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Abstract 

MXenes are two-dimensional transition metal carbides that have emerged as versatile 

nanomaterials. Their distinctive physicochemical properties and surface characteristics 
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make them ideal platforms for engineering hybrid nanomaterials. The combination of 

MXenes and magnetic nanoparticles (MNPs) into a single nano-object leads to materials 

with interesting properties (ferrimagnetism, mechanical strength, and conductivity, etc.) 

for a broad range of applications. MXenes exhibit good compatibility and excellent 

photothermal (PTT) properties; while MNPs, particularly iron oxide nanoparticles 

(IONPs), are exploited for biomedical applications through magnetic hyperthermia 

(MHT). This work focuses on the development of hybrid nanomaterials combining 

MXenes and IONPs, prepared through a simple, holistic, and reproducible method. The 

surface of delaminated MXenes (dMXenes) sheets was covered with well-defined shape 

IONPs of 14 nm. We have used faceted nanoparticles, to achieve point-of-reference 

magnetic hyperthermia performance. The surface loading of IONPs on the MXenes was 

controlled by varying the MXene-to-MNPs mass ratio from 10:90 to 90:10The potential 

of the hybrids for photo-magnetic hyperthermia was evaluated using near-infrared (NIR) 

light (1064 nm, 1 W) and alternating magnetic fields (AMFs) of 9.5–17.0 kA/m and 282 

kHz, determining their specific absorption rates (SAR) values. While for MHT, SAR 

values are up to 150 W/g (Fe3O4) for 50:50 hybrid, the characterization of this new 

nanomaterial revealed a synergistic behavior in PTT, achieving SAR values up to 577 

and 1106 W/g (hybrid), for 50:50 and 70:30 mass ratio hybrids, respectively. This work 

demonstrates the heat dissipation capability of MXene/IONPs hybrids under AMFs and 

via laser excitation. 
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1. Introduction 

The therapeutic modalities of magnetic hyperthermia (MHT) [1] and photothermal 

therapy (PTT) [2,3] are nano-therapies based on the elimination of cancer cells through 

heat generation upon exposure of tumor cells to either alternating magnetic fields (AMF) 

or light (near-infrared radiation (NIR)). MHT relies on the use of magnetic nanoparticles 

(MNPs) such us superparamagnetic iron oxide nanoparticles (IONPs) [4,5] (e.g., 

magnetite — Fe3O4 or maghemite — γ-Fe2O3), which act as a transducers, converting 

electromagnetic energy into heat upon exposure to an AMF in the kHz radiofrequency 

range (100–300 kHz) and a specific field intensity (few tens of kA/m) [6]. For a safe 

MHT treatment, AMF conditions (amplitude and frequency) must remain below certain 

limits [7]. In contrast, PTT relies on the use of agents that absorb light energy (via laser 

excitation of at appropriate wavelength), leading to electron excitation and subsequent 

non-radiative relaxation, which results in heat release [8]. As NIR penetrates deeper into 

the human body than visible light, it is generally preferred for any biomedical applications 

designed. From the different windows that can be identified in the NIR (first, second and 

third biological windows), the second (NIR II, with λ between 1000 nm and 1350 nm) 

presents a maximum optical penetration depth in the skin [9,10]. For this reason, PTT 

agents are typically excited using a laser with a wavelength of 1064 nm. Currently, these 

nano-therapies are used as adjuvant treatments to inhibit local recurrence of the tumor 

[11] and in the earlier stages of anticancer treatments along with chemotherapy or 

radiotherapy [12].  

Although both MHT and PTT are considered non-invasive thermotherapies, recent 

research has increasingly focused on developing novel agents with greater efficiency, 

performance, and selectivity [13]. Concerning MHT, MNPs have been specifically 

designed and optimized for this application in terms of their size and size distribution 
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[14], crystallinity [15], shape, composition, magnetic parameters and their 

aggregation/assemblies state [7]. It is worth noting that, despite the variety of 

nanomaterials reported, MHT in clinical trials conducted in Europe and in the US has 

centrally relied on the use of IONPs [16]. In the case of NIR-PTT, various agents have 

demonstrated promising photothermal properties, including plasmonic nanoparticles, 

(e.g., Au) [17], carbon-based materials (e.g., graphene, carbon nanotubes and carbon 

dots) [18], and organic dyes (e.g., cyanines) [19]. More recently, 2D transition metal 

dichalcogenides [20,21] have demonstrated to exhibit significant advantages for 

photo/thermo-based tumor therapies compared to traditional nanomaterials, owing to 

their high specific surface area, excellent biocompatibility, and strong NIR photothermal 

absorption. For example, nanosheets of MoS2, WS2, TiS2, and Bi2Se3 have been employed 

as photothermal agents for cancer treatment, exhibiting high light-to-heat conversion 

efficiency [22]. Moreover, because of their large surface area, these atomic-thin 

nanosheets have also been explored as nanoparticle carrier platforms for the development 

of multifunctional heterostructures in combined photothermal therapies [23,24].  

In addition, several studies have highlighted that high thermal conductivity is crucial 

for efficient heat distribution, as it ensures uniform thermal transfer across the material 

while minimizing energy losses [25]. Carbon-based materials, which are effective photon 

captors, exhibit excellent photothermal efficiency, high thermal conductivity, and large 

aspect ratio, making them ideal candidates for advanced photothermal applications. 

However, these materials present certain limitations, such as poor dispersibility in various 

solvents, which can hinder their practical application. On the other hand, plasmonic 

nanoparticles such as silver, gold, and aluminum, have shown significant potential as PTT 

agents [26]. Their tunable optical properties, controlled by size, shape, and composition, 

enable precise adjustment for specific therapeutic needs. Furthermore, plasmonic 
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nanoparticles are chemically stable and can be functionalized with biomolecules, 

enhancing their biocompatibility and enabling targeted therapy. However, their practical 

application is limited by narrow absorption bandwidths and their toxicity is questioned at 

high concentrations, which could restrict their safe use in clinical settings. To overcome 

the limitations, nanomaterials with larger aspect ratios and enhanced biocompatibility 

offer a promising alternative, enabling more efficient and uniform heat distribution even 

at low concentrations. MXenes emerge as highly promising phototherapeutic agents due 

to their exceptional metallic conductivity, excellent biocompatibility, and photodynamic 

properties, making them particularly suitable for applications such as cancer treatment 

[27].   

Ti3C2Tx-type are the first MXenes and the ones with the most applications currently 

used. Because of their high electronic conductivity and versatile chemistry surface, they 

have shown a variety of applications, including energy storage, electromagnetic 

interference (EMI) shielding, gas and pressure sensors, water purification, photo- and 

electrocatalysis, and photothermal agent, among others [27]. In the biomedical field, their 

notable application is as a photothermal agent for eliminating cancer cells. This is due to 

the nanomaterial's ability to absorb electromagnetic radiation in the NIR I and II 

biological windows [28]. Specifically, in NIR II, there is significant interest as these 

wavelengths achieve improved tissue penetration without causing damage from self-

heating or tissue contraction [29]. Additionally, the Ti3C2Tx-nanolayers exhibit a 100% 

light-to-heat conversion rate [30], attributed to their quasi-metallic nature and the strong 

effect of plasmonic surface resonance (SPR) [31]. Combined with plasmonic 

nanoparticles, they can exhibit plasmonic effects like metallic nanostructures when 

exposed to NIR light, leading to the enhancement of light-matter interaction, with 

enhanced absorption and high photothermal conversion efficiencies [32]. A notable 
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example is the work of Fan et al. [33] who developed a new hybrid nanomaterial 

combining plasmonic silver nanoparticles (AgNPs) and 2D MXene nanosheet enabling 

effective photothermal conversion. These nanomaterials were employed as photothermal 

fillers within a transparent, wearable polyurethane device, which exhibited outstanding 

photothermal conversion efficiency, high thermal conductivity, and light-triggered 

healing properties.  

In this work we focus on the fabrication of hybrid nanomaterials combining MXenes 

and magnetic IONPs. Ti3C2Tx-type MXenes, besides having high light capture in NIR II 

range, offer advantages over other nanomaterials such as adjustable optical properties by 

changing the number of layers or through a superficial modification [34–36]. On the other 

hand, IONPs have been selected as part of the composite given their low cytotoxicity, 

high biocompatibility [37] and appealing magnetic properties, including their high 

efficiency for MHT, and their ability to be guided to and concentrated in tumors using 

magnetic field gradients, further leading to drug-delivery systems. Moreover, IONPs can 

be traced in vivo through various imaging techniques, including magnetic resonance 

imaging (MRI), magnetic particle imaging (MPI), magneto-acoustic imaging and photo-

acoustic imaging [38]. 

IONPs used in this work were synthesized via a high temperature thermal 

decomposition method, enabling precise control over their size and shape, using 

benzaldehyde as shape-directing agent and oleic acid as hydrophobic ligand,  [39]. During 

the current research hydrophilic Ti3C2Tx-type MXenes, were synthesized by selectively 

etching aluminum from their parent MAX phase (Ti3AlC2) employing a mixture of LiF 

and HCl solution, following a synthesis protocol similar to that reported by Gogotsy et 

al. [40]. The deposition of IONPs onto delaminate MXenes was conducted through a 

simple and reproducible van der Waals-facilitated self-assembly method, coupling the 
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nanoparticles and MXenes as reported by Zhang et al. [41]. We produced hybrids 

systematically varying the MXene:IONPs mass ratio and obtaining hybrids of MXenes 

with different IONPs coverage. IONPs concentration was found to be a key parameter 

that affects the number of MXene sheets stacked while forming the hybrid in a colloidal 

dispersion. Finally, we evaluated their properties as photo- and/or magnetothermal agents 

by determining the specific absorption rates (SAR) values when subjecting aqueous 

dispersions of the hybrids to AMFs of different field amplitudes (9, 13 and 17 kA/m) and 

a frequency of 282 kHz; and to NIR radiation in the second biological window using a 

laser with λ = 1064 nm and 1 W of power. MXene:IONPs mass ratios of 50:50 and 70:30 

were found to lead to hybrids with the best magnetic-field-to-heat and light-to-heat 

conversions.  

This study presents the first comprehensive evaluation of this type of hybrid 

nanomaterials (MXenes and IONPs) for dual-mode magnetic hyperthermia and 

photothermia, offering a thorough magnetic characterization and hyperthermia responses 

under different stimuli, e.g., AMFs and laser irradiation. The AMFs and laser parameters 

here employed are safe for the clinic (1 W for the photothermal characterization and 9-17 

kA/m at 282 kHz for magnetic hyperthermia evaluation). Unlike previous studies, we 

explore the synergistic potential of hybrid nanomaterials to achieve enhanced and 

controllable thermal effects. By characterizing the hyperthermal response of different 

hybrid nanomaterials whose MXene:IONPs mass ratio has been varied, we demonstrate 

improved heating efficiency, greater tunability, and certain nanomaterials have potential 

for optimized cancer therapy. This novel insight paves the way for multifunctional 

nanoplatforms, expanding the scope of nanomedicine. 
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2. Results and discussion 

2.1. Delaminated Ti3C2Tx-type MXene (dMXene) characterization 

The morphology of the dMXenes was studied by scanning electron microscopy (SEM). 

Using secondary electron mode (Fig. 1a and 1b), it was possible to identify micro-sized 

(>10 μm in length) sheets with completely smooth surfaces and showing a delaminated 

structure with a very high aspect ratio. Thickness estimation of the Ti3C2 sheets was not 

straightforward from the SEM images, but the reported values in the literature for single-

layers are in the range of 1.14–1.18 nm [42]. With the backscattered electron mode (Fig. 

1c and 1d) it was possible to determine the absence of contaminants and TiO2 oxide 

clusters, which would appear upon MXene oxidation as bright spots over the sheets [43]. 

Controlling the size and thickness of MXene nanosheets has been reported to be critical 

for PTT and its optimization depends on the intended application. For example, Perini et 

al. reported that the fewer MXene sheets stacked for thin films of MXenes, the higher the 

thermal conversion [44]. It is also known that high thickness in Ti3C2Tx-type MXenes 

limits their applicability in biomedicine [45]. In addition, it is reported that few layer 

Ti3C2Tx MXenes show good biocompatibility [46].  

The crystalline structure of MXene was analyzed by X-ray diffraction (XRD). The 

diffractogram obtained is presented in Fig. 1e, showing a high intensity signal located at 

5.98° belonging to the plane (002) of Ti3C2Tx and a lower intensity signal at 17.85°, which 

is the consecutive plane (004). The position of these planes (2θ) is a product of the 

stratified structure composed of different overlapping layers; therefore, the values change 

inversely proportional to the interplanar distance [47]. It is well known that when Ti3C2Tx 

sheets are stacked, broad and poorly defined signals appear in the range between 30 and 

70°, while when they are delaminated the diffractogram becomes more ordered, with very 

well defined (00l) signals. If a severe delamination is obtained, the relative intensity of 
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the (002) signal increases with respect to the other (00l) signals [48,49], and this is the 

case of the synthesized MXenes, as shown in Fig. 1e. 

Applying Bragg's law on the strongest signal, the value of d(002)-spacing was 

determined to be 14.8 Å. This distance accounts for the thickness of a single Ti3C2 sheet, 

including its Tx terminations and intercalating species, such as H2O molecules or other 

components that prevent the sheet staking. Additionally, knowing that the Ti3C2 

crystallizes in a hexagonal system with a P63/mmc space group [50], the c(002)-lattice 

parameter was calculated to be, 29.6 Å. This parameter represents the lateral distance 

between two consecutive monolayers, including their respective intercalating species, as 

shown in the inset of Fig. 1e. Based on the values of both parameters, the presence of 

intercalating water molecules or Li+ cations, originating from the LiCl salts generated 

during the synthesis, can be inferred [49]. 

XRD can also be used to assess whether the MXenes have undergone oxidation, 

indicated by characteristics TiO2 diffraction peaks, or if the aluminum etching process 

was incomplete. In both cases, additional diffraction peaks would appear between 25 and 

45° [51]. It can be assumed that the analyzed dMXenes are of few-layered, based on the 

low intensity of the (004) plane, and of high purity, as indicated by the absence of TiO2 

oxides or unreacted MAX phase, consistent with SEM images. 

Fig. 1f presents the XPS survey spectrum of the MXene nanosheets (red line in the 

figure), showing the typical peaks for Ti 2p, C 1s, O 1s and F 1s, and total absence of Al 

2p or Al 2s peaks (which should appear at around 74 and 116 eV, respectively) confirming 

the satisfactory etching of the aluminum layer. XPS also confirms the presence of Tx (-

F/-O/-OH) surface termination groups because of the synthesis procedure. High 

resolution spectrum for Ti 2p is shown in Fig 2b, while the high-resolution spectrum for 

C 1s, O 1s and F 1s regions are presented in supplementary Fig S1. The C 1s spectrum 
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shows an intense C-Ti peak centered at 282 eV belonging to the dMXene structure. F 1s 

and O 1s peaks belong mainly to Tx (C-Ti-F and C-Ti-O) surface terminations. We have 

carefully performed the curve fitting of the Ti 2p XPS region according to bibliography 

[52] to characterize the oxidation state and surface condition of the dMXene sheets. The 

quantification of Ti 2p peaks is typically performed by considering either the different 

oxidation states of Ti (i.e. Ti+ Ti2+, etc.) or the local environment of Ti atoms (C from the 

MXene structure or O and/or F atoms from Tx terminations) depending on their network 

position. We have not delved into this aspect as it is tangential to the scope of this work. 

Consequently, peak fitting was conducted following standard procedures widely 

supported in the academic literature [53], and it is presented in Fig. 2b. The deconvoluted 

spectra of Ti 2p was adjusted to three doublets (Ti 2p3/2 and Ti 2p1/2) centered at 

455.0/460.9, 455.9/461.7, and 457.2/462.4 eV, which are ascribed to C-Ti-C, C-Ti-O and 

C-Ti-F, respectively. The relatively high fraction of the last doublet (29%) indicates a 

significant fluorine content, attributed to the high concentration of HF generated in situ 

during synthesis. Additionally, a fourth doublet centered at 459.2/463.8 eV was required 

for proper fitting, which we assigned to TiO2-xF2x oxide species [52]. This doublet likely 

originates from the partial oxidation of MXenes during synthesis and delamination. The 

fraction of this doublet is nevertheless low, supporting the XRD and SEM findings, which 

indicate that the dMXene sheets are stable and largely non-oxidized. 
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Fig. 1. (a–d) SEM micrographs at different magnifications: (a and c) ×2000 and, (b and 

d) ×8000 of few layer Ti3C2Tx nanosheets registered by (a and b) secondary electrons 

mode and (c and d) backscattered electron mode. (e) Diffractogram of delaminated 

Ti3C2Tx-type MXene nanosheets. Insert shows the atomic structure of a Ti3C2Tx bilayer 

with intercalants. (f) XPS Survey spectrum of Ti3C2Tx dMXene nanosheets, Fe3O4 

IONPs, and the representative 50:50 Ti3C2Tx/Fe3O4 hybrid material. 
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Fig. 2.  High resolution XPS profiles for Ti 2p region: (a) 50:50 hybrid (b) dMXene 

sheets.  

 

2.2. Fe3O4 IONPs characterization. 

Fe3O4 IONPs were obtained according to a previous reported protocol reported by Qiao 

et al. [54], based on the thermal decomposition of Fe(acac)3 in 1-octadecene at high 

temperature (280 °C) in the presence of different additives and ligands, including TDD, 

OAm, OA and BA (see experimental section). This reaction comprises 2 steps: first, all 

the reagents are dissolved, and the reaction mixture is degassed under a nitrogen flux (110 

°C), and second, the temperature is raised until reflux (280 °C). Representative TEM 

images of the synthesized materials are shown in Fig. 3. IONPs show quasi-cubic faceted 

faces. Size distribution and shape can be controlled by the relative amount of the synthesis 

additives and ligand. Aromatic aldehydes, like benzaldehyde, promote cubic ferrite 

nanoparticles, while aliphatic aldehydes yield spherical ones [55].   

The size of IONPs is centered at 14 nm. Corresponding size distribution is shown in 

Fig. 3c, revealing it is monomodal and with low polydispersity (polydispersity index 

PDI<<0.1). The size distribution fit well to a Lognormal distribution function. TEM 

images show interparticle distance around 1.5–2.0 nm attributed to the presence of oleic 
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acid. XPS survey spectrum of synthesized IONPs is presented in Fig. 1f. The 

characteristic doublet peaks of Fe 2p3/2 and Fe 2p1/2 are clearly observed at around 712 

eV and 725 eV respectively, as well as Fe, C and O peaks. High resolution spectra of Fe, 

C and O regions are presented in supplementary material (Fig. S1). The high intensity of 

the C 1s peak confirms the presence of oleic acid coating the surface of the IONPs. 

The stability of the IONPs was evaluated in tetrahydrofuran (THF), which is the solvent 

used to form the Ti3C2Tx/IONPs hybrids. For this purpose, IONPs initially dispersed in 

chloroform were subsequently transferred to THF. Nanoparticles dispersion diluted at a 

1:40 volume ratio in THF were analyzed using dynamic light scattering (DLS). The size 

distributions by number, and volume for IONPs are shown in Fig. S2 with results 

summarized in Table S1. The hydrodynamic size of the IONPs (Z-average values) is 

around 100 nm with PDI index of 0.37. Indeed, Number-weighted data (17 ± 3 nm) agrees 

with particle size determined by TEM. Volume and Intensity-weighted data confirms the 

presence of secondary peaks of lower intensity at 400 nm and above, which may be 

associated with the presence of clusters of IONPs. Despite the presence of secondary 

peaks (reflecting the presence of some clusters of IONPs), Z-average values confirm that 

the dispersions of IONPs are stable in THF, the medium used for hybrid preparation. As 

such, we expect that both single nanoparticles and clusters of IONPs interact with 

MXenes to form heterostructures. 
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Fig. 3. (a and b) TEM micrographs at different magnifications (×60000 and ×200000) of 

IONPs; (c) size distribution. (d) Diffractograms of IONPs with indexed magnetite and 

maghemite patterns. (e) Hysteresis curves of IONPs at different scales. 
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Table 1. Summary of magnetic nanoparticles characterization parameters (PDI: 

polydispersity index, MS: magnetic saturation, MR: magnetic remanence,  HC: coercivity). 

 

Technique Parameter Value 

TEM Morphology Faceted 

 Size (nm) 14 ± 2 

 PDI 0.020 

DLS PDI 0.38 

XRD a-lattice (Å) 8.38 

VSM MS (A m2/kg) 74.5 

 MR (A m2/kg) 3.34 

 HC (T) 5.67×10-4 

 

The XRD diffractogram of IONPs is presented in Fig. 3d along with the reference 

diffraction patterns of iron oxides, including magnetite (Fe3O4) with an inverse spinel 

structure and its low-temperature oxidized phase, maghemite (γ-Fe2O3) [56].  

Indeed, the peaks are attributed to the presence of iron oxide. XRD confirms the high 

crystallinity of the IONPs. The a-lattice parameters were determined by applying Bragg’s 

law to the highest intensity peak in the (311) plane. The results are shown in Table 1. 

The key characteristic of magnetite (Fe3O4) is its 2:1 Fe³⁺/Fe²⁺ ratio, giving a lattice 

spacing of 8.39 Å, slightly larger than the 8.33 Å of maghemite (γ−Fe2O3), which contains 

only Fe³⁺. This lattice spacing difference confirms that the nanoparticles are 

predominantly magnetite [57]. Thus, XRD analysis suggests (a-lattice 8.38 Å) that the 

nanoparticles primarily comprise magnetite.   
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The magnetic behaviour of the synthesized nanoparticles was studied using DC 

magnetometry and a Vibrating Sample Magnetometer (VSM). Field-dependent 

magnetization curves of the MNPs registered at room temperature are shown in Fig. 3e. 

IONPs show a high saturation value (74 A m2/kg Fe3O4) attributed to the faceted 

morphology, which grants lower surface spin disorder and thus higher MS  [58]. This 

value is slightly lower to the values reported for bulk magnetite at room temperature (92 

A m2/kg Fe3O4) [59]. Toyos-Rodríguez C. et al. [59] obtained similar values of MS (70 A 

m2/kg Fe3O4) for 15 nm Fe3O4 magnetic nanoparticles. As for MR and HC, shown in Table 

1, they are negligible; thus, the IONPs have essentially superparamagnetic behavior.  

 

2.3. Ti3C2Tx/Fe3O4 nanohybrids characterization 

Fig. 4a-f shows SEM micrographs of nanohybrids at different Ti3C2Tx/Fe3O4 weight 

ratios. A correlation between weight ratio and surface structure is observed. In the 90:10 

hybrid, IONPs deposited on the surface of the MXenes are barely observed, and surface 

coverage is low. For the 70:30 hybrid, more IONPs are observed over the surface of the 

sheet, while in the 50:50 hybrid a surface saturation was reached in which almost the 

entire active surface of the MXenes was covered with IONPs. In both cases, the 2D 

laminar structure of MXene is preserved. However, as the concentration of the 

nanoparticles increases, surface agglomerates of IONPs appear, so these nanoparticles 

may be considered in excess respect to the available space on the surfaces of the MXene 

sheets. Hybrids 30:70 and 10:90 clearly exhibit agglomerates of IONPs, along with a 

noticeable loss of the structural arrangement of the MXene sheets. Notably, above the 

50:50 ratio, the characteristic lamellar structure of MXene is compromised due to high 

concentration of IONPs, which accumulate and fill the cavities, causing the layers to stick 
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together. Representative TEM images are presented in Fig 5b-e, confirming the presence 

of agglomerates of IONPs for 30:70 and 10:90 hybrids. 

 

Fig. 4. SEM micrographs of (a) delaminated Ti3C2Tx-type MXene at ×8000 magnification 

captured using secondary electrons detector, and Ti3C2Tx/Fe3O4 hybrids with different 

mass ratios (b) 90:10, (c) 70:30, (d) 50:50, (e) 30:70 and (f) 10:90 captured with 

backscattered detector at ×12000 magnification. 

The XPS survey spectrum of the Ti3C2Tx/Fe3O4 50:50 hybrid is presented in Fig. 1f 

providing a comparison with the spectra obtained for dMXene nanosheets and IONPs. 

The hybrid spectrum exhibits a combination of characteristic peaks from MXene (Ti 2p, 

C 1s, O 1s and F 1s) and IONPs (Fe 2p, along with contributions from C 1s and O 1s), 

confirming the successful integration of both components in the hybrid structure. High 

resolution spectra for Fe 2p, C 1s, O 1s and F 1s are presented in supplementary Fig. S1. 

The C-Ti peak in the C 1s spectrum at 282 eV is diminished due to the contribution of C-

C/C-O bonds from the oleic acid coating on magnetic nanoparticles. High resolution 

spectrum for Ti 2p region is shown separately in Fig. 2a and compared with the same 

region of dMXene nanosheets. A brief inspection of Fig. 2 shows a significative 
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increment in the Ti region of the contribution of oxidized Ti species. Curve fitting of the 

Ti 2p XPS region for the hybrid was performed using the same procedure and conditions 

applied to the Ti 2p region of the dMXene sheets. Ti 2p region curve was again fitted to 

three doublets (Ti 2p3/2 and Ti 2p1/2) centered at 455.1/460.9, 455.9/461.8, and 

457.0/462.3 eV, corresponding to C-Ti-C, C-Ti-O and C-Ti-F respectively; and a fourth 

doublet centered at 459.1/463.9 eV attributed to TiO2-xF2x oxide species. The fraction of 

this doublet is noticeably increased compared to the bare dMXene, although its 

contribution remains below 20%. This suggests that the extended sonication process used 

in the holistic method for nanohybrids formation induces partial oxidation of the dMXene 

sheets. However, this oxidation does not significantly affect the laminar structure of the 

MXene or its ability to couple effectively with the IONPs, preserving the integrity of the 

hybrid material.  

According to bibliography, specific surface area (SSA) of delaminated Ti3C2Tx-type 

MXenes may be considered around 12–20 m2/g [25,60–62]. Specific surface area will be 

significantly influenced by the MXene surface nature, presence of intercalants and 

method of reparation. In fact, the accessible surface will be strongly influenced by the 

restacking of the MXene sheets, which is favored by the THF medium in which the 

hybrids were prepared. According to the SSA of MXene an ideal monolayer coverage of 

the entire surface by IONPs (considering them quasi-spherical and hexagonal package 

and a size around 15 nm) would be reached at around 0.75–1.25 g IONPs per g MXene. 

That is to say, for hybrids containing 44–56% by weight of MXene. Given the resulting 

50:50 hybrid morphology (Fig. 4d), we surmise that nanoparticles such as magnetic 

Fe3O4 are able to act as intercalants between MXene layers [63,64], avoiding restacking 

in THF medium (see sketch in Fig. 5a). This has been confirmed through TEM analysis, 

which reveals distinct stacking arrangements for each hybrid mass ratio (Fig. 5b-f). This 
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phenomenon occurs during the hybrid fabrication process, where the continuous motion 

induced by sonication leads to variations in the interaction and assembly of MXene sheets 

and nanoparticles depending on their relative proportions. When the concentration of 

IONPs is low, as in the case of 90:10, the MXene sheets are able to form stacks. However, 

when the concentration increases, the IONPs act as intercalants, occupying interlaminar 

positions and preventing the formation of stacks, thereby maintaining separation between 

the lamellae. In extreme cases, such as the 10:90 hybrid, MXenes are delaminated, but 

the typical lamellar structure of the MXenes is disrupted, leading to the formation of large 

agglomerations of IONPs that can compromise the stability of the hybrid dispersion. 

Based on these results, hybrids with MXene:IONPs ratios of 70:30, 50:50 and 30:70 were 

selected for photothermal and magnetothermal evaluations. 

 

Fig. 5. (a) Schematic illustration of the relationship between the MNPs concentration 

and the final morphology of the Ti3C2Tx/Fe3O4 hybrids during the fabrication process in 

THF. At low concentrations of IONPs, stacks of MXene layers are formed. At high 

concentrations, delaminated hybrids are obtained. (b, c, d, e and f) TEM micrograph of 
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the 10:90, 30:70, 50:50, 70:30 and 90:10 mass ratio hybrids respectively captured at 

×25000 (left) and ×100000 (right) magnification. 

2.4. Ti3C2Tx/Fe3O4 nanohybrids photothermal behavior 

MXenes are electrically conductive materials with efficient electromagnetic wave 

absorption across a broad spectrum.  In particular, Ti3C2Tx-type MXenes are capable of 

absorbing electromagnetic radiation in the NIR I and II ranges [30], demonstrating highly 

efficient light-to-heat conversion. This superior absorption, particularly in the NIR-II 

range, underscores the potential for photothermal applications of delaminated MXenes.   

Aqueous suspensions of delaminated MXenes were prepared at concentrations from 0.01 

to 0.1 mg/mL and their absorption was measured using UV-Vis spectroscopy allowing us 

to estimate a notable extinction coefficient of approximately 18.9 L g−1 cm−1 at λ = 1064 

nm (Fig. S3). This value is consistent with previously reported data [30,65] supporting 

the conclusion that the MXene exhibits good light absorption properties, well above those 

of oxidized graphite nanosheets (GO) [66]. Absorptivities as high as ε = 52.8 L g−1 cm−1 

at  = 808 nm have been reported for MXene quantum dots (QD) [67]. The absorptivity 

of MXenes depends strongly on factors such as particle size, surface functional groups 

and interplanar spacing. Note that superior performance of MXene quantum dots (QD) is 

attributed to their significantly reduced size (4.9 nm), which enhances light absorption 

efficiency. However, the absorption properties of our dMXene clearly surpass those other 

2D nanomaterials in the NIR II region emphasizing its exceptional potential. Compared 

to MXenes, dispersions of IONPs of the same concentration show lower absorption in the 

NIR region. This absorption is, in any case, not negligible. It is well known that magnetite 

exhibits a broad absorption band in the near-infrared region (around 1300–1700 cm−1), 

which is attributed to an intervalence charge transfer (IVCT) transition between Fe²⁺ and 

Fe³⁺ ions in the octahedral sites of its inverse spinel structure [68]. The absorptivity of 
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each hybrid has been also measured and compared with the pure MXene and IONPs (Fig. 

6a). Absorptivity at 1064 nm (laser wavelength) decreases as the amount of nanoparticles 

increases in the hybrid, although it is yet noticeable for the hybrids with the highest 

proportion of MXene. This behaviour has been also observed in other hybrids, such as 

MXene/PTFE [69] or MXene/CoFerrite [70]. Decreasing the amount of the MXene in the 

hybrid leads to reduced absorptivity.  

Both the pure MXene and its hybrids were submitted to photothermal characterization, 

to assess their light-to-heat conversion efficiency. The evaluation was performed using a 

NIR laser (1064 nm) applied for 300 seconds at a power of 1 W power (P/A = 26 W/cm2). 

 The response of the materials was evaluated at a low concentration of 0.2 mg/mL (total 

mass) in water. Fig. 6b presents the heating curves of both the hybrid and pristine 

materials under irradiation. IONPs in aqueous suspension, in the absence of MXene 

sheets, led to minimal temperature increases of only 0.9 °C, within a 300 s irradiation 

period, indicating very limited and nearly negligible photothermal performance, primarily 

due to their low concentration in solution. 

 

Fig. 6. (a) Vis-NIR absorption spectra of the hybrids and nanoparticles (b) Photothermal 

heating curves of hybrids and nanoparticles. 
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Fe3O4 nanoparticles have been widely studied as photothermal agents due to their 

semiconducting properties and the presence of a broad localized surface plasmon 

resonance (LSPR) band in the near-infrared (NIR) region [71]. This plasmonic behavior, 

particularly pronounced in non-stoichiometric compositions (Fe3–xO4), enables heat 

generation upon NIR irradiation [72]. However, the efficiency of this response is highly 

dependent on the excitation wavelength. The position and intensity of the LSPR band are 

influenced by factors such as morphology, size, crystalline imperfections, and 

agglomeration, among others [73]. Although the LSPR band of Fe3O4 extends over a 

broad spectral range, its maximum is typically located above 1300 nm. Therefore, under 

irradiation at 1064 nm, the photothermal response tends to be significantly lower, 

especially at low nanoparticle concentrations. 

The irradiation of the synthesized MXene without IONPs results in a temperature 

increase of 3.4 C. This is attributed to the located surface plasmon resonance (LSPR) 

possible in MXenes due to their semi-metallic character in the monolayer state and the 

high density of free charge carriers provided by surface Tx terminations, primarily –OH 

and –F-) [8,45]. Additionally, MXene monolayers exhibit an intense absorption band 

around 800 nm, corresponding to an intra-band transition that facilitates efficient 

electromagnetic radiation [74]. Unlike Fe3O4 nanoparticles, which have a light-to-heat 

conversion efficiency ranging 2–90%, MXenes achieve nearly 100% efficiency [30]. This 

difference explains, in part, the lower photothermal response observed for Fe3O4 

nanoparticles [64]. 

Analyzing the heating curves of the hybrids, compositions 70:30 and 50:50 reached 

remarkable temperature increments of 12.2, and 8.2 C respectively. Notably, the 

photothermal response of the nanohybrids exceeds that of the individual base materials, 

demonstrating a clear synergic effect. However, the 30:70 hybrids exhibited negligible 



23 
 

photothermal capacity, which is correlated with the low absorptivity observed in this 

sample. This reduced absorptivity may be due to the formation of multilayered Fe3O4 

nanoparticle clusters on the MXene surface, which can hinder light penetration and 

compromise the light absorption of the hybrid structure [75]. 

The heat generation capacity is commonly evaluated employing the specific absorbance 

rate (SAR), as defined in Eq. (1). SAR considers the initial slope of the heating curve, 

(typically during the first 10 seconds), the specific heat of the medium, and the 

concentration of the photoactive material. Since MXene is the primary contributor to the 

overall heat generation, SAR was calculated both based on the total hybrid amount and 

specifically as a function of the MXene content. The results of the determined SAR 

values, and the temperature differences achieved are summarized in Table 2. 

SAR =
Cp · ρ

[Active material]
·

dT

dt
 (1) 

 

In this respect, Cp represents the specific heat of the measuring medium (solvent), 𝜌 the 

density of the medium, divided by the concentration of the active material, and multiplied 

by the slope of the first 10 seconds of the heating curve (dT/dt).  

Table 2. Final ΔT (ºC) values of the photothermal heating curves and the corresponding 

SAR values as a function of the MXene mass (W/g MXene) and the hybrids total mass 

(W/g hybrid). 

Sample [IONPs] 

(mg/mL) 

[MXene](mg/mL) ΔTo
final 

(oC) 

SAR          

(W/g MXene) 

SAR               

(W/g hybrid) 

Hybrid 

30:70 

0.14 0.06 0.2 27.19 8.16 

Hybrid 

50:50 

0.10 0.10 8.2 1153.45 576.72 

Hybrid 

70:30 

0.06 0.14 12.2 1580.36 1106.26 
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MXene – 0.20 3.4 241.74 241.74 

IONPs 0.20 – 0.9 32.86 32.86 

 

SAR of samples 50:50 and 70:30 (W/g of hybrid) are up to ≈2.4 and ≈4.6 times higher 

than the one of MXene alone. The exceptional behaviour exhibited by both hybrids may 

be caused by a conjunction of different factors. First, according to the SEM observations, 

both hybrids preserve the laminar structure of MXene sheets without apparent restacking. 

The main mechanism in light-to-heat energy conversion is LSPR, and this effect is 

strongly dependent on the geometrical parameters of the conducting nanoparticle. This 

effect was observed in metallic nanoparticles (e.g., Au and Ag) and as well in MXenes. 

LSPR effect can be improved by decreasing thickness [76]. Therefore, multilayered 

MXenes (mlMXenes) exhibit lower performance in light-to-heat transfer compared to 

dMXenes. We surmise that a nanoparticle coating with sufficiently extensive coverage 

can effectively prevent MXene restacking and enhance light absorption and conversion 

compared to bare MXene sheets, provided that excessive loading—leading to clustered 

aggregates that hinder light interaction—is avoided. Representative TEM images of the 

nanohybrids were presented in Fig. 5. In addition to the varying degrees of coating 

observed in the SEM images, MXene sheets stackings ranging from 2–3 layers to massive 

stacks of up to 17 sheets can also be identified. The frequency of occurrence of these 

massive stacks is related to the MXene:Fe3O4 weight ratio. The higher the weight ratio is, 

the less frequently massive restacking appears. Another possible explanation for the 

synergy effect in PTT displayed by some of the hybrids can be found in the literature. It 

is associated with dual-plasmonic resonance, which occurs when two or more 

nanomaterials capable of giving the LSPR are combined. 

By incorporating metallic nanostructures on a plasmonic semiconductor material 

(MXene), multiple plasmonic resonance modes are generated that may improve the 
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absorption and development of photothermal processes [32]. The LSPR band may change 

both in intensity and wavelength. However, controlling the positioning of these new 

LSPR bands is complex, since it depends on multiple factors, such as the surface state of 

the MXenes, the distribution of the nanoparticles on the surface, the degree of 

agglomerations, inter-particle distance, among others. When these dual-plasmonic 

systems are excited with discrete magnetic irradiation, variations in absorption band shifts 

due to different structural conditions can result in varying heating efficiencies [8]. Indeed, 

additional experimental work should be done to confirm this potential. SEM and TEM 

images revealed that when the proportion of IONPs exceeds 50%, the MXene structure 

becomes surrounded by multiple layers and clusters of magnetic nanoparticles, with 

noticeable aggregation. In contrast, nanohybrids with lower IONPs content maintain a 

visible MXene structure, with the nanoparticles evenly distributed on the surface. 

Moreover, dispersion stability in water of the 30:70 hybrids was compromised, with the 

subsequent aggregation during the experiment, suggesting that the laminar structure of 

MXene was lost in this hybrid.  

The magneto-thermal characterization was performed at a constant frequency of 282 

kHz at different magnetic fields: 9, 13 and 17 kA/m. Fig. 7 shows the magnetic 

hyperthermia heating curves of Ti3C2Tx/Fe3O4 hybrid samples. SAR values were likewise 

determined according to Eq. (1) and are summarized in Table 3. We have selected the 

initial-slope method, which is the most applied method to determine SAR values. The 

analysis is based on the assumption that heat losses are negligible during a certain time 

interval at the beginning of the heating [77]. This method is simple to implement, and it 

is compatible with commercial magnetic hyperthermia AC applicators. SAR values are 

moderate overall, with the highest values observed for 50:50 hybrids (151 W/g Fe3O4). 

Nonetheless, these hybrids were able to induce a substantial temperature increase (up to 
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6 °C) in the diluted aqueous suspensions within 180 s of irradiation. This temperature 

increase was obtained using AMFs conditions that comply the existing limit of the H×f 

factor for cancer treatment by MHT in clinic (≤ 5×109 A m−1 s−1) established by Hergt et 

al. [78]. Given the superparamagnetic behaviour of our magnetic nanoparticles, as 

confirmed by VSM, the corresponding intrinsic loss power (ILP) values were also 

determined (see Table 3). ILP values standardize and universalize SAR measurements, 

facilitating comparisons by normalizing SAR values according to the applied alternating 

field H and the frequency f, as described in Eq. (2). The hybrids display ILP values 

ranging from 1.25 to 2.08 nH m2/kg, with the 50:50 hybrids showing the highest value. 

These values are lower than those obtained for the IONPs alone (2.52 nH m2/kg). 

ILP =  
SAR

H2 ·  f
 (2) 
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Fig. 7. Magnetic hyperthermia heating curves of Ti3C2Tx/Fe3O4 hybrid samples at 

different mass ratios: (a) 30:70, (b) 50:50 and (c) 70:30, at different fields (9, 13 and 17 

kA/m) and different concentrations (2.0, 1.0 and 0.4 mg/mL) at a constant frequency of 

282 kHz.
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Table 3. Amounts of MXene and IONPs (in mg) used to prepare hybrids with different 

weight ratios, characterized at various concentrations under an alternating magnetic field 

(AMF) with a constant frequency (kHz) and different fields strengths (kA/m). The 

corresponding SAR values (W/g Fe3O4) and intrinsic loss power (ILP) were measured at 

a constant value frequency of 282 kHz.  

 Hybrid 

(mg/mL) 

MXene 

(mg/mL) 

IONPs 

(mg/mL) 

Applied field  

(kA/m) 

SAR  

(W/g Fe3O4) 

ILP  

(nH m2/kg) 

 

 

Hybrid 

30:70 

2.86 0.86 2.00 9 32 1.25 

2.86 0.86 2.00 12 67 1.47 

2.86 0.86 2.00 16 91 1.16 

1.43 0.43 1.00 16 98 1.25 

0.57 0.17 0.40 16 116 1.48 

 

 

Hybrid 

50:50 

4.00 2.00 2.00 9 38 1.49 

4.00 2.00 2.00 12 95 2.08 

4.00 2.00 2.00 16 133 1.69 

2.00 1.00 1.00 16 144 1.83 

0.80 0.40 0.40 16 151 1.91 

 

 

Hybrid 

70:30 

6.67 4.67 2.00 9 35 1.35 

6.67 4.67 2.00 12 61 1.33 

6.67 4.67 2.00 16 94 1.19 

6.67 2.33 1.00 16 100 1.28 

3.33 0.93 0.40 16 125 1.58 

IONPs – – 2.00 9 31 1.19 

– – 2.00 12 63 1.38 

– – 2.00 16 126 1.60 

– – 1.00 16 159 2.02 

– – 0.40 16 199 2.52 



29 
 

SAR values are slightly higher (up to 199 W/g Fe3O4 for the same AMF conditions, 

heating curves are found in the supporting Fig. S4) than those of their corresponding 

hybrids, although likewise moderate. Indeed, it was reported that stabilizing of magnetic 

nanoparticles with oleic acid reduces SAR values and that oleic acid acts by entrapping 

the nanoparticles in such a way that the Brownian relaxation mechanisms [79] are reduced 

[80]. In addition, we assume that being IONPs on the surface MXene likewise contributes 

suppressing Brownian motion of the nanoparticles. As expected, the magnetothermal 

behaviour of the MXenes was negligible, as temperature was constant during AMF 

application.  

Fig. 8 compiles the SAR values calculated from the magnetothermal results observed 

in Fig. 7 (hybrids) or Fig. S4 (IONPs) as a function of applied magnetic field (Fig. 8a) 

and Fe3O4 nanoparticles concentration (Fig. 8b). SAR increases with the magnetic field 

at a given frequency. Specifically, the free IONPs exhibit a quadratic evolution, consistent 

with the quadratic relationship between Hmax
2 and the heat dissipation power [7]. In 

contrast, the hybrids show an evolution suggesting they are reaching saturation [81]. At 

high fields, the SAR value of the 50:50 hybrid is higher than that of all other samples, 

while the 30:70 and 70:30 hybrids exhibit lower responses, comparable to their 

corresponding free IONPs.  

Fig. 8b shows the evolution of the SAR as a function of the IONPs concentration; in 

this sense, successive dilutions of all the samples studied were carried out experimentally. 

Specifically, samples were characterized at 2.0, 1.0 and 0.4 mg/mL of IONPs. In all cases, 

a significant decrease in SAR is observed at higher concentrations, suggesting that with 

increasing concentration there is a decrease in the interparticle distance, leading to an 

increase in the dipolar interaction, causing a decrease in SAR efficiency [82,83]. This 

phenomenon becomes more pronounced in free IONPs samples than in the nanohybrids, 
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as the nanoparticles in the hybrid are supported on MXenes and not freely arranged in the 

solution. In this context, nanohybrids with a 50:50 mass ratios exhibit higher performance 

than the rest, registering superior SAR values only at high concentrations. Studies on the 

dependence of SAR on concentration at various frequencies indicate that this relationship 

is influenced by multiple factors, including magnetic anisotropy, size, hydrodynamic 

volume, frequency, magnetic field, etc. [82]. While SAR values are expected to remain 

constant regardless of sample concentration [83], variations have been observed 

depending on factors such as nanoparticles coating, shape, size, anisotropy and 

measurement conditions, [84]. Overall, it can be concluded that the formation of 50:50 

Ti3C2Tx/Fe3O4 hybrids does not compromise the heating performance of the incorporated 

IONPs. 

 

Fig. 8. SAR dependence on the (a) applied magnetic field and (b) Fe3O4 concentration of 

Ti3C2Tx/Fe3O4 nanohybrids of different mass ratios: 30:70, 50:50 and 70:30 

 

 

 

 

 



31 
 

3. Conclusion 

Hybrid multifunctional nanomaterials based on delaminated Ti3C2Tx MXenes and 

Fe3O4 magnetic nanoparticles were successfully prepared at different MXene:IONPs 

ratios (90:10, 70:30, 50:50, 30:70, 10:90) using a simple Van der Waals-facilitated self-

assembly route. The combination of these two nanoparticles allowed the obtention of a 

material with both photothermal and magnetothermal responses, making them promising 

candidates for advanced hyperthermia therapies. Highly delaminated MXenes provide the 

hybrid with radiation absorption in the NIR II region and good light-to-heat conversion. 

The 14 nm Fe3O4 faceted nanoparticles used in this work are superparamagnetic and 

present a well-known magnetothermal effect under an alternating magnetic field (AMF). 

Significantly, the hybridization process did not compromise the magnetic nanoparticles' 

ability to interact with radiation or a magnetic field. 

Furthermore, a significant synergist effect was observed in the photothermal 

behaviour of MXenes when decorated by IONPs, achieving SAR values of 1106 W/g for 

the 70:30 hybrid, 4.5 times higher than that of pure MXene. This enhancement is 

attributed to reduced restacking and improved absorption of delaminated MXene sheets. 

MXene/Fe3O4 hybrid nanomaterials demonstrated enhanced heat dissipation under both 

alternating magnetic field exposure and laser excitation. These findings highlight the 

potential of MXenes as an optimal platform for developing multifunctional hybrid 

materials tailored for complementary hyperthermia treatment therapies. 

 

4.  Experimental section 

Synthesis of Ti3C2Tx-type MXene. Ti3C2Tx-type MXenes were obtained by a selective 

aluminum layer etching of the MAX phase Ti3AlC2 (–325 mesh, >99%, Nanografi) via 

in situ generation hydrofluoric acid (HF) method, following a modified procedure 
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designed by Gogotsi et al. [48]. In a typical synthesis, 30 mL of HCl (≥35%, Sigma-

Aldrich) was added to a 10 mL deionized water solution containing LiF (99.98%, Across 

Organics BvBa) and Ti2AlC3 to obtain in situ HF. A 2:1 mass ratio of LiF:Ti2AlC3 was 

used (for example, in a typical experiment 8 g of LiF and 4 g of Ti2AlC3 were employed). 

Then, this solution is placed on a stirring hot plate and the etching reaction is allowed at 

40 °C for 48 h under magnetic stirring. After etching, purification involved washing with 

deionized water until reaching a pH of 7, resulting in multilayered MXene, mlMXene 

delamination was achieved through vortexing for 48 h at 480 rpm to obtain delaminated 

MXenes (dMXene). To preserve dMXenes from oxidative processes, they were freeze-

dried and stored under vacuum. The synthetic route is summarized in Fig. 9. The atomic 

arrangements of MAX phase and Ti3C2Tx-type MXene are illustrated in Fig. S5.  

Synthesis of Fe3O4 NPs. Magnetic iron oxide nanoparticles (IONPs) varying the 

shape were prepared via thermal decomposition of iron(III) acetylacetonate 

(Fe(acac)3) ensuring precise control over shape, size distribution, and reaction yield 

[85]. Briefly, IONPs were prepared by solving 20 mmol (4.61 g) of 1,2-

tetradecanediol (TDD) (90%, Sigma-Aldrich), and 2 mmol (0.71 g) of Fe(acac)3 

(≥99%, Acros Organics BvBa) precursor in 36 mL of 1-octadecene (ODE) (90%, 

Sigma-Aldrich), and then mixing with 2 mL of oleylamine (OAm) (70%, Sigma-

Aldrich), 4 mL of oleic acid (OA) (90%, Sigma-Aldrich) and 4 mL of 

benzaldehyde (BA) (≥99%, Sigma-Aldrich). To this end, a 100 mL 2-neck round 

bottom flask was used. All reagents were added in fixed molar amounts, and 

Fe(acac)3 was added in the last place. The reaction was conducted under a 

continuous N2 (g) flow (30 bubbles per min), preventing O2 presence, and under 

magnetic stirring of 800 rpm. Using a heating mantle (labbox HM02-D heating 

blanket with stirring and Pt100 thermocouple), a temperature rise up to 110 °C was 
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followed by an isothermal stage, ensuring homogenization and oxygen 

displacement. The reaction was hold at this temperature for 30 min. Then, the N2 

flow was stopped, and temperature is increased to 280 °C (at a heating rate of 10 

°C/min) for thermal decomposition of Fe(acac)3 and under N2 atmosphere using a 

balloon attached to the condenser. The total reaction time was 90 min. After 

cooling, the crude reaction was recovered with chloroform, and acetone was added 

as an anti-solvent. The purification step was done through centrifugation and 

subsequent redispersion in chloroform. Finally, Fe3O4 NPs coated with oleic acid 

were kept in chloroform. The synthetic route is summarized in Fig. 9 and the 

outline of the evolution of IONPs is shown in more detail in Fig. S6.  

Synthesis of Ti3C2Tx/Fe3O4 nanohybrids. The Ti3C2Tx/Fe3O4 nanohybrids were 

obtained following a holistic method based on ensuring the preferential interaction 

between both counterparts following the modified experimental procedure of the original 

one developed by Xu et al. [86]. In this sense, tetrahydrofuran (THF) (≥99.5%, Sigma-

Aldrich) was chosen as the reaction medium because of its physicochemical properties 

that allow promoting van der Waals-facilitated self-assembly. Briefly, an appropriate 

amount of Fe3O4 nanoparticles to obtain 25 mg of hybrids were transferred from 

chloroform to the reaction medium, 300 mL of THF, by drying of the chloroform and 

subsequent re-dispersion in 10 mL of THF and then dilution to 300 mL in a beaker. After 

an exchange of the solvent from chloroform to tetrahydrofuran (THF) IONPs coated with 

oleic acid, were easily redispersed through sonication (Fisherbrand FB15051 ultrasonic 

bath, 37 kHz, 280 W). The samples were subjected to a continuous sonication at room 

temperature which ensured a totally homogeneous dispersion. Delaminated MXene films 

were redispersed in water to a final concentration of 2 mg/mL. Then, MXene dispersion 

was added to the IONPs dispersion drop by drop. After addition, sonication was 
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maintained for 5 h at room temperature. The nanohybrid dispersion was allowed to 

sediment overnight. The supernatant was discarded and the nanohybrids were vacuum 

dried. Varying the Ti3C2Tx:Fe3O4 mass ratio, different nanohybrids were 

synthetized:10:90, 30:70, 50:50, 70:30 and 90:10. The global experimental conditions are 

summarized in Fig. 9. 

 

Fig. 9. Synthetic route of Ti3C2Tx/Fe3O4 hybrids in THF, starting from Fe3O4 NPs 

obtained following the thermal decomposition method of the Fe(acac)3 precursor 

deposited on the delaminated Ti3C2Tx-type MXene films obtained following the selective 

etching of Al layers of the Ti3AlC2 MAX phase by in situ HF and subsequent 

delamination process. 

Scanning Electron Microscopy (SEM) Characterization. Morphological studies of the 

dMXenes films and the different nanohybrids were carried out with FEI TENEO LoVAc 

Field Emission Scanning Electron Microscope (FE-SEM). Both dry materials were 

deposited on carbon tape. 

Transmission Electron Microscopy (TEM) Characterization. The JEOL JEM 2100 HT 

Transmission Electron Microscope (TEM) allowed the structural evaluation of Fe3O4 NPs 

and Ti3C2Tx/Fe3O4 nanohybrids of different mass ratios; also, in the case of the IONPs it 

was possible to obtain size distributions after acquiring the intraparticle size with a 

population of 250 samples. The preparation of the samples was performed by depositing 



35 
 

a drop of a diluted solution of the nanoparticles in chloroform on a Cu with C holder, 

while the hybrids were dispersed in isopropanol and subsequently diluted in the same 

solvent and depositing a drop on the Cu with C holder and leaving them to dry at room 

temperature. 

X-Ray Diffraction (XRD) Analysis. The crystallographic study was carried out with a 

Philips X'Pert-MPD equipment with Cu Kα radiation (λ = 0.15406 nm) with a scan rate 

of 0.2 2θ/min from 10 to 70° for the Fe3O4 NPs and from 4 to 70° for the dMXene films. 

Both materials were dispersed in acetone, deposited on the sample holder, and allowed to 

dry at room temperature. 

X-ray Photoelectron Spectroscopy (XPS) characterization. X-ray photoelectron spectra 

were recorded with a multi- technique ultra-high vacuum system equipped with a SPECS 

PHOIBOS 100 MCD detector and non-monochromatic Mg Kα (hv = 1256.6 eV) X-ray 

radiation operating at 200 W (12 kV). The samples were degassed for 6–8 h, to achieve a 

dynamic vacuum below 10−8 Pa prior to analysis. The instrument's error in energy 

determinations was less than 0.01 eV. The resulting spectral data were analyzed using 

CASAXPS software (v2.3.26) and the RSF database by peak fitting after Shirley 

background correction. 

Vibrating-Sample Magnetometer (VSM) Characterization. Magnetic properties were 

evaluated to Fe3O4 NPs with a KLA Tencor EV7 Vibrating-Sample Magnetometer 

(VSM) sweeping from a range of -5 to 5 (T) at a scanning speed of 0.3 T/min and at a 

constant temperature of 27 °C. Sample preparation consisted of depositing 100 μL of a 

dispersion of MNPS in CHCl3 on a cotton ball, which, after drying, was introduced into 

a pellet. 

Dynamic Light Scattering (DLS) Characterization. The stability of the IONPs sample 

in the reaction medium for hybrid fabrication (THF) and with a Malvern Zetasizer Nano 
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ZS90 Dynamic Light Scattering (DLS) equipment the size distribution in terms of number 

and volume were recorded. The IONPs sample was dispersed in THF at a concentration 

of 1:40. 

Atomic Emission Spectroscopy with Inductively Coupled Plasma (ICP-OES) Analysis. 

Using a SPECTRO Arcos ICP-OES spectrometer, an analytical study was carried out to 

determine the concentration of the IONP dispersion in terms of Fe. For the preparation, 

50 μL of sample was digested in 4 mL of aqua regia for 24 h at 90 °C and the mixture 

was brought to 50 mL. 

Visible Near-infrared (Vis-NIR) Absorption Analysis. Vis-NIR absorption was 

analyzed up to 1100 nm (NIR II) for aliquots of different dispersions in water, in the range 

of 0.01–0.10 mg/mL, of MXene nanosheets, IONPs and the different hybrids. Analysis 

was performed using a Zuzi 4260/50 spectrophotometer with a bandwidth of 1 nm. 

Photothermia – Calorimetric. The nanohybrids 30:70, 50:50 and 70:30, dMXene, and 

IONPs were evaluated for their photothermal properties by exciting them with a Novanta 

Ventus HP MPC6000 laser (2.2 mm beam diameter) at λ = 1064 nm at 1 W (P/A = 26 

W/cm2) for 300 s. Hybrid samples were dispersed in water at a fixed concentration of 0.2 

mg/mL, which 500 μL of this dispersion were placed in a 2 mm optical pitch quartz 

cuvette (under magnetic stirring), lasered for 300 s at 1 W power recording the 

temperature evolution with a T-type thermocouple coupled to a USB Datalogger (TC 

direct). The determination of the specific absorption rate (SAR) involved analyzing the 

slope (dT/dt) of the initial heating profile within the first 10 seconds. Eq. (1) was 

subsequently applied, taking into consideration the quantity of MXene and the total 

weight of the hybrid material. 

Magnetic Hyperthermia – Calorimetric. The magnetic hyperthermia properties of 

30:70, 50:50 and 70:30 hybrids, dMXenes and IONPs were studied employing a Fives 
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Celes 12118 M01 alternating magnetic field (AMF) generator at a frequency of 282 kHz, 

equipped with a 6-turn and a thermostatic bath set at 25 °C for the samples. Samples were 

adjusted to a concentration of 2 mg magnetic nanoparticles/mL H2O. The heating profile 

was recorded using an Osensa FTX fiber optic temperature sensor. Measurements were 

performed at different field conditions (9, 13 and 17 kA/m) for 180 s. The specific 

absorption rate (SAR) was estimated by considering the slope (dT/dt) of the heating 

profile the first 10 s and using Eq. (1), considering only the concentration of magnetic 

nanoparticles. The intrinsic loss power (ILP) parameter was also calculated applying Eq. 

(2). 
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