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Article
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Abstract: This study presents the development and characterization of novel polyvinylidene fluoride (PVDF)-

based polymer composites for environmental remediation applications. We synthesized composites incorporating

three types of fillers: Ti3C2Tx MXenes, magnetic nanoparticles (CoFe2O4 and γ-Fe2O3/Fe3O4), and their het-

erostructured combinations. To enhance the homogeneity of the composites, the filler particles were additionally

coated with polyethylene glycol (PEG). Photocatalytic and sonocatalytic degradation of methylene blue (MB)

dye was evaluated under light and ultrasonic irradiation, respectively. Experimental results demonstrated that

PVDF-based nanocomposite with MXene/γ-Fe2O3/Fe3O4 heterostructures as the filler achieves a significant

MB photocatalytic degradation rate of 40.3% within 60 minutes. Simultaneously, MXene/CoFe2O4-containing

nanocomposite exhibits outstanding performance in sonocatalysis, achieving a reduction in MB concentration

exceeding 45% over a similar treatment duration. These findings highlight the potential of PVDF-MXene-MNPs

composite materials in environmental remediation technologies, emphasizing the critical role of PVDF as a

primary component and a suitable host matrix in catalytic processes.

Keywords: MXenes; PVDF; polymer composites; magnetic nanoparticles; Ti3C2Tx; CoFe2O4; Fe3O4; composite

materials; dye removal; photocatalysis; sonocatalysis

1. Introduction

The textile industry is one of the largest sources producing tons of waste dyes, which, even at low
concentrations, reduce wastewater transparency and oxygen solubility, and are toxic [1–3]. Dyeing
and finishing processes are among the main causes of textile wastewater generation. These processes
use a large number of different inputs such as chemicals and dyes, and unfortunately, not all the
inputs are fully contained in the final product; therefore, they become waste and are discharged into
the environment [4,5]. The main reason for obstacles in textile wastewater treatment is the difficulty
in dealing with the chemical structure of textile chemicals [6]. Contaminants exist in the form of
suspended solids, color, acidity, and chemical oxygen demand [7]. In addition, pH can vary over the
wide range from 2 to 12, which complicates the task of selecting proper treatments [8,9].

Photocatalysis, which breaks down dye molecules, can be used to treat wastewater from this
type of pollutants [10–14]. In addition to the photocatalytic effect, piezoelectric effect can be used
to improve water purification [15–20]. The piezoelectric effect enhances photocatalysis through
stress-induced generation of an internal electric field, which promotes the separation and migration of
photogenerated electron-hole pairs, thereby providing higher piezophotocatalytic efficiency. Compared
to relatively mature research in photocatalysis, piezocatalysis is considered as a new strategy to
combat environmental pollution and energy scarcity [21]. Currently, research on the application
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of piezocatalytic systems is still under development. However, it is already clear that widespread
practical application of heterogeneous standby photo-, piezo-, and piezophotocatalysts is difficult due
to their non-uniform distribution and the difficulty of catalyst extraction and reuse. Immobilization of
the catalyst on a polymer matrix may be a solution to these problems [22–24].

During the sonochemical process, ultrasonic waves cause rapid growth and cavitation collapse
of bubbles in the solution, resulting in extremely high temperature and pressure in the bubble. Con-
sequently, the high temperature in the vicinity of the bubbles leads to thermal dissociation of water,
resulting in the formation of hydroxyl radicals (OH−) as one of the most powerful oxidants for non-
selective oxidation of target organic pollutants[25,26]. However, complete mineralisation of target
pollutants by sonolysis alone requires a large amount of energy and long reaction times. To solve
this problem, ultrasonic irradiation in the presence of an appropriate semiconductor as a sonocatalyst
can be performed to accelerate the reaction [27]. Among these techniques, piezocatalysis has made
significant progress in environmental remediation due to the ability to convert mechanical energy
into chemical energy by harvesting it from various motions (wind, noise, water flow, etc.) [28,29].
It is widely accepted that piezocatalysis is associated with piezoelectric polarization caused by the
deformation of non-centrosymmetric materials during mechanical energy capture [30,31]. In principle,
strain-induced polarization leads to a deflection of the center of positive and negative charges within
the unit cell, then a piezoelectric potential is generated, which drives free charge carriers towards
opposite surfaces, where they can participate in redox reactions [32,33]. Hence, it is crucial to develop
efficient piezocatalytic materials that can be effectively applied to purify contaminated water. In recent
years, polymer composites based on PVDF and semiconductor nanoparticles, the so-called heterophase
doping, were intensively studied for the purposes of piezocatalysis and piezophotocatalysis [34].

MXenes are a new class of two-dimensional materials with the general formula Mn+1XnTx, where
M is a transition metal, X is carbon and/or nitrogen, Tx is a functional group, and n is an integer
index typically varying from 1 to 4 [35]. Despite their relatively recent appearance, MXenes have
already attracted the attention of scientists worldwide due to their unique properties: hydrophilicity,
metallic conductivity, large specific surface area, etc.. Moreover, due to the active surface of MXenes,
they can be functionalized, which makes it possible to tune their properties as well as to induce the
new ones [36,37]. All this allowed finding a large number of possible applications, for example, in
biomedicine, energy harvesting, ecology, sensors, catalysis etc. [38].

One promising application of MXenes is the aquatic adsorption of toxic pollutants, such as heavy
metal and radioactive ions, pharmaceuticals and dyes [39–42]. Among the dyes released into the
environment and water resources, methylene blue (MB) is widely used in the textile industry. This dye
is released into the environment during incomplete washing of products and can pose a serious hazard
to humans and animals. Therefore, an effective method for complete and efficient decomposition of
this pollutant in aqueous samples is required [43–49]. As addressed above, one of the most promising
approaches to decomposing industrial wastes in the environmental water is an advanced oxidation
process. This organic waste disposal technology is based on the creation of non-selective and oxidizing
species capable of oxidizing various organic pollutants [50,51].

Magnetic nanoparticles (MNPs) represent another class of materials that are increasingly utilized
in photocatalysis [52,53]. Their unique properties enable enhanced efficiency in degrading organic
pollutants and improving the overall effectiveness of photocatalytic processes. MNPs facilitate en-
hanced separation and recovery from reaction mixtures using an external magnetic field, addressing
the common challenge of recovering photocatalysts from wastewater. This feature significantly reduces
secondary pollution and recovery costs associated with conventional photocatalysts [54].

The piezoelectric effect is used to enhance photocatalysis by an internal electric field, which
promotes the separation and migration of photogenerated electron-hole pairs, thereby realizing
higher piezophotocatalytic efficiency for the simultaneous use of these two types of natural energy.
Combining photo- and piezocatalysis within a single material enables the utilization of two distinct
energy sources—light and mechanical energy—to achieve enhanced efficiency in the decomposition of
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pollutants. This synergistic interaction not only enhances catalytic activity but also reduces recovery
costs and minimizes secondary pollution, representing a significant advantage over conventional
photocatalysts.

In this work, multilayer Ti3C2Tx MXenes, and then MXenes functionalized with CoFe2O4 (CFO)
and γ-Fe2O3/Fe3O4 (IO) [37] magnetic nanoparticles (MNPs) were synthesized, and all samples were
coated with polyethylene glycol (PEG). All particles were then embedded into dissolved PVDF with
dimethylformamide. After that, PVDF composite films with different fillers were obtained using
doctor blade technique [55]. Finally, photocatalytic and sonocatalytic experiments were carried out
with these polymer composites. MNPs enhanced the photocatalytic effect, and MXenes enhanced both
the photocatalytic effect and the piezoelectric effect of PVDF polymer film. In addition to enhanced
catalytic performance [56], the MNPs promote easy removal of the polymer composite from the
aqueous medium after cleaning.

2. Materials and Methods

2.1. Materials

Lithium fluoride (LiF, Sigma-Aldrich, USA) and hydrochloric acid (HCl, Sigma Tech, Russia)
were used to synthesize MXenes. Ferrous sulfate (FeSO4·7H2O, LenReactiv, Russia), ferric chloride
(FeCl3·6H2O, Sigma-Aldrich, USA), cobalt nitrate (Co(NO3)2·6H2O, LenReactiv, Russia), sodium
hydroxide (NaOH, Vekton, Russia) and aqueous ammonia 30% (NH4OH, Sigma Tech, Russia) were
used for the synthesis of MNPs. Polyethylene glycol (PEG, m.w. 3000, Sigma-Aldrich, USA) was
used for the surface coating of MXenes, MNPs and MXene / MNPs heterostructures. Polyvinylidene
fluoride (PVDF, Sigma-Aldrich, USA) and N,N-dimethylformamide (DMF, EKOS-1, Russia) were used
to create functional polymer composites.

2.2. Synthesis of MXenes

Ti3AlC2 MAX phase precursor used for the synthesis of Ti3C2Tx MXenes was produced and
characterized as explained in works [57,58]. MXenes were obtained by selectively etching Al from the
Ti3AlC2 precursor via the commonly used mild protocol [59]. 1 g of Ti3AlC2 (with particle size < 45 µm)
was dissolved into 10 mL of 9M HCl in DDW water with 1.6 g of LiF, the reaction was maintained for
24 h at 35◦C under constant magnetic stirring. After that, MXenes were centrifuged 7 times at 3000 rpm
for 5 min with the addition of DDW water until reaching pH of about 6, then the solution was placed
into an ultrasonic bath with ice for 30 min to provide additional delamination. Extra centrifugation
cycle was then performed to separate multilayer MXenes and unreacted MAX phase leftovers from
the single-layer Ti3C2Tx MXene colloid suspension. The suspension was transferred and dried for
the further studies, while the precipitate was dried separately at 45◦C in a Petri dish overnight. This
precipitate was further used for the synthesis of Ti3C2Tx/Fe3O4 and Ti3C2Tx/CFO heterostructures.

2.3. Synthesis of Magnetic Nanoparticles and MXene/MNPs Heterostructures

Fe3O4 iron oxide nanoparticles were obtained via ultrasound-assisted co-precipitation, as ex-
plained in more detail elsewhere [60]. Briefly, 0.25 mmol of ferrous sulfate and 0.5 mmol ferric chloride
were dissolved into 5 ml of DDW, the solution was degassed in an ultrasound bath. Then the temper-
ature of the ultrasonic bath was raised up to 80◦C and an aqueous ammonia was added to achieve
highly alkaline environment (pH > 11). After 1 h, the black precipitate was collected with a strong and
subsequently was then dried in an oven at 80◦C overnight.

Similarly, CoFe2O4 nanoparticles were synthesized using 0.6 mmol ferric nitrate and 0.3 mmol
cobalt nitrate.

Ti3C2Tx MXenes functionalized with Fe3O4 nanoparticles were produced as described in our
previous work [37]. Briefly, the same ultrasound-assisted co-precipitation procedure was performed in
presence of 50 mg of multilayer Ti3C2Tx MXenes (i.e. precipitate from mild MXene synthesis) added
before introducing ammonia solution. The remaining steps were identical to what was described
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previously for Fe3O4 synthesis, despite the drying temperature being reduced to 45◦C to avoid
the undesired oxidation of MXenes. The same procedure was utilized to produce CoFe2O4-based
composites, but with 35 mg of MXenes dissolved initially in the solution with ferric and cobalt salts.

2.4. PEG-Coating of MXenes and Nanoparticles

To modify the surface of nanoparticles and MXene-based magnetic composites with PEG, 1 g of
PEG was added into 10 ml of distilled water and homogenized in an ultrasonic bath for 30 min. Then,
PEG was added to the nanoparticle suspension and dispersed for 3 h at 80◦C. The supernatant was
removed by centrifugation for 15 min at 3000 rpm, and the solid product was washed with water to
remove unreacted PEG via magnetic separation. The final product was dried at 60◦C for several hours.

2.5. Synthesis of Polymer-Based Nanocomposites

Piezoelectric PVDF was used as the host polymer matrix for the composite materials. PVDF
granules were dissolved into DMF solvent at 40◦C in a mass ratio of 1 : 8. To aid in dispersion,
20% of DMF total volume was separately used for the dispersion of Ti3C2Tx, nanoparticles, and
MXene/MNPs heterostructures, keeping 10 wt.% of filler in all the polymer composite samples. Both
the PVDF dissolution and the dispersion of nanoparticles and heterostructures were maintained under
continuous stirring for 1 h. The dispersed particles were then added into the dissolved polymer, and
further stirred for 30 min to ensure homogeneity.

Polymer-based nanocomposites were obtained via the solvent evaporation supported by the
doctor blade technique to form thin films [55]. The polymers were applied onto pre-cleaned glass
substrates, equalized using a coating spatula at a fixed spacing between the substrates. Then the
substrates were placed into an oven to dry at 65◦C overnight.

The summarizing description and labeling of all the such-obtained polymer-based nanocomposite
samples is given in Table 1.

Table 1. List of the prepared and studied PVDF-based nanocomposites.

Sample (group/ID) Filler (10 wt.%) PEG Coated

Pure Polymer PVDF - -

MXene-based MX-C Ti3C2Tx -
MX@PEG-C Ti3C2Tx ✓

Iron Oxide-based IO-C Fe3O4 -
IO@PEG-C Fe3O4 ✓
IO/MX-C Ti3C2Tx/Fe3O4 -
IO/MX@PEG-C Ti3C2Tx/Fe3O4 ✓

Cobalt Ferrite-based CFO-C CoFe2O4 -
CFO@PEG-C CoFe2O4 ✓
CFO/MX-C Ti3C2Tx/CoFe2O4 -
CFO/MX@PEG-C Ti3C2Tx/CoFe2O4 ✓

Note: A checkmark (✓) indicates PEG coating.

2.6. Structural and Chemical Characterization

X-ray diffraction (XRD) patterns were collected at room temperature by AXRD Benchtop (Proto
Mfg., USA) powder X-ray diffractometer with 30 kV and 30 mA monochromatic Cu-Kα radiation with
a step size of 0.015◦ and a counting time of 5 s per step at 2θ range of 5–80◦ to check the successful
functionalization of MXenes with magnetic nanoparticles, crystallinity of MNPs and delamination of
MXenes.

FTIR-spectra were collected using a FT-801 IR spectrometer (Simex, Russia) equipped with a
Micran-3 microscope in ATR mode (Ge-ATR objective) and in trans-reflection mode (15x objective) for
thin film cuts deposited onto a stainless steel plate with an optical resolution of 2 cm−1 in the range
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of 600-4000 cm−1 and an aperture of 100 µm. The ATR correction was implemented with standard
parameter for the Ge-crystal.

TM4000II Tabletop scanning electron microscope (SEM) (Hitachi Ltd., Japan) with QUANTAX 75
(Bruker, USA) energy-dispersive (EDS) detector was used to visualize the morphology of the samples,
check their chemical composition and thus prove the presence of the filler in the matrix, as well as to
check the homogeneity of its distribution.

AFM was used to investigate the morphology and to study the mechanical properties of polymer-
based nanocomposite samples. For this purpose, NTEGRA SPM (EMTION, Russia) was used first in
the dynamic force (morphology scans) and then in the nanoindentation mode (force curve spectroscopy
with mechanical response mapping). For this study we used NSG10 AFM tips with 3 nm curvature
radius and a standard software from EMTION, Russia.

2.7. Magnetic Characterization

Magnetic properties of the nanocomposites were studied using Lake Shore 7400 series (Cryotronics
Inc., USA) vibrating sample magnetometer (VSM) at room temperature (∼297 K) with an external field
varying in the range of ±0.9 T. The polymer films were fixed to the quartz sample holder using a tape
container. The approximation of hysteresis curves was used to calculate the main magnetic parameters:
saturation magnetization (MS), reduced residual magnetization (MR/MS), and coercivity field (µ0HC).

2.8. Photocatalysis and Piezocatalysis Study

The piezocatalytic and photocatalytic dye decomposition tests were carried out using UV-visible
irradiation spectroscopy. A 250 W high pressure mercury lamp (Philips, Netherlands) was used as a
source of UV-visible light. The distance from the light source to the reactor was 10 cm. Piezophotocat-
alytic decomposition was carried out in an ultrasonic bath with a power of 250 W at a frequency of
18 kHz. To eliminate the effect of temperature on the decomposition efficiency, the reactor was kept
at a constant temperature of 26 ◦C. Before testing, a film (3×1 cm2, thickness – 25 µm, weight – 0.7
mg) was immersed in a beaker with a solution of methylene blue (MB) (1 mg L−1 , 20 mL) and kept
in a dark place for 1 h to establish the adsorption–desorption balance. During the test, 3 ml of the
sample solution was extracted every 15 min and analyzed using a UV-visible spectrometer. The dye
concentration was measured from the maximum absorption peak of MB at λ = 663 nm. The described
experiment was performed using a SF-200 spectrophotometer (OKB Spektr, Russia). The percentage of
MB degradation was indicated as C/C0 (C and C0 are the measured and initial concentrations of MB
in the dye solution, respectively).

3. Results and Discussion

3.1. Structural Characterization of Single Materials and Heterostructures

XRD analysis was performed to confirm the functionalization of MXenes with MNPs and ad-
ditional delamination of MXenes under their growth as it was addressed in [37]. The results given
in Figures 1a and 1b evidence the appearance of characteristic peaks from both MXenes and spinel
ferrites (IO or CFO) in the XRD patterns of the obtained heterostructures. The pronounced increase in
(002) MXene reflection at low angles, alongside with almost the complete vanishing of MAX phase
reflections, suggests further delamination of MXenes mediated by MNPs growth, as was expected [37].
The size of iron oxide MNPs grown on Ti3C2Tx MXene surface is larger than those for free-grown
particles, in agreement with our previous findings [37], while the size of CFO particles practically
does not change, which is due to the lower mass content of MXene in the respective heterostructure.
The PEG coating does not alter the crystal structure of nanoparticles and heterostructures, nor does it
introduce additional reflexes in the XRD patterns. The lattice parameters of the particles practically
do not change with respect to the growth method (with or without MXenes): for iron oxide MNPs, it
ranges between 0.834 nm for maghemite (γ-Fe2O3) and 0.839 nm for bulk magnetite (Fe3O4), aligning
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more closely with γ-Fe2O3. For CFO, the lattice constant is approximately 0.839 nm, similar to bulk
cobalt ferrite. The respective parameters are summarized in Table 2.

Table 2. Size of crystallites (DXRD) and lattice constants (a) of free-grown and MXene-heterostructured
IO and CFO MNPs.

Sample DXRD, nm a, Å

Fe3O4 10±1 8.352±0.007
Ti3C2Tx/Fe3O4 15±3 8.357±0.007

CoFe2O4 10±2 8.380±0.006
Ti3C2Tx/CoFe2O4 9±1 8.387±0.008
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Figure 1. XRD patterns of: (a) Ti3C2Tx MXenes, iron oxide, and (b) cobalt ferrite nanoparticles, and
their respective heterostructures with and without PEG coating. Miller indices (hkl) are provided for
major crystallographic planes of MXene (#), MAX phase (∗), and spinel structure.

Different polymorphs of PVDF can be distinguished by IR spectra [61], namely by the position
of the bands of the νC-F stretchings (1000-1300 cm−1) and the CH deformations (750-900 cm−1). The
β-phase is characterized by the νC-F bands at 1279 cm−1 and 1172 cm−1, and the γ-phase – at 1234
and 1176 cm−1, while the δCH bands at 880 and 841 cm−1 are indistinguishable. The α-phase is
characterized by νC-F bands of 1214 and 1183 cm−1, with δCH bands at 872, 795, and 764 cm−1.
Previous studies [62] indicate that the α-phase can be most easily identified by its δCH bands.

The obtained spectra of PVDF and its composites with different types of fillers are presented in
Figure 2. Rather clearly, all the ATR FTIR spectra coincide with each other, while the transmission
spectra differ only slightly in the intensity of the line at 1235 cm−1. The bands located at 835, 876,
1071, 1169, 1231, and 1402 cm−1 are observed in all the ATR FTIR spectra, their shape, intensity
distribution and position correspond to the predominance of the γ-phase on the surface, together with
an amorphous phase and a very small amount of β-phase, the latter is observed as a weak band at
1275 cm−1. The IR transmission spectra corresponding to the sample volume, show a strong band
at 1274 cm−1 corresponding to the β-phase, and a weak band at 1231 cm−1, which for some samples
vanishes out due to more disordered phase. No α-phase bands were detected in the all spectra. In the
IR spectra of the sample filled with PEG-coated nanoparticles, the IR lines referring to PEG cannot
be detected due to its minor content. Thus, in all the examined samples PVDF possesses a phase
composition consisting of the β-phase prevailing in the bulk of the film, γ-phase prevailing on the
surface, as well as a significant amount of the disordered phase.

The evaluation of the phase composition of PVDF-based nanocomposite samples, revealed from
the IR spectra, demonstrates very small content of paraelectric α-phase, which should be favorable
for piezoelectric device applications. The predominance of the β-phase in the bulk of the material
and the presence of the γ-phase on the surface indicate that the material is generally suitable for
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catalytic applications [63,64]. However, the presence of a significant amount of disordered phase may
reduce the effectiveness of piezoelectric performance, since disordered structure rarely promotes the
high level of crystallinity required to optimize piezoelectric properties. Thus, the phase composition,
although advantageous, requires further investigation and optimization to achieve the best results for
the claimed application.

Figure 2. IR transmission (black) and ATR (blue) spectra of PVDF-based composites: (a) pure PVDF and
single-filler composites, (b) MXene/magnetic heterostructure composites, (c) PEG-coated single-filler
composites, and (d) PEG-coated heterostructure composites. Characteristic bands of γ- and β-phases
are highlighted in green and orange, respectively.

Brief SEM examination let us confirm that PEG coating is advantageous for promoting better
homogeneity of the filler particle distribution inside PVDF host matrix. Studies have shown that the
incorporation of a polymer such as PEG into photocatalysis is very useful in enhancing the catalytic
activity of the immobilized sample. PEG is a polymeric material that can be used to enhance the
functionalization of a surface that acted as a matrix agent or as a structural control agent [65,66]. From
the measurement of Young’s modulus of the samples, it was obtained that its value increases when pure
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MXenes are added to the polymer, which is due to the reinforcing properties of MXenes [67]. When
the filler nanoparticles are coated with PEG, the Young’s modulus decreases compared to conventional
nanoparticles, while for all the MXene-based fillers (single MXenes and heterostructures) PEG coating
provides Young’s modulus enhancement, which can also be explained by the better dispersibility.

3.2. Magnetic Properties of PVDF-Based Nanocomposites

Magnetization of PVDF-based nanocomposite samples versus the applied field was measured
using VSM (see Figure 3). For composites with IO, the saturation magnetization of ∼7.4 A m2 kg−1

is roughly 10% of that of bulk γ-Fe2O3, which exhibits the MS value of 73 A·m2/kg at 300 K. This
reduction is consistent with the weight fraction of MNPs in a non-magnetic matrix. Composites with
MXene/IO heterostructures demonstrate a lower MS value of ∼4.4 A m2 kg−1. The presence of MXene
significantly increases both the MR/MS ratio and µ0HC, with values rising from 0.02 to 0.10 and from
∼2.4 mT to ∼15 mT, respectively. This increase can be attributed to the larger size of IO nanoparticles
in the MXene-containing samples, in agreement with the higher crystal size estimated from XRD. After
coating the filler with PEG, the saturation magnetization further decreases to ∼6.4 A m2 kg−1 and
∼3.6 A m2 kg−1 for IO@PEG-C and IO/MX@PEG-C samples, respectively.
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Figure 3. Magnetization versus applied field at 297 K for PVDF-based nanocomposites with Fe3O4 and
MXene/Fe3O4 fillers (with and without PEG).

For the series of CoFe2O4-containing nanocomposites, the respective magnetic characterization
results are provided in Figure 4. The saturation magnetization decreases from ∼5.2 A m2 kg−1 to
∼3.2 A m2 kg−1, and from ∼4.8 A m2 kg−1 to ∼2.9 A m2 kg−1 for the PEG-coated CFO-C and CFO/MX-
C samples, respectively. Here, there is almost no change in the value of saturation magnetization for
CFO nanoparticles in these two types of samples: 5.2±0.5 A m2 kg−1 and 4.3±0.4 A m2 kg−1, which is
probably due to the approximately equal size of CFO particles obtained by simple co-precipitation
(10±2) nm and grown on the surface of Ti3C2Tx MXenes (9±1 nm). The magnetization of composites
is smaller by a factor of 10 relative to solely particles and heterostructures, which is consistent with the
mass component of the filler in the host matrix. Main magnetic parameters (MS, MR/MS, µ0HC) of
PVDF-based nanocomposites with different fillers are presented in Table 3.

The provided magnetic characterization lets us claim that our PVDF-based nanocomposite sam-
ples can be easily extracted from purified water under the application of an external magnetic field.
IO-containing samples are a bit more promising in this case as they demonstrate more soft magnetic
behavior with almost vanishing remanent magnetization.
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Figure 4. Magnetization versus applied field at 297 K for PVDF-based nanocomposites with CFO and
MXene/CFO fillers (with and without PEG).

Table 3. Main magnetic parameters of magnetic particles and PVDF-based nanocomposites derived
from the provided hysteresis measurements: the saturation magnetization (MS), reduced remanent
magnetization (MR/MS), coercive field (µ0HC).

Sample MS [A m2 kg−1] MR/MS µ0HC [mT]

IO-C 7.4±0.7 0.02 2.4±0.1
IO@PEG-C 6.4±0.6 0.03 4.9±0.1
IO/MX-C 4.4±0.4 0.10 14.9±0.1

IO/MX@PEG-C 3.6±0.4 0.11 14.6±0.1
CFO-C 5.2±0.5 0.18 53.7±0.1
CFO@PEG-C 4.8±0.5 0.16 54.4±0.1

CFO/MX-C 4.3±0.4 0.13 37.7±0.1
CFO/MX@PEG-C 4.1±0.4 0.12 35.9±0.1

3.3. Photocatalysis and Piezocatalysis

Investigation of MB photocatalytic degradation under UV-visible light is presented in Figure 5,
the results demonstrate the relative photocatalytic activity of different PVDF-based nanocomposite
samples in the degradation process. The most efficient catalyst is the sample IO/MX@PEG-C, which
provides a 45.8% degradation rate after 60 min. At the same time, CFO/MX@PEG-C, IO/MX-C and
MX@PEG-C samples demonstrate less pronounced but still sufficiently high photocatalytic properties,
with achieved degradation rates of 40.3%, 34.2% and 32.7%, respectively. The pure polymer material
does not exhibit photocatalytic characteristics and shows only 9% degradation rate, which is probably
due to its high light scattering coefficient [68].

The IO/MX@PEG-C composite exhibits excellent performance for photocatalysis due to the
synergistic interaction between its components. Ti3C2Tx MXene exhibits high conductivity and
efficient charge separation, which enhances the photocatalytic activity of the composite. Combined
with Fe3O4 magnetic nanoparticles, which possess intriguing photocatalytic properties along with soft
ferromagnetism, the composite allows the photocatalyst to be easily separated from the solution after
reaction, which facilitates its reuse.

PEG, on the other hand, improves the homogeneity of the filler distribution inside the polymer
matrix, making the design of the composite more favorable. Thus, these factors make IO/MX@PEG-C
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an efficient photocatalyst capable of rapidly and efficiently degrading organic pollutants under light,
which is particularly relevant for wastewater treatment applications.
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Figure 5. Time dependence of the photocatalytic dye removal from water mediated by various PVDF-
based nanocomposite materials.

As shown in Figure 6, the sonocatalytic degradation effect of the CFO/MX@PEG-C sample reaches
45% after 60 min, not much exceeding the sonolysis efficiency of the control sample (pure PVDF) - 43%.
When a sample is deformed by an external force from ultrasonic treatment, a polarization phenomenon
occurs inside it, which generates positive and negative charges present on two relative surfaces. Thus,
an effective conversion of the external force into electrical energy occurs and a polarization electric
field is generated, which contributes to the occurrence of redox chemical reactions, leading to the
generation of highly active oxygen species, which oxidize the MB [69–72].

In case of PVDF, the addition of fillers usually degrades its properties due to their agglomeration or
insufficient dispersion in the polymer matrix. This can lead to a decrease in the polarization efficiency
and a decrease in the overall performance of the material [64]. The utilization of CFO/MX@PEG-C in
sonocatalysis is determined by several key factors that render this material particularly suitable for this
field. First of all, Ti3C2Tx MXene possesses a unique structure, characterized by a non-centrosymmetric
lattice, allowing for the breaking of inversion symmetry and the induction of piezoelectric polarization.
The presence of functional groups on the surface of MXenes, such as -O, -OH, and -F, further contributes
to this effect, leading to pronounced piezoelectric behavior. The orientation and alignment of MXene
layers within a composite matrix also play a crucial role in optimizing the piezoelectric response.
These characteristics enhance its catalytic activity, making it an effective catalyst. When combined
with CoFe2O4, which is also a powerful catalyst for various reactions, this hybrid material exhibits
significantly improved catalytic performance in sonocatalytic processes. Furthermore, the combination
of Ti3C2Tx and CoFe2O4 creates a synergistic effect that enhances catalytic activity. Ti3C2Tx facilitates
the transfer of electrons and ions, while CoFe2O4 provides active sites for reactions. This interaction
allows for achieving higher efficiency in sonocatalytic processes. Equally important is the aspect of
stability. CFO/MX@PEG-C demonstrates good resistance to degradation under ultrasonic treatment
and other conditions, making it a durable catalyst. The incorporation of PEG into the composition also
contributes to improved stability of the catalyst.
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Figure 6. Time dependence of the sonocatalytic dye removal from water mediated by various PVDF-
based nanocomposite materials.

4. Conclusions

In this work, Ti3C2Tx MXenes were successfully functionalized with magnetic iron oxide (Fe3O4)
and cobalt ferrite (CoFe2O4) nanoparticles, and then all of them (separately or in combination) were
coated with PEG. The obtained flakes, particles and heterostructures were then added as fillers to
PVDF polymer. The functionalization of MXenes with MNPs was confirmed by XRD, and addi-
tional delamination of multilayered MXenes was observed due to the growth of MNPs during a
co-precipitation process. Notably, it was demonstrated that the addressed method of functionalization
and delamination is applicable for the growth of particles of different compositions. FTIR results
confirmed the presence of electroactive β-phase inside the PVDF polymer matrix and γ-phase on its
surface, as well as a significant amount of the disordered phase. The presence of β and γ phases is
desired for the proposed catalytic application, but further research is required to reduce the disordered
phase.

The combination of properties of Ti3C2Tx, Fe3O4, and PEG in the IO/Ti3C2Tx@PEG-C com-
posite makes it an effective and versatile piezo-photocatalyst that facilitates the rapid and efficient
degradation of organic pollutants under the influence of ultrasound and light. Experimental stud-
ies have demonstrated that this composite achieves significant MB degradation rate, showing a
reduction in MB concentration of over 45.8% within the treatment time of 60 minutes, confirming
its high efficiency and potential for application in wastewater treatment. These findings highlight
the promise of IO/Ti3C2Tx@PEG-C as one of the best candidates for photocatalytic processes. The
CFO/Ti3C2Tx@PEG-C composite demonstrates remarkable potential for sonocatalysis, showcasing
its ability to effectively degrade organic pollutants under ultrasonic irradiation. Experimental results
indicate that this composite achieves a significant reduction in MB concentration, exceeding 45%
within a treatment duration, which underscores its high efficiency and applicability in wastewater
treatment. These findings highlight the promising nature of CFO/Ti3C2Tx@PEG-C as one of the lead-
ing candidates for sonocatalytic process, making it a valuable material for environmental remediation
applications.
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