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We report a novel rapid synthesis method for Ba-doped BiCuSeO using mechanochemical synthesis. The
phase formation mechanism during high-energy milling as well as the combined effects of the powder-to-
ball mass ratio and the heterovalent substitution of bismuth by barium on the thermoelectric properties was
investigated. It was shown that the single-phase oxyselenide compounds are formed after 25 minutes of
ball milling. The thermoelectric properties of these samples were found to be comparable with the
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Introduction

Every year, interest in alternative energy sources, particularly
renewable energy, continues to grow. Among these, thermoelec-
tricity stands out as a promising method for the direct conversion
of thermal energy into electrical energy without an intermediate
mechanical stage. The efficiency of this conversion is determined
by the dimensionless thermoelectric figure of merit, z7, defined as
2T = o®0 Tk, Where « is the Seebeck coefficient, ¢ is the electrical
conductivity, T is the absolute temperature and . is the total
thermal conductivity." However, the primary challenge in scaling
up thermoelectric energy converters is their relatively low cost-
effectiveness in converting waste heat into usable electrical
energy. Additionally, to make a meaningful environmental impact,
thermoelectric devices must be commercially viable on a much
larger scale than their current niche applications. The materials
used in these devices must also meet key criteria for scalability,
such as the availability and low toxicity of precursors, straightfor-
ward synthesis routes, favorable mechanical properties, and high
thermal and chemical stability. Even the most well-studied and
efficient thermoelectric materials, including skutterudites,>*
Heusler alloys,>® zinc and magnesium antimonides,”® as well as
tin? and copper selenides,' silver,"* and lead tellurides," still fall
short in achieving high performance for large-scale thermoelectric
applications. A major drawback of these materials is their low
thermal and chemical stability when exposed to air.

From this perspective, oxide-based thermoelectric materials,
such as zinc oxides,"** perovskites,' and oxychalcogenides,'®
offer a significant advantage. Among bismuth-based oxy-
selenides, BiCuSeO is one of the most promising candidates.
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properties of oxyselenides prepared via conventional solid-state reaction reported in the literature.

BiCuSeO-based compounds have been widely recognized for
their exceptionally low thermal conductivity (~0.5-0.9 W m ™"
K at 300 K)'", attributed to their layered structure, the
presence of heavy elements, and weak interlayer bonding.*
However, despite their low thermal conductivity, these mate-
rials typically exhibit low charge carrier concentration and
mobility. In this regard, the primary approaches towards
enhancing thermoelectric properties involve lattice engineering
and defect introduction to reduce thermal conductivity,
texturing the material to control carrier scattering and opti-
mizing synthesis methods and conditions.'”**-*! Notably, the
intrinsic charge carrier concentration of undoped BiCuSeO is
relatively low, approximately 10"® cm™>.192132-37 Therefore, the
most common strategy to improve electrical transport is doping
at either Bi or Cu sites to increase carrier concentration. Several
studies have reported partial substitution with alkaline earth
metals such as Mg, Ca, Sr, and Ba,"***** as well as other
elements, including Ag, Na, La, Zn, Cd, and S,**3%3%4104141-14
which have been shown to enhance the thermoelectric perfor-
mance of oxyselenides in the mid-temperature range. Addi-
tionally, Pb doping, often in combination with other elements,
has been used to optimize thermoelectric properties.*>** It is
worth noting that the highest reported zT value for BiCuSeO is
1.6, achieved primarily through shear exfoliation and Pb
doping.*® However, the toxicity of lead has prompted scientists
to focus on more environmentally friendly elements such as
barium.'**°* Nevertheless, as mentioned earlier, from an
industrial perspective, the thermoelectric figure of merit alone
is not the sole determining factor for practical application.

Materials and methods

To develop a cost-effective thermoelectric material suitable for
large-scale applications, we initiated the scalable production of
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BiCuSeO oxyselenides using mechanochemical synthesis (MS).
MS has long been recognized as an efficient and scalable
approach for synthesizing thermoelectric materials, offering
a solvent-free, one-step process involving high-energy milling of
elemental precursors.’®” In contrast, the traditional solid-state
reaction (SSR) method involves pre-mixing powder reactants
manually or using a ball mill, followed by high-temperature
annealing (typically at 773-973 K for 12 hours or more) and
intermediate milling in several iterations to ensure homoge-
neity and complete the reaction.'”-2>330543871 Although both
approaches employ solid reactants and often require subse-
quent consolidation through thermal treatment, MS is funda-
mentally different in its reaction mechanism: chemical
reactions are initiated and sustained by mechanical energy,
whereas in SSR, reaction progression is primarily driven by
thermal energy. Previous studies have demonstrated that MS
can be used to synthesize oxyselenides; however, phase forma-
tion typically requires more than 1.5 hours.”*”>”® Importantly,
vacancies play a crucial role in optimizing the thermal and
electrical transport properties of oxyselenides.” MS is accom-
panied by the formation of structural defects, including dislo-
cations and point defects (vacancies, interstitials, antisite
defects, etc.) as well as nanostructuring. These factors can
reduce thermal conductivity and enhance thermoelectric
performance. In particular, MS promotes the formation of
copper vacancies, whose formation energy in BiCuSeO oxy-
selenides is reported to be close to zero.”” However, achieving
optimal densification after synthesis remains a key challenge.
Mechanochemically synthesized materials often require addi-
tional compaction steps and tailored consolidation techniques,
such as spark plasma sintering or hot pressing, to attain the
necessary density and mechanical strength for practical appli-
cations.” Additionally, potential contamination from the
milling medium must be considered, as it may adversely affect
material properties. In the context of doping, MS facilitates
a uniform distribution of dopants, which is crucial for opti-
mizing electrical conductivity and the Seebeck coefficient. In
this work, we demonstrate that barium-doped BiCuSeO oxy-
selenide can be synthesized from readily available precursors
via a scalable MS process in just 25 minutes, i.e., much faster
than the conventional solid-state reaction (SSR) method, which
requires 40 to 70 hours.****

Oxyselenides with composition Bi; _,Ba,CuSeO (x = 0, 0.075,
0.125 and 0.175) were obtained by mechanochemical synthesis.
To facilitate large-scale production of oxyselenide, this study
utilizes cost-effective industrial precursors, specifically using
copper oxide instead of bismuth oxide. Moreover, as previously
reported, employing CuO is thermodynamically more favor-
able.” Accordingly, the commercial high-purity powders of Bi,
BaO, Cu, CuO and Se were used as the precursors. A stoichio-
metric mixture of the raw powders (20 g) was subjected to high-
energy ball milling in an air atmosphere using a high-speed
planetary ball mill (Activator 2S, Activator, Russia). All
samples were milled in 0.25 1 steel grinding jars with & 5 mm
diameter steel grinding balls. The rotation speed of the jars was
694 rpm, and the grinding time was up to 25 minutes. As
previously reported, the phase composition of powders and
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consequently their transport properties vary with different
milling rates or powder-to-ball mass ratios due to differences in
the mechanical energy imparted during MS.** In order to reveal
the influence of mechanical energy applied during milling on
the phase formation and resultant thermoelectric performance
of BiCuSeO, the powder-to-ball mass ratio was varied from 1: 10
to 1:20 and 1:40. The resulting powders were consolidated
using the pressureless sintering (PLS) method (Fig. 1). This
process involved cold pressing (10 ¢, no holding) into cylindrical
tablets (J 10.15 mm, 1.5 mm in height), followed by annealing
in a sealed quartz ampoule under a 40 kPa argon atmosphere.
The annealing was performed at 973 K for 6 hours, with
a heating and cooling rate of 1 K min~' down to 473 K, after
which the samples were allowed to cool naturally to room
temperature. Phase composition analysis was carried out
through powder X-ray diffraction (PXRD) using a DRON-4
diffractometer (IC Bourevestnik, Russia) with Co-K,, radiation
(A = 1.79021 A) and a Difray-401k desktop diffractometer (SC
Scientific Instruments, Russia) with Cr-Ka radiation (A = 2.2909
A). The PXRD patterns were refined by the Rietveld method with
the self-developed software package.®® The uncertainty in the
lattice parameters is 0.004 A for parameter a and 0.009 A for c,
the uncertainty in volume fractions of phases is 5-10%. The
fracture morphologies, distribution of the elements and actual
chemical composition of all the samples were analyzed by
scanning electron microscopy (SEM; Vega 3 SB, Tescan, Czech
Republic) equipped with an energy dispersive X-ray spectrom-
eter (EDS; x-act, Oxford Instruments, UK). Additionally, the
average particle size of the powders was determined by dynamic
light scattering (DLS; Zetasizer Nano ZS, Malvern Panalytical,
UK). Consolidated specimens were cut into discs with & 10 and
1.5 mm thickness for the thermal diffusivity measurements and
bars with 10 mm length, 1.5 mm height and 2 mm width for the
electrical transport measurements. The Seebeck coefficient
a and the electrical conductivity ¢ were simultaneously
measured at 300 K by using a homemade Seebeck coefficient/
electrical resistivity measuring system (Cryotel Ltd, Russia).
The thermal diffusivity x was measured by using the laser flash
diffusivity method (LFA 457, Netzsch, Germany). The thermal
conductivity k. was calculated using the equation k¢ = xCpd
where C, represents the specific heat capacity, which was
calculated using the Debye model. The density d was deter-
mined using the Archimedes method. The uncertainty in ¢ and
a was 7%, along with 8% in k. The overall uncertainty in zT
was estimated to be less than 20%.

Results and discussion

The first series of experiments were focused on studying phase
formation as a function of milling time. The chosen mecha-
nochemical synthesis parameters were as follows: 694 rpm,
a powder-to-ball mass ratio of 1:40, and an air atmosphere.
Fig. 2 shows the PXRD patterns of BiCuSeO samples milled for
15, 20, and 25 minutes. For reference, the manually mixed
stoichiometric precursor mixture is designated as 0 minutes. As
reported in the literature,””>7”7° the formation of the BiCuSeO
phase during mechanical milling involves the formation and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the synthesis stages, corresponding reaction products, and consolidation process.
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Fig. 2 Powder XRD pattern evolution for the starting mixture of the
raw materials with nominal composition of BiCuSeO at a powder-to-
ball mass ratio of 1: 40 and increasing milling time. Bragg's reflections
for the BiCuSeO phase are indicated by gray ticks on the top part of the
figure.

subsequent reaction of intermediate phases, including bismuth
selenides and copper oxide. After 15 minutes of milling, the
powder consists of an intermediate phase BiSe; _, (45 wt%), the

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

target BiCuSeO phase (40 wt%) and unreacted CuO (15 wt%).
Extending the milling time to 20 minutes significantly increases
the content of the BiCuSeO phase to 85 wt%, and appearance of
an intermediate phase, Cu,Se, whose content is 15 wt%. After 25
minutes of milling, the phase formation is complete, and
reflections only from the BiCuSeO phase are observed on the
PXRD patterns (Fig. 2). All major reflections can be attributed to
the tetragonal BiCuSeO phase (PDF#01-076-6689) with a ZrCu-
SiAs structural type and a P4/mmm space group.

Based on the previously described results, a second series of
experiments was conducted for 25 min in air to study the effect
of the powder-to-ball mass ratio on the formation of the Ba-
doped oxyselenide phase. Fig. 3 shows the PXRD patterns of
the Bi; ,Ba,CuSeO (x = 0, 0.075, 0.125, 0.175) samples. The
undoped sample, milled at a powder-to-ball mass ratio of 1: 10,
retains significant amounts of unreacted precursors and inter-
mediate phases, specifically BiSe; , (35 wt%) and CuO
(15 wt%). This indicates that the relatively mild milling condi-
tions do not provide sufficient energy to complete the reaction.
The results suggest that at this ratio, the amount of secondary
phases decreases with increasing Ba concentration. For the
sample with x = 0.075, only a small amount of unreacted CuO
(5 wt%) was detected, while no secondary phases were observed
in samples with x > 0.075. Similarly, when milling at a ratio of
1:40, the undoped sample still contains CuO (5 wt%). Based on
these findings, a powder-to-ball mass ratio of 1:20 appears to
be optimal for the BiCuSeO synthesis. After the PLS process,
phase composition changes were observed in almost all
samples, with the formation of secondary phases such as
BiSe; ,, BiO3;, and Cu,O (Fig. S1). Notably, in powders
synthesized at a 1:10 powder-to-ball mass ratio, the BiCuSeO
phase formation was completed during PLS. This suggests that

RSC Mechanochem.
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Fig.3 Powder XRD patterns of the Bi;_,Ba,CuSeO (x =0, 0.075, 0.125, 0.175) samples after MS with powder-to-ball mass ratios of (a) 1: 10, (b) 1:
20, and (c) 1: 40. Bragg's reflections for the BiCuSeO phase are indicated by gray ticks on the top part of the figure.

to achieve a predominantly BiCuSeO phase, a minimum milling
time of 25 minutes at a 1:10 ratio and a rotation speed of
694 rpm is required, followed by reaction sintering during the
PLS process to ensure complete phase formation.

The refined lattice parameters of BiCuSeO are in good
agreement with previously reported values for samples synthe-
sized via SSR** and MS™ (see Table S1 and Fig. 4a). When oxy-
selenide samples are prepared by MS, point defects such as
copper vacancies (V¢,) may form.” It is important to note that
copper vacancies can have a significant impact on the transport
properties of oxyselenide.®”*>** In this case, two competing
factors can influence the evolution of lattice parameters in
doped Bi;_,Ba,CuSeO (x = 0, 0.075, 0.125, 0.175) oxyselenides.
Copper deficiency tends to decrease the lattice parameters a and
¢,”” while doping with Ba®>" (1.42 A), which has a larger ionic
radius than bismuth Bi** (1.17 A),* should lead to an increase
in the lattice parameters.”** Our experimental data indicate
that doping is the dominant factor, resulting in a gradual linear
increase in both lattice parameters a and ¢ (Fig. 4 and Table S1).
However, a slight decrease in the lattice parameters is observed
with an increase in the powder-to-ball mass ratio, which is likely
due to the formation of V.

The Bi: Cu: Se elemental ratio for all compositions deviates
slightly from the nominal 1:1:1 ratio, remaining within the
error limits of the EDS method. In most cases, an excess of Bi
and a deficiency of Cu are observed (Table S1). However, we
propose that this non-stoichiometry is intrinsically linked to the
reaction pathway, which proceeds through the formation of
copper-deficient intermediate phases such as BiSe; , and
Cu,Se, as identified by XRD (Fig. 2). The kinetics of this
diffusion-controlled solid-state process® appear to favor the
formation and persistence of these defective intermediates,
ultimately leading to the incorporation of copper vacancies

RSC Mechanochem.

(Vcu) into the final BiCuSeO lattice. The measured Ba/(Bi + Ba)
ratio closely matches the nominal values, confirming the
intended doping levels. The EDS data are also consistent with
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crystallite size dcs and (c) microdeformation (md) as a function of
nominal Bag; concentration.
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the PXRD results, confirming the presence of CuO and BiSe;_,
inclusions in the samples milled at a powder-to-ball mass ratio
of 1:10 (Fig. 5 and S3). The values of the crystallite size (dcs)
systematically decrease with increasing powder-to-ball mass
ratio, which is explained by the higher milling energies (Fig. 4b
and Table S1). However, Ba substitution does not introduce
significant changes, and the CS values remain in a similar range
without exhibiting a clear monotonic trend. The impact of the
powder-to-ball mass ratio on reaction kinetics can be explained
in terms of stress-induced electron redistribution at interfaces
of dissimilar solids. Our precursor mixture is a complex inter-
face of metals, a semiconductor, and insulators. During high-
energy ball milling, these interfaces experience extreme
mechanical stress, which is quantitatively evidenced by the
microdeformations (md). As shown in Fig. 4c, the systematic
increase in microdeformation values with higher barium
content is attributed to the larger ionic radius of Ba**, which
induces significant local lattice distortion and amplifies the
internal stress fields. According to the model proposed by Sun
et al.,* the stress does not merely create fresh surfaces and
defects; it directly modifies the electronic states at the inter-
faces, leading to significant charge redistribution (e.g., from
metallic Bi/Cu to CuO). The powder-to-ball mass ratio is a direct
control parameter for this process: a higher ratio increases the
frequency and force of these triboelectrically active collisions,
thereby amplifying the cumulative charge redistribution effect.
At the same time, the high microstrain values for the 1: 10 ratio,
particularly in the doped samples, are interpreted as a conse-
quence of incomplete reaction and the persistence of hard,
unreacted precursor phases, which create localized stress and
hinder homogeneous plastic deformation. Thus, increased
mechanical energy input efficiently drives the diffusion-
controlled synthesis of complex oxyselenides, far surpassing
what thermal energy alone could achieve under similar
conditions.

The microstructure of oxyselenides strongly depends on the
synthesis method. MS produces fine powders with average
particle sizes of approximately 189, 143, and 89 nm for the
powders milled at 1:10, 1:20, and 1:40 ratios, respectively
(Fig. S2). These values are significantly smaller than those
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observed in samples synthesized via conventional SSR
methods.**515460-63.658 Moreover, MS promotes particle disper-
sion and introduces numerous defects and microstrains,
leading to an increased grain boundary area. This, in turn,
enhances phonon scattering and effectively reduces thermal
conductivity. After 6 hours of PLS, the grain and agglomerate
sizes consistently increase to 5-10 um for all ratios. However,
the density of the resulting volumetric images remains relatively
low, ranging from 79% to 88%. Thus, all samples exhibit fine
grains with a lath morphology, randomly oriented, which
results from the high polycrystallinity of the material (Fig. S4).

For all samples, the Seebeck coefficient values are positive,
indicating p-type conductivity. The absolute values range from
80 to 250 uV K~ ' at room temperature (Fig. 6a and b). An
increase in the Bag; concentration and the powder-to-ball mass
ratio leads to a decrease in a at 300 K, likely due to a higher
charge carrier concentration.' However, for undoped composi-
tions, the « values are slightly lower than those reported in the
literature,*>***>»7>%” which may be attributed to a higher charge
carrier concentration resulting from copper vacancies formed
during MS.

The electrical conductivity ¢ exhibits an inverse dependence
on concentration across all compositions, gradually increasing
with the increasing concentration of barium substituting for
bismuth (Fig. 6¢ and d). Notably, for each powder-to-ball mass
ratio, the undoped samples demonstrate higher ¢ values than
those reported in previous studies on oxyselenides synthesized
via MS, self-propagating high-temperature synthesis, sol-gel,
microwave, and SSR.192%51733:6164,687585-91 Thjg observation
suggests a high carrier concentration, likely due to Vg,.
Increasing the powder-to-ball mass ratio to 1:20 naturally
enhances o, whereas a further increase to 1:40 results in
a slight decrease in the absolute ¢ values, presumably due to an
increased defect density and, consequently, enhanced charge
carrier scattering. However, a different trend is observed for the
sample with x = 0.075, where the highest ¢ value corresponds to
the composition milled at a 1:40 ratio. For the remaining
samples, the highest ¢ values are achieved at a powder-to-ball
mass ratio of 1:20. The highest absolute ¢ values, approxi-
mately 350 Q' cm™" at 300 K, are obtained for the sample with

Fig. 5 SEM micrograph of the polished surface of the BiCuSeO samples obtained with powder-to-ball mass ratios of (a) 1: 10, (b) 1:20, and

(c) 1:40.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Concentration and powder-to-ball mass ratio dependence of
the (a and b) Seebeck coefficient « and (c and d) electrical conductivity
o for Bi;_,Ba,CuSeO (x = 0, 0.075, 0.125, 0.175) samples consolidated
by PLS. Literature data for other Bi;_,Ba,CuSeO-based oxyselenides
are also shown for comparison (Feng et al.,”® Li et al.,*® Park et al.,>* Pei
etal.** Jiang etal. ®® Kimetal.** Leietal.,®® Liang et al.,** Liu et al.,*® Pan
etal % Parketal ** Wenetal. *®Yang etal.** Zeng etal.,*® Liet al.,®¢ and
Yang et al.**). All displayed data points correspond to values obtained at
300 K.

the highest dopant concentration, Biy g,5Bag.175CuSeO, milled
at a 1:20 ratio. However, the absolute conductivity values for
the Ba-doped samples remain lower than those reported for as-
synthesized SSR composites in the literature,*>*****¢ likely due
to the MS process, which introduces numerous additional
scattering centers, including grain boundaries, dislocations,
and point defects.

The total thermal conductivity k. for all samples is
approximately 0.7-0.9 W m™* K™ at 300 K, which is in good
agreement with Feng et al's results for MS oxyselenides
(Fig. S5a and b).” Thermal measurements indicate that barium
doping leads to an increase in k., which can be understood by
considering electron (k) and lattice (ki,;) components of k.
The electron thermal conductivity k. is proportional to the
electrical conductivity, g, following the Wiedemann-Franz law:
ke = oLT. Here, the Lorentz number, L, was temperature-
dependent and estimated using experimental values of the
Seebeck coefficient in the framework of the effective mass
model. The primary reason for the observed increase in ki is
the rise in k., which directly correlates with ¢ due to a higher
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charge carrier concentration (Fig. S5e and f). Comparison of the
lattice component of thermal conductivity with literature data
suggests that structural defects, including pores—whose
formation was promoted by the MS process—introduce addi-
tional phonon scattering surfaces, thereby reducing their mean
free path (Fig. S5¢ and d). Additionally, the low density of bulk
samples contributes to a decrease in the speed of sound within
the material, which is proportional to xj¢.

Based on the measured electrical and thermal transport
characteristics, the thermoelectric figure of merit, z7, was
calculated and is presented as a function of temperature in
Fig. 6g and h. Although the 2T values exhibit only minor varia-
tions within the error range for different powder-to-ball mass
ratios, it is noteworthy that the highest thermoelectric figure of
merit for all compositions was achieved for the samples milled
at a ratio of 1:10. While the obtained zT values are not the
highest reported for Ba-doped oxyselenides, they fall within the
range of 0.07 to 0.13 at T = 300 K, consistent with previously
published results. Moreover, the zT values obtained for undo-
ped compositions are higher (about 0.1 at 300 K) than those
reported for finely dispersed BiCuSeO powders prepared via
sol-gel or ball milling methods,**7*>°**> as well as for BiCuSeO
synthesized by more established techniques such as self-
propagating high-temperature synthesis, microwave-assisted
synthesis, and SSR.?!3*61.6486888991 Thijg confirms that mecha-
nochemical synthesis, requiring only 25 minutes, is a promising
approach for the large-scale production of Bi;_,Ba,CuSeO-
based oxyselenides.

Conclusions

In this work, Ba-doped BiCuSeO oxyselenide samples were
successfully prepared via mechanochemical synthesis followed
by pressureless sintering. It was demonstrated that the single-
phase oxyselenide powders can be synthesized in just 25
minutes—significantly faster than traditional solid-phase
synthesis methods, which require tens of hours. Notably, all
stages (except compaction) can be performed in air at room
temperature, enabling the synthesis of large powder volumes.
The Ba-doped BiCuSeO exhibited zT values of 0.07-0.13, while
undoped BiCuSeO achieved even higher z7T values than oxy-
selenides produced by well-established methods such as self-
propagating high-temperature synthesis, sol-gel, microwave-
assisted synthesis, and solid-state reaction at room tempera-
ture. These results confirm the efficiency of the proposed
synthesis method, which combines rapid material production
with the retention of key thermoelectric properties. These
findings open avenues for further optimization of the material's
composition and microstructure to enhance thermoelectric
performance, as well as for its practical application in energy
conversion devices.
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