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Enhanced Thermal Conductivity of 
Epoxy Composites Filled with 2D 
Transition Metal Carbides (MXenes) 
with Ultralow Loading
Ruiyang Kang1,2, Zhenyu Zhang1, Liangchao Guo1,2, Junfeng Cui1,2, Yapeng Chen2, Xiao Hou2, 
Bo Wang1,2, Cheng-Te Lin   2, Nan Jiang2 & Jinhong Yu2

With the development of electronic devices such as integrated circuits toward the continual increase in 
power density and consumption, the efficient heat dissipation and low thermal expansion of materials 
become one of the most important issue. However, conventional polymers have the problem of poor 
thermal dissipation performance, which hinder application for electronic devices. In this work, the two-
dimensional material, MXene (Ti3C2), is used as the reinforcement additive to optimize the thermal 
properties of polymers. We reported the preparation of multilayer Ti3C2 MXene by HF etching method 
and obtained few-layer Ti3C2 MXene by simple ultrasonication. Meanwhile, Ti3C2/epoxy composites 
were prepared by a solution blending method. The results show that the thermal properties of the 
composites are improved in comparison with the neat epoxy. Thermal conductivity value (0.587 W/mK) 
of epoxy composite with only 1.0 wt% Ti3C2 MXene fillers, is increased by 141.3% compared with that of 
neat epoxy. In addition, the composite presents an increased glass transition temperature, high thermal 
stability and lower coefficient of thermal expansion. This work is of great significance for the research of 
high-performance composite materials.

As electronic devices towards more integrated and lightweight, efficient heat dissipation is critical to enhance the 
longevity of the device1–3. Meanwhile, in the field of electronic packaging, it’s necessary for polymer composites 
to improve the thermal conductivity meanwhile lower thermal expansion coefficient4. In order to improve the 
thermal conductivity of polymers, a method of adding high content of fillers into the polymer matrix is employed 
in most previous works. The method often results in poor mechanical properties, high density and high costs5. 
These adverse consequences make it difficult for polymer composites to meet the requirements of industry appli-
cation. Therefore, it is very meaningful to research on the preparation of polymer composites with high thermal 
conductivity and ultralow fillers loading.

Nowadays, two-dimensional materials have attracted more and more attention since the discovery of 
graphene6. Two-dimensional materials possess the greatly high aspect ratios and the thicknesses corresponding 
to a few atomic layers7–10. As a novel type of two-dimensional transition metal carbides or carbonitrides, MXenes 
possess a graphene-like two-dimensional structure and synthesized by HF selectively etching away A atom layers 
of the MAX phases11,12. And they possess a unique two-dimensional layered structure, high specific surface area, 
glorious thermal properties, outstanding adsorption properties, excellent mechanical properties and electrical 
properties. Thus, MXenes have been used in many fields such as energy storage, catalysis, adsorption, hydrogen 
storage, sensors and so on13–27. Up to now, many reported literatures explore the use of MXenes in energy storage 
applications, conductivity enhancers of polymers and reinforcement additives for the mechanical properties of 
polymers27–32. While, so far, few studies have considered MXenes as a material ever to optimize the thermal prop-
erties of polymers33.
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Epoxy resin is high-performance engineering thermosetting plastic and possesses various outstanding prop-
erties, such as good chemical inertness, high wear resistance, excellent adhesive property, outstanding mechan-
ical properties and so on. Hence, it is widely utilized in the fields of electronic products, high-voltage electrical 
equipment, petrochemicals and anti-corrosion pipeline valves33–35. However, the intrinsically low thermal con-
ductivity and relatively inferior coefficient of thermal expansion limit its application36,37. Therefore, it is necessary 
to improve the thermal properties for epoxy resin. As one of the useful strategies for improving the thermal prop-
erties of polymers, adding reinforcement additives into polymers is often used. Among reinforcement additives, 
nanomaterials are advantageous for improving some properties of polymers due to large specific surface area and 
other unique properties26. By far, a lot of nanomaterials have been researched as fillers and reported in previous 
works, such as graphene38,39, boron nitride40–43, and silicon carbide nanowires44,45. These works demonstrate that 
the thermal, mechanical and electrical property can be significantly enhanced by addition of nanomaterials. In 
recent years, numerous two-dimensional materials have aroused a great deal of interest and triggered many works 
on improving thermal properties of polymers6,46–50. However, there is no study yet that using Ti3C2 MXene as 
additives to improve the thermal properties of epoxy resin. Hence, the studies on epoxy composites with Ti3C2 
MXene are of theoretical and practical significance.

In this work, multilayer Ti3C2 MXene was prepared by directly etching MAX phase (Ti3AlC2) with HF. 
Afterwards, few-layer Ti3C2 MXene was obtained from multilayer Ti3C2 MXene by simple ultrasonication and 
was added into epoxy matrix to fabricate Ti3C2/epoxy composites by a solution blending method. As a result, the 
fabricated composites with ultralow loading showed higher thermal conductivity, glass transition temperature 
(Tg), thermal stability and lower coefficient of thermal expansion (CTE) compared with that of neat epoxy.

Materials and Methods
Materials.  Hydrogen fluoride (HF, 40%) and anhydrous ethanol were purchased from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). Ti3AlC2 powder was obtained from Forsman Scientific Co., Ltd. (Beijing, 
China). Cycloaliphatic epoxy resin (6105, DOW Chemicals) used in the study was purchased from Shanghai Liyi 
Science & Technology Development, China. The curing agent, Methylhexahydrophthalic anhydride, was brought 
from Zhejiang Alpharm Chemical Technology Co., Ltd. (Zhejiang, China). Neodymium(III) 2,4-pentanedionate 
(Nd(III)acac) was provided by Aldrich Chemicals.

Preparation of Ti3C2 MXene.  Ti3C2 MXene was synthesized by exfoliating the MAX phases with hydrogen 
fluoride solution. The specific steps are showing as follows: first of all, 10.0 g Ti3AlC2 powder was slowly added 
into 100 ml 40% hydrogen fluoride solution in a polytetrafluoroethylene container. At room temperature, the 
mixture was kept being stirred for 3 h. Afterward, 300 ml deionized water was slowly added into the resulting 
mixture to get the diluted suspension. Subsequently, the suspension was centrifuged at 4000 rpm for 15 min and 
the supernatant was discarded to collect the sediment. The sediment was washed with deionized water until the 
pH was close to 751,52. And then, the washed powder was dried under vacuum conditions at 100 °C for 6 h. To 
obtain few-layer Ti3C2 MXene, 2.5 g dried powder was added to 400 ml distilled water in a 500 ml glass beaker and 
was ultrasonicated for 2 h. The obtained suspension was centrifuged at 2000 rpm for 15 min. The supernatant was 
separated from the sediment powders and a black colloidal suspension was obtained. Finally, the colloidal sus-
pension was filtered onto a 0.22 mm pore-size polypropylene membrane and was dried under vacuum conditions 
at 100 °C for 24 h to obtain few-layer Ti3C2 MXene powder.

Preparation of epoxy composites.  The epoxy composites with varying contents of Ti3C2 MXene fillers 
were prepared as following steps. Firstly, Nd(III)acac was added to the epoxy resin, with the weight ratio to be 
1:1000 (Nd(III)acac: epoxy resin). And the mixture was kept being stirred at 80 °C for 3 h. The resulting homoge-
neous solution was then cooled to room temperature. Secondly, 0.2, 0.4, 0.6, 0.8 and 1.0 wt% of Ti3C2 MXene (the 
weight ratio means the weight of Ti3C2 MXene to the weight of the epoxy composite) was added respectively into 
a certain amount of ethanol (1 mg of Ti3C2 MXene per 1 ml ethanol) and was then ultrasonicated for 1 h to form a 
homogeneously dispersed suspension. Subsequently, the pre-prepared epoxy resin was added into the suspension. 
Meanwhile, the mass of the mixture was measured and recorded. The mixture was then kept being stirred with 
an electric stirrer at 80 °C for 4 h. After that, the mixture was weighed every ten minutes and the mass difference 
was calculated. When the mass difference is equal to the mass of the added ethanol (the mass error ≤0.4%) and 
remains unchanged, the ethanol is considered to be evaporated completely. The real photos of the obtain mixture 
are shown in Fig. S1. Thirdly, curing agent was added into the mixture, with the weight ratio to be 95:100 (curing 
agent: the mixture) and was stirred for 15 min. Afterwards, the mixture was degassed under vacuum conditions 
at 50 °C for 2 h. Finally, the mixture was poured onto a preheated molds treated with a release agent and was 
pre-cured in an oven at 135 °C for 2 h. Subsequently, the temperature was adjusted to 165 °C and held for 14 h to 
achieve the sample post-curing process. After cooling to the ambient temperature, the epoxy composites were 
polished to obtain desired shapes. For comparison, the neat epoxy resin was prepared according to the above 
preparation process. As a convenience, Ti3C2/epoxy composites were used to represent the epoxy composites with 
Ti3C2 MXene fillers. The real photos of Ti3C2/epoxy composites and neat epoxy are exhibited in Fig. S2. And the 
schematic diagram of the preparation procedure is shown in Fig. 1.

Characterization.  A field emission scanning electron microscope (FE-SEM, Quanta 250, USA) equipped 
with energy dispersive spectrometer was used to characterize the surface morphology of the Ti3C2 MXene and 
the fractured surfaces of epoxy samples, with an accelerating voltage of 10 kV. To observe the nature of Ti3C2 
MXene bonding to epoxy, samples were quenched in liquid nitrogen and then broken to obtain the fracture 
surfaces. Besides, to avoid the charge accumulation, a thin layer of gold was sprayed on the fracture surfaces. 
JEOL JEM2100 transmission electron microscopy (TEM) with an accelerating voltage of 200 kV was used to 
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observe the microstructures of ultrathin Ti3C2 MXene nanosheets. The Ti3C2 MXene suspension was dropt onto 
carbon-coated copper grids and dried in a vacuum oven to fabricate the samples for TEM. A scanning probe 
microscope (Dimension 3100, Vecco, USA) was used to determine the thickness of exfoliated Ti3C2 MXene. 
A powder diffractometer (D8 ADVANCE, Bruker, Germany) with CuKα radiation was used to acquire the 
X-ray diffraction (XRD) patterns of Ti3C2 MXene. The Raman spectra was performed on a Raman spectrometer 
(Renishaw inVia Reflex, Renishaw plc, UK). Fourier transform infrared (FT-IR) spectra were obtained using a 
FTIR (Nicolet 6700, Thermal scientific Inc, USA) between 400 and 4000 cm−1. X-ray photoelectron spectra (XPS) 
was conducted by means of an X-ray photoelectron spectrometer (Axis Ultra DLD, Kratos Analytical Ltd., UK). 
A flash thermal conductivity meter (LFA 467, NETZSCH, Germany) was used for measurements of the thermal 
diffusivity (α, mm2/s) and the size of each measured sample is 10 (length) × 10 (width) × 0.8 mm (thickness). 
The thermal conductivity (λ, W/mK) of Ti3C2/epoxy composites and neat epoxy was calculated through the Eq. 
(λ = α × ρ × Cp, α is the thermal diffusivity, ρ is the density and Cp is the specific heat capacity). The density (ρ, 
g/cm3) was measured through liquid displacement method. The specific heat capacity (Cp, J/gK) and the glass 
transition temperature (Tg) were obtained by differential scanning calorimetry (DSC). And the testing equipment 
is a differential scanning calorimeter (Pyris Diamond DSC, Perkin-Elmer, USA). Thermal gravimetric analysis 
(TGA) was conducted by using a TGA 209 F3 (NETZSCH, Germany). Composites and Ti3C2 MXene were meas-
ured in the temperature range of 50–800 and 50–1000 °C, respectively. Besides, all the measurements were con-
ducted under a nitrogen atmosphere and the heating rate is 10 °C/min. The CTE measurements were conducted 
on a thermal mechanical analyzer (TMA 402 F1/F3, NETZSCH, Germany) from 40 to 180 °C at a heating rate of 
5 °C/min. An infrared camera (Ti400, Fluke, U.S.A.) was used to take IR-photos.

Results and Discussion
Characterization of Ti3C2 MXene.  As shown in Fig. 2(a,b), the morphology of the Ti3C2 MXene was 
observed by FE-SEM. Figure 2(a) shows the SEM image of multilayer accordion-like Ti3C2 MXene53. It is found 
that Ti3C2 MXene obtained by HF directly etching MAX phase has stacked layers and the thickness of Ti3C2 
MXene is approximately 10 μm. From the inserted higher magnification image, the gaps between layers are of 
different sizes and the thickness of 1 μm corresponds to approximately 11 layers. Figure 2(b) presents that few-
layer Ti3C2 MXene is mainly composed of ultrathin Ti3C2 MXene nanosheets and the lateral size of the Ti3C2 
MXene nanosheets is approximately 2 μm. The results indicate that ultrasonication is effective for converting 
multi-layered Ti3C2 MXene into few-layer Ti3C2 MXene. Besides, the energy dispersive spectroscopy (EDS) of 
Ti3C2 Mxene was shown in Fig. S3. Figure 2(c,d) are the TEM images of few-layer Ti3C2 MXene. And the Fig. 2(c) 
demonstrates that the exfoliated Ti3C2 MXene nanosheets are quite thin and transparent. From a high-resolution 
TEM image, Fig. 2(d), the lattice of Ti3C2 can be observed clearly, which illustrates that Ti3C2 MXene is a kind of 
crystal. The inset of Fig. 2(d) is the corresponding fast Fourier transform (FFT) of the thin Ti3C2 MXene nano-
sheet and it obviously signifies that Ti3C2 MXene has hexagonal structure, which is the same with Ti3AlC2 (MAX 
phase)11,54. An AFM image of Ti3C2 MXene nanosheets is shown in the Fig. 2(e) and the inserted image shows 
that the thickness of a Ti3C2 MXene nanosheet is about 3.9 nm. In addition, the AFM image also proves that Ti3C2 
MXene nanosheets are quite thin and flat, which is consistent with previous analysis of SEM and TEM. As shown 
in Fig. 2(f), we measured the thickness of 100 nanosheets and conducted a simple statistical analysis. The histo-
gram reflects that the average thickness of Ti3C2 MXene nanosheets is 5.1 nm.

Raman spectrum of the Ti3C2 MXene is shown in Fig. 3(a). The Raman peaks at 215, 387, 620 and 705 cm−1 
are the characteristic peaks of Ti3C2 MXene11,55. The peaks at 215 and 705 cm−1 are assigned to the Ti-C and C-C 
vibrations (A1g symmetry) of the oxygen-terminated Ti3C2O2. The peak at 387 cm−1 is attributed to the O atoms 
Eg vibrations. The peak at 620 cm−1 comes mostly from Eg vibrations of the C atoms in the OH-terminated Ti3C2. 

Figure 1.  Schematic illustration of the preparation process of Ti3C2/epoxy composites.
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The above results illustrate that there are some surface terminations on the surface of Ti3C2, such as -OH and -O. 
Additionally, the incompletely etched Ti3AlC2 brings about a sharp peak at around 135 cm−1 56.

The XRD pattern of theTi3C2 MXene is shown in Fig. 3(b). Previous literature reports that the characteristic 
(002) peak and (004) peak of Ti3AlC2 are at 9.7° and 19.4°, respectively. However, it is obvious that the (002) peak 

Figure 2.  FE-SEM images of (a) multilayer Ti3C2 MXene and (b) few-layer Ti3C2 MXene, the high-resolution 
FE-SEM image of multilayer Ti3C2 MXene is shown in the inset of (a). (c) TEM and (d) higher-resolution 
TEM images of few-layer Ti3C2 MXene, the inset of (d) is the corresponding fast Fourier transform (FFT) of 
the thin Ti3C2 MXene nanosheet. (e) The AFM image of Ti3C2 MXene nanosheets. The inserted image exhibits 
the thickness of single Ti3C2 MXene nanosheet. (f) Histograms of measured value for Ti3C2 MXene nanosheets 
thickness.
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and (004) peak shift to low angle, 9.1° and 18.3°, which is attributed to the newly synthesized Ti3C2 MXene11,51. 
In addition, the peaks appearing at 37° and 61.5° belong to Ti3C2 MXene. The shift and broadening of (002) peak 
mean that the d-spacing of Ti3C2 MXene is increased and the thickness of Ti3C2 MXene layers is declined57,58. The 
XRD peak at 23.4° is corresponding to the (100) peak of TiOF2, which is formed from a reaction between Ti3C2 
MXene with -F and -OH/-O terminating groups59. The (111) peak at 36° and (200) peak at 41.7° are assigned to 
TiC impurity60. Besides, the peak at 41.7° partly testifies the presence of residual Ti3AlC2. It is notable that the 
characteristic (104) peak (39.2°) of Ti3AlC2 disappears, which indicates that the HF etch of Ti3AlC2 (MAX phase) 
is efficient52.

In order to characterize the functional groups on the surface of Ti3C2 MXene, the FTIR spectrum of theTi3C2 
MXene is shown in Fig. 3(c). The peaks at 1700 and 3300 cm−1 demonstrate the existence of crystal water. The 
peak at 1645 cm−1 reveals the existence of liquid water13. There are four peaks at 1110, 1055, 1020 and 990 cm−1, 
due to the stretching vibrations of C-OH61,62. The peaks at 1147 and 1160 cm−1 are respectively assigned to the 
symmetric stretching of CH3 and CH2. The peaks appear at 1210 and 1278 cm−1, corresponding to the antisym-
metric stretching of CH2 and CH3. Additionally, there are some characteristic peaks at 1315, 1340, 1370 and 
2900 cm−1, which are associated with the C-H band of CHx

63. Particularly, the characteristic peak at 2900 cm−1 
is assigned to the stretching vibration of C-H. The FTIR results agree well with the foregoing Raman spectrum 
and XRD.

For the research of the thermal stability of Ti3C2 MXene, the TGA and DTG curve of Ti3C2 MXene are exhib-
ited in Fig. 3(d). The TGA curve is divided into three stages. In the first stage (50–200 °C), the weight loss is about 
2.8%, which is caused by the loss of physically adsorbed water and HF on Ti3C2 MXene surface64–67. Due to the 
loss of OH groups attached on Ti3C2 MXene surface, the weight loss is approximately 4.9% in the second stage 
(200–780 °C). In the third stage (780–1000 °C), the weight loss is about 5.2%, which is caused by the loss of chem-
ically bonded F and O groups68.

To study the surface chemical compositions of Ti3C2 MXene in detail, XPS analysis was conducted and shown 
in Fig. 4, which is recorded for O 2s, Al 2s, C 1s, Ti 2p, Ti 2p1/2, O 1s, Ti 2s, F KLL, F 1s, O KLL, Ti LMM and 
C KLL69. In particular, from Fig. 4(a), the survey scan spectrum of Ti3C2 MXene, it is known that the peaks 
at around 284, 455, 532 and 685 eV respectively correspond to C 1s, O 1s, Ti 2p and F 1s. The region C 1s of 
Ti3C2 MXene is shown in Fig. 4(b) and fit by three peaks. The peak at 281.4 eV is deconvoluted into the compo-
nent assigned to C-Ti-Tx, such as Ti3C2Ox, Ti3C2(OH)x, Ti3C2Fx and Ti3C2OH-H2O70,71. The peak at 284.7 eV is 
assigned to graphitic C-C and the peak at 287.6 eV is assigned to CHx or C-O72. Figure 4(c) is the region Ti 2p of 
Ti3C2 MXene. The peaks at binding energy values of 455, 455.8, 457.2, 458.6 and 459.3 eV are assigned to Ti-C, 
Ti(II), Ti(III), TiO2 and TiO2-xFx, respectively70,71,73,74. The presence of Ti(II) and Ti(III) is due to the formation of 
Ti3C2OX, Ti3C2(OH)x and Ti3C2OH-H2O. Figure 4(d) is the region O 1s of Ti3C2 MXene sample, which is divided 

Figure 3.  (a) Raman spectrum, (b) XRD pattern, (c) FTIR spectrum, and (d) Thermal gravimetric analysis 
(TGA) curve of Ti3C2 MXene. The differential thermal gravimetric (DTG) curve of Ti3C2 MXene is presented in 
the inset of (d).
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into two peaks. The peak at 529.9 eV corresponds to TiO2 and the peak at 532 eV is assigned to C-Ti-Ox or C-Ti-
(OH)x

69,75. The region F 1s of Ti3C2 MXene sample is shown in Fig. 4(e), which is fit by two peaks corresponding 
to two components. The major component in the region F1s is Ti-F, whose fitted peak is at 685 eV76. The other 
occurring at 686.4 eV is assigned to Al-F74. The above results indicate that the terminations of the Ti3C2 MXene 
surface are various and also demonstrate the existence of some surface terminations, such as -O, -OH and -F.

Microstructure of composites.  To further study the dispersion of Ti3C2 MXene in the epoxy matrix and its 
interfacial adhesion with epoxy matrix, a FE-SEM was used to investigate the microcosmic morphologies of the 
samples. The SEM images were shown in Fig. 5(a–f), which show microstructure of neat epoxy and its composites 
with 0.2, 0.4, 0.6, 0.8 and 1.0 wt% Ti3C2 MXene fillers, respectively. Figure 5(a) reveals that the stripes appearing 
on the fracture surface are like river shapes and the regions between stripes are very smooth. These stripes are 
typical characteristics of brittle thermosetting polymer. As is shown in Fig. 5(b–f), there are also some stripes on 
the fracture surfaces, but Ti3C2/epoxy composites possess rougher fracture surfaces compared with neat epoxy. 
Furthermore, it can be obviously observed that few-layer Ti3C2 MXene fillers are homogeneously distributed 

Figure 4.  XPS spectra: (a) survey scan spectrum, (b) region C 1s, (c) region Ti 2p, (d) region O 1s and (e) 
region F 1s of Ti3C2 MXene.
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and inserted into the matrix, which reveals the strong interaction between few-layer Ti3C2 MXene fillers and the 
matrix. Meanwhile, as the content of the filler increases, more and more few-layer Ti3C2 MXene fillers appear on 
the fracture surfaces.

Thermal properties of composites.  Figure 6(a) reveals the heat conduction performance of Ti3C2/epoxy 
composites and neat epoxy. It can be clearly known that the heat conduction performance of these composites 
is gradually improved with an increase in the amount of Ti3C2 MXene fillers. The thermal diffusivity value and 
thermal conductivity value of neat epoxy are 0.110 mm2/s and 0.243 W/mK, respectively. The thermal diffusivity 
values of Ti3C2/epoxy composites with 0.2, 0.4, 0.6, 0.8 and 1.0 wt% Ti3C2 MXene fillers are 0.122, 0.132, 0.145, 

Figure 5.  FE-SEM images of the fractured surfaces of the Ti3C2/epoxy composites with different amounts of 
Ti3C2 MXene: (a) 0 wt%, (b) 0.2 wt%, (c) 0.4 wt%, (d) 0.6 wt%, (e) 0.8 wt% and (f) 1.0 wt%, respectively.
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0.168 and 0.261 mm2/s, respectively. And the corresponding thermal conductivity values of Ti3C2/epoxy compos-
ites are 0.270, 0.293, 0.323, 0.374 and 0.587 W/mK. The thermal conductivity enhancement (TCE) was calculated 
and shown in the inset of Fig. 6(a). The inset clearly shows that the thermal conductivity value of epoxy composite 
with 1.0 wt% Ti3C2 MXene filler is improved by 141.3% compared with that of neat epoxy. To properly evaluate 
heat conduction performance of the samples in this work, some thermal conductivity values of epoxy composites, 
which are reported in previous works. As shown in Fig. 6(b), at low loading, the experimental results in this work 
are much higher than that of the summarized works77–89. In addition, this work possesses comparable or even 
higher the thermal conductivity values compared with previous works, where filler loading is higher. It should be 
noted that the thermal conductivity value of the epoxy composite with 20 wt% few-layer boron nitride nanosheets 
is 0.58 W/mK and that of the epoxy composite with 5.0 wt% modified graphene nanosheets is 0.56 W/mK87,89. 
The results of those two works are lower than that of this wok (0.587 W/mK). In order to reasonably explain the 
improvement of thermal conductivity for this work, the influencing factors are analyzed as follows. The neat 
epoxy and its composites are amorphous polymers. Phonons, a quantum mode of vibration, play a key role in heat 
conduction of amorphous polymers. In this mode of heat conduction, the scattering of phonons determines the 
thermal resistance at low temperatures and influences the heat conduction performance. As known to all, neat 
epoxy is poor in crystal structure. And the molecular chains of the epoxy resin are randomly entangled, which 
causes a severe phonon scattering phenomenon90. Therefore, neat epoxy possesses low thermal conductivity. 
Addition of high thermal conductivity fillers, scattering of phonons and interfacial thermal resistance between 
fillers and matrix significantly affect the heat conduction performance of polymer composites. Ti3C2 MXene 
fillers are added into the epoxy matrix as reinforcement phase. As a bridge between epoxy molecular chains, 
Ti3C2 MXene promotes the transfer of heat between molecular chains, which could efficiently improve the heat 
conduction performance of epoxy composites5,77,91,92. Furthermore, the addition of Ti3C2 MXene fillers could 
reduce the randomness of the molecular chains around fillers and weaken the scattering of phonons in a degree. 
In addition, Ti3C2 MXene fillers homogeneously disperse in the epoxy matrix and surface terminations of Ti3C2 
MXene are beneficial to forming the good interface compatibility between fillers and epoxy matrix, which reduce 
the interfacial thermal resistance.

In order to study the effect of temperature on heat conduction performance of the samples, the tests of thermal 
conductivity were conducted at 25, 50, 75, 100 and 125 °C, respectively, as shown in Fig. 6(c). On the whole, the 
thermal conductivity values of these samples are elevated with an increase in the amount of fillers, which is well 
matched with Fig. 6(a). For a single sample, the thermal conductivity value increases with the increase of the 

Figure 6.  (a) Thermal diffusivity and thermal conductivity of neat epoxy and Ti3C2/epoxy composites. The 
thermal conductivity enhancement (TCE) was calculated and shown in the inset of (a). (b) Comparison of 
thermal conductivity results in our work with those of previous reports on epoxy composites. (c) Thermal 
conductivity of neat epoxy and Ti3C2/epoxy composites at different temperatures. (d) Heating and cooling 
cycles of neat epoxy and Ti3C2/epoxy composites.
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temperature. The heat conduction mechanism of opaque amorphous polymers is mainly phonon heat conduc-
tion93. Hence, the phenomenon of increased thermal conductivity values is explained by using Eq. (1):

λ = × × ×v c l1/3 (1)ph

where λph v, c and l are respectively the thermal conductivity, the movement velocity, the specific heat capacity 
and the mean free path of phonons. Within the test temperature range, the movement velocity (v) is only related 
to the density and elastic mechanics properties of the material itself, and it can be considered as a constant. The 
specific heat capacity (c) increases with temperature. And as the temperature rises, the volume of the composites 
and segmental mobility of molecular chains increases, resulting in a reduction in the degree of interaction or 
entanglement between the molecular chains, which facilitates the increase of the mean free path (l) of the phon-
ons. Furthermore, the molecular chains around the fillers become more ordered with a rise of test temperature, 
which also leads to a slight increase in the free path. Hence, the thermal conductivity values of the composites 
may increase with temperature.

Moreover, the heating and cooling cycles of neat epoxy and Ti3C2/epoxy composite with 1.0 wt% Ti3C2 MXene 
fillers are shown in Fig. 6(d). The temperature alternately changed between 25 and 100 °C during the process. 
Within the twenty cycles, the thermal conductivity values of the samples almost maintained the original values 
and slight fluctuations occurred. The result suggests that the samples possess the stability of heat conduction 
within this temperature range94.

For the purpose of visually comparing the heat conduction performance of epoxy composites with 1.0 wt% 
Ti3C2 MXene fillers and neat epoxy, the surface temperatures of the samples were recorded by an infrared cam-
era and the results are presented in Fig. 7. Figure 7(a) is the picture of a ceramic plate heater and the measured 
samples. The size of each measured sample is 10 (length) × 10 (width) × 0.8 mm (thickness). Two samples were 
placed vertically with the composite on the top of the ceramic plate heater and the neat epoxy on the bottom. 
When the ceramic plate heater was connected with the power, the measured samples would be evenly heated and 
the surface temperatures of the samples would increase over time. To maintain the uniformity of heat conduction, 
the ceramic plate heater and the measured samples were sprayed with graphite before being heated. As shown in 
Fig. 7(b), by measuring the surface temperatures at the center of two samples as often as every two seconds, we 
obtained a series of temperature points and drew the heating curve. It is obvious that the heating curve of Ti3C2/
epoxy composite is always above that of neat epoxy, demonstrating that it possess better heat conduction perfor-
mance. Figure 7(c) shows the infrared images of the samples at different times. During the heating process, the 
surface temperature of the ceramic plate heater increased from 10 to 150 °C. The color of the neat epoxy is darker 
than that of Ti3C2/epoxy composite, indicating that the surface temperature of the neat epoxy is lower. Besides, it 
can also be seen that the color of the composite approximates that of the heater at 210 s.

Figure 7.  (a) The photo of a ceramic plate heater and the measured samples. (b) Heating curves and (c) infrared 
images of the measured samples.
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Figure 8(a) displays the glass transition temperatures (Tg) of the samples. It can be observed that the Tgs 
of these composites are gradually improved upon the addition of Ti3C2 MXene fillers. The Tg of neat epoxy is 
192.8 °C. Meanwhile, those of the Ti3C2/epoxy composites with 0.2, 0.4, 0.6, 0.8 and 1.0 wt% Ti3C2 MXene fillers 
are 201.6, 205.5, 207.3, 211.1 and 219.1 °C, respectively. About the improvements of the Tgs, some factors are 
considered as follows. The Ti3C2 MXene fillers added into the epoxy matrix can serve as physical interlock points 
and be intertwined by epoxy chains, which is conducive to restricting epoxy chains and reducing the motion 
of them27. Furthermore, the hydroxy groups of the Ti3C2 MXene fillers take part in the curing reaction so as to 
improve the crosslinking density95.

As shown in Fig. 8(b), the coefficients of thermal expansion (CTE) of neat epoxy and its composites were 
measured by a thermal mechanical analyzer from 40 to 180 °C. It can be seen that the coefficients of ther-
mal expansion decrease with the increasing amount of the fillers within the investigated temperature range. 
Specifically, the CTE of neat epoxy is 46.7 ppm/K at 40 °C. And those of the epoxy composites with 0.2, 0.4, 0.6, 
0.8 and 1.0 wt% Ti3C2 MXene fillers are 46.3, 46.0, 45.1, 41.0 and 40.7 ppm/K at 40 °C, respectively. In addition, 
the thermal strain curves are obtained and shown in Fig. S4. From the figure, it can be observed that the trend of 
the thermal strain curves is similar to that of CTE curves. When the temperature rises, the thermal movement 
of the molecular chains intensifies. The distance between the molecular chains also increase. These changes lead 
to an increase in the volume of epoxy. As mentioned in DSC section, adding the Ti3C2 MXene fillers into epoxy 
matrix can restrict epoxy chains and reduce the motion of them96. Therefore, the prepared epoxy composites 
exhibit lower CTE and thermal strain values compared with neat epoxy. In this work, TDP is introduced and 
used to indicate the comprehensive performance of engineering materials4. It is defined as the following Eq. (2):

=
−

− −
CTE K

T Wm K
TDP ( )

( ) (2)c

1

1 1

The low TDP value of a sample means an excellent thermal property, indicating that the sample possesses 
relatively low CTE and high thermal conductivity. The TDP values of the Ti3C2/epoxy composites and neat epoxy 
are calculated and shown in Fig. 8(c). It can be clearly seen that the TDP decreases with an increasing amount of 
the fillers and that of the Ti3C2/epoxy composites with 1.0 wt% fillers is the lowest of all. The result illustrates the 
fact that Ti3C2 MXene is a kind of fine fillers to improve the thermal property of the epoxy matrix.

Figure 8.  (a) DSC curves, (b) CTE curves, (c) TDP and (d) TGA curves of neat epoxy and Ti3C2/epoxy 
composites. Inset is the magnified curves of the TGA.
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In order to further study the thermal stability of the samples, the thermal gravimetric analysis (TGA) was 
conducted and the TGA curves are shown in Fig. 8(d). Obviously, the degradation curves of the samples are 
similar, indicating that the degradation mechanism of the epoxy matrix has not been significantly changed due 
to the presence of Ti3C2 MXene. The decomposing temperatures occur at around 300 °C. However, perhaps it is 
because of small difference in filler content, the TGA curves are very close. It is difficult to accurately compare the 
decomposing temperatures. Hence, the temperatures at which composites degrade by 5% weight loss (T5%) were 
selected as characteristic thermal parameters to clearly compare the thermal stability of the samples. Meanwhile, 
the curves over the temperature range (250~350 °C) were amplified and shown in the inset. T5%-0, T5%-1, T5%-2, 
T5%-3, T5%-4 and T5%-5 respectively represent the characteristic thermal parameters of the epoxy composites with 
0, 0.2, 0.4, 0.6, 0.8 and 1.0 wt% Ti3C2 MXene fillers. The values of the characteristic thermal parameters are 329.8, 
333.8, 337.1, 338.6, 339.8 and 342.3 °C, respectively. The results show that the epoxy composites possess better 
thermal stability than neat epoxy resins. Because the molecular chains of the epoxy matrix are restricted by Ti3C2 
MXene fillers and the thermal movement of them are weakened. In addition, during composite degradation, a 
Ti3C2 MXene char acts as a mass transport barrier and an isolator between the bulk polymer matrix and surface, 
where combustion occurs97,98. Therefore, the thermal stability of the epoxy composites is enhanced.

Conclusions
In this work, few-layer Ti3C2 MXene was prepared by a simple and effective ultrasonic method to obtain. And 
adding the Ti3C2 MXene fillers into the epoxy matrix is proposed to prepare the epoxy composites possessing 
excellent thermal properties. The thermal conductivity of epoxy composite with 1.0 wt% Ti3C2 MXene is 0.587 W/
mK and increased by 141.3% compared with that of neat epoxy. Meanwhile, the Tg and decomposing tempera-
tures of epoxy composites are improved with the increasing Ti3C2 MXene fillers. Particularly, the Tg of the epoxy 
composite with 1.0 wt% Ti3C2 MXene is 219.1 °C, corresponds to a 13.7% improvement compared with that of 
neat epoxy. Moreover, the CTE and TDP values decrease with the increase of fillers content. Our work will pave 
the way for novel fundamental and application studies of MXene.

References
	 1.	 Derue, L. et al. Thermal Stabilisation of Polymer-Fullerene Bulk Heterojunction Morphology for Efficient Photovoltaic Solar Cells. 

Adv. Mater. 26, 5831–5838, https://doi.org/10.1002/adma.201401062 (2014).
	 2.	 Moore, A. L. & Shi, L. Emerging challenges and materials for thermal management of electronics. Mater. Today 17, 163–174, https://

doi.org/10.1016/j.mattod.2014.04.003 (2014).
	 3.	 Prasher, R. Thermal boundary resistance and thermal conductivity of multiwalled carbon nanotubes. Phys. Rev. B 77, https://doi.

org/10.1103/PhysRevB.77.075424 (2008).
	 4.	 Subramaniam, C. et al. Carbon nanotube-copper exhibiting metal-like thermal conductivity and silicon-like thermal expansion for 

efficient cooling of electronics. Nanoscale 6, 2669–2674, https://doi.org/10.1039/c3nr05290g (2014).
	 5.	 Gao, Z. & Zhao, L. Effect of nano-fillers on the thermal conductivity of epoxy composites with micro-Al2O3 particles. Mater. Des. 66, 

176–182, https://doi.org/10.1016/j.matdes.2014.10.052 (2015).
	 6.	 Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666–669, https://doi.org/10.1126/

science.1102896 (2004).
	 7.	 Ganatra, R. & Zhang, Q. Few-Layer MoS2: A Promising Layered Semiconductor. ACS Nano 8, 4074–4099, https://doi.org/10.1021/

nn405938z (2014).
	 8.	 Ghidiu, M., Lukatskaya, M. R., Zhao, M. Q., Gogotsi, Y. & Barsoum, M. W. Conductive two-dimensional titanium carbide ‘clay’ with 

high volumetric capacitance. Nature 516, 78–U171, https://doi.org/10.1038/nature13970 (2014).
	 9.	 Naguib, M., Mochalin, V. N., Barsoum, M. W. & Gogotsi, Y. 25th Anniversary Article: MXenes: A New Family of Two-Dimensional 

Materials. Adv. Mater. 26, 992–1005, https://doi.org/10.1002/adma.201304138 (2014).
	10.	 Lukatskaya, M. R., Dunn, B. & Gogotsi, Y. Multidimensional materials and device architectures for future hybrid energy storage. 

Nat. Commun. 7, https://doi.org/10.1038/ncomms12647 (2016).
	11.	 Naguib, M. et al. Two-Dimensional Nanocrystals Produced by Exfoliation of Ti3AlC2. Adv. Mater. 23, 4248–4253, https://doi.

org/10.1002/adma.201102306 (2011).
	12.	 Naguib, M. et al. Two-Dimensional Transition Metal Carbides. ACS Nano 6, 1322–1331, https://doi.org/10.1021/nn204153h (2012).
	13.	 Peng, Q. et al. Unique Lead Adsorption Behavior of Activated Hydroxyl Group in Two-Dimensional Titanium Carbide. J. Am. 

Chem. Soc. 136, 4113–4116, https://doi.org/10.1021/ja500506k (2014).
	14.	 Naguib, M. et al. MXene: a promising transition metal carbide anode for lithium-ion batteries. Electrochem. Commun. 16, 61–64, 

https://doi.org/10.1016/j.elecom.2012.01.002 (2012).
	15.	 Mahesh, K. V., Balanand, S., Raimond, R., Mohamed, A. P. & Ananthakumar, S. Polyaryletherketone polymer nanocomposite 

engineered with nanolaminated Ti3SiC2 ceramic fillers. Mater. Des. 63, 360–367, https://doi.org/10.1016/j.matdes.2014.06.034 
(2014).

	16.	 Zhang, X. et al. A Ti-anchored Ti2CO2 monolayer (MXene) as a single-atom catalyst for CO oxidation. J. Mater. Chem. A 4, 
4871–4876, https://doi.org/10.1039/c6ta00554c (2016).

	17.	 Dall’Agnese, Y. et al. High capacitance of surface-modified 2D titanium carbide in acidic electrolyte. Electrochem. Commun. 48, 
118–122, https://doi.org/10.1016/j.elecom.2014.09.002 (2014).

	18.	 Yorulmaz, U., Ozden, A., Perkgoz, N. K., Ay, F. & Sevik, C. Vibrational and mechanical properties of single layer MXene structures: 
a first-principles investigation. Nanotechnology 27, https://doi.org/10.1088/0957-4484/27/33/335702 (2016).

	19.	 Zhang, X., Zhao, X., Wu, D., Jing, Y. & Zhou, Z. High and anisotropic carrier mobility in experimentally possible Ti2CO2 (MXene) 
monolayers and nanoribbons. Nanoscale 7, 16020–16025, https://doi.org/10.1039/c5nr04717j (2015).

	20.	 Ahmed, B., Anjum, D. H., Hedhili, M. N., Gogotsi, Y. & Alshareef, H. N. H2O2 assisted room temperature oxidation of Ti2C MXene 
for Li-ion battery anodes. Nanoscale 8, 7580–7587, https://doi.org/10.1039/c6nr00002a (2016).

	21.	 Ling, Z. et al. Flexible and conductive MXene films and nanocomposites with high capacitance. Proc. Natl. Acad. Sci. USA 111, 
16676–16681, https://doi.org/10.1073/pnas.1414215111 (2014).

	22.	 Kurra, N., Ahmed, B., Gogotsi, Y. & Alshareef, H. N. MXene-on-Paper Coplanar Microsupercapacitors. Adv. Energy Mater. 6, 
https://doi.org/10.1002/aenm.201601372 (2016).

	23.	 Dall’Agnese, Y., Rozier, P., Taberna, P.-L., Gogotsi, Y. & Simon, P. Capacitance of two-dimensional titanium carbide (MXene) and 
MXene/carbon nanotube composites in organic electrolytes. J. Power Sources 306, 510–515, https://doi.org/10.1016/j.
jpowsour.2015.12.036 (2016).

	24.	 Zha, X. H. et al. The thermal and electrical properties of the promising semiconductor MXene Hf2CO2. Sci. Rep. 6, https://doi.
org/10.1038/srep27971 (2016).

https://doi.org/10.1038/s41598-019-45664-4
https://doi.org/10.1002/adma.201401062
https://doi.org/10.1016/j.mattod.2014.04.003
https://doi.org/10.1016/j.mattod.2014.04.003
https://doi.org/10.1103/PhysRevB.77.075424
https://doi.org/10.1103/PhysRevB.77.075424
https://doi.org/10.1039/c3nr05290g
https://doi.org/10.1016/j.matdes.2014.10.052
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1021/nn405938z
https://doi.org/10.1021/nn405938z
https://doi.org/10.1038/nature13970
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1038/ncomms12647
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1021/nn204153h
https://doi.org/10.1021/ja500506k
https://doi.org/10.1016/j.elecom.2012.01.002
https://doi.org/10.1016/j.matdes.2014.06.034
https://doi.org/10.1039/c6ta00554c
https://doi.org/10.1016/j.elecom.2014.09.002
https://doi.org/10.1088/0957-4484/27/33/335702
https://doi.org/10.1039/c5nr04717j
https://doi.org/10.1039/c6nr00002a
https://doi.org/10.1073/pnas.1414215111
https://doi.org/10.1002/aenm.201601372
https://doi.org/10.1016/j.jpowsour.2015.12.036
https://doi.org/10.1016/j.jpowsour.2015.12.036
https://doi.org/10.1038/srep27971
https://doi.org/10.1038/srep27971


1 2Scientific Reports |          (2019) 9:9135  | https://doi.org/10.1038/s41598-019-45664-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

	25.	 Zha, X. H. et al. Promising electron mobility and high thermal conductivity in Sc2CT2 (T = F, OH) MXenes. Nanoscale 8, 6110–6117, 
https://doi.org/10.1039/c5nr08639f (2016).

	26.	 Zha, X. H. et al. Intrinsic Structural, Electrical, Thermal, and Mechanical Properties of the Promising Conductor Mo2C MXene. J. 
Phys. Chem. C 120, 15082–15088, https://doi.org/10.1021/acs.jpcc.6b04192 (2016).

	27.	 Zhang, H. et al. Preparation, mechanical and anti-friction performance of MXene/polymer composites. Mater. Des. 92, 682–689, 
https://doi.org/10.1016/j.matdes.2015.12.084 (2016).

	28.	 Sun, D. et al. Two-dimensional Ti3C2 as anode material for Li-ion batteries. Electrochem. Commun. 47, 80–83, https://doi.
org/10.1016/j.elecom.2014.07.026 (2014).

	29.	 Ng, V. M. H. et al. Recent progress in layered transition metal carbides and/or nitrides (MXenes) and their composites: synthesis and 
applications. J. Mater. Chem. A 5, 3039–3068, https://doi.org/10.1039/c6ta06772g (2017).

	30.	 Zhang, X. et al. Preparation and tribological properties of Ti3C2(OH)2 nanosheets as additives in base oil. Rsc Adv. 5, 2762–2767, 
https://doi.org/10.1039/c4ra13800g (2015).

	31.	 Wang, H. et al. Titania Composites with 2D Transition Metal Carbides as Photocatalysts for Hydrogen Production under Visible-
Light Irradiation. ChemSusChem 9, 1490–1497, https://doi.org/10.1002/cssc.201600165 (2016).

	32.	 Cao, Y. et al. Enhanced thermal properties of poly(vinylidene fluoride) composites with ultrathin nanosheets of MXene. Rsc Adv. 7, 
20494–20501, https://doi.org/10.1039/c7ra00184c (2017).

	33.	 Gu, H. et al. Epoxy resin nanosuspensions and reinforced nanocomposites from polyaniline stabilized multi-walled carbon 
nanotubes. J. Mater. Chem. C 1, 729–743, https://doi.org/10.1039/c2tc00379a (2013).

	34.	 Sudhakara, P., Kannan, P., Obireddy, K. & Rajulu, A. V. Organophosphorus and DGEBA resins containing clay nanocomposites: 
flame retardant, thermal, and mechanical properties. J. Mater. Sci. 46, 2778–2788, https://doi.org/10.1007/s10853-010-5152-6 
(2011).

	35.	 Teo, J. K. H., Toh, C. L. & Lu, X. Catalytic and reinforcing effects of polyhedral oligomeric silsesquioxane (POSS)-imidazolium 
modified clay in an anhydride-cured epoxy. Polymer 52, 1975–1982, https://doi.org/10.1016/j.polymer.2011.02.034 (2011).

	36.	 Jiang, T., Kuila, T., Kim, N. H., Ku, B. C. & Lee, J. H. Enhanced mechanical properties of silanized silica nanoparticle attached 
graphene oxide/epoxy composites. Compos. Sci. Technol. 79, 115–125, https://doi.org/10.1016/j.compscitech.2013.02.018 (2013).

	37.	 Qian, R., Yu, J., Xie, L., Li, Y. & Jiang, P. Efficient thermal properties enhancement to hyperbranched aromatic polyamide grafted 
aluminum nitride in epoxy composites. Polym. Adv. Technol. 24, 348–356, https://doi.org/10.1002/pat.3090 (2013).

	38.	 Shtein, M., Nadiv, R., Buzaglo, M., Kahil, K. & Regev, O. Thermally Conductive Graphene-Polymer Composites: Size, Percolation, 
and Synergy Effects. Chem. Mater. 27, 2100–2106, https://doi.org/10.1021/cm504550e (2015).

	39.	 Goyal, V. & Balandin, A. A. Thermal properties of the hybrid graphene-metal nano-micro-composites: Applications in thermal 
interface materials. Appl. Phys. Lett. 100, https://doi.org/10.1063/1.3687173 (2012).

	40.	 Zeng, X. et al. Ice-Templated Assembly Strategy to Construct 3D Boron Nitride Nanosheet Networks in Polymer Composites for 
Thermal Conductivity Improvement. Small 11, 6205–6213, https://doi.org/10.1002/smll.201502173 (2015).

	41.	 Zeng, X. et al. Artificial nacre-like papers based on noncovalent functionalized boron nitride nanosheets with excellent mechanical 
and thermally conductive properties. Nanoscale 7, 6774–6781, https://doi.org/10.1039/c5nr00228a (2015).

	42.	 Wang, F. et al. Silver Nanoparticle-Deposited Boron Nitride Nanosheets as Fillers for Polymeric Composites with High Thermal 
Conductivity. Sci. Rep. 6, https://doi.org/10.1038/srep19394 (2016).

	43.	 Zeng, X. et al. A Combination of Boron Nitride Nanotubes and Cellulose Nanofibers for the Preparation of a Nanocomposite with 
High Thermal Conductivity. ACS Nano 11, 5167–5178, https://doi.org/10.1021/acsnano.7b02359 (2017).

	44.	 Shen, D. et al. Enhanced thermal conductivity of epoxy composites filled with silicon carbide nanowires. Sci. Rep. 7, https://doi.
org/10.1038/s41598-017-02929-0 (2017).

	45.	 Yao, Y. et al. Vertically Aligned and Interconnected SiC Nanowire Networks Leading to Significantly Enhanced Thermal 
Conductivity of Polymer Composites. ACS Appl. Mater. Interfaces 10, 9669–9678, https://doi.org/10.1021/acsami.8b00328 (2018).

	46.	 Hu, J. et al. Polymer composite with enhanced thermal conductivity and mechanical strength through orientation manipulating of 
BN. Compos. Sci. Technol. 160, 127–137, https://doi.org/10.1016/j.compscitech.2018.01.045 (2018).

	47.	 Yao, Y. et al. Significant Enhancement of Thermal Conductivity in Bioinspired Freestanding Boron Nitride Papers Filled with 
Graphene Oxide. Chem. Mater. 28, 1049–1057, https://doi.org/10.1021/acs.chemmater.5b04187 (2016).

	48.	 Alam, F. E. et al. Highly Conductive 3D Segregated Graphene Architecture in Polypropylene Composite with Efficient EMI 
Shielding. Polymers 9, https://doi.org/10.3390/polym9120662 (2017).

	49.	 Huang, X., Qi, X., Boey, F. & Zhang, H. Graphene-based composites. Chem. Soc. Rev. 41, 666–686, https://doi.org/10.1039/
c1cs15078b (2012).

	50.	 Kim, H., Abdala, A. A. & Macosko, C. W. Graphene/Polymer Nanocomposites. Macromolecules 43, 6515–6530, https://doi.
org/10.1021/ma100572e (2010).

	51.	 Feng, A. et al. Two-dimensional MXene Ti3C2 produced by exfoliation of Ti3AlC2. Mater. Des. 114, 161–166, https://doi.
org/10.1016/j.matdes.2016.10.053 (2017).

	52.	 Wang, K. et al. Fabrication and thermal stability of two-dimensional carbide Ti3C2 nanosheets. Ceram. Int. 42, 8419–8424, https://
doi.org/10.1016/j.ceramint.2016.02.059 (2016).

	53.	 Kong, F. et al. Improving the electrochemical properties of MXene Ti3C2 multilayer for Li-ion batteries by vacuum calcination. 
Electrochim. Acta 265, 140–150, https://doi.org/10.1016/j.electacta.2018.01.196 (2018).

	54.	 Lipatov, A. et al. Effect of Synthesis on Quality, Electronic Properties and Environmental Stability of Individual Monolayer Ti3C2 
MXene Flakes. Adv. Electron. Mater. 2, https://doi.org/10.1002/aelm.201600255 (2016).

	55.	 Hu, M. et al. High-Capacitance Mechanism for Ti3C2TX MXene by in Situ Electrochemical Raman Spectroscopy Investigation. ACS 
Nano 10, 11344–11350, https://doi.org/10.1021/acsnano.6b06597 (2016).

	56.	 Sarycheva, A. et al. Two-Dimensional Titanium Carbide (MXene) as Surface-Enhanced Raman Scattering Substrate. J. Phys. Chem. 
C 121, 19983–19988, https://doi.org/10.1021/acs.jpcc.7b08180 (2017).

	57.	 Mashtalir, O. et al. Intercalation and delamination of layered carbides and carbonitrides. Nat. Commun. 4, https://doi.org/10.1038/
ncomms2664 (2013).

	58.	 Lukatskaya, M. R. et al. Cation Intercalation and High Volumetric Capacitance of Two-Dimensional Titanium Carbide. Science 341, 
1502–1505, https://doi.org/10.1126/science.1241488 (2013).

	59.	 Mashtalir, O., Naguib, M., Dyatkin, B., Gogotsi, Y. & Barsoum, M. W. Kinetics of aluminum extraction from Ti3AlC2 in hydrofluoric 
acid. Mater. Chem. Phys. 139, 147–152, https://doi.org/10.1016/j.matchemphys.2013.01.008 (2013).

	60.	 Kuo, L. Y. & Shen, P. Y. On the condensation and preferred orientation of TiC nanocrystals - effects of electric field, substrate 
temperature and second phase. Mater. Sci. Eng., A 276, 99–107, https://doi.org/10.1016/s0921-5093(99)00504-3 (2000).

	61.	 Yan, P. et al. Enhanced supercapacitive performance of delaminated two-dimensional titanium carbide/carbon nanotube composites 
in alkaline electrolyte. J. Power Sources 284, 38–43, https://doi.org/10.1016/j.jpowsour.2015.03.017 (2015).

	62.	 Li, X., Fan, G. & Zeng, C. Synthesis of ruthenium nanoparticles deposited on graphene-like transition metal carbide as an effective 
catalyst for the hydrolysis of sodium borohydride. Int. J. Hydrogen Energy 39, 14927–14934, https://doi.org/10.1016/j.
ijhydene.2014.07.029 (2014).

	63.	 Wang, H. et al. Surface modified MXene Ti3C2 multilayers by aryl diazonium salts leading to large-scale delamination. Appl. Surf. 
Sci. 384, 287–293, https://doi.org/10.1016/j.apsusc.2016.05.060 (2016).

https://doi.org/10.1038/s41598-019-45664-4
https://doi.org/10.1039/c5nr08639f
https://doi.org/10.1021/acs.jpcc.6b04192
https://doi.org/10.1016/j.matdes.2015.12.084
https://doi.org/10.1016/j.elecom.2014.07.026
https://doi.org/10.1016/j.elecom.2014.07.026
https://doi.org/10.1039/c6ta06772g
https://doi.org/10.1039/c4ra13800g
https://doi.org/10.1002/cssc.201600165
https://doi.org/10.1039/c7ra00184c
https://doi.org/10.1039/c2tc00379a
https://doi.org/10.1007/s10853-010-5152-6
https://doi.org/10.1016/j.polymer.2011.02.034
https://doi.org/10.1016/j.compscitech.2013.02.018
https://doi.org/10.1002/pat.3090
https://doi.org/10.1021/cm504550e
https://doi.org/10.1063/1.3687173
https://doi.org/10.1002/smll.201502173
https://doi.org/10.1039/c5nr00228a
https://doi.org/10.1038/srep19394
https://doi.org/10.1021/acsnano.7b02359
https://doi.org/10.1038/s41598-017-02929-0
https://doi.org/10.1038/s41598-017-02929-0
https://doi.org/10.1021/acsami.8b00328
https://doi.org/10.1016/j.compscitech.2018.01.045
https://doi.org/10.1021/acs.chemmater.5b04187
https://doi.org/10.3390/polym9120662
https://doi.org/10.1039/c1cs15078b
https://doi.org/10.1039/c1cs15078b
https://doi.org/10.1021/ma100572e
https://doi.org/10.1021/ma100572e
https://doi.org/10.1016/j.matdes.2016.10.053
https://doi.org/10.1016/j.matdes.2016.10.053
https://doi.org/10.1016/j.ceramint.2016.02.059
https://doi.org/10.1016/j.ceramint.2016.02.059
https://doi.org/10.1016/j.electacta.2018.01.196
https://doi.org/10.1002/aelm.201600255
https://doi.org/10.1021/acsnano.6b06597
https://doi.org/10.1021/acs.jpcc.7b08180
https://doi.org/10.1038/ncomms2664
https://doi.org/10.1038/ncomms2664
https://doi.org/10.1126/science.1241488
https://doi.org/10.1016/j.matchemphys.2013.01.008
https://doi.org/10.1016/s0921-5093(99)00504-3
https://doi.org/10.1016/j.jpowsour.2015.03.017
https://doi.org/10.1016/j.ijhydene.2014.07.029
https://doi.org/10.1016/j.ijhydene.2014.07.029
https://doi.org/10.1016/j.apsusc.2016.05.060


13Scientific Reports |          (2019) 9:9135  | https://doi.org/10.1038/s41598-019-45664-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

	64.	 Chen, Y. J. & Dionysiou, D. D. Effect of calcination temperature on the photocatalytic activity and adhesion of TiO2 films prepared 
by the P-25 powder-modified sol-gel method. J. Mol. Catal. A: Chem. 244, 73–82, https://doi.org/10.1016/j.molcata.2005.08.056 
(2006).

	65.	 Pedraza, F. & Vazquez, A. Obtention of TiO2 rutile at room temperature through direct oxidation of TiCl3. J. Phys. Chem. Solids 60, 
445–448, https://doi.org/10.1016/s0022-3697(98)00315-1 (1999).

	66.	 Zhang, W. G., Liu, W. M. & Wang, C. T. Tribological behavior of sol-gel TiO2 films on glass. Wear 253, 377–384, https://doi.
org/10.1016/s0043-1648(02)00139-4 (2002).

	67.	 Jackson, P. & Parfitt, G. D. Infra-red study of the surface properties of rutile. Water and surface hydroxyl species. Trans. Faraday Soc. 
67, 2469-&, https://doi.org/10.1039/tf9716702469 (1971).

	68.	 Li, Z. et al. Synthesis and thermal stability of two-dimensional carbide MXene Ti3C2. Mater. Sci. Eng., B 191, 33–40, https://doi.
org/10.1016/j.mseb.2014.10.009 (2015).

	69.	 Halim, J. et al. X-ray photoelectron spectroscopy of select multi-layered transition metal carbides (MXenes). Appl. Surf. Sci. 362, 
406–417, https://doi.org/10.1016/j.apsusc.2015.11.089 (2016).

	70.	 Myhra, S., Crossley, J. A. A. & Barsoum, M. W. Crystal-chemistry of the Ti3AlC2 and Ti4AlN3 layered carbide/nitride phases—
characterization by XPS. J. Phys. Chem. Solids 62, 811–817, https://doi.org/10.1016/s0022-3697(00)00268-7 (2001).

	71.	 Schier, V., Michel, H. J. & Halbritter, J. ARXPS-analysis of sputtered TiC, SiC and Ti0.5Si0.5C layers. Fresenius J. Anal. Chem. 346, 
227–232, https://doi.org/10.1007/bf00321420 (1993).

	72.	 Jayaweera, P. M., Quah, E. L. & Idriss, H. Photoreaction of ethanol on TiO2(110) single-crystal surface. J. Phys. Chem. C 111, 
1764–1769, https://doi.org/10.1021/jp0657538 (2007).

	73.	 Santerre, F., El Khakani, M. A., Chaker, M. & Dodelet, J. P. Properties of TiC thin films grown by pulsed laser deposition. Appl. Surf. 
Sci. 148, 24–33, https://doi.org/10.1016/s0169-4332(99)00139-7 (1999).

	74.	 Tanuma, T., Okamoto, H., Ohnishi, K., Morikawa, S. & Suzuki, T. Partially Fluorinated Metal Oxide Catalysts for a Friedel-Crafts-
type Reaction of Dichlorofluoromethane with Tetrafluoroethylene. Catal. Lett. 136, 77–82, https://doi.org/10.1007/s10562-009-
0197-3 (2010).

	75.	 Yamamoto, S. et al. In situ x-ray photoelectron spectroscopy studies of water on metals and oxides at ambient conditions. J. Phys: 
Condens. Matter 20, https://doi.org/10.1088/0953-8984/20/18/184025 (2008).

	76.	 Sultana, T. et al. XPS analysis of laser transmission micro-joint between poly (vinylidene fluoride) and titanium. Appl. Surf. Sci. 255, 
2569–2573, https://doi.org/10.1016/j.apsusc.2008.07.149 (2008).

	77.	 Yang, S. Y. et al. Synergetic effects of graphene platelets and carbon nanotubes on the mechanical and thermal properties of epoxy 
composites. Carbon 49, 793–803, https://doi.org/10.1016/j.carbon.2010.10.014 (2011).

	78.	 Hsiao, M. C. et al. Thermally conductive and electrically insulating epoxy nanocomposites with thermally reduced graphene oxide-
silica hybrid nanosheets. Nanoscale 5, 5863–5871, https://doi.org/10.1039/c3nr01471a (2013).

	79.	 Wang, R. et al. A novel nanosilica/graphene oxide hybrid and its flame retarding epoxy resin with simultaneously improved 
mechanical, thermal conductivity, and dielectric properties. J. Mater. Chem. A 3, 9826–9836, https://doi.org/10.1039/c5ta00722d 
(2015).

	80.	 Wang, F., Drzal, L. T., Qin, Y. & Huang, Z. Mechanical properties and thermal conductivity of graphene nanoplatelet/epoxy 
composites. J. Mater. Sci. 50, 1082–1093, https://doi.org/10.1007/s10853-014-8665-6 (2015).

	81.	 Moriche, R. et al. Thermal conductivity and lap shear strength of GNP/epoxy nanocomposites adhesives. Int. J. Adhes. Adhes. 68, 
407–410, https://doi.org/10.1016/j.ijadhadh.2015.12.012 (2016).

	82.	 Chatterjee, S. et al. Mechanical reinforcement and thermal conductivity in expanded graphene nanoplatelets reinforced epoxy 
composites. Chem. Phys. Lett. 531, 6–10, https://doi.org/10.1016/j.cplett.2012.02.006 (2012).

	83.	 Tien, D. H. et al. Electrical and Thermal Conductivities of Stycast 1266 Epoxy/Graphite Composites. J. Korean Phys. Soc. 59, 
2760–2764, https://doi.org/10.3938/jkps.59.2760 (2011).

	84.	 Wang, S., Tambraparni, M., Qiu, J., Tipton, J. & Dean, D. Thermal Expansion of Graphene Composites. Macromolecules 42, 
5251–5255, https://doi.org/10.1021/ma900631c (2009).

	85.	 Du, F. M., Guthy, C., Kashiwagi, T., Fischer, J. E. & Winey, K. I. An infiltration method for preparing single-wall nanotube/epoxy 
composites with improved thermal conductivity. J. Polym. Sci. Part B: Polym. Phys. 44, 1513–1519, https://doi.org/10.1002/
polb.20801 (2006).

	86.	 Mun, S. Y., Lim, H. M. & Lee, D. J. Preparation and thermal properties of polyacrylonitrile-based carbon fiber-silicon carbide core-
shell hybrid. Thermochim. Acta 600, 62–66, https://doi.org/10.1016/j.tca.2014.11.025 (2015).

	87.	 Yao, H., Hawkins, S. A. & Sue, H. J. Preparation of epoxy nanocomposites containing well-dispersed graphene nanosheets. Compos. 
Sci. Technol. 146, 161–168, https://doi.org/10.1016/j.compscitech.2017.04.026 (2017).

	88.	 Cui, W. et al. Improving thermal conductivity while retaining high electrical resistivity of epoxy composites by incorporating silica-
coated multi-walled carbon nanotubes. Carbon 49, 495–500, https://doi.org/10.1016/j.carbon.2010.09.047 (2011).

	89.	 Tian, X. et al. Shear-Assisted Production of Few-Layer Boron Nitride Nanosheets by Supercritical CO2 Exfoliation and Its Use for 
Thermally Conductive Epoxy Composites. Sci. Rep. 7, https://doi.org/10.1038/s41598-017-18149-5 (2017).

	90.	 Ganguli, S., Roy, A. K. & Anderson, D. P. Improved thermal conductivity for chemically functionalized exfoliated graphite/epoxy 
composites. Carbon 46, 806–817, https://doi.org/10.1016/j.carbon.2008.02.008 (2008).

	91.	 Teng, C. C., Ma, C. C. M., Chiou, K. C. & Lee, T. M. Synergetic effect of thermal conductive properties of epoxy composites 
containing functionalized multi-walled carbon nanotubes and aluminum nitride. Composites Part B 43, 265–271, https://doi.
org/10.1016/j.compositesb.2011.05.027 (2012).

	92.	 Assael, M. J., Antoniadis, K. D. & Metaxa, I. N. Measurements on the Enhancement of the Thermal Conductivity of an Epoxy Resin 
when Reinforced with Glass Fiber and Carbon Multiwalled Nanotubes. J. Chem. Eng. Data 54, 2365–2370, https://doi.org/10.1021/
je8006452 (2009).

	93.	 Anderson, D. R. Thermal Conductivity of Polymers. Chem. Rev. 66, 677-&, https://doi.org/10.1021/cr60244a004 (1966).
	94.	 Wang, T. et al. Enhanced Thermal Conductivity of Polyimide Composites with Boron Nitride Nanosheets. Sci. Rep. 8, https://doi.

org/10.1038/s41598-018-19945-3 (2018).
	95.	 Fang, M., Wang, K., Lu, H., Yang, Y. & Nutt, S. Covalent polymer functionalization of graphene nanosheets and mechanical 

properties of composites. J. Mater. Chem. 19, 7098–7105, https://doi.org/10.1039/b908220d (2009).
	96.	 Zhi, C. et al. Towards Thermoconductive, Electrically Insulating Polymeric Composites with Boron Nitride Nanotubes as Fillers. 

Adv. Funct. Mater. 19, 1857–1862, https://doi.org/10.1002/adfm.200801435 (2009).
	97.	 Yu, J. et al. Interfacial modification of boron nitride nanoplatelets for epoxy composites with improved thermal properties. Polymer 

53, 471–480, https://doi.org/10.1016/j.polymer.2011.12.040 (2012).
	98.	 Yu, J. et al. Preparation of hyperbranched aromatic polyamide grafted nanoparticles for thermal properties reinforcement of epoxy 

composites. Polym. Chem. 2, 1380–1388, https://doi.org/10.1039/c1py00096a (2011).

https://doi.org/10.1038/s41598-019-45664-4
https://doi.org/10.1016/j.molcata.2005.08.056
https://doi.org/10.1016/s0022-3697(98)00315-1
https://doi.org/10.1016/s0043-1648(02)00139-4
https://doi.org/10.1016/s0043-1648(02)00139-4
https://doi.org/10.1039/tf9716702469
https://doi.org/10.1016/j.mseb.2014.10.009
https://doi.org/10.1016/j.mseb.2014.10.009
https://doi.org/10.1016/j.apsusc.2015.11.089
https://doi.org/10.1016/s0022-3697(00)00268-7
https://doi.org/10.1007/bf00321420
https://doi.org/10.1021/jp0657538
https://doi.org/10.1016/s0169-4332(99)00139-7
https://doi.org/10.1007/s10562-009-0197-3
https://doi.org/10.1007/s10562-009-0197-3
https://doi.org/10.1088/0953-8984/20/18/184025
https://doi.org/10.1016/j.apsusc.2008.07.149
https://doi.org/10.1016/j.carbon.2010.10.014
https://doi.org/10.1039/c3nr01471a
https://doi.org/10.1039/c5ta00722d
https://doi.org/10.1007/s10853-014-8665-6
https://doi.org/10.1016/j.ijadhadh.2015.12.012
https://doi.org/10.1016/j.cplett.2012.02.006
https://doi.org/10.3938/jkps.59.2760
https://doi.org/10.1021/ma900631c
https://doi.org/10.1002/polb.20801
https://doi.org/10.1002/polb.20801
https://doi.org/10.1016/j.tca.2014.11.025
https://doi.org/10.1016/j.compscitech.2017.04.026
https://doi.org/10.1016/j.carbon.2010.09.047
https://doi.org/10.1038/s41598-017-18149-5
https://doi.org/10.1016/j.carbon.2008.02.008
https://doi.org/10.1016/j.compositesb.2011.05.027
https://doi.org/10.1016/j.compositesb.2011.05.027
https://doi.org/10.1021/je8006452
https://doi.org/10.1021/je8006452
https://doi.org/10.1021/cr60244a004
https://doi.org/10.1038/s41598-018-19945-3
https://doi.org/10.1038/s41598-018-19945-3
https://doi.org/10.1039/b908220d
https://doi.org/10.1002/adfm.200801435
https://doi.org/10.1016/j.polymer.2011.12.040
https://doi.org/10.1039/c1py00096a


1 4Scientific Reports |          (2019) 9:9135  | https://doi.org/10.1038/s41598-019-45664-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
The authors are grateful for the financial support by National Natural Science Foundation of China (51573201), 
the Excellent Young Scientists Fund of NSFC (51422502), Science Fund for Creative Research Groups of NSFC 
(51621064), Changjiang Scholar Program of Chinese Ministry of Education, Program for Creative Talents in 
University of Liaoning Province (LR2016006), the Xinghai Science Funds for Distinguished Young Scholars and 
Thousand Youth Talents at Dalian University of Technology, the Natural Science Foundation of Jiangsu Province 
(BK20151190), Science Fund of State Key Laboratory of Tribology, Tsinghua University (SKLTKF17B19), Science 
Fund of State Key Laboratory of Metastable Materials Science and Technology, Yanshan University (201813) and 
Distinguished Young Scholars for Science and Technology of Dalian City (2016RJ05).

Author Contributions
J.H. Yu contributed to the original idea. J.H. Yu and Z.Y. Zhang supervised the project. R.Y. Kang performed the 
experiments, prepared the main manuscript and drew the Fig. 1. L.C. Guo, J.C. Cui, Y.P. Chen, X. Hou, B. Wang, 
C.T. Lin and N. Jiang contributed to data analysis and language improvement.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45664-4.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-45664-4
https://doi.org/10.1038/s41598-019-45664-4
http://creativecommons.org/licenses/by/4.0/

	Enhanced Thermal Conductivity of Epoxy Composites Filled with 2D Transition Metal Carbides (MXenes) with Ultralow Loading

	Materials and Methods

	Materials. 
	Preparation of Ti3C2 MXene. 
	Preparation of epoxy composites. 
	Characterization. 

	Results and Discussion

	Characterization of Ti3C2 MXene. 
	Microstructure of composites. 
	Thermal properties of composites. 

	Conclusions

	Acknowledgements

	Figure 1 Schematic illustration of the preparation process of Ti3C2/epoxy composites.
	Figure 2 FE-SEM images of (a) multilayer Ti3C2 MXene and (b) few-layer Ti3C2 MXene, the high-resolution FE-SEM image of multilayer Ti3C2 MXene is shown in the inset of (a).
	Figure 3 (a) Raman spectrum, (b) XRD pattern, (c) FTIR spectrum, and (d) Thermal gravimetric analysis (TGA) curve of Ti3C2 MXene.
	Figure 4 XPS spectra: (a) survey scan spectrum, (b) region C 1s, (c) region Ti 2p, (d) region O 1s and (e) region F 1s of Ti3C2 MXene.
	Figure 5 FE-SEM images of the fractured surfaces of the Ti3C2/epoxy composites with different amounts of Ti3C2 MXene: (a) 0 wt%, (b) 0.
	Figure 6 (a) Thermal diffusivity and thermal conductivity of neat epoxy and Ti3C2/epoxy composites.
	Figure 7 (a) The photo of a ceramic plate heater and the measured samples.
	Figure 8 (a) DSC curves, (b) CTE curves, (c) TDP and (d) TGA curves of neat epoxy and Ti3C2/epoxy composites.




