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Abstract

The development of high-performance electrode and solid electrolyte materials is
crucial for the advancement of next-generation electrochemical energy storage systems. Among
emerging synthesis strategies, ionic liquids (ILs) and deep eutectic solvents (DESs) have gained
increasing attention as alternative reaction media due to their unique physicochemical
properties, including high thermal stability, wide electrochemical stability window, low vapor
pressure, and tunable composition and polarity. These features offer unprecedented control over
particle morphology, composition, and surface chemistry, enabling the formation of novel or
metastable phases, as well as in situ surface functionalization or generation of homogeneous
carbon coatings through post-annealing treatments. Despite these promising attributes, the
implementation of ILs and DESs at an industrial scale remains to date limited. Major challenges
include high viscosity, recycling difficulties, high costs, and a lack of large-scale proof-of
concepts. After introducing ILs and DESs, and their specific properties, this review critically
evaluates the potential and limitations of IL- and DES-based synthesis methods in comparison
to conventional techniques such as solid-state and hydrothermal approaches. The benefits and
impacts of these uncommon solvents on material morphology and functional properties are
discussed, along with a systematic comparison with the electrochemical performance of similar
materials synthesized via classical methods. This review further discusses the prospects for
industrial integration and highlights key areas where further research is essential. Finally, this
article provides some perspectives that would allow for mastering these synthesis approaches
and developing optimized materials for electrochemical energy storage.
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1. Introduction

Batteries serve as the foundation of modern energy storage technologies, enabling a
wide range of applications, from portable electronics to electric vehicles and grid-scale energy
systems. The performance of a battery, including its energy density, power capability, cycle life
and safety, is intrinsically linked to the properties of the electrode and electrolyte materials
used. Indeed, their composition, crystallinity, particle size, morphology and surface chemistry
play critical roles in determining the electrochemical behavior of the electrodes . Therefore,
mastering materials synthesis is essential to achieve precise control over factors such as the
purity and homogeneity of the material, as well as its structural and morphological properties
which can significantly affect ionic and electronic conductivity, as well as the material's
mechanical and thermal stability. For example, limited particle growth with the formation of
nanoparticles reduces ion diffusion distances within the solid and enhances reaction kinetics for
low conductive active materials such as LiFePOas. On the other hand, careful doping or surface

modifications can improve their electronic conductivity and stability under cycling conditions
3-5

A wide range of methods exists for synthesizing inorganic battery materials, each with unique
specific features that give access to various compositions, atomic structures and particle
morphologies. Methods like solid-state synthesis (or the ceramic method) are widely used and
easy to scale up. This approach involves mixing solid reagents—typically powders—and
heating the mixture at moderate to high temperatures in air or under a controlled atmosphere
(e.g., Ar, Hz, O2) to obtain the desired (thermodymically stable) materials. Another common
approach is hydrothermal or solvothermal synthesis, which uses a liquid medium such as water
to dissolve the reagents, facilitating a more homogeneous distribution of precursors than solid-

state methods.

Each synthesis method for energy storage materials presents specific limitations and operational
constraints. For example, solid-state reactions often present challenges in achieving atomic-
scale homogeneity, even after intensive mechanical milling and multiple heat treatments, and
they offer limited control over particle size distribution. These factors can result in suboptimal
material performance. Similarly, solvothermal synthesis, while effective, requires pressurized
vessels and subsequent solvent post-treatment, making it less practical for large-scale industrial
applications due to safety and cost concerns. Moreover, each method operates within distinct

temperature and pressure ranges, limiting the flexibility of synthesis conditions. Co-
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precipitation methods are typically conducted at low temperatures and atmospheric pressure,
hydro-solvothermal methods using common aqueous or organic solvents operate at low to
medium temperatures under pressure, while solid-state methods demand high temperatures to
initiate reactions between precursors (Figure 1). In this context, exploring novel and non-
classical synthetic routes has become increasingly important, especially to explore the
possibility of synthetizing materials in the temperature gap between the classical gentle

chemistry approaches and solid-state reactions.

ILs and DESs, thanks to their unique physical properties, offer access to unconventional
reaction environments, opening the possibility of discovering new materials (Figure 1) ¢. These
solvents can provide a tunable reaction environment, stabilize specific reaction pathways,
promote uniform particle growth, and enable the synthesis of new phases or particles
morphologies that are challenging to achieve with more conventional methods ’. By leveraging
such approaches, it is possible to both synthesize new material compositions or polymorphs
and/or optimize existing electrode/electrolyte materials for enhanced performance, paving the

way for the next generation of high-performance batteries ®.

Deep Hydrothermal Solid state
Eutectic / lonic /
Coprecipitation Solvents Solvothermal Liquids Molten salts
> RT - 80°C 60°C—-200°C  60°C—240°C  60°C—350°C  400°C—.. oTPerotr®
No pressure No pressure 0 - 200 Mpa No pressure No pressure

Figure 1. Representation of the most common synthesis approaches used for energy storage
materials and their approximative experimental conditions (range of temperature and
absence/presence of pressure).

This review aims to demonstrate the possible benefits and limitations of employing ILs and
DESs as tailored media for the synthesis of energy storage materials. Rather than treating ILs
and DESs separately, this manuscript highlights their complementarity through their unique
properties offering multiple possibilities of tuning composition, particle size and morphology,
and functionalizing particles surface °. It begins with an overview of the characteristics and
properties of both classes of solvents. Subsequently, specific examples from the literature will
be detailed and discussed to illustrate the advantages offered by ILs and DESs in various

contexts. This part is divided into five thematics and intends to give an overview of the diverse
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materials obtained by using these solvents as synthesis media and the underlying mechanism
during their syntheses. These examples encompass the synthesis of electrode and electrolyte
materials for a range of electrochemical devices, including conventional Li-ion and Na-ion

batteries, supercapacitors, and all-solid-state batteries.

Beyond the scientific analysis, the manuscript concludes with a discussion and perspectives on

the potential for large-scale development of these unconventional synthesis approaches.

2. Ionic Liquids versus Deep Eutectic Solvents

ILs are a class of purely ionic, salt-like materials that remain in a liquid state at unusually
low temperatures, typically below 100°C, according to the commonly accepted definition '*!!.
This low melting point primarily results from the large size and structural asymmetry of the
cation and/or anion, which disrupts structure compacity and inhibits crystallization '*. The first
ionic liquid, triethylammonium nitrate, was synthesized in 1914 by Paul Walden . Over a
century later, ILs have emerged as a hot topic in chemistry, particularly within the battery
community, due to their applications as electrolytes,'* in battery recycling,!> and as reaction
media for materials synthesis '°. Indeed, they possess interesting features for these applications
such as high thermal (Figure 2) and electrochemical stability, low vapour pressure, high ionic
conductivity and non-flammability for the large majority. In the case of materials synthesis,
their nearly infinite tunability in terms of composition allows to adapt their “solvent” properties
such as viscosity, chemical and thermal stability depending on the need. For instance, their
abilities to be either hydrophobic or hydrophilic give the possibility to synthetize highly
moisture sensitive phases in a liquid medium. They can also serve as structure-directing agent,
which can lead to original morphologies due to particles growth along specific atomic plans !”.
Finally, ionic liquids can functionalize the surface of the particles synthetized by an ionothermal
method, resulting eventually in a beneficial impact on electrochemical performance* or

moisture sensitivity,'® these points will be discussed later.



_ Choline Chloride : D(+)-glucose (1:1)
_ Choline Chloride : Citric acid hydrate (3:1)
_ Choline Chloride : Urea (1:2)
_ Ethylene glycol

Water

-100 0 100 200 300 400 500
Liquid state temperature range (°C)

Figure 2. Comparison of the temperature stability range of the liquid phase of diverse solvents

at ambient pressure.

On their side, DESs can be considered as the ionic liquids “little brother” because of the large
number of similarities between them as summarized in Figure 3. DESs were discovered more
than 80 years after ILs, and the first reported work on DESs was done by Abott et al. in 2001
who report the mixture of ZnClo/SnCl, with a quaternary ammonium salt '°. DESs possess a
good thermal stability but their operational temperature range is generally narrower than ILs
(Figure 2). They can easily dissolve organic or inorganic compounds such as metal oxides and
have low vapour pressure. Finally, both ILs and DESs are highly tunable, which can be very

interesting for tailoring adapted solvents physicochemical properties for singular applications.
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Deep Eutectic
Solvents (DESs)

lonic liquids (ILs)

Liquid in a
wide temperature range

donor/acceptor mixture

Liquid below 100°C Solvent / reactant

Low vapor pressure Liquid at room

temperature

Surface functionalization

High synthesis
complexity

Recyclable Very simple to obtain

Tunable

Expensive

Figure 3. General characteristics and properties of ionic liquids and deep eutectic solvents.

Even though DESs and ILs are considered very similar, their nature differs in terms of
composition and production. In fact, ILs are salts, thus composed of an anion and a cation, while
DESs are made from the mixture of Hydrogen Bond Donors and Acceptors (HBDs and HBAs
respectively) (Figure 3). Therefore, the physical interactions occurring in ILs mostly come from
the ionic forces between the charged species, whereas DESs mainly consist of nano-structured
hydrogen bond network solutions 2°. Additionally, DESs are much easier to synthetize, their
manufacture consists in mixing (and heating) its components, which are often commonly
available. On the contrary, some ionic liquids require rather complex and heavy procedures that
can be decomposed in several steps such as ion exchange, purification and distillation,

explaining why these solvents are usually expensive, especially compared to DESs?!.

There are three types of ionic liquids: zwitterionic, protic and aprotic. The first ones are
composed of neutral entities because the cationic and anionic parts are covalently bonded
together in contrary to other ILs, this type of solvent is more adapted for membrane
applications. Protic ionic liquids (PILs), the cheapest ones, are obtained by the neutralization
of a Bronsted acid with a Bronsted base, resulting in a proton transfer from one to the other.
However, due to their nature, PILs possess a non-negligible vapour pressure?” and have rather
low boiling temperature compared to aprotic ionic liquids (APILs). The latter, often obtained
by quaternization reactions, are therefore more adapted for material synthesis, as their
decomposition and vapour pressure can be negligible up to medium-high temperatures (300°C-

400°C) 'S, Their composition is highly tunable thanks to the large number of anions and cations



possible mixtures, which will have a huge impact on their physical properties (Figures 3 and

4).

On the other side, there are four types of DESs: organic salt/metal salt-based (type I), organic
salt/metal salt hydrate-based (type II), organic salt/HBD-based (type III) and finally metal salt
(hydrate)/HBD-based (type IV). Type III DESs are the most adapted for inorganic materials
synthesis thanks to their ability to solvate a large number of oxides and transition metal-based
compounds. Regarding the other types, especially types I and II, they are usually employed for
metal-based synthesis by methods such as electrodeposition or electropolishing 2*2*. Type I1I
DESs are composed of an organic salt, usually a quaternary ammonium salt, and a hydrogen
bond donor. One of the most known example in the literature is the Choline-Chloride/Urea
mixture (called Reline) in a stoichiometric ratio of 1:2 %°. Similarly to ILs, the number of options
in terms of HBDs/HBAs combination is almost infinite (Figure 4). Besides the number of
different DESs is accentuated with the possibility to vary the relative ratio in composition or
mix more than two reagents 2%2°, All these parameters have an impact on the solvent physical

properties such as viscosity and thermal stability.

Therefore, by playing on the composition of ILs or DESs, it is possible to tailor the desired
solvent according to the needs for a specific synthesis. Taking the exemple of ILs, the cation
alkyl chain(s) length will have an influence on the viscosity but also on the microphase
separation (chain/ring -i.e. preventing agglomeration) resulting in faster kinetics and particle
size increase when the number of carbon is increased >”-*%. Similarly, having cations and anions
with reduced size, limited symmetry and limited hydrogen bonds interactions lowers the IL
viscosity but also increases its melting point 2>**. For instance, decreasing the alkyl chain length
from butyl to ethyl for the 1-alkyl-3-methylimidazolium tetrafluoroborate decreases the
viscosity from 103 to 25.2 mPa*s (at 25°C) and increases the melting point from -80°C to 15°C.
The same applies for DESs, their viscosity strongly depends on the intermolecular interactions
occurring in solution. Consequently, for most of the choline-chlorine based DESs, which are

among the most widely used, the viscosity escalates with the salt concentration 3!.

Some specific reagents can also bring particular properties for targeted applications. For
instance, ILs containing perfluorinated anions are known to be hydrophobic while ILs with
anions composed of acetates, thiocyanates or dicyanamides are more hydrophilic *2. Concerning
DESs, the majority that are reported for material synthesis are hydrophilics and the addition of
water can even be beneficial, as it will participate to the hydrogen bond network. A small water
quantity can also help to reduce viscosity and facilitates the solubility of salts 2. However, it is
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possible to obtain hydrophobic DESs by mixing quaternary ammonium salts with a carboxylic
acid or alcohol that both possess very long alkyl chains **. Another example of quasi-
hydrophobic DES that can be found in the literature is the choline chloride : sesamol (1:3). It is
used mostly for liquid-liquid microextraction in organic mediums. Busato et al. showed for
example that the mixture with methanol was completely homogeneous and thus interesting for

t 3. On their side, Yao et a/ demonstrated

its extraction as MeOH can be used as a dispersan
that the synergistic effect between a DES made of choline chloride : lactic acid (1:2) and ethanol
improved the digestibility of biomass for bioethanol production thanks to a higher glucose yield
and lower lignin condensation *. Finally, a study conducted by Zuo et al 3® also showed that
ethanol or water addition in different concentrations in DESs had some effect on the molar

volume and viscosity, with first a decrease of the latter and then an increase up to certain

concentration, emphasizing their tunability by a simple addition of solvent.

Thanks to all the tailoring possibilities of these so called “neoteric” solvents for inorganic
materials synthesis, ILs and DESs have attracted a lot of attention for the synthesis of inorganic
electrode and electrolyte materials for various electrochemical energy storage systems. The next
part of this manuscript will give some insights into the reported works about this topic, with an
attempt to highlight the numerous advantages of this synthesis approach such as morphology

and composition control or coating application.



Examples of widely employed cations for ILs

1-Alkylimidazolium 1-Alkyl-2,3-dimethylimidazolium
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Examples of widely employed HBAs for DESs

Examples of widely employed anions for ILs
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Examples of widely employed HBDs for DESs
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Figure 4. Examples of the different possible cations and anions for the elaboration of ionic
liquids as well as the different HBDs and HBAs commonly used for deep eutectic solvent
compositions.

3. State of the art on materials synthesis for energy storage applications

3.1  Particles morphology control via direct synthesis in ILs / DESs

Controlling the particles morphology through soft chemistry approach with classical
solvents is already well established and even commonly employed at industrial scale. Indeed,
by playing on the reagents concentration, synthesis temperature and time, or by adding
additives, it is possible to obtain a wide range of different particle sizes and shapes *7-%. In the
case of ILs and DESs, their nearly infinite possible compositions also give rise to a wide

playground to enginner a material morphology without any additives.



In the field of battery materials, a huge amount of work has been initiated by Recham
et al.'’ and Barpanda et al.?® who synthesized LiFePO4 (LFP) and LiMnPO4 (LMP) in various
imidazolium-based ILs and investigated the impact of alkyl chain length and the nature of its
terminal group on the particles shape and size (Figure 5). First, both studies highlighted the fact
that using ionic liquids containing —OH terminal groups greatly improve the reagents solubility
and allows a decrease of the synthesis temperature of the polyanionic materials. Interestingly,
it was also observed that for LFP, the use of —CN based ILs initially promoted nanoparticle
growth along the <101> direction until a critical needle length is reached, and then, a single
crystal growth along the direction <010> is induced by needles edge-merging mechanism due
to surface energy minimisation phenomenon. On the contrary, LMP particles tend to adopt a
large biprism-shaped form when synthesized in the same ionic liquid, which reveals that the

impact of IL nature depends on the targeted material chemistry.

Additionally, it was demonstrated that an increase of alkyl chain length develops the
microphase separation, which will induce faster kinetics and results in larger particles size,
unlike branched ILs leading to smaller particles. This phenomenon was also supported by the

work of Sideris et al.*°

, where LFP crystallinity increased when being synthetized in solvents
with longer alkyl chains. Besides, Recham et al. also pointed out that very long carbon chain
on imidazolium ring induces different growth mechanisms, which allow to change the
orientation growth and tailor particles morphology . Finally, these pionner works reported by
Tarascon’s group highlighted as well the excellent energy storage performance of LiFePO4
obtained in ionic liquid media although no carbon coating was applied on these phosphate based

electrode materials !7.
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In another study, LFP nanoparticles could also be obtained by electrochemical
assistance in an EMIM TFSI bath containing FeCl; and LisPO4*, thanks to the wide
electrochemical and thermal IL stability window, as LFP precipitation is only possible at
temperatures above 120°C %°. This uncommon synthesis method gave even the possibility to
crystallize the material directly on a LisPO4 substrate and highlights the possibility of using ILs

as synthesis medium in less conventional synthesis approaches.

In addition of conducting classical syntheses that involve dissolution of the precursors,
nucleation and particles growth, ILs and DESs are well adapted media to conduct topotactic
reactions, allowing to control particle morphology of the resulting material through the control
of precursor particle morphology. The work of Olchowka et al.*! represents a perfect exemple
of such synthesis stragety. In their study, a custom made VOPO4:2H>0 was mixed with NaF in
EMIM TFSI to synthetize Na3V2(PO4):FO> (NVPFO;) via a topochemical reaction, involving
the ionic exchange of water molecules with sodium and fluorine, accompanied by a reduction
of vanadium to maintain charge balance. As a result, the specific 2D platelet morphology of the
precursor was preserved for the active material (Figure 6). Interestingly, the resulting NVPFO»-
IL electrode material exhibited a solid solution driven mechanism upon cycling rather than a
phase transition usually observed for this composition. The authors suggested that the sodium
diffusion path along the <110> direction, oriented parallel to the platelet surface, could result
in such phenomenon. The same team also employed a similar platelet-morphology layered
precursor, this time incorporating a partial Mn for V substitution, to further conduct an
analogous topochemical reaction and obtain a partially cationic substituted
Naz3sV1.6Mno4(PO4)2F240056 electrode material *?. Quite interestingly, they found that the
resulting material possesses an uncommon under-stochiometry in Na, which was confirmed by
chemical titration, Rietveld refinement and electrochemistry. Finally, they also reported that
several synthesis trials in more classical solvents led to the precursor decomposition leading to
the obtention of mixture of different phases such as MnyPO4F and Na3V2(PO4)2FOo,
underscoring the unique properties of ILs to access to both such peculiar particles morphology

and unique chemical composition.
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NVPFO,-ionothermal

—

Figure 6. SEM images of the 2D platelets-shaped particles of a), b) the VOPO+2H>O precursor
and c), d) the Nas3V>(POy4):FO: active material. Reproduced from [41]. Copyright 2025

American Chemical Society.

Dealing with topochemical approaches, Li et al.** reported the possibility to obtain a HTB-type
FeF5.0.33H,0 phase as electrode material for lithium and sodium batteries via a top-down
synthesis from FeF3-3H20 in 1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid.
However, this time the microsized precursor was broken down into nanostructured particles
during the dehydratation process. This transformation enabled a higher yield (100% versus
25%) and improved phase selectivity and purity compared to traditional bottom-up approaches.
Besides, the authors highlighted the simplicity and high reproducibility of the process, as well

as the possibility to scale it up and recycle the ILs, making it very attractive.

To conclude this first section, ILs and DESs offer outstanding morphology tunability, primarily
arising from their wide diversity of chemical architectures, which directly influence synthesis
thermodynamics and particle surface energies. Unlike conventional solvents that often require

additives such as chelating agents or surfactants, tailoring the composition of ILs or DESs alone
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is sufficient to induce pronounced changes in particle morphology during direct synthesis.
Moreover, their ability to stabilize certain solid phases in a liquid medium - phases that would
otherwise dissolve under conventional conditions - enables their use in topochemical reactions,

thereby preserving precursor morphology that can be deliberately engineered prior to synthesis.
3.2 ILs/ DESs synthesis media for nanomaterials

In addition to enabling the engineering of particle shape and promoting preferential
orientation growth, these solvents facilitate the synthesis of uniform nano-sized materials. This
was illustrated by the work of Xiong et al.** and Wu et al*® with the synthesis of Fe,Os
nanospindles (=100 nm) and LiMnPO4 nanorods (100—150 nm length), respectively, in choline
chlorine based deep eutectic mixtures. Thanks to their small particle sizes obtained due to the
surfactant properties and high viscosities of the DESs, both nanomaterials exhibited excellent
rate capabilities and capacity retention (e.g.106 mAh.g™! at 5C and 93% capacity retention after
100 cycles at 1C for LiMnPOs). The electrochemical performance was particularly enhanced
for the LiIMnPOj4 particles synthetized in an ethylene glycol/choline chloride DES compared to
solely in ethylene glycol, although an in-depth comparison of the microstructure is missing to

understand precisely the impact of DESs solvent. In another study, Zhao et al.*

compared
different synthesis methods for Co3V20g and found out that ionothermal synthesis in 1-butyl-3-
methylimidazole bromide resulted in uniform spherical nanoparticles exhibiting a higher
capacity with a better retention compared to the irregular large-block that were obtained through

the traditional hydrothermal method.

Similarly, a performance study was conducted on Li3V2(PO4)3/C composites (LVP)
obtained from precursors that were synthesized in three different ILs to evaluate their impact
on the particles microstructure and energy storage performance *’. The synthesis process
involved dissolving sucrose, LiOH, V205 and H3PO4 in EMIM BF4, EMIM OAc or EMIM OTT,
along with the addition of hydrazine hydrate. The mixture was then heated at 200°C for 10h,
followed by sintering the retrieved powder at 700°C under argon-hydrogen (5% Hb2) for 2h. In
this study, the ILs were used as structure-directing agents due to their ability to absorb onto the
surface of the powder, resulting in a uniform precursor particle morphology that was preserved
during the calcination process. Comparing the impact of the different ILs, the LVP particles
obtained with EMIM OAc exhibited a uniform submicronic size, the smallest in the series,
which was attributed to the smaller surface tension of this IL among the three, and leading to

the highest specific capacity, rate capabilities and capacity retention when tested as positive
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electrode material for Li-ion batteries. This superior performance can be attributed to the
reduced and homogeneous particle size, as well as the smaller charge transfer resistance and
enhanced diffusion coefficient revealed by electrochemical impedance spectroscopy,
underscoring the practical influence of ionic liquid composition used during the synthesis on

resulting electrode material electrochemical performance.

Concurrently, several studies employing ILs/DESs for the synthesis of eco-friendly electrode
materials gave very promising outcome. For instance, Rangaswamy et al. synthesized
LiTiPO4F/C using 1,2-dimethyl-3-(3-hydroxypropyl) imidazolium dicyanamide *. The
electrode material exhibited encouraging energy storage performance thanks to its limited
particles size (down to 100 nm) and good crystallinity. Specifically, a respectable specific
capacity of 150 mAh/g was achieved at approximately 2.0 V vs. Li"/Li and a rate of C/15, with

1.* worked on a low

a capacity retention of 85 % after 200 cycles. Similarly, Shiprath et a
temperature process, using a choline chloride/ethylene glycol DES, to obtain sedorenkite
NasMnPO4CO; (NMPC) electrode material for aqueous Na-ion batteries. The resulting
nanoparticles have a median size between 20 and 25 nm with a spherical shape. Electrochemical
tests showed that NMPC undergoes a reversible sodium insertion/extraction mechanism in an
aqueous electrolyte versus a NaTix(POas)3 negative electrode. However, although the extracted
capacity of 77 mAh/g remained stable for 100 cycles, it only represents 40 % of the theoretical

capacity, giving space for further optimization.

More recently, Tao et al. employed ionothermal synthesis to nanostructure carbon/TiO:
composites for supercapacitor applications *°. Utilizing the solvent and surfactant properties of
various imidazolium bis(trifluoromethylsulfonyl)imide-based ionic liquids, nano TiO»
embedded in an IL matrix was obtained at low temperature before undergoing carbonization at
600°C in N> atmosphere. The resulting [CNPIm][NTf;]-based C/TiO> porous composite
featured a C content of 59.4 wt%, a TiO» grain size around 7 nm and a high specific surface
area of 412.6 m?/g. In this experiment, the IL acted both as a solvent and a carbon precursor,
and its pyrolysis facilitated the partial reduction of Ti*" to Ti** in the anatase phase (leading to
defectitive TiO2.5), enhancing the intrinsic electrical conductivity of the electrode material.
Ultimately, this composite delivered capacitance values higher than 70 F.g™!' at 500 mV/s in 1M
KOH (= 20 mAh.g™! at 1800C (a full charge in 2 s)), underscoring the advantages of ionic
liquids in synthesizing nanostructured electrode materials with excellent high-rate performance

and long-term cycling stability.
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To conclude this second section, which follows directly from the discussion on morphology
control, various examples from the literature demonstrate that ILs and DESs are also well-suited
for the synthesis of nanosized materials. Indeed, the intrinsic surfactant-like properties of these
solvents promote the multiplication of distinct nucleation sites within the reaction medium,
ultimately leading to the formation of nanoscale particles. However, it is important to
emphasize that these outcomes are not systematic and strongly depend on synthesis parameters
such as alkyl chain length, reaction time and temperature, precursor concentration, and the

nature of the starting materials.
3.3 ILs and DESs as co-solvants or additives

To further design the particles shape, IL or DES can be mixed with other solvent(s) in
different ratios, such as water, to change the synthesis medium characteristics. For example,
Datta et al.>' showed that it was possible to obtain diverse V.Os particle morphologies, ranging
from 3D microbeads to 1D nano-units, by simply adjusting the DES/water ratio, which leads to
distinct particles formation mechanisms. Among the series of different V2Os particles
morphologies, the best energy storage performance was achieved for the 2D nanosheets, with
a capacity retention of 64% after 100 cycles at 250 mA/g. Similarly, in the work of Li et al.>?,
the particle morphology of a NipsMni.5(OH)s precursor was tailored according to solvent
mixture ratio, from [C12mim]Br ionic liquid diluted in water to pure ionic liquid solution. In
high concentration in aqueous solution, ILs based on 1-alkyl-3-methylimidazolium cations
exhibit aggregation behavior and form micelles in solution, inducing particles aggregation.
Consequently, the morphology of the positive electrode material shifted from flake-like and
irregular particles for the most diluted solution to agglomerated flake-like structure for the most
concentrated solution in ionic liquid. Furthermore, the precursor morphology was maintained
in a certain degree after the calcination step with a lithium precursor to form the spinel
LiNipsMn;s504. In the end, the higher the ionic liquid concentration used for precursor
synthesis, the better the energy storage performance of the electrode material. The strategy to
tailor the precursor by its synthesis in a ionic liquid based-medium followed by a solid state

1'53

synthesis was also explored by He ef al.”>” with the preparation of MnF> hollow spheres (HS)

that served to obtained both LiMn>O4 and Mn>O3 with preserved HS shape.

In addition of being employed as co-solvant, ILs can also be incorporated in a low
quantity to be used as classical surfactant >*. In this perspective, Invernizzi et al. investigated

the impact of a series of imidazolium bromide based ILs, used as surfactant/template during the
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coprecipitation synthesis of cobalt oxyhydroxide (HxCoO,) . They found that the
incorporation of ILs allowed to obtain particles of 5 nm and a HxCoO»-IL with specific surface
area and mesoporosity of 256 m?/g and 0.43 cm®/g versus 160 m%*/g and 0.16 cm?®/g for the
material obtained without ionic liquid. Their results revealed that the length of the alkyl chain
(ethyl, hexyl, or decyl) on the 1-alkyl-3-methylimidazolium cation had a limited impact on the
specific surface area but influences the energy storage performance of the electrode materials.
Indeed, the increase of alkyl chain length resulted in a capacity raise, going from 40 to 50 mAh/g
at 0.2C in 5M KOH from ethyl to decyl carbon chain length. Besides, without ionic liquids the
cobalt oxyhydroxide delivered 34 mAh/g in the same cycling conditions highlightling the
benefits of incorporating ionic liquids in the synthesis medium. In another study, Bharate et al.
demonstrated that using an ionic liquid as capping agent changed the particle morphology of
the synthesized a-MnQO; from spheres to nanorods, which was beneficial to increase material

performance when tested as active material for supercapacitor applications °.

The influence of ionic liquid additive was also tested for the hydrothermal synthesis of a
precursor for Li-rich layered oxide (H-LMNO) whose composition is associated to the solid
solution between the two end-members according to the stoichiometry
0.5LixMnO3-0.5LiNig sMnosO> in the work of Xiang et al.’’. They showed that the addition of
N-hexyl pyridinium tetrafluoroborate ionic liquid (HPy BF4) lowered the particles
agglomeration, leading to higher rate capability and cyclability compared to the same material
synthesised in a classical hydrothermal process. Thanks to the ILs surfactant properties,
particles agglomeration is prevented and porous secondary aggregates made of nanoparticles
will be favoured, thus enhancing the diffusion of electrons and cations. In the end, the
ionothermal H-LMNO (after thermal treatment with Li2CO3 at 700°C under air) exhibits a 9%
higher capacity retention (94.3% vs 85.2% after 65 cycles), with in addition a higher initial
capacity delivered on the first cycle (254.1 mAh/g vs. 242.9 mAh/g). Furthermore, this phase
possesses a three times less important charge transfer resistance, proving the interest to consider

employing ionothermal synthesis for these electrode materials.

Impressive results were also obtained in the case of Zhang et al.’® with the development of a
nano-sized LizV2(POs)s/carbon composite obtained through a simple synthesis in which a protic
ionic liquid (PIL) was acting simultaneously as soft template and carbon source. The synthesis
consisted of two steps: First, pyrrolidinium bis(trifluoromethanesulfonyl)imide (PIL) was
introduced in an aqueous solution containing vanadium oxide, lithium carbonate, ammonium

dihydrogen phosphate and oxalic acid, to act as template during the subsequent stirring at 80°C.
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The resulting product (amorphous LVP/PIL) was finally pre-sintered at 350°C and then at
800°C under nitrogen to obtain crystallized LVP nanoparticles embedded in the carbon matrix
issued from PIL carbonization. The resulting electrode material exhibited an interesting
capacity retention and rate capabilities with almost 100 mAh/g at 100C and a remaining
capacity of 75 mAh/g after 10 000 cycles at 5S0C (with active mass loading between 1.5 and 2
mg.cm™?) (Figure 7). The nanosized particles, due to the IL structure directing agent properties,
coupled with the carbon matrix resulting from its calcination, show the interest in using protic

ILs for such applications, especially with the advantage of being cheaper than aprotic ILs.
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Figure 7. Associated electrochemical curves to the nano-sized LizV2(POg)s/carbon
composite. a) Cyclic voltammetry of LVP/PIL electrodes vs. Li/Li* at 0.05 mV s . (b)—(d)
Performance of LVP/PIL electrodes during constant current cycling. (b) Typical galvanostatic
charge-discharge curve profiles and (c) specific discharge capacity of LVP/PIL electrodes
when charged/discharged at various discharge current densities in the range of 1 to 50C. (d)
Specific capacity of LVP/PIL electrodes during long-term cycling at 50C. Reproduced with
permission from [°%]. Copyright 2025 Elsevier.

18


https://www-sciencedirect-com.inc.bib.cnrs.fr/topics/materials-science/cyclic-voltammetry
https://www-sciencedirect-com.inc.bib.cnrs.fr/topics/chemistry/current-density

Finally, ILs and DESs can also be used as co-solvents owing to their miscibility with
conventional solvents, or in small amounts as additives to control particle growth. In the latter
case, the use of highly diluted ILs as dispersing agents can be attractive because of the limited
solvent consumption; however, this approach may raise challenges related to post-synthesis
recovery and recycling. Overall, the wide range of possible solvent combinations and
compositions offered by ILs and DESs constitutes a vast playground for the development of

new materials with potentially unexpected or enhanced performance.

3.4  Safe, stable and flexible synthesis media

In addition to microstructure control, these type of solvents and more particularly ionic
liquids have the advantage of being adapted for the synthesis of a wide range of compounds,
even including some that are extremely challenging to synthetize in solvothermal conditions.
For example, some sulphate-based and/or Fe?*-based materials are known to be very sensitive
to moisture, making them rather unsuitable for hydrothermal conditions *°. Besides, dealing
with sulfate-based positive electrode materials, their low thermal stability limits the use of
prolonged solid-state processes %°. This is why ILs are well adapted for their preparation.
Indeed, some ILs allow to work in anhydrous conditions, while permitting lower reaction

temperature compared to solid-state approach.

Recham et al.®! have demonstrated that it was possible to obtain tavorite LiFeSO4F by
topotactic reaction by mixing LiF and FeSO4H>O in EMIM TFSI (1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide), leading to a similar mechanism to the

work reported later by Olchowka et al*!

and dealing with the ionothermal synthesis of
NazV2(PO4):FO;, but in this former case with the conservation of a rather identical atomic

structure compared to that of the precursor.

Following this study on LiFeSO4F, several partially iron-substituted tavorite phases were
synthetized from FeixMx-H>O precursors (M = Mn, Co and Ni) using the same synthetic
approach and subsequently tested as electrode materials 2. It appears possible to obtain the full
solid solution from x = 0.5 to x = 1 for Ni and Co, while it was not possible to substitute Fe by
Mn beyond 10 at%. This lies in the fact that LIMnSO4F is not isostructural to tavorite LiFeSO4F
on the contrary to LiCoSO4F and LiNiSO4F . This tavorite LiFeSO4F material exhibits very
promising features such as an energy density very close to that of LiFePO4 along with better
ionic and electronic conductivities. However, its moisture sensitivity is a major problem as it

L 64

was shown by Zhang ef al.”® who demonstrated that relative humidity can have a great impact
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on the powder stability, even if ionic liquid grafting can help to overcome this issue, as it will

be discussed later.

The ionothermal synthesis route of the alluaudite Naz+2xFeox(SO4)3 was also explored
by Dwibedi et al.%. Indeed, as a Fe?" and sulphate-based compound it is also moisture sensitive
and with a thermal stability limited up to 450 °C, making thus ionothermal synthesis an
interesting option, especially using a hydrophobic ionic liquid. Several solvents were tested
such as an ethane-1,2-diol/EMI TFSI mixture, giving diverse particle morphologies such as
micrometric platelets or uniform elliptical particles. The alluaudite obtained in pure ionic liquid
exhibited high-voltage (ca. 3.7 V vs Na'/Na) redox activity and delivers a reversible capacity
of ~80 mAh/g at C/20, better than the alluaudite obtained from a solvent mixture (i.e. 60 mAh/g
for ionic liquid-water media and 50 mAh/g for ionic liquid-diol media).The authors attributed

this optimized performance to smaller particle size.

Among the families of compounds that might be moisture sensitive and thus present synthesis
complexity, the fluorides have attracted a lot of attention in the last years. Indeed, their low
molar mass combined with the high electronegativity of fluorine grant them with high
theoretical energy densities, up to almost 500 Wh/kg for NaFeF;°¢. However, the process to
obtain these materials can be challenging for the aforementioned reasons and even dangerous
because of the use of highly hazardous chemicals such as hydrofluoric acid. This is why ILs
can be interesting and more particularly fluorine-based ones. Indeed, they can serve both as
solvent and reactant by acting as the fluorine source. Some works have been reported in the
literature with tetrafluoroborates or hexafluorophosphates-based ILs to develop safer synthesis

routes for fluoride (nano)materials ¢7-%,

Li et al.®° managed to obtain two distinct nanostructured hydrated iron fluoride phases by
heating iron (III) nitrate nonahydrate in BMIM BFs (1-Butyl-3-methylimidazolium
tetrafluoroborate) acting as both solvent and reactant (fluorine source). The first material
Fei9F475-0.95H,0 was synthetized by heating the mixture at 50°C for 6h and exhibits specific
capacity of 90 mAh/g for the first 10 cycles. In comparison, the FeF3-0.33H>0O material obtained
through the same synthesis steps with an additional vacuum treatment for 2h is more promising.
Indeed, the water removal seems to have beneficial effects on the electrochemical performance
leading to an increased and stable specific capacity up to almost 160 mAh/g as well as a good
rate capability. The sponge-like morphology of the particles (versus rectangular morphology

for Fei9F475-:0.95H20) has a huge impact on this improvement; a vacuum treatment reduces
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the crystallite size and the particles size, leading to shorter diffusion length for lithium ions

within the material. Interestingly, a prolonged vacuum step leads to a phase amorphization.

More recently, Yan et al. employed fluorinated ionic liquid as structure directing agent to design
the Na3;V2(POa)2F; (NVPF) particles morphology and as reactant to compensate F~ loss during
the subsequent carbonization process of the NVPF@rGO.”. ILs are also interesting for the
dispersion of graphene thanks to interactions between the imidazolium cation and the graphene
n-electrons ’!. Thus, ILs are particularly adapted for the synthesis of iron fluorides/graphene

composites for Li-ion and Na-ion batteries as reported in the works of Li et al.”?

and Jiang et
al.”®. In both cases, the composites show a significant improvement in terms of rate capabilities
and capacity retention, with a specific capacity up to more than 90 mAh/g at 20C for the
graphene/FeF3-0.33H20 material (ratio estimatd at 17:83) at 2.5 V vs Li"/Li 2. Hence, the
strategy of synthetizing homogeneous active material/graphene composites in ILs is very
promising to obtain efficient electrode materials thanks to the enhanced electronic conductivity
of the graphene matrix but also its ability to serve as a physical support to restrain the

detachment and agglomeration of the nanoparticles.

This aptitude was also applied for lithium sulphur batteries by Zhang et al’®, where a
microporous carbon support made from an ionothermal synthesis in BMIM H>POs, combined
with an activation process, served as a host for lithium-sulphur active material. It was made to
avoid the polysulfides solubilisation and to maintain the electrode integrity despite the sulphur
large volume expansion upon cycling. Additionally, the graphene matrix is an effective way to
enhance the electronic conductivity of the electrode. The synthesis procedure consisted in
mixing D-glucose with graphene oxide in an aqueous suspension with the addition of ionic
liquids. The resulting mixture was dried for 24 h in an oven at 95 °C to remove the water and
subsequently heated up to 180 °C for 20h. Then, the resulting powder was sintered at 800°C
under argon for 2h after being activated in a KOH aqueous solution. The electrode material was
finally obtained by simply grinding the resulting micro/mesoporous graphene with sulphur and
heating the mixture at 155°C for 15h in a sealed stainless-steel container. The resulting
composite material exhibits very promising electrochemical performance in terms of rate
capability and capacity retention, with a specific capacity up to 700 mAh/g at 2C and 600
mAh/g after 150 cycles at 1C. To make an appropriate comparison, another porous graphene
material was synthetized with the same process but without involving ionic liquid: only
deionised water (labelled H-GPC) was used. The results are irrefutable, the carbon matrix

obtained with the BMIM H>PO4 (I-GPC) is by far the best performing, with almost double
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exhibited specific capacity compared to the water-based processed material. This was attributed
to the higher specific surface area for the I-GPC, giving a better electrolyte contact and
infiltration but also to its broad pore size distribution in the micropore range (0.5 nm, 0.6 nm,
0.8 nm, and 1.2 nm) that effectively prevents the solubility of the polysulfides and ensures a
fast Li" migration during the lithiation/delithiation processes. In comparison, the H-GPC
possesses a lower specific surface area and larger micropores/mesopores, which are less

effective at immobilizing sulfur and thus allow polysulfides dissolution.

Finally, Rangaswamy et al.”” worked on a LiVPOsF/graphene composite that exhibited
promising  performance. They  synthetized themselves the 1,2dimethyl-3-(3-
hydroxypropyl)imidazolium dicyanamide ionic liquid that served as a solvent for the
ionothermal synthesis of the active material LiVPO4F. In this example, the graphene was mixed
with LiVPO4F just before the electrode preparation, and not during the synthesis of the active
material. What is interesting here is that the ionic liquid was specifically made for the synthesis
of LiVPO4F, because the ILs available on the market had not the characteristics required to
prepare this material with success. First, the C> carbon on the imidazolium ring is protected by
an alkyl group to prevent any reaction with basic species such as PO4>~ or F~ during the synthesis

and thus the IL from degradation. Recham ez al.’®

adopted the same strategy for the ionothermal
synthesis of NaxFexMn1xPO4F phases. Secondly, the —OH radical group enables the reduction
of synthesis temperature thanks to higher precursors solubility. The resulting material exhibits
an honourable reversible capacity of 153 mAh/g during the first cycle for the
LiVPO4F/functionalized-graphene composite and maintains a relatiely stable capacity over 250

cycles.

In another context, that of the regeneration of aged active materials for batteries, Hawley et al.
reported a preliminary study in which they synthesized NMC811 from delithiated NMC111
using a room-temperature eutectic solution composed of LiOH-H>O and nickel nitrate
hexahydrate. This upcycling scalable approach, to relithiate and change the transition metal
composition at low-temperature annealing shows great promises as it generates high purity and
homogeneous material and is mentioned as cheaper and faster compared to classical recycling
and reuse of the upscaled precursors for a new high-temperature synthesis. Nevertheless, the
electrochemical performance of the material as obtained is poorer than commercially-available

NMCS811, highlighting the need for further development 7’

To summarize, ionic liquids are highly promising synthesis media for producing highly
graphitized and porous carbonaceous materials, which can serve as supports or matrices for a
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wide range of active materials. Their effective dispersion power, facilitated by n-m interactions
between the imidazole rings and the carbon atoms in the graphitic layers, makes them more
efficient than traditional solvents like water. These composites can significantly enhance
electrode materials that suffer from sluggish kinetics, large volume expansion, or dissolution
into electrolyte during cycling. More generally, ILs and DESs are particularly advantageous for
synthesizing moisture-sensitive materials, such as sulfates, that require low-temperature
synthesis conditions. Moreover, they can serve as a safer alternative to hazardous reagents,
especially in the synthesis of fluorinated materials. Both sulfate- and fluorine-based materials
are promising candidates for future positive electrode materials due to their high working

potentials and low costs, which help offset the higher costs associated with ILs and DESs.

3.5 Design of hybrid materials for enhancing conductivity and stability

In most reported works on synthesis involving ILs or DESs, the resulting product is
washed with a proper solvent to get rid of a maximum of residual chemical species at the surface
of the particles to avoid any possible electrochemical hindrance. In fact, the assumption that
residual IL at the surface of the active material would be detrimental to electrochemical
performance is not necessarily true, as it was shown by Olchowka et al.* with the comparison
of the electrochemical performance for Na3V2(PO4):FO» obtained by solid-state, ionothermal
and solvothermal methods. The ionothermal method consisted of a topotactic reaction between
VOPO4-2H,0 and NaF*! and resulted in a Na3V2(PO4)2FO, material with an homogeneous
ionic liquid-based coating on the particle surface, as clearly characterized by TEM imaging,
infrared and X-ray photoelectron spectroscopies. The three obtained powders exhibit the same
chemical composition but different particle morphologies, which can directly
influenceelectrochemical performance. Nevertheless, it is interesting to note that
electrochemical impedance spectroscopy revealed an electrical conductivity for the
ionothermally made material (NVPFO;-IL) higher of more than one and two order(s) of
magnitude compared to the materials obtained by solvolthermal synthesis and solid-state
reaction, respectively. Besides, the electrical conductivity of NVPFO,-IL starts to decrease
upon heating at temperatures higher than 240°C, which was attributed to the ionic liquid layer
degradation. Subsequently, the electrical conductivity of NVPFO;-IL measured upon cooling
becomes similar to that of the material obtained by solid-state synthesis, clearly confirming the
benefits of an IL coating on the transport properties. This result is in line with previous work of

l 78,79

Barpanda ef a who reported that IL coating strongly increases the ionic conductivity for

lithium metal sulfate fluoride solid electrolyte materials. Additionally, plating/stripping tests
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performed in a symmetric cell made of two Li metal electrodes separated by the IL-coated

inorganic electrolyte undoubtly demonstrate that the IL-based coating conducted Li" ions.

Theoretical calculations conducted by Choi et al.®® also confirmed that the presence of
1-butyl-3methylimidazolium tetrafluoroborate on the surface of Co(OH). particles favors the
proton adsorption/desorption processes in aqueous electrolyte. These results were in line with
experimental tests conducted by the same group and showing both enhanced rate reversible
capacity and long-term stability compared to a Co(OH). powder without functionnalized
surface. Subsequently, Olchowka ef al. have also demonstrated that the IL coating of Co(OH)
protects the material from oxidation under air storage or moisture, revealing another benefits of
such surface modification '*. Thus, this IL layer can be seen as an artificial SEI layer which can

greatly improve material stability and electrochemical performance.

Another interesting option is to proceed to a calcination of this ionic liquid layer to generate a
carbon coating as it can result in the formation of an homogeneous and graphitized layer, as it
was reported in the work of Men et al.®!. In comparison, mainstream carbon sources, such as
glucose in this example, give thicker heterogeneous carbon films, which is not ideal for cations
conduction. Besides, the Ip/Ig intensity ratio observed by Raman spectroscopy is lower for the
ionic liquid-based carbon coating (i.e. 0.89 versus 0.99), indicating a higher graphitization
degree (less defects), and potentially leading to a higher electronic conductivity. In the end, the
IL-based carbon coated LFP exhibits a higher rate capability and capacity retention. More

recently Minart et al.®?

also compared the energy storage performance of a Na3V2(PO4)2FO2
(NVPFO;) with a 1-Ethyl-3-methylimidazolium tetrafluoroborate surface layer and its
carbonized derivative with a N-doped carbon coating (Figure 8). Their investigations revealed
better rate capability along with smaller charge transfer resistance for the latter, showcasing

also the relevance of such approach for polyanionic electrode materials.
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Figure 8: a) Galvanostatic curves of the 3" cycle obtained at C/20 for NVPFO: Acetone (IL-
coated) and NVPFO>A@C (carbon coated), b) Potential derivative curves of the 3" cycle at
C/20 for NVPFQO; Acetone and NVPFO2A@C, c) Capacity retention and coulombic efficiency
at a rate of C/5 for 100 cycles, d) Capacity retention at different C-rates and e) Nyquist plots
obtained for both NVPFQO: Acetone and NVPFO:A@C using EIS conducted after 3
galvanostatic cycles at C/20. Reproduced with permission from [%2]. Copyright 2025 Elsevier.

Additional works can be cited such as the controled synthesis of NazV2(PO4),F3-yOy in a green
deep eutectic solvent composed of a mixture of choline chloride, citric acid, and water.®’
Whereas the electrode material was nearly electrochemically inactive as obtained after the
solvolthermal synthesis, most probably due to the residual DES at the particle surface, its
annealing leads to a carbon coated material showing excellent performance even at 10C in full
18

cell *°. Microscopy analyses revealed the presence of a thin and very homogenous carbon

coating, which most probably is at the origin of such good performance. Similarly, the study on
Na3V2(POs):2F3 (NVPF) synthesis in deep eutectic solvent by Zhao et al.®* led to the obtention
of mesoporous microspheres structure. Nitrogen BET analysis indicated that the pristine
material possesses a specific surface area of 18.15 m?/g, which is relatively high considering

that carbon coated NVPF materials exhibit comparable values 8%, where the SSA is mainly
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attributed to the carbon layer. It was suggested that the reason for the formation of the porous
structure is ascribed to the strong hydrogen bonding network of the solvent along with the
reduced evolution of CO> bubbles during the reduction process, thereby highlighting the
advantages of DESs. Furthermore, the addition of an amorphous fluorocarbon coating,
introduced via post annealing with PTFE microspheres at 600°C under argon, gives to this
material an outstanding rate capability, with a specific capacity up to almost 100 mAh/g at a

rate of 50C.

To conclude this last section, ILs and DESs can play roles beyond that of mere synthesis
solvents, as they may also become integral components of battery materials in the form of
protective or ion-conductive surface layers. Another possibility is their transformation into
carbon coatings when enhanced electronic conductivity is required for proper material
operation, as exemplified by the case of polyanionic materials, which can exhibit improved
properties (e.g., N-doped carbon coatings) compared with those obtained from conventional
carbon sources. In such scenarios, where the solvent is partially or fully incorporated into the
positive electrode material composition, the chemistry, properties, and composition of the
solvent must be considered not only during synthesis but also in terms of their evolution and
impact upon electrochemical cycling. While this integration can enhance material performance,

it may also introduce additional challenges if not properly controlled.

A summary table (Table 1) provides an overview of the literature discussed in this second part

of the review.

Table 1: Summary table of the reported synthesis of battery electrode materials using ILs or
DESs as a (co-)solvent

Medium Material Synthesis T (eC) Pros (+) / Cons (-) Ref
Imidazolium- (+) Morphology 17
LiFePO4 lonothermal 250°C
based ILs tunability, low

temperature, high

Imidazolium- 220- crystallinity 28
LiMnPO4 lonothermal
based ILs 250°C (-) Not competitive
synthesis
1-R-3-methyl (+) Crystallinity
imidazolium LiFePO4 lonothermal 250°C control =
NTf2 (-) Homemade ILs
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EMIM TFSI

EMIM TFSI

EMIM TFSI

BMIM BF4

ChCl/urea 1:2
DES

ChCI/EG
2:1
DES

BMIM Br

EMIM-Based
ILs

C2-OH DCA IL

Electrochemically-
LiFePO4
assisted
lonothermal
NasV2(P04)2FO2
topotactic
lonothermal
Naz.85V1.6Mno.4(PO4)2F2.400.6
topotactic
FeFs3.0.33H20 lonothermal
Fe203 Solvothermal
LiMnPO4 Precipitation
CosV20s lonothermal
lonothermal
Li3V2(POa)3/C composite
(precursors)
LiTiPOsF lonothermal

275°C

220°C

250°C

250°C

200°C

130°-
600°C

150°C

200° -
700°C

350°C

(+) Nanosized
particles, film
deposition possible
(-) IL breakdown due
to chlorine species
(+) Solid solution
driven mechanism
(-) Impurity
(+) Tunable Na
content
(-) O/F ratio control
challenging
(+) Safer synthesis
path, 100% yield
(-) Expensive IL
(+) Nano-sized
particles, cheap
synthesis
(-) Extensive
cleaning required
(+) Low temperature
(-) Extensive
cleaning required
(+) Morphology
control
(-) Expensive IL, long
time of synthesis
(+) Short calcination
time
(-) High amount of
carbon
(+) Nano-sized
particles
(-) Temperature too
high for classic
PTFE/Stainless steel

autoclaves

40

41

42

43

44

45

46

47

48
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(+) Cheap synthesis
ChCI/EG 1:2

DES

NasMnPO4CO3 Solvothermal 200°C (-) Extensive
cleaning required
50°C -

[CNPIM][NTf] 600°C
TiO2/C composite lonothermal
I (pyrolys

is)
(+) Morphology
tunability, cheap

ChCl/Urea 180° - solvent
V205 (precursor) Solvothermal
1:2 + water 500°C (-) Pressurized

synthesis media due
to water
(+) Limited
concentration of IL

[C12mim]Br LiNio.sMn1.504 (precursor) Co-precipitation RT (-) Expensive IL,
limited recycling due
to low concentration

(+) IL used as a

fluorine source
MnF:z as precursor for LiMn204
Bmim BF;4 Solvothermal 160°C (-) High amount of
and Mnz03
water inducing

pressure

(+) High specific

1-Alkyl-3-

surface area
methylimidaz
(B (11)-HxCoO2) Co-precipitation RT (-) Difficult to
olium
control the chemical

bromide

composition

(+) Limited

concentration of IL
0.5Li2Mn03-0.5LiNio.sMno.502
HPy BF4 Co-precipitation 180°C (-) Limited recycling
(precursor)
due to low

concentration

(+) Limited
Li3V2(POa)3/C composite
Pyria TFSI Solvothermal 80°C concentration and
(precursor)
cheap IL
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(-) Limited recycling
due to low
concentration
(+) Cheap IL and
precursors
EMIM TFSI LiFeSO4F lonothermal 300°C
(-) Cleaning in
dichloromethane
(+) Cheap IL and
precursors
(-) Electrochemistry
EMIM TFSI Naz.aFe1.6(S04)3 lonothermal 300°C
inferior to the
materials made by
solid-state
(+) Super low
temperature
BMIM BF4 FeFs.0.33H:0 lonothermal 50°C
(-) Vacuum
treatment necessary
(+) IL used as a
fluorine source
EMIM BF4 NasV>(POas)zF3 Solvothermal 110°C
(-) Use of GO
expensive
BMIM BF4 FeFs.0.33H.0/GNS composite lonothermal 80°C (+) Super low

temperature

BMMIM BF4 FesFs/Graphene composite lonothermal 50°C (-) Expensive carbon

source

(+) Higher specific
area compared to
BMIM H2PO4 Sulfur/Graphene composite lonothermal 180°C water-based
(-) Thorough milling

step required

1,2dimethyl-

3-(3- (+) Controlled
hydroxypropy LiVPO4F/C composite lonothermal 320°C morphology and
l)imidazolium particles size

dicyanamide
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1,2-dimethyl-

3-
butylimidazol
ium bis NazFexMn1xPOsF
trifluorometh
anesulfonyl
imide
BMIM BF;4 Co(OH):
BMIM N(CN): LiFePO.@C
EMIM BF4 Na3V2(P04)2FO;
Chdl : Citric
acid : water Na3V2(POs)2F3.xOx
(3:1:3) DES
ChCl : EG
NasV>(POa4)2F3
(1:2) DES

lonothermal

lonothermal

lonothermal

lonothermal

Solvothermal

Solvothermal

(-) Homemade IL
and washing with
dichloromethane

(+) Better
electrochemical
performance than
. solid-state based 76
270°C
products
(-) precursors
preparation done in
glovebox
(+) Easy synthesis
and excellent energy
storage
80°C performance e
(-) Absence of
control on the IL
coating amount
(+) Thin and uniform
. carbon coating 81
180°C
(-) IL loss, consumed
for the coating
(+) Morphology
control by
i topochemical o
220°C )
reaction
(-) Insufficient
carbon coating
(+) Morphology
control, uniform
200°C carbon coating 8
(-) O/F ratio control
to optimize
(+) Uniform carbon
120°C coating -
(-) PTFE calcination

can generate HF
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4. ILs/DESs-based synthesis relevance for practical applications

Although most of the published papers on battery material synthesis are based on
scientific works carried out at a lab scale and with a lot of attention paid to electrochemical
performance, the reality of the industrial world may not be compatible with the proposed
synthesis processes. Indeed, those consisting of multiple steps, long heating times, extreme
temperature and pressure conditions or expensive reagents must be avoided to obtain the
cheapest product possible. To this day, there is no existing large-scale practical utilization of
DESs or ILs as synthesis media. Several factors can explain the current situation, some of the
main drawbacks highlighted by Binnemans et Jones 87 are as follows: solvents high viscosities,

difficulties of recycling, lack of practical demonstrations on a pilot scale and high costs.

At present, the most widespread synthesis pathways in large-scale production of positive
electrode materials are the co-precipitation and the solid-state (or ceramic) methods or a
combination of both ¥-3%_ Both synthesis routes are easily up scalable thanks to their simplicity
of procedure and mass production potentials. Concerning solid-state reaction, it basically
consists of mixing solid reagents together and heating the mixture at high temperatures under a
controlled atmosphere. The process is simple to manage and for some materials, allows to easily
obtain targeted stoichiometries by carefully paying attention to the precursor’s quantities, with
in addition the absence of by-products at the end of the reaction. However, it can be highly
energy consuming due to the necessity to reach high temperatures, in some cases for a long
time, without mentioning the fact that an intimate and homogeneous mixture of the precursors
is more than recommended *°. Moreover, this process is more likely to provide larger and

uneven sized particles, not always allowing to reach the optimum potential of the material.

On the other side, the co-precipitation process has the advantage of providing better control
over the particles size, morphology and chemical homogeneity at the atomic scale, through the
adjustment of parameters such as pH, temperature, and solution concentration. In some cases,
the active material precursors (often called PCAM for cathode material) are obtained through
such soft chemistry approach before being mixed and annealed with a lithium or sodium source
at medium-high temperatures to get the electrode active materials. Here, the homogeneity of
the obtained mixture and the intimate contact between the primary particles due to their smaller
and regular size allow to reduce the synthesis temperature and time in comparison to a classic
solid-state reaction ®. The two aforementioned synthesis methods are today well established in
the literature and in the chemistry industry for large-scale material production. Consequently,

it can be complicated to compare them to ILs/DESs-based syntheses that are more recent and
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still at experimental/development stages. Still, the comparison with solvothermal (including
hydrothermal) synthesis can give a realistic idea of the feasibility of the use of ILs and DESs

for practical applications.

First, solvothermal synthesis offers similar advantages as co-precipitation, such as
homogeneous and controllable morphology and high crystallinity. It is often considered that
solvothermal synthesis consumes a reduced energy quantity compared to solid-state reaction
thanks to lower synthesis temperatures, but this statement will depend on the targeted phase
and the synthesis conditions. In addition, in situ surface coating allows extensive material
customization °!. This method can be divided into two different specific operating processes:
batch and continuous reaction (Figure 9). The first one consists of conducting the synthesis in
a sealed autoclave, limiting the produced quantities in time depending on the autoclave volume
and the reaction time, making this option potentially limited for industrial applications if the
size of the autoclave is not large enough. The other possibility is the continuous reaction
method, which this time allows an uninterrupted production flow that is more suitable for large-
scale positive electrode material production. However, this solution is more complex to be
implemented, because it necessitates faster reaction kinetics that can be reached by increasing
the temperature or heating rate. Consequently, continuous solvothermal syntheses are mostly
conducted in supercritical conditions. Although they are promising and of big interest, they
required in-depth optimization to face several issues, such as high pressure management and
possibly reduced material performance because of a fast nucleation rate and the presence of

defects °!.

As mentioned, the solvothermal synthesis may not be always energy saving, as it was
highlighted by Benedek et al.®? in the case of hydrothermal synthesis of LiFePOu, because the
large water heat capacity (4184 J .kg™! K™! at 20°C) requires a higher energy consumption to heat
the reactor in comparison of the ceramic method. To reduce the energy expense per gram of
obtained LiFePOs, the proposed solutions were to lower the reaction temperature and increase
the precursor concentration. Notwithstanding, the use of solvents with smaller heat capacities
would be beneficial on this aspect, such as ethylene glycol (2433 J.kg! K™ at 25°C), which

impact and cost can be diminished by reutilization or recycling ®.
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Figure 9. Schematic representations of a) a one-pot hydrothermal synthesis and b) a continuous

hydrothermal synthesis. Reproduced with permission from [*']. Copyright 2025 Elsevier.

ILs and DESs can possibly have even lower heat capacities, which would lower the synthesis
energy consumption. For example, the 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM TFSI) has a heat capacity of 521 J.mol'.K™!' (1331
J kg K1) at 20 °C* while the choline chloride : urea (1:2) DES exhibits a heat capacity of
181.4 Jmol' . K™! (2095 J.kg'.K™") at 30 °C **. Furthermore, these solvents show a remarkable
microwaves absorption ability thanks to their good ionic conduction *>~7. Consequently, it
could be interesting to take benefits of this characteristic for microwave-assisted ionothermal
synthesis in a continuous process because of the possible fast heating rate, resulting in reactions
with high yields and giving well crystallized powders *>°%. Such scaling-up of microwaves
assisted processes although challenging, especially if the solvent used for a continuous flow
reactor is highly viscous %°, already exist for the synthesis of ceramics such as BaTiOs or TiOx.
Then, the remaining issue would be the cost. It is widely assumed in the literature that ILs and

d 100

DESs can be recycled "™, which would potentially reduce the costs.
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Concerning recycling, it is actually more complex for ILs than for other solvents because of
their low vapour pressure, which prevents recovering by distillation. Several solutions can be
employed depending on the composition of the solvent and on the nature of the post-process

impurities. Recham et al.!”

recovered various ionic liquids after the ionothermal synthesis of
LiFePOs by first washing the resulting solution with concentrated HCI to dissolve remaining
powder traces. Then, the solution was washed with deionised water to eliminate hydrochloric
acid before being mixed with dichloromethane (CH2Cl>) to separate the aqueous phase. Finally,
the ionic liquid was purified from the CH>Cl> by evaporation, resulting in a recycled solvent
with a 90% yield and 200 ppm of water. Despite the great success of the procedure and the
possibilities of improvement, it clearly appears that such operation would be costly as well as
energy and resources consuming. Thus, the best equilibrium must be found between the solvent
and its recycling costs and the difficulty to implement the recovering step within a large-scale

material production while also considering the performance or quality gain for the obtained

materials.

Regarding DESs, the issue of recycling can be even more complex, potentially limiting their
overall sustainability despite their reputation as greener solvents. Indeed, DESs are actually a
mixture of minimum two components that are weakly bonded to each other by hydrogen
bonding, where ILs are constituted of anions and cations strongly interacting by ionic bonding
191 Determining which type of solvent is easier to recycle efficiently is not straightforward, due
to the wide variety of components and applications, as highlighted by Alfonso ef al.!*?. Some
methodologies do exist and one of the most common for DESs recycling is the antisolvent
addition where another liquid (e.g. water, ethanol, acetone...) is added in large quantities in the
DES after being used and will cause the precipitation of the remaining solid impurities by
breaking the hydrogen bonds network between the HBD and HBA. The DES can then be
recovered by evaporating the antisolvent. While this approach is relatively simple and scalable,
its main drawback is the high energy consumption required to remove the antisolvent after
precipitation. % Additionally, depending on the synthesis, some solid impurities may not be
soluble in conventional solvents. Alternative recycling strategies include recrystallization,

solid-liquid or liquid-liquid extraction, and distillation'*.

To conclude on this part, the application of ILs and DESs is, as synthesis media, is still currently
limited to the lab-scale although proof-of-concept studies have reported their numerous
benefits. For long time, their large-scale use has been limited by their elevated price and

difficulties in terms of implementation. Besides complementary complete lifecycle assessment
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with upscale estimations are required to evaluate the relevance/benefits of such synthesis
approach. Notwithstanding, when comparing both solvents, a large advantage is given to the
DESs which are mostly less expensive and more environmentally friendly '°*. For comparison,
the choline chloride : urea (1:2) DES would cost approximately 56 $/kg in reagents at a lab
scale, while the price of EMIM TFSI can go from 560 $/kg to 1620$/kg depending on the purity,

manufacturer and purchased quantities.
4.1 Environmental aspects and other applications of ILs and DESs

The production and use of both families of solvents can have a huge environmental impact that
must not be neglected %1% However it is interesting to point out that several studies
highlighted that DESs are generally less toxic to (in)vertebrates and aquatic life compared to
ILs, even if the toxicity was still existing'®’. For example, some tests have been conducted in
the literature on aquatic invertebrates and revealed that their exposure to a ChCl : Urea DES
would induce morphology changes, but interestingly the solvent seemed to be less toxic than
the separated components'®®. Moreover, it is important to highlight that for some ChCl-based
DES:s, their sustainability will be mostly defined by the added HBD: for example glycerol can

be bio-sourced, while urea production is mainly coming from fossile fuels '%,

Still, it is important to note that, compared to ILs, DESs are often praised for their simplicity of
preparation, as they generally involve just mixing two components, which are frequently
already produced on a large scale (e.g., choline chloride). In contrast, ILs typically require
complex and energy-intensive syntheses, such as those for methylimidazolium-based ILs,
which are widely used in the preparation of inorganic materials. Alternative methods for DES
synthesis have been proposed to further reduce the energy footprint, including mechanical

milling via twin-screw extrusion instead of conventional high-temperature stirring!®’.

Unfortunately, to the best of our knowledge, there is no functioning processing employing ILs
or DESs at an industrial scale. Several applications other than synthesis of inorganic materials
have been identified for these solvents and their feasibility is still under investigation. One of
the most promising is to implement them in (multi)-biorefineries for organic molecules
creation, in the same way as it is done today with oil by using for example rice straws or
switchgrass 12, However, simulations and tests need to be done to elaborate the first proofs of

concept to determine which solvents would fit the best for such process ''°.

Another interesting application is the electrodeposition of metals. Indeed, ILs and DESs possess

a large potential stability window, wider than water for example, preventing hydrogen emission
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and/or metal (hydr)oxides deposition at the surface of the coating. Several interesting metals
for their properties cannot actually be deposited in aqueous-based solutions baths, or at least
not safely, such as aluminium, zinc, titanium or tungsten !'!. They also can easily dissolve
metallic species, preventing the use of toxic precurors that are employed for water-based
application like in the case of nickel, chromium or cobalt 13 Nevertheless, it is considered
that DESs (or ILs) based electrodepositions would be appliable at an industrial scale only for
rare or specific metal / alloy coatings with a high added value, as a lot of metals of interest in

the industry are deposited in water-based baths with high efficiencies and low costs.
4.2 Challenges for the application of ILs and DESs as solvent for battery material synthesis

Research and development priorities for the effective application of ILs and DESs as synthesis
media for battery materials should focus on three main challenges. First, the cost and
sustainability of production can be improved by generalizing the use of bio-sourced or non-
toxic precursors, simplifying and optimizing synthesis routes, and scaling up production
processes. In this context, the most complex and expensive ILs reported in the literature are
incompatible with this roadmap, as their synthesis often requires additional or variable steps
depending on the composition. By contrast, DESs are more versatile, as their preparation
generally involves only mixing precursors; adapting production lines to different solvent
compositions requires minimal modification. Second, the high viscosity of ILs and DESs
remains a major challenge, particularly for scale-up. Fluidity can be improved by adding co-
solvents (e.g., water)*>!!*, or by adjusting solvent composition, such as alkyl chain length,
functional groups, or the HBD/HBA molar ratio in DESs 3%!!>, Moreover, the rapid expansion
of Al opens the possibility of predictive machine-learning models to forecast physicochemical
properties based on composition enabling the optimization of performance and cost without
extensive experimental testing. ' Finally, the recycling and regeneration of ILs and DESs must
be fully developed and optimized before industrial-scale implementation to prevent hazardous
waste accumulation. Hopefully, the development of these technologies in the future, as well as
the creation of partnerships between industrial key players could help to facilitate recycling and
waste management by a synergic effect. For instance, leasing schemes for ILs or DESs could
delegate the burden of recycling to the solvent manufacturer, as suggested by Abu-Eishah. !!

Alternatively, solvents could be sold alongside expertise in recycling and waste management.

The future will be decisive concerning their fate as potential disruptive technologies applied on
an industrial scale or as an original tool for academic research. In addition, if the global
environmental impact of these solvents eventually comes to a point where the price would be
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the only true limitation, one can imagine that legislation and financial advantages could help

their deployment.

5. Conclusion and Perspectives

The growing interest in ionic liquids (ILs) and deep eutectic solvents (DESs) as
alternative media for materials synthesis has opened a new paradigm in the design of electrode
materials for energy storage. Their unique physicochemical properties—such as high thermal
stability, wide electrochemical windows, low vapor pressure, and tunable viscosity and
polarity—allow for precise control over particle morphology, size and even composition. As
shown throughout the state-of-the-art review, ILs and DESs have demonstrated significant
potential in directing growth, promoting anisotropic shapes, stabilizing metastable phases, and
facilitating low temperature topotactic and ionothermal reactions, often unattainable with
conventional solvents. Beyond morphology control, ILs offer significant advantages for
synthesizing moisture-sensitive (e.g. Fe?"-based or sulfate compounds) or thermally unstable
materials under mild, often anhydrous conditions. Furthermore, the possibility to perform
synthesis at moderate temperatures with a reduced risk thanks to the non-existent ILs/DESs

vapour pressure, in contrary to classical solvothermal synthesis, is very attractive.

ILs and DESs can also be used simultaneously as solvent and reactants. For example,
fluorinated ionic liquids can generate fluorine in sifu, eliminating the need for hazardous
reagents like hydrofluoric acid, particularly in the synthesis of (nano)fluorinated phases.
Besides, both types of solvent can functionnalize the particle suface, altering surface chemistry
and material properties. Such in situ surface functionnalization by ILs can also be beneficial to
electrode or electrolyte materials by bringing plasiticity, thus reducing resistance at grain
boundaries and enhancing the materials ionic conductivity. Moreover, ILs and DES-derived
coatings formed during the synthesis can be converted into homogeneous and thin carbon
coating, promoting the material electronic conductivity and enhancing its rate capacity and
prolonged cycling stability. ILs can also facilitate the integration of active materials within
carbonaceous templates such as graphene, enhancing conductivity and active materials

stability—critical factors for high-performance batteries and supercapacitors.

Although ILs and DESs enable the synthesis of innovative and high-performing
materials for electrochemical energy storage, further understanding is needed regarding how
solvent nature influences particle morphology. This knowledge would allow a shift from trial-

and-error approaches to more predictive synthesis strategies, accelerating the development of
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optimized materials. Additionally, while surface functionalization of inorganic compounds by
ILs or DESs has been experimentally observed, the underlying reaction mechanisms remain
poorly understood. Although its impact was reported as beneficial, enhancing material stability
or ionic conductivity but for instance its stability during cycling and its impact on the
electrode/electrode interphase nature remains a mystery. Therefore, considerable research is
still required to elucidate the precise role of surface modification on the performance and

longevity of electrode and electrolyte materials.

Finally, compared to well-established methods like solid-state and co-precipitation techniques,
synthesis in ILs and DESs media faces limitations including solvent’s complex recycling
procedures, elevated costs, and limited large-scale demonstrations. Moreover, the elevated
viscosities of [ILs and DESs make them difficult to operate, and their subsequent sticking nature
could require extensive washing to obtain pure and well-cleaned powders. This would not be
necessarily a problem for battery materials, as the IL or DES layer can be transformed into a

carbon coating, but it would mean a partial solvent loss for each synthetized batch.

Their possible use as synthesis medium for the synthesis of electrode or electrolyte material is
still far from a potential large-scale development. To move beyond academic interest and
toward industrial relevance, a holistic approach must be adopted, one that balances material
performance, cost, scalability, and environmental impact. Moreover, coupling experimental
work with artificial intelligence could prove valuable for optimizing synthesis pathways and
identifying the most suitable solvent systems for the targeted preparation of specific materials.
Ultimately, the transition of ILs and DESs from niche laboratory solvents to mainstream
industrial media will depend not only on technological advancements but also on economic

incentives and sustainable lifecycle management.

Data Availability

No new data were created or analyzed in this study. Data sharing is not applicable to this article
Acknowledgements

The authors would like to thank the French National Research Agency (STORE-EX Labex Project
ANR-10-LABX-76-01 and Project Nano-INSPIRE ANR-21-CE50-0006)

References:

38



(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)
(14)

(15)

(16)

(17)

(18)

Sun, Y.-K.; Chen, Z.; Noh, H.-J.; Lee, D.-).; Jung, H.-G.; Ren, Y.; Wang, S.; Yoon, C. S.; Myung, S.-
T.; Amine, K. Nanostructured High-Energy Cathode Materials for Advanced Lithium Batteries.
Nature Mater 2012, 11 (11), 942-947. https://doi.org/10.1038/nmat3435

Malik, M.; Chan, K. H.; Azimi, G. Review on the Synthesis of LiNixMnyCo1-x-yO2 (NMC)
Cathodes for Lithium-lon Batteries. Materials Today Energy 2022, 28, 101066.
https://doi.org/10.1016/j.mtener.2022.101066

Pomerantseva, E.; Bonaccorso, F.; Feng, X.; Cui, Y.; Gogotsi, Y. Energy Storage: The Future
Enabled by Nanomaterials. Science 2019, 366 (6468), eaan8285—eaan8285.
https://doi.org/10.1126/science.aan8285

Olchowka, J.; Fang, R.; Bianchini Nuernberg, R.; Pablos, C.; Carlier, D.; Cassaignon, S.;
Croguennec, L. Particle Nanosizing and Coating with an lonic Liquid: Two Routes to Improve
the Transport Properties of NasV,(P0Oa4),FO,. Nanoscale 2022, 14 (24), 8663—8676.
https://doi.org/10.1039/D2NR01080A

Li, H.; Zhou, H. Enhancing the Performances of Li-lon Batteries by Carbon-Coating: Present and
Future. Chem. Commun. 2012, 48 (9), 1201-1217. https://doi.org/10.1039/C1CC14764A.
Eshetu, G. G.; Armand, Michel.; Ohno, Hiroyuki.; Scrosati, Bruno.; Passerini, S. lonic Liquids as
Tailored Media for the Synthesis and Processing of Energy Conversion Materials. Energy
Environ. Sci. 2016, 9 (1), 49-61. https://doi.org/10.1039/C5EE02284C

Deng, R.; Gao, M.; Zhang, B.; Zhang, Q. Solvent-Mediated Synthesis of Functional Powder
Materials from Deep Eutectic Solvents for Energy Storage and Conversion: A Review.
Advanced Energy Materials 2024, 14 (8), 2303707. https://doi.org/10.1002/aenm.202303707
Zhou, K.; Dai, X.; Li, P.; Zhang, L.; Zhang, X.; Wang, C.; Wen, J.; Huang, G.; Xu, S. Recent
Advances in Deep Eutectic Solvents for Next-Generation Lithium Batteries: Safer and Greener.
Progress in Materials Science 2024, 146, 101338.
https://doi.org/10.1016/j.pmatsci.2024.101338

Wagle, D. V.; Zhao, H.; Baker, G. A. Deep Eutectic Solvents: Sustainable Media for Nanoscale
and Functional Materials. Acc. Chem. Res. 2014, 47 (8), 2299-2308.
https://doi.org/10.1021/ar5000488

Lei, Z., Chen, B., Koo, Y. M., & MacFarlane, D. R. Introduction: lonic Liquids. Chem. Rev. 2017,
117 (10), 6633-6635. https://doi.org/10.1021/acs.chemrev.7b00246

MacFarlane, D. R.; Tachikawa, N.; Forsyth, M.; Pringle, J. M.; Howlett, P. C.; Elliott, G. D.; Davis,
J. H.; Watanabe, M.; Simon, P.; Angell, C. A. Energy Applications of lonic Liquids. Energy
Environ. Sci. 2013, 7 (1), 232-250. https://doi.org/10.1039/C3EE42099)

Forsyth, Stewart A., Jennifer M. Pringle, and Douglas R. MacFarlane. lonic Liquids—an
Overview. Australian Journal of Chemistry, 2004, 57.2, 113-119.
https://Doi.Org/10.1071/CH03231

Plechkova, N. V.; Seddon, K. R. Applications of lonic Liquids in the Chemical Industry. Chem.
Soc. Rev. 2007, 37 (1), 123—150. https://doi.org/10.1039/B006677)

Galinski, M.; Lewandowski, A.; Stepniak, I. lonic Liquids as Electrolytes. Electrochimica Acta
2006, 51 (26), 5567-5580. https://doi.org/10.1016/j.electacta.2006.03.016

Zeng, X.; Li, J. Innovative Application of lonic Liquid to Separate Al and Cathode Materials from
Spent High-Power Lithium-lon Batteries. Journal of Hazardous Materials 2014, 271, 50-56.
https://doi.org/10.1016/j.jhazmat.2014.02.001

Armand, M.; Endres, F.; MacFarlane, D. R.; Ohno, H.; Scrosati, B. lonic-Liquid Materials for the
Electrochemical Challenges of the Future. Nature Mater 2009, 8 (8), 621-629.
https://doi.org/10.1038/nmat2448

Recham, N.; Dupont, L.; Courty, M.; Djellab, K.; Larcher, D.; Armand, M.; Tarascon, J.-M.
lonothermal Synthesis of Tailor-Made LiFePO, Powders for Li-lon Battery Applications. Chem.
Mater. 2009, 21 (6), 1096—1107. https://doi.org/10.1021/cm803259x

Olchowka, J.; Invernizzi, R.; Lemoine, A.; Allouche, J.; Baraille, I.; Flahaut, D.; Guerlou-
Demourgues, L. Stabilization and Improvement of Energy Storage Performance of High Mass

39



(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Loading Cobalt Hydroxide Electrode by Surface Functionalization. J. Electrochem. Soc. 2020,
167 (10), 100527. https://doi.org/10.1149/1945-7111/ab9a03

Abbott, A. P.; Capper, G.; Davies, D. L.; Munro, H. L.; Rasheed, R. K.; Tambyrajah, V.
Preparation of Novel, Moisture-Stable, Lewis-Acidic lonic Liquids Containing Quaternary
Ammonium Salts with Functional Side Chains. Chem. Commun. 2001, No. 19, 2010-2011.
https://doi.org/10.1039/b106357]

Lépez-Salas, N.; Vicent-Luna, J. M.; Imberti, S.; Posada, E.; Roldan, M. J.; Anta, J. A.; Balestra, S.
R. G.; Madero Castro, R. M.; Calero, S.; Jiménez-Riobdo, R. J.; Gutiérrez, M. C.; Ferrer, M. L.;
Del Monte, F. Looking at the “Water-in-Deep-Eutectic-Solvent” System: A Dilution Range for
High Performance Eutectics. ACS Sustainable Chem. Eng. 2019, 7 (21), 17565-17573.
https://doi.org/10.1021/acssuschemeng.9b05096

Ptotka-Wasylka, J.; de la Guardia, M.; Andruch, V.; Vilkova, M. Deep Eutectic Solvents vs lonic
Liquids: Similarities and Differences. Microchemical Journal 2020, 159, 105539.
https://doi.org/10.1016/j.microc.2020.105539

Greaves, T. L.; Drummond, C. J. Protic lonic Liquids: Properties and Applications. Chem. Rev.
2008, 108 (1), 206—237. https://doi.org/10.1021/cr068040u

Smith, E. L.; Abbott, A. P.; Ryder, K. S. Deep Eutectic Solvents (DESs) and Their Applications.
Chem. Rev. 2014, 114 (21), 11060-11082. https://doi.org/10.1021/cr300162p

Deng, R., Gao, M., Zhang, B. et al. Solvent-Mediated Synthesis of Functional Powder Materials
from Deep Eutectic Solvents for Energy Storage and Conversion: A Review. Advanced Energy
Materials, 2024, Vol. 14, No 8, p. 2303707. https://doi.org/10.1002/aenm.202303707

Lapefia, D.; Bergua, F.; Lomba, L.; Giner, B.; Lafuente, C. A Comprehensive Study of the
Thermophysical Properties of Reline and Hydrated Reline. Journal of Molecular Liquids 2020,
303, 112679. https://doi.org/10.1016/j.molliq.2020.112679

Shafie, M. H.; Yusof, R.; Gan, C.-Y. Synthesis of Citric Acid Monohydrate-Choline Chloride
Based Deep Eutectic Solvents (DES) and Characterization of Their Physicochemical Properties.
Journal of Molecular Liquids, 2019, 288, 111081.
https://doi.org/10.1016/j.molliq.2019.111081

Li, X.; Liu, S.; Jin, H.; Meng, Y.; Liu, Y. lonothermal Synthesis and Electrochemical Analysis of Fe
Doped LiMnP0O4/C Composites as Cathode Materials for Lithium-lon Batteries. Journal of
Alloys and Compounds 2014, 614, 7-12. https://doi.org/10.1016/j.jallcom.2014.06.085
Barpanda, P.; Djellab, K.; Recham, N.; Armand, M.; Tarascon, J.-M. Direct and Modified
lonothermal Synthesis of LiMnPO4 with Tunable Morphology for Rechargeable Li-lon
Batteries. J. Mater. Chem. 2011, 21 (27), 10143. https://doi.org/10.1039/c0jm04423g
Matsumoto, H.; Kageyama, H.; Miyazaki, Y. Room Temperature lonic Liquids Based on Small
Aliphatic Ammonium Cations and Asymmetric Amide Anions. Chem. Commun. 2002, No. 16,
1726-1727. https://doi.org/10.1039/b204046h

Gardas, R. L.; Coutinho, J. A. P. A Group Contribution Method for Viscosity Estimation of lonic
Liquids. Fluid Phase Equilibria 2008, 266 (1-2), 195-201.
https://doi.org/10.1016/j.fluid.2008.01.021

Mijalli, F. S.; Naser, J. Viscosity Model for Choline Chloride-Based Deep Eutectic Solvents. Asia-
Pacific Journal of Chemical Engineering 2015, 10 (2), 273-281.
https://doi.org/10.1002/apj.1873

Forsyth, S. A.; Pringle, J. M.; MacFarlane, D. R. lonic Liquids—An Overview. Aust. J. Chem.
2004, 57 (2), 113. https://doi.org/10.1071/CH03231

Florindo, C.; Branco, L. C.; Marrucho, I. M. Quest for Green-Solvent Design: From Hydrophilic
to Hydrophobic (Deep) Eutectic Solvents. ChemSusChem 2019, 12 (8), 1549—-1559.
https://doi.org/10.1002/cssc.201900147

Busato, M.; Del Giudice, A.; Di Lisio, V.; Tomai, P.; Migliorati, V.; Gentili, A.; Martinelli, A.;
D’Angelo, P. Fate of a Deep Eutectic Solvent upon Cosolvent Addition: Choline Chloride—

40



(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Sesamol 1:3 Mixtures with Methanol. ACS Sustainable Chem. Eng. 2021, 9 (36), 12252-12261.
https://doi.org/10.1021/acssuschemeng.1c03809

Yao, L.; Cui, P.; Chen, X.; Yoo, C. G; Liu, Q.; Meng, X.; Xiong, L.; Ragauskas, A. J.; Yang, H. A
Combination of Deep Eutectic Solvent and Ethanol Pretreatment for Synergistic Delignification
and Enhanced Enzymatic Hydrolysis for Biorefinary Process. Bioresource Technology 2022,
350, 126885. https://doi.org/10.1016/j.biortech.2022.126885

Zuo, Y.; Chen, X.; Wei, N.; Tong, J. Effect of Water or Ethanol on the Excess Properties of Deep
Eutectic Solvents (Tetrabutylammonium Bromide + Formic Acid/Propionic Acid). Journal of
Molecular Liquids 2023, 383, 122034. https://doi.org/10.1016/j.molliq.2023.122034

Yang, S.; Zhou, X.; Zhang, J.; Liu, Z. Morphology-Controlled Solvothermal Synthesis of LiFePO,
as a Cathode Material for Lithium-lon Batteries. J. Mater. Chem. 2010, 20 (37), 8086.
https://doi.org/10.1039/c0jm01346¢

Kovacs, Z.; Molnar, C.; Gyulavari, T.; Magyari, K.; Toth, Z.-R.; Baia, L.; Pap, Z.; Hernadi, K.
Solvothermal Synthesis of ZnO Spheres: Tuning the Structure and Morphology from Nano- to
Micro-Meter Range and Its Impact on Their Photocatalytic Activity. Catalysis Today 2022, 397—-
399, 16-27. https://doi.org/10.1016/].cattod.2022.03.004

Sideris, P. J.; Chen, Y.; Gobet, M.; Greenbaum, S. G. Alkyl Chain Length Effects of Hydroxyl-
Functionalized Imidazolium lonic Liquids in the lonothermal Synthesis of LiFePO,4. Phosphorus,
Sulfur, and Silicon and the Related Elements 2019, 194 (4-6), 292—296.
https://doi.org/10.1080/10426507.2018.1528260

Chen, Y., Tarascon, J. M., & Guéry, C. Electrochemically Assisted Growth of LiFePO, in lonic
Liquid Media. Electrochemistry Communications, 2011, 13(7), 673-676.
https://doi.org/10.1016/j.elecom.2011.04.005

Olchowka, J.; Nguyen, L. H. B.; Petit, E.; Camacho, P. S.; Masquelier, C.; Carlier, D.;
Croguennec, L. lonothermal Synthesis of Polyanionic Electrode Material NaszV2(PO,);FO;
through a Topotactic Reaction. Inorg. Chem. 2020, 59 (23), 17282-17290.
https://doi.org/10.1021/acs.inorgchem.0c02546

Minart, G.; Duttine, M.; ladecola, A.; Salvetat, J.-P.; Weill, F.; Buffiére, S.; Wernert, R.;
Olchowka, J.; Croguennec, L. New Mn and V-Rich Phosphate Fluoride Obtained by
Topochemical Reaction for Na-lon Batteries Positive Electrode. Chem. Mater. 2024, 36 (20),
10186-10197. https://doi.org/10.1021/acs.chemmater.4c01833

Li, C.; Yin, C.; Mu, X.; Maier, J. Top-Down Synthesis of Open Framework Fluoride for Lithium
and Sodium Batteries. Chem. Mater. 2013, 25 (6), 962—969.
https://doi.org/10.1021/cm304127c

Xiong, Q. Q.; Ty, J. P.; Ge, X.; Wang, X. L.; Gu, C. D. One-Step Synthesis of Hematite
Nanospindles from Choline Chloride/Urea Deep Eutectic Solvent with Highly Powerful Storage
versus Lithium. Journal of Power Sources 2015, 274, 1-7.
https://doi.org/10.1016/j.jpowsour.2014.10.020

Wu, Z.; Huang, R.-R,; Yu, H.; Xie, Y.-C,; Lv, X.-Y.; Su, J.; Long, Y.-F.; Wen, Y.-X. Deep Eutectic
Solvent Synthesis of LiMnPO4/C Nanorods as a Cathode Material for Lithium lon Batteries.
Materials 2017, 10 (2), 134. https://doi.org/10.3390/ma10020134

Zhao, Y.; Guan, R.; Hou, Z,; Li, H.; Li, G.; Li, S.; Mao, L. lonothermal Synthesis of Cobalt
Vanadate Nanoparticles As High-Performance Anode Materials for Lithium-lon Batteries. J.
Electron. Mater. 2022, 51 (6), 3260-3275. https://doi.org/10.1007/s11664-022-09586-8

Li, X.; He, W.; Xiao, Z.; Peng, F.; Chen, J. lonothermal Synthesis and Rate Performance Studies
of Nanostructured Li3V2(P0O4)3/C Composites as Cathode Materials for Lithium-lon Batteries.
J Solid State Electrochem 2013, 17 (7), 1991-2000. https://doi.org/10.1007/s10008-013-2056-
9

Rangaswamy, P.; Suresh, G. S.; Mahadevan, M. K. Comprehensive Electrochemical Studies of
Tavorite LiTiPO4F/C Electrode for Rechargeable Lithium lon Battery. ChemistrySelect 2016, 1
(7), 1472-1483. https://doi.org/10.1002/slct.201600388

41



(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

Shiprath, K.; Manjunatha, H.; Babu Naidu, K. C.; Khan, A.; Asiri, A. M.; Boddula, R.
Na3MnPO4CO3 as Cathode for Aqueous Sodium lon Batteries: Synthesis and Electrochemical
Characterization. Materials Chemistry and Physics 2020, 248, 122952.
https://doi.org/10.1016/j.matchemphys.2020.122952

Tao, R.; Wang, T.; Fan, J.; Meyer lll, H. M.; Borisevich, A. Y.; Do-Thanh, C.-L.; Dai, S.
lonothermal Synthesis of Carbon/TiO, Nanocomposite for Supercapacitors. ChemNanoMat
2022, 8 (4), e202200075. https://doi.org/10.1002/cnma.202200075

Datta, S.; Jo, C.; De Volder, M.; Torrente-Murciano, L. Morphological Control of
Nanostructured V,0s by Deep Eutectic Solvents. ACS Appl. Mater. Interfaces 2020, 12 (16),
18803-18812. https://doi.org/10.1021/acsami.9b17916

Li, X.; Guo, W.; Liu, Y.; He, W.; Xiao, Z. Spinel LiNipsMn1504 as Superior Electrode Materials for
Lithium-lon Batteries: lonic Liquid Assisted Synthesis and the Effect of CuO Coating.
Electrochimica Acta 2014, 116, 278-283. https://doi.org/10.1016/j.electacta.2013.11.055
He, X.; Wang, J.; Jia, H.; Kloepsch, R.; Liu, H.; Beltrop, K.; Li, J. lonic Liquid-Assisted
Solvothermal Synthesis of Hollow Mn203 Anode and LiMn,0, Cathode Materials for Li-lon
Batteries. Journal of Power Sources 2015, 293, 306—311.
https://doi.org/10.1016/j.jpowsour.2015.04.106

Wang, T.; Zheng, Y.; Yu, G.; Chen, X. Glycolysis of Polyethylene Terephthalate: Magnetic
Nanoparticle CoFe,04 Catalyst Modified Using lonic Liquid as Surfactant. European Polymer
Journal 2021, 155, 110590. https://doi.org/10.1016/j.eurpolymj.2021.110590

Invernizzi, R.; Guerlou-Demourgues, L.; Weill, F.; Lemoine, A.; Dourges, M.-A.; Baraille, |.;
Flahaut, D.; Olchowka, J. Controlled Nanostructuration of Cobalt Oxyhydroxide Electrode
Material for Hybrid Supercapacitors. Materials 2021, 14 (9), 2325-2325.
https://doi.org/10.3390/ma14092325

Bharate, B. G. G.; Hande, P. E.; Samui, A. B. B.; Kulkarni, P. S. S. lonic Liquid (IL) Capped Mn0O2
Nanoparticles as an Electrode Material and IL as Electrolyte for Supercapacitor Application.
Renewable Energy 2018, 126, 437-444. https://doi.org/10.1016/j.renene.2018.03.061

Xiang, Y.; Jiang, Y.; Liu, S.; Wu, J.; Liu, Z.; Zhu, L.; Xiong, L.; He, Z.; Wu, X. Improved
Electrochemical Performance of 0.5Li,Mn03-0.5LiNiosMngsO, Cathode Materials for Lithium
lon Batteries Synthesized by lonic-Liquid-Assisted Hydrothermal Method. Front. Chem. 2020,
8, 729. https://doi.org/10.3389/fchem.2020.00729

Zhang, X.; Kiihnel, R.-S.; Hu, H.; Eder, D.; Balducci, A. Going Nano with Protic lonic Liquids—the
Synthesis of Carbon Coated Li3V,(PQO4)s Nanoparticles Encapsulated in a Carbon Matrix for
High Power Lithium-lon Batteries. Nano Energy 2015, 12, 207-214.
https://doi.org/10.1016/j.nanoen.2014.12.008

Grebenshchikova, A.; Olchowka, J.; Simonin, L.; Yaroslavtsev, S.; Duttine, M.; Fauth, F.;
Stievano, L.; Masquelier, C.; Croguennec, L. Na,Fes(SO4)s: A Zero-Strain Sustainable Positive
Electrode Material for Na-lon Batteries. Angewandte Chemie International Edition n/a (n/a),
€202511285. https://doi.org/10.1002/anie.202511285

Grebenshchikova, A.; Olchowka, J.; Simonin, L.; Duttine, M.; Weill, F.; Suard, E.; Masquelier, C,;
Croguennec, L. NaSICON NaFe;P04(S04); Revisited: Insights into the Crystal Structure and
Electrochemical Performance. ACS Appl. Energy Mater. 2025.
https://doi.org/10.1021/acsaem.5c01935

Recham, N.; Chotard, J.-N.; Dupont, L.; Delacourt, C.; Walker, W.; Armand, M.; Tarascon, J.-M.
A 3.6 V Lithium-Based Fluorosulphate Insertion Positive Electrode for Lithium-lon Batteries.
Nature Mater 2010, 9 (1), 68—74. https://doi.org/10.1038/nmat2590

Barpanda, P.; Recham, N.; Chotard, J.-N.; Djellab, K.; Walker, W.; Armand, M.; Tarascon, J.-M.
Structure and Electrochemical Properties of Novel Mixed Li(Fe1xMx)SO4F (M % Co, Ni, Mn)
Phases Fabricated by Low Temperature lonothermal Synthesist. J. Mater. Chem. 2010, 20 (9),
1646-1650. https://doi.org/10.1039/b922063a

Barpanda, P.; Ati, M.; Melot, B. C.; Rousse, G.; Chotard, J.-N.; Doublet, M.-L.; Sougrati, M. T.;
Corr, S. A.; Jumas, J.-C.; Tarascon, J.-M. A 3.90 V Iron-Based Fluorosulphate Material for

42



(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

Lithium-lon Batteries Crystallizing in the Triplite Structure. Nature Mater 2011, 10 (10), 772—-
779. https://doi.org/10.1038/nmat3093

Zhang, L.; Tarascon, J.-M.; Sougrati, M. T.; Rousse, G.; Chen, G. Influence of Relative Humidity
on the Structure and Electrochemical Performance of Sustainable LiFeSO4F Electrodes for Li-
lon Batteries. J. Mater. Chem. A 2015, 3 (33), 16988-16997.
https://doi.org/10.1039/C5TA05107)

Dwibedi, D.; Ling, C. D.; Araujo, R. B.; Chakraborty, S.; Duraisamy, S.; Munichandraiah, N.;
Ahuja, R.; Barpanda, P. lonothermal Synthesis of High-Voltage Alluaudite Naz.axFe2.«(SO0a)s
Sodium Insertion Compound: Structural, Electronic, and Magnetic Insights. ACS Appl. Mater.
Interfaces 2016, 8 (11), 6982-6991. https://doi.org/10.1021/acsami.5b11302

Kitajou, A.; Ishado, Y.; Yamashita, T.; Momida, H.; Oguchi, T.; Okada, S. Cathode Properties of
Perovskite-Type NaMF3 (M= Fe, Mn, and Co) Prepared by Mechanical Ball Milling for Sodium-
lon Battery. Electrochimica Acta 2017, 245, 424-429.
https://doi.org/10.1016/j.electacta.2017.05.153

Olchowka, J.; Suta, M.; Wickleder, C. Green Synthesis of A 2 SiF 6 (A=Li-Cs) Nanoparticles Using
lonic Liquids as Solvents and as Fluorine Sources: A Simple Approach without HF. Chemistry - A
European Journal 2017, 23 (50), 12092-12095. https://doi.org/10.1002/chem.201702375
Olchowka, J.; Hagemann, H.; Delgado, T.; Wickleder, C. The Influence of lonothermal Synthesis
Using BmimBF 4 as a Solvent on Nanophosphor BaFBr:Eu 2+ Photoluminescence. Nanoscale
2018, 10 (42), 19706—19710. https://doi.org/10.1039/C8NR06842A

Li, C., Gu, L., Tsukimoto, S., Van Aken, P. A., & Maier, J. Low-temperature lonic-liquid-based
Synthesis of Nanostructured Iron-based Fluoride Cathodes for Lithium Batteries. Advanced
Materials, 2010, 33(22), 3650-3654. https://doi.org/10.1002/ADMA.201000535

Yan, Y.; Xu, J.-Q.; Cao, J.-M.; Huang, H.-W.; Xue, S.-S.; Li, G.-L.; Liu, A.-M.; Li, C.-J.; Dai, D.; Li, B,;
Wu, X.-L. Fluorinated lonic Liquid Mediated Nanostructure with Enhanced Conductivity and
Fluorine Retention in NasV,(PO,);F; Cathode toward High-Performance Sodium-lon Batteries.
Chemical Engineering Journal 2024, 498, 155640. https://doi.org/10.1016/j.cej.2024.155640
Kim, T.; Lee, H.; Kim, J.; Suh, K. S. Synthesis of Phase Transferable Graphene Sheets Using lonic
Liquid Polymers. ACS Nano 2010, 4 (3), 1612-1618. https://doi.org/10.1021/nn901525e

Li, B.; Rooney, D. W.; Zhang, N.; Sun, K. An In Situ lonic-Liquid-Assisted Synthetic Approach to
Iron Fluoride/Graphene Hybrid Nanostructures as Superior Cathode Materials for Lithium lon
Batteries. ACS Appl. Mater. Interfaces 2013, 5 (11), 5057-5063.
https://doi.org/10.1021/am400873e

Jiang, M.; Wang, X.; Shen, Y.; Hu, H.; Fu, Y.; Yang, X. New Iron-Based Fluoride Cathode
Material Synthesized by Non-Aqueous lonic Liquid for Rechargeable Sodium lon Batteries.
Electrochimica Acta 2015, 186, 7-15. https://doi.org/10.1016/j.electacta.2015.10.159.
Zhang, Y.-B.; Yan, Y.; Xie, J.-C.; Cui, N.; Pan, Z.-Z.; Hao, C. lonothermal Synthesis of Graphene-
Based Microporous Carbon for Lithium—Sulfur Batteries. New J. Chem. 2018, 42 (4), 2483—
2490. https://doi.org/10.1039/C7NJ04294A

Rangaswamy, P.; Shetty, V. R.; Suresh, G. S.; Mahadevan, K. M.; Nagaraju, D. H. Enhanced
Electrochemical Performance of LiVPO4F/f-Graphene Composite Electrode Prepared via
lonothermal Process. J Appl Electrochem 2017, 47 (1), 1-12. https://doi.org/10.1007/s10800-
016-1007-4

Recham, N.; Chotard, J.-N.; Dupont, L.; Djellab, K.; Armand, M.; Tarascon, J.-M. lonothermal
Synthesis of Sodium-Based Fluorophosphate Cathode Materials. J. Electrochem. Soc. 2009,
156 (12), A993. https://doi.org/10.1149/1.3236480

Hawley, W. B.; Li, M.; Li, J. Room-Temperature Eutectic Synthesis for Upcycling of Cathode
Materials. Batteries 2023, 9 (10), 498. https://doi.org/10.3390/batteries9100498.

Barpanda, P.; Dedryvere, R.; Deschamps, M.; Delacourt, C.; Reynaud, M.; Yamada, A.;
Tarascon, J.-M. Enabling the Li-lon Conductivity of Li-Metal Fluorosulphates by lonic Liquid
Grafting. J Solid State Electrochem 2012, 16 (5), 1743-1751. https://doi.org/10.1007/s10008-
011-1598-y

43



(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

Barpanda, P.; Chotard, J.-N.; Delacourt, C.; Reynaud, M.; Filinchuk, Y.; Armand, M.;
Deschamps, M.; Tarascon, J.-M. LiZnSO4F Made in an lonic Liquid: A Ceramic Electrolyte
Composite for Solid-State Lithium Batteries. Angewandte Chemie International Edition 2011,
50 (11), 2526-2531. https://doi.org/10.1002/anie.201006331

Choi, B. G.; Yang, M.; Jung, S. C.; Lee, K. G.; Kim, J.-G.; Park, H.; Park, T. J.; Lee, S. B.; Han, Y.-K.;
Huh, Y. S. Enhanced Pseudocapacitance of lonic Liquid/Cobalt Hydroxide Nanohybrids. ACS
Nano 2013, 7 (3), 2453-2460. https://doi.org/10.1021/nn305750s

Meng, Y.; Xia, J.; Wang, L.; Wang, G.; Zhu, F.; Zhang, Y. A Comparative Study on LiFePQO4/C by
in-Situ Coating with Different Carbon Sources for High-Performance Lithium Batteries.
Electrochimica Acta 2018, 261, 96—103. https://doi.org/10.1016/j.electacta.2017.12.127
Minart, G.; Labrugere-Sarroste, C.; Weill, F.; Buffiére, S.; Dourges, M.-A.; Clermont, G.;
Croguennec, L.; Olchowka, J. lonic Liquid as a Template and a Carbon Source for Particle
Engineering and Coating of NasV1(P0a),Fs.,0y. Journal of Alloys and Compounds 2025, 1018,
179191. https://doi.org/10.1016/j.jallcom.2025.179191

Minart, G.; Fang, R.; Labrugére-Sarroste, C.; Weill, F.; Buffiere, S.; Cassaignon, S.; Croguennec,
L.; Olchowka, J. Deep-Eutectic Solvent as a Solvent and Precursor for the Synthesis of a
Carbon-Coated Na3V,(PO4):F3-,0, Material. ACS Appl. Mater. Interfaces 2025.
https://doi.org/10.1021/acsami.4c18716

Zhao, W.; Wang, W.; Hu, G.; Du, K.; Peng, Z.; Zhang, X.; Li, H.; Fang, Z.; Cao, Y. Facial
Construction of High Rate NasV2(PO4),Fs/C Microspheres with Fluorocarbon Layer by Deep-
Eutectic Solvent Synthesis. Electrochimica Acta 2023, 440, 141718.
https://doi.org/10.1016/j.electacta.2022.141718

Wang, M.; Huang, X.; Wang, H.; Zhou, T.; Xie, H.; Ren, Y. Synthesis and Electrochemical
Performances of NasV,(P0O4),F3/C Composites as Cathode Materials for Sodium lon Batteries.
RSC Adv. 2019, 9 (53), 30628-30636. https://doi.org/10.1039/C9RA05089B

Minart, G.; Croguennec, L.; Weill, F.; Labrugere-Sarroste, C.; Olchowka, J. Increasing Tap
Density of Carbon-Coated Na3V,(PQa),F3 via Mechanical Grinding: Good or Bad Idea? ACS Appl.
Energy Mater. 2024, acsaem.3c03230. https://doi.org/10.1021/acsaem.3c03230

Binnemans, K.; Jones, P. T. lonic Liquids and Deep-Eutectic Solvents in Extractive Metallurgy:
Mismatch Between Academic Research and Industrial Applicability. J. Sustain. Metall. 2023, 9
(2), 423-438. https://doi.org/10.1007/s40831-023-00681-6

Cofré, P.; Viton, M. D. L.; Ushak, S.; Grageda, M. Life Cycle Analysis of a Green Solvothermal
Synthesis of LFP Nanoplates for Enhanced LIBs in Chile. Nanomaterials 2023, 13 (9), 1486.
https://doi.org/10.3390/nan013091486

Dong, H.; Koenig, G. M. A Review on Synthesis and Engineering of Crystal Precursors Produced
via Coprecipitation for Multicomponent Lithium-lon Battery Cathode Materials.
CrystEngComm 2020, 22 (9), 1514-1530. https://doi.org/10.1039/C9CE00679F

Banik, A.; Famprikis, T.; Ghidiu, M.; Ohno, S.; Kraft, M. A.; Zeier, W. G. On the Underestimated
Influence of Synthetic Conditions in Solid lonic Conductors. Chem. Sci. 2021, 12 (18), 6238—
6263. https://doi.org/10.1039/D0SC06553F

Kang, S.; Wang, C.; Chen, J.; Meng, T.; E, J. Progress on Solvo/Hydrothermal Synthesis and
Optimization of the Cathode Materials of Lithium-lon Battery. Journal of Energy Storage 2023,
67,107515. https://doi.org/10.1016/j.est.2023.107515

Benedek, P.; Wenzler, N.; Yarema, M.; Wood, V. C. Low Temperature Hydrothermal Synthesis
of Battery Grade Lithium Iron Phosphate. RSC Adv. 2017, 7 (29), 17763-17767.
https://doi.org/10.1039/C7RA00463)

Dai, Z.; Chen, Y.; Liu, C.; Lu, X.; Liu, Y.; Ji, X. Prediction and Verification of Heat Capacities for
Pure lonic Liquids. Chinese Journal of Chemical Engineering 2021, 31, 169-176.
https://doi.org/10.1016/j.cjche.2020.10.040

Taherzadeh, M.; Haghbakhsh, R.; Duarte, A. R. C.; Raeissi, S. Estimation of the Heat Capacities
of Deep Eutectic Solvents. Journal of Molecular Liquids 2020, 307, 112940.
https://doi.org/10.1016/j.molliq.2020.112940

44



(95)

(96)

(97)

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

Martinez-Palou, R. Microwave-Assisted Synthesis Using lonic Liquids. Mol Divers 2010, 14 (1),
3-25. https://doi.org/10.1007/s11030-009-9159-3

Gonzalez-Rivera, J.; Husanu, E.; Mero, A.; Ferrari, C.; Duce, C.; Ting, M. R.; D’Andrea, F.;
Pomelli, C. S.; Guazzelli, L. Insights into Microwave Heating Response and Thermal
Decomposition Behavior of Deep Eutectic Solvents. Journal of Molecular Liquids 2020, 300,
112357. https://doi.org/10.1016/j.molliq.2019.112357

Terraschke, H.; Olchowka, J.; Geringer, E.; Rodrigues, A. V.; Wickleder, C. Facile lonic Liquid-
Assisted Strategy for Direct Precipitation of Eu 2+ -Activated Nanophosphors under Ambient
Conditions. Small 2018, 14 (17), 1703707—-1703707. https://doi.org/10.1002/smll.201703707
Varma, R. S.; Namboodiri, V. V. Solvent-Free Preparation of lonic Liquids Using a Household
Microwave Oven. Pure and Applied Chemistry 2001, 73 (8), 1309—-1313.
https://doi.org/10.1351/pac200173081309

Kremsner, J. M.; Stadler, A.; Kappe, C. O. The Scale-Up of Microwave-Assisted Organic
Synthesis. In Microwave Methods in Organic Synthesis; Larhed, M., Olofssong, K., Eds.; Topics
in Current Chemistry. Springer Berlin Heidelberg, 2006; Vol. 266, pp 233-278.
https://doi.org/10.1007/128 048

Gebresilassie Eshetu, G.; Armand, M.; Scrosati, B.; Passerini, S. Energy Storage Materials
Synthesized from lonic Liquids. Angew Chem Int Ed 2014, 53 (49), 13342-13359.
https://doi.org/10.1002/anie.201405910

Chen, Y.; Mu, T. Revisiting Greenness of lonic Liquids and Deep Eutectic Solvents. Green
Chemical Engineering 2021, 2 (2), 174-186. https://doi.org/10.1016/j.gce.2021.01.004.
AFONSO, J., MEZZETTA, A., MARRUCHO, |. M., et al. History Repeats Itself Again: Will DESs
Repeat ILs Mistakes of the Past? From Being Considered lonic Liquids to Become Their
Alternative: The Unbalanced Turn of Deep Eutectic Solvents. Green Chem., 2023, Vol. 25, No 1,
p. 59-105. https://doi.org/10.1039/D2GC03198A

Isci, A.; Kaltschmitt, M. Recovery and Recycling of Deep Eutectic Solvents in Biomass
Conversions: A Review. Biomass Conv. Bioref. 2022, 12 (S1), 197-226.
https://doi.org/10.1007/s13399-021-01860-9

Hessel, V.; Tran, N. N.; Asrami, M. R.; Tran, Q. D.; Van Duc Long, N.; Escriba-Gelonch, M.;
Tejada, J. O.; Linke, S.; Sundmacher, K. Sustainability of Green Solvents — Review and
Perspective. Green Chem. 2022, 24 (2), 410-437. https://doi.org/10.1039/D1GC03662A
Maciel, V. G.; Wales, D. J.; Seferin, M.; Ugaya, C. M. L.; Sans, V. State-of-the-Art and
Limitations in the Life Cycle Assessment of lonic Liquids. Journal of Cleaner Production 2019,
217, 844-858. https://doi.org/10.1016/j.jclepro.2019.01.133

Zaib, Q.; Eckelman, M. J.; Yang, Y.; Kyung, D. Are Deep Eutectic Solvents Really Green?: A Life-
Cycle Perspective. Green Chem. 2022, 24 (20), 7924-7930.
https://doi.org/10.1039/D2GC01752K

Atashnezhad, A.; Scott, J.; Al Dushaishi, M. F. Environmental Implications of lonic Liquid and
Deep Eutectic Solvent in Geothermal Application: Comparing Traditional and New Approach
Methods. ACS Sustainable Chem. Eng. 2024, 12 (40), 14684-14693.
https://doi.org/10.1021/acssuschemeng.4c04606

Kudtak, B.; Owczarek, K.; Namiesnik, J. Selected Issues Related to the Toxicity of lonic Liquids
and Deep Eutectic Solvents—a Review. Environ Sci Pollut Res 2015, 22 (16), 11975-11992.
https://doi.org/10.1007/s11356-015-4794-y

Nejrotti, S.; Antenucci, A.; Pontremoli, C.; Gontrani, L.; Barbero, N.; Carbone, M.; Bonomo, M.
Critical Assessment of the Sustainability of Deep Eutectic Solvents: A Case Study on Six Choline
Chloride-Based Mixtures. ACS Omega 2022, 7 (51), 47449-47461.
https://doi.org/10.1021/acsomega.2c06140

Haider, J.; Abdul Qyyum, M.; Riaz, A.; Naquash, A.; Kazmi, B.; Yasin, M.; Nizami, A.-S.; Byun,
M.; Lee, M.; Lim, H. State-of-the-Art Process Simulations and Techno-Economic Assessments
of lonic Liquid-Based Biogas Upgrading Techniques: Challenges and Prospects. Fuel, 2022, 314,
123064. https://doi.org/10.1016/].fuel.2021.123064

45



(111)

(112)

(113)

(114)

(115)

(116)

(117)

Bernasconi, R.; Panzeri, G.; Accogli, A.; Liberale, F.; Nobili, L.; Magagnin, L. Electrodeposition
from Deep Eutectic Solvents. Progress and Developments in lonic Liquids; Handy, S., Ed.;
InTech, 2017. https://doi.org/10.5772/64935

Abbott, A. P.; El Ttaib, K.; Ryder, K. S.; Smith, E. L. Electrodeposition of Nickel Using Eutectic
Based lonic Liquids. Transactions of the IMF 2008, 86 (4), 234-240.
https://doi.org/10.1179/174591908X327581.

Baruthio, F. Toxic Effects of Chromium and Its Compounds. Biol Trace Elem Res 1992, 32 (1-3),
145-153. https://doi.org/10.1007/BF02784599

Ma, C.; Laaksonen, A.; Liu, C.; Lu, X.; Ji, X. The Peculiar Effect of Water on lonic Liquids and
Deep Eutectic Solvents. Chem. Soc. Rev. 2018, 47 (23), 8685-8720.
https://doi.org/10.1039/C8CS00325D

Mijalli, F. S., & Naser, J. Viscosity model for choline chloride-based deep eutectic

solvents. Asia-Pacific Journal of Chemical Engineering, 2015, 10(2), 273-281.
https://doi.org/10.1002/apj.1873

Karu, K.; Ruzanov, A.; Ers, H.; IvanistSev, V.; Lage-Estebanez, |.; Garcia De La Vega, J.
Predictions of Physicochemical Properties of lonic Liquids with DFT. Computation 2016, 4 (3),
25. https://doi.org/10.3390/computation4030025

Abu-Eishah, S. 1. lonic liquids recycling for reuse. lonic Liquids-Classes and Properties, 2011,
239-272.

46



	1. Introduction
	2. Ionic Liquids versus Deep Eutectic Solvents
	3. State of the art on materials synthesis for energy storage applications
	3.1 Particles morphology control via direct synthesis in ILs / DESs
	3.2 ILs / DESs synthesis media for nanomaterials
	3.4 Safe, stable and flexible synthesis media
	3.5   Design of hybrid materials for enhancing conductivity and stability

	4. ILs/DESs-based synthesis relevance for practical applications
	5. Conclusion and Perspectives

