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Abstract

Recent progress in nanostructuring and targeted doping has accelerated thermoelectric research by enabling more effective
control over coupled electrical and thermal transport. In this context, transition-metal chalcogenides such as MnSe have
emerged as promising candidates because their electronic structure and carrier concentration can be systematically tuned
through compositional engineering to optimize transport performance. Thermoelectric power generators therefore offer a
compelling, environmentally benign route for converting waste heat into electricity, operating silently and without direct
pollutant emissions. This study presents a simple technique for synthesized the MnSe nanoparticles, along with an analysis
of their structural, morphological, and thermoelectric characteristics. By using the hydrothermal technique to successfully
synthesise the p-type pristine and MnSe nanoparticles. Various methods of characterisation including X-ray diffraction
(XRD), scanning electron microscope (SEM), and Energy-dispersive X-ray spectroscopy (EDX) were used to characterize
the synthesized nanoparticles. Results confirmed that nanoparticles crystalline in a cubic crystal structure with an average
crystallite size 56 nm. The electrical conductivity of the MnSe material decreases as the Al content increases from 478 to
92 S/cm, primarily because of the decrease in the number of charge carriers. However, the Seebeck coefficient values are
increased from 29 to 92 pV/K. The findings demonstrated a significant enhancement in the thermoelectric characteristics
of MnSe nanoparticles with the introduction of Al doping, employing the hydrothermal technique. Consequently, the
power factor increased from 42 to 79 pWm 'K 2, respectively. This study presents a cost-effective and efficient approach
for producing a substantial amount of Al-codoped MnSe at low temperatures. The resulting material exhibits excellent
thermoelectric properties, making it suitable for various practical applications.
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1 Introduction

Thermoelectric (TE) materials have attracted consider-
able interest because of their capacity to convert heat into
electricity directly and reversibly [1—4]. This makes them
highly promising for applications such as waste heat recov-
ery, which can enhance energy efficiency and sustainabil-
ity. Furthermore, TE cooling technology is essential for
dissipating heat in electronic devices, thanks to its excep-
tional dependability and the ease with which it can be made
smaller in size [5, 6]. A dimensionless figure of merit (ZT)
was employed to evaluate the efficiency of TE materials,
which is calculated as:

PF xT
ZT = ———
Ktol
PF = S%¢

The defining factors of the system are the Seebeck coeffi-
cient S, electrical conductivity o, total thermal conductivity
K, (Which encompasses electrical thermal conductivity k.
and lattice thermal conductivity k), and Kelvin tempera-
ture T [7, 8]. It is essential to maximise the power factor and
simultaneously decrease the lattice thermal conductivity in
order to enhance the performance of TE materials. Effec-
tive enhancement of the power factor of materials can be
achieved through the manipulation of electrical properties,
including band convergence [9, 10], resonance level [11,
12], carrier concentration optimization [13], and energy fil-
tering effects [14]. To further control the phonon transport
process in materials and reduce the heat transport, nano-
structuring [15, 16], phase separation, and all-scale hierar-
chical architecturing [17] are extensively employed.

PbTe is widely recognized as the benchmark thermoelec-
tric material for medium-temperature applications due to its
superior performance and long-standing use in commercial
devices [18, 19]. However, growing environmental con-
cerns related to lead toxicity have significantly limited its
broader deployment, motivating the search for eco-friendly
alternatives. SnTe has emerged as a promising nontoxic
substitute because of its similar crystal structure and chemi-
cal characteristics, making it attractive for waste-heat recov-
ery in the 500900 K range [20]. Despite this potential,
intrinsic SnTe exhibits inferior thermoelectric performance
owing to its narrow band gap, excessive hole concentra-
tion, and large energy separation between light and heavy
valence bands, which promote strong bipolar diffusion and
suppress the Seebeck coefficient [20-22]. Additionally, the
relatively low atomic mass of Sn results in inherently high
lattice thermal conductivity, further reducing its figure of
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merit compared to PbTe. Recent studies (Cu [23], Zn [24,
25], Mn [26], etc.) demonstrate that targeted elemental dop-
ing can effectively converge the valence bands and enhance
the Seebeck coefficient, while phonon-engineering strate-
gies such as nanoinclusion formation and defect engineer-
ing have proven successful in suppressing lattice thermal
conductivity. These advances highlight viable pathways to
overcome the intrinsic limitations of SnTe and significantly
improve its thermoelectric performance.

In recent studies, manganese tellurides, specifically
MnTe [27] and MnTe, [28] have demonstrated great poten-
tial as thermoelectric materials because of their naturally
low lattice thermal conductivity. The highest values of ZT,
specifically 1.1 and 0.7, have been attained in MnTe and
MnTe,, respectively, by optimizing the carrier concentration
and introducing extra phonon scattering. This would gener-
ate significant interest in the utilization of Mn-based semi-
conductors for their potential in thermoelectric applications.

Manganese Selenide (MnSe) compound is gaining sig-
nificant interest and is considered highly promising for
medium-temperature thermoelectric applications because
of its inadequate noxiousness, abundance of earth elements
and excellent TE characteristics. MnSe exhibits p-type con-
duction and has a large band gap of 2.0 eV, has been widely
studied for its crystal structure [29], optical properties [30,
31], magnetic properties [32], and low-temperature electri-
cal properties [33, 34]. Pristine manganese selenide dem-
onstrates a significant Seebeck coefficient and a diminished
electrical conductivity at room temperature as a result of
its low carrier concentration around x10'® cm™3 [33]. This
suggests that it has the potential to be an environmentally
acceptable material for thermoelectric applications.

The hydrothermal approach offers the advantages of hav-
ing a low synthesis temperature and fine particle sizes in
comparison to other processes that are used to synthesize
nanostructure materials [35]. By selecting the appropriate
operating conditions, it is possible to exert control over
the chemical composition and form of the powder on a
nanoscale. An extensive variety of morphologies, such as
nanotubes, nanosheets, nanowires, and nanorods, amongst
others, have been synthesised by the utilization of this
method [36-39].

In our current study, we have effectively synthesized
the pristine and Al-doped MnSe nanoparticles using the
straightforward hydrothermal approach and investigate
it’s structural and thermoelectric properties. SEM, XRD,
and EDX were employed to assess the morphology, crys-
tal structure, and composition of the samples, respectively.
Thermoelectric properties of pristine and Al-doped MnSe
were investigated between 300 and 525 K. Electrical and
Seebeck measurements were conducted to study the effect
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of Al concentration on the thermoelectric transport param-
eters of the MnSe nanoparticles while the TE application is
the major emphasis of our work.

2 Experimental procedures
2.1 Chemicals

All chemicals used in this study were of analytical grade.
Manganese nitrate (Mn(NO;),, 99.9%), selenium powder
(99.9%), aluminum nitrate (AI(NOj;),, 99.9%), sodium
hydroxide (NaOH), ethylene glycol (EG), Ethylenediamine
tetraacetic acid (EDTA), and Sodium borohydride (NaBH,,
99.9%) were used according to the required stoichiometric
ratios.

2.2 Synthesise of pristine MnSe and Al-doped MnSe
nanoparticles

Pristine and Al-doped MnSe nanoparticles were synthesised
using a solvothermal method. Manganese nitrate Mn(NO3),,
selenium powder, and aluminum nitrate AI(NO;); (for
doped samples) were dissolved in ethylene glycol (EG),
which served as the reaction solvent. EDTA was added as a
surfactant to control particle growth, followed by NaOH to
adjust the pH of the solution. Sodium borohydride NaBH,
was then introduced as a reducing agent to promote the
formation of MnSe nuclei. The resulting homogeneous

Fig. 1 Schematic illustration of
hydrothermal synthesis of pris-
tine MnSe nanoparticles

Mn(NO3), + Se + EDTA + EG

Transferred into
Teflon Jar

—

solution was transferred into a 100 mL Teflon-lined stain-
less-steel autoclave and magnetically stirred for 30 min. The
sealed autoclave was heated at 200 °C for 20 h to complete
the reaction, after which it was allowed to cool naturally
to room temperature. The obtained product was filtered,
repeatedly washed with ethanol and deionised water, and
subsequently dried at 80 °C for 10 h. The dried material
was then gently ground using a mortar and pestle to obtain
fine MnSe nano-powder. Al-doped MnSe samples were
prepared following the same procedure, with the required
stoichiometric amount of AI(NO;); added during precursor
preparation. Figure 1 illustrates the solvothermal synthesis
route used for producing the MnSe nanoparticles.

2.3 Characterization

The structural properties of the samples were exam-
ined using X-ray diffraction (XRD) on a Malvern PANa-
lytical diffractometer equipped with Cu Ka radiation
(4=0.1554 nm). Diffraction patterns were recorded over a
20 range of 20—-80° with a step size of 0.002° and a scanning
rate of 4> min-1 under operating conditions of 40 kV and
15 mA. Rietveld refinement was performed using the High-
Score Plus software package to analyse the crystallographic
structure. The morphology of the synthesized nanoparti-
cles was investigated using scanning electron microscopy
(SEM) at an accelerating voltage of 30 kV, while elemental
composition and spatial distribution were assessed using
energy-dispersive X-ray spectroscopy (EDX) with an FEI
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Magellan 400 high-resolution system equipped with an
Oxford Instruments X-Max 80 silicon drift detector. For
thermoelectric characterization, the as-synthesized powders
were consolidated into dense disk-shaped pellets by uniax-
ial cold pressing using a hydraulic press under an applied
load of 15 tons for 5 min. The obtained pellets were suf-
ficiently compact and were used for subsequent transport
measurements. Thermoelectric properties, including elec-
trical conductivity, Seebeck coefficient, and power factor,
were measured from room temperature up to 575 K using
a NETZSCH SBA 458 Nemesis system. The electrical con-
ductivity was determined using a conventional four-probe
method, while the Seebeck coefficient was measured using a
standard differential technique. In addition, the carrier con-
centration (n) and mobility (x) were evaluated using the van
der Pauw method.

3 Results and discussion

3.1 Crystal structure and phase identification

The XRD data were analyzed using the X Pert HighScore
Plus software. Before peak identification, the baseline was
corrected and the K-o component was removed from the raw

diffraction profile. The minimum detectable peak intensity
was then defined to enable accurate peak searching. Figure 2

(a)

(a) illustrates the XRD patterns of pristine and Al-doped
MnSe nanoparticles. Both samples exhibited a cubic crystal
structure, consistent with the JCPDS card number 04-003-
2552 (space group Pa-3). The diffraction patterns show dis-
tinct reflections corresponding to the (111), (200), (101),
(210), (211), (220), (221), (012), (111), (311), (023), (321),
and (400) crystallographic planes. The most intense peak
appears at 31°, indexed to the (210) plane, which is char-
acteristic of MnSe. The second strongest reflection occurs
at 34°, associated with the (211) plane. Selenium-related
peaks were observed at 29°, 43°, and 45°, corresponding
to the (101), (012), and (111) planes of the hexagonal Se
phase (space group P3121), in agreement with JCPDS card
no. 04-004-4240. Importantly, no secondary phases were
detected after Al doping, indicating successful incorpora-
tion of dopants into the MnSe lattice.

With increasing Al concentration, the intensity of the
diffraction peaks progressively decreases. This reduction
is attributed to the substitution of Mn?" ions, with a larger
ionic radius, by smaller A" ions within the MnSe lattice.
The resulting lattice distortion reduces overall crystallinity,
producing broader and less intense XRD reflections. Addi-
tionally, the incorporation of Al introduces further structural
imperfections and strain, which contribute to the continued
weakening the diffraction peaks. The average crystallite size
of both pristine and Al-doped MnSe nanoparticles was esti-
mated using the Scherrer equation [40]:
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Fig.2 (a) XRD patterns of pristine and Al-doped MnSe nanoparticles with indexed (hkl) reflections; (b) variation of crystallite size and FWHM as
a function of Al concentration; (¢) corresponding evolution of microstrain and dislocation density with Al doping
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thl [3 hkl cosO hkl

where D is crystallite size, K is the shape factor (0.9), A is
the x-ray wavelength (Cu Ko, 1.5406 A), B, is the full
width at half maxima (FWHM) of the most intense diffrac-
tion peak (in radians), and 0 py is the Bragg diffraction
angle. The FWHM values were obtained from the (210)
peak after background subtraction, and the values were con-
verted from degrees to radians before calculation. Instru-
mental broadening was neglected in this analysis.

The crystallite size of the MnSe nanoparticles decreases
with increasing Al concentration, primarily due to the sub-
stitution of smaller Al™® ions for Mn"? ions within the lat-
tice. This substitution introduces additional lattice defects
and strain, which hinder crystal growth and consequently
reduce the crystallite size, as illustrated in Fig. 2(b). At the
same time, FWHM of the XRD peaks increases, indicating
broader diffraction features. This peak broadening is attrib-
uted to enhanced lattice distortion and reduced crystallinity,
which result in greater structural disorder and diminished
peak sharpness.

_ B cosd

Micro — strain () 1

Dislocation Density (8§ ) = —

where f represents the full width at half maximum (FWHM),
6 is the Bragg angle, and D is the crystallite size. The rela-
tionship between these parameters for the synthesized MnSe
nanostructures is shown in Fig. 2(c). The results indicate
that the microstrain and dislocation density are inversely
proportional to the crystallite size; specifically, both ¢ and
o increase as the crystallite size decreases. Table 1 presents
the calculated values of microstrain, dislocation density,
and crystallite size for pristine and Al-doped MnSe nano-
structures. Hence, the average microstrain was determined

Table 1 Calculated crystallite size (D), FWHM, dislocation density
(), and microstrain (&) of pristine and Al-doped MnSe nanoparticles

Sample Crystal- FWHM  Dislocation  Microstrain

(MnSe,_,Al) lite size  (Degree) density (ex107)
(nm) m=2 (3% 107

Pristine 61 0.136 2.626 5.741

0.4 58 0.144 2.927 6.061

0.8 56 0.148 3.117 6.254

1.2 52 0.159 3.565 6.688

The dislocation density (6) and microstrain (g) are important param-
eters for evaluating the characteristics of the synthesized nanostruc-
tures and were derived from the XRD data. The values of § and ¢ for
all samples were calculated using the following Egs. [41, 42]:

to be 0.65+0.0866, which corresponds to the slope of the
fitted line. The crystallite size D was calculated to be 51 nm,
which closely agrees with the value obtained from the
Debye—Scherrer equation.

The size and lattice deformation of the nanoparticles
were further evaluated using the Williamson—Hall (W-H)
method, as illustrated in Fig. 3. Since both crystallite size
(D) and microstrain (¢) contribute to peak broadening,
the W—H relation was used to estimate their contributions
according to [43]:

B hi1 €0SO k1 = (& x 48inb py) + %
where By, represents the peak broadening, 8, is the Bragg
angle, ¢ denotes the average lattice strain, and K is the shape
factor with a value of 0.9. This equation was compared
with the linear form y=mx+c, and a plot was constructed
between 4 sin 6 (x—axis) and S cos 6 (y—axis). The y-inter-
cept of the plot was used to determine the crystallite size,
whereas the slope provided the corresponding lattice strain.

3.2 Morphology and chemical composition

Scanning electron microscopy (SEM) was used to examine
the surface morphology and structural features of pristine
and Al-doped MnSe nanoparticles, as presented in Fig. 4(a—
d). The pristine MnSe sample exhibits a relatively uniform
and homogeneous morphology, indicating well-controlled
synthesis conditions that promote consistent particle growth
without significant agglomeration. As the Al concentration
increases, a noticeable reduction in particle size is observed,
accompanied by changes in particle geometry and surface
texture. This size reduction can be attributed to several fac-
tors: the substitution of AI*" ions introduce lattice strain,

0.0026 @ W-H Plot 9
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0.0025
D
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O 0.0024
Q
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0.0023
0.0022{ Q@
T T T T T T T
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4Sing

Fig. 3 Williamson Hall plot with liner curve fir which gives us slop for
lattice strain and crystallite size from intercept
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Fig.4 SEM micrographs and cor-
responding grain-size distribution
histograms of (a) pristine MnSe,
(b) Al-doped MnSe (x=0.4), (¢)
Al-doped MnSe (x=0.8), and (d)
Al-doped MnSe (x=1.2)
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which suppresses crystal growth; Al incorporation can
enhance nucleation rates by providing additional nucleation
sites; and changes in surface energy induced by Al doping
may favour the formation of smaller particles to minimize
total surface energy. Furthermore, Al influences the local
chemical environment during synthesis, potentially accel-
erating nucleation relative to growth, resulting in finer
nanoparticles. The particle size distributions shown beneath
each SEM image provide a qualitative indication of the size

== %
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Grain size (nm)

variation among the samples. However, it should be noted
that these distributions were obtained from high-magni-
fication SEM images and are therefore based on a limited
number of particles; as such, they are intended to illustrate
general trends rather than provide rigorous statistical quan-
tification. Even with this limitation, the SEM observations
suggest a progressive reduction in particle size with increas-
ing Al content, which is in good agreement with the crystal-
lite size trend obtained from XRD analysis.



Emergent Materials (2026) 9:150

Page70of 13 150

Energy-dispersive X-ray spectroscopy (EDX) was
employed to examine the elemental composition and chemi-
cal purity of the synthesized samples. As shown in Fig. 5,
the EDS spectra confirm the presence of Mn, Se, and Al in
all nominal compositions, indicating successful incorpora-
tion of Al into the MnSe matrix. The measured elemental
ratios are in reasonable agreement with the expected com-
positions. No impurity-related peaks were detected within
the sensitivity limit of the measurement, suggesting good
chemical purity of the samples. Furthermore, the elemental
mapping reveals a fairly uniform distribution of Al through-
out the MnSe matrix, with no obvious evidence of phase
separation or abnormal elemental segregation during the
hydrothermal synthesis process. without obvious phase sep-
aration or severe segregation.

3.3 Carrier concentration and mobility

Hall measurements were conducted to determine the car-
rier concentration and mobility of pristine and Al-doped
MnSe nanoparticles at room temperature as shown in
Fig. 6. The positive Seebeck coefficients observed across
all samples clearly confirm that both pristine and Al-doped
MnSe behave as p-type semiconductors, with holes acting
as the dominant charge carriers. This behaviour is consis-
tent with previous studies on MnSe—based chalcogenides,
where intrinsic defects such as Mn vacancies (V,,,) or Se
anti-site defects typically act as acceptor states and gener-
ate holes within the lattice [13]. As shown in Fig. 6, the
carrier concentration decreases steadily with increasing Al
content. This reduction can be attributed to the substitution
of Mn*" by AI**, which modifies the defect chemistry of
MnSe. In pristine MnSe, Mn vacancies serve as the primary
acceptor species responsible for hole formation. When AI3*
occupies Mn?" sites, it introduces a donor-like compensa-
tion effect that partially neutralizes these acceptor defects,
thereby lowering the hole concentration [44, 45]. Further-
more, Al incorporation stabilizes the lattice and suppresses
the formation of Mn vacancies, contributing to an additional
decrease in hole generation [46, 47].

In contrast, the carrier mobility increases with Al dop-
ing. This improvement arises from several crystallographic
and electronic factors. First, a reduction in the concentration
of ionised acceptor defects decreases ionised impurity scat-
tering, allowing charge carriers to move more freely [48].
Although XRD analysis indicates that Al incorporation
reduces the crystallite size and increases the microstrain
and dislocation density factors that would typically enhance
carrier scattering the experimental results show that the
mobility still increases with higher Al content. This appar-
ent contradiction can be explained by the competing scatter-
ing mechanisms: the reduction in ionised defect scattering is

significantly stronger than the additional scattering caused
by microstrain-related defects [48]. In addition, the decrease
in carrier concentration reduces carrier—carrier scatter-
ing, which further enhances mobility. Such a simultaneous
reduction in carrier concentration coupled with an increase
in mobility is a well-established strategy for optimising
thermoelectric materials, as it enhances the Seebeck coef-
ficient while maintaining acceptable electrical conductivity
[17, 49].

3.4 Electrical conductivity of Al-doped MnSe

Figure 7(a) presents the temperature-dependent electrical
conductivity of pristine and Al-doped MnSe samples. All
compositions show a decreasing electrical conductivity
with rising temperature, confirming their degenerate semi-
conductor behaviour. A clear reduction in conductivity is
also observed with increasing Al concentration; at room
temperature, the electrical conductivity decreases from
478 to 158 S cm ™! as the Al content increases from 0.4 to
1.2 M. This behaviour can be attributed to two dominant
mechanisms: impurity scattering and phonon scattering.
The incorporation of Al into the MnSe lattice introduces
additional scattering centres, which disrupt the periodicity
of the crystal and impede charge-carrier transport, thereby
reducing mobility. Simultaneously, elevated temperatures
enhance phonon vibrations that further scatter carriers,
collectively contributing to the reduction in conductivity
[44, 13]. Figure 7(b) displays the room-temperature elec-
trical conductivity as a function of Al content, showing a
monotonic decrease with increasing doping level. Accord-
ing to the conductivity relation o =neu, this trend arises
from the competing effects of decreasing carrier concentra-
tion and slightly increasing mobility, as shown in Fig. 6;
the dominant decrease in carrier concentration outweighs
the mobility enhancement, leading to an overall decline in
conductivity. Moreover, Al doping widens the energy gap
of MnSe solid solutions, causing an exponential reduction
in carrier concentration and thus a significant drop in elec-
trical conductivity. A similar behaviour has been reported
by Wang et al. [50], who observed a decrease in electrical
conductivity with increasing SnTe content in alloyed MnSe,
consistent with the trends obtained in this study.

3.5 Seebeck coefficient of Al-doped MnSe

The Seebeck coefficient of pristine and Al-doped MnSe
nanoparticles was measured in the temperature range of
300-575 K, and the corresponding results are shown in
Fig. 8(a). All samples exhibit an increase in the Seebeck
coefficient with rising temperature, which is characteristic of
p-type semiconductors, where holes dominate the transport
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4 Fig. 5 Energy-dispersive X-ray (EDX) spectra of pristine and Al-
doped MnSe samples, with corresponding elemental mapping images
included within each spectrum to illustrate the spatial distribution of
Mn, Se, and Al
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Fig. 6 Shows the variation of carrier concentration and mobility as a
function of Al content at room temperature

process. The positive Seebeck values further confirm p-type
conduction, consistent with the defect-driven hole forma-
tion reported for MnSe-based chalcogenides. The Seebeck
coefficient also increases systematically with Al content,
with the 1.2 M Al-doped sample showing the highest value.
This enhancement can be understood by considering the
semiconductor Seebeck relation [51]:
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which indicates that S increases when the carrier concentra-
tion decreases or when the energy dependence of mobility
becomes stronger. As demonstrated earlier (Fig. 7), Al incor-
poration decreases the carrier concentration due to defect
compensation while only moderately increasing mobility,
meaning the reduction in carrier concentration dominates
and leads to a larger Seebeck coefficient. Furthermore, Al
doping induces electronic band distortion and local energy-
level modification, which can enhance band convergence
and promote higher thermopower. This trend is consistent
with previous reports, such as the Na-doped MnSe system
studied by Zheng et al. [52] where increasing temperature
and dopant content also enhanced the Seebeck coefficient.
Overall, the combined effects of reduced carrier concen-
tration, band modulation induced by Al substitution, and
thermally activated carrier transport result in a pronounced
improvement in the Seebeck coefficient and point toward
enhanced thermoelectric performance of Al-doped MnSe
nanoparticles [53-55]. Figure 8(b) presents the variation
of the room-temperature Seebeck coefficient as a function
of Al content for the MnSe nanoparticles. As shown in the
figure, the Seebeck coefficient increases progressively with
increasing Al concentration, indicating that Al incorporation
effectively enhances the material’s thermoelectric response.

3.6 Power factor of Al-doped MnSe

Figure 9(a) illustrates the thermoelectric power factor of
pristine and Al-doped MnSe nanoparticles, calculated using
the measured electrical conductivity (o) and Seebeck coef-
ficient (S) values at different temperatures. The power factor
was obtained from the standard relation:
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Fig. 7 Shows (a) the temperature dependence of the electrical conductivity of MnSe,_,Al, with varying Al content and (b) the room-temperature

electrical conductivity of MnSe,_ Al as a function of Al content
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temperature power factor as a function of Al content

PF=S’x o

As shown, the power factor improves with increasing tem-
perature and Al content. This enhancement arises primar-
ily from the substantial increase in the Seebeck coefficient,
which outweighs the moderate reduction in electrical con-
ductivity caused by Al-induced impurity scattering. The
rise in S with both temperature and Al doping is attributed
to reduced carrier concentration, band modulation, and
enhanced energy—filtering effects introduced by Al substi-
tution. Consequently, despite the expected decrease in ¢ at
higher Al concentrations, the pronounced increase in S results
in an overall improvement in the power factor. Figure 9(b)

#ll

vvvvvvvvvvvvv

further shows the variation of room-temperature power fac-
tor with Al content, revealing a steady increase from 0.4 to
1.2 at% Al. This behaviour reflects the competitive relation-
ship between decreasing ¢ and substantially increasing S,
confirming that Al incorporation effectively enhances the
thermoelectric performance of MnSe nanoparticles.

3.7 Density of states effective mass

To further understand the carrier transport behaviour in
Al-doped MnSe nanoparticles, the relationship between
the Seebeck coefficient (S) and the carrier concentration
(n) was analysed using the single-parabolic-band (SPB)
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model. Within this framework, assuming acoustic phonon
scattering as the dominant scattering mechanism (scattering
parameter A=0), the Seebeck coefficient can be expressed
as [56, 57]:

8w 2ky ™ \2/3
S = e mhosT(55)

where the density-of-states effective mass is given by

7
mpos = Ny Sm*

Here, S is the Seebeck coefficient, n is the Hall carrier
concentration, mp, g is the density-of-states effective mass,
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m* is the band effective mass, N, is the valley degeneracy,
kp is the Boltzmann constant, e is the elementary charge, % is
Planck’s constant, and 7 is the absolute temperature. Using
these relations together with the experimental Seebeck and
carrier concentration data, the DOS effective mass for the
Al-doped MnSe samples was extracted and is shown in
Fig. 10(c). The results reveal that m7,, g decreases progres-
sively with increasing Al content. Physically, this decrease
corresponds to a flattening of the valence-band curvature and
reflects the modification of the electronic structure induced
by Al incorporation. A smaller effective mass generally
implies reduced carrier scattering and a higher carrier trans-
port rate. Figure 10(a—b) further illustrate the relationships
among electrical conductivity, carrier concentration, and
Seebeck coefficient: the electrical conductivity increases
nonlinearly with increasing carrier concentration, while the
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Fig. 10 Shows (a, b) room-temperature electrical conductivity and Seebeck coefficient versus carrier concentration, (c) effective mass as a function
of Al content, and (d) Seebeck coefficient versus electrical conductivity for MnSe; , Al,
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Seebeck coefficient decreases as n increases, consistent with
SPB expectations. Figure 10(d) presents the Seebeck coef-
ficient as a function of electrical conductivity, showing a
clear inverse and nonlinear relationship for Al-doped MnSe.
These results collectively confirm that Al doping modifies
both the electronic structure and transport behaviour, con-
sistent with the observed enhancement in thermoelectric
performance.

4 Conclusion

In this study, pristine and Al-doped MnSe nanoparti-
cles were successfully synthesised using a hydrothermal
method, demonstrating controlled structural and thermo-
electric modification through Al incorporation. The average
crystallite size decreased from 61 to 52 nm with increas-
ing Al concentration, reflecting enhanced lattice distortion
and defect formation. Electrical transport measurements
revealed that Al doping markedly improved the thermoelec-
tric properties: the Seebeck coefficient increased from 29
to 92 pV K™!, while the power factor rose from 42 to 79
puW m 'K 2 at room temperature. Pisarenko analysis further
showed that the density-of-states effective mass decreased
progressively with increasing Al content, indicating notable
changes in band curvature and carrier dynamics induced by
dopant incorporation. These findings confirm that Al sub-
stitution is an effective strategy for tuning the electronic
structure and enhancing the thermoelectric performance of
MnSe-based materials. Although the thermal conductivity
of the samples could not be measured in this work prevent-
ing evaluation of the full figure of merit (Z7) future efforts
will focus on determining the thermal transport properties to
comprehensively assess the potential of Al-doped MnSe for
thermoelectric energy conversion and related applications
such as sensing and waste-heat harvesting.

Acknowledgements F.R. acknowledges support from the FAR 2024
Progetti Interdisciplinari — Linea UNIMORE “NT-ROBOT” (CUP
E93C24001920005). The authors are also grateful to Prof. A.V. for
providing access to laboratory facilities at Luled University of Tech-
nology (LTU), Sweden.

Author Contributions Conceptualization, M.1., and F.R.; methodolo-
gy, M.I,, D.P,, A.V,, and F.R.; software, M.1., and A.F.; validation, M.I.,
and A.F.; formal analysis, M.I., D.P., and F.R.; investigation, F.R., A.V,
and A.F.; resources, A.V, and F.R.; data curation, M.I, A.F.,, and F.R;
writing—original draft preparation, M.I., D.P., and A.F.; writing—re-
view and editing, D.P., A.F., and F.R.; visualization, M.I, A.V., and
F.R.; supervision, A.V, and F.R.; project administration, A.V., and F.R.;
funding acquisition, A.V. and F.R. All authors have read and agreed to
the published version of the manuscript.

Funding Open access funding provided by Consiglio Nazionale Delle
Ricerche (CNR) within the CRUI-CARE Agreement. This research re-
ceived no external funding.

@ Springer mm?lm

Data availability The data supporting the findings of this study are
available from the corresponding author upon reasonable request.

Declarations
Conflict of interest The authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Q. Yan, M. Kanatzidis, High-performance thermoelectrics and
challenges for practical devices. Nat. Mater. 21(5), 503513 (2022)

2. X.Zhang, L.-D. Zhao, Thermoelectric materials: energy conver-
sion between heat and electricity. J. Materiomics 1(2), 92-105
(2015)

3. Z. Han et al., Room-temperature thermoelectric materials: chal-
lenges and a new paradigm. J. Materiomics 8(2), 427-436 (2022)

4. V.Demontis et al., ZnSe nanoparticles for thermoelectrics: impact
of Cu-doping. Crystals 13(4), 695 (2023)

5. B. Cai, S. Zhao, FJM.L. Liu, Micro TEC manufacture: the
importance and challenges. 2023. 2(3): p. 230011-1-230011-5.

6. Z. Wu et al., Thermoelectric converter: strategies from materials
to device application. Nano Energy 91, 106692 (2022)

7. W.G. Zeier et al., Thinking like a chemist: intuition in thermoelec-
tric materials. Angew. Chem. Int. Ed. 55(24), 6826—-6841 (2016)

8. W. Liu et al., Uplimit (ZT) max and effective merit parameter
B* of thermoelectric semiconductors. Mater. Today Phys. 31,
100989 (2023)

9. S. Lin et al., Tellurium as a high-performance elemental thermo-
electric. Nat. Commun. 7(1), 10287 (2016)

10. H. Lv et al., Enhanced thermoelectric performance of phospho-
rene by strain-induced band convergence. Phys. Rev. B 90(8),
085433 (2014)

11. S. Perumal et al., Realization of high thermoelectric figure of
merit in GeTe by complementary co-doping of Bi and In. Joule
3(10), 2565-2580 (2019)

12. G. Tan et al., Codoping in SnTe: enhancement of thermoelectric
performance through synergy of resonance levels and band con-
vergence. J. Am. Chem. Soc. 137(15), 5100-5112 (2015)

13. G.J. Snyder, E. Toberer, Complex thermoelectric materials. Nat.
Mater. 7(2), 105-114 (2008)

14. C. Gayner, Y.J.A.F.M. Amouyal, Energy filtering of charge carri-
ers: current trends, challenges, and prospects for thermoelectric
materials. Adv. Funct. Mater. 30(18), 1901789 (2020)

15. G. Tan et al., High thermoelectric performance of p-type SnTe via
a synergistic band engineering and nanostructuring approach. J.
Am. Chem. Soc. 136(19), 70067017 (2014)

16. L.-D. Zhao et al., High thermoelectric performance via hierarchi-
cal compositionally alloyed nanostructures. J. Am. Chem. Soc.
135(19), 7364-7370 (2013)


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Emergent Materials

(2026) 9:150

Page 130f 13 150

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

K. Biswas et al., High-performance bulk thermoelectrics with all-
scale hierarchical architectures. 2012. 489(7416): pp. 414-418
A. Yang et al., Band convergence coupled with carrier density
matching enables high-performance PbTe thermoelectric. Chem.
Eng. J. (2025). https://doi.org/10.1016/j.cej.2025.171293

W. Hu et al., Simultaneously optimizing power factor and thermal
conductivity of n-type PbTe. Appl. Phys. Lett. (2025). https://doi
.org/10.1063/5.0263654

X. Li et al., Synergistic band convergence and endotaxial nano-
structuring: Achieving ultralow lattice thermal conductivity and
high figure of merit in eco-friendly SnTe. Nano Energy. 67,
104261 (2020)

Q. Zhang et al., Raised solubility in SnTe by GeMnTe2 alloy-
ing enables converged valence bands, low thermal conductivity,
and high thermoelectric performance. Nano Energy. 94, 106940
(2022)

X. Qian et al., Enhancing thermoelectric performance of p-type
SnTe through manipulating energy band structures and decreas-
ing electronic thermal conductivity. Rare Met. 43(7), 3232-3241
(2024)

Z. Cao et al., Enhanced Thermoelectric Performance of Cu-
Doped SnTe by Reducing the Lattice Thermal Conductivity. ACS
Appl. Energy Mater. 8(16), 12388-12397 (2025)

L. Wang et al., Zinc doping induces enhanced thermoelectric
performance of solvothermal SnTe. Chem. Asian J. 19(10),
€202400130 (2024)

L. Wang et al., Zn/In dual doping enhances the thermoelectric
performance of SnTe. J. Phys. Mater. 8(2), 025005 (2025).

Z. Liu, Z. Guo, L.J.I.C. Deng, Preparation of high-performance
Mn-doped SnTe materials at high pressure and high temperature.
Inorg. Chem. 63(12), 5389-5399 (2024)

Y. Xu et al.,, Performance optimization and single parabolic
band behavior of thermoelectric MnTe. J. Mater. Chem. A 5(36),
19143-19150 (2017)

Y. Xu et al., MnTe2 as a novel promising thermoelectric material.
J. Materiomics 4(3), 215-220 (2018)

A.J. Panson, W.D. Johnston, The MnTeMnSe system. J. Inorg.
Nucl. Chem. 26(5), 701-703 (1964)

D.L. Decker, R.L. Wild, Optical properties of a-MnSe. Phys. Rev.
B 4(10), 3425-3437 (1971)

M.V. Nikoli¢ et al., Infrared properties of sintered a-MnSe. Int. J.
Mater. Res. 97(5), 666—-669 (2006)

N. Moloto et al., Synthesis and characterization of MnS and
MnSe nanoparticles: morphology, optical and magnetic proper-
ties. Opt. Mater. 36(1), 31-35 (2013)

H. van der Heide, C.F. van Bruggen, C. Haas, Electrical proper-
ties of o-MnSe. Mater. Res. Bull. 18(12), 1515-1520 (1983)
M.A. Angadi, V. Thanigaimani, Electrical conduction in MnTe
and MnSe films. Mater. Sci. Eng. B 21(1), L1-L4 (1993)

M. Mo et al., Controlled hydrothermal synthesis of thin single-
crystal tellurium nanobelts and nanotubes. Adv. Mater. 14(22),
1658-1662 (2002)

Y. Deng, G.-D. Wei, C.-W. Nan, Ligand-assisted control growth
of chainlike nanocrystals. Chem. Phys. Lett. 368(5—6), 639—643
(2003)

A. Purkayastha et al., Low-temperature, template-free synthesis
of single-crystal bismuth telluride nanorods. Adv. Mater. (2006).
https://doi.org/10.1002/adma.200501339

M.R. Islam et al., Hydrothermal synthesis of NiO nanopar-
ticles decorated hierarchical MnO2 nanowire for supercapacitor

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

electrode with improved electrochemical performance. Heliyon
(2024). https://doi.org/10.1016/j.heliyon.2024.e26631

P.S. Chen et al., Preparation of a MoS2/carbon nanotube nano-
composite by hydrothermal method for supercapacitor. Int. J.
Electrochem. Sci. 19(4), 100523 (2024)

M. Isram et al, Unveiling the thermoelectric performances
of Znl—xFexSe nanoparticles prepared by the hydrothermal
method. Inorganics 11(7), 286 (2023)

S. Kathirvelu et al., UV protection finishing of textiles using ZnO
nanoparticles. 2009. 34(3): pp. 267-273

M. Isram et al., Impact of Mg doping on structural, morphological
and thermoelectric properties of SnO2 nanoparticles: a combined
experimental-theoretical investigation. Molecules 30(20), 4135
(2025)

R. Sharma et al., Sol-gel-mediated synthesis of TiO2 nanocrys-
tals: Structural, optical, and electrochemical properties. 2020.
17(3): pp. 1400-1409

J. He, TM.]L.S. Tritt, Advances in thermoelectric materials
research: looking back and moving forward. Science 357(6358),
eaak9997 (2017)

C. Wu et al., Defect engineering advances thermoelectric materi-
als. ACS Nano 18(46), 31660-31712 (2024)

D.M. Rowe, Thermoelectrics handbook: macro to nano (CRC
press, 2005)

Y. Zheng et al., Defect engineering in thermoelectric materials:
what have we learned? Chem. Soc. Rev. 50(16), 9022-9054
(2021)

Z.-G. Chen et al., Nanostructured thermoelectric materials: cur-
rent research and future challenge. Progress in Natural Science:
Materials International 22(6), 535-549 (2012)

Y. Pei et al., Convergence of electronic bands for high perfor-
mance bulk thermoelectrics. Nature 473(7345), 66—69 (2011)

Y. Wang et al., High thermoelectric performance of SnTe-MnSe
with low lattice thermal conductivity. ACS Appl. Energy Mater.
7(1), 145-153 (2023)

W. Wu et al., Achieving higher thermoelectric performance of
n-type PbTe by adjusting the band structure and enhanced phonon
scattering. Nanoscale. 14(46), 17163-17169 (2022)

L. Zheng et al., Thermoelectric properties of p-type MnSe. J.
Alloys Compd. 789, 953-959 (2019)

M.S. Dresselhaus et al., New directions for low-dimensional ther-
moelectric materials. Adv. Mater. 19(8), 1043—1053 (2007)

X. Shi et al., Multiple-filled skutterudites: high thermoelectric
figure of merit through separately optimizing electrical and ther-
mal transports. J. Am. Chem. Soc. 133(20), 7837-7846 (2011)
X. Wang et al.,, Unusually high Seebeck coefficient arising
from temperature-dependent carrier concentration in PbSe-
AgSbSe<inf>2</inf> alloys. J. Mater. Chem. C 9(48), 17365—
17370 (2021)

B.M. Askerov, Electron transport phenomena in semiconductors
(World scientific, 1994)

A. Novitskii, T.J.M.T.P. Mori, Revisiting Pisarenko’s formula:
effective mass estimation, thermopower—conductivity relation,
and maximum power factor prediction. Mater. Today Phys.
(2025). https://doi.org/10.1016/j.mtphys.2025.101845

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer


https://doi.org/10.1016/j.cej.2025.171293
https://doi.org/10.1063/5.0263654
https://doi.org/10.1063/5.0263654
https://doi.org/10.1002/adma.200501339
https://doi.org/10.1016/j.heliyon.2024.e26631
https://doi.org/10.1016/j.mtphys.2025.101845

	﻿Effect of Al doping on the structural, electrical transport, and Seebeck properties of MnSe nanoparticles synthesized via a hydrothermal route
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Experimental procedures
	﻿2.1﻿ ﻿Chemicals
	﻿2.2﻿ ﻿Synthesise of pristine MnSe and Al-doped MnSe nanoparticles
	﻿2.3﻿ ﻿Characterization

	﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿Crystal structure and phase identification
	﻿3.2﻿ ﻿Morphology and chemical composition
	﻿3.3﻿ ﻿Carrier concentration and mobility
	﻿3.4﻿ ﻿Electrical conductivity of Al-doped MnSe
	﻿3.5﻿ ﻿Seebeck coefficient of Al-doped MnSe
	﻿3.6﻿ ﻿Power factor of Al-doped MnSe
	﻿3.7﻿ ﻿Density of states effective mass

	﻿4﻿ ﻿Conclusion
	﻿References


