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ABSTRACT: The fabrication of ternary nanocomposites has been proven to be a successful method to achieve synergistic
reinforcement resulting from the combination of nanofillers within a polymer matrix. In this study, Ti;C,T, MXene nanoplatelets
and functionalized multiwalled carbon nanotubes (f-CNTs) were combined to prepare ternary poly(vinyl alcohol) (PVA)
nanocomposites. The Ti;C,T, MXene/f-CNT hybrids were cross-linked through hydrogen bonds, which promoted homogeneous
dispersion of the nanofillers and enabled strong interfacial interactions between the nanofillers and the PVA matrix. Compared to
pure PVA, Young’s modulus and the tensile strength of the nanocomposites with only 1.2 wt % of MXene/f-CNT hybrids were
improved by about 52% and 48%, respectively. The ternary nanocomposites display synergistic effects as revealed by
micromechanics and stress-induced Raman band shifts. The in situ Raman deformation studies allowed the observation of more
effective stress transfer in the nanocomposites due to hydrogen bonds between the hybrids and the matrix that ultimately prevented
the formation of aggregates.
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1. INTRODUCTION display a multitude of surface functional groups, such as —O,
The past decade has seen a surge of research in polymer —OH, and —F that facilitate polymer/filler interfacial bonding;
nanocomposites. Some of the most-researched nanofillers nevertheless, they can still provide exceptional conductivity to

include carbon nanotubes (CNTs) and graphene-related 2D
materials,' > which exhibit superior intrinsic properties,
allowing them to be employed in high-end applications that
require excellent performance and multifunctionality_ How- materials, WhOSE Conductivity is Subject to signiﬁcant reduction
ever, a number of challenges are faced when such nanoma- when functionalization is used to enhance the strength of the
terials are introduced within polymers, including poor 9-12
interfacial interactions and formation of agglomerates, which
limit performance and are known to act as failure points.” The
surface functionalization of nanofillers can simultaneously
address both issues but can also induce defects to the
nanocrystalline structures of the nanofillers and therefore lead
to inferior intrinsic properties.

Recently, MXenes, a class of transition metal carbides and
nitrides, have been used as reinforcements in polymers. They

impart multifunctional properties for the end nanocompo-

sites.””" This can address issues with graphene-related

polymer/filler interfaces.
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Figure 1. Schematic diagram of the preparation of PVA/Ti;C,T,/f-CNT nanocomposites.

Another interesting aspect of polymer nanocomposites
includes the observation that the combination of two or
more different types of nanofillers may induce synergistic
effects, without affecting much the processability of the final
nanocomposites.u_16 The emergence of synergistic effects in
composite materials is intricately connected to several factors.
First, it is influenced by the geometry of the fillers incorporated
into the composite. Second, the structure of hybrid fillers,
which can consist of a combination of different materials, plays
a pivotal role in determining these effects. Finally, the
interactions occurring at the interfaces between these hybrid
fillers and the polymer matrix further contribute to and define
the nature of the synergistic phenomena in the composite.
Understanding these interrelated aspects is essential for
tailoring composite materials with enhanced properties and
performance.'”'® An efficient approach to design hybrid filler
systems is to use a 1D nanomaterial in combination with a 2D
nanomaterial. For instance, graphene oxide (GO) and CNTs
have been combined to improve the mechanical and electrical
properties of polymer nanocomposites.'”~>* Hybrid fillers are
typically bonded by 7—7 interactions,”* hydrogen bonds,”* and
covalent bonds,*® resulting in the formation of 3D structures
with increased contact area between nanofillers and polymer
matrices. In this way, hybrid nanocomposites display functional
properties that can outperform single filler systems with even
lower optimal filler loadings.”® Additionally, the issue of
agglomeration may be mitigated when the fillers are in different
shapes which can lead to lower percolation.”” Recently,
MXenes have been combined with CNTs to improve the
mechanical and electrical properties of polymer nanocompo-
sites.”””” However, the synergistic mechanism and the
interfacial interactions of such composites have not been
studied in detail.

In this work, ternary nanocomposites were fabricated using
MZXene and CNTs to reinforce a PVA matrix. Ti;C,T, MXene
nanoplatelets were synthesized in situ by HF etching while
CNTs were oxidized by a H,SO,/HNO; mixture. The PVA
nanocomposites were prepared by a facial casting method, and
the abundance of hydroxyl groups in PVA structure was
expected to facilitate interfacial interactions with MXene
nanoplatelets and f-CNTs. Mechanical properties of the
nanocomposites were evaluated by tensile testing and analyzed
by the rule of mixtures. The synergistic reinforcing mechanism
has been studied by means of micromechanics, and the
interfacial stress transfer mechanism was studied by in situ
strain-induced Raman band shifts. This work provides a
fundamental insight into the micromechanics of MXene-based
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hybrid nanocomposites, essential for the development of
multifunctional nanocomposites to be used in structural
components, energy storage devices, and e-wearables.

2. EXPERIMENTAL SECTION

2.1. Materials. The Ti;AIC, MAX powders (particle size of 38
pum, purity of 98%) were procured from Jilin 11 Technology Co., Ltd.
Lithium fluoride (LiF, 98.5% grade) powder, hydrochloric acid (HC],
ACS reagent), concentrated nitric acid (HNO;, 68%), and sulfuric
acid (H,SO,) were purchased from Sigma-Aldrich. Conductive
multiwalled carbon nanotubes with an inner diameter of 3—5 nm,
outer diameter of 8—15 nm, length of 3—12 yum, and purity >95 wt %
were purchased from Shenzhen Liguangrun E-commerce Co., Ltd.
The PVA powder with average molecular weight of 67,000 was
provided by ME Scientific Engineering Ltd.

2.2. Synthesis of Ti;C,T, MXene Nanoplatelets. Ti,C,T,
MXene nanoplatelets were prepared by the in situ HF etching
method.*® First, 1.6 g of LiF was added to 20 mL of 9 M HCl in a
PTFE beaker while stirring for 30 min to prepare the etchant. After
that, 1 g of Ti;AlC, MAX powder was dissolved in the etchant and the
reaction was allowed to run at 40 °C for 24 h under continuously
stirring. The obtained Ti;C,T, slurry was washed with DI water by
centrifuging at 3500 rpm for S min each cycle, until its pH reached 6—
7. Then, the Ti;C,T, slurry was redispersed in DI water and bath
sonicated under Ar flow for 10 min to obtain monolayer or fewlayer
Ti;C,T,. The mixture was centrifuged at 3500 rpm for 20 min to
obtain a Ti;C,T, MXene suspension. The concentration of the
suspension was determined to be ~3 mg/mL by vacuum filtering a
certain amount of suspension through a membrane (mixed cellulose
ester, pore size 0.22 um).

2.3. Oxidation of Multiwalled Carbon Nanotubes. Function-
alization of CNTs was carried out using acidic oxidation.”' Briefly, 0.3
g of the pristine CNTs (p-CNTs) was dispersed in 25 mL of a 3:1
ratio H,SO,/HNO; mixture. The dispersion was achieved by
magnetic stirring at 100 °C for 6h. After cooling to room temperature,
the mixture was diluted and washed with deionized (DI) water until
the pH was neutral. The sample was then dried at 40 °C under
vacuum overnight to obtain functionalized CNTs (fCNTs from now
on).

2.4. Preparation of PVA/Ti;C,T,/f-CNT Nanocomposites. The
solution blending method was used to prepare PVA/Ti;C,T,/f-CNT
nanocomposites as illustrated in Figure 1. A certain amount of PVA
powder was dispersed in DI water at 90 °C to prepare a S wt % PVA
aqueous solution. The f-CNT powder was also dispersed in DI water
by bath sonication (15 min) to give a 0.5 mg/mL solution. The
synthesized MXene suspension with a concentration of 3 mg/mL was
then diluted to 0.5 mg/mL. After that, the PVA aqueous solution was
mixed with MXene and f-CNT suspensions to prepare nano-
composites with different filler loadings (0.3, 0.6, 0.9, and 1.2 wt
%). The weight ratio of f~CNT to MXene nanoparticles was 1/1. The
mixtures were untrasonicated for 15 min and further stirred for 60
min to disperse the fillers uniformly in the PVA matrix. The mixtures
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Figure 2. (a) XRD patterns of Ti;AlC, MAX and TiyC,T, MXene. (b) Raman spectra of p-CNT and f-CNT. (c) XPS spectra of Ti;C,T, MXene,
p-CNT, and f-CNT. XPS C 1s peaks of (d) p-CNT and (e) fCNT. (f) FTIR spectra of p-CNT and {-CNT.

were then poured into Petri dishes and dried in an oven at 60 °C for
24 h. A few drops of the mixtures (20 uL) were also casted onto
PMMA beams to dry for in situ Raman measurements.

2.5. Characterization. X-ray diffraction (XRD) was carried on an
ANalytical X’Pert-Pro diffractometer with a Cu—Ka radiation source.
The scan was operated in 5—70° 26 geometry on reflection mode. X-
ray photoelectron spectroscopy (XPS) was carried out in an ultrahigh-
vacuum system using a ThermoFisher Nexsa X-ray photoelectron
spectrometer. The chemical compositions of p-CNT, f-CNT, and
Ti;C,T, powders were analyzed. The microstructures of exfoliated
MZXene, f-CNT, and the fracture surfaces of composites were
observed using scanning electron microscopy (SEM, FEI Inspect-F,
The Netherlands) with an acceleration voltage of S kV. A few drops of
MZXene-, f-CNT-, and MXene/f-CNT-based solutions were deposited
on a silicon wafer and dried at room temperature. The nano-
composites were cryo-fractured after immersion in liquid N,. The
thickness, height profile, and aspect ratio of MXene and f-CNT
samples were characterized by atomic force microscopy (AFM) in
semicontact mode. Differential scanning calorimetry (DSC) measure-
ments of the composite films were conducted by a TA DSC 25 under
an Ar flow of 20 mL/min, and the samples were heated at a rate of 10
°C/min from 10 to 280 °C. The samples were held at 280 °C for 5
min, cooled down to room temperature at 50 °C/min, and then
reheated at 10 °C/min to record the melting point. Fourier transform
infrared spectroscopy (FTIR) was performed by using a Smart iTX
Optical Base, AR Diamond Crystal Plate for Smart iTX and X700.
The scanning range was 4000—500 cm ™' and the resolution was 4
cm™. The tensile properties of pure PVA and its nanocomposites
were tested by using an Instron S900R84 machine. The films were cut
into a dogbone shape with a gauge length of 10 mm and a width of 3
mm. The thickness of the samples was about 0.05 mm. The load cell
was 100 N and the loading rate was 1 mm/min. Raman spectra were
collected by using a micro-Raman spectrometer (Renishaw inVia) in a
backscattering configuration. The laser excitation of 785 nm with a
grating of 1200 grooves/mm was used to record the Raman signal.
The laser power was kept below 1 mW to avoid heating effects. For
the in situ Raman deformation study, the PMMA beam with PVA
composite films (described in Section 2.4) was deformed by using a
four-point bending device, which was adjusted on the microscope
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stage.”>>* A strain gauge was attached to the center of the beam to
monitor strain. Strain was applied to the specimens in steps of about
0.05% and three spectra were recorded and averaged at each strain
level. For polarized Raman spectroscopy, VV (vertical/vertical)
polarization, where the incident and scattered polarizations were the
same, was used. The setug of polarized Raman spectroscopy can be
found in previous studies.”** The film was rotated in steps of 10°.

3. RESULTS AND DISCUSSION

3.1. Primary Characterization of Ti;C,T, MXene and
CNTs. Figure 2a illustrates the XRD spectra of Ti;AlIC, MAX
and Ti;C,T, MXene. Clearly, the (104) peak of Ti;AlC, at 26
~ 39° disappeared after etching, indicating almost complete
removal of the Al element. The (002) peak of Ti;AlC, shifted
to smaller angles and broadened, suggesting an increase in the
d-spacing due to the presence of Li". For Ti;C,T, MXene, four
more peaks were observed corresponding to (004), (006),
(008), and (0010) crystal planes. Figure S1 shows the Raman
spectra of Ti;AlC, MAX and Ti;C,T, MXene in the range of
100—800 cm™". It can be seen that the Ay (Ti, Al) referred to
the @, peak of MAX moved to lower wavenumber as the Al
element was etched and C and surface groups were involved.*®
Another out-of-plane peak, @y moved to a higher wave-
number. Overall, the differences in XRD and Raman spectra
indicate the removal of Al and the successful synthesis of
MXene nanoplatelets. Figure 2b shows the Raman spectra of p-
CNT and f-CNT in the range of 800—2000 cm™'. Two peaks
corresponding to the D-band and G-band of CNTs were
observed for both pristine and acid-treated materials. The D-
band located at ~1311 cm™ is an indication of structural
defects, and the G-band located at ~1600 cm™ represents the
in-plane vibration of the sp? bonds.”” The effects of acidic
oxidation can be estimated from the intensity ratio of the D-
band to the G-band (Ip/I;), which is an indication of the
degree of defects. For p-CNT, the I/I; ratio was 1.70, which
implies that there is a small degree of defectiveness for the as-
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received samples. After acid treatment, the ratio of Ip/Ig
increased to 2.26. This indicates that defects were introduced
during the oxidation process of CNTs. The acid functionaliza-
tion process is beneficial for the dispersion of CNTs in solvent
and the interfacial interaction between CNTSs and the matrix
(e, —COOH grafting).*

The oxidation behavior can be further analyzed by XPS as
shown in Figure 2c. The p-CNT and f-CNT spectra show C 1s
and O 1s peaks. There are large differences in the carbon and
oxygen atomic percentages in p-CNT and f-CNT. The C/O
ratio of p-CNT was 97.05/2.53, and the ratio increased to
81.96/15.16 for f-CNT. This is attributed to the grafting of
carboxylic and hydroxyl functions onto the CNT surfaces by
acid oxidation.”” The C Is peaks of p-CNT and f-CNT are
shown in Figure 2d,e. For both types of nanotubes, the C=C
peak at 284.6 eV, the C—C peak at 285.3 eV, and the C—OH
peak at 286.4 eV were observed. For p-CNT, the 7—z* peak at
290.4 eV was observed. This peak was not observed in f-CNT,
most probably due to acid washing.”" For f-CN'T, an additional
peak of the O=C—O ratio at 288.8 eV was observed, which
confirmed the presence of carboxylic acid groups. The XPS
spectra of Ti;C,T, is also shown in Figure 2c. The peaks
observed at 285.7 eV, 532.2 and 686.1 eV were assigned to C
Is, O 1s, and F 1s, respectively, and the peaks observed at 36.4,
60.6, 457.0, and 562.7 eV were attributed to Ti 3p, Ti 3s, Ti
2p, and Ti 2s, respectively.*” The analysis also confirmed the
presence of a very small amount of aluminum (evidenced by
peaks at 103 and 154 eV), ori§inating from the residual
material after the etching process.”"

Finally, FTIR was used to characterize the functional groups
on the surfaces of p-CNT and f-CNT (Figure 2f). For both
types of CNTs, the C—C stretching vibration was observed at
~1630 cm™. An extra peak appeared at ~1711 cm™! for f-
CNT, which was ascribed to the —COOH stretching
vibration.” This further confirmed that carboxylic acid was
formed on the surface of the f-CNT. The XRD patterns of p-
CNT and fCNT are shown in Figure S2 (Supporting
Information). There is no significant difference between the
two patterns. Two characteristic peaks at 260 = 25.84° and
43.49° corresponding to reflections from the (002) and (004)
planes were observed for both tubes. The sharpness of the peak
at (002) indicates that the graphitic structure of f-CNTs was
preserved, and there is no significant structural damage on the
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nanotubes after acidic treatment. The crystallinity remained
almost the same as any decrease would be indicated by broader
peaks and diffraction peak shifts toward lower angles.*’

The SEM images of exfoliated Ti;C,T, MXenes and acid-
treated CNTs are shown in Figure S3a-b. After etching and
delamination, bulk MAX precursors were exfoliated to thin and
flat MXene nanoplatelets (Figure S3a). The lateral size of the
MXene nanoplatelets ranged from 1 to 3 pm. Regarding acid-
treated CNTs, their length ranges from hundreds of nanome-
ters to several microns. An SEM image of Ti;C,T,/f-CNT
hybrid nanoparticles is shown in Figure S3c, where the hybrids
appear stacked together and adhered to each other. This is
induced by the strong interfacial and electrostatic interactions
between the nanofillers, leading to stacking and aggregation
during the drying process. A representative AFM image and
the height profile of the produced MXene nanoplatelets are
shown in Figures S 3d-e. In addition, Figures S 3f-g show the
statistics of the lateral size (3.15 + 1.23 um) and thickness
(275 + 1.12 nm) after studying more than 60 individual
MXene nanoplatelets. The aspect ratio of MXene nanoplatelets
was calculated to be 1145. The length and thickness of f-CNTs
are on the order of 1.27 + 0.65 pum (Figure S3h) and 11.94 +
2.07 nm (Figure S3i), respectively. The aspect ratio of -CNTs
was therefore calculated to be 106.

3.2. Microstructure of PVA/Ti;C,T,/f-CNT Films. The
interactions between the PVA matrix and fillers were
investigated by FTIR as shown in Figure 3a. The two peaks
in the 1000—1200 cm™" region for pure PVA correspond to the
C—O vibration of C—OH groups.”’ The peak located at
around 3300 cm™" was ascribed to the stretching vibration of —
OH groups. This peak moved to 3291 cm™" for 1.2 wt % f-
CNT/PVA film and 3294 cm™ for 1.2 wt % Ti,C,T,/PVA
film. This indicates that additional hydrogen bonding formed
after the interaction of PVA with the individual fillers. This
peak moved to a lower wavenumber (3283 cm™) for 1.2 wt %
Ti,C,T,/f-CNT/PVA film (Figure 3b). Evidently, robust
hydrogen bonds were formed between PVA and Ti;C,T,/f-
CNT hybrids.”’ The interfacial interactions between Ti;C, T,
and f-CNT were also characterized by FTIR, as shown in
Figure S4 of the Supporting Information. The peaks at 3395
em™ for Ti;C,T, and 3442 cm™" for f-CNT can be assigned to
the stretching vibration of the hydrogen bonded hydroxyl
(—OH) group. This peak moved to 3421 cm™ for the
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Figure 4. SEM micrographs of (a) 0.6 wt % {-CNT/PVA, (b) 0.6 wt % Ti;C,T,/PVA, (c) 0.6 wt % Ti,C,T,/f-CNT/PVA, (d) 1.2 wt % {-CNT/
PVA, (e) 1.2 wt % Ti;C,T,/PVA, and (f) 1.2 wt % Tiy,C,T,/f-CNT/PVA. Scale bars, 2 um.

Ti;C,T,/f-CNT hybrids, indicating the formation of hydrogen
bonds between the hybrid fillers.*

The XRD patterns of pure PVA and PVA nanocomposites
are shown in the Supporting Information (Figure SS). Pure
PVA shows a characteristic peak at 20 ~ 19.6° representing
reflection from the (101) plane. The XRD patterns of PVA/f-
CNT, PVA/Ti,C,T,, and PVA/Ti,C,T,/f-CNT nanocompo-
sites are similar to the pattern of pure PVA without changes in
peak position or intensity. This means that the degree of
crystallinity and size of PVA crystals were not affected by the
addition of both types of nanomaterials.*”

The microstructures of the materials were also characterized
using scanning electron microscopy. Figure 4 shows the cryo-
fractured surfaces of PVA nanocomposite films. As can be seen
from Figure 4a, the distribution of fCNT (bright dots) in the
matrix was homogeneous at 0.6 wt % filler loading. Similarly,
the distribution of Ti;C,T, (bright lines) in the matrix was also
homogeneous at 0.6 wt % filler loading as shown in Figure 4b.
The homogeneously distributed {-CNT/Ti,C,T, hybrid could
also be observed at the same filler loading (Figure 4c). These
results mean that f-CNT, Ti;C,T,, or their hybrid could be
uniformly dispersed in the matrix at low filler loadings. Carbon
nanotube bundles (black circles) were observed when the
loading increased to 1.2 wt % (Figure 4d). The restacking of
Ti,C,T, nanosheets (black circles) was also observed at 1.2 wt
% filler loading (Figure 4e). This is an indication of the
difficulties in dispersing the individual nanofillers at this
loading homogeneously. In contrast, no bundles or restacking
was observed for 1.2 wt % f-CNT/Ti,C,T, hybrid (Figure 4f),
indicating a homogeneous dispersion due to the use of the
hybrid filler. It should also be noted that the MXene
nanoplatelets were fully coated by the polymer, resulting in
the alleviation of MXene oxidation.

3.3. Orientation of the Fillers in the Nanocomposites.
Figure S shows the Raman spectra of pure PVA, PVA/f-CNT,
PVA/Ti;C,T,, and PVA/Ti;C,T,/f-CNT nanocomposites.
The spectrum of neat PVA shows a strong peak at ~1368
cm™! due to C-H bending. For PVA/f-CNT films, the
spectrum is dominated by the bands of fCNT (D-band and G-
band, respectively). Similarly, for PVA/Ti;C,T, films, the
spectrum is dominated by the Ti;C,T, bands. For the PVA/
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Figure S. Raman spectra of pure PVA, PVA/f-CNT, PVA/Ti;C,T,,
and PVA/Ti;C,T,/f-CNT nanocomposites. The filler loadings are 1.2
wt % for £CNT, Ti;C,T,, and TiyC,T,/f£-CNT.

Ti;C,T,/f-CNT ternary nanocomposites, the bands of Ti;C, T,
and f-CNT are clearly observed as a result of the strong
resonance Raman scatterings of f-CNT and Ti;C,T,.

The orientation of the fillers in the nanocomposite films was
investigated by polarized Raman spectroscopy. The intensities
of the G band of {-CNT and the A;; band of Ti;C,T, were
recorded as a function of the rotation angle, as shown in Figure
6. The Raman band intensity is maximum when the nanotube
axis is parallel to the incident and scatter laser and minimum
when the nanotube axis is perpendicular to the laser
polarization.”> The G-band intensity of nanotube for 1.2 wt
% f-CNT/PVA and 1.2 wt % Ti;C,T,/f-CNT/PVA did not
change significantly with rotation angle within the plane of the
films. This suggests that the CNTs were randomly distributed
in all directions. The changes in the intensities of A;; band of
TiyC,T, for 1.2 wt % Ti,C,T, /PVA and 1.2 wt % Ti,C,T,/f-
CNT/PVA are shown in Figure 6b,d. In the case of the laser
beam being perpendicular to the plane of the film (z), the A,,-
band intensity remained unchanged with the rotation angle.
When the laser beam was parallel to the plane of the film (x),
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f-CNT/PVA.

the Aj,-band intensity was a maximum at 0° and a minimum at
90°. This behavior has been related to the depolarization effect
for graphene-like 2D nanosheets.”> On this basis, the Raman
intensity of the sample, I(®), can be expressed by the
polarization angle, ® (®,/®,),as"

I(®) = ID{% + (P(cos 0))( — ;—61 + gcos2 D)

8 8 4
+ (P,(cos 8))(— — —cos” ® + cos” @
(Bieos )= - = TR
where I, is the amplitude and (P,(cos 8)) and (P,(cos 8)) are
fitting parameters. These two parameters are related to the
Krenchel orientation factor, 7,, as

8 8 3

n, s + o (Py(cos 0)) + " (P,(cos 9)) 2)

For the fitting of 1.2 wt % TiyC,T,/PVA (Figure 6b), the
parameters (P,(cos 0)) = 0.26 and (P,(cos 0)) = 0.36 were
used, while for the fitting of 1.2 wt % Ti;C,T,/f-CNT/PVA
(Figure 6d), these two parameters were calculated to be 0.38
and 0.40. The orientation results for PVA nanocomposites
with 0.6 wt % f-CNT, Ti;C,T,, and Ti;C,T,/f-CNT are shown
in Figure S6, being similar to the case of 1.2 wt % samples.
These results allow the Krenchel orientation factor (7,) to be
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determined. The Krenchel orientation factor for randomly
distributed carbon nanotubes in a 2D film was determined to
be 3/8.” For Ti;C, T, 7, was calculated using eq 2 and the
results are summarized in Table 1. The orientation factors were

Table 1. Values of {P,(cos 0)), {(P,(cos 0)) and 7,
Determined for Measurements Where the Laser Beam Was
Parallel to the Plane of the Film

filler content (wt (P,(cos (P4(cos
samples % 0)) 0)) Mo
Ti,C,T,/PVA 0.6 025 040 066
1.2 0.26 0.36 0.66
TiyC,T,/f-CNT/ 0.6 0.40 0.42 0.72
PVA
1.2 0.38 0.40 0.71

the same for 0.6 and 1.2 wt % Ti;C,T,/PVA with a value of
0.66. The 7, value increased to 0.72 for 0.6 wt % Ti;C,T,/f-
CNT/PVA and 0.71 for 1.2 wt % Ti;C,T,/f~CNT/PVA,
respectively. This suggests that the incorporation of f-CNT
promoted the orientation of Ti;C,T, in the plane of the film,
induced by strong interfacial interactions between the hybrid
fillers.

3.4. Mechanical Properties of PVA/Ti;C,T,/f-CNT
Films. Typical stress—strain curves of pure PVA and PVA
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Figure 7. (a, b) Stress—strain curves of pure PVA, PVA/f-CNT, PVA/TiyC,T,, and PVA/Ti,C,T,/f-CNT nanocomposites. Variation of (c)
Young’s modulus and (d) tensile strength of PVA nanocomposites with filler loading. The black dashed lines represent the Young’s modulus and

tensile strength of pure PVA.

nanocomposites reinforced by {-CNT, Ti;C,T,, and their
hybrids are presented in Figure 7a,b. Both pure PVA and its
nanocomposites show distinct yielding and necking behavior.
Overall, the Young’s modulus and tensile strength were
improved despite the low filler loadings, while the fracture
strain slightly decreased. The elastic region of the stress—strain
curves is presented in Figure S7 in the Supporting Information.

Figure 7¢,d shows the variation of Young’s modulus and
tensile strength of the nanocomposites with increasing filler
loadings. The values are also summarized in Table S1 (S8 in
the Supporting Information). Young’s modulus and tensile
strength of pure PVA were 2.23 + 0.07 GPa 68.3 + 2.6 MPa,
respectively (dashed lines in Figure 7c,d). For PVA/£CNT
and PVA/Ti;C,T, nanocomposites, the Young’s modulus and
tensile strength increased up to 0.6 wt % filler loadings. The
Young’s modulus and tensile strength were improved to 2.69 +
0.05 GPa and 81.3 + 3.2 MPa with 0.6 wt % f-CNT and to
2.87 + 0.05 GPa and 85.8 + 3.2 MPa with 0.6 wt % Ti;C,T,.
After that, Young’s modulus and tensile strength showed a
downward trend with the increase in filler loading, which was
probably induced by poorer dispersion and agglomeration of
the fillers as illustrated in Figure 4d,e. Quite interestingly, for
the hybrid PVA/Ti;C,T,/f-CNT nanocomposites, Young’s
modulus and tensile strength increased up to 1.2 wt % filler
loading. Young’s modulus and tensile strength were improved
to 3.4 + 0.10 GPa and 99.6 + 5.3 MPa with 1.2 wt % of
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Ti;C,T,/f-CNT hybrids. As can be seen from Figure 4f, the
Ti;C,T,/f-CNT hybrids showed better dispersion than
individual Ti;C,T, or f-CNT filler, where f{-CNTs were
dispersed between Ti;C,T, nanosheets and prevented the
agglomeration of Ti;C,T, nanosheets and CNT entangle-
ments. The contact area between the fillers and the PVA matrix
increased, and more hydrogen bonds were formed between the
fillers and the matrix, as confirmed by the FTIR spectra. The
mechanical properties of the nanocomposites with different
weight ratios of Ti;C,T,/f-CNT are summarized in Table S1.
After studying three weight ratios (1/2, 1/1, and 2/1), it can
be seen that the 1/1 weight ratio of Ti;C,T,/f-CNT hybrids
provided the optimum mechanical reinforcement. The DSC
curves and degree of crystallinity of PVA and PVA nano-
composites are also shown in Figure S8 and Table S2 in the
Supporting Information. The degree of crystallinity of PVA did
not change significantly, indicating that the improvements in
mechanical properties cannot be ascribed to alterations in
crystallinity but rather to the inclusion of nanofillers.

The mechanical properties of PVA composites reinforced
with various nanofillers are summarized in Table S3 in the
Supporting Information. Clearly, various nanofillers can
reinforce PVA effectively at low filler content due to their
inherent properties and interfacial interactions with the
polymer. Especially graphene oxide, which displays oxygen-
containing functional groups, similar to MXene nanoplatelets,
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is particularly effective. The use of hybrid fillers offers unique
opportunities for advancing PVA nanocomposites toward
enhanced performance and multifunctionality while mitigating
agglomeration-related challenges. It is worth noting that water
absorption can affect the mechanical properties of PVA due to
its hydrophilic nature. The effects of water absorption on the
interface between the MXene fillers and polymer matrix could
be the subject of a future study.

3.5. Modeling of Mechanical Properties of the
Nanocomposites. Young’s modulus of a polymer nano-
composite reinforced with an individual filler can be derived
from the modified rule of mixtures (ROM)*’

Ec = Eeff‘/f + Em(l - ‘/f) (3)

where E_ and E,, are the Young’s modulus of the composite
and the matrix, respectively, E. is the effective Young’s
modulus of the filler, and V; is the volume fraction of the filler.

Young’s modulus of a polymer nanocomposite with a hybrid
filler can be expressed from the extended form of ROM as*

E = EgqVy + EpVo + En(1 — Vo — V) (4)

where E ) and E g, are the effective Young’s moduli of filler 1
and filler 2 and V}; and V;, are the volume fractions of the filler
1 and filler 2, respectively. This equation assumes that no
interactions are taking place between the hybrids. The
conversion of weight fraction to volume fraction can be
found in S11 in the Supporting Information.

The experimental results of Young’s modulus and the
theoretical prediction from ROM (lines) are shown in Figure
8. For the PVA/Ti;C,T, nanocomposite, the effective Young’s

4.0
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Figure 8. Variation of the Young’s modulus of PVA/-f-CNT, PVA/
Ti;C,T,, and PVA/Ti;C,T,/f-CNT nanocomposites with the volume
fraction of the filler. The experimental results were modeled with the
rule of mixtures.

modulus of Ti;C,T, was determined to be 344.1 GPa. The
effective Young’s modulus of the filler can also be obtained
from E = Egj i, where 7, is the length factor to evaluate the
stress transfer at the filler—matrix interface.”® If we take the
orientation factor of 0.66 as determined earlier and the
intrinsic Young’s modulus of monolayer Ti;C,T, (502 GPa
from”’) into this equation, the length factor would equal to
~1. This means that the applied stress was fully transferred to
Ti;C,T, at low loadings. For PVA/f-CNT nanocomposites, the
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effective Young’s modulus of f-CNT was determined to be
113.7 GPa. If we use the orientation factor of 3/8 and the
Young’s modulus of carbon nanotubes (1TPa from ref 2) into
the above equation and assume full stress transfer, the
estimated E. (375 GPa) would be higher than the value
derived from the rule of mixtures. This reduction in the
effective Young’s modulus of the nanotubes is attributed to the
defects induced by acid oxidation and the insufficient interlayer
stress transfer efficiency (0.7 from ref 48).

By applying the obtained effective Young’s moduli calculated
above, the results of the use of the modified ROM for hybrid
nanocomposites are also shown in Figure 8. Our experimental
results lie above the theoretical prediction, indicating that
synergistic effects are taking place between the hybrid
components of the system (rather than additive effects arising
from zero interactions that the equation assumes). The
synergistic effect or percent synergy (%) in mechanical
reinforcement due to the use of hybrids of f-CNT and
Ti;C,T, MXene can be obtained from the following equation™

2pq — (p +
pq — (p q)xmo

synergy(%) =

ynergy(%) e -
where pq, p, and g are the mechanical properties of the
composites with hybrid and individual fillers. Using the above
equation, the synergistic effects in Young’s modulus of the
hybrid PVA/Ti;C,T,/f-CNT nanocomposites with 0.6 and 1.2
wt % filler loadings were calculated to be 23.6 and 22.3%,
respectively. The extended ROM for a 3-phase system assumes
no interaction between the hybrid fillers, while the Ti;C,T,/f-
CNT hybrids were connected through hydrogen bonds, as
realized from FTIR. This promoted the homogeneous
dispersion of the hybrid fillers in the matrix and improved
the orientation of Ti,C,T, within the matrix (Table 1). At
higher loadings, the entanglements of carbon nanotubes and
the restacking of Ti;C,T, nanosheets hinder the stress transfer
from the matrix to the fillers. Therefore, the rule of mixtures is
not applicable to a 2-phase system when agglomerations occur.
In contrast, the tendency to form aggregates was prevented in
the 3-phase system as revealed by SEM images (Figure 4).
Therefore, our experimental results outperformed the expect-
ations from the modified rule of mixtures, and the synergy
between fillers was observed.

3.6. Stress-Induced Raman Band Shifts. The synergistic
reinforcement mechanism was also investigated by strain-
induced Raman band shifts. The strain-induced Raman band
shifts of f-CNT/PVA, Ti,C,T,/PVA and Ti,C,T,/f-CNT/
PVA nanocomposites are shown in Figure 9. The G-band of f-
CNT and the A, band of Ti;C,T, were monitored to evaluate
the stress transfer from PVA to the fillers. For the 1.2 wt % f-
CNT/PVA nanocomposite, the shift rate of the G-band was
24 + 02 cm™'/% up to 0.4% applied strain. The slippage
strain closely resembles the elastic region of the stress—strain
curves, as demonstrated in Figure S7 within the Supporting
Information. After that, no band shift was observed, which was
attributed to interfacial slippage between f-CNTs and PVA.
Similar behavior was also observed for 1.2 wt % Ti;C,T,/PVA
nanocomposite. The Alg band shift rate was —1.4 + 0.2 cm™!/
% and then slippage occurred at ~ 0.4% applied strain. There
were large improvements in the band shift rates for the 1.2 wt
% TiyC,T,/f-CNT/PVA nanocomposite. For example, the G
band shift rate of f~CNTs within the hybrid composite was
improved to —4.4 + 02 cm™'/%. In addition, slippage
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Figure 9. (a) Raman G band shift of f-CNT for 1.2 wt % f-CNT/PVA nanocomposite. (b) Raman Ay, band shift of Ti;C,T, for 1.2 wt % Ti;C,T,/
PVA nanocomposite. (c) Raman G band shift of -CNT and Ti;C,T,/f-CNT/PVA nanocomposite. (d) Raman A, band shift of Ti;C, T, for 1.2 wt

% Ti,C,T,/f-CNT/PVA nanocomposite.

occurred at a higher applied strain (0.7%). Similarly, the A;,
band shift rate of the Ti;C,T, within the hybrid composite was
improved to —2.6 + 0.2 cm™'/% for Ti;C,T, and slippage
occurred again at 0.7% applied strain. This means that stress
can be transferred more effectively from PVA to Ti;C,T,/f-
CNT hybrids. The hybrid nanocomposites can reach higher
strains without a reduction in the stress transfer efliciency of
the nanofillers, which is another sign of improved dispersion
and mitigation of the agglomerates. Similar behavior has been
observed for functionalized CNTs,*° where the functionaliza-
tion process increased the interfacial adhesion with the PVA
matrix and the stress transfer from the matrix to the nanotubes.
Functionalized CNTs can activate a more effective stress
transfer mechanism, as more hydrogen bonds are formed
between the filler and macromolecular chains (in this case,
PVA chains), as revealed by FTIR spectra. The same applies
for MXene nanoparticles, which display an abundance of
functional groups on their surface.

The effective Young’s modulus of the fillers can be evaluated
from stress-induced Raman band shifts. For carbon nanotubes,
the reported reference downshift rate in the G band was about
30 em™/%.>" For Ti,C,T, MXene, the effective modulus, E,g,
can be derived from the following equation as
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dw Alg Ef

de (da)Alg/de)

Eg =

ref

(6)

where dw,,,/de is the shift rate of the Ti;C,T, Raman A,
mode with strain, the reference shift rate value is taken as —3.7
em™1/%.?

For the 1.2 wt % f~CNT/PVA nanocomposite, the effective
Young’s modulus of carbon nanotubes was determined to be
80 GPa; for the 1.2 wt % Ti;C,T,/PVA nanocomposite, the
effective Young’s modulus of Ti;C,T, was determined to be
162.8 GPa. In contrast, the effective Young’s moduli of carbon
nanotubes and Ti;C,T, were determined to be 146.7 and
352.8 GPa, respectively, for 1.2 wt % Ti,C,T,/f-CNT/PVA
nanocomposites. This suggests that the effective Young’s
moduli of the fillers were significantly improved within the
hybrid nanocomposite. The interfacial interactions between
the hybrid filler and the matrix led to a more homogeneous
dispersion of the nanomaterials, which in turn increased the
contact area between the fillers and PVA matrix. Therefore,
stress could be transferred more effectively from the matrix to
the fillers, and the mechanical properties were improved.
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4. CONCLUSIONS

Herein, ternary PVA/Ti;C,T,/f-CNT nanocomposites were
prepared by a simple water casting method. The surface
modification of CNTs by acids facilitated their interfacial
interactions with Ti;C,T, MXene, promoting the formation of
well-dispersed and three-dimensional Ti;C,T,/f-CNT hybrids
in the PVA matrix. The mechanical properties of the ternary
nanocomposites were found to be superior to their 2-phase
counterparts. For the 12 wt % Ti;C,T,/f-CNT hybrids,
Young’s modulus and tensile strength of pure PVA were
improved by 52% and 48%, respectively. The synergistic
mechanism was revealed by the use of the modified rule of
mixtures and strain-induced Raman band shifts. Stress can be
transferred more effectively to the Ti;C,T,/f-CNT hybrids due
to the formation of more hydrogen bonds and the
homogeneous dispersion of the hybrids within the PVA matrix.
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