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Enhanced thermal properties of poly(vinylidene
fluoride) composites with ultrathin nanosheets of
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Here, we report a facile method to delaminate MXene (TizC,T,) and prepare poly(vinylidene fluoride)
(PVDF)/MXene composites by solution blending. Compared with neat PVDF, the PVDF composites with
varying content of MXene (0-5 wt%) showed an enhancement in the PVDF thermal conductivity. In
particular, when a loading of 5 wt% was attained, the thermal conductivity was increased to 0.363 W

mK™

1 an approximate 1-fold enhancement compared with that of neat PVDF. In addition, MXene also

exhibited a better performance in enhancing the thermal dynamic mechanical properties of PVDF. For

Received 5th January 2017
Accepted 27th March 2017

instance, PVDF composites with only 5 wt% MXene exhibited a storage modulus as high as 7501 MPa,

corresponding to a 64% enhancement compared with that of neat PVDF. In light of the excellent thermal
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1. Introduction

Since the first discovery of two-dimensional (2D) layers
composed of transition metal carbides and carbonitrides in
2011, these materials have attracted increasing attention from
scientists due to their combined metallic conductivity and
hydrophilic surfaces." They are often labelled “MXenes”,
produced by etching the “A” element from “M,,,;AX,, phases”,
where “M” stands for a transition metal, “A” is a group (mainly
referring to group IIIA or IVA element), “X” represents carbon or
nitrogen atoms and n = 1, 2, 3.> Up to now, several MXenes
have been successfully synthesized, such as TizC,, Ti,C,
(Tio.5,Nbg.5)2C, (Vo.5,Cro.5)3Ca, TizCN, Ta,Cs,* Nb,C, V,C,* ZrC,*
and Nb,C;.®* Among these MXenes, Ti;C,, which is readily ob-
tained by selectively etching and exfoliating the Al layers from
Ti3AlC, ceramics with HF, has drawn widespread public atten-
tion and research.” Given that MXene surfaces are terminated
by O, OH, and/or F groups due to HF etching, MXenes (Ti;C,)
can be represented as Ti;C,T,, where T stands for the terminal
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properties of the PVDF/MXene composites, they can be expected to have a wide range of potential
applications in thermal interfacial materials and structural components.

group (O, OH, and/or F) and “x” refers to the number of
terminal groups.

Generally speaking, MXenes are not delaminated and exhibit
multilayered structures similar to exfoliated graphite. Based on
previous reports, MXenes also show great promise in many
applications, owing to their excellent inherent physiochemical
properties. These applications include electrodes for electro-
chemical supercapacitors,®*® promoters for catalysts,""> and
absorbents for heavy metal ions." To further exploit the unique
properties of MXenes (Ti;C,T,), much effort has been dedicated
to delaminating multilayered MXenes.”'*"* It is well known that
graphene has prominent thermal conductivity and mechanical
strength, namely, 3000 W mK ™! and 1060 GPa, respectively,'>*®
while those of ultrathin boron nitride (BN) are theoretically
estimated to be 2000 W mK " and 800 GPa," respectively. Due
to their impressive properties, graphene and BN are often
utilized as a promising fillers in polymer composites to enhance
their thermal and mechanical properties.'®?* Similar to gra-
phene and BN, two dimensional MXenes have good physical
properties, such as mechanical strength, electrical conductivity
and thermal conductivity.”*?* Some previous studies have re-
ported the incorporation of MXenes (Ti;C,T,) into different
polymer matrices, such as ultrahigh-molecular polyethylene
(UMWPE), polypyrrole (PPy), and polyvinyl alcohol (PVA).>-
Therefore, the inclusion of inorganic MXenes into polymer
matrices for the formation of composites has proved to be an
efficient way to obtain multifunctional polymer composites.

In this study, Ti;AlC, was chosen as the MAX precursor
because its exfoliation and delamination have already been
developed previously.**?* Poly(vinylidene) fluoride (PVDF) is
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a semi-crystalline polymer with five different crystalline forms
(namely a, B, v, d and ¢€).>***” Due to its excellent piezoelectric,
pyroelectric and ferroelectric properties, PVDF has applications
in many fields, including sensors, actuators, membranes and
smart scaffolds.**** However, the thermal conductivity of PVDF
is low, which limits its use in fields where heat transfer is
important. Therefore, we chose PVDF as a polymer matrix and
used ultrathin MXene as a filler to fabricate PVDF/MXene
composites by simple solution blending and hot pressing. The
as-fabricated PVDF/MXene composites showed better thermal
properties, which have not been reported before, to the best of
our knowledge.

2. Experimental
2.1 Materials

PVDF powder was purchased from 3F Co. Ltd, Shanghai
(China). TizAlC, power was purchased from Forsman Scientific
Co. Ltd., Beijing (China). N,N-Dimethylformamide (DMF) with
a purity of 99.5% was purchased from Sinopharm Chemical
Reagent Co. Ltd, Shanghai (China), and was used without
further purification. HF was also purchased from Sinopharm
Chemical Reagent Co. Ltd., Shanghai (China).

2.2 Preparation of PVDF/MXene composites

TizAlC, power (10 g) was immersed in 100 ml of a 40% HF
solution. The mixture was stirred for 3 minutes, and then kept
at room temperature for 2 h. The as-prepared suspension was
then washed using deionized water several times and centri-
fuged to separate the powder when the pH of the suspension
was higher than 6. Then the washed powders were filtered
under vacuum conditions and dried at room temperature for
24 h. Properly dried MXene (Ti;C,) determined by experiment
was added into 100 ml DMF solution and was then ultra-
sonicated for 1 h to form a homogeneously dispersed suspen-
sion, which mainly consisted of ultrathin MXene nanosheets.
Meanwhile, the corresponding PVDF powder was entirely dis-
solved in 30 ml DMF and poured into the MXene suspension.
The mixture was stirred with an electric stirrer at a speed of
3000 rpm min " while the distillation process was performed
simultaneously at a temperature of 180 °C. It should be noted
that when the distillation process had finished, the residue was
put into a vacuum oven and dried at 100 °C for 5 h to remove the
residual DMF. Finally, the dried mixture was compressed to
form samples of the required size, by hot pressing under
a pressure of about 10 MPa. The detailed preparation process is
vividly exhibited in Scheme 1.

2.3 Characterization

The X-ray diffraction (XRD) patterns of the specimens were
collected using a D8 DISCOVER with GADDS (BRUKER Ltd.
Germany), at a scan rate of 10 °C min~ " and 26 ranging from 5°
to 60°, using Cu Ka. radiation (A = 1.5406 A) at room tempera-
ture. The Raman spectra were recorded using a Reflex Raman
system (RENISHAW plc, Wotton-under-Edge, UK) with a laser
wavelength of 532 nm. As-prepared MXenes and delaminated
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Scheme 1 The preparation process of PVDF/MXene composites.

MXene nanosheets in DMF were characterized using a UV/VIS/
NIR spectrophotometer (PerkinElmer, Lambda 950, U.S.A.).
Atomic force micrographs (AFM) were obtained using a Nano-
scope III scanning probe microscope (Dimension 3100, Veeco,
USA) in tapping mode. X-ray photoelectron spectroscopy (XPS
using an AXIS Ultra DLD spectrometer, Kratos, Japan) was used
to analyze the surfaces of the samples. A field emission scan-
ning electron microscope (FE-SEM, QUANTA FEG250, U.S.A.)
was used to obtain images of the MXenes and the fractured
surfaces of PVDF samples with an accelerating voltage of 20 kv.
The fractured surfaces were first sputtered with a thin layer of
gold to avoid the accumulation of charge. The microstructures
of ultrathin MXene nanosheets were observed using a JEOL
JEM-2100 (Electron Optics Laboratory Co., Ltd, Japan) instru-
ment with an acceleration voltage of 200 kV, and samples for
TEM measurements were fabricated by drop casting onto
carbon-coated copper grids followed by solvent evaporation in
air. The thermal conductivities of the composites were
measured using an LFA 447 Nanoflash (NETZSCH, Germany).
Differential scanning calorimetry (DSC) experiments were
carried out under nitrogen on a Pyris Diamond DSC (Perki-
nElmer, U.S.A.). Thermogravimetric analysis (TGA) was per-
formed on a TGA 209 F3 (NETZSCH, Germany). The samples
were close to 10 mg and all the measurements were performed
under a nitrogen atmosphere. Dynamic mechanical analysis
(DMA) was performed on a DMA Q800 dynamic mechanical
analyzer (TA instruments, U.S.A.), operating in the tension
mode at an oscillation frequency of 1 Hz. The IR-photos were
captured by an infrared camera (Fluke, Ti400, U.S.A.).

3. Results and discussion
3.1 Characterization of MXene

The FE-SEM images of un-delaminated and delaminated
MXene are shown in Fig. 1(a) and (b), respectively. From
Fig. 1(a), one can observe that un-delaminated MXene possesses
multilayers. The inset further shows that the thickness of the
layered structure is small and there are some spacings of
different sizes between the layers. Fig. 1(b) exhibits the
morphology of delaminated MXene on a silicon substrate.
Obviously, the multilayered MXene possesses a flake-like
structure, indicating that the exfoliation process had been
essentially completed. The inset is a high-resolution image of
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Fig. 1 FE-SEM images of (a) un-delaminated MXene and (b) delami-
nated MXene. The insets in (a) and (b) are high-resolution FE-SEM
images exhibiting the morphologies of un-delaminated and delami-
nated MXene. (c) TEM and (d) high-resolution electron microscopy
images of delaminated MXene. The inset in (d) shows the selected area
electron diffraction (SAED) pattern. (e) The AFM image of exfoliated
MXene and the corresponding height measurement. (f) Counts at
different thicknesses of MXene nanosheets.

the selected area marked with a red rectangle in Fig. 1(b). Based
on the inset, it is easy to figure out that the lateral size of the
exfoliated MXene is close to 1 um. TEM images of the delami-
nated MXene sheets proved them to be very thin and trans-
parent, as shown in Fig. 1(c). Furthermore, there are some
wrinkles on the sheets, which may be due to the flexibility of the
MXene nanosheets. Fig. 1(d) is a high-resolution TEM (HRTEM)
image of a typical MXene nanosheet and its corresponding
selected area electron diffraction (SAED) pattern (inset in
Fig. 1(c)). The SAED pattern shows the hexagonal symmetry of
the nanosheet, which reveals that the as-delaminated nano-
sheets are single crystals. Fig. 1(e) shows an AFM image of
a single MXene nanosheet and its corresponding height
measurement. One can clearly observe that the MXene nano-
sheet is very flat and very thin, with a thickness of 3.2 nm. In
order to figure out the average thickness of the MXene nano-
sheets, we performed a statistical analysis of 78 pieces, and the
plot is shown in Fig. 1(f). From this diagram, we can see that the
thicknesses of the MXene nanosheets range from 1 to 9 nm,
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with a mean thickness of 4.1 nm. For nanosheets with thick-
nesses of 2-6 nm, the probability of their occurrence is obvi-
ously increased, indicating that the delamination of MXenes is
efficient.

Fig. 2(a) shows the Raman spectrum of the MXene. One can
clearly observe that there are four sharp peaks occurring at 215,
375, 612 and 698 cm ', which are indicative of MXene.”
Furthermore, there are also some inconspicuous peaks, such as
those at 167, 246 and 570 cm ™ *. Similar to TizSiC,, the peaks at
167, 215 and 235 cm™ ' can be assigned to Al-Ti vibrations,
while the peaks at around 375, 612 and 698 cm™ ' conform with
Ti-C bond vibrations.” It is worth noting that there is a small
sharp peak at around 150 cm™'. The reason for this may be
because the laser power was too high, leading to the formation
of oxidized Ti;C,.

A typical XRD pattern of the MXene is shown in Fig. 2(b).
Peaks at 26 values of 8.3, 18.3, 23.2, 27.5, 34.1, 36.2, 39.0, 41.7,
50.8 and 52.7° are assigned to the (002), (004), (006), (008), (101),
(103), (104), (105), (107) and (108) planes, respectively. Among
these, (002) (004) (006) (008) and (105) are indicative of MXene,
while other crystal planes are present due to TizAlC,. It has been
reported that the characteristic (002) peak of Ti;AlC, is at 9.5°,
but in this work it is shifted to a lower value (8.3°). This is
considered to be due to structural expansion from etching and
the substitution of Al with -F and -OH/=O0 terminating groups,
resulting in a large d-spacing. Furthermore, the intense peak at
26 = 39° is much lower, and is not easily perceived in
comparison to other examples in the literature,* indicating that
Al layers in TizAlC, are removed in a more effective way.*>*
Fig. 2(c) shows the thermal stability of MXene from 50 to 600 °C
in nitrogen. It shows that the MXene, as a whole, has a relatively
good thermal stability. Furthermore, it should be noted that
a big weight loss occurs at 125 °C, attributed to MXene powder
absorbing water in the air, which then evaporates beyond
100 °C. Meanwhile, high-temperature heat treatment may also
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Fig. 2 (a) Raman spectra and (b) XRD pattern of un-delaminated
MXene. (c) TGA and DTG curve of MXene. (d) Tyndall effect of MXene
nanosheets dispersed in DMF.
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result in the absence of groups containing -F or -OH/=O0.
Fig. 2(d) depicts an interesting experimental phenomenon, in
which an obvious passage appeared when a light beam from
a laser pointer was passed through a homogeneously dispersed
solution of MXene in N,N-dimethylformamide (DMF). This
confirms the Tyndall effect, whereby a light beam traversing
a colloidal solution leaves an identifiable scattering track in the
suspension. It also implies the existence of ultrathin MXene
nanosheets in DMF. In addition, the MXene nanosheets in DMF
and the UV/visible absorption spectra are shown in Fig. S1.}
To obtain more information about the surface chemistry of
the MXene, we carried out XPS analysis and the results are
shown in Fig. 3. The survey showed obvious signals from Ti, C,
O, and F elements (Fig. 3(a)). Specifically, peaks at binding
energy values of 33, 120, 284, 453, 476, 530, 557, 593, 682, 734,
832 and 985 eV are assigned to O2s, Al2s, C1s, Ti2p, Ti2p1/2,
O1s, Ti2s, F KLL, F1s, O KLL, Ti LMM and C KLL, respec-
tively, which is in good agreement with the EDAX results shown
in Fig. S2.1 It also revealed the existence of a small amount of Al,
which was most likely derived from the residue after the Ti;AIC,
etching reaction. High-resolution XPS spectra in the C1s region
(Fig. 3(b)) of the MXene powder revealed three main peaks
occurring at 281.38, 284.60 and 287.76 eV, which may originate
from Ti-C, C-C and C-O, respectively. The presence of C-O may
arise from MXene oxidation, resulting in the formation of TiO,
and carbon atom networks.* Fig. 3(c) shows the high-resolution
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Fig. 3 XPS spectra of MXene powder: (a) survey, (b—e) high resolution
spectra of Cls, Ti2p, Ols, and F1s regions, respectively.
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XPS spectra of the Ti2p region, which possess peaks that are
deconvoluted into components corresponding to Ti bound to C,
and Ti(u), Ti(m), Ti(iv) and Ti bound to F. It is believed that the
Ti-C signal results from Ti atoms in the interior of the MXene
layers."**** With regard to the Ti signals with oxidation states,
such as Ti(u), Ti(ur) and Ti(v), these may arise from the forma-
tion of mixed oxides (TiO,F,) and carboxides (TiC,0,), indi-
cating that the termination of the MXene surface is not
uniform. The high-resolution spectrum in the O1s regions
(shown in Fig. 3(d)) confirms the formation of Ti(iv) oxide, and
demonstrates the presence of OH/O, groups, which are likely
bound to the MXene surfaces. From Fig. 3(e), one can clearly
observe Ti-F and Al-F signals, confirming the presence of F
groups caused by HF etching. In summary, XPS analysis
comprehensively clarified the surface composition and func-
tional groups, such as -F, -OH and -O,, highlighting the vari-
ation and complexity in the chemistry of the MXene material.

3.2 Morphology of composites

It is known to us that the dispersion of filler in the matrix and
the interaction between the matrix and filler are crucial for
improving the various properties of the PVDF matrix. In order to
investigate the effect of MXene on the comprehensive proper-
ties of the PVDF composites, the morphology of the fractured

Fig. 4 FE-SEM images of the fractured surface of (a) neat PVDF and
(b—f) PVDF composites containing different MXene loadings. The
insets in (b—f) are the high-resolution FE-SEM images showing the
morphologies of MXene in the PVDF matrix.

RSC Adlv., 2017, 7, 20494-20501 | 20497
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surfaces (including neat PVDF) was characterized using FE-
SEM, as shown in Fig. 4. Fig. 4(a) shows that the fractured
surface of neat PVDF is very smooth with only a few cracks,
which is representative of polyolefin. It is believed that the
presence of cracks is because the surface failed to elastically
release in the context of external force. Fig. 4(b)—(f) show the FE-
SEM photographs of the PVDF composites containing 1, 2, 3, 4
and 5 wt% of MXene, respectively, and their corresponding
high-resolution FE-SEM images. Obviously, the fractured
surfaces of the PVDF composites are rougher compared with
those of neat PVDF. Furthermore, MXene is homogenously
dispersed and embedded in the matrix, as shown in Fig. 4(b)-
(f), indicating good compatibility between the filler and matrix.
With an increase in the loading of MXene, one can clearly see
more and more thin and thick MXene nanosheets with different
shapes emerge at the surface. For instance, the insets in
Fig. 4(d) and (e) explicitly show the morphology of ultrathin
MXene sheets in the matrix, which is consistent with Fig. 1(b).
Additionally, Fig. S31 indicates that the inclusion of MXene
nanosheets into the PVDF matrix does not lead to a crystal
transition, further proved by the DSC curves (shown in Fig. S47).
This is different from other two-dimensional materials.*

3.3 Thermal properties of composites

Fig. 5(a) shows the thermal diffusivity and thermal conductivity
of neat PVDF and the PVDF composites with different filler
content. It is obvious that both the thermal conductivity and the
thermal diffusivity monotonically increase with the addition of
MXene. To be specific, the thermal diffusivity values of neat
PVDF and the PVDF composites with 1, 2, 3, 4 and 5 wt%

0.36] ( ) @ 40.22 ( )
< a z 100 b
£ 0344 0205
2032 £ a
> o018 T 1
2030 >
3 -— ® s g
goas 016 3 = g
g 0.264 o ‘.‘g 3
8 0.24] / 5 1943 F
s " —— ]
£ 0.22] / {02 £
020 2 204
£ Joao £

0.184 B/(U{‘)

0.1 — r . r — 0.08 o]

0 1 2 3 4 5 1
Content (wt%)
(c)

=
]

1004

80 f o, .

ETm )
Time(sec)

T B T
——PVDF
——PVDF-TiC,
DT | M e

Temperature(°C)

2:70 460 660 at'm 1000
Time(sec)

a

a

(]
Temperature ()|
29 ; 2

3
8

Fig. 5 (a) Thermal diffusivity and thermal conductivity of neat PVDF
and PVDF composites with different filler loadings. (b) Thermal
conductivity enhancement (TCE) of PVDF composites compared to
neat PVDF. (c) Infrared images of neat PVDF, and PVDF composites
with 5 wt% MXene. The temperature gradient scale bar on the right
shows the highest and lowest temperatures of 70 °C and 18 °C,
respectively. (d) Corresponding surface temperature variation with
time upon heating and cooling. Cooling started at 482 seconds for
each sample.
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loading are 0.084, 0.087, 0.11, 0.124, 0.142 and 0.167 mm?* s~ %,
respectively, corresponding to thermal conductivity values of
0.175, 0.183, 0.233, 0.265, 0.306 and 0.363 W mK . Compared
with neat PVDF, the PVDF composites exhibit better heat
dissipation. As can be seen in Fig. 5(b), the thermal conductivity
of the PVDF composite containing 5 wt% MXene achieved the
maximum thermal enhancement of approximately 1-fold, in
comparison to neat PVDF, while the other corresponding
compositions reached 4, 33, 51 and 75% enhancements,
respectively. In order to investigate the thermal conductivity of
the PVDF/MXene composites as compared with other thermal
interface materials, we summarized the reported thermal
conductivity values of thermal interface materials with various
thermal conductive fillers, as shown in Table 1. The data
demonstrates that the thermal conductivity (TC) in our PVDF/
MXene composites is comparable to or higher than that of
various thermal conductive fillers in polymer matrices reported
in previous works.*>** It is worth noting that in terms of
enhancing the thermal conductivity of the polymer, the
composite with 5 wt% MXene surpasses GNP with the same
loading. It is known to us that the thermal conductivity of
a polymer composite is significantly affected by the loading,
structure, dispersion of fillers, and thermal interfacial resis-
tance between filler and matrix. As for the PVDF/MXene
composites, when the loading is 1 wt%, the thermal conduc-
tivity increases from 0.175 to 0.183 W mK ™", indicating that the
improvement is not obvious. As the content gradually increases,
the thermal conductivity achieves a large improvement. The
reason behind this improvement in the thermal conductivity
may be explained as follows: when the loading of MXene is low,
for instance, 1 wt%, MXene can serve as a bridge between PVDF
spherulites and promote heat transfer from spherulites to
spherulites. Since the sea-island structure of PVDF/MXenes
composites does not attain a percolation threshold of heat
transportation, it is difficult for MXene in the PVDF matrix to
form a continuous network, resulting in only a slight increase in
the thermal conductivity. When the addition of MXene is
increased and MXene nanosheets are well dispersed in the
PVDF matrix, the thermal conductivity of PVDF composites will
increase at a rapid rate. The situation may be attributed to
several factors. Firstly, MXene nanosheets are uniformly
dispersed in the PVDF matrix and the contact ratio between
them is increased. Secondly, MXene in the matrix can provide
nucleation sites for the PVDF matrix, which is crucial for
improving the thermal conductivity of composites. Finally, the
strong interface compatibility between MXene and PVDF matrix
reduces the interfacial thermal resistance, due to the large
surfaces of the MXene nanosheets and hydrogen bonding
between MXene and the PVDF matrix.

In order to visually verify the heat performance of neat PVDF
and the PVDF composite containing 5 wt% MXene, we
employed an infrared camera to record the different thermal
states of the samples at different times, as shown in Fig. 5(c).
Several steps needed to be taken before the experiment. First,
clean and flat copper foil was placed on the heating plate, and
then a high temperature adhesive tape was used to fix the
copper foil and ensure that it was flat on the surface of the

This journal is © The Royal Society of Chemistry 2017
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Table 1 Thermal interface materials with various thermal conductive fillers

Filler Loading TC (W mK ) Based materials Ref.

Al,O4 10 wt% 0.18 PS Hai Dong et al.”*

AIN 10 vol% 0.30 PTFE Chen Pan et al.>

SiO, 10 wt% 0.309 Silicone rubber Luiz Meyer et al.”®
ZnO-NP 44.3 wt% 0.36 PI Daisuke Yorifuji et al.>*
Ni 6 vol% 0.32 PVDF Wenying Zhou et al.>
SizN, 5 vol% ~0.25 Polyethylene Wenying Zhou et al.”®
SWNT 7.3 wt% 0.35 PMMA P. Bonnet et al.>’

GON 5.0 vol% 0.3 Liquid paraffin Wei Yu et al.”®

BNNSs 15 vol% 0.16 Silicone rubber Zhiqiao Kuang et al.>
GNP 5 wt% ~0.35 Cyclic butylene terephthalate Ye Ji Noh et al.®®
Graphite 12 wt% ~0.34 Polypropylene Valerio Causin et al.®'
MXene 5 wt% 0.363 PVDF This work

heating plate. Finally, the two samples were placed in order, as
shown in Fig. 5(c). It is should be noted that the samples and
copper foil were sprayed with graphite in order to maintain heat
transfer in a uniform way. When everything necessary was done,
we started to heat the heater and record the thermal states of
the samples using an infrared camera. It can be clearly seen that
the surface color of the samples changed as the temperature of
the heater increased instantly. This is especially true for the
PVDF composite, as its color looks much brighter than that of
neat PVDF. Furthermore, we performed a temperature statis-
tical analysis of 70 dots from the black line and plotted
a diagram to show the temperature of the samples. From the
upper diagram, one can find the surface temperature of neat
PVDF was around 33 °C, while those of PVDF/MXene and the
copper foil were around 37 and 39 °C, respectively. At 45 s, one
can observe that the surface temperature of neat PVDF was
about 54 °C and the average temperature of the PVDF/MXene
composite was 60 °C, indicating that the heating rate of the
PVDF composite is faster than that of neat PVDF. This conclu-
sion is also in agreement with Fig. 5(a). Fig. 5(d) shows the
quantitative heating and cooling curves measured using
a versatile voltmeter. It is evident that the heating curve of the
PVDF composite is always above that of neat PVDF and reaches
its highest temperature at 104 °C, while neat PVDF reaches
a maximum at 101 °C, demonstrating that PVDF composites
possess a higher heating rate. To further investigate the release
performance of neat PVDF and the PVDF composite, we pro-
cessed the cooling curve with differential treatment and the
result is shown in the inset of Fig. 5(d). From the inset, it is easy
to see that the cooling rate of the PVDF composite is faster than
that of neat PVDF, and is the first to reach room temperature. To
sum up, MXene has the potential to enhance the thermal
conductivity of the PVDF matrix and can be regarded as
a promising candidate for thermal management.

Fig. 6 displays the thermal dynamic mechanical properties of
the neat PVDF and PVDF composites as a function of temper-
ature measured by DMA Q800. As can be seen from Fig. 6(a), the
addition of MXene nanosheets into the neat PVDF matrix
results in an increase in the storage modulus of the glassy state.
The storage modulus of neat PVDF at —80 °C is 4.362 GPa, while
the values for PVDF/MXene with loadings from 1 to 5 wt% are

This journal is © The Royal Society of Chemistry 2017

5.491, 5.591, 5.831, 6.136 and 7.128 GPa, respectively, corre-
sponding to increases of 26%, 28%, 34%, 40% and 64%,
respectively, compared to neat PVDF. The storage modulus
represents the elastic modulus of a plastic material and its
ability to recover. It is observed that the PVDF/MXene
composites have a higher storage modulus than that of neat
PVDF, which increases when the loading increases from 1 to 5
wt%. There are two reasons that may account for the improve-
ment in the storage modulus properties. First, due to the high
surface area and good dispersion in the PVDF matrix, MXene
nanosheets enhance the stiffness of the composites and make it
possible for the applied stresses to transfer from the PVDF
matrix to the MXene nanosheets. Second, MXene forms a strong
interaction with the PVDF matrix as a result of the functional
groups, which hinders the mobility of the local matrix around
MXene. Fig. 6(b) shows the storage modulus ratio of the PVDF/
MXene composites (E”composites) t0 neat PVDF (E' ;¢ pypr)- It is
evident that the relative storage modulus ratios of the PVDF/
MXene composites are above 1 and gradually increase with
increasing loading. When the loading is 5 wt%, the E” composites/

——PVDF
——PVDF-Ti,C, 1 t%
——PVDF-Ti,C, 2 wt%
——PVDF-Ti,C, 3 wt%
——PVDF-Ti,C, 4 wt%
——PVDF-Ti,C, 5 wt%

(b) ——PVDF-Ti,C, 3 wt%
1.64 J—

PVDF-Ti,C, 4 wt%
——PVDF-Ti,C, 5 wt%

1.54

1.44

——PVDF-Ti,C, 1 wt%
ol 144 ——PVDF-Ti,C, 2wt%

Storage Modulus (MPa)
E"composite/E'Neat PVDF

T T T T
-100 -50 0 50 100 0 -25 0

(d)

Temperature (°C)

0.104 (c)

——PVDF
——PVDF-Ti,C, 1 wt%
| ——PVDF-Ti,C, 2 wt%
——PVDF-Ti,C, 3 wt%
|——PvDF-TiC, 4wt
——PVDF-Ti,C, 5 wt%

Tan &

Glass transition temperature (°C)

Td composites T9Neat PVDF (°C)

E) -40
Temperature (°C)

Content (wt%)

Fig. 6 Thermo-mechanical properties of neat PVDF and the PVDF
composites: (a) storage modulus, (b) relative storage modulus, (c) tan
¢ as a function of temperature, and (d) glass transition temperature.
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E heat pypr attains a maximum value of 1.6 at —50 °C. In addi-
tion, the melting behavior and thermal stability of the PVDF/
MXene composites are shown in Fig. S4 and S5.1 Fig. 6(c)
shows the loss factors of neat PVDF and the PVDF composites as
a function of temperature. The loss factor tan ¢ refers to the
ratio of the loss modulus to the storage modulus, which is quite
sensitive to transformations in material structure. Furthermore,
the peak value of the tan § curve determines the glass transition
temperature (T,) of the composites. As can been seen from
Fig. 6(c), the T, of the neat PVDF is —32 °C, while the values for
the PVDF/MXene composites containing different MXene
contents are —27.6, —27.1, —26.5, —26.1, and —25.5 °C,
respectively. Obviously, the PVDF/MXene composites show an
increased T, compared to neat PVDF. The increase in Ty is
believed to result from the restriction in molecular motion and
the higher degree of crosslinking, leading to obvious changes in
polymer chain dynamics.®>** For the PVDF composites, the
incorporation of MXene hinders the molecular mobility. On the
other hand, the presence of functional groups on the surface of
MXene nanosheets improves the interfacial interaction between
MXene and the PVDF matrix, resulting a good uniform disper-
sion within the matrix, which is beneficial for achieving a big
shift in T,. Fig. 6(d) shows the T, values of neat PVDF and PVDF/
MXene and presents the increasing values compared to neat
PVDF. The red bar represents the T, of neat PVDF and the PVDF
composites, while the blue bar shows the enhancement in the
T, value, that is, 4.4 °C for the PVDF composite with 1 wt%
MXene, and 4.9, 5.5, 5.9 and 6.5 °C for the PVDF composites
with 2, 3, 4 and 5 wt%, respectively. Given that the PVDF/MXene
composites exhibit better thermo-mechanical properties, they
can be expected to perform well in a wide range of applications,
such as sensors and actuators, separators, batteries, filtration
membranes and smart scaffolds.’**

4. Conclusions

In summary, PVDF/MXene composites have been achieved by
a simple solution blending and compression molding method.
The complex structure of MXene leads to an obvious improve-
ment in the thermal properties of PVDF composites. When the
loading is increased to 5 wt%, the thermal conductivity of the
PVDF/MXene composite is increased to 0.363 W mK ', an
approximate 1-fold enhancement in comparison with that of
neat PVDF. In addition, MXene also exhibits a better perfor-
mance in improving the mechanical properties of PVDF. In
particular, for the PVDF composite containing 5 wt% MXene,
the storage modulus is 7501 MPa, corresponding to a 64%
enhancement compared with that of PVDF. This study paves the
way for novel, fundamental and application studies of MXenes.
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