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HIGHLIGHTS GRAPHICAL ABSTRACT

® The Se?~ enrichment in Te?~ frame-
work is realized in AgCuTe superionic
conductor.

50Mpa

® The Se?~-rich anionic framework lar- >
gely reduces the carrier concentration.
® The carrier thermal conductivity of $55% §
Se?~-rich samples is decreased sig-
nificantly.
® A maximum ZT value of 1.2 is ob-
tained by introducing Se~ enrich-
ment in AgCuTe sample.
ARTICLE INFO ABSTRACT
Keywords: Defects engineering is an effective approach to improve thermoelectric performance of thermoelectric materials.
AgCuTe In this work, a simple strategy has been developed to introduce large scale defects of Se>~ enrichment in the
Superionic conductor materials Te® ™ -based anionic framework of AgCuTe-based thermoelectric materials. As a consequence, the structure of

Thermoelectrics
Defects engineering
Optimizing the anionic framework

anionic Se®~ /Te® -based framework is modified and its electrical transport properties are largely affected. It is
observed that the carrier concentration is reduced because the Se>~ enrichment hinders the formation of cation
vacancies, leading to the decreasing of electric conductivity and the increasing of Seebeck coefficient in high
temperature range. Significantly, the electron thermal conductivity decreases to an extremely low level due to
the further reduction in carrier concentration. As a result, the Se-rich AgCuTe sample achieves a maximum ZT
value of 1.2 at 723 K, which is about 20% higher than that of the pristine AgCuTe sample. The results evidence
that optimizing the anionic framework is an effective approach to improve the thermoelectric properties of
AgCuTe and is expected to be a universal modification strategy to enhance the thermoelectric performance of
other Ag/Cu-based superionic conductor materials.

1. Introduction materials is evaluated by the value of a dimensionless thermoelectric
figure of merit (ZT), which is defined asZT = S*T/k, where S is the

Thermoelectric materials, which are capable of directly converting Seebeck coefficient, o is the electric conductivity, k is the thermal
waste heat into useful electricity, possess great potential applications in conductivity and T is the Kelvin temperature [3]. To obtain a high ZT
the field of waste heat recovery and environmentally-friendly re- value, the thermoelectric materials are required to exhibit both low k
frigeration [1,2]. Generally, the performance of thermoelectric and high power factor (PF = S20) simultaneously [4,5]. However, it is
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rather challenging to achieve high ZT value because all these essential
parameters (S, o, k) are closely coupled with each other via carrier
concentration particularly. Hence, to modify one of the parameters in
ZT formula often leads to non-cooperative changes in other parameters
[6], which largely limits the improvement of thermoelectric perfor-
mance and extensive applications of thermoelectric devices.

The concept of ‘phonon-glass electron-crystal’ (PGEC) proposed by
Slack et al. is considered as an important criterion to search and seize
high-performance thermoelectric materials [7]. According to the PGEC
concept, high-performance thermoelectric materials should possess not
only low thermal conductivity like glass but also high electric con-
ductivity like well-ordered crystal. A series of high-performance ther-
moelectric materials such as clathrates [8], filled skutterudites [9] and
zintl phases [10] conformed to the PGEC concept have been studied
extensively. Recently, a new class of (Ag, Cu),X-based (X = S, Se, Te)
superionic conductors that exhibit excellent thermoelectric properties
have been reported [11,12], and the new concept ‘phonon-liquid
electron-crystal’ (PLEC) developed on the basis of the PGEC concept has
been proposed to explain the structural properties of such superionic
conductors [13]. These (Ag, Cu),X-based (X = S, Se, Te) superionic
conductors could transform into the rock-salt-type structure at high
temperature, in which the anions atoms form rigid crystalline sublattice
and the cations surrounding the anions form liquid-like sublattice
[14,15]. The ultra-low intrinsic thermal conductivity (k) can be
achieved due to the disorder and flow of cations in the liquid-like
sublattice, while the rigid crystalline sublattice of anions provides a
good electrical transport channel, enabling these compounds to achieve
high thermoelectric properties [15]. A variety of (Ag, Cu),X-based
(X = S, Se, Te) superionic conductors with low intrinsic k less than
1 Wm™1K™! and high ZT value more than 1.5 have been reported,
such as Cu,S, Cu,Se, Ag.Se, AgCuSe [13,16-18], indicating that these
compounds are potential candidates in practical application as ther-
moelectric materials.

Among all (Ag, Cu),X-based compounds, ternary compounds AgCuX
(X = S, Se, Te) exhibit special characteristics in thermoelectric and
structural properties. A peak ZT of 0.95 at 673 K in AgCuSe has been
reported [19], which is significantly higher than those binary com-
pounds, suggesting that the ternary compounds AgCuX are valuable
thermoelectric materials in the medium-high temperature range. In
medium-high temperature range, the ternary compounds possess rock-
salt-type structure, in which Ag*/Cu™ cations could randomly diffuse
within the VII-based (VII = S27, Se?~, Te?~) anionic rigid sublattice
[18].

In 2018, Roychowdhury et al. reported that a high ZT value of 1.2 at
723 K can be achieved in a new superionic conductor AgCuTe [20]
because its soft phonon modes lead to ultralow thermal conductivity.
Furthermore, the modification of the composition of cations and anions
can be realized to improve the thermoelectric performance of the Ag-
CuTe compound [20,21]. These works demonstrate that AgCuTe is a
novel ternary compound that held excellent thermoelectric properties
in medium-high temperature range (500 ~ 800 K). Naturely, the Ag-
CuTe-based materials have attracted our attention and we are moti-
vated to further improve their thermoelectric performance through
utilizing new strategies.

In this work, we have developed an effective strategy to optimize
the anionic framework of AgCuTe thermoelectric compound by in-
troducing the large scale defects of Se?~ enrichment in the Te?~-based
anionic framework. Specifically, a series of different proportions of
AgCuTe and AgCuSe powders are mixed and then dispersed, dried and
hot-pressed to obtain bulk samples, and the structural characterization
results show that the Se?~ enrichment is introduced to the Te?~-based
anionic framework. The Se®” enrichment in the Te?~-based anionic
framework significantly affects the carrier concentration of the Se-rich
samples, thus successfully lead to the optimization of the electrical
transport properties and reduction of the thermal conductivity. As a
result, a maximum ZT value of 1.2 is obtained for AgCuTe with 8 wt%
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AgCuSe sample at 723 K, realizing a 20% enhancement in ZT value
compared to the pristine AgCuTe sample.

2. Experimental section
2.1. Materials

Cu powder (99.99%), Te powder (99.99%), Se powder (99.99%)
and AgNO; (99.9%) were purchased from Aladdin Industrial
Corporation, Ag powder (99.99%). NaBH, (99%), Cu(NO3),3H,0
(99.9%) were purchased from Sinopharm Chemical Reagent Co., Ltd.
All the chemicals were used without further purification.

2.2. Synthesis of AgCuTe powder and AgCuSe powder

AgCuTe powder were prepared through a solid melting reaction.
The Ag, Cu and Te powders were weighted according to the stoichio-
metric ratio, then these three kinds of powders were uniformly mixed
and put into a carefully cleaned quartz tube. The quartz tube was sealed
under a vacuum of 103 Pa using the Partulab MRVS Vacuum Sealing
System, then was slowly heated to 1323 K in 24 h, annealed for 24 h
and then slowly cooled down to room temperature in 24 h in a muffle
furnace. The obtained ingot was ground in an Argon filled glove box for
1 h to obtain fine powders.

AgCuSe powder was synthesized using the aqueous methods as re-
ported by Han et al [22]. Se powder and NaBH, caplets were dispersed
in distilled water in a beaker and stirred for 25 min at room tempera-
ture to form a colorless selenium precursor solution. AgNO3; and Cu
(NO3),-3H,0 were dissolved in distilled water in another beaker, and
then quickly added into the Se-precursor solution to generate black
precipitates. The precipitates were collected by filtration, successively
washed 4 times with distilled water and dried in a vacuum drying oven
at 70 °C for 24 h.

2.3. Synthesis of AgCuTe/x wt% AgCuSe bulk samples

The synthesized AgCuTe and AgCuSe powders were weighed ac-
cording to different mass ratios and mixed. Then the as-mixed powder
was added into 100 ml absolute ethanol. After sonicate and stirring for
30 min, the precipitations were collected and dried at 70 °C for 24 h to
obtain the mixed powder. AgCuTe/x wt% AgCuSe (x = 0, 2, 4, 6, 8, 10,
12) bulk samples were obtained by hot pressing the as-mixed powder
into a cylinder using a (10 mm graphite die at 823 K for 50 min under
the uniaxial stress of 50 MPa and then were annealed at 773 K for three
weeks afterward to ensure the achievement of thermodynamic equili-
brium. The obtained bulk samples were labeled as S-x (x = 0, 2, 4, 6, 8,
10, 12) samples.

2.4. Characterization

The X-ray diffraction (XRD) data were collected on a Bruker D8
Advance powder X-ray diffractometer with a Cu-Ka radiation
(. = 1.5406 A). The sample morphologies were measured by field
emission scanning electron microscopy (SEM) on a Zeiss SUPRA-55.
The backscattered electron (BSE) images of polished surfaces and en-
ergy dispersive X-ray analysis (EDS) images were collected by a FIB
microscope (FEI Scios).

2.5. Thermoelectric measurements

The temperature-dependent Hall coefficients (Ry) were measured
using the van der Pauw technique under a reversible magnetic field of
1.5 T. The temperature-dependent carrier concentration (n) and mo-
bility (1) were calculated using n = 1/(eRg) and u = oRy, respectively.
The Seebeck coefficients (S) and electric resistivity (r) were simulta-
neously measured under a helium atmosphere using a thermoelectric
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measurement system (ZEM-3, ULVAC-RIKO, Japan) within the tem-
perature from 300 K to 723 K. The electric conductivity (o) is calculated
from the measured data of electric resistivity, where o = 1/r. The
thermal conductivity (x) was calculated through x = DpC,, where D, p
and C, are the thermal diffusivity coefficient, density and specific heat
capacity. The thermal diffusivity coefficient was obtained by measuring
pellets with a diameter of 10 mm and thickness of 1 mm using a Netzsch
LFA 457 from 300 K to 723 K. The C, is calculated by adopting the
Dulong-Petit Law and the densities of the pellets were determined using
the Archimedes method. Please refer to the Supplementary material for
detailed calculation process.

3. Results and discussion

A series of samples labeled S-x (x = 0, 2, 4, 6, 8, 12) were firstly
obtained by hot pressing the as-mixed AgCuTe with x wt% AgCuSe
powder. As-prepared bulk samples were annealed at 773 K for three
weeks afterward to ensure the achievement of thermodynamic equili-
brium. According to the previous report, AgCuTe undergoes multiple
phase transitions in the temperature range from 400 K to 500 K, and its
thermoelectric properties are prominent above 500 K associated with
the rock-salt-type structural phase [20,21]. To investigate and clarify
the relationship between the thermoelectric properties and the struc-
tural properties of AgCuTe at high temperature in detail, we performed
XRD measurements of the pristine S-0 sample at different temperatures
in the range of 303 to 723 K. As demonstrated in Fig. 1(a), the XRD
patterns vary gradually during the warming process from 303 K to

(a) -
5
1 N . 723K | 3
o
—~ >
S5 L4 P
s c
N L 523K 2
c
é\ L A A =
n
gl R
-
c
= n 1 . 423K
o, A A
J l \ 373K
/
303K

Chemical Engineering Journal 386 (2020) 123917

723 K, which clearly demonstrates the occurrence of structural phase
transition, i.e. the sample transforms into the rock-salt-type structural
phase above the temperature of 523 K. Moreover, Fig. S1 shows the
temperature dependent XRD patterns of the pristine S-0 sample during
the cooling process, which indicated that the phase transition of Ag-
CuTe is reversible. The XRD refinement pattern of the pristine S-0
sample at 723 K is shown in Fig. 1(b), the observed XRD pattern can be
well fitted with the rock-salt-type structural model, which represents a
typical structure of Ag/Cu-based superionic conductors [23], the illus-
tration of crystal structure for high temperature rock-salt-type phase of
AgCuTe is shown in Fig. 1(e), in which Ag*/Cu* cations could ran-
domly diffuse within the Te-based anionic framework of cubic sub-
lattice. In contrast, the pristine S-0 sample is observed to be multiphase
at 303 K as revealed by the XRD pattern in Fig. 1(c). Beside of the
diffraction peaks originated from CuggAgoosTe (JCPDS 78-0497, si-
milar) phase, the peaks that come from both Cu,Te (JCPDS 40-1325)
and Ag,Te (JCPDS 81-1985) are also observed in the XRD pattern. The
complicated XRD pattern at 303 K confirms that the as-prepared sample
contains multiple phases at room temperature, which is consistent with
previous reports [21]. Furthermore, the backscattered electron (BSE)
image and energy dispersive X-ray analysis (EDS) mapping images of
polished surface of the pristine S-0 sample are shown in Fig. 1(d), which
also demonstrates the complex composition of the pristine S-0 at 303 K.

As described previously, a series of samples labeled as S-x are ob-
tained by introducing Se enrichment into AgCuTe. In order to study the
structural evolution of the Se-rich samples, the temperature depen-
dence of XRD patterns of the Se-rich S-8 sample is collected and shown
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Fig. 1. (a) Temperature dependence of XRD patterns of the pristine S-0 sample. (b) XRD refinement pattern of the pristine S-0 sample at high temperature of 723 K;
(c) XRD pattern of the pristine S-0 sample at 303 K. (d) Backscattered electron image and EDS mapping images of the pristine S-0 sample; (e) Crystal structure of the

high temperature phase of AgCuTe.
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Fig. 2. (a) Temperature dependence of XRD patterns of the Se-rich S-8 sample. (b) XRD refinement pattern of the Se-rich S-8 sample at high temperature of 723 K; (c)
XRD pattern of the Se-rich S-8 sample at 303 K. (d) Backscattered electron image and EDS mapping images of the Se-rich S-8 sample; (e) Schematic illustration
demonstrates the Se*>~ enrichment in the Te?~-based framework and the free migration of Ag*/Cu* cations.

in Fig. 2(a). For comparison, the XRD patterns for both the pristine S-0
sample and the Se-rich S-8 sample are measured under the same mea-
surement conditions. During the heating process, the Se-rich S-8 sample
also undergoes a phase transition similar to the pristine S-0 sample, and
finally transforms into the rock-salt-type structural phase above tem-
perature of 523 K. However, it is noticed that the peaks width broaden
significantly in the XRD patterns of the Se-rich S-8 sample compared to
that in the pristine S-0 sample, suggesting the reduction of orderliness
and the formation of structural cluster in Se®rich Te® -based frame-
work.

As shown in Fig. 2(b), the Se-rich S-8 sample possesses the same
structure as the pristine S-0 sample at 723 K, but the peak intensity
decreases significantly and the diffuse background increases largely in
the Se-rich S-8 sample compared to that in pristine S-0 sample, which is
attributed to the formation of structural cluster in the Se*rich Te®™-
based framework. The deduced structural parameters of these two
samples are given in Table S1. It is shown that the a-axis of the Se-rich
S-8 sample is 6.3992 A, which is smaller than that of the pristine S-0
sample (6.4247 ;\). The shrinkage of the lattice is attributed to the in-
corporation of Se®~ anion with smaller ionic radius in the Te?~-based
framework [24].

Indeed, the segregation of the Se?~ enrichment in the Te®~ -based
framework can be reflected by the results of microstructural analysis.
As shown in Fig. 2(d) and Fig. S2, the BSE image and EDS mapping
images of polished surface of the Se-rich S-8 sample reveal that the Se
element is significantly enriched after cooling down from high-tem-
perature superionic conducting state. Despite the evolution of phase
structure at different temperatures, the rigid anion framework is sup-
posed to be maintained as reported in many works [12,19,25]. There-
fore, it is fairly to assume that Se*” anion is enriched in the Se-

contained samples in both high temperature and low temperature
phases, while the cations, i.e. Ag" cation and Cu™ cation can still mi-
grate freely. These results are different from the report in reference
[20], in which the authors claimed that Se is alloying at the Te site to
form AgCuTe;_,Se, (x = 0, 0.10, 0.15) solid solution. The schematic
illustration of the structural detail of the Se-rich samples is shown in
Fig. 2(e), which demonstrates the Se*>~ enrichment in the Te®~ -based
framework.

The XRD pattern of the Se-rich S-8 sample at 303 K is shown in
Fig. 2(c), which is very similar to the XRD pattern of the pristine S-8
sample at 303 K, indicating that the Se-rich S-8 sample has a similar
complex multiphase structure at room temperature. In order to further
determine the composition of the compound containing Se, the mi-
crostructural analysis is performed and quantitative EDS result of the
Area 1 in Fig. 2(c) is listed in Table S2. According to the quantitative
EDS microanalysis results, the Se enrichment area in the Se-rich S-8
sample is generated in the form of Cu,Se at room temperature. The
appearance of Cu,Se phase can be understood in the framework of
superionic conductor. Given the fact that the Te?~-based framework
has larger tetrahedral interstices than the Se?>~-based framework, Ag™
cation is more likely to migrate into the tetrahedral interstices of Te?~ -
based framework and Cu™ cation is more likely to migrate into the
tetrahedral interstices of Se?~ -based framework. Thereby Ag* and Cu™
cations are redistributed to form Cu,Se and the core-shell structure of
Fig. 2(d) at room temperature.

The Se?~ enrichment in the Te®>”-based framework significantly
affects the electrical transport properties of the system. As shown in
Fig. 3(a), compared with the pristine S-0 sample, the Se-rich samples
exhibit relatively lower electric conductivity over the whole
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Fig. 3. (a, b) Temperature dependence of electric conductivity (o), Seebeck coefficient (S) of all samples. (c, d) Temperature dependence of carrier concentration (1)

and mobility (1) of the pristine S-0 sample and the Se-rich S-8 sample.

temperature range, and electric conductivity gradually decreases with
increasing Se content. To understand the influence of Se®>~ enrichment
in the Te?~-based framework on the electric transportation, we studied
the variation of carrier concentration (n) and mobility (u) as a function
of temperature in the pristine S-0 sample and the Se-rich S-8 sample,
respectively. It is known that the conductivity of the system is mainly
determined by the carrier concentration in the high temperature rock-
salt-type structure (> 523 K). As shown in Fig. 3(c) and (d), the carrier
concentration reduced apparently from (5 ~ 9) x 10'° cm™? in the
pristine S-0 sample to (3 ~ 5) X 10'° ¢cm~2 in the Se-rich S-8 sample,
which indicates significant reduction in electric conductivity. The de-
crease of carrier concentration can be attributed to the reduction of Cu/
Ag vacancies since the bond energy of Ag-Se/Cu-Se is larger than that of
Ag-Te/Cu-Te [20].

The variation of Seebeck coefficients (S) as a function of tempera-
ture for all investigated samples are shown in Fig. 3(b). It is obvious
that all samples exhibit positive S due to intrinsic Cu and Ag vacancies.
Because the samples possess the rock-salt structure above 523 K, high
band degeneracy is achieved due to the highly symmetrical crystal
structure [26], resulting in high Seebeck coefficients for all the samples.
The Se-rich samples possess a higher Seebeck coefficient than that of
the pristine S-0 sample, which is associated with the lower carrier
concentration. Moreover, the energy filtering effect also contributes to
the improvement of the Seebeck coefficient [27]. As described above,
the Se-rich samples form a core-shell structure at room temperature,
which forms a series of energy barriers at the boundaries of phases,
thereby filtering the lower energy carriers that are harmful to the
Seebeck coefficient, hence the Seebeck coefficient of the Se-rich sam-
ples near room temperature increase significantly with the increase of
Se content. Meanwhile, the power factor of the Se-rich samples that
shown in Fig. 4(c) is slightly improved near the room temperature,
which is also the embodiment of the energy filtering effect. The core-
shell structure disappears and the sample crystalizes in rock-salt-type
structure at high temperature, which can be clearly seen from the XRD

results in Fig. 2(b). Therefore, the improvement of the Seebeck coeffi-
cient of the Se-rich samples at high temperature is mainly attributed to
the decrease in carrier concentration. As a result, the Seebeck coeffi-
cient is increased from 149 uV/K of the pristine S-0 sample to 171 pV/K
of the Se-rich S-12 sample at 723 K.

As mentioned above, AgCuTe is composed of relatively rigid Te*~ -
based framework and “liquid-like” Ag*/Cu* cation-mixed sub-
structure. In this scenario, Ag*/Cu™ cations are vibrations around the
equilibrium position, resulting in extremely strong phonon scattering.
As shown in Fig. 4(a), the vibrations of Ag*/Cu* cations push the
mean free path of the phonons to approach the solid limit, which leads
to extremely low thermal conductivity in the pristine S-0 sample about
0.5 ~ 0.7 W/(m'K) at high temperature. The Se?~ enrichment in the
Te?~ -based framework also has a significant influence in the thermal
conductivity of the samples. As shown in Fig. 4(a), the Se-rich samples
achieve a maximum reduction of 20% in thermal conductivity at 723 K,
i.e. from 0.68 W-m ™K~ ! of the pristine S-0 sample to 0.54 W-m ~ K ~?
of the Se-rich S-12 sample. The significant decrease in thermal con-
ductivity is attributed mainly to the large decrease in carrier thermal
conductivity. Fig. 4(b) shows the temperature dependence of carrier
thermal conductivity(x,) which is calculated according to the Wiede-
mann-Franz law (x, = oLT), where L is the Lorenz number and it is
estimated by using the SPB model [28]. Since the electric conductivity
of all samples decreases with increasing Se concentration, the carrier
thermal conductivity reduces from 0.57 W-m~ %K~ ! in the pristine S-0
sample to 0.34 Wm ™K™' in the Se-rich $-12 sample at 723 K.

Fig. 4(c) exhibits the calculated temperature-dependent thermo-
electric power factor (S?0), which is comparable to the power factor as
reported in AgCuTe compound in high-temperature range [21]. The
temperature-dependent figure of merit (ZT) of all samples is shown in
Fig. 4(d). The ZT value of the pristine S-0 sample increases with tem-
perature and reaches 1.0 at 723 K. Due to the reduced thermal con-
ductivity and maintained high power factor, a highest ZT value of 1.2 at
723 K for the Se-rich S-8 sample is achieved, which is nearly 20%
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enhancement compared to that of the pristine S-0 sample, indicating
that the Se?~ enrichment in the Te®~ -based framework is a facile and
effective approach to improve the thermoelectric properties of AgCuTe.

4. Conclusion

In summary, by introducing Se-enrichment in the Te®~-based fra-
mework of AgCuTe superionic conductor, the thermoelectric perfor-
mance is improved largely. As a result, the Se-rich S-8 sample reaches
the highest ZT value of 1.2 at 723 K, achieving an approximate 20%
improvement over the pristine S-0 sample. It is assumed that the Se®~
enrichment in the Te?~-based framework hinders the formation of ca-
tion vacancies in the rock-salt structural phase due to larger bond en-
ergy between Se?~ anion and Ag*/Cu™ cations, as a consequence, the
carrier concentration of Se-rich samples is significantly reduced. The
electric conductivity decreases accompanied by the increase in Seebeck
coefficient, resulting in the maintains of power factor at high-tem-
perature. The decrease of electric conductivity also leads to the de-
crease of the carrier thermal conductivity, thereby the thermal con-
ductivity of the Se-rich samples is reduced significantly.
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