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Abstract 

The recent advances of the lithium-ion battery concept towards the development of sustainable 

energy storage systems are herein presented. The study reports on new lithium-ion cells, developed 

over the last few years with the aim of improving the performance and sustainability of the 

electrochemical energy storage. Alternative chemistries, involving anode, cathode and electrolyte 

components, are herein recalled in order to provide an overview of state of the art lithium-ion battery 

systems, with particular care on the cell configurations currently proposed at the laboratory-scale 

level. Hence, the review highlights the main issues related to full cell assembly, which have been 

tentatively addressed by limited number of reports, while many recent papers describe material 

investigation in half-cells, i.e., employing lithium metal anode. The new battery prototypes here 

described are evaluated in terms of electrochemical performances, cell balance, efficiency and cycling 

life. Finally, the applicability of these suitable energy storage systems is evaluated in the light of their 

most promising characteristics, thus outlining a conceivable scenario of new generation, sustainable 

lithium-ion batteries.  

Introduction  

The continuous growth of the world population and the industrial and technological 

development of the society triggered increasing global energy demand, thus leading to serious 

challenges and environmental issues over the upcoming decades.1 The massive exploitation of fossil 

mailto:jusef.hassoun@unife.it


2 

fuels and consequent emission of CO2 and pollutants in the atmosphere may actually accelerate the 

global climate changes.2 Therefore, the exploitation of renewable sources, such as solar and wind 

energy, is attracting relevant attention in order to reduce the greenhouse gas emissions, as recently 

established within the Paris Agreements of 2016. Energy generated by intrinsically discontinuous and 

intermittent renewable sources requires efficient storage for grid stability and widespread distribution 

to be competitive with the currently most used fossil fuels. In this view, the development of 

rechargeable batteries of high energy and power density, fast cycling rates, long life, and, at the same 

time, reasonable cost is expected to allow the progressive transition towards environmentally 

sustainable energy supplies in the near future.3 Furthermore, the large-scale replacement of internal 

combustion engines with zero-emissions electrified systems (i.e., EVs) may further decrease of 

greenhouse gases pollution.4 Preliminary steps towards these directions have already been moved, 

with environmental policies becoming established in several countries and encouraging the electro-

mobility through consumer incentives. However, the actual diffusion of the electric vehicles hinges 

on the development of storage systems of high volumetric and gravimetric energy density and 

acceptable costs in order compete with the traditional ones.5  

Lithium-ion batteries (LIBs), i.e., the most versatile and attracting energy storage systems, 

have triggered the global scale diffusion of a vast array of portable electronic devices which rapidly 

became of daily use in the last 25 years3, and still represent the most convincing choice for both 

electric vehicles and energy storage grids in the upcoming years. Great efforts from both the academia 

and the industry have been addressed towards the development of a new generation of batteries 

suitable for emerging applications in terms of gravimetric and volumetric power and energy densities, 

as well as in terms of sustainability and environmental compatibility.6 Accordingly, the LIB chemistry 

has been gradually improved since the first commercialization in 1991, thus leading to performance 

matching the requirements of new technologies. In the mid-1990s the most diffuse LIBs employed a 

graphite anode, an electrolyte based on lithium salt and carbonate solvents and a LiCoO2 cathode, 

resulting in a gravimetric energy density of about 190 Wh kg−1.7 Conventional C/LiCoO2 cell bears 
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several intrinsic limitations, including i) the relatively limited intercalation ability of graphite (i.e., of 

about 0.17 moles of Li per mole of Carbon); ii) the high cost and environmental issues posed by the 

use of Co; iii) the low thermal stability of the Li1−xCoO2 phase formed during charge.8,9 The 

C/LiFePO4 configuration was introduced in the early 2000s in order to decrease the cost and toxicity 

of the battery.7 However, the relatively low operating voltage of the cathode (i.e., 3.45 V vs Li+/Li), 

affected the energy density of the battery. Technological upgrade, optimization of conventional cells’ 

design as well as exploitation of alternative electrode chemistries so far represented the most explored 

strategies for increasing the energy density achieved by the battery.10,11 Beside cell technology 

optimization, the development of new anode, cathode and electrolyte materials of enhanced 

performances attracted great efforts and recently increasing funds. Among the alternative anodes, 

alloying materials such as Sn or Si and metal oxide conversion materials, reversibly exchanging more 

than 1 mol of Li+ for mol of active specie, appear optimal candidates to achieve high specific 

capacities.12–16 Sn and Si electrodes, which bear the additional advantage of being naturally abundant, 

have already been optimized up to the market level.17 Possible alternative to conventional graphite 

anode employed in several full cells and characterized by very high safety content is represented by 

Lithium Titanium Oxide (Li4Ti5O12).16 This anode is characterized by high thermal stability and 

operates at 1.5 V vs Li+/Li, thus avoiding lithium plating upon charge. The material cycles by very 

fast rate with a specific capacity of 170 mAh g−1.18  

As for the cathode side, the research is mostly focusing on materials characterized by lower 

cost and toxicity with respect to LiCoO2, as well as by higher specific capacity and/or working voltage 

in order to increase the battery energy density. Accordingly, LiCoO2 has been efficiently replaced by 

other families of layered compounds, namely LiNi1/3Mn1/3Co1/3O2 (NMC) and LiNi0.8Co0.15Al0.05O2 

(NCA), which have lower Co content than LiCoO2, average operating voltage of about 3.7 V vs 

Li+/Li, higher reversible capacity (about 180 – 185 mAh g−1) and the additional advantage of higher 

thermal stability in their de-lithiated form.8,19,20 These cathode materials have been successfully 

launched onto the market and are currently employed in commercial LIBs.7 Furthermore, great 
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attention is now devoted to Li-rich layered compounds, generally described by the chemical formula 

(1−x)Li2MnO3∙xLiMO2 (where M = Co, Mn, Ni and Li/M ratio > 1).21 Despite their remarkable 

capacity, i.e., exceeding 200 mAh g−1 and the advantage represented by the high manganese content, 

these materials need further optimization in order to overcome the issues of structural instability, 

voltage hysteresis and decay upon prolonged cycling.8 LiFePO4 olivine is a low cost and 

environmentally friendly cathode already used in commercial LIBs,22 as above mentioned, which is 

characterized by remarkable chemical and electrochemical stability with respect to the layered-

structure materials.23 A vast array of polyanionic olivines characterized by higher working voltage 

than LiFePO4, such as LiFe0.5Mn0.5PO4 and LiCoPO4, has been recently investigated as viable 

cathodes for next generation batteries. These materials have higher theoretical energy density 

compared to LiFePO4.24 In particular, LiCoPO4 exchanges Li+ ions at potential vs Li+/Li as high as 

4.8 V,25 however it is characterized by expected high cost and environmental concerns due to cobalt. 

A very interesting class of Co-free cathode materials suitable for high energy LIB batteries is 

represented by spinel-structured electrodes, such as LiMn2O4 and LiNi0.5Mn1.5O4, working at about 

4.1 and 4.7 V vs Li+/Li, respectively.26,27 

Beyond conventional insertion cathodes, the exploitation of Li/O2 and Li/S battery systems, 

exhibiting much higher theoretical energy densities, may provide a real breakthrough in terms of 

battery performances and sustainability.1,9,28,29 These challenging fields of research are continuously 

expanding over recent years: Li/O2 batteries are still at a research level and may be practically 

employed only by middle- to long-term perspective, while the recent progress achieved for Li/S 

batteries holds the promise for their large-scale diffusion in the near future. 

The increase of LIB performances, targeted in order to achieve satisfactory high energy 

density, implies the use of very stable electrolyte solutions for ensuring cell safety and lifetime. 

Within the challenging research field of next generation LIBs’ electrolytes, several viable alternatives 

have been suggested, such as ionic liquids (ILs), which are considered “green” and sustainable 

alternatives to conventional electrolytes, as indeed demonstrated by several proof-of-concept battery 
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prototypes exhibiting remarkable performances.30 Solvents, co-solvents and electrolyte additives 

have been intensively studied and optimized for achieving electrolyte solution with optimized 

characteristics.31,32 Moreover, polymer and solid electrolytes have attracted increasing attention over 

the years, revealing promising features for the development of highly safe lithium and lithium-ion 

batteries.17,33,34 Several fluorine-free salts have been developed and studied in order to further 

decrease the toxicity and hazards of the cell.35 

Relevant efforts have been devoted towards the reduction of the costs and environmental 

impact of the electrode materials (synthesis and processing) as well as to the development of efficient 

and sustainable battery recycling methodologies.1,36 In this respect, the attention has been mainly 

focused on the recovery of the valuable Co, Li and Mn metals from spent LIBs through combined 

mechanical and chemical treatments. The optimization of the recovery and recycling process of spent 

batteries through environmentally friendly routes (such as the bioleaching) is expected to further 

enhance the overall sustainability of Li-Ion energy storage systems.36  

Furthermore, concerns over the geographical availability and cost of lithium metal have recently 

triggered the study and development of a “post-lithium” battery technology, based on more naturally 

abundant elements such as Na, Ca, Mg, K, Al, etc.37,38 Beside sodium, several open challenges still 

hamper the practical exploitation of Ca, Mg, K and Al battery technologies.37 Moreover, batteries 

employing organic electrode materials are now emerging as very promising and “green” alternatives 

to conventional inorganic battery systems; however their development is still at a preliminary research 

level.39  

This review aims to shed light on the most recent advances of the LIB concept towards the 

development of high-performance energy storage systems. In particular, the attention is focused on 

new LIB prototypes, suggested over the last few years as viable and sustainable alternatives to 

conventional cell configurations. A vast array of laboratory-scale and proof-of-concept batteries is 

herein critically discussed, highlighting the main advantages and drawbacks of the various 

configurations. Battery suitability for practical applications is herein rationalized by focusing the 
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attention on the electrochemical behavior under operating conditions of full lithium-ion cells 

combining novel anodes, cathodes and electrolytes. We recall several examples of LIBs prototypes 

to discuss the critical issues associated to the full cell assembly and test, including the selection of 

optimal cathode/anode mass ratio and voltage limits. Particular attention is devoted to the role of the 

overall full cell balance for achieving prolonged battery stability, voltage retention, and for avoiding 

active material losses due to parasitic reactions, which may continuously modify the anode/cathode 

ratio over cycling.40 The review includes four main sections according to the type of employed 

cathode, since the voltage, expected cost and environmental impact of the full cell strongly hinge on 

the positive electrode features. Thus, LIB prototypes using layered oxides, phospho-olivines, spinel 

oxides, as well as sulfur- and oxygen-based cathodes are reported and discussed individually. In 

particular, in the first section, the review surveys high-performance batteries based on LiCoO2 

materials, i.e., the conventional cathode, and new cells employing layered oxides in which Co is 

partially substituted by Mn, Ni and Al, and preliminary examples of LIBs based on high-capacity Li-

rich materials. The second section focuses the attention on batteries using polyanionic LiFePO4 

olivine, which has demonstrated relevant performance in terms of stability and cycling life, as well 

as on recent attempts to increase the cell energy density by Fe substitution in the LiFe1−xMePO4 

cathode. The increase of stored energy by use of high-voltage cathodes is further discussed in the 

third section, which deals with new LIBs having spinel oxides as the positive electrode. The design 

of high-performance battery configurations through optimal electrode formulation and material 

engineering, the use of nano-architectures, the optimization of active materials morphology and 

particle size, and the use of composite electrodes, are covered by the sections. Hence, the fourth 

section of the Review reports on lithium-ion batteries employing sulfur and oxygen cathodes, which 

represent a new attractive choice for the future development of an advanced and sustainable energy 

storage technology, with particular environmental and economic advantages. This section 

demonstrates the possible use of sulfur-based cathodes in lithium-ion cells with relevant 



7 

performances and reveals the main issues currently affecting metal-free oxygen batteries shown by 

preliminary results.  

According to the above description, Scheme 1 represents a flow chart including key principles 

and guidelines throughout the survey of the LIB battery prototypes reported in this Review. 

Scheme 1 

Therefore, this paper highlights the crucial role of full cell prototype studies for demonstrating 

the applicability at laboratory scale of recently proposed cathode, anode and electrolyte materials. In 

particular, the critical analysis of LIBs covered by this review may be of definite interest in order to 

outline the open challenges towards the achievement of a sustainable, advanced energy storage 

technology in the next future.  

1. Lithium-ion batteries using layered cathodes 

Layered-structure cathodes, among which the most known is LiCoO2 (i.e., LCO), currently 

represent the cathode materials of use in combination with graphite anode.8,9 Various configurations 

of layered cathodes, in which cobalt is partially replaced by nickel/manganese (NMC) or 

nickel/aluminum (NCA) were reported to have operating voltage of 3.8 V, specific capacities 

exceeding 200 mAh g−1 and excellent rate capability, i.e., suitable characteristics for emerging 

applications such as electric vehicles.8,19–21 Furthermore, LIBs employing layered cathode materials 

and carbonaceous anode materials alternative to graphite, such as exfoliated graphite/graphene, have 

been widely investigated with remarkable results.41–45 Great attention has been also focused on the 

use of unconventional composite anodes based on alloys46–52, titanates53–57 and metal oxides58–64 for 

application in new configuration LIBs. Many recent literature works investigated renewed LIBs using 

a benchmark, even commercial, LCO cathode. Despite these cells often revealed remarkable 

improvement at the anode side, they suffer from the drawbacks associated with Co-based layered 

oxide cathode which were previously discussed. Though, these studies may actually facilitate the 
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evaluation of the anode improvement, thus allowing further enhancement of the full cell features by 

using a new-generation layered cathodes, such as NMC, NCA and Li-rich oxides.  

Accordingly, alloy-based anodes have demonstrated good performances in combination with 

LCO cathode. Nanocrystalline Si (c-Si) dispersed in amorphous Si (a-Si) encapsulating hard carbon 

(HC) derived from natural polysaccharide (HC@c-Si@a-Si) was studied in a full cell in combination 

with LCO.65 Despite the use of such an environmentally friendly precursor for the hard carbon 

synthesis, a further carbon coating via thermal decomposition of acetylene was necessary to enhance 

the electronic conductivity and form the C-Si phase. The HC@c-Si@a-Si/LCO full cell showed 

excellent rate capability and very stable, long-term cycle life. The battery exhibited a capacity 

retention at a rate as high as 10C of 50.8% with respect to the capacity delivered at 1C rate, and of 

80% after 160 cycles at 1C rate.  

One-pot decoration of Si anode and LCO cathode with colloidal nanoparticles composed of 

electroconductive antimony-doped tin oxide (ATO) actually enhanced the electronic conduction of 

the materials and mitigated unwanted interfacial side reactions between electrodes and electrolyte. 

Thus, a full ATO-Si/ATO-LCO cell was cycled within 2.5 V and 4.4 V, with remarkable volumetric 

energy density (discharge capacity = 274 mAh cm−3) and capacity retention (83.9% upon 100 

cycles).66 However, the use Sb, even in low amount, further affects the environmental compatibility 

of the cell.67 Moreover, both cathode and anode synthesis involve high temperature solid-state 

annealing.  

A Si-graphene/LCO cell reached volumetric energy densities of 972 and 700 Wh l−1 at the 

first and 200th cycle, respectively, 1.8 and 1.5 times higher than those of current commercial lithium-

ion batteries.68 The anode was prepared by directly growing graphene over silicon nanoparticles 

without silicon carbide formation. This synthesis approach requires heating at high temperature (1000 

°C) under CH4 and H2; therefore, it is expected to significantly affect the material cost for large-scale 

production. The graphene layers anchored onto the silicon surface accommodate the volume 
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expansion of silicon associated with the Li-alloying via a sliding process between adjacent graphene 

layers.  

Three-dimensional (3D) nanoarchitecture of Ge coated with carbon (3D-Ge-C) showed 

excellent electrochemical performance, hence it was studied in full cell in combination with a LCO 

cathode.69 Upon anode pre-lithiation, the 3D-Ge-C/LCO cell exhibited charge and discharge 

capacities of 1901 and 1561 mAh g−1, respectively, referred to the 3D-Ge-C mass, initial Coulombic 

efficiency of about 82.1%, outstanding rate capability, and a retention of 94.7% over 50 cycles. The 

possible application of LIB prototype was also demonstrated by lighting up a 50-LED bulb array.69 

The anode was prepared by a facile carbothermal reduction of nano GeO2 using polyvinylpyrrolidone 

as precursor. It is noteworthy that germanium is a relatively nontoxic element that poses negligible 

threat to the environment.70 

A very interesting LIB array is represented by the combination of LCO cathode and LTO 

anode. A flexible LIB using the above mentioned configuration, with reinforced electrode design in 

order to support the active layers of the battery and a freestanding carbon nanotube (CNT) as the 

current collector (Fig. 1a), showed remarkable performances.71 The CNT layer was prepared by spray 

painting on a stainless steel foil, while the active materials were embedded inside a porous membrane 

composed of non-woven fibers. The embedding process was performed by dipping the membrane 

into an ink bath. Then, the CNT layer was transferred from the stainless steel foil to embedded 

membrane by simple dipping in water bath. This approach led to electrode tensile strength of one 

order of magnitude higher than standard electrodes. The freestanding CNT based current collector 

minimized the thickness of inactive components within the battery. This particular architecture led to 

areal-capacity enhancement and improved the tensile strength and mechanical flexibility of the 

electrodes. The cell delivered areal capacity of about 1 mAh cm−2, i.e., a value 3–4 times higher than 

other reports on flexible lithium-ion batteries using LTO and LCO electrodes, and a capacity retention 

of around 94% after cycling the battery for 450 cycles at a C/2 rate (Fig. 1b). Tests at different current 

rates (Fig. 1c,d) showed reversible capacity of about 117, 104, and 90 mAh g−1 at C/4, C/2, and 1C 
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rates, respectively. Furthermore, the reinforced electrode allowed excellent capacity retention after 

repeatedly flexing to a bending radius ranging from 45 to 10 mm.  

Figure 171 

Flexible LIBs were also reported by using Fe2N and MoO2 anodes in combination with LCO 

cathode.72,73 Binder-free Fe2N nanoparticles (Fe2N NPs) revealed excellent performance within 

flexible Fe2N/LCO configuration battery. The Fe2N NPs were prepared by hydrothermal treatment 

followed by annealing at 600 °C in NH3 gas flow.72 The full cell achieved high power density (3200W 

kg−1) by operating at current density as high as 1000 mA g−1 and high energy density (688 Wh kg−1) 

at lower current (200 mA g−1). Uniform MoO2 nanoparticle material, evaluated as intercalation-type 

lithium anode within the potential window of 1.0 – 2.5 V, showed comparable electrochemical 

behavior and higher capacity with respect to commercial Li4Ti5O12 in half cell, and were therefore 

employed in a full LIB with LCO cathode. The anode was synthesized by simple hydrothermal 

pathway followed by annealing at 420 °C in H2/Ar atmosphere.73 The MoO2/LCO cell delivered high 

energy density based on total mass of cathode and anode active materials (179 Wh kg−1), and capacity 

retention of 87% of the initial capacity after 500 cycles at 1 C rate.  

A very interesting LIB, using commercial LCO cathode and a composite, core–shell nanowire 

anode based on TiO2-MoO3 (TO-MO mass ratio 1:1) is reported in Fig. 2.74 The nanostructured anode 

(Fig. 2a,b), prepared through hydrothermal approach followed by controlled electrodeposition 

process, was constituted by nano-MoO3 shell, which provided large specific capacity and high 

electrical conductivity, and electrochemically stable TiO2 nanowire core, which ensured negligible 

volume change during Li+ insertion/desertion. Accordingly, the stable TiO2 core mitigated the cycling 

instability of MoO3 shell and its array further provided a 3D scaffold for the electrodeposition of 

MoO3. The full-cell (Fig. 2c) showed outstanding performance (Fig. 2d-f), with maximum power 

density of 1086 W kgtotal
−1 (based on the total mass of the TO-MO and LiCoO2) and excellent energy 

density (285 Wh kgtotal
−1), i.e., a high value with respect to several LIBs previously reported with 

metal oxide anode. However, it is worth considering that molybdenum is not an abundant element 
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and is mostly produced as byproduct of copper mining and in less amount from primary ore. 

Therefore, its use in LIBs may further decrease the environmental compatibility of this type of cells. 

Furthermore, the Mo price is sensitive to the copper production.75  

Figure 274 

A relevant class of energy storage systems with high energy content is represented by LIBs 

combining NMC or NCA cathodes with carbonaceous,76–80 alloy,81–85 titanates,86,87 oxides88,89 and 

sulfites.90 Partial substitution of Mn, Ni, and Al for Co within the layered cathode structure may 

improve thermal stability and reversible capacity of the cell, as well as decrease its cost and 

environmental concerns. It is worth mentioning that limited content of Co and Ni within the layered 

structure may further enhance the battery sustainability.91 Among the studied cell configurations, 

porous carbon–Fe3O4/Li[Ni0.59Co0.16Mn0.25]O2 full cell exhibited high areal and gravimetric 

capacities (748 mAh cm−2 and 150 mAh g−1, respectively) at about 3.2 V, which led to a theoretical 

energy density of 483 Wh kg−1 with respect to the cathode weight.92 The cathode powder was 

prepared by coprecipitation method followed by high-temperature treatment (850 °C) under oxygen, 

while the anode was synthesized by sol-gel approach with annealing (500°C) in Ar atmosphere. The 

battery reversibly operated within 50 and 800 mA g−2 current, with a retention of 63.8% after 1000 

cycles at 0.505 mA (i.e., 50 mA g−2 with respect to the cathode). A bifunctional nanostructured anode 

based on selenium/micro–mesoporous carbon sphere (Se-MPCS) was successfully employed in a LIB 

with LiNi1/3Mn1/3Co1/3O2 cathode.93 Se-MPCS was prepared by introducing Se into a carbon matrix 

through heating a mixture of Se powder and carbon at 240 °C. The carbon host was synthesized by a 

low-temperature hydrothermal process. Furthermore, the negative electrode layers were prepared by 

a sustainable aqueous process employing carboxymethyl cellulose (CMC) and styrene butadiene 

rubber (SBR). The full Se-MPCS/NMC cell showed at a rate of 1C a reversible capacity of 110 mA 

h g−1 based on the cathode mass, with a Coulombic efficiency of approximately 100%, and retained 

80% and 50% of the initial reversible capacity after 500 and 1000 cycles, respectively. A very stable 

and safe LIB employed a Pyr14TFSI-LiTFSI non-flammable ionic liquid (IL) electrolyte, a 
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nanostructured Sn-C nanocomposite anode prepared by sol-gel approach and a commercial layered 

NMC cathode (Fig. 3).94 The anode was synthesized by heating at 700 °C under Ar flow a resorcinol-

formaldehyde gel infiltrated by an organometallic Sn precursor. The battery had outstanding 

characteristics in terms of cycle life, efficiency, optimal electrodes/electrolyte interface features and 

energy density (see Fig. 3a-c). The electrolyte ensured conductivity value varying from about 2 mS 

cm−1 at 40 °C to 7 mS cm−1 at 60 °C, and viscosity ranging from 144 mPs at 20 °C to 27 mPs at 60 

°C, i.e., suitable values for battery application. The use of the Sn-C nanocomposite anode and the 

NMC layered cathode, having a remarkable structural integrity demonstrated by the EIS/SEM study 

(Fig. 3c), guaranteed rather high cell energy density and long-term stability. Indeed, the cell was 

characterized by a reversible capacity referred to the cathode mass of about 140 mAh g−1 and an 

average working voltage of about 3.4 V, thus leading to theoretical energy density of approximately 

476 Wh kg−1 as referred to the cathode. This value reflected practical energy density exceeding 200 

Wh kg−1. Furthermore, the cell showed stability exceeding 400 galvanostatic cycles, high efficiency 

and capacity retention approaching 100 %. 

Figure 394 

The surface reactivity of layered cathodes plays a crucial role in the electrochemical behavior 

of the cell. Therefore, mixed oxides having concentration gradient of the transition metal ions from 

the particle core to the outer layer revealed at the same time relevant energy density and enhanced 

cycling stability, due to the improvement of the electrode/electrolyte interface. Accordingly, 

nanostructured layered material based on lithium−nickel−manganese−cobalt oxide, where the 

manganese concentration remained constant throughout the particle, while the nickel concentration 

decreased and the cobalt concentration increased linearly from the particle center to the surface, has 

been reported as new, high performance cathode for LIBs (see Fig. 4a-b).95 The synthesis was carried 

out by using two continuously stirred tank reactors containing two aqueous solutions of Ni, Co, and 

Mn of different concentration. After coprecipitation, the obtained precursor was mixed with LiOH 
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and calcined at 850 °C in air. The resulting material had average composition of 

Li[Ni0.60Co0.15Mn0.25]O2 and was composed of rod-shaped primary particles grown in radial 

directions with crystallographic texture. This particular morphology ensured high rate capability, 

increased the low temperature performance, and improved the thermal stability compared to a 

benchmark cathode having the same composition and fixed transition metal concentration. The 

electrode was tested in full pouch cell (35 mAh) with MCMB graphite anode between 3.0 V and 4.4 

V at 25 °C and 55 °C with a specific current of 195 mA g−1 (1C = 180 mA g−1). The cell revealed 

good capacity retention (70.3%) after 1000 cycles, even at 55 °C (Fig. 4c-d).95 Following the same 

approach, a recent paper reported concentration-gradient Ni-rich layered oxide electrode with an 

average composition of LiNi0.76Co0.1Mn0.14O2.96 Also in this case, the nickel content decreased 

gradually and the manganese content increased linearly from the center to the surface of each particle 

(Fig. 4e). The material was prepared by a three-step coprecipitation method using a tank reactor, 

followed by lithiation process and thermal treatment at 750 °C in oxygen atmosphere. Compared to 

a constant-concentration sample, the gradient sample exhibited higher reversible capacity with 

superior cycling properties in half-cell, as a consequence of the higher content of inactive tetravalent 

Mn on the surface suppressing the reaction with the electrolyte (Fig. 4e). The improved cathode was 

employed in a pouch-type full cell with a graphite anode, which delivered a capacity as high as 19.6 

mAh and a retention of 89% upon 500 cycles at C/3 rate (1C = 200 mA g−1, Fig. 4f). Furthermore, 

Li[Ni0.75Co0.1Mn0.15]O2 cathode with Ni-rich core and a Ni-depleted shell and continuous 

concentration gradient between the core and shell was used in a LIB with high capacity Si-C 

composite anode, internally wired with graphene sheets (IWGS, about 6 wt% of graphene). The anode 

was prepared by a scalable sol-gel process in water followed by annealing at 850 °C in inert 

atmosphere.97 The battery operated within the 3.2 – 4.2 V range with specific capacity per cathode 

mass of 200 mAh g−1 and 170 mAh g−1 at 0.1C and 1C rates, respectively. Therefore, the cell was 

characterized by excellent cycling stability up to 750 cycles at 1C rate, a theoretical energy density 

as high as 720 Wh kg−1, and an estimated practical energy density higher than 240 Wh kg−1.  
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Figure 495,96 

A very recent class of materials belonging the layered oxide-structure is the Li-rich family, 

characterized by the composition of xLi2MnO3∙(1−x)LiNiaCobMncO2 (where a + b + c= 1). These 

materials have gained extensive attention due to their remarkable reversible capacity, i.e., higher than 

250 mAh g−1. However, only a few paper reported on their application in full LIB. The synthesis and 

application in LIB using graphite anode of a xLi2MnO3∙(1−x)LiNi0.7Co0.15Mn0.15O2 (x = 0, 0.03, 0.07, 

0.10, 0.20, and 0.30) cathodes, which combine the advantages of the high specific capacity of Ni-rich 

layered phase and the surface chemical stability of Li-rich layered phase materials, has been recently 

reported.98 Interestingly, the material was prepared by simple grinding of a Ni0.7Co0.15Mn0.15(OH)2 

precursor with MnCO3 and LiOH, followed by heating at 800 °C. The Ni0.7Co0.15Mn0.15(OH)2 

precursor was synthesized by using a continuous stirring tank reactor. Fig. 5 shows standard and cross 

section electron micrographs (left panels) as well as SEM-EDS line scans (right panels) of the 

resulting xLi2MnO3∙(1−x)LiNi0.7Co0.15Mn0.15O2 particles with x = 0 (panels a) and x = 0.10 (panels 

b). Deep electrode characterization by X-ray diffraction, electron microscopy and electrochemical 

measurements confirmed the formation of a Li-rich layered phase with C2/m symmetry and revealed 

Li-rich nano-domain islands embedded into the conventional Ni-rich layered matrix (R3̅m), as shown 

by the scheme of Fig. 5c, right panel. Remarkably, a pouch-type LIB using the optimized cathode 

material (x=0.07) and graphite anode revealed an initial capacity of 190 mA h g−1, retained by 74% 

after 900 cycles (Fig. 5d).98 Further LIBs using Li-rich cathode in combination with graphite anode, 

such as SnO2-coated Li1.2Mn0.54Co0.13Ni0.13O2 (with reversible capacity of about 230 mAh g−1 

retained by 87% over 150 cycles in full cell99) and Ti-substituted 0.5Li2MnO3–0.5LiNi0.5Mn0.5O2 

cathode with the composition of Li1.5Ni0.25Mn0.75−xTixO2.5,100 have been recently reported.  

Figure 598 

2. Lithium-ion batteries using olivine cathodes 
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Olivine materials, in particular LiFePO4, are the most stable and long-life cathodes designed 

for LIBs application. Furthermore, those based on manganese and iron are particularly appealing 

because of the low cost and environmental compatibility with respect to Co and Ni-based materials.1 

LiFePO4 (i.e., LFP) can be efficiently employed in several LIB configurations using carbonaceous 

anodes. An interesting example is the flexible graphite/LFP battery integrated into a single paper 

structure, using nano-fibrillated cellulose both as electrode binder material and as separator 

material.101 The battery papers are made through a paper-making type process by sequential filtration 

of water dispersions containing the battery components. This process ensured a thin and robust paper 

cell. It is noteworthy that commercial Li-ion batteries employ separators based on polyethylene–

polypropylene, which are synthesized from non-renewable petroleum products. As for conventional 

binders, they are F-containing polymers that require coating process in organic toxic solvents. 

Therefore, the use of cellulose-based polymers is expected to significantly improve the environmental 

compatibility of the battery. The paper cell delivered reversible capacities of 146 mAh g−1 and 101 

mAh g−1 with respect to the cathode mass at C/10 and 1 C rates, respectively. The corresponding 

energy density at C/10 rate was 188 Wh kg−1.  

An interesting lithium-ion cell characterized by relevant safety content was formed by 

coupling LFP cathode with a graphene nanoplatelet (GNP) anode prepared by an easy-to-handle 

aqueous ink cast on cupper foil, in N-butyl-N-methyl-pyrrolidinium-bis (trifluoromethanesulfonyl) 

imide, lithium bis(trifluoromethanesulfonyl)imide, ethylene carbonate, dimethyl carbonate 

(Pyr1,4TFSI–LiTFSI–EC–DMC) electrolyte.102 The GNP/LFP battery delivered a capacity of the 

order of 150 mAh g−1 at 2.4 V, with an efficiency approaching 100%.  

Another example of cell based on Cu-supported graphene nanoflakes anode and LFP has been 

reported as low cost and potentially scalable battery.103 A graphene nanoflakes ink was prepared by 

easy exfoliation via ultrasonication in N-methyl-2-pyrrolidone. The lithium-ion cell achieved optimal 

performances by carefully balancing its composition and suppressing the initial irreversible capacity 

of the anode in the round of few cycles. The cell delivered specific capacity of 165 mAhg−1 at 1C rate 
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for over 80 cycles with Coulombic efficiency approaching 100%. The related theoretical energy 

density was 380 Wh kg−1, with estimated energy density of about 190 Wh kg−1. The good performance 

and the use of low cost and environmentally friendly materials make this cell configuration an 

interesting candidate for the development of sustainable batteries. However, the relatively large 

voltage slope of graphite/graphene materials may be an issue for practical applications. Other recent 

studies reported the use of carbonaceous anode materials in combination with LFP cathodes with 

promising results.45,104–107 

Several advantages in terms of cycle life and safety content may be achieved by using LFP in 

combination with titanium oxide based anodes, e.g., TiO2 and Li4Ti5O12 (LTO). Furthermore, 

titanium is the ninth most abundant element in the Earth’s crust and Ti-based oxides are 

environmentally benign.108 Hence, LTO/LFP batteries are particularly appealing as sustainable and 

safe energy storage systems. However, the relatively high and low voltages of Ti-based anode and 

LFP cathode, respectively, strongly affect the energy density of the cell. A LFP/C cathode networked 

with MWCNT of enhanced charge mobility was employed in a lithium-ion full cell using Li4Ti5O12 

anode, with working voltage of about 1.9 V, and stable behavior upon 100 cycles.109 Li4Ti5O12 

nanopowder was synthesized by a solution–combustion synthesis using titanyl nitrate [TiO(NO3)2], 

LiNO3 and glycine, while LiFePO4 particles of about 20 nm were prepared through a sol–gel route 

employing adipic acid and then added with MWCNT in order to improve the electronic conductivity. 

An example of LFP-based battery using anatase TiO2 delivered a reversible capacity of 103 mAh g−1 

at about 1.4 V, excellent cycling response at several current densities and capacity retention of 88% 

over 300 cycles in ambient conditions.110 The cell employed TiO2 hollow nanofibers prepared by 

simple co-axial electrospinning route and commercial LFP powder. Furthermore, a V-doped 

Li4Ti5O12-C composite material, prepared by high-temperature solid-state method, demonstrated high 

rate capability and cycling stability.111 The V-doped LTO-C/LFP full cell, limited at the anode, 

delivered discharge capacities of 181, 178, 167, 142, 110, and 78 mAh g−1 at 0.2, 0.5, 1, 3, 5, and 10C 

rates, respectively. The cell had excellent long-term stability upon 400 cycles, with a fading rate lower 
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than 0.0056% per cycle. Despite the suitable performances, the use of vanadium represents an issue 

in terms of safety and toxicity of the starting materials.112 

Relevant volumetric and gravimetric energy densities, in addition to low cost, easy synthesis 

methodologies, high power densities and long cycle life are key requirements for high-performances 

LIBs. However, too large tap density generally compromises the charge transport and hence the 

power density. This issue has been recently addressed by using densely packed Li4Ti5O12 (LTO) 

submicrospheres, synthesized through a simple and easily scalable self-assembly process, ensuring 

at the same time high tap density, stable trend, long life and high rate capability.113 Indeed, compact 

LTO spheres were formed though hydrolysis reaction followed by annealing in Ar atmosphere. The 

abundant presence of grain boundaries between the LTO nanocrystallites in the submicron spheres 

led to a 3D interconnected network, which allowed fast Li-ion and electron transport, as indicated by 

large Li-ion diffusion coefficient and electronic conductivity values (6.2 × 10−12 cm2 s−1 at 52% state 

of charge and 3.8 × 10−6 S cm−1, respectively). The specific capacity for densely packed LTO was 

reported within the 150 – 130 mAh g−1 range at high current rates (10 and 20C), with capacity 

retention of about 97% after 500 cycles at 10C rate in lithium half-cell. The high-performance anode 

was combined with commercial LFP cathode in full pouch cell (Fig 1 a,b). The LTO/LFP LIB 

delivered capacity values of 146, 129, 125, 110, 90, and 76 mAh g−1 at 0.5, 5, 10, 30, 60, and 80C 

rates (Fig. 6c,d). The cell had excellent cycling stability, without capacity decay over 8000 cycles at 

30 C rate (Fig. 6e).113 Further proofs of the efficient use of Ti-based anodes and LFP cathodes in full 

cells characterized by relevant stability were reported in literature.57,114–117 

Figure 6113 

Interestingly, self-supported carbon nanofiber paper (CNFP)-sulfur composite, generally 

employed as the cathode in lithium metal sulfur battery, was used as the anode in a CNFP-S/LFP LIB 

with average working voltage of 3.0 V.118 A carbon nanofibers paper was firstly prepared through 

electrospinning of polyacrylonitrile followed by carbonization at 1000 °C and then infiltrated by 

sulfur. The reversible Li-ion storage ability of sulfur below 1.5 V vs. Li/Li+ in the CNFP matrix, 
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apparently in contrast to the typical conversion reaction of sulfur to Li2S within 3.0 – 1.5 V vs. Li/Li+ 

potential range, was attributed to the rapid adsorption/desorption of Li-ions on the surface of sulfur. 

The cell delivered a reversible capacity of about 310 mAh g−1 with respect to the total mass of the 

electrode components, maintaining 95% of capacity after 1000 cycles and exhibiting higher power 

capability with respect to similar cells based on graphite anode.118 Furthermore, the proposed 

configuration benefits from the low cost and sustainability of both S-based anode and LFP cathode. 

Metal oxide anode have been efficiently used in combination with LFP cathode. A recent work119 

reported an all-nanosheet LIB employing a ZnMn2O4–graphene anode and a LiFePO4 cathode, 

characterized by short Li-ion diffusion length and easy charge transport due to the use of 

nanostructured electrodes (Fig. 7a). Indeed, both electrodes had 2-dimensional (2D) nanosheet 

morphology which enabled operation at high current (Fig. 7c). Indeed, comparison of the 

electrochemical performances of the all-nanosheet battery with those of a benchmark one using 

conventional graphite anode and commercial LiFePO4 cathode revealed superior rate capability and 

cycling stability (Fig. 7b,c).119  

An environmentally friendly LIB using LFP cathode and transition metal oxide anode was 

proposed for high-power application120: the battery was based on carbon-coated ZnFe2O4 

nanoparticle anode and LiFePO4-multiwalled carbon nanotube cathode, both prepared by aqueous 

procedure with Na-carboxymethyl cellulose. The use of water and cellulose instead of organic toxic 

solvents and fluorine-containing PVDF is expected to significantly increase the sustainability of 

battery manufacturing process. The cell showed remarkable rate capability and delivered 50% of its 

theoretical capacity at 20C rate with respect to the cathode. Furthermore, it exhibited remarkable 

stability, retaining up to 85% of its initial capacity after more than 10000 cycles at about 10C with 

respect to the LiFePO4 cathode (Fig. 7d). Pre-lithiation of the negative electrode allowed proper 

tuning of the cell potential (Fig. 7e), thus leading to high gravimetric energy and power density values 

of 202 Wh kg−1 and 3.72 W kg−1, respectively.120 Other works reported the combination of Me-oxide 

anodes and LFP cathodes with well suitable performances.64,121  
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Lithium alloying anodes (Ge, Sn, Si) have shown particular suitability for LIBs in 

combination with LFP cathode. A Germanium (Ge) nanowires electrode improved through 

passivation by a dodecanethiol monolayer was proposed as suitable anode in LIB using LFP, with 

average discharge voltage of about 3.4 V and reversible capacity slightly lower than that obtained in 

the half-cell, however sufficient to light up a green light-emitting-diode (LED). The same cell in 

pouch-type configuration lighted up over 60 red LEDs, a white LED bulb, and powered an audio 

device.122 However, the use of hazardous chemicals in the anode synthetic recipe, such as benzene, 

toluene and hydrofluoric acid,122 might decrease the sustainability of a possible large-scale 

manufacturing process of this battery. A Further Ge/LFP LIB powering LED array employed 

germanium microcubes with a hierarchical structure supported on titanium foil.123 The anode was 

prepared by heating GeO2 microcubes deposited on the Ti foil at 550 °C under hydrogen atmosphere. 

The full cell tested at 0.1C rate showed flat charge plateau around 3.1 V and initial Coulombic 

efficiency of about 80%. After 100 cycles at 0.5C rate, the cell still kept a reversible capacity of 1123 

mAh g−1 with respect to the anode mass. A rate capability test revealed specific capacity at 0.1, 0.5, 

1, and 2C rates (fixed lithiation rate of 0.2C) of 1150, 1109, 981, and 782 mAh g−1 with respect to 

the anode mass, respectively.123  

A remarkable example of battery employing Li-alloy anode and LFP cathode within very safe 

and long-life configuration has been recently reported124. The LIB was formed by a Sn–C 

nanocomposite anode, a LFP cathode, and a N-butyl-N-methylpyrrolidinium bis(fluoro-

sulfonyl)imide (Pyr14FSI) lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) IL-electrolyte, which 

allowed exceptional electrochemical performance in terms of reversible capacity, cycling stability, 

Coulombic efficiency and rate capability. The cell was expected to have low environmental impact, 

in view of the low cost and low toxicity of the electrode components, and high safety due to the use 

of non-volatile, poorly-flammable electrolyte, and structurally stable olivine and Li-alloying 

electrodes. The Sn–C/Pyr14FSI–LiTFSI/LFP LIB delivered a maximum capacity of 160 mA h g−1 at 

an average working voltage of 3 V (Fig. 7f), good rate capability (Fig. 7g), and a Columbic efficiency 
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higher than 99.9% over more than 2000 charge/discharge cycles (Fig. 7h). The same work reported 

several ionic liquid electrolytes of different chemical structure, ionic conductivity, viscosity, 

electrochemical properties and lithium-interphase stability for LIBs application.124 The efficient 

combined use of Li-alloy anodes and LFP cathodes was further demonstrated by several reports.125–

131 

Figure 7119,120,124 

The substitution of Fe within the olivine framework leads to higher working voltage of the 

cathode, thus enhancing the energy content of the full lithium-ion battery. However, only relatively 

few papers studied transition metal-substituted olivine materials in full cell configuration. A recent 

polymer LIB, formed by combining a LiMn0.5Fe0.5PO4 olivine cathode, a nanostructured Sn−C anode, 

and a LiBOB-containing PVdF-based gel electrolyte, showed working voltage ranging from 2.8 to 

3.6 V due to the Fe3+/Fe2+ and Mn3+/Mn2+ couples (Fig. 8a).132 The cell delivered a stable capacity of 

about 110 mAh g−1 with Coulombic efficiency of about 99% for 70 galvanostatic cycles (see Fig. 

8b). Hence, the battery had an estimated theoretical energy density of about 360 Wh kg−1 with respect 

to the cathode, i.e., a value expected to ensure a practical energy density comparable to commercial 

devices. The cell configuration has intrinsic high safety content as well as limited environmental issue 

due to the use of fluorine-free lithium salt, gelled electrolyte, alloy anode and olivine cathode 

characterized by a stable polyanionic framework.132 Furthermore, the LiMn0.5Fe0.5PO4 material was 

prepared by an eco-friendly low-temperature solvothermal pathway in a water/ethylene glycol 

mixture, followed by annealing at 700 °C under Ar. 

The substitution of Co for Fe leads to potential of 4.8 V vs. Li+/Li due to the Co3+/Co2+ couple, 

thus enabling high-energy 5 V batteries.133 However, the practical use of Co-based olivines is 

hindered by the environmental concerns due to the toxic and expensive cobalt.1 Furthermore, 

LiCoPO4 generally shows limited cycle life and reversible capacity lower than theoretical value. 

These shortcomings were partially mitigated by introducing Fe, Cr and Si within the LiCoPO4 lattice. 

The cathode powders were prepared by solid-state treatment at 700 °C under nitrogen.134 Neutron and 
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synchrotron diffraction data suggested higher Li-ion conductivity for the defect olivine structure of 

Cr,Si-LiCo0.9Fe0.1PO4 with respect to LiCo0.9Fe0.1PO4 and unsubstituted LiCoPO4. The cathode was 

studied in a LIB in combination with graphite anode showing for the initial cycles at 1C rate a specific 

energy density as high as 550 Wh kg−1, based on the cathode active mass, owing to the high operating 

voltage (Fig. 8c). This specific energy density value is higher than that one of the graphite/LiCoO2 

array. However, the energy density decreased to 510 Wh kg−1 with respect to the cathode over 250 

cycles (Fig. 8d).134 Alternative and interesting examples of LIBs using mixed olivines and Li-

conversion/alloying anodes are reported in a recent paper, combining LiFe0.25Mn0.5Co0.25PO4 olivine 

cathode, in which the Co-content was further decreased, either with Sn-Fe2O3-C or with Sn-C 

composites.135 The cathode synthesis consisted of a low-temperature solvothermal treatment in 

water/ethylene glycol mixture and carbon coating at 700 °C under Ar. A similar heating procedure 

was used to the pyrolysis of Sn-containing resorcinol-formaldehyde gel to synthesize the Sn-C 

composite, while the Sn-Fe2O3-C material was prepared by simple mechanical high-energy milling 

of the bare powders, without any further thermal step. The resulting Sn-C/LiFe0.25Mn0.5Co0.25PO4 and 

Sn-Fe2O3-C/LiFe0.25Mn0.5Co0.25PO4 full cells were cycled at C/5 rate with respect to the cathode mass 

(1C = 170 mA g−1) delivering a steady-state reversible capacity ranging from 90 to 100 mAh 

gcathode
−1at about 3.5 and 3.2 V. Taking into account a correction factor for inactive materials 

contributions of about 1/3, the estimated practical energy density of the Sn-C/LiFe0.25Mn0.5Co0.25PO4 

and Sn-Fe2O3-C/LiFe0.25Mn0.5Co0.25PO4 cells were of about 120 and 100 Wh kgtot
−1. 

Figure 8132,134 

3. Lithium-ion batteries using spinel cathodes 

LiMn2O4 (LMO) spinel-type oxide and its Ni-substituted version (i.e. 5 V-LNMO spinel) are 

Co-free cathode materials, characterized by relatively high operating voltage and rate capability, 

which may lead to high energy and remarkable power capability. These materials combine interesting 

electrochemical features such as low cost, environmental compatibility and high power density with 

respect to conventional layered oxides, while they generally suffer from capacity fade above 50 °C.27 
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Spinel-type oxides were studied in full lithium-ion cells by several literature works reporting suitable 

performances.87,136–142 A highly efficient LIB using a commercial LMO cathode and a MnOx-C 

nanocomposite anode, i.e., low-cost and sustainable materials, has been reported (inset of Fig. 9a).143 

The anode, prepared by sol-gel route with pyrolysis at 850 °C in Ar, consisted of 5 to 30 nm-size 

MnOx crystals (mainly MnO with Mn3O4 phase), embedded into a mesoporous carbon matrix (64 

wt%). The full MnOx-C/LMO cell was assembled in a charged state following a preconditioning 

procedure in order to avoid the first cycle irreversible capacity loss. The cell showed a voltage profile 

reflecting the overall electrochemical process between 2.0 and 4.1 V at 0.2C rate (Fig. 9a), as well as 

a capacity of about 100 mAh g−1 with respect to the cathode. The cell capacity started to fade slowly 

from the 60th cycle, to give a 73% retention after 100 cycles. The initial capacity was almost 

completely recovered by lowering the C-rate to 0.1C (Fig. 9b), however with further slow fading and 

capacity retention of 60% upon 188 cycles. Proper electrode balancing by increasing the anode 

loading produced the optimal negative/positive electrode mass ratio and increased the MnOx-C/LMO 

LIB stability up to 245 cycles at 2C rate (Fig. 9c-d).143 A very interesting example of flexible, pouch-

type LIB based on environmentally benign Mn employed spinel-structure LiMn2O4 cathode and 

conversion Mn2O3 anode, both within the nanowire configuration.144 The same precursors, i.e., 

MnOOH nanowires, formed from MnO2 nanoflakes, were directly attached on Ti foils and 

subsequently transformed to Mn2O3 and LiMn2O4 by thermal annealing and reaction with lithium 

salt, respectively (scheme of Fig. 9e). The one-dimensional nanowire structures provided short 

lithium-ion diffusion path, good charge transport and volume flexibility for Li+ exchange, thus 

leading to good rate capability and cycling performance. The flexible Mn2O3/LiMn2O4 LIB delivered 

output voltage above 3 V, a specific capacity of 99 mAh g−1 based on the cathode mass and had low 

thickness of 0.3 mm (see Fig. 9f). After 40 galvanostatic cycles, the capacity was of about 80 mAh 

g−1.144 A LIB of interest belonging to the same class was formed by coupling bare LiMn2O4 spinel 

cathode and carbon-coated Li3Nd3W2O12 (C-Li3Nd3W2O12) insertion anode, which has voltage as low 

as 0.3 V vs. Li+/Li.145 The cell delivered at 1C rate a reversible capacity of 115 mAh g−1 operating 
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within the 2.95 – 3.9 V voltage range, which leads to an energy density of about 390 Wh kg −1. 

Furthermore, the cell showed improved cycling at the higher current rate, retaining about 71% and 

93% of its initial reversible capacity after 100 cycles at 1C and 2 C rates, respectively. However, the 

use of neodymium-based electrode materials in commercial lithium-ion batteries might produce 

imbalance between demand and supply of neodymium,146 thus likely hindering possible massive 

employment in scaled-up batteries.  

Figure 9143,144 

LiNi0.5Mn1.5O4 and metal substituted analogues represent very promising materials due to 

their high voltage and rate capability. This class of cathodes has been considered particularly suitable 

in terms of energy density for LIBs exploiting anodes of higher working voltage with respect to 

graphite, such as alloying, conversion and Ti-based electrodes.147–152 A very efficient LIB operating 

at 4.4 V coupled Sn-C nanostructured anode and high-rate Li[Ni0.45Co0.1Mn1.45]O4 spinel cathode 

prepared by sol-gel and coprecipitation approaches, respectively.153 The battery delivered an 

estimated practical energy density of the order of 170 Wh kg−1, exhibited extremely stable trend upon 

100 cycles at 1C rate with respect to the cathode and demonstrated high rate capability by a retention 

of 85% of the initial capacity at 5C rate.153 A LIB comprising a high-performance amorphous 

columnar silicon thin film anode prepared by DC magnetron sputtering and commercial 

LiNi0.5Mn1.5O4 spinel cathode was proposed with fluoroethylene carbonate (FEC)-based electrolyte 

solution (FEC/DMC 1:4 with 1 M LiPF6) with the aim of improving the cycle life.154 The battery 

demonstrated hundreds of cycles, excellent charge–discharge efficiency and rate capability (Fig. 10a-

b).154 Another work155 used a commercial spinel cathode with a carbon-coated Si-Cu3Si-Al2O3 

nanocomposite synthesized through a simple mechanochemical reaction. The incorporation of both 

the conductive Cu3Si and electrochemically stable Al2O3 phases enhanced the cycling stability and 

rate capability, however with a decrease of specific capacity with increasing amount of Cu3Si. The 

Si-Cu3Si-Al2O3/LNMO battery cycled at 0.5C rate delivered reversible capacity of about 95 mAh g−1 
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(based on the mass of the cathode material) at average working voltage above 3.5 V, a relatively good 

capacity retention of about 77.2% after 50 cycles with a high initial efficiency of about 86.3%. The 

enhanced electrochemical performance was attributed to the buffer Cu3Si phase, which mitigated 

structural degradation and increased the anode conductivity.  

Graphite156 and graphene157 anodes were also used in lithium-ion batteries employing LNMO 

cathode. Indeed, a graphite/LNMO LIB delivered a capacity of about 125 mAh g−1 at C/2 rate (30 

°C), with capacity retention of 81% and a high Coulombic efficiency (over 99.6%) after 100 cycles.158 

The improvement of the LNMO electrochemical performance at high voltage in the above cell was 

achieved by addition to the electrolyte of an organo-phosphorus compound with an organic 

substituent, i.e., tris(trimethylsilyl) phosphite (TMSP). TMSP mitigated the decomposition of LiPF6 

by hydrolysis, thus suppressing HF formation and avoiding Mn/Ni dissolution from the cathode; 

furthermore, TMSP formed a protective layer on the cathode surface.158 Graphene and graphene 

oxide-based anodes have been widely explored in lithium half-cell, revealing remarkable  

performances. However, only few works demonstrated the suitability of this material as anodes in 

full lithium-ion cell, mostly due to the poor loading of graphene-based electrode, which leads to 

difficult N/P ratio setting during cell assembly. An attracting LIB has been recently obtained by 

coupling an exfoliated graphite/graphene nanosheets (EGNs) anode and a high-voltage LNMO 

spinel-structure cathode synthesized by wet chemistry route with calcination at 800 °C.159 The binder-

free anode, prepared by simple exfoliation of graphite in a solvent media and subsequent casting onto 

Cu support, showed a capacity exceeding by 40% that ascribed to commercial graphite in lithium 

half-cell, at very high C-rate, due to its particular structure and morphology, which allowed lithium 

intercalation into the graphite and insertion within the graphene nanosheets. The Li-ion battery 

operated at about 3.8 V, with a specific capacity of about 125 mAh g−1, excellent efficiency and rate 

capability, as well as a cycle life up to 150 cycles. The estimated practical energy density of the above 

cell was of the order of 260 Wh kg−1.159  



25 

Very significant and efficient examples of LIBs based on LNMO cathodes were obtained by 

employing titanate anodes.57,160–168 The interest on titanate was justified by its electrochemical 

characteristics which match both capacity and rate capability of the LNMO cathode and facilitate the 

cell balance due to the flat voltage and relevant efficiency of the anode. Furthermore, LTO materials 

can be repeatedly cycled without inducing any electrolyte decomposition, since they operate at 

relatively high voltage values (about 1.5 V vs. Li+/Li), which fall within the electrochemical stability 

window of large part of the electrolytes. Therefore, the combination of LTO with high voltage spinel 

cathodes, operating at about 4.7 V vs. Li+/Li, leads generally to LIBs with working voltage of about 

3.2 V. Accordingly, a spinel LNMO fiber cathode having on dimensional (1D) architecture was 

synthesized by electrospinning followed by high-temperature treatment, structurally and 

morphologically analyzed by various techniques, and coupled with an anatase TiO2 fiber anode 

prepared with the same pathway. The full cell employed a gelled polyvinylidene fluoride-co-

hexafluoropropylene (PVdF–HFP) electrolyte.169 The TiO2/LNMO cell delivered a reversible 

capacity of about 102 mAh g−1 at 0.1C rate (1C = 150 mA g−1) with an operating voltage centered at 

2.8 V, excellent rate capability and stable cycling profiles with retention of about 86% over 400 

cycles. Efficient LTO/LNMO LIBs were also reported with LiTFSI-pyrrolidinium 

bis(trifluoromethane-sulfonyl)imide ionic liquid electrolyte.170 The LIBs revealed improvements in 

terms of capacity retention and Coulombic efficiency with respect to a benchmark cell using 

conventional carbonate-based electrolyte. Scanning electron microscopy (SEM) images and X-ray 

diffraction (XRD) patterns have shown maintained pristine morphology and structure of LNMO 

particles after 50 cycles at 0.5C. An extremely efficient and stable LIB advantageously combined a 

LTO negative electrode with a modified, Co-doped Li[Ni0.45Co0.1Mn1.45]O4 spinel-type cathode.171 

The LTO/Li[Ni0.45Co0.1Mn1.45]O4 battery operated following the expected, very flat voltage profile 

centered at 3 V with extremely limited hysteresis between charge and discharge, which indicates high 

reversibility and fast kinetics (Fig. 10c). The battery delivered 128 mA h g−1 with respect to the 

cathode at 1C rate for 500 cycles, with only 15% capacity loss (Fig. 10d). Moreover, the LIB has 
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shown satisfactory performances and very stable capacity within temperature ranging from −20 to 

+55 °C (Fig. 10d).171 

The high voltage delivered by the spinel-type cathodes enables the use of several anode 

materials characterized by penalties in terms of operating potential, such as the lithium conversion 

electrodes (e.g., metal oxides). Indeed, a recent work demonstrated the possible efficient use of CuO–

MCMB composite, synthesized by easy high-energy ball milling process of low-cost precursors, in a 

LIB using a LNMO cathode.172 Such a high-energy milling approach did not require any further 

thermal treatment. The battery exhibited an average working voltage of 3.8 V, and delivered a 

capacity of about 120 mAh gcathode
−1 for over 100 cycles at 1C rate (148 mA g−1) with respect to the 

cathode (Fig. 10e). Furthermore, rate capability tests up to 5C revealed reversible operation with 

capacity above 100 mAh gcathode
−1. The CuO–MCMB/LiNi0.5Mn1.5O4 battery had a theoretical energy 

density of the order of 420 Wh kg−1, which is a value not far from that provided by the common 

graphite/LiCoO2 system. Additional bonuses of this battery with respect to conventional systems 

were the lower cost and the limited environmental issues of the electrode materials. Other examples 

of LIBs combining conversion-type (NiO-MCMB) and conversion/alloying (Sn-Fe2O3-MCMB) 

anodes with high voltage spinel cathodes (LNMO) have been reported by the same group, with 

estimated energy density content of about 120 Wh kg−1 (Fig. 10f).173,174 Moreover, the CuO-Fe2O3-

MCMB/Li1.35Ni0.48Fe0.1Mn1.72O4 configuration has recently demonstrated very promising 

performances.175 A further LIB based on CuO nanorod array anode and a commercial LNMO material 

with hierarchical structure exhibited capacity retention of 84% over 100 cycles at 0.5C rate with 

respect to the anode, and capacity of about 240 mAh g−1 at a C-rate as high as 10C (both referred to 

the anode mass).176 A recent report studied a LIB based on 1D active materials prepared by a scalable 

procedure, i.e., conversion-type α-Fe2O3 anode and an over-lithiated Li1.33Ni0.5Mn1.5O4 cathode. The 

electrode materials were prepared by electrospinning of fiber precursors followed by calcination.177 

The cathode was electrochemically over-lithiated before cell assembly in order to overcome 

irreversible capacity loss (ICL) in α-Fe2O3. The α-Fe2O3/Li1.33Ni0.5Mn1.5O4 cell, which employed a 
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PVdF-HFP-based gel electrolyte, revealed average working voltage of about 3.3 V, and delivered an 

energy density of about 193 Wh kg−1 holding about 88% of the initial reversible capacity after 60 

cycles when cycled at 100 mA g−1 (referred to the anode mass). The energy density was calculated 

by multiplying the discharge capacity that takes into account the total mass of both active materials 

(about 59.02 mAh g−1) and the working voltage. Further works reported on the use of LNMO-based 

cathodes in full cell configurations, combined with conversion-type,178–180 NASICON-type 

phosphate,181 VS4,182 and vanadate anodes.64 

Figure 10154,171,172,174 

4. Next future lithium-ion batteries: sulfur and oxygen cathodes 

Lithium-sulfur and lithium-oxygen batteries are certainly among the most attractive energy 

storage systems due to their extremely high energy content with respect to the conventional ones. 

Furthermore, they may actually decrease the lithium-ion battery issues in terms of cost and 

environmental concerns, due to the use positive electrodes based on cheap and sustainable materials, 

i.e., carbon, oxygen and sulfur, instead of expensive and toxic Co-based oxides. Nevertheless, Li/S 

and Li/O2 cells suffer from a safety issue due to the use of lithium metal at the anode side. A possible 

solution to this problem, allowing large scale diffusion of these appealing systems, is the replacement 

of the metal anode by a lithium-ion one.  

Lithium-sulfur batteries have been widely investigated as alternative systems to the currently 

used LIBs, especially for the low cost and environmental impact of sulfur-based cathodes. However, 

commercialization of lithium-sulfur batteries has so far been limited due to problems associated with 

both the sulfur cathode and the lithium metal anode. These issues have been mitigated by using sulfur-

based cathodes in combination with high-capacity composite anodes.183–193. A first lithium-ion sulfur 

battery combined a Sn-C anode, a Li2S/C cathode prepared by low-energy ball milling under Ar 

atmosphere of Li2S and carbon in 1:1 weight ratio, and a gel polymer electrolyte. The battery was 

characterized by theoretical specific energy and energy density of 2500 Wh kg−1 and 2800 Wh l−1, 
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respectively, i.e., much greater values compared to those of any conventional lithium battery.194 

Further Li metal-free batteries combined S-based cathodes with Si alloy anodes.195–197 Thus, a 

lithium-ion battery using a Li2S/mesoporous carbon composite cathode and Si nanowire anode 

delivered theoretical specific energy of 1550 Wh kg−1 and discharge specific energy of 630 Wh kg−1 

based on the mass of the active electrode materials.195 Another LIB based on S-cathode and silicon–

carbon nanotube anode operated for over 1000 cycles delivering a specific capacity of 1470 mAh 

gsulfur
−1 (720 mAh gcathode

−1) with Coulombic efficiency approaching 99%.196 An interesting example 

of polymer LIB based on sulfur-carbon cathode and Li-Sn-C nanostructured anode employed a PEO-

polysulfide-added electrolyte.197 The cell delivered stable capacity ranging from 500 to 1500 mAh 

gsulfur
−1, depending on the cycling rate. The use of a polymer electrolyte and the replacement of the 

lithium metal with a Li-Sn-C nanostructured alloy improved the safety content of the battery. A Si/S 

LIB using lithiated Nafion-coated porous Si as anode and sulfur as cathode delivered specific capacity 

of 330 mAh g−1 and energy density of 590 Wh kg−1 based on the total mass of sulfur and silicon upon 

100 cycles.198  

Recently, a highly reliable lithium-ion-sulfur battery, showing cycle performance comparable 

to that of lithium-ion batteries has been reported.199 The LIB employed highly reversible, dual-type 

activated carbon (AC)-sulfur cathode (solid sulfur electrode and polysulfide catholyte) and a lithiated 

Si-SiOx nanosphere anode. The cathode was easily prepared by melting elemental sulfur with 

activated carbon in 1:1 weight ratio at 135 °C. Afterwards, the resulting mixture was casted onto a 

gas diffusion layer (GDL). The Si-SiOx/AC-S full cell showed remarkable battery performances in 

terms of high specific capacity, excellent charge−discharge efficiency, and remarkable cycle life. The 

cell delivered a specific capacity of 1100 mAh gsulfur
−1 at 0.1C rate (1C = 1675 mAh gsulfur

−1) with an 

average voltage of about 1.8 V, and a capacity of 750 mAh gsulfur
−1 at 1C rate retained by 86% over 

500 cycles, with an efficiency exceeding 98% (Fig. 11a,b).199 Furthermore, B,N-Co-doped graphene 

supported sulfur (S@BNG) composite electrode was used in a lithium-ion-sulfur battery in 

combination with high performance lithiated Ge anode.200 The BNG with enriched pyridinic-N and 
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N−B/N=B bond as conductive host for sulfur electrode (having S loading of 75%) revealed strong 

interactions with polysulfide, which efficiently trapped the active sulfur within the electrode. The full 

Ge/S@BNG battery exhibited capacity of 530 mAh g−1 with respect to the cathode (150 mAh g−1 

based on both cathode and anode) over 500 cycles at the rate of 1C. Therefore, it delivered a high 

reversible power density of 350 Wh kg−1 (based on the mass of both cathode and anode) upon 100 

cycles. 

Few studies reported on metal-free, lithium-ion cells exploiting the Li/oxygen electrochemical 

process. A preliminary example evidencing the feasibility of this intriguing LIBs employed lithiated, 

nanostructured silicon-carbon composite at the anode side and oxygen supported by a gas diffusion 

layer, coated by Super-P carbon, at the cathode side (Fig. 11c).201 The results of the study, based on 

X-ray diffraction and galvanostatic charge−discharge analyses, demonstrated the reversibility of the 

electrochemical process of the battery. The LixSi-C/C,O2 cell exhibited a discharge voltage plateau 

centered at 2.40 V and was cycled by limiting both charge and discharge capacity at 1000 mAh 

gcarbon
−1 (Fig. 11d). Hence, the theoretical energy density of the complete (anode and cathode) LixSi-

C/C,O2 battery was estimated as 980 Wh kg−1, which is remarkably higher value than that one offered 

by conventional lithium-ion batteries. However, the cell showed a continuous voltage decay upon 

cycling (Fig. 11d), which was likely attributed to oxygen attack on the LixSi-C anode by permeation 

across the electrolyte. Therefore, further work aimed at optimizing this cell design is required in order 

to solve this challenging issue. Obviously, the replacement of lithium metal with a lithium metal alloy 

entails a penalty in terms of both voltage and capacity; however, as for lithium-ion batteries, this 

drawback is favorably counterbalanced by the enhancement in safety. Therefore, the combined use 

of a lithium-ion anode with O2 needs further work aimed at addressing unsolved issues limiting the 

cycle life.202–204 

Figure 11199,201 

5. Toward high-performance sustainable batteries  
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In the previous sections we focused the attention on the advances of the LIBs R&D towards 

the design of new and environmentally sustainable energy storage technologies, with particular 

emphasis on the strategies explored to improve the cycling performances. Several remarkable 

examples of LIBs of practical interest, employing layered, olivine, and spinel compounds as well as 

sulfur and oxygen-based cathodes, have been critically analyzed in terms of working voltage, cycling 

stability and Coulombic efficiency, with particular care on the main characteristics of the adopted cell 

configuration. Chemical, electrochemical and technological strategies attempted in order to overcome 

the benchmarks of currently available batteries have been explored through an overview of advanced 

LIBs using high-performance materials. Thus, the analysis of the various full cell configurations here 

reported highlights the prominent role of renewed battery chemistries at the anode, cathode and 

electrolyte sides, attempted by numerous research groups over the last few years, in determining 

remarkable progress of the LIB concept. Such an improvement nowadays meets the energy and power 

density requirements of a raising number of applications, ranging from advanced portable and mobile 

electronics to hybrid and full electric vehicles as well as large-size stationary storage. Beside novel 

active material formulations, the optimization of electrode morphology and architecture (including 

the use of nano-structures, composites or concentration-gradient materials) proved to be a suitable 

strategy to address the electrochemical cycling issues affecting various cathodes and anodes. This 

approach mainly aims to further enhance the electrochemical performances of alternative battery 

prototypes, to date only demonstrated as proof of concept, in order to favour their near-future 

transition from the laboratory to the production scale. The LIBs studies taken into account in the 

above reported sections outline the importance of critically selecting optimal cathode/anode weight 

ratio and voltage limits in order to achieve stable cycling performances and hold the full cell mass 

balance throughout the entire lifespan. Moreover, anode pre-lithiation procedures before full cell 

assembly proved to ensure high efficiency and cell balance for prolonged cycling, thus allowing the 

use of materials affected by huge first-cycle irreversibility, such as alloying and conversion anodes.  
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Combination of high performance and sustainability is becoming crucial for the development of new 

battery materials. Current research is making great efforts for optimizing new “green” electrodes and 

electrolytes able to ensure comparable or even higher performances than the conventional ones. In 

this respect, the replacement of oxide cathodes based on toxic and expensive metals, such as Co, with 

more sustainable active materials, containing Fe, Mn, and Al, may actually decrease the 

environmental issues of the battery. NMC and NCA electrodes, already on the market, represent a 

good compromise between satisfactory performances, reasonable safety and reduced environmental 

hazards. Following this trend, few papers have recently demonstrated the use in full cells of Li-rich 

layered materials, which further enhances the electrochemical features of the battery.  

Furthermore, LiMnyFexPO4 olivines are interesting eco-friendly compounds, characterized by 

suitable electrochemical behavior, low-cost and remarkable chemical stability, which may drastically 

improve the battery safety, particularly if polymer- and/or IL-based electrolytes are used. Several 

LiMnyFexPO4 materials have been carefully optimized for application as high-performance positive 

electrodes in lithium half-cells,205,206 however only a few reports demonstrated their possible use in 

full lithium-ion cells. Moreover, the low density of olivine materials may represent an issue affecting 

the volumetric energy density of the full cell, especially in view of possible automotive 

applications.207 LiNi0.5Mn1.5O4 spinel cathodes are very promising materials, since they combine high 

voltage, suitable electrochemical performance, even at high current rates, with limited environmental 

issues as compared to layered cathodes. Many literature papers have recently reported a vast array of 

lithium-ion cells employing LNMO materials that showed satisfactory behavior. As for the electrolyte 

solution, the use of fluorine-free salts, such as LiBOB, attracted large attention due to their 

environmental compatibility, despite the decreased ionic conductivity of the resulting solutions which 

may affect the power capability of the cell.  

The exploitation of low-temperature synthesis methodologies, including solvothermal and 

mechanical milling approaches, might improve the sustainability of the cell. However, it is worth 

mentioning that solvothermal methods, mostly employed for the synthesis of phospho-olivine/carbon 
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and titanate/carbon composites, often require the use of organic co-solvents in addition to water, thus 

involving undesired byproducts in the synthesis pathway. The hydro/solvothermal step is generally 

carried out at temperature below 250 °C, however an additional high-temperature annealing in inert 

atmosphere is usually needed to improve the electronic conductivity of the material.  

An interesting approach to make “green” batteries is the use of aqueous electrode processing, 

generally involving cellulose-based electrode binders. Following this trend, eco-friendly polymers 

may be also employed in substitution of conventional separators.  

Finally, further remarkable breakthrough in battery sustainability may be achieved through 

the development of the lithium-sulfur and lithium-oxygen storage systems, holding the potential to 

allow a deep change of the LIB concept in the upcoming years. The encouraging results already 

achieved for lithium-sulfur batteries suggest a rapid growth of this technology in the close future, 

while several issues to be addressed still limit the lithium-oxygen systems. These new approaches 

might provide real advance towards the development of new and environmentally sustainable systems 

able to de-couple the global energy needs from the consumption of fossil fuels.  
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Scheme 1. Representation of the Review structure, summarizing the main topics surveyed. 

 

List of Figures 

Figure 1. Characteristics of a flexible LTO/LCO lithium-ion cell. (a) Schematic representation of the 

pouch-cell. (b) Areal capacity (mAh cm−2) of the full cell cycled for 450 cycles at C/2 rate. The full 

cell had a total active area of 2.5 × 2.5 cm2 and LTO and LCO loading of 13.4 and 12.5 mg cm−2, 

respectively. (c) Areal capacity (mAh cm−2) and columbic efficiency (%) of the full cell cycled 

between C/4 and 1C rates. (d) Galvanostatic charge/discharge curves for the full cell cycled between 

C/4 to 1C rate. The capacity at C/4, C/2 and 1C rate was 117, 104 and 90 mAh g−1, respectively. 

Columbic efficiency of all the batteries was above 99.5%. Electrolyte: 1 M solution of LiPF6 in 

EC:DEC 1:1. Reproduced with permission.71 Copyright 2014 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

Figure 2. Characteristics of a TiO2-MoO3/LCO lithium-ion cell. (a) Schematic illustration of 

structural features of the synergistic TiO2-MoO3 nanowire array. (b) SEM image of the optimized 

TiO2-MoO3 hybrid array (optical image in inset). (c) Schematic illustration of the full cell. (d) Stored 

charge of both the Li/TiO2-MoO3 half-cell and the TiO2-MoO3/LCO full cell at different currents. (e) 

First three charge–discharge curves of the full cell. (d) Cycling performance and Coulombic 

efficiency of the full cell at 50 mA gtotal
−1. Electrolyte: 1 M LiPF6 in EC:DEC 1:1 v/v. Voltage limits: 

1.0 – 4 V. Reproduced with permission.74 Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

Figure 3. Characteristics of a Sn-C/Pyr14TFSI-LiTFSI/NMC lithium-ion cell. (a-b) Galvanostatic 

cycling performances in terms of (a) voltage profiles and (b) cycling behavior of the full cell. (c) 

Evolution of the interface resistance of the full cell upon cycling. (d) Ex situ SEM images of the 

electrode materials (Sn-C and NMC) after cycling. Electrolyte: 0.2 mol kg−1 LiTFSI in Pyr14TFSI. 
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Voltage limits: 2.5 – 4.0 V. Current rate: 25 mA g−1. Temperature: 40°C. Reproduced with 

permission.94 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Figure 4. Lithium-ion batteries based on concentration gradient layered cathodes. (a-d) 

Characteristics of a MCMB/Li[Ni0.60Co0.15Mn0.25]O2 lithium-ion cell. (a) Cross-sectional SEM and 

EPMA mapping of Ni, Co, and Mn within a single lithiated Li[Ni0.60Co0.15Mn0.25]O2 cathode particle; 

(b) integrated atomic ratio of transition metals as a function of the distance from the center of the 

particle for the lithiated Li[Ni0.60Co0.15Mn0.25]O2 cathode. (c-d) Cycling performance in laminated-

type Al-pouch cell in terms of (c) specific discharge capacity (mAh g−1) and (d) discharge capacity 

(mAh). Electrolyte: 1.2 M LiPF6 in EC:EMC 3:7 v/v. Current rate: 1 C (corresponding to 180 mA 

g−1). Voltage limits: 3.0 – 4.4 V. Temperature: 25°C and 55°C. Reproduced with permission.95 

Copyright 2013 American Chemical Society. (e-f) Characteristics of a Si-C/Li[Ni0.75Co0.1Mn0.15]O2 

lithium-ion cell. (e) Cycling performances of the Li[Ni0.75Co0.1Mn0.15]O2 cathode in lithium half-cells 

at C/3 rate. Inset: elemental intensity ratio of Mn/Ni across the cycled cathode particle based on the 

EDS line-scanning data and cross section SEM image. (f) Cycling performance of pouch-type full 

cell at C/3 rate (image in inset). Electrolyte: 1.2 M LiPF6 in EC:EMC 3:7 v/v. Voltage limits: 2.5 – 

4.4 V. Reproduced with permission.96 Copyright 2016 American Chemical Society. 

Figure 5. Characteristics of a graphite/xLi2MnO3∙(1−x)LiNi0.7Co0.15Mn0.15O2 lithium-ion cell. SEM 

images and SEM-EDX line scan of Ni, Co, and Mn at cross section of 

xLi2MnO3∙(1−x)LiNi0.7Co0.15Mn0.15O2 particles: (a) x = 0 and (b) x = 0.10. (c) Schematic 

representation of the phase composition of a xLi2MnO3∙(1−x)LiNi0.7Co0.15Mn0.15O2 particle. (d) 

Laminated full pouch-cell cycled at C/10 rate for first 2 cycles and at C/3 rate for the rest of the cycles. 

Electrolyte: 1 M LiPF6 in EC:DEC 1:1 v/v. Voltage limits: 2.5 – 4.4 V. Temperature: 25°C. 

Reproduced with permission.98 Copyright 2016 Elsevier B.V. 

Figure 6. Characteristics of a LTO/LFP lithium-ion cell. Photographs of LTO/LFP full cell (a) before 

and (b) after 8000 cycles at current density of 30C rate. (c-d) Rate capability in terms of (c) cycling 



48 

behavior and (d) voltage profiles of the LFP/LTO battery at various (dis)charge rates from 0.5C to 

80C. (e) Cycling performance at a rate of 30C/30C (charge/discharge). Specific capacity referred to 

the LTO anode. Electrolyte: 1 M LiPF6 in EC/DEC/EMC 1:1:1 v/v. Voltage limits: 1.0 – 2.3 V. 

Temperature: 25°C. Reproduced with permission.113 Copyright 2015 American Chemical Society. 

Figure 7. (a-c) Characteristics of a 2D, all-nanosheet-based ZnMn2O4–graphene/LFP lithium-ion 

cell. (a) Schematic of the cell. (b) Cycling performances of the all-nanosheet-based full battery and 

a control full battery together; Coulombic efficiency of all-nanosheet-based full battery. Current rate: 

0.2C. (c) Cycling performances of all-nanosheet-based full battery at 2C, 5C and 10C. Electrolyte: 1 

M LiPF6 in EC:DEC 1:1 v/v. Voltage limits: 0.9 – 3.9 V. Reproduced with permission.119 Copyright 

2015 Elsevier Ltd. (d-e) Characteristics of a C-ZnFe2O4/LFP-multiwalled carbon nanotube (CNT) 

lithium-ion battery. (d) Long-term cycling stability applying a current density of 3 mA cm−2 and 

Coulombic efficiency of ZFO/LFP-CNT full cells employing anodes with different degrees of 

lithiation. (e) Selected electrode and cell voltage profiles evolution upon cycling. Specific capacity 

values are referred to the active material amount of both the limiting cathode (i.e., LFP) and the sum 

of the anode and cathode (i.e., TOT = LFP+ZFO). Electrolyte: 1 M LiPF6 in EC:DEC 3:7 v/v. Li 

reference electrode employed in the full-cells for monitoring the individual electrode potentials. 

Temperature: 20°C. Reproduced with permission.120 Copyright 2014 WILEY-VCH Verlag GmbH & 

Co. KGaA, Weinheim. (f-h) Characteristics of a Sn–C/Pyr14FSI–LiTFSI/LFP lithium-ion cell. (f) 

Selected steady-state voltage signatures and (g) cycling behavior with Columbic efficiency of the full 

cell cycled at increasing currents, i.e., 25, 50, 75, 100, 150, 200 and 250 mA g−1 (0.12, 0.24, 0.36, 

0.48, 0.72, 0.96, and 1.2 mA cm−2, respectively). (h) Cycling behavior with Coulombic efficiency of 

the full cell in a long-term galvanostatic cycling test at 100 mA g−1 (1.2 mA cm−2). Electrolyte: 0.2 

mol kg−1 LiTFSI in Pyr14FSI. Voltage limits: 2.0 – 3.8 V. Temperature: 40°C. Specific capacity (mAh 

g−1) and specific current (mA g−1) are given with respect to the LFP cathode active mass. Reproduced 

with permission.124 Copyright 2016 The Royal Society of Chemistry. 
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Figure 8. (a-b) Characteristics of a Sn-C/GPE/LiMn0.5Fe0.5PO4 lithium-ion cell cycled at 0.2C rate 

with respect to the cathode (1C = 170 mA gcathode
−1). (a) Galvanostatic response in terms of voltage 

profiles of the 1st, 5th, 10th, 15th, and 20th cycle of the Sn-C/GPE/LiMn0.5Fe0.5PO4 full cell; inset of 

panel a: voltage profiles of the 1st, 2nd, and 4th cycle of the full-cell cycled at 40°C using. (d) Cycling 

behavior and corresponding Coulombic efficiency of the Sn-C/GPE/LiMn0.5Fe0.5PO4 full cell. 

Electrolyte: gel polymer electrolyte (GPE) based on PVDF and 0.7 M LiBOB in 1:1:3 EC:PC:DMC 

w/w. Voltage limits: 1.6 − 4.2 V. Temperature: 25°C except for inset of panel b. Reproduced with 

permission.132 Copyright 2015 American Chemical Society. (c-d) Characteristics of a graphite/Cr,Si-

LiCo0.9Fe0.1PO4 lithium-ion cell in terms of (e) voltage profile of the 2nd (solid blue line) and 250th 

cycles (dashed red line) as well as (f) cycling behavior. Electrolyte: 1.2 M LiPF6 in EC:EMC 3:7 

w/w with 2 wt% tris(trimethylsilyl) phosphite. Cycling procedure: first cycle between 4.85 – 3.0 V at 

a constant C/20 current; subsequent cycles with charge at a C/2 constant current to 4.85 V, charge at 

a constant 4.85 V voltage until the current was less than C/15, and discharge at a 1C constant current 

to 3.5 V. Reproduced with permission.134 Copyright 2016 Elsevier B.V.  

Figure 9. (a-d) Characteristics of a MnOx-C/LiMn2O4 lithium-ion cell. (a) Voltage profile and 

schematic cell representation in inset. (b) Cycling performance of a full cell with 4.5 and 1.2 mg cm−2 

loading for cathode and anode, respectively, cycled at 0.2C rate for 100 cycles and then at 0.1C rate 

for up to 188 cycles. (c) Cycling performance of a full cell with 3.7 and 1.8 mg cm−2 loading for 

cathode and anode, respectively, cycled at 0.2C rate for up to 195 cycle, and (d) rate performance of 

the same cell. Electrolyte: 1 M LiPF6 in EC:DMC 3:7 v/v. Voltage limits: 2.0 and 4.1 V. Current rates 

and capacity referred to the cathode mass (1C = 148 mA gcathode
−1). Reproduced with permission.143 

Copyright 2013 Elsevier B.V. (e-f) Characteristics of a flexible Mn2O3/LiMn2O4 lithium-ion cell. (e) 

Schematic of the synthesis and fabrication of the full cell. (f) Cycling performance (red curve) and 

Coulombic efficiency (black curve) of the full cell. The cell is fully extended in the first 20 cycles 

and folded from the 21st to 40 cycles, as shown by optical images and the black arrows in the insets. 
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Electrolyte: 1 M LiPF6 in EC:DEC:DMC 1:1:1 w/w. Voltage limits: 4.2 – 1.5 V. Reproduced with 

permission.144 Copyright 2014 American Chemical Society. 

Figure 10. (a-b) Characteristics of a Si/LNMO lithium-ion cell. Cell performances in terms of (a) 

voltage profiles and (b) cycling behavior. Electrolyte: 1 M LiPF6 in FEC:DMC 1:4. Current rate: 

0.5C (10 initial cycles at C/8 rate). Reproduced with permission.154 Copyright 2013 Elsevier B.V. (c-

d) Characteristics of a Li4Ti5O12/Li[Ni0.45Co0.1Mn1.45]O4 lithium-ion cell. Cell performances at 

several temperatures (i.e., from − 20 to + 55°C) in terms of (c) voltage profiles and (d) cycling 

behavior at 1C and 0.5C rates. Electrolyte: 1.2 M LiPF6 in EC:DMC 3:7 v/v. Reproduced with 

permission.171 Copyright 2011 Macmillan Publishers Limited. (e) Characteristics of a CuO–

MCMB/LNMO lithium-ion cell in terms of voltage profiles and (inset) cycling behavior at 1C rate 

with respect to the cathode (148 mA gcathode
−1). Electrolyte: 1 M LiPF6 in EC:DMC 1:1 w/w. Voltage 

range: 1.5 – 5.0 V. Room temperature. Reproduced with permission.172 Copyright The Royal Society 

of Chemistry 2013. (f) Characteristics of a Sn-Fe2O3-C/LNMO cell in terms of voltage profiles of the 

full cell (blue curve) and of its anodic and cathodic components (green and red curves, respectively), 

as well as (inset) full-cell cycling behavior. Electrolyte: 1 M LiPF6 in EC:DMC 1:1 w/w. Current 

rate: C/3 with respect to the cathode (50 mA gcathode
−1). Three-electrode configuration. Room 

temperature. Reproduced with permission.174 Copyright 2015 Elsevier B.V. 

Figure 11. (a-b) Characteristics of a Si-SiOx/dual-type activated carbon-S lithium-ion cell. (a) cyclic 

behavior and (b) voltage profiles of the full cell cycled at 1C rate. Inset of panel a: Schematic 

representation of the cell. Electrolyte: 0.05 M Li2S8, 1 M LiTFSI, 0.4 M LiNO3 in DME:DOL 1:1 

v/v. Voltage limits: 2.8 – 0.8 V. 1C = 1675 mAh g−1 versus overall sulfur weight. Temperature: 30°C. 

Reproduced with permission.199 Copyright 2015 American Chemical Society. (c-d) Characteristics 

of a LixSi-C/C,O2 lithium-ion cell. (c) Schematic representation and (d) voltage profiles of the LixSi-

C/C,O2 cell. Electrolyte: LiCF3SO3:TEGDME 1:4 mol/mol. Cycling current: 200 mA gcarbon
−1. Room 

temperature. Reproduced with permission.201 Copyright 2012 American Chemical Society. 



51 

 

 

 

Scheme 1 

  

Lithium Ion 
Batteries

Olivine
Cathodes

Layered
Cathodes

Spinel
Cathodes

O2 / S 
Cathodes

LCO

NCANMC

Li-rich

LiFePO4

LiMxM
I
yMII

ZPO4

(M, MI, MII: Fe, Co, Mn)

LNMO 
M-doped LNMO (M:Fe, Cu, Co)

LMO

Li2S

S

O2

Replacement of toxic
and expensive Co

Increase of the cell operating voltage

Stability
Long cycle-life

Sustainability
High Energy Content

Enhanced reversible capacity

Environmental sustainability of the electrode
synthesis and processing, electrolyte, etc.

Cost and toxicity
of the active materials employed

Electrochemical performances in full cell
(with C-based, LTO, Alloying and Conversion anodes)



52 

 

Figure 1  



53 

 

Figure 2  



54 

 

Figure 3  



55 

 

Figure 4 

  



56 

 

Figure 5 

  



57 

 

Figure 6 

  



58 

 

Figure 7 

  



59 

 

Figure 8  



60 

 

Figure 9  



61 

 

Figure 10 

  



62 

 

Figure 11 

 

 


