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Abstract 

The recent impressive growth of Li-ion batteries (LIBs) production infrastructures is related to the 

surge of electric automotive industry. However, the current performance of LIBs is limited by the 

intrinsic capacity of graphite anodes, the use of organic solvents and by the limited wettability of the 

separator. In this review, we aim at demonstrating the grade of advance that can be expected for the 

performances of Li-ion batteries in the short term (roughly, 5-10 years) thanks to introduction of 

smart materials and interfaces. This temporal limit reflects the need of maintaining the current 

production chain of LIBs and optimizing the relative investments. 

In particular, we analyze and discuss the most recent scientific findings on: (i) the solvent, focusing 

our attention on deep eutectic solvents and ionic liquids (ILs) as an alternative to the currently adopted 

organic solvents; (ii) tuning the wettability of the separator, thanks to the optimization of the material, 

its porosity and its surface features; (iii) the anodic materials, according to the different proposed 

mechanism for Li storage and classifying them into different categories (i.e. carbon-based, Si,  

perovskites). Finally, we must recognize that, among the so-FDOOHG�³SRVW�/,%V´�EDWWHULes, Li metal 

batteries can also play a key role in the near future: this type of battery is currently under production 

for primary cells but requires a smart cathode|electrolyte interface to avoid Li dendrite growth during 

charge/discharge cycles in their future as secondary systems.  

 

 

Keywords 

Lithium, batteries, wettability, deep eutectic solvents, Li anodes, Li metal, room temperature ionic 

liquids. 
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1. Introduction 

 

The world energy scenario is a highly discussed topic mostly because of its strict relation with carbon 

dioxide emissions and thus to global warming. As depicted in Figure 1a, energy production, still 

mostly relying on fossil fuels, also leads to health emergencies that are detectable in the short term. 

For example, the World Health Organization estimates that 4.2 million deaths occur every year 

because of the exposure to outdoor air pollution (https://www.who.int/health-topics/air-pollution, 

accessed on 14 August 2021). According to the International Energy Agency, the global energy 

demand is growing worldwide, except for 2020, when the COVID-19 emergency led to a decrease of 

the energy demand with respect to 2019 (https://www.iea.org/reports/global-energy-review-

2021?mode=overview accessed on 09 March 2022).  

It is worth noting that, in 2020, the share of energy from renewable sources used in transport in Europe 

reached the 10% target (https://www.eea.europa.eu/data-and-maps/daviz/share-of-renewable-

energy-9#tab-chart_9 access on march 2022) but reaching the goals set by the European Green Deal 

(zero net emissions of greenhouse gases by 2050) will require further, intensive efforts. 

The sustainable exploitation of renewable energy sources demands for suitable energy conversion 

and storage technologies, aimed at buffering and compensating for the oscillatory and localized 

productivity of solar, wind and all other natural supplies. This in turn guarantees a decreasing use of 

fossil fuels, followed by reduced carbon dioxide emissions and by the saving of raw chemicals to be 

used in the chemical industry. 

While the use of energy vectors, such as hydrogen, is rising as the most promising strategy for mid-

large facilities, also by adapting natural gas infrastructures, energy storage for the medium-small scale 

almost completely relies on lithium-ion batteries (LIBs). LIBs real price dropped by about 97% since 

their introduction in the market, in 1991 [1], as show in Figure 1b, and notwithstanding the rapid 

growth of Li price [2]. This decrease, that is comparable to the one of photovoltaic panels, is at the 

bases of the boom of electric micro-mobility and certainly plays an enormous role in the advance of 

portable devices and of electric (or hybrid) automotive market up to the utility (grid) scale (few 

megawatt-hours, MWh, to hundreds of MWh).  
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Figure 1. a) Energy production shares (1990-2019), based on International Energy Agency, IAE, data 

from IEA (2022) [Energy Supply by Source], https://www.iea.org/data-and-statistics (accessed on 

date 21 February 2022), All rights reserved; as modified by the Authors of the present paper and, (b) 

price of LIBs per kWh (1990-2019) Reproduced from ref  [1] with permission from the Royal Society 

of Chemistry 
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The Nobel Prize 2019 in Chemistry, awarded to John B. Goodenough, M. Stanley Whittingham and 

$NLUD�<RVKLQR� ³for the development of lithium-ion EDWWHULHV´, clearly witnesses the fundamental 

importance of Li-ion batteries in human beingV¶�GDLO\�OLIH�  

Still, we can ask ourselves a rather compelling question: are we witnessing the midlife crisis, the swan 

VRQJ�RU�UDWKHU�D�³UHELUWK´�RI�/L-ion batteries?  

The success of LIBs in portable devices follows their high energy/power density (in J m-3 and W m-

3) and specific energy/power (in J kg-1 and W kg-1), together with their flexible exterior dimensions 

and design, and their robustness (temperature range of operation, cyclability etc.). Particularly 

important, for electric vehicle (EV) applications, is the specific capacity (in Ah g-1), that regulates the 

travel distance and that can be calculated by equation 1:  

ݕݐ݅ܿܽܽܿ�݂ܿ݅݅ܿ݁ݏ ൌ ி
ெ౭

          (1) 

where n is the number of exchange electrons, F the Faraday constant and Mw the molecular weight. 

The market is constantly asking for better batteries, with increased specific capacities, yet longer 

lasting and safer. This is needed to increase EV autonomy. In ref. [3], the main strategies for future 

batteries were listed, and LQFOXGH�WKH�VHDUFK�IRU�QRYHO�/,%�HOHFWURGH�PDWHULDOV��µbHVSRNH¶�EDWWHULHV�IRU�

a wider range of applications, the development of new electrolytes, the introduction of new anion 

redox chemistries (Li air, Li-sulphur) [4±6], the use of other cations (Na, Mg, Ca, Al) and the 

possibility of decoupling electrochemistry and storage, i.e., redox flow batteries. The transition 

towards these technologies will unavoidably require a deep renovation of production infrastructures 

[7].  

In the most recent years, Li-metal batteries were also the focus of important publications, because of 

their high potentialities (increase of energy density) but with all the limits related especially to the 

possible growth of Li dendrimers and ensuing anode-cathode short circuit. 

Among all these possible strategies, the technologies most likely to be introduced at the industrial 

level are new electrode materials, in particular anodes, modified separators, and new solvents. This 

can be easily understood considering the current scenario of LIBs fabrication. 

In fact, we are witnessing an impressive growth of LIBs industrialization, particularly relevant in the 

automotive industry. For example, as declared in the Tesla website 

[https://www.tesla.com/Gigafactory, accessed on May 2021], the production of EVs requires the 

HQWLUH�ZRUOG¶V�VXSSO\�RI�/,%V�DQG�OHG�WR�WKH�LQVWDOODWLRQ�RI�QHZ�EDWWHU\�SURGXFWLRQ�IDFLOLWLHV��WKH�VR-

FDOOHG�³*LJDIDFWRU\´��WKH�ILUVW�RQH�UHDFKLQJ�D�SURGXFWLYLW\�HTXLYDOHQW�RI�URXJKO\����*:K�\-1), aimed 

to compensate this lack.  
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This opens serious questions, including the availability of the requested supplies (of Li, Ni and Co, 

in primis [8]) and the need of proper recovery and recycling of the various battery components [2], 

which will likely lead to a deep renovation of the battery market.  

However, an intermediate step will serve in transition, to further improve the LIB performances, yet 

not requiring any revolution in the production plants.  

In this review, we  the Milan school of electrochemistry at which Prof. Sergio Trasatti belonged for 

over 30 years  offer a critical perspective on some of the most striking technical aspects which can 

allow the survival of LIBs, and particularly on those that will likely play a role soon (5-10 years) 

without shaking up the current production chain. Developing suitable smart interfaces will extend the 

specific capacity of LIBs mostly by coupling the design of new anode materials (Section 4) with an 

improved wettability of the anode and of the separator (Section 3). The possible substitution of the 

electrolyte can also play a crucial role.  

For what concerns this last aspect, different technologies have been proposed, including polymers. 

ionic liquids (ILs) and, more recently, deep eutectic solvents. However, the first technology will likely 

require a deep modification of the productive processes and still possess important drawbacks (see 

below), thus we will review the most important outcomes on the other two (Section 2).  

We believe that the most likely advance from LiBs could be the (re)introduction of Li-metal batteries, 

an industrial technology already adopted for primary batteries (that represented the predecessor of 

LIBs and that are still in use[9]) but that suffers from charge/discharge cycles mostly because of the 

formation of dangerous dendrites. It is now evident that a rational design of a smart interface can 

overcome this limit, thus allowing a dramatic increase of specific capacitance compared to LIBs 

(section 5). 

 

2. Lithium battery electrolyte issues and related advanced media tools  

The performances of lithium batteries are of course strictly related not only to cathode and anode 

material and morphology, but also to the electrolyte nature and properties.  

In particular, requirements for an ideal lithium battery electrolyte, particularly considering Lithium-

ion batteries, but also Lithium metal ones, for which adoption of appropriate electrolytes is a 

determining condition to become as above mentioned a key asset in the near future, are [10±15]: 

A) Charge transport properties: high ionic conductivity; in particular, very efficient transport 

of Li+ cations in their shuttling between electrodes in charge/discharge processes, which 

should not become rate determining respect to the electrode processes in which they are 

involved (e.g. solid-state diffusion intercalation processes). 
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B) Interphase-related issues: good contact/wettability of the electrodes (also considering 

porosity), low resistance of the electrode|electrolyte interface. Moreover, ability to 

promote on the graphite intercalation anodes the formation of a passivation layer (SEI, 

³VROLG�HOHFWURO\WH�LQWHUIDFH´, which will be specifically dealt with at paragraph 5, being a 

key issue for Li-ion batteries, and an even decisive one for Li-metal ones), conducting for 

Li+ ions but not electrons, and of soft/elastic/self-healing and thus beneficial nature during 

the battery cycle life, that is, with low tendency to defect formation during 

deposition/dissolution cycles; also, particularly in the perspective of lithium metal 

batteries, preventing dendrite growth and anode exfoliation1, and thus preserving capacity 

and cycle life, preventing dangerous short circuits from dendrite material getting through 

the separator [15]; actually the former transition from Li-metal to Li-ion batteries was also 

prompted by the intrinsically better properties of the SEI in the Li-ion case [13,16], and 

the possible return to the Li-metal strategy with related advantages is deeply connected to 

the possibility of improving/controlling SEI features [13,15,16].  

C) Electrochemical stability: Wide potential window, consistent with the large potential 

differences involved in lithium batteries, in the 3-5 V range depending on the electrode 

choice, implying high electrochemical stability of the electrolyte on both the oxidation 

and reduction sides in order not to interfere with the battery anodic and cathodic processes. 

D) Safety issues: chemical stability in a wide temperature range (allowing battery operation 

both at high and low temperatures), low vapor pressure, low or null flammability, ensuring 

safe operation particularly in the rapidly growing electric and hybrid vehicle industry; 

features enabling to avoid leakages. 

E) Sustainability issues: Reasonable cost; environment-friendly nature. 

Of course, above issues A, B and C are strictly related to the electrolyte solvation/coordination 

features, especially concerning Li+ ion. In fact, such features can be determining both on electrolyte 

properties (solubility, ion mobility, conductivity, viscosity...) and on interphase features and 

processes (interphase structure, electrode reactions involving lithium ion or/and solvent, as well as 

SEI formation, morphology and properties) and thus dramatically affect the battery performance 

parameters and lifetime [10,11,17±27]. Accordingly, the key, very complex issue of solvation in 

lithium battery electrolytes, and the strictly related ones of conductivity, viscosity and ion diffusion 

                                                           
1 Li metal can react with solvents and Li salts in the battery electrolyte, forming a passive solid electrolyte interface 
(SEI) on the anode surface.  When the latter cannot withstand volume changes in cyclic Li deposition/dissolution, 
defects can be generated in the SEI, corresponding to preferential Li+ diffusion and higher local current density, with 
dendrite growth. Coulombic efficiency is reduced, and Li dendrite material can get through the separator, with short 
circuit dangers.[15]  
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coefficients and dynamics, have been dealt with in many studies and employing a very wide pool of 

techniques, including MD and DFT computations, electrochemical techniques, IR, FTIR/ATR, 

Raman, IR-DOS, SERS, X-ray diffraction, NMR, NOE, ESI-MS, inelastic neutron scattering, FM-

AFM UV/Vis, thermal analyses, rheometry, fluorescence, EPR and the Moiré pattern method [19±

26,28±65] 

An early, very popular choice as commercial lithium battery electrolytes is represented by solutions 

of lithium salts, particularly LiPF6 (on account of an overall favourable property combination; 

however, others have also been pointed out as possibly competitive, like e.g. LiFSI and LiTDI [26]), 

in organic carbonates (ethylene carbonate EC, diethyl carbonate, DEC, ethylmetyl carbonate, EMC, 

propylene carbonate PC and others, often in admixture to find a good property compromise) 

[10,14,66,67]. In such ³traditional´ solvent+supporting electrolyte systems, solvation modes can be 

discussed in terms of solvent-separated ion pairs, contact ion pairs, or aggregates [25,26], modulated 

by nature and concentration of the components; for example, optimized properties in carbonate 

electrolytes can be obtained by an appropriate balance of cyclic and linear ones [23,25]. Various 

additives, fluorinated carbonates and anion modulation have also been proposed to modulate 

properties and especially to improve SEI formation and safety [10,14,18,64]. Besides carbonates, 

other organic solvents/cosolvents, including sulfones, nitriles, and fluorinated solvents (particularly 

beneficial for SEI formation)  have also been investigated [14,18,65]; a study on a single-Li+ion 

conducting polymer (poly(allyl glycidyl ether-lithium sulfonate) dissolved in nonaqueous solvent 

DMSO showing improved performances respect to a simple Li salt has also been reported [68]. 

However, organic carbonate media (and in general liquid electrolytes based on organic solvents) 

suffer from intrinsic severe drawbacks. They have low stability on the anodic side, low flash point, 

flammability, possibility of leakages [10,11] and, particularly when employed in Li-S and Li/Na-air 

batteries, they can promote side reactions and dissolution of electroactive materials [12]. 

To improve lithium battery electrolyte features many approaches have been proposed, including: 

(i) Solid electrolytes [69]. Inorganic: either crystalline/ceramic or amorphous [14], including  Li+-

containing oxides (particularly perovskites), sulfides, hydrides, borates, phosphates, LIPON 

(lithium phosphorus oxynitride) also as thin film solid electrolyte for thin film batteries, LISICON 

lithium superionic conductors (similar to NASICON sodium ones) like e.g. LiTi2(PO4)3) [14,69]. 

Organic: dry solid polymer electrolytes,  particularly composite ones with integration into organic 

matrices like PEO, PAN, PMMA, PVC, PVDF, of ceramic fillers, either involved in ionic 

conduction, like Li2N and LiAlO2 or not, like Al2O3, SiO2, MgO [12,67], and many more, very 

attractive also in the Li-metal perspective (recent exhaustive review in [70]); for example very 
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good performances in various setups were obtained with mechanically robust PI/PEO/LiTFSI 

polymer electrolyte [26,71]. Solid electrolytes have also been tested in Li-air, Li-S and Li-Br2 

cells. [14,21] However, solid electrolytes, in spite of eliminating leakage problems, having low 

flammability and resulting in higher anode stability, suffer from problems of little electrode 

contact and low ability to SEI self-UHSDLULQJ��DQG�WKHUHIRUH�UHTXLUH�VRPH�³VRIWHQLQJ´�[11,13], like 

in semisolid/gel/hybrid materials discussed below. 

(ii) Lithium salts/cations in advanced liquid media ionic liquids ILs or deep eutectic solvents DESs, 

on which we will focus below.  

(iii) Hybrid/semisolid/gel materials, most of which based on (ii). 

ILs are molecular salts liquid below 100 °C (in particular, RTIL room temperature ionic liquids are 

liquid at 25 °C), often based on ammonium, phosphonium, (benz)imidazolium, pyridinium, 

SLSHULGLQLXP� FDWLRQV� ZLWK� ORQJ� DON\O� FKDLQV�� FRPELQHG� ZLWK� ³VRIW´� anions (e.g. BF4, PF6, and 

especially TFSI, bis(trifluoromethane)sulfonimide (CF3SO2)N-, a very popular tool for melting point 

lowering) [10±13,66]. They have acquired great popularity on account of many advantages, including 

low volatility and flammability, tunable polarity, acidity and proticity, wide chemical and thermal 

stability in liquid form, and tunable functional properties [13], including viscosity and conductivity 

�WKH\� DUH� FRQVLGHUHG� ³GHVLJQHU� VROYHQWV´��� )URP� WKH� HOHFWURFKHPLFDO� SHUVSHFWLYH�� WKH\� DUH� DOVR�

attractive since they act as both solvent and electrolyte and on account of their good transport 

properties and wide electrochemical windows [10±13]; respect to traditional media they have 

peculiarities concerning charge transport, viscosity and solvation [11] as well as much higher 

structural order at the charged electrochemical interphase [11], locally resembling bulk liquid crystal 

properties, extending at a considerable distance from the electrode surface [72], and also holding in 

the presence of significant amounts of water [67]. 

Basically, IL-based lithium battery electrolytes can be obtained dissolving a lithium salt in an IL, 

possibly with the same anion; a typical example is 0.2-1 M LiTFSI in Pyr14TFSI (N-butyl-N-

methylpyrrolidinium bis(trifluoromethanesulfonyl)imide) [10,66]. The resulting media are quite 

attractive considering the above ideal feature check list for a lithium-ion or lithium-metal battery 

electrolyte, because: 

x respect to solid electrolytes, they offer better electrode wettability and formation of good SEI 

layers, which can even form electrolessly [11,12,73]. On the other side, leakages are possible, 

although they are more viscous than other liquid electrolytes; 

x respect to liquid electrolytes based on organic solvents, they are much safer, being of little or no 

volatility and flammability [10,12,66]; they offer a wider operating temperature range on account 
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of their good thermal stability in liquid phase with low melting point and very high boiling point 

[10,66]; moreover, unlike carbonate media, their electrochemical windows are wide on the 

oxidation side, too [11].  

On the other side, with respect to classical solvent+electrolyte systems, IL-based ones can have lower 

conductivity ([10]; a favorable comparative case is instead reported in [44]), higher viscosity [8], as 

well as lower wettability of the electrode surface [8]; however, solid-state diffusion within electrodes 

is significantly more rate determining than diffusion of Li+ even in viscous ILs [8], and electrode 

wettability could be enhanced by appropriately tuning electrode porosity [8]. 

Moreover, viscosity and conductivity in IL-based electrolytes are widely modulable by adding partner 

cosolvents/additives ([34,45,53]; see also below) and/or by appropriate molecular design [11,13,27] 

(and in this light development of new IL families is highly desirable). The system (LiTFSI in IL 

media with TFSI anion) is a favorite model subject for studies of Li+ coordination, as a function of 

concentration, IL cation, and possible additives [28±34][39,40,42,43,46,55] which can determine 

different coordination regimes/modes. In general oxygen atoms provide most of the coordination 

points in Li+ interaction with TFSI- anions [28±34], which is the predominant structural feature [36] 

although some Li+ aggregates might also be present [35]. While in an aprotic IL the cation is 

preferentially coordinated by the anion, in a protic IL proton competition for TFSI- coordination can 

leave the Li+ cations more free, resulting in higher conductivity and lower charge transfer resistance, 

implying the possibility to operate at higher discharge rate [10,36,37]. Changing the anion [44,55], 

or modulating the anion structure as in a TFSA-/FSA- study [39], can result in significant electrolyte 

property variations.  

It is important to underline that Li+ coordination and thus transport features are significantly different 

in ILs respect to the above organic media; they have been described in terms of a Li+ hopping 

mechanism between ligand coordination shells, with related activation barrier [36]. 

For their attractive features IL-based electrolytes look promising for Na batteries, too [74,75]. 

Moreover their performances can be improved forming hybrid systems and/or implementing more 

advanced functions [10±13,66,74±77]: 

x ILs + molecular solvent mixed media, for a reasonable compromise between safety and low 

resistance and viscosity; the mixture component ratio can vary widely; a small carbonate amount 

can result in very good performances (lower resistance and viscosity, better wettability without 

electrolyte flammability); on the other hand, small IL additions can act as flame retardant [11]; 
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x in particular, redox-active ILs as additives in lithium battery liquid electrolytes acting as redox 

shuttles to prevent overoxidation and related dangers (in the event of an overcharge they are 

oxidized in place of the positive electrode active material) [76]; 

x ³sROYDWH�LRQLF�OLTXLGV´�FRQVLVWLQJ�RI�PL[WXUHV�RI�/L�VDOWV�LQ�JO\PHV�VWURQJO\�FRRUGLQDWLQJ�WKH�/L+ 

cations [19,42,48,51], which depending on concentration and molecular structures can have either 

ionic liquid or concentrated salt solution behaviour [48,51]; 

x I/V�DV�FRPSRQHQWV�RI�JHO�HOHFWURO\WHV��³,RQRJHOV´ [78]). Gel electrolytes prepared from a polymer 

like PEO, PEG, PMMA plus a lithium salt typically require a carbonate plasticizer additive, 

resulting in better conductivity but also flammability [11,69]. The problem is solved filling the 

polymer matrix with ionic liquids instead [11,12,69,78]. Ionogels can also have the IL filled into 

an inorganic matrix (e.g. SiO2) or even an hybrid inorganic/organic one [12,70], or consist of two 

ILs, one acting as matrix and one as plasticizer [11]. Ionogels can exhibit high elasticity and 

flexibility as well as transparency combined with high conductivity and non flammability [77]; 

x ionic liquid crystals ILC: supercooled ILCs [11] combine structuring of LCs and conductivity of 

ILs which can promote charge channeling along nematic structures; 

x organic ionic plastic crystals, with the added bonus of plasticity [12,77]; 

x poly(ionic liquids) having no leakage problem and the possibility to form (poly)ionogels and 

³VLQJOH-[Li+@LRQ�FRQGXFWLQJ�HOHFWURO\WHV´�[75], with high Li+ transference numbers; 

x IL-tethered nanoparticle hybrid electrolytes [12,66,78±81]; 

x ILs as wetting agents and/or SEI film promoters between solid electrolytes and electrodes; 

x ILs as fillers of polymer frameworks to obtain solid electrolytes with good conductivity and 

mechanical properties [14,69]; 

x the issue of suitable separators in LIB operating with IL-based electrolytes has also been treated 

[82]. 

It is also worthwhile mentioning that, besides as advanced electrolyte components, ILs are precious 

tools in LIB technology development also [11,12], 

x as components of electrodes as modulable, multifunctional binders (particularly PILs) e.g. 

between less conducting cathode materials like LiFePO4 and graphite; 

x for fabrication of porous carbons through facile one-step thermolysis of ILs (in particular, 

from cyano-functionalized anions N-doped carbons are obtained); IL-derived carbons can 

also be used as coatings of support materials besides as backbones; 

x for IL-assisted synthesis of inorganic materials and inorganic/organic composites and for 

IL-mediated electrodepositions. 
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More recently, a new media class, deep eutectic solvents DESs [83], has been attracting increasing 

interest in the chemical [83±87] and electrochemical community [88±90], including the lithium 

battery (Li-ion, Li-Me, Li-S) field [15,48,91±118]. 

DESs are multicomponent, usually binary, systems resulting in eutectic formation at a much lower 

temperature than that predicted in ideal conditions, on account of strong specific interactions between 

their components (especially Lewis or Arrhenius acid/base ones). [83] They are defined as DESs even 

if the component ratio does not correspond to the eutectic composition, provided that their melting 

point be below the above ideal eutectic one [83]. They can be prepared by simply mixing their 

components, often of natural origin and of low cost. 

Their attractiveness and competitivity respect to ILs stems from, 

x advantageous properties similar to IL ones, including low or null volatility and flammability, 

good solubility and transport properties, wide PRGXODELOLW\�RI�IXQFWLRQDO�SURSHUWLHV��³GHVLJQHU�

VROYHQW´�IHDWXUHV���DQG�KLJK�VWUXFWXUDO�RUGHU�DW�WKH�FKDUJHG�LQWHUSKDVH��LQWHUPHGLDWH�EHWZHHQ�

ILs and normal double layer, also in the presence of significant water amounts [90]. 

x In addition, respect to ILs, much easier synthesis, lower cost and higher biocompatibility; 

DES can often consist of very common natural ingredients and therefore be completely 

biocompatible, available in large quantities, and with interesting functional properties (like 

e.g. chirality) [90]. 

x Specifically for application in LiB electrolytes, the lithium salt can be one of the two DES 

components, and if the partner is a non-electrolyte Li+ can be the only cation in the medium, 

with high transference number. Instead with ILs usually lithium salts are dissolved in the IL; 

thus the anion can be the same but there are two cations; formulation of an IL with Li+ as the 

only cation looks hard [114]. 

In this frame, various DES systems have already been successfully tested as electrolyte media in 

LiBs, most of them, but not all, based on amide+lithium salt binary systems. 

x in 2013 DESs consisting of N-Methylacetamide combined with LiX, with X = TFSI, PF6
-, 

NO3
- anions were found to have wide liquid-phase ranges with very low eutectic points 

(between -50 and -80 °C), low vapor pressure, as well as high ionic conductivity, and 

performed well in preliminary LiB tests in (Lithium titanate or Activated Carbon |DES 

|LiFePO4) setups. [101][112] The NMA: LiTFSI DES was also the object of a detailed 

investigation concerning intermolecular interactions between its components [113]; 
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x in 2014 DESs consisting of alkyl sulfonamides with lithium perfluoroalkylsulfonimide salts 

exhibited room temperature conductivity similar to carbonate-based liquid electrolytes 

(although viscosity was much higher) and good cathode and anode cycling behaviour [114]; 

x in 2018 the system 0.5 M LiPF6 in environmentally friendly and very cheap DES 3:1 ethylene 

glycol+choline chloride (about US$1 per kg and US$0.5 per kg, respectively) showed very 

good conductivity and good thermal and electrochemical stability [115]; 

x in 2019 the methylsulfonylmethane+lithium perchlorate+water ternary system was proposed 

as a safe, environmentally friendly, and low-FRVW�³ZDWHU-in-VDOW´�HOHFWURO\WH��ZLWK�VDWLVI\LQJ�

electrochemical stability window, and enabling high energy density and high capacity 

retention in Li4Ti5O12|Electrolyte|LiMn2O4 cell tests [116]; 

x In the same year, an H-caprolactam+acetamide DES was found to dissolve all sulfide and 

polysulfide species, effectively attenuating major problems affecting Li-S batteries  (massive 

cathode volume changes and Li2S2/Li2S precipitation, increasing polarization and decreasing 

cycle life), besides other favourable features [117]; 

x In 2020, a DES based on 4:1 2,2,2-trifluoroacetamide (TFA)+ LiTFSI with addition of 10% 

ethylene carbonate gave satisfactory performances in Li|Electrolyte|LiMnO4 cell tests in 

terms of specific capacity and of cycling behaviour [118]; 

x Other binary or ternary DES systems with promising features for lithium batteries have 

recently been the object of preliminary physicochemical and electrochemical investigations, 

ranging from LiCl in choline chloride+urea [91] to LiCl or LiTFSI with various amides 

(comparing HBD containing and HBD free ones in terms of Li+ coordination ability, and 

highlighting tetramethylurea/LiTFSI and 1,3-dimethyl-2-imidazolidinone/LiTFSI as most 

promising systems) [92], to LiClO4+acetamide (focusing, again, on Li+ solvation and transport 

issues) [48]. 

Compared to former cases of (solvent+lithium electrolyte) systems and of lithium salts in ILs, in the 

case of DES-based lithium electrolytes it is even more difficult to achieve a rationalization of the cell 

performance in terms of Li+ solvation modes (as for a rationalization of the electrode|solution 

interphase structure, too). This is because of the system complexity (in terms of number of actors and 

of the variety of interactions to be simultaneously considered), of the enormous range of cases 

possible, and of the still small number and specific character of investigations available on the topic. 

[53] Most of them concern amide-based DESs. In the above cited early work on N-Methylacetamide 

cod with LiTFSI, LiPF6 or LiNO3, the authors assumed possible interaction of methylacetamide with 

both Li+ (on the C=O side) and anion (on the NH side), resulting in microdomains [101]. Various Li 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



13 
 

salt-amide systems are also the object of a MD study in the more recent above cited work [92], 

confirming strong Li+ coordination to C=O. In a MD+neutron scattering study performed on a 

(LiClO4 + acetamide) DES, lithium ions were reported to prevailingly diffuse together with their first 

coordination shell, consisting on an average of about 3.2 acetamide molecules [48]. The effect of 

alkyl chain length, temperature, and anion on interaction and dynamics in alkylamide+lithium 

electrolyte systems was studied by a combination of MD and experimental techniques in [58]. MD 

studies also dealt with orientational jumps in acetamide+lithium salt systems with related anion 

modulation [60], and with the effect of an increasing water content on Li+-acetamide interactions 

[62]. A study based on IR as well as physico/chemical and electrochemical characterizations 

investigated (LiTFSI+Trifluoracetamide) DESs, as such and upon modification with small EC 

additions [118]. A combined MD and NMR study on sulfonamide-LiTFSI systems provided 

formulation guidelines for significant property improvement [59]. A quite smaller number of studies 

involved non-amide Li-DES cases, such as e.g. structure perturbation upon addition of lithium salt of 

binary ethaline and decaline DESs [47], competition of urea with TFSI- in Li+ coordination in 

LiTFSI/urea systems [62,63], ionicity evaluation in many DESs including some lithium-containing 

systems [50], and  combination of carbonate-based lithium electrolytes with choline-based DESs [57].  

As for ILs, also in the DES case a further evolution step as lithium battery electrolytes consists in the 

GHYHORSPHQW�RI�JHO�V\VWHPV��FDOOHG�³eutectogels´��(7*V��E\�'(6�K\EULGL]DWLRQ�ZLWK� LQRUJDQLF�RU�

polymeric matrices, in analogy with the above IL-EDVHG�³LRQRJHOV´��HOLPLQDWLQJ�OHDNDJH�SUREOHPV�

and of convenient mechanical properties [93±96]. 

A first ETG family was proposed in 2018, consisting in N-PHWK\ODFHWDPLGH�/L7)6,�'(6VíVLOLFD�

FRPSRVLWHV��SUHSDUHG�RYHU�D�EURDG�UDQJH�RI�FRPSRVLWLRQV�YLD�D�QRQDTXHRXV�VROíJHO�URXWH��RI�KLJK�

ionic conductivity and thermal, chemical, and electrochemical stability, resulting in stable cycling 

Li/ETG/LiFePO4 cells over 100 cycles at C/10, and of lower cost than ionogels [93]. In 2020 the 

same group proposed to integrate the same kind of DES in a polymeric host, avoiding the heating 

required in case of inorganic matrices, resulting in partial amide loss, and resulting in better 

mechanical features; this ETG was obtained from a blend of acryloylmorpholine (monomer), ethylene 

glycol dimethacrylate (crosslinker) and 2,2-dimethoxy-2-phenylacetophenone (photoinitiator), with 

a procedure involving UV irradiation the resulting ETG had very good conductivity, stability and 

mechanical properties, low flammability and by stable cycling results of Li/P-ETG/LiFePO4 cells 

over 100 cycles at C/5 to 1C rates. [94] A N-methylacetamide+LiTFSI DES was also successfully 

combined in the same year by another group with a polymer matrix consisting of 2-hydroxyethyl 

acrylate (HEA) and polyethylene glycol methyl ether acrylate (MPEGA), resulting in ETGs of 
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improved stability and performances in Li4Ti5O12|ETG|LiMn2O4 cell tests respect to the 

corresponding liquid DESs, and also more water tolerant, a useful feature for application in ambient 

conditions [95]. 

Another recent approach concerned an ETG obtained by in situ polymerization (an attractive tool to  

optimize electrode|electrolyte interface features), in mild conditions and with nearly quantitative 

yield, from a molten mixture of monomer (2-(((2-oxo-1,3-dioxolan-4-yl) methoxy) carbonylamino))-

ethyl methacrylate), a succinonitrile plastic crystal, and two lithium salts; also in this case good Li+-

conductivity and very good high-voltage stability in Li-metal battery with LiCoO2 cathode were 

obtained [96].  

A very attractive DES-based in-situ prepared and self-healing ETG for application as lithium-metal 

battery electrolyte has also been recently proposed, obtained by a facile in situ thermally initiated 

polymerization from comonomers 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl 

methacrylate and pentaerythritol tetraacrylate, integrated by a non-flammable DES electrolyte 

containing fluoroethylene carbonate (FEC) as an additive. The hybrid system displays 

nonflammability, high ionic conductivity and electrochemical stability, and dendrite free Li 

deposition; moreover, tested in LiB with LiMn2O4 cathode, such electrolyte also prevents manganese 

dissolution from the cathode, resulting in stable interface features, high capacity and a long cycle life 

even at high temperatures [15]. 

 

Finally, it is worthwhile mentioning that, similarly to ILs, also DESs have been successfully studied 

and tested for other tasks in LiB development. They show attractive potentialities: 

x as media for the controlled synthesis of LiB cathode materials (spindle-like LiMnPO4/C 

[97], LiMnPO4/C Nanorods [98]]; 

x as media for the controlled synthesis of LiB anode materials (Porous Sn-Ni-Cu Alloy anode 

[99] porous carbon xerogels with expanded graphite [100] , morphology-controlled Sn 

powders [102]); 

x as media for sustainable and efficient dissolution/recovery of cathode materials from 

exhausted LiB, especially cobalt, whose recycle could be of potential strategical/economical 

interest [103±111]. 

 
3. The separator-electrolyte interface: tailoring wettability for better Li-ion batteries 

In the last decades, the separator in lithium-ion batteries (LIBs) has played a progressively significant 

role for the enhancement of cell performances [82,119]. Intuitively, separators are necessary to 
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prevent the direct contact between the positive and negative electrodes, concomitantly guaranteeing 

the lithium ions transport [120]. As such, a promising separator should ideally exhibit excellent 

chemical/electrochemical/mechanical stability, high ionic conductivity as well as an almost complete 

wettability by the electrolyte solution. A smart design of these two interfaces (electrolyte|separator 

and electrolyte|electrode) could be at the bases of a significant improvement of the specific 

capacitance in LIBs and in Li-metal batteries. Nowadays, the most common separators are based on 

polyolefin membranes, such as polypropylene (PP, commercially available as Celgard 3501), 

polyethylene (PE, namely Solupor 7P03A), poly(ethylene terephthalate) (PET, known as Separion 

S240P30) or their composites [121,122]. However, bare polyolefin-based materials generally are 

poorly wettable and show limited electrolyte uptake, which leads to poor ionic conductivity of the 

electrolyte-containing separator and, in turn, to poor rate performances and faster deterioration of the 

LIB [82,122±124]. 

Focusing on wettability, to reduce the cell internal resistance in LIBs, the electrolyte should 

completely wet out both the electrodes and the separator. The wettability of porous materials can be 

modelled considering a capillarity-driven liquid movement [125]. While in liquid electrolyte cells 

electrode wetting is generally a minor issue [82], incomplete wetting of the separator can occur due 

to poor compatibility with the electrolyte, resulting in dry spot formation during cycling and uneven 

current distribution [119]. Moreover, at the same time, scarce wetting can cause both lithium 

extrusion and lithium degradation, giving rise to safety concerns and to a significant reduction of the 

battery life [82,126]. The speed of wetting plays a key role in electrolyte infilling, which is a known 

bottleneck in LIB manufacturing process that can take 12-24 h by application of a negative pressure 

[127,128].  

Comparing the wetting properties of cell components is made more complex by the lack of standard 

methods. Typically, the wettability of separators and other cell materials is investigated by contact 

angle measurements, i.e., by measuring the profile of an electrolyte drop deposited on a dry separator 

(Figure 2a) [129], allowing also the determination of the solid surface free energy [130,131]. 

However, contact angle accuracy is limited when the liquid is rapidly absorbed by the separator. It 

should also be noted that contact angle measurements refer to solid-liquid interactions at the separator 

surface, whereas the migration of the electrolyte into the separator porous structure is the real key 

aspect (Figure 2d). Contact angle measurements alone are not enough to predict imbibition rates: 

besides surface chemistry and electrolyte surface tension (which determine contact angle values), 

other parameters such as the electrolyte viscosity, solid porosity, pore size and interconnectivity play 

a crucial role in capillarity-driven imbibition phenomena [125]. Alternative methods have been 

proposed. For instanFH��O¶$EHH�et al. [132] used a testing method from the textile industry based on 
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the measurement of capillary forces (in terms of liquid height and liquid mass uptake) as a function 

of time during the upwards flow of liquid through a porous medium (Figure 2e). However, the 

accuracy of the wetting balance method (based on Lucas-Washburn equation) is limited by 

assumptions about the sample geometry (uniform porosity and pore cross-section) and other 

interfering phenomena (evaporation, inertia and gravity influences are neglected). As an alternative, 

Davoodabadi et al. measured imbibition rates of electrodes by direct visualization of the imbibition 

front during horizontal absorption in the absence of evaporation [125]. Other methods include 

impedance spectroscopy [133,134], and in situ X-ray and neutron imaging of the wetting front 

[135,136]. Besides experimental techniques, a computational method (namely lattice Boltzmann 

method, LBM) has been adopted to simulate the electrolyte transport into porous electrodes 

[137,138]: for instance, Jeon recently reported an in-depth study of the dynamic interaction between 

the liquid electrolyte and the electrodes surface showing the impact of pore-throat size distribution 

on the electrolyte wetting behaviour [138]. 

Several studies have shed light on the main physicochemical features that a promising separator 

should have for optimal wettability properties [82,124,127]. Among them, key roles are played by 

the materials porosity, pore size and surface chemistry [82,126,128,139±141]. In particular, pores 

blockage reduces the overall electrodes wetting, thus leading to an increase of the electrolyte 

resistance, concurrently decreasing the electrodes capacity. To increase the electrolyte distribution, 

the fine control of the material porosity and pore size results pivotal. Regarding the former, a too low 

porosity (below 40% as in PP, PE or PP/PE separators) can cause scarce imbibition and, as a result, 

it cannot guarantee a sufficient mass transport. Nevertheless, to improve the power density, this 

parameter needs to be around and not above 40-45%. A good balance may be the engineering of 

membranes having microchannels that can prevent the problem of pores blockage [137,139,142]. 

Porosity is also fundamental to keep enough electrolyte to assure an adequate ionic conductivity (that 

should range between 10-3 and 10-1 S cm-1). Besides, it is believed that pores size should be smaller 

than the particles size of both the electrodes and, overall, in sub-micrometric range [82,124]. 

Furthermore, the separator morphology together with the pores distribution should be homogeneous 

in order to reach a uniform current distribution inside the battery [143]. 

Another parameter that can affect the final device performances is the tortuosity, which indicates the 

lithium ions mean path inside the separator pores structure; by increasing the winding degree, 

dendritic growths may be hindered to the detriment of a greater ionic resistance. For instance, several 

authors reported [82,122,141,143] that electrospun fibres-based separators exhibit pores size of about 

hundreds of nanometres and very high porosity (ca. 80%) with an improved air permeability, thus 

representing excellent candidates for LIBs. 
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The surface chemistry of separators also plays a key role in tuning the device operation. Apart from 

being inert and electrochemically/thermally stable under either reductive or oxidative conditions 

during battery cycling, surface chemistry significantly influences both the wettability by the 

electrolyte/solvent and the lithium ions migration [82,127,130,133,144,145]. Zhang et al. [146] 

recently reported the chemical modification of propylene-based separators with tannic acid (TA) and 

polyethyleneimine (PEI) through a layer-by-layer method, which allowed to prevent porosity 

decrease. They found that, by introducing TA and PEI, a decrease of electrolyte (the most commonly 

used one is LiPF6 in the mixture of ethylene carbonate/dimethyl carbonate/ethyl methyl carbonate 

solvents [146,147]) contact angle of ca. 35° occurred (from around 45° to 10°), underlining the 

improved wettability. This is mainly due to the tailored surface chemistry of the separator, principally 

thanks to the presence of nitrogen atoms; these atoms can also weaken the electrostatic interactions 

between anions and cations, facilitating the ion pair dissociation and thus enhancing the ionic 

conductivity. As a result, the engineered cell with the TA/PEI-PP separator showed superior cycling 

performances and excellent C-rate values (Figure 2b,c).  

Apart from tuning the separators chemistry and porosity, the type of electrolyte/solvent used is also 

fundamental to improve the wettability features. It should be noted that, electrolyte penetration and 

its spreading into porous materials is critically affected by the electrolyte viscosity and surface 

tension, respectively [148]. Hence, alongside with lowering the contact angles, higher surface tension 

and decreased viscosity are targeted to achieve electrolyte solutions with optimal wetting of the 

porous network [128]. For instance, higher salt concentrations were reported to unfavorably affect 

WKH�HOHFWURO\WH¶V�ZHWWLQJ�EHKDYLRU��PDLnly by increasing viscosity [125].  

7RGD\¶V�UHVHDUFK�DWWHQWLRQ�KDV�EHHQ�WXUQHG�WRZDUGV�WKH�LQYHVWLJDWLRQ�RI�LRQLF�OLTXLGV��,/V���DV�VDIHU�

alternative electrolytes for Li-ion batteries especially because of their higher thermal stability. Deep 

eutectic solvents are emerging as a possible alternative (see previous section). One of the main 

shortcomings in using ILs is, up to now, their poor wetting of commercially available separators, e.g. 

polyolefin-based ones. Combining the common polymeric membranes with ceramic additives 

(together with suitable manufacturing processes) can dramatically enhance the final performances 

[149,150]. Several works have shown that the introduction of inorganic particles, such as alumina 

(Al2O3) [151], silica (SiO2) [149], zirconia (ZrO2) [150], titania (TiO2) [152] or hydroxyapatite [123] 

into the polymeric separator matrix could remarkably enhance their thermal stability and wettability 

because of the high surface free energy. Ceramic-filled membranes show greater surface 

hydrophilicity thanks to the presence of hydroxyl groups on the nanoparticles. These inorganic 

materials also confer good thermal/chemical stability and thermal conductivity to the separators; this 

can also result in an improved battery safety and less heat dissipation. The manufacturing process 
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used to produce ceramic-combined polymeric materials is based on either coating with the inorganic 

particles (such as by spraying, casting, or dip-coating) or filling them into the polymeric matrix (by 

simple dispersion). Some studies have shown a significant rise in the separator porosity (from around 

40% to 55-70% depending on the ceramic used) with the addition of these inorganic materials [153±

155]. Specifically, a blend of silica and alumina (50%-50%) resulted in the highest porosity (up to 

80%) [82] and lowest variation in the interfacial resistance, ascribable to both the superior chemical 

compatibility and greater solid electrolyte interphase (SEI) chemical stability with respect to that of 

the pristine commercial separator.  

Alongside with microporous separators (e.g., polyolefin-based ones), the so-called nonwoven 

membranes (such as polyesters, polyimides, polyamides [156] or polybenzimidazole [121,157] 

usually prepared by electrospinning methods) are taking hold due to their highly interconnected pores 

structure and presence of open pores that also facilitate the ionic transport. It is worth noting the 

performance improvement by introducing ceramic fillers also in this class of separators, especially 

when ionic liquids are adopted as battery electrolytes. Specifically, the inorganic particles help in 

enhancing the final ionic conductivity. Novel poly(vinylidenefluoride) (PVDF)-based membranes 

exhibit very promising features in terms of ions conductivity (>2-3 mS cm-1 with respect to 0.23 

mS cm-1 of pristine PVDF [82,158,159]) and IL electrolyte uptake and wetting (>400% with peaks 

of ca. 700% when Al2O3, SiO2 or BaTiO3 were added [82,160]), but its performances even get higher 

when combined to ceramic fillers as silica, alumina or barium titanate [82]. In addition, Li et al. [123] 

described a fresh alternative to polyolefin-made separators based on a cellulose network cross-linked 

to hydroxyapatite nanowires (HAP NWs, Ca5(PO4)3(OH)) giving rise to a hierarchical highly flexible 

and porous structure. The as-prepared material exhibited nearly zero contact angle values and 

outstanding electrolyte uptake (more than 250%), mainly due to the combination of electrolyte 

affinity, elevated porosity and unique layered structure. Furthermore, both HAP NWs and cellulose 

possess abundant surface functional groups that can further enhance the separator mechanical 

properties through the occurrence of numerous interfacial interactions (as hydrogen bonds and/or van 

der Waals forces). Finally, in this direction, late works [161±163] are disclosing the potentiality of 

adding cellulose materials to microporous or nonwoven membranes; for example, when it has been 

combined to PVDF-co-hexafluoropropylene-based separator a significant decrease of IL contact 

angle down to ca. 9° was observed [82,164]. Once again, this can be probably due to the rise in the 

materials porosity, thus resulting in an increase of the electrolyte retention compared to the pristine 

membrane. 
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Figure 2. (a) Contact angle measurement by a carbonate-based electrolyte for Celgard-2400, 

polyimide (PI) and SiO2@(PI/SiO2) separators. Reproduced with permission [149]. Copyright xxx, 

yyy. (b) Contact angles of a carbonated-based electrolyte on polypropylene (PP) before and after 

modification with tannic acid (TA) and polyethyleneimine (PEI), with (c) relative cyclability and 

Coulombic efficiency of the TA/PEI-based PP battery at 1 C. Reproduced with permission [146]. (d) 

Immersion-height of a carbonate-based electrolyte on Celgard 2400 separator and on membranes with 

different ZrO2 contents. Reproduced with permission [150]. (e) Liquid wicking height as a function 

of time of a carbonate-based electrolyte for polyolefin and para-phenylenediamine-polyetherimide 

separators. Reproduced with permission [132]. 

 

4. 2D carbon materials and beyond: the quest for a smart anode 

Nowadays the most likely development in LIBs is related to the negative electrode [165]. In the early 

days of lithium batteries, lithium metal was used as negative electrode, but the formation of dendrites 

during cycling process has so far hampered its commercial diffusion, as it will be further discussed 

in Section 5. Consequently, several materials have been tested and proposed since then in which 

lithium ions, during the charge process, are stored with three possible mechanisms depending on their 

nature [165]:  

a) insertion reaction mechanism,  

b) conversion reaction mechanism,  

c) formation of an alloy.  
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Focusing on insertion mechanism, the most eligible materials should quickly insert lithium without 

hindrance and be characterized by a very low redox potential versus lithium with a high specific 

capacity in terms of mAh g-1.  

The most archetypal material of this class is the commercial graphite, the so-FDOOHG�³VRIW�FDUERQ´��

Although this material has a significant crystallinity, the maximum level of lithium intercalation is 

Li:C=1:6, and its capacity is only 372 mAh g-1. More than 90% of this capacity can be released below 

0.5 V with a total cell voltage of more than 3.0 V [166]. The mechanism of insertion and the specific 

capacity dramatically change if a high surface carbon material, or a nanocarbon are considered [166]. 

In this case, being structures not clearly ordered and organized, intercalation does not happen, and 

the insertion of lithium ion might occur via surface adsorption or interactions with surface defects 

[166].  

Considering the formation of LiC2, carbon nanotubes (CNTs) can ideally reach 1116 mAh g-1. They 

may accommodate lithium ions not only on the outer surface, but also in the inner part. In ref.[165] 

it is evidenced that Li+ penetrates into CNT with two mechanisms, either through their crystal defects 

or through the ends of the tubes. Synthesis methods affect performance of these materials since their 

symmetry and diameter modify their lithium storage capacity [1,3]. In particular, their chirality affects 

the barrier for lithium ion diffusion, while their diameter influences the curvature of walls on which 

lithium condensates, with a direct proportionality between lithium capacity and CNT diameter [167]. 

Also, CNTs length affects lithium capacity, the shorter they are the higher the capacity, with a 

maximum predicted for Li0.19C [168], and a theoretical capacity of 424 mAh g-1. In terms of other 

properties, they are characterized by high electrical conductivity, good structural stability, tuneable 

surface functionality, and excellent mechanical properties [165].  

Similar properties are typical of another carbon material, graphene. This material can ideally be 

lithiated on both sides, giving a theoretical stoichiometry of LiC3, with a capacity of 744 mAh g-1 

[169]. Unfortunately, the high specific surface of this material, about 2600 m2 g-1, is a drawback, 

since provokes agglomeration of graphene sheets and a worsening of performance due to a reduction 

of capacity [165]. A solution may be the removal of oxygen functional groups, or a doping with metal 

and metal oxides, the latter case leading to an increase of Li insertion. Another strategy is the doping 

with heteroatoms. Nitrogen is a good candidate in this approach, since the difference in 

electronegativity between nitrogen and carbon induces change of charge density, and differences in 

their size introduce defects in the structure. These defects increase the mobility of lithium and, 

therefore the charge capacity of these materials [165].  

Another solution could be the porous graphene, which is characterized by high conductivity and, 

thanks to 3D networking, high porosity compared to graphene [170]. However, it is noteworthy that, 
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in graphene 3D structures, the crystallinity of the material is more important than the distribution of 

porosity or specific surface area because the former has a primary role in the diffusion of lithium 

[171]. Jung et al. highlighted that aerogel and xerogel graphene, with huge differences in specific 

surface area, have the same capacity of about 380 mAh gí1 at 1C [171]. Nevertheless, Ikram et al. 

reported that the doped porous graphene, synthesised by chemical vapour deposition, has a capacity 

of 2250 mAh g-1 under a current density of 50 mA g-1 (after 50 cycles) [172]��$V�IRU�³VLPSOH´�JUDSKHQH�

a surface functionalisation and/or modification, with the introduction of functional materials, can 

boost performance of this material [170]. Multiple heteroatoms co-doping appears very promising, 

due to the synergistic effect among C atoms and dopants. Furthermore, a coupling of these 

heteroatoms-doped carbon-derivatives, graphene with other carbon nanomaterials (e.g., carbon 

nanotubes), has attracted many interests, thanks to a synergistic effect among their properties [170].  

Alongside these materials, in the last 20 years many authors have predicted that new carbon 

allotropes, not yet synthesised, could be very useful as anode in LIBs [173]. As reported in Figure 3 

[173], specific capacity varies varying the structure and the chemical complexity of the considered 

allotrope.  

 
Figure 3. Specific capacity of various carbon-based anodes. Reproduced from ref. [173] with 

permission from John Wiley and Sons. 

 

Notwithstanding these very promising results, it should be noted that criticisms have been raised 

concerning the use of CNTs and graphene as electroactive materials in LIBs anodes[174]: i) the high 

specific capacities exhibited during the first lithiation step is not completely released in the following 

delithiation process, with a huge loss of lithium ions, that are irreversibly consumed instead of being 

reversibly stored, and, therefore, with a lowering of Coulombic efficiency of the cell; ii) a graphene-

based negative electrode delivers discharge capacities at a potential of 1±3 V (vs. Li/Li+) rather higher 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



22 
 

compared to 0.3 V (vs. Li/Li+) for a conventional graphite electrode, with a large voltage hysteresis 

in the charge/discharge curves. In the case of CNT electrode, a lack a voltage plateau is observed, 

together with large change in voltage during discharge, and a worsening of energy efficiency; iii) 

these materials often suffer from rapid capacity decay after a few cycles. Consequently, the capacity 

decreases, making them not competitive with graphite. Nevertheless, their use in LIBs could be 

beneficial, acting as a regulator, modifying the lithium storage behaviour of a specific electroactive 

material [174,175]. Moreover, they can also affect the lithium dendrite growth [174]. Sun et al. [176] 

analysed the reasons why graphene is a very promising charge regulator in negative electrodes for 

LIBs and concluded that its intrinsic properties, easy modification of its atomic structure, and the 

possibility of built a 3D network are the main aspects that should be considered.   

Anode materials are not limited to carbon-based ones. Even considering their low cost and improving 

performances, we have to remind how EVs ask for higher energy density, specific energy and 

Coulombic efficiency, not provided by nowadays /,%V¶�anode materials [177±180], as evident from 

Figure 4. 

 

 
 

Figure 4. Specific and volumetric energy densities for typical and state-of-the-art Li-based 
batteries; LCO = Lithium Cobalt Oxide, NCM = nickel-rich trimetallic oxide. Reproduced from ref 
[180] with permission from the Royal Society of Chemistry. 
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Thus, materials with low molecular weight able to perform multi-electron reactions must be employed 

to increase the theoretical capacity. When LIBs are working, during discharging and charging cycles, 

kinetic problems arise, manly connected with the diffusion of Li inside the anode. During the 

discharge, Li must leave an electron and exit the anode material and the SEI to enter the electrolyte. 

Thus, the diffusion process can be considered the rate determining step (rds) for the LIB. On the 

contrary, during the charge, Li must enter the anode and diffuse towards the active sites where it 

recombines with an electron. Also in this case, the diffusion can be the rds of charging process. To 

increase the diffusion rate, one can either reduce the space in which Li ions must travel before 

recombination using nanomaterials or increase the diffusion coefficient of Li ions inside the anode, 

for example by distorting the crystal lattice. 

Moreover, the anode materials for LIBs are still a big challenge due to the problems connected with 

stability, cyclability, Coulombic efficiency and safety. Recently, different supporting materials have 

been studied to promote efficiency and cyclability of LIBs [165]. The main problem is the 

optimization of all the aspects connected to the anode performance, which are strongly correlated. As 

mentioned, intercalation mechanism is involved not only in graphitic materials, but also in TiO2 and 

other Ti-based anodes. This mechanism is highly active but provides very low specific capacity, 

leading also to a mechanical degradation of the anode due to the intercalation process: the periodic 

crystal lattice modifications are detrimental for the structural stability, also leading to a low energy 

and capacity density, not adequate for EV applications. In this optic, oxide-materials with low volume 

changes during expansion (intercalation)/expansion (deintercalation) cycles are under investigation.  

Nb2O5 is a noteworthy example [181,182] but, as most oxides, suffers for low electrical conductivity. 

A possible solution is to generate an intimate connection between the anode material and a good 

electrical conductor, for example by the growth of a doped carbon shell directly onto the oxide 

particles. [183] 

A second approach, the ³FRQYHUVLRQ� UHDFWLRQ´ leads to very high specific capacity thanks to a 

reversible reaction between Li and transition metal cations. Tarascon and his group [184] firstly 

defined this new mechanism and proposed the usage of different metal oxides. Using nanoparticles 

of transition metal oxides, TMO, with formula MO where M = Co, Ni, Cu or Fe, they prepared a 

composite material, MO + 10% of SP carbon black, with a specific charge of 700 mAh g-1 and 100% 

capacity retention after 100 cycles, presenting also a very high recharging rates due to the chemical 

reaction mechanism. The best performing TMO, characterized as positive electrode in an 

electrochemical cell whose negative electrode was Li sheet, iV�&R2��ZKRVH�UHYHUVLEOH�³FRQYHUVLRQ�

UHDFWLRQ´�ZLWK�/L�LRQ�LV� 

CoO + 2Li+ + 2e- ֎ Co + Li2O   (1) 
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leading to the formation of metallic Co during the discharge cycle. This reaction mechanism causes 

the decomposition/amorphisation of CoO, with the formation of nanoparticles that remain unchanged 

in the subsequent cycles. This is made evident by a I-E curve of the first discharge cycle highly 

different from the following ones, because the crystalline structure collapses when CoO is completely 

reduced by the reaction with Li ions, forming metallic nanoparticles of about 1-5 nm dispersed in 

Li2O. The reversibility of reaction (1) was proven using spectroscopic and magnetic techniques, 

which evidenced the importance of the nano-size of oxide precursor that can dramatically influence 

the electrochemical performance of the anode material in terms of specific capacity and cyclability. 

7KHVH�SHUIRUPDQFHV�DUH�VWULFWO\�FRQQHFWHG�WR�WKH�DERYH�GHVFULEHG�³FRQYHUVLRQ�PHFKDQLVP´�EHWZHHQ�

Li ions and CoO. This mechanism relates to the lattice of these TMO, which present a rock-salt 

structure in which empty sites for Li ions are completely absent. 

6WDUWLQJ�IURP�WKLV�VHPLQDO�ZRUN��WKH�³FRQYHUVLRQ�PHFKDQLVP´�KDV�EHHQ�VWXGLHG�E\�PDQ\�DXWKRUV��ZLWK�

the aim to find the best TMO precursor to obtain high specific capacity and energy density and long-

life span of the LIBs. While several reviews have been written on this topic [165,185,186], the reasons 

behind the high specific capacity and energy density observed in these materials are still unclear. 

Since the described seminal work of Tarascon, many different TMO have been synthesised and 

electrochemical characterized to be used as anode material in LIBs and Na ion batteries [187±191].  

Many of these TMO, used as conversion-type anode, present a strong affinity for Li, thus leading to 

a formation of strong chemical bond during the lithiation process with the result of irreversible lithium 

incorporation. Finally, TMO as conversion-type anode are characterized by this general charge 

reaction: 

��  ʹܾ��ା  ʹܾ�ି ՜ ܾ��ଶ�  ܽ�   (2) 

and the possible irreversible formation of LiO2 during the first lithiation process leads to a decrease 

of the initial Coulombic capacity for these materials. 

The issue of low initial Coulombic efficiency is largely investigated and discussed and some 

solutions, not yet commercially available, have been already proposed [192,193]. In summary, the 

SRVVLEOH�VROXWLRQV�DUH�FKHPLFDO�RU�HOHFWURFKHPLFDO�WUHDWPHQWV�RI�/,%V¶�HOHFWURGHV�WR�SUH-lithiate the 

anodic and/or cathodic material, to reduce or completely avoid the capture of Li by the electrode. The 

chemical pre-lithiation processes can be carried out in lab scale but are not suitable for industrial 

production due to the toxicity and/or flammability of prelithiating agents, which cannot be adapted 

for the current technological applied to industrially prepare the electrodes. Electrochemical pre-

lithiation is more suitable for an industrial application, also adding the possibility of accurately tuning 

the grade of lithiation process by controlling the electrode potentials or the current intensity. Even if 

largely studied, these methods introduce sacrificial Li in the LIBs, to increase the initial Coulombic 
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efficiency of the batteries and are still under investigation to solve the weaknesses for their use in 

large-scale commercial applications.  

A third approach is based on alloying reaction between Li and elements such as Si, Sb, Sn, Zn, In, 

Bi, and Cd [193±197]. In this case it is possible to reach higher specific capacity, up to more than 

4200 mAh g-1 in the case of Si anodes [198], and a fast Li diffusion inside the alloy [199,200]. Several 

battery manufacturers are already using blended graphite and Si anode in commercial LIBs and full 

silicon-based anode technologies seem to be close to commercialization, such as Tesla 4680 cells. 

However, Si anodes suffers from a limited life span due to extremely high stress connected with 

DOOR\LQJ�GHDOOR\LQJ�F\FOHV��$OOR\LQJ�SURFHVV�FDQ�OHDG�WR�WKH�DQRGH¶V�YROXPH�PRGLILFDWLRQ�XS�WR�������

thus causing large strains of the crystal structure followed by partial pulverization [201]. Finally, the 

high production cost of these materials can represent a serious hindrance towards their effective 

application [202]. Numerous solutions have been proposed to solve these issues, as discussed in 

recent reviews  [201][202]. $PRQJ�WKHP���'�DUFKLWHFWXUHV��VXFK�DV�VLOLFHQH��D�6L�DOORWURSH�VLPLODU�

to graphene, represent emerging candidates due to their fast ionic/electronic diffusion kinetics [203]. 

Silicene possesses ample channels for the adsorption and migration of Li ions, thus efficiently 

preventing volume change during the lithiation/delithiation processes that occur in crystalline silicon, 

leading to a longer lifetime. 

In recent years, perovskite have become a very promising class of materials for LIB anodes, as they 

can reduce the volume expansion and the following destructive phenomenon strictly connected with 

alloying/dealloying processes, thus improving the performance of LIBs due to the ease 

insertion/deinsertion of Li in the structure. In 2016 Park and co-workers [204] proposed for the first 

time the use of a mixture composed by cubic perovskite BaSnO3 nanoparticles and reduced graphene 

oxide (rGO) as anode material for high performance LIBs. Firstly, BaSnO3 not only can incorporate 

Li alloying it with Sn, but also Ba can form Li-Ba alloys with high electrical conductivity, thus leading 

to a high theoretical reversible capacity [205]. The preparation of the composite anode materials is 

simple and clean, involving a co-precipitation and solid-state reaction method to synthesize cubic 

SHURYVNLWHV�DQG�+XPPHU¶V�PHWKRG�WR�SUHSDUH�U*2��VHH�Figure 5. This composite anode presents a 

reversible specific capacity of 1200 mAh g-1, very high compared to the pristine material, and 

excellent cyclability due to the presence of well electrical connected 2D graphene sheets, that activate 

the formation of Li-Ba alloy with high Li diffusion rates. 
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Figure 5. (a) Three-dimensional cubic crystal structure of the synthesised perovskite BaSnO3. (b) 

Scheme of BaSnO3 on graphene sheets. Reproduced from reference [204] with permission of 

Elsevier. 

 

The importance of the presence of rGO, a good electronic conductor, was attributed to the need of 

WKH�HOHFWURFKHPLFDO�DFWLYDWLRQ�RI�WKH�³LQHUW´�%D2, thus promoting its reversible reduction to Ba [204]: 

BaO + 2 Li+ + 2e- ֎ Ba + Li2O   (3) 

which in turn increases the specific reversible capacity due to the possibility of the formation of Li-

Ba alloy. This composite anode is very stable and present a very high-rate capability, higher than 

1000 mA g-1, also at C-rate = 10. This increased cyclability of LIB was accompanied to a low initial 

Coulombic efficiency of this conversion-type anode, which remained below 60%. In fact, the initial 

Coulombic efficiency of LIBs is strictly connected with the loss of Li atoms during the first 

discharge/charge cycle. During the first cycle, Li can be seized by both the SEI formation and the 
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lithiation process. In the first case, Li is removed from the electrolyte, thus decreasing its 

concentration, because it remains stuck in the SEI structure. The amount of Li seized by the SEI 

formation can also increase with time because of the continuous SEI rupture and reformation, 

observed on materials with a very large volume variation for intercalating/deintercalating processes. 

The second effect is due to the irreversibility of the lithiation/delithiation anode processes occurring 

in the first charge/discharge cycle.  

Finally, both conversion and alloying anodes are characterized by some problems that hinder their 

performances, as easy disaggregation, very low stability of SEI, and mechanical stress, due to large 

volume change during cycling. This can be really detrimental for the long life lasting of the devices, 

thus reducing their utilization by the final users [206]. To boost their widespread commercialization, 

it is necessary a better cycling stability, acting on the mechanical and chemical robustness of the SEI 

by designing suitable nanostructures able to interchange among different solid phase, avoiding any 

mechanical strain. Moreover, the right selection of electrode materials and surface modification can 

help in solving the problem [206]. 

 

5. Smart interfaces for Li metal anodes 

In the last years there has been a renaissance of the usage of metallic Li metal as anode for LIBs.  

Lithium metal represents the holy grail of anode materials as it can provide the highest energy density 

for any given cathode, thanks to the highest capacity (around 3900 mAh g-1 and 2000 mAh cm-3 

[198]) and the lowest working potential of 0 V (vs. Li+/Li) among all anode materials. It can deliver 

DQ� HQHUJ\� GHQVLW\� RI� DERXW� ���� :KÂNJ-1 in a LiCoO2/Li galvanic cell. According to its strong 

electrochemical activity, metallic Li reacts with liquid electrolytes forming a SEI. However, 

rechargeable lithium metal anodes are still far from commercialization, especially due to safety issues. 

In particular, the electrochemical formation and growth of dendritic structures during battery 

recharging represents a major concern since these structures can induce a cell short circuit, which can 

ignite any flammable liquid electrolyte. Other concerns of metallic Li anodes are the anode volume 

expansion and Li Coulombic efficiency.  

Li dendrite growth has been related to SEI formation and stability [192]. A fragile SEI, due to 

different effects for which also the Li+ diffusion in the electrolyte plays a key role, is the first reason 

of the dendrite growth. The two phenomena interact mutually: a fragile SEI allows for a facile 

dendrite growth, while the dendrite growth leads to a fragile SEI. Li et al. [192] analyzed and 

described deeply the interconnection between SEI stability and rate of dendrite growth, and concluded 

that the dendrite formation is strictly connected with Li+ diffusion mechanism and Li+ solvation 

sheath. 
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The formation and growth of dendrites has been related also to the poor wettability of bare lithium 

metal surfaces by the electrolyte. Chen et al. [207] proposed that a poor wetting leaves portions of 

the metal surface uncontacted, hence these regions do not contribute to Li stripping and plating during 

electrochemical cycling. Over many charge/discharge cycles, this unbalance leads to a rough Li 

surface (Figure 6a). In this respect, coating the Li surface with an Al2O3 coating deposited by atomic 

layer deposition (ALD) promotes the electrode wettability by both carbonate-based and ether-based 

electrolytes [207], leading to a uniform SEI layer and to a more efficient lithium stripping and 

deposition (Figure 6b). The complete electrolyte spreading observed upon ALD Al2O3-coating could 

eliminate voids in the lithium±electrolyte interface, providing a more uniform electric field over the 

electrode surface during cycling and a more uniform lithium flux and electrodeposition.  

 

 
 

Figure 6. (a) Schematic of Li plating on lithium metal anodes on bare lithium surface, resulting in 

rough surfaces and (b) ALD Al2O3-coated lithium surface leading to a uniform and smooth layer. 

Reproduced with permission [207]. 

 

Then, Park and Goodenough [208] reported the modification of the Li metal surface with Li3N as a 

strategy to suppress dendritic growth, which they explained using a wetting model (Figure 7c). 

Plating of lithium through a bed of Li3N particles still causes the formation of Li dendrites at liquid 

the electrolyte/Li interface (Figure 7a). However, dendrites tend to wet the Li3N particle, leading to 

the growth of a 3D lithium network.  
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Figure 7. Schematic representation displaying (a) the nucleation of a Li dendrite and its growth 

through Li3N particles network. (b) Energy band diagram at the Li3N/Li heterojunction showing 

electron transfer at the interface. (c) A proposed Li wetting model in the presence of liquid electrolyte 

and Li3N particles. Reproduced with permission [208].  

 

Solid-state electrolytes (SSEs) have also been proposed to help in suppressing lithium dendrites 

formation even if there are still challenges to overcome: both the high interfacial resistance and the 

non-uniformity at Li/SSE interface can lead to Li dendritic growth [209,210]. Notably, voids formed 

at the interface can accumulate on cycling, thus provoking an increase of the local current density due 

to dendrite formation on plating, short circuit and cell death [211]. In addition, attempts made to 

reduce the non-uniformity of the interface, for example by densifying SSE [212], cannot entirely 

hinder dendrite formation. In the same way, lithiophilic materials (such as alumina [207], zinc oxide 

[213] or lithium nitride [208]) coated on SSEs, which can fill the energy gap between Li and SSE, 

are able to reduce the Li/SSE interfacial resistance but Li dendrites can still grow [209,210]. 

According to Ji et al. [210], to effectively suppress this undesired phenomenon, three criteria for the 

electrolyte and the formed interfaces should be fulfilled: i) they must be stable towards lithium, ii) 

they should possess high ionic and low electronic conductivities, and iii) they should have high 

interface energy against lithium so that its nucleation and growth inside the electrolyte are hindered. 

Cheng et al. [214] reported the case of Li2O-Al2O3-P2O5-TiO2-GeO2 composite material reacting with 

Li that can effectively terminate the continuous Li dendrite propagation and growth, therefore 

resulting in a meta-stable interface which can afford a soft contact between Li-metal anode and SSE. 
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Conversely, a stable and rigid interface (such as Li6.1Ga0.3La3Zr2O12/Li) will terminate the cell cycling 

earlier because of the increased interfacial resistance. Ye et al. [209] recently showed how a solid-

state battery designed with a multilayer structure (a less-stable electrolyte sandwiched between two 

more-stable solid electrolytes) could prevent any lithium dendrite growth through well localized 

decompositions in the less stable electrolyte layer. In this way, every possible crack is filled by 

dynamically generated and well constrained decompositions, thus resulting in very stable cycling 

performances of the lithium metal anode coupled with a LiNi0.8Mn0.1Co0.1O2 cathode, showing a ca. 

80% capacity retention after 10,000 cycles at a 20 C rate. Suppression of dendrite growth can also 

depend on the mechanical properties of an SSE. This in turn requires a deeper knowledge of the 

morphology and stress-generation of growing Li dendrites, calling into action advanced 

characterization techniques. [215]  

Notwithstanding these issues, SSEs do show some important advantages: they can replace 

conventional flammable non-aqueous electrolytes and, generally, they show a large electrochemical 

potential window (above 5 V) [216]. Solid-state electrolytes can either be inorganic (e.g. sulphides 

or oxides [217,218]) or polymer-based ones (such as polyethylene oxide, poly(vinylidenefluoride), 

polymethylmethacrylate, and so on [219,220]). Recently, for both classes, several authors have 

reported strategies to reduce the interfacial resistance promoting the wetting of the lithium anode by 

solid state electrolytes [217,218,220±224]. Particularly, they focused on the interface between lithium 

anode and garnet-type ceramic electrolytes [217,221,223±225]. Garnet-structured electrolytes, such 

as Li7La3Zr2O12 and Li6.75La3Zr1.75Ta0.25O12 (LLZTO), are believed to be promising for solid-state 

lithium ion batteries (SSLIBs) due to their good chemical stability against metallic lithium and high 

ionic conductivity [226], but their interfacial contact with Li metal is very poor, resulting in high 

interfacial resistance (102-103 ohm cm2) and uneven current distribution [217]. Several strategies have 

been reported to improve the interfacial compatibility between Li metal and garnet electrolytes: thin 

layers of Al [217], Al2O3 [224], LiN3 [218], or Ge [222], surface treatments with carbon [223], and 

garnet modification with polymers [225] or graphite [221] have been reported to promote the 

wettability between the garnet surface and the molten Li metal (from lithiophobic to lithiophilic), 

resulting in a better interfacial contact (Figure 8). Dong et al. [220] SURSRVHG� D� µµXQLYHUVDO¶¶�

interfacial modification method based on a curable polymer-based electrolyte glue to address the 

LVVXH�RI�VROLGíVROLG�FRQWDFW�EHWZHHQ�VROLG�HOHFWURO\WH�DQG�HOHFWURGH�PDWHULDOV��WKH\�GHYHORSHG�D�OLTXLG�

adhesive exhibiting good chemical/electrochemical stability and high wettability towards a series of 

electrodes and electrolytes (including Li metal and LLZTO), which could then be easily solidified 

into a polymer electrolyte layer via thermal curing, leading to a much smaller interface impedance 

and enhanced electrochemical performances of the SSLIB. 
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The use of 3D hosts is another promising strategy explored to promote the cycling stability of lithium 

metal anodes by solving the issues of dendrite growth and of infinite volume change of Li during 

stripping/plating processes [227]. These 3D hosts should exhibit high electric conductivities, good 

chemical stabilities, high porosities and lithiophilic properties [228]. Carbon materials can represent 

ideal 3D hosts, but they show poor wetting by lithium. Niu et al. [229] functionalized the surface of 

an electrospun carbon host with ±NH functional groups: the strong interaction between ±NH and Li 

enhanced the wettability of Li on the carbon surface, thus promoting the infiltration of molten Lithium 

within the porous structure. Moreover, the low contact angle also favours nucleation of Li during 

recharging, especially in pore channels or cavities, leading to self-filling of pores and to a self-

smoothing electrode surface, in contrast with dendritic growth observed at untreated carbon surfaces. 

 
Figure 8. Schematic illustrations of casting (a) pure lithium (Li) and (b) lithium±graphite (Li±C) 

composite on garnet solid state electrolyte, showing poor and good contact respectively. Reproduced 

with permission [221]. SEM micrographs of the garnet solid-state electrolyte/Li metal interface (c) 

without and (d) with ALD-Al2O3 coating. Insets: schematic representation of melted Li metal on top 

of both pristine and treated garnet surface. Reproduced with permission [224]. 
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6. Conclusions 

In this review we aimed at demonstrating that the most recent scientific findings and technological 

advances in LIBs (likely including Li metal batteries) will allow for their survival in the near future. 

This will fully guarantee the use of the current infrastructures while improving the performances 

(mostly important, the specific capacitance), the cost and the safety of the final device. The intrinsic 

interdisciplinarity of this topic represents both its complexity and its key for success: only acting on 

the various sides of the battery one can reach the next target. However, these are strongly 

interdependent and designing smart interfaces should become as important as looking for smart 

materials.  

On this basis, we here reviewed the main progressions made in some of the ³ZHDNHVW´�SDUW�RI�/,%V��

the electrolyte (solvent), the anode material and the issues related to the wettability of the separator.  

The importance of these topics is demonstrated by the impressive research efforts, that are no less 

than those focused on the so-called post-lithium ones (Na-ion, Li-air, Li-sulphur) as evident by any 

literature search. 
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