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Abstract: The multiple anion superlattice Bi4O4SeCl2 has been reported to exhibit extremely low
thermal conductivity along the stacking c-axis, making it a promising material for thermoelectric
applications. In this study, we investigate the thermoelectric properties of Bi4O4SeX2 (X = Cl, Br)
polycrystalline ceramics with different electron concentrations by adjusting the stoichiometry. Despite
optimizing the electric transport, the thermal conductivity remained ultra-low and approached the
Ioffe–Regel limit at high temperatures. Notably, our findings demonstrate that non-stoichiometric
tuning is a promising approach for enhancing the thermoelectric performance of Bi4O4SeX2 by
refining its electric transport, resulting in a figure of merit of up to 0.16 at 770 K.

Keywords: thermoelectric performance; thermoelectric figure of merit; low thermal conductivity

1. Introduction

Given the fact that more than two-thirds of the world’s produced energy is lost as waste
heat in the low and moderate temperature (T) range, high-performance thermoelectric (TE)
materials have become very important in converting waste heat to electric energy [1–6]. TE
conversion efficiency is related to a dimensionless TE figure of merit, ZT = S2σT

κe+κph
, where

S and σ are the Seebeck coefficient and electrical conductivity, respectively, and κe (κph)
represents the electronic (phononic) contribution to thermal conductivity (κ) [7]. According
to the formula, ZT could be enhanced by increasing S and σ while suppressing κ. However,
it is known that the three components S, σ, and κe are closely interconnected, and it seems
paradoxical to strengthen one component without satisfying the others’ requirements, given
their intimate relationship. In order to improve ZT, several strategies have been developed
in the past decades. One is to minimize κ through alloying [8–10], nanostructuring [11,12],
and phonon engineering [13–16]. Another is to optimize the TE power factor PF = S2σ in
intrinsically low κ materials through doping [17,18] and band structure engineering [19–21].

Currently, the most widely commercialized semiconductor thermoelectric materials
are bipolar Bi2Te3 alloys [22,23], in which ZT can be up to 1.5 and κ is 2.0–3.5 W m−1 K−1 in
low T ranges (300–500 K). As homologous compounds of Bi2Te3, layered bismuth selenium
compounds such as Bi2Se3 [24,25], Bi2O2Se [17,18,26] (BOS), and BiCuSeO [27–30] have
captured widespread interest in the field of TE research owing to features such as non-toxic,
lower-cost elements and excellent chemical and thermal stability in the mid-temperature
range (600–900 K). They exhibit high ZT (0.2–1.5) because of their intrinsically low κ
(0.8–1.4 W m−1 K−1). Recently, Gibson et al. reported a new van der Waals layered bismuth
oxyselenide: a Bi4O4SeCl2 (BOSC) superlattice from the mutual intercalating of a van der
Waals insulator BiOCl and a quasi-two-dimensional semiconductor of BOS [31]. BOSC
exhibits an ultra-low κ (0.10 W m−1 K−1) near room temperature (RT) along the stacking
c-axis, which is among the lowest of any bulk inorganic material and is only four times
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the κ of air [32]. Compared with the state-of-the-art Bi2Te3, BOSC has a much lower κ and
electron effective mass, highlighting its potential application in the field of TE. Moreover,
Bi4O4SeBr2 (BOSB) was reported with κ as low as that of BOSC [33]. Heremans et al. [19]
reported the ZT of Bi4−xSnxO4SeCl2 up to 0.033 at 420 K by Sn doping at the Bi site.

Here, we report that ZT in Bi4O4SeX2 (X = Cl, Br) can be tuned by adjusting the
X/Se ratio. X−/Se2− co-occupy the same site, as shown in Figure 1a. Electrons could be
introduced by increasing the X−/Se2− ratio from the stoichiometry. We prepared several
non-stoichiometric BOSC and BOSB ceramic samples with different electron concentrations
(n) by spark plasma sintering methods. As n increases, σ is enhanced, and the ultra-low κ
remains, showing the T-dependent characteristic of phonon glass. Owing to the ultra-low
κ and improved σ, the maximum ZT yielded is 0.167 and 0.161 at 770 K in BOSB and BOSC,
respectively.
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Figure 1. Characterization of Bi4O4Se1−xX2+x (X = Cl, Br; x = 0, 0.02, 0.03, 0.10, 0.20) crystals.
(a) Layered crystal structure of BOSX consists of alternative stacking of BiOX and BOS layers. Se2−

(orange color) and X− ions (green color) occupy the same anion site; however, the occupancy is
different and has been marked in different volumes. Powder XRD patterns of (b) non-stoichiometric
tuned BOSB and (c) BOSC. The inset is the zoomed-in figure around the (107) reflection, which shows
that the peak positions gradually shift to the right as the doping concentration increases. The purple
arrow is for eyes to see the trend in the inset subfigure (b,c). The impurity phase (Bi4Br2O5 or BiOCl)
emerges when the doping content x is larger than 0.1. The lattice constant as a function of doping
content x for (d) BOSB and (e) BOSC.

2. Materials and Methods

In order to synthesize Bi4O4Se1−xX2+x (X = Cl, Br; x = 0, 0.02, 0.03, 0.1, 0.2) polycrys-
talline ceramics, the stoichiometric raw materials of high purity (5N) Se, Bi, Bi2O3, and
BiBr3 (BrCl3) powders were mixed and pressed into pellets and then heated in an evacuated
quartz ampoule at 923 K for one day. After milling, the resulting powders were loaded into
a graphite die and sintered using spark plasma sintering (LABOX-650F, Nagaoka, Japan).
Each pellet contained approximately 3.2 g of powder, which was packed into a 12 mm
inner diameter graphite die set, lined with a rate of 10 min−1, and subjected to 80 MPa of
uniaxial pressure. The temperature was monitored using a thermometer. Subsequently, the
samples were heated to 823 K at a rate of 50 K min−1, annealed for 20 min, and then cooled
to room temperature naturally. During the heating process, the temperature of the sample
would typically overshoot by 5–10 K before returning to the set temperature. After cooling
to room temperature, the pellets were removed from the die set, and any remaining stain
on the surface of the pellets was gently polished away using SiC polishing paper.
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The X-ray diffraction (XRD) patterns were performed by using a Bruker D8 advanced
X-ray diffractometer with Cu Kα radiation at RT. To satisfy the minimum requirement for
Rietveld refinement, the scanning step and collection time were set to approximately 0.01◦

and 0.1 s, respectively. The accelerating voltage and current were configured to 40 kV and
40 mA, respectively, and the measurement range spanned from 5◦ to 90◦. The Rietveld
refinement method is based on the least-squares technique, and the sequential order of
the entire refinement process is as follows: instrumental factor→ scale→ background→
cell parameters→ full width at half maximum of peak→ shape parameters→ asymmetry
parameters→ preferred orientation→ atomic information. Each step can only be executed
once the preceding step has achieved the convergence standard. The micrographs of the
sample were acquired using a scanning electron microscope (SEM, Gemini 450, Carl Zeiss
AG, Germany), and the composition information derives from Oxford’s energy dispersive
X-ray spectrometer (EDS). The carrier concentrations (n) were measured in a Quantum
Design PPMS-Dynacool equipped with a 9 T magnet. The σ and S were measured under
He atmosphere from RT to 770 K using a Seebeck Coefficient/Electric Resistance Measuring
System (ZEM-3M10, Advance Riko, Japan). The heating rate was set to 50 K min−1.
After the temperature stabilized, the Seebeck coefficient and electrical conductivity were
measured for the sample at temperature differentials of 2, 5, and 10 K, and the values of σ
and S were determined by fitting the data at each temperature point. The κ was calculated
by the equation κ = DCρdensity, where diffusivity D and specific heat C were measured
through the laser flash apparatus (LF467, Netzsch, Germany). The transport property
data were collected in 50 K steps within the temperature range of 300 to 773 K, and each
temperature was allowed to equilibrate for 5 minutes before measurement. Additionally,
five measurements were conducted at each temperature, and their values were averaged to
obtain the final value. The mass density ρdensity was obtained by Archimedes method.

The elastic properties of BOSC were calculated by density functional theory (DFT)
with the Vienna Ab initio Simulation Package (VASP) and analyzed by VASPKIT tools [34].
The exchange–correlation function was approximated using the Generalized Gradient
Approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE) form [35], and the electronic
wavefunctions were expanded on a plane-wave basis set with a cutoff energy of 400 eV. The
convergence criteria for the residual energy were set to less than 1.0 × 10−8 eV with a force
converged to a residual less than 1.0 × 10−2 eV/Å. A 26 × 26 × 4 Gamma centered k-mesh
was used for the calculation of elastic constants. The stress–strain method was performed
using the VASPKIT package [36].

3. Results

As seen in Figure 1a, the unit cell of Bi4O4SeX2 (BOSX) is composed of alternating
stacking of BiOX and BOS blocks along the c-axis, crystallizing in a tetragonal phase with
an I4/mmm space group at RT. It is intriguing that Se2− and X− share the same occupation
when two blocks are mutually intercalated. Figure 1b,c reveal the powder XRD patterns
of BOSB and BOSC, respectively. The BOSB patterns exhibit three primary peaks at 31.7◦,
32.1◦, and 46.0◦, which correspond to the (017), (110), and (020) planes, respectively. It
should be noted that BOSB and BOSC share virtually identical crystal information, and
therefore the difference in peak positions between their diffraction patterns is less than 1◦.
The crystallographic information for both materials has been added to the supplementary
materials, with further details available in Tables S1 and S2. No obvious impurity phases
were detected at low n, and all peaks can be well-indexed and are consistent with Ji’s [33]
and Gibson’s results [31]. While in Bi4O4Se0.8Br2.2 and Bi4O4Se0.9Cl2.1 with large n and
non-stoichiometry, a secondary phase Bi4Br2O5 (ICSD #94498) or BiOCl (ICSD #185970)
emerges, which means the content of halogen atoms reaches saturation in BOSX. According
to the zoomed-in figure around (107) reflection in the inset of Figure 1b,c, the peak gradually
shifts towards higher angles as doping content x increases, indicating a shrinkage of the
unit cell. Accordingly, in Figure 1d,e, the extracted lattice constant decreases monotonically
by increasing doping content x. The relevant parameters are summarized in Table 1 (see
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supplementary Figures S1 and S2 for details). This is consistent with the fact that the ionic
radii of Cl− (1.81 Å) and Br− (1.96 Å) are smaller than that of Se2− (1.98 Å).

Table 1. Transport parameters for BOSX samples. n300K and ρ300K are the Hall n and the ρ measured
at 300 K, respectively. c and a are refined lattice constants of BOSC and BOSB. ZT770K is the ZT
at 770 K.

Samples Label n300K(1018 cm−3) ρ300K (Ω cm) c (Å) a (Å) ZT770K

Bi4O4SeBr2 x = 0 46 0.035 28.249 3.941 0.118
Bi4O4Se0.98Br2.02 x = 0.02 48 0.035 28.239 3.938 0.167
Bi4O4Se0.97Br2.03 x = 0.03 50 0.025 28.237 3.937 0.157
Bi4O4Se0.9Br2.1 x = 0.10 59 0.048 28.230 3.936 0.077
Bi4O4Se0.8Br2.2 x = 0.20 64 0.042 28.225 3.934 0.063

Bi4O4SeCl2 x = 0 0.45 0.181 27.073 3.907 0.089
Bi4O4Se0.97Cl2.03 x = 0.03 3.2 0.054 27.065 3.906 0.161
Bi4O4Se0.90Cl2.1 x = 0.10 14 0.022 27.059 3.902 0.092

Figure 2a,b show the the morphology of Bi4O4Se0.97Br2.03 and Bi4O4Se0.97Cl2.03 ceram-
ics, respectively, which exhibit a dense, distinct, layered structure and appear to be free
of any noticeable impurities or uneven phases. To analyze the distributions of elements
(Bi, O, Se, Br, and Cl), EDS composition mapping was conducted on Bi4O4Se0.97Br2.03 and
Bi4O4Se0.97Cl2.03, as depicted in Figure 2c,d. The mapping results show that all the elements
abovementioned are uniformly distributed, with no obvious segregation observed.

2 m2 m

Se Br

Bi O Bi O

Se Cl

(a) (b)

(c) (d)

Figure 2. SEM micrographs of (a) Bi4O4Se0.97Br2.03 and (b) Bi4O4Se0.97Cl2.03 ceramics. EDS mapping
analysis (c,d) from Bi4O4Se0.97Br2.03 and Bi4O4Se0.97Cl2.03 ceramics, respectively.

Figure 3a,b show the T-dependent resistivity (ρ = 1
σ ) for BOSB and BOSC ceramics

with various doping contents x. The transport parameters are included in Table 1. All
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samples exhibit metallic behavior near RT, i.e., ρ increases monotonically with increasing T.
However, at high T, the ρ of samples with low doping contents x decreases with a rising
T, indicating the domination of thermally excited carriers in electric transports. This phe-
nomenon is reminiscent of the bipolar effect in TE materials, where an intrinsic excitation
causes the conduction band electrons to cross the energy gap, resulting in an increase in the
number of charge carriers involved in transport and a decrease in resistivity. However, no
evidence of a bipolar effect was observed in the thermal conductivity and thermopower (as
shown below). In addition, the large energy gap of BOSC (∆ ≈ 1.15 eV) [31] precludes the
thermal excitation of electron–hole pairs.
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Figure 3. Electrical and thermoelectric transport properties of Bi4O4Se1−xX2+x (X = Cl, Br; x = 0,
0.02, 0.03, 0.10, 0.20) ceramics. T-dependent resistivity on a semi-log scale for (a) BOSB and (b) BOSC.
Seebeck coefficients as a function of T for (c) BOSB and (d) BOSC. Power factor of (e) BOSB and
(f) BOSC.

The temperature-dependent S of BOSB and BOSC is presented in Figure 3c and
Figure 3d, respectively. The S decreases with the concentration’s increase, which is con-
sistent with Mott’s equation. The negative sign of S indicates electron doping, and a
linear T-dependence is observed. The average effective mass (m∗) of BOSB and BOSC at
RT, as calculated for samples with high carrier density, is approximately 0.5 me (see the
supplementary information for the details), in line with the first-principles calculation
result [31].

T-dependent PF of BOSB and BOSC is presented in Figure 3e and Figure 3f, respec-
tively. The PF value of all samples increases monotonically with an increasing T. The max-
imum PF value is up to 108.33 and 112.40 µW m−1 K−2 at 770 K for Bi4O4Se0.97Br2.03 and
Bi4O4Se0.97Cl2.03, respectively.

Figure 4a,b show κ of BOSX ceramics from RT to 770 K. The evolution of κ with T is
mild, reminiscent of glass-like behavior. It is known that κ is composed of contributions
from phonons and electrons: κ = κph + κe. By using κe estimated from the Wiedemann–
Franz law (κe = LT/ρ and L is the Lorentz number), κph is yielded as seen in Figure 4c,d.
The Lorentz numbers presented in Figure S3 of the supplementary information are deter-
mined by fitting the experimental S values to an estimate of the reduced chemical potential
(η). The ratio of κph/κ amounts to 97% even in highly conductive samples, demonstrat-
ing the dominant role of phonons in the heat flow. Moreover, Bi4O4Se0.90Cl2.1 exhibits a
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higher thermal conductivity compared to the other two components due to the presence of
impurity phase BOCl, which possesses higher thermal conductivity.
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Figure 4. Thermal conductivity of Bi4O4Se1−xX2+x (X = Cl, Br; x = 0, 0.02, 0.03, 0.10, 0.20) ceramics.
(a,b) correspond to the measured κ of BOSB and BOSC, respectively. (c,d) present κph as a function of
T for BOSB and BOSC, respectively.

In order to gain a deep understanding of the ultra-low κph, we calculated the average
(va) sound velocity for BOSC using density functional theory calculations (va ≈ 2010 m s−1;
see details in the supplementary material). A rough estimation of the phonon mean free
path (`ph) can be made through κph = 1

3 Cvνa`ph, where Cv (Cv = Cρdensity) represents the
specific heat capacity per unit volume. At 770 K, the `ph of Bi4O4Se0.97Cl2.03 is approxi-
mately 4.65 Å, which is slightly larger than the in-plane lattice constant (a = 3.906 Å). This
indicates that the system is approaching the Ioffe—Regel limit (`ph = a).

Below, we discuss the origin of ultra-low κph. The origin can be explained by two
factors; first of all, the lattice mismatch at the bridging interface between BiOCl (BiOBr)
and Bi2O2Se is large—about 3.1% (1.3%)—and distorts the in-plane lattice vibration. The
in-plane structure instability will soften the anharmonic transverse acoustic (TA) phonon
and reduce the velocity of out-plane TA phonons [32,37]. Second, phonon scattering could
be strengthened by lattice defects from the X/Se co-occupation [31].

Figure 5a,b present the T-dependent ZT for BOSB and BOSC, respectively. At 770 K,
the maximum ZT values of 0.167 and 0.161 were obtained for Bi4O4Se0.97Br2.02 and
Bi4O4Se0.97Cl2.03, which are the highest values compared with that of BOSC [19,33,38], sig-
nalling n-type BOSB and BOSC polycrystals may have a promising future in the medium-T
TE field.

While the TE performance of BOSX may not be impressive, there are various strategies
that can improve its ZT. For instance, directional sintering technology can be employed
to form texture along the [001] crystallographic direction [32], thereby reducing the κph
of BOSC and BOSB. Refining nanosheets through shear exfoliation [39] or mixing highly
conductive materials like graphite nanosheets [40] are feasible scenarios for enhancing the
electrical conductance of layered materials. The density of states near the Fermi level can
be increased through doping BOSC and BOSB at Bi or O sites, based on resonant level
theory [19], which can help optimize S. Moreover, doping superparamagnetic nanoparti-
cles [41] like Fe, Co, and Ni can simultaneously improve the S and σ of BOSC and BOSB
within a reasonable range. Given the weak van der Waals interlayer interaction of BOSX,
reducing the crystal dimensionality to two dimensions may prove to be advantageous for
the production and application of thermoelectric devices within its low-temperature range.
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Figure 5. Thermoelectric figure of merit as a function of T for (a) Bi4O4Se1−xBr2+x and
(b) Bi4O4Se1−xCl2+x (x = 0, 0.02, 0.03, 0.10, 0.20).

4. Conclusions

In summary, we have demonstrated that BOSX polycrystalline ceramics, composed of
BiOX and BOS blocks, have the potential to become effective TE materials owing to their
ultra-low thermal conductivity. Electrons are introduced by adjusting the stoichiometry
of the X/Se ratios. The maximum ZT values are as high as 0.167 and 0.161 at 770 K for
BOSB and BOSC, respectively. Our study highlights the importance of non-stoichiometric
tuning in optimizing the TE properties of materials and provides new insights into the
relationship between electron concentration, thermal conductivity, and electric transport
in complex anion superlattice materials. Moreover, we have proposed several strategies,
including doping and sample preparation, to enhance the TE performance of this material.
As a layered van der Waals material, reducing the dimensionality of this material and
fabricating it into TE devices will be the future direction of research and application of
this system.

Supplementary Materials: The supplementary material includes hall resistivity, refined XRD pat-
terns and the DFT calculations results of BOSX mechanical properties. It can be downloaded at:
https://www.mdpi.com/article/10.3390/ma16124329/s1, and Figure S1: Hall resistivity at 300 K
for BOSB and BOSB ( x = 0, 0.02, 0.03, 0.10, 0.20); Figure S2: XRD refinement patterns of BOSX
(X = Cl, Br; x = 0, 0.02, 0.03, 0.10, 0.20). Figure S3: The temperature-dependent the Lorentz number
for BOSC and BOSB (x = 0, 0.02, 0.03, 0.10, 0.20); Table S1: BOSB crystalline information; Table S2:
BOSC crystalline information. Refs. [42–44] are cited in the supplementary materials.

Author Contributions: Conceptualization, J.W., X.L. and T.W.; methodology, J.W. and T.W.; software,
Z.L.; validation, J.W. and T.W.; formal analysis, T.W. and J.W.; investigation, T.W.; resources, J.W. and
X.L.; data curation, T.W.; writing—original draft preparation, J.W., X.L. and T.W.; writing—review
and editing, Z.L., W.H., J.W., X.L., T.W., Z.X., X.Y. and T.L.; visualization, T.W. and J.W.; supervision,
J.W. and X.L.; project administration, J.W. and X.L.; funding acquisition, J.W. and X.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by Zhejiang Provincial Natural Science Foundation of China
for Distinguished Young Scholars under Grant No. LR23A040001, China Postdoctoral Science Foun-
dation under Grant No. 2022M722847, and Zhejiang Provincial Postdoctoral Science Foundation
under Grant No. ZJ2022094.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available within
the article and its supplementary material.

https://www.mdpi.com/article/10.3390/ma16124329/s1


Materials 2023, 16, 4329 8 of 9

Acknowledgments: We thank Mengzhao Chen for his technical assistance and appreciate the support
provided by Chao Zhang and Ying Nie from the Instrumentation and Service Center for Physical
Sciences at Westlake University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Qin, B.; Zhao, L. Moving fast makes for better cooling. Science 2022, 378, 832–833. [CrossRef] [PubMed]
2. Bell, L.E. Cooling, heating, generating power, and recovering waste heat with thermoelectric systems. Science 2008, 321, 1457–1461.

[CrossRef]
3. Heremans, J.P.; Wiendlocha, B.; Chamoire, A.M. Resonant levels in bulk thermoelectric semiconductors. Energy Environ. Sci.

2012, 5, 5510–5530. [CrossRef]
4. Dresselhaus, M.S.; Chen, G.; Tang, M.Y.; Yang, R.; Lee, H.; Wang, D.; Ren, Z.; Fleurial, J.; Gogna, P. New directions for

low-dimensional thermoelectric materials. Adv. Mater. 2007, 19, 1043–1053. [CrossRef]
5. Zhao, L.; Tan, G.; Hao, S.; He, J.; Pei, Y.; Chi, H.; Wang, H.; Gong, S.; Xu, H.; Dravid, V.P.; et al. Ultrahigh power factor and

thermoelectric performance in hole-doped single-crystal SnSe. Science 2016, 351, 141–144. [CrossRef]
6. Su, L.; Wang, D.; Wang, S.; Qin, B.; Wang, Y.; Qin, Y.; Jin, Y.; Chang, C.; Zhao, L. High thermoelectric performance realized

through manipulating layered phonon-electron decoupling. Science 2022, 375, 1385–1389. [CrossRef]
7. Snyder, G.J.; Toberer, E.S. Complex thermoelectric materials. Nat. Mater. 2008, 7, 105–114. [CrossRef]
8. Bai, S.Q.; Pei, Y.Z.; Chen, L.D.; Zhang, W.Q.; Zhao, X.Y.; Yang, J. Enhanced thermoelectric performance of dual-element-filled

skutterudites BaxCeyCo4Sb12. Acta Mater. 2009, 57, 3135–3139. [CrossRef]
9. Qiu, Y.; Xi, L.; Shi, X.; Qiu, P.; Zhang, W.; Chen, L.; Salvador, J.R.; Cho, J.Y.; Yang, J.; Chien, Y.; et al. Charge-Compensated

Compound Defects in Ga-containing Thermoelectric Skutterudites. Adv. Funct. Mater. 2013, 23, 3194–3203. [CrossRef]
10. Pan, Y.; Yao, M.; Hong, X.; Zhu, Y.; Fan, F.; Imasato, K.; He, Y.; Hess, C.; Fink, J.; Yang, J.; et al. Mg3(Bi,Sb)2 single crystals towards

high thermoelectric performance. Energy Environ. Sci. 2020, 13, 1717–1724. [CrossRef]
11. Wang, X.W.; Lee, H.; Lan, Y.C.; Zhu, G.H.; Joshi, G.; Wang, D.Z.; Yang, J.; Muto, A.J.; Tang, M.Y.; Klatsky, J.; et al. Enhanced

thermoelectric figure of merit in nanostructured n-type silicon germanium bulk alloy. Appl. Phys. Lett. 2008, 93, 193121. [CrossRef]
12. Xie, W.; He, J.; Kang, H.J.; Tang, X.; Zhu, S.; Laver, M.; Wang, S.; Copley, J.R.; Brown, C.M.; Zhang, Q.; et al. Identifying the

specific nanostructures responsible for the high thermoelectric performance of (Bi,Sb)2Te3 nanocomposites. Nano Lett. 2010,
10, 3283–3289. [CrossRef] [PubMed]

13. Toberer, E.S.; Zevalkink, A.; Snyder, G.J. Phonon engineering through crystal chemistry. J. Mater. Chem. 2011, 21, 15843–15852.
[CrossRef]

14. Biswas, K.; He, J.; Blum, I.D.; Wu, C.I.; Hogan, T.P.; Seidman, D.N.; Dravid, V.P.; Kanatzidis, M.G. High-performance bulk
thermoelectrics with all-scale hierarchical architectures. Nature 2012, 489, 414–418. [CrossRef]

15. Jiang, B.; Yu, Y.; Cui, J.; Liu, X.; Xie, L.; Liao, J.; Zhang, Q.; Huang, Y.; Ning, S.; Jia, B.; et al. High-entropy-stabilized chalcogenides
with high thermoelectric performance. Science 2021, 371, 830–834. [CrossRef] [PubMed]

16. Roychowdhury, S.; Ghosh, T.; Arora, R.; Samanta, M.; Xie, L.; Singh, N.K.; Soni, A.; He, J.; Waghmare, U.V.; Biswas, K. Enhanced
atomic ordering leads to high thermoelectric performance in AgSbTe2. Science 2021, 371, 722–727. [CrossRef]

17. Wang, J.; Hu, W.; Lou, Z.; Xu, Z.; Yang, X.; Wang, T.; Lin, X. Thermoelectric properties of Bi2O2Se single crystals. Appl. Phys. Lett.
2021, 119, 081901. [CrossRef]

18. Tan, X.; Liu, Y.; Liu, R.; Zhou, Z.; Liu, C.; Lan, J.; Zhang, Q.; Lin, Y.; Nan, C. Synergistical Enhancement of Thermoelectric
Properties in n-Type Bi2O2Se by Carrier Engineering and Hierarchical Microstructure. Adv. Energy Mater. 2019, 9, 1900354.
[CrossRef]

19. Newnham, J.A.; Zhao, T.; Gibson, Q.D.; Manning, T.D.; Zanella, M.; Mariani, E.; Daniels, L.M.; Alaria, J.; Claridge, J.B.; Cora, F.;
et al. Band Structure Engineering of Bi4O4SeCl2 for Thermoelectric Applications. ACS Org. Inorg. Au 2022, 2, 405–414. [CrossRef]
[PubMed]

20. Heremans, J.P.; Jovovic, V.; Toberer, E.S.; Saramat, A.; Kurosaki, K.; Charoenphakdee, A.; Yamanaka, S.; Snyder, G.J. Enhancement
of thermoelectric efficiency in PbTe by distortion of the electronic density of states. Science 2008, 321, 554–557. [CrossRef]

21. Pei, Y.; Shi, X.; LaLonde, A.; Wang, H.; Chen, L.; Snyder, G.J. Convergence of electronic bands for high performance bulk
thermoelectrics. Nature 2011, 473, 66–69. [CrossRef] [PubMed]

22. Witting, I.T.; Chasapis, T.C.; Ricci, F.; Peters, M.; Heinz, N.A.; Hautier, G.; Snyder, G.J. The Thermoelectric Properties of Bismuth
Telluride. Adv. Electron. Mater. 2019, 5, 1800904. [CrossRef]

23. Zhao, X.B.; Ji, X.H.; Zhang, Y.H.; Zhu, T.J.; Tu, J.P.; Zhang, X.B. Bismuth telluride nanotubes and the effects on the thermoelectric
properties of nanotube-containing nanocomposites. Appl. Phys. Lett. 2005, 86. [CrossRef]

24. Wu, J.K.; Hofmann, M.; Hsieh, W.P.; Chen, S.H.; Yen, Z.L.; Chiu, S.K.; Luo, Y.R.; Chiang, C.C.; Huang, S.Y.; Chang, Y.H.; et al.
Enhancing Thermoelectric Properties of 2D Bi2Se3 by 1D Texturing with Graphene. ACS Appl. Energy Mater. 2019, 2, 8411–8415.
[CrossRef]

25. N-type flexible Bi2Se3 nanosheets/SWCNTs composite films with improved thermoelectric performance for low-grade waste-heat
harvesting. Nano Energy 2022, 104, 107907. [CrossRef]

http://doi.org/10.1126/science.ade9645
http://www.ncbi.nlm.nih.gov/pubmed/36423284
http://dx.doi.org/10.1126/science.1158899
http://dx.doi.org/10.1039/C1EE02612G
http://dx.doi.org/10.1002/adma.200600527
http://dx.doi.org/10.1126/science.aad3749
http://dx.doi.org/10.1126/science.abn8997
http://dx.doi.org/10.1038/nmat2090
http://dx.doi.org/10.1016/j.actamat.2009.03.018
http://dx.doi.org/10.1002/adfm.201202571
http://dx.doi.org/10.1039/D0EE00838A
http://dx.doi.org/10.1063/1.3027060
http://dx.doi.org/10.1021/nl100804a
http://www.ncbi.nlm.nih.gov/pubmed/20687520
http://dx.doi.org/10.1039/c1jm11754h
http://dx.doi.org/10.1038/nature11439
http://dx.doi.org/10.1126/science.abe1292
http://www.ncbi.nlm.nih.gov/pubmed/33602853
http://dx.doi.org/10.1126/science.abb3517
http://dx.doi.org/10.1063/5.0063091
http://dx.doi.org/10.1002/aenm.201900354
http://dx.doi.org/10.1021/acsorginorgau.2c00018
http://www.ncbi.nlm.nih.gov/pubmed/36217344
http://dx.doi.org/10.1126/science.1159725
http://dx.doi.org/10.1038/nature09996
http://www.ncbi.nlm.nih.gov/pubmed/21544143
http://dx.doi.org/10.1002/aelm.201800904
http://dx.doi.org/10.1063/1.1863440
http://dx.doi.org/10.1021/acsaem.9b02122
http://dx.doi.org/10.1016/j.nanoen.2022.107907


Materials 2023, 16, 4329 9 of 9

26. Pan, L.; Liu, W.; Zhang, J.; Shi, X.; Gao, H.; Liu, Q.; Shen, X.; Lu, C.; Wang, Y.; Chen, Z. Synergistic effect approaching record-high
figure of merit in the shear exfoliated n-type Bi2O2−2xTe2xSe. Nano Energy 2020, 69, 104394. [CrossRef]

27. Liu, Y.; Zhao, L.; Zhu, Y.; Liu, Y.; Li, F.; Yu, M.; Liu, D.; Xu, W.; Lin, Y.; Nan, C. Synergistically Optimizing Electrical and Thermal
Transport Properties of BiCuSeO via a Dual-Doping Approach. Adv. Energy Mater. 2016, 6, 1502423. [CrossRef]

28. Pan, L.; Lang, Y.; Zhao, L.; Berardan, D.; Amzallag, E.; Xu, C.; Gu, Y.; Chen, C.; Zhao, L.; Shen, X.; et al. Realization of n-type and
enhanced thermoelectric performance of p-type BiCuSeO by controlled iron incorporation. J. Mater. Chem. A 2018, 6, 13340–13349.
[CrossRef]

29. Li, J.; Sui, J.; Pei, Y.; Barreteau, C.; Berardan, D.; Dragoe, N.; Cai, W.; He, J.; Zhao, L. A high thermoelectric figure of merit ZT > 1
in Ba heavily doped BiCuSeO oxyselenides. Energy Environ. Sci. 2012, 5, 8543. [CrossRef]

30. Ren, G.; Wang, S.; Zhu, Y.; Ventura, K.J.; Tan, X.; Xu, W.; Lin, Y.; Yang, J.; Nan, C. Enhancing thermoelectric performance in
hierarchically structured BiCuSeO by increasing bond covalency and weakening carrier–phonon coupling. Energy Environ. Sci.
2017, 10, 1590–1599. [CrossRef]

31. Gibson, Q.D.; Manning, T.D.; Zanella, M.; Zhao, T.; Murgatroyd, P.A.E.; Robertson, C.M.; Jones, L.A.H.; McBride, F.; Raval, R.;
Cora, F.; et al. Modular Design via Multiple Anion Chemistry of the High Mobility van der Waals Semiconductor Bi4O4SeCl2. J.
Am. Chem. Soc. 2020, 142, 847–856. [CrossRef] [PubMed]

32. Gibson, Q.D.; Zhao, T.; Daniels, L.M.; Walker, H.C.; Daou, R.; Hebert, S.; Zanella, M.; Dyer, M.S.; Claridge, J.B.; Slater, B.; et al.
Low thermal conductivity in a modular inorganic material with bonding anisotropy and mismatch. Science 2021, 373, 1017–1022.
[CrossRef]

33. Ji, R.; Lei, M.; Genevois, C.; Zhang, W.; Ming, X.; He, L.; Allix, M.; Yin, C.; Kuang, X.; Xing, X. Multiple Anion Chemistry for Ionic
Layer Thickness Tailoring in (X= Cl, Br) van der Waals Semiconductors with Low Thermal Conductivities. Chem. Mater. 2022,
34, 4751–4764. [CrossRef]

34. Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169–11186. [CrossRef]

35. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef] [PubMed]

36. Wang, V.; Xu, N.; Liu, J.C.; Tang, G.; Geng, W.T. VASPKIT: A user-friendly interface facilitating high-throughput computing and
analysis using VASP code. Comput. Phys. Commun. 2021, 267, 108033. [CrossRef]

37. Peng, W.; Petretto, G.; Rignanese, G.; Hautier, G.; Zevalkink, A. An Unlikely Route to Low Lattice Thermal Conductivity: Small
Atoms in a Simple Layered Structure. Joule 2018, 2, 1879–1893. [CrossRef]

38. Gibson, Q.; Newnham, J.; Dyer, M.; Robertson, C.; Zanella, M.; Surta, T.; Daniels, L.; Alaria, J.; Claridge, J.; Rosseinsky, M.
Expanding multiple anion superlattice chemistry: Synthesis, structure and properties of Bi4O4SeBr2 and Bi6O6Se2Cl2. J. Solid
State Chem. 2022, 312, 123246. [CrossRef]

39. Huang, C.; Yu, H. Two-dimensional Bi2O2Se with high mobility for high-performance polymer solar cells. ACS Appl. Mater.
Interfaces 2020, 12, 19643–19654. [CrossRef]

40. Pan, L.; Shi, X.L.; Song, C.C.; Liu, W.D.; Sun, Q.; Lu, C.H.; Liu, Q.F.; Wang, Y.F.; Chen, Z.G. Graphite Nanosheets as Multifunctional
Nanoinclusions to Boost the Thermoelectric Performance of the Shear-Exfoliated Bi2O2Se. Adv. Funct. Mater. 2022, 32, 2202927.
[CrossRef]

41. Zhao, W.; Liu, Z.; Sun, Z.; Zhang, Q.; Wei, P.; Mu, X.; Zhou, H.; Li, C.; Ma, S.; He, D.; et al. Superparamagnetic enhancement of
thermoelectric performance. Nature 2017, 549, 247–251. [CrossRef] [PubMed]

42. Mouhat, F.; Coudert, F.-X. Necessary and sufficient elastic stability conditions in various crystal systems. Phys. Rev. B 2014,
90, 224104. [CrossRef]

43. Liu, L.; Wang, D.; Zhong, Y.; Hu, C. Electronic, Optical, Mechanical and Lattice Dynamical Properties of MgBi2O6: A First-
Principles Study. Appl. Sci. 2019, 9, 1267. [CrossRef]

44. Duan, Y.; Sun, Y.; Peng, M.; Zhou, S. Anisotropic elastic properties of the Ca-Pb compounds. J. Alloys Compd. 2014, 595, 14.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.nanoen.2019.104394
http://dx.doi.org/10.1002/aenm.201502423
http://dx.doi.org/10.1039/C8TA03521K
http://dx.doi.org/10.1039/c2ee22622g
http://dx.doi.org/10.1039/C7EE00464H
http://dx.doi.org/10.1021/jacs.9b09411
http://www.ncbi.nlm.nih.gov/pubmed/31825213
http://dx.doi.org/10.1126/science.abh1619
http://dx.doi.org/10.1021/acs.chemmater.2c00786
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://www.ncbi.nlm.nih.gov/pubmed/10062328
http://dx.doi.org/10.1016/j.cpc.2021.108033
http://dx.doi.org/10.1016/j.joule.2018.06.014
http://dx.doi.org/10.1016/j.jssc.2022.123246
http://dx.doi.org/10.1021/acsami.0c01364
http://dx.doi.org/10.1002/adfm.202202927
http://dx.doi.org/10.1038/nature23667
http://www.ncbi.nlm.nih.gov/pubmed/28905895
http://dx.doi.org/10.1103/PhysRevB.90.224104
http://dx.doi.org/10.3390/app9071267
http://dx.doi.org/10.1016/j.jallcom.2014.01.108

	Introduction
	Materials and Methods
	Results
	Conclusions
	References

