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Preparation of functionalized partially unzipped
carbon nanotube/polyimide composite fibers with

increased mechanical and thermal propertiesy

Yao Cheng, Shiyu Zhang, Juan Li, Jun Sun, Jianjun Wang, Chuanxiang Qin
SEa

and Lixing Dai

Partially unzipped carbon nanotubes (PUCNTSs) were prepared via a facile longitudinal unzipping method
and then covalently bonded with 4,4’,4”-triaminotriphenylamine (TAPA) for the first time to obtain
functionalized PUCNTs (f-PUCNTSs). Polyamide acid (PAA)-based composites with f-PUCNTs were
prepared by using in situ polymerization, and the f-PUCNTs/PAA composite solution was wet-spun to

obtain composite fibers which were finally transferred into f-PUCNTs/PI composite fibers after heat
treatment. f-PUCNTSs not only combined the advantages of carbon nanotubes and graphene, but also
possessed groups which could covalently bond with the Pl matrix, leading to a relatively strong
reinforcing effect on the matrix. The tensile strength and Young's modulus of the composite fiber

containing 1.0 wt% f-PUCNTSs increased to 165% and 208% relative to those of Pl fiber, respectively, and

Received 11th February 2017
Accepted 12th April 2017

to 137% and 153% relative to those of the composite fiber containing the same amount of PUCNTSs,

respectively. Meanwhile, the thermal properties also increased obviously, e.g. the 5% weight loss

DOI: 10.1039/c7ra01738¢

rsc.li/rsc-advances

1. Introduction

As an important member of high-performance fibers, polyimide
(PI) fiber* not only possesses excellent mechanical properties,
but also shows excellent thermal stability, chemical resistance
and so on. These properties make it dominant in many appli-
cation fields, such as high temperature filtration, flame retar-
dant protection, fiber reinforcement, wear resistance and
electromagnetic shielding. However, due to the limitation of the
polymer synthesis and fiber formation process, the properties of
PI fiber cannot reach the values calculated theoretically, which
largely restricts its application.

To improve the properties of PI, the addition of reinforce-
ments, such as clays,> metal nanoparticles*® and carbon
nanomaterials,® as an efficient and economical approach, has
been widely studied in recent decades. Particularly, carbon
nanotubes (CNTs)”**> and graphene®*™** attracted people's great
attentions for their unique performance. The majority of the
research effort has been concentrated on the reinforcement of
either CNTs or graphene to polymer matrix and the properties
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temperature and glass transition temperature of the composite fiber containing 1.0 wt% f-PUCNTs were
50 °C and 13 °C higher than those of Pl fiber, respectively.

of the composites were improved to some extent. Ogasawara
et al.” reported 36-42% increase in elastic modulus and 25%
increase in tensile strength with the addition of 1.0 wt% pure
multi-wall carbon nanotubes (MWCNTSs). Yin et al.*® prepared
functionalized MWCNTs (f-MWCNTs)/PI composite fibers
which showed increase in Young's modulus by 50% for a low f-
MWCNTs loading (1.0 wt%) and increase in 5% weight loss
temperature of 2.0 wt% f{-MWCNTs/PI fiber by ~16 °C.
Compared with CNTs, graphene can be easily produced in large
scale and narrow size distribution,'® and it can be easily
dispersed in solvents or polymer matrix with strong interfacial
interaction.” Chen et al.*® introduced graphene oxide (GO) to PI
matrix and found that the tensile strength and the 5% weight
loss temperature increased from 87.5 MPa and 520 °C to
120 MPa and 560 °C, respectively. Even in our previous report,
we successfully prepared siloxane-functionalized graphene
oxide (DSX-GO)/PI composite films and the tensile strength
reached 322 MPa at 1.0 wt% DSX-GO doping."®

Researchers showed more interest in the reinforcement
caused by combination of two or more nanomaterials,"?* and
particularly the synergetic reinforcement of CNTs and graphene
on polymer in recent years.**?® Kumar et al>® hybridized
graphitic nanoplatelets (GNP) with MWCNTs in polyetherimide
(PEI) composites. As compared with pure PEI film, the PEI-
based composite film at a loading of 0.25 wt% GNP and 0.25
wt% MWCNTs showed 17% increase in the storage modulus.
However, CNTs and graphene mixed simply in composites lack
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enough interaction between both nanomaterials in the
composites in which CNTs and graphene were hard to disperse
homogeneously. As reported,”®?*” a single layer of CNTs has
grown on the surface of graphene through chemical vapor
deposition (CVD), which caused an improvement in the elec-
trical or thermal conductivity of its composites with polymer.
However, CVD method required metal catalyst, high tempera-
ture and horizontal quartz tube furnace, which brought about
a plenty of difficulties such as metal impurity, high cost and
complicated operation. In recent decade, researchers found
a new approach to produce graphene nanoribbons**?*° from
CNTs by cutting them longitudinally, and partially unzipped
carbon nanotubes (PUCNTs) could be obtained by controlling
the oxidative unzipping degree. Clearly, the approach to prepare
PUCNTSs was simple and economical, and no impurities existed
in the products.”® PUCNTs possessed strong interface interac-
tion between outer-wall graphene and inner-wall CNTs, which
made PUCNTs become ideal reinforcements for reinforcing the
composites. But in fact, graphene nanoribbons with high
length-to-width ratio showed interesting electronic, magnetic
and optical properties, so as the combination of graphene
nanoribbons and CNTs, PUCNTs were also mostly investigated
on these properties.**** Few work about the effect of PUCNTs on
mechanical properties of composites has been reported. Liu
et al.*® noticed the reinforcement effect of PUCNTs and fabri-
cated thermoplastic polyurethane (TPU) composite films con-
taining different PUCNTs loadings. Compared with the
mechanical properties of pure TPU film, the tensile strength
and Young's modulus of the TPU composite films were
improved by 184% and 81%, respectively.

As reported, some functionalizations of CNTs, such as strong
acid treatment®* and Friedel-Crafts reaction,* provided cova-
lent bond interaction between polymer chains and CNTs which
showed more effective stress transfer from polymer matrix to
CNTs than non-covalent bond interaction. Similarly, function-
alization of PUCNTs would be beneficial to the stress transfer.
Moreover, PUCNTSs possess both large specific area of graphene
and high aspect ratios of CNTs, which benefits not only to the
interaction between PUCNTs and polymer matrix, but also to
orientation of PUCNTSs in composites, and therefore are quite
suitable to be used as reinforcements of polymer fibers.
However, till now no work on covalent functionalization of
PUCNTs and their reinforcing effects on PI fibers has been
reported.

In this work, PUCNTs were prepared by longitudinally
unzipping the outer wall of MWCNTs. Then 4,4’,4”-triamino-
triphenylamine (TAPA) reacted with the oxygen-containing
groups of outer-wall graphene first time to form functional-
ized PUCNTs (f-PUCNTs) which provide reaction sites for the
covalent connection with polyamide acid (PAA) matrix.
Comparing with di-amine, introduction of tri-amine may
increase the reaction sites of PAA grafting onto PUCNTSs,
benefiting to the grafting and thus to the interface interaction
between the polymer and PUCNTS. Besides, PI fibers containing
both 4,4’-diaminodiphenyl (ODA) and p-phenylenediamine
(PDA) in a certain proportion showed higher strength and
modulus than PI fibers containing solely ODA*® or solely PDA.*”
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Finally, a series of f-PUCNTSs/PI composite fibers were prepared
by wet spinning and thereafter heat treatment. The structure of
f-PUCNTs and the mechanical properties of the composite
fibers were mainly discussed, and the thermal properties of the
composite fibers were also investigated.

2. Experimental section
2.1 Materials

MWCNTs (diameter: 10-30 nm; length: 20-30 pum) were
purchased from Chengdu Organic Chemicals Co. Ltd. 4,4’-dia-
minodiphenyl (ODA, Aladdin), p-phenylenediamine (PDA,
Aladdin), N-ethyl-N’-3-dimethylaminopropyl carbodiimide
hydrochloride (EDC-HCI, Accela), N-hydroxysuccinimide (NHS,
Shanghai Yuanye), 4,4',4"-triaminotriphenylamine (TAPA, Ark
Pharm), anhydrous dimethylacetamide (DMAc, Sinopharm),
dimethylformamide (DMF, Sinopharm), acetic anhydride
(Sinopharm), pyridine (Sinopharm), potassium permanganate
(KMnO,, Sinopharm), 98% sulfuric acid (H,SO,, Sinopharm),
phosphoric acid (H;PO,, Sinopharm), hydrogen peroxide (H,O»,
Sinopharm) and hydrochloric acid (HCI, Sinopharm) were used
as received. Pyromellitic dianhydride (PMDA, Aladdin) was
dried in a vacuum oven at 120 °C overnight to remove water
thoroughly.

2.2 Preparation of PUCNTs and f-PUCNTSs

The preparation of PUCNTs was based on a ref. 31. 0.200 g
MWCNTSs, 50 ml concentrated H,SO, and 6 ml H;PO, were
added in a 250 ml three-necked flask placed in an ice-water bath
and were stirred for 1 h. After 0.600 g KMnO, was added and the
temperature was raised to 65 °C, the mixture was reacted for 2 h
and cooled to room temperature. Then, 200 ml ice water and
10 ml H,0, (30%) were added to the mixture to remove residual
KMnO,, and the new mixture was centrifuged and washed with
diluted hydrochloric acid (5% HCI) and distilled water several
times until pH of the obtained PUCNTSs suspension was neutral.
The suspension was freeze dried into PUCNTs powders in
a vacuum freeze-drying equipment for 48 h.

0.100 g PUCNTs were dispersed in 25 ml DMF by sonication
for 0.5 h and then 0.575 g EDC-HCI and 0.342 g NHS were
added to the solution. After stirring for 1 h, 0.200 g TAPA was
added and the solution was stirred for 6 h at room temperature.
Afterwards, the solution was filtered and washed with DMF and
distilled water several times to remove the activating agents and
residual TAPA. Finally, f-PUCNTs were dispersed in distilled
water and the suspension was freeze dried into f-PUCNTSs
powders overnight.

2.3 Preparation of f-PUCNTSs/PI composite fibers

As shown in Scheme 1, the typical preparation procedure of f-
PUCNTSs/PI composite fiber containing 1.0 wt% f-PUCNTSs was
as follows. 0.060 g f-PUCNTs was dispersed in 40 ml DMAc by
sonication for 0.5 h and then 2.403 g ODA and 0.324 g PDA were
added to the solution in a three-necked flask which was stirred
under nitrogen atmosphere in an ice-water bath. Polyamide
acid (PAA) was obtained through addition of 3.304 g PMDA and

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic illustration of the preparation of f-PUCNTSs/PI composite fibers.

reaction for 2 h, and then 1.022 g acetic anhydride and 0.792 g
pyridine were added to obtain partially imidized PAA. The
mixture kept stirred for 3 h and the spinning solution of the
imidized PAA composite with a loading of 1.0 wt% f-PUCNTSs
was prepared.

The imidized PAA composite fiber containing 1.0 wt% f-
PUCNTs was prepared by wet spinning with a small-sized
spinning apparatus. The spinning solution was extruded by
air and coagulated in the mixed solution of water and methanol.
The as-spun fiber was heat treated at 100, 200, 300 and 350 °C
continually and stretched at 400 °C to obtain the f-PUCNTSs/PI
composite fiber. Similarly, f-PUCNTs/PI composite fibers with
different loadings of f-PUCNTs (0, 0.5, 1.5 and 2 wt%) were
prepared according to above process. For comparison, 1.0 wt%
MWCNTs/PI composite fiber and 1.0 wt% PUCNTSs/PI
composite fiber were also prepared.

2.4 Characterization

The structures of PUCNTs and f-PUCNTs were analyzed using
Raman spectroscope equipped with a 514 nm laser source
(Horiba, LabRAMHRS00) and X-ray diffractometer (PANalytical,
X'Pert-Pro MPD) with Cu Ka radiation (A = 0.154 nm). The
reactions between TAPA and PUCNTSs were confirmed by Fourier
transfer infrared spectroscope (FT-IR, Thermo Scientific, Nicolet
6700) and X-ray photoelectron spectroscopy (XPS, AXIS-NOVA,
Kratos). The surface morphologies of MWCNTs, PUCNTSs, f-
PUCNTs and f-PUCNTs grafted by PAA chains were performed

This journal is © The Royal Society of Chemistry 2017

on a transmission electron microscope (TEM, Tecnai, G2 20).
The structures of PI and its composite fibers were characterized
with Raman spectroscope equipped with a 785 nm laser source
(Horiba, LabRAMHRS00). The thermal properties of f-PUCNTSs/
PI composite fibers were measured by Discovery thermal gravi-
metric analyzer (TGA, TA Instruments, Discovery) under
nitrogen gas flow at a heating rate of 10 °C min~" and dynamic
mechanical analyzer (DMA, TA Instruments, Q800) at a heating
rate of 5 °C min~" and a frequency of 1 Hz. The mechanical
properties of PI-based composite fibers were measured with
HDO21N fiber strength instrument at a tensile speed of 1 mm
min~" and each of fiber samples was measured ten times. The
morphologies of fracture and longitudinal surface of f-PUCNTSs/
PI composite fibers were performed on a field-emission scan-
ning electron microscope (SEM, Hitachi, S-4800).

3. Results and discussion

3.1 Chemical and structural analyses of PUCNTs and f-
PUCNTs

As shown in Fig. 1A, for the peaks of oxygenic groups in the FT-
IR spectrum of PUCNTS, except there are bands assigned to
C=O0 stretching vibration at 1704 cm™ ", O-H stretching vibra-
tion near 3400 cm ™', O-H deformation vibration at 1380 cm™*
and C-O-C stretching vibration at 1100 cm™ ' as in that of
MWCNTSs, new bands attributed to C-O-C asymmetric stretch-
ing vibration and C-O-H in-plane stretching vibration appear at
1180 cm™ " and 1250 cm ™, respectively. These changes indicate

RSC Adv., 2017, 7, 21953-21961 | 21955
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Fig.1 (A) FT-IR spectra of MWCNTs, PUCNTs and f-PUCNTSs. (B) C 1s XPS spectra of PUCNTSs; the inset in (B) showing XPS survey of PUCNTSs. (C)

N 1s XPS spectra of f-PUCNTSs. (D) C 1s XPS spectra of f-PUCNTSs; the inset in (D) showing XPS survey of f-PUCNTSs.

that a large number of carboxyl, hydroxyl and epoxy groups exist
on the outer wall of PUCNTSs.** And furthermore, the appear-
ance of C-H stretching vibration band at 2921 cm ™" and 2851
ecm~ ' and C-H in-plane stretching vibration band at 1050 cm™"
in the spectrum of PUCNTs also reveals the disruption of
surface m-conjugated structure.”” In addition, due to the
disruption, oxygenic groups can induce polarization of elec-
tronic density of benzene rings, which makes the absorption of
benzene ring at 1586 cm ™" shift to 1618 cm ™. Compared with
PUCNTs, four new peaks at 1500 cm™ %, 1314 cm ™%, 1011 cm ™ *
and 810 cm ' appear in the spectrum of f-PUCNTSs, which
correspond to C-N-H deformation vibration, C-N stretching
vibration, O=C-N stretching vibration and N-H twisting
vibration, respectively. Meanwhile, the intensities of peak near
3400 em™ ', which contains O-H stretching vibration and N-H
stretching vibration, and peak of C-O-C stretching vibration at
1100 cm™ ' weaken obviously after the functionalization of
PUCNTs. All of these differences between PUCNTs and f-
PUCNTs indicate the reactions between the oxygenic groups
of PUCNTs and amine groups of TAPA. At this stage, peak of
benzene ring stretching vibration at 1618 ecm™" shifts to 1602
cm ' because the reactions make the surface m-conjugated
structure of f-PUCNTSs partially recover.

Using the deconvolution of C 1s peaks and N 1s peak in the
XPS spectra of MWCNTSs (Fig. S1A1), PUCNTs and f-PUCNTs
(Fig. 1B-D), the composition of the sample surface and the
interaction between PUCNTs and TAPA are revealed. More
detailed data about element composition and percentage
contribution of functional groups in the three samples are
summarized in Fig. S1B and C.f MWCNTs are composed of

21956 | RSC Adv., 2017, 7, 21953-21961

96.43% carbon and 3.57% oxygen, but the percentage of oxygen
in PUCNTSs obtained through oxidation of MWCNTS increases
sharply to 30.76%, which means a plenty of oxygenic groups
appear on the surface of PUCNTSs. The XPS spectra can further
support the results. The C 1s spectrum of MWCNTs can be
divided into three peaks, i.e. a main peak at 284.7 eV is attrib-
uted to C-C/C=C and another two peaks at 286.0 eV and
287.0 eV reveal the existence of C-OH and C-O-C groups,
respectively. However, the C 1s spectrum of PUCNTs is different
from that of MWCNTs and shows five peaks at 284.8 eV,
286.4 eV, 287.0 eV, 287.9 eV and 288.9 eV, corresponding to C-C/
C=C, C-OH, C-0-C, C=0 and O=C-OH groups, respectively
(Fig. 1B). Compared the XPS surveys of PUCNTs (inset in Fig. 1B)
with f-PUCNTSs (inset in Fig. 1D), the prominent change from
PUCNTs to f-PUCNTSs is the appearance of nitrogen. The C 1s
spectrum of f-PUCNTs (Fig. 1D) shows a significant weakened
C-O-C peak at 287.1 eV and two new peaks at 285.4 eV and
288.5 eV corresponding to C-N and O=C-N groups, respec-
tively. As shown in Fig. S1C,f the percentage of oxygen con-
taining group C-O-C in f-PUCNTS decreases to only 4.48% from
31.25% (PUCNTSs), while the percentage of newly appeared
groups C-N and O=C-N in f-PUCNTs are up to 23.5% and
5.51%, respectively. Further, the N 1s spectrum of f-PUCNTs
(Fig. 1C) shows three main peaks at 399.8 eV, 400.5 eV and
402.0 eV, attributing to N-H, C-N and O=C-N groups, respec-
tively. Consequently, the XPS spectra further indicate that TAPA
reacts with the oxygenic groups on PUCNTS.

The weight loss curves of MWCNTs, PUCNTs and f-PUCNTSs
are shown in Fig. S2.+ MWCNTs start to decompose at about
550 °C and the weight loss is only 7% at 800 °C. PUCNTs show

This journal is © The Royal Society of Chemistry 2017
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dramatic weight loss between 100 and 300 °C due to thermal
decomposition of oxygenic groups on the surface of PUCNTSs.
Introduction of TAPA to f-PUCNTs removes some of oxygenic
groups on PUCNTSs, so the thermal stability of f-PUCNTSs
increases instead. The weight loss of f-PUCNTSs is lower than
that of PUCNTSs at all the temperature and the difference is up to
17% at 800 °C.

In order to further study the structures of PUCNTs and f-
PUCNTs, Raman spectroscopy and XRD analyses are employed.
As shown in Fig. 24, the intensity ratio (Ip/Ig) of peak near 1344
ecm ' (D band), which is attributed to sp*-hybridized carbon
atoms, to peak near 1579 cm ™' (G band), which is associated with
sp>-hybridized carbon atoms, increases from 0.76 for MWCNTs
to 0.99 for PUCNTs, indicating that many oxygen-containing
groups are introduced to the outer wall of PUCNTs.** Besides,
the intensity of peak near 2693 cm ™' (2D band) in Raman spec-
trum of PUCNTs becomes weaker than that in the spectrum of
MWCNTs due to the strong oxidation for the former. All of these
changes demonstrate the destruction of uniform and ordering
multi-layer structure of MWCNTs for PUCNTs.** Raman spec-
trum of f-PUCNTs appears three new peaks of TAPA near 1138,
1391 and 1440 cm ' compared with PUCNTSs, reflecting that
TAPA exists on the surface of f-PUCNTSs. Meanwhile, the ratio of
Ip/Ig for f-PUCNTS decrease to 0.91, which indicates decreasing of
oxygenic groups and partially recovery of m-conjugated structure
during the functionalization as stated above.

Fig. 2B shows the XRD patterns of MWCNTSs, PUCNTSs and f-
PUCNTS. A strong peak at 26° and a weak peak at 42° appear in
the spectrum of MWCNTSs which is similar to that of graphite,
corresponding to (002) with d spacing of 3.4 A and (100)
reflection of hexagonal graphite, respectively. And (002) is
interlayer spacing of nanotubes® and (100) peak is caused by the
high degree of graphitization.*® Compared with the XRD pattern
of MWCNTs, the peaks at 26° and 42° for PUCNTs become
weaker and a new peak at 10.7° corresponding to (001) with
d spacing of 8.3 A reflection of graphene nanosheets appears,
indicating the structural disruption of carbon nanotube,
appearance of graphene nanosheets and increase of d spacing.*
The XRD pattern of f-PUCNTSs shows a broad peak at 25.6° and
disappearance of peak at 10.7°, indicating that many oxygenic
groups are reacted with TAPA or removed from the outer-wall
graphene of PUCNTs and the m-m stacking interaction
between graphene and CNTs increases.”®

>
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The dispersibility of nanofillers in solvent is crucial to
prepare homogeneous Pl-based composites with excellent
performance. Fig. 3 shows the dispersions of MWCNTs,
PUCNTs and f-PUCNTs dispersed in DMAc at 1 mg ml™" after
ultrasonication 0.5 h and standing for 0 h, 1 h, 4 h, 12 h and
24 h, respectively. MWCNTs in the dispersion show obvious
precipitation over time, while PUCNTs and f-PUCNTs show
distinctly improved dispersibility and no visible aggregation
can be observed after standing for 24 h. TEM images of
MWCNTSs, PUCNTs, f-PUCNTs and f-PUCNTs grafted by PAA
chains are shown in Fig. 3B. MWCNTs (Fig. 3B(a) and (a’)) show
a strong trend to aggregate and the tubular structure with
diameters near 10-30 nm. As shown in Fig. 3B(b) and (b’), the
outer walls of PUCNTSs are unzipped longitudinally to graphene
nanosheets and the inner walls of PUCNTs still maintain
tubular structure. PUCNTs have broader widths approximately
50-60 nm after longitudinal unzipping, whereas the diameters
of f-PUCNTSs (Fig. 3B(c) and (c')) reduce due to the increased -
T stacking interaction between graphene and CNTs, which is
consistent with the Raman and XRD results. As shown in
Fig. 3B(d) and (d’), the diameters of f-PUCNTs grafted by PAA
chains become greater than those of f-PUCNTs and many stains
could be clearly seen in the outer surface of f-PUCNTs, which
represents that a plenty of PAA chains are grafted to the f-
PUCNTs because free PAA chains have been removed
thoroughly.

3.2 Mechanical and thermal properties of f-PUCNTSs/PI
composite fibers

Raman spectra for Pl-based composite fibers are shown in
Fig. 4. The main characteristic bands of pure PI*** are
summarized as follows: C-N-C transverse vibration stretching,
1124 cm™'; C-N-C axial stretching, 1390 cm™'; aromatic imide
ring vibration, 1608 cm™'; aromatic ring vibration, 1510 cm ™ %;
C=0 symmetric stretching, 1788 cm™'. There are obvious
changes with the addition of the nanofillers in the Raman
spectra of PI-based composite fibers. The Raman scattering
intensities of the characteristic bands reduce significantly with
the increase of the loadings of f-PUCNTs (Fig. 4A) and similar
trend can be observed in FT-IR spectra (Fig. S31). As shown in
Fig. 4B, at the same content of f-PUCNTs, PUCNTs and
MWCNTs, the intensities of the spectra of their composites
decrease gradually, for which the reason is that f-PUCNTs,
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(A) Raman spectra of MWCNTs, PUCNTSs, TAPA and f-PUCNTSs. (B) X-ray diffraction patterns of MWCNTs, PUCNTSs and f-PUCNTSs.
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Fig. 3 (A) Photographs of MWCNTSs, PUCNTSs and f-PUCNTSs dispersed in DMAc at 1 mg ml~ after ultrasonication 0.5 h and standing for 0 h, 1 h,
4 h, 12 h and 24 h, respectively. (B) TEM images of (a and a’) pristine MWCNTSs, (b and b’) PUCNTS, (c and ¢’) f-PUCNTSs and (d and d’) f-PUCNTSs
grafted by PAA chains at low and high magnifications. The sample of (d and d’) was obtained by filtering and ultrasonically washing the solution of
1.0 wt% f-PUCNTSs/PAA composite with DMAc to remove the free PAA chains.
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Fig. 4 (A) Raman spectra of f-PUCNTs/PI composite fibers with
different loadings of f-PUCNTSs (0, 0.5, 1.0, 1.5 and 2.0 wt%). (B) Raman
spectra of Pl, 1.0 wt% f-PUCNTSs/PI, 1.0 wt% PUCNTs/PI and 1.0 wt%
MWCNTSs/PI composite fibers.

PUCNTs and MWCNTSs disrupt the homogeneous orientation
structure of PI chains leading to weakening of Raman scat-
tering** and meanwhile absorb the visible and infrared light.**

21958 | RSC Adv., 2017, 7, 21953-21961

In addition, a new band at 1306 cm™* appears in the Raman
spectra of PI-based composite fibers, which just is right in the
position of D band of the nanofillers as mentioned above, so it
is inferred to be relevant to the dispersibility of the nanofillers
in the matrix. Therefore, the obvious peaks of 2.0 wt% f-
PUCNTSs/PI and 1.0 wt% MWCNTSs/PI appeared in the spectra
result from obvious aggregation of the nanofillers, while
comparatively weak peak intensities of 0.5 wt% and 1.0 wt% f-
PUCNTSs/PI composite fibers are attributed to homogeneous
dispersibility of such amount of f-PUCNTs in the polymer
matrix.

Fig. 5 shows TGA and DTG curves of f-PUCNTSs/PI composite
fibers containing different loadings of f-PUCNTs. The decom-
position temperatures Tso, at 5% weight loss and Ty, at 10%
weight loss shown in Fig. 5A and T}, at maximum degradation
rate shown in Fig. 5B are used to evaluate the thermal stability
of the composite fibers. The decomposition temperatures tend
to increase with the increasing of f-PUCNTSs contents, and the
temperatures reach maximum when loading of f-PUCNTs is 1.0
wt%. In this case, T5q, T10v and T}, increase by 50, 32 and 19 °C
over those of PI fiber, respectively. However, the thermal prop-
erties decrease when loadings of f-PUCNTSs are over 1.0 wt%,
which is suggested to be caused by the aggregation of f-PUCNTSs.

Glass transition temperature (T,) and the dynamic storage
modulus (E') of f-PUCNTSs/PI composite fibers were determined
by dynamic mechanical analyses (DMA) as shown in Fig. 6. Both
of Ty and E' (50 °C) show increasing trend with the addition of f-
PUCNTSs, and the values reach the maximum at a loading of 1.0
wt% f-PUCNTs. T, and E' (50 °C) of 1.0 wt% f-PUCNTSs/PI
composite fiber are 13 °C and 5.36 GPa higher than those of
PI fiber, respectively.

The typical stress-strain curves of the PI-based composite
fibers containing MWCNTSs, PUCNTs and f-PUCNTs are shown
in Fig. 7 and the detailed tensile properties are summarized in
Fig. S4.1 Both tensile strength and Young's modulus of f-
PUCNTSs/PI composite fibers are improved markedly with

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TGA (A) and DTG (B) curves of f-PUCNTs/Pl composite fibers
with different loadings of f-PUCNTSs (0, 0.5, 1.0, 1.5 and 2.0 wt%).

addition of only small amount of f-PUCNTSs. Particularly, the
strength and modulus of f-PUCNTs/PI fiber at 1.0 wt% f-
PUCNTs loading increase from 655 MPa and 4.28 GPa of PI
fiber to 1082 MPa and 8.94 GPa, corresponding to increase
165% and 208%, respectively. However, the mechanical prop-
erties decrease with more addition of f-PUCNTSs, which is
referred to that the aggregation of f-PUCNTSs weakens the effi-
cient reinforcement instead. The tensile strength and Young's
modulus of f-PUCNTs/PI composite fiber also increase to 137%
and 153% of those of PUCNTSs/PI composite fiber containing the
same amount of PUCNTSs (1.0 wt%), respectively. The order of
strength and modulus is: 1.0 wt% f-PUCNTSs/PI fiber > 1.0 wt%
PUCNTSs/PI fiber > 1.0 wt% MWCNTSs/PI fiber > PI fiber. Fig. 7C
and a Video in ESIt intuitively show the excellent reinforcement
of f-PUCNTs by comparing PI fiber and 1.0 wt% f-PUCNTSs/PI
fiber with the same linear density.

According to synergistic effect of outer-wall graphene and
inner-wall CNTs,**?>%**** combining with the analyzing of the
fracture surface of f-PUCNTs/PI composite fibers as shown in
Fig. 8, the reason for increased mechanical properties can
probably be understood more easily. Fracture surface of PI fiber
(Fig. 8(a) and (a)) is almost smooth and only a few stress
concentration sites (white dots) exist, representing the fracture
is homogeneous scission of PI chains. With addition of 0.5 wt%
f-PUCNTs, part of the fracture surface (Fig. 8(b) and (b))
becomes rough and some pull-out f-PUCNTSs could be clearly
observed on the rough surface. With 1.0 wt% f-PUCNTSs

This journal is © The Royal Society of Chemistry 2017
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PUCNTSs/PI composite fibers with different loadings of f-PUCNTSs (O,
0.5, 1.0, 1.5 and 2.0 wt%).
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Fig. 7 (A) Stress—strain curves of f-PUCNTs/PI fibers with different
contents of f-PUCNTSs (0, 0.5, 1.0, 1.5 and 2.0 wt%), 1.0 wt% PUCNTSs/PI
fibers and 1.0 wt% MWCNTS/PI fibers. (B) Photograph of fiber tensile
strength test. (C) Photograph of 1.0 wt% f-PUCNTSs/PI fiber (linear
density: 22 dtex) hanged with weights of 300 g.

dispersed homogeneously, the fracture surface of 1.0 wt% f-
PUCNTs/PI fiber (Fig. 8(c) and (c/)) becomes rougher and
more pull-out f-PUCNTS are observed, revealing better effect on
improving the mechanical performance. However with 1.5 wt%
f-PUCNTs added, aggregated structure of f-PUCNTSs can be seen
in the fracture surface (Fig. 8(d) and (d')), which weakens effi-
cient reinforcement instead. The similar changes of roughness
for the longitudinal surface of corresponding f-PUCNTSs/PI
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Fig.8 SEMimages of fracture surface of f-PUCNTSs/PI fibers with different contents of f-PUCNTSs (a and a’) 0 wt%, (b and b’) 0.5 wt%, (cand ¢’) 1.0

wt% and (d and d’') 1.5 wt%.

composite fibers can be seen from the longitudinal view of the
fibers as shown in Fig. S5.1 For f-PUCNTs/PI composite fibers
containing certain f-PUCNTs loadings, outer-wall graphene with
large contact area and covalent connection with several PI
chains show strong interfacial interaction between f-PUCNTSs
and PI matrix, largely increasing the efficiency of stress trans-
fer from PI matrix to f-PUCNTSs.

4. Conclusions

PUCNTs prepared by longitudinal unzipping the MWCNTs
contained rich oxygenic groups at outer-wall graphene to
provide reaction sites for preparing f-PUCNTs. f-PUCNTs as
reinforcements combined the advantages of outer-wall gra-
phene and inner-wall CNTs, and possessed groups to connect
covalently with PI, so it was good for strengthening the
composite fibers and also for increasing their thermal proper-
ties. A series of f-PUCNTs/PI composite fibers with excellent
mechanical and thermal properties were prepared by wet
spinning and thereafter heat treatment. The tensile strength
and Young's modulus of f-PUCNTSs/PI composite fiber contain-
ing 1.0 wt% f-PUCNTSs are 165% and 208% those of PI fiber,
respectively, and are 137% and 153% those of the composite
fiber containing the same amount of PUCNTS, respectively.
Moreover, 5% weight loss temperature and glass transition
temperature of 1.0 wt% f-PUCNTSs/PI composite fiber were 50 °C
and 13 °C higher than those of PI fiber, respectively. This work
provided a novel method to prepare high performance nano-
composite fibers and expanded the application of PUCNTSs.
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