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Numerous two-dimensional (2D) materials have been reported to exhibit remarkable thermoelectric (TE)
performances owing to their quantum confinement effects. However, the identification of ideal TE
materials with a low thermal conductivity (k) and high Seebeck coefficient (|S]) remains a formidable
challenge due to their high coupling and inherent conflict. In this work, a new monolayer semiconductor
AuClO, with a balanced TE performance has been theoretically predicted by combining first-principles
calculations with the Boltzmann transport equation. The results of phonon spectrum, molecular dynamic
(MD) simulations, and mechanical property analyses suggest that AuClO, features thermodynamic and
mechanical stability. Strikingly, AuCIO, possesses an ultralow «, of 0.14 (0.45) W m~! K~ along the a (b)-
axis at 300 K, thanks to its low phonon group velocity (vpn) and short phonon lifetime (z,p,). Furthermore,

the flat valence bands of AuClO, promote a high |S| under p-type doping, leading to large zT values in
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Accepted 4th May 2023 the range of 1.0-2.4 under different temperatures and even up to a maximum value of 2.35 at 900 K.

This study offers a promising TE material for applications in fields such as thermal insulation and

DOI: 10.1039/d3ta01037¢ thermoelectric refrigeration, and provides theoretical guidelines for the design of high performance 2D
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Introduction

Two-dimensional (2D) materials have attracted wide interest
from researchers since monolayer graphene was successfully
exfoliated from bulk graphite in 2004." As methods in both
theory and experiment have advanced, plentiful 2D materials
have come into sight,* including black phosphorus (BP),* tran-
sition metal dichalcogenides (TMDs),** group IVA-VIA
compounds,® MXenes,” graphdiyne,® etc. These 2D materials
feature unique electronic and mechanical properties thanks to
their layered structural characteristics, making their broad
application at the foreground in photoelectrochemical
devices,’* perovskite solar cells,*> biomedicine," catalysis and
energy storage," and nonlinear optics.">"” Some of these 2D
materials, such as layered Bi,Te;, SnSe, and PbTe, also possess
high thermoelectric (TE) performances and have been applied
in fields such as power generation,*'*” thermal insulation and
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low power thermoelectric refrigeration,**** owing to their
quantum confinement effects.

The conversion efficiency between the thermal and electrical
energy of TE materials is evaluated by the dimensionless figure
of merit, zT:

S%o
KL + Ke

zT =

1)

in which S, o, k1, k., and T denote the Seebeck coefficient,
electronic conductivity, electronic thermal conductivity and
temperature, respectively. However, it is difficult to identify an
ideal material with high S and o, along with low «;, and «,
simultaneously. To search for TE materials with large 27, there
are four strategies proposed in line with Slack’s rule: (1) heavy
atom mass, (2) weak interatomic bonding, (3) complex struc-
ture, and (4) strong anharmonic.***> The strategy of using
complicated low dimensional materials including 2D materials
with heavy elements has been proven intuitive and effective.
Yang et al. have theoretically studied the phonon thermal
transport of a monolayer FeB, with a Dirac state in the Fermi
level, which has a much lower x;, of 51.9 W m™~* K™* at 300 K
than that of blue phosphorene and graphene due to the heavier
Fe atoms.** Wang et al. have reported a metal-shrouded 2D
material Tl,O obtained from its corresponding layered bulk
with a very low ki of 2.4 W m~" K" at 300 K reduced by the
heavy Tl atoms, along with a high z7 of 3.55/4.20 under n/p-type
dopants at 900 K.** Janus monolayer 2D materials (Sn/Pb)SSe

J. Mater. Chem. A, 2023, 11, 1903-11908 | 11903


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta01037f&domain=pdf&date_stamp=2023-06-03
http://orcid.org/0000-0002-1422-6786
http://orcid.org/0000-0002-0941-6200
http://orcid.org/0000-0003-2441-4809
https://doi.org/10.1039/d3ta01037f
https://doi.org/10.1039/d3ta01037f
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011022

Published on 05 May 2023. Downloaded on 6/28/2024 6:32:49 PM.

Journal of Materials Chemistry A

and WS(Se/Te) with larger atomic mass in homogeneous
structures have also been revealed to be ideal candidates for TE
materials.*>*® Very recently, Luo et al have demonstrated
experimentally that «;, could be further diluted by introducing
the heavy Pb atoms into the 2D Bi,Si,Tes semiconductor and
a peak zT of 0.90 was captured at 723 K.*’

Drawing inspiration from the on-going research on 2D TE
materials with large atomic mass, we have identified a novel
monolayer compound AuClO, filter from the 2DMatPedia
database,®® and theoretically studied its electronic and
mechanical properties, thermodynamic stability, and TE prop-
erties. The results indicate that monolayer AuClO, is a thermo-
dynamically and mechanically stable semiconductor with
a direct band gap of 1.19 eV. This new 2D material features an
ultralow lattice thermal conductivity 7, of 0.14 (0.45)Wm ™" K
at 300 K along the a (b)-axis due to the heavy Au atoms and weak
interatomic bonding. Meanwhile, a large Seebeck coefficient |S]|
could be obtained with optimal carrier concentration (n), and
the largest value exceeds 0.80 mV K '. The coexistence of
phonon and electronic transport performance gives rise to
a high figure of merit z7 under p-type doping within a range of
1.0-2.4 at medium-high temperature, which even could reach
2.35 (1.76) along the in-plane directions at 900 K, demon-
strating the bright application prospect of the AuClO, 2D TE
material.

Computational methodology

All the first-principles calculations are conducted in the Vienna
ab initio simulation package (VASP), and the projector
augmented-wave method (PAW) is adopted to simulate the
interaction between ions and electrons.**** The generalized
gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE)
has been selected to handle the exchange-correlation energy.**
The cutoff energy of the plane-wave basis set is fixed at 520 eV. A
I'-centred 12 x 12 x 1 k-point grid is used to divide the Brillouin
Zone (BZ) integration. The vacuum layer of 23 A is set in the
normal direction to prevent interaction in adjacent AuClO,
monolayers. The energy convergence and the norms of the
Hellmann-Feynman forces are set as 10~ ° and 10~ *, respec-
tively. In the molecular dynamics (MD) simulations, the
temperature is set at 900 K for 5000 fs with a time step of 1 fs. On
the basis of density functional perturbation theory (DFPT), Born
effective charges and dielectric tensors are calculated to suit the
nonanalytic part of the dynamic matrix.*

To investigate the lattice thermal transport properties, the
HA interatomic force constants (IFCs) are acquired by the finite-
displacement approach in a 3 x 2 x 1 supercell with
a displacement of 0.01 A, and the anharmonic IFCs from third
to sixth order are captured by the compressive sensing (CS)
lattice dynamics method in 60 stochastic structures, both of
which are implemented in ALAMODE.**¢ For the 2nd and 3rd
IFC calculations, the interactions including the nearest neigh-
bors with the cut-off radius of 17.70 A are employed to promise
the convergence, which are larger than the common values of
6.5 A.3>3%47-% phonon DOS is calculated using a 16 x 16 x 1 g-
point mesh. According to the linearized phonon Boltzmann
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transport equations (BTE) of relaxation time approximation
(RTA), the ky, values have been achieved in a 16 x 16 x 1 g-point
mesh and could be expressed as eqn (2):

1 p a,A rra
K?‘(T) = kBTTNZfQ(fQ + 1)(hw1)v)“AF)‘ (2)

where kg and T are Boltzmann constants, and @, N, fo, w;, and
v¥* stand for the volume of the unit cell, the number of k-points
in BZ, the equilibrium Bose-Einstein distribution function,
phonon frequency and phonon velocity of phonon mode A along
the a direction, respectively. The last term F§ is further defined
as a function of phonon relaxation time (z;) and v, as shown
in eqn (3):

Fi =15 + 45) (3)

where 4, denotes the correction term, and working in RTA can
be reached when the value of 4, is equal to 0.>

The electronic transport properties of AuClO, have also been
calculated on the basis of electron BTE using the AMSET
package.® The initial DFT calculations are performed under the
PBE functional with a 14 x 14 x 1 k-point grid, which are the
electronic structure, high frequency dielectric constants, and
deformation potentials. The DFPT calculations have also been
carried out to acquire the elastic constants, static dielectric
constants, and effective polar phonon frequency. We have taken
account of the fully anisotropic acoustic deformation potential
(ADP) method to simulate the electron-acoustic phonon inter-
action, the polar electron-phonon (POP) method to deal with
the electro-optical phonon interaction, and the ionized impu-
rity scattering (IMP). The ADP method plays a significant part in
anisotropic materials for the involvement of the perturbations
from longitudinal (transverse) modes and anisotropy in the
deformation response.”* Thus, the rational carrier relaxation
time t can be written as eqn (4):

l: PADP 4 PPOP 4 PIMP [4)
T

The crystal structure is mechanically exfoliated from the
bulk AuClO, with a space group of €222, (no. 20). All the crystal
structures are visualized using the VESTA software package.>

Results and discussion

The top view and side view of the 2D orthogonal compound
AuClO, are shown in Fig. 1(a). There are eight atoms in each
unit cell. After complete geometric optimization, AuClO, adopts
a space group of P222; (no. 17) and the optimized lattice
constants are 3.89 A and 7.20 A along the a- and b-axes,
respectively, contributing to the strong anisotropy. From the top
view, each Au atom is coordinated with two O atoms and two Cl
atoms, forming a plane quadrilateral, and the adjacent quad-
rilaterals joint together by sharing one of the Cl atoms. As can
be seen from the side view, these quadrilaterals are arranged as
zig-zag chains, with Au atoms sandwiched by O atoms and Cl
atoms. The phonon dispersion spectrum suggests the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) The optimized crystalline structure of AuClO, from top and
side views. (b) The calculated phonon spectrum and relevant phonon
density states (PDOS). (c) The 2D projected electron location function
(ELF) of @ 2 x 1 x 1 unit cell along the (001) plane. (d) The calculated
electronic band structures and relevant density of states (DOS) under
the GGA-PBE exchange—correction function.

thermodynamical stability for the absence of imaginary
frequency, as shown in Fig. 1(b). It is evident from the relevant
phonon density of states (PHDOS) that Au atoms with larger
atomic mass contribute mainly to low-lying modes below
180 cm ™', and high-frequency modes are constituted by CI
atoms and O atoms. A large interval (of about 520 cm™') has
been found between the two highest-frequency modes and
a smaller interval is located in the range of 380-500 cm . The
vibrations of O atoms have greatly contributed to these two
pairs of discrete phonon bands.

To analyse the bonding properties of AuClO,, the 2D ELF has
been calculated and presented in Fig. 1(c). There are more
localized electrons around Cl and O atoms, and less electron
density around Au atoms, suggesting the weaker bonds of Au-Cl
and Au-O, which are beneficial to obtain a low k;. We first
investigate the basic electronic characteristics, as shown in
Fig. 1(d) and S1.T The electronic band structure shows that
AuClO, is a semiconductor with a direct band gap of about
1.19 eV. The conduction band minimum (CBM) and the valence
band maximum (VBM) are both located at the I' point, which
are primarily constructed from the hybrid O-2p and Au-5d
orbitals. It is noteworthy that the VBM exhibits relatively flat
characteristics along I'-S and I'-Y directions, known as the
“pudding-mold-type” band structure,***** resulting in a rapid
increase in DOS around Fermi energy. The electronic behaviour
indicates a large band effective mass (m*), which is favourable
for the increase of |S|.>**”

MD simulations of monolayer AuClO, have been carried out
to examine the structural stability, as shown in Fig. 2 and S3.7
The small fluctuations in total energy and bond lengths indicate
its thermodynamic stability until 800 K. When the temperature
rises to 900 K, most chemical bonds can be well maintained,
except for the severe vibrations of the Au-Cl, bond. Further-
more, the mechanical properties have been studied and the
results as summarized in Table S1,T confirming the stability as

This journal is © The Royal Society of Chemistry 2023
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Fig.2 The total energy and bond length fluctuation of AuClO, during
MD simulations under (@) 300 K and (b) 800 K after 5000 fs,
respectively.

the elastic constants satisfy the required criteria, which are Cy;
>0, C33 >0, and Cyq X Cyp > Cpp2.58

The temperature-dependent «;, of AuClO, has been investi-
gated taking three-phonon scattering into consideration, as
displayed in Fig. 3(a), which is vital in thermal transport
performance. The distance between the topmost and bottom-
most Cl (Aci_cy) is 2.78 A, and the van der Waals radius of Cl (7))
is 1.88 A. Therefore, the effective thickness is treated as ey =
heic + 2 X 1o with a value of 6.54 A% ag shown in Fig. S5.1
The results reveal that the anisotropic thermal transport
behaviour is related to the crystal structure, with ultralow «p,
values of 0.14 W m™" K" and 0.45 W m~" K" along the a- and
b-axes at 300 K, respectively, which are much lower than those
of typical TE materials such as layered Bi,Te; (kp ~ 1.2 W m™*
K™' @ 300 K),” PbTe (k, ~2 Wm™ "K' @ 300 K),>2° and SnSe
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Fig. 3 (a) Temperature-dependent ;. of AuClO, along the a- and b-
axes. (b) Lattice thermal conductivity spectra « (w) and relevant
cumulative k| along a- and b-axes at 300 K and 900 K. (c) Phonon
group velocity (vpn), (d) scattering rates (SRs), (e) scattering phase
spaces (W) for absorption and emission processes, and (f) phonon
lifetime (z,). The black dashed lines in (c) and (e) indicate the scat-
tering rates equal to frequency, 1/7 = w/2T.
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(kp ~ 0.5 Wm ' K ' @ 500 K).** The effect of different g-point
meshes on «;, values has been considered in Fig. S6.t It is found
that the 16 x 16 x 1 g-point mesh is adequate to achieve rela-
tively accurate results. In addition, the calculated lattice
thermal conductivity curves along a- and b-axes have weak
temperature dependence, ¢ o« T %% and «? o« 77%%°, This
unusual phenomenon is induced by the ignorance of thermal
expansion and four-phonon scattering.** We have also adopted
another method to calculate the k; values based on the
ShengBTE mode,® which are relatively close to those under the
ALAMODE code, as displayed in Fig. S7.t

To explore the origin of such an ultralow «;, we have looked
into the key components in the light of eqn (2), including
phonon frequency (w), phonon group velocity (vph), scattering
rates (SRs), and phonon lifetime (zpn), as presented in
Fig. 3(b)-(f). First, we compare the lattice thermal conductivity
spectra ki (w) and relevant cumulative «;, along the a- and b-axes
at 300 K with those at 900 K. The overall shapes of the «y(w)
spectra are similar, while the peak values move down as the
temperature increases. Meanwhile, the vibration of phonon
modes at around 1100 cm ™' contributed by O atoms enhances
from 300 K to 900 K. It can be observed that the acoustic
phonon modes and low-lying optical phonon modes are the
main contributors to «;, which cause phonon-phonon scat-
tering, thereby reducing «;. The cumulative k;, reaches almost
80% when the phonon frequency reaches 300 cm ™", which is in
line with the distribution of phonon bands in Fig. 1(b). Low vpy
is expected for the ultralow k;, on account of the functional
relation «p, « vphz, as well as small 7p, (1, * Tpp). The maximum
value of vy, is equal to 4.8 km s~ ', which is comparable to those
of the classic 2D TE materials SnSe (~4.1 km s '), and PbTe
(~4.0 km s~ ').2%% SRs, the inverse of ,, are also considered in
the calculations, taking the progress of three-phonon scattering
and isotope scattering into account. Most of the data points are
below the dashed line in Fig. 3(d), making the phonon quasi-
particle picture effective. The small t;,}, is ascribed to a high
possibility of scattering in scattering phase spaces (W). Fig. 3(e)
unveils the available three-phonon scattering channels, which
denotes that W™, referred to as three-phonon emission prog-
ress, is dominant for AuClO,. As a result, the combination of
small vy, and tpy gives rise to low «y.

The promise of AuClO, for applications in TE devices is also
determined by its electronic transport performances. Based on
BTE, g, |S|, and k. have been estimated by including the effects
of ADP, IMP, and POP. The carrier concentration for n/p-type is
in the range of 2.4 x 10'" to 2.4 x 10"* em~?, and the calculated
results are shown in Fig. 4 and S8.f **°*7° It is inspiring to find
that p-type-doped AuClO, has the potential to serve as a good 2D
TE material. As a function of n, the ¢ of n-type AuClO, decreases
evidently between 300 K and 900 K and ¢ along the b-axis is
larger than that along the a-axis at the same temperature. As for
hole doping, the values of ¢ in the in-plane directions are
approaching under different temperature, except that along the
a-axis at 300 K. In contrast, as n increases, |S| exhibits downward
trends at different temperatures. Compared to the n-type
material, the p-type one exhibits a larger |S| due to the flatter
electronic bands around the VBM. The higher the temperature
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Fig.4 The electronic transport parameters of p-type AuClO, at 300 K,
600 Kand 900 K. (a) Electronic conductivity (), (b) Seebeck coefficient
(|S]). (c) electronic thermal conductivity (ke), and (d) power factor (5%0)
along a- and b-axes.

is, the larger the values of |S| are, all exceeding 0.60 mV K " at
the optimal ny,, which is comparable to those of SnSe (0.56 mV
K ' @ 900 K) and PbTe (0.60 mV K ' @ 900 K).>**® The
combination of ¢ and |S| affects the power factor (S*¢), leading
to the maximum PF obtained as 0.59 mW m~" K> along the b-
axis at 600 K upon hole doping, which is slightly lower than
those of the conventional TE materials such as Bi,Si,Teg, SnSe
and SnSe, under doping (0.6 to 1.2 mW m ' K 2).837707
Meanwhile, we have investigated «., which is determined by the
Wiedemann-Franz law (k. = LoT, where L is the Lorentz
number). Fig. 4(c) and S4ct demonstrate that «. is considerably
influenced by temperature under high 7. In brief, the optimal
TE effect could be expected by selecting the appropriate
concentration and temperature to reduce the total thermal
conductivity.

The dimensionless TE figure of merit zT is widely used to
evaluate TE properties as shown in Fig. 5, which combines
phonon and electronic transport parameters. The z7T value gets
enlarged as temperature increases, and reaches the maximum
at the optimal carrier concentration. It turns out that p-type
AuClO, is provided with high zT values in the range of 1.0-2.4
at above 600 K, which could even reach 2.35 (1.76) @ 900 K
along the a (b)-axis at nj, ~ 10~ ** em ™, higher than that of SnSe
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Fig. 5 The dimensionless TE figure of merit zT of (a) n-type AuClO,,
(b) p-type AuClO, along a- and b-axes at 300 K, 600 K and 900 K,
respectively.
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(2T ~1.34 @ 773 K) and PbTe (2T ~ 1.58 @ 900 K),**** making it
a promising material for application in medium-high temper-
ature TE devices such as thermal insulators and low power
thermoelectric refrigerators.

Conclusions

In summary, we have carried out a thorough investigation on
the electronic and mechanical properties, thermodynamic
stability and TE properties of monolayer AuClO,, using the
combination of first-principles calculations and the BTE. Elec-
tronic structure studies indicate its semiconductor character-
istics with a direct band gap of about 1.19 eV. The anisotropy in
mechanical and TE properties is basically contributed by the
unique atomic arrangements along the a- and b-axes. The
calculation results confirm that the heavy Au atoms and strong
localized electron density around Cl and O atoms play vital roles
in achieving the ultralow «;, with a value of 0.14 (0.45) W m™*
K~ at 300 K along the a (b)-axis. Besides, due to the flat bands
around the VBM, AuClO, is inclined to achieve a large |S| under
hole doping with the largest value exceeding 0.80 mV K.
Therefore, p-type AuClO, exhibits a high TE performance with
zT values in the range of 1.0-2.4 under different temperatures,
which supports its potential applications as a low dimensional
TE material.
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