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Understanding the structure—property relationships of materials in order to supress thermal conductivity is
crucial for developing efficient thermoelectric generators and thermal barrier coatings. Low thermal
conductivity materials can often contain a single dominant phonon scattering mechanism. Here, we
highlight how combining different structural features into one material can aid in the design and
identification of new materials with low thermal conductivities. We synthesise two new mixed-anion
materials, BigCsOgSeX; (X = Cl and Br), with low thermal conductivities of 0.27(2) and 0.22(2) W m™* K™*
respectively, measured along their c-axes at room temperature. The BigCsOgSeX; materials possess
a combination of bond strength hierarchies, Cs* vacancies, and low frequency Cs* rattling. These

different features significantly inhibit phonon transport along different crystallographic directions. Due to
Received 17th March 2023 harp bond strength contrast between the van der Waal d [Bi,0,12* layers, the BigCsOgSexX
Accepted 30th June 2023 sharp bond strength contrast between the van der Waals gaps an .02 ayers, the BigCsOgSeX;
materials exhibit thermal conductivities <50% of the theoretical minimum when measured along the

DOI: 10.1039/d3ta01630g stacking direction. Conversely, the thermal conductivity associated with the ab-plane is reduced by Cs*
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1. Introduction

Materials that possess low thermal conductivities are of note as
they are important for many applications including thermal
barrier coatings and as thermoelectric generators and
coolers."” These materials are also of interest in probing the
fundamental lower limitations of thermal conductivity in the
solid state.*” Mechanisms to scatter phonons and reduce
thermal conductivity can be introduced at a range of length
scales including alloying, nanostructuring, and at grain
boundaries.*** However, these strategies often have the adverse
effect of simultaneously reducing the electrical mobilities of
such materials.™ As such, it is desirable to synthesise materials
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1 Electronic supplementary information (ESI) available: Rietveld fits of neutron
diffraction patterns for BigCsOgSeX,, PXRD patterns of the additional materials
discussed and their extracted lattice parameters, results of thermal and water
stability experiments, plots from the DC polarisation measurements at
different voltages, and detailed descriptions of the heat capacity and thermal
conductivity models can be found in the ESI. The crystal structures of
BigCsOgSeCl; and  BigCsOgSeBr; are described in the respective
crystallographic information files deposited with CSD accession codes
2246936-2246945. The underlying data generated in this study can be
found at https://doi.org/10.17638/datacat.liverpool.ac.uk/2156. DOI:
https://doi.org/10.1039/d3ta01630g
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rattling when compared to the structurally and compositionally related BiOCL.

with low thermal conductivities that are intrinsic to the phonon
band structure.”

Understanding the mechanisms that determine thermal
transport in these materials allows us to design and identify
new materials with intrinsically low thermal conductivities
based on their structure.’>'* These materials often have struc-
tural features in common such as bond strength contrast, heavy
elements, rattling ions, “liquid-like” movement of ions, and s>
lone pairs.

Combining these strategies to minimise thermal conduc-
tivity can be achieved by introducing different structural motifs
through the discovery of new materials. For example, Bi;O,-
SeCl, is a superlattice of BiOCl and Bi,0,Se, and exhibits
thermal transport properties similar to BiOCI along its c-axis,
and to Bi,O,Se along its ab-plane.* The resulting material has
an extremely low and highly anisotropic thermal conductivity,
highlighting the effectiveness of combining different structural
motifs into one material. Mixed anion materials such as Bi,O,Se
and BIiOCl often display a range of interesting properties
including high catalytic activities, high anionic conductivities,
and also low thermal conductivities.”?*** This is due to the
structural and compositional diversity provided by the use of
multiple anions, and the resulting tunability of the materials’
properties.>*

Despite a range of structural features that can reduce the
thermal conductivity of a material, it cannot be arbitrarily low.
The amorphous limit describes the minimum thermal
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conductivity (kmin) Oof a crystalline material based on two
assumptions: (1) the phonon velocities in a material are equal to
the Debye velocities, and (2) there is negligible difference
between the acoustic and optical phonon velocities.”

BiOCl, Bi,0,Se, and Bi,0,SeCl, are mixed-anion materials
with related structures, compositions, and low thermal
conductivities.* Here, we introduce two new mixed-anion
materials into this family, BisCsOgSeX; (X = Cl and Br), and
find that they have low thermal conductivities of 0.27(2) and
0.22(2) W m ' K respectively at room temperature along their
stacking (c) axes. These are lower than the theoretical minimum
due to a breakdown of the underlying assumptions used to
calculate the amorphous limit. Herein, we show that the low
thermal conductivities originate from a combination of
different structural features including sharp bond strength
contrast, Cs" vacancies, and low frequency Cs' rattling that
interfere with phonon transport.

2. Methods

2.1. Synthesis

Powders of Bi,O3 (99.999%), BiOCI (99.999%), CsCl (99.999%),
BiBr; (99.999%), and CsBr (99.999%), as well as Bi,Se; pieces
(99.999%) were purchased from Alfa Aesar. The Bi,Se; pieces
were hand ground into a powder using a pestle and mortar
before use.

BigCsOgSeCl, was identified as a target material through
simultaneous Bi*'-for-Pb>* and Se® -for-Cl~ substitutions in
Pby 6Bi3.4CS0.604Cl;.>® Bulk samples of BigCsOgSeCl;, were
synthesized by hand grinding powders of BiOCl, Bi,O3, Bi,Ses,
and CsCl in stoichiometric amounts in an agate pestle and
mortar. The resulting mixture was sealed in a 6 mm radius
quartz ampule that was evacuated to 10~* mbar and fired at
700 °C for 12 h using heating and cooling rates of 5 °C min .
BigCsOgSeBr, was synthesised by grinding BiBr3, Bi,Os, Bi,Se;,
and CsBr in stoichiometric amounts in an Ar-filled glovebox (O,
< 0.5 ppm, H,0 < 0.5 ppm), and firing them in an evacuated
quartz ampule using the same conditions as used to make the
chloride. A total of 3 g of each material was synthesised for
physical property measurements, and a further 5 g was syn-
thesised for neutron diffraction measurements. We were unable
to synthesise the iodide as a pure phase under similar
conditions.

2.2. Processing

Pure powders of each material (~1.0 g) were pressed into dense
pellets (=95% theoretical density) by spark plasma sintering
using a commercial Thermal Technology LLC DCS10 furnace.
The pressure and temperature were set to 800 MPa and 400 °C,
and was dwelled for 5 min in a 10~ mbar vacuum. The heating
and pressure ramp rates were set to 50 °C min~ " and 100
MPa min ", respectively. The pellets were pressed in a 10 mm
diameter Co-bonded tungsten carbide die that was lined with
graphite foil. After pressing, pellets were removed from the die
and any excess graphite foil was polished from the surface of the
pellet using SiC paper.
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2.3. Neutron powder diffraction

Time-of-flight (TOF) neutron powder diffraction data were
collected with a d-spacing range of ~0.2-6 A on samples con-
tained in vanadium cans using the Nanoscale-Ordered Mate-
rials Diffractometer (NOMAD, beamline 1B) at the Spallation
Neutron Source (SNS), Oak Ridge National Laboratory. Rietveld
refinements of the neutron diffraction data were modelled
using TOPAS Academic V5.® The TOF x-axis was calibrated
using a high purity silicon standard, and the lattice parameters
of each material were refined using the highest resolution data
set (Bank 5), and then fixed. Across banks 1-5, the background
was refined using a Chebyshev function with eight terms and
a March-Dollase parameter was added to account for the
preferred packing orientation of the powder within the vana-
dium cans.

The structures of BigCsOgSeX; (X = Cl and Br) were deter-
mined using the structure of Bi; 4Pbg ¢Cs604Cl, as a starting
model and refining the atomic positions, displacement
parameters, and occupancies of the appropriate sites against
neutron diffraction data from banks 1-5 of NOMAD
simultaneously.*®

2.4. Variable temperature powder X-ray diffraction

Synchrotron variable temperature powder X-ray diffraction (VT-
PXRD) data were collected at Diamond Light Source at beamline
111 using a wavelength of A = 0.825379 A. Data were collected at
angles of 2°-75° 26 using a position sensitive detector from 100~
500 K, in 50 K steps. The sample was diluted with amorphous
SiO, and loaded into a 0.3 mm diameter borosilicate glass
capillary.

The structure of BigCsOgSeCl, that was obtained from the
neutron powder diffraction measurements was used as the
starting model for the refinements of the VI-PXRD data. Only
the background, lattice parameters, atomic positions, and
atomic displacement parameters were refined against the data
at each temperature. The background was modelled using
a Chebyshev polynomial function with twelve parameters. A
small, broad background peak at ~12° 26 originates from the
amorphous SiO, used to dilute the sample and was fit using
a single broad pseudo-Voigt peak that was summed with the
background function.

The Einstein and Debye temperatures associated with
a particular site can be extracted using the gradient of Ujg(T)
using eqn (1) and (2), respectively.?”

Usso = B2 TI(mkgf*41?) (1)
Usso = 302 Tl(mkplp47c?) (2)

Here, 7 is the Planck constant, T is the temperature, m is the
mass of the associated atom, kz is Boltzmann constant. f and
fp are the Einstein and Debye temperatures, respectively.

2.5. Heat capacity and thermal conductivity

Heat capacities were measured in the temperature range of 2—
300 K on a small piece of a densified pellet (<15 mg) using the

This journal is © The Royal Society of Chemistry 2023
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heat capacity option on the Quantum Design Physical Proper-
ties Measurement System (PPMS) using the relaxation method.
The piece was mounted to the sample puck using N-grease, and
the contribution from the puck and grease was measured and
subtracted from the final result to obtain the heat capacity of
the material.

The thermal conductivities of BigCsOgSeX; (X = Cl and Br)
pellets were measured both parallel and perpendicular to the
pressing direction using a Quantum Design Physical Properties
Measurement System using the thermal transport option in the
temperature range of 2-300 K. Parallel measurements were
made using a two-contact method, while perpendicular
measurements were made using a four-contact method on a bar
cut out of the pellet using a low-speed saw and diamond cutting
blade.

Above room temperature, the thermal conductivities were
measured by the laser flash method using a Netzsch LFA 457.
Measurements were made under dynamic vacuum with a heat-
ing rate of 3 K min~" with 5 min equilibration at each
temperature. Thermal diffusivities were obtained by fitting the
Cowan model to raw data. The thermal conductivities were then
obtained by multiplying the thermal diffusivity, sample density,
and heat capacity (assumed to be 3R at high temperatures).

Heat capacity data were modelled using a linear combina-
tion of Debye and Einstein terms, and the in-plane thermal
conductivities were modelled using the Debye-Callaway model.
Full details of modelling the heat capacity and thermal
conductivity are given in the ESI,} along with the extracted
parameters.

2.6. Alternating current (AC) impedance spectroscopy and
direct current (DC) polarization

A dense pellet of BigCsOgSeCl; was transferred to an Ar glovebox
and sputtered with a 300 nm thickness Au coating using
a Quorum Q150R sputter coater. Any gold that had sputtered
onto the side of the pellets was removed by light polishing with
SiC paper. AC impedance measurements were performed in the
same glovebox at room temperature using a Keysight E4990A
impedance analyser over a frequency range of 2 MHz to 20 Hz
(with an amplitude of 100 mV). The same pellet was used for
room temperature DC potentiation polarization measurements
by applying constant potentials of 0.05, 0.1, 0.3, and 0.5 V for
7000 s and monitoring the current variation with time.

3. Results and discussion

3.1. Structure and composition

Rietveld fits against NOMAD neutron powder diffraction data
(Fig. 1a and b, S1 and S21) show that both BizgCsOgSeCl, and
BigCsOgSeBr; have the same structures as the reported material
Pby ¢Biz 4Cs.604Cl;.>* No impurities were observed in either
sample. Rietveld refinements of both materials were performed
using TOPAS academic V5 and the refined parameters are given
in Tables S1-3.1

BigCsOgSeCl; has a van der Waals layered structure consist-
ing of two [Bi,0,]*" fluorite layers that are bridged by a cubic

This journal is © The Royal Society of Chemistry 2023
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[Cso.5Cl,]"* layer, and are each capped by terminal [CI]~ layer
(Fig. 1c). The Cs" in the [Cs, 5Cl,]"~ layer occupies the centre of
a cubic arrangement of C1™ ions, similar to that of CsCI but with
a half-occupied Cs' site. The selenide anions preferentially
occupy the terminal [CI]” sites over the sites adjacent to Cs”, as
the Cl~ content refines to 1.000(16) in the [Cso 5Cl,]"*" layers,
and the anions are fully ordered on this site for BigCsOgSeCls,
the occupancy of the Cl™ was fixed to 1.0 for the remainder of
the refinement. This reflects the stronger bond and more ionic
character of Cs-Cl compared to Bi-Se.”® In contrast, there is
slight anion mixing on this site in BigCsOgSeBr, as the Br~
occupancy refines to 0.980(6), which is likely due to the more
similar ionic radii and electronegativities of the Se>~ and Br™.

The structure of BigCsOgSeCl; can also be thought of as Cs*
occupying alternate van der Waals (vdW) layers of BiOCl which
are then stabilized by substitutions of Cl~ for Se*” to balance
the charge. The presence of Cs' alters the layer stacking of
BiOCI. Rather than the layers being staggered, they are offset by
half a unit cell along the ab-axes to form the cubic environment
that the Cs" can occupy. However, we note that the Cs® site
occupancy cannot be varied by adjusting the C1™ : Se®™ ratio, i.e.
BigCs,OgSe,Clg_y, due to the formation of impurity peaks in the
PXRD pattern when x # 1 (Fig. S31). Due to the structural and
compositional similarities of BigCsOgSeCl;, to BiOCl, the prop-
erties of the two are compared and contrasted throughout the
remainder of this paper.

The compositions of the BigCsOgSeX, samples discussed
above were confirmed by TEM-EDX. The measured composi-
tions of each material were determined to be Big o;3)CSo.7(3)
Seo.06(6)Cle.os) and  Big o2)CSo.9(3)S€0.97(4)BI7.6(4), T€Spectively.
Oxygen was excluded due to the low accuracy of EDX for
measurement of light elements. The measured Bi-Cs-Se-X
quaternary plots are given in Fig. S41 and, for both samples, the
measured elemental ratios are in good agreement with the
refined occupancies from neutron diffraction data and show
tight clustering around their nominal compositions.

Homologous analogues of PbgeBiz 4Cs0604Cly (the
compound that shares its structure with BigCsOgSeX;) have
been reported, for example, Pb; 5Bi, 5Cs.50,Cl; and Pbg ¢Bi; 4-
Csy.60,Cl,.>* However, the respective selenide-containing series,
BigCsOgSe;Cl; and Bi,CsO,SeCl;, could not be made via sub-
solidus routes. The conditions tried are given in the ESL{ and
resulting XRD analyses are shown in Fig. S5.F

Both BigCsOgSeCl, and BigCsOgSeBr, are air-stable, and
stable up to 700 K under flowing N, as measured by TGA
(Fig. S61). Above 700 K the material volatilises resulting in
a small amount of a poorly crystalline powder. Both materials
are insoluble in water and their structures are retained after
sonication in water for 24 h, although slight increases in the c-
axes of both materials are observed (Table S4t). This increase
likely results from the intercalation of water into the van der
Waals gaps.

3.2. Thermal properties

Considering the low thermal conductivities of BiOCl, Bi,O,Se
and Bi,0,SeCl,, the thermal properties of BizgCsOgSeX; (X = Cl

J. Mater. Chem. A, 2023, 11, 15739-15748 | 15741
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Fig.1 Rietveld refinement against neutron diffraction data for (a) BigCsOgSeCl; and (b) BigCsOgSeBr; from NOMAD Bank 5. The insets show the
fits of the data at high Q (12-15 A7) the black, red, and blue curves represent the observed, calculated, and difference patterns respectively, while
the black tick marks show the allowed hk! reflections. The structure of BigCsOgSeCly is displayed in (c) where purple, blue, red, orange and green

spheres represent Bi**, Cs*, 0?7, Se?~, and Cl™ respectively.

and Br) were measured, and are shown in Fig. 2a—f. Measure-
ments were performed on dense pellets with significant
texturing, with the 00/ planes being parallel to the pellet face
(Fig. S771). This texturing of the prepared pellets enables
extraction of the thermal conductivities along the c-axis and
within the ab-plane by measuring parallel (||) and perpendicular
(L) to the pressing direction, respectively. TEM-EDX measure-
ments where made on ground pellets after pressing to confirm
that the spark plasma sintering did not result in the volatilisa-
tion of any part of the products (Table S57).

The thermal conductivities of both the BigCsOgSeCl, and
BigCsOgSeBr; pellets exhibit a glass-like temperature depen-
dence that plateaus at 0.27(2) and 0.22(2) W m ™' K, respec-
tively, when measured parallel to the pressing direction. This
linear trend continues up to 600 K when measured by laser flash
analysis (Fig. S87).

The minimum thermal conductivities of both materials were
then calculated using the average phonon velocities, which were
in turn calculated using the Debye temperatures obtained by
fitting the heat capacity data (Fig. 2c—f). This gives a ki, of
0.62 W m~* K ! for BigCsOgSeCl,, and 0.54 W m™* K™* for
BigCsOgSeBr; at 300 K. This is particularly unusual as the
theoretical minimum is larger than the measured thermal

15742 | J. Mater. Chem. A, 2023, 11, 15739-15748

conductivity of each material along the c-axis (i.e. parallel to the
pressing direction). This occurs in BigCsOgSeX, because, when
measured parallel to the pressing direction, there is consider-
able bond strength contrast between the vdW gaps and [Bi,0,]*"
layers. This causes a breakdown in the assumptions made in the
Debye-Callaway model. Firstly, this implies that there is
areduction in the acoustic phonon velocity relative to the Debye
velocity. Secondly, that there is a large difference between the
acoustic and optical phonon velocities where the acoustic
phonon cut-off frequency (w.) is lower than the Debye frequency
(wp). The violation of these assumptions that are used to
calculate k.,;, were also observed in BiOCl when measured
along the c-axis.™

The thermal transport properties of both BigCsOgSeCl; and
BigCsOgSeBr; show significant anisotropy, and the thermal
conductivities are larger when measured perpendicular to the
pressing direction corresponding to the ab plane of the struc-
tures (Fig. 2a and b). Both materials retain the glass-like
temperature dependence observed in the out-of-plane data
with no low-temperature peak. The thermal conductivity of
BigCsOgSeCl; plateaus at 0.83(7) W m~ ' K™ ' at 160 K, whereas
BigCsOgSeBr, plateaus at 0.54(5) W m~' K ' at the same
temperature. The lack of a crystalline peak in the thermal

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The thermal conductivities of (a) BigCsOgSeCl; and (b) Big-
CsOgSeBr; when measured parallel (||) and perpendicular (L) to the
pressing direction. The thermal conductivity models, kmin,ct. aNd Kmin,sr
were calculated using the Debye and Einstein temperatures obtained
by the fitting of the C,(T) and C,/T*(T) data shown in (c and d) Big-
CsOgSeCl; and (e and f) BigCsOgSeBr;. The figure legend in (e)
represents the fits across all four heat capacity plots, and the vertical
markers in each plot indicates the determined uncertainties for each
measurement.

conductivities suggests that there is significant phonon scat-
tering in the BigCsOgSeX; materials in the low temperature
region that supresses the peak in k typically associated with
crystalline materials.?® This typically arises when phonon mean
free paths are reduced by scattering mechanisms to distances
that are comparable to interatomic distances. The in-plane
thermal conductivity of each material can be modelled as they
are above k,i,. These models are discussed in detail in Section
3.4 and the ESL¥

The uncertainties in these measurements were determined
by the PPMS MultiVu software using a combination of the
uncertainty associated with the fits of the thermal relaxation
profile, and with the uncertainty associated with the corrections
applied for radiative heat loss.** For both materials, there is
a somewhat large uncertainty in the perpendicular thermal
conductivities due to the larger surface-area to volume ratio in
four probe measurement geometry which results in greater

This journal is © The Royal Society of Chemistry 2023
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radiative heat loss corrections. Despite this, the relative uncer-
tainties observed here are consistent with the relative uncer-
tainties in other materials in the literature when measured by
the same method, and it is clear that both materials retain the
glass-like temperature dependence observed in the parallel
measurements with no low-temperature peak.*

The heat capacities of BigCsOgSeX, were measured and
modelled (Fig. 2c-f) using a linear combination of Debye and
Einstein terms (see ESI, Table S6f). For both materials, to
accurately model the heat capacities at high temperatures
(Fig. 2c and d) two Debye temperatures (fp) are required:
180(10) K and 555(10) K for BigCsOgSeCl,, and 360(10) K and
510(10) K for BigCsOgSeBr,. However, it should be noted that
good fits could be obtained with Debye temperatures £10 K of
these values by adjusting the pre-factors of each.

At low temperatures in the C,/T°(T) plots (Fig. 2e and f), both
materials show an asymmetric peak in the measured data which
requires three Einstein temperatures (fg) to be modelled. For
BigCsOgSeCl; these are 59, 29, and 12 K, while for BigCsOgSeBr-,
these are 52, 25, and 12 K. Both materials also require a linear
(y) term of 0.33 and 0.53 mJ mol " K2, respectively, to fit the
data below 5 K. The y terms required for BigCsOgSeCl,; and
BigCsOgSeBr; are of similar magnitude to the y term required to
model the heat capacity of BiOCI, which is 0.39 mJ mol " K>
The heat capacities of BigCsOgSeX; cannot be accurately fit with
fewer parameters, for example, with only 1 Debye temperature
or 2 Einstein temperatures (Fig. S9t).

3.3. Cs' rattling in BigCsOgSeX,

Using BigCsOgSeCl, as a representative example, we further
investigated the origins behind the low thermal conductivities
in these materials as the Cs" exhibits some features typical of
rattlers. For example, the Cs" site is partially occupied, and has
a large associated Uiy, isotropic displacement parameter of
0.0441(17) A®> when determined by refinements against
synchrotron PXRD patterns at 300 K.** Further, BigCsOgSeCl;,
has a longer Cs-Cl bond of 3.6205(7) A compared to 3.574(3) A
in CsCl, which is indicative of weaker bonding interactions, and
the body diagonal length of the chloride cage in BigCsOgSeCl; is
3.62 A, which is greater than 3.48 A diameter of the Cs" cation
when accounting for the radii of the CI™.>*** The weaker Cs-Cl
bond in BigCsOgSeCl; is also supported by calculation of the
bond valence sum of Cs', as it was determined to have a charge
of 0.85+, smaller than the expected 1+ charge.**** Additionally,
the very low Einstein temperatures required to fit the plot of Cp/
T%(T) indicates the presence of a low frequency oscillator,
possibly an ion with a large mass such as Cs".>

All of these features are indicative of a loosely bound atom
that can disrupt the vibrational modes of its oversized cage.*”*°
To investigate the Cs' rattling hypothesis, we refine the Uiy, of
each site between 100 K and 500 K (Fig. 3, Table S77) from
synchrotron VI-PXRD data.

All Ujs, values increase linearly with temperature, however
the Ujeo(T) of Cs* exhibits a much steeper gradient compared to
the other elements. This shows a much greater displacement of
the Cs* ions relative to the others, and is characteristic of
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Fig. 3 The refined isotropic displacement parameters (U;so) of each
site in BigCsOgSeCl; as a function of temperature extracted from
synchrotron VT-PXRD data. The dashed line plots the Ui(T) rela-
tionship from eqn (1) for a Cs atom with an Einstein temperature of 59
K and a y-intercept of 0.011 A2. The error bars represent the standard
deviations associated with each refinement.

a rattling site or ion.” The Einstein temperature of the Cs" can
be calculated using the gradient of Ujs,(7) using eqn (1) and
gives a low f of 59(6) K. This is identical to one of the Einstein
temperatures (59(2) K) extracted via heat capacity measure-
ments, and provides strong evidence for Cs" rattling within the
structure of BigCsOgSeCly, as rattling is a localised vibrational
mode.?” The Uis,(T) relationship for a 59 K Einstein oscillator
with a mass equal to Cs is overlaid on Fig. 3 as a dashed line. To
fit the measured data, a non-zero y-intercept of 0.011 A% must be
also included. This non-zero intercept is commonly observed
for disordered rattling sites, for example in Tl, ,,C0,Sb;, and
SrgGa;cGeso.*"**

We observe that Cly ;5Seq 55 site in Fig. 3 has a slightly less
linear relationship of Uiso(7). This site is adjacent to the van der
Waals gap and it is therefore reasonable to expect that there
might be a greater uncertainty here compared to the other sites
as the weak vdW bonding can result in the layers “slipping” past
each other resulting in greater disorder and higher uncer-
tainties in the refinement.

The Debye temperatures associated with the other sites can
also be calculated using the gradient of U,(T) and eqn (2).
Using the average gradient associated with the bismuth sites,
a calculated Debye temperature of 150(23) K can be obtained
which is within error of the lower Debye temperature deter-
mined through fitting heat capacity data, 180(10) K (Fig. 2c and
e).

While it is likely due to rattling, we rule out other possible
origins of the large Cs" displacement parameters in BigCsOg-
SeCl,. For example, as mobile ions are known to reduce the
thermal conductivity of some materials, we investigate the
possibility of Cs" hopping between neighbouring sites.'” To
achieve this, the total (electronic + ionic) conductivity was

15744 | J Mater. Chem. A, 2023, 1, 15739-15748

View Article Online

Paper
2 10
. Rtotal
9 ] _Zu
8 -| —— Fit Semicircle
=1 PEtotaI
g ']
= 6
NS
4
3
2
1
0
b)
100
80
f’:c/ 60
<
o .
840— 0 LI L LI B L
20 — .. Voltage (V)
0
0 2000 4000 6000
Time (s)
Fig. 4 (a) A Nyquist plot for BigCsOgSeCl; with the fit semicircle

overlaid. The inset shows the equivalent circuit used to model the data.
(b) The DC polarisation data of BigCsOgSeCl; at 0.1 V. The inset shows
the VI curve obtained from plotting the average current and standard
deviations of each measurement at different starting voltages.

assessed by AC impedance spectroscopy, and the electronic
contribution of this conductivity was assessed by DC polar-
isation measurements (Fig. 4).

The impedance spectrum shows a single semicircle-like
relationship between the real and imaginary components with
no electrode type feature at low frequencies. The DC polar-
isation measurements show a single time-independent current
when measured at 0.05 V, 0.1V, 0.3 V and 0.5 V with no tick-like
feature at small measurement times (Fig. S10t). The lack of
electrode features in AC impedance and tick-like features in DC
polarisation indicates that there is no ionic conductivity in
BigCsOgSeCl; and that the measured conductivity is solely
electronic in nature.

This journal is © The Royal Society of Chemistry 2023
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To extract the total (electronic + ionic) conductivity, the
impedance spectrum was modelled using ZView2 with a single
equivalent circuit containing a resistor and constant phase
element (CPE) in parallel.** The contribution from the elec-
tronic conductivity was determined by plotting the measured
current from the DC polarisation measurements against the
different starting voltages. The conductivities from DC polar-
isation and AC impedance where determined to be 1.08(2) x
107 ° and 1.4(1) x 107 ® S cm ™" respectively, agreeing with each
other and indicating a negligible ionic contribution.

Finally, we rule out the possibility of the large U;,, being as
a result of split Cs" sites as the observed Fourier maps show no
evidence of the Cs" nuclear nor electron densities being elon-
gated along any crystallographic axis (Fig. S111).*>** Further,
additional Rietveld refinements of the structure with split Cs"
sites always gave negative and unphysical Ui, values for Cs’.

Following confirmation that the large Ui, parameters are
a result of Cs' rattling, we return to the thermal conductivity
models discussed earlier. Indeed, for BigCsOgSeCl,, in order to
obtain any model of the thermal conductivity with a reasonable
fit of the data, a 59 K harmonic oscillator must be included in
the phonon-lifetime function (see ESIt for details). This 59 K
term was extracted from the C,/T°(T) plots in Fig. 2¢ and e, and
is supported by the Ui,(T) relationship observed for Cs' in
Fig. 3. In the model, this corresponds to phonons with reduced
lifetimes in a frequency range surrounding wsox, the vibrational
frequency of the Cs* atom, hence a reduction in the thermal
conductivity. This is similarly true for BigCsOgSeBr5, as a 52 K
harmonic oscillator must be included in the phonon-lifetime
function in order to adequately fit the thermal conductivity.
This temperature was also extracted from the measured heat
capacity data (Fig. 2d).

3.4. Structure-property relationships in BigCsOgSeX;

In the Debye-Callaway model, the thermal conductivity of
a material is mainly dependant on 3 things: (1) the acoustic
phonon velocity, (2) the optical phonon velocity, and (3) the
degree of phonon scattering in the material. BigCsOgSeX;
combines different structural motifs to effectively minimise the
thermal conductivity. The bond strength contrast between the
vdW gaps and the [Bi,0,]*" layers in the c-direction reduces the
optical and acoustic phonon velocities, hence why « is lower
than «kp;, in that direction.* The [Bi,0,]>" layers have large
anharmonicity originating from the Bi** lone pairs leading to
increased phonon scattering and lower k. The rattling Cs*
cations result in the resonant scattering of phonons, and finally,
the Cs” vacancies contribute to point defect phonon scattering.

The Cs' vacancies play a significant role in the low thermal
conductivity of the material. In the thermal conductivity model
for BigCsOgSeCl,, the point defect scattering pre-factor (A) is
calculated to be 9.1(3) x 10~ *' s*, which is an order of magni-
tude larger than if the Cs” site is assumed to be fully occupied at
0.62(5) x 10~ *! s°. This difference would have a large effect on
the thermal conductivity model as, if the Cs' sites were fully
occupied, x would reach 1.50 W m~ ' K™ ' at room temperature
assuming all of the other scattering pre-factors are unaffected.

This journal is © The Royal Society of Chemistry 2023
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Whereas, in the model of the measured data, k reaches 0.92 W
m~' K" at room temperature. It is the large contribution from
the point defect scattering and resonant scattering processes
which dominate at lower temperatures and result in the glass-
like thermal conductivity.

There is in fact a smaller mass contrast between disordered
anions in BigCsOgSeBr; compared to BigCsOgSeCl;, however
this has negligible effect on the point defect contribution
towards the phonon lifetime as it is dominated by the contri-
butions from the Cs*/vacancy point defects, and from the slower
phonon velocities in the bromide.

The lower thermal conductivity in BigCsOgSeX, along the c-
axis compared to that along the ab-plane is consistent with the
interpretation that the bond strength contrast primarily reduces
the thermal conductivity along ¢ by reducing the phonon
velocities, whereas the scattering of phonons due to Cs” rattling
affects phonon transport in both the in-plane and c-directions.

Along the c-axis, BiOCl has a lower thermal conductivity
(0.15(5) W m~' K') than BigCsOgSeCl, (0.27(2) W m™~" K ') at
room temperature, as filling alternate vdW gaps in BiOCl with Cs*
reduces the amount of bond strength contrast in BigCsOgSeCl,.**
In comparison, along the ab-plane, the room temperature
thermal conductivity of BigCsOgSeCl, (0.9(2) Wm ™" K ) is lower
than that of BiOCI (1.2(1) W m~" K~ ").* This occurs because, as
there are no vdW gaps along the ab-plane in BigCsOgSeCl,,
phonons are predominantly scattered by the Cs' rattling which is
not present in BiOCI. This highlights the importance of under-
standing and controlling anisotropy through the combination of
unique structural motifs in order to control phonon behaviour
within such materials. The thermal conductivity observed in
BigCsOgSeX; is also shown in comparison to other low thermal
conductivity materials with similar chemistries in Fig. S12.'%'**

The main feature that reduces the thermal conductivity in
BigCsOgSeX; is the bond strength contrast between the van der
Waals gaps and the [Bi,0,]”" layers. This feature affects phonon
transport primarily along the c-direction, leading to very
anisotropic phonon propagation. As a result, the thermal
conductivity along the c-axis is greatly supressed in both
materials (to similar values) as the degree of bond strength
contrast is almost identical.

Comparatively, within the ab-plane, the bond strength contrast
in BigCsOgSeX; has very little effect on the measured thermal
conductivity. This results in greater anisotropy in the chloride
compared to the bromide as the higher mass of the Br™ anion has
a more appreciable effect on the thermal conductivity within the
ab-plane. The higher mass of the bromide also results in smaller
Debye temperatures and therefore slower phonon velocities (Table
S87).* The larger mass of Br™ also has the effect of increasing the
Umbklapp scattering pre-factor in the phonon lifetime function for
BigCsOgSeBr, as it is proportional to the average atomic mass.”
This has the effect of reducing the thermal conductivity of Bis-
CsOgSeBr; to close to that of ki, at high temperatures.

3.5. Band gaps

BigCsOgSeX; has a combination of bond strength anisotropy
from the vdW gaps, and low frequency Cs' rattling. Both of
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which contribute to reduce the thermal conductivity of the
material along different crystallographic directions. As part of
an investigation of possible applications for BigCsOgSeX;, we
measure their optical band gaps (Fig. 5). For comparison, we
also synthesised Biz 4Pb,6Cs0.604Cl, (Fig. S131) to investigate
the extent to which Bi**-for-Pb>* and Se® -for-Cl~ substitutions
can be used to control and reduce the band gap.

BigCsOgSeCl; and BigCsOgSeBr; have indirect bandgaps of
1.82(3) eV and 1.88(3) eV respectively, which are too wide for
thermoelectric applications. These large band gaps result in the
high electrical resistivity that was observed in the DC polar-
isation measurement of BigCsOgSeCl,. However, the band gaps
of BigCsOgSeX; (X = Cl, Br) are significantly reduced compared
to Biz 4Pbg ¢Cs0.604Cl; (2.97(3) eV) due to the substitution of
Se*” for Cl™. Future investigations into a homologous series
containing BigCsOgSeX, with differing X :Se®” ratios may
allow for further optimisation of the band structure and carriers
for thermoelectric applications.*®** The layered nature of the
structure also likely make the materials more amenable to
combination with other structural motifs to further tune the
electronic transport properties, such as the introduction of
[BiCuSeO] layers, similar to BigCu,Se;06.°° Additional routes to
doping the materials to increase electronic conductivity and
tune the Seebeck coefficient could involve substitution of the
Bi*" or any of the available anion sites.™

For the same reason, the BigCsOgSeX; materials also have
narrower optical band gaps compared to the structurally and
compositionally similar BiOCl. As a result, they may exhibit
potential as photocatalysts where BiOCl is currently used. This
could be of particular interest in hydrogen evolution reactions,
for example, as BigCsOgSeX; has a similar layered structure and
composition to BiOCl, but also a band gap that allows for
absorption of visible light, rather than solely in the UV region.**
Similar layered materials have also been investigated for their
high dielectric constants and dangling-bond-free surfaces for
use in nanoelectronics.”>*
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4. Conclusion

To conclude, we present two mixed-anion materials, BigCsOg-
SeX, (X = Cl and Br) that were synthesised based on Bi**-for-
Pb** and Se®> -for-Cl~ substitutions in Biz ,PbgsCSo.604Cly.
These materials contain a combination of heavy atoms, sharp
bond strength contrast, Cs" vacancies, and low frequency Cs"
rattling, all of which contribute to reduce the thermal conduc-
tivity of the materials to a minimum of 0.22(2) W m~ ' K™ ' along
the c-axis at room temperature. The thermal conductivities of
BigCsOgSeX; are highly anisotropic as bond strength contrast is
the dominant feature to inhibit phonons along the c-axes, while
low frequency Cs' rattling dominates along the ab-planes. This
highlights how different structural motifs can be used to design
and identify new materials with low thermal conductivities, as
well as the importance of understanding and controlling
anisotropy.
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