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Abstract: Today Li-ion batteries dominate as the power sources for portable electronics (mobile phones,
lap-top calculators) as well as for electric cars. The main problem with their use is limited sustainability:
the raw materials for their production: lithium, cobalt and nickel, are deficient in the earth’s crust.
Potential exhaustion of mining resources treats to disable the production of Li-ion batteries in near future.
On the other hand, Na-ion batteries, which work on similar principles to Li-ion batteries, present a real
sustainable alternative. Namely, the abundance of sodium in the earth’s crust is far higher in comparison
to lithium, and Na-ion batteries may be produced from very abundant metals, excluding cobalt and
nickel. Thus, the development of Na-ion batteries is the subject of interest of a broad number of research
groups worldwide. Currently, the main flaw of Na-ion batteries is lower energy density (~ 50 % that of
Li-ion ones), thus the competitiveness in the market is still always relatively low, enabling the first
generation of these batteries only complementary use in low-demanding areas, (for example in grid
voltage stabilization). However, recently a number of improvements is realized, promising a rapid
increase in the competitiveness of Na-ion batteries in all areas of use. In this work, the survey was made
on the properties of commercial versions of first-generation batteries. Also, recent advances in
improvements of anode and cathode materials which may lead to the second generation of Na-ion
batteries are summarized.

Keywords: Na-ion batteries, cathode materials anode materials, commercial battery versions.

1. INTRODUCTION

After roughly three decades from their first
commercialization (in 1990), the Li-ion batteries
have taken over the battery market, thanks to their
high practical energy density (actually~200 Wh/kg
up to even 285 Wh/kg) and relatively low price,
which during time descended from initial ~1500
USS per one kWh to actual ~ 150 US$ per one kWh
of energy. The high specific energy of lithium-
ion batteries provides a long working time interval
between charges, which is extremely important for
the comfortable use of portable devices and electric
cars. Thanks to its wide use in diverse kinds of
portable electronic devices, as well as in electric
cars, the demand for these batteries is permanently
growing. Connected to the world trend of industry

decarbonisation, a new role of batteries arises in the
area of storage and stabilization of the energy
obtained from renewable sources. A French battery
market forecast company, Avicenne Energy [1]
forecasted the Li-ion battery market will attain
more than $150 billion by 2025., where the demand
for energy storage systems alone is expected to
amount to $50 billion. The company Bloomberg
New Energy Finance predicted that demand for
lithium will experience an enormous 500-fold
increase by 2030. That could cause lithium prices
to expand because the metal is mined in only a few
countries.

Accounting only for the production growth,
one may expect that the cost of Li-ion batteries will
proportionally decrease up to about $100/kWh.
However, on the other hand, production expansion
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may cause the exhaustion of raw materials,
primarily cobalt and nickel [2,3], which not only
may increase the Li-ion battery price but hinder
their production at all.

This is why more than a decade ago scientists
searched for a sustainable alternative for Li-ion
batteries, focusing primarily on Na-ion batteries.
The advantage of Na-ion batteries lies in higher
natural abundance and lower cost of sodium in
comparison to lithium. Namely, 2.6% of sodium
can be found in the earth's crust, compared with
barely 0.06% of lithium. The cost of extraction of
Na of only $150 ton ! is much lower than that of
Li, being $5000 ton ' [4] Moreover, cathode
materials for Na-ion batteries do not require cobalt
and nickel, and contain abundant, and also
environmentally benign transition metals, such as
iron, manganese, vanadium, and titanium. Thus,
Na-ion batteries with hard-carbon anodes and
cobalt-free cathodes are more sustainable than Li-
ion batteries. Since the cost of production of the
electrode materials for Li-ion and Na-ion batteries
is almost equal the gain in costs of Na-ion batteries
originates in the price of raw materials only. The
survey of actual prices of raw materials allows us
to conclude the cost of Na-ion batteries to be
10—20% lower than the Li-ion ones, and this
difference is concentrated mainly in the costs of
cathode materials. Sodium batteries are also more
stable and safer than lithium-ion ones. They may
withstand a wider temperature range, are less
flammable and less prone to thermal runaway-
contrary to the main flaws of Li-ion batteries [4.]
According to K. M. Abraham, research professor at
Northeastern University and CTO of lithium
battery consulting firm E-KEM Sciences, the main
disadvantage of Na-ion batteries which suppresses
their competitiveness is lower energy density,
attaining up to now ~ 100 Wh kg™! or in best cases
~ 150 Wh kg'. This is why sodium-ion batteries
presently could find application only in stationary
applications like renewable energy storage for
homes and the grid energy stabilization, where cost
is more important than size and energy density.
Therefore, to reach full competitiveness, the
researchers should focus their care on advanced
anode and cathode materials which enable specific
energies approaching at least 200 Wh kg!. This
may require also the search for advanced
electrolytes.

Theoretical considerations by Slater et al. [5]
indicate that sodium-ion battery may attain
gravimetric energy density of 210 Wh kg, fully
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comparable to the energy density of actual Li-ion
batteries, if cathode specific capacity of 200 mAh
¢! and anode specific capacity of 500 mAh g,
with an average potential difference of 3.3 V may
be discovered. The voltage between anode and
cathode is an essential value since the energy
density is the product of the specific capacity of
cathode (or anode) material and voltage. This
statement may be used as a guide in the further
development of sodium-ion batteries. However, not
capacity value alone, but also its stability upon
numerous charging/discharging cycles, as well as
low sensitivity to high charging/discharging rates
present an indispensable characteristic providing
their use in most important application areas.

In this review, a survey of recent research
reports on substantial components of sodium-ion
batteries is done. This survey shows that recently
discovered anode and cathode materials are
sufficiently close to those enabling actual
competitiveness to contemporary lithium-ion
batteries, which supports the promises of leading
battery producers that their next generation of
sodium-ion batteries will serve as a satisfactory
supplement or even replacement for lithium-ion
batteries.

2. ANODE MATERIALS OF Na-ION
BATTERIES

2.1. Hard carbon anode materials

Sodium-ion batteries became to attract
attention about a decade after the commer-
cialization of Li-ion batteries. Natural or synthetic
graphite is a common anode material for these
batteries, however, the attempts to use graphite as
anode material also in Na-ion batteries were
unsuccessful. Namely, Ge et al [6] found the low
initial capacity of graphite in the usual ethylene
carbonate-ethyl-methyl carbonate mixture, of
roughly 30 mAh g, together with poor cycle life,
since initial capacity dropped to even negligible
value within the few charging/discharging cycles.
The first explanation was that the interlayer
distance between graphite crystallographic planes
(~3.3 nm) is too small to enable Na* ions diffusion
through the graphite bulk. Further to this,
Divincenzo et al. [7] found theoretically that the
attractive forces between the Na® ions and the
graphite layers are too low to support the
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intercalation, and thus unwanted plating of carbon
surface by metallic sodium occurs more readily
than intercalation.

Dahn et al [8] were among the first ones to
discover the applicability of hard carbons as the
anode of sodium-ion batteries. They pyrolized
glucose at 1000 °C and examined its anode
behavior in a solution of 1 M sodium perchlorate in
ethylene carbonate — diethyl carbonate (30:70 v/v
mixture) and found a reversible capacity of ~ 300
mAh g! at a very slow charging-discharging rate
C/80 (35 pA/cm?).

Hard carbons are a particular kind of carbon,
composed of statistically oriented micron-sized
graphite domains leaving many intercrystalline
pores of various dimensions. (Figure 1). Hard
carbons may be synthesized from various natural
precursors, for instance, glucose, sucrose, lignin,
cellulose, various organic polymers etc. The
precursor should contain a high concentration of
oxygen. Namely, the remaining oxygenated groups
enable to keep disordered structure upon carbo-
nization, i.e., randomly-oriented graphitic domains
and larger mean interlayer spacing (~0,39 nm),
providing easy diffusion of sodium as well as the
acceptable capacity of sodium storage. This type of
carbon is not able to transform itself into
crystallographically ordered graphite by heating up
to even 3000 °C, thus it is called alternatively non-
graphitizable carbon.

In 2011, Wenzel and co-works [9] prepared
templated carbon with controlled hierarchical
porosity, with a surface area of 346 m? g, and pore
volume of 0.798 cm® g'. They published a high
capacity of 100 mAh g at an excellent char-
ging/discharging rate of C/5, much higher than
C/80 attained in early attempts by Dahn et al [8] at
room temperature. Their results indicated that, if
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Figure 1. Structure difference between graphite
and hard carbon: long -range versus short-range
ordering of graphene layers.
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hard carbon is considered, a high specific surface is
not a critical factor in obtaining high capacity and
rate capabilities. Somewhat later, in 2014., Zhou et
al [10] obtained structurally disordered carbon by
pyrolysis at 800 °C of an intimate mixture of
soluble polymers poly(diallyl dimethylammonium
chloride) (PDDA) and poly(sodium 4-styre-
nesulfonate) (PSS), and the average spacing
between the graphitic layers of 0.39 nm was
determined. When used as anode material in the
electrolyte 1M NaClO4 (IM) in solvent mixture
propylene carbonate + ethylene carbonate, superior
capacity, cycling stability and rate capability were
evidenced. A reversible capacity of 225 mAh g
was attained, while capacity retention of 92% at a
current density of 100 mA g' was achieved after
180 cycles.

Typical galvanostatic charging and dischar-
ging curves of hard carbon in organic solution of
sodium salt are shown in Figure 2. On charging
(sodiation), initial part of charging curve shows
sudden potential drop to below 1 V, as a
consequence of the incorporation of first traces of
sodium. Then follows a sloped part of the curve,
which covers a great part of charge consumed. This
part continues to a plateau close to 0 V, which
covers also a significant part of the charge
consumed. First charging (curve 1) consumes more
electricity than the following ones (curves 2 and 3),
due to the formation of a solid electrolyte interface
(SEI), which is analogous to the behavior of
graphite in Li-salt solution. The desodiation curve,
with its high-voltage end, shows the amount of
reversibly intercalated sodium ions. Usually, a
stable regime (overlapping of successive
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Figure 2. Galvanostatic sodiation (descending V)
and desodiation (ascending V) curves of hard
carbon electrode in organic solution of
sodium salt
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discharging curves) may be attained in a few initial
charging/discharging cycles.

The mechanism of charging/discharging
processes shown in Figure 2 was studied
theoretically by several authors. Tsai et al. [11].
through an ab initio study found that not only
interlayer distance but also the concentration of
vacancy defects (MV: mono-vacancy and DV: di-
vacancy) improve the Na+ ion intercalation.
Namely, vacant sites enable strong ionic binding
with the Na* ions, which overcomes the van der
Waals interaction. Bommier et al. [12] stated that
the sloping region of the charging curve can be
explained through Na" ion storage at defect sites. In
the plateau region, they confirmed that Na* ions
intercalate into a lattice of crystallites. Rathnayake
et al [13] found by DFT calculations that an
interlayer distance of ~6 nm provides optimum
interaction energy for sodium intercalation.

As Hwang reviewed in [14] the
electrochemical behavior of hard carbons may be
substantially improved by the incorporation of
heteroatoms (such as N, B, S and P) by any doping
procedures. Namely the sites containing the atoms
of dopants enhance the adsorption of Na* ions and
facilitate the transport of sodium ions through the
electrode-electrolyte boundary.

For instance, Wang et al. [15] synthesized N-
doped hard carbon by carbonization of pulp obtained
from milled soybeans. The samples presented
flexible films composed of nitrogen-doped porous
nanofibers with a 3D interconnected structure. The
capacity of 212 mA h g'! at a high rate of 5 A g with
high-capacity retention of 99% after even 7000
charging/discharging cycles were attained. Sulphur
doping provided even better results. In 2015, Li et al.
[16] synthesized a disordered carbon doped with
sulfur with a high doping level (~26.9%), by
annealing at 500 °C in an argon flow the mixture of
1,4,5,8-naphthalene tetracarboxylic dianhydride
(NTCDA) and sulphur.

This material displayed a specific 3D coral-
like structure. This carbon type exhibited a high
reversible capacity of 516 mAh g at a current
density of 0.02 A g'. Also, an excellent rate
capability and cyclability, 271 mAh g'at 1 A
g !after 1000 cycles, was reported. This result may
enable almost full competitiveness of Na-ion
batteries to Li/ion ones in practical application.

Li et al [17] synthesized hard carbon-doped
by nitrogen, which was additionally modified by
doping of phosphorus quantum dots. The raw
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materials were soybean pulp, the carbonization of
which resulted in N-doped carbon. Then, the
mixture of red phosphorus and water was heated in
a hydrothermal reactor. Upon precipitate removal,
the solution containing P quantum dots was
concentrated by centrifuge and mixed with N-
doped carbon. The solvent was removed by drying,
and the resulting double-doped carbon (designated
as P/NC) was tested electrochemically. This
material displayed a stable capacity of 220 mAh g
"at a current rate of 0.3 A g! during 5000
charging/discharging cycles. Also, a full cell
consisting of NaossNig33Mnoe70, cathode (in
excess) and P/NC anode was tested and delivered a
capacity of 150 mAh g at arate of 1C, and 52 mAh
g at a very high current rate of 30 C.

2.2. Expanded graphite anode

Since graphite was proven to be unsuitable
for sodium-ion batteries having a very low
capacity, researchers started to search for materials
more suitable for this purpose. Suspecting too short
interlayer spacing of regular graphite as a reason
for low capacity, Wen et al [18] reported expanded
graphite as a Na-ion battery anode material. The
synthesis consisted of a multiplied process of
oxidation and partial reduction of graphite until a
relatively large interlayer distance of 0.43 nm was
achieved. Galvanostatic studies in sodium salt
solutions in organic solvents demonstrated that
graphite with such expanded interlayer distance
delivered a reversible capacity of 284 mAh g ! ata
current rate of 20mA g ', while a capacity of
184 mAh g ! was observed at the current rate of
100mA g!. Also, a very good cycle life was
demonstrated, namely, 73.92% of the initial
capacity value was measured after 2,000
charging/discharging cycles.

2.3. Graphene oxide-based anode materials

The attempts to use graphene as anode
material are known from earlier. Wang et al. [19]
investigated sodium-ion storage using reduced
graphene oxide (RGO) as anode material and found
promising reversible electrochemical behaviour.
This was explained by high electrical conductivity,
large interlayer distances and the presence of
numerous active sites for binding Na® ions.
Specific capacity of 141 mAh g at 40 mA g and
stable  capacity  retention during 1000
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charging/discharging cycles were reported. Ding et
al. [20] synthesized several versions of few-layer
graphene at carbonization temperatures in a broad
temperature range of 600-1400 °C. They found
promising Na" insertion performances of graphene
obtained at 1100 °C, having an enlarged interlayer
spacing of 0.388 nm.

Dobrota et al [21] performed a DFT study of
Na interaction with graphene sheets doped by
heteroatom dopants (B, N, P or S), in both oxidized
and non-oxidized stages. The calculation of
interaction energy displayed that oxidation plays a
crucial role in the interaction with sodium atoms. It
was found that the dopants act as attractors of OH
groups, and expand the ability of graphene to
further oxidation altering also its affinity towards
Na. Since in some specific cases this may lead to
irreversible hydroxide or water formation, this may
mean  irreversible  electrode  performance
degradation. These results suggested that carefully
control of the oxidation level of doped graphene is
required, depending on its dopant nature, to provide
optimal performance in sodium storage processes.

Graphene alone did not enable high specific
capacitances for Na ion storage, however, its
composite with other materials having very high
coulombic capacities, such as SnS,, MoS,, and
phosphorus (for instance in phosphorene form)
present very promising anode materials. These
materials show high capacities of the order of
thousands of mAh g!, however, extreme volume
expansion and low electric conductivity hinder
their direct use in batteries. The volume expansion
is the consequence of the “alloying” reaction with
sodium, and the swelling may amount to more than
400 to 500 per cent of the initial volume when the
battery is charged, which may cause mechanical
damage and loss of electrical contact with the
current collector. The composite with graphene
provides a synergetic effect of high electric
conductivity, high capacity, and acceptably
mitigated  volume  changes  during the
charging/discharging procedure.

2.3.1. Graphene/MoS; composite anodes

David et al. [22] from the research group at
Kansas State University, discovered that some
transition metal dichalcogenides may be exfoliated
in strong acids. For the last two years, they
developed the synthesis of large quantities of two-
dimensional materials — graphene, molybdenum
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and tungsten disulphide. They have published
paper-like material composed of two 2D materials:
molybdenum disulphide and graphene, which
overcomes the shortcomings of both materials. For
the synthesis, they used acid-exfoliated few-layer
molybdenum disulphide (MoS;) and reduced
graphene oxide (rGO). Both components were
dispersed in deionized water in various weight
ratios and deposited by filtration, resulting in self-
standing flexible electrode material (Figure 3).
This design enables it to work without the
polymeric binder and current collector foil, used
traditionally in battery electrodes. The porous and
interleaved structure of this electrode material
enables fast sodium diffusion, and consequently,
fast charging and discharging of the battery. The
authors studied the electrochemical performance
of this material in sodium-ion batteries. In a
configuration with a metallic Na counter electrode
the composite paper anode with the loading of 4
mg c¢cm 2 displayed a stable coulombic capacity of
approximately 230 mAh g' and coulombic
efficiency of roughly 99%.

Figure 3. Scheme of the composite of layered MoS>
crystals sandwiched between graphene
oxide layers [22] Copyright ACS (2014)

Pan et al [23] considered an alternative way
of the use of MoS; as anode material in sodium-
ion batteries (SIBs). To minimize irreversible
conversion reactions and huge volume changes
accompanying the sodiation/desodiation rea-
ctions, the authors incorporated MoS, particles
within carbon microtubes. This composite enabled
fast electronic and Na* ions conductivity, and low
volume change during the sodiation/desodiation
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reactions. A high reversible specific capacity of
563.5mA h g! at the current rate of 0.2 A g*!, and
even 401.3 mA h g! at the current rate of 10.0 A
¢!, were achieved. Also, excellent cycling sta-
bility of 484.9 mA h g! after 1500 cycles at the
current rate of 2.0, A g! was evidenced.

2.3.2. Graphene/SnS; composite anode

Thanks to its huge specific capacity,
SnS; has been extensively studied as an anode
material for sodium storage. However, irever-
sible conversion/restacking reactions during the
charge/discharge process rapidly lower the
coulombic efficiency (ICE) Jiang et al [24]
reported a one-step hydrothermal synthesis of
graphene/SnS; composite with ultrathin SnS; na-
nosheets covered by neighborhood attached
reduced graphene oxide layers, where C—S bonds
provide mechanical stability. The composite
interlayer spacing of SnS, layers was 0.803 nm,
which enables fast transport of Na* ions whereas
restacking reactions of SnS; nanosheets were
inhibited. An excellent specific capacity of 765
mAh g! for sodiation/desodiation reactions at a
high rate of even 10 A g' was evidenced. No
morphology changes were evidenced after 200
cycles. The authors stated they found an excellent
anode material for sodium batteries.

Ou et al [25] considered a different type of
composite to utilize layered SnS, as anode material
of sodium-ion Dbatteries. They synthesized
SnS»/Mn2SnS4  composite incorporated between
carbon nano boxes by a wet-chemical method. This
anode material displayed an initial capacity of
841.2 mAh g' with high coulombic efficiency of
90.8%, The rete performance examination
evidenced capacities of 752.3 and 488.7 mAh g ! at
the current rate of 0.1, and 10.0 A g”!, respectively.
Pronounced cycling stability was evidenced by
measuring  522.5 mAh  glafter 500
charging/discharging cycles at the current rate of
5.0 A g'. The coarsening of reaction products Sn
and Na,S are prevented thanks to the
SnS»/Mn,SnS4 heterojunctions, which play a key
role in preventing capacity fade during cycling.
These heterostructures together with the carbon
network provide transparent ways for electrons and
Na" diffusion, resulting in an excellent rate perfor-
mance.

2.3.3. Graphene/phosphorene layered
anode materials

Black phosphorus is an allotropic
modification of phosphorus. It has a layered
structure, the layers presenting a two-dimensional
material consisting of phosphorus atoms inter-
connected in a zig-zag order (Figure 4) may be
separated either mechanically, or chemically, and
separated layers are called phosphorene. Likely to
graphene, the Van der Waals forces held the layers
together in black phosphorus crystals. Phosphorene
is a new material, namely, it was first produced in
2014 by mechanical exfoliation.

Figure 4. Scheme of the layered crystallographic
structure of black phosphorus

Ramireddy et al. [26] studied composite
electrode material composed of a mixture of black
phosphorus with graphite. They prepared the
composite by ball milling. Electrochemical testing
was performed within different voltage windows.
Within the voltage window of 0.01-2 V versus the
Na/Na" electrode, a high initial capacity of 1300
mAh g' was obtained, however, the capacity
displayed a gradual decrease, and the electrode
material disintegrated on cycling. Much better
behavior was observed within a restricted voltage
window of 0.33-2.0 V when repeated cyclic
voltammograms indicated stable behavior. Sun et
al. [27] synthesized a phosphorene—graphene
hybrid composite, consisting of a few phosphorene
layers sandwiched between graphene layers. The
nanocomposite material displayed the following
advantages: The graphene layers acted as a buffer
mitigating  volume  expansion to  which
phosphorene layers are prone to sodiation, and
provide high electronic conductivity of this
electrode material as well. Furthermore, the
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increased interlayer distance between phosphorene
layers facilitates the diffusion of sodium ions. In
electrochemical tests, this material displayed high
coulombic capacity being stable on sodia-
tion/desodiation cycling. As a result, this composite
material provided a huge specific capacity of 2440
mAh g at a charging rate of 0.05 A g'. Upon 100
cycles within the voltage range of 0-1.5 V vs.
Na/Na", capacity retention of 83% was observed,
which is a very promising result from the aspect of
the development of Na-ion batteries.

2.4. Organic anode materials

Abouimrane et al. [28] discovered that
disodium terephthalate-based organic material may
be used as effective anode material of sodium-ion
batteries, in combination with any transition-metal
cathode. Since NasCsH,Os electrode displayed two
reversible redox reactions, Na,CsH,O¢/ NasCsH,O¢
at 2.3 V and Na4CsH,O¢/ NagCsH,O6 at 0.3 V
(Figure 5). Wang et al. [29] fabricated a full cell
with NasCgH»Os as both anode and cathode This
battery displayed a working voltage of roughly 1.8
V and reversible capacity of 180 mA h g\,

Deng et al [30] reported also an all-organic
Na-ion battery with polymeric electrodes. The
cathode was p-dopable polytriphenylamine and the

ONa ONa O ONa
2.3V
-2e 2Na 0
ONa ONa *26 MNd ONa o
Na4C8H206 NazcaHzos

Figure 5. The scheme of the oxido/reduction
reactions of solid Na4sCsH>Og in a solution

of sodium salt.
o
-ne” - nNa*
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n

+ne + nNa*
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anode was an n-type redox-active poly(anthra-
quinonyl sulphide), in a solution of NaPFg The
cathode was not a Na hosting material, but hosted
concomitant PF¢~ anions, while the anode served as
a host for Na" insertion (Figure 6). Such battery
delivered a voltage output of 1.8 V and specific
energy of 92 Wh kg™!. A superior rate capability
was also evidenced, namely 60% of initial capacity
was obtained at a very high rate of 16 C (3200 mA
g). Also, 85% capacity retention after 500 cycles
at the current rate of 8 C was reported.

Chi et al [31] reported the organic carbonyl
compound disodium rhodizonate (NasCsOs) with an
average voltage of 2.15V versus Na*/Na and a
theoretical specific capacity of 205 mAh g!, which
may be attained by two-electron and two-sodium ion
exchange between reduced (NasCsOs ) and oxidized
(NaxCeOs ) forms of this compound. A practically
attained capacity of 184 mAh g! with metallic
sodium anode was attained presenting high specific
energy of 395 Wh kg!. The capacity retention of
76% and 70% was evidenced after 100 cycles at
0.1C and 400 cycles at 0.2 C, respectively. This
compound was compatible with solid electrolyte
NasPS4, the authors constructed a symmetric all-
organic cell NasCsOs/Na3zPS4/NasCsOs with solid
electrolyte, which displayed an initial capacity of
~160 mAh g! and 100 % efficiency at a rate of 0.2
C at 60 °C, while the capacity of ~125 mAh g
was measured after 50 cycles.

2.5. Anode-free Na-ion battery

In a very recent paper, Ma et al [32]
investigated how to prepare an anode-free battery
version, in which pure metallic sodium anode
grows on copper support just on battery charging,
and dissolves on discharging. Batteries with
metallic anodes are advantageous since they enable
high energy density, but such type anodes usually
experienced difficulties caused by dendritic growth

i

+ne + nNa

-ne - nNa*

Figure 6. Proposed mechanism of poly(anthraquinonyl sulphide redox reactions with participation of Na-cations.
From Deng et al [30]
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and formation of solid-electrolyte interphase (SEI)
layers, which both shorten battery cycle life. Ma et
al solved this problem by the discovery that high
purification of electrolytes from water traces
enables the formation of smooth, dendrite-free
sodium surface, lacking in SEI formation on
sodium deposit, thus having a large cycling life.

In their experiments, Ma et al used as
cathode material Na3;V2(POs)3 (NVP) synthesized
by hydrothermal sol-gel procedure and calcined at
750 °C for 6 h. It was mixed with acetylene black
and polyvinylidene fluoride glue in a mass ratio of
8:1:1, and suspended in N-methyl pyrrolidone. This
slurry was applied on Al foil support at loading 6.2
mg cm™. Anode support was Cu (25-micron foil),
and the separator was porous Polypropylene. It is
desirable to achieve water content lower than 10
ppm. The NaPF6-based electrolytes were built up
with organic solvents: dimethyletoxide, diglyme,
tetraglyme, or ethylene carbonate/dimethyl carbo-
nate mixture. The moisture level was in the range
of 5-10 ppm in that case. Also, the NaClOs-based
electrolytes were tested with the same solvents,
with the moisture level allowed in the range of 28-
35 ppm, due to an extreme hygroscopicity of
NaClOsa.

The full cell of anode-free type with low
content of impurities in electrolyte displayed an
excellent capacity retention rate of 99.93% per
cycle, superior to available anode-free Na and Li
batteries using liquid electrolytes. The gravimetric
energy density (334.7 Wh kg™! at a very high
current rate of 3C) of these anode-free cells was
found to be comparable to the theoretical energy
densities of Graphite| LiFePO, battery of 385 Wh
kg™!. Furthermore, this cell is smaller in volume
because of the absence of an anode. The abundant
resources of sodium in the earth's crust and the
avoidance of anode processing costs make this type
of cell more sustainable and economic in
comparison to contemporary Li-ion cells.

3. CONTEMPORARY
INVESTIGATIONS OF
CATHODE MATERIALS

3.1. Layered oxides cathode materials

Analogously to the layered oxide materials
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layered oxides may be used also for Na ion
intercalation. The layered oxides as cathodes for Na-
ion batteries (SIBs) commonly appear as O3-phase
and P2-phase. The O3 phase is characteristic of
alternate Na layers and transition-metal (M) layers
in the oxygen-ion framework, packed closely to
form alternate ABCABC stacks. The symbol O3
means that the Na"ions and M ions are located in the
octahedral sites of the Na layers and the M layers. In
the P2 phases, the oxygen-ion framework of the P2-
phase is stacked in the ABBAABBA order. The Na*
ions are placed in the trigonal prismatic sites of the
Na layers. Na' ions can be reversibly inserted and
deinserted between the (MOy)n sheets formed by
edge-shared MOgs octahedra.

Both these phases may be synthesized in the
air by some common synthesis procedures: solid-
state reactions, co-precipitation, or hydrothermal
ones. O3-Na,MnO, exhibits a capacity of 185 mAh
g'at 0.1 C in the potential range of 2.0-3.8 V and
retains 132 mAh g! after 20 cycles [33]. Birnessite-
NaMn3;Os reveals a particularly large discharge
capacity of 219 mAh g in the potential range of
1.5-4.7 V with an average potential of 2.75 V, but
only 70% of the capacity is retained after 20 cycles
[34].

The main obstacle to the practical use of
these materials is the fast capacity fade during
cycling. This problem was reduced significantly by
partial replacement of Mn for Ni. The P2
compound Nag7Nig33Mng 670, was first reported
in 2001 [35]. This compound displayed a capacity
of roughly 165 mAh g and a higher potential of
over 4V versus the sodium metal reference
electrode. The potential increase was attributed to
the participation of the Ni**/Ni*" redox couple. In a
very recent paper, Zhang et al [36] proved that the
capacity at the 4.2 V plateau is contributed to the
irreversible 0> /0, ™ /O, evolution. Oxygen release
and subsequent surface lattice densification were
found to be responsible for the largely irreversible
capacity loss during the initial cycle. In the same
study, the authors found that the oxygen release
may be suppressed by partial Fe substitution.
Namely, the formation of Fe-(O—0) species,
provides reversible O? /O," redox reactions at high
operating voltage. This means, that a more
pronounced covalency of the TM—O bond may
suppress the oxygen release in this type of
compound, which improves also the -electro-

used in  contemporary Li-ion  batteries, chemica1 performance. _
(LiCo0033Nig33Mno 3302, LiCo0.15Nio sAlo0sO02) Kim et al [37] developed cathode material
with the formula Na(Li;sMn2;3)O, for which an
8 Contemporary Materials, XllI-1 (2022)
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Figure 7. Charge/discharge curve of
NazsFeoNizoMnsoO, in organic electrolyte
solution of sodium salt [36]

appreciable specific capacity of 190 mAh g was
predicted theoretically. It is noteworthy that in this
case sodium cation intercalation/deintercalation is
accompanied not by Mn*"/Mn*" redox reaction but
by anionic redox reaction (O?/0,"), at high redox
potentials of =~ 4.2 V vs Na/Na" electrode. This
means that, in this compound transition, the metal
cationic state (Mn*") is stabilized.

The characteristics of this mixed oxide were
studied experimentally by the researchers of
Skoltech, a Russian private international
university established in collaboration with the
Massachusetts Institute of Technology (MIT),
They cooperated with the researchers from
France, the US, Switzerland, and Australia, [38]
They confirmed that this cathode material
displayed the reversible specific capacity of 190
mAh g!, which is rather high for a cathode
material of sodium-ion Dbatteries. Also,
appreciable capacity retention was observed
during prolonged cycling of Na(LiisMnys3)Os.
The negligible sensitivity to moisture is also an
important advantage of this material in
comparison to LiMnO,. However, large voltage
hysteresis during charge and discharge, causing a
decrease in the energy efficiency, remains an
actual obstacle in practical application, which is a
challenge for further consideration. This study
enabled new knowledge about the role of inter-and
intralayer 3D cationic migration in the explanation
of voltage fade in anionic redox materials.

3.2. Mixed phosphate cathodes

Mixed phosphates are composed of
phosphate (POs)* and pyrophosphate (P,O7)*

THE NOVELTIES IN THE DEVELOPMENT OF Na-ION BATTERIES

anions and belong to the polyanion class of
materials. The class of materials NasM3(PO4),P>0;
(M: Mn, Co, Ni) was discovered in 1990-ties by
Sanz et al. [39]. The structure of these compounds
makes corners share MOs octahedra and PO,
tetrahedra. M3P,0O13 blocks parallel to the bc plane
are linked with the P,O7 unit along the a-axis. One
distinguishes four different Na® sites in this
structure, which are located in the three-
dimensional channels. A free diffusion within all
three dimensions provides better Na® ion
conductivity in comparison with 2D or 1 D
diffusion counterparts. Based on the first principal
calculations, Kim et al. [40] for NasFe3(PO4).P,07
found a low activation barrier of less than 0.8 eV
for Na* diffusion in all directions, with the lowest
activation barrier in the large tunnel along the b-
axis. The principal factor suppressing high specific
capacities attainable in conventional Li-ion
materials is the high molecular weight. In the
experimental part of the study, NasFe3(PO4).P,07
synthesized by the usual solid-state reaction
displayed a specific capacity of 105 mAh g at an
operating voltage of 3.2 V and an energy density of
380 Wh kg™!. During charging NasFes(PO4),P,07 to
NasFe3(PO4):P,0; three sodium ions may be
extracted, based on the redox reactions of the
Fe*/Fe** redox couple. [41] Instead of Fe
containing central ion, to obtain higher operation
potential Nose et al. [42] investigated NasCos(POs).
Indeed, they found an average operating voltage of
approximately 4.5 V, being the highest value ever
observed for a Na-ion electrode. The material
displayed promising rate behavior, namely capacity
of 80 mAh g! was measured at a current rate of
even 25C, or 425 A g'. To flatten the stepped
charging/discharging  voltage  curve, they
synthesized  Nas[Co024Mng3Nig3]  (PO4)2P207.
Which displayed also a high operating voltage of
4.5 V, and delivered a discharge capacity of 103
mAh g at a current rate of 5C.

Another interesting phosphate polyanion
compound, Na;V4(P.O7)PO4, was suggested by
Lim et al. [43]. This compound crystallized in a
tetragonal structure, with the basic unit,
(VP207)4PO4, composed of a central tetrahedron
[PO4] sharing corners with four [VOs] octahedral.
Each diphosphate group [P.O;] bridges the two
adjacent [ VOs] octahedral with shared corners. The
three-dimensional diffusion of Na ions is possible,
through channels formed by interconnected
(VP207)4PO4 wunits. The charging/discharging
process is accompanied by a V**/*" redox reaction,

Contemporary Materials, XlI1-1 (2022)



Slavko Mentus

which occurs at an average voltage of 3.9 V
delivering a capacity of approximately 90 mAh g
Forming a composite material with reduced
graphene oxide, cycle life was improved providing
78 % capacity retention after 1000 cycles.

Particularly high voltages may be obtained
with sodium vanadium fluorophosphates. Yuvaraj
et al [44] reviewed this group of compounds.
Among the fluorophosphate groups,
Na3;V2(POs4),F3 exhibited the highest theoretical
capacity (128 mAh g') and working voltage (~3.9
V vs. Na/Na') compared to the other
fluorophosphates. For this compound, Zhao et al
[45] found a specific capacity of 101 mAh g! at a
very high current rate of 30C after even 3500
cycles, and 75 mAh g at a still higher current rate
of 70 C.

Many recently published studies involving
mixed phosphate cathode material were the subject
of a review by Gezovic et al [46] This review is
focused on the development of a family of
isostructural polyanion phases encompassed by the
common chemical formula NasMs; (PO4).P,07.,
where M is Fe, Ni, Co and Mn. A comprehensive
retrospective of their synthesis procedures, the
kinetics and the mechanism of sodia-
tion/desodiation reactions is provided. Structural
properties were discussed in terms of electrical,
spectroscopes and surface properties. The strengths
and weaknesses of these cathodes are outlined,
aiming to explain some discrepancies and
unclarified issues encountered in the literature. The
authors state that this survey can be useful for the
future design of high-performance mixed poly-
anionic cathodes for alkaline-ion rechargeable
batteries.

3.3. Prussian Blue analogues as
cathode materials

Prussian Blue and its analogues (PBAs) have
general composition expressed by the formula
NayM2[M1(CN)e]y'nH>O (x limited between 0 and
2, and y is limited between 0 and 1), where M1 and
M2 are transition metals from the group Mn, Fe,
Co, Cu, Ni etc. They may be easily synthesized by
precipitation from the aqueous solution of
potassium hexacyanoferrate, upon addition of
solutions of Mn Fe Co Ni or Cu salts, and this
reaction is well known in analytical chemistry
serving to detection of transition metal cations.
Most PBAs are cubic phases with 6-fold
coordination of MILIII-O6 octahedra The CN
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groups interconnect the ions of transition metals
making a basic crystal framework (Figure 8). The
space within this tridimensional framework is
usually filled with water molecules (zeolitic water),
which may be removed by drying.

.Cu

Figure 8. Prussian Blue crystals Na,Cu[FeCN)s/,
The three-dimensional diffusion of Na ions is
allowed through the solid network

The ability of PBAs to intercalate reversibly
alkaline cations is known for a long time. Wessels
et al [47,48] synthesized copper and mixed
copper/nickel hexacyanoferrates and reported that
they intercalate Na* ions in an aqueous solution at
less than 2 V against a standard hydrogen electrode.
With a negative polarization, sodium ions insert
into the free sites within three-dimensional Na*
migration pathways. Low diffusion energy barriers
for sodium ions enable fast diffusion of 3D type,
and consequently, fast intercalation/deintercalation
reactions. The modifications of chemical
compositions by insertion or deinsertion of alkaline
cations do not influence the overall crystalline
structure. In the aqueous solutions studied, the long
cycle life of even 2000 cycles at a rate of 500 mA
¢! was reported for both copper and mixed copper-
nickel hexacyanoferrates.

Lu et al [49] studied NaxMFe[CN]s (M: Fe
and Mn) in an organic electrolyte solution, which
exhibited high operation voltage plateaus at 3.8 V
for charge and 3.5 V for discharge. In an extended
study, the concentration of Na in the Na,MFe[CN]s
varied from Na;sMFe[CN]s to Na;72MFe[CN]e.

10
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The structure of this compou nd displayed high
stability suffering no change after 50 charg-
ing/discharging cycles.

Na;2MFe[CN]¢ displayed appreciable
capacity at a high charging/discharging rate of 40C.
Replacement of Mn with Fe, in NaxMnFe[CN]s,
lowered the operation voltage of the lower voltage
plateau to 3.1 V on charge and 2.8 V on discharge,
delivering a discharge capacity of approximately
120 mAh g'. The electrode kept a stable capacity
over 600 cycles.

You et al [50] synthesized Na-enriched
Prussian blue, Naj:Fe'[Fe'(CN)s] from the
solution of ferric salt which was added under
stirring to a solution of NasFe(CN)s. They take
particular care to minimize the number of crystal
vacancies consisting in absence of Fe(CN)¢ units,

which are formed readily under circumstances of

forced precipitation. Namely, these vacancies are

occupied by structural water, the removal of

which may deteriorate intercalation capacity, or
even bring to the collapse of the complete
structure. Another type of water, the zeolitic one
also exists in these compounds, occupying the
sites necessary for sodium-ion intercalation.
Therefore, this type of water should be eliminated
as much as possible. Using well crystallized,

xin Na,FeFe(CN);
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Figure 9. Galvanostatic charing/discharging curve
(274~ 20" cycle) of NarFe[Fe(CN)s] in 1 M NaPFsin
EC and DEC ( 1:1 volume ratio) [49]
Copyright: The Royal Society of Chemistry 2014
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almost structural water-free samples, the authors
studied the electrochemical behavior in an
electrolyte solution composed of 1 M NaPFs
dissolved in ethylene carbonate (EC) and diethyl
carbonate (DEC) at a 1:1 volume ratio. They
found a high specific capacity of 170 mAh g,
with the mean voltage close to 3 V versus metallic
sodium, without apparent capacity loss after 150
cycles (Figure 9). For full capacity utilization,
both ferrous and ferric ions, participate in the
redox reactions accompanying intercalation /de-
intercalation processes, to maintain the electro-
neutrality of the solid phase.

Li et al [51] synthesized Na-enriched
Nai+xFeFe(CN)s starting with the NasFe(CN)g as
the precursor in NaCl solutions. The
electrochemical results of 1.0 mol/L NaClO4 in
ethylene carbonate (EC)—diethyl carbonate solu-
tion (1:1 v/v) for Naj.seFe[Fe(CN)s]-3.1H.O
sample show a high specific capacity of more than
100 mAh g-!and excellent capacity retention of
97% over 400 cycles. The authors claimed they
found a promising cathode for sodium-ion
batteries.

Xiao et al. [52] studied the changes in the
structure of Na,FeMn(CN)s cathode upon sodium
intercalation. They concluded that a maximum of
two Na' ions per formula unit may be incorporated
if both the M1 and the M2 transition metal elements
may accommodate their oxidation state leading to
a theoretical specific capacity of 170 mAh g!. This
was proven experimentally by Shen et al [53]
Namely, these authors synthesized sodium man-
ganese hexacyanoferrate NaxMnFe(CN)g) as a solid
precipitate, starting with the aqueous solution of
sodium hexacyanoferrate (NasFe(CN)s-10H>0,
manganese sulfate monohydrate (MnSO4-H,0,)
sodium chloride (NaCl) and sodium citrate
dehydrate (NasCsH507:2H,0). The solid pre-
cipitate was separated and dried. In galvanostatic
charging/discharging experiments, the product
displayed an almost flat galvanostatic charg-
ing/discharging plateau at a mean voltage of 3.6 V
vs sodium metal. The galvanostatic charg-
ing/discharging curves indicated a large coulombic
capacity of 144 mAh g ' under a 0.1 C rate, good
rate performance (115.6 mAh g' under a 1 C rate,
86.6 mAh g ! under a 10 C rate), and good cycling
stability (73.4% retention after 780 cycles under a
0.5 C rate, and 72.7% retention after 2100 cycles
under a 1 C rate).

Contemporary Materials, XlI1-1 (2022)
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4. Na-ION BATTERIES
WITH SOLID ELECTROLYTE
(ALL-SOLID-STATE Na-ION
BATTERIES)

All-solid-state sodium batteries (ASSSBs)
attract nowadays considerable attention being
nonflammable, and thus much safer than Li-ion
batteries. Their performance depends on the
conductivity of the solid electrolyte and the quality
and durability of the contact on the electrode-
electrolyte interface. Hayashi et al [54] investigated
sulfide-based solid electrolyte, Na;PS4 with mobile
Na ions. For the synthesis, they used the mixture of
75 mol % of Na,S and 25 mol % of P,Ss (mol%),
which by ball milling, for 1.5 h was transformed into
NasPS, crystals. After heat treatment at 270 °C for 1
h, this glass-ceramic electrolyte displayed the
highest conductivity of 4.6 x 10 S cm™. Then they
constructed an all-solid-state battery with NaxSn
anode and NaCrO, cathode. This battery displayed
a specific capacity of 60 mAh g (calculated on a
NaCrO, basis) during 15 cycles. The short cycle
life of this battery is caused by the problems with
the electrode/electrolyte interface. Namely, during
Na ion intercalation, the cathode swells in size and
shrinks during Na ion deintercalation. The repeated
swelling and shrinking lead to the cracking of
brittle ceramic electrolyte and caused its
detachment from the solid electrolyte, which
shortens the battery cycle life. To mitigate this
problem, Yao et al [55] from the University of
Houston in Texas, created a flexible organic
cathode, consisting of pyrene-4,5,9,10-tetraone
(PTO) and 10 % carbon black additive. This
material displayed an initial specific capacity of
314 mAh g' and enabled the composition of a
battery with Na;sSny alloy displaying a high energy
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Figure 10. Specific capacity and coulombic
efficiency in function of Cycle number for all
solid-state battery PTO(C)/NasPS4/Na;sSny
at rate 0.01 C at temperature 60 °C (55)
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density of 587 Wh kg™!, close to actual lithium-ion
cells. The flexibility of organic material enabled
long cycle life. Namely, after 500 charge and
discharge cycles at a rate of 0.01 C at a temperature
of 60 °C, the capacity retains 89% of its initial
value, which is a similar performance to
conventional lithium-ion cells. The voltage of the
cell is below that causing the decomposition of
electrolyte, which additionally supports long cycle
life.

5. PRODUCTION OF FIRST GEN
ERATION OF Na-ION BATTERIES

A couple of companies already started
commercial production of Na-ion batteries.

Natron Energy in Santa Clara, California,
produces both the cathode and anode
from Prussian Blue, (transition metal
hexacyanoferrates). The chemical structure of
these materials enables easy three-dimensional
diffusion of sodium ions, and the battery can be
charged and discharged in minutes. Battery with
Prussian Blue electrodes can withstand more than
50,000 charging cycles. Nowadays, Natron’s
customers are data centers and telecom
companies. In September 2020, the Department of
Energy’s Advanced Research Projects Agency-
Energy awarded — Norton with USD 19.9 million
as part of a new program to advance its
commercialization efforts, since the batteries are
now in low-volume production [56].

The other leading sodium-ion battery
company is the British company Faradion [57,58].
This company uses their type of hard carbon anode,
and several types of cathodes - layered,
polyphosphate etc. They announced cooperation
with investment group ICM Australia since the
demand for residential, commercial and grid scale
applications batteries in Australia is growing. They
also develop batteries for commercial vehicles in
India.

Currently, Faradion prototype cells can
deliver an energy density of over 140 Wh kg™!. The
company announced cooperation with the energy
company Phillips 66 from Houston in the
development of lower-cost and higher-performing
anode materials and plans the cooperation with
Pacific Northwest National Laboratory from the
USA, the French National Center for Scientific
Research (CNRS), and the French research
network on electrochemical energy storage, among
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others, to attain practical energy of Na-ion batteries
of nearly 200 Wh kg!. [58]

Famous Chinese battery supplier CATL
declared the production of sodium-ion batteries
[59]. The cathode material is Prussian White
modified to avoid rapid capacity fading during
cycling. The anode is porous hard carbon. The
battery can charge fast, namely, it may be charged

Figure 11. CATLs prismatic and cylindric Na-ion
Battery cell versions [59]

to 80% in 15 minutes at room temperature. It is also
less sensitive to temperature changes than a
conventional Li-ion battery. The initial version
displays an energy density of 160 Wh kg,
however, the next generation, which is currently
under development, is expected to offer an energy
density of 200 Wh kg'.

Among others, one may still mention AGM
Batteries Ltd established in 1997 in Thurso,
Caithness, NGK Insulators Ltd, established in 1919
in Nagoya, Japan, HiNa Battery Technology Co.
Ltd, established in 2007 in Zhongguancun, Liyang
Tiamat Energy, established in 2017 (founder
Laurent Hubard) and Altris, established in 2017 in
Uppsala, Sweden.

In Table 1 the comparison is made of the
main (available) characteristics of actual Li-ion
batteries to commercial Na-ion batteries of the
first generation produced by some battery
providers.

Table 1. Comparison of available characteristics of the first generation of commercial Na-ion batteries to the ones of
contemporary Li-ion cells in a form of standard 18650 cylindric cells (18 mm in diameter, 65 mm in length)

18650 cells Voltage | Whkg! | WhL'! Cycle life
graphite(C)/LiCo0; - (Li-ion) 3.7 206 530
C/LiNip 33Mng 33C00.330 - (Li—ion) 3.6 210 530
C/LiN.8Co0.15Alp.050> - (Li—ion) 3.6 285 785
C/LiFePO; - (Li-ion) 34 126 325
Farradion hard carbon/unknown cathode (Na-ion) 140
CNRS CEA - (Na-ion) (ref [60]) 90 250 2000
PNNL-WSU NaNiy.6sMny.22Co.1002—hard carbon (Na-ion) 27 150 375
(ref [61])

4000 cycles
ALISTORE hard carbon//Na3V2(PO4):F3) (ref [62]) 3.5 75 (1 C rate)
CATL hard carbon/Prussian White (ref [59]) 160

6. CONCLUSION

Lithium-ion batteries serve today as energy
sources for portable electronics and electric cars.
Thanks to their high energy density which attains
roughly Wh kg'. Their non-sustainability arises
from the use in their production of elements being
deficient in the earth’s crust (lithium, cobalt,
nickel). As a response to an exponentially growing
demand for batteries on the world market, from
2010-ties, the researchers invest much effort in the
development of more sustainable batteries, and the

solutions are seen in sodium-ion batteries. During
the last decade, several companies developed the
first generation of sodium-ion batteries for com-
mercial purposes. The advantage of their produc-
tion is the consumption of elements very abundant
in the earth’s crust.

Their disadvantage is the relatively low
energy density of 70-160 Wh kg thus they are
uncompetitive in the battery market, although they
may as such already be used for low-demanding
purposes, such as grid voltage stabilization. A
rapid advance in the development of sodium-ion

Contemporary Materials, XlI1-1 (2022)
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batteries, reviewed in this article, with the anode
materials approaching 500 Wh kg and cathode
materials approaching the capacity of 200 Wh
kg!, offers the promise of achieving from Na-ion
batteries of the second generation a high level of
competitiveness to the Li-ion batteries. This hope
is supported by the fact that the duration of the
development of Na-ion batteries is only one-third
of the duration of the development of Li-ion
batteries.
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Masquelier,

C. L. Croguennec, High Rate

HOBOCTH Y PA3BOJY HATPUIYM-JOHCKUX BATEPUJA

Caskerak: [lamac ImTHjyM-jOHCKEe Oarepwje AOMHHHpPA]y Kao H3BOPH CHEprHje 3a IPEHOCHBE
enlekTpoHcke ypehaje (MoOwiaHe TenedoHe, manTom padyHape) Kao M 3a €JICKTPHYHE ayTOMOOWIIE.
I'naBHU TpoOsIEM KOjU ce THYE HUXOBE yNOTpeOe je orpaHudYeHa OJP)KUBOCT: CHPOBUHE 33 HHUXOBY
MPOM3BOIY, JIMTHjYM, KOOAIT W HUKI AeHUUUTApHU Cy Y 3eMibrHO] Kopu. [loreHuujanHo ucupri-
JbUBaE PYAApCKUX pecypca MpeTH lia 3ayCcTaBu npousBoamy. C Jpyre crpaHe, HaTpHjyM-jOHCKE
Oatepuje, Koje pajie Ha CIMYHUM NPUHIHUIIMMA Kao W JIMUTH]jyM-JOHCKe Oatepuje, IpelcTaBibajy npaBy
OJIP)KUBY anTepHaTHBY. Hanme, koimurHa HaTpujyma y 3eMJbUHO] KOpH Jajieko je Beha y nopehemy ca
JHTHjYMOM, a HaJajbe, HATPUjyM-jOHCKE OaTepuje MOTy ce NMPOM3BOJHUTH M Ca BEOMa 3aCTYIUbCHUM
MeTanuMa, 6e3 kobanTa u Hukia. Crora je pa3Boj HATPHjyM-jOHCKUX OaTepHja MpeaMeT HHTePECOoBamba
BEJTUKOT Opoja UCTPaKMBAYKUX IPyIa MIMPOM cBeTa. TPeHYTHO je TIIaBHU HeocTaTak HaTpHjyM-jOH-
ckux OatepHja y 0JHOCY Ha JIMTHjyM-jOHCKe OaTepHje Hibka ryctuHa enepruje (~ 50%), ma je muxoBa
KOHKYPEHTHOCT Ha TPXKHUILTY U Jajbe PelaTHBHO HHUCKa U 00e30eljyje 3a caja caMo KOMILIEMEHTapHe
BUIoBe Kopuinhema, y Mambe 3aXTeBHUM oOiacTuMa (Kao IITO je crabuiu3anuja MpPEeKHOT HAllOHa).
MehyTtum, HelaBHO Cy ocTBapeHa OpojHa mobosbiama mrto obehaBa 6p30 moBehame KOHKYPEHTHOCTH
HaTPHjyM-jOHCKUX OaTepHja y CBOjHM HOApyYjuMa yroTpedbe. Y OBOM paiy [aT je Mperiie]] HajHOBHjeT
HampeTKa MOCTUTHYTOT Yy TMOOOJbIIay MaTepHjajia aHoIe W Karojae, KOju omoryhaBa BHCOKE
€JIEKTPOXEMH]jCKe TIephopMaHce HATPHjyM-jOHCKUX OaTepHja. Takole, HanpaBJbeH je Imperses] CBojcTaBa
KOMEpIIHjaTHIX Bep3nja 0aTepyja mpBe TeHepanyje JOCTyIaH y JIATEPaTypH.

Kbyune peun: Hatpujym-joHcKe O6aTepHje, KaTOIHH MaTepHjali, aHOJHH MaTepHjalid, KOMEpIHjaHe
Bepauje Oarepuja.
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