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Boron antimonide (BSb), a promising thermoelectric material from the binary Group
III-V compounds, was synthesized using hydrothermal method. It represents the first report on
the chemical synthesis of BSb. This study combines experimental and theoretical methods,
utilizing the Full Potential Linearized Augmented Plane Wave (FP-LAPW) and the Perdew-
Burke-Ernzerhof Generalized Gradient Approximation (PBE-GGA) to calculate its structural,
electronic, optical properties and thermoelectric properties. The investigation explores the
influence of different molar ratio of elemental boron and antimonide nanoparticle on the
material structure, electrical and thermal properties. X-ray diffraction (XRD) revealed the zinc
blende structure of BSb. UV-visible studies used to determine the bandgap energy with highest
of 2.91 eV for 1:2 among other molar ratios. Hall measurements revealed an electrical
conductivity of 6.52 x 103 Sm™! for 1:2, while Seebeck measurements yielded a maximum
Seebeck coefficient of -778 uV/K for 1:2 indicating n-type behavior, which was consistent in
both experimental Hall and Seebeck analysis. Using BoltzTraP code, the seebeck coefficient
and power factor was observed as 912 pV/K and 0.387 nW/mK3 respectively. The lowest
experimental thermal conductivity of BSb was found to be 0.059 W/mK for 1:2 caused by
enhanced phonon scattering at the interfaces. These findings unveil intriguing thermal and
electrical behaviors in the III-V boron group, holding promise for potential thermoelectric

applications.

Keywords: BSb, PB-GGA, Group I1I-V Compound, Thermoelectric, Chemical synthesis.
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1. Introduction

Utilizing waste heat for electricity has become crucial, as traditional energy sources
approach their limits. Thermoelectric (TE) materials have emerged as an interesting area of
research due to their ability to convert waste heat into electricity without the need for moving
parts. Boron-based compounds have emerged as promising candidates among the materials
being studied due to their high thermal conductivity, stability, and refractory nature, making
them ideal for high-temperature applications. The complex chemistry of elemental boron
contributes to the structural intricacy of these materials, constantly been discovered and studied
using diverse synthesis techniques over recent decades!. Boron compounds particularly those
belongs to the Group I1I-V compound family, serve as the foundation for a wide range of well-
established and emerging technologies due to their distinct electronic?, elastic?, and structural
properties over conventional materials. Among them boron pnictides like Boron phosphide
(BP)*, Boron arsenide (BAs)?®, and Boron antimonide (BSb)® stand out due to their unusual
physical and chemical properties. This unique behavior arises from the boron atom's small size
and deficiency of core p electron. These properties include shorter bonds, exceptional strength,
and a wide range of band gaps, because of these characteristics, boron compounds find

applications in a wide range of electronic and optoelectronic devices like lasers’ and detectors?.

The most extensively studied compounds in this category are Boron nitride (BN)? and
BP!?. While BAs has been investigated experimentally to a limited extent, BSb and Boron
bismuth (BBi)!! are yet to be chemically synthesized, with the majority of research on these
compounds relying on theoretical methods. Researchers have continuously explored few
synthesis techniques to discover and investigate these materials in the past decade. The
continued effort to develop innovative synthesis methods is driven by the prospect of these
materials achieving enhanced Figures of merit (zT) that surpass those previously documented
in literatures. Optimizing these under-explored materials presents a significant opportunity to
address the growing need for efficient energy harvesting solutions, for the solid state
particularly in TE technology, in which conversion of temperature differences into electricity,
relies on the material zT value, determined by factors like the Seebeck coefficient (S), electrical
resistivity (p), total thermal conductivity (k), and absolute temperature (T). Thermoelectric
devices work on the principle of the Seebeck effect. This principle states that a voltage
difference is generated across two dissimilar materials when subjected to a temperature

gradient!?13,
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In this regard, few theoretical calculations of BSb have been conducted, in, the14s]
decade. Theoretical investigation on the structural and electronic properties of BSb in the zinc-
blende (ZB) structure was done by M. Ferhat et al. However, the approach was unable to
describe the energy of the excited states accurately!*. A. Zaoui et al. discussed the structural
and electronic properties of BSb, using the full potential linearized augmented plane wave
method (FP-LAW) in which BSb has been confirmed to have a ZB structure. In this method,
the generalized gradient approximation was used for the exchange-correlation potentiall>. The
highly covalent nature and low phonon scattering of diamond persuaded researchers to
theoretically study the physical properties of BX (X =N, P, As, Sb, and Bi) compounds using
density functional theory (DFT) calculations by replacing one carbon with a III-group element
and other with V-group element!¢. Yao et al. utilized the ab initio method to study bulk boron
antimonide (BSb), as significant potential in hot carrier absorber (HCA) owing to its phononic
structure, which is distinguished by the inhibition of phonon decay'’. Somaieh Ahmadi et al.
presented the lowest Seebeck coefficient (S = 1.8 x 10'® pV/K) and intrinsically highest power
factor (P.F = 0.95 W/ mK?) of BSb among graphene counterparts BX (X =P, As and Sb) using
first-principles calculations using Boltzmann method'®. Recently, Vladimir L. Solozhenko et
al. explores the geometry and ground state energy of hexagonal boron pnictides BX (X= As,
Sb, Bi) and reported a quartz-derived phase of BSb as dynamically stable at ground state based

on quantum DFT?.

Despite numerous theoretical studies on the structural, electronic, and optical properties
of BSb using first-principles methods, experimental investigations of these materials remain
limited. Fig. 1 provides an overview of previous research techniques on BSb through top-down
approach. S. N. Das et al. were the first to report on the synthesis of ZB-BSb in thin film form
using rapid thermal annealing (RTA). They deposited elemental boron and antimony onto a
fused silica substrate via e-gun deposition?. The complete BSb film synthesis was achieved
through annealing at 773 K and confirmed by a characteristic X-ray diffraction (XRD) peak.
After RTA, the multiple layers with a thickness of 22 nm were transformed into B/Sb or Sb/B
films, each with a 1:1 stoichiometric ratio of B:Sb, as quantified by X-ray photoelectron
spectroscopy (XPS). S. Dalui et al. prepared BSb films on fused silica substrates using the co-
evaporation method, successfully replicating BSb films consistent with prior work by S. N.
Das. Their research included a detailed analysis of temperature dependent conductivity, as well
as a comprehensive characterization of the films through spectroscopic and optical methods.

The absorption coefficients of the BSb films were calculated based on transmittance and
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reflectance measurements, and the data revealed an indirect electronic transition with:
bandgap closely matching values predicted by ab initio calculations. Additionally, the
extinction coefficient measured from transmittance showed that the films are highly absorbent.
Further, electrical conductivity measurements using the four-probe technique showed that the
films were highly resistive?!. Subsequently, the research conducted by S. Das et al. which also
remains the most recent experimental approach in the pulsed laser for the deposition of BSb
films for hot carrier solar cell device applications. Films were deposited on three different
substrates at different temperatures (473 K, 573 K, and 673 K) using a Nd-YAG laser. Grain
sizes increased for films when deposited at higher substrate temperatures during deposition.
XRD patterns indicated a polycrystalline nature with a ZB-BSb structure, consistent with
previous studies. Optical studies revealed an indirect bandgap. A modified KK theory
approach, as described by Xue et al.,>> was employed to determine film thickness, refractive
index, and extinction coefficient. This analysis indicated that lower deposition temperatures

resulted in denser films?23.
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Fig. 1 Schematic summarizing past BSb synthesis efforts and highlighting the

advancements of the present work.

In this study, a comprehensive investigation was conducted, through both theoretical
and experimental methodologies, to explore the thermoelectric potential of BSb material for
the first time using a bottom-up approach also known as chemical synthesis. Despite its
promising potential as a Group III-V semiconductor, with advantages in the acoustic phonon
branch, BSb synthesis and characterization remain challenging due to the significant mass
difference between boron and antimony atoms. Consequently, there are limited reports on its
synthesis and characterization. The hydrothermal synthesis was employed as a bottom-up

chemical approach, offering several advantages over the physical deposition techniques
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previously reported for BSb. Earlier methods such as rapid thermal annealing, co-gyaporatiSt, o5
and pulsed laser deposition successfully confirmed the zinc-blende structure of BSb but faced
recurring challenges, including deviations from stoichiometry due to the large differences in
vapor pressures and atomic masses of boron and antimony. These techniques also required high
processing temperatures (473 K—773 K) followed by annealing, which increases energy
consumption and risks introducing thermal stress. In contrast, the hydrothermal method allows
boron and antimony precursors to mix homogeneously in solution before crystallization,
enabling precise stoichiometric control and crystal growth at relatively low temperatures (~423
K) under autogenous pressure. Importantly, this approach produces gram scale quantities of
BSb powders that can be sintered into pellets, facilitating bulk thermoelectric measurements
that are difficult to achieve with thin films. Additionally, the method provides tunable control
over particle size and morphology through adjustments of reaction parameters, while remaining
cost-effective and environmentally benign, making it a desirable route for the first chemical
synthesis of BSb. To address the challenges associated with synthesizing BSb such as defects,
precise stochiometric balance and optimizing it as a thermoelectric material, this research
endeavours to investigate the behavior of chemically synthesized BSb and its thermoelectric

properties.

In this work, we first study the DFT simulations to investigate the structural, electronic,

and thermoelectric properties of BSb, using the BoltzTraP code for detailed analysis. Then we

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

synthesize BSb experimentally and validate the computational predictions through

comprehensive structural, electronic, and thermoelectric measurements.
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2. Materials and Methods
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The computational work involved self-consistent ab-initio calculations using the FP-
LAPW method in the Wien2k code, with the Perdew-Burke-Ernzerhof (PBE) and generalized
gradient approximation (GGA) for structural optimization, to explore the structural, electronic,
and thermoelectric properties of BSb. The experimental work was conducted using the
hydrothermal method, followed by annealing in an argon atmosphere. Subsequent

characterization studies were carried out to analyze the nature and properties of the material.

Sodium borohydride (NaBH,4) and Antimony trichloride (SbCls) were purchased from
Sigma Aldrich, India with a high purity. Concentrated Hydrochloric acid (Con.HCI1 > 35.40%)
was obtained from Rankem, India. Deionized water was used as the solvent. To synthesize

BSb, 20 ml of 0.5 M NaBH, solution prepared in deionized water was stirred at 300—400 rpm.
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20 ml of 0.5 M SbCl; solution prepared in deionized water and 10 ml concentrated HCL'

kept under stirring for 10—15 minutes separately. The NaBH, solution was added dropwise to
the SbCl; solution in an ice bath to control the exothermic reaction, forming a black precipitate.
After 1 hour, the mixture was transferred to a Teflon-lined autoclave and heated at 423 K for
12 hours. The cooled sample was washed, dried at 343 K for 6 hours, and sintered at 773 K in
an argon atmosphere for 3 hours. The detailed synthesis method and physical mechanism are
discussed in the supplementary section. The dried powders, synthesized in 1:1, 1:2, and 2:1
molar ratio of boron and antimony (S1, S2, S3), were pressed into pellets for further

characterization. The chemical synthesis process for BSb is illustrated in Fig. 2.
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Fig. 2 Schematic representation for the chemical synthesis of BSb.
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3. Computational design and experimental study of BSb

FP-LAPW method, as implemented in the Wien2k code was used to investigate the
structural, electronic, and thermoelectric properties of BSb. PBE and GGA was used for
optimization of the BSb structure. The muffin-tin radius values are set to be Ryt (B) = 1.69
a.u. and Ry (Sb) = 2.35 a.u. The valence wave functions inside the muffin-tin spheres are
expanded up to l,,.,x = 10 and the Fourier coefficient of charge density is selected as G = 12
(a.u.)!. The modified Becke—Johnson functionals (mBJ-GGA) exchange-correlation potential
is used to calculate the exchange and correlation energy of electrons. The 10 x 10 x 10
Monkhorst-pack mesh is used for the Brillouin-zone integration. In order to attain energy
eigenvalue convergence, the expansion of wavefunctions in the interstitial region were made
with a cut-off K, = 7/ Ryr. An energy convergence criterion of 0.0001 Ry was employed to

distinguish between core and valence states and a charge convergence criterion of 0.001 eV
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was maintained. To analyze the behavior of charge carriers, Hall experiment is conducted-us§ifig, ot
BoltzTraP code, and the electrical conductivity (o/1), electrical resistivity (p), mobility (i) and
carrier concentration (n) are studied for the considered compound. A theoretical approach was
employed using BoltzTraP, which solves the semi-classical Boltzmann transport equation
within the relaxation-time approximation. This theoretical method allows for the calculation of
transport coefficients, such as electrical conductivity, Seebeck coefficient and power factor, by

integrating over the electronic states derived from DFT.
3.1 Structural and morphological study

Fig. 3(a) displays the cubic structure of BSb, where blue and green spheres represent
boron and antimony atoms, respectively. The binary BSb material crystallizes in the cubic
belongs to 216 (F43m) cubic space group with the experimental lattice constant of a,, =5.234
A and the calculated lattice constant of a., =5.286 A. The boron atom occupies the position
X=0, Y=0, Z=0 and the antimony atom occupy the position of X=0.25, Y=0.25, Z=0.25. The
volume optimization curve for BSb is presented in Fig. 3(b). From the optimized total energy
obtained from this curve, the fitted lattice constant can be derived. To determine the most stable
volume of the cubic structure, the total energy of the BSb unit cell was computed by varying
the cell volume by -10%, -5%, 0%, +5%, and +10% around the experimental volume, yielding
an optimal volume of 249.29%4, The volume optimization curve in Fig. 3(b) was obtained by

fitting the total energy and corresponding unit cell volumes to the Birch-Murnaghan equation

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of state. Table 1 summarizes the lattice constant, space group, crystal structure, total energy
(Eo) and fermi energy (Eg) of BSb. The core and valence electrons of boron and antimony are

1s? and (1s%2s22p%3s23p® 3d'%4s%4p%) and (2s?2p!) and (4d'°5s25p3) respectively. The total

Open Access Article. Published on 08 April 2026. Downloaded on 4/8/2026 8:29:38 PM.
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energy of the system was calculated to be -13016.929 Ry, with a fermi energy of 0.527 Ry.
Bandgap values calculated using three different exchange-correlation potentials GGA(r-x),
GGA (r-L), mBJ, and GGA+U (U = 0.52 eV) are 0.763 eV, 2 eV, 1.133 eV, and 0.865 eV,

respectively?.
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Fig. 3 (a) Crystal structure of BSb and (b) volume optimization curve depicting the
equilibrium volume of BSb (¢) the X-ray diffraction pattern of BSb and (d) the cubic
structure of BSb, violet circle represents the antimony atom and pink circle represents the

boron atom.

The computational design on the structure of BSb is verified by performing XRD in
Fig. 3(c) showing the patterns of BSb at various molar ratios. XRD is used to study the phase
composition and crystal structure. All primary diffraction peaks exhibit strong consistency
across different molar ratio. Among the two potential stoichiometric compositions (rock salt
and ZB) of BSb, the ZB-cubic crystal system is confirmed with a space group of F43m, with
computational calculations as mentioned in Table 1. XRD analysis identifies prominent peaks
at 20 = 19.7°, 25.9°, 27.9°, corresponding to diffraction planes (113), (122) and, (107)
respectively, which are indicative of boron. This is confirmed by the JCPDS card number 89-
277%. Furthermore, the diffraction peaks of Sb, indicated by indices such as (012), (104), (110),
and others, correspond to specific 20 values 28.8°, 40.2° and 42° respectively are consistent

with JCPDS entry 35-0732%.

Table 1: Structural Properties of BSb

Compound BSb

Lattice Constant (A) Aexp = 5.234
ac = 5.286
5.28092%4, 5.27926
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= C—r oo ey View Article Online
ORI yer ik A e L DOI: 10.1039/D5QM00932D


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00932d

Page 11 of 23

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 08 April 2026. Downloaded on 4/8/2026 8:29:38 PM.

(cc)

Materials Chemistry Frontiers

Space Group 216 - F43m DO 10.1039/D5OMO0932D
Structure Cubic
Volume (bohr?) 249.29

Bulk Modulus (GPa) | 97.54

Eo (Ry) -13016.929

E, (eV) 0.763 (GGA) (r-x)
2 (GGA) (r-L)
1.133 (mBJ)
0.865 (GGA + U)

Er (Ry) 0.527

These findings align with established data, confirming the presence of elemental boron and
antimony in the prepared sample. The low-intensity peak observed near 20 = 13.93°
corresponds to chlorine oxide, specifically Cl,0O7, as identified by JCPDS entry 78-2455. This
likely arises from incomplete reduction, resulting in a small amount of residual oxide. The low
intensity and limited distribution of Cl,O, and its impact on the structural and electronic
properties of sample is expected to be negligible. Chlorine oxides like Cl,O, are generally
volatile and unstable, and any minor presence is unlikely to interfere with the primary boron
and antimony phases, which show prominent, well-defined diffraction peaks in the XRD
analysis. Despite changes in the molar ratio, the samples S1, S2 and S3 maintain the same
crystal structure in the crystal lattice without any phase shifts. Further, the morphology of BSb

was examined and detailed discussion is given in the supplementary draft.
3.2 Exploring the band behaviour

For electronic band structure calculation, experimental lattice parameters are used with
of exchange-correlation potential. Fig. 4(a-c) depicts the total Density of States (DOS) and the
partial DOS of BSb. From Fig. 4, the DOS below the Fermi level is due to B-s, p states and
Sb-s, p states, and above the Fermi level is contributed mainly by B-p states and Sb-p, d states,
and there is a small contribution of Sb- D-t,, and f- states. The band structure of BSb, shown
in Fig. 4(d), reveals an indirect bandgap configuration, with the valence band maximum (VBM)
and conduction band minimum (CBM) located at different K points in the Brillouin zone.
Specifically, the VBM is positioned at the ‘I"” point, while the CBM is located near the ‘X’

point along the A-line, resulting in an indirect bandgap of 1.13 eV at r - Amin.
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Fig. 4 (a) Total density of states of BSb, with partial density of states for (b) B and (c) Sb
and (d) the band structure of BSb and fat band structure of (e) B-s, (f) B-p, (g) Sb-s and (h)
Sb-p states.

The lowest sharp band in the conduction band is due to the electron effective mass,
whereas along the same symmetry, the maximum of the valence band is a hybrid of flat and
sharp bands. The combination of flat and sharp bands enhances the electron transport, as the
sharp band is responsible for the higher value of electron electrical conductivity. Fig. 4(e-f)
and 4(g-h) represents the flat band of boron s, p-states, antimony s, p-states respectively. Figure
4(f & h) reveals that the VBM in BSb arises from the hybridization of boron p-states with
antimony p-states, while the CBM is primarily due to strong hybridization between boron s-
states and antimony p-states. This hybridization exhibits a sp? character, indicating the covalent
bonding nature of BSb. In this hybridisation, there is only a little contribution of boron p-states
and antimony s-states. The calculated band gap values with mBJ-GGA are in agreement with

previous first principles calculations?S.

3.3  Optical Properties

The optical properties are characterized by the complex dielectric function, &(w), which
describes the linear response of the system to an external electromagnetic field with a small
wavevector. Once this function is calculated, other optical properties can be accurately

determined. &(®) can be expressed as:
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Here g, and ¢, are real and imaginary parts of the dielectric function respectively. The
following optical properties namely dielectric constant (real and imaginary), absorption
coefficient, sigma (conductivity), energy loss, extinction coefficient, refractive index and
reflectivity are calculated for BSb as shown in Fig. 5(e-h). The dielectric function which
includes real and imaginary parts is determined by transition between the valence and
conduction band. In this, the real part () represents the optical dispersion and the imaginary
part &x(w) represents absorption of the crystal. The static dielectric constant, €o(®) , which
strongly depends on the energy gap, is approximately 9.5 for BSb (Fig. 5a). Within the photon
energy range of 2—13.5 eV, the dominant peak appears at 4.8 eV for BSb. In Fig. 5 (b), ex(®)
approaches nearly zero around 13.5 eV, indicating minimal photon absorption at this energy.
Fig. 5 (c) shows that the absorption spectrum of BSb begins near 2.5 eV. The optical
conductivity of BSb reaches a maximum of approximately 17,000 S/m at 5 eV (Fig. 5d),
suggesting its potential use in solar cell applications, as this peak occurs within the visible

range.

The energy loss function, which describes the energy lost by fast-moving electrons, has
a main peak around 12 eV (Fig. Se). From the extinction coefficient graph (Fig. 5f), the local
maxima of K(w) correspond to the zero of &(w) is found at 3.4 at 5.0 eV. The zero-frequency

refractive index n(0) is found to be 3.1 for BSb as shown in Fig. 5 (g). Reflectivity which varies

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

with energy, exhibits multiple peaks. In Fig. 5 (h), the maximum reflectivity, Ry,.x= 0.65 occurs

at 8.1 eV, and the minimum reflectivity, R,;,= 0.55 appears at 9.2 eV. The optical properties

Open Access Article. Published on 08 April 2026. Downloaded on 4/8/2026 8:29:38 PM.

of BSb, including high absorption in the visible-UV range, significant dielectric response, and

(cc)

peak optical conductivity, suggest that it could be employed for thermoelectric applications.
The observed peaks in the dielectric and conductivity spectra indicate strong electron-photon
interactions and efficient charge transport, both of which are advantageous for thermoelectric
performance, as they support enhanced energy conversion and minimal thermal conductivity

in the material.
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Fig. 5 Optical properties of BSb as a function of photon energy: (a) real part of the

dielectric function ¢, (b) imaginary part ¢,, (c) absorption coefficient a(w), (d) conductivity

o(w), (e) energy loss function L(w), (f) extinction coefficient K(w), (g) refractive index n(m),

and (h) reflectivity R(o).
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Fig. 6 Absorption spectra with Tauc plot for samples: (a) S1, (b) S2, (¢) S3, and (d)
charge density plot of BSb.

In this study, the bandgap of BSb was estimated to be 2.08 eV for S1, as depicted in Fig 6
(a) within the Tauc plot. Similar graphical representations were generated for other molar
ratios, with respective bandgap energies derived from the Tauc plot (inset from Fig 6 (a-c)).
Consequently, it can be inferred from the optical investigation that the bandgap of BSb
synthesized chemically ranges from 2.08 to 2.91 eV for indirect transitions, with the highest
bandgap achieved at S2%°. The increase in E, with the increasing molar ratio can be attributed
to the appreciable electronegative difference of B and Sb. As seen in Fig.6 S2 and S3 has strong
absorption in the visible region with an absorption edge at 400 nm (E, = 2.91 and 2.32 eV).
This increase in bandgap further separates the valence and conduction bands, requiring higher
energy for electron excitation from the valence to the conduction band, which results in a lower
intrinsic carrier concentration at a given temperature. Lower carrier density can enhance the
Seebeck coefficient, since fewer thermally excited carriers lead to a higher voltage per
temperature gradient. Furthermore, a larger bandgap often aligns with reduced lattice thermal
conductivity, as it minimizes the overlap between phonon and electron energy states, thereby
decreasing electron-phonon interactions. Consequently, the wider bandgap enables the material
to perform effectively at higher voltages, temperatures, and frequencies, which is expected to
positively influence its thermoelectric properties, such as an improved Seebeck coefficient and

reduced thermal conductivity3°.
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Fig. 6 (d) shows the charge density plot for the [100] plane of BSb, which helps explainthé; o555

bonding nature between B and Sb atoms. The symmetric charge density distribution around the
B and Sb atoms suggests a combination of weak covalent and ionic interactions. This bonding
enhances the ductility of the material. The observed rise in mobility from S1 to S3 is primarily
by microstructural improvements, larger grain size, fewer grain boundaries, stronger covalent
bonding, and reduced defect density, resulting in a clear conduction pathway for electrons. The
reduction in scattering mechanisms dominates over the moderate change in carrier

concentration, producing the observed increase in mobility.
4. Thermoelectric property
4.1 Thermoelectric measurements

To analyze the behavior of charge carriers in a sample, a Hall experiment is typically
conducted, as the inverse Hall coefficient is directly related to the charge carrier density. Using
BoltzTraP code, the electrical conductivity (o/1), electrical resistivity (p), mobility (p) and
carrier concentration (n) are studied for the considered compound. The values of all the above
mentioned are calculated for the temperature range from 100 K to 300 K at Fermi energy.
Graphs plotted between o/1, p, p and n versus temperature (T) are presented in Fig 7(a-d). From
Fig. 7(a), maximum conductivity is achieved at 300 K. The mobility and carrier concentration
increased with temperature and reaches a maximum value at 300 K consistent with the findings
of Zhou et al., in a comparative study of the thermoelectric performance of graphene-like BX
(X= P, As, Sb) monolayers3!. Additionally, the electrical properties and Hall values were
examined and validated through experimental Hall-effect measurements to better understand
the relationship between charge carriers, mobility, and conductivity with the details provided

in the supplementary material.

13


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00932d

Page 17 of 23

Open Access Article. Published on 08 April 2026. Downloaded on 4/8/2026 8:29:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

7]

it 10 (Lms)

Sa) I | —i— Conddnetivity 1aid {hy i—&—RbixLiuiL} |
14
§|l.r.a
= nad
\
-
124
L1 = e & &
i 150 21 _z%o i 100 15 200 24 ]
Temperature (K) Teniperatore (b}
T ns
Ties | == Mobility 3 = (dy —a— Carricr Coneentratiom
g
ol 8
24
=

(] 0 a0 30 3o
Temperature (Ki

4
1]

T T -T T
1511 ik} 50 Ani
Temperature (K}

View Article Online

DOI: 10.1039/D5QM00932D

Fig. 7 Electrical conductivity, resistivity, mobility, and carrier concentration of BSb

obtained from BoltzTraP calculations (a to d).
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Fig. 8 (a) Seebeck coefficient and (b) power factor of BSb obtained from BoltzTraP

Using BoltzTraP code, the thermoelectric properties such as Seebeck coefficient (S),
electrical conductivity (o) and power factor are studied for the considered compound. The
values of Seebeck coefficient (S) and power factor are calculated for the temperature range
from 100 K to 300 K at Fermi energy. Graphs are plotted between S versus T and S?c versus
T and presented in Fig. 8 (a & b). The Seebeck coefficient known as thermoelectric power,
and the convention of the Seebeck coefficient depends on the majority charge carriers. In the
present study, the considered BSb is found with holes as the majority charge carriers, and
therefore the Seebeck coefficient become positive having 912 pV/K at 300K, as shown in Fig.

8(a). This suggests that the BSb is p-type semiconductor. Here, there is a gradual decrease in
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Seebeck value occurs from 100 K to 300K. The electrical conductivity and power,fdE

increases with respect to temperature. Considering the power factor, maximum value
(0.387 nW/mK3) is obtained at 300 K. This is due to the excitation of minority carriers (i.e.
electrons) at elevated temperatures. To investigate and validate the thermoelectric
characteristics of BSb, Hall measurement and Seebeck measurement were conducted for the
prepared sample. Resistivity and Hall measurements were conducted on BSb samples and
detailed analysis is included in supplementary section. The Seebeck measurement involved
creating a temperature gradient, a high temperature Ty and a low temperature Ty across the
sample by maintaining a differential temperature of AT = Ty - T at its two ends. The Seebeck
coefficient was recorded by varying the voltage values from 0-8 V. The temperature difference
was maintained between 276.15 K - 280.15 K throughout the experiment. Fig. 9 effectively
captures the trend across all three BSb molar ratios, the Seebeck coefficient exhibits a
progressively stronger response with increasing input voltage. This indicates a potential for
these materials in applications where electrical input can be translated into a larger

thermoelectric effect.

As discussed earlier, changes in molar concentration can influence interfaces and grain
boundaries, both of which can influence decreasing the electrical conductivity and an enhanced
Seebeck coefficient value®?. The observed increase in the Seebeck coefficient is attributed to
scattering at grain boundaries, as a result of the introduction of potential barriers??. The Seebeck
coefficient (S) increases and then decreases with temperature in all BSb samples, consistent
with diffusive carrier transport being the dominant mechanism over phonon drag within the
studied range. The presence of interfaces and grain boundaries introduces weak potential
barriers that preferentially scatter low energy carriers, producing an energy filtering effect that
enhances the average carrier energy and increases S at moderately elevated temperatures. This
effect is most pronounced in S2, which achieves an optimal balance between carrier
concentration and interfacial scattering, yielding both the highest Seebeck response among the
studied ratios. For example, at 280 K, S1 exhibits S =-225 nV/K, while S2 reaches -778 uV/K,
confirming the positive effect of B:Sb ratio tuning3*.The grain boundary scattering in S3 gives
a sharp rise in seebeck coefficient near 277 K, then drop, and partially recover, showing that
S3 exhibits strong temperature sensitivity compared to S2. Thus, according to Seebeck
coefficient studies, the S2 ratio of BSb material is ideal for achieving effective thermoelectric
properties. The maximum Seebeck coefficient recorded was -778 uV/K at S2 of BSb. The

consistent negative Seebeck coefficient values across the readings suggest that the prepared

15
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BSb exhibits n-type semiconductor behavior, which aligns well with the Hall mgasyrenight

Materials Chemistry Frontiers

ticle Online
M00932D

The thermoelectric performance evaluations are ongoing to further optimise the material’s

performance for potential device fabrication in future.
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Fig. 9 The Seebeck coefficient versus temperature difference for samples S1, S2, and S3 are
shown in Fig. a & b, ¢ & d, and e & f, respectively, measured using a custom-built setup.

5. Conclusion

The research presented here pioneers the successful chemical synthesis of BSb and also
provides a comprehensive evaluation of its structural, electronic, and thermoelectric properties.
Crystalline BSb nanoparticles were synthesized via a chemical method for the first time, with
computational analysis identifying the binary BSb material as having a zinc blende structure
within the 216 (F43m) cubic space group. UV-visible studies revealed a maximum bandgap
energy of 2.91 eV for indirect transitions at 1:2 ratio, consistent with density of states (DOS)
calculations. FTIR analysis along with the charge density diagram indicated the weak covalent
and weak ionic nature of BSb. The band structure analysis of the Sb (p) orbitals indicates that
these orbitals are the primary contributors to the electrical properties of the BSb material. This
observation is further supported by the improved performance of BSb at 1:2 ratio, suggesting
that the Sb atoms play a crucial role in enhancing the material's electrical properties. The
samples were identified as n-type semiconductors, and a Hall effect response was detected.
Experimental seebeck measurements revealed negative coefficients indicative of n-type
semiconductor behavior, with a maximum value of -778 uV/K at 1:2 ratio. Overall, the
experimental findings suggest that the BSb material at 1:2 ratio exhibits superior thermoelectric

properties compared to other ratios investigated. The BoltzTraP code revealed the seebeck
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coefficient and power factor as 912 uV/K and 0.387 nW/mK3 respectively. These findings oo
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the way for further experimental exploration of BSb, with future research focusing on
optimizing its thermoelectric properties through methods such as compositing, doping, or

introducing defect.
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