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ABSTRACT: The Bi–Te system remains one of the most extensively studied thermoelec-
tric materials and is among the few commercially viable solutions for waste heat recovery.
However, the role of synthesis conditions—particularly precursor oxidation—on phase for-
mation and transport properties remains insufficiently understood. In this work, we inves-
tigate the effect of chemical composition and precursor oxidation on the polymorphism and
thermoelectric performance of mechanochemically synthesized, low-density BixTe100−x
(x = 50 and 70) nanomaterials. High-energy ball milling enables rapid phase formation
within minutes, yielding distinct phase compositions depending on precursor form and oxi-
dized contaminations. For Bi50Te50, highly oxidized precursors stabilize Bi2Te3, moderately
oxidized conditions favor BiTe, and low-oxide precursors promote the formation of Bi4Te3, while Bi2Te is obtained for Bi70Te30. In situ
X-ray diffraction reveals rapid phase formation on short timescales, strongly dependent on precursor oxidation. Highly oxidized precur-
sors also induce ternary oxide phases that significantly suppress electrical transport. Despite this, a compensating reduction in thermal
conductivity leads to a maximum zT of 0.18 at 200 °C for the Bi2Te3 phase. Analysis of the thermoelectric quality factor demonstrates
that oxidation ultimately degrades intrinsic electronic performance, indicating that zT alone can be misleading when comparing materials
with different microstructures and porosity. Additional densification via spark plasma sintering improves room-temperature performance
but highlights the competing increase in electronic thermal conductivity, further supporting the need to evaluate intrinsic material quality
beyond zT. These results establish mechanochemistry as a versatile route for accessing a wide range of Bi–Te polymorphs and highlight
the critical role of precursor oxidation in achieving optimal thermoelectric performance.
KEYWORDS: thermoelectricity, chalcogenides, nanomaterials, mechanochemistry, rietveld-XRD

1. INTRODUCTION

Thermoelectric (TE) materials enable direct conversion
between thermal and electrical energy via the Seebeck and
Peltier effects. The growing interest in TE materials stems from
their high reliability and the absence of moving parts, which
make them particularly suitable for remote and off-grid applica-
tions such as aerospace systems, including the Voyager and
Cassini missions,1 as well as for powering Internet of Things
(IoT) devices.2 In addition, TE materials are widely used in
microcooling and microheating technologies, light-generation
systems, and waste heat recovery from sources such as solar
cells, motors, and industrial processes.3–10

The efficiency of converting heat to electrical energy in TE
materials is characterized by the dimensionless figure of merit,
zT.11 It is defined as zT = S2σ

κ T , where S is the Seebeck coeffi-
cient, σ is the electrical conductivity, T is the absolute tempera-
ture, and κ = κL + κel is the total thermal conductivity,
consisting of lattice (κL) and electronic (κel) contributions.11–13
These transport parameters are strongly interdependent, making
the optimization of the zT inherently challenging.3,14,15 For

example, increasing the carrier concentration—through intrinsic
or extrinsic doping—generally enhances electrical conductivity
but tends to reduce the Seebeck coefficient, potentially lowering
the overall figure of merit. Strategies to partially decouple these
relationships have been successfully implemented in materials
containing heavy elements and layered crystal structures, such
as bismuth tellurides (Bi–Te).16–18 These compounds exhibit a
high band degeneracy in the electronic density of states, provid-
ing multiple transport channels without significantly increasing
carrier concentration, which is beneficial for maintaining a high
Seebeck coefficient. Moreover, the strongly anisotropic electronic
band structure of Bi2Te3 enables a large density-of-states effective
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mass while preserving a low transport effective mass and high car-
rier mobility.3,14,15 For these reasons, since their first TE applica-
tions in the 1950s,13 Bi–Te-based materials have remained the
benchmark for near room-temperature TE performance and con-
tinue to dominate technologies for power generation, cooling,
and temperature control in optoelectronic devices.16–18

High-energy ball-milling is a mechanochemical synthesis
technique that aligns well with several principles of green chem-
istry, offering a potentially sustainable route for materials pro-
cessing.19 It enables large-scale production while reducing
fabrication costs and can promote the formation of metastable
and highly disordered nanostructures.20–23 In a top-down
approach, ball milling is used to induce nanostructuring effects
in Bi–Te materials synthesized through solid-state reactions,
inducing the phonon-glass electron-crystal (PGEC) behav-
ior.24–29 This strategy consists of reducing the crystallite size
(CS) of polycrystalline TE materials to the nanoscale, generat-
ing a high density of interfaces that act as energy filters. In this
case, these interfaces preferentially scatter low-energy charge
carriers that mainly contribute to heat transport, while allowing
higher-energy carriers, which contribute more effectively to the
Seebeck effect, to pass with less resistance.17,30,31 Alternatively,
Bi–Te materials can also be synthesized through a bottom-up
approach involving ball-milling of precursors followed by con-
solidation via spark plasma sintering (SPS).26,32 While these
methods enable rapid phase formation and nanostructuring,
they also introduce defects, disorder, and porosity, which can
strongly influence TE transport properties. Despite extensive
studies on the mechanochemical synthesis of Bi–Te materials,
the role of precursor oxidation in governing phase formation
and TE performance remains poorly understood.

In this work, we systematically investigate the influence of pre-
cursor oxidation and milling conditions on phase selection and
TE performance in BixTe100−x systems. For the Bi50Te50 compo-
sition, three distinct phases (Bi2Te3, BiTe, and Bi4Te3) are selec-
tively stabilized depending on oxidation level and milling
conditions, all exhibiting n-type semiconducting behavior. In con-
trast, Bi70Te30 compositions display p-type behavior with com-
paratively limited sensitivity to precursor oxidation, resulting in
consistent structural characteristics. TE performance was evalu-
ated through measurements of Seebeck coefficient, electrical con-
ductivity, and thermal conductivity, complemented by
densification via SPS. Although highly oxidized samples exhibit
higher zT due to reduced thermal conductivity, analysis of the
TE quality factor reveals a degradation of intrinsic electronic per-
formance. This indicates that the apparent improvement in zT
arises from extrinsic effects and suggests that lower-oxidation
materials may achieve superior performance upon full optimiza-
tion. Furthermore, SPS improves room-temperature transport
properties but highlights the competing increase in electronic
thermal conductivity. Overall, these results demonstrate that pre-
cursor oxidation plays a critical role in governing phase formation
and transport properties and emphasize the importance of distin-
guishing intrinsic material quality from extrinsic contributions
when optimizing TE performance.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation

Elemental powders and granules of Bi and Te were mixed under an
argon atmosphere in two different proportions, viewing the chemical
compositions of Bi50Te50 and Bi70Te30. The samples with Bi50Te50

composition were prepared using two different Te sources (Sigma-
Aldrich 264865-25G powder, −30 mesh, ≥99.997% trace metal basis
and Sigma-Aldrich 263303-25G granular, −5 to +50 mesh,
≥99.99% trace metal basis). Careful analysis of the starting materials
revealed non-negligible levels of oxidation for Te (see values in
Table 1), higher for the powder source, as well as for the Bi powder
(Sigma-Aldrich 265462-100G powder, −100 mesh, 99% trace metal
basis). XRD data and Rietveld profile fitting (performed using
TOPAS33) are provided in Supplementary Note 1, in Figure S1. The
stainless-steel vials of 65 mL volume and sets of 9 stainless steel balls
were used, being 3 balls of 12.7 mm (½ inch) in diameter and 6 of
6.35 mm (¼ inch) diameter. The initial ball-to-powder ratio (BPR)
was 10 for all samples. The mechanical energy was provided by a dual
vial shaker mill SPEX 8000D that shakes the vials in a complex motion
combining 5.9 cm back-and-forth swings with short (2.5 cm) lateral
movements, each end of the vial describing a figure-8 at a speed of
875 cycles/minute. After every 3 h of milling, a small number of sam-
ples were collected for ex situ analysis. All procedures were carried out
in a glove bag filled with argon.

Five samples (two Bi50Te50 and three Bi70Te30) were produced
using a modified (MM400 Retsch) ball mill,34 shaking horizontally
with a frequency of 20 Hz, and special 25 mL stainless steel jars with
windows (covered with PMMA and metal rings). Two stainless steel
balls of 15 mm were used, and a BPR of 20 was chosen to result in
about 1.4 g of sample in each batch. Two batches of Bi50Te50 compo-
sition and three of Bi70Te30 were produced. For that, high-purity Te
(Sigma-Aldrich 266418-100G powder, −200 mesh, ≥99.8% trace metal
basis) and Bi (Sigma-Aldrich 95372-100G granular, ≥99.99% trace
metal basis) sources were used. No oxidation was detected for the
Te powder and Bi granules used in real-time mechanochemical synthe-
sis experiments (Figure S1 and Table 1). All sample preparations were
performed in a glove box filled with argon.

The sample labeling for the powders used and the ball-milling setup
employed are given in Tables 1 and 2, respectively. Granular materials
are identified with the letter G, while micrometer-sized powders are
labeled by the letter P. The use of the SPEX-8000D mill is referred
to as BM1, while the Retsch MM400 mill is denoted as BM2.

2.2. X-ray Diffraction Experiments

The XRD measurements were performed in six different diffractome-
ters, including the laboratory sources/setups Xpert MPD, Stoe,
Empyrean, D8 and, the XRPD beamlines at ESRF,35,36 MAX-IV,35

and DESY37–39 synchrotron sources. The list of all the experiments
and their descriptions are available in Supplementary Note 2,
Table S1. For Rietveld analysis and profile fitting, the program package
TOPAS 7 academic version33 was used.

2.3. Raman Analysis

Raman spectra were acquired using a Renishaw inVia confocal Raman
microscope coupled to a Leica DM2700M optical microscope. The
system was equipped with a Renishaw RL785 laser (maximum output
power 256 mW) and a Renishaw Centrus 5MX233 detector, controlled
via WiRe 5.6 software. Measurements were performed in backscatte-
ring geometry using a 785 nm excitation wavelength with a 1200
lines/mm diffraction grating and a 20× objective. Data were collected
in regular static-scan mode with 10 s acquisition time at 1% laser
power. All spectra were obtained under ambient conditions, ensuring
stable focus and minimizing sample heating during measurement.

2.4. Thermal Analysis

The differential thermal analysis (DTA) made use of a NETZSCH
STA 449F5 instrument, employing an Ar flow of 50 mL min−1. The
samples were loaded in 0.3 mL Al2O3 crucibles. A 5 °C min−1 ramp
was applied for the heating, from 22 to 600 °C. Cooling ramps were
measured within the same temperature range and ramp.

In situ high-temperature X-ray powder diffraction (HTXRPD) was
performed using a Stadi P diffractometer (Stoe) in Debye–Scherrer
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geometry. Ag Kα1 radiation, which came from a Ge(111)-Johann-type
monochromator, was used, and a triple Mythen 1K detector array
(Dectris) was employed for data collection. Samples were sealed
both in Ar and air-filled environment, using 0.3 mm quartz-glass
capillaries (Hilgenberg glass) and spun during measurement. Heating
was performed using a GSB 1300 gas blower (FMB Oxford) at
5 K/min. HTXRD was conducted from 30 to 650 °C, with 1 h
measurement time.

2.5. Morphological, Chemical, and Electron Diffraction
Characterization

The ZEISS DSM 982 Gemini was used for scanning electron micros-
copy (SEM) imaging. It is equipped with SE, BSE, and EDX detectors.
The EM ACE 600 coater was used for Ir coating of the samples dis-
posed of over metal stubs.

For transmission electron microscopy (TEM) analysis, the powders
were dispersed in ethanol, sonicated in an ultrasonic bath, and then
deposited onto carbon-coated copper grids (FCF 300Cu). Particle size
measurements from TEM images were performed using the open-
source software FIJI (ImageJ).40 For micrographs showing rounded
or quasi-spherical particles, the Oval Selection tool was employed to
measure the maximum diameter of each particle. In cases of irregular
or elongated morphologies, the Straight-Line tool was used to deter-
mine the largest dimension. All images were rescaled to nanometers
using the corresponding scale bars, and all discernible particles were
included in the histograms except those located at image edges or over-
lapping, which were excluded to minimize measurement uncertainties.

The BM1-processed samples were analyzed using a JEOL
ARM200F image-corrected transmission electron microscope. TEM,
high-resolution TEM (HR-TEM), and selected area electron diffrac-
tion (SAED) images were acquired. In contrast, the BM2-prepared
samples were characterized using a JEOL JEM-1400, operating at
120 kV, from which TEM images and SAED patterns were obtained.
The SAED patterns were indexed using the CrysTBox software41 from
the structural data obtained from Rietveld-XRD analysis.

2.6. TE Characterization

The Bi-Te as-milled powders were cold-pressed into 16 mm-diameter
cylindrical pellets with a thickness of approximately 1.0 mm by

applying a load of ∼15 tons for 5 min under an Ar atmosphere.
They were thermally treated in a static atmosphere of Ar for 120 min
at 300° C (ramp 3° C min−1) and naturally cooled down to room tem-
perature. The as-milled 6-Bi70Te-BM2a powder was further sintered
by SPS at 400 °C for 10–15 min under 50 MPa using a WC die. A
boron nitride layer was applied to prevent current flow through the
sample and contamination from the die.

The absolute Seebeck coefficient and resistivity were measured in a
four-contact configuration and with a Pt standard using a Linseis
Messgeraete GmbH’s LSR-3 instrument. Measurements were per-
formed under a static He atmosphere (pressure ∼ 0.2 bar) in the range
from room temperature (RT) to 250 °C, with a heating rate of 10 K
min−1 and a temperature gradient across the sample of ∼10 K.
Temperature-dependent thermal diffusivity measurements followed
the same temperature limits and were performed using a laser flash
Linseis Messgeraete GmbH’s LFA 500 under vacuum. A declared
instrumental accuracy of 3% should be considered for thermal
diffusivity. Thermal conductivity is calculated as κ = αρCp, where
α is thermal diffusivity, ρ is the density, and Cp is the specific heat.
Cp was estimated using the Neumann−Kopp law, and density was
estimated using the geometric method. Values are reported in
Table S2 of the Supplementary Note 2.

Electrical resistivity, carrier concentration, and mobility were deter-
mined using Hall-effect measurements performed in a Van der Pauw
configuration with a Linseis HCS-1 system. All measurements were
conducted under a nitrogen atmosphere over the temperature range
of 30−200 °C.

3. RESULTS AND DISCUSSION

3.1. X-ray Powder Diffraction Analysis

The XRD analysis of the Bi50Te50 and Bi70Te30 systems
(Figure 1) reveals that phase formation is strongly governed
by precursor chemistry and milling conditions, leading to dis-
tinct structural outcomes and oxidation behavior.
For the Bi50Te50 samples, three distinct phases were identi-

fied: Bi2Te3 Tellurobismuthite (PDF #04-004-8858) for sample
1-Bi50Te-BM1a, BiTe Tsumoite (PDF #04-008-8271) for

Table 1. Reactants Used in Mechanochemical Synthesis

ID reactant form supplier (product code) particle size nominal purity % oxide by XRD

I Bi_P Bi powder Sigma-Aldrich (265462) 100 mesh 99% 22(1) % of Bi2O3

II Bi_G Bi granular Sigma-Aldrich (95372) ≥99.99%
III Te_P1 Te powder Sigma-Aldrich (264865) −30 mesh ≥99.997% 57–83 % of TeO2

IV Te_G Te granular Sigma-Aldrich (263303) ≥99.99% <3 % of TeO2

V Te_P2 Te powder Sigma-Aldrich (266418) 200 mesh ≥99.8% <1 % of TeO2

Table 2. Sample Names and Milling Conditions

sample composition Bi source Te source mill vessel BPR balls final milling time

1-Bi50Te-BM1a Bi50Te50 Bi_P Te_P1 SPEX 8000D 65 mL 10 3 × 12.7 mm 9 h
6 × 6.35 mm

2-Bi50Te-BM1b Bi50Te50 Bi_P Te_G SPEX 8000D 65 mL 10 3 × 12.7 mm 15 h
6 × 6.35 mm

3-Bi50Te-BM2a Bi50Te50 Bi_G Te_P2 Retsch MM400 25 mL 20 2 × 15 mm 24.8 min
4-Bi50Te-BM2b Bi50Te50 Bi_G Te_P2 Retsch MM400 25 mL 20 2 × 15 mm 24.8 min
5-Bi70Te-BM1 Bi70Te30 Bi_P Te_G SPEX 8000D 65 mL 10 3 × 12.7 mm 15 h

6 × 6.35 mm
6-Bi70Te-BM2a Bi70Te30 Bi_G Te_P2 Retsch MM400 25 mL 20 2 × 15 mm 25.0 min
7-Bi70Te-BM2b Bi70Te30 Bi_G Te_P2 Retsch MM400 25 mL 20 2 × 15 mm 28.3 min
8-Bi70Te-BM2c Bi70Te30 Bi_G Te_P2 Retsch MM400 25 mL 20 2 × 15 mm 45.2 min
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sample 2-Bi50Te-BM1b, and Bi4Te3 Pilsinite (PDF #00-033-0216)
for sample 3-Bi50Te-BM2. The corresponding diffraction patterns
and Rietveld refinements are shown in Figure 1, with detailed fitting
parameters reported in Supplementary Note 2 (Figures S2–S7 and
Table S3). Complementary Raman spectroscopy (Supplementary
Note 2.1) further confirms the phase identification through compar-
ison with reference spectra.42–49

A key feature of the Bi50Te50 samples is the presence of sec-
ondary Bi–Te–O phases (Figure 1, black asterisks), which orig-
inate from oxidation of Te-containing precursors. This effect is
particularly evident in samples 1 and 2, whereas it is effectively
suppressed in sample 3, where the reagents were never exposed
during synthesis. These results highlight the critical role of pre-
cursor handling in controlling phase purity.

In contrast, the Bi70Te30 system exhibits a markedly different
behavior. XRD patterns indicate the formation of a single dom-
inant Bi2Te phase across all milling conditions and reagent
types, demonstrating a reduced sensitivity to oxidation. Minor
Fe contamination is observed in sample 5-Bi70Te-BM1 (red
asterisks in Figure 1), likely originating from the milling media.
Variations in peak intensities are observed between samples,
which can be attributed to microstructural effects such as stack-
ing faults or Te–Bi interstitial defects. However, a quantitative
description of these features from room-temperature XRD
alone remains challenging and will be further addressed in the
following sections.

The evolution of structural and microstructural parameters
with milling time indicates that phase formation occurs rapidly
under all investigated conditions. As shown in Figures S9–S11,
Bi–Te phases are stabilized within the first hours of milling. For
example, in sample 1-Bi50Te-BM1a, lattice parameters stabilize
after ∼3 h, while crystallite size (CS) and microstrain (MS) show
only minor changes up to 9 h. Similarly, sample 2-Bi50Te-BM1b
achieves phase purity above 96% with stable structural parame-
ters over time (Figure S10). A significantly faster reaction is
observed for BM setup #2, where the higher ball-to-powder ratio
enables stabilization of the Bi4Te3 phase within 25 min (sample
3-Bi50Te-BM2a), in agreement with rapid formation reported
in chemically synthesized systems.50 For the Bi70Te30 sample,
phase stabilization occurs within the first hour of milling,
although prolonged processing leads to increased Fe contamina-
tion (Figure S11). For the Bi70Te30 sample, phase stabilization

occurs within the first hour of milling, although prolonged pro-
cessing leads to increased Fe contamination (Figure S11).
Overall, these results demonstrate that mechanochemical

synthesis enables rapid stabilization of Bi–Te phases, while the
final phase composition and microstructure are primarily dic-
tated by precursor chemistry, oxidation effects, and milling
parameters. In particular, Bi-rich compositions (Bi70Te30) are
less prone to oxidation than Bi50Te50, due to the lower oxide
content in Bi precursors compared to Te-based reagents.

3.2. In Situ XRD with Temperature and DTA-TG
Experiments

Thermal stability is a critical parameter for TE materials, as it
defines their operational temperature range. To evaluate this
aspect, differential/thermogravimetric analysis (DTA/TGA)
and in situ high-temperature X-ray diffraction (HTXRPD) mea-
surements were performed up to 650 °C on oxide-containing
samples (1-Bi50Te-BM1a, 1-Bi50Te-BM1b, 5-Bi70Te-BM1;
see Table S1). The influence of air exposure was examined by
performing HTXRPD experiments in both air-filled and
argon-filled capillaries.
Overall, the results reveal a clear hierarchy in thermal stability

among the phases investigated. The Bi2Te3 tellurobismuthite
phase exhibits the highest stability, remaining largely stable up
to 650 °C under argon, as shown by the HTXRPD patterns
in Figure 2a. The corresponding phase evolution (Figure 2b)
indicates that, although Bi2Te3 remains dominant, secondary
Bi–Te–O phases begin to form above ∼400 °C, as evidenced
by the appearance of additional reflections attributed to
Bi2TeO5 and Bi2TeO2. These transformations are further sup-
ported by DTA measurements (Figure 3a), where exothermic
events observed during cooling at ∼545–564 °C are associated
with the formation and crystallization of these oxide phases.
In contrast, the BiTe (tsumoite) phase shows lower thermal

stability. As illustrated in Figure 4a–c, BiTe remains stable up to
∼500 °C, after which it undergoes phase transformations that
depend strongly on the atmosphere. In argon (Figure 4a), the
phase progressively decomposes at higher temperatures,
whereas in air (Figure 4b), oxidation dominates, leading to
the formation of Bi2TeO7 above ∼500 °C. The corresponding
phase fractions (Figure 4c) clearly highlight this divergence in
reaction pathways. DTA analysis (Figure 3a) further reveals
endothermic features near ∼548 °C, consistent with the onset
of BiTe instability and partial melting. These results confirm
that BiTe is intrinsically less stable than Bi2Te3 and more sensi-
tive to environmental conditions.
An even lower thermal stability is observed for Bi-rich com-

positions, such as the 5-Bi70Te-BM1 sample. The HTXRPD
data (Figure 5a) show that, under argon, the Bi2Te phase
decomposes at temperatures as low as ∼300 °C. When exposed
to air (Figure 5b), the degradation follows a different pathway,
leading to the formation of metallic Bi and oxide phases, as
quantified in Figure 5c. This behavior is consistent with the
DTA results (Figure 3b), where a weak endothermic signal near
∼400 °C corresponds to the peritectic decomposition of Bi2Te,
followed by a clear melting event of Bi at ∼263 °C during sub-
sequent heating. Cooling cycles reveal Bi recrystallization near
∼255 °C. No significant mass loss is detected, indicating that
the observed transformations are primarily structural.
The observed differences in thermal stability can be rational-

ized based on crystal structure. Bi2Te3 consists of stable quintu-
ple layers, whereas BiTe and Bi-rich phases contain mixed

Figure 1. XRD data (black dots) of all the Bi−Te compounds and the
corresponding Rietveld profile fitting (colored lines). The black * cor-
responds to the Bi−Te−O ternary phases, and the red * to the Fe con-
tamination from the milling media.
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Bi and Bi2Te3 sublayers, resulting in reduced structural stability
and lower decomposition temperatures24 (vide graphical repre-
sentation in Figure 7a). Consequently, phases with higher Bi
content not only decompose more readily but also exhibit a
stronger dependence on oxygen exposure, leading to distinct
oxidation pathways.

From an application perspective, these results indicate that
the operating temperature of these materials should remain
below ∼400 °C to prevent degradation and oxidation, regard-
less of the atmosphere. A detailed summary of decomposition
temperatures is provided in Table S6 (Supplementary Note 3).

3.3. Electron Microscopy (SEM, TEM, and HR-TEM),
Diffraction and Chemical Analysis

Stacking faults and anisotropic crystallite shapes arising from
the intrinsic lamellar structure of Bi–Te phases are well-
documented issues.24 To confirm their presence in the materials
studied here—and to establish their connection to the TE prop-
erties discussed in the following sections—we present comple-
mentary microscopy measurements.

In Figure 6, TEM micrographs confirm that all samples
exhibit nanosized crystalline domains, well dispersed over the
carbon-covered Cu grids, with broad size distributions consis-
tent with the nature of the milling process. Low-magnification
images (Figure 6, first column) reveal morphological differences

among the milling conditions: sample 1-Bi50Te-BM1a displays
irregular crystallites, whereas 2-Bi50Te-BM1b and 5-Bi70Te-BM1
show more homogeneous, quasi-spherical domains with better-
defined shapes. Particle size histograms display broad, approxi-
mately log-normal distributions, with mean values ranging from
∼20 to 50 nm, depending on stoichiometry, precursor morphol-
ogy, and the effect of thermal treatment. More details are found
in the Supplementary Note 2.3 (Figures S12 and S13). Overall,
the average sizes obtained by TEM are slightly smaller than those
derived from XRPD (Rietveld refinement, Table S3). This dis-
crepancy, commonly observed in comparative studies, can be
ascribed to the difference between crystallite size (XRPD) and
particle size definitions as directly observed by TEM, as well as
to the statistical influence of the analyzed area (vide comments
in Refs.21,22. Furthermore, although TEM images revealed a high
representation of isolated particles (Figure 6, first column),
agglomerates were also detected, which contributed to the larger
values recorded by XRPD due to the inclusion of larger domains
and visible aggregates (see Supplementary Note 4 for SEM and
EDS analysis of the agglomerated particles).
Crystalline morphology influences the response to thermal

treatment. Samples recovered from DTA, namely BM1a-tt,
BM1b-tt, and BM1-tt, present different behavior depending
on the phase stabilized. BM1a-tt exhibits an increase in crystal-
lite size and a broader distribution, while the opposite trend

Figure 2. (a) High-temperature X-ray diffraction patterns of the 1-Bi50Te-BM1a sample. Red corresponds to the heating curves and blue to the cool-
ing ramps. The yellow and green asterisks correspond to Bi2TeO5 (I4/mmm) and Bi2TeO2 (Abm2) Bragg peaks. (b) Bi2Te3 phase percentage with
temperature for the capillary filled in Ar (squared) and air (circle) atmospheres. Red corresponds to the heating curves, whereas blue corresponds to
the cooling ramps.

Figure 3. DTA analysis of the (a) Bi50Te and (b) Bi70Te samples.
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occurs for BM1b-tt and BM1-tt (see Figure 6). We also observe
that the particle size distribution broadened for the BM1a-tt
sample, whereas the others showed narrowing after heating.
The BM1a-tt sample consists predominantly of the Bi2Te3
phase, which is thermodynamically more stable than the
Bi2Te, BiTe, and Bi4Te3 phases.

24,25 This higher stability arises
from its crystal structure, composed solely of Bi2Te3 quintuple

layers, whereas the other phases are built from alternating
Bi2 and Bi2Te3 layers,24,25 as schematically represented in
Figure 7a. Owing to its structural robustness, Bi2Te3 undergoes
the expected coalescence behavior during thermal treatment,
leading to crystallite growth and a broader size distribution. In
contrast, the less stable phases (Bi2Te, BiTe, and Bi4Te3)
decompose upon heating, as evidenced in Figure 4a

Figure 4. High-temperature X-ray diffraction patterns of the 2-Bi50Te-BM1b sample measured in (a) argon and (b) air atmospheres. (c) Phase
weight fraction with temperature. The yellow asterisks correspond to the Bi2TeO5 (I4/mmm) Bragg peaks. The decomposed phase in item a was
not identified. Error bars are smaller than symbols.

Figure 5. High-temperature X-ray diffraction patterns of the 5-Bi70Te-BM1 sample measured in (a) argon and (b) air atmospheres. (c) Change of
weight fraction with temperature. The asterisks in items a and b correspond to the peaks of the phases, with color indicated in item (c). Error bars are
smaller than symbols.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.6c00972
ACS Appl. Energy Mater. 2026, 9, 6608−6621

6613

http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c00972


Figure 6. Transmission electron microscopy (TEM) characterization of as-milled samples and those recovered after DTA analysis (identified with
‘tt’ in the sample code). For each sample, the first column shows bright-field TEM images, the second column presents particle size distribution

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.6c00972
ACS Appl. Energy Mater. 2026, 9, 6608−6621

6614

http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c00972


(for 2-Bi50Te-BM1b) and Figure 5a (for Bi70Te-BM1). Upon
cooling, these samples recrystallize, but the broader diffraction
peaks indicate smaller crystallite sizes.

HR-TEM images (Figure 6, third column) reveal layered parti-
cles with rounded to hexagonal morphologies, where well-defined
lattice fringes are distinguished. These results confirm that, even
after mechanical milling, the crystalline order is preserved at the
nanoscale. Complementarily, SAED (Figure 6, fourth column) pat-
terns show polycrystalline rings that could be satisfactorily indexed
in agreement with the structural analysis obtained from XRPD-
Rietveld refinements, thus corroborating the phase identification.

In addition, HR-TEM lattice spacing measurements further
corroborate the structural assignments in Figure 6. For sample
1-Bi50Te-BM1a, interplanar distances of 0.321 and 0.327 nm
were obtained, which can be indexed to reflections such as the
(015) plane of rhombohedral Bi2Te3. Sample 2-Bi50Te-BM1b
shows lattice spacings of 0.325 and 0.236 nm, which correspond
to the (014) and (110) planes, respectively, in agreement with
the reported BiTe structure. Finally, for 5-Bi70Te-BM1, mea-
sured spacings of 0.322 and 0.321 nm are compatible with
reflections such as the (013) plane of the Bi2Te phase.
HR-TEM also allows a better phase identification for the

Figure 7. (a) Schematic representation of the layered structure of all the Bi−Te phases presented in the samples. Structural and microstructural
TEM analysis of 1-Bi50Te-BM1a (b), 1-Bi50Te-BM1b (c), and 5-Bi70Te-BM1 (d).

Figure 6. continued

histograms, the third column displays HR-TEM images with corresponding fast Fourier transform (FFT) insets, and the fourth column shows
selected area electron diffraction (SAED) patterns indexed with the corresponding Miller indices. Sample codes are indicated to the left of
each row.
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nanocrystals shown in Figure 7b−d for some Bi−Te samples. In
this case, the microscopies were directly compared with the
structures simulated by VESTA.51 Indeed, we observe that the
Bi2Te3 phase present in the 1-Bi50Te-BM1a sample has a lower
number of defects (stacking faults/grain boundaries). More
details on the indexing of the interplanar distances are found
in Table S5 of Supplementary Note 2.4

It is worth noting that sample 1-Bi50Te-BM1a exhibits very
thin, irregular crystallites, in contrast to the more equiaxed mor-
phologies observed in the other samples. This difference can be
understood by considering the stacking sequences of the vari-
ous Bi–Te phases, as illustrated in Figure 7a. In Bi2Te3, adjacent
quintuple layers are separated by weak van der Waals interac-
tions, with Te–Te interlayer distances of approximately 3.7 Å.50

In contrast, phases such as BiTe contain additional Bi2 layers,
leading to shorter interlayer distances (e.g., Bi–Te ∼3.4 Å).
This suggests that the bonding forces are stronger for the latter
and thus less prone to exfoliation during milling and grid prepa-
ration for TEM analysis, resulting in a more equiaxed crystallite
shape in BiTe. The same argument is made for the Bi2Te phase
present in the 5-Bi70Te-BM1 sample, where additional Bi2−Bi2-
like layers are also present. Indeed, the separation between these
layers is lower than the Bi2Te3–Bi2Te3 quintuple layers (∼3.55 Å).
Additionally, the TEM micrographs show that the BiTe and Bi2Te
phases exhibit thicker, higher-contrast regions, suggesting denser
stacking compared with Bi2Te3. Their higher layer thickness pro-
motes more compact, quasi-spherical morphologies, while
Bi2Te3, composed of thinner van der Waals-bonded layers, more
readily forms plate-like or irregular shapes. To the best of our
knowledge, no direct bond-energy comparison between these
interfaces has been reported in the literature, so this remains a
plausible structural interpretation of our TEM observations rather
than a well-defined explanation.

Taken together, the results demonstrate that mechanical
milling produces crystalline nanoparticles with polycrystalline
character, organized into submicron agglomerates with predom-
inantly lamellar morphology. This microstructure reproduces
patterns previously reported in materials synthesized via
bottom-up approaches,50,52,53 supporting the validity and repro-
ducibility of the present methodology. EDS spectra confirmed
that the nominal Bi:Te ratio is preserved in all samples, despite
significant oxygen contamination. The SEM images, EDS spec-
tra, and the corresponding quantitative analysis are presented in
Figure S14 of Supplementary Note 3. This analysis indicates
that the grain-boundary scattering for both charge carriers and
phonons will be significantly higher than highly dense bulk
materials. To verify the assumptions, the TE characterization
is given in the following.

3.4. TE Characterization

For TE characterization, the samples were consolidated into
16 mm diameter pellets by cold pressing (15 tons) followed
by sintering (300 °C) under an Ar atmosphere to ensure stabil-
ity during measurements. During pellet fabrication, sample
3-Bi50Te-BM2a underwent a phase transition and stabilized
in the Tsumoite BiTe phase at room temperature. In addition,
the Bi70Te sample showed partial decomposition into Bi. A
detailed XRD analysis of these samples is provided in
Supplementary Note 5. To assess the effect of densification,
SPS samples were prepared using the as-milled 6-Bi70Te-
BM2a powder.

The TE properties of the BixTe100−x samples are presented
in Figure 8, while power factors, reversibility, and recyclability
data are provided in Supplementary Note 6. It is important to
note that several of the samples investigated are multiphase, as
discussed in the structural characterization section. Therefore,
the measured transport properties represent effective bulk
responses of phase mixtures rather than intrinsic properties of
a single crystalline phase. In particular, the coexistence of
Bi–Te phases with oxide inclusions or secondary phases may
introduce parallel conduction pathways and additional scatter-
ing mechanisms, which must be considered when interpreting
the TE behavior.
In general, the electrical resistivity (ρ) increases with tempera-

ture (Figure 8a), consistent with degenerate semiconducting
behavior. An exception is observed for sample 1-Bi50Te-BM1a,
prepared from highly oxidized precursors, which exhibit signifi-
cantly higher resistivity due to the presence of secondary oxide
phases. Overall, resistivity increases with precursor oxidation
level, following the trend 3-Bi50Te-BM2a < 2-Bi50Te-BM1b
< 1-Bi50Te-BM1a, in agreement with EDS analysis
(Supplementary Note 4). In particular, the formation of the ter-
nary oxide Bi0.82Te0.18O1.92 (Fm-3m, PDF #04-018-4267) in
sample 1-Bi50Te-BM1a results in resistivity values several orders
of magnitude higher than in the other samples. A similar trend is
observed in the Seebeck coefficient (Figure 8b), where the highly
oxidized sample exhibits larger S values. However, this increase
does not translate into an improved power factor, which remains
significantly lower (Figure S17, Supplementary Note 5). These
results demonstrate that precursor oxidation deteriorates the
electronic transport properties of Bi50Te50 samples, primarily
due to the formation of insulating oxide phases. In this context,
the observed transport behavior should be interpreted as arising
from a composite system, where insulating oxide phases and con-
ductive Bi–Te domains coexist, rather than from a homogeneous
material.
To distinguish between the effects of oxidation and micro-

structural disorder, the role of structural defects was analyzed
(Supplementary Note 5). For instance, sample 3-Bi50Te-BM2a
exhibits a higher density of structural defects, including stacking
faults, as evidenced by broader XRD peaks (Figure S15) and
HR-TEM observations (Figure 7b). Despite this increased defect
density, its electrical conductivity remains higher than that of the
oxidized samples. This indicates that the reduced conductivity in
oxidized materials is primarily governed by the formation of oxide
phases rather than by defect- or grain-boundary-induced scatter-
ing. Consequently, the best electronic transport properties are
obtained in samples synthesized from low-oxidation precursors,
such as those prepared using the BM2 setup. In contrast, oxida-
tion effects are less pronounced in Bi70Te30 samples, consistent
with the lower oxidation tendency of Bi precursors (Table 1)
and the corresponding transport data in Figure 8a,b.
The thermal conductivity (κ) further highlights the compet-

ing effects of oxidation and microstructure. As shown in
Figure 8c, κ decreases with increasing precursor oxidation, with
the lowest values obtained for sample 1-Bi50Te-BM1a contain-
ing the ternary oxide phase Bi0.82Te0.18O1.92. This reduction is
consistent with enhanced phonon scattering at defects, grain
boundaries, and phase interfaces. As a result, a marked increase
in the figure of merit (zT = S2/ρκT) is observed (Figure 8d),
making 1-Bi50Te-BM1a the best-performing material up to
250 °C. However, this apparent improvement arises from
extrinsic effects associated with phase coexistence and reduced
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density, rather than from intrinsically superior transport proper-
ties. Indeed, although BM2 samples are less crystalline than
those produced via BM1 (SPEX-8000D), they exhibit higher κ,
indicating that structural factors—particularly oxidation and the
formation of secondary phases—play a dominant role in deter-
mining the TE performance. Therefore, while oxidation degrades
the power factor of Bi–Te materials, the concurrent reduction in
κ compensates for this effect in low-density samples, resulting in
an overall increase in zT.

The transport properties discussed above correspond to sam-
ples prepared by cold pressing and sintering, which resulted in
a comparable porosity level of approximately 20% for all materials
due to identical pellet fabrication parameters (see Table S2,
Supplementary Note 2). To further evaluate the role of extrinsic
factors such as densification, the best-performing sample at room
temperature (6-Bi70Te-BM2a) was consolidated by SPS, with
the corresponding TE performance shown in Figure S22
(Supplementary Note 5). Owing to the layered van der Waals
structure and strong electronic anisotropy of Bi–Te compounds,
higher density and enhanced texture are expected to improve
electronic transport. However, the electronic thermal conductiv-
ity (κel) becomes significant at elevated temperatures in the den-
sified samples (Figure S20b), resulting in figure-of-merit values
comparable to those of cold-pressed samples above 100 °C.
Since ball-milled materials are particularly suitable for thin-film
TE applications via ink formulation and spin-coating deposi-
tion,54,55 where achieving high densification is often impractical,
the performance of low-density samples provides a realistic
assessment of their applicability in such devices.

3.5. Quality Factor

While the figure of merit (zT) is commonly used to evaluate TE
performance, it does not necessarily reflect the intrinsic quality of
a material. In practice, zT is highly sensitive to extrinsic factors

such as porosity, microstructure, and carrier concentration, which
depend on synthesis conditions and defect chemistry.56 As a
result, different sample preparation routes can lead to significant
variations in zT by effectively shifting the chemical potential,
without necessarily improving the intrinsic transport properties.
To better assess the intrinsic potential of the Bi–Te system,

the TE quality factor (B) was evaluated. The B factor estimates
the maximum achievable performance under optimal doping
conditions and is therefore independent of extrinsic effects.57

Within the single parabolic band (SPB) model, B depends on
the weighted mobility (μw) and the lattice thermal conductivity
(κL), capturing the intrinsic electronic and phonon transport
properties of the material.15 Further details on the calculation
of B are provided in Supplementary Note 7.
In principle, μw should display similar temperature trends as

the mobility measured by Hall-effect measurements
(Figure 9a,b). These measurements reveal that the oxide-
containing Bi2Te3-rich sample (1-Bi50Te-BM1a) exhibits a
strongly reduced carrier mobility compared to the oxide-free
BiTe sample (3-Bi50Te-BM2a). This reduction is not compen-
sated by an increase in carrier concentration, indicating that oxide
phases are intrinsically detrimental to charge transport. The sup-
pression of mobility is attributed to enhanced carrier scattering
and the disruption of conduction pathways by insulating oxide
inclusions. A similar trend is observed in the weighted mobility
(μw) (Figure 9c), confirming that the degradation of electronic
transport originates from intrinsic limitations imposed by phase
contamination. This effect is less pronounced in Bi70Te30 sam-
ples, consistent with the lower oxidation level of the Bi precursor.
It should be noted that the presence of multiple crystalline phases
introduces limitations in the interpretation of Hall-effect mea-
surements, as the extracted carrier concentration and mobility
represent averaged responses over all contributing phases rather
than intrinsic properties of a single phase.

Figure 8. Thermoelectric characterization for the Bi−Te samples: (a) resistivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d) figure of
merit. The values of all the plots were smoothed for visualization purposes. Error estimates are 10% for all measurements.
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When combining μw with the lattice thermal conductivity to
evaluate the quality factor B (Figure 9d), a clear distinction
emerges: oxide-free samples exhibit significantly higher B
values—approximately twice those of the oxidized material.
This demonstrates that, although the oxidized sample shows a
higher zT due to its reduced thermal conductivity, its intrinsic
transport properties are inferior. Consequently, under opti-
mized doping and densification conditions, the oxide-free mate-
rials are expected to outperform the oxidized counterparts. This
further supports the interpretation that the enhanced zT
observed in multiphase samples is largely driven by extrinsic
effects associated with phase coexistence, rather than by intrin-
sically superior transport properties.

Notably, densification has a limited impact on μw as reported
in Figure S23 (Supplementary Note 6), indicating that intrinsic
electronic transport remains largely unchanged. However, it
increases B (see Figure S23c) by reducing porosity and modify-
ing the balance between lattice and electronic thermal conduc-
tivity. Indeed, densification is necessary for achieving best
performance in Bi–Te bulk device fabrication. However, thin
film applications that rely on lower density materials,55 this den-
sification is not always possible, and the analysis provided in the
current paper sheds some light on the TE properties of such
low density samples.

4. CONCLUSIONS

In this study, rapid formation and stabilization of the structural
and microstructural features of Bi50Te50 and Bi70Te30 were
achieved within the first hour of ball milling. Both precursor oxi-
dation and milling parameters were found to play a critical role

in determining phase formation and the resulting TE properties.
For the Bi50Te50 composition, three distinct crystalline phases
were obtained depending on the oxidation level and processing
conditions, all exhibiting n-type semiconducting behavior. In
contrast, Bi70Te30 samples showed a weaker dependence on
precursor oxidation, maintaining similar structural characteris-
tics across different conditions and exhibiting p-type behavior.
From a TE perspective, samples prepared under oxidizing con-
ditions exhibited higher zT values due to a significant reduction
in thermal conductivity, driven by the formation of oxide
phases. However, this apparent improvement is accompanied
by a substantial degradation of electronic transport, as evi-
denced by lower power factors and TE quality factors. These
results demonstrate that, although oxidation can enhance zT
through extrinsic effects, it deteriorates the intrinsic electronic
performance of the material. Consequently, oxide-free Bi–Te
compounds remain the most promising candidates for achieving
optimal TE performance under fully optimized conditions.
Finally, this work confirms mechanochemistry as a versatile
and scalable route for synthesizing both n-type and p-type Bi–
Te TE materials. Future efforts should focus on gaining deeper
control over microstructural features—particularly stacking
faults and layered disorder—to decouple thermal and electronic
transport and further enhance performance.
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Figure 9. Carrier concentration and mobility for (a) 1-Bi50Te50-BM1a and (b) 3-Bi50Te50-BM2a samples. (c) Weighted mobility and (d) quality
factor estimated with the thermoelectric data of Figure 8. Error estimates are 10% for all measurements.
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