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Abstract: Solution synthesis of nanoparticles (NP) emerged as an alternative to prepare 

powders for thermoelectric materials with less demanding processing conditions than 

conventional melting and mechanical alloying. However, when NPs are synthesized in 

solution, their nucleation and growth occur in the presence of reaction regulating compounds 

that interact with the NP surface, yielding NPs with specific surface adsorbates. In surfactant-

assisted colloidal synthesis, surface adsorbates are known and linked to detrimental effects due 

to their insulating nature. Conversely, in the so-called surfactant-free syntheses, their presence 

and impact on the final material have been greatly overlooked. Here, we demonstrate that ionic 

adsorbates are unavoidable in surfactant-free synthesis and play a crucial role in the material 

microstructure evolution and thermoelectric properties. In particular, we study polycrystalline 

SnSe produce from NPs synthesized in polar solvents. This work shows that the common use 

of sodium salts as precursors yields unavoidably significant quantities of sodium in the final 

material. Based on the fundamentals of colloidal science, we explain that Na is an inevitable 

impurity as Na ions are electrostatically adsorbed at the NP surface to preserve charge 

neutrality. In the sintered pellets, Na+ is present within the matrix as dopants, in dislocations, 
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precipitates, and forming grain boundary complexions. The interfaces created between SnSe 

and Na-rich phases lead to energy filtering effects, enhancing the Seebeck coefficient.  

These results can be extended to other colloidal syntheses in polar media and highlight the 

importance of considering all the possible unintentional impurities to establish proper 

structure-property relationships and control material properties in solution-processed 

thermoelectric materials. 

 

1. Introduction 

Thermoelectric devices reversibly convert heat into electricity both for power harvesting 

and for active cooling and heating. The efficiency of a thermoelectric device is determined by 

the temperature-dependent properties of the materials that constitute it. These are summarized 

in the thermoelectric figure of merit of each material, zT = S2 σ κ-1 T, that combines Seebeck 

coefficient (S), electrical conductivity (σ),  thermal conductivity (κ) and absolute temperature 

(T).[1]  

The materials used in conventional thermoelectric devices are dense, polycrystalline 

inorganic semiconductors. Commonly, the processing of such materials has two steps: 

preparation of the semiconductor in powder form and the consolidation of the powder into a 

dense sample. The most common route to prepare powders among the thermoelectric 

community is through melting or mechanical alloying.[2] Alternatively, solution methods to 

produce micro- and nanoparticle (NP)-based powders with much less demanding conditions 

(e.g. lower reagent purity, lower temperatures, shorter reaction times) have been explored to 

reduce the powder production costs.[1,3] Furthermore, solution methods provide opportunities 

to produce powders with controlled features, such as average crystalline size, shape, 

composition, and crystal phase, to tune the consolidation process modifying the final material 

properties.[4,5] The synthesis of NPs in solution also enables an exquisite control over surface 

properties, such as faceting and surface composition at the atomic level.[6] Lastly, solution-

based methods allow extended device fabrication versatility, including flexible, conformable, 

and rigid modules with customized geometries.[7,8] 
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To date, solution-based syntheses lead to several bulk materials with state-of-the-art 

performances, as is the case of PbS,[5] Bi0.5Sb1.5Te3
[9]

, and SnSe,[3] proving the potential of the 

strategy. Unlike solid-state processed powders, when dealing with NPs synthesized in solution, 

one should pay special attention to the role of surface species. In a non-vacuum environment, 

surfaces are usually covered by adsorbates.[10] For solids prepared from solution-processed 

NPs, the composition, chemical stability, and bonding nature of surface species play a role in 

the sintering process, and reaction byproducts can determine the final properties of the 

consolidated material. 

Surface species are carefully considered in surfactant-assisted colloidal synthesis because 

of the insulating nature of the generally used long-chain aliphatic surfactants[11] and the 

consequent detrimental effects on thermoelectric performance.[12] In such cases, the surfactants 

have to be removed to enhance the electrical conductivity. The most common strategy to do so 

is thermal decomposition, but this results in the presence of residual carbon in the final solid.[13–

15] Alternatively, surfactants can be exchanged with volatile compounds[16] or even inorganic 

species[17] that can further tune material properties.[15,18,19] In other synthetic methods, however, 

surface adsorbates are usually neglected. This is the case for the so-called surfactant-free 

methods,[3,20–32] the most widely used to produce thermoelectric powders. The vast majority of 

these reports do not include surface treatments since the NPs are considered "naked".[30,33,34] 

This is a miss conception as depending on the NP composition and surface termination, 

different species are adsorbed at the NP surface. Such surface adsorbates need to be identified 

to understand their role in the thermoelectric properties. Despite this, to the best of our 

knowledge, no reports have considered the role of adsorbates in surfactant-free solution-

processed thermoelectric materials.  

Here, we study the effect of surface adsorbates in polycrystalline SnSe produced from solution-

synthesized NPs. SnSe highest zT obtained so far in p-type SnSe is ~2.6 at 923 K along the b 
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axis in SnSe single crystals;[40] and ~2.8 at 773 K along the out-of-plane direction in Br-doped 

n-type SnSe single crystal.[41] The superb performance of these materials is linked to the strong 

anharmonicity of the Sn-Se bonds that translates into ultralow thermal conductivities,[42,43] and 

to its multiple bands that can be accessed by doping to optimize its electronic properties.[35] 

However, the high cost, tedious production of single crystals, and their poor mechanical 

properties limit the large-scale use of SnSe in thermoelectric devices. Therefore, different 

strategies to produce polycrystalline SnSe with comparable performance are being explored,[44–

48] including solution processing methods.[3,20,49–53,21–23,25–28,32] In this work, we identify the 

surface species resulting in the aqueous synthesis of SnSe NPs, and demonstrate their effects 

on the sintering process and the thermoelectric properties. 

2. Material synthesis: from SnSe powder to bulk SnSe 

The table below shows the most common reactants to synthesize SnSe in solution that yield 

state-of-the-art performances (Table 1). SnSe NPs are usually prepared in polar media (water 

or ethylene glycol, EG) using SnCl2 and Se, SeO2, or Na2SeO3 as precursors. Additionally, to 

ensure precursor solubility in the media, redox agents and acids or bases are used, generally, 

these are Na+ salts, as highlighted in Table 1. In all these reactions, soluble Sn2+ and Se2- species 

precipitate, forming SnSe NPs. Herein, we selected the simplest and most cost-effective 

synthetic method (i.e. normal pressure and water as solvent) as a prototypical reaction and used 

a slightly modified synthesis reported by Gregory et al.[31] 

Table 1. Summary of the state-of-art thermoelectric performance of p-type doped 

polycrystalline SnSe from solution-processed methods: including precursors, solvents, reaction 

temperature (T), reaction time (t), sintering conditions, and peak zT values (zTmax).  

Material Precursors, solvent zTmax 

Sn0.96Ga0.04Se[20] SnCl2·2H2O, GaCl3, NaOH, Se, H2O 2.2 (873 K) 

Sn0.98Pb0.01Zn0.01Se[27] SnCl2·2H2O, PbCl2, ZnCl2, NaOH, Se, H2O 2.2 (873 K) 

Sn0.95Se[50] SnCl2·2H2O, NaOH, Se, H2O 2.1 (873 K) 

Sn0.97Ge0.03Se[3] SnCl2·2H2O, GeI4, NaOH, Se, H2O 2.1 (873 k) 

Sn0.99Pb0.01Se-Se QDs[51] SnCl2·2H2O, PbCl2, NaOH, Se, H2O 2.0 (873 K) 
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Sn0.96Pb0.01Cd0.03Se[22] SnCl2·2H2O, PbCl2, CdCl2, NaOH, Se, H2O 1.9 (873 K) 

Sn0.948Cd0.023Se[52] SnCl2·2H2O, CdCl2, Na2SeO3, NaOH, EG 1.7 (823 K) 

SnSe-4%InSey
[54] SnCl2·2H2O, InCl3·4H2O, Na2SeO3, NaOH, EG 1.7 (823 K) 

SnSe-1%PbSe[23] SnCl2·2H2O, PbCl2, NaOH, Se, H2O 1.7 (873 K) 

NaOH-Sn1−xSe[28] SnCl2, Na2SeO3, NaOH, EG 1.5 (823 K) 

Sn0.882Cu0.118Se[32] SnCl2·2H2O, CuCl2, Na2SeO3, NaOH, EG 1.41 (823 K) 

SnSe-15%Te NWs[49] SnCl2·2H2O, NaBH4, NaOH, Se, H2O 1.4 (790 K) 

Sn0.98Se[50] SnCl2·2H2O, Na2SeO3, NaOH, EG 1.36 (823 K) 

SnSe0.90Te0.1
[55] SnCl2·2H2O, Na2SeO3, Na2TeO3, NaOH, EG 1.1 (800 K) 

Sn0.99Cu0.01Se[26] SnCl2·2H2O, CuCl, NaOH, Se, H2O 1.2 (873 K) 

SnSe0.9S0.1
[21] SnCl2·2H2O, Na2S, NaBH4, NaOH, Se, H2O 1.16 (923 K) 

 

In the chosen synthetic procedure, NaBH4 is first dissolved in water, and Se powder is 

slowly added to form HSe-. In parallel, NaOH and SnCl2·2H2O are dissolved in water and the 

solution is heated to its boiling point. At this temperature, the freshly prepared Se-solution is 

rapidly injected. Upon injection, the reaction mixture turns black, indicating NP formation. 

After that, the reaction mixture is kept under reflux for additional 2 h. The as-synthetized NPs 

are purified by precipitation/redispersion with water and ethanol and then dried under vacuum 

overnight at room temperature. Afterwards, NP powder is annealed in forming gas (95% N2 + 

5% H2) to remove oxides.[44] Finally, the annealed powders are sintered into cylindrical pellets 

using a spark plasma sintering system. Throughout the process, X-ray diffraction (XRD) is 

used to verify that the product is pure phase orthorhombic SnSe (Figure 1). From NP synthesis 

to the pellet formation, the experimental details can be found in the methods section. 
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Figure 1. A) Scheme of the processing steps of SnSe pellets. B) XRD patterns of initial SnSe 

NPs, annealed NPs, and sintered pellet along the out-of-plane direction, including the reference 

PDF 00-048-1224. C) Corresponding representative SEM micrographs of the material in the 

different processing steps. The inset shows a dense SnSe cylindrical pellet.  

 

3. NP properties 

To have a comprehensive understanding of the sintered material and its formation, we first 

analyzed the NPs in detail. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) showed that the NPs have a rectangular shape with an average lateral size 

of ca. 150 nm (Figure 1C and 2A). High-resolution TEM (HRTEM) analysis confirmed the 

SnSe orthorhombic structure (space group Pnma) with lattice parameters a=11.5156 Å, 

b=4.1571 Å, and c=4.4302 Å observed by XRD. We further performed energy-dispersive X-

ray spectroscopy (EDS) analysis to study the composition of the particles and found that the 

SnSe NPs are slightly Se-rich (Figure S1). Moreover, EDS revealed that the particles contained 

Na, while neither Cl (from SnCl2) nor B (from the excess BH4
-) were detected, indicating that 

the washing effectively removes byproducts and excess reagents (Figure 2B). X-ray 

photoemission spectroscopy (XPS, Figure S3) analysis suggests that most of the Na is at the 

NP surface, yet we cannot discard its partial presence within the SnSe NPs. In the Se 3d XPS 

region, four peaks can be deconvoluted. These correspond to the 3d3/2 and 3d5/2 emission peaks 
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of Se in two different oxidation states. Se2-, from SnSe, is observed at low binding energies 

while at higher energies, more oxidized Se species are present, with an oxidation state closer 

to 0.[21],[57] We speculate that these species are polyselenides (Sex
2-), formed by partial oxidation 

of the NP surface during washing, as has been observed for Cu2Se NPs.[58–60] During the 

synthesis, Na+ is a spectator ion that compensates the charge of the reactive ions (OH-, BH4
-, 

HSe-, etc.) but does not react in any way. However, its presence in the washed NPs indicates 

that Na+  are adsorbed at the surface. To understand the nature of the adsorption, we performed 

electrophoretic mobility measurements and determined that SnSe NPs are negatively charged 

(zeta-potential = -22 ± 5 Mv, Figure 2C) consistent with the Se-rich surface as determined by 

EDS (Figure S1). These results indicate that, in solution, the NPs are surrounded by a layer 

(Stern layer) of strongly bound cations (Na+) and a second layer of loosely bound ions (diffuse 

layer) composed mostly of cations (Na+) and some anions (OH-, HSe-) (Figure 2C). During 

washing, most of the anions are washed away (final pH = 10), but cations remain to ensure 

charge neutrality, explaining the presence of Na+ in the surface of the NPs (Na-SnSe, Figure 

2D).   
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Figure 2. A) Bright-field TEM micrograph of several faceted SnSe NPs, HRTEM micrograph 

of the rectangular nanoparticle indicated with a blue square, and its corresponding power 

spectrum (FFT); B) STEM-EDS elemental mapping of Sn (blue), Se (red) and Na (green) for 

SnSe NPs; C) Schematic representation of the electrical double layer of aSnSe NP in solution; D) 

Schematic representation of a precipitated NP with Na+ ions adsorbed to preserve charge 

neutrality. 

 

4. Pellets microstructure 

Compositional analysis with optic emission spectroscopy (ICP-OES, Figure SX) and EDS 

revealed that the pellets have ca. 2 at% Na content. Beyond the solubility limit, such large Na 

content is indirect proof that, independently of Na entering the lattice during the NPs synthesis, 

Na+ is adsorbed at the NP surface to maintain charge neutrality.  We studied pellet’s 

microstructure with atom probe tomography (APT, Figure 3) and HRTEM (Figure 4) to 

determine the distribution of Na in the sintered material. Figure 3 shows the 3D distribution of 

Na in the pellets illustrated by the 2.0 at% Na isoconcentration surfaces; these surfaces are 
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analogous to contour plots such as altitude in a terrain and highlight the areas where the 

concentration of Na is ≥2 at%.[61] Na in the pellets is distributed in four different environments: 

i) within the grains; ii) at dislocations; iii) forming grain boundary complexions,[21] and iv) in 

nanoprecipitates (Figure 3).  

 

 

Figure 3. APT of a Na-containing SnSe pellet. A) 3D distribution of Na+ showing multiple 

dislocations highlighted by the Na-2.0 at. % isocomposition surface; B) 1D composition profile 

across a grain dislocation; C) 3D distribution of Na+ in the same pellet showing Na-rich 

precipitates; D) 1D composition profile across a precipitate. 

The characterizations prove that Na is an involuntary impurity of the NPs, and therefore of 

the final material when present in the reaction mixture. Hence, to evaluate the effect of Na in 

the processing and the transport properties of the material, we developed a new synthetic route 

to obtain Na-free SnSe NPs. In our synthesis, we replaced Na+ for a cation that decomposes 

during the annealing step. In particular, we used tetramethylammonium salts: Me4NBH4 and 

Me4NOH, instead of NaBH4 and NaOH. Following the same synthetic and purification process, 

we obtained pure phase Me4N-SnSe NPs with comparable characteristics (size and shape) to 

the ones produced with Na+ salts, Na-SnSe NPs (Figure S2). XPS characterization of Me4N-
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SnSe NPs revealed N 1s emission peaks which can be assigned to tetramethylammonium 

(Figure S1 and S3).[62] None of the elemental analysis techniques used detected Na (Figure S3). 

Similar to Na-SnSe, Me4N-SnSe NPs show a negative surface charge (zeta-potential = -23 ± 5 

mV). Based on the above, we conclude that the charge balancing ions are Me4N
+ as depicted 

in the scheme in Figure 4B. We verified the decomposition of adsorbed Me4N
+ by in-situ mass 

spectrometry analysis (Figure S4), which revealed that the complete desorption of the organic 

species is achieved at the annealing temperature in accordance with previous works. The XRD 

patterns corresponding to the Me4N-SnSe NPs, annealed powder, and final pellet show the 

same reflection peaks than Na-SnSe (Figure S2). 
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Figure 4. TEM images representing cross-sections of SnSe pellets. General view (top), 

together with the corresponding EDX elemental mapping of grain boundary (middle), and a 

scheme of the grain boundary interface in the processing process for two different samples 

(bottom) of A) Na-SnSe; and B) Me4N-SnSe. 

 

Although both synthetic strategies yield SnSe NPs with analogous structural properties, the 

average grain size of the annealed powder and the final pellet is much smaller for Me4N-SnSe 

(Figure S2). The average grain size in the Me4N-SnSe samples after annealing changes from 

70 ± 20 nm to 220 ± 100 nm while for the Na-SnSe the grain growth is enhanced (from 150 ± 
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50 nm to 700 ± 400 nm), showing that the adsorbed ions influence the microstructure 

development of the samples. We hypothesize that during the thermal processing, the Se-rich 

surface reacts with Na+ producing sodium polyselenides (Na2Sex) at the NP surface. 

Furthermore, during the thermal process, the Na2Sex phases melt, yielding a liquid phase 

(Figure S5).[63] Melted polyselenides wet the SnSe NPs providing a capillary force that pulls 

the grains together.[64] Moreover, the presence of a liquid phase facilitates atomic diffusion 

between the grains and promotes grain growth. The role of Na2Sex promoting crystallization 

has previously been reported in chalcogenide solar cell absorbers.[65–67] In the case of Me4N-

SnSe, Me4N
+ decomposes into volatile species upon annealing (Figure S4),[68] and the Se-rich 

surface does not yield low melting point phases. Since the thermal processing occurs in the 

absence of a liquid phase, the grain size in the annealed powder and the sintered pellet of Me4N-

SnSe is smaller despite being processed in the same conditions (temperature, pressure, and 

time). 

Both materials yield a large number of dislocations within the grains (Figure S6) which can 

be correlated to the large amount of Sn vacancies in the NPs and the annealed powder.[69] Upon 

annealing, these vacancies diffuse, creating vacancy aggregates of lower energy that collapse 

into dislocations (Figure S6).[70–72] The composition profile along a dislocation line in Figure 

3A shows a periodic fluctuation of Na concentration in Na-SnSe, suggesting that the formation 

of these dislocations is not only an efficient pathway to relax epitaxial strain, but also triggers 

Na segregation.[73][74] Moreover, the large number of defects in polycrystalline SnSe provides 

heterogeneous nucleation sites for precipitation,[75–77] explaining the presence of Na-rich 

precipitates within the grains, at the dislocations, and in grain boundaries in the Na-SnSe 

sample (Figure 3). However, we could not adequately identify these Na-rich phase exact 

composition or crystal structure due to its high air sensitivity, ease of oxidation, and instability 

under the electron beam. Last but not least, HRTEM-EDS analysis across grain boundaries 
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shows Na-rich grain boundary complexions in Na-SnSe while Me4N-SnSe has clean interfaces 

(Figure 4). 

5. Transport properties 

To evaluate the effects of the Na-SnSe and Me4N-SnSe distinct microstructure in the 

transport properties, we measured electrical conductivity and Seebeck coefficient of the 

respective pellets from room temperature until 833 K (Figure 5). The measurements were 

performed both in the directions parallel and perpendicular to the pressing direction. Here, we 

exclusively discuss the properties parallel to the pressing direction because the best zT values 

are obtained along that direction. Measurements in the perpendicular direction show the same 

trends and can be found in the Supporting Information (Figure S7). 

Electrical conductivity of both Na-SnSe and Me4N-SnSe show a thermally activated 

behavior, typical of polycrystalline SnSe.[3,25,47,78] However, Na-SnSe has higher electrical 

conductivity than Me4N-SnSe over the whole temperature range. Hall effect measurements 

revealed that this difference is caused by the higher hole concentration of Na-SnSe, ~2.3 ×1019 

cm-3, almost three orders of magnitude higher than that of Me4N-SnSe, ~2.8 ×1016 cm-3. Na is 

frequently used to dope p-type SnSe[47,48] due to its tendency to sit at Sn2+ lattice sites or fill 

Sn2+ vacancies.[79] For Na-SnSe samples, a part of the Na diffused into the matrix (Figure 3), 

either during the NP synthesis or through the consecutive thermal processes to produce the 

pellet, and acts as dopant, explaining the high carrier concentration measured. 

 We observed that the Seebeck coefficient of the Na-SnSe samples is higher than those of 

polycrystalline samples obtained through melting and annealing, despite the similar charge 

carrier densities. To illustrate this, we plotted the Seebeck coefficient as a function of charge 

carrier concentration (Pisarenko plot) at 300 K and compared it with reported experimental 

data and first-principles calculations using a multiple band model (Figure 5C).[80] Figure 5C 

reveals that not only our Na-SnSe sample but also many other solution-processed SnSe samples 
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(half-filled green symbols)[20,25,27,50–52,81] have Seebeck coefficients exceeding the value 

expected, a tendency not observed in solid-state synthesized SnSe (black open symbols)[40,44–

48,82]. The distinct pellets microstructure can explain the high Seebeck coefficients in solution-

processed samples. We have shown that Na is inevitably present in the samples if Na salts are 

used in the reaction due to the nature of this synthetic method. Besides its presence in the matrix 

as dopant, Na-rich secondary phases are found all over the pellet. The accumulation of Na+ at 

the interfaces leads to a positive electric field that induces downwards band bending (Figure 

5D), similarly to alkali-doped chalcogenide solar-cell absorbers.[83–85] Such grain boundaries 

act as an energy barrier, filtering low energy holes and enhancing the Seebeck coefficient.[86,87] 

In contrast, Me4N-SnSe has clean grain boundaries, and its Seebeck coefficient behaves as 

expected by the calculated Pisarenko relation.  

Despite the significant difference in the microstructure, both samples have very similar 

lattice thermal conductivity (Figure S7 and S8). We attribute this to the strong lattice 

anharmonicity in SnSe as the dominant effect contributing to the thermal conductivity. Overall, 

we find that the calculated figure of merit is doubled when the NPs are synthesized with Na+ 

salts (Figure S8). 

  

Figure 5. Electronic transport properties of Na-SnSe and Me4N-SnSe samples measured in the 

parallel to the pressing direction: A). electrical conductivity, σ; B). Seebeck coefficient, S; C). 

Seebeck coefficient as a function of Hall carrier concentration at 300 K. Blue solid dots are 



 

15 

experimental data in this work, while green dots and black dots are from solution-

processed[20,25,27,50–52,81] and solid-state[43–46,88] (including single crystals[83,89]), respectively. 

The black solid line was calculated using a multiple band model.[80] D). Scheme showing the 

band allignment at the grain boundary in Na-SnSe and Me4N-SnSe. 

 

6. Conclusion 

We investigated the role of surface ion adsorbates in polycrystalline SnSe produced from 

surfactant-free SnSe NPs. We found that when using Na salts in the reaction, Na+ spectator 

ions are electrostatically adsorbed on the NPs to preserve charge neutrality once the NPs are 

removed from the solution. Moreover, Na remains in the material during the annealing and 

sintering and plays a crucial role in the microstructure evolution and the final material 

functional properties. In the processed pellets, Na is present within the matrix, in dislocations, 

precipitates, and forming grain boundary complexions. Due to the tendency of Na+ to occupy 

Sn2+ sites, Na-SnSe samples exhibit high carrier concentrations. Moreover, the interface 

between Na-rich segregates and SnSe grains induce downward band bending between grains, 

leading to charge carrier energy filtering and enhancing the Seebeck coefficient. 

For the first time, this work reveals the unavoidable presence of Na+ species as impurities 

in solution-processed surfactant-free SnSe and its importance in the transport properties. 

Furthermore, we explain the rationale behind its presence based on the fundamentals of 

colloidal science. These findings are relevant because they go beyond the specific system 

studied. They highlight the importance of evaluating possible unintentional impurities and their 

origin to i) establish the proper structure-property relationships and ii) redefine synthetic 

protocols to tune material properties controllably.  

An example where the lack of impurity awareness has limited our capability to optimize 

material properties is for n-type SnSe. Contrary to p-type, where solution methods have reached 

state-of-the-art thermoelectric performance, for n-type SnSe zT is much lower than xxxxx of 



 

16 

the highest reported value.[90–92] We believe this is correlated to the fact that the synthetic 

methods used all Na salts to produce SnSe NPs. Hence, when n-type dopants are introduced, 

the presence of Na+, up to now unknown, establishes a pinning problem (coexistence of both 

types of dopants). 

7. Experimental Section 

SnSe NPs synthesis: SnSe NPs were prepared following a procedure previously reported by 

Han et al.[31] with slight modifications. In a typical synthesis, NaBH4 (160 mmol, 98%, Fisher 

Scientific) was first dissolved in 400 ml deionized water, and then Se powder (80 mmol, 100 

mesh, ≥99.5%, Sigma-Aldrich) was slowly added into the solution. Stirring should be avoided 

during this step due to the strong evolution of hydrogen gas. Once the bubbling finished, 

stirring was resumed under Ar flow until the solution became transparent indicating the 

complete reduction of Se. In parallel, NaOH (750 mmol, 98% Fisher Scientific) and SnCl2٠2 

H2O (72 mmol, 98%, Fisher Scientific) were mixed with 360 ml of deionized water. The 

mixture was stirred at room temperature under Ar flow until complete dissolution. At this point, 

the solution was heated under reflux to its boiling point (ca. 101.3 °C). The freshly prepared 

selenide solution was rapidly injected into the boiling Sn (II) solution, and the temperature 

dropped to ~70 °C. Upon injection, the reaction mixture turned black indicating the NP 

formation. The temperature was allowed to recover to 101.3 °C and maintained at this 

temperature for 2 h. To purify the as-synthetized NPs, the mixture was decanted, and the 

transparent supernatant was carefully discarded. The remaining crude mixture (ca. 120 ml) was 

transferred into 3 centrifuge tubes. The NPs were purified by 3 precipitation/re-dispersion 

cycles with deionized water and ethanol alternatively. In the first cycle, the fresh deionized 

water was added into the crude solution by centrifugation at 6000 rpm for 1 min. Then, ethanol 

was used to redisperse the particles and the solution was centrifuged at 8000 rpm for 5 min. In 

the second cycle, deionized water was added to solubilize the remaining impurities and NPs 
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were precipitated by centrifugation at 9000 rpm for 5 min, Afterward, ethanol was employed 

to re-disperse and precipitate the particles by centrifugation at 8000 rpm for 5 min. These same 

steps were repeated for a third purification cycle. Washed NPs were dried under vacuum 

overnight at room temperature and kept in the glovebox for further use. 

Me4N-SnSe NPs: SnSe NPs without Na+ were produced following the above procedure 

keeping the molar ratios and using (CH3)4NOH٠5 H2O (tetramethylammonium hydroxide 

pentahydrate, 98%, Sigma-Aldrich) and (CH3)4NBH4 (tetramethylammonium borohydride, 

95%, Sigma-Aldrich) instead of the corresponding Na-reagents. 

Bulk nanomaterial sintering: Dried SnSe NPs were annealed at 500 °C for 1 h under a forming 

gas (95% N2 + 5% H2) flow inside a tube furnace with the heating rate of around 10 °C/min. 

Then, the annealed powder finely grounded with an agate mortar and loaded into a graphite die 

in a glovebox before being pressed into cylinders (Ø 8.6 mm×12 mm). The process was carried 

out under vacuum, in an AGUS PECS Spark Plasma Sintering (SPS) System - Model SPS 

210Sx applying a pressure of 45 MPa and at temperature of 500 °C for 5 min. The relative 

densities of the compacted pellets were measured by the Archimedes’ method and found to be 

above 92% of the theoretical value in all samples. From these cylinders, round shape pellets 

and rectangular bars were cut in two normal directions, i.e. parallel to the pressing direction 

and within the cylinder plane. 

Structural and chemical characterization: X-ray diffraction (XRD, 2θ: 20° to 60°; scanning 

rate: 5°/min) analyses were carried out on a Bruker AXS D8 ADVANCE X-ray diffractometer 

with Cu–Kα radiation (λ= 1.5406 Å). Size and morphology of initial NPs, annealed 

nanopowders, sintered pellets were examined by field-emission scanning electron microscopy 

(SEM) on an Auriga Zeiss operated at 5.0 kV. Composition was investigated by using an 

Oxford energy dispersive X-ray spectrometer (EDX) attached to the Zeiss Auriga SEM at 15.0 
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kV. Zeta potential and Zeta Deviations were measured with a Malvern Panalytical Zetasizer 

Nano (λ = 633 nm) in samples diluted in water (~0.1 mg/ml , pH = 6.5-7.0). The results are the 

average of 4 measurements with standard deviation <1 and were determined using the 

Smoluchowski approximation. 

HRTEM and STEM studies were conducted using a FEI Tecnai F20 field emission gun 

microscope operated at 200 kV with a point-to-point resolution of 0.19 nm. Before TEM 

studies, we prepared a cross-section by cutting it with a diamond saw. The piece obtained was 

afterward thinned to electron transparency by Focus Ion Beam (FIB) FEI Helios Dual Beam 

Nanolab. XPS was carried out on a Specs system equipped with a Mg anode XR50 source 

operating at 250 W and a Phoibos 150 MCD-9 detector (Specs GmbH). The pressure in the 

analysis chamber was kept below 10-7 Pa. Data processing was performed with the CasaXPS 

program (Casa Software Ltd.).Needle-shaped APT specimens were prepared by a standard 

“lift-out” method in a SEM/FIB dual-beam focused ion beam microscope (Helios NanoLab 

650, FEI). APT measurements were performed on a local electrode atom probe (LEAP4000X 

Si, Cameca) by applying 10-ps, 5-pJ ultraviolet (wavelength=355 nm) laser pulses. The pulse 

repetition rate is 200 kHz, and the detection rate is set as 1 ion per 100 pulses on average. The 

measurement base temperature of specimen is 30 K to minimize surface migration. The ion 

flight path is 160 mm in our system. The detection efficiency of this LEAP is 50% owing to 

the open area of the microchannel plates. APT data were processed with the commercial 

software package IVAS 3.8.0. 

 

Thermoelectric characterization: Seebeck coefficients were measured by using a static DC 

method. Electrical resistivity data was obtained by a standard four-probe method. Seebeck 

coefficient and electrical resistivity were measured simultaneously in an LSR-3 LINSEIS 

system between room temperature and 833 K, under He atmosphere. 3 up and down 
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measurements were taken. Taking into account the system accuracy and the measurement 

precision, we estimate an error of ca. 4 % in the measurement of the electrical conductivity and 

Seebeck coefficient, respectively. The thermal conductivity was calculated by κ = λ Cp ρ, where 

λ is the thermal diffusivity, Cp is the heat capacity, and ρ is the mass density of the specimen. 

An LFA 1000 LINSEIS was used to determine the thermal diffusivities (λ) of the samples by 

the Laser Flash method with an estimated error of ca. 2.4 %. The constant pressure heat 

capacity (Cp) was estimated from empirical formula by the Dulong–Petit limit (3R law), and 

the density (ρ) values were measured using the Archimedes’ method. To avoid cluttering the 

plots, error bars were not included in the figures. Room temperature Hall charge carrier 

concentrations (nH) were measured with the Van der Pauw method using a magnetic field of 

0.6 T (ezHEMS, NanoMagnetics). Values provided correspond to the average of 6 

measurements, from which an error of ca. 15% was estimated. 
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