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ABSTRACT: Thermoelectric technology requires synthesizing NP-based precursor Nanocomposite
complex materials where not only the crystal structure but also with target features
other structural features such as defects, grain size and orientation, .

and interfaces must be controlled. To date, conventional solid-state

techniques are unable to provide this level of control. Herein, we Inorganic core

present a synthetic approach in which dense inorganic thermo- = = PT

electric materials are produced by the consolidation of well-defined
nanoparticle powders. The idea is that controlling the characteristics
of the powder allows the chemical transformations that take place
during consolidation to be guided, ultimately yielding inorganic
solids with targeted features. Different from conventional methods,
syntheses in solution can produce particles with unprecedented Array configuration
control over their size, shape, crystal structure, composition, and

surface chemistry. However, to date, most works have focused only on the low-cost benefits of this strategy. In this perspective, we
first cover the opportunities that solution processing of the powder offers, emphasizing the potential structural features that can be
controlled by precisely engineering the inorganic core of the particle, the surface, and the organization of the particles before
consolidation. We then discuss the challenges of this synthetic approach and more practical matters related to solution processing.
Finally, we suggest some good practices for adequate knowledge transfer and improving reproducibility among different laboratories.
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1. INTRODUCTION temperature control.” Such localized cooling is crucial in
infrared detectors, microelectronics, and optoelectronics,
among others, where space is limited and heat dissipation is
localized.” Another benefit of thermoelectric devices for
heating and cooling applications is that they allow moving
away from centralized thermal management toward distributed
thermal management, where only the necessary area is heated
or cooled.’

Despite the impactful prospects of thermoelectric devices, to

Over 100 years ago, the direct and reversible conversion
between heat and electricity was identified." This phenomen-
on, known as thermoelectricity, offers a sustainable path to
produce electricity from waste heat. The potential of
thermoelectric devices as energy harvesters can be envisioned
from two different, yet both very important, perspectives. On
one hand, these devices can be used to improve the overall
energy utilization. The energy flow of most developed

countries indicates that approximately 60% of the energy date their implementation has been restricted to niche
produced is wasted,” mostly as heat; therefore, partially applications where there is no alternative option, and neither
recovering the waste heat is a clear strategy to reduce our cost nor efficiency is the most relevant factor. One clear
primary energy production. On the other hand, thermoelectric example is radioisotope thermoelectric generators used in
devices can be used in low-power devices, especially those that space exploration.7 So far, the large-scale implementation of
require autonomy, such as sensors and transmitters in remote thermoelectric devices has been hindered by high costs, which
or difficult-to-access locations that are crucial for the come from pricey raw materials, energy-intensive processing
development of the “Internet of Things” (IoT).” In this

regard, thermoelectric devices are an ideal choice, as Received: July 1, 2022 s
temperature differences are ubiquitous and the devices are Revised: ~ September S, 2022

robust, maintenance-free, scalable, and compact. Published: September 21, 2022
Furthermore, the reversible nature of thermoelectric devices
allows them to be operated as precise coolers for small-scale
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Figure 1. Multiscale defect engineering strategies to enhance the thermoelectric material figure of merit. Different strategies to improve the material
performance rely on introducing and controlling different kinds of defects at different length scales (atomic to micro). Here, we present the most
relevant ones that have allowed the development of record-performing thermoelectric materials for different material families.

methods, and the low efficiency of these devices. These issues
must be addressed for thermoelectric devices to be widespread
and contribute to improving our energy consumption.

The efficiency of a thermoelectric device is directly linked to
the properties of the materials used as thermoelectrics. To
maximize material performance, a high electrical conductivity
(6), a large Seebeck coefficient(S), and a low thermal
conductivity (k) are necessary. These properties are grouped
into the dimensionless material figure of merit (zT) defined as
2T = 68Tk, where T is the absolute temperature. One focus
of research in thermoelectrics is seeking new material systems
with the highest possible zT that are nontoxic, inexpensive, and
sustainable, so they can be used for mass production. This goal
has been pursued since Ioffe, in 1949, identified that
maximizing the average zT of the material maximizes the
performance of thermoelectric devices.” However, the problem
is that these three macroscopically measurable transport
parameters (0, S, and k) are strongly related; they depend
on a series of material electronic, vibrational, and structural
parameters that are unfavorably interconnected.” Semiconduc-
tors are thus the most efficient materials, where this delicate
balance between heat and charge transport is best controlled.

Strategies to maximize zT are based on innovative transport
mechanisms that alter the adversely dependent transport
properties, allowing them to be tuned more independently.

8472

. 10 11
Examples include resonant levels,” band convergence,

modulation doping,12 nanostructuring,13 lattice softening,m’15
Anderson-like localization,16 and interfacial preferential
scattering.'” These mechanisms are enabled by defects at
different length scales, such as point defects (0D), linear
defects (1D), planar defects (2D), and bulk defects (3D)
(Figure 1). Therefore, the best-performing thermoelectric
materials have complex microstructures, where both the
structural and chemical nature of the multiscale defect
ensemble determine the interaction with charge carriers and
phonons.'® This indicates that the way to achieve record-
performing materials is to develop materials beyond unit cells,
harnessing functionality from what would be normally
considered imperfections.

Point defects, ie., doping and alloying, can be well-
controlled using conventional methods. However, carefully
curating line, planar, and bulk defects within polycrystalline
materials creates challenges in chemistry. Such challenges
should be addressed with innovative synthetic methods that
provide unique opportunities to control and tune defect
formation in semiconductors, coupled with a thorough
characterization for accurate correlations.

In this perspective, we propose a synthetic strategy that uses
well-defined powders to direct the chemical transformation
into dense inorganic thermoelectric materials with targeted

https://doi.org/10.1021/acs.chemmater.2c01967
Chem. Mater. 2022, 34, 8471—8489
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Figure 2. Examples of the versatility in NP architecture. In colloidal synthesis, ligands are used to dissolve the precursors, control nucleation and
growth, and finally provide colloidal stability to the NPs, leading to much higher quality and versatility than surfactant-free hydro and solvothermal
methods. NPs of different shapes (spheres, rods, and dumbbells), sizes (1—100 nm), and compositions (metals, oxides, and semiconductors) can
be prepared by carefully choosing the reactants, ligands, and reaction conditions. Examples of different possible designs (left) and examples of
solution-processed NPs with various sizes and morphologies. Reproduced with permission from ref 42. Copyright 2016, from the Royal Society of
Chemistry. Reproduced from refs 43 and 44. Copyright 2019 and 2017, respectively, American Chemical Society.

features. The best way to achieve superb control of the powder
properties is through solution processing.'””" With this in
mind, we first cover the opportunities of synthesizing the
powder in solution, followed by the challenges that must be
addressed to execute this synthetic idea successfully. Then, we
propose good practices for reporting the synthesis of solution-
processed thermoelectric materials to improve reproducibility
among different laboratories. Finally, we present our outlook
on how solution-processed materials could enable the synthesis
by design of inorganic semiconductors, impacting not only the
thermoelectric field but also others.

2. THE OPPORTUNITIES

Common thermoelectric materials are dense polycrystalline
inorganic semiconductors typically prepared in two steps: the
semiconductor is first synthesized in powder form, then
consolidated into a dense sample,21 usually shaped in the form
of a disk or a bar. In order to provide the consolidated material
with a density as close as possible to the theoretical one,
pressure-assisted sintering techniques are preferred, such as hot
pressing or spark plasma sintering. In these techniques, uniaxial
pressure is usually applied while the sample is heated under a
vacuum or an inert gas. The transformations that occur during
consolidation define the microstructure of the material (i.e.,
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defect types, density, and distribution), which directly affects
its electronic, thermal, and mechanical properties. Such
transformations are controlled by both the consolidation
conditions (reaction conditions, including temperature,
pressure, atmosphere, etc.) and the powder properties.

In this Perspective, we focus on the possibility of designing
powders using solution processing methods to achieve bulk
materials with specific features. However, we do not comment
on the important role of the consolidation technique and
reaction conditions in the formation of the solids.

Characteristics of the powder, such as particle size and
shape, composition, and surface chemistry, determine
densification, grain growth, side reactions, and defect
formation, overall controlling the material’s final micro-
structure.”” Powders are commonly prepared by high-energy
milling;**** however, these processes do not allow a precise
adjustment of the particle properties. Therefore, an oppor-
tunity to control the material microstructure is lost. This
limitation can be overcome by synthesizing the powders in
solution.

Solution-based syntheses offer the possibility of producing
nanoparticles (NPs) with carefully curated features compared
to those produced by mechanical methods. Thermoelectric
materials have been prepared using aqueous and solvothermal

https://doi.org/10.1021/acs.chemmater.2c01967
Chem. Mater. 2022, 34, 8471—8489
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Figure 3. Possibilities for controlling the solid microstructure using different surface chemistries. (A) Different types of surface species that can be
present. (B) Examples of different features that can be achieved in the consolidated material through surface chemistry.

methods with low costs and high energy efficiencies.” ™ Yet,
these methods do not provide a high level of control over the
particle properties. Among the solution methods, surfactant-
assisted synthesis, also known as colloidal synthesis,”® has
outperformed any other known method, producing inorganic
NPs with precise compositions and morphologies; " there-
fore, it is the most promising method for precisely designing
NP-based precursors. Colloidal syntheses use surfactants to
dissolve the precursors, direct the synthesis, and provide
colloidal stability,*"** enabling the production of particles with
an ever-increasing number of elements,” the creation of
nanoheterostructures with high sophistication levels,”*** and
extraordinary control over size, monodispersity, shape, crystal
phase, and even surface termination (Figure 2).>°~

Despite the high level of control that can be achieved with
colloidal synthesis, this strategy has not been intensively used
to produce thermoelectric materials.** Producing semiconduc-
tor powders using colloidal synthesis offers unique possibilities
in materials’ design and holds enormous potential for the next
generation of complex thermoelectric materials.

2.1. Precise Design of Nanoparticles for Solids with
Targeted Defects. In the same way that metal complexes are
converted into well-defined NPs in colloidal synthesis,">* NPs
can be used as tunable precursors capable of evolving into bulk
materials with specific structural features under proper reaction
conditions. One might argue that using carefully curated NPs
as precursors to produce dense solids is a futile effort, as those
perfect aesthetic NPs will be “destroyed”. However, this can be
looked at from another perspective in which the precise design
of the NP-based precursor, i.e., the powder, gives us control
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over the processes that occur during the consolidation. In the
approach proposed here, the particles would undergo not only
sintering but also other transformations, including the
decomposition of surface species,””** solid-state reactions,*
melting,”” etc., that would ultimately modify the structure and
composition and hence the transport properties of the
consolidated material. Moreover, it is important to bear in
mind that although colloidal synthesis provides extraordinary
control over the features of the NP (size, shape, crystal
structure, etc.), not all of them need to be controlled at once to
achieve the desired architectural features in the solid.

To discuss the possibilities that colloidal synthesis offers for
tuning the structures of thermoelectric materials, we describe
the NPs as consisting of an inorganic core (IC), generally but
not exclusively crystalline, and surface species (surfactants or
adsorbates).

2.1.1. Inorganic Core Design. The most prominent
characteristics of NPs, namely, the size, shape, crystallinity,
and crystal phase, are defined by the IC. Therefore, precise
control over such properties provides unique possibilities to
tune the transformation of NPs into macroscopic solids.

2.1.1.1. Size and Shape. One of the most notorious
properties that affects the transport properties of thermo-
electric materials is the size of the crystal domains.”’ Hence,
tuning the size and morphology of the precursors’ ICs is highly
important to optimize the performance of the thermoelectric
material. Moreover, ICs with different morphologies and sizes
display different distributions of exposed crystallographic
facets.>> Surface facets vary in their atomic arrangement,
stoichiometry, free energy, and coordination environment.>”

https://doi.org/10.1021/acs.chemmater.2c01967
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Figure 4. From nanoparticle arrays to consolidated solids. The distinct organization of particles prior to consolidation could lead to very different
microstructural features. Random organization of the NP powder can lead to homogeneously distributed secondary phases or even solids with
texture. Organized NP arrays go further and could eventually induce order in the consolidated solid.

For instance, quasi-spherical CdSe ICs are known to possess
{100} and {111} facets, whereas the surface of CdSe
nanoplatelets is dominated by {100} facets.”**> Together,
these properties of the IC are crucial to control the reactivity
during consolidation. Additionally, the size and shape of the IC
change the ratio and type of surface termination atoms.’®’
These changes in stoichiometry at the IC level can be used to
determine the final composition and defects, such as
vacancies.”® Finally, anisotropic ICs (rods, platelets, or disks)
can be used as precursors for macroscopic solids with a
crystallographic texture,*7~%

2.1.1.2. “Nonequilibrium” Compositions and Phases. One
of the most exciting avenues to explore is the use of NPs to
stabilize compositions or phases that are not in equilibrium in
the bulk. Reducing the crystal size to the nanoscale extends the
range of compositions and crystal structures that can be
achieved. New phases”*™”* and off-stoichiometric composi-
tions””’*~7° have been found to exist exclusively at the
nanoscale, with no corresponding bulk counterparts. Such ICs
can be explored as precursors to form stable dense solids that
cannot be produced with traditional methods.

2.1.1.3. Heterostructured ICs. Finally, the design of
heterostructured ICs comprised of entirely distinct phases
provides unique opportunities to tune the NP-based
precursors; the interface between two phases can influence
atomic diffusion and regulate grain growth,77_79 while a partial
solid-state reaction can yield additional phases beyond those of
the initial heterostructure.**™*" Finally, heterostructures
provide a means to guide the nanoscale distribution of the
constituents in the resulting multicomponent solids.****"'

2.1.2. Surface Engineering. Another critical feature in
powder design is the NP surface. Surface atoms have a different
atomic environment that can significantly alter the particle’s
surface energy and reactivity,*” both crucial parameters for the
transformation that occurs during consolidation. The surface
chemistry of the NPs is comprised of two different structural
features: first, the termination atoms of the NPs, which are
usually determined by the synthesis, and second, the
adsorbates connected to the under-coordinated termination
atoms.*¥™ The adsorption of species on the surface of the NPs
occurs during synthesis or during postsynthetic treatments;
such adsorbates can vary from molecules with long aliphatic
chains to molecular or ionic species.””*® Such surface species
can be viewed as an added tunable feature in guiding sintering
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and solid-state reactions during consolidation rather than an
inescapable detriment (Figure 3).

2.1.2.1. Organic Surface Species. Most common colloidal
synthetic routes yield NPs with long hydrocarbon chains, such
as fatty acids, amines, or thiols.” If used directly, such hybrid
organic—inorganic NPs convert into composites with a carbon-
containing phase.””*® Besides, such ligands and their
decomposition products can provide barriers, hindering atomic
diffusion and therefore affecting grain growth and solid-state
reactions during consolidation. Calcination in a reducing or
inert atmosphere is a common procedure to remove these
ligands.*””" However, the calcination of long hydrocarbon
chains yields graphitic carbon that can pin the grain boundaries
and inhibit grain growth.®> Alternatively, these ligands can be
exchanged for smaller, more volatile molecules such as
ethylenediamine,”’ ethylendithiol,”* or pyridine,”” which are
easier to remove during calcination. Such volatile ligands,
conversely, can promote grain growth.”* Finally, phosphine
and thiols*”** can be used to introduce atomic impurities (P
or S) in the final solid, simultaneously doping it and potentially
affecting its crystallinity.””

2.1.2.2. Inorganic Surface Species. An alternative to
organic ligands that bypasses the problem caused by residual
carbon is the use of inorganic ligands. Inorganic molecules and
ions were previously used to exchange the native organic
ligands and functionalize IC surfaces to produce dense
materials where the ligand could (i) be converted into an
inorganic matrix encapsulating the ICs,” (ii) react with the IC
to yield a new phase, ® (iii) promote crystal growth,”’ ™"’ and
(iv) introduce secondary phases’ or atomic impurities.'”
Chalcogenidometalates (Sn,S4*”, In,Se,*”, and
CdTe,,”),"""'%? halometallates (PbCl,~ and InCl,~),*»'%%'%*
oxoanions (PO,*~ and MoO,*"),'” chalco§enides (8*, Se”7,
and Te?"),"** and halide (CI~ and I7)*”'% and pseudohalide
(CN~, SCN™, and N;7)'**'” jons are some examples of the
continuously expanding collection of inorganic molecules used
for surface functionalization. Many of these ligands have been
successfully employed to improve the conductivity in non-
sintered NP-based solids,'**'%*~"'! but their effect on
consolidation remains mostly unexplored.

2.1.2.3. “Naked” Surfaces. The idea behind surface
functionalization is to replace the native ligands with other
adsorbates that have a specific function.''> A different direction
to explore with solution-processed NPs is to create “naked”

https://doi.org/10.1021/acs.chemmater.2c01967
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surfaces similar to powders produced by solid-state techniques
like ball milling. It should be noted that truly “naked” surfaces
actually do not exist in solution. In order to be colloidally
stable, particles need either to be sterically stabilized by bulky
ligands or electrostatically charged, inevitably leading to the
coprecipitation of ions when the particles are removed from
solution.’® However, if suitable species are placed on the
surface in combination with mild thermal treatments, “naked”
surfaces might become possible. For example, native organic
ligands can be displaced or exchanged b?r small ionic
adsorbates,""® such as hydroxide or hydrides.''* Lewis base
ligands can also detach by forming adducts with Lewis acids
such as BF,,'"> and Meerwein’s salts are known to introduce a
small alkyl group to the coordinating atom on the ligand,
detaching it from the surface."'®""” Although “naked” surfaces
might not seem interesting to explore, they can be used to
overcome the problems caused by native ligands. Moreover,
the possibility of creating naked surfaces is necessary to
decouple the effects of surface adsorbates from other features
of the particles and ultimately establish relationships between
the properties of the NP-based precursor and those of the
consolidated solids.

2.2.3. NP Array Configuration. One additional possibility
that well-defined NPs offer as precursors is the ability to to
control their organization, ie., to produce NP arrays with a
predetermined configuration. Managing the layout of the
particles allows the initial transformation to be guided between
juxtaposed particles''®'"? and juxtaposed particle super-
crystals."”’ The production of structured powders can enable
the production of complex macroscopic inorganic solids with
unprecedented control of the phase and composition at
multiple length scales (Figure 4).

2.1.3.1. Random NP Array. The development of well-
defined nanocomposites has been one of the most successful
strategies of introducing scattering centers for phonons with a
minimum impact on the charge carrier mobility.'*"'** While
spinodal decomposition has been successful in the production
of this kind of materials, it fails to control the nanoinclusion’s
size, shape, and composition. Alternatively, NPs of different
types have been mixed to produce multicomponent inorganic
solids.'” The large possibilities described above for the IC and
the surface species highlight the versatility of this approach,
where a practically unlimited number of solids can be made by
simply blending different types of NPs. However, NPs tend to
segregate into clusters of the same size, shape, or composition,
leading to heterogeneity in the consolidated solid.'"”* To
produce randomly yet homogeneously distributed second-
phase nanoinclusions embedded in a dense matrix, it is
necessary to produce a powder where different types of NPs
are well mixed. Some routes to explore include blending NPs
of different sizes*”'**'** and functionalizing the NP surfaces
to negatively and positively charge each ?rpe of NP and guide
their agglomeration into powder form."*”"*’

2.1.3.2. Highly Ordered NP Superlattices. Finally, one of
the most distinctive possibilities is using NP superlattices as
precursors. High-quality particles, i.e., those with a highly
homogeneous distribution of size, shape, and composition,
have enabled the design of solid materials due to their
assembly into long-range-ordered superstructures resembling
atomic crystal lattices.””*¥'*” Work on lead chalcogenides has
even shown the possibility of epitaxially interconnecting
particles to form porous single crystals by controlling ligand
desorption.'*"
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The chemical transformations from well-organized powders
into macroscopic solids could be used to induce periodicity in
nanoinclusions (Figure 4) or to create super structures similar
to those developed by molecular beam epitaxy'”""** at a much
lower cost and on a large scale. Clearly, such a level of
organization in the powder is incredibly challenging to achieve,
and intensive research is being carried out to develop assembly
strategies that allow the large-scale 3D organization of
particles. However, even in the case that only powders with
a limited degree of controlled organization can be made, the
resulting solids could have unique architectures with
unexpected transport properties.

2.3. Reducing Cost: From Materials to Devices. A final
advantage brought by solution processing is the opportunity to
reduce the production costs both of the materials and the
devices.

2.2.1. Reducing the Synthetic Cost. Compared with
traditional solid-state methods, solution-processed thermo-
electric materials are produced in much less demanding
conditions. Since diffusion in solution occurs orders of
magnitudes faster, shorter times are needed compared to
those in solid-state reactions. Moreover, the syntheses are
usually performed at relatively low temperatures (below 350
°C), reducing the energy consumption of the process.
Furthermore, as the reactions can be controlled to nucleate
and grow the desired compound, solution methods usually
require lower reagent purities, leaving behind possible side
products, unreacted species, and the solvent, which can be
separated after the synthesis.

Another important factor in reducing the cost is the solvent.
Water is the most inexpensive and environmentally friendly
solvent. However, it limits the synthesis temperature range and
has oxidative and hydrolyzing abilities, restricting the use of
very strong reductants that may be necessary. Other polar
solvents, as well as the use of autoclaves, have been used to
overcome these limitations. These synthetic methods are
known as solvothermal and hydrothermal and have been
extensively used by the thermoelectric community.”>>®'33713
However, precisely controlling the particles’ characteristics is
much more difficult in these methods.

2.2.2. Additive Manufacturing. Typically, fabricating a
thermoelectric device requires dicing, bonding, and assembling
multiple semiconductor legs. Solution processing has the
potential to reduce the cost of thermoelectric devices by
employing cheaper fabrication techniques. Additive manufac-
turing (3D printing) techniques can decrease the production
cost and allow movement away from the glanar geometry of
conventional thermoelectric devices.''***°7'*® However, to
produce 3D-printed thermoelectric devices, it is necessary to
develop thermoelectric materials in the form of an ink with
very specific rheological properties that enable a proper flow
for particle deposition yet maintain the structural integrity of
the printed pattern.'”” Rheological properties are tightly
related to particle characteristics such as size, size distribution,
and surface chemistry."””'*’ Therefore, using solution-
processed NPs with well-curated properties can be the key
to establishing this technology for thermoelectrics; as we
described above, there are plenty of possibilities for controlling
particle properties and their surface chemistry.

2.4. Controlled Porosity in Inorganic Solids. So far, we
have emphasized that high-density bulk materials are sought
because porous materials do not provide high performances
and the transport is difficult to interpret. One of the problems
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in understanding transport properties in porous materials is
that the pores are generally uncontrolled in distribution, size,
and shape. This can be changed by employing well-curated
NP-based precursors, where porous materials with well-defined
pore densities and structures can be produced. One possibility
is to synthesize hollow NPs as precursors and fuse them into
3D grid-like structures with uniform pores by applying mild
consolidation conditions that do not destroy or modify the
voids. Similar porous structures could also be prepared using
epitaxially fused NP superlattices where the particles are
connected only in certain facets, leaving empty spaces between
the different connected NPs. Hollow NPs can also be
employed to produce porous materials with different densities
by encapsulating them into matrices. This can be achieved by
functionalizing the hollow structures with a precursor that
would yield the matrix material during the thermal treatments
or by blending the hollow NPs at different ratios with other
types of NPs that represent the matrix material.

Overall, there is much room to explore in the field of porous
semiconductors. Beyond the search for new exciting transport
phenomena, porous materials are attractive because they help
to reduce module costs and weight, since less material is used.

3. THE CHALLENGES

This perspective presents the idea that by carefully engineering
NP-based precursors, tailored dense solids with targeted
features can be prepared. Yet, this approach is still in the
very early stages of development and is therefore very
challenging. Foremost, it is necessary to establish correlations
between NP properties and structural properties of the
consolidated material. Such correlations will turn the by chance
synthesis of dense inorganic materials into a by design synthesis,
where the desired features can be obtained from carefully
designed NPs. This task is extremely arduous. One of the
major limitations to establishing such causality is the lack of
detailed structural information on both the NP-based
precursors and the dense solid. Furthermore, in most cases,
we ignore the chemical transformations that occur during the
consolidation, which can eventually lead to an incorrect
interpretation of the physical and chemical changes that the
material undergoes.

While trying to exploit all the possibilities solution-processed
thermoelectric materials can bring to the table, certain
peculiarities of the process need to be taken into account.
Solution-processed materials tend to be more unstable than
those prepared by solid-state methods. This needs to be
remedied before acquiring the data so reproducible and
accurate measurements are reported. Additionally, most
solution-processed materials show temperature-activated
charge transport, indicating the presence of energy barriers
that render them less efficient than materials prepared by
conventional solid-state routes.

3.1. In-Depth Characterization of NP-Based Precur-
sors and the Consolidated Solid. 3.1.1. Characterization
of the NP-based Precursors. The comprehensive character-
ization of the NP-based precursor requires the size, shape,
crystal structure, composition, surface termination, and surface
adsorbates of the NP and the NP array organization in the
powder to be determined. The standard characterization of
NPs includes electron microscopy, which directly examines the
NP size and morphology;'*' UV—vis spectroscopy, which in
some cases can provide information on NP size and size
dispersion;””'*>'** and X-ray diffraction (XRD), which is used
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to determine the crystallographic phase and to estimate the
particle size (Scherrer analysis).'** Furthermore, the sizing and
aggregation of NPs in solution can be analyzed with dynamic
light scattering (DLS).'*> However, these characterization
methods are sometimes insufficient to correctly describe the
structure of the NP; therefore, further techniques must be
employed. Among the techniques, the pair distribution-
function analysis of high-quality XRD data can provide an
atomically precise description of the NPs, including size, and
the vacancy occupation, even for NP with low crystallinity.'*®
Electron diffraction techniques can be used to investi7gate the
crystallographic phase with a high spatial resolution,*”"** and
aberration-corrected electron microscogy can allow the
mapping of atomic terminations.'*""**"*® Small-angle X-ray
scattering (SAXS) can deal directly with the precursor in
solution and in the powder form and is sensitive to the NP size
and assembly."*!

The accurate determination of the composition of solution-
processed materials is crucial because the real composition
often varies from the nominal one, as opposed to traditional
solid-state methods. It has been extensively shown that minor
changes in stoichiometry can have a massive impact on the
properties of the final solid.'**'** The composition of NPs is
often determined by energy-dispersive X-ray spectroscopy
(EDX), but this technique lacks the accuracy required for a
proper rationalization of the process. Optical emission
spectroscopy (ICP-OES) and mass spectroscopy have the
necessary elemental sensitivity but do not provide information
on the distribution of measured elements. Therefore,
techniques that are sensitive to the atomic environment and
the surface should be employed, such as X-ray absorption
spectroscopy, >* and X-ray photoelectron spectroscopy (XPS),
which are also sensitive to the oxidation state of the
elements'*® and the presence of oxide.'**'*’

Identifying the surface species is crucial to understanding
their role during the formation of the solid.*®> First, the
assessment of the surface chemistry is often done with Fourier-
transform infrared spectroscopy, which can easily indicate if
organic ligands are present.158 However, this technique cannot
provide all the necessary information needed to deduce the
surface structure and does not work for most bound small
molecules. Nuclear magnetic resonance (NMR) can be used to
identify and quantify both bound organic ligands and solvated
species.*”*®1597161 golid-state NMR, on the other hand, can
provide information on the atomic structures of NP
surfaces.'”” DLS combined with (-potential measurements
allows the charge of colloids to be determined, which helps to
elucidate the structure of the electrical double layer in charged
NPs.'*” Grazing incidence X-ray absorption and photoelectron
spectroscopies can also be used to disclose how NPs are on the
surface.'

Despite the plethora of methods available to study the
surface chemistry of NPs, it has been proven that some surface
species remain undetectable. For example, observing ionic
groups intercalating between organic molecules is compli-
cated.'®>'** If the surface is not analyzed with the right tools,
there is a considerable risk of overlooking certain species,
leading to an incorrect interpretation of the observed
phenomena. This represents a challenge, and careful
considerations need to be made to trace all possible elements
that may end up on the particle surface by considering both the
precursors used for the NP synthesis and the surface
treatments used.'®®
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3.1.2. Characterization of the Consolidated Solid. The
basic structural characterization of consolidated thermoelectric
materials is usually performed by XRD using laboratory
sources. XRD allows phase identification, provides information
on crystallographic texture'®® and strain, and in some cases
allows an estimation of the doping level using Vegard’s law."®”
While such information is of high value, XRD does not provide
comprehensive information on the different defects present in
the material, and various techniques must be employed. The
characterization of choice depends on the characteristic length
scale and the dimensionality of the defects; thus, it is important
to include other techniques in the standard characterization of
samples that might disclose the presence of sometimes
unexpected defects.

3.1.2.1. OD. Point defects can be evaluated using neutron
diffraction,"®® synchrotron XRD,'® or Cs-corrected high-
resolution transmission electron microscopy (TEM) and
atomic resolution electron energy loss spectroscopy.l7°_l73
Another technique that is capable of analyzing point defects is
atom probe tomography (APT), which reconstructs composi-
tional maps of small volumes with an atomic spatial resolution,
below parts per million chemical sensitivity, and equal
sensitivity to all elements."”* APT can reveal the spatial
distribution of dopants, including light elements such as
sodium,'” which are difficult to detect by other means and
give insights regarding the dopant efficiency.'® Further
techniques, still relatively unexplored, are positron annihilation
spectroscopy (PAS) and deep-level transient spectroscopy
(DLTS)."”® PAS is predominantly used to quantify vacancies,
but is not restricted to it and can shed light on the type and
relative concentration of defects.'”” ™" DLTS can clarify the
relationship between the charge carrier concentration and
point defects.'”®

3.1.2.2. 1D. Line defects are typically analyzed by advanced
TEM or APT. From TEM, dislocation densities'* can be
estimated directly, whereas in APT dislocations are onl
indirectly identified if they have a different composition.'*""**

3.1.2.3. 2D. Planar defects (grain boundaries, phase
boundaries, twin boundaries, and stacking faults) can be
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investigated by TEM, APT, Kelvin probe force microscopy
(KPFM), and electron backscatter diffraction (EBSD). Like
dislocations, grain boundaries can be directly imaged in
TEM.'"® APT data can indicate if there is a compositional
discontinuity at the grain boundaries, and it is a very powerful
technique for identifying grain boundary complexions,"**
which can be elusive with TEM. KPEM can also indirectly
provide information about grain boundaries by detecting
variations in the interfacial barriers due to charge accumulation
at grain boundaries. EBSD is usually conducted in a scanning
electron microscope (SEM) and gives valuable information on
the type of grain boundaries (high angle or low angle), their
respective concentrations, texture, and strain.

3.1.2.4. 3D. Bulk defects encompass nanoinclusions and
pores. PAS can be used to detect pores and distinguish
between different sizes. Nanoinclusions can be analyzed by
XRD, TEM, SEM, and APT. While APT can give the size,
shape, distribution, and chemical nature of such precipitates,
TEM can also provide information about the crystal structure
and the strain between the precipitate and the matrix.
Moreover, gas physisorption isotherms are among the most
common experiments used to study porous samples, including
pore volume, pore size distribution, and surface area, although
their use in thermoelectric materials is very limited."®>'%

3.1.3. Characterization of the Transformation from NP-
Based Precursors to Dense Solids. In some cases, a complete
characterization of the NP-based precursor and the con-
solidated solid is not enough to understand how the
transformations occur and establish causality. In those cases,
directly examining the transformation of NP-based precursors
into the consolidated solid can unveil the presence of
intermediates and metastable phases hidden in the process
and ultimately explain the transformation. Among the
techniques that are useful for studying the consolidation
process, we can mention temperature-dependent TEM, which
uses a heating stage to follow neck formation between
particles,187 changes in particle shape, size, and composition
or the crystallographic phase,"*® and the structural changes and
structural arrangements of pores;'*”'”’ XRD coupled with a
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reaction chamber, which is used to evaluate the evolution of
the crystal structure,'®® disorder, grain size, crystallographic
texture, phase transitions,'”"'*> and side reactions;*’ SAXS
temperature-dependent measurements in a controlled atmos-
phere, which is used to follow grain size and shape, porosity
(pore structure and distribution), and the presence of thick
boundaries;'**~'*° differential scanning calorimetry, which is
used to track exothermic or endothermic events to identify
reaction points or phase transitions;'”° mass spectroscopy and
gas chromatography, which are used to analyze the gas that
evolves during the powder transformation;'”” and thermog-
ravimetry, which is used to evaluate mass changes during
heating that might include the formation of volatile reaction
products or reactions with the gas phase.'”!

However, the use of in situ methods to characterize the
transformation of the NP-based precursor into the con-
solidated solid is limited. For proper characterization, the
consolidation conditions must be replicated in the measure-
ment (e.g., high temperature, pressure, and inert atmosphere),
and the time scale of the measurements has to match the time
scale of the processes being investigated. A way around this
latter problem is to quench the processes at intermediate stages
and analyze them separately.

The techniques listed here do not cover all the existing
characterization tools but give an idea of the most useful for
studying the NP-based precursor, the consolidated solid, and
the transformation of one into the other. Using such a
comprehensive set of techniques requires a large set of
expertise for data acquisition and analysis. Moreover, some
techniques are not readily available in standard laboratories,
either because of cost or infrastructure limitations. Therefore,
the only way to move forward in expanding the collection of
characterization techniques is through collaboration with
specialized scientists.

3.2. Problems Associated with the Solution Synthesis
of the Powder. The multistep process of preparing dense
semiconductor solids from solution-processed NPs (Figure S)
not only offers opportunities to tune the NPs but it also has
associated challenges, such as low reproducibility, instability of
the materials, low densities, and oxidation.

3.2.1. Reproducibility. Low reproducibility of solution-
processed materials is a persistent issue, especially among
different laboratories. The first reason is the lack of the careful
handling of the NP-based precursor. For example, small
differences in the chemicals used'”* >*° or the purification
conditions (duration, particle concentration, solvent, cycles,
and environment) can yield different types and amount of
impurities that impact the material microstructure.””" The
same can happen with the surface treatments and drying steps;
the presence of surface adsorbates and the effect of volatile
species influence the formation of the solid and even its
stability.*® Another source of discrepancy among samples is the
homogeneity of the powder prior to annealing. To warrant
reproducibility, it is mandatory to be very methodical, to
develop a deep understanding of the different steps by detailed
characterization, and to report all the details of every
processing step.

3.2.2. Density Control. To date, the role of pores in
thermoelectric materials remains unclear. Effective medium
theories predict that the increase in zT caused by the reduction
of the thermal conductivity is canceled by the reduction of the
electrical conductivity, hence it does not have any effect on the
thermoelectric figure of merit.”>~*** This should hold true if
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the pores lead to inert grain boundaries.””>*°° However, if that
were the case, more work would be done on producing high-
performance materials with large porosity to deliver lighter and
cheaper devices.””” Yet, the lack of work on materials with
reproducible porosity and the absence of theories that explain
transport in porous media make acquiring reliable data and
evaluating it difficult, particularly for thermal conductivity.
Therefore, the thermoelectric community seeks to fabricate
solids with densities as close to their theoretical values as
possible. When the powder is produced in solution, densities
are often lower than those achieved in solid-state methods, up
to around 80% of the theoretical density.”” This can be
attributed to the remaining solvent or adsorbed species that
decompose and evaporate during the sintering step, creating
pores. To avoid this, the most common approach is to anneal
the powder at temperatures above the evaporation or
decomposition temperature of the bound molecules and
solvent (=350 °C), although this is not always done.

3.2.3. Oxidation. The use of solvents for the synthesis and
purification of the NPs results almost unavoidably in the
presence of oxygen and, consequently, in the (at least partial)
oxidation of the NPs.””® Different solvents have distinct
oxidative properties. For instance, the concentration of
dissolved oxygen in nonpolar solvents can be orders of
magnitude higher than in water or polar organic solvents.”*”*"?
This does not necessarily translate into more oxidation; the
self-ionization of protic solvents, redox stability zones, and
solvent reorganization energies can affect the oxidation
potential and rate.”'’ In water, dissolved atmospheric CO,
slightly increases the acidity, further promoting oxidation. An
interesting example that reflects the complex role of solvents is
the case of Cu nanowires, where polar solvents were effective
in minimizing oxidation but nonpolar solvents led to heavily
oxidized samples.”"

Dissolved oxygen is not the only source of NP oxidation, but
it is definitely the main one due to its ubiquity (21% in air),
leading to performance degradation. Moreover, due to the
large surface-to-volume ratio, surface oxidation remains
challenging despite efforts to mitigate this effect.”'” The high
reactivity allows NPs to easily react with oxygen to form
corresponding oxides. Even a small layer of oxygen on the
surface of the NPs results in a high oxide volume ratio. NPs of
several materials that do not oxidize in atmospheric conditions
in the bulk have been reported to undergo oxidation, such as
noble metal NPs (Au and Ag)*'**'* and group II-IV NPs.*'°

This inherently leads to the incorporation of oxides into the
consolidated material, which affects the thermoelectric
performance.”” In the case of CdSe, reports revealed that
surface oxidation occurs via two mechanisms: physisorption,
which can be reversible, and chemisorption, which results in
the NP being etched into smaller sizes.”’*7**! To date, there
are several strategies for minimizing oxidation throughout
solution processing. Such methods include purging solvents
with inert gas, conducting the process under inert atmospheres,
using dry air-free solvents, and annealing under a reducing
environment.”*”

3.2.4. Instability. Another problem of solution-processed
thermoelectric materials is their instability, which is visible by
different trends during the heating and cooling cgrcles of the
temperature-dependent transport measurements.””” It can take
multiple heating and cooling cycles for some solution-
processed materials to report the same transport values,
indicating that the materials still undergo transformations in
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the initial cycles. Such behavior can be related to the presence
of volatile species trapped in the material that slowly escape
during the measurements, especially at high temperatures.
Introducing additional post-consolidation thermal treatments
can solve this issue.”®

3.3. The Presence of Energy Barriers. When comparing
the transport behaviors of solution-processed materials with
those of their solid-state counterparts, solution-processed TE
materials generally show lower electrical conductivities at room
temperature. Moreover, the temperature-dependent trend is
that the conductivity increases with temperature instead of
decreasing. Some examples of NP-based solids that behave
differently from the bulk ones include PbS,****
PbTe,'**?*>**° and Ag,Te-PbTe.'”***” Such thermally
activated electrical conductivity represents a challenge, as it
seriously impairs the zT of the solution-processed thermo-
electric material at low temperatures. While the performance
may be higher at high temperatures, the low performance at
low temperatures deteriorates the average zT, which
determines the device efficiency. Hence, thermally activated
electrical transport represents a severe challenge for low-
temperature generators and cooling applications.

In intrinsic semiconductors, thermal activation of charge
carriers leads to electrical conductivities that increase with
temperature. However, inorganic thermoelectric materi-
als”***** are heavily doped, so the thermal activation comes
from the energy barriers related to the defects. In particular,
there is a high density of interfacial defects present in NP-
based materials, such as pores, the presence of oxide, graphitic
carbon from decomposed surface adsorbates, and grain
boundary interfacial phases (also known as grain boundary
complexions).””*"*** To overcome this challenge, it is
necessary to study how specific defects affect the electrical
conductivity and develop strategies to design defects and, in
particular, interfacial phases that are beneficial for the charge
transport yet scatter phonons effectively.

4. GOOD PRACTICES

As mentioned previously, one of the major issues is
reproducibility among different laboratories. One of the
reasons for this problem is the lack of experimental details in
the publications. While it is common to report the whole
process in general lines, details considered irrelevant are left
behind without exploring how important those parameters
actually are. In the case of solution-processed thermoelectric
materials, this is even more significant, as multiple steps are
involved (Figure S). Therefore, thoroughly detailed reports are
crucial to driving reproducibility among research groups. This
will ultimately facilitate and speed up thermoelectric research.

In the following lines, we describe a guideline for best
practices to promote reproducibility among different labo-
ratories:

1. Reactants used. The first problem can be found in the
reporting of the chemicals used. It is critical to not only
list all the chemicals employed but also to specify if
reactants are synthesized from commercial chemicals
(indicating their purity and brand) or bought and
whether they are further purified.

2. Synthetic conditions. Most reports described the
synthetic conditions by reporting only some parameters
such as atmosphere, temperature, and time steps.
Missing details include the injection rate of precursors,
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information about temperature control (PID parameters,
heating ramps and profiles, cooling rate, heating source,
etc.), data on scalability, stirring characteristics (type and
speed), and an image of the experimental setup.

. Particle purification process. When the powder is

produced in solution, it usually requires a series of
purification steps, where the particles are separated from
the solvent, unreacted species, and soluble byproducts
(Figure 5). Most works only report the purification as
“the particles have been rinsed multiple times with X and
Y solvents”. However, no volumes, number of cycles, or
rinsing conditions are specified. The best practice is to
report all these experimental details, as well as explain
why the solvents are chosen and how the NPs are dried.
Small impurities left behind due to inadequate purifying
processes can significantly influence the structure and
performance of the final material.

. Surface treatment methodology. Concerning surface

functionalization, it is important to specify not only the
solvent, the concentration of the NPs, and the reactants
used but also the volume. Depending on whether these
reactions are highly endo or exothermic, direct up- or
down-scaling, respectively, might not work. Further-
more, stirring conditions and further purification should
be mentioned. As important as the treatment itself, the
handling of the NPs after functionalization is critical
(washing, storage life, storage solvent, atmosphere,
temperature, excess surfactants used for colloid stability,
pH, etc).

. Preconsolidation and postconsolidation treatments.

Mild annealing treatments are usually performed to
remove adsorbed solvent or to thermally decompose the
surface adsorbates. In most reports, there is no
indication of the specific temperature profile used, and
in the best cases only the maximum temperature,
atmosphere, and time are reported. However, heating
and cooling rates and the gas flow rate impact the
structure and composition of the final material and
hence must be reported. Additionally, the experimental
setup of the furnace (i, in or outside a glovebox) and
sample handling during loading and unloading from the
oven should be detailed.

. Study of potential surface species, even for those cases

where it is assumed the NPs are “naked”. So-called
surfactant-free methods render particles without organic
molecules on the particle surface, and the particle’s
surface is usually considered “naked”. Thus, only a
drying step is performed before consolidation. Despite
the fact that the surface is considered “clean” or “naked”,
different species might be adsorbed on the particle
surface depending on the particle composition and
surface termination’>****%* (see section 3.1.1).

. Stability testing. To ensure the stability of the material,

measuring multiple heating and cooling cycles are
required until the cycles coincide. Moreover, thermog-
ravimetric measurements to monitor changes in the
sample mass as a function of temperature and control
measurements, e.g. XRD, after each temperature-
dependent measurement can complement this. Stability
tests must always be available, at least as supporting
information, and it is the responsibility of authors to
publish them and of reviewers and editors to demand
them.
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Figure 6. Examples of polycrystalline solids obtained by the reaction of precisely design NPs. (A) NPs with metastable phases yield macroscopic
metastable solids. Reproduced from ref 65. Copyright 2012, American Chemical Society. (B) Surface-modified NPs generate nanocomposites with
a tuned stoichiometry. Reproduced with permission from ref 102. Copyright 2019, American Chemical Society. (C) Blending metallic and
semiconductor NPs creates doped nanocomposites. Reproduced from ref 12. Copyright 2016, Nature Publishing Group. (D) NP reactions produce
doped nanocomposites. Reproduced from ref 49. Copyright 2021, American Chemical Society.

5. OUTLOOK

The use of well-defined NPs as precursors for the production
of dense thermoelectric materials has been barely explored, yet
very interesting materials with uniczlue properties have already
been reported (Figure 6).'>*>'°

This perspective describes an idea that combines the best of
both worlds. We propose a synthetic strategy that aims to
translate the control at the NP level to dense solids with
optimized properties and functionalities. Maximizing the
control over the NP properties would allow the chemical
transformation to be guided toward specific features in the
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consolidated solid, with the ultimate goal of achieving the
highly sought synthesis by design.

The constant progress in NP synthesis, surface chemistry,
and assembly, together with an understanding of diffusion and
solid-state reactions at the nanometer scale, provides the
grounds to pursue this synthetic approach for thermoelectric
materials. However, it also can be extended to other fields
where tailoring the microstructure is the key to breakthrough
performances, including photovoltaics, catalysis, etc.

Synthesis by design is slowly becoming a reality in organic
chemistry, realizing the ultimate goal of synthesizing almost
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any target small molecule. Key to this development were,
among others, retrosynthetic analysis and a deep mechanistic
understanding of chemical pathways that transform reactants
into products. For inorganic solids, however, synthesis by design
remains a fairy tale.

We are aware that, at the moment, the proposed synthetic
strategy is just a concept with many unknowns. However, we
must implement creative strategies to explore and mass-
produce novel crystalline inorganic solids with new, optimized,
and even exotic properties.
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