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Naucna oblast: Fizicka hemija

2. Dr Milica Vujkovi¢, nauéni savjetnik, UB - Fakultet za fizi¢ky hemiju i gostujuéi
predava¢ Centra za interdisciplinarne i multidisciplinare  studije UCG,
Nauc¢na oblast: Fizicka hemija (komentor)

3. Prof. dr lvana Boskovié, redovni profesor, UCG - MTF, Podgorica, &lan
Nauéna oblast: Fizika hemija

4. Dr Milo§ Milovi¢, vigi naucni saradnik, Institut tehnickih nauka, SANU,
Beograd, Naugna oblast: Fizigka hemija, Elektrohemija, Kristalografija

5. Prof. dr Martin Calasan, vanredni profesor, UCG - ETF, Podgorica,
Naucéna oblast: Elektrigne masine i pogoni

DOSTAVLJENO: DEKAN, ,

-Odbor za doktorske studije, A /7&,& ‘Ejfc“ ‘
-Sekretar, ‘Veselinka Grudic
-Dosije, :

-ala.



UNIVERZITET CRNE GORE

ObrazacD2: Ispunjenost uslova doktoranda

UCG

ISPUNJENOST USLOVA DOKTORANDA

Sc, Aleksandra Radovan Gezovic

Metalursko-tehnoloski fakultet

emijska tehnologija

itjjum/natrijum-jonske baterije”

,,Ecologlcally polyanionic cathode materials based on the
phosphates for. hthlum/ sodnum—mn batteries” .. .

2

Fizicka hemx;a Elcktroheml)a

Prof. dr Veselinka Metalursko- Fizicka-hemyija,
:Grudic - . tehnoloski fakultet, | Elektrohemija

Univerzitet Crne ‘
e .‘Gore Cma Gora.

Dr Milica Vujkovié Fakultet za fizi¢ku Fizicka-hemija,
. | hemijuy Univetzitet u | elektrohemija
1} Beogtadu, Srbija

Prof. dr Ivana Boskovic @redsjednik) Metalursko- Fizicka-hemija
o o tehnoloski fakultet,
Univerzitet Crne
Gore, Crna Gora
Prof. dr Veselinka Grudi¢ . | | Metalursko- Fizi¢ka-hemija,
tehnoloski fakultet, | Elektrohemija
Univerzitet Crne
Gote, Ctna Gora

Dr Milica Vujkovic Fakultet za fizicku Fizi¢ka-hemija,
hemiju, Univetzitet u | Elektrohemija
Beogradu, Srbija

oo

Prof. dr Martin Calasan o V o ‘ Elektrqtehniéki Elektncne masme i
. fakultet, Univerzitet pogom S
Crne Gore, Crna
Gora

Obrazac D2: Ispunjenost uslova doktoranda : : 1/2



UNIVERZITET CRNE GORE

ObtazacD2: Ispunjenost uslova doktoranda

UCG

Dr Milos Milovié Institut tehnickih Fizicka-hemija,
nauka, SANU, Srbija | Elektrohemija,
Ktistalografija

09.07.2019. godine

18.03.2024. godine
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a) Aleksandra Gezovi¢, Milo§ Milovi¢, Danica Bajuk-Bogdanovié, Veselinka Grudlc Rober
Dommko Slavko Mentus, Milica J. Vujkovi¢, An effective approach to reaching the theotetical
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Doktorand je u konsultacijama sa mentorom i komentorom dosao na ideju da se ptvi dio doktosrskd]
disertacije predstavi i publikuje kroz pregledni rad. Za poletak je akcenat bio iskljucivo na jeding enju
opéte formule NayFes(PO,)P>Oy, koje predstavlja i glavni cilj projekta stipendije. Medutim, nakon
pregleda rada od strane mentora/komentora doslo se na ideju da bi bilo veoma znacajno pro Siriti
pregled literature sa ciljem da se osim jedinjenja NasFes(PO4)2P20Ov, detaljnije prodiskutuje 1 o nj emy
izostrukturnim jedinjenjima iz grupe polianjonskih mijeSanih katodnih materijala, opste formule
NaM;3(PO4),P,0O (gdje je M=Co, Mn i Ni). Radom je obuhvacena retrospektiva postupaka sinteze,
kinetike i mehanizma reakcija sodijacije/desodijacije, zasnovanih na eksperimentalnim i teorjskim
rezultatima. Prvenstveno su rezimirane strukturne osobine ovih jedinjenja i to u pogledu njihovih
selekerignih, vibracionih i povrSinskih osobina. U drugom dijelu su hronoloski povezane metode
e performanse skladiStenja natrijuma/ litijuma. Kao gakljuéak pregleda literature izdvojeme:su
) pre osti 1 slabosti ovih mijesanih polianjonskih kat@dg@b‘Vm@t(garija)la.(.,Ugapredenje,;pel;fprmagsj
navedenih katodnih materijala je i suStina cksperimentalnog dijela disertacije, Time je prvobitno
publiovanj rad wjedno, i uyodni dio doktorske disertacije, 0, Cijpj vaznosti najbolje govori veomal
visoki impakt faktor ¢asopisa u kojem je isti publikovan (20.4). .~ ... . S Y

Nakon navedené publikacije uoceno je da su najveée poteskoce vezane za sintezu ove faze. Taénijey
prema ‘saznanjima, do.tada nije: bilo, istrazivanja koja su u’postupku metode sagorijevanja; gelal
koristili. fosfate i;pirofo,sfa;te zasebno kao reaktante. Zbog: toga.je drugi objavljeni rad ‘obuhvatio
upravo cksperimentalni dio disettacije gdje je osnava bila da se mijesanjem navedenih komponenti,
prateéi stehiomettiju. NaFes(PO4)P20; faze, zajedno s .odtedenom kolicinom limunske kis eling}
uvidi uticaj na krajnji fazni sastav. dobijenog matetijala. Kako je pH u ovom sluéaju podeSavan
limunskom kiselinom i izmjeren oko 3, utvtdeno je da pri ovim uslovima nije moguce.dobiti Cistu
Na(Fes(PO).P,0- fazu, veé se suprotno u mnogo veéem procentu dobija NaxFeP,O- faza. Time jo
glavni cilj rada dalje usmjeren na dobijanje NasFes(PO4)eP207 u odsustvu Na,FeP20r faze. Dalje su
kroz ekpetimentalni rad, modifikacijom sinteze u smislu povecanja pH suspenzije, prilagodeno)
odtedenom koli¢inom limunske kiseline ili amonijum-hidroksida, postignute promjene reakcionog
puta, &ime je uptavo i postignuto da se povecava relativna, koli¢ina mijesane NFPP faze. Osim
povecanja NFPP faze sa porastom pH od 2 do 6, kada se postigne vtijednost pH =~ 7, ova faza s¢
oslobada .od individualnih pirofosfata. Sve nayedeno je obrazloZeno i potvrdeno sa vise metoda)
karakterizacije, $to je prikazano u drugom, publikovanom radu. Osim toga, publikacija sadrziikrajnji
cilj disertacije 2 to je dalje ispitivanje dobijenth materijala sa stanovistva ptimjene u.vodenim. Na
jonskim baterijama. Postignute su teotijske vrijednosti kapaciteta pti telativno visokim strajama.od
8 C, 2 vz to je postignuta i sposobnost podnosenja visokih brzina u.oba elektrolita, posebno u anom
koji sadtzi Na! jone, za mijesane fosfate-pirofosfate.. .
Stoga, oba. rada su obuhvatila- istraZivanje u okviru- disertacije, kroz koje je ‘iznijeta sustina)
istrazivanja, sa jasnom identifikacijom problema; kao i njihovim tjesenjem. R
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 Prilog dokumenta sadrZi: R 7S TS B RSN SRR RN TR TN ETE R

Potvrdu o predajt doktorske disertacije organizacionoj jedinici
Odluku o imenovanju komisije za pregled i ocjenu doktorske disertacije
Kopiju-rada publikovanog u casop1su sa odgovara]uce liste
“",’,Bfograﬁ]ulblbhc‘)graﬁju kandldata ot
~ Biografiju i bibliografiju ¢lanova komisije za preglcd 1 ocjenu doktorske dlsertacqe sa
potvrdom o izboru u odgovarajuce akademsko zvanje i potvrdom da barem jedan ¢lan |
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Hoxropuua,

Na osnovu ¢&lana 33 Zakona o upravhom postupku (,SI. list CG* br. 56/14, 20/15, 40/16 i
37/17), a u vezi sa odredbama Pravila doktorskih studija na Univerzitetu Crne Gore i nakon
uvida u sluzbenu evidenciju, Metalur§ko-tehnologki fakultet izdaje-

POTVRDU

MSc Aleksandra Gezovi¢, student doktorskih studija na Metalurgko-tehnologkom fakultetu u
Podgorici, dostavila je ovom Fakultety doktorsku disertaciju pod nazivom .Ekoloski
polianjonski katodni materijali na bazi fosfata za primjenu u litijum/natrijum-jonskim
baterijama“, dana 18.03.2024. godine, na dalje postupanje.

Potvrda se izdaje u skladu sa Pravilima doktorskih studija na Univerzitetu Crne Gore, kao
dokaz da je student dostavio radnu verziju doktorske disertacije u Stampanoj i elektronskoj
formi, i u druge svrhe se ne moze upotrijebiti. i
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Na osnovu clana 37. Pravila doktorskih studija Univerziteta Crne Gore, dajem
sledecu

SAGLASNOST

el v o b ot :

Rad pod nazivom "Ekoloskl pollanjonskg katodni materuall na bazi fosfata za
||tuum/natruum-jonske baterue ‘autorke Msc Aleksandre Gezovi¢, saradnice u
nastavi na Metalursko-tehnoloskog fakulteta Univerziteta Crne Gore, zadovoljava
kriterijume doktorske disertacije propisane Statutom Univerziteta Crne Gore i
Pravilima doktorskih studija.
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Recent developments of Na,M;(PO,),(P,0,) as the cathode material for
alkaline-ion rechargeable batteries: challenges and outlook

Aleksandra Gezovié®*, Milica J. Vujkovié>** Milo§ Milovié ¢, Veselinka Grudi¢?,

Robert Dominko %€, Slavko Mentus?f

2 Faculty of Metall gy and Tech

logy, University of Montenegro, Cetinjski put bb, 81000 Podgorica, Montenegro

® Faculty of Physical Chemsitry, University of Belgrade, Studentski trg 12-14, 11158 Belgrade, Serbia

¢ Institute of Technical Sciences of Serblan Academy of Sciences and Arts, Knez Mihaflova 35/1V, 11158 Belgrade, Serbia

4 National Institute of Chemistry, Hajdrihova 19, SI-1000 Ljubljana, Slovenia
“FKKT, University of Ljubljana, Veéna pot 117, 1000 Ljubljana, Slovenia
fSerbian Academy of Sciences and Arts, Knez Mihajlova 35, 11158 Belgrade, Serbia

Keywords: Sodium ion batteries (SIB) present one of the most perspective post lithium technology and their progress strongly
Polyanionic material depends on the development of compounds having the structure which enables fast sodium insertion/deinsertion
Né,,M;,(P 04)2(1’297) reactions. Polyanion compounds have been Wi&ely investigated as cathode materials for SIBs where they com-
chdnumior} p?ft-e"es pete effectively to the usually used layered oxides. This survey is focused on the development of specific family
Synthesis procedures .

of isostructural polyanion phases encompassed by the common chemical formula Na,M;(PO,),(P,0,). The com-
prehensive retrospective of their synthesis procedures, the kinetics and mechanism of sodiation/desodiation reac-
tions, based on both experimental and theoretical results, is provided, First, the review summarizes the structural
properties of variety of Na,M, (PO4),(P,0,) compounds in terms of its electrical, vibrational and surface proper-
ties. Then, the synthesis methods and sodium/lithium storage performance, of each type of Na, M, (PO,),(P,0,)
compounds, are chronologically présented and discussed. Finally, the strengths and weaknesses of these mixed
polyanion cathodes are outlined, with the aim to explain some discrepancies and unclarified issues encountered
in the literature. Besides, this survey will make room for future development. It can be very useful for the future
design of high-performance mixed polyanionic compounds as cathodes for alkaline-ion rechargeable batteries.

Sodium redox processes

1. Introduction

An increased utilization of intermittent renewable energy sources
requires expansion of electrochemical energy storage systems (EESS) to
a large scale, suitable to be integrated with renewable energy source
devices into electrical grid. The state-of-the-art Li-ion batteries (LIBs)
play the pivotal role, due to the capability of storing a large amount
of energy, which is favorable for various applications such as portable
electronics, electric vehicles and grid power stabilization units [1-9].
However, the demand for electrochemical storage devices keeps getting
higher and higher, thus leading to an increased lithium consumption
from limited resources and its steep price. To slow down this growth
and control lithium supply, extensive studies on alternative systems,
based on Na, Zn, Al, Mg, Ca, etc. [10-17], have been launched. The
focus of these studies is actually on the development of cost-effective

and environmentally friendly energy storage systems which would be
capable of replacing Li-ion batteries, at least in the field where weight
and/or volume are not a limiting factor. Among them, sodium-ion bat-
teries (SIBs) have the great economic and energetic potential for grid-
scale energy storage systems, due to the low cost and high sodium
abundance in Earth’s crust. Although SIBs theoretically possess less spe-
cific energy than Li ion batteries (the lower redox potential of Na*/Na
than Li*/Li), the similarity between Li and Na chemistry and "(ocking-
chair” working principle caused their booming in recent years. Numer-
ous studies have concentrated on the development of electrode mate-
rials and electrolytes through different synthesis methods and strate-
gies, trying to get the best performance [18-25]. As a result, different
anodes (hard carbon, metal oxides/sulfides...) [16,17,22,26] and cath-
ode materials (oxides, polyanionic compounds...) [20,23,27-32] have
been developed, which show not only ultra-fast sodium rate perfor-

* Corresponding author at: University of Belgrade, Faculty, f Physical Chemistry, Studentski trg 12-14, 11158 Belgrade, Serbia

E-mail address: milica.vujkovic@fth.bg.ac.rs (M.J. Vujkovié).
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mance, but also the capability of storing larger amount of sodium than
lithium ions.

Since Goodenough introduced LiFePO, olivine into the world of
Li ion batteries [33-35], polyanionic-type materials (Fig. 1a) have
been widely examined as cathode materials. Their three-dimensional
framework, built on tetrahedral anions (XO4)"~ or their derivatives
XnO3my )™ (X=P, Si, S, Se, Mo, W...) and corner - or edge-sharing
MO, polyhedrons (M=transition metal), is suitable for diffusion of
alkaline ions during charging/discharging and sufficient structural
stability [30,36]. Sodium intercalation polyanionic structures based
on phosphates (NaMPO,, Nasicon type - NagM,(PO,);), fluorophos-
phates (NayMPO,F, NagM,(PO4),F3, Naz(VO),(PO4).F...) and py-
rophosphates (Na,MP,05...), where M is Fe, Mn, Co, V, etc., have expe-
rienced a huge expansion in the research field of alkaline-ion batteries
[20,30,36—41]. The importance of investigating NaFePO, [31,32,39,40]
should not be emphasized too much, bearing in mind the popularity of
the commercial LiFePO, cathode material. Further, fluorine doping of
phosphates is an effective way to increase redox potential via inductive
effect and improve the kinetic of electrochemical reaction [30,42,43].
Also, pyrophosphates appear as promising cathode materials, possessing
advantages over MFePO, in terms of offering 2D pathways for M* dif-
fusion, higher voltage and higher thermal stability. On the other hand,
their lower capacity, when compared to MFePO, compounds, can cause
the lower energy density, if not compensated by the increased voltage
[44,45].

Another group of pyrophosphates/phosphates with a mixed polyan-
ionic group and a general formula of Na,M;(PO,),P,0, [46-48], have
attracted an increased attention as novel Na-ion cathodes (Fig. 1b), due
to low barrier for Na-ion diffusion and advantages over individual phos-
phate and pyrophosphate compounds.

This mixed compound offers higher operating voltage and less vol-
ume changes than individual phosphates and pyrophosphate structures.
For instance, the Fe2t/Fe?* redox potential increases following the or-
der FePQO,, NaFePO,, NayFeP,0, or Na,FePO4F Na,Fe3(P0,4),P;0,
amounting to 2.4, 2.7, 3 and 3.2 V versus Na'/Na, respectively
[36,49,50], as illustrated in Fig. 2a-c. The reason for the higher voltage
of the mixed polyanionic compound agrees with the change of the M-O
covalency strength via inductive effect from the neighboring polyan-
ionic groups. The introduction of polyanionic units, in the structure,
results in more resonance forms, thus causing a weaker (covalent) M-O
bond and a shorter distance between bonding and antibonding orbitals.
As a result, system with more polyanionic units will have a slightly
higher voltage [51], despite the same nature of metal and polyanionic
group. The control of electronegativity via polyanionic groups is an op-
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Fig. 1. The mixed-polyanionic compounds: a)
the classification b) the recent development of
NayzM;(PO,4),(P,0,) where M=Co, Ye, Mn and
Ni.

erative way to tune redox properties of the polyanionic cathode. The
replacement of Fe in the mixed polyanion by some other transition met-
als such as Mn, Co, Ni, leads to the increase of the redox potential. In
addition, the small volume change during Na* insertion/deinsertion is
observed for Na,Fe;(PO4),P,0; (below 4 %) [47], which is close to
that for Na,FeP,0, (~ 2 %) [52,53], but significantly less than that
for NaFePOy (~ 17 %) [54]. Furthermore, the issue of pyrophosphates’
degradation, caused by reaction with moisture or CO,, as one of the cru-
cial complications of pyrophosphates [55], is not pronounced for this
type of mixed polyanion compounds.

Although these mixed phosphates have a higher molecular weight
than individual phosphate or pyrophosphates, their three-dimensional
(3D) channels could allow fast diffusion of sodium ions with low mi-
gration barrier (0.2-0.24 eV), while one Na* participates into electro-
chemical reaction of NaMPO, and Na,MP,0,, thus diffusing through 1D
and 2D channels, respectively [44,54,56]. Still, it should be noted that
the Na* ion diffusion along.the three principal axes of the Na,MP,0,
material is also reported [57]. However, the diffusion barrier of mixed
polyanion compound (0.2-0.24 eV) [58] is lower than those calculated
for other polyanionic structures such as NaMPO, (for Fe 0.32 eV and
0.65 eV for Mn) [59,60], NayMP,0, (0.49eV or 0.54 eV for Fe and
0.58 for Mn pyrophosphates) [56,57], Na,FePO,F (0.3 eV) [61] and
NazV,(PO,)s (0.35 eV) [62], Fig. 2d. Based on the Arrhenius equa-
tion (D= v e~E2/kKbT_ D jg diffusion coefficient, Ea is the activation diffu-
sion barrier, kj, is Boltzman constant and v is the pre-exponential fac-
tor), this can be explained by the higher diffusion coefficients of mixed
polyanionic compounds when compared to other polyanion structures.
By using molecular dynamic (MC) simulations, Islam et al. [58] calcu-
lated a high diffusion coefficient value of NFPP and NMPP amounting to
6.1x107!! or 3.1 10710 $ cm™!, which is in accordance with the exper-
imentally obtained values ranging from 10~° to 10~! [63,64]. Exper-
imental diffusion coefficients of some other polyanionic-type materials
were found to be ~ 10715 § em™! for NaFePO, [32], ~ 10712 - 10~13
for Na,FePO,F [65], 2.79x10™1% for NayFeP,0; [44] and 6 x 10713 -
2x10715 S cm™! for NagV,(PO,4)s [661.

Phosphates/fluorophosphates have higher theoretical capacity than
pyrophosphates (129 mAh g=! vs. 97 mAh g~! for Fe-based com-
pounds) [23,44,671. Nevertheless, this value is slightly lower than that
for NaMPO, (129 mAh g~} vs. 154 mAh g~! for Fe) due to large differ-
ences in the molecular weights. If the mixed-polyanion has theoretical
ability to exchange all four Na* [68,69], its capacity will be higher than
that of NaMPO,. The first principle calculation shows that the exchange
of all Na* ions is possible in the case of Na;Co3(PO4)s(P207), whereas
deinsertion process of the last Na ion is followed by the electron trans-
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Pig. 2. Typical discharge profiles at low cur-

5,0 ~ 50
b a rent densities (< C/10) of Na,M,(PO,),P,0.
4 A M;(PO4), P, 0,
454 | 45 versus other polyanionic cathodes of Fe
(0, Mn (b) and Co (c). Calculated activa-
S 403 S 40 tion barriers of Na+ migration in various
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fer from the oxygen sublattice rather than the oxidation of Co3+ to Co**
[70]. However, the process is found to be difficult due to channel’s nar-
rowing upon the last Na ion deinsertion. Moreover, the final extraction
of the Na ion causes large volume changes, while the process itself oc-
curs at very high potentials (4.93 V vs. Nat/Na) where the electrolyte
stability is the main issue. Nevertheless, theoretical capacity of NCPP is
taken to be 170 mAh g~! due to possible exchange of all four Na ions.
So, this value would be larger than the one calculated for NaCoPO,
amounting to 154 mAh g1, On the other hand, the cycling stability
upon possible deinsertion of all four Na ions would be very challenging.
Regarding Na,Fe3(PO,),(P;,0;) structure, if the exchange of four Nat
ions was possible, the oxidation of Fe2+ up to Fe*+ would happen. How-
ever, this process is not identified (so far at least). Moreover, Kim et al.
[71] observed that Na tunnels narrowed upon extraction of the third Na
ion (Fe3+ - Fe3* repulsion-at-the-composition"of NaFe3(P0;)3(P507),
thus preventing further extraction of the last Na lon, which acts as a
pillar. That is why the capacity of NFPP is calculated per three Na ions
(based on Fe?*/Fe?* redox couple) and amounts to 129 mAh g1, If the
extraction of all Na* jons was achievable in real system (which in our
opinion is not impossible), it would probably occur at such high poten-
tials, while the structural collapse (due to removal of Na pillar) present
the issue.

Anyhow, all these comparative properties of these mixed polyanion
compounds, emphasized as their strong and weak points are elaborated
through this overview. Numerous review papers on the topic of sodium-
ion batteries provide a general picture of all existing cathode materials
[27-30,49,86-94]. Some of them are exclusively focused on the sur-
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vey of polyanionic compounds [86,87,92-94] including novel cathode
structures, such as these mixed phosphates. However, due to a large
number of covered polyanionic structures in those studies, main points,
related to the NayM3(P0O,4),(P,07)are outlined very briefly, thus leav-
ing plenty of room for deeper discussion, more detailed insights and
challenges for the specific structural composition. Therefore, this in-
teresting Na,Mj3(PO,4),(P,0;) structure containing 3d transition met-
als (such as Co, Fe, Mn and Ni) [46,48] needs to be further devel-
oped and improved as a cathode for SIBs. This paper offers the recent
progress of each member of NayM3(PO,4),(P,0,) family (M=Co, Fe, Mn
and Ni) starting from the synthesis methods, sodium insertion mecha-
nism, to electrochemical behavior in both half-cells (vs. Na anode) and
full coin-type configurations (vs. hard carbon anode). It summarizes the
strengths and weaknesses of polyanionic cathodes and highlights main
issues/contradictions from the literature, as directions for further re-
search in this area.

2. Structure-to-property relations of Na,M;(P0,4),P,0,
2.1. Structure vs. electrochemistry

Sanz et al. [46,48] determined the crystal structure for different poly-
morphs of NagM3(PO,4)5(P;,0;). The NayM3(PO,),P20, compounds are
isostructural and belong to orthorhombic space group No.33 (Pn2,a)
with similar lattice parameters and slight increase of the cell volume in
order Ni<Co<Fe<Mn, as displayed in Table 1. It is the structure com-
posed of alternating {M3P,013}, double layers built from edge- and
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Table 1
Table comparing the unit call parameters of Na,M;(PO,),(P,0,) (M=Co, Fe, Ni, Mn).
Space group Pn2;a
Space group no. 33
Crystal System Orthorhombic
M Ref, Cell parameters (A) Cell Volume (&%)
a b c
Ni [47) 17.999(2) 6.4986(6) 10.4200(9) 1218.9(2)
Co (49] 18.046(5) 6.533(2) 10,536(2) 1242.1(5)
Fe 47} 18.07517(7) 6.53238(2) 10.64760(4) 1257.204(1)
Mn {2] 17.991(3) 6.648(1) 10.765(2) 1287.6(3)
Fig. 3. The  crystal structure  of

(b)

corner-shared MOg octahedra and PO, tetrahedra (parallel to the b-c
plane).

The {M3P,0,3}, layers are interconnected along a-direction by
diphosphate P,0, groups (acting as “pillars”) thus creating exten-
sive tunnel network (along with three main crystallographic directions
[100], [010] and [001]) that hosts Na cations. This stable framework
is prone to small volume changes of just ~ 4 vol % (Fe) [71], ~ 7 vol
% (Mn) [77], ~ 10 vol % (Co) [95] and ~ 2 vol % (Ni) [96] upon Na
extraction. Three symmetrically distinguishable sites in octahedral co-
ordination are reserved for a transition metal, while sodium ions are
arranged in four crystallographic sites: Na(1), Na(2), Na(3) and Na(4),
which are connected by channels (A, B and C) along all three axes (a,
b, and c¢), as illustrated in Fig. 3. Na(2) atoms are located in the Al
channel, at the height of the (CozP3013,,), sheet, while the intersection
of two tunnels B2xC1, A1xC1, and B1xC1, accommodates Na(1), Na(3)
and Na(4), respectively, with a low activation barrier for all diffusion
paths [47,58]. While the pathways, involving Na2 and Na3 sites, are
essentially linear, those including Nal and Na2 are curved ones [58].
The Na* ion diffusion coefficient (Dy,) of Fe and Mn-based compound
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NayM;(P0O,),(P,0,) viewed along b-axis
(a), a-axis (b) and c-axis (c); the structure is
reproduced with permission from ref, [48].

Ns

PO,

PO,

MO

is calculated to be in the range of 10-1¢ and 10~ cm? s~1, respectively
[47,58].

The coordination number of Na sites is a matter of debate in the
literature with no consent (see ref. [47,50,63,71,97]) and ranges from
5 to 7, but the majority of authors agrees that the lower coordinated
sodium ions are extracted first. Anyhow, small changes in the crys-
tal field, around different sodium atoms, noticeably affect potential of
sodium intercalation, which is reflected as the “stepped” discharge curve
or as multiple redox peaks in cyclic voltammograms (or in dQ/dV pro-
files) of all Nag;M3(PO,),(P,0;) compounds (4a,b). Except these small
changes upon insertion, the discharge potential of M2*/M3*+ pair in
Na,M3(P0,),(P,0,) follows the trend Ni>Co>Mn>Fe as a result of d-
orbital splitting discrepancy, well-known from previous polyanion cath-
ode compounds [51].

Reported ionic conductivities of the members of the
NayM3(P0,4),(P,0;) family differ by several orders of magnitude
(Fig. 4c). At 330 °C the ionic conductivity amounts to ~ 1077, ~ 10~8
and ~ 10-5 S ecm™! for Na,Ni3z(PO,),(P,0,), Na,Co3(P0O,4),(P,0,) and
Na,Mn;3(P0O,),(P50), respectively [46].
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Since diffusion of sodium dominantly takes place between
{M3P,0,3}, layers in the bc-plane, the reported rise of conductivity is
attributed to the increased dimensionality of the ionic conduction, i.e. to
the facilitated transfer of sodium in a-direction and through {M3P;0;3},
layers. It is a result of channels’ widening of the (larger Na2-O and
N3-O distances) that go along this axis [46]. To date, however, there
are no -experimental reports for ionic conductivity values of the pure
Na,Fe3(P0O4),(P;0;) compound. Still, theoretically calculated Arrhe-
nius plots of Na* diffusion coefficients suggest slightly lower ionic con-
ductivity for NasFe3(PO,4),(P,0,) than for Na;Mng(PO,4),(P,0,) [581.
So, the theoretically estimated values of sodium ion conductivity for the
composition NasFe3(PO,4),(P,0,) are also shown in the Fig. 4c.

2.2. DFT approach

The calculations based on DFT are now widely used investiga-
tion method of electrode materials for alkali-ion batteries. For calcula-
tions, usually Quantum Expresso or Vienna ab-initio simulation package
(VASP) are used. Both software packages are based on plane-wave pseu-
dopotential method, what implies a choice of a suitable pseudopotential
function in input file formulation. Several other input data are necessary
to run the software, The necessary crystallographic data (i.e. the coor-
dinates of constituting atoms) are usually provided by X-ray diffractom-
etry. The calculations with alkali iron phosphates and pyrophosphates
[58,79,86] were successively performed using generalized gradient ap-
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proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange
correlation functional. The Brillouin-zone integration is performed un-
der suitable choice of Monkhorst-Pack grid. The criterion of good choice
of input data is the convergence of the system total energy to a mini-
mum. As explained in a recent review by Chakraborty et al. [86] for a
proposed crystallographic structure without or with defects, this method
allows to determine the electronic structure, the enthalpy of formation
of crystal lattice, the energy of formation of defects and the height of the
ion migration barrier. Furthermore, assuming the closeness of enthalpy
to the Gibbs free energy, one may calculate the open circuit potential for
different charging degrees. Theoretical results could significantly save
time for experiments serving as guidelines in materials engineering. As
a good example, Park et al. [79] searched the reasons of admirable
Na,MnP,0, sodiation/desodiation kinetics relative to the monoclinic
Li;MnP, 0, by means of first-principle calculations. The explanation was
found in the corner-sharing triclinic structure of Na,MnP,0, enabling
the locally flexible accommodation of Jahn—Teller distortions on charg-
ing. On contrary, the edge sharing geometry of monoclinic Li;MnP,0,
requires much larger atomic rearrangements during charging reaction,
which slows down the reaction kinetics.

Several theoretical or combined experimental/theoretical studies re-
late just to the NasM3(PO,4); (P;0,) materials {58,70,71,99].

By combining experimental studies and DFT calculations, Kim
et al. [71,87,100] concluded that sodiation/desodiation reactions of the
Na,Fe3(P0O,4),(P;0;) electrode proceed within a single phase. They ex-




A. Gezovié, M.J. Vujkovié, M. Milovi€ et al.

perience very small volume change, less than 4 %., while the oxidore-
duction reactions of Fe3t/Fe2* redox couple compensate the charge car-
ried by sodium ions. This behavior is in contrast to that of individual
phosphates (NaFePO,4) and pyrophosphates (Na,FeP,0,), which pos-
sess two-phase electrochemical reaction.

Islam et al. [58] studied sodium storage mechanism in mixed phos-
phates NayM3(PO4),(P,0;) (M=Fe, Co, Mn, Ni), using molecular dy-
namics (MD) and DFT simulations. The results of atomistic energy min-
imization demonstrated for all compositions that the most energetically
favorable type of intrinsic defect are the Na/M anti-site pair. By means
of mean square displacement inside the long-scale MD simulations, the
sodium diffusion coefficients for Fe and Mn materials were determined.
The results suggest that Na ions tend to diffuse across 3D migration
pathways with a low activation barrier of 0.20 — 0.24 eV, allowing rel-
atively high Na*-diffusion coefficients of 10~10~10-1! ¢cm? s~! at 325
K, suggesting good rate capability. The calculated trends of open circuit
voltage for Ni doping in NayFe; ,M, (PO4),(P,0,) show an increase in
operational voltage from 3 to 4.9 V if x increases from 0 to 3.

Moriwake et al. [70] have also used the first principles DFT calcula-
tions to study the desodiation behavior of Na,Co3(PO,4),P20;. Assum-
ing a stepwise desodiation process, the removal of three Na ions (Nal,
Na2 and Na4) down to NaCo3(PO,4),(P,0-) is found to be accompanied
by oxidation of Co?* to Co®*. Further removal of the last Na (Na3) to
give Co3(P0O,4)2(P,0;) requires oxidation of oxygen 2p orbitals in the
P,0, polyhedra instead of Co®* being oxidized to Co**. Open circuit
potentials have been calculated to increase from 4.05 to 4.33, 4.81 and
4.93 V (vs. Na*/Na) for this stepwise desodiation,

Furthermore, Chen et al. [99] studied NaFe;(PO,),(P207)/C com-
posite as cathode material. Structural investigations indicated low vol-
ume change of 4.0 % on charging/discharging cycle. Density functional
theory (DFT) as well as bond valence sum (BVS) calculations were used
to unveil possible sodium diffusion pathways. The authors discovered
that the Na* ions can be assigned to three different types, based on
their binding energies. The diffusion energy barriers, within the same
Nat ion type, were found to be 0.553 eV, 0.02 eV, and 0.365 eV, respec-
tively. These low barriers along all crystallographic axes allow three-
dimensional diffusion pathways.

More comprehensive overview of theoretical calculations, regarding
Na storage sites, Na diffusion sequence during deinsertion/insertion and
migration barriers, will be elaborated within the following section 3, for
each type of Nay;M;3(PO,),(P,0,) separately. The comparison of theo-
retical data with the experimental observations will be discussed as well.
We would like to get the ball rolling by pointing out discrepancies which
occur between different theoretical and experimental approaches.

2.3, Spectroscopic Study

The structural characterization of NayM3(PO,4),(P;0;) compounds
is usually examined by FTIR, Raman and XPS methods. Vibrational
spectrum of these mixed phosphate compounds consists of the charac-
teristic PO, and P,0, bands {97,101], as presented in Fig. 5a,b. Vi-
brations of PO, group include symmetric and asymmetric stretching
vP-O and bending 50-P-O modes. Vibrations of P,0O, (or O3P-O-PO3)
are assembly of vibrations of PO; group and P-O-P bridges. The first
one includes above mentioned vP-O and 60-P-O modes (as in PO,4) and
the latter includes symmetric and asymmetric vP-O-P vibrations. The
overlap of certain modes complicates the precise interpretation of the
NayM;3(P0O,4),P,0; spectrum. For the sake of simplicity, the spectral re-
gion (1400-450 cm™1) can be divided into several regions [97,101], as
shown in Fig, 5. The 1200-990 cm™! spectral region includes asymmet-
ric stretching:vibrations v,,(P-O) in PO3 and PO,, while corresponding
symmetric stretching vibrations contribute to the 990-900 cm™! region.
Further, the multiple bands, in the lowest frequency range of 500-680
cm~1, have been assigned to the bending O-P-O vibrational modes (,,0-
P-O). Also, Fe-O vibration mode of FeOg units contributes to this region.
The position of this vibrational band is found to be 543 cm™!, but for
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isolated FeOgq octahedra [99]. Two bands, belonging to symmetric and
asymmetric P-O-P vibrations in P,0,~ group appear in the frequency
range 900-700 cm™!, According to Kosova [97], these mnodes are located
at ~ 737 em~! (v,) and ~ 879 em™! (v,,). However, thiere are some di-
vergences/shifting regarding the assignation of these mrodes, since their
positions have been found either at 721 (v,) and 956 cma? (v,,) [102] or
at 710 and 905 cm™~! [63]. It can be concluded that interpretation of the
spectrum strongly depends on the sample’s compositiors, i.e. on the pres-
ence of small fraction of the secondary phases and thedr nature.

To the best of our knowledge, infrared spectra of Ni-, Co- and Mn-
based compounds of this family have not been reported. yet. Due to close
structural similarities of the compounds, it is expected that their respec-
tive spectra practically match the spectrum of NayFe3(PO4),(P,0,). Fe
replacement with a more electropositive metal shifts thie bands towards
lower wavenumber values, Ni>Co>Fe>Mn (based on experience with
phosphate [103] and pyrophosphate [104,105] family ).

Raman spectroscopy and XPS are usually used for th.e surface charac-
terization of the NayM3(PO,4),(P;07). Raman spectra o f Ni-based mixed
polyanion (Fig. 5b) reveals characteristic modes of mixed phosphates,
positioned at ~ 1105 cm™! ~ 1056 cm™! (the stretching modes of PO,),
~ 958 cm~!, ~ 718 em™! (the bridge P-O-P modes), 570 cm™! and 348
cm™! (the deformation of PO, and P-O-P), which are barely detected in
the composite with carbon [106]. However, one can natice inconsisten-
cies regarding other assignations, performed for NayFeg (PO,)5(P20;,)/C
[63,99], which are not mutually consistent. For instance, Chen et al.
[99] have identified typical Raman bands at 218.7 em~1, 288 ¢cm™! (be-
longing to stretching and banding vibrations of PO, wnits) and 402.1
cm™! (belonging to the stretching vibrations of FeOg octahedra), while
Pu et al. [63] have recognized typical bands of FeO,4, PO, and P, 07 units
at 451 cm™!, 709 em™! and 1040 cm™!, respectively. We are convinced
that not only the quality of carbon layer contributes to these differences
but also the chemical composition of the synthesized sample (in terms
of the type and fraction of the secondary phase).

Furthermore, the typical XPS spectrum of the mixed polyanionic
compound, such as NaNi3(PO,4),(P,07) (Fig. 5¢), shows that Ni 2p ap-
pears as a doublet of Ni 2p3,, (~ 878.1 eV) and Ni 2p, ,, (860.2 eV),
including satellite peaks at 866.3 eV and 883.3 eV as well. Each peak is
resolved into two peaks, which correspond to Ni+2 and Ni*3 states. Also,
Fe2p splitting into two major peaks, at the binding energies of ~ 711 eV
(Fe 2p3,5) and ~ 725 eV (Fe 2p, ;) [63,107], indicates a divalent state of
Fe in the NaFe,(PO,4),(P,0;) sample. It should be emphasized that the
Raman and XPS analyses, of these isostructural polyanionic compounds,
have been focused on the carbon analysis [102,107], as the most inten-
sive feature in the spectrum. In some Raman spectra, the main phase
cannot even be recognized, due to its coverage by the surface carbon
layer [102,107,108]. ,

An overview of each NayM3(PO,4),(P,0,) compound (M=Co, Fe, Mn
and Ni), with the emphasis on the synthesis procedure, electrochemical
behavior and sodium redox mechanism, will be provided in the follow-
ing section.

3. The influence of the transition metal cations
3.1. Na,Co3(P0,),(P,0,) - NCPP

Although Sanz et al. [48] determined the structure of
Na,Co5(P04),(P20,) (NCPP) in 1996, the electrochemical behavior of
this mixed polyanionic material has been examined since 2013, when
the interests in sodium-ion batteries began to attract attention once
again. In this regard, the sol-gel is the most commonly used synthesis
method [67-69,95,109,110], while the spray-drying process [111] has
also been reported. Let us provide, chronologically, an overview of the
Na,Co3(P0O,4),(P50;) electrochemical behavior and its sodium redox
mechanism (the sequence of sodium deinsertion/insertion, the type
of phase transition, etc.), which strongly depends on the synthesis
conditions (type of precursors, temperature, the carbon source, etc.).
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3.1.1. Sol-gel method

In 2013, Nose and co-workers [68,110] first reported the redox be-
havior of NayCo3(PO,)3(P,0,) (NCPP) for sodium ion batteries, by us-
ing the typical sol-gel method which includes mixing of the diluted ni-
trate solution of (CH3C00),Co, NayP,0, and NH,H,PO, and glycolic
acid (to suppress the particle growth). By heating the gel at 700 °C,
they have produced the Na,Co3(PO,),(P,0) polycrystal (~ 3uym in di-
ameter) consisting of submicron-sized primary particles, with the re-
versible capacity of 95 mAh g=! (2.2. Na*) at 34 mA g~! (i.e 0.2 G,
based on the theoretical capacity for 4 Na* which corresponds to the
value of 170 mAh g~1) and an average potential of 4.5 V vs. Na*/Na.
This comes from the multi redox peaks/plateaus, observed within the
high potential region 4.1-4.7 V vs. Na*/Na in NaPF/EC+DEC, which
belong to Co?*/Co®* redox process (Fig. 6a). The full capacity was con-
sidered unattainable due to activity of Co®*/Co** redox couple at po-
tentials above 4.8 V vs. Nat*/Na. In addition to negligible capacity de-
crease after 100 cycles, Nose et al. [68] have also demonstrated the
high rate capability of NCPP (10 C - 25 C), as evidenced by reach-
ing the capacity of ~ 80 mAh g~! at 25 C. A very small polariza-
tion -of NCPP charge/discharge curves at these high current rates re-
vealed its prominent advantage among reported Na* intercalation ma-
terials. By combining this material as a cathode, with a hard carbon
as an anode, the authors have assembled 4 V-class sodium ion bat-
tery (C/NaPFq//EC+DEC//Na,Co3(PO,4),P,05), with the initial capac-
ity of ~ 90 mAh g! and long-term cyclability (93 % after 50 cycles
and 83 % even after 100 cycles). By doping Co sites with Ni and Mn
[691, through the same sol-gel procedure, they have further managed
to procure improved electrochemical properties of polyanionic cath-
ode, within the potential region of 3-5.1 V in NaPFg/EC+DEC. The
Na,Co, 4Mnyg 3Nig 5 (PO, )5 P50, compound (with accompanied traces of
NaCoPO,4 amounting to 0.5 %) was capable of delivering specific dis-
charge capacity of 106 mAh g~! at 2 C and 103 mAh gl at 5C (1

C = 170 mA g~1) (Fig. 6b). The capacity retention was 93 % and 88
% at 2 C and 5 C, although the authors showed only ten cycles. Un-
like the multi-redox peaks of Na,Co3(PO,4),P;0,, two redox pairs of
Na, Coy 4Mny 3Nig 3(PO,4),P205, narrow (~ 4.2 V) and broad (~ 4.6 V),
were observed (Fig. 6b), as a consequence of mixing potentials of simul-
taneous Co, Mn and Ni redox processes (Co2*/Co%t, Mn2+/Mn** via
Mn?+ and Ni2*+/Ni3+),

In the next study, Nose et al. [109] showed that the lithiated form
of the mixed polyanionic compound (Li4Co3(PO4),P;0-) cannot be ob-
tained chemically by the same sol-gel process. So, these authors have ex-
amined the lithium insertion capability of electrochemically desodiated
form of Na,Co3(PO,),(P,0;), prepared by the deep anodic oxidation
up to 4.8 V vs. Na*/Na (corresponding to the capacity of 115 mAh g~!
or 2.6 Na*). Such obtained Na; 4Co3(PO,4),(P,07) material shows the
rapid Li* and Na* ion insertion capability. Its discharge capacity, mea-
sured in LiPFs/EC+DEC solution, is close to 100 mAh g-! at 0.2 C and
80 mAh g™! at 5 C (2.4 Li* and 1.9 Li*, respectively), while the corre-
sponding discharge capacity in NaPF,/EC+DEC solution amounts to 99
mAh g-! and 89 mA hg~!, respectively. So, the lithium and sodium stor-
age capacity of this Na-extracted material are comparable at 0.2 C, while
the better Na vs. Li capacity retention (90 % vs. 80 %) with the current
rate increase to 5 C was observed (Fig. 6¢). The higher operating voltage
of sodium versus lithium redox process and the faster kinetics (which is
attributed to the stronger interaction of Li*-O?~ than Na*-02-), have
been verified. The lithium insertion capability (from the electrolyte) of
this polyanionic compound is also proved in the full battery cell, which
is composed of Na,Co3(P0O4),(P,0;) as a cathode, LiyTi5O, as an an-
ode and LiPF, /EC+EMC+DMC solution as the electrolyte. Such 3 V-class
hybrid battery delivers reversible capacities of ~ 80 mAh g~! at 0.2 C,
~ 65 mAh g~! at 2 C and ~ 50 mAh g~! at 5 C, with low coulombic
efficiency at a low rate of 0.05 C (1-5 cycles), which is attributed to the
irreversible decomposition of the organic electrolyte at the high poten-
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tial of the positive electrode. An additional reason could be the deficit
of Li ions since the electrolyte in this configuration is the only source of
mobile ions.

With the aim to comprehend deeply the sodiation/desodiation be-
havior of this material, Moriwake et al. {70], in collaboration with
Nose and co-workers, [68,109] have simulated each step of the
Na,Co4(P0O,),(P,05) deinsertion process (the battery charging) by us-
ing the first principles calculations. They have reported the sequence
of sodium deinsertion, from different sodium sites, as follows Na2, Nal
and Na4. Na2, The Nal and Na4 deinsertion from Na,Co3(PO4)2(P207),
NayCo03(P0,),(P;0;) and Na,Coz(PO4),(P,0;) phases, respectively,
occurs at the potentials of 4,05, 4.33 and 4.81 V versus Na‘*/Na,
which. reproduces experimentally obtained charge/discharge profile
[68]. These authors have confirmed that these sodium deinsertion pro-
cesses are accompanied by Co?+ to Co®*+ oxidation (one third per each
Na atom), with all Co®* ions in highly spin state. The removal of the
last Na atom (that is Na3 site occupied on A1xB1 tunnel intersection)
from the NaCo3(P0,4)»(P,05) structure (happen at the highest potential
of 4.93 V vs. Na) requires oxidation of oxygen 2p orbitals in the P,0,
polyhedra (verified through the formation of immobile holes at 0%~ an-
ions) rather than Co3* — Co** oxidation. The absence of Co3* to Co**
oxidation, while the same one occurs in LiCoO,, is explained by the
less-densely packed phosphate structure (Fig. 7a). Small structural pa-
rameter changes (less than 3%) have been calculated upon deinsertion of
three sodium ions. The removal of the last Na ion (from Na3 site) causes
the narrowing of the Na channel, which along with the holes’ strong self-
trapping in P,O, units, is considered to render kinetics of desodiation
at the highest potentials. This is an explanation for the difficult deinter-
calation of all four Na atoms from the structure and achievement of the
full theoretical capacity. Unlike these DFT studies [70] which showed
the full extraction of the specified Na ion upon each redox process, ex-
perimental observations carried out by Zarrabeitia et al. [95] revealed
that ail four Na ions were partially extracted during redox processes
within the voltage range 4.0-4.7 V vs. sodium. These authors have ob-
served four biphasic regions (a-8, f-y, y-6, 6-€) during redox process
of Na,Co3(P04),(P,0,)/C by the means of operando X-ray diffraction
(XRD). That is evidenced by multiple-redox plateaus (more than three),
which are followed by the solid-solution reaction at the highest poten-
tial (at the end of the charge), Fig. 7b. By using synchrotron XRD of the
oxidized Na,Co3(P0O,4),(P,0,)/C (at 4.67 V), three phases («, § and &)
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are evidenced (y is not observable due to the used high current rate),
where the sequence of Nat extraction is identified as follows: Na(4) pro-
gressively leaves the structure until it has been emptied in the § phase
(occ Na4 in «, # and & phases is 0.68, 0.28 and 0), Nal is simultane-
ously removed, but at lower rates since % remains in § phase (occ Nal is
0.82, 0.66 and 0.23), while Na2 and Na3 deinserted simultaneously at
certain Na content (occ Na2 is 1, 1 and 0.64 and occ Na3 is 0.68, 0.28
and 0 in «, f# and 6 phases, respectively), with the partial occupation
of Na2 in & phase. The proposed Na* extraction sequence including all
four Na ions, which is not in line with DFT study of Moriwake [70],
has been confirmed by using the theoretical, bond valence energy land-
scape (BVEL) approach. Additionally, very low values of charge transfer
resistance, Ret (< 7 ) and its changes (2 % variation between the low-
est and the highest Ret value) have been identified upon occurrence of
mentioned successive structural transitions.

Furthermore, Kumar et al. [67] have prepared the composite of
Na,Co3(PO,4),(P,0;) with multiwalled carbon nanotubes (NCPP - CNT),
with the particle size of 200 nm, by modifying procedure developed by
Nose et al. [68]. They have used an aqueous solution instead of diluted
nitric acid solution and the temperature of 650 © C instead of 700 ° C.
Also, the CNTs were added (instead of the glycolic acid) to provide ~ 16
wt.% of the carbon in the composite. The redox behavior of the compos-
ite was found to depend on the composition of used electrolyte such as 1
M NaPF¢/EC+DMC and 1 M NaClO,/PC+5% fluoroethylene carbonate
(FEC), due to the difference in their electrochemical stability window
(1-6 V and 1 - 4.8 V, respectively). Six anodic/cathodic peaks, posi-
tioned at 4.3/4.15, 4.4 /4.3, 4.5/4.42, 4.55/4.48, 4.6/4.53 and 4.7/4.6
V, which correspond to Co?t/Co3* redox process are defined in CV,of
NCPP-CNT in NaPF¢/EC+DMC, while these peaks are poorly defined in
NaClO,/PC+FEC (the explanation is provided in the section 5). As a
result, the initial specific capacity of NFPP-CNT in NaPF4/EC+DMC so-
lution was higher and amounted to 138 mAh g~ (charge) and 92 mAh
g~! (discharge) at a current rate of 0.1 C (Fig. 7c). Unlike mentioned ob-
servations by Nose [68], these authors have estimated Cy,eor at 129 mAh
g1, taking into account three Na* ions. The reversible specific capacity
amounts to 80 mAh g-1, thus retaining ~ 90 % of its own value after
50 cycles of charging/discharging. The similar capacity value was mea-
sured at 55 ° C (78 mAh g~! for 45 cycles), but with the lower coulombic
efficiency (~ 85 %) due to the accelerated kinetics, at elevated tempera-
ture, during the charging process. The discharge capacity of NFPP-CNT
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temperature (1 C =129 mA g™'). (Reprinted with permission from ref. [67],

at higher current rate of 1, 2, 5, 10 and 20 C amounted to 55, 48, 39, 31
and 20 mAh g™, respectively. When the NCPP-CNT is used as cathode in
the NaTi, (PO,)3-MWCNT//NaPFg/EC+DMC//NCPP-CNT full cell, it is
capable of delivering the capacity of 75 mAh g~ (the initial value) and
50 mAh g ~! (after 40 cycles) at 0.2 C rate, with a very low coulombic
efficiency of 85 %, which is probably due to the electrolyte degradation.
Still, the measured capacities are b elow those observed by Nose [68] for
the full SIB, using the pure NCPP as a cathode.

3.1.2. Spray-drying pyrolysis

One can see from previous studies that the sodium storage ca-
pacity of sol-gel synthesized NCPP lies noticeably below theoretical
value (even if calculated for three Na ions), while the rate capabil-
ity has been limited to 20 C and capacity retention to 100 cycles. Liu
et al. [111] have improved both rate capability and cyclic stability of
Na,yCo3(P0,4),(P,0,) by Al doping of Co sites (on account of Na* va-
cancy generation), through the spray-drying method using Co(NO3),,
Al(NO3)3, NaH,P04+2H,0 and CgHgO7+H, O as raw materials and CNT
as the carbon source. The Al doping was found to increase a, b and
¢ lattice parameters despite smaller A13+(0.535A) than Co2+ (0.65A)
radjus, while it improves ionic conductivity, charge transfer and struc-
tural stability thus maintaining the multiple redox behavior of an ac-
tive phase (Fig. 8a-c). A moderate amount of Al increases the sodium
storage properties (from 82.8 to 99.5 mAh g-! at 0.5 C for x=0.15 in
Na, ,Co4.,Al, (PO,),(P,0,) (Fig. 8¢, left), while the excessive Al dopant
reduces the electrochemical activity (85 mAh g-1 at 0.5 C for x==0,2)
(Fig. 8c, middle). The Al, ;5-NCPP hollow microspheres (inset in Fig. 8c)
with the size of 0.5-3 um and shell thickness of 465 nm, composed of
NCPP nanoparticles and CNT conductive network, can deliver the high-
est discharge capacity in NaPFg/EC+DEC+FEC electrolyte, amounting
t0 99.5, 93.2, 89.2, 85.8 and 83.2, 80.3, 77.7 and 73.4 mAh g7l at 0.5,
1,2,5,10, 20, 30 and 50 C (1 C =170 mA g-1). Its capacity retention
of 98.4 % (after 800 cycles at 5 C) or 96.3 % (after 900 cycles at 10C) is
higher than one observed for Al-free sample (91.1 % and 80.3 %, respec-
tively). Superb capacity retention of 82.7 % was measured over 8000 cy-
cles at an extremely high current rate of 30 C (Fig. 8c, right). Excellent
rate capability of the full battery cell C//NaPF/EC+DEC+FEC//Al, ;-
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Copyright 2020, The Royal Society of Chemistry).

NCPP (88.1 mAh g~! at 5 C and 70.6 mAh g~ at 30 C) and outstanding
cycling stability (95 % of capacity maintaining after 200 cycles at 1 C),
was also demonstrated. However, it should be taken into account that
such a high rate capability is achieved under a quite small electrode
loading (1.3 mg cm~2). To meet the practical demands, such high C-
rate properties need to be achieved under much higher loadings, which
remains the challenge for this type of material.

It can be concluded that there is a need for further improvement
of Co-based mixed polyanionic compound, especially at high current
rates, through the development of different synthesis/strategies. They
should primarily aim at reducing particles to nanodimensions. Besides,
the issue of C-value should be addressed since the comparison of the
specific capacity between different reported materials is not adequate
due to different C-values taken.

3.2. NayFe3(PO,),(P,0,) - NFPP

3.2.1. Solid-state method

Solid-state synthesis of NayFez(P0O4),(P,0;) (NFPP) powder
[47,71,97,112-115] usually employs Na,P,0y, Fe,Co0422H,0, and
NH,H,PO,4 or (NH4),PO, as Na, Fe and P sources. Kim et al. [47,71]
have proposed the NFPP crystalized in the orthorhombic crystal struc-
ture (Pn2,a space group) as a promising mixed-polyanion cathode for
Na rechargeable batteries (Fig. 9). Simple, two-step solid-state synthesis
method (ball milling at 70 © C+ solid-state reaction at 500 ° C) was
used to obtain NFPP particles (100-200 nm), with the small fraction of
accompanied maricite NaFePO, phase (~ 4 %). While the NCPP phase
can be obtained at 700 ° C, NFPP undergoes thermal decomposition
above 530 ° C, thus producing different Na-rich and Na-poor phosphate
or pyrophosphate phases, depending on the sodium content [71]. In
NaClO,/PC electrolyte, solid-state prepared NFPP showed an average
operating voltage of ~ 3.2 V and the initial specific capacity of ~ 113
mAh g1 at C/40 (~ 88 % of the Cyq,,) and ~ 106 mAh g1 at C/20
(i.e. ~ 82 % of the Cye,,). Authors showed only 15 cycles (the capacity
is estimated per NFPP mass unlike that shown in Fig. 9¢), respectively
(1 C=129 mA g-1), Fig. 9b,c. The significant P,0, distortion in Jattice
occurs at the last stage of charging (caused by Fe3* - Fe3+ repulsion
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Fig. 9. a) Schematic representation of Na,Fe3(PO,),(P,0,) structure, its Na diffusion channel along the b-axis and different Na sites; b) Charge /discharge profile
and ¢) cyclic performance of solid-state prepared Na,Fe3(PO,),(P,0,) in NaClO,/PC at C/40 (b, ¢) and C/20 (b); (1 C=129 mAh g~'); d, e) Charge/discharge profile
and cycle performance of LizNaFe;(PO,),(P,0,) in LiPF¢ /EC+DMC at C/20 (~ 25 ° C) and C/5 (~ 60 ° C), respectively. Reprinted with permission from ref. [47,71]

Copyright 2012, 2013, American Chemical Society).

at the composition of NaFe3(PO4),(P,0;), thus leading to a shift
from edge to comner sharing of FeOg polyhedra between the Fel and
Fe3 sites, It results in the contraction of Na diffusion tunnels and
mobility reduction of the remaining Na ion [71]. That is why three
Na ions from Na,Fe3(PO,4),(P,0,) were found to participate in the
electrochemical reaction during charging/discharging. Therefore, the
theoretical capacity is calculated to be 129 mAh g~! (based on possible
exchange of three sodium ions). The same authors [47] also reported
the LizNaFe3(P0O,)2(P,0;), prepared by chemical Na-Li exchange of
Na,Fe;(P0,),(P,0,) (three Na were exchanged by Li cations), with
an average potential of 3.4 V and initial capacity of ~119 mAh g1 at
C/20 measured in 1 M LiPFg/EC+DMC (Fig. 9d). The lithium storage
capacity of this electrode is capable of being improved to ~ 140 mAh
g~! (at C/5) by increasing the temperature of the Li-cell to ~ 60 °© C,
thus retaining 86% of its value after 100 cycles (Fig. 9e). The high
energy density of both Na-ion (Na//NaClO,-PC//NaFe3(P0,),(P,0,)
and Li-ion cells (Li//LiPF¢/EC+DMC//LizNaFe;(PO4),P,0,) amounted
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to energy densities of 380 Wh kg~! and 460 Wh kg~!, respectively
(based on the materials’ level).

By investigating the electrochemical mechanism  of
Na,Fe3(P0,4),(P20;) (1 £ x £ 4) through combined computation
and experiments, Kim et al. [71] showed that this material underwent
one-phase Fe2*/Fe3* electrochemical reaction (without formation of in-
termediate phase), with an exceptionally small volumetric change (less
than 4 %), unusual for larger Na ions. It is explained by the capability of
P,0, dimers to rotate and distort (provided by the open 3D framework)
to accommodate structural changes. Four distinguishable Na sites, with
a low activation barrier for all diffusion paths are identified, whereas
the Na sinusoidal diffusion in the large tunnel along the b-axis (from
Nal site to another Nal site) shows the lowest activation energy of 256
meV (Fig. 9a). Very low energy barrier for three-dimensional diffusion
pathways of Na ions was also confirmed by Chen et al. [99], who
calculated the values of 0.553, 0.02 and 0.365 eV, thus revealing the
barrier-less diffusion of Na*t ions along a direction. Based on the first
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prepared Na,Fe;(PO,),(P,0,) measured in NaClO,/EC+PC (top) and NaClO,/EC+DEC

b) galvanostatic profiles and c¢) cyclic performance of

Naj g7 Fe;(PO,),(P,0;)/3.04wt.%NaPePO, /7.8wt.%C measured in an organic (NaClO,/EC+PC) and aqueous electrolyte (Na,50,), at a current rate of 1 C (1

C=129 mAh g'); (Reprinted with permission from ref, [114],

principle calculations, Kim et al. [71] have determined the sequence
of Na extraction: I. Na ions are first extracted from the Na2 site (5-
coordinated); Il After their complete extraction, half of Na ions in both
Nal (6-coordinated) and Na4 sites (6-coordinated) are simultaneously
extracted and III. The half of Na ions from Na3 site (7-coordinated) and
remaining half of Na ions from Nal site (6-coordinated) are deinserted
thus leaving the half of Na ions in both Na3 and Na4 sites which do
not participate in electrochemical reaction, Still, the exact order of
the Na ijon deinsertion/insertion is still unknown. Let us express some
discrepancies here, Wu et al. [50] and Kosova et al, [97] have exposed
different Na sites coordination and arrangement, pointing out the pref-
erence of extracting Na ions with lower coordination number. Based
on the results of solid-state NMR spectroscopy, Wu et al. [50], reported
the next Na extraction sequence: Na3 (five-coordinated) and Nal
(six-coordinated), followed by Na4 (six-coordinated), while the Na ions
from seven-coordinated Na2 hardly participate in the electrochemical
reaction. Furthermore, Kosova et al. [97] have confirmed “non-activity"
of Na2 positions, thus suggesting (based on the Rietveld refinement
of the XRD pattern) different coordination numbers of Nal, Na2, Na3
(6-coordinated) and Na4 sites (7-coordinated) than those in references
[50,71] and indicating that the insertion of Na ions happens opposite
to the deinsertion (i.e. the charging process), following the order Na4,
Nal, Na3. These authors indicate an imparity of three Fe different sites
(relying on the results of 57Fe Mossbauer measurements), which does
not go along with Kim’s observations [71] based on equal distribution
of Fe ions between three sites.

Solid-state synthesis procedure, developed by Kim, has been adopted
in further studies [97,112~115] aimed at improving the electrochemical
properties of NFPP, either through the selection of an appropriate elec-
trolyte [112,115] or through the carbon addition/coating [97,113,114].
By using the mixture of ethylene carbonate and propylene carbonate
(EC+PC), as a solvent for NaClO,, Jang et al. [112] measured the
initial specific capacity of NFPP very close to the theoretical value,
amounting to 128 mAh g~ at C/20, as shown in Fig. 10a. About 97
% of the initial capacity can be retained after 100 cycles of charg-
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ing/discharging. The use of electrolytes with 1 M NaClQ, in the combi-
nation with EC and PC solvents instead of EC and DEC in the Na/NFPP
cell leads to the higher discharge capacity and columbic efficiency.
This can be attributed to higher ionic conductivity, lower reactivity
with Na metal and higher stability under high voltage conditions of 1M
NaClO,/EC+PC, when compared to 1 M NaClO4/EC+DEC (Fig. 10a).
Ropero et al. [114] modified the solid-state procedure [47,71,112] by
adding the conducting carbon into reagent mixture, to produce the
Naj g7Fe3(PO4)3(P,0,)/3.04wt.%NaFePO,/7.8wt.%C composite with
an extended potential of application in terms of high current perfor-
mance (up to 1 C) and aqueous batteries. Actually, the synthesized com-
posite may deliver the initial discharge capacity of 99 mAh glatlCin
NaClO,/EC+PC (Na metal as an anode) and 84 maAh g-1 in an aqueous
solution of 1 M NaySO, (the aqueous type of cell with AC as an anode),
thus retaining 99 % and 74 % of the initial value after 50 cycles, respec-
tively (Fig. 10b,c). The less capacity retention of NFPP in an aqueous
than in an organic cell could be attributed to the material solubility in
an aqueous electrolyte (more precisely the hydrolysis of pyrophosphates
which lead to iron oxides and sodium phosphate) and the sample oxi-
dation upon the discharge process. The sodium storage capacity of this
mixed polyanionic cathode, in an aqueous electrolyte, exceeds the ca-
pacity of other materials such as NayFeP,0, (55 mAh g~!), NaFePO,
(70 mAh g™1), Nag sTip sMng 5O, (46 mAh g~!) and NagMnTi(PO, ),
(58 mAh g~1), also measured in the aqueous-based electrolytes, while
the capacity retention is below that measured for Na,Fe,P,0, (86 %
after 300 cycles) or NaFePO, (90 % after 30 cycles) [114],

Recently, Kang and his collaborators {115] have demonstrated an
excellent NFPP performance in the highly concentrated aqueous elec-
trolyte of NaClO, (17 M), capable of providing a high-voltage aqueous-
type of sodium ion batteries, In both 1 M and 17 M NaClO, aqueous
solutions the NFPP showed the discharge capacity of 90 - 100 mAh g1
at 1 C and an average redox voltage of 3.2 V vs. Na*/Na, which is very
similar to the performance in an organic electrolyte. What is very impor-
tant is that the oxygen evolution reaction (OER) at NFPP is not induced
before 4.2 V vs. Nat/Na in 17 M NaClO,,4, while the oxygen evolution
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Fig. 11. a) TEM image of NFPP-450 sample; b) Galvanostatic and dQ/dV profile of NFPP-450 measured in NaClO,/EC-PC (left) and LiPFz/EC-DEC (right) at C/5
rate; c) Cyclic stability of NFPP-450 measured in Na-cell (left) and Li-cell (right); d) The specific capacity of NFPP-450 measured in Na-cell (top) and Li-cell (bottom)
at different current rates up to 10 C (1 C=129 mAh g (Reprinted with permission from ref, [97], Copyright 2018, Elsevier).

in 1M NaClO,,, was observed at 3.9 V vs. Na*/Na (the theoretical oxy-
gen evolution potential corresponds to 3.5 V vs. Na*/Na). With the aim
to demonstrate the practical application of NFPP in the aqueous Na-ion
battery of an extended voltage, Kang’s team constructed the cell con-
taining NFPP as a cathode, NaTiy(PO,), as an anode and the aqueous
salt of NaClO, as an electrolyte. The capacity of this battery using 1 M
NaClO,,, decreases rapidly, from the initial 44 to 8 mAh g1 after 50
cycles (calculated per both anode and cathode masses) or from 87 to
17 mAh g~! if the capacity is calculated per NFPP cathode mass. Poor
capacity retention (18 %) and columbic efficiency (from the initial 87
% up to 68 % after 50 cycles), measured in 1 M NaClOg,g, are consider-
able disadvantages. However, notable improvement of this battery was
achieved using 17 M NaClO,,, as the electrolytic solution, where the ca-
pacity retention after 200 cycles and coulombic efficiency were found to
be 75 % and 99 % at 1C, respectively. The constructed NaTiy(PO,4)3//17
M NaClO,,q//Na,Fe3(P0O4)2(P,0,) full cell is capable of delivering an
energy density such as 36 Wh kg~!, outperforming the state-of-the-art
experimental sodium batteries based on super-concentrated NaCF5S0;
electrolyte solution.

Kosova et al. [97,113] also adopted mechanochemically assisted
solid-state method [47,71] to get NaFe;(PO,)5(P,0,) particles (the
average size of 100 nm) covered by carbon layer of ~ 2-3 nm (NF-
PPC) (Fig. 11a). Unlike the proposed synthesis procedure, in mentioned
Kim’s papers [47,71], the soot is used as a carbon source and the
time of mechanical milling of reagent mixtures (under Ar atmosphere)
is shortened to only 5 min. Kosova's study [97] indicates the strong
influence of the synthesis conditions on the phase purity of targeted
Na,Fe3(PO4);(P,0;) phase and its structural arrangement. First, the
solid-state reaction, without mechanical treatment, does not cause the
formation of Na,Fe3(PO,4)4(P,0;) phase (the mechanical milling facili-
tates the solid state-reaction). Second, the chemical composition of the
solid-state reaction prepared sample significantly varies, depending on
the temperature of heating, Actually, the temperature selection, within
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Table 2
The chemical composition of the solid-state prepared NFPP determined by XRD
Rietveld refinement; Replotted with permission from ref. [97].

Sample XRD Rietveld refinement

NFPP, % NaPePO,, % Na,FeP,0,, %
NFPP-600 56.7 253 18.0
NFPP-500 64.2 22,7 13.1
NFPP-450 89.1 10.9 -
NFPP-450 (quenching) 93.8 6.2 -
NFPP-400 61.8 289 9.3

the 400 - 600 ° C range, determines the type and fraction of secondary
phases in the sample, as shown in Table 2.

The highest fraction of NFPP phase and one type of secondary phase
(maricite NaFePO,) is obtained at 450 © C (NFPP-450). Third, the
quenching of this sample leads to the increase of the NFPP fraction (94:
6 =NFP: NaFePO, for 450 ° C), but results in the higher structural dis-
tortion of FeOg octahedra (due to the partial Fe?* - Fe3+ oxidation),
as evidenced by X-ray, Mossbauer and FTIR measurements, and lower
electrochemical performance,

The best electrochemical properties are obtained for the sample
heated at 450 © C and cooled slowly (89 % NFPP / 11 % NaFePO,),
where the irreversibility upon the first charge process is observed due
to the structural rearrangement. In a Na-cell, one can see three an-
odic/cathodic redox peaks of NFPP-450 (2.98/2.88, 3.15/3.11 and
3.25/3.19 V vs. Na*/Na for the second cycle), which correspond to
Na deinsertion/insertion from/in different crystallographic sites. In a
Li-cell, one can see three anodic peaks at ~ 3.22, 3.32 and 3.43 V vs.
Li*/Li and one broader cathodic peak at ~ 3.17 V vs. Li*/Li (the second
cycle) belonging to simultaneous deinsertion/insertion of both Li and
Na ions (Fig. 11b). The initial discharge capacity of NFPP-450, mea-
sured in NaClO,/EC-PC and LiPF,/EC-DMC solutions, reaches ~ 90 %
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(~ 116 mAh g~1) and ~ 83 % (107 mAh g~1) of the theoretical value
at the rate of C/5 (capacities are re-estimated per mass of NFPP phase)
(Fig. 11c¢). Its sodium storage capacity is somewhat better than one for
NFPP in NaClO,/PC reported by Kim et al, (the latter is also ~ 90 % of
Cineor but it is measured at significantly lower current rate of C/40) [47],
however, it is lower than the value in NaClO,/EC-PC solution reported
by Jang (~ 105 vs, ~ 125 mAh g~! at C/10) [112]. Although slightly
lower initial capacity of NFPP-450 was measured in Na than in Li-salt
electrolyte, better cyclic and rate capability were evidenced in the Li cell
(Fig. 11¢,d). Namely, the specific capacity, after 50 cycles, is decreased
by ~ 21 %, in the Na-, and by ~ 18 %, in the Li-salt electrolyte, while the
capacity decrease with the cycling rate increase (from C/10 to 1 C) is al-
most two times less in the Li cell. The capability of NFPP, to withstand
very high current rates (from 1 C to 10 C), was demonstrated for the
first time in the Kosova’ papers [97,113] (Fig. 11c), which is probably
related to the carbon coating. Still, very small capacities were measured
at 10 C.

By investigating the mechanism on Na-Li exchange within NFPP,
these authors showed [97] that the full process of Na-Li exchange of
Na Fe3(PO,);(P20;), either chemically or electrochemically, cannot be
achieved, but it results in the formation of the mixed Li/Na compound.
By the cycling of Na,Fe;(PO,),(P,0;) in Li electrolyte, one part of Na
ions (~ 1.2 Na* ions per f.u) remains in the structure, acting as a pil-
lar throughout cycling (according to the ref. [50,97] these ions belong
to Na2 sites), the other part (~ 1.6 Na* ions per f.u) deinserts during
the first charge cycle, thus remaining in the electrolyte, while the last
part (~ 1.2 Na* ions per f.u) participates in the electrochemical reac-
tion, together with the approximately same fraction of Li ions. This si-
multaneous Na/Li participation in electrochemical reaction improves
electrochemical properties. By continuing the studies of the Li-Na redox
mechanism, Kosova et al. [113] reveal that the addition of Na-salts into
Li-salt electrolyte actually improves the capacity, especially rate capa-
bility of NFPP, since Na sites are not completely suitable for Li ions. This
makes the composite an excellent cathode material for hybrid Li/Na bat-
teries. Actually, the initial specific discharge capacities of the NFPP in
Li electrolyte, the desodiated NFPP in Li electrolyte and the desodiated
NFPP in mixed 0.9 Li - 0.1 Na electrolyte, measured at C/5, were found
to be ~ 95 mAh g~1, ~ 105 mAh g~ and ~ 106 mAh g, respectively
(desodiated sample is obtained by the previous extraction of three Na
ions upon the cell charging). The capacity drop, after 45 cycles, is 16.4
%, 33.4 % and 8.9 %, respectively. After cycling, the lowest capacity
is obtained for the system with the lowest Na fraction, which confirms
instability of the Li* ions in the NFPP structure. At higher current rates,
the capacity of desodiated carbon coated NFPP in mixed 0.9 Li - 0.1 Na
electrolyte is found to be 91 mAh g~! (1 C) and 65 mAh g! (3 C). The
capacity at 1 C is in the range of the capacity measured by Ropero et al.
[114] for NFPP (also modified with carbon), but these authors did not
report the current rate above 1 C. Still, at lower current such as C/10,
the capacity of this hybrid Li/Na battery is inferior to the capacity of Na
battery reported by Jang et al. [112].

3.2.2. Solution combustion synthesis

Bascar et al. [116,117] have reported 200 nm thick pulsed laser de-
posited Na,Fe;(PO,),(P,0,) film as the promising electrode for thin
sodium-ion microbatteries, due to its excellent rate-capability (125 mAh
g™! and 110 mAh g~! at ~ 2 A cm~2 and ~ 10 A cm2), cyclic sta-
bility (over 500 cycles) and high coulombic efficiency (~ 100 %). The
pure Na,Fe3(PO,4),(P;0;) powder (Fig. 12a), which is crystallized into
orthorhombie structure, of Pn2, a space group, was firstly synthesized by
the facile solution combustion process using Fe(NO3); « 9H, 0, NaH, PO,
(as the Fe and P sources) and C4Hgz Oy (as a fuel and carbon source) and
then, in the form of pallet, subjected to the pulsed laser deposition to
make the thin film, with a fairly smooth surface (the roughness is 11
nm) and the thickness of ~ 220 nm, consisting of poorly agglomerated,
well-crystalized grains (65-75 nm). The specific discharge capacity of
such obtained NFPP film, measured in 1 M NaClO,/EC+DMC, amounts
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to ~ 118 mAh g~! (stable upon 100 cycles), which is similar to the value
of it carbon-coated Na,Fe3(P0O,),(P,0;) parent obtained by the com-
bustion route (126 mAh g-! for the 1 and 121 mAh g~! for 20d cycle at
0.1 C), Fig. 12b. The charge/discharge plateaus, belonging to Fe?* /Fe3+
redox reactions, are better defined and more stable (durlng cycling) for
220 (three distinct plateaus at ~ 3.2, ~ 2.9 and ~ 2.5 V vs. Na*/Na) than
for 300 nm thick film (plateaus merging), Fig. 12b. There is no capacity
fade of ~ 220 nm thin film sample upon 500 cycles at 1 C, Fig. 12¢.

In an additional study, Bascar et al. [118] have reported the re-
versible K* intercalation of the Na,Fe;(P0,),(P,0,) powder, prepared
by the solution-combustion method. Compared to the sodium redox be-
havior, the larger number of redox peaks, corresponding to the K* in-
sertion/deinsertion processes, is evidenced. The high irreversibility after
the first charge cycle is the indication of structural arrangement caused
by K* intercalation. The initial potassium storage capacity of the gel-
combustion synthesized powder, measured in KPF,/EC+DEC, amounts
to 121 mAh g1 at C/20, which is very close to the corresponding sodium
storage capacity (126 mAh g1 at C/20). Its value decreases in the sec-
ond cycle to the value of 116 mAh g~! (sodium discharge capacity. in
the second cycle is ~ 121 mAh g!), thus remaining stable during ten
consecutive charge/discharge cycles [118].

3.2.3. Sol-gel method

The use of sol-gel method for the NFPP synthesis has been re-
ported firstly by Wu’s group and further developed by other groups
[99,107,119]. The synthesized sol-gel structures are capable of over-
coming the barrier of solid-state prepared NFPP, related to the issue of
the limited rate capability. : .

Wu and colleagues [50] have synthesized the NFPP/C particles (100-
150 nm) of the orthorhombic structure (Pn2,a space group), using an
stoichiometric ratio of Fe, citric acid and ethylene glycol as well as
NaH,PO, as the only source of phosphorus. These authors showed that
the thermal stability of NFPP can be achieved within the temperature
region 400 - 600 ° C, while the excess of undesired pyrophosphate can
be avoided with a stoichiometric ratio of phosphate and iron, The amor-
phous carbon (8.3 wt.% for 400 ° C and 8.7 wt.% for 500 ° C) is found to
cover NFPP particles in the form of 7 - 8 nm layer (Fig. 13a). The char-
acteristic redox profile of NFPP is recognized through the three galvano-
static plateaus/redox peaks and irreversible change in the first charge
cycle. Nanocomposite, heated at 500 © C (NFPP/C-500), shows an ex-
cellent high rate performance (Fig. 13b), thus delivering the higher dis-
charge capacity in 1 M NaClO,/PC+FEC solution (78 mAh g-! at25°
C and 81 mAh g! at 55 © C under 10 C) than that measured for the
sample obtained by the solid-state synthesis [113]. This material can
retain 89 % of the initial discharge capacity after 300 cycles of charg-
ing/discharging at 0.5 C. By using combined in-situ synchrotron-based
time-resolved X-ray diffraction (Fig. 13c) and solid-state nuclear NMR
measurements, Wu’s group identified sequence of Na extraction (indi-
cated above), thus suggesting that the sodium extraction from NFPP is
an imperfect solid-solution (evidenced by the local lattice distortion at
the end of the charge process) rather than an ideal solid-solution reac-
tion.

By introducing graphene oxide into the reaction solution of
the sol-gel process [50] (Fig. 13d) and heating the gel at 500
°C in Ar/5%H,, Ma et al. [107] have obtained amorphous car-
bon (AC)-coated NayFez(PO,),(P,0,) particles (50 - 100 nm with 6
nm AC layer) embedded into cross-linked reduced graphene oxide
(Na,Fe3(P0O,),P,0,@AC/rGO) (Fig. 12e), with improved sodium stor-
age performance compared to that of NFFP@AC composite. Such im-
provement is more pronounced at high current rates (10 - 50 C) and
low temperature (- 15 © C), Fig. 13f. Cross-linked rGO network plays
a pronounced role in the suppression of particles aggregation and the
increase of both carbon content (10.8 % vs. 8.8 %) and porosity. As
a result, the NFPP@AC/rGO is capable of withstanding ultra-fast dif-
fusion of Na ions, thus delivering the high and stable sodium storage
capacity in a wide temperature range. Its average discharge capacity
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Fig. 14. SEM images of a) nanoplate-like Na,Fe;(PO,),(P,0,) (NFPP-E) and b) microporous Na,Fe;(PO,),P,0, (NFPP-C) particles; ¢, d) The comparison of cyclic
performance of NFPP-E and NFPP-C, measured in NaClO,/EC+PC+FEG at different current rates; €) Long-term cyclic stability of both NFPP-E and NFPP-C measured
at 20 C (2400 mA g™!) over more than 4000 cycles. (Reprinted with permission from ref. [99], Copyright 2019, Nature Communication).

in 1 M NaClO,/PC+FEC solution amounts to 107, 99, 85, 78 and 66
mAh g~ (at;30 ° C) and 97, 89, 53, 42 and 29 mAh g-! (at - 15 ©
C), at 0.5, 1,:10, 20 and 50 C, respectively (Fig. 13f). These values are
higher than the corresponding discharge capacities of NFPP@AC com-
posite amounting to 95, 62, 51, and 37 mAh g~! (at 30 ° C) and 60,
28, 18 and 9 mAh g™! (at - 15 © C), respectively. The capacity retention
of rGO-modified NFPP@AC after 300 cycles is 83 % (30 © C) and 89 %
(-15° C) at 20 C, which is also better than that measured for NFPP@AC
amounting to 69 % and 61.2 %, respectively (Fig. 13g). Outstanding
high-rate performance is the consequence of the high contribution of
pseudocapacitive effects, The full battery with the composition of hard
carbon//NaClO,/PC+FEC//NFPP@AC/rGO is capable of powering 42
red light-emitting diode (LED) lights, thus delivering the average ca-
pacities of 95, 82, 64 and 50 mAh g~! (calculated per mass of cath-
ode) at 0.5 1, 2 and 5 C, respectively. The energy density of this cell
amounts to 250 Wh kg~1, based on the mass of cathode active mate-
rial. By developing simple sol-gel-based dip coating method, followed
by heat treatment at 500°C under Ar/H, (v/v=95:5) atmosphere, Ma
et al. [119] also have recently developed core-double shell structured
Na,Fe3(P0O4),P,0,@NaFePO,@C composite grown on a carbon cloth
(CC) substrate (NFPP@NFP@C-CC), with an improved rate capability
(up-to 100 C). This binder-free and self-supported cathode is capable of
delivering capacities of 127, 118, 113, 104, 97, 89, 75 and 68 mAh g~!
in 1 M NaClO4/PC+5% FEC, at current densities of 0.5, 1, 2, 5, 10, 20,
50 and 100 C, respectively. The capacity fade is not observed over 3000
cycles at the current rate of 10 C. The full battery cell, composed of
NFPP@NFP@C-CC as cathode, HC as anode and 1 M NaClO,/PC+FEC
solution as electrolyte, can deliver the initial charge/discharge capacity
of 125 /114 mAh g~!, thus retaining 97.2 % capacity after 110 cycles
of charging/discharging [119]. .
Furthermore, Chen et al. [99] have successfully developed two
types of Na,Fe3(PO,)5(P,0;) powders with two different morpholo-
gies: i) nanoplate-like particles (NFPP-E), with the size of 150 nm (SSA
is 3.52 m?/g) and carbon content of 3.6 wt.% and ii) microporous
NayFe3(PO4),P,0; particles (NFPP-C), with the particle size of 1 pm
(SSA is9.74 m? g'!) and carbon content of 4.1 wt.%, via a facile one-step
sol-gel method, Fig. 14a,b. They have used Na acetate and ammonium
phosphate (mixed with glucose and stearic acid in water to give trans-
parent solution A) as the source of sodium and phosphates and iron (II)

acetate (mixed with cetyltrimethylammonium bromide and ethylenedi-
aminetetraacetic acid for NFPP-E or citric acid monohydrate for NFPP-C
to give transparent solution B) as the source of iron. The evaporation of
A+B mixture to the gel formation, followed by the heating at 500 ° C in
Ar, results in the high phase purity powder (4 wt.% of maricite NaFePO,
is still identified in both samples) and with the uniform carbon layer (4
nm for NFPP-E and 3 nm for NFPP-C).

Due to nanosized particles, the NFPP-E shows better high rate perfor-
mance than NFPP-C, Its specific discharge capacity, measured at 20 C in
NaClO, /EC+PC+FEC electrolyte, amounts to 80.3 mAh g~1 (Fig, 14¢,d).
An outstanding cyclic stability of this material (100 % after 50 cycles
at G/20 and 69.1 % after 4400 cycles of charging/discharging at 20
C) is obtained, without morphological destruction and cracks’ forma-
tion upon long-term cycling (Fig. 14e). While the specific capacity of
NFPP-E, at lower scan rates (0.05 and 0.1 C), is in the fange of other
reported NFFP’s prepared by solid-state reaction [47,97], its improve-
ment is achieved at high rates such as 10 C and 20 C [50,107]. Its high
sodium storage capability is also achieved at both low and high tem-
peratures (- 20 ° C and 50 ° C), with outstanding cyclic stability (92.1
% and 91.4 % capacity retention at 0.5 C, respectively). The structural
stability of NFPP, upon exposure to both air atmosphere (three-month
period) and cycling in Na-containing electrolyte (volume changes of 4
%), is confirmed by in-situ XRD and in-situ XANES. The practical use
of NFPP-E material is also tested in two full-cell SIB configurations such
as polypyrolle (PPy)-coated FegO,//NaClO,/EC+PC+FEC//NFPP-E and
hard carbon//NaClO,/EC+PC+FEC//NFPP-E, which can deliver the ini-
tial discharge capacities of ~ 225 mAh g~! and 170 mAh g~! at 100 mA
g1, with the capacity retention of ~ 77 % (after 500 cycles) and ~ 41
% (after 12 cycles), respectively.

3.2.4. Template and spray-drying methods

An adequate micro/nano structure of 3D polyanionic framework and
its carbon coating, achieved by adjusting synthesis conditions through
the solid-state reaction, sol-gel and combustion routes, is shown to pro-
vide the high rate capability of NFPP up to 20 C. The ultra-high rate
capability (above 20 C) is not achieved by the sol-gel procedure itself.
The reason could be in an insufficient purity of the synthesized NFPP
since its formation is often accompanied by the appearance of some ad-
ditional NaFePO, or Na,FeP,0, phases (they appear at least in traces,
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Fig. 15. a) Schematic design of the synthesis of NFPP/C nanospheres and their b-d) electrochemical performance in NaClO,/EC-DEC+FEG at different current rates
and during long-term cycling at 10 C; Reprinted with permission from ref, {63], Copyright 2019, Elsevier); e) Schematic design of NFPP nanoparticles and rGO sheets
and f, g) their electrochemical performance at different current rates and during long-term cycling at 10 C (Reprinted with permission from ref. [102], Copyright

2019, Elsevier) (1 C=129 mA g™1),

even under strictly controlled synthesis conditions) or electronic and
ionic wiring. Still, the maricite is capable of showing the high electro-
chemical activity, when it is in the composite with NFPP, thus contribut-
ing to the high rate capability of the composite up to 100 C [119]. By
demonstrating template [63] and ultra-spray method [102], these limi-
tations have been overcome and the outstanding electrochemical prop-
erties of this material, (the rate capability up to 100 - 200 C and long-
term cyclability up to 4000 - 6000 cycles) are achieved.

Pu et al. [63] have developed a novel template method to demon-
strate ultra-high current capability of NFPP, evidenced by reaching the
sodium storage capacity of 79 mAh g~! at even 100 C (charge/discharge
in 36 s). By introducing a nonionic triblock surfactant Pluronic-F127, as
a template, and phenolic resinol into the mixture of reactants (Na4P,0,,
NH,H,PO, and Fe(NO3); « 9 H,0), these authors prepared the pure
uniform NFPP/C nanospheres (without traces of commonly identified
maricite phase) with the average diameter of 29.3 nm (NFPP/HC sam-
ple with 14.3 wt.% C) and 56.8 nm (NFPP/LC sample with 9.4 wt.% C),
coated by thin carbon layer (3 nm and 1.8 nm, respectively), Fig. 15a.
The carbon content and thickness can be adjusted by varying the pheno-
lic resinol amount. Both produced NFPP/LC and NFPP/HC nanospheres
reach almost theoretical capacity (~ 128.5 mAh g~!) in NaClO,/EC-
DEC+FEC at a current rate of 0.2 C (Fig. 15b). The specific capacity of
NFPP/HC retains its high value at higher current rates (about 123, 120,
116, 114,111, 108, 106, 91 and 79 mAh g-! at 0.5, 1, 5, 10, 20, 30,
50, 80 and 100 C, respectively) and during cycling, where 63.5 % of
the initial capacity is measured over 4000 cycles at 10 C (Fig. 15c,d).
An ultra-high-power density of 24.1 kW kg™, at the energy density of
146.6 Wh kg~1, is obtained for Na//NFPP/HC battery cell (based on the
total active masses of both cathode and Na anode). This remarkable per-
formance of NFPP/C, Pu et al. [63] attribute to the ultra-small particles
and 3D continuous carbon network structure which facilitate both ions
and electronic transport through the nanospheres.

By demonstrating the facile spray pyrolysis method, Yuan et al.
[102] have synthesized NFPP nanoparticles (60 nm), homogenously en-
wrapped by 3D interconnected rGO network (NFPP@rGO), Fig. 15e,
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starting from aqueous solution of NaH,PO, = 2 H,0, Fe(NO3); * 9H,0
and C4HgO; * HyO. These particles are capable of providing not only
the theoretical capacity, at low current rates (~ 128 mAh g1 at0.1Q),
but also an impressive capacity value (~ 35 mAh g~1) at a very high cur-
rent rate of even 200 C (discharge process can be accomplished within
18 s). Furthermore, ~ 62 % of capacity retention upon over 6000 cy-
cles at 10 C, is measured. Explicitly, the specific discharge capacity of
NEPP@GO, containing 8.3 wt.% C (based on NFPP mass), measured in
the NaClO,/EC-DEC+FEC electrolyte, amounts to 128, 122, 117, 114,
110, 105, 101, 93, 76, and 60 mAh g~1, at different C rates of 0.1, 0.2,
0.5, 1, 2, 5, 10, 20, 50 and 100 C, respectively. The material keeps 88%
of the initial capacity after 1300 cycles at 1 C, thanks to the high frac-
tion of the surface stored charge (i.e. intercalation pseudocapacitance).
The maximum power density of the full Na//NFPP@IGO cell (~ 52.3
kW kg~ corresponding to ~ 70.9 Wh kg~!) is substantially higher than
the value of cells containing other reported iron-based mixed polyan-
ionic cathodes, The beneficial role of 3D highly conductive graphene
framework can be seen through the comparison of the sodium storage
behavior between NFPP@rGO and NFPP@C composites (NFPP@C con-
tains 7.8 wt.% C). The latter is also obtained by the spray-drying method,
under the same synthesis conditions, where the only difference is seen
in the replacement of rGO by an additional amount of citric acid. Poorer
electrochemical performance of NFFP@C vs. NFPP@rGO (129 vs. 106
mAh g~! at 0.1 C and 60 vs. 23 mAh g~! at 100 C) originates from the:
i) 6 nm amorphous carbon layer of NFPP@C versus 2 nm fine graphene
layer of NFPP@rGO ii) lower specific surface area (8.38 m? g~' vs. 28.68
m2 g~1) and iii) the larger aggregation of NFPP particles when compared
to NFPP@C ones. It should be added that the higher specific surface area
of NFPP@rGO vs. NFPP@C contributes to the higher fraction of pseu-
docapacitance, as evidenced by the shape of their curves at the end of
discharge.

Recently, Cao et al. [64] have also used the spray drying method
to obtain Na,Fe3(PO,),(P,0;) nanoparticles (20 - 50 nm) growing on
multi-walled carbon nanotubes (MCNTs). The NFPP@MCNTs sample
shows slightly lower capacities in NaClO,/EC+DEC+FEC than those
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measured for NFPP@rGO sample, which amount to 115.7, 103.3, 99.2,
96.7, 94, 90.5, 82.1 and 62.8 mAh g~ at current rates of 0.1, 0.5,
1, 2, 5, 10 and 20 C. Besides, the specific capacities of the full cell
CHC//NaClO,/EC+DEC+FEC//NFPP@MCNTs (based on the mass of
both anode and cathode materials) were found to be very high at dif-
ferent currents of 0.1, 0.5, 1, 2 and 5 C amounting to 69.3, 60.5, 51.8,
40.1 and 35.2 mAh g~1, respectively.

Unlike NCPP, more diverse synthesis methods of NFPP have been
developed which resulted in its high rate properties. However, the issue
of the lower voltage remains a great challenge, and the future research
should be focused on the improvement of the operating voltage of this
material.

3.3. NayNig(PO,),(P,0,) — NNPP

- As we: emphasized, NNPP is isostructural to NFPP and NCPP. Its
crystal structure, determined by Sanz et al. [46,48], presents three-
dimensional network of [NizP,0,3],, layers, composed of NiOg octa-
hedra and (PO43") tetrahedra in the bc plane, which are bridged by
(P,0,)* dimers in a way.that create the large channels along b-axis
available for.Na-ion diffusion, Four distinguishable Na sites are identi-
fied, where Nal and Na4 are positioned in the large channels parallel
to the b-axis. Also, Sanz et al. [120] determined the crystal structure of
the Na4Ni5(PO4)2(P207)2.

3.3.1. Soluaon combu.suon synthesw

‘The electrochemical behavior of NNPP has been exammed since
2015 [106].. Generally, Ni-phosphate and pyrophosphate compounds
hayve been widely known as high voltage cathodes for Li-ion battery ap-
plications, but the achievement of their high performance is difficult due
to the intrinsic sluggish kinetics caused by the low electronic and Li-ion
conductivity. In 2015, Islam et al. [58] have predicted that Ni doping of
NFPP. leads to the increase of the cell voltage, while the high potential
redox activity of NNPP in Na cell was experimentally evidenced some-
what later [96]. First, Senthilkumar et al. {106] revealed the Ni2+/Nij3+
redox activity in NNPP, at ~ 0.35/0.17 V vs. Ag/AgCl, in an aqueous
solution of NaOH. These authors have reported the combustion synthe-
sis. of Na4Niz(PO,4),(P,0,)/C, using three different types of fuel such
as glycine, urea and hexamine, for the sake of examining their effect
on physicochemical/electrochemical properties of composite. By using
Na,P,0;, NH;H;PO,4 and Ni(NOj3), * 6H,0 as reactants and the men-
tioned fuels, they have synthesized the pure Na,Ni3(PO,4),(P,0;) phase
(NNPP). This. NNPP phase is obtained by heating at 600 ° C (for 3 h
in Ar atmosphere) and reveals its higher thermal stability compared to
Na4Fe;(PO4);(P,0;). Authors have shown that the use of hexamine as
a fuel reduces NNPP particle size to nano dimension (50 - 300 nm) and
forms more voids/pores for an easier access of electrolyte ions, with re-
spect to both urea and glycine. As a result, the higher current response
of NNPP is obtained in the case of hexamine-assisted synthesis. Also,
the presence of amorphous coated carbon (~ 2.7 wt.% C) reduces the
particle size and increases electronic conductivity of the composite elec-
trode.

3.3.2. Solid-state and sol-gel methods

Passerini et al, [96] were the first who demonstrated the high po-
tential of NNPP (4.8 V vs. Na*/Na) in the full Na-cell, using ionic
liquid-based electrolyte (NaTFSI in Py, 4FSI), which could provide bet-
ter properties than typical carbonate-based electrolyte (1 M NaPFg in
EC+DEC). High redox activity of NNPP/C is evidenced by three an-
odic (4.61, 4.67 and 5 V) and two cathodic (4.58 and 4.92 V) peaks,
while the Ni redox activity in Na,NiP,0,/C, under the same conditions,
is not evidenced. When the submicrometric NNPP/C powder (~ 500
nm), obtained by citric-assisted solid state method + ball milling (using
Na,P,0,, Ni(OCOCH3), * 4H,0, NH,H,PO, as Na, Ni and P sources),
is used as,the cathode in two-electrode cell, along with metal Na as the
negative electrode, it delivers the initial discharge capacity of 63 mAh
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g1 and 40 mAh g~! (@10 mA g™!) in NaTFSI+Py,4FSI (3 - 5.1 V) and
NaPFz/EC+DEC (3 - 4.9 V), respectively. This is still inferior to Fe- and
Co-based analogues due to lower ionic conductivity of Ni-based mixed
polyanionic compound. Also, the collapse of [NizP50,3],, layers, oc-
curring upon charge/discharge, causes its low sodium reversibility (1.3
Na* vs. 2,6 Na* in the first cycle) and consequently low coulombic ef-
ficiency. Based on ex-situ XRD, Na* ions are proposed to be extracted
first from Nal and Na2 sites (positions in the large channels constructed
by P,0, dimers) at lower potentials, thus resulting in the decrease of a
parameter and the volume change of 1.6 %. Afterwards, Na* ions, be-
longing to both Na3 and Na4 sites, are regarded to leave the structure,
at the highest potential of 5 V vs. Na*/Na, resulting in the rapid increase
of the b parameter, Still, the total volume change during cycling is small
and together with the high thermal stability, present advantage of this
mixed polyanionic structure in terms of operating at high voltages.

Since the NNPP proved to be a high potential cathode material for
SIBs, Passerini and collaborators [98] continue to study its electrochem-
ical behavior trying to improve the electronic conductivity and pre-
vent poor reversibility of sodium insertion. In this regard, composites
of NNPP with carbon and reduced graphene oxide have been prepared
[98] by the sol-gel synthesis procedure (starting from Ni(CH3COQ);. *
4H,0, (NH,)HPO, and Na,P,0; as reactants and graphene oxide and
sucrose as the carbon source), followed by heating treatment at 700 ©
C under Ar for 24 h. The size of NNPP particles in these composites,
which are covered by 7 nm carbon layer, is approximately 500 nm (for
NNPP/rGO with 8.9 wt,% of C) and 600 nm (for NNPP-C with 8.45 wt.%
of C), Fig. 16a, Both composites undergo sodium multistep reaction path
as evidenced by well-defined CV redox peaks in 1 M NaPFg/EC+DMC
solution, Fig. 16b. Their specific capacity is found to be higher than that
for the pure soi-gel prepared sample and one prepared by solid-state re-
action [96].

The initial charge/discharge capacity, measured at 0.1 C (1 C 127
mA g~1) within the voltage range of 1.7 - 5.1 V, amounts to. ~.168/72
for NNPP-rGO and ~ 132/74 mAh g~! for NNPP-C, Fig. 16c. However,
the poor reversibility during cycling has been observed for both com-
posites, with only ~ 36 % of the capacity retention after 50 cycles due
to the structural deformation upon third Na redox process (occurring at
the highest voltage). It is attributed to the O, release from lattice at the
fully charged state. Such assumptions have been confirmed through i)
limited cycling of NNPP-C to insert/extract 1.3 Na*, which leads to sta-
ble capacity of 51 mAh g~! over 40 cycles at 0.1 C and ii) identification
of structural changes after the first charge.

Further improvement of the performance of this hlgh-voltage ma-
terial, in terms of preventing structural changes upon cycling at high
voltages (either through development of different strategies or new syn-
thesis procedures), remains the challenge for the future research.

3.4, Na4Mn3(PO4)2(on7) — NMPP

3.4.1, Solid-state method

Numerous Mn-based compounds have been synthesized and exam-
ined electrochemically, due to the abundance and high accessibility of
manganese. Based on this, the cost of the material production would be
cheaper than that for Ni, Co and Fe-based compounds. NMPP pelyan-
ionic compound has been firstly synthesized by Kim et al. [77] via
a conventional mechanochemically-assisted solid-state reaction, .using
Na,P,0,, Mn,C,0,4 « 2H,0 and NH4H,PO, as reactants and pyromel-
litic acid as a carbon source. Such synthesized NMPP/C powder (with
the particle size of 200 - 500 nm), heated at 600 ° C (first in the air to get
NMPP phase and then in Ar for 2 h to coat NMPP particles by carbon) is '
found to be isostructural to NFPP and NCPP, but with larger lattice con-
stants due to larger ionic radius of Mn2* jon (0.83 A) compared to Fe?*
(0.78 A) or Co?* (0.745 A), which follows Vegard’s law. Typically, 3D
open polyanionic framework of orthorhombic NMPP crystal structure
(Pn21a) is composed of [MnP,014],, layers along bc plane which are
connected by P,0; groups along the a-axis, with three crystallograph-
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Fig. 16. a) TEM images of sol-gel prepared NNPP/rGO (top) and NNPP/C (bottom) composites and their b) CVs and ¢) Galvanostatic charge/discharge curves
measured in NaPFg /EC+DMC, The current rate is 0.1 C (1 C=127 mA £~1) (Reprinted with permission from ref, [98], Copyright 2019, Springer).

ically distinct edge and corner-shared Mn octahedra sites. NaMnPO,
traces (< 4 wt.%) are also detected in the solid-state synthesized pow-
der,

Kim et al. [77] demonstrated improved properties of NMPP com-
pared to other manganese-based electrodes such as higher Mn*/Mn3*
redox potential of 3.84 V vs. Na* /Na and larger energy density, amount-
ing to 416 Wh kg~! (on the materials’ level), thus revealing that both
sodium-ion mobility and cycling stability are not deteriorated by Jahn-
Teller distortion (Mn3+). Moreover, the typical Jahn-Teller distortion
(Mn3+*) during NMPP cycling is found to open Na diffusion channels
(the activation barrier of most Na diffusion pathways is considerable
decreased). As a result, the solid-state synthesized NMPP reaches al-
most theoretical capacity (129.5 mAh g~1) upon the first charge in
NaBF,/EC+PC solution at a rate of C/20, while the 85 % of this ca-
pacity (109 mAh g~1) is measured after the first discharge. The capacity
retention, after 100 cycles, is found to be 82 % at C/20 and 86 % at
C/5, with the coulombic efficiency of 98.5 %. The material can deliver
the discharge capacity of 121 mAh g™ (93 % of its theoretical value) at
elevated temperature of 60 © C (C/20), with the energy density of 416
Wh kg~! (that is the energy density of Na/NFPP cell), while the corre-
sponding energy density at a room temperature reaches 385 Wh kgL,
(the energy density is based on the cathode level). At a higher current
rate of 2 C, the capacity of NMPPC amounts to ~ 83 mAh g~* (25° C)
and ~ 112 mAh g~ (60 ° C), while the more than a half of the theo-
retical capacity is retained at 10 C (for both temperatures). The high
rate capability and good cyclic performance of solid-state synthesized
NMPP have been regarded as superior when compared to Mn-based
compounds.
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The NMPP experiences multi-phase reaction during the
charge/discharge process (Fig. 17a), as evidenced by the existence
of three anodic/cathodic peaks at 3.85/3.64 V, 3.89V/3.77V and
3.96/3.87 V vs. Na*/Na in measured dQ/DV curve. After solid-solution
behavior of NMPP in the initial cycling (up to 3.86V vs Na*/Na),
where the one Na sodium is extracted from the structure (Na2 site),
phase transition (a— ) is observed during further charging (up to 3.9
V vs. Na*/Na which corresponds to the extraction of approximately
1.6 Na ions), with the large difference in a and b parameters between
a and g phase. Further deeper charging, above 4 V vs. Na*/Na, leads
to the appearance of new y phase (Na-poor phase). These multi-phase
changes result in 7 % of total volume change which is still higher
than that for the NFPP (which is 4 %), but it is lower than those
volume changes observed for other managanese-based electrodes such
as 03-NaNi, s Mng 505 (18 %), P2-Na,Fey gMn, 50, (11 %) and olivine
LiMnPO, (10 %) [77]. On the discharge, the additional & phase is -
identified as intermediate phase of § - « transition, most likely as the
consequence of Na-vacancy ordering (Fig. 17a).

3.4.2. Spray-drying and solution combustion methods

Although improved properties of NMPP over other Mn-based elec-
trodes are achieved [77], the reversible discharge capacity is still sub-
stantially below the theoretical limit (calculated for three Na ions), es-
pecially at higher currents. Because of that, further studies on NMPP
have been focused on developing dual strategy for the improvement of
the sodium storage behavior, including the partial Mn-Co substitution
and carbon coating of NMPP particles [108,121] by selecting the highly
conductive carbon nanotubes [108] and reduced graphene oxide [121].
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Fig. 17. a) quvanostanc charge/discharge profile of solid-state prepared Na,Mnz(PO,4),(P,0;) at /20 (1 C=130 mA g1 and in-situ XRD patterns obtained
during its charge/dlscharge (Reprinted with permission from ref. [77], Copyright 2015, The Royal Society of Chemistry); b) SEM, CVs (the scan rate is 0.05 mV
s~1), galvanostatic charge/discharge profile (the current rate is 0.1 G, 1 C=128.7 mA ¢-1) and rate performance of CNTs-decorated Na,Mn,Co(PO,),(P,0,)/C
(NM,CPP/C-5wt.% CNTs) measured in NaClO,/EC+PC+FEC (Reprinted with permission from ref. [108], Copyright 2019, American Chemical Society); ¢) SEM, CVs
(the scan rate is 0.025 mV s™1), cyclic performance (the current rate is 0.1 C, 1C=130 mA g~?) and rate performance of Na;Mn, 4Co, 6(PO4);(P,0,)/rGO composite
(NMCMP/rGO) measured in NaPF,/EC+DEC (Reprinted with permission from ref. [121], Copyright 2019, Elsevier).

Both ways can improve kinetics of the electrochemical reaction. Besides,
the partial Mn substitution by Co results in smaller volume cell owmg
to smaller Co2* radius (0.745 A, high spin) than Mn2* one (0.83 A, high
spin) and increased average redox potential of mixed-polyanion struc-
ture (from the average voltage of ~ 3.8 V for Co-free sample to ~ 4 V
for Co-doped sample) [77,108].

Firstly, Tang et al. [108] have prepared CNT-decorated
NayMn,Co(P0O,4),(P,0,)/C microsphere structure (NM,CPP/C-CNTs),
through the typical spray-drying method, by mixing aqueous solutions
of Mn(NO3),, Co(NO3) « 6 H,0, citric acid (as both carbon source and
chelating agent) and different concentration of CNTs (3.5 and 7 wt.%).
The samples are heated at 350 © C for 3 h and 630 © C for 10 h in Ar.
CNTs were found i) to control the morphology of mixed polyanionic
compound, thus creating the microspherical network skeleton (com-
posed of nanoparticles with an average size of 150 nm) instead of the
large number of irregular micro pieces observed without CNT; ii) to
increase the specific surface area (from 7.98 to 36.81 m? g~!) thus
providing larger number of active sites for Na* ions, iii) to decrease
the charge transfer resistance (i.e. to increase electron transport among
NM,CPP particles), iv) to increase sodium ion diffusion coefficient
and v) consequently to increase specific capacity of composite. The
optimal content of CNT in terms of the best electrochemical properties
was found to be 5 wt.%. The initial discharge specific capacity of
NM,CPP/C-5wt.% CNTs in 1 M NaClO,/EC+PC+FEC amounts to 96.1
(71.65 % of the initial charge capacity), 93.5, 74.4 and 41 mAh g~! at
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the current rates of 0.1, 0.5, 1 and 10 C (1 C=128.7 mA g~1), which
is higher than that of NM,CPP/C amounting to 81, 79.6, 52.5 and
31.2 mAh g1, respectively (Fig. 17b). The capacity retention after
100 cycles at 0.5 C is 78.1 % (NM,CPP/C-5wt.% CNTs) and 35.1%
(NM,CPP/C), while NM,CPP/C-5wt% CNTs retains 76.4 % of the initial
capacity after 150 cycles at 1 C. Redox peaks of NM,CPP/C-5 wt.%
CNTs, positioned at 3.89/3.58, 4.19/3.78 and 4.59/.53 V vs. Nat/Na
(Fig. 17b), are shifted towards higher potentials when compared to
above indicated potentials of NMPP [77], due to Co-doping.

The energy density of Na//NaClO,/EC+PC+FEC//NM,CPP/C-
5wt.% CNTs battery is estimated to be 371 Wh kg~! (at 0.1 C, based on
the materials’ level), which is still close to the value of Na cell containing
Co and CNTs-free NMPP sample as cathode [77] amounting to 385 Wh
kg™1, (although at two-fold lower current). From practical pumt of view,
NM,CPP/C-5wt.% CNT has the large potential, since the sodium-ion
battery such as hard carbon//NaClO,/EC+PC+FEC//NM,CPP/C-5wt.%
CNTs is capable of showing i) the high initial reversible capacity of 88.8,
74.8 and 57 mAh g~ at 0.1, 1 and 5 C, respectively, ii) the working volt-
age of 3.85 V and iii) energy density of 249.9 Wh kg~", with the capacity
retention of 75.1 % (at 0.5 C) after 100 cycles.

Next, Ryu et al. [121] have synthesized Co- substltuted
NayMn,Co(P0O,),(P,0,)/C  (NagMny 4Coq 6(PO4),P,07)  particles
(100-200 nm) in the form of the composite with rGO sheet (denoted as .
NMCMP/rGO), Fig. 17c. NMCMP is first prepared through the solution
combustion synthesis (using NasP,0;, Mn(NO3), * HyO, Co(NO3), *
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6 H,0 and NH4H,PO, as reactants) followed by heating at 600 ° C
(in Air for 6 h) and then it is dispersed with GO solution through the
ball milling and heated at 600 © C for 2 h (in Ar) to get the reduced
graphene oxide. Still, traces of impurity phases (less than 2 %) such as
Mn, 03, and NayMnP50;5 are detected in NMCMP/rGO. The additional
NaMnPO, phase is detected in NMMP/rGO with the total amount of
impurities less than 5 %. Mn2*/Mn3* oxidation/reduction process can
be evidenced within 3.6 - 4 V vs. Na* /Na for both Co-free and Co-doped
samples, while the additional redox process of Co?*/Co®* is recognized
at ~ 4.5 V (vs. Na*/Na) in CV of NMCMP/rGO (Fig. 17¢), and is
found to be faster than Mn redox process. Additionally, the partial Co
substitution on Mn sites 1) reduces the degree of octahedral distortion;
2) facilitates the Mn+/3+ redox reaction; 3) facilitates the A — B phase
transition during sodium deinsertion thus providing its completion and
reversibility (this transition is incomplete in the Co absence since both
A and B phases have been observed at 4.8 V vs, Na*/Na); 4) suppresses
the lattice distortion thus reducing the total volume change (5.7 % for
Co-doped structure vs. 7.0 % for Co-free structure); 5) decreases the
reaction resistance and 6) increases the sodium diffusion coefficient.
As a result, the higher specific capacity and better cyclic. stability of
NMCMP/rGO vs. NMMP/rGO are obtained, as illustrated in Fig. 17c.
The initial specific capacity of NMMP/rGO, measured in 1 M NaPFg in
EC/DEC, amounts to 74.7, 47, 31.9, 21.3 and .16.1 mAh g1 at 0.05,
0.1, 0.2, 0.5 and 1 C (1 C=130 mA g~1), while the corresponding
values of NMCMP/rGO are found to be 89.4, 75.9, 64.2, 48.3 and 34.2
mAh g1, respectively. The capacity retention, after 40 cycles, is found
to be 59.8-% (Co-free) and 76.8 % (with Co).

As in the case of NNPP, the future research concerning NMPP should
be: focused.on developing different synthesis/strategies of this material,
aimed at improving the specific capacity of this material and its cyclic
performance.

4, The role of binder in the polyanionic electrode performance

Apart from the synthesis of active powder, which tailors the material
properties, the electrode design can be critical for the electrochemical
performance as well. Typically, the electrode is made of the active ma-
terial, conductive additive and binder (attached to the Al current col-
lector), in an appropriate ratio, that should ensure its uniform disper-
sion at particle level, proper electrochemical wiring and the mechanical
stability upon long cycling (the prevention of the contact loss between
active particles and current collector during cycling). Although less at-
tention has been paid to the role of inactive components, the type and
amount -of binder could be pivotal in the final electrochemical proper-
ties,.especially at higher loadings [122]. Design of the polymer binder
has been attracting specific attention recently in the battery community.
Some researchers are concentrated on finding alternative and sustain-
able solutions to replace the conventional poly(vinylidene difluoride)
dissolved in N-methyl pyrrolidone, (PVdFNP) mostly focusing on the
aqueous electrode processing route which uses cheaper and environ-
mentally more friendly aqueous binders such as carboxymethyl cellulose
(CMQ), alginate, polyacrylic acid (PAA) and so on. These green alterna-
tive binders, enriched in COOH groups, offer advantages in terms of cost,
toxicity and conductivity of the electrode (the use of toxic, flammable
and expensive NMP would be avoided) [123], as well as simplicity
and rapidness of its preparation. Moreover, they are able to provide
better electrochemical properties of the electrode material, when com-
pared to PVAFNMP especially for the materials possessing large volume
changes during cycling such as silicon [124] Moreover, the carboxyl
methylcellulose/styrene-butadiene rubber CMC/SRN has already been
commercialized for graphite-based anode [122]. Still, the choice of the
binder is strongly influenced by the type of the material.

Regarding polyanionic compounds, PVAFNMF js usually used as
a binder while the focus is on development of synthesis strategies,
aimed at improving electrochemical properties. Still, other binders
such as CMC and PAA, dissolved in water (CMC,q and PAA,),
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turned out to be better solution than conventional PVdF [65,125,126].
Namely, improved rate capability and cycling stability of Nasicon
NagV,(PO,4),F5 (75 mAh g~! for CMC vs. 18 mAh g~* for PVdF at
70 C, with the retention of ~ 79 % vs. ~ 55 % over 3500 cycles at
30 C in 1 M NaClO4/EC+PEC + 5wt.% FEC, 1C=128 m.A g1 [126],
NagVy 0o (PO, )oF3.2,-rGO (108 mAh g for CMC vs, 103 mAh g~! at
0.1 C for PVdF), with the retention of 98 % over 250 cycles vs. 84 %
over 60 cycles at 0.1 C in 1 M NaClO,/PC + 2wt.% FEC, 1 C=130 mA
g~!) [125] and Na,FePO,F/C (66.8 mAh g~! vs. 25.1 imAh g-* at 4
C, with the retention of ~ 92 % vs. ~ 81 % over 200 cycles at 1C in
1 M NaClO,/PC + 2 wt.% FEC, 1 C=130 mA g~1) [65] were achieved
with the use of both CMC (10 wt.%) and PAA binders (10 wt.%) instead
of PVAF. These aqueous binders were found to i) accelerate the charge
transfer process during cycling; ii) facilitate Na* ion diffusion, iii) im-
prove the adhesion between active material and binder; iv') improve dis-
persity of active particles in electrode slurries and their in tegrity during
cycling, when compared to PVdF binder,

Besides, the development of binder-free flexible electrodes has at-
tracted attention in recent years [127]. Design of binder-free electrodes
by directly growing on different carbonaceous substrates {carbon cloth,
carbon paper, graphene, carbon nanofibers) has been considered as an
efficient strategy in providing outstanding rate performamnce and ultra-
long cycling. This type of electrodes enables the integration of active
material and current collector as a whole, thus avoiding the use of the
binder. This way, the closer connection of active particles and current
collector is achieved which reduces the contact resistance, thus facili-
tating the electron transfer. Thanks to the flexible nature of these elec-
trodes, flexibility of battery device can be achieved [127,128]. Differ-
ent binder-free polyanionic cathodes such as NaVPO,F/C@carbon fibers
[129], NayV,(PO4);@carbon nanofibers [130], NazV,(PO,4); @carbon
paper (NVP@CP) [131], Na3V,(PO4)3@carbon cloth [132], Nay,FeP, 0,
@ porous carbon cloth [133] Nay(VO),(PO,)F@graphene foam
[134] were made through the different template free and template-
assisted methods such as electrospinning method [127,130] and
impregnation-carbonization techniques assisted by freeze-drying [131],
sol-gel [132] and solvothermal process [134]. These electrodes deliver
high-rate performance over long cycling (up to 3000 cycles).

Most electrodes of examined mixed polyanion cathode are pre-
pared with PVAFNMP (5 % or 10 wt.%), as listed in Table §1,
while CMC,, is only used as a binder for the preparation of
Na4CO3(PO4)2(P207)—MWCNT [67] and Na4Ni3(PO4)2P207 [98]. Ac-
tually, Kumar et al [67,98] have used CMC since they have pre-
viously shown that CMC improved sodium storage properties of
sodium vanadium oxy-fluorophosphate [125]. Regarding the amount
of PVDF, 5 wt.% was mostly used for the preparation of NCPP
[68,69,109,110], while one study uses 10 % of PVAF thus main-
taining percent of conductive additive to 10 9%. Electrodes of
other polyanonic compounds including NFPP, NMPP and NNPP
[47,50,63,64,71,77,96,99,102,107,108,112,115-117,121] mostly con-
tain 10 wt.% of PVdF, while the amount of conductive additive is 20
or 10 wt.%. By surveying the Table 51, in terms of used binder, addi-
tive and active material ratio, it is difficult to conclude, with certainty,
whether the amount of binder influences the cycling stability, since dif-
ferent synthesis procedures and different electrolytes were also used. It
can be asstimed that 10 % of PVdF, used in the electrode of hollow Al-
doped Na,Co5(PO,);(P,07) microspheres [111], is favorable for such
a long cycling, over 8000 charge/discharge cycles, due to the stronger
bonding effect needed to maintain the active material-support contact.
Also, we can notice that the NFPP-based electrode containing 10 wt.%
of PVdF [112] shows higher capacity retention (97% over 100 cycles
at C/20) than the electrode with 5 wt.% of PVAF (90 % over 50 cy-
cles at 1 C) [114] in the common electrolyte (1 M NaClO4/PC+EC),
while the similar procedure for preparation of the active powder was
used. Still, it should be borne in mind that different current rates were
used, which can have an impact on anode polarization and conse-
quently on the capacity retention. On the other hand, no capacity fade
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Fig. 18. a) Schematic illustration of the synthesis process of binder-free NFPP@NFP@C-CC electrode and its b) charge/discharge profiles at 0.1 C rate, ¢) Rate

performance at different current rates and d) long-term cyclic stability at 20 C and 50 C for 3000 cycles obtained in a

(Reprinted with permission from ref, (119}, Copyright 2019, Elsevier).

observed over 3000 cycles for the Na4Fe3(PO4)2(P207)@NaFePO4 @c

(NFPP@NFP@QL-CC) [119], grown on a flexible carbon cloth (CC)
substrate (Fig. 18a-d), without the use of any binders and additives.
Among all examined mixed-polyanionic cathodes (Table §1), this elec-
trode actually shows the best sodium-storage capacity (Fig. 18a-d). It
is the consequence of avoiding the insulator behavior of the binder,
achieved through the sol-gel-based, dip-coating method. By growing the
NFPP@NFP particles on the pretreated carbon cloth consisting of carbon

fibers, the strong anchoring of active particles with the support can be -

achieved, thus enabling the easier electron transfer process between sup-
port and active material. This method, which implies in-situ preparation
of flexible binder-free NFPP@NFP@C-CC cathode (with the capacity of
136 mAh g~1@0.1 C, 97 mAh g7 1@10C and 68 mAh £71@100C) [119],
was shown to be more effective than the method for the preparation of
binder-free Na,FeP,0; electrode on porous carbon cloth [133] in terms
of simplicity, control of chemical composition and sodjum storage ca-
pability (95 mAh g~1@0.1 C, 68 mAh g l@10 Q).

- To summarize, the binder influence on the electrochemical proper-
ties of common Na,M, (P0O4)5(P,0,) electrode is stll not systematically
studied. Numerous studies are still needed to evaluate the best optimal
solutions,as.the most commercialization potential. The role of binder is
especially critical issue for higher loadings, required for the commercial
purpose. Of course, the selection of binder is in the strong correlation
with both material properties and the type of the electrolyte.

5. The influence of the electrolyte fbrmulation on pblyanioru’c
electrode performance

Besides materials’ properties, the nature of the electrolyte is the cru-
cial in tailoring the interface suitable for high-performance sodium-ion
batteries. Passerini et al. [25] have published recently a comprehensive
review related to the progress, status and perspective of electrolytes for
Na-ion rechargeable batteries. The most commonly used electrolytes are
carbonate-based liquid electrolytes composed of typical salts (NaClO,,
NaPFg, NaTFSI, NaFSI, NaBF,) dissolved in cyclic carbonates such as
propylene carbonate (PC) and ethylene carbonate (EC) orin their combi-
nation with any linear carbonates such as ethyl methyl carbonate (EMC),

263

1 M NaClO,/PC+FEC, (1 C=129 mA g

dimethy] carbonate (DMC) and diethﬂ carbonates (DEC). Besides, dif-
ferent ether-based, Ionic Liquids-based, aqueous, highly concentrated
and solid-state electrolytes have been examined.

5.1. Nonagueous organic electrolytes

An important aspect, regarding the role of the electrolyte in the final
sodium storage performance of a certain electrode material, is not only
related to the examined electrode interface, but also to the reactivity
of Na metal electrode (acting as a reference and/or counter electrode)
with the corresponding electrolyte. Sodium metal reacts with differ-
ent organic carbonate electrolytes (NaClO,/EC+DMC, NaPFg/EC+DMC,
NaClO,/PC and NaClO,/EC+DEC [1 12,135] to a varying extent, de-
pending on the type of solvent. This process is more pronounced if the
sodium half-cell is underwent to potentiodynamic cycling. However, the
fluoroethylene carbonate (FEC) additive was found to be an effective so-
lution for Na-ion batteries, which improves their performance, thus sup-
pressing undesired electrolyte decomposition.reactions at the Na metal
(or hard-carbon electrode) (136,137]. Still, positive, effect of FEC is not
always observed. [138,139]. . -

Electrolytes which are used for the examination of polyanionic
NMPP cathode are listed in Table S1. As can be seen, most common elec-
trolyte salts such as NaPF and NaClO, are dissolved in the solvent mix-
tures of PC+EC [77,97,112,114,140,141], EC+DMC [67,98,116,117),
EC+DEC [68,69,96,109,;110,121], PC+FEC [50,107,119], EC+PC+FEC
[99,108,1411 or EC+DEC+FEC [63,64,102,1111, By examining the
influence of two electrolytes (1 M NaClO4/EC+PC. and, 1..M
NaclO,/EC+DEC on the electrochemical performance of the common
Na//NFPP half-cell, Jang et al. [112] showed that 1 M NaClO,/EC+PC
is a more suitable, thus providing the high reversible capabity of 122
mAh g1 over 100 cycles, with a high coulombic efficiency of ~ 99 %.
Namely, EC+DEC-based electrolyte reacts with Na metal (as evidenced
by the color change of separator soaked by this electrolyte) thus forming
decomposition products (sodium alkyl carbonates and reactive organic
radical species), identified by 13C nuclear magnetic resonance (NMR)
spectroscopy. The products diffuse towards NFPP cathode thys accel-
erating the electrolyte decomposition at higher potentials, which leads
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Fig. 19. a) Schematic illustration of the decomposition process of DMC-containing electrolyte at the Na metal anode (dissolved by-products diffuse to the NFPP
cathode); the voltage profiles of NFPP, measured at C/20 C (1C=100mA g-))and 30 ° C, in b) 0.5 M NaClO,/EC+PC+DMC, c) 0.5 M NaClO, /EC+PC+EMC, d)

0.5 M NaClO,/EC+PC+EMC+TEC and ¢) 0.5 M NaClO,/EC+PC+DMC+FEC. Inse
Copyright 2016, Elsevier).

corresponding electrolyte (Reprinted with permission from ref. [141],

to the appearance of two additional plateaus in the charging curve of
Na/NFPP cell (Fig. 10a). This results in the cell overcharging, thus re-
ducing its coulombic efficiency and reversible capacity.

When any of the linear carbonates (DMC, EMC or DEC) is added
to the solvent mixture of EC+PC (at the expense of the PC frac-
tion), the sodium storage performance becomes disrupted [141], de-
spite the fact that the addition of low viscous linear carbonates im-
proves NaClO,/EC+PC ionic conductivity (following the order DEC,
EMC, DMC) and wettability of hydrophobic polyethylene (PE) separa-
tor (following the order DMC, EMC, DEC), Namely, these carbonate-
containing electrolytes undergo decomposition by reacting with the Na
anode, which is more pronounced during cycling. It is also confirmed
by 13¢ NMR spectroscopy of these electrolytes after their contact with
the Na metal anode (without any applied potentials). Specifically, DMC
undergoes irreversible decomposition at the Na metal anode thus form-
ing dissolved by-products (sodium alkyl carbonate and CHge radical)
which may diffuse to the NFPP cathode and further decompose at higher
potentials during Na/NFPP charging (Fig. 19a). This contributes to an
additional conveyed charge (Fig. 19b), which is not observed in the
case of Li/NFPP cell. Mentioned by-products are also identified upon
reaction of Na with EMC and DEC-based electrolytes, but the initial
charge excess is not observed (Fig. 19¢), due to the less pronounced
reactivity when compared to DMC. It is evidenced by different color in-
tensity of the separator, soaked by these linear carbonates-containing
electrolytes. More importantly, the electrolyte decomposition byprod-
ucts were not identified when the FEC additive was added in any of
DMC, EMC- and DEC-based electrolytes. FEC suppresses the reaction
between Na and electrolyte effectively, thus forming stable electrode
electrolyte interface (SEI) on the Na metal (Fig. 19d,e). As a result, the
Na//NaClQ,;/EC+PC+DMC+FEC//NFPP cell does not suffer overcharg-
ing ), while its coulombic efficiency is improved (from 91-98 % up
t0.99.3%). However, if compared to FEC-free cell, it displayed reduced
capacity, due to formation of thick NaF resistive layer on the cathode
surface, which acts as an additional barrier for Na ion diffusion. Since

ts shows the color change of the GFF separator before and after wetting with the

the amount of NaF, formed on the cathode upon cycling of the cell con-
taining DEC+FEC-based electrolyte, is small, this film does not present
diffusion barrier for Na ions in that cell. As a result, the capacity of the
Na/EC+PC+DEC//NFPP cell is not reduced upon FEC addition into elec-
trolyte. Its value is the highest among cells which use all three carbon-
ates (DMC+FEC, EMC+FEC and DEC+FEC) as electrolytic components
(90.5 mAh g~! without noticeable capacity loss over 300 cycles, while
the coulombic efficiency is 99.5 %).

Let’s discuss obtained electrochemical performance from the as-
pect of the electrolyte composition. If we compare the experi-
mental results, obtained by Jang’s and Lee’s groups (Fig. 5¢ in
[112] and Fig. 2b in ref [141]), the first overcharging of Na//1 M
NaClO,/EC+DEC+PC//NFPP is not observed, while it happens in the
of Na/1 M NaClO,/EC+DEC/NFPP cell. One can conclude that either
PG slows down the reaction between DEC and Na metal, or such differ-
ence is simply governed by specific material properties. On the other
hand, we can notice that the decomposition of DMC is not observed
at Na metal [117], during cycling of half-cell using NFPP film and 1M
NaClO,/EC+DMC electrolyte, since the capacity is quite stable over 500
cycles. If we compare this behavior with Lee’s results [141].on decom-
posing DMC component in the mixture of EC+PC and if we consider
this difference from the aspect of the electrolyte, one can assume that
PC accelerates DMC decomposition. However, the other reason for such
difference could lie in different NFPP electrode engineering applied in
references [141] and [117]. Therefore, the main question which arises
here is related to the role of PC and/or material properties on the de-
composition rate of linear carbonates at the sodium metal surface. This
issue remains the subject matter for further researches.

The fact that the choice of the electrolyte determines the sodium
storage performance of polyanionic cathode is clearly demonstrated by
Kumar et al. [67], who showed different CV behavior for the common
NCPP electrode (containing CMC binder) if measured in 1 M NaPFg in
EC:DMC and if measured in 1 M NaClO,/PC+FEC. Since FEC addition in
PC can be favorable for sodium storage performance [119], the reason
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for poorer performance of NCPP electrode (671, in 1 M NaClO,/PC+FEC
can be attributed to the "bad combination” of CMC and FEC binder
[139]. Their synergy can cause an additional resistive layer on the Na
metal thus increasing the cell polarization resistance. At the cathode
side, the oxidation of Al in PC+FEC-based electrolyte could be more in-
tensive within the used potential interval (from 4 to 4.8 V vs. Na), since
this electrolyte may start to decompose at 3.8 V vs. Na on the Al foil
{136] (the interval stability up to 4.8 V is shown for Pt current collec-
tor). Additional reason could be in the Al corrosion due to increased pH
value of the CMC-based slurry. Unlike NaPFg-based electrolyte, NaClO,-
based electrolyte does not contain fluorine which can passivate the cur-
rent collector [142].

Beside the most common, carbonate-based organic electrolytes, ionic
liquids (ILs) and concentrated electrolytes with organic solvents are
also used for examining mixed polyanionic cathode [140]. By com-
paring-the electrochemical behavior of NNPP in NaTFSI-Py, 3FSI with
that in NaPFs/EC+DEC (1:1), Passerini at al [96] found an improved
sodium storage in ILs-based electrolyte (63 mAh g~! vs, 40 mAh g,
Also, a wider potential window was provided with ILs- (3-5.1 V vs.
Na*/Na) than with standard, carbonated-based electrolyte (3-4.9 V vs.
Nat/Na), which is erucial for high-voltage material such as NNPP. Fur-
thermore, the use of ultraconcentrated electrolyte (5 M) composed of
sodjum bis (fluorosulfonyl)imide in 1,2 dimethoxyethane (NaFSI-DME)
shows good compatibility with NFPP, without corrosion of Al collec-
tor [140]. This highly concentrated electrolyte (conductivity of 0,584 S
em™!) provides a high oxidation stability of Al collector (up to ~ 5 V vs,
Na*/Na), reversible Na plating/stripping and low decomposition rate at
Na metal, As a result, the high and stable redox behavior of Na//NaFSI-
DME//NEPP cell was observed during 300 charging/discharging cycles.
By comparing the sodium storage performance of NFPP in 5 M NaFSI-
DME with that in typical 1M NaPFg/EC+PC electrolyte, the improved
behavior in first case was observed. Actually, the slightly higher initial
capacity (116.2 vs. 111.4 mAh g-1) and more noticeable improvement
of the capacity efficiency (~ 99 vs, ~ 96 %) and capacity retention (~ 94
Vs, «v 85 %) upon 300 cycles, was observed in the case of concentrated
NaFSI-DME electrolyte,

Although the conventional liquid-based electrolytes provide high-
rate performance of metal-ion batteries, their use bears potential envi-
ronmental risk mostly caused by flammable and volatile nature of the
organic solvent. In this context, two types of safer and reliable alterna-
tive batteries, which use aqueous or solid-state electrolytes, have drawn
attention.

5.2, Aqueous electrolytes

Apart from safety issues, aqueous electrolytes offer the higher ionic
conductivity, lower price and simple manufacture process in compar-
ison to the organic electrolyte. By comparing NFPP behavior in an or-
ganic solution (1 M NaClO, in EC:PC) and in 1 M Na, SO, in H,0 [114],
both higher capacity and better cyclic stability were observed in organic
electrolyte. As we have already mentioned, the side reactions with wa-
ter result in the capacity fade during cycling. So, the development of
various strategies including particles coating procedures are needed to
prevent the capacity fade and improve the capacity itself,

Generally, the main drawback and at the same time the main chal-
lenge with aqueous electrolyte is the lower voltage window limited by
the electrolytic decomposition of water. By using highly concentrated
salts in appropriate solvents, the potential window of aqueous solution
could be extended up to 4 V [143], which opened a new door for fu-
ture research directions in the field of aqueous rechargeable batteries.
Lee at al [115] showed that the use of highly concentrated NaClo,
(17 M), instead of 1 M NaClO,4 aqueous solution, resulted in shifting
of the OER onset potential towards more positive potentials (from 4
to 4.4 V vs. Na*/Na) and HER onset potential toward more negative
value (from 2.3 to 1.7 V vs. Nat/Na). As a result, a wider potential re-
gion of 2.7 V was obtained in 17 M NaClO,. By comparing the sodium
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performance of NFPP in different aqueous electrolytes, such as 17 M
NaClO,, 1 M NaClO, and 9.26 M NaCF,S0, (in the form of full cell
with NaTi,(PO,);), the capacity retention after 200 cycles was found
to be improved significantly in concentrated aqueous solution (75, 18
and 63 % for 17 M NaClO,, 1 M NaClO, and 9.26 M NaCF350,, re-
spectively). Besides, the coulombic efficiency of NFPP-based cell after
200 cycles is significantly higher in 17 M NaClQ, (~ 99%) than in 1 M
NaClO, (~ 68 %), while the similar values are obtained between 17 M
NaClO,/H,0 and NaCF;S04/H,0.

Taking into account the possibility of broadening a potential window
of aqueous electrolyte as well as the fact that the strategies for the high
and stable capacitive performance are successfully developed for aque-
ous rechargeable batteries, further developments of this specific family
of polyanionic compounds for aqueous rechargeable Na~ion batteries are
worthy of investigations and remain a challenge.

5.3. Solid-state electrolytes

Solid-state electrolytes present potential solution to mitigate safety
issues of conventional liquid electrolytes (mostly related to flammabil-
ity and leakage of the electrolyte),. thus allowing a high thermal sta-
bility, wider electrochemical stability window (> 5 V), longer life cy-
cle and excellent mechanical/flexible properties. Besides, they. simplify
the cell-assembly process in terms of avoiding the separator. wetting
procedure by the electrolyte. On the other hand, there are big chal-
lenges regarding lower ionic conductivity, at a room temperature, when
compared to liquid electrolytes, as well as the issues of controlling
electrode/electrolyte interface and engineering processes [25]. Gener-
ally, solid-state electrolytes can be classified into conductive inorganic
ceramic/glass-ceramic electrolytes, solid polymer electrolytes (SPEs)
and their composite/hybrid versions. There are two types of inorganic
solid electrolytes (ISEs): sulphide- (NagPS,, Na3SbS, Na,S-SiS,, Na,S-
GeS,) and oxide-based organic electrolytes (#-Alumina electrolyte, Na-
sicon), while solid polymer electrolytes (SPEs) can be roughly divided
into gel polymer and solvent-free solid polymer electrolytes [25,144],

# -Alumina electrolyte was the first fast ion conductor used in Na-§
and Na-metal chloride batteries [144], while the main focus is currently
on alternative sodium super ionic conductors such as NASICON with a
general formula Na, . +y+zMxMy My _,  5i,R3, 0,5, where M is replaced
by divalent, trivalent or tetravalent cations, while R can be Si or As
[144). L
Let’s consider some developments of polyanionic structures for solid-
state batteries. The first works on the use of Nasicon (NagZr,5i, PO, ,)
as the solid electrolyte for both room and mid-high temperature
sodium batteries were performed using polyanionic NagV,(PO,); cath-
ode [145,146]. The ionic conductivity of Nasicon Na3Zr,Si,PO,, was
found to be ~ 9.4x10~4 S em~! at a room temperature [145], while
its value at 200 ° C amounted to ~ 1.5%x10~3 S cm~! [146]. The
initial capacity of NagV,(PO,); (NVP), in the form of symmetrical
NVP/Nasicon/NVP battery cycled at a room temperature within 0.01-
1.9V, was 80 % of the discharge capacity (68 mAh g~1@1.2 4A cm~2)
obtained for the symmetrical liquid NVP/NaClO4-PC/NVP cell [145].
It was ~ 58 % of NVP theoretical capacity (117 mAh g~1). However,
deep capacity decay was obtained within the first five cycles. The im-
proved rate capability of this symmetrical solid-state sodium cell, was
obtained under higher temperature of 200 ° C [146]. Actually, when
the NVP/NayZr, Si, PO, 5 /cell operates at C/10 (97 uA cm™2) under 200
© G, its initial capacity could reach ~ 85 % of the NVP theoretical value.
The capacity of ~ 50 mAh g~! was evidenced at C/2, showing a gradual
decline over 20 cycles. Afterwards _ different polyanionic Na3V,(PO,);,
NaTi,(POy4)3, Nag(VOPO,),F, NaFePO, cathodes were examined in the
combination with both organic and polymer solid electrolytes [147-
149]. Different solid polymer-based electrolytes are summarized in the
paper of Qiao et al [149]. By combining NVP as the cathode with Na/C
as metal anode and NaFSI-based solid polymer (PEO) as the electrolyte,
Zhao et al. [150] constructed full solid-state cell which at 80 ° C dis-
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plays the high capacity (~ 111 mAh g~! at 0.1 C and 92 mAh glat2c
where 1 Cis 117 mA g-1) and ultrahigh capacity retention (92 % after
200 cycles and over 80 % after 5000 cycles) for a relatively large mass
loading of 6-8 mg em2 [150].

Generally, ISEs offer advantages over SPEs in terms of higher ionic
conductivity (10°* § em™! vs. 1075 § em-1), higher cation trans-
ference number (~ 1 vs. ~ 0.2-0.4), higher resistance to the shocks
and vibrations, and wider electrochemical potential window, while
they are too hard and brittle unlike highly flexible and lightweight
SPEs. Their hybridization in terms of making an ion-conducting ce-
ramic/polymer composite is an effective way to afford advantages of
both individual components, Kim al. [151] proposed the use of such
NASICON-based composite hybrid solid electrolyte (HSE), composed
of NASICON ceramic powder (70wt.%), a poly (vinylidene fluoride—
hexafluoropropylene) (PVdF HFP) and ether-based electrolyte such as 1
M sodium triflate (NaCF3503)/TEGDME liquid electrolyte, for sodium
battery (C/NaFePO,). The initial specific capacity of NaFePO, in this
half-cell amounted to 131 mAh g1 at a 0.2 C rate, while the full cell
arrangement with carbon anode, displayed 120, 103 and 75.4 mAh
g™ at rates 0.2, 0.5 and 1 C, respectively. The average voltage of this
full HG/HSE/NaFePO, cell was 2.6 V, while the capacity retention was
found to.be 96 9% after 200 cycles,

- Although various aforementioned polyanionic structures have been
examined for solid-state batteries, according to the best of our
knowledge, there is no attempt of examining interface between
Na,M3(P0,),(P,0,) electrode and solid electrolyte interface. So, there
is much space for studies of NayM3(P0,4)5(P,0,)electrochemical prop-
erties, using various solid-state electrolytes, especially polymer-based
ones which are successfully used for other polyanion compounds.
Surely, it will define one of the future directions and, at the same time,
present a great challenge in the field of the future energy storage,

6. Conclusions, challenges and opportunities for moving forward
6.1. The crucial issues

The sodiation/desodiation performance of NayM3(P0,4),(P,0,),
experienced  large  advancement  since 2013,  especially
Na,Fe3(PO,4),(P,0,) one. Nevertheless, there are still lots of vague and
unclarified issues, crucial for the "commercial design” of this material.
Herein, we would like to summarize contradictions appearing in the
literature and some unexplored segments, as the challenges for further
research directed to the improvement sodium interfacial processes.

First, the issue of the full capacity upon deinsertion/insertion of Na*
fons has not been entirely addressed, Different values of theoretical ca-
pacity have been reported, based on the transfer of three or four Na
ions. Some authors regarded that the extraction of the fourth Na ion
from Na,Co3(P0O,),(P,0,) can only occur above 4.8 V vs. Na*/Na, but
the question remains whether it is followed by Co3+-Co** transition or
the lattice oxygen oxidation. Otherwise, the partial extraction of all four
Na ions may occur during redox process within the 4.1-4.7 V voltage in-
terval. Furthermore, Kim et al. [47] highlighted that the theoretical ca-
pacity of Na,Fe;(P0,),(P,0,) should be 129 mAh g~! (3 Na*) instead
of 170 mAh g~! (4 Na‘), due to the pillar role of the remaining Na ion.
This is in line with the three Fe ions in -+2 oxidation state. Guided by
Kim’s studies, most authors have adopted theoretical capacity includ-
ing three Na ion transfers, not only for Fe but also for Mn and Ni-based
mixed phosphates. Regarding the structural characterization, we have
also noticed some inconsistencies in the interpretation of Infrared and
Raman spectra i.e. in the assignation of vibrational modes (as displayed
in the section 2.1). Although the interpretation of Infrared spectra is
difficult due to overlap of certain vibrational modes, we believe that an
appropriate commitment can clarify some issues.

The next crucial issue is related to the determination of the
Na* reaction path through the solid channel structure during charg-
ing/discharging procedure. The reported sequences of Na extraction are
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not unambiguous, which is probably the consequence of distinctive ex-
perimental and theoretical approaches. Further observations, relying on
combined experimental and theoretical studies, still reqquire more atten-
tion, in order to match the final outputs, or, at least, 1o explain causes
of discrepancies. Nevertheless, there are general conclusions about the
low activation barrier for diffusion of all Na jons through the polyan-
ionic framework, especially for fons with a fewer coorclination number,
which are assumed to leave the solid skeleton first.

Let us also shed more light on the importance of the synthesis pro-
cedure and the lack of explanation concerning the synthesis conditions
and their influence to the final composition of polanionic powder. Aque-
ous solutions of different salts such as oxalates, nitrates, acetates ete
were generally used as the source of transition metals, while Na,P,0,
or NaH,PO, were mainly used as Na and P source. One can notice
some differences between reactants acting as a phosph.orous source, [n
some syntheses, both Na,P,0, and NaH;PO, (or NaH_,PO,) reactants,
in the amount corresponding to the targeted stochiometric composition,
were used as the source of phosphorus (usually in the solid-state proce-
dures), while some other procedures (for instance solution-based syn-
thesis such as sol-gel one) used phosphate salts exclusively, The see-
ond case implies the. thermal phosphate to pyrophosphate conversion,
However, there is no general explanation as to why the phosphate de-
composition is actually prevented under certain syntheesis conditions
and how PO, ~P,0; thermal conversion can be adjusted/controlled
to avoid the excess of phosphate or pyrophosphate phase, Formation of
an additional phase (NaFePO,, Na,FeP;0;...), in numerous synthesis of
Na,M;3(P0O4)3(P;0), is practically inevitable (Table S1). The amount of
mixed polyanionic phase, in the synthesized sample, as well as the type
and amount of the secondary phase strongly depend on the synthesis
conditions. For instance, the NFPP can be prepared by the solid-state
reaction method, but only with the assistance of ball-milling. Also, the
quenching of the sample can increase the content of the desired phase in
the sample, but it deteriorates its structural and electrochemical prop-
erties. Notably, the temperature strongly controls the chemical compo-
sition. Furthermore, the amount of sodium should be controlled since
it may determine the phase composition. On the other hand, the tem-
plate method offers the possibility of obtaining the pure NFPP phase
with an impressive ultra-fast rate capability. To summarize, optimiza-
tion/tailoring of synthesis conditions, aimed at getting pure phase, still
requires more attention.

Lastly, the achievement of high sodium storage properties of polyan-
ionic compounds, which is closely related to the previous discussion, is
of the crucial importance. The NFPP was shown to be the mostly in-
vestigated polyanionic cathode material, with the best performance, lts
sodium storage performance has been gradually improving (Table S1),
as the synthesis methods evolved over time, from the simple toward
more complex procedures, The high and stable capacity of this com-
pound, obtained by the solid-state reaction method, can be achieved at
a lower current rate (128 mAh g1, 1C =120 mAh g™1), while its rate
capability was limited to 1 C (and barely to 10 C when too low capacity
was measured). The sol-gel synthesis procedure enables the rate capa-
bility to extend from 10 C to 50 C, whereas NFPP gradually improves
columbic capacity with the progress of sol-gel procedure, thus deliver-
ing the value of 78 mAh g-! at 10 C [50], 85 mAh g~! at 10 C, 78 mAh
g™ at 20 C [107] and ~ 80 mA h g~ at 20 C [99] up to 97 mAh g-!
at 10 C [119]. Finally, the ultra-fast sodium storage properties (up to
200 C) have been achieved by the means of novel template [63] and
ultra-spray methods [102], which provide the capacity of 79 mAh g-!
at 100 C or 35 mAh g-1 at 200 C, along with the long-term cyclability
over 4000-6000 cycles.

On the other hand, such outstanding rate properties still remain a
great challenge for Co, Ni and Mn-based compounds. Namely, the ca-
pacity of these compounds is generally lower than that of NFPP, es-
pecially at high current rates and upon long-term cycling. One of the
reasons is the occurrence of different sodiation/desodiation redox po-
tentials, depending on the type of transition metal. Namely, the average



A, Gezovié, M.J. Vujkovié, M. Milovi€ et al.

sodium redox potentials of Na;M;3(P0,),(P,0,) are found to be ~ 3.2V
(Fe), ~ 3.8 V(Mn), ~ 4.5V (Co), ~ 4.8 V (Ni). The lowest redox poten-
tial implies less change of free Gibs energy upon charging/discharging,
which can lead to better structural stability. In addition to that, the so-
diation/desodiation redox process of NFPP was found to be imperfect
single-phase reaction, while the several biphasic transitions character-
ized the redox switching of Co, Ni, Mn-based compounds. Otherwise,
the higher thermal stability of NCPP, NNPP and NMPP than NFPP,
could provide the high crystallinity, favorable for the prolonged cy-
cling stability. Anyhow, the novel synthesis/strategies of high-voltage
polyanionic compounds (Co, Ni and Mn), aimed at improving capac-
ity/stability, need to be developed. A lack of developed synthesis meth-
ods of Co, Ni and Mn-based compounds can be identified as a critical
issue in overcoming inferior properties. Unlike NFPP which is synthe-
sized by versatile synthesis procedures, only few methods, for Co, Ni
and Mn-based compounds, have been reported so far. Namely, the sol-
gel and ultra-spray-pyrolysis are used for the synthesis of NCPP, while
the NNPP have been developed by the sol-gel and solid-state methods,
The discharge capacity of NCPP at lower currents is below the theoreti-
cal one, amounting to ~ 100 mAh g-! at 0.2 C, where 1 C=170 mAh g-!
(Table S1). Its maximum rate capability is found at 20 G, with the cor-
responding coulombic capacity of 80 mA h g~1. If someone replaces the
certain fraction of Co with Al, the modified material will deliver higher
rate capability (73.4 mAh g~! at 50 C). Further, the NNPP in the form of
composite with carbon, delivers even lower capacity, amounting to ~ 74
mAh g1 at 0.1 C (1 C =127 mA g-1), with a very poor cyclic stability.
Its capacity at higher currents has not been reported, while the oxygen
release upon redox reaction is the major obstacle that needs to be over-
come in the future, The solid-state, spray drying and gel-combustion
methods were used for the synthesis of NMPP, whereas the dual strat-
egy, including carbon coating and Co doping, is shown as an effective
way to improve kinetics of the electrochemical reaction. The theoreti-
cal capacity of this Mn-based compound is withdrawn at low currents
rates of 1 C (1 C=130 mAh g~1), while the maximum reported current
rate is 10 € with the corresponding capacity of 41 mAh g~!. Regarding
NMPP, a great progress is made in terms of improving its electrochem-
ical properties with respect to other Mn-based compounds, without the
negative impact of the Jahn-Teller Distortion. Although NMPP shows
significantly lower capacity than NFPP, observation that the diffusion
barrier for Na ion decreases upen P,0, distortion, at the final stage of
charging (for Nal-Na4 pathway from 560 meV to 306 meV), appears
encouraging. The same distortion in NFPP crystal lattice causes the nar-
rowing of its Na diffusion channels thus leading to the significant in-
crease of the activation energy for Na motion (it became even higher
than 500 eV) and pronounced polarization (at the highest potentials) in
the charge/discharge curves.

One should bear in mind that Fe and Mn are the most attractive com-
ponents, from the sustainable and economic point of view, Accordingly,
the research on Mn-based compounds, aimed at reaching/overcoming
Fe-based compounds, seems to be the most challenging and promising in
the future. Besides, Na,M, (PO4),(P,0;) type of polyanionic compound
is found to be functional as cathode material, in various full battery cell
configurations with the hard carbon as anode material (section 6.3). The
best capacity can reach the value of 100 mAh g~! (based on the cath-
ode mass). One can conclude that two-electrode cell arrangement still
requires a lot of attention in terms of improving electrochemical per-
formance, in order for this class of materials to penetrate the battery
market,

In addition to the structure and synthesis, the choice of the elec-
trolyte is of the vital importance for the capacity and especially its reten-
tion. As elaborated above, its nature influences the interface properties
and various interfacial processes related to decomposition of solvent
components, additive and degradation of the active material as well,
which further determine the sodium storage performance. By screening
the table S1, one can notice that the performance of NFPP electrodes,
which can withstand a large number of cycles in carbonate-based elec-
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trolytes (more than 3000 cycles) refers to the electrolyte containing FEC
additive. Actually, when the material’s properties are adjusted via syn-
thesis to enable high-rate performance, it seems that the presence of FEC
is favorable for long-term cyclic stability. However, it also depends on
the type of binder and solvent mixture. For example, the positive effects
of FEC to the performance are not evidenced with CMC binder (as ex-
plained above) [139] and with highly concentrated N aFSI-DME [140].
Regarding other types of this new class of polyanionic structures (NCPP,
NNPP and NMPP), rational synthesis methods, strategies and electrolyte
formulations should be further developed to adjust the: interface for the
advanced battery performance of these structures.

6.2. Effective strategies to improve the kinetics of polyanionic cathode

In the NayM;(PO,),(P,0,) structure, the MOg octahedra are linked
with (PO4)*~ groups to form layers in the bc plane, which are bridged
along the a-axis by (P,0,)%" groups (Fig. 3), thus forming 3D diffu-
sion channels. Such opened 3D framework allows diffusion of Na ions
along all three directions, offering an advantage over other polyanions
which enable the Na ion diffusion through 1D channel (NaFePOQ,) or
2D channels (Na,FePO,F). To achieve the fast-redox reaction, the rapid
transport of electrons, that encounter Na ions within the framework,
should be provided as well, The anchoring of the NaM;(PO,),(P,0,)
nanoparticles with conductive matrix of large specific surface area (1D,
2D, and 3D) can result in creation of 3D interconnected porous condue-
tive framework and enhancement of the contact electrode/electrolyte
area. So, this is an effective strategy to facilitate both electron and ionic¢
wiring of NaM;(PO,),(P,0,) particles, and boost kinetics of the mixed
polyanionic cathode. There are several strategic approaches:

i) Embedding of mixed polyanionic nanoparticles into 3D in-
terconnected carbon network, which provides thin and “uni-
form carbon layer (with a few nm) around active particles
[50,63,77,96,97,99]. The carbon coating prevents the growth
of NayM;3(PO,),(P,0;) particles during the synthesis procedure,
thus providing reduced dimensions which shorten the path of
electrons and ions. One can see, from the Table S1, that sub-
micron/micron NCPP and NNPP particles (> 200 nm) are usu-
ally obtained. So, reduction of Co- and Ni-based polyanions ma-
terials to nano-dimensions (below 200 nm), through different
approaches including carbon coating, should be one of the fu-
ture directions towards improved properties. On the other hand,
the reduced dimension of Fe- and Mn-based particles (especially
NFPP), from 30 to 200 nm, have been synthesized. These nan-
odimensions of NFPP particles, coated by thin and homogeneous
2 - 3 nm carbon layer, provide an excellent performance [63).
Despite producing NMPP particles with the size of ~ 100 nm,
achievement of the high rate performance and long capacity re-
tention remains a challenge.

ii} Carbon nanotubes wrapping of micro/nano spheres and growth
of active particles on multi-walled carbon nanotubes (MWCNTs)
[64,67,108,111]. Tang at al. [108,111] have prepared carbon
nanotube (CNT)-modified Na,Mn;Co(P0,),(P,0,) (NM,CPP/C-
CNTs) and Al-doped Na,Co3(PO4),(P,0;) (Al-NCPP/CNT) mi-
crospheres with hollow structure, by using spray drying methods.
These hollow microspheres (composed of nanoparticles), with
shell thickness of ~ 465 nm, can allow large reaction area and
fast mass transfer, thus shortening Na* diffusion distance. More-
over, they are able to accommodate the large volume changes
during charge/discharge which is crucial for long-term cycling.
Benefits of highly conductive surface CNTs are indicated in the
subsection 3.4.2. As a result, AILNCPP/CNT hollow structure is
capable of delivering not only the high capacity and rate ca-
pability, but also exceptional cycling stability over 8000 cy-
cles (for the small electrode loadings of 1.3 mg cm™2), When
compared to other carbon-coated polyanionic hollow spheres
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(NazFePO4F/C, NazMnPO4F/C, N‘a3V2(1’04)3/C) [1 52~1 54], the
Al-NCPP/CNT hollow structure possesses higher rate capability
and longer cycling life. By growing NFPP particles on MWCNTs
[64], the high rate capability and an excellent capacity retention
of NFPP/MWCNTs composite was also achieved.

3D decorating of mixed-polyanions particles with conductive
graphene network, which is able to prevent the aggregation of
nanoparticles [102,121], Namely, the encapsulation of mixed
polyanion particles into 3D network of graphene sheets was
found to enhance the electronic wiring and supply the electrode
with many nanovoids for Na* diffusion. Such unique structure is
able to accommodate large volume changes during cycling and
deliver theoretical capacity, the outstanding rate capability and
ultralong cycling life (up to 200 C and over 6000 cycles) [102],
carbon coating of nanoparticles+embedding of polyanionic
nanoparticles into cross-linked porous graphene network
*[98,107]; 3D porous ¢onductive network, composed of in-situ
formed amorphous carbon layer and cross-linked graphene
sheets, 'festricts the  aggregation of polyanioni¢ nanoparticles,
increases electrode/electrolyte contact area and improvés -elec-
tron transport and dispersity of eléctrode particles. Such unique
NPFC@AC-rGO structure [107] exhibits an excellent sodium
storage performance,’ especially at the high rate of 20 C and the
low temperat:ure of - 15 °C

iif)

iv)

Synergy of amorphous carbon wnth CNTs [108] and graphene sheets
[107] in.the mixed polyanionjc composite, is ,consldered to, improve
the electrochemical properties. Still, the sodium storage performance of
published :3D hierarchical micro/nano phosphate structures (the capac-
ity, rate.capability and capacity retention) are inferior when compared
to the performance of carbon-coated NayV,(PO,4)5 (NVP/C) [155]. Car-
bon framework of NVP/C consists of graphene-like coating layers and
interconnected nanofibers. Therefore, there is still considerable room for
further, improvements of existing 3D conductive mixed polyanion struc-
tures. One approach should be directed to the carbon surface chemistry
and its tailoring through the heteroatoms (N, S...) doping, which facili-
tates the charge transfer process. o
6.3. Comparison with other polyanionic structires

Representative properties of different polyanionic-type materials
are presented in the Table S2 (Supp.Data) in order to compare their
electrochemical behavior with mixed-polyanionic compound. Although
the comparison between different polyanionic structures is inappro-
priate, since the electrochemical performance varies depending on
the used synthesis method or the type of the elecu-olyte, some ad-
vantages/disadvantages can be derived, as listed 'in the paper of Jin
et al. [87]. Besides operatmg voltage (Fig. 2), the main advantage of
3D mlxed polyamomc framework over other polyanionic structures,
(w1t.h a common transition metal M) such as phosphates (olivine and
maricite NaMPO,), fluorophosphates (Na,MPO,4F) and pyrophosphates
(NazMP207), is in term of the rate capability. Alﬂlough the ‘capacity
of mixed phosphate-pyrophosphate structure, at lower current rates,
can be slightly lower or comparable with the capacity of individual
phosphates and pyroposphates, its values are usually higher at higher
currents (Table $2). Let's compare some binder-free polyanionic cath-
odes. We can see that the capacity of the binder-free NFPP@NFP@C-
CC electrode in 1 M NaClO,,PC+ 5%FEC (136 mAh g™ at 0.1 C, 1
C=129 mA g~1) [119] is lower than the capacity of binder-free maricite
NaFePO,@C (NFP@C) in 1 M NaClO,4/PC+5%FEC [156], at slow cur-
rent rates (145 mAh g~! at 0.2 C, 1 C=154.mA g™!), while their values
are comparable at high current rates (97 mAh g1 at 10 C, 1 C=129
mA g-! and 84 at 10 C, 1 G=154 mA g~', respectively). However,
NFPP@NFP@C-CC can withstand current rates up to 100 C [119], while
the maximal reported current rate of NFP@C is 50 C [156]. Further-
more, the NFPP@NFP@C-CC capacity, at all current rates, is higher than
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the capacity values measured for free-standing pyrophosphates, which
amount to 95 mAh g~ at 0.1 C and 68 mAh g~! at 10 C (1 C=97 mA
&-1). On the other hand, the improved capacity of NFPP@NFP@C-CC,
at ultrahigh current rates ranging from 10-200 C (68 mAh g~ at 100 C,
1 C=129 mA g~'), remains the challenge when compared to the free-
standing NayV,(PO4)3 @C-CC (NVP@C-CC) electrode [132] (96.8 mAh
g~) at 100 C or 69.9 mAh g™! at 200 C, 1 C=117 mA g~1). Still, their
capacities are comparable at lower current rates. The operating voltage
of NFPP is slightly lower than that of NVP (3.2 V vs. 3.4 V), while the
operating potential of NVP is lower than the potential of Mn, Co and
Ni-based mixed polyanions.

If we compare NayzM3(PO,),(P,0;) (M= Fe) with vanadiwn based-
fluorophosphate Nag(VO, PO4)2F, 5, (mostly NazVy(P0,),05F;,
NagVy(PO4),F3) [157,158], the lower operating potential will
be observed for Fe and Mn-based polyanions, while Co and Ni-
based mixed compounds would have a higher voltage. Besides, the
NayM;(PO,),P,0, matches fluorophosphates (based on material level
in half-cell) in terms of the capacity and rate capability [157], but
achievement of energy performance, as those of NagV, (PO, Fy/C
based prototypecell is still a challenge [157-159). ‘Still, Pe-based
mixed polyanionic material offers an advantage in terms of the 'price
and toxicity, while the high cost and toxicity of both V- and Co- based
phiosphates present the obstacle. Besides, there are high requiréments
for the synthesis equipment of the vanadium-based fluorophosphates
[87]. On'the other hand; the difficult control of the NFPP synthesis
conditions, which is strongly related to an insufficient understanding
of the reaction processes, is recognized as oné of the critical issues.

Furthermore, Na-based silicate polyanion materials are also consid-
ered as the potential cathodes for SIBs [87] due to the high theoretical
capacity when extracting two Na ions per unit formula (276 mAh g
for NayFeSi0,), thermal stability, low cost and high abundance of ele-
ments (the Na,FeSiOy is the cheapest compound due to abundant Na-
Fe-Si resources). However, these compounds have low electronic con-
ductivity, which causes-difficult extraction of the second Na ion (occur-
ring above 4 V vs. Na*/Na) [160]. When compared with silicates, mixed
NaiM3(P0,4),5(P,0;) compounds possess lower theoretical capacity, but
higher voltage, while the eco-aspect of NayM3(PO,),(P,0;) depends on
the'metal (Fe and Mn provide cheap and eco-friendly material unlike Co
and Ni). Although Na-silicates possess high theoretical capacity (based
on two Na ions followed by two ‘electron process of Fe?*/Fe** redox
pair), its utilization is usuaily limited-due to difficult deinsertion of the
second Na. Besides, it.is a matter of the structural stability. when two
Na ions are extracted. In that case, advantage of the higher capacity
over mixed polyanions would be annulled. On the other hand, mixed
NayM3(PO,),(P,07) could offer not only higher operating potential but
also higher cycling and rate capability (Table S1 and Table S2). Diffi-
culties in obtaining a phase pure matenal is typical for bot.h 5111cate and
mlxed polyamon matenals L :

6.4. ‘Full cell conﬁguratwns

Survey of constructed two- electrode full cells containing mixed
polyanionic cathode and suitable ‘anode is given in the Table $3. As
we can see, different structures such as hard carbon (HC), Li,Ti;0;3,
NaTi,(PO})s; (PPy)-coated Fe3O4 and CHC werg employed as anodes
thus providing cells with different operating voltages and - capacities.
Regarding mixed-polyanionic cathode materials, the most reported cells
include NFPP and NCPP structures, while only one cell is reported for
NMPP. This clearly indicates that practical development of this ¢class of
polyanionic materials as cathode are in the infancy thus leaving a lot of
space for further progress and improvement. The comparison between
listed full Na-ion cells is difficult since the electrochemical parameters
are calculated differently (based on cathode mass; based on anode mass
or based on both anode and cathode masses). However, several common
issues can be noticed. First, the specific capacity of mixed-polyanionic
cathode and its retention upon cycling, in full-cell arrangement, is lower
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than in the half-cell configuration, using Na anode (comparison with
Table S1), thus indicating incomplete possible utilization of this com-
pound. The reason lies in the insufficient sodium storage performance
of anode materials to match cathode performance, compatibility issues
between electrodes and/or two-electrode cell construction. Second, the
first irreversible capacity loss is typical for all assembled Na-ion full cells
(Table §3), which can be attributed mostly to the formation of SEI layer
on the anode surface. This irreversible capacity loss is between 20 - 40
% (Qgischarge’/Qcharge) depending on the cell and applied current, while
it is significantly reduced (5 - 10 %) when the anode is previously cycled
in Na-full cell, which results in good coulombic efficiency (expressed as
the discharge to charge capacity ratio) during further cycling.

The irreversible capacity loss is also evidenced for some other
full Na-ion cells containing polyanionic cathodes [65,125] . Deng
at al [65} showed that the . initial coulombic efficiency of the
Na,yFePO,F-based cathode, calculated as the ratio of charge (deinser-
tion) and discharge (insertion) capacity, can be tailored by controlling
the charging cut-off voltage (Qcnarge/Quisch increases with the increase of
thecut-off anodic potential). However, they have demonstrated that the
charging of the Na/Na,FePO,F-based cathode up to higher voltage (2 -
4.5 V); followed by discharge-charge towards lower voltage (2 - 4 V),
during subsequent cycling, can increase the initial coulombic efficiency
(Qcharge/Qaiscn) Of the cathode (when compared to the constant cycling
within lower or higher voltage interval) and improve cycling stability of
the cell. However, this strategy is not effective for full HC/Na,FePO4F
cell, where the constant cycling in the extended voltage interval (0 -
4,5 V).causes the best cycling performance. The mentioned cycle modes
should also be checked for the mixed polyanionic cathode in order to
see whether the initial columbic efficiency of the material (that actually
means the increase of the irreversible capacity loss) and consequently
the cyclic performance can be improved by the cycling at higher voltages
(overcharging). It is difficult for this strategy to be successfully applied
for the high-voltage NCPP and NNPP cathodes due to issues related to
electrolyte decomposition, but it could be a good way for improving
performance of NFPP and NMPP-based cells. By comparing charge dis-
charge/curves of all reported HC/NFPP-based cells [64, 99, 107, 119],
we can notice that the cell cycled up to 4 V [64,99] shows the best dis-
charge/charge ratio (after initial irreversible change) when compared
to the other cells, cycled up to 3.2 V.

Generally, relatively poor capacity retention of the full Na-ion cell
with mixed-polyanionic cathode is observed. It is more pronounced
when compared to the performance in the half-cell configurations with
the same cathode (Table 51) or some other hybrid systems (composed
of polyanionic anode and carbon cathode) [161]. Actually, the cyclic
performance is limited to several hundreds of cycles, which is in the
range with full cells containing other polyanionic structures as cath-
ode such as NagV,(PO,4)3, VOPO, [162-165]. On the other hand, same
mixed-polyanionic cathodes can withstand several thousands of cy-
cles in half-cell configurations. Apart from the improvement, related
to anode materials and configurations, better understanding of the elec-
trode/electrolyte interface is needed as well. Comprehensive approach
of morphological and structural changes (the local atomic environment,
diffusion coefficients, Na diffusion pathways and barriers) during charg-
ing /discharging, along with the developments of synthesis strategies
and electrolyte formulations, is necessary to break a long-term cycling
barrier.

In spite of the mentioned weaknesses, one can notice advantages
of the mixed-polyanionic-based cells when compared to other polyan-
ionic cathodes. HG/NCPP-based full cell [111] could provide higher op-
erating voltage (~ 4.3 V) than other high-performance cells (~ 3.2 V)
such as HC/NazV,(PO,4)3 [164,165] and HC/Nay 5V, (PO,),F5 [166].
However, further challenges should relate to the increase of capacity
and its stability upon long-term cycling. The reduction of NCPP par-
ticles to nano-dimension, ‘the anchoring of NCPP particles with some
heteroatom-doped carbon and replacement of Co fraction with a certain
ion could be effective future strategies, which would improve energy of

269

Energy Storage Materlals 37 (2021) 243-273

NCPP-based cell, reduce its toxicity and price, thus maintaining the high
operating voltage. On the other hand, ion doping of NFPP and NMPP
with a suitable cation or anion, capable of increasing voltage and elec-
tronic conductivity, would be a good direction for further improvement
of energy performance of fuli Na-ion cell with NFPP and NMPP cathode,

Sodium phosphate polyanion materials were also used as electrodes
of hybrid devices, preferably electrochemical capacitors. Hy brid capac-
itors, especially sodium-ion hybrid capacitors {100, 161], are exten-
sively studied as potential devices which satisfy requirements of both
high energy density and high-power density, at a low cost. Although
NayM;(P0O,),(P,0,) type materials, have not been studied till now as
the electrodes of hybrid capacitors, they should be treated as perspec-
tive ones, on the basis of following two examples with simplerx phosphate
polyanionic materials. First, Thangavel et al. [167] reported bio-inspired
sodium jon hybrid capacitor, one electrode of which was polyanionic
material NayV,(PO,); and the second one was a cinnamon-derived
highly porous carbon. In an organic electrolyte, this hybrid capacitor
delivered energy density of 118 Wh kg~! and a power density of 850 W
kg1, It displayed also high cycling stability, the highest ever reported
for sodium ion-based intercalation compounds. Second, Thangavel et al.
[168) constructed a new type hybrid capacitor consisting of sodium su-
per ionic conductor NaTi,(PO,)3/graphene nanoshets composite as an
intercalation electrode, and 2D graphene nanosheets as an adsorption
electrode: This capacitor displayed energy density of 80 Wh kg~! and
a respectable specific power of 8 kW kg1, The capacity fade was only
0.13 % per 1000 cycles, and 90 % after 75 000 cycles.

To confirm good perspective of these materials, we may outline
excellent electrochemical half-cell behavior of NayM3(PO4),(P,0;,)/C
composite described by Chen et al. [99], Yuan et al. [102] and Ma et al.
[119], :

6.5. Futizrg considerations

Based on the total overview, the universal concept to obtain the high-
performance mixed-polyanionic electrode (on the research level) is still
difficult to derive due to interplay between key electrode and electrolyte
components (material, binder and electrolyte) that control interface. Ad-
ditional studies are needed in order to determine contribution of these
individual cémponents and their combining effect to the electrochem-
jcal activity of the Nay;M;(P0O,);(P,0,). In the strict relation to this,
high-rate performance, high specific energy and excellent cycling sta-
bility with high safety, still remain the challenge, especially in the case
of the structures with higher operating voltage, while many bottlenecks
need to be solved. Specifically, future issues, which should be addressed,
include following aspects/topics:

- Key fundamental questions, regarding the influence of the
synthesis conditions/parameters to the final composition of
Nay4M3(PO,4),(P,0,) phase, must be understood for each type of
Na,M;(PO,),(P,0;). Namely, one has to deal with the following
questions: i) How to adjust synthesis conditions to obtain completely
pure polyanionic phase (identified as the bottleneck); ii) what pa-
rameters are determining formation of this phase and whether it
depends on the specific synthesis; ii) does the pure phase show the
best performance or whether its synergy with secondary polyanionic
phases is more appropriate solution. Although some NFPP electrodes
[99,102,119] hold the promise in the sodium batteries, further de-
velopment of rational synthesis methods and strategies to design var-
ious nanoarchitectures (including impregnation with different con-
ductive matrices), with improved energy/power performance, are
highly needed, especially for i) higher currents/loadings;.ii) NCPP,
NMPP and NNPP electrodes and iii) full-cell configurations.

the influence of the binder to the electrochemical properties of the
common NayM3(P0,4),(P,0;) electrode is not yet systematically re-
ported. The comparison of electrochemical properties of the common
NayM;(PO,),(P,0;) electrode, containing different binders, is nec-
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essary. Since PVDF is the most common binder for the electrodes,
examined so far (Table S1), the future directions should be focused
more on the aqueous alternative binders, especially if we keep in
mind the fact that CMC can cause better performance of polyanionic
NVP cathode than PVdF [125]. Since the best performance among
all examined Na,M3(PO,),(P,0,) samples is achieved for binder-
free electrode, this processing way should also be pushed for all
types of this specific polyanionic family and compared with other
binder-containing powder electrodes, not only in terms of the elec-
trochemical performance, but also concerning cost, simplicity and
environmental compatibility.
the influence of the electrolyte to the mixed-polyanionic cathode
is examined in few studies, but the research in this field needs to
be intensified more. Since individual solvent components are deci-
sive for the final performance of polyanionic electrode (especially
~in terms. of the capacity retention) their role in different interface
processes (the decomposition rates of carbonate-based components
at the metal surface, FEC-induced processes, the synergistic process
of binder and FEC:;;.) should be specified.and elaborated.
Since few papers are related to the examination in an aqueous elec-
trolyte, while the:use of this polyanionic cathode with the splid-state
electrolyte has not been reported yet, these fields remain completely
open, Moreover, the examination of comparative electrochemical be-
havior of the Na,M; (PO,4.)2(PZQ7‘) cathode in nonaqueous.and aque-
ous electrolytes would be an effective strategy to.understand sodium
insertion mechanism better. ;
All future issues, outlined above, should be elaborated through
the various physicochemical and electrochemical methods and un-
derstood from the theoretical aspect in order to explain struc-
tural/morphological/electrochemical relations more profoundly and
anticipate some future steps. The special focus should be on the study
of Na-ion sequence during charging/discharging, in order to over-
come .ambiguity and find out the reason for discrepancy between
theory and experiment. This would result in more accurate conclu-
sions on the sodium redox mechanism of polyanionic materials, as
an important link for their high energy performance,
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ARTICLE INFO ABSTRACT

; M4Fe3(PQ4)g(PzO-,-) specifi,family has appeered as p new class of polyanionic compounds for sodium-ion bat-
teries, capable of offenng a higher operating voltage than 1nd1vxdua1 phosphates and pyrophosphates The study
- addresses the issue of Na4Feg(PO4)2P207 (NERP) sol-gel synthesls whien both phosphates and pyrophosphates act
as reactants, leading to successful production of NFPP under controlled synthesis condmons, capable of reaching
the theoretical capacity, Spontaneous citric-assisted sol- -gel reactlon, between PO}~ and P,0%™ units occurring at
pH of 3 (which follows NFPP stoichiometry), leads to the formation of pyrophosphate (NagFeP2Oy, NFP) with a
certain: amount of the mixed phase. Fe-oxalate coordination is dominant at low pH while the citric acid pro-
tonation suppresses direct Fe-citric complexation. pH adjustment to a neutral value changes the complexation
e ‘ * *  and reaction pathway, allowing direct Fe(ll)-citric coordination and subsequent oxidation. The exchange of Fe-
oxalate with the soluble ferric ammonium citrate complex happens under neutral pH and therefore leads to the
‘formation of NFPP as the dominant phase, liberated from NFP, Furthermore, a series of samples, developed by
"'v' " .7 varying cltnc~to Fe molar ratio and controlling pH, served as a platform to identify and solve problems regarding
the unmblguous FTIR assignment of the polyanionic NFP/NFPP mixture. FTIR and CV methods are proposed as
assisting tools for XRD to, identify NFP admixture. Finally, and most importantly, NFPP phase formed under
neutral pH has a higher sodlatlon/desodianon capacity than NFPP/NFP heterostructure, reaching a theoretical
value at a rather high current of 1 A g™}, which has not been attained in the literature.

Keywprds:
N34F01(PO4)2(P207)

NagFeR; 0y secondary: phqseg Gt s
Sol- gel synthesis e
The critical role of pH

Na-ion batteries -~ . [FRBAE ‘

“Thrée classes of materials, namely sodium transmon metal ox1des
Prussmn blue analogues and polyamomc materlals ‘have been exten-
snvely 1nvestlgated to solve the cathode issue of Na-ion batteries and

“make them competitive with Li-ion technology Polyanlomc-type

1. Introduction

Huge -demand for green and renewable eneréy feéoui‘ces “has
launched the expansion of electrochemical energy storage technology,

where high-energy Li-ion batteries take over the leading rele [1].

Nevertheless, limited lithium resources related to its high cost and dif-
ficulties in extraction and recycling procedures, are shifting research
interests towards safer and more sustainable developments [2,3].
Post-lithium ion batteries, based on Earth-abundant elements, play a
rising role in the energy storage field, where huge interests are focused'
on Na-jon rechargeable batteries, due to the low cost and abundance of
sodium [4-7].

structures may enable rapid,diffusion for Na*- ions with sufficient

.structural. stability. due .to a. three-dimensional framework, built on

tetrahedral anions (XO4)" ~ or their derivatives (X 1O3pni'4 1)" 7 (X =P,

Si, S; Se, Mo, W...) corner - or edge-shared with MOg polyhedrons (M =

transition metal) [8-12]. A combination of different polyanion units,
so-called "anions engineering" [13] was found ds an operative way to
tune the redox properties of polyanionic cathode and develop' néw
structures that match Li insertion materials, A specific family' of
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isostructural polyanions with mixed phosphate and pyrophosphate
structural units Na4M3(PO4)2(P207), determined by Sanc et al [14,15],
have attracted attention as novel Na-ion cathodes due to lower barrier
for Na-ion diffusion, low volume changes during cycling and higher
redox potential over individual phosphate and pyrophosphate com-
pounds [16,17]. For instance, the Fe*t/Fe®* redox potential increases in
the order FePOy4, NaFePO4, NagFeP207, or NapFePO4F, amounting to 2.4,
2.7, 3.0 and 3.2 V vs. Na'/Na, while the volume changes of approxi-
mately 4%, 2% and 17% follow NasFe3(P0O4)2P207 NagFeP20O; and
NaFePOy, respectively [6].

Kim and coworkers [16,17] have proposed NasFe3(PO4)2(P207)
(NFPP) with the orthorhombic crystal structure (Pn21 a space group) as
a promising mixed polyanionic cathode for SIBs, using solid-state syn-
thesis with the ball-milling assistance. Its theoretical capacity was
caleulated per 3 Na™ ions and amounts to 129 mAh g™, Several authors
[18-22] have used Kim’s procedure to improve the sodium storage
performance of the mixed polyanionic phase with different modification
strategies [18,19,22} nand  electrolyte formulations [20,21]. Various
synthesis. procedures jincluding :sol-gel. [23-25], solution-coembustion
[26], template [27] and spray-drying methods.[28-31] have also been
developed, Their survey-can.be found in. our recent review paper [6],
where we elaberated.on certain difficulties related to. the NFPP synthesis
and parameters affecting the phase composition. Namely, the individual
phosphates i(NagFeP2057) and pyrophosphates (NaFePOjy),are usually
obtained as accompanijed phases for this type of compound. Through:the
introduction of Fe defects.into the NFPP framework to the composition
of NayFey.91(PO4)2P207 Zhao et al [32] found an effective way to avoid
impurities and obtain.a pure phase with improved properties. Unlike the
solid-state method, which,usually used Na4P207 and NH4H;PO,4 as the
phosphorous. source, sol-gel and combustion procedures.of NFPP used
phosphates salts exclysively (without. pyrophosphates) [23-26] where
PO4—~P207 thermal conversion allows the formation of NFPP frame-
work. We found no reports aimed at the use of the sol-gel route with
phosphates and pyrophosphates as reactants, which will be the topic of
this work. That is why we undertook this study, and a brief summary of

: ‘ R ope
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the results is as follows: If the mentioned components are mixed, (o
follow Na4Fe3(PO4)2(P207) stoichiometry, together wwith a certain
amount of a citric acid which provides a pH of 3, the pyrophosphate
NagFeP,0; (NFP) appears as the dominant phase. pH dincrease of the
reaction suspension, adjusted either through a certain axmount of citric
acid or ammonium hydroxide, was found to change the reaction
pathway, thereby increasing the relative amount of the mixed NFPP
phase in the NFPP/NFP heterostructure. When pH is 7, the NFPP phase is
liberated from NFP and can reach theoretical capacity (at a relatively
high current rate of 8 C) as well as high-rate capability in the
Na-containing aqueous electrolyte. The production of the final poly-
anionic composition, depending on the synthesis conditions, is
explained from the aspect of Fe-complexation by carefully following the
colors during each stage of synthesis procedures,

2. Experimental O S TE IS F IV
2.1. : Samples preparation
o ‘ X .

IS

:NagFen(PO4)oP207,/C -was synthesized by the. sol-gel route . using
FeC204x2H30, NayP207 and NH4H2PO, as Fe.and P souxces, according
to.the pracedure illustrated in Fig, 1. First, a certain amount of FeC204
2H,0 (0.01 mol) was mixed with citric acid CgHgO7 - HoO (0.015) in 30
mlL of distilled water,. under magnetic stirring at a room temperature,
Furthermore, the stoichiometric amount of NasP207. and NH HPO,,
together with a certain amount of sucrose. (25wt%); were added to.the
citric-oxalate yellow suspension. The yellow suspension displayed a pH
of 3 and 25vol% NH4OH was added, drop by drop, until the pH was 7, A
rapid yellow-to-green colour change was observed after the pH adjust-
ment. The suspension was heated at. 60 ° C until evaporation and a
gradual colour alteration from light to dark green was observed. After
around two hours, this green colour turned brown and became
completely transparent (Fig. 1a). Upon evaporation, the gel’s colour
remained brown (Fig. 1, above) marked by the gelatinous colour of
sucrose. The change from dark brown to light green gel was detected

Fig. 1. a) Reaction path of NasFe3(P0,4),P20,/C formation using a citric-assisted sol-gel route with and without sucrose, when both phosphate and pyrophosphate
are used as reactants; pH of the suspension is adjusted to 7; b) the color of suspension during the citric-assisted sol-gel route when the different molar concentration of
citric acid is used and determines the pH. When there are two concentrations, the color of the suspension is practically the same.
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(Fig. 1.b, below) in the absence of sucrose. In the next step, the obtained
gel was dried at 160°C over 1.5 h in the Air atmosphere to form a black
powder precursor (lighter in the sucrose absence), which was then cal-
cinated at 500 °C under Ar/Hj (95:5) to the final black powder, desig-
nated as NFPP/SC_pH7 (with sucrose) and NFPP/C_pH?7 (without
sucrose).

Described colour changes are not observed when it comes to spon-
taneous reaction at a pH of 3. In this case, the turbid yellow-brown
colour of the suspension was noticed (Fig.S1). Namely, the yellow sus-
pension first evaporated at 60 °C to a light brown gel. Then the gel was
heated at 150 °C to a brown precursor and further at 500 °C (under 95%
Ar/5%H32) to the final black powder. The sample is labeled as NFPP/
SC_pH3. An umber gel color and less intensive brown precursor were
registered in the absence of sucrose (Fig.S2), while the final black
powder was labeled as NFPP/C_pH3.

«In.addition, different samples were prepared by spontaneous sol-gel
process using the same amount of oxalate, phosphate, pyrophosphate
and different molar fractions- of. citric acid in amounts of 0.02, 0.01,
0.005, 0.0015 ant-0:(Fig. 1c). This way, the suspension pH varied from 3
to.6 .and :changes from:intense to pale yellow with green shades were
observed. The precursor samples are-shown in Fig.S3.

5t LA wooos 0y RS S

2.2..:Samples: characterizations ., - ..

< X.ray powder diffraction (XRD) patterns were conducted on a Philips
1050 diffractometer,using CuKa radiation in the interval of 26 from 8° to
70°. The.step size of 0.02°and a counting time of 5 s per step were used.
Qualitative and semi-quantitative phase analysis has been performed in
Eva software...The unit cell parameters have been extracted from the
whole powder. pattern reﬁnement via Le Bail method [33] in Topas
software.. . il TR

The thermogravrmetrlc analysxs coupled with simultaneous differ-
ential thermal analysis (TG/DTA) of samples was done using the Ther-
mobalance TA.SDT Model 2090. Powder samples were heated from 25-
750 °C.under Air atmosphere, at a heating rate of 10°C min~..

The Fourier-transform Infrared spectra (FTIR) of obtained samples
were collected in the wavenumber range of 4000-400 cm™? at 64 scans
per spectrum and 2 em™! resolution, using Avatar System 370 spec-
trometer (Thermo Nicolet, USA). The technique of KBr pellet was used.

The: Raman spectra were recorded using a DXR Raman Microscope
(Thermo Scientific). The samples were excited by the 532 nm emission
line of a diode laser with 2 mW of power focused on a 2.1-mm spot on
the surface of the sample through a 10x microscope objective. The
spectrum was obtained as an average of three measurements on different
places on the sample surface (10 exposures, 10 s each, per place).

2.3, -Electrode preparation and electrochemical characterizations

For electrochemical measurements, the slurry was made by mixing
85 wt% of active composite material, 10 wt.% of the carbon black (Cabot
Vulean XG:72R, and 5% of the poly(-vinylidenefluoride) (PVdF) as a
binder; in a certain.ampunt of N-methyl-2-pyrolidone as a solvent. After
homogenisation in an ultrasonic bath, a thin layer of the slurry was
deposited .anto. conductive glassy carbon support. The formed elec-
trodes, carrying different samples, were dried at 140°C for 4 h under the
vacuum: To test working electrodes in a three-electrode cell connected
with a Gamry 1010E device, a wide platinum foil and saturated calomel
electrode (SCE) were used as a counter and reference electrode,
respectively. The electrochemical investigations including Cyclic Vol-
tammetry (CV) and Chronopotentiometry (CP) were performed in the
air-equilibrated 6. M NaNOs.. Cyclic voltammograms and chro-
nopotentiograms were measured within the electrochemical stability
window of the aqueous electrolyte, by varying scan rates from 1 to 400
mV s~} (for CV) and current densities from 0.25 to 10 A g1 (for CP).
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3. Results and discussion
3.1. Composition vs. synthesis conditions

XRD pattern of NFPP/SC pH3 sample, synthesized by the sponta-
neous sol-gel process, revealed the heterostructure NasF eP,0,/NaFeq(-
PO4)3P207 (NFP/NFPP), as shown in Fig. 2. The NayFeP2Qy is formed as
the dominant phase in the amount of = 74 wt.%, while the remaining =
26 wt.% corresponds to the amount of targeted mixed Na Feq(PQ4)sP20y
phase. The refined pattern of NFPP/SC_pH3 is presented in Fig.S5a. The
obtained unit cell parameters of NajFes(PO4)oP207 (a=18.05 A, b=:6.57
A, ¢=10.69 A) and NagFeP;0; (a=6.41 A, b=9.58 A, ¢=11.07 A,
=64.49°, p==85.74°, y==73.13°) correspond to those reported in refer-
ences [17,32,34] The formed heterostructure is the consequence of the
thermally-induced phosphate - pyrophosphate conversion. That is a
reason why the reported sol-gel procedure  of NasFez(PQs)oP20,
[23-25] did not involve pyrophosphates as reactants, but only phos-
phates which were able to undergo partial decomposition to pyrophos-
phate under appropriate synthesis conditions, as suggested by Wu [23].
Moreover, the sucrose addition into the reaction mixture was found to
catalyze the phosphate thermolysis (Fig.S4), since the lower amount of
NaoFeP207 (= 63 wt.%) versus NasFes(PO4)2P207 (=37 wt.%) was
found in the sample without sucrose.(NFPP/C_pH3). »

To find synthesis conditions that favour NaFe4(PQ4)3R207 formal.ion,
the initial amount of citric acid was changed. As itsmolar copeentration
varied from 0.02 to 0, the amount of the mixed polyanion phase was
found to increase, from 14 to 38 wt% (Fig. 3), while. at the same, time
NFP fraction decreases. Still, NFP phase dominates all NFPP/NEP sam:
ples. Searching for an explanation, pH of the initial suspension appeared
as a key link. pH increase, induced by the citric acid decrease, favors the
formation of NFPP phase. When the pH of the synthesis was,_ directly
adjusted to neutral value (NFPP/SC_pH?7), thus maintaining the same
amount of citric acid (0.015 mol) as for NFPP/SC_ pH3, the mixed phase
was formed as the major one, while the sodjium pyrophosphate phase.is
not formed at all (Fig. 2 and Fig. 3). Still, the small amount of maricite-
type NaFePOj, typical accompanying phase, is also formed. The refined
pattern of NFPP/SC_pH7.is shown in Fig.S5b. The obtained lattice pa-
rameters of NasFe3(PO4)2P207 (a=18.04 A, b=6.54 A, ¢=10.67 A) and
NaFePO4 (a=6.71 A, b=9.01 A, ¢=5.07 A) match those reported .in
references [17,30,32,35] Unlike the reaction under acidic conditions,

‘ IOSD ¥ 237850

Fig. 2. XRD patterns (CuKe radiation) of NFPP/SC_pH3 and NFPP/SC_pH7
compared to NasFe3(P0,4)3P207 and NayFeP,0, databases using.
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0,016 mol CA + NH,OH

 oontsmolca

o.oos‘mol CA

1

Fig. 3. XRD patterns (CuKa radiation) of samples prepared by spontaneous sol-
gel reaction using different fractions of citric acids from 0.02 mol to 0, without
PH adjustment. XRD pattern at the top shows the sample with adjusted pH to 7
and 0.015 mol citric concentration. Symbols * and @ denote NaFes(P0O4),P20;
and NaFePOQy, respectively.”

the sucrose presence did not significantly change the phase composition
when the pH was 7. Thus, if the sol-gel reaction is allowed to proceed at
neutral pH, both pyrophosphates and phosphates react with each other,
thus forming NayFe3(PO4)9P207.

3.2, Thermal behavior

Further, we measured the TG/DTA curves of examined samples in
oxidizing, synthetic air atmosphere, Fig. 4. Generally, two parallel
processes can be observed during thermal heating of polyanionic sam-
ples above 200 °C. The first one is Fe?* to Fe®* oxidation of polyanionic
phases, whlch results in ‘final NaFePgOy, Na4P207, Fe;03 and
Na3Fe2(PO4)3 products, according to Eqs, (1)-(®) in Supp. Data. These
processes are accompanied by the corresponding mass increase. How-
eyer, it cannot be evidenced from TG/DTA curves in Fig. 4a,b due to
parallel carbon combustion to CO, which is responsible for the observed
mass decrease. The weight loss and carbon fraction become higher with
the citric acid increase, since it acts as a carbon source (Fig. 4b). By
considering the theoretical weight gain of the sample, induced by these
oxidation processes, the carbon amount in the NagFes(PO4)3P20,/

Tomperature / °C -
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NagPePy07 heterostructure is estimated to be = 15 (NFPP/C_3) and = 20
wt.% (NFPP/SC_3), while its value in NFPP/SC_7 and NIFPP/SC.7 is
found to be higher amounting to ~34 and ~36 wt.%, respectively. The
small amount of carbon originates from sucrose (ranging from 2-5 wt.
%), as can be seen in Fig.86, while the major part comes from the citric
acid combustion. One can see that the carbon content is strongly influ-
enced by the pH of the reaction mixture, The observed difference be-
tween NFPP (pH==7) and NFPP/NFP -based (pH=3) samples can be
attributed to different combustion rates of citric acid due to diverse
nature of F¢ complexes formed under varied pH (please see explanation
in section 3.3). Namely, the combustion process was alleviated in the
presence of NFP (evidenced by the smaller slope of the TG curve within
400 -600 °C range) which resulted in lower amount of carbon,

From TG/DTA curves of NFPP/SC_pH3 and NFPP/SC_ pH 7 (Fig. 4a),
we can conclude that the Na pyrophosphate presence in the sample at-
tenuates the carbon combustion kinetics thus making it happen in two
steps (at 362 and 444 °C). We can also notice that the appearance of the
second DTA peak (Fig. 4b) follows the trend of increasing citric acid and
consequently Na pyrophosphate amount. This.can be attributed to a
different carbonization degree of carbon that surrounds pyrophosphate
particles: This type of carbon is probably more graphitized since a higher
temperature is needed for its removal upon heating. Such observed
behavior was also confirmed in TG/DTA curves of the sample prepared
under a-pH of 3, with and without sucrose. From the TG curve.of the
NFPP/C_ pH 3 sample (without sucrose) one can see an additional
exothermic peak at 530 °G (Fig.S5), which can be attributed to the
combustion’s completion to pyrophosphates under air atmosphere
rather than to the remained Fe?t to Fe oxidation process. . This
conclusion is based on the phase composition.of both NFP/C_3 and NFP/
SC_3 samples-and the fact that the.second DTA peak is more pronounced
in the presence of sucrose (due to higher NagFeP20; fraction). In other
words, sucrose catalyzes the phosphate to pyrophosphate combustion
(in line with XRD), since the released heat provides more energy for.the
pyrophosphate formation. :

3.3. FTIR 'study ‘

To identify vibrational modes, belonging to individual polyanionic
phases, the Infrared spectra of examined samples have been measured.
When it comes to the mixture of phosphate phases, the assignation of
individual modes is aggravated due to their overlapping, while their
mutual interaction can cause modes’ shifting. Regardmg NagFes(-
P0O4),P;07, we have noticed that the specification of individual modes is
not fully consistent in the literature, whi¢h can b‘e influenced by the
presence ‘of secondary phases which are usually mevxtable in the syn—
thesis. A serles of our samples can serve as an excellent gulde for the

1004
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Fig, 4, TG/DTA curve of NFPP/NFP samples prepared under different pH using 0.015 mol citric concentration of citric acid (a) and different molar citric acid

concentrations from 0.02 to 0 (b).



A. Gezovit et al,

assignation of individual modes belonging to the pyrophosphate and
mixed PO4-P,07 phase when they both appear in the sample. First, let’s
identify the vibrational modes of samples with (NFPP/SC_pH3) and
without NaaFeP20; (NFPP/SC_pH?7), shown in Fig. 5. inevitable in the
synthesis. Differentiation of modes belonging to individual phosphate
phases is aggravated due to their overlapping and shifting. positions of
characteristic vibrational modes are not fully consistent, which is
probably influenced by the presence of secondary phases, usually

To facilitate the assignation process, three spectral regions (A,B and
C) are typically recognized:

A. Vibrational modes, within the high-frequency region, correspond to
asymmetric (1200-990 cm™!) and symmetric (990-890 cm™') P-O
stretching vibrations in POz and PQ4 units. Those belonging to the
mixed NFPP phase (1120, 1178, 1165, 1129, 1103, 1080, 1034,

:993, 980, 953 cm™1) can be easily identified in the sample with an
adjusted pH, while in the sample with pH of 3, characteristic P-O
*.-bands of the pure sodium Fe pyrophosphate [36] (here positioned at
- 1160, 1102, 1042, 993,953 cm™!) are superlmposed to those of the

i mixed phase. .. .. . ... “

B..Vibrational modes,;within the mxddle frequency range, .are attrlb-

.. :uited to typical asymmetric and symmetric bridging P-Q-P vibrations

:+.0f the pyrophosphate group. Interestingly, in the spectrum of NFPP/

:8C_pH7, there are three bands (shoulder at 905, 879, and 718 cm ™)

. belonging to the mixed phase instead of two. However, the band at
905 om ™! is positioned at the P-O/P-O-P boundary and it is difficult
to specify the region to which it belongs. On the other hand, two
typical pyrophosphate bands of NaFeP;0; (at 905 and 737 cm™))
and the contribution of those from the mixed phase (shoulder at 905,
879, and 718 ecm™) can be clearly identified in the spectrum of
NFPP/SG_ pH 3. /

C. Low-frequency bands are attributed to O- P—O bendmg modes in POy
units. Two bands of pyrophosphate phase, which are active in this
region [36], match those positioned left (557 cm™!) and right (529

em™ 1) from the main band at 542 cm™L which belpngs to the mixed
phase So, their intensity increases with the appearance of the py-
rophosphate phase in the mixture. Two additional modes at the
lpwest frequencies can be identified for both NFPP and NFP phases.
Those, belonging to NFPP are positioned at 480 & 456 ¢m ™!, while
NFP modes .are slightly shifted towards lower wavenumbers (more
prec15ely at 488 & 461 cm™?),

A comparlson of samples with and w1thout sucrose (F1g S7) conﬁrms
the previous assignment. One can see that assigned NayFeP;0; modes
(1160, 1102,,1041, 993, 953, 905, 741, 557, 529, 488, 456 cm”l)
become more pronounced in the spectrum of heterostructure with the

8EBaBREIERR £

Wavenumber / cm”
Fig. 5. FTIR spectra of NFPP/SC_pH3 and NFPP/SC_pH7.
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higher fractions of NasFeP20y. Their positions are slightly shifted when
compared to the pure sodium pyrophosphate phase (1158, 1092, 1036,
1012, 1002, 957, 905, 739, 667, 601, 567, 530, 489 cm™ 1) [36]. This can
be attributed to the interaction of pyrophosphate with tlhie surrounding
mixed phase which makes its bonds weaker. Assignatiom of NaylFeP,0,
modes is also confirmed in spectra of samples with different molar citric
acid concentrations (Fig. 6), where their gradual fade in relative in-
tensity can be observed as the citric acid amount decresases, due to a
decreased sodium pyrophosphate fraction. In the middle xegion, we can
follow the change from one band (905 or 737 em™"), which mostly
belongs to sodium pyrophosphate, to the other one (879 or 718 ¢m™Y)
belonging to the mixed phase at a slightly lower frequency. The splitting
of the low-frequency bridging mode (737 and 718 cm ™) is observed
when both of these phases are in the mixture and can be an Indication of
occurring NagFeP;07 as an accompanied phase of NFPP.

All assigned FTIR bands in our samples, including detected shoul-
ders, are summarized and compared with the literature cdata (Table 1).
NayFe3(PO4)3P207 - belonging bands match the reported ones, with
certain discrepancies. First, if we compare modes of as-prepared NFPP/
SG.pH7 (Na4Fe3(PO4):P207/NaFeP04==~92%/8wit%) and . NFP450
(NasFe3(PO4)2P207/ NaFeP0,4~89%/11wt%) prepared by Kosova at al
[19] (shown in Fig. 6a in ref.15), we can notice one substantial differ-
ence in the. position of the mid-frequency band (718:vs. 737 cm™Y),
However, this divergence is strange due to the following xeasons: 1, the
position of this band for pure NasFe3(PO4)2P207 was found to be around
720 cm™! [27,28], which is in accordance with our results; 2, our
composition is quite similar to the NFP450, which indicates that the
observed. difference cannot be attributed to the influence of the sec-
ondary maricite phase. The reason for the mentioned discrepancy can be
either the. different crystallinity of mixed phases or some inadvertent
omission in Kosova’s paper, with the following explanation. According
to Kosova [19], the low-frequency P-O-P band is positioned at 737 cm™?,
based on Fig. 6a-and Table 7 in ref.15. However, a closer inspection. of
Fig. 6binref. [15], which summarizes FTIR spectra of several NFP-based
samples, including NFP450, reveals the characteristic position of this
band at ~720 cm™*, while the new band, with slightly higher frequency

~737 cm™1), rises when the sodium pyrophosphate appears. This
maiches our observation regarding the appearance of two bands in;the
middle frequency region (resembling a band’s splitting) when it comes
to the formation of a phosphate-pyrophosphate heterostructure. More-
over, our results ynambiguously show that P-O-P vibration at around
718 cm™! band can be attributed to the mixed phase, while the 737 cm™!
band originates from sodium pyrophosphate, Based on all of this, FTIR
should serve to identify NayFeP207 as an accompanying phase, which. is

Fig. 6. FTIR spectra of NFPP/NFP samples prepared by sol-gel route using
different citric acid concentrations which determine pH. Only FTIR at the top
corresponds to the sample with 0.015 mol concentration of citric acid, when pH
is adjusted to 7.
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Table 1

Survey of assigned FTIR bands for different phosphate-based compounds.

~ Wavenumbers / cm™" and assignment

Polyanionic P-O as5ym/sym -0 PO-  OPO
compostion (1200- 900 cm™) sym Piym 700-400
ili 900-
®- 700
o-
p)ll5
This work
NagFeg(PO4)3sPL05 1220,1178,1157, 905 718 642,619, 584,
1129, 1103, 1080, 879 557, 547,529
1034,1022, 993 / -
980,953 0-
P)
NuyFeP,07 bands 1160, 1105, 1041, 905 557, 529, 487,
) 993, 956 737 460
*“Literature data for NasFes(PO4)sP20-

Na4Fes(PO4)3P,0; 1199, 1177, 1165, 903 737 644, 623, 583,
1bE1B] 1134, 1104, 1085, (p- 557 544, 529
R 1046, 1022, 995 / .0

988, 957 . 879
t ? o N (P-
e 0-

Nagliea(PO4),P20; /C 1195, 1160, 1101 / 905 719 638, 621, 583,

123} 989,957 (P- 879 548, 480, 460
0-
P)

NayFes(PO4)2P207/ - 1200, 1165, 1105, 904 721 621, 584, 545

GO 1043 / 989, 956, (P- 879

“NagFea(PO4)2P20,/C : : 0+ ’

[24] S P) -

NayPes(PO4)2P207/ 1200, 1158, 1131, 956 879 646, 619, 543,
MCNTs 1102;'1036 / 990 902 746, 485, 460
(impurities of (P- 721

' 'NaFePO4 and O-

Nayl'eP,07) [27] P)

NayMgs(PO4)2P20, 1205, 1180, 1173, 914 730 631, 590, 575,

28] - 1126, 1113, 1095, - 561, 542 /-
1068, 1053, 1009 / 0- 494, 471, 457
999, 968, 953 P)

Na,Fey(P0,),P.0, 1204,'1176, 1164, 904 720 644, 622, 582,
(impurities of 1105, 1080, 1024, 884 543, 530,
NaFePO, and 986, 954 - 482,458
NagPeP,0; [29] 0-

) Pas)

NayFe3(PO4)2P207 1200*, 1161, 1105, 956 720 621, 584, 545,
impurities of 991 906 482, 458*
NaPePO, and (P-

- NagFeP0; {30] o-

B P)
Literature data for Na;FeP,0,
NagFeP07 [31] 1155, 1038, 1011, 910 738 567, 532, 488,
. 958 (P- 406
, o-
: P)
NayFeP»0, [26] 1158, 1092, 1036, 905 739 667, 601, 567,
1012, 1002, 957 (P- 530, 489,
. o-
. ) .

NayFeP,0,[32] 1152, 1123, 1092, 913 738 620,566,531

1012,958, (P-
0-
P)

* not indicated in the published FTIR but the band/shoulder is evidenced

particularly important when its small fraction is formed, hardly
detectable by XRD [20]. There is one more issue regarding the specifi-
cation of 905 cm™! vibrational mode of NFPP/SC_7, since it is positioned
at P-O/P-O-P boundary.

According:to Kosova [19], this mode is specified as P-O, while others
(27,28,37,38] ascribed this band to the P-O-P region. We believe that
this mode belongs to asymmetric P-O-P rather than P-O region and the
appearance of three P-O-P modes of NasFe3(P0O4)2P,07 can be related to
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the imperfection of Fe in the crystal lattice. In the case of NFPP/SC_pH3,
two typical asymmetric and symmetric stretching P-O-P vibrational
modes of NazFeP,0Oy {36] can easily be recognized.

3.4. Electrochemical behavior

3.4.1. CV characterization

Sodium storage behavior of NFPP/SC_pH3 and NFPFP/SC_pH7 sam-
ples was examined by cyclic voltammetry (Fig. 7). Initizal CVs of these
materials (Fig. 7a,b), measured at a scan rate of 20 mVs!in NaNOj,
reveal their different redox shape, governed by phase composition.
Different anodic behavior in the first cycle of NFPP/SC_pH3 (related to
Na® ion deinsertion) is the consequence of Na defect sites in NFP pristine
[39]. Since the capacitive current arises along with redox processes, the
shape of CV peaks is better defined at lower scan.rates such as 5mV 5~}
and 1mvs ! (Fig. 7¢,d).

Characteristic redox profile of Na, Fe-based pyrophosphate, [39-42],
composed of broad redox pair at lower potentials (-0.39/ ~0.47 Vvs. SCE
or 2.56/2.48.V vs. Na'/Na). and three sharper redox peaks at higher
potentials (0.03/-0.022, 0.19/0,06, 0.31/0.25 V vs. SCE or 2.99/2.93,
3.14/3.01, 3.26/3.2 V vs. Na*/Na), can be recognized in CV of the
heterostructure (brown line in Fig. 7d). These redox peaks reflect the
deinsertion/insertion processes of sodium ions from/into four energet-
ically different sites of the pyrophosphate lattice, induced by Fe*" «
Fe3* oxidation [39]. Deinsertion of Nal site along 001 channel of
NagFeaP20y, with aniactivation barrier of ~ 0.48 eV [39], occurs during
anodic reaction at the lowest potential of ~ ~ 0.4 V vs. SCE or 2,5 vs.
Na*/Na:(labeled as 1 in Fig. 7d), which is followed by a single-phase
transition. Anodic processes at more positive potentials. {labeled as 2,
3,4 in Fig. 7d) involve two-phase transitions occurring through -the
formation of intermediate phases where Na3-Na8 ions undergo extrac-
tion. along 1D and/or 2D channels of pyrophosphate structure with
comparable barriers of ~0.54 eV [39]. Reverse processes happen during
the cathodic scan, where the presence of the mixed polyanionic phase
and capacitive current blur CV contours. Redox peaks of the mixed phase
are superimposed .to both NazFe;P20; -belonging peaks and capacitive
current. They can be clearly evidenced in the phase liberated from py-
rophosphate (Fig. 7d, green line at pH7). Several anodic peaks at -0.16,
+0.08,.0.03, 0.19, 0.31 0.38 V vs. SCE (or 2.79, 2.87, 2,98, 3.14, 3.26,
3.33 V vs. Na'/Na) reflect the extraction of three Na* ions from
distinguishable Na sites of mixed polyanion lattice, through a
single-phase reaction, with low diffusion energy barriers from 0,02-0,5
eV [17]. Corresponding cathodic peaks are not distinguished (green
line in Fig. 7d) as in the case of organic electrolytes [19], due to. the
faster kinetics of processes in an aqueous electrolyte (closer peak po-
tential positions).and certain contribution of the capacitive current. Four
redox pairs (positioned at 2.79/2.5, 2.98/2.88, 3.14/3.11 and 3.26/3:19
V vs. Na*/Na), are typically observed for NFPP -in literature [19].
Additional redox peaks, observed here at 2.87 and 3.33 V vs..Nat/Na
(Fig. 7d), may be correlated to the higher structural disorder and Fe sites
imparity. B :
3.4.1.1. Specific capacity vs. scan rate. Cycling at different scan rates
show that CV’s shape is quite preserved with a certain distortion at.ul-
trahigh scan rates, due to ohmic resistance. The integration of measured
CVs provides specific capacity as the function of scan rate (Fig. 8), which
is higher for the mixed phase without NasFeP,0-. Its kinetic behavior
strongly depends on the applied scan rate range due to different deter-
mining processes at lower and higher currents.

At smaller scan rates (5-50 mV s"l), the capacity fade of the NFPP/
SC_pH? is a little slower than NFPP/SC_pH3 due to better diffusivity of
Na™ ions through 3 D framework of the NFPP phase. Smaller scan rates
reveal enough time for ions to penetrate into 3D channels of the mixed
phase, which provides a higher amount of accumulated ions (138 mA h
g_1 vs, 72 at5mV s"l). One can conclude that the higher fraction of the
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Fig. 7. Initial (a,b) and stabilized (c,d) cyclic voltammograms of NFPP/SC_pH3 and NFPP/SC _PH7 measured in NaNO; at 20, 5 and 1 mV s™, The scale of CV,

measured at lower scan rates, is also converted versus Na/Na*.

Fig. 8. The specific coulombic capacity versus scan rate. Emptied and filled
symbols present dissociation and sodiation capacity, respectively. The dotted
line illustrates the relative capacity fade rate and the change of the kinetic
behavior as the scan rate increases. The inset chart represents the capacity
retention (%) calculated on the basis of the retained capacity at 400 mV s™!
(with respect to those at 5, 20 and 50 mV s“‘) and 50 mV s™! (with respect to
one at 5 mV s71).

electrode "*inner part’’ (mostly related to the less accessible bulk phase)

_ isutilized for NFFP_pH? than for NFPP_pH3. The opposite behavior was
.. observed at higher scan rates. The electronic transport becomes an issue
" and lower capacity fade is observed for the phase with NayFeP,0,

which can be associated with the more graphitized nature of the carbon
that surrounds it, as shown by both TG/DTA (Fig. 4) and Raman spectra
(Fig S§8). Namely, more graphitized carbon requires a higher tempera-
ture to be released under air flow (two DTA peaks at ~ 362 and ~ 444 °C
for NFP/SC_pH3 and one DTA peak at ~ 380 °C for. NFP/SC_pH7). Also,
the higher Ig/Ip ratio of Raman bands in NFP/SC_pH3 than in NFP/
SC_pH7 confirms the more graphitized nature of carbon in the presence
of NFP phase. Still, the significanty better specific capacity of NFPP
phase, when it is liberated from NayFeP207 can be observed at high
polarization rate of 50 mVs~! (Fig. 9).

- Hurther decrease of the scan rate below 5 mVs ™! (to the value of 1 mV
s™1), leads to a bit higher capacity of NFPP/NFP heterostructure, while
there is no further capacity enhancement for the mixed phase (Fig.59).
Although theoretically impossible, a lower value was measured at.1 mV

! than at 5 and 10 mV s~ !, due to more pronounced instability of the
phase upon a slow scan rate of 1 mV s~! and a little shorter.potential
interval, One can say that the limiting capacity of the mixed phase (close
to the theoretical value based on three Na* ions), is reached at 1 and 5
mv s~ :
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Fig. 9. Cyclic stability of NFP/SC_pH3 and NFP/SC_pH7, measured at 50
mv s,

3.4.1.2. Contribution of Na4Fe3(PO4),P20; and NagFeP;05 phases to the
redox behavior of mixture. If we look at CVs of samples with different
molar gitric concentrations (Fig. 10) and consequently the ratio of
NagFeP207 and NagFe3(P04)2P207 phases, we can notice their individ-
ual contribution to the total redox behavior. Several conclusions can be
derived. First, NayFeP,0y presence decreases the current response of the
composite and the best behavior was observed when the sample was
liberated from this phase. Second, the pyrophosphate shifts _the right
side of the cathodlc part towards lower potentials and the shlftmg trend
follows the i mcrease in pyrophosphate fraction. So, ions need more en-
ergy to be insertéd into the mixed phase in the presence of the pyro-
phosphate. Furthermore, the relative ratio of current peaks, at positive
potentials, changes with the ratio of md1v1dual phases, depending on the
amount of the mixed phase. For its larger fractlon, the peak’s intensity at
0.V vs. SCE (or 2.95 V vs. Na*/Na):is more pronounced over the other
two, while it is less pronounced when it comes to a smaller fraction. Last
but not least, the contribution of pyrophosphate can be reflected
through the appearance of the broad redox pair at low potentials
(around -0.39/-0.43 V vs. SCE or 2.56/2.52 V vs. Na*/Na), which be-
longs to this phase exclusively.

oo A
EIVvs.SCE

Fig. 10. CV of samples prepared with different amount of citric acid which
determines the fraction of NazFeP,0, and carbon in the mixture, The current is
normalized per estimated active mass of the sample.
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3.4.2. Chronopotentiometry

3.4.2.3. Higher vs. lower current rates. The galvanostatic profile of
samples was first measuredat 1 A g™ (Fig. 11) and then at lower current
rates ranging from 0.5 to 0.25 A g~'. Although redox plateaus are not
well defined, they can be expected over the curves, according to the
potentials of CV maxima. Low current redox behavior is influenced by
the composition of the sample. While the sodiation/desodiation capacity
of NFFP ' pH3 increases upon the current decrease from 1 A g~ t0 0.25 A
g, its value for NFPP _pH7 is practically insensitive to th e same change
in current, which is in accordance with CV measurements (Fig.57).

Therefore, NFPP/SC_pH?7 is capable of achieving theoreti cal capacity at
a relatively high current rate of 1 A g~! (= 8C), which is also close to the
scan rate of 5 mV s ~! (x4.5 C).

The capacity values of NFPP/SC_pH3 during anodic/ cathodic scan,
based on the estimated active mass, are found to.be 106/112, 100.7/
111, 86/96 81/91 mA hg~' at0.12, 0.25,0.5and 1 A g, The Lapacuy
redox contrlbutlon of the mixed phase. In literature, the capacity of
NazFeP»0,/C in an organic electrolyte was found. to- be clgse:to -the
theoretical value using both three-electrode and coin-cell configurations
[42-45]. Although NFP electrodes can offer higher capacity in aqueous
than in organic electrolyte [46], the achievement of.the theoretical
value in an aqueous medium for this type of material is still challenging
[46,47]. Generally, the reduction of NFP.particle’s size. to nano. di-
mensiong, (20-50 .nm), [44] or its impregnation with multiple-walled
carbon nanotube (MWCNT) [42] and reduced Graphene oxide (rGO)
[45] were found to be effective strategies for pushing NFP to theoretical
limit [42,44]. The integration of NayFeP,O7. with NFPP, achieved
through the spontaneous citric-assisted sol-gel reaction, can be regarded
as one more effective way to improve its electrochemical performance.

When the mixed phase is liberated from the pyrophosphate, higher
capacity was obtained amounting to 135mA h g™ (anodic) and 141 mA
h g7! (cathodic) at 1 A g~'. The anodic capacity is close to the theo-
retical value of NFPP based on. the extraction of 3 Na* ions, while the
cathodic capacity is slightly higher than the theoretical one (141 mA
hg~1), which can be attributed to the participation of evolved hydrogen
due to side reaction of water reduction at limiting negative potentials.
Further current decrease only leads to the increase of the cathodic ca-
pacity due to the water decomposition reaction.

When the current returns to the value of 1 A g -1 (after low current
rates), different behavior between samples is observed, as shown in
Fig. 11a,b. A significant capacity, drop of NFPP/SC_pH3 has.been
detected (about =~ 27 %) since smaller currents probably cause some
structural rearrangements responsible for the capacity fade, As a.result,
poor rate capability was observed (Fig. 11c,d). Unlike NFPP/SC_pH3
(Fig. 11a), a small fade was observed after low currents for NFPP/SC_7
(Fig. 11b) followed by a high-rate capability (Fig. 11d). The material
was found to withstand ultrahigh current rates amounting to 78 C,
reaching the capacity of =~ 80 mAh g™, This behavior follows the trend
observed by CV within corresponding scan rates from 5 to 50 mV s™!,
where diffusion behavior still determines the kinetics of the redpx
process.

The measured speclﬁc capac1ty of the NFPP synthesmad here exceeds
the literature values obtained in literature, in aqueous electrolyte [21,
22]. Namely, the achievement of NFPP theoretical capacity at such high
current rates was not observed in literature. Also, the specific capacity is
significantly greater than the capacity NFPP-based samples.(prepared by
sol-gel), measured in the organic electrolyte under the common current
regime [23-25]. Nevertheless, it is the consequence: of the faster con-
ductivity of aqueous electrolyte.
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Fig. 11. CP curves of NFPP/SC_pH3 (a,c) and NFPP/SC_pH7 (b,d) at low (a,b) and high currents (c,d). After low currents of 1, 0.5 and 0.25 A g~} the current was
returned to the initial value of 1 A g~! and the response was shown by a dashed curve in a,b.

3.5, Su,ggesuon for the NagFeP20y; identification in NagFe3(POgq) ;P20
/NazFeP20;

Sodium pygpphosphate, NayFeP,07 is almost an inevitable phase
upon NayFe3(PO4),P20; formation, even if the stoichiometry of the
mixed phase is adjusted. Although pyrophosphate identification does
not seem an issue, due to its highly intensive and numerous X-ray re-
flections, we would like to shed light on some problems, in the literature,
and indicate some helpful insights in that regard.

First, let’s look at the results of Cao et al [37] who refined a highly
pure mixed phase just by mentioning the presence of impurities such as
NagFeP,07 and NaFePO,4 maricite. We can conclude that their FTIR and
CV also confirmed NazFeP20;. presence, based on the spllttmg of the
symmetrical bridging mode or appearing of the characteristic redox pair
at Jower potentials. However, there is one more interesting thing here. In
many papers. with pure or almost pure NFPP phase, XRD.region at low
angles, below 13 ° or 15° of 2 8 is not presented, while Na,FeP,0, has an
intensive reflection at 11 of 2 8. We suggest that this region must be
shown because it includes not only the intensive reflection of NagFeP505
at 11° of 20 (if it appears), but also the reflection of the mixed phase at 9
© of 26, This is significant when a small concentration of pyrophosphate
is ppresent in the mixture, and can only be detected based on this
low-angle reflection, as shown by Ma [24]. Also, we suggest that CV and
FTIR can help identify this phase with certainty due to the highly sen-
sitive response of these methods to the small sodium pyrophosphate
fraction.

To recapitulate, our results show that the splitting of low-frequency

symmetric P-O-P mode indicates the pyrophosphate formation in the
mixture, Namely, two closely positioned bands at ~ 718 and ~ 737 cm ™!
in the middle infrared frequency range (it looks like a band splitting)
belong to NFPP and NFP phases, respectively. This is also in line with
published FTIR diagrams [19,37] where NajFeP20; appeared as an
accompanying phase of NFPP. Furthermore, CV can serve to identify
NayFeP20y based on its typical low-potential redox pair, which cannot
be attributed to the mixed phase. These peaks are related to a
single-phase transition of pyrophosphate lattice and they are very pro-
nounced in CV of NasFe3(PO4)2P207 /NasFeP207, even with a small
amount of NasFePoO7 [24,37].

3.6. pH-triggered sol—éel reaction of Na4Fe3(PO4) P20

Wu and coworkers [23] were the first who proposed a sol-gel route of
NFPP by mixing Fe powder with citric acid, accompanied by adding
phosphate and ethylene glycol into a jade-green ferrous citrate solution.
The mixed polyanionic phase is formed at 400 and 500. °C by ¢ decom-
posing the phosphate to pyrophosphate fraction when Na to Fe ratio
follows the stoichiometry. If not, the excess of phosphate or pyrophos-
phate is observed. This procedure was adopted by other authors [24,45]
while one more route, using sodium phytate, ferrous oxalates and
ph‘osph'ate [481, has been recently proposed. This study shows that the
thermal phosphate.decomposition can be prevented upon sol-gel +
thermal treatment and the mixed phase can be obtained usmg both
phosphates and pyrophosphates as reactants. Let’s consider the reaction
path of the sol-gel process, illustrated in Fig. 12.
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Fig. 12. Sol-gel scheme of NFPP/SC with and without pH adjustment.

~First; let’s explam our procedure. We used the 0.015 mol c1tr1c acid
and 0. 01 ‘mol Fe, since such ratio corresponds to one used in the sol-gel
route reported by Wu et al [23]. Under these conditions the authors
obtained a pure NFPP phase by using phosphate salts exclusively and Fe
metal as a precursor; When hoth phosphates and pyrophqs;;hates were
used, together with FeCz0,4 oxalate (under the sanie. mole level), the
excess of pyrophospl'fate was observed due to thermal PO4 — P20y
decomposition, which is in line with Wu’s observation. To examine the
phase composition with the change of citric acid concentration,
following the order 0.015, 0.01, 0.005, and 0.0015 we found that citric
acid decrease favors the formation of the mixed phase, due to pH in-
crease. When the pH was adjusted with NH40H to 7, NFPP was obtained
as amajor phase. To confirm the trend of changing NFPP/NFP ratio with
the citric acid concentration, we also prepared one sample with a citric
acid content, higher than the initial 0.015, émounting to 0.02 mol citric
acid concentration. As expected, such prepared sample showed a higher
amount of NasFeP,O, than the sample with 0.015 mol citric acid
concentration,

In Wu’s procedure [23], Fe metal was m1xed with c1mc ac1d thus
forming a jade-green coloured solution, which can be a recognizable
step for the successful production of NFPP. As indicated by these au-
thors, the green colour is observed only after 15 h mixing of Fe powder
with citric acid. When we mixed FeyCy04 and citric acid, the yellow
suspension was observed even after prolonged mixing, without the
appearance of the green colour. Fe (II)-oxalate complex remains since
Fe?* to Fe** oxidation is very slow at low pH (induced by citric acid),
while protonation of citrate carboxylic groups, at lower pH, suppresses
their direct coordination with Fe ions [49] When the citric acid is not
added, pH is found to be around 6 and pale yellow colour of suspension
with greenish tinge is observed (Fig. 1). The reason is the faster Fe?* to
Fe3* oxidation at.elevated pH [49). As a result of mentioned processes,
the brown colour of gel was observed upon its evaporation, thus indi-
cating that Fe species mostly remain in the oxalate form. In the absence
of sucrose, the colour is umber (Fig.52) due to a higher degree of Fe (II)
to Fe (III) . oxalate oxidation, since sucrose can be a reducing agent at low
pH via its hydrolysis product. The sucrose absence makes the powder’s
color less intense (Fig. 13). One can conclude that predominance of Fe
(II)/Fe . (III) oxalates in the reaction mixture leads to NayFeP;07
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Fig. 13. NFPP_pH3 and NFPP_pH7 precursors obtained by citric-assisted sol-gel
route with and without sucrose addition.

formation. Indirect-type Fe-citrate coordination is possible, to a minor
extent, via hydrogen bonds of citrate with OH- groups of iron-hydroxo
complex which is also formed together with iron- oxalate, under ph of
3 [50]. This behavior can be correlated with the formation of a certain
NFEPP fraction in NFPP/SC_3 sample.

On the other hand, when the pH of Fe oxalate-¢itrig acid suspension
was adjusted to a neutral value, the yellow-to-green colour change was
observed (Fig. 12,, right side}. The green colour can be attributed to the
formation of Fe(ll) citrate ‘complex since the citric’ acid becomes
deprotonated-at neutral pH (éxcept for the proton on the hydroxyl
group) and hence reacts raplgly with Fe(II) thus formmg a green com-
plex. The green colour becomes more intensive and darker over time and
turns into dark brown (due to Fe?* ~ Fe®" oxidation facilitated at
elevated pH), which afterwards becomes completely transparent
(Fig. 1). It can be attributed to the formation of ferric ammonium citrate
solution, The presence of OH ™ ions facilitates oxidation, thus making the
formed complex dissolved and capable of reacting with phosphates and
pyrophosphates to the NFPP precursor. Otherwise, these changes argnot
observed when it comes to spontaneous reaction corresponding to pH of
3. The turbid yellow-brown solution was observed which indicates the
phosphate precipitation and its thermal decomposition to NFP phase.

The various nature of complexes formed under pH of 3 and 7 can be
responsible for the different carbon content in NFPP and NFPP/NFP
composites, Therefore, the higher amount of carbon in NFPR/SC_pH7
(~35 wt:%) than in NFPP/SC_pH7 (~ 20 wt%) can be attributed to the
more pronounced catalytic properties of Fe ions towards citric acid
combustion due to their greater proximity under neutral pH value (Fe-
citrate complex dominance). At lower pH, the steric hindrance of oxa-
lates alleviates the catalytic effect of Fe and slows down the citrate
combustion. :

The question regarding the formation of green Fe (I1I) oxalates upon
the neutralizing of the suspension arises here. Upon pH adjustment to 7,
the green color of suspension was attributed to Fe (II) citrate rather than
Fe (1) oxalate complex. This was proven by observing colors of two
separate suspensions: with and without citric acid.The observed green
color during synthesis of NFPP/SC_pH7 (in the presence of citric acid)
didn’t match the one observed in the synthesis without citric.acid, when
Fe (III) oxalates were formed under neutralizing pH. Additionally, color
changes, during the entire synthesis process of NFPP/SC_pH7, match the
change of Fe (I)citrate to ammonium Fe (III) citrate rather than Fe (III)
oxalates (Fig. 1 and Fig.S10). Let’s explain. To check Fe (III) oxalate
contribution, the same reaction was performed without citric acid (at
pH=7 adjusted with NH4OH). A soft green shade is observed which
becomes somewhat intensive over time, while the solid green colour can
only be observed upon raising pH to 8-9. However, the behavior of Fe
(111) oxalates, during evaporation in the absence of citric acid, does not
match the reaction path observed in Fig. 1, since the blur suspension was
observed over the entire process (Fig.S10), without transparent brown
colour. One can conclude that the brown colour of the solution (.whe_q
the citric acid is added) is still related to the amonium Fe (Ill)-citrate
complex. As mentioned in the Experimental section, this brown colour
gradually fades during evaporation thus producing light-green gel (Fig.
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S11). This can be the consequence of the conformation changes of
ammonium citrate complex due to water evaporation. Explicitly, there
are two ferric ammonium citrate forms, brown and green, depending on
pH. Liberation of water can change pH and type of complex. As
mentioned, when it comes to Fe-citrate coordination, the combustion
path results in the formation of the mixed polyanionic phase.

To summarize this section, pH appeared as a key link to determine
the type of Fe-based complex in the sol-gel process through the control
of Fe-citrate bonding and consequently final polyanionic composition.
Of course, it does not mean that a similar effect would not occur using
some other synthesis, under specific conditions. The results open up new
aspects for the synthesis of the NFPP phase with promising sodium
storage properties.

4. Conclusions

So far, a sol-gel route for NasFe3(PO4)2P207 production used phos-
phate salts exclusively as a phosphorous source, where their partial
thermal conversion to. pyrophosphates allows. the formation of the
mixed-phase polyanionic framework, In this contribution, we showed
that Na4Fe3(P04)2P207 could be successfully obtained by citric-assisted
sol-gel process, using both. phosphate and pyrophasphate as reactants,
when the pH of the reaction suspension was.adjusted to a neutral value.
Namely, when it.comes.to this spontaneous. reaction (without pH
adjustment), NaoFeP,07 is formed as the dominant phase due to phos-
phate to pyraphosphate decomposition. Its fraction decreases on ac-
count of increasing NFPP fraction (23wt% — 42wt%), as the pH of the
suspension increases (2-3~ 6-7), which is controlled by the amount of
citric acid (0.02 -, 0). pH adjustment to a neutral value with
ammonium:hydroxide, changes the reaction path and the nature of Fe-
based complex, thus making it more dissolved and capable of reacting
with both phosphate and pyrophosphates. It leads to the formation of
the mixed polyanion as the major one, liberated from NazFeP,07. Such
obtained phase shows promising sodium storage performance, measured
in an aqueous medium, higher than the one measured for NFPP/NFP
heterostructure and capable, of reaching theoretical capacity at a rela-
tively high current of 1 A g7 ,

A series of samples w1th different Na4Fe3(PO4)2P207/Na2FeP207
ratios were developed; by changing the citric acid to Fe ratio, with the
purpose to-understand the key factors responsible for the final NFPP
composition -and its interrelation with the secondary pyrophosphate
phase, NazFeP,07. Through a literature survey and careful observation
of suspension color under different stages of synthesis procedures, some
crucial issues regarding the reaction path of NFPP sol-gel have been
addressed. Namely, the type of the complex, influenced by the initial
amount of citric acid and pH of suspension, was found to determine the
reaction/combustion path and final polyanionic composition. These
parameters actually control Fe-complexation and oxidation, including
the: type of Fe-coordination, where the dominant complex species
switches from oxalate. to citrate, as the pH rises. Since the citric acid is
highly protonated, under low pH and.is not able to directly interact with
Fe (II) species, Fe ions remain mostly coordinated with oxalates, which
precipitate to pyrophosphates. pH enhancement deprotonates carbox-
ylic.groups of citric acid, thus **activating’” them to coordinate directly
with ferrous ions and.further form soluble ammonium ferric citrate
complex responsible for the formation of the mixed phase.

Furthermore, both FTIR .and CV are proposed, as assisting tools to
XRD for the identification of sodium pyrophosphate fraction in the
Na4Fe3(P04)2P207/NagFeP207 mixture since these methods are recog-
nized as highly sensitive to the small NayFeP;0; amount. Therefore, we
suggest the following steps for the successful identification of a small
sodium pyrophosphate fraction in the heterostructure:

1. Low-angle X-ray region should be always presented (above 5 ° of 20)
since the best way to distinguish NaFeP20; from NasFe;(P04)sP207
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is by using different positions of the low-angle intensive reflections at
9 ° of 20 (for NFPP) and 11 ° of 26 (for NFP) in Cu Ka radiation.

2. FTIR can identify the pyrophosphate fraction based on the splitting
of the low-frequency symmetric P-O-P mode (718 and 737 em™) in
the middle-frequency interval.

3. An appearance of the broad low-potential redox pair Cat -0.39/-0.43
V vs. SCE or 2.56/2.52 V vs. Na*/Na) can identify NFP presence in
the mixture, where its current response is quite pronounced when it
comes to the small pyrophosphate fractions.

Additionally, several samples with different NFPP and NFP ratios,
allowed us to unambiguously assign vibrational modes of these phases
and to successfully correlate the CV profile with the phase composition.
The characteristic CV behavior was observed, for the heterostructure,
with a high and a low amount of the mixed phase. The influence of the
pyrophosphate phase on the redox behavior of NFPP is reflected through
decreased capacity, more difficult intercalation of Na ions and appear-
ance of the low-potential redox pair.. . .

‘The results give meaningful insight into NFPP synthesxs, wl:uch can
be helpful for the broad family of polyanionic. compounds in light of
tailoring thelr sodium storage properties. o
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Prof. dr Veselinka Grudi¢- biografija

Rodena sam 03.01.1972. godine u Pljevljima. Osnovnu $kolu sam zavrsila u Pljevljima, a srednju $kolu
u Podgorici sa odli¢nim uspjehom. Metalur$ko-tehnoloski fakultet- -odsjek Neorganska tehnolo gija
(opti smjer), Univerziteta u Podgorici upisala sam 1990/91. godine. Diplomirala sam 1995. godine i
stekla zvanjediplomirani inZenjer neorganske tehnologije. Poslijediplomske studije na Fakultetu za
fizitkuhemiju,Univeziteta u Beogradu upisala sam 1995 godine. Magistarski rad pod naslovom:
""Kinetika elektrodnih reakcija metala u aproti¢nim elektrolitickim rastvorima’’odbranila sarn u
februaru 1999. godine, Doktorsku disertaciju pod naslovom: "Oksidacija halogenidnih jona u
aproti¢nim elektrolitickim rastvorima”odbranila sam marta 2004. godine na Fakultetu za fizitku
hemiju,Univerziteta u Beogradu.

Zaposlena sam na Metaluriko-tehnoloskom: fakultetu; u Podgorici: od :1995.godine kao asistent -
staZista sa punim radnim vremenom na Katedri za fizicku hemiju i elektrohemiju. U zvanje asistenta
sam izabrana 2000. godine na istoj katedri. Tokom rada kao asistent- staZista bila sam angaZovana
na 1zvoden)u vjezbi iz predn}eta Elektrohemija i Zastitne prevlake 0d oktobra 2002. godme izvodila
sam VJezbe iz predmeta Hemuska termodmamlka, aod oktobra 2003 godlne sam angazovana u
nastavi 1z 1stog predmeta U zVah)e Vlseg struénog saradmka, za 1zvod]en]eVJezb1 iz predmeta Flzléka
hemlja i elektrohemua Elektrohemlja, Neorganska hemua i Hemua na Poljoprlvrednom fakultetu
1zabrana sam’ 2005 godine. U zvanje docenta 1zabrana sa 2009. godme za predmete Hemuska
termodmamlka, Tehnoloske operacue i, Heml]Skl 1zvor1 stru]e | Zastitne prevlake U zvan)e
vanrednog profesora 1zabrana sam 2015 godme za predmete Hemijska termodmamlka, Tehnoloske
operacije II, Elektroheml]a, Hemuskl 1zvor1 struje’i Zastitne prevlake 2020. godme 1zabrana sam u

zVan)e redovm profesor za oblastl Fizi¢ka hemija i Hemusko inZenjerstvo. e

Mola profesmnalna oruentacua ]e u podrucju sinteze i karaktenzacue materuala za skladlsten]e
energue, elektrohemuskog 1sp1t1van)a tazlititih povrsmsklh procesa na gran1c1 elektroda / elektrollt
ispitivanje mehanizma i kmetlke sorpc1omh procesa, kao i zastita metalmh materijala od korozue
primjenom inhibitora. Bila sam mentor ]edne doktorske dlsertacue, v1se od 40 SpeCl]allSthklh rad ova,
dva maglstarska rada, a trenutno sam mentor )edne doktorske dlsertacue i pet master radova.
Publikovala sam vi$e od 70 naucmh i konferencijskih radova, od kojih je 21 radova SCI 1ndek51ramh
publikacija. Aktivno sam ucestvovala, kao rukovodilac ili'¢lan radnog tima, u reallzacul 18 naucno -
1straz1vack1h i bilateralnih projekata. U prethodnom period blla sam clan orgamzac1onog/naucnog
odbora nekollko medunarodmh/reglonalmh konferencua

Umverzxtet Crne Gore mi je dodijelio priznanja za postignute rezultate i doprmos razv()]u naucno-
istrazivackog, um)etmckog i strucnog rada na Metalur$ko-tehnoloskom fakultetu u 2018..i 2019.
godini. . . . e S L,
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Dr MILICA VUJKOVIC - Kpartka 6uorpaduja

Munua Byjkosuh je pohena y Huxmnhy, pua Topa. Hayuru caBeTHUK je Ha Qaxynrery 3a
dusmuxy xemujy, Yausepsutera y Beorpany, rie je moxropupana u3 o6nactu JIUTHJYM-JOHCKHX
Oarepuja (2013. rogune). On 2011 roaune, keH HayYHO-UCTPAKMBAUKH pajl yCMEPEH je Ha pazBoj
MaTepHjaia 3a CKJIaIMIITERe M KOHBEP3Ujy eHepruje yKkibyuyjyhu Gatepuje, cynepkonaensarope,

enexTponusepe UTA. Ilozueuu je npeaasad npectraxHor MESC+ macrep nporpama (2019-2023).
a ol HoBem6pa 2023. roauHe je u roctyjyhn npeaapay na Yuusepsurety Lipse Tope. Buia je jenan
0Jl OpraHM3aTopa CUMIIO3Mjyma o Garepujama Ha peHomupanom 71. ISE ckymy y Beorpany 2020.
romuue 1 COIN2022 cummosujyma (Www.coin202.org) oapixxasoM y Cprickoj akajeMujy HayKa 1
YMETHOCTH. 32 CBOje Hay4HO MCTPaXMBAuKe pesy/Tare Harpaljusana je HeKOJIMO IMyTa: Harpaja 3a
Haj60Jby JOKTOPCKY Tesy o JIpyluTBa 3a MCTpaxKuBame Matepujana CpGuje, Harpata IIpuspe e
Komope Beorpana 3a Haj60be noxtopcky tesy 2013. ronune u 32 Haj6osen narent 2012/2013,

Harpana (Domlaunje "Boke Bndﬂcosﬂha 3a' Haﬁion,u Hay4YHU paj MJaJuX Hay4YHHKa YHHBepauTeTa
Onpx(ana Je Hexonmc'o“ H03I/IBHI/IX npegaBaH,a 1 \Ha‘; pCHQMPIpaHHM HaquuM
MHCTuTyunJama/KOHq)epeﬂunjama Kopmmnpa/na je ca 6 HpOJeKaTa Mehy  KojuMa je w
MebyHapoan SuperCar—NATOSPS npojexar. 2021-2023 6nnaTepanHu TIpOjeKar . CpGHJa-
Haemaqxa 2024 2026 . ¥_HalHOHAJH HlSuperBat TPOjeKaT U3 Nporpama, Hporvmc 2020~ 2022,

(puﬂaﬂcupaﬂ on CTpaHe ®oupasa Hayxy Peny6nm<e Cp614]e ITopen Tora, yquTBonana/yquTByJe
y 11 MelijaponHux/HaumHaJIan TpOjeXTa. KoayTop je 50 HayuHuX pajioBa LMTHPaHUX 1260
nyTa (h=20), 80 KOH(pepeHunchux caomuresna, 1-or HOFHaBJBa y MOHorpaqun 3 HallMOHAJIHA
nareHTa.
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PROF. DR IVANA BOSKOVIC- BIOGRAFIJA

Rodjena je 26. 08. 1971. u Titogradu. Osnovnu Skolu i gimnaziju Slobodan Skerovi¢ u
Titogradu zavrila je 1990. godine. Studije neorganske tehnologije je zavriila na MetalurSko-
tehnologkom fakultetu u Podgorici 1995. godine. Zaposlila se na istom fakultetu 1995. godine kao
asistent-pripravnik na Katedri za fizitku hemiju i elektrohemiju. Poslijediplomske studije na
Fakultetu za Fizitku hemiju u Beogradu je zavrSila 1999. godine, a doktorske studije na istom
fakultetu 2005. godine i stekla zvanje doktora fizitko-hemijskih nauka. U periodu od 2014, do
2016. godine obavljala je poslove prodekana za istraZivanje i razvoj na Metalursko-tehnoloSkom
fakultetu. Redovni je profesor i od 2021. godine prodekan za nastavu Metaluriko-tehnoloSkog
fakulteta. Nau&no-istraZivatki rad je dominantno u oblasti fizitke hemije, fizi¢ke hemije materijala
i zastite Zivotne sredine.
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Nenadovié (2022):: Structural, Mechanical and Chemical Properties of Low Content
Carbon Geopolymer, Sustainability, Vol. 14, pp. 4885-4898, , ISSN: 2071-1050,
DOI:10.3390/su14094885 S S , R



- Peny6auka Cpbuja
MHHHUCTAPCTBO IPOCBETE,
HAYKE M TEXHOJIOIIKOT PA3ZBOJA
KomucHja 338 cTHNAKE HAYHHHIX 3Baiba

Bpoj: 660-01-00001/2064
22.02.2022. ronune
Beorpan

Ha ocHoBy w4maHa 24. cras 2. u 4naHa 76. cTaB 6. 3aKOHa O HAyLUH M UCTpaXKUBAHUMA
("Cnyxcﬁeuu TIaCHUK Peuyﬁnmce Cp6uje", 6poj 49/19), unana 3. ¢T. 2. u 4. v unana 40. T1paBu HUKa
: ‘ WKBX M HayuHux 3samba ("CnyxOeHy riacHuK Peny6auke Cpbuje”, 6poj
159/20) vi 3axTeBa KOjH j TMOJIHEO

‘ H’ncumym HexHU KX HAYKa CAHY y Beozpady
KOMHCHJa 3 cTuual-be Hayquux 3aau-..a Ha CeNIHUILM onpianoj 22.02.2022. roanHe, JoHena je

S OMIVKY
o CTHIAKY HAYYHOT 3BAIbA

ﬂp Munow Munosuh
CTHHE HAYYHO 3BAHe
Buwu naysnu capa()nux

'y obnacTy upnpouHQ-MaTcmaTmmx HayKa (buanxa xemuja
OB PA3JTOXEDBE

Hucuiliyinl idexHunKux Hayka CAH Yy BeoZpady.

YTBPAMO j€ Mpeasior 6poj 366/1 on 22.10,2021, rouHe Ha ceannun Hayunor seha MlactutyTa 1
noaHeo 3axtes KoMmucuiju 3a CTHUAWE HAYYHUX 3Baibd 6poj 370/1 on 25.10.2021. TomuHe 3a
JIOHOLLIEHHE OANYKE O MCTYHEHOCTH YCI/I0Ba 33 CTHIIAlGe HAYHHOT 383 Buwu nay4nu capaonux.

Komucuja 3a CTHUAIbE HRYYHHX 3Batba J@ np NPETXOAHO l'lpMGaBJbCHOM NO3UTHBHOM
MHULLbEHY MaTHUHOT Hay4HOT onﬁopa 33 XEMHjy Ha CeHHUU ompxanoj 22.02.2022. roauue
pasMaTpaja 3axTeB M YTBpAMNA [a IMEHOBAHH HCITYFbaBA YCIOBE U3 unana 76. cras 6. 3axoHa o
HayUH 1 neTpaxkupaibuma ("CiryKGeHy racHuk Peny6auxe Cpbuje”, 6poj 49/19), unaHa 3. ¢T. 1. 1
3. u unana 40. [IpaBuiHKKa O CTHLAHKY MCTPAKUBAYKUX U HAYHHUX 3RAIbA ("Cnyx0OeHu rnacHuK
Peny6nuke Cp6uje", 6poj 159/20) 3a cruuate HayyHOL 3Barba Buwu nay+nu capaonuk, na je
OZTy4MNa KaO Y H3peLy OBe OJAYKE:

JloHolliereM 0BE OMYKE MMEHOBaHK cTnye oBa npaaa KO_la MY Ha OCHORY H€ N0 3aKOHY
npunanajy. ~ _

OnnyKy HOCTABMTH [OJHOCHOLY 3aXTeBa, WMEHOBAHOM W 2pXHBH MuHu‘c"rapcma
1pocBeTe, HayKe U mxuo,ncmxor pazgojay Beorpa.uy

IIPELICEIIH i1 KOMI/ICI/IJE

h

HAyYHM CABETHHK
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Muiaom Mujiosuh - CTPYYHA BUOT'PAOHUIA

Musomn [lparom MunoBuh pohen je 1987. rommne y Ilpumtunan. OCHOBHY IIKONY
3anoueo y IlpumTuny, a 3aBpuido y Paniky, Kao ¥ CpeshOoLIKoJICKO TMMHAa3Hjcko obpa3oBame.
Comane 2006. ynucyje ®akynter 3a pu3nuKy xeMdjy YHuBepsutera y beorpany. Macrep pan
»Kpenpame HEYpOHCKE Mpexe y UMby MNpoueHe cajpxaja reoxha y Mosry obonenux op
aMHOTpOdHUHE JiaTepaHe cKilepose” onopanno je 2011. rogune. Jlokropcke cTyauje ynucyje
2011. Ha wncroM ¢akynreTy, a JOKTOPCKM paj noj Ha3uBoM “CHHTE3a, CIPYKTypHa M
eniekTpoxemujcka cojctea LiFePOs u LizFeSiO4 xao kaToJiHUX MaTepujaia 3a JUTHjyM-jOHCKE
Gatepuje ondpanuo je 2016. Y Uucturyry texunukux nayka CAHY 3anocie je ox neuemObpa
2011. On 2022. Je y, 3Bathy, BHIIET HAyJHOr CApalHHKA. V obnacT Hay4yHOr MHTEpECOBama
criagajy: XCMI/IJCKPI U3BOPH CTpYje, nnTnJyM—JoncKe Oarepuje, eNeKTPOIHH MaTepHjald, XeMHja
YBPCTOTr CTama, kpucranorpadpuja. Jlo cana je objasuo 21 pax y mehyHapagHum yacomucuma.
XHpIIOB HHIEKC M Mnnomha je 7,a LMTHPAHOCT je 176 (npeMa 6a3u Scopus on 17. 03. 2024)
PEleH3EHT je y HEKOIHKO qaconuca ‘Inan Je Cpncr(or Kepamnqkor npymTBa " Cpnclcor
Kpncranorpad)cr(or npymTBa Yiian JC 'HayuHOr 01160pa Kon(pepenupge Mnannx nc'rpancnnaqa
(Young Researchers Conference) Bro j Je qnan HeKonnKo KOMPICPIJa 3a n36op y Hayqna 3Ban,a
npen HaydnuM Behnma I/IHcTnTyTa TEXHUYKIX HayKa CAHY 1 HHcrnTyTa 3a Hykneapne Hayr(e
,,Bnnqa HarpabeH je HOBCILOM YHnBepanTeTa y Beorpa,uy Kao HaJ60IBH cry,ueHT reHepaunJe
®akyirera 3a q)nanqr(y xervrnjy KojH Je ,unnnomnpao y mkounckoj 2010/ 11. Harpa,ua Je 13 2012.
IIo6nTHm< je JII/IHJIOMC ,,HaBne Capuh’ ‘, KOJy no,uen,yje ,prIIITBO qmsnkoxeanapa Cpﬁuje 3a
yerex TMOCTHUIHYT Ha CTyJII/IJ ama qmsw{xe xeMHJe Harpana je u3 2014. IIo6nTHnK je CTI/I]'ICH,IIPIJC
Mebhynaponse yHuje 3a Kpncranorpadmjy (IUCr) 3a yqernhe Ha XXV KoHd)epeHuan CpncKor
Kpncranorpa(bcr(or ApymwTsa: 25th Conference of the Serbian Crystallographrc Socrety, 2018.
I[o6nTHnK je Harpaje 3a Haj6ospy nocrep npe3eHTaunJy Ha Kqu)epeHouu 3rd Internatlonal
Symposrum on Materials for Energy Storage and Conversron mESC IS 2018

N




JIlucTa Haj3HAYAjHHMjHX pajOBa

1.

Milo§ Milovié, Dragana Jugovié, Nikola Cvjeti¢anin, Dragan Uskokovi¢, Aleksandar S.
Milosevié, Zoran S. Popovié, Filip R. Vukajlovi¢, Crystal structure analysis and first
principle investigation of F doping in LiFePOs, Journal of Power Sources 241 (2013) 70-
79, DOL: 10.1016/j.jpowsour.2013.04.109

Dragana Jugovié¢, Milo§ Milovi¢, Valentin N. Ivanovski, Max Avdeev, Robert Dominko,
Bojan Jokié, Dragan Uskokovi¢, Structural study of monoclinic Li2FeSiO4 by X-ray
diffraction and Mdssbauer spectroscopy, Journal of Power Sources 265 (2014) 75-80,
DOL: 10.1016/j.jpowsour.2014.04.121 (Md=6.217, o6nacrt: 2/28 Electrochemistry; 6p
xetepouurara: 10)

Milo§ Milovi¢, Dragana Jugovi¢, Miodrag Mitri¢, Robert Dominko, Ivana Stojkovié-

. Simatovié, Bojan Jokié, Dragan Uskokovié, The use of methylcellulose for the synthesis

of L12Fe8104/C composrtes Cellulose 23 (2016) 239 246 DOI 10 1007/s10570 015-
0806 9 \

Jugovrc D, Mrtrlc M., Mllov1c, M., CVJetlcanm N. Joklc B., Umlcev1c A, ;
Uskokovrc D. The influence of fluorine doping on the structural and electrical propertles
of the LiFePO4 powder (2017) Ceramlcs Internatlonal 43 (3), pp-. 3224 3230 DOI
10.1016/j.ceramint.2016.11.149

Jugovrc, D., Mllov1c, M. Popovrc M, Kusrgerskr A% ékapm, S., Rakoéewc Z Mrtrrc
M. Effects of fluorination on the structure, magnetlc and electrochemical propertles of the
P2-type NaxCoO> powder, (2019) Journal of Alloys and Compounds 774, pp. 30-37.
DOL: 10. 1016/1 jallcom.2018.09.372

Jugovrc D. , Milovi¢, M. Popovré M Kusrgerskr V., ékapm S Rakoéevrc Z , Mitri¢,
M. Effects ol fluorination on the structure magnetrc and electrochemlcal propertles of the
P2-type NaxCoO; powder, (2019) Journal of Alloys and Compounds, 774, pp. 30- 37.
DOI: 10.1016/j.jallcom.2018.09.372

Mrlovrc, M.D., Vasi¢ Amcuevrc D D. Jugov1c D., Amcgevrc, V 1., Veselinovié, L.,
Mltrrc M., Uskokov1c D. On the | presence of antisite defect in monoclmrc leFeSro4 —A
combmed X -Ray dlffractlon and DFT study, (2019) Solid State Sciences, 87 pp. 81-86.
DOI: 10.1016/j.solidstatesciences.2018.11.008

Milovié, M. Jugovrc D., Vujkovi¢, M., Kuzmanovié, M ‘Mrakovié, A M1trrc M
Towards a green and cost-effective synthe51s of polyamomc cathodes: comparatrve
electrochemlcal behavrour of LiFePO4/C, Li;FeP,07/C and LizFeSiO4/C synthesized
using methylcellulose matrix, (2021) Bulletin of Materrals Scrence 44 (2) art no. 144
DOI 10.1007/s12034-021- 02397-3

Gezovié, A., Vujkovi¢, M.J., Milovié, M., Grudié, V., Dommko R., Mentus S. Recent“
developments of Na4M3(PO4)2(P207) as the cathode material for alkalrne ion
rechargeable batteries: challenges and outlook, (2021) Energy Storage Materials, 37, pp.
243-273. DOL: 10.1016/j.ensm.2021.02.011




10. Milovié, M., Vujkovié, M., Jugovi¢, D., Mitri¢, M. Electrochemical and structural study
on cycling performance of y-LiV20s cathode, (2021) Ceramics International, 47 (12), pp.
17077-17083. DOI: 10.1016/j.ceramint.2021.03.016
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Na osnovu &lana 72 stav 2 Zakona o visokom obrazovanju
(,Sluzbeni list Crne Gore", br. 44/14, 47/15, 40/16, 42/17, 71/17,
55118, 3/19, 17/19, 47/19, 72/19174/20 1 104/21, 86/22|125l23)
i ¢lana 32 stav 1 tatka 9 Statuta Univerziteta Crne Gore, Senat
Unlver2|teta Crne Gore, na sjednici odrzanoj 23.2.2024. godine,

donio je ,

ODLUKU
O1ZBORU U ZVANJE

ademsko zvanje vanredni
re za oblast Elektriéne
m fakultetu Univerziteta

Dr MARTIN CALASAN bira se u
profesor Univerziteta Crne

masine i pogoni na Elektrotehi
Crne Gore, na period od pet godi




Calasan Martin - Biografija

Roden sam 05. oktobra 1986. godine u PluZinama. Osnovnu $kolu sam pobadao u mijestu
Brezna, Op3tina PluZine, a Gimnaziju, prirodno matemati¢ki smjer, u PluZinama. Za uspjeh u
osnovnoj i srednjoj $koli dobitnik sam diplome »Luda l« i nosilac priznanja »Pak
generacije«.

Skolske 2005/2006. zapoeo sam studije na Elektrotehnitkom fakultetu Univerziteta Crne
Gore, odsjek Energetika i automatika. Osnovne studije zavr$io sam u junu 2008. godine sa
prosjenom ocjenom 9.86. Nakon druge i tre¢e godine studija dobio sam nov&ane nagrade
Elektrotehnickog fakulteta za najboljeg studenta odsjeka Energetika i automatika.
Specijalistit¢ke studije, smjer Industruska elektrotchmka na istom fakultetu, zavr§io sam u
junu 2009. godine sa prosjednom ocjenom 10.00. Tokom osnovmh i specijalisti¢kih studija
bio sam korisnik stipendija Viade Republike Crme Gore za talentovane studente i u¥enike,
Opétine PluZine, Regulatorne agencue za energetlku i Elektroprlvrede Crne Gore AD N1k§16
(EPCG)

elektrotehmka zavr§10 sam odbranom maglstarske teze naslova »Szmulaczom model i
dinamika statickog pobudnog sistema sinkronih generatora u HE "Perucica“«, pod
mentorstvom prof. drM11ut1na OstOJléa, u junu 2010 godmes op§tlm uspJehom 10, (‘Slme Sam
stekao akademskl naziv maglstra elektrotehméklh nauka

Doktorsku disertaciju - naslova »Upravijanje prekzdackzm relukrantmm generatorom i
tolopogije energetskog pretvarada za rad u kontinualanom reZimu«, pod mentorstvom prof.
dr Vladana Vuji¢iéa, redovnog profesora Elektrotehni&kog fakulteta Univerziteta Crne Gore;
odbranio sam 15. 06 2017. godme, Elme sam stekao nauéni stepen doktora elektrotehnléklh

nauka

U zvanje DOCENTA za oblast Elektriéne masine i pogoni (Elektriéne ma$ine — osnovne
studije — studijski program Energetika i automatika; FACTS i HVDC komponente energetske
elektronike — master studije — studijski program Elektroeneregetski sistemi; Elektri¢ni pogoni
- master studije.— studijski program Automatika i Industrijska elektrotehnika; Upravljanje i
regulacija elektri¢nih pogona — master studije - studijski program Automatika i Industrijska
elektrotehnika) -na. Elektrotehni€kom fakultetu Univerziteta Crne Gore, izabran sam na
sjednici Senata UCG na sjednici od 12.02.2019. godine. U dosada¥njem radu na
Elektrotehmékom fakultetu u Podgorici, Pomorskom fakultetu u Kotoru i Masmskom
fakultetu u Podgorici 1zvod10 sam nastavu iz veceg brOJa predmeta iz 1zbome oblast1 - oblastl
elektriénih magina i ‘pogona. Na doktorskim - studljama na Elektrotehmékom fakultetu
usta.nov10 sam i predmet Sistemi za skladistenje élektri¢ne energije.

U dosadasnjem nauéno-istrazivatkom radu objavm sam oko 55 radova na SCI/SCIE listi, kao
i oko 150 radova u ostahm Sasopisima, kao i na domacim, regionalnim i medunarodnim
konfercncuama Objavio sam k'nji‘gu Masine jednosmjerne struje™ u' izdanju Naugne kojige
iz Beograda (Srbija), kao i ‘nekoliko poglavlja u knjigama medunarodnih izdavaga.
Recenzirao sam preko 2000 radova u &asopisima sa SCIU/SCIE liste i bio sam ugesnik
nekoliko medunarodnih projekata. Bio sam jedan -od urednika u $est specijalnih 1zdanja

éasoplsa sa SCI/SCIE liste:



[1] "Renewable Based Energy Distributed Generation” — dasopis Energies (ISSN 1996-
1073)

[2] "Power System Dynamics, Operation, and Control including Renewable Erergy
Systems and Smart Grid: Technology and Applications" — asopis Electronics (ISSN
2079-9292)

[3] ,,Energy Hubs in Modern Energy Systems with Renewables and Energy Storage' —
&asopis Frontiers in Energy Research - Smart Grids (ISSN 2296-598X)

[4] ,,Electrical Vehicles Technologies and the Power Quality Challenges - asopis
International Transactions on Electrical Energy Systems (ISSN: 2050-7038)

[5] ,Mathematical Modeling in Energy Sector* — Zasopis Energies (ISSN 1996-1073)

[6] ,,Technical and Environmental Implications of Electrifying Walerborne
Transportation Systems* ~ Easopis Water (ISSN 1996-1073).

U prethodnom periodu, bio sam i Clan organizacionog/nau¢nog odbora vedeg broja
medunarodnih, doma¢ih i regionalnih konferencija, dok sam odrzao i veéi broj predavanja na
naudnim skupovima, ljetnjim $kolama i struénim savjetovanjima.

Za svoj nastavni i nau¢no-istraZivatki rad dobio sam sljedeée nagrade i priznanja:

- Priznanja UCG za postignute rezﬁltate i doprinose razvoju nauéno-istraiivaékog;
umjetnitkog i strugnog rada na Elektrotehnickom fakultetu u 2019, 2020 i 2022.
godini - , B

- Nagradu CANU za 2020, godinu iz Fonda Crnogorske akademije navka i umjetnosti
za podsticanje podmlatka, : ;

- DANUBIUS nagradu za mlade naugnike koju dodjeljuje Austrijsko ministarstvo za
~ obrazovanje, nauku i istraZivanje i Institut za Dunavsku regiju i Centralnu Evropy, u
oktobru 2021, godine , o . .

- . Nagrada Ministarstva nauke za najboljeg pronalazata u Crnoj Gori u 2017. godini,

- .. Nagrada Ministarstva nauke za najboljeg nau¢nika Crne Gore u 2022. godini, i
.~ .. Drzavnu nagradu OKTOIH za 2022. godinu.
Imam nau¢nu saradnju sa profesorima i istraZivatima iz preko 10 zemalja i sa preko 25
medunarodnih institucija. U periodu od marta 2021. godine do septembra 2021. godine bio
sam &lan Savjeta za nmauku Vlade Crne Gore. Od juna 2022. godine &lan sam Odbora
direktora Elektroprivrede Crne Gore. Clan sam IEEE i CIGRE, dok sam od 2021. godine

potpredsjednik Crnogorskog komiteta CIGRE - CG KO CIGRE.




Calasan Martin — bibliografija (odabrani SCI/SCIE radovi)

(1] Z. M. Ali, M. Calasan, F.H. Gandoman, F. Jurado, Shady H.E. Abdel Aleem, ,Review of batteries
reliability in electric vehicle and E-mobility applications“, Ain Shams Engineering Journal, August 2023,
102442, https://doi.org/10,1016/j.asej.2023.102442

[2] I Knezevic, M. Calasan, T, Dlabac, ,,Novel Analytical Approaches for Induction Machine Direct Start-up
Speed-Time Curve Modeling under Fan Load*, Archiv fur Elektrotechnik - Electrical Engineering, Vol.
AA, Issue BB, 2023, pp.AA-BB, https://doi.org/10.1007/500202-023-02039-3
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[5] M. Calasan, A. Jovanovié, V. RubeZi¢, D. Mujiti¢, A. Deriszadeh, “Notes on parameter estimation for
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jul 2020, https://doi.org/10.1109/T1A.2020.2992667, ISSN 0093-9994
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Waveform," IEEE Transactions on Industrial Electronics, Vol. 69, Issue 6, jun 2022, pp. 5536 ~ 5546,
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Calasan, A. Alaei and J. F. Gieras, "A Novel Field Current Estimation Method for
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5442



[15] M. Micev, M. Calasan, D. Stipanovié, M. Radulovié, "Modeling the relation between the AVR setpoint
and the terminal voltage of the generator using artificial neural networks," Engineerlng Applications of
Attificial Intelligence, Vol. 120, April 2023, pp. 105852, https:/doi.org/10,1016/j.engappai.2023.105852,
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