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1 Abstract

NASICON (Na superionic conductor) based cathode material has gained a lot of attention of re-
searchers in recent years due to its robust 3D network which provides smooth and fast mobility of
Na ions, wide operating electrochemical range, good stability. However, they undergo low electronic
conductivity and low capacity which limits its use in practical application. This dissertation aims
to produce a NASICON based cathode material which is proposed to be a good cathode material.
However, to solve the problem we also plan to replace (i) one of the vanadium ion with Fe and (ii)
both vanadium ions with Fes in the general composition NagVa(POy)s, and study it’s electronic
as well as magnetic properties of the different compositions. Besides, electronic properties of NA-
SICON - based electrolytes were also investigated. Effect on ionic conductivity of the electrolyte
materials when sintered in Ny and O2 atmosphere are also demonstrated in this investigation. The
samples prepared was studied using different techinques like PXRD, Electrochemical Impedance
Spectroscopy, DC polarization technique and SQUID magnetometer. The phase and structures of

the different coompositions was characterised using Powder X-ray diffraction.



2 Chapter 1:- Introduction

The development and inventions of new technologies like electric vehicles, advancement in personal
electronic items like smart phones, smart watches, laptops, tablets and etc. which uses rechargable
batteries which are mainly lithium ion batteries (LIBs), so to fulfill all this requirements there is
high demand for lithium ion battries, but due to some limitations of LIBs like less abundant in
nature, comparetely costly, has a high risk of busting at high (during charging), also not applicable
for higher temperature range. Due to all this limitations researchers are currently focusing to find
an alternating way which is sodium-ion batteries (SIBs) due to its resource abundant, low cost
as compare to LIBs and safer to use at high temperature so because of all this reasons sodium-
ion batteries is considered to be a good alternative for lithium-ion batteries. To make a sodium
battery competitive, an important component in battery is the cathode material. So far three
types of sodium-insertion components have been discovered which are layered oxides or sulphides,
cyano-perovskites and framework oxides. Among all the above components framework structured
NASICON type component is considered as good component for cathode material because it delivers
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high reversible capacity of 110 mAhg™" and a flat voltage plateau of 3.3 - 3.4 V associated with a

V4+ /V37T redox couple.

2.1 NASICON Materials

Sodium-ion batteries (SIBs) have the potential to replace lithium-ion batteries in order to fulfil the
growing demands of electrical storage systems because of the high abundance and inexpensive cost
of sodium. In order to improve the safety and long-term performance of SIBs for electric energy
storage smart grids, Sodium Super Ionic Conductor (NASICON) structured materials has gained
a lot of attention recently. These materials have a three dimensional robust framework, feature a
quick NaT - ion transport mechanism, high redox potential, and are thermally stable. However,
the electrochemical performance is limited by NASICON’s low inherent electrical conductivity.

NASICON is an acronym for sodium (Na) super ionic conductor which is a class of solid compound

having a general formula A;M,(XOy), where (A = Na, Li, K), (M = transition metal V, Fe, Ni,



Mn etc.),(X = P, Si, S, Mo etc.). It consists of a series of a polyanion tetrahedron unit (XO4),
and their derivatives, which has strong covalent bond in the MO, polyhedra[l], thus providing it
structural and thermal stability which helps in the small volume expansion and phase transition

during the insertion/deinsertion of Na™ ions.

2.2 History of NASICON Materials

2.2.1 Li-based NASICON materials

The discovery of Li-based NASICON material was reported by Subramanian et al. [2] in 1986
during the synthesis of LiZro_;Ti;(PO4)s, Lit+5Sc; Tia—z(PO4)s, and Liy_zln,Hfs_;(PO4)s using
the solid-state reaction method. The ionic conductivity of these compositions was studied using
the complex impedance method and the conclusion was found that the ionic conductivity of this
compositions was related to the bottleneck size and stoichiometry of the composition, while other
researchers also found the existance of 2 phases of transitions in LrZry(POy)s, i.e. the LrZro(POy)s
has a monoclinic phase at room temperature and transforms to a rhombohedral with space group
R[] 3C at 25(0)C - 60lo]C. With the increase in temperature to 280lo]C the rhombohedral phase
is retained with a long range lithium motion which causes a high conduction in Li ions. From 1990
Onwards researchers’s main objective was to improve the ionic conductivity of Li-based NASICON
via doping or additives methods. A series of LiTis(POy4)3 with M3T partial substitution of Ti**
was prepared way back in 1990 and researchers found that the increase in the conductivity is
due to the densifiation of ’sintered pellets’[3]. In 2016, Goodenough[4] produced the first all solid
state battery performance with rhombohedral solid structured electrolyte LiZra(PO4)s, LiFePOy4

as cathode material which was able to achieve an excellent cycling performance.

2.2.2 Na-based NASICON material

In 1968, researchers from the University of Stockholm in Sweden reported

NaM;(PO,)s they synthesis various types of compositions like NaZrs(POy)s, NaTiy(POy4)s and



NaGez(PO4)3 via solid-state method and determine their respective 3 - D X-ray data[5]. A 3-D
network of NaMy(POy)s3 crystal was formed by sharing of oxygen atoms, i.e, the MOg and POy

tetrahedral shares the corners oxygen, which was the first report about NASICON materials.

Goodenough and Hong et.al.[4] in 1976 explored the preparation and structural characterisation
of Naj4,ZrsSiyP3_, 019 where (0 < x > 3) composition. In this composition it was reported that
NagZrSioPO12 shows C2/c space group. In this composition each PO, tetrahedra is connected to
four ZrOg octahedra whereas each octahedron was connected to six tetrahedra which resulted in
the formation of open skeleton structure which helps in fast Na® ion transport. Hence the term
NASICON was given because of fast Na™ transport in Naj,,ZrsSi,P3_,O12 which was given by
Goodenough and his coworkers. The investigation of Naj4,ZrsSi;P3— ;012 system by Goodenough
lead to the achievement of highest ionic conductivity which was related to the concentration of

mobile-ion which was related to the change in the bottleneck due to the variation in .

However there was not much development seen in the first decade of 215 century, but as the
years passed there were some modification taking place to improve its ionic conductivity, and from
2010 the main objective of researchers were to improve the ionic condutivity and modifying the
electrode/electrolyte interface, from all theses research work it was clear that Goodenough played

a very crucial role in the discovery of NASICON solid-state electrolyte.

2.3 NASICON based Cathode Materials

2.3.1 Na3zV, (P03)4 (NVP)

The most commonly studied material for SIBs is Vanadium based phosphates with the general
formula NagV2(PO3)4 as shown in the fig. 1(a)

It has got a stable rhombohedral structure with R-3C space group. In this structure each corners
of VOg¢ octahedra is sharing by three PO, tetrahedrons. To form a lantern structure together it
constitutes a highly covalent 3-D framework[7]. There are 2 interstitial sites for Na-ion diffusion
in NVP that is Nal and Na2 where one Nat ion is occupies the M1 site with 6-fold coordinate

and the other Na™ ion occupies the M2 site which is 8-fold coordinate. The combination of 2 POy
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Figure 1: Structure and Phase transition of NagVa(POy4)3

tetrahedron and a VOg octahedra as well as due to the curve pathway leads to the 3-D transport of
Na™ ions. Thus, NVP shows an excellent and stable performance as a half-cell cathode material for
SIBs. Researchers are focusing on the practical application in sodium-ion full cell. The experiments
conducted by [1] conformed that the Na-ion present only at M2 site and can be extracted during the
electrochemical reaction due to the weak bonding of the surrounding oxygen atoms which results
into a theoretical capacity of 117 mAhg_1 and a flat plateau of about 3.3 V, during discharging to
low potential (< 1.5 V), an additional Na™ can be inserted at M2 sites achieving a fully occupied
NasV2(POy) state. Therefore NagVa(POg3)s can be used as a cathode as well as anode material.
NVP also maintains a good thermal stability upto a temperature of 450°C even in the discharging
state[8]. The crystal structure of a NASICON material varies with temperature which was studied
by Chotards group, they demonstrated that NagVas(PO3)4 shows 4 distinct crystal structure in the
temperature range between -30° C to 225° C which is a—, S—, B’ and v - NVP as shown in fig.
1(b) respectively[9]. But due to the low intrinsic conductivity of the phosphate framework which
has resulted in low cycling stability and low reversible capacity of the NVP. Thus researchers have
found a way to overcome this problem this is by carbon coating the NVP which has shown an
improved conductivity of the NVP material. Thus apart being used as a cathode material it is also

used as anode material due to its low potential of V2T /3% and V1* /2% redox couple[10].



2.3.2 Na3Fe2(PO4)3 (NFP)

The other class of NASICON material which is widely studied as elecrtode material is the NagFes(POy4)s,
it has a robust open framework and shows a theoretical capacity of about 105 mAhg~! and a high
redox potential of 3.5 V. This compound was first studied by Delmas et al.[11] But the discovery
that this compound has 3 different phases at different temperature was studied by Lyubutin et
al.[12] in the year 1988.

The phases were « phase having monoclinic structure at room temperature fig. 2(a) which trans-
forms into superionic rhombohedral having R3C space group fig. 2(b), 8 NagFe;(POy4)s3 at 368 K

and the last is the v NagFey(POy4)3 at 418 K temperature.

(c) Activation energy pathways
of Na™ along A, B and C[13]

Figure 2: Structure of NazFes(POy)3



which was also conformed by Kravchenko and Sigaryov in the year 1992. The crystal structure of
NagFeo(POy4)3 has a monoclinic structure with a space group C2/c similarly like in the case of NVP.
It forms a 3-D open framework in which the FeOg octahedra and POy tetrahedra are connected
by the corner sharing. It has 2 interstitial sites for Na ion which is M1 and M2 discovered by Ku-
ganattam and Chores based on the activation energy of NagFey(POy4)s w.r.t. its Na-ion diffusion
pathway[14]. Also it was discovered that there are 3 diffusion for Na®™ having activation energies
of 0.44, 0.49 and 2.37 eV for pathways A, B and C respectively as shown in fig. 2(c) [1]. Thus the
lowest activation energies of 0.44 and 0.45 were the optimal pathways for Na-ion diffusion, so this

makes NagFey(POy)3 a potential candidate for cathode materials.

Liu et al.[15] synthesised the monoclinic phase of NagFey(PO,4)3 material for SIBs and reported
that it shows a pair of redox peaks of Fe3* /Fe?t at 2.5 V and revisible discharge capacity of 61
mAhg~! at 1 C, and shows an excellent rate capability as well as 93% retention of capacity after 500
cycles. However the limitation of NASICON NagFey(PO,4)3 material is that is shows a low discharge
capacity as compared to its theoretical capacity, but it can be solved by various methods like carbon
coating, elemental doping and nano architecting. Therefore when used as half cell it shows a good
performance. Thus we can say that NFP is a potential candidate as an electrode material. But
to utilize NFP in practical application more research is needed to improve the performance for its

practical application in SIBs.

2.3.3 Na,MM’(XO0,);3

NASICON material were only 1 transition metal ion is present this type of NASICON materials has
a general composition of Na,MM’(XO4)3 where M = M’ and are called as Single-transition metal
NASICON msterial. However this materials has a limited redox reaction which indirectly results
in its low energy density. But this problem can be solved in order to make it useful for practical
application by replacing 2 different metal ion like NayMs_, M, (XO4)3 where M# M’ and is called
as Mixed transition metal NASICON material also known as binary transition metal NASICON

material. It was studied that mixed transition metal phosphates provides multiple electron reaction



and also increases the voltage window, which overall results in the increase in discharge capacity
and energy density thus providing a high-performance SIBs. The study of Na™t ion intercalation
in this NASICON material was done by Tillement et al.[16] in 1992. An example of this type of
material is NagVTi(PO4)3 which shows a theoretical capacity of about 147 mAhg~! due to the
redox coupling of V3+ / V9 and Ti*t / Ti3* NVTP NASICON material shows a rhomboheral
crystal structure in which the [TiOg,VOg] octahedra forms bond with [PO4] tetrahedra to for a 3-D

framework as shown in fig. 3

i

ae— 2>b

Figure 3: Structure of NagVTi(PO4)3[17]

Later Zhou et al.[6] also synthesised NayMnV(POy)3 and NagFeV(POy); by replacing one of the
vanadium ion which is more toxic by a highly abundant low-cost element that is Mn and Fe elements
of transition metal. NagMnV(PO,); has a single-phase trigonal structure having space group
R3C where the 3D network is formed by corner sharing of Mn/VOg octahedron and the POy
polyhedron respectively. Whereas, NagFeV(PO,)3 shows a monoclinic structure having space group
C12cl. Similarly different types of binary transition-metal NASICON materials were also studied
like NagMnCr(POy4)s, NagsMnTi(POy)s. All this materials shows more than 2 electron reaction[1].
The advantage of this type of NASICON Mn, Fe based material is that they provide structural
advantage, low-cost and abundant in nature as compared to Vanadium-based materials. However
the limitation of these NASICON materials is the reversibility of the redox reaction[l]. Thus
researchers are working on this problem to make it high energy density for the practical application

of SIBs.



2.3.4 Flourophosphates

2.3.4.1 Na3V2(P0O,)2F; (NVPF)

In order to improve the performance of NASICON material there is a strategy which is adopted
that is to replace one of the (PO4) anion in NVP with (PO4)F, i.e, NASICON structured flourophos-
phate having a general composition of NVPF3,04, 0< y < 1. Flourine being the most electroneg-
ative electron helps in strong bond formation of V-F and V-O in the lattice structure which helps
to improve the operating voltage, thermal stability and retention of capacity which improves the
electrochemical performance overall[1]. Since NVPF delivers a theroetical capacity of 128 mAhg~!
and a high theoretical energy density of 507 Whkg~1[18], therefore it is the most widely studied
NASICON structured vanadium based flourophosphate. The crystal structure of NVPF as reported
by Meins et. al.[19] in 1999 is that it shows a tetragonal structure having a space group of P 42/m
n m where a = 9.047 A, ¢ = 10.705 A and volume V = 876 A3 . The structure of NVPF is such
that it forms bond via corner sharing of the two octahedral units (V2OgF3) and PO, tetrahedral
unit to form a 3-D framework (V2(PO4)2F3)3 which has 2 sites for Na™ ion diffusion which is Nal

and Na2 along the [110] and [110] directions fig. 4. From studies it has be shown that NVPF

Figure 4: Structure of NagVy(POy)oF3

shows better electrochemical performance which not only improves the redox potential voltage as

compared to NVP in half-cell SIB. Therefore, it finds its application as a cathode in NIFC, Yan



et al.[20] used NVPF as cathode and carbon as anode to assemble NIFC and was seen that NIFC
between the range 2 and 4.3V delivered 11 mAhg~! at 0.1C and 77% retention of capacity after 100
cycle also shows a high energy density of 418 Whkg~!. The reversible removal Of third NASICON
Na-ion from the tetragonal structure helps to increase the energy density of NVPF. Thus NVPF
has high redox potential with good electrochemical performance. However it lacks to find a suit-
able electrolyte which is compatible at high potential due to its high redox potential. Therefore,
researchers are working to find a suitable electrolyte for high potential in order to achieve desired

performance for its practical application in SIBs.

2.3.4.2 Na3(V0O)2(PO4)2:F (NVOPF)

NVOPF is another class of NASICON material which belongs to the same family of Flourophos-
phate having a general composition of NVPF3_5,04, where y=1. NVOPF is obtained form oxy-
genation of NVPF, where one flourine atom is replaced by an oxygen atom. It shows a V3 /V4F re-
dox couple and a high voltage window of 3.6-4.1V with a high theoretical capacity of 130 mAhg~1[1].
It also shows a strong inductive effect of (PO4)F anion[21]. The crystal structure of NVOPF was
first explained by Massa et al.[22], which reported that it has a tetragonal structure having a space
group 14/mmm where the lattice parameter a = 6.3811 A and ¢=10.586 A , and the unit cell volume
V = 431.05 A3. NVOPF forms a 3D crystal structure by the sharing of bioctahedra(V,01oF) and
(POy4) tetrahedra which has 2 sites for Na* ion diffusion that is Nal and Na2 at (8h) and (8i) and
one F site at (2a) which is different from NVPF as shown in the fig. 5
The electrochemical performance was first studied by Sauvage et al.[23] which shows 2 plateaus at
3.6 V and 4.0 V having a discharge capacity of 87 mAhg~! and a poor retention of capacity. So
to solve this problem an improved version of NVOPF/C was done by introducing a carbon to it
and it was seen that the discharge capacity was improved now to 100 mAhg~! but it also showed
limited cyclic performance[21]. It was concluded that the battery performance was enhanced due to
the presence of carbon and mixed-valence V3+/V4* which improves the conductivity and electrode
mixture. In order to get a long term cycle performance of NVOPF, nanoparticle of Nag(VOPOy4)F

was synthesized using a facile solvothermal method at low temperature range[24]. Thus Nano-



Figure 5: Structure of Nag(VO)2(POy4)2F

NVOPF showed an initial discharge capacity of 121.5 mAhg~! between the range 3 and 4.5 V with
an excellent rate capability. It was seen that Nano-NVOPF shows better structure of NVOPF
was combined with the 2D nano sheets of VO3 which leads to the fast ionic transport and small
volume change thus, improving the rate performance. Also due to the flexible structure it is useful
in flexible devices. Thus the remarkable ultralong stability and low-cost are the major strength for
its use in SIBs. Thus NVOPF deliveres a better performance as compared to the other NASICON
materials due to the synergic anion effect of fluorine and oxygen atom with different carbon-coated
nano porous structure[1]. Thus from the studies we can conclude that NVOPF has got an excellent

potential for the practical uses in SIBs.

2.3.4.3 NVPF_,,0,,

The atoms of the NASICON material having a general composition NVPF_5,02, becomes
unstable at high temperature during the heat treatment due to the presence of carbon and gets
transform into NVP, NagVFg and V503, so the new formed material consists of both vanadium
phosphate and fuorophosphate Naz(VOPOy)2F /NVP which is prepared by carbothermal reduction
method[25]. Due to the combination of the stable NVP and high-energy density Nas(VOPO,),F,

we can achieve long term cyclic stability and high rate capacity. It delivers a discharge capacity of

10



104 mAhg—! at 1 C and 83 mAhg™! at very high rate of 100 C having 63% retention for 3000 cycles
at 5 C[1]. Also a low-cost Fe-doped NVPF/NVP composite was synthesized by sol-gel method
where the high cost and toxic vanadium is replaced with less toxic and low ionic diffusion and
electrochemical prpperties as well[26].

NVPF/NVP showed an initial discharge capacity of 119.8 mAhg~! at 0.5 C, it also delivered high
energy density of 433 Whkg~! at 0.5 C. Thus NVPF/NVP is used in the full cell SIBs as a cathode
and CuS$ as an anode. It was seen that NIFC delivers a high energy density of 162.2 Whkg~! and
a maximum power density of 1801 Whkg~![1]. Thus all these studies shows that NASICON based
flourophosphate material has high discharge capacity, high theroetical energy density, high redox
potential and also has got more structural stability than NVP, this is due to the presence of highly
electronegative element wich is fluorine, because of their good electrochemical performance in full
sodium-ion devices, low-cost and synthesiable via scalable methods. Therefore, NVPF, NVOPF

and their composites of NASICON material are widely studied.

2.3.5 Naz;V(PO3);N (NVPN)

A new class of cathode material that belongs to the family of NASICON material is NVPN having
a general composition NagV(PO3)3N which consists the (PO3)3N anion group. It has got a cubic
crystal structure having a space group of (P 21 3). It forms a 3D network of V(PO3)3N by the
corner sharing of VOg octahedra with the three (PO3)N tetrahedra which shares the same N atom
to form a triphospahte (PO3)N fig. 6

It has got 3 sites for Na™ ion diffusion which is Nal, Na2 and Na3. Due to the presence of
nitrogen atom which exerts a strong inductive effect by bonding the V-O bond covalency, which
indirectly reduces the gap between the bonding and antibonding orbitals and thus increasing the
potential voltage to 4 V[27]. The electrochemical performance and structural changes of NVPN was
investigated by Kim et al.[27] It was reported that the diffusion of Na™t ion from Na2 to Na3 site
is fastest as it has got the lowest activation energy of 0.287 eV. It deliveres a discharge capacity of
73 mAhg~! at 1 C in the voltage window range from 2.5 and 4.25 V having a good rate capability
of 84% of capacity at 10 C. The NVPN@NGO composite delivers 78.9 mAhg~=! at 0.1 C between

11



Figure 6: Structure of NagV(PO3)3N

the voltage window of 3 and 4.25 V having a rate capacityof 59.2 mAhg~! at 30 C, also having a
long-term cyclic performance by retaining 79% of the capacity after 5000 cycles at 10 C[1]. Also
NVPN@NGO had been subjected to different environment conditions like low temperature, high
temperature and air and it was reported that NIFC shows good cyclic performance by retaining
92.3%, 90.3% and 86.4% capacity after 800 cycles at 1 C at low temperature, in air and at high
temperature respectively. Thus the full device was studied by using NVPN@QNGO as cathode and
hard carbon as the anode. Where it showed a capacity retention of about 80% after 150 cycle.
But due to the lack of understanding about its crystal structure and diffusion mechanism and lack
of research about this material we don’t know wheather it can be use as a cathode material in

commercial applications of SIBs.

2.3.6 Na4Fe3(PO4)2(P207) (NFPP)

A mixed polyanion material has gained a lot of attention due to its NASICON- type structure
with an open 3D framework having a general composition of NasFe3(POy)2(P20O7. NFPP having

a high theoretical capacity of 129 mAhg~!

and an average voltage value of about 3.2 V have been
discovered. It has an orthorhombic crystal structure having space group P,2;a. It consists of 3

FesOg octahedra which are interconnected to 3 tetrahedra (PO4) to form (FesP2013), along the a

12



axis fig. 7 In the NFPP there is a formation of large tunnels for Na™ ion diffusion along b axis by
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Figure 7: Structure of NasFe3(PO4)2(P207)[28]

the connection of (FesP2013)s and P2O7 diphosphate along the a axis[29]. The electrochemical
performance of this material was first studied by Kim et al.[30] which showed a discharge capacity
of 113.5 mAhg~! at 0.1 C. NPFF/C was synthesized which showed a high discharge capacity of
128.5 mAhg~! at 0.2 C, with an excellent rate capability of 79 mAhg=! at 100 C, also it showed
63.5% retention of the initial discharge capacity after 4000 cycles at 10 C[31] in the long term cycle
performance. Also Hollow sphere of NFPP/C was reported which showed a discharge capacity
of 107.7 mAhg~"! at 0.2 C and high rate capacity of 88 mAhg~! at 10 C which had retention of
the initial discharge capacity after 1500 charge/discharge cycle at 10C[32]. This study of mixed
polyanion materials suggest that it can be used as cathode material for SIBs since it shows good
performance in half-cell battery due to its open 3D structure also the carbon coating enhances the
electrochemical performance but since not much work research is being done on this material for
full cell, so there is a need for more research to be done in order to make its cyclic performance and

rate capability to meet the practical requirement of SIBs.
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2.3.7 NamFeg (PO4) (804)2

Na,Fes(PO4)(SO4)2 is another class of mixed phosphate explored recently which is made by replac-
ing one (PO4) anion with a highly electronegative sulphate SO, group. This compound was first
reported by Shiva et al.[33] as a cathode material for SIBs. It has got a trigonal crystal structure
having a space group R3C. The electrochemical analysis report revealed that it delivers 100 mAhg !
after 50 cycles at 0.1 C in a potential window of 2-4 V. It shows an activation energy of about 0.06
eV, which is lower than that of NASICON type sulfate Fea(SO4)3 (0.89 eV)[34], also it delivers
89 mAhg~! at C/20 and 96% capacity retention after 30 cycles at C/5 at a potential voltage of
3V. The NaFe;PO4(SOy)2 electrochemical stability was improves by the addition of vanadium and
now the compositioon becomes NaFes_, V,PO4(SO04)2[35]. Now this NaFey_,V,PO4(SO4)2 was
synthesized using sol-gel method which has a trigonal crystal structure having a space group R-3.
It forms a 3D network which is made up of Fe/VOg octahedra connected to P/SO4 tetrahedron

1

fig. 8. It shows a discharge capacity of > 72 mAhg~! which shows 96% capacity retention after 50

(a)

Figure 8: Structure of Na,Fes(PO4)(S04)2[36]

cycles in the potential window between 1.5 and 4.5 V. Thus NFPS has been discovered as a new

electrode material in the recent years having mixed phosphate and sulfate anion structures had
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been explored in detail. However the discharge capacity and rate performance are comparatively
low as compared to other NASICON materials. Thus a lot of research is required in the future in

order to improve the electrochemical performance in full cells.

2.4 NASICON based Anode Materials
24.1 NaTi2(PO4)3 (NTP)

Another class of NASICON material which is widely explored as an anode material for SIBs due
to its 3D open framework is NTP having a general composition of NaTiz(POy)s. It shows a
rhombohedral crystal structure, having a space group R3C where the TiOg octahedra and POy

tetrahedra are connected via corner-sharing to form a latern unit fig. 9. It has got 2 interstial sites

Figure 9: Structure of NaTis(POy)s

for Na-ion diffusion which is M1 and M2. Thus giving it a structural and thermal stability helping in
fast Na ion diffusion and small volume expansion during Na ion (de)intercalation, delivering a large

theoretical capacity of 133 mAhg™!

and long cyclic stability. It was reported that there are two
pathways for Na™ ion diffusion to take place where the pathway(1) was between the octahedra and
tetrahedra along [100] and pathway(2) was between the 2 tetrahedra along [001] direction. It shows
an activation energy barrier of about 0.79eV along pathway(1) and activation energy of of 0.51 eV

along the pathway(2). That means that Na™ ion will prefer the pathway(2). Senguttuvam et al.[37]

also reported the presence of a triclinic structure having a space group P;. Park et al.[38] reported
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that NTP can be used as an anode material for SIBs. It also shows a discharge capacity very close
to the theroetical capacity of 130 mAhg ™!, but NTP shows a poor rate capability because of the low
electrical conductivity of phosphate group, which restrict NTP from its practical applications. Due
to researchers we can overcome this limitations by carbon coating the material, elemental doping and
designing in a 3D porous structure which will increase its surface area. Thus providing fast electronic
transport resulting in improving the overall electrochemical performance. NASICON based NTP
material shows a good thermal stability, 3D structural framework and having high theoretical
capacity of about 133 mAhg™' . Thus among all the NASICON materials NTP is considered
as a suitable anode material due to its low redox couple, high ionic conductivity and exceptional
structural stability which helps in minimum volume change during Na-ion insertion/deinsertion also
prevents the formation of SEI on the surface of anode material. Thus when combined with cathode

material it shows a comparable performance with LIBs.

2.5 NASICON based Solid Electrolytes

After the discovery of NASICON based solid electrolytes by Goodenough et al.[39],[4] in 1976 lots of
research was going on from the last 45 years on this solid electrolytes. It has a general composition
of Najy,ZroPs_;Si; 012 (0 < x < 3). It is used as a replacement for liquid electrolyte in SIBs. It
has got 2 types pf crystal structures which is monoclinic as shown in fig. 10(a) and rhombohedral
as shown in fig. 10(b), where the monoclinic has a space group C2/c 1.8 < z < 2.2 and the
rhombohedral crystal structure has space group R3C.

Najy,ZroP3s_,Si; 012 has got a 3D robust framework which is made up of ZrOg octahedra con-
nected by corner sharing to (Si/P)Oy4 tetrahedra. The rhombohedral structure consists of 4 Na™
diffusion sites, i.e, one Nal and three Na2 sites, whereas in monoclinic structure the three Na2 sites
splits into one Na2 site and two Na3 sites[39],[4] . The ionic conductivity of these material strongly
depends on what is the composition and structure of electrolyte. NazZroPSioO15 has been reported
that it shows an ionic conductivity of 0.25 cm™! at 300°C having an activation energy E = 0.29 eV
and 6.7x 10~* Sem~! at room temperature[1] Jolly et al.[40] studied the phase transition of these

material and reported from in situ XRD analysis that monoclinic phase exists at low temperature

16



(b) Rhombohedral structure of
(a) Monoclinic structure of Naj4,ZraPs_;Si;O12 Naj 4o ZroPs_;Si; O12

and a stable rhombohedral phase exists at high temperature. It was also reported that there are

two Na' ion migration channel in rhombohedral which is:

1. Nal - Na3 - Na2 - Na3 - Nal

2. Na2 - Na3 - Na3 - Na2

These migration pathways consists of 3 segments which is Nal - Na3, Na2 - Na3 and Na3 - Na3 by
using intio molecular dynamics (AIMD) simulations[41]. But also it was seen that the Nal - Na3
channel is dominant as compared to the Na3 - Na3. Thus Na™ migration will be more feasible in
Nal - Na3 - Na2 - Na3 - Nal which will give us high ionic conductivity. Also it was reported that
there are 2 types of migration of 2 Nat ions at Nal and Na2 sites one along the same direction
and the second one along different direction. The activation energy of Na™ is 0.472 eV but here in
two Nat ions due to the other conditions like coulomb interaction the activation energy is 0.103 eV
along the same direction and 0.242 eV along different direction.

Thus we can say that doping and increasing the Na™ ions leads to decrease in activation energy, thus

helping to increase the ionic conductivity. Therefore, different doping strategies was taken place in
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order to improve the ionic conductivity of Najy,ZroPs_,Si; O12, so we can say from all these studies
that the ionic conductivity of NASICON solid electrolyte can be enhanced by doping, controlled
sintering strategies or by porous design structure thus increasing the Na™ diffusion sites. Also there
is a need of more research in order to increase its ionic conductivity for full cell application of solid

state battery.

2.6 Objectives:-

The main objectives of this dissertation is:-
1. To synthesis NASICON - based cathode material having a composition NazgVy(POy4)3 (NVP)
2. To synthesis NASICON - based cathode material having a composition NagFes(POy)3 (NFP)

3. To synthesis mixed vanadium - iron based NASICON cathode material having a composition

NazFeV(POy)s (NFVP)
4. To study the magnetic properties of NVP, NFP, NFVP

5. To study the electrical conducting properties of NASICON - based electrolyte material hav-
ing the compositions Nag 2Zr2Sis 2Po.sO12 (parent sample), Nag 47Zr1.9Zng.15i2.2P0.8012 (Zn-
doped parent sample), Nag 3Zr; gNbg 1515 4P 6012 (Nb-doped parent sample)

(1) when sintered in nitrogen atmosphere (Ng)

(i) when sintered in oxygen atmosphere (O3)
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3 Chapter 2:- Methodology and Characterization

3.1 Sample Preparations:

1. Na3zV3(POy); :- The method - 1 and method - 2[?] and method - 3[?] which was used to
prepare the NazVy(PO4)s sample was prepared using sol-gel method as mentioned on the papers.
Sol-gel method is a chemical route used to synthesize materials of high purity at relatively low
temperatures, based on wet chemistry processing, that involves the preparation of a sol, the gelation
of the sol and the removal of the liquid existing in fine interconnected channels within the gel, below

given flowchart shows the preparation methods used to synthesis NagV,(POy)3 sample

Na;V,(PO,); (NVP)

)
[

Grind reagents,

mixing all transferto
reagentsin beaker
ethanol
20 ml water,
Magiigtic continuous
stirred stirring
5-6 hrs.
heated 80 °C
temperature
90 °C heating controlled
(overnight)
inmuffle
furnace Grinded
(precursor)
Raw powder, L T T 1
rind
; s ; Anneled350°C | || Calcinated, 600 °C ) || Calcinated 650 °C Calcinated 350
recursor o
L Ar.gas, 4 hrs. 3hrs. Ar. gas Shrs. Ar. gas Cahiz A Ees
(tube furnace) 5% /o) ey (5°C/min)

Calcinated at
e grinded,
Gr escitatad not not melted, pellet,heated
Shrs. 800°C, 12 hrs. Ar. melted, grinded 750°C2 hrs. Ar.
gas (5 °C/min) grinded gas

melted

Regrind, fine not
powder Melted melted,

grinded

Figure 11: Preparation method - 1 for NagV3(PO4)s sample as referred in paper
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Na,V,(PO,); (NVP)
Na,Fe,(PO,), (NFP)

Soultion-B

Na,CO,, NH,H,PO,
V,0,, C,H,0,.H,0 mixed V305, GH,0,.H,0 +
20 ml distill water

(NVP)

Fe(NO,),.9H,0 mixed prixec20

20 ml distill water ST

(NFVP)

Stirred, heated 70 °C
(until dark blue <

transparent soln.) Added drop-wise

Colloidal soln.
stirred 1 hrs.

Autoclave teflone
heated 16 hrs. 180 °C

light-blue suspension,
ultra sonicated (15

Grinded
(precursor)

calcinated

150°C 2 hrs. Ar.
gas (5°/min.)

grinded, pellets, llets, 500 °C 2 h|
heated 650 °C 2hrs p; ‘::/r'nin. N2 gas ;s.
N2 gas (5 °C/min) 2
zone furnace

pellets, 600 °C 2 hrs.
3°C/min N2 gas 2

zone furnace zone furnace

regrind, heated
750 °C 2 hrs.

3 °C/min.

not melted

Figure 12: Preparation method - 2 and method - 3 for NagV2(PO4)3 sample

NVP - melted

NFVP - not
melted

samples not
both samples melted
melted

2. Na3Fe2(PO4)3 & —

NagFe,(POy)3; sample was prapared using solid-state reaction method as mention in paper’

Ldoi.org/10.1016/j.jpowsour.2021.230765
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The solid-state reaction route is the most widely used method for the preparation of polycrystalline
solids from a mixture of solid starting materials. Solids do not react together at room temperature
over normal time scales and it is necessary to heat them to much higher temperatures, often to
1000 to 1500 °C, in order for the reaction to occur at an appreciable rate. The factors on which
the feasibility and rate of a solid state reaction depend include, reaction conditions, structural
properties of the reactants, surface area of the solids, their reactivity and the thermodynamic free
energy change associated with the reaction, below flowchart depicts the method used to synthesis

NagFez(POy4)3 sample

NasFe,(PO,);

(NFP)
1

Na,CO,, Fe,O,, NH,H,PO,

mixed, grinded, pellets

Pellets anneled
347 °C 2 hrs.

(5 °C/min.)
|

Regrinded,
pellet

Anneled at 597 ° C

8 hrs. (5 °C/min.)
(muffle furnace)

Regrinded, pellets

anneled 797 °C, 8 hrs.
(5 ° C/min.)

Figure 13: Preparation method for NagFes(POy)3 sample
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Najs 2Zr2Siz 2Py sO012(parent sample), Zn doped and Nb doped parent samples

The Nag 27Zr5Sis 2Pg sO12(parent sample), Zn-doped? and Nb-doped parent samples 3 were also

prepared using solid state reaction method as mention in paper.

Na;3 25,215, 2N,Si; ,Po.g01

(NzsP)

Na,C0,, Zr0,, Zn0,, Si0,, NH,H,PO,
mixed , grinded 4 hrs. dried

Calcinated 900 °C, Ar. gas grinded
ahrs.

Pellets, sintered
N,1250°C
Shrs. (5 °C/min.)

Pellets, sintered
0,1250°C
Shrs. (5°C/min.)

(a) Preparation method for
Nag.2Zr2Siz 2Po.sO12  (parent  sample)
and Na,3,4ZI‘1_ng’lO‘lSi2_2P0.8012 (Zn-
doped parent sample)

Naj 3Zr; oNbg,;Si; 4Po,601,
(Nb-doped parent)

ZrO(NO;),, NaNO;
mixed, dissolved
deionised water

Soln. calrified, HNO3
added, strirred 1 hr.

Clear soln. Si(OCH,CH;),,
NH,H,PO, added,
NH,;NbO(C20,), added
form NZNSPx

continouos stirring

1 hr. white suspension

Autoclave 150 °C

7 hrs., dried 80 °C
oven 24 hrs.

powder, calcinated 800 °C

12 hrs . (muffle furnace), wet
ground in ethanol 48 hrs.

powder, pellets
sintered O,

powder, pellets
sintered N2

atmosphere 1250 °C,
5 hrs. (5°C/min.)

atmosphere 1250 °C,
5 hrs. (5 °C/min.)

(b) Nas.3Zr1.9Nbg.1Si2.4P0.6012 (Nb-doped parent
sample)

Figure 14: Preparation methods for Nag 2ZroSiz 2P 8012 (parent sample) doped with Zn and Nb

samples

2doi.org/10.1016/j.jpowsour.2021.230765
3doi.org/lO. 1016/j.jpowsour.2021.230765
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3.2 Characterization of materials
3.2.1 X-Ray Diffraction

X-ray diffraction (XRD) is considered as a powerful, non-destructive technique which is used to
characterised the crystalline phase of a material. This techinque provides information about ma-
terial’s structure, its phases, the preferred crystal orientation. In this technique a monochromatic
beam of X-ray is projected on the sample and the scattered beam form the sample is studied w.r.t.
the intensity and the angle of scattering. Therefore XRD plays an important role in revealing the
crystalline phase of the material, also it gives information about other structural parameters like
the average grain size, its crystallinity, strain and crystal defects or impurity which may be present
in the material[?].
Principle

In the year 1912, Max Von Laue discovered that materials like crystalline materials can act as a 3-D
diffraction grating for X-ray wavelengths in a similar way to the spacing of the planes in a crystal
lattice. Therefore a crystalline material having repeating atomic structure can also diffract X-rays.
In order to obtain an X-ray diffraction pattern there is a condition which it needs to satisfy i.e,
constructive interference of the reflected rays from different planes of the sample should take place
in order to obtain an XRD pattern, which will take place when the sample satisfies the Bragg’s
law?.

According to Bragg’s law, a crystal is formed by building different layers of atomic planes, where
the atomic planes act as a semi-transparent mirror. As shown in fig. (15) Three rays 1, 2, 3 are
projected on a crystal planes and their diffracted beams are observed, as seen in the fig. (15) that
the incident beam 2 and 3 has to travel an extra distance of 4dSinf. In order for the diffracted beam
1, 2 and 3 to be in phase the distance between ABC must be equal to a whole number multiple of
wavelengths i.e,

AB = BC = dSinf.....(1)
therefore, ABC = 2 dSin# .....(2)

4

www.cif.iastate.edu/services/acide/xrd-tutorial /xrd
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SJncident X-ray Beam _
Diffracted X-ray Beam

g 'dlt (k) = 2d sin(6)

/

B\
AN 2T d
=
AB=dsin(8)=BC . ABC =2dsin(6)
AB'=245in(8)=BC' & ABC' =2ABC =4d sin (6)

Figure 15: Bragg’s reflection ®

so, ABC = nA\ .....(3)

so comparing eq. (2) and (3) we get,

nA = 2 dSinf + This equation is called as Bragg’s law

This law relates the wavelength () of electromagentic radiation to the diffracion angle (#) and the
lattice spacing in a crystalline sample (d)®

So in a crystal there are 2 cases which can take place, if a crystal satisfy Bragg’s law which is the
reflected rays are in phase with the crystalline material it will give rise to constructive interference
and as a result will get a diffraction peaks in the XRD pattern. Whereas, if the Bragg’s law is
unsatisfied, which means that the reflected rays are not in phase with the crystalline material then
destructive interference will take place as a result will not get any diffraction peaks in the XRD
pattern.

In practical application the value of n is kept n = 2, the d-spacing will be reduced to half of its
original value so for that reason the value of n = 1 for most cases. Since each material has a specific
value of d-spacing helps us to identify the material. Thus the peaks obtained from the diffraction
pattern acts as a fingerprint of that material and by comparing the d-spacing with a standard

pattern helps in the identification of the material.

Working

Swww.cif.iastate.edu/services/acide /xrd-tutorial /xrd
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An X-ray diffractometer consists of the following three basis elements:
1. X-ray tube
2. Sample holder
3. X-ray detector

Electron are produced in a cathode ray tube by heating a filament (CuK, radiation A = 1.5405 A)
to produce X-rays. This accelerating electrons are then force to move to a target point by applying
a voltage (< 10 KV) resulting inn bombarding the target material. But when the electron have
sufficiently enough energy to knock off the inner shell electrons of the target material resulting in

the production of characteristics X-ray spectra.

incident
X-ray
beam

y
source

(a) Schematic diagram of x-ray diffraction

www.cif.iastate.edu/services/acide/xrd-
tutorial /xrd

7S

(c) Rigaku x-ray diffractometer

Figure 16: X- ray diffractometer
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The obtained spectra has several components but the most common one are the K, and Kg.
But for most of the diffraction experiments we require a monochromatic beam of X-rays, which is
achieved by filtering out all the other wavelengths by the foils or crystal monochrometers (mostly
Ni foil). These X-rays beams are then collimated and targeted on the sample. Thus by rotating
the sample and detector the reflectrd X-rays are recorded. Thus a constructive interference occurs
resulting a peak to appear when the reflected beam satisfy the Bragg’s law. The work of a detector
is to record and process the reflected X-ray signal and converting then in count rate, which is then

send to a device such as printer or computer monitor”.

3.2.2 Electrochemical Impedance Spectroscopy

In this techinque a small ac signal is applied over a wide range of frequency and measuring the
response. This technique is very sensitive to systems which contains several impedance elements,
including bulk components and interfaces. Thus making it well - suited technique for devices having
multiple components such as battery. In a cell different components and their process takes place
at different time scales, having different time constants. Therefore different components can be
seperated by their respective time constants w.r.t. the frequency using electrochemical impedance
spectroscopy techniques.

Principle

Electrochemical impedance spectroscopy technique is based on the principle of Faraday’s law
which helps in characterizing the chemical process which is taking place inside a battery in terms
of electrical measurement. In this technique during the impedance measurement an AC voltage is
applied to the sample at different frequency and the current response is measured. The measured
current depends on the mechanism of reaction taking place inside the sample. So when an AC
voltage is applied is causes the movement of ions through electrolyte resulting in the formation of
new chemical species. Thus we can say that the movement of ions by applying as AC voltage results

in the flow of electric current. The applied voltage is of the following form:

"West A. R., “Solid State Chemistry and its Applications” John Wiley and Sons, Ltd (2014), 239-241
8J. T. S. Irvine et al., “Electroceramics: Characterization by Impedance Spectroscopy”, Adv. Mater. 2 (1990)
132-134
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E(t) = Eo Sin(wt) ........ (1)
In order to avoid the non - linear response of electrochemical system, the EIS technique measures

Current

Voltage

/z/

Figure 17: Non - linear response of current vs voltage of electrochemical system

the impedance by applying a small excitation signal so this excitation signal results in a pseudo -
linear nature of current vs voltage curve which appears to be linear as shown in fig. (17) but there
is a phase shift which is introduced to the current response as given in the below eq.

I(t) = I, Sin(wt + 0) ........ (2)

Thus knowing the voltage and current we can now calculate Impedance (Z) as:

_ E{t) _ E. Sin(wt)
7= m =T, —Sin(wt-l-@) ........ (3)

where Z can also be written as:
Z(w) = |Z|ei9 ........ (4)
= |Z|(Cosf+jSind)

where Z’ is the real part it represents resistance on X - axis,

77 is the imaginary part which represents reactance on Y - axis,

0 = wt and |Z| is the modulus of impedance respectively.

In a normal EIS technique a small AC signal is applied (1-10 mV) to the cell so that the system is is
pseudo-linear by doing so we are eliminating the system’s non-linear response to AC voltage which
is by measuring the cell current only at the excited frequencies. For a non-linear system the current

response shoes a harmonic at the excited frequency. A simple defination of harmonics is that it is a
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frequency equal to the integral multipled by fundamental frequency, but in linear system harmonic
is absent. So the presence or absence of harmonics can help in identification of the linearity of a
system. Some researchers use these harmonic response to estimate the cell’s current voltage curve
curvature.
The data of EIS is analyzed by fitting it to an equivalent electrical model which are commonly
resistors, capacitors and inductors so a basic knowledge of impedance of all this system is useful
in analysing the data. Impedance of a circuit depends on the series and parallel combination of
elements in it, so for a series impedance circuit the equation is given as:

Zeq =71+ Zo+ Zs ........ (6)

and for parallel impedence circuit the equation is given as:

Zeq = - Z% + Z% ........ (7

The analysis of EIS data is carried out by plotting the data in ”Nyquist plot” (also called as cole
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(a) Nyquist plot of pure resistive (b) Nyquist plot of pure capaci- (¢) Nyquist plot of pure induc-
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g 7o 30
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(d) Nyquist plot of RC con- (e) Nyquist plot of RC con-
nected in series circuit nected in parallel circuit

Figure 18: Nquist plots of various circuit components
https://www.gamry.com/application-notes/EIS/
basics-of-electrochemical-impedance-spectroscopy/

- cole plot). In Nyquist plot the negative imaginary part of the impedance (-Z”) is plotted on Y -

axis and the real part of impedance (Z’) is plotted on X- axis for each excitation frequency.
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For a pure resistive circuit impedence is

i.e, the real part is R and the imaginary part is zero, as a result the Nyquist plot shows a single
piont which lies on the real axis as shown in the fig.(18 (a))

For a pure capacitive circuit the impedence is

Z=0+ 55 = 0-j(gg) (9)

where the real part is zero and the imaginary part is inversely proportional to w C and the current
is phase shifted w.r.t. voltage by a phase of (8 = 4+90°) as a result the Nyquist plot shows a straight
line in the Y - axis fig. (18 (b)).

For a pure inductive circuit the impedence is

Z =0+ jwL........ (10)

where the real part is zero and the imaginary part is directly proportional to wL therefore the
Nyquist plot is a straight line lying in the Y - axis below the real axis because of the phase
difference (# = —90°) between the voltage and current as shown in the fig.(18 (c)).

For a circuit containing a resistor and a capacitor connected in series the impedance of

this circuit is given as:

Z(w) = R1 + 32 = Ra-j g5 (10)

where Z’ = R is the real part and Z” = %C’l is the imaginary part so the Nyquist plot of this

circuit is as shown in fig. (18 (d).
For a circuit containing a resistor and a capacitor in parallel the equation of the impedance

is given as:

_ 1 Ry
2(w) = G7REjecn = THeoim

Z(w) =

1+(w}1%21101)2 ") 1155112)1251)2 """" (12)

The above eq. 12 corresponds to a semicircle Nyquist plot as shown in the fig. (18 (e) , 19). In this
case at high frequency w — 0o, x. — 0 as a result all current passes through the capacitor, this
acts as a short circuit as impedence goes to zero, but when w = low, x. — 00 S0 no current can pass

through capacitor (C) as a result all the current passes through resistance (R), i.e, the impedance

contains a real part Z” = Ry (when w = 0 the current is constant), but at intermediate frequency
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Figure 19: Nyquist plot of RC parallel circuit showing semicircle
cite=Cogger,N.D.,Evans,N.J.AnIntroductiontoElectrochemicalImpedanceMeasurement,
1999TechnicalNote, SolartronAnalyticalTechnicalReport

the current passes through the capacitor and resistor at the same time and a single characteristic
frequency which corresponds to equal value of reactance and resistance is reached ( x. = R1) at
this frequency the imaginary part of the impedance becomes maximum (wz”,,4.), by substituting

Xc = R; in the below eq.

Vo — Vo 1. 1

x=% =gl =L =2l (13)

7= RC:mssss (14)
so, 1 = L
Z mazx
therefore, wz” hae = % = ﬁ ........ (15)

where 7 corresponds to a characteristic time constant of a circuit. Substituting R 1 = i S
eq. (12), we get,

Z(w) = B -j B .(16)

Eq. (16) represents that in an RC parallel circuit 7 is found when the real and imaginary parts are
equal(?].

Working

In EIS technique an AC voltage is applied across a sample and its response Ac current (or vice-

versa) is recorded over a wide range of frequency (1072 — 107 Hz) arising due to the different
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Figure 20: Schematic diagram set-up of electrochemical impedance spectroscopy technique (EIS)
https://www.gamry.com/application-notes/EIS/
basics-of-electrochemical-impedance-spectroscopy/

Figure 21: Experiment set-up of electrochemical impedance spectroscopy technique (EIS)

response of grain, grain boundaries, electrodes and ions is determined.

The sample is directly connected to the measuring apparatus which generates the electrical data.
The sample is placed in a temperature controlled furnace and the measurements are recorded at
different temperatures. In order to verify the exact temperature a thermocouple is placed near
the furnace. For data acquisition the measuring system can be directly coupled to a computer
by an appropriate interface. In frequency - domain the electrical data of the sample is recorded

via frequency response analyzers, impedance analyzers or high precision inductance - capacitance
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- resistance meters. So once the data is recorded it can be converted into complex diagrams and
then the parameters of equivalent circuit can be fitted to produce the impedance spectra and these
circuit parameters can be used to find the physical, chemical process which are taking place inside

the material.

3.2.3 DC Polarization technique

The transport number gives quantitative information about the ionic and electronic (electrons and
holes) contribution to the total conductivity (or) of a material

i.e, 07 = Gion + Oelectron

where o = total conductivity, ¢;,, = ionic conductivity and oejectron = €electronic conductivity of
the material respectively.

The transport number of ion and electron is calculated using the equations given below:

Tonic transport no. — tionic = I“"‘”I_IM ........ (1)
total
. I _I &
Electronic transport no. — tejectronic = B e (2)

Closer the value of transport no. to unity, higher the contribution to the conductivity of t;on
[telectron tO the material. For electrolyte materials the contribution of t;,, is close to unity and
telectron contribution is negligible as compared to t;,,. One of the most important technique which
is used to determine the transport no. is the "DC Polarization technique” (Wagner’s method). The
most convenient and widely used method which was suggested by Wagner in 1957, which is used

to measure the ionic/electronic transport no. in various solid electrolyte materials.”

Working principle

For the measurement of transport no. cylindrical pellets of the samples was silver pasted to
provide better electrical contact. A constant dc voltage (V = 0.8 V) is applied across the sample
which causes the polarization (separation of charges) of the sample, and the response of the current
is recorded as a function of time. A graph of current vs time is plotted which helps in the determi-

nation of transport no. using the formula given in eq.(1) and eq.(2) respectively.

9Indian Journal of Pure and Applied Physics Vol. 37. April 1999. pp. 294-301
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Thus for solid electrolyte the ionic transport no.is close to unity, so one can say that in electrolyte
materials the ionic contribution is more as compared to electronic contribution to the total conduc-

tivity of the material.
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(a) Schematic diagram of DC polarization
technique ¢

(b) Experiment set-up of DC polarization
Physics Vol. 37. April 1999. pp. 294-301 technique

%Indian Journal of Pure and Applied

Figure 22: DC polarization technique

3.2.4 Superconducting QUantum Interference Device (SQUID)

SQUID magnetometer is considered to be one of the most effective and sensitive technique to mea-
sure the magnetic properties of a material. It is the only method that allows us to directly measure
the magnetic moments of a material in an absolute unit. It is a very sensitive magnetometer that is
used to measure extremely weak magnetic fields based on superconducting loops containing Joseph-
son junctions. Since squid is very sensitive we can obtain a resolution of the order of 10~% emu.
This makes squid a very useful technique for those samples that shows low magnetisation when an

external magnetic field is applied to it.
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Figure 23: Superconducting loop with 2 josephson junction

Working principle

SQUID works on the principle of superconductivity, Josephson junction, and magnetic flux

quantization. In a superconductor there is tunneling of superconducting electrons (cooper pair

electrons) through an extremely thin insulating gap between the two superconductors where the

gap is known as the Josephson junction as shown in the fig. (24))

A SQUID magnetometer consists of the following components:

Superconductor
Cooper Pair
MAVAVAVY
SAVVV
OO
Ci Pail
Superconductor i

Figure 24: Tunneling of cooper pairs from one superconductor to

gap

another through thin insulating

A supercoducting measuring current flows across the ring such that the total supercurrent is divided

into two parts which then passes through the two identical josephson junctions. So when we apply

an external magnetic field, a magnetic flux ¢ goes through the superconducting loop and as a result

it induces a persistent current which is based on ”Faraday’s law”, now this induced current is in the
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direction of the current flowing through one part of the Josephson junction % in the superconducting
loop and is in the opposite direction of current flowing through the superconducting loop in the
other half part of the loop % So because of this the current after passing the josephson junction
there is a phase shift in the current fig. (25(a)). As we known that magnetic flux passing through
a superconducting loop is quantized and because of these the current after passing through the
josephson junction when they interfere there is a phase shift in the currents!®

When a magnetic material is placed in the superconducting loop containing josephson junction,

Sample ——

2 sQuip

Superconducting
magnet

s

| dunction toop

Pickup

(a) Splitting of current at the 2 josephson
junctions (b) Set-up of SQUID magentometer

Figure 25: Superconducting loop and set-up of SQUID magnetometer

and the sample is made to move up and down (vibrate) it produces an alteranting magnetic flux
in the pick - up coil. The magnetic signal of the sample is obtained by the superconducting pick
- up coils which has 4 windings. This coil together with the SQUID antenna contributes to the
whole superconducting circuit. Then this magnetic signal from the sample is transfered to an rf
SQUID device which is located away from the sample in the liquid helium bath. This deice acts as
a magnetic flux - to - voltage converter. Where this voltage is then amplified and read out by the

magnetometer’s electronics fig. (25(b))!!.

108700X SQUID Magnetometer User Manual Version 0.995
115700X SQUID Magnetometer User Manual Version 0.995
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4  Chapter 3:- Result and Discussion

4.1 Phase identification using powder x-ray diffraction

4.1.1 NazgV,(POy); (NVP) sample

The x-ray powder difraction data was collected for NagVa(POy)s (NVP) sample at room temper-

ature in the range of 10° < 20 < 80° at the scan speed of 5°/min. using monochromatic Cu K,

radiation having 1.54 A wavelength, fig. (26) shows the xrd diffraction plot of the NVP sample

which was prepared using various methods.

The calculated Bragg positions of NVP sample are also shown in fig. (26). By comparing the

Intensity (a.u.)

1l

—— NVP-750°C/ 2h
——— NVP-650°C/ 5h
—— NVP-700°C/ 5h
| NVP

Fm i

10

20

U

30

40 50 60 70 80
20°

Figure 26: Graph of NVP sample prepared by different methods

Bragg position with the observed diffraction peaks we can say that the NagV,(POy4)3 phase was not

formed. This can be because every time the sample was getting melted at the final heat treatment

and leading to an amorphous phase formation
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4.1.2. NasFeV(PO,)s; (NFVP) sample

The NagFeV(PO,); sample was synthesized as mention in method - 3 it was observed that the sam-
ple did not melt at the final heat treatment, however comparing the xrd pattern of NazFeV(POy4)s3

sample observed with its calculated Bragg’s peaks fig. (27) which implies that the expected phase

was not formed.
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Figure 27: Observed xrd plot vs the calculated Bragg’s peak of NagFeV(PO4)s sample
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4.1.3 NagFe2(PO4); (NFP) sample
The NagFey(POy)s (NFP) sample was synthesized and it was observed that after the final heat
treatment the sample did not melt, fig. (28 (a)) shows the observed and calculated XRD pattern
of NagFes(POy4)3 sample with the NASICON Bragg phase. By comparing both the plots we can
conclude that the NagFey(POy4)s sample’s monoclinic C12/ ¢l phase was formed with minor im-
purity phases of NaFeP20O7 and FePO,4 phases as shown in fig. (28(a). The lattice parameters of
the obtained phases was refined using fullproof software and fig. (28(b) shows the refined lattice

parameters

o
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(a) Rietveld XRD pattern of NFP sample
Phases Space Refined lattice parameters Phase
group fraction
Na,Fe,(PO,); Ci2/c1 a=15.137A ,b=8.724 A, 84.54%
Monoclinic C—S 797 A, -1 -90°
B =125.145°
NaFeP,0, P121/c1 a=7.323A,b=7.9024, 15.30%
Monoclinic c=9.572A,a=Y=90°,
B=111.822°
FePo, Pnma a=9.735A,b=6.1124, 0.16%
Monoclinic c=4.720A,
a=Y=B=90°

Figure 28:

(b) Refined parameters of the phases

XRD plot and refined lattice parameter of NFP sample

38



4.2 Measurement of magnetic property using SQUID magnetometer

To measure the magnetic property of NagFes(PO4)s sample, the sample was subjected to an ap-
plied external magnetic field (H) in the range 0 to 2 Tesla and the resulted magnetic moment was
observed at constant room temperature (T = 300 K).

Hence a graph of magnetic moment v/s applied magnetic filed was plotted as seen in fig. (29) from

0.8
H
3 0.6
=
Q
€ 0.4
o
£
2 0.2-
@
c
4
£ 0.0-

00 05 10 15 2.0
H (10* Oe)

Figure 29: magnetic moment v/s applied magnetic filed graph of NagFe;(PO,4)3 sample

the graph we can see that NagFey(POy4)s sample graph of magnetic moment v/s applied magnetic
field shows a linear relationship, so we can say that NagFe,(PO,4)3 sample shows paramagnetic prop-
erty at room temperature. The ground state magnetic property will be determined by measuring
susceptibility at low temperatures. But we can conclude that NFP sample shows a paramagnetic

property at room temperature as shown in fig. (29)
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4.3 Phase identification using powder x-ray diffraction

The phase identification of Nag_gzr28i2_2P0'8012 (parent sample), Na3,4Zr1.9Zn0,1Sig_2P0_8012 (Zn—

doped parent sample) and Nag 3Zr; gNbg 1Sis 4Pg.6O12 (Nb-doped parent sample was done using

powder x-ray diffraction and fig. (30) shows the xrd plot of the electrolyte samples.

Parent sample
—— Zn doped sample
—— Nb doped sample
— |  Nasicon phase
=
=
>
—
(7))
3
|1 (e i g w0 f
1 1 ) 1 | I
10 20 30 40 50 60 70 80
20°
Figure 30: Graph of Intensity vs 20 of NagoZrsSisoPogO12 (parent

sample),

Nag 4Zr1 9Zng 1Si2 2P08012 (Zn-doped parent sample) and Nag3Zry gNbg 1Siz 4PogO12 (Nb-
doped parent sample) electrolyte samples
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4.4 Measurement of AC conductivity using Electrochemical impedance
(EIS)

The AC conductivity of the NASICON based electrolyte materials was determined using the elec-
trochemical impedance spectroscopy. Before taking the measurements, the cylindrical pellets of the
samples were coated with commercial silver paste on the top and bottom surface of the pellets.
The pellets was silver pasted to provide electrical contact. The impedance data was recorded for
the Nag 2ZrsSis 2P sO12 (parent sample), Nag 47Zr1 9Zng 1Si2.2P0.§012 (Zn-doped parent sample)
and Nag 37Zry gNbg 1Si2.4P9.6012 (Nb-doped parent sample) pellets sintered in Oy and Ny atmo-
spheres at room temperature (30 ° C) in the frequency range 10 Hz to 8 MHz, fig. (31) shows the

Nyquist plot of the parent, Zn-doped parent and Nb-doped parent samples sintered in O and Ny

atmosphere
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Figure 31: Nyquist plot of all the samples along with arrhenius plot for Nb sample at high temper-
atures
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As we can see in the fig. (31) the semicircle at high frequency is due to the contribution of bulk
and grain boundary of the sample and the spike at low frequency is due to the contribution of the
electrode-electrolyte interface resistance. Fig. (32) shows the table of conductivity values of samples
at room temperature and it was observed that Nb-doped parent sample sintered in Oy atmosphere
displayed higher ionic conductivity at room temperature as compared to other electrolyte samples.
So Nb-doped parent sample was subjected to higher temperature range from room temperature to
100 ° C to know what happens to the ionic conductivity of the sample at higher temperature, fig.

(31) shows the Arrhenius plot of Nb-doped parent sample form 30 ° C to 100 ° C

Conductivity at 30 °C (mS/cm)

Samples
0, atmosphere N, atmosphere
Parent sample 0.89 1.03
Zn— doped parent 1.63 1.59
sample
Nb — doped parent 1.80 1.69
sample

Figure 32: Conductivity value of samples at T = 30 ° C

It was observed that the ionic conductivity of the sample was high for Nb-doped parent sample.
To find the conductivity of different electrolyte samples, we find the value of resistance R from the

complex plane plots and substitute it in the equation given below:

1l

0O=TR4A

where R = resistance, 1= thickness of the pellet and A = area of the sample. and the Arrhenius
graph was plotted from 30 °C to 100 ° C as shown in the fig. (31). Which implies that as the tem-
perature increases from 30 © C to 100 ° C the ionic conductivity of the sample also increases, this

can be due to the reduction in the grain and grain boundary resistance as the temperature increases.
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4.5 Measurement of Transport number using DC polarization technique

The DC polarization of the NASICON based electrolyte materials which are Nag 2Zr3Sis 20Pg 8012
(parent sample), Nag 47Zr1.9Zng.15i2.2P0.s012 (Zn-doped parent sample) and Nag 3Zr1 9Nbg.1Si2.4P0.6012
(Nb-doped parent sample) was determined using the DC polarization method. Before the measure-
ment the pellets of the samples were silver pasted on the top and bottom for better electrical
conductivity.

A voltage of 0.8V was applied to the sample and the response of current was noted as a function
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Figure 33: Graph of DC conductivity measurement of all samples
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of time for all the samples. Thus a graph of current v/s time was plotted and the transference

number was determined form the graph using the formula

Transference No. = 71“"“}55:8;”""“
Transport no. at 30 °C
Samples
O, atmosphere N, atmosphere

Parent sample 0.97 0.96

Zn - doped parent 0.944 0.942

sample

Nb - doped parent 0.92 0.91

sample

Figure 34: Transport no. values of samples at T = 30 °C

All the samples displayed ionic transport number close to 1.0. This implies that all the electrolyte
materials are good ionic conductor with negligible electronic conductivity. Thus they are promising

electrolyte candidates for solid-state sodium ion batteries.
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5 Conclusion

In NazgVa(POy4)s3 (NVP) and NagFeV(PO4)s (NFP) samples, the expected phase was not

formed.
However, in NagFes(POy)s (NFP) the expected phase was successfully formed.

NagFes(POy4)3 (NFP) showed paramagnetic property at room temperature (T = 30 ° C )

when measured using SQUID magnetometer.

Nag 3Zr1 9Nbg.1Si2.4P0 6012 (Nb-doped parent sample) showed higher ionic conductivity at

room temperature (1.80 mS/cm).

Nag 2ZrsSis oPogO12 (parent sample), Nag 4Zr1 9Zng.1Siz.0Po.8012 (Zn-doped parent sample),
Nag 3Zr1.9Nbg.1Si2.4P0.6012 (Nb-doped parent sample) showed more than 90% ionic contri-

bution to electrical conductivity at room temperature.
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