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 16 
The demand for sustainable nanomaterials drives exploration into eco-friendly solvents like deep eutectic solvents 17 

(DESs). Traditionally utilized as extractants, DESs hold potential beyond extraction due to their unique properties. 18 

This review discusses DESs' role in crafting functional nanomaterials, covering synthesis processes and potential 19 

applications across disciplines, while addressing challenges in sustainable nanotechnology.  20 
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Abstract 21 

Nanomaterials have been widely utilized in diverse fields of industry and research. The recent growing demand 22 

on sustainable nanomaterials has catalyzed a shift towards eco-friendly and green solvents in materials synthesis. 23 

Deep eutectic solvents (DESs) are a new class of green solvents, formed by the combination of two or three 24 

components, typically a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA), which interact to 25 

create a eutectic mixture with a melting point lower than that of the individual components. They have been 26 

demonstrated as effective extractants in various fields. However, DESs and their unique properties hold great 27 

potential to be utilized beyond extraction. In this review, we would discuss and explore the promising role of 28 

DESs in crafting functional nanomaterials. The review starts with the basic chemistry and properties of DES. 29 

Additionally, we elucidate the synthesis processes of diverse nanomaterials in DES, encompassing metal/metal 30 

oxide, carbons, polymers, and biomasses. We conclude by providing a comprehensive overview of DESs' 31 

contemporary role in functional nanomaterials, providing a panoramic view of their potential applications across 32 

disciplines. Furthermore, we discuss the opportunities DESs bring to sustainable nanotechnology while addressing 33 

the challenges that necessitate innovative solutions. 34 

Keywords: Green solvents, Sustainability, Nanometal, Biomass, Carbon materials 35 
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Introduction 37 

Nanomaterials are renowned for their exceptional physicochemical properties due to their high surface area, 38 

porosity, and versatility [1], and have become integral in various scientific fields. They exhibit remarkable 39 

effectiveness in catalysis, optics, thermodynamics, mechanics, and electronics, making them applicable in many 40 

industries and sectors [1], such as metal, ceramics (metal oxide), carbon, polymer, and more. Despite their 41 

numerous advantages, conventional nanomaterial synthesis methods are costly, require skilled operators, and lack 42 

fundamental mechanism and modeling factors, leading to unstable, toxic, or bioaccumulative nanomaterials, 43 

rendering them environmentally unsustainable [2],[3].  44 

In recent years, deep eutectic solvents (DESs) have garnered significant attention as a series of environmentally 45 

friendly and biologically sourced solvents that offer promising applications in nanomaterial synthesis. Initially 46 

reported by Abbott and coworkers in 2003 [4], DESs are created through the mixing of hydrogen bond donors 47 

(HBDs) and acceptors (HBAs) in varying proportions, resulting in eutectic mixtures that exhibit significantly 48 

suppressed melting points when compared to those of the individual components [5]. Due to the growing concerns 49 

over the unsustainable organic solvents in materials processing and an increasing demand for green alternatives, 50 

DESs have emerged as a promising solution. DESs are distinguished by their affordability, biodegradability, low 51 

vapor pressure, non-toxic nature, high viscosity, and ease of synthesis [6]. The tunability of DESs allows for 52 

precise adjustment of their thermodynamic properties, including its polarity and conductivity, to meet specific 53 

requirements [7]. More importantly, the ability to finely adjust the ratio of HBDs and HBAs in DESs provides a 54 

remarkable advantage, as it allows for precise control over their properties, making them highly suitable as specific 55 

solvents in nanomaterial synthesis [8], and represent a promising avenue for sustainable nanomaterial production. 56 

The incorporation of DESs in the production of nanomaterials builds upon the fundamental principles of 57 

traditional synthesis methods that are commonly employed in aqueous systems. Processes such as 58 

electrodeposition, solvothermal methods, calcination, and Pickering-emulsion polymerization [9-14], can be 59 

adapted to DES systems, offering distinct advantages over conventional approaches. In the field of nanomaterials, 60 

DESs have found significant application in extraction and separation processes [15] DES’s low toxicity and 61 

natural degradability makes them popular choices for various synthetic strategies, enabling the synthesis of 62 

nanomaterials across diverse fields. The continuous development of new eutectic systems further expands the 63 

possibilities for innovative nanomaterial synthesis techniques. Recent trends in the past 10 years indicate a rising 64 

interest in the use of DESs for nanomaterial production across diverse fields as represented in Figure 1a and 1b. 65 
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In addition, Figure 1c shows the timeline of DES-based material innovations, starting from the discovery of DES 66 

in 2004, highlighting the significant advancements made in materials science using DES. This growing trend 67 

underscores the substantial potential of DESs as a promising pathway for creating innovative and sustainable 68 

nanomaterials.  69 

 70 

Fig 1. Total count of publication over the past decade, categorized by: a) by the number of publications; b) by 71 

annual citation frequency. With the search terms: “DES nanomaterial”, “DES sustainability” and “DES functional 72 

material”, respectively. According to Web of Science, searched on 11 September 2024; c) Timeline of the 73 

discovery to application of DES in materials innovation. Images reproduced with permission from references: [4] 74 

Copyright (2004), American Chemical Society; [16] Copyright (2005), Elsevier; [17] Copyright (2010), American 75 

Chemical Society; [18] Copyright (2011), World Scientific; [19] Copyright (2015), Royal Society of Chemistry. 76 
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[20] Copyright (2015), American Chemical Society; [21] Copyright (2017), Springer Science; [22] Copyright 77 

(2020), American Chemical Society. 78 

Herein, this review aims to provide a comprehensive overview of utilizing DESs in the synthesis of functional 79 

nanomaterials. The composition, types, unique properties, and tunability of DESs, along with their similarities 80 

and differences with ionic liquids (ILs) are discussed. We also summarized the synthesis methodologies of 81 

different nanomaterials via DES systems, including metal and metal oxides, carbons, polymers, and biomass-82 

derived nanomaterials. Furthermore, the review offers insights into the potential applications in various fields as 83 

well as sustainability assessments of DES-based synthesized nanomaterials.   84 

2. Fundamentals and Properties of Deep Eutectic Solvents 85 

The term "eutectic" originates from the Ancient Greek word "eútēktos," meaning easily melted [23]. DESs 86 

typically consist of two or three pure components capable of forming hydrogen bonds to form a eutectic mixture 87 

with a melting point lower than that of each component [24]. The components usually include a hydrogen bond 88 

acceptor (HBA) and a hydrogen bond donor (HBD) [25]. Several commonly employed HBAs and HBDs are 89 

summarized in Figure 2a, as discussed in the literature [25]. In  a typical DES system, Figure 2b illustrates a solid-90 

liquid phase diagram depicting the melting temperature as a function of the mixture composition [26]. In the 91 

context of a binary eutectic mixture of compounds A and B, the deep eutectic point signifies the specific 92 

composition and the minimum melting temperature at which the melting curves of both compounds intersect [5]. 93 
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 94 

Fig 2. a) Commonly used HBD and HBA for the synthesis of DES. b) General solid-liquid phase diagram of a 95 

binary eutectic mixture; c) Five main categories of NADES. 96 

2.1.  Classification of DES 97 

To distinguish between various eutectic combinations, DESs have been categorized into five types (Type I, II, III, 98 

IV and V) using the general formula Cat+X–zY (Table 1) [27]. The cation Cat+ is typically represented by an 99 

ammonium, phosphonium, or sulfonium group, while the anion X– represents a Lewis base, commonly a halide 100 

[28]. The variable Y represents either a Lewis or Brønsted acid, and the value of z indicates the number of Y 101 

molecules that interact with the respective anion [5]. Type V DESs, as recently proposed by Abranches et al. [29], 102 

are still under discussion and not as widely accepted as other types. We included this classification to reflect the 103 

latest advancements and provide a comprehensive view of DES research. 104 

Table 1: Classification of DESs into five different types Reproduced with permission from Ref. [27] Copyright 105 

(2021), Elsevier. 106 
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Type General Formula Terms Description 

Type I Cat+X–zMClx M = Zn, Sn, Fe, Al, Ga, In A quaternary ammonium salt + A 

metal chloride [30] 

Type II Cat+X–zMClx•yH2O M = Cr, Co, Cu, Ni, Fe A quaternary ammonium salt + A 

metal chloride hydrate [31] 

Type III Cat+X–zRZ Z = CONH2, COOH, OH  A quaternary ammonium salt + HBD 

[32] [33] [34] [5]   

Type IV MClx + RZ = MClx-1
+•RZ 

+ MClx+1
- 

M = Al, Zn 

Z = CONH2, OH 

Metal chloride hydrate + HBD [35] 

Type V RZ Z = thymol + menthol Non-ionic molecular HBA and HBD 

only [29] 

DESs can be classified into five types based on their components as reflected in Table 1. Besides the five common 107 

types of DESs, there exist two other novel and non-traditional classes of DESs - therapeutic deep eutectic solvents 108 

(THEDES) and natural deep eutectic solvents (NADES) [5].  When one of the components in the DES is an active 109 

pharmaceutical ingredient (e.g., ibuprofen, acetylsalicylic acid, DL-menthol etc.), it is classified as a therapeutic 110 

deep eutectic solvent [36]. Various literature has shown that when an active pharmaceutical ingredient is delivered 111 

to a biological system as a eutectic, it results in substantial improvements in membrane transport effectiveness, 112 

intestinal uptake, solubility, and regulated release [37]. Therefore, THEDESs have predominantly been designed 113 

for pharmaceutical applications, owing to their capability to enhance the physicochemical characteristics of drugs 114 

[38]. 115 

Conversely, NADESs are typically formed by the combination of two or more natural compounds, such as organic 116 

acids and sugars or amino acids and sugars [39]. The new class of DES emerged when Choi et al. discovered 117 

NADES [40], an alternative medium to water and lipids for biosynthesis, transport, and storage of compounds 118 

with intermediate polarity in living cells. It was observed that several plant primary metabolites, including choline, 119 

sugars, and amino acids, can form liquid mixtures resembling DESs when combined in specific compositions 120 

[41]. Based on their components, NADESs can be further categorized into five main groups (Figure 2c) [42]. 121 

Owing to their biodegradability and biocompatibility, NADES has been rapidly gaining attention for their 122 

potential applications in various fields such as pharmaceuticals, cosmetics, and food [43]. 123 
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In addition to hydrogen bonding, several other noncovalent interactions have been explored in DES systems. For 124 

instance, Shi et al. discussed a new class of DESs driven by halogen bonding (XB) was developed using 125 

quaternary ammonium salts and dihalogens [44]. Another study by Yu and team proposed the concept of 126 

"inverted" DESs, where host-guest interactions dominate and primarily involve cations [45]. This innovative 127 

approach expands the design possibilities for DESs, particularly for applications in nonaqueous electrolytes. 128 

Additionally, the same group also introduced the concept of eutectic molecular liquids (EMLs), which can be 129 

formed based on a variety of noncovalent interactions such as π-π stacking, σ-hole, π-hole, κ-hole, and μ-hole 130 

bonding, further broadens the understanding of intermolecular forces in liquid systems [46]. The above examples 131 

highlight DES systems beyond hydrogen bonding and provide an avenue for diverse interaction mechanisms for 132 

specific applications. 133 

2.2. Properties of DES 134 

2.2.1. Physical Properties of DES 135 

All DESs can be distinguished by their characteristic low melting point [47]. For instance, the DES formed using 136 

choline chloride (melting point = 302°C) and urea (melting point = 133°C) in a 1:2 molar ratio has a melting point 137 

of 12°C, demonstrating a much lower melting point of the DES compared to its pure components [48]. The melting 138 

point depression observed in DESs is due to the strong interaction between the HBA and HBD [33]. The melting 139 

point of DESs is significantly influenced by the molar ratio of its components, the length of the alkyl chain, the 140 

HBA, and the HBD [49].  141 

Density is a fundamental characteristic of liquids that plays a crucial role in defining their physical properties [50]. 142 

The majority of DESs, generally having densities in the range of 1.0 to 1.35 g·cm−3 at 25 °C, are denser than 143 

water. Yet, DESs that include metal salts like ZnCl2 have densities slightly above this range, typically falling 144 

between 1.3 and 1.6 g·cm−3 [51]. The density of deep eutectic solvents changes with temperature, following a 145 

linear decrease as the temperature rises [52]. In accordance with the Hole theory, thermal energy causes variations 146 

in local densities, leading to an expansion of free space within the liquid DES system [53]. The density of DESs 147 

is determined by the molecular organization and packing, with the existence of voids and vacancies within the 148 

liquid DESs also contributing to their variation [49]. Furthermore, the HBD and molar ratio of the DES 149 

components can influence the density as well [54]. 150 

Viscosity is a significant property of DES, it has been the subject of extensive research and study [55]. The 151 

extensive hydrogen bond network between the components of DES is responsible for their typical high viscosity 152 



10 
 

at room temperature [49]. Some of the most substantial viscosities are found in DESs that involve sugars or amino 153 

acids, which ranges from 1000 to 110,000 mPa·s, depending on the sugar used [56]. For instance, a DES composed 154 

of sorbitol and choline chloride in a molar ratio of 1:12 exhibits a viscosity of 19,470 mPa·s at 25 °C [57]. 155 

Nevertheless, the majority of DESs tend to have relatively elevated viscosities at room temperature, typically 156 

exceeding 100 mPa·s[51]. Recently, a data-driven machine learning model was developed to accurately predict 157 

viscosity across a wide range of DESs, allowing for more efficient screening and design of novel DESs, 158 

particularly in relation to their water content and temperature dependence [58]. While rare, DES exhibiting low 159 

viscosity at room temperature exists with the example of hydrophobic deep eutectic solvents based on DL-menthol 160 

[59]. The chemical properties of the HBAs and HBDs, along with temperature, water content, molar mass, and 161 

molar ratio, all play significant roles in determining the viscosities of DESs leading to the wide range of viscosity 162 

values exhibited [60]. 163 

The surface tension of DESs serves as an intriguing physical property, providing insights into how the molecular 164 

structure affects the interactions between the HBA and HBD in DES mixtures [61]. The higher the intensity of 165 

intermolecular forces between the HBA and HBD, the higher the surface tension of DESs [62]. Hence, it is 166 

observed that liquids with high viscosity exhibit high surface tensions [63]. In general, surface tension values for 167 

DESs ranges from approximately 23.9 mN·m⁻¹ to 75.2 mN·m⁻¹ [51]. Other than intermolecular forces, the main 168 

factors affecting surface tension are the constituents and the composition of the DES mixtures [64]. It has been 169 

observed that the introduction of either an additional hydroxyl group or a longer alkyl chain in the quaternary 170 

ammonium salt contributes to higher surface tensions [54]. Additionally, surface tension has an inverse 171 

relationship with temperature [59].  172 

In addition, other factors including thermal and electrochemical stability, and ionicity also crucial in determining 173 

the physical properties of DESs.  Thermal stability is a crucial consideration, with DESs generally decomposing 174 

through the weakening of hydrogen bonds between HBDs and HBAs at elevated temperatures, unlike ionic liquids 175 

(ILs). The choice of HBDs significantly affects the onset decomposition temperature (Tonset), as more stable HBDs 176 

lead to higher Tonset values [65]. Electrochemical stability, particularly the potential windows of DESs, also varies 177 

depending on structural factors, such as the type of HBDs and HBAs, influencing their performance in 178 

electrochemical applications [66]. Furthermore, ionicity plays a key role in the behavior of DESs. DESs are often 179 

referred to as "quasi-ionic liquids" due to their structural similarities with ILs, yet they exhibit lower ionicity due 180 

to the lack of free charged species and high viscosity. Despite this, the ionicity of DESs can be tailored by careful 181 

selection of components, making them adaptable for specific applications, such as in Li-ion batteries [67].  182 
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2.2.2. Chemical Properties of DES 183 

Due to the inverse relationship between viscosity and ionic conductivity, DES tend to have poor ionic conductivity 184 

at room temperatures [68]. Consequently, as the temperature rises, the viscosity of the DES decreases while its 185 

conductivity increases [69]. This phenomenon occurs due to the disruption of the hydrogen bond network, leading 186 

to enhanced ionic mobility within the DES [49]. Besides temperature, ionic conductivity is also affected by the 187 

alkyl chain length of the cation, the molar ratio and the chemical properties of DES components [70].  188 

The significance of polarity lies in its representation of a solvent's overall solvation capacity [60]. The polarity of 189 

DESs has been evaluated using spectroscopic techniques, specifically by observing the absorbance and 190 

fluorescence response of solvatochromic probes [71]. Among the commonly used probes, Reichardt's dye (betaine 191 

dye 30) is frequently employed for this purpose [72]. The majority of DESs studied in literature exhibit polarity 192 

[49]. By varying the molar ratio of the HBA and HBD, DESs can be tailored to have a wide range of polarity and 193 

tunability of their physicochemical properties [73]. Apart from the studies on the polarity, the acidity and basicity 194 

of the selected DES system imparts important information regarding the solvation behavior of the system. The 195 

Kamlet–Taft solvatochromic parameters can be considered as a useful tool in this regard to further predict the 196 

chemical properties of a DES system. This consist of main three parameters namely: α, β and π* representing the 197 

acidity (hydrogen bond donating ability), basicity (hydrogen bond accepting ability) and polarizability of the DES 198 

respectively [74]. The comparison and optimization of these parameters, in relation to non-covalent interactions, 199 

can yield valuable insights for the effective synthesis of nanomaterials, and the reusability of the DES system 200 

[75]. 201 

The toxicity of DESs is a critical property to evaluate for various real-world applications [76]. Although DESs 202 

have been widely recognized as promising green solvents, there still exists potential toxicity concerns which were 203 

first brought up by Hayyan et al. [77]. The prevailing assumption is that DESs are non-toxic, primarily due to the 204 

natural, biodegradable, and low-toxic properties of their individual starting compounds [78]. Nevertheless, this 205 

assumption does not always hold as the toxicity of DESs can vary depending on the specific components used to 206 

formulate the mixture [79]. To illustrate, Li et al. recently discovered that some amino-acid-containing DESs can 207 

be highly toxic contrary to previous beliefs [80]. Comprehensive studies are thus important in evaluating the 208 

toxicity of different DES combinations to better understand their effect on living beings and the environment [81]. 209 

Like toxicity, biodegradability is another key factor that contributes to DES’s eco-friendly profile [82]. The crucial 210 

determinant of DESs' biodegradability lies in the neutral nature of their hydrogen bond donors and acceptors, 211 
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resulting in a natural mixture that can be easily metabolized by bacteria and fungi [49]. A common method to test 212 

for biodegradability is the closed bottle test, in which a bottle containing the substance of interest and 213 

microorganisms is kept in a controlled environment, and the microbial activity is monitored over a specified period 214 

[83]. Although previous studies have shown that DESs are readily biodegradable, it is still too early to generalize 215 

due to the limited number of studies done and the wide variety of DES combinations that have yet to be studied 216 

[84]. 217 

3. Nanomaterial fabrication via DES 218 

The application of DES has revolutionized the landscape of nanomaterial production, offering a dynamic and 219 

versatile platform for engineering innovative materials. The synergy between green chemistry principles and 220 

nanotechnology, DES-driven production methods hold tremendous potential for developing nanomaterials with 221 

enhanced functionalities. Unlike conventional solvents, DESs offer a greener alternative that reduces 222 

environmental impact while enhancing synthesis efficiency and selectivity. Their low volatility, non-223 

flammability, and broad solubility provide precise control over the synthesis process. This section delves into the 224 

transformative role of DES in nanomaterial synthesis, highlighting its unique properties that facilitate precise 225 

control over the morphology, size, and surface characteristics of nanomaterials.  226 

3.1.  Metal/Metal oxide-based Nanomaterials  227 

DES are deployed as sustainable solvents to fabricate metal and metal oxide nanomaterials. In contrast to 228 

conventional solvents, DES may serve multiple functions as reducing agents and stabilizer as confirmed by the 229 

recent work from Torrente-Murciano’s group, elucidating the role of the reline based DES in the synthesis of gold 230 

nanoparticles [85]. In another earlier study, Baker et al. reported that gold nanocrystals could be made from DES 231 

in a in scalable and sustainable way using flow processes [86]. Sun et al., reported the synthesis of gold 232 

nanoparticles in DES with shape-controlled for the first time. The study demonstrated that the shape control was 233 

simply realized by varying the ratio of a small amount of water in the DES [87]. The SEM image of star-shaped 234 

Au nanoparticles prepared from the study is shown in Figure 3a. An electrochemical method has also been 235 

developed to prepare nanoporous gold electrodes by alloying and dealloying Au–Zn alloy in DES comprised of 236 

ZnCl2–urea [88]. The work highlights the importance of metal-based DES for synthesis of nanoporous metal 237 

electrodes.  238 
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 239 

Fig 3. Schematic synthesis of representative a) controlled shaped Au NPs; b) AgNPs; c) ZnO nanoparticle; d) 240 

ZnO nanosheets; e) Fe3O4-DES nanoparticles, prepared from DES. (Image in a reproduced with permission from 241 

Ref. [87] Copyright (2018), Wiley; Image in b reproduced with permission from Ref. [89] Copyright (2018), 242 

American Chemical Society; Image in c reproduced with permission from Ref. [90] Copyright (2013), Elsevier; 243 

Image in d reproduced with permission from Ref. [91] Copyright (2023), Royal Society of Chemistry; Image in 244 

e reproduced with permission from Ref. [92] Copyright (2012), Royal Society of Chemistry.  245 

 246 
Nanoparticles of silver have also been synthesized utilizing DES. Using DES-based green tea extract, silver 247 

nanoparticles were prepared in an ecofriendly biogenic manner [93]. Baker’s group further made silver 248 

nanoparticles in DES with the assistance of microwave reaction [89], and in a scalable, flow process. Silver 249 

nanoparticles were also prepared from malonic acid based ternary DES [94].  250 

Cerium nanoparticles have also been synthesized from ethaline DES, deploying cerium chloride as precursor, and 251 

using hydrazine sulfate as the reducing agent [95]. Ceria (cerium oxide) nanoparticles represent one of the popular 252 

types of metal oxide nanoparticles that have also been prepared using DES. Torrente-Murciano’s group reported 253 

the synthesis of nanostructured ceria using reline-based DES, which allows morphology and porosity control. The 254 

method utilizing DES represents one of the less energy-intensive routes [96]. Iqbal et al. further reported that use 255 

of DES solvent resulted high yield and stability of ceria nanoparticles as compared to acetic acid [97].  256 
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Fe3O4 nanoparticles have been widely explored in magnetic separation and have also been made in DES. Chen et 257 

al. reported the synthesis of spherical Fe3O4 magnetic nanoparticles by co-precipitation in DES (choline 258 

chloride/urea) [90]. The magnetic Fe3O4 nanoparticles made in DES show higher absorption capacity then those 259 

made from deionized water. Hammond et al. further reported the structural evolution of iron forming iron oxide 260 

in a DES-solvothermal reaction, and the group reported evidence for a choline enriched boundary layer at the 261 

nanoparticle interface using SANS/SAXS analysis [98]. Another type of magnetic nanoparticles, i.e. mesoporous 262 

alpha-manganese dioxide (α-MnO2) have also been synthesized from manganese(II)-based DES comprised of 263 

MnCl2•4H2O and acetamide (1:7 molar ratio), where the DES acts as solvent and reducing reagent [99].  264 

Using metal-based DES, Chen et al. reported the synthesis of ZnO, CuO, Fe2O3 and Co3O4 nanoparticles [91]. 265 

Metal-based DES were made by mixing metal salts with ChCl, and nanoparticles were prepared by adding KOH 266 

solution into the ChCl–MClx DESs. In another report, mesoporous ZnO nanosheets with single crystalline were 267 

prepared with a green antisolvent method [92]. Besides single metallic oxide, mixed metal oxide such as spinel 268 

CoFe oxide porous nanosheets (Co2.698Fe0.302O4 nanosheets) has also been prepared [100]. In addition to its role 269 

as a solvent, DES may also be used as a functional agent, for example, carbon nanotubes (CNT)/ZnCo2O4 270 

nanostructure have also been prepared using DES as both a solvent and functional agent [101].   271 

MXenes are two-dimensional materials, typically consist of transition metal carbides, nitrides, or carbonitrides, 272 

with excellent conductivity and versatile applications, such as energy storage and water purification. However, 273 

exfoliating MXenes can be challenging due to oxidation when using aqueous solutions. Traditional solvents are 274 

often toxic or expensive, making them unsuitable for large-scale use. DES offer a green, low-cost, and effective 275 

alternative, providing antioxidative properties that prevent oxidation and improve the exfoliation process. Shan et 276 

al. presented a novel method for preparing Ti3C2 MXene using a DES-assisted electrochemical ultrasonic 277 

exfoliation [102]. Using a low-cost DES (choline chloride–urea) and water mixture as the electrolyte, the DES 278 

played roles in intercalation, interlayer expansion, and anti-oxidation. This method produced MXene with fewer 279 

layers, larger interlayer spacing, higher hydroxylation, and greater oxidation resistance, resulting is MXene–DES 280 

which demonstrated excellent mechanical properties, a wide voltage window, and high specific capacitance. 281 

Similarly, Gong et al. developed a novel water-free etching method to synthesize few-layered Ti3C2Tx MXenes 282 

using DES at near-ambient temperatures [103]. This method avoids water and leverages the macromolecular 283 

structure of the solvents, which resulted in MXenes with abundant -O terminations and low oxidation. The 284 

resulting MXenes showed excellent specific capacitance and impressive long-term stability, retaining 97% 285 
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capacitance over 50,000 cycles. Table 2 summarizes the different types and roles of DES in metal and metal oxide-286 

based nanomaterials. 287 
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Table 2. Summary table of the types and functions of DES in metal and metal oxide-based nanomaterials. 

Type of DES Function of DES Nanomaterial / Application Ref. 

Choline chloride-urea 

(Reline) 

Reducing agent, stabilizing agent Small gold nanoparticles (<3 nm) with narrow size distributions. [85] 

Choline chloride-urea Solvent for shape-controlled synthesis of 

gold nanoparticles (Au NPs) 

Star-shaped gold nanoparticles (Au NPs) with unique facets. Water content 

adjustment in DES yields diverse Au NP shapes, including snowflake-like and 

nanothorns. 

[87] 

ZnCl2–urea Fabrication of nanoporous gold (NPG) NPG electrodes with large surface area and electrochemical activity. Detection of 

water pollutants with high sensitivity and low detection limits. Potential 

electrochemical sensing platform. 

[88] 

Choline nitrate-glycerol Rapid synthesis of organosoluble AgNPs Simple, ecofriendly synthesis of AgNPs within a halide-free DES, with potential for 

anisotropic growth of shape-controlled AgNPs. 

[89]  

Choline chloride-urea Synthesis of spherical Fe3O4-DES 

magnetic nanoparticles (ca. 10.5 nm) via 

co-precipitation of Fe3+ and Fe2+ ions 

Spherical Fe3O4 magnetic nanoparticles with improved Cu2+ adsorption capacity. [90] 

Metal chloride-Choline 

chloride 

Raw materials and medium for 

nanomaterial fabrication 

Synthesis of ZnO, CuO, Fe2O3, and Co3O4 nanoparticles with low band gaps for 

effective pollutant degradation. 

[91] 

Choline chloride-urea Green antisolvent process for synthesis Single-crystalline mesoporous ZnO nanosheets with ultrathin structure, suitable for 

photocatalytic degradation of pollutants. 

[92] 

Betaine-Glycerol, Glycerol-

Urea, Betaine-Urea 

Green tea extract preparation Enhanced synthesis of silver nanoparticles (AgNPs) with higher catechin levels and 

synthesis efficiency compared to water-based GTE. DESs serve as efficient 

extraction solvents and surface modifiers for AgNPs. 

[93] 

Malonic acid with glutamine 

and glucose/fructose ternary 

Solvent for synthesizing silver 

nanoparticles (AgNPs) 

Silver nanoparticles with antifungal behavior. [94] 

Choline chloride-ethylene 

glycol (Ethaline) 

Medium for the synthesis of metal 

nanoparticles (MNPs) 

Synthesis of cerium nanoparticles (CeNPs) incorporated into a suspension for sensor 

modification providing enhanced performance. 

[95] 

Reline-based Synthesis of nanostructured ceria with 

control of morphology and porosity and 

acts as latent supramolecular catalyst 

Nanostructured ceria with enhanced surface area, reactive oxygen vacancies, and 

oxygen storage capacity. 

[96] 

CTAB 

(cetyltrimethylammonium 

bromide)/acetic acid 

Synthesis of stable, crystalline, and 

mesoporous ceria nanoparticles 

Synthesis of ceria nanoparticles with high removal efficiency of flumequine (FLU) 

under UV-C irradiation. 

[97] 
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Choline chloride–urea Serves as a solvent and enables structural 

evolution 

Formation of iron oxide nanoparticles through a DES-solvothermal reaction. The 

analysis reveals the presence of a choline-enriched boundary layer at the nanoparticle 

interface. 

[98] 

MnCl2•4H2O-acetamide Acts as a solvent and reducing agent Preparation of mesoporous alpha-manganese dioxide (α-MnO2) nanoparticles by 

using DES composed of MnCl2•4H2O and acetamide, where the DES functions both 

as a solvent and reducing agent. 

[99] 

Choline chloride -urea Medium for the synthesis of a precursor 

material called layered double hydroxide 

(LDH) analogue structure of CoFe 

DES-synthesized LDH precursor transforms into porous CoFe oxide nanosheets with 

small grain size, high surface area, and magnetic separability, serving as efficient 

adsorbents for rapid removal of organic waste and toxic heavy metals. 

[100] 

CTAB-glycerol Utilized as both a solvent and functional 

agent 

Preparation of carbon nanotubes (CNT)/ZnCo2O4 nanostructures, showcasing the 

dual role of DES in the synthesis process. 

[101] 

Choline chloride-urea Intercalation, interlayer expansion, anti-

oxidation 

Preparation of Ti3C2 MXene with fewer layers, larger interlayer spacing, higher 

hydroxylation, and greater oxidation resistance. Used in a flexible solid-state 

supercapacitor with excellent properties. 

[102] 

Choline chloride-urea 
 

Water-free etching 
 

Synthesis of few-layered Ti3C2Tx MXene with abundant -O terminations and low 

oxidation. Exhibits high specific capacitance and long-term stability. 

[103] 
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3.2.  Carbon-based nanomaterials 1 

3.2.1. 0-dimensional carbon (quantum) dots 2 

Carbon (quantum) dots represent a special class of 0-dimensional carbon nanomaterials and have found many 3 

applications, including bioimaging and sensing. DES is a useful solvent for preparation of carbon dots. Nitrogen 4 

and chloride-doped carbon dots have been prepared from urea (carbon source) and DES (choline chloride based 5 

as solvent) in one-step hydrothermal reactions [104-106] (Figures 4a & 4b). Variation of DES could also have 6 

impact on the synthesis of carbon dots. Tabaraki et al. reported the comparison of using DES with and without 7 

water as the solvent to synthesize carbon dots. They found the carbon dots prepared from water/DES possess 8 

higher fluorescent quantum yield [107]. The DES solvent also influences the surface chemical composition and 9 

morphology. In another study, Zhao et al. reported the use of metallic DES for synthesis of citric acid derived 10 

carbon dots doped with Cu and Cl [108]. This work highlighted the use of metallic DES as a solvent and 11 

passivation agent. Likewise, capitalizing on DES as a passivation agent, Ren et al. documented the hydrothermal 12 

synthesis of near-infrared fluorescence carbon quantum dots with polyethylene glycol-based DES, comprising of 13 

p-phenylenediamine (PPD) and polyethylene glycol 400 (PEG 400) [109]. Ternary DES has been used as an 14 

environmentally friendly way pretreatment for low-cost chamomile residue and synthesis of carbon dots using 15 

solvothermal method [110].  16 

3.2.2. 1-dimensional Carbon nanotubes 17 

Unlike carbon dots, where DES finds varied applications, its use in relation to carbon nanotubes (CNTs) 18 

predominantly revolves around their functionalization. Alsaadi’s group reported a series of work on the 19 

functionalization of CNTs using DES, comprising of glycerol or ethylene glycerol as hydrogen bond donor and 20 

methyltriphenylphosphonium bromide (MTPB), benzyltriphenyl-phosphoniumchloride (BTPC), allyl triphenyl 21 

phosphonium bromide, N,N-diethyl ethanol ammonium chloride and choline chloride salt (ChCl), respectively 22 

[111-114]. The same group also further developed a feedforward artificial neural network-based model to predict 23 

the using of DES-functionalized CNTs for removal of phenolic compounds in water [115]. The model for 24 

prediction of 2,4-dichlorophenol removal was in high competence with an R2 value of 0.99. The method by 25 

Alsaadi’s group involves the use of harsh acid treatment combined with refluxing. Furthermore, Ye et al. reported 26 

the functionalization of multi-walled carbon nanotubes (MWCNTs) using long chain betaine-based deep eutectic 27 

solvents (DESs) by mechanical milling [116]. The use of DES for CNTs surface functionalization requires proper 28 

dispersion in the medium. Zaib et al. studied the specific impacts of three critical factors on the dispersion of 29 

single walled carbon nanotubes (SWNTs) in choline chloride-glycerol DES: (i) mass% in water, (ii) sonication 30 
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energy input (J/mL), and (iii) concentration of SWNTs [117]. This study contributes to enhancing the 31 

understanding of preparing sustainable and economically feasible DES nanomaterial dispersions. 32 

3.2.3. 2-dimensional Graphene (oxide) 33 

Like in the case of CNTs, DES are frequently used as functionalization agent for 2-dimensional graphene (oxide). 34 

AlSaadi and colleagues also reported the utilization of DES for functionalizing 2-dimensional graphene, thereby 35 

introducing novel functional groups onto the graphene surface [111] (Figure 4c). The DESs formed by the 36 

prepared choline chloride and hydrogen bond donors (namely, quaternary salts and alcohols) effectively serve as 37 

favorable dispersion media for graphene. In another study, DES-modified graphene and graphene oxide have been 38 

prepared on silica support through covalent bonds and used as adsorbents [118]. Magnetic graphene nanoparticles 39 

(Fe3O4@GO nanoparticles) were synthesized through DES coating, serving as adsorbents with the advantage of 40 

effortless recovery [119]. The two studies highlight the strategies of using DES for modification of hybrids 41 

graphene (oxide) materials, i.e., graphene oxide with silica, graphene oxide with iron oxide. In addition to the 42 

applications in the field of adsorbents, CO2-philic separation membrane based on DES modified graphene oxide 43 

was constructed by nanoconfining DES into nanoslits, which relies on hydrogen bonds formation between 44 

graphene oxide nanosheets with the active sites of DES [120]. Choline chloride-alcohol-based DES has also found 45 

application as a porogen for the fabrication of monolithic chips doped with graphene oxide, owing to the effective 46 

dispersion of graphene oxide within the DES medium [121] (Figures 4d and 4e).  47 

 48 
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Fig 4. a) Synthetic scheme, HRTEM image and particle size distribution of the nitrogen/chloride-doped carbon 49 

dots synthesized from DES; b) Synthetic scheme, FESEM image for DES modified multiwalled CNTs; c) 50 

Synthetic scheme, SEM images for cross sections of GO supported DES membrane, and schematic diagram of 51 

the selective solution-diffusion process of gas molecules through the ChCl:EG filled laminated GO nanoslits 52 

(Image in a are reproduced with permission from Ref. [104] Copyright (2018), American Chemical Society; 53 

Images in b  are reproduced with permission from Ref. [111] Copyright (2016), Elsevier; Images in c are 54 

reproduced with permission from Ref. [121] Copyright (2020), Elsevier. 55 

However, despite the growing research on the utilization of DES for various nanomaterial syntheses and 56 

functionalization, it was noted that comprehensive reports pertaining to the application of DES in the synthesis or 57 

functionalization of three-dimensional nanodiamonds and nanohorns are still notably absent from the existing 58 

literature. This underscores a potential avenue for further exploration and investigation in the realm of utilizing 59 

DES for advanced nanomaterial fabrication in these specific contexts. Overall, the advantages of using DESs over 60 

other solvents, including their environmental friendliness, tunability, and ability to facilitate complex reactions 61 

under mild conditions, make them a compelling choice for nanomaterial synthesis. Table 3 summarizes the various 62 

types and roles of DES in carbon-based nanomaterials. 63 

3.2.4. Advanced Carbon-Based Materials 64 

In recent years, carbon-based materials have garnered significant attention due to their unique properties, such as 65 

high electrical conductivity, mechanical strength, and tunable surface chemistry. Among these, doping carbon 66 

materials with heteroatoms like nitrogen, sulfur, and oxygen (N, S, O) as well as the development of graphitic 67 

carbon nitride (g-C3N4)-based materials, have opened new avenues in catalysis and photocatalysis. These 68 

materials offer enhanced chemical reactivity, stability, and performance in various applications, from energy 69 

storage to environmental remediation. 70 

One notable study reported the development of multi-doped carbon composite materials using a DES system 71 

through one-step pyrolysis. The resulting Co9S8–Ni3S2@NSOC (N, S, O-doped carbon) composite demonstrated 72 

excellent catalytic properties, achieving nearly 100% biomass conversion and 98.8% selectivity, along with 73 

enhanced durability in electrocatalytic applications. Zhang et al. highlighted the role of DESs in the preparation 74 

of complex doped carbon structures and provides a foundation for further exploration of carbon-based catalysts 75 

in energy conversion and environmental applications. 76 
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Another promising work by Mou et al. integrated amorphous ZrO2 into g-C3N4 via a simple DES-based pyrolysis 77 

method. The resulting g-C3N4/ZrO2 composite showed superior performance in solar-driven NH4
+ evolution, 78 

achieving yields significantly higher than its individual components . This enhanced photocatalytic activity is 79 

attributed to the efficient separation of electron-hole pairs and the rapid transfer of photogenerated electrons, 80 

making g-C3N4-based materials a compelling candidate for green energy applications. 81 

These studies illustrate the growing potential of DES-facilitated synthesis of advanced carbon-based materials, 82 

emphasizing the versatility of DESs in tailoring material properties for high-performance catalytic and 83 

photocatalytic systems. 84 
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Table 3. Summary table of the types and functions of DES in carbon-based nanomaterials. 

DES Type Function of DES Nanomaterial Produced / Application Ref. 

Choline chloride–glycerine Serves as a solvent for controlling the synthesis of carbon dots in the absence of water Dual-functional nitrogen- and chloride-

doped carbon dots (N/Cl-CDs) for 

intracellular pH sensing, multicolour 

imaging, and detection of Cytochrome 

[104-

106] 

Choline chloride-urea Serves as a medium for the synthesis of nitrogen and chloride co-doped carbon dots 

(N/Cl-CDs), for the one-step hydrothermal synthesis process 

Nitrogen and chloride co-doped carbon 

dots (N/Cl-CDs) for Hg2+ detection, 

photocatalytic antifungal activity and 

fluorescence labelling and imaging 

[104-

106] 

Choline chloride/acetamide Serves as a solvent for the synthesis of N-doped carbon dots (N-CDs) by microwave 

irradiation 

N-doped carbon dots (N-CDs) as 

fluorescent probe, and cetirizine 

detection in biomedical applications 

[107] 

CuCl2.2H2O and ethylene 

glycol/choline chloride 

Used as green solvent and passivation agent, to provide a sustainable and non-toxic 

medium for the hydrothermal synthesis process, control the surface properties and 

enhance stability 

Green synthesis of Cu, Cl co-doped 

Carbon Dots (Cl-CDs) with tailored 

catalytic properties. Used in catalysis and 

calorimetric sensing 

[108] 

PEG-based Used as a precursor for the synthesis of CQDs Near-infrared fluorescence carbon 

quantum dots (CQDs) as fluorescence 

detection 

[109] 

Ternary DES (choline 

chloride, lactic acid, and 

urea) 

Used to pretreat chamomile residue to prepare it for subsequent processing and 

carbon dot (CDs) synthesis 

High quantum yield CDs as a fluorescent 

probe 

[110] 

Methyltriphenylphosphonium 

bromide (MTPB) and 

benzyltriphenylphosphonium 

chloride (BTPC)/glycerol 

(Gly) 

Used as functionalization agents for carbon nanotubes (CNTs) Functionalized CNTs adsorbents for 

removal of As3+ from water 

[111] 

Allyl triphenyl phosphonium 

bromide (ATPB)/glycerol 

Serves as a novel agent for functionalizing carbon nanotubes (CNTs) Functionalized CNTs adsorbents for 

removal of Hg2+ from water 

[111-

114] 
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Choline chloride/ethylene 

glycol 

Used as functionalization agents for multi-walled carbon nanotubes (CNTs) Novel functionalized CNTs adsorbents 

for removal of 2,4-dichlorophenol (2,4-

DCP) from aqueous solutions 

[115] 

Long chain betaine Used for the non-covalent functionalization of multi-walled carbon nanotubes 

(MWCNTs). 

Modified MWCNTs for adsorption of 

bromophenols from kelp and seaweed  

[116] 

Choline Chloride-Glycerol Used as a medium to disperse single-walled carbon nanotubes (SWNTs) into smaller 

bundles 

Dispersion of SWNTs with promising 

implications across various nano-

manufacturing fields 

[117] 

Choline chloride-based DES and IL are used to modify graphene (G) and graphene oxide (GO) to enhance 

their adsorption properties 

functionalized GO@silica nanomaterial 

as adsorbent and Solid-phase extraction 

(SPE) 

[118] 

Choline chloride-based Used to coat magnetic graphene nanoparticles, resulting in Fe3O4@GO-DES Fe3O4@GO-DES for preconcentrating 

of methadone 

[119] 

Choline chloride/ethylene 

glycol 

Used as a CO2-philic material for the construction of a separation membrane Highly CO2-philic separation membrane 

constructed by nanoconfining ChCl/EG 

deep eutectic solvent into graphene oxide 

nanoslits, for selective CO2 separation 

[120] 

ChCl and different type of 

alcohols 

Used in conjunction with carboxylated graphene oxide (GO) to create a matrix 

suitable for the incorporation of GO into a monolithic chip. 

Monolithic chip that incorporates 

carboxylated graphene oxide (pAS–

COOH–GO) into its structure for solid-

phase extraction (SPE) of polycyclic 

aromatic hydrocarbons (PAHs) 

[121] 
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3.3.  Polymeric Nanomaterials 1 

3.3.1.  DES as solvent 2 

DES acts as a solvent medium to dissolve and facilitate the polymerization or synthesis of nanomaterial precursors, 3 

exhaustively applied in nanomaterial synthesis after the pioneering work reported in 2012 by Zhang et al. [122] 4 

DES enables effective dissolution of a wide range of polymers and polymer precursors, enabling uniform mixing 5 

and different polymerizations reaction. Adjusting DES's polarity enables fine-tuning reaction conditions and 6 

control over the resulting nanomaterial properties. In earlier work, Fernandes et al. [123] utilized choline chloride 7 

(ChCl) (HBA) and 1,2-ethanediol (HBD) (known as propeline) as a solvent to prepare polyaniline (PANI) using 8 

potentiodynamic and potentiostatic electrochemical procedure. The potentiostatic-prepared films presented a 9 

homogenous and denser matrix of PANI fibers of about 80 – 100 nm width with 150 – 250 nm pores.  Choline 10 

chloride (ChCl) (HBA) and urea (HBD) are also other popular choice[124, 125]. For instance, Kumar and Singha 11 

[126] reported a DES, made of ChCl/urea, as a solvent for the polymerization-induced self-assembly (PISA) of 12 

2-hydroxyethyl methacrylate (HEMA) and its block copolymerization with methyl methacrylate (MMA) forming 13 

self-assemble PHEMA-b-PMMA spherical particles of 60 to 70 nm. Likewise, Bednarz and team [127] 14 

copolymerized renewable itaconic acid (IA) with N,N'-methylenebisacrylamide (MBA) in DES based on ChCl. 15 

The resultant branched copolymers have a hydrodynamic size ranging from 10 to 100 nm and an average monomer 16 

composition of 7–9 mol% of MBA.  In addition, DES also has dual roles in the new class of functional gel, known 17 

as supramolecular eutectogels, serving as both a reaction medium and a non-aqueous sol-gel preparation of silica 18 

and electrolyte, finding applications in flexible batteries and supercapacitors. Ruiz-Olles et al. [128] discovered a 19 

simple, commercially relevant compound, 1,3:2,4-Dibenzylidene-d-sorbitol (DBS), as a gelator to self-assemble 20 

due to the intermolecular non-covalent interactions into supramolecular gels in ChCl combined with 21 

alcohols/ureas DES solvent. The DBS successfully immobilizes the DES and results in self-assembled gels with 22 

nanofibrillar morphologies of 20 – 50 nm, as evidenced in the SEM images. Likewise, Gu et al. [129] also utilized 23 

a ChCl/alcohol DES to produce complexes of natural guanosine and H3BO3 with excellent gelation capacity. The 24 

self-assembled supramolecular eutectogels are mediated by cation-templated G-quartets formation and 25 

subsequent stacking into G-quadruplex nanowires, highly dense and entangled fibrils with diameters less than 100 26 

nm. The exceptional solvent-induced chiral inversion on the boronate ester formation also contributed to a high 27 

ionic conductivity (up to 7.78 mS cm−1), high thermal stability, excellent thixotropic/injectable properties, and 28 

electrochromic activity. 29 

3.3.2. Polymerization with DES 30 
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The integration of polymerizable DES (PDES) or DES monomers has revolutionized the landscape of polymeric 31 

nanomaterial synthesis and served the dual function of both solvent and building blocks for the nanomaterials. 32 

DES monomers polymerized into polymers due to the monomer bearing a hydrogen bond-forming molecule with 33 

the unreacted DES component as part of the polymeric hybrid structure, first reported by Mota-Morales et al. 34 

[130] in 2011, using DES based on acrylic acid (AA) or methacrylic acid (MAA) with ChCl. The research group 35 

[131] utilized AA (HBD) and ChCl (HBA) as DES to prepare macroporous PAA-CNxMWCNT composites using 36 

frontal polymerization (FP). The DES has outstanding efficiency in solubilizing and dispersing N-doped carbon 37 

nanotubes (CNxMWCNT) in the polymerizable DES and can control FP's self-propagating nature. The group 38 

reported the optimum molar ratio of 1.6: 1 (AA: ChCl) due to the well-balanced performance in terms of viscosity 39 

and density of double bonds required for DES-assisted FP. The resultant PAA-CNxMWCNT morphology showed 40 

that PAA was coated homogeneously with every single CNT of 20 – 50 nm. In another interesting work, PDES 41 

composed of AA/ChCl were used as backfilling agents, and in-situ photopolymerized AA with crosslinkers and 42 

acrylates in the delignified wood [132].  Similar approaches employing AA as a DES monomer were reported in 43 

bacterial cellulose [133] and phytic acid [134]. 44 

 45 

Fig 5. Sequential Ring-Opening Polymerization of the DES composed of LLA/CL (3:7 M ratio) at different 46 

temperatures. DBU and DBN organocatalysts were used for the selective ROP of LLA in the first step, and they 47 

were added together with the initiator BnOH (1:1, M ratio). MSA was used as a second organocatalyst to start the 48 

ROP of CL in the presence of the already-formed PLLA. Reproduced with permission from Ref. [135]. Copyright 49 

(2022) Elsevier.  50 

 51 

Recently, Mota-Morales and co-workers [135] demonstrated ring-opening polymerization (ROP) of eutectic 52 

mixtures of L-lactide and ε-caprolactone using a new catalyst 1,5-Diazabicyclo[4.3.0]non-5-ene (DBN), as shown 53 

in Figure 5. Through parameter control, the polymer blends and a block copolymer have a high selectivity of 54 
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molecular weight (Mw), crystallinity, and polymer architecture with controlled degradation profiles. Green 55 

features such as mild polymerization temperatures and solventless conditions lead to the synthesis of polymer 56 

blends and a block copolymer via polycondensation with Mw ranging from 1700 to 2200 g/mol.  57 
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Table 4. Overview of DES types, functions, type of polymerization, and their applications in Polymeric Nanomaterials 

 

Type of DES Function of DES 
Type of 

Polymerization 
Applications Ref. 

ChCl/1,2-

ethanediol  

Solvent for polyaniline 

(PANI) preparation 

Polyaniline 

(PANI) 
Homogenous and denser PANI matrix, 80 – 100 nm PANI fibers, 150 – 250 nm pores. [123] 

ChCl/urea 

Solvent for polymerization-

induced self-assembly 

(PISA) 

PHEMA-b-

PMMA spherical 

particles 

Self-assembled PHEMA-b-PMMA spherical particles of 60 to 70 nm. 
[124-

126] 

ChCl/itaconic acid 

(IA) 

Solvent for 

copolymerization of itaconic 

acid (IA) and N,N'-

methylenebisacrylamide 

(MBA) 

Branched 

copolymers of IA 

and MBA 

Hydrodynamic size ranging from 10 to 100 nm, with 7–9 mol% of MBA. [127] 

ChCl combined 

with 

alcohols/ureas 

Sol-gel preparation of silica 

and electrolyte of 1,3:2,4-

Dibenzylidene-d-sorbitol 

(DBS) 

Supramolecular 

eutectogels of 

DBS 

Supramolecular eutectogels for flexible batteries and supercapacitors, self-assembled 

gels with nanofibrillar morphologies of 20 – 50 nm. 
[128] 

ChCl/glycerol or 

monopropylene 

glycol  

Solvent for natural 

guanosine and H3BO3 

complexes 

Supramolecular 

eutectogels of 

natural guanosine 

and H3BO3 

Supramolecular eutectogels with G-quadruplex nanowires with diameters less than 100 

nm, displaying high ionic conductivity, high thermal stability, excellent injectable 

properties, and electrochromic activity. 

[129] 

Acrylic acid (AA) 

or Methacrylic 

acid (MAA) with 

Choline chloride 

(ChCl) 

Polymeric DES system for 

macroporous PAA-

CNxMWCNT composites 

preparation 

Polyacrylic acid 

(PAA) with N-

doped carbon 

nanotubes 

(CNxMWCNT) 

Macroporous composite materials with homogeneous coating of CNT, 20 – 50 nm 

morphology. 

[130, 

131] 

Eutectic mixtures 

of L-lactide and ε-

caprolactone with 

1,5-

Diazabicyclo[4.3.0]

non-5-ene (DBN) 

as catalyst 

Polymeric DES system for 

Ring-opening 

polymerization (ROP) of L-

lactide and ε-caprolactone  

Polymer blends 

and block 

copolymer of L-

lactide and ε-

caprolactone 

High selectivity of molecular weight (Mw), crystallinity, controlled degradation 

profiles. 
[135] 
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3.4.  Nanomaterials from Biomass 1 

3.4.1. Cellulose 2 

The use of DESs for synthesis of CNC is attracting greater attention due to its countless applications in the current 3 

society. The fine tuning of this process has been studied by number of researchers over the time. Among those 4 

studies, majority has been conducted using pretreated pulp as the raw material to focus more on the reaction 5 

pathway.  6 

A comparison between the conventional approach of using sulfuric acid for size reduction has been conducted by 7 

Lim et al. [136]. The team was able to generate CNC from bleached rice straw pulp with a PDI of 0.56 and a zeta 8 

potential of value of -52.1 ± 5.2. The main difference observed in this study, apart from the surface chemistry, 9 

was the thermal stability of CNC achieved by the DES treatment, in contrast to that of the sulfuric acid treatment, 10 

whilst a higher crystallinity index (CRI) of 78.3% gained by the sulfuric acid treatment. A similar comparison 11 

with an addition of Fe(III) catalyst (oxalic acid dihydrate:ChCl:FeCl3.6H2O molar ratio of 4:1:0.2) has been 12 

conducted by Yang et al. where they have obtained CNCs with 5−20 nm diameter and length of 50−300 nm with 13 

a CRI of 80-82% [137].  14 

Further, Laitien and coworkers suggested an approach to obtain CNC with a width of 3-8nm and length of 50-15 

350nm by dissolving softwood pulp with choline chloride and oxalic acid dihydrate system as effective stabilizers 16 

for oil-water systems [138]. The generation of CNCs using grape pomace from red-winemaking with the use of 17 

lactic acid, ChCl system has been studied, where the variation of zeta potential has been observed in grape pomace, 18 

brown cellulose, cellulose and CNCs were 9.26 ± 0.25, - 21.95 ± 0.07, - 4.24 ± 3.57 and - 29.07 ±1.66 mV, 19 

respectively [139]. The viscosity of the DES plays a major role in particle size reduction applications. In a 20 

comparison study between formic acid and urea based DESs, it was observed that the lower viscosity in formic 21 

acid-based DES resulted in the production of CNCs of smaller diameters than that of urea based ones [140]. 22 

However, in terms of water dispersibility, the surface ester groups generated exhibit more adverse effects due to 23 

their inherent hydrophobic nature. Notably, this study reveals a pronounced enhancement in dispersibility within 24 

DMAc and DMSO solvents.  25 

The water in DES system plays a vital role in the synthesis of CNC, especially when it comes to fine-tuning the 26 

viscosity in the system. The water molecules can facilitate the ionization of H+ and delocalization of Cl- in ChCl 27 

through the formation of new hydrogen bonds. The addition of 20% water into a DES system containing 28 

ChCl/oxalic acid dihydrate has led to a decrease in viscosity from 62 to 1.8 mPa [141]. Even though this change 29 
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resulted in some differences in the Kamlet−Taft solvatochromic parameters: slight decrease in (α), 50% decrease 30 

in hydrogen bond basicity (β), and slight increase in polarizability (π*) , the team was able to generate CNCs in 31 

diameter range of 11-20 nm with CRI of 69.08−70.01%. This approach introduces a scalable method for preparing 32 

CNCs using kraft pulp sourced from poplar wood, while maintaining the cellulose crystalline structure with 33 

minimal disruption. In this work, the treatment was conducted for one hour at 80°C, employing a 5% fiber loading. 34 

Another similar study with the same DES constituents was carried out by Zhang and team. In this work, CNCs 35 

were produced within 0.5 hours with the use of high shear rate emulsifier. The team used microcrystalline cellulose 36 

with 70 wt% water added to generate CNF with average diameter of 25.1–33.3 nm and a length ranging from 37 

281.3 nm to 404.2 nm [142]. The yield increased by approximately two folds when the treatment time was 38 

increased to 2.5hrs. However, this process generated a byproduct of iron (II) oxalate crystals in the mixture owing 39 

to the ferruginous stainless steel shear probes in high-rate shear dispersing emulsifiers. 40 

A study carried out by Smirnov et al. made an effort to produce CNCs using environmentally friendly DES system 41 

of ChCl:urea and was able to generate CNCs with dimensions of 20 x 100 x 700 nm [143]. The treatment had a 42 

limited impact on the crystalline regions. A molecular dynamics study conducted on the system unveiled that the 43 

reduction in particle size primarily stems from hydrogen bond interactions between cellulose hydroxyl groups, 44 

the urea C=O group, and the chloride ions. However, this approach took 2 to 4 days at 110⁰C to obtain the desired 45 

output. A detailed analysis of the structural transition of bleached cotton fiber using acidic DES (choline 46 

chloride/oxalic acid dihydrate) was conducted by Ling and team. Here, the group mainly paid attention on the 47 

lattice planes of 1-10, 100 and 200 in cellulose supramolecular structures on hexagonal cross sections (Figure 7a), 48 

with DES treatments at different molar ratios at temperatures 80⁰C and 100⁰C for 2 hours. The authors documented 49 

that the esterification effect from oxalic acids was occurring through the hydrophilic (1-10) plane, whereas the 50 

disruption of the hydrogen bonding within the glucose molecules happens via the (200) plane and (110) plane. 51 

Furthermore, the expansion of d spacings was notably more pronounced at 80°C. Moreover, the combined effect 52 

of mechanical disintegration and freeze-drying led to a reduction in crystallinity (from 67.29% to 75.29%) in 53 

comparison to bleached cotton cellulose (93.37%). 54 



30 
 

 55 

Fig 6. a) Schematic illustration of the formation process of cellulose nanocrystals (CNC), cellulose nanofibers 56 

(CNF), lignin nanoparticle (LNP) and chitin nanocrystals (ChNCs). (a) Mass production of CNC using hydrated 57 

ChCl/ Oxalic acid dihydrate DES. Reproduced with permission from Ref. [141] Copyright (2019), American 58 

Chemical Society. b) Preparation of CNF through LA/ChCl pretreatment. Reproduced with permission from Ref. 59 

[144] Copyright (2021), Elsevier. c) Steps of LNP self-assembly. Reproduced with permission from Ref. [145] 60 

Copyright (2022), Elsevier. d) Illustration demonstrating the one-step synthesis of partially O-acetylated and 61 

esterified ChNCs. Reproduced with permission from Ref. [146] Copyright (2019), Elsevier. 62 

 63 

The first synthesis of CNF was reported in 2015 by Sirvio et al., with the use of ChCl/urea DES system at a molar 64 

ratio of 1:2. This work has generated CNFs with widths of 2-5 nm and lengths from 15-200 nm [147]. Since then, 65 

numerous research studies have been conducted, focusing on the synthesis of CNF from lignocellulosic biomass. 66 

This endeavor involves the utilization of diverse combinations of HBAs and HBDs.   67 

A study carried out by Liu and team investigated the esterification of hardwood bleached kraft pulp comparing 68 

carboxylic acid-based HBDs (formic acid, lactic acid, acetic acid, malonic acid, oxalic acid, citric acid) [144]. The 69 

team was able to produce CNFs with average diameters of 80 nm, with lengths ranging between 6–10 μm with 70 

85⁰C treatment. The increase in temperature (up to 100⁰C) resulted in further reduction in the diameter ranges 71 

(Figure 6b). The comparison between mono, di, and tri carboxylic acids generated CNF diameters from 15- 30 72 

nm, 20- 50 nm, and 10- 25 nm, respectively. The team highlighted three key factors pertaining to cellulose 73 

esterification: the propensity for proton release, the capability to disrupt hydrogen bonds, and the stability of 74 
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carboxylic acid within DES. In their analysis, they attributed the modification through esterification as beneficial 75 

in preventing excessive hydrolysis while concurrently improving the dissolution of cellulose.  76 

Many researchers have employed combinations of acidic pretreatments and mechanical effects for generating 77 

CNFs. Yu and coworkers, for example, directly pretreated raw ramie fiber using ChCl and oxalic acid in 78 

conjunction with ball milling [148] . The team noted that DES pretreatment significantly enhanced the process 79 

efficiency in comparison to exclusive physical treatment, offering the additional benefit of producing CNFs of 80 

narrower width (14.29 nm). The impact of introducing excess water has previously been examined in the context 81 

of CNC generations [141]. In this study, the transformation from CNF to CNC was accomplished by incrementally 82 

augmenting the water content by 10%, 20%, and subsequently by 30%. The microwave-assisted DES pretreatment 83 

yielded CNFs with diameters of 20 nm and widths ranging from 300 to 2000 nm. The inclusion of 20-30% 84 

additional water was leveraged to generate CNCs. 85 

Another category of acidic DES systems utilized in CNF synthesis involves the incorporation of sulfamic acid as 86 

the HBA. Here, the DES plays a dual role by acting as both the and the sulfating agent of the nanoparticles. The 87 

unique properties such as soft–soft interaction between ligand and metals and good pH-stability of sulfonated 88 

cellulose nanoparticles has attracted distinctive applications in the areas such as water purification [149]. The DES 89 

system with sulfamic acid and urea has been studied by Sirvio et al. Their study unveiled the production of evenly 90 

sized sulfated CNF with a uniform width of 4.4 nm ± 1.6 nm from wood cellulose pulp. The authors attributed 91 

this enhancement in property to the elevated charge density inherent within the DES system [149]. An increase in 92 

reactivity was noted in tandem with the decrease in urea content, while a reduction in the molar ratio between 93 

cellulose and sulfamic acid resulted in a reduction of the polymerization degree of CNF (310-499 as opposed to 94 

545-854). The authors attributed this phenomenon to the inefficient heat transfer caused by the limited amount of 95 

liquid sulfamic acid content within the cellulose medium, consequently leading to the pronounced hydrolysis of 96 

cellulose. 97 

Another study conducted by Li and colleagues examined the utilization of a DES system consisting of sulfamic 98 

acid and glycerol (with a mass ratio of 1:3) for treating bleached kraft poplar pulp at 100°C for a duration of 1 to 99 

1.5 hours [150]. Here, the DES-based swelling led to a high degree of substitution (0.12), and the mechanical 100 

grinding generated CNF with diameters between 10 to 25 nm. A reduction of crystallinity (53%) was observed, 101 

which was attributed to introduction of sulfate groups. 102 

Further avenues towards the synthesis of cellulose nanoparticles via less hazardous natural DESs has also been 103 

studied by several researchers. ChCl and Citric acid-based DES has been employed for the synthesis of CNFs by 104 
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Liu and team with high pressure homogenizer for bleached softwood kraft pulp [151]. Two types of citric acids 105 

were used for this study namely, anhydrous citric acid and citric acid monohydrate. The CNFs with smallest 106 

diameter (17 ± 2 nm), highest zeta potential value (−46.65 ± 4.28mV) and highest carboxyl group content has 107 

been achieved by the ChCl:anhydrous citric acid 1:1 molar ratio treated with 100⁰C. The generated CNFs indicated 108 

better dispersibility in water and higher thermal stability than that of sulfuric acid hydrolyzed CNFs. In a separate 109 

study, needle bleached kraft pulp has been used for the synthesis of CNF using eco-friendly ChCl: ethylene glycol 110 

DES system (1:1) [152]. Additional physical treatments, encompassing screw extrusion, colloidal milling, and a 111 

mild chemical treatment using 0.8wt% H2SO4, were incorporated into the system. This multifaceted approach 112 

yielded CNC with diameters ranging from 14 to 42 nm. Ethylene glycol was primarily chosen due to its analogous 113 

polarity to cellulose and its potential to minimize esterification side reactions. Nevertheless, in this specific study, 114 

the authors indicated that the low viscosity did not have a favorable impact on particle size reduction, which was 115 

predominantly attributed to the higher polarity of the distilled water. 116 

The progression of hydrogen bonding throughout the nanofibrillation process has been examined through the 117 

utilization of a CNF and ChCl-oxalic acid based DES system [153]. In this study, the authors placed an emphasis 118 

on understanding the nature of both intra and intermolecular bonding in the presence of DES. They proposed that 119 

intramolecular hydrogen bonds, characterized by lower bond energies, exhibited greater susceptibility to 120 

substantial bond cleavage during the process. However, when evaluating the sequence of bond cleavage, the 121 

observation of O(3)H…O(5) intramolecular H-bond cleavage > O(6)H…O(3′) intermolecular H-bond cleavage > 122 

O(2)H…O(6) intramolecular H-bond cleavage was noted. This sequence signified an initial cleavage occurring 123 

within the amorphous region, followed by progression towards the crystalline region. 124 

3.4.2. Nanolignin 125 

Lignin nanoparticles (LNP) is another class of material with high value in material synthesis. These materials are 126 

generated from lignocellulose biomass, which are known for their desirable properties including antioxidant, UV 127 

barrier and compelling mechanical properties. The synthesis of LNPs do not involve high level of mechanical 128 

disintegration as compared to the synthesis of cellulose-based nanoparticles. In many instances, the approach 129 

involves DES treatment-based dialysis coupled with self-assembly, as observed in most application [154, 155]. 130 

In this type of reactions, the cleavage of β-O-4 linkages is mainly expected, along with other bond cleavage such 131 

as, β-β, β-5, etc. [156]. Additionally, the self-assembly of LNP through π–π stacking interactions also plays a 132 

major role [145, 157, 158]. Here, the scope of these studies extends beyond acidic DES to encompass alkaline and 133 

neutral DES systems as well. 134 
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The synthesis of LNPs using corncob has been studied by Zhang et al. using ChCl-lactic acid-based DES system 135 

which yielded self-assembled LNPs with a high yield (85.6%) and high purity (97.8%). A hydrodynamic diameter 136 

of 48.66 nm has been achieved with PDI below 0.2 and zeta potential values exceeding -42.2 mV. The study was 137 

conducted by varying the molar ratios, reaction temperatures and reaction time. The authors concluded that 138 

temperature played a pivotal role in generation of LNPs [145]. Yan et al. conducted a DES treatment on rice straw 139 

using a ternary DES system consisting of ChCl, oxalic acid, and lactic acid in a ratio of 1:0.5:1. This treatment 140 

was performed with microwave irradiation (680 W) for a duration of 4 minutes. In this work, the authors 141 

highlighted on the high rate of lignin removal within the range of 60.8%–63.4%, as opposed to a binary DES 142 

system only with 7.6%–9.6% yield [157].  143 

Zhang et al. conducted an exhaustive investigation into the self-assembly of LNPs through water dropping. They 144 

employed betaine:lactic acid (1:2) as the system, subjecting it to a treatment lasting 12 hours at room temperature 145 

(25⁰C), followed by a subsequent 72-hour dialyzing step [145]. The authors noted a structural transition in lignin 146 

as water is added into the system, progressing from a solution state to the formation of local clusters and irregular 147 

particles, ultimately culminating in the creation of stable colloid spheres with an average size of 57.16 ± 1.43 nm 148 

(Figure 6c). In the study, a comparison between lignin starting material and LNPs was carried out. Improved 149 

thermal stability (378.16⁰C), higher antioxidant activity, and a lower minimum inhibitory concentration against 150 

Staphylococcus aureus was observed in the LNPs.  151 

Acidic DES pre-treatments have been used to valorize lignocellulosic biomass, resulting in the generation of 152 

several valuable products such as LNPs, LCNFs, activated nano carbons, and carbon quantum dots at various 153 

stages. The evaluation of the effects of these specific steps on the production of LNPs was also reported [156, 154 

158, 159]. In these studies, the hydrothermal pre-treatments were carried out at high temperature (approximately 155 

170⁰C) prior to DES treatments. The pre-extraction of hemicelluloses leads to reduction of the molecular weight 156 

of the biomass facilitating the generation of LNPs [156]. Tian and team studied a variety of lignocellulose biomass 157 

including poplar wood chips, pine wood shavings, moso bamboo powder, wheat, and rice straw. DES pre-158 

treatment of these lignocellulose biomass generated nanomaterials viz, activated nanocarbons, LCNFs and LNPs 159 

using ChCl-lactic acid (1:2) [158]. The pre-treatment generated LNPs with particle size ranging 200-600 nm, where 160 

pine wood shavings based LNPs indicated the smallest size with lowest PDI. The comparison of LNPs generated 161 

from different biomasses revealed that higher number of hydrophilic groups (i.e. total phenolic OH and COOH) 162 

lead to the formation of larger particles, whereas high number of aliphatic OH groups resulted in smaller particle 163 

sizes. Xu and colleagues conducted a microwave-assisted pre-treatment utilizing the same DES constituents in a 164 
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molar ratio of 1:9, employing bamboo powder as the substrate. They emphasized that the in-situ reactions, 165 

including esterification, condensation, and cleavage, acted on lignin, enhancing its amphiphilicity which drives 166 

the self-assembly of LNPs [159]. In another work, Ma and colleagues investigated the Lewis acid catalyzed DES 167 

pretreatment of abaca, employing a mixture of ethylene glycol, ChCl, and aluminum chloride at a molar ratio of 168 

2:1:0.1. This approach involved a relatively short treatment duration (30 minutes) at 100°C, yielding an optimal 169 

output characterized by a size range of 30-50 nm [160]. This process also induced a reduction in molecular weight 170 

compared to the initial material (from 7,520 to 1,640), coupled with a reduction of the PDI from 2.21 to 1.29. 171 

Alkaline DES has been adopted for LNPs synthesis due to its specific advantages over both acidic and neutral 172 

DES treatments. In comparison to acidic DES, alkaline DES is advantageous in facilitating condensation reactions 173 

that elevate molecular weight. Moreover, when compared to neutral DES treatments, alkaline DES stands out for 174 

its relatively lower pre-treatment efficiency [155]. The effect of ChCl-ethanolamine treatment (1:6) along with 175 

the incorporation of 1wt% and 3wt% corncob alkali lignin biomass resulted in the synthesis of LNPs within the 176 

size range of 8.9 to 64.9 nm, respectively. Remarkably, these LNPs demonstrated the capability to maintain their 177 

size stability over a period of 30 days [154]. In another study utilizing the same DES system, the stability of LNPs 178 

in a water medium was observed. The study involved kraft lignin powder for the preparation of alginate-based gel 179 

beads for the purpose of removing methylene blue from water [161]. Another class of alkaline DES (K2CO3 and 180 

glycerol, 1:5) has been utilized by Yue and coworkers. Their approach involves the tuning of the pH of the solvent 181 

to 2, 4, and 6 to investigate the self-assembly of LNPs [155] using wheat straw. Here, the team observed that the 182 

lignin fractioned at lower pH (i.e., pH 2) displayed uniform and well-shaped particles (600-700 nm) with zeta 183 

potential ranging from -38 to -51 mV, and highly stable over 90 days. 184 

All in all, it is evident that extensive efforts have been made to utilize DESs for the reduction of the particle size 185 

in lignocellulose biomass. Gaining a comprehensive understanding of the DES system's physical properties, 186 

including viscosity and density, as well as delving into its chemical aspects, such as bonding nature and 187 

interactions within the biomass, is essential. In addition, the understanding of pre-treatment conditions applied to 188 

the biomass, encompassing factors like temperature, pressure, mechanical actions, and the drying method, in 189 

tandem is crucial for efficiently synthesizing lignocellulose-based nanoparticles. Nevertheless, there remains 190 

plenty of opportunities for future research. These encompass the use of alternative DES combinations, beyond the 191 

typical ChCl as HBA. Further avenues include a more comprehensive exploration of Type V DES for particle size 192 

reduction, and the innovation of energy-efficient methodologies across the entire process. Such undertakings stand 193 

poised to elevate sustainability and broaden the horizons of nanoparticle synthesis. 194 
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3.4.3. Nanochitin 195 

Chitin, a biopolymer from marine biomass like crustacean shells, holds great potential for producing 196 

nanomaterials due to its biocompatibility, biodegradability, and versatility. However, efficient and eco-friendly 197 

extraction is challenging. Recently, DESs have emerged as a promising alternative, offering an effective solvent 198 

system for chitin extraction. This approach opens new possibilities for developing nanochitin with diverse 199 

applications, and recent research highlights advancements in DES-based extraction methods. 200 

A research done by Mukesh et al., DESs have been employed as solvents for the synthesis of chitin nanofibers 201 

(ChNFs) with promising results [162]. DESs composed of the mixture of choline chloride and thiourea (CCT 1:2) 202 

were found to be effective in producing ChNFs with diameters ranging from 20 to 30 nm. However, DESs 203 

containing urea (CCU 1:2) as the hydrogen bond donor did not yield nanofibers. A comparison was made between 204 

the physicochemical properties of the ChNFs obtained using DESs and those obtained using imidazolium-based 205 

ionic liquids and choline-based bio-ionic liquids. The ChNFs obtained using DESs as solvents were further 206 

utilized to prepare calcium alginate bio-nanocomposite gel beads, which exhibited enhanced elasticity compared 207 

to conventional calcium alginate beads. Moreover, these bio-nanocomposite gel beads demonstrated the ability to 208 

achieve controlled release of 5-fluorouracil, an anticancer drug, under physiological conditions (pH 7.4). The 209 

findings of this study indicate that DESs, particularly the mixture of choline chloride and thiourea, are suitable 210 

solvents to produce chitin nanofibers. Furthermore, the prepared ChNFs showed potential for applications as 211 

reinforcement fillers in calcium alginate-based systems, offering improved mechanical properties and controlled 212 

drug release capabilities. These results highlight the potential of DESs in nanomaterial synthesis and their 213 

relevance in developing advanced biomaterials for various biomedical applications. 214 

In a more recent study, Hong et al. successfully developed a novel method for the one-pot production of acetylated 215 

and esterified chitin nanocrystals with rod-like morphology [146]. The use of choline chloride-zinc chloride deep-216 

eutectic solvent (ChCl-ZnCl2 DES) as the reaction solvent and catalyst allows for simultaneous acetylation, 217 

esterification, and hydrolysis of chitin, resulting in chitin nanocrystals (ChNCs) with lateral dimensions ranging 218 

from 20 to 80 nm in width and 100 to 700 nm in length (Figure 6d). 219 

The obtained ChNCs exhibited intact chemical structures and offer great potential for various applications in 220 

nanotechnology and materials science. However, the thermal stability of the ChNCs decreased after treatment 221 

with ChCl/ZnCl2, and CNCs functionalized with acetic acid exhibited lower thermal stability compared to those 222 

functionalized with acetic anhydride. Notably, the ChCl-ZnCl2 DES demonstrated low expenditure and toxicity, 223 
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highlighting its potential as a green and environmentally friendly solvent to produce functional chitin nanocrystals. 224 

This DES-based approach offers a promising and sustainable route for the one-step functionalization of chitin to 225 

obtain tailored ChNCs. 226 

The same group also investigated using DES derived from ferric chloride hexahydrate and betaine chloride in a 227 

molar ratio of 1:1 was employed as a hydrolytic medium to ChNCs with high yield (up to 88.5%) [163]. The 228 

unique combination of Lewis acid from ferric chloride and Brønsted acid released from betaine hydrochloride 229 

enabled the efficient hydrolysis of chitin, facilitated by ultrasonication with low energy consumption. The 230 

resulting ChNCs exhibited an average diameter of 10 nm, length of 268 nm, and a crystallinity of 89.2% under 231 

the optimal synthesis conditions (chitin-to-DES mass ratio of 1:20, at 100 °C for 1 hour). The ChNCs 232 

demonstrated promising potential as efficient emulsion stabilizers. Even at a high oil content of 50%, stable oil-233 

in-water (o/w) emulsions were achieved with a low dosage of ChNCs (1 mg/g). Importantly, the DES treatment 234 

preserved the chemical structure of ChNCs while enhancing their crystallinity by removing the amorphous parts 235 

of chitin. Additionally, the thermal stability of the ChNCs obtained using this method was comparable to that of 236 

pristine chitin, enhancing their potential for use in thermoplastic applications. This study successfully prepared 237 

ChNCs using a ferric chloride and betaine hydrochloride DES, achieving excellent yield and stability. The ChNCs 238 

show promise as green, non-toxic emulsion stabilizers for industries like food and cosmetics. DES-based 239 

production presents a sustainable, efficient alternative to conventional methods, expanding their potential 240 

applications. 241 

In a study done by Yuan et al., five different acidic deep eutectic solvents (DESs) composed of choline chloride 242 

and organic acids were utilized for the fabrication of ChNCs [164]. The DESs demonstrated excellent performance 243 

in producing high-quality ChNCs with high mass yields ranging from 78% to 87.5% under optimized reaction 244 

conditions. These acidic DESs played a dual role in the fabrication process, promoting the hydrolysis of chitin 245 

while also serving as an acylation reagent.  The physicochemical characterization of chitin revealed that the DES 246 

treatments resulted in the removal of amorphous areas, leading to increased crystallinity of the ChNCs. The 247 

dimensions of the ChNCs varied depending on the specific DES used, with average diameters ranging from 42 248 

nm to 49 nm and lengths ranging from 257 nm to 670 nm. Importantly, the thermal stability of the ChNCs was 249 

comparable to that of pristine chitin, indicating their suitability for various applications. In summary, the acidic 250 

DES systems presented a simple, effective, and environmentally friendly method for the one-step production of 251 

O-acylated chitin nanocrystals. Their ability to produce high-quality ChNCs with desirable properties makes them 252 

a promising option for various applications in nanomaterials and beyond. 253 
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A recent review done by Li et al. summarizes how DESs exhibit remarkable potential for pre-treating chitin to 254 

produce chitin nanomaterials. Acid-based DESs remove the amorphous region of chitin, while non-acid-based 255 

DESs retain it [165]. Subsequent mechanical disintegration yields ChNCs and ChNFs with distinct yield, 256 

morphology, and surface chemistry. Despite the advantages of DESs over conventional solvents, several 257 

challenges remain. Cost-effectiveness is a concern due to the high mass ratio of DESs to chitin required for 258 

extraction. Additionally, further efforts are needed to enhance the recyclability of DESs and evaluate their 259 

environmental impact. Future directions include optimizing DES chemical structure, developing efficient DES 260 

recovery and purification methods, and conducting life cycle assessments. 261 

These studies highlight the potential of DESs in processing chitin for nanomaterial development, producing 262 

ChNFs and ChNCs with properties like controlled drug release, enhanced elasticity, and emulsion stability. 263 

Challenges remain in cost-effectiveness, recyclability, and environmental impact. Future efforts will focus on 264 

optimizing DES structures, improving recovery methods, and assessing life cycle impacts. With advancements, 265 

DESs could replace traditional solvents for sustainable chitin-based nanomaterial production. Table 5 summarizes 266 

the DES types, biomass, nanomaterials, and processing techniques.267 
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Table 5. Overview of the types of DES, types of biomasses, nanomaterials, treatments or methods, and the produced nanomaterials from biomass 

Type of DES Type of Biomass Type of Nanomaterial Nanomaterial Produced Ref. 

ChCl/oxalic acid dihydrate Rice straw pulp CNC CNC with PDI of 0.56, zeta potential of -52.1 ± 5.2, and 

thermal stability 

[136] 

ChCl/oxalic acid dihydrate + Fe(III) 

catalyst 

Bleached eucalyptus kraft pulp CNC CNCs with 5−20 nm diameter, CRI of 80-82% [137] 

ChCl/oxalic acid dihydrate Softwood pulp CNC CNC with width of 3-8 nm, length of 50-350 nm [138] 

ChCl/lactic acid Grape pomace (red wine) CNC CNCs with variation in zeta potential [139] 

Formic acid-based Not specified CNC CNCs of smaller diameters than urea-based DES [140] 

ChCl/oxalic acid dihydrate Kraft pulp (poplar wood) CNC CNCs in diameter range of 11-20 nm, CRI of 69.08−70.01% [141] 

ChCl/oxalic acid dihydrate Wood pulp or cotton pulp CNF CNF with average diameter of 25.1–33.3 nm [142] 

ChCl/urea Not specified CNC CNCs with dimensions of 20 x 100 x 700 nm [143] 

ChCl/urea Raw cotton fiber CNF CNFs with widths of 2-5 nm and lengths from 15-200 nm [147] 

Various carboxylic acid-based HBDs Hardwood bleached kraft pulp CNF CNFs with average diameters of 80 nm, lengths ranging 

between 6–10 μm, and varied diameters for mono, di, and tri 

carboxylic acids 

[144] 

ChCl and oxalic acid Raw ramie fiber CNF CNFs with narrower width (14.29 nm) and enhanced 

efficiency 

[148] 

Sulfamic acid-based Wood cellulose pulp Sulfated CNF Sulfated CNF with uniform width of 4.4 nm ± 1.6 nm from 

wood cellulose pulp 

[149] 

Sulfamic acid and glycerol  Bleached kraft poplar pulp CNF CNFs with diameters between 10 to 25 nm and reduction in 

crystallinity (53%) 

[150] 
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ChCl/citric acid  Bleached softwood kraft pulp CNF CNFs with smallest diameter (17 ± 2 nm), highest zeta 

potential value, and high carboxyl group content 

[151] 

ChCl/ethylene glycol  Needle bleached kraft pulp CNC CNCs with diameters ranging from 14 to 42 nm [152] 

ChCl-oxalic acid Softwood kraft pulp CNF Understanding the progression of hydrogen bonding 

throughout the nanofibrillation process 

[153] 

ChCl, oxalic acid, and p-

toluenesulfonic acid 

Thermomechanical pulp LCNCs LCNCs with a width of approximately 6 nm and a thickness 

of 3.3 nm, high thermal stability, 47.8% lignin content, and a 

yield of 66% 

[166] 

Lactic acid-based Energy cane bagasse LCNFs LCNFs with 81% delignification, average crystal size ranged 

from 3.14±0.01 nm to 3.44±0.02 nm, crystallinity of 71.2%, 

and improved UV stability 

[167] 

ChCl with formic acid, lactic acid, 

acetic acid 

Corncobs LCNFs LCNFs in the diameter range of 60–90 nm with enhanced re-

dispersibility in organic solvents 

[168] 

ChCl/lactic acid Hardwood bleached kraft pulp LCNFs Production of LCNFs with diameters measuring less than 

100 nm 

[169] 

ChCl/ethanolamine Corncob alkali lignin LNPs LNPs within the size range of 8.9 to 64.9 nm, size stability 

over 30 days 

[154] 

K2CO3/glycerol Wheat straw LNPs Uniform particles (600-700 nm) with zeta potential ranging 

from -38 to -51 mV, highly stable over 90 days 

[155] 

ChCl, oxalic acid, and lactic acid Rice straw LNPs High rate of lignin removal (60.8%–63.4%), yield of 7.6%–

9.6% 

[157] 
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ChCl/lactic acid Corncob LNPs Self-assembled LNPs with a high yield (85.6%) and high 

purity (97.8%), hydrodynamic diameter of 48.66 nm, PDI 

below 0.2, and zeta potential exceeding -42.2 mV 

[145] 

Betaine/lactic acid Corncob LNPs LNPs with an average size of 57.16 ± 1.43 nm, improved 

thermal stability, higher antioxidant activity, and lower 

minimum inhibitory concentration against Staphylococcus 

aureus 

[145] 

ChCl/lactic acid Poplar wood chips, pine wood 

shavings, moso bamboo 

powder, wheat, rice straw 

LNPs LNPs with particle size ranging 200-600 nm, size influenced 

by the number of hydrophilic and aliphatic OH groups 

[158] 

ChCl/lactic acid (microwave-assisted) Bamboo powder LNPs Drives the self-assembly of LNPs [159] 

ChCl, aluminum chloride, and ethylene 

glycol (Lewis acid catalyzed) 

Abaca LNPs LNPs with a size range of 30-50 nm, reduced molecular 

weight and PDI 

[160] 

Choline chloride/thiourea Crab shells ChNFs ChNFs with diameters ranging from 20 to 30 nm [162] 

Choline chloride/zinc chloride Shrimp shells ChNCs ChNCs with lateral dimensions ranging from 20 to 80 nm in 

width and 100 to 700 nm in length 

[146] 

Ferric chloride/betaine chloride Shrimp shells ChNCs ChNCs with an average diameter of 10 nm, length of 268 

nm, and 89.2% crystallinity 

[163] 

Choline chloride/organic acids (varied) Crab shells ChNCs ChNCs with mass yields ranging from 78% to 87.5%, 

dimensions varying by specific DES used 

[164] 
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Urea/Guanidine hydrochloride (PD-

DES) 

Silk fibres Silk Nanofibrils (SNFs) SNFs with diameters of 20-100 nm, lengths of 0.3–10 μm. 

Membranes with nanoporous structure, high mechanical 

strength, and thermal stability. Capacitance: 171 F g−1. 

[170] 

Amino acids/D-sorbitol (renewable 

DES) 

Silk fibres Silk Nanofibrils (SNFs) SNFs with preserved crystalline structure. Nanocomposite 

membranes with enhanced mechanical strength (416.7 MPa) 

and thermal conductivity (3.84 W·m−1·K−1) 

[171] 
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4. Applications of DES-synthesized nanomaterials  1 

Due to the exceptional properties of DESs, compared to ionic liquids or organic solvents, DESs or DES-2 

synthesized nanomaterials have found potential applications in many sectors, as depicted in Figure 7.  3 

 4 

Fig 7. Various potential applications of deep eutectic solvents (DES)-synthesized nanomaterials.  5 

  6 

4.1.  Catalysts  7 

Nanomaterials synthesized using DES as a precursor or template can exhibit unique catalytic properties. These 8 

materials can be employed as effective catalysts in a variety of chemical reactions, including oxidation and carbon 9 

dioxide reduction, due to their large surface area, regulated shape, and improved stability. Beyzavi and colleagues 10 

[172] prepared a recyclable catalyst consisting of a covalently immobilized deep eutectic choline chloride/p-11 

toluenesulfonic acid (pTSA) solvent  for the chemoselective direct ipso-etherification and amination of naphthols 12 

from magnetic nanoparticles (MNPs). The binding of DES to the nanoparticle surface resulted in the enhanced 13 

catalytic activity and facilitated the catalyst recovery from the catalytic waste product mixture. The results showed 14 

that the average size of the MNP-bound DES particles was 122 nm. Using a functionalized magnetite nanoparticle 15 

catalyst for etherification and amination, average yields were 84 and 77%, respectively. The catalytic efficiency 16 
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was ascribed to the homogenous nanoparticle distribution, robust DES-support, and hydrogen-donating interplay 17 

with naphthols. This study provides an overview of catalytic PDES covalently linked to MNPs as a model for 18 

organic reactions.  19 

Other studies have also demonstrated the catalytic potential of DES-based nanomaterials across various 20 

applications. For example, Fe3S nanostructures synthesized via a DES solvothermal method exhibited high 21 

efficiency in electrochemical nitrogen reduction [173], while high-entropy metal phosphides (HEMPs) produced 22 

using DESs proved effective for water splitting [174]. DESs also enabled the scalable synthesis of g-C3N4/metal 23 

oxide composites, significantly boosting nitrogen photocatalysis [175]. Additionally, high-entropy metal–organic 24 

frameworks (HE-MOFs) synthesized in DESs displayed enhanced electrocatalytic activity for oxygen evolution 25 

[176]. In biomass conversion, DES-derived NiS2/CdS nanospheres efficiently catalyzed the transformation of 5-26 

hydroxymethylfurfural to valuable chemicals under visible light [177]. These works highlight the versatility of 27 

DESs in improving catalytic performance for sustainable chemical processes. 28 

4.2.  Energy storage applications 29 

DES-based nanomaterials have shown promise in energy storage applications. For example, DES-derived carbon 30 

nanomaterials have been used as electrode materials for supercapacitors and batteries and exhibit high specific 31 

capacitance and improved electrochemical performance. Kim et al. [178] designed a Z-scheme heterojunction 32 

catalyst by deposition of uniform copper (II) oxide nanoclusters on TiO2 surface mediated by choline chloride and 33 

urea (1:2 M ratio) DES. The fabricated Z-scheme heterojunction, formed by surface interactions of Cu2O 34 

nanoclusters and TiO2 nanoparticles, improves the photogenerated charge carrier separation. In addition, the 35 

Cu2O/TiO2 heterojunction surface chemical treatment resulted in oxygen vacancies due to defects creation during 36 

in situ Cu2O synthesis. The final Cu2O/TiO2 catalyst has a higher electric charge per unit volume coupled with 37 

about 238 % a lower charge transfer resistance in relation to 6.3 x 1019/cm3 of pure TiO2. More importantly, the 38 

optimized Cu2O/TiO2 photocatalyst had about 132% higher H2 production rate than neat TiO2 (~1.83 x 10-2 µmol 39 

g-1 h-1). The use of DESs-assisted fabrication of photocatalyst from mono-sized Cu2O nanoclusters on TiO2 40 

underscores a critical shift in photocatalytic hydrogen production. In another study, Hammond et al. \[98] studied 41 

the in situ formation of iron oxide nanoparticles (hematite) in choline chloride: urea media. The separation of Fe3+ 42 

in DES solution was determined by extended X-ray absorption fine structure and the atomic structure of the alloy 43 

was determined by neutron and X-ray diffraction and empirical potential structure refinement modelling. The 44 

results showed that the iron salts formed [Fe(L)3(Cl)3] octahedral complexes. where (L) represents various O-45 

containing ligands. Dissolved Fe caused unusual structural reorganizations in DES due to chloride removal from 46 
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the complex and alteration of hydrogen bonds around the complex. Extended X-ray absorption fine structure 47 

(EXAFS) suggests that these complex forms [OFeO] oligomers with pseudo zero-order kinetics upon reaction of 48 

urea with the thermal hydrolysis products of iron. In hydrated DES, nuclei formation and growth constitute a rapid 49 

reaction, whereas in pure DES the initial rate was rapid but dropped within 90 minutes. By creating nanostructured 50 

thin films of the hematite nanoparticles, its performance as an anode for splitting water into hydrogen using 51 

sunlight will be improved. Other materials have been synthesized such as copper–zinc–tin chalcogenide 52 

(Cu2ZnSnS4CZTS) [179] for energy storage, activated carbon decorated-NiO (NiO/AC) for hydrogen fuel [180], 53 

gold nanoparticles for electrocatalysis [181], and nanoferrites as magnetic storage devices [182]. Notably, 54 

machine learning models are increasingly used to accelerate the discovery of DESs for nanomaterials synthesis. 55 

A Conditional Generative Adversarial Network (CGAN) was developed to predict cathode solubility in DESs, 56 

significantly speeding up the identification of promising candidates [183]. Combined with XGBoost, these models 57 

offer high accuracy and efficiency, streamlining DES development for applications like lithium-ion battery 58 

recycling. 59 

4.3.  Sensing and Biosensing applications 60 

Nanomaterials made from DES offer enhanced sensing capabilities. Functionalized nanoparticles can be 61 

synthesized using DES as a solvent, enabling the fabrication of sensitive and selective analyte-recognition 62 

detector, including heavy metals, gases, biomolecules and food analysis [184]. Brett and colleagues [185] 63 

fabricated polymerized films of  brilliant cresyl blue (PBCB) by electrodeposition on carbon nanotube-modified 64 

glassy carbon electrodes by potential swings in ethaline (choline chloride + ethylene glycol) with the inclusion of 65 

various ions. The PBCB nanocomposite films synthesized at 150 mV/s in ethaline + NO3
- showed higher 66 

electrochemical activity. Moreover, the PBCB/Ethaline-HNO3/MWCNT and PBCBaq/MWCNT films acted as 67 

electrode supports in glucose and catechol biosensing by glucose oxidase and tyrosinase enzymes, respectively. 68 

Row and Li [186] prepared hexagonal boron nitride (h-BN) polymer nanoparticles in DES via molecular 69 

recognition technology. In their work, they produced the molecularly imprinted polymers by presenting the h-BN 70 

as a 2D sheet. These MIPs were obtained either from DES or DES/h-BN mixture with a crosslinker (ethylene 71 

glycol dimethacrylate), an initiator (AIBN), a porogen (methanol), and a template (quercetin). The binding site of 72 

the monomer was protected by DES hydrogen bonding before MIP polymerization. The introduction of h-BN 73 

increased the surface area of the formed MIP nanoparticles. These nanoparticles were used as solid-phase 74 

extraction adsorbents to extract flavonoids from ginkgo biloba leaves. In comparison with the conventional MIP 75 

nanoparticles, the new sorbent shows a significantly improved detection ability for flavonoids.  76 



45 
 

In another work, Boczkaj and colleagues [187] prepared silver nanoparticles (Ag-NPs) in conjunction with deep 77 

eutectic solvent (DES) of choline chloride: phenol (1:2) in a wet chemistry approach. They observed a synergistic 78 

effect in nanoparticles-DES interactions during extraction of lead from edible oils through sonochemistry. They 79 

further characterized the purified edible oil using flame atomic absorption spectroscopy (FAAS). Notably, the 80 

system showed excellent detection limit (DL) and limit of quantification (LOQ) of 0.28 µg/L and 0.94 µg/L, 81 

respectively. The Ag-NPs-DES system is therefore suitable for Pb(II) ions detection and analysis in edible oil and 82 

other foods to promote food safety. In another work, Smirnov's group [143] prepared nanocellulose (CNC) using 83 

deep eutectic solvents (DES). The choline chloride: urea DES was used to dissolve microcrystalline cellulose at 84 

110°C for 2-4 days, and then redispersed to form highly crystalline CNC of 20 nm in diameter. The authors used 85 

a computer model to decipher the dissolution mechanism and found that interactions of hydroxyl and carbonyl 86 

groups of cellulose and urea, respectively, and chloride ions are key factors in the dissolution process. Result 87 

showed that the dissolution process of DES did not affect the stability of the stable cellulose crystalline structure 88 

(Iβ) with crystallinity of about 80 %. Furthermore, the resultant 2 wt.% CNC was used to produce DES- plasticized 89 

chitosan film with high strength (~20.4 MPa) and elongation of about 90%. These resultant films could be 90 

applicable in functional food packaging. Other notable works on synthesis of gold nanoparticles in DES for 91 

biomedical sensors [87, 188].  92 

4.4.  Environmental Applications 93 

Nanomaterials derived from DES can play a crucial role in environmental remediation. For example, DES-based 94 

nanomaterials can be used environmental bioremediation e.g. heavy metals and organic pollutants removal from 95 

water and soil due to their high adsorption capacity and selective binding properties [189]. For instance, Xu et al. 96 

[190] synthesized a group of DESs using caprolactam as HBD and halide quaternary ammonium salts as HBA. 97 

Among the different halide quaternary ammonium salts and different molar ratios of HBD and HBA, 98 

tetrabutylammonium bromide/caprolactam (TBAB/CPL = 1:2) was found superior in sulfur removal efficiency 99 

with a distribution constant (Kpc~5), which was almost much higher than the metal-free DES of IL. Notably, sulfur 100 

removal efficiency could reach 96.6% after two-steps separation. Finally, the authors systematically investigated 101 

the removal method using 1H NMR and IR spectroscopy. The greater desulfurization efficiency was ultimately 102 

attributed, according to investigations using density functional theory, to hydrogen bonding and CH interactions 103 

between DES and dibenzothiophene which enabled effective removal of dibenzothiophene from model fuels. The 104 

results resonate well with the concerted efforts for production of low-sulfur diesel fuels to cut on carbon emissions 105 

equivalents of sulfur oxides. 106 
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In another work, Pedrazzo et al. [191] fabricated β-CD nanosponges from β-cyclodextrin in type V DES of choline 107 

chloride and citric acid using mechanochemistry approaches as shown in Figure 8a. The authors first prepared the 108 

NADES by mixing 1:1 molar of components, then obtained β-CD-based polymer using ball milling (BM) and 109 

extrusion (TSE). For ball milling, the mixture of β-CD, citric acid, choline chloride, and sodium hypophosphite 110 

monohydrate (catalyst) were charged into the jar with zirconia balls and rotated for 4h/30 min intervals to recover 111 

a white paste. On the other hand, the same mixture was extruded at 110°C/4h at a speed of 80 rpm to obtain a dark 112 

yellow–green paste. The resultant β-CD-based polymers from BM and TSE were water soluble without 113 

crosslinking and insoluble after crosslinking. These β-CD-based polymers processed using mechanochemistry 114 

could find applications in the environmental sectors. In application of β-CD nanosponges in light rare earth 115 

elements  (Cerium and lanthanum) removal from wastewater, Badawi et al. [192]  showed that their efficient 116 

adsorption of Ce and La with capacities of  about 625.34 and 773.29 mg g−1, respectively. As shown in Figure 8a, 117 

the solution temperature significantly impacted the density of functional groups involved in the adsorption of La 118 

and Ce ions, likely due to changes in these groups during the adsorption process.  119 
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 120 

Fig 8. Fabrication of various adsorbents using DES for environmental applications (a) cyclodextrin-based 121 

adsorbents via ball milling method. Reproduced with permission from Ref.[191] Copyright (2021), American 122 

Chemical Society and adsorption of light rare earth elements using β-CD nanosponges. Reproduced with 123 

permission from Ref. [192] Copyright (2023) Elsevier; (b) nanoprecipitation of lignin-based adsorbents. 124 

Reproduced with permission from Ref. [193], and formation of LNP/sodium alginate gel beads for methylene 125 

blue adsorption. Reproduced with permission from Ref. [194]; (c) electrospun zein-based nanofibers and dye 126 

removal efficiency of DES-Zein nanofibers and conventional-Zein. Reproduced with permission from Ref. [195]; 127 
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(d) carbon nanotubes adsorbents for wastewater treatment and the surface response pattern of the interaction 128 

between pH and adsorbent dosage for the removal of Pb(II), Reproduced with permission from Ref. [196] 129 

Copyright (2016), Elsevier.  130 

DESs have found applications in lignocellulosic treatment and extraction [194, 197, 198]. For instance, Lyu et al. 131 

[193] employed nanoprecipitation technique to prepare uniform lignin nanoparticles (LNPs) in DES. In their work, 132 

they dissolved lignin in various DESs and then produced higher yield of self-assembled LNPs by 133 

nanoprecipitation as depicted in Figure 8b. The resultant LNPs had outstanding dispersibility and excellent long-134 

term stability and diameters of about 20-200 nm dictated by DES type. For instance, choline chloride: ethylene 135 

glycol (1:2) DES resulted in LNPs of 30.4 nm. The mechanism of LNPs formation was elucidated as diffusion-136 

limited cluster–cluster aggregation (DLCA). This ecofriendly process of regenerating LNPs from DES/lignin 137 

solution using water as a non-solvent is not only facile, but also advances lignin-based nanotechnology for 138 

applications in personal care products, energy storage, and environmental cleanup. For instance, gel beads have 139 

been created by mixing LNPs with sodium alginate (SA) and their ability to adsorb methylene blue (MB) has been 140 

proven as shown in Figure 8b [194]. Kim et al. [195] fabricated zein nanofibers using deep eutectic solvent 141 

comprising of choline chloride: furfuryl alcohol (1:2 M ratio)(DES-zein) by electrospinning technique (Figure 8c) 142 

The optimum 45% (w/w) DES-zein concentration at neutral pH, exhibited an electrical conductivity value of 233 143 

mS/cm. The nanofibers derived from DES-zein solution showed a tweed-like cedar leaf features tuned from 144 

different angles. Furthermore, DES zein nanofibers showed a superhydrophilic character in relation to the 145 

hydrophobic conventional zein nanofibers, and with 200 nm size in average diameter. This zein nanofibers 146 

fabrication method using DES unlocks the potential of continuous electrospinning of fibers with tunable 147 

morphology and could be useful in environmental applications. For instance, DES-Zein nanofibers had a rapid 148 

adsorption of about 80% of dye within 5 minutes while conventional Zein nanofibers (C-Zein) nanofibers had a 149 

slower removal rate of 60%. 150 

Deep eutectic solvents (DESs) are emerging media for the fabrication and application of carbon nanomaterials 151 

[199]. In this regard, AlOmar et al. [196] synthesized various DESs derived from choline chloride and various 152 

hydrogen bond donors (HBDs) as shown in Figure 8d. Subsequently, carbon nanotubes (CNTs) were modified 153 

using as-prepared DESs for use as chemosorptive material for pollutants from water, especially, lead ions. The 154 

modified CNT adsorbents with triethylene glycol (TEG-CNTs) recorded about 94.7% removal rate for Pb(II), and 155 

an optimal adsorption capacity (Qmax) of about 288.4 mg/g. Moreover, the impact of pH and contact time on Pb(II) 156 
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removal revealed that the percentage adsorption increased over time, peaking at pH 5, and then decreasing as the 157 

pH increased. These modified CNT nanomaterial in DES are particularly important in wastewater treatment. 158 

4.5.  Biomedical applications 159 

DES-based nanomaterials can be used in drug delivery systems for the controlled and targeted release of 160 

therapeutics. The unique physicochemical properties of DES, combined with the ability to encapsulate drugs in 161 

nanomaterials, allow for efficient drug delivery, enhanced solubility, and sustained release profiles. 162 

For instance, Ling’s team [200] fabricated and examined two types of cellulose nanomaterials as energy 163 

conversion surfaces to enable colorimetric detection of human neutrophil elastase (HNE) and various 164 

inflammatory disorders. In their work, they used a eutectic mixture derived from choline chloride: oleic acid (1:3 165 

M ratio) to facilitate cotton cellulose nanocrystals (DCNCs) formation, and for the preparation of peptide-cellulose 166 

conjugate as a protease sensor from HNE. Notably, DCNCs not only highly substituted HNE tetrapeptide but also 167 

had greater sensitivity to elastase than the TEMPO-oxidized wood cellulose nanofibrils (WCNFs). Moreover, 168 

structural character of DCNCs revealed crystallinity was high with larger crystallite sizes and the cellulose chains 169 

were well-aligned for binding the tetrapeptide on the (110) lattice reflections. The limit of detection the DCNCs-170 

based optical sensor was below 0.005 U/mL, indicating its practicability of application as a sensitive colorimetric 171 

sensor for enhanced near-patient testing protease biomarker in treatment of chronic wounds. 172 

In another work, Abdelkader and Kinloch [201] used mechanochemical process in a vertical laboratory attrition  173 

mill to produce exfoliated 2D crystals of graphene and transition metal dichalcogenides (TMDs) in a wet media 174 

of choline chloride: urea.  175 

In their work, the authors utilized double intercalation of Li+ and Et4N+ ions to achieve exfoliation process and 176 

subsequent delamination of the layered crystal within the grinding chamber by shearing. Typically, the resultant 177 

material was flakes with 2-5-layers of large diameters of about 5-20 μm and thickness of a thickness between 178 

∼0.9-2.5 nm. The authors concluded that the degree of delamination of the layered material gallery was highly 179 

dependent on the energy input of the grinding process, which is represented by grinding time and rotational speed. 180 

Results showed that the width of the (002) peak was broadened as the speed was increased due to strong 181 

attenuation in the π-stacked layers. This indicated the decreasing graphite grain size at 90° to the basal plane. In 182 

this study, the choice of choline chloride-urea system was not only because of high dissolution power of about 183 

2.5 wt.% for LiCl to obtain a good concentration of lithium ions but also its biocompatibility, which allows usage 184 

of the fabricated 2D ultrathin films in biological applications. Tuntarawongsa’s group [202] prepared therapeutic 185 

polymers using DES liquid components of menthol and camphor (1:1 ratio) of adequate concentration. The 186 
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menthol and camphor components of the eutectic system have been applied as active ingredient in diverse 187 

pharmaceuticals. In the resultant DES, Eudragit EPO polymer showed the highest solubility power for up to 40% 188 

(w/w) concentration without the individual compounds chemically interacting. Although all the concentrations of 189 

the system showed Newtonian behavior, the viscosity depicted an exponential relation with the polymer 190 

concentration. Moreover, the type and quantity of polymer slightly affected the pH and surface tension of the 191 

system. Summed up, the eutectic mixture of polymers could be beneficial in drug release for pharmaceutical 192 

applications [203].  193 

Solvent-assisted deep eutectic syntheses offer an interesting possibility that fits well within green chemistry. For 194 

instance, Serrano’s group [204] prepared a mixture of octamethylene glycol and lignocaine, a local anesthetic, in 195 

appropriate molar ratios to form an low temperature (40°C) eutectic mixture. 2-Hydroxypropane-1,2,3-196 

tricarboxylic acid was easily solubilized in this eutectic mixture and polycondensed with octamethylene glycol at 197 

90°C to obtain lidocaine-loaded polyoctanediol citrate elastomer as a drug eluting material. Belgacem’s team 198 

[205] extracted nanocellulose  (CNCs) using acidic NADES made of choline chloride: oxalic acid dihydrate 199 

(1:1 M ratio). With optimized cellulose fiber concentration, temperature and time, the authors evaluated the effects 200 

of CNC yield and crystallinity. Experimentally, they found that reacting 2% fiber concentration for 6 hours at 201 

boiling point of water, the product yield was about 43.6 %. The extracted CNCs in green solvents could find 202 

applications in biocomposite fabrication, biomedical, coatings, hydrogels, and rheological modifiers production. 203 

Additional materials such as selenium sulfide nanoparticles [206] have been developed for nanomedicine 204 

applications. 205 

4.6.  Sustainability assessment of DES-synthesized nanomaterials   206 

Over the last decades, DES have been promoted as green “designer” solvents due to their properties. However, 207 

their sustainability is now being scrutinized to understand their toxicological and environmental profiles. Key 208 

factors such as biodegradability, ecotoxicity, biotoxicity, feedstock sources, energy consumption, and separation 209 

processes need to be considered. Comparing these elements allows for a comprehensive classification of DES 210 

sustainability compared to traditional solvents and ionic liquids. Moreover, considering the entire value chain is 211 

crucial for assessing DES for various applications [207]. DES offer several sustainable advantages over solvents. 212 

Feedstocks and Recyclability: Type III DES (quaternary ammonium salts and diverse HBDs like alcohols and 213 

amides) and type V DES (low-cost renewable non-ionic molecules) are sustainable due to the recyclability of 214 

choline chloride and natural sources for NADES components. Depending on the application, DES can be easily 215 

recovered and reused, minimizing waste and reducing overall solvent consumption [208, 209]. 216 
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Biodegradability: Derived from natural and renewable resources, DES are often biodegradable and 217 

environmentally friendly, reducing environmental impact. Most biodegradation studies [208, 210, 211] on DES 218 

aqueous solutions with microorganisms have shown about 60% theoretical oxygen demand in the first two weeks 219 

[212], validating biodegradation. The choice of individual components affects biodegradability. 220 

Reduced Toxicity: DESs typically exhibit lower toxicity profiles compared to conventional solvents and ionic 221 

liquids [208]. In vitro cytotoxicity and toxicity are evaluated using human cell lines and bacteria, showing DESs 222 

are safer for human health and the environment [213]. 223 

Low Volatility and Energy Efficiency: DES have low volatility, minimizing emissions and health risks for workers 224 

[214]. Their low melting points allow for mild reaction conditions, reducing energy requirements and enhancing 225 

energy efficiency during nanomaterial synthesis [215]. 226 

In summary, while DES offer sustainability benefits, more research is needed on their biodegradability and 227 

toxicity to fully understand their environmental impact and ensure safe use in large-scale industrial applications. 228 

Particularly, their greenness is not without limitations. Recent review by Chen et al. highlighted that DESs, like 229 

ionic liquids (ILs), may not always be as environmentally friendly as initially claimed, with concerns about their 230 

potential toxicity, biodegradability, stability, and volatility under certain conditions [216]. More research is 231 

needed to address these issues and fully understand their environmental impact. 232 

5. Outlook and perspective 233 

The synthesis of nanomaterials has become pivotal in many scientific fields, driven by the demand for materials 234 

with unique properties. DESs have emerged as a promising candidate for sustainable nanomaterial synthesis, 235 

aligning with the global push towards eco-friendly practices and renewable resources. This review highlights that 236 

DESs provide greener and more efficient pathways for nanomaterial production, with key findings including: 1) 237 

scalable nanoparticle synthesis with controlled morphology, 2) enhanced CNT and graphene performance, 3) 238 

advancement in green polymer science through PDES, and 4) efficient production of tailored nanocrystals and 239 

nanofibers for drug delivery and environmental remediation. 240 

However, integrating DESs into nanomaterial synthesis presents challenges, such as: 1) the need for better 241 

optimization to control synthesis and material properties, 2) limited exploration of DESs in synthesizing specific 242 

nanomaterials like 3D carbon structures, 3) the need for further investigation into catalysis effectiveness in DESs, 243 

and 4) higher costs and recyclability challenges compared to conventional organic solvents, requiring more 244 

research for sustainable large-scale production. 245 
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To address these challenges and unlock the full potential of DESs, future research should focus on: 1) optimizing 246 

DES use for better control over nanoparticle properties, 2) exploring novel applications in drug delivery, catalysis, 247 

and environmental remediation, and 3) developing sustainable, cost-effective production methods, improving 248 

recyclability, and conducting life cycle analyses for long-term scalability. 249 

In conclusion, DESs offer significant opportunities for sustainable nanotechnology, alongside challenges that 250 

require innovative solutions. These challenges can serve as catalysts for further research and innovation with 251 

exciting prospects, beckoning researchers and practitioners to explore novel pathways, refine methodologies, and 252 

pave the way for a sustainable and transformative future in the synthesis of nanomaterials. DESs stand as one of 253 

the key drivers in advancing the field of nanomaterials towards a greener and more efficient landscape.  254 
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