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Deep Eutectic Solvents (DESs) have gained a lot of attention in the last few years because of their vast
applicability in a large number of technological processes, the simplicity of their preparation and their high

biocompatibility and harmlessness.

Deep Eutectic Solvents nanoparticles inorganic synthesis environmentally friendly media

| 1. Introduction

According to the general definition currently used (EU 2011), a “nanoparticle” (NP) is a discrete (nano-)object
where at least one of its characteristic dimensions falls in the range 1-100 nm. This category thus includes objects
with a fixed number of such dimensions, such as nanowires/nanotubes (mono-dimensional, 1D) and
nanodiscs/nanoplates (2D), as well as nanometric spherical/globular three-dimensional aggregates. Nanopatrticles
can be further classified according to their organic/inorganic nature. Dendrimers, lyposomes, and polymeric NPs
belong to the former group, whereas fullerenes, quantum dots, and metal/metal oxide NPs to the latter L2, Most
importantly, nanomaterials are classified according to their size, shape, and properties, and it is this last feature
that has led to the blossoming of nanomaterial research in the last few years. The remarkable properties
nanoparticles possess (e.g., optical, magnetic, and electrical) can be exploited in a large humber of technology-
related fields, ranging from electronics B! to biology and medicine B8l The correlation between size/shape and
properties in nanomaterials was thoroughly assessed in several investigations, and it was shown that their
properties were dramatically dependent on the shapes, dimensions, and porosities of the synthesized nanoobjects;
thus, a detailed control of the synthetic route is needed. The structural differences observed ultimately result in
remarkably different performances in real-world applications. Among the factors that can be controlled, the most
easily tunable is probably temperature. For instance, in the synthesis of metal oxides by the co-precipitation
pathway, the temperature at which the drying/calcination of the hydroxide is carried out can vary widely. Despite its
apparent “simplicity”, the effect of this variation can be quite relevant, as was found, for instance, in the synthesis of
nickel (I) oxide NiO, a prototypical p-type, wide-band-gap semiconductor. NiO nanoparticles prepared at 400 °C
are smaller and more porous, while larger structures are obtained at 600 °C; the band gaps associated with the
latter are larger and the electrochemical performances worse, especially when these nanoparticles are introduced
into screen-printed electrodes (SPEs) and employed as electrochemical sensors for selective assays or in Faradic
pseudo-capacitors. Other factors that have been found to influence the intercalation of precursors and the sintering
of particles, the latter leading to particles of larger sizes, are the reagents used to prepare the precursor hydroxide

Ni(OH),: the use of various combinations of nickel salts and inorganic/organic bases as precipitating agents, and
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the adoption of surfactant-free hydrothermal synthesis or microwave irradiation (which can lead to different results)
[ZlIg)[9nL0][11][12]

| 2. Brief Description of Deep Eutectic Solvents

Since the “official” birthday of this family of liquids, which can be traced back to the pivotal paper by Abbott in 2003
(2131 a fairly large amount of research has been dedicated to them, especially in the last decade. The key feature of
these solvents is their very easy and economic preparation, which involves the simple mixing of at least one
hydrogen bond donor (HBD) with at least one hydrogen bond acceptor (HBA). In most cases, this takes place in
solid phase and in definite ratios, providing mixtures with remarkably lower melting points than those of their
individual components. The sometimes very large decrease seen in the melting temperature, which in the
prototypical choline chloride:urea 1:2 system (“Reline”) 14l can be more than 100 °C with respect to the ideal value
obtainable from thermodynamics arguments 22181 has led to the term “deep” being used to distinguish DESs from
other non-ideal physical systems where similar phenomena are observed—e.g., water-DMSO mixtures. Deep
Eutectic Solvents were divided into four main classes in the original classification by Abbott, three of which contain
a halide anion and a quaternary ammonium cation as HBA (in most cases, choline chloride), and differ in their type
of HBD: metal chloride in class |, hydrated metal chloride in class Il, organic molecules (such as urea, glycerol, and
carboxylic acids) in class Il (which is the most populated), and metal halides and urea (or acetamide/ethylene
glycol) in class IV. Recently, a new class was introduced (“type V" 1), containing only hydrogen-bond donors and
acceptors and no ions. Other non-negligible valuable traits of Deep Eutectic Solvents are their high sustainability,
especially in the subfamily NaDES (Natural DES), where the precursors are benign compounds generally obtained
from natural feedstocks, such as choline chloride and carboxylic acids; these therefore have a low toxicity and high
biocompatibility and biodegradability 2819120 Additionally, DESs are characterized by their high conductivities,
viscosities, and surface tensions; have a low volatility and flammability; and have highly tunable physiochemical
properties, considering the large number of possible combinations of precursor salts [21l. These last features are
shared with ionic liquids (ILs), which can be considered as the forefathers of DESs. However, ILs are composed
(almost entirely) of ions (2223 whereas DESs, apart from the type V ones, are mixtures that contain polar

molecules and ions. A sketch of the desirable technological properties of DESs is provided in Figure 1.
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diagram of the innovative properties of Deep Eutectic Solvents, inspired by Ref. 2],

| 3. DES in Nanoparticle Synthesis from Their Birth to 2022

The investigation of the applicability of ILs and DESs in the field of nanoparticle synthesis started with a focus on
the former family, but the amount of research on DES has been growing lately. In addition, some of the features
characteristic of ILs can be extended seamlessly to DESs. The most striking property of DESs in the field of
nanoparticle synthesis is the high solubility of metal ion salts and complexes in several cases. As already shown by
Abbott et al. 24 the solubility of some bulk metal oxides, which are almost insoluble in pure water, is greatly
increased in some DESs, reaching values of up to more than 10,000 parts per million in ChCl:malonic acid 1:1 at
50 °C for Cuz0, CuO, and ZnO, and up to 90,000 ppm for ZnO in ChCl:urea 1:2 at 70 °C. In contrast, other oxides,
such as iron oxides, are barely soluble in ChCl:urea 1:2. This feature can be used, for instance, to design suitable
synthesis protocols based on fractional precipitation. Another key factor is the possibility of these substances acting
in a dual capacity as both solvents and templates for nanostructure formation (“target solvent”) 22l12681127]i28](29]

owing to their structural heterogeneity BUBLUEAES] |y several cases, DESs can behave as reactants as well B4IE5]
[36]

The heterogeneity and microstructure of DESs have attracted great interest. The study by Chen et al. [27] pointed
out that in “reline” (ChCl:urea 1:2), “ethaline” (ChCl:ethylene glycol 1:2), and “glyceline” (ChCl:glycerol 1:2 (the
classification of this mixture as a DES or as a salt-in-solvent system has recently been debated, and the data are in
favor of a 1:3 composition defining a proper DES @])), the charged and neutral portions of the mixtures tend to

separate when the liquid comes into contact with graphite electrodes, with choline and chloride ions being attracted
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into the Stern layer, while the molecular components are excluded at all the potentials scanned. Similar
experiments carried out using Pt(111) electrodes and the same three DESs were conducted at various potentials
and at increasing water contents 9. This entry showed that the addition of water in amounts up to =40 wt% did not
lead to the decomposition of the interfacial nanostructure, as observed in ILs even at very small water contents.
Yet, the cyclic voltammetry analysis reported in the same study indicates that, at such high water concentrations,
the nanostructure appears comparable to that of salt solutions. The preservation of the microscopical structure
upon hydration was also demonstrated in a neutron diffraction study conducted by Hammond et al. ¥9, who
pointed out that the microscopic features of pure reline were maintained in a water to DES molar ratio of up to 10:1
(around 42 wt% H,0); beyond that limit, the system can be better described as a three-component
HBA:HBD:water mixture. Marked heterogeneity was evidenced as well in a molecular dynamics study conducted
by Alizadeh et al. [28, who reported the fate of ethaline’s polar and nonpolar molecular groups under electrostatic
potential. The calculations suggest that the DES reorganizes in order to maximize the interactions between

domains of the same polarity, thus inducing strong heterogeneity in the system.

The oldest syntheses reported mainly concerned the preparation of noble metal nanoparticles with a controlled
shape; in most cases, these syntheses employed Abbot's DES reline 131 catalysts containing star-like gold NPs
were synthesized through the reduction of HAuCl, by L-ascorbic acid in DES without surfactants or seeds at room
temperature (41, see Figure 2). The shape could be further changed (e.g., to a snowflake or nanothorn) by
adjusting the water content. Other noble metal NPS were prepared by electrosynthesis methods: in this regard,
DESs can be very valuable, since they possess very wide electrochemical windows just slightly bit smaller than ILs
which can be effectively coupled to the large solubility of metal oxides to set up electrochemical cells for the
deposition of metal nanoparticles, achieving very efficient control over the nucleation, deposition rate, and size of
the crystals obtained 2. A further very important aspect of noble metal deposition is that DES and ILs can
substitute highly toxic cyanide-based electrolytes 43 Among these examples, the preparation of concave
tetrahexahedral Pt nanocrystals by electrodeposition using reline without employing surfactants, seeds, or other
chemicals but with a high control of the shape and a high surface energy was reported 4], Two-dimensional
superstructures of aggregated Pd nanoparticles were electrodeposited from choline chloride:urea 1:2 onto glassy
carbon foil, with the absorbed species forming an anionic layer that was observed with Ultra Small X-Ray
Scattering (USAXS) 2l Platinum icosahedral nanocrystals with high-index facets and a higher electrocatalytic
activity and stability were electro-synthesized in reline (28], Further details on the role of Deep Eutectic Solvents in
the synthesis of plasmonic (Au, Ag, Pt) nanoparticles can be found in the recent review of Des et al. 4, who also
describe biocompatible capping strategies that make use of polysaccharides (carrageenan), resulting in highly
monodisperse nanoparticles. Other non-electrochemical redox reactions were carried out using environmentally
friendly routes based on reline as a solvent: CuCl nanocrystal powder, which is a very useful catalyst for organic
synthesis, was obtained either through the synproportion of CuCl, and Cu “8& or by the reduction of CuCl, by
ascorbic acid 49, Additionally, spherical, magnetic nanoparticles of ferrous ferrite (Fe30,) were prepared at 80 °C
and successfully tested for the absorption of Cu2* ions, proving to be superior to NPs prepared in pure water 59,
Further examples of systems prepared in reline with co-precipitation are PbS nano/micro superstructures made

from lead (IV) and thioacetamide B, mesoporous NiO 22, and some examples of iono-thermal reactions at high
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temperatures/pressures (nanoflower-like a-Ni(OH), and NiO B3 Ni,P supported on amorphous/mesoporous
Niz(PO,4),-NisP,0; B4 nanosized SnO crystals 53, Fe,O; nanospindles as high-capacity anode materials (28],
mesoporous Coz0, sheets or nanoparticles B2, and MnCO3/MnOx mesocrystals 28)). Few studies have employed
DESs other than reline; some noteworthy examples utilize ethylene glycol as the HBD partner of ChCl, the latter
being used to obtain nanocrystalline SnO, or SnO,/graphene nanocomposites 22, nanoporous Ag films €%, and

Ni-P alloy nanoparticles 81l to deposit Ni deposits 62, Ni-Ti nanocomposite coatings (€3], or Ag films 64,

Figure 2. Deep Eutectic Solvents as green

media in the synthesis of anisotropic Au nanopatrticles (panel (a): flower shape; panel (b): nanothorn). Reproduced

with permission from ref. 4. Copyright 2008 John Wiley and Sons.

More recently, the increasing need for even greener and more biocompatible alternatives has fostered the usage of
new types of environmentally benign and low-cost mixtures, mostly belonging to the NADES family (DESs of
natural origin), where the precursors are obtained from renewable feedstocks. For instance, Zainal-Abidin et al.
recently reported that graphene is significantly less cytotoxic when it is functionalized with
ChCl:glucose/fructose/sucrose) 2:1 or, better yet, ChCl:malonic acid 1:1, with respect to pristine or oxidized
graphene owing to surface modifications 2. NADES mixtures containing glucose, fructose, and sucrose as HBD,
choline chloride, and water at different molar ratios, were employed in the synthesis of MoS, nanosheets by
Mohammadpour et al. 88 The material prepared was stable in aqueous environments, could perform as a catalyst
in hydrogen evolution reactions (HERs), and could be obtained in a higher yield compared to other exfoliating
agents (average of 44% vs. 20%). New mixtures created by changing the HBA or HBD started to be explored in the
last part of the 2010s: an interesting example of those belonging to the second group is the synthesis of calcite
nanoparticles by the reaction of CO, with “calcoline”, a DES composed of choline chloride and calcium chloride 71,
This entry demonstrates that DESs can be successfully exploited in “carbon-reduction” protocols, leading to value-
added products. A modification of the acceptor moiety (HBA) was used by Adhikari et al., who reported the use of
halide-free DES, where the Cl-anion of reline is replaced by nitrate, for the microwave-assisted reduction of silver
salts to organic-soluble oleylamine-capped Ag nanoparticles 8. Following on from this study, Adhikari et al. later
fine-tuned a silver-based DES (1:4 silver triflate:acetamide, “argentous DES”) that allowed them to obtain large
amounts of monodispersed colloidal silver nanocrystals of high quality despite the high metal concentration, owing
to the “size focusing” effect of the DES that suppressed uncontrolled nanocrystal growth 2. More recently, these

researchers exported their methodology to flow-reactor synthesis employing dimethylammonium nitrate-polyol DES
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media; they were able to obtain a 1000- to 4000-fold increase in throughput compared to conventional synthesis
[79 The use of ammonium cations as hydrogen bonds, though very common and convenient, is not the only
option. In fact, other inorganic salts have recently been used. For example, ionic compounds belonging to the alkali
halide family have been proven to form polyol-based DES mixtures (such as CsF/KF:glycerol) that have shown

very high selectivities when used as reaction media for copper-catalyzed homocoupling organic reactions 4.

Returning to DESs containing molecules of natural origin, a mixture of caffeic acid with ChCIl and ethyleneglycol
was used to prepare moleculary imprinted hexagonal boron nitride NPs, which were successfully employed in the
solid-phase extraction of flavonoids 2, while tartaric acid was used as a DES component in a recent

electrodeposition preparation of a Ti/SnO,—Sb electrode with a high electrochemical activity 3],

Starting from 2020, the research on DES as media or additives in the synthesis of inorganic materials has
blossomed, as it can be easily from the large number of studies published (hundreds). Besides the investigations
related to the oldest DES (reline, ethaline and glyceline), the most recent studies are focusing on many new and
alternative mixtures, often including biomolecules of natural origin. For instance, the excellent capabilities of
glycerol as hydrogen bond donor in DES were further enhanced by the addition of malic acid and D-fructose in a
1:1:1: mole ratio (MaFruGly). MaFruGly was used to disperse Al,O5 into a nanofluid that is capable of extracting
polyphenols and other bioactive compounds from olive oil pomaces and leaves 4. Other examples of such
biocompatible mixtures include choline chloride:glucose, which was wused to prepare sodium
hyaluronate/dopamine/AgNPs hydrogels 131, ChCl:xylitol, which was employed to modify magnetic titania NPs with
Fe;0,@TiO,@DES 8 and choline chloride:gluconic acid DES, which was used to prepare a cobalt-DES
precursor that was finally pyrolyzed into Co nanoparticles supported on nitrogen-doped porous carbon (Co@NPC).
A relevant portion of the recent studies on this topic has focused on magnetic nanoparticles containing Fe;O, (or
Fe,O3) and organic moieties or enzymes, which could be assembled in a few examples of DESs: acrylic acid-
Fe;O, composites were obtained from acrylic acid:menthol-type V DES used in the detection of pesticides 1,
whereas macroporous polyacrylamide y-maghemite composites were prepared in acetic acid:menthol 8. A
smaller number of studies were dedicated to DES without quaternary ammonium salts, containing metal salts
(often hydrated) such as HBA and hydrogen bond donors such as urea or acetamide. This family of DES is known
as LADES (Lewis Acid DES)) /2 compared to the more common “BADES” (with Bransted acids, such as choline
chloride + oxalic acid). For instance, some lanthanide-based type IV DES (Ln-DES) containing hydrated nitrates
were prepared 89, These mixtures show unusually low viscosity and surface tensions and the presence of fluxional
oligomeric polyanions and polycations, and were employed as reaction media in the combustion synthesis of
oxides; more recently, actinide-based type IV DES (An-DES) were obtained by mixing uranyl nitrate hexahydrate
UO,(NO3),-6H,0 (UNH) with urea in different ratios, finding 0.2:0.8 to be the optimal UNH:urea mole fraction, with
a quite low eutectic temperature of -5.2 °C. This liquid was employed to prepare UO, nanoparticles through an

optimized electrosynthesis path [,

In summary, the main advantages of DES lie in their friendliness towards ecosystems, their highly tunable
physiochemical properties, and their cheap means of preparation and handling. An additional very important and

profitable feature is their intrinsic microheterogeneity, with it being possible to confer specific morphologies to the
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obtained nanoparticles. A possible drawback of the use of DESs is their moderate viscosity, which depends on the

nature of their components, with the viscosity being lower for hydrophobic DESs and larger for sugar-based

NADESs. Indeed, it has been shown that the decrease in mass diffusivity caused by viscosity affects nanoparticle

growth and generally leads to NPs of a larger size [£2],
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