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Abstract 

The present work, set out with the aim of studying the effect of in-situ precipitation of TiO2 

form Ti3C2Tx MXene phase on the electromagnetic (EM) behavior of Ti3C2/TiO2 composites. 

In this regard, Ti3C2Tx MXene phase was synthesized using HF acidic etching of Ti3AlC2 MAX 

phase and the in-situ precipitation of TiO2 phase within Ti3C2 sheets was followed by 

controlled annealing in temperature range of 500-800 oC for 2 h. The phase and structural 

characteristics of prepared composites were investigated using X-ray diffraction (XRD), 

scanning electron microscope (SEM) and differential thermal analysis. The electromagnetic 

behavior of samples was also analyzed using vector network analyzer (VNA). The results 

showed that by performing the controlled annealing process of Ti3C2Tx MXene phase, it is 

possible to in-situ formation of TiO2 phase and form the Ti3C2/TiO2 composites. The 

electromagnetic behavior of Ti3C2/TiO2 composites is in direct relation with the percentage of 

TiO2 phase deposited within Ti3C2 sheets during annealing process. The reflection loss (RL) 

changed from -7.98 to -21.28 dB (within frequency range of 1-18 GHz) with increasing in 

annealing temperature from 500 to 800 oC as well as increasing the size and percentage of 

formed TiO2 particles.  

Keywords: MAX; MXene; In-situ; composite; Electromagnetic. 
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1. Introduction 

High temperature electromagnetic wave absorbing materials thanks to their wide applications- 

have attracted the attention of scientific research societies. These materials have secured their 

place in communication means/devices, aerospace industries and electronic equipment [1]. 

Besides exhibiting high performance in waves absorbing, they should have very slight 

thickness, light weight and a wide frequency range [2]. Traditional wave absorbing materials 

including ferrites, metallic magnetic powders, conducting polymers, etc. faced limitations and 

did not meet these requirements. Hence, the development of new materials with the unique 

properties such as MAX and MXenes was accelerated [3]. 

MXenes are known by the general formula of Mn+1AXn (n=1,2 or 3) generated by selective 

etching of MAX phase ceramics. In this formula, M is an intermediate metal, A is an element 

from group A (often an element from groups 3, 4 or 5 of periodic table), X is nitrogen or carbon 

and Tx representing superficial functional groups like -F, -OH, and -O [4, 5]. This group of 

materials, owing to their layered structure and a large number of native defects and chemically 

active surfaces, are most apt candidates for EM interference shielding and absorption 

applications [6].  

Based on literatures, the shielding performance of MXenes can be improved by adding 

magnetic and dielectric reinforcing phases. However, dielectric reinforcement materials are 

more desirable for high temperature applications, as the magnetic properties of the material are 

lost at high temperatures [7-9]. In this regard, a large number of research works have been 

devoted to the investigation of MXene based composites containing dielectric materials [10]. 

Among the dielectric absorbent materials, TiO2 is a suitable candidate for high temperature EM 

applications due to its stable dielectric property and low density. Also TiO2 brings about an 

increase in Ti3C2Tx MXene dielectric layers optimizing the impedance matching [11]. 
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Moreover, TiO2 can be deposited in-situ inside the MXene layers during a controlled annealing 

[12-14].  

In this regard, Fan et al. [15] reported that the precipitation of TiO2 nanoparticles from Ti3C2Tx 

during annealing process has significant effects on EM absorption behaviors of prepared 

composites. In this research, the RLmin of prepared Ti3C2Tx/TiO2 composite was reached to 

about 40.7 in matching frequency of 19.2 GHz (thickness 1.5 mm). In other work, Sun et al. 

[16] successfully grew TiO2 particulate inside Ti3C2Tx MXene layers using hydrothermal 

method and achieved the reflection loss of about 58.30 dB (1.75 mm thickness) in optimized 

composite. Reports presented by Gao et al. [18] and Yan et al. [17] also show the positive 

effects of the presence of TiO2 on EM behavior of MXene based composites within band X 

boundary.  

Despite the numerous studies about the preparation and different characteristics of MXene 

based composites, no coherent report has yet been presented on the exact effect of TiO2 on the 

EM behaviors of these composites. So, this research  focused on the in-situ preparation of TiO2 

phase within Ti3C2 sheets during controlled annealing process of Ti3C2Tx MXene phase. The 

most important goal of this work was to investigate the electromagnetic wave absorption 

behavior in the frequency range of L (1 to 2 GHz), S (2 to 4 GHz), C (4 to 8 GHz), X (8 to 12 

GHz) and Ku (12 to 18 GHz) bands in the formed composites. 

 

2. Experimental procedure 

In this research, Ti3AlC2 MAX powder with a purity of above 99% and a mean particle size of 

less than 10 µm (REDOX company) were used as raw materials for the formation of MXene 

phase. The Ti3C2Tx MXene phase was prepared using selective etching of Al from the Ti3AlC2 

MAX powder in the Hydrofluoric acid (HF) (≥40 wt%, analysis) [11]. In a typical synthesis 

process, 2 g of the MAX powders were slowly added to 50 mL of HF solution. The etching 
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process was continued for 24 h [19], while stirring proceeded with the help of a magnetic bar. 

Afterwards, the mixture was washed several times with deionized water whereupon 

centrifugation performed at 3500 rpm for 5 min per cycle. After the last centrifuge, the pH of 

the supernatant was around 7.0. Subsequently, the product was washed with alcohol and dried 

in a vacuum oven at 60 °C for 24 h [19]. The Ti3C2/TiO2 composites were prepared during 

controlled annealing process of prepared Ti3C2Tx MXene phase at temperature range of 500-

800 ℃ for 2 h (under argon protective atmosphere). 

Phase examinations of the obtained samples were done via X-ray diffraction (XRD) analysis 

by utilizing XRD device (PW3710, Phillips Co.) under voltage 40 kV and current 0.05 Ampere. 

Morphological characteristics of the powder samples were inspected through scanning electron 

microscopy (SEM) (VEGA-TESCAN-XMU, Czech Republic). The differential scanning 

calorimetry (DSC) analysis of the samples was also conducted using STA 409 PC/PG device 

(NETZSCH Co.), under argon gas protection with the heating rate of 20 °C/min. A PNA-5222A 

vector network analyzer (VNA) system was utilized for analyzing the electromagnetic waves 

absorption of the studied samples.  

 

3. Results and discussion 

The X-ray diffraction patterns of Ti3AlC2 MAX phase before and after etching process at HF 

solution for 24 h are shown in Fig. 1. A glance at the peaks formed in Fig. 1 (a) at angles of 

34.1, 36.8, 38.9, 41.9, and 74.2o based on the reference code (JCPDS:52-0875) indicates the 

formation of a high-purity Ti3AlC2 MAX phase and there is no evidence of impurities in this 

sample. Fig. 1 (b) shows the XRD pattern of Ti3AlC2 MAX phase after selective etching of Al 

in HF solution for 24 h. As can be clearly seen, the diffraction peaks corresponding to the 

Ti3AlC2 phase completely disappear and the XRD pattern is formed at angles of 18.5, 35.9, 

41.7 and 60.7o corresponding to the characteristic peaks of the Ti3C2Tx MXene phase [11, 20]. 

The latter result is confirmed by the SEM micrographs illustrated in Fig. 2, where the 
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accordion-like multi-layered nano-flake Ti3C2Tx MXene is clearly visible. The result obtained 

from SEM image is consistent with those presented by Tong et al. [21]. 

 

 

Fig.1. X-ray diffraction patterns of Ti3AlC2 MAX phase a) before and b) after etching process 

in HF solution for 24 h. 

   

  

(b) (a) 
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Fig.2. the SEM micrographs of Ti3AlC2 MAX phase after etching process in HF solution for 

24 h (at two different magnifications). 

 

In order to study the thermal behavior of prepared Ti3C2Tx MXene phase, the sample was 

examined using DSC technique under continuous heating. The DSC heating trace of this 

sample, in Fig. 3, reveals only one wide endothermic peak at temperature range of 500-800 oC. 

To analyze the phase transformation responsible for the endothermic peak, the Ti3C2Tx MXene 

phase was annealed within 500, 600, 700 and 800 ℃ for 2 h and the samples were examined 

using XRD technique. The XRD patterns of annealed samples are presented in Fig. 4. As seen, 

during annealing process, the diffraction peaks intensity corresponding to MXene phase 

gradually decrease and several new peaks related to TiO2 phase with anatase at 25.1, 37.5, 

48.12, 54.7, and 69.56 o angles (JCPDS:21-1272) and TiO2 phase with rutile at 27.4, 36.06, 

41.22, 54.32, and 56.7o angles (JCPDS:21-1276) structures appear in XRD patterns. This 

finding is in agreement with those reported by Lei et al. [22]. Therefore, the endothermic peak 

in Fig. 3 should be attributed to the precipitation of TiO2 from the Ti3C2Tx MXene phase. In 

fact, the presence of -OH and -O groups on the surface of Ti3C2Tx causes thermodynamic 

instability of MXene and leads to the in-situ formation of TiO2 deposits during annealing 

process [23, 24]. The following equations (1-5) can be proposed to explain the formation 

mechanism of Ti3C2/TiO2 composite: 

(1) 
𝑇𝑖𝑂2(𝑒− + ℎ+) + 𝑇𝑖3𝐶2 → 𝑇𝑖𝑂2(ℎ+) + 𝑇𝑖3𝐶2(𝑒−) 

(2) 
𝑇𝑖3𝐶2(ℎ+) + 𝑂𝐻− →• 𝑂𝐻 + 𝑇𝑖𝑂2 

(3) 
𝑇𝑖3𝐶2(𝑒−) + 𝑂2 →• 𝑂2

− + 𝑇𝑖𝑂2𝐻2𝑂 • 𝑂𝐻 + 𝑇𝑖3𝐶2 

(4) 
𝑇𝑖𝑂2(ℎ+) +  𝑂𝐻− →• 𝑂𝐻 + 𝑇𝑖𝑂2 
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(5) 
𝑇𝑖𝑂2(𝑒−) + 𝑂2 →• 𝑂2

− + 𝑇𝑖𝑂2𝐻2𝑂 • 𝑂𝐻 + 𝑇𝑖𝑂2 

 

 

Fig.3. The DSC heating trace of Ti3C2Tx MXene phase. 

 

 

Fig. 4. X-ray diffraction patterns of Ti3C2Tx MXene phase after annealing process at, a) 500, 

b) 600, c)700 and d) 800 oC for 2 h. 
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As mentioned, the diffraction patterns presented in Fig. 4 well confirm the in-situ formation of 

Ti3C2/TiO2 composites. This result is in agreement with the presented SEM micrographs of 

annealed samples at 500, 600, 700 and 800 oC  in Fig. 5. Based on this figure, the nano-sized 

TiO2 particles with unique distribution are formed on initial layers of MXene sheets. The 

morphology of formed TiO2 nano-particles is closed to spherical and their size increases to 

about 180 nm with increasing annealing temperature. 

 

  

(b) (a) 

  

(d) (c) 
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(f) (e) 

  

(h) (g) 

Fig. 5. The SEM micrographs of Ti3C2Tx MXene phase after annealing process at, a & b) 

500, c & d) 600, e & f) 700 and g & h) 800 oC for 2 h. 

 

Real parts of electrical permittivity (ε') and magnetic permeability (μ') indicate electrical and 

magnetic energy storage potential. Whereas imaginary parts show rate of electrical and 

magnetic energy loss [25]. The real (μ') and imaginary parts (μ″) of permittivity in prepared 

composites in this study are evaluated about 1 and 0, respectively as a result of the absence of 

magnetic components in composition. But, the changes in imaginary and real parts of electrical 

permittivity in relation to frequency (within 1-18 GHz) for prepared composites at different 

annealing temperatures are illustrated in Fig. 6. Based on this figure, several point can be 

concluded as: 

- The pure Ti3C2 MXene shows the highest values of real (ε') and imaginary part (ε'') of 

electrical permittivity.  
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- By increasing the annealing temperature to 700 ℃, the real and imaginary part of electrical 

permittivity decrease progressively. This point can be related to the change in MXene structure 

and precipitation of TiO2 phase within the Ti3C2 layers during annealing process.  

- The changes in the imaginary and real parts of the electrical permittivity curves of the 

annealed samples at 700 and 800 °C are the same. This means that increasing the temperature 

further than 700 °C does not have a significant effect on the electrical permittivity of the 

resulting composites. 

- The real and imaginary part of electrical permittivity of prepared composites follows a 

downward trend by increasing the frequency from 1 to 18 GHz. This is related to reductions in 

eddy currents losses [9].  

 

  

(b) (a) 

Fig. 6. The changes in a) imaginary and b) real parts of electrical permittivity in relation to 

frequency (within 1-18 GHz) for Ti3C2Tx MXene phase before and after annealing process at 

different annealing temperatures. 

 

The attenuation coefficient (α) and skin depth (δ) are important parameters for evaluating the 

dissipating capacity and the microwave absorption capability of an electromagnetic wave 

absorber, respectively. The higher the attenuation coefficient of an absorber, the more 
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electromagnetic wave energy can be converted into heat. The skin depth values also affect the 

ability to absorb EM waves. The thickness of the absorbing material must be greater than the 

skin depth in order to positively affect the absorption performance of EM waves. The changes 

in attenuation coefficient and skin depth versus the frequency for prepared composites are 

shown in Fig. 7. The presented results in Fig. 7 are calculated using the following equations [9, 

17]: 

𝛼 =
√2𝜋𝑓

𝑐
× √(𝜇′′𝜀′′ − 𝜇′𝜀′) + √(𝜇′′𝜀′′ − 𝜇′𝜀′)2 − (𝜇′𝜀′′ − 𝜇′′𝜀′)2 

(6) 

𝜎 = 2𝜋𝑓𝜀0𝜀′′ 
(7) 

𝛿 = √
1

𝜋𝑓𝜇𝜎
 

(8) 

Where, C is the speed of light in vacuum, f denotes the incident wave frequency, σ is 

conductivity, ɛ0 represents the electric permeability constant of the vacuum equal to 854.8×10-

12 F/m. 

Changes in damping constant relative to frequency for Ti3C2/TiO2 composites are displayed in 

Fig.7 (a). Based on equation (6), higher ε'' result in a larger α value. Therefore, the highest and 

lowest values of α parameter correspond to pure Ti3C2Tx MXene and annealed samples at 800 

℃, respectively. It should be noted that the value of parameter α decreases with increasing 

frequency. In other words, composites prepared at high frequency have higher performance. 

According to the results presented in Fig. 7 (b), the values of δ decrease abruptly in the range 

of 1–7 GHz, followed by an almost frequency-independent behavior. Based on this figure, it is 

quite evident that the maximum skin depth is related to Ti3C2/TiO2 composites annealed at 800 

℃.  
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(b) (a) 

Fig. 7. The changes in a) attenuation constant and b) skin depth in relation to frequency 

(within 1-18 GHz) for Ti3C2Tx MXene phase before and after annealing process at different 

annealing temperatures. 

Reflection loss (RL) is a key parameter that characterizes the absorption characteristics of 

electromagnetic waves. When RL values are less than -10 dB, 90% of the EM wave energy is 

absorbed. EM wave absorption performance of prepared composites can be confirmed 

according to transmission line theory with RL value. It can be calculated by the correlation of 

complex permeability and complex permeability as follows [9]: 

(9) 𝑅𝐿(𝑑𝐵) = 20 𝑙𝑜𝑔 |
𝑍𝑖𝑛 − 𝑍0

𝑍𝑖𝑛 + 𝑍0
| 

(10) 𝑍𝑖𝑛 = √
𝜇𝑟

𝜀𝑟
𝑡𝑎𝑛ℎ [𝑗

2𝜋𝑓𝑡

𝑐
√𝜇𝑟𝜀𝑟] 

Where Zin is the input characteristic impedance, Z0 denotes the impedance of free space, d 

stands for the thickness of the hybrid composite, εr shows the complex permittivity, μr 

represents the complex permeability.  

In this regard, the RL curves of prepared composites at different temperatures within frequency 

range 1-18 GHz (1-5 mm thicknesses) are illustrated in Fig. 8. As seen, best absorption behavior 

of EM waves belongs to the annealed sample at 800 ℃ with a thickness of 2 mm with the RLmin 

of about -22 dB at matching frequency of 12 GHz. Meanwhile, the weakest absorption behavior 
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of EM waves, with RLmin of about -5.51 dB at matching frequency of 8.95 GHz, is attributed to 

the pure Ti3C2Tx MXene phase.  Considering that the RLmin of composites prepared at 

temperatures below 500 ℃ (-7.98 dB at matching frequency of 7.88 GHz) is less than -10 dB, 

these materials are not suitable for EM absorption. In contrast, performing annealing process 

at higher temperatures has been able to increase the performance of the resulting structures in 

absorbing electromagnetic waves to an acceptable extent. As seen, the reflection loss (RL) 

changed from -7.98 to -21.28 dB (within frequency range of 1-18 GHz) with increasing in 

annealing temperature to about 800 ℃. This result can be related to the increase in crystalline 

defects, reduction of interfaces and suitable percentage of TiO2 within the Ti3C2 sheets.  

According to Fig. 8, matching frequencies of prepared composites shift to lower frequencies 

with increasing sample thickness. The reason is attributed to the spin matching at high 

frequencies. In fact, the studied samples in this work follow the law of quarter-wavelength 

weakening as follow [17]:  

𝑡𝑚 =
𝑛𝜆𝑚

4
=

𝑛𝑐

4𝑓𝑚√|𝜇𝑟||𝜀𝑟|
 (11) 

In this equation, n = 1, 2, 3, fm is the frequency corresponding to a particular RL peak, and λm 

denotes the wavelength at fm [17]. Accordingly, the EM wave absorption function of the 

mentioned composites can be effectively adjusted by changing the thickness of the sample. 

The data present in Table 1 have been presented for comparing the synthesized samples and 

some advanced ceramics. Evidently, electromagnetic parameters are heavily affected by the 

chemical composition and microstructure. For example, the Ti3C2/TiO2 composites can be 

compared with Ti3SiC2/Al2O3 and Ti3C2Tx/FCl [25, 26]. However, Ti3C2Tx/Fe3O4 because of 

existence of magnetic losses (μ', μ″) shows a better electromagnetic behavior [27]. 
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(b) (a) 

  

(d) (c) 

 

(e) 

Fig. 8. Reflection loss (RL) curves related to Ti3C2Tx MXene phase a) before and after 

annealing at b) 500, c) 600, d) 700 and e) 800 ℃ for 2 h. 
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Table 1. Comparison of EM wave absorbing properties of materials 

Sample (dB) minRL Layer thickness (mm) Ref. 

3O2/Al2SiC3Ti -16.4 2 [25] 

/FClxT2C3Ti -15.52 1 [26] 

4O3/FexT2C3Ti -57.2 3.6 [27] 

 

 

4. Conclusion 

The present work, set out with the aim of studying the effect of TiO2 on the electromagnetic 

(EM) behavior of in-situ Ti3C2/TiO2 composites. The results showed that by performing the 

controlled annealing process, it is possible to deposit the TiO2 particles within the MXene phase 

and form the Ti3C2/TiO2 composites in situ. The electromagnetic wave absorbing behaviors of 

Ti3C2/TiO2 composites is in direct relation with the annealing temperature as a result of the in-

situ precipitation of TiO2 within Ti3C2 sheets. The reflection loss (RL) changed from -7.98 to -

21.28 dB (within frequency range of 1-18 GHz) with increasing in annealing temperature as 

well as increasing the size and percentage of formed TiO2 phase. 
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