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A B S T R A C T   

We outline main challenges for future research in batteries, particularly, addressing the urgent needs of developing new environmentally-friendly material solutions 
to enhance the energy density and safety of these storage devices. This will require embracing a multidisciplinary approach encompassing traditional electro-
chemistry and experimental solid-state physics, multiscale computational modelling, materials synthesis, and advanced characterization and testing.   

Alessandro Volta was the first in 1796 to demonstrate a practical 
battery, the so called Voltaic pile, capable to exploit the energy delivered 
by spontaneous chemical redox reactions to produce electric power in a 
controlled fashion [1,2]. Batteries have evolved significantly since 
Volta’s time, and today the use of rechargeable Li-ion batteries is pivotal 
in a wide range of fields, such as electric or hybrid vehicles, portable 
devices, smart energy grids and stationary devices for renewable energy 
[3]. The battery is an electrochemical cell composed by three crucial 
elements: a negative electrode (anode) able to accommodate ions during 
charging and to release electrons to the external circuit during 
discharge; a positive electrode (cathode) which is reduced during 
discharge; and an electrolyte solution containing dissociated salts, 
which enable ion transfer between the two electrodes. Each of these 
components are vital to develop to perfection in order to reach the high 
performances requested by consumers. Today, a commercial Li-ion 
battery consists of a graphite-based anode [4], a mixture of carbonate 
solvents containing a lithium salt as electrolyte [5] and a cathode 
comprising active materials, such as LiCoO2 which is extensively used in 
portable devices, or the NMC (LiNixCoyMnzO2; where x,y,z can vary in 
relation to each other with the total sum of one), which is employed in 
electric vehicles. These batteries are able to work with a voltage of the 
order of 3.5–4.0 V reaching a specific energy of around 250 Wh kg� 1 

while keeping an overall efficiency above 80% for hundreds or thou-
sands of cycles. Nevertheless, the increasing demands for applications 
requiring superior energy storage performances, such as in the auto-
motive market which is still dominated by internal combustion engines 
based on fossil fuels (1 L diesel corresponds to 104 Wh), have originated 
in an increasing interest in developing alternative material solutions for 
Li-ion batteries. An additional target is to increase the safety and the 

sustainable aspects of the battery, which motivates the development of, 
for instance, solid-state electrolytes. Different energy storage systems, 
based on low-cost cathodes such as sulfur in the lithium-sulfur battery, 
with a theoretical specific energy density in a full cell of about 2500 Wh 
kg� 1 (moreover, elemental sulfur is abundant in nature, cheap and 
sustainable) [6] or metal-air batteries with a theoretical energy density 
of about 11000 Wh kg � 1 (referring to the Lithium anode) in the case of 
Li-air batteries [7], have also emerged as intense research topics. Both 
these battery chemistries are highly challenging and the practical ca-
pacities obtained are far from the theoretical values, which makes sci-
entific efforts important and timely. Fig. 1 reports a bibliometric analysis 
aimed to show how the interest in different types of battery chemistries 
and methods has grown in academic science from the seminal paper on 
intercalation processes in Li-ion batteries of Whittingham in 1976 [8]. 

Concerning Li-ion batteries, the anodic material represents a first 
challenge to address. Graphite is able to exchange only 1 Liþ per every 
6 C atoms, through an intercalation-deintercalation mechanism, and 
therefore it offers a limited specific capacity (expressed in delivered 
current (A) per hour (h) per gram (g) of the active materials) up to 
theoretically 372 mAh/g and practically around 350 mAh/g. For this 
reason, alternative materials that exploit other processes such as alloy-
ing [9] or conversion [10] are currently extensively studied [11]. Sili-
con, in particular, represents one of the most promising alloying anode 
materials to replace graphite-based anodes [12,13,14]. Silicon can 
theoretically react in a lithium cell through an alloying reaction to form 
Li4.4Si, achieving a maximum specific capacity of 4200 mAhg� 1. How-
ever, several issues affect silicon, as well as other alloying materials, 
hindering its implementation in commercial batteries. One of the main 
issues of silicon is associated to the significant volume changes (>300%) 
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during the lithiation/delithiation processes [15]. The volume change 
produces cracks and pulverization of the electrode, leading to loss of 
electrical contact and consequently poor cycling performance. Another 
issue is the reactions with the surface of the silicon particle and the 
electrolyte where the surface is not passivated by a stable solid elec-
trolyte interphase (SEI). In order to overcome the aforementioned is-
sues, several strategies can be adopted mainly addressing the design of 
advanced electrode structures [16], including, in particular, the 
exploitation of silicon nanoparticles [17] and their encapsulation into a 
carbon matrix of for example graphene to prevent direct contact with 
the electrolyte [18,19,20,21,22]. Alternatively, thin layers of an oxide 
protecting the surface can be employed, for example, TiO2-xFx [23], or 
the electrode binder system can be tailored to prolong battery cycling 
[24]. Other two-dimensional materials than graphene, such as for 
example exfoliated black phosphorous [25] that in its three-dimensional 
structure has a theoretical capacity of 2596 mAhg� 1 [26], and the 
transition metal carbides and nitrides (MXenes), represent emerging 
material solutions for batteries [27,28] in combination with silicon [29] 
and other active materials. 

It is worth mentioning that Li metal, which is an ideal candidate for 
anodes thanks to its high theoretical specific capacity (3860 mAh g� 1) 
and very low redox potential, has re-emerged as a practical solution 
stimulated by the development of high-capacity cathodic materials. 
Ways to stabilize Li metal anodes and the development of new strategies 
for protecting the Li metal for long-term stable cycling are current topics 
of research [30,31]. 

An additional challenging topic for Li-ion batteries is that of 
replacing the cathode active materials, such as the already mentioned 
LiCoO2 and NMC. These layered oxides have been extensively studied in 
terms of electronic and structural properties [32]. However, they are 
approaching their intrinsic limit in terms of energy density with respect 
to the cathode mass; i.e., 550 Wh kg� 1 and 800 Wh kg� 1 respectively 
[33,34]. Moreover, the use of expensive metals and the toxicity of cobalt 
compounds, which are required in the production processes has in the 
last years triggered increasing interest in identifying new cathode ma-
terials (see blue dots in Fig. 1) capable to fulfill the high demand of 
energy density and environmental compatibility [35]. To this end, a new 
class of Li-rich layered oxides having a generic formula Li1þxM1-xO2, in 
which M is a mix of transition metals as Ni, Mn, Co, and Co is simulta-
neously (partially) replaced by Mn, Ni and Li [36,37,38,39] are 

emerging as promising solutions that can deliver high specific capacities 
and/or discharge voltages of >4.5 V [40]. Their practical use in a Li-ion 
device is still limited by several issues, including large irreversible ca-
pacity losses in the first cycles, poor rate capability and gradual voltage 
decay during cycling. Some of these problems are associated with 
structural changes from layered structures to spinel-like structures [41] 
during extended cycling. Future improvements might require the 
exploration of different synthetic strategies, including doping with other 
metal (Al, Zr, Fe, Cr, Mg) and surface modifications and coatings. 
Another class of promising cathode crystals are the manganese 
oxide-based spinel structures, such as, for example, the Ni-substituted 
material LiNi0.5Mn1.5O4 because of its high operational voltage (up to 
~4.7 V vs. Liþ/Li0) and fast three-dimensional Liþ diffusion channels. 

Another challenge in future battery research is that of replacing the 
liquid battery electrolyte with solid-state counterparts leading to a solid- 
state battery. In this way, two major advantages become possible: firstly, 
solid electrolytes are significantly less flammable which contributes to a 
much safer battery; secondly, the solid electrolyte can be made very 
thin, which renders a higher energy density [42,43]. This motivates a 
continuously-growing interest in solid-state batteries (see dark blue dots 
in Fig. 1). A third advantage, not frequently highlighted in literature, is 
that solid electrolytes allow tailoring specific electrolyte systems at the 
anode and cathode, respectively [44]. The two different categories of 
solid electrolytes which dominate the field – ceramic and solid polymer 
electrolytes – struggle with different problems. Ceramic electrolytes, 
primarily phosphosulfides, garnet oxides, perovskites and different 
types of glasses such as lithium phosphorus oxynitride (LiPON) [45,46] 
not seldom possess reasonably high ionic conductivities, but can at the 
same time be brittle, and their rigid structures often yields high inter-
facial resistance. Lithium battery electrodes are often porous, and it 
becomes difficult for a solid ceramic to ensure good surface contact with 
every surface point of the active material throughout the electrode. 
Polymer electrolytes, traditionally based on polyethers [47] and more 
recently on polyesters [48] and ionomers [49], are in this perspective 
advantageous and can accommodate the active material’s volume 
changes during battery cycling, but on the other hand struggle with 
lower ionic conductivities, especially at ambient temperatures. That the 
problems for ceramic and polymer electrolytes do not overlap to a vast 
extent means that synergistic effects are highly possible. It is therefore 
not far-fetched to envision next-generation electrolytes as solid com-
posites of these two types of materials [50]. 

Another strategy to surpass the intrinsic limitations of any cathodic 
materials in Li-ion batteries is represented by the Li-sulfur or the metal- 
air technologies. Concerning Li–S batteries, the spontaneous sulfur re-
action with lithium passes through several reaction steps with the pro-
duction of radicals and compounds which in the total reaction formula 
can be expressed as S8 þ 16Liþ þ 16 e� → 8 Li2S. The pristine octa-sulfur 
ring reacts with lithium ions during the discharge processes, producing 
lithium-polysulfides with different chain lengths and finally generating 
solid Li2S species at the end of discharge [51]. This conversion reaction 
is highly complex due to the phase changes of the sulfuric species, from 
solid to liquid, during the voltage drop in the discharge profile from 
2.4 V (solid region) to 2.1 V, when they are mostly liquid [52]. The 
sulfur battery shows outstanding performances with respect to com-
mercial Li-ion battery cathodes in terms of capacity, but many issues 
remains before large-scale implementation, not least the low electronic 
conductivity in the pristine state and the poor electron charge transfer in 
the liquid phase [53]. Moreover, the polysulfides are soluble in common 
electrolytes, thereby leading to loss of active sulfur material, decrease of 
the specific capacity and possible cell failure [54]. Furthermore, the 
polysulfides may migrate from the cathode to the anode side and then 
react on the anode surface, producing an electrochemical short-circuit 
known as the polysulfide shuttle effect, which effectively 
self-discharges the battery [55,56]. The most common solution, in order 
to overcome the low conductivity and the disintegration of the lithium 
polysulfide, is the use of a carbonaceous matrix for the sulfur that allows 

Fig. 1. Number of publications as a function of year in the period 1976–2018 
following SCOPUS. Different curves correspond to searches with words in title 
or abstract or keywords as reported in the inset. 
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high electron charge transfer trough the electrode and acts as a substrate 
in order to retain the polysulfide in the cathodic region of the cell [57, 
58]. Many carbonaceous structures have been proposed to solve these 
issues by the preparation of sulfur-carbon composites: carbon nanotubes 
[59], mesocarbon microbeads (MCMB carbon) [60], carbon nanosheets 
[61], amorphous carbon [62], graphite [63], or graphene [64,65], 
improving the performances and the applicability of the lithium sulfur 
battery in terms of better stability, longer cycle life and higher energy 
density [66]. 

However, most of the preparation pathways of the cathodes are 
complex and involve expensive procedures. This, together with the need 
to keep at the minimum weight% value, at most 30%, the amount of 
carbon in the electrode [67],is stimulating further growing research on 
materials and material production combinations [68] (see pink dots in 
Fig. 1) in order to overcome these major obstacles towards the spread of 
the Li–S storage technology. 

For Li-air batteries, several issues have to be overcome, mainly 
related to the strong reactivity of the reaction products formed when 
lithium reactions with oxygen [69], for example Li2O2, which decom-
pose the electrolyte and generate clogging of the cathode pores [70]. 
The most promising positive electrode is a carbon-based matrix which 
can contain catalysts (e.g., Pd, MnOx, etc.) to reduce problems related to 
the sluggish oxygen redox kinetics [71,72]. An efficient oxygen cathode 
should satisfy a number of requirements, such as electrical conductivity, 
appropriate porosity to store the solid discharge products, promotion of 
ORR/OER processes with bi-functional catalysts while maintaining 
chemical stability towards radicals and nucleophilic intermediates and, 
finally, satisfactorily wettability by the electrolyte [73]. In particular, to 
meet the last two requirements, it is important to consider the role of the 
binders used in cathode preparation since they also are unstable to the 
superoxide ions formed during reduction [74,75]. For these reasons, 
self-standing or binder-free cathodes have been proposed for Li–O2 cells 
[76]. In order to use air with relative humidity, it is necessary to develop 
selective membranes allowing longer cyclability [77]. Moreover, it is 
worth to mention that sodium–oxygen (Na–O2) batteries are arising as a 
promising alternative due to key advantages of Na such as low cost, high 
abundance and better ionic conductivities (relative to Li) [78,79], 
although with somewhat lower specific energies than in Li–O2 batteries. 
Reduced graphene oxide aerogels have been proposed as promising 
self-standing, binder-free cathodes for such Na–O2 batteries [80]. Fig. 2 
summarizes the different material combinations that can be exploited 
for the next generation of Lithium-based batteries. 

Finally, in the search of new material solutions and in the develop-
ment of next-generation smarter/safer batteries, we can expect that an 
increasing role will be played by modern multiscale computation 

approaches (see orange points in Fig. 1). In combination with artificial 
intelligence/machine learning mechanisms [81,82], and possibly with 
the aid of quantum computing [83], the materials research community 
will be capable of performing new autonomous discoveries and inter-
phase engineering, and thereby to guide research and development ac-
tivities through linking the fundamental and the applied levels. 
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