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Abstract

High-performance semiconductors rely upon precise control of heat and charge transport. This
can be achieved by precisely engineering defects in polycrystalline solids. There are multiple
approaches to preparing such polycrystalline semiconductors, and the transformation of
solution-processed colloidal nanoparticles is appealing because colloidal nanoparticles
combine low cost with structural and compositional tunability along with rich surface
chemistry. However, the multiple processes from nanoparticle synthesis to the final bulk
nanocomposites are very complex. They involve nanoparticle purification, post-synthetic
modifications, and finally consolidation (thermal treatments and densification). All these
properties dictate the final material’s composition and microstructure, ultimately affecting its
functional properties. This thesis explores the synthesis, surface chemistry and consolidation
of colloidal semiconductor nanoparticles into dense solids. In particular, the transformations
that take place during these processes, and their effect on the material’s transport properties
are evaluated.
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Introduction

The synthesis of semiconductor nanoparticles (NPs) with controlled size, shape, composition,
surface chemistry, and crystalline phase has been progressing at an accelerating pace during
the past two decades.’”® This has led to an increasing interest in using them to prepare
nanocomposites, exploiting the properties that emerge at the nanoscale in macroscopic
materials and devices.*¢

Among the different strategies to prepare NPs, solution processing is the one that has shown
the best compromise between yield, cost, and control over the mentioned NP characteristics.
While most reports on solution processed dense semiconducting nanocomposites focus on the
low cost, the ability to control the NPs’ features with high accuracy has been overseen.* As we
presented in our recent perspective article, ‘Solution-Processed Inorganic Thermoelectric
Materials: Opportunities and Challenges’, NPs can be utilized as precursors with well-defined
characteristics (namely of the inorganic core, surface and particle organization) that yield solids
with targeted features upon consolidating at high temperatures and/or pressures (Figure I.1).

NP-based precursor Nanocomposite
with target features

Inorganic core

Surface species

Array configuration

Figure I.1: Conceptual scheme showing different characteristics of the NP-based precursors and the solids with
targeted features that could be obtained.

Colloidal NPs can be considered composed of an inorganic core and surface species, either
organic or inorganic.” The inorganic core defines the most noticeable properties of NPs. For
example, NP size, shape and crystal phase are determined by the inorganic core and, in the
nanocomposite, these properties translate in distinct grain sizes, grain anisotropy and phases.
Besides, the inorganic core of the NPs can be heterostructured or even have metastable crystal
structures allowing the introduction of second phases in the final material or even the presence
of phases not achievable in the bulk.***

Given the large surface-to-volume ratio of NPs, surface species are bound to have a strong
influence on the final material.”” The surface chemistry of the NPs is initially defined by the
syntheses. ‘Surfactant-assisted” syntheses use long, functionalized hydrocarbon surfactants



(ligands) to dissolve the precursors, control nucleation and growth, and to provide colloidal
stability to the NPs.'*'¢ These insulating surfactants remain bound to the NPs after
purification.'”'® Alternatively, they can be exchanged for other ions, complexes or molecules to
further tune the material’s structure and functional properties.””® Otherwise, NPs can be
synthesized by ‘surfactant-free’ methods.”"** In these cases, the surfaces are often considered
‘naked’, and the surface species are ignored. However, excess reagents, solvents and byproducts
can adsorb on the NPs. As a remarkable example, in electrostatically stabilized colloidal NPs,
the adsorption of counterions is unavoidable because the NPs are charged.” If such adsorbates
do not decompose in the processing, they might remain in the dense polycrystalline
semiconductors: inside the crystal lattice, on grain boundaries or forming second phases or
nanoprecipitates.* On top of that, the surface can also be deliberately functionalized, creating
new opportunities to modify the nanocomposite properties.?>*

Finally, the organization of the NPs before consolidation offers a further chance to conduct the
transformation of the NPs and control the structure of the final solid. For instance, prior to the
thermal treatments, NPs could be aligned, organized in layers, or arranged to have long range
order.?®*?" By doing so NP sintering could be guided to achieve texturing, control porosity,
adjust the distribution of second phases or even induce order in the final solids.

The tunability that colloidal NP precursors offer can be exploited to introduce different defects.
Accordingly, by engineering the semiconductor nanocomposites’ microstructure, their
functional properties can be designed ‘on-demand’.* On an atomic scale, point defects in the
lattice can contribute to doping, scattering of short mean free path phonons, and modifying
the bands structure among others. Grain boundaries and complexions, 2D defects, can scatter
charge and heat carriers preferentially. And at last, bulk defects such as secondary phases,
nanoprecipitates and pores play an important role in scattering long mean free path phonons,
can introduce barriers for charge transport, or even have electronic effects. All together these
defects contribute to adjusting the transport of phonons and charge carriers in the
semiconductors. This is particularly relevant for thermoelectric materials; for other functional
materials different properties might be optimized through microstructural control.

As a downside, the transformation of colloidal NPs into bulk nanocomposites is very complex,
and understanding it is a difficult task. First, it involves the preparation of a NP powder:
synthesis, purification steps to isolate them from unreacted species and side products, and
surface treatments. Second, this NP powder needs to be consolidated: thermal treatments and
densification methods are required to yield dense polycrystalline semiconductors (Figure 1.2).
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Figure 1.2: The multiple steps involved from nanoparticle synthesis to the consolidation into dense polycrystalline
solids.

True control of defects through this approach can only be achieved if every one of the steps of
the process from synthesis to consolidation are well understood. This is quite challenging, it
requires in-depth characterization of the NP precursors (both inorganic core and surface) as-
synthesized and after subsequent treatments, the final material (composition, microstructure
and transport properties) and, last but not least, of the physical and chemical transformations
that take place in each step.

This thesis collects works done during the past years where I studied in detail the synthesis and
surface chemistry of different colloidal NPs and further used them as precursors for dense
polycrystalline semiconductors. By controlling some features in the nanocomposite such as
grain size and the presence and distribution of defects and secondary phases, the
semiconductors’ electronic and thermal transport properties were successfully modified.



Chapter 1 - Synthesis and Surface Chemistry of Colloidal
Nanoparticles

The most prominent advantage of using colloidal nanoparticles as building blocks for bulk
nanocomposites is their high tunability of size, composition, morphology, crystal phase, and
surface chemistry. These properties are generally defined during the synthesis and hence it is
crucial to understand how the starting NPs are formed.

Colloidal nanoparticles can be synthesized in solution with or without surfactants. Both
approaches are intensively used to prepare semiconductor nanocomposites. Surfactant-assisted
syntheses use long chain organic ligands to dissolve the precursors, control nucleation and
growth, and provide colloidal stability by binding to the surface of the NPs preventing their
agglomeration (steric stabilization). Besides, surface ligands also affect the particle’s chemical
reactivity and electronic structure, potentially affecting the final nanocomposite.

Alternatively, syntheses that do not rely on surfactants, can yield colloidally stable particles if
they are charged; when colloids of the same charge approach, they are subject to electrostatic
repulsion and cannot aggregate (electrostatic stabilization). When such charged particles are
removed from solution, counterions are co-precipitated to ensure charge neutrality. These
counterions are often part of the semiconductor nanocomposite, altering its charge and heat
transport properties among others.

In this chapter, I first present a study on the synthesis and surface chemistry of sterically
stabilized metal oxide (CeO,., ZnO, NiO, and In,Os) nanoparticles with unexpected surface
chemistry. We investigate the synthesis of metal oxide nanoparticles from metal nitrate
precursors in the presence of oleylamine ligands. Surprisingly, the nanoparticles are capped
exclusively with a fatty acid instead of oleylamine. A detailed analysis of the reaction mixtures
with nuclear magnetic resonance spectroscopy revealed several reaction byproducts and
intermediates that are common to the decomposition of Ce, Zn, Ni and Zr nitrate precursors.
Our evidence supports the oxidation of alkylamine and formation of a carboxylic acid, thus
unraveling this counterintuitive surface chemistry. These findings addressed an important
misconception regarding nanoparticle synthesis with amines, with implications for ligand
exchange and colloid stability.

The second section of the chapter deals with the preparation of polycrystalline SnSe using a
surfactant-free solution synthesis. In this study, we demonstrated that ionic adsorbates (Na*)
are electrostatically adsorbed on SnSe colloidal NPs synthesized in water and play a crucial role
not only in directing the material nano/microstructure but also in determining the transport
properties of the dense consolidated solid. These results 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.

Both studies were published (JACS Au, 2021, 1, 1898—1903; Adv. Mater., 2021, 33, 52,2106858)
and are reproduced here with minor modifications.



1.1 Ligand Conversion in Nanocrystal Synthesis: The Oxidation of
Alkylamines to Fatty Acids by Nitrate

Ligand-assisted syntheses allow preparing colloidally stable nanocrystals (NCs) with controlled
size,*** shape,”* and composition.**' In these syntheses, long-chain aliphatic ligands are
used to dissolve the precursors and control nucleation and growth.">” After the syntheses, some
ligands remain bound to the NC surface providing colloidal stability and determining

44-48

solubility,*** reactivity,*** and electronic structure.*-** Therefore, unveiling the structure and

binding motif of surface ligands is fundamental to understand NC properties,* design ligand

48,55-58

exchange strategies, and envision potential applications.*

In reactions where several organic ligands can bind to the NCs, the surface chemistry is
typically studied in detail by nuclear magnetic resonance (NMR) spectroscopy, e.g., for
CdSe,**¢! PbS,%* and InP**>% NCs. However, in reactions with only one type of ligand, the
NC surface is often assumed to be capped by this particular ligand. Previously, this assumption
was proven wrong, with trioctylphosphine oxide decomposing to phosphinic and phosphonic
acid ligands during the synthesis of several metal oxides.””

In the present work, we disclose an even more extreme example, where alkylamine ligands are
oxidized into carboxylic acids during the synthesis of CeO,.x NCs from cerium nitrate. NMR
has proved to be a powerful tool to understand reaction mechanisms in NC synthesis. For
example, it has been used to explain the reduction of S with amines to prepare metal sulfide
NCs,®® and to unveil the role of H,Se in the formation of CdSe NCs.**”° Here, we use various
NMR techniques to investigate the intermediates and reaction byproducts, and propose a
reaction path that we cross-examine with rigorous control experiments. We further analyzed
the synthesis of other oxide NCs (NiO, ZnO and In,O;) from the corresponding nitrates and



found that the amine undergoes the same reactions. In a typical synthesis, Ce(NOs);-6H,O is
dissolved under vacuum in oleylamine and 1-octadecene forming a complex,
[Ce(RNH>)n(NO3)s].>*”! This complex thermally decomposes, yielding CeO,.« NCs.

200°C
Ce(NOs); - 6H,0 +n RNH, — [Ce(NH,R),,(NO3)5]

300°C
[Ce(NHzR)n(N03)3] _>C€02_x + Nz + NOx +7?

We use here n-octadecane instead of 1-octadecene, due the latter’s tendency for spontaneous
polymerization.”? The purified NCs have a quasi-spherical shape, an average crystallite size of
6.5 nm, and a cubic crystallographic phase with space group Fm-3m (Figure 1.1.1).%7

B)

PDF 01-089-8436

20 (deg)

Figure 1.1.1. A) TEM micrographs of NCs synthetized with oleylamine in octadecane. B) Corresponding X-ray
diffraction pattern of the NCs.

Using X-ray photoelectron spectroscopy (XPS) we determined that the particles have a
composition CeO,74 (Table 1.1.1).”* Furthermore, we performed thermogravimetric analysis of
the NCs and found 15% wt. organics, corresponding to a ligand coverage of 3.3 ligands/nm?,
consistent with values reported for other oxide NCs.*>”> The broad resonancesin the 'H NMR
spectrum of the NCs indicate bound ligands (Figure 1.1.2).¢ However, the broadening also
prevents their identification. To overcome this limitation, we treated the NCs with
trifluoroacetic acid, which strips the original ligands from the surface.>*° The stripped ligands
exhibit sharp resonances consistent with the fingerprint of a fatty acid (Figure 1.1.2). Especially
the a resonance is diagnostic, aligning well with the a resonance of oleic acid (2.4 ppm) and
clearly different from the a resonance of protonated oleylamine (2.7 ppm). The alkene
resonance & of the fatty acid reveals a mixture of cis and trans isomers, similar to that observed
in commercial oleylamine,”” suggesting that the acid is formed from the amine.”



Table 1.1.1. Atomic composition of the samples obtained from XPS

Ligands used/ sample treatment C N (o) Ce Ce™/Ce™  Formula
Dioctadecylamine 78.1 0.98 20.2 0.67 0.55 CeO.7
Hexadecylamine 61.2 0.34 36.8 1.67 0.53 CeO174
Hexadecylamine exposed to air ~ 58.2 0.59 39.1 2.12 0.52 CeO174

Bound ligands

4 9

Stripped ligands

) | Mﬂu
Oleylamine reference

€ al 6 B ||y

A

Oleic acid reference

e

= {

'H & (ppm)

Figure 1.1.2. '"H NMR spectra of purified NCs in benzene-ds, the stripped ligands in CDCl; and the oleylamine
and oleic acid references in CDCl; with additional trifluoroacetic acid added.

We set out to investigate the reaction path leading to the formation of the carboxylic acid. To
avoid the reactivity of the double bond, we replaced oleylamine with hexadecylamine. This also
simplifies the NMR spectra since hexadeylamine has no alkene resonance. The synthesis with
hexadecylamine yields NCs with similar characteristics (size, shape, crystal structure). Also the
NC surface is capped by a fatty acid, in this case palmitic acid (hexadecanoic acid) (Figure
1.1.3).
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Figure 1.1.3. A) "H NMR spectra of ligands stripped from CeO,.x nanocrystals in prepared with hexadecylamine
(blue), protonated hexadecylamine (red) and protonated stearic acid (black) references in CDCls. B) HSQC (black)
and HMBC (red) spectra of the stripped ligand indicating the chemical shifts of the a and  carbon atoms, and C)
COSY spectra of the stripped ligand.

Figure 1.1.4 shows the 'H NMR spectrum of the reaction mixture after completion of the
synthesis. Besides the starting alkylamine and the solvent, twelve additional resonances are
present in the 'H NMR spectrum, labeled A to M in Figure 1.1.4. Using advanced NMR
spectroscopy, we assigned the resonances to six different compounds derived from
hexadecylamine. The reaction mixture contains a secondary aldimine (6, resonances A, G and
K), a terminal alkene (2, resonances B, E and M), an amide (9, resonances D, H and L), an
alcohol (3, resonance F), a nitrile (5, J) and yet unidentified compounds (resonances C, I). The
identification of these compounds was further confirmed by adding either commercial or



synthesized reference compounds to the reaction mixture (spiking experiments). The road map
for the assignments, together with the complete data set, can be found in the published

manuscript.”*

F © " (9] ka2 e O @ ., ::0
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CH R CH, R R CH ‘
R™“OH \CHz)kN/ I Room S R™ N ey on,
A G K
® ] @
Amine
1
C
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Figure 1.1.4. '"H NMR spectrum of the reaction mixture of NCs prepared with hexadecylamine in octadecane after
the completion of the synthesis (in CDCls). The most intense resonance, labeled ‘amine’, corresponds to
hexadecylamine. Resonances C and I could not be assigned.

The scheme in Figure 1.1.5 illustrates our proposed reaction path from the alkylamine ligand
into the different byproducts and intermediates. The different molecules are labeled 1-9, and
color-coded to indicate how these were identified. The amine 1 reacts with nitrates in different
ways. The alkene 2 and alcohol 3 and are expected products for the decomposition of
alkylamines complexed to metal nitrates, as they have been reported for the decomposition of
methylamine and ethylamine copper (II) nitrate complexes.” The high reaction temperature
could also promote the formation of the alkene 2 by p-elimination of the amine 1 under basic
conditions.” However, in control experiments with oleylamine and NaNOs in octadecene the
amine did not react suggesting that the formation of the alkene does not proceed through a

simple elimination.

The formation of the other identified byproducts involves the oxidation of the amine group.
For the formation of the secondary aldimine 6 and the nitrile 5, we proposed an intermediate:
the primary aldimine 4. We hypothesize that 1 is oxidized to 4 by nitrate. Then, 4 can be further
oxidized to the nitrile 5, which is observed in the reaction mixture.* Furthermore, the primary
aldimine 4 can condense with a second equivalent of amine 1 forming the more stable
secondary aldimine 6.2** Aldimine 6 is observed in the reaction mixture and is also a common
byproduct of the synthesis of nitrides.** The formation of 6 entails the evolution of ammonia,
which we detected in the gas phase. The intermediate 4 cannot detected in the reaction mixture
(Figure 1.1.4), which we attribute to the low stability of primary aldimines.** For the formation
of the carboxylic acid 8 and the amide 9, we propose aldehyde 7 as intermediate. This aldehyde
is the oxidation product of the alcohol 3,*% or could be obtained by hydrolysis of either



aldimine with adventitious water.* The aldehyde 7 is further oxidized to the carboxylic acid 8.
Finally, the carboxylic acid 8 either binds to the NC surface or condenses with amine 1 to form

amide 9, explaining the absence of free carboxylic acid in the mixture.*® Aldehyde 7 was not
detected in the mixture but it appears as a logical intermediate. At the reaction temperature, it

easily reacts with amine 1, forming the secondary aldimine 6.

(2] 5]

R R-C=N
NH; ‘
M(NO;),(RNH,), 0
+ @ — »
R” NH,
i R”NH
G, rdHa H2C) /, 2
R” O OH NHf/
y © )
N
R/\N/\R
OH @ B Identified in reaction mixture

/g (liquid phase)

R O B (dentified in reaction mixture
(gas phase)
P
0O R”"NH; M |gentified on the NC surface
2
(@) @ Proposed intermediates
PN
R N R
H

Figure 1.1.5. Proposed reaction path for the formation of carboxylic acid through the oxidation of alkylamines by
nitrate

Further insights into the chemical transformations were obtained by analyzing aliquots of the
reaction mixture taken at different reaction temperatures during the heating up process
(Figures 1.1.6 and 1.1.7).
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No nanocrystals
below 200°C

Figure 1.1.6. TEM micrographs of NCs found in aliquots taken at different times. The samples shown here are
the same samples studied by NMR. No NCs were observed in aliquots taken below 200 °C. The reaction mixture
changes color upon heating up from a light brown suspension at low temperatures to a dark brown solution and
stops changing color at 240 °C. The NCs continue to grow until 300 °C.

We analyzed the aliquots by '"H NMR and by transmission electron microscopy (TEM) to
correlate the synthesis of the identified byproducts with the formation of the CeO, NCs. We

observed that at 100 °C the secondary aldimine 6 is already present, before any NCs and other
bypodructs are formed (Figure 1.1.7).

> F
300°Cc | h , m R/CHz\OH
270°Cc | A m . m \ S
250°C | __A o aa AL s @
d—//‘
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Figure 1.1.7. '"H NMR spectra of aliquots of the reaction mixture in CDCl; taken at different temperatures during
the heat-up. Broad resonances correspond to Ce(III) complexes.

-11-



This observation indicates that the formation of the secondary aldimine precedes the oxidation
of the amine to alcohol, aldehyde, and carboxylic acid, and suggests that these molecules are
formed through an independent path as proposed in Figure 1.1.5. The amide 9, the alkene 2,
and the alcohol 3 appear only in measurable concentrations above 200 °C when the complex
starts decomposing, indicated by strong gas evolution and a darkening of the solution. These
changes happen simultaneously with the formation of the NCs, as revealed by TEM (Figure
1.1.6). As the temperature increases to 300 °C, the NCs grow, but no new resonances appear in
the '"H NMR spectrum of the reaction mixture (Figure 1.1.7), supporting the hypothesis of
nitrate directly oxidizing the amine to alkene and alcohol. To validate the proposed reaction
path, we studied the synthesis of CeO,x NCs using a secondary amine. NCs are still formed
with N,N-dioctadecylamine and they have a quasispherical shape and similar size to those
prepared with oleylamine. However, the second N-substituent on the ligand has two effects on
the reaction path. Firstly, the oxidation of the secondary amine immediately results in the
stable, secondary aldimine 6. Since the primary aldimine 4 is not formed, oxidation to nitrile is
prevented.

Secondly, N,N-dioctadecylamine has a more basic leaving group (pKyNH;> pKyNH,R) and
more steric hindrance than hexadecylamine. This severely hinders the formation of elimination
and substitution products such as alkenes and alcohols. Indeed, we observe only a significant
amount of secondary aldimine 6 in the reaction mixture with N,N-dioctadecylamine.
Furthermore, the resulting NCs are capped by amine. To verify that the NCs synthesized with
N,N-dioctadecylamine are acid-free, we studied the surface of the particles with XPS. Whereas
the carboxylate features are clearly identified in the NCs synthesized with hexadecylamine, the
ones synthesized with dioctadecylamine are acid free (Table 1.1.1). Despite the difference in
surface chemistry, the change in the ligand used does not affect NCs’ stoichiometry, which was
determined to be CeO.7s. The fact that we do not observe the fatty acid or the amide in the
reaction mixture suggests that hydrolysis of the secondary aldimine 6, is negligible under these
conditions. Thus, the aldehyde 7 is most likely the direct oxidation product of the alcohol 3,
and the secondary aldimine does not react further to form the acid or amide.

Finally, to prove the generality of these results, we verified that the oxidation of amines by
nitrate is not exclusive to the synthesis of CeO,« NCs. We decomposed Ni, Zn, Zr and In
nitrates in the presence of alkylamines and to form NiO, ZnO and In,O; NCs, and colloidally
unstable ZrO; particles and found that in all cases, the composition of the reaction mixture is
the same as for CeO,. and that, at least for ZnO NCs, the ligand shell is also composed only of
carboxylic acid (Figure 1.1.8).
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Figure 1.1.8. (A-C) XRD patterns of NiO, ZnO and ZrO, formed by the decomposition of the corresponding
nitrates. (D) "H NMR spectra of the reaction mixtures with Zr, Ni, Ce and Zn nitrate precursors in CDCL. (E) 'H
NMR spectra of ligands stripped from ZnO NCs together with an oleic acid reference spectrum.
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While there is precedent for alkylamines showing reactivity in NC synthesis (besides their
function as ligand), the chemistry shown here is unique. Alkylamines have been used as
reducing agents,®% % or as a source of ammonia.®” Certain side reactions were reported, such
as the oxidation to nitriles,***® or the condensation with carboxylic acids.*® However, none of
these previously reported transformations yielded byproducts with high binding aftinity for the
NC surface. In this work, we show that alkylamines are oxidized by nitrate to carboxylic acids,
thus producing in situ another potential ligand. This transformation completely alters the final
NC surface chemistry since the ligand shell is only composed of carboxylate due to the higher
binding affinity of carboxylates to metal oxide NCs, compared to amines.*

In summary, we scrutinized the synthesis of metal oxide NCs from metal nitrates in the
presence of alkylamine ligands and revealed the oxidation of these amines with a
comprehensive reaction scheme. We further proved that these reactions lead to the formation
of carboxylic acids, which bind tightly to the NC surface, acting as the only capping ligand.
Other NCs like metals and metal nitrides are also often synthesized from metal nitrates.
Therefore, our current results might be relevant to understand these systems too.

The current section was adapted from the cited publication (JACS Au, 2021, 1, 1898—1903).

Experimental details and supporting information that were not included in this chapter can be

found there.
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1.2 The Importance of Surface Adsorbates in Solution-Processed
Thermoelectric Materials: The Case of SnSe

SnCl,-2H,0 + NaOH Se + NaBH,
. " ,
Arfactant-free

synthesis

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 = §* 0 ' T, that combines Seebeck
coefficient (S), electrical conductivity (o), thermal conductivity («x) and temperature (7).*

Thermoelectric materials are often dense, polycrystalline inorganic semiconductors. 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
prepare powders among the thermoelectric community is through high-temperature reactions
and ball milling.”® Alternatively, solution methods to produce powders with much less
demanding conditions (e.g. lower reagent purity, lower temperatures, shorter reaction times)
have been explored to reduce the production costs.*”> These methods also provide
opportunities to produce particles with better-controlled features, such as crystallite size, shape,
composition, and crystal phase, which allow modifying the properties of the consolidated
material.>'** Lastly, solution processing facilitates device fabrication versatility, including
flexible, conformable, and rigid modules with customized geometries.**> To date, solution
synthesis has enabled the production of several materials with state-of-the-art performances,
as is the case of PbS,” BiosSbisTes” Bi;Tes.Sey,”” and SnTe,” demonstrating the potential of
this strategy.

However, when dealing with powders produced in solution, one should pay special attention
to potential undesired elements coming from the reactants present as surface adsorbates.” 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” and the consequent detrimental effects on thermoelectric performance.” In
those cases, the surfactants have to be removed to enhance the electrical conductivity. The most
common strategy to do so is thermal decomposition.”'*** Alternatively, surfactants can be
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exchanged with volatile compounds'®

or even inorganic species® that can further tune material
properties.”>*®!! Conversely, the presence of surface adsorbates is usually neglected in the case
of the so-called surfactant-free methods,’»!*>!'* the most widely used to produce thermoelectric
powders in solution. The vast majority of reports dealing with surfactant-free synthesis do not
consider any surface treatments since the particles are considered ‘naked’.''>!'>!'¢ This is a
misconception since different species might be adsorbed on the particle surface, depending on
the particle composition and surface termination.>*!7-'* 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.

The table below shows the most common reactants to synthesize SnSe powders in solution that
lead to state-of-the-art performance (Table 1.2.1). SnSe particles are usually prepared in polar
media (water or ethylene glycol, EG) using SnCl, and Se, SeO,, or Na,SeO; as precursors.
Additionally, redox agents and acids or bases are used. Generally, these are Na salts, as
highlighted in red in Table 1.2.1.

Table 1.2.1. Summary of the state-of-art thermoelectric performance of p-type doped polycrystalline SnSe
prepared by consolidating solution-processed particles. The table includes the nominal composition of the
consolidated material as reported by the authors, the reactants used, and peak zT values (zTma). I’ (parallel) and
‘L’ (perpendicular) denote the direction with respect to the pressing axis in which the zT was measured.

Material Precursors, solvent e

SngesGagosSe!? SnCl,-2H,0, GaCls, NaOH, Se, H,O 22 (873K, 1)
Sng9sPbo.o1ZnoSe'” SnCl,-2H;0, PbCl,, ZnCl,, NaOH, Se, H,O 22 (873K, 1I)
SngosSe'” SnCL-2H,0, NaOH, Se, H,O 2.1 (873K, 1)
Snoo;Geo:Se” SnCl-2H,0, Gely, NaOH, Se, H,O 2.1(873K, 1)
SnpesPbpoiSe-Se QDs'*  SnCl,-2H,0, PbCl,, NaOH, Se, H,O 2.0(873K, 1)
Sng.96Pbo.01 Cdo.o3Se'™ SnClL-2H,0, PbCl,, CdCl,, NaOH, Se, H,O 1.9 (873K, II)
Sno.945Cdo.0235€e™! SnClL-2H,0, CdCl,, Na,SeO;, NaOH, EG 1.7 (823 K, II)
SnSe-4%InSe,'** SnCL-2H,0, InCl;-4H,0, Na,SeO;, NaOH, EG 1.7 (823K, II)
SnSe-1%PbSe!% SnCl,-2H,0, PbCl,, NaOH, Se, H,O 1.7 (873K, II)
NaOH-Sn,;_,Se!° SnCl,, Na,SeO;, NaOH, EG 1.5(823K, 1)
S s5:Cuo.11sSe™ SnCl,-2H;0, CuCl,, Na:SeOs, NaOH, EG 1.4 (823K, 1)
SnSe-15%Te NWs'? SnCL-2H,0, NaBH,, NaOH, Se, H,O 1.4 (790K, 1)
SngesSe! SnClL-2H;0, Na.SeOs;, NaOH, EG 1.4 (823K, 1)
SnSeq90Teg ' SnCL-2H,0, Na.SeOs, Na,TeO;, NaOH, EG 1.1 (800K, 1)
SngesCupoiSe'® SnCl,-2H,0, CuCl, NaOH, Se, H,O 1.2 (873K, II)

Snseosso.lm

SnC12-2HzO, NaZS, NaBH4, NaOH, Se, Hzo

1.16 (923 K, 1)

-16-



We selected the simplest and most cost-effective synthetic method, which uses ambient
pressure and water as the solvent,'"* as a prototypical reaction. In the chosen procedure, NaBH,
is first dissolved in water, and Se powder is slowly added to form HSe". In parallel, NaOH and
SnCl-2H,O 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 it is kept under reflux for two additional
hours. The as-synthetized particles are purified by precipitation/redispersion alternating water
and ethanol and then dried under vacuum overnight at room temperature. Afterwards, the
powder is annealed in forming gas (5 % H, in N,, 1 bar) to remove oxides species.'* Finally, the
annealed powders are consolidated 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 and scanning electron microscopy (SEM) to evaluate the material
morphology (Figure 1.2.1).

H,O / EtOH
N ] ~14 g per batch [ |
3 > 93% yield /
—l —p
G- -
| \r i
A Particle synthesis  Particles purification Drying Annealing Consolidation Slicing

B Sintered pellet C urified particles . Anled pwr Sintered pellet
I Wi | - ” ’3‘ . N e A N |
. Co D e - X \ 3 F

‘u Annealed powder
Vg oamee

h Purified particles

PDF 00-048-1224
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. lll |
20 30 40 50 60 ||k
26 (deg)

Figure 1.2.1. A) Scheme of the processing steps of SnSe pellets. B) XRD patterns of initial SnSe particles, annealed
powder, 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.

We started this study by characterizing the as synthesized particles. SEM and transmission
electron microscopy (TEM) images show that the particles have a rectangular shape with an
average lateral size of ca. 150 + 50 nm (Figure 1.2.1.C and Figure 1.2.2.A). High-resolution
TEM (HRTEM) analysis confirmed the SnSe orthorhombic structure (space group Pnma) with
lattice parameters a=11.52 A, b=4.16 A, and c=4.43 A. 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 and revealed the presence of Na (Figure
1.2.2.B).
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Figure 1.2.2. A) Bright-field TEM micrograph of several SnSe particles, HRTEM micrograph of the particle
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 promote charge neutrality.

The Na to Sn ratio determined by X-ray photoemission spectroscopy (XPS, Figure 1.2.3) is four
times larger than that obtained from EDS, suggesting 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 3ds, and 3ds, emission peaks of Se in two
different oxidation states. Se*”, 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. We
speculate that these species are polyselenides (Se,*”) formed by partial oxidation of the particle

127-

surface during washing, as observed for Cu,Se nanoparticles.'”~'* During the synthesis, Na*
ions compensate the charge of the reactive ions (OH™, BH4~, HSe", efc.) but should not react
based on their chemistry.'”® Therefore, we propose 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 1.2.2.C) consistent
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with their Se-rich surface. Based on the electric double layer description, the negatively charged
SnSe particles are surrounded by an immobile layer, the Stern layer, of cations (Na*) and a
second layer of loosely bound ions, the diffuse layer, composed mostly of cations (Na*) and
some anions (OH~, HSe")." 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 1.2.2.D). Furthermore, compositional analysis with inductively coupled
plasma - optical emission spectroscopy (ICP-OES) and EDS revealed that the pellets have ca.
1.6 at% Na. Such a large Na content, beyond its solubility limit,"*! confirms that Na*ions are
adsorbed on the particle surface.

Se 3d

A

Intensity (a.u.)
Intensity (a.u.)

1077 1074 1071 1068 1065 60 57 54 51 48
Binding Energy (eV) Binding Energy (eV)
B . N1S Se 3d

Intensity (a.u.)
Intensity (a.u.)

408 405 402 399 396 393 60 57 54 51 48
Binding Energy (eV) Binding Energy (eV)

Figure 1.2.3. High resolution XPS spectra obtained from A) Na-SnSe particles and B) MesN-SnSe particles,
respectively, high-resolution spectrum of Na 1s, Se 3d for Na-SnSe (A) and N 1s, Se 3d for Me,N-SnSe (B).

We studied the pellet's microstructure using atom probe tomography'*>'** (APT) and STEM
(Figures 1.2.4 and 1.2.5) to determine the distribution of Na in the sintered material. Figure
1.2.4 shows the 3D distribution of Na in the pellet illustrated by the 2.0 at% Na isocomposition
surfaces. These contour plots delimit the areas where the concentration of Na is > 2 at%."** 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,'® and iv) in

nanoprecipitates.
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Figure 1.2.4. 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. D) Composition profile across a
precipitate.

The large number of dislocations observed by TEM can be correlated to the large amount of Sn
vacancies in the particles and the annealed powder.** Upon annealing, these vacancies diffuse,
creating vacancy aggregates of lower energy that collapse into dislocations.”*’** The
composition profile along a dislocation line in Figure 1.2.4.A 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 segregation.**!*! Moreover, the large
number of defects in polycrystalline SnSe provides heterogeneous nucleation sites for
precipitation,'**** explaining the presence of Na-rich precipitates within the grains, at the
dislocations, and in grain boundaries (Figure 1.2.4)."*> However, we could not identify the Na-
rich phase's exact composition nor crystal structure due to its high air sensitivity, ease of
oxidation, and instability under the electron beam.
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Figure 1.2.5. TEM images representing cross-sections of SnSe pellets. General view (top), together with the
corresponding STEM-EDX 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) MesN".

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: Me,NBH, and Me,NOH, instead of NaBH, and NaOH. Following
the same synthetic and purification process, we obtained pure phase SnSe particles (Figure
1.2.6), referred to as Mes;N-SnSe. XPS analysis of MesN-SnSe particles revealed N 1s emission
peaks which can be assigned to tetramethylammonium (Figure 1.2.3).2* None of the elemental
analysis techniques used detected Na. Similar to Na-SnSe, MesN-SnSe particles show a negative
surface charge (zeta potential = -23 + 5 mV). Based on the above, we conclude that the charge
balancing ions are Me,N* as depicted in the scheme in Figure 1.2.5B. We verified the
decomposition of adsorbed Me,N* by in-situ mass spectrometry analysis, which confirmed the
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complete desorption of the organic species at the annealing temperature used, 500 °C, in
accordance with previous works."”” However, by APT and Raman spectroscopy, we detected
minor traces of N and C in the final pellet . XRD patterns of the Me,N-SnSe particles, annealed
powder, and final pellet show the same diffraction peaks as Na-SnSe (Figure 1.2.6).
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Figure 1.2.6. A) XRD patterns of as-synthesized Me,N-SnSe particles, annealed powder and sintered pellet along
out of plane direction. The inset shows the crystal structure of orthorhombic SnSe. B) the corresponding
representative SEM micrographs.

Although both synthetic strategies yield SnSe particles with analogous structural properties, the
average grain size of the final pellet is much smaller for Me;N-SnSe than for Na-SnSe (Figure
1.2.5) 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 difference in
the microstructures. Firstly, when using MesN*, the aqueous synthesis already yields smaller
SnSe particles. While the counterions have the same charge, they differ significantly in size,
Me,N* having a radius of 322 pm and Na* 98 pm. The larger size of MesN* allows a smaller
number of Mes;N* to fit in the Stern layer, increasing the electrostatic repulsion between the
particles and therefore yielding smaller particles.'*® Moreover, during the thermal processing,
the Se-rich surface reacts with Na producing sodium polyselenides (Na,Sex), which through
melting provide a capillary force that pulls the grains together."**'* Finally, the liquid phase
facilitates atomic diffusion between the grains and grain growth.'®® The presence of low melting
point Na,Se, phases as grain growth promoters has been previously reported in chalcogenide
solar cell absorbers.””’** In the case of MesN-SnSe, MesN* decomposes into volatile species
upon annealing,'* circumventing the formation of Na,Se, and its effects in grain growth during
the thermal processing.
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The presence of different cations during the material processing also influences the nature of
the grain boundaries. STEM-EDS analysis across grain boundaries (Figure 1.2.5) shows Na-
rich grain boundary complexions in Na-SnSe while Me;N-SnSe has clean interfaces.

We evaluated the effects of the Na-SnSe and MeN-SnSe distinct microstructure and
composition in the transport properties, by measuring the electrical conductivity and Seebeck
coefficient of the respective pellets from room temperature until 833 K (Figure 1.2.7). The
measurements were performed both in the direction parallel and perpendicular to the pressing
axis. Here, we exclusively discuss the properties in the direction parallel to the pressing axis.
Measurements in the perpendicular direction show the same trends and can be found original
publication.”
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Figure 1.2.7. A) Electrical conductivity, o; B) Seebeck coefficient, S; C) power factor, PF; D) thermal conductivity,
k; Na-SnSe, Me,N-SnSe, and Me;N-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!®>10710911L120.12L155 4 5 d black
dots from solid-state synthetic methods,'?>**1*18 jncluding single crystals.'**'®° The dashed line was calculated
using a multiple band model.'*! 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 Er indicate the conduction band minimum, valence band maximum, and
Fermi level, respectively.

Na-SnSe has higher electrical conductivity than Me,N-SnSe over the whole temperature range.
Hall effect measurements revealed this difference is caused by the three orders of magnitude
higher hole concentration of Na-SnSe, ~2.3 x10" cm?, than MesN-SnSe, ~2.8 x10'° cm™. Na is
frequently used as a p-type dopant in SnSe due to its tendency to replace lattice Sn**.1°#13%1¢2 [n
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Na-SnSe samples, part of the Na diffused into the crystal lattice (Figure 1.2.4), either during
the particle synthesis or through the consecutive thermal processes to produce the pellet, thus
explaining the high carrier concentration measured.

The electrical conductivities of both Na-SnSe and MesN-SnSe show a thermally activated
behavior, typical of polycrystalline SnSe.*>!97:156:163 We calculated the weighted mobilities (uw)
from the Seebeck coefficient and electrical conductivity values'** to understand the underlying
transport phenomenon. In the low-temperature range, the increase of mobility with
temperature indicates the presence of energy barriers at the grain boundaries.'*>'% The barrier
height (Ey; 0 c T exp(—Ew/ksT)) for the Na-SnSe sample (~172 meV) is more than double
that for the Me,N-SnSe (~75 meV). This is also consistent with Na-SnSe lower hall mobility at
room temperature, ca. 2.3 cm*V''s' versus ca. 21.2 cm?’V's' for Me;N-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 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'®* in Figure 1.2.7.E. The plot
reveals that not only our Na-SnSe sample but also many other solution-processed SnSe (half-
filled green symbols)!0210710%11L120.12L155 haye Seebeck coefficients exceeding the value expected,
a tendency not observed in Na-doped solid-state synthesized SnSe (black open symbols,'?>!?15¢-

158 including Single CI'YStaISI”’MO)'

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 content 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,”! resulting in partial
segregation of Na forming Na-rich dislocations, grain boundaries, and nanoprecipitates
(Figures 1.2.4 and 1.2.5). Kelvin probe force microscopy (KPFM) measurements of the surface
potential across Na-rich grain boundaries in the Na-SnSe sample revealed charge
accumulation and downward band bending at the grains interface (Figure 1.2.7.F).1*”!%® These
results suggest that the Na-rich interfaces act as potential barriers,'*”'** filtering low energy
holes and enhancing the Seebeck coefficient.'®'"! In contrast, for MesN-SnSe, which has no
detectable secondary phases at the grain boundaries (Figure 1.2.5), the Seebeck coefficient fits
the value expected by the calculated Pisarenko relation (Figure 1.2.7.E).

To better understand the role of excess Na, we developed a doping strategy using Me;N-SnSe
particles and adding Na* after particle purification. This strategy allows us to control the Na
concentration in the final material. We adjusted the content of Na* to have carrier
concentrations comparable to those obtained for Na-SnSe, but significantly lower content of
Na, =1%. The Na-doped MesN-SnSe sample, named Me;N -SnSe + Na shows a trend for the

-24-



electrical conductivity similar to Na-SnSe, with carrier concentration of ca. 10" cm™, yet lower
Seebeck coefficient (Figure 1.2.7.B) at low temperatures. The room temperature Seebeck
coefficient of MesN -SnSe+Na fits perfectly with the values expected from the Pisarenko
relation calculated using a multiband model (Figure 1.2.7.E, red rhombus), indicating no
energy filtering effects in this sample.

Despite the significant difference in the microstructures, the three samples (Na-SnSe, MesN-
SnSe, and Me,N-SnSe + Na) have very similar lattice thermal conductivity (Figure 1.2.8). 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 zT is doubled for Na-SnSe
compared to MesN-SnSe. By increasing the carrier concentration by carefully adding Na after
the MesN-SnSe particle synthesis, the resulting MesN-SnSe + Na sample shows slightly inferior
zT than Na-SnSe. We attribute this to a favorable energy filtering effect in Na-SnSe compared
to Me,N-SnSe + Na. However, to estimate the ideal degree of filtering, further work is

necessary.
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Figure 1.2.8. Thermoelectric properties of Na-SnSe (black) and Me,N-SnSe (blue) measured in perpendicular
direction: A) electrical conductivity, g; B) Seebeck coefficient, S; C) power factor, PF; D) thermal conductivity,
Kiota; E) lattice thermal conductivity, «;; and F) figure-of-merit, zT.

We investigated the role of surface ion adsorbates in polycrystalline SnSe produced from
surfactant-free SnSe particles. We found that when incorporating Na salts in the reaction
mixture, Na* ions are electrostatically adsorbed on the particle 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 properties. In the sintered pellets, Na is present within the matrix,
in dislocations, precipitates, and forming grain boundary complexions. Due to the tendency of
Na* to occupy Sn** sites, Na-SnSe samples exhibit high carrier concentrations. Moreover, the
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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 limited 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 temperature, for n-type SnSe, zT is much
lower than half of the highest reported value (zT of 1.1 for solution-processed material
compared to 2.8 for single crystal).'”>'”* 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.

The current section was adapted from the cited publication (Adv. Mater. 2021, 33,52, 2106858).
Experimental details and supporting information that were not included in this chapter can be

found there.
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Chapter 2 - Transformation of Nanoparticle-Based Precursors

The examples presented in Chapter 1 illustrate that we require a comprehensive understanding
of the synthesis and surface chemistry to use nanoparticles as precursors for solids with targeted
features. However, even if those details are known, it might not be possible to establish
relationships between the characteristics of the nanoparticle precursor and the properties of
the consolidated solid, since the precursors generally undergo transformations upon
processing. Chapter 2 deals with such transformations.

In the first section of this chapter I present the results of work I coauthored concerning surface
engineering of the electrostatically stabilized colloids presented in 1.2. In particular, SnSe
nanoparticles synthesized in solution are coated with CdSe and PbS molecular complexes that
crystalize during the transformation of the powders into the dense nanocomposites. The
presence of CdSe on the surface inhibits grain growth of SnSe by pinning the boundaries,
counteracting the effect of the residual Na impurities on the grain size and yielding a material
with a high density of grain boundaries. The resulting SnSe-CdSe nanocomposites present
multiple defects at different length scales, which significantly reduce the thermal conductivity
and enhance the material’s thermoelectric performance.

The second section of this chapter includes a study of the transformation of sterically stabilized
nanoparticles into nanocomposites. Given that cesium lead halides have intrinsically unstable
crystal lattices and easily transform between perovskite and non-perovskite structures, we
explore the conversion of the perovskite CsPbBr; into Cs;PbBrs in the presence of PbS at
450 °C to produce doped nanoparticle-based composites with embedded CssPbBrs
nanoprecipitates. We show that PbBr, is extracted from CsPbBr; and diffuses into the PbS
lattice with a consequent increase in the concentration of free charge carriers. This work
exemplifies how the transformation of nanoparticle-based precursors plays an important role
in defining the properties of the final nanocomposite. As this transformation is understood it
can be exploited, for instance, as a new doping strategy for adjusting the density of charge
carriers between 10" and 10* cm?, the range where PbS shows its best thermoelectric
performance.

Both studies were published (ACS Nano, 2022, 16, 1, 78-88; ACS Energy Lett., 2021, 6, 2, 581-
587) and are reproduced here with minor modifications.
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2.1 Defect Engineering in Solution-Processed Polycrystalline SnSe
Leads to High Thermoelectric Performance
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The efficient conversion of heat into electricity by thermoelectric materials necessitates high
electrical conductivity (o), high Seebeck coefficient (S), and low thermal conductivity (k). A
tradeoff between these strongly interrelated properties to optimize the performance of
thermoelectric materials entails tuning the electronic structure and the charge and phonon
scattering mechanisms.*%!74173

Zhao et al. discovered in 2014 that SnSe has an outstanding thermoelectric performance,
originating an outburst of research on the material."’'® The highest thermoelectric figure of
merit (zT=08Tk ") obtained to date in p-type SnSe is ~2.6 at 650 °C along the b-axis in pristine
SnSe single crystals;'®® and ~2.8 at 500 °C along the a-axis in Br-doped n-type SnSe single
crystals.'”? Despite their outstanding performance, the high cost and stagnant production of
single crystals, together with their poor mechanical properties, limit the large-scale use of SnSe
in thermoelectric devices.””® A potential solution is shifting to polycrystalline SnSe-based
materials; however, polycrystalline SnSe suffers from lower thermoelectric performance, due
to oxidation allegedly leading to higher thermal conductivities,'®* partial loss of anisotropy
diminishing electrical conductivity, and imprecise control of the doping level.'*>'#

Different approaches to overcome these limitations include reduction of oxide species;'*>'®

liquid-phase compaction'?® and hot deformation processes that promote texture;'* and doping
control with different alkali (K, Na, Li)"®“"*'® and transition metals (Ag, Cu, Zn,
Cd).1oa109114121188-190 - Additionally, approaches to further enhance the performance of
polycrystalline materials have been scrutinized, such as alloying with SnS,'! Pb,'* Ge®* and the
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introduction of different nanofeatures such as nanopores or nanoprecipitates (i.e. InSey,'?

AgSnSe.,'?? PbSe,'* AgsSnSes'”).

Herein, we report a simple and scalable synthesis to produce SnSe-CdSe nanocomposites based
on the aqueous synthesis of SnSe particles and their surface treatment with CdSe molecular
complexes. Such surface treatment allows engineering of the material microstructure
promoting defect formation at all length scales. In particular, during the processing, CdSe
complexes crystallize, forming CdSe nanoparticles (NPs) at the surface of SnSe particles. CdSe
NPs hinder grain growth during consolidation yielding a material with a high density of defects
at multiple scales (point defects, dislocations, planar defects, and nanostructures). The presence
of CdSe NPs together with the significantly higher defect content in the nanocomposite result
in a reduction of the thermal conductivity by 2-fold with respect to bare SnSe produced with
untreated SnSe particles. Overall, the strategy presented here produces inexpensive and highly
stable polycrystalline SnSe with a zT of ca. 2.2 at 786 K.

SnSe particles were synthesized in water, using selenium and tin chloride as precursors.'* The
obtained SnSe particles were purified to remove unbound ionic impurities by washing them
with water and ethanol. To produce the dense SnSe polycrystalline solids, the purified particles
were dried under vacuum, annealed in forming gas (5 % H, in N;)"**'® at 500 °C, and
consolidated into cylindrical pellets through spark plasma sintering. In the case of SnSe-CdSe
nanocomposites, SnSe particles were first treated with CdSe molecular complexes (x: nominal
Cd/Sn ratio; x= 1, 2, 3 and 4%) in N-methyl formamide for 48 h, then washed, dried and
annealed. The CdSe solution was prepared by dissolving stoichiometric amounts of CdO and
Se powder in mixture of ethylenediamine and 1,2-ethaneditiol (Figure 2.2.1)."** On the basis of
previous studies of hydrazinium-based CdSe solutions, we hypothesize that the molecular
solute is composed of a variety of chalcogenidocadmates such as (Cd,Ses),* or CdSe,*.!9*1%
The originally intense orange CdSe solution becomes more clear after the treatment, indicating
the adsorption on the SnSe particles. The complete material fabrication process is illustrated in
Figure 2.2.1.
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Figure 2.2.1. Scheme of the fabrication process of SnSe-CdSe nanocomposites. (1-3) Aqueous synthesis and
purification of SnSe particles; (4) preparation of CdSe molecular solution (CdSe ink); (5) blending the CdSe ink
with SnSe particles; (6) purification of the CdSe surface-treated SnSe particles and SnSe-CdSe powder vacuum
drying; (7) annealing; (8) spark plasma sintering (SPS) for producing cylinders (¢ = 8.6 mm x h = 12 mm); and
(9) slicing for transport measurements.

A .
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Figure 2.2.2.A shows scanning electron microscopy (SEM) images of the pellets obtained from
SnSe-x%CdSe particles with different content of CdSe. In the presence of CdSe, the sintered
materials develop smaller crystal domains than bare SnSe despite all samples having similar
densities. In the case of a CdSe content lower than the estimated to coat the whole SnSe particles
(ca. 1 mol %) the resulting samples present large grain sizes, but still smaller than untreated
SnSe. Above 2 mol %, the final grain size of the pellets is practically the same regardless of the
CdSe content.
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Figure 2.2.2. A) Representative SEM images of the pellets obtained from SnSe-x%CdSe (x= 0, 1, 2, 3, and 4)
particles. B) the corresponding XRD patterns in the direction perpendicular to the pressing axis including the
SnSe reference pattern PDF 00-048-1224.

X-ray diffraction (XRD) data showed no evidence of the presence of secondary phases in any
of the nanocomposite (Figure 2.2.2 B). Moreover, the grain size of the nanocomposites is stable
and hardly changes after the consolidation step, as observed in the structural analysis of the
pellets subjected to further thermal treatment such as the heating and cooling cycles from room
temperature to 823 K carried out during the transport measurements (Figure 2.2.3). These
results evidence the high grain size stability of these materials.
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Figure 2.2.3. SEM images of the SnSe-3%CdSe materials at the different stages of the process. Top: as-synthesized
SnSe particles, surface treated (3%CdSe) particles, and annealed SnSe-3%CdSe nanopowder. Bottom: the
corresponding consolidated SnSe-3%CdSe pellet, the annealed SnSe-3%CdSe pellet, and the SnSe-3%CdSe pellet
after the heating and cooling cycles of the transport measurements.

To understand the mechanism that inhibits grain growth in the presence of CdSe, we analyzed
the bare SnSe and SnSe-3%CdSe samples after surface treatment, annealing, and consolidation
(Figure 2.2.4). SEM images indicate that the particle morphology is barely affected by the CdSe
surface treatment. Differences appear between the CdSe treated and the untreated samples
upon annealing. Even though grain coarsening occurs in both materials during annealing, the
average grain size of bare SnSe increases from 150 + 50 nm to 680 + 400 nm, which is 2.5 times
more than that in the presence of CdSe. The difference in grain sizes is more evident after the
pressure-assisted sintering step through spark plasma sintering (45 MPa, 500 °C). In the
presence of CdSe, grain growth is hindered, resulting in relatively smaller crystal domains
(Figure 2.2.4.A) and, consequently, in a higher volume fraction of grain boundaries for the
SnSe-CdSe nanocomposites compared to bare SnSe. SnSe samples have an average grain size
of ca. 3.5 = 3.0 um while SnSe-3%CdSe nanocomposites display grain sizes of ca. 0.3 £ 0.1 um
as shown by electron backscattering diffraction (EBSD) inverse pole figure maps (Figure
2.2.4.B).
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Figure 2.2.4. A) SEM images of SnSe particles, the corresponding annealed powder, and the consolidated pellet
without (top, black) and with (bottom, blue) the CdSe-surface treatment. B) EBSD inverse pole figure maps for
bare SnSe (left) and SnSe-3%CdSe (right) pellets; insets show the grain size histograms.

The sintering process of surface-treated SnSe particles involves the crystallization of CdSe
complexes into CdSe NPs."”® Control experiments revealed that the complete crystallization of
CdSe complexes occurs at 350 °C, yielding ca. 4 nm CdSe NPs. At this same temperature,
untreated SnSe particles hardly show any difference in grain size compared to the as-
synthesized SnSe particles. Considering that the CdSe crystallization temperature is unaffected
by the presence of SnSe particles, we conclude that at 350 °C, there is a homogeneous
distribution of CdSe NPs at the surface of SnSe particles.'”” On the basis of the CdSe and SnSe
average particle sizes, we estimate that CdSe NPs cover approximately 70% of the total surface
of SnSe for the SnSe-3%CdSe sample. Therefore, the corresponding powder densification and
coarsening are strongly affected by the presence of secondary phase CdSe NPs.

In the classical theory of grain growth, the average grain growth rate is proportional to the

average rate of grain boundary movement."”® When second-phase particles are present at the
grain boundaries, the driving force for boundary migration is reduced, hindering grain
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growth."””® This is known as the Zener pinning effect.'”” Zener pinning occurs when a grain
boundary is intersected by a second-phase particle, as the particle removes part of the grain
boundary area of greater energy than the interior of the grain, it exerts a drag force on the grain
boundary.*® In such a situation, the growing grain is subject to two opposing pressures: the
driving pressure for growth and the Zener pinning pressure (drag) arising from the particles,
kinetically retarding grain growth.*”!

The effect of CdSe NPs in the microstructure of SnSe-CdSe nanocomposites is in accordance
with grain growth stagnation predicted by the Zener pinning effect. Figure 2.2.2 shows that as
the content of CdSe increases, the average grain size is reduced. Moreover, considering that
bare SnSe and all SnSe-CdSe pellets have the same density despite their difference in grain
sizes, we believe that the presence of CdSe NPs does not affect atomic diffusion along the grain
boundaries, i.e., the densification rate. In contrast, grain boundary mobility is hampered,
limiting grain growth. The result is a material with the same density but much smaller grain
domains than bare SnSe.*

One key point to achieving grain growth inhibition through such a surface treatment is the
proper selection of the metal chalcogenide complex. During the thermal processing, the
material selected should crystallize as a secondary phase at the SnSe particle surface instead of
diffusing into its crystal structure creating a solid solution. To satisfy this condition is necessary
to choose a material with a positive enthalpy of mixing and a miscibility gap over the processing
temperature and pressure range. In other words, the high enthalpic contribution of mixing the
secondary phase drives its segregation, preventing the formation of a solid solution.'® As
observed in the phase diagram,”® CdSe and SnSe are immiscible in the whole range of
processing temperatures (Figure 2.2.5). The immiscibility of CdSe and SnSe is corroborated by
our XRD data showing that there is no difference in the lattice parameters of bare SnSe and
SnSe-CdSe nanocomposites.
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Figure 2.2.5. A, B) Phase diagram of the system SnSe-CdSe adapted from literature.*®®
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To prove this idea, we chose a different semiconductor that is highly soluble in SnSe (no
miscibility gap) to prepare the molecular complexes and treat the particles. PbS is known to
form a stable solid solution with SnSe up to concentrations of 20%.2* When comparing the two
composite materials at different processing stages, we observe that in the presence of PbS the
grain coarsening is enhanced significantly already in the annealing step and yields pellets with
grains as large as those in bare SnSe (Figure 2.2.6). XRD analysis of the SnSe-3%PbS pellet
corroborates the solid-solution formation as the lattice parameter changes, from a = 11.494 A
to a = 11.515 A (Figure 2.2.6.E).
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Figure 2.2.6. Representative SEM images of A) PbS-surface-treated SnSe particles, B) the corresponding annealed
powder, and C) consolidated pellet. D) XRD diffraction patterns of recrystallized PbS molecular complexes (blue),
the surface-modified particles (black), and consolidated pellet measured in the direction perpendicular to the
pressing axis (green). The SnSe reference pattern PDF 00-048-1224 is shown in gray and the PbS reference pattern
PDF 03-065-0241 in dark blue. E) Main peaks of the XRD pattern of the consolidated pellets with (green) and
without (black) PbS surface treatment showing the peak shift due to partial alloying of PbS.

The electrical conductivity, Seebeck coefficient, thermal conductivity, and calculated figure of
merit of bare SnSe and SnSe-CdSe nanocomposites with different content of CdSe were
measured in the direction parallel and perpendicular to the pressure axis and show the same
trends in both directions. We limit the discussion to the transport properties in the parallel
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direction because the zTs in that direction are the largest ones. Moreover, for clarity the
discussion focuses on comparing bare SnSe and the best performing SnSe-CdSe
nanocomposite, which corresponds to 3 mol %, referred to as SnSe-3%CdSe (Figure 2.2.7).
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Figure 2.2.7. Temperature dependent transport properties of bare and CdSe treated SnSe. A) Electrical
conductivity, o. B) Seebeck coefficient, S. C) fitting for the energy barrier, Ey, (noc T2 exp(—Ep/ksT)). D) Hall and
weighted mobilities, zy and g4, respectively. E) total thermal conductivity, . F) figure of merit, zT, for bare SnSe

(black) and the SnSe-3%CdSe nanocomposite (blue).

Bare SnSe shows a higher electrical conductivity and a lower positive Seebeck coefficient than
those of SnSe-3%CdSe in the whole temperature range (Figures 2.2.7.A and B). The Hall carrier
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concentration (pu) of SnSe-3%CdSe is lower (ca. pu= 9 x 10'8cm™?) than that of bare SnSe (ca.

205 and it has a much lower

pu= 2 x 10%cm™). CdSe is generally an n-type semiconductor,
electron affinity than that of p-type SnSe. Thus, within the SnSe matrix, CdSe injects free
electrons to SnSe, inducing band bending in the regions close to CdSe domains. Furthermore,
owing to the small size of the CdSe crystal domains, its Fermi level becomes pinned near the
valence band edge, thus trapping holes from the SnSe matrix. Thus, the hole carrier
concentration is reduced in the presence of CdSe, which directly translates into an increase of
the Seebeck coefficient. Moreover, the presence of larger energy barriers at the interface
between CdSe and SnSe allows for even higher Seebeck coefficients due to the filtering of high
energy carriers.'®

The temperature dependence of the electrical conductivity and the Seebeck coefficient of both
materials are similar to those previously reported polycrystalline SnSe.*>'*”1°%1¢* To understand
the underlying transport mechanism, we compare the hall mobilities with the calculated

weighted mobilities (4w, Figure 5¢) according to the equation:'**

eISI 9 3 elS|
3 3h30 exp ———'—' N %i"zi;
= 3
8me(2m kpT) /2 1+exp[ 5e| |+5] 1+ exp [Si—lsl—S]
B

where h, ks, e, and m., are the Planck’s constant, Boltzmann’s constant, electron charge, and
electrons mass. Both mobilities have the same behavior, indicating the reliability of the Hall
effect measurements.

Bare SnSe and SnSe-3%CdSe nanocomposites show thermally activated conductivity from
room temperature up to ca. 500-600 K. In this temperature range, the increase of mobility with
temperature reflects the presence of potential barriers due to charge accumulation at the grain
boundaries.'*>*® The energy barrier height (Ey; p o T '?exp(—Ev/ksT)) for SnSe-CdSe
nanocomposites is 190 meV, while for SnSe, it is 113 meV (Figure 2.2.7.D). The larger energy
barrier of the SnSe-3%CdSe material results in lower mobility at room temperature.'®>*” At
high temperatures, the difference in mobility between both materials is practically negligible.
With increasing temperature, the thermally excited carriers reduce the effect of the potential
barriers on mobility, and the dominant scattering mechanism in both materials is acoustic
phonon scattering.

The Seebeck coefficient in both materials peaks at ca. 650 K, indicating the onset for bipolar
conduction. As the material transitions from the Pnma to the Cmcm phase, the changes in the
local bonding translate into differences in the electronic structure, including a reduction of the
bandgap from 0.61 to 0.39 eV that favors the thermal excitation of minority carriers.'**'* Above
800 K, the material is fully converted to Cmcm and both the Seebeck coefficient and electrical
conductivity stabilize.
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The thermal conductivities of both nanomaterials follow the same trend in the whole
temperature range. From room temperature up to ca. 790 K, the values decrease monotonically.
At higher temperatures, due to the SnSe phase transition to the higher symmetry Cmcm phase,
the thermal conductivity increases. The temperature at which the Pnma fully converts into the
Cmcm phase was analyzed by differential scanning calorimetry and temperature-dependent
XRD, both analyses indicate a complete phase transition at 800 K.

In the whole temperature range, the thermal conductivity of SnSe-3%CdSe nanocomposites is
almost 50% lower than that of bare SnSe. At the temperature where the thermal diffusivity is
minimum (786 K), the C, measured for the SnSe-3%CdSe nanocomposite is 0.263 ] g K™!
leading to a thermal conductivity of 0.20 W m™ K™ (Kiatice= 0.14 W m™'K™"). This value is similar
to the lowest reported values for polycrystalline SnSe.?>10%12>

To comprehend the origin of such low thermal conductivities, the microstructure of bare SnSe
and SnSe-CdSe nanocomposites were further investigated by transmission electron
microscopy (TEM) and atom probe tomography (APT, Figures 2.2.8).3>1%

SnSe SnSe-3%CdSe

2 "'I_\|a-rich
precipitates

Figure 2.2.8. A) APT characterization showing the 3D distribution of Na and B) TEM images of different grain
boundaries in bare SnSe. C) APT characterization showing the 3D distribution of Na and D) TEM images of SnSe-
3%CdSe nanocomposites. The correspondence between defects in APT and TEM is highlighted with red, blue,
and orange dashed boxes.

Na is an unavoidable impurity due to the nature of the aqueous-based synthesis and the use of
Na salts in the reaction, yet it is beneficial for doping. Figures 2.2.8.A and C show the 3D
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distribution of Na with the isocomposition surface of 2.0 at% Na. In both materials, bare SnSe
and SnSe-3%CdSe, Na is found within the grains, at dislocations and grain boundaries, and in
Na-rich precipitates (Figures 2.2.8.A, C and 2.2.9). Elemental analysis by inductively coupled
plasma optical emission spectroscopy (ICP-OES) and energy-dispersive X-ray spectrometry
(EDS) indicate that both samples contain the same amount of Na, but the defects associated
with Na differ in their concentration. The comparison between low-magnification TEM images
(Figures 2.2.8.B, D) and APT data clearly reveals the different microstructure of the materials.
SnSe-3%CdSe nanocomposites present a larger density of grain boundaries, dislocations,
planar defects, and Na-rich precipitates (Figure 2.2.8.D).

Na
201 ——cd i

104 Matrix

4 2 0 2 4
Distance (nm)

Figure 2.2.9. A) SEM image of the tip (top) used for the APT elemental analysis (bottom) showing the enhanced
presence of Na and Cd at the grain boundary. B) CdSe NP with Fm3m cubic phase with the corresponding indexed
power spectrum from the region marked in yellow and the phase filtered images highlighting the CdSe NPs (red)
and the SnSe matrix (green). C) 3D distribution of elements from APT analysis in a region containing a grain
boundary and a CdSe NP. D) composition profile across a CdSe NP.
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Figure 2.2.9 shows the analysis carried out with APT and HRTEM for the sample SnSe-
3%CdSe. Both techniques revealed the presence of CdSe NPs in the range between 1 and 20
nm. In particular, the spectrum analysis allowed to the identify that CdSe NP possesses a Fim3m
cubic structure (Figure 2.2.9.B). Finally, APT uncovered the presence of Cd at the grain
boundaries together with the segregation of Na and depletion of Sn. Due to the variation of
chemical composition and likely the structure at the grain boundary, the most accurate way to
describe the interfacial material at the grain boundary would be in the terms of grain boundary

complexions,'? 208

which can generally scatter phonons more strongly than a clean boundary.
Such grain boundary complexions are also associated with the enhanced energy barrier for
holes that reduces carrier mobility and enhances the Seebeck coefficient through energy

filtering effects as seen in the charge transport analysis.

The dominant phonon modes in SnSe have mean free paths of a similar length to the spacing
between the defects found in the SnSe-3%CdSe nanocomposite, such as atomic Na and Cd
impurities, CdSe NPs and Na-rich precipitates ranging from 1 to 20 nm, and grain boundary
complexions.?” This explains the significant reduction in the overall thermal conductivity with
respect to bare SnSe, where the density of defects is significantly lower. Moreover, the surface
treatment with the CdSe molecular complexes may reduce the overall content of oxide species
in the final composite, which is presumed to have a positive effect on the thermal
conductivity.'”'® Such reduction of the thermal conductivity leads to a state-of-the-art figure
of merit in solution-processed SnSe of 2.2 at 786 K, comparable to the best performing
polycrystalline SnSe.

In summary, this study lea to a scalable, simple, and economical method to produce high-
performance polycrystalline SnSe thermoelectric materials. Specifically, we optimized a water-
based synthesis protocol to obtain large quantities of SnSe particles and developed a surface
treatment to (i) inhibit grain growth during consolidation and operation, (ii) introduce CdSe
NPs within the range 1-20 nm, (iii) create grain boundary complexions, and (iv) enhance the
number of defects at multiple length scales, such as atomic impurities, planar defects,
dislocations, and Na-rich precipitates. The presence of scattering sources at all relevant length
scales improved the figure of merit from z7' = 1.3 in bare SnSe to zT' = 2.2 in SnSe-CdSe
nanocomposites. We believe that the strategy presented here for inhibiting grain growth is of
great significance beyond the thermoelectric field because it tackles grain coarsening in
semiconductor nanocomposites.

The current chapter was adapted from the cited publication (ACS Nano 2022, 16, 1, 78-88). In
particular: the format of the figures was adapted, the discussion on grain growth was amended to
distinguish grain boundary mobility from diffusion across grain boundaries, and comments were
added to include the most recent findings on the role of oxides in the high thermal conductivity
of polycrystalline SnSe. Experimental details and supporting information that were not included
in this chapter can be found there.
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2.2 Exploiting the Lability of Metal Halide Perovskites for Doping
Semiconductor Nanocomposites

PbS

T (K)

Research on metal halide perovskites is advancing rapidly, owing to the compelling electronic,
optical and structural properties of these ionic semiconductors, such as long diffusion lengths
and lifetimes of carriers,”*?'? low exciton binding energies,?"* low number of trap states despite
the high concentration of vacancies,”*** composition-tunable bandgap,?>*'¢ and ease of
processibility.’”*° Due to the relatively labile crystal structure of metal halide perovskites, the
understanding and control of the chemical and structural transformations that these

compounds readily undergo are some of the most pressing questions.**!

Cesium lead halides can adopt perovskite and non-perovskite structures with different
dimensionalities. Perovskites are composed of Cs* cations stabilizing [PbX¢]* octahedra in a
cubic or, upon slight distortion, tetragonal or orthorhombic phases, where all the corners of the
[PbXs]* octahedra are shared.””? All these compounds adopt regular CsPbX; stoichiometry
(3D). Non-perovskite structures include polymorphs with various stoichiometries, but all of
them lose the corner-sharing motif in the lattice. The first example of these structures is a
polymorph that despite having the same CsPbX; stoichiometry crystallizes in an orthorhombic
phase (8-phase) with chains of edge-sharing octahedra (1D).??® Another example is the lead-
depleted CsiPbXs structure where the [PbXe]* octahedra are isolated (0D).*>**42%6 A third
closely related non-perovskite structure that has lower Cs* content and does not contain
[PbXs]* octahedra, CsPb,Xs, can be described as layers (2D) of [Pb,Xs] clusters separated by
Cs* ions.??»?2*22% Due to a large difference in the involved atoms' electronegativities, all these
cesium lead halides exhibit mixed bonding nature. The lead halide framework is dominated by
covalent bonds and balanced by ionically bound Cs* cations. The lack of covalency between Cs*
and the anionic units enable crystal lability.”” As a direct consequence, the ions move easily and
allow transformation between the different structures- provided that the stoichiometry is
compensated.

Very common are the transformations between CsPbBr; and CssPbBrs structures especially in
nanocrystals (NCs). The transformation of CssPbBr¢ into CsPbBr; is achieved by adding PbBr,
to the structure’®® or by extracting CsBr by chemical complexation or intercalation,” or
diffusion and dissolution of CsBr in water.”** The chemical transformation from CsPbBr; to
Cs4PbBr;s can be induced by removing PbBr; from the crystal lattice by its complexation with
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thiols or amines.”*!"*** In all these reactions purification of the NCs is required to separate the
undesired byproducts: either CsBr or PbBr,. PbS NC-based solids find applications in various
fields including transistors,®**’  solar  cells,”*?*"  photodetectors,>*******  and
thermoelectrics.’®***** In most of these applications adjusting the number of free charge carriers
to control charge transport is crucial. The conventional n-type dopants for bulk lead
chalcogenides are halides. Incorporation of halide ions (X= CI, Br, I') in the chalcogenide (Y=
§*, Se?, Te*) sublattice results in the addition of one electron in the conduction band per halide
to compensate for the different valency of halides and chalcogenides.?* Strategies to dope bulk
semiconductors require control over the composition at the impurity level; the straightforward
translation into doping bottom-up assembled NC solids is to use doped NCs. However,
impurity doping of NCs is energetically?*® and kinetically unfavorable, since the diffusion path
of impurity atoms to the surface is short*” Although tuning NC’s composition has been
attempted®>**® the introduction of a controlled amount of impurities in small structures is
problematic for the preparation of heavily doped semiconductors.?**-»*! Alternative approaches
to dope NC-based solids have focused on changing the NC surface chemistry,*2¥245252-255
inducing partial cation exchange,***” and blending with other NCs.?*?>%2%

PbY - perovskite nanocomposites have been used in photodetectors,”**! LEDs**** and
photovoltaics.?+?> Remarkably, PbS NC inclusions can provide stability to the cubic phase of
perovskites suppressing the cubic-orthorhombic phase transition,**® and perovskite passivation
layers enhance charge carrier separation in PbS NCs by providing adequate energy alignment.?*’
Furthermore, PbY nanocomposites with secondary phases might be of great importance for
thermoelectrics.”*¢®

Herein we propose a strategy to produce doped PbS nanocomposites that makes use of the
byproduct of the transformation of CsPbBr; into Cs,PbBrs, PbBr,, upon heating a mixture of
CsPbBr; and PbS NCs (Figure 2.1.1). Our approach simultaneously introduces dopant ions (Br)
and a secondary phase (CssPbBrs) in PbS nanocomposites.
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Figure 2.1.1. Chemical transformation of CsPbBr; into Cs,PbBr triggered by the dissolution of PbBr; in PbS.
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We prepared nanocomposites by mixing PbS NCs with a controlled amount of CsPbBr; NCs in
toluene. This NCs’ blend was dried under vacuum and annealed with forming gas (5 % H, in
N, 1 bar) to yield a powder that was then pressed into pellets with relative densities of ~92 %
using spark plasma sintering (Figure 2.1.2).
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Figure 2.1.2. TEM images of the used NCs and scheme of the bottom-up assembly processes to produce doped
PbS-CssPbBrs nanocomposites. The nanocomposites are prepared by blending the NCs in solution, annealing to
remove the organic ligands, and finally consolidating at 45 MPa and 500 °C.

To follow the chemical transformation of the perovskites, we performed in-situ temperature-
dependent X-ray diffraction (XRD) measurements of a mixture of PbS NCs and 30% wt.
CsPbBr; NCs (Figure 2.1.3). This mixture was heated up to 450 °C and kept at that temperature
for 60 minutes, as long as the annealing. Upon heating to 150 °C, CsPbBr; NCs show strong
sharpening of the reflections explained by accelerated ion migration between particles causing
grain growth.”="" After reaching 450 °C, CsPbBr; reflections progressively lose intensity, and
peaks corresponding to Cs,PbBrs become visible, shifted to lower angles because of thermal
expansion of the lattice. This experiment demonstrates that CsPbBr; converts to CssPbBrs
necessarily releasing PbBr.. This reaction could be enhanced by the binding affinity of PbBr; to
PbS surface dangling bonds.?”*?”* Control experiments with CsPbBr; and CssPbBrs pure phases
showed that both phases are recovered after heating up to 500 °C and cooling down to room
temperature, and do not undergo any transformation on their own. Besides, annealing induces
crystal grain growth in pure PbS NCs, evidenced by the narrowing of the XRD reflections and
scanning electron microscopy (SEM) images (Figure 2.1.4). The addition of CsPbBr; enhances
the growth of the PbS crystal domains leading to even narrower reflections. This enhancement
can be explained by the presence of PbBr;, a phase with high solubility in PbS** and a large
difference in melting point, which lowers the activation energy for diffusion.?”>*” Since no
reflections associated with PbBr; are visible, we considered the possibility of other phases in the
PbS-PbBr, phase diagram being formed. Still, Pb;S,Br, the only stable phase, was not observed
in the diffraction patterns.”’* Recently the metastable phase PbsS;Br; was reported in NCs, this
phase is not present in the XRD patterns and we disregarded it because of the high temperature
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and long reaction time, not compatible with such a kinetically stabilized phase.”® Previous
studies showed pure CsPbBr; NCs undergo partial transformation to the lead-rich CsPb,Brs,
this phase is neither present in our experiments.””* These observations suggest that bromide
substitutes sulfide in PbS doping the matrix as expressed in the chemical reactions in Figure
2.1.1.
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Figure 2.1.3. X-ray diffraction patterns of a mixture of PbS NCs and CsPbBr; NCs at different temperatures
together with the reference patterns for the different crystal phases. In the 450 °C patterns ‘¢ indicates the time
held at 450 °C before measurement. The patterns are overlapped with a 2D intensity plot to help to identify low
intensity reflections (PbS PDF 00-002-0699, CsPbBrs PDF 00-054-0753, CssPbBrs PDF 01-075-0412).
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Figure 2.1.4: SEM of cleaved PbS pellets with increasing perovskite concentration.

To test the doping efficiency, we prepared pellets with the proper nominal CsPbBr;
concentrations to achieve charge carrier concentrations between 10" and 10* cm?, which is
close to the optimal charge carrier concentration for thermoelectrics.**”* The nominal molar
amount of Br introduced is referred to the amount of S, X% = 0.25, 0.50, 1, 2, 3.

Figure 2.1.5.A and B show electrical conductivity and Seebeck coefficient of the samples
between room temperature and 900 K, respectively. The absolute value of the Seebeck
coefficient decreases and the electrical conductivity increases with the starting concentration of
CsPbBrs3, proving the doping effect of the transformation.””® Besides, the negative sign of the
Seebeck coefficient confirms the n-type character of the obtained nanocomposites. These
results are consistent with the charge carrier concentrations measured by Hall effect (Table
2.1.1) which correspond exactly to one-half of the total Br concentration, as expected from the
reaction in Figure 2.1.1. As the temperature increases the absolute value of the Seebeck
coefficient initially increases until a certain temperature at which changes its trend. This is
related to the thermal excitation of minority carriers (bipolar effect). The higher the doping
level the higher is the temperature at which this effect starts occurring.?® The doping effect of
CsPbBrs; is independent of the use of NCs, ground perovskite crystals react with PbS in the same
way. However, NCs provide a much shorter ion diffusion path and better mixing with PbS which
leads to faster kinetics.

-45-



A) 500 1 B) 1001 ==0%
| More CsPbBr, (&h Xg:gf/:é
400+ \ 5 Q} 1%
‘TA 1 ‘_,-\-1 501 y =j=2%
£ 300 '
o
n | ¥
© 2] B
oo [
0 T T T T
300 500 700 900 300 500 700 900
T (K) T (K)

Figure 2.1.5. A) Electrical conductivity and B) Seebeck coefficient of the nanocomposites with increasing starting
CsPbBr; concentration.

Table 2.1.1: Hall effect measurements of charge carrier concentration of the nanocomposites with low perovskite
content.

% Br T (K) n (cm) p (cm*V's?)
0% 296 1.5 x10" 84
0.25 % 443 2.1 x10% 23
0.5% 428 4.6 x10% 17

The XRD patterns of the produced pellets show no CsPbBr; nor CssPbBrs reflections, which we
associate with the low content of perovskite required for the doping level targeted. To
demonstrate that the pelletized material contains Cs,PbBrs, we evaluated the microscopic
structure of the bulk nanocomposites (Figure 2.1.6) by high-resolution transmission electron
microscopy (HRTEM). A 0.5 % pellet was thinned to electron transparency by Ar* polishing to
produce a self-suspended lamella. Figure 2.1.6.D shows an HRTEM micrograph obtained from
a large PbS grain (defined as the matrix) containing multiple precipitates. The power spectrum
of the highlighted area shows diffraction spots of the matrix and the precipitates, along with
satellite spots of the Moiré fringes, which are formed due to orientation differences between the
matrix and precipitates. Inverse Fourier (frequency) filtering of the power spectrum allowed
mapping the matrix and the nanodomains. The matrix phase (in red) is identified as FCC PbS
(Space group Fm3m) with a lattice parameter a = 0.5936 nm visualized along its [011] axis. The
nanodomain (in green) corresponds to the same PbS phase visualized along the [001] zone axis.
We performed the same analysis on the precipitate marked in Figure 2.1.6.E. The diffraction
spots observed in the power spectrum correspond to the matrix phase (in red) visualized along
its [011] axis. The spots of the precipitate correspond to the hexagonal CssPbBrs phase (space
group R-3c:H) with lattice parameters a = 1.373 nm and ¢ = 1.732 nm, which is visualized along
their [1-102] zone axis. Due to the difficulty to analyze all the precipitates crystallographically,
to evaluate their nature we performed energy dispersion X-ray line scans across many
precipitates. We found that they show no difference in composition with the matrix, proving
that the vast majority of precipitates are PbS. The scans also show a small content of Br evenly
distributed through the nanocomposites as expected in its role as a dopant. In short, HRTEM
revealed that the doped samples are composed of a PbS matrix with a large amount of PbS
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nanodomains and randomly distributed CssPbBrs nanoprecipitates confirming the chemical
transformation observed by XRD.

Figure 2.1.6. Structural analysis of a PbS-Cs,PbBrs nanocomposite. The TEM sample is a self-suspended lamella
prepared by Ar* jon milling. A) Photograph of the pellets used to measure the electrical conductivity and the
Seebeck coefficient. B) HRTEM micrograph and C) low magnification high-angle annular dark field scanning
transmission microscopy (HAADF-STEM) micrograph revealing the presence of small precipitates along the
grains. D) PbS nanodomains, detail of the white squared area and its corresponding power spectrum and
structural maps of the PbS matrix (in red) and nanodomains (in green) along with the applied maps for inverse
Fourier filtering. E) detail of a Cs,PbBrs nanoprecipitate and its corresponding power spectrum and structural
maps of the PbS matrix (in red) and a Cs,PbBr precipitate (in green) are shown along with the applied maps for
inverse Fourier filtering.
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In summary, we showed that CsPbBr; and PbS react to give the lead depleted Cs,PbBrs phase.
The byproduct of the transformation, PbBr,, dissolves in the PbS matrix leading to doped
nanocomposites and inducing grain growth while CssPbBrs forms nanoprecipitates. We made
use of this transformation to simultaneously dope and introduce a secondary phase in n-type
PbS nanocomposites. These results validate this new doping strategy for nanocomposites based
on NC blending that involves the reaction of one of the components. This approach is not
limited to the preparation of bulk samples at high pressures but could also be applied to the
preparation of films or other nanocomposites since the reaction that leads to doping is also
demonstrated at ambient pressure. Finally, our results reassess the intrinsic instability of metal
halide perovskites and are therefore of high relevance for applications where these materials are
exposed to high energy densities.

The current chapter was adapted from the cited publication (ACS Energy Lett. 2021, 6, 2, 581~
587). Experimental details and supporting information that were not included in this chapter can
be found there.
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Conclusions

The use of colloidal nanoparticles (NPs) as precursors for dense polycrystalline solids became
well-established during the past decade as the advantages of this approach were
proved.”717928028 Dyjfferent from powders produced by conventional methods, such as solid-
state synthesis, particles synthesized in solution allow precise control over particle size, shape,
composition, crystal phase and surface chemistry. In this thesis I explore the synthesis, surface
chemistry and consolidation of colloidal particles and the transformations that they undergo
during their processing into dense polycrystalline solids.

Firstly, I present the studies on the surface chemistry of two orthogonally different systems.
Chapter 1.1 dives into the synthesis of sterically-stabilized metal oxide NPs by a well-
established surfactant-assisted method. In these systems, the particles are known to be
stabilized by surfactants, often by those present in the starting reaction mixture. However, we
find that these particles have a very counterintuitive surface chemistry; the surface species are
a byproduct of the reaction. This shows that even in simple systems we need to take a second

look at the ligands since the surface chemistry cannot be simply ‘guessed’.

Chapter 1.2 elaborates on electrostatically stabilized colloidal particles that are used extensively
in thermoelectrics because they are free of insulating organic surfactants. Given that the
synthesis is surfactant-free, the particles were generally considered ‘naked’, in other words,
without any particular surface species. We prove that in electrostatically stabilized particles, the
presence of ionic surface adsorbates is unavoidable. These ions balance the charge of the
colloids and remain on the particles during annealing and consolidation, profoundly altering
the microstructure and the transport properties. It was this realization that led to the use of
labile charge balancing ions, which can decompose during the annealing and are not present
in the final material. In the combination of these two works, where I focus on the synthesis and
surface chemistry of colloidal NPs, I learn that even in long-established syntheses, there are
unexpected impurities. The surface, in particular, is a place where these impurities can ‘hide’,
since they are studied with different methods than the core of the particles. Consequently,
studies of the surface chemistry of colloids are imperative to complement our

understanding of the syntheses and of the composition and structure of the materials.

In the second chapter, I present results on the transformation of colloidal NPs into dense
polycrystalline semiconductors. I first show results on how the electrostatically stabilized
colloids introduced in Chapter 1.2 can be surface engineered to incorporate multiscale defects
in the consolidated solid. Such defects reduce the thermal conductivity of the material and lead
to a record-high thermoelectric figure of merit. This work demonstrates how carefully chosen
surface treatments can be used to modulate the microstructure evolution during the thermal
processing. Besides, this work opened questions regarding coarsening in semiconductors and
how it can be controlled.
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In Chapter 2.2, I present a work on mixtures of colloidal NPs. Here, I exploit the intrinsic
instability of lead halide perovskite NPs to dope NP-based nanocomposites. During annealing
and consolidation, the perovskite reacts, and the byproduct increases the charge carrier
concentration of the host material. Besides devising a new doping strategy, we unravel an
unknown reaction path of perovskites, contributing to the understanding of their stability.
In this case, the chemical lability (instability) of lead halide perovskite NPs was known, but the
products were not. Only through a detailed characterization of the transformations we learned
what happens to these materials, how they dope, and how this could be translated to other
systems.

Overall, the work contained in this thesis shows that every step in the processing of NPs into
dense nanocomposites can be a determining factor for the microstructure, composition, and
properties of the materials. Therefore, the chemistry of each step of the process needs to be
carefully studied for every material system. This might seem cumbersome, but in this
complexity lies the beauty of the field: by carefully adjusting the intricated chemistry of the

systems we could create new materials and learn about their physics.
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Perspective

Finally, despite the enormous potential of NP-based solids, I believe that the community still

faces some important obstacles:

1-

Lack of understanding of the chemistry of solution-processed particles.

I showed that even in ‘well-established’ and widespread syntheses, there is often a
lack of understanding of the chemical composition and surface chemistry of the
starting NPs. NP-based solids attract the attention of researchers with very different
backgrounds. Thus, the chemistry is frequently simplified and sometimes
misinterpreted. One needs to bear in mind that, different from solid-state syntheses,
in solution-based syntheses, not all the precursors used remain after processing and
not all the byproducts can be effectively washed away. This calls to re-evaluate the
syntheses used, to understand the role of each chemical, if they can be replaced, and
if they have any unwanted or unexpected effect on the materials. While most of the
work presented here uses NPs to produce thermoelectric materials, this also applies
to other fields using NPs as precursors, such as catalysis, photovoltaics and (opto-)
electronics.

Misconceptions and ambiguous use of terminology.

As a further consequence of the convergence of different fields, it is common to find
mixed terminology to explain experimental observations. For example, the term
‘sintering’ can refer to a densification method or to the formation of grain
boundaries between isolated grains (‘necking’). A further example is the use of ‘grain
growth’ to refer to any coarsening phenomenon, when it specifically refers to
coarsening through grain boundary migration. This often leads to the incorrect
interpretation of results and literature and hinders the communication with
researchers from other fields such as metallurgy and ceramics.

Grain growth and coarsening are almost unexplored in semiconductors.

In the studied systems, we observed that the surface species in the precursor particles
have a strong impact on the final grain size of the materials. A literature search on
the topic reveals that while grain growth and other coarsening phenomena are well
studied in metals and oxide ceramics, there is very little research done in
semiconductors. As a consequence, we lack the theoretical bases to discuss
coarsening. Fundamental and systematic studies on the effect of composition
(intrinsic defects) and doping (extrinsic defects) on semiconductor coalescence,
sintering, and grain growth are required. Such studies are imperative to achieve the
goal of preparing materials with tailored, targeted features and ensuring their long-
term stability.
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In my opinion, any effort in overcoming these hurdles will enrich the research on colloidal
nanoparticle-based solids. Given that the field is still in an infant stage, understanding the limits
set by the materials’ chemistry and physics might be even more significant than merely seeking

marginal improvements in the material performances.
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