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polymerization of 3-caprolactone in the presence
of modified halloysite nanotubes loaded with
stannous chloride†
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Jiaqi Liu and Wenjie Du

Polycaprolactone (PCL) has been widely applied for its excellent physicochemical properties, but it also has

common problems with biopolymers. It is important to investigate energy-efficient polymerization crafts

and composite catalytic systems in the ring-opening polymerization (ROP) of 3-caprolactone (3-CL) to

prepare high-performance PCL matrix composites. In this study, a composite catalytic system of

modified halloysite nanotubes loaded with stannous chloride (APTES-P-h-HNTs-SnCl2) was successfully

synthesized via hydroxylation, calcination, silane coupling agent modification and physical loading. It was

used to catalyze the microwave-assisted in situ ROP of 3-CL to synthesize PCL matrix nanocomposites

with modified halloysite nanotubes (PCL-HNTs). The structure, morphology, polymerization, thermal

properties and electrochemical performance of products were subsequently investigated. The results

show that PCL-HNTs have been successfully synthesized with connected petal-like and porous

structures. Compared with PCL, the film-forming and thermal properties of PCL-HNTs have been

significantly improved. Moreover, PCL-HNTs have a potential application value in the field of solid

polymer electrolytes (SPEs).
1. Introduction

As one of the most important biodegradable polymer materials,
polycaprolactone (PCL) is widely used in the eld of tissue
engineering,1 biomaterials and packaging system for its excel-
lent physicochemical properties of biocompatibility, biode-
gradability, processability, sharp memory function, low toxicity
and drug permeability.2–4

PCL is commonly synthesized by the ring-opening polymer-
ization (ROP) of 3-caprolactone (3-CL) in bulk or organic
solvents. On the one hand, the ROP mechanisms of 3-CL can be
roughly divided into ve categories, i.e., anionic polymerization,
cationic polymerization, organocatalytic polymerization, enzy-
matic polymerization, and coordination-insertion polymeriza-
tion.5 Among them, the coordination-insertion polymerization
is well studied because it can produce PCL with a clear structure
and controllable molecular weights.6 On the other hand, there
are a wide variety of systems used to catalyse the ROP of 3-CL.
Currently, the most commonly used catalyst systems mainly
China University of Geosciences, Wuhan
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tion (ESI) available. See DOI:
contain four types, i.e., metal-based compounds, enzymatic
compounds, organic compounds and inorganic acids.7

Although PCL has remarkable properties as mentioned
above, there are still some problems. The ROP of 3-CL is tradi-
tionally carried out by conventional heating, generally taking
more than 24 h to complete.8 It has high energy costs and is
inefficient. Besides, similar to most biopolymers, the thermal
properties and mechanical properties of PCL are not excellent
enough, which limit the applications of PCL in high-
temperature processing or high-strength devices. Even if PCL
has potential in the eld of solid polymer electrolytes (SPEs) of
lithium-ion batteries,9–11 it is semi-crystalline, which obstructs
the transport of lithium ions in PCL-based SPE and leads to low
ion conductivity.12 Therefore, the use of energy efficient 3-CL
polymerization cras and improvements in the comprehensive
performance of PCL are of important value.

Microwave-assisted heating is totally different from conven-
tional heating. Microwave irradiation has been proved to
dramatically accelerate the polymerization of monomers, which
contain polar groups that absorb microwaves.13 Over the last
decades, microwave irradiation has developed into a highly
useful technique and an effective alternative energy source for
chemical reactions and processes.14 Compared with conven-
tional heating ring-opening polymerization (HROP),
microwave-assisted ring-opening polymerization (MROP) has
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
many advantages, including rate enhancement, environmen-
tally friendly, safety, high-temperature homogeneity and
manufacture of high-value low-volume chemicals.15 Thus,
MROP is an environmental and high-efficiency technique for
the synthesis of PCL.

In recent years, polymer matrix composites have been greatly
developed by the integration of organic and inorganic llers
into polymers.16 Their various properties, such as ion conduc-
tivity, mechanical properties and thermal stability,17–19 have
improved signicantly compared with pure polymers. In this
way, high-performance PCL matrix composites can be
produced. Halloysite is a kind of natural layered silicate
mineral, containing rich silicon and aluminate active sites. It is
chemically similar to kaolinite and have a chemical formula of
Al2(OH)4Si2O5$(0–2)H2O.20 Halloysite nanotubes (HNTs) are the
dominant form of natural halloysite, with a multi-layered
tubular structure.21 The global supply of HNTs exceeds thou-
sands of tons per year and HNTs are low-cost, meaning that
mass-scale industrial applications can be achieved.22 HNTs are
a kind of promising ller for high-performance polymer matrix
composites,23 due to their high specic surface area (SSA), high
aspect ratio, good dispersion, nontoxicity, high strength, and
excellent thermal stability.24 Furthermore, HNTs are widely
used in the catalysis industry, as additives in catalytic systems
or promising materials for the preparation of heterogeneous
catalysts, etc.25–29 As far as HNTs are concerned, the abundant
hydroxyl groups on the internal lumen surface and aluminate
active sites have the synergetic catalytic ability in the case of
ROP of 3-CL.30 However, if only catalyzed by HNTs, the chain
growth of the polymerization results in short chains, which is
manifested by the low molecular weight and poor performance
of corresponding PCL products. A better option is to use HNTs
as the support of catalysts. Due to the tubular structure, high
SSA and active sites, HNTs are of great application value as
a host for the loading of various guests.31–33 By loading certain
catalysts onmodied HNTs through physical forces or chemical
reactions, a composite catalytic system with excellent catalytic
performance can be constructed. In the polymerization cata-
lyzed by the composite catalytic system, the chain growth starts
at the active sites on the surface of HNTs, and in situ polymer-
ization occurs. Compared with physically blending llers with
polymers, llers can be better dispersed in the polymer matrix
by in situ polymerization, and the interactions are stronger
among the polymer, surfactant and ller surface.34 Corre-
spondingly, PCL-HNTs synthesized by the composite catalytic
system have better performance and higher molecular weight
than the PCL matrix nanocomposites catalyzed by only HNTs or
physically blending with inorganic llers.

In this work, a composite catalytic system, modied halloy-
site nanotubes loaded with stannous chloride (APTES-P-h-
HNTs-SnCl2), was creatively synthesized. It not only has excel-
lent catalytic ability but also acts as the performance-enhancing
ller of polymer matrix composites. The microwave-assisted in
situ ROP of 3-CL in the presence of APTES-P-h-HNTs-SnCl2 was
carried out to synthesize PCL-HNTs and their structures,
thermal properties and electrochemical performances were
signicantly investigated.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Experimental
2.1. Materials

3-Caprolactone (3-CL, 99%), from Alladin, was distilled under
vacuum and stored with a calcined molecular sieve. High-purity
halloysite nanotubes (HNTs), from Yuanxin Nano Technology
Co., Ltd (Guangzhou, China), were vacuum dried before use.
Stannous chloride (SnCl2, 99%), from Mucklin, was used
without further purication. (3-Aminopropyl)triethoxysilane
(APTES, H2NCH2CH2CH2Si(OC2H5)3, $98%), from Lvwei New
Material Technology Co., Ltd (Guangdong, China), was used
without further purication. All other reagents were used as
received.
2.2. Preparation of APTES-P-h-HNTs-SnCl2

As shown in Scheme 1, 4.00 g of HNTs were dispersed in 200 mL
deionized water. Subsequently, 0.116 g NaOH was added and
the mixture was magnetically stirred for 24 h at room temper-
ature.35 The solid phase of the resultant hydroxylated HNTs (h-
HNTs) was obtained by centrifugal separation and rinsed
several times with water until the pH of the ltrate reached 7.
The prepared h-HNTs were rst dried at 60 �C for 2 h in an oven
and then dried at 60 �C in a vacuum oven for 24 h.

The h-HNTs obtained were calcined at 400 �C for 3 h to
remove the interlayer water of HNTs.36 Then, calcined h-HNTs
were ground into powder using a quartz mortar. To physically
load SnCl2 onto the surface of h-HNTs, SnCl2 (2.10 mmol),
toluene (45 mL) and h-HNTs (3.33 g) were added to a 150 mL
reaction ask with a branch nozzle. The APTES (2.55 mmol) and
toluene (25 mL) were also added to a 50 mL beaker and well
mixed.37 The ligand solution in the beaker was then added to
the reaction ask and three nitrogen purge cycles were applied
to the reaction ask. Finally, the solution system was stirred
overnight to obtain the composite catalytic system of APTES-P-
h-HNTs-SnCl2.
2.3. Microwave-assisted in situ ROP

Microwave-assisted polymerizations were carried out in an
MCR-3 atmospheric-pressure microwave chemical reactor. The
typical procedure was as follows. A mixture of 3-CL and corre-
sponding certain proportions of APTES-P-h-HNTs-SnCl2 or
SnCl2 (as the control groups) were ultrasonically mixed and
then placed into a three-necked reaction ask. Through three
times of vacuum–nitrogen cycles, the mixture was irradiated
and then polymerized at certain constant temperatures stabi-
lized by the reaction microwave power of 400W. The crude solid
product was dissolved in methylene chloride and precipitated
using methanol. The precipitate was ltered and dried under
a vacuum at 40 �C.

In the following content, PCL-HNTs and PCL, respectively,
represented products from 3-CL catalyzed by APTES-P-h-HNTs-
SnCl2 and SnCl2. Moreover, PCL-HNTs (1 wt%) and PCL-HNTs
(3 wt%), respectively, represented PCL-HNTs [initiator/
monomer (I/M) mass ratio ¼ 1%] and PCL-HNTs (I/M mass
ratio ¼ 3%).
RSC Adv., 2022, 12, 1628–1637 | 1629
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Scheme 1 Schematic illustration of structures and preparation processes from HNTs to APTES-P-h-HNTs-SnCl2.
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2.4. Fabrication of composite polymer electrolytes

Composite polymer electrolytes (CPEs) were prepared by
a solution casting method.38 Appropriate amounts of PCL-HNTs
and LITFSI to give [O] : [Li] ratio of 20 : 1 were dissolved in
dimethyl carbonate, and the solution was stirred at 55 �C for
2 h. A predetermined amount of Al2O3 powder with different
particle size was then added, and the solution was mixed for
24 h with continuous heating. When complete homogenization
of a mixture occurred, the solution was cast on a glass plate
using a doctor blade. Residual solvent was completely removed
by drying the electrolyte lm at room temperature for another
24 h. Then, the obtained CPEs membranes were cut into
circular rounds with a diameter of 19 mm and placed in an Ar-
lled glove box overnight to remove the residual solvent and
nally for electrochemical tests.
2.5. Measurements

X-ray photoelectron spectroscopy (XPS) was performed on
a ‘Thermo Scientic K-Alpha’ with an Al Ka source (1486.6 eV).
The full-spectrum scan (pass energy: 160 eV) and the narrow-
spectrum scan (pass energy: 50 eV) were conducted on all
samples. All spectra were calibrated using the C 1s peak (284.80
eV).

1H NMR spectra were recorded on a ‘Bruker 400M’ spec-
trometer using tetramethylsilane as an internal standard and
CDCl3 as a solvent.

X-ray diffraction (XRD) patterns were performed on a ‘Bruker
D8 Advance’ with Cu Ka radiation, in the 2q rotation range of
�110� to 168�.

Hitachi SU8010 high-resolution eld emission scanning
electron microscope (SEM) was applied to investigate the
surface morphology and cross-sectional structure of HNTs,
APTES-P-h-HNTs-SnCl2, PCL and PCL-HNTs.
1630 | RSC Adv., 2022, 12, 1628–1637
The number-average molecular weight (Mn) and polymer
dispersity index (PDI) of PCL-HNTs were determined using gel
permeation chromatography (GPC) of a ‘Breeze 2 Hplc 1525’
instrument. N,N-Dimethylformamide was used as an eluent at
a ow rate of 1.0 mL min�1 and GPC data were calibrated by
standard polymethyl methacrylate.

Differential scanning calorimetry (DSC) was performed
using a ‘Netzsch DSC 204 F1’ and the test process was set as
followed. Firstly, at a heating rate of 20 �C min�1, samples were
heated from ambient temperature to 80 �C, and kept isother-
mally at 80 �C for 10 minutes. Secondly, at a temperature ramp
rate of 50 �C min�1, samples were cooled from 80 �C to �80 �C,
and maintained under isothermal temperature for 10 minutes.
Finally, samples were heated from �80 �C to 80 �C at a heating
rate of 20 �C min�1.

Thermal stabilities were performed using a ‘Netzsch STA
2500’. The sample was heated from 30 �C to 630 �C in a nitrogen
atmosphere at a heating rate of 10 �C min�1, without heat
preservation.

AC impedance and ionic conductivity measurements on
CPEs were performed using a ‘Zennium X’ Zahner electro-
chemical workstation over the frequency range of 10 MHz to 100
mHz. CPE lms were sandwiched between two stainless steel
disk electrodes and measured from 30 �C to 60 �C. The charge/
discharge tests were performed using a ‘CT2001A’ from the
LAND system.
3. Results and discussion
3.1. Effect of modication treatments on HNTs

XPS survey scans of HNTs and APTES-P-h-HNTs-SnCl2 are
shown in Fig. 1. Characteristic elements including aluminium,
carbon, chlorine, sodium, oxygen, silicon and tin were detected.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XPS survey scans of (a) HNTs, (b) APTES-P-h-HNTs-SnCl2.
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Sodium was only detected in APTES-P-h-HNTs-SnCl2, con-
rming the effectiveness of the hydroxylation treatment. The
relative concentrations of aluminium to oxygen and silicon to
oxygen both decreased from HNTs to APTES-P-h-HNTs-SnCl2.
This can be ascribed to the alkaline etching of aluminium oxide
octahedral layers and silicon oxide tetrahedron layers of HNTs.
Since the inner and outer surfaces of HNTs were reactive during
the hydroxylation treatment, parts of aluminium and silicon
were dissolved in the form of AlO2

� and SiO3
2� (aq.), and extra

aluminium hydroxyl groups and silanol groups were generated.
Tin and chlorine were only detected in APTES-P-h-HNTs-

SnCl2, conrming the effectiveness of the silane coupling agent
treatment and physical loading of stannous chloride. The
atomic percentages of tin and chlorine were 5.38% and 3.77%.
This is because the HNTs were physically absorbed with APTES
acting simultaneously as a support and a ligand of stannous
chloride. The stannous chloride catalyst was physically adsor-
bed onto the surface of HNTs.

Fig. 2(a) exhibited the microscopic morphology of HNTs,
including high aspect ratios, smooth surfaces and tubular
structures. This also reected the high purity of HNTs used in
this work. Otherwise, the morphology of APTES-P-h-HNTs-SnCl2
could be seen in Fig. 2(b), showing a clear difference from
HNTs. Aer hydroxylation, calcination, silane coupling agent
modication and stannous chloride physical adsorption, the
Fig. 2 SEM micrographs of (a) HNTs, (b) APTES-P-h-HNTs-SnCl2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
halloysite nanotubes still had a high aspect ratio, but the
tubular structure was damaged and there were obvious particles
on the surface with attachments. SEM micrographs more
intuitively proved the success of the above modications of
HNTs.
3.2. PCL-HNTs characterization

Hard and lumpy products were obtained when 3-CL was irra-
diated using microwaves in the presence of APTES-P-h-HNTs-
SnCl2. As shown in Table 1, the Mn values of the products
ranged from 9700 to 53 000 g mol�1 with a polymer dispersity
index (Mw/Mn) of 1.11–1.61.

The inuence factors of polymerization, including polymer-
ization temperatures stabilized by MCR-3 with certain micro-
wave power, I/M mass ratios and the time of microwave
irradiation, were investigated. In this work, the reaction
microwave power was 400W, polymerization temperatures were
set to 210 �C and 250 �C, initiator/monomer (I/M) mass ratios
were respectively 1% and 3%, and the irradiation time was from
5 to 60 min. Among them, the best conditions for the
microwave-assisted in situ ROP of 3-CL were obtained, carrying
out polymerizations at 250 �C, when the I/M mass ratio is 1%.

1H NMR analyses revealed the expected structures of the
synthesized products under the experimental conditions. 1H
RSC Adv., 2022, 12, 1628–1637 | 1631
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Table 1 Microwave-assisted in situ ROP of 3-CL

n I/M (wt%) T (�C) t (min) CR (%) Mn (g mol�1) PDI

1 1 210 30 80.1 19 497 1.29
2 1 210 40 81.4 20 426 1.56
3 1 210 60 82.5 21 997 1.39
4 1 250 5 36.3 14 134 1.11
5 1 250 10 79.3 23 913 1.40
6 1 250 20 88.8 29 711 1.56
7 1 250 30 93.2 36 482 1.56
8 1 250 40 94.8 48 161 1.52
9 1 250 60 93.9 52 088 1.48
10 3 250 5 25.2 9785 1.11
11 3 250 10 71.0 21 253 1.12
12 3 250 20 86.9 24 472 1.61
13 3 250 30 93.9 30 031 1.57
14 3 250 40 92.3 31 777 1.51
15 3 250 60 94.8 32 494 1.52

Fig. 4 XRD patterns of PCL, APTES-P-h-HNTs-SnCl2 and PCL-HNTs.
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NMR (400 MHz, chloroform-d, d): 7.26 (s, 2H; Ar H), 4.05 (t, J ¼
6.7 Hz, 2H; OCH2), 2.29 (t, J¼ 7.5 Hz, 2H; CH2CO), 1.82–1.50 (m,
4H; CH2), 1.38 (d, J ¼ 7.2 Hz, 2H; CH2) (Fig. 3). The

1H NMR
spectrum of the synthesized products was the same as the
authoritative sample of PCL.39

APTES-P-h-HNTs-SnCl2, PCL and PCL-HNTs were character-
ized using XRD, as shown in Fig. 4. The XRD pattern of PCL-
HNTs was compared with those of PCL and HNTs to identify
the characteristic peaks. PCL and HNTs exhibited characteristic
peaks, showing semi-crystalline and crystalline nature, respec-
tively.40 The appearance of all peaks in PCL-HNTs conrmed the
presence of the two constituents.

The above results indicated that PCL-HNTs were successfully
synthesized when the ROP of 3-CL was irradiated using micro-
waves and APTES-P-h-HNTs-SnCl2 as catalysts. As shown in
Scheme 1 and Table 2, it could be inferred from the synthetic
path of the composite catalytic system that there were three
modes of the polymer molecular chain growth. In a rst way,
chain initiation occurred on the hydroxyl groups on the surface
of the modied halloysite nanotubes, and the active hydrogen
in the hydroxyl group attacked the C–O bond in caprolactone for
Fig. 3 1H NMR spectrum of PCL-HNTs.

1632 | RSC Adv., 2022, 12, 1628–1637
the chain growth, resulting in PCL graing on HNTs.30,41 The
acidic nature of HNTs was the source of the polymerization
behaviour. The ROP mechanism was cationic polymerization.
The second was that hydroxyl groups on the surface of the
modied HNTs reacted with SnCl2 to form alkoxy-tin, and then
alkoxy-tin was coordinated with 3-CL to achieve the ROP of 3-CL,
and the PCL graed on HNTs was generated.42 The mechanism
of ROP was coordination-insertion polymerization. The third
was that chain initiation occurred on the stannous chloride
physically loaded on the surface of the modied halloysite. The
tin in the stannous chloride was coordinated with 3-CL, carrying
out ROP of 3-CL and generating free PCL. The ROP mechanism
was coordination-insertion polymerization.

Among the three polymer chain growth modes, the last was
the main one, because free PCL accounts for about three
quarters in PCL-HNTs(1 wt%). The specic calculation method
was to dissolve appropriate amounts of PCL-HNTs(1 wt%) in
dichloromethane and centrifuge them at 10000 rpm. The solid
component obtained by centrifugation was dissolved in
dichloromethane and centrifuged at 10000 rpm again. The
nally obtained solid component was APTES-P-h-HNTs-SnCl2
and its proportion of the mass of the APTES-P-h-HNTs-SnCl2
originally used corresponded to the proportion of the free PCL.

We reasoned that there existed a synergistic catalytic effect
between the hydroxyl groups and the metal center, different
from the catalytic action in simple metal-catalyzed reactions or
organic catalytic reactions. All chain growth mechanisms
Table 2 The grafting rate of PCL-HNT nanocomposites

Sample
Free PCL rate
(%)

Graing rate
(%)

PCL-HNTs(1 wt%)-10 min 83.3 16.7
PCL-HNTs(1 wt%)-20 min 80.1 19.9
PCL-HNTs(1 wt%)-30 min 76.5 23.5
PCL-HNTs(1 wt%)-40 min 78.2 21.8
PCL-HNTs(1 wt%)-60 min 72.1 27.9

© 2022 The Author(s). Published by the Royal Society of Chemistry
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simultaneously proceeded between the layers or on the surface
of HNTs, conducting in situ ROP of 3-CL.

PCL and PCL-HNTs were subjected to liquid nitrogen brittle
cooling and fracture operations to prepare samples. A high-
resolution eld emission scanning electron microscope was
used to observe the cross-section of the sample and SEM
micrographs of the synthesized PCL, PCL-HNTs(1 wt%) are
exhibited in Fig. 5. The SEM micrograph of PCL shown in
Fig. 5(a) indicated an obvious layer-packed structure, with some
small pits. The local longitudinal morphology of high magni-
cation was shown in Fig. 5(b), which showed that the distri-
bution directions of the slice layers were consistent.

Fig. 5(c) is the SEM micrograph of PCL-HNTs(1 wt%) and
totally different morphologies from PCL were observed. Cata-
lyzed by APTES-P-h-HNTs-SnCl2, the microscopic morphology
of PCL-HNTs(1 wt%) was no longer a lamellar structure, but
a petal-like structure instead. Moreover, a porous structure
appeared and distributed uniformly, and the average diameter
of pits was slightly increased. The high-magnication local
morphology of Fig. 5(d) clearly showed the petal-like structure
of PCL-HNTs(1 wt%). The petals were even intertwined and
interlaced, leaving many pores among them. The huge differ-
ence in the microscopic morphology of PCL-HNTs(1 wt%) and
PCL could be explained by the fact that the chain initiation and
chain growth of PCL-HNTs(1 wt%) were carried out on the active
sites of the modied HNTs, macroscopically growing around
HNTs due to the template effect. However, the polymerization
for PCL was just a conventional chain proliferation catalyzed by
SnCl2.

Structural differences between PCL and PCL-HNTs were
apparent in their respective properties. The layered structure of
Fig. 5 SEM micrographs of PCL (a) and (b) and [PCL-HNTs(1 wt%)] (c) an

© 2022 The Author(s). Published by the Royal Society of Chemistry
PCL meant that it was prone to deformation and fracture when
it was stressed. The absence of a porous structure also led to
a stress concentration. Overall, the mechanical properties of
PCL were brittle and so. However, for PCL-HNTs, the petal-
shaped three-dimensional connection structure guaranteed
their mechanical strength, and HNTs themselves were also
excellent polymer-reinforcing llers, which helped to improve
the mechanical properties of polymer nanocomposites. Mean-
while, the porous structure could disperse stress and enhance
the toughness of PCL-HNTs. Overall, the mechanical properties
of PCL-HNTs were tough and hard. In this work, the lm-
forming properties of PCL and PCL-HNTs veried their
respective mechanical properties, and the lm-forming prop-
erties of the latter were far superior to the former.

3.3. Thermal properties

Thermal stabilities and thermal characterizations of PCL and
PCL matrix nanocomposites with HNTs were respectively
determined by thermogravimetry and differential scanning
calorimetry.

For thermal stabilities of polymer/ller nanocomposites
could be affected by the polymer matrix, the ller and the
interaction between the polymer matrix and the ller.43 In order
to study these factors, targeted experiments were carried out,
and the results were shown in Fig. 6. Sample b was the
composite of PCL and HNTs prepared by physical blending.

As shown in Table 3, for the polymer matrix, the thermal
performance of PCL was not excellent enough, the decomposi-
tion temperatures for the loss of 1 wt% and 5 wt% were 214.6 �C
and 252.1 �C, respectively. For llers, no matter how HNTs
participate in the polymerization of 3-CL, the initial
d (d).
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Fig. 6 Thermogravimetric analysis curves of PCL and PCL matrix
nanocomposites with HNTs.

Fig. 7 DSC thermograms of PCL and PCL matrix nanocomposites
with HNTs during the reheating process.
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decomposition temperature of PCL matrix nanocomposites
with HNTs was 31.4–81.2 �C, higher than PCL. The dispersion of
llers into the polymer matrix could help improve thermal
stabilities because llers could act as a superior insulator and
mass transport barrier to the volatile products generated during
decomposition.44 For the interaction between the polymer
matrix and ller, the compatibility and dispersibility of the ller
in the polymer matrix played a decisive role. For samples b and
sample c, the mass ratios of HNTs to PCL were both 1%. In
sample b, HNTs were physically mixed into the PCL matrix.
However, in sample c, HNTs were rst modied by APTES to
increase their compatibility with polymers and then partici-
pated in the in situ ROP of 3-CL as the carrier and ligand of the
composite catalytic system, which further improved the
compatibility and dispersibility of HNTs in the PCL matrix.
Therefore, comparing the above two samples, the initial
decomposition temperature of sample c was about 45 �C higher
than that of sample b.

As proved from the thermal stability of four representative
samples, APTES-P-h-HNTs-SnCl2 had good dispersibility and
compatibility in the PCL matrix, and thermal stabilities of PCL-
HNTs had been signicantly improved, compared to that of
PCL.

For thermal characterization of PCL and PCL matrix nano-
composites with HNTs, DSC thermograms of samples in the re-
melting process were measured and are shown in Fig. 7. The
melting temperature (Tm), the heat of fusion (DHm) and
Table 3 Decomposition temperatures of PCL and PCL matrix nano-
composites with HNTs

Sample Td (1 wt% loss) Td (5 wt% loss)

a – PCL 214.6 �C 252.1 �C
b – PCL/HNTs(1 wt%) 246.0 �C 287.5 �C
c – PCL-HNTs(1 wt%) 291.6 �C 333.3 �C
d – PCL-HNTs(3wt%) 259.7 �C 299.7 �C

1634 | RSC Adv., 2022, 12, 1628–1637
associated degree of crystallinity (cc) obtained from DSC
measurements are summarized in Table 4. cc was calculated
using the heat of fusion per gram of samples determined from
the DSC measurements and heat of fusion corresponding to
100% crystalline PCL (136 J g�1).45 It is shown in Table 4 that the
values of cc were reduced in the case of PCL matrix nano-
composites with HNTs as compared to PCL. This was due to the
decrease in molecular mobility of PCL chains in nano-
composites that caused a reduction in the PCL crystal size and
imperfections of the crystals.46 Similar behaviours were also
observed for PCL/clay nanocomposites.47 In general, the crys-
tallinity and melting point of the same material were positively
correlated. Although the crystallinity of PCL matrix nano-
composites with HNTs was lower than the crystallinity of PCL,
the melting point was maintained or even increased. This was
because in PCL matrix nanocomposites with HNTs, intermo-
lecular hydrogen bonds were formed between molecular chains
and hydroxyls on the surface of modied HNTs and silane
coupling agents.
3.4. Electrochemical performance of CPEs

The polymer matrix of CPEs(PCL-HNTs) contained PCL-
HNTs(1 wt%). The ionic conductivity (s) values of electrolyte
CPEs were determined using electrochemical impedance spec-
troscopy (EIS). Fig. 8(a) shows the Nyquist plot of the CPEs(PCL-
HNTs) membrane. The semicircle at high frequency
Table 4 Thermal characteristics of PCL and PCL matrix nano-
composites with HNTs

Sample Tm (�C) DHm (J g�1) cc (%)

PCL 52.4 58.42 43.0
PCL/HNTs(1 wt%) 52.4 48.82 35.9
PCL-HNTs(1 wt%) 53.0 42.54 31.3
PCL-HNTs(3 wt%) 52.9 47.08 34.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Nyquist of CPEs(PCL-HNTs), (b) the Li-ion conductivity of CPEs(PCL-HNTs) and CPEs(PCL).
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represented the impedance belonging to the electrolyte body.
The s of CPEs(PCL-HNTs) electrolyte was 1.91 � 10�5 S cm�1 at
30 �C, which was more than ve times as much as that of the
CPEs(PCL) electrolyte (3.77 � 10�6 S cm�1). The s value
increased with rising temperature, as shown in Fig. 8(b) and
Table 5. Clearly, the s of CPEs(PCL-HNTs) was always higher
than that of CPEs(PCL) within the considered temperature
range and nally reached up to 1.98 � 10�4 S cm�1 at 60 �C.
This resulted from the lower cc of PCL-HNTs compared with
PCL. During the transport of lithium ions in SPE, they coordi-
nated with polar groups on the polymer chain at a specic
position. Through the movement of the chain segment of
polymer molecules, free volume appeared, so that lithium ions
could be conducted within and between polymer molecular
chains. In the polymer matrix, lower cc meant a greater
Table 5 Conductivity of CPEs at different temperatures

Sample (S cm�1) 30 �C 40 �C 50 �C 60 �C

CPEs(PCL) 3.77 � 10�6 8.65 � 10�6 2.10 � 10�5 9.98 � 10�5

CPEs(PCL-HNTs) 1.91 � 10�5 3.47 � 10�5 6.88 � 10�5 1.98 � 10�4

Fig. 9 (a) Charge and discharge profiles, (b) cycle performance of CPEs

© 2022 The Author(s). Published by the Royal Society of Chemistry
proportion of amorphous regions, in which the segments could
move at an ambient temperature higher than Tg. Therefore,
lower cc of the polymer matrix caused higher s of SPE.

CPEs(PCL) were too brittle to be used in tests of lithium
metal solid-state batteries. To evaluate the performance of the
prepared CPEs(PCL-HNTs) in lithium metal solid-state
batteries, LFP//CPE//Li batteries were assembled, and the
discharge capacity was monitored at 60 �C. As shown in Fig. 9(a)
and (b), the discharge capacity displays a rising trend with the
increase in the cycle number, indicating a slowly activating
process of the cell. Then, the reversible discharge capacity
remained at the level of 163 mA h g�1 during the 20th to 50th
cycles, showing good discharge capacity and electrochemical
stability of CPEs(PCL-HNTs).
4. Conclusion

The composite catalytic system of APTES-P-h-HNTs-SnCl2 was
prepared through hydroxylation, calcination, silane coupling
agent modication and physical loading, and used as a catalyst
for the microwave-assisted in situ ROP of 3-CL. Target products
of PCL-HNTs were successfully synthesized and suitable poly-
merization conditions are microwave power of 400 W, I/M mass
(PCL-HNTs) in LiFePO4/CPEs/Li-battery.
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ratio of 1% and polymerization temperature of 250 �C.
Compared with PCL, PCL-HNTs are observed to have connected
petal-like and porous structures for the template effect of the
catalyst and have much better lm-forming and thermal
stabilities. Moreover, lower cc of PCL-HNTs causes SPE made by
PCL-HNTs to have higher lithium-ion conductivity. Meantime,
CPEs(PCL-HNTs) have good discharge capacity and electro-
chemical stability, showing the application potentiality of PCL-
HNTs in SPE. So, APTES-P-h-HNTs-SnCl2 is believed to not only
act as a kind of an effective and efficient catalyst for the ROP of
3-CL but also effectively improve multiple properties of the PCL
matrix, producing high-performance PCL-HNTs.
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