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ABSTRACT: The concept of “phonon glass electron crystal”
(PGEC) was proposed in the mid-1990s to maximize the ZT value
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for thermoelectric materials, based on its combined advantages of low ns:'lr,:;:;ﬂql'}:‘l:g%“ﬁ ‘\\/ ¥ e
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ordered crystal. Although a great amount of research in complex ™ e, Y P T
materials systems for achieving this concept has been done, a perfect ) - — ._‘_ it

“PGEC” material has not been acquired yet. Herein, we first put
forward a solid-solutioned homojunction in high temperature phase
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conductivity and low thermal conductivity, as an effective way to

optimize the low/mid-temperature thermoelectric property. As an example, nonambient cubic phase AgBiSe, was successfully
stabilized to room temperature through the formation of a solid solution by Sb incorporation for the first time, and furthermore,
in situ formed homojunctions on the surface of solid-solutioned nanoplates were also first achieved through a simple colloidal
method. A significant enhancement of thermoelectric performance at low/mid-temperature was realized through synergistical
regulation on electronic and thermal transport. As a result, compared to that of original AgBiSe, (ZT = 0.03 at 550 K), the ZT
value of AgBi, sSby sSe, was increased to 0.51 at 550 K by the formation of a solid solution, and then further increased to 1.07 at

550 K by the formation of solid-solutioned homojunction.

B INTRODUCTION

Thermoelectric materials have attracted tremendous attention
because of their capability to directly create electricity from
waste heat sources.' * The performance of thermoelectric
materials is quantified by a dimensionless figure of merit, ZT,
which is defined as ¢S*T/k, where ¢ is the electrical
conductivity, S is the Seebeck coeflicient, k is the thermal
conductivity, and T is the absolute temperature. A good
thermoelectric material should be a perfect combination of high
power factor (6S*) with low thermal conductivity. However,
there is a strong correlation of these three parameters according
to the Wiedemann—Franz law.” As known, the thermal
conductivity () is the sum of two independent components,
a lattice contribution k; and an electronic contribution &, equal
to LoT according to the Wiedemann—Franz law. According to
the Wiedemann—Franz law, only the lattice contribution to the
thermal conductivity, k, is independent of the electrical
conductivity. Therefore, in order to further improve the figure
of merit, progress in enhancing the ZT values by substantial
reduction of lattice thermal conductivity is highly desirable.

In the mid-1990s, an intriguing idea to achieve maximum ZT
was proposed by Slack and is referred as the “phonon glass
electron crystal” (PGEC) approach,® which idealistically
behaves as a glass with respect to phonon scattering (low
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thermal conductivity) and as a crystal with respect to electron
scattering (high electrical conductivity). Although a significant
amount of research in complex materials systems such as
Skutterudites,” Zintl phases,8 and Clathrates” has been done, a
perfect “PGEC” material has not been acquired yet.'® Beyond
these traditional materials, those materials with disordered
structure may be other candidates for the “PGEC” concept,
such as I-V—VI, compounds. Previous theoretical calcula-
tions'' showed that the atom disordering in the lattice could
cause much stronger anharmonicity of the chemical bond,
which drives the phonon—phonon umklapp and normal
scattering processes that could intrinsically limit the lattice
thermal conductivity, and simultaneously show high electrical
conductivity due the high mobility of these disordering ions.
AgBiSe,, as a typical member of I-V—VI, compounds,
attracts our interest thanks to the disordering of Ag and Bi ions
in the lattice, which may create its intrinsic high conductivity
and low thermal conductivity characteristics.'" At room
temperature, AgBiSe, is a p-type semiconductor and crystallizes
in the hexagonal phase, and is observed to undergo a structural
phase transition from a high temperature (T > 560 K) cubic
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phase to an intermediate temperature (393 K < T < 560 K)
rhombohedral structure and then to a low temperature (T <
393 K) hexagonal phase with temperature decreasing,'>'> as

schematically shown in Figure 1. The intermediate temperature
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Figure 1. Schematic representation of the structure phase transition
between hexagonal, rhombohedral, and cubic AgBiSe,.

phase has a rhombohedral structure belonging in space group
R3m with lattice constants a = 7.022 A and a = 34.5°' in
which the ordering of Ag and Bi ions takes place in quite
distinguishable positions. The low temperature phase has a
hexagonal cell of space group P3m1, with parameters a = 4.18 A
and ¢ = 19.67 A."* Both low temperature hexagonal and
intermediate temperature rhombohedral phase AgBiSe, are
narrow-band gap semiconductors, while only the high-temper-
ature cubic phase is regarded to behave as metallic in electrical
conductivity with low thermal conductivity, because of the
disordered arrangements of the Ag and Bi atoms in the lattice.
In other words, the cubic AgBiSe, with intrinsic high electrical
conductivity and low thermal conductivity could only be
achieved at high temperature, which is too high to settle for the
current development of low-temperature thermoelectric
materials for solar thermal energy direct conversion.'*”'®
Therefore, stabilization of the high temperature phase AgBiSe,
(crystallizes in the cubic phase) to room temperature should be
desirable for broadening the working temperature range as an
excellent thermoelectric material.

As known, thermal transport in solids is the dissipation of
vibrational energy between adjacent atoms through chemical
bonds.'” In the quantum theory, it is considered as the energy
transfer between phonons. That is to say, the lattice thermal
conductivity (k) is the result of movement by heat carrying
phonons through the lattice. Therefore, to increase the phonon
scattering becomes the key to reduce the lattice thermal
conductivity. It is believed that the formation of solid solution is
an effective way of reducing the lattice thermal conductivity via
point defect scattering of phonons.'® Point defect scattering
serves to decrease the lattice thermal conductivity by increasing
the frequency and magnitude of the scattering events for the
heat carrying phonons. However, while the significant
reduction of lattice thermal conductivity can be achieved in
solid solution, there is often a concurrent deterioration in
electronic performance because of the reduction in the charge
carrier mobility, thus limiting the overall ZT enhancement.'
Therefore, how to minimize the thermal conductivity with no
deteriorated electrical conductivity for improving thermo-
electric properties is still challenging. At the same time,
transition temperature of inorganic materials with phase
transition behavior can also be altered by the formation of
solid solution. For example, by incorporation of molybdenum
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into the VO, lattice, the phase transition temperature from
insulator monoclinic phase to metallic rutile phase could be
suppressed to room temperature.'® Also, our group have
realized the stabilization of nonambient rutile VO, to room
temperature by hydrogen incorporation, in which carrier
concentration can be simultaneously adjusted to improve
thermoelectric properties.19 Therefore, stabilization of non-
ambient AgBiSe, with disordered lattice to room temperature
through the formation of solid solution seems to be rational
and interesting not only for simultaneously possessing high
electrical conductivity and low thermal conductivity in a wide
temperature range, which conform the concept of “PGEC”
approach, but also for overcoming the disadvantages of
deteriorated electrical conductivity in conventional solid
solution.

As another effective strategy for reduction of thermal
conductivity, significant effort has been devoted to hetero-
structures in the recent research about the nanostructure-based
thermoelectric materials.”® Theoretically, an enhancement of
the power factor could potentially realize the suppression of the
thermal conductivity by interface scattering of phonons.
However, the heterogeneous composition in heterojunctions
seems to be adverse for the high electrical conductivity due to
the scattering of electrons at the heterointerface. Different from
heterojunctions, homojunctions are constructed with the same
building blocks of nanoscale dimensions, but also can provide a
lot of interface similar to heterojunctions for the reduction of
thermal conductivity. Moreover, the homojunction, with
homogeneous composition, seems to be favorable for the
reduction of thermal conductivity with no deteriorated
electrical conductivity than heterojunctions. However, inves-
tigation of thermoelectric properties with homojunctions has
been long neglected.

Herein, we first put forward that the solid-soltioned
homojunction nanostructures in high temperature phase with
disordered lattice as an effective way to optimize the low/mid-
temperature thermoelectric property. As an example, non-
ambient AgBiSe, phase to room temperature successfully
stabilized to room temperature through the formation of solid
solution by Sb substitution for the first time. Furthermore, in
situ formed solid-solutioned homojunction nanoplates were
also successfully synthesized through a simple colloidal method
for the first time. We highlight that the formation of solid
solution and homojunction synergistically much enhanced the
thermoelectric properties. As expected, because of the
stabilization of high temperature phase to room temperature
by the formation of solid solution with the incorporation of Sb
into the lattice, the intrinsic high electrical conductivity and low
thermal conductivity were obtained at a whole temperature
range, which were only obtained at high temperature
previously. As a result, compared to that of original AgBiSe,
(ZT = 0.03 at 550 K), the ZT value of AgBi,SbysSe, solid-
solutioned nanoplates was increased to 0.51 at 550 K
Moreover, the ZT value of solid-solutioned homojunction
AgBi, sSby sSe, nanoplates was further increased to 1.07 at 550
K, which is due to the further reduction of thermal conductivity
with no deteriorated electrical conductivity by the introduction
of a rough surface on the solid-solutioned nanoplates.

B EXPERIMENTAL SECTION

Materials. All chemicals were of analytic grade purity obtained
from Sinopharm Chemical Reagent Co., Ltd. and used as received
without further purification.
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Synthesis of AgBi,_,Sb,Se, Solid-Solutioned Nanoplates. In
this study, we have synthesized a series of AgBi,_,Sb,Se, (x = 0, 0.25,
0.5, 0.75, and 1) solid-solutioned nanoplates. Taking AgBi, ;Sby sSe, as
an example, first, a Bi(III)-complex and Sb(III)-complex precursor
solution was prepared by adding 0.193 g of bismuth acetate and 0.149
g of antimony acetate to 2 mLof 2-ethylhexanoic acid in a flask,
respectively. The mixture was kept at 80 °C and stirred for 30 min
until a uniform mixture was formed and then cooled to room
temperature. Second, selenium precursor solution was prepared in a
separate flask, where 0.2 g of Se powder was mixed with 20 mL of
oleylamine, kept at 180 °C, and then stirred for 30 min. Third, Bi(III)-
complex and Sb(III)-complex precursor solution was swiftly injected
into the Se-precursor solution, and 0.170 g of AgNOj; also was added
into the Se-precursor solution. The mixture was maintained at 180 °C
for 3 h under stirring, and then the reaction was quickly stopped. The
nanoplates were separated from the resulting solution by centrifuge
and washed for several times with ethanol and cyclohexane. All the
samples were dried in a vacuum at 60 °C for 6 h.

Synthesis of AgBiy;sSb,sSe, Solid-Solutioned Homojunction
Nanoplates. In a typical synthesis of AgBi,;SbySe, homojunction
nanoplates, 0.193 g of bismuth acetate and 0.149 g of antimony acetate
were added into 20 mL of oleylamine and kept at 80 °C under stirring
for 30 min. Then 0.2 g of Se powder was added into the mixture after
the mixture was heated up to 180 °C. The mixture was maintained at
180 °C for 1 h under stirring, and then 0.170 g of AgNO; was added.
After the mixture was maintained at 180 °C for 1 h under stirring, the
reaction was quickly stopped. The samples were separated from the
resulting solution by centrifuge and washed for several times with
ethanol and cyclohexane. All the samples were dried in a vacuum at 60
°C for 6 h.

Surfactant Removal Process and Bulk Samples Preparation.
The or%anic surfactants were removed via the procedure of a previous
report”’ before fabrication of bulk samples for thermoelectric
measurement. Briefly, as-prepared silver chalcogenides were dispersed
in cyclohexane with hydrazine solution (85% v/v) and stirred
vigorously until all the nanocrystals were precipitated. The supernatant
was decanted, and the precipitate was washed with ethanol three for
times to remove hydrazine and collected by centrifugation, and then
dried in vacuum at 65 °C. After the hydrazine treatment, the
nanocrystals were hot-pressed into rectangular (10 mm X 4 mm X 1.5
mm) and round disk bulk samples (with diameter of about 13 mm and
thickness of 2 mm) under 60 MPa at 400 °C for 30 min.

Characterization. The structure of these obtained samples was
characterized via X-ray diffraction (XRD) pattern, which was recorded
on a Rigaku Dmax diffraction system using a Cu Ka source (4 =
1.54187 A). X-ray photoelectron spectroscopy (XPS) measurements
were performed on a VGESCALAB MK II X-ray photoelectron
spectrometer with an excitation source of Mg Ka = 1253.6 eV. The
field emission scanning electron microscopy (FESEM) images were
taken on a JEOL JSM-6700F scanning electron microscope. High-
resolution transmission electron microscopy (HRTEM) images were
performed on a JEOL-2010 transmission electron microscope at 200
kv.

Thermoelectric Properties. Rectangular shape samples with
typical sizes of 10 mm X 4 mm X 1.5 mm were employed to
simultaneously measure electrical conductivity ¢ and Seebeck
coeflicient S by the standard four-probe methods in a He atmosphere
(ULVAC-RIKO ZEM-3). Thermal conductivity k was calculated using
the equation k = apC, from the thermal diffusivity a obtained by a
flash diffusivity method (LFA 457, Netzsch) on a round disk sample
with diameter of about 13 mm and thickness of 2 mm, and specific
heat C, determined by a differential scanning calorimeter method
(DSC Q2000, Netzsch).

B RESULTS AND DISCUSSION

It is well-known that one of the principal features of
semiconductor thermoelectrics is a high electrical conductivity
and low lattice thermal conductivity. The most extraordinary
aspect of the high temperature phase AgBiSe, with cubic
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structure should possess comparably high electrical conductiv-
ity and very low lattice thermal conductivity that they exhibit, as
predicted by theoretical calculations. Previously, the density
functional theoretical calculations'? suggested that AgBiSe,
could crystallize in cubic phase at high temperature, which
has Ag and Bi disordering, and might be metallic with
comparably high electrical conductivity. Theoretical calcula-
tions also implied that the lattice thermal conductivity of
AgBiSe, is limited to its minimum possible value by intrinsic
phonon—phonon  scattering processes.'' However, the high
electrical conductivity and intrinsic low thermal conductivity
were only expected in the high temperature phase of AgBiSe,
with cubic structure. Inspired by the above analysis, we attempt
to stabilize the nonambient AgBiSe, to room temperature
through the formation of solid solution by Sb substitution,
because of the similar valency, electronegativities, atomic radii,
and crystal structure of Sb compared to those of Bi.
Solid-solutioned AgBi, ,Sb,Se, nanoplates were synthesized
under a simple colloidal method. The crystalline phase and
crystallinity of the as-synthesized samples were well charac-
terized by X-ray diffraction (XRD). As shown in Figure 2a,
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Figure 2. (a) XRD patterns of AgBi,_,Sb,Se, solid solution samples.
(b) Variation of the cell parameters (refined from the power patterns)
with the Sb content (x).

without Sb doping (x = 0), the XRD patterns match well with
the standard hexagonal AgBiSe, (space group: P3ml) with
lattice constants a = 4.18 A and ¢ = 19.67 A (JCPDS 74-0842).
While the Sb absolutely substitutes Bi (x = 1), the product can
be indexed to cubic AgSbSe, (space group: Fm3m) with lattice
parameters of a = 5.786 A (JCPDS 89-3670). No other peaks
can be detected, indicating the high purity of the samples. In
the case of the AgBi, ,Sb,Se, solid solutions, the combination
of the AgBiSe, (110) and (018) peaks into a (220) peak
indicates the stabilization of the high temperature cubic phase
of AgBiSe, to room temperature through the formation of solid
solution by incorporation of Sb. Lattice parameters for the
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AgBi;_,Sb,Se, (0 < x < 1) nanoplates were calculated. As
smaller Sb>* cations are introduced into the solid solution, the
unit cell undergoes a systematic decrease in lattice parameter, as
demonstrated by the shift of the peaks of the patterns to higher
20 values (Figure 2a). This gradual shift indicates a
homogeneous distribution of cations, forming a single phase
of solid solution as opposed to a mixture containing domains of
both AgBiSe, and AgSbSe,. Furthermore, the refined lattice
parameters (Figure 2b) showed almost linear contraction with
increasing Sb content, which accords well with Vegard’s law,
which indicates the isomorphic substitution in the cation
positions of larger Bi by smaller Sb atoms.

It is well-known that X-ray photoelectron spectroscopy
(XPS) is a very useful method in determination of the chemical
compositions, and the as-obtained products were also analyzed
by XPS. The survey spectra of XPS (as shown in Figure S1 in
the Supporting Information) indicate the presence of Ag, Bi,
Sb, and Se in the samples, where the presence or absence of Bi
and Sb depends on the x value in AgBi,_,Sb,Se,. The binding
energies of Ag 3d;,, and Ag 3d;, are located at 373.6 and 367.5
eV (Figure 3a) with a peak splitting of 6.1 eV which was

a Ag 3ds
Ag3dy,

b\ghhh-:_.

Bidfy Bidfy,

AgShse, Aghi,

Aghi__Sh, \/

Aghi,Sb,_Se,

"

f |III I|

A fa\

Aghi_sb_se. J .\ "l."{\ \\
L = {1\ S

AgHiSe,

Relative Intensity
Relative Intensity

AghiSe,

160 158

166 )
leV

. imn 368
Binding Energy / eV

Sb 3d;
¢ Sb 3d;5 A

380 376 364

68 162

164 . 16
Binding Energy

Seddy, Sedd,,

AgShSe,

AgShSe,

Aghi, Sb, Se.
AgBi,_Sh,_ . Se,

Relative Intensity
Relative Intensity

Aghise,

-

L

" n L
535 530 525

545 540 535 5
Binding Energy / ¢V

520 60

58 56 . 54 52

Binding Energy / ¢V
Figure 3. XPS spectra of the solid-solutioned AgBi, ,Sb,Se,
nanoplates. (a) Ag spectra, (b) Bi spectra, (c) Sb spectra, and (d)
Se spectra.

consistent with the standard reference XPS spectrum of Ag(I).
The two strong peaks at 157.9 and 163.3 eV (Figure 3b) can be
attributed to Bi 4f,/, and Bi 4f;,,, respectively. The peaks at
538.6 and 529.7 eV (Figure 3c) reveal Sb 3d;,, and Sb 3ds),,
respectively. The peaks at $3.8 and 54.6 eV (Figure 3d) can be
assigned to the Se 3ds/, and Se 3d;,, respectively. It is evident
that the amount of Bi gradually decreases while that of Sb
systematically increases with increasing x values in this series of
samples. No peaks of other elements are observed in the wide
XPS survey spectrum, indicating the high purity of the
AgBi, Sb,Se, products.

The morphology and size of the as-prepared samples are
studied by FESEM. The low-magnification FESEM image of
AgBij sSb sSe, (see Figure S2b in the Supporting Information)
reveals that a large number of platelike nanostructures are
randomly dispersed on the surface of the substrate. A high-
magnification FESEM image (Figure 4a) shows that the edge
length of the plates is in the range of 400—600 nm, and that
their thickness is quite thin, about 25 nm. To further investigate
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Figure 4. High-magnification FESEM images, HRTEM images, and
SAED patterns for AgBijsSbysSe, solid-solutioned nanoplates (a—c)
and AgBijsSb,sSe, solid-solutioned homojunction nanoplates (d—f),
respectively.

the microstructural details of the AgBi;SbySe, platelike
nanostructures, HRTEM and SAED analysis were carried out.
A representative HRTEM image of the edge area of the
AgBi, sSb, sSe, solid-solutioned nanoplate in Figure 4b exhibits
well-resolved 2D lattice fringes and shows that the nanoplate is
a well-crystallized single crystal. The plane spacings of 2.046 A
correspond to the lattice planes of (220). The selected-area
electron diffraction (SAED) taken from the edge of this
nanoplate in Figure 4c further confirms the single-crystal nature
of the nanoplates.

For the thermoelectric properties measurements, we have
carefully removed the organic surfactants according to the
procedures of previous report”’ and fabricated the hot-pressed
bulk samples. Taking AgBi,sSbysSe, solid-solutioned nano-
plates as an example, the XRD patterns and SEM images of
surface cleaned and hot-pressed bulk samples are shown in
Figure S2. As shown in Figure S2a, there are no apparent
changes of structure and purity of the samples was detected
after hydrazine treatment and hot-pressing compared to the
pristine nanocrystals. The SEM image (Figure S2b and c) of
solid-solutioned nanoplates clearly shows that the size and
shape were almost unchanged after hydrazine treatment, and
also the bulk sample consisting of hot-pressed solid-solutioned
nanoplates were very dense (Figure S3d). The temperature
dependence of thermoelectric properties for AgBiSe, and
AgBi, sSb, sSe, is measured and shown in Figure S. As shown in
Figure Sa, regardless of composition, the positive sign of the
Seebeck coeflicients indicates that both AgBiSe, and
AgBi, SbysSe, nanoplates are both p-type semiconductors.
Although at ambient temperature the two samples have
comparable Seebeck coefficients, distinctly different trends in
the temperature dependence of the Seebeck coeflicient divide
the samples into two groups: with the increasing temperature,
the Seebeck coefficient of AgBiSe, initially increases, reaches a
maximum, and then decreases to a value approaching that of
solid-solutioned AgBi,sSbysSe, nanoplates. In contrast, the
Seebeck coefficient of AgBi,sSbySe, solid-solutioned nano-
plates monotonically decrease with the increasing temperature.
The two different trends also reveal the successful stabilization
of solid-solutioned AgBiSe, with cubic structure to room
temperature by incorporation of Sb, while the abrupt change of
Seebeck coefficient between 420 and 500 K in AgBiSe, was in
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Figure 5. Temperature-dependence of the Seebeck coefficient (a),
electrical conductivity (b), thermal conductivity (c), and thermo-
electric figure of merit ZT (d) for AgBiSe, nanoplates, AgBij ;SbysSe,
solid-solutioned nanoplates, and AgBi,sSbjSe, solid-solutioned
homojunction nanoplates, respectively.

fact contributed by the structural phase transition from
hexagonal phase to rhombohedral phase.

Figure 5b shows the temperature dependence of electrical
conductivity. It is obvious that the electrical conductivity
significantly increases with the substitution of Bi atoms by Sb
atoms. It is well-known that when AgBiSe, crystallizes in the
cubic phase, a NaCl-type structure with Ag and Bi ions is
distributed statistically between the close packed layers of
selenium ions."> Because of the disordered arrangements of Ag
and Bi in the lattice of the cubic phase, AgBiSe, is found to
behave in a metallic way.'"* In our study, nonambient cubic
phase AgBiSe, was stabilized to room temperature because of
the formation of solid solution by the incorporation of Sb into
the lattice. So, the significant increase in electrical conductivity
should be an inevitable result of the formation of a solid
solution, which at the same time plays an important role in the
stabilization of nonambient high temperature phase at room
temperature.

The thermal conductivities of AgBiSe, and AgBij;SbysSe,
solid-solutioned nanoplates are displayed in Figure Sc. As
shown in Figure Sc, the thermal conductivity of Sb substituted
samples is significantly lower than that of AgBiSe, in the whole
measured temperature range. At room temperature, the thermal
conductivity of AgBi,Sb,sSe, solid-solutioned nanoplates is
0.26 W/mK, which is much lower than that of AgBiSe, (0.4S
W/mK). This significant reduction of thermal conductivity can
be synergistically attributed to the disordering, point defects,
and nanostructures. On the one hand, because of the
substitution of Bi atoms by Sb atoms, the high temperature
cubic phase is stabilized to room temperature through the
formation of solid solution. In the cubic phase, the ultralow
thermal conductivity was intrinsically limited by phonon—
phonon umklapp and normal processes, which arise due to
strong anharmonicity of the bonding arrangement in this
compound.'' On the other hand, the solid solutions provide an
environment of atomic mass fluctuation throughout the crystal
lattice (i.e., disorder) and introduce more point defects. Atomic
substitutions in solid solution can scatter short-wavelength
phonons due to the differences in mass;>? thus, disorder of the
crystal lattice and point defect scattering serves to decrease the
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lattice thermal conductivity by increasing the frequency and
magnitude of the scattering events for the heat carrying
phonons. Moreover, the nanostructures of the AgBi, ,Sb,Se,
nanoplates serve to introduce a large density of interfaces in
which long-wavelength phonons can be effectively scattered. So,
in our study, the ultralow thermal conductivity was obtained,
which is very beneficial to obtain high ZT value. According to
the measured electrical conductivity, Seebeck coefficient, and
thermal conductivity, the ZT values were calculated and plotted
as a function of temperature in Figure Sd. Obviously, the ZT
values of AgBij sSby sSe, are higher than those of AgBiSe, in the
whole measured temperature range (300—550 K) because of
significantly increased electrical conductivity and decreased
lattice thermal conductivity through the formation of solid
solution by Sb atoms substituted Bi atoms.

To further lower the thermal conductivity, it is necessary to
scatter the phonon in the whole wavelength. From this point of
view, homojunctions are constructed with the same building
blocks of nanoscale dimensions, and can provide a lot of
interfaces similar to heterojunctions for the reduction of
thermal conductivity, while they do not deteriorate the
electrical conductivity simultaneously because of their homoge-
neous compositions. Therefore, inspired by the potential
advantages of homojunctions, we synthesized the solid-
solutioned homojunctions in AgBiy;Sb,sSe, nanoplates as an
example. The structure and morphologies of the as-prepared
AgBi, sSb, sSe, solid-solutioned homojunction nanoplates were
extensively characterized by XRD, FESEM, HRTEM, and
SAED measurements. As shown in Figure S3a, the series of
Bragg reflections in the XRD patterns of AgBij;SbysSe, solid-
solutioned homojunction nanoplates can be perfectly identical
to the previous AgBi,sSbysSe, solid-solutioned nanoplates
without homojunction, which indicates that the formation of
homogeneous structure does not affect the crystal structure of
the samples. No other peaks are observed belonging to
impurities, such as Ag, Ag,Se, or other compounds. Figure 4d
shows the high-magnification FESEM images (low-magnifica-
tion are shown in Figure S3b in the Supporting Information) of
the as-obtained AgBij;Sb,sSe, solid-solutioned homojunction
nanoplates. It is evident that the platelike nanostructures are
dominant while many small particles adhering on the surface of
nanoplates compared to the AgBijSbysSe, solid-solutioned
nanoplates with smooth surface. In addition, as seen in Figure
4d, no evident changes of the edge length and thickness of the
nanoplates were observed. Figure 4e is a lattice-resolved
HRTEM image taken from the contact area of the particle and
surface of the nanoplate. It can be seen that the lattice fringes
extend through the particle and surface of the nanoplate
without interruption by any visible boundaries. The well-
resolved 2D lattice fringes show that the nanoplate is a well-
crystallized single crystal. The plane spacings of 2.910 A
correspond to the lattice planes of (200). Figure 4f shows the
SAED pattern of the contact area of the particle and surface of
the nanoplate, which displays only one set of reciprocal spots
also show the single-crystal nature of the fusion region.

Corresponding to the front FESEM and HRTEM examina-
tion, we can clearly see that the formation of the homojunction
makes the originally smooth surface of solid-solutioned
nanoplates become very rough. Rough surfaces are expected
to make an additional contribution toward improving the
thermoelectric properties.”>** The temperature dependence of
the thermoelectric property for AgBij;Sby sSe, solid-solutioned
homojunction nanoplates is shown in Figure S. As seen from
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Figure S, there is no significant Seebeck coefficient (Figure Sa)
and electrical conductivity (Figure Sb) change between the
nanoplates with smooth and rough surfaces, while the thermal
conductivity (Figure Sc) has significantly reduced in the whole
measured temperature range. The thermal conductivity of
AgBi, Sby sSe, solid-solutioned homojunction nanoplates is
0.18 W/mK at room temperature and 0.14 W/mK at 550 K,
respectively, which is much lower than that of AgBi,SbsSe,
solid-solutioned nanoplates with smooth surface (0.26 W/mK
at room temperature and 0.21 W/mK at 550 K, respectively).
That is to say, the thermal conductivity has reduced by 31% at
room temperature and 33% at 550 K, respectively. As known,
the thermal conductivity (x) is the sum of two independent
components, a lattice contribution x, and an electronic
contribution k.. In this case of the homojunction formation,
the reduction of total thermal conductivity can be much
attributed to the reduction of the lattice thermal conductivity
(k) rather than the electronic thermal conductivity (k)
because of the almost no changed electrical conductivity. It is
well-known that phonons in a material have a spectrum of
wavelengths and phonons with different wavelengths are
subordinate to different phonon scattering mechanisms.
While the point defects in solid solution strongly scatter the
short-wavelength phonons, and the grain boundary of
nanostructures strongly scatter long-wavelength phonons, the
surface ro%ghnees scattering dominates in the mid-wavelength
region.”>*® Therefore, in this study, the rough surface
introduced by the formation of solid-solutioned homojunciton
nanoplates may efliciently scatter the nearly full wavelength
phonons (see Scheme 1). As a result, significant reduction in

Scheme 1. Schematic Diagram Illustrating Various Phonon
Scattering Mechanisms in AgBi, ;Sb, sSe, Solid-Solutioned
Homojunction Nanoplates
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lattice thermal conductivity was achieved in solid-solutioned
homojunction samples, and the ZT value was significantly
enhanced. As seen in Figure 5d, the ZT value of solid-
solutioned AgBi, ;SbySe, homojunction nanoplates was
further increased to 1.07 at 550 K.
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Bl CONCULSION

In conclusion, we first highlight the formation of solid-
solutioned homojunctions in high temperature phase with
disordered lattices as a novel and effective way to optimize the
low/mid-temperature thermoelectric property. The two strat-
egies of formation of solid solution and homojunctions in
lattice disordering compound independently and effectively
prevent the deterioration of electrical conductivity while
thermal conductivity can be suppressed, comparing to conven-
tional solid-solutioned and heterojunction strategies. As an
example, the substitution of Sb in the lattice frameworks
successfully stabilized the nonambient cubic AgBiSe, phase to
room temperature through the formation of AgBi, .Sb,Se,
solid solution, which shows desirable low/mid-temperature
thermoelectric property. Because the disordered state was
stabilized to room temperature, the high electrical conductivity
and low thermal conductivity were both achieved in the whole
temperature range, which leads to the improved thermoelectric
performance in a wide working temperature range compared to
the originally nonambient compounds. Furthermore, in situ
formed homojuncitons on the surface of solid-solutioned
nanoplates were also first achieved through a simple colloidal
method. Along with the effective scattering of mid-wavelength
phonons by the rough surface created by the formation of
homojunction, AgBi,SbysSe, solid-solutioned homojunction
nanoplates show much lower thermal conductivity with no
deteriorated electrical conductivity. Of note, the perfect
“phonon glass electron crystal” (PGEC) materials, which
possess both high electrical conductivity and low thermal
conductivity, have not been acquired yet. Our findings reveal
that the formation of a solid solution coupled with
homojunctions allows synergistically much enhanced thermo-
electric properties through the significant reduction of thermal
conductivity with no deteriorated electrical conductivity, which
may conform the “PGEC” approach.
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