
Energie & Umwelt / Energy & Environment
Band / Volume 451
ISBN 978-3-95806-382-2

Energie & Umwelt / Energy & Environment
Band / Volume 451
ISBN 978-3-95806-382-2

Sodium Ion Conducting Ceramics for Sodium Ion Batteries
Sahir Naqash

451

En
er

gi
e 

& 
Um

w
el

t
En

er
gy

 &
 E

nv
ir

on
m

en
t

N
a-

io
n 

co
nd

uc
tin

g 
ce

ra
m

ic
s 

fo
r N

a-
io

n 
B

at
te

rie
s

Sa
hi

r N
aq

as
h



Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 451





Forschungszentrum Jülich GmbH
Institut für Energie- und Klimaforschung
Werkstoffsynthese und Herstellungsverfahren (IEK-1)

Sodium Ion Conducting Ceramics for  
Sodium Ion Batteries

Sahir Naqash

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 451

ISSN 1866-1793    ISBN 978-3-95806-382-2



Bibliografische Information der Deutschen Nationalbibliothek. 
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der 
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten 
sind im Internet über http://dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jülich GmbH
und Vertrieb: Zentralbibliothek, Verlag
 52425 Jülich
 Tel.:  +49 2461 61-5368
 Fax:  +49 2461 61-6103
 zb-publikation@fz-juelich.de
 www.fz-juelich.de/zb
 
Umschlaggestaltung: Grafische Medien, Forschungszentrum Jülich GmbH

Druck: Grafische Medien, Forschungszentrum Jülich GmbH

Copyright: Forschungszentrum Jülich 2019

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment, Band / Volume 451

D 82 (Diss., RWTH Aachen University, 2018)

ISSN 1866-1793  
ISBN 978-3-95806-382-2

Vollständig frei verfügbar über das Publikationsportal des Forschungszentrums Jülich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

 This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,  
 which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://creativecommons.org/licenses/by/4.0/


Forschungszentrum Jülich GmbH | Abstract 

Abstract 

The overwhelming demand of energy storage technologies has forced the scientific 
community to look beyond the commercially available options such as lithium ion batteries. 
As one of a potential alternative, sodium ion battery technology works in a similar way but 
provides the advantage of abundant and readily available raw materials at low cost. In 
addition, the lithium ion batteries, so far, are commercially available only with a liquid 
electrolyte. The electrolyte material in liquid state poses serious safety concerns, in case there 
is a leakage causing a short circuit and thermal runaway. Therefore an all-solid-state 
approach is one way to improve the safety issues of state-of-the-art batteries.  

This work is performed to develop sodium ion-conducting ceramics that can be used in all-
solid-state sodium ion batteries. Among several available options, the NASICON-type 
materials were selected because these types of materials are known to produce highly 
conductive ceramics and their conductivity in the best case has reached 4 mS cm-1. Therefore, 
this work focuses on the materials and processing aspects of these sodium ion-conducting 
materials. It can be is divided into two sections: 1) synthesis & processing and 2) materials 
design and composition. 

In the first part, main focus is on synthesis and processing of original NASICON material 
Na3Zr2Si2PO12. First, a solution-assisted solid state reaction synthesis route for producing 
Na3Zr2Si2PO12 is reported and compared with the so-called Pechini synthesis method. 
Secondly, Na3Zr2Si2PO12 is processed applying different sintering conditions to control its 
microstructure to better understand the microstructure-conductivity relationship of the 
material.  

In the second part, the focus is on the materials design and composition by modifying the 
NASICON chemistry. This is achieved by substituting suitable cations into the NASICON 
structure. Furthermore, an attempt was made to reduce the processing temperature of 
NASICON materials by defining a series of compositions, so-called glass-NASICON 
composites, towards the low melting composition in the quaternary phase diagram of Na2O–
SiO2–ZrO2 and P2O5. The objective is to utilize the conduction properties of NASICON and 
low melting point of sodium-containing glasses to produce a material with sufficient Na+ ion 
conductivity and reduced processing temperature (< 1000 °C). This would then be used as 
electrolyte material for fabricating an all-solid state Na+ battery.  
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Kurzfassung 

Der überwältigende Bedarf an Energiespeicher-Technologien zwingt die Wissenschaft dazu, 
andere Optionen als die kommerziell verfügbaren Lithium-Ionen Batterien zu erforschen. 
Eine vielversprechende Alternative stellt die Natrium-Ionen Technologie dar, welche auf 
einem ähnlichen Funktionsprinzip beruht, jedoch über ergiebigere und leicht verfügbare 
Rohstoffe zu günstigen Preisen verfügt. Außerdem sind Lithium-Ionen Batterien bislang nur 
mit flüssigem Elektrolyten kommerziell erhältlich. Dieser Flüssigelektrolyt stellt ein 
ernstzunehmendes Sicherheitsrisiko im Falle einer Leckage dar, bei der es zum Kurzschluss 
und einem Brand durch Überhitzung der Batterie kommen kann. Aus diesen Grund bietet ein 
Festkörperelektrolyt einen möglichen Ansatz, um die Sicherheitsanforderungen nach dem 
aktuellen Stand der Technik sicherzustellen. 

Diese Arbeit wurde durchgeführt, um eine Natrium-ionenleitende Keramik zu entwickeln, die 
sich für den Einsatz in Na+ Festkörperbatterien eignet. Unter verschiedenen anderen Optionen 
wurden NASICON-Materialien ausgewählt, da diese Keramiken dafür bekannt sind, dass sie 
im Idealfall hohe ionische Leitfähigkeiten von bis zu 4 mS cm-1 zu erreichen. Daher 
konzentriert sich diese Arbeit auf die Werkstoff- und Herstellungseigenschaften dieser 
Materialien. Sie kann in zwei Abschnitte unterteilt werden: 1) Synthese und Herstellung und 
2) Werkstoffentwicklung und Zusammensetzung. 

Im ersten Teil liegt der Fokus auf der Synthese und Verarbeitung des reinen NASICON 
Materials mit der Zusammensetzung Na3Zr2Si2PO12. Zunächst wurde ein Syntheseansatz mit 
Hilfe einer lösungsunterstützten Festkörperreaktion durchgeführt und mit einem Ansatz nach 
der Pechini-Methode verglichen. Anschließend wurde das Na3Zr2Si2PO12 bei verschiedenen 
Sinterbedingungen prozessiert, um ein besseres Verständnis über die Zusammenhänge 
zwischen Mikrostruktur und Leitfähigkeit des Materials zu erlangen. 

Der zweite Teil der Arbeit beschäftigt sich mit der Werkstoffentwicklung, wobei die 
chemische Zusammensetzung der NASICON-Materialien modifiziert wird. Dies wurde durch 
den Austausch geeigneter Kationen in der NASICON-Struktur erreicht. Weiterhin wurde ein 
Versuch unternommen, die Verarbeitungstemperatur der NASICON-Materialien zu 
reduzieren, indem eine Reihe von Zusammensetzungen definiert wurden – die sogenannten 
Glas-NASICON-Komposite – welche auf einen Bereich mit geringen Schmelzpunkten im 
quaternären Phasendiagramm Na2O-SiO2-ZrO2-P2O5 ausgerichtet sind. Das Ziel ist, die 
Leitfähigkeit von NASICON zu erhalten und den geringen Schmelzpunkt von Na-haltigen 
Gläsern auszunutzen, um ein Material mit ausreichend hoher Na+-Ionenleitfähigkeit und 
reduzierter Fertigungstemperatur (<1000 °C) zu erhalten. Dieses Material soll schließlich als 
Elektrolyt für die Herstellung einer Na+ Festkörperbatterie Verwendung finden. 
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Chapter 1: General background  

It has been estimated that by 2050 the energy demands of ever-increasing global population 
will reach up to 28 TW, which is twice the energy demand today (14 TW). This equates to 
130,000 TWh or equivalent to 1010 tons of burning oil yearly (Fig. 1.1) [1]. To meet such 
enormous energy demand, the corresponding energy production must be carried through 
sources that do not increase the CO2 emission that rules out any reliance solely on fossil-
fuels. These circumstances have made the development of alternative and advanced 
renewable energy technologies a global imperative.  

There are several renewable energy sources, e.g. wind, solar, tidal, biomass and geothermal, 
but all these sources are nature-controlled and thus limited to geological locations and are 
inherently intermittent compared to the isolated large scale man-made facilities (e.g., dams, 
power plants etc.) that currently supply a vast majority of electrical energy. To make the best 
use of these energy sources, we need robust energy-storage systems that are versatile and 
durable. Unfortunately, to date only 1 % of the total energy consumed worldwide can be 
stored [1]. 

 

 

Fig. 1.1: Past, present and forecast of world’s energy needs up to 2050. With the changing 
lifestyles of an increasing number of inhabitants, our energy rate demand will double from 14 
TW (2010) to 28 TW (2050). TOE = ton of oil equivalent. Map: © Macmillan Mexico/Haide 

Ortiz Ortiz, Mario Enrique Ramírez Ruiz (Reprinted with permission) [1]. 
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Batteries are the most attractive energy storage technology option available and have 
attracted the focus of scientific community in the past two decades. Unlike wind, solar, hydro 
etc. energy storage options battery is versatile, portable and capable of remote use. Despite its 
potential, the share of energy stored worldwide in batteries is only 0.02 % [1], however it is 
increasing with the increase usage of portable electronic devices and booming electrical 
vehicle industry.  

Since the inception of battery technology, only few have achieved the relevant market share. 
Lead acid battery technology is the oldest one and still dominates the market share in terms of 
energy storage capacity. This system is more than 150 years old, cost-effective, and 
dominantly used in automotive applications (starting battery) and auxiliary power supply 
systems. The major drawback of lead acid batteries is its low energy density of 30 – 40 watts 
hours per kilogram (Wh kg-1) and low energy conversion efficiency. Lately, several other 
systems were also introduced where electrode materials were substituted with metal 
hydroxides (Ni, Fe, Zn, Cd) but their application was hindered due to limited energy 
densities. Most preferable metal hydride battery is NiMH battery that has comparatively 
highest energy density of 100 Wh kg-1 [2]. 

Lithium-ion batteries (LIBs) offer the highest energy density of about 250 Wh kg-1 and these 
were first commercialized in early 1990s and since then their share in the market has been 
rapidly increasing. Due to high demand, the cost of such cells has reduced massively from 
1000 € kWh-1 (in 1990s) to 200 € kWh-1 and is expected to reduce further in future [3, 4]. To 
date, LIBs available to consumers generates ~37% of the total revenue from batteries [1]. 
However, concerns have been raised regarding the environmental and economic 
sustainability of LIBs. Life cycle analysis (LCA) studies have revealed that, for storing 1 kW 
h of energy, LIB technology produces about 75 times more CO2 as compared to coal energy, 
this accounts for whole life cycles from resource extraction over production, use phase until 
the end-of-life handling and recycling/deposition of waste [5]. The cost of energy stored in 
LIBs is several hundred times more than hydro-electricity, implying that battery processing 
and production is a big concern [6]. In addition, with increasing supply, the global resources 
of Li are continuously depleting and those which are currently available are located in 
sensitive geopolitical areas. Later concern has been minimized by a recent discovery of Li 
reserves of 1.3 million tons in Czech Republic [7]. Lastly, it has been proposed that in some 
years, the LIB technology will reach its maximum energy density value 300 W h kg-1, 
therefore alternative cell chemistries will have to be invented in order to surpass this energy 
density [8].   

These concerns about LIB technology make the exploration of the alternatives an imperative 
[9, 10]. The most appealing alternative in terms of economic and environmental sustainability 
is sodium. It is about 1000 times more abundant than lithium in the earth crust, and this does 
not include seawater sodium. High abundance leads to low material cost, for example the cost 
of Na2CO3 is 50 times lower than Li2CO3 and the gap is widening with time. In terms of 
performance, sodium is three times heavier than lithium (23 g mol-1 compared with 6.9 g mol-

1), and 0.3 V less electropositive, which means that gravimetric and volumetric penalties (~ 
15 %) are unavoidable (Table 1.1). This elucidates why sodium batteries are anticipated for 

2



Forschungszentrum Jülich GmbH | General background  
 

stationary applications. Nonetheless, if Na-ion technology is successful, early estimations 
forecast a cost reduction of 30 % as compared to Li-ion technology [1].  

Table 1.1: The comparison of the main features of lithium and sodium metals [9]. 

Category Li Na 
Atomic radius (Å) 1.52 Å 1.86 Å 

Atomic weight 6.94 g mol-1 22.99 g mol-1 
Eo (vs. Li/Li+) - 3.00 V - 2.70 V 

Price (carbonates) 4.11 – 4.49 € kg-1 
(Purity: battery grade 99.9 %) 

0.07 – 0.37 € kg-1 

(Purity: 98.8 – 99.2 %) 
Capacity 3.83 Ah·g-1 1.17 Ah·g-1 

Coordination preference Octahedral & Tetrahedral Octahedral & Prismatic 
Melting point 180.50 oC 97.79 oC 
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Chapter 2: Introduction 

A rechargeable Li+ or Na+ ion cell consists of two materials capable of Li+/Na+ ion insertion 
that are called positive (anode) and negative (cathode) electrodes. These electrodes are 
electronically separated by an electrolyte material (as a pure ionic conductor). The cell 
converts stored chemical energy into electrical energy and the performance of the whole 
assembly varies with varying the composition, shape, alignment, or state of these 
components.  
A schematic representation of operating principle is shown in Fig. 2.1. Cell operates in two 
electrochemical modes; charging and discharging mode. During discharging, the anode is 
electrochemically oxidized causing a release of Li+/Na+ ions into the electrolyte. These ions 
subsequently migrate towards the cathode. During oxidation process, electrons travel through 
an electrical circuit from anode to cathode and combine with Na+. These electrons complete 
an electrical circuit and this external flow of electrons can be utilized as energy source to 
drive appliances (discharging mode) as well as to charge battery (charging mode). Charging 
mode operates exactly opposite, and it is also possible that both charging and discharging 
processes occur simultaneously.   
 

 
 

Fig. 2.1: Schematic illustration of Li+/Na+ ion battery operation. 

 

The battery components require some specific characteristics due to the operation process. 
The electrodes (cathode and anode) should; 

- be able to collect and release a large amount of Li+/Na+ ions in a large number of 
cycles, 
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- have ionic as well as electronic conductivity, and 
- be chemically compatible with the electrolyte.  

The electrolyte should: 

- have high ionic and zero electronic conductivity to avoid short-circuiting of the 
electrons,  

- have high thermodynamic stability in a wide temperature and voltage range, and 
- have high physical and chemical compatibility with cathode and anode. 

 

2.1. State-of-the art Na batteries 

 

Even though work on lithium and sodium batteries started together, the progress in lithium 
battery has overwhelmingly left the sodium battery behind. In recent past, sodium batteries 
have again emerged by gaining attention. This can be clearly seen by noticing an exponential 
increase in the number of publications over the past few years in Fig. 2.2.  

  

Fig. 2.2: Number of publications in the field of “Lithium battery” as compared to “Sodium 
battery” from 1970 to 2017. The keywords are given in legends. (Source: web of knowledge) 
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Sodium-sulphur (Na-S) [11] and Sodium-Nickel chloride (Na-NiCl2) [12] are the only Na 
based batteries that are commercially manufactured by NGK Insulators and FZ Sonick 
respectively.  Both are operated at high temperature ~300 oC and contains β”-alumina as Na+ 

ion conducting electrolyte.  

In Na-S batteries, the anode material is molten Na which is filled in a tube of solid β”-
alumina electrolyte. The tube is surrounded by cathode material which is molten sulphur in 
this case. During the cell discharge, Na+ ions are transported through the β”-alumina 
electrolyte towards cathode where they react with sulphur to form polysulphides. Electrons 
are discharged as a consequence to an external circuit. Reversible reaction occurs during 
charging [13].  

The molten electrodes are highly corrosive towards the cell container and sealant materials at 
the operating temperature (300 oC) causing safety concerns. A lot of work has been devoted 
to reduce the operating temperature down to 100 oC or to manufacture corrosion resistant 
container and sealant materials [10]. In case of leakage, the electrodes become in contact with 
each other leading to cell failure, which may be dangerous. It was reported in one incident on 
September 2011 when a NGK-manufactured Na-S batteries caught fire forcing the company 
to stop its manufacturing and asked customers not to use Na-S batteries [14]. 

The Na-NiCl2 batteries [12] exhibit advantage over the Na-S because it does not contain 
highly corrosive molten sulphur cathode. It is replaced by a porous metal chloride usually 
NiCl2 impregnated with a liquid electrolyte (NaAlCl4) for better interfacial contact and less 
corrosion [15]. During the discharge, molten sodium is oxidized into Na+ ions that are 
conducted through β”-alumina and NaAlCl4 towards NiCl2 (cathode) to form NaCl and Ni. 
Reversible reaction occurs during charging. These batteries are safer because in case of 
leakage, the molten Na reacts with the NaAlCl4 to form NaCl and aluminum. These batteries 
can be assembled in a discharged state and it offers higher voltage than Na-S battery. In 
addition, it is also possible to further increase the battery power by incorporating iron in the 
anode [16-18]. 

In both cells, the elevated operating temperature is the biggest concern which is also linked to 
the safety of the batteries, particularly Na-S battery. In addition, it also escalates the operating 
cost therefore reduction of operating temperature has been the focus of the research, and so 
far, it has been reduced to 100 – 170 oC by an American company Ceramatec [19]. 

In Na+ ion battery technology, William Advanced Engineering offers a pack design of 3 Ah 
consisting of 48 cells. Their materials were purchased from Faradion Limited. The batteries 
are made of hard carbon anode and polyanion cathodes [20] separated by a liquid electrolyte. 
The corporate website claims that the cell performance is similar to the Li+ ion batteries with 
the advantage of higher safety [21].   

Na+ ion solid state batteries are restricted to lab scale testing so far as reported by F. Lalère et. 
al [22]. This Na+ battery was based on Na3V2(PO4)3 and Na3Zr2Si2PO12 as electrode and 
electrolyte materials, respectively. The conductivity of these materials at 200 oC are 1.9 ⋅ 10-4 
S cm-1 and 1.5 ⋅ 10-3 S cm-1, respectively, and is the reason why its operating temperature is 
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restricted to 200 oC. The electrode material along with the electrolyte was spark plasma 
sintered (SPS) at 900 oC to obtain a dense cell. The battery operated at 1.8 V with 85 % of 
theoretical capacity attained. Upon comparison, Na3V2(PO4)3 produced a better power density 
as compared to its lithium counterpart Li3V2(PO4)3 at 80 oC [23], but at higher temperature.  

 

Table 2.1: Summary of the state-of-the art high temperature sodium batteries, the data is 
taken from [22, 24]. 

Battery NaS ZEBRA All-solid-state Na battery 

Manufacturer NGK insulators/TEPCO FZ Sonick F. Lalère et al. (2014) 

Cell 
configuration Na|β"-alumina|S 

Na|β"-
alumina|MCl2 (M = 

Fe, Ni) 
Na3V2(PO4)3|Na3Zr2Si2PO12|Na3V2(PO4)3 

Open circuit 
voltage 2.08 – 1.78 V 2.58 V 1.7 V 

Operating 
temperature 300-350 oC 270-350 oC 200 oC 

Theoretical 
capacity  

(per grams of 
+ve electrode) 

377 mAh g-1 305 mAh g-1 5.1 mA h g-1 (cell level) 

Energy 
density 760 (140-240) Wh·kg-1 788 Wh·kg-1 10.75 W h kg-1 (lab test) 

Power density 90-245 W·kg-1 130-160 W·kg-1 4.23 W kg-1 

Life cycle 3500-5000 cycles  
@ 80 % DoD 

3500-5000 cycles  
@ 80 % DoD 

26 cycles  
@ 75 % DoD (C/10) 

Efficiency 80-90 % 80-90 % 5 - 10 % 

Application Stationary energy storage 
Battery electric 

vehicles Stationary 
energy storage 

Still Lab based experiments 

Advantages 

High power 
High energy density  
High efficiency of 
charge/discharge 

Temperature stability 

High voltage  
Better tolerance 

against 
overcharging, safe 

Easy assembly 
Safe 

All NASICON 
Safe 

Low cost of raw materials 

Shortcomings 

Unsafe → fracture of beta-
alumina 

Expensive processing 

Preheating to 
operating 

temperature 

Expensive processing  
(i.e., spark plasma sintering) 

Violent reaction   
High operating temperature 

Molten sodium electrode 
Still lab based prototype Off use: consumes 10-14 % of its own capacity 

per day to maintain temperature 

Environmental 
Impact 

Only Na hazardous material Recovery of Ni Na based materials 
No emission during operation No Emission 
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2.2. Na+ ion conducting materials 

 

Several types of materials have been reported as Na+ ion conductors, such as beta-alumina, 
sodium super ion conductors (NASICON: Na3Zr2Si2PO12), glass and glass-ceramic 
electrolytes and polymer electrolytes [24, 25]. Fig. 2.3 compares the conductivity of some 
attractive inorganic Na-ion conducting materials as a function of temperature [26-32]. The 
details on each material-type are further discussed in coming subsections.  

 

 

Fig. 2.3: Arrhenius plot of the total conductivity of sintered polycrystalline β”-alumina [28], 
sintered polycrystalline NASICON material from the company Ceramatec [33], sintered 
polycrystalline NASICON [34], Na3PS4 glass-ceramic [35], polymer nano-composite 
electrolyte [36], plastic crystal electrolytes [37] and NASICON-based hybrid solid electrolyte 
[38].  

 

2.2.1. Beta-alumina 

 

The beta-alumina solid electrolyte (BASE) is the only fast ion conductor used as electrolyte 
material in both Na-S and Na-NiCl2 batteries. It exists in two distinct crystal structures: β-
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alumina with hexagonal structure (P63/mmc: ao = 0.557, co = 2.261 mm) and β”-alumina with 
a rhombohedral structure (R3m: ao = 0.560, co = 3.395 mm). They differ in chemical 
stoichiometry and stacking sequence of oxygen ions across the conduction layer [39]. Among 
them, β”-alumina has higher Na+ ion conductivity as compared to β-alumina. The 
conductivity of single crystals of β”-alumina in the plane direction is as high as 0.1 S cm-1 at 
25 oC and increases up to 1 S cm-1 at 300 oC [40], which is five times more than that of 
polycrystalline β”-alumina. The typical ionic conductivity of a polycrystalline β”-alumina at 
300 oC is 0.22 – 0.35 S cm-1 [41].  

 

Stoichiometric β-alumina has a formula (Na2O)1+xAl2O3 where x = 0, however it is 
unanimously agreed that it is never prepared with accurate stoichiometry [42]. The x can be 
as high as 0.57 for β-alumina. The depletion of aluminum or enrichment of sodium in β-
alumina leads to higher Na+ ion conductivity as compared to stoichiometric β-alumina. β"-
alumina is prepared to further improve the Na+ conductivity by substituting aluminum ions 
with mono- or divalent ions e.g., Li+, Mg+2 [42, 43]. The substitution allows departure from 
the β-alumina stoichiometry, resulting in a higher sodium content and conductive β”-alumina. 
The monovalent Li+ and divalent Mg+2 also helps to stabilize the structure that tends to 
decompose at temperatures > 1600 oC. The two ideal β”-alumina stoichiometries are 
Na1.67Al10.33Mg0.67O17 and Na1.67Al10.67Li0.33O17 [42]. 

 

β”-alumina can be synthesized through various synthesis methods such as, solid state reaction 
[44-47], sol-gel technique [48-55], co-precipitation [56, 57], spray-freeze-drying method 
[54], flame spray pyrolysis [58] and mechanical method [59]. β”-alumina has also been 
synthesized through microwave heating of solution-derived precipitates [60].  

  

9



Forschungszentrum Jülich GmbH | Introduction  
 

Table 2.2: The composition, conductivities and synthesis techniques of single and 
polycrystalline β and β-alumina. 

Name 
Conductivity (S cm-1) 

Ref. 
25 oC 300 oC Ea (eV) 

Single crystal β-alumina 

0.036   [61] 
0.024  0.16  [62] 
0.035  0.13  [28]  
0.03 0.21 0.16 [63] 
0.014  0.16 [64] 
0.03  0.17  [43] 
0.025  0.15  [40] 
0.03 0.27 0.14 [65] 

Polycrystalline β- Al2O3 0.0012 0.065 0.27 (25 – 200 oC) 
0.15 (>200 oC) [28] 

Single crystal β”-alumina 

0.04  0.22 (25 – 250 oC) 
0.17 (200 - 650 oC) 

[43] 

0.1  0.20 (-80 ~ 150 oC) 
0.12 (150 - 500 oC) 

[40] 

0.014 1 0.31 (-80 – 150 oC) 
0.09 (150 - 650 oC) [40] 

  0.33 (25 – 150 oC) 
-0.1 (> 150 oC) [66] 

0.01 1 (<200 oC) [67] 

Polycrystalline β”-alumina 

 0.22-0.35 0.15-0.26 [41] 

 0.21 0.24 (285 – 330 oC) 
0.22 (330 – 375 oC) 

 
[44] 

 0.36 0.18 (285 – 330 oC) 
0.16 (330 – 375 oC) 

 
[44] 

 0.2  [68] 

 

Despite better ionic conductivity of β”-alumina, its application in modern battery systems is 
restricted due to its challenging processing conditions. β”-alumina powders prepared by 
different methods produces different electrical properties, as listed in Table 2.2. It is 
challenging to obtain pure obtained pure β”-alumina through conventional solid state reaction 
and solution-based chemical because the synthesized β”-alumina is often epitaxial mixed 
with β-alumina and form NaAlO2 along the grain boundaries. This not only changes its 
composition but also reduces the conductivity due to presence of low conductivity β-alumina. 
Its further processing involves multiple ball milling and calcination steps before it can be 
sintering at 1600-1700 oC to achieve high density. The high sintering temperature is not only 
expensive but it also affects the microstructure because at such high temperatures sodium 
oxide is evaporating, and there if further demands careful and costly experimental setup (e.g., 
encapsulation in Pt or magnesia or using vapor phase reaction) [69, 70]. In addition, when 
used as thin layers in Na-S battery operating at elevated temperatures, their mechanical 
strength also becomes crucial to avoid potential accidents due to electrolyte cracks. Despite 
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the fact that mechanical strength can be enhanced by 50 percent by adding ZrO2 [71-74], its 
complicated and expensive processing parameters restricts is use in modern applications and 
make pursuit of alternative Na+ ion conducting materials that exhibit better mechanical 
stability and conductivity at reduced temperatures [75].  

 

2.2.2. Polymeric and hybrid solid electrolytes 

 

Several strategies have been used to implement low cost polymers as electrolyte materials in 
sodium batteries. These include polyethylene oxide (PEO) [76] or polyvinyl alcohol (PVA) 
[77] immersed in plasticizer with high dielectric constant or solvents (or its solution) with 
different salts. The solvent or salt solution is retained in the mechanically stable polymeric 
matrix and improves its ionic conductivity. 

Another interesting strategy has recently been used where a hybrid electrolyte was prepared 
from polymeric binders, e.g. ethylene carbonate (EC), polypropylene carbonate (PC) mixed 
with ceramic powder capable of sodium conduction to form a flexible solid body. This 
already conductive sheet is then immersed in liquid sodium electrolyte to further enhance the 
conductivity. For example, a hybrid solid electrolyte (HSE) with 75 wt. % NZSiP ceramic 
powder and 15 wt. % PVdF-HFP polymer and ether-based liquid electrolyte, respectively. 
This HSE  has a high ionic conductivity of 0.36 mS cm-1 at room temperature as well as high 
thermal stability against shrinkage [78]. The conductivity of dry NASICON/polymer 
composite is only 1.1⋅10-8 S cm-1, therefore immersion in liquid based electrolyte is essential 
to obtain high conductive hybrid electrolyte. Even though HSEs are safer as compared to 
liquid electrolyte, the presence of even small amount of liquid electrolyte is still a safety 
concern.   

 

2.2.3. Glass and glass-ceramics 

 

Glass and glass-ceramic materials have also shown sodium conduction properties [79-82]. 
Conventionally, glasses are made by heating raw materials above the melting point followed 
by rapid cooling below their glass transition temperature (Tg), this method is also referred as 
melt quenching [83]. Alternatively, glasses can also be prepared through vigorous mechanical 
deformation of crystalline materials [84] or mechano-chemical synthesis methods [85]. 
Several glasses with NASICON composition have been reported with formula NaxBy(PO4)3, 
as reported by [75, 83]. Best conductivity values are obtained for glasses with small amount 
of crystalline phase i.e., glass-ceramic with cubic Na3PS4 is ~ 0.2 mS cm-1, but which is 
lower than NASICONs [85]. The Na3PS4 glass-ceramics are also used as electrolyte material 
to measure the charge-discharge curves of an all-solid-state rechargeable cell yielding a 
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current density 0.013 mAcm-2 at room temperature [85]. Several glass and glass-ceramics, 
their composition and their respective conductivities are listed in the Table 2.3.  

 

Table 2.3: Classification, composition, synthesis techniques and conductivity (at room and 
elevated temperature) of selected glass and glass ceramic compositions. 

Name Composition 
Conductivity [S cm-1] 

Ref. 
25 oC Elevated T [oC] 

 
Alkali-sulfide: 

glass 
& 

glass ceramics 
 
 

Na3PS4 6 ⋅ 10-4  

[85] 
 

Na3PS4 + Tetragonal Na3PS4 1 ⋅ 10-6 - 

Na3PS4 + Cubic Na3PS4 2 ⋅ 10-4 - 

Na2S-GeS2 ~ 10-5 - 

Na2S-SiS2 ~ 10-4 - 

xNa2S+(1-x)P2S5 3.2 ⋅ 10-4 - 

Phosphate glasses 
(Nasiglas) 

 

Na3Ga2P3O12 [83] 

10-9 – 10-7 

4.1 ⋅ 10-9 (65 oC) 

[83] 
 Na5GeP3O12[83] 8.0 ⋅ 10-9 (165 oC) 

Na5TiP3O12[83] 5.35 ⋅ 10-5 (165 oC) 

 

2.2.4. Na+ Super Ionic Conductors (NASICONs) 

 

NASICON (Na+ Super Ionic Conductor) is a broad class of materials firstly reported in 1976 
by Hong and Goodenough [86, 87].  The original NASICONs were solid solutions derived 
from NaZr2(PO4)3 by partial substitution of  P by Si balanced by Na in order to maintain 
charge neutrality, yielding the general formula Na1+xZr2SixP3-xO12 (0 ≤ x ≤ 3). The crystal 
structure of firstly reported Na1+xZr2SixP3-xO12 (0 ≤ x ≤ 3) is rhombohedral (R3�c), except for 
1.8 ≤ x ≤ 2.2 which undergoes monoclinic distortion (C2/c). The crystal structure can also be 
monoclinic for LiZr2(PO4)3 [88, 89] or triclinic for LiSn2(PO4)3 [90].  

NASICON structure is not only confined to sodium, it is rather a huge family of materials 
having a particular structure. The general formula of NASICON type structure is AM(PO4)3 
[75], where A-sites are charge carriers and M sites belong to central transition metal cations. 
A-site can be occupied by 

• monovalent cations: Li+, Na+, K+, Rb+, Cs+, H+, H3O+, NH4+, Cu+, Ag+, 
• divalent cations: Mg2+, Ca2+, Sr2+, Ba2+, Cu2+, Pb2+, Cd2+, Mn2+, Co2+, Ni2+, Zn2+,  
• trivalent cations: Al3+, Y3+, La3+, Lu3+ 
• tetravalent cations: Zr4+, Hf4+, Ge4+ 

The A-site can also be vacant if the M site is occupied by a pentavalent cation. The M sites 
can either be 
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• divalent cations: Cd2+, Ni2+, Mn2+, Co2+, Zn2+, Mn2+,  
• trivalent cations: Fe3+, Sc3+, Ti3+, V3+, Cr3+, Al3+, ln3+, Ga3+, Y3+, Lu3+ 
• tetravalent cations: Ti4+, Zr4+, Hf4+, Sn4+, Si4+, Ge4+, 
• pentavalent cations: V5+, Nb5+, Ta5+, Sb5+, As5+ 

In some cases, the M site can be occupied by more than one cations, leading to the general 
formula AM1M2(PO3)12. With a general formula AM1M2(PO4)3, the crystal structure is stable 
for a wide range of substitutions; from a basic NaZr2(PO4)3 (NZP) developed by [86, 87] to 
complex Na1+2w+x-y+z M+2w M+3x M+5y M+4z-w-x-y (SiO4)z (PO4)3-z systems reviewed by [91].  

In sodium conductors, only sodium A-sited compositions are of interest. NASICON-type Na+ 
conducting materials have better stability as compared to the β-alumina [92] and the highest 
room temperature conductivity achieved for these materials is in the order of 10-3 S cm-1 [93] 
which is similar to commercially produced β-alumina by Ionotec [94]. These type of 
materials have been synthesized through a range of synthesis methods such as, solid state 
reaction [95-97], sol-gel technique [98, 99], pechini method [100, 101], co-precipitation [95, 
102], wet-chemical synthesis [103] and mechanical method [104]. Their processing involves 
free sintering of a pressed body in air as well as some unconventional routes such as 
microwave heating [105] and spark plasma sintering [106].  

Table 2.4 represents the conductivities of well-known NASICON compositions. The 
NASICON compound produced by Ceramatec has been proposed for its use as a solid 
electrolyte in solid-state electrochemical devices such as Na-S batteries [107], gas sensor 
devices [108-110] and ion sensors [111]. 

 

Table 2.4: The composition, synthesis techniques and the conductivity of some NASICON 
materials 

Composition 
Conductivity [S cm-1] 

Ref. RT 300 oC 

NaZr2(PO4)3 4.5 ⋅ 10-6 4.89 ⋅ 10-5 [86, 112, 113] 

NaGe2(PO4)3 1.1 ⋅ 10-12 2.56 ⋅ 10-6 [114] 

NaTi2(PO4)3 4.4 ⋅ 10-10 2.98 ⋅ 10-5 [112, 114, 115] 

NaHf2(PO4)3 8.8 ⋅ 10-10 1.03 ⋅ 10-4 [115-117] 

NaSn2(PO4)3 4.7 ⋅ 10-9 1.50 ⋅ 10-5 [113, 118] 

 

2.2.5. Structure  

 

NASICONs consist of a three-dimensional framework of corner-shared ZrO6 octahedra and 
(Si, P)O4 tetrahedra, containing interconnected channels in which Na+ are encapsulated at A-
sites (Fig. 2.4a). Interstitial spaces of these channels provide a conduction pathway for the 
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Na+ between two positions Na(1) and Na(2) (Fig. 2.4). Na(1) positions are six-fold 
coordinated to oxygen ions of three (Si, P)O4 tetrahedra above and below (coordinate (0, 0, 
0)). Na(2) positions are also sixfold coordinated to oxygen ions of three coplanar (Si, P)O4 
tetrahedra (coordinate (x, y, 0.25)). This site occupancy was also confirmed for its lithium 
counterpart Li1+xAlxTi2-xP3O12 [119]. In case of the monoclinic distortion, another position is 
generated, Na(3) which is threefold coordinated to oxygen ions of three ZrO6 octahedra and 
conduction occurs by jumping from Na(1) to the Na(2) or Na(3) sites.  

 

 

Fig. 2.4: Two dimensional a-b projection of (a) rhombohedral R𝟑𝟑�c type NZP and (b) 
monoclinic C2/c type NZSiP illustrating Na(1), Na(2) and Na(3) sites, respectively. The 
yellow octahedra and pink tetrahedra are representing ZrO6 and PO4, respectively. The 
crystallographic data were taken from [120]. 

 

2.2.6. Conduction pathways 

 

Conduction of Na+ ion takes place by its consecutive jumps among sodium positions; Na(1) 
to Na(2) or Na(3) sites, as shown in Fig. 2.5. The length of jump is approximately 3 Å and 
depends on the composition of material [91]. Movement of Na+ between two sodium 
positions occurs through oxygen triangles T1 and T2 (Fig. 2.5) and the size of these triangles 
determines the ease of Na+ ion transport. In Fig. 2.5, the passage of Na+ through T1 (smaller 
triangle) is more difficult as compared to T2 (bigger triangle).  

The increase of the area of T1 in composition NZP where Area T1 = 4.968 Å2, Ea = 0.47 & 
σ300 oC = 4.89 x 10-5 S cm-1) by partial substitution of P with Si in NZSiP shows a remarkable 
increase in conductivity where area T1= 5.223 Å2, Ea = 0.33 & σ300 oC = 0.2 S cm-1 [121]. It is 
further confirmed for several NASICON compositions through a correlative study of area of 
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T1 and activation energy for ionic conductivity by [91]. Therefore, size variation of T1 and 
T2 hindering ionic movement is referred as the bottleneck for sodium conduction in the 
system.  

 

 

Fig. 2.5: Schematic representation of triangles T1 (red) and T2 (black) along a-c plane, and 
conduction of sodium (a) between Na(1) and Na(2) in NZP, (b) two pathways P1 and P2 
between Na(1) and Na(2) & Na(3) in NZSiP, respectively. The pink tetrahedra, green 
octahedra and grey octahedra represent PO4, NaO6 and ZrO6 respectively. Crystallographic 
data taken from [120]. 

 

2.2.7. Material design and selection 

 

Several parameters can be considered while selecting a NASICON composition in order to 
obtain high conductivity. These parameters are shortlisted by a structure-composition-
property correlation of more than 150 NASICON compositions by Guin and Tietz [91]. A 
strong influence of these parameters on the conductivity has been found. These parameters 
are  

(i) Size of metal cations,  

 

The size of transition metal cations is defined in terms of an effective mean radii i.e. 
2 3 5 4 (2 ) 2

M M Mef Mf r w r x r rr w yy+ + + += ⋅ ⋅ ⋅ ⋅ − −+ + + . When reff of the materials is close to 

0.72 Å, their conductivity is among the highest known.  
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(ii) Na content in the formula unit  

 

Conductivity is also influenced by the concentration of charge carriers (i.e. Na+ ions). 
However after a certain Na+ ion concentration is reached to a point where the ratio of 
charge carriers and vacancies is optimal, any further increasing Na content in the formula 
unit blocks/hinders Na mobility. In general, compositions with ≥2.5 mol sodium per 
formula unit show a high ionic conductivity between 2·10−5 and 2·10−3 S cm−1 [91]. 

 

(iii) Crystal structure distortions  

 

As already discussed in section 2.2.6, crystal structures significantly changes the area of 
T1, which has a direct effect on the movement of Na in the lattice. NASICON 
compositions with monoclinic distortion have larger T1 and therefore higher 
conductivity. Monoclinic distortion can be induced by partial substation of P with Si 
[121]. The crystallographic distortion not only enlarges T1, but also creates additional Na 
sites which are also a reason for higher conductivity. 

 

A quantified investigation of the effect caused by these parameters has not been established 
yet, however it is agreed that they have a synergic impact on the performance of NASICON 
materials. To establish a quantified connection of each parameter, more data are required 
from materials fulfilling aforementioned guidelines. 

In one of our studies (section 5.1), we have attempted to design a material based on the 
guidelines given in [91] to validate the hypothesis that if reff  is close to 0.72 Å, the material 
will show optimal structural and electrochemical properties. In this framework, a novel 
Na1+2xAlxYxZr2-2x(PO4)3 solid solution, where Zr+4 (r = 0.72) is substituted with equimolar 
amounts of Al+3 (r = 0.53) and Y+3 (r = 0.90) are prepared. In this system, the reff of the 
system lies within 0.720-0.718 Å. Validation will be based on the structural and 
electrochemical properties in comparison to the data in [91]. 

 

2.3. Scope of this thesis 

 

The thesis, as clear from the title “sodium conducting ceramics for sodium ion batteries” 
focuses on the materials and processing aspects of the sodium-conducting materials, 
especially NASICON ceramics. A schematic illustration of the work is shown in Fig. 2.6 
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where the work is divided into two sections: 1) synthesis & processing and 2) design and 
composition. 

In the first part, main focus is on synthesis and processing of original NASICON material 
Na3Zr2Si2PO12. First, a unique solution-assisted solid state reaction synthesis route for 
producing NZSiP is reported and compared with Pechini synthesis method [122]. Secondly, 
NZSiP is processed applying different sintering conditions to control its microstructure to 
better understand the microstructure-conductivity relationship of the material.  

In the second part, the focus is on the design and composition by modifying the NASICON 
chemistry. This is achieved by substituting suitable cations into the NASICON based on [91]. 
Furthermore, an attempt was made to reduce the processing temperature of NASICON 
materials by defining a series of compositions, so called glass-NASICON composites, 
towards the low melting composition in the quaternary phase diagram of Na2O–SiO2–ZrO2 
and P2O5. The objective is to utilize the conduction properties of NASICON and low melting 
point of sodium-containing glasses to produce a material with sufficient Na+ ion conductivity 
and reduced processing temperature (< 1000 oC). This would then be used as electrolyte 
material for fabricating an all-solid state Na+ battery.  

 

 

 

Fig. 2.6: Schematic of the scope of this thesis covering a range of studies related to 
NASICON materials. 
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Chapter 3: Experiments and Methods 

Several experimental techniques and methods were used to characterize and analyze the 
samples. These methods are descripted in this section. 

 

3.1. Synthesis methods 

 

Synthesis plays a lead role in determining the quality of powder precursor that eventually 
determines its further processability. In this thesis, two different synthesis methods were used 
to synthesize the materials. They are briefly described below, and later compared in detail in 
section 4.1. 

 

3.1.1. Solution Assisted Solid State Reaction (SA-SSR) 

 

In SA-SSR method, Na3Zr2(SiO4)2(PO4) was prepared by mixing stoichiometric amounts of 
NaNO3 (99.5 %), ZrO(NO3)2 (99 %) and Si(OC2H5)4 (99 %), supplied from VWR 
International, Belgium, in a quartz glass container. After the nitrates were dissolved in 
distilled water, a stoichiometric amount of tetraethyl orthosilicate, Si(OC2H5)4, was added. 

When the Si(OC2H5)4 was hydrolyzed, a corresponding amount of NH4H2PO4 was added and 
stirred for 30 minutes to form a homogeneous precipitation. The mixture was stirred 
overnight with 300 rpm at 50 °C. The homogenized mixture was firstly heated from 50 up to 
100 °C to slowly evaporate the water. Subsequently, the product was fired in a furnace at 600 
°C for 3 h to form an amorphous raw powder. During this heat treatment, the precipitate was 
pyrolyzed and NOx, CO2, H2O evolved as gaseous products. Further calcination (800 °C, 12 
h) and sintering (1250 °C) in Pt crucibles of the raw powder resulted in the desired ceramic. 

 

3.1.2. Pechini synthesis 

 

In Pechini method, named after an Italian scientist M. P. Pechini [122], the stoichiometric 
amounts of metal nitrates, e.g. NaNO3 (99.5 %), Al(NO3)2 · 9 H2O (99.2 %), Y(NO3)2 · 6 
H2O (99.8 %), ZrO(NO3)2 · x H2O (99 %), and Si(OC2H5)4 (99 %), supplied by VWR 
International (Belgium), were mixed and dissolved in a quartz glass container, followed by 
the addition of citric acid (C6H8O7) twice the molar amount of metal cations (Na+, Al3+, Y3+, 
Zr4+, NH4+ ) to form citrate complexes. After formation of a clear solution, a stoichiometric 
amount of NH4H2PO4 was added and stirred for 0.5 h to form an homogeneous precipitation. 
Ethylene glycol was then introduced in the same molar amount as citric acid. The mixture 
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was stirred overnight at 300 rpm and 50 °C. Citric acid acts as a complexing agent and 
ethylene glycol acts as a polymerizing agent. The formation of citrate complexes results in a 
better distribution of ions and prevents the separation of components in later processes. With 
the presence of ethylene glycol, esterification results in the formation of a gel. The 
homogenized mixture was first heated from 50 °C up to 100 °C to slowly evaporate H2O. 
Further heating of up to 300 °C leads to the polycondensation of ethylene glycol and citric 
acid, and results in the formation of a highly viscous polymer gel. The stirring bar should be 
taken out before the viscosity increases. Subsequently, the gel was fired in a furnace at 600 
°C for 3 h to form an amorphous precursor. During this heat treatment, the polymer matrix 
was pyrolyzed and NOx, CO2, and H2O evolved as gaseous products. Further calcination (800 
°C, 12 h) of the precursor and sintering in Pt crucibles resulted in the desired crystalline 
phase.  

 

3.2. Crystal structure 

3.2.1. X-ray diffraction 

 

X-ray diffraction (XRD) is a rapid and non-destructive analytical technique used for phase 
identification of crystalline materials and can also provide further information on the 
crystallographic properties of the material. The X-rays are targeted on the sample surface 
where they are scattered by the ordered facets of a crystalline material, and those undergoing 
constructive interference are recorded by a detector, as shown in Fig. 3.1a. The criterion for 
constructive interference is given by Bragg’s law (Fig. 3.1b) [123]. 

 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑ℎ𝑘𝑘𝑘𝑘 sin(𝜃𝜃) Eq. 1 

 

where n is an integer, θ the angle of incidence with the lattice plane and dhkl the distance 
between lattice planes. Any set of lattice planes can be indexed by hkl, the so-called Miller 
indices, which represent the points of intersections of the plane with the unit cell edges.  

The whole sample surface is scanned when 2θ = 180⁰, and the points where the scattered 
waves interfere constructively Bragg’s law is applicable. A diffraction pattern is obtained by 
measuring the intensity of scattered waves (reflections) as a function of scattering angle 
(using a movable detector, Fig. 3.1a). Very strong intensities known as Bragg peaks are 
obtained in the diffraction pattern when the lattice is highly ordered [123]. 
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Fig. 3.1: Schematic of (a) X-ray diffractometer and (b) Braggs diffraction law [124]. 

 

The unit cell information for a given lattice is obtained using the following relationship [125]: 1 ² = +  +  

for a cell any crystalline material, however it is reduced to 

Eq. 2 

  1 ² =  43 ²  ×  ( ² + ² + ²) +  ²² 

for a rhombohedral unit cell where a = b c and  =  = 90 ° and = 120 ° 

Eq. 3 

1 ² =  ²² ² +  ²² +  ²² ²  ²  ×  (1 ² )  

for a monoclinic unit cell where a b c and  =  = 90 °  

Eq. 4 

 

The space group and lattice parameters can be calculated using Eq. 3 and Eq. 4 for 
rhombohedral and monoclinic structure respectively from given set of d-values. Despite the 
fact that these calculations are simple for one reflection at a certain d-value, the calculation of 
a complete XRD pattern for polycrystalline material is rather complex and complicated. This 
is due to the fact that XRD pattern of a polycrystalline material is influenced by parameters 
such as preferred orientation of crystallographic planes or the overlapping of reflections (e.g., 
from different structures of one or more phases). Therefore, complex algorithms are 
necessary to derive the correct space group and unit cell parameters from a complete 
diffraction pattern. These algorithms have been developed and are used during the data 
analysis in the Jana computer program [126].     

The phase purity of the different synthetized powders or sintered pellets was controlled by 
XRD. The X-ray analyses were carried out with the diffractometer D4 ENDEAVOR from the 
company Bruker. A typical measurement was in the range of diffraction angles 2
to 80°, increment of 0.  
were analyzed with the program package X’Pert HighScore (PANalytical B.V., version 
3.0.5).   

High temperature XRD (HT-XRD) measurements were performed on an Empyrean 
diffractometer, PANalytical GmbH, in the temperature range of 25 to 700 °C, with an 
increment of 100 °C. 
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3.2.2. Rietveld refinement 

 

The XRD patterns can provide detailed information about the crystal structure, atomic 
positions, lattice parameters and site occupancies of atoms within the unit cell upon fitting the 
shape and intensities of the reflections via Rietveld refinement method. This fitting method is 
named after H.M Rietveld [127, 128], who formulated mathematical expressions that can 
generate diffraction patterns similar to that of neutron powder diffraction patterns. After a 
decade the similar simulation was performed with XRD diffraction patterns [129]. This is due 
to the fact that any XRD pattern is a combination of several superimposing and overlapping 
Gaussian peaks in addition to background. A Rietveld refinement incorporates all these peaks 
for fitting the XRD pattern using combination of complex mathematical expressions [130].  

With time and advancement of computation technology, the Rietveld method has been 
formulated into several computer programs significantly reducing the effort to perform such 
refinement. In this work, the crystallographic details of materials were determined using the 
Jana program [126] using full-matrix least-square fits against Fhkl² [131] method. For such a 
refinement, the program requires high resolution XRD patterns that were recorded using the 
same diffractometer as used by routine measurement but different parameters: 10 ° ≤ 2θ ≤ 
140 ° with increment of 2θ of 0.01° increment for 2θ and measurement time of 2 sec at each 
step.  

The mathematical expression used by H.M. Rietveld back in 1960 was complex, and he 
calculated the intensity Ic,i at each 2θ step i as; 
 

𝐼𝐼𝑐𝑐,𝑖𝑖 = 𝑠𝑠 × �𝐿𝐿ℎ𝑘𝑘𝑘𝑘 × |𝐹𝐹ℎ𝑘𝑘𝑘𝑘|2 ×  𝜑𝜑(2𝜃𝜃𝑖𝑖 −  2𝜃𝜃ℎ𝑘𝑘𝑘𝑘) × 𝑃𝑃ℎ𝑘𝑘𝑘𝑘  × 𝐴𝐴 +  𝐼𝐼𝑏𝑏,𝑖𝑖  
ℎ𝑘𝑘𝑘𝑘

    Eq. 5  

In this equation, the second intensity term Ib,i is the intensity of the background, whereas the 
first term represents the contribution of every Bragg reflections and in each contribution both 
the crystal structure (atomic coordinates, thermal displacement and site occupancies) and the 
diffraction experiment (unit cell, peak profile broadening, etc.) are described with:  

- s, the overall scale factor 

- Lhkl, containing the Lorentz and polarisation factors as well as a multiplicity factor 

- Fhkl , the structure factor for the (hkl)th Bragg reflection 

- φ(2θi-2θhkl), a profile function were 2θi is the diffraction angle corrected for the 2θ 
zero error 

- Phkl, a preferred orientation function 

- A, the absorption factor depending on the instrument geometry [130, 131] 
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3.3. Powder characterization 

3.3.1. Elemental analysis (ICP-OES) 

 

The stoichiometry of the materials was controlled by inductively coupled plasma optical 
emission spectroscopy (ICP-OES) using the Thermo Scientific iCAP7600 spectrometer with 
optical scale and CID semi-conductor detector, axial und radial reflection, and wavelengths 
between 166 nm and 847 nm. 20 mg of powder were mixed to 0.25 g lithium borate in a 
platinum crucible and heated for 0.5 h at 1000 °C. The liquefied material was dissolved in 30 
mL HCl (5%). After dissolution, the sample solutions were transferred to sample vials 
containing 0.5 ml of HF and filled to 50 mL volume. Each test sample was diluted and 
measured twice. 

 

3.3.2. Particle size distribution 

 

Laser diffraction spectroscopy was used for the particle size distribution (PSD) 
measurements. This technique utilizes the diffraction patterns of the laser beam targeted on 
sample particles. It is capable of measuring the particles ranging from nanometers to 
millimeters in size [132]. It can also measure the geometric dimensions of particles based on 
the Fraunhofer diffraction theory [133]. 

The particle size distribution was obtained using Horiba LA-950V2 laser diffraction particle 
size distribution analyzer with ethanol as dispersing medium1. 

 

3.4. Impedance spectroscopy 

 

In the recent past, impedance spectroscopy has become one of a leading technique in the field 
of electrochemistry and materials science research. It allows investigation of numerous 
electrical as well as electrochemical properties of both solid and liquid state systems. The 
ionic-conducting, semi-conducting, mixed-conducting or dielectric and the dynamics of 
bound and mobile charge in the bulk and interfaces can be studied. Furthermore, information 
about microstructure, chemical composition, reaction parameters, corrosion rates, surface 
porosity, coating integrity, mass transfer, electrode or interface characteristics can be 
obtained [134-136]. 

                                                            
1 Courtesy of  V. Nischwitz, Central Institute for Engineering, Electronics and Analytics, ZEA-3, 
Forschungszentrum Jülich GmbH 
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In this work, the ionic conductivity between 100 °C – 30 °C was determined on dense pellets 
with gold electrodes sputtered on the surfaces with a multi-potentiostat VMP-300 from Bio-
Logic SAS, France. The used frequency range was 1 Hz – 7 MHz at intervals of 20 points per 
decade with amplitude of 50 mV.  

The ionic conductivity at high temperature (30-400 °C) was measured in Ar (ProGasMix 
from NorECs) with the Alpha-A high performance modular measurement system 
(Novocontrol Technologies). The frequency range used was 1 Hz – 20 MHz at intervals of 20 
points per decade with amplitude of 50 mV.  

During the impedance measurement, a sinusoidal signal Ut with small amplitude U0 is 
applied to the system electrode/sample/electrode:  

 

𝑈𝑈𝑡𝑡 =  𝑈𝑈0 sin(𝜔𝜔𝜔𝜔) =  𝑈𝑈0 𝑒𝑒𝑗𝑗𝑗𝑗𝑡𝑡, 𝜔𝜔 =  2𝜋𝜋𝜋𝜋 Eq. 6 
where ω is the angular frequency and  f is the AC signal frequency.  

 

U0 should be small enough to get a pseudo-linear response of the system. In this case as well 
as for linear systems, the current response to Ut is also a sinusoid at the same frequency but 
with a phase shift ϕ. 

 

𝐼𝐼𝑡𝑡 =  𝐼𝐼0 sin(𝜔𝜔𝜔𝜔 + 𝜙𝜙) =  𝐼𝐼0 𝑒𝑒𝑗𝑗(𝑗𝑗𝑡𝑡+𝜙𝜙) Eq. 7 
where I0 is the amplitude of the current response.  

 

For pure resistive systems, the frequency-dependent phase shift ϕ is zero [134]. According to 
Ohm’s law, the impedance can be calculated according to:  

 

𝑍𝑍(𝜔𝜔) =  
𝑈𝑈𝑡𝑡
𝐼𝐼𝑡𝑡

=
𝑈𝑈0 𝑒𝑒𝑗𝑗𝑗𝑗𝑡𝑡

𝐼𝐼0 𝑒𝑒𝑗𝑗(𝑗𝑗𝑡𝑡+𝜙𝜙) =  |𝑍𝑍|𝑒𝑒−𝑗𝑗𝑗𝑗 = 𝑍𝑍′ − 𝑗𝑗𝑍𝑍′′ Eq. 8 

where Z’ and Z’’ are real and imaginary components of the complex impedance [134].  

Impedance measurements are performed in a defined frequency range at discrete frequency 
values. For each frequency, the magnitude |Z| and phase ϕ are measured and Z’ and Z” are 
calculated and plotted against each other in the impedance spectra as a function of frequency.  

An impedance spectrum is represented by imaginary or capacitive impedance on y-axis and 
real or resistive impedance on the x-axis. In such graphs, semi-circles representing different 
polarization processes occurring in the system electrode | sample |electrode are observed. 
Each semi-circle (or each polarization process) can be analyzed as a combination of 
capacitive and resistive properties. The spectra can be simulated and fitted using an 
equivalent circuit composed of capacitors and resistors. Other processes like diffusion, 
dielectric relaxation of charge carriers, ferroelectric properties, double layer and adsorption 
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properties at an interface between electrode and sample can also be simulated [137] but they 
are beyond the scope of this thesis.  

 

Table 3.1: Capacitance values and their possible related phenomena [138]. 

Capacitance / F Phenomenon responsible 
10-12 Bulk 
10-11 Minor, second phase 

10-11 - 10-8 Grain boundary 
10-10 - 10-9 Bulk ferroelectric 
10-9 - 10-7 Surface layer 
10-7 - 10-5 Sample/electrode interface 

10-4 Electrochemical reactions 

 

Impedance spectra of polycrystalline materials are often composed of two semicircles, each 
corresponds to a contribution of a certain process (bulk or grain boundary) and, as a sum, 
result in the total impedance. The semicircle visible at higher frequencies, generally called 
first semicircle, represents the contribution of bulk resistance. The first semicircle is an 
intrinsic property and mainly depends on the composition of material. The second semicircle 
appearing at lower frequencies arises from the grain boundary contribution to the total 
impedance. This semicircle is an extrinsic property and mainly depends on processing 
conditions and characteristics of the starting powder. A detailed description of the 
mathematical expressions used to calculate the total, bulk and grain boundary conductivities 
is given in section 4.2.4. 

3.5. Microstructure 

In scanning electron microscopy (SEM) a sample is subjected to a beam of electrons, and 
their interaction with the sample surface produces various signals that give information about 
the morphology and topology, composition and even electrical conductivity. The signals arise 
from differently scattered electrons: 

 

• Back scattered electrons (BSE) give information about the composition. In this mode, 
the targeted electrons are scattered after an elastic collision. The number of BSE 
electrons reaching the detector is proportional to the mean atomic number (�̅�𝑍) of the 
sample atoms. Heavy atoms appears brighter and vice-versa. When two elements have 
similar �̅�𝑍, they produce similar brightness and therefore are indistinguishable.  

• Secondary electron (SE) signal is used to obtain the surface topography and 
morphology of the samples. SEs are knocked off from outer shells of the sample 
atoms at the sample surface (few nm) as they are energized by the electron beam.  The 
image is constructed based on the distance between emitted surface and detector. One 
major limitation is when the SE is emitted from edges of the sample, the so-called 
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“edge effect” in which the image appears brighter. In this work, both of the following 
signals were used [139].  

An example comparing the images obtained from BSE and SE modes is shown in Fig. 
3.2.  

• A third mode is often used (not in this thesis) where X-rays are produced and emitted 
from the sample surface upon an inelastic collisions of the electron beam with the 
sample atoms. A special X-ray detector measures the wavelengths which correspond 
to the energy levels of the electrons in different shells of the respective element. This 
mode gives information about the composition of the sample. This mode is commonly 
known as energy-dispersive X-ray spectroscopy (EDX). 

 

In this work, the SEM pictures were taken with a Zeiss Ultra 55 and a Zeiss Supra 50 VP2 
(Carl Zeiss NTS GmbH, German). The electronic conductivity of the samples was 
enhanced by sputter deposition of a thin platinum layer prior to the analysis. 

 

 

Fig. 3.2: Comparison of a) BSE and b) SE modes giving different information about NZSiP 
with ZrO2 as secondary phase.   

 

3.6. Thermal etching 

 

The SEM images of polished cross-section were not good enough to observe the grain and 
the grain boundaries of NZSiP. This problem was overcome by thermal etching, in which a 
heat treatment of polished sample is performed at 1150 oC for 15 min. Because the grain 
boundaries are more reactive than grains due to surface grooving by diffusion at high 
temperature and therefore are clearly visible when viewed at direct angles. If the temperature 
is too high or the time is too long, the sample may get over etched meaning that the grains 
also get oxidized, therefore the etching temperature and time was optimized after several 
trials. Fig. 3.3 shows a SEM image of NZSiP samples with and without thermal etch. 
                                                            
2 Courtesy of Dr. D. Sebold, Material Synthesis and processing (IEK-1) and Dr. D. Grüner, Microstructure and 
properties of materials (IEK-2), Forschungszentrum Jülich GmbH  
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Fig. 3.3: The SEM image of NZSiP sintered at 1250 oC for 10 h with and without thermal 
etching.  

 

3.7. Image analysis 

 

SEM images were analyzed using the analySIS pro imaging software as shown in Fig. 3.4. 
The grain boundary identification process is semi-automatic and depends crucially on grain 
boundary discernibility. This can be achieved by chemical or, in this case, thermal etching. 
The SEM images with suitable resolution were loaded into the program and scales are 
calibrated. Subsequently, a “separator” command was used as a filter for separating objects 
(i.e. grains). With this filter, it is possible to separate segments of an image with different 
intensities, like particles’ interfaces. The separator creates light or dark lines dividing objects 
of the same color or creates objects distinguishable from the background due to their intensity 
value. The software is also able to edit the resulting image interactively. Finally, statistical 
data of microstructural parameters can be obtained. The color categories in Fig. 3.4 reflect 
different grain size intervals. Since the grain size was obtained from 2D images, a 
multiplication factor of 1.571 for tetrakaidecahedron-shaped particles was applied, according 
to the ASTM standard [140].  

 

 

Fig. 3.4: Images of grain identification and size statistics using analySIS pro. The colors 
show different intervals of grain sizes where left is the original image, middle shows grain 
boundary identification and right depicts the grain size categorization.  
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3.8. Thermal Analysis 

3.8.1. DTA/TG 

 

Differential thermal analysis / thermogravimetry (DTA/TG) and differential scanning 
calorimetry / thermogravimetry (DSC/TG) measurements were carried out with the thermal 
analyzer STA449 F1 Jupiter coupled to the mass spectrometer QMS 403C Aëolos both from 
the company Netzsch. In both cases, two methods are applied simultaneously to one sample: 
TG with DTA or TG with DSC. 

During a TG experiment, the changes in weight are measured in dependence on temperature 
and give information about the thermal stability, the purity and the presence of humidity in a 
sample.  

The DTA experiment records the temperature differences between the sample and a reference 
while they undergo identical thermal treatments; a DTA curve is therefore a plot of the 
differential temperature against temperature (or time) and the peaks orientation depends on 
the observed phenomenon either as exothermic (downwards peak) or endothermic (upwards 
peak). For example, the following phenomenon can be observed:  

- Crystal structure change, phase transition (exo- or endothermic) 
- Crystallization (exothermic) 
- Melting (endothermic) 
- Solid state reaction (exo- or endothermic) 
- Oxidation or reduction (exothermic) 

The DSC experiment records the quantity of heat that is absorbed or released by a substance 
undergoing a physical or a chemical change during a thermal treatment. There again, the 
orientation of the peak indicates an exothermic (crystallization, decomposition) or 
endothermic (glass transition, melting, evaporation) phenomenon [141]. In this experiment, 
the height of the peaks is directly influenced by the heating rate. A mass spectrometer is 
coupled to the DSC/TG in order to get information about the nature of the species released 
from the sample during the heating. 

 

3.8.2. Dilatometry 

 

The dilatometry experiments were carried out with dilatometers 402C and 402E from 
Netzsch. During the measurement, a sample is heated and its length change is recorded.  

The dilatometer 402 was used on sintered samples to measure the dimensional changes as a 
function of temperature to determine the coefficient of thermal expansion (CTE). In a 
temperature range ΔT, a sample with a reference length L0 will have a length change ΔL and 
its CTE is calculated according to:  
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𝐶𝐶𝐶𝐶𝐶𝐶 =  
∆𝐿𝐿
𝐿𝐿0∆𝐶𝐶

 Eq. 9 

From the dilatometer measurement, a plot of  ∆𝐿𝐿
𝐿𝐿0

 against the temperature is obtained and CTE 

can be calculated from the slope of the linear data.   

Dilatometry experiments with dilatometer 402 were also carried out on hand-pressed powder 
to get knowledge on the sintering behavior. Since the shrinkage of the sample is recorded 
during the dilatometry experiment, the data can be used to adjust the proper sintering 
conditions for the systematic studies of the grain size and morphology changes [142]. During 
the sintering experiment, the sample is heated up to a given temperature and the temperature 
is hold for a given time. ∆𝐿𝐿

𝐿𝐿0
 is plotted against the temperature or against the time during the 

isothermal period of the thermal program.  
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Chapter 4: Results and Discussion Part I: Investigation of NZSiP 

4.1. Synthesis of NASICON 

 

4.1.1. Motivation 

 

Materials synthesis is the first step towards the applicability of any material. In this chapter, 
the NASICON composition Na3Zr2Si2PO12 (hereafter: NZSiP) is synthesized and 
characterized to understand the influence of the synthesis route on the sintered product.  

In the past, several methods have been used to synthesize NZSiP, which include:  

• Conventional solid-state reaction [86, 87, 143],  
• Precursor based sol-gel methods (i.e. metal alkoxides [29, 144-148], citrate gel 

(Pechini’s method [149]) [150, 151], silica gel [152-154],  
• Hydrothermal synthesis [155-157]),  
• Nonhydrolytic synthesis [158],  
• Coprecipitation [95],  
• Mechanochemical synthesis [159], and 
• Combustion method [160] 

Conventional high-temperature solid-state reaction (SSR) is the most simple synthesis 
method that involves mixing the oxides, hydroxides or carbonates of the cations followed by 
calcination and sintering at high temperature to get the desired material [161]. Reaction at 
high temperature can result in secondary phase formation (i.e. monoclinic ZrO2) due to 
elevated partial pressure of sodium and phosphorous compounds [151]. So far, to our 
knowledge the best reported total conductivity achieved using SSR powder is 1.2 ⋅ 10-3 S cm-

1 at 25 °C [162]. 

Sol-gel derived methods involve reactions at low temperature, where monomers are 
converted into a colloidal solution (sol) and act as precursor for an integrated network (gel) 
for either discrete particles or network polymers [163]. Based on the type of precursors, sol-
gel synthesis can be classified into metal-organics, metal-citrates, metal-silicates and 
hydrothermal synthesis [161]. The best reported conductivity of NZSiP prepared from sol-gel 
powder is 6.6 ⋅ 10-4 S cm-1 at 25 °C and 0.11 S cm-1 at 300 °C [164].  

Nonhydrolytic synthesis involves a reaction of precursor materials in anhydrous solvents like 
CH3CN followed by addition of a sodium source and calcination to obtain the NASICON 
material [158]. In mechanochemical synthesis, metal oxides are ball-milled in ethanol, dried, 
and mechanically activated in a planetary ball mill before calcination to achieve a NASICON 
phase.  
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Samples produced by sintering of co-precipitated powder have low conductivity of 9.2 ⋅ 10-5  
S cm-1 [95]. The highest conductivity of 1.8 ⋅ 10-3 S cm-1 at 25 °C is reported for spark 
plasma sintering of SSR powder. However, it is an expensive fabrication route and therefore 
industrially less viable [165]. The density of specimens is however not always reported. 
These methods along with the advantages and disadvantages are summarized in Table 4.1.  

 

Table 4.1: Summary of various synthesis methods reported for NZSiP comparing advantages 
and disadvantages of the applied methods.  

Method Advantages Disadvantages Ref. 

Solid state reaction  Simple and easy 
 Cheap raw materials 

 High temperature sintering 
 Large particle size 
 Inhomogeneity 

[86, 87, 143] 

Sol-gel 
synthesis 
applying 

 

Metal alkoxides  Molecular mixing of precursors 
prior to hydrolysis 
 Good homogeneity 
 High purity 
 Low sintering temperatures 
(reduced loss of volatile and 
metastable phases) 
 Industrial application: coatings, 
thin films, fibres, nano powder 
production 

 Complex chemistry 
 Sensitive reactions involved 

[29, 144-148] 
 
Citrate gel 
(Pechini) 
 

[150, 151] 

Silica gel [152-154] 

Hydrothermal  
synthesis [155-157] 

Nonhydrolytic synthesis 

 Easy control of hydrolysis rate 
 Volatile byproducts 
 Broad solvent choice  
 Careful control of process 

 Byproduct formation 
 Toxic solvents [158] 

Coprecipitation 

 Chemical homogeneity 
 Molecular mixing 
 Nano-powder  
 Careful control of solution 
conditions 

 Post washing and drying 
procedures [95] 

Mechanochemical synthesis  Particle size control  Long time ball milling 
 Poor microstructure control [159] 

 
Combustion 
 

 Nano powder  
 Good homogeneity 

 Sensitive parameter control 
 Only useful for small batches 

[160] 

 

In the present study, we applied a so-called "solution-assisted solid state reaction" (SA-SSR), 
method for synthesizing NASICON materials. SA-SSR involves cheap raw materials (water- 
or acid-soluble salts), no sensitive parameter control and easy scale-up. For comparison, 
NZSiP was also synthesized by Pechini’s method and processed by similar conditions, as 
shown in the schematic Fig. 4.1. Both the synthesis methods are already described in the 
section 3.1. 
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Fig. 4.1: Illustration of the preparation steps involved in Pechini and SA-SSR methods of 
synthesizing NASICON material. 

 

4.1.2. X-ray diffraction 

 

The X-ray diffraction patterns of NZSiP synthesized by Pechini method and SA-SSR at 
different stages of heat treatment are shown in Fig. 4.2. Dried products contain precipitates of 
NaNO3 in both samples due to the lack of gelation at 25 °C. Until 600 °C, the Pechini sample 
is amorphous, whereas SA-SSR sample still contains small amounts of NaNO3. At 700 °C, 
both powders start to crystallize into the desired NASICON structure. After calcination at 800 
°C for 12 h, crystallization of both samples is much more pronounced but the reflections are 
still broad. In the SA-SSR sample broader peak widths are indicating an existence of finer 
particle size distribution as compared to the Pechini powder. This observation is also 
confirmed by the SEM images of the powders (see Fig. 4.6). In addition, the Pechini powder 
shows the crystallization of a second phase corresponding to a disilicate besides the 
NASICON reflections. 

After sintering at 1250 °C for 5 h, a well crystallized monoclinic NASICON structure (space 
group C2/c) is obtained for both samples. In both cases the samples contain monoclinic ZrO2 
as secondary phase in different amounts. The reflection intensity of ZrO2 is stronger in the 
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Pechini sample, indicating a lower amount of ZrO2 in the SA-SSR sample. Rietveld 
refinement estimates the ZrO2 amount to be 3 and <1 wt. % in the Pechini and SA-SSR 
sample, respectively. This difference is due to different reaction paths in developing the 
NASICON structure, i.e. Pechini samples first form an amorphous network (see XRD pattern 
at 600 °C) whereas, the SA-SSR samples directly start to crystallize the attempted crystal 
structure even though the XRD reflections after heat treatment 600 °C still indicate a high 
degree of disorder and very small crystallites.  

 

 

Fig. 4.2: Phase evolution of NZSiP at different temperatures prepared by the Pechini method 
(left) and by SA-SSR (right). The reference pattern of Na3Zr2(SiO4)2(PO4) [166], monoclinic 

ZrO2 [167], NaNO3 [168] and Na2ZrSi2O7 [169] from literature. 

 

The formation of ZrO2 during the densification of NZSiP was also observed by other 
synthesis and processing methods [22, 95, 165]. This is due to an earlier crystallization of 
ZrO2 prior to the NASICON formation resulting from the high thermodynamic stability of 
ZrO2 and not due to volatility of reagents (e.g. sodium monoxide) at the sintering 
temperature. In this case, ZrO2 starts to crystallize at 700 °C for Pechini and 800 °C for SA-
SSR powders. A small amount of ZrO2 has a minimal impact on Na+ conduction considering 
percolation theory. However, higher amounts of ZrO2 may reduce the Zr content from the 
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NASICON phase resulting in stoichiometric differences that can significantly influence the 
conductivity [122, 170]. 

 

4.1.3. Elemental analysis (ICP-OES) 

 

The chemical analysis of the NASICON materials synthesized by the two different methods 
reveals the stoichiometries of Na2.98±0.02Zr1.94±0.01Si1.94±0.01PO12 and 
Na2.95±0.02Zr1.92±0.01Si1.81±0.01PO12 for the Pechini and SA-SSR powder, respectively. The 
obtained atomic ratios were normalized to one phosphorous atom per formula unit. The 
deviation of the Zr contents might be explained by the purity level of the educt and 
presumably by adsorbed water during storage of the ZrO(NO3)2. The deviations of the Si 
contents up to 10 % are significant and also seem to be related to the educt. Further studies 
are necessary to better control the Si contents and to understand the impact of Si deficiency in 
the materials.  

The carbon content after calcination was measured to be 0.116 ± 0.012 and 0.059 ± 0.001 wt. 
% in Pechini and SA-SSR powders, respectively, indicating that calcination at 800 °C results 
in almost complete removal of carbon.  

 

4.1.4. Particle size and Morphology 

 

The particle size distribution (PSD) of Pechini and SA-SSR powders before and after ball 
milling is shown in Fig. 4.3. Before ball milling, Pechini powder has a mono-modal PSD and 
an average agglomerate size of ~105 µm. The SA-SSR powder, however, has a bimodal PSD 
averaging at ~10 µm and ~60 µm. This observation is in agreement with the powder 
morphology observed in the low magnification SEM images in Fig. 4.4a and 4.4b. In general, 
Pechini powder has similar sized agglomerates, whereas SA-SSR powder is composed of a 
wide range of diverse sized agglomerates. Nevertheless, after ball milling, PSD of both 
powders is indistinguishable (Fig. 4.3b) averaging at about 2 µm, also confirmed in Fig. 4.4c 
and 4.4d.  

The Brunauer–Emmett–Teller (BET) surface area of Pechini and SA-SSR milled powder is 
7.64 m2 g-1 and 3.94 m2 g-1, respectively, indicating that surface area is profoundly affected by 
the morphology of particles after calcination although the particles have the same sizes. 
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Fig. 4.3: The particle size distribution of the powders (a) after calcination at 800 °C for 12 h 
in air and (b) after subsequent ball milling for 24 h with zirconia balls in ethanol. 

 

 

Fig. 4.4: Visualization of the size distribution of Pechini and SA-SSR powders by SEM 
before (top) and after (bottom) ball milling. The dark background is a carbon tape used 
during sample preparation.  
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Fig. 4.5 shows Pechini and SA-SSR powders of NZSiP after calcination at 800 °C for 12 h in 
air at higher resolutions. The morphology of powder agglomerates before 24 h ball milling is 
presented in Fig. 4.5a-4.5d. The Pechini powder (Fig. 4.5 a and 4.5c) has a majority of 
regular submicron-sized grains of 0.3-0.5 μm and a small amount of comparatively smaller 
particles. The SA-SSR powder (Fig. 4.5b and 4.5d) has a very different morphology. Instead 
of individual grains, the powder consists of ultrafine particles (0.1-0-2 μm) at the surface of 
larger agglomerated grains. Apparently, these grains are comprised of even smaller particles 
which are already densified as a result of the heat treatment. The very small particle sizes 
visible here also explain the broadening of XRD reflections in Fig. 4.2. 

Fig. 4.5 (e, f) shows the powders after ball milling. Both powders have similar agglomerate 
morphology, as confirmed by the PSDs in Fig. 4.3b. The secondary phases could not be 
identified by phase contrast in back-scattered images (not shown here). 

 

 

Fig. 4.5: The SEM images of powder synthesized by Pechini method (left) and SA-SSR 
method (right). Here, (a – d) are before and (e, f) are after ball milling. Both powders were 

calcined at 800 °C for 12 h in air.  
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4.1.5. Microstructure 

 

SEM images of polished cross-section and fracture surface of sintered specimens sintered at 
1250 °C for 5 h is shown in Fig. 4.6. Fig. 4.6a-b reveals a higher monoclinic ZrO2 
concentration in Pechini than in SA-SSR sample. A set of cross-section images was analyzed 
using AnalysisPro software to determine the phase percentages based on grey scale 
differences. The percentage area of ZrO2 phase is 0.6±0.1 and 3.5±0.5, of pores about 7.5±1.2 
and 5.5±0.3 and the fraction of main phase is about 91.8±1.3 and 91.9±0.8 for SA-SSR and 
Pechini specimen, respectively. The fraction of ZrO2 obtained through image analysis agrees 
with the Rietveld refinement of the XRD reflection patterns. The density of SA-SSR and 
Pechini samples was 2.97 g cm-3 and 3.02 g cm-3, respectively, as compared to the theoretical 
value of 3.26 g cm-3.  

In addition to the secondary phase, polished sintered surface in Fig. 4.6c-h and fracture 
surfaces in Fig. 4.6i-j reveals that both samples have bimodal-type grain size distribution. 
However, the SA-SSR sample has a homogeneous grain growth resulting in noticeably larger 
grain size as compared to the Pechini sample. Since the fabrication conditions of both 
samples were same and their green density was within 59-61 %, the difference can only come 
from sinterability difference induced by the powder synthesis route. Furthermore, more 
homogeneous and larger grain size in samples sintered from SA-SSR powder would result in 
a lower grain boundary resistance, as discussed in section 4.1.6. 
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Fig. 4.6: SEM microstructure of NZSiP sintered at 1250 °C for 5 h in air. (a, b) are polished 
cross-sections, (c-h) are sintered surfaces and (i, j) are fracture surfaces of samples sintered 

from powders made by Pechini method (left) and SA-SSR (right), respectively. 

 

4.1.6. Electrical conductivity 

 

The Nyquist plots of the impedance spectra obtained for both NZSiP samples are shown in 
Fig. 4.7. Fitted curves using the given equivalent circuits are also shown. At 25 °C (Fig. 
4.7a), only one semicircle appears for both specimens at high frequencies, a straight line is 
observed at low frequencies. The straight line is due to Na+ blocking response at the interface 
of gold electrodes, referred to as electrode polarization. The arc is not originating from zero 
at 25 °C, indicating that bulk conductivity ( b ) and grain boundary conductivity ( gb ) is not 

clearly distinguishable and only the grain boundary is observed in this frequency range. They 
can be better distinguished either by reducing the measurement temperature or by increasing 
the measurement frequency. In our case, temperature was reduced to -20 °C and the 
phenomenon is evident by the appearance of two semicircles, as shown in Fig. 4.7b. 
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Fig. 4.7: Nyquist plot of NZSiP samples prepared by the Pechini method and SA-SSR 
measured at (a) 25 °C and (b) -20 °C. Samples were pressed and sintered at 1250 °C for 5 h 
in air.  The equivalent circuits used to fit the impedance spectra are also shown. The sample 
dimensions were used to calculate the specific resistance values.  

 

In order to quantify the contribution of bσ  and gbσ , equivalent circuits are used and shown in 

Fig. 4.7. At -20 °C, the resistances represent the ionic conduction in bulk (Rb) and grain 
boundaries (Rgb). For both samples, resistances are obtained by fitting impedance spectra and 
extracting the lowest value of -Z" as total resistance (RTotal). The constant phase element 
(CPE) represents a non-ideal capacitive contribution of transport processes in the bulk 
(CPEb), grain boundaries (CPEgb) and at electrode/electrolyte interface at low frequencies 
(CPEel). At 25 °C, only half of the semicircles appear, therefore fitting of bσ  and gbσ  is not 

precise. However, it is possible to accurately determine the total conductivity (
Total b gbσ σ σ= + ).  

In Fig. 4.7b, at frequencies lower than 8 kHz, a straight line is observed due to the electrode 
polarization. The semicircle in the high frequency range (1-7 MHz) can be attributed to bulk 
and the middle frequency range (5 kHz-1 MHz) to grain boundary processes. The capacitance 
associated with the high frequency arc is found to be around 10−11 F and the one associated to 
the lower frequency arc lies between 10−9 and 10−8 F. High frequency arc is identified as bulk 
property from the fact that capacitance is of the order of pF and lower frequency arc as grain 
boundary property since capacitance is in the nF range. The third capacitance represented by 
CPEel is in the order μF and can be associated to the polarization of electrode [29].  
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Conductivity of both samples was measured as a function of temperature in the range of -30 
to 100 °C (Fig. 4.8). The conductivity follows an Arrhenius law and the activation energy 
obtained for both samples is similar and in agreement with previous studies [86, 87].  

The bulk and grain boundary conductivities of pellets were calculated from Rb and Rgb 
obtained from fitting the equivalent circuits, and plotted as a function of inverse temperature 
in Fig. 4.8. Up to 60 °C, the bulk and grain boundary conductivities were differentiable, at 
higher temperature there is no semicircle formation. The conductivity follows an Arrhenius 
law and the activation energy, also given in Table 4.2, was calculated from the slope of the 
straight line in an ln (σTotal) vs. 1/T plot. At -20 °C, where two semicircles clearly appear, 

Totalσ  of the Pechini and SA-SSR sample is 7.3×10-5 S cm-1 and 9.2×10-5 S cm-1, respectively. 

The bσ  for both specimens is similar ~1.6×10-4 S cm-1, whereas gbσ  of SA-SSR specimen is 

two times higher than gbσ  of Pechini sample. Furthermore, a similar trend is observed at 25 

°C (Table 2). Total conductivity of the sintered samples using Pechini and SA-SSR powder is 
8 × 10-4 S cm-1 and 1 × 10-3 S cm-1, respectively. These values are very close to the highest 
reported conductivity for this material via spark plasma sintering, i.e. 1.8 × 10-3 S cm-1 [165]. 

 

 

Fig. 4.8: Arrhenius plot of NZSiP synthesized by (a) Pechini method and (b) SA-SSR 
method. The activation energies are also shown. Grain, grain boundary and total 
conductivities are obtained after fitting with the equivalent circuits (Fig. 4.7). 
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Table 4.2: The total conductivities measured at 25 °C and 100 °C and the activation energies 
of the NASICON material synthesized by both methods.  

Method Ea, bulk  
(eV) 

Ea, gb  
(eV) 

Ea, Total  
(eV) 

σ25 oC  
(10-3 S cm-1) 

σ100 oC  
(10-3 S cm-1) 

Pechini 0.309 ± 0.002 0.449 ± 0.007 0.352 ± 0.002 0.8 9.4 
SA-SSR 0.327 ± 0.002 0.401 ± 0.010 0.361 ± 0.002 1 13.9 

 

The differences in conductivity can be explained in terms of activation energies of bulk (Ea,b), 
grain boundary (Ea,gb) and total conductivity (Ea,total). Ea,total for Pechini and SA-SSR samples 
are similar, 0.352 ± 0.002 eV and 0.361 ± 0.002 eV, respectively, which are slightly higher 
than literature values (0.29 and 0.33 eV [29, 87]). Ea,b values are also similar, 0.309 ± 0.002 
eV and 0.327 ± 0.002 eV, respectively. However, the Ea,gb differs substantially, i.e. 0.449 ± 
0.007 eV and 0.401 ± 0.010 eV for Pechini and SA-SSR sample, respectively.  

 

The comparable Ea,b of both materials accounts for identical conduction mechanisms of ionic 
migration within grains, which depends mainly on crystal structure and sodium 
positions/vacancies and not on synthesis method [91]. Conversely, a significant dissimilarity 
in Ea,gb implies that ionic migration across the gain boundaries is different for both samples. 
Since the relative density of green and sintered pellets for both samples was comparable, 
smaller grain boundary resistance of SA-SSR ceramic can only be attributed to its enlarged 
grain size and differences in stoichiometry. Henceforth, the sinterability of material and its 
sintering conditions play a key role in the microstructure and the grain boundary chemistry. 
Furthermore, it also elucidates the reason why different synthesis methods reported in 
literature (Table 4.1) have shown different total conductivity values for NZSiP.  

The high Totalσ  and lower Ea,gb of the SA-SSR pellet is explained based on the microstructure 
in Fig. 4.6. There are two reasons: first is higher concentration of monoclinic ZrO2 in 
Pechini-synthesized pellet (Fig. 4.6a-b). It is not ZrO2 itself that contributes to a lower 
conductivity because the amount is so low that it does not have a significant impact in a two-
phase mixture [171, 172]. It is rather the fact that higher ZrO2 content lowers the Zr content 
in the main NASICON phase and evidently has a significant impact on conductivity at grain 
boundaries. The second reason is related to the coarser grains of SA-SSR sample as 
compared to Pechini sample (Fig. 4.6c-h). Larger grains reduce the amount of total grain 
boundary area incurred by charge carriers (Na+) and the consequence is a lower Rgb. Since the 
fabrication conditions of the sintered bodies were same, the difference can only result from 
the powder characteristics and their sintering properties.  

In addition to better electrical conductivity, the SA-SSR method has several other advantages 
over Pechini method. 1) It is cheaper, as it does not involve citric acid and ethylene glycol 
that are essential in Pechini’s process. 2) As a consequence, during calcination, less CO2 is 
released and therefore powders in large amounts can be produced cleanly. This is a 
significant benefit, because, as an example, the synthesis of one kg of NASICON requires 
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about 4.0 kg of ethylene glycol and 4.3 kg of citric acid that results in CO2 emission in large 
amounts during calcination. 3) Furthermore, the method is simple, water-based and requires 
no sensitive parameter control.  

Fig. 4.9 shows a comparison of electrical conductivity of various sodium ion-conductors 
including NZSiP synthesized by SA-SSR, Pechini, SSR, sol-gel (aqueous and M(OR)4) and 
co-precipitation methods. All conductivities shown in this figure represent Totalσ . The figure 
shows that both this materials exhibit higher conductivity than NZSiP prepared by other 
methods so far, except the sample sintered by spark-plasma sintering. 

In addition, a comparison of NZSiP electrolyte with cubic Na3PS4 glass-ceramic [173], 
NASICON-type Na3.2Hf2Si2.2P0.8O12 [120] and β-alumina (consisting of a mixture of β and β" 
phases) [28] is also shown in Fig. 4.9. The NASICON-type material Na3.2Hf2(SiO4)2.2(PO4)0.8 
has a conductivity of ~2.3 ×10-3 S cm-1 at 25 °C with an activation energy of 0.36 eV till 100 
°C and 0.19 eV for higher temperatures [120]. Another highly conductive material is β-
alumina having conductivity in the order of 10-3 S cm-1 at 25 °C. However, it requires 
sintering at high temperature (1600-1800 °C) in order to achieve high density and to reduce 
the grain boundary resistance [28]. Although the conductivity of β-alumina is higher at lower 
temperature, the conductivity of Na3Zr2(SiO4)2(PO4) synthesized by SA-SSR becomes equal 
to that of β-alumina at 50 °C, and at temperatures >50 °C the conductivity of 
Na3Zr2(SiO4)2(PO4) is higher. The glass-ceramic Na3PS4 is another class of material having a 
conductivity of ~3 ⋅ 10-4 S cm-1 at 25 °C which is lower than NZSiP.  

This shows that the use of SA-SSR to synthesize NZSiP results in high conductivity and also 
gives the advantages of a simple and easy preparation method.   
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Fig. 4.9: Arrhenius plot of NZSiP synthesized by SA-SSR (green dashed line), Pechini (green 
dotted line), xerogel (short-dashed line) [29], SSR (dashed-dotted line) [87], co-precipitation 
(square) [95], sol-gel aqueous (triangle) [164], SSR (stars) [95, 162] indicating the wide 
range of possible conductivity data obtainable with this method, and SSR combined with 
spark-plasma sintering (sphere) [95]. Comparison with other high Na-ion conductive 
materials are shown as solid lines, i.e. glass-ceramic Na3PS4 (blue) [173], NASICON-type 
Na3.2Hf2Si2.2P0.8O12 (black) [120] and β/β″-alumina sintered body (red) [28]. 

 

4.2. Processing of NASICON 

4.2.1. Motivation 

 

Due to the high potential of NZSiP, it was further processed at various sintering conditions to 
optimize the electrical properties and to understand its microstructural evolution. Because of 
a wide spread of NZSiP from 9.2 × 10-5 S cm-1 [95] to 1.0 × 10-3 S cm-1 [122] for 
conventional sintering and 1.8 × 10-3 S cm-1 [165] for spark plasma sintering. A wide scatter 
of conductivity data is due to the difference in density and microstructure of NZSiP, which is 
directly influenced by its processing conditions.  
 
Ceramic processing therefore is the quality-determining step of any polycrystalline material 
and the main reason for different total conductivity of NASICON materials [75]. More 
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precisely, the quality of a ceramic is determined by the powder characteristics and the 
sintering conditions. Powder characteristics (particle size distribution, particle shape, and 
sintering activity) strongly depend on synthesis method. Shaping (pressing, casting, printing 
etc.) and subsequent sintering determines the density and microstructure of the ceramics. The 
total conductivity of materials therefore is directly influenced by these aforementioned 
factors. Table 4.3 enlists various processing conditions and reported conductivity values, 
indicating a profound influence of processing conditions on the total conductivity of NZSiP 
material.   
 

Table 4.3: Various synthesis methods, processing parameters and conductivities at room 
temperature reported for NZSiP. 

Method 
σ  

(mS 
cm-1) 

Activation 
energy 
(eV) 

Compaction 
pressure (MPa) Ts (°C) ts 

(h) 
Obtained 

ρrelative (%) Ref. 

Solid state reaction 
0.75 
1.2 0.38 

300 
200 

1175 
1275 

5, 
24 
25 

~ 98 
[87, 143, 

162, 
166] 

Solution assisted solid 
state reaction 1.0 0.36 150 1250 5 ~ 93 [122] 

Sol-gel 
derived 

 

Metal 
alkoxides 0.6 0.33 100 1200 0.5 ~ 70 [29, 144-

148] 
Citrate gel 
(Pechini) 0.86 0.35 150 1250 5 ~ 91 [122] 

Silica gel 0.66 0.40 - 1200 48 ~ 85-95 [152-
154] 

Nonhydrolytic - - - 1150-
1200 

15-
20 

92-95 [158] 

Coprecipitation 0.12 - 300 1175 5 - [95] 
 
In in this study, the impact of sintering time and temperature was systematically investigated 
by keeping the powder properties constant. For this purpose, pellets with a constant green 
density were sintered at Ts = 1200 and 1250 °C for ts = 0, 2, 4, 6, 8 and 10 h each. The 
obtained pellets were studied with scanning electron microscopy and impedance spectroscopy 
to investigate the microstructural properties on bulk and grain boundary resistance. 
 

4.2.2. X-ray diffraction 

 
The XRD patterns were recorded to investigate the phase purity of SA-SSR synthesized 
NZSiP after sintering at 1250 °C and different times (Fig. 4.10). In all samples, monoclinic 
ZrO2 was detected in addition to a well crystallized monoclinic NASICON structure (space 
group C2/c). The amount of ZrO2 was estimated to be 4 wt.% for ts = 4 h and 1 wt.% in case 
of ts = 0 h, whereas all other samples contain 2 wt.% ZrO2. In addition, a small reflection at 
2θ = 28.06° may indicate a formation of SiO2. The formation of ZrO2 is already discussed 
previously in section 4.1.2. 
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Fig. 4.10: The XRD patterns of NZSP sintered at 1250 °C applying different dwell times. As 
a reference, the diffraction patterns of observed phases, i.e. NZSiP (blue-solid) [166], 
monoclinic ZrO2 (red-dashed) [167] and orthorhombic SiO2 (black-dotted) [174] are also 
shown as vertical lines at the bottom. The percentage values denote the content of ZrO2 in 
weight percent. 
 

The chemical analysis of SA-SSR synthesized NZSiP at all sintering conditions is shown in 
Fig. 4.11. Overall, the Na contents lie within the expected range for all compositions 
considering the experimental error of ±3 %. However, a slight Na loss was observed in the 
1250 °C sintered pellets compared to those sintered at 1200 °C, which is due to evaporation 
of sodium oxide. However, the Zr and Si contents are similar at both Ts, nevertheless Zr was 
lower than expected in all samples. It must be mentioned here that the starting powder for all 
samples was synthesized via SA-SSR, as described in section 4.1.   
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Fig. 4.11: Analytical stoichiometries of NZSiP obtained from ICP-OES. The filled and empty 

black squares (Na), red circles (Si), green stars (P) and blue triangle (Zr) represent samples 
sintered at 1200 °C and 1250 °C, respectively. The solid lines represent the nominal 

compositions and standard error including the experimental error is also shown. 

 

4.2.3. Microstructure and Analysis 

 
The microstructure of the pellets sintered at both temperatures for different sintering times 
are shown in Fig. 4.13 and Fig. 4.14.. For ts =  1200 °C, the microstructure shows no 
densification for up to 2 h, after which it starts to densify and exhibit significant grain growth. 
Nonetheless, all the microstructures show substantial porosity (Fig. 4.13). At 1250 °C, 
however, the microstructure exhibits only minor densification for 0 h, i.e. just by heating the 
sample to maximum temperature. For sintering times of more than 2 h, the microstructure 
shows increasing densification and, hence, a linear increase in relative density in this density 
range, as seen in Fig. 4.12. Furthermore, gradual grain growth is also observed with an 
increase in sintering time for all the samples.  
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Fig. 4.12: The relative density of NZSP sintered at 1200 °C and 1250 °C measured by 

pycnometry. 
 
 

 

Fig. 4.13: SEM images of NZSP microstructure at different magnifications after sintering at 
1200 °C for different dwell times.  
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Fig. 4.14: Two sets of SEM images of NZSP microstructure with different magnifications 
after sintering at 1250 °C for various dwell times. The two magnifications reveal a broader 

view of grain growth in two different size regimes. 
 
Examples of SEM images analyzed using the analySIS pro imaging software is shown in Fig. 
4.15 where the color categories reflect the different grain size intervals, as explained in detail 
in section 3.6. The statistical data of microstructural parameters is given Table 4.4. The 
porosity obtained from image analysis is smaller than pycnometric values because image 
analysis is performed only on a localized area whilst not take into account the artifacts such 
as voids and cracks. 
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Fig. 4.15: Images of grain identification (upper two rows) and size statistics (lower two rows) 
using analySIS pro. The colors show different intervals of grain sizes. 

 
Table 4.4: The area fractions of different phases obtained from image analysis on samples 

sintered at 1250 °C. 

ts 
Diameter mean 

(small) 
Diameter mean 

(large) NASICON Glassy Pores ZrO2 

h m Area % 
0 0.645 ± 0.004 - 83.2 ± 1.5 1.7 ± 0.1 14.8 ± 1.5 0.1 ± 0.1 

2 0.907 ± 0.008 - 92.7 ± 1.0 3.1 ± 0.3 3.6 ± 0.8 0.7 ± 0.4 

4 1.032 ± 0.014 1.794 ± 0.060 91.9 ± 0.4 7.4 ± 0.3 0.8 ± 0.2 0.2 ± 0.0 

6 1.139 ± 0.026 3.884 ± 0.173 92.0 ± 0.8 6.3 ± 0.6 1.0 ± 0.3 0.4 ± 0.1 

8 1.319 ± 0.017 5.895 ± 0.173 92.4 ± 0.7 6.3 ± 0.6 1.0 ± 0.1 0.3 ± 0.1 

10 1.763 ± 0.028 8.183 ± 0.047 91.1 ± 1.1 8.5 ± 1.0 0.4 ± 0.2 0.1 ± 0.1 
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The mean diameter is plotted as a function of relative density in Fig. 4.16a, revealing an 
abrupt increase of larger grains as compared to gradual increase of smaller grains. This 
abnormal grain growth can also be seen in Fig. 4.16b as a function of ts.  The possible reasons 
of such an abnormal grain growth are anisotropic grain boundary energy or high grain 
boundary mobility [175]. 
The grain size distributions indicate varying grain growth at different Ts and ts. At 1200 °C 
and up to 4 h, the grains were smaller than the threshold of picture analysis (0.5 µm). For 
longer times and a higher temperature, however, a systematic change in grain size 
distributions was observed. Evidently, grain growth is observed in all samples through a shift 
in the frequency distribution peaks towards larger diameters. In addition, the formation of a 
right shoulder indicates that grain growth occurs at multiple speeds within the samples. This 
phenomenon of abnormal grain growth is visible more clearly at 1250 °C (Fig. 4.17b), where 
a mono-modal distribution at 0 h transforms into a bi-modal distribution curve at 10 h, in 
addition to an overall size increase of the initial grains (as seen in the SEM images). An 
abrupt increase in the grain size is observed after sintering at 1250 °C for more than 4 h in 
Fig. 4.17b, whilst for longer ts the grains grow further in two different sizes. This 
phenomenon of abrupt change in grain size and grain boundaries as a function of time and 
temperature can be conjointly represented in a time–temperature–transition (TTT) diagram 
[176, 177]. However, this would require more experiments at different temperatures and 
dwell times in order to establish a complete TTT diagram for NASICONs. 
 

  
Fig. 4.16: a) Mean diameter as a function of relative density. b) Average grain size of initial 

and abruptly grown grains (only large grains were selected from Fig. 4.14). Both figures 
show data of samples sintered at 1250 °C. 
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Fig. 4.17: The grain size distribution (normalized to the total number of particles) obtained 
from image analysis of specimens sintered at (a) 1200 °C and (b) 1250 °C. At 1200 °C, it was 
not possible to analyze the samples sintered for 0 h to 4 h due to their particle sizes being too 

small. For the particle diameters, a multiplication factor of 1.571 was applied for 
tetrakaidecahedron-shaped particles. The lines connecting the data points are drawn as a 

visual guide. 

 

4.2.4. Electrical conductivity 

 

The impedance spectra of samples sintered at both temperatures were measured from -30 to 
100 °C, but only those obtained at -20 °C are shown in Fig. 4.18. For accurate comparison, 
the impedance data were normalized to the dimensions of the pellets.  
 
Impedance spectra 
 
The complex impedance plot of the samples sintered at 1200 °C and 1250 °C for different 
dwell times is shown in Fig. 4.18. the impedance spectra are normalized to the sample 
dimensions and thus allow a direct comparison of the spectra. The base material is the same 
for all samples (Na3Zr2Si2PO12), differing only in terms of sintering conditions. It can 
therefore be assumed that the bulk impedance of the samples should not differ much. 
However, the grain boundary impedance may differ substantially. This is a result of the 
increased densification and grain growth due to the higher sintering temperature and 
prolonged dwell time, respectively, resulting in turn in the alteration of the transport 
processes across grain boundaries. The sample sintered at 1250 °C for 10 h (Fig. 4.18b) has 
the lowest grain boundary resistance due to its larger grain sizes compared to the other 
samples. 
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Fig. 4.18: Impedance spectra (at -20 °C) of NZSP sintered at (a) 1200 °C and (b) 1250 °C for 

different sintering times. 
 
Electrical conductivity 
 
The total conductivity as well as the conductivity of the bulk ( b) and grain boundaries ( gb) 
can be obtained by fitting the impedance spectra with an equivalent circuit (see Fig. 4.18). 
The description of the equivalent is already described in section 4.1.6. The obtained fitting 
data are given in Table 4.5. In the software used to analyze the impedance spectra (Zview®), 
the CPEs can be used to simulate the imperfect capacitance of transport processes. The 
impedance of the CPE element is calculated using Eq. 10 
exponent n usually varies between 1 and 0.5. The CCPE is related to the capacitance C as 
written in Eq. 11 [178]. 
 = 1( )  Eq. 10 

= /  Eq. 11 

 
When n CPE n indicates 
a non-ideal system, e.g. when n = 0.5 then a pure diffusion process is involved.  
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Table 4.5: Fitting data of impedance spectra at -20 °C shown in Fig. 4.7. 
Ts = 1200 °C *Sum of 

Sq. error ts Rb (Ω cm) Rgb (Ω cm) Cb (F) nb Cgb (F) ngb Cel (F) nel 
0h 2.30 ⋅ 104 5.82 ⋅ 104 6.98 ⋅ 10-11 0.95 4.64 ⋅ 10-10 0.85 1.26 ⋅ 10-6 0.89 0.13 

2h 1.94 ⋅ 104 1.89 ⋅ 104 7.00 ⋅ 10-11 0.93 1.64 ⋅ 10-9 0.89 2.74 ⋅ 10-6 0.91 0.08 

4h 2.08 ⋅ 104 2.41 ⋅ 104 8.50 ⋅ 10-11 0.95 1.21 ⋅ 10-9 0.89 1.12 ⋅ 10-6 0.90 0.06 

6h 1.53 ⋅ 104 7.67 ⋅ 103 8.53 ⋅ 10-11 0.95 3.66 ⋅ 10-9 0.91 9.43 ⋅ 10-7 0.96 0.44 

8h 1.60 ⋅ 104 5.65 ⋅ 103 8.38 ⋅ 10-11 0.93 5.00 ⋅ 10-9 0.95 7.67 ⋅ 10-7 0.96 0.56 

10h 1.74 ⋅ 104 8.79 ⋅ 103 8.10 ⋅ 10-11 0.96 3.68 ⋅ 10-9 0.85 6.47 ⋅ 10-7 0.97 0.72 

Ts = 1250 °C  
0h 1.94 ⋅ 104 3.05 ⋅ 104 8.08 ⋅ 10-11 0.95 1.26 ⋅ 10-9 0.88 1.82 ⋅ 10-6 0.90 0.71 

2h 1.51 ⋅ 104 4.29 ⋅ 103 8.78 ⋅ 10-11 0.90 6.84 ⋅ 10-9 0.99 4.93 ⋅ 10-7 0.97 0.68 

4h 1.62 ⋅ 104 2.00 ⋅ 103 9.27 ⋅ 10-11 0.92 1.23⋅ 10-8 0.98 8.06 ⋅ 10-7 0.83 0.80 

6h 1.32 ⋅ 104 2.80 ⋅ 103 9.51 ⋅ 10-11 0.93 1.18 ⋅ 10-8 0.98 5.34 ⋅ 10-7 0.93 0.58 

8h 1.42 ⋅ 104 2.82 ⋅ 103 7.98 ⋅ 10-11 0.93 1.20 ⋅ 10-8 0.77 3.54 ⋅ 10-7 0.89 0.20 

10h 1.17 ⋅ 104 2.68 ⋅ 103 8.55 ⋅ 10-11 0.96 2.60 ⋅ 10-8 0.78 1.46 ⋅ 10-7 0.87 0.07 

 

Bulk and grain boundary conductivities can be extracted from the impedance spectra using 
the brick layer model [179, 180]. According to this model, the real grain boundary 
conductivity (σgb,real) is often wrongly reported in the literature. Whereas σb can be calculated 
with  
 

𝜎𝜎𝑏𝑏 =
𝐿𝐿
𝐴𝐴𝑅𝑅𝑏𝑏

 Eq. 12 

 
and normalized to the sample dimensions, the analogue calculation of σgb,norm using Eq. 13 
 

𝜎𝜎𝑔𝑔𝑏𝑏,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
𝐿𝐿

𝐴𝐴𝑅𝑅𝑔𝑔𝑏𝑏
 Eq. 13 

 
is often misinterpreted as the “real” σgb,real. This way of calculating σgb is not correct, because 
the actual volume fraction of grain boundaries is much smaller than the volume fraction of 
grains within the sample dimensions. Therefore the σgb,real has to be calculated taking into 
account the net contribution of grain boundaries in the total conductivity. Therefore, the net 
grain boundary conductivity is calculated using Eq. 14 with the capacitance obtained from 
Eq. 2, Rgb is the grain boundary resistance, L is the thickness of sintered pellets and A the area 
of the electrodes.  
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𝜎𝜎𝑔𝑔𝑏𝑏,𝑛𝑛𝑟𝑟𝑟𝑟𝑘𝑘 =
𝐿𝐿
𝐴𝐴
�
𝐶𝐶𝑏𝑏
𝐶𝐶𝑔𝑔𝑏𝑏

�
1
𝑅𝑅𝑔𝑔𝑏𝑏

 
Eq. 14 

 
The σgb,real is obtained using the ratio of the capacitances of bulk and grain boundaries and 
represents the real conductivity of the grain boundaries. The ratio Cb/Cgb is nothing but the 
overall volume fraction of grain boundaries in the sample assuming that both bulk and grain 
boundaries have same dielectric constants [178].   

 

The σb, σgb,real and σgb,norm are calculated using Eq. 12 and are shown in Fig. 4.19. σb (black 
lines) very slightly increases with increasing the sintering time due to the grain growth and 
improving crystallization resulting in less resistance to mobile charge carriers. The σgb,real (red 
lines) is about one order of magnitude smaller than σb. It also does not change substantially 
after sintering at 1200 °C, however, for prolonged dwell time at 1250 °C it decreases 
significantly. This deviation is due the changes in transport properties at the grain boundaries. 
The chemistry changes arise from multiple processes like grain boundary diffusion and lattice 
diffusion triggered by the high temperature and long dwell time. 
The σgb,norm (blue line) is increasing with increasing the ts for both temperatures. Even though 
σgb,norm is conventionally regarded as σgb, any interpretation in terms of microstructure would 
be misleading because σgb,norm is calculated by normalizing the Rgb to the whole sample 
dimensions and not to the grain boundary dimensions itself. Therefore, based on the higher 
values of σgb,norm, any conclusion that ionic transport is favorable and governed along grain 
boundaries would be a false conclusion. Nevertheless, it would be correct to compare Rgb in 
terms of microstructural changes since it represents the overall resistance induced by the 
grain boundaries to Na+ conduction. For instance, in Fig. 4.18, at first glimpse it appears that 
the grain boundary resistivity is lower than that of the bulk, particularly for samples sintered 
for 8 or 10 h. Closer examination of these materials, however, reveals that the samples have 
larger grains (see Fig. 4.14), and exhibit a lower grain boundary resistance simply because 
fewer boundaries are encountered by the mobile charge carriers. These results are coherent 
with proton-conducting BaCe0.85Gd0.15O2.975 where a reduction in Rgb was also reported by 
increasing the grain size [178]. 
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Fig. 4.19: The conductivity contributions in dependence of dwell time after sintering at (a) 

1200 °C and (b) 1250 °C. The measurements were performed at -20 °C. 
 

A correlation between conductivity and density is shown in Fig. 4.20 including data of 
previous studies. The conductivity increases nearly an order of magnitude by increasing the 
relative density from 65 % to 93 %, which signifies the importance of sintering conditions in 
ceramic technology. For simulating the transport properties of multi-phase materials, the 
generalized effective media theory (GEM) [181] is often applied. However, this model has 
been developed only for composites with specific microstructures, is very valuable for 
cermets and semiconducting ceramics, but do not take into account detailed microstructural 
features like grains sizes, grain anisotropies or orientations. Therefore it is not surprising, that 
the GEM curve in Fig. 4.20 do not fit very well to the data. The used formula  
 
 

𝜎𝜎 = 𝜎𝜎𝑖𝑖𝑐𝑐0 �1 −
𝑉𝑉𝑝𝑝 + 𝑉𝑉𝑍𝑍𝑛𝑛𝑍𝑍2
𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛,𝑐𝑐

�
𝑛𝑛

 
Eq. 15 

 
 (with 𝜎𝜎𝑖𝑖𝑐𝑐0  is the specific conductivity of the ionic conductor, Vp and VZrO2 the volume fraction 
of pores and zirconia, respectively, Viso,c the critical volume fraction of isolating phases, 
where the first percolation pathways are formed by the ionic conductor, and n is an empirical 
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exponent) do not include the grain boundary contributions. Therefore several models have 
been developed for solid electrolytes in combination with the brick-layer model [182, 183]. 
In its simplest form, the GEM formula can be expanded by taking into account the volume of 
grain boundaries and the grain boundary conductivity. Since Cb/Cgb is regarded as the volume 
fraction of grain boundaries, which, as listed in Table 4.5, depends on the densification of the 
samples and the grain boundary conductivity can be assumed as constant (σgb,real = 2 – 4 ⋅ 10-6 
S/cm-1, see Fig. 4.19), the GEM formula can be extended with the rule of mixtures to  
 

𝜎𝜎 = �𝜎𝜎𝑖𝑖𝑐𝑐0 �1 − 𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛 − 𝑉𝑉𝑔𝑔𝑏𝑏� + 𝑉𝑉𝑔𝑔𝑏𝑏𝜎𝜎𝑔𝑔𝑏𝑏� �1 −
𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛
𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛,𝑐𝑐

�
𝑛𝑛

 
Eq. 16 

 
with Viso = Vp + VZrO2 and using an exponential decay to fit the dependence of grain boundary 
volume fraction on density according to  
 

𝑉𝑉𝑔𝑔𝑏𝑏 =  𝐶𝐶𝑏𝑏/𝐶𝐶𝑔𝑔𝑏𝑏 = 96.93 𝑒𝑒(−𝑉𝑉𝑖𝑖𝑖𝑖/0.10364) − 0.0134 Eq. 17 
 
The resulting curve agrees much better with the observed data (dashed line in Fig. 4.20). 

 

 
Fig. 4.20: Correlation of relative density and total conductivity of NZSP samples (filled 
squares). The conductivity measurements were performed at room temperature (25 °C). 

Additional data were taken from refs. [29] (half-filled circle), [152] (crossed circle), [122] 
(open circles), [162] (filled circle). The GEM curve (Eq. 15, solid line) and modified GEM 
curve (Eq. 17, dashed line) was calculated with 𝛔𝛔𝐢𝐢𝐢𝐢𝟎𝟎  = 1.25 mS cm-1, Viso,c = 0.85 and n = 3. 
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Activation energies 
 
The total conductivity (σtotal) was calculated from the sum of Rb and Rgb of the samples and is 
plotted as a function of inverse temperature in Fig. 4.21. σtotal follows an Arrhenius law and 
the activation energies (Table 4.6) were calculated from the slope of the straight line in a 
ln(σ·T) vs. 1/T plot.  
After sintering at 1250 °C, all lines overlap at room temperature, except for 0 h, indicating no 
significant difference in σtotal. The activation energy (Ea) decreases with increasing sintering 
time and agrees with the observed grain growth in the microstructure. The change in slope of 
the lines indicates a variation in the ionic conduction mechanism across the grain boundaries. 
The lower activation energy for longer sintering times indicates that the increase in grain size 
reduces the amount of grain boundaries and the Rgb. Therefore, the resistance of Na+ hopping 
decreases as the ions incur reduced grain boundaries due to grain growth at longer sintering 
times (Fig. 2 and section 3.1). For a better understanding of the process, grain and grain 
boundary conductivities are plotted separately in Fig. 4.22.  
 
 

 
Fig. 4.21: Arrhenius-type plot of total conductivity of NZSiP sintered at (a) 1200 °C and (b) 

1250 °C applying different sintering times.  

 

In Fig. 4.21a, the conductivity slightly deviates from the Arrhenius behavior at temperatures 
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phenomenon is due to absorption of water molecules in the samples with higher porosity 
which are desorbed at higher temperature causing this deviation. 

 

Table 4.6: The Ea of σtotal derived from a ln(σT) vs. 1/T plot according to Fig. 4.21. 

ts / h Ts = 1200 °C  Ts = 1250 °C 
0 0.339 ± 0.006 0.372 ± 0.001 
2 0.350 ± 0.006 0.361 ± 0.001 
4 0.349 ± 0.005 0.345 ± 0.003 
6 0.335 ± 0.005 0.334 ± 0.002 
8 0.331 ± 0.006 0.333 ± 0.002 

10 0.374 ± 0.001 0.307 ± 0.002 
 

Two semicircles were only observed up to 0 °C and 10 °C for samples sintered at 1200 °C 
and 1250 °C, respectively. Both the σgb,norm and σgb,real are calculated using Eq. 13 and Eq. 14. 
It is important to remark that at 0 °C, obtaining σgb,real becomes unreliable for 1250 °C 
sintered samples when ts > 6 h, due to very low n values (< 0.5; Eq. 11). However for 1200 
°C sintered samples even for longer ts the n values are > 0.9 and the calculations were 
reasonable since the σgb,real calculation assumes that the dielectric coefficient of grain 
boundaries remain equal to the bulk and effects only the magnitude of the conductivity. 
Therefore, the Ea values obtained from an Arrhenius plot of σgb,norm are used even though the 
magnitude of the conductivity is incorrect. It also illustrates why σgb,norm is widely adopted as 
σgb,real, given that σgb,real calculation is possible only for materials and at temperatures where 
grain boundary resistance contributes significantly to the total resistance.  
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Fig. 4.22: Arrhenius-type plots of σb and σgb as well as σgb,real obtained in the temperature 

range -20 to 10 °C of samples sintered at (a) 1200 °C and (b) 1250 °C. 

 

The obtained activation energies of each process are shown in Fig. 4.23. The values of Ea,b 
are nearly constant for the two different sintering temperatures, varying between 0.21 and 
0.28 eV. However, the Ea,gb values are significantly increasing with dwell time. After 
sintering at 1200 °C Ea,gb systematically increases from 0.35 to 0.59 eV, which indicates a 
systematic alteration of the transport properties at the grain boundaries, which are affected 
only by the dwell time. The grain growth and small changes in stoichiometry due to 
evaporation of sodium oxide could be the only processes happening during sintering. 
However, after sintering at higher temperature (1250 °C), the Ea,gb follows an irregular trend 
showing fluctuating transport properties across the grain boundaries by increasing the dwell 
time with an overall increase from 0.42 to 0.97 eV. The non-uniform Ea,gb trend is an 
indication that multiple processes are affecting the grain boundary chemistry. These 
processes, in addition to obvious grain growth starting at ts = 4 h and presumably reducing 
the activation energy, could be a simultaneous increase of the glassy phase. Since the amount 
of this phase is substantially increasing from ts = 8 h to ts = 10 h, it is likely that the 
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increasing volume fraction of this phase might be associated with the strong increase of Ea,gb. 
This is confirmed by a correlation between the glassy-phase obtained from image analysis 
and Ea, gb, both giving similar trends as shown by dotted line connecting the steric symbols in 
Fig. 4.23b. It can be noticed, however, that despite fluctuations in Ea,gb values they only have 
a minor impact on the total conductivity (Fig. 4.22) and its activation energy (Table 4.6).   

 

  

Fig. 4.23: Activation energies of bulk and grain boundary conductivity of samples sintered at 
(a) 1200 °C and (b) 1250 °C. The Ea’s are obtained from Arrhenius equation according to 
Fig. 4.21. A correlation with the percentage of glass phase is also included from Table 4.4. 

 

 Correlations 
 
The Ea of the total conductivity is correlated with relative densities, conductivity and 
sintering time in Fig. 4.24. All three parameters are inter-dependent, i.e. ρrel ∝ σTotal ∝ ts. Fig. 
4.24 shows that apart from one sample (1200 °C, 0 h), the Ea has a decreasing trend with the 
correlated parameters. The exceptional sample has a ρrel of 65 % that is close to the green 
density of the pellets after pressing (59 – 61 %) and therefore densification has hardly started 
at the given sintering conditions. This leads to an argument that in all samples that have 
undergone densification (ρrel > 80%) in the sintering process behave in a similar way in terms 
of the Ea of total conductivity. 
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Fig. 4.24: Correlation of activation energy with (a) relative density, (b) total conductivity and 

(c) sintering time. The shaded region shows Ea values which are in close agreement with 
[184, 185].  

 

In a previous work, Fuentes et al. [186] conducted a similar study on a different NASICON 
material (Na3Y0.12Zr1.88Si2PO12) and found that the impact of sintering temperature (Ts) was 
negligible on the Ea values. However, by increasing the sintering time (ts), they observed a 
decreasing Ea, which is in agreement with our study. Their sample sintered at 1220 °C for 80 
h had an Ea of 0.26 eV, which is similar to the Ea of bulk conductivity of NZSiP. Assuming a 
negligible impact of the Y substitution, this evidence can be used to support the argument that 
prolonged sintering (ts = 80 h) would result in large grain growth and decreasing grain 
boundary resistance. For the extreme situations of ts this leads to the limits lim    ,         lim   ,         

 

4.3. The effect of Na-excess on NASICON 

4.3.1. Motivation 

 

It has been reported that after sintering above 1200 oC, NZSiP suffers from sodium oxide loss 
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ionic conductivity ( ion) [187-189]. This can be avoided by two potential strategies. The first 
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controlling the chemistry. The experimental setup can be designed in which sample is 
encapsulated in a closed system in order to minimize the sodium oxide loss, as practiced for 
many ceramics (powder-bed method). The second strategy is to control the chemistry by 
synthesizing NZSiP with an excess of sodium. The excess amount of sodium would 
compensate the loss during sintering process.  

In this work, the second approach of improving σion was followed by investigating the impact 
of an excess of sodium in NZSiPx. The x was chosen as 0, 0.05, 0.1, 0.2, 0.3 and 0.4. Results 
of this study will be useful for optimizing sodium loss during the sintering of tape-cast sheets. 
Additionally, it will also help understanding the impact of excess charge carriers on the 
conduction properties of the material.   

 

4.3.2. Particle size distribution 

 

All compositions in NZSiPx were synthesized by SA-SSR method (section 3.1.2). After 
calcination, all powders were milled and the particle size distribution of milled powders is 
shown in the Fig. 4.25. All the powders have a similar d10 and d50 whereas the d90 has a 
relatively wider scatter. Furthermore, the PSD of all powders is similar therefore any 
differences in the sintering process would not be due to the different sizes of initially pressed 
powders. The PSD of x = 0 is already given in section 4.1.4. 

 

 

Fig. 4.25 a) The PSD of milled NZSiPx powders. b) Their characteristic diameters, i.e. d10, d50 
and d90. 
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4.3.3. Two-step sintering 

 

In a typical dilatometry curve, densification is rather a rapid phenomenon and occurs 
promptly before grain growth starts. To utilize this phenomenon, samples were first exposed 
to a high temperature for a short time (where densification occurs), which is followed by 
dwelling them at reduced-temperature for elongated time (where growth occurs). By using 
this sintering procedure we not only reduce the cost of operation but it also lowers the sodium 
loss because the sample remains at high temperature for only short time. The sintering route 
has already been used in the past [190-192]. 

NZSiPx was sintered by a two-step sintering method and the conditions were optimized after 
several trials. The resulting densities of the different trials are shown in the Fig. 4.26. The 
best conditions were: 1250 °C, 30 min → 1230 °C for 5 h that resulted in the relative density 
of ≥ 90 % for all compositions. Therefore, this heat treatment sequence was applied to sinter 
all samples for further investigations. 

 

Fig. 4.26: The densities obtained after sintering at different step sintering conditions.  

 

This sequence of heat treatment steps must be followed to obtain high densification: first step 
of sintering should done at higher temperature (for short time), followed by sintering at lower 
temperatures (longer duration). The reverse sequence would result in very different results, as 
witnessed in the three step sintering trail in Fig. 4.26.  
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4.3.4. Elemental analysis 

 

All compositions in the series NZSiPx were chemically analyzed to obtain their accurate 
stoichiometry. Sodium content was found to be lower than anticipated, which is due to the 
hygroscopic nature of sodium source compound and sodium oxide loss during sintering. The 
results are also shown in Fig. 4.27a. The Zr content lies within the error limits of the 
measurement, whereas a systematic Si deficiency is arising from the source material (TEOS). 

 

Table 4.7: Nominal and analytical stoichiometry of sintered and crushed NZSiPx.  

Nominal Analytical (ICP-OES) 
Na3.00Zr2Si2PO12 Na2.72Zr2.06Si1.97PO12 
Na3.05Zr2Si2PO12 Na2.90Zr2.00Si1.83PO12 
Na3.1Zr2Si2PO12 Na2.93Zr1.99Si1.81PO12 
Na3.2Zr2Si2PO12 Na3.11Zr2.01Si1.84PO12 
Na3.3Zr2Si2PO12 Na3.12Zr2.00Si1.84PO12 
Na3.4Zr2Si2PO12 Na3.22Zr1.94Si1.68PO12 

 

The sodium content was further studied before milling and after sintering and the results are 
shown in the Fig. 4.27b. It is revealed that Na content is lower than the anticipated nominal 
values in all cases. This systematic Na deficit is clearly because of the inaccurate starting 
calculation of sodium source (NaNO3) and variation arise due to the hygroscopic nature of 
NaNO3 [193]. In addition, a sodium loss during sintering process can also be seen. The 
sodium loss was negligible in case of NZSiP0.2 sample.  
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Fig. 4.27: The analytical stoichiometries of a) Na, Si and Zr in sintered NZSiPx and b) the 
deviation of Na content before milling and after sintering. For better comparison, the results 
before milling and after sintering were normalized to Si and P, respectively. The sintering 

conditions were 1250 °C, 30 min → 1230 °C for 5 h. 

 

4.3.5. X-ray diffraction 

 

The XRD of the sintered samples of NZSiPx is shown in Fig. 4.28 between 2θ values of 10 – 
40o. All the compositions in the range 0 ≤ x ≤ 0.4 crystallized in the desired monoclinic C2/c 
NASICON structure. All contained varying amounts of ZrO2 as secondary phase, as depicted 
by blue vertical lines. The secondary phase content in all compositions was less than 2 wt. %. 
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Fig. 4.28: The XRD patterns for the NZSiPx system at room temperature. The monoclinic 
ZrO2  [167] and NZSiP [166] are taken from literature.  

 

The unit cell parameters of all compositions obtained by Rietveld refinement are given in 
Table 4.8. The results obtained in this study are comparable to reported values [194]. 

 

Table 4.8: The unit cell parameters of NZSiPx. 

NZSiPx a (Å) b (Å) c (Å) β (⁰) ZrO2 

0 15.63(2) 9.01(1) 9.21(1) 123.70(6) < 1 % 

0.05 15.64(2) 9.05(1) 9.22(1) 123.75(6) 2 % 
0.1 15.62(2) 9.04(1) 9.21(1) 123.72(6) 0 % 
0.2 15.64(1) 9.05 (1) 9.22(1) 123.75(6) < 1 % 
0.3 15.61(1) 9.03(1) 9.21(1) 123.61(6 ) < 1 % 
0.4 15.61(2) 9.03(1) 9.20(1) 123.68(6) 3 % 

 

4.3.6. Thermal analysis 

 

The DTA/TG results of NZSiPx are shown in Fig. 4.29. The TG results show following 
events: 

• a loss of carbon and water until 400 oC (confirmed through DTA Fig. 4.29b) 
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• no weight loss is observed upon further heating until 1250 oC, and 
• after a dwell time of 6.5 h, a sodium loss was observed. The % wt. loss was highest 

for NZSiP0.05 sample, (i.e., 1.5 %), and this composition had the highest glass phase 
content as seen in the microstructure (Fig. 4.30).  

 

 

Fig. 4.29: Thermal analysis showing a) the TGA curves of NZSiPx indicating a sodium loss 
during the dwell time more than 6.5 h. b) The DSC curves of NZSiPx, indicating a liquid 
phase formation in all samples during heating (solid lines) and its solidification during 
cooling (dashed lines) between 900 – 970 oC.  

 

To conclude from TG results it is clear that in order to avoid the Na loss during sintering at 
1250 oC, the dwell time should be less than 6.5 h. The other option to achieve stoichiometric 
compositions as well as keeping them for longer duration at higher temperature is to start 
with Na-access of 0.9 wt. %. This excess of sodium is to compensate its loss during the dwell 
time.  

In the DTA curves, another interesting observation is the small hump between 900 – 1000 oC. 
This hump appears during both heating as well as the cooling of samples. This is a clear 
indication of liquid phase formation during heating that solidifies during cooling. Two 
mechanisms are possible for the formation of the liquid phase. The first is based on the 
lowest liquidus point in the phase diagram of Na2O-SiO2-P2O5 [195]. According to this work, 
a liquid phase can be formed at around 840 oC. The second mechanism is the melting of 
NASICON solid solution, which has a different composition than the original NASICON 
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composition but it still lies on the liquidus line of the Na2O-SiO2-P2O5 phase diagram. In both 
cases, the liquid phase is likely to become a glassy phase during rapid cooling because the 
liquid is rich in glass-forming oxides such as silica and phosphorous oxides. The formation 
glassy is in agreement with other studies [185, 196-199]. 

 

4.3.7. Microstructure 

 

The microstructure of NZSiPx obtained from scanning electron microscope is shown in Fig. 
4.30. All compositions have similar grain growth similar to what was already seen in section 
4.2. The secondary phase (ZrO2) can also be seen, particularly in NZSiP0.05 it exists in 
different morphologies such as cubic and monoclinic. The secondary phase is formed at the 
inter-granular regions or so called grain boundaries. The EDX analyses of these grain 
boundaries (not shown here) confirmed that these regions are Zr deficient and Si rich. This is 
another evidence of the formation of a glassy phase as already discussed in the previous 
chapter. It is also reported already in by others [197-199]. This glassy phase is present only at 
the grain boundary where it promotes the sinterability of NASICON. Nonetheless it has a 
larger resistance than NASICON and acts as an electrical barrier towards Na+ conduction.  

 

 

Fig. 4.30: The microstructure of NZSiPx obtained on thermally etched samples at 1150 oC for 
0.25 h. 
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4.3.8. Electrical conductivity 

 

The Nyquist plots of NZSiPx are shown in Fig. 4.31. All compositions with 0 ≤ x ≤ 0.4, only 
show one semicircle at 25 oC that is starting not from zero-resistance. This indicates that both 
bulk and grain boundary contribute to the total resistance. The figure also indicates that the 
conductivity of the material is substantially influenced by the different sodium contents and 
NZSiP0.2 has the highest bulk conductivity. This composition also had minimum glass phase 
formation as observed from the microstructure. 

 

 

Fig. 4.31: Impedance spectra obtained at 25 oC for NZSiPx sintered at 1250 °C, 0.5 h and then 
1230 °C for 5 h. 

 

The Arrhenius plot of the σTotal in the temperature range -30 – 100 ⁰C is shown in Fig. 4.32 
along with the activation energies. The figure shows that the lines have different slopes 
indicating that they have different Ea values. The conductivity is highest in NZSiP0.2.  

The Ea, when plotted against of Na content, a clear decreasing trend with an exception of 
NZSiP0. Nevertheless, the whole range of activation energy of NZSiPx is within the reported 
range of Ea for NZSiP in section 4.2.4 and in [184, 185].  
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Fig. 4.32 a) The Arrhenius plot σTotal obtained from impedance spectroscopy in the 
temperature range -30 – 100 oC and b) the Ea as a function of nominal and analytical 

composition. 

 

The bulk and grain boundary contribution in the σTotal was separated using an equivalent 
circuit. It was only possible to do it between -30 and 30 °C (Fig. 4.33), like previously 
performed in section 4.1and section 4.2. The slope of Ea, bulk is varying whereas the position 
of σbulk is highest for NZSiP0.2 with an analytical composition is Na3.11Zr2.01Si1.84P1O12. This 
indicates that the σbulk of NZSiP0.2 is highest, as previously seen in the total conductivities as 
well. On the other hand, the σgb, norm have similar slopes and they follow an irregular trend.  
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Fig. 4.33: The Arrhenius plot of σbulk and σgb, norm after fitting the equivalent circuit to the 
impedance data in the range of 20 to -30 oC. The lines are linear fits of the data. The R-square 
of fit in all cases is above 95, except for grain boundaries, when x is 0 and 0.05, where it was 

90. 

The σbulk obtained from Fig. 4.33 is plotted as a function of x in Fig. 4.34. The figure shows 
that the maximum σbulk was observed when the Na excess in the formula unit was 0.2 moles 
i.e. NZSiP0.2. This is the composition where the sodium loss after sintering was very low. 
Furthermore, when plotted against analytical stoichiometry, a similar trend is observed with 
highest σbulk for NZSiP0.2.  
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Fig. 4.34: The bulk conductivity as a function of nominal and analytical Na per formula unit 
in NZSiPx at 25 oC. The line is drawn to guide the eye. 

 

The Ea of σgb, norm and σbulk are plotted against the nominal and analytical stoichiometry in 
Fig. 4.35. In case of nominal composition, since the Na excess here is not a true 
representation, the values show an irregular trend with an increasing Na amount. However, if 
Ea is plotted against the analytical stoichiometries, a clear negative slope is observed. On the 
other hand, the Ea, gb behaves in an irregular manner with increasing the Na content.  
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Fig. 4.35: The Ea of σgb and σbulk as a function of a) nominal and b) analytical Na moles per 
formula unit of NZSiPx. 

 

In a typical NASICON type NZSiP with monoclinic structure, the site occupancy of Na is 75 
% and there are four missing Na sites in the 4 formula units. These sites are Na(1), Na(2) and 
Na(3) as already discussed in section 2.2.5. To obtain high conductivity, the ratio of charge 
carriers occupying the Na sites and the Na vacancies has to be optimum. Too high site 
occupancy would leave no available vacancies for ion hopping and would result in increasing 
the Ea of ion movement, and vice versa. The Na(1) sites are thermodynamically more stable 
than other two therefore it is likely that these sites will be completely filled with the Na 
atoms. This ratio is, as discussed earlier, 3.4 moles of Na per formula unit. Once Na(1) sites 
are filled, the remaining Na atoms are then randomly distributed over the available Na(2) and 
Na(3) sites [166]. The sodium conduction occurs in two pathways i.e., Na(1) – Na(2) and 
Na(1) – Na(3). Based on DFT computations in [194], the authors came to a conclusion that 
Na-excess in a monoclinic NZSiP structure increases the bottleneck area (T1) between the 
channel Na(1) – Na(2), which as a consequence results into expedited movement of Na+ ions 
in the structure. However, they only studied 10 and 20 wt.% and found out that conductivity 
is maximum at 10 wt. % Na excess.  

With increasing x in NZSiPx, the concentration of charge carriers (Na+) is also increased in 
the system. As a result, the Na+ ion movement becomes easier until the optimum ratio of 
vacancies to Na is reached. This means that adding too much Na into the formula unit would, 
after a certain limit, result in reduced number of vacancies making the Na+ ion transport 
difficult. M. Guin [189], performed a detailed study of Na3+xSc2SixP3-xO12, where it is 
reported that the Ea vs. Na content has a v-shaped curve. The Ea first decreases until the Na 
content is between 3.0 – 3.4 moles/formula units. For Na content > 3.4 moles/formula unit, 
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the Ea begin to increase [189]. It was later supported with a similar observation on 
Na3+xScxZr2-xSi2PO12 solid solution [93]. Their results are in agreement with this study in the 
range of 3.0 – 3.4 mole of Na per formula unit (for the first half), assuming that the glassy 
phase Na is not considered (Fig. 4.35b). However, if the glassy phase Na is considered, that 
would leave NASICON stoichiometry different than what we have obtained in the analytical 
results. It can be any composition in the NASICON region of the Na2O – SiO2 – ZrO2 – P2O5 
quarterly phase diagram, which certainly requires deeper investigation and will be discussed 
in section 5.2.  

It is, however, certain that any likelihood of Na occupying immobile Zr sites can be ruled out 
because we observed a changing (decreasing) Ea confirming the mobility of additional Na in 
NZSiPx. 

  

73



Forschungszentrum Jülich GmbH | Results and Discussion Part II: Orchestrating the 
NASICON chemistry 

 

 

Chapter 5: Results and Discussion Part II: Orchestrating the 
NASICON chemistry 

5.1. Equimolar Al/Y substituted NASICON 

 

5.1.1. Motivation 

 

This study is performed to verify the guidelines of designing fast ionic conducting 
NASICONs by Guin and Tietz [91] based on a structure-composition-property correlation 
comprising more than 110 NASICON compositions. These parameters are already described 
in section 2.3.4.  

Previously, Na3+xSc2SixP3-xO12 (NSSiPx) [188] and Na3+xScxZr2-xSi2PO12 (NSZSiPx) [93] 
series were used to validate the hypothesis put forward in this review, as shown in Fig. 5.1. 
Both series fulfill the design parameters stated in [91] with the difference being the 
substitutional concept for increasing charge carriers, i.e. influencing the different bond 
strengths within the polyanionic lattice. In the series NSSiPx, the structure contains only Sc3+ 
– O – Na+ bonds whereas in the series NSZSiPx a mixture of Sc3+ – O – Na+ and Zr4+ – O – 
Na+ bonds are present. The Zr4+ ions polarize the oxygen atoms more strongly than the Sc3+ 
ions. These stronger attractive interactions should lead to shorter Zr4+-O bond lengths and, as 
a result, to weaker Na+-O interactions, facilitating the Na+ mobility. In contrast, cations with 
lower valency, e.g. Sc3+, polarize the oxygen atoms less and therefore they are expected to 
interact more with the Na+ cations in the conduction pathways, consequently hindering the 
mobility of Na+. For the stronger Zr4+ – O bonds, the Na+ – O bond is weak and, as a 
consequence, Na+ mobility is higher [200] as proven for the two series NSSiPx and NSZSiPx 
and shown in Fig. 5.1.  
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Fig. 5.1: The room temperature conductivity data of the Na3+xSc2SixP3-xO12 [188] (squares) 
and Na3+xScxZr2-x(SiO4)2(PO4) [93] (circles) series. 

 

In contrast, the cation with a lower valency (Sc3+; r = 0.745 Å) induces a weaker bond to the 
oxygen ion, which compensates the bonding force with a stronger attraction to the Na+ ions, 
i.e. the sodium mobility is lower in the Na3+xSc2SixP3-xO12 [200, 201] series. As an example, 
the best conductivities observed in both series are 4 mS cm-1 and 0.8 mS cm-1 for 
Na3.4Sc0.4Zr1.6Si2PO12 and Na3.4Sc2Si0.4P2.6O12, respectively [93, 188]. These results explain 
the electrostatic impact of the metal cations involved in the structure, as the steric effect in 
both series is almost negligible due to the very similar ionic radii. In order to further 
understand the influence of other substituting cations, a double substitution was considered in 
this study and a novel Na1+2x+yAlxYxZr2-2x(SiO4)y(PO4)3-y solid solution (0 ≤ x ≤ 1, y = 0, 2) 
was investigated, where Zr4+ (r = 0.72 Å) is partially substituted with equimolar amounts of 
Al3+ (r = 0.53 Å) and Y3+ (r = 0.90 Å). Hereinafter, the compositions without silicon (y = 0) 
substitution will be abbreviated as NAYZPx and those with substitution (y = 2) as NAYZSiPx. 
In this system, although reff is almost constant and varies only between 0.718 Å and 0.720 Å, 
the substituting cations with different radii but the same charge may interfere with the sodium 
transport in a different way to the substitution with Sc3+. This study thus provides further 
insight into the influence of the electrostatic impact of the cations in the polyanionic sub-
lattice. 

 

5.1.2. X-ray diffraction 

 

The XRD patterns of pechini synthesized NAYZPx (x = 0–0.3, 1) after sintering are shown in 
Fig. 5.2. Very weak reflections in a non-systematic but reproducible manner are found for x = 
0 – 0.15 and 0.25 showing fluctuating minor contents between 1-5 wt.% for Na3Y2(PO4)3, 
YPO4 [202], orthorhombic AlPO4 [203] and monoclinic ZrO2. In the sample with x = 0.20, 
the amount of YPO4 is exceptionally and also reproducibly higher (about 10 wt.%). For x > 
0.25, a continuous increase in YPO4 and Na3Y2(PO4)3 indicates that the solid solution has 
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definitely reached its limit. For the complete Zr substitution (x = 1), the NASICON crystal 
structure completely disappeared and mainly YPO4 formed in addition to smaller amounts of 
Na3Y2(PO4)3 [204]. 

 

  

Fig. 5.2: The X-ray diffraction patterns of NAYZPx (x = 0–0.3 and 1) prepared using the 
Pechini synthesis method. The left figure shows the genera pattern and the right figure a 

detail with enlarged intensities to better visualize the small reflections of impurity phases. 
The bold red vertical lines refer to the NASCON phase [166], lines in magenta, black, blue 
and green indicate the patterns of Na3Y2(PO4)3 [205], YPO4 [206], AlPO4 [207] and ZrO2 

[167], respectively. 

 

The XRD patterns of pechini synthesized NAYZSiPx (x = 0–0.3) after sintering are shown in 
Fig. 5.3a. The NAYZSiPx adopts a C2/c monoclinic structure for 0 ≤ x ≤ 0.2, and transforms 
into a rhombohedral R3�c phase when x = 0.3. Monoclinic ZrO2 was detected in all samples. 
The monoclinic → rhombohedral transition can be seen by a merging of (111), (2� 0 2) and 
(3� 1� 1�) reflections into (1� 1 4) in Fig. 5.3b.    
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Fig. 5.3: a) XRD patterns of NAYZSiPx (0 ≤ x ≤ 0.3) after sintering. The red and blue vertical 
lines correspond to NASICON [166] and ZrO2 [167], respectively, taken from [166, 167]. 
The zoomed in region (b) shows the monoclinic (C2/c, 0≤ x ≤ 0.1) to rhombohedral (R𝟑𝟑�c, x ≥ 
0.1) transition. 

 

Table 5.1: Crystallographic data, coefficient of thermal expansion, and melting temperature 
for the compounds in the Na1+2xAlxYxZr2-2x(SiO4)y(PO4)3 system. 

Composition Space 
group a (Å) c (Å) 

Fitting 
parameter 

Rwp (%) 
V (Å3) σb,25 °C 

 (Scm-1) 

CTE 
10-6 
(K-1) 

Tm 
(°C) 

NaZr2(PO4)3 𝑅𝑅3�𝑐𝑐 8.805(5) 22.776(1) 4.5 1529.2 3.1·10-7   
Na1.1Al0.05Y0.05Zr1.9(PO4)3 𝑅𝑅3�𝑐𝑐 8.812(2) 22.779(2) 4.8 1531.8 1.1·10-6   
Na1.2Al0.1Y0.1Zr1.8(PO4)3 𝑅𝑅3�𝑐𝑐 8.816(1) 22.789(1) 3.7 1533.9 5.0·10-6   
Na1.3Al0.15Y0.15Zr1.7(PO4)3 𝑅𝑅3�𝑐𝑐 8.824(4) 22.805(3) 6.6 1537.8 6.0·10-6   
Na1.4Al0.30Y0.30Zr1.4(PO4)3 𝑅𝑅3�𝑐𝑐 8.876(3) 22.855(2) 8.8 1559.4 6.2·10-6   
Na3Zr2(SiO4)2(PO4)3* C2/c 9.032(3) 23.042(4) 4.4 1629.5 1.7·10-3 5.42 1315  
Na3.1Al0.05Y0.05Zr1.9(SiO4)2(PO4)* C2/c 9.047(6) 23.021(6) 4.2 1633.2 1.6·10-3 5.28 1300  
Na3.2Al0.1Y0.1Zr1.8(SiO4)2(PO4)* C2/c 9.052(3) 22.948(2) 4.1 1619.6 1.3·10-3 7.94 1309  
Na3.4Al0.2Y0.2Zr1.6(SiO4)2(PO4) 𝑅𝑅3�𝑐𝑐 9.096(1) 22.741(2) 5.9 1629.4 1.4·10-3 8.92 1269  
Na3.6Al0.3Y0.3Zr1.6(SiO4)2(PO4) 𝑅𝑅3�𝑐𝑐 9.110(3) 22.671(1) 1.9 1631.1 4.6·10-4 8.80  

* The volume of the unit cell of monoclinic system is transformed into rhombohedral.  

 

The lattice parameters of NAYZPx and NAYZSiPx are shown in Fig. 5.4. In the NAYZPx 
system, an enlargement of the hexagonal lattice is observed in both a and c directions with 

 

 

x = 0.3

(a)

(111)

x = 0.2

x = 0.1

x = 0

11 22 33 44 55

2 θ
 

2 θ

In
te

ns
ity

 [a
.u

]

x = 0.05

(-1 1 4)

(b)

 

 

18.9 19.6

(-2 0 2)

(-3 -1 -1)

 

77



Forschungszentrum Jülich GmbH | Results and Discussion Part II: Orchestrating the 
NASICON chemistry 

 

 

increasing x. However, in the NAYZSiPx system, the lattice parameters a and c show the 
opposite trend, c decreases when x is raised, a increases. Since the mean ionic radius (reff) 
remains constant in all compositions, the variation of the lattice parameters is mainly due to 
the increasing Na concentration. 

 

 

Fig. 5.4: Hexagonal lattice parameters of the series NAYZPx and NAYZSiPx with 0 < x < 0.3. 

 

5.1.3. Size of T1 bottleneck 

 

The size of the bottleneck was calculated from the oxygen and sodium atom positions in the 
crystal lattice, which were obtained from Rietveld refinement of the XRD data. The area of 
triangles T1 and T2 is plotted against the substitution level in Fig. 5.5, indicating that T1 is 
significantly smaller than T2. In addition, the T1 is decreasing in NAYZSiPx and increasing 
in NAYZPx when the substitution of Al and Y is increased. The decrease or increase in the 
T1 area indicates enlargement or contraction of the channels through which sodium ions have 
to pass. It is evident by an increasing in bulk conductivity with the enlargement of T1 area, as 
shown in Fig. 5.6. As a consequence, it directly affects activation energy of sodium ion 
conductivity, as reviewed in detail in [91]. Therefore, an increase in the activation energy (Ea) 
of sodium ion conductivity can be expected for NAYZSiPx. However, Ea is also influenced 
by parameters like monoclinic distortion in the crystal structure and the sodium concentration 
per formula unit, but the extent of influence of each individual parameter is still not clarified 
yet. 
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Fig. 5.5: Area of T1 and T2 obtained from Rietveld refinement of the XRD data as a function 
of x in NAYZSiPx (squares) and NAYZPx (circles).  

 

  

Fig. 5.6. σb as a function of T1 area of a) NAYZSiPx and b) NAYZPx 
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5.1.4. Coefficient of Thermal Expansion 

 

High-temperature XRD 
 

The HT-XRD patterns of NAYZSiPx between 2θ = 18° and 20° are shown in Fig. 5.7. The 
figure depicts a monoclinic to rhombohedral phase transition taking place between 100 °C 
and 200 °C for NAYZSiP0, NAYZSiP0.05, and NAYZSiP0.1. For temperatures higher than 700 
°C, the patterns indicate a reversible secondary phase transition (not shown here). During 
heating, the peaks shift to the left due to an expansion of the lattice parameters.  

 

Fig. 5.7: The HT-XRD reflections of NAYZSiPx between 18° and 20° visualize the phase 
transition between 100 °C and 200 °C. The reflections shown at 19.1⁰ and 19.7⁰ correspond 
to the reflections (1 1 1) and (3 �  1� 1) of the rhombohedral lattice. The reflections from (2� 0 2) 
transform into (1 1 1) upon heating. The blue lines connecting the peak maxima provide 
visual guidance. 

 

The hexagonal lattice parameters and volume of NAYZSiPx obtained from HT-XRD are 
plotted as a function of temperature in Fig. 5.8. The volume of the unit cell expands with 
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increasing temperature and also shows that the system undergoes strong expansion in the c 
direction as opposed to the a direction. A similar expansion anisotropy is also observed for 
Na3+xSc2SixP3-xO12 [188]. The anisotropic thermal expansion may lead to large residual 
stresses during cooling, inducing the formation of micro-cracks, as has already been reported 
for NASICON-type ceramics and is described further in section 3.3 [208, 209]. The volume 
expansion shows a remarkable slope change with temperature. Whereas NAYZSiP0, 
NAYZSiP0.05, and NAYZSiP0.1 only differ in a shift of the absolute values, NAYZSiP0.2 and 
NAYZSiP0.3 have a much stronger volume expansion than the other three compositions. 

 

Fig. 5.8: Dependence of lattice parameters (a, b) and the unit cell volume of NAYZSiPx on 
temperature. Only the temperature region is shown in which the rhombohedral structure was 
observed i.e. > 200 ⁰C. 

 

The coefficient of thermal expansion (CTE) was calculated using the lattice expansion data of 
the HT-XRD measurements and the Eq. 18 
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The resulting CTE of the volume expansion can be related to the linear CTE obtained from 
dilatometry measurements with  
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The CTEa, CTEc, and CTElinear obtained from Eq. 18 and Eq. 19 are compared in Fig. 5.9 for 
NAYZSiPx between 200 ⁰C and 700 ⁰C. There is strong difference in the thermal expansion 
of the two lattice parameters and the CTEc/CTEa ratio varies between 3 and 5. This 
anisotropy is typical for NASICON materials [210, 211].   

The CTElinear of NAYZSiPx increases from 4.1·10-6 K-1 to 8.1·10-6 K-1 for NAYZSiP0 and 
NAYZSiP0.3, respectively, which is in agreement with NASICON in which only yttrium was 
substituted (5.9-11.7)×10-6 K-1 [212]. 

 

 

Fig. 5.9: The CTEs of NAYZSiPx derived from HT-XRD measurements. 

 

Dilatometry 
 

The dilatometry measurements of the series NAYZSiPx during heating is shown in Fig. 5.10. 
The dilatometry curves indicate a small change in slope between 120 and 160 °C, which 
corresponds to the monoclinic to rhombohedral phase transition [14]. The transition 
temperature decreases with increasing the substitution content till x = 0.2. As shown in Fig. 
5.11a, the transition temperatures can be easily obtained from the first derivative of the 
dilatometry curves showing better the slope changes. Additional slope changes at higher 
temperatures are also visible in Fig. 5.10. The straight dashed lines indicate the deviation 
from a linear thermal expansion and show on the one hand that the additional expansion 
increases with increasing x and on the other hand that the onset temperature of the additional 
expansion decreases with increasing x. The slope changes at high temperatures are 
summarized in Fig. 5.11b and consist of two contributions which both tend to decrease in 
temperature with increasing x. In addition, in this temperature region secondary phase 
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formation is observed by HT-XRD measurements. The onset temperatures and maxima of 
slope changes are listed in Table 5.2. 

 

Fig. 5.10: Heating curves of the series NAYZSiPx 

 

This change in slope could be due to crystallization processes and, especially for the samples 
with x ≥ 0.1, the formation of new phases as observed in HT-XRD measurements. Starting at 
about 700 °C, the substituting cations Al3+ and Y3+ leave the NASICON structure, form 
ternary compounds like Y4Al2O9 and AlPO4 and consequently reduce the unit cell volume of 
NASICON. It is therefore interesting to note that the substituting elements show a low 
solubility in the NASICON structure at 1000 °C and below, whereas they are widely 
incorporated in the host lattice at sintering temperatures of 1150-1200 °C. The leaching of 
Al3+ and Y3+ at 1000 °C can be monitored during the short dwell time of 0.5 h during the 
dilatometer measurements. In this period the samples elongate very systematically with an 
individual constant rate which is proportional to the substitution level. After 0.5 h they have 
accumulated a length increase by (0.126 ± 0.008)x (in %). This phenomenon is also the 
reason why the CTE obtained from dilatometry curves is higher than the values derived from 
HT-XRD (Table 2). Apart from the shift in length during the dwell time, the cooling curves 
do not show any unusual phenomena like hysteresis, abrupt length changes or smooth minima 
which were frequently observed in former investigations [211, 213-217].   
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 Fig. 5.11: The first derivative of the dilatometry curves during heating for identification of 
the phase transition (a) and characteristic temperatures related to high-temperature processes 
(b). Stars and arrows indicate the maximum slope changes and onset temperatures, 
respectively.  

 

Table 5.2: Onset temperatures and maxima of slope changes deduced from Fig. 5.11 a-b. The 
values of the high-temperature processes have an error of about ± 20 °C. 

x 
Tmon-rhom Tonset1 Tmax1 Tonset2 Tmax1 

(°C) 

0 152 850 910 955 > 1000 

0.05 146 675 720 780 > 1000 

0.1 138 670 735 770 880 

0.2 136 650 720 935 815 

0.3 138 625 740 - 830 

 

This phenomenon is also the reason why the CTE obtained from dilatometry curves is higher 
than the values derived from HT-XRD. The CTE of NAYZSiPx can be obtained from the 
slope of the dilatometry curves by using Eq. 9. 

In the case of NASICON materials, often the CTEs obtained from dilatometry are much 
smaller than the ones from HT-XRD. This is because these materials expand anisotropically 
that often leads to creation of cracks [213, 218] during cooling after sintering. Subsequently 
during the dilatometry measurements, these cracks vanish due the volume expansion of the 
material, and consequently the detected dimension changes of the sample is smaller than a 
crack-free material. Therefore in the past the NASICON materials were frequently claimed to 
be class of “zero-expansion materials”, a misinterpretation of erroneous dilatometer curves 
[215, 216, 218, 219]. However, a careful sample preparation would result in similar CTE 
values obtained from dilatometry and HT-XRD, e.g. in this study the difference is in the 
range 0.5 – 2.5 x 10-6 K-1, as shown in Table 5.2.  
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In Fig. 5.12 the CTEs of the NAYZSiPx system are compared to those of Na3+xSc2SixP3-xO12 
[189], Na1+xZr2SixP3-xO12 [213, 219] and Na3+xY0.12Zr1.88SixP3-xO12 [212]. Among these 
materials a general observations is evident: materials containing only Zr4+ as transition metal 
in the polyanionic lattice show a much smoother slope with increasing sodium content than 
those materials with mixture of tetra- and trivalent cations (Sc+3, Al+3 and Y+3) or materials 
containing only trivalent cations. Obviously, the two different bond strengths, i.e. Zr4+ – O2- 
and M3+ – O2- (with M = Sc, Y, Al), cause a different dependence of the thermal expansion 
and vibrational amplitudes on the composition of the NaSICON materials.  

 

 

Fig. 5.12: The CTE data of NAYZSiPx (red triangles) obtained by HT-XRD and dilatometry 
(red squares). They are compared with other NASICON materials reported in the literature. 
Black circles represent Na1+xZr2SixP3-xO12 [213], blue diamonds Na3+xSc2SixP3-xO12 [189], 
green stars Na1+xZr2SixP3-xO12 [219] and pink triangles Na3+xY0.12Zr1.88SixP3-xO12 [212]. Filled 
and empty symbols represent data obtained from HT-XRD and dilatometry, respectively. 

 

On the one hand the CTEs of NASICON materials increase with Na content per formula unit 
when Zr4+ is used as transition metal cation in the polyanionic lattice. This is because at 
higher temperature sodium ions become highly mobile, induce increased repulsive forces and 
therefore increase the vibrational magnitude within the lattice. On the other hand, the 
substitution with trivalent transition metal cations (e.g. Al3+, Sc3+, Y3+) also influences the 
CTE of the NASICON material. Since the trivalent cations are replacing Zr4+ in the crystal 
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lattice (Fig. 5.13), the octahedra become larger due to less charge polarization of oxygen 
atoms, or in other words, reduced bond strength between trivalent cation and oxygen in the 
octahedra. This is validated by the calculations of the volume of ZrO6 [166] and ScO6 [188] 
octahedra, i.e. 11.69 Å3 and 13.49 Å3, respectively. As a consequence of enlarged octahedra 
with central trivalent cations, the lattice vibrations become more pronounced, especially at 
elevated temperatures. This explains why the CTE of NAYZSiPx and other NASICON 
compounds substituted with trivalent cations is increasing much more in dependence of x 
than NASICON materials with tetravalent cations.  

 

 

Fig. 5.13: Rhombohedral NASICON structure along c-direction indicating the ZrO6 
octahedra, (P/Si)O4 tetrahedra and sodium atoms. The structural data are taken from [188]. 
The figure shows the hexagonal unit cell of the NASICON lattice, which exists above 150 °C 
in all NAYZSiPx compositions. 

 

5.1.5. Thermal Investigation 

 

DTA/TG curves of two selected specimens are shown in Fig. 5.14. Because the samples were 
stored in air, the weight loss below 500 °C can be attributed to release of H2O (up to 250 °C) 
and CO2. However, above around 1300 °C, the weight loss is due to the evaporation of Na2O 
and/or P2O5. Since the sintering temperature ranged from 1000 °C to 1250 °C, any possibility 
of material loss during heat treatments can be neglected.  
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In NAYZPx system, the first thermodynamic event occurs below 400 ⁰C as indicated by 
integer 1 in the Fig. 5.14 a-b. This is followed by the crystallization into a NASICON 
structure. A weight loss in TG curves after 1300 ⁰C is due to the loss of sodium oxide. 

In the case of the NAYZSiPx system, the first thermodynamic event is the removal of 
organics below 400 ⁰C and indicated by integer 1 in the figure. The second even occurs 
between 750 – 800 ⁰C for 0 ≤ x ≤ 0.3 and it is indicated by integer 2 in the figure. This event 
was also observed for Na3+xZr2Si2PO12 in section 4.3 where it was already interpreted as a 
partial melting or amorphisation. This forms a glassy phase upon solidification is richer in Si 
than the surrounding crystalline NASICON grains and appears gray in the SEM images (see 
next section). The third event appears at ~ 1300 °C, which corresponds to melting of the 
ceramic and it is indicated by integer 3 in the figure. The melting temperatures of the 
NAYZSiPx compounds are listed in Table 5.1. A weight loss in TG curves after 1300 ⁰C is 
due to the loss of sodium oxide. 

  

 

Fig. 5.14: Thermal investigation of NAYZP (left) and NAYZSiP (right) showing (b, d) the 
DTA results and (a, c) the TG results.  
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5.1.6. Microstructure 

 

Microstructures of NAYZPx with x = 0.10, 0.20, and 0.25 sintered at 1200 °C for 10 h in air 
are shown in Fig. 5.15. The samples with x = 0 and x = 0.05 did not densify at the sintering 
temperature and relative densities of only 52 % and 75 % were achieved. For 0.1  x  0.3, 
the relative density of the samples varied between 87 % and 91 %. The microstructure of all 
three compositions was similar in general. However, the NAYZP0.20 composition contained 
YPO4 as a secondary phase in addition to ZrO2, with the latter present in all compositions. 
The microstructure of NAYZSiPx specimens with x = 0, 0.05, and 0.1 is also shown, 
indicating a similar relative density (85–93 %). The microstructure of the other compositions 
is very similar and therefore not shown here. The formation of ZrO2 is already discussed in 
section 4.1.2. 
 

 

Fig. 5.15: Scanning electron microscopy images of polished cross sections of (top) NAYZPx 
sintered at 1200 °C for 10 h in air and (bottom) NAYZSiPx sintered in two steps (1200 °C for 
0.5 h followed by 1150 °C for 5 h) in air. The white phase is ZrO2, the circled phase is YPO4, 
and the arrows indicate micro-cracks. The arrows indicate cracks and pores. 

 

5.1.7. Electrical Conductivity 

 

Nyquist plots of NAYZPx (x = 0–0.3) are shown in Fig. 5.16a. The formation of two 
semicircles indicates high grain boundary resistance in the sample in addition to bulk 
resistance. The bulk ( b) and grain boundary ( gb) conductivities were obtained from bulk 
and grain boundary resistance (Rb and Rgb) using the equation  = L/(A·R), where L and A 
represent the length and area of the specimen, respectively. These semicircles were fitted 
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using the ZView® computer software, to obtain bulk, grain boundary, and total 
conductivities, as shown along with the equivalent circuit in Fig. 5.16b.  

In the NAYZPx system, σb increases with the number of Na per formula unit, except for when 
x = 0.2, which contains a high amount of the YPO4 impurity phase. The conductivity of 
NAYZPx is in the order of 10-6 S cm-1, which is low for an electrochemical application. The 
low conductivity is due to the low sodium content in the compounds. In addition, the 
rhombohedral crystal structure has only two sodium positions, Na(1) and Na(2), thereby 
allowing Na+ ion conduction along only one pathway (see Fig. 2.5a). Conductivity increased 
due to the increase in the amount of charge carriers (Na+). However, when it reaches 1.4 mol 
sodium per formula unit, conductivity started to decrease due to the increasing occurrence of 
secondary phases and micro-cracks. 

 

 

Fig. 5.16: a) Nyquist plot of samples in the NAYZPx series and b) the σb, σb, norm, and σTotal at 
25 ⁰C. The equivalent circuit is also shown. 

 

In the case of the NAYZSiPx series, the same interpretation of the impedance data was used. 
However, since only one semicircle is visible, the Rb/CPEb element was discarded. Low and 
high intercepts of the observed single semicircles thus correspond to bulk resistance (Rb) and 
(RTotal), respectively, and the grain boundary resistance was calculated with 

  

𝑅𝑅𝑔𝑔𝑏𝑏 = 𝑅𝑅𝐻𝐻𝑛𝑛𝑡𝑡𝑟𝑟𝑘𝑘 − 𝑅𝑅𝑏𝑏 Eq. 20 
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The calculated conductivities are shown along with the Nyquist plots in Fig. 5.17. Here, the 
Al/Y substitution in NAYZSiPx leads to a decrease in the σb and σgb, norm values of the 
samples. Conductivity was highest for the unsubstituted sample, i.e. x = 0 (i.e. 3.0 Na/formula 
unit). The total conductivity of NAYZSiPx was in the range 0.5–0.06 mS cm-1 for 0 ≤ x ≤ 0.3, 
which is two orders of magnitude higher than for NAYZPx. The Si-substituted system, unlike 
NAYZPx, exhibits monoclinic distortion and has three sodium positions: Na(1), Na(2), and 
Na(3) [220]. The Na+ ions in the monoclinic lattice jump between these positions in two 
different pathways (Fig. 2.5b), and the material has a higher conductivity compared to the 
rhombohedral lattice [221]. Since the NAYZSiPx is only monoclinic when the Na content is 
less than 3.2 Na per formula unit, and becomes rhombohedral for Na content > 3.4 Na per 
formula unit, this might be the reason why σb drops significantly when x > 0.3 [91, 93, 188]. 
In addition, the decreasing σb within the monoclinic lattice (0 < x < 0.2) is related to the 
decrease in the bottleneck size (area T1, see section 5.1.3).  

 

 

Fig. 5.17: a) Nyquist plot of samples in the NAYZSiPx series and b) the σb, σb, norm, and σTotal 
at 25 ⁰C. 

 

The variation of σgb corresponds to the influence of the processing conditions affecting the 
sample microstructure. To keep these variations minimal, samples with relative densities in 
the range of 86–93 % for all compositions were prepared. 

 

Conductivity measurements at elevated temperatures were carried out on both series, 
NAYZPx (only those with comparable relative densities) and NAYZSiPx. The results are 
shown as a function of inverse temperature in Fig. 5.18 along with the corresponding 
activation energy. The Arrhenius plot shows that the conductivity of NAYZSiPx decreases 
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with increasing x in the system. This is in agreement with the results in Fig. 5.17. The 
activation energy of the NAYZSiPx samples only varies between 0.3 eV and 0.33 eV, and is 
in agreement with previous studies on NASICON materials [184, 185]. The NAYZPx 
samples have conductivities one to four orders of magnitude lower than the Si-substituted 
compositions, depending on the composition and temperature, due to higher activation 
energies (0.42 – 0.46 eV). 

 

 

Fig. 5.18: Arrhenius plot (top) of NAYZPx and NAYZSiPx measured in the temperature range 
of -30 °C to 100 °C. The activation energies were determined using the Arrhenius law. 

 

Both series are compared with the Na1+xZr2SixP3-xO12 system as a function of Na per formula 
unit in Fig. 5.19. In contrast to the Sc-substituted materials (Fig. 5.1), the conductivity of 
NAYZSiPx decreased with increasing x. This could be due to both structural and processing 
reasons. The processing route determines the microstructure and, therefore, directly 
influences conductivity. However, in this case, the relative density of NAYZSiPx was 
controlled and in the range of 87–93 %, which is similar to the densities of the Sc-containing 
materials. The structural factors include crystallographic aspects, for example the lattice 
parameters, atomic positions, and the size of the bottleneck. The bottleneck size decreased in 
the NAYZSiPx system when the amount of substitution was increased and appears to affect 
its bulk conductivity [93, 188, 194, 214]. 
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A suitable fast ion conductor is one that i) fulfills optimal crystallographic arrangements to 
enable high bulk conductivity, and ii) exhibits effective processability to ensure minimum 
grain boundary resistance. The total conductivity controls the successful application of a 
material as an electrolyte. Fig. 5.19 compares the total conductivities of the NAYZPx and 
NAYZSiPx series with the Na1+xZr2SixP3-xO12 series. The best conductivity was observed for x 
= 2, i.e. 3.0 mol Na/formula unit [87]. The increasing conductivity as a function of x in Fig. 
5.19 is directly attributable to the increasing number of charge carriers, i.e. the Na 
concentration. Theoretically, the maximum number of Na per formula unit is restricted to 4. 
However, the concentration of Na vacancies in the formula unit is also essential to enabling 
Na+ to hop along the conduction pathways.  

 

 

Fig. 5.19: Comparison of NAYZPx (empty squares) and NAYZSiPx (empty circles) with the 
Na1+xZr2SixP3-xO12 series (filled symbols) [87, 221-223]. The series NSSiPx [189] and 

NSZSiPx are also shown [224]. 

 

In the Na3+xSc2SixP3-xO12 and Na3+xScxZr2-x(SiO4)2(PO4) series, the optimal ratio between 
charge carrier and vacancy concentration in the formula unit has been reported as 3.4:0.6 [93, 
188]. However, NAYZSiPx does not follow this experimental observation. Even though the 
Na+ concentration increases with Al/Y substitution, the conductivity of the material decreases 
in spite of the fact that the reff of the cations is close to 0.72 Å. In contrast to the Sc-containing 
series, the individual cation sizes differ substantially. Furthermore, the size of the T1 triangle 
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also determines the ease of Na+ ion transport [91], and its size decreases when the Al/Y 
substitution is increased, thus explaining the decrease in conductivity along the NAYZSiPx 
series. Taking these parameters into consideration, it can be concluded that even if the steric 
interactions are kept almost constant by using the same reff, the increasing dissimilarity of the 
cations involved, from Zr-Zr, Sc-Sc, and Sc-Zr to (Al/Y)-Zr, has a significant impact on ionic 
conductivity. Atomic orbitals of cations in the MO6 octahedra (M = Zr, Sc, Y, Al) thus also 
appear to have a strong influence on the transport properties of the Na+ ions, as ionic 
conductivity decreases from 4d (Zr), 3d (Sc) to 3p (Al) elements, even if an additional 4d 
element (Y) is involved. 

 

5.2. Reducing the NASICON processing temperature 

5.2.1. Motivation  

 

The sodium super ionic conductors (NASICONs) have long been investigated acknowledging 
their electrical performances and potential in the application as electrolyte materials in 
batteries and other related applications [22, 225-229]. However, even though their ionic 
conductivity, in the best case reach 4 mS/cm, their application as electrolyte material has still 
not commercially realized. In addition to cost, the high processing temperature (1200 – 1300 
oC) also restricts optimization of their interface with electrode materials in an all-solid state 
battery. To achieve this, the processing temperature must be reduced.  

NASICON with a range of conductivity have already been compiled in the literature [91]. 
One reason of the variation in their total conductivity is the differences in the processing 
conditions. However, quite often the bulk conductivity also differs and any variation in bulk 
conductivity accounts to the chemistry. A phase diagram of the oxides of Zr, Si, Na and P is 
shown the phase diagram in Fig 5.21. The figure shows that NASICON structure, instead of a 
single composition, is a range of compositions adopting the NASICON-type crystallinity. 
Even though the structure is same, the chemistry can be different and is the lead source of 
varying conductivity. This is observed by different ICP-OES stoichiometries of SA-SSR and 
Pechini samples having varying conductivities, as discussed in section 4.1. In addition, it is 
further evident by a range of conductivities reported for single Na3Zr2Si2PO12 composition as 
shown in Fig. 4.9.  

Furthermore, the formation of glass phases also seems likely as the NASICON solid solution 
is close to the adjacent regions of glass phases. It is already observed in the study of 
Na3+xZr2Si2PO12, described in section 4.3 and all possible phase relations are reviewed by 
Tietz [230]. It is further confirmed by the reports regarding NASICON materials undergoing 
a liquid phase assisted sintering [197, 231, 232]. The reason lies in the quaternary phase 
diagram of the NASICON, where especially the Si-rich compositions tend to form glass 
materials, and therefore these materials are prone to partial melting during heat treatment. 
This aspect can be used as a tool to reduce the processing temperature by optimizing the glass 
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phase content. However any attempt of reducing the processing temperature would be a 
compromise on its conductivity. This is due to the low conductivity of the glass phases 10-7 
S/cm [233-236].  

Since the formation of glass phase during the processing of NASICON cannot be avoided, 
many attempts were reported where studies have been conducted on NASICON glass-
ceramics or so-called NASIGLAS [31, 79, 80, 82, 83, 173, 234, 237]. These NASIGLAS in 
addition to pure Na+ ion conducting glass materials [27, 32, 81, 233, 235, 236, 238] are 
interesting from the fact that their processing temperature is lower than the NASICON 
ceramic depending upon the amount of glass present. The conductivity of such a glass-
ceramic with cubic Na3PS4 at 25 ⁰C is as high as 0.2 mS cm-1 and they were prepared by a 
mechanochemical technique and processed at temperatures even lower than 500 ⁰C to 
achieve the given conductivity. It is noteworthy that these glass compositions remain 
unidentified by conventional XRD and often in the SEM images. However, their presence is 
significant and therefore makes NASICON materials to be categorized as composites. The 
properties of composite therefore can be optimized by altering the content of the glass phases. 
The low melting glass phase can reduce the sintering temperature to 1000 ⁰C allowing a joint 
processing along with electrode materials like Na3V2PO12.  

With the target of reducing the processing temperature of NASICON materials, the 
compositions of the series Na1+xZrxSixPO(1+x+4x+4x+5)/2, where x = 0, 0.4, 0.8, 1.2, 1.6 and 2.0, 
were prepared. Their nominal stoichiometries are given in Table 5.3. These compositions 
were synthesized via SA-SSR method as given in detail in section 3.1.1 with a slight 
modification that the calcination was performed at 500 oC for 24 h in air.  

 

5.2.2. Elemental Analysis 

 

The elemental analysis of the series indicates an accurate synthesis. The stoichiometry 
obtained from ICP-OES are compared in Table 5.3 and also plotted against x in Fig. 5.20. All 
compositions are slightly deficient of Na and significantly deficient of Si and Zr.  

The deficiency of these elements is due to the hygroscopicity of sodium and zirconium 
nitrates as source material. Zirconium nitrate is a strong hygroscopic compound as compared 
to sodium nitrate, which is observed by its stronger deviation from the nomical stochiometry 
as compared to Na. The Si deficiency could also be due to an inaccurate content due to 
storage of TEOS used its source compound. Nevertheless, inserting the ICP-OES 
stoichiometric compositions in the phase diagram still meet the criterion and achieve the 
objective of the currrent investigation.  
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Fig. 5.20: Analytical stoichiometries obtained from ICP-OES of Na1+xZrxSixPO(9x+6)/2. The 
lines indicate the nominal stoichiometries. 

 

Table 5.3: The nominal and analytical stoichiometries of Na1+xZrxSixPO(9x+6)/2. 

Nominal Analytical (ICP-OES) 
x = 0 NaPO3 Na1.04PO3 

x = 0.4 Na1.4Zr0.4Si0.4PO4.8 Na1.35Zr0.40Si0.22PO4.8 
x = 0.8 Na1.8Zr0.8Si0.8PO6.6 Na1.70Zr0.70Si0.43PO6.6 
x = 1.2 Na2.2Zr1.2Si1.2PO8.4 Na2.11Zr1.02Si0.83PO8.4 
x = 1.6 Na2.6Zr1.6Si1.6PO10.2 Na2.46Zr1.34Si1.31PO10.2 
x = 2.0 Na3.0Zr2Si2PO12 Na2.81Zr1.64Si1.92PO12 

 

These analytical and nominal stoichiometeries are also depicted in the Na2O – SiO2 – ZrO2 – 
P2O5 quarternary diagram in Fig 5.21. 
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Fig 5.21: The quaternary phase diagram [230]. In the shaded blue region (pyramid), the 
NASICON structure exists. Solid and dotted orange line depicts the nominal and analytical 
stoichiometries of the investigated series, respectively. 

 

5.2.3. X-ray diffraction 

 

The XRD was performed and is shown in Fig. 5.22. In order to investigate the evolution of 
the crystal structure, the calcination was performed at various temperatures with a step size of 
100 °C until the melting of the samples. The XRD results of all the compositions are shown 
in the Fig. 5.22. The figure provides following information about all six compositions: 

1. Phases present 

2. Melting temperature range (resolution 100 °C) 

3. Crystallization of NASICON 

4. Size of crystallites (sharpening/broadening of peaks) 
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In general, the compositions with x = 1.2, 1.6 and 2.0, the samples mainly contain ZrO2 as an 
impurity at elevated calcination temperatures. The X-ray reflection at 30o is adjacent to both 
monoclinic ZrO2 and cubic SiO2.  

 

 

Fig. 5.22: The crystal structure evolution of Na1+xZrxSixPO(9x+6)/2 with increasing x. Each 
additional XRD pattern indicates an increase of temperature of 100 °C, with minimum and 
maximum of 500 °C and 1200 °C, respectively. Black, red, blue and grey lines in 
corresponding layers are the patterns of NASICON [166], Na5Zr(PO4)3 [239], NaPO3 [240] 
and Na4(P2O7) [241], respectively. The stars depict the position of ZrO2 reflections [167].  

 

All phases formed as a function of temperatures were obtained from XRD results and are 
summarised in Table 5.4. An overall observation is that for the two extremes, when x = 0 and 
2, the phase that are formed are NaPO3 and NASICON respectively. For the compositions in 
between, the material undergo a complex crystallographic arrangements where Na5Zr(PO4)3 
and NaPO3 phases coexists along with the NASICON when 0.4 ≤ x ≤ 1.2. Additionally, a 
Na4(P2O7) phase is also observed <1000 °C. However it disappears after heat treatment at 
high temperature. These phases could be an interesting addition, as one can expect surplus 
sodium charge carriers and reduced processing temperature due to these high sodium 
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containing phases, respectively. In addition, peak shift of the NASICON phase is also be 
observed, especially when x = 0.8. This is an indication of varying lattice parameters due to 
phase formations upon heating.  

 

Table 5.4: Summary of phase evolution of Na1+xZrxSixPO(9x+6)/2 as a function of temperature. 
Main phases are in bold letters. 

Temp. 
(oC) x = 0 x = 0.4 x = 0.8 x = 1.2 x = 1.6 x = 2.0 

500 oC NaPO3 
Na5P3O10 Not crystallized 

ZrO2 
Na3Zr2Si2PO12 
Na5Zr(PO4)3 

ZrO2 
Not Crystallized 

600 oC NaPO3 
Na5P3O10 

NaZr2(PO4)3 
Na5Zr(PO4)3 

Na4P2O7 

ZrO2 
Na3Zr2Si2PO12 
Na5Zr(PO4)3 

ZrO2 
Na3Zr2Si2PO12 

ZrO2 
Not Crystallized 

700 oC 

Melts 

NaZr2(PO4)3 
Na2Zr(PO4)3 

Na5Zr(PO4)3 
Na3Zr2Si2PO12 

ZrO2 

Na3Zr2Si2PO12 
Na5Zr(PO4)3 

ZrO2 
Na3Zr2Si2PO12 

800 oC 
NaZr2(PO4)3 
Na2Zr(PO4)3 

Na5.27Zr0.5Si0.5P2.5O12 

Na5Zr(PO4)3 
Na3Zr2Si2PO12 

ZrO2 

Na3Zr2Si2PO12 
Na2Si2O5 

Na3Zr2Si2PO12 
Na3PO4 

Na5Zr(PO4)3 

Na3Zr2Si2PO12 
Na3PO4 

900 oC 

Melts 

Na2Zr2SiP2O12 
ZrO2 

Na2Zr(PO4)3 

Na3Zr2Si2PO12 
ZrO2 

Na3PO4 
Na2Zr(PO4)2 

Na3Zr2Si2PO12 
ZrO2 

Na3PO4 

Na3Zr2Si2PO12 
ZrO2 

1000 oC 

Na3Zr2Si2PO12 
Na5.27Zr0.5Si0.5P2.5O12 

NaZr2(PO4)3 
ZrO2 & Na3PO4 

Na3Zr2Si2PO12 
ZrO2 

Na3PO4 

Na3Zr2Si2PO12 
ZrO2 

1100 oC Na3Zr2Si2PO12 
Na5Zr(PO4)3 

Na3Zr2Si2PO12 
Na3PO4 

Na5Zr(PO4)3 

1200 oC Na3Zr2Si2PO12 
Na5Zr(PO4)3 

Na3Zr2Si2PO12 
Na3PO4 

Na5Zr(PO4)3 

1300 oC Melts 

 

5.2.4. Correlation of XRD and Microstructure 

 

In order to visualize the NASICON crystallites and a potential glass phase, the powders x = 
0.4 and 1.6 were hand-crushed after calcination at 500 °C, pressed with 200 MPa force and 
sintered at 700 °C. The sintered pellet the two were then divided into two parts: one for the 
XRD and one for the SEM investigation, the results are shown in Fig. 5.23 and Fig. 5.24, 
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respectively. The XRD patterns indicate a peak broadening in x = 1.6 compared to the x = 0.4 
composition.  

This is due to the fact that for x = 0.4 is closer to the NaPO3 glass in the phase diagram (Fig 
5.21) as compared to the x = 1.6. Therefore, compositions with the net amount of NASICON 
phase in x = 0.4 is less and grows much more rapidly as compared to the x = 1.6.  

 

 

Fig. 5.23: The XRD of x = 0.4 (black lines) and x = 1.6 (red lines) after heat treatment at 700 
°C. The reflections of powder (dotted lines) and pellets (solid lines) are identical. The black, 
red, green and blue vertical lines are the patterns of NASICON [166], Na4(P2O7) [241], 
NaPO3 [240] and, Na5Zr(PO4)3 [239] respectively. 

 

The correlation of peak broadening is validated from the SEM images of the sintered pellets. 
The evidence is the crystallite size observed for both compositions. This can be seen at higher 
magnifications where particles are grown more in x = 0.4 as compared to x = 1.6. 
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Fig. 5.24: The SEM images of x = 0.4 (left) and x = 1.6 (right). 

 

5.2.5. Thermal analysis 

 

DTA/TG measurements were performed and the results are shown in Fig. 5.25. Following 
events occurs during heating; 

1. The moisture and carbon dioxide is removed below 300 ⁰C. 

2. At 560 ⁰C an endothermic event is only seen when x = 0. It could be a phase 
transformation of NaNO3, as it is not associated with any weight loss. This could be 
related to a unique and not seen in other compositions.  

3. Further events occurs between 600 – 800 ⁰C. These events are idenfied in Fig. 5.25a 
with a steric and cross symbols. These peaks are also associated with weight loss as 
seen in Fig. 5.25b correspond to the decomposition of NaNO3 in two steps [242]. 

4. At 870 ⁰C and 930 ⁰C, two small humps are observed only in x = 0.4. These 
temperatures, when compared with the XRD results, correspond to partial melting of 
the sample. This is because the samples were deformed after 800 oC heat treatment, 
which is a strong indication of softening at this temperature. A very small 
endothermic hump is observed in all compositions at 750 °C as indicated by sterics in 
the Fig. 5.25.  

5. A continuous rise observed 900 ⁰C in all compositions except x = 0. This corresponds 
to the crystallization of NASICON structure.  

The reason why x = 0 does not show any crystallization is because it melts already at 620 ⁰C. 
However, a weight loss onsetting at 1220 ⁰C, indicated by an arrow in Fig. 5.25b, might be 
regarded as sodium loss from the liquid. Furthermore, any possibility of partial melting in 
other compositions can not be ruled out. As descriped in previous section, the amount of 
NASICON is increasing with increasing x thereby forming only a small amount of molten 
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phase. This might remain undetected through DTA/TG results either because the signal is too 
small or the signal gets hidden in the NaNO3 decomposition peaks.  

6. Finally, a melting of samples was observed by endothermic peaks indicated by 
diamonds in Fig. 5.25a. These are the temperatures where NASICON starts to melt. It 
was also observed by melting of pellets when sintering beyond 1200 oC for the XRD. 

All these events are also indicated by symbols in Fig. 5.25 and listed in Table 5.5. These are 
sterics and crosses, downward arrows and diamonds representing the two-step decomposition 
of NaNO3, the onset temperature of NASICON crystallization and the melting temperature of 
NASICON, respectively.  

 

 

Fig. 5.25: Thermal analysis showing a) DTA and b) TG curves of Na1+xZrxSixPO(9x+6)/2. 
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Table 5.5: The temperatures of various thermodynamic events obtained from DTA/TG 
curves.  

x 
Tm  

(NaNO3) 
Tdecomposition  
(NaNO3) Tpartial melting 

Tonset  
(crystallization) 

Tm  
(NASICON) 

⁰C 
0 620 760 - - - 

0.4 - 730 870 & 930 900 1060 
0.8 600 750 - 920 1190 
1.2 630 750 - 910 1270 
1.6 640 750 - 970 1290 
2.0 640 760 - 980 1300 

 

 

5.2.6. Dilatometry 

 

Dilatometry measurements were performed to identify the optimal sintering temperature of 
all the compositions. The results are shown in Fig. 5.26. All compositions were sintered at 
temperatures where shrinkage was 10 % (T10%) and 20 % (T20%) for one hour in air. These 
temperatures were obtained where the dilatometry curve intersects with the 10 % and 20 % 
shrinkage line respectively and are enlisted in Table 5.6.  

 

 

Fig. 5.26: Dilatometry of Na1+xZrxSixPO(9x+6)/2. Horizontal lines indicate T10% and T20%. 
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For the composition where x = 0, a sharp shrinkage indicates melting, which was also 
supported by the heat treatments and thermal analysis at ~ 600 oC. For the compositions 0.4 ≤ 
x ≤ 2.0 a multiple stage shrinkage behavior is observed, confirming the composite nature of 
these compositions. Various phases in these composites are shrinking at different 
temperatures. The first shrinkage step indicates melting of NaPO3, which was earlier seen 
from the XRD investigation. This phase forms a glass and is present in very small quantities 
that might be the reason why it remained undetected in the XRD investigation. The final 
shrinkage step occurs at temperatures > 1000 oC, which corresponds to the shrinkage of the 
NASICON phase. 

 

Table 5.6: List of T20% and T20% of Na1+xZrxSixPO(9x+6)/2. 

x T10 %  

(oC) 
T20 %  

(oC) 
0 576 581 

0.4 925 1045 
0.8 1010 1065 
1.2 1100 1155 
1.6 1135 1215 
2.0 1040 1200 

 

5.2.7. Microstructure 

 

The cross-section of pellets after sintering at T10% and T20% by dilatometry are shown in Fig. 
5.27 and Fig. 5.28, respectively. Sintering at higher temperature leads to higher density. 
Specimens sintered at 10 % shrinkage show minimal densification except when x = 0.8. 
However, all microstructures of Na1+xZrxSixPO(9x+6)/2  (0 ≤ x ≤ 2) sintered at 20 % shrinkage 
have similar porosity. Therefore impedance measurements on specimens with such 
comparable microstructures are reliable.  

The specimen with x = 0.8 shows substantial densification even at 10 % shrinkage and the 
microstructure shows the presence of two phases. An EDX analysis revealed that dark grey 
phase contained no Si, more P and less Zr than the light grey phase. Quantitative analysis on 
the samples was not possible due to the electron beam sensitivity of these materials.  
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Fig. 5.27: Microstructure of Na1+xZrxSixPO(9x+6)/2  after sintering at temperature indicating the 
10 % shrinkage. The EDX analysis revealed that dark grey phase contained no Si, more P and 

less Zr than the light grey phase. 

 

Fig. 5.28: Microstructure of Na1+xZrxSixPO(9x+6)/2  after sintering at temperature indicating the 
20 % shrinkage. The sample x = 0.4 was unstable with polishing medium. (Images at 

different resolutions in Annex I) 

 

5.2.8. Electrical Conductivity 

 

The electrical conductivity results after sintering at both T10%  and T20% are shown Fig. 5.29. 
The ionic conductivity of NaPO3 glass is very low i.e., 0.007 mS cm-1 even at 200 oC, as 
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already reported in [233-236].  Among compositions 0.4 ≤ x ≤ 2.0, the conductivity is highest 
when x = 1.6. This is true for both sintering temperatures. In case of x = 0.4 and 0.8 sintered 
at 10 % shrinkage, a strong deviation from straigh line is observed. The deviation typically 
occurs at temperatures lower than 60 oC, where the adsorbed water within the pores of the 
material make them succeptible for proton conductivity [238, 243]. Because the composition 
with x = 0.4 is highly porous after sintering at 10 % shrinkage (see microstructure in Fig. 
5.27), the water molecules get adsorbed at pore surfaces. Consequently, the proton 
conducting phenomenon is only observed at low temperatures where water is not evaporated. 
At temperutre > 60 oC, the adsorbed water gets desorbed and evaporated thus fades the 
influence of proton conduction. Hence, the true Arrhenius behavior of x = 0.4 is depicted by 
the grey line only in the temperature range of 60 – 100 oC.  

 

 

Fig. 5.29: Arrhenius plot of Na1+xZrxSixPO(9x+6)/2 from -30 oC to 100 oC after sintering at T10% 
and T20% in air. 

 

The phenomen of proton conductivity is further confirmed by the Ea comparison shown in 
Fig. 5.30a, where the correct Ea of x = 0.4 is only indicated by the slope of solid grey line in 
the temperature range of 60 – 100 oC. Because the adsorbed water gets desorbed at 
temperatures ≥ 60 oC, therefore it also annihilates the proton conduction phenomenon. This 
phenomenon is reported to occur at temperatures as low as 25 oC [244, 245]. It is confirmed 
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by a similar values of the activation energies of porous (0.63 eV) and dense samples (0.66 
eV) of x = 0.4, sintered at T10% and T20% respectively (Fig. 5.30). 

For other compositions when 0.8 ≤ x ≤ 2.0, the Ea data indicate a decreasing trend when x 
was raised. The Ea values of these compositions are within the range 0.29 – 0.40 eV, which is 
similar to the literature values of NASICON structure [184, 185]. This reconfirms that the 
Na+ ion conduction is mainly occuring throught the NASICON structure.     

 

 

Fig. 5.30: Ea, Total of Na1+xZrxSixPO(9x+6)/2 obtained from the slope of Arrhenius plot shown in 
Fig. 5.29. The grey value in a) represents the Ea only in the temperature range of 60 – 100 ⁰C. 

 

Conductivity at 25 oC increases with increasing x in Na1+xZrxSixPO(6x+6)/2. The results are not 
surprising since charge carrier concentration (Na content) is increased with x, as long as 
NASICON is considered, which facilitates sodium conduction in the structure. The highest 
conductivity was observed when x = 1.6 that was sintered at T20%. It exists as Na3Zr2Si2PO12 

with ZrO2 as secondary phase after 900 oC, nevertheless the conductivities of compositions 
with 1.2 ≤ x ≤ 2.0 are in a similar range.  

It is important to mention here that the relative density calculations after different heat 
treatments was not posible because the theoretical density of these stoichiometries was 
unknown. However, it is possible to get a visual overview of the densities of these ceramics 
from their microstructure. Furthermore, XRD results confirmed that more than one phases are 
present after the heat treatments, which categorizes these materials as composites and 
obtaining the theoretical density was rather unnecessary. Therefore, focus was first devoted to 
achieve a high conductive composition processed at low temperatures and then to perform 
deeper investigation of theoretical density on selected compositions.  
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Figure 5.31: σTotal as a function of x in Na1+xZrxSixPO(9x+6)/2 at 25 oC. Their respective 
sintering temperatures in oC are also given.  

 

With the objective of producing the Na+ ion conducting materials with low processing 
temperatures, this study has indeed opened new doors. Since the processing temperature was 
being reduced by changing the glassy phase content in the material therefore it was expected 
that the reduction in the sintering temperature would come with a compromise in the 
conductivity. The highest conducting NASICON has a conductivity of 4 ⋅ 10-3 S cm-1 and a 
processing temperature of 1280 oC for 5 h [93] and the original NASICON with composition 
NZSiP gives a high conductivity of 8 ⋅ 10-4 S cm-1 when sintered at 1250 oC for 10 h (section 
4.2). Other studies reported the conductivity of original NZSiP as low as 9.2 ⋅ 10-5 S cm-1. 
Here a material was produced with conductivity in the range of 10-4 S cm-1 and a reduction of 
the sintering temperature by 200 oC.  

To fabricate an all-solid-state battery, it is a common understanding that the processing 
temperature of the electrolyte must be reduced below 1000 oC so that electrolyte and cathode 
can be sintered together [246, 247]. In this case, sintering at 925 oC (x = 0.4) would give 
conductivity of 2.9 ⋅ 10-8 S cm-1, which might be too low for battery operation. However, in 
case of x = 0.8, a reasonable conductivity of 1.6 ⋅ 10-5 S cm-1 can be obtained after sintering at 
1010 oC. Nevertheless, to achieve materials with conductivity in the 10-4 S cm-1 range, the 
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minimum temperature that can be reached among these compositions is 1100 oC. For a 
successful application in an all-solid state battery, more work is nevertheless required to 
enhance the conductivity further and minimize the sintering temperature below 1000 oC. 

This study not only reduced significantly the processing temperature as compared to the 
original NASICON composition, but also opens a new prospect of exploring the quaternary 
phase diagram of Na2O – SiO2 – ZrO2 – P2O5. For example, in this study we have chosen the 
Na2O ⋅ P2O5 (NaPO3) as the end member. A similar study could also be performed towards 
the Na2O ⋅ SiO2 (Na2Si2O5) direction. 

  

Table 5.7: Table summarizing the conductivities at 25 oC of Na1+xZrxSixPO(9x+6)/2 at reduced 
processing temperatures 

x 10 % shrinkage 20 % shrinkage 
Temperature / oC σTotal / S cm-1 Temperature / oC σTotal / S cm-1 

0.0 576 - 581 - 
0.4 925 2.9 ⋅ 10-8 1045 1.8 ⋅ 10-8 
0.8 1010 1.6 ⋅ 10-5 1065 2.2 ⋅ 10-5 
1.2 1100 1.0 ⋅ 10-4 1055 1.9 ⋅ 10-4 
1.6 1135 1.3 ⋅ 10-4 1215 4.0 ⋅ 10-4 
2.0 1040 1.3 ⋅ 10-4 1200 2.6 ⋅ 10-4 
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Chapter 6: Summary and conclusions 

In this PhD work, the focus was to obtain an optimized sodium ion conducting material for 
application in an all-solid-state sodium ion battery. Among various available options, 
NASICON-type material was selected. A detailed study of optimizing the synthesis, 
processing, design and composition of these materials was performed. A summary of the 
results of these studies are concluded below. 

SA-SSR method has been developed for the synthesis of NASICON-type materials. The 
method is convenient, low-cost, and has potential for large scale production. The impedance 
spectroscopy at 25 °C has shown that the total conductivity of an SA-SSR sample is 1 × 10-3 
S cm-1, which is one of the highest values of reported results with same composition applying 
conventional processing methods. For comparison, the total conductivity of a Pechini sample 
in this study is 8 × 10-4 S cm-1 at 25 °C. The reason of higher total conductivity of the SA-
SSR samples compared to other preparation methods is explained by the powder 
characteristics, ceramic microstructure and stoichiometry. The SA-SSR method produces 
homogeneous water-based cationic mixture. As a result of this mixing at the atomic level and 
due to the differences (accidental) in the stoichiometry, a low amount of ZrO2 as secondary 
phase is obtained for the SA-SSR powders. It also improves sinterability that results in larger 
grain size of SA-SSR ceramic, and consequently reduces the grain boundary resistance. 
Therefore, the higher conductivity of ceramics prepared by SA-SSR powder is due to a 
synergetic effect of aforementioned factors that mainly affects the grain boundary resistance 
of the ceramics. Since only little work has been devoted to material properties of 
nonstoichiometric NASICON materials [170], investigations were carried out in order to 
explore in more detail the impact of silicon deficiency on the ionic conduction of NASICON 
materials.  

The conductivity of NASICON materials is dependent on processing conditions and 
synthesis. The heat treatment or sintering conditions control the microstructure. Grain and 
grain boundary resistance can be controlled by tuning the microstructure. Sintering at higher 
temperature leads to a better densification, whilst prolonging the sintering time leads to grain 
growth. Higher densification and larger grains result in smaller grain boundary resistance 
and, as a consequence, high conductance. The recommended sintering conditions are 1250 °C 
for 10 h in air, starting with a green density of ~ 60 %.  The activation energy data show that 
sodium ion conduction through the bulk is easier than through the grain boundaries. The 
activation energy of grain boundary conductivity is higher at a sintering temperature of 1250 
°C than at 1200 °C. However, the influence of grain boundary conductivity is so low with 
respect to the total conductivity that it is unnoticeable in the Arrhenius plots. Grain boundary 
complexion is affected by both sintering time and temperature. A systematic study of more 
sintering time and temperature would allow develop a time-temperature-transition diagram, 
which would allow obtaining a predictable microstructure by implementing the knowledge of 
grain boundary complexions.  
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The processing conditions of NASICON are nevertheless very harsh especially if they are 
sintered in the form of thin sheets e.g. as cast tapes. These materials undergo severe Na loss 
due to the evaporation of sodium oxide and results in a complete decomposition of the 
NASICON at the surface. Therefore NASICON material prepared with excess of Na with 
compositions Na3+xZr2Si2PO12 with 0 ≤ x ≤ 0.4 and exposed them to the sintering conditions 
of NASICON to study the Na loss. The Na loss occurs after the material is exposed to 1250 
oC for more than 3 h, and in order to achieve the accurate stoichiometric NASICON 
composition one must start with Na excess of 0.2 moles i.e., Na3.2Zr2Si2PO12. This 
composition not only becomes stoichiometric in terms of Na content after sintering but also 
gives the highest bulk conductivity of 1.6 ⋅ 10-3 S cm-1. With this study, we also confirmed a 
reduction in Ea with the increase of Na charge carriers in the range of 3.0 – 3.4 moles per 
formula unit [93, 188, 189].  
  
A novel NASICON solid solution Na1+2x+yAlxYxZr2-2x(SiO4)y(PO4)3-y NAYZPx (y = 0) and 
NAYZSiPx (y = 2) was reported, which was designed based on the guidelines highlighted by 
Guin and Tietz [91] for producing a high conductive NASICONs. These guidelines were 
verified earlier by a high conductivity of 0.8 mS cm-1 in the series NSSiPx [188] and 4 mS 
cm-1 in the series NSZSiPx [93]. In our case, despite fulfilling all the three guidelines in 
NAYZSiPx system, i.e. mean arithmetic cationic radii ~ 0.72 Å, increasing Na content with x 
and monoclinic distortion in the structure, the electrical performance of NASICON materials 
is diminishing by increasing the Al/Y substitution. In contrast to other two series reported 
previously, the ionic conductivity of NAYZSiPx decreases with increasing (Al/Y) content. In 
addition, the width of the solid solution is also limited to x = 0.3, i.e. when the Na content per 
formula unit is 3.6. The study reveals that even if steric interactions are kept almost constant 
using the same mean effective radii (~ 0.72 Å), the increasing dissimilarity of the cations 
involved in all three series, from Sc-Sc in NSSiPx, and Sc-Zr in NSZSiPx to (Al/Y)-Zr in 
NAYZSiPx, evidence a significant impact on ionic conductivity. Therefore, the atomic 
orbitals of transition metal cations in the polyanionic sub-lattice also appear to have a strong 
influence on the transport properties of the Na+ ions. NAYZPx crystallizes in the 
rhombohedral NASICON structure and reaches its solubility limit when x = 0.3. For x > 0.3, 
AlPO4 and YPO4 dominate amongst the XRD reflections. This is due to de-mixing of the 
substituents from the NASICON structure and subsequently unfavorable site occupancy, 
especially for Al3+ ions due to their small ionic radius chosen for the octahedral lattice site. 
NAYZSiPx crystallizes in the monoclinic modification when 0 ≤ x ≤ 0.1, and in the 
rhombohedral form for x > 0.1. It exhibited a similar microstructure but an increasing ZrO2 
content with increasing x. The crystallographic unit cell of NAYZPx expands uniformly in a 
and c directions with increasing x, whereas NAYZSiPx expands in the a direction and shrinks 
in the c direction. The coefficient of thermal expansion of NAYZSiPx obtained from HT-
XRD increased when x was raised from 4.1 · 10-6 K-1 to 8.1 · 10-6 K-1.  

Finally, in order to realize an all-solid-state battery, an attempt was made to design and 
produce an electrolyte material with a low processing temperature of, preferably, < 1000 oC. 
To achieve that, the quaternary phase diagram of Na2O – SiO2 – ZrO2 – P2O5 was explored 
and a series of compositions was designed with one end at the Na2O ⋅ P2O5 edge and the other 
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one at original NASICON located at the center. The compositions can be generalized with the 
formula Na1+xZrxSixPO(9x+6)/2, where x varied between 0 ≤ x ≤ 2.0. The best composition in 
terms of reduced sintering temperature with a reasonable ionic conductivity was when x = 
1.2, it has a conductivity of 1 ⋅ 10-4 S cm-1 after sintering at 1100 oC. Even though this 
investigation could not reach its objective of preparing a highly conductive electrolyte with 
processing temperature < 1000 oC, it has however opened new prospects of further exploring 
the quaternary phase diagram of Na2O – SiO2 – ZrO2 – P2O5. For example, one could also 
perform a similar study towards the Na2O ⋅ SiO2 (Na2Si2O5) edge. 
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Annexes 1 

The microstructure of Na1+xZrxSixPO(1+x+4x+4x+5)/2, when x = 0.4, 0.8, 1.2, 1.6 and 2.0 sintered 
at T20 % at three different magnifications. In case of x = 0.4, the sample was unstable against 
polishing media therefore, higher resolution image is not shown. Each horizontal line 
represents images for one composition. 
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