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Cu@Ag/Bi2Te3 nanocomposites were prepared for the first time by ultrasonic dispersion-rapid freeze-
drying method combined with spark plasma sintering (SPS). By changing the content of Cu@Ag
nanoparticle, we could modulate the temperature dependent thermoelectric properties. The highest ZT
value can be obtained at 450[24_TD$DIFF]K for 1 vol% Cu@Ag/Bi2Te3, which is benefited from the decoupling of
electrical and thermal properties. With the increase of electrical conductivity, the absolute value of
Seebeck coefficient lifts while the thermal conductivity declines. Meanwhile, the average ZT value
between 300 [25_TD$DIFF]K and 475K was 0.61 for 1 vol% Cu@Ag/Bi2Te3, which is much higher than that of pristine
Bi2Te3. Therefore, the decoupling effect of Cu@Ag nanoparticles incorporation could be a promising
method to broaden the application of Bi2Te3 based thermoelectric materials.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.
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During the past fewdecades, thermoelectric (TE)materials have
attracted numerous attentions due to their unique characteristics
allowing the direct conversion between heat and electricity. The
performance of TE materials can be estimated by a dimensionless
figure of merit ZT, defined as ZT = s2

[26_TD$DIFF]ST/k, where s is the electrical
conductivity, S is the Seebeck coefficient, k [27_TD$DIFF] is the thermal
conductivity and T is the absolute temperature [1–3]. For TE
materials to become comparable to conventional refrigerators and
power plants, it is critical to enhance the thermoelectric
conversion efficiency. However, the biggest challenge in improving
the value of ZT is to decouple the three parameters (s,[28_TD$DIFF] S, k), which
conflict depend on carrier concentration. For instance, as the
representative of n-type TEmaterials for room temperature, Bi2Te3
shows high electrical conductivity and low thermal conductivity,
while the Seebeck’s absolute value is too low to obtain large ZT in
pure Bi2Te3 [4]. Nanostructure engineering, by reducing lattice
thermal conductivity through grain boundaries, is an effective and
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feasible way to improve the TE performance of Bi2Te3. A high ZT �
0.73 at 475[29_TD$DIFF]K was obtained for the Bi2Te3/AgNWs (AgNPs)
nanocomposites due to the phonon scattering at large density of
interfaces and the energy filtering effects of the heterogeneous
second phase [2,5]. Similar successful exampleswere also reported
such as using Bi nano-dots, SiC nanoparticles and carbon nano-
tubes as the second phase to enhance the thermoelectric
properties of Bi2Te3-based alloy [6–8]. However, these improve-
ments are usually at the expenses of the power factor due to the
decline in electrical conductivity. The addition of Cu as the second
phase has an obviously different effect on TE properties. The
absolute value of Seebeck coefficient increases sharply from 120
mK�1 to 200 mK-1, while the lattice thermal conductivity also
increases significantly [9–11]. These results triggered our interests
in developing a novel route to optimize the ZT value.

It is all known that the crystal structure of Bi2Te3 consists of
quintuple layer units of Bi and Te stacking along the c-axis with
atomic order Te(1)-Bi-Te(2)-Bi-Te(1). Such quintuple layers are
weakly bonded by van der Waals forces, where the Te(1)-Te(1)
layers act as a good diffusion path for guest atom, such as Cu [12–
15]. The intercalation of free Cu can play an effective role in
improving Seebeck coefficient, which is extremely sensitive to the
changes in lattice spacing, thus enhancing the ZT of Cu/Bi2Te3
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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nanocomposite [10]. Although Cu nanoparticles have such obvious
advantages, the chemical properties of copper nanoparticles are
too active and easily oxidize in the air [16]. Here, Cu@Ag composite
powder instead of single Cu or Ag is considered to be an ideal
option to solve the above problems. When Cu@Ag nanoparticles
are used as the second phase introduced in the matrix, the
incoherent interface between Ag and Cu and the energy filtering
effect between silver and matrix also play an important role in
reducing the thermal conductivity. As a result, the three-parameter
decoupling can be achieved by boosting the Seebeck coefficient
while reducing the thermal conductivity without sacrificing
electrical conductivity. The overall thermoelectric power factor
(S2s [30_TD$DIFF]) was increased bymore than 300%. In order to ensure uniform
dispersion of the second phase of Cu@Ag nanoparticles, a new
bottom-up composite approach was proposed, which includes
ultrasonic dispersion, quick freezing, and freeze-drying process.
Through this simple and effective composite method, Cu@Ag
nanoparticles can be uniformly embedded into Bi2Te3 matrix to
form thermoelectric composite materials with both Ag and Cu.

The detail of preparation of Bi2Te3 and Cu@Ag nanoparticles
were given in supporting information. The synthesized Bi2Te3
nanoparticles and Cu@Ag nanoparticles are ultrasonically dis-
persed inwater at different proportions (0.5,1,1.5[31_TD$DIFF] vol%) for 2h, and
the dispersion were frozen rapidly with liquid nitrogen (�196[32_TD$DIFF] [33_TD$DIFF]�C)
to maintain the original good dispersion state, followed by freeze-
drying for 72[34_TD$DIFF]h. For the preparation of bulk materials, the as-
prepared power was sintered by SPS at 653 [35_TD$DIFF]K under pressure of
70MPa for 5min. in Ar atmosphere. The relative density of all the
bulk samples was above 97% and the specific parameters of the
means of characterization are in the supporting information.

Fig. 1 is a representation of the composition and morphology of
the synthesized Cu@Ag nanoparticles. The XRD pattern of Cu@Ag
nanoparticles are shown in Fig. 1a. Both characteristic peaks of Ag
and Cu can be clearly observed and no peaks of Cu2O was found by
XRD. It is most likely due to the Cu nanoparticles being coated by
oxidation-resistant silver nanoparticles. Themorphology of Cu@Ag
nanoparticles can be seen in Fig. 1b, in which the particles are
spherical with an average diameter of about 500[36_TD$DIFF]nm. To identify
the composition of Cu@Ag, elemental analysis was performed
using energy-dispersive spectrometry (EDS). The EDS spectrum
(Fig. 1c) of as-prepared Cu-Ag nanoparticles showed Ag element
[(Fig._1)TD$FIG]

Fig. 1. (a) XRD pattern of Cu@Ag particles. (b) FE-SEM image of Cu@Ag particles. (c)
EDS analysis of an individual particle. (d) TEM image of the Cu@Ag particles.
with a low content of Cu, indicating the main components of the
shell is Ag. As both silver and copper are high atomic number
atoms, the shell structure cannot be seen in the HR-TEM image, as
shown in Fig. 1d.

Fig. 2a shows the typical X-ray diffraction (XRD) patterns of
pure Bi2Te3 powder after solution synthesis, which can be
intuitively indexed to the pure Bi2Te3 phase. The microscopic
morphology of Bi2Te3 powders is shown in Fig. 2a inset, indicating
large particles are agglomerated by many small nanoparticles. The
XRD patterns of Bi2Te3 bulk composite are shown in Fig. 2b. No Ag
and Cu characteristic peaks are found due to the small amount of
the composite. From the XRD magnified image of Fig. 2b, we can
see that the XRD peak shifts to a small angle from the partial
enlarged XRD pattern, for example, the (015) peak position XRD
shifts to a small angle [37_TD$DIFF](Fig. 2c). The effects of Cu atom on the lattice
parameters were evaluated by Rietveld refinement method, and
the result is shown in Fig. 2d.

The lattice parameters along a-axis direction were almost
constant in the composites, while those along c-axis direction
increased slightly with the increase of the Cu@Ag content.
Considering that the atomic radius of Cu is 1.57 [38_TD$DIFF]Å and the layer
spacing between Te(1)-Te(1) in Bi2Te3 is about 1 [39_TD$DIFF]nm, active free Cu
easily diffuses into the interlayer, causing the distortion of the
lattice. This result is consistent with many reported studies that
demonstrated the Cu atoms diffuse rapidly and locate at the
intercalation sites of the Te(1)-Te(1) [9,10]. The orientation factor
(termed as F) of all the samples are shown in Table S1 (Supporting
information). All of the F values less than 5%, indicating the high
randomness of the Bi2Te3 nanograins. As expected from the XRD
results, the grains of the matrix and the composite bulk materials
are randomly distributed without obvious orientation, which can
be seen in the FE-SEM images of the fractured surface of bare Bi2Te3
and 1.0 [40_TD$DIFF] vol% Cu@Ag/Bi2Te3 composite bulks.

[41_TD$DIFF]Figs. 3a–d exhibits all the sintered bulk samples possess a
well-crystallized and void-free feature, which is consistent with
their high relative density. [41_TD$DIFF]Figs. 3c and d shows that the grain size
decreases obviously compared with the matrix when the Cu@Ag
nanoparticles content is 1 [42_TD$DIFF] vol%, and the grain size is less than 500 [36_TD
$DIFF]nm, suggesting the introduction of Cu@Ag nanoparticles effec-
tively inhibited the grain growth by hindering the contact
between the crystal grains of the matrix during SPS sintering
process, which is reflected in many literatures [2,5,8]. As
previously reported, a large number of nanograin sizes may
produce more grain boundaries and interfaces, which strongly
scatter long-wavelength phonons and thus significantly reduce
lattice thermal conductivity [17,18]. The existence and distribu-
tion of Cu@Ag nanoparticles can be observed by SEM-Mapping, as
shown in Fig. 3e. It can be seen that the Cu and Ag are uniformly
dispersed in the matrix. The specific distribution of Cu@Ag
nanoparticle in the matrix can be obtained from the secondary
electron image (SEI) and backscatter image (BSE). As shown in [43_TD$DIFF]

Figs. 3f and g, the black dots are evenly distributed without
agglomeration. The [44_TD$DIFF]black dots in the image are Cu@Ag, as
confirmed by EDS analysis shown in Fig. 3h. This further proves
the effectiveness of the method of the ultrasonic dispersion-flash
freezing-drying method for preparing nanocomposites.

[41_TD$DIFF]Figs. 4a and b exhibits the temperature dependence of s,[45_TD$DIFF] n and
m value of the different content of Cu@Ag nanoparticle embedded
Bi2Te3. s [46_TD$DIFF] of all the bulk samples increase with the increasing
temperature, indicating the intrinsic semiconducting transport
behavior. Compared with the pristine Bi2Te3 bulk samples, s [46_TD$DIFF] of
composites decreased slightly before 475[29_TD$DIFF]K and sharply enhanced
when the temperaturewas higher than 475[47_TD$DIFF]K.When the content of
Cu@Ag nanoparticles was 0.5[48_TD$DIFF] vol%, s was the highest, up to [49_TD$DIFF]

6.2�104 S/m at 475K, which was 27% higher than that of the
matrix [50_TD$DIFF](4.2�104 S/m).
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Fig. 2. (a) Powder XRD patterns of Bi2Te3 powder with the inset of FE-SEM image of the pure Bi2Te3 powders. (b) XRD patterns of Bi2Te3 bulk containing x vol[15_TD$DIFF]% Cu@Ag
nanoparticles (x =0, 0.5, 1.0, 1.5). (c) Expanded view of XRD patterns for angles between 26.5� and 29�. (d) Lattice parameters along a- and c-direction in composites.
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The variation tendency in electrical conductivity is deter-
mined undoubtedly by the carrier concentration ( [51_TD$DIFF]n) andmobility
(m), which can be expressed as s [52_TD$DIFF] = nem, respectively [19]. As
shown in Fig. 4b, it was observed that the carrier concentrations of
the composites were lower than that of thematrix though the high
conductivity of Cu@Ag. As is reported, the addition of Cu@Ag
refines the grains, leading to a large number of grain boundaries
and interfaces. The scattering of low-energy carriers at the
interface is strong near room temperature, results in a low carrier
concentration. Different from the tendency of the carrier
concentration of the matrix, which decreases first and then
increases with the increase of temperature owe to the obvious
bipolar diffusion effect, the carrier concentration of the compo-
sites increases with the increasing temperature under the
premise of intrinsic excitation suppressed by the Cu atom
intercalation. Therefore, intercalation Cu atom as the donor
injects extra electron carriers into the matrix and the extra
electron carriers overcome the interface barrier at high tempera-
ture, ultimately increasing the carrier concentration. The
decrease in the carrier concentration of the composite is
inevitably accompanied by a big boost in mobility which is likely
due to the fact that the intercalation of Cu provides additional
migration channels for carriers, as shown in the inset of Fig. 4b.

Fig. 4c shows the temperature dependence of S. A negative S of
all samples is indicative of n-type electrical transport behavior. As
expected, the absolute Seebeck coefficient of the Cu@Ag/Bi2Te3
composite bulks significantly increases compared to that of the
Bi2Te3 samples over the entire temperature range. The peak of the
absolute Seebeck coefficient reaches 210mV/K at 325 [53_TD$DIFF]K for the 1 vol
% Cu@Ag/Bi2Te3 nanocomposite while Bi2Te3 sample only shows
127mV/K, implying the introduction of the second phase of Cu@Ag
nanoparticles effectively enhance the Seebeck coefficient by more
than 65%. Because the Bi2Te3 can be reasonably regarded as
degenerated semiconductors, the linear temperature dependence
of the Seebeck coefficient can be calculated by [20]:[54_TD$DIFF]

a ¼ 8p2k2B
3eh2 mT

p
3n

� �2=3

where h is the Planck constant. Respectively, the increase in
Seebeck coefficient for Cu@Ag/Bi2Te3 nanocomposite nanobulk can
also be attributed mainly to the decrease in [55_TD$DIFF]n. Accordingly, the
obtained power factor is much higher than the pristine Bi2Te3. A
maximumpower factor,14mWK�2

[56_TD$DIFF] cm-1, was obtained at 450 [24_TD$DIFF]K for
1 vol% Cu@Ag/Bi2Te3 nanocomposite bulk as a result of the
relatively high electrical conductivity and the high absolute
Seebeck coefficient, as shown in Fig. 4d. It is worth noting that
the power factor maintains a high value over a wide temperature
range, which plays a key role in the improvement of the overall
thermoelectric figure of merit.

The thermal conductivity of all the samples increases with the
temperature rising, as shown in Fig. 4e. As expected from the
microstructure and the presence of nanosecond phase of the
composite pellets, k[46_TD$DIFF] of composites was much lower than that of
pristine Bi2Te3 [6, [57_TD$DIFF]21,22]. Meanwhile, as the content of Cu@Ag in
the composite increases, the thermal conductivity decreases first
and then increases slightly. The reduction in total thermal
conductivity largely comes from the reduction of the lattice plus
bipolar part (k

[58_TD$DIFF]l+kbi), which were obtained by direct subtracting k
[59_TD$DIFF]e

from ktat, respectively. Among them, k
[60_TD$DIFF]e can be roughly estimated

using the Wiedemann-Franz law (k
[61_TD$DIFF]e = LsT, where L is the Lorentz

number) [23]. Here, L was calculated by using a single parabolic
band model with acoustic phonon scattering and the values are
shown in Fig. S1 [62_TD$DIFF](Supporting information). Compared with the
bare Bi2Te3, the k [63_TD$DIFF]tat-ke values (Fig. 4g) of all the composite samples
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Fig. 3. FE-SEM images of the fractured surfaces of Bi2Te3 compositeswith x vol% Cu@Ag nanoparticles: (a,[16_TD$DIFF] b) 0.0 vol%, (c, d) 1.0 vol%, (e) elementmapping of Bi2Te3 composites
with 1.0 vol% Cu@Ag nanoparticles, (f, g) SE and BSE image of 1 [17_TD$DIFF] vol% Cu@Ag and (h) element distribution of white area from (g).

[(Fig._4)TD$FIG]

Fig. 4. Temperature dependence of (a) electrical conductivity, (b) carrier concentration (inset is the temperature dependence of carrier mobility[18_TD$DIFF]), (c) seebeck coefficient, (d)
power factor, (e) thermal conductivity and (f) kl+kb, (g) ZT for Bi2Te3 bulk samples containing x vol[19_TD$DIFF]% Cu@Ag (x = 0, 0.5,1.0,1.5). (h) State-of-the-art average ZTs for Bi2Te3 alloys
[2,9,15,21].
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are significantly decreased, which is contrary to the influence of Cu
doping on the lattice thermal conductivity of Bi2Te3 in the
literatures, suggesting that the existence of the Ag nanoshell plays
an important role in the reduction of the lattice thermal
conductivity [9,10,15]. Considering that the work function of Ag
is 4.52[64_TD$DIFF] eV and the work function of Bi2Te3 is 5.13[65_TD$DIFF] eV, the energy
band at the heterointerface is bent and an ohmic contact is formed,
which can effectively scatter phonons and has less influence on
electrical conductivity at room temperature [24,25]. We all know
that Bi2Te3 is a narrow-band semiconductor, therefore, the bipolar
effect is obvious as the temperature increases. Interestingly,
intrinsic excitation of the Cu@Ag/Bi2Te3 composite is significantly
suppressed compared to the pristine Bi2Te3 due to the intercalation
of Cu atoms effectively inhibits intrinsic excitation.

Finally, the temperature dependence of ZT value for Cu@Ag/
Bi2Te3 nanocomposite bulk at temperatures of 300–475 [66_TD$DIFF]K are
displayed in Fig. 4g. The ZT values for all Cu@Ag/Bi2Te3 samples
are greater than that of Bi2Te3. The maximum ZT value of 1 [42_TD$DIFF] vol%
Cu@Ag/Bi2Te3 sample is about 0.69 at 450 [67_TD$DIFF]K, which is 340%
higher than the 0.12 of bare Bi2Te3. Interestingly, the ZT value
notably keeps a fairly high level from 300 [68_TD$DIFF]K to 475 K. The average
ZT of 1 [42_TD$DIFF] vol% Cu@Ag/Bi2Te3 composite sample is 0.61, much
higher than the reported work of Ag/Bi2Te3, Cu/Bi2Te3 or Cu
doped Bi2Te3, as shown in Fig. 4h. We believe that the high ZT of
our nanocomposite is primarily due to the significant improve-
ment of the Seebeck coefficient, much larger electrical
conductivity and the lower thermal conductivity.

In summary, high thermoelectric performance has been
obtained in n-type Bi2Te3 composites x vol% Cu@Ag/Bi2Te3 (x[69_TD$DIFF] =0,
0.5, 1, 1.5) through the incorporation of Cu@Ag nanoparticles by
ultrasonic dispersion, quick freezing, freeze-drying process and
SPS sintering. The highest ZT of 0.69 is obtained for 1 [42_TD$DIFF] vol% Cu@Ag/
Bi2Te3 at 450 [70_TD$DIFF]K. The outstanding performance of the Cu@Ag/Bi2Te3
composite is mainly benefiting from the lower thermal conduc-
tivity and higher power factor. On one hand, the Cu@Ag
nanoparticles introduced in the Bi2Te3 matrix can strengthen
the interfacial scattering at the boundaries, which effectively
scatters the thermal phonons, resulting in extremely low thermal
conductivity. On the other hand, the intercalated copper atoms act
as donors, not only helps to inhibit the intrinsic excitation but also
greatly increases the Seebeck coefficient and provides additional
electrons for the matrix at high temperatures, and thereby
increases the conductivity. Our results demonstrate that the
introduction of Cu@Ag nanoparticles as a second phase
comprehensively realizes the decoupling of the parameters, which
provides a new route to improve the TE.
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