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Abstract: The low abundance of lithium in the Earth’s crust and its high
participation in overall cost of lithium-ion batteries incited intensive inves-
tigation of sodium-ion batteries, in the hope that they may become similar in
their basic characteristics. specific energy and specific power. Furthermore,
over the last years, research has been focused on the replacement of the organic
electrolytes of Li- and Na-ion batteries by aqueous electrolytes, in order to
simplify the production and improve safety of use. In this lecture, some recent
results on selected intercalation materials are presented: layered structure
vanadium oxides, olivine and nasicon phosphates, potentially usable in both Li
and Na agueous rechargeable batteries. After their characterization by X-ray
diffraction and electron microscopy, the electrochemical behavior was studied
by both cyclic voltammetry and chronopotentiometry. By comparing the inter-
calation kinetics and coulombic capacity of these materials in LiNOz and
NaNO; solutions, it was shown that the following ones. Na; ,V30g,
NayV046/C, NaFePO,/C and NaTi,(PO,)3/C may be used as electrode mater-
ialsin aqueous alkali-ion batteries.

Keywords: sodium and lithium storage capacity; metal-ion aqueous batteries.

Thanks to their excellent electrochemical performance, such as high voltage
(3-5 V) and high specific energy density (150-200 Wh kg1), Li-ion batteries
with organic electrolytes are widely used as power sources in portable electronic
devices (mobile phones, laptops, digital cameras, etc.) and are regarded as one of
the best alternative to fossil fuelsin electric vehicles. They were commercialized
in the early 90-ties. The first Li-ion battery was produced by the Sony Company
in 1991 and consisted of a graphitic carbon anode, a LiCoO» cathode, and LiPFg
dissolved in an organic solvent (mixture of ethylene carbonate and dimethyl car-
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802 VUIKOVIC

bonate) as electrolyte. This battery type is used in the magjority of modern port-
able eectronic devices.l Recently, Na-ion batteries have attracted increasing
attention of researchers, expressed through the rising number of publications on
sodium intercalation materials and sodium ion batteries, but a commercia model
has not yet appeared on the market. Na-ion batteries are identical in their working
principle to Li-ion batteries. Namely, in both, conductive e ectrolyte shuttles ions
(Li* or Na*) between the positive and negative electrode materials during
charging and discharging. The main reasons for using sodium instead of lithium
are higher abundance, lower price and comparable energy density. Although the
ionic radius of Na* is somewhat higher than that of Li*, this is not aways a
substantial obstacle for efficient intercalation ability. It was evidenced in the
literature that many lithium intercalation materials (V-, Mn- and Ti-based oxides,
olivine LiFePQO4, nasicon structures, sulfate compounds, etc.) are also able to
intercalate sodium. Contemporary research is also directed to the development of
Li-ion and Na-ion batteries with aqueous electrolytes. The reasons are higher
environmental friendliness and easier production of batteries with agueous
electrolytes.?

The presented lecture delivers an overview of the electrochemical behavior
of several materials types synthesized in various ways (layered Na-vanadium
oxides, olivine and nasicon phosphate), in Li- and Na-containing, agueous €lec-
trolytic solutions.3-> The intercalation kinetics and intercalation capacity of these
materials were evaluated and compared with respect to their applicability in
lithium-ion or sodium-ion aqueous rechargeable batteries. It was shown that
structure, morphology and chemical composition determine the electrochemical
performance of materials in aqueous electrolytic solution, and lead to some
difference in the coulombic capacities.

Unlike Li1 2V 30g, which is one of the most investigated materials for Li-ion
agueous rechargeable batteries, the electrochemical behavior of Naj 2V30g in
aqueous electrolyte was practically unknown. Nag 2V 30g has a larger interlayer
distance and higher chemical diffusion coefficient than Liq »V30s. Recently, a
paper regarding the electrochemical behavior of one-dimensional Naj 2V 30sg
micro/nano belts synthesized by sol—-gel method, in aqueous solutions of LiNOs,
NaNO3z and Mg(NOsz), was published.# The capability to intercalate ions of dif-
ferent radii makes this material promising for Li, Na and Mg agueous recharge-
able batteries. Apart from Naz oV 30g, a hydrothermally synthesized NapV gO16/C
composite was also found to be an excellent bifunctional material for Na and Li
aqgueous rechargeable batteries. The micro/nano belt-like morphology of
NapVg016/C was aso obtained but spherical particles (<50 nm), caused by the
presence of the carbon nanoparticles, were also observed. The presence of a few
anodic and cathodic redox peaks in the CVs of both layered oxides Na; 2V 30g
and NapVO16/C measured in LiNO3g and NaNOg, indicated successful intercal-
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ation of Nat and Li* into energetically non-equivalent tetrahedral positions.
Higher Li vs. Na capacity was measured for both layered oxides. There is some
theoretical prediction that an open-layered structure can easier accommodate
larger Na*, but this was not the case with these belt-like morphologies. Here, the
ionic radius is the key factor that determines the diffusion rate through the
layered structure and thus, the intercalation ability.

Contrary to the vanadate-layered structure, it was found that olivine and
nasicon structures may be synthesized in a way to exhibit higher Na vs. Li stor-
age capacity in an agqueous electrolyte, in spite of the unfavorable differencesin
ionic radii. Such behavior makes these materials very promising for use in
aqueous Na-ion batteries. Olivine LiFePO4/C and nasicon NaTi(POg4)3/C, syn-
thesized by a gel-combustion procedure, exhibited the same morphology, consist-
ing of agglomerated spherical particles with an average particle size of 75 nm.
LiFePO4 incorporated in a carbon matrix3 showed very fast kinetics of lithiation/
/delithiation in agueous LiNO3 solution. This composite was successfully trans-
formed into NaFePO4/C by electrochemical replacement Li by Na ions in a
saturated agueous solution of NaNOs. The delitihiated FePO4/C composite
demonstrated the very high storage capacity of 118 mAh g1 at 10 mV s in
NaNOg, i.e, two times higher than the corresponding storage capacity in
LiNO3.35 One of the reasons for this is the weaker Na*—PO43~ bond when
compared to the Li*—PO43- bond. Cyclic voltammetry, in the combination with
X-ray analysis, showed that the sodiation/desodiation reaction of NaFePO4/C in
NaNOs3 goes through the formation of the intermediate phase Nag 7FePO48 and
its efficiency strongly depends on the applied current.

An aqueous type of sodium rechargeable battery consisting of Naj 2V 30g as
the anode material4 and olivine LiFePO4/C3 as the cathode material was fab-
ricated and tested. The battery delivered very high currents with a quite good
cyclic stability (80 % of the initia capacity) after 1000 charging/discharging
cycles. The main problem of this battery for commercial purpose was its low
average voltage, which is a general problem with agueous batteries. In order to
enhance the voltage, the employment of another anode material, such as nasicon
NaTi2(POg)3, could be a good choice, thanks to the low redox potential of this
material (0.6 V vs. NHE). This compound is well known as a Na superionic
conductor, and its theoretical capacity is 133 mAh g-L. Both cyclic voltammetric
and chronopotentiometric measurements of gel-combustion synthesized
NaTio(PO4)3/C displayed faster diffusion of Nat ions vs. Lit, which is advent-
ageous for the purposes of sodium aqueous rechargeabl e batteries.
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U3BOJ
[TOPERELE MATEPUJAJIA 3A UHTEPKAJTALITUJY IUTUJYMA U HATPUJYMA

MWINLA BYJKOBUR
Daxyniuein 3a Pusuuxy xemujy, Ynusepsuiewi y beoipagy, Cuygenwucku wipt 12, 11000 Beoipag

Hucka 3acTymybeHOCT TUTHjyMa Y 3eMJbBIHOj KOPU M HBEroBO BHCOKO yuelrhe y yKYIIHO]
LIeHH JINTHjyM-jOHCKUX DaTepHja MoACTHYE UCTPAKUBAaUe a HHTe3UBHO UCTPAXKYjy HATPHUjyM-
-joHCKe DaTepuje, y Haou Ja OHe MOTy OWUTH CIMYHE y OCHOBHHUM KapaKTepHUCTHKaMa: CIely-
(uuHa eHepruja ¥ cneunduryHa cHara. [TocTegwUx TOOUHA UCTPKUBAYH ce (POKYyCHpajy Ha
3aMeHy OPraHCKUX eJIEKTPOJIUTA JUTUjYM U HAaTPHjyM jOHCKHX DaTepHja, ca BOZEHUM eJleK-
TPOJTUTHYKKAM PACTBOPOM, Ca LWBEM Ja MOjeJHOCTaBE MPOU3BOAKY U ModosplIajy de3demHocT
DaTepuje. Y 0BOM NpenaBay, IMPHUKA3aHU Cy Pe3yNTaTH HEKONWKO WHTEPKaJIaTHUX MaTepH-
jama: cjI0jeBUTH OKCHIW BaHaAHMjyMa, OTUBUH- U HACUKOH-(ocdaTH, KOju MOTY Jla Ce KOPUCTe
Uy JUTHjyM U y HAaTPHjyM jOHCKHM CeKyHIapHHM Oarepujuma. Ilocie BUXOBE KapaKTepH-
3aldje PeHATeHOCTPYKTYPHOM aHAIH30M U €IeKTPOHCKOM MHKPOCKOIMHjOM, eleKTPOXeMHUj-
CKO TIOHALIaKke UCIUTAHO je UKIWYHOM BOITaMETPHUjOM U XPOHOIIOTEHIHOMeTpHjoM. [Tope-
nehy kMHeTHKY MHTepKalalyje/nerHTepKananyje ¥ KyJI0HCKH KanalluTeT OBUX MaTepHjana y
LiNO3 n NaNOg3, nokasaHo je ga cnenehu matepujanu Naq ,V30g, NayVg046/C, NaFePO4/C u
NaTiy(P0O4)3/C Mory na ce KOpUcTe kao eneKTPOSHU MaTepHjaad y BOLEHUM aKal-jOHCKUM
darepujama.

(ITpumrbeno 19. HoBemOpa, peBunupano 14. nenemdpa, npuxsaheHo 25. nenemdpa 2014)
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