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INTRODUCTION 

Solid state electrolytes have captured the attention of scientists and 

engineers due to their potential application in various electrochemical 

devices, such as batteries, fuel cells, gas sensors, capacitors, etc. They are 

also called superionic conductors or fast ion conductors due to their 

favourable crystal structure for ion transport and consequently high ionic 

conductivity, similar to that of conventional liquid electrolytes which have 

many drawbacks in practical usage and handling. Solid electrolytes can be 

classified according to their ionic species, such as, Ag
+
, Li

+
, Na

+
, H

+
, O

2–
, F

–
, 

Cl
–
 and others. Thus far Li

+
 solid electrolytes were the most actual ones, 

because in the several latter decades lithium batteries have been introduced 

in almost all spheres of science and industry and many attempts of scientific 

and engineering groups are targeted on developing of reliable Li
+
 ion 

batteries of high electrical capacity. But, nevertheless, the materials which 

have been used until now are either not efficient enough or they are too 

expensive or even toxic and, at present, scientists are under the necessity of 

searching new types of solid electrolytes and, in particular, with cheaper 

ionic species, such as, sodium. Two groups of solid electrolytes – 

perovskites and NASICONs (Na super-ionic conductors) – have been well 

investigated and characterized so far as appropriate ones for solid state 

batteries. Other groups are less analyzed and investigated and still require 

much attention on the electrochemical and charge transfer properties within 

them and that is in particular actual when speaking about Na-ion electrolytes 

which are very attractive because of their much lower price and high 

abundance compared to those ones of Li-ion type.  

During the period of PhD studies much attention was paid on both Li and 

Na based solid electrolytes and also on mixed Li
+
/Na

+
 ion superionics. 

Mixed electrolytes are very favourable when analyzing the peculiarities of 

the charge migration within the structure of an electrolyte.  

In this PhD thesis two groups of solid electrolytes have been investigated: 

pyrophosphates and perovskites. The pyrophosphates which have similar 

structure to NASICONs have been much less investigated until now, – in 

particular those which are sodium based ones. In this work much attention 

was paid to the impact of substituting Li by Na and consequently to the 

influence on the electrical properties due to these cationic exchanges. 

Another group perovskites which are distinguished by vacancy rich crystal 

structure have also been investigated in this thesis in terms of Li substituting 
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by Na. Since lithium ions are mobile ones in this structure, the impact of Li 

exchange by Na on both the ionic conductivity and charge carrier mobility 

have been investigated.  

The latter tasks and problems were solved by using the advanced material 

characterization method – impedance spectroscopy (IS). By using this 

advanced technique the dynamics of mobile ions and the origins of several 

different processes within materials can be revealed and described by 

measuring the impedance of a solid electrolyte in a broad frequency range at 

different temperatures. 

Aim. The aim of the dissertation was to investigate Li
+
 and Na

+
 solid 

electrolytes and to characterize them in terms of the crystal structure, 

elemental composition and ion transport properties within them. 

Main tasks of this thesis: 

1) To synthesize Na2-xLixMnP2O7 (x = 0, 0.25, 0.5, 1.5, 2), Na2ZnP2O7, 

NaCsMnP2O7, NaCsZnP2O7, Na2Zn0.5Mn0.5P2O7, 

NaCsZn0.5Mn0.5P2O7, and Li0.5-yNayLa0.5Nb2O6, powder with different 

x and y parameters and to prepare ceramics. 

2) To investigate the crystal structure of the prepared ceramics by X-ray 

diffraction method. 

3) To analyze the surfaces of the prepared ceramics by X-ray 

photoelectron spectroscopy. 

4) To investigate the electrical properties of the prepared ceramics by 

impedance spectroscopy in the frequency range from 10 Hz to 3 GHz 

and the temperature range from 300 K to 800 K. 

Scientific novelty: 

1) For the first time the electrical properties of Na2MnP2O7 were 

registered and both the phase transition and proton conductivity were 

confirmed by the method of impedance spectroscopy. 

2) New compounds Na2-xLixMnP2O7 (x = 0.0, 0.5, 1.0, 1.5, 2.0), 

Na2ZnP2O7, NaCsMnP2O7, NaCsZnP2O7, Na2Zn0.5Mn0.5P2O7, and 

NaCsZn0.5Mn0.5P2O7 have been synthesized and investigated by XRD 

and IS. 

3) For the first time Li0.5-yNayLa0.5Nb2O6 (y = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) 

ceramics have been investigated in the broad frequency range from 

10 Hz to 3 GHz at high temperatures. 

4) For the first time the anomalies of the lattice parameters with 

temperature in NaCsMnP2O7 (400-500 K) and Cs2MnP4O12 (500-600 

K) and their influence on the electrical parameters were found. 
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5) For the first time the electrical properties of NaLiMnP2O7 were 

registered and the phase transition in Na2Mn3(P2O7)2 phase was 

confirmed by the methods of impedance spectroscopy and differential 

thermal analysis. 

Statements presented for the defence: 

1. A reversible phase transition takes place in Na2MnP2O7 ceramics in 

630-660 K temperature interval. Na2MnP2O7 phase transition can be 

detected by impedance spectroscopy in the mixed phase compounds 

and reveals as the change of conductivity activation energy. 

2. At 800 K temperature the Li
+
 ions mobility in the system 

Li0.5−yNayLa0.5Nb2O6 does not depend on stoichiometric factor y.  

Author’s contribution 

1. The author of this dissertation has sintered ceramics; prepared the 

samples for X-ray diffraction, X-ray photoelectron spectroscopy 

measurements. He also assisted in some XRD and DTA 

measurements.  

2. The preparation of samples for impedance spectroscopy 

measurements. All measurements of impedance spectroscopy with 

three different spectrometers and result analysis.  

3. A part of the results were obtained in collaboration with scientists 

from other institutions. The synthesis of all pyrophosphates and some 

other materials was conducted in Institute of Inorganic Chemistry, 

Riga Technical University (Latvia). The synthesis of niobates was 

performed in Vernadskii Institute of General and Inorganic 

Chemistry (Kyiv, Ukraine). Some XRD, XPS, XRF and 

DTA/TGA/DSC measurements were performed in Riga Technical 

University, in Department of Oxides and Frorides, Institute of 

Molecules and Materials in Le Mans (France), in Center for 

Hydrogen Energy Technologies, Lithuanian Energy Institute 

(Kaunas, Lithuania), and in Faculty of Physics, Warsaw University of 

Technology (Warsaw, Poland). 

Practical importance of the dissertation: 

During the period of PhD studies new Li and Na ion solid electrolytes 

were synthesized and investigated. Pyrophosphates and niobates can be used 

as cathode materials or electrolytes in solid state batteries for various 

electrochemical devices, such as vehicles, phones, etc. 

List of publications on the theme of the thesis (indexed by ISI Web of 

Science): 
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1. OVERVIEW 

1.1 Appliance of solid electrolytes for lithium and sodium ion 

batteries 

Conventional Li-ion batteries usually consist of a liquid electrolyte [1], 

which capacitates to transfer Li ions from cathode to anode and vice versa. 

Liquid electrolyte has a very good property that it is highly conductive at 

low or ambient temperatures, but in spite of that several disadvantages are 

present: battery degradation due to continuous charging and discharging 

cycles, flammability, dissolution and leakage of the electrolyte, also the 

formation of dendrites of Li, which increases the risk of explosion, is the 

severe problem inherent in the liquid electrolyte battery [2-4]. In order to 

overcome these problems a solid electrolyte can be used instead of liquid 

one. Solid electrolyte is the basic attribute of a solid state battery despite of 

cathodic and anodic materials used in the battery. The great advantage of the 

solid state battery is the tenuous self-discharge rate (up to several percents 

per year), more uniform output voltage and increased charge/discharge 

cycles (>1000 cycles to 80% of rated capacity at 50% discharge), resistance 

to shock and vibrations [5, 6]. The use of ASSBs in commercial applications 

is limited by high costs due to long time and high temperatures required for 

synthesis, and also expensive materials (Ge, Ti, La, Y, Sc, In) needed [7]. 

Solid State battery is analogical to a liquid electrolyte battery except of 

the phase state of the electrolyte. The battery consists of anode, cathode and 

the solid electrolyte (see Fig. 1.1). The anode is attached to copper foil due 

to better electrical conductivity of the battery. The cathode in turn is attached 

to aluminum foil [8]. When the battery is charging, there is movement of the 

ions from cathode (e.g. LiCoO2) crystal toward the electrolyte interface and 

the ions occupy their places in the anode (e.g. LixC6). When the battery is 

discharging, the reverse process takes place and Li
+
 ions travel via the solid 

electrolyte towards the LiCoO2 cathode [2, 8]. 

Sodium solid state batteries are slightly less effective than lithium ones 

[9, 10], but nevertheless are much cheaper because of wide spread whereas 

lithium metal is not only much more expensive, but also its reserves are in 

politically sensitive areas [11-13]. 
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Fig. 1.1. A schematic representation of lithium based all solid state battery (ASSB), 

showing some of possible cathode, anode and electrolyte materials. 

1.1.1 Appliance for cathode 

The cathode of the solid state battery must be structurally stable during 

lithiation and delithiation processes, must have superior energy density and 

good cyclical capacity. Lithium metal oxides are widely used cathode 

materials for lithium based solid state batteries. The most popular cathode 

material is lithium cobalt oxide (LCO) [14-19] and it’s stoichiometric 

structure is LiCoO2. LCO exhibits relatively high specific energy of about 

150 mAh g
-1

 [2, 20] and octahedral arrangement with a lithium atoms’ layer 

between oxygen and cobalt [2, 21]. Also it is worth to note that actually 

LiCoO2 conductivity is superior to those of its rivals LiMnO4 and LiFePO4 

[22], but on the other hand LiCoO2 shows larger difference between charge 

and discharge rates [23, 24] compared to LiMnO4 and LiFePO4 [25-27]. 

Lithium manganese oxide is another material suitable for the cathodes of 

solid state batteries. LiMn2O4 compound has very low resistance to the 

passage of lithium ions during charging and discharging processes because 

of its spinel based structure [28-30]. LiMn2O4 has some unwanted properties 

too: lower capacity than LCO and notable phase change during processes of 

ions transport [2]. 

Another cathode material is lithium based phosphate LiFePO4. It is 

known to be less hazardous and less expensive to produce compared to other 
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lithium based oxide materials. The theoretical capacity of LiFePO4 is 

reported to be 170 mAh/g [31]. Furthermore, LiFePO4 has an olivine based 

structure which increases the transfer of ions and consequently decreases the 

resistance to the path of ion transfer [20, 28, 32, 33]. But in spite of that 

phosphorus in LiFePO4 has a high self-discharge rate, which causes the 

undesirable degradation of this material [2]. Another drawback is relatively 

low electrical conductivity (about 10
-9

 – 10
-10

 S/cm) [31]. 

Metal chalcogenides TiS2 and V2O5 are also known as good cathode 

materials [34, 35]. V2O5 has comparably high theoretical capacity of 294 

mAh/g [35]. 

Actually, the overall performance is solid state batteries is mostly limited 

by the cathode materials because of their specific capacity which is known to 

be lower [2, 36], but anyway thin film Li-ion batteries can overcome these 

problems allowing to achieve more than 200 Wh/kg energy density [37]. 

1.1.2 Appliance for anode 

Anode is the part of a solid state battery which stores Li/Li
+
 atoms within 

it. Great capacity and sufficient difference in the electrochemical potential 

vs. cathode are required for good anodic material [38, 39]. One option is 

pure lithium metal. It has very good discharge capacity up to 700 mAg g
-1

 

[40] and very adequate capacity retention. However pure lithium anodes 

have some disadvantages. Firstly, pure lithium metal is not suitable for using 

at elevated temperature conditions [41]. The other problem is a discernible 

increase in self-heating of Li anodes when the number of cells of operation 

rises. It is related to the changes of the surface area when the lithiation 

process takes place [2, 42]. Also in the case of pure metallic lithium anode 

the formation of Li dendrites takes place. This phenomenon causes non-

uniform current density across the cell, which leads to hazardous 

temperature gradient throughout the cell [2, 43, 44]. 

Another suitable material for solid state anode is lithium titanium oxide 

(LTO) of a stoichiometric form Li4Ti5O12. LTO has octahedral structure 

which is very helpful for integrating lithium ions within it when operating 

the battery [43, 45, 46]. Also, LTO is almost free of structural changes 

during lithiation and delithiation processes and is pretty stable [2, 47]. The 

drawback of Li4Ti5O12 anode is that it has the specific energy of 175 mAh g
-1

 

[48, 49], which is not sufficient in some cases [2]. Wilkening et al. reported 

[50] that the electrical conductivity value of Li4Ti5O12 was 1.3·10
-5

 S/m at 

433 K temperature with the activation energy of 0.94 eV. Similar mediocre 
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conductivity values of Li4Ti5O12 were recently confirmed by Schichtel et al 

[51]. 

The most common material for anode of solid state batteries is carbon 

and carbon based materials [52-57]. Graphite is widely used anode material 

in solid state batteries [58-63] and especially in commercial applications [6, 

64]. It is attractive material because of its price, processing technologies and 

the ability to suffer large number of charging and discharging cycles. Since 

the interlayer forces (van der Walls ones) are negligible and the gap between 

layers is broad (3.35 Å) [65] the layered structure of graphite is 

advantageous for the lithium incorporation in it [66-69] with the highly 

anisotropic conduction properties [70]. Graphitic carbon is commonly used 

as the anode in commercial lithium and sodium batteries because of its 

higher specific charge, more negative redox potential than most metal oxides 

or polymers, better cycling performance than pure lithium alloy and less 

volumetric expansion in the lithiation process [2, 71]. 

Pure silicon and carbon/silicon anodes [72-76] have also been 

investigated. Carbon added into silicon can reduce the undesirable volume 

expansion attributed to silicon anode during lithiation [77]. Wang et al. 

demonstrated that after 20 charge/discharge cycles the C0.8Si0.2 reversible 

capacity was 794 mAh g
-1

 [78]. Chan et al. showed another way to reduce 

the volume expansion of silicon when used as anode material. They used 

silicon nanowires as lithium battery anodes and reported about less stress of 

anode during battery operation. This particularity is related to the amorphous 

state of silicon nanowires [79]. 

Recently germanium was proposed as promising anode material with a 

very high theoretical capacity of 1625 mAh/g for Li22Ge5 [80]. Laforge et al. 

[81] achieved the maximum stable Ge anode capacity of 1460 mAh/g. 

Chockla et al. [82] prepared Ge nanowires by solution-grown method and 

demonstrated the stable battery cycling of 1248 mAh/g  after 100 cycles and 

above 600 after 1200 cycles. 

1.2.3 Appliance for electrolyte 

Solid electrolytes have these requirements: high ionic conductivity 

(preferably at room temperature (RT)) and negligible electronic 

conductivity; good thermal stability matching thermal expansion coefficients 

with both electrodes; decent chemical stability (especially with elemental Li 

or Li-alloy negative anodes) and high electrochemical decomposition 

voltage (desirable >5 V); environmental benignity and low cost. The 
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adequate number of mobile ions is required for fluent conductivity. Also the 

sufficient quantity of vacancies in the lattice is required for smooth 

transferring of the ions, and the activation energy of charge carriers must be 

low [2, 83]. Solid state electrolytes can be classified into two types: bulk 

electrolytes and thin electrolytes. The thickness of bulk electrolytes varies in 

the range of several hundred micrometers while the thickness of the thin 

electrolytes is only up to several microns. Thin film electrolytes require 

more advanced methods to fabricate them, for example pulsed laser 

deposition, chemical vapour deposition, radio frequency (RF) sputtering etc., 

while bulk solid state electrolytes are usually produced by mechanical 

milling, pressing and sintering [2, 84].  

Most widely used solid state electrolytes are solid polymeric electrolytes 

(SPE) [85]. SPEs are advantageous because of their high conductivity 

similar to the one of liquid electrolytes. SPEs are commonly used with added 

inorganic salt. Those complex materials are more stable than pure polymer. 

That stability is due to low lattice energy. Frequently used complexes are 

PEO-LiCF3SO3 and PEO-LiBF4 [2, 85]. 

NASICON (Na Super Ionic conductors) type electrolytes of general form 

LiM2(PO4)3 are also investigated as possible electrolyte material [86, 87]. 

The primary factors that restrict the use of NASICON structure electrolytes 

are grain boundary effects, which behave as the scattering sites for ion 

transportation reducing the total ionic conductivity to 10
−5

 S/cm [86, 88]. 

Also the crystals with the garnet structure having general formula 

X3Z2(TO4)3 (X = Ca, Fe, etc., Z = Al, Cr, etc., T = Si, As, V, Fe, Al) are 

investigated and used materials as solid state electrolytes [89, 90]. The 

highest ionic conductivity and low activation energy in garnet-related 

structures has been reported to be approximately 4 × 10
−4

 S/cm at room 

temperature for the cubic Li7La3Zr2O12 (LLZO) [89]. 

There are several less popular material types investigated as bulk 

electrolyte materials. It is polymer gel electrolyte, vanadium-based 

electrolytes and polymer solid state electrolytes based on Polyethylene 

glycol (PEG) coupled with organic hybrids and plasticizers [2]. We will not 

discuss them in detail. 

The thin film solid state electrolytes require very precise techniques. 

LiPON (lithium-phosphorus-oxy-nitride) is the most commonly used thin 

film solid state electrolyte [91, 92]. The lithium phosphorus oxy-nitride 

electrolyte is deposited by RF magnetron sputtering from a ceramic target of 

Li3PO4 using a nitrogen process gas to form the plasma. The films are 
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amorphous and free of any columnar microstructure or boundaries. LiPON is 

also very stable at elevated temperatures and in contact with metallic 

lithium. Electronic resistivity of LiPON is greater than 10
14

 Ω·cm. The self-

discharge rates of most thin film batteries including LiPON electrolyte are 

negligible [92].  

1.2 Crystal structures of solid electrolytes and their ionic 

conductivities 

1.2.1 NASICON structure electrolytes 

NASICON is an acronym of sodium (Na) Super Ionic Conductor which 

usually denotes a family of solid electrolytes with the same crystallographic 

structure. For Na
+
 ion migration the compound was optimized to have 

chemical formula Na1+xZr2SixP3−xO12 (0 < x < 3). In a broader sense that 

acronym is also used for analogous compounds where Na, Zr and (or) Si are 

replaced by big number of isovalent elements [93, 94]. NASICON 

electrolytes have high ionic conductivities in the order of 10
−3

 S/cm which is 

comparable to those of liquid electrolytes. The conduction pathway is caused 

by hopping of mobile Na ions amongst interstitial sites of the NASICON 

crystal lattice [95]. 

The crystal structure of NASICON was characterized by Hagmann and 

Kierkegaard in 1968 describing the structure of three isovalent compounds: 

NaZr2(PO4)3, NaTi2(PO4)3 and NaGe2(PO4)3 [96]. The most common 

NASICON composition Na3Zr2Si2PO12 crystal is built up of corner-sharing 

PO4-SiO4 tetrahedra and ZrO6 octahedra which are linked by corners and 

form 3D interconnected channels of the covalent network and two types of 

interstitial positions (M′ and M″) where mobile cations are distributed. The 

Zr, Ti or Ge ions are octahedrally surrounded by oxygen ones [86, 96, 97]. 

The space group of Na3Zr2Si2PO12 is denoted to be            and it is very 

common one for NASICONs. Keeping in mind the general NASICON 

structure Na1+xZr2SixP3−xO12 it is known that sodium ions are located at two 

types of interstitial positions. The mobile cations move from one site to 

another through bottlenecks, whose size, and thus the NASICON electrical 

conductivity, depends on the nature of the skeleton ions and on the carrier 

concentration, on the site occupancy [86, 98] and also on the gas nature and 

concentration in the surrounding atmosphere. There does not seem to be 

conspicuous difference between the conductivities in air and inert gas. The 
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surrounding oxygen partial pressure independence of ionic conductivity of 

an oxide is an evidence of a pure ionic conductivity and consequently 

indicates that the electronic conductivity is low [99].  

Furthermore, the conductivities of compositions containing less 

sodium (e.g. Na2.8Zr2 − xSi1.8 − 4xP1.2 + 4xO12) are lower than those of 

Na3Zr2Si2PO12. The lattice parameter is increased when the sodium part 

increases in the compound and thus the barrier to Na
+
 ions transference is 

decreased causing higher conductivity [100]. Also it was shown by several 

groups that reducing the zirconium content in a composite causes lower 

conductivity [101, 102]. These results are manifest illustration that the 

control of the stoichiometry is substantial in order to obtain the optimal 

conductivity. 

The conductivity of Na1+xZr2SixP3−xO12 decreases for x<2 or when all Si 

atoms are substituted by P in the crystal lattice (and vice versa). The 

conductivity can be increased by adding rear earth elements to NASICON, 

such as yttrium [99]. Yttrium, either added directly as a dopant or indirectly 

using additions of tetragonal polycrystalline zirconia (TZP) containing 3% 

Y2O3, is well known in increasing the conductivity of NASICON [99]. 

NASICON materials can be prepared as single crystals, polycrystalline 

ceramic, thin films or as a bulk glass which is known as NASIGLAS. Most 

of them react with molten sodium at 300 °C and therefore are unsuitable for 

batteries containing sodium in an electrode [95], but are suitable in a sodium 

sulphur battery where the sodium stays solid [103, 104]. So the main 

application envisaged for NASICON materials is as the solid electrolyte in 

all solid state sodium ion battery. 

The materials of the same structure but containing lithium instead of 

sodium are also named as NASICON. For example, one well known typical 

example is LiZr(PO4)3 [105-107]. American group of Subramanian at al. 

[108] prepared a remarkable investigation about LiB(IV)2(PO4)3 (B = Ti, Zr 

or Hf). The good suitability of Ti in pair with Sc for that system in terms of 

conductivity was reported with the highest conducive value of 8.8·10
-4

 S/cm 

for Li1.8(Sc0.8Ti1.2)(PO4)3 at room temperature. Russian group of Bykov et al. 

[109] prepared a comprehensive study about Li3M2(PO4)3 (M = Fe, Sc, Cr). 

Aono et al. [110] prepared LiGe2(PO4)3, LiTi2(PO4)3 and LiHf2(PO4)3, 

Orliukas et al. [111] prepared Li3Ti1.5(PO4)3. It was found that LiTi2(PO4)3 

has high ionic conductivity, but still not sufficient. The enhanced ionic 

conductivity was achieved after partially replacing M
4+

 ions by trivalent Al
3+

 

and Fe
3+

. That substitution of Ti
4+

 in LiTi2(PO4)3 by M
3+

 and M
2+

 was 

https://en.wikipedia.org/wiki/Sodium-ion_battery
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analyzed in detail by Aono group [112-114], Orliukas group [115-121] and 

other ones [122-125]. The conductivities were found to be adequate 

especially with the substitution by In with the conductivity value of 1.9·10
-4

 

S/cm at room temperature [122]. The effects of increasing Li-ion 

conductivity, lowering porosity and formation of the second glassy phases at 

grain boundaries were investigated in point of fractional changes. The 

highest ionic conductivity value of 7·10
-4

 S/cm was achieved for 

Li1.3M0.3Ti1.7(PO4)3 (M = Al, Sc) at 25 °C, but Li1+xAlxGe2-x(PO4)3 and 

Li1+xFexHf2-x(PO4)3 were found to be more stable. Aono et al. [126] also 

demonstrated that denser NASICON electrolytes can be obtained by adding 

Li3PO4 and Li3BO3 to LiTi2(PO4)3 because of better contact between grains 

and lower porosity.  

Fu [127] prepared fast Li-ion conducting glass-ceramics from the 

2[Li1+xTi2SixP3-xO 12]-AlPO4 system by melt-quench method. The major 

phase was based on LiTi2P3O12 in which Ti
4+

 and P
5+

 ions were partially 

replaced by Al
3+

 and Si
4+

, respectively. Increasing x (up to x = 0.4 when 

substitutions reaches saturation) resulted in a considerable enhancement in 

conductivity, with the maximum conductivity value of 1.5·10
-3

 S/cm at 25 

°C temperature, which is adequate for ASSBs applications. 

There are two exceptional groups of NASICON on which many efforts 

and attempts were made. These two groups are LATP and LAGP: 

Li1+xAlxTi2-x(PO4)3 and Li1+xAlxGe2-x(PO4)3, respectively [128]. 

The perspective Li1+xAlxTi2-x(PO4)3 was analyzed by partial VO4 

substituting for PO4 within the framework [129], using different fractions of 

Li, Al and Ti atoms and different preparation technique [130-138]. The 

highest ionic conductivity achieved (by citric acid assisted sol-gel method) 

was of 6.13·10
-4

 S/cm with the activation energy of 0.29 eV at 25 °C 

temperature for crystallized glass-ceramics of Li1.4Al0.4Ti1.6(PO4)3 [136]. The 

voltages (vs. Li/Li
+
) corresponding to the redox peaks for Li1+xAlxTi2-x(PO4)3 

electrolytes are usually beyond 2.4 V [132]. The high value of conductivity, 

good chemical stability properties, relatively easy fabrication suggest it as a 

promising material for solid electrolytes in ASSBs. Wu et al. [139] prepared 

LATP type thin film solid state Li-ion battery 

LiMn2O4/Li1.3Al0.3Ti1.7(PO4)3/LiMn2O4 by spray technique. The ionic 

conductivity of LATP sintered pellet was of 3.46·10
-4

 S/cm. It was found 

that the battery can be cycled with a 0.21% capacity loss per cycle when 50 

cycles were performed. A. Dindune et al. [140] reported that partial 

substitution of Al by Y in the LATP system can cause the changes of the 
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interplanar distances into ceramics and increase the conductivity of grain 

boundaries by several times simultaneously decreasing the activation energy 

for mobile lithium ions. The group of Orliukas also investigated the partial 

substituting of AlxTix in the LATP system by Zr, Ge , Sc and Y [141-146]. 

The values of the activation energy related to the grain conductivity and 

relaxation frequency in this type of materials were found to be very close. 

That was attributed to the fact that the temperature dependence of the grain 

conductivity is caused only by Li
+
 ions mobility, while a number of charge 

carriers remains temperature independent [141, 143]. 

Another very perspective group of NASICON electrolytes is Li1+xAlxGe2-

x(PO4)3 (LAGP) electrolyte. The electrolytes of this group showed very good 

electrical properties once started to investigate [147-150]. LAGP glass-

ceramics prepared by melt-quench method and recrystallization showed the 

ionic conductivity value of 4.0·10
-4

 S/cm at 25 °C temperature for 

Li1.5Al0.5Ge1.5(PO4)3 [151]. The same material with excess of Li2O enhanced 

the conductivity up to 7.25·10
-4

 S/cm at the same temperature [152]. The 

Li2O excess acts twofold: first by self-incorporating into the crystal lattice 

and the second being as a secondary phase and acting like a nucleating agent 

to distinctly boost the crystallization of the glasses during heating process, 

thus leading to an improved interconnection between the grains and hence to 

a denser microstructure with a unvaried grain size. The microscopic 

characteristics of the Li-cation motion in LAGP superionic conductors are 

deduced via a hopping mechanism [153, 154]. The Li1.5Al0.5Ge1.5(PO4)3–

0.05Li2O demonstrated the excellent electrochemical stability and was stable 

up to 6 V vs. Li/Li
+
 [152]. Soon Thokchom et al. [155] prepared new glass-

ceramics (sintering temperature 850 °C) based on Li1.5Al0.5Ge1.5(PO4)3 

superionic conductor and reported even higher ionic conductivity of 5.1·10
-3

 

S/cm at 27°C. Also some investigations were done by doping of Ge not only 

by Al, but also by Ti [156], Cr [147, 157] and both by Al and Cr [158]. The 

Li1+xCrxGe2-x(PO4)3 was found to be less conductive than Li1+xAlxGe2-x(PO4)3 

[147]. Substitution of Ge
4 +

 by Al
3 +

 and Cr
3 +

 induced more Li
+
 ions in 

vacant sites and also increased the unit cell parameters and enhanced the 

ionic conductivity of the glass–ceramics. The highest Li-ion conductivity of 

6.65·10
− 3

 S/cm at 26°C was obtained for Li1.5Al0.4Cr0.1Ge1.5(PO4)3 

composition with low activation energy of 0.29 eV and electrochemical 

stability up to 7 V vs. Li/Li
+
 [158]. The excellent electrochemical stability of 

LAPG is oftentimes emphasized [159]. 
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Recently the cold sintering process (CSP) was introduced for processing 

of LAPG superionic ceramics [160, 161]. This method significantly reduces 

the formation temperature and duration of the synthesis of a solid electrolyte. 

This method requires a liquid phase precursor based on the water-soluble 

Ge
4+

 oxalate complex. The solid electrolyte without the formation of 

intermediate compounds is determined by chemical interactions in a liquid 

phase precursor containing multicomponent solution [160]. 

The only one drawback of LAGP type NASICONs is a price of GeO2 

(one of precursors) [162], but the electrical and electrochemical properties of 

LAGP are very attractive for applications in ASSBs. 

1.2.2 Garnet structure electrolytes 

Lithium containing garnets were described in 1968 for the first time 

[163]. Nowadays garnet structure electrolytes are essential candidates as 

solid state electrolytes for ASSB. Garnets have typical structure A3B2X3O12 

with XO4 tetrahedra and BO6 octahedra connected via edge sharing [164, 

165] and typically crystallize in a face centered cubic structure (s. g.      ) 

[166]. Garnets have several generations depending on number of the Li 

atoms in a crystal structure [167]. They are Li3-phases Li3Ln3Te2O12 (Ln = 

Y, Pr, Nd, Sm-Lu) and Li3+xNd3Te2-xSbxO12 (x = 0.05-1.5); Li5-phases 

Li5La3M2O12 (M = Nb, Ta, Sb); Li6-phases Li6ALa2M2O12 (A = Mg, Ca, Sr, 

Ba; M = Nb, Ta) and Li7-phases Li7La3M2O12 (M = Zr, Sn). The very high 

ionic conductivity measured in electrolytes of garnet structure has been 

reported to be 4·10
-4

 S/cm at 25 °C for the cubic Li7La3Zr2O12 (LLZO) [89]. 

It is surprising that grain boundary resistance was found to be less than 50% 

of total resistance, so it means that total ionic conductivity is in the same 

magnitude as bulk ionic one and thus resulting in high total ionic 

conductivity [168]. 

Geiger et al. [169] discovered that a phase transition from tetragonal to 

cubic system takes place at 100-150 °C in Li7La3Zr2O12, and the cubic phase 

was found to be more conductive. Cubic Li7La3Zr2O12 can be stabilized at 

room temperature relatively to its slightly less conducting tetragonal phase 

via small amount of Al
3+ 

[169]. Otha et al. partially doped Nb
5+

 on Zr
4+

 sites 

obtaining Li6,75La3(Zr1.75Nb0.25)O12 and reported ionic conductivity to be 

8·10
-4

 S/cm at 25 °C and wide electrochemical stability window 0-9 V vs 

Li/Li
+
 [168, 170]. Li et al. prepared Li7-xLa3Zr2-xTaxO12 (0<x<1) by 

conventional solid state reaction method in alumina crucible and found that 

Li6.4La3Zr1.4Ta0.6O12 has highest ionic conductivity of 1.0·10
-3

 S/cm when x 



27 

 

 

= 0.6 with an activation energy of 0.35 eV at room temperature [171]. The 

highest achieved ionic conductivity in garnet structure electrolytes was 

reported by Buannic et al [172]. They prepared Li6.65+yGa0.15La3Zr2-yScyO12 

by dual substitution strategy. The Ga substitution is for stabilizing cubic 

crystal structure and the Sc substitution is for increasing Li ion number. 

Li6.75Ga0.15La3Zr1.90Sc0.10O12 (y = 0.10) showed ionic conductivity of 1.8·10
-3

 

S/cm at 27 °C [172]. 

The garnet structure Li-ion conductors are very promising for application 

in ASSBs. The main drawback is that it is not enough stable in the ambient 

atmosphere due to moisture and CO2 [168, 173, 174]. Thus, the focus now is 

on increasing the stability of LLZO in the ambient atmosphere conditions. 

1.2.3 Perovskite structure electrolytes 

A number of compounds take perovskite name after the natural mineral 

CaTiO3, which was first discovered in the Ural Mountains by Gustav Rose in 

1839 and is named after Russian mineralogist L. A. Perovski [175]. Other 

natural perovskite structure compounds are loparite and silicate perovskite 

[175].  

Perovskites have general chemical formula of ABO3, where 'A' and 'B' 

are two cations of very different sizes, and O is an oxygen anion that bonds 

to both. The 'A' cations are larger than the 'B' ones. The ideal cubic structure 

has the B cation in 6-fold coordination, surrounded by an octahedron of 

anions, and the A cation in 12-fold cuboctahedral coordination. MgSiO3 is 

good example of a true cubic perovskite. The relative ion size requirements 

for stability of the cubic structure are quite strict, so slight flexion and 

distortion can produce several lower symmetry distorted versions, in most 

cases orthorhombic and tetragonal ones [175]. 

The first perovskite-type solid electrolyte was Li3xLa2/3-xTiO3 (LLTO) 

prepared by Inaguma et al. [176] in 1993. Li
+
 and La

3+
 ions occupy central A 

sites while Ti
4+

 ions occupy corner B sites. Oxygen ions form bottleneck 

causing potential barriers for Li-ion migration from one A site to an adjacent 

one [168]. The total ionic conductivity of 3-5·10
-4

 S/cm at 300 K for 

Li3xLa2/3-xTiO3 was reported [177]. Similarly, it has been discovered that the 

polycrystalline lithium lanthanum titanate Li0.34(1)La0.51(1)TiO2.94(2) shows high 

ionic conductivity of more than 2·10
−5

 S/cm at room temperature and bulk 

ionic conductivity of 1·10
-3

 S/cm [168, 176]. Changing of lattice parameters 

influences size of the bottlenecks and therefore the conductivity, so many 

attempts tried to enlarge the lattice parameters of LLTO perovskites. The 
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conductivity of LLTO can be enhanced by the amorphous silicate layer 

introduced into grain boundary, thus enhancing the total ionic conductivity 

over 1·10
-4

 S/cm at room temperature. The amorphous layer closely binds 

the grains, removes the anisotropy of exterior shells of grains and also 

supplements the lithium ions in various sites of grain boundary [178].  

Li and La can be substituted by Sr in order to increase the lattice 

parameters of the perovskite structure and thus to enhance the ionic 

conductivity. But on the other hand doping by Sr also causes of Li-ion 

concentration. Inaguma et al. [179] doped 5 mol% Sr
2+

 of Li1/2La1/2TiO3 and 

obtained higher ionic conductivity of the bulk part (σ = 1.5·10
−3

 S/cm
−1

 at 

300 K) than the pure lanthanum lithium titanate. But anyway the difference 

of conductivities is not huge. 

Inada et al. [168, 180] prepared Li3/8Sr7/16Ta3/4Zr1/4O3 (LSTZ) (in which A 

and B cations of SrZrO3 are partially substituted by Li and Ta) by “powder-

bed sintering method”, which is commonly used for preparation of dense 

garnet-structured lithium-ion conductor Li7La3Zr2O12 (LLZ). During the 

sintering process, the LSTZ pellet was covered with the same mother 

powder to suppress the excess Li loss during high temperature treatment and 

decrease the formation of secondary phases. For LSTZ sintered with 

covering LSTZ mother powder, secondary phases (SrTa2O6 and 

Sr2Ta2O7) were significantly reduced and contact between LSTZ grains in 

the pellet was proper. The compound was found to be more stable against 

the lithiated negative electrode than LLTO and showed the total ionic 

conductivity value of 2.7·10
-4

 S/cm at 27 °C [180]. Huang et al. [181] 

replaced Zr with Hf and prepared Li3/8Sr7/16Hf1/4Ta3/4O3 (LSTH) by solid-

state reaction. The achieved ionic conductivity (3.8·10
-4

 S/cm at 25 °C) was 

higher than LSTZ and electrochemical stability window was from 1.4 V to 

4.5 V vs. Li/Li
+
. It exhibits both high stability and small interfacial 

resistance with organic liquid electrolytes, which makes it very attractive 

candidate as a separator in Li-ion batteries [181]. 

1.2.4 Lisicon structure electrolytes 

LISICON is an abbreviation of lithium super ionic conductor. This name 

was mentioned for the first time in 1978 by Hong et al. [182]. They 

investigated the structure and conductivity of Li14Zn(GeO4)4 and reported the 

value of conductivity 1.25·10
-1

 S/cm at 300 °C. By using the X-ray analysis 

(XRD) they found the rigid 3D network of Li11Zn(GeO4)4 while the 

remaining Li
+
 ions have occupancies at 4c and 4a interstitial positions where 
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each 4c position was found to be connected to two 4a positions. An average 

diameter of the bottleneck between these positions is larger than the double 

sum of the Li
+
 and O

2-
 ionic radii, thus capacitating the fast Li

+
 ion transport 

in the network [182]. In more detailed studies Mazumdar et al. [183] 

reported the Li14Zn(GeO4)4 ionic conductivity of 1.3·10
-6

 S/cm at 33 °C. 

However the latter value of conductivity was too low for ASSBs and other 

devices. Recently Song et al. [184] prepared LISICON structure solid 

electrolyte Li10.42Ge1.5P1.5Cl0.08O11.92 (O
2-

 are partially doped with Cl
-
) with 

ionic conductivity of 3.7·10
-5

 S/m at 27 °C. This compound was stable with 

metallic lithium up to 9 V vs. Li/Li
+
, which is one of the widest 

electrochemical windows of solid state electrolytes. Since ionic radius of Cl
-
 

is larger than that of O
2-

, partial substitution of O
2-

 by Cl
–
 increases the size 

of bottlenecks for Li-ion diffusion. Additionally Cl
–
 has smaller electro 

negativity than O
2-

 and accordingly the bonding between Li
+
 and Cl

–
 is 

weaker than that between Li
+
 and O

2-
 [168, 184]. These both effects enhance 

the ionic conductivity of the material, but the conductivity is still not high 

enough for ASSBs. 

1.2.5 LIPON electrolytes 

LIPON is an abbreviation of lithium phosphorus oxynitride and 

conversely from the electrolytes described above, LIPON is amorphous solid 

electrolyte. The conventional preparation technique is radio frequency 

magnetron sputtering with special target in a pure N2 atmosphere. There are 

two types of targets: one is Li3PO4 and other is a mixture of Li3PO4 and Li2O 

[168].  

The first LIPON was synthesized by Bates at al. [185] using Li3PO4 as a 

target. The ionic conductivity of the obtained solid electrolyte, as they 

reported, was found to be 2·10
-6

 S/cm at 25 °C. Also very good long-term 

stability in contact with lithium was reported. Recently higher values are 

achieved using the same target Li3PO4. Su et al. [186] reported the value of 

mean ionic conductivity 4.9·10
-6

 S/cm at 22 °C. The prepared films on silica 

glass substrate showed the transmission of visible light higher than 80% 

what is good for applications in electrochromic devices. Van-Jodin et al. 

[187] prepared LIPON films by RF sputtering without magnetron (non-

standard) and obtained the value of ionic conductivity of 6.7·10
-6

 S/cm at 24 

°C. It is the largest ionic conductivity value ever obtained for LIPONs. X-ray 

analysis revealed that the compound prepared by non-standard method has 

more phosphate groups (   
  ,    

   and    
  instead of a single    

  ) than 
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in a way when magnetron is used. In the presence of more phosphate groups 

the structure becomes more disordered and thus the Li-ion mobility is 

enhanced. Metal-organic chemical vapor deposition (MOCVD) was also 

used to prepare LIPONs. Fujibayashi et al. [188] reported the value of ionic 

conductivity of 5.9·10
-6

 S/cm when MOCVD is used for sample preparation. 

In their opinion, LIPON films prepared by MOCVD method are promising 

candidates to realize 3D structured micro batteries in the near future. 

When the target is a mixture of Li3PO4 and Li2O the conductivities are 

enhanced compared to these obtained using only Li3PO4 as a target. Suzuki 

et al. [189] used that target type with molar ratio of 1:2 and obtained the 

ionic conductivity of 6.4·10
-6

 S/cm at 25 °C. That is three times of that 

conventional method when only Li3PO4 is used as a target. The enhancement 

is due to increased amount of Li-ion inside the electrolyte, but 

controversially the films formed from the target containing only Li3PO4 

showed better durability in air. This is probably because the amount of Li in 

the film prepared from Li3PO4 target is much lower and consequently, the 

absorption of CO2 in air was effectually suppressed [189]. 

LIPON solid electrolytes are promising for thin film ASSBs, but not for 

bulk ones because of relatively low ionic conductivities at low temperatures 

[190, 191]. 

1.2.6 Lithium-nitride electrolytes 

Li3N is the only one stable alkali metal nitride with a melting point above 

800 °C [192]. It consists of hexagonal Li2N layers which are linked by Li-

ions forming Li-N-Li bridges [193]. Thus Li-ions can diffuse through 2D 

tunnels. The preparation of Li3N is simple. A tape or thin tablet of pure 

lithium metal is exposed in a sustained flow of nitrogen gas and afterwards 

annealed [194]. Huggins et al. [195] prepared Li3N electrolyte by reaction 

between pure lithium and nitrogen in a nitrogen atmosphere and annealing it 

at 750 °C in 1 atm of nitrogen and obtained ionic conductivity of 2.0·10
-4

 

S/cm at 25 °C. Rea et al. [196] prepared Li3N electrolyte in the same way 

and annealed it at 800 °C. The obtained ionic conductivity was 4.0·10
-4

 S/cm 

at 25 °C. Nevertheless the ionic conductivity is very adequate. Li3N can 

react with cathode materials when potential exceeds 1.75 V vs. Li/Li
+
. 

Lithium nitride halides can be used instead of lithium nitrides to achieve 

better electrochemical stability while ionic conductivity remains similar to 

the one of Li3N electrolyte. Hatake et al. [197] prepared quasi-binary 

isomorphous systems of 3Li3N-MI (M = Li, Na, K, Rb) solid electrolytes by 
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solid state reaction method between Li3N and MI at 600 °C. The 

demonstrated ionic conductivity was in the range of 7.0·10
-5

 S/cm to 1.1·10
-4

 

S/cm at RT and decomposition voltages 2.5-2.8 V. The grain boundary 

resistances were very small because of good sinterability. Even the ionic 

conductivity of powdered compounds was higher than 10
-5

 S/cm at RT. 

Therefore the ASSBs could be constructed by simply pressing. A cell of 

C/3Li3N-KI/LiTiS2 was made just simply pressing the powdered electrolyte 

and electrode materials, however the charge/discharge performance was not 

good enough because of a severe polarization in the positive electrodes 

[197]. Zhan et al. [198] prepared lithium borohydride-lithium nitride 

composite LiBH4-Li3N and obtained ionic conductivity of 1.1·10
-5

 S/cm. 

Cyclic voltammetry (CV) showed that the voltage window of composite can 

attain 3 V, which is more stable than pristine Li3N (< 1 V). 

Lithium-nitride electrolytes show adequate ionic conductivity, but 

unfortunately the decomposition voltages are too low for high energy 

densities ASSBs [168]. 

1.2.7 Sulphide structure electrolytes 

Sulphide structure electrolytes are similar to LISICON electrolyte γ-

Li3PO4, but O
2-

 is replaced by S
2- 

[199]. Interaction between Li
+
 and S

2-
 is 

weaker than that between Li
+
 and O

2-
. Therefore, the ionic conductivity of 

sulphide structure electrolytes is higher than of oxide type ones [200]. 

Sulphide structure solid electrolytes are classified into three types: glasses, 

glass-ceramics and ceramics [168].  

All electrolytes of sulphide structure are very conductive. There are many 

examples of very good ionic conductivity of sulphides. In 2001, Kanno et al. 

[199] prepared Li3.25Ge0.25P0.75S4 and achieved the ionic conductivity of 

2.17·10
-3

 S/cm at 25 °C with electrochemical stability up to 5 V vs. Li/Li
+
. A 

decade later Kamaya et al. [201] prepared solid electrolyte Li10GeP2S12 with 

even higher ionic conductivity of 1.2·10
-2

 S/cm at 27 °C and electrochemical 

stability up to 5 V vs. Li/Li
+
. The impressive ionic conductivity of 

Li10GeP2S12 is higher than that of other solid electrolytes and comparable to 

those of organic liquid electrolytes [168]. In 2016, Kato et al. [202] prepared 

Li9.54Si1.74P1.44S11.7Cl0.3 with ionic conductivity of 2.5·10
-2

 S/cm at room 

temperature, what is probably the highest value still reported among the 

solid electrolytes. Seino et al. [203] synthesized another very conductive 

material Li2S-P2S5. That is the glass-ceramic with almost no grain 

boundaries in microstructure. The extremely high ionic conductivity was 
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achieved of about 1.7·10
-2

 S/cm at 25 °C. In comparison, cold-pressed glass-

ceramic showed distinct grain boundaries and the ionic conductivity was one 

magnitude lower. Similarly, Chu et al. [204] prepared Li7P3S11 glass-ceramic 

by spark-plasma sintering (SPS) and achieved the ionic conductivity of 

about 1.2·10
-2

 S/cm at 27 °C. It was also one magnitude higher than that of 

cold pressed electrolyte at the same temperature. 

Despite the very high ionic conductivities of sulphide structure 

electrolytes (similar to organic liquid ones), they were not stable in the 

ambient atmosphere because of interaction with moisture [168, 205]. In 

order to apply that in ASSBs, it is required to find very adequate chemical 

composition and to ensure excellent preservation from the ambient 

atmosphere. 

1.2.8 Argyrodite structure electrolytes 

Argyrodites form a class of chalcogenide structures related to the mineral 

Ag8GeS6, which includes various fast Ag
+
, Cu

+
 or Li

+
 ion conductors such as 

A7PS5X (A = Ag
+
, Cu

+
, Li

+
) while X are halogens (X = Cl, Br, I) [206]. 

Argyrodite structure electrolytes are usually prepared by mechanical milling 

followed by annealing of the samples [206, 207].  

Argyrodites containing lithium were firstly synthesized by Deiseroth et 

al. [208] in 2008. The highest conductivity value of argyrodites containing 

halogen elements (Cl, Br, I) was in the range of 10
-3

-10
-2

 S/cm for Li6PS5Br 

electrolyte [209]. Rayavarapu et al. [210] explained that besides the 

disordered lithium distribution in an electrolyte, it is the disorder in the 

S
2−

/Cl
−
 (or S

2−
/Br

−
) distribution that could promote ion mobility, whereas 

the big size I
−
 cannot be exchanged for S

2−
 and the resulting more ordered 

Li6PS5I exhibits much less conductivity. The highest conductivity value of 

argyrodites is reported by Rao et al. [206]. It is 6.8·10
-3

 S/cm at RT for 

Li6PS5Br electrolyte. It is more than three times greater value than that for 

chlorine containing Li6PS5Cl (1.9·10
-3

 S/cm at RT) and four orders greater 

value than iodine containing Li6PS5I (4.7·10
-7

 S/cm at RT). The latter two 

values also are reported by Rao et al. [206]. Li6PS5X has good 

electrochemical stability – up to 7 V vs. Li/Li
+
 for all halogens Cl, Br and I 

[168, 211].  

Chen et al. [212] made ASSB Cu-Li2S/Li6PS5Br/In with argyrodite 

structure electrolyte Li6PS5Br. The battery showed high initial charge and 

discharge capacities (500 mAh/g and 445 mAh/g, respectively), but fast 
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battery degradation occurred due to fast volume changes of the cathode 

material and Li
+
/Cu

+
 mobile ion effect. 

Argyrodite structure batteries are very attractive for ASSBs because of 

their good ionic conductivity, but, similar with sulphide type solid 

electrolytes, argyrodites are sensitive to air. 

1.2.9 Anti perovskite structure electrolytes 

Since perovskite structure electrolytes have the structure        
 , anti 

perovskites are “electronically inverted”, thus based on system        
 . 

Here A denotes halogen atom (F, Cl, Br, I) or a mixture of halogens, B 

denotes oxygen atom and X denotes lithium [213]. Typical antiperovskite 

structure electrolytes are Li3OCl, Li3OBr, while Li3OCl0.5Br0.5 is a compound 

containing a mixture of halogens and has higher ionic conductivity (1.94·10
-

3
 S/cm) than two previously mentioned electrolytes with single halogen. 

However, antiperovskites have significant drawback, it is they are very 

hygroscopic and an inert atmosphere is required for operating [168]. 

Braga et al. [214] performed experiments where lithium was partially 

changed by higher valent metal cation Mg
2+

, Ca
2+

 and Ba
2+

. The prepared 

glass type electrolytes Li3-2xBaxClO evolve from an antiperovskite structure 

and has extremely high ionic conductivity of 2.5·10
-2

 S/cm for x = 0.005 at 

25 °C. According to Braga et al. [214] “these glassy electrolytes for lithium 

batteries are inexpensive, light, recyclable, non-flammable and non-toxic. 

Moreover, they present a wide electrochemical window (higher than 8 V) and 

thermal stability within the application range of temperatures”. 

1.2.10 Summary 

In Table 1.1 the very short summary of electrolyte properties is listed. 

Although the pyrophosphates in this thesis are characterized in a separate 

section (due to relevance for this dissertation) than electrolytes of other 

types, here in the table all structures of electrolytes are listed in the same 

level without any subdivision or prioritizing. 

 

Table 1.1. Summary of advantages and drawbacks of solid electrolytes (according to 

[2, 15, 168]). 

Electrolyte 

structure 
Advantages Drawbacks 

NASICON 
High ionic conductivities. 

Good chemical and 

Pretty high costs of some 

precursors. 
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1.3 Pyrophospates 

The importance and progress of developing of solid state batteries largely 

comprehend the quest of new cathode materials. Alkali metal 

pyrophosphates are promising group of cathode materials both for lithium 

and sodium rechargeable batteries. The pyrophosphates are the entirety of 

(P2O7) based compounds. These P2O7 units are connected with transition 

metal octahedral (MO6) forming a robust framework. The alkali ions and 

transition metal atoms can be inter-site mixed and MO6 octahedra can be 

distorted (because of the elongated M–O bonds), consequently leading to 

polymorphism [215]. Favourably, this three dimensional (P2O7)
-4

 framework 

has multiple sites for mobile ions. The attractiveness of the pyrophosphate 

group is thoroughly related to its rich crystal chemistry and its variation, 

robust and chemically stable structure, convenience of synthesis and possible 

multidimensional ionic conduction pathways. In pyrophosphates the unequal 

metal–O and O–O bond lengths create a characteristic feature of diphosphate 

electrochemical stability. 

Garnet 
High ionic conductivities. 

Stable with lithium. 

Not stable in the ambient 

atmosphere. 

Perovskite 
Pretty good ionic 

conductivities. 

Harsh preparation 

conditions. 

LISICON 
Good chemical and 

electrochemical stability. 

Only moderate ionic 

conductivities. 

LIPON 
Good chemical and 

electrochemical stability. 
Low ionic conductivities. 

Li-nitride 
Pretty good ionic 

conductivities. 

Too low decomposition 

voltages. 

Sulfide 
Very high ionic 

conductivities. 

Not stable in the ambient 

atmosphere. 

Immature deposition 

technologies. 

Argyrodite High ionic conductivities. 
Not stable in the ambient 

atmosphere. 

Anti-perovskite High ionic conductivities. Very hygroscopic. 

Pyrophosphates 

Good chemical and 

electrochemical stability. 

Easy and cheap synthesis. 

Only moderate ionic 

conductivities. 

Pretty hygroscopic. 
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compounds, where P–O bond length with bridging O of P2O7 unit is longer 

than that P–O bond length with terminal O atoms [215]. 

1.3.1 Lithium metal pyrophosphates 

One-Lithium Metal Pyrophosphates (LiMP2O7) 

One well explored lithium pyrophosphate is LiFeP2O7 reported by 

Genkina et al. [216] in 1985. It has monoclinic crystal structure with space 

group P21 or P21/a [216-218]. In LiFeP2O7 crystal each FeO6 octahedra is 

connected to six PO4 tetrahedra which belong to five different phosphate 

groups. Each FeO6 octahedron shares two edges with same P2O7 group, thus 

forming [FeP2O11] units. Hosting Li atoms are stowed into the tunnels [215, 

219, 220]. That sharing pattern is common in plenty of diphosphate systems. 

Wurm et al. [221] reported that LiFeP2O7 has theoretical capacity of 113 

mAh/g, but the obtained one not being able to exceed 73 mAh/g. Venckute 

et al. [222] investigated the electrical properties of LiFeP2O7. The ionic 

conductivity value of 3.33·10
-7

 S/m and the activation energy of 1.11 eV at 

500 K temperature was reported. 

Also LiFe1.5P2O7 was introduced by Ramana et al. [223] When 

LiFe1.5P2O7 was tested as cathode, it showed reversible capacity of 95 

mAh/g. That value is larger than that of LiFeP2O7. Also the redox potential 

of LiFe1.5P2O7 was higher than that of LiFeP2O7 (3.2 V for LiFe1.5P2O7 vs. 

2.9 V for LiFeP2O7).  

Vanadium pyrophosphates have also attracted considerable attention in 

Li-ion battery research because of the chemical activity of vanadium and the 

structural stability of phosphate [224]. LiVP2O7 was described for first time 

in 1990 by Lii at al. [225]. It is isostructural to LiFeP2O7 and also has a 

monoclinic framework. It consists of a distorted VO6 octahedra and P2O7 

units. In 2017 Yu et al. [226] prepared LiVP2O7/C – it is carbon coated 

LiVP2O7 synthesized by the sol-gel method. In the electrochemical testing, 

the sample with carbon content of 6.63 wt% prepared at 800 °C exhibited 

very good electrochemical capacity, the initial discharge capacity was 102.3 

mAh/g, closing to the theoretical capacity of 115.5 mAh/g. After 50 cycles 

the capacity retention was 96.2%. Meanwhile, the redox potential was found 

to be 4.2 V. This excellent electrochemical performance is attributed to the 

carbon coating and the small particle sizes [226]. 

In 2008 Zatovskii et al [227] discovered LiTiP2O7. It has monoclinic 

crystal system identical to LiFeP2O7 and LiVP2O7. Moreover, the structural 

and electrochemical properties of TiP2O7 were studied in detail. It was found 
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that TiP2O7 compound has a cubic (a = b = c = 23.632 Å) crystal structure 

[228-232]. A reversible capacity of 100 mAh/g and redox potential of 2.6 V 

was reported [233-236] for LiVP2O7 compound. It was found and reported 

[237] that TiP2O7 undergoes a phase transition from cubic α-phase (a = 32.52 

Å) to cubic β-phase (a = 7.80 Å) at 730 °C. Moreover, electrical properties 

were studied. It was found [238] that TiP2O7 is almost pure protonic 

conductor and that protons migrate through a hoping mechanism. The 

protonic conductivity at 900 °C under wet atmosphere conditions was found 

to be 5·10
-4

 S/cm. The obvious bends around 700 °C probably indicates the 

phase transition mentioned previously. In 2012 Rai et al. [239] prepared a 

TiP2O7/Li2.6Co0.4N composite (32 wt% and 68 wt%, respectively). That 

composite demonstrated high initial coulombic efficiency of 98% and huge 

reversible capacity of 652.57 mAh/g versus lithium. That indicates its use as 

a promising anode for secondary Li-ion batteries. 

Oueslati [240] prepared another lithium pyrophosphate LiYP2O7 and 

investigated its structure and conductivity properties. The monoclinic crystal 

symmetry with space group P2/m was reported. Surprisingly, the 

conductivity was found to be 4.6·10
-5

 S/cm at 600 K temperature. It is one 

order higher value that that of LiFeP2O7 [241] at the same temperature. 

About two times less conductive than LiYP2O7 was another compound 

LiCrP2O7. It also has monoclinic crystal structure with space group P21 [242-

244]. The obtained conductivity was 2.1·10
-5

 S/cm [245] at 600 K 

temperature. But the lack of reliable electrochemical investigations still 

remains speaking considering LiCrP2O7. 

The solid solutions are also negotiable cathode materials. The solid 

solution Li0.9Fe0.9Ti0.1P2O7 was prepared be Venckute et al. [222] The ionic 

conductivity value of 1.5·10
-6

 S/m and the activation energy of 0.94 eV at 

500 K temperature were reported. Surprisingly, this more complex 

Li0.9Fe0.9Ti0.1P2O7 compound was found to be more conductive by nearly 5 

times compared to that previously mentioned LiFeP2O7. 

 

 

Two-Lithium Metal Pyrophosphates (Li2MP2O7) 

Double lithium iron pyrophosphates are also candidates for cathodes. 

Li2FeP2O7 was synthesized for the first time by Mahesh et al. in 2007. [246] 

Soon Li2FeP2O7 was also synthesized by solid state method by Nishimura et 

al. [247] Zhang et al. showed that the best lithium source for Li2FeP2O7 

synthesis is LiH2PO4 and the optimum synthesis temperature is 650 °C. 
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[248] It was revealed that Li2FeP2O7 has monoclinic crystal structure and the 

reported space group is P21/c [247, 249]. Its reversible electrode capacity 

was found to be 100 mAh/g which is close to theoretical value of 110 

mAh/g. Actually, 1 µm particles without any special treatment such as 

nanosizing or carbon coating were used. The redox plateau was centered at 

about 3.5 V, thus demonstrating the highest value among all Fe containing 

phosphate cathodes [215, 250]. Li2FeP2O7 and its derivatives possibly could 

provide a new platform for related lithium battery cathode research 

demonstrating similar or superior characteristics than commercial olivine 

LiFePO4, which has been recognized as the most convenient positive 

cathode for a lithium-ion battery system for wholesale applications, such as 

hybrid-electric or fully-electric vehicles [247, 251]. Few years later the same 

group of Nishimura synthesized Li2FeP2O7 in a so called “splash combustion 

synthesis” method [252] which is drastically shortened in time compared to 

conventional solid state synthesis method (1 minute instead of 10 hours). 

Reversible capacity was found to be 100 mAh/g with a 3.5 V Fe
3+

/Fe
2+

 redox 

activity. These values are very similar to the ones obtained in 2010 by 

Nishimura et al. [247], but the rate of synthesis is much higher. Anyway, 

LiFePO4 still remains one of the promising cathode materials for next 

generation power lithium ion batteries due to its good safety, cyclability, and 

rate capability [253]. 

Further considering lithium manganese phosphates are very engrossing 

and characterful because manganese can exhibit several oxidation states 

(Mn
II
, Mn

III
 and Mn

IV
) and can provide high redox potentials vs Li [254]. 

Li2MnP2O7 was first proposed by Adam et al. [254] in 2008. In this 

structure, the manganese polyhedral and phosphate tetrahedral form a 3D 

[MnP2O7]∞ framework consisting of MnO5 trigonal bipyramids (Mn1), 

MnO6 octahedra (Mn2) and typical diphosphate groups P2O7. Several years 

later Nishimura et al. [255] discovered a new metastable monoclinic 

polymorph β-Li2MnP2O7 (sintered at 400-500 °C). Differently from the 

structure reported by Adam, in β-Li2MnP2O7 crystal, both the Mn sites Mn1 

and Mn2 are octahedral corner sharing MnO6 units (no edge sharing Mn2O9 

ones) whereas Li sites are tetrahedral LiO4 units. The reversible 

electrochemical activity at around 4 V was demonstrated by electrochemical 

measurements with a Li cell while a reversible capacity was of about 30 mAh/g. 

The Mn
3+

/Mn
2+

 redox potential is centered at 4.45 V vs. Li [256]. It is the 

highest voltage ever obtained for the Mn
3+

/Mn
2+

 redox couple in any 

manganese-based cathode material.  
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One of Li2FeP2O7 homologues is Li2CoP2O7. It also has a monoclinic 

crystal structure and P21/c symmetry [257]. The electrochemical activity of 

Li2CoP2O7 was found from galvanostatic voltage profile. The discharge 

capacity was 85 mAh/g with redox plateau at 4.9 V [257]. 

Another homologue is Li2CuP2O7. It was first described by Spirlet et al. 

[258] in 1993. Since then it has been investigated only on several occasions 

[259-261]. Reversible phase transition at 622 K has been evidenced by DSC 

(differential scanning calorimetry) and confirmed by the analysis of 

dielectric and electric properties. The electrical conductivity of 1.75·10
-3

 

S/cm at 400 °C was obtained [260]. The electrochemical capacity was 

reported up to 180 mAh/g [261]. 

Kishore et al. [262] synthesized Li2VP2O7 compound as cathode material 

by ion exchange  route method. XRD measurements showed it having a 

monoclinic structure in space group P21/c. The V
4+

/V
5+

 redox activity at 

around 4.1 V was found, but unfortunately Li2VP2O7 demonstrated poor Li 

insertion reversibility with a 30 mAh/g capacity parameters. 

The successful research of isostructural pyrophosphates Li2MP2O7 (M = 

Fe, Mn, Co) was an encouragement to form and explore their solid-solution 

phases [219, 263-265]. Zhou et al. [263] analysed various Li2Mn1-yFeyP2O7 

(0 < y < 1) compounds. The electrochemical capacity improves as the Fe 

concentration increases, as do the intensities of the redox peaks of the cyclic 

voltammogram. That observation indicates the higher lithium-ion diffusivity 

in the iron-containing phase. The two Li ions in the three-dimensional tunnel 

structure of the solid solution allows for the cycling of more than one Li-ion 

per redox center. The second oxidation peak at ~5 V and ~5.3 V is found 

from the cyclic voltammograms, thereby indicating the extraction of the 

second lithium ion [263]. Hence, if a stable electrolyte is found, the 

electrochemical capacities over 200 mAh/g can be achieved. Slightly less 

promising was Li2-xCoP2O7: redox potential was of 4.9 V and electrode 

capacity was of 85 mAh/g on discharge at C/20 [257]. 

1.3.2 Sodium metal pyrophosphates 

One-Sodium Metal Pyrophosphates (NaMP2O7) 

Pyrophosphates with only one sodium metal have not been widely 

investigated. The first sodium metal pyrophosphate was NaFeP2O7 

introduced by F. d’Yvoire et al. in 1969 [215]. Unfortunately, it was 

thermally unstable and therefore was transformed to a high temperature 

polymorph NaFeP2O7-II (over 750 °C). Some groups analyzed that 
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polymorph in more detail [266-269], but only considering the structure – no 

electrochemical or electrical properties were investigated for a long time. In 

2015 Nasri et al. [270] analyzed the electrical properties of NaFeP2O7-II. 

The obtained conductivity was of 1.16·10
-6

 S/cm with the activation energy 

of 0.84 eV at 300 °C. However, the obtained conductivity value is about one 

order lower than that of AgFeP2O7 at the same temperature [267]. 

The group of Leclaire synthesized NaTiP2O7 [271] and NaMoP2O7 [272] 

in 1988. One year later Wang et al. [273] synthesized NaVP2O7. It was 

investigated also by other groups [274, 275]. All of them were found to be 

isostructural to NaFeP2O7-II. However, similarly to NaFeP2O7 no 

electrochemical or electrical properties were investigated for decades 

probably due to poor parameters and characteristics expected [215]. 

Recently some investigations were performed but the obtained results are not 

remarkable. NaVP2O7 showed an initial discharge capacity of 38.4 mA/g at 

1/20C in the voltage range of 2.5-4.0 V. It was suggested that part of the 

sodium ions in the lattice structure exist as structural stabilizers and cause 

lattice distortion upon desodiation and high intrinsic internal resistance 

limiting the phase transition kinetics between pristine NaVP2O7 and 

desodiated Na1-xVP2O7 [276]. The electrochemical characteristics of 

NaMoP2O7 were found to be lower than adequate and not suitable for using 

as cathode material [277]. The structure, electrochemical and electrical 

characteristics of NaYP2O7 were described. NaYP2O7 crystallizes in the 

noncentrosymetric space group P21 [278] and exhibits the ionic conductivity 

of about 10
-7

 S/cm at 400 K with constant activation energy of 0.65 eV in the 

temperature range 400-560 K [279]. Taher et al. [280] prepared NaAlP2O7 in 

2017. The monoclinic crystal system with space group P21/c was reported. 

The impedance measurements revealed the conductivity value of 

1.16 × 10
−5 

S/cm
−1

 at 613 K and activation energy of 0.95 eV.  

 

Two-Sodium Metal Pyrophosphates (Na2MP2O7) 

Na2CoP2O7 started the era of two-sodium containing pyrophosphates 

when it was described by Erragh et al. [281] in 1991. Three different crystal 

phases can be attributed to Na2CoP2O7: orthorhombic Na2CoP2O7-I (P21/cn), 

triclinic Na2CoP2O7-II (P-1) and tetragonal Na2CoP2O7-III (P42/mmm) [281, 

282]. In the structure of the triclinic phase 1D tunnels exist while 3D tunnels 

are attributed to the tetragonal and orthorhombic phases. Na2CoP2O7 showed 

the maximum reversible capacity of 80 mAh/g with redox potential of 3 V 

[283]. 
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In 1992 Raveau et al. [284] synthesized layered Na2VP2O7. The 

monoclinic crystal structure and P21/c space group was reported. Later 

Daidouh et al. [285] investigated Na2VP2O7 in more detail and found that it 

has two phases: tetragonal below 600 °C and monoclinic above 600 °C. The 

ionic conductivity of 3.05·10
-5

 S/cm was reported for tetragonal Na2VP2O7-II 

at 310 °C with an activation energy of 0.49 eV. 

In 1995 Etheredge et al. [286] synthesized monoclinic (space group C2/c) 

Na2CuP2O7. Simultaneously Erragh et al. [287] found out that Na2CuP2O7 

undergo an irreversible phase transition to β- Na2CuP2O7 at 570 °C. The 

space group changes from P21/n to C2/c, but still remains monoclinic. 

Na2CuP2O7 is moderate pure ionic conductor with the conductivity value of 

1.1·10
-7

 S/m at 210 °C temperature [288]. Na2CuP2O7 being 2D conductor 

isostructural to Li2CuP2O7 allows ion exchange forming solid solutions of 

Na2-xLixCuP2O7, [215] but no investigations are done so far. 

Na2ZnP2O7 was also investigated as a cathode material. The structure of 

Na2ZnP2O7 was described in detail by some research groups [289-294]. It 

has a tetragonal crystal system with space group P42/n. As showed by DTA 

(differential thermal analysis) measurements, Na2ZnP2O7 compound is 

thermally fairly stable [292]. It can be prepared by solid state synthesis 

method and through crystallization from a glass [295]. Unfortunately, the 

ionic conductivity of Na2ZnP2O7 is low: Chouaib et al. [296] reported the 

ionic value of 3.4·10
-7

 S/m at 330 °C with activation energy of 0.95 eV. 

Only at the beginning of this decade Na2FeP2O7 was introduced which 

has triclinic P-1 crystal structure. Several publications were prepared in latter 

years about the synthesis [297-301] and both electrical and electrochemical 

properties [302-310]. The obtained redox potential Fe
3+

/Fe
2+

 of Na2FeP2O7 is 

about of 2.9 V (vs. Na/Na
+
) and the reported electrochemical capacity varies 

in the range from 82 mAh/g to 93 mAh/g. Na2FeP2O7 when tested as a 

positive electrode demonstrated excellent cyclability, exceeding 300 cycles. 

These characteristics include both capacity retention and coulombic 

efficiency [303]. The capacity retention exceeds 90% over 1000 cycles 

[306]. Various techniques were used for synthesis: solid state method, 

glucose-assisted solid state method, glass-ceramics method, solution-

combustion synthesis method, Pechini-based wet chemistry approach 

method. Na2FeP2O7 demonstrated particularly good thermal stability up to 

500 °C, even in the partially desodiated state NaFeP2O7, which presuppose 

its safe nature, a property that is extremely important for large-scale battery 

applications [308]. 
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Another very perspective compound Na2MnP2O7 was discovered in 1998 

by two researchers Huang and Hwu [311]. The samples were prepared by 

solid state synthesis method using oxide precursors Na2O, MnO2 and P2O5. 

The maximum temperature reached during the synthesis was about 750 °C. 

Two years later another polymorph Na2MnP2O7-II was discovered by 

Lokanath et al. [312]. Both polymorphs (see Fig. 1.2) adopt triclinic crystal 

system with space group P-1.  

 

Fig. 1.2. The crystal structures of Na2MnP2O7-I with connected edge sharing MnO6 

units and Na2MnP2O7-II with disconnected corner-sharing MnO6 units [215]. 

Na2MnP2O7-I adopts a very unique structure type consisting of Mn4P4O26 

cage. This 3D framework consists of parallel, 2D (Mn-P-O) slabs with Na
+
 

ions located between them. The (Mn-P-O) slab is made of Mn2O10 dimmers 

(building units made by two adjacent, edge sharing MnO6 octahedra) and 

P2O7 groups. Two Mn2O10 dimmers and two P2O7 groups are alternately 

arranged forming the Mn4P4O26 cage. All the Mn atoms are octahedrally 

coordinated with oxygen atoms from four P2O7 groups, thus forming 

distorted octahedra [215, 311, 313]. 

The structure of Na2MnP2O7-II is similar to Na2MnP2O7-I one, but the 

lattice parameters are different and the bond angles (Mn-O-Mn and P-O-P) 

are prominently different. Na2MnP2O7-II was found to be electrochemical 

active with a potential of 3.6-3.8 V vs. Na/Na
+
 and the reversible capacity of 

80-90 mAh/g at room temperature [314, 315]. That redox potential value is 

the highest among all manganese based cathodes ever reported. Na2MnP2O7-

II is predicted to exhibit curved diffusion pathways into 3D structure with 

the migration energy of 0.58 eV [316]. 

Also the Na2Fe0.5Mn0.5P2O7 solid solution was prepared by conventional 

solid state method [317]. It adopts triclinic crystal structure with (P-1) space 
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group. It demonstrated a reversible capacity of about 80 mAh/g at a C/20 

rate with an average redox potential of 3.2 V vs. Na/Na
+
. The rate capability 

of Na2Fe0.5Mn0.5P2O7 is slightly better than that of Na2MnP2O7. It was 

demonstrated by CV analyses that Na2Fe0.5Mn0.5P2O7 undergoes a single 

phase reaction rather than a biphasic reaction. It can be attributed to different 

sodium atoms coordination environment and different Na site occupancy in 

comparison to other pyrophosphate materials (Na2MnP2O7 and Na2FeP2O7) 

[317]. 

Owing to its simple synthesis, usage of low cost abundant elements, well-

established reversibility, Na2MnP2O7 is attractive cathode material for 

ASSBs [314, 316]. 

Solid sodium based solutions are also in view of interest. Sodium is 

partially changed by caesium and copper [311], zinc [318], manganese [319] 

and especially iron-manganese [317, 320-322]. Na2Fe0.5Mn0.5P2O7 (refined in 

a monoclinic framework with space group P21/c) is electrochemically active 

and exhibits a reversible capacity of 80 mAh/g at a C/20 rate with an average 

redox potential of 3.2 V. (vs. Na/Na
+
). It is also noticed that the rate 

capability of Na2Fe0.5Mn0.5P2O7 is better than Na2MnP2O7. The thermal 

stability of Na2Fe0.5Mn0.5P2O7 as a cathode material was found to be good 

enough [317]. Also the multicomponent transition metals pyrophosphate 

Na2Fe0.33Mn0.33Co0.33P2O7 cathode was investigated [323]. That compound 

demonstrated suitable thermal stability even in the desodiated state. Despite 

of the analyzed structures of some sodium based solutions the lack of 

conductivity measurements still remains. 

1.4 Peculiarities of Li
+
/Na

+
 ions transport and proton conductivity  

The Li
+
 and Na

+
 ions transport within the solid electrolyte is a 

fundamental process for the treatment and operation of ASSBs. The charge 

transport mechanisms within the inorganic, solid superionic conductors can 

be analyzed in terms of these two factors: charge carrier type (or diffusive 

defects) and diffusion pathway [324]. Also, the peculiarities of conductivity 

changes in point of temperature and the phenomenon of the proton 

conductivity will be discussed in this chapter. 

1.4.1 Point defects 

The types of charge carriers are based on defect chemistry and 

particularly on point defect chemistry. Charged point defects can also form 
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clusters, which are bigger than detached point defects and can be a trigger 

for considerable conductivity changes. The point defects are these ones: 

vacancies (missing atom in a site of a crystal lattice), dopants (intentionally 

added foreign atoms), impurities (unintentionally added foreign atoms), 

Frenkel defects (pairs of vacancies and interstitials), Schotky defects, 

interstitial defects (an atom occupying an interstitial site where no one could 

be originally found in a perfect crystal), electronic defects (conduction 

electrons, holes) [325, 326]. The overall defect structure in a crystal is 

resulted by energy minimization in terms of enthalpy and entropy of 

formation and migration, charge and mass balance, and preservation of the 

structure (known as “site ratio balance”) [327]. The dopants added to the 

solid electrolyte can change the crystal parameters, increase [328] or 

decrease [329] the transport of cations within it. 

A vacancy is a common defect for all inorganic solid electrolytes. For 

example, in perovskite Li3xLa2/3-xTiO3 (LLTO), actually one-third of A sites 

are unoccupied by lanthanum ions. In garnet Li7La3Zr2O12 (LLO), there is 

20% unoccupied (by lithium) tetrahedral (24d) sites and 60% unoccupied 

(by lithium) octahedral (48g) sites. 

The Kröger-Vink notation can be used to describe the point defects and 

their reactions. We can describe simple intrinsic point defects, such as 

Schotky and Frenkel ones. For example, the reaction of a Schottky-type 

defect in sodium chloride follows the form: 

    
      

     
     

      .             (1.1) 

Similarly, the reaction of a Frenkel-type defect in cadmium follows the 

form: 

    
     

      
  .                 (1.2) 

In these equations the body corresponds the species involved (chemical 

element or a vacancy denoted by the letter “V”), the subscripts represent 

either a lattice or an interstitial site (denoted by the letter “i”), the 

superscripts indicate the effective electric charge (neutral,  ; positive, 
•
; or 

negative, ') of the particular site with respect to idealized pure crystal. [325, 

327, 330]. 

The point defects can be generated by doping or substitution (extrinsic 

defects). This effect can cause the changes in electrochemical and (or) 

electrical parameters and characteristics. For example, doping Mn
3+

 at Ti
4+

 

sites in perovskite-type BaTiO3, the defect reaction follows the form: 

          

      
         

       
     

    
  .    (1.3) 
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Therefore, we can find here negatively charged substitutional     
 , 

positively charged vacancy   
   and both neutral      

  and   
 . 

The point defects in an inorganic electrolyte can emerge under certain 

extreme conditions (for instance low oxygen partial pressure), applied 

electrode potential and Li or Na chemical potential [324]. Shi et al. [331, 

332] analyzed diffusion mechanisms in crystalline Li2CO3. They found that 

the dominant diffusion carriers in Li2CO3 are Li-ion interstitials when the 

applied voltage is below 0.98 V and Li-ion vacancies become the dominant 

charge carrier type when the applied voltage exceeds 3.98 V. Li
+
 vacancies 

were reported to diffuse via a typical direct hoping mechanism, but the 

excess interstitial Li
+
 were found to diffuse via iterant knock-off mechanism 

by steadily displacing Li-ions in neighbouring sites. The Li
+
 interstitial 

conductivity was found to be 5 orders of magnitude faster than that of a 

vacancy. 

Three diffusion types are known in ionic conduction phenomenon of 

solid electrolytes: directly hopping interstitial, interstitial knock-off and 

directly hopping vacancy [324]. Li or Na ions diffuse mainly by an 

interstitial mechanism (related to Frenkel disorder) due to their small radius 

[6]. 

1.4.2 Diffusion pathway 

Diffusion pathway is mostly determined by the topology of the anion 

arrangement. The fundamental phenomenon of mobile species diffusion is 

the transference of the ion among stable sites (local minima) through an 

environment having higher energy (periodic bottleneck points) and the 

highest value of that energy is the activation energy for migration of ions 

[333, 334]. 

One point is the size of a mobile specie. An ion should be of favourable 

size [335]. When the migrating cation is too small, it “sinks” into a deep 

electrostatic well containing closer near neighbouring counteriors, the 

diffusivity becomes reduced and the activation energy enhanced. On the 

other hand, when the migrating cation is too large it experiences high forces 

migrating between the bottlenecks in a lattice, thus the diffusivity also 

becomes reduced and the activation energy enhanced [335, 336].  

While aliovalent substitution changes the amount of charge carriers, the 

conductivity often passes though a maximum in terms of mobile species 

added into the crystal lattice. That mobility dependency of charge carriers’ 

concentration is related to the interaction of mobile ions and to the distortion 
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of a local structure [337, 338]. When the concentration of substitutional 

species becomes critical, the activation energy increases due the distortion of 

a lattice and the latter effect surpasses that one of increasing the 

concentration of charge carriers which leads to the decrease of the ionic 

conductivity. [336] For example, it is well known that in Li3xLa2/3-xβ1/3-2xTiO3 

perovskites of LLTO type the Li-ion conductivity curve has a shape of a 

dome as a function of a Li substitution [339, 340]. The maximum ionic 

conductivity value is for x ≈ 0.10 and that corresponds an A-site vacancy 

concentration of about 10%. Li ions migrate through A-site vacancies and 

the bottleneck for lithium ion migration is constituted by four oxygen anions 

separating adjacent A sites [339]. The analogous effect is observed also in 

some electrolytes of other type, for example, in NASICONs [113]. Similarly, 

enlarging the bottlenecks by using greater M ion sizes in LiMM′(PO4)3, 

where M and M′ are Ge, Ti, Sn, and Hf, the ionic conductivity can be 

increased up to four order of magnitude [341]. 

Ion valency also heavily influences the diffusivity of mobile species. 

Ionic conductivity decreases with the increased valency. That phenomenon 

is related to enhanced electrostatic interaction between the mobile species 

and immobile ions of a crystal skeleton. Tarneberg et al. [342] demonstrated 

that the cationic diffusion coefficient in lithium sulphate Li2SO4 can differ 

by 3 orders of magnitude and activation energy by 3.5 times of magnitude 

when comparing monovalent, divalent and trivalent ions. Thus it is no 

wonder that the monovalent cations (Ag
+
, Li

+
, Na

+
) are dominant in solid 

electrolytes and have the highest values of the ionic conductivity. 

The stable sites in ionic materials are usually tetrahedral or octahedral 

linked to other polyhedral sites through shared anion triangles. A superb task 

investigating the favourable anion arrangement was recently done by Wang 

et al. [343] They analyzed crystal structure, calculated Li-ion migration 

barriers and probability densities. It was reported that “an underlying body-

centered cubic-like (bcc) anion framework, which allows direct Li hops 

between adjacent tetrahedral sites, is most desirable for achieving high ionic 

conductivity” [343]. While bcc arrangement remains optimal across all 

volumes of a lattice, in fcc (face centered cubic) and hcp (hexagonal close 

packed) ones the transference mechanism of ions varies with the value of 

volume. The higher values of the activation energy of ions migration are 

attributed for fcc and hcp lattices and this is particularly evident in 

specifically small volume values when ions pass through an extremely small 

3D bottlenecks. That relation among the ionic conductivity and the lattice 
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volume per lithium atom within a crystal lattice with isovalent substitution is 

mostly demonstrated in LISICONs [344-347], NASICONs [135, 341] and 

perovskites [348].  

The better conductivity values of cubic phase vs. tetragonal phase were 

recently noted by Meier et al. [349] in LLZO type materials. The presence of 

vacancies in cubic LLZO strongly lowers the activation energy and enhances 

Li-ion conductivity. Now the latter group intensively investigates the 

problem of creation additional Li-ion vacancies by doping the crystal with 

supervalent cations [350-354] while stabilizing the cubic phase at normal 

ambient temperatures. 

It is desirable that all sites within the diffusion range in a network should 

be energetically close to equivalent, with wide channels between them. 

These conditions are observable in many sulphide materials, for example 

Li10GeP2S12 and Li7P3S11 and sulphur sublatices within them very closely 

match bcc lattice. The activation energy of a Li
+
 cation in the bcc S

2-
 lattice 

along the path between the bcc (T-T type migration) sites is about three 

orders of magnitude lower in conductivity than in the presence of the 

octahedral sites along the path between hcp/fcc (T-O-T type migration) sites. 

Hence, the high value of the conductivity of above mentioned sulphides is 

caused by a percolating network composed solely of crystallographically and 

energetically equivalent tetrahedral sites and no migration through sites with 

prominently discrepant coordination is necessary.  

Apart from sulphides, networks composed of solely tetrahedral sites for 

the mobile cations exist in argyrodite Li7PS6 and its derivatives with halogen 

atoms Li6PS5X (X = Cl, Br, I) [355], also in sodium containing cubic Na3PS4 

[356, 357]. The mechanisms of cation transference through the face-shared 

tetrahedral sites are particularly similar to the solid electrolytes of bcc type. 

The problem is to transfer the above principles to other cations and lattices 

for designing the solid batteries. 

The ion conductivity of a superionic conductor can be expressed as: 

  
  

 
        ,                 (1.4) 

where T is the absolute temperature in Kelvin, kB is the Boltzmann constant 

and EA is the activation energy for diffusion. Plotting the conductivity in a 

logarithmic scale versus reciprocal temperature one can calculate the 

activation energy graphically from a slope. 

The interesting influence of the changes of unit cell parametres on 

conductivity is also observed in lithium lanthanum titanate Li0.5–
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хNaхLa0.5ТіO3 (LNLТO) and in lithium lanthanum niobate Li3xLa2/3–xγ4/3–

2xNb2O6 (LLNbO), which both have defected perovskite structure and ionic 

conductivity values of (10
-3

-10
-5

 S/cm) at room temperatures [176, 358, 359]. 

In the Li0.5–хNaхLa0.5ТіO3 crystal lithium ions are partially exchanged by 

sodium, which do not take part in the conduction process due to the 

difference of ionic radii. Therefore sodium ions block lithium conduction 

pathways by sharing the same crystallographic sites. In the case of LNLTO 

(lithium lanthanum titanium oxide doped with sodium) percolation model 

has been successfully applied to character ionic conductivity [360-362]. It 

was shown [363, 364] that in LLTO system in the temperature interval from 

290 K to 400 K mobile ion activation energy is 0.3 еV and the conductivity 

changes according to Arrhenius law, but above 400 K non-Arrhenius 

behaviour of conductivity was observed and Vogel–Fulcher–Tammann 

(VFT) equation can be used to its’ description [365, 366]. The data also 

show that lithium conductivity is affected by a number of structural 

vacancies and, furthermore, by bottleneck sizes of lithium pathways. In order 

to recognize the peculiarities of lithium transport in defected perovskites 

lithium lanthanum niobate Li3xLa2/3–xγ4/3–2xNb2O6 was also investigated [367-

369]. The investigation of Li→Na substitution in this system showed that the 

ionic conductivity cannot be described by percolation model, because this 

system contains significantly higher vacancy concentration in lithium-

lanthanum sublattice compared to Li3xLa2/3–xγ1/3–2хTiO3 [370, 371]. 

The ionic conductivity in the system Li0.5–yNayLa0.5Nb2O6 at room 

temperature shows a maximum value of 1.3·10
–5

 S/m for у = 0.43 [369, 

370]. Keeping in mind, that sodium ions do not participate in the conduction 

process, authors [370] explain this maximum originating from the increase 

of perovskite unit cell when lithium is exchanged with sodium, and this leads 

to the increase of Li-ion mobility. However, when у > 0.4 the ionic 

conductivity significantly decreases because of decrement of charge carriers’ 

concentration of the mobile ions. Jimenez et al. [372] have shown, that La
3+

 

ions exceptionally occupy positions in the z = 0 plain of the 

Li0.5-yNayLa0.5Nb2O6 lattice when 0 ≤ у ≤ 0.3 (see Fig. 1.3) and consequently 

2D conductivity takes place. When the amount of sodium is increased (y > 

0.3), La
3+

 cations distribute between z = 0 and 1/2 plains and the transition 

from 2D to 3D conductivity was observed [369]. 
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Fig. 1.3. Crystallographic structure of Li3xLa2/3–xγ4/3–2хNb2O6. 

The oxide-based LNLТO and LLNbO conductors deserve much attention 

because of their possible applications as solid electrolytes or electrode 

materials in various electrochemical devices such as batteries, sensors, 

supercapacitors etc. [373-377]. 

1.4.3 Conductivity anomalies in point of temperature 

Temperature dependence of electrical conductivity can be analysed to 

identify different processes going on in ionic conductors. Thermally 

activated ionic jumps in the lattice are always to be expected in solid 

electrolytes, which result in ionic conductivity change with temperature 

according to Arrhenius law:                 , where σ0 is 

preexponential factor, ΔE – activation energy of conductivity, kB – 

Boltzmann constant. In this case plotting the logarithm of conductivity 

versus inversed temperature leads to linear dependence as shown in Fig. 

1.4a. The deviation from the linearity can sometimes be observed. A rapid 

increase of conductivity at a fixed temperature T0 like in Fig. 1.4b most 

likely indicate a phase transition to superionic state. The typical examples of 

conductivity change when order-disorder phase transition takes place are 

AgI and related materials [378], La2Mo2O9 [379], Bi2O3 [380]. The 

activation energy decreases after a phase transition to superionic state, as the 

energy barriers for the mobile ions decrease. Smooth phase transitions were 

also found to affect temperature dependences of conductivity [381]. Such 

transitions do not include a significant increase in conductivity at a certain 

temperature T0, but it leads to lowering of activation energy at higher 
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temperatures as it is schematically shown in Fig. 1.4c. The nature of such 

phase transitions is different and may involve environment change for 

mobile ions or the change of mobile ion occupancies in some particular 

lattice sites. A good example is NASICON-type lithium solid electrolytes 

[382, 383]. Both types of phase transitions lead to lowering of conductivity 

activation energy at high temperature. In some particular cases the increase 

of the activation energy, as it is shown in Fig. 1.4d, was also observed. The 

reason for that can be the ion transport mechanism change. For example, 

Li3xLa2/3−xTiO3 has a layered perovskite structure and the conductivity at low 

temperatures is two-dimensional. Above about 270 K lithium ions can 

overcome the energy barriers between different conduction layers, and the 

conductivity of Li3xLa2/3−xTiO3 becomes three-dimensional, which leads to 

the activation energy increase [384]. The situation shown in Fig. 1.4e seems 

to be very uncommon, but it was also found experimentally [385-387] when 

the measurements were performed in humidified atmosphere. In the lower 

temperature range the conductivity decrease is observed, hence the 

activation energy of conductivity is negative. At low temperatures the 

overall conductivity is enhanced because of proton contribution, which is 

related to the absorbed water. The hydration level decreases with increasing 

temperature, driving the total conductivity through the minimum, and with 

further temperature increase the conductivity follows Arrhenius law. 

 

 

 

Fig. 1.4. Commonly found temperature dependences of conductivity in solid 

electrolytes (in Arrhenius representation). a) shows thermal activation, b) indicates 

first order phase transition, c) – smooth phase transition, d) – ion transport 

mechanism change, e) – mixed ionic and proton conductivity in humid atmosphere. 

1.5 Proton conductivity 

Water is known as a typical proton conductor, because of frequent 

occurrence of hydrogen bonds in water (related to the electrostatic 

interaction) additionally to covalent bonds X
δ–

–H
δ+

, where X denotes the 
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electronegative atom. The conduction is based on so called “Hop-turn” or 

just “proton-hoping” mechanism, also known as Grotthuss mechanism [388-

390], because Grotthuss was the first who explained the protonic 

conductivity in water in 1806 [391].  

It is known that water normally is slightly ionized [392]. Some of H2O 

molecules split into H
+
 and OH

–
 as in the equation below: 

H2O ↔ H
+
 + OH

–
.                 (1.5) 

The formed H
+
 is very reactive and immediately binds with intact 

adjacent water molecule thus forming hydronium (H3O
+
) ion as showed by 

equation below: 

H2O + H
+
 ↔ H3O

+
.               (1.6) 

The process of proton hopping is schematically shown in Fig. 1.5. It is 

obvious that H
+
 ion released by hydronium ion is immediately accepted by 

adjacent water molecule and another hydronium ion is formed. The latter 

process is very rapid and the phenomenon of H
+
 ions movement towards the 

cathode is observed.  

 

Fig. 1.5. The illustration of proton conductivity phenomenon. 

When analyzing the proton conductivity in terms of defect reactions we 

could say that the excess proton (or proton defect) migrates through 

hydrogen bond network and each oxygen atom within it receives and 

consigns a particular hydrogen atom. Each hop (or pass) of proton is 

consequented upon the reorientation of a water molecule in order to restore 

the initial structure. That reorientation of a water molecule and proton 

hoping times are similar – both of about 1-2 ps of magnitude, and the 

hopping length is of 2.5 Å (similar to glass phase values) [393]. The process 

of proton hoping is incoherent and the actual proton motion highly exceeds 

the solvent reorganization rate.  
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Similarly the OH
–
 ion can move rapidly by analogous hopping 

mechanism in water with the same speed as H
+
 ions, but in the opposite 

direction (towards the anode) than that of H
+
 ion. 

It was calculated that activation energy for proton conductivity is 10.9 

kJ/mol [394]. The conduction at the moist surface of an electrolyte can also 

cause the proton conductivity, but it should be kept in mind that the cross-

sectional area for surface conductivity pathway in most cases is much 

smaller than that of bulk one. 

When some water in surrounding atmosphere is present and the sample is 

not completely exsiccated, the proton conductivity can come through in 

various metal diphosphates [395]. Shirai et al. [396] compared A0.9In0.1P2O7 

(A=S, Ti) prepared through a solid state reaction route and H3PO4-modified 

A0.9In0.1P2.4O7 (A=S, Ti) synthesized by planetary-ball milling. While the 

first compound showed very low ionic conductivity of less than 10
-7

 S/cm at 

400 °C, the second one showed very high proton conductivity of 2.0·10
-1

 

S/cm at 161 °C. It was demonstrated that H3PO4-modification lead to the 

case when almost insulating materials were transformed into highly proton 

conducting electrolytes of a non-conductive core-shell structure based on the 

diphosphate particles (core) and conductive amorphous/crystalline 

phosphorus oxide-based phase (shell).  
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2. EXPERIMENTAL METHODOLOGY 

2.1 Synthesis of Li
+
 and Na

+
 solid electrolytes  

The powders used for fabricating of samples were prepared by using the 

solid state reaction method which is known as economic, efficient and easy 

scale up synthesis way [191]. The starting materials (precursors) used for 

synthesis were of a solid phase. All the primary materials were mixed with 

alcohol and the obtained emulsions were milled in a planetary miller. 

Several milling and heating stages were used in order to obtain as good as 

possible contact for reaction of materials involved. The technological 

consecutions of the solid state reaction are represented in Fig. 2.1 – Fig. 2.8 

for each group of materials investigated. 

 

Fig. 2.1. The synthesis schema of Na2MnP2O7 compound by solid state reaction 

method. 

  

Na2C2O4, 
MnC2O4·2H2O, 
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Milling for 12 h 
Heating at 620 
°C for 6 h in 

Ar/H2 

Cooling to RT 

Heating at 700 
°C for 6 h in 

Ar/H2 

Milling for 12 h 
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Fig. 2.2. The synthesis schema of Na2ZnP2O7 compound by solid state reaction 

method. 

 

Fig. 2.3. The synthesis schema of NaCsZnP2O7 compound by solid state reaction 

method. 
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Fig. 2.4. The synthesis schema of NaCsMnP2O7 compound by solid state reaction 

method. 

 

Fig. 2.5. The synthesis schema of NaCsZn0.5Mn0.5P2O7 compound by solid state 

reaction method. 
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Fig. 2.6. The synthesis schema of Na2Zn0.5Mn0.5P2O7 compound by solid state 

reaction method. 

 

Fig. 2.7. The synthesis schema of other Na2-xLixMnP2O7 compounds by solid state 

reaction method. 
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Fig. 2.8. The synthesis schema of Li0.5-yNayLa0.5Nb2O6 compounds by solid state 

reaction method. 

2.2 Fabrication technology of solid electrolyte ceramics  

All the ceramic samples were prepared from powder obtained by the solid 

state reaction method. The procedure of the fabrication of the samples was as 

follows. The first stage was the uniaxial compression of powder by 200-300 

MPa pressure in ambient atmosphere. The manual hydraulic press (see Fig. 

2.9a) of the brand Specac was used. The press-forms used were of 5 and 8 

mm in diameter. The obtained cylindrical pellets were in the range of 2-4 

mm of height. The obtained densities were from 60% to 80% of theoretical 

values. These values are mostly dependent on the nature of a material, while 

both the applied overpressure and (or) the pressing duration do not 

significantly influence the density values. The densities of the pellets were 

evaluated by measuring the mass and the geometrical parameters of each 

sample. After the synthesis pellets always assume higher density values 

(from 70% to 95% of theoretical values) and usually become much harder 

while, for comparison, only just compressed ones are fragile. The synthesis 

temperature is peculiar for an individual material and generally is obtained 

from dilatometric measurements. As a rule the most suitable temperature is 

only fractionally lower than a melting point of a considering material. 

La2O3, Nb2O5, 
(0.5-y)·Li2CO3, 

y·Na2CO3 

Desiccation for 2 
h 

Grinding in 
acetone for 5 h 

Drying at 100 °C 
for 1 h 

Sieving throuhg 
a nylon net (63 

μm)  

Pressing into 
pellets at 0.5 

MPa  

Sintering at 700 
°C for 4 h in 

Ar/H2 

Sintering at 
1050 °C for 2 h 

in Ar/H2 

Milling in 
ethanol for 12 h 

Drying 
Plasticization 

with 5% 
polyvinyl alcohol 
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Fig. 2.9. The photographs of devices for ceramics preparation: manual hydraulic 

press and press-forms a) and the furnace for ceramics sintering b). 

The sintering consists of two particular firing stages: heating at 400 °C 

temperature and heating at higher certain (sintering) temperature, subject to 

individual material as discussed above. The heating rate of a sample is 

adjustable via the interface of a programmable furnace SNOL 7,2/1300 (see 

Fig. 2.9b) and was set to 3 K/min. The cooling rate is determined by the 

natural cooling of the furnace at ambient air and is varying. The lower 

temperature of a sample, the slower the rate of cooling as follows from the 

Newton’s law of cooling. Generally, the cooling rate is noticeably lower than 

heating one. The schema of ceramics sintering in the furnace is showed in 

Fig. 2.10. 
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Fig. 2.10. The representation of the sintering process of ceramics. 

The samples were prepared manually forming the cylindrical samples by 

using various knives for cutting and files for abrading and smoothing them. 

Before applying the electrodes the samples were immersed in a phial with 

acetone and bathed in a digital ultrasonic cleaner Velleman VTUSC3 for 

about 5 minutes. The electrodes were formed by spreading the platinum, 

gold or silver paste on both sides of the cylindrical samples (see Fig. 2.11a) 

and successive annealing of the electrodes at 800 °C for Pt and Au type 

electrodes and at 400 °C for Ag type ones. The annealing duration at the 

highest temperature point was 15 minutes in all cases. If the four-probe 

measurements were carried out, the samples were of the rectangular shape 

(see Fig. 2.11b) and the conductive gold paste was used for the “voltage” 

contacts. The forming quality of the electrodes was controlled by the 

microscope Leica E24D. The representation of the sintering temperatures 

and durations is listed in Table 2.1. 

 

Fig. 2.11. Samples’ geometry for impedance spectroscopy measurements: for two-

probe method a) and for four-probe method b). 
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Table 2.1. The representation of the ceramics preparation conditions and the 

obtained densities. 

 

2.3 Material characterization techniques 

2.3.1 X-ray diffraction 

X-ray diffraction (XRD) is a versatile, non-destructive method to analyze 

material properties such as structure, texture, phase composition and many 

more of crystalline and amorphous solid samples, powder samples or even 

liquid samples. The method can be used both for the characterization of 

materials at their final stage and for the process control and optimization 

during the fabrication stage. The identifying of phases is automatically 

carrying by comparing XRD patterns obtained from an unknown sample 

with patterns of special reference database [397]. 

The structure of the solid electrolytes and the crystal lattice parameters 

were evaluated by using X-ray diffraction of both ceramic powders before 

sintering and pulverized ceramics after sintering. All XRD patterns 

presented in this thesis are obtained from pulverized ceramics if not 

indicated otherwise. Several X-ray difractometers were used for obtaining 

the diffractograms. All X-ray diffractometers were with Cu anode and Kα1 

radiation was applied. Some experiments were done in ambient atmosphere 

while other ones in atmosphere of inert gasses (N2 or Ar). 

Thermal XRD analysis of Na2MnP2O7 has been performed with a 

Panalytical Xpert MPD diffractometer equipped with X’Celerator detector 



60 

 

 

and an Anton Paar HTK 12 furnace. The diagrams were recorded in 2θ range 

from 7 to 80° with a step of 0.017° and the duration of 100 s for each step. 

Bruker D8 X-ray diffractometer equipped with a MRI Physikalische 

Geräte GmbH TC-BASIC heating chamber was used for XRD analysis of 

Na2Zn0.5Mn0.5P2O7 in the range from room temperature to 330 °C. The 

diagrams were recorded in 2θ range from 10 to 60°. The scan rate for the 

pattern recording during heating was of 0.175 degrees per minute and during 

cooling of 0.25 degrees per minute. At room temperature and at the highest 

one it was 0.1 degrees per minute. XRD patterns were recorded with a 20 °C 

temperature step with heating and cooling rate of 10 °C/min when changing 

between two temperature levels. In order to achieve thermal equilibrium and 

completeness of the processes after reaching each temperature level, samples 

were kept at selected temperature for 60 or 20 min during heating and 

cooling respectively. 

DRON-4-07 diffractometer was used for the analysis of Li0.5-

yNayLa0.5Nb2O6 compounds. In order to study the high temperature-proof 

perovskite structure and its thermal evolution in detail at the temperature 

range from RT to 1200 K, high-resolution powder diffraction experiments 

have been performed at that experimental station in the synchrotron 

laboratory HASYLAB (Hamburg, Germany). The structural parameters at 

various temperatures were determined by the Rietveld full-profile analysis 

method by using XRD data. 

Thermal X-ray powder diffraction of NaLiMnP2O7 has been performed at 

40 °C, 200 °C, 300 °, 400 °C, 460 °C, 480 °C, 500 °C, 540 °C and 560 °C in 

Ar atmosphere with Cu Kα radiation on a Panalytical Xpert MDP 

diffractometer equipped with the X’Celerator detector and an Anton Paar 

HTL 12 furnace. The diagrams were recorded in 2θ range from 10° to 80° 

with a step of 0.017° and 100 s per step. 

All other X-ray diffraction patterns registered at room temperature were 

obtained by using Brucker D8 Advance equipment in the 2θ region from 10° 

to 70° with step degree 0.01-0.02°, 1-8 s time per step at inert gas 

atmosphere. 

Analysis of the registered diffractograms were done by TOPAS v.4.1 and 

PDF4+ softwares. 

2.3.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a powerful quantitative 

technique for the surface analysis of solid materials. By using this method 
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the information about the surface layer up to 20 nm can be obtained. XPS is 

useful for the determination of the surface chemical composition, 

identification of dopants or impurities, defining the chemical or electronic 

states of the particular elements and evaluation of the surface inhomogenities 

[398]. 

All XPS measurements for the ceramic samples were performed on an 

upgraded Vacuum Generator (VG) ESCALAB MkII spectrometer fitted with 

a new XR4 twin anode. The non-monochromatised Al Kα X-ray source was 

operated at hν = 1486.6 eV with 300 W power (20 mA/15 kV) and the 

pressure in the analysis chamber was lower than 5·10
–7

 Pa during the spectra 

acquisition. The spectra were acquired with the electron analyzer pass 

energy of 20 eV for narrow scans and the resolution of 0.05 eV and with 

pass energy of 100 eV for survey spectra. All spectra were recorded at the 

90° take-off angle and calibrated from the hydrocarbon contamination using 

the C 1s peak at 284.6 eV. Before the XPS measurements the surface was 

etched by argon in order to observe the surface state of the sample. Ar
+
 ion 

beam sputtering was performed in the preparation chamber using 2 keV Ar
+
 

ions bombardment with a beam current density of 20 μA cm
−2

 for a duration 

of 30, 90 and 390 s. Spectra calibration, processing and fitting routines were 

done using the AVANTAGE software (5.962) provided by Thermo VG 

Scientific. Core level peaks were analyzed using a nonlinear Shirley-type 

background, and the calculation of the elemental composition was performed 

on the basis of Scofield’s relative sensitivity factors. 

2.3.3 Scanning electron microscopy and energy dispersive X-ray analysis 

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) 

spectroscopy was used for the analysis of the chemical composition of 

investigated ceramic samples and powder. Both techniques are integrated in 

Hitachi TM3000 equipment, which was used for the analysis. An 

accelerating voltage of 15 kV was set to both SEM and EDX measurements. 

SEM image was taken by automatic image data acquisition by high 

sensitivity four elements of quad BSE detector. Silicon Drift detector of 30 

mm
2
 detection area and 161 eV energy resolution was used for EDX 

analysis. The chemical composition of ceramics and SEM images were 

obtained after the measurements of electrical properties of the samples. 

Sintered pellets were broken and measurements were carried on the broken 

edge. 



62 

 

 

2.3.4 X-ray fluorescence spectroscopy 

X-ray fluorescence (XRF) analysis was performed using a WDXRF 

spectrometer S4 Pioneer (Bruker AXS), equipped with an Rh target X-ray 

tube (60 kV, 60 mA). The LiF crystal and gas flow (mixture of Ar
+
 10% 

CH4) were used. The spectral data were processed with the Spectra Plus 

software of the S4 device. The element concentrations after the calibration of 

S4 equipment were calculated automatically. 

2.3.5 Differential thermal, thermogravimetric and differential scanning calorimetry 

analysis 

Differential thermal analysis (DTA) is very useful technique for 

determining either endothermic or exothermic changes relative to an inert 

reference. Transformations or any changes in phase transition, melting or 

sublimation can be detected. The differential temperature is plotted versus 

the temperature or time [399].  

The thermogravimetric analysis (TGA) is a technique of thermal analysis 

for the measurements of mass of a sample as a function of temperature. This 

method is relevant for the physical phenomena such as absorption, 

adsorption, desorption, phase transition and also for the chemical phenomena 

such as chemisorptions or solid-gas reactions [400]. Nowadays, DTA and 

TGA analysis apparatus usually are incorporated in the same equipment with 

DSC – differential scanning calorimetry. 

Two different DTA/TGA apparatus were used for the measurements. 

SDT Q600 apparatus was employed for the Na2-xLixMnP2O7 compounds 

investigation on heating and cooling the powder from room temperature to 

620 °C with 10 K/min heating/cooling rate for Na2MnP2O7 compound and 

from room temperature to 580 °C with the same rate for NaLiMnP2O7 

compound. Netzsch STA 409 PC Luxx setup was employed for the 

investigation of NaCsZn0.5Mn0.5P2O7. The analysis was done in Ar gas 

(99.999%) atmosphere (Linde Gaz Polska). The flow rate of argon was 60 

cm
3
/min. 

2.3.6 Impedance spectroscopy 

General disquisitions 

Impedance spectroscopy (IS) is a powerful technique for the analysis of 

the frequency dependent electrical properties of electrochemical systems 

within it several different simultaneous processes can occur. That technique 
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has been widely used for evaluation of the electrochemical behaviour of 

electrode and (or) electrolyte materials and the response is analyzed upon an 

alternating voltage of low value at fixed frequency and that voltage varies 

over a wide frequency range (up to nine orders). The setup of the IS 

technique apparatus can be specialized for either two or four probes 

measurements [401, 402]. The latter method is actual when elimination of 

the electrode polarization effect is needed. 

The impedance or complex electrical resistance from the electrochemical 

system is related to the ability of the analyzing circuit elements to resist the 

electrical current and as follows from Ohm’s law is defined by the ratio 

between a sinusoidal alternating voltage V(t) and the output current response 

I(t) which is also time dependent [403]: 

      
    

    
,                    (2.1) 

where              and                 , and φ is the phase angle 

between the voltage and current vectors. The specific impedance can be 

given as follows: 

        
 

 
,                   (2.2) 

where S is an electrode area and l is sample length. 

The complex impedance can be given as follows: 

          ,                  (2.3) 

where Z' represents the real part of the impedance (or simply pure resistance 

R) and Z'' represents the imaginary part. 

Electrical impedance can be simply plotted in a complex plain as a planar 

vector (see Fig. 2.12). 

 
Fig. 2.12. Electrical impedance plotted as a planar vector. Adapted from [401]. 
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While the conductivity σ (or resistivity) and dielectric permittivity ε are 

two fundamental parameters (which can be measured as a functions of time, 

temperature and AC radial frequency ω) to characterize the abilities of the 

analyzed material to store electrical energy and to transfer electric charge, 

the material polarization density is time dependent and can be written as 

follows [403]: 

                 ,              (2.4) 

where ε0 is the electric constant and E is the electrical field.  

The polarization of different entities (grains, grain boundaries and 

interfaces between electrodes and electrolyte) is frequency dependent. The 

complex permittivity   , represented by its real and imaginary components, is 

a function of two parameters. One is real permittivity (either simply 

“permittivity” or “dielectric constant”) and the other is imaginary 

permittivity related to heat losses within the system. The dielectric loss is 

nothing short of the heat loss due to dipole rearrangements and possible 

leakage currents within the material. The complex permittivity can be 

represented as [403]: 

          .                    (2.5) 

Analogously, specific complex admittance    and electric modulus    can 

be expressed: 

           
 

  
,                 (2.6) 

           
 

  
.                (2.7) 

The complex conductivity and complex dielectric permittivity are related 

as follows: 

         .                    (2.8) 

While the broadband IS overcome the frequency range from 10
-6

 Hz to 

10
12

 Hz [404], several polarization mechanisms can occur in a material. The 

mechanism or type of polarization is frequency dependent. At the highest 

frequencies (over 10
13

 Hz) the electronic polarization in point of atom 

nucleus can occur; at the frequency range from 10
9
 to 10

13
 Hz the ionic 

polarization can occur in solid ionic materials (e. g. NaCl). Below 10
9
 Hz the 

orientational polarization can be observed in materials which consist of 

dipoles and have a net permanent dipole moment (e. g. H2O). At grain 

boundaries or electrode material interfaces an interfacial polarization can 

occur. This type of polarization is also called space charge or Maxwell-

Wagner-Silars polarization. If the polarization occurs between the material 

and charge carriers blocking electrode it is more specifically called electrode 
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polarization. Since the grain boundary polarization can actually be evidenced 

at the frequencies up to 10
7
 Hz the electrode polarization comes into play 

only at frequencies below 10
5
 Hz [404]. 

Solid electrolytes can be represented by equivalent circuits, which were 

first time proposed for yttrium stabilized ZrO2 ceramics with Pt electrodes 

by Bauerle in 1969 [405]. Three processes (electrode polarization, 

polarization in grain boundaries and grains) were evidenced from complex 

admittance schema and represented by the equivalent circuit (see Fig. 2.13) 

which is typical for most solid electrolytes [401].  

 

Fig. 2.13. Bauerle representation of an equivalent circuit of a solid electrolyte. 

The equivalent circuit of an ideal electrochemical system consists of 

resistors and capacitors as showed in Fig. 2.13. Each pair of resistor and 

capacitor represents the certain phenomenon or type of polarization as 

discussed above. The lower index “g” denotes grains, “gb” – grain 

boundaries and “e” – electrodes. The capacitance C and resistance R are 

connected in parallel to each other. The product of both parameters is given 

as “time constant”      and describes the dielectric relaxation time [326]. 

R and C connected in parallel are represented by semicircles in complex 

plane (see Fig. 2.14). The centres of these semicircles overlie the Re(Z) axis 

in complex impedance plane. The increase of an external electric field 

frequency is denoted by arrows. These two semicircles are evident only if 

grain conductivity is much higher than that of grain boundaries and the 

capacitance of the grain boundaries phase is bigger than that of grains 

            [406]. 
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Fig. 2.14. Idealized frequency response of a superionic ceramics with ion blocking 

electrodes in a complex impedance plane. Adapted from [326]. 

However, two separate semicircles of an ideal form are very rare in real 

materials. The depressed or even deformed semicircle is more common for 

the impedance spectra of solid electrolytes. That depression is due to similar 

relaxation times of two or more different processes. The criterion of that 

similarity is the difference of the relaxation times of rival processes less than 

two orders. When several relaxation times of similar value are given we have 

the so called “distributed relaxation time” phenomenon and the centre of a 

semicircle does not lie on a Re(Z') axis in a complex impedance plane, thus 

the equivalent circuit of that system cannot be simulated by simple R and C 

elements and more sophisticated distributed elements are introduced such as 

CPE – constant phase element [401].  

Spectrometers used in experiments 

Three different impedance spectrometers masterminded and constructed 

by prof. A. Kezionis group have been used for the measurements: one for 

high frequency measurements, another for low frequency measurements and 

the third (combining, covering and surpassing two last-mentioned 

equipments) for broadband frequency range. 

The spectrometer of high frequency range (300 MHz – 3 GHz) is based 

on Agilent E5062A analyzer and essentially is the improved version of a 

spectrometer reported in an earlier work [407]. The coaxial waveguide line 

is separated into two rods which are tailored to hold a cylindrical sample 

inserted between two ends of inner conductor. The scattering S-parameters 
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matrix of the line is measured versus frequency and temperature. DC power 

supply and electronic thermometer are used for temperature control. 

Software developed on Matlab environment has a graphical user interface. A 

coaxial refractory waveguide is made of 3Al2O3-2SiO2 (mullite) ceramics 

with low thermal expansion (5·10
-6

 K
-1

) and covered with platinum paste 

[408]. Low thermal expansion of a waveguide capacitates to avoid 

significant systematic errors related to unequal thermal expansion of the 

sample and waveguide and therefore the maximum temperature of about 900 

°C can be achieved in measurements. The diameter of a sample is limited up 

to 3 mm, the length is limited up to 1.5 mm [408] and the size of the sample 

holder is much smaller than that for other impedance spectrometers 

previously reported in literature by other groups [409-413]. 

Four-electrode impedance spectrometers are used for low frequency 

investigation of samples with ion blocking electrodes. In order to avoid the 

effect at the sample-electrode interface the two voltage measurement 

electrodes are placed in the bulk of sample. The current measurement 

electrodes (likewise in the high frequency technique) remain on the 

terminals of a cylindrical sample. The equipment used in experiments for 

this dissertation is the third generation of four-electrode impedance 

spectrometer made by A. Kezionis group [414], two previous spectrometers 

were introduced in the past [415, 416]. The new four-electrode impedance 

spectrometer can operate in the frequency range from 10 Hz to 2 MHz by 

engaging two or four electrodes with the sample temperature range from 300 

K to 800 K. The differential amplifier with extremely high input impedance 

and common mode rejection ratio over a wide frequency range was 

constructed and implemented for the four-electrode measurement mode 

[414]. A computer with software developed in Matlab environment is used 

for the controlling the operation of the spectrometer. TiePie Handyscope 

HS3-50 instrument is used for signal generation and voltage determination. 

The current to voltage (I-V) converter is used for measuring the current 

through a sample. The first channel of the oscilloscope (CH1) is fed by the 

latter converter. The second channel (CH2) is fed by the amplifier through 

the switch S. In two-electrode measurements the buffer’s output is connected 

to CH2 input of the oscilloscope. The temperature in the sample holder is 

controlled by digital thermometer Amprobe TMD90A and power supply for 

the heater is controlled by the computer [414]. While the platinum paste is 

commonly used for the current electrodes, the gold paste is mostly used for 
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affixing the voltage drop terminals. The sample under analysis has oblong 

rectangular shape. 

The ultra-broadband impedance spectrometer, constructed and reported in 

detail by A. Kezionis group [417, 418] is very advantageous for electrical 

characterization of solid electrolytes. Its principal schema is represented in 

Fig. 2.15a and its photograph is shown in Fig. 2.15b. That ultra-broadband 

range comprehends the frequency values from 100 mHz to 10 GHz and is 

much more accurate than the previous high frequency impedance 

spectrometer apparatus [408]. The prime advantage of the new spectrometer 

is the fact that influence of the transmission line’s thermal expansion was 

dramatically reduced, which is crucial at high temperatures, and another 

major achievement is that the parasitic reflections of the sample holding 

system were successfully taken into account, which is crucial in the 

gigahertz frequency range [418]. Furthermore, the distribution of the 

electromagnetic field in the measuring capacitor is taken into account. The 

technique of full two-port scattering matrices of the short circuited line (one 

line with a calibration sample and the second one with the sample to be 

measured interposed) was used instead of solving very complicated 

electrodynamics problems [419, 420]. The spectrometer has a telescopic 

coaxial transmission line and a sample can be placed in the gap of the central 

conductor. A refractory ceramics coated with Pt layer was used for the 

waveguide and therefore is oxidation-proof up to 1000 °C. The high-

temperature chamber was reduced to few centimetres in length due to low 

thermal conductivity of ceramics used for the waveguide [418]. The software 

of the spectrometer is developed in Matlab environment and provides a 

graphical user interface. The extremely broad operating frequency range was 

achieved alternatively connecting a sample from high frequency to low 

frequency measurement system [417]. Agilent E5071A network analyzer in 

pair with N4691B electronic calibrator is used for high frequency sample 

circuit, and Agilent 87222 microwave switches are used to activate the low 

frequency measurement system consisting of computer oscilloscope, a vector 

current-voltage converter and a waveform generator Agilent 33521. While 

the low frequency system is responsible for the measurement range from 100 

mHz to 2 MHz, the high frequency system is responsible for the 

measurement range from 2 MHz to 10 GHz. The temperature in the sample 

holder is controlled by E3634C power source and Amprobe TMD90A 

thermometer [417]. 
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Fig. 2.15. The principal scheme of the ultra-broadband impedance spectrometer 

[417] a) and its photograph b). 
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Impedance measuring circumstances 

Impedance spectroscopy of the sintered Na2MnP2O7, Na2ZnP2O7, 

NaCsMnP2O7 and NaCsZnP2O7 ceramics was performed in the frequency 

range of 10 Hz – 10 GHz and in the temperature range of 300-800 K. Pt 

paste was applied and fired on the surfaces of cylindrical samples. Most of 

the impedance measurements were performed in ambient air atmosphere, but 

in order to clarify the influence of humidity to the electrical properties of 

Na2MnP2O7 ceramics the synthetic air containing < 3 ppm of water was used 

and impedance was measured from 1 to 10
6
 Hz with a Frequency Response 

Analyzer (Solartron 1260) combined with Dielectric Interface (Solartron 

1296). 

The measurements of electrical properties of Na2Zn0.5Mn0.5P2O7 ceramic 

samples in low frequency range (10 Hz – 2 MHz) were carried out by two 

probe method. The electrodes were fired at 920 K on the sintered cylindrical 

samples by applying conductive Pt paste (Gwent Electronics Materials Ltd.). 

The measurements in the microwave range (310
5
-310

9
) Hz were performed 

by Agilent Network Analyzer E5062A connected to the coaxial line, the part 

of inner conductor of coaxial line was replaced by the sample. The 

impedance of the sample was calculated from scattering parameters of such 

network as in [408]. The temperature was changed in the range 300-700 K 

during impedance spectroscopy experiments in the low and high frequency 

ranges and measured using Digital Thermometer TMD90A. The temperature 

was controlled by a computer connected to a DC power supply. 

The measurements of electrical properties of NaCsZn0.5Mn0.5P2O7 

ceramic samples in the low frequency range (10 Hz – 2 MHz) were carried 

out by the two probe method. The electrodes were fired at 920 K on the 

sintered cylindrical samples by applying conductive Pt paste (Gwent 

Electronics Materials Ltd.). The measurements in the microwave range 

(3·10
5
 – 3·10

9
) Hz were performed by Agilent Network Analyzer E5062A 

connected to the coaxial line, the part of inner conductor of coaxial line was 

replaced by the sample. The temperature measurements of the ceramics in 

the low and high frequency ranges were performed in the range 300–700 K 

using Digital Thermometer TMD90A. The temperature was controlled by a 

computer connected to a DC power supply. 

The impedance spectroscopy of Li0.5-yNayLa0.5Nb2O6 was performed on 

small cylindrical ceramic samples. Platinum paste was used to prepare 

electrodes. The length of all samples was 1.5 mm and the electrode surface 
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area was under 1 mm
2
. Impedances (~Z) were measured in the frequency 

range of 10 Hz to 10 GHz and temperature range from 300 to 800 K with 20 

K step. In order to avoid any affects due to processes on the interface of the 

Pt electrode and Li0.5-yNayLa0.5Nb2O6 electrolyte additional measurements by 

four electrode method were performed. We further used intrinsic materials 

parameters to describe our ceramics. The impedance data were fitted using 

equivalent circuit models by ZView software. 

For the electrical investigations of Na1.5Li0.5MnP2O7, NaLiMnP2O7, 

Na0.5Li1.5MnP2O7 and Li2MnP2O7 ceramics the powder were pressed and 

samples were sintered at various temperatures in interval 560-710 °C for 2 h 

in air. Impedance spectroscopy of the sintered NaLiMnP2O7 ceramics was 

performed in the frequency range from 10 Hz to10 GHz and in the 

temperature range from 300 K to 800 K or 825 K in ambient air atmosphere. 

Ni plates were affixed with Ag paste on both sides of the cylindrical sample 

and that sample with the electrodes was gradually heated up to 400 °C and 

fired at that temperature for 15 min. The paste types used for the samples are 

pointed out in Table 2.1 together with the sintering parameters. 
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3. RESULTS AND DISCUSSIONS 

3.1 Investigation of various pyrophosphates  

3.1.1 Phase transition in Na2MnP2O7 

The detail investigation of Na2MnP2O7 conductivity parameters was 

performed. The impedances of Na2MnP2O7 ceramics measured at different 

frequencies and at different temperatures are represented in complex plane 

plots in Fig. 3.1. 

 
Fig. 3.1. Impedance complex plane plots of Na2MnP2O7 ceramics measured during 

heating and cooling stages. Some characteristic frequencies are indicated, red 

dashed lines show extrapolation to total resistance. 
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The extrapolation to total resistance (showed in some graphs by red 

dashed lines) was performed by ZView2 program which calculates the value 

of the real part of impedance from the incomplete (fragmentary) complex 

impedance graph automatically when the suitable equivalent circuit model is 

fitted. 

In our case only one maximum of the impedance imaginary part can be 

observed. However, at least two processes contribute to the spectra, which 

can be related to ion transport in grains and grain boundaries of the ceramic 

sample. Very close relaxation times of ions in ceramic grains and grain 

boundaries and unknown distribution of relaxation times makes it too 

difficult, if at all possible, to separate these two processes from each other. 

So only the total resistance             has been found from Z(Z) 

plots by extrapolating the lower frequency semicircle to the Z axis as it is 

shown by red dashed lines in Fig. 3.1. Two processes are even more 

pronounced during the cooling stage (Fig. 3.1f–j), but the total resistance 

remains in the same order as the one measured during heating (Fig. 3.1a–f). 

σtot is plotted versus reciprocal temperature in Fig. 3.2. 

 
Fig. 3.2. Arrhenius plot of the total conductivity of Na2MnP2O7 ceramics measured 

in ambient atmosphere. Red solid lines are the fittings to the Arrhenius equation. 

The insert shows the results obtained when impedance was measured in dry 

synthetic air. The increase of the conductivity at 660-680 K temperature was 

associated with the phase transition taking place in the ceramics. 

For Na2MnP2O7 two anomalies can be distinguished from σtot(1/T) graph 

(Fig. 3.2). The first one at 660-680 K shows a step-like increase of 
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conductivity by about 5 times on heating and similar decrease on cooling 

(type b from Fig. 1.4). Most probably this anomaly indicates a phase 

transition taking place in this material. The activation energy of the 

conductivity before this transition is 0.78 eV and decreases to 0.68 eV at 

temperature > 680 K. 

From the temperature dependences of the real part of conductivity and the 

real part of dielectric permittivity (Fig. 3.3a and Fig. 3.3b) one can see the 

step-like increase/decrease of both quantities at 660-670 K and the 

temperature point of these changes is frequency independent. This result 

supports the phase transition hypothesis.  

The differential thermal analysis also showed an endothermic peak at 

663 K when heating the sample and the exothermic peak on cooling (Fig. 

3.3c), which shows that the phase transition is reversible. The phase 

transition onset temperature is in very good agreement with electrical 

conductivity measurements.  

Finally, the phase change was proved by thermal XRD. At 30 °C XRD 

showed the triclinic symmetry of the compound (space group P1), identical 

to the one obtained by P. Barpanda et al. [5]. Its lattice constants are 

a = 9.907(1) Å, b = 11.110(1) Å, c = 12.520(1) Å, α = 148.461(3), 

β = 122.024(5), γ = 68.337(6). The lattice parameters of our synthesised 

compound are in good agreement with [314]. The profile refinement of the 

diagram evidenced the presence of some impurities, their identification using 

PDF4+ database led to phases MnP2O6 and Na2MnO2 but other peaks 

remained unindexed. On thermal diffraction diagrams (Fig. 3.4), the 

evolution of intensities and positions of the peaks indicates a slow and 

progressive structural transition occurring between 300 °C and 500 °C. The 

changes in peak shapes and intensities associated with the structural changes 

of Na2MnP2O7 phase were found at 2θ values of 16.5°, 29.5°, 31.8°, 32.0°, 

32.8°, 33.0°, 33.3° and 33.5° and are indicated by arrows in Fig. 3.4. The 

diagram obtained at 500°C was not successfully indexed with phases 

referenced in PDF4+ database while the poor quality of the data at high 

temperature prevents us from carrying out Rietveld refinement. However, 

the phase transition is evidenced from the raw XRD data (Fig. 3.4). This 

structural transition is reversible as the data recorded at room temperature 

after the thermal diffraction measurements are also indexed with the starting 

triclinic cell. 
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Fig. 3.3. Temperature dependences of the real part of conductivity in Arrhenius 

representation (a), the real part of dielectric permittivity (b) and differential thermal 

analysis (c), – all indicating phase transition in Na2MnP2O7. 

 
Fig. 3.4. Thermal X-ray diffraction patterns of Na2MnP2O7 powder. Structural 

transition takes place in Na2MnP2O7 phase. Magnified area at the right hand side 

shows a phase change above 390 °C. Arrows indicate the peaks which show phase 

transition of Na2MnP2O7. Both Na2MnO2 and MnP2O6 are impurities. Alumina 

which was used as sample holder can also be seen in the diffractgram. 

3.1.2 Mixed sodium-ion and proton conductivity in Na2MnP2O7 compound 

The second anomaly observed in Fig. 3.2 is of type e (see Fig. 1.4 for 

different types of electrical conductivity behaviour in ionic compounds). It 

shows an unexpected decrease of conductivity with increasing temperature 

from 300 K to about 370 K. Further heating leads to Arrhenius type change 

of electrical conductivity (ordinary type in Fig. 1.4) in the temperature range 

from 370 K to 660 K. On the cooling stage the conductivity does not follow 

the Arrhenius law from 370 K anymore and from 330 K it starts to increase 

when at 300 K it almost reaches the initial conductivity value.  

Thermogravimetric analysis result is presented in Fig. 3.3c. A mass loss 

is observed when heating the sample which was associated to water 
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evaporation. The Na2MnP2O7 powder was shown to contain only about 

0.5 wt.% of water. Such a tiny amount of water seems to be sufficient to 

increase the room temperature total conductivity of Na2MnP2O7 ceramics by 

almost two orders of magnitude.  

The impedance measurements in dry synthetic air shows significantly 

reduced water influence on the total conductivity of Na2MnP2O7 ceramics 

(insert of Fig. 3.2). After one hour of flushing dry air the total conductivity 

was significantly decreased at room temperature. Still on heating there is a 

minor decrease of the total conductivity and at temperatures above 350 K the 

conductivities obtained in ambient and dry air overlap. Moreover, on cooling 

we do not observe the increase of total conductivity in dry atmosphere even 

at room temperature. The measurements of impedance in dry air give us the 

evidence of the room temperature proton conductivity in Na2MnP2O7. 

The shape of impedance spectrum at 300 K measured in ambient air is 

different compared to the spectra obtained at higher temperatures (> 400 K). 

In the complex plain plot (Fig. 3.1a) we can hardly notice two relaxations for 

300 K graph. The two processes still do exist, but they are connected in 

parallel to the low proton resistance. Consequently only one deformed 

semicircle can be distinguished and the relaxation frequency is shifted 

towards higher frequency range (510 Hz at 300 K as shown in Fig. 3.1a, 

compared to 30 Hz at 400 K – Fig. 3.1b. With the evaporation of water the 

proton conductivity disappears as well and Na
+
-ion relaxation in grains and 

in grain boundaries of the ceramics is evidenced from impedance complex 

plane plots. 

The temperature and frequency dependences of σ are presented in Fig. 

3.5a and Fig. 3.5b, respectively. The curves representing frequencies of 

10 Hz, 10 kHz and 0.3 MHz are blending together at temperatures higher 

than 500 K. This shows that the frequency plateau is reached, and their 

separation at lower temperatures is showing the dispersion region. The low 

frequency conductivity plateau was associated with ionic conductivity in the 

grain boundaries of ceramics. The second plateau cannot be observed in any 

frequency range, because it is hidden by the grain boundary dispersion 

region. 

In the frequency dependences of σ curve crossing at about 0.3 MHz can 

be observed (Fig. 3.5b). At low frequencies the conductivity decreases with 

the temperature increase up to 370 K. At 0.3 MHz σ is temperature 

independent up to 400 K. Such a behaviour is caused by two competing 
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processes, the one being relaxation dispersion, which increase the real part of 

conductivity with frequency and the other – water leaving the ceramic 

sample, which decrease the total conductivity. Besides, above 0.3 MHz we 

do not observe the decrease of conductivity with increasing temperature. 

This suggests that the temperature behaviour of Na2MnP2O7 ceramics total 

conductivity is mostly affected by the ionic (sodium and proton) transport in 

grain boundaries, while the conductivity of the bulk is caused by sodium-ion 

transport only. 

 

 
Fig. 3.5. Temperature dependences of the real part of conductivity at different 

frequencies (a), frequency dependences of the real part of conductivity at different 

temperatures of Na2MnP2O7 ceramics (b) and thermogravimetry signal when 

heating Na2MnP2O7 powder (c). 

The conductivity of the high temperature phase was found to be stable, 

while for the low temperature phase (below phase transition, T < 660 K) we 

are measuring higher conductivity on cooling the sample compared to the 

one found on heating. We would exclude the water influence on the higher 

conductivity obtained during cooling stage, because the same effect was 

found both in humid ambient atmosphere and in dry synthetic air. The higher 

conductivity found during the cooling stage may be related to partially 

frozen high-temperature more conductive phase. 
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3.1.3 Structural changes of Na2Mn3(P2O7)2 phase in NaLiMnP2O7 mixed phase 

compound 

Crystalline structure 

XRD measurements revealed that the investigated NaLiMnP2O7 

compound consists of two phases: Na2Mn3(P2O7)2 and LiMnPO4. The first 

phase belongs to di-pyrophosphate compounds’ family Ag2M3(P2O7)2 (M = 

Co, Mn) and Na2Cd3(P2O7)2. The latter two compounds were first reported 

by Bennazha et al. [421]. Liu et al. [422] investigated Na2Mn3-xFex(P2O7)2 

(0≤ x ≤ 2) with the structure the same as one of Ag2M3(P2O7)2 [421]. It was 

revealed that Na2Mn3(P2O7)2 exhibits an electrochemical activity of 1.5-4.5 

V vs. Na
+
/Na and 3.8 V charge/discharge voltage plateau was demonstrated 

when employed as cathode material. Additionally, it was found that Fe 

substitution of Mn in Na2Mn3-xFex(P2O7)2 compounds can enhance the Na-

ion diffusion by about two orders of magnitude with Fe doping content 

exceeding x = 0.5 [422].  

We found that at 40 °C Na2Mn3(P2O7)2 XRD showed the triclinic (or 

anorthic) symmetry of the compound (space group P-1), identical to the one 

obtained by Slobodianik et al. [423]. Its lattice constants are a = 5.3590 Å, 

b = 6.5630 Å, c = 16.2990 Å, α = 81.28, β = 82.69, γ = 72.43.  

At the same temperature LiMnPO4 phase showed the ortorhombic crystal 

symmetry (space group Pnma), identical to the one obtained by Geller et al. 

[424]. Its lattice constants are a = 10.4600 Å, b = 6.1000 Å, c = 4.7440 Å, 

α = 90.00, β = 90.00, γ = 90.00. The profile refinement of the diagram 

evidenced the presence of some impurities, their identification using PDF4+ 

database led to the obvious phase of Al2O3 (presumptive from a crucible) but 

some other smaller peaks remained unindexed. 
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Fig. 3.6. The thermal XRD spectra of the NaLiMnP2O7 mixed phase compound. 

Positions of Bragg’s diffraction lines are presented by colored squares. Arrows 

indicate the peaks which show phase transition of Na2Mn3(P2O7)2. Alumina which 

was used as sample holder can also be seen in the diffractgram.   

The phase change was proved by thermal XRD. At elevated temperatures 

on thermal diffraction diagrams (see Fig. 3.6) the evolution of intensities and 

positions of the peaks indicates a slow and progressive structural transition 

occurring between 500 °C and 540 °C. The reduction of peaks which can be 

associated with structural changes of Na2Mn3(P2O7)2 phase are observable at 

2θ values of about 21.4°, 25.2°, 26.3°, 26.8°, 28.7°, 29.5°, and 34.0°, while 

the amplification at value is visible at 20.3° and shape changes of the peaks 

at values around 29.0° and 35.0°. However, the multi-phase effect and 

impurities prevents us from carrying out Rietveld refinement, but the phase 

transition is evidenced from the raw thermal XRD data (Fig. 3.6). No evident 

changes of peak intensities in thermal XRD were observed for LiMnPO4 

phase. 

Electrical measurements 

The impedances of NaLiMnP2O7 ceramics measured at different 

temperatures are represented in Fig. 3.7. The ionic conductivity of the 

compound was found to be of 5.26·10
-9

 S/m at 400 K temperature on heating 

stage and only vanishingly higher on cooling stage (probably due to partially 

frozen more conductive phase). The step-like phase transition determined the 
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conductivity increase of about 3 orders of magnitude in a narrow range of 

temperature. 
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Fig. 3.7. The plot of the total conductivity of NaLiMnP2O7 ceramics measured in 

ambient air on both heating and cooling stages. The increase of the conductivity at 

760-810 K temperature was associated with the phase transition taking place in the 

ceramics. 

From the temperature dependences of the real part of conductivity (Fig. 

3.8) and the real part of dielectric permittivity (Fig. 3.9) we can see the step-

like increase/decrease of both quantities at 760-810 K and it is frequency 

independent. The activation energy decreases after a phase transition to 

superionic state, as the energy barriers for the mobile ions decrease.  This 

result supports the phase transition hypothesis. 
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Fig. 3.8. Temperature dependences of the real part of conductivity measured at 

different frequencies. The frequency independent increase of the real part of 

conductivity at 760-810 K temperature was associated with the phase transition 

taking place in the ceramics. 
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Fig. 3.9. Temperature dependence of the real part of dielectric permittivity. The 

frequency independent increase of the real part of dielectric permittivity at 760-810 

K temperature was associated with the phase transition taking place in the 

ceramics. 
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The differential thermal analysis also showed an endothermic peak at 

803 K when heating the sample and the exothermic peak at 743 K on cooling 

(Fig. 3.10), which shows that the phase transition is reversible. The phase 

transition onset temperature is in very good agreement with electrical 

conductivity measurements. The temperatures approaching the melting point 

of the sample investigated usually leads to shifts of absolute values of DTA 

curve values at the highest temperatures when comparing heating and 

cooling ranges like one can see in Fig. 3.10. 
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Fig. 3.10. The differential thermal analysis of NaLiMnP2O7 ceramics. Endothermic 

peak at 530 °C and exothermic one at 470 °C supports the theory of the phase 

transition taking place in the ceramics. 

3.1.4 Other mixed phase compounds of Na2-xLixMnP2O7 system 

A group of Na2-xLixMnP2O7 (x = 0.0, 0.5, 1.0, 1.5, 2.0) compounds were 

investigated by structural analysis and electrical methods. 

XRD analysis of Li2MnP2O7 compound revealed that it is two-phase 

material and consists of Mn2P2O7 and Li4P2O7 phases. 

XRD analysis of Na0.5Li1.5MnP2O7 compound revealed that it is based on 

Li2MnP2O7 phase with slight amount of Mn2P4O12 phase and unindexed 

sodium containing phase. 

XRD analysis of Na1.5Li0.5MnP2O7 compound revealed that it is two-

phase material and consists of Mn2P2O7 and Li4P2O7 phases with minutely 
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smaller fraction of the latter phase than in Li2MnP2O7 compound. The almost 

identical XRD patterns of Li2MnP2O7 and Na1.5Li0.5MnP2O7 compounds are 

evident from Fig. 3.11. 
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Fig. 3.11. X-ray diffraction patterns of various Na2-xLixMnP2O7 ceramics. It is 

evident from diffractogramms that both Li2MnP2O7 and Na1.5Li0.5MnP2O7 consist of 

two identical phases Mn2P2O7 and Li4P2O7. 

Impedance spectroscopy analysis revealed the tendency of the 

conductivity increasing when the sodium fraction is higher in Na2-

xLixMnP2O7 system (see Fig. 3.12). Li2MnP2O7 compound obeys Arrhenius 

law pretty well in all temperature range. Only negligible deviations of 

activation energy can be observed at 580 and 700 K temperature points. In 

the conductivity graphs of both Na0.5Li1.5MnP2O7 and Na1.5Li0.5MnP2O7 

compounds slight change of the activation energies can be observed but no 

thermal X-ray diffraction analysis were done for the determining the nature 

of that variations. 
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Fig. 3.12. Temperature dependencies of the total ionic conductivities of various  

Na2-xLixMnP2O7 compounds. 

3.1.5 Conductivity characteristics of Na2ZnP2O7, NaCsMnP2O7 and NaCsZnP2O7 

pyrophosphates in comparison with Na2MnP2O7 compound 

As X-ray diffraction indicates, almost single phase Na2ZnP2O7 

compounds have been obtained (Fig. 3.13). Very small amount of Zn2P2O7 

impurities were detected. 

 

Fig. 3.13. X-ray diffraction pattern of Na2ZnP2O7. Zn2P2O7 impurities are marked 

by stars. 
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It was demonstrated that phase transition takes place in Na2MnP2O7 

compound when the sample is heating. In Fig. 3.14 the conductivities of 

some closely related pyrophosphates are depicted. One can observe that 

Na2ZnP2O7 has similar conductivity values to those of Na2MnP2O7 

compound at intermediate temperatures, but it is less conductive at lower 

and higher temperatures. The lower conductivity of Na2ZnP2O7 compared to 

Na2MnP2O7 at the temperature range 550-800 K is related to phase transition 

which takes place only in manganese containing sodium pyrophosphates, but 

not in zinc ones. The lower conductivity of Na2ZnP2O7 at 300-400 K 

temperature interval probably is caused by the fact that the latter material is 

less hydrophilic than Na2MnP2O7. The proton conductivity in Na2ZnP2O7 

disappears at 340 K while in Na2MnP2O7 only at 370 K. 

As we can see from Fig. 3.14 both NaCsMnP2O7 and NaCsZnP2O7 are 

very hydrophilic materials and the conductivity deviation from Arrhenius 

law is evident actually up to 420 K temperature. At intermediate 

temperatures NaCsZnP2O7 compound is much less conductive than 

NaCsMnP2O7 one and missing points come at the temperature range from 

330 K to 480 K – the impedance spectrometer was not capable to register the 

electrical parameters at these temperature values for NaCsZnP2O7 

compound. Surprisingly, despite conductivity variations at low and 

intermediate temperature ranges, at 800 K temperature the values of 

conductivity for the materials Na2ZnP2O7, NaCsMnP2O7 and NaCsZnP2O7 

were almost identical to each other and were of about 1.5·10
-2

 S/m. 

Due to these interesting conductivity peculiarities more detailed studies 

of more complex pyrophosphates will be presented in next two chapters. 

Na2MnP2O7 and Na2ZnP2O7 will be combined and obtained mixed phase 

compound Na2Zn0.5Mn0.5P2O7 will be investigated. Similarly, NaCsMnP2O7 

and NaCsZnP2O7 will be combined and the mixed phase compound 

NaCsZn0.5Mn0.5P2O7 will be analyzed in detail. 
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Fig. 3.14. Representation of total ionic conductivities of Na2MnP2O7, Na2ZnP2O7, 

NaCsMnP2O7 and NaCsZnP2O7 pyrophosphates. Phase transition occurs only in 

Na2MnP2O7 compound at 660-680 K temperature. 

3.1.6 Structure and conductivity of Na2Zn0.5Mn0.5P2O7 ceramics 

Crystalline structure 

The analysis of XRD patterns show that Na2Zn0.5Mn0.5P2O7 powder 

prepared by solid state reaction at RT consists of two phases: Na2MnP2O7 

crystallizes in triclinic space group P   (XRD card 074-2586) as it was 

summarized in [311], and Na2ZnP2O7 crystallizes in the tetragonal space 

group P42/mmm (XRD card 01-070-5836) and it is identical to the one 

obtained in [289]. The lattice parameters, unit cell volume (V), angles (α, β, 

γ), formula units in the unit cell (Z) and theoretical density (ρth) of both 

phases at RT are presented in Table 3.1. The quantitative crystallographic 

analysis showed that the obtained composite consists of 38.64 wt. % 

Na2MnP2O7 phase and 61.36 wt. % Na2ZnP2O7 phase. This composition 

differs from the one expected from the compound stoichiometry and 

indicates that a fraction of Na2MnP2O7 compound could be present in 

amorphous phase and/or that Mn partially replaces Zn in tetragonal 

Na2ZnP2O7 crystallites. 
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Table 3.1. Summary of X-ray diffraction analysis of Na2Zn0.5Mn0.5P2O7 powder at 

room temperature. 

Phase a, Å b, Å c, Å 
α, 

deg 

β, 

deg 

γ, 

deg 
V, Å

3
 Z 

ρth, 

g/c

m
3
 

Na2MnP2O7 9.89(4) 11.08(5) 12.46(3) 148.48 121.98 68.35 595.18(15) 4 3.07 

Na2ZnP2O7 7.72(5) 10.27(4) - - - - 612.13(15) 4 3.10 

 

XRD patterns recorded during heating and cooling processes do not 

reveal any appearance or disappearance of the peaks (Fig. 3.15). As the only 

certain difference between patterns at different temperatures is continuous 

shift of the peaks towards lower 2θ values during heating and towards higher 

2θ values during cooling, it is presumed that there are no changes in the 

phase composition of the sample and all changes are related to the lattice 

parameter variation due to the thermal expansion. The temperature 

dependences of the lattice parameters and theoretical densities of the 

Na2MnP2O7 and Na2ZnP2O7 compounds at heating and cooling are presented 

in Fig. 3.16a and Fig. 3.16b, respectively. 

 

Fig. 3.15. Pseudo 3D montage of XRD patterns of Na2Zn0.5Mn0.5P2O7 powder at 

heating and cooling in 300-520 K temperature range. No structural changes can be 

observed from the montage. 
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The lattice parameters of the Na2ZnP2O7 phases in the investigated 

temperature range increase linearly at heating and decrease linearly at 

cooling. The temperature hysteresis of a and c lattice parameters at heating 

and cooling was observed for Na2MnP2O7 phase. The available XRD data 

does not provide any evidence of formation of new phases and can be 

attributed to evaporation of adsorbed water. Water adsorption at the surface 

of other similar pyrophosphate ceramics like Na2MnP2O7 [425] and 

NaCsZn0.5Mn0.5P2O7 [426] has also been observed.  

 
Fig. 3.16. Temperature dependences of the lattice parameters and theoretical 

densities of Na2MnP2O7 a) and Na2ZnP2O7 b) compounds on heating and cooling. 

No anomalies of the lattice parameters can be observed from the picture. 

SEM image of the surface of Na2Zn0.5Mn0.5P2O7 ceramics is presented in 

Fig. 3.17. The grain sizes of the ceramics vary in the range from 

approximately 3 to 21 µm.  

The experimental density of the composite was measured by geometrical 

methods and found to be 2.73 g/cm
3
 while the ratio between the density 

obtained experimentally and calculated theoretically is 88%. 
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Fig. 3.17. SEM image of Na2Zn0.5Mn0.5P2O7 ceramics. 

Fig. 3.18 shows EDX spectra of Na2Zn0.5Mn0.5P2O7 powder and ceramic 

samples. The calculated theoretical elemental composition and the results of 

XFS, EDX and XPS spectra analysis of the Na2Zn0.5Mn0.5P2O7 powder and 

ceramic samples are presented in Table 3.2. 

 

Fig. 3.18. EDX spectra of Na2Zn0.5Mn0.5P2O7 powder and ceramics. 
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Table 3.2. Theoretical and experimental elemental composition of 

Na2Zn0.5Mn0.5P2O7 powder and ceramic samples. 

E l e m e n t 
Theoretical, 

w t . % 

From XFS, 

w t . % 

P o w d e r 

From EDX, 

w t . % 

Ceramics 

Error, 

wt.% 

From EDX, 

w t . % 

Powder 

Error, 

wt.% 

From XPS, 

wt.% ** 

Ceramics 

Na 16.42 18.90 16.90 0.42 18.04 0.37 16.52 

Zn 11.67 11.84 11.16 0.72 11.27 0.63 15.79 

Mn 9.81 9.72 8.00 0.29 6.21 0.21 13.27 

P 22.12 20.60 20.69 0.32 17.82 0.25 22.79 

O 39.98 38.94* 43.25 0.56 46.66 0.50 31.63 

*calculated value, 
**

after Ar
+
 ion beam sputtering for 390 s 

The comparison of experimental and theoretical elemental composition of 

Na2Zn0.5Mn0.5P2O7 indicates P and Mn deficiency in the ceramic samples 

and excess of Na in the powder. However, the analysis of XPS spectra 

showed the excess of Zn and Mn after the etching of the ceramic surface. 

The characteristic Mn 2p and O 1s core level XPS spectra for 390 s etched 

surface of Na2Zn0.5Mn0.5P2O7 ceramics are shown in Fig. 3.19a and Fig. 

3.19b, respectively.  

 
Fig. 3.19. Mn 2p3/2 a) and O 1s b) core levels XPS spectra for surface of 

Na2Zn0.5Mn0.5P2O7 ceramic. 

Mn 2p3/2 core level XPS spectra were deconvoluted in three multiple 

peaks with different binding energy. The peak located at the binding energy 

640.05 eV is associated with Mn
2+ 

valence state as in MnO [427]. The multi 

peak at binding energy 641.40 eV is related with Mn
3+

 valence state as in 

Mn2O3 previously reported in [428]. Mn 2p3/2 core level peak at 641.90 eV is 

associated with Mn
4+

 valence state ion as in MnO2 [429] and correlated well 

with results already published in [430]. In the range (644-648) eV diffuse 

MnO shake – up peak is detected. The amounts of the Mn
2+

, Mn
3+

 and Mn
4+

 



91 

 

 

valence state in the investigated ceramics were 3.6, 5.2 and 4.3 wt.%, 

respectively. As the band energy states of electrons have crucial impact on 

the voltage profiles of a material the manganese atoms’ multi-valency (Mn
2+

, 

Mn
3+

 and Mn
4+

 valence states) effect revealed by XPS analysis in 

Na2Zn0.5Mn0.5P2O7 compound can determine high redox potentials within it 

suggesting sodium-based manganese pyrophosphates as very favourable 

cathodic materials for solid state battery applications. 

The O 1s spectrum for Na2Zn0.5Mn0.5P2O7 ceramics is of asymmetric 

shape, which could be fitted with an intense component and three lower 

intensity peaks. The highest intensity peak is centered at binding energy 

531.4 eV (amount 16.45 wt. %) and other lower intensity peaks are located 

at binding energies 530.65 eV (amount 9.47 wt. %), 532.54 eV (amount 3.53 

wt. %) and 529.64 eV (amount 1.03 wt. %). The peak with the highest 

intensity can be attributed to the lattice oxygen O
2-

 in the Na2MnP2O7 and 

Na2ZnP2O7 phases.  The peak at binding energy 530.6 eV represents 

structural amount of OH
-
 group as in the manganite compounds family 

[429]. The peak at binding energy 532.54 eV can be attributed to the P-O-Na 

bindings as in [431, 432]. 

Electrical measurements 

The frequency dependences of the real part of complex conductivity (σʹ) 

of Na2Zn0.5Mn0.5P2O7 ceramics, which was measured at different 

temperatures, are shown in Fig. 3.20. A dispersion region was found in 

conductivity spectra of Na2Zn0.5Mn0.5P2O7 ceramics.  
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Fig. 3.20. Frequency dependences of σʹ for Na2Zn0.5Mn0.5P2O7 ceramics at different 

temperatures. Inset shows Nyquist impedance plot at 500 K. 

The process is thermally activated and dispersion region shifts towards 

higher frequencies as temperature increases in the temperature range 350-

700 K. This phenomenon is typical for relaxation type dispersions [433]. The 

conductivity dispersion above 350 K can be attributed to Na
+
 ion migration 

in the grains of the ceramic samples as in [434-436]. The temperature 

dependences of bulk electrical conductivity (σb) of the ceramics were derived 

from Nyquist impedance plots (see inset of Fig. 3.20). The temperature 

dependences of σb of Na2Zn0.5Mn0.5P2O7 ceramics at heating and cooling are 

presented in Fig. 3.21.  

Non-Arrhenius behavior of σb(1000/T) was observed in the temperature 

range from 300 K to 360 K. The decrease of Na2Zn0.5Mn0.5P2O7 ceramics 

conductivity in the above mentioned temperature range on heating can be 

associated with water loss, besides the conductivity starts to increase rapidly 

on cooling stage from 330 K down to 300 K. The conductivity increases on 

cooling because of adsorbed water. This phenomenon was also observed in 

Na2MnP2O7 [425], NaCsZn0.5Mn0.5P2O7 [426], A0.9In0.1P2O7 (A= Sn, Ti) 

[396] and CeP2O7 [437]. Big influence of water to the conductivity at 

temperatures up to ~350 K is also observed for Na2MnP2O7 [425] and 
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Na2ZnP2O7 ceramics, their conductivity temperature dependences are 

presented in Fig. 3.21 for comparison. 

 

Fig. 3.21. Temperature dependences of bulk electrical conductivity of 

Na2Zn0.5Mn0.5P2O7 ceramics during heating and cooling. Conductivities of 

Na2ZnP2O7 and Na2MnP2O7 [425] phases are also presented for comparison. 

Further conductivity increase with temperature in the temperature interval 

(350-700) K was described by Arrhenius law. The data in graphical 

representation of conductivity in logarithmic scale vs. reciprocal temperature 

can be fitted by straight line, the slope of which is proportional to the 

activation energy of σb. A change of Na2Zn0.5Mn0.5P2O7 bulk conductivity’s 

activation energy (ΔEb) is observed in the temperature range from 600 to 630 

K. ΔEb = 0.66 eV in the temperature range from 350 K to 600 K, while at 

temperatures higher than 630 K ΔEb = 0.83 eV. Knowing that 

Na2Zn0.5Mn0.5P2O7 is mixed phase material, consisting of Na2ZnP2O7 and 

Na2MnP2O7, the latter should be responsible for the change of conductivity 

activation energy. The phase transition in Na2MnP2O7 was observed at 660 

K, which led to step-like conductivity increase on heating. In Na2ZnP2O7 

material no phase transitions were found in the whole temperature range of 

investigation. In the temperature range of 350 K to 600 K the conductivity 

values of Na2Zn0.5Mn0.5P2O7 are close to the ones of Na2MnP2O7, while at 

temperature higher than the phase transition, the value of the conductivity of 

Na2Zn0.5Mn0.5P2O7 is mostly ruled by the lower conductivity of Na2ZnP2O7. 
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However, the change of activation energy in Na2Zn0.5Mn0.5P2O7 composite at 

630 K is caused by the phase transition taking place in Na2MnP2O7 phase. 

The temperature dependences of the real part of dielectric permittivity 

() and dielectric loss was investigated at frequency of 1 GHz. This 

frequency is higher than Maxwell relaxation frequency (fM = ʹ/2π0, 

where 0 = 8.85  10
12

 F/m is dielectric constant of the vacuum) at any 

measurement temperature, as can be seen from Fig. 3.22a. At 630 K the 

change of activation energy of fM was found. The relaxation frequency 

activation energy in the temperature range 350-630 K is 0.69 eV, and at 

temperatures from 630 to 700 K it is 0.9 eV. The obtained values are close to 

the activation energies found from temperature dependences of bulk 

conductivity.  

The temperature dependence of  of Na2Zn0.5Mn0.5P2O7 ceramics 

measured at heating and cooling is shown in Fig. 3.22b. No difference in  

values can be observed comparing heating and cooling data points. This 

observation suggests that all polarization processes taking place in the bulk 

of ceramics are reversible. Hence dielectric permittivity determined at 1 GHz 

is not connected with water release which we observe from conductivity 

temperature behaviour.  
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Fig. 3.22. Temperature dependences of Maxwell relaxation frequency a), real part 

of complex dielectric permittivity b) and dielectric losses c) of Na2Zn0.5Mn0.5P2O7 

ceramics measured at 1 GHz on heating and cooling. 

The increase of value of dielectric permittivity from 8.4 to 12.3 is 

observed over the whole measured temperature range. The increase of  

with temperature is caused by contribution of electronic polarization, 

vibration of the lattice, migration polarization of Na
+
 ions in the grains of 

Na2Zn0.5Mn0.5P2O7 ceramics. As the dielectric losses (Fig. 3.22c) represent 

conductivity (tanδ = σ/σ), tanδ is shown in Arrhenius representation. A 

change of the slope was found at about 630 K, which corresponds to the 

change of conductivity activation energy and it was related to the phase 

transition taking place in Na2MnP2O7 constituent of Na2Zn0.5Mn0.5P2O7 

ceramics. Besides, we can see that at high frequency (1 GHz) water does not 
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influence ionic transport properties at low temperatures of 300-350 K. So the 

low temperature conductivity values are caused by surface water diffusion 

and probably by the contribution of grain boundaries and porosity. 

3.1.7 Influence of structural changes in NaCsZn0.5Mn0.5P2O7 on its electrical 

properties 

Crystalline structure 

The results of XRD measurements show that NaCsZn0.5Mn0.5P2O7 

powder prepared by solid state reaction are mixed phase compound. Three 

different phases were detected in the X-ray diffraction patterns of the 

powder. NaCsZnP2O7 (65.61 wt.%), NaCsMnP2O7 (15.35 wt.%) and 

Cs2MnP4O12 (19.04 wt.%) phases were found in the powder at room 

temperature. The results of analysis of XRD patterns show that NaCsZnP2O7 

compound belongs to monoclinic symmetry (space group P21/n) with four 

formula units in the unit cell. The analysis of NaCsMnP2O7 XRD patterns 

show that this phase crystallizes in the orthorhombic symmetry (space group 

Cmc21) (No. 36 card 089-5449) and this result is in good correlation with 

[311]. The Cs2MnP4O12 crystallizes in monoclinic structure (space group 

P21/n) as it was reported in [438]. The lattice parameters, unit cell volume 

(V), angle (β), formula units in the unit cell (Z) and theoretical density (dt) of 

the three phases at RT are presented in Table 3.3.  

Table 3.3. Summary of X-ray diffraction analysis of NaCsZn0.5Mn0.5P2O7 powder at 

room temperature. 

 

Pseudo 3D montage of XRD patterns of NaCsZn0.5Mn0.5P2O7 powder is 

recorded during in-situ heating and cooling in 300–700 K temperature range. 

XRD patterns recorded during heating and cooling processes do not 

reveal any appearance or disappearance of the peaks (Fig. 3.23). As the only 

certain difference between patterns at different temperatures is continuous 

shift of the peaks towards lower 2θ values during heating and towards higher 

2θ values during cooling, it is presumed that there are no changes in the 

phase composition of the sample and all changes are related to the lattice 

parameter variation due to the thermal expansion. 
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Fig. 3.23. Pseudo 3D montage of XRD patterns of NaCsZn0.5Mn0.5P2O7 powder at 

heating and cooling in 300-700 K temperature range. No structural changes can be 

observed from the montage. 

The temperature dependences of the lattice parameters of the 

NaCsMnP2O7, NaCsZnP2O7 and Cs2MnP4O12 compounds at heating and 

cooling are presented in Fig. 3.24a, Fig. 3.24b, and Fig. 3.24c, respectively. 

In the temperature region (400–500) K the anomalies of lattice parameters 

and cell volume in the NaCsMnP2O7 XRD patterns were found. The 

anomalies of a, b, c and V lattice parameters in the Cs2MnP4O12 phase are 

detected in the temperature range (500–600) K. These anomalies remain in 

NaCsMnP2O7 and Cs2MnP4O12 phases at cooling of the powder to room 

temperature. The temperature hysteresis of b, c and V lattice parameters at 

the heating and cooling was observed for Cs2MnP4O12 phase. The available 

XRD data does not provide any evidence of formation of new phases also 

there are no trustworthy indications of elemental interdiffusion between 

phases. Therefore, it is assumed that the anomalies of the lattice parameters 

in temperature range (400–500) K for NaCsMnP2O7 and in temperature 

range (500–600) K for Cs2MnP4O12 can be caused by structural disordering 

in these phases. On the other hand, in comparison to conventional XRD 

measurements usage of laboratory scale heating chamber slightly reduces 

XRD data resolution/quality and in-situ XRD measurements at synchrotron 

facilities might reveal another cause (for example delicate phase change, 

cation interdiffusion, etc.) of the observed anomalies. The lattice parameters 

of the NaCsZnP2O7 compound in the investigated temperature range increase 

linearly with temperature. 
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Fig. 3.24. The temperature dependences of lattice parameters of NaCsMnP2O7 a), 

NaCsZnP2O7 b) and Cs2MnP4O1 c) phases. Lattice anomalies associated with 

NaCsMnP2O7 and Cs2Mn4O12 phases can be seen from the picture. 

The results of the DSC and TG measurements of the NaCsZn0.5Mn0.5P2O7 

powder are displayed in Fig. 3.25. The results of TG investigation show that 

mass decrease with temperature and at T = 800K the change was found to be 

1.4%. This weight loss can be attributed to evaporation of hydrated water as 

in A0.9In0.1P2O7 (A=Sn, Ti) pyrophosphates [396]. The diffuse change of 

DSC graph is detected in the temperature range (500–600) K. This change is 

associated with the change of structural parameters of Cs2MnP4O12 phase. 

 

Fig. 3.25. Differential scanning calorimetry (DSC) and thermogravimetric (TG) 

analysis of NaCsZn0.5Mn0.5P2O7 powders. 
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SEM image of the surface of ceramic is presented in Fig. 3.26. The grain 

sizes of the ceramic vary in the range from approximately 5–16 μm.  

 

Fig. 3.26. SEM image of NaCsZn0.5Mn0.5P2O7 ceramic 

Fig. 3.27a and Fig. 3.27b show EDX spectra of the investigated 

NaCsZn0.5Mn0.5P2O7 powder and ceramics respectively. The analysis of 

EDX spectra of the NaCsZn0.5Mn0.5P2O7 powder and ceramic shows that 

content of sodium practically remains the same after sintering, despite the 

fact that sodium is an element, which can easily evaporate. The comparison 

of experimental and theoretical elemental composition of 

NaCsZn0.5Mn0.5P2O7 indicates P and O deficiency and excess of Cs. 
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Fig. 3.27. EDX spectra and elemental composition in weight percent's of 

NaCsZn0.5Mn0.5P2O7 powder a) and ceramic b). 

Electrical measurements 

The characteristic frequency dependences of the real part of complex 

conductivity (σ′) of NaCsZn0.5Mn0.5P2O7 ceramic, which were measured at 

different temperatures, are shown in Fig. 3.28. A dispersion region was 

found in conductivity spectra of NaCsZn0.5Mn0.5P2O7 ceramic. The process 

in the investigated ceramic is thermally activated and dispersion region shifts 

towards higher frequencies as temperature increases in the temperature range 

420–700 K. This phenomenon is typical for relaxation type dispersions. The 

conductivity dispersion can be attributed to Na
+
 ion migration in the grains 

of the ceramic samples as in [434-436]. 
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Fig. 3.28. The characteristic frequency dependences of the real part of complex 

conductivity (σ′) of NaCsZn0.5Mn0.5P2O7 ceramic at various temperatures. 

The temperature dependences of total electrical conductivity (σ10 Hz) of 

the ceramics were derived at 10 Hz, where is the plateau of σ′(f) 

dependences. The temperature dependences of σ10 Hz of NaCsZn0.5Mn0.5P2O7 

ceramic at heating and cooling are presented in Fig. 3.29. 

Non-Arrhenius behaviour of σ10 Hz(1/T) was observed in the temperature 

range 300–420 K. The total conductivity of NaCsZn0.5Mn0.5P2O7 ceramic 

decreases in this temperature range and this phenomenon can be associated 

with dehydration of the samples and loss of phosphorus oxide. This 

phenomenon was also observed in A0.9In0.1P2O7 (A=Sn,Ti) [396] and CeP2O7 

[437] pyrophosphates. 
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Fig. 3.29. The temperature dependences of total electrical conductivity (σ10 Hz) of 

NaCsZn0.5Mn0.5P2O7 ceramic during heating and cooling. The activation energies of 

total electrical conductivity at heating (ΔEtot-h) and cooling (ΔEtot-c) are also shown 

for the particular temperature ranges. Proton conductivity is evident in the 

temperature range between 300 K and 420 K. 

The temperature range 420–700 K can be approximately divided into 

three temperature intervals, where total electrical conductivity increases with 

temperature according to Arrhenius law with different activation energies 

(see Table 3.4). The temperature hysteresis of σ′ value was found at heating 

and cooling of NaCsZn0.5Mn0.5P2O7 ceramic. The decrease of the 

temperature from T = 420 K to RT leads to non-Arrhenius change of σ10 Hz 

values. The results of the measurements of total conductivity at temperatures 

450, 550 and 650 K and activation energies of total conductivities are 

summarized in Table 3.4. 
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Table 3.4. The values of total electrical conductivity (σ10 Hz) of NaCsZn0.5Mn0.5P2O7 

ceramic at various temperatures (T) and its activation energies at heating (ΔEtot-h) 

and cooling (ΔEtot-c). 

 

The results of XRD measurements has shown anomalies of the lattice 

parameters in temperature range (400–500) K in orthorhombic NaCsMnP2O7 

and in temperature range (500–600) K in monoclinic Cs2MnP4O12, but the 

symmetry group of above mentioned compounds has not changed. It is 

possible that detected anomalies of electrical properties are caused by 

disordering in the NaCsMnP2O7 and Cs2MnP4O12 lattices as is observed in 

other compounds from pyrophosphates family [222, 439]. Structural phase 

transition is a common phenomenon in many pyrophosphates such as 

Na2FeP2O7 [302], Na4P2O7 [440] and Na2CoP2O7 [441]. The phase transition 

from triclinic (β) to monoclinic (α) Na2FeP2O7 was indicated above 833 K. 

Structural phase transitions ε → δ, δ → γ, γ → β and β → α were indicated 

in Na4P2O7 at temperatures 663, 777, 785 and 823 K respectively. These 

transitions were also observable by electrical measurements as activation 

energy of conductivity was changing during transitions [440]. The 

endothermic peak at 653 K, which was obtained by differential thermal 

analysis (DTA), is due to the phase transition in Na4P2O7. 

The temperature dependences of relaxation frequency (fr) were 

determined from the maximum of the ρ″(f) spectra measured at different 

temperatures. The characteristic ρ″(f) spectra at different temperatures are 

presented in Fig. 3.30.  
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Fig. 3.30. The frequency dependences of imaginary part of complex resistivity at 

different temperatures for NaCsZn0.5Mn0.5P2O7 ceramic. 

With the increase of temperature from 500 K to 700 K the maximum of 

ρ″(f) shift towards high frequencies according to Arrhenius law. In the 

temperature range from RT to 340 K the maximum of ρ″ shifts to lower 

frequencies and in temperature interval (340–520) K the maximum 

disappears from the frequency range of measurement. The temperature 

dependences of fr at heating and cooling are presented in Fig. 3.31.  
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Fig. 3.31. The dependences of relaxation frequency of NaCsZn0.5Mn0.5P2O7 ceramic 

on the reciprocal temperature during the heating and cooling of ceramic. 

The anomalies of fr and their activation energies (ΔEfr) were found. 

The values of ΔEfr are different at heating and cooling (see Table 3.5). 

Table 3.5. The activation energies of relaxation frequency for NaCsZn0.5Mn0.5P2O7 

ceramic. 

 

The temperature dependences of the real part of dielectric permittivity (ε′) 

and dielectric loss (tanδ) were investigated in the frequency range from 1 

MHz to 1 GHz. The frequencies in this range are higher than Maxwell 

relaxation frequency at 700 K (fM = σ′/2πε′ε0, where ε0 = 8.85× 10
−12

 F/m is 

dielectric constant of the vacuum). The calculated Maxwell relaxation 

frequency at 700 K for NaCsZn0.5Mn0.5P2O7 ceramic is about 0.13 MHz. The 

characteristic temperature dependences of ε′ and tanδ of NaCsZn0.5Mn0.5P2O7 

ceramics measured at heating and cooling are shown in Fig. 3.32a.  
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In the temperature range (400–500) K the anomalies of ε′ and tanδ were 

observed. The anomalies can be associated with structural disordering in 

NaCsMnP2O7 lattice. These anomalies can be observed on heating and 

cooling of the samples. The peak temperature of ε′ values is dependent on 

measurements frequency as shown in Fig. 3.32b. The values of ε′ decrease 

and the peak shifts towards higher temperature side when frequency 

increases. This phenomenon is typical for order-disorder type second order 

phase transitions as were reported in [442, 443]. 

 

Fig. 3.32. The temperature dependences of the real part of complex dielectric 

permittivity (ε′) and dielectric loss (tanδ) at 10
8
 and 10

9
 Hz frequencies on heating 

(h) and cooling (c) a). The temperature dependences of ε′ at 10
6
, 10

7
, 10

8
 and 10

9
 Hz 

frequencies b). 
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3.2 Impact on conductivity of lithium and sodium exchange in 

Li0.5-yNayLa0.5Nb2O6  

Crystalline structure 

As can be seen from Table 3.6 and Table 3.7 the lattice parameters and 

unit cell volume for Li0.5–yNayLa0.5Nb2O6 compounds with у = 0 and 0.5 

linearly increase with increasing temperature. Besides the lanthanum site 

occupancies at z = 0 and z = 1/2 planes do not change in the studied 

temperature range. 

Table 3.6. Structure parameters of Li0.5La0.5Nb2O6 at different temperatures. 

 

Table 3.7. Structure parameters of Na0.5La0.5Nb2O6 at different temperatures. 
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Electrical measurements 

An example of complex resistivity spectrum for Li0.3Na0.2La0.5Nb2O6 

ceramics is shown in Fig. 3.33. The figure is a usual resistivity 

representation in the complex plain and it shows two spectra measured at 

300 K by two-electrode method and by four-electrode method.  

 

Fig. 3.33. Complex plain resistivity plots of Li0.3Na0.2La0.5Nb2O6 ceramics measured 

at 300 K by two- and four-electrode methods. Some frequencies are shown for 

selected characteristic points. 

Two semicircles can clearly be seen from the data obtained by four-

electrode method. Such spectrum can easily be modelled by two series 

processes, each of them were described by resistance (R) connected in 

parallel with a constant phase element (CPE). The impedance of CPE is 

expressed as: 

      
 

      
,                  (3.1) 

where       is the angular frequency, and the true capacitance of the 

process is found from equation: 

  
        

 
.                   (3.2) 

The spectrum of each R||CPE connection is of depressed semicircle shape 

in the complex plain plot. The semicircle at lower frequencies between 

10 Hz and 1 kHz can be attributed to ionic relaxation in the grain boundaries 

of the ceramics with the corresponding typical capacitance value of 1.4·10
-

8
 F. From the diameter of the semicircle the grain boundary conductivity 

(σgb) can be found. Similarly, the higher frequency semicircle represents 
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ionic relaxation in the grains (bulk) of ceramics. The grain or bulk 

conductivity (σb) can be found from the diameter of the semicircle and the 

corresponding capacitance value was 2·10
–12

 F. 

Comparing the spectrum obtained by four-electrode method with the one 

obtained by two-electrode method, one can see some important differences. 

The spectrum obtained by two-electrode method has an additional part in the 

low frequency range (from 12 kHz to 10 Hz), which is attributed to ion 

blocking at the electrode-electrolyte interface. Therefore the imaginary part 

of complex resistivity rises with decrease of frequency, which is a clear 

feature of capacitive electrode nature. The local minimum of ρ was found at 

12 kHz, which is much higher compared to the four-electrode spectrum 

(1 kHz). This shows that the grain boundary contribution to the two-

electrode spectrum is masked by the processes taking place at the electrode. 

However, the ionic relaxation frequency in the grains of ceramics (frequency 

of the grain semicircle maximum) was found to be the same from both 

measurements:                   . So, the grain conductivity σb 

(the diameter of high frequency semicircle) can be found by equivalent 

circuit modelling from measurements by two-electrode method. 

The above analysed example (Fig. 3.33) for the composition with y = 0.2 

is the most clear. For other compositions similar impedance spectra were 

obtained, but in some cases only a trace of low frequency semicircle was 

observed, so the precise determination of the grain boundary conductivity 

was very difficult. The conductivity of ceramics grain boundary highly 

depends on the ceramic quality and microstructure (grain size, density, crack 

and impurity level, etc.), which may slightly wary among different samples. 

The Arrhenius plot of grain boundary conductivity with different lithium 

concentrations is presented in Fig. 3.34. One can observe that higher lithium 

concentration at the temperature interval 300-470 K does not enhance the 

grain boundary conductivity of the sample because of the bottleneck size 

limitations as discussed in [370]. 
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Fig. 3.34. Grain boundary Arrhenius plot for Li0.5–yNayLa0.5Nb2O6 compounds with 

different sodium concentration y. The activation energies are indicated for different 

sample compositions. 

Temperature dependences of lithium-ion conductivity in the ceramic 

grains with different amount of sodium (y) are presented in Fig. 3.35. 

Arrhenius-type conductivity behaviour with temperature was found only for 

the sample with у = 0. For all other samples the change of activation energy 

can be observed at high temperatures (> 500 K). The lowering of activation 

energy is observed at higher temperatures for the compounds in which the 

sodium to lithium exchange ratio is higher (red line in Fig. 3.35). In the 

lower temperature range (300–500 K) the activation energy of ~ 0.4 eV has 

been found, while at high temperatures it is about 0.2 eV. 
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Fig. 3.35. Bulk conductivity Arrhenius plot for Li0.5–yNayLa0.5Nb2O6 compounds with 

different sodium concentration y. Thick red line approximately shows the change of 

activation energy.  

Concentration dependences of conductivity in the bulk of ceramics grains 

obtained from impedance spectroscopy data are presented in Fig. 3.36. At 

300 K the bulk conductivity increases from 1 ∙ 10
–3

 to 2.1 ∙ 10
–3

 S∙m
–1

 when 

lithium is substituted with sodium and reaches the maximum value at у = ~ 

0.4 (Fig. 3.36a and Fig. 3.36b curve 1). At 400 K the conductivity increases 

from 4.8 ∙ 10
–2

 to maximal value of 7.2 ∙ 10
–2

 S∙m
–1

 at about y = 0.3 (Fig. 

3.36b, curve 2). At higher temperatures the conductivity maximum shifts to 

the direction of lower sodium concentrations, for example at 500 K the 

maximum value can be found when у = 0.2 (Fig. 3.36b, curve 3), though at 

800 K ionic conductivity lowers continuously with the lithium-ion exchange 

with sodium (Fig. 3.36b, curve 4). 
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Fig. 3.36. Concentration dependences of Li0.5–yNayLa0.5Nb2O6 ceramics bulk 

conductivity at 300 K a). Behaviour of the bulk conductivity can be explained by 

lattice volume increase and charge carrier concentration decrease with increasing 

stoichiometric factor y b). Dependence of normalized conductivity of                   

Li0.5–yNayLa0.5Nb2O6 ceramics at different temperatures: 300 K (1), 400 K (2), 500 K 

(3), 800 K (4). Arrows show conductivity maxima, which shifts towards lower y 

values when temperature increases. 
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In order to describe non-Arrhenius conductivity behaviour the theory 

proposed in [444] has been applied. The temperature dependent conductivity 

in the whole temperature range can be expressed as:  

     
                  

 
     

        

          
 ,       (3.3) 

where    is the bond energy between the mobile and the surrounding ion,    

is the coordination number of the mobile ion, R is the gas constant,     and 

    are the mean values of    and   ,     and     are their fluctuations and 

                      , where g is geometrical factor,  - oscillation 

frequency, l – jump distance and F – correlation factor. By appropriately 

choosing the parameters provided formula describes temperature dependence 

of conductivity of both the Arrhenius type and the Vogel–Fulcher–Tammann 

type. The parameters obtained from the experimental data fitting to formula 

(3.3) are presented in Table 3.8 and Fig. 3.37 shows the fitting result. One 

can see from Fig. 3.37 that the tendency of the fitted results is the same as 

given experimentally and demonstrated in Fig. 3.35: the lowest conductivity 

value in all temperature range corresponds to the stoichiometric factor y = 

0.5, the highest conductivity value at 300 K temperature was found for 

composition with stoichiometric factor y = 0.3, and the activation energy 

remains constant in the whole temperature interval only for the 

stoichiometric factor y = 0. 

Table 3.8. Parameters of the model for non-Arrhenius temperature dependence of 

ion conductivity of Li0.5-yNayLa0.5Nb2O6 determined following [444]. 
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Fig. 3.37. Arrhenius plot of Li0.5–yNayLa0.5Nb2O6 ceramics bulk conductivity. The fits 

to the equation (3.3) are shown as solid lines. Note that the conductivity is 

multiplied by temperature in this graph. 

Authors [444] have shown, that for the system with low value of the 

fluctuation         , the model reduces to the Arrhenius-type behaviour. In 

fact, for the compound with у = 0 the best fitted value of          was 0 and 

this shows the pure lithium compound to obey Arrhenius behaviour. It is also 

worth noting, that in the 2D conduction region (0 < y ≤ 0.3) the fitting 

parameters change significantly, while in the 3D conduction region the 

differences only for the preexponential factor are observed.  

Since the conductivity is a product of charge (e), charge carrier 

concentration (n) and mobility (μ) it can be expressed as: 

                            (3.4) 

 As according to the chemical formula lithium concentration in Li0.5–

yNayLa0.5Nb2O6 changes proportionally to (0.5–y), dividing bulk 

conductivity by lithium amount in the formula we will get a quantity, which 

is proportional to the mobility of lithium ions. Composition dependences of 

b/(0.5–y) are presented in Fig. 3.38. 
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Fig. 3.38. Graph showing lithium mobility (see text) dependence on stoichiometric 

factor y at different temperatures. Arrows point out the increase of Na
+
 and Li

+
 

concentrations in Li0.5–yNayLa0.5Nb2O6 ceramics, solid lines are guides for the eye. 

At high temperature (i.e. 800 K) the mobility of lithium ions is the same 

for all compositions and the conductivity depends only on lithium 

concentration. Close to the room temperature the behaviour is different and 

lithium mobility significantly increases with increasing sodium fraction in 

the sample, so, as also discussed above, the conductivity at 300 K is 

determined by the mobility and lithium ion concentration. 

At room temperature the maximum of conductivity as a function of 

sodium concentration in the system Li0.5–yNayLa0.5Nb2O6 can be explained by 

two competing effects, the one being the unit cell parameter change and the 

other – the change of mobile charge carriers. The increase of conductivity 

with increasing y (Fig. 3.36a) is due to the increase of unit cell volume as 

can be seen from Table 3.6 and Table 3.7. This, in accordance with [336], 

leads to the increase of bottleneck size and consequently to the conductivity 

increases and the activation energy decreases. With the further exchange of 

lithium by sodium (у > 0.4) the conductivity decreases because of significant 

decrease of charge carrier concentration, while charge carriers in this system 

are lithium-ions. 

In order to find out the influence of the above mentioned factors on 

conductivity at elevated temperatures, the conductivity has been normalized 

to the value found for у = 0 and the normalized conductivity was studied as a 
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function of lithium concentration (Fig. 3.36b). As can be seen from the 

figure, with the temperature increase the maximum of conductivity becomes 

less pronounced and totally disappears at Т ≥ 800 K. However, the unit cell 

volume increases with temperature linearly (Table 3.6 and Table 3.7). So we 

can conclude, that at 800 K the bottleneck size increases so much, that it 

stops limiting lithium mobility. Thus at high temperatures the change of unit 

cell parameters caused by lithium to sodium substitution does not affect the 

conductivity. The concentration dependencies of conductivity are affected 

only by lithium ion concentration, which is lowered when lithium is 

substituted by sodium. Consequently at 800 K Li0.5–yNayLa0.5Nb2O6 

conductivity gradually lowers with the increase of y. 

The potential barrier for lithium jumps is determined by the bottleneck 

size, which originates from structural features of the lattice and it increases 

with the expansion of unit cell when lithium is partially replaced by sodium. 

With the temperature increase the energy of thermal oscillations are 

supposed to increase significantly with regard to potential barrier for 

lithium-ion jumps. So the temperature dependences of conductivity at higher 

temperatures are determined by the lithium ion concentration rather than by 

the structural features of the lattice. 
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CONCLUSIONS 

1. The temperature dependence of Na2MnP2O7 ceramics total 

conductivity suggested the phase transition taking place in this 

compound at 660 K. This phase transition has been approved by 

DTA and thermal XRD investigation. 

2. The non-Arrhenius decrease of conductivity was observed on 

heating Na2MnP2O7 ceramics up to 370 K, Na2ZnP2O7 ceramics 

up to 340 K, Na2Zn0.5Mn0.5P2O7 ceramics up to 360 K, and 

NaCsZn0.5Mn0.5P2O7 up to 420 K. The reverse process was found 

on cooling suggesting the water absorption from ambient air. It 

was shown, that a very small amount of water in the sodium-

based pyrophosphates (about 0.5 wt.%) affects their room 

temperature conductivity, which must be mixed Na
+
 and H

+
 

(protonic) at the same time. 

3. It was revealed by the X-ray diffraction analysis that the 

Na2Zn0.5Mn0.5P2O7 powder synthesized by the solid state reaction 

is a mixed phase compound, which consists of Na2MnP2O7 and 

Na2ZnP2O7 phases. In the temperature interval from 360 to 700 K 

the total electrical conductivity of Na2Zn0.5Mn0.5P2O7 increases 

with temperature according to the Arrhenius law, but the 

activation energy change was found at about 630 K. This change 

was associated with the structural phase transition taking place in 

the Na2MnP2O7 phase. 

4. X-ray diffraction analysis showed that NaCsZn0.5Mn0.5P2O7 

powder is a mixed phase compound, which consists of 

NaCsZnP2O7, NaCsMnP2O7 and Cs2MnP4O12 phases. The 

anomalous changes of lattice parameters with temperature were 

observed from XRD spectra in the temperature region 400–500 K 

for NaCsMnP2O7 and 500–600 K for Cs2MnP4O12. Additionally, 

the impedance spectroscopy analysis showed the changes of 

activation energy of the total electrical conductivity at 

temperatures 480 K and 590 K. It was proposed that detected 

anomalies of electrical properties are caused by structural 

disordering in the NaCsMnP2O7 and Cs2MnP4O12 lattices. 

5. The XRD measurements showed that NaLiMnP2O7 solid solution 

consists of two phases: Na2Mn3(P2O7)2 and LiMnPO4. Thermal 

XRD investigation suggested the phase transition taking place in 
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Na2Mn3(P2O7)2 compound at about 800 K. This phase transition 

has been approved by DTA and the temperature dependence of 

NaLiMnP2O7 ceramics total ionic conductivity. 

6. Manganese atoms’ multi-valency (Mn
2+

, Mn
3+

 and Mn
4+

 valence 

states) effect revealed by XPS analysis in Na2Zn0.5Mn0.5P2O7 

compound can determine high redox potentials within it 

suggesting sodium-based manganese pyrophosphates as very 

favourable cathodic materials for solid state battery applications. 

7. Non-Arrhenius temperature dependencies of grain conductivity 

were found for Li0.5−yNayLa0.5Nb2O6 ceramics except for the 

Li0.5La0.5Nb2O6 compound. At lower temperatures 

Li0.2Na0.3La0.5Nb2O6 compound shows the conductivity 

maximum, which can be explained by changes of lattice 

parameters and consequently the bottleneck size for Li
+
-ion 

migration and also by charge carrier concentration. At 800 K 

lithium mobility in the system was found to be independent on 

stoichiometric factor y and the conductivity decreases 

monotonously when Li is replaced by Na. 
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