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Synergistical thermal modulation function
of 2D TizC, MXene composite nanosheets
via interfacial structure modification

Yuxin Ouyang,’* Lin Qiu,"?*>* Yangyang Bai," Wei Yu,® and Yanhui Feng'**

SUMMARY

MXene demonstrates high in-plane thermal transport merit as an emerging two-
dimensional material, but its out-of-plane thermal transport did not fully explore.
Here Ti3C, MXene nanosheets with either GO or CNF fillers were fabricated by
using the vacuum-assisted filtration method. It was found that the addition of
GO and CNF enlarged the interlayer spacing of the MXene layers, bringing about
the opportunity for changeable spatial configuration of fillers and the thermal
regulation function. If the GO nanosheets were interspersed parallel to the
MXene layers, strong interference of increasing oxygen-containing functional
group suppresses the out-of-plane thermal transport, resulting in the thermal
conductivity decreasing from 0.5 W/(m-K) to 0.31 W/(m-K) for 20 wt% GO addi-
tion. Moreover, CNFs formed out-of-plane protruding on the surface of MXene
nanosheets, resulting in the thermal conductivity increasing to 0.81 W/(m-K)
for 20 wt% CNF addition. This discovery navigates how to prepare MXene com-
posites with customized thermal properties.

INTRODUCTION

As electronic devices become smaller and more integrated, thermal management has become a vital issue
in product design, production, and application in micro- and nano-electronics. To handle this, the nano
thermal interface material (nTIM) has been developing which plays a role in assisting the heat dissipation
at the device-heat sink interfaces and interlayer interfaces within the device. A qualified nTIM needs to
possess excellent thermal conductivity either along the plane or out of the plane. Conventional nTIM
are supposed to have ultra-high out-of-plane thermal conductivity which is conductive to heat conduction
from the device to the heat sink, while a recently concept holds that nTIM with good in-plane thermal con-
ductivity is also welcome because heat can be rapidly dissipated along the plane direction. Hence, two-
dimensional (2D) materials have attracted wide attention owing to their anisotropic thermal transport char-
acteristics (Butler et al., 2013). MXene emerges as a new 2D material which is generally obtained by etching
the A-layer of MAX materials. Here M denotes a transition metal, A denotes an element of group IlIA and
IVA metal, and X denotes C and/or N element (Naguib et al., 2011). The remaining MX layer forms a 2D
material similar to graphene. After etching A-layer atoms, the top and bottom surfaces of the MX layer
are replaced by functional groups (-O-, -OH, -F, -Cl), which makes MXene have excellent performance in
the fields of energy storage, adsorption, and photothermal conversion (Hu et al., 2013; Lukatskaya Maria
et al., 2013; Naguib et al., 2014). As a member of 2D materials, the superior in-plane thermal conductivity
of ~2.84 W/(m-K) for pure MXene is reported (Chen et al., 2018). The composite of MXene with various ma-
terials can further improve its in-plane thermal conductivity dozens of times, but the out-of-plane thermal
conductivity of these materials is below 0.50 W/(m-K) (Gao et al., 2021; Jiao et al., 20271a, 2021b), which
greatly inhibits the design of MXene as nTIM. Moreover, the out-plane thermal transport characteristics
of MXene have not yet been fully understood.

To explore the thermal properties of MXene family materials, a new measurement technique is urgently
needed. The well-known 3w method is verified to be useful for the thermal measurement of 2D materials
(Cahill and Pohl, 1987; Qiu et al., 2013, 2018, 2021a, 2021b). The upgraded form of the 3w method, that is
the freestanding thermosensor-based 3w method enables the 2D nanosheets can be noninvasively
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Figure 1. Schematic diagram of the preparation procedure

(A) Hydrochloric acid and fluoride salt mixed solution etching to produce Ti3C, MXene, and (B) GO nanosheets are
dispersed on the surface of MXene nanosheets through the similar compatibility of oxygen-containing functional groups
on the surface.

(C) CNF dispersed between MXene nanosheets to build network structure.

LiF and HCI (Figure 1). The thermal properties of MXene and its composite nanosheets were measured us-
ing the freestanding thermosensor-based 3w method (Figure 2). Detailed analysis of their thermal transport
mechanism was carried out which could guide the customized design of MXene materials.

RESULTS AND DISCUSSION

Microstructure of MXene films and its composite films

After sonication, the lateral sizes of MXene nanosheets are found to be within 50-200 nm. The TEM micro-
graphs of MXene powders are shown in Figure 3. It can be seen that a piece of MXene sheet with a char-
acteristic diameter of approximately 70 nm usually renders an ultra-thin few-layer morphology (Figure 3A).
The smaller size is beneficial for mixing with other materials to build a thermally conductive network along
the out-of-plane direction. However, the smaller contact area greatly reduces the in-plane stiffness of the
pure MXene films, which makes the strength of the MXene films much lower than that of those prepared
from micron-scale lateral size (Luo et al., 2020; Wang et al., 2021). The layer spacing of the two nanosheets
is about 1.1 nm (Figure 3B). Under the high-resolution image, the atomic arrangement of MXene is hexag-
onal, which is the same as that of the parent MAX phase. The lattice parameter D01y = 0.21 nm (Figure 3C).
The discrete diffraction pattern shows the clear crystal structure of MXene, indicating that the sample has
been successfully prepared (Figure 3D).

SEM micrographs indicate that the MXene nanosheets are stacked together with flat surfaces, which are
connected with each other through van der Waals forces to form a multilayer sheet stacking structure
(Figures 4A and 4B). There are fragments on the MXene@graphene oxide (MXene@GO) film surface
(Figures 4C and 4D) owing to the interpenetration of GO and MXene nanosheets; however, the size of
GO sheets is more petite than MXene and the surface flatness has changed slightly. As to the MXene@car-
bon nanofibers (MXene@CNF) film, in addition to the layered structure of the main body like the MXene
film, there are prominent surface protrusions caused by vertically interspersed CNF on its surface
(Figures 4E and 4F), which may affect the MXene layer spacing and film stiffness. The elemental composi-
tion and ratio of the prepared films were obtained by energy dispersive spectroscopy (EDS) scanning
(Table 1 exhibits elemental comparison of the pristine and 20 wt% filler content). It is demonstrated that
the main components of the MXene samples prepared from the precursor are TizC,T,, where T represents
the oxygen-containing functional group and a small amount of fluorine-containing functional groups.
Moreover, the content of Al below 1% also proves the better purity of MXene (Na comes from
L-Ascorbic acid sodium). After the addition of GO and CNF, the content of the C element in the composite
films increased and the content of the O element decreased. However, owing to the presence of oxygen-
containing functional groups on the surface of GO, the decrease in the proportion of oxygen elements in
MXene@GO films is relatively low. It is to be noted that the proportion of Na element is greatly reduced
after adding the fillers, which is hard to be detected by the EDS method.

Structural effect of MXene purity and doping

The XRD patterns of the three films are shown in Figure 5A. The prominent (002) peak near 6.5° is the most
significant characteristic peak of TizCy, consistent with previous reports (Murugan et al., 2021). Another ev-
idence confirming the synthesis of MXene is the existence of other peaks, such as (004) and (008) peaks. The
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Figure 2. Schematic diagram of the thermophysical property measuring system

(A) Schematic diagram of the composition of the freestanding thermosensor, and (B) experimental system for the
freestanding thermosensor-based 3w technique.

(C) Thermal resistance network diagram of the test structure.

characteristic peak of the precursor Ti3AIC; is substantially weakened, indicating that the reaction is rela-
tively complete and the relatively pure MXene nanosheets were prepared. For the MXene@GO and
MXene@CNF samples, the (002) peak position shifted slightly to the left, and the characteristic peak
became narrower and higher, which indicates that the layer spacing of MXene changes after adding other
fillers. According to the Bragg equation, the spacing is calculated to be 1.35 nm (MXene), 1.38 nm
(MXene@GO), and 1.42 nm (MXene@CNF), respectively. This result shows that the addition of GO and
CNF inhibits the self-accumulation of MXene and thus increases the layer spacing.

Raman spectra of the three samples also exhibit remarkable differences (Figure 5B). The characteristic
peaks of MXene mainly appear at 180-780 cm™~". The peaks at | correspond to the out-of-plane vibration
ofthe Ayg symmetry of Ti and C atoms. The vibrations at Il and Il are assigned to the in-plane (Eg) vibrations
of surface functional groups attached to Ti atoms. The IV region and V peak represent the carbon
vibrations of Eg and A4 (Sarycheva and Gogotsi, 2020), respectively. In the MXene@GO films, the signifi-
cant D peak and G peak can be observed, and the ratio of In/Ig is 0.97, while the redshift of the | peak may
be caused by the slight oxidation of the surface during the preparation process.

Thermal conductivity comparison among 2D thin films

The experimental temperature rise data of the freestanding thermosensor-based 3w technique are shown
in Figure 6. When the frequency is above 1 Hz, the temperature rise of different materials is consistent
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Figure 3. TEM micrographs of the prepared MXene nanosheet

(A) Microscopic morphology of a few layers of graphene nanosheets.

(B) Microscopic morphology of a piece of double-layer MXene nanosheet.

(C) High-resolution TEM images of MXene along with Fast Fourier transform (bottom right) and Inverse Fast Fourier
Transform (top right) images.

(D) Selected area electron diffraction pattern of the MXene nanosheet.

owing to the thermal wave has not penetrated through the polyimide film of the thermosensor. With the
frequency decreasing gradually, the difference in the temperature rise among the samples with different
concentrations of fillers becomes remarkable below 0.3 Hz. The out-of-plane thermal conductivity of the
nanosheets is shown in Table 2. The obtained thermal conductivity of the pure MXene nanosheet is
0.50 W/m-K.

Filling of high thermal conductivity materials can improve the thermal properties of raw materials, while two
different dopants (GO and CNF) exhibit two different thermal conductivity phenomena. With the increase
of GO content, the thermal conductivity of MXene@GO films showed a nonlinear decreasing trend (Fig-
ure 6C), reaching 0.31 W/(m-K) at the 20 wt%. Whereas the MXene@CNF films showed the opposite trend
(Figure 6D), increasing to 0.81 W/m-K at the 20 wt%. This is mainly derived from the interesting interaction
of two nanomaterials on the interfacial thermal transport of MXene nanosheets.

According to the XRD characterization results, the layer spacing expansion effect is attributed to doping,
even if it is not the only cause of thermal conductivity changes in composite films. The microstructure of
composite films (Figure 4) indicates that GO fillers are widely attached to the surface and interface of
MXene with the help of a similar nature of their functional groups (Table 1), which helps increase the
strength of the films (Figure 7). However, the functional groups between GO and MXene have multiple ef-
fects on phonon transport. For the interior of GO, the content of functional groups on the surface increases
under the contact interaction, and the stretching effect on the C-C bonds is obvious, resulting in
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Figure 4. SEM micrographs of pure MXene, MXene@Go, and MXene@CNT nanosheets

(A and B) Microscopic structure of MXene nanosheets, inset: a piece of real MXene film after extraction, (C and D)
Microscopic structure of MXene@GO film with nanosheets on the surface, (E and F) Microscopic structure of MXene@CNF
film with a normal convexity of the surface.

widespread small ripples on the carbon network (Figure 7). This displacement of C atoms weakens the in-
plane thermal transport capability (Sun et al., 2018; Wang et al., 2013). Similarly, more functional groups
further increase the interfacial spacing though the short-range and long-range interactions among atoms
were improved (Liang et al., 2013), resulting in more intense phonon heat dissipation and increasing the
interfacial thermal resistance between nanosheets (Wei et al., 2011). Interestingly, with the increased

Table 1. Elemental content of MXene films and its composite films with 20 wt% filler content

MXene MXene@GO MXene@CNF

Element wt%? at%P wt% at% wt% at%
C 6.43 15.90 12.04 28.63 13.57 31.70
(@] 15.34 28.50 11.21 20.01 8.97 15.73
F 5.51 8.62 5.06 7.61 5.91 8.59
Na 0.82 1.06 =0 = =0 =

Cl 3.97 3.32 4.28 3.45 4.47 3.53
Ti 67.05 41.62 67.17 40.05 66.14 39.39
Al 0.89 0.98 0.24 0.25 0.76 0.83

*Weight percentage.
bAtomic percentage.

iScience 25, 104825, August 19, 2022 5



¢? CellPress

OPEN ACCESS

A B
—— MXene —— MXene
—— MXene@CNF —— MXene@CNF
MXene@GO MXene@GO
(008) s To,
.y Ti,AIC, (110
+F SAIC, (110)
- A ! 1% P ( -
S i Vo ] 3
s s
g i O ‘ 2 ot ons
@ § 1 ! : ] 7 :
g o i 5| S
£ P P i E P
I T | RS I T Pl ; ; Py
5 10 15 20 25 30 35 40 45 50 55 60 65 0 500 1000 1500 2000
26 (%) Raman Shift (cm™)

Figure 5. Light-wave characterization of the prepared MXene and composites films
(A) XRD patterns and (B) Raman spectra.

addition of GO, the decreasing trend of the thermal conductivity for the composite films flattened. This may
be the reason for the contact area limitations (Figures 4C and 4D) and the decreasingly total content of
functional groups (Table 1).

The doping of CNF produces different interactions. Owing to the pure C atomic structure, the connection
between CNF and MXene is mainly through van der Waals force. Larger interfacial spacing is characterized
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Figure 6. Experimental temperature rise data of freestanding thermosensor
(A) MXene@GO and (B) MXene@CNF nanosheets with different additions, and the obtained thermal conductivity for (C)
MXene@GO and (D) MXene@CNF nanosheets.
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Figure 7. Schematic diagram of the heat transport mechanism for the preparation of thin films

From top to bottom, it is shown as the mixing process of MXene nanosheets, GO nanosheets, and CNF, the prepared film
material (owing to the poor mechanical properties of MXene, the pure MXene film is broken), as well as the interaction
between atoms of different materials and the influence of thermal transport.

by XRD, but the more prominent aspect ratio characteristics make CNFs exhibit a structural synergistic merit
in MXene. Figures 4E and 4F demonstrate randomly oriented networks interspersed between nanosheets,
which induces the bridging effect (Figure 7) that can enhance the mechanical properties of composite films
(Jiaoetal., 20213, 2021b) and create a thermal transfer path between nanosheets (Badakhsh et al., 2019; Che
et al., 2017, 2018). Moreover, the order of addition in the preparation (adding CNFs in dispersed MXene
nanosheets) also reduces the phenomenon of CNFs agglomeration (Xiao et al., 2016). Thus, the adding
CNF could improve the thermal conductivity of MXene composite film (Figure 6D).

Conclusion

In this study, MXene nanosheets were prepared by using the etching method. MXene nanosheets and their
composites with CNF and GO addition were prepared, respectively. The out-of-plane thermal conductivity
of the MXene nanosheets was obtained to be 0.50 W/(m-K) via the freestanding thermosensor-based 3w
method. The thermal conductivity of the MXene@GO nanosheets only decreases to 0.31 W/(m-K) owing

Table 2. The out-of-plane thermal conductivity of MXene nanosheet and its composite materials

MXene MXene@GO MXene@CNF
Thermal Content of  Thermal Content of  Thermal
conductivity W/(m-K) GO (wt%) conductivity W/(m-K) CNF (wt%) conductivity W/(m-K)
0.50 5.88 0.43 5.88 0.51
11.11 0.36 11.11 0.56
15.79 0.31 15.79 0.67
20.00 0.31 20.00 0.81
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to the interference of interfacial oxygen-containing functional groups on thermal transport. Although the
addition of CNF also increased the interlayer spacing of MXene, a new bridging effect on thermal transport
was formed, which made the out-of-plane thermal conductivity increase by 62%. This discovery provides a
new idea for the preparation of MXene nTIM, which can modulate the thermal performance in a specific
direction according to the properties of the fillers. It has a strong application prospect in the subsequent
research on customized MXene composites.

Limitations of Study

In this study, the prepared MXene film contains a certain amount of L-Ascorbic acid sodium, and there is no
method to completely remove it. At the same time, the MXene film has poor mechanical strength and is
easily broken. In addition, the interaction of oxygen-containing functional groups in the prepared
MXene@GO is currently difficult to characterize experimentally.
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METHOD DETAILS

Material preparation

Pure MXene nanosheet and its composite films were prepared by the etching method (Ghidiu et al., 2014)
(Figure 1). In brief, 1g LiF was added into 20 mL HCl and the mixture were stirred at room temperature for
30 min to make it fully dissolved. Then, 1g TizAIC, was added into the mixture and the reaction occurred at
40°C for 24 h. Rinsing the MXene slurry with deionized water until PH = 6, and then sonicating the solution
for 3hinthe Ny atmosphere and vacuum filter to obtain the MXene powder. It is to be noted that the lateral
size of the nanosheets in the powder can be controlled by the time of LiF corrosion and ultrasound during
the etching process (Gogotsi and Anasori, 2019; Mohseni Taromsari et al., 2022). The dried MXene powder
was prepared as MXene dispersion of 8 mg/mL. Finally, the L-Ascorbic acid sodium of 1 mg/mL was added
and the MXene nanosheets were obtained by vacuum filtration (Zhao et al., 2019). As to the preparation of
MXene@GO and MXene@CNF composite films, an additional 10 mL GO suspension and 1 mL CNF suspen-
sion was added in the last step. Four kinds of samples with different filler weight fraction (5.88 wt%, 11.11 wt
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%, 15.79 wt%, and 20.00 wt%) were prepared separately to explore the filler effect on the thermophysical
property of the MXene and its composite nanosheets.

Microstructure characterizations

Field emission transmission electron microscope (TEM, JEM-2200FS, Japan Electronics) was used to obtain
microstructure information of the prepared MXene nanosheets. Scanning electron microscope (SEM,
GeminiSEM500, Carl Zeiss) was used to characterize the surface and notch cross-section of the nanosheets.
X-ray diffractometer (XRD, SMART LAB(9), Nippon Science Co. Ltd.) was used to measure the interlayer
spacing information. Raman spectroscopy analyzer (Lab RAMHR Evolution, HORIBA Jobin Yvon S.A.S)
was used to obtain the information about atomic vibrations and the structure of crystals.

Thermophysical property measurement

The home-made freestanding thermosensor-based 3w method was used to measure the thermophysical
properties of the nanosheets, which can avoid the difficulty of utilizing photolithography and chemical va-
por deposition method to deposit metal thermosensors onto the MXene nanosheet for the conventional
3w method. In brief, the freestanding thermosensor which encapsulates a metal strip with four pads by
two pieces of polyimide films was sandwiched between two pieces of nanosheets and realize nondestruc-
tive measurement (Figure 2A). The two inner pads were used to measure the voltage, while the two outer
ones were used for introducing electrical current. When an alternating current with angular frequency w is
passed through the strip, temperature fluctuations will be generated due to Joule effect, which will be
transmitted to the nanosheets on both sides, thereby affecting the electrical resistance of the metal strip
and generating a voltage signal with a frequency of 3w. The test structure is symmetrical, that is from the
center to the outside are metal strips, polyimide films, materials to be tested and highly thermal conductive
substrates (stainless steel). Because the width of the metal strip (500 um) is much larger than the thickness of
the film (~50 pum), the heat flux of the system can be approximately transferred in the vertical direction of
the film (Borca-Tasciuc et al., 2001). Figure 2B illustrates the electrical circuit for the implement of the free-
standing sensor-based 3w technique. The signal generator outputs alternating current signal with change-
able frequencies, after amplified by a power amplification, the current signal goes through the thermosen-
sor and the adjustable resistor box, and the voltage signals of them are captured by a lock-in amplifier. The
diagram of the thermal resistance network method is shown in Figure 2C.

During the measurement, the frequency domain third harmonic voltages of the metal strip were measured
and then the temperature rise of the strip was calculated by using:

AT = 2 U3m

= m (Equatlon 1)

where acg is the temperature coefficient of resistance of the metal strip. Us,, and Uy, are the third and first
voltage amplitudes, respectively.

The difference between the temperature rise of the thermosensor measuring the structure with (Ts,¢) and
without (Ts) the MXene composite films is used to extract the out-of-plane thermal conductivity of the films
according to:

(Equation 2)

where subscript S denotes the substrate, subscript F denotes the film, p is the heating power, d is the film
thickness, b is the half-width of the metal, | is the length of the metal strip, « is the out-of-plane thermal
conductivity (Lee and Cahill, 1997). The influence of the thermal properties of the polyimide film on the
measurement can also be eliminated through the comparison between Ts,¢ and Ts.
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