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Abstract
The rich chemistries and unique morphologies of titanium carbide MXenes, made them 
strong candidates for many applications like sensors and electronic device materials. Dur-
ing the synthesis procedure, chemical etching, oxidation occurs and residual materials, like 
titanium-dioxide nanocrystals and nanosheets are often present in resulting material. As 
titanium-carbide MXenes are suggested to be used as additive in organic polymer matri-
ces for production of nanocomposites, it is essential to consider the presence of the oxides 
and other residuals together with MXene flakes in synthesis results, and consequently in 
produced nanocomposite. In this study we present structural and optical characterization 
of such polymer nanocomposite titanium carbide/PMMA (Polymethyl methacrylate) con-
sisting of Ti

3
C
2
 , TiC

2
 MXenes and TiC, and TiO

2
 residues of synthesis in PMMA matrix, 

as a multicomponent nanocomposite. Using XRD, infra-red and Raman spectroscopy, fol-
lowed by comparative study on the vibrational properties using density functional theory 
calculations, we characterize this nanocomposite. Further, the SEM measurements are per-
formed, demonstrating the produced titanium-carbide-based flakes in nanocomposite are 
well defined and separated to nanosized grains, allowing us to use Maxwell–Garnet model 
to analyse infrared spectrum. This enables us to determine the presence of the optical mod-
ification of polymer matrices corresponding to a volume fraction of 0.25.
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1  Introduction

Nanocomposites are the combination of two or more different materials where a minimum 
of one of the components has dimension less than 100 nm Twardowski (2007). The pol-
ymer nanocomposites are made of organic polymer matrix (in this research, polymethyl 
methacrylate—PMMA) and inorganic components (titanium carbide nanoparticles). The 
properties of the obtained nanocomposites depend on the individual properties of each 
component, morphology and the interface characteristics. In an attempt to improve the 
properties of conventional polymer materials and extend the fields of their applications, 
functionalization has emerged as important method in improvement of their not satisfac-
tory electronic, thermal and mechanical properties Tamborra et al. (2004); Hussain et al. 
(2006). In addition to typical advantages of polymers (such are light-weight, low cost, and 
good processability), the improvement of electrical properties (e.g., electrical conductiv-
ity) with the addition of a small amount of conductive fillers into polymer matrices have 
promoted polymer nanocomposites into versatile multifunctional materials. Many applica-
tions like household electronics, memory and microwave devices are potentially available 
with addition of metal oxide nanoparticles to polymer. This enables the modification of the 
polymer’s physical properties as well as the implementation of new features in the poly-
mer matrix creating new type of materials known as the polymer nanocomposites. PMMA 
as a thermoplastic polymer, has many extraordinary properties, like great transparency 
and ultraviolet resistance, high abrasion resistance, hardness and stiffness and making it 
widely used in many applications ranging from everyday items to high tech devices. Fur-
ther, PMMA is nondegradable and biocompatible which makes it an excellent candidate in 
medical applications like tissue engineering with typical applications such as fracture fixa-
tion, intraocular lenses and dentures Peppas and Langer (1994).

Multicomponent nanocomposites based of layered and 2D materials have drawn signifi-
cant attention in past decade with promises of various applications. Reduction of dimen-
sionality of the system to the truly atomic-scale 2D is related to the occurrence of all new 
amazing properties in low-dimensional material, since the reduction of available phase 
space and decreased screening lead to enhancement of quantum effects and increased cor-
relations. Low-dimensional materials have been studied intensively both for their funda-
mental properties and insight in basic principles of matter but as well for their colossal 
potential for applications. A discovery of true two-dimensional material graphene Novo-
selov et al. (2004) and its remarkable properties like and experimental observation of Klein 
tunnelling, quantum Hall effect and superconductivity Novoselov et al. (2004); Katsnelson 
et al. (2006); Zhang et al. (2005); Durajski et al. (2019); Pešić et al. (2014); Margine et al. 
(2016); Durajski et al. (2020) paved the way for investigation of a new family of materials 
in low-dimensional physics. The new field of two-dimensional materials research has arose 
and investigated not only graphene but many more crystal structures where, just like in gra-
phene, cells are connected in at least one direction by the van der Waals’ forces Novoselov 
et al. (2016).

Transition metal carbides are important group of materials for applications since they 
possess some desired characteristics such as thermal stability, wear and corrosion resist-
ance, electronic, magnetic as well as catalytic properties. Titanium-carbide powders are 
generally used for manufacturing cutting tools, used in treatment of metals and as abrasive-
resistant materials. In 2011 Naguib et al. (2011), the group of early transition metal car-
bides and/or carbo-nitrides labeled as MXenes. MXenes are produced by the etching out 
of the A layers from MAX phases Naguib et al. (2011, 2012, 2013). Name MAX phase 
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comes from its chemical composition: M n+1AXn , where M is an early transition metal, A 
is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is carbon and/or nitrogen, 
and n = 1, 2, or 3.

During the synthesis of titanium-carbide MXenes by chemical etching, oxidation can 
occur which results in presence of TiO

2
 consisted of nanosheets and numerous TiO

2
 

nanocrystals Naguib et al. (2014). There are several studies Zhu et al. (2016); Gao et al. 
(2015) whose researched is focused in possible applications of TiO

2
-MXene structures. 

It is demonstrated the joint effects of Ti
3
C
2
 and TiO

2
 endowed TiO

2
-Ti

3
C
2
 nanocompos-

ites with excellent properties and improved functionalities Zhu et al. (2016). In this work 
we investigate the structural and optical properties of polymer nanocomposites prepared 
by the incorporation of titanium-carbide nanoparticles consisting of Ti

3
C
2
 , TiC

2
 TiC and 

TiO
2
 into the matrices of polymer PMMA. The sample of nanocomposite material was 

prepared, the PMMA matrix with titanium-carbide particles, PMMA/TiC. As for similar 
materials Shan et al. (2021, 2020, 2021); Tan et al. (2021); Jafari et al. (2020); Tan et al. 
(2021) proper understanding of composition of materials used in composite is crucial and 
XRD analysis for the titanium-carbide flakes. The structural and morphology studies of 
the nanocomposites were carried out by SEM and Raman spectroscopy. Infrared spectros-
copy is a very powerful technique in analysis of various nanoparticle and nanocomposite 
materials prepared in various techiques Dastan (2015); Dastan and Chaure (2014); Dastan 
et al. (2014); Dastan and Chaure (2017). To further understand properties of our inhomog-
enious nanocomposite we used infrared spectroscopy with Maxwell–Garnet model. To fur-
ther support optical characterization, calculations based on density functional theory were 
performed.

2 � Samples preparation and structural characterization

2.1 � Titan‑carbide/PMMA composite synthesis

In this work, titanium-carbide/PMMA nanocomposite sample was made from mixture of 
MXene based titanium-carbide nanoflakes in PMMA matrix. Production of layered titan-
carbide flakes is based on MXene synthesis by selective etching of Al atomic layers from 
Ti

3
AlC

2
 MAX phase, we used the so-called ’mild’ method with lithium fluoride (LiF) 

and hydrochloric acid (HCl) Tu et al. (2018). This method was described in Naguib et al. 
(2011). Procedure of composite preparation is described in Fig. 1.

Commercially available PMMA Acryrex CM205 (Chi Mei Corp. Korea, (Mw ≈ 90400 
g/mol, n = 1.49, � = 633 nm) pellets were used as a matrix for sample preparation. Ti

3
AlC

2
 

MAX phase was processed and kindly donated from Layered Solids Group, Drexel Uni-
versity. Titanium-carbide flakes were obtained by sonification in the water and drying the 
supernatant in a Petri dish in the oven for 30 minutes on 90◦C.

Composite was prepared with 10 wt% PMMA solution in acetone (Carlo Erbe Reagents, 
Spain) and added dried titanium-carbide flakes. After stirring the solution was poured in 
Petri dish Cao et al. (2017) and dried in oven 24h on 40 ◦ C. Content of titanium-carbide 
flakes in the sample was 1.7 wt%.

The morphology of the produced composite has been investigated by FESEM using 
high resolution electron microscope MIRA3 TESCAN. Samples display separated nano-
sized grains. Fig. 2a presents FESEM image of MXene flakes delaminated in water show-
ing morphology of obtained flakes, b FESEM image of the PMMA/titanium-carbide 
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nanocomposite. Characteristic layered structure of MXenes is visible on FESEM image 
and confirming success of delamination and exfoliation procedures. Obtained flakes dem-
onstrate multilayered structure with few �m in diameter. In Fig. 2b typical accordion like 
structure can be indicated in nanosize grain-like structures, clustered in PMMA matrix.

2.2 � XRD

X–ray diffraction powder (XRD) technique was used to determine structural characteristics 
of titanium-carbide based flakes to be used in composites. Philips PW 1050 diffractom-
eter equipped with a PW 1730 generator was used. The same conditions were used for all 
samples, 40 kV× 20 mA, using Ni filtered Co K � radiation of 0.1778897 nm at room tem-
perature. Measurements were carried out in the 2 � range of 20–80◦ with a scanning step 

Fig. 1   Schematic describing the 
synthesis process of MXenes 
from MAX phases and prepara-
tion of composite

Fig. 2   FESEM photos of a Flakes delaminated in water; b PMMA composite prepared with titanium-car-
bide flakes
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of 0.05◦ and 10 s scanning time per step. In Fig. 3 is presented XRD pattern for titanium-
carbide flakes, starting material for composite. The different phases of titanium carbide can 
be noticed from diffractogram—Ti

3
C
2
 , TiC and TiC

2
 together with TiO

2
 . TiO

2
 is widely 

present as anatase and rutile. All peaks obtained correspond to the structures of Ti
3
C
2
 , 

TiC, TiC
2
 , anatase and rutile and it is confirmed that they belong to space groups P6

3
/mmc 

(194), Fm3m (225) Fm2m (42), I4
1
/amd (141), P4

2
/mnm (136), respectively. The unit cells 

of MXene structures Ti
3
C
2
 , TiC and TiC

2
 are presented in Fig. 4. These structures were 

further used in DFT analysis of optical spectroscopy results in Sect. 3.3.

3 � Results and discussion

3.1 � Raman spectroscopy

The micro-Raman spectra were taken in the backscattering configuration and analyzed 
by the TriVista 557 system equipped with a nitrogen cooled charge-coupled-device 

Fig. 3   XRD pattern for titanium-
carbide flakes, starting material 
for PMMA/TiC composite

Fig. 4   Schematic representation 
of Titanum-carbide structures 
present at composite a Ti

3
C

2
 , b 

TiC and c TiC
2

b

ac

ba

c

a b

c

(b)(a)

(c)
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detector. As an excitation source, we used the 532 nm line of Ti:Sapphire laser. Excita-
tion energy is in the off-resonance regime for all the considered materials. The Raman 
spectra of the PMMA, PMMA/TiC, and titanium-carbide flakes, measured in the spec-
tral range of 100-1100 cm−1 at room temperature, are presented in Fig. 5.

The Raman spectrum of PMMA is presented in Fig. 5a. Intense modes at 235, 300, 
362, 400, 484, 560, 603, 660, 733, 815, 839, 864, 911, 967, 985, 1063 and 1091 cm−1 
were detected. The obtained results are in a good agreement with the values given in the 
literature Willis et al. (1969); Thomas et al. (2008); Ćurčić et al. (2020).

Fig. 5   Raman spectra with photo of the sample of a PMMA, b Titanium-carbide flakes, c PMMA/TiC com-
posite. Only titanium-carbide related peaks are marked in this spectrum. Unassigned peaks correspond to 
PMMA from a spectrum
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In Fig.  5b spectrum of titanium-carbide flakes after etching procedure is presented. 
Several characteristic peaks can be distinguished on 153 cm−1 , 204 cm−1 , 396 cm−1 , 514 
cm−1 and 627 cm−1 . Peaks at 153 cm−1 and 627 cm−1 correspond to doubly degenerated 
E 
2g modes of Ti

3
C
2
 . The frequency associated with E 

2g modes is calculated to be at 161 
cm−1 for the bare Ti

3
C
2
 . Since their main contribution is from in-plane vibrations of Ti and 

C atoms, it can be influenced by the vibrations of the terminal atoms (as a residue of syn-
thesis procedure) weaken the in-plane motion of the Ti and C atoms, hence there is shift to 
lower frequency. The terminal groups play significant roles for the vibrational modes: the 
terminal atoms weakening the motions in which the surface Ti atoms are involved while 
strengthening the out-of-plane vibration of the C atoms; the corresponding vibrational fre-
quencies dramatically change with the various terminal atoms Zhao et al. (2016). This is 
consistent with XRD results suggesting significant amount of TiO

2
 as a residue of synthe-

sis procedure as described in introduction. This can be also visible in Raman spectrum of 
titanium-carbide flakes on 204 cm−1 and 514 cm−1 . The doubly degenerated modes at 621 
cm−1 correspond to the in-plane vibration of the C atoms Hu et al. (2015). In Fig. 5c spec-
trum of PMMA/TiC is presented, only titanium-carbide related peaks at 204 and 786 cm−1 
are marked in this spectrum. Unassigned peaks correspond to PMMA peaks marked on a) 
panel.

As XRD analysis demonstrated, obtained flakes contain both MXene flakes and tita-
nium-dioxide as the residue of synthesis procedure. To further understand and assign this 
spectra we performed theoretical analysis of all materials identified in XRD pattern using 
density functional theory calculations. Calculations provided us a guide for identification 
of peaks and all results are summarized in Table 1.

3.2 � Far‑infrared spectroscopy

Far-infrared reflection spectra were measured at room temperature in the spectral range 
from 40 to 600 cm−1 , carried out with a BOMEM DA 8 spectrometer. The experimental 
data are represented at Fig. 6a and by circles at Fig. 6b–d. As expected, the reflection spec-
tra of nanocomposites are by intensity placed between the starting composites. In order 
to analyse far-infrared spectra we have used the classical oscillator model with free car-
rier contribution, as a base for Maxwell–Garnet effective medium approximation Abstreiter 
(1984); Carter and Bate (1971). The low-frequency dielectric properties of single crystals 
are described by classical oscillators corresponding to the TO modes, to which the Drude 
part is superimposed to take into account the free carrier contribution:

where �
∞

 is the bound charge contribution and it is assumed to be a constant, �2

TOk
 is the 

transverse optical-phonon frequency, �2

P
 the plasma frequency, �TOk is damping, ΓP is the 

plasmon mode damping coefficient, and Sk is the oscillator strength.
In general, the optical properties of an inhomogeneous material are described by the 

complex dielectric function that depends on 3D distribution of constituents. The investi-
gated mixture consists of two materials with two different dielectric components. One is 
treated as a host, and the other as the inclusions. The characterization of the inhomogene-
ous material by the two dielectric functions is not useful, since one need to know the exact 
geometrical arrangement of the constituents of the material. However, if the wavelength of 

(1)�s(�) = �
∞
+

l
∑

k=1

�
∞
Sk

�
2

TOk
− �2 − i�TOk�

−
�
∞
�
2

P

�(� + iΓP)
,
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the electromagnetic radiation is much larger than the size of inclusions, classical theories 
of inhomogeneous material presume that the material can be treated as a homogeneous 
substance with an effective dielectric function. In the literature, many mixing models can 

Fig. 6   Infrared analysis: a Infrared spectra of Titanium-carbide flakes (green) and composites PMMA/
TiC (blue) and pure PMMA (black), b, c, and d circles represent experimental data and solid lines are fit 
obtained by Maxwell–Garnet model as described in Sect. 3.2

Table 1   Raman and infrared 
spectrum analysis and modes 
assignation for synthesized 
titanium-carbide flakes and 
PMMA/TiC composite

Infrared modes fit is obtained by Maxwell–Garnet model. Modes 
assignation is performed using values obtained in DFT calculations

Titanium-car-
bide flakes

PMMA/TiC Description

Raman IR Raman IR

�1 62.4 66 Eu , Ti3C2

�2 85.8 81 B1 , TiO2 rutile
�3 119 127 A2u , Ti3C2 and B 1 TiC2

�4 153 Eg , Ti3C2

�5 204 200 204 195 E, TiO2 anatase
�6 396 A2 , TiC2 ; E, TiO2 anatase
�7 514 A1 , TiO2 anatase
�8 620 615 Eu , Ti3C2

�9 627 Eg , Ti3C2

�10 786 Ag , TiO2 rutile
�P 80 150
f 1 0.25
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be found for the effective permittivity of such mixture. Some are present in ref Sihvola 
(1999). Optical properties of such materials depend upon the properties of constituents, as 
well as their volume fraction. Since our samples are well defined and separated nanosized 
grains (as demonstrated on FESEM images, Fig. 2), we used Maxwell–Garnet model for 
present case. For the spherical inclusions case, the prediction of the effective permittivity 
of mixture, �eff  , according to the Maxwell–Garnet mixing rule is Garnett (1904):

Here, spheres of permittivity �
2
 (Titanium-carbide) are located randomly in homogeneous 

environment �
1
 (PMMA) and occupy a volume fraction f.

Solid lines in Fig. 6 are calculated spectra obtained by a fitting procedure based on the 
previously presented model. The agreement of the theoretical model obtained in this man-
ner with the experimental results is excellent.

To demonstrate the model, together with the  infrared spectrum of PMMA, Fig.  6b is 
given the theoretical spectrum of PMMA/TiC nanocomposites for f = 0.1. The properties 
of TiC structures are clearly visible. A larger share of TiC structures leads to the spectrum 
in Fig 6c, which was obtained for f = 0.25. In Fig. 6d, for f=1 of course there is no effect 
from PMMA.

3.3 � Discussion

In Table 1 are summarized results from spectroscopic measurements of obtained nanocom-
posites. As stated above, for infrared measurements the agreement of the theoretical model 
with obtained spectra is excellent and best fit parameters are presented in this table.

To further support our results we performed DFT based calculations and calculated 
vibrational frequencies in Γ point for all materials present after titanium-carbide flakes 
exfoliation, which we determined are present using XRD, Fig.  3. Obtained values are 
compared to experimental Raman and infrared spectrum and modes have been assigned. 
Results are summarized in Table 1. We presented only modes that can be assigned to peaks 
from the spectra. In infrared spectra we can notice good agrement with theoretical calcula-
tions, specially for low-energy E u and A 

2u mode of Ti
3
C
2
 which is present the composite 

spectrum (Fig. 6b, c) as in starting titanium-carbide material (Fig. 6d). As shown in XRD 
we notice peaks originating from TiO

2
 and TiC

2
 in mid-energy region. High-energy mode 

E u on 620 cm−1 is present in spectrum of PMMA/TiC. In Table 2 are summarized calcu-
lated optical modes for Ti

3
C
2
 with symmetry 194 group used in analysis.

DFT calculations were performed using the Quantum Espresso software package Gian-
nozzi (2009), based on the plane waves and pseudopotentials. The PBE (Perdew, Burke and 
Ernzehof) Perdew et  al. (1996) exchange-correlation functional was employed and PAW 
(Projector augmented waves) pseudopotentials were used. Energy cutoff for wavefunctions 
and charge density were set to 52 Ry and 575 Ry to ensure the convergence. The Brillouin 
zone was sampled using the Monkhorst-Pack scheme, with 8 ×8× 8 k-points mesh for TiC

2
 , 

8 ×8× 4 for Ti
3
C
2
 , 12×12× 12 for TiC, and 8 ×8× 8 for TiO

2
 (Rutile and Anatase structures). 

Phonon frequencies are calculated within the DPFT (Density Functional Perturbation The-
ory) implemented in Quantum Espresso Baroni et al. (2001). In order to obtain the lattice 
parameters more accurately, van der Waals forces were treated using the Grimme-D2 cor-
rection Grimme (2006)

(2)�eff = �
1
+ 3f �

1

�
2
− �

1

�
2
+ 2�

1
− f (�

2
− �

1
)
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Optical spectroscopy results supported with the DFT numerical calculation confirm that 
produced composites PMMA/TiC show optical modification comparing to pure PMMA. 
Our X-ray diffraction investigation of synthesized nanomaterials identified presence of Ti

3

C
2
 and TiC

2
 MXenes and residual TiO

2
 and TiC from the synthesis procedure, which can 

be also supported from the optical spectroscopy results.

4 � Conclusion

In this paper, we present results of optical and structural investigation of composite based 
on titanium-carbide nanoflakes (Ti

3
C
2
 , TiC

2
 TiC and TiO

2
)in PMMA matrix. X-ray dif-

fraction (XRD) investigation of synthesized nanomaterials identified presence of Ti
3
C
2
 and 

TiC
2
 MXenes and residual TiO

2
 and TiC from the synthesis procedure. The optical proper-

ties were studied by Raman and infrared spectroscopy at room temperature. The analysis of 
the Raman spectra was made by the fitting procedure. For analysis of infrared spectra we 
used Maxwell–Garnet model. In order to identify and assign vibrational modes, vibrational 
frequencies of all identified materials were calculated using density functional theory, 
and compared with experimental results. We confirmed optical modification in composite 
structure compared to pure PMMA. Further analysis that goes beyond the scope of this 
publication studies mechanical properties of composite materials, confirming improve-
ments compared to pure PMMA. The obtained composite showed enhanced hardness, elas-
tic modulus and tensile strength compared with pure PMMA Pesic et al. (2019).

Table 2   Vibrational modes for 
Ti

3
C

2
 with symmetry group 194, 

calculated from the measured 
data

Ti3C2 (P63/mmc)

cm−1 Symmetry Raman or 
IR active

65.0 Eu I
135.2 A2u I
160.6 Eg R
161.4 Eg R
229.9 A1g R
269.3 A1g R
271.1 Eu I
271.7 Eu I
371.4 A2u I
382.4 A2u I
549.1 A2u I
554.4 A2u I
611.2 Eg R
620.4 Eg R
624.1 Eu I
626.4 Eu I
653.2 A1g R
658.3 A1g R
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