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ABSTRACT: Although BiAgOSe, an analogue of a well-studied thermoelectric material BiCuOSe, is thermodynamically
stable, its synthesis is complicated by the low driving force of formation from the stable binary and ternary intermediates.
Here we have developed a “subtraction strategy” to suppress byproducts and produce pure phase BiAgOSe using hydro-
thermal methods. Electronic structure calculations and optical characterization show that BiAgOSe is an indirect bandgap
semiconductor with a bandgap of 0.95 eV. The prepared sample exhibits lower lattice thermal conductivities (0.61 W-m=-K~
at room temperature and 0.35 W-m™K~" at 650 K) than BiCuOSe. Lattice dynamical simulations and variable temperature
diffraction measurements demonstrate that the low lattice thermal conductivity arises from both the low sound velocity
and high phonon-phonon scattering rates in BiAgOSe. These in turn result primarily from the soft Ag-Se bonds in the edge-
sharing AgSe, tetrahedra and large sublattice mismatch between the quasi-two-dimensional [Bi,O,]** and [Ag,Se,]* layers.
These results highlight the advantages of manipulating the chemistry of homoleptic polyhedra in heteroanionic compounds
for electronic structure and phonon transport control.

Introduction adjacent layers in these materials induce large lattice anhar-

monicity, and consequently can promote ultralow intrinsic
Crystalline solids with ultralow thermal conductivity are not lattice thermal conductivity.2426 Guided by these concepts,
only of fundamental interest in basic science, but also find ap- many semiconductors with ultralow k; have been discov-
plications in refractory materials!, thermal barrier coatings>3, ered.?7

thermal data-storage devices4, and high-performance thermo-
electricss. Among these, thermoelectric materials have drawn
broad attention because the thermoelectric effect enables di- [Bi,0,]* layer

rect conversion between thermal and electrical energies, and -
are therefore treated as candidates for clean power generation
as well as waste heat recycling.c-9 Therefore, it is of economic [MoSe,]*" layer AN
and environmental importance to discover and develop crys- C'),
talline solids with low thermal conductivity for the generation,
conservation, and efficient management of thermal energy.o
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Decades of studies on thermoelectric materials have shown J ob
that semiconductors with low sound velocity>4 or strong
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phonon scattering’>'® exhibit low lattice thermal conductivi Figure 1. Crystal structures of the layered bismuth oxyselenide
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ties (x1)7, which are usually compound.s with he.avy constitu BiMOSe (M = Cu, Ag) family. [Bi,O,]>* and [M.Se,]* layers ex-
ent atoms or complex structure.’® Previous studies show that . .

D - . L tend in the a-b plane and are formed by OBi, and MSe, tetra-
heteroanionic materials containing an ionic anion and a more hedra

covalent anion exhibit complex layered structures with homo-
leptic polyhedra,->> where each anion is coordinated by its
corresponding hard or soft cation following Hard-Soft Acid-
Base (HSAB) theory=. The interface interactions between the

BiCuOSe is among the aforementioned heteroanionic semi-
conductors known to have an ultralow ki (0.62-1.28 W-m-.K-
at room temperature and 0.45-0.76 W-m=-K-' at 650 K28-34),



making it one of the best thermoelectric materials at moderate
temperatures. BiCuOSe crystallizes in the ZrSiCuAs-type
structure (space group P4/nmm), which is adopted by many
heteroanionic compounds that follow HSAB theory.353¢ As
such a compound, BiCuOSe is comprised of layers of edge
sharing bismuth oxide (OBi,) and of edge-sharing copper
chalcogenide tetrahedra (CuSe,). These two-dimensional
sheets of [Bi,O,]>* and [Cu,Se,]>- alternate and stack perpen-
dicular to the c-axis, as shown in Figure 1.3°37 Earlier studies
suggested that the large anharmonicity originating from the
lone-pair electrons of Bi3* leads to the low k1.2 However, a
more recent study reported that a very low frequency vibra-
tional mode with Cu character also plays an important role in
suppressing heat transfer through the lattice.38

The analogue, BiAgOSe, is predicted to be both thermody-
namically and lattice dynamically stable in the ZrSiCuAs-type
structure according to density functional theory (DFT) calcu-
lations.39-4* Therefore it is expected to exhibit low thermal
conductivity as well. A previous study by Farooq et al. showed
that a small percentage of Ag substitutions for Cu could in-
deed lower ki, but more extensive doping has not been re-
ported.+* It is anticipated that the fully substituted compound
will exhibit lower lattice thermal conductivity.43 However, the
traditional solid-state synthetic approach that is effective for
BiCuOSe and other compounds in this family, such as BiCu-
OCh (Ch=S, Te)#*47 and CeAgOS+8, does not produce Bi-
AgOSe, see Table S1. As a matter of fact, the synthesis of this
class of materials is difficult3949 because of the formation of
homoanionic phases as intermediates according to HSAB the-
ory;> if those intermediates are highly stable, the extremely
low formation driving force will impede the further reaction
to the desired heteroanionic materials.55

Therefore, the preparation of heteroanionic compounds calls
for alternative synthesis methods; hydrothermal synthesis is a
promising approach because of lower reaction temperatures
and shorter reaction times.53-5° For example, BiAgOS49, BiC-
uOS57 and BiCuOSe3® have all been successfully synthesized
hydrothermally, consistent with DFT calculations and electro-
chemical stability diagrams describing product yields.>9 Bi-
AgOSe has been synthesized by ion exchange of Cu* with Ag*
in a AgNO; solution.39 However, it has not been obtained hy-
drothermally as a pure phase, limiting further studies on its
transport properties.

This work investigates the hydrothermal synthesis and physi-
cal properties of BiAgOSe. We have successfully synthesized
pure BiAgOSe with an optimized hydrothermal method based
on a three-step procedure, in which the side-reaction that
consumes most of formation energy is suppressed. The syn-
thetic strategy we have developed provides insight into future
hydrothermal synthesis design of heteroanionic compounds
with low energetic driving forces. Advanced microstructural
characterization, electronic and phonon band dispersions,
thermal stability and thermal conductivity of BIAgOSe are also
reported. We address how the complete substitution of Cu by
Ag in BiCuOSe alters the electronic structure both theoreti-
cally and experimentally. The prepared sample of BiAgOSe ex-
hibits an extremely low thermal conductivity. Our DFT calcu-
lations, along with the measured atomic displacement param-
eters, indicate that the low «i is due to the low sound velocity
and high phonon-phonon scattering rates, which primarily

originate from the flexible Ag-Se bonds and large sublattice
mismatch between layers.

Experimental Section

Synthesis. BiAgOSe crystals were synthesized by the hydro-
thermal reaction of Bi,O; (99.99%, Alfa Aesar), elemental Se
(99.5+%, Aldrich), and elemental Ag (99.9%, Alfa Aesar). 0.6
mmol of Bi,O; and 0.96 mmol of Ag and 1.20 mmol of Se, 7.5
mmol NaOH and 2 ml distilled water were charged into a 3 x
1.75 in. rectangular Teflon pouch. Teflon pouches were placed
in a 125 mL poly(tetrafluoroethylene) (PTFE) Teflon-lined
pressure vessel (Parr Instruments), which was then filled with
50 mL of distilled water as backfill. The pressure vessel was
then sealed and heated to 423 K at a controlled temperature
ramp of 1 K/min. This process was followed by a temperature
increase to 513 K over 5 hours at 0.3 K/min. The maximum
temperature was held constant for 48 hours, followed by sub-
sequent cooling to room temperature at 6 K/h. The polycrys-
talline products were recovered by filtration, and finally rinsed
with deionized water. The solid products were leached with 1
M HCl for two hours to remove unreacted reagent Bi,O;. Then
the remaining products were put back into a Teflon pouch
along with 7.5 mmol NaOH and 2 ml distilled water and the
hydrothermal process was repeated. The polycrystalline prod-
ucts were recovered by filtration, and finally rinsed with de-
ionized water.

Powder X-ray Analysis. Phase fraction and reaction com-
pleteness were verified with laboratory powder X-ray diffrac-
tion (PXRD) patterns collected over a 20 range of 20-70° (Cu-
radiation) on a Rigaku Ultima IV X-ray diffractometer under
ambient condition. Phase fractions for all samples were ob-
tained by analyzing the PXRD data with the General Structure
Analysis System II package.® Variable-temperature synchro-
tron X-ray diffraction was conducted at 11-BM at the Advanced
Photon Source in Argonne National Laboratory. BiAgOSe and
BiCuOSe powders were sieved and loaded into a carbon
coated 0.3 mm o.d. quartz capillary. Capillaries were subse-
quently flame sealed under vacuum (ca. 3 x 1073 mbar). Dif-
fraction patterns were collected at a wavelength of 0.41267 A
and at temperatures 300 K, 373K, 473K, 573K, 623K and 673K.
Powder diffraction data were analyzed using Rietveld refine-
ment and sequential refinements in Jana2006.

The atomic displacement parameters (ADP) were refined
from the diffraction pattern. The slope of each element’s ADP
data versus temperature can be used to estimate the Einstein
temperature and Debye temperature.®' According to the struc-
ture feature, silver atoms were treated with the Einstein
model.38 Therefore eq. 1 has been used to determine the Ein-
stein temperature of the silver atoms:6>

Uiso = h?T/(mkg024m?) (1)

where h and kjg are the Planck and Boltzmann constants, m is
the reduced mass and O is the Einstein temperature of the
oscillator. Vibrational frequency v is related to O by v =
kgO@g/h. As a contrast, Bi and Se atoms are considered to form
the stiff framework. Therefore, their Debye temperature 0
has been determined using the eq. 2:

Uiso = [3h?/(mkz0341?]T (2)



The average velocity of sound in the Debye model is given by:

vs = Op2mkg/[h[6m%n]"/3] (3)
where n is the number of atoms per unit volume.

Scanning/Transmission Electron Microscopy (S/TEM)
Characterization. Electron-beam-transmitted TEM speci-
mens were prepared by ultramicrotomy. BiAgOSe crystals
were embedded in resin. Then, several sections containing Bi-
AgOSe particles with 80~9o nm thickness were obtained.
High-resolution transmission electron microscopy (HRTEM)
images and selected-area electron diffraction (SAED) patterns
were obtained using a JEOL Grand ARM operated at 300 kV,
and atomic-resolution annular bright-field (ABF) (1-22 mrad
of collection angle) and high-angle annular dark-field
(HAADF) (90-200 mrad) scanning transmission electron mi-
croscopy (STEM) images were acquired using a Cs-corrected
JEOL ARM 200CF operated at 200 kV. The multislice simula-
tion was conducted with software Dr. Probe under 200 kV, a
thickness of 25.53 nm, a convergence angle of 24 mrad, and a
defocus of o nm, using frozen lattice configurations and the
number of variants per slice set to 10.

Thermal Transport Property Measurement. To prepare
pellets for thermal transport property measurement, the hy-
drothermally synthesized fine powders were cold pressed into
pellets (12.7 mm in diameter) and densified using the spark
plasma sintering technique (SPS-2uLX, Fuji Electronic Indus-
trial Co. Ltd.) under vacuum, at 573 K with a uniaxial compres-
sive pressure (40 MPa) for 6 min, followed by a second-round
spark plasma sintering at 648 K under a uniaxial compressive
pressure (40 MPa) for 6 min. The thermal diffusivity (D) was
measured by a laser flash analysis instrument (LFA-457, Ne-
tzsch, Germany) under N, flow. Samples were finally pro-
cessed into pellets with dimensions ~6 x 6 x 2 mm3. The meas-
ured density is 90.7% of the theoretical value. The thermal
conductivities were calculated based on the equation k =
D-Cp-p, where D is the thermal diffusivity, C, is the specific
heat, and p is the density. The specific heats of the samples
were estimated by C, =3R/M, where R is the ideal gas constant
and M is the average molar mass of each element. The densi-
ties of the samples were calculated by their dimensions and
masses. The uncertainties of diffusivity measurement and
density measurement are ~5% and ~5%, respectively. There-
fore, the uncertainty of the thermal transport measurements
can be estimated to be ~10%.

DFT calculations. All DFT calculations were performed using
the Vienna ab Initio Simulation Package (VASP).%64 The
PBEsol version of the exchange-correlation functional®, pro-
jector-augmented wave method® and the plane wave basis
sets with an energy cutoff of 520 eV were all used for structure
relaxation, electronic structures, and second and third-order
force constants calculations. Spin-orbit coupling was consid-
ered for all calculations related to energetics and reaction
driving forces, as has been shown to be necessary in previous
works.5967 The crystal orbital Hamilton population analysis
was performed using the Lobster code.%® The second-order
force constants were computed by using the finite displace-
ment method as implemented in the Phonopy package.®
Supercells with size of 4 x 4 x 2 and an atomic displacement
of 0.01 A were utilized. The third-order force constants were
computed by using the third-order.py” with 2 x 2 x 1

supercells, including third-neighbor interactions. Lattice ther-
mal conductivities were calculated by solving the Boltzmann
transport equation for phonons, as implemented in the
ShengBTE code.” Griineisen parameters were computed using
the force constants of the equilibrium volume (V,), 2%V,, and
—2%Vo.

Results and Discussion
Optimized Hydrothermal Synthesis

The selection of reactants is a key step in any hydrothermal
synthesis, and it will affect the composition and morphology
of products. In the reaction to synthesize BiAgOSe, we se-
lected Bi,O;, Ag and Se as starting materials after careful con-
sideration. Less soluble Bi,O; was chosen as the source of bis-
muth instead of highly soluble Bi(NO;); to avoid unnecessary
anion groups which could interfere with the reaction.” As for
the chalcogen source, the choice is not straightforward. Un-
like Na,S, which is used to provide chalcogen anions in the
synthesis of BiAgOS49, Na,Se is not an ideal source to provide
chalcogen anions in the BiAgOSe synthesis because it is ex-
pensive and highly reactive with water. Additionally, sele-
nourea (CH,N,Se) or elemental Se under the reductive atmos-
phere (e.g., hydrazine hydrate) are also not optimal choices
for the Se source because they can produce many secondary
phases, such as AgBiSe,, Bi,O,Se and Ag.Se, as shown in Fig-
ure S1. Therefore, after excluding reagents that are expensive,
hazardous or can complicate the reaction, we chose elemental
Ag and elemental Se in the BiAgOSe synthesis, where redox
reactions between elemental Ag and Se can produce Ag* and
Se?- ions.

Furthermore, hydrothermal synthesis can be considered as a
special case of chemical transport reaction that relies on liquid
phase transport of reactants to nucleate the desired product.74
Therefore, the efficient transport of elements in the solvent is
necessary to activate the reaction at such low tempera-
tures.7475 Here, the reaction conditions were optimized, in-
cluding temperature, pH, ratio of reagents and reaction time
to dissolve Bi,O;, Ag and Se and provide sufficient ions for a
high yield of the target phase. For pH, the reagents have a low
solubility in water even at the maximum tolerant temperature
(513 K) for the Teflon-lined pressure vessel. Therefore, it was
needed to add a mineralizer to adjust the reaction pH and in-
crease the solubilities of the reagents. However, acidic miner-
alizers such as HNO;, HCl, and H.SO, were avoided because
of their propensity to incorporate their own anions into the
reaction products. Therefore, NaOH was used as the alkaline
mineralizer to guarantee adequate aqueous ions in the reac-
tion. To optimize the suitable amount of mineralizer, reac-
tions with different amounts of NaOH were tested and com-
pared, as shown in Figure Sz2. With a small amount of NaOH,
BiAgOSe forms as a minor product while a large quantity of
AgBiSe, is made. This result indicates that an alkaline environ-
ment is necessary for the formation of BiAgOSe. This can be
explained by the hydrolysis of Bi,O; in basic solution which
provides the indispensable bond between bismuth and oxygen
(i.e., Bi(OH),") and suppresses the appearance of homoan-
ionic AgBiSe,.59 The comparison of driving forces also suggests
Bi(OH),~ is more likely to be the source ions of bismuth in-
volved in the reaction (see Table S2 reaction 3 and 4). Moreo-
ver, as the amount of NaOH increases, the phase fraction of



BiAgOSe increases but unreacted Ag also starts to emerge.
Thus, to minimize the number of secondary phases and elim-
inate AgBiSe, and Ag simultaneously, 7.5 mmol NaOH was
added. With careful mineralizer adjustment, the optimized
phase fraction of the target can reach up to ~75% (see Figure
S2). To optimize the ratio of reagents, we adjusted the reactant
ratios while keeping the amount of NaOH constant at 7.5
mmol as shown in Figure S3. A lower ratio of Ag is helpful to
increase the phase fraction of the target phase. However, after
adjusting the ratio of reagents, we noticed that unreacted
Bi,O;, and Bi,O,Se and Ag,Se always exist. To increase the
completeness of the reaction and improve the fraction of the
target phase, we extended the reaction time with multiple
heating profiles as shown in Figure S4 and S5. We found that
a longer reaction time is helpful, and the phase fraction of Bi-
AgOSe can be maximized to ~85%.

To further increase the fraction of targeted BiAgOSe phase, it
is necessary to eliminate the formation of secondary phases.
In general, more than one kind of product are obtained from
hydrothermal synthesis owing to several concurrent, highly
thermodynamically favorable reactions, and the residue of re-
agents with low solubilities in water. Therefore, we need to
remove side products that could obstruct the production of
the target phase. Based on experimental and computational
results, we present three likely reactions that progress within
our synthetic route to yield BiAgOSe:

Bi(OH),~ + Ag* + Se* — BiAgOSe() + 20H- + (1)
H.O

2Bi(OH),~ + Sez — Bi,0,Se() + 40H- + 2H,0 (2)
Bi,0.Se(s) + Ag.Se)— 2BiAgOSe() (3)

Our initial synthesis progresses through the competition of re-
actions (1) and (2), which happen at the same time owing to
comparable, highly favorable reaction energies (Table S2).
Therefore, the reactions (1) and (2) lead to BiAgOSe accompa-
nied with Bi,O,Se. To design a high-yield methodology,
Bi,O.Se obtained in reaction (2) needs to subsequently react
with Ag,Se to produce BiAgOSe, as in reaction (3). However,
the energetic driving force in reaction (3) is quite small (-72.2
meV/f.u., shown in Table S2). Most of the formation energy of
the desired quaternary phase in this route is consumed by the
formation of the Bi,O,Se and Ag.Se intermediates, which lim-
its the formation of BiAgOSe, as do any energetic barriers to
its progression which need to be overcome through seeding
(see Figure S6). Therefore, reaction (3) can go to completion
when no additional Bi,O,Se is produced by reaction (2), ne-
cessitating the removal of bismuth oxide and aqueous bis-
muth ions.

Based on these concepts, we introduce a “subtraction strategy”
to assist the formation of the desired product by chemically
removing the remaining Bi,O; after the initial reaction period.
The synthesis method contains three steps: in the first step,
reagents Ag, Se, and Bi,O; are charged in the autoclave. Reac-
tions (1) and (2) take place, for which the target phase Bi-
AgOSe is generated alongside the undesired phases Bi,O.Se,
Ag,Se and remaining Bi,O;. Then, in the second step, to stop
the production of Bi,O,Se, we terminate reaction (2) by re-
moving aqueous bismuth ions and unreacted Bi,O; through
filtering the solid products and leaching them with 1 M HCI

for 2 hours. Finally, in the third step, we hydrothermally react
the leached solid product which contains BiAgOSe, Bi,O.Se
and Ag,Se. Reaction (3) proceeds with the BiAgOSe seeds pro-
duced from reaction (1). The target material as a single phase
can be obtained with the three-step method. Figure 2 displays
the PXRD of the product after each step, and the SEM images
illustrate their morphology. The BiAgOSe crystals show clear
facets and the crystallite size ranges from 2 pum to 10 pm.
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Figure 2. PXRD of products at different synthesis stages. (a)
Initial hydrothermal synthesis (Step 1), BiAgOSe, Bi,O.Se,
Ag,Se and unreacted Bi,O; are present. (b) Products after re-
moving Bi,O; with 1M HCl for 2 hours (Step 2). (¢) Final prod-
uct (Step 3), where only pure BiAgOSe is present. Insets are
SEM (SE) images of products at each stage. (d) Simulated
PXRD of BiAgOSe.

Structural Anisotropy Characterization

To determine the crystal structure of the hydrothermally syn-
thesized BiAgOSe powders, Rietveld refinement was per-
formed on the synchrotron diffraction pattern. We confirmed
that BiAgOSe is isostructural to BiCuOSe (see Figure 1), which
belongs to the P4/nmm space group. The unit cells extracted
from this refinement are listed in Table S3. Compared to BiC-
uOSe (JCPDS 45-0296, a = 3.9287(1) A, ¢ = 8.9201(2) A), Bi-
AgOSe has larger lattice parameters, which results from the
larger ionic radius of Ag* (102 pm) than that of Cu* (60 pm).7°
The increase of the unit cell resulting from the substitution of
Cu by Ag was also observed in BiAgOS and BiCuOS com-
pounds.4® The tetragonal c/a ratio is 2.36 versus 2.27 in Bi-
AgOSe versus BiCuOSe compounds. BiAgOSe consists of
[Bi,O,]>* and [Ag.Se.,]> layers (sublattices), which are formed
by the edge-sharing distorted OBi, and AgSe, tetrahedra, re-
spectively. The positively charged [Bi,O,]** layer and nega-
tively charged [Ag,Se,]>~ layer are stacked perpendicularly to
the c-axis, and interact via electrostatic Coulomb interactions,
which makes it different from van der Waals layered materials.



Table S4 indicates that by the substitution of Cu by Ag in the
2a Wyckoff position, the M-Se bond is lengthened remarkably
(~10%), whereas the bond lengths of Bi-O are rigid and af-
fected only negligibly (< 0.9 %). Since the longer Ag—Se bond
length requires larger in-plane space, which is limited by the
[Bi,O,]>* layer, a larger distortion of AgSe, tetrahedra than
CuSe, tetrahedra is expected. Indeed, because the bond angles
o, and a, (see Figure 1) of Se—Ag-Se are more deviate from
ideal 109.5° than that of Se-Cu-Se (Table S4), the four-coordi-
nate geometry index (t,)77 of AgSe, versus CuSe, tetrahedra is
0.87 versus 0.95, which confirms AgSe, tetrahedra are more
distorted than CuSe, tetrahedra. To understand the origin of
this distortion, we perform DFT calculations and apply biaxial
strains to the BiAgOSe compound by fixing the two in-plane
a=b lattice constants, and optimizing all atom positions and
the c lattice parameter. As shown in Figure S7, large in-plane
lattice constants lead to less distorted AgSe, tetrahedra (i.e.,
smaller difference between oy and o,) and shorter Ag—Se bond
lengths. Therefore, the large AgSe, distortion can be consid-
ered as the result from the compromise of the large size mis-
match between [Bi,O,]>* and [Ag.Se,]> layers of ideal homo-
leptic tetrahedra. In other words, the [Ag.Se,]> layer is under
compressive strain from [Bi,O,]?*, and [Bi,O,]?* is under ten-
sile strain from the [Ag,Se,]>~ layer because of the smaller size
of ideal OBi, than AgSe, tetrahedra. This local distortion af-
fects the lattice thermal conductivity through changing AgSe,
tetrahedra distortion and, therefore, the d-p orbital hybridiza-
tion, which affects bond stiffness, sound velocity, and the low-
lying phonon eigen displacements. This will be discussed in
more detail in the next sections.
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Figure 3. (a) Low magnification conventional TEM image of
a faceted BiAgOSe particle produced using the three-step hy-
drothermal method along the [001] zone axis. The indices of
reflections of the SAED pattern inserted in (a) are based on
the structure produced from its Rietveld refinement. (b)
HRTEM image of the particle along the [001] zone axis. Some
lattice planes and their corresponding distances are marked in
(b). The index shows that the crystal is terminated with the
{100} and {no} surfaces. High-resolution (c) and (e) HAADF
and (d) and (f) ABF images along the [100] and [110] zone axes.
The overall layered structure can be observed. All the experi-
ment images can match the simulated results and the struc-
ture schematics. The scale bars of SAED patterns are 2 nm-.

Scanning/transmission electron microscopy (S/TEM) analyses
were carried out to further investigate the crystal structure of
BiAgOSe. Figure 3a is a typical low-magnification TEM image
of the hydrothermally synthesized BiAgOSe sample with a fac-
eted shape. The corresponding selected area electron diffrac-
tion (SAED) pattern matches well with the refined structure
(space group P4/nmm) along the [001] zone axis; extra spots,
spot splitting, or streaks are not observed. It can be further
confirmed that the well-faceted particles obtained from the
three-step hydrothermal reaction are terminated with {100}
and {no} surfaces, as marked in Figure 3a. Figure 3b displays
an HRTEM image of this particle, where the measured inter-
planar d-spacings are in good agreement with the refinement
results. Furthermore, simultaneously acquired high angle an-
nular dark field (HAADF) HRSTEM (Figure 3c and e) and an-
nular brightfield (ABF) HRSTEM images (Figure 3d and f)
taken along the [100] and [110] zone axes allow direct observa-
tion of atomic columns. The SAED patterns of [100] and [110]
zone axes inserted in Figure 3d and 3f also match very well
with the simulated diffraction pattern (Figure S12). Since the
contrast in HAADF depends on the atomic number, the
atomic column of Bi (the brightest white dots) and Ag (the
second brightest white dots) are distinguishable. To identify
the positions of lighter atoms with relatively weaker scattering
such as oxygen and selenium, ABF phase-contrast imaging
based on wave interference is preferred (Figure 3d and 3f). The
inserted higher magnified images (lower) overlaid with simu-
lated STEM images (upper) and structural model shows the
clear display of each element. [Bi,O,]** and [Ag.Se,]*~ layers
stacking along the c-direction are visible. Chemical analysis
with energy-dispersive spectroscopy (EDS) mappings shown
in Figure S13 was used to confirm the uniform elemental dis-
tribution of Bi, Ag, O and Se in crystals.

Electronic Structure

The DFT calculated band structures of BiAgOSe and BiCuOSe
using the PBEsol functional are shown in Figure 4. The band
structure of BiAgOSe is very similar to that of BiCuOSe. Both
compounds are indirect band semiconductors with small
bandgaps (0.24 and 0.14 eV for BiAgOSe and BiCuOSe, respec-
tively) and have multiple bands at the top of the valence
bands. The calculated bandgaps using PBEsol are smaller than
the experimental measurements (0.96 and 0.80 eV for Bi-
AgOSe and BiCuOSe*9, respectively, see Figure S14) owing to
the intrinsic limitation of the semilocal functionals.?® The
main difference between these two band structures is the en-
ergy differences (AE,) of the second (Z point) and third (be-
tween Z and R) valleys with respect to the VBM (between M



and TI) in the valence band. BiAgOSe (AE, =124 and 132 meV)
has larger energy differences than that of BiCuOSe (AE, = 26
and 70 meV). Therefore, excessive hole doping is required to
access the multiband effect in BiAgOSe. The projected elec-
tronic density of states (PDOS) shows that the conduction
band has Bi 6p orbital character, and these orbitals give rise to
the highly dispersive conduction band minimum. The larger
bandgap of BiAgOSe is due to a weaker Se-4p and Ag-4d hy-
bridization and the lower Ag-Se antibonding states p-d*
formed by Ag-4d and Se-4p below the Fermi level, which can
be seen clearly from the crystal orbital Hamilton population
analysis (COHP)7 in Figure 4. However, the p-d* states of Bi-
AgOSe has larger hybridization with Bi 6p than that of BiCu-
OSe, leading to a larger splitting between the antibonding
states and Bi 6p states. The weaker coupling between Ag-4d
and Se-4p can also be viewed from the PDOS. The overlap be-
tween Ag-4d and Se-4p orbitals is much smaller than that of
Cu-3d and Se-4p because Ag-4d orbitals are too low to hybrid-
ize with Se-4p. Bader charge calculation shows that there is a
larger charge transfer from Cu (Aqcy = -0.313 €) to Se (Agse =
0.784 e) in BiCuOSe than Ag (Aqag = -0.159 e) to Se (Aqse =
0.641 e) in BiAgOSe, consistent with the smaller difference in
the electronegativities of Ag and Se. Moreover, AgSe, distor-
tion has large effects on the electronic structures as well. In
Figure S8, we show the evolution of the band structure of Bi-
AgOSe as a function of the in-plane lattice constants (or AgSe,
distortion, since o, and o, are linear increasing and decreasing
with lattice constants expanding, see Figure S7). Both the en-
ergy difference between the VBM and the second/third peak
and the bandgap decrease with the lattice constants increas-
ing (or AgSe, distortion declining). Therefore, the AgSe, dis-
tortion induced by sublattice mismatch contributes to the
large energy difference between valleys close to the Fermi
level and large bandgap of BiAgOSe as well. The overlap be-
tween Ag-4d and Se-4p orbitals increases when the distortion
of AgSe, decreasing, as we can see from the antibonding re-
gion just below the Fermi level in the COHP plot and the
ICOHP (integrated COHP up to the Fermi level) value from
Figure Sq.
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Figure 4. DFT band structures, PDOS, and COHP of (a) Bi-
AgOSe and (b) BiCuOSe calculated using the PBEsol func-
tional including spin-orbit coupling.

Thermal stability and ultralow thermal conductivity

We first investigated the thermal stability of BiIAgOSe by var-
iable temperature PXRD under static vacuum (see Figure Si5)
and found that it is stable up to 673K and it eventually decom-
poses to Bi,O,Se and Ag,Se at higher temperatures. The

differential thermogravimetric analysis (DTA) in Figure S16
shows that the decomposition is endothermic, but the peak is
not obvious owing to the small energy difference, which is
consistent with the low formation driving force of BiAgOSe
from the binary and ternary intermediates (Table Sz reaction
2). Considering its thermal stability and the small size of hy-
drothermally synthesized particles, BiAgOSe pellets (Figure
Su1) were spark plasma sintered in argon atmosphere at 573 K
for 6 min followed by the second round of SPS at 648 K for 6
min to avoid overheating. The measured total thermal con-
ductivity (keot) of BiIAgOSe is shown in Figure 5a. The data was
measured during heating (red) and cooling (blue) processes.
The decent overlap of the heating and cooling curves shows
excellent stability of the samples up to 650 K. The total ther-
mal conductivity of BiAgOSe at room temperature is ~0.61
W-m~-K- and decreases to 0.35 W-m-K at 650 K. As a con-
trast, according to previous studies, the total thermal conduc-
tivity of the BiCuOSe is generally a higher value, i.e. ~0.62—
1.28 W-m-K-* at room temperature and declines to ~0.45-0.76
W-m-K at 650 K.83¢ One example from Reference 34 is
plotted in Figure 5a as comparison. Note that lattice thermal
conductivity ki, is assumed to approach k. because of the neg-
ligible electronic contribution (kee) in the intrinsic sample.
Figure 5b displays the calculated xi for BiAgOSe along the a
(ri) and c (K}J) axes, and the average lattice thermal conduc-
tivity (%) at various temperatures. Although the calculated k.
is slightly higher than the experimental value, the overall
trend agrees with the experiment. The overestimation of ki is
likely because lattice thermal expansion and other phonon-
phonon scattering mechanisms such as four phonon scatter-
ing®, defects, and grain boundary are not included in the cur-
rent calculations.

Origin of ultralow thermal conductivity

To understand the microscopic mechanism behind the low i,
of BiAgOSe, we performed lattice dynamical calculations
based on DFT-PBEsol calculated force constants. The phonon
dispersions and density of states (DOS) are shown in Figure
5c. As previously mentioned, the compound is a superlattice
structure with alternating [Bi,O,]>* and [Ag.Se.]>- layers.
Therefore, the frequency of the highest acoustic phonon mode
(longitudinal acoustic, LA) along the I'-Z (stacking) direction
is only ~50 cm™, due to the weak interlayer interactions. A re-
markable character of the phonon dispersion is the low-fre-
quency phonon modes along I'-M and A-Z lines, which leads
to very low phonon velocities of the transverse acoustic (TA)
modes within the layer. Overall, the phonon frequencies of the
compound are quite low.
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Figure 5. (a) Temperature-dependent total thermal conduc-
tivity of BiAgOSe during heating (red) and cooling (blue) pro-
cess; the total thermal conductivity of BiCuOSe (gray) from
reference34 is included as comparison. (b) DFT calculated lat-
tice thermal conductivity along a (ki) and ¢ (x.!) crystallo-
graphic directions and average (k) lattice thermal conductiv-
ity of BiAgOSe and BiCuOSe. (c) Phonon dispersion curves
and density of states (DOS) of BiAgOSe. The longitudinal op-
tical-transverse optical (LO-TO) splitting is included. (d) Ex-
perimental ADPs of BiAgOSe as a function of temperature.

As we can see from the phonon DOS in Figure 5c, the low-
lying peaks are mainly from Bi and Ag. The phonon frequency
is inversely proportional to the square root of reduced mass
and proportional to the square root of force constants (bond
stiffness). The low-frequency modes associated with Bi are ex-
pected because of its heavy reduced mass. The low frequency
associated with Ag is due to the flexible Ag-Se bond, as evi-
dent from our calculation that the interatomic force constants
(the absolute value sum of all the force constant matrix ele-
ments) between Ag and Se in BiAgOSe (3.3 e€V/A2) are smaller
than that between Cu and Se in BiCuOSe (4.2 eV/A2). The
sharp peak of Ag at ~50 cm™ corresponds to the flat bands
crossing the whole Brillouin zone, which indicates very local-
ized atom vibrations. The intensity of the Ag peak is much
higher than that of Se at the same energy region. This suggests
that the Ag displacements are largely decoupled from the lig-
and (Se) displacements. Therefore, these flat bands are mainly
due to the localized vibrations of Ag atoms, as evidenced from
the real space displacements of the phonon modes at the se-
lected high symmetry points in Figure S10. To further support
this conclusion from experiment, we then measured the tem-
perature dependent atomic displacement parameters (ADP)
to characterize the mean square displacement of an atom from
its equilibrium position, as shown in Figure 5d. ADP (listed in
Table Ss) increases almost linearly with temperature; and Ag
has the largest ADP and the fastest increasing rate, which in-
dicates its large vibration.

Table 1. Einstein (0) of M (M=Ag, Cu) and Debye (0,) tem-
peratures of Bi and Se atoms, the frequency of the localized M
mode (vy;) determined from analysis of synchrotron diffrac-
tion data, and Debye temperature and average velocity of

sound (vs) of BiAgOSe and BiCuOSe estimated from the spe-
cific heat capacity.

Materi- O (M) VM ®p ®p ©®p Us
als /K Jem  (Bi)/K (Se)/K /K /ms"

BiAgOSe 55 38 127 210 191 1873

BiCuOSe 116 80 133 271 219 2085

To compare the thermal transport properties of BiAgOSe and
BiCuOSe in more detail, we estimated their Debye tempera-
tures and sound velocities from the synchrotron data. A typi-
cal fit is shown in Figure S18. Ag atom is treated as an individ-
ual quantum harmonic oscillator (Einstein Oscillators) be-
cause of its considerably large ADP (more than 2.5 times of
other atoms).8 Therefore, Ag is considered within the Einstein
model, while the other atoms are treated as Debye hosts.
Thus, the Einstein temperature for Ag atom can be deter-
mined from the slope of its ADP versus temperature, as tabu-
lated in Table 1. The estimated Einstein temperature corre-
sponds to a frequency of 38 cm™, which is close to the calcu-
lated peak of Ag in our DOS at ~50 cm™ In this vein, Debye
temperatures of Bi and Se can be extracted from ADP data by
considering them as stiff frameworks. The corresponding val-
ues of BiCuOSe were also estimated from synchrotron data
(Figure S19) using the above method. Although compared to
the previous study of BiCuOSe38 the estimations from X-ray
diffraction are higher than that of neutron diffraction, which
is caused by the nature of different diffraction sources®, the
ADPs show the same trend. Both Ag and Cu show extreme low
O, which is even comparable to rattler atoms in many low
thermal conductive compounds with cage structure®62. The
overall Debye temperatures and the average sound velocity of
BiAgOSe and BiCuOSe were estimated from the specific heat
capacity at 2.6-3.5 K (Figure S17), as shown in Table 1. The es-
timated Debye temperature for BiCuOSe agrees with the liter-
ature data (210 K estimated from neutron diffraction3® and 245
K estimated from heat capacity®?). A lower Debye temperature
and sound velocity of BiAgOSe than BiCuOSe leads to a lower
thermal conductivity, which is mainly contributed by Ag be-
cause of its lower Einstein temperature and lower frequency
of the vibration mode.
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Figure 6. DFT calculated (a) Griineisen parameters y and (b)
phonon-phonon scattering rate t™ of BiAgOSe and BiCuOSe.



Because the increase of APD of Ag atoms is faster at higher
temperatures, there is deviation between the linear fitting and
the experimental data. The deviation is associated with the an-
harmonic motion of Ag, which should be further considered.
Therefore, we compare the Griineisen parameters (y), which
reflects bond anharmonicity,®> and three phonon-phonon
scattering rate (t™), which is the inverse of phonon relaxation
time (t) of these two compounds. The calculated y and t* are
shown in Figure 6a and b, respectively. BiAgOSe has larger y
and higher t* than BiCuOSe in the low-frequency (< 100 cm-
1) region, where phonons carry most of the heat. The strong
phonon-phonon scattering within this frequency region effec-
tively lowers the phonon relaxation time and subsequently re-
duces k1. in BiAgOSe. In Figure 6a, there are two main peaks
of y. According to their corresponding frequencies and the
DOS of Figure 5c and S10, we can see that the peak of y at ~60
cm™ is mainly due to Bi and Ag, and the peak at ~25 cm™ is
mainly due to Ag atoms. The contribution from Bi is at-
tributed to the lone-pair electrons,® while the contribution of
Ag is larger and at even lower frequency regions, which pri-
marily originates from the flexible bonds (Ag-Se). Except for
the relatively weak antibonding interaction between Ag and
Se, as mentioned above, the large sublattice mismatch be-
tween [Bi,O,]>* and [Ag,Se,]> layers in BiAgOSe results in
more distorted AgSe, than CuSe, tetrahedra. The large devia-
tion from the ideal tetrahedra (c,=0,=109.5°) reduces the or-
bital overlap/coupling between Ag-4d and Se-4p orbitals,
which results in a lower Ag-Se bond stiffness and more local-
ized Ag displacement (rattling-like behavior). Therefore, the
mismatch between [Bi,O,]** and [Ag,Se,]> layers in the lay-
ered mixed anion compound with homoleptic coordination
can tune phonon interactions as well, which provides an extra
avenue for engineering a material’s phonon transport proper-
ties.

In summary, the low lattice thermal conductivity of BiAgOSe
arises from both low speed of sound and short phonon relax-
ation time. The antibonding interaction originating from the
unusual hybridization between Ag-4d and Se-4p together with
large sublattice mismatch between [Bi,O.]** and [Ag,Se,]>
layers lead to low stiff Ag-Se bonds, large distorted AgSe, tet-
rahedra and less rigid [Ag.Se,]> layers, which results in small
phonon velocities within the layer. The strong phonon-pho-
non scattering originating from the localized Ag atoms further
reduces the thermal conductivity.

Conclusion

In this work, we describe the hydrothermal synthesis of pure
BiAgOSe. This was accomplished via the “subtraction strat-
egy”, which has been developed to overcome the difficulty of
forming BiAgOSe from the binary and ternary intermediates,
whose high stability typically prevents the reaction. Specifi-
cally, through chemically removing unreacted Bi,O;, we have
suppressed the formation of the stable Bi,O.Se intermediate,
which consumes most of the formation energy necessary to
synthesize BiAgOSe. Both refined PXRD and TEM reveal that
the as-made BiAgOSe is isostructural to BiCuOSe, and con-
tains [Bi,O,]** and [Ag,Se,]>- layers stacking perpendicularly
to the c-axis. BiAgOSe has a larger sublattice mismatch be-
tween layers owing to the larger ionic radius of Ag than Cu.
Electronic structure studies show that BiAgOSe is an indirect
bandgap semiconductor with bandgap of 0.95 eV, which is
larger than that of BiCuOSe. This is due to the weaker

hybridization between Ag-4d and Se-4p than that between
Cu-3d and Se-4p. More importantly, BiAgOSe exhibits a lower
thermal conductivity (~0.61 W-m=-K-' at room temperature
and ~0.35 W-m~-K-* at 650 K) than BiCuOSe, which is one of
the best thermoelectric materials at moderate temperatures.
The combination of DFT calculations and X-ray diffraction ex-
periments reveals that the low thermal transport behavior
comes from both slow sound velocities and strong lattice an-
harmonicity. ADP measurements along with lattice dynamic
calculations demonstrate that the Ag atom, owing to the less
stiff Ag-Se bond, has the largest contribution to the strong
anharmonicity and high phonon-phonon scattering rates. Our
results show that BiAgOSe is a promising material for low
thermal conductivity applications, particularly for high-per-
formance thermoelectric materials. The sublattice mismatch
between layers formed by different homoleptic polyhedra in
layered heteroanionic compounds can be used as an extra de-
gree of freedom to engineer electronic structures and phonon
transport properties of new materials.
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