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Abstract: Development of alternative energy sources is one of the main trends of modern energy technology. 
Lithium-ion batteries and fuel cells are the most important among them. The increase in the energy and 
power density is the essential aspect which determined their future development. We provide a brief review 
of the state of developments in the field of nanosize electrode materials and electrolytes for lithium-ion bat-
teries and hydrogen energy. The presence of relatively inexpensive and abundant elements, safety and low 
volume change during the lithium intercalation/deintercalation processes enables the application of lithium 
iron phosphate and lithium titanate as electrode materials for lithium-ion batteries. At the same time, they 
exhibit low ionic and electronic conductivity. To overcome this problem the following main approaches have 
been applied: use of nanosize materials, including nanocomposites, and heterovalent doping. Their impact 
in the property change is analyzed and discussed. Hybrid membranes containing inorganic nanoparticles 
enable a significant progress in the fuel cell development. Different approaches to their preparation, the 
reasons for ion conductivity and selectivity change, as well as the prospects for their application in low-
temperature fuel cells are discussed. This review may provide some useful guidelines for development of 
advanced materials for lithium ion batteries and fuel cells.

Keywords: composite membranes; electrochemistry; electrodes; materials chemistry; membranes; Mendeleev 
XX; nanocomposites; nanostructured materials.

Introduction
Nowadays, most of the technologies are associated with energy consumption, and technological progress is 
inevitably accompanied by its steady increase [1, 2]. In the beginning of the 20th century, 70 % of energy was 
produced from coal, while since the mid 20th century oil became the dominant energy source [3]. Conversion 
of this type of fuels to energy is associated with enormous emissions of carbon, sulfur and nitrogen oxides, 
as well as products of incomplete combustion into the atmosphere. With the increase in environmental pol-
lution and the decrease in oil and gas resources, the search for clean and renewable energy sources becomes 
an actual problem. So, solar and wind energies are of particular interest, due to their high availability, envi-
ronmental friendliness and safety [4].

Efficiency of the most requested today solar cells is low. Moreover, their time-of-use is strictly limited. 
The annual solar irradiance in Russia ranges from 800 to 1500 kWh/m2. And the average daily insolation in 
Moscow is 0.33 kWh/m2 in December, and 5.6 kWh/m2 in June [5]. Energy consumption, however, varies in an 
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almost opposite way. Similar problems are relevant for wind power generators. All this determines the need 
for energy storage systems to be applied. Among them, lithium-ion batteries, as well as steam electrolyzer 
and fuel cell (FC) based systems are generally accepted as the most promising [2]. Due to the high self-dis-
charge, application of lithium-ion batteries cannot compensate for the annual energy fluctuations. However, 
they are perfectly suitable for short-time energy storage. Another major problem is associated with the power 
sources for portable devices and wireless electric tools.

At the present time, the lithium-ion batteries having high capacity and good reliability, dominate this 
market [6, 7], while the fuel cell market has not fully formed yet. Nevertheless, almost 90 % of total sales 
are provided by low-temperature FCs based on proton exchange membranes [2]. Their efficiency is deter-
mined by the properties of both the catalyst and proton exchange membrane [8–10]. Potential difference of 
lithium intercatation and deintercalation into cathode and anode materials, along with their electrochemi-
cal capacity, determine the energy storage capacity of a lithium-ion battery [11–13]. The present review is 
hence focused on nanoscale cathode and anode materials for lithium-ion batteries, and also on hybrid proton 
exchange membranes for fuel cells. In accordance with the specifics of this issue, we have focused on the 
studies carried out by our team.

Electrode materials for lithium ion batteries
Lithium ion batteries (LIBs) have been widely used in portable electronic devices and wireless electric tools. 
Recently, they have also been recognized in the electric vehicle power sources market due to high energy 
density and reliability [6]. The electrochemical performance of LIBs depends sensitively on the properties of 
electrode materials. To ensure high capacity and reliability, the electrode materials should have low mole-
cular weight and be able to insert reversibly a large amount of lithium; they also should not dissolve or react 
with the solvent and the other electrolyte component, particularly during cycling. Furthermore, the operating 
potential of an anode material should be close to that of metallic lithium; for the cathode, on the contrary, 
it should be much more higher [7, 13]. Attention was, hence, drawn to graphite and silicon first. However, 
the latter shows comparatively low cycling stability, in particular at high charge/discharge rates [14]. Com-
mercial lithium ion battery uses lithium cobalt oxide as cathode material; it can however be charged only to 
130–140 mAh/g, due to the instability of its oxidized form [15]. In addition, cobalt utilization is rather expen-
sive and its disposal has introduced an environmental concern [16]. More recently, cathode and anode materi-
als based on lithium iron phosphate and lithium titanate, respectively, have attracted considerable attention. 
On the one hand, their advantages are low volume change during lithium intercalation [17], good cycling 
stability, comparatively low cost, and safety. At the same time, low conductivity is a common disadvantage 
of these materials.

Cathode materials based on lithium iron phosphate

Lithium iron phosphate (LiFePO4) was first proposed as a cathode material by Goodenough et al. [18]. Lithium 
deintercalation from LiFePO4 leads to FePO4 formation, whereas the mutual solubility of these two phases 
is only 2 and 4 %, respectively [17]. As a result, only the LiFePO4/FePO4 ratio changes during the charge/dis-
charge, determining potential plateau at about 3.5 V [19].

The transfer of lithium ions and electrons along the grain boundaries, as well as their subsequent diffu-
sion into the bulk of each particle, are required to ensure effective charging. Diffusion along the grain bound-
aries generally proceeds faster due to the high defect concentration [20]. The length of grain boundaries is, 
however, considerably larger than the diffusion path length in the bulk of the particles. To enhance the diffu-
sion along the boundaries, the LiFePO4 particles are coated by carbon [21, 22]. Furthermore, carbon coating 
prevents the particles growth. A synthesis of LiFePO4 composites with nanoscale carbon has been reported 
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[23]. Carbon coating, using polyvinylidene fluoride as the carbon source, with the simultaneous addition of 
silver have yielded good results [24]. This process provides a highly conducting carbon coating, and partial 
modification of the LiFePO4 surface.

It is reasonable to use nanosized LiFePO4 in order to increase the diffusion in the bulk [13, 25]. Since the 
conductivity of LiFePO4 is one-dimensional, it is reasonable to obtain nanoparticles with minimum size along 
the direction of conduction channels [26]. Formation of such particles can be ensured by using complexing 
agents. However, there are no advantages of the platelet-shaped nanoparticles with the required orientation 
and about 15 nm in thickness over isotropic nanoparticles with a mean size of about 40 nm [27].

Since the lithium transfer is determined by ion conductivity firstly [17], heterovalent doping can be the 
promising solution [28–31]. Information on which sites heterovalent ions are substituted for is quite contro-
versial. Thus, insertion of Mg2+ and Cu2+ into either iron or lithium sites has been reported by various authors 
[32–35].

Mössbauer spectroscopy studies demonstrated that divalent cobalt and nickel occupy iron sites in 
LiFePO4 with ordered distribution. For example, small amount of Со2+ is distributed in such a way that every 
iron ion contains no more than one cobalt ion in the second coordination sphere [21, 36]. The best results, 
however, were observed in the case of Ni2+ ions doping. A good cycling stability of LixFeIII

1−xMII
xPO4 samples at 

high current densities is of particular importance. It is possible to achieve charge or discharge up to 50 % of 
the theoretical capacity for such materials in 5 min only (Fig. 1) [36]. Magnesium ions, on the contrary, sub-
stitute lithium ions to a great extent, leading to a conductivity and electrochemical capacity decrease [17, 36].

In the case of partial iron substitution with divalent ions, conductivity increase of the oxidized phase is 
determined by the persistence of lithium ions in the lattice and thus serving as interstitials in LixFeIII

1−xMII
xPO4. 

The reason for this conductivity increase in the reduced phase is, in contrast, not so obvious. Presumably, it 
can be a result of an ordered distribution of the dopant ions, which favors structurization of lithium transport 
pathways.

At the same time, simultaneous substitution of iron with two types of cations, which are stable both in 
divalent and trivalent states, could be even more efficient. The reduced form Li1−xFe1−2x(MIIMIII)xPO4 should 
contain a considerable concentration of lithium vacancies. Indeed, such samples demonstrated high capac-
ity and cycling stability, although poorer properties compared to the materials, doped solely with divalent 
ions [38, 39]. This is mainly due to the faster lithium ion transfer by interstitials [40]. Lithium vacancies 
formation, in turn, prevents lithium ion transfer into the interstitials.

Even in the case of the successful substitution of a part of iron ions with heterovalent ions, the charge 
change of dopant ions becomes impossible and results in electrochemical capacity loss at low charge/dis-
charge rates. From this point of view another attractive approach is to substitute iron with ions that could 
change their valence with the similar potential range. Substitution of iron with manganese ensures full reten-
tion of the electrochemical capacity. Capacity of such samples at high rates is also slightly lower, compared 
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Fig. 1: Discharge curves at 20 mA/g for LiFe0.9Mn0.1PO4/C (a) and LiFe0.7Mn0.3PO4/C (b) [37].
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to the samples doped with cobalt or nickel. Moreover, the second plateau at higher voltage has appeared on 
charge/discharge curves (Fig. 1). In these materials, manganese, unlike iron, is charged without phase sepa-
ration according to the solid solution mechanism [37, 41].

Anode materials based on lithium titanate

Much attention has been attracted to lithium titanate – based anode materials. Its composition can be written 
as Li[Li1/3Ti5/3]O4; showing that a part of lithium occupies titanium sites, while the lithium itself occupies both 
octahedral and tetrahedral sites. This compound can intercalate one more lithium ion, converting thereby 
to Li2[Li1/3Ti5/3]O4 (Li7Ti5O12). Its theoretical electrochemical capacity is 175 mAh/g [42]. In spite of the fact that 
lithiated and delithiated forms have different structures (spinel and rock-salt type), conversion from the 
charged to the discharged state results in extremely small changes in the lattice parameter (from 8.3595 to 
8.3538 Å) [43, 44]. This provides a high cycling stability of the material, despite the low mutual solubility of 
the Li6.93Ti5O12 and Li4.03Ti5O12 phases, which coexist during the electrochemical cycle [17].

This material should be used in a nanoscale form because of its low electron and lithium conductivity [13, 
45]. Low synthesis temperature, generally used to reduce particle size. A positive effect has been achieved in 
the case of Li4Ti5O12/C [46–49] or Li4Ti5O12–TiO2 nanocomposites formation [50–53]. In the latter case, proper-
ties improvement can be determined by the sorption processes at interfaces, which in their turn results in 
conductivity increase [54].

Heterovalent doping of Li4Ti5O12 with various divalent, trivalent and pentavalent cations was performed 
to enhance its conductivity [55–58]. Although, even when the conductivity of the doped materials increased, 
their electrochemical capacity decreased. The reason for this is the partial elimination of dopant ions, which 
substitute titanium, from the electrochemical cycle. At the same time, it enables to increase sample capacity 
at high current densities [59]. Another feature of such materials appears to be more attractive. During the 
Li4Ti5O12 charge only 60 % of titanium ions are reduced to trivalent state. This fact is determined by the limit 
on the number of cations which can be incorporated in Li7Ti5O12, which has the NaCl-type structure. A number 
of attempts of material cycling in an extended potential range were made in order to increase its capacity [60, 
61]. However, in these conditions the samples degrade rapidly, especially at high charge/discharge rates. At 
the same time, cycling stability of gallium-doped sample is markedly higher at such potentials (Fig. 2) [59]. 
For example, at the current density of 20 mA/g, it is about 235 mAh/g, corresponding to an almost full conver-
sion of titanium into a trivalent state. Even at the current density as high as 1600 mA/g its electrochemical 
capacity is 118 mAh/g and exceeds that of the undoped sample five times. Furthermore, this material restores 
initial capacity after returning to the current density of 20 mA/g, showing outstanding cycling stability. The 
key question is which sites are occupied by the trivalent metal ions. Mössbauer spectroscopy study of lithium 
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Fig. 2: Discharge capacity curve of Li4Ti5O12 (a) and Li4+x−3yTi5−xGaх+yO12 (х + y = 0.2) (b) at different current densities. The current 
density values [mA/g] are shown in the Figure.
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titanate with titanium partially substituted with the 57Fe isotope was performed to understand this. It was 
found that in this case approximately 1/3 of iron ions occupy lithium sites [62]. Meanwhile, according to the 
Rietveld refinements gallium ions occupy lithium sites predominantly.

A number of efforts have been made to develop alternative anode materials with improved safety, cycling 
stability, and rate performance. Alternative anode materials with improved safety, cycling stability, and rate 
performance are being developed at present [63].

Hybrid ion exchange membranes
The main advantage of membranes is associated with their transport properties, determined by the presence 
of nanoscale pores and channels system within their structure [64]. In ion exchange membranes pores and 
channels are formed as a result of self-organization processes, during which the hydrophobic chains form 
the membrane matrix, while the hydrophilic ion exchange groups are grouped in clusters and adsorb water 
molecules from the contacting solution. High ionic conductivity of the membranes is determined by water 
solution in these pores and channels with counter-ions formed by functional group dissociation [65–67]. 
Their mechanical properties are determined defined by the hydrophobic polymer matrix.

Synthesis of hybrid membranes

Since the late 1980s, synthesis and investigation of hybrid membranes, containing inorganic nanoparticles, 
has been rapidly developing. Firstly, it is due to the prospects of their application in fuel cells [10, 68–75].

In the first works, such membranes were obtained by the casting method with pre-dispersed inorganic 
nanoparticles [68]. However, it is difficult to ensure efficient particle distribution by using this approach, due 
to the tendency to agglomeration. A more promising approach is to obtain nanoparticles directly inside the 
pores of ion exchange membranes. The pores hence act as certain nanoreactors [76], absorbing the initial rea-
gents and limiting the reaction volume. It is important to note that pore walls isolate the formed particles and 
can reduce the surface tension, ensuring their thermodynamic stability [77]. Owing to the limited size of the 
nanopores, the diameter of these nanoparticles usually is 2–5 nm (Fig. 3a) [80]. Increasing the number of syn-
thesis cycles and the precursor concentration leads to an increase in nanoparticle size. However, with such 
a synthesis method, it is not possible to increase the dopant concentration above several volume percent, as 
well as substantially increase the particle size.

a b

Fig. 3: TEM micrographs of Nafion membranes with incorporated SiO2 particles, synthesized in-situ (a) [78], or obtained 
through membrane casting with pre-formed CsxH3−xPW12O40 particles (b) [79].
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The dopant concentration can be increased by casting the membrane from a solution, containing a pre-
cursor for the nanoparticle synthesis. Subsequently, the membrane is treated with a second reagent similar 
to the above-mentioned approach. There are no restrictions on particle size in this case, and it can become 
considerably larger (Fig. 3b) [78, 79, 81].

Ionic conductivity of hybrid membranes

In the first works devoted to the synthesis and investigation of hybrid membranes their enhanced ionic con-
ductivity and improved mechanical properties were pointed out. It was the possibility of ionic conductivity 
increasing that drew close attention of the researchers to hybrid membranes. Hydrated silica, obtained from 
tetraethylorthosilicate or other organosilicon compounds are the most commonly used dopant for membrane 
modification [82–84]. Conductivity increase of Nafion/SiO2 hybrid membranes was mentioned in a number 
of papers [85–91], whereas its decrease was observed in the others [84, 92, 93]. Discrepancies in the obtained 
data were most probably determined by the synthesis method of the membranes and the dopant particle size. 
Increase in conductivity of the hybrid membranes is accompanied by the decrease of their activation energy 
up to 10–12 kJ/mol [89].

Similar results were obtained for the ion exchange membranes doping with other oxides or salts nano-
particles [94]. In several works this phenomenon was explained by an increase in water uptake. However, 
there is a number of systems for which ionic conductivity increases, despite a decrease in water uptake [70]. 
In this regard a model of limited semielasticity of membrane pore walls was suggested which explains this 
phenomenon [95]. When a nanoparticle is introduced into the membrane, it occupies a part of its volume. 
Water uptake of membrane is determined by the high propensity of protons to hydration. Since the number of 
functional groups and protons formed by their dissociation does not change, the degree of hydration should 
be also maintained on the same level or even get higher in the case of hydrophilic particles. This leads to an 
increase in volume of pores and channels connected them. It is the increase in the size of the channels that 
limit the membrane conductivity, which leads to its increase. This assumption is confirmed by the NMR and 
impedance spectroscopy data for a series of hybrid membranes. The diffusion coefficient of proton-containing 
groups, which is determined by diffusion in pores, can be both higher and lower for membranes with differ-
ent dopants, compared to the pristine membrane. Their conductivity, in contrary, being determined by ion 
transfer in channels, always increases for the doped samples [96].

An improvement of hybrid membrane conductivity at low humidity, reported in a number of papers 
should be pointed. Conductivity of membranes doped with both silica and heteropolyacids matched that of 
the pristine membrane at high humidity. At low humidity, the gain in conductivity was considerably higher 
[97]. As reported previously [80], at 9 % relative humidity the conductivity of hybrid membranes increased 
by 2.5 orders of magnitude in comparison with initial ones. A substantial improvement of conductivity at low 
humidity was observed for a Nafion hybrid membrane incorporating by metal–organic frameworks immobi-
lized with phytic (myo-inositol hexaphosphonic) acid [98].

The increase in the ionic conductivity at low humidity is most likely determined by two factors. Presence 
of the dopant particles inside the pores prevents annihilation of the conduction channels by maintaining 
the size of the pores. In addition, the electronegative atoms on the dopant surface can contribute to the ion 
transfer. Their impact is especially important at low water uptake [77].

Hybrid membranes use in fuel cells

Modification of membranes with nanoparticles can result in their selectivity improvement. In the case of 
cation exchange membranes it can be expressed by the anion transfer numbers. The lower the transfer 
number, the greater is the selectivity. For example, modification of MF-4SC membranes (a Russian analogue 
of Nafion membranes) leads to decrease their anion transfer numbers by 2–4 orders of magnitude [99, 100]. 
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Higher selectivity was also achieved by membrane doping with heteropolyacids [79, 80]. Unevenness charge 
distribution must be the main reason for this. Dissociation of –SO3H functional groups leads to the negative 
charge of the membrane pore walls. Meanwhile, due to electrostatic interactions protons are mostly localized 
in the thin (approx. 1 nm) Debye layer near the pore walls. In the middle of the pore contains an electroneutral 
solution that contains almost equal amounts of cations and anions in concentrations roughly higher than 
in the contacting solution (Fig. 4а). So, the total anion concentration, as well as their transfer numbers is 
much lower, compared to the cations. When an acidic nanoparticle is introduced, its surface also acquires a 
negative charge, and the particle itself is localized near the center of the pore, displacing a significant part of 
the electrically neutral solution together with the anions. Concurrently, another Debye layer is formed near 
the particle surface, facing the first one. This results in decrease of the undesirable anion transfer without 
hindering the cation transfer within the Debye layer (Fig. 4b) [77]. These effects were recently described quan-
titatively [101] with the use of microheterogeneous multiphase model. The results of modelling were suc-
cessfully compared with experimental values of conductivity and diffusion permeability as functions of the 
nanoparticle volume fraction in a hybrid membrane [102].

At the same time, low-polar molecules of gases and alcohols are also located in the pore centers and forced 
out during hybrid membrane formation. So an important advantage of the hybrid perfluorinated membranes 
is the decrease in their permeability to gases and methanol. Low permeability to methanol makes these mem-
branes extremely effective for use in direct methanol fuel cells (DMFC) [103–105]. Sulfonic acid functionalized 
graphene is explored as a dopant for Nafion membrane. Such hybrid membranes enhanced proton conduc-
tivity while restricting the methanol crossover across the membrane. A DMFC with hybrid membrane deliver 
a peak power density of 118 mW cm−2 at a load current density of 450 mA cm−2 while operating at 70 °C under 
an ambient pressure. By contrast, operating under identical conditions, a peak power density of 54 mW cm−2 
at a load current density of 241 mA cm−2 is obtained with the pristine recast Nafion membrane [106].

The use of hybrid membranes with incorporated nanoparticles with acidic nature appears to be per-
spective for the fuel cells using hydrogen. It was shown [97] that the H2/O2 fuel cell based on hybrid Nafion–
silica membrane doped with phosphotungstic acid, shows the higher current density values than that of 
pristine membrane. Membranes of this type were also reported to exhibit activity in the catalytic reaction 
of oxygen reduction [107]. Of particular interest is the fact that a FC based on such membranes shows a 
lower power density at 100 % relative humidity of the supplied gases (hydrogen, air). As the relative humid-
ity decreases, power density of the cell based on hybrid membrane increases and overruns the performance 
of the commercial Nafion-212 membranes at 100 % relative humidity (Fig. 5) [108]. Impedance investigation 
of the membrane-electrode assemblies in the FC operating regime revealed that the reason for this was not 
only the conductivity increase, but also a decrease in the resistance of the reaction of oxygen reduction at low 
humidity.

a
b

Fig. 4: Schematic distribution of positively and negatively charged ions in the pores of an ion exchange membrane (1 – the Debye 
layer, 2 – the electroneutral solution) (a) and the formation of the second Debye layer after insertion of a dopant nanoparticle 
with an acidic surface (b) [77].
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There are, presumably, large perspectives for application of hybrid membranes based on Nafion and 
surface-modified nanoparticles [78]. For example, a possibility was demonstrated of transfer selectivity 
improvement using membranes doped with silica nanoparticles with proton-acceptor properties [109].

Conclusion
Development of modern technologies is largely be related to alternative energy, where a crucial role is played 
by lithium-ion batteries and fuel cells. Lithium iron phosphate and lithium titanate are promising electrode 
materials for lithium-ion batteries. Considerable advantages are gained when nanomaterials and carbon 
composites are used. As for the lithium iron phosphate, the most attractive results were obtained for partial 
substitution of iron with divalent cations. High electrochemical capacity during cycling in an extended 
potential range (0.01–3 V) is the most valuable property of lithium titanate partially substituted with trivalent 
cations. The most promising is the use of these materials in batteries with high power and high charge rate.

As follows from the abovementioned data, incorporation of nanoparticles can lead to a significant 
improvement of hybrid membrane properties, namely improvement of proton conductivity and gases or meth-
anol permeability of ion exchange membranes. Furthermore, the selectivity of transfer processes is observed 
in many cases. All this determines possibilities for a wide application of hybrid membranes. It follows from 
the discussed data that they are widely used in fuel cells design with improved operating characteristics, and 
in gas separation processes.
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