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Abstract
Thermoelectric materials convert thermal energy into electricity directly. Constructing nanostructured
composite architectures can be an effective strategy to develop thermoelectric performance.
SnSe/Ti3C2Tx composite materials were synthesized through the electrostatic self-assembly method
followed by spark plasma sintering. The interfaces introduced by Ti3C2Tx can scatter carriers effectively,

thus increasing the Seebeck coe�cients (S), �nally, a high absolute S value of ~ 296.2 µV K− 1 was
obtained at 773 K. At the same time, the high-density interfaces of SnSe/Ti3C2Tx composites enhance the

phonon scattering, a low lattice thermal conductivity klat of 0.54 W m− 1 K− 1 was obtained in sample ω = 
0.1%. Bene�t from the elevated Seebeck coe�cient and decreased thermal conductivity, a ZT of 0.1 was
obtained in sample ω = 0.1% at 773 K along the pressing direction, compared with the pure SnSe, the
thermoelectric performance improved by 68%. This research will provide a new way for the development
of the thermoelectric properties of polycrystalline SnSe.

1. Introduction
Thermoelectric materials convert thermal energy into electricity directly while they are independent of
moving parts and extremely reliable [1], so they will play a key role in power generation. The property of
thermoelectric materials is manifested by the dimensionless �gure of merit (ZT), ZT = (S2σ/к) T, where S,
σ, S2σ, к, and T are the Seebeck coe�cient, electrical conductivity, power factor, thermal conductivity, and
absolute temperature, respectively [2]. Many efforts have been taken for developing the ZT value [3–5],
the ameliorating methods are divided into two classes, one is using doping to enhance the electrical
performance of the thermoelectric materials [6–8], and the other is reducing the lattice thermal
conductivity by amplifying phonon scattering [9,10]. But because of the coupling relationship between
thermal conductivity and electrical conductivity, it is essential to �nd materials that have intrinsically low
thermal conductivity and adjustable electrical conductivity. SnSe is a thermoelectric material that
combines these two advantages.

SnSe has a layered orthorhombic crystal structure [11], the strong anharmonicity in Sn-Se bonding gives
rise to high Grüneisen parameters [12], leading to intrinsically low thermal conductivity. Also, a phase
transition from Pnma to Cmcm in SnSe results in the divergence of two overlapped conduction bands,
which lessens the band mass and obtains high carrier mobility, thus ZT of 2.8 has been achieved in n-
type Br-doped SnSe single crystals [13], which is the highest ZT value reached so far. However, SnSe
single crystals are easier to disintegrate and harder to prepare than polycrystalline SnSe, so researchers
want to use polycrystalline SnSe in place of SnSe single crystals [14]. Polycrystalline SnSe has poorer
thermoelectric performance compared with SnSe single crystals [15], so it is necessary that take
measures to improve polycrystalline SnSe thermoelectric performance, now many methods have been
adopted to raise its thermoelectric properties, such as carrier concentration control [16], band structure
adjustment [17], vacancy engineering [18]. Besides, it’s also an effective strategy to introduce a suitable
nanoscale second phase into the tin selenide matrix [19]. 
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MXenes are new 2D materials that were �rstly prepared by selectively etching MAX phases in 2011 [20].
They exhibit metal-like electrical properties and have graphene-like structures [21]. The excellent electrical
properties can improve the electrical performance of the composites and the dimensional graphene-like
nanostructure can enhance the phonon scattering and further reduce the thermal conductivity of the
composites [22]. MXenes have been used in Bi0.4Sb1.6Te3 to enhance thermoelectric properties, because
Bi0.4Sb1.6Te3 and MXenes have different work functions, they will cause band bending and scatter low-
energy carriers. In addition, the heterogeneous interfaces between Bi0.4Sb1.6Te3 and MXenes can scatter
phonons e�ciently to reduced thermal conductivity. Finally, a high average ZT of ≈1.23 was achieved in
the temperature ranging from 300 to 475 K [5]. Hence, MXenes can be expected to improve the
thermoelectric performance of polycrystalline SnSe.

In this study, we prepared SnSe powders and Ti3C2Tx (Tx represents O, OH, and F groups). Ti3C2Tx is
representative of MXenes materials. Because the surface of Ti3C2Tx is electronegative [23] and the
surface of SnSe powder can be positively charged by adjusting the pH value of SnSe powder dispersion
[24], we decided to adopt the electrostatic self-assembly method to prepare SnSe/Ti3C2Tx composites
powders. Then the powders were sintered by SPS at 773 K under 50 MPa for 5 min. After that, the
thermoelectric properties of the sintered pellets were tested. Due to the addition of Ti3C2Tx, the
thermoelectric properties of the composites are better than those of the pure SnSe, the thermoelectric
performance improved by 68% when ω = 0.1%. This research will provide a new way for the development
of the thermoelectric properties of polycrystalline SnSe.

2. Materials And Methods
SnSe/Ti3C2Tx-ω (ω = 0, 0.05%, 0.1%, 0.2%) composites, or SnSe-T-ω were synthesized according to the
process in Fig. 1. The Ti3C2Tx nanosheets were synthesized by etching Ti3AlC2 (11 Technology, 99%) in a
mixture solution of 1 g LiF (Aladdin, 99%) and 20 ml hydrochloric acid (9 M) for 24 h at 35 °C. Then the
products were washed by several centrifugation cycles of deionized water (DI), followed by an ultrasonic
concussion for 60 min. Then the dark green supernatant was carefully collected after centrifugation for
60 min at 3500 rpm. The SnSe powders were synthesized by a simple hydrothermal method.
SnCl2 (Aladdin, 98.0-103.0%), Se powders (Aladdin, 99.99%), and NaOH (Aladdin, 97%) were dissolved in
50ml deionized water under ultrasonic for 20 min, then the mixture was transferred to a reaction kettle
(100 ml) and heated at 463 K for 12 h in an oven. After cooling to room temperature, the black precipitate
was collected by centrifugation and thoroughly washed with deionized water several times. Finally, the
product was dried at 60 °C for 12 h and collected as powder.

Ti3C2Tx and SnSe powders were composited by electrostatic self-assembly. SnSe powders were
dispersed into deionized water and the pH value of the solution was adjusted to 2 by adding hydrochloric
acid (HCl). The dispersion of Ti3C2Tx was added into the SnSe solution with slow stirring, then washing
the mixed solution with water and freeze-drying.
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SPS was done using SPS-2T-2-MIN (Chen Hua, China) instrument. The dried powders were sintered at 773
K under the pressure of 50 MPa for 5 min. The obtained SnSe/Ti3C2Tx bulks were cut along the parallel
directions to the pressing for electrical transport property measurements and thermal transport property
measurement.

The Seebeck coe�cients (S) and electrical conductivities (σ) were measured by a Cryoall CTA-3S
instrument system under a helium atmosphere from 300 to 773 K. σ and S were measured in parallel to
the pressing direction. The Hall coe�cient (RH) was measured by the Van der Pauw technique with a Hall
measurement system (MMR H5000) under ± 0.9T. Hall carrier density (nH) was calculated through nH =
1/(eRH) and Hall carrier mobility (µH) was acquired through µH = RH/ρ. The thermal conductivity (κ) was
calculated through the equation: κ = DCpρ, where D, Cp, ρ are thermal diffusivity, speci�c heat capacity,
and density, respectively. D was measured with Netzsch LFA 467, Cp was taken from the ref [15], ρ was
measured by Archimedes method. 

Crystalline phases were identi�ed by X-ray diffraction analysis (XRD, D/MAX-RA, Rigaku, Japan) with Cu
Kα radiation and scanning from 10º to 60º. The sampling interval was 0.02º 2θ. The microstructure of
samples was investigated by �eld emission scanning electron microscopy (FEI Verios 460) and HRTEM
(FEI Tecnai G2 F20 S-TWIN).

3. Results And Discussion
We �rstly prepared Ti3C2Tx nanosheets by etching Ti3AlC2 [25]. The XRD pattern of the Ti3C2Tx

nanosheet is shown in Fig. 2(a). The (104) peak at ≈38° in Ti3AlC2 indicates the existence of the Al layer
in Ti3AlC2. After etching, the (104) peak was disappeared and the (002) peak shifted to a small angle
about 6°, which con�rm the elimination of the Al layer and the formation of Ti3C2Tx with a large interlayer
distance. The scanning electron microscope (SEM) and Atomic Force Microscope (AFM) were used to
verify the successful preparation of Ti3C2Tx nanosheets. Fig. 2(b) shows that the exfoliated Ti3C2Tx

nanosheets have a large transverse dimension of about one hundred micrometers, and the nanosheets so
thin and �exible that form folds on the surface. Fig. 2(c) shows the AFM pictures of Ti3C2Tx nanosheets.
The height pro�le indicates the average thickness of 4 nm, which proves that the prepared Ti3C2Tx is two-
dimension material.

Then SnSe powders were prepared by the conventional hydrothermal method. The XRD pattern of SnSe is
shown in Fig. 3(a). The results are indexed with orthorhombic SnSe (space group Pnma, PDF#48-1224),
and no peaks indicative of impurities are present. We can know that the synthesized SnSe powders have
a particle size of ≈400 nm, and there are a few �ake-like powders of several micrometers from Fig. 3(b)
and (c). The results of Transmission Electron Microscopy (TEM) are shown in Fig. 3(d) and (e). The
lattice fringes can be seen clearly from the High-resolution TEM image, the crystal plane spacing between
two apparent planes is estimated to be 0.29 nm, which corresponds to the (111) planes of SnSe [26].
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The SnSe sheets were mixed with Ti3C2Tx nanosheets by an electrostatic self-assembly method. Ti3C2Tx

nanosheets surface is electronegative due to the preparation process [23], and SnSe sheets can be
positively charged by adjusting the pH value of the solution [24]. As shown in Fig. 3(f), the zeta potential
values of SnSe and Ti3C2Tx show different changing rules with the change of pH. The zeta potential of
SnSe changes from positive to negative as the pH changes from 2 to 10, but the zeta potential of Ti3C2Tx

is negative all the time. When the pH value is adjusted to 2, the zeta potential of SnSe sheets and Ti3C2Tx

nanosheets are +27 and −12, respectively. Therefore, the two different materials can be adsorbed together
by electrostatic force when drop adding Ti3C2Tx dispersion into the SnSe aqueous dispersion.

Fig. 4(a) shows the XRD patterns of Ti3C2Tx and SnSe/Ti3C2Tx composites. The XRD pattern of Ti3C2Tx

includes one peak at 2θ = 6°, which can be attributable to the (002) re�ection with an interlayer distance
of 0.5 nm. The diffraction peaks of SnSe/Ti3C2Tx composites prove that the powders of synthesized
material are orthorhombic SnSe (space group Pnma, PDF#48-1224), and no peaks indicative of
impurities are present. It is a pity that the diffraction peak of Ti3C2Tx can’t be observed, even in the
SnSe/Ti3C2Tx-0.2% sample, which means that the amount of Ti3C2Tx in the composites is so low that the
diffractometer could not pick it up. To determine the presence of Ti3C2Tx in the composites, SEM and
TEM are adopted.

Fig. 4(b) shows the microstructure of SnSe/Ti3C2Tx-0.2% composites, where the thin Ti3C2Tx nanosheets
are distributed on the surface of the SnSe sheets and SnSe plates are wrapped by the ultrathin Ti3C2Tx

nanosheets. TEM image Fig. 4(c) shows that Ti3C2Tx nanosheets wrap around the SnSe particles.
HRTEM image Fig. 4(d) exhibits the lattice fringes with a spacing of 0.3 nm for the particle which
corresponds to the (011) planes of

SnSe. Fig. 4(e) gives the corresponding elemental maps of Sn, Se, Ti, and C, which shows that Sn and Se
elements are evenly distributed in the wafer, Ti and C are distributed around the wafer. This con�rms that
the sheet is SnSe and Ti3C2Tx is wrapped on top of the SnSe. 

The as-synthesized SnSe/Ti3C2Tx composites powders are sintered by the SPS. The sintered samples all
have a good density, which can be con�rmed by Table 1. 

Table 1 Density of the SnSe/Ti3C2Tx composites. The theoretical density of SnSe is 6.18 g/cm3.

SnSe/Ti3C2Tx-ω Measured density (g/cm3) Relative density (%)

ω = 0 6.12 99.03

ω = 0.05% 6.08 98.38

ω = 0.1% 6.08 98.38

ω = 0.2% 6.06 98.06
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Fig. 5 shows the XRD patterns of the sintered pellets along with both the parallel and perpendicular to the
pressing direction. The diffraction peaks correspond to orthorhombic SnSe. However, the intensities of
the (400) peak are a sharp increase in the XRD pattern

collected perpendicular to the pressing direction (Fig. 5(b)), indicating that strong preferred {h00}
orientation occurs in the SnSe pellets [27]. Fig. 5(c) and (d) are SEM images of SnSe/Ti3C2Tx-0.1%
pellets, fractured from different directions. The microstructures of the pellets are composed of
microplates, indicating that SnSe powders grew further during the high-temperature SPS process. It can
be seen that the sample exhibits a layered structure along the parallel direction and a �at plane structure
along the perpendicular direction, indicating an obvious anisotropy in the sintered pellets, which �t well
with the XRD patterns in Fig. 5(a) and (b).

Since the performance of SnSe is anisotropic, it is easier to obtain low thermal conductivity in the
direction of parallel pressure [28], so the test directions in this paper are all parallel to the pressing
direction. The graph of the Seebeck coe�cients as a function of temperature is shown in Fig. 6(a), in
which the Seebeck coe�cients decrease (positive) �rstly then increase (negative) as long as the
temperature increase. 

During the low-temperature stage (< 500 K), the main carriers in the material are holes, so S is positive.
Then the temperature continues to increase, the bipolar transport will begin (500~600 K), in this case, the
S should be explained by , p and n-type carriers contribute to S together. Because the n-type carriers are
going to provide a negative potential, the Seebeck coe�cients will decrease sharply, before the main
carriers change from p to n-type, about at 600 K, the drop rate of S goes up, when the contribution of p
and n carriers to S is equal, S will be zero and the type of the main carrier changes. And then S will
continue to increase in the negative direction as the temperature increases, �nally, a high absolute S value
of~296.2 μV K-1 at 773 K is observed(ω = 0.2%).

The S of composite Ti3C2Tx samples is higher than the pure sample, indicating that interfaces in
composites scatter carriers, thus increasing S.

The temperature dependences of σ for SnSe/Ti3C2Tx composites are shown in Fig. 6(b), the σ of all
samples increases with increasing temperature. When the temperature is below 600 K, the σ growth is
slow, this is because there is no signi�cant increase in carrier concentration at this stage. Then, σ
increases rapidly at temperatures above 600 K due to the thermal excitation of electrons [29]. This
tendency of σ with temperature is common in polycrystalline SnSe [30]. At room temperature, the σ of all
samples compositing Ti3C2Txis lower than pure SnSe, because the interfaces between SnSe and Ti3C2Tx
enhance the scattering of carriers to decreased carrier mobility, which can be evidenced from room
temperature Hall measurement in Fig. 6(d). The electron intrinsic excitation becomes the main source of
carriers during the high-temperature stage, but the electrical conductivity of the composites still does not
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exceed pure SnSe, indicating that the interface in the composites still has a strong scattering effect on
the carriers so that decrease σ and enhance S.

Fig. 6(c) shows the temperature dependences of PF for SnSe/Ti3C2Tx composites. PF (S2σ) is the result
of σ and S's calculations. During the low-temperature stage (<600 K), even if there is a change in the main
carrier type, there is little effect on the PF due to the low conductivity. Then, as the temperature rises, the
conductivity increases sharply, as a result, an optimized PF of 0.74 μW cm-1 K-2 at 773 K can be observed
when ω = 0.2%.

The total thermal conductivity ktot and lattice thermal conductivity klat of all samples in the temperature
range from 300 K to 773 K are shown in Fig. 7(b) and (c). We estimate the lattice thermal conductivity
through the Wiedemann-Franz Law (κele = LσT). Because L will not change the total thermal conductivity
and �nal ZT, an estimation of L can be made using the SPB model with acoustic phonon scattering, the L
is calculated from: 

where kB is the Boltzmann constant, e is the electric charge, r is the scattering rate, and η refers to the
reduced Fermi energy, which can be derived from the measured Seebeck coe�cients with consideration
of acoustic phonon dominated scattering (r = -1/2) via the following equation:

where Fx(η) is Fermi integral:

Because the electrical conductivity is so low at a temperature below 600 K, the electronic contribution to
the thermal conductivity becomes obvious only above 600 K, which leads to no signi�cant difference
between the total thermal conductivity ktot and lattice thermal conductivity klat. It is noteworthy that the

min klat is obtained in sample ω = 0.1% at 773 K (0.54 W m-1 K-1), which is comparable to the values of
single-crystal SnSe reported by Wei [31]. This indicates that the interfaces between the SnSe matrix and
Ti3C2Tx can scatter phonon effectively. But the thermal conductivity of sample ω = 0.2% is not lower than
that of the pure SnSe, this can be explained for two reasons, one is the Ti3C2Tx has a higher thermal
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conductivity than SnSe [32], the other is the uneven distribution of Ti3C2Tx in SnSe matrix results in a
reduced scattering interface.

Fig. 7(d) presents the temperature dependence of the �gure-of-merit ZT in the temperature range of 300-
773 K. The interfaces introduced by Ti3C2Tx can scatter carriers effectively, thus increasing the Seebeck

coe�cients (S), �nally, a high absolute S value of ~296.2 μV K-1
 was obtained at 773 K. At the same time,

the high-density interfaces of SnSe/Ti3C2Tx composites enhance the phonon scattering, a low lattice

thermal conductivity klat of 0.54 W m-1 K-1 was obtained in sample ω = 0.1%. Because of the lowest klat in
sample ω = 0.1%, the peak ZT value of 0.1 presents at 773 K in sample ω = 0.1%. Compared with the pure
sample, the performance of the composite sample is indeed improved, but the ZT value is still very low,
so measures still need to be taken to improve the conductivity, especially the mobility.

4. Conclusions
In this work, we successfully synthesize SnSe/Ti3C2Tx composites materials by the electrostatic self-
assembly method and SPS. Because low energy carriers were �ltered by interfaces, a high absolute
S value of ~296.2 μV K-1

 was obtained at 773 K. The low klat of 0.54 W m-1 K-1 was obtained at 773 K due
to the scattering of phonons at the interfaces, therefore, a ZT of 0.1 was obtained in sample ω = 0.1% at
773 K along the pressing direction, which improves by 68% compared with the pure SnSe in our research.
It’s a pity that Ti3C2Tx can increase the carrier concentration of SnSe but reduce the mobility, which
ultimately fails to achieve the purpose of improving the electrical conductivity, therefore, to obtain a
higher ZT value, additional measures should be taken to increase mobility.
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Figures

Figure 1

Schematic illustration of preparation of SnSe/Ti3C2Tx-ω (ω = 0, 0.05%, 0.1%, 0.2%) composites.
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Figure 2

(a) XRD patterns of Ti3C2Tx nanosheets. (b) SEM image of Ti3C2Tx nanosheets (c) AFM image with a
height pro�le of a Ti3C2Tx nanosheet.

Figure 3

(a) XRD patterns of SnSe. (b) SEM image of SnSe. (c) particle size distribution diagram of SnSe in Fig.
3(b). (d) low-magni�cation and (e) high-magni�cation TEM images of SnSe. (f) Zeta potential of Ti3C2Tx
and SnSe as a function of pH.
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Figure 4

(a) XRD patterns of Ti3C2Tx and SnSe/Ti3C2Tx composites. (b) SEM image of SnSe/ Ti3C2Tx-0.2%. (c)
low-magni�cation and (d) high-magni�cation TEM images of SnSe/ Ti3C2Tx-0.2%. (e) the corresponding
elemental maps of Sn, Se, Ti, and C.
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Figure 5

XRD patterns of SnSe/Ti3C2Tx composites sintered pellets (a) parallel and (b) perpendicular to the
pressing direction. SEM images of SnSe/Ti3C2Tx-0.1% pellet fractured from (c) parallel and (d)
perpendicular to the pressing direction.

Figure 6
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Temperature-dependent electrical properties of SnSe/Ti3C2Tx composites measured parallel to the
pressing direction. (a) Seebeck coe�cient. (b) electrical conductivity. (c) power factor. (d) Hall carrier
concentration and carrier mobility as a function of Ti3C2Tx mass fraction at room temperature.

Figure 7

Temperature-dependent (a) thermal diffusion coe�cient. (b) total thermal conductivity. (c) lattice thermal
conductivity. (d) thermoelectric �gure of merit (ZT) of SnSe/Ti3C2Tx composites measured parallel to the
pressing direction.


