yield and
molecular weight of PCL/OREC were investigated
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Figure 13. a) Charge and discharge profiles and b) cycle performance of CPEs (PCL/OREC) in LiFePO4/CPEs/Li-battery.
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by orthogonal experiment, and the best formula was
obtained. The XRD and SEM micrographs show that
OREC exists in a stripped state in PCL matrix with
good dispersion. By TG and DSC tests, it was found
that the addition of OREC made PCL have higher
thermal stability and lower crystallinity. Moreover,
through DMA analysis, PCL/OREC has higher en-
ergy storage modulus and stronger molecular chain
motion ability compared with pure PCL. In addition,
PCL/OREC has strong electrical conductivity at
higher temperatures and exhibits enhanced cyclic
stability. We expect that the synthesis of PCL/OREC
nanocomposites by in situ intercalation polymeriza-
tion not only provides a reliable method for PCL-
based nanocomposites, but also provides a wider ap-
plication prospect for PCL materials.
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