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Two-dimensional metal oxides exhibit excellent waste heat recovery response, but still their efficiency
requires improvement for commercial viability. Herein, a computational simulation is used to investigate
the inter-layer coupling effect in AA-stacked NiO,, PdO, and PtO, bilayers and has provided evidence of
their experimental feasibility by demonstrating negative binding energy and positive phonon modes. An
approximately twofold increase in ZT of these bilayers is reported, compared to their monolayer
counterparts. The first reason being narrowing of the electronic band gap (E5 = 1.18 eV, 1.57 eV, 1.79 eV)
and a rise in electrical conductivity brought on by longer relaxation time of carriers, which contributes to
the enhancement of power factor. Additionally, the presence of multiple minima/maxima of conduction/
valence bands near the Fermi level simultaneously boosts electrical conductivity and the Seebeck
coefficient. Second, the softening of phonon modes, which reduces phonon group velocity, and the
presence of van der Waals interlayer interactions, collectively contribute to a notable decrease in lattice
thermal conductivity. Moreover, high Grineisen parameters of XO, bilayers significantly influence their
lattice thermal conductivity. At 700 K, the lattice thermal conductivity (k) drops to 8.69 W m™* K™,
471 W m™tKtand 1.93 W m™t K™%, respectively, for NiO,, PdO, and PtO, bilayers, which is half of their
monolayer counterparts. These effects collectively contribute to the improvement in ZT (1.05, 1.57, and
1.79, respectively). We anticipate that our observations will stimulate research on related low-
dimensional materials for enhanced heat recovery performance.
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Introduction

Green and renewable energy research in this era has been of
much interest due of the depletion of natural resources and
rising pollution levels on earth. Many forms of waste energy are
emitted as heat, which negatively affects the current generation
and, if it continues, will cause the earth to experience heat
death." This issue can be resolved to some degree by employing
a solid-state thermoelectric device to recover the waste heat.
This device operates on the Seebeck effect principle and allows
for the control of an ever-increasing global temperature. Ther-
moelectric technology has been acknowledged as green energy
technology; a dependable, economical, and pollution-free
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method of directly converting heat into electrical energy. A
thermoelectric material produces a voltage between its two ends
when waste heat creates a temperature difference between
them.** The thermoelectric conversion efficiency of a thermo-
electric material depends on a dimensionless parameter called
figure of merit (Z7), which is a function of the Seebeck coeffi-
cient (S), electrical conductivity (¢) and total thermal conduc-
tivity (x = electronic thermal conductivity (k.) + lattice thermal
conductivity (kph)) given as:*

ST

21 = =7 1)

The value of ZT is limited by inter-twining of parameters
involved in it. Researchers have developed many innovative
approaches for improving thermoelectric performance of
materials including electronic band structure modulation by
inducing resonant states and band convergence. Additionally,
manipulation of phonon transport using nano-structuring,
defects, strain, and alloying diminishes lattice thermal
conductivity.’” Many commercially used high performance
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thermoelectric materials have been designed by adopting these
methods, which provide high values of ZT even at room
temperature.®®

Dimensionality plays a very crucial role in electronic and
phonon transport properties of a material."*"* The development
of various synthesis techniques has made it possible to control
the length scale of a material. Nano-materials such as quantum
dots (0D), quantum wires (1D), nano-films (2D) and their
combinations have been designed successfully in laborato-
ries.'®” The thermoelectric performance of these quantum
materials shows a positive response by increasing power factor
while lowering lattice thermal conductivity."®* Single layered
two-dimensional (2D) materials, especially transition metal-
based monolayers, show extraordinary thermoelectric
behavior due to quantum confinement effects and large phonon
scattering at surfaces.”*** Creating a quantum superlattice by
stacking various layers together is an effective method for
modifying the thermoelectric properties of single-layer
materials.>>” In this approach, the in-plane bonding between
constituent atoms is covalent, while the interactions between
out-of-plane atoms are governed by van der Waals forces.”® In
bilayers, where two individual monolayers are held together by
dispersion interactions, the electronic transport properties are
nearly unaffected in the direction parallel to the plane while the
weak interaction between adjacent layers leads to large scat-
tering of phonons resulting in enhancement of ZT. A study
conducted by A. Pandit et al. on the stability and thermoelectric
properties of homo bilayer SnTe reveals an enhancement in the
ZT value up to 4.61.* This improvement is approximately two
times higher when compared to the ZT of SnTe monolayers. The
primary factor contributing to this improvement is a significant
decrease in lattice thermal conductivity.®® A remarkably low
lattice thermal conductivity of 0.90 is observed in SnSe bilayers
when two layers of SnSe are stacked together with an interlayer
spacing of 5.5 A.*® The ZT increases to 0.78, which is notably
higher than its monolayer counterpart. Recent advances in thin-
film deposition and oxide heterostructure engineering have
opened up possibilities for fabricating ultrathin transition
metal oxide layers.**** Monolayer-like NiO, planes are already
known to exist in layered cuprates and Ruddlesden-Popper-type
structures, and can be stabilized using epitaxial techniques
such as pulsed laser deposition (PLD) and molecular beam
epitaxy (MBE).** Similarly, ultrathin PdO, and PtO, films have
been experimentally realized in surface reconstructions and
oxide thin-film growth, highlighting the viability of synthesizing
such bilayer structures.**?* These developments, combined
with the moderate interlayer binding energies calculated in our
study, support the experimental feasibility of the proposed XO,
bilayers for future thermoelectric applications.

Recent studies on the thermoelectric response of NiO,, PdO,
and PtO, monolayers have revealed remarkable thermoelectric
behavior, characterized by high values of the Seebeck coeffi-
cient. These materials exhibit a ZT of 0.5, 0.6, and 0.7, respec-
tively, which highlights their impressive thermoelectric
performance.***” However, it is worth noting that the high
lattice thermal conductivity of these monolayers imposes limi-
tations on their overall performance, indicating a need for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modulation in this aspect to further enhance their thermo-
electric efficiency. To investigate the impact of interlayer
coupling on the transport and thermoelectric characteristics of
2D materials, our approach involves designing and examining
three homo-bilayers XO, (X = Ni, Pd, Pt) based on their pristine
monolayers. After confirming stability, a systematic study of
thermoelectric transport properties is carried out using first
principles calculations. Our findings provide a strategy for
improving the performance of single layered thermoelectric
materials and demonstrate their transport behavior and their
applications and advantages in the realm of renewable energy.

Theoretical method

The present calculations are carried out under the framework of
density functional theory as implemented in the Quantum
Espresso package.®® The generalized gradient approximation
technique with the Perdew-Burke-Ernzerhof (PBE) functional
and projector-augmented-wave (PAW) formalism were
employed for exchange-correlation energy contributions and
freezing of ion cores. All calculations are performed after con-
firming the convergence of different computational parameters.
The energy cut-off for plane wave expansion and charge density
is set to be 850 Ry and 80 Ry, respectively, and a 20 x 20 x 1 k-
point grid for Brillouin zone sampling is used for optimizing
simulations.*® The bilayer structures are fully relaxed until the
energy differences are converged within 10~% eV, with a Hell-
man-Feynman force convergence threshold of 10> eV A™*. The
van der Waals interlayer interactions, which play a crucial role
in deciding the properties of the bilayer, are included using
VdW-D2 method of Grimme.** To avoid the fictitious interaction
between periodic images, a vacuum region of 20 A is employed
perpendicular to the plane along the z-direction.

Semi-classical Boltzmann transport theory is used to
compute the thermoelectric transport parameters based on the
electronic band structure including the Seebeck coefficient (S),
electrical conductivity (o), and electronic thermal conductivity
(ke). The theory is based on two approximations: rigid band
approximation and approximation of constant relaxation-
time.** Under these approximations, the electronic band struc-
ture is rigid during external doping and a fixed value of relax-
ation time is used for all temperatures.*” All these calculations
are performed with the help of the BoltzTrap program.** Addi-
tionally, a high dense k-mesh of 80 x 80 x 1 is used for
convergence of self-consistent calculations.

The ShengBTE code is utilized to compute the lattice thermal
conductivities of XO, bilayers.*® This involved solving the linear
phonon Boltzmann transport equation (BTE) using the relaxa-
tion time approximation (RTA).**** The precise interatomic
force constants (IFCs) required are acquired by displacing few
atoms simultaneously in the supercell, followed by calculating
the forces acting on the remaining atoms. Harmonic IFCs were
extracted using the Phonopy code,*® while anharmonic IFCs
were obtained through the Thirdorder Python tool integrated
into the ShengBTE code. To calculate anharmonic IFCs, we
utilized a 4 x 4 x 1 supercell and considered interactions up to
the 5th nearest neighbour with a cutoff radius of 8 A. A g-mesh
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of size 42 x 42 x 1 is chosen to sample the phonon wave-vector
mesh in the ShengBTE calculations.

Results and discussion
Structural optimization and electronic band dispersion

Starting with structural optimization, by taking XO, (X = Ni, Pd,
Pt) monolayers as fundamental constituents, we constructed
different stacking configurations of bilayers like AA, AB and AA’
(AA + na, 0 <n <1 and a is the lattice parameter) and explored
their stabilities. Out of the three stacking arrangements
considered, it was found that only the AA type of configuration
exhibits chemical stability across all three bilayers, as evidenced
by negative interlayer binding energy, which is calculated using
the relation:*

E, = (E(bilayer) - 2E(monolayer))/n (2)

where Epjlayer) is the total energy of the XO, bilayer and
E(monolayer) iS the total energy of the isolated monolayer, and 7 is
the total number of atoms in a unit cell of the bilayer. The
binding energies are —115 meV per atom, —154 meV per atom
and —306 meV per atom for NiO,, PdO, and PtO, bilayers,
respectively. These values suggest that there exist moderate
interlayer (van der Waals (vdW)) interactions among the atoms
in bilayers. Considering this geometrical configuration, all
calculations are carried out exclusively with regard to this
arrangement.

Pristine XO, monolayers stabilize in hexagonal structures, all
with the same space group P3m1.>** The relaxed structure of
XO, bilayers in AA stacking configuration is shown in Fig. 1.
Owing to one X and two O atoms in the unit cell of single layered
XO0,, their bilayer counterparts contain a total of six (two X and
four O) atoms in the primitive unit cells. As we move down the
group from Ni to Pt, the electronegativity of the transition metal
atoms decreases. This reduction in electronegativity weakens

View Article Online
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Table1 Simulated values of lattice constants (a), bond lengths ((x-o)).
bond angles (¢o-x-o)), interlayer spacings (d) and band-gaps (Eg) of
XO, bilayers

Eg (eV)
Material @A) Inioy(A)  @oxo d(@A) DFT  DFT+U
NiO, 2.90 191 81.60° 3.99 0.89 1.18
PdoO, 3.1 2.09 80.64 401 1.06 1.53
PtO, 3.17 213 78.80 4.03 143 179

the metal-oxygen bonding interactions, making the chemical
bonds in NiO, stronger than those in PdO,, which are in turn
stronger than those in PtO,. Consequently, the lattice parame-
ters and bond lengths increase in the order: NiO, < PdO, < PtO,,
reflecting the weakening of bond strength. The same trend is
observed in the interlayer spacing, which increases from NiO, to
PtO, due to the reduced bonding affinity. Interestingly, this
expansion in bond length and lattice constants leads to
a decrease in bond angles, producing a reverse trend compared
to bond length. The detailed structural parameters, including
bond lengths, bond angles, and interlayer spacings, are
summarized in Table 1. To further quantify the bond strength,
we have calculated the harmonic force constants for the nearest-
neighbour atom pairs. The results, presented in the SI
(Fig. S1(d)), clearly show a decreasing trend in force constants
from NiO, to PtO, consistent with the above analysis of struc-
tural parameters and phonon behaviour.

To infer electronic properties, which subsequently impact
electrical conductivity and the Seebeck coefficient, we
computed electronic band structures, along with projected and
total density of states and the results are illustrated in Fig. 2.
Except for the dispersion of bands close to the Fermi level and
magnitude of the band-gap, the electronic band structures of
X0, bilayers are extremely comparable to their monolayer

(b)

Fig. 1 Optimized crystal structure of an XO, bilayer with (a) top view and (b) side view. Green and red atoms represent X and O atoms,

respectively.
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Fig. 2 Plots of the electronic band structure and density of states of (a and d) NiO,, (b and e) PdO, and (c and f) PtO, bilayers, respectively.

counterparts. The presence of valence and conduction band
extrema along the I'-M path of the Brillouin zone indicates
indirect band-gap semi-conducting nature which is similar in
all monolayers and their corresponding bilayers. However, it is
worth noting that the band-gap has decreased in all three
bilayers. In most cases, it is observed that bilayers exhibit
areduction in the band-gap when compared to their monolayer
counterparts. This phenomenon can be attributed to intrinsic
strains, which lead to an increase in lattice parameters and,
consequently, inter-atomic spacings. This effect is primarily
driven by the van der Waals interactions between the layers. The
magnitude of the band-gap is found to vary inversely with
atomic spacing which clarifies our results. The separation
between two maxima of valence bands along the I'-M and I'-K
paths is zero, indicating complete degeneracy. In contrast, the
two minima of conduction bands along the same paths are
separated by 0.18 eV, 0.14 eV, and 0.12 eV in the case of NiO,,
PdO, and PtO, bilayers, respectively. This demonstrates that the
conduction band minima are partially degenerate. The degen-
eracy of bands near the Fermi level plays a significant role in
influencing both the Seebeck coefficient and electrical
conductivity. This type of degeneracy, when present, leads to
simultaneous enhancement of both these parameters, which is
highly advantageous for the thermoelectric performance of
a material.

The conventional DFT methods underestimate the electronic
band-gap of highly correlated systems (d/f-block elements) due
to over-delocalization of valence electrons. Due to the presence
of d-block elements (X atoms) in XO, bilayers, DFT + U Hubbard
correction needs to be incorporated to get a precise value of the
electronic band-gap. The Hubbard correction has the effect of

© 2025 The Author(s). Published by the Royal Society of Chemistry

widening the band-gap in the bilayers, which is depicted in
Fig. 2 and detailed in Table 1. As a result of the U correction,
there is no alteration in the dispersion of the band extremum,
but there is a slight upward shift in the position of conduction
band maxima. This can be attributed to the predominant
contribution of d-orbitals of X atoms in the conduction band
formation near the Fermi level. The reflection of the band
structure in the form of partial and total density of states (DOS)
is presented in Fig. 2. The XO, bilayers feature larger peak
magnitudes of DOS close to the Fermi level. This leads to
a highly asymmetric DOS near band edges. This characteristic is
advantageous as it contributes to the enhancement of thermo-
electric performance due to the asymmetry in charge carrier
transportation from the hot side to the cold side and vice versa.
The valence band and conduction band states near the Fermi
level are the result of hybridization between d-orbitals of X
atoms and p-orbitals of O atoms. The presence of transition-
metal elements (X; from the d-block) with valence electrons
occupying both s and d-orbitals, along with chalcogen elements
(O; from the p-block) with valence electrons found in s and p-
orbitals, results in a type of hybridization between orbitals
known as “mixed s—-d and s—p hybridization”. The sharp peaks
in the DOS result from the interplay of band degeneracy and
flatness of bands near the Fermi level.

Relaxation time and carrier mobility

In constant relaxation time approximation (CRT), adopted by
the BoltzTrap code for transport property calculations, a fixed
value of 10™'* s is utilized as the relaxation time (z(0)) for all
materials, irrespective of their properties and temperature.”
Nevertheless, it is crucial to emphasize that the precise value of

Nanoscale Adv., 2025, 7, 6954-6963 | 6957
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the relaxation time t(7T) is temperature dependent and may
differ from one material to another, contingent on their specific
physical characteristics. The value of 7(T) is determined by the
quantity and nature of charge carrier scattering events within
the material. Various sources of scattering can impact t(7), but
the predominant mechanism is the interaction of charge
carriers with thermal phonons, which hinders the flow of
charges and consequently reduces (7). The widely accepted
deformation potential theory for thermoelectric transport
calculations, developed by Bardeen and Shockley, can be used
to explain this type of interaction. According to this theory, 7(T)
can be written as:*®

(3)

Here m* is the effective mass of the carrier which is computed
2

—————, where
0*E/0k>

7 is the reduced Planck constant and 9°E/0k” is the second order
derivative of the band energy (E) with respect to the wave vector
(k) along the I'-M path of the irreducible Brillouin zone.* The u
represents the ease of flow of charges called mobility defined as:

€h3 CBZD

kg Tm*m) (E;) ’

from the electronic band structure using m* =

4)

#:

where electronic charge, Boltzmann constant and temperature

are identified as e, kg and T, respectively.”® Cg°” is a two-

dimensional elastic constant which is obtained by parabolic
. . o 0’E

fitting of the total energy with strain, given as Cg?® = and
Ad(s)*

E; is the deformation potential constant which is calculated by

linear fitting of shift in the valence/conduction band edge with

strain, given as E;; = ) 51 Also, s = Al/l, is the applied

AE(Edge
As
fractional strain with Al = (I — [,) and [, is the equilibrium
lattice constant. The values obtained for all of these parameters
are presented in Table 2. The calculated electron and hole
mobilities for the XO, (X = Ni, Pd, Pt) bilayers are indeed rela-
tively low compared to conventional 2D semiconductors. This
behavior can be attributed primarily to the low dispersion of
both the conduction and valence bands in these systems, as
observed in our calculated band structures. The resulting large
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effective masses of charge carriers significantly reduce their
mobility, as described by the deformation potential theory. In
addition, low carrier mobility is a well-known characteristic of
many transition metal oxides, especially those containing
partially filled d-orbitals. The presence of localized d states
leads to reduced carrier delocalization, and often enhances
electron-phonon coupling, which further limits mobility.
Experimental and theoretical studies on oxide semiconductors
such as NiO, TiO,, and SrTiO; also report relatively low mobil-
ities, often in the range of 1-10 cm®* V™' s~ or lower under
ambient conditions. This behaviour is consistent with our
findings and reinforces the notion that the low mobilities
observed are an intrinsic feature of these materials. However, it
is important to note that the higher density-of-states effective
mass in these oxides contributes to an enhanced Seebeck
coefficient, which partially compensates for the low mobility
and leads to an overall improvement in the power factor. This
trade-off is characteristic of many oxide-based thermoelectrics
and aligns well with the trends observed in our study. The
increase in carrier effective mass from the monolayer to bilayer
structure results in a decrease in overall mobility. This obser-
vation aligns with the common trend seen in 2D materials,
where the mobility tends to decrease with an increase in the
number of layers, consistent with the general rule governing
layer-dependent effective mass.**** The calculated values of
different parameters suggest that interlayer coupling yields
a mean impact on both EE and 1(7T), when compared with
intrinsic monolayers. This demonstrates that bilayer engi-
neering introduces a synergistic effect, akin to a “cocktail” of
factors, resulting in a relatively increased (7). This robust
principle holds promise as a potential approach to control the
electron-phonon interaction in 2D thermoelectric materials.
Additionally, it is noteworthy to observe an enhanced elastic
modulus in bilayers, indicating improved mechanical proper-
ties compared to their intrinsic monolayers.

Lattice dynamics and thermal conductivity

Lattice dynamics has a crucial effect on thermoelectric perfor-
mance of a material. Mostly, the phonon dispersion is used to
analyse the thermal behaviour of a material and is a good
measure of dynamic stability. The phonon spectra of AA stacked
X0, bilayers along high symmetry paths are shown in Fig. 3. The

Table 2 Calculated values of the elastic constant (Cg2P), deformation potential constant (EE), effective mass (m*), mobility (u at 300 K) and

relaxation time (r at different temperatures) of XO, bilayers

Tx 107 (s)
Material Carrier type Cg®® (Nm™) Ej (eV) m* (me) plem>v"'s™h 300 K 500 K 700 K
NiO, e 147.06 —16.50 1.35 6.32 4.92 2.87 2.50
h 147.06 —11.81 2.34 4.07 5.53 3.36 2.36
PdO, e 101.26 —20.83 1.40 2.54 2.05 2.18 1.43
h 101.26 —15.60 3.68 0.67 2.33 1.74 1.61
PtO, e 117.37 —26.33 1.49 1.63 1.34 1.08 0.74
h 117.37 —18.79 1.95 1.88 2.86 1.92 1.66
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Fig. 3 Plots depicting phonon band structures (a—c) and lattice thermal conductivity (d) of XO, bilayers at various temperatures.

phonon band structure, showcasing all vibrational modes
within the positive frequency range, confirms the dynamic
stability of AA stacked XO, bilayers. Three acoustic and fifteen
optical branches are generated by the vibration of six atoms in
the primitive unit cell of the bilayers. The number of phonon
branches in bilayers is twice that of their monolayer structures,
primarily because of doubling of atoms in the unit cells. The
presence of optical branches in the frequency range of 35-
95 cm ™" reflects the presence of weak interlayer interaction
between two XO, monolayers. Similar type of behaviour is found
in some other bilayers like SnSe,” SnTe* and GeSe.>® The higher
group velocity observed in acoustic phonon modes compared to
optical modes results in acoustic phonons predominantly
carrying the thermal current, while optical phonons contribute
only minimally.** Hence, lattice thermal conductivity primarily
depends on characteristics of acoustic phonon branches. The
lowest frequency out-of-plane flexure optical (ZO) branches
anticross the acoustic branches close to the I' point in all three
cases. This in turn will promote the energy-momentum
conservation selection rules and enhance the scattering rate of
acoustic phonons, consequently decreasing their lifetime.
Meanwhile, the softening of acoustic branches will further
bring anharmonicity in the crystal and reduce phonon group
velocity. As a result, the three phonon inelastic scattering rates
will be improved along with a diminished phonon flow,
resulting in a reduction in lattice thermal conductivity (k;). As
the atomic mass increases from Ni to Pd and then to Pt, the
frequencies of the acoustic phonon branches systematically

© 2025 The Author(s). Published by the Royal Society of Chemistry

shift to lower values. This trend arises from the inverse rela-
tionship between atomic mass and phonon frequency, resulting
in NiO, exhibiting the highest acoustic branch frequencies,
while PtO, shows the lowest. To gain deeper insight into the
lattice dynamics, we have computed the atom-projected phonon
density of states (PDOS), as shown in the SI (Fig. S1 (a-c)). The
results reveal that the low-frequency phonon modes are
predominantly contributed by the heavier transition metal (X =
Ni, Pd, Pt) atoms, whereas the high-frequency modes are largely
governed by the lighter oxygen atoms. This separation of
vibrational contributions is typical in transition metal oxides
and has important implications for thermal transport, as the
low-frequency modes, associated with the X atoms, play a key
role in carrying heat and are more susceptible to phonon scat-
tering. Additionally, the out-of-plane acoustic (ZA) branch
softens at higher atomic masses. The softening of these modes
indicates the presence of weak interatomic bonding and the
likelihood of strong anharmonicity. These ZA branches make
a greater contribution towards lattice thermal conductivity
because of their quadratic dispersion, even though they possess
lower phonon group velocity. This will further affect the flow of
heat current through the materials. Based on the discussion, it
can be concluded that the lattice thermal conductivity of XO,
bilayers will indeed be lower than that of their monolayer
counterparts. Furthermore, the lattice thermal conductivity is
expected to follow the order PtO, < PdO, < NiO,. In practical
applications involving 2D materials, the out-of-plane vibrations
associated with the ZA modes are significantly damped when

Nanoscale Adv., 2025, 7, 6954-6963 | 6959
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the material is placed on a substrate. As a result, «; will further
be significantly reduced. The same effect is observed for 2D
graphene, where «; is reduced from ~3000 W m~" K" for sus-
pended graphene® to ~600 W m~ " K~ for substrate supported
graphene® at room temperature. In the following section, we
investigate the «; of XO, bilayers to support this conclusion.

We calculate the lattice thermal conductivity by solving the
Boltzmann transport equation (BTE).** According to BTE theory,
the lattice thermal conductivity tensor «; for the o, B component
is determined from the following summation:

kB =, vA(qM)(q,M)(q,0) (5)
qr
where summation is over all phonon modes with wave vector q
and branch index 2, and v is the phonon group velocity. ¢, and
7(q,A) are specific heat of a material and phonon relaxation time,
respectively. The convergence of lattice thermal conductivity with
respect to g-grid, cutoff distance and number of nearest neigh-
bors is carried out. The plots are shown in Fig. S2 of the SI The
parameter t(q,)\) is directly linked to the Griineisen parameter
(), which measures the level of anharmonicity and consequently
the thermal resistance of a material. The variation of k; of XO,
bilayers at different temperatures is presented in Fig. 3(d). The
value of «; for NiO,, PdO, and PtO, bilayers at room temperature
is2391 Wm'K?% 1218 Wm ' K ' and 484 Wm™' K},
respectively. These values are considerably lower when compared
to their monolayer counterparts (51.77 Wm " K *,15.85 Wm
K ' and 12.41 W m ™" K, respectively). Fig. S3 shows the Grii-
neisen parameter (y) and phonon group velocity of XO, mono-
layers at room temperature. The plots indicate that XO,
monolayers exhibit lower v than the bilayers, suggesting that
bilayers have stronger anharmonicity, which typically leads to
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lower thermal conductivity. Furthermore, because of softening of
the phonon mode, phonon group velocity in bilayers is lower
than in monolayer counterparts, further supporting the trend of
reduced thermal conductivity in bilayers. The contribution of
various atoms to vy and its relationship with phonon frequency
are depicted in Fig. 4(a—c). It is evident from the figure that both X
and O atoms contribute almost equally to phonon scattering
across all bilayers. However, the magnitude of y decreases as the
mass of X increases, progressing from NiO, to PdO, and to PtO,.
This trend can be attributed to the opening of the bandgap
between acoustic branches and low-frequency optical branches,
which suppresses three-phonon scattering channels in accor-
dance with the selection rules. This suppression reduces anhar-
monicity and consequently, vy, which in turn leads to longer
mean free path of phonons and higher «;. Hence, based on this
discussion, one would expect the k; to increase from NiO, to PtO,.
However, contrary to this expectation, a reverse trend is observed.
To elucidate this anomalous behaviour, the influence of phonon
group velocity (vg) on «; is analysed and illustrated in Fig. 4(d-f).
The v, quantifies the rate of thermal energy flow and is directly
associated with k;. The decline in v, of the bilayers from NiO, to
PtO, is evident from Fig. 4(d-f). This decrease in v, occurs due to
the softening of phonon modes with an increase in atomic mass.
Such a decrease adversely affects k; and justifies its declining
trend (PtO, < PdO, < NiO,) observed in XO, bilayers. With an
increase in temperature, the value of «; falls because of the rise in
inelastic phonon scattering. At 700 K, x; drops to 8.69 Wm ™ K%,
471 Wm 'K 'and 1.93 Wm ' K, respectively, for NiO,, PdO,
and PtO, bilayers. With reduced «; in XO, bilayers in contrast to
their monolayer counterparts, improved efficiency can be antic-
ipated through bilayer engineering.
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Griineisen parameter (y)

~ Pd_atom|

«  Pt_atom|
0_atom (©)
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Frequency (THz)
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Fig. 4 Variation of the (a—c) Grlneisen parameter (y) and (d—f) group velocity (vg) with frequency for NiO,, PdO, and PtO, bilayers, respectively.
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Table 3 Electronic transport parameters of NiO,, PdO, and PtO,
bilayers and their figure of merit (ZT)

Temperature S o &
Material (K) (RVK™) (Sm™") x10° (Wm 'K") ZzZT
NiO, 300 1560 7.85 20.29 0.57
500 936 4.65 12.18 0.69
700 670 3.21 8.69 1.05
PdoO, 300 1985 5.47 10.60 0.37
500 1196 4.19 6.36 1.12
700 848 2.59 4.54 1.57
PtO, 300 2281 4.29 7.62 0.53
500 1356 2.86 4.57 0.99
700 958 2.20 3.26 1.79

Transport parameters

In this section, we have simulated the transport parameters of
NiO,, PdO, and PtO, bilayers, and listed in Table 3. The Seebeck
coefficient (S), which is a measure of voltage developed across
a material, when subjected to a temperature gradient, is
calculated using the expression:

sen) = % Jao - 2ED)z0E @)

where Z(¢) and f,,(¢,T) are the transport function and distribu-
tion function, respectively, ¢ is the energy and u is the electro-
chemical potential.”” Due to the broadening of function df/de
with energy, it is adequate to consider only a small energy range
around p = 0 rather than the entire energy spectrum when
calculating transport coefficients.*® Therefore, we focused
exclusively on the energy range of —1.5 eV < u < 1.5 eV. The
behavior of S with respect to u at different temperatures is
shown in Fig. S4 (top panel). The S varies abruptly near u =
0 due to the Dirac delta nature of the term df/de present in eqn
(6). Furthermore, near u = 0, the density of states changes
discontinuously which changes the sign of S. The peak value of
S for NiO,, PdO, and PtO, bilayers is 1560 (1512) uV K %, 1985
(1864) uv K" and 2281 (2242) pv K7, respectively, for electron
(hole) doping at 300 K. The high value of S can be attributed to
the sharp and elevated peaks in DOS near the Fermi level.
Moreover, the flattening of the band extremum results in an
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increase in band effective mass, subsequently leading to a high
value of S. Both the top of the valence band and bottom of the
conduction band exhibit degeneracy along the I'M and K-I"
paths, as evident from the electronic band structure. This
degeneracy contributes to an increased density of states effec-
tive mass of carriers, consequently boosting S, since they are
directly linked as per the Mott equation.*® The calculated values
of S for XO, bilayers are lower than their monolayer counter-
parts at all temperatures. This fall in S is ascribed to the closing
of the band-gap of bilayers, which increases the bipolar
conduction effect. Additionally, the PtO, bilayer possesses the
highest band-gap, followed by PdO,, and then NiO,. This same
order is also observed in S, with PtO, having the highest S value,
followed by PdO,, and then NiO,. Besides, XO, bilayers have
higher values of S compared to the following bilayers: SnSe
(~450 puv K '),* SnTe (~400 puv K ')*° and GeSe (~950 pv
K 1),% XI, {X = Ge, Sn, Pb} (~600 uv K '), monolayers; SnP;
(907 uv K1), Be;X, {X = C, Si, Ge, Sn} (~50-100 pv K~ )** and
some transition metal oxides.**

Fig. S4 (middle panel) illustrates the electrical conductivity
(o) and electronic component of the total thermal conductivity
(ke) of XO, bilayers. The precise values of ¢ are obtained using
the temperature dependent 7, as calculated above. The trend
followed by o is opposite to that of S. This is mainly due to the
strong dependence of ¢ on the band gap. Consequently, at room
temperature, NiO, (7.85 (5.39) x 10° S m™") exhibits higher
conductivity than PdO, (5.47 (3.58) x 10° S m %), followed by
PtO, (4.29 (2.80) x 10° S m™") for hole (electron) doping. The
higher o value for electron doping compared to hole doping is
related to t(7T), which is greater for holes than for electrons in all
three bilayers. The drop in ¢ with increasing temperature is
primarily a consequence of the increased scattering of electrons
by phonons. There is approximately a tenfold increase of ¢ in
X0, bilayers as compared to their monolayer counterparts. This
notable improvement is attributed to the simultaneous reduc-
tion in the bandgap and an increase in (7). Additionally, the
magnitude of DOS near the Fermi level is enhanced (due to the
degeneracy of the band extremum) in all three bilayers resulting
in an elevation of ¢. Fig. S4 (bottom panel) illustrates the
behavior of k. against u at various temperatures. The trend
exhibited by «. with respect to temperature aligns with that of ¢
because they are linked through the Wiedemann-Franz law (k.

1.8 1.8 1.8 ©
C
ig] (a) —— 300K 164 ® 16 (O}
—— 500K 3)
1.44 —— 700K 1.4+ 1.44
1.2 1.2 1.2
(3) (2)
1.04 1.04 1.0
K K K
.84 8 0.8
0.8 @ 0.8 .
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Fig. 5 Figure of merit (Z7) of (a) NiO, (b) PdO, and (c) PtO, bilayers as a function of chemical potential at various temperatures.
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= oLT).* Here, L stands for the Lorenz number whose value for
non-degenerate semiconductors is 1.5 x 107®* W §™" K™, The
trend followed by k. in bilayers is PtO, < PdO, < NiO, and is
higher than their corresponding monolayers because of obvious
reasons.

The figure of merit (Z7), which quantifies the thermoelectric
performance of a material, is calculated at various temperatures
as a function of u and is depicted in Fig. 5. Due to the opposite
behavior of S and o with u, ZT first increases and then decreases
on both sides, close to 4 = 0. Even though ¢ is lower for the PtO,
bilayer, it exhibits a higher value of S and lower «; compared to
other two bilayers. Consequently, PtO, has the highest value of
ZT among the three. The maximum values of ZT for NiO,, PdO,
and PtO, bilayers, respectively, are 1.05 (0.63), 1.57 (0.89) and
1.79 (1.43). These values are obtained for electron (hole) doping
at 700 K and are nearly two times higher compared to their
monolayer counterparts. In practical applications, achieving the
optimal Fermi level shift required for maximizing ZT is typically
realized through doping. The dependence of ZT on carrier
concentration is illustrated in Fig. S5. The carrier concentra-
tions corresponding to the peak ZT values for NiO,, PdO, and
PtO, bilayers are approximately 9.3 (6.8) x 10'® cm™®, 4.2 (4.1)
x 10" em 3, 4.4 (4.3) x 10" cm ™3, respectively, for electron
(hole)-doping at 700 K.

Conclusion

The impact of stacking two XO, monolayers to create a homo-
bilayer on thermoelectric performance is examined in the
current work utilizing density functional theory and Boltzmann
transport equations. The chemical and dynamic stability of XO,
bilayers, with AA stacked configuration, is validated based on
binding energy and phonon dispersion calculations. Using the
conventional DFT method, band gaps of 0.89 eV, 1.0 eV and
1.43 eV are obtained for NiO,, PdO, and PtO, bilayers, respec-
tively. On implementing Hubbard U correction (DFT + U), the
band gaps open up to 1.18 eV, 1.53 eV and 1.79 eV, respectively
These values are lower than those of their pristine monolayers,
showcasing the dependency of the electronic band structure on
the interlayer interactions. Near about two times reduction in
lattice thermal conductivity is found in XO, bilayers compared
to their monolayer structures, which is justified by softening of
phonon modes, reduced phonon group velocity, overlap
between acoustic and optical branches, and high Griineisen
parameter. Although the Seebeck coefficient is lower compared
to their monolayer counterparts, due to the reduction in the
band gap, the electrical conductivity increases by nearly ten
times which results in an overall increase in power factor. The
combined effect of fall in lattice thermal conductivity and rise in
power factor leads to a ZT of 1.05 (0.63), 1.57 (0.89) and 1.78
(1.43) for NiO,, PdO, and PtO, bilayers, respectively, for electron
(hole) doping at 700 K. These values are near about two times
higher than their pristine monolayers. Since XO, bilayers have
a higher thermoelectric response compared to their monolayer
counterparts, our research demonstrates that the inter-layer
contact is crucial to thermoelectric performance of a material.
It offers a practical means of adjusting the thermoelectric

6962 | Nanoscale Adv,, 2025, 7, 6954-6963

View Article Online

Paper

properties and will be very useful in subsequent experimental
research.
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