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Abstract 

The key to effective mechanical reinforcement in polymer nancomposites lies within the stress 

transfer mechanisms and the distribution of the nanofillers within a polymer matrix. In this work, 

the micromechanics of Ti3C2Tx MXene-reinforced poly(vinyl alcohol) (PVA) nanocomposites have 

been studied in detail. Ti3C2Tx MXene/PVA nanocomposites were prepared by solution blending. 

The spatial orientation of Ti3C2Tx MXene in the nanocomposites was characterized by polarized 

Raman spectroscopy and the orientation factor was correlated to the effective Young’s modulus of 

the flakes through well-established micromechanical theories. The mechanical properties of the 

nanocomposites were evaluated by tensile testing. A 27% increase in Young’s modulus and a 24% 

improvement in tensile strength were achieved by addition of only 0.6 wt% Ti3C2Tx. Efficient stress 

transfer from the polymer matrix to Ti3C2Tx MXene in bulk nanocomposites has been observed 

through strain-induced Raman band shifts for the first time. The effective Young’s modulus of the 

MXene nanoplatelets was calculated to be in the order of 300 GPa, in good agreement with the 

values derived from the application of micromechanical models.  

 

                  



2 

 

1. Introduction 

In recent years, two-dimensional (2D) materials such as graphene [1], hexagonal boron nitride 

[2], molybdenum disulfide (MoS2) [3], MXenes [4] etc., have attracted huge research interest due to 

their unique combination of mechanical, thermal and electrical properties [5, 6]. Transition metal 

carbides and nitrides (MXenes) are 2D materials with a formula of Mn+1XnTx, where M is an early 

transition metal, X is carbon or nitrogen and Tx represents the functional groups on the surface of 

MXenes [7, 8]. MXenes were first synthesized from the Ti3AlC2 MAX phase by the Gogotsi group 

in 2011, using the hydrogen fluoride (HF) etching method [9]. Since then, more than 40 MXene 

compositions have been fabricated, making them one of the fastest growing 2D materials families 

[10]. The properties of MXenes can be adapted by tuning the ratio of M and X elements, ranging 

from M2X to M3X2 and M4X3, thereby providing more opportunities to synthesize MXenes based 

on specific application demands [11, 12].  

MXenes are excellent candidates for a wide range of applications, considering their 

electrochemical and optoelectronic properties. For example, MXenes possess metallic conductivity 

[13], high current breakdown density [14], and outstanding electrochemical properties [15]. 

MXenes also display promising performance towards energy storage and conversion [16, 17], 

catalysis [18, 19], electromagnetic interference shielding [20, 21], ultraviolet shielding [22], sensors 

[23, 24], electronics [25, 26], environment [27, 28], and biomedicine [29, 30].  

Polymers are used extensively in our daily life due to their ease of processing, low cost, low 

density, satisfactory mechanical properties and good resistance to corrosion. High-performing 

nanofillers such as graphene and carbon nanotubes [31] have been extensively used as polymer 

reinforcements to overcome some of their intrinsic disadvantages such as the low thermal 

conductivity and high flammability, to further explore applications that demand multifunctionality 

[32, 33]. The exceptional intrinsic properties of MXene nanoplatelets make them suitable 

candidates for polymer reinforcement [34, 35]. Additionally, due to the presence of abundant 

                  



3 

 

surface functional groups (-O, -OH, -F), MXenes display compatibility with water and organic 

solvents and can be incorporated into a variety of polymers through ex situ mixing or in situ 

polymerization [36]. Different interfacial interactions, such as hydrogen bonds [37], covalent bonds 

[38] and electrostatic interactions [39] can be formed between MXenes and polymer chains. Ling et 

al. [37] firstly explored the use of MXenes in polymer nanocomposites and fabricated 

MXene/polyvinyl alcohol (PVA) nanocomposites with high tensile strength (91 MPa, compared to 

30 MPa for pure PVA), high electrical conductivity (240 S/cm) and notable volumetric capacitance 

(530 F/cm
3
). After that, MXenes have been incorporated into many polymer matrices to fabricate 

nanocomposites for different applications (see review [36] and references within).  

The mechanical properties of MXene-reinforced polymer composites play a vital role for 

structural and functional applications [40]. Experimentally, the Young’s modulus of monolayer 

Ti3C2Tx and Nb4C3Tx was measured by atomic force microscopy (AFM) nanoindentation to be 333 

± 30 [41] and 386 ± 13 GPa [42], respectively, while theoretically (using molecular dynamics), the 

modulus of monolayer Ti3C2 was found almost equal to 502 GPa [43]. Quite interestingly, the 

in-plane stiffness and out-of-plane rigidity of MXenes increases with thickness and surface 

functionalization [44]. As a result, MXenes have been used as mechanical reinforcing agents in 

various polymers, such as epoxy resins [45, 46], ultrahigh-molecular-weight polyethylene 

(UHMWPE) [47], thermoplastic polyurethane (TPU) [48, 49] and natural rubber (NR) [50]. With 

the addition of 0.5 wt% Ti3C2, the tensile strength and storage modulus of a Ti3C2/TPU film 

increased by 47.1% and 39.8%, respectively [48]. In another study, methyltetrahydrophthalic 

anhydride (MTHPA) was used to facilitate the dispersion of Ti3C2Tx in an epoxy resin and the 

formation of robust interfaces with the epoxy [45]. The elastic modulus and tensile strength were 

increased by 31 % (from 2.6 to 3.5 GPa) and 51 % (from 70.5 to 106.4 MPa) with only 0.2 wt% 

Ti3C2Tx. These studies demonstrate that mechanical reinforcement can be achieved by using 

MXenes even at low filler contents. However, the mechanisms of polymer reinforcement from 
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MXenes (e.g. the stress transfer mechanism) and the spatial orientation of MXenes within a 

polymer matrix have not been examined thoroughly yet.  

Raman spectroscopy has been widely used to study stress transfer mechanisms in polymer 

nanocomposites reinforced by nanomaterials [51, 52]. The applied stress can induce changes in 

bond length and a subsequent shift is recorded in the characteristic Raman bands [53]. Therefore, 

stress transfer can be analysed by monitoring the shift of Raman peaks. For nanocarbon-reinforced 

nanocomposites (such as carbon nanotubes (CNTs) [54], graphene nanoplatelets (GNPs) [52] and 

graphene oxide (GO) [55]), the G or 2D Raman bands have been used to gain an insight into the 

micromechanics of composites. This technique has been extended to other nanofillers beyond 

carbon nanomaterials such as tungsten disulfide (WS2) [56] and hexagonal boron nitride (hBN) [57]. 

In a recent study, the interfacial stress transfer from a polymer matrix (PMMA) to Ti3C2Tx flakes 

was investigated by strain-induced Raman band shifts in a model nanocomposite configuration 

(where a Ti3C2Tx flake was coated with a polymer layer) [58]. It was shown that MXenes with a 

length of 10 μm and a thickness of tens of nanometers can provide efficient mechanical 

reinforcement to a polymer matrix. However, Raman spectroscopy has not been used yet to gain 

insights into the stress transfer mechanisms in bulk MXene/polymer nanocomposites.  

In this study, Raman spectroscopy was used to quantify the spatial orientation and follow the 

deformation of Ti3C2Tx MXene within a poly(vinyl alcohol) matrix. The Ti3C2Tx MXene/PVA 

nanocomposites were prepared by solution casting and were characterized by X-ray diffraction, 

tensile testing and Raman spectroscopy. From the use of micromechanical theories and the 

evaluation of strain-induced Raman band shifts, the efficiency of mechanical reinforcement by 

Ti3C2Tx MXene was investigated in detail and is presented in the following sections. 
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2. Experimental section 

2.1 Materials  

Ti3AlC2 MAX powders (particle size of 38 μm, purity of 98%) were obtained from Jilin 11 

Technology Co., Ltd. Lithium fluoride (LiF, 98.5% grade) powder and hydrochloric acid (HCl, ACS 

reagent) were purchased from Sigma-Aldrich. The PVA powder with an average molecular weight 

of 67,000 g/mol and degree of hydrolysis of 88% was provided by ME Scientific Engineering Ltd.  

 

2.2 Synthesis of Ti3C2Tx MXene nanoplatelets 

The Ti3C2Tx MXene nanoplatelets were prepared by the HF etching method [59] as illustrated 

in Figure 1a. First, 1.6 g LiF was slowly dissolved in 20 ml 9 M HCl in a beaker and left under 

magnetic stirring for 30 min to prepare the etchant. Then, a total of 1 g Ti3AlC2 MAX powder was 

gradually added to the prepared etchant and the reaction was kept at 40 ˚C for 24 h under 

continuous stirring. The mixture was subsequently washed with deionized water via centrifugation 

at 3500 rpm for 5 min per cycle until the pH of the supernatant reached 6−7. The sediment was then 

collected and redispersed in DI water to start the delamination process. The mixture was mildly 

sonicated (60 W) for 10 min in an ice bath under Ar flow. Finally, the mixture was centrifuged at 

3500 rpm for 20 min to obtain the MXene suspension. The concentration of the obtained MXene 

suspension was determined by vacuum filtering of a certain amount of suspension through a mixed 

cellulose ester (MCE) membrane with pore size of 0.22 μm. A filtered MXene film is shown in 

Figure S1 and the concentration of the suspension was about 3 mg/ml. 

 

2.3 Preparation of Ti3C2Tx MXene/PVA nanocomposites 

The fabrication of Ti3C2Tx MXene/PVA nanocomposites is presented schematically in Figure 

1b. The PVA powder was initially dissolved in DI water at 90 ℃ to produce a 5 wt% PVA aqueous 

solution. Then, the MXene suspension and the PVA solution were mixed to prepare 
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nanocomposites with the desired MXene weight content (0.3, 0.6, 0.9 and 1.2 wt%). The mixtures 

were left under magnetic stirring for about 1h at room temperature to obtain homogeneous 

dispersions. For mechanical testing, the Ti3C2Tx MXene/PVA films were prepared by pouring the 

mixtures into petri dishes and drying at 60 ℃ for 24 h. For Raman measurements, 20 μl of the 

MXene/PVA mixture were drop cast on top of a PMMA beam and dried at 60 ℃ for 24 h.  

 

Figure 1. (a) Liquid exfoliation of MAX Ti3AlC2 to MXene Ti3C2Tx. (b) Preparation of Ti3C2Tx 

/PVA nanocomposites. For the samples that were examined by in situ Raman tests, small amounts 

of the mixtures were dropped onto a PMMA beam; for the samples that were used for tensile tests, 

the mixtures were cast into a Petri dish. 

 

2.4 Characterizations  

2.4.1 X-ray diffraction  

X-ray diffraction (XRD) was carried out using an Analytical X’Pert-Pro diffractometer with a 

Cu-Kα radiation source. The scan was operated in 2θ geometry at the range of 5-70˚ in reflection 

mode.  
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2.4.2 Atomic force microscopy  

Atomic force microscopy (AFM) was performed in semi-contact mode to study the 

morphology and thickness of exfoliated Ti3C2Tx flakes. The samples were prepared by depositing 

Ti3C2Tx diluted in DI water onto a silicon substrate and the mixture was then dried at room 

temperature. AFM tips with a spring constant of 42 N/m and resonant frequency of 350 kHz were 

used.  

 

2.4.3 Scanning electron microscopy  

The microstructure of both exfoliated MXenes and cryofractured composite samples (after 

immersion in liquid N2) was observed using scanning electron microscopy (SEM, FEI Inspect-F, 

Netherlands) with an acceleration voltage of 5 kV.  

 

2.4.4 Fourier transform infrared spectroscopy  

Fourier transform infrared (FTIR) spectroscopy was used to study the functional groups of 

Ti3C2Tx MXene (Bruker Tensor 27). The scanning range was 4000–1000 cm
-1

 and the resolution 

was 4 cm
-1

. 

 

2.4.5 Differential scanning calorimetry  

Differential scanning calorimetry (DSC) measurements of the composite films were conducted 

with a TA DSC 25 under an argon flow of 20 ml/min. The sample was heated at a rate of 10 
o
C/min 

from 10 to 280 ℃. The sample was held at 280 
o
C for 5 mins to erase the thermal history, cooled 

down to room temperature at 50 
o
C/min and then reheated at 10 

o
C/min to record the melting point.    
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2.4.6 Mechanical testing 

The tensile properties of pure PVA and Ti3C2Tx/PVA nanocomposites at different loadings 

were studied using an Instron 5900R84. The films were cut into dogbone specimens with a gauge 

length of 10 mm and a width of 3 mm. The thickness of the samples was about 0.05  0.01 mm. For 

each Ti3C2Tx/PVA nanocomposite, five samples were tested. The load cell was 100 N and the 

loading rate was 1 mm/min.  

 

2.4.7 Raman spectroscopy 

Raman spectroscopy data were collected using a micro-Raman spectrometer (Renishaw inVia) 

in a backscattering configuration. A 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 laser heating 

effects. The exposure time was 10 s for each measurement. 

Polarized Raman spectroscopy was used to determine the orientation of the MXene flakes in 

the polymer matrix. The VV (vertical/vertical) polarization, where the incident and scattered 

polarization were the same, was selected. The set-up of polarized Raman spectroscopy is illustrated 

in Figure S3. The Ti3C2Tx/PVA samples were placed on a rotation stage, and the laser beam was 

parallel to z and x directions respectively. The stage was rotated in steps of 10˚. 

For the in situ Raman deformation study, a four-point bending device was adjusted on the 

microscope stage. A strain gauge was attached to the centre of the beam to monitor the strain. The 

strain was applied to the specimen in steps of about 0.05%. Three spectra were recorded and then 

averaged at each strain level.  

3. Results and discussion 
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3.1 Microstructure of Ti3C2Tx MXene nanoplatelets 

The XRD patterns of Ti3AlC2 MAX and Ti3C2Tx MXene are shown in Figure 2a. It can be 

seen that Ti3AlC2 shows the main characteristic peak from the (104) reflection at 2θ=38.9˚, 

corresponding to the presence of the Al element. This peak is not observed in Ti3C2Tx MXene, 

which means that the Al layer was fully etched after the in situ HF etching method [59]. Meanwhile, 

the (002) peak of Ti3AlC2 at 9.59˚ moved to 7.12˚ for Ti3C2Tx. This indicates that the d-spacing 

increased from 0.92 nm to 1.24 nm due to the presence of Li
+
. In addition, four more minor peaks 

corresponding to reflections from (004), (006), (008) and (010) crystal planes were also observed 

for Ti3C2Tx.  
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Figure 2. (a) XRD patterns of Ti3AlC2 MAX and Ti3C2Tx MXene. (b) Raman spectrum of Ti3AlC2 

MAX and Ti3C2Tx MXene. (c) AFM image of exfoliated Ti3C2Tx nanosheet. Scale bar, 5 μm. (d) 

SEM image of exfoliated Ti3C2Tx nanosheet. Scale bar, 2.5 μm. 

 

The Raman spectra of Ti3AlC2 and Ti3C2Tx are shown in Figure 2b. The feature peaks of both 

Ti3AlC2 and Ti3C2Tx lie in the 100−800 cm
-1

 range. The out-of-plane A1g (Ti, Al) peak, ω4, of 

Ti3AlC2 MAX moved to lower wavenumber for Ti3C2Tx MXene (A1g (Ti, O, C) in Figure 2b) as Al 

was etched away and C and surface groups were involved in vibration [60]. Additionally, another 

out-of-plane peak of Ti3AlC2 (ω6) moved to higher wavenumber in the case of Ti3C2Tx (A1g (C) in 

Figure 2b). Overall, both out-of-plane vibration modes of Ti3AlC2 shifted due to the etching of Al 

and the effective exfoliation of the MXene nanoplatelets. 

The morphologies of the exfoliated flakes were characterized by AFM and SEM. An AFM 

image of an exfoliated Ti3C2Tx flake deposited on a silicon substrate is shown in Figure 2c. The 

height of the flake is about 2.7 nm, corresponding to a monolayer sample [61]. The lateral size of 

the flake is about 5 μm, which is an indication that relatively large flakes have been mostly obtained 

due to the use of mild sonication, even though tiny fragments can also be seen that contribute less 

towards mechanical reinforcement. Figure 1d is an SEM image of exfoliated Ti3C2Tx flakes. The 

flakes mainly display smooth and flat surfaces, evidencing that topological undulations such as 

wrinkles or folds were not introduced by etching and sonication. Finally, the functional groups on 

the surface of Ti3C2Tx MXene nanoplatelets were studied by FTIR spectroscopy, as shown in 

Figure S2 (Supporting Information). The peaks at 3428 and 1627 cm
-1

 can be assigned to the 

stretching vibration of hydrogen bonded hydroxyl (–OH) group and the bending vibration of C–OH 

bond, respectively [62]. 
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3.2 Orientation of Ti3C2Tx in PVA matrix 

The XRD patterns of pure PVA and the Ti3C2Tx/PVA films with various loadings are shown in 

Figure 3a. There is no obvious difference between the diffraction patterns of pure PVA and 

Ti3C2Tx/PVA composites, and all the samples show a peak at 2θ = 19.6˚ representing reflections 

from (101) plane of PVA [63]. The intensity and position of the main XRD peak was similar for all 

samples, an indication that degree of crystallinity, the size of PVA crystals and the orientation of 

PVA macromolecular chains did not change significantly with increasing Ti3C2Tx loading. The 

characteristic peaks of pure Ti3C2Tx (illustrated in Figure 1a) are not observed in the composite 

films, an indication that the Ti3C2Tx flakes were exfoliated in the PVA matrix. 

 

Figure 3. (a) XRD patterns of pure PVA and Ti3C2Tx/PVA films with different filler loadings. (b) 

Raman spectrum of pure PVA, pure Ti3C2Tx and 0.6 wt% Ti3C2Tx/PVA film. 

 

Figure 3b compares the Raman spectra of PVA, Ti3C2Tx and Ti3C2Tx/PVA film from 150 to 

2200 cm
-1

. In contrast to the XRD patterns, the Raman spectrum of Ti3C2Tx/PVA film is dominated 

by the Ti3C2Tx modes despite the low loading of the filler. Ti3C2Tx is in resonance when the 785 nm 

laser is used and therefore the intensity of Raman bands is high [60]. The important work of Hu et 

al. [64] can serve as a useful reference towards the structural and vibrational analysis of bare 

Ti3C2 and T-terminated Ti3C2T2 MXenes using Raman spectroscopy. The A1g (C) peak of Ti3C2Tx 
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originating from the out-of-plane vibration of carbon atoms is intense and sharp; therefore, this peak 

was used for the analysis of orientation and strain-induced band shifts.  

Polarized Raman spectroscopy was used to characterize the orientation of Ti3C2Tx flakes in the 

PVA matrix. Polar plots of the normalized A1g intensity for the 0.6 wt% Ti3C2Tx/PVA film with the 

laser parallel to the z and x directions are presented in Figure 4. When the laser is parallel to the z 

direction, the intensity of the A1g peak is independent of the rotation angle and is almost constant 

(Figure 4a). The red solid line is the fitting curve using IA1g = 1, indicating that Ti3C2Tx is isotropic 

in the z axis. Therefore, the results obtained when the laser is parallel to the x direction will be able 

to describe the spatial orientation of Ti3C2Tx in the matrix [65]. In that case, the intensity of A1g 

peak shows a regular variation as a function of rotation angle, as illustrated in Figure 4b. Similar 

results have been reported for the spatial orientation of GO in PVA using the D band [65] and GNPs 

in thermoplastic elastomers using the G band [66]. The following relationship was used to fit the 

data by using the polar coordinates of the z direction θ and Φ [67] 

 

𝐼(𝛷) = 𝐼𝑜 {
8

15
+ 〈𝑃2(cos 𝜃)〉 (−

16

21
+

8

7
cos2 𝛷)

+ 〈𝑃4(cos 𝜃)〉 (
8

35
−

8

7
cos2 𝛷 + cos4 𝛷)}, 

 (1) 

where Io is the amplitude and 〈𝑃2(cos 𝜃)〉 and 〈𝑃4(cos 𝜃)〉 are fitting parameters that enable 

quantification of the spatial orientation of flakes in matrix [65]. These two parameters can be 

correlated to the Krenchel orientation factor, ηo, as  

 𝜂𝑜 =
8

15
+

8

21
〈𝑃2(cos 𝜃)〉 +

3

35
〈𝑃4(cos 𝜃)〉,  (2) 

where ηo is equal to 0.53 for random orientation of 2D materials within a polymer matrix and is 

equal to 1 for in-plane orientation [31]. 

                  



13 

 

 

Figure 4. Variation of the normalized intensity of A1g peak with rotation angle using VV 

polarization when the laser is parallel to (a) z-axis and (b) x-axis, respectively. The filler loading is 

0.6 wt%. The black dots represent experimental results and the red lines represent fitting results 

with (a) I A1g = 1 and (b) 〈𝑃2(cos 𝜃)〉 = 0.28 and 〈𝑃4(cos 𝜃)〉 = 0.30.  

 

For the fitting of experimental data in Figure 4b, the parameters 〈𝑃2(cos 𝜃)〉 = 0.28 and 

〈𝑃4(cos 𝜃)〉 = 0.30 were used. The results for all composites at different filler loadings are 

presented in Figure S4 and summarized in Table 1. There is no preferred orientation in the z 

direction, while the samples display a preferential in-plane (x-y) orientation as a result of the 

solution casting process. By substituting the 〈𝑃2(cos 𝜃)〉 and 〈𝑃4(cos 𝜃)〉 values into Equation 2, 

the orientation factor (η0) can be determined. The orientation factors are similar at different filler 

loadings with values varying between 0.65 and 0.67. These values are slightly lower than the 

in-plane orientation of the previously reported GO sheets in a PVA matrix (0.69 to 0.78), with 

considerably higher filler loadings [65]. Given the fact that oriented fillers along the tensile 

direction contribute significantly towards mechanical reinforcement, it is anticipated that the 

mechanical properties of the MXene nanocomposites should be considerably improved even at low 

filler contents.  
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Table 1. Values of 〈𝑃2(cos 𝜃)〉, 〈𝑃4(cos 𝜃)〉 and ηo determined for measurements where the laser 

beam was parallel to the x direction of the sample surfaces.  

Samples Filler content 

(wt%) 

〈𝑃2(cos 𝜃)〉 〈𝑃4(cos 𝜃)〉 ηo 

PVA/Ti3C2Tx 0.3 0.27 0.31 0.66 

 0.6 0.28 0.30 0.67 

 0.9 0.25 0.30 0.65 

 1.2 0.26 0.28 0.66 

 

3.3 Mechanical properties of Ti3C2Tx/PVA films 

The mechanical properties of pure PVA and Ti3C2Tx/PVA nanocomposite films were 

characterized by tensile testing. Typical stress-strain curves of pure PVA and the 0.6 wt% 

Ti3C2Tx/PVA nanocomposite are presented in Figure 5a. The elastic region of the stress-strain 

curves and the determination of Young’s modulus is shown in Figure S5 in Supporting Information. 

The Young’s modulus and tensile strength of the composites increased (Figure 5b) while the 

elongation at break decreased with increasing Ti3C2Tx. At 0.6 wt% Ti3C2Tx, the Young’s modulus 

of pure PVA (2.21 GPa) increased by 27% to 2.81 GPa. Beyond this concentration, the Young’s 

modulus remained almost constant. The tensile strength improved by 24% from 68.3 to 84.9 MPa 

with 0.6 wt% Ti3C2Tx; however the tensile strength decreased with larger filler loading. Given that 

the tensile strength is more sensitive to defects and aggregation, this might be an indication that 

agglomerates were formed at nanocomposite loadings higher than 0.6 wt%. The SEM images taken 

from cryofractured samples reveal a homogeneous distribution of fillers at low contents (Fig 6a,b) 

which allows for efficient reinforcement, while at higher filler contents (Fig 6c,d) some aggregated 

regions can be seen, known to act as stress concentration points during the application of strain. It is 

important to notice that the MXenes appear well-wetted by the polymer matrix, ensuring that stress 

is transferred effectively from the matrix to the fillers. A certain degree of orientation can be also 

observed in all SEM images as a result of the casting process that was used to prepare the MXene 
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nanocomposites; the degree of orientation has already been quantified through polarized Raman 

spectroscopy and presented in Section 3.2.    

 

Figure 5. (a) Stress-strain curves of pure PVA and 0.6 wt% Ti3C2Tx/PVA. (b) Young’s modulus 

(pink bars) and tensile strength (blue bars) of pure PVA and Ti3C2Tx/PVA nanocomposites with 

different filler loadings (0.3, 0.6, 0.9 and 1.2 wt%).  
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Figure 6. SEM images of cryofractured PVA/MXene nanocomposites at (a) 0.3, (b) 0.6, (c) 0.9 and 

(d) 1.2 wt% filler contents. Scale bars, 2.5 μm.  

 

The mechanical properties of polymers and their nanocomposites can be also associated with 

changes in the degree of crystallinity of the matrix. The degree of crystallinity of PVA and its 

nanocomposites, as derived from DSC curves (Figure S6) is presented in Table S1. The 

incorporation of Ti3C2Tx did not change the crystallinity significantly. As a result, the changes in the 

mechanical properties cannot be attributed to changes in crystallinity but to the presence of the 

MXene nanofillers, their degree of orientation and ultimately, the formation of a strong 

polymer-filler interface.  

 

3.4 Strain-induced Raman band shifts  

The mechanics of filler reinforcement can be studied through the evaluation of the stress 

transfer mechanism at the polymer-filler interface [52]. In a previous study, the shift rate of Raman 

A1g mode with strain was used to study the deformation and interfacial stress transfer in model 

Ti3C2 polymer nanocomposites [58]. Raman spectra with the laser beam parallel to the z axis were 

collected from Ti3C2Tx/PVA nanocomposites and the position of the A1g mode was recorded as a 

function of strain. Figure 7 shows the A1g peak of 0.6 wt% Ti3C2Tx/PVA nanocomposite at 0 and 

0.4 % strain. There is a downshift of the position of the A1g peak as the stress was transferred from 

the PVA matrix to the flake. The peaks were fitted by a single Lorentzian function (Figure S7). At 

0.4 % applied strain, the peak undergoes a downshift of about 1.1 cm
-1

.  
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Figure 7. Raman A1g band of 0.6 wt% Ti3C2Tx/PVA nanocomposite before (0% strain) and after 

(0.4% strain) tensile deformation.  

 

Figure 8 shows the position of Raman A1g band as a function of strain measured for the 

Ti3C2Tx/PVA nanocomposites. There is a linear downshift in A1g band position with the increase of 

strain until 0.45% strain for all the samples. This redshift indicates an effective stress transfer from 

PVA to Ti3C2Tx flakes and the presence of a strong polymer-filler interface [68]. After that, there is 

no further shift in the characteristic Raman A1g band which is probably induced by failure of the 

interface and slippage between PVA and Ti3C2Tx [57]. The band shifts were fitted with straight 

lines and the slopes were obtained for all the samples. For the 0.3 wt% Ti3C2Tx/PVA 

nanocomposite, a slope of −2.8 ± 0.1 cm
-1

/% was observed as shown in Figure 8a. This value is 

slightly lower than the value of Ti3C2Tx flake deposited on a PMMA beam (−3.7 cm
-1

/%) [58]. This 

is reasonable as in our case the flakes were dispersed in a bulk polymer matrix and the orientation 

of the flakes was not perfectly parallel to the strain direction. Therefore, the flakes were not fully 

stretched along the in-plane direction. A slope of −2.7 ± 0.2 cm
-1

/% was derived for the 0.6 wt% 

Ti3C2Tx/PVA nanocomposite as shown in Figure 8b, which is similar to the case of the sample 

filled with 0.3 wt% Ti3C2Tx. When the filler content increases to 0.9 wt%, a poorer stress transfer 
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efficiency can be deduced from the decrease of the slope of A1g band position to −1.5 ± 0.1 cm
-1

/%. 

The slope further decreased to −1.2 ± 0.1 cm
-1

/% with 1.2 wt% Ti3C2Tx filler loading. These are 

indications of a slight aggregation of the MXene nanoparticles, even though the loadings can be 

considered quite small. To avoid sample-to-sample variation, two more samples were studied for 

each loading and the results are illustrated in Figure S8, clearly showing that variation between 

samples was small. The derived slopes of Raman band shifts can be used to determine the effective 

Young’s modulus of the filler as presented in the next section.  

 

Figure 8. Strain-induced Raman A1g band shifts of Ti3C2Tx/PVA nanocomposites at (a) 0.3, (b) 0.6, 

(c) 0.9 and (d) 1.2 wt% filler contents. 
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3.5 Micromechanics of reinforcement  

The mechanics of reinforcement of a low-modulus matrix with a high-modulus filler under 

uniform strain can be described by the well-established modified rule of mixtures (mRoM) [69]. 

According to the theory, the Young’s modulus of a composite, Ec, is given by 

 𝐸c = 𝐸eff𝑉f + 𝐸m(1 − 𝑉f),  (3) 

where Eeff is the effective Young’s modulus of the nanofiller, Em is the Young’s modulus of the 

matrix, and Vf is the volume fraction of the nanofiller. The conversion of wt% to vol% is presented 

in Supporting Information – S9. The density of Ti3C2Tx is 4.21 g/cm
3 

and the density of PVA is 1.3 

g/cm
3 

[57]. The weight fractions of 0.3, 0.6, 0.9 and 1.2 wt% correspond to volume fractions of 0.09, 

0.19, 0.28 and 0.37 vol%, respectively.  

By substituting the volume fractions and the Young’s modulus of the matrix and 

nanocomposites (listed in Table 2) into Equation 3, the effective Young’s modulus of Ti3C2Tx 

nanoplatelets was calculated and summarized in Table 2. The Eeff of Ti3C2Tx is about 342.9 and 

318.0 GPa for 0.3 wt% and 0.6 wt% loadings, respectively, and reduces to 199.8 GPa at 0.9 wt% 

and 149.1 GPa at 1.2 wt%. The dependence of Ec upon Vf for the nanocomposites is shown in 

Figure S9. There is an approximately linear increase in composite modulus with volume fraction 

until 0.6 wt%. From the initial slope of the curve, the value of Eeff for Ti3C2Tx was determined to be 

314.4 GPa, which is close to the values determined using Equation 3 for the nanocomposites with 

0.3 and 0.6 wt% filler content. 

 

Table 2. Mechanical properties of PVA/Ti3C2Tx nanocomposites and filler modulus determined 

from mechanical testing and Raman band shifts.  

Samples Filler content 

(wt%, vol%)  

Young’s modulus 

(GPa) 

Eeff (GPa) 

(Mechanical) 

ηl  dωA1g/dε 

(cm-1/%) 

ER (GPa) 

(Raman) 

PVA 0, 0 2.21 ± 0.07 – – – – 

PVA/Ti3C2Tx 0.3, 0.09 2.51 ± 0.12 342.9 1 2.7 ± 0.1 366.3 

 0.6, 0.19 2.81 ± 0.04 318.0 0.95 2.7 ± 0.1 366.3 
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 0.9, 0.28 2.76 ± 0.05 199.8 0.61 1.5 ± 0.1 203.5 

 1.2, 0.37 2.75 ± 0.09 149.1 0.45 1.3 ± 0.1 176.4 

 

The effective Young’s modulus of MXene flakes can also be estimated independently from the 

Raman band shift rates upon strain (ER). The shift rates of A1g band derived in Section 3.4 can be 

used to determine the value of ER as 

 𝐸R =
d𝜔A1g

d𝜀

𝐸f

(d𝜔A1g
d𝜀⁄ )

ref

GPa,  (4) 

where dωA1g/dε is the shift rate of Ti3C2Tx Raman A1g mode with strain, the reference shift rate 

value is taken as −3.7 cm
−1

/%, and Ef is the intrinsic Young’s modulus of monolayer Ti3C2Tx. Here, 

the Ef value of 502 GPa (Ti3C2) was used [43], as it has been shown that the Young’s modulus of 

Ti3C2Tx is similar with the value of Ti3C2 [44]. The values of the effective Young’s modulus of 

Ti3C2Tx as determined from Raman band shifts are listed in Table 2. It can be seen that ER is 

generally higher than Eeff. Similar behaviour has been observed in a number of polymers reinforced 

by GNPs and can be attributed to a higher degree of orientation and possibly a higher aspect ratio of 

the individual flakes that have been studied by Raman spectroscopy [52].  

The determination of the effective Young’s modulus allows the mechanical reinforcing 

efficiency to be evaluated. If we take the effect of orientation and finite length of flakes into account, 

the effective Young’s modulus can be given as [57] 

 𝐸eff = 𝜂𝑙𝜂𝑜𝐸f,  (5) 

where Ef is the Young’s modulus of the flake, ηo is the Krenchel orientation factor that was 

calculated in Section 3.2 and ηl is the length factor that takes values between 0 (for no stress transfer) 

and 1 (for perfect stress transfer). The length factor reflects the stress transfer efficiency from the 

matrix to the filler which is not only dependent on the shape of the filler but also on the interfacial 

strength between the filler and the matrix; therefore its determination is critical towards 

understanding the micromechanics of reinforcement [52]. If we use the effective Young’s modulus 
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from mechanical testing and the orientation factor from Raman spectra (Table 1), the length factor 

can be calculated. The results are summarized in Table 2. It can be seen that the length factor is 

close to 1 at 0.3 and 0.6 wt% filler loadings, indicating effective stress transfer from the matrix to 

the MXenes at low loadings. With further increase in filler loading, the length factor was degraded, 

dropping to 0.61 at 0.9 wt% and 0.45 at 1.2 wt%. This is consistent with the stress-induced Raman 

band shifts as stated above. The slight aggregation of the MXene nanoparticles at 0.9 and 1.2 wt% 

leads to a deterioration of the stress transfer from the matrix to the filler which is also reflected in 

the reduction of the length factor. 

 

4. Conclusions 

The introduction of Ti3C2Tx flakes in a PVA matrix leads to an improvement of mechanical 

properties. A new insight into the micromechanics of reinforcement of Ti3C2Tx MXene within the 

PVA matrix was provided using Raman spectroscopy. Specifically, the spatial distribution of 

Ti3C2Tx in PVA was characterized by polarized Raman spectroscopy and the Krenchel orientation 

factor was determined quantitatively. The results revealed that nanoplatelets displayed a certain 

degree of in-plane orientation, which allows for effective reinforcement along the tensile direction. 

The interfacial interactions were evaluated by strain-induced Raman band shifts for all 

nanocomposites under study. This allowed the calculation of the effective Young’s modulus of 

Ti3C2Tx which showed good agreement with the values derived from mechanical testing. The 

effective Young’s modulus of MXene nanoplatelets was in the order of 300 GPa at low filler 

contents, revealing the great potential of the filler towards mechanical reinforcement of bulk 

polymers in a number of applications, once MXene scalability and fabrication issues are resolved. 

Lastly, this work revealed once again the wealth of information that can be exported through the use 

of Raman spectroscopy in strong resonance systems such as 2D materials- reinforced polymer 

nanocomposites.  
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