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In this work, we are focusing on exploring a new way to prepare conductive nanoporous polymeric materials, by simply

incorporating multi-walled carbon nanotubes (MWCNTs) into melt-miscible poly(L-lactic acid)/poly(oxymethylene)
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(PLLA/POM) blends. The POM components in the ternary nanocomposites crystallize first to form “nano-hybrid shish-

kebab (NHSK)” structures at a high temperature in the presence of MWCNTs, with the simultaneous exclusion of poorly
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crystallizable PLLA chains into the intra-NHSK regimes. The subsequent PLLA crystallization in the intra-NHSK regimes is

nucleated on the surface of MWCNTs as well to transform the final crystal morphology into “ternary-hybrid shish-kebab

(THSK)” superstructures. Therefore, a “binary-polymer-decoration” of MWCNTs, named as “block-assembling”, is achieved.

Such a novel “block-assembling” structure is further used to fabricate conductive nanoporous polymeric materials with

unique interposition structure of CNTs in the inner wall of the internal pores after removing of the PLLA components in the

ternary nanocomposites.

Introduction

Due to their extraordinary properties, carbon nanotubes (CNTs)
have attracted tremendous attention in past several decades.”™
Polymer-CNTs nanocomposites (PCNs) are considered as one of the
first realized major applications of CNTs." *°

Incorporation of CNTs into polymers induces many attractive

commercial

properties such as mechanical, electrical and thermal conductive,
remotely actuated shape memory, electromagnetic interference
shielding and sensing capability to the polymer matrix.* To facilitate
the dispersion of CNTs, both chemical and non-covalent wrapping
methods have been exploited to functionalize the surface of CNTs in
many previous 614 functionalization by
covalently linking functional groups to the CNTs surface will break

literatures. Chemical
the integral sp2 conformation of the carbon atoms, resulting in the
dramatic decrease of electrical and mechanical properties of the
functionalized CNTs.> 2™ using
surfactants or polymers to wrap CNTs leads the interactions

The non-covalent methods

between CNTs and the wrapping molecules to be not as strong as
the covalent bonding formed in the chemical methods.®” ° To blaze
a trail, Li's group developed a unique strategy of applying
semicrystalline polymers to functionalize CNTs via CNTs-induced
polymer crystallization.4’ 1516 Generally, CNTs are considered as 1-D
nucleating agents (with numerous nucleating sites) that can

accelerate crystallization of ponmers.A’ 719 1t has been realized that
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a small amount of CNTs can facilitate polymer crystallization while
CNTs networks will impede the growth of crystals.

Li et al. first reported a “nano-hybrid shish-kebab (NHSK)”
structure in polyethylene/CNTs (PE/CNTs) nanocomposites by
solution crystallization under controllable conditions.” Moreover,
Fu’s group directly observed the formation of NHSK in bulk
crystallization of high density polyethylene/CNTs (HDPE/CNTs)
nanocomposites, via a dynamic packing injection molding technique
(DPIM).ZO'22 So far, many PCNs containing semicrystalline polymers,
eg, PE’15-17, 20-21, 23-36 polyamide (PA),15-17' 19, 3740 4o tic
polypropylene (i-PP),ZZ' 36 poly(lactic acid) (PLLA),m’ 2, 43
polyoxymethylene (POM),44 poly(ethylene oxide) (PEO),42’
poly(vinyl alcohol) (PVA),45'46 poly(butylene terephthalate) (PBT),47
poly(vinylidene fluoride) (PVDF),37’ s polytetrafluoroethylene
(PTFE),48'49 polyacrylonitrile (PAN),45’ poly(3-hexylthiophene)
(P?:HT),51 PE-b-PEO,”* PE-b-SBR ** and poly(vinylcyclohexane)-b-
(ethylene)-b-(vinylcyclohexane) (PVCH-PE-PVCH) ** have been
reported to observe the formation of NHSK. The NHSK where the
CNTs inside are regarded as the “shish”, while the periodically
decorating polymer lamellae in a “disk-shape” are perpendicular to
the CNT axis to be the “kebabs”. The formation mechanism of NHSK
is generally considered to be “size-dependent soft epitaxy (SSE)”, as
proposed by Li et al.’®

The melt-miscible crystalline/crystalline blends exhibit varieties
of phase morphologies and superstructures depending on blending
compositions and crystallization conditions.”*® At a given
crystallization temperature (T.), the high-T. component crystallizes
while low-T, one still remains amorphous and acts as a diluent. The
low-T. component might locate in the interlamellar, interfibrillar or
interspherulitic regimes of the pre-existed framework of the high-T,
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one.”®® Varieties of works focused on the morphology and

crystallization behaviors of melt-miscible crystalline/crystalline
blends have been delicately reviewed by Jungnickel *® and Schultz.”"

62 pLLA/POM blends are melt-miscible crystalline/crystalline systems.

According to our previous work, PLLA/POM blends exhibit the
typical lower critical solution temperature (LCST) phase behavior at
above the melting temperature of pOM.® Moreover, we have
systematically investigated the crystallization behaviors of
PLLA/POM blends. A small amount of POM fragment crystals in
PLLA/POM blends serve as PNAs, leading to the enhancement of
PLLA crystallization, while a large quantity of POM strongly hinders
the crystallization of PLLA due to the formation of compact
spherulites.64 In our recent work, the poorly crystallizable PLLA
molecular chains are found to be excluded into the interlamellar
and/or interfibrillar regimes of POM crystals during the POM
crystallization and the subsequent PLLA crystallization is extensively
confined in the POM banded-spherulitic frameworks.”® Such an
interlamellar and/or interfibrillar inclusion of PLLA in the POM
frames is further exploited to make nanoporous polymeric materials
with hierarchical patterned surface and 3-D interpenetrated internal
channels by removal of the PLLA components in the binary blends.
And the tuning of hierarchical patterned structure and the size of
internal channels can be easily realized by adjusting the
crystallization conditions.

In this work, MWCNTs are incorporated into PLLA/POM blends
with a focus on exploring a new and simple path to fabricate
conductive nanoporous polymeric materials. The crystallization
behaviors of the PLLA/POM/MWCNTs nanocomposites have been
investigated. It is found that POM component first crystallizes onto
the surface of MWCNTSs to form the NHSK superstructures at a high
temperature, with the simultaneous expulsion of the poorly
crystallizable PLLA chains into the intra-NHSK regimes (the spacing
between the adjacent kebab crystals of POM along a nanotube).
Due to the relatively high MWCNTs content for POM crystallization,
only parts of nanotubes are covered by POM kebab crystals. Upon
being further cooled to T, of PLLA, the PLLA molecular chains are
nucleated by MWCNTs as well to translate the final crystal
morphology of the ternary nanocomposites into “ternary-hybrid
shish-kebabs (THSK)” structure, in which POM and PLLA sequentially
decorate onto a same nanotube to share the “shish” in common
and two types of crystals grow to be the “binary-hybrid kebabs”.
Therefore, a novel “binary-polymer-decoration” structure of
MWCNTs, named as “block-assembling”, is achieved. Such a novel
“block-assembling” structure is further used as a new, simple and
feasible template to make conductive nanoporous polymeric
materials by a selective solvent etching of PLLA components in the
ternary nanocomposites.

Experimental
Materials and Sample Preparation

The PLLA (3001 D) materials contained 1.6 % of D-lactide were
purchased from Nature Works Co. LLC, USA. The M, and M,/M,
were 89300 + 1000 g mol™ and 1.77 % 0.02, respectively. The POM
(MC 90) samples are kindly provided by Shenhua Co., Ltd., China.
The melt flow index is 9.23 g 10 mint. The M,, and M,,/M, of the
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POM sample are 174300 g mol™ and 2.19, respectively. MWCNTs
were provided by Showa Denko K. K., Japan.

All samples have been dried in an 80 °C vacuum oven for 12 h
beforehand. And then, PLLA, POM and MWCNTs were blended at
190 °C using a batch mixer (Haake Polylab QC) with a twin screw at
an initial rotation speed of 20 rpm for 1 min and subsequently
raised to 50 rpm for 5 min. All the samples prepared were firstly
hot-pressed at 190 °C under a pressure of 14 MPa for 3 min to thin
films with a thickness of 300 um, followed by a rapid cooling process
to room temperature.

Extractions were performed in a Soxhlet extraction apparatus.
The PLLA components are extracted with chloroform and, therefore,
can as well be referred to as the porogen phase. The temperature of
the chloroform in the Soxhlet extraction apparatus was about 60 °C.
Following the extractions, the samples were dried in a 40 °C vacuum
oven.

Sample Characterizations

The crystallization behaviors of the prepared samples were
measured in a differential scanning calorimeter (DSC Q 2000) under
nitrogen flow at a heating rate of 10 °C min™ from 10 °C to 200 °C,
held for 5 min to erase the thermal history before being further
cooled down to 10 °C in a cooling rate of 10 °C mint. The heating
and cooling DSC traces were recorded. The heat flow and
temperature of the instrument were calibrated with sapphires and
pure indium, respectively, before sample scanning.

Morphology of the samples of the obtained ternary
nanocomposites was observed by field-emission scanning electron
microscope (FESEM). A Hitachi S-4800 SEM system was used for
SEM measurements at an accelerating voltage of 1 and 3 kV. All the
samples were fractured after immersion in liquid nitrogen for about
15 min. The structure of the samples was also observed using a
transmission electron microscope (TEM) (Hitachi HT 7700) operating
at an acceleration voltage of 100 kV. The blend samples were
ultramicrotomed at -120 °C to a section with a thickness of about 80
nm. The sections are then stained by ruthenium tetroxide (RuQ,) for
4 h.

Infrared spectra of samples were recorded on a Nicolet 6700
time-resolved Fourier transform infrared spectrophotometer (FTIR).
The samples were sandwiched between a pair of KBr plates.
Thermal treatments were performed in a temperature cell
accessory controlled with an Omega Temperature Controller within
an accuracy of + 1 °C. The samples were firstly heated to 190 °C in a
10 °C min™ rate, held for 10 min to completely erase the thermal
history, and then rapidly cooled to 135 °C for isothermal
crystallization. IR spectra of the specimens are then collected in an
interval of 30 s. Nitrogen adsorption-desorption isotherms were
measured by a Quantachrome Autosorb 6B sorption analyzer. The
pore-size distribution was derived from the adsorption branch of
the isotherms by the Barrett-Joyner-Halenda (BJH) method. The
resistivity of the samples was measured according to the testing
method for resistivity of conductive plastics with four-point probe
array (JIS K7194).

This journal is © The Royal Society of Chemistry 2015
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Results

Finely Dispersed MWCNTs and the Effects of MWCNTs on the
Miscibility of PLLA and POM.

A small amount of MWCNTs are blended with PLLA and POM to
fabricate the ternary nanocomposites with the indicated
compositions. Fig. 1 shows the typical SEM image of the ternary
nanocomposites and the composition of the sample in Fig. 1 is
50/50/0.5. Without any distinct agglomerates, MWCNTs are
successfully incorporated into PLLA/POM blends, as shown in Fig. 1,
indicating the fine dispersion of nanotubes into the matrix of PLLA
and POM. And the modulus, yield strength and breaking strength of
PLLA/POM blends have been significantly enhanced with the
addition of MWCNTSs (Fig. S1). However, two distinct glass transition
temperatures (T,) are observed for the PLLA/POM/MWCNTs
samples quenched from the melt state (Fig. S2), indicating that PLLA
and POM are phase-separated during the quenching process. Even
in PLLA/POM blends without MWCNTSs, as previously exhibited, the
phase separation of PLLA and POM are observed when cooling
down from melt miscible region.63 It appears very different from
the well-defined PVDF/PBA blends with the typical LCST phase
Behaviors, exhibiting two distinct melting temperatures (T,,) but
only a single T, over the entire composition range.%'69 Actually, we
have found that the PLLA/POM blends exhibit both the LCST and
UCST-type phase Behaviors in our very recent work (Fig. S3) and the
details will be discussed in a near future report. Moreover, the POM
components in the ternary nanocomposites crystallize into the
NHSK superstructures between the LCST and UCST in this work. In
other words, there has been no phase separation occurring before
and after the crystallization of POM.

Fig. 1 The typical SEM image of the ternary nanocomposites (the sample is the
PLLA/POM/MWCNTs (50/50/0.5) composite).

margins
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WAXD patterns in Fig. S4, where no diffraction for PLLA crystals has
been observed). With the incorporation of PLLA, moreover, a shift
of T. to a lower one manifests itself the crystallization rate of POM
in the PLLA/POM blends has been distinctly restrained for the
blends without MWCNTs. Upon the addition of MWCNTs (from 0.1
wt % to 1.0 wt %), the crystallization rate of POM in the
PLLA/POM/MWCNTs nanocomposites increases drastically, implying
that the crystallization of POM is efficiently accelerated by MWCNTs.
Fig. 3 shows the typical TEM image of the ternary nanocomposites
and the composition of the sample exhibited in Fig. 3 is 50/50/1.0. It
is clear to see from Fig. 3 that the typical NHSK superstructure (POM
crystal-decorated MWCNTs) is distinctly observed in the ternary
nanocomposites. Although the MWCNT cannot be so clearly
identified due to the coverage of polymers in these images, the
consistent orientations of the adjacent lamellae and the aspect
ratios of the novel “lamellar-orientation areas” indicate that the axis
of the underlying nanotube is perpendicular to the POM lamellae.

= Neat PLLA

= Neat POM

= PLLA/POM=50/50

e PLLA/POM/CNTs=50/50/0.1
e PLLA/POM/CNTs=50/50/0.5
e PLLA/POM/CNTs=50/50/1.0

Heat Flow

Exo—

80 100 _ 120 _ 140,
Temperature (° C)

Fig. 2 The DSC curves of Neat PLLA, PLLA/POM, PLLA/POM/MWCNTs samples

quenched from the melt state in a 10 °C/min cooling rate.

180

Morphology and Crystallization Behaviors of PLLA/POM/MWCNTs
Ternary Nanocomposites

The DSC cooling curves of neat PLLA, POM, PLLA/POM and
PLLA/POM/MWCNTs samples with the indicated compositions are
shown in Fig. 2. Although both PLLA and POM are crystallizable
polymers, the former has a much lower crystallization rate than the
latter one. It can be clearly seen in Fig. 2 that no exothermic peaks
for the PLLA crystallization are observed for all samples when
cooled in a 10 °C/min rate from the melts (as confirmed by the

This journal is © The Royal Society of Chemistry 2015

Interestingly, the crystallinity of POM in the ternary
nanocomposites keeps almost constant, as shown in Table. S1, with
the addition of MWCNTSs. On the one hand, without considering the
dimensional changes of kebab crystals, as we supposed, the mean
number of POM kebabs decorating onto a single nanotube might
decrease upon the increasing loading of MWCNTSs, leading the
spacing between the adjacent kebab crystals (the intra-NHSK
regimes) to be extended. One the other hand, as reported in
PE/SWCNTSs systems by Li et al, the PE kebab crystal size increases
upon the decreasing of SWCNTs contents.?® It comes to conclude
that the coverage rate of nanotubes will probably decrease with the
increasing amount of MWCNTs, leading to the enlargement of
spacing between the adjacent kebab crystals.

To make a detail understanding of the crystallization behaviors,
the crystallization behaviors of PLLA/POM/MWCNTs
nanocomposites with 1.0 wt % loading of MWCNTs and the
PLLA/POM compositions varying from 100/0 to 0/100 have been
systematically investigated, as shown in Fig. 4. It can be seen from
Fig. 4 that two exothermic peaks for the crystallization of PLLA and
POM are distinctly observed in the ternary nanocomposites in
which PLLA acts as a major component (as convinced by Fig. S5),

J. Mater. Chem. C., 2015, 00, 1-3 | 3
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when being cooled in a 10 °C/min rate from the melt state. The
crystallization of PLLA has been dramatically accelerated while the
T. of POM is slightly altered. In this case, POM molecular chains
crystallize first onto the surface of MWCNTs and form the NHSK
superstructures at a high temperature, as we speculated, leading to
the expelling of the poorly crystallizable PLLA chains into the intra-
NHSK regimes. Therefore, the subsequent PLLA crystallization in the
intra-NHSK regions might be controlled by two possible factors. On
the one hand, the initial nucleation of PLLA molecular chains are
mainly controlled by the quantity of nucleating sites remained on
the “bare” surface (unoccupied by POM crystals) of MWCNTs after
POM crystallization. On the other hand, the further growth of PLLA
crystals is very dependent on the spacing between the adjacent
kebab POM crystals.

Journal of Materials Chemistry C

crystallized POM crystals, leading to the shrinking of the intra-NHSK
regimes along a nanotube and a small amount of nucleating sites
remained for nucleating the PLLA included in the intra-NHSK regions
to crystallize. On the other hand, the growth of PLLA crystals might
be confined in the pre-formed solid frameworks, when the POM
components are in high concentrations. The “bare” surface of
MWCNTs, as we considered, will certainly deceases with the
increasing concentration of POM to reach a higher surficial coverage
of nanotubes, and meanwhile, the spacing of the intra-NHSK
regimes will definitely being narrowed. Therefore, the confinement
of the PLLA crystallization mentioned above will become
increasingly apparent with the further increasing content of POM. In
this case, a “block-assembling” decoration structure of POM crystals
and amorphous PLLA chains on MWCNTs generates eventually.

Fig. 3 The typical TEM image of the ternary nanocomposites (the sample is the
PLLA/POM/MWCNTs (50/50/1.0) composite).

Moreover, with the increasing concentration of PLLA, the
crystallization rate and crystallinity of PLLA are significantly
enhanced (Table. S2). It might be ascribed to the increasing amount
of nucleating sites left in the intra-NHSK regimes and the extending
of the spacing between the adjacent kebab POM crystals, due to the
decreasing of POM concentration (that is, the increasing of the
relative MWCNTs/POM compositional ratios in the ternary
nanocomposites leads to the decreasing coverage rate of
nanotubes). After the subsequent PLLA crystallization, the crystal
morphology is translated into the THSK superstructures, in which
POM and PLLA are sequentially nucleated by MWCNTSs to share the
“shish”, and further, grow to be the “binary-hybrid kebabs”, leading
to a “block-assembling” decoration of two polymers crystals on
MWCNTs. Such a “binary-hybrid-kebab” decoration of CNTs (shish),
with the novel THSK structure, in the ternary nanocomposites has
been seldom reported before.

However, no exothermic peaks for the PLLA crystallization can
be seen in the ternary nanocomposites with the PLLA loading less
than 60 wt %. On the one hand, it might be originated from the
increasing surficial occupation rate of MWCNTs by the first

4 | J. Mater. Chem. C., 2015, 00, 1-3
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Fig. 4 The DSC curves of PLLA/POM/MWCNTs samples with the indicated
compositions quenched from the melt state in a 10 °C/min cooling rate.
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Fig. 5 The PLLA compositional effects on the crystallization of PLLA and POM in
the ternary nanocomposites with 1.0 wt % loading of MWCNTs.

Fig. 5 shows the PLLA compositional effects on the
crystallization of PLLA and POM in the ternary nanocomposites. It is
clear seen from Fig. 5 that both the crystallization rate and
crystallinity of PLLA are obviously enhanced with the increasing
amount of PLLA (Table. S2). Interestingly, the crystallization rate
and crystallinity of POM in the ternary nanocomposites changes
slightly upon the varying of PLLA content. It might be attributed to
the “saturation” of MWCNTs for nucleating the POM crystallization.
The “saturation” here means that the loading of MWCNTs is
adequate for the POM crystallization in the ternary nanocomposites,
and further, no completely but partially covered nanotubes are left

This journal is © The Royal Society of Chemistry 2015
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after the crystallizing of POM, so as the subsequent PLLA
crystallization to be probably nucleated on the “bare” surface of
MWCNTs in the intra-NHSK regimes, with the translating of the final
crystal morphology into the THSK superstructures (that is, the
“block-assembling” decoration structure of two polymer crystals on
MWCNTs).

The Intra-NHSK Inclusion of PLLA in the PLLA/POM/MWCNTs
ternary nanocomposites

The nucleation effects of MWCNTs on POM in the ternary
nanocomposites have been clearly demonstrated. In order to fully
understand the following PLLA crystallization behaviors in presence
of both MWCNTs and POM crystals, time-resolved FTIR
measurements have been carried out to trace the crystallization of
PLLA in the ternary nanocomposites. Fig. 6 shows the
representative time-resolved FTIR spectra of the
PLLA/POM/MWCNTs (70/30/1.0) nanocomposite during isothermal
crystallization of PLLA at 135 °C. Note that, in this case, POM
component has already crystallized during the quenching process to
135 °C for the PLLA isothermal crystallization. The bands at 921,
1210, and 1456 cm™ are generally corresponded to intra-chain 10;
helix formation, the combination of —COC- and -CHj; inter-chain
interaction and -CHj inter-chain interaction of PLLA, respectively.
However, the band at 921 cm™ that recognized as being related to
crystallization has not been clearly observed due to the overlapping
with the vibrations of POM chains. But quite noticeably, the 866 cm
! band shifts to 872 cm™ simultaneously with the increasing of the
crystallization time, as shown in Fig. 6(b), indicating a transition of
the PLLA molecular chains to a well-defined order (the crystalline
state). It is found from Fig. 6(a) that the 1210 cm™ band exhibits a
faster and more sensitive response to inter-chain conformational
ordering than the 1456 cm™ one. The band at 1210 cm™ is assigned
to an E1 mode (perpendicular to the helix axis) and its intensity
increases because the transition moments corresponding to the
conformers change their orientation from a random arrangement to
an in-plane orientation.” According to the previous work reported
by Li et al, the intensity increase is originated from the unique
template effect of CNTs on the conformational ordering of PLLA.® 7!
During the crystallizing process, PLLA molecular chains adsorbed the
MWCNTs via the CH-mt interaction and subsequent PLLA backbones
contacted with the pre-adsorbed ones through (—-COC- + -CHj)
interactions to form a unique conformational ordering structure,
which finally became the precursor for crystal growth.

The results above give us direct evidence that the PLLA is
nucleated by MWCNTs as well. In other words, the PLLA molecular
chains are simultaneously excluded into the intra-NHSK regimes
during the crystallization of POM. The same conclusions can be
easily drawn from the time-resolved FTIR spectra of the
PLLA/POM/MWCNs (90/10/1.0) nanocomposites (Fig. S6). In a word,
both POM and PLLA nucleate on the surface of MWCNTs, resulting
in a novel “block-assembling” decoration of two polymers crystals
on nanotubes in PLLA/POM/MWCNTs ternary nanocomposites (as
confirmed by the 2D WARD measurement in Fig. S7, which implies
the PLLA molecular chains are parallel to the POM ones as well as
the axes of MWCNTs). Such a “block-assembling” decoration of two
polymers (crystals and/or molecular chains) on CNTs gives a new
promise of fabricating conductive nanoporous polymeric materials

This journal is © The Royal Society of Chemistry 2015
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by selective removal of the PLLA components in the ternary
nanocomposites.

~
&
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Fig. 6 The time-resolved FTIR spectra of the PLLA/POM/MWCNTs (70/30/1.0)
nanocomposite during isothermal crystallization of PLLA at 135 °C (0-480 s).

840

Conductive Nanoporous Polymeric Materials Obtained from
Nanocomposites of PLLA/POM/MWCNTs after the Extraction of
PLLA.

The ternary nanocomposites are further made into thin films and
carried out solvent etching by chloroform (Soxhlet extraction). Fig.
7(a) shows the macroscopic image of PLLA/POM/MWCNTs
(50/50/0.5) nanocomposite film after solvent etching by chloroform
(Soxhlet extraction). It can be clearly seen that the extracted film
not only maintains the original shape, but is also flexible. It is,
moreover, calculated by a gravimetric method that almost all the
PLLA is extracted (close to 100 %) and the extracted solution always
keeps colourless and transparent, implying that majority of
MWCNTs are still contained in the residue materials (Fig. S8). It is
further to find that water can continuously flow through the thin
films after the extracting of the PLLA component (Video. S1),
indicating the interpenetrated internal pore structure nature. These
results indicate that the NHSKs of POM crystals are not separated
but connected with each other to serve as a sturdy framework for
the final porous materials. The PLLA component included in intra-
NHSK regimes forms a highly-continuous phase during the expelling

J. Mater. Chem. C., 2015, 00, 1-3 | 5
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out from the initial homogeneous melts, so as to be mostly etched
to endow the residue materials with internal channels.

Fig. 7 (a) The macroscopic image and (b) the typical SEM images of the fracture

surface of the PLLA/POM/MWCNTs (50/50/0.5) nanocomposite after solvent
etching.

Journal of Materials Chemistry C

contained and finely dispersed in the final porous material. The
conductivities of the ternary nanocomposites before and after
solvent etching are respectively measured as well, as shown in Table.
1. It is clear from Table. 1 that the conductivities of the
PLLA/POM/MWCNTs nanocomposites after etching dramatically
increase with the addition of MWCNTs (from 0.1 wt % to 1.0 wt %).
Moreover, the conductivity of PLLA/POM/MWCNTs (50/50/0.5)
nanocomposite remarkably increases from 107 S/em to 10° S/cm
after etching, again indicating that MWCNTs are not only covered
with POM but PLLA instead of being packed only by POM crystals in
the ternary nanocomposites.

Fig. 7(b) shows the typical SEM image of the fracture surface of
the PLLA/POM/MWCNTs (50/50/0.5) nanocomposite after the
extraction of PLLA. Numerous narrow channels are found to
disperse in the internal of the residue material after etching. It is
obvious that all the narrow channels are generated by the solvent
etching process of PLLA that initially located in the intra-NHSK
regimes. Fig. 8(a) shows the N, adsorption-desorption isotherm of
the PLLA/POM/MWCNTs (50/50/0.5) nanocomposite after solvent
etching of PLLA. The isotherm of the sample obtained from the
50/50/0.5 nanocomposite is typically of type IV with a capillary
condensation step and the capillary condensation step in the
isotherm is very sharp, indicating the slit (typical lamellar stacking)
and mesoporous nature of the pore structure. The BJH method
takes into account the capillary condensation using the Kelvin
equation and it is useful for the determination of the pore-size
distribution generally for meso-pores.72 Fig. 8(b) shows the pore-
size distributions of the sample obtain from the 50/50/0.5
nanocomposite. Note that, the structure of the slit pores in the
obtained sample is anisotropy (as convinced by the SEM image) and
the pore size measured here is much closer to the narrow width of
the pores.

It can be further found from Fig. 7(b) that MWCNTs are still
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Fig. 8 (a) N, adsorption-desorption isotherm (b) Pore size distributions of the
PLLA/POM/MWCNTs (50/50/0.5) nanocomposite after solvent etching.

If all the MWCNTSs are packed by POM chains (that’s, phase
separation occurs in the melt state and nanotubes are to be
embedded in the POM phase), as we considered, the remarkable
changes of the conductivity would not have happened due to the
same relative content of MWCNTSs contained in the matrixes (where
MWCNTs are actually located), before and after etching. Most
interestingly, the surface of MWCNTSs initially covered by PLLA
component (crystals or molecular chains) is to be exposed, with the
forming of the interposition structure of nanotubes in the inner wall
of the internal channels after solvent etching of PLLA components
in the ternary nanocomposites. Such a novel pore structure will
certainly and significantly improve the conductivity of the final
porous materials. We can, therefore, conclude that the intra-NHSK
inclusion of PLLA in the PLLA/POM/MWCNTSs nanocomposites gives

This journal is © The Royal Society of Chemistry 2015
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us a new, simple and feasible strategy to fabricate conductive
nanoporous polymeric materials.

Table 1 The electrical conductivity of PLLA/POM/MWCNTs nanocomposites with

the indicated compositions, before and after etching

Surface Volume Conductivity (S/cm)
Sample Name Resistivity Resistivity Before After
(Q/00) (Q-cm) Etching Etching
50/50/0.1 - - - -
50/50/0.5 5.629x10’ 2.585x10°  4.501x107  8.006x10°
50/50/1.0 2.729x10° 1.255x10°  9.325x10°  1.432x107
Discussion

From the above, we have successfully explored a novel “block-
assembling” strategy to fabricate conductive nanoporous polymeric
materials from nanocomposites based on a melt-miscible
PLLA/POM blend and MWCNTs. With the incorporation of MWCNTs,
the POM components in the ternary nanocomposites crystallize first
onto the surface of MWCNTs to form the NHSK superstructures in
the presence of amorphous PLLA chains, resulting in the partial but
not complete coverage of MWCNTs. During the crystallizing of POM,
the PLLA molecular chains are proved to be excluded into the intra-
NHSK regimes of POM crystal, as illustrated in Scheme. 1. When the
POM acts as major components, the PLLA molecular chains included
in the intra-NHSK regions are still in amorphous state after being
further cooled to the room temperature (following the
crystallization of POM), as shown in Scheme. 1(a), leading to a
“block-assembling” decoration structure of POM crystals and
amorphous PLLA chains on the surface of MWCNTs. With the

Journal of Materials Chemistry C

decreasing content of POM, the subsequent PLLA crystallization in
the intra-NHSK regions is nucleated by MWCNTs as well and the
PLLA lamellae come out of the “bare” surface of nanotubes to
translate the final crystal morphology into the THSK superstructures,
as shown in Scheme. 1(b), resulting in the “block-assembling”
decoration structures of two polymer crystals on MWCNTs. On the
one hand, it might be ascribed to the numerous nucleating sites left
on the “bare” surface of MWCNTs in the intra-NHSK regimes due to
the decreasing coverage rate of nanotubes. On the other hand, the
spacing between the adjacent kebab POM crystals are extended
with the decreasing of POM, so as the PLLA lamellae coming out of
the “bare” surface of MWCNTs (the intra-NHSK regions) to be well-

developed.
After selective solvent removing of the PLLA component
included in the intra-NHSK regimes, conductive nanoporous

polymeric materials with unique interposition structure of CNTs in
the inner wall of the internal pores can be easily achieved, as
illustrated in Scheme. 1. Such a novel “block-assembling” decoration
of two polymers (crystals and/or molecular chains) on MWCNTs
gives us a new, simple and feasible path to fabricate conductive
porous polymeric materials from the ternary nanocomposites based
on a melt-miscible blend and MWCNTs. Moreover, the pore size,
surface areas and conductivity of the obtained nanoporous
polymeric materials can be further expected to be modulated by
varying the compositions and crystallization conditions. The detail
manipulation of pore structure and conductivity is under
investigation and will be reported in the near future.

HODRGCH 10 °C/min

Scheme. 1 The schematic illustration of fabricating conductive nanoporous polymeric materials via the “block-assembling” strategy based

on PLLA/POM/MWCNTSs ternary nanocomposites.

This journal is © The Royal Society of Chemistry 2015

J. Mater. Chem. C., 2015, 00, 1-3 | 7



Journal of Materials Chemistry C

Conclusions

A “block-assembling” decoration of two polymers on
nanotubes in a nanocomposite comprised of melt-miscible
PLLA/POM blends and MWCNTs has been exploited to
prepare conductive nanoporous polymeric materials. The
POM molecular chains in the ternary nanocomposites are
nucleated by MWCNTs and crystallize first into the NHSK
superstructures at a high temperature, leading to the
simultaneous expulsion of PLLA chains into the intra-NHSK
regimes of POM “block-assembling”
decoration structure of two polymers on MWCNTs. Moreover,
the PLLA chains included in the intra-NHSK spacing are also
nucleated by MWCNTs to translate the crystal morphology
into the THSK superstructures (that is, a novel “block-
assembling” decoration structure of two polymer crystals on
the surface of MWCNTSs), when the PLLA acts as a major
component. After selective removal of the PLLA components
in the intra-NHSK regimes of the ternary nanocomposites,
conductive nanoporous polymeric materials can be easily

crystals and the

achieved. Furthermore, it is expected that the tuning of pore
size, surface areas and conductivity of the conductive
nanoporous polymeric materials can be realized by adjusting
compositions and crystallization conditions.
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Block-assembling =~
of two polymer crystals on:
a CNT. 3

A “block-assembling” strategy is explored to fabricate conductive nanoporous polymeric materials with unique

interposition structure of CNTs in the inner wall of the internal pores.



