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CONSPECTUS

The design of inorganic nanoparticles relies strongly on the knowledge from solid state chemistry
not only for characterization techniques, but also and primarily for choosing the systems that will
yield the desired properties. The range of inorganic solids reported and studied as nanoparticles is
however strikingly narrow when compared to the solid state chemistry portfolio of bulk
materials. Efforts to enlarge the collection of inorganic particles are becoming increasingly
important for three reasons. First, they can yield materials more performing than current ones for
a range of fields including biomedicine, optics, catalysis and energy. Second, looking outside the
box of common compositions is a way to target original properties or to discover genuinely new
behaviors. The third reason lies in the path followed to reach these novel nano-objects:

exploration and set-up of new synthetic approaches.

Indeed, willingness to access original nanoparticles faces a synthetic challenge: how to
reach nanoparticles of solids that originally belong to the realm of solid state chemistry and its
typical protocols at high temperature? To answer this question, alternative reaction pathways
must be sought, which may in turn provide tracks for new, untargeted materials. The
corresponding strategies require limiting particle growth by confinement at high temperatures or
by decreasing the synthesis temperature. Both approaches, especially the latter, provide a nice

playground to discover metastable solids never reported before.

The aim of this account is to raise attention to the topic of the design of new inorganic
nanoparticles. To do so, we take the perspective of our own work in the field, by first describing
synthetic challenges and how they are addressed by current protocols. We then use our
achievements to highlight the possibilities offered by new nanomaterials and to introduce
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synthetic approaches that are not in the focus of recent literature but hold, in our opinion, great
promises. We will span methods of low temperature “chimie douce” aqueous synthesis coupled
to microwave heating, sol-gel chemistry and processing coupled to solid state reactions, and then
molten salt synthesis. These protocols pave the way to metastable low valence oxyhydroxides,
vanadates, perovskite oxides, boron carbon nitrides and metal borides, all obtained at the
nanoscale with structural and morphological features differing from “usual” nanomaterials. These
nano-objects show original properties, from sensing, thermoelectricity, charge and spin
transports, photoluminescence and catalysis, which require advanced characterization of surface
states. We then identify future trends of synthetic methodologies that will merit further attention
in this burgeoning field, by emphasizing the importance of unveiling reaction mechanisms and

coupling experiments with modelling.

Complex solid nanoparticles
sensing, energy, information, catalysis... and others
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1. Introduction

Design and study of nanoparticle!-based materials is an interdisciplinary field implying solid-
state chemistry and physics, molecular and solution chemistry when gas-phase or liquid-phase
syntheses are involved, and all areas related to applications — biology, medicine, optics, catalysis,
electrochemistry and energy. This entanglement is source of richness, of excitation and

inspiration for scientists.

Some gaps however persist between chemistry of the nanoscale and solid-state chemistry
that addresses primarily bulk materials. The synthetic tools may differ by the temperature (T)
ranges involved (usually ~20-300 °C for nanoparticle design, ~300-2000 °C for solid-state
reactions). The characterization techniques may also diverge because of crystalline domains
below 10 nm (resulting in poorly resolved X-ray diffraction patterns). But the largest
discrepancy, although not frequently quoted, lies in the materials of interest: the range of solids
developed as nanoparticles is still narrow compared to the various phases reported from solid-
state chemistry. Evidence for this statement is provided by a literature search in chemistry,
materials science, nanoscience and nanotechnology (Figure 1). Oxides, metals and their alloys
are the most studied, with multiple applications at stake. Polymer-based and carbonaceous
nanoparticles are also largely investigated. Chalcogenide research is supported by optoelectronics
and biomedicine,> while polyanionics (e.g. carbonates) are primary biominerals. The 3%
remaining articles deal with all other materials. Refinement of this list with exact compositions
would show that most oxide nanoparticles are “common” binary transition metal oxides with high
metal oxidation state. Hence, the richness of phase space expressed in the solid-state chemistry

portfolio of bulk materials does not transpose to the chemical composition of nanoparticles.
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Figure 1. Nanoparticles families investigated from 2000 until 2005, 2010, 2014 and 2017.3

We will point out some reasons for this discrepancy, but let us first wonder why it is
important to search outside reported compositions. Firstly, many bulk solids exhibit
(technologically important) properties without equivalent among materials commonly met as
nanoparticles. For instance, cubic boron nitride is one of the hardest materials after diamond, with
higher thermal and chemical stability. When c-BN monoliths are formed under pressure by
sintering c-BN nanocrystals, hardness increases as dislocations cannot propagate across grain
boundaries.* Metal phosphides are also intensively searched as electrocatalysts for the Hydrogen
Evolution Reaction (HER).® Nanoparticles increase the surface-to-volume ratio and the mass-
normalized catalytic activity.> These two examples highlight the importance of investigating
novel families of materials at the nanoscale, which is then motivated by the expected properties.
A second answer is illustrated by John Corbett’s words: “It is always difficult to predict the
unimaginable ”.® Searching pathways to nanoparticles with new compositions is a mean to
discover surprising properties, which will supply basic research and applied fields with new
concepts. It can also unveil novel synthetic strategies that could apply to other materials. As
computational advances have not yet gone far enough to predict phase behaviors and properties

of nano-objects,”® synthetic exploration is a great way to discover novel properties and materials.
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This Account is not an exhaustive review of the efforts made to extend the phase space of
nanoparticles. Therefore, many reports worth mentioning may not be referenced. Our purpose is
rather to raise attention to the topic, by highlighting the possibilities offered by such new
nanomaterials and synthetic approaches that are not in the focus of recent literature but hold, in
our opinion, great promises. This Account is written from a nanoparticle synthesis chemist’s
point of view, with focus on synthesis routes and their consequences on the achieved materials.

To do so, we concentrate on recent advances by our group and others in this burgeoning field.

2. Trends in the compositional range of nanoparticles

Over the last 12 years (Figure 1), the proportion of works on nanoparticles with complex
compositions has kept decreasing. This originates first from the nanoscience community moving
from the principles of nanoparticles design to their use, thus focusing on conveniently produced
systems with recognized properties. A second point is the difficulty to synthesize such complex
nanoparticles, which makes the effort less rewarding on a short timescale. One should however
note the struggle of several communities to extend the range of compositions at the
nanoscale,>>1%1! as uncovered recently for semiconductor nanocrystals.? These efforts have

produced novel properties and motivate further search towards complex solids.

3. Challenges of nanoparticle design for complex solids

Complex solids may be multinary compounds and/or rely on complex bonding schemes. Each
category is illustrated (Figure?2) by the selenide CupCdSnSes? and the boride SmBsy,'?

respectively. The former contains an ordered arrangement of many ions with iono-covalent



bonding, while the latter features a complex network of covalent B-B bonds into a large unit cell.
Crystallizing such structures is a challenge usually overcome by high temperatures to activate
atom diffusion in solid-state reactions. These are accompanied by large grain growth and loss of
nanostructured materials. For chalcogenides,® reaction conditions can be adjusted in organic
solvents below ~300 °C to yield crystalline nanoparticles (nanocrystals). This illustrates the first
approach to overcome the complexity threshold in nanoparticles: tuning reaction pathways
through reactive reagents, in order to decrease the reaction temperature. Other examples of such
solution (colloidal) syntheses below 300 °C are found for some phosphides,>!® alloys,©
carbides,* lead halide perovskites (LHP)® and oxide nanoparticles,® among others. On the other
side, solids like most boron-rich borides still require higher T to crystallize, thus calling for

alternative protocols.

Complex solids
Cu,CdSnSe, SmBg,
> ' % W cu
B cd
Q 5 s [l Sn
£ Se
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16 atoms/unit cell 1512 atoms/unit cell
0.04 atoms/&® 0.13 atoms/A®
Many elements Few elements
lonocovalent bonds Covalent B-B bonds
Colloidal syntheses below 300 °C High temperature solid-state synthesis

Figure 2. Examples of complex solids encompassing structures made of many elements

(Cu2CdSnSes),? solids with large unit cells (SmBe2)!2 and covalent structures (SmBegy).*2



4. Overview of synthetic approaches towards nanoparticles

The toolbox for nanoparticles synthesis is regularly reviewed.?31"18 We discuss relative
advantages of main approaches for designing nanoparticles of complex solids (Figure 3 and

Table 1).

Solid Access to a wide range of solids
state Mechanochemistry Templating Difficult control of particle growth

reactions
T(°C)

Narrower range of solids
Better control of particle growth

Lower the
synthesis
temperature

Favor conditions
toward Change the to isolate
extended range of | reaction pathway| metastable solids
nanoscaled solids | to control kinetics
of solid formation

Overall strategy

Figure 3. Main protocols and overall strategy for synthesis of complex solid nanoparticles.

Details are given in Table 1.



Table 1. Main protocols for nanoparticles synthesis: methods to control nanostructures,

advantages and limitations.

Approaches/parametersto ~ Advantages Limitations Ref.

control nanostructures
Solid state e Hard templating o Multiple steps 19
reactions e Gas bubbles templating e Only specific reactions 20

e High reactivity Variety of e Restricted to T<500 °C 21

nanoparticles reagents  solids
e mechanosynthesis e Limited nanostructure 18,22
control
Colloidal/sol-gel Restricted by solvent stability 2,17
syntheses: organic (T<400 °C), hence narrow
solvents range of solids
Colloidal/sol-gel ~ Solvent, reagents, High pressure set-ups 13,23-
syntheses: concentration, T, surface Size control 25
aqueous media ligands.
above 100 °C and
supercritical
fluids
Colloidal/sol-gel ~ pH, reagents, Size, Narrow range of solids 26
syntheses: concentration, T, surface dispersion
agueous media ligands. control
below 100 °C
Sol-gel process Reagents, T profile e Variety Limited nanostructure control 13,25,
with post-heat of 27
treatment solids
¢ Shaping
Molten salts Extensive nucleation Variety of o Difficult nanostructure 28-32
solids control

o Difficult purification

Particle size and dispersion control is low with solid-state and solid-gas*® processes, even

if few strategies exist to limit grain growth (Table 1). Liquid-phase reactions offer more

homogeneous initial distribution of the elements, an advantage to reach multi-element solids. The

sol-gel process coupled with thermal post-treatment (T >400 °C)*22" can then trigger

crystallization of various nanoparticles, but with poor morphology control. Colloidal syntheses

enable morphological control but are bound to the solvent stability: organic solvents cannot

operate above 400 °C; pressurized set-ups extend the T range with water and supercritical fluids.
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Stable inorganic molten salts operate in the wider 100-1000 °C range under room pressure,
typically for flux synthesis of large single crystals, which rely on limited nucleation events and
slow but extended growth. To target nanoparticles in molten salts, one must divert their use to
trigger extensive nucleation at the detriment of growth. This approach is much less documented
and is focused on solids often accessible through other routes®® and at the detriment of particle

size and dispersion control, as surface stabilizing ligands are not stable at such temperatures.

Good understanding of liquid-mediated pathways offers large versatility to choose
experimental controls for crystal structure, composition, size, shape, surface and dispersion
states. In the next sections, we focus on these methodologies already used by specific
communities to reach nanostructures of simple solids or complex bulk solids (e.g. aqueous and
molten salt synthesis). However, they are usually not employed to target nanostructures of
complex solids. More important, they are generally not combined together in a mutual effort
towards nanostructured complex solids, as even works dedicated to some nanostructured complex
solids rely on one or two methods (e.g. quantum dots?® from colloidal synthesis in organic
solvents). Because the synthesis of nanoparticles of new complex solids is a strong challenge, the
most fruitful scientific method to address the topic is to gather multiple synthetic skills and

techniques. This is the approach our group is following.

5. Soft chemistry for fine tuning of reaction pathways

Water is the best solvent for cost and environmental concerns, under certain conditions:
precursors solubility, possibility of surface charges- or ligands-mediated particle size control and
of reaching the targeted phase below 100 °C (open vials), 250 °C (conventional autoclaves) or
650 °C (specially designed autoclaves). The particles should be stable in water, hence precluding
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highly reducing/oxidizing solids. Aqueous syntheses are recognized since decades for their
potential in adjusting reaction pathways to drive reactions towards complex solids at the bulk
state.* However, precise reaction tuning to yield nanoparticles of such complex solids and to
make a selection among several uncommon solids at the nanoscale is mostly unexploited, despite

the accessibility of a specific trigger: pH.

We have reported recently the first occurrences of nanostructures for Duttonite VO(OH). and
Gain’s hydrate V204(H20). (Figure 4) by increasing the solubility of vanadium species in water
from pH4.0 to 3.6.>° The initial amorphous precipitate evolves in two ways: insitu
crystallization of Duttonite at pH 4.0, dissolution-recrystallization of Gain’s hydrate at pH 3.6.
We could then obtain first insights into the structure of Gain’s hydrate, which undergoes
topotactic dehydration upon aging towards Haggite V203(OH). nanowires. This highlights the
strong sensitivity of reaction pathways in water to pH values. This parameter enables tuning the

cations coordination sphere, then reagents solubility and kinetics of solid formation.
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Figure 4. pH-based tuning of reaction pathways in water. Adapted from ref 35. Copyright 2016
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American Chemical Society.

Colloidal syntheses can be coupled to microwave heating for high heating efficiency,
homogeneity and rate, which fasten the first stage of nanoparticles formation, nucleation, thus
leading to smaller particles and narrower size distribution compared to regular heating. Less
known is the ability of microwaves to decrease the crystal defect density. This effect was used to
design hydrogen peroxide sensors for explosives detection, based on the quenched luminescence
of EuVO, nanoparticles upon H20. exposure.®® Microwave-assisted aqueous synthesis led to
much fewer surface defects, resulting in doubled luminescence quantum vyield, enhanced

photostability and increased sensitivity (<0.1 ppm in vapors) compared to standard heating.

The ability to precisely select reaction pathways and yield high crystallinity objects parallels
protocols in organic solvents,? but aqueous syntheses are special in that they yield ligand-free

surfaces ready for catalysis®” and sensing.3®
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6. Sol-gel derived processes

The sol-gel process can yield many nanoscaled solids when it is combined to post-heat treatment
of the intermediate products in order to trigger crystallization of complex solids.?”*® However,
particle morphology is less controlled than with colloidal syntheses that occur only in liquid-
phase, without further solid-state heat treatment. Still, the main interest of this combined sol-gel-
solid state reaction pathway lies in the ability to shape nanoparticle-based materials in various

forms.2738

Magnéli phases TinO2n-1 (n > 4) are titanium suboxides offering opportunities in energy
storage,®® conversion,*®#! information technologies** and catalysis.*® Indeed, mixed valence
Ti'"/Ti'"V provides electrical conduction higher than TiO, and tunable by n values, from
semiconductors (TigO1s) to a metal (TisO7) with the high chemical stability of oxides.*® TinOzn-1
phases contain crystallographic shear-planes (Figure 5), formed at high T,* that limit phonon
propagation, thus providing low thermal conductivity. This uncommon combination of high
electrical conductivity with low thermal conductivity raised interest from the thermoelectricity
community. We undertook Magnéli nanoparticles synthesis with stoichiometry control and large
yield to produce bulk nanostructured materials after sintering.** These monoliths were expected
to show enhanced thermoelectric conversion efficiency from phonon scattering at grain

boundaries.

We have combined the sol-gel process with carbothermal reduction that uses carbon as
reducing agent (Figure 5).** The one-pot approach consists in heating a gel containing molecular
titanium-oxo species and a polymer to trigger the formation of TiO2 nanoparticles, then
carbonization of the polymer to embed TiO> nanoparticles in a carbon matrix, and finally
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reduction of TiO2 nanoparticles into TinO2n-1 by the surrounding carbon, also acting as a template.
The resulting 5-20 nm TinO2n-1 nanoparticles, with T-dependent n values, were embedded in a
carbon matrix (5-10 wt. %). Since our work, synthetic efforts for Magnéli nanomaterials have
intensified.>® Nonetheless, shaping Magnéli phases remains a difficult task® that we have tackled
thanks to sol-gel processability (Figure 5). Spark Plasma Sintering applied to the Magnéli-carbon
nanocomposite powder yielded bulk nanostructured materials with maintained particle size and
increased thermoelectric figure-of-merit.*! Besides, adjusting the organic moieties nature and
content enabled changing the initial mixtures from gels to viscous solutions, which were

electrospun into microfibers showing a remarkable memristive effect.**
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Figure 5. Synthesis and processing of Magnéli TinO2n-1 nanoparticles. Adapted with permission
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from refs 41 and 44. Copyright 2011 American Chemical Society and 2014 Wiley-VCH.

7. Molten salts as liquid media

Since few years, we are diverting the use of molten salts for flux syntheses of bulk solids. The
novelty of the approach is to trigger extensive nucleation with limited grain growth to enable
particle size control, through e.g. high precursor concentration, hence high supersaturation, large

heating rates and quenching.



7.1. Multicationic oxides

The perovskite structure accommodates a large range of compositions providing extended
functionalities® illustrated by LHP for photovoltaics*® and optoelectronics.’® Oxide perovskites
remain highly studied and applied from piezoelectrics, spin/charge transport to catalysis for
environment and electrocatalysis for energy.*’*° These fields would benefit from well-controlled
nanoparticles to understand surface effects and possibly enhance performances. Compared to
LHP® and titanate oxides that can crystallize below 200 °C.Y” manganese oxide perovskite
nanoparticles are challenging to synthesize, as they compete with many intermediate phases®® and

then crystallize above 600 °C, often with crystal defects.

We have recently reported Laos7Sro33sMnO3 (LSMO) manganite nanoparticles with high
crystalline quality (Figure 6).32 Such features were achieved at 600 °C by solution synthesis
(Figure 7) to fasten reactions while limiting growth. The thermally stable molten salt KNOz was
sufficiently oxidizing to form high oxidation state species (average Mn*33® in LSMO). Metal
nitrates and KNOs were mixed at room temperature and heated. After cooling down, the
solidified salt was washed by water. Fast ion diffusion in the liquid yielded highly crystalline
nanocubes with narrow size distribution around 20 nm, close to aqueous and colloidal syntheses
standards. State-of-the-art transmission electron microscopy (TEM) showed that Mn was indeed
Mn*33, except for the first two Mn surface layers. In this 1 nm-thick shell, a high density of
oxygen vacancies was counterbalanced by reduction of Mn, while maintaining the perovskite

structure.
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Figure 6. Molten salt derived-LSMO oxide perovskite nanocrystals. Adapted with permission

from ref 32. Copyright 2017 Wiley-VCH

17



1) Cooling down
& solidification

2) Washing (water, methanol)

KNO;
for
high oxidation state
metal oxides

Nanoparticles

Composition

Eutectic LiCI/KCI
for
oxygen sensitive
solids

Mechanical mixture
(ball milling) )

Parameters:

reagents nature and ratio, concentration,

temperature profile, cooling rate, atmosphere...

High crystallinity and ligand-free LSMO nanocubes were used as “nano-pieces” of bulk,

paramagnetic-like shell magnetizations

Figure 7. Molten salt-synthesis protocols.

to exacerbate effects of surface stoichiometry deviations (Figure 6).32 A new low T
magnetoresistance effect was shown: the shell is a switch for spin transport, where low resistance
and spin transfer occur only under large magnetic field when the ferromagnetic core and
are aligned. This original magnetotransport sheds new
light on the use of LSMO films as spin injectors/detectors, whose transport properties were
considered equivalent to the bulk. This effect could be evidenced only by designing ligand-free

nanocrystals combining narrow size distribution and crystalline quality mimicking epitaxial thin
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7.2.Non-oxides: boron-based nanoparticles

Molten salts are not restricted to oxide design: luminescent,?® electroactive®® B-C-N(-O)
nanoparticles are readily synthesized in the eutectic mixture LiCI/KCl (Figures 7-8). The
approach applies also to nanoparticles of metal borides (Figure 9), whose specificity lies in the
strong covalence of boron-boron bonds (section 3) yielding properties without equivalent among
common materials:**®2  superhardness, superconductivity, catalysis and recently HER
electrocatalysis.>®*>* These properties were evidenced mostly on bulk borides or amorphous
nanoparticles difficult to characterize. Crystalline nanoparticles could be more stable and model
systems, but their synthesis is challenging (section 3).* To decrease the synthesis temperature
and limit grain growth, non-oxidizing molten LiCI/KCI was combined with NaBH4 and metal
halide reagents. We thus reported at 600-900 °C first occurrences of many nanoscaled metal
borides.?328:3031 The particles are stable under air, showing a ~2 nm-thick amorphous shell
containing partially oxidized boron. The particle size is controlled by the reagent ratio as in

regular liquid-phase synthesis (Figure 9).
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Figure 8. Molten salt-derived nanoscaled B-C-N-O compounds. Adapted with permission from

refs 29, 51. Copyrights 2011 American Chemical Society and 2013 Royal Chemical Society.
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Figure 9. Metal boride nanoparticles: molten-salt synthesis and properties. Size control data are
not reported elsewhere. Adapted with permission from refs 13, 28, 30, 31. Copyrights 2013 and

2017 American Chemical Society, 2011 Wiley-VCH and 2016 Royal Chemical Society.

20



The activity and selectivity of boride-based (electro)catalysts!3**>* motivate studies of
their reactivity under operation conditions. We have undergone combined in situ investigations of
compositional, structural and morphological evolutions of molten salt-derived CoB under
different gases up to 600 °C.3! Synchrotron-based Near-Ambient-Pressure X-ray Photoelectron
Spectroscopy (NAP-XPS) and TEM with a gas cell highlighted decomposition of CoB
nanoparticles, previously exposed to air, into Co nanoparticles and oxidized boron during a pre-
treatment typical for CO, methanation (Hz at 400 °C). On the contrary, argon atmosphere has no
impact. Hence, strong structural changes occur under reactive gases and question the nature of
active species in boride-based catalysis. These results find echoes with recently shown metal

borides decomposition during the Oxygen Evolution Reaction in aqueous electrolytes.>*

8. Understanding and tuning surface states

Surface states play a primary role in properties discussed above (sensing,®® thermoelectricity,*!
charge** and spin®? transports, catalysis,’ but also ionic conduction)?? so that their understanding
is of prime importance, by using e.g. photoluminescence,®® Raman spectroscopy,®” XPS%* and
zeta potential measurements.?> TEM plays also an increasing role, for state-of-the-art

microscopes deliver atom-scale mapping of elements and their chemical state at surface layers.*2

As a prospect, the example of much simpler gold nanoparticles is instructive, as it shows
how hybrid organic-inorganic interfaces can tune surface states and yield novel properties. For
instance, grafting aromatic thiols to trigger electron transfer at the interface (Figure 10)* yields a

giant shift of the plasmon band due to a change in the gold core dielectric function. Grafting then
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provides an additional degree of freedom to create new nanomaterials, but before its
implementation with complex nanoparticles, their surface reactivity will have to be addressed.
In situ characterizations, like NAP-XPS and TEM?3! will be pertinent in this context, but again the
example of gold particles draws future guidelines to understand hybrid interfaces, especially the
organic layer composition and the ligands distribution, by Nuclear Magnetic Resonance®® and
electron tomography®’ coupled to Density Functional Theory calculations and molecular dynamic

simulations.%6°7

Hybrid gold nanoparticles for plasmonics

Electron transfer
at the interface:
Giant red sﬂft

Absorbance

Density Functional Theory
for quantification

of adsorption energies
(planar surfaces)
00 800

400 500

600 7
Wavelength (nm)

Characterization of molecular distributions -
Nanoscale heterogeneities in organic shells

Transmission Molecular dynamics

electron tomography (planar surfaces)
(silica as contrasting agent)

Figure 10. Hybrid inorganic-organic core-shell gold-aromatic thiol nanoparticles. Adapted with

permission from refs 55-57. Copyrights 2015 and 2017 American Chemical Society, 2017

Wiley-VCH.
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9. Conclusions, current and future trends

We have highlighted current efforts for extending the compositional range of inorganic
nanoparticles, with emphasis on our recent achievements. We focused on crystalline solids that
are metastable and recovered below 100 °C and those whose crystallization requires temperatures
higher than in usual colloidal syntheses discussed elsewhere.2® Without being exhaustive, the
trends we have underlined rely on liquid-phase processes offering the highest degree of control
over nanoparticle formation. Most of the procedures relevant to address the topic rely on kinetic
control of the reactions to favor nucleation events at the detriment of growth in order to decrease
particle sizes. This complicates attempts to computationally predict the outcome of syntheses in
terms of particle size and crystal structure, so that experimental rules-of-thumbs are currently the

most useful. They encompass:

- Decreasing temperatures versus solid-state reactions to avoid growth by using high
reactivity reagents.®+13 Limitations arise from unavailability of reagents™ or the need
for high energy input for crystallization, 133241

- Tuning reaction pathways by adjusting the reactivity of reagents and intermediate phases.
This requires understanding formation mechanisms to identify relevant parameters.?*°
Knowledge is lacking for molten salts, where in situ characterization and data from water
and organic solvents should enlighten crystallization pathways.

- Decreasing synthesis temperatures through liquid-phase pathways, especially with high
temperature liquids.?”°-3241 Different stimuli can trigger “nano-crystallization” in liquids,

including microwaves®®*" or, on the opposite, melt solidification.%®

Frequently raised issues of the aforementioned methods are scalability, environmental impact,

cost and size distribution width. All protocols detailed herein are gram-scale lab syntheses, which
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offer a nice starting point for scale-up, especially with water and molten salts that are green
solvents. Environmental impact and cost are also low, even with molten salts thanks to low vapor
pressure and recyclability. Size distributions are indeed larger than in mastered colloidal
syntheses.? This is the “price to pay” to avoid organic ligands and to readily implement
nanoparticles for thermoelectrics, catalysis, sensing and all applications precluded by isolating
ligands.? In our procedures, size and shape are controlled through surface charges, reagent
ratios,?® heat profiles®? or epitaxial relationships.>® Ligands can be added afterwards at will to
target specific properties. Furthermore, if narrow size distributions help understand interface
effects and tune properties,? they should not be automatically searched, as best performances are
sometimes reached for bimodal or even wider distributions, as for thermoelectricity.>® Practical
nanocatalysts or sensors also often do not require sub-nanometer size precision.®3’ Nonetheless,

our achievements show that size control is attainable in molten salts.3?

The compositional range of nanoparticles should expand in the future, by taking roots in
the portfolio of bulk solid-state chemistry to identify potential nanomaterials with new properties.
Nanoparticle design is often driven by curiosity and bears a strong exploratory character. Further
extension of the compositional range falls in this path: applications may drive towards specific
nanomaterials, but the track followed will open trails to other systems. Searching for new
nanoparticles is also a playground to discover novel solids, as conditions explored to limit grain
growth are those favoring kinetic control of reactions, hence metastable solids, a realm of
opportunities for new properties.’® The nanoscale also favors low surface energy solids that
would be high energy bulk species.’? Hence, many novel solids could be retrieved with more
complex compositions than those reported. Their discovery is hardly predictable and raises the

question of the prediction of new solids, a rapidly evolving field for the bulk’® but not the
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nanoscale. It will also be up to the scientific community to assess environmental and health

impact of these new nanomaterials.

Finally, it is instructive to note that exploratory synthesis has been recognized as essential
since the very beginning of organic and inorganic chemistries. The latter still relies strongly on
explorations after nearly 150 years, as the outcome of solid-state inorganic syntheses is difficult
to predict.®®°® Chemistry of nanoparticles is much younger (~40 years), but the exploration field
seems to shrink already (Figure 1).26% Whether this may be due to modern tools of synthesis and
characterization that fasten the fastidious step of synthetic parameter screening, or to application-
oriented research, it is important to maintain the exploration of new nanoscaled solids, as it will

continue to be a powerful tool for discovering novel synthetic methods and materials.
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