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Dual-Site Doping and Low-Angle Grain Boundaries Lead to
High Thermoelectric Performance in N-Type Bi,S;

Jian Yang, Haolin Ye, Xiangzhao Zhang, Xin Miao, Xiubo Yang, Lin Xie, Zhongqi Shi,
Shaoping Chen, Chongjian Zhou, Guanjun Qiao, Matthias Wuttig, Li Wang,* Guiwu Liu,*

and Yuan Yu*

Bismuth sulfide (Bi,S;) is a promising thermoelectric material with
earth-abundant, low-cost, and environment-friendly constituents. However, it
shows poor thermoelectric performance due to its extremely low electrical
conductivity derived from the low electron concentration. Here, a
high-performance Bi,S;-based material is reported to benefit from the Fermi
level tuning by Ag and Cl co-doping and defect engineering by introducing
dense low-angle grain boundaries. Both Ag and Cl act as donors in Bi,S;,
upshifting the Fermi level. This increases the electron concentration without
degrading the electron mobility, thereby obtaining improved electrical
conductivity. The electron localization function (ELF) contour map indicates
that interstitial Ag causes electron delocalization, showing higher electron
mobility in Bi,S;. More importantly, dense low-angle grain boundaries block
phonon propagation, yielding an ultralow lattice thermal conductivity of

0.30 W m~" K~'. Consequently, a record ZT value of ~0.9 at 676 K is achieved
in the Bi,Ag, 1;S;-0.5%BiCl; sample.

1. Introduction

Thermoelectric devices can directly con-
vert heat into electricity without byprod-
uct gas emissions, promising applications
in clean energy harvesting.!l The con-
version efficiency of a thermoelectric de-
vice is mainly determined by a figure
of merit, ZT = S’6T/x, where S, o,
T, and k are the Seebeck coefficient,
electrical conductivity, absolute tempera-
ture, and thermal conductivity (involv-
ing the electron contribution «,,. and lat-
tice contribution «,,), respectively.’ Even
though state-of-the-art thermoelectric mate-
rials such as lead chalcogenides,®! Bi, Te,,[*]
and GeTel®! exhibit outstanding thermoelec-
tric performance, they contain toxic (Pb),
rare (Te), and expensive (Ge) elements.
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Thus, exploring new thermoelectric materials composed of low-
toxic, cost-effective, and earth-abundant elements with decent ZT
values is drawing increasing attention.

In recent years, bismuth sulfide (Bi,S;) has been considered
an interesting and promising thermoelectric material given its
large Seebeck coefficient, low thermal conductivity, as well as
environmental-benign and low-cost composition.[®l However, the
intrinsically small electrical conductivity of pristine Bi, S, brings
about a poor ZT value. Differing from its rhombohedral V,VI,
counterpart such as Bi, Te,, which utilizes metavalent bonding, 7!
Bi,S; crystallizes in an orthorhombic structure utilizing cova-
lent bonding.[®! This covalent bonding nature along with a strong
Peierls distortion localizes charge carriers leading to a low carrier
concentration and small mobility. Indeed, the electron concentra-
tion of pristine Bi,S; is on the order of 101107 cm~3, which is
far lower than the optimum range of 10'°-10?! cm=3 for good
thermoelectrics.['*>?] So far, the routine method to tune the elec-
tron concentration is realized by chemical doping. It is reported
that the substitution of sulfur sites by halogen elements such
as through doping with BiCl,,[1% HfCl,,'!) Se-BiCl,,1?) Bil,,!1%]
SbCl,,1'* PbBr,,1*l and CuBr,['% can effectively improve the elec-
tron concentration. Besides, the van der Waals (vdW) gap in Bi, S,
can largely tolerate the incorporation of interstitial atoms such as
Ag and Cu, which also behave as donors.!'”] Even though the car-
rier concentration can be greatly increased by either anion or in-
terstitial dopants, the charge carrier mobility is often decreased at
high doping levels due to the increased scattering strength.[1>18]
Very interestingly, a simultaneous enhancement of the carrier
concentration and mobility has been realized in Cu and Br co-
doped layered SnSe,, where Cu and Br occupy the vdW gap and
the anion substitutional position, respectively. The strong Cu-Br
interaction builds “electrical bridges” to connect SnSe, interlay-
ers, leading to a record power factor in SnSe,.[*! Given the sim-
ilar layer structure of Bi, S5, a synergistic optimization of the car-
rier concentration and mobility can also be expected in Bi,S; by
the dual-site intercalation and doping strategy.

On the other hand, the increased electrical conductivity will
inevitably enhance the thermal transport carried by electrons,
which is detrimental to the improvement of ZT. This trade-
off between charge and heat transport can be counterbalanced
by decreasing the lattice’s thermal conductivity. Introducing
lattice imperfections such as point defects,!?’! dislocations,?!]
nanopores,[??! and hierarchical architectures!®®! can effectively
decrease the lattice’s thermal conductivity. However, these im-
perfections can also impede the transport of electrons, re-
ducing the carrier mobility.*] Additionally, stress engineering
is a widely used method to tune the physical properties of
a given material, which can modulate the band gap, effec-
tive mass, and valley degeneracy at conduction/valance band
edges.[”’] Meanwhile, tensile strain can soften the phonons,
decreasing the phonon group velocity, and thus leading to a
reduced thermal conductivity.l’®] However, strain-tunable elec-
tron/phonon transport is usually achieved in 2D materials
with their large stretchability, bendability, and foldability or
in 3D bulk samples at high pressure.””] In contrast, coher-
ent or semi-coherent interfaces are reported to selectively scat-
ter phonons rather than electrons. For example, a significant
reduction in the lattice thermal conductivity can be achieved
by introducing twin boundaries?®! or low-angle grain bound-
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aries (LAGBs)[?! while maintaining the high charge carrier
mobility.["]

Here, we found that introducing Ag to the van der Waals (vdW)
gap and Cl to the substitutional position of sulfur can simultane-
ously increase the carrier concentration and mobility. This is due
to the delocalized electrons provided by intercalated Ag atoms
that transfer charge to their neighboring Cl atoms through “elec-
trical bridges”. Additionally, a very high density of LAGBs is ob-
served in the doped sample, yielding a low lattice thermal conduc-
tivity of 0.30 W m~! K-!. Consequently, a maximum ZT value of
~0.9 at 676 K and an average ZT (ZT,,,) of ~0.52 at 323-676 K
are achieved, which are both records for Bi, S;-based compounds.
Our work demonstrates that interstitial and substitutional dual-
site doping as well as the introduction of LAGBs in layered com-
pounds can optimize the electrical and thermal transport syner-
gistically.

2. Results and Discussion

2.1. Design Principle

Bi,S, crystallizes in a lamellar structure with an orthorhombic
Pbnm space group. This material is constructed by interconnect-
ing aligned (Bi,S;), ribbons connected by strong covalent Bi—S
bonds and weak vdW bonds along [100] direction, as schemat-
ically illustrated in Figure 1a.7% These vdW gaps in Bi,S; can
be readily intercalated with guest species such as Ag*' cations,
which is conducive to enhancing the charge transport across the
gaps. However, intercalants usually are highly mobile and diffuse
rapidly along the vdW gap, forming nanoscale precipitates within
the matrix.’! A stronger electron acceptor at the anion site may
stabilize the intercalant by Coulomb attraction as well as facilitate
the charge transfer.['32] Thus, we synthesized several Bi,Ag, S;-
0.5%BiCl; (x =0, 0.005, 0.01, and 0.02) samples.

The powder X-ray diffraction (XRD) patterns of Bi,Ag, S;-
0.5%BiCl; (x = 0, 0.005, 0.01, and 0.02) samples can be fully in-
dexed to Bi,S; without any second phase within the resolution
of laboratory XRD (Figure 1b). The lattice parameters along the
c-axis increase with increasing Ag concentration (Figure 1c), indi-
cating the intercalation of Ag at the vdW gap. The optical absorp-
tion spectra resolved the energy gap of pristine Bi, S, to be about
1.27 eV, agreeing with a previous report.[1*172] In contrast, the ti-
tle sample Bi,Ag ; S;-0.5%BiCl; exhibits a band gap of ~1.2 eV
(Figure 1d). This indicates that the dual incorporation of Ag and
Cl impacts the microstructure and electronic band structure as
discussed below.

2.2. Direct Observation of Local Crystal Structure

To directly determine the impact of dual incorporation of Ag and
Cl on the microstructure, we investigated the atomic structure of
the hot pressing sintering (HP)-processed Bi, Ag, ,; S;-0.5%BiCl,
sample employing a spherical aberration-corrected scanning
transmission electron microscope (Cs-STEM). Figure 2a presents
a low-magnification TEM image, showing the absence of nano-
precipitates or dislocations that are commonly found in doped
materials. Interestingly, a magnified TEM (HRTEM) image taken
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Figure 1. a) The crystal structure of Bi,S;; b) Powder X-ray diffraction patterns and c) lattice parameters for the Bi,Ag,S;-0.5%BiCl; samples (x =0,
0.005, 0.01, and 0.02); d) Optical absorption spectra for Bi,S; and Bi,Ag 1S3-0.5%BiCl; samples as indicated by blue and orange lines, respectively.

from the grain interior reveals a high number density of ultrafine
grains with a diameter of ~5 nm (Figure 2b). We measured the
crystallographic misorientation between nanograins in recipro-
cal space from the corresponding selected area electron diffrac-
tion pattern (inset of Figure 2b). The misorientation angles be-
tween these grains are smaller than about 10 degrees, indicating
the ubiquitous presence of low-angle grain boundaries (LAGBs)
within the matrix.

The LAGBs also can be visualized in real space. Figure 2c
displays a high-magnification TEM image, which clearly re-
solves subgrain boundaries. A certain dislocation (marked by
“1”) around the subgrain boundaries can be observed, which
is quite easily discernable in the inverse fast Fourier transfor-
mation (IFFT) image (inset of Figure 2c). The atomic level mi-
crostructures are also collected in the high-angle annular dark
field (HAADF) image as exhibited in Figure 2d, which shows dif-
ferent lattice planes of the subgrain and the small misorientation
between neighboring grains. These LAGBs form semi-coherent
interfaces with strains mediated by dislocation arrays. The corre-
sponding shear strain map profile (e,,) was acquired using ge-
ometric phase analysis (GPA). It demonstrates that the strain
mainly accumulated at the subgrain boundaries and dissipates
rapidly in the surrounding matrix (inset in Figure 2d).

Due to the extremely small grain size, it is challenging to pre-
cisely resolve the distribution of constituent elements within the
grain and across the grain boundaries by the TEM technique. Al-
ternatively, we analyzed the spatial distribution of the elements in
sample Bi,Ag; S;-0.5%BiCl;, employing atom probe tomogra-
phy (APT) (Figure 2e and Figure S1, Supporting Information).33!
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Figure 2e presents the 3D distribution of Ag and Cl atoms de-
noted by gray and green point clouds, respectively, across a grain
boundary. A significant co-segregation of Ag and Cl to the grain
boundary can be observed. A close-up of the grain boundary area
implies the strong affinity between Ag and Cl atoms. To quan-
titatively resolve the content of each element with greater sta-
tistical accuracy, we extracted 1D compositional profiles across
the grain boundary. Figure 2f shows that the composition of the
grain interior is close to the nominal Bi,S; with a low content
of soluble Ag. In contrast, the concentration of Ag and ClI syn-
chronously increases at the grain boundary. These observations
are consistent with our hypothesis that stronger electron acceptor
Cl™! could attract Ag™ cation due to Coulomb interaction facilitat-
ing the charge transfer from Ag to the matrix, as we will discuss
later.

2.3. Charge Transport Properties

The electrical transport properties for the Bi,Ag, S;-0.5%BiCl,
(x = 0, 0.005, 0.01, and 0.02) samples show that Ag and Cl
codoping simultaneously increases the carrier concentration (1)
and carrier mobility (u;;) (Table S1, Supporting Information).
For example, the sample with x = 0.02 exhibits n,; and u;; of
~3.68 X 101 cm™ and ~49.9 cm? V! 571, respectively. In com-
parison, those for pristine Bi,S; are ~1.71 X 10 cm™ and
~38.3 cm? V! 57!, respectively. We calculated the relationship
between uy; and n, for pristine Bi,S; at 300 K when acoustic
phonon scattering, alloy scattering, and polar optical phonon
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Figure 2. Typical TEM and STEM-HAADF images of Bi,Agg ¢;S3-0.5%BiCl; sample: a) A TEM image, showing the absence of nanoprecipitates or dis-
locations; b) TEM images, showing dense subgrains with a size of &5 nm. The inset displays the selected area diffraction pattern, showing small
misorientation angles between neighboring grains aligned along the same zone axis; c) A magnified TEM image showing dense subgrains within the
matrix. Inset: corresponding IFFT image displaying edge dislocations located around the subgrain boundaries as marked byL; d) A TEM image, showing
the semi-coherent interfaces between subgrains. The inset is the geometric phase analysis (GPA) of the corresponding HAADF image; ) The magnified
grain boundary area measured by APT, demonstrating the co-segregation and strong attraction between Cl and Ag atoms. Note that the green points
represent the BiClt ions rather than single CI* ions as explained in detail in the Supporting Information. f) 1D composition profile across the grain
boundary showing the co-aggregation of Ag and Cl at the grain boundary.
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Figure 3. Temperature-dependent a) electrical conductivity, b) Seebeck coefficient, c) weighted mobility, and d) power factor of Bi,Ag,S;-0.5% BiCl;
samples. The u,, and 526 of Bi,S;-0.5 ml HCI['®] and Bi,S;-0.5% CuCl,! 18] are also included for comparison.

scattering are considered the scattering mechanisms for elec-
tron transport (Figure S2, Supporting Information). The ex-
perimental y,; at 300 K for doped Bi,S; with various dopants
lies far below the theoretical curve. In contrast, the u, for
the Bi,Ag,,,S;-0.5%BiCl; sample falls well on the theoreti-
cal line. These observations contradict the general understand-
ing that degenerate semiconductors show decreased u,; with
increasing n,; due to the enhanced carrier-carrier scattering
mechanism.3*

Figure 3a shows the temperature-dependent electrical conduc-
tivity (o) for Bi,Ag,S;-0.5%BiCl, (x = 0, 0.005, 0.01, and 0.02)
samples. The ¢ of all samples monotonously decreases with in-
creasing temperature, consistent with heavily doped semicon-
ductors with apparent metallic transport behavior. The simul-
taneously increased ny and u,; of Bi,Ag, S,;-0.5%BiCl, give rise
to a significantly improved o compared with pristine Bi,S; and
Bi,S,-0.5%BiCl;. For example, the x = 0.02 sample shows a ¢ of
300 S cm™ at room temperature, nearly two times higher than
the Ag-free sample. Note that LAGBs described as dislocation ar-
rays have much less effect on the u;; due to their higher atomic
density and lower energy state than that of high-angle grain
boundaries.3°] Remarkably, the Bi,Ag, ,,S;-0.5%BiCl; sample in-
volving ultrafine grains shows a comparable ¢ to the previously
reported 0.5 mol.% CuCl, doped Bi,S; ingot with micrometer-
size grains at the same electron concentration (~240 S cm™
at 323 K).["¥®! This indicates that the very high number density
of LAGBs will not strongly deteriorate the o, as experimentally
demonstrated in PbTe.>]
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The Seebeck coefficient (S) for all the samples is negative
over the measured temperature range, indicative of n-type charge
transport (Figure 3b). Because pristine Bi, S, has a single conduc-
tion band near the Fermi level, the magnitude of S (|S|) gradually
reduces with the increasing Ag content due to the increased n.
We also calculated the theoretical Pisarenko relation between S
and n» for pristine Bi,S;, as shown in Figure S2, Supporting In-
formation. The Bi,Ag,S;-0.5%BiCl, (x = 0.005, 0.01, and 0.02)
samples show |S| values far above the Pisarenko line at the given
ny, indicating an enhancement of the density-of-states effective
mass by the dual incorporation of Ag and Cl.

To quantify the effect of Ag-Cl interaction on charge transport
properties, we calculated the temperature-dependent weighted
mobility (u,) of Bi,Ag,S,-0.5%BiCl; (x = 0, 0.005, 0.01, and
0.02) samples (See Supporting Information for the calculation
details). The data of Bi,S;-0.5%CuCl and Bi,S;-0.5 ml HCl are
also included for comparison. The index u, appraises the in-
herent electronic transport properties of a given thermoelectric
material.2®] All Bi,S;-based compounds show that u,, decreases
with increasing temperature over the entire temperature investi-
gated, demonstrating a phonon-dominated charge carrier scatter-
ing process. Remarkably, the u,, at 323 K of Bi,Ag,S;-0.5%BiCl,
samples monotonously increase from 27.2 cm? V=! s7! for Bi, S,-
0.5%BiCl, to 45.6 cm? V! s7! for Bi,Ag, ,S;-0.5%BiCl; sample.
Note that the p,, of co-doped samples is higher than that of previ-
ous Bi, S;-0.5%CuCl, and Bi, S;-0.5 ml HC] samples, confirming
better inherent electronic transport properties of the Ag-Cl co-
doped sample.
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The remarkably enhanced o and relatively high S significantly
enhance the power factor (PF) for Bi,Ag,S;-0.5%BiCl, samples
(Figure 3d). Specifically, our Bi,Ag,, , S;-0.5%BiCl; sample shows
PF of 3.84 pyW cm™! K2 at 323 K, which gradually rises to
5.01 yW cm™" K2 at 633 K. These values are higher than those of
Bi,S,-0.5% CuCl, and Bi, S;-0.5 ml HCl samples as indicated by
open brown diamonds and open pink hexagonal symbols, respec-
tively. We calculated theoretical S%6 as a function of ny; at 300 K
and compared them with the experimental data for our samples
and other samples reported in the literaturel'*!>18] (Figure S3,
Supporting Information). The results show that the PF of our
Bi,Ag, S;-0.5%BiCl; samples (x = 0.005, 0.01, and 0.02) match
well with the theoretically predicted maximum values. This also
indicates that the carrier concentration has been optimized. Typ-
ically, it is challenging to realize PF close to the theoretical pre-
diction because optimizing n,, by doping or alloying usually re-
duces the carrier mobility, which leads to lower experimental PF
than the predictions. In contrast, these experimental and theoret-
ical results unambiguously validate that our strategy can enhance
S%c by increasing n; without deteriorating piy;.

2.4. Electronic Structures

To better understand the large Seebeck coefficients above the the-
oretical Pisarenko line in the Bi,Ag,S;-0.5%BiCl; (x = 0, 0.005,
0.01, and 0.02) system, we carried out first-principles density
functional theory (DFT) calculations to reveal the electronic band
structure. To mimic the experimental configurations, we built the
supercells by combining our XRD, STEM, and APT results with
previously reported defect calculations.['7?] Specifically, Ag and Cl
atoms are placed in the VAW gap along the b-axis and the near-
est anion site at the (010) plane of the Bi,S, lattice (Figure S4,
Supporting Information), respectively. It is interesting to note
that the total energy for Bi,,S;,, Bi,,S;5Cl, and Bi,,AgS;sCl are
—257.989, —255.852, and —258.441 eV, respectively. This explains
the formation mechanism underpinning the ultrafine grains in
Figure 2: The dual incorporation of Ag and Cl atoms and their
co-segregation to grain boundaries reduce the overall surface en-
ergy (—3.934, —3.9616, and —4.004 ] m~? for Bi,,S;, Bi,,S;5Cl,
and Bi,,AgS;sCl, respectively), impeding the grain growth at ele-
vated temperatures.

To evaluate the effect of vdW force correction on the inher-
ent electronic transport properties of the Bi, S;-based system, we
calculated the electronic band structure of Bi,,S;;Cl with and
without the vdW correction (Figure S5, Supporting Information).
The comparisons between the electronic band structures with
and without vdW correction indicate that the vdW correction
rarely affects the inherent electronic transport properties of the
Bi,Ag, S,-0.5%BiCl, system. Therefore, the electronic band struc-
tures without the vdW correction can explain accurately the elec-
tronic transport properties of Bi,Ag, S;-0.5%BiCl,. Figures 4a,b
shows the electronic band structure of Bi,, S;Cl and Bi,,AgS;;Cl,
respectively. The solely Cl-doped Bi,S; exhibits a band gap of
~1.32 eV, consistent with the solid-state optical absorption spec-
tra. The Fermi level E; of Cl-doped Bi,S; crosses two conduc-
tion bands, corresponding to a band degeneracy N, = 2. In con-
trast, the dual incorporation of Ag and Cl narrowed the band gap
of Bi,,AgS;;Cl and upshifted the Fermi level into the conduc-
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tion band.['72] This leads to conduction band convergence with

N, = 3. A higher band degeneracy implies an enhanced Seebeck
at a given n,;, agreeing with the Pisarenko plot predicted by the
single parabolic band model.

To better understand the interaction between Ag and Cl atoms
and its effect on uy; and nyy, we calculated the electron localiza-
tion function (ELF) to directly appraise the interaction of adjacent
atoms in the matrix. Figure 4b maps ELF of solely Cl-doped Bi, S,
viewed down through the a-axis. The magnitude of ELF at 1 cor-
responds to a perfect localization of electrons and reduces to 0.5
for full delocalization, which is depicted by a color bar transiting
from red to blue color. Note that the substitutional Cl atom shows
an ELF value nearly identical to the S atom, suggesting the Cl
atom itself does not delocalize the electrons. In striking contrast,
in the Ag-Cl co-doped Bi,S;, the ELF value around the doped Ag
atom is much smaller as indicated by the red arrow, correspond-
ing to an absence of electron pairing. This means that the Ag
atom contributes significantly to delocalized electrons. This ex-
plains why Ag and Cl co-doped Bi,S; samples show both high
ny and uy,.

We directly visualized and quantified the charge transfer
within the matrix for Bi,, S;;Cl and Bi,,AgS;Cl supercells by per-
forming a charge transfer analysis (Figure 4c,d). In the Bi,,S;;Cl
supercell, charge analysis shows that the Bi atom transfers 0.56
electrons to the Cl atom. For the dual-doped Bi,,AgS;;Cl super-
cell, electrons of Ag polarize toward Cl, as indicated by the yellow
ellipsoid between Ag and Cl atoms, which implies that these elec-
trons are prone to flow toward Cl. A quantitative Bader charge
analysis exhibits that the Ag atom contributes 0.31 electrons to
the bonded Cl atom, which further increases the ny;. This ob-
servation is consistent with the Hall measurement, which shows
that the dual incorporation of Ag and Cl gives rise to an n;; higher
than the sole Cl-doped specimen.

2.5. Thermal Transport Properties

Figure 5a presents the temperature-dependent total thermal con-
ductivity (k) for Bi,Ag, S;-0.5%BiCl; samples (x = 0.005, 0.01,
and 0.02) and control sample Bi,S;-0.5%BiCl, for comparison.
Surprisingly, all the codoped samples show k., lower than the
control sample over the entire temperature range, whereas the
o rapidly increases with higher Ag concentration. This observa-
tion implies that Ag concentration significantly affects phonon
transport. Given that x,, consists of the lattice (x),) and elec-
tronic thermal (k) conductivities, we isolated the x,, using
Wiedemann-Franz law to reveal the effect of dual incorporation
of Ag and Cl on the thermal transport by phonons. All the sam-
ples show decreasing «),, with increasing temperature. Their val-
ues continuously decrease with increasing Ag content in the full
range of temperatures (Figure 5b). At 323 K, the k,, decreases
from 0.75 W m~! K~! for Cl-doped Bi,S; to 0.55 W m~! K! for
Bi,Ag o; S;-0.5%BiCl,. Particularly, Bi,Ag, ,, S;-0.5%BiCl; has an
ultralow &, 0f 0.30 W m~" K~! at 676 K. Figure 5c compared the
K1y of Bi,Ag;S;-0.5%BiCl; sample with other state-of-the-art
Bi, S;-based thermoelectrics, demonstrating its lowest «,, among
Bi,S;-based compounds. In fact, ,, of Bi,Ag ¢ S;-0.5%BiCl, is
also lower than any other binary sulfides reported so far. For
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Figure 4. Calculated electronic band structures for a) Bi,4S35Cl and b) Bi,4AgS,5Cl supercells. The Fermi level of doped and pristine Bi,S; is set to 0 eV
to visualize the band convergence. (c,d) map the electron localization function (ELF) for Bi,4S35Cl and Bi,,AgS,5sCl along the g-axis, respectively. The
ELF values ranging from 0 to 1 are shown by the color scheme given in (d). The red arrow in (d) indicates the electron delocalization around the Ag
atom. (e,f) present the charge transfer analysis for Biy,S35Cl and Bi,,AgS35Cl supercells. Cyan ellipsoids denote a loss of electrons.

example, the x},, at 676 K for PbS,[”] SnS 38l and Cu,SP*"! are
0.9, 0.8, and 0.6 W m~! K1, respectively.

To better understand the exceptionally low «,, in Bi, S, we cal-
culated the phonon dispersion interactions and group velocities
based on the three-phonon scattering processes (Figure S7, Sup-
porting Information). It is clear that the optical phonons above
15 meV are heavily damped by three-phonon interactions. The
spectral functions for the phonons with energies below 15 meV
are comparatively sharper, indicating weaker three-phonon in-
teractions. Meanwhile, the flat low-frequency optical phonon
bunching indicates the low group velocity of phonons. Notice-
ably, the acoustic modes are fairly soft with a maximum value of
~3.5 km s7! at the zone-center Gamma point, and the group ve-
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locities of a large number of phonons in Bi,S, are significantly
smaller than ~2 km s~ and even below 1 km s~!. Such dramat-
ically low group velocities lead to low lattice thermal conductiv-
ity, which may be attributed to the weak bonding strength be-
tween the laminated structure of Bi,S,.">] Nevertheless, we note
that the flat optical phonon bunching at ~5 meV could lead to
large four-phonon scattering phase space and thus give rise to
strong four-phonon scatterings. Indeed, for some bulk materials
with unique phonon dispersion curves such as a large-frequency
band gap,*’! the flatness of phonon branches,*!] and acoustic
bunching,*?! the lowest order three-phonon scattering process
fails to accurately predict the lattice thermal conductivity. The
higher-order anharmonicity plays a non-negligible role in the
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Figure 5. Temperature dependence of thermal transport properties of
Bi, Ag,S3-0.5%BiCl; samples: a) Thermal conductivity, b) lattice thermal
conductivity and Debye—Callaway modeling results; c) A comparison of lat-
tice thermal conductivity of as-fabricated Bi,Agg g153-0.5%BiCl; and other
superior Bi,S;-based materials.[10.13,16,18a,b]
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thermal transport of these bulk materials.l*}] Unfortunately, our
calculation source is not enough to calculate the four-phonon in-
teractions even with a very coarse k-mesh grid 3 x 4 x 3 due
to the complexity of the Bi,S; system, which has a total num-
ber of 20 atoms in a primitive cell. Nevertheless, Bi,S; could
be an interesting system for studying the four-phonon interac-
tions. With the doping and intercalation to introduce complex
structural defects, the lattice thermal conductivity is further de-
creased. Thus, we calculated the temperature-dependent «,, of
Bi,Ag, o; S;-0.5%BiCl; by recalling the modified Debye—Callaway
model (dash lines in Figure 5b, See Supporting Information for
details). We considered various scattering events present in the
samples from our STEM observations including the normal (N)
and Umbklapp (U) processes, point defects (PD), and low-angle
grain boundaries (LAGBs). Note that the dense LAGBs are re-
placed by dislocations in modeling because they are equivalent
in phonon scattering.’*>** The pink and blue lines represent
the calculated «,, for Bi, Ag, , S;-0.5%BiCl; considering point de-
fects only, and with dislocations, respectively. The calculated «,,
of the latter matches well with the experimental data nearly in the
full temperature window, indicating that the observed low «,, can
be attributed to the presence of dense subgrains.

2.6. ZT Values and Efficiency

Figure 6 shows the temperature-dependent ZT of Bi,Ag.S,-
0.5%BiCl; (x =0, 0.005, 0.01, and 0.02) samples. Other reported
high-performance Bi,S,-based materials are included for com-
parison. The simultaneous enhancement in S?¢ and reduction
in k result in the exceptionally high ZT values at 323-676 K for
the Bi,Ag,,;S;-0.5%BiCl; sample. Consequently, a record-high
ZT of ~0.9 at 676 K is achieved. This ZT value is higher than
or comparable to the reported ones of the Bi,S; system over the
whole temperature range measured (Figure 6b and Table S2, Sup-
porting Information). More importantly, the average ZT (ZT,,,)
value, which evaluates the thermoelectric efficiency more accu-
rately, reaches ~0.52 at 323-676 K, which is the highest in those
of Bi, S;-based materials (Figure S8, Supporting Information).
Given the sample is stable without any evaporation at el-
evated temperatures (Figure S9, Supporting Information), we
measured its conversion efficiency in single-leg form. The Sn-
Pb alloy was used as a solder layer to bond the Cu electrode
and the Bi,Ag, , S;-0.5 mol%BiCl; sample with a dimension of
3 x 3 x 7 mm? as depicted in Figure 7a. The temperature differ-
ence (AT) was set as 25, 75, 175, and 275 K, along with cold-side
temperature remained a constant at 300 K. Figures 7b, 7c, and 7d
present the measured output voltage (V), output power (P,,,), and
conversion efficiency (#) as a function of current, respectively. At
the AT =275 Kand I=0.34 A, we obtained a peak #, P, of ~0.4%
and 6 mW, respectively. The low efficiency is possibly due to sev-
eral factors. First, the measurement system has a heating plate
(~250 mm in diameter) that is several times larger than the sin-
gle leg, leading to significant heat loss. Second, Sulfur is highly
reactive with common metallic contacts, such as Pb-Sn alloy in
this case. Third, an appropriate interfacial thermoelectric mate-
rial with low contact resistance has not yet been identified for
Bi, S,.1*] Assembling multi-leg devices with proper p-type leg and
inert diffusion materials would greatly improve efficiency.!183:47]
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Figure 6. a) Temperature-dependent ZT of Bi,Ag,S;-0.5 mol%BiCl; sam-
ples; b) A comparison of ZT between the optimal Bi,Agj 153-0.5%BiCl;
sample and other related Bi,S;-based materials.[10:13,14,16,18b45]

3. Conclusion

Dual incorporation of Ag and Cl is introduced to improve the
thermoelectric performance of earth-abundant Bi, S,-based com-
pounds. Both experiments and DFT calculations reveal that Ag
and Cl will attract each other forming nearest pairs. Intercalating
Ag into the vdW gap of Bi,S; can provide delocalized electrons.
These electrons can be more effectively transferred to the ma-
trix through the “electric bridge” between Ag-Cl pairs, which in-
creases the charge carrier concentration without degrading the
carrier mobility of the system. The increased carrier concen-
tration moves the Fermi level into the conduction band, cross-
ing more band valleys and increasing the total band degeneracy.
Thus, a high Seebeck coefficient can be maintained upon the in-
creased carrier concentration. A high S?¢ of 5.01 yW cm™ K2
is achieved at 633 K. The « of Bi,Ag,S;-y%BiCl, samples is also
decreased compared with pristine Bi, S, although the «,. is en-
hanced. Dense low-angle grain boundaries are produced in the
Ag and Cl dual-doped Bi, S;-based materials, which play a critical
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role in suppressing the propagation of phonons, resulting in an
ultralow «},, of 2#0.30 W m~! K~'. Remarkably, a ZT value of 0.9

at 676 K and an average ZT,,, value of ~0.52 at 323-676 K are
achieved in the Bi,Ag,, S;-0.5%BiCl; sample, both are records

reported so far for Bi,S;-based compounds.

4. Experimental Section

Synthesis and Sintering: Ingots with nominal compositions of
Bi,Ag,S3-y mol.% BiCl; (abbreviated as Bi,Ag,S;-y % BiCl;, x = 0,
0.005, 0.01, and 0.02) were prepared using high-purity Ag (99.99%),
Bi (99.999%), S (99.99%), and BiCl; (99.99%) as starting materials.
The mixture of raw materials was put into quartz tubes and sealed at a
pressure of 1073 Pa. The tubes were slowly heated to 673 K at a rate of
35 K h™', soaked for 6 h, and then to 1223 K in 8 h, held at 1223 K for
12 h, and subsequently cooled to 773 K in 8 h, held at 773 K for 48 h.
Finally, the as-obtained ingots were cooled down to room temperature for
over 20 h. The as-fabricated ingots were hand-ground to powders in an
agate mortar. After that, the powders were loaded into graphite dies of
@12.7 mm and then sintered by hot pressing (HP) process at 723 K for
30 min under an axial pressure of 50 MPa in an Ar atmosphere.

X-ray Powder Diffraction: The powders were examined using X-ray
diffraction (XRD, D/MAX-2500 PC) with Cu Ka (4 = 1.5406 A) radiation.

Transmission Electron Microscopy: For cross-sectional scanning TEM
(STEM), specimens were thinned down by focused ion beams (FIB, He-
lios 650, FEG, FEI) with a dual beam microscope employing gallium ion
milling. Structures were analyzed by a spherical aberration-corrected JEM
ARM-200F microscope (Cold FEG Type, JEOL). In high-angle annular dark-
field (HAADF) STEM images, the point-to-point resolution was about 80
pm after the spherical aberration correction and the angular range of the
annular detector employed was from 68 to 280 mrad. All STEM images
were obtained by a high-resolution CCD detector with a 2k x 2k pixel de-
vice in the GIF-QuantumER imaging filter (GATAN).

Atom Probe Tomography: Needle-shaped APT specimens were pre-
pared by the site-specific “lift-out” method, using a dual-beam scanning
electron microscope/focused ion beam (Helios NanoLab 650, FEI). The
specimens were measured in a local electrode atom probe (LEAP 5000 XS,
Cameca) by applying 10 ps, 3 p) UV (wavelength = 355 nm) laser pulses
with a pulse repetition rate of 200 kHz. The detection rate was two ions
per 100 pulses on average (2%) and the ion flight path was 100 mm. The
base temperature of the specimen was set at 30 K to minimize the atom
diffusions. The detection efficiency of this microscope was limited to 80%
owing to the open area left between the microchannels on the detector
plates. The APT data were processed using the commercial software pack-
age AP Suite 6.1.

DSC and Band Gap Measurement: The heat flow and thermal gravi-
metric analysis (TGA) were measured by differential scanning calorimetry
(DSC) using a Netzsch 449F3 apparatus. The absorption coefficient mea-
surements and UV absorption spectra analyses were performed on the
powders using Perkin—Elmer Lambda 950 UV-vis—NIR spectrophotome-
ter.

Thermoelectric Properties Measurement: The electrical conductivity (o)
and Seebeck coefficient (S) were simultaneously measured under a helium
atmosphere on an LSR-3 instrument (LINSEIS, LSR-3, Germany) at 323—
676 K. The samples for measurement are the square bars with dimensions
of 10 X 2 X 2 mm. The thermal diffusivity, D, was measured using the flash
diffusivity method in an LFA-457 system (Netzsch, Germany) under an ar-
gon atmosphere (Figure S9, Supporting Information). The heat capacity
was obtained using Dulong—Petit’s law. The thin disks with 10 mm in di-
ameter and 2 mm in thickness were used for the measurements. The ther-
mal conductivity, k, was calculated using the formula, x = DCpp, where
p is the density of bulk samples, specified using the Archimedes method
(Table ST, Supporting Information). All the data were collected along the
direction perpendicular to the press direction unless noted otherwise. The
uncertainties of S, ¢, and k measurements were about 5%, 5%, and 10%,
respectively. The room-temperature Hall coefficient, R, was measured by
the four-probe van der Pauw method. The conversion efficiency (1) of
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Figure 7. a) Schematic diagram depicts the single leg used for measuring conversion efficiency; The experimentally measured b) output voltage,
c) output power, and d) conversion efficiency with respect to electric current of the Bi,Agg 153-0.5%BiCl; sample.

the single-leg module was measured by a mini-PEM instrument (Advance
Riko) under vacuum, using a nominal hot-side temperature at 300-573 K
in a sampling interval of 25 K. The hot and cold sides of the single-leg were
welded by tin-based solder, and copper wires were soldered on the copper
substrates. The output power (P,,) under varied loads was determined
by Pyt = VI, (V is the measured terminal voltage and I is the electrical
current).

DFT Calculations: The first-principles calculations were performed
using the Vienna ab initio simulation package (VASP) code.*!] The
exchange-correlation function was described by the generalized gradient
approximation (GGA) within the Perdew—Burke—Ernzerhof (PBE).[*9] A
plane-wave cutoff energy of 500 eV was adopted. A 3 x 1 x 1 supercell
containing 60 atoms was used to model the doped structure. A conver-
gence threshold of 0.01 eV A~ in force was required to reach for all the
atoms. The I'-centered k-point meshes with a k-spacing of ~0.2 A= were
employed for structural relaxation and electronic calculations. The PBE
without the spin-orbit coupling (SOC) was performed for band structure
and density of states (DOS) calculations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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