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1. Introduction

Thermoelectric devices reversibly convert 
heat into electricity both for power har-
vesting 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 thermo-
electric figure of merit of the material, 
zT  = S2 σκ–1 T, that combines Seebeck 
coefficient (S), electrical conductivity (σ), 
thermal conductivity (κ), and absolute 
temperature (T).[1,2]

Thermoelectric materials are often 
dense, polycrystalline inorganic semicon-
ductors. Usually, 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 pre-
pare powders among the thermoelectric 
community is through high-temperature 

reactions and ball milling.[3] Alternatively, solution methods to 
produce powders with much less demanding conditions (e.g., 
lower reagent purity, lower temperatures, and shorter reaction 
times) have been explored to reduce the production costs.[1,4] 
These methods also provide opportunities to produce parti-
cles with better-controlled features, such as crystallite size, 
shape, composition, and crystal phase, which allow modifying 
the properties of the consolidated material.[5–7] Lastly, solution 
processing facilitates device fabrication versatility, including 
flexible, conformable, and rigid modules with customized 
geometries.[8,9] To date, solution synthesis has enabled the pro-
duction of several materials with state-of-the-art performances, 
as is the case of PbS,[6] Bi0.5Sb1.5Te3,[10] Bi2Te3−xSex,[11] and 
SnTe,[12] demonstrating the potential of this strategy.

However, when dealing with powders produced in solution, 
one should pay special attention to potential undesired ele-
ments coming from the reactants. Those elements may not 
affect the crystal structure and bulk composition of the powder 
but can be present as surface adsorbates.[13] The composition, 
chemical stability, and bonding nature of surface species can 
influence the sintering process, and reaction byproducts can 
determine the final properties of the consolidated material. 
Surface species have been carefully considered in surfactant-
assisted colloidal synthesis because of the insulating nature 
of the long-chain aliphatic surfactants generally used[14] and 

Solution synthesis of particles emerges as an alternative to prepare thermo-
electric materials with less demanding processing conditions than conven-
tional solid-state synthetic methods. However, solution synthesis generally 
involves the presence of additional molecules or ions belonging to the precur-
sors or added to enable solubility and/or regulate nucleation and growth. 
These molecules or ions can end up in the particles as surface adsorbates 
and interfere in the material properties. This work demonstrates that ionic 
adsorbates, in particular Na+ ions, are electrostatically adsorbed in SnSe 
particles synthesized in water and play a crucial role not only in directing the 
material nano/microstructure but also in determining the transport proper-
ties of the consolidated material. In dense pellets prepared by sintering SnSe 
particles, Na remains within the crystal lattice as dopant, in dislocations, 
precipitates, and forming grain boundary complexions. These results high-
light the importance of considering all the possible unintentional impurities 
to establish proper structure–property relationships and control material 
properties in solution-processed thermoelectric materials.

© 2021 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.
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the consequent detrimental effects on thermoelectric perfor-
mance.[15] In such cases, the surfactants have to be removed 
to enhance the electrical conductivity. The most common 
strategy to do so is thermal decomposition.[16–18] Alternatively, 
surfactants can be exchanged with volatile compounds[19] or 
even inorganic species[20] that can further tune material prop-
erties.[12,18,21] Conversely, the presence of surface adsorbates is 
usually neglected in the case of the so-called surfactant-free 
methods,[4,22–34] the most widely used to produce thermoelec-
tric powders in solution. The vast majority of reports dealing 
with surfactant-free synthesis do not perform any surface treat-
ments since the particles are considered “naked”.[32,35,36] This is 
a misconception since different species might be adsorbed on 
the particle surface, depending on the particle composition and 
surface termination.[37–40] Such adsorbates need to be identified 
to unveil if they have a role in the thermoelectric properties.

In this work, we identify the surface species resulting from 
the aqueous synthesis of SnSe particles and demonstrate their 
effects on the microstructure and thermoelectric properties of the 
final material. While this work focuses on SnSe, one of the most 
studied thermoelectric materials due to its high performance, the 
presence of surface species in solution-processed materials goes 
beyond the specific material system and needs to be carefully 
evaluated to understand the material properties correctly.

2. Results and Discussion

2.1. Material Processing: From Particle Synthesis to Pellet 
Formation

The table below shows the most common reactants to syn-
thesize SnSe powders in solution that lead to state-of-the-art 

performances (Table 1). SnSe particles are usually prepared in 
polar media (water or ethylene glycol, EG) using SnCl2 and Se, 
SeO2, or Na2SeO3 as precursors. Additionally, redox agents and 
acids or bases are used. Generally, these chemicals are Na salts, 
as highlighted in bold in Table 1.

Herein, we selected the simplest and most cost-effective 
synthetic method, which uses ambient pressure and water as 
the solvent,[33] as a prototypical reaction. In the chosen proce-
dure, 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 particle formation, and is kept under reflux 
for an additional 2 h. The as-synthetized particles are purified 
by precipitation/redispersion with water and ethanol and then 
dried under vacuum overnight at room temperature. Afterward, 
the powder is annealed in forming gas (95% N2  + 5% H2) to 
remove oxide species.[47] Finally, the annealed powders are con-
solidated into cylindrical pellets using spark plasma sintering 
(SPS). Throughout the process, X-ray diffraction (XRD) is used 
to verify that the product is pure phase orthorhombic SnSe 
(PDF 00-048-1224) and scanning electron microscopy (SEM) is 
used to evaluate the material morphology (Figure 1). The exper-
imental details, from particle synthesis to pellet formation, can 
be found in the Experimental Section.

2.2. Particle Properties

SEM and transmission electron microscopy (TEM) images show 
that the particles have a rectangular shape with an average lateral 
size of ≈150 ± 50 nm (Figures 1C and 2A). High-resolution TEM 

Adv. Mater. 2021, 33, 2106858

Table 1.  Summary of the state-of-art thermoelectric performance of p-type doped polycrystalline SnSe prepared by consolidating solution-processed 
particles. The table includes the reported composition of the consolidated material, the reactants used for the synthesis, and peak zT values (zTmax) 
at the corresponding temperature. “||” and “⊥” denote the direction in which those results were obtained; “||” refers to the direction parallel to the 
pressing axis and “⊥” refers to the perpendicular one.

Material Precursors, solvent zTmax

SnSe-3%CdSe[41] SnCl2·2H2O, NaBH4, NaOH, Se, CdO, H2O 2.2 (786 K, ||)

Sn0.96Ga0.04Se[22] SnCl2·2H2O, GaCl3, NaOH, Se, H2O 2.2 (873 K, ||)

Sn0.98Pb0.01Zn0.01Se[29] SnCl2·2H2O, PbCl2, ZnCl2, NaOH, Se, H2O 2.2 (873 K, ||)

Sn0.95Se[27] SnCl2·2H2O, NaOH, Se, H2O 2.1 (873 K, ||)

Sn0.97Ge0.03Se[4] SnCl2·2H2O, GeI4, NaOH, Se, H2O 2.1 (873 K, ⊥)

Sn0.99Pb0.01Se–Se QDs[42] SnCl2·2H2O, PbCl2, NaOH, Se, H2O 2.0 (873 K, ||)

Sn0.96Pb0.01Cd0.03Se[24] SnCl2·2H2O, PbCl2, CdCl2, NaOH, Se, H2O 1.9 (873 K, ||)

Sn0.948Cd0.023Se[43] SnCl2·2H2O, CdCl2, Na2SeO3, NaOH, EG 1.7 (823 K, ⊥)

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

SnSe-1%PbSe[25] SnCl2·2H2O, PbCl2, NaOH, Se, H2O 1.7 (873 K, ||)

NaOH-Sn1−xSe[30] SnCl2, Na2SeO3, NaOH, EG 1.5 (823 K, ⊥)

Sn0.882Cu0.118Se[34] SnCl2·2H2O, CuCl2, Na2SeO3, NaOH, EG 1.41 (823 K, ⊥)

SnSe-15%Te NWs[45] SnCl2·2H2O, NaBH4, NaOH, Se, H2O 1.4 (790 K, ||)

Sn0.98Se[31] SnCl2·2H2O, Na2SeO3, NaOH, EG 1.36 (823 K, ⊥)

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

Sn0.99Cu0.01Se[28] SnCl2·2H2O, CuCl, NaOH, Se, H2O 1.2 (873 K, ||)

SnSe0.9S0.1
[23] SnCl2·2H2O, Na2S, NaBH4, NaOH, Se, H2O 1.16 (923 K, ⊥)
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(HRTEM) analysis confirmed the SnSe orthorhombic struc-
ture (space group Pnma) with lattice parameters a = 11.5156 Å, 
b = 4.1571 Å, and c = 4.4302 Å. Elemental analysis with energy-
dispersive X-ray spectroscopy (EDS) in SEM and scanning 
transmission electron microscopy (STEM) indicated that the 
particles are slightly Se-rich (Figure S1, Supporting Informa-
tion) and revealed the presence of Na (Figure  2B). The Na to 
Sn ratio determined by X-ray photoemission spectroscopy (XPS, 
Figure S2, Supporting Information) is five times larger than that 
obtained from EDS (Figure S1, Supporting Information), sug-
gesting that Na is mainly at the particle surface, yet we cannot 
discard its presence within the SnSe particles. In the Se 3d XPS 
region, four peaks can be deconvoluted. These correspond to 
the 3d3/2 and 3d5/2 emission peaks of Se in two different oxida-
tion 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.[48] We speculate that these 
species are polyselenides (Sex

2−), formed by partial oxidation of 
the particle surface during washing, as observed for Cu2Se nan-
oparticles.[49–51] During the synthesis, Na+ ions compensate the 
charge of the negative ions (OH−, BH4

−, HSe−, etc.) but should 
not react based on the chemical equation.[33] Therefore, we pro-
pose that Na+ ions are adsorbed on the surface, explaining their 
presence in the particles. To verify this hypothesis and disclose 
the nature of the adsorption, we performed electrophoretic 
mobility measurements and determined that SnSe particles are 
negatively charged (zeta potential = −22 ± 5 mV, Figure 2C) con-
sistent with their Se-rich surface. Based on the electric double 
layer description, the negatively charged SnSe particles are sur-
rounded by an immobile layer, the Stern layer, of cations (Na+) 
and a second layer of loosely bound ions, the diffuse layer, com-
posed mostly of cations (Na+) and some anions (OHˉ, HSeˉ).[52] 
Due to the electrostatic force, cations remain on the particle 
surface during washing, explaining the presence of Na once the 
particles are removed from the solution (Figure 2D).

2.3. Pellets Microstructure

Compositional analysis with inductively coupled plasma – 
optical emission spectroscopy (ICP-OES) and EDS revealed that 
the pellets have ≈1.6 at% Na content (Figure S1, Supporting 
Information). Such large Na content, beyond its solubility 
limit,[53] confirms that Na+ ions are adsorbed on the particle 
surface.

We studied the pellet’s microstructure using atom probe 
tomography[54,55] (APT, Figure 3; Figure S3, Supporting Infor-
mation) and STEM (Figure 4) to determine the distribution of 
Na in the sintered material. Figure 3 shows the 3D distribution 
of Na in the pellet illustrated by the 2.0 at% Na isocomposi-
tion surfaces. These contour plots delimit the areas where the 
concentration of Na is ≥2 at%.[56] We observe that in the pellet, 
Na is distributed in four different environments: i) within the 
crystal lattice; ii) at dislocations; iii) forming grain boundary 
complexions;[57] and iv) in nanoprecipitates[41] (Figure 3).

The large number of dislocations (Figure S9, Supporting 
Information) can be correlated to the large amount of Sn 
vacancies in the particles and the annealed powder.[58] Upon 
annealing, these vacancies diffuse, creating vacancy aggregates 
of lower energy that collapse into dislocations.[59–61] The com-
position profile along a dislocation line in Figure  3A shows 
a periodic fluctuation of Na concentration, suggesting that 
the formation of these dislocations is not only an efficient 
pathway to relax epitaxial strain but also triggers Na segrega-
tion.[62,63] Moreover, the large number of defects in polycrys-
talline SnSe provides heterogeneous nucleation sites for pre-
cipitation,[64–66] explaining the presence of Na-rich precipitates 
within the grains, at the dislocations, and in grain boundaries 
(Figure 3).[67] However, we could not identify the exact composi-
tion nor crystal structure of the Na-rich phase due to its high air 
sensitivity, ease of oxidation, and instability under the electron 
beam.

Adv. Mater. 2021, 33, 2106858

Figure 1.  A) Scheme of the processing steps of SnSe pellets. B) XRD patterns and C) the corresponding representative SEM micrographs of the initial 
SnSe particles, the annealed powder, and the sintered pellet along the out-of-plane direction. The inset in figure (C) shows a picture of a dense SnSe 
cylindrical pellet.
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When present in the reaction mixture, Na+ ions end up on 
the particle surface and become an involuntary impurity of the 
consolidated material, referred to as Na–SnSe from now on. 
To evaluate the effect of Na in the material’s microstructure 
and transport properties, we developed a new synthetic route 
to obtain Na-free SnSe particles. In this 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 processes, we obtained pure phase 
SnSe particles (Figure S4, Supporting Information), referred to 
as Me4N–SnSe. XPS analysis of Me4N–SnSe particles revealed 
N 1s emission peaks which can be assigned to tetramethylam-
monium (Figure S2, Supporting Information).[68] None of the 
elemental analysis techniques used detected Na (Figure S1, 
Supporting Information). Similar to Na–SnSe, Me4N–SnSe 
particles show a negative surface charge (zeta potential = −23 ± 
5  mV). Based on the above, we conclude that the charge bal-
ancing 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 S5, Supporting Informa-
tion), which confirmed the desorption of the organic species 
at the annealing temperature used, 500 °C, in accordance 
with previous works.[69] However, by APT and Raman spectro
scopy, we detected minor traces of N and C in the final pellet 
(Figures S6 and S7, Supporting Information). XRD patterns 
of the Me4N–SnSe particles, annealed powder, and final pellet 
show the same diffraction peaks as Na–SnSe (Figure S4, Sup-
porting Information).

Although both synthetic strategies yield SnSe particles 
with analogous structural properties, the average grain size of 
the final pellet is much smaller for Me4N–SnSe than for Na–
SnSe (Figure 4) despite both having the same density. These 
results show that the adsorbed ions strongly influence the 
microstructure of the samples. We propose different reasons 
for the distinct microstructure. First, the aqueous synthesis 
with Me4N+ already yields smaller SnSe particles. While 
Me4N+ and Na+ have the same charge, they differ significantly 

Adv. Mater. 2021, 33, 2106858

Figure 2.  A) Bright-field TEM micrograph of several SnSe particles, HRTEM micrograph of the region marked with a blue square, and its corresponding 
power spectrum; B) STEM–EDS elemental mapping of Sn (blue), Se (red), and Na (green) for SnSe particles; C) Schematic representation of the 
electrical double layer of a SnSe particle in solution based on the Stern model; D) Schematic representation of a precipitated particle with Na+ ions 
adsorbed to ensure charge neutrality.
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in size, Me4N+ having a radius of 322 pm and Na+, 98 pm. 
The larger size of Me4N+ allows a smaller number of Me4N+ 
to fit in the Stern layer, increasing the electrostatic repulsion 
between the particles and therefore yielding smaller parti-
cles.[70] Moreover, during the thermal processing, the Se-rich 
surface reacts with Na producing sodium polyselenides 
(Na2Sex), which through melting provide a capillary force 
that pulls the grains together (Figure S10, Supporting Infor-
mation).[71,72] Finally, the liquid phase facilitates atomic diffu-
sion between the grains and promotes grain growth.[72] The 
presence of low melting point Na2Sex phases as grain growth 
promoters has been previously reported in chalcogenide solar 
cell absorbers.[73–75] In the case of Me4N–SnSe, Me4N+ decom-
poses into volatile species,[76] circumventing the formation 
of Na2Sex and its effects in grain growth during the thermal  
processing.

The presence of different cations during the material pro-
cessing also influences the nature of the grain boundaries. 
STEM-EDS analysis across grain boundaries (Figure  4) shows 
Na-rich grain boundary complexions in Na–SnSe while Me4N–
SnSe has clean interfaces.

2.4. Transport Properties

To evaluate the effects of the Na–SnSe and Me4N–SnSe distinct 
microstructure and composition in the transport properties, we 
measured the electrical conductivity, Seebeck coefficient, and 
thermal conductivity of the respective pellets from room tem-
perature until 833 K (Figure 5). The measurements were per-
formed both in the direction parallel and perpendicular to the 
pressing axis. Here, we exclusively discuss the properties in the 
parallel direction. Measurements in the perpendicular direction 

show the same trends and can be found in the Figure S11, Sup-
porting Information.

Na–SnSe has higher electrical conductivity than Me4N–
SnSe over the whole temperature range. Hall effect meas-
urements revealed that this difference is caused by the three 
orders of magnitude higher hole concentration of Na–SnSe, 
≈2.3 × 1019 cm−3, than Me4N–SnSe, ≈2.8 × 1016 cm−3. Na is fre-
quently used as a p-type dopant in SnSe due to its tendency to 
replace lattice Sn2+.[77–79] In Na–SnSe samples, part of the Na 
diffused into the crystal lattice (Figure 3), either during the par-
ticle synthesis or through the consecutive thermal processes to 
produce the pellet, thus explaining the high carrier concentra-
tion measured.

The electrical conductivities of both Na–SnSe and 
Me4N–SnSe show a thermally activated behavior, typical of 
polycrystalline SnSe.[4,27,77,80] We calculated the weighted 
mobilities (µW) from the Seebeck coefficients and electrical 
conductivities[81] to understand the underlying transport phe-
nomenon (Figure S13, Supporting Information). In the low-
temperature range, the increase of mobility with temperature 
indicates the presence of energy barriers at the grain bounda-
ries.[82,83] The barrier height (Eb; σ ∝ T−1/2 exp(−Eb/kBT)) for the 
Na–SnSe sample (≈172 meV) is more than double that for the 
Me4N–SnSe (≈75 meV). This is also consistent with Na–SnSe 
lower hall mobility at room temperature, ≈2.3 cm2 V−1 s−1 
versus 21.2 cm2 V−1 s−1 for Me4N–SnSe. As the temperature 
increases, the effect of the potential barriers diminishes due to 
thermal carrier excitations.

We observed that the Seebeck coefficient of the Na–SnSe 
samples is higher than those previously reported for poly-
crystalline 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 

Adv. Mater. 2021, 33, 2106858

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 and indicated by rectangles; B) composition profile along a dislocation showing the presence of Na at dislocation cores; C) 3D distribution of 
Na in the same pellet showing Na-rich precipitates, a larger precipitate is observed at the grain boundary;[41] D) composition profile across a precipitate.
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concentration (Pisarenko plot) at 300 K and compared it with 
reported experimental data and first-principles calculations 
using a multiple band model[84] in Figure 5E. The plot reveals 
that not only our Na–SnSe sample but also many other solu-
tion-processed SnSe (half-filled green symbols)[22,27,29,31,42,43,85] 
have Seebeck coefficients exceeding the expected value, a ten-
dency not observed in Na-doped solid-state synthesized SnSe 
(black open symbols,[47,53,77,78,86] including single crystals[87,88]).

The high carrier concentration in the Na–SnSe samples 
comes from the partial diffusion of ionically adsorbed Na 
into the SnSe crystal lattice during the thermal processing 
(annealing + spark plasma sintering). However, the amount of 
Na in the final material cannot be precisely controlled when 
using Na salts during the particle synthesis, as the Na con-
tent is determined by the electrostatic adsorption of Na+ ions 

at the particle surface. The amount of Na introduced through 
surface adsorbates in Na–SnSe exceeds its solubility limit,[53] 
resulting in partial segregation of Na forming Na-rich dislo-
cations, grain boundaries, and nanoprecipitates (Figures  3 
and 4). Kelvin probe force microscopy (KPFM) measurements 
of the surface potential across Na-rich grain boundaries in the 
Na–SnSe sample revealed charge accumulation and down-
ward band bending at the grains interface (Figure  5F).[89,90] 
These results suggest that the Na-rich interfaces act as poten-
tial barriers,[89–91] filtering low energy holes and enhancing the 
Seebeck coefficient.[92,93] In contrast, for Me4N–SnSe, which 
has no detectable secondary phases at the grain boundaries 
(Figure  4B; Figure S8, Supporting Information), the Seebeck 
coefficient fits the value expected by the calculated Pisarenko 
relation (Figure 5E).

Adv. Mater. 2021, 33, 2106858

Figure 4.  TEM images representing cross-sections of SnSe pellets. General view (top), together with the corresponding STEM–EDS elemental mapping 
of a grain boundary (middle), and a scheme of the grain boundary interface (bottom) resulting for the two different cations: A) Na+; and B) Me4N+.
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To better understand the role of excess Na, we developed a 
doping strategy using Me4N–SnSe particles and adding Na after 
particle purification (details can be found in the Experimental 
Section). This strategy allows us to control the Na concentration 
in the final material. We adjusted the content of Na to have car-
rier concentrations comparable to those obtained for Na–SnSe, 
but significantly lower content of Na, ≈1% (Figures S14–S16, 
Supporting Information). The Na-doped Me4N–SnSe sample, 
named Me4N–SnSe + Na shows a trend for the electrical con-
ductivity similar to Na–SnSe, with carrier concentration of 
≈1019 cm−3, yet lower Seebeck coefficient (Figure  5B) at low 
temperatures. The room temperature Seebeck coefficient of 
Me4N–SnSe +Na fits perfectly with the values expected from 
the Pisarenko relation calculated using a multiband model 
(Figure 5E, red rhombus), indicating no energy filtering effects 
in this sample.

Despite the significant difference in the microstruc-
tures, the three samples (Na–SnSe, Me4N–SnSe, and Me4N–
SnSe + Na) have very similar lattice thermal conductivity 
(Figures S11 and S12, Supporting Information). We attribute 

this to the strong lattice anharmonicity in SnSe as the domi-
nant effect contributing to the thermal conductivity.[88] Overall, 
we find that the calculated zT is doubled for Na–SnSe com-
pared to Me4N–SnSe (Figure S12, Supporting Information). 
By increasing the carrier concentration by carefully adding 
Na after the Me4N–SnSe particle synthesis, the resulting 
Me4N–SnSe + Na sample shows slightly inferior zT than 
Na–SnSe (Figure S12, Supporting Information). We attribute 
this to a favorable energy filtering effect in Na–SnSe compared 
to Me4N–SnSe + Na (Figure S17, Supporting Information). 
However, to estimate the ideal degree of filtering, further work 
is necessary.

3. Conclusion

We investigated the role of surface ion adsorbates in polycrys-
talline SnSe produced from surfactant-free SnSe particles. We 
found that when incorporating Na salts in the reaction mix-
ture, Na+ ions are electrostatically adsorbed on the particle 

Adv. Mater. 2021, 33, 2106858

Figure 5.  A) Electrical conductivity, σ; B) Seebeck coefficient, S; C) power factor, PF; D) thermal conductivity, κ; Na–SnSe, Me4N–SnSe, and  
Me4N–SnSe + Na samples measured in the direction parallel to the pressing axis. E) Pisarenko plot at 300 K. Green dots are references from solution-
processed materials[22,27,29,31,42,43,85] and black dots from solid-state synthetic methods,[47,53,77,78,86] including single crystals.[87,88] The dashed line was 
calculated using a multiple band model.[84] F) STEM image, atom probe microscopy (AFM) topology maps, KPFM potential profiles across the lines 
indicated in the AFM topology map, and scheme showing the band bending at the grain boundary in Na–SnSe. CBM, VBM, and EF indicate the  
conduction band minimum, valence band maximum, and Fermi level, respectively.
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surface and remain there after the particles are removed from 
the solution. Moreover, Na remains in the material during the 
annealing and sintering steps, playing an important role in the 
microstructure evolution and the final material functional prop-
erties. In the sintered pellets, Na is present within the matrix, 
in dislocations, precipitates, and forming grain boundary com-
plexions. 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 induces 
energy barriers, leading to charge carrier energy filtering and 
enhancing the Seebeck coefficient.

This work reveals the presence of surface adsorbates in 
solution-processed surfactant-free methods and their effect on 
the transport properties. Furthermore, we explain the rationale 
behind their 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 lim-
ited our capability to optimize material properties is n-type 
SnSe. Contrary to p-type, where solution methods have reached 
state-of-the-art thermoelectric performance at high tempera-
ture, for n-type SnSe, zT is much lower than half of the highest 
reported value (zT of 1.1 for solution-processed material com-
pared to 2.8 for single crystal).[94,95] We believe this is correlated 
to the fact that all synthetic methods use Na salts to produce 
SnSe particles. Hence, when n-type dopants are introduced, the 
presence of Na can establish a pinning problem.

4. Experimental Section
SnSe Particle Synthesis: SnSe particles were prepared following a 

procedure previously reported by Han et al.[33] 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 SnCl2·2H2O (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 (≈101.3 °C). The 
freshly prepared selenide solution was rapidly injected into the boiling 
tin solution, and the temperature dropped to ≈70 °C. Upon injection, 
the reaction mixture turned black indicating the particle formation. The 
temperature was allowed to recover to 101.3 °C and this temperature was 
maintained for 2 h. To purify the as-synthetized particles, the mixture 
was decanted, and the transparent supernatant was carefully discarded. 
The remaining crude mixture (≈120 mL) was transferred into centrifuge 
tubes. The particles were purified by three precipitation/re-dispersion 
cycles with ≈100 mL of 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 particles 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 particles 
were dried under vacuum overnight at room temperature and kept in the 
glovebox for further use.

Me4N–SnSe Particle Synthesis: SnSe particles without Na were 
produced following the above procedure keeping the molar 
ratios and using (CH3)4NOH·5H2O (tetramethylammonium 
hydroxide pentahydrate, 98%, Sigma-Aldrich) and (CH3)4NBH4 
(tetramethylammonium borohydride, 95%, Sigma–Aldrich) instead of 
the corresponding Na-reagents.

Me4N–SnSe + Na Sample Preparation: As-synthesized Me4N–SnSe 
particles were first annealed at 550 °C for 1 h under a forming gas 
(95% N2 + 5% H2) flow inside a tube furnace with the heating rate of 
≈10 °C min−1. Subsequently, the annealed powder was finely ground 
with an agate mortar in a glovebox. Afterward, 4 g of annealed Me4N–
SnSe powder was mixed with 5.5 mL CH3COONa (99%, Sigma–Aldrich) 
solution (3  mg mL−1 in methanol) and vigorously stirred overnight at 
room temperature, and then dried under vacuum.

Thermal Processing: Dried SnSe particles (both of Na–SnSe and 
Me4N–SnSe) 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 ≈10 °C min−1. Then, the annealed was powder finely ground 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 210S× applying a pressure of 45 MPa and at 
temperature of 500 °C for 5 min. For preparation of Me4N–SnSe + Na 
pellet: dried Me4N–SnSe + Na composites were annealed at 550 °C for 
3 h under a forming gas flow. Then, the powder was consolidated into a 
cylinder under an axial pressure of 45 MPa at temperature of 550 °C for 
10 min. The relative densities of the compacted pellets were measured 
by the Archimedes′ method and found to be ≈92–95% of the theoretical 
value in all samples. From these cylinders, round shaped pellets and 
rectangular bars were cut in two normal directions, that is, 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−1) analyses were carried out on 
a AXS D8 ADVANCE (Bruker) X-ray diffractometer with Cu Kα radiation 
(λ  = 1.5406 Å). Size and morphology of initial particles, annealed 
nanopowders, and sintered pellets were examined by field-emission 
scanning electron microscopy (SEM) on a Merlin VP Compact (Zeiss) 
operated at 5.0  kV. Composition was investigated by using a EDAX 
Octane Elite energy dispersive X-ray spectrometer (EDS) attached to the 
Merlin VP Compact and operated at 15.0 kV. The material composition 
was also analyzed by means of ICP-OES on an ICPE-9820 (Shimadzu) 
system, and samples were prepared by the digestion of ground powder 
in aqua regia overnight followed by dilution in MQ-Water (Milipore). 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−1, 
pH = 6.5–7.0). The results are the average of four measurements with 
standard deviation <1  and were determined using the Smoluchowski 
approximation.

HRTEM and STEM studies were conducted using a JEM-2800 (JEOL 
Ltd.) field emission gun microscope operated at 200  kV equipped 
with a XF416ES (TVIPS GmbH) for HRTEM images and Centurio large 
solid angle silicon drift detector (JEOL Ltd.) with 100 mm2 active area 
for STEM–EDS analysis. The lamellae for TEM and STEM studies were 
prepared by standard “lift-out” procedure directly from the sintered 
pellet. The lamella was attached to a gold grid instead of a standard Cu 
half-moon grid to avoid overlapping the Na Kα line (1.041 keV) and the 
Cu Lα line (0.930 keV). The lamella lift-out and thinning was carried out 
on an Aquilos 2 dual beam system (Thermo Fisher Scientific).

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 

Adv. Mater. 2021, 33, 2106858

 15214095, 2021, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202106858 by Izm
ir Y

uksek T
eknoloji E

nstit, W
iley O

nline L
ibrary on [02/11/2022]. 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



© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH2106858  (9 of 11)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2021, 33, 2106858

beam microscope (Helios NanoLab 650, FEI).[96] APT measurements 
were performed on a local electrode atom probe (LEAP4000X Si, 
Cameca) by applying 10-ps, 5-pJ ultraviolet (λ  = 355  nm) laser pulses 
at 30 K to minimize surface migration. The pulse repetition rate was 
200 kHz, and the detection rate was 1 ion per 100 pulses, and the flight 
path 160  mm. APT data were processed with the commercial software 
package IVAS 3.8.0. Samples were polished with a vibratory polishing 
tool (VibroMet 2). AFM and KPFM measurements were performed in a 
Park NX20 atomic force microscope equipped with a multiE75_g Tip and 
operated with a sample bias of 80 mV.

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 Helium atmosphere. 
Three up and down measurements were performed. Taking into account 
the system accuracy and the measurement precision, an error of ≈4% 
in the measurement of both the electrical conductivity and Seebeck 
coefficient was estimated. 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 ≈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 six measurements, from which an 
error of ≈15% was estimated.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
Y.L. and M.C. contributed equally to this work. This research was 
supported by the Scientific Service Units (SSU) of IST Austria through 
resources provided by Electron Microscopy Facility (EMF) and the 
Nanofabrication Facility (NNF). This work was financially supported 
by IST Austria and the Werner Siemens Foundation. Y.L. acknowledges 
funding from the European Union’s Horizon 2020 research and 
innovation program under the Marie Sklodowska-Curie grant agreement 
No. 754411. M.C. has received funding from the European Union’s 
Horizon 2020 research and innovation program under the Marie 
Skłodowska-Curie Grant Agreement No. 665385. Y.Y. and O.C.-M. 
acknowledge the financial support from DFG within the project SFB 
917: Nanoswitches. J.L. is a Serra Húnter Fellow and is grateful to ICREA 
Academia program. C.C. acknowledges funding from the FWF “Lise 
Meitner Fellowship” grant agreement M 2889-N.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords
grain boundaries, liquid sintering, SnSe, solution processing, surface 
chemistry, thermoelectricity

Received: August 30, 2021
Revised: October 4, 2021

Published online: October 22, 2021

[1]	 S. Ortega, M. Ibáñez, Y. Liu, Y. Zhang, M. V. Kovalenko, D. Cadavid, 
A. Cabot, Chem. Soc. Rev. 2017, 46, 3510.

[2]	 Y. Liu, M. Ibáñez, Science 2021, 371, 678.
[3]	 A.  Zevalkink, D. M.  Smiadak, J. L.  Blackburn, A. J.  Ferguson, 

M. L.  Chabinyc, O.  Delaire, J.  Wang, K.  Kovnir, J.  Martin, 
L. T.  Schelhas, T. D.  Sparks, S. D.  Kang, M. T.  Dylla, G. J.  Snyder, 
B. R. Ortiz, E. S. Toberer, Appl. Phys. Rev. 2018, 5, 021303.

[4]	 S. Chandra, K. Biswas, J. Am. Chem. Soc. 2019, 141, 6141.
[5]	 M.  Ibáñez, R. Zamani, W. Li, D. Cadavid, S. Gorsse, N. A. Katcho, 

A.  Shavel, A. M.  López, J. R.  Morante, J.  Arbiol, A.  Cabot, Chem. 
Mater. 2012, 24, 4615.

[6]	 M.  Ibáñez, Z.  Luo, A.  Genç, L.  Piveteau, S.  Ortega, D.  Cadavid, 
O.  Dobrozhan, Y.  Liu, M.  Nachtegaal, M.  Zebarjadi, J.  Arbiol, 
M. V. Kovalenko, A. Cabot, Nat. Commun. 2016, 7, 10766.

[7]	 Z. Hens, J. De Roo, J. Am. Chem. Soc. 2020, 142, 15627.
[8]	 S. H. Park, S.  Jo, B. Kwon, F. Kim, H. W. Ban, J. E. Lee, D. H. Gu, 

S. H. Lee, Y. Hwang, J. S. Kim, D. Bin Hyun, S. Lee, K. J. Choi, W. Jo, 
J. S. Son, Nat. Commun. 2016, 7, 13403.

[9]	 S.  Jo, S.  Choo, F.  Kim, S. H.  Heo, J. S.  Son, Adv. Mater. 2019, 31, 
1804930.

[10]	 Y. Liu, Y. Zhang, S. Ortega, M. Ibáñez, K. Ho Lim, A. Grau-Carbonell, 
S.  Martí-Sánchez, K.  Ming Ng, J.  Arbiol, M. V.  Kovalenko, 
D. Cadavid, A. Cabot, Nano Lett. 2018, 18, 2557.

[11]	 Y.  Liu, Y. Zhang, K. H.  Lim, M.  Ibáñez, S. Ortega, M. Li, J. David, 
S. Martí-Sánchez, K. M. Ng, J. Arbiol, M. V. Kovalenko, D. Cadavid, 
A. Cabot, ACS Nano 2018, 12, 7174.

[12]	 M.  Ibáñez, R.  Hasler, A.  Genç, Y.  Liu, B.  Kuster, M.  Schuster, 
O.  Dobrozhan, D.  Cadavid, J.  Arbiol, A.  Cabot, M. V.  Kovalenko, 
J. Am. Chem. Soc. 2019, 141, 8025.

[13]	 In Surface Chemistry of Colloidal Nanocrystals, The Royal Society of 
Chemistry, RSC Nanosci. Nanotechnol., London 2021, pp. 1–46.

[14]	 A. Heuer-Jungemann, N. Feliu, I. Bakaimi, M. Hamaly, A. Alkilany, 
I.  Chakraborty, A.  Masood, M. F.  Casula, A.  Kostopoulou, E.  Oh, 
K. Susumu, M. H. Stewart, I. L. Medintz, E. Stratakis, W. J. Parak, 
A. G. Kanaras, Chem. Rev. 2019, 119, 4819.

[15]	 M.  Ibáñez, R.  Zamani, S.  Gorsse, J.  Fan, S.  Ortega, D.  Cadavid, 
J. Ramon Morante, J. Arbiol, A. Cabot, ACS Nano 2013, 7, 2573.

[16]	 M. Cargnello, C. Chen, B. T. Diroll, V. V. T. Doan-Nguyen, R. J. Gorte, 
C. B. Murray, J. Am. Chem. Soc. 2015, 137, 6906.

[17]	 P.  Mohapatra, S.  Shaw, D.  Mendivelso-Perez, J. M.  Bobbitt, 
T. F.  Silva, F.  Naab, B.  Yuan, X.  Tian, E. A.  Smith, L.  Cademartiri, 
Nat. Commun. 2017, 8, 2038.

[18]	 M.  Ibáñez, R. J.  Korkosz, Z.  Luo, P.  Riba, D.  Cadavid, S.  Ortega, 
A. Cabot, M. G. Kanatzidis, J. Am. Chem. Soc. 2015, 137, 4046.

[19]	 M.  Scheele, N.  Oeschler, K.  Meier, A.  Kornowski, C.  Klinke, 
H. Weller, Adv. Funct. Mater. 2009, 19, 3476.

[20]	 M. Ibáñez, A. Genç, R. Hasler, Y. Liu, O. Dobrozhan, O. Nazarenko, 
M.  De La Mata, J.  Arbiol, A.  Cabot, M. V.  Kovalenko, ACS Nano 
2019, 13, 6572.

[21]	 J. S.  Son, H.  Zhang, J.  Jang, B.  Poudel, A.  Waring, L.  Nally, 
D. V. Talapin, Angew. Chem., Int. Ed. 2014, 53, 7466.

[22]	 X. Lou, S. Li, X. Chen, Q. Zhang, H. Deng, J. Zhang, D. Li, X. Zhang, 
Y. Zhang, H. Zeng, G. Tang, ACS Nano 2021, 15, 8204.

 15214095, 2021, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202106858 by Izm
ir Y

uksek T
eknoloji E

nstit, W
iley O

nline L
ibrary on [02/11/2022]. 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



© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH2106858  (10 of 11)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2021, 33, 2106858

[23]	 G.  Han, S. R.  Popuri, H. F.  Greer, R.  Zhang, L.  Ferre-Llin, 
J. W. G.  Bos, W.  Zhou, M. J.  Reece, D. J.  Paul, A. R.  Knox, 
D. H. Gregory, Chem. Sci. 2018, 9, 3828.

[24]	 S. Li, X. Lou, X. Li, J. Zhang, D. Li, H. Deng, J. Liu, G. Tang, Chem. 
Mater. 2020, 32, 9761.

[25]	 G. Tang, W. Wei, J. Zhang, Y. Li, X. Wang, G. Xu, C. Chang, Z. Wang, 
Y. Du, L.-D. Zhao, J. Am. Chem. Soc. 2016, 138, 13647.

[26]	 M.  Li, Y.  Liu, Y.  Zhang, X.  Han, T.  Zhang, Y.  Zuo, C.  Xie, K.  Xiao, 
J. Arbiol, J. Llorca, M. Ibáñez, J. Liu, A. Cabot, ACS Nano 2021, 15, 
4967.

[27]	 W.  Wei, C.  Chang, T.  Yang, J.  Liu, H.  Tang, J.  Zhang, Y.  Li, F.  Xu, 
Z. Zhang, J. F. Li, G. Tang, J. Am. Chem. Soc. 2018, 140, 499.

[28]	 Y. Gong, C. Chang, W. Wei, J. Liu, W. Xiong, S. Chai, D. Li, J. Zhang, 
G. Tang, Scr. Mater. 2018, 147, 74.

[29]	 J.  Liu, P.  Wang, M.  Wang, R.  Xu, J.  Zhang, J.  Liu, D.  Li, N.  Liang, 
Y. Du, G. Chen, G. Tang, Nano Energy 2018, 53, 683.

[30]	 X.-L.  Shi, W.-D.  Liu, A.  Wu, V. T.  Nguyen, H.  Gao, Q.  Sun, 
R. Moshwan, J. Zou, Z.-G. Chen, InfoMat 2020, 2, 1201.

[31]	 X.  Shi, Z.-G.  Chen, W.  Liu, L.  Yang, M.  Hong, R.  Moshwan, 
L. Huang, J. Zou, Energy Storage Mater. 2018, 10, 130.

[32]	 Y. Min, J. W. Roh, H. Yang, M. Park, S. Il Kim, S. Hwang, S. M. Lee, 
K. H. Lee, U. Jeong, Adv. Mater. 2013, 25, 1425.

[33]	 G. Han, S. R. Popuri, H. F. Greer, J.-W. G. Bos, W. Zhou, A. R. Knox, 
A.  Montecucco, J.  Siviter, E. A.  Man, M.  Macauley, D. J.  Paul, 
W. G. Li, M. C. Paul, M. Gao, T. Sweet, R. Freer, F. Azough, H. Baig, 
N. Sellami, T. K. Mallick, D. H. Gregory, Angew. Chem., Int. Ed. 2016, 
55, 6433.

[34]	 X.  Shi, K.  Zheng, M.  Hong, W.  Liu, R.  Moshwan, Y.  Wang, X.  Qu, 
Z.-G. Chen, J. Zou, Chem. Sci. 2018, 9, 7376.

[35]	 H. Wang, X. Liu, B. Zhang, L. Huang, M. Yang, X. Zhang, H. Zhang, 
G. Wang, X. Zhou, G. Han, Chem. Eng. J. 2020, 393, 124763.

[36]	 C. Han, Z. Li, G. Q. Lu, S. X. Dou, Nano Energy 2015, 15, 193.
[37]	 M. A. Boles, D. Ling, T. Hyeon, D. V. Talapin, Nat. Mater. 2016, 15, 

141.
[38]	 E. L. Rosen, A. M. Sawvel, D. J. Milliron, B. A. Helms, Chem. Mater. 

2014, 26, 2214.
[39]	 Z. Niu, Y. Li, Chem. Mater. 2014, 26, 72.
[40]	 S. E. Doris, J. J. Lynch, C. Li, A. W. Wills, J. J. Urban, B. A. Helms, 

J. Am. Chem. Soc. 2014, 136, 15702.
[41]	 Y.  Liu, M.  Calcabrini, Y.  Yu, S.  Lee, C.  Chang, J.  David, T.  Ghosh, 

M. C.  Spadaro, C.  Xie, O.  Cojocaru-Mirédin, J.  Arbiol, M.  Ibáñez, 
ACS Nano 2021, https://doi.org/10.1021/acsnano.1c06720.

[42]	 R.  Xu, L.  Huang, J.  Zhang, D.  Li, J.  Liu, J.  Liu, J.  Fang, M.  Wang, 
G. Tang, J. Mater. Chem. A 2019, 7, 15757.

[43]	 X.  Shi, A.  Wu, T.  Feng, K.  Zheng, W.  Liu, Q.  Sun, M.  Hong, 
S. T.  Pantelides, Z.-G.  Chen, J.  Zou, Adv. Energy Mater. 2019, 9, 
1803242.

[44]	 X.  Shi, A.  Wu, W.  Liu, R.  Moshwan, Y.  Wang, Z.-G.  Chen, J.  Zou, 
ACS Nano 2018, 12, 11417.

[45]	 M. Li, Y. Liu, Y. Zhang, Y. Zuo, J. Li, K. H. Lim, D. Cadavid, K. M. Ng, 
A. Cabot, Dalton Trans. 2019, 48, 3641.

[46]	 M. Hong, Z.-G. Chen, L. Yang, T. C. Chasapis, S. D. Kang, Y. Zou, 
G. J. Auchterlonie, M. G. Kanatzidis, G. J. Snyder, J. Zou, J. Mater. 
Chem. A 2017, 5, 10713.

[47]	 Y. K. Lee, Z. Luo, S. P. Cho, M. G. Kanatzidis, I. Chung, Joule 2019, 
3, 719.

[48]	 K.  Nakano, T.  Sato, M.  Tazaki, M.  Takagi, Langmuir 2000, 16,  
2225.

[49]	 S. C. Riha, D. C. Johnson, A. L. Prieto, J. Am. Chem. Soc. 2011, 133, 
1383.

[50]	 D. Zhu, A. Tang, Q. Kong, B. Zeng, C. Yang, F. Teng, J. Phys. Chem. 
C 2017, 121, 15922.

[51]	 D. Zhu, L. Wang, Z. Liu, A. Tang, Appl. Surf. Sci. 2020, 509, 145327.
[52]	 O. Stern, Z. Elektrochem. Angew. Phys. Chem. 1924, 30, 508.

[53]	 Z.-H.  Ge, D.  Song, X.  Chong, F.  Zheng, L.  Jin, X.  Qian, L.  Zheng, 
R. E.  Dunin-Borkowski, P.  Qin, J.  Feng, L.-D.  Zhao, J. Am. Chem. 
Soc. 2017, 139, 9714.

[54]	 O.  Cojocaru-Mirédin, L.  Abdellaoui, M.  Nagli, S.  Zhang, Y.  Yu, 
C. Scheu, D. Raabe, M. Wuttig, Y. Amouyal, ACS Appl. Mater. Inter-
faces 2017, 9, 14779.

[55]	 Y. Yu, C. Zhou, S. Zhang, M. Zhu, M. Wuttig, C. Scheu, D. Raabe, 
G. J. Snyder, B. Gault, O. Cojocaru-Mirédin, Mater. Today 2020, 32, 
260.

[56]	 O. C.  Hellman, J. A.  Vandenbroucke, J.  Rüsing, D.  Isheim, 
D. N. Seidman, Microsc. Microanal. 2000, 6, 437.

[57]	 P. R.  Cantwell, M.  Tang, S. J.  Dillon, J.  Luo, G. S.  Rohrer, 
M. P. Harmer, Acta Mater. 2014, 62, 1.

[58]	 P. M.  Anderson, J. P.  Hirth, J.  Lothe, Theory of Dislocations, 
Cambridge University Press, Cambridge 2017.

[59]	 K. V. Ravi, Metall. Trans. 1972, 3, 1311.
[60]	 Z.  Chen, B.  Ge, W.  Li, S.  Lin, J.  Shen, Y.  Chang, R.  Hanus, 

G. J. Snyder, Y. Pei, Nat. Commun. 2017, 8, 13828.
[61]	 Z.  Chen, Z.  Jian, W.  Li, Y.  Chang, B.  Ge, R.  Hanus, J.  Yang, 

Y.  Chen, M.  Huang, G. J.  Snyder, Y.  Pei, Adv. Mater. 2017, 29,  
1606768.

[62]	 M. Legros, G. Dehm, E. Arzt, T. J. Balk, Science 2008, 319, 1646.
[63]	 Y.  Yu, S.  Zhang, A. M.  Mio, B.  Gault, A.  Sheskin, C.  Scheu, 

D. Raabe, F. Zu, M. Wuttig, Y. Amouyal, O. Cojocaru-Mirédin, ACS 
Appl. Mater. Interfaces 2018, 10, 3609.

[64]	 S. A.  Yamini, T.  Ikeda, A.  Lalonde, Y.  Pei, S. X.  Dou, G. J.  Snyder, 
J. Mater. Chem. A 2013, 1, 8725.

[65]	 J.  He, I. D.  Blum, H.-Q.  Wang, S. N.  Girard, J.  Doak, L. D.  Zhao, 
J.-C.  Zheng, G.  Casillas, C.  Wolverton, M.  Jose-Yacaman, 
D. N. Seidman, M. G. Kanatzidis, V. P. Dravid, Nano Lett. 2012, 12, 
5979.

[66]	 S. A. Yamini, D. R. G. Mitchell, Z. M. Gibbs, R. Santos, V. Patterson, 
S. Li, Y. Z. Pei, S. X. Dou, G. J. Snyder, Adv. Energy Mater. 2015, 5, 
1501047.

[67]	 K. Biswas, J. He, I. D. Blum, C.-I. Wu, T. P. Hogan, D. N. Seidman, 
V. P. Dravid, M. G. Kanatzidis, Nature 2012, 489, 414.

[68]	 H. Konno, Y. Yamamoto, Bull. Chem. Soc. Jpn. 1987, 60, 2561.
[69]	 E.  Bourgeat-Lami, F.  Di Renzo, F.  Fajula, P. H.  Mutin, 

T. Des Courieres, J. Phys. Chem. 1992, 96, 3807.
[70]	 S. S.  Berr, M. J.  Coleman, R. R. M.  Jones, J. S.  Johnson, J. Phys. 

Chem. 1986, 90, 6492.
[71]	 J. Sangster, A. D. Pelton, J. Phase Equilib. 1997, 18, 185.
[72]	 S.-J. L. Kang, Sintering: Densification, Grain Growth, and Microstruc-

ture, Butterworth–Heinemann, Oxford 2005.
[73]	 C. M. Sutter-Fella, J. A. Stückelberger, H. Hagendorfer, F. La Mattina, 

L.  Kranz, S.  Nishiwaki, A. R.  Uhl, Y. E.  Romanyuk, A. N.  Tiwari, 
Chem. Mater. 2014, 26, 1420.

[74]	 D.  Braunger, D.  Hariskos, G.  Bilger, U.  Rau, H. W.  Schock, Thin 
Solid Films 2000, 361, 161.

[75]	 M.  Johnson, S. V.  Baryshev, E.  Thimsen, M.  Manno, X.  Zhang, 
I. V. Veryovkin, C. Leighton, E. S. Aydil, Energy Environ. Sci. 2014, 7, 
1931.

[76]	 W. K. Musker, J. Am. Chem. Soc. 1964, 86, 960.
[77]	 T.-R.  Wei, G.  Tan, X.  Zhang, C. F.  Wu, J. F.  Li, V. P.  Dravid, 

G. J. Snyder, M. G. Kanatzidis, J. Am. Chem. Soc. 2016, 138, 8875.
[78]	 E. K.  Chere, Q.  Zhang, K.  Dahal, F.  Cao, J.  Mao, Z.  Ren, J. Mater. 

Chem. A 2016, 4, 1848.
[79]	 Y. Zhou, W. Li, M. Wu, L. D. Zhao, J. He, S.-H. Wei, L. Huang, Phys. 

Rev. B 2018, 97, 245202.
[80]	 Y. K.  Lee, K. Ahn, J. Cha, C. Zhou, H. S. Kim, G. Choi, S. I. Chae, 

J. H.  Park, S. P.  Cho, S. H.  Park, Y. E.  Sung, W. B.  Lee, T.  Hyeon, 
I. Chung, J. Am. Chem. Soc. 2017, 139, 10887.

[81]	 G. J. Snyder, A. H. Snyder, M. Wood, R. Gurunathan, B. H. Snyder, 
C. Niu, Adv. Mater. 2020, 32, 2001537.

 15214095, 2021, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202106858 by Izm
ir Y

uksek T
eknoloji E

nstit, W
iley O

nline L
ibrary on [02/11/2022]. 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

https://doi.org/10.1021/acsnano.1c06720


© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH2106858  (11 of 11)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2021, 33, 2106858

[82]	 J. Y. W. Seto, J. Appl. Phys. 1975, 46, 5247.
[83]	 J. J.  Kuo, S. D.  Kang, K.  Imasato, H.  Tamaki, S.  Ohno, T.  Kanno, 

G. J. Snyder, Energy Environ. Sci. 2018, 11, 429.
[84]	 G. Shi, E. Kioupakis, J. Appl. Phys. 2015, 117, 065103.
[85]	 L. Huang, G. Han, B. Zhang, D. H. Gregory, J. Mater. Chem. C 2019, 

7, 7572.
[86]	 Y. Luo, S. Cai, X. Hua, H. Chen, Q. Liang, C. Du, Y. Zheng, J. Shen, 

J.  Xu, C.  Wolverton, V. P.  Dravid, Q.  Yan, M. G.  Kanatzidis, Adv. 
Energy Mater. 2019, 9, 1803072.

[87]	 L.-D.  Zhao, G.  Tan, S.  Hao, J.  He, Y.  Pei, H.  Chi, H.  Wang, 
S.  Gong, H.  Xu, V. P.  Dravid, C.  Uher, G. J.  Snyder, C.  Wolverton, 
M. G. Kanatzidis, Science 2016, 351, 141.

[88]	 L.-D.  Zhao, S.-H.  Lo, Y.  Zhang, H.  Sun, G.  Tan, C.  Uher, 
C.  Wolverton, V. P.  Dravid, M. G.  Kanatzidis, Nature 2014, 508,  
373.

[89]	 C.-S. Jiang, R. Noufi, J. A. AbuShama, K. Ramanathan, H. R. Moutinho, 
J. Pankow, M. M. Al-Jassim, Appl. Phys. Lett. 2004, 84, 3477.

[90]	 J. B. Li, V. Chawla, B. M. Clemens, Adv. Mater. 2012, 24, 720.
[91]	 Y.  Yan, C.-S.  Jiang, R.  Noufi, S.-H.  Wei, H. R.  Moutinho, 

M. M. Al-Jassim, Phys. Rev. Lett. 2007, 99, 235504.
[92]	 C. Gayner, Y. Amouyal, Adv. Funct. Mater. 2020, 30, 1901789.
[93]	 J.  Martin, L.  Wang, L.  Chen, G. S.  Nolas, Phys. Rev. B: Condens. 

Matter Mater. Phys. 2009, 79, 115311.
[94]	 X.-L.  Shi, K.  Zheng, W.-D.  Liu, Y.  Wang, Y.-Z.  Yang, Z.-G.  Chen, 

J. Zou, Adv. Energy Mater. 2018, 8, 1800775.
[95]	 C. Chang, M. Wu, D. He, Y. Pei, C.-F. Wu, X. W. u.  , H. Yu, F. Zhu, 

K. Wang, Y. Chen, L. Huang, J.-F. Li, J. He, L.-D. Zhao, Science 2018, 
360, 778.

[96]	 K.  Thompson, D.  Lawrence, D. J.  Larson, J. D.  Olson, T. F.  Kelly, 
B. Gorman, Ultramicroscopy 2007, 107, 131.

 15214095, 2021, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202106858 by Izm
ir Y

uksek T
eknoloji E

nstit, W
iley O

nline L
ibrary on [02/11/2022]. 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


