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A new thermoelectric AggSiSeg argyrodite
for room temperature application: sensitivity
of thermoelectric performance to

cooling conditions
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Current commercial thermoelectrics, like Bi;Tes-based compounds, generally include the expensive and
toxic Te element, which hampers their large-scale thermoelectric applications in near room temperature
conditions. In this work, a AggSiSeg argyrodite compound, a new thermoelectric material as a potential
candidate for Bi,Tesz-based compounds, was fabricated by several synthesis processes. All the AggSiSeg-
based thermoelectric bulks, exhibiting a density surpassing 95%, were successfully synthesized. The
study investigated the impact of varying the quenching rate and techniques on AggSiSeg's thermoelectric
performance. Our results revealed a pronounced relationship between the quenching parameters and
pivotal thermoelectric metrics, including the Seebeck coefficient, electrical conductivity, and thermal
conductivity. By optimizing the quenching conditions, we achieved a notable enhancement in ZT values,
peaking over 0.7. This paves the way for AggSiSeg to be considered as a competitive substitute for
traditional n-type Bi,Tesz-based compounds in thermoelectric applications under proximate room

rsc.li/materials-advances temperature conditions.

1 Introduction

Thermoelectric (TE) materials enable the conversion between
thermal and electrical energy, a process of substantial impor-
tance for green energy harvesting and environmental protec-
tion."” The figure of merit ZT, a dimensionless constant,
dictates the conversion efficiency of TE devices and is expressed
as ZT = $°6T/(xy + K1), where o represents the conductivity, S is
the Seebeck coefficient, xy is the electronic thermal conductiv-
ity, xp, is the lattice thermal conductivity, T is the absolute
temperature, and S°¢ is defined as the power factor (PF). Total
thermal conductivity (i) can be written as k = kg + K. Clearly,
an enhancement in the power factor coupled with a reduction
in thermal conductivity is essential for improving the value of
zZr?

In recent years, several strategies, including modulation
doping, inducing resonant levels, and band convergence, have
been adopted to obtain higher electrical properties and power

“State Key Laboratory of Materials Processing and Die and Mould Technology, and
School of Materials Science and Engineering, Huazhong University of Science and
Technology, Wuhan 430074, Hubei Province, China. E-mail: qhjiang@hust.edu.cn

b School of Engineering, University of Leicester, University Road, Leicester, LE1 7RH,
UK. E-mail: haitao.ye@leicester.ac.uk

¢ Foshan (Southern China) Institute for New Materials, Foshan 528220,

Guangdong Province, P. R. China. E-mail: liuy08@qq.com

© 2024 The Author(s). Published by the Royal Society of Chemistry

factors for relevant materials. These enhancements have been
verified in SnSe,* PbTe,”” Bi,Te,;,® and BiCuSeO.’ To optimize
the thermal conductivity, strategies such as the incorporation of
nano-inclusions, secondary phase recombination, and lattice
anharmonicity have been introduced, and have been successfully
applied to reduce the thermal conductivity of thermoelectric mate-
rials such as Bi,Te;,"® CoSb;,"" Cu,SbSe,,"” AgSbTe,,"* SnTe,* and
AgsSnSeq. "

At present, the commercial applications of thermoelectric
materials are mainly focused on energy harvesting from the
environment and solid-state cooling near room temperature.'®
For a long time, Bi,Te;-based alloys were the only material used
in industrial thermoelectric modules for thermoelectric cooling
in electronic equipment, large instrument cooling, and house-
hold cooling appliances.'”

Research on superionic compounds revealed that these
substances possess ultralow thermal conductivity and narrow
band gaps.'® These characteristics render superionic com-
pounds as promising compounds to investigate for creating
advanced thermoelectric materials with potential high ZT
values.'® Argyrodite compounds, recognized as promising ther-
moelectrics, have attracted considerable attention due to their
significantly low lattice thermal conductivity.>® This can be
attributed to factors such as low sound velocity, complex crystal
structure, liquid-like ions, and lattice anharmonicity. Pei et al.
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identified that the extremely low phonon velocity and small
proportion of acoustic phonons in AgoAlSes result in reduced
thermal conductivity.>® Yang et al. observed that the highly
random ion occupancy in AggSnSe, leads to soft bonding within
the silver sub-lattice and phonon modes.>*

Tremel et al. suggested that the thermal conductivity in
AggSiSes is ameliorated by the high mobility and disorder of
silver ions, thereby enhancing the thermoelectric properties of
the material.>® Our group reported that the nanoprecipitation
of Ag,Se and Si could further optimize the transport properties
of Ag,Se-Si-AgsSiSes composite.>® These two studies illumi-
nated the potential of AggSiSes as a viable n-type candidate
for the development of next-generation thermoelectric materi-
als. Compounds from various groups have demonstrated a
range of ZT values from 0.5 to 0.9.>*** However, there are
scant details on the experimental processes for obtaining
AggSiSes or related discussions about its purity. This raises a
pertinent question: is the purity and stability of AggSiSe, highly
sensitive to the fabrication or cooling processing parameters?
Such sensitivity could complicate the understanding of the
material’s intrinsic physical properties.

In this study, we thoroughly investigated the synthesis of
AggSiSes compounds and successfully fabricated AggSiSes-
based thermoelectric bulks with a density exceeding 95%. We
then delved deeper into the crystal structure, microstructure,
and thermoelectric properties of these materials. A relationship
was revealed between the cooling conditions, phase, micro-
structure, and their respective thermoelectric properties. After
optimization of the fabrication processing parameters, the
AggSiSes compounds, which exhibited a low thermal conduc-
tivity of 0.7 W m ™' K™' and a high power factor surpassing
1200 pW m™ K?, achieved a peak ZT of approximately 0.7
at 398 K.

2 Experimental
Synthesis of AgsSiSeq

Polycrystalline AggSiSes ingots were synthesized using a high-
temperature melting method with stoichiometric amounts of
high-purity elements (> 99.99%) at 1223 K for 10 hours on
quartz crucibles, which were subsequently cooled using differ-
ent methods: cooling in a furnace (CF), quenching in air (QA),
and quenching in water (QW). The resulting ingots were ground
into powders and annealed at 773 K for 72 hours. Some
quenched powders were additionally milled for 2 hours
(QW&M). The final powders were hot-pressed under 60 MPa
for 30 minutes to form pellets, achieving densities above 95%
of the theoretical value.

Characterization

Pellet samples were ground into fine powder for X-ray diffraction
(XRD) analysis (data collected on an XRD 7000 from Shimadzu
Instrument at room temperature, using Cu Ko radiation with
A = 0.15418 nm). The fracture morphologies and compositional
analyses of the bulk samples were conducted using field-emission
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scanning electron microscopy (FESEM, GeminiSEM300, Carl
Zeiss), accompanied by energy-dispersive spectrometry.

Thermoelectric property measurements

The electrical resistivity (p = 1/0) and Seebeck coefficient of the
bulk samples were measured using a commercial Namicro III
thermoelectric system, fabricated in the laboratory, with an
uncertainty of 5%. The thermal conductivity (k) was deter-
mined by the formula « = C,D/, where the relative densities
(D) were calculated using the Archimedes method, the specific
heat capacity (C,) was determined using the Dulong-Petit
model, and the thermal diffusivity (1) was assessed using the
laser flash diffusivity method with LFA-427 (NETZSCH) equip-
ment, with an uncertainty of 4%. Differential scanning calori-
metry (DSC) measurements were performed using STA449F3
(NETZSCH) equipment at a heating rate of 5 K min~ ", and Hall
measurements were conducted using an HMS 5500 Hall Effect
measurement system under a 0.55 T magnetic field, employing
the van der Pauw method.

3 Results and discussion

Fig. 1 presents the X-ray diffraction (XRD) patterns of the
AgsSiSes samples synthesized under various cooling condi-
tions. The densities of these samples consistently exceed 95%
of the theoretical value, a factor essential for optimizing the
thermoelectric (TE) properties. The predominant diffraction
peaks from the hot-pressed samples aligned with the Pmn2,
space group, corroborating an earlier study by Aversive et al.*
Additionally, certain diffraction peaks could be attributed to a
secondary phase of Ag,Se (PDF# 24-1041) characterized by the
P2,2,2, space group.’® Notably, as the cooling rate escalated,
the intensity of the secondary phase (Ag,Se) peaks diminished.
This observation implies that high-temperature quenching
facilitates the synthesis of AggSiSes and that rapid cooling can
inhibit the generation of impurities, thus streamlining the
subsequent annealing process to yield a more refined phase.

H Ag,Se PDF24-1041

Queching in water &ball milling

Queching in water

Intensity/a.u.

Queching in air

Cooling in furnace

T T T T T T T T
10 20
20 (%)
Fig.1 XRD patterns of AggSiSeg prepared under different quenching
conditions.
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Fig. 2

(a) and (b) SEM fracture images of AggSiSeg (cooling in furnace); (c) and (d) fracture morphologies of AggSiSeg samples prepared with quenching in

water; (e) and (f) fracture morphologies of AggSiSees (quenching in water) obtained with the ball-milling process.

However, the aforementioned results indicate that a pure
AgsSiSes phase cannot be prepared using the current methods.

Fig. 2 illustrates the fracture morphologies of AggSiSes bulk
samples as revealed by scanning electron microscopy (SEM).
The surface of the hot-pressed AgsSiSes, despite some discern-
ible holes, appeared notably compact, corroborating the high
density referred to earlier. As observed in the low-magnification
SEM image in Fig. 2a, the grain diameter of AggSiSe, (cooled in
the furnace) varied between 2 and 3 pm. The medium-
magnification SEM fracture image in Fig. 2b reveals complex
grain boundaries and even some holes, potentially leading to
increased material resistivity. Fig. 2c depicts the fracture
morphologies of the AggSiSes samples quenched in water,

exposing a cladding structure in which small grains enveloped
larger ones. As shown in the high-magnification image in
Fig. 2d, these small grains measured less than 500 nm and
were nano-precipitates formed during quenching because the
sample did not undergo ball milling.>” This figure also reveals
there was a reduction in porosity compared with previous
samples. Fig. 2e shows a typical low-magnification SEM image
of AggSiSes (quenched in water) following the ball-milling
process, with grain sizes generally under 1 pm. Moreover, the
high-resolution image in Fig. 2f’s reveals a highly dense and
uniform microstructure, conducive to lower resistivity. Never-
theless, ball milling may create additional defects and
grain boundary surfaces, potentially impairing the electronic

®

element weight ratio atom ratio standard

Si 201 655  Si02
Se 3411 39.43 Se
Ag 6388 5402 Ag
total 100 100

20kev

Fig. 3 EDS element analysis of the AggSiSes sample (quenching in water) obtained with the ball-milling process. (a) Hierarchical image of AggSiSes;
(b)—(d) compositional mapping of all elements; (e) and (f) composition analysis of AggSiSeg.
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transport properties.”® Therefore, optimal performance might
be achieved through a judicious combination of these factors.

The microstructure of AggSiSes sample was evaluated using
energy-dispersive spectrometry (EDS) for elemental analysis.
Fig. 3a displays a hierarchical image of AgsSiSes, which encom-
passes all three constituent elements. The element distribution
maps for Ag, Se, and Si are illustrated in Fig. 3b-d. Notably, the
elements Ag, Se, and Si exhibited uniform distributions
throughout the sample, devoid of any elemental clustering, a
characteristic often observed in samples that undergo ball-
milling treatment. To provide a deeper insight into the compo-
sition of the sample, a comprehensive analysis of the entire
surface was performed. Fig. 3f presents the resultant data,
delineating the weight ratio, atomic ratio, and standard sample
measurements for all three elements. Through straightforward
calculations, the actual atomic ratio for Ag, Si, and Se was
determined to be approximately 8:1:6, affirming the successful
synthesis of the primary AggSiSes phase.

Fig. 4a illustrates the temperature-dependent electrical
resistivity of AggSiSes samples prepared under various condi-
tions. The electrical resistivity of the samples cooled in the
furnace (CF) and quenched in air (QA) exceeded that of the
samples quenched in water (QW). In Fig. 4b, the Hall coeffi-
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elements (although their low content and low crystalline mean
they cannot be detected by XRD, as shown in Fig. 1). Since Si
and Se have low a carrier concentration and mobility, their
content reduction as second phases leads to low resistivity.
After subjecting the samples to ball-milling treatment (QW&M),
the electrical resistivity was slightly increased. Elemental ana-
lysis of the sample shown in Fig. 2f suggested that the milling
process led to the creation of additional surfaces, defects, and
stress, significantly contributing to the decrease in carrier
concentration and mobility.

Fig. 4c illustrates the temperature dependence of the See-
beck coefficients of the AgsSiSes samples, demonstrating that
the room temperature Seebeck coefficients decreased with
increasing the cooling rate. A corresponding downward trend
in the measured carrier concentration was also noticeable.
Fig. 4d depicts the relationship between the room temperature
Seebeck coefficient and carrier concentration in accordance
with Pisarenko’s theory, further indicating a decrease in the
effective mass m*. Herein, the single parabolic band (SPB)
model was used to calculate the Pisarenko plot related to the
Seebeck coefficient and carrier concentration according to the
following equations:*’

cient measurement revealed that the observed variations in (Zm* K T)s/z
. . . . . B
resistivity mainly stemmed from a simultaneous increase in = ; 27 Fi2(n) (1)
carrier concentration and mobility. This interesting phenom-
enon can be explained as a reduction of the second phase in the
Ag-Si-Se alloy; whereby, according to the equation 8Ag + Si +
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Fig. 4 (a) Electrical resistivity dependence on temperature; (b) Hall mobility and Hall carrier concentration dependence on different treatments;

(c) Seebeck coefficient dependence on temperature; (d) room temperature Seebeck coefficient as a function of carrier concentration based on the
Pisarenko relationship; (e) Power factor dependence on temperature; (f) differential scanning calorimetry (DSC) measurement of AggSiSes.
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where F,(n) is the Fermi integral, # is the reduced Fermi energy,
ry is the Hall factor, 4 is the Planck constant, kg is the
Boltzmann constant, and m* is the total density of the effective
mass of the states. Because the Seebeck coefficient is intimately
connected to m*, an enhanced Seebeck coefficient correlates
with an increased m*. Additionally, the Seebeck coefficient, as
seen in Fig. 4c, underwent a sharp change around 400 K,
marking a phase transition at this temperature.

Regarding the calculated power factor (PF = (1/p)S?), the data
were assembled and a graph plotted, as shown in Fig. 4e. All
four samples exhibited similar trends, with their power factors
remaining relatively stable until the phase-transition tempera-
ture. Notably, the PF of the QW sample was sharply augmented
across the entire measurement temperature range. Upon the
introduction of ball milling, the power factor escalated with
increasing the temperature before 400 K, reaching a maximum
value of approximately 1200 yW m ™' K2 at 398 K in the QW&M
sample.

The results from the differential scanning calorimetry (DSC)
analysis of AggSiSes powder are presented in Fig. 4f. The peak
value of 409 K is considered indicative of a phase-transition
temperature during the first-order structural transition. For
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Ag-Si-Se compounds, this peak can only be attributed to the
contribution of the phase transition of Ag,Se and AggSiSes.
Wang et al.*® and Mi et al.,** respectively, reported there is a
peak near 400 K consistent with the phase-transition tempera-
ture of Ag,Se compounds. Meanwhile, Tremel et al.>* identified
that this peak was consistent with the phase transition occur-
ring near 400 K in AgsSiSeg, a representative of the argyrodite
compounds. Above this temperature, AggSiSes exhibits a face-
centered cubic structure in which Ag" cations are fully disor-
dered in the [SiSes]* anion sublattice, comprising Se>~ anions
and [SiSe4]*” units. Below this temperature, AgsSiSes exhibits
an orthorhombic structure with a space group Pmn24, trans-
forming to a cubic structure with the space group F43m at
elevated temperatures.®”?* As a result, Ag* cations are partially
localized, leading to a reduction in electrical conductivity and
an increase in Seebeck coefficients.

Similar semiconductor-superionic conductor phase transi-
tions were reported in the Ag,Se system by Xie et al.** These
insights suggest a novel and effective approach to enhancing
the thermoelectric power factor is by capitalizing on the abnor-
mal electrical transport characteristics near the phase-
transition temperature.

The thermal diffusivity coefficient A and specific heat C,, are
illustrated in Fig. 5a and b, respectively. The thermal conduc-
tivity ¥ was derived using the equation x = DCp/, and is
presented in Fig. 5¢ (in order to avoid the argued abnormal
behaviour in ZT like Cu,Se,*® the sharp peak near 400 K was
ignored in the specific heat curve during the calculation of the
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Fig. 5

(a) Temperature-dependent specific heat; (b) temperature-dependent thermal diffusivity coefficient; (c) total thermal conductivities

Kk dependence on the temperature of different treatments; (d) electronic thermal conductivity dependence on temperature; (e) lattice thermal
conductivity dependence on temperature; (f) ZT values as a function of temperature.
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thermal conductivity). With the increase in temperature, the
thermal conductivity first exhibited a slight rise followed by a
notable decline. Data points for x across all the samples
predominantly ranged between 0.3 and 0.8 W m ™' K™ through-
out the temperature spectrum. Such exceptionally low thermal
conductivity’® has also been observed in other argyrodite
compounds and can be attributed to factors such as low sound
velocity, intricate crystal structures, liquid-like ions, and lattice
anharmonicity.”

The electronic thermal conductivity, calculated using the
Wiedemann-Franz law (kg = LT/p), is depicted in Fig. 5d. Here,
L represents the Lorenz factor as determined by the single
parabolic band (SPB) model in conjunction with acoustic
scattering.’®*® The lattice thermal conductivity can then be
deduced by subtracting the electronic thermal conductivity
from the total thermal conductivity, as shown in Fig. 5e. A
discernible linear relationship existed between x, and 7,
indicating that Umklapp scattering was the primary phonon
mechanism. Furthermore, the lattice thermal conductivity
reached a low of around 0.17 W m~ ' K™, a phenomenon likely
resulting from the high disordering of soft bonding, Ag ions,
and the low cut-off frequency of acoustic phonons.* This value
was consistent with the values for AggSiSe, compounds pub-
lished by other reports in literatures®** and is also one of the
lowest values of lattice thermal conductivities (for example, see
0.12 W m~ ' K" at 300 K for AgoGaSeg,"" and 0.13 Wm™ " K*
for AggSnSes**). However, it is counterintuitive that the phase
transition does not affect x;. The lack of a proper explanation
for this phenomenon makes it an open question that requires
further exploration.

ZT values are plotted in Fig. 5f, with the average ZT values
featured in the inset. The combination of quenching and ball-
milling treatment optimized the temperature-dependent ZT
and average ZT values across the entire temperature range. A
peak ZT value of approximately 0.71 was attained at 398 K in the
QW&M sample, primarily stemming from the combined effect
of a high power factor exceeding 1200 yW m™"' K2 and a
reduced lattice thermal conductivity. This value is similar to
those reported in literature.>*** The highest average ZT, around
0.57, was observed in the QW&M sample at 398 K (inset of

Fig. 5f).

4 Conclusions

Thermoelectric bulks based on AggSiSes were synthesized
through a traditional melting process combined with a hot
pressing method, marking the first systematic investigation of
their thermoelectric properties linked to different post-
treatments. By varying the cooling rates of the ingots, a sub-
stantial improvement in the power factor was attained, parti-
cularly in the sample quenched in water, due to a marked
reduction in resistivity. Although a pure AggSiSes phase could
not be prepared using the current methods, a high-
performance thermoelectric material was fabricated through
the integration of ball-milling treatment with the quenched
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ingot, achieving a peak ZT value of approximately 0.71 at 398 K.
Further research is warranted to understand the underly-
ing mechanisms and optimize the material for commercial
applications.
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