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Introduction

Excellent thermoelectric performance of Bi,MO,4Cl
(M =Y, La, and Bi) derived from ultra-low lattice
thermal conductivity

Shipeng Bi, ®? Christopher N. Savory,? Alexander G. Squires, Dan Han,®
Kieran B. Spooner® and David O. Scanlon & *<

Layered mixed-anion oxides are considered potential candidates for thermoelectric materials because they
typically possess the advantages of oxides (high-temperature stability, low toxicity, and the use of cost-
effective elements) and layered mixed-anion compounds (strong phonon anharmonicity and bonding
heterogeneity). In this paper, we predicted the thermoelectric performance of environmentally friendly
layered mixed-anion oxides Bi,MO4Cl (M =Y, La, and Bi) using density functional theory (DFT)
calculations. The results show that BizO4Cl and Bi,LaO4Cl exhibit ultra-low average lattice thermal
conductivities of less than 0.3 W m~* K= at 1000 K, which are attributed to the combined effects of
heavy atoms, weak ionic bonding, strong phonon anharmonicity, and low structural symmetry. In
addition, the weak ionic bonding significantly inhibits out-of-plane heat transfer, resulting in the lattice
thermal conductivity in the out-of-plane direction being the lowest compared to other directions. As
a result, under dopable conditions, the predicted p-type maximum average ZT of BizO4Cl reaches 2.20
at 1000 K, which is superior to the thermoelectric performance of currently known environmentally
friendly thermoelectric materials, and the predicted p-type maximum ZT of BiLaO4Cl is over 4 in the
out-of-plane direction. These results illustrate the potential for the excellent thermoelectric performance
of Bi,MO4CLl (M =Y, La, and Bi), and also highlight the application potential of layered mixed-anion
compounds in achieving low lattice thermal conductivity and enhancing thermoelectric performance.

where S is the Seebeck coefficient, o is the conductivity, T is the
absolute temperature, k. and «; are the electronic thermal

The growing dependence of human civilisation on science and
technology has led to an increasing demand for energy, and
humanity will have to address the environmental problems
caused by this rapidly increasing energy usage." It is estimated
that approximately 50% of global energy is currently wasted as
thermal energy.” If this thermal energy can be converted into
useful electrical energy by thermoelectric (TE) materials
through the Seebeck effect, it could reduce our energy depen-
dence to a great extent.

The performance of TE materials can be evaluated by the
dimensionless figure of merit ZT:

S%cT
Ke + K1
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conductivity and lattice thermal conductivity, respectively.
Theoretically, an ideal TE material should have both high
electrical conductivity and low thermal conductivity, referred to
as the “phonon-glass, electron-crystal” (PGEC), where the lattice
conducts heat as in a glass and the electrons conduct as in
a crystal.®> However, optimising ZT is not straightforward
because the parameters in eqn (1) are constrained by each
other. Low charge carrier concentration and large charge carrier
effective mass yield high Seebeck coefficient, but achieving high
conductivity requires high charge carrier concentration and
small charge carrier effective mass. In addition, according to the
Wiedemann-Franz law,* high conductivity inherently implies
high electronic thermal conductivity. Therefore, attaining high
ZT requires a balance between these conflicting parameters.
Although researchers have discovered and developed a series of
TE materials over the past few decades, few of them are suitable
for widespread application due to the lack of high-temperature
stability, the inclusion of expensive or toxic elements (such as
Te and Pb), or low efficiency.>”

For the next generation of TE materials, high TE conversion
efficiency is necessary, and the cost and environmental
compatibility of the constituent elements should also be
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considered. Oxides are considered promising due to their high-
temperature stability, low toxicity, and composition of cost-
effective elements.®*° However, the ZT values of oxide TE
materials remain low, partly because their thermal conductivity
is still relatively high compared to that of state-of-the-art TE
materials PbTe and SnSe." In recent years, layered mixed-
anion oxides have garnered significant attention. Leveraging
the unique properties conferred by additional anions, these
compounds exhibit outstanding characteristics in fields such as
electronics, optics, and energy applications.” Layered mixed-
anion oxides are also considered highly prospective TE mate-
rials. This conclusion is fully supported by theory: for layered
mixed-anion oxides, layers are primarily connected by weak
ionic bonds, and these weak interactions enhance phonon
anharmonicity and hinder out-of-plane phonon heat
transport.”** Besides, the introduction of other anions may
cause inhomogeneity in bond strength (bonding heterogeneity),
thereby enhancing phonon scattering.** BiCuSeO is a represen-
tative layered mixed-anion oxide TE material, receiving wide-
spread attention due to its extremely low intrinsic thermal
conductivity.* Its low thermal conductivity originates from
a large number of scattering channels and a high Griineisen
parameter.>** Currently, the ZT of BiCuSeO with co-doped
metal elements can reach 1.5 at 873 K.*°

Additionally, many computational studies have also shown
that layered mixed-anion oxides have the potential for excellent
TE performance. First-principles calculations on the layered
mixed-anion oxides LaZnOP and LaZnOAs revealed high out-of-
plane p-type ZT values of 2.10 and 1.92 at 1000 K, respectively.*
Another group of layered mixed-anion oxides, Ca,Sb,O and
Ca,Bi,0, were predicted to have average p-type ZT values of 1.58
and 2.14 at 1000 K, respectively.** Moreover, LaCuSeO, a struc-
tural analogue of BiCuSeO, was found to exhibit an average n-
type ZT of 1.46, but its p-type performance is poor.** Bi,O,Se
was predicted to have a maximum p-type average ZT of 2.62 at
900 K.** Recently, to overcome the poor p-type performance of
LaCuSeO, Tang et al.** proposed a novel van der Waals inter-
calated compound, La,Bi,Cu,0sSe,, by alternately stacking
LaCuSeO and Bi,0,Se units along the c-axis in a 1 : 2 molar ratio
using a high-entropy strategy. Computational results predict
that this material could achieve a maximum p-type average ZT
of 2.3 at 700 K. Notably, all these materials exhibit low lattice
thermal conductivities below 1 W m™' K™ ' at temperatures
corresponding to their optimal calculated ZT values. These
theoretical predictions suggest that these layered mixed-anion
oxides warrant experimental validation and further exploration.

Recently, layered mixed-anion oxides Bi,MO,Cl (M =Y, La,
and Bi) with a triple-fluorite structure have attracted research
attention for their photocatalytic activity, as they show potential
as photocatalysts due to their suitable band potentials.*®
However, the TE potential of these materials has never been
explored. Considering the heavy elements (Bi, Y, and La), the
layered structure (Cl~ layers and [Bi,MO,]" layers), and the
mixed-anion strategy (O*>~ and Cl~) contributing to low lattice
thermal conductivity, we predicted the electronic and thermal
transport properties of Bi,MO,Cl (M = Y, La, and Bi) using
density functional theory (DFT) calculations. Our results
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indicate that Bi,MO,Cl (M =Y, La, and Bi) possesses average
electronic transport properties, but because of the heavy
elements, weak ionic bonding, high Griineisen parameters, and
low structural symmetry, all three compounds exhibit intrinsi-
cally low lattice thermal conductivities, which further deter-
mines the high ZT values at 1000 K for Bi,LaO,Cl (1.74) and
Biz0,Cl (2.20). In addition, the weak ionic bonding formed
between Cl~ and Bi*' inhibits out-of-plane heat transfer,
enabling the out-of-plane ZT of Bi,LaO,Cl to exceed 4. These
results indicate that Bi,MO,Cl (M =Y, La, and Bi) compounds
are competitive for TE applications and demonstrate the unique
advantages of layered mixed-anion compounds in the design of
high-performance TE materials.

Computational methods

The DFT calculations in this study were implemented in the
Vienna Ab initio Simulation Package (VASP).** The interaction
between core and valence electrons was accounted for using the
projector augmented-wave (PAW) pseudopotential method.?”?®
The energy cutoffs and the I'-centred k-point meshes of the
valence wavefunctions chosen to simulate the unit cell are
shown in Table 1. The primitive unit cell of Bi,MO,Cl (M =Y or
La) is the same as the conventional unit cell in each case, and
hence the same k-point mesh was used. These parameters were
selected to converge the total energy to within 1 meV per atom.
The convergence tests for the energy cutoff and k-point mesh
are presented in Section 1 of the SI.

The primitive unit cells of Bi,MO,Cl (M =Y, La, and Bi) were
fully relaxed wusing the hybrid Heyd-Scuseria-Ernzerhof
(HSE06) functional®**** until the maximum force on any atom
was less than 0.0005 eV A™*. The optimised structures were used
for the calculation of electronic transport properties. To obtain
the lattice thermal conductivities of Bi,MO,Cl (M =Y, La, and
Bi), the Perdew-Burke-Ernzerhof functional revised for solids
(PBEsol)** of the Generalised Gradient Approximation (GGA)
was used to sufficiently relax the conventional cells of Bi,YO,Cl
and Bi,La0,Cl until the maximum force on any atom is smaller
than 0.0001 eV A™". In these processes of structural optimisa-
tion, a 30% higher plane-wave energy cut-off was used to
counteract Pulay stresses.*> As the failure of the PBEsol func-
tional to optimise the structure of Biz;O,Cl resulted in the
presence of significant imaginary frequencies in its phonon
dispersion (Fig. S3(b)), we used the GGA Perdew-Burke-Ern-
zerhof (PBE) functional,” the meta-GGA regularised revised
Strongly Constrained and Appropriately Normed (r’SCAN)
functional** and the hybrid HSE06 functional to optimise the
Biz0,Cl structure and calculate the phonon dispersion to
determine which functional should be used for the evaluation
of the second- and third-order force constants (FCs). By
comparing the optimised lattice parameters with the experi-
mental data, we chose the r>SCAN functional to evaluate the
FCs, taking into account both the accuracy and the computa-
tional expense. More details on this section can be found in
Section 2 of the SI. The electronic band structures and densities
of states (DoS) were calculated using the HSE06 functional
incorporating the effects of spin-orbit coupling (SOC) and

This journal is © The Royal Society of Chemistry 2025
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Table 1 Converged energy cutoffs and k-point meshes used in this study, interpolation meshes used in calculating the electronic transport
properties using AMSET, supercell meshes used in calculating the second- and third-order FCs using Phonopy and Phono3py, the number of
displacements to be evaluated for calculating the third-order FCs, and g-point sampling meshes used in calculating the lattice thermal

conductivity using Phono3py for Bi,MO4CL (M =Y, La, and Bi)

Compound Bi,YO,Cl Bi,La0,Cl Bi;0,Cl (conventional cell) Bi;0,Cl (primitive cell)
Energy cutoff 550 eV 550 eV 700 eV 700 eV

K-point mesh 6 xX6x3 2x2x4 1x4x4 4x4x3
Interpolation mesh 89 x 89 x 39 13 x 11 x 21 — 37 x 37 x 35

2nd supercell 5%x5x2 2x2x3 1x4x4 —

3rd supercell 4x4x2 2x1x2 1x2x2 —

3rd calculations 5195 36912 18457 —

Q-point mesh 15 x 15 x 15 10 x 10 x 10 10 x 10 x 10 —

analysed using the Sumo*® software package. We employed the
Bradley-Cracknell formalism*® to determine the high-symmetry
paths within the first Brillouin zone for the band structure
representation.

To obtain the Seebeck coefficient, conductivity, and elec-
tronic thermal conductivity, AMSET* was used to solve the
electronic Boltzmann transport equation (BTE). Given the
limitations of the constant relaxation-time approximation
(CRTA) when solving the transport equation, AMSET improves
computational accuracy by using the momentum relaxation-
time approximation (MRTA) instead of CRTA.*** AMSET can
evaluate the scattering caused by the acoustic deformation
potential (ADP), ionised impurities (IMP), piezoelectric inter-
actions (PIE), and polar optical phonons (POP). ADP, IMP, and
POP scattering were considered in this article and the charac-
teristic scattering 7. was calculated according to Matthiessen's
rule:

1 1 1 1

- 4+ 2
T, TADP | gIMP T fPOP (2)

PIE scattering was not included because the calculated
piezoelectric coefficient matrices for Bi,MO,Cl (M =Y, La, and
Bi) were all zero, thus Bi,MO,Cl (M =Y, La, and Bi) was not
piezoelectric. The parameter settings for AMSET calculations
and the interpolation mesh tests for electronic transport prop-
erties are provided in Section 3 and Section 4 of the SI. Table 1
presents the interpolation meshes for Bi,YO,Cl, Bi,La0,Cl and
Bi30,Cl used in this paper.

The second-order and third-order FCs required for calcu-
lating the lattice thermal conductivity were obtained using the
finite displacement method in the Phonopy*® and Phono3py*®
software packages, respectively. During the construction of the
supercells, default displacements of 0.01 A for Phonopy and
0.03 A for Phono3py were used. Each displacement was evalu-
ated using the PBEsol functional for Bi,YO,Cl and Bi,LaO,Cl,
and the r*SCAN functional for Bi;O,Cl. The phonon dispersions
of Bi,MO,Cl (M =Y, La, and Bi) were calculated for different
supercell meshes (Fig. S5), and it was determined that the
phonon dispersions converge at supercell meshes of 4 x 4 x 2,
2x1x2and1 x 2 x 2 for Bi,YO,CI, Bi,LaO,Cl and Bi;O,Cl,
respectively. The supercell meshes used in the evaluation of the
second- and third-order FCs and the number of displacements

This journal is © The Royal Society of Chemistry 2025

used for calculating the third-order FCs have been listed in
Table 1. Non-analytical corrections (NAC) were included to
account for long-range interactions. Under the single-mode
relaxation-time approximation (SM-RTA), the lattice thermal
conductivity was calculated by solving the linearised BTE

1
K| = Ni%Z\CAVA(@VATA (3)

where N is the number of unit cells in the crystal, V, is the
volume of the unit cell, and v, and 7, are the group velocity and
the phonon lifetime of the phonon mode A, respectively. C; is
the mode-dependent heat capacity. The g-point sampling tests
of the lattice thermal conductivity of Bi,MO,Cl (M =Y, La, and
Bi) are shown in Fig. S6 and the converged g-point sampling
meshes for Bi,YO,Cl, Bi,LaO,Cl and BizO,Cl used in this paper
are given in Table 1.

Results and discussion

Crystal structure

The structures of Bi,MO,Cl (M =Y, La, and Bi) exhibit layered
characteristics, consisting of alternating stacks of C1™ layers and
[Bi,MO,]" layers. Bi,YO4CI crystallises in the space group P4/
mmm (no. 123), and exhibits high structural symmetry (Fig. 1).
In the [Bi,YO,]" layer, the outermost Bi atom is coordinated by
four equidistant O atoms, and the Y atom forms an eight-
coordination with eight equidistant O atoms and connects
a double-layer two-dimensional grid composed of [BiO,4] in the
shape of a square pyramid. For Bi,LaO,Cl, the powder X-ray
diffraction data with the selected area electron diffraction
patterns of Nakada et al.** clearly showed monoclinic distortion
and found that the P2,/a (no. 14) space group was the most
probable, but Milne et al.>* used the ideal P4/mmm structure. We
chose the P2,/a structure of Bi,LaO,Cl because we are mainly
interested in the TE performance from 100 K to 1000 K and the
free energy of the P2,/a structure is lower in this temperature
range (Fig. S7). In practical calculations, we used the standard
form P2,/c of space group P2,/a. The structure of Bi,La0,Cl is
similar to that of Bi,YO,CIl, with the difference that in the
outermost region of the [Bi,La0,]" layer, half of the Bi atoms
become three-coordinated, while the other half remain four-
coordinated. Biz0,Cl crystallises in the space group I2/a (no.
15), and again in practical calculations we used the standard

J. Mater. Chem. A, 2025, 13, 35507-35520 | 35509
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Fig.1 (a)—(d) are side views of (a) Bi,YO4CL, (b) Bi,LaO4Cl, and (c) and (d) BizO4CL. (e)-(g) are top views of the [Bi,YO4]" layer of (e) Bi,YO4CL, (f)
Bi>LaO4Cl, and (g) BizO4CL with all M—O bonds and one BiO, sublayer omitted for clarity. A unit cell is shown within the dotted line. The atoms

are coloured as follows: Bi-purple, Y-blue, La-deep green, O-red and Cl-

green. In order to distinguish between the Bi and M atoms of BizO4Cl,

the three-coordinated Bi atom is labelled as Bil, and the four-coordinated M (Bi) atom as Bi2. The images were generated using the VESTA

software.5?

form C2/c of this numbered space group. In the [Bi,BiO,]" layer
of Biz0,Cl, the outermost Bi atoms (Bi1) all become three-
coordinated, and the M atoms (Bi2) remain in the middle of
the [Bi,BiO,]" layer.

The experimental and calculated lattice parameters of Bi,-
MO,Cl (M =Y, La, and Bi) are given in Table 2, and the
differences between the calculated and experimental values are
within reasonable limits.

Electronic structure and phonon dispersion

Fig. 2 shows the electronic band structures and DoS of Bi,-
MO,Cl (M = Y, La, and Bi) calculated using the HSE06

functional with SOC. Bi,YO,Cl (Bi,LaO,Cl) is an indirect band
gap semiconductor with the valence band maximum (VBM)
located at the symmetry point R (A,), the conduction band
minimum (CBM) located at the symmetry point I" (I'). The
direct band gap is 2.70 eV (3.28 eV) and the indirect band gap is
2.27 eV (3.26 eV). Biz0,Cl is a direct band gap semiconductor,
with the VBM and CBM located at the symmetry point Y and
a band gap of 3.50 eV. Both Bi,La0,Cl and Bi;O,Cl have flatter
bands, indicating smaller carrier effective masses and thus
higher carrier mobilities. As shown in Fig. 2, The VBM of Bi,-
MO,Cl (M =Y, La, and Bi) is dominated by O 2p, while the CBM
is primarily contributed by Bi 6p.

Table 2 Calculated lattice parameters of Bi,MO4Cl (M =, La, and Bi). The percentage differences from experimental parameters are given in
parentheses. The experimental lattice parameters for the P2,/c (C2/c) structure of Bi>LaO4Cl (BizO4Cl) were converted from the experimental

lattice parameters for the P2,/a (/12/a) structure

Compound a(d) b (&) c(A)
Bi,YO,Cl Nakada et al. (exp.’®) 3.85 3.85 8.89
PBEsol 3.84 (—0.26%) 3.84 (—0.26%) 8.83 (—0.67%)
HSE06 3.85 (0.00%) 3.85 (0.00%) 8.99 (1.12%)
Bi,La0,Cl Nakada et al. (exp.>®) 9.02 11.55 5.59
PBEsol 8.98 (—0.44%) 11.46 (—0.78%) 5.60 (0.18%)
HSE06 9.14 (1.33%) 11.55 (0.00%) 5.61 (0.36%)
Bi;0,Cl Nakada et al. (exp.*) 19.28 5.65 5.69
r*SCAN 19.45 (0.88%) 5.70 (0.88%) 5.73 (0.70%)
HSE06 19.54 (1.35%) 5.72 (1.24%) 5.76 (1.23%)
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Fig. 2 Electronic band structures and DoS of (a) Bi,YO4Cl, (b) Bi,-
LaO,4Cl, and (c) BizO4Cl calculated by using the HSEQ6 functional with
SOC, plotted along the Bradley—Cracknell-derived k-point path.*¢ The
conduction and valence bands are coloured by orange and blue.
These figures were generated using Sumo.*®

Fig. 3 shows the phonon dispersions and atom-projected
phonon DoS of Bi,MO,Cl (M = Y, La, and Bi). None of the
phonon dispersions of the three compounds have imaginary
frequencies, so they all satisfy dynamical stability. As the mass
of the M atom increases, the phonon branches tend to be flatter.
A flat phonon branch implies low phonon group velocity, since
the phonon group velocity is defined as the derivative of the
phonon frequency with respect to the wave vector. Moreover,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

the frequency ranges of the acoustic modes are compressed.
The acoustic-mode boundary frequency of Bi,YO,Cl is ~4 THz,
while those of Bi,La0O,Cl and Bi;O,Cl are both close to 2 THz.
The latter two materials have acoustic-mode boundary
frequencies similar to those of the known low-thermal-
conductivity materials BiCuSeO and SnSe, which also exhibit
layered structural characteristics.>”*>** This similarity suggests
that Bi,La0,Cl and Bi;0,Cl may also possess low lattice thermal
conductivity. The high-frequency phonon modes in the three
compounds are dominated by the vibrations of O atoms, and
the low-frequency phonon modes consist mainly of the vibra-
tions of Cl, M (M =Y, La, and Bi) and Bi atoms. Interestingly,
the lighter Cl atoms contribute more to the lower-frequency (3-4
THz) phonons than the heavier Y and La atoms. This
phenomenon can be attributed to the softening of the Cl-
dominated optical phonon modes caused by the weak Bi-Cl
bonds, which will be discussed in detail later in this section. In
addition, some of the optical modes are located in the low-
frequency region of the dispersion, which would provide more
channels for phonon scattering.

Transport and TE properties

In this section, we analyse the transport and TE properties of
Bi,MO,Cl (M =Y, La, and Bi). The electronic transport prop-
erties of Bi,MO,Cl (M =Y, La, and Bi) were calculated using the
AMSET package, while the lattice thermal conductivity was
determined using Phono3py. The combination of these results
was used to predict the ZT values of Bi,MO,Cl (M =Y, La, and
Bi). The temperature range of the calculations was chosen to be
from 100 K to 1000 K because Bi,YO,Cl and Bi,LaO,Cl were
synthesised in air at 1073 K, and for Bi;0,Cl at 973 K.** The p-
type performance of Bi,MO,Cl (M = Y, La, and Bi) is di-
scussed in detail, as it is significantly better than the n-type
performance. Section 8 of the SI presents the n-type electronic
transport properties and ZT values of Bi,MO,Cl (M =Y, La, and
Bi).

Fig. 4 shows the p-type electronic transport properties of
Bi,MO,Cl (M =Y, La, and Bi). The conductivity of Bi,MO,Cl (M
= Y, La, and Bi) consistently decreases with increasing
temperature and always increases with increasing -carrier
concentration. These behaviours can be explained by the
equation for conductivity

* (4)

where 7 is the carrier concentration, e is the charge of an elec-
tron, u is the carrier mobility,  is the carrier lifetime, and m* is
the carrier effective mass. At the same carrier concentration, the
total scattering rates increase with increasing temperature
(Fig. S10(a), (d), and (g)), which leads to the decrease of the
carrier lifetime and hence the conductivity. Conversely,
increasing the carrier concentration enhances the conductivity
not only because of the direct proportionality but also due to the
progressively decreasing total scattering rates (Fig. S10(b), (e),
and (h)). In addition, at low carrier concentrations, conductivity
exhibits a stronger temperature dependence because the

J. Mater. Chem. A, 2025, 13, 35507-35520 | 35511
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Fig. 3 Phonon dispersions and atom-projected phonon DoS of (a) Bi,YO4CL, (b) Bi,LaO4Cl, and (c) BizO4Cl with NAC applied. The phonon
dispersions were plotted using ThermoParser,** and the high-symmetry paths were constructed using the Bradley—Cracknell formalism.*®

strongly temperature-dependent POP scattering rates decrease,
while the weakly temperature-dependent IMP scattering rates
increase with increasing carrier concentration. The range of
conductivity narrows as the M (Y — La — Bi) element changes.
Specifically, the conductivity ranges from 27.3 to 9.00 x 10> S
m~* for Bi,YO,Cl, from 5.47 to 3.54 x 10° S m~* for Bi,La0,Cl,
and from 5.35 to 2.27 x 10° S m™* for Bi;0,Cl, at carrier
concentrations ranging from 10'® to 10** em . Compared to
the calculated conductivity of BiCuOSe, Bi,MO,Cl (M =Y, La,
and Bi) exhibit higher conductivity at 300 K, 600 K, and 900 K for
a carrier concentration of 1 x 10*® ¢cm >3 This carrier
concentration was chosen because the maximum ZT values
were obtained at this magnitude for Bi,MO,Cl (M =Y, La, and
Bi) and BiCuOSe. However, at the same carrier concentration
and at 1000 K, the calculated electrical conductivity of the state-
of-the-art TE material SnSe is approximately 6.8 x 10* S m "%
which is an order of magnitude higher than that of the Bi,-
MO,Cl series, with values of 9.24 x 10> S m™* for Bi,YO,Cl, 1.43
x 10> S m™* for Bi,La0,Cl, and 1.48 x 10> S m ™! for Bi;0,CL

The Seebeck coefficient measures the ability of a material to
generate an electric potential in response to a temperature
difference. Low carrier concentration and large carrier effective
mass provide high Seebeck coefficient:

AV 8mhky’

2
T AT 3R m*T<%)3 ()

where V is the voltage, kg is the Boltzmann constant, and # is

proportional to the conductivity. At a temperature of 900 K and
a carrier concentration of 1 x 10%° em ™2, the Seebeck coefficient
of BiCuOSe (~380 uv K™ ') is comparable to that of Bi;0,Cl (373
uV K1) and slightly higher than that of Bi,La0,Cl (347 pvV K™ )
and Bi,YO,Cl (301 pv K '). However, a high power factor
requires a balance between the conductivity and the Seebeck
coefficient. The p-type power factors of Bi,MO,Cl (M =Y, La,
and Bi) span the ranges from 14.6 to 2960, 3.16 to 1160, and 3.16
to 1850 pW m™~' K2 at carrier concentrations of 10'® to 10**
cm’, respectively. In contrast, the maximum power factor of
BiCuOSe is only around 770 pyW m™* K2 at carrier concentra-
tions ranging from 10" to 10> em™>.32 That is why the intrinsic
ZT (0.75) of BiCuOSe is modest despite its low thermal
conductivity, and its TE performance is limited by the low
conductivity.*>** The power factors of Bi,LaO,Cl and Bi;O,Cl are
also relatively low, much smaller than the maximum power
factor (~4000 pyW m™' K ?) obtained in the calculations for
SnSe,* and there is also a significant gap between them and
some newly reported high-performance p-type TE materials.>**
These results indicate that Bi,LaO,Cl and Bi;O,Cl cannot be
regarded as compounds with excellent electronic transport
properties.

The total thermal conductivity is obtained by summing the
electronic thermal conductivity and the lattice thermal
conductivity. The Wiedemann-Franz law links the conductivity
to the electronic thermal conductivity

Planck's constant, thus the Seebeck coefficient is inversely ke =LoT (6)
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Fig. 4 Calculated p-type electronic transport properties as a function of temperature for (a) Bi,YO4CL, (b) Bi,LaO4Cl and (c) BizO4Cl with four

different carrier concentrations.
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where L is the Lorentz number. As the carrier concentration
varies, the trend of the electronic thermal conductivity is similar
to that of the conductivity. The lattice thermal conductivities of
Bi,MO,Cl (M = Y, La, and Bi) (Fig. 5) show that the low-
symmetry Bi,LaO,Cl and Biz;O,Cl have ultra-low lattice
thermal conductivities, which is favourable for achieving high
ZT values. At 1000 K, the average lattice thermal conductivities
of Bi,YO,CI, Bi,La0O,Cl and Bi;O,Cl are 2.39, 0.23 and 0.21 W
m ™" K ' (Table 3), respectively. Compared to several p-type TE
materials with low calculated lattice thermal conductivity (Bi-
CuOSe (0.36 W m ' K1), SnSe (0.47 W m™* K™ %), Ca,Sb,0
(0.60 W m™ K1), Ca,Bi,0 (0.33 W m ' K1), Bi,0,Se (0.87 W
m ' K1), La,Bi,Cu,06Se4 (0.78 Wm ™' K1), CagNFSn, (0.88 W
m~' K™'), SrgNFSn, (0.25 W m~ " K ), Sb,Si,Teg (0.35 W m™"
K™ ') and Sc,Si,Teq (0.97 W m™* K™ ')), Bi,La0,Cl and Bi;0,Cl
have even lower average lattice thermal conductivities.?-+3%5657
It is worth noting that in the system we studied, the lowest
lattice thermal conductivity is always observed in the direction
perpendicular to the layers (the ¢ direction for Bi,YO,Cl and the
a direction for Bi,LaO,Cl and Bi3;O0,Cl) compared to other
directions. We will present the reasons for this in the next
section. When calculating the lattice thermal conductivity
under SM-RTA, only the three-phonon scattering mechanism is
considered, while other scattering processes such as higher-
order phonon scattering and phonon-defect scattering are
ignored. Additionally, SM-RTA fails to account for the collective
phonon excitation effects included in the full solution of the
linearised BTE, leading to an underestimation of the lattice
thermal conductivity.*®*® However, the neglect of collective
phonon excitation partially compensates for the omission of
other scattering mechanisms, resulting in computational

results that generally agree well with experimental
values.25:26:32:60
Finally, ZT was calculated using ThermoParser*™ in

conjunction with the calculated lattice thermal conductivity and
electronic transport properties (Fig. 6(a—c) and Table 3). Due to
the large average lattice thermal conductivity, the maximum
average ZT of Bi,YO,CI is only 0.69, but the out-of-plane ZT
(1.78) is very high. The maximum average ZT values of Bi,-
La0,Cl and Bi;0,Cl are 1.74 and 2.20, respectively, indicating
good TE conversion ability, and the out-of-plane ZT of Bi,-
LaO,Cl is over 4. Furthermore, we compared the average
maximum ZT values of Bi,MO,Cl (M =Y, La, and Bi) at 1000 K
with those of layered mixed-anion oxides, telluride semi-
conductors and their chalcogenide analogues, as well as envi-
ronmentally friendly oxides, silicides, and sulfides (Fig. 6(d) and
(e)). Currently, research on layered mixed-anion oxide TE
materials remains limited; hence, the reported high ZT values
(Ca;Bi,O (2.14), Bi,SO, (2.53), Bi,SeO, (2.62), and La,Bi,Cu,-
O4Sey (2.3))**** are all derived from computational studies.
The optimal ZT of Bi;O,Cl is comparable to those of these high-
performance materials. Compared with the ZT values of tellu-
ride semiconductors and their chalcogenide analogues, the
optimal ZT of BizO,Cl is lower than that of polycrystalline SnSe
(3.1) with tin oxide removed,'® but it is similar to the ZT values of
other telluride semiconductor materials and their chalcogenide
analogues,®***% and significantly superior to those of

This journal is © The Royal Society of Chemistry 2025
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Table 3 Predicted p-type maximum ZT values at 1000 K for Bi,MO4CL (M =Y, La, and Bi) with the corresponding carrier concentration (n), lattice
thermal conductivity (k), power factor (PF) and electronic thermal conductivity (k)

Compound Direction n(em™) max ZT K (Wm K PF (W m ' K ?) ke Wm 'K
Bi,YO,Cl a, b 4.64 x 10*° 0.60 3.30 2840 1.40

c 2.15 x 10%° 1.78 0.46 1300 0.27

Average 3.16 x 10*° 0.69 2.35 2110 0.71
Bi,La0,Cl a 3.16 x 10*° 4.13 0.077 586 0.065

b 6.81 x 10*° 0.97 0.20 320 0.13

c 6.81 x 10%° 1.47 0.40 1160 0.39

Average 4.64 x 10*° 1.74 0.23 642 0.14
Bi;0,Cl a 4.64 x 10*° 2.52 0.11 555 0.11

b 6.81 x 10%° 1.97 0.20 730 0.17

c 4.64 x 10*° 2.20 0.33 1190 0.21

Average 4.64 x 10*° 2.20 0.21 770 0.14
environmentally friendly oxides, silicides, and concentrations (>10*° em™®). As a result, a comprehensive

sulfides.>'**7101112 Moreover, Bi,MO,Cl (M = Y, La, and Bi)
contain no highly toxic elements. Oxygen and chlorine are
earth-abundant, while yttrium and lanthanum are relatively
resource-rich. Bismuth offers a stable supply and moderate
cost. Therefore, this system demonstrates environmental
friendliness and resource sustainability. The TE performance of
Bi,La0,Cl is also at a high level in environmentally friendly
materials. It should be noted that the optimal ZT values of
Bi,MO,Cl (M = Y, La, and Bi) depend on high -carrier

understanding of defect/doping chemistry and a rational design
of doping strategies are essential to obtain the predicted TE
performance in practice.'*® Although it is known from Fig. 4 and
Table 3 that Bi,LaO,Cl and Bi;O,Cl are not materials with
excellent electronic transport properties, their ultra-low lattice
thermal conductivities result in high average ZT values. There-
fore, the origin of the low lattice thermal conductivity of Bi,-
MO,Cl (M =Y, La, and Bi) will be discussed in the next section.
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Origin of low lattice thermal conductivity

The lattice thermal conductivity of a system is primarily deter-
mined by phonon group velocity and phonon lifetime, accord-
ing to eqn (3). The heat capacity is generally not considered
a major factor influencing the lattice thermal conductivity,
since it is only weakly dependent on the phonon frequency.
The phonon group velocity of Bi,MO,Cl (M =Y, La, and Bi) is
in the range of 1 x 107" to 5 x 10> m s~ (Fig. 7(a)-(c)), with
average values of 680 m s ', 319 m s ', and 367 m s *,
respectively. The phonon group velocity is related to atomic
mass and bond strength. Heavy elements and weak bonds
contribute to the softness of phonon modes, thereby reducing
phonon group velocities. Since the three compounds contain
heavy elements such as Y, La, and Bi, their phonon group
velocities are generally lower. In addition, we calculated the
average negative Integrated Crystal Orbital Hamiltonian Pop-
ulation (-ICOHP) for each chemical bond in Bi,MO,Cl (M =,
La, and Bi) using Lobster,"*® as shown in Table 4. The COHP
describes the contribution of a particular bond to the stability of
the whole system, while the ICOHP represents the result of
integrating the COHP over a range of energies and is commonly
used to quantify the strength of interatomic bonds. We find that
the Bi-Cl bond in Bi,MO,Cl (M =Y, La, and Bi) is characterised
by weak ionic character, with a significantly lower average -
ICOHP than those of the strongly covalent Bi-O and La-O
bonds. The weak Bi-Cl bond slows down the group velocity of
phonons. The -ICOHP results also explain the anomaly that we

View Article Online
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Table 4 Average —ICOHP per bond for Bi,MO4Cl (M =, La, and Bi)

Compound M-O (eV) Bi-O (eV) Bi-Cl (eV)
Bi,YO,Cl 2.47 3.01 0.425
Bi,La0,Cl 2.66 3.44 0.385
Bi;0,4Cl 2.86 4.36 0.361

observe in the phonon dispersions (Fig. 3(a) and (b)): the atomic
masses of Y and La are heavier than that of Cl, but the vibra-
tional contribution of Cl atoms is more significant in the lower
frequency range (3-4 THz). This is because despite the heavier
atomic masses of Y and La, the weak bonding strength of the
Bi-Cl bond reduces the vibrational frequency of Cl atoms,
making the low-frequency phonons produced by their vibra-
tions lower in energy.

However, the average group velocities of Bi,LaO,Cl and
Bi;0,Cl are nearly half of that of Bi,YO,CI. This difference partly
arises from the lower average atomic mass of Bi,YO,Cl. Addi-
tionally, the significant difference in average group velocity is
also related to symmetry breaking. The high symmetry of Bi,-
YO,Cl (Fig. 1(a) and (e)) results in low-frequency acoustic modes
exhibiting dispersion relations closely approaching those of
ideal elastic waves in the long-wavelength limit (Fig. 3(a)), thus
yielding larger slopes, i.e., higher phonon group velocities. In
contrast, the acoustic modes of the low-symmetry Bi,LaO,Cl
and Bi;0,Cl exhibit more pronounced bending in the long-
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Fig. 7 (a)—(c) Phonon group velocities and (d)—-(f) phonon lifetimes (the latter calculated at 1000 K) for Bi,YO4CL, Bi,LaO4Cl and BizO4Cl. The

lattice thermal conductivity at 1000 K is projected on the colour axis, with yellow denoting low lattice thermal conductivity and deep blue

denoting high lattice thermal conductivity.
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wavelength limit (Fig. 3(b) and (c)), leading to significantly
reduced average group velocities.

The phonon lifetime is affected by the number of phonon
scattering channels and the intensity of phonon scattering. The
Griineisen parameter is often used to assess the phonon
anharmonicity of a material. The larger the value, the stronger
the phonon anharmonicity, which also implies more intense
phonon-phonon scattering.>»*** The Griineisen parameters for
Bi,YO,CIl, Bi,La0O,Cl, and Biz;O,Cl are 2.03, 1.77, and 1.46,
respectively, and these values are higher than or close to the
Griineisen parameter of the low-thermal-conductivity material
BiCuOSe (1.5).2° The equation for calculating the Griineisen
parameter is provided in Section 10 of the SI. Since a high
Griineisen parameter is one of the most important reasons for
the low thermal conductivity of BiCuOSe, the effect of scattering
intensity on the phonon lifetime of Bi,MO,Cl (M =Y, La, and
Bi) cannot be neglected. It is worth noting that weak bonding
usually leads to strong phonon anharmonicity.>»** Hence, based
on the average -ICOHP data (Table 4), the weak Bi-Cl bonds
make a significant contribution to the high Griineisen param-
eters of Bi,MO,Cl (M =Y, La, and Bi). On the other hand, the
heavy elements and weak bonding affect not only the phonon
group velocity, but they make a part of the optical modes located
in the low-frequency region of the phonon dispersion, providing
more channels for phonon scattering, and that is why there is
a substantial reduction of the phonon lifetime in the low-
frequency region (Fig. 7(d)-(f)). Furthermore, the large differ-
ences in bond strength (Table 4) fully explain the presence of an
extremely strong bonding heterogeneity in Bi,MO,Cl (M =Y,
La, and Bi). The weak Bi-Cl bond lowers the vibrational
frequency of the Cl atoms, enabling the associated optical
modes to emerge in the low-frequency part of the phonon
dispersion. This is a key advantage of mixed-anion compounds,
as it enables the modulation of the vibrational modes of light
elements to reduce lattice thermal conductivity.** Therefore,
bonding heterogeneity influences the phonon lifetime in terms
of both phonon scattering intensity and the number of phonon
scattering channels.

Comparing the three compounds, Bi,YO,Cl exhibits
substantially longer phonon lifetimes in the low-frequency
range compared to the other two compounds (Fig. 7(d)-(f)).
This difference is closely associated with symmetry breaking:
the lower symmetry of Bi,La0O,Cl and Bi;0,Cl leads to the lifting
of degeneracy and phonon branch splitting, thereby increasing
the number of available phonon scattering channels. The
phonon scattering phase space can be regarded as the weighted
density of scattering channels, serving as a measure of available
scattering channels under energy and momentum conserva-
tion. Bi,YO,Cl exhibits a smaller three-phonon scattering phase
space throughout the entire frequency range (Fig. S13).
Together with the previous analysis on phonon group velocities,
this explains why the lattice thermal conductivity of Bi,YO,Cl is
significantly higher than that of Bi,LaO,Cl and Bi;O,Cl.
Furthermore, as shown in Fig. 7, Bi,YO,Cl has more phonon
modes that contribute significantly to lattice thermal conduc-
tivity compared to Bi,La0O,Cl and BizO,Cl, both in terms of
phonon group velocities and phonon lifetimes.
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Moreover, the compounds we studied always exhibit the
lowest lattice thermal conductivity in the direction perpendic-
ular to the layers (the ¢ direction for Bi,YO,Cl and the a direc-
tion for Bi,LaO,Cl and Bi3;0,Cl) compared with other
directions, which is mainly attributed to the weak ionic
bonding. Since this comparison focuses on the lattice thermal
conductivity of the same material along different orientations,
the effect of atomic mass can be neglected. The structures of
Bi,MO,Cl (M =Y, La, and Bi) consist of alternating stacks of C1~
and [Bi,MO,]" layers. The [Bi,MO,]" layers are dominated by
covalent bonding with strong interatomic interactions, which
facilitates efficient phonon transport within the layers.
However, in the out-of-plane direction, heat must be transferred
through the CI~ and [Bi,MO,4]" layers in an environment of
alternating covalent and ionic bonding. The weak ionic bonding
hinders phonon heat transport across the layers, which leads to
a lower out-of-plane lattice thermal conductivity of Bi,MO,Cl (M
=Y, La, and Bi) than the in-plane value, while also causing the
out-of-plane ZT of Bi,La0,Cl to exceed 4.

Conclusions

In conclusion, we predicted the high ZT values of Bi,MO,Cl (M
=Y, La, and Bi) without highly toxic elements. We found
a maximum average ZT of 2.20 for Biz;O,Cl and above 4 for
Bi,LaO,Cl along the out-of-plane direction. Although the
maximum average ZT of Bi,YO,Cl is relatively low, it still has
a high out-of-plane ZT (1.78). The calculated results indicate
that Bi,MO,Cl (M = Y, La, and Bi) are not materials with
excellent electronic transport properties, which means that
these high ZT values are mainly due to the ultra-low lattice
thermal conductivity. It is shown that heavy elements, weak
ionic bonding, and low structural symmetry result in low
phonon group velocity and enhance phonon scattering, while
high Griineisen parameters imply strong phonon anharmo-
nicity, which collectively determine the ultra-low lattice thermal
conductivity. In addition, the weak ionic bonding hinders out-
of-plane heat transport, making the out-of-plane lattice
thermal conductivity of Bi,MO,Cl (M =Y, La, and Bi) lower than
that in the in-plane direction. It should be emphasised that
yielding the predicted maximum ZT values requires relatively
high carrier concentrations (n > 10*° ¢cm?). Therefore, the
actual doping level must be sufficient to sustain such high
carrier concentrations in order to realise the optimal perfor-
mance. Our research reveals new environmentally friendly TE
material candidates in layered mixed-anion oxides, and also
displays the great potential of the layered mixed-anion strategy
in developing high-performance TE materials.
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