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Abstract: Production of thermoelectric materials from
solution-processed particles involves the synthesis of
particles, their purification and densification into pellet-
ized material. Chemical changes that occur during each
one of these steps render them performance determin-
ing. Particularly the purification steps, bypassed in
conventional solid-state synthesis, are the cause for large
discrepancies among similar solution-processed materi-
als. In present work, the investigation focuses on a
water-based surfactant free solution synthesis of SnSe, a
highly relevant thermoelectric material. We show and
rationalize that the number of leaching steps, purifica-
tion solvent, annealing, and annealing atmosphere have
significant influence on the Sn : Se ratio and impurity
content in the powder. Such compositional changes that
are undetectable by conventional characterization tech-
niques lead to distinct consolidated materials with differ-
ent types and concentration of defects. Additionally, the
profound effect on their transport properties is demon-
strated. We emphasize that understanding the chemistry
and identifying key chemical species and their role
throughout the process is paramount for optimizing
material performance. Furthermore, we aim to demon-
strate the necessity of comprehensive reporting of these
steps as a standard practice to ensure material reprodu-
cibility.

1. Introduction

Thermoelectric (TE) devices directly and reversibly convert
heat into electricity, offering unique possibilities for energy
harvesting and thermal management.[1] The efficiency of TE
devices is primarily determined by the properties of the
materials used. Materials with enhanced performance com-
bine a high electrical conductivity (σ), high Seebeck
coefficient (S) and low thermal conductivity (k).[2] To date,
the materials that display a better balance between these
properties are dense inorganic semiconductors. Polycrystal-
line semiconductors are desired, because of their superior
mechanical strength and lower fabrication costs compared to
their single-crystal counterparts.[3]

Typically, the fabrication of polycrystalline TE semi-
conductors involves a two-step process: initially preparing
the semiconductor in powdered form, followed by consol-
idating the powder into a dense material.[4] The powder is
most commonly prepared through high temperature reac-
tions or mechanical alloying; these processes are energy
intensive and achieving precise control over particle size and
size distribution of the powder is challenging.[4] In recent
years, solution-processing (hydrothermal, solvothermal and
aqueous)[5–9] has gained considerable attention as a possible
cost-effective and scalable way of producing high-perform-
ance TE materials. Compared to the traditional approaches,
milder conditions are used, including lower reagent purity,
reduced temperatures and shorter reaction times.[9–11] A
further advantage of solution-processing is that it provides
avenues to produce particles with finely controlled charac-
teristics, e.g., size, shape, composition and crystal phase, that
can translate into determining properties and characteristics
of the final material.[1,10,12,13]

Despite the numerous advantages of solution-processing,
an overall complexity arises from the multiple processes
involved: 1) particle synthesis, 2) particle purification, and 3)
powder densification (Scheme 1).[14] The multiple processes
provide many opportunities for material control and opti-
mization, which is contingent upon understanding the under-
lying phenomena that takes place in each one of the
processing steps. To date, there has been limited work
explaining the effects of each of the processing steps on the
final material. Most reports have focused on developing new
synthetic strategies for the particles, implementing novel
surface treatments[15–17] or exploring thermal treatments[18–20]

to achieve high performance. However, one of the most
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crucial processes has been completely neglected: the purifi-
cation process.

Powders produced in solution require a series of
purification steps, to separate the particles from the solvent,
unreacted species, and soluble byproducts. Variations in
purification methods and conditions such as solvent used
and its quantity, number of purification cycles, and duration
can result in different types and concentration of impurities,
which consequently, influences the composition, microstruc-
ture, and transport properties of the final material. Despite
the importance of the purification step of solution-processed
materials, it is always just used as a means to an end. As a
result, two interconnected problems arise. On the one hand,
since the importance of purification is underrated, there is a
lack of thorough reporting on how the purification is
conducted, i.e. volumes used, choice of solvent or even the
number of times the particles are purified.[11,19,21–25] This
causes problems with reproducibility. On the other hand,
disregarding the chemistry that occurs during the purifica-
tion process hampers performance optimization, and even
impedes the development of novel materials.

In this work, we study the chemistry of the purification
process; specifically, we unveil the impurities and byproducts
that remain after the synthesis of the powder by taking a
closer look at the synthesis. We center our investigation on
SnSe, one of the highest performing TE materials to date,[26]

and investigate the effect of the purification solvents and the
number of leaching steps on the impurities present in the
densified material and correlate these processing parameters
to the transport properties of the final TE semiconductor.
While this work focuses on bare SnSe, most of the
phenomena described here can be extrapolated to other
materials, especially those produced using polar solvents
without surfactants. Moreover, this knowledge enables the
rational performance optimization of the final polycrystal-
line material through developing efficient purification proc-

esses and establishes the need for reporting material
preparation precisely so that outstanding results can be
reproduced. Such an understanding is not limited only to
TEs but is also applicable to other fields that use solution-
processed particles and/or semiconductors such as photo-
voltaics, sensors, batteries and catalysis.[27]

2. Results and Discussion

Solution-based syntheses surged as a viable alternative to
prepare TE materials from particles made in
solution.[10,11,19,28–31] Particle syntheses can be performed with
or without surfactants (also called ligands), at temperatures
ranging from room temperature to around 350 °C, with
reaction times spanning from a few minutes[32,33] to even
hours.[8,15,34] Solvents employed range from water[7,8,35,36] to
organic solvents[37] and molten salts,[38] in some cases under
pressure, e.g. solvothermal.[5,35] For this work, we use a
surfactant-free aqueous synthesis as it is cheaper than any
other reported method and suitable for scaling to industrial
levels. The synthesis uses neither organic solvents nor
surfactants, has a short reaction time (2 h) and is conducted
at low temperature (ca. 100 °C). The water-based synthesis is
also very versatile, allowing for modifications such as
doping, to further tailor the TE performance.[31,39,40] Addi-
tionally, this synthetic approach has demonstrated to yield
various TE materials with enhanced performance, e.g.
PbS,[7] Bi2Te3,

[40] Ag2Se[8] and SnSe.[8,15,41] Despite its impor-
tance and extended use on different systems, detailed studies
in many of the reported systems is missing.

For this work, we selected SnSe, as it is of significant
importance in TEs, owing to its exceptional
performance.[15,26,42] In addition, modifications of the par-
ticles obtained through the used synthetic method has
yielded one of the most outstanding performances achieved

Scheme 1. Steps involved in the solution-processing of TE materials.
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through solution aqueous synthesis to date.[15] In a previous
study, we showed that for the solution-synthesis of electro-
statically stabilized SnSe colloids, the presence of surface
adsorbates is unavoidable, and demonstrated their influence
on the TE properties.[43] Here, we address the need for a
deeper understanding of the system and the chemistry in
detail of the synthesis and purification process to understand
the resulting transport properties of the consolidated
materials.

2.1. Particle Synthesis

The synthesis uses Se powder and SnCl2 ·2H2O as the
precursors.[15,31,43] A comprehensive explanation of the
chemistry of this synthesis requires balanced chemical
equations and thermodynamic constants that describe the
multiple equilibria. The accurate description of the chemical
species present is complex, and far from the scope of this
work. However, due to the importance in identifying the
species present in the final crude solution, we provided a
comprehensive description of the chemical reactions occur-
ring throughout the processes in the Supporting Information
(SI) as well as pH-dependent speciation diagrams, and
charge and mass balances (Figure S1–S3, Section A). All
thermodynamic data was calculated using literature values
and can also be found in the Supporting Information
(Table S1–S2). For simplification, we refer almost exclu-
sively to the most concentrated species in solution (Fig-
ure 1).

2.2. Purification of the Powder

The aim of any purification is to remove impurities,
unreacted species, and byproducts of the reaction. In the
lab-scale, the purification of large particles can be done by
dialysis,[44] filtration,[45] size chromatography,[46] or
leaching.[47] Among them, batch leaching (referred to
commonly as precipitation/redispersion) is the most com-
mon impurity-extraction technique for the aqueous synthesis
highlighted in this work due to its simplicity and ease of
scalability. In batch leaching, impurities are dissolved in a
liquid phase, which is subsequently separated from the
particles by centrifugation or decantation. The extraction of
impurities depends on three factors: i) the solubility of
impurities in the liquid phase, ii) the adsorption of the
impurities on the particle surface and iii) the amount of
liquid (used in the leaching process) trapped within the
particles that cannot be separated.

In our system, based on the reactions described in the
previous section, the as-synthesized SnSe particles are
suspended in a solution that contains Na+, Cl� , B(OH)4

� ,
OH� , and Se2� /HSe� (ca. 10 % excess, Figure S4) (Figure 1).
Intuitively, polar solvents are the best choice for dissolving
these impurities. Common polar solvents used include water,
ethanol, acetone, isopropanol and methanol.[48] When select-
ing an ideal solvent there are several factors to take into
account including, its capacity to dissolve the impurities,
compatibility with the chosen purification technique, vola-
tility, safety, cost, and environmental impact. The purifica-
tion process done as reported in our previous works includes

Figure 1. Reaction Scheme illustrating the ions present in each precursor and the resultant suspension of SnSe particles after mixing, along with
the reaction byproducts and unreacted ionic species. The bar plots qualitatively show the concentration of the different species in solution relative
to the most concentrated ion, Na+.
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6 precipitation/re-dispersion steps alternating water and
ethanol as leaching solvents followed by annealing under a
reductive atmosphere (5 % H2 in N2, 500 °C, 1 h). For this
study, details on the leaching process including vortex-
mixing times, sonication times, solvent volumes and centri-
fugation speeds can be found in the Supporting Information
(section: Purification of the SnSe particles). After this
purification process, the particles in solution are negatively
charged (zeta potential= � 23�5 mV) with significant
amounts of Na+ ions electrostatically adsorbed on the
particle surface preserving charge neutrality.[43,49] As Na+

does not form volatile species or decompose at the
processing temperatures; it remains in the material after the
annealing and sintering processes. In the final material, the
content of Na is beyond its solubility limit in SnSe (<1%
at.),[49] resulting in its segregation. Consequently, Na not
only distributes within the lattice as a dopant, but also as
Na-rich nanoprecipitates, dislocations and grain boundary
complexions. Overall, the presence of Na in the final
material translates in: i) higher carrier concentrations as Na+

occupies Sn2+ lattice sites acting as a p-type dopant, ii) lower
hole mobilities at room temperature, iii) a relatively high S,
caused by energy barriers at the interface between Na-rich
segregates and SnSe grains, and iv) lower k due to phonon
scattering at different length scales.[15,43] Figure 2 represents
a summary of the standard material processing, and the
corresponding structural characteristics and their effects on
the transport properties.

In the following sections, the material obtained using the
described leaching process (×6 leaching steps) serves as the
reference for comparison with the outcome attained with
different parameters, as is the processing that results in the
highest thermoelectric performance. All other processing
parameters will remain constant, i.e. all samples were
annealed at 500 °C for 1 h under forming gas (5 %H2 in N2)
and densified by spark plasma sintering (SPS) at 47 MPa,
500 °C for 5 min. Samples were measured in the direction

parallel to the pressing axis as it shows the highest TE
performance with a zTmax of 1.32 (Figure S5). All sample
densities (>91%) can be found in the Supporting Informa-
tion (Table S3–S8) together with details of the temperature
and pressure profiles applied to form the pellets (Pellet
consolidation).

The transport properties of the samples prepared with
this standard purification method (represented in black
squares in all graphics) are used to compare the effects of
different purification conditions. Therefore, the transport
properties are explained based on the microstructure and
changes in the material composition.

2.2.1. Choice of Purification Solvent

In a synthesis conducted in polar media, particularly for
water-based systems, water is the first choice to remove
impurities, since it combines low cost, a low carbon foot-
print, and a very high dissolution power for ionic species.
Water is often used in combination with other solvents,
especially ethanol and isopropanol.[36] The reason is mainly
because low boiling point alcohols evaporate quickly helping
to achieve drier powders and remove traces of water as they
are miscible. Alcohols also have low toxicity, allow small
colloids to precipitate more easily than water due to their
lower dielectric constant, and are environmental-friendly.[21]

Based on the standard leaching process we delve into what
impurities the used solvents are actually removing and
examine the supernatants from each leaching step.

In the first step, the solution containing Na+, OH� , Cl� ,
B(OH)4

� , and Se2� (SI, Section B) is separated from the
particles by centrifugation without any addition of solvent
(step 0: crude mixture). After the precipitation of SnSe
particles, the supernatant containing all those ionic species is
discarded. The precipitated powder is then re-dispersed in
fresh water through vortex mixing and sonication (step 1:

Figure 2. Overview of the material purification and the influence Na+ has on the development of the final materials’ structure and transport
properties. Adsorbed Na+ on the particles is unavoidable, resulting in enhanced coarsening of the particles during the annealing process. In the
densified material, some Na remains within the lattice, and segregates to dislocations, precipitates and to the grain boundaries, leading to the
formation of complexions and precipitates. These defects alter completely the transport properties.[43]
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H2O-1). The new mixture is then centrifuged, and the
resulting supernatant analyzed. Due to the adsorption of
cations on the particles and the liquid trapped within the
particles, which has a high concentration of ionic species
(same as in the crude mixture), the new supernatant still
contains impurities. The concentration of these ions in the
new supernatant significantly decreases with respect to the
crude mixture, except for the concentration of Sn2+ com-
plexes (Figure 3a, analyzed with 119Sn and 11B NMR, Fig-
ure S6). This is caused by the dissolution of Sn2+ from the
surface of the particles facilitated by the basic pH (ca. 13)
and the removal of free Se2� in the previous step (Equa-
tion S1b). The aqueous supernatant is discarded, the
precipitated particles re-dispersed in ethanol and the leach-
ing procedure is repeated (step 2: EtOH-2). The ethanolic
supernatant at this point has an intense yellow color which
turns red on continuous exposure to air. This coloration
indicates a high content of Se species, suggesting that the
removal of Se by ethanol is enhanced compared to water
(Figure S7). To prove this, we analyzed the UV/Vis
absorption spectra of the aqueous and ethanol supernatants
(Figure 3b). We identified three different Se species: Se2

2� ,
Se3

2� and Se4
2� in the ethanol supernatants. These experi-

ments indicate that water is more efficient in removing Sn,
while ethanol is more efficient in removing Se.

The process continues alternating between water (step 3:
H2O-3 and step 5: H2O-5) and ethanol (step 4: EtOH-4 and
step 6: EtOH-6), where the continuous leaching of Sn with
water and Se with ethanol decreases in magnitude with
every leaching step as the pH approaches neutrality (Fig-
ure 3a) and an equilibrium composition is approached.

The effects observed during the leaching procedure are
further confirmed by leaching the particles exclusively with
water or ethanol, keeping the same total number of
purification steps. For all samples washed with water,
ethanol, and water/ethanol, neither scanning electron micro-
scopy (SEM) nor X-ray diffraction spectroscopy (XRD)
revealed obvious differences in the microstructure (Fig-
ure S8); therefore, we attribute any differences to changes in
the composition of the samples that occur due to the partial
dissolution in the leaching solvents. It should be noted that
precise quantitative elemental analysis of SnSe poses
difficulties, primarily due to challenges associated with the
presence of Sn oxide impurities. After the final leaching
step, and irrespective of the solvent used, the particles still
have an excess of Na+ as it is electrostatically adsorbed and
cannot be completely removed.

The differences in the transport properties between the
materials produced by leaching with different solvents can
be attributed to the resulting Sn :Se ratio and the presence
of SnO or SnO2 as trace secondary phases.[50] We consider
these are not visible as most probably there are below the
XRD detection limit. When water is used, either alone or in
combination, the removal of Sn results in an increase of
ionized Sn vacancies (V

0 0

Sn)[51,52] leading to higher carrier
concentrations (pH,water: 1.5×1019 cm� 3, pHwater/ethanol:
2.2×1019 cm� 3, Table S4) than when ethanol is the only
leaching solvent (pH,Ethanol: 0.7×1019 cm� 3). This leads to a
higher σ and lower S (Figure 3c and d respectively)
compared to samples washed with just ethanol. Moreover,
we attribute the difference between only water and water/
ethanol combination to the synergistic effect in removing Sn
from the surface when both solvents are used shifting even

Figure 3. Effect of the purification solvents on the transport properties of SnSe. a) Effect of leaching with water on the composition of the particles
and the removal of Sn and B(OH)4

� in aqueous and ethanol supernatants determined by 119Sn (grey points) and 11B NMR (purple points)
respectively. b) Effect of ethanol on the removal of Se from the samples and UV/Vis absorption spectra of aqueous and ethanol supernatants
showing that ethanol continues to remove Sen

2� after multiple leaching steps while water does not. c) electrical conductivity, d) Seebeck coefficient,
e) lattice thermal conductivity and f) weighted mobility of samples prepared by leaching with water, ethanol, and alternating water and ethanol.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2024, 63, e202402628 (5 of 12) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 25, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202402628 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



further the off-stoichiometry of SnSe toward more Se rich
for the materials produced by washing with the 2 solvents.
When the particles are washed with only ethanol, the
removal of Se shifts the material composition in the opposite
direction, reducing the content of Sn vacancies and resulting
in a material with less holes.

Another big difference between the samples washed
with ethanol and water is the carrier mobility. Overall, when
only ethanol is used, the carrier mobility is the lowest:
μH,Ethanol 0.3 cm2 V� 1 S� 1. We ascribed this to: i) the lower
efficiency of ethanol in removing ionic impurities since
ethanol is less polar than water, and ii) the shift in
composition that may lead to the formation of different
trace secondary phases based on the thermodynamics of
oxide formation in the Sn� Se� O system.[50] Both phenomena
lead to the formation of carrier scattering lowering the
carrier mobility. The lower mobility in the case of using only
water (μH,water 0.9 cm2 V� 1 S� 1) compared to the combination
of solvents (μH,water/ethanol 2.3 cm2 V� 1 S� 1) can be attributed to
the same phenomena described for the carrier concentra-
tion. We suggest that, the reason behind the increase in
mobility is because water removes Sn from the surface, and
then the intermediate ethanol washings remove Se, facilitat-
ing further removal of Sn and other impurities by the later
water washings. In turn, this leads to cleaner grain interfaces
and to a higher carrier mobility.

Regarding the thermal conductivity, we present here the
lattice thermal conductivity (klattice) to remove any possible
dependence on the different effects of charge carriers.
Clearly, the difference in composition and microstructure
induced by washing with different solvents that have such
dramatic effects on the electrical properties have very little
effect on the thermal conductivity. This is in line with the
recent work regarding the effect of composition and oxide
secondary phases in the thermal transport of polycrystalline
SnSe.[50] Overall the klattice remains low, of which we attribute
to the strong lattice anharmonicity in SnSe.[43,53] Similarly,
the only difference we observe is in the material purified
only with ethanol that increases at high temperatures. This
difference could be attributed to the effect of secondary
phases when the material is shifting towards a more Sn-rich
composition as mentioned in the work by Isotta et al.[50] A
change on the order of the solvents used during the leaching
steps, starting with ethanol instead of water, has minimal
effects on the material performance (Figure S9).

2.2.2. Number of Precipitation/Re-Dispersion Steps

Conducting multiple precipitation/ redispersion steps for the
purification of particles is crucial to ensure the removal of
impurities. We observed that, while some studies use three
leaching steps for this exact synthesis,[21] others opt for
six,[15,43] and many more do not report how many steps are
performed.[11,19,22–25] In this section, we demonstrate the
importance of detailing this overlooked process. In the
previous section, we explained that alternating water and
ethanol as solvents for the leaching process results in
materials with higher performance than using only either

solvent. In those experiments, we performed 6 precipitation/
redispersion steps, alternating water with ethanol. In this
section, we explore the influence of the number of leaching
steps used to remove impurities from the synthetized
powder on the microstructure and its transport properties.
We rationalize the content of impurities based on the pH of
the aqueous supernatants and charge balances (SI, Sectio-
n A), and use this to explain the microstructure and
composition of the resulting materials, and their transport
properties. Given the observed enhancement in perform-
ance when both water and ethanol are used, we consistently
conduct an even number of leaching steps and evaluate their
effect on: 1) composition, 2) presence of secondary phases,
3) grain size and 4) transport properties. We choose the
following nomenclature: ×2 (denotes one leaching step with
water and one with ethanol=one cycle), ×4 (two cycles), ×6
(three cycles, standard sample) and ×10 (five cycles).

The number of leaching steps in the purification process
determines the composition of the final material and the
concentration of impurities. As the number of leaching steps
increases, impurities as well as surface Sn and Se are
removed. We can roughly estimate the removal efficiency of
non-adsorbed impurities considering the volume of solvent
trapped within the powder after the centrifugation that is
not removed with the supernatant and the volume of solvent
used for each leaching step. The volume trapped is roughly
one-tenth of the volume added, thus free ions will be diluted
by a factor of 10 in each leaching step. After n leaching
steps, the concentration of free species (not in equilibrium
with the solid) decreases by 10n. Initially, after only 2–
4 steps, a significant drop in impurity concentrations is
observed. After 6 steps the most highly concentrated ionic
species will be, at most, in the μM range. Remaining
impurities, like the Na detected, can only be explained due
to electrostatic adsorption on the particles’ surface.[43] With
each successive leaching step the pH approaches neutrality,
and the concentration of impurities and of soluble Sn and Se
species decreases, approaching an equilibrium (Figure 4a).
The leaching procedure is completed when the pH is
neutral, which reflects a balance between the removal of
impurities and the retention of the desired components (SI,
Section B).

In aqueous synthesis, the presence of oxygen is unavoid-
able and given the particles’ substantial surface-to-volume
ratio the formation of oxides is expected.[14,54] This fact is
further aggravated in SnSe, where the formation of oxides
(SnOx) is practically unavoidable independently of the
synthetic technique used as indicated by the phase diagram
as a function of the partial pressure.[50] Different synthetic
approaches, including solid state ones, may lead to different
quantities and crystalline domains for the oxide
phases.[26,42,55] Additionally, in our solution process, SnO2 can
form by the oxidation of Sn+2 by air during the leaching
steps and remains in the material throughout the leaching
process. Such an oxidation creates Sn vacancies in the
material (Equation 1), as well as SnSe2 (Equation 2).

SnSe sð Þ þ xO2 gð Þ �! xSnO2 sð Þ þ Sn1� xSe sð Þ (1)
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2 SnSe sð Þ þO2 gð Þ �!SnO2 sð Þ þ SnSe2 sð Þ DGo ¼ � 45 kJ (2)

If Sn2+ is present in a particular supernatant (e.g. H2O-1,
Figure 3a), suggest that the surface of the particles leached
in that step, contained a higher content of Sn2+. As the
leaching steps are unavoidably conducted in air, SnO2 will
form (Equation 2). As more leaching steps are progressively
conducted (i.e., ×6 and ×10), the amount of Sn2+ present on
the surface of the particles decreases hence these pellets
show no detectable secondary phases,[56] as can be seen by
XRD patterns and energy dispersive spectroscopy (EDX)
(Figure S8). The absence of SnO2 XRD reflections in the
samples washed more than ×4, does not imply that SnO2 is
not present; but rather that the SnO2 present falls below the
detection limit of the XRD. However, a decrease in the
detectable content of SnO2 with each leaching step is
observed and is in direct correlation with the removal of Sn
during the leaching steps as shown in the previous section.
Therefore, to further reduce their content in the final pellet
annealing in a reducing atmosphere is required,[15,42,42,43]

discussed in detail in Section 2.3.
The content of impurities, the ratio Sn :Se, and the

presence of secondary phases influence grain growth of the

material and other related coarsening phenomena. All of
these affect the type and density of defects within the
material. SEM images, show significant differences between
all the pellets produced with powders obtained after differ-
ent leaching steps. If <×4 cycles are done, the final
materials, contain secondary phase nanoprecipitates (Fig-
ure 4a). EDX showed that the precipitates contain large
quantities of Sn and XRD indicates that this secondary
phase is SnO2 (Figure S10). SnO2 has very limited solubility
in the SnSe matrix[49] and inhibit grain growth by pinning the
grain boundaries.[57] Consequently, pellets obtained from ×2
and ×4 leaching cycles have much smaller grains. With
increasing number of leaching steps the grain size increases
and ultimately with ×10 leaching steps a degree of texture in
the final material is obtained.[58,59] This is consistent with the
removal of the surface Sn2+ that leads to smaller amounts of
SnO2, reducing the pinning effect, and enhancing the growth
of the grains (Figure 4a).

With such significant differences in the composition and
microstructure very distinct transport properties are ex-
pected. As discussed in Section 2.1, the differences in trans-
port properties can be linked to the Sn :Se ratio and the
presence of SnOx. With every successive leaching step, the

Figure 4. Effect of the number of leaching steps on the structural and functional properties of SnSe. a) SEM of pellets prepared leaching the
starting particles ×2, ×4, ×6 and ×10 times, together with a representation of the composition of the removed supernatants estimated from the
measured pH and charge and mass balances. b) Electrical conductivity (σ), c) Seebeck coefficient (S), d) lattice thermal conductivity (klattice) where
the inset shows the plot 1000/T-dependentklattice, and e) weighted mobility (μW) of pellets with different number of leaching steps.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2024, 63, e202402628 (7 of 12) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 25, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202402628 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



removal of Sn results in an increase of Sn vacancies in the
consolidated material, leading to higher carrier concentra-
tions (Figure 4c). This leads to a high σ and lower S
(Figures 4b and c). This is also coupled with the fact that
there is also an increase in the carrier mobility (μH) with
every leaching step, (μH: ×2, 1 cm2 V� 1 S� 1; ×4, 2 cm2 V� 1 S� 1;
×6, 2.3 cm2 V� 1 S� 1 and ×10, 6 cm2 V� 1 S� 1) (Figure S11). With
the progressive removal of ionic impurities and the decrease
in SnOx, the materials have larger crystalline domains, hence
carrier mobility is enhanced due to the decrease in charge
scattering. Although there is a decrease in the Seebeck
coefficient with increasing number of leaching steps, in all
samples the Seebeck coefficient is still higher than the
calculated Pisarenko relation (Figure S12). This phenomen-
on is attributed to energy filtering[15,43] and is still prevalent
in all samples.

Even though the significant differences in composition
and microstructure result in variations in the σ and S, minor
effects are observed for the klattice. As discussed previously,
this is also in accordance with the effect of oxides as
secondary phases and composition influence in polycrystal-
line SnSe.[50] The inset of Figure 4d shows the curves of klattice
versus 1000/T for every purification cycle, from which all
klattice values show a roughly linear relationship, which is an
indication that Umklapp phonon scattering plays the most
significant role in SnSe. Despite ×10 leaching steps leads to
bigger grains and a higher conductivity, the sample with
×6 leaching steps has an optimal power factor (PF: σS2) due
to the tradeoff between the electrical conductivity and the
Seebeck coefficient. It should be noted that strict adherence
to the protocol ensures consistency and reproducible results
for all samples (Figure S13).

2.2.3. Removing Volatile Impurities by Annealing

Leaching and drying is generally not enough to achieve
completely purified powders, especially as complete removal
of the solvent is not straightforward, and there could be
labile and volatile impurities that couldn’t be removed by
the leaching steps. Moreover, depending on the material in
question and the size of the particles, even secondary phases
can be present or appear during the pressure assisted
sintering process. In order to control the outcome of the
sintering process and render materials that are stable during
the temperature dependent transport measurements, anneal-
ing the powders prior to powder densification is imperative.

Surprisingly, this annealing step is not always performed.
In the case of surfactant-stabilized particles, it is commonly
done to remove the insulating organic surfactants by
thermally decomposing them.[60–62] Differently, in surfactant-
free solution-processed syntheses, the particle’s surface is
most often considered naked and annealing is rarely
performed,[40,63] except for cases where a specific chemical
reaction is sought, such as reduction of oxide species,[42] or
to convert capping molecules into crystalline
nanoparticles.[64,65]

In this section, we demonstrate how an annealing step
before SPS is necessary to ensure sample stability. We

achieve this by comparing 3 samples prepared almost
identically, with the only difference being the annealing step
prior to sintering. In the first case the powder is directly
sintered (no annealing). In the second and third cases, an
annealing step is conducted under a flow of inert gas (N2,
500 °C, 1 h) and in forming gas (5 % H2 in N2, 500 °C, 1 h)
before sintering, respectively. All the other processing
parameters are done the same way as the standard sample.

Annealing induces changes in the structure and the
composition of the powder. During the annealing, the
particles increase in grain size, from 150 nm to 680 nm
(Figure S14), promoted by the presence of low melting point
Na2Sen on the outside of the grains.[43,66–68] Furthermore,
these polyselenides (Na2Sen) partially decompose during the
annealing, eliminating some of the excess Se (Tm, Se:
220.8 °C) of the Se-terminated particles. Besides, any traces
of adsorbed solvent (water and ethanol) are also removed
(Figure 5a). This was also observed for samples annealed in
N2 (Figure S15), where three heating and cooling cycles
were conducted with no degradation of the material.

When the annealing step is avoided, the powder (ca.
150 nm) yields pellets with consistently smaller grains (Fig-
ure 5d), despite the temperature of the sintering process is
the same as the annealing step. However, non-annealed
powder produce pellets that are not stable, which under
multiple cycles of measurements develop pores, micro-
cracks, and swell. We correlate this to the removal over time
of volatile impurities (excess Se, adsorbed solvent), that
leads to significant microstructural changes. Such structural
changes consequently affect the transport properties. While
the initial σ of both samples is similar (Figures 5e and f), the
sample prepared without annealing degrade continuously
with every heating and cooling measurement cycle. In
subsequent measurement cycles, the σ of the non-annealed
samples decreases due to the structural damage of the pellet.
A similar behavior is observed for the S, which increases as
the structural changes render the material more insulating.

Annealing can be also used to tune the material’s
composition.[69–73] For instance, non-volatile, non-labile im-
purities that remain after leaching can also be removed if
they react with the annealing gas yielding volatile products.
This is the case of oxides, which can be almost unavoidable
in certain semiconductors, as the case of SnSe.[50] The way to
remove oxide impurities is chemical reduction. In some
cases, measures can be taken to prevent air exposure and
oxidation of the particles, but certain materials are ex-
tremely prone to oxidation; moreover, when the synthesis
and particle leaching are conducted in water, oxidation is
practically unavoidable.[74,75] Lee et al. proposed annealing in
a reducing atmosphere (3–5% H2 in an inert carrier gas) for
a long period of time to remove surface oxides from SnSe.[42]

Annealing with H2 can reduce SnO2 to SnO (Equation 3)
but long reaction times and high temperatures are required
to drive the reaction. The oxidation of Sn also results in the
formation SnSe2 as a secondary phase, therefore when SnO
is reduced, results in the conversion back to SnSe (Equa-
tion 4).
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SnO2 sð Þ þH2 gð Þ ! SnO sð Þ þH2O gð Þ DGo ¼ 34 kJ (3)

SnO sð Þ þH2 gð Þ þ SnSe2 sð Þ ! 2SnSe sð Þ þH2O gð Þ

DGo � � 50 kJ
(4)

The difficulty to reduce these oxides is reflected in the
high Gibbs free energies (Equation 4). Studies on H2 gas
adsorption on SnO indicate that annealing at 200 °C cannot
remove SnO completely.[76] In the treatment reported by
Lee et al. the SnSe powder was annealed at 340 °C for 6 h
(4 % H2 in Ar),[42] which effectively reduced the amount of
SnO2 present. Shorter time can be used at higher temper-
atures. Here, we compared the samples annealed with inert
gas and with a reducing atmosphere.

We prepared SnSe pellets with powders annealed under
inert atmosphere (N2, 0.3 L min� 1, 500 °C for 1 h) and under
forming gas (5 % H2 in N2, 0.3 Lmin� 1, 500 °C for 1 h), and
characterized their structural and transport properties (Fig-
ure 6). SEM of the annealed powders (Figure 6a) reveals
that in both cases annealing leads to an increase in the grain
size, although the effect is enhanced by forming gas. This
effect is even more prominent after densification of the

annealed powders. We attribute the difference in grain sizes
to the presence of SnO2 in the samples, confirmed by XRD
(SnO2; 2θ=34° reflection, Figure 6d, Figure S16). SnO2 is
not miscible with SnSe and forms second phase particles
that pin the grain boundaries (Zener pinning) inhibiting
grain growth[74] (Figure S16) and could also act as a diffusion
barrier for Sn2+ and Se2� , retarding sintering and
coarsening.[77,78]

The reduction of oxides during the particle annealing
and the larger grain size have a noticeable impact on the
charge transport properties (Figure 6e–h). The sample
treated in a reducing atmosphere has higher charge carrier
mobility and σ than the sample annealed under inert gas
flow (Figure 6h). This results from the reduced density of
grain boundaries and secondary phase oxides, thereby
decreasing charge carrier scattering. A similar effect is
observed for the klattice, which is higher in the low temper-
ature range due to the decrease in grain boundary phonon
scattering for the sample treated with forming gas (Fig-
ure 6g). Interestingly, the klattice does not decrease with the
removal of oxides, consistent with the recent findings.[50]

Figure 5. Structural and functional properties of SnSe pellets prepared with and without annealing. a,b) Processing of the powders; c,d)
photographs and SEM images of the pellets before and after temperature dependent measurements of electrical conductivity and Seebeck
coefficient; e,f) electrical conductivity and Seebeck coefficient of the pellets measured 3 consecutive heating and cooling cycles from room
temperature to 540 °C.
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To interpret this apparent contradiction with the re-
ported role of annealing treatments to reduce the thermal
conductivity,[26] it is important to note that, in comparison
with samples prepared by ball milling, samples prepared in
solution have a much larger content of oxides.[42] Therefore,
a short reductive treatment with low temperatures cannot
completely remove the oxides, and the change in thermal
conductivity is dominated by the difference in grain size.
However, if longer annealing treatments are performed or if
the annealing temperature is increased, the thermal con-
ductivity is effectively reduced. (Figure S17; annealing
temperature). The effect of sintering conditions on the
materials’ microstructure and transport properties were also
evaluated. The samples showed no major variations when
the temperature was changed to consolidate the bulk
materials (Figure S18).

3. Conclusions

In this work, we explored the chemistry involved in the
purification process of solution-processed TE materials with
a focus on aqueous-based SnSe. We show that the solvent
choice, number of leaching steps, annealing and choice of
annealing atmosphere play a critical role in influencing the
composition, microstructure evolution and transport proper-
ties of the final material. More specifically we highlight that:
i) water is more efficient in removing Sn and ethanol is
more efficient in removing Se, as solvents used in the
leaching process ii) at ×6 leaching steps there is optimal
power factor due to the tradeoff between the σ and S, iii)
annealing improves mechanical stability, by promoting grain
growth and removing any volatile or labile species and iv) a
reducing atmosphere aids in the reduction of oxides in the
consolidated material. Overall, this work illustrates the

relevance of understanding the chemistry of each processing
parameter in the solution-processing of materials to ration-
ally optimize material performance. Additionally, we aim to
highlight the importance of following a systematic approach,
thoroughly understanding each procedural step through
detailed characterization, and meticulously documenting all
aspects of the processing procedure so no crucial informa-
tion with overlooked value is left out of experimental
procedures, hence ensuring the reproducibility of the results
reported.

4. Supporting Information

The authors have cited additional references within the
Supporting Information.[80–99]
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