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ABSTRACT 

 The material NaxGa4+xTi1-xO8 (x~0.7) (NGTO) is believed to be a 1-dimensional 

conductor of sodium and, as such, has potential technological importance.  Furthermore, 

the structure of NGTO is such that it possesses single dimensional tunnels (or channels) 

along which conduction is presumed to occur, which are large enough in size to 

accommodate a variety of alkali ions in addition to sodium.  The focus of this work was 

two-fold:  1) prepare and characterize single crystal and polycrystalline NGTO samples 

and 2) replace the sodium in the NGTO with other ions (K+, Li+, Ag+) through a variety 

of methods and subsequently characterize these analogs.     

 Initially, the synthesis of polycrystalline NGTO was explored and improved 

through the examination of batch components and processing methods.  Attempts were 

then made to synthesize various alkali analogs.  The thermal, electrical, physical, and 

chemical properties were studied using a multitude of characterization techniques.  

 For polycrystalline NGTO, the total electrolyte conductivity varied among 

samples from approximately 10-7 – 10-5 (Ω-cm)-1 at 400°C to approximately 10-3 – 10-2 

(Ω-cm)-1 at 1000°C.  The activation energy was calculated to be between 0.86 – 1.08 eV.  

A bulk conductivity of ~10-2(Ω-cm)-1 at 550°C with an activation energy ~0.28eV was 

calculated for single crystal NGTO.  For NGTO exposed to ion-exchange treatments, the 

measured conductivity decreased with increasing ion size for potassium and silver 

exchanged samples.  However, samples exposed to lithium exchange treatments exhibited 

a lower conductivity than any of the other samples. 
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1 INTRODUCTION 

 Readily accessible and inexpensive energy is believed to be quickly coming to an 

end, or at least the demand for such energy is rapidly overtaking the finite supply.  As a 

result, alternative methods of energy storage, production, delivery and consumption are 

needed.  Electrochemical systems whether solid state or aqueous, are integral components 

in electronic devices (ipod) and batteries (NiMH) as well as propulsion (vehicle) and 

solar conversion (photovoltaics) applications.  As a result electrochemical systems will 

undoubtedly become increasingly important as new and alternative methods for storing 

and delivering energy.  Fast ion conductors are a critical component to the successful 

operation (charge transport) of these devices.  Liquid electrolytes work well, but have 

limited applications.  As an alternative, solid electrolytes can be used and are often 

desired for their greater versatility.  The sacrifice is, of course, a generally lower 

conductivity through these solid materials compared to liquids.  An ideal solid electrolyte 

should be stable in its operational environments, not degrade significantly with time, be 

maintenance free, conduct in a known and predictable fashion, and last but certainly not 

least, the material should have a relatively high ionic conductivity.  Many of these 

attributes are manifest in fundamental material properties alone; however, obtaining 

significant conductivities and reproducible samples are the major drawbacks to using 

solid electrolytes for ion conduction.  Nevertheless, many solid electrolyte materials have 

been developed which illustrate their capability and functionality. 

 Based on previous results1 it is believed that the material NaxGa4+xTi1-xO8 (x~0.7) 

is a fast ion conductor of sodium.  The structure of this material lends itself to 

manipulation and it is conceivable that this material might be able to be improved upon to 

make it more tantalizing as a component in electrochemical systems.  This research was 

focused on probing and understanding the behavior of this material so that it might be 

tailored and or optimized for a device specific application.  This thesis will be presented 

in three sections: 

 

• Synthesis and Characterization of NaxGa4+xTi1-xO8 (x~0.7) 
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• Electrical Properties of NaxGa4+xTi1-xO8 (x~0.7) 
 
• Synthesis and Characterization of NGTO Analogs A0.7Ga4.7Ti0.3O8 (A=Li, K, 

Ag, Na:Li, Na:K, and Na:Ag) 
 

 
 For the most part, each section contains its own introduction, experimental 

procedures, results and discussion, conclusions, figures, tables, and references.  However, 

reference is made to associated sections when necessary to avoid redundancy and 

gratuitous length.  A generalized summary is presented lastly, which includes overall 

conclusions and suggestions for future work.   

 Additionally, pertinent background information is provided at the beginning of 

this thesis to aid the reader in the development of this work.  The background will focus 

on the structure and conduction mechanisms of 1) the material under investigation 

(NGTO), 2) several materials with similar chemistry and structural features, and 3) β-

alumina.   
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2 BACKGROUND 

2.1 NaxGa4+xTi1-xO8 (x~0.7)  (NGTO) 

2.1.1 Structure 
 The crystal structure of NaxGa4+xTi1-xO8 (x~0.7) (NGTO) consists of layers of 

corner-sharing GaO4 joined with edge-sharing and corner-sharing GaO6 separated by 

corner-sharing octahedral TiO6 schematically shown in Figure 2.1.   

 

  

Figure 2.1. Polyhedra representation of NaxGa4+xTi1-xO8 (NGTO) structure. 

The structure is monoclinic, C 2/m, and is distinguished by one-dimensional tunnels 

parallel to the b axis and having a cross sectional diameter of ~2.5 Å in which the mobile 

sodium resides.  The structure of NaxGa4+xTi1-xO8 can be realized by relating it to the n = 

5 member of the beta-gallia intergrowth (BGR) expressed as Ga4Tin-4O2n-2, and replacing 

a portion of that titanium with sodium (charge balance being restored by additional 

gallium) to form the material described as NaxGa4+xTin-4-xO2n-2.  Re-writing the formula 

to include only the n = 5 member of the series, the formula becomes NaxGa4+xTi1-xO8 

which, when x ~ 0.7, is very nearly identical to the composition reported by 

Chandrasekhar et al.1 for single crystals grown via soda evaporation.  Chandrasekhar et 

al. reported a composition Na0.7Ga4.72Ti0.29O8 based on electron microprobe analysis and 

reported sodium site occupancy of ~ 1/3 based on the refinement of neutron diffraction 
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data.  As such, it was speculated that NGTO was perhaps a solid solution rather than a 

compound with x ~ 0.7 the upper limit of sodium addition.  However, work by Empie et 

al. showed that x did not assume a wide range of values and it remains to be understood if 

NGTO has a very narrow range of composition about x ~ 0.7 or if it is in fact a 

compound.2   

2.2 Previous Literature 

 The published literature regarding NGTO is slim, the extent of which includes the 

paper published in 1979 by Chandrasekhar et al.1, a brief mention by Beyeler et al.3 and 

Michiue et al.4,5, and several more-recent publications by Edwards et al.2,6-8  NGTO can 

be most conveniently categorized in 3 ways:  1) an alkali titanogallate, 2) a beta-gallia 

rutile (BGR) intergrowth compound, or 3) a tunneled titanate structure.  Although this 

particular material has not been extensively studied, materials possessing similar features 

have been studied and, as such, NGTO can be described in terms of, or related to, several 

other materials that posses all or some of the aforementioned features, which will be 

discussed shortly.  Furthermore, it is noteworthy to mention that Foster and Stumpf 

reported that for every alumina phase there exists an identical gallia phase.9  In order to 

provide a base from which to begin the discussion of this thesis, relevant past literature 

relating to 1-dimensional, tunneled structures, will be presented, followed by a review of 

β-alumina, probably without argument the most widely known and studied solid state 

conductor of sodium.  In this way, it is the goal to provide a brief, yet encompassing, 

context of the structural aspects and conductive phenomenon/properties of similar 

systems and materials, from which NGTO can be understood and explored. 

2.2.1 Alkali Titanogallates 
 There exists much research on systems related to NGTO and its variants.  In 

particular, the literature on this subject is dominated by alkali titanogallates1,4,5,7,10-15 and 

alkali-titanates, -gallates, -germanates, and -aluminates.16-21  The alkali-titanates, -

gallates, -germanates, and -aluminates generally possess much more distorted tunnels and 

suffer from relatively low long range conductivity and are therefore more often examined 

for their use in applications such as photocatalysis.  Several alkali titanogallates are listed 
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in Table 2.1 with their associated tunnel characteristics as well as the mobile ion charge 

carrier.  Indeed, the range in tunnel shape and size is quite broad and covers all of the 

alkali ions.   

Table 2.1.  Characteristics of Several Tunneled Alkali Titanogallate Materials 

Material* 
Tunnel 

Mobile 
Species Free 

Diameter** (Å) Shape 

NaxGa4+xTi1-xO8 (x ~ 0.7)1,7 2.5 Hexagonal Na 

Na1-xTi2+xGa5-xO12 (x ~ 0.2)4 1.84 Distorted Octagonal Na 

K1-xTi2+xGa5-xO12 (x ~ 0.2)14 2.021 Distorted Octagonal K 

NaxTi2-xGa4+xO10 (x ~ 0.85)5  2.132 Distorted Octagonal Na 

LixTi2-xGa4+xO10 (x ~ 0.85)12  1.71 Distorted Octagonal Li 

AxGa8Ga8+xTi16-xO56 (x ≤ 2)13,15  3.4 Octagonal K, Rb, Cs 

NaGaTi5O12
11 -- Rectangular Na 

***A1.6Mg0.8Ti7.2O16
22 -- Square K, Li 

*Superscripts refer to references found at the end of the section. 
**The free diameter is taken to be along the smallest cross section of the tunnel. 
***Priderite structure. 
   

 The foundation for much of the experimental and theoretical work into alkali 

titanogallate systems began with research into hollandite-type systems, specifically the 

priderites.  The hollandite mineral has the chemical formula BaxMn8O16 where the 

manganese is a mixture of Mn2+ and Mn4+.23  The structure is monoclinic, I2/m, and is 

characterized by one-dimensional tunnels parallel to the unique axis in which the barium 

ions reside.   More generically, hollandite-type compounds can be expressed as AxM8O16 

in which A is an alkali or alkaline-earth species and M can be many different metals 

including Al, Ti, Mn, Fe, etc.23,24  The priderite mineral can be thought of as a titania 

based hollandite in which manganese is replaced with titanium and iron and a portion of 

the barium is replaced with potassium.  While the original chemical formula for priderite 

is (Ba,K)x(Fe,Ti)8O16,23 it is common for authors to refer to structures having the general 

hollandite-type formula AxM8O16, in which the majority of M is titanium, as priderite.  A 

schematic representation of the priderite structure is shown in Figure 2.2.  Priderites 

belong to the space group I4/m, and are characterized by one-dimensional tunnels, 
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parallel to the c-axis in which mobile alkali and alkaline-earth ions reside.  These tunnels 

are constricted periodically by four O2- ions at what authors often term a bottle neck.14,22   

 

O2-
A

 

Figure 2.2. C-axis projection of  the priderite structure showing the bottleneck formed by 
4 oxygen ions. 

The conductivity in priderites was initially explored for K-priderites, K2xMgxTi8-xO16 (x ~ 

0.77), by Bernasconi et al. and Beyeler et al. in which a phenomenological variable-

barrier model was developed to describe the conductivity along a 1-dimensional 

pathway.3,25  The model developed by Bernasconi et al. described a distribution of barrier 

heights with random activation energies, introduced through disorder and imperfections, 

that were assumed to decay exponentially with increasing barrier height.  Furthermore 

they showed that this randomness can dominate the conductivity in much of the 

frequency spectrum leading to anomalous power-law behavior of the low frequency 

(<106 Hz) conductivity.  Beyeler et al. replaced a portion of the K with Cs in the priderite 

studied by Bernasconi et al. which, due to their size and presumed immobility, in effect 

served as extremely high energy barriers in the variable-barrier model.  In this way an 

extended model was developed, termed the moving-box model, in which the highly 

mobile K ions are enclosed between two Cs ions that are practically immobile except at 

high temperatures.  Three regimes can be thought to exist in this model:  1) at low 

temperatures and high frequencies, the K ion motion dominates the ac response because 

the Cs ion separation distance is much greater than the excitation signals period; 2) at 

high temperatures and low frequencies, the Cs ion motion dominates the ac response 
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because the K ions are instantaneously polarized leaving the response to be dominated by 

the Cs dynamics, probably similar but slower than that of the K dynamics; and 3) at 

intermediate temperatures and frequencies the Cs ions are virtually immobile and act as 

“capacitive blocks” to the polarized segments between Cs ions.3  At around the same 

time, Beyeler et al.26 developed a broad configurational model for ionic conduction in 

one-dimensional networks and applied the model to the previously mentioned priderite.  

This model accounted for the many-body interactions often assumed to take place 

between disordered mobile ions in an otherwise periodic lattice as would occur in ionic 

conductors.  This work detailed the importance of ion-ion interactions in lowering 

diffusion barriers and thereby increasing the jump rates and the authors also pointed out 

that the macroscopic conductivity would likely be dominated by defects and the intrinsic 

diffusion of K+ in the K-priderite studied may occur at a frequencies  >109 Hz, making 

the experimental result somewhat difficult to obtain.  Yoshikado et al.22 attempted to 

clarify and resolve issues mentioned in the papers on the K-priderites by Beyeler et al.3 

and Bernasconi et al.25  In some of the early work from Yoshikado et al. the moving-box 

model was combined with a configurational model to describe the ac ionic conductivity 

in four chemically diverse priderites at frequencies between 100 Hz and 37.0 GHz.  

Furthermore, these authors developed an equivalent circuit based on phenomenological 

equations that described the measured data across the entire frequency spectrum and 

confirmed the intrinsic conductivity predicted by Beyeler et al.26   

 Shortly after the initial findings by Yoshikado et al. on the priderites, this group 

and other Japanese groups produced several publications on the structural and electrical 

properties of newly synthesized materials that they rather cumbersomely termed alkali 

titanogallates (A1-xTi2+xB5-xO12, ATBO, where A = alkli ion, B = Mg, Al, Ga, etc., and x 

< 1) and alkali gallotitanogallates (AxGa8Ga8+xTi16-xO56, AGGTO, where A = alkali ion 

and x ≤ 2).4,5,12-15,22,27-37   The ATBO compounds have slit shaped tunnels which possess 

two bottlenecks caused by nearest neighbor O2- ions, similar to the priderites. while the 

AGGTO compounds have relatively large tunnel diameters presumed to have smooth 

inner walls lacking bottlenecks.34  The structural representations of ATBO and AGGTO 

are shown in Figure 2.3. 
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Figure 2.3. C-axis projection of ATBO and AGGTO showing two diagonal pairs of 
oxygen forming bottlenecks in the ATBO.  Gallia octahedra and tetrahedra are shown as 
darker polyhedra.  Titania and gallia site mixing occurs on the remaining octahedra (light 
gray).  

 Several ATBO compounds, prepared mainly with sodium or potassium as the 

alkali component and gallium or aluminum as the framework species, were found to have 

similar conductivity behavior, explained by a random barrier model, to that found for the 

priderites.14,34  These results were believed to arise from the similarity in structure 

between the pridertites and ATBO, namely the existence of ion blocking bottlenecks.  

Furthermore, the effects of coupling interactions, both inter- and intra-tunnel, on the 

conductivity were known to exist in the pridertites, presumably due to the relatively close 

spacing of the tunnels to each other, and are assumed to be present in the ATBO 

compounds as well.   

 Two Japanese research groups have published a broader variety of compositional 

and experimental results on AGGTO compounds than ATBO compounds.  The reported 

conductivity for cesium-, potassium-, and rubidium-gallotitanogallate (CGGTO, 

KGGTO, and RGGTO respectively) all show a significant dispersion, not unlike in the 

priderites and ATBOs, often covering several orders of magnitude over the measured 

frequency range.  This dispersion has been attributed to the blocking of mobile ions by 

impurities and the ωn dependence of the complex conductivity.33  These systems have 

been modeled using a two term phenomenological equation.  The first term describes 

cooperative motion of mobile ions, and the second term accounts for collisions between 

ions (other ions and walls).  The AGGTO compounds exhibited relatively high ac 
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conductivity, (at high frequencies), but the dc conductivity was comparably quite low.  

Through a detailed refinement and chemical analysis of KGGTO a defect model was 

proposed by Watanabe et al. as consisting of excess oxygen ions in the tunnels and 

interstitial gallium ions at the tunnel walls.28  These defects introduced conduction blocks 

in the form of coulombic interactions between K+ and Ga3+ as well as a steric hindrance 

between oxygen ions and the potassium ions, thereby reducing the long range 

conductivity.  These authors postulated that with heat treatment and/or doping of the 

AGGTO materials it should be possible to remove the conduction blocks or at least 

reduce them, thereby increasing the dc conductivity.  Potassium samples (KGGTO) when 

heated for short times did in fact exhibit a remarkable increase in conductivity, on the 

order of 104 -106 times.35  However, at long annealing times (<24 hrs.), the conductivity 

of KGGTO decreased as compared to samples held for shorter times, and heat treatments 

had little affect on CGGTO and RGGTO samples.  Additionally, doping the AGGTO 

compounds with Rb, Mg, and Al had little effect on the overall conductivity as compared 

to undoped KGGTO, and it was assumed that the conduction blocks were not adequately 

(or remotely for that matter) removed.  Nevertheless, these authors managed to identify a 

working conduction model, in this case identical to a harmonic oscillator, to describe the 

movement of the cluster consisting of K+ and O2--Ga3+, strikingly similar to a moving-

block model.  

 Nearly twenty years later, Yoshikado et al.31 and Michiue et al.27 reported on the 

conductivity and structural aspects of a Na-Cr priderite NaxCrxTi8-xO16 (x = 1.7) which, is 

believed to be an ionic conductor of sodium.  This material exhibited two responses 

associated with the bulk material.  A frequency independent response at ~104 – 105 Hz 

was considered to be due to ionic conduction while the frequency dependant response at 

>106 Hz was attributed to localized movement of sodium ions in and out of energy 

traps.31  This result is perhaps unexpected due to the known bottlenecks in priderite 

structures.  Nevertheless, high temperature X-ray diffraction analysis confirmed a broad 

sodium distribution along the tunnel axis and furthermore that a sodium site exists at the 

same location as the bottleneck, suggesting that the bottleneck does not inhibit the 

movement of sodium.27  
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2.2.2 β-Alumina  
 As was previously mentioned, there exists an extensive structural relationship 

between alumina and gallia systems.  The former system contains the well known sodium 

conducting β-aluminas which, were extensively studied in the late 1970’s and into the 

late 1980’s because of their high ionic conductivity.  Indeed, there were over 45 

presentations on the β-aluminas alone at the Fast Ion Transport in Solids conference in 

1979.38 Structurally similar gallia systems exist and, in fact, were studied to some extent 

by Chandrasekhar et al.39-47 after seemingly abandoning his research first published on 

NGTO in 1979.  The β-gallia and β-alumina systems, although having relatively high 

sodium conductivity, are structurally different than NGTO.  Namely, the β-aluminas and 

β-gallias are layered structures in which the conducting ions reside in a layer and as such, 

these materials are 2-dimensional conductors.  Nevertheless, it seems almost remiss not 

to include some mention of the β-aluminas in any discussion concerning sodium 

conduction, (or ionic conduction in general for that matter) due to the immense extent of 

literature concerning these materials, from which useful insight into transport and 

conduction phenomenon in ionic conduction and defect structure can be gained.  

 It should be pointed out that the name “β-alumina” refers to both the sodium 

aluminate compound with the empirical formula Na2O•11Al2O3 and the family of 

compounds possessing a similar chemistry and structure.  In the present context, β-

alumina refers to the singular compound whereas the plural will refer to the generic 

family.  In addition, while the historical development of the structure and conduction 

mechanism of β-alumina is of some interest, for the current purposes, these will be 

largely overlooked.   

 Although stoichiometric β-alumina has the formula Na2O•11Al2O3, this is rarely 

observed experimentally, without specific intention.  Instead, it is well known that normal 

β-alumina is nonstoichiometric.  β-alumina can contain up to (and believed to be the 

maximum limit) 2 times the amount of sodium in the ideal structure.48  The composition 

can thus be written (Na2O)1+x •11Al2O3 (x ≤ 1) which, corresponds to a sodium 

concentration between approximately 4 (x=0) and 8 (x=1) weight percent.49  Typically, β-

alumina has the composition (Na2O)1+x •11Al2O3 (x ~ 0.2-0.3) corresponding to 
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approximately 5 weight percent sodium or an excess of 15-30 percent as compared to the 

ideal structure.49-51  Because sodium is the charge carrier, the sodium concentration has a 

significant effect on the conductivity and associated activation energies of β-alumina.49  

In order to understand the range in soda content and the nature of the ionic conduction an 

examination of the crystalline structure is necessary.  

 β-alumina belongs to the space group P63/mmc and its structure consists of close 

packed oxygen layers, (referred to as spinel blocks due to the similarity in structure of the 

blocks to MgAl2O4 spinel) between which is a conduction plane containing loose packed 

layers of sodium and oxygen.49,52,53  Figure 2.4 shows a projection of the β-alumina 

structure (1/2 unit cell) down the c-axis, showing the arrangement of sodium and oxygen 

atoms in the conduction plane.  As shown in Figure 2.4, the structure contains Beevers-

Ross (BR), anti-Beevers-Ross (aBR), and mid-oxygen (mO) sites.  In normal 

nonstoichiometric β-alumina the sodium is distributed on a variety of available sites.  

Peters et al. have shown that the most energetically stable site for sodium, BR, is only 

~75% occupied, and that the sodium not at BR sites resides at aBR sites or mO sites.53,54  

The lack of full occupancy on the BR sites has been attributed to oxygen interstitial ions 

that dislodge sodium ions from their BR positions.  The interstitial oxygen are present as 

the charge compensating defect for the excess sodium in soda-rich normal 

nonstoichiometric β-aluminas.55   

    

 Figure 2.4. Schematic representation of the conduction plane, perpendicular to the c-axis, 
in β-alumina. 

 The high ionic conductivity observed in β-alumina is a direct result of the highly 

disordered conduction plane.  The dynamics of the sodium ion conduction have been 
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studied with experimental, simulation, and theoretical methods.  Conduction is believed 

to take place via an interstitialcy mechanism involving the cooperative movement of two 

ions across three sites in the conduction plane.49,51,52,56,57 The general mechanism is 

schematically shown in Figure 2.5 and consists of 2 steps.  In brief, two sodium ions, one 

at a BR site and the other at a neighboring aBR site, move into mO sites (these are really 

“shifted” mO sites, though this is not crucial for the present discussion).  The pair of ions 

then returns to a BR-aBR configuration.  The ion pair of course has an equal probability 

of moving to new sites or returning to the original sites and in this manner, long range 2-

dimensional conductivity can take place via a coupled ion movement. 

 The high conductivity observed in β-alumina also originates from the structure of 

the conduction plane.  There exists a significant amount of space between neighboring 

ions in the conduction plane and the distance between close packed layers is not such as 

to greatly inhibit the sodium movement either.  Indeed, Yao and Kummer established that 

all the sodium in β-alumina is mobile since ion exchange can be used to replace all of the 

sodium with another alkali ion.58  This is important because it provides a potentially 

robust argument for the lack of high conductivity in other materials where a fraction of 

the mobile species may in fact be immobile.  This is known to exist in the structurally 

equivalent sodium gallate, where ~10% of the sodium resides in the close-packed oxygen 

layers and is immobile.59  Furthermore, in a 2-dimensional conductor the mobile species 

has more maneuverability in general as compared to 1-dimensional conductors where 

large and hence unavoidable barriers may be present in the conduction pathway, as 

speculated to exist in tunneled alkali-titanates and -gallates. 
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Figure 2.5. Schematic representation of conduction mechanism taking place in normal 
nonstoichiometric β-alumina. 

 It is important to mention the nature of the samples used in the aforementioned 

work.  In all cases, measurements were taken on single crystal specimens prepared, 

usually, by way of a flux method for the alkali titanogallates and the Czochralski 

technique for β-alumina.  Therefore, the described results do not contain any grain 

boundary effects or related phenomena that, as will become obvious, are prevalent in the 

majority of the samples in this thesis.  Nevertheless, in principle, grain boundary related 

phenomenon can be separated from the bulk phenomenon with impedance spectroscopy 

and in this manner useful comparisons should be able to be drawn between the different 

sample types.   
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3 SYNTHESIS AND CHARACTERIZATION OF NaXGa4+XTi1-

XO8 (X~0.7) 

3.1 Introduction 

 Na0.7Ga4.72Ti0.29O8, believed to be a fast ion-conductor of sodium, was first 

synthesized and characterized as single crystals by Chandrasekhar et at1.  The crystals 

were needle-like with a hexagonal cross-section, and the b-axis runs parallel to the long 

direction.  These authors determined the structure to be monoclinic (C2/m) possessing 

tunnels parallel to the b-axis in which mobile sodium resides.  The general formula was 

determined to be Na1-x+3yGa5-x-yTixO8, where the sodium concentration was ~0.7 and the 

titanium concentration was as high as ~0.76 suggesting that charge compensation was 

affected by sodium vacancies and gallium defects.  

 Empie et al.2 recognized the structural relationship between Na0.7Ga4.72Ti0.29O8 

and Ga4TiO8, a metastable member of a beta-gallia rutile (BGR) intergrowth series 

expressed generically as Ga4Mn-4O2n-2 for n ≥ 5 and re-wrote the formula proposed by 

Chandrasekhar et al. as NaxGa4+xTi1-xO8, x~0.7 (NGTO).  Based on structural aspects of 

the BGR intergrowth series, Empie et al. postulated that it should be possible to form a 

series of sodium-containing BGR intergrowths, NGTO being the n = 5 member of the 

more generic series expressed as NaxGa4+xTin-4-xO2n-2.  Using solid state reaction 

methods, Empie et al. attempted to make polycrystalline NaxGa4+xTi1-xO8 (n =5) for 0.1 ≤ 

x ≤ 0.9.  Results by Empie et al. indicated that the NaxGa4+xTi1-xO8 (n =5) phase formed 

from solid state reaction at temperatures of 1000 – 1300 °C.  However, for x ≠ 0.7, 

additional gallia, titania, and soda phases were also observed.  For x ≈0.7, only trace 

amounts of gallia were observed, indicating that NaxGa4+xTi1-xO8 was a compound with 

x~0.7 or was a very narrow solid solution.2,3   

 It has been shown that NGTO can be synthesized as single crystals or in 

polycrystalline form.  However, preliminary electrical measurements indicated that 

polycrystalline NGTO exhibited different properties compared to single crystals.  

Furthermore, preliminary investigations revealed that sintered polycrystalline samples 
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synthesized via solid state reaction generally exhibited low theoretical density (~60%) 

which affected the measured electrical properties. One of the goals of this research was to 

further explore the phase formation and synthesis reactions in polycrystalline NGTO in 

order to synthesize higher quality samples for testing.  Additionally, single crystals were 

also synthesized as a method of comparison.  The following section describes the 

procedures and results of synthesizing and characterizing polycrystalline and single 

crystal (NGTO).   

3.2 Experimental 

3.2.1 Sample Fabrication 

3.2.1.1 Polycrystalline NGTO 

3.2.1.1.1 Solid State Reaction  
 Several different processing methods and steps were examined, as summarized in 

Table 3.1.  The general procedure that was used for the majority of the samples is 

described in detail as follows:  Bulk material with an overall composition 

Na0.7Ga4.7Ti0.3O8 was prepared by solid-state reaction using commercially available 

starting materials, which were dried overnight prior to batching.  Appropriate amounts of 

sodium carbonate (≥99.5% purity, Fischer Scientific), gallium (III) oxide (>99.99% 

purity, Aldrich Chemical Co.), and titanium (IV) oxide (>99.9% purity, Aldrich 

Chemical Co.) powder were weighed out using a precision balance, (Mettler AE 240) 

combined with isopropanol, and wet mixed for 15 min using a micronizing mill 

(McCrone Associates Inc.) with zirconia media. Following drying, the mixed powder was 

uniaxially pressed into ¼'' or ½'' pellets in a non-lubricated stainless steel die at 20-80 

MPa.  Afterwards, the pellet(s) was heated to 1000-1100 °C inside a covered platinum 

crucible for 12-76 hours. The powder was then quenched in air, thoroughly ground in an 

agate mortar, heated again at 1000-1100°C for 12-76 hours, and quenched in air.  X-ray 

diffraction was performed after each heating step and the resultant material was 

considered to be fully reacted when no further changes to the diffraction pattern were 

observed.  This material was then used in subsequent experiments.  Table 3.1 highlights 
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deviations form this procedure with respect to starting materials, mixing, heating 

temperature, initial sodium content, etc. 
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Table 3.1.  Summary of Main Synthesis Procedures 

Mixing 	  Method	  /	  
T ime	  

Media	  T ype Pre-‐Heating 	  T reatment Heating 	  S tep	  /	  T ime M ixing 	  Method	  /	  
T ime	  

Media	  T ype Pre-‐Heating 	  T reatment Heating 	  S tep	  /	  
T ime

*Mortar	  &	  Pestel	  
/	  15	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~80MPa	  into	  3/4"	  d ia.	  x	  
1/2" 	  T all	  Pellets 	  

1050°C 	  /	  24 	  hrs . Mortar	  &	  Pestel	  /	  
30 	  min.

A g ate Press 	  at	  ~80MPa	  into	  3/4"	  
d ia.	  x	  1" 	  T all	  Pellets 	  

1100°C 	  /	  75	  hrs .

B all	  M ill	  (dry)	  /	  
24 	  hrs .

Z irconia Loose	  Powder 1050°C 	  /	  24 	  hrs . Mortar	  &	  Pestel	  /	  
30 	  min.

A g ate Press 	  at	  ~45MPa	  into	  3/4"	  
d ia.	  Pellet

1100°C 	  /	  100 	  hrs .

B all	  M ill	  /	  4 	  hrs . Z irconia	  /	  Water Loose	  Powder 1050°C 	  /	  24 	  hrs . N/A N/A N/A 1100°C 	  /	  76 	  hrs .

B all	  M ill	  /	  4 	  hrs . Z irconia	  /	  Water Press 	  at	  ~40MPa	  into	  3/4"	  d ia.	  
Pellet

1000°C 	  /	  12 	  hrs . Mortar	  &	  Pestel	  /	  
5	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~20MPa	  into	  1" 	  d ia.	  
Pellet

1100°C 	  /	  48 	  hrs .

**M icroniz ing 	  
M ill	  /	  15	  min.

Z irconia	  	  /	  
Isoporp.

Press 	  at	  ~20MPa	  into	  1" 	  d ia.	  Pellet 1000°C 	  /	  12 	  hrs . Mortar	  &	  Pestel	  /	  
5	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~20MPa	  into	  1" 	  d ia.	  
Pellet

1100°C 	  /	  48 	  hrs .

M icroniz ing 	  M ill	  
/	  20 	  min.

Z irconia	  	  /	  
Isoporp.

Press 	  at	  ~20MPa	  into	  1" 	  d ia.	  Pellet 1100°C 	  /	  48 	  hrs . -‐ -‐ -‐ -‐

Less 	  S tarting 	  Na2C O3
M icroniz ing 	  M ill	  

/	  15	  min.
Z irconia	  	  /	  
Isoporp.

N/A 1050°C 	  /	  24 	  hrs . Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	   Press 	  at	  ~80MPa	  into	  3/4"	  
d ia.	  x	  1/2" 	  T all	  Pellets 	  

1100°C 	  /	  61	  hrs .

E xcess 	  S tarting 	  Na2C O3
M icroniz ing 	  M ill	  

/	  15	  min.
Z irconia	  	  /	  
Isoporp.

N/A 1050°C 	  /	  24 	  hrs . Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	   Press 	  at	  ~80MPa	  into	  3/4"	  
d ia.	  x	  1/2" 	  T all	  Pellets 	  

1100°C 	  /	  80 	  hrs .

3x,	  4x,	  5x	  E xcess 	  S tarting 	  
Na2C O3

Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~110MPa	  into	  5/8"	  d ia.	  
Pellet

1050°C 	  /	  24 	  hrs . Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~110MPa	  into	  5/8"	  
d ia.	  Pellet

1050°C 	  /	  72 	  hrs .

A ddition	  for	  C alculated	  25%	  -‐	  
52%	  Loss

Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Loose	  Powder,	  980°C 	  /	  120 	  hrs .	  in	  
Powder	  B ed

1100°C 	  /	  48 	  hrs .	  in	  Powder	  
B ed

Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~60MPa	  into	  1/2"	  
d ia.	  x	  1/8" 	  T all	  Pellets 	  

1100°C 	  /	  5	  hrs .

NaZ rO2	  used	  as 	  vapr	  pressure	  
support

Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. 	  400°C 	  24 	  hrs .,	  950°C 	  24 	  hrs . 1050°C 	  /	  24 	  hrs .	  in	  Powder	  
B ed	  of	  NaZ rO2

-‐ -‐ -‐ -‐

C overed	  in	  Powder	  B ed	  of	  
NGTO

M icroniz ing 	  M ill	  
/	  15	  min.

Z irconia	  	  /	  
Isoporp.

Press 	  at	  ~80MPa	  into	  3/4"	  d ia.	  x	  
1/2" 	  T all	  Pellets 	  

980°C 	  /	  14 	  hrs .	  in	  Powder	  
B ed

Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~80MPa	  into	  3/4"	  
d ia.	  x	  1/2" 	  T all	  Pellets 	  

1100°C 	  /	  40 	  hrs .	  
in	  Powder	  B ed

C overed	  in	  Powder	  B ed	  of	  
NGTO

Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Loose	  Powder,	  980°C 	  /	  120 	  hrs .	  in	  
Powder	  B ed

1100°C 	  /	  48 	  hrs .	  in	  powder	  
bed

-‐ -‐ -‐ -‐

Encapsulated	  in	  Ni	  B ag Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Loose	  Powder	  Held	  at	  980°C 	  
Overnite,	  P laced	  in	  Ni	  B ag ,	  S ealed

1000°C 	  /	  12 	  hrs . -‐ -‐ -‐ -‐

S ealed	  in	  S iO2	  Tube	  with	  Na	  
Metal

Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~80MPa	  into	  3/8"	  d ia.	  x	  
1/4" 	  T all	  Pellet	  

1000°C 	  /	  12 	  hrs . -‐ -‐ -‐ -‐

Ga(NO)3	  in	  p lace	  of	  Ga2O3

Mortar	  &	  Pestel	  /	  
15	  min.

N/A Loose	  Powder 980°C 	  /	  12 	  hrs . -‐ -‐ -‐ -‐

NaF 	  in	  P lace	  of	  Na2C O3
Mortar	  &	  Pestel	  /	  

15	  min.
A g ate	  /	  Isoprop. Loose	  Powder 1000°C 	  /	  8 	  hrs . -‐ -‐ -‐ -‐

C IP 	  Prior	  to	  R eaction Mortar	  &	  Pestel	  /	  
15	  min.

A g ate	  /	  Isoprop. Press 	  at	  ~100MPa	  into	  1/2"	  d ia.	  x	  
1/8" 	  T all	  Pellet,	  170MPa	  C IP

1100°C 	  /	  24 	  hrs . -‐ -‐ -‐ -‐

Sodium Addition (After Reaction)

Sodium Overpressure Control

Starting Materials

S tep	  1 S tep	  2

Mixing / Particle Size   / Temperature

Initial Sodium Content

V ariable

M ixing 	  /	  Particle	  S ize	  	  	  /	  
T emperature

 
          *Step 2 was repeated twice. **This procedure is described in detail in the text

22 
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3.2.1.1.2 Sintering and Densification 
 Prior to sintering, powders prepared as described in section 3.2.1.1 were pressed 

into pellets using an isostatic press at ~170MPa.  Four sintering methods were examined: 

1) conventional heating, 2) hot isostatic pressing (HIP), 3) microwave heating, and 4) hot 

forging.  The parameters and process particulars described for each method are 

summarized in Table 3.2.   

 Conventional heating was carried out in several lab scale box and tube furnaces.  

Samples were heated in air at 1-50 K/min to 1000 – 1200 °C and held for 1-250 hours.   

 HIP was performed in a HP-630 (American Isostatic Presses Inc.) using two 

methods.  In the first, as-pressed samples were placed on platinum foil inside an alumina 

crucible.  In the second, as-pressed samples were placed in an evacuated and sealed 

borosilicate glass tube.  Samples were heated in a mixture of 10%Ar-90%Air at 

300K/hour to 1050°C and held for 5 hours.  Samples were heated to ~1000°C and held 

for 1 hour before applying pressure.  The pressure was held at ~100MPa for the duration 

of the experiment.   

 A commercial 6P101 microwave (Microwave Research Applications Inc.) with 

manual power control was used to microwave samples.  Samples were placed on 

platinum foil in an alumina box.  Four SiC susceptors were placed around the pellets in 

opposing orientations but at the same height as the pellets.  Samples were heated in air at 

~20K/min to 1100°C and held for 1 hour.  During heating, especially above 900°C, the 

temperature would spike if not carefully monitored and still the temperature could only 

be held to within 15 degrees once at 1100°C.   

 Hot forging was accomplished in a custom built apparatus with alumina push 

rods.  A schematic of the hot forge design is provided in Figure 3.1 for the reader as this 

method involved the most complex sample arrangement and was integral to this research.  

Sample faces were first painted with platinum paste (Engelhard 6926).  The sample was 

loaded into the hot forge by first placing a thick alumina plate onto the bottom alumina 

ram in the hot forge set-up.  Next a thinner piece of alumina tape was placed on the 

alumina plate followed by the painted pellet.  Alumina tape and an alumina plate were 

then placed on the top-facing side of the pellet.  The top ram was then manually lowered 

down taking care to insure it was in line with the bottom ram.  The sample was then 
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heated in air at 300K/hr to 1050°C and held for 1 hour at which point the loading arm 

was lowered onto the top ram and a small amount (2.5 lbs.) of weight was added.  (Refer 

to the Appendix for the calculation used to determine the force applied to the pellet)  At 

this point the process was monitored with a micrometer attached to the top ram to 

observe the overall change in dimension.  In general, an acceptable rate of change to the 

overall dimension was ~0.01''/min and weight was periodically added over the next 6-8 

hours until additional weight did not induce a dimension change greater than 

~0.0001''/min.  At this point the weight was allowed to remain on the sample at 

temperature for another 4-6 hours.  Generally, 35lbs. was used as the final weight, 

equivalent to 55MPa (see Appendix).  The sample was then removed from the hot-forge 

at which point the alumina plates were easily removed by hand and a small amount of 

alumina powder (left over from the alumina tape) that was mechanically bonded to the 

faces of the pellets was removed ultrasonically within ~ 1 minute. 

Table 3.2.  Summary of Processing Methods to Produce Final Dense Samples 

Method Sample Preparation 
Heating Parameters 

Ramp Rate Pressure Final Temp. 
(°C) 

Dwell 
(hrs.) 

      Conventional (heating in 
air) CIP* ~170MPa. 1-50 K/min. 1 atm 1000-1200 1-250  

Hot Isostatic Press Unencapsulated / Encapsulated 
in evacuated Borosilicate Tube 5 K/min. ~100MPa 1050 5 

Microwave CIP ~170MPa. Manual Power 
Control, ~20 K/min. 1 atm 1100 1 

Hot Forge CIP ~170MPa. 5 K/min. ~MPa 
(Uniaxial) 1050 12-24 

      *CIP = cold isostatic press 

 

 A)   B) 

Figure 3.1. Drawing of hot forge setup (A) and detail of sample loading (B). 
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3.2.1.2 Single Crystal NGTO 

3.2.1.2.1 Flux Evaporation Growth  
 Single crystals were grown using a flux evaporation method.  Pre-reacted 

polycrystalline NGTO was crushed into a fine powder and mixed with an equivalent 

weight of Na2CO3.  This mixture was loaded into a flat rectangular platinum boat 50mm 

x 10mm x 12mm.  The boat was covered with a platinum lid pressed into place to make a 

tight seal.  The charge was then loaded into a single zone tube furnace and heated at 

300K/hr to 1400°C and held for 72 hours.  The temperature was then lowered at 1K/hr to 

1100°C at which point the charge was removed and air quenched.  The temperature 

gradient across the platinum boat was 2 – 8 K during growth.  The size of the platinum 

boat limited the total charge to ~4 grams.  After the crystal growth was complete, crystals 

were removed from the platinum boat by ultrasonication and boiling in water. 

3.2.2 Characterization 

3.2.2.1 X-Ray Diffraction 

 Phase analysis was conducted with x-ray diffractometers equipped with CuKα 

radiation running at 40kV and 30mA.  Several diffractometers and scan settings were 

used.  In general, samples were scanned from 10 – 70 °2θ at a stepped a scan rate of 0.02 

degrees per step with a 4 second dwell time.  Thick loading sample holders and zero 

background holders (ZBH) were used according to the amount of sample available for the 

measurement.  High temperature x-ray diffraction (HTXRD) was performed on a custom 

modified Siemens D500 diffractometer using CoKα radiation.  Patterns were collected 

using a ZBH over 10 – 70 °2θ at a stepped scan rate of 0.02° per step and a count time of 

4 seconds per step.  In all cases calibration was performed with an external NIST certified 

silicon standard.  Jade™ software was used to analyze the collected data. 

 

3.2.2.2 Scanning Electron Microscopy / Energy Dispersive Spectroscopy 
 Routine microstructural analysis was performed on a FEI Quanta 200F 

environmental scanning electron microscope (SEM) equipped with an EDAX detector for 

energy dispersive spectroscopy (EDS).  Standard sample preparation techniques were 

used to examine powders, fracture surfaces, and polished sections.  Samples were not 
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generally sputter coated, but rather, charging was controlled with water vapor pressure in 

the SEM chamber. 

 

3.2.2.3 Inductively Coupled Plasma Optical Emission Spectroscopy 
 Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

performed on a Perkin Elmer Optima 3000 DV instrument.  Samples were prepared by 

dissolving ~0.005g of sample in ~1g 10% HF solution.  After 3 days the sample was 

completely dissolved and ~1g of triethanolamine was added to the solution to neutralize 

the acid and finally deionized water was used to dilute the concentration of the sample to 

the desired amount.   A similar proportion of HF to triethanolamine was prepared for use 

in generating the calibration curve.   This liquid was then transferred to separate 

containers (Corning PPE) and each was diluted with deionized water and known amounts 

of certified element standards.  A total of 3 standards and one blank were used to 

generate the calibration curve.  

 During the course of this research it was discovered that the available de-ionized 

water used in this research and NGTO samples had similar concentrations of alkali ions.  

As such, it was difficult to obtain accurate and reproducible measurements for sodium.  

This problem can be overcome by concentrating the sodium in the sample to be measured 

however, this leads to other problems given the large difference in gallium to sodium (or 

other alkali cations) concentration in NGTO.  Nevertheless, in general, ICP-OES analyses 

for NGTO were reproducible.  It should be emphasized that in all cases ICP-OES 

samples were made with extreme care to minimize error.  Nonetheless, and despite the 

careful manufacture of samples, the detection limits (this was more of a concern for 

samples with multiple alkali content and will be elaborated upon in section 5.2) of atomic 

species and the purity of available materials greatly affected the ability to obtain accurate 

results for all samples. 

 

3.2.2.4 Thermal Analysis 
 Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were 

conducted on two independent instruments to serve as a comparison check.  TGA was 

performed using a TA Instruments SDT 2960 and Q50 instrument.  DTA was performed 
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using a TA Instruments SDT 2960 and a DuPont Instruments 910 DSC with DTA 

adaptor.  Samples were loose powder, weighing ~10mg to 1g.  In general, a heating rate 

of 10 K/min was used except in situations where the effect of heating rate was being 

investigated.  Samples were heated in platinum pans, in flowing air, from room 

temperature to 1000 – 1350 °C.  Temperature and weight calibration was performed on 

the Q50 with nickel (magnetic) and calcium carbonate, respectively, prior to 

measurements.  Thermal expansion was performed on an Orton 1600 dilatometer in 

stagnant air.  Samples were of the disc geometry, and similar heating schedules were used 

as for TGA/DTA.  All thermal analysis instruments were fully automated and controlled 

with manufacturer software. 

3.3 Results and Discussion 

3.3.1 Synthesis  

3.3.1.1 Polycrystalline NGTO 

3.3.1.1.1 Phase Formation and Stability 
 High temperature x-ray diffraction (HTXRD) was used to investigate the phase 

evolution of NGTO during heating.  HTXRD was performed on unreacted powders 

corresponding to the composition Na0.7Ga4.7Ti0.3O8.  Figure 3.2 shows the collected 

patterns at various temperatures taken during the experiment from which the following 

observations have been made:  A) All the constituent starting materials can be seen in the 

20°C diffraction pattern taken at the start of the experiment.  B) Notable changes to the 

diffraction pattern are visible at 850°C as the disappearance of the most intense TiO2 and 

Na2CO3 peaks at 31.9°2θ (110) and 32.7°2θ (002), respectively, were observed 

simultaneously with the appearance of low intensity peaks at 32.5°2θ  and 37.9°2θ.  C) 

These low intensity peaks remain small but distinguishable until 950°C.  The two peaks 

are consistent with the (111) and (200), respectively, for Na2O, which is consistent with 

Na2CO3 decomposition.  Furthermore, the disappearance of Na2O was accompanied by 

the first appearance of the Na0.7Ga4.7Ti0.3O8 phase visible as the emerging shoulders from 

either side of the Ga2O3 peak at 38.7°2θ.  There was some evidence of Na0.7Ga4.7Ti0.3O8 

formation prior to reaching 950°C; however, many intermediate sodium gallates, sodium 
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titanates, and titanium gallates are know to exist that have similar peak reflections.  In 

particular, the x-ray diffraction pattern shows evidence of NaGaO2 formation as low as 

850°C.  D) Once the sample reaches 1050°C, clear evidence of Na0.7Ga4.7Ti0.3O8 

formation was seen by the growth of peaks at 38°2θ (4̄03) and 39°2θ  (003) belonging to 

Na0.7Ga4.7Ti0.3O8 accompanied by the decay of peaks at  36.6°2θ (002/2̄02) and 

40.6°2θ (111) belonging to Ga2O3.  E) After being held at 1050°C for ~25 hours, there 

were no further changes, leaving Na0.7Ga4.7Ti0.3O8 as the major phase with a minor 

amount of Ga2O3 remaining.  F) Na0.7Ga4.7Ti0.3O8 was retained upon cooling back down 

to room temperature in ~3 hours, suggesting it is the stable phase at room temperature. 
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Figure 3.2. HTXRD pattern showing phase changes during heating and cooling of 
starting powders mixed to form Na0.7Ga4.7Ti0.3O8;  A) Room temperature scan showing 
un-reacted TiO2 (R), Na2CO3 (NC), and Ga2O3 (G);  B) 850°C scan showing 
decomposition of TiO2 and Na2CO3 and the formation of Na2O (NO) accompanied by 
intermediate sodium and titanium gallates (NG);  C) 950°C scan revealing first 
indications of Na0.7Ga4.7Ti0.3O8 (N5); D) 1050°C scan shows N5 and G phases at start of 
processing temperature; E) N5 and G phases after ~26 hour dwell at 1050°C; F) Room 
temperature scan showing the N5 phase was retained with minor G present upon cooling 
over ~3 hours. 
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 HTXRD conducted on fully reacted Na0.7Ga4.7Ti0.3O8 is shown in Figure 3.3.  The 

decomposition of Na0.7Ga4.7Ti0.3O8 began to occur at ~1200°C, evidenced by the 

increased x-ray diffraction peak intensities at 36.6°2θ (002/-202) and 40.6°2θ (111) 

consistent with the formation of more Ga2O3 – an expected by-product of decomposition. 

Increasing intensity of Ga2O3 reflections continued up to the maximum temperature 

obtained in this experiment shown by diffraction patterns taken every 50°C between 

1200°C and 1350°C.  The decomposition of Na0.7Ga4.7Ti0.3O8 and growth of Ga2O3 were 

not the only relevant features.  As can be seen in Figure 3.3, several peaks between 37°2θ 

and 40°2θ and above 42°2θ in the diffraction patterns taken above 1200°C showed peak 

broadening.  The peaks, which are unlabeled in Figure 3.3, represent intermediate sodium 

gallates and titanium gallates.  The material was cooled back to room temperature within 

~7 minutes whereupon a mixed phase material was observed consisting mostly of 

Na0.7Ga4.7Ti0.3O8 and Ga2O3 along with other intermediate phases, among which NaGaO2 

and Ga2TiO5 could be identified.  Based on these experiments, it appears that the stability 

range of Na0.7Ga4.7Ti0.3O8 (nominal composition) extends from room temperature to ~ 

1200°C. 
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Figure 3.3. HTXRD pattern showing phase changes during heating and cooling of pre-
reacted Na0.7Ga4.7Ti0.3O8;  A) Room temperature scan showing pre-reacted 
Na0.7Ga4.7Ti0.3O8 (N5) and minor amounts of Ga2O3 (G); B) 1200°C scan showing 
decomposition of N5 and the evolution of G;  C) 1250°C scan revealing first indications 
of intermediate sodium and titanium gallates (unlabeled); D) 1300°C scan showing 
further increase in G peak intensity with accompanying decrease in N5 peak intensity; E) 
Material after ~1 hour heating ramp to 1350°C; F) Room temperature scan showing the 
N5 phase largely decomposed with the emergence of G, NaGaO2, Ga2TiO5, and other 
intermediate phases present upon cooling over ~7 minutes. 

 Thermal analysis was used to gain further information about the reaction species.  

NGTO starting powders were mixed dry (agate mortar), in water (ball mill), and in 

isopropanol (micronizing mill) to see how different mediums would affect the reaction.  

Subsequent TGA measurements revealed that different weight losses occurred at different 

temperatures depending on the mixing medium.  The expected and observed weight 

losses varied among samples and are summarized in Table 3.3.  Figure 3.4 shows TGA 

results for samples that were dry-mixed.  Since all reactants were dried prior to reaction, 

weight losses upon heating are only expected from the decomposition of Na2CO3 at 

~858.1°C4 into Na2O and CO2.  As can be seen in Figure 3.4, the sample gradually lost 
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weight up to ~400°C and then a large weight loss at 858°C was observed.  Also, shown in 

Figure 3.4, DTA results for starting Na2CO3 confirmed that the observed weight loss was 

associated with Na2CO3 decomposition.  However, this alone does not account for the 

total observed weight loss.  The relative stability of titania and gallia suggest that the 

remainder of the weight loss was due to the volatilization of sodium.  If the initial weight 

loss below 400°C is attributed to moisture, then subtracting the expected weight loss due 

to CO2 volatilization from the total weight loss observed suggests that ~36% of the initial 

sodium was lost during reaction.  However, differences in the thermal behavior of 

powders mixed in water and alcohol suggest other possible species may contribute to the 

observed weight loss.   
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Figure 3.4. (A) TGA and (B) DTA curves for NGTO starting powders and Na2CO3 
respectively, showing that the weight loss observed in the TGA curve is in agreement 
with Na2CO3 decompositon. 

 TGA results for samples mixed in water and isopropanol are shown in Figure 3.5.  

These plots revealed different behavior compared to dry-mixed samples.  Samples mixed 

in water lost weight continually but gradually up until a large weight loss at ~675°C 

followed by a less significant weight loss at ~800°C.  No significant weight loss 

associated with Na2CO3 decomposition was observed at 858°C.  Because this sample was 

mixed in water, weight losses other than Na2CO3 decomposition were expected.  In 

particular, the following known reactions occur between Ga2O3 and Na2CO3 with water at 

room temperature: 
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Ga2O3 (s) + 3H2O (l) à 2Ga(OH)3 (s) 

Ga2O3 (s) + H2O (l) à 2GaOOH (s) 

Na2CO3 (s) + H2O (l) à 2NaOH (aq) + CO2 (aq) 

 

NaOH  is known to melt at 323°C4.  Thermal analysis by Sata et al.5 have shown that 

Ga(OH)3 becomes dehydrated and transforms to γ-Ga2O3 at ~110°C and GaOOH 

becomes dehydrated and transforms to α-Ga2O3 at ~420°C.  In the same research, Sata et 

al. found that γ-Ga2O3 and α-Ga2O3 transform to β-Ga2O3 at 680°C and 670°C, 

respectively, accompanied by no further weight loss.  It is thought that hydrated gallia 

compounds only become largely dehydrated at lower temperatures and hold onto some 

water species until ~675°C at which temperature α-Ga2O3 and γ-Ga2O3 convert to β-

Ga2O3.  Because Na2CO3 is soluble in water (~0.2g/100ml) and the reverse reaction for 

CO2 + H2O ßà  H2CO3 is favored over the forward reaction by a factor of ~400,6 CO2 

will most likely be lost upon drying and any loss upon further heating is most likely 

negligible.  The weight loss at ~800°C was possibly associated with Na2CO3 

decomposition; however, no further weight was lost after ~825°C, suggesting that other 

chemical species may be the cause of this observed weight loss. Taken together, it is 

difficult to make conclusive statements about the origin of the weight losses observed in 

TGA upon heating NGTO starting powders.  Nevertheless, it is likely that hydrated 

compounds were formed during the mixing process and these compounds were the source 

of the observed weight losses.  As such, it is difficult to know the extent of hydration and 

thus the expected weight loss.   Further explanation into the weight loss was not pursued 

with thermal analysis methods. 

 Samples mixed in isopropanol lost ~3.2% of their total weight at ~70°C.  This 

was believed to be due to residual alcohol evaporation.  After this initial weight loss, 

samples mixed in isopropanol behaved similarly to those mixed in water.  A slow gradual 

weight loss was observed up until a larger weight loss at ~675°C.  There was no weight 

loss observed in these samples after ~750°C.  Isopropanol is known to absorb water and 

as such the observed TGA behavior appears to be closely related to that of powders 

mixed in water.  For powders mixed in isopropanol it is likely that the mixing process 
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formed compounds from alcohol (and water) reactions with the starting powders and as 

such it was similarly difficult to know the expected weight loss.   

0 200 400 600 800 1000
Temperature (°C)

94

96

98

100

W
ei

gh
t C

ha
ng

e 
(%

)

TGA
Mixed w/Water
Mixed w/Alcohol

67
5°

C

70
°C

 

Figure 3.5. TGA curves for NGTO starting powders mixed in water and alcohol. 

Table 3.3.  Summary of Weight Losses in NGTO Measured by TGA 

Mixing 
Solvent Observed Weight Loss Expected 

Weight Losses 
Excess 

Weight Loss 
Possible 

Explanation 
        

Dry 
<500°C - 0.5% 0.0% 0.5% moisture  
   858°C        - 4.5% 3.2% (CO2) 1.3% Na vapor 

  total - 5.0%   1.8%   

Water 
<500°C - 0.9% 

2.6% (OH-) 
0.9% moisture 

675°C - 5.1% 2.5% Ga(OH)3 
800°C - 0.7% 0.0% 0.7% Na vapor 

  total - 6.7%   4.1%  

Alcohol 

70°C - 3.2% 0.0% 3.2% alcohol 
70°C - 
500°C - 0.6% 0.0% 0.6% moisture 

675°C - 2.7% *2.5% (OH-) 0.2% Na vapor, Ga(OH)3 
  total - 6.5%   4.0%   
              

*estimated from Ga(OH)3 in water sample    

  

 The results of ICP-OES conducted on the same samples used for TGA are shown 

in Table 3.4.  All element concentrations were normalized to gallium.  This was done 

because the gallium concentration was relatively high and the calculated ratios of gallium 

to titanium from ICP-OES measurements were as expected based on the nominal NGTO 
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composition in all cases except for the unreacted powder.  Difficulty in achieving full 

TiO2 dissolution is speculated as cause for differences in calculated and measured values 

prior to reaction.  The total amount of sodium in the starting powders was more than 

expected, the source of which is unknown.  Nevertheless, the amount of sodium in the 

starting powders was higher than in the reacted material which is in agreement with the 

speculation that sodium was lost upon heating.   The ICP-OES results suggest only a 5 – 

13 percent loss of sodium upon reaction.  HTXRD and TGA results indicate that several 

reactions are occurring during heating of the starting powders.  The reactivity of Na2CO3 

and Ga2O3 with water greatly affects the thermal behavior of samples and it was difficult 

to use thermal data to support quantitative calculations of sodium loss during heating.   

Table 3.4.  Composition of NGTO After Different Mixing Methods  

Treatment / Sample Calculated (Full 
Exchange) Measured 

   Before Reaction Na0.7Ga4.7Ti0.3O8 Na0.82Ga4.7Ti0.104O8±δ 

Ball Milled in Water Na0.7Ga4.7Ti0.3O8 Na0.766Ga4.7Ti0.309O8± δ 

Micronized in Isopropanol Na0.7Ga4.7Ti0.3O8 Na0.777Ga4.7Ti0.31O8± δ 

Dry Mixed in Mortar Na0.7Ga4.7Ti0.3O8 Na0.713Ga4.7Ti0.289O8± δ 
   *Oxygen assumed to be 8 moles.  **Concentrations normalized to 4.7 moles of gallium. 

  

3.3.1.1.2 Effects of Processing Parameters  
 A typical XRD pattern collected for the as synthesized NGTO material at room 

temperature is shown in Figure 3.6.  This pattern reveals the predominance of NGTO 

accompanied by a minor gallia phase revealed most dramatically in three peaks at 

31.739°2θ (002/-202) and 35.179°2θ (111).  It was believed that the excess gallia was a 

result of the volatilization of sodium during heating.  Several different processing 

variables and methods were attempted to produce phase pure NGTO, the results of which 

are summarized in Table 3.5.  Because sodium appeared to be lost during heating, the 

majority of the processing attempts were focused on increasing the amount of sodium in 

the final material. 
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Figure 3.6. XRD pattern for as synthesized NGTO. 

Table 3.5.  Summary of Processing Variables and Resultant Phases Upon Reaction 
Variable Method Pre-Reaction Observed Phases 

     

Mixing / Particle 
Size  

Mortar & Pestel / 15 min. 

Loose Powder & 

Pressed Pellet 

N5, G 

Ball Mill / 24 hrs. N5, G 

Ball Mill / 4 hrs. N5, G 

Micronizing Mill / 15 min. N5, G 

Micronizing Mill / 20 min. N5, G 

     
Initial Sodium 

Content 

Less Starting Na2CO3 

Pressed Pellet 

N5, G 

Excess Starting Na2CO3 N5, G 

3-5 Times Excess Starting Na2CO3 N5, G 

    

Sodium Addition 

(After Reaction) 

Addition for Calculated 25% Na Loss 

Pressed Pellet 

N5, SC, GT 

Addition for Calculated 46% Na Loss N5, SC, GT 

Addition for Calculated 48% Na Loss N5, SC, GT 

Addition for Calculated 50% Na Loss N5, SC, GT 

Addition for Calculated 52% Na Loss N5, SC, GT 

     

Sodium 
Overpressure 

Control 

Na2ZrO3 used as vapor pressure support 
Loose Powder & 

Pressed Pellet 

N5, G 

Covered in Powder Bed of NGTO N5, G 

Covered in Powder Bed of NGTO N5, G 

Encapsulated in Ni Bag Loose Powder N5, G 

Sealed in SiO2 Tube with Na Metal Pressed Pellet N5, G 

    
Starting Materials 

Ga(NO3)3 in place of Ga2O3 
Pressed Pellet 

N5, GT, NG, U 

NaF in Place of Na2CO3 N5, G, U 

        *N5=Na0.7Ga4.3Ti0.3O8, G=Ga2O3, SC=Sodium Compounds (Na2O2, Na2Ti9O19, Na2C2O4 etc.), GT=Ga5TiO8, NG=NaGaO2, U=unidentified phase 
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3.3.1.1.2.1 Mixing, Particle Size and Reaction Temperature  

 The first attempts to synthesize phase pure NGTO focused on mixing and 

reducing particle size.  Powders were mixed in an agate mortar by hand, in a ball mill 

with zirconia media, and in a micronizing mill with zirconia media.  In general, increased 

mixing (longer times) appeared to increase the overall crystallinity of the NGTO phase 

and decrease the overall reaction time but, different mixing methods did not appear to 

have a large effect on particle size.  Additionally, powders that were ball milled reacted 

the fastest although they generally had more excess gallia.  Overall, it was not possible to 

obtain phase pure NGTO using different mixing methods.  

 

3.3.1.1.2.2 Starting Sodium Content 

 Because the formation reaction of NGTO is prone to sodium loss, excess starting 

amounts of Na2CO3 were added to the batch with the expectation that more sodium would 

be retained in the final reacted phase.  This was found not to be the case, and in fact 

larger amounts of gallia and other sodium-containing phases, as evidenced by the XRD 

patterns, were observed.  Furthermore, samples prepared with less starting Na2CO3 also 

showed larger amounts of gallia in the reacted phase. 

 

3.3.1.1.2.3 Sodium Addition after Reaction 

 It was supposed that more sodium might be incorporated into the structure by 

mixing additional Na2CO3 into pre-reacted (sodium deficient) material and then carrying 

out another reaction step.  Na2CO3 was added to pre-reacted material for an assumed 

sodium loss of 25%, 46%, 48%, 50%, and 52% based on sodium loss calculated from 

TGA and ICP-OES.  Weight loss measured from subsequent TGA on the sample with an 

equivalent of 52% extra sodium added was in good agreement with the expected weight 

loss from Na2CO3 decomposition.  This suggests that sodium was successfully 

incorporated into NGTO.  Furthermore, it can be seen from an overlay of the diffraction 

patterns for these samples, shown in Figure 3.7, that indeed there was no observed gallia 

in the reacted materials.  However, in all cases, previously non-observed minor phases 

were now clearly present.  For the most part these were sodium titanate and gallium 

titanate phases, which contradicts the notion that sodium was being incorporated into the 
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NGTO phase but rather it was reacting with the excess gallia and/or titania to form other 

minor phases.  The additional phases were deemed undesirable and other methods were 

explored to reduce the observed excess gallia.  
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Figure 3.7. Overlay of XRD patterns for NGTO with various amounts of Na2CO3 
addition after pre-reaction.  Unidentified phases are labeled with (•). 

3.3.1.1.2.4 Sodium Overpressure Control 

 Methods of controlling the sodium vapor pressure during reaction were also 

explored.  Figure 3.8 schematically shows different ways in which this was attempted.  

Na2ZrO3 and pre-reacted NGTO were used to increase the sodium over pressure during 

reaction and in this way inhibit the volatilization of sodium from the reacting powders.  

Two additional attempts were tried to react the NGTO starting powders in sealed 

containers to prevent sodium volatilization.  In the first instance, a nickel foil was 

wrapped around loose powder and crimp-sealed upon itself.  In the second case, a pressed 

pellet of starting material was partially wrapped in perforated platinum foil to prevent 
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reaction, and inserted into a silica tube.  A piece of sodium metal (calculated to not burst 

the container) was also placed into the silica tube with the pellet.  The tube was evacuated 

and sealed with a flame.  In all cases, NGTO was observed as the major phase, but with 

minor amounts of gallia also observed. 
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Figure 3.8. Schematic drawings of different sample configurations used to control the 
sodium overpressure during reaction.  (A) Na2ZrO3, (B) NGTO powder bed, (C) sealed 
Ni bag, and (D) sealed glass ampoule. 

3.3.1.1.2.5 Starting Materials  

 Further attempts to obtain phase pure NGTO focused on different sources of 

gallium and sodium.  It was thought that perhaps a more reactive source of gallium or a 

more stable source of sodium would promote the formation of NGTO without the loss of 

sodium.  Ga(NO3)3 and NaF were substituted for Ga2O3 and Na2CO3 respectively as 

starting powders.  In both cases, NGTO was the primary phase.  However, gallia was still 

present as a minor phase and additional unidentified phases were observed in the sample 

made with NaF.  The sample made with Ga(NO3)3 did not have any gallia, but Ga5TiO8, 

NaGaO2, and an unidentifiable phase were observed.   
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 In addition to using different raw materials, less initial amounts of gallia and/or 

titania were also explored as a means to synthesize phase pure NGTO.  However, these 

attempts were unsuccessful and it was found that the resulting material contained the 

major NGTO phase accompanied by minor amounts of gallia as evidenced by XRD 

patterns. 

 In summary, improving the mixing of starting materials, altering heating times 

and temperatures, varying the starting amounts of sodium, adding additional Na2CO3 to 

pre-reacted NGTO, covering/enclosing the powder during reaction, and using different 

sources of sodium and gallium were explored as a means to produce phase pure NGTO.  

In all cases the resultant material was some combination of NGTO with varying amounts 

of other phases.  Taken together, the phase formation and processing results demonstrate 

the difficulty in obtaining phase pure polycrystalline NGTO from oxides and carbonates.  

Furthermore, the ability to track and measure the amount of sodium and sodium 

containing species and the fact that the exact composition of NGTO is yet unknown, 

greatly affects the interpretation of the results.  Nevertheless, it appears that sodium was 

lost upon reaction due to the relatively high volatility of sodium.  Gallia was also usually 

a product of reaction. These results suggest that either a portion of the available sodium is 

depleted before the reaction is complete or that the composition of NGTO is not known 

exactly.  

 

3.3.1.1.3 Sintering and Densification 
 Although the sintering behavior of NGTO was not a goal of this research in the 

beginning, the porous nature of conventionally sintered samples made it difficult to 

extract meaningful electrical information.  As a result, it was necessary to explore the 

sintering behavior in NGTO.   

 NGTO has been shown to be prone to sodium evaporation and as a result vapor 

phase dominates the mass transport in this system.  Consequently, there was great 

difficulty in obtaining highly dense samples.  Furthermore, as shown in Figure 3.9, 

NGTO exhibits a limited thermal stability range which reduces the maximum 

temperature to which NGTO can be heated.  Figure 3.9 shows TGA measurements for 

NGTO heated at 10 K/min to 1300°C and DTA/TGA measurements for NGTO heated at 
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10 K/min and isothermally held for 30 minutes at 1000°C, 1100°C, 1200°C, and 1300°C.  

For NGTO heated continuously to 1300°C, a weight loss, seen to begin at ~1050°C, 

increases rapidly after ~1200°C.  For NGTO that was isothermally held at elevated 

temperatures, weight loss was seen to occur at each hold temperature.  However, while an 

equivalent amount of weight loss was observed at 1000°C and 1100°C more weight was 

lost with increasing temperatures.   Indeed, the weight loss observed at 1200°C was ~2x 

that observed at 1100°C and the weight loss observed at 1300°C was nearly 4x that 

observed at 1100°C.  The TGA results indicate that NGTO was losing weight above 

~1000°C.  However, at temperatures below ~1100°C the weight loss appeared to be 

constant with time, whereas at temperatures above ~1200°C weight loss appeared to 

increase with time.  The increase in weight loss above ~1200°C was attributed to the 

rapid decomposition of NGTO.  This is supported by HTXRD measurements that 

indicate rapid decomposition of NGTO above ~1200°C.  The weight loss that was seen 

below ~1100°C was thought to result from sodium volatilization, in agreement with 

HTXRD that reveals no significant changes to the diffraction pattern below ~1100°C 

indicating no major structural changes are taking place.  Furthermore, DTA 

measurements, shown in Figure 3.9, reveal endothermic reactions at each temperature 

hold, indicating volatilization and/or decomposition reactions are taking place.  

 Dilatometry for a pressed powder compact of NGTO, shown in Figure 3.9, 

reveals minimal linear shrinkage below ~1000°C.  This presents a significant challenge to 

producing dense NGTO samples by solid state reaction.  Taken together, thermal analysis 

results revealed that a significantly narrow temperature range exists for which NGTO will 

densify without decomposing significantly.  Even still, very long heating times will have 

an effect on the overall composition of the final material.  Clearly, a method other than 

conventional heating is needed to produce dense samples.   
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Figure 3.9. Measured shrinkage and weight loss (dashed line) for NGTO showing weight 
loss beginning before significant shrinkage. 

  Three common methods were attempted to produce samples with >90% 

theoretical density.  Hot isostatic pressing (HIP), microwave heating, and hot forging 

techniques were explored, of which, hot forging proved the superior.  Scanning electron 

microscopy (SEM) images of fracture surfaces for conventional heating, HIP, microwave 

heating, and hot forge processes are shown in Figure 3.10, all of which were taken from 

the center area of the pellets.  The microstructures of the samples heated conventionally 

were uniform throughout the entire sample.  The grains were well rounded and showed 

minimal necking.  There were small differences in grain size among the samples.  The 

grain size in samples was found not to change with heating times and therefore the 

differences in grain size were thought to be a result of the powder processing and not 

grain growth. 
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Figure 3.10. SEM micrographs of samples sintered using different methods.  (A) 
conventional heating in air, (B) hot isostatic pressure, (C) microwave heating, and (D) hot 
forge. 

HIP samples showed little change from conventional heating, except for those encased in 

glass which showed massive glass infiltration as seen in Figure 3.11.  The 

microstrucutres of samples heated in a microwave were uniform throughout the entire 

sample.  In contrast to conventional and HIP samples, the grains in samples that were 

heated in a microwave appeared to be elongated and somewhat more rounded.  The 

elongation could be due to preferred growth, though the cause was unknown.  Those 

samples that were hot forged showed uniform microstructure throughout, except around 

the circumference of the pellet.  This was expected as the hot forging technique produces 

samples with a deformed zone at the edge, having a convex curvature, which was in fact 

(A) (B) 

(C) 

) 

(D) 

Conventional Heating 5.0 µm HIP 5.0 µm 

Microwave Heating 5.0 µm Hot Forge 5.0 µm 
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quite porous compared to the rest of the sample.  The extent of this zone was well defined 

and can be envisioned to terminate at the chord of the arc formed by the deformed edge.  

A definite density and grain morphology difference was visible among hot forged 

samples compared to the other samples.  Appreciably more intergranular contact was 

seen, grains were more angular, and there was less total porosity compared to other 

samples.  The densities achieved for each sintering method are summarized in Table 3.6.  

The hot forge method produced samples with higher densities than any other method and 

it was the only method that produced pellets with >90% theoretical density.   

 

  

Figure 3.11. SEM image of HIP sample encased in glass at (A) 200x and (B) 10000x.  
The white square indicates the area of the higher magnification image. 

Table 3.6.  Summary of Maximum Achieved Densities 

Method Density (g/cc) Fraction of Theoretical Density Heating Time (hrs.) 

    Conventional (heating in air) 3.22 60% 24-96 

Hot Isostatic Press n/a -- 12 

Microwave 3.36 62% 3 

Hot Forge 5.04 92% 12 
    

 

3.3.1.2 Single Crystal NGTO 

 The crystals grown in this work were clear and needle-like, the largest of which 

were approximately 20mm long and 0.5mm in thickness.  Figure 3.12 shows images of 

glass 
(A) (B) 

300.0 µm 5.0 µm HIP HIP 
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as-grown crystals across two different temperature gradients.  Crystals grown across a 

~2K gradient are generally shorter and more randomly oriented in the platinum boat as 

compared to crystals grown across a ~8K gradient which are longer and generally 

oriented the same direction in the platinum boat.  The crystals grown across a ~8K 

gradient are also larger, but this was mainly because the sample charge was larger 

compared to the sample charge grown across the ~2K gradient.   

 

 

         

Figure 3.12. As-grown NGTO crystals across a (A) 8 K gradient and a (B) 2 K 
gradient.  Dimensions of Pt boat:  50mm x 12mm.  

 An SEM image of a representative crystal after removal from the platinum boat is 

shown in Figure 3.13.  The surfaces of the crystals were generally not smooth and 

showed topographical imperfections.  However, the general shape of the crystals were 

needle-like and the cross-section appeared to be hexagonal, in agreement with previous 

literature.1  In addition, when the crystals were observed on an optical microscope under 

crossed polars their color was uniform which indicates a single grain. 

 

 
Figure 3.13. SEM image of NGTO crystal. 
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 Shown in Figure 3.14 is the XRD pattern taken for crystals ground together in an 

agate mortar.  The pattern indicates the crystals were phase pure, showing peaks 

belonging only to NGTO.  However, by comparing the diffraction patterns for single-

crystal and polycrystalline samples, a preferred orientation in the a-c plane was apparent.  

This is most distinctively seen by noticing that the peak intensities for the (110), (111),  

(1̄12), (3̄11), (3̄12), and (310) all decrease in relative intensity in the XRD pattern for the 

single crystals compared to the polycrystalline samples.  In addition, the relative peak 

intensities for the (4̄02) and (202) increase in relative intensity in the XRD pattern for the 

single crystals compared to the polycrystalline samples.  It is probable that the crystals 

would orient such that the long axis was parallel to the diffracting surface.  In this 

orientation, planes parallel to the long axis would preferably diffract.  Diffraction peaks 

associated with the a and c planes are preferred which indicates that the b direction is in 

fact parallel to the long axis of the crystals, in agreement with previous results.1 
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Figure 3.14. XRD pattern for ground NGTO single crystals. 
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3.4 Conclusions 

 Polycrystalline and single crystal NGTO were successfully prepared.  Although 

several different processing methods were attempted, phase pure polycrystalline NGTO 

was never synthesized; rather it coexisted with minor amounts of other phases, gallia 

being the most common.  TGA and HTXRD confirmed that sodium was lost from 

polycrystalline NGTO continually if held at temperatures >1000°C and further heating 

results in rapid decomposition above ~1200°C.  Polycrystalline samples with >90% 

theoretical density could be prepared by a hot-forge technique.  Phase pure single crystals 

grown from a sodium-rich charge were needle-like and appeared to be consistent with 

previous results obtained for single crystal NGTO. 
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4 ELECTRICAL PROPERTIES OF NaXGa4+XTi1-XO8 (X~0.7) 

4.1 Introduction 

 Electrical measurements on single crystal NGTO by Chandrasekhar et al.1 

indicated a considerable anisotropic conductivity.  The measured conductivity along the 

b-axis was ~10-2 (Ω-cm)-1 at 300°C compared to 6.6x10-6 and 5x10-6 (Ω-cm)-1 at 300°C 

for measurements taken parallel to the a-axis and c-axis respectively.  The activation 

energy extrapolated from conductivity parallel to the b-axis was ~0.25eV.  Polarization 

measurements indicated negligible electronic conductivity and Na+ was assumed to be 

the major carrier.  The relatively high conductivity measured on NGTO crystals 

prompted exploration into the electrical properties of polycrystalline NGTO. 

 The goal of this section is to introduce the concept of impedance spectroscopy 

and to develop some rigorous methods to use in the analysis of electrical data.  

Polycrystalline and single crystal samples will be presented separately with some overall 

conclusions provided at the end of this chapter.   

4.1.1 The Impedance Measurement 
 Impedance (Z) can generically be termed an immittance.  There are three common 

immittances related to impedance.  All of these are complex functions and are related 

mathematically.  The other functions are modulus (M), admittance (Y), and dielectric 

constant (ε).  These immittances can be expressed as impedances through the following 

relations:  Z = Z; Y = Z-1; M = iωCZ; ε = iωC-1Z-1 where C = ε0A/l = capacitance of 

empty cell, ε0 = 8.85 x 10-12 F/m, A = area, l = separation length, and i = √-1.  

Throughout this work, reference will be made to the various immittance functions, 

although impedance will be the primary immittance function of interest. 

 Impedance spectroscopy (IS) is an important analytical tool for the analysis of 

electrochemical behavior in materials systems due to the relative ease of the measurement 

and the results of which can often be correlated to physical variables such as mass 

transport, corrosion, rates of reactions, dielectric properties, and microstructure and 

compositional influences in solid conductors.2  In this thesis, the discussion on IS will be 
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limited to solid-state electrochemistry methods.  In order to measure impedance, in 

general, an electrical stimulus is applied to the sample via electrodes and the resulting 

current or voltage signal is measured.  The most common (and the one used in this thesis) 

method used is to apply a single frequency signal (voltage or current) and measure the 

phase shift and amplitude of the resulting signal.  In this manner, a frequency sweep may 

be made over many decades of frequency.   

 In practice a small monochromatic signal stimulus  

v(t) = Vmsin(ωt) (1) 

where ν = ω/2π, ω is angular frequency,, and Vm is a voltage,  is applied to a testing cell 

and the resulting steady state current  

i(t) = Imsin(ωt + θ)  (2) 

is measured in which θ is the phase difference between the current and the voltage.  

Through the use of Fourier transforms, the capacitive and inductive response of a 

material in the time domain can be reduced mathematically to show a relationship 

between voltage and current similar to that of Ohm’s law2  

V(jω) = I(jω) • Z(jω)  (3) 

where j ≡ √-1, and the impedance is Z(jω).  The impedance can be written as Z(jω) = 

jωL, for an inductor and Z(jω) = 1/ jωC for a capacitor.  The Ohm’s law-like behavior of 

impedance allows the same circuit addition rules to be used which greatly ease 

calculations; however, it should be kept in mind that the same constraints placed on direct 

current systems must also be applied to these systems in order to make the same 

assumptions, namely linearity and steady state conditions must be satisfied. 

 Impedance is a more general quantity than resistance, and as such it necessarily 

applies in a frequency domain, by definition is complex, and can be written as a vector 

quantity.  

Z(ω) = Z′ +jZ′′ (4) 

where Z′ and Z′′ represent the real and imaginary impedance respectively.  Impedance 

can be represented graphically with rectangular or polar coordinates as shown in Figure 

4.1.  It is clear that impedance is only real for purely resistive behavior or, when θ = 0. 
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Figure 4.1. Impedance plotted as a vector in rectangular and polar coordinates.  

 Throughout the course of this research, several hundred impedance measurements 

were taken and analyzed, not all of which will be discussed in this or subsequent sections.  

Instead, the data presented will be limited to that which best represents sample sets 

overall, and to spectra that contain the most representative and pertinent information.  To 

that end, the differences encountered between the electrical response of experimental and 

ideal systems is offered briefly. 

 The electrical response for an ideal homogeneous electrolyte plotted in the 

impedance plane is shown below.  Two full semicircular arcs, centered on the real axis 

with the high frequency arc, associated with bulk response, passing through the origin. 
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Figure 4.2. Impedance plane plot for an ideal material-electrode system.  Subscripts ‘B’ 
and ‘e’ refer to bulk and electrode related responses respectively.  

In this idealized situation, an equivalent electric circuit model can be used to obtain 

parameter estimates for RB (bulk resistance) and Cg (geometric capacitance), leading to 

the quantification of conductivity, relaxation times, reaction rates, etc. in the material.  
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However, experimental data for real material-electrode systems rarely reveal full 

semicircular arcs in the impedance pane.   Macdonald and Johnson2 have highlighted 

three common causes that lead to perturbed arcs:  1) the high frequency arc does not pass 

through the origin because other arcs exist at higher frequencies, 2) the center of an arc is 

depressed below the real axis because real materials are non-ideal, and 3) the arcs 

themselves are severely overlapped if the time constants associated with neighboring arcs 

are similar (less than two orders of magnitude).  Figure 4.3 represents the behavior of 

impedance spectra subject to these perturbations.  

 

 

 

 

 

 

 

 

Figure 4.3. Impedance plane plot representing a real system in which deviations from 
ideality exist.  (RB = offset/bulk resistance and Re = an electrode/sample resistance)  

 The ranges of spectra encountered in this research are presented in Figure 4.4 

which shows five representative spectra for similar samples, prepared as nominal 

composition Na0.7Ga4.7Ti0.3O8.  One can see depressed arcs, overlapping arcs, resistivity 

differences, partial arcs, characteristic frequency variations, etc.  In fact, much of the 

impedance data in literature contains many of the features described and shown in this 

work with exceptions only being for the best-behaved systems such as ceria or zirconia 

based systems.  These perturbations of the ideal impedance spectra complicate and hinder 

the analysis of measured impedance in real systems. 
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Figure 4.4. Measured impedance spectra for similarly prepared NGTO samples.  
Overlapping arcs (b,d,e), distorted arcs(b,c,e), and differences in overall resistivity(a-e) 
are evident. 

4.1.2 Impedance Measurement Errors 
 Common experimental artifacts seen in impedance data are generally high and/or 

low frequency scatter as well as background or external noise.  In this work, low and high 

frequency scatter was observed.  Low frequency scatter could usually be corrected by 

improved sample orientation and/or preparation.  High frequency scatter was a result of 

high resistivity samples.  This could be corrected by changing current measurement range 

of the instrument at high frequency.  Occasionally anomalous data points were observed 

at ~ 60Hz.  These are assumed to result from line noise and were not used during fitting. 

 Empty cell lead corrections were also employed to reduce unwanted electrical 

contributions arising from the measurement configuration.  The stray resistances and 

capacitances associated with the leads were on the order of 10-1 Ω and 10-12 F 

respectively, lower than typically measured values for NGTO.  Raw data, and the same 

data corrected for leads, are shown in Figure 4.5. At higher frequencies (>106 Hz) 

differences between lead-corrected and non-lead-corrected data are present and can affect 

the capacitance values and associated frequency response.  However, measured 

impedance and subsequent modeling of the data revealed negligible differences between 
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lead-corrected and non-lead-corrected data and as such lead corrections were not 

generally used.   
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Figure 4.5. Impedance plots showing the effect of lead corrections.  Low frequency 
scatter can also be seen in the data. 

4.1.3 Data Modeling and the Equivalent Circuit 
 Experimental conductivity data can be modeled using purely phenomenological 

equations or with equivalent circuit elements that have real physical meaning.  The 

former method has been criticized by Macdonald2-5 for its lack of physical meaning, 

especially at frequency extremes, while the latter has been favored, for it necessitates that 

the model fits the entire data set and does not go to unrealistic extremes.  In this thesis, 

both methods have been explored.  However, emphasis has been placed on the equivalent 

circuit model for its realistic meaning.  In either case, modeling the conductivity of real 

materials from experimental data should follow a somewhat rigorous method.  In this 

way, anomalous data can be minimized as well as identified before they are used to make 

conclusions.   

 To begin, a physical model of the experimental system that describes the possible 

responses should be proposed to which the data will be compared.   Combinations of 

equivalent circuit elements should then be matched to physical meaning with attention 

being paid to ensure that the circuit model is realized.  After one or several possible 

models have been defined, the model must then be fit to the data.  In general, it is best to 

fit untransformed data, however, it is also beneficial to fit as much of the frequency 

spectrum as possible and to fit the immittance function that contains the most 

information.  Additionally, suspect data (high frequency, anomalous, etc.) should not be 

used when fitting.  Lastly, the fitting program should be iterative to find a best fit based 
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on input criteria.  In practice it will often be found that the experimenter must go back 

and forth between data and model, often making adjustments to the model to more 

accurately fit the data.   

 There are several challenges that are common to the modeling and fitting process.   

In the first place, several lumped circuit groups can usually be rearranged to produce 

similar fits and dynamic processes may exist that are not easily defined.  In addition, 

several authors2,6,7 have shown that multiple models having different physical meaning 

can be used to fit the same data with the same degree of uncertainty.  There may also be a 

limit to the ability to de-convolute closely spaced parameters.  Additionally, modeling 

and fitting sometimes has to be performed on incomplete data sets which lack a full 

frequency spectrum to analyze.  To sort out the meaning of impedance data one needs to 

examine the data to get a general idea of the conductive behavior.  A model can then be 

devised based on the physical constraints of the system and fitted to the data.  Because it 

is not always straight-forward to envision how changes in model parameters will manifest 

themselves in the immittance spectra, particularly if multiple components are in the 

model, it is helpful to construct models that mimic experimental data.  In this way, 

changes to model parameters can be made and the resultant spectra can be examined.  In 

simple systems that involve ideal circuit elements (R,C,L) this can be done by measuring 

known circuits; however, modern software has virtually eliminated this method.  Now it 

is quite easy and routine to generate artificial data from ideal or non-ideal circuits using 

computer programs.  

 One common modeling and analysis procedure is to examine imaginary modulus 

(M'') and imaginary impedance (Z'') as a function of frequency.  An ideal electrolyte can 

often be modeled using RC elements and if so it is found that frequencies at which M'' 

and Z'' peaks occur for the same relaxation process (response) are identical.  This is 

because the frequency response corresponds to the maximum in either complex plane arc 

which is inversely proportional to the relaxation time τ, 

 ω = 2πf = 1/τ  (5) 

where ω is the angular frequency, and τ = RC of the circuit element.  This is illustrated in 

Figure 4.6.  The magnitudes of the M'' and Z'' spectra peaks will be proportional to 1/C 

and R respectively.  This means that for two combinations of parallel RC elements 
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connected in series, the M'' spectra will be dominated by the largest capacitance whereas 

the Z'' spectra will be dominated by the largest resistance.  In other words, provided 

individual values for resistance and capacitance are sufficiently spaced to yield non-

overlapping arcs (>~2 decades), if the capacitances are identical and the resistances are 

different, two peaks will be resolved in the modulus spectrum and only one peak will be 

resolved in the impedance spectrum.  Conversely, if the resistances are identical and the 

capacitances are different, the modulus spectrum will show one peak and the impedance 

spectrum will show two peaks.  The degree to which these extremes hold will be subject 

to the actual comparative values of capacitance and resistance among the series elements.  

In this ideal case, where responses do not overlap, the full width at half maximum 

(FWHM) of the peak will be ~1.14 decades, the theoretical Debye half width.  (In this 

work Z'' will usually be plotted on a log scale versus log frequency so the Debye FWHM 

will be larger than 1.14 decades.)  However, real solid electrolytes often deviate from 

ideal behavior.  This adds complexity and makes correct analysis of the measured 

impedance more difficult. 
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Figure 4.6. Simulated data for a single parallel RC element showing the (A) complex 
impedance, (B) complex modulus,  and the corresponding (C) Z'' and M'' spectra. 
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 Non-ideal behavior can be thought to arise from distributions of relaxation times 

or activation energies in a solid electrolyte due to inhomogeneties in the material.  A 

common element used to model this behavior is the constant phase element (CPE).  The 

admittance for a CPE is written as 

 Y = A0(iω)n  (6) 

where A0 and n are frequency independent parameters and n takes values between zero 

and one.  The CPE is a pure capacitor for n = 1 and a pure resistor for n = 0.  When a 

CPE (for 0 < n <1) is combined with a resistor in parallel, the center of the arc which is 

formed in the complex impedance plane is depressed below the real axis depending on 

the value of n.  This is shown in Figure 4.3.  Systems that exhibit non-ideal behavior will 

also exhibit a marked difference in the frequency at which peaks in Z'' and M'' versus 

frequency occur.  Very small changes in the CPE-n value induces dramatic differences in 

the relative peak locations of Z'' and M''.   

 It is important to keep in mind that although certain immittance functions provide 

complimentary information this is only the case over a specific frequency range.   This is 

because the various immittance functions highlight different conductivity mechanisms 

depending on associated time constants.  Indeed, this idea is fundamental to 

understanding conductivity in solid electrolytes and can be very useful in analyzing 

impedance (or any immittance) data in which significant frequency response overlap 

(non-ideal behavior) is present.  To elaborate, electrode related responses can arise from 

space charge effects due to electrode/electrolyte interfaces or electrode contacts and the 

associated relaxation frequencies are typically <103Hz.8-10   Electrolyte related responses 

in a polycrystalline ionic conductor can arise from ion motion or space charge due to the 

grain/grain boundary interface.  Ion motion can be either localized vibrations (resonance 

at >109Hz) or related to a jump rate that has an associated relaxation frequency <108 Hz.  

The grain boundary phase can greatly extend the frequency response range of the internal 

(grain/grain boundary) interfacial space charge into the kHz region of the spectrum.8,10  

Unfortunately, this means that it can be difficult or even impossible to distinguish space 

charge phenomena from ion migration phenomena in the electrolyte and likewise it can 

be difficult or near impossible to distinguish between space charge phenomena taking 

place in the electrolyte or taking place at the electrode interface.  Despite the complexity 
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that a grain boundary phase will add to the frequency spectrum, a thorough analysis of 

frequency plots of the impedance (and related functions) is useful in determining 

responses at least dominated by, if not exclusive to, electrode and electrolyte phases.   

 Consistent with a polycrystalline sample microstructure, the most generic model 

proposed in this work involves three physical responses, attributed to the bulk material, 

the grain boundary, and the electrode/electrolyte interface.  This is schematically shown 

in Figure 4.7.  An equivalent circuit used to model this system might be that shown in the 

figure where each RC combination represents a microscopic feature with a corresponding 

frequency dependant response.   

 
 

V 
+ 

- 
  

Figure 4.7. Representation of NGTO microscopic model.  Lines within grains indicate 
the tunnel direction.  Circuit subscripts:  g=grain, gb=grain boundary, e=electrode. 

4.2 Experimental 

4.2.1 Polycrystalline NGTO 

4.2.1.1 Electrical Measurements 

4.2.1.1.1 Electrode Preparation 
 In this work, electrodes were applied by 1) painting, 2) pressing, and 3) thermally 

evaporating metals onto the faces of sample pellets.  Painted electrodes were made by 

applying platinum ink (Engelhard 6926 and 6082) manually with a brush to both faces of 

the pellets.  One of the platinum inks, (Engelhard 6082), has a small amount of a Bi-

containing flux to promote adhesion.  The measured impedance did not appear to be 
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affected by the platinum ink used; nevertheless the pure platinum ink (Engelhard 6926) 

was used for the majority of the measurements. The platinum electrodes were cured by 

heating the electroded pellet at 10K/min to 900°C for 30 minutes.  To make pressed 

electrodes, platinum ink (Engelhard 6926) was applied to pressed pellets before the hot 

forging process (section 3.2.1.1.2).  After the hot forging was complete, excess alumina 

was removed from the faces of the pellet to reveal a thin and continuous layer of platinum 

metal in good contact with the sample.  Thermally evaporated electrodes were made by 

evaporating silver, gold, and gold/palladium metals in a Denton DV 502 evaporator. 

 

4.2.1.1.2 Impedance Spectroscopy 
 For impedance measurements, samples with circular disk geometry were used.  

Painted, sputtered, and pressed electrodes were applied to the faces of the disc samples.  

Impedance was measured using a Solartron 1260 impedance analyzer sweeping from 

10MHz – 1Hz with a 1 Volt excitation signal.  To make measurements at elevated 

temperatures, a custom modified Centurion QEX furnace was interfaced with the 

impedance analyzer.  A detailed schematic of the sample arrangement is shown in Figure 

4.8.  Contact between the lead wires and the sample were maintained by application of an 

alumina weight on top of the pellet arrangement.  Samples were generally heated at 

10K/min. and measured every 50K from room temperature to 1000°C.  A 15 minute 

dwell time at each measurement temperature was employed before measuring the 

frequency sweep.   

 A custom testing rig was built and designed by the author to make measurements 

in different atmospheres, temperatures, and at various humidity levels.  The furnace and 

testing rig are shown in Figure 4.9 and detailed schematics of the design are shown in 

Figure 4.10.  The testing rig was made mainly of alumina and platinum and uses a spring 

loaded cell to hold the sample into place.  Additionally, the cell uses a perforated spacer 

to promote the contact between sample and atmosphere.   
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Figure 4.8. Detailed sketch of sample and wire arrangement for impedance measurement. 

 

 

 

 

 

 

Figure 4.9. Furnace and testing rig setup for impedance testing at elevated temperatures 
and in various atmospheres.  (A) Furnace with sample fixture in place.  (B)  Sample   
fixture with furnace removed.  (C)  Sample fixture with alumina tube removed.  (D)  
Detail of sample loading in fixture.  (E)  Detail view of end of fixture to show perforated 
spacer.
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Figure 4.10. Detailed sketch of sample and wire arrangement for impedance measurement setup shown in Figure 4.9.
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 Equivalent-circuit modeling of the impedance data was accomplished using 

Zview software (Schribner Associates, Inc.)  Complex non-linear least squares (CNLS) 

fitting was used with a minimum of 10 optimization iterations.  Data-proportional and 

modulus-proportional weighting were used in the fitting.  In general, a single arc was fit 

to a resistor and a constant phase element (CPE) in parallel.  One such circuit element 

model used in the data fitting is shown in Figure 4.11 below.   

 

 

Figure 4.11. Circuit model used to model impedance data in which  B=bulk or grain, 
GB=grain boundary, e=electrode. 

4.2.1.1.3 4-Point DC Conductivity 
 Four-point DC conductivity measurements were performed on bars cut from 

pressed pellets.  The samples had parallel faces with square cross sections to which 

painted electrodes (Englehard 6926 Pt ink) were applied to both faces.  In addition, two 

parallel notches were made on one side of the bar.  The sample was then loaded into a 

custom modified furnace (Centurion QEX) equipped for measurement with a DC power 

supply (Agilent E3649A) and current/voltage meters (Keithley 2000).  The entire 

arrangement, shown schematically in Figure 4.12, was computer interfaced and 

controlled with a custom developed Labview program.  Source voltages of 1 to 5 volts 

were applied to samples while current was measured first in forward and then reverse 

bias.  Samples were measured every 50K from room temperature to 1000°C, a 5 second 

settling time was employed before each measurement, and the bias was removed between 

temperature measurements.   
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Figure 4.12. Schematic showing sample and wire arrangment for DC conductivity 
measurement. 

4.2.2 Single Crystal NGTO 

4.2.2.1 Electrical Measurements  

4.2.2.1.1 Electrode/Sample Preparation 
 Crystals of NGTO were ground and polished on both faces perpendicular to the b-

axis (long direction).  The crystals were then loaded into a holder as shown in Figure 

4.13.  Manual compression was used to lodge the crystal between two alumina blocks 

which were glued to an alumina substrate with a flux-containing platinum paste 

(Engelhard 6082).  Pure platinum ink (Engelhard 6926) was painted onto the joining 

surfaces of the crystal to alumina block.  Care was taken to ensure that the crystal was not 

in contact with the alumina substrate and that the platinum ink used to hold the alumina 

blocks to the alumina substrate was not in contact with the platinum electrode.  An 

optical image of the sample arrangement, shown in Figure 4.14, reveals good contact 

between the crystal and the alumina block with minimal platinum wetting along the 

crystal. 

 

   

        Figure 4.13. Schematic drawing of crystal arrangement with electrodes. 
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Figure 4.14. Optical image of electrode contact with crystal. 

4.2.2.1.2 Impedance Spectroscopy 
 Impedance measurements were performed in the same furnace (Centurion QEX) 

with the same general measurement parameters as used for polycrystalline samples.  As 

shown in Figure 4.15, single crystals were measured by attaching leads to the electrodes 

and applying a weight to ensure good electrical contact.  

 

 

Figure 4.15. Detailed sketch of sample and wire arrangement for impedance 
measurement on NGTO single crystals. 
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4.3 Results 

4.3.1 Polycrystalline NGTO 

4.3.1.1 Electrode Preparation 

 It has been shown that electrode related responses can sometimes affect the entire 

impedance spectra, even at high frequencies.11-13  Well-prepared electrodes are 

paramount to obtaining quality impedance data.  Electrodes are usually applied as paint, 

by vacuum evaporation, or by sputtering and are typically silver, gold, platinum or 

palladium metal.  Transition metals such as nickel, iron, and chromium are also used.  

When choosing an electrode material, the measurement temperature must be considered.  

This is because metal electrodes can de-wet to form discontinuous globules on the sample 

surface at elevated temperatures destroying the electrical contact to the sample.  This 

effect is shown visually in Figure 4.16 for two different electrode materials applied to 

NGTO by vacuum evaporation.   

 

   

Figure 4.16. SEM image of (A) gold and (B) 60%Au-40%Pd electrodes on the surface 
of NGTO after heating to 900°C. 

An optical microscope equipped with a hot stage was used to monitor the stability of 

three different metal electrodes with increasing temperature, the results of which are 

summarized in Table 4.1.  The electrode materials, Ag, Au, and 60%Au-40%Pd, were 

applied by vacuum evaporation to polished and cleaned NGTO pellets ~90% theoretical 

density.  The electrode coatings were visually observed in the microscope for changes 

(A) (B) 
10.0 µm Au 20.0 µm 60%Au-40%Pd 
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such as luster and roughness as the temperature was increased.  The results indicate that 

the stability of the electrode increases with increasing melting temperature.  Silver 

performed the worst, showing signs of degradation as low as 350°C whereas 60%Au-

40%Pd appeared the most stable showing signs of degradation at ~800°C.  None of these 

materials appears to be stable above 800°C and as a result platinum electrodes were 

explored to measure impedance as high as 1000°C.  However, platinum is not easily 

applied using vacuum evaporation due to its relatively low vapor pressure and therefore 

other means were used to prepare platinum electrodes.   

Table 4.1.  Thermal Stability of Electrodes Observed in the Optical Microscope. 

Metal Visual Onset of  
Instability† (°C) 

Melting 
Point (°C) 

   Ag 350    962 
Au 500    1064 

60%Au-40%Pd 800    1440* 
Pt n/a    1768 

   †error in temperature ±10°C 
*taken as solidus line  

 

Platinum electrodes were applied by painting and pressing as described earlier.  SEM 

images taken of the cross-sections of pellets with painted and pressed platinum 

electrodes, shown in Figure 4.17, revealed microscopic differences between painted and 

pressed platinum electrodes.  It was plainly seen that the painted electrode was porous 

while the pressed electrode was dense and both electrodes appeared to be of similar 

roughness on the surface.  The pressed electrode was also ~2-3 times thinner than the 

painted electrode overall.  This was expected from the methods used to apply the 

respective electrodes.  
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Figure 4.17. Backscattered SEM images of  (A) pressed and (B) painted platinum 
electrodes.   

 Figure 4.18 shows the impedance measured for NGTO (~90% theoretical density) 

with painted and pressed platinum electrodes at 700°C.  The data in Figure 4.18 were 

taken from a single sample.  This was accomplished by first measuring the impedance 

after application of a pressed platinum electrode.  Subsequently this electrode was 

removed, the surface was cleaned and polished and a painted electrode was then applied 

and the impedance was measured again.   
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Figure 4.18. Impedance spectra for NGTO with pressed and painted electrodes. 

The differences in the measured impedance was manifest most dramatically in the mid to 

low frequencies.  SEM images indicate that more contact between sample and electrode 

exists in the pressed electrode compared to the painted electrode.  Although pressed 

electrodes appear to be superior, painted and pressed platinum electrodes were 

comparable.  Electrode and electrolyte impedance arcs were separated from impedance 
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spectra, allowing the sample resistances to be compared.  As shown Table 4.2, the 

measured resistivities for the total sample were identical (±<1%) among samples with 

different electrodes, but the electrode resistivities are different.  This was important to the 

analysis of NGTO impedance data because not all samples measured were of the same 

density and not all samples had pressed electrodes. 

Table 4.2.  Parameter Estimates for NGTO with Pressed and Painted Pt Electrodes 

Electrode Rb (Ω) Cb (F) Rgb (Ω) Cgb (F) Re (Ω) Ce (F) 

              Pressed 3041 2.31E-09 5290 8.62E-07 7438 7.88E-05 

Painted 2324 1.11E-09 6065 8.63E-07 10183 5.94E-05 
              Subscripts = b=bulk, gb=grain boundary, e=electrode 

 

4.3.1.2 Distinguishing Electrode Versus Electrolyte 
 Over 200 measurements on over 60 samples were made throughout this work.  

Before delving into the modeling and analysis of the impedance spectra, the electrode and 

electrolyte contributions to the impedance need to be distinguished to avoid 

misinterpretation of the results and provide a basis for which to compare samples.  

Following the methods of Baurle,7 electrolyte and electrode contributions were explored 

in three ways, the first of which is based on the fact that electrolyte resistivity should be 

proportional to the geometrical factor A/l  where A is the electrode area and l is the 

sample length.  Figure 4.19 is a plot of the normalized real impedance (Z') versus 

frequency for two similarly prepared samples at various temperatures that have different 

A/l ratios.  Because these plots are normalized, the frequency response associated with 

the electrolyte impedance will be identical for both samples.  It is clear that the two 

samples exhibit a difference in impedance, except at the highest frequencies (>106Hz), 

the magnitude of which increases with decreasing temperature and frequency.  This plot 

reveals that only at very high frequencies (>106Hz) are the sample impedances identical, 

indicating that the electrolyte response was influenced over most frequencies.  Possible 

explanations could be a large electrode associated effect or the electrolyte frequency 

response could be different among similar samples.   
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Figure 4.19. Plot of the real impedance (Z') adjusted for sample geometry for two 
samples at three tempertures. 

 Since the electrode and electrolyte related responses cannot be definitively 

differentiated with this method an attempt was made to visually distinguish between the 

electrode and electrolyte frequency responses based on the idea that particular response 

mechanisms in materials have an associated frequency and these frequencies are different 

for different mechanisms.   

 A visual inspection of the imaginary impedance (Z'') as a function of frequency 

was used to estimate approximate response frequencies in NGTO samples and to deduce 

whether these responses were most likely due to an electrode or electrolyte related 

process.  This can be done with confidence if one recalls that all the immittance functions 

are related mathematically, Z'' being the one of interest here because it emphasizes long 

range conductivity and would be expected to contain the most information compared to 

the other immittance functions.  Then, if a complex impedance plot yields a semicircle 
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the maximum in the semicircle arc corresponds to a maximum Z'' as a function of 

frequency, and therefore describes the frequency of the response.   

 Plots of Z'' as a function of frequency for NGTO samples generally revealed one 

broad peak or two more-narrow peaks clearly separated as shown in Figure 4.20.  To be 

sure, some samples exhibited behavior between these extremes, often showing evidence 

for a peak in the form of a shoulder.  The observed behavior was related to processing 

and will be discussed further in section 4.3.1.3.  In determining the location of peaks, 

only those that had clear maxima were considered for analysis.  The frequency at which 

the maxima in Z'' occurred has been complied for several samples, the results of which 

are plotted in Figure 4.21.  For samples in which two peaks were observed, a clear and 

significant separation, ~3 decades, exists between the lower frequency peak and the 

higher frequency peak.  In the samples for which a single peak was observed, the peak 

maximum was the same order of magnitude as the high frequency peak described 

previously.  The average frequency over which the lower frequency peak occurs was 

~500Hz whereas the average frequency over which the higher frequency peak occurs was 

~600kHz.  These results suggest that the lower frequency peak in Z'' corresponds to an 

electrode/electrolyte phenomenon, perhaps an interfacial space charge accumulation, and 

the higher frequency peak in Z'' was due to a process occurring within the electrolyte 

alone.  It is important to emphasize that this does not imply that the responses are distinct 

and separate in a complex plane plot.  It will be shown that real frequency response 

overlap still exists and greatly affects appearance of complex impedance plots.  
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Figure 4.20. Plot of imaginary impedance spectra representative of the two observed 
behaviors (densities). 
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Figure 4.21. Plot showing the frequencies at which peaks in Z'' occur in several 
samples at 800°C.  Dashed lines represent the average over the samples for each observed 
peak and the solid line corresponds to sample density. 
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 Four-terminal dc conductivity measurements were also used to distinguish 

between electrode and electrolyte related responses because this method measures only 

the electrolyte contributions to the conductivity and not the electrode contributions.  The 

resistivity of a sample measured using a 4-terminal dc method was compared to the 

estimated dc resistance of the same sample measured using ac methods.  The estimate for 

dc resistance was taken to be the real part of the impedance (Z') at the minimum in Z'' as 

shown in the inset in Figure 4.22.  Figure 4.22 shows a plot of the conductivity as a 

function of temperature for the ac and dc measurements.  Taking into account the 

estimates of Z' and sample geometry (the sample was not perfectly true on all edges and 

faces) the two methods agree relatively well.  The dc conductivity measurements agree 

with the above analysis showing that indeed the lower frequency peak in Z'' corresponds 

to the electrode related arc and the high frequency peak in Z'' corresponds to the 

electrolyte. 

 

0.8 1 1.2 1.4
1000/T (K)

-4

-2

0

2

ln
 (σ

T)
 (o

hm
-c

m
)-

1 
K

4-terminal dc 
dc - estimated from Z''

0.95eV

0.87eV

 

Figure 4.22. Conductivity as a function of temperature for a sample measured with 4-
termianl dc resistivty and impedance spectroscopy.  

 In summary, impedance data was used differentiate responses associated with the 

electrolyte and those to which the electrode contributed.  Subsequent 4-point dc 

resistivity measurements confirmed that this analysis was correct.  While the electrolyte 

and electrode effects can effectively be distinguished, it has yet to be shown what 
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physical meaning can be assigned to the electrolyte response.  Because the samples are 

polycrystalline, it was expected that the electrolyte should consist of a grain and a grain 

boundary response.  The next section explores the conductivity of NGTO samples 

obtained from impedance spectroscopy. 

 

4.3.1.3 Impedance Spectroscopy   

  After examining all of the NGTO impedance data it was clear that samples 

exhibited one of two behaviors depending on sample density.  In general, samples with 

densities >90% theoretical exhibited one type of behavior while samples with densities 

between 50 – 85 % theoretical exhibited another type of behavior.  Figure 4.23 is a plot 

of the complex impedance for two representative samples with different densities.   
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Figure 4.23. Complex impedance plots for (A) porous and (B) dense NGTO samples. 

Using the analysis methods previously outlined, the electrode and the electrolyte 

associated frequency responses were identified and the approximate division between 

them is indicated by the labeled frequency in the plots.  That is to say, impedance data to 

the left (increasing frequency) of the indicated frequency was associated primarily with 

the electrolyte and impedance data to the right (decreasing frequency) of the indicated 

frequency was associated primarily with the electrode interface.  Samples with ~90% 

theoretical density exhibited what appeared to be a severely depressed high frequency arc 

(electrolyte) that may or may not go through the origin.  Additionally, these samples had 

a partial low frequency arc (electrode), and the overall electrolyte resistivity was on the 

order of 103 ohm-cm at 800°C.  Samples with density between approximately 50% – 85% 

theoretical exhibited what appeared to be a less depressed high frequency arc (electrolyte) 

as compared to the more dense samples.  This arc appeared to pass through the origin.  A 

nearly complete low frequency arc (electrode) was also observed, though it was generally 
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depressed much more than that seen in the dense samples.  The porous samples exhibit an 

electrolyte resistivity on the order of 105 ohm-cm at 800°C, about 100 times larger than 

the dense samples.  As shown in the figure, the measured impedance associated with the 

electrolyte displayed a single arc in the complex impedance plane.  However, 

polycrystalline electrolytes are expected to contain a bulk (or grain) response as well as a 

grain boundary response.  It was thought that the electrolyte response shown in Figure 

4.23 is the result of two overlapping arcs, associated perhaps with the grain and grain 

boundary responses.  The complex impedance arcs appeared distorted, further supporting 

this idea.  In addition, recalling Figure 4.4, the measured impedance for NGTO varied 

among samples and the spectra deviated from ideality which can introduce frequency 

overlap.  The focus of the remainder of this chapter will be to correctly model and 

describe the impedance data.  Of particular interest, the electrolyte behavior will be 

explored so as to separate bulk (grain) and grain boundary related phenomenon.  To 

begin, modulus and impedance spectra plots will be examined. 

 Although complex plane plots did not resolve two distinct arcs associated with the 

NGTO electrolyte (Figure 4.23), modulus and impedance spectra provided further insight 

into the electrolyte response, making it possible to discern separate responses from 

overlapping arcs.  Using the impedance data from the same samples in Figure 4.23, 

imaginary impedance (Z'') and imaginary modulus (M'') as a function of frequency have 

been plotted for 300°C, 500°C, and 800°C, as shown in Figure 4.24.  Examination of the 

spectra reveals several features.   

 In dense samples a single broad peak in Z''(ω) was observed at all temperatures.  

This peak was associated with the electrolyte and the frequency at which the peak was 

centered increases with increasing temperature as expected.  M''(ω) exhibits a partial 

maximum at a frequency higher than the Z'' peak at all temperatures.  At 300°C a 

shoulder in the M'' spectra at ~104Hz could be seen, and possibly one at slightly higher 

frequency.  However, the noticeably poor quality data at higher frequency did not allow 

this determination.  As temperature was increased the M'' spectrum moves to higher 

frequency as well, although the peaks are difficult to track.  At 800°C one large peak in 

the M'' spectrum was seen to occur outside (or very near) the measured frequency range.  

In the dense samples it was difficult to associate peaks in the M'' spectra with peaks in the 
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Z'' spectra, although in general the peaks in M''(ω) appeared at higher frequencies than 

the peaks in Z'' as a function of frequency.   

 For porous samples, a single broad Z'' peak is observed at 300°C.   As the 

temperature is increased, the broad peak observed in Z'' spectrum separated into two 

distinct peaks whose frequencies increase with increasing temperature.  The low 

frequency Z'' peak is associated with the electrode and the high frequency Z'' peak is 

associated with the electrolyte.  A distinct M'' peak was seen at all temperatures and the 

frequency at which the peak occured increases with increasing temperature.  At 300°C a 

M'' peak was observed at ~5x103Hz and it appears as though a peak may exist at a much 

higher frequency than the measurement range although the high frequency data limited 

this interpretation.  The M'' peak was quite distinct and could be tracked easily with 

temperature.   

 In both types of samples, the peaks in Z''(ω) and M''(ω) did not coincide.  This is 

an indication of a non-ideal response as described previously.  Furthermore, for both 

types of samples, maxima in Z''(ω) were too broad to be described by a single (Debye) 

response.  In addition, several of the peaks for Z''(ω) were asymmetric in appearance.  

This indicated a distribution of relaxation times (or activation energies) or a convolution 

of multiple peaks from more than one response.  Based on the complex impedance plots 

and their corresponding modulus and impedance spectra and in keeping with the 

proposed physical model, it is reasonable to assume that the measured high frequency 

impedance arc associated with the electrolyte response was a convolution of one or 

multiple response mechanisms.  This, however, did not rule out that the frequency 

responses could not also be distributed themselves, and in fact they were likely to be 

distributed somewhat based on the polycrystalline nature of the samples.2  Based on the 

impedance and modules spectra, it is unclear what type of model would best fit the 

electrolyte frequency response.  Therefore, various equivalent circuits were explored to 

understand the nature of the electrolyte behavior. 
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Figure 4.24. Normalized imaginary impedance and modulus spectra for representative samples with varying density.  ~90% 
theoretical density:  (A) 300°C, (B) 500°C, (C) 800°C.  ~60% theoretical density:  (D) 300°C, (E) 500°C, (F) 800°C. 
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 Three circuits were chosen based on the observed impedance data.  The first 

model used was a single R and CPE in parallel, designated as Z1ARC.  This model assumes 

a single depressed arc and the impedance for the parallel combination can be written as 

 

 Z1ARC = R / 1 + (iωτ)n  (7) 

where R is the resistance, i =√-1, ω is the frequency, τ is the relaxation time, and n is a 

temperature dependent parameter taking on values 0 ≤ n ≤ 1.2,14  The second model type 

consisted of two parallel R and CPE combinations in series, designated Z2ARC.  This 

model is similar to the Z1ARC but instead of assuming one arc, the Z2ARC assumes two 

depressed arcs.  The last model used contains a more complex distributed element known 

as the Havriliak-Negami element,15 designated as HN.  The impedance of the Havriliak-

Negami element can be written as  

 ZHN = R / (1+(iωτ)U)P  (8) 

where R is the resistance, i =√-1, ω is the frequency, τ is the relaxation time, and U and P 

are exponents that describe the peak shape.2,14  The Havriliak-Negami element reduces to 

the Z1ARC (resistor in parallel with a CPE) when P is equal to unity and to a Davidson-

Cole (asymmetric) response when U is equal to unity.  A Havriliak-Negami element 

assumes arc asymmetry and arc depression simultaneously.   

 Figure 4.25 shows the results for the three models used to fit the electrolyte 

portion of the impedance data.  The goodness-of-fit values for each circuit model are 

shown in Table 4.3.  The weighted sum of the squares (Σ2) is a better measure of the 

goodness-of-fit than the square of the standard deviations (χ2) because there were large 

differences in resistance and capacitance in the same sample set.  Accordingly, the Z2ARC 

model was the best fit to the data in both porous and dense samples.  It appears that none 

of the fits were beyond use; however, they provided different information.  To take the 

Z1ARC first, this model assumes a single relaxation process that deviates from ideality 

according to the CPE which corresponds to a single depressed complex impedance arc.  

Examination of Figure 4.23 reveals that although the complex impedance arc may be 

depressed, it also appears to be asymmetrical.  Therefore the Z1ARC model is not fully 

adequate.  Naturally, the HN model, which incorporates CPE and assymetrical behavior, 
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would be expected to provide a better fit, and it does.  However, there is a concern with 

using either the Z1ARC or the HN model to fit the data because neither model accounts for 

an interaction of two response mechanisms which would be expected in polycrystalline 

materials.  Comparing now the Z2ARC model to the Z1ARC or the HN models, the Z2ARC 

model does not assume asymmetry but will take into account overlapping arcs.  This 

model provides the best fit, suggesting that the arc is in fact composed to two overlapping 

arcs, in agreement with the proposed physical model. 
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Figure 4.25. Complex impedance plot showing data and fits for (A) dense  and (B) 
porous samples.  Refer to the text for definitions of circuits used in fitting.  

Table 4.3.  Summary of Goodness-of-Fit Results for Fits Shown in Figure 4.25 

 Porous  Dense 
      Model Σ2 χ2  Σ2 χ2 

Z1ARC 1.244 0.018  0.4199 0.0031 
Z2ARC 0.094 0.001  0.0574 0.0004 
HN 0.170 0.002  0.1084 0.0008 

       

 Using this information, circuit models have been constructed and fit to the NGTO 

impedance data.  A generic model used to fit the impedance data is shown in Figure 4.26 
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and consists of three parallel pairs of capacitive and resistive components representing 

the grain, grain boundary, and electrode responses.  In some models the grain response 

was fixed to maintain a pure capacitive nature.  This was done to simplify the model and, 

in fact, if a CPE was used to model the capacitance in the grain, the CPE-n value was 

often greater than 0.95 or would sometimes refine to values >1, a physically unrealistic 

situation.  There is more reason to believe that the grain boundary and electrode 

responses would be distributed because these responses are more susceptible to 

processing and sample measurement conditions and therefore the capacitive part of these 

responses were modeled using CPEs. 

 Goodness of fit was determined using a weighted sum of the squares and visual 

inspection.  The sum of the squares uses different weighting depending on the type 

chosen.  In this work a data-proportional weighting scheme was employed to minimize 

the effects of large differences in resistivity with frequency.  Visual inspection was also 

employed to confirm that the fit was sufficient and/or what portions needed refinement. 
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Figure 4.26. Equivalent circuit used to model NGTO impedance data. DEx = CPE, HN, 
etc.  C1 represents that sometimes DE1 was modeled as ideal.  If C1 was used DE1 was set 
to zero.   Subscript e represent the electrode.  

 Examination of all the impedance data revealed that a plethora of distributed and 

ideal circuit elements could be used to represent all and/or some response mechanisms in 

the model and still produce satisfactory fits, in agreement with previous statements2,6 

suggesting that similar models can be indistinguishable.  Figure 4.27 shows the fit result 

for a representative dense sample at 800°C using the model in Figure 4.26.  The fit in 

general was of good quality; showing small deviations from the data (see Appendix).  

During this work, many models produced fits of comparable quality.  Best fits were 
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obtained using the simplest possible models and parameter estimates were extracted and 

used to compare the conductivity and activation energy of polycrystalline NGTO to 

single crystal data and other sodium ion-conducting materials.  In all cases the electrode 

effect was included in the model, though the following results will focus on the 

electrolyte, namely the supposed grain and grain boundary responses. 
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Figure 4.27. Fits to impedance data using the model in Figure 4.26.  Fitting results are 
shown in Appendix 8.2. 

 Figure 4.28 shows plots of the conductivity as a function of inverse temperature 

for NGTO.  Parameter values were extracted from equivalent circuit models and, as 

before, a representative portion of the samples was chosen for display.  Porous and dense 

samples were both modeled and the electrolyte portion of the impedance data was 

modeled as two responses, namely the grain and grain boundary.  As we will see, the 

distinction between grain and grain boundary may be difficult. 

 Conductivity in the grain (high frequency) appeared to increase with density 

overall.  The difference in grain conductivity between porous and dense samples 

decreased with increasing temperature ranging from ~ 10-5 (Ω-cm)-1 at 400°C for the least 

dense samples to ~ 10-2 (Ω-cm)-1 at 900°C for the most dense samples.  At any one 

temperature, the difference in conductivity for the most-dense and the most-porous 

samples was as large as a factor of 100.  Inspection of the conductivity versus inverse 

temperature plot for the grain revealed that the data did not fall onto a straight line.  For 
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porous samples, a slight “bend” was observed in the data whereas for dense samples the 

data fell onto a straight line at lower temperature but then deviated at higher 

temperatures.   
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Figure 4.28. Arrhenius plots for (A) grain (high frequency) and (B) grain boundary 
(low frequency) reponse in polycrystalline NGTO samples.  

 Comparing the grain boundary conductivity to the grain conductivity, important 

similarities and differences were seen.  On the one hand, the magnitude of the 

conductivity in the grain boundary was similar to the grain.  On the other hand, although 

the conductivity as a function of inverse temperature increaseed with density, it did not 

exhibit the relatively smooth transition observed in the grain.  Rather, porous samples 

exhibited one conductivity and dense samples exhibited another, higher, conductivity. 

This can be understood by recalling the microstructure.  Specifically, low density samples 

would be expected to have poor yet homogeneous intergranular contact compared to high 

density samples.  Conversely, high density samples would be expected to have a good, 

yet variable, intergranular contact compared to porous samples.  This is seen in Figure 

3.10 (section 3.3.1.1.3) and would lead to a grain boundary response dependent on the 

density.  Indeed, this was seen to be the case as evidenced by similar conductivity 

observed for samples that were generally of the same density.  For the porous samples, a 

slight “bend” in the conductivity as a function of temperature data was observed as well.  

However, dense samples did not exhibit this “bend” in the data. 
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 The plots in Figure 4.28 demonstrate the large range and variation in conductivity 

that was observed among samples.  There are several features in the plots shown in 

Figure 4.28 that indicate possible limitations to the models which inhibited the ability to 

correctly separate the electrolyte response into grain and grain boundary parts.  

 First, the variation in conductivity attributed to the grain varied by approximately 

a factor of 100 for a given temperature among similarly prepared samples.  It is possible 

that the variation in the grain conductivity results from a difference in the number of 

charge carriers, specifically sodium.  However, such a difference in conductivity would 

require a substantial amount of sodium loss, nearly 10x that observed experimentally.  

Another possible explanation for the variation in conductivity associated with the grain 

response might be that the assignment of this response was in error.  Perhaps the grain 

boundary was the high frequency response mechanism, and the variation in conductivity 

among samples was a result of differences in grain boundary resistivity among similar 

samples, certainly a possibility for polycrystalline samples.   

 On a related note, the time constants (τ) associated with the two mechanisms 

appeared to be quite similar.  Based on geometry considerations, this would suggest that 

the grain boundary phase had a higher resistivity compared to the grain phase.  This was 

expected based on the proposed microscopic model in which the ion charge moves 

through the grain and grain boundaries successively.  However, it appeared that the 

resistance of the grain boundary compared to the grain was such that the time constants 

for the grain and grain boundary were similar enough to inhibit the ability to model the 

grain and grain boundary responses independently because these responses overlapped in 

frequency. 

 Lastly, the ‘bend’ observed in most of the data was unexpected.  Such a feature 

indicates a change in activation energy with temperature which was not expected in a one 

dimensional ion conductor.  This “bend” was thought to be a result of modeling and not 

intrinsic to the sample.  This can be understood by examining the dissipation factor (tan 

δ) for porous and dense samples.  The dominant relaxation process in polycrystalline 

NGTO should be the electrode related response, or more directly, the interfacial 

impedance between electrode and electrolyte.  This response can be tracked using the 

dissipation factor which is the ratio of Z''/Z'.  What was seen when the dissipation factor 
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was plotted as a function of frequency for several temperatures was that the electrode 

response dominates the spectrum even at high temperatures in the lower density samples 

as shown in Figure 4.29.  This is most likely due to the large space charge effects that are 

associated with porous samples.  The dissipation factor has also been plotted for high 

density samples to confirm the previous statement.  Indeed, the electrode effect was seen 

to become less prominent at the expense of a higher frequency dissipation factor peak 

arising from the electrolyte alone.  It should also be pointed out that the largest 

dissipation factor in the high density samples went through a transition between ~500°C 

– 700°C.  The maximum curvature in the “bend” occured between 500°C – 700°C which 

wass precisely when the impedance spectra drastically changes as one response 

mechanism slides out of the measurement frequency range and another slides into the 

measurement frequency range.  To see if the “bend” was an artifact of the model, the 

same data were fit from high to low temperature and then from low to high temperature.  

In this way the model would be converging from different starting positions, namely 

different responses.  It was found that the “bend” could be shifted to lower or higher 

temperatures suggesting that in fact the “bend” was an artifact of modeling.  This 

behavior lead to inconsistent data fitting over the measured temperature range. 

 

 

Figure 4.29. 3-dimensional plots showing the evolution of the dissipation factor (tan δ) 
with temperature for A) porous samples and B) dense samples from Figure 23. 

(A) (B) 
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 These observations indicated that limitations in the modeling of the impedance 

data could be adversely affecting the calculated conductivity and that the electrolyte 

response could not be separated into grain and grain boundary responses with the 

proposed models.  If this analysis is correct, then different models should produce 

variations in the value of conductivity as a function of inverse temperature for either the 

grain or grain boundary response and if such variations exist among models, the 

differences should no longer be present when the total conductivities are added.  To 

support this idea, further modeling was performed.  Figure 4.30 shows conductivity as a 

function of inverse temperature for a single sample modeled three different ways.  For 

these models, conductivity as a function of inverse temperature was plotted for the grain 

and grain boundary responses separately.  In addition, the summation of the conductivity 

as a function of inverse temperature for the grain and grain boundary was plotted as well.  

The conductivity varied by a factor of nearly 10 in both the grain and the grain boundary 

at a given temperature when modeled separately.  However, when the grain and grain 

boundary conductivities were combined, the conductivity as a function of inverse 

temperature was nearly identical for whichever model was used.  This supports the idea 

that grain and grain boundary response could not be easily separated with the current 

models, rather only the total electrolyte response could be accurately modeled. 

 To help understand where the models break down, simulated impedance data was 

generated to explore the effects of non-ideal behavior on the impedance and modulus 

spectra. Using values similar to those in a typical NGTO sample, the frequency 

dependence of impedance and modulus and their respective complex plane plots for a 

simulated polycrystalline material are shown in Figure 4.31 and Figure 4.32 to illustrate 

the expected behavior in an ideal electrolyte and a real electrolyte exhibiting CPE 

behavior.  In these simulations the high frequency response was assumed to always be 

ideal.  On the other hand, the medium and low frequency related responses for the non-

ideal simulation were modeled with CPE-n values equal to 0.7 to simulate typical 

behavior seen in NGTO.  It was not uncommon to see CPE-n values as low as 0.6 or as 

high as 0.9 for these responses in NGTO.  The simulations model a wider frequency 

range than that measured in this research to aid the reader.  The frequency window is 

indicated in Figures 4.31 and 4.32 to show the portion of the frequency spectra seen in 
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this research.  Very seldom does a measurement cover a large enough frequency range to 

capture every mechanism or entire mechanisms since material responses span several 

tens of decades of frequency. It must be understood that most practical measurement will 

usually only measure a portion of these responses.  In the case of NGTO samples, the low 

and high frequency responses were not always present in the data.  However, since the 

individual responses were distributed themselves over a sufficient frequency range a 

portion of the response was generally always measured and observed.   
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Figure 4.30. Arrhenius plots for (A) high frequency, (B) low frequency, and (C) total 
(high + low frequency) responses in one sample of NGTO modeled three different ways.  
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Figure 4.31. Simulated complex plane plots and corresponding impedance and modulus spectra for an ideal polycrystalline material 
with similar RC values as NGTO.  Shaded regions indicate frequencies outside of the measurement range in this work. 
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Figure 4.32. Simulated complex plane plots and corresponding impedance and modulus spectra for an non-ideal polycrystalline 
material with similar RC values as NGTO.  Shaded regions indicate frequencies outside of the measurement range in this work.
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 In comparing the simulation of the ideal model to the non-ideal model, one sees 

many marked differences in the frequency spectra and complex plots.  First, the complex 

impedance plane plot shows three distinct arcs for the ideal case whereas the complex 

impedance plane for the non-ideal case shows only two arcs.  It is clear from the model 

that the high frequency arc for the non-ideal model is really two arcs.  This is seen in the 

impedance data for polycrystalline NGTO as well.  What is worth noting is the high 

degree to which the high frequency peak is masked by the middle frequency peak.   

 Similarly, plots of Z' and Z'' versus frequency for the ideal model reveals three 

distinct relaxation responses whereas the non-ideal model reveals only two.  Here, the 

high frequency peak in Z'' as a function of frequency, for the non-ideal simulation is 

noticeably broad and is really a result of two overlapping peaks.  The striking feature is 

the difference in the frequency at which the maxima in Z''(ω) occur.  Summarized in 

Table 4.4, inspection of Figures 4.31 and 4.32 reveals maxima in Z''(ω) occur at ~ 

1.6x106 Hz, 3.2x103 Hz, and 3.2x10-1 Hz for the ideal simulation whereas maxima in 

Z''(ω) occur at ~3.3x105 Hz and 4.2x10-1 Hz for the non-ideal simulation.  Using the 

following equation 

 τ = (2πRC)1/n  (9) 

where R is the resistance, C is the capacitance, and n is defined in equation 6, the 

expected maxima (given the circuit parameters) in Z''(ω) for the non-ideal response were 

calculated to occur at 1.6x106 Hz, 2.2x105 Hz, and 4.2x10-1 Hz.  The low frequency 

peaks agree for the ideal and non-ideal simulations while the high frequency response of 

the ideal and non-ideal simulations are quite different.   

Table 4.4.  Peak Frequencies for Simulated Data in Figures 4.31 and 4.32  

 Peak Frequency (Hertz) 
Simulation calculated  Observed 

       ideal 1.6 x 106 3.2 x 103 3.2 x 10-1 1.6 x 106 3.2 x 103 3.2 x 10-1 
non-ideal 1.6 x 106 2.2 x 105 4.2 x 10-1 3.3 x 105 4.2 x 10-1 

       

 Comparing modulus plots to impedance plots, impedance spectra clearly highlight 

lower frequency, higher resistance response mechanisms whereas the modulus spectra 
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highlight higher frequency, lower resistance response mechanisms as indicated earlier.  

This is visually presented in the simulated complex modulus plane and M'' spectra plots.  

Additionally, the Z''(ω) and M''(ω) maxima do not occur at the same frequency for the 

ideal and the non-ideal simulations.  This is because the CPE (non-ideal) induces 

significant changes in the frequency dependence of the impedance.  This can be 

understood by examining equations 7-9.  By introducing a CPE to describe the capacitive 

part of a response, the magnitude and locations of Z''(ω) and M''(ω) peaks change for the 

same mechanism.  The impedance in this case is proportional to a different power of 

frequency hence responses with similar resistance or capacitance values will not reveal 

Z'' and M'' peaks at identical frequency.  For CPE behavior, the maxima in Z''(ω) and 

M''(ω) as will move to higher frequency (though at different rates) as CPE-n decreases 

from unity.  Because the highest frequency response in the simulations is ideal (RC) the 

frequency at which the shoulder on the leg of the M'' spectra in the non-ideal simulation 

occurs is the same frequency at which the highest frequency Z'' peak also occurs in this 

simulation.  Without the given circuit, it would be difficult to conclude that this was the 

case from the impedance and modulus spectra alone.   

 In summary, it has been shown that non-ideal behavior can have profound effects 

on the expected immittance behavior in conductive systems.  If one compares the Z'' 

spectra in Figure 4.24 with the non-ideal simulation, many similarities can be seen.  

Based on comparison of impedance data, modeling of complex impedance spectra, and 

computer simulations, contributions from electrode and electrolyte associated responses 

could be seen in the impedance spectra for NGTO.  The low frequency response was 

attributed to electrode effects and the high frequency response was due to the total 

electrolyte in which grain and grain boundary effects both contributed.  However, these 

two electrolyte associated responses could not be easily separated from each other, if at 

all.  This was ultimately believed to be a result of the combination of non-ideal response 

mechanisms possessing comparative relaxation times.  As such, frequency overlap was 

present among the grain and grain boundary associated responses leading to a single non-

ideal electrolyte response. 

 It should be noted that measurement capabilities may have contributed to the 

ability to collect quality data which in turn was limiting the ability to model the data as 
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well.  Great care was taken to ensure that samples were properly loaded for testing and 

that the instruments were setup correctly.  This reduced measurement errors and 

improved reproducibility.  However, it has to be understood that despite these precautions 

the impedance analyzer was being used to near the limits of its capabilities and as such, 

large errors ≥10% are known to exist in the instrument alone.16  Suffice it to say, the 

highest and lowest frequency may contain significant error.  This was seen in many 

samples and corrective action followed by re-measurement of the sample was done to 

limit these errors.  The low frequency error was less of a concern because it was related 

to the electrode, known to exhibit a vast array of erroneous behaviors.13,17  The high 

frequency error, however, was far more important because the upper measurement 

frequency limit, ~107Hz, is the same order of magnitude as the high frequency response 

in the samples.  The simulations in Figures 4.31 and 4.32 show this graphically.  In 

actuality the frequency at which peaks occur in M'' and Z'' spectra was often higher than 

the impedance analyzer was capable of measuring.  However, since the frequency of any 

response is distributed, a portion (the low frequency portion) of the response was still 

measured.  As it turned out, this portion varied significantly among samples.  Taking into 

account known grain boundary effects (dispersion) and the error in high frequency 

measurements it was quite plausible that although the data could be modeled using 

equivalent circuits, the error surpassed the validity of the fit.  As a consequence, 

individual grain and grain boundary conductivity values most likely contained error 

which could not be corrected with available means. 

 Understanding the limitations associated with attempting to model grain and grain 

boundary frequency response in polycrystalline NGTO, the total electrolyte was modeled 

and conductivity values extracted from the fitting parameters.  Figure 4.33 shows the 

total electrolyte conductivity as a function of inverse temperature for porous and dense 

samples.  Included as well is dc conductivity from this work and single crystal 

conductivity from Chandrasekhar et al.1  Polycrystalline samples had a lower 

conductivity and a higher activation energy, ranging from 0.85 – 1.05 eV, compared to 

extrapolated data from Chandrasekhar et al.1.  In addition, there were considerable 

differences in conductivity as a function of inverse temperature among polycrystalline 

samples and this difference decreased with increasing temperature.   
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Figure 4.33.  Arrhenius plot calculated from fits to the total electrolyte impedance for 
several polycrystalline samples.   

 The conductivity behavior observed in polycrystalline samples cannot be 

explained easily without further experiments.  However, some general discussion can be 

provided.  One possible explanation for the difference in conductivity among similarly 

prepared samples is that a difference in carrier (Na+) concentration exists.  This is 

possible even for similarly prepared samples, given the high volatility of sodium at the 

processing temperatures for NGTO.  Furthermore, some samples that were re-charged 

with sodium (section 3.3.1.1.2.3) showed conductivity ~2-5 times higher than samples 

processed any other way.  Other possible explanations are that the conduction mechanism 

was changing or that the mobility was greatly affected.  The mobility was not anticipated 

to change since the microstructures were homogeneous (see Figure 4.10).  The 

conduction mechanism could have changed although Chandrashekhar et al.1 indicated 

that negligible electronic conduction existed and other carriers were ruled out. 

 The lack of agreement between polycrystalline samples prepared in this research 

to those prepared by Chandrashekhar et al. was not entirely unexpected.  In the first 

place, it was apparent that the presence of grain boundaries in NGTO significantly 

influenced the measured impedance and subsequent modeling of that data. Indeed, much 
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evidence exists for many systems to suggest that polycrystalline materials exhibit large 

conductivity variations.  A group in the UK compared single crystal and polycrystalline 

TiO2, LaAlO3, MgO and Al2O3 and found impurities, porosity, grain size and grain 

boundaries had a profound influence on the dielectric loss of these oxides.18  Chashka et 

al.19 studied single crystal and polycrystalline MgAlB4 compounds from room 

temperature to below 10K.  The resistivity of polycrystalline samples exhibited ~1 order 

of magnitude higher resistivity at 300K compared to single crystals.  It has been shown 

that polycrystalline 4YSZ prepared various ways can affect the resistivity by a factor of 

2-4.20  Similar results are found in the sodium ion conductor β-alumina as well.  Stevens 

et al.21 pointed out that microstructure, percent theoretical density, and the presence of 

impurities, defects, and additional phases influence the conductivity in polycrystalline β-

alumina.  Kennedy has also mentioned that the conductivity of polycrystalline β-alumina 

is very poor unless sintered to very near theoretical density.22  In addition, a number of 

authors have shown that the conductivity in polycrystalline β-alumina is significantly 

different than in single crystals.21-24  These differences have been attributed to sodium 

content and tortuosity in the conduction pathway.  Furthermore, activation energy 

differences are also known to exist between single crystal (0.16eV) and polycrystalline 

(0.17 – 0.26 eV) β-alumina.22,25  It was reasoned that the difference in reported activation 

energy was a result of variations in the grain boundary resistance.22,23    

 These examples are by no means exhaustive, and in nearly every system 

polycrystalline material can be expected to show some variation in conductivity 

compared to single crystals as well as similarly prepared polycrystalline samples.  It is 

therefore entirely possible that the marked differences between impedance measurements 

taken for single crystals of NGTO by Chandrashekhar et al. and our polycrystalline 

samples of NGTO in this work were also due to influences brought about by the grain 

boundary phase.  To help explain these differences, impedance measurements on single 

crystals produced during this research will now be presented and compared to 

polycrystalline samples and previously reported single crystals1. 
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4.3.2 Single Crystal NGTO 

4.3.2.1 Impedance Spectroscopy 

 A representative complex impedance plot and corresponding Z'' and M'' spectra 

for single crystal NGTO are shown in Figure 4.34.  As can be seen, the impedance data 

contained high and low frequency scatter even at high temperatures.  The low frequency 

scatter was associated with the electrode response and is clear in the Z''(ω) plot as well as 

the complex plane plot.  The high frequency scatter was presumably due to difficultly in 

sample mounting.  The associated scatter in high and low frequency data greatly affected 

the fitting of the data.   

 Close inspection of Z''(ω) and M''(ω) reveals what looks to be two responses at 

high frequency, as evidenced by the fact that in both Z''(ω) and M''(ω) the FWHM of the 

peak is greater than a 1.4 decades, indicating that the peaks were due to more than just a 

single response.  This was unexpected because the single crystal would be expected to 

have a single electrolyte response associated with just the bulk (grain) conductivity.  It is 

possible that the crystals grown were not actually single crystals.  Using optical 

microscopy, several crystals were examined under crossed polars.  In this mode of 

operation, grains of different orientations will appear different colors when viewed in the 

microscope.  In this way, it is straightforward to identify polycrystalline samples in which 

the grains are oriented in different directions.  However, a polycrystalline sample in 

which all the grains are oriented the same direction may not exhibit recognizable color 

differences.  NGTO crystals were examined and found to be uniform in color, suggesting 

that they were in fact single crystals.  SEM images also did not indicate that the crystals 

were not single grains.  Despite the impedance behavior suggesting two associated 

responses, attempts to model single crystal NGTO were performed anyhow. 
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Figure 4.34.  Complex impedance and imaginary modulus/impedance plots showing 
scatter in data at high and low frequency and the presence of two high frequency 
response mechanisms. 

 When fitting single crystal impedance data, similar methods and analysis were 

used as for polycrystalline samples.  Two model types were explored to fit the single 

crystal data.  The first, shown in Figure 4.35(A), consisted of a two parallel resistor and 

CPE combinations connected in series and was designated as CPE-2.  The circuit 

elements used in this model was chosen for their simplicity and for comparative 

purposes.  The second model, designated HN5 in Figure 4.35(B), consisted of a parallel 

R-C combination, a HN element, and a parallel R-CPE combination, all connected in 

series.  This model was constructed to consistently model the data across the entire 

temperature range as it was extremely difficult to obtain a reproducible fits for any other 

three-response model.  It was found that the highest frequency response could be 

modeled as an ideal RC combination without affecting the overall results and 

significantly stabilizing that component of the model.  The electrode was modeled 

typically as an R-CPE parallel combination which proved sufficient.  As in 

polycrystalline samples before, the HN element was used to model the middle frequency 

in this model because of its versatility and relative ease of physical meaning.  The 

parameter estimates obtained using the HN element was consistent with those obtained in 

polycrystalline samples.  Because of the model constructions, the CPE-2 model 

considered a single high-frequency response whereas the HN5 model considered two 

high-frequency responses. 
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 Figure 4.35 shows representative complex plane and imaginary 

impedance/modulus plots with CPE-2 and HN5 fit results for single crystals measured at 

800°C.  Initially, the complex plane plots revealed little difference between the two 

models but, inspection of the imaginary spectra revealed large differences.  The 

goodness-of-fit for the two models and visual inspection indicated a much better fit is 

obtained using the HN5 model.   

 Conductivity values were extracted from the fit parameters and are presented in 

Figure 4.36 which summarizes the single crystal conductivity obtained from circuit 

fitting.  Included in the conductivity plot are polycrystalline dc and ac data, as well as 

extrapolated data taken from Chandrasekhar et al.1  Chandrasekhar et al.1 reported that 

their ac impedance measurements were made at 105 Hz.  To make an accurate comparison 

to the data from Chandrashekhar et al.1, the absolute impedance (total) at ~105Hz was 

plotted from the measured frequency range.  When this was done, the calculated 

conductivity for single crystal prepared in this research did not compare well with the 

conductivity for single crystals previously reported.1  However, the conductivity and 

extrapolated activation energy were similar to polycrystalline samples.  When the single 

crystal data was modeled as CPE-2 (two responses), the electrolyte response, had a 

somewhat lower conductivity compared to polycrystalline samples and the activation 

energy was higher.  When the single crystal data was modeled as HN5 (three responses), 

the electrolyte was seen to consist of two response mechanisms, quite different in their 

conductivities.  When the conductivity was plotted for each portion of the electrolyte, the 

low-frequency part exhibited similar behavior to polycrystalline samples while the high-

frequency part exhibited behavior similar to single crystals reported by Chandrasekhar et 

at.1 
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Figure 4.35. Complex impedance, M'', and Z'' plots for single crystal NGTO.  Fit 
results are shown in Appendix 8.2.   
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 Apart from the electrode response, the conductivity for single crystal NGTO is 

not understood.  Single crystals should not exhibit more than one response, associated 

with the bulk material, but in this case two associated responses were measured.  If the 

conductivity was plotted versus inverse temperature, one of the responses was in 

agreement with polycrystalline samples produced in this work and the other response was 

in agreement with single crystal measurements produced by Chandrashekhar et al.1  It 

would appear that some non-intrinsic effect was being measured in the samples produced 

in this work.  Some possible explanations for the observed conductivity of single crystal 

NGTO could be that surface conduction was taking place, the sample loading was poor, 

or the single crystals were not homogenous.  It is also possible that the crystals were not 

in fact single grains.  Because the optical microscope did not reveal different grain 

orientations within each crystal, this would mean that the grains were all oriented the 

same way.  The fact that the conductivity of the low-frequency response measured in 

single crystals was in agreement with the total conductivity measured in polycrystalline 

samples suggests that the conduction mechanism was similar in both samples.   

4.4 Conclusions 

 Impedance spectroscopy was used to measure the conductivity of polycrystalline 

and single crystal NGTO.  For polycrystalline NGTO the electrode and the electrolyte 

contributions to the impedance could not be separated using equivalent circuit modeling.  

A number of possible reasons are put forward: 

• Overlapping frequency response 

• Non-ideal grain and grain boundary response 

• Comparative time constants for grain and grain boundary 

• Frequency range of the measurement 

• Electrode associated affects 

However, several circuits could be used to model the total electrolyte response and in 

general, the best model to fit the data consisted of two (or three) parallel R-CPE 

combinations connected in series.  Conductivities of the electrolyte varied among 

samples and was measured to be 10-7 – 10-5 (Ω-cm)-1 at 400°C and 10-3 – 10-2 (Ω-cm)-1 at 

1000°C.  The activation energy was calculated to be between 0.86 – 1.08 eV.   
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 For single crystal samples, the impedance data revealed what appeared to be two 

responses associated with the bulk.  Modeled as a single response, the conductivity and 

activation energy were similar to that measured for polycrystalline samples.  However, if 

modeled as two responses, the low frequency response conductivity and activation energy 

were similar to the polycrystalline samples, but the high frequency response had a much 

higher conductivity, ~10-2(Ω-cm)-1 at 550°C, and a lower activation energy as well, 

~0.28eV. 
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5 SYNTHESIS AND CHARACTERIZATION OF NGTO 
ANALOGS A0.7Ga4.7Ti0.3O8 (A=Li, K, Ag, Na:Li, Na:K AND 

Na:Ag) 

5.1 Introduction 

 One-dimensional tunneled structures and β-aluminas, both discussed in section 

2.2, are known to exchange A+ cations because of their structural features.  The structure 

of NGTO contains tunnels in which mobile sodium resides, and as such, Na+ is expected 

to participate in ion exchange reactions with other A+ ions.  Several alkali titanogallates 

and one-dimensional tunneled structures have been synthesized with several different 

mobile cation species including Li+, K+, Ag+, Na+, Rb+, and Cs+.1-10  In normal (non-

stoichiometric) β-alumina, Li+, K+, Ag+, Rb+, Tl+, In+, NH4
+, H3O+, Cu+, and NO+ ions 

are reported to completely ion-exchange with Na+ in molten salts.11  There exists a strong 

reaction between water species and β-alumina, and as such ion-exchange of Na+ with 

other cations in aqueous solutions is not possible due to inhibiting processes.11  Lattice 

constants measured on ion-exchanged β-alumina show there is very little change to the a-

axis while larger ions produce larger expansions in the c-axis.  The foremost exception is 

lithium, which actually produces an expansion and is believed to be caused by the 

arrangement of lithium in the structure.11 

 A list of ionic radii for Li+, K+, Ag+, and Na+ are shown in Table 5.1 for reference.   

The tunnel diameter in the NGTO structure is of suitable size, ~2.5Å, to expect the 

formation of analogs containing Li+, K+, and Ag+ cations substituted for the Na+, but 

these various analogs do not form via solid-state reaction.12  A preliminary study2 showed 

that ion exchange of NaxGa4+xTi1-xO8, (x ≈ 0.7) in lithium- and potassium-containing 

molten salts induces changes in the electrical properties of polycrystalline samples.  

These initial results prompted further investigation into NaxGa4+xTi1-xO8, x ≈ 0.7 and its 

potential analogs. 
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Table 5.1.  Ionic Radii13 for Various Monovalent Ions 

Ion CN Radius (Å) 

   Li+1 6 0.74 
Na+1 6 1.02 
Ag+1 6 1.15 
K+1 6 1.38 

    

 In this study the incorporation of lithium, potassium, and silver into the parent 

material NaxGa4+xTi1-xO8, x ≈ 0.7 was investigated.  Two methods and the results of 

replacing the sodium in NGTO with lithium, potassium, or silver are presented.  In the 

first, ion-exchange was employed by soaking reacted NGTO in molten salt baths or 

aqueous solutions containing the desired exchange ion.  In the other, a portion of the 

starting sodium was replaced with another monovalent cation prior to solid state reaction.  

In this study, three ratios of sodium to replacement ion were used; 3:1, 1:1, and 1:3.  The 

latter method was devised as a means to use sodium, which is known to form the stable 

compound, as a way of stabilizing the structure enough to allow incorporation of other 

ions simultaneously. 

5.2 Experimental 

 Ion-exchanged samples were prepared from treating previously reacted 

NaxGa4+xTi1-xO8 (x = 0.7) (NGTO) in molten salts or aqueous solutions.  NGTO was 

prepared as described in Section 3.2.1.1 and crushed manually into a fine powder.  

Lithium and potassium ion-exchanged samples were prepared by submersing the 

previously described NGTO material (section 3.2.1.1.1) in molten LiNO3 or molten 

KNO3 inside a stainless steel crucible.  Samples were heated to 440°C and 450°C 

respectively and held for 4 – 72 hours in the salt baths and stirred every hour.   

 Silver ion-exchanged samples were prepared by submersing the previously 

described NGTO material (section 3.2.1.1.1) in an aqueous solution of 0.1013N AgNO3 

heated to ~90°C in a laboratory flask and continually stirred.  After removal from the 

treatment liquids, the samples were cooled, washed in water to remove excess salt, and 

dried at ~80°C.   



101 

 Mixed-ion samples were prepared by solid state reaction of starting materials as 

previously described in section 3.2. Lithium and potassium were added as Li2CO3 and 

K2CO3 respectively whereas silver was added as Ag2O.  Samples were prepared with an 

overall composition AxGa4+xTi1-xO8, where A = Na:Ag, Na:Li, Na:K, and x ~ 0.7.  The 

ratios of A+ were 1:3, 1:1, and 3:1 for each series.  Additional heat treatments and phase 

analysis were performed to confirm complete reaction.   

 Following the final processing step, each composition was characterized.  A 

portion of each powder was recovered and pressed into a pellet for subsequent impedance 

measurements.  The remainder powder was used for other characterization 

measurements.  X-ray diffraction (XRD) was used to conduct phase analysis and lattice 

parameter refinements.  Inductively coupled plasma optical emission spectroscopy (ICP-

OES) was used for quantitative analysis.  Impedance spectroscopy (IS) was used to 

measure conductivity.  For all characterization experiments, the methods and 

measurement particulars used are described previously in section 3.2.   

 During the course of this research it was discovered that the available de-ionized 

water used for ICP-OES and NGTO samples themselves had similar concentrations of 

alkali ions and in particular, sodium and potassium.  As such, it was difficult to obtain 

accurate and reproducible measurements for these cations.  Furthermore, the detection 

limit of potassium is relatively high (~100µg/ml) and there is only one relatively weak 

intensity emission line.  These problems can be overcome by concentrating the 

problematic cations in the sample to be measured; however, this leads to other problems 

given the large difference in gallium to sodium (or other alkali cations) concentration in 

NGTO.  Nevertheless, in general, ICP-OES analysis for un-exchanged NGTO was 

reproducible whereas samples with potassium showed significant differences among 

repeat measurements.  Analysis of the raw data showed that the detection limit was a 

significant source of the error in the potassium containing samples.  As such, only the 

samples with the largest expected potassium concentration could be measured with any 

confidence.  It should be emphasized that in all cases ICP-OES samples were made with 

extreme care to minimize error though in actuality detection limit and available materials 

greatly affected the ability to obtain accurate results for all samples.    
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5.3 Results and Discussion 

5.3.1 Ion-Exchange 

5.3.1.1 Synthesis 

 Ion-exchange samples were exposed for various periods of time, ranging from 4 – 

72 hours.  Those samples exposed to silver and potassium ion-exchange treatments 

exhibited no noticeable differences in subsequent XRD analysis after treatment up to 72 

hours.  However, the samples exposed to AgNO3 were brown in color after 72 hours 

treatment in 0.1013N AgNO3 and those exposed to molten KNO3 were nearly white, with 

a light pink hue, in color, after treatment.  Noticeable differences to the XRD patterns for 

samples exposed to LiNO3 could be seen in samples treated for different times.  These 

samples were generally white in color after treatment.   

 Table 5.2 summarizes the lattice constants obtained from XRD patterns for ion-

exchanged NGTO.  In general, the effect on the unit cell parameters was small, except for 

those samples exposed to LiNO3 as evidenced by a ~2.4% reduction in unit cell volume.  

The XRD patterns for the ion-exchanged samples are shown in Figure 5.1.  Obvious peak 

location shifts and differences in reflection intensity were seen for the Li-exchanged 

samples.  In contrast, XRD patterns for Ag-exchanged and K-exchanged samples show 

very little differences compared to un-exchanged NGTO.  KNO3 and a potassium gallium 

titanate (KGT) phase were observed in the K-exchanged samples while no significant 

changes to the XRD pattern were observed for Ag-exchanged samples.   

Table 5.2.  Refined Lattice Parameters for Ion-Exchanged NGTO 

Sample Treatment a (Å) b (Å) c (Å) β (°) V (Å3)

None 12.36 (4) 3.001 (5) 9.36 (3) 122.16 (2) 293.98
Molten Salt - LiNO3 12.04 (1) 3.013 (1) 9.401 (6) 122.67 (6) 287.01
Molten Salt - KNO3 12.357 (6) 2.9997 (7) 9.354 (4) 122.11 (3) 293.69
Aqueous - 0.1013N AgNO3 12.406 (9) 2.995 (1) 9.381 (6) 122.25 (8) 294.78

 
 

 Heating to 1000°C followed by additional XRD, also shown in Figure 5.1, was 

used to explore the thermal stability of ion-exchanged NGTO.  Samples exchanged with 

potassium and silver exhibit no decomposition after being held at 1000°C for an 
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additional 48 hours after synthesis.  Additionally, the KNO3 phase observed initially after 

ion-exchange was no longer observed in the XRD pattern suggesting that the KNO3 

phase in the as-exchanged material was residual salt not removed during the washing 

process.  The possible KGT phase observed in the initial ion-exchanged material was 

observed after heating to 1000°C although KGT is similar in structure to NGTO and as 

such many of the reflections overlap making direct identification impossible with XRD 

alone.  XRD revealed Li-exchanged samples decomposed at elevated temperatures, the 

major phase being Ga5LiO8 with minor amounts of gallia also observed.  High 

temperature x-ray diffraction (HTXRD) was used to further explore the phase evolution 

of Li-exchanged samples upon heating to 1000°C.  HTXRD, shown in Figure 5.2, 

revealed Li-exchanged NGTO decomposed at ~800°C indicated by the growth of 

Ga5LiO8 peaks accompanied by the reduction of NGTO peaks.  This was consistent with 

the reported observation that the lithium NGTO analog does not form via solid state 

synthesis, but rather, Ga5LiO8 forms as the primary phase.12  XRD data suggested that 

silver and potassium treatments were not as successful as lithium treatments in replacing 

the sodium in NGTO with another alkali ion.   
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Figure 5.1. XRD patterns of NGTO before and after ion-exchange treatment.  Reflections 
are shown for parent unxchanged NGTO.  Li-exchanged reflections refer to NGTO 
analog (Before Heating) and decomposition phase Ga5LiO8 (After Heating). 

 

Figure 5.2. HTXRD patterns of Na0.7Ga4.7Ti0.3O8 treated in LiNO3 for 24 hrs. 
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 The composition of the materials after ion-exchange treatments were investigated 

using ICP-OES, the results of which are summarized in Table 5.3.  All ICP-OES 

concentrations were normalized to the gallium concentration. Gallium was chosen 

because it was the most concentrated and most reproducible element in samples and 

because gallium (and titanium) was expected to remain constant among samples exposed 

to different ion-exchange treatments.  Furthermore, calculated ratios of gallium to 

titanium were consistent with these expectations.  The measured alkali ion concentrations 

would be expected to remain constant for a 1:1 ion exchange.  This is seen for samples 

treated in LiNO3 for 6 hours and for samples treated in KNO3 for 24 hours as evidenced 

by the fact that the total alkali concentration before, and after, treatment was nearly 

constant.  However, this was not the case for the samples treated in AgNO3 for 72 hours 

or for samples treated in LiNO3 for 20 hours.  

 ICP-OES showed that for samples treated in AgNO3 for 72 hours, ~97% of the 

initial sodium was removed, but the amount of measured silver was equal to only ~¼ of 

the lost sodium.  The unexpectedly low amount of silver in these samples was perhaps 

manifest in the measurement.  It was noticed that ICP-OES solutions containing silver 

treated samples were initially clear during testing, but appeared to break down after a few 

days and the solution changed color from clear to light purple-brown.    

 ICP-OES showed that for samples treated in molten LiNO3 for 20 hours, ~90% of 

the initial sodium was removed but nearly 3 times more lithium was measured.  This 

result was interesting because of the structure of NGTO.  The NGTO unit cell contains 2 

formula units which is equivalent to 1.4 Na atoms.  However, the space group symmetry 

describes 4 sodium sites.  In the refined structure, the sodium occupancy is only 0.35 or 

1.4 sites per unit cell.  The remaining 2.6 sites (4 minus 1.4) are presumed to be 

unoccupied.  According to site occupancy, ~2.86 times as much sodium can be 

incorporated onto unoccupied sodium sites.  From ICP-OES measurements for samples 

treated in molten LiNO3 for 20 hours, the total alkali content after exchange was ~3 times 

the initial starting amount.  This suggests that the NGTO structure may be able to 

accommodate more lithium compared to any other monovalent ion studied, perhaps due 

to its smaller size.  In order for excess lithium to enter the structure the extra charge must 

be compensated for.  One possible compensating defect might be reduced titanium; 
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however, there is not enough titanium in the structure to account for all the excess lithium 

and, furthermore, if all the titanium in the samples was reduced, the samples would 

appear dark in color.  Another possible defect can be found by recalling the original 

paper.  Chandrashekhar et al.1 indicated the composition for the material they studied 

could be written Na1-x+3yGa5-x-yTixO8 and that while the sodium concentration was always 

~0.7 the titanium concentration could be as high as 0.76.  This indicates that gallium 

defects could exist in this structure.  One such possible compensation for extra lithium 

ions therefore are gallium vacancies.   

Table 5.3.  Composition of NGTO After Ion-Exchange Treatments 

Treatment / Sample Calculated (Full 
Exchange) Measured A+ (~0.7 for 

1:1 exchange) Notes 

          LiNO3-20 Hrs. Li0.7Ga4.7Ti0.3O8 Na0.074Li2.09Ga4.7Ti0.32O8±δ 2.16 As Synthesized 
     LiNO3-6 Hrs. Li0.7Ga4.7Ti0.3O8 Na0.60Li0.017Ga4.7Ti0.31O8±δ 0.62 As Synthesized 
     KNO3-24 Hrs. K0.7Ga4.7Ti0.3O8 Na0.585K0.078Ga4.7Ti0.31O8±δ 0.66 As Synthesized 
     

0.1013N AgNO3-72 Hrs. Ag0.7Ga4.7Ti0.3O8 
Na0.017Ag0.156Ga4.7Ti0.31O8±δ 0.17 As Synthesized 

Na0.046Ag0.143Ga4.7Ti0.30O8±δ 0.19 After Heating to 1000°C 

          *Oxygen assumed to be 8 moles. **All concentrations normalized to 4.7 moles of gallium.   
 

5.3.1.2 Conductivity 

 Impedance measurements were performed on samples prepared from ion-

exchange treatment with low density, ~60%, and as such the measured spectra displayed 

similar behavior as seen in un-exchanged low density polycrystalline NGTO previously 

discussed.  Complex impedance plane plots, shown in Figure 5.3, revealed two arcs, in 

which the total conductivity was attributed to the higher frequency arc based on 

impedance and modulus spectra analysis.  In all samples, separation of grain from grain 

boundary response was not possible.  A probable explanation is that the electrolyte 

frequency response was significantly (more so even than in un-exchanged NGTO) 

distributed.  Based on ICP-OES and XRD results, it wass likely that sodium was not fully 

exchanged and therefore there may be more than one mobile species that have similar 

activation energies and/or mobilities in ion-exchanged NGTO.  Consequently the 

measured electrolyte responses would be distributed more in ion-exchanged NGTO 

compared to un-exchanged NGTO.  
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Figure 5.3. Normalized impedance spectra for Ag- and K- exchanged NGTO at 600°C, 
800°C, and 1000°C. 

 Circuit modeling was used to fit the impedance data, and parameter estimates for 

the sample resistance were extracted and used to compare the conductivity of ion-

exchanged NGTO to un-exchanged NGTO.  Shown in Figure 5.4, sample conductivity 

appeared to increase with decreasing ion size except for NGTO treated in LiNO3.  These 

same trends in conductivity as a function of ion size are also observed in β-alumina.  In 

β-alumina the larger ions are presumed to have a lower mobility resulting from the rigid 

structure that does not allow much expansion in the direction perpendicular to the 

conduction plane.14  The structure of β-alumina also does not contract very much in the 

direction perpendicular to the conduction plane and as a result lithium is smaller than 

ideal and sits off-center from preferred sites.11,14 

 Yoshikado et al.15 have observed various trends in the one-dimensional 

conductors of potassium, rubidium, and cesium that they have studied.  Many of their 

models refer to large blocking ions that lodge in the tunnel and prevent long range 

conductivity. 

 Most likely the ion-exchanged NGTO samples contain a mixture of sodium and 

the exchange ion.  The conductivity data did not suggest that larger ions act to block 

conduction in NGTO.  Rather, the trend in conductivity suggests that the tunnels can truly 

accommodate different size ions.  The lithium samples on the other hand appear to have a 



108 

lower conductivity.  A rationalization for these two observations is perhaps found in the 

structure of NGTO.  The lithium treated samples were thought to contain more lithium 

than the nominal composition whereas all other treated samples contain approximately 

the same, or a lesser amount, of alkali compared to the nominal composition.  Therefore, 

it is possible that the fractional site occupancy previously mentioned is important to 

conduction.  Specifically, the unoccupied sites are available sites for mobile ions to 

occupy.  For lithium treated samples, fewer unoccupied sites exist which lowered the 

conductivity despite its smaller size. 
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Figure 5.4. Conductivity plot for samples exposed to molten KNO3 (È), LiNO3 (¯), 
aqueous AgNO3 (○), and unexchanged (●).  

 In summary, the ability to ion-exchange sodium in NGTO for lithium, potassium, 

and silver using molten salts and aqueous solutions was explored.  ICP-OES and XRD 

results suggest that in all cases sodium was removed from the structure without 

decomposition.  However the amount of exchanged ion varied depending on the sample.  

For potassium-exchanged samples there was nearly an equal exchange between ions 

while there appeared to be an excess of lithium and a deficiency of silver between ions in 

lithium-exchanged and silver-exchanged samples, respectively.  Conductivity results 

suggested that exchange was taking place, at least in part, as evidenced by the general 
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increase in conductivity with decreasing ion size.  Lithium-exchanged samples are an 

exception and exhibited conductivity substantially lower than other samples. 

5.3.2 Mixed Alkali Analogs 

5.3.2.1 Synthesis 
 Using mixed-alkali in the starting materials, phase-pure samples were not 

obtained by solid state reaction as evidenced by the XRD patterns taken after reaction.  

The parent NGTO structure was observed in all compositions, but varying amounts of 

minor phases were observed.  The phases observed in the XRD patterns for mixed-alkali 

samples are listed in Table 5.4.  The amount of NGTO phase decreased with starting 

sodium content for all mixed alkali compositions as can be seen visually in the XRD 

patterns presented in Figure 5.6.   

Table 5.4.  Summary of Phases Formed During Syntheis of Mixed Alkali Analogs 

Na(0.7-x)AxGa4+xTi1-xO8 Phases Observed 
   x 

 
Na   Li K  Ag 
            0.525  0.175   N5, GL, G 

0.350  0.350   N5, GL, G 
0.175  0.525   N5, GL, G 
0.525   0.175  N5, G, K 
0.350   0.350  N5, G, K, KGO 
0.175   0.525  N5, G, K, KGO 
0.525    0.175 N5, G 
0.350    0.350 N5, G 
0.175       0.525 N5, G, S, SO 

              N5=NGTO, G=Ga2O3, GL=Ga5LiO8, K=K2O, KGO=K2.68Ga22O34.28, S=Ag, SO=AgO2 

 

 After reaction Li:Na and K:Na samples were uniformly white in color whereas 

Ag:Na samples were purple/brown in color on the interior.  These samples were assumed 

to contain reduced silver.  ICP-OES analysis could only be obtained from K:Na samples.  

The Li:Na and Ag:Na samples prepared for ICP-OES did not fully dissolve and were not 

measured.  The measured compositions for the K:Na samples are listed in Table 5.5.  The 

relative amounts of sodium and potassium measured in K:Na samples after reaction were 

in agreement with the initial starting components.  However, the total measured 



110 

concentrations of alkali was lower than expected possibly suggesting volatilization upon 

reaction was taking place, as observed in the processing of polycrystalline NGTO.   
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Figure 5.6. XRD patterns for mixed-alkali compositions, (A)-K:Na, (B)-L:Na, and (C)-
Ag:Na.  
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  Table 5.5.  Measured Ion Content in K:Na Samples After Synthesis 

Sample Ratio Na:K Calculated (Full Exchange) Measured A+ (~0.7 for nominal 
phase)

3:1 Na0.525K0.175Ga4.7Ti0.3O8 Na0.377K0.146Ga4.7Ti0.31O8±δ 0.523
1:1 Na0.350K0.350Ga4.7Ti0.3O8 Na0.28K0.266Ga4.7Ti0.30O8±δ 0.546
1:3 Na0.175K0.525Ga4.7Ti0.3O8 Na0.144K0.351Ga4.7Ti0.31O8±δ 0.495

*Oxygen assumed to be 8 moles. **Normalized to 4.7 moles of Gallium.   

5.4 Conclusions 

 Ion-exchange of NGTO by submersion in molten salts and aqueous solutions was 

explored.  It was found from ICP-OES that ~90% of the initial sodium in samples 

exposed to LiNO3 was exchanged in ~20 hours.  The exchange did not appear to be 1:1, 

but rather, an additional amount of lithium was present after exchange.  The Li-

exchanged samples decomposed into Ga5LiO8 at ~800°C as evidenced by HTXRD.  For 

Ag- and K- exchanged samples, the amount of ion-exchange was unknown.  Quantitative 

measurements suggested that ~10% of the initial sodium in NGTO was replaced with 

potassium when treated for 24 hours in KNO3.   

 Ion-exchange treatments of NGTO resulted in changes to the conductivity 

compared to un-exchanged NGTO.  Conductivity appeared to decrease with ion size 

when NGTO was exposed to Ag- and K- exchange treatments.  Li-exchanged NGTO 

exhibited the lowest conductivity which may be due to the NGTO structure taking on 

more total lithium upon exchange which reduces the mobility. 

 NGTO prepared with mixed alkali concentrations appeared to be multiphase with 

the amount of NGTO phase decreasing with initial sodium content as evidenced in the 

XRD patterns.  Furthermore, the Na:Ag mixed alkali NGTO appeared to be the most 

phase pure compared to either Na:K or Na:Li NGTO.  This was perhaps expected given 

the relative sizes of the alkali ions; specifically silver is the most similar in size to sodium 

and as such may be more easily incorporated into the structure.   
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6 SUMMARY AND CONCLUSIONS 

 Polycrystalline and single crystal NGTO were successfully prepared using various 

processing methods.  Phase-pure polycrystalline NGTO was never realized; rather it 

coexisted with minor amounts of other phases, gallia being the most common.  ICP-OES, 

TGA, and XRD results indicated that sodium (~10-50%) was lost upon reaction.  In 

addition, TGA and HTXRD indicated that sodium was lost from polycrystalline NGTO 

continually if held at temperatures >1000°C and further heating resulted in rapid 

decomposition above ~1200°C.  This made it difficult to obtain highly dense 

polycrystalline samples.  However, polycrystalline samples with >90% theoretical 

density could be prepared by a hot-forge technique in which a mechanical force was 

applied to the sample during heating.  Phase pure single crystals were grown from a 

sodium-rich charge.  The crystals were needle-like with hexagonal cross sections, and 

appeared to be consistent with previous results obtained for single crystal NGTO.  XRD 

was not performed on a single crystal rather, XRD that was performed on ground 

crystals, indicated that even after prolonged amounts of grinding, substantial preferred 

orientation remained, but NGTO was the only phase observed. 

 Impedance spectroscopy was used to measure the conductivity of polycrystalline 

and single crystal NGTO.  For polycrystalline NGTO, equivalent circuit modeling was 

used to fit the impedance data.  The electrolyte impedance could be consistently 

separated from the electrode associated response, but the electrolyte impedance could not 

be separated into grain and grain boundary contributions.  Several circuits were examined 

to model the impedance data.  However, in general the best model to fit the data consisted 

of two (or three) parallel R-CPE combinations connected in series.  When this was done, 

the calculated conductivities varied among samples and was measured to be 10-7 – 10-5 

(Ω-cm)-1 at 400°C and 10-3 – 10-2 (Ω-cm)-1 at 1000°C.  The activation energy was 

calculated to be between 0.86 – 1.1 eV.   

 For single crystal samples, a single impedance arc associated with the bulk 

material was expected; however, the measured impedance data revealed what appeared to 

be two bulk responses (less than a decade separation in frequency) associated with the 

bulk.  When modeled as a single response, the conductivity and activation energy was 
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similar to that measured for polycrystalline samples.  However, when modeled as two 

responses, the low-frequency response conductivity and activation energy was similar to 

the polycrystalline samples, but the high-frequency response exhibited a much higher 

conductivity, ~10-2(Ω-cm)-1 at 550°C, and a lower activation energy as well, ~0.28eV.  

The source of two frequency responses in single crystal NGTO is unknown.  However, 

considering the similarity in conductivity behavior between the two types of samples 

suggests that the same mechanism was dominating the measured impedance in both types 

of samples.   

 Ion-exchange of Na+ in NGTO with alkali ions was attempted.  For those samples 

treated in LiNO3, ~90% of the initial sodium was removed from NGTO samples after ~20 

hours.  The exchange does not appear to be 1:1 but rather, an additional amount of 

lithium is present after exchange.  The excess lithium may be incorporated into the 

structure on available crystallographic sites unoccupied before the exchange.  The Li-

exchanged samples decomposed into Ga5LiO8 at ~800°C as evidenced by HTXRD.  For 

K-exchanged samples, quantitative measurements suggested that ~10% of the initial 

sodium in NGTO is replaced with potassium when treated for 24 hours in KNO3.  For 

Ag-exchanged samples, quantitative measurements suggested that ~97% of the initial 

sodium is removed when treated for 72 hours in AgNO3 though an equivalent amount of 

silver was not measured to remain in the sample. 

 Ion-exchange treatments of NGTO induced changes to the conductivity compared 

to un-exchanged NGTO.  Conductivity appeared to decrease as ion size increased for 

NGTO that was exposed to Ag- and K- exchange treatments.  Li-exchanged NGTO did 

not follow this trend; instead it exhibited the lowest conductivity which may be due to the 

NGTO structure taking on more total lithium upon exchange which reduces the mobility 

of lithium ions. 

 NGTO prepared with mixed alkali additions appeared to be multiphase with the 

amount of NGTO phase decreasing with initial sodium content.  The Na:Ag mixed alkali 

NGTO appeared to contain the least impurity compared to either Na:K or Na:Li NGTO.     
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7 FUTURE DIRECTIONS 

7.1 NGTO 

 One of the goals of this research was to identify and model grain and grain 

boundary conductivity in polycrystalline NGTO.  There are several ways in which this 

might be accomplished with further experiments.  The most important measurement that 

could be done would be to measure a larger frequency window, specifically above 107Hz.  

This measurement would provide high frequency data that are currently not available, 

from which to analyze a more complete impedance spectrum.  It might also be of interest 

to perform impedance measurements under extreme pressures.  This would help to reduce 

any adverse conduction that may result from the high volatility of sodium.    

 Aside from the impedance measurement, sample characteristics could also be 

altered to obtain more information.  In this work, the microstructures of the samples were 

rather similar.  It would be beneficial to be able to grow larger and smaller grains in a 

controlled fashion and/or to be able to selectively dope the grain boundaries.  In this way 

it may be possible to monitor grain and grain boundary frequency response more 

definitively.  Transmission electron microscopy (TEM) would also be a valuable tool to 

use to probe into the chemistry, structure, and morphology of the grain boundary phase.   

7.2 NGTO Analogs 

 Rietveld refinement of the diffraction patterns taken for NGTO exposed to ion-

exchange treatments would be helpful in determining how other ions enter the NGTO 

structure.  In particular, since the Li-exchanged samples exhibited noticeable changes to 

the peak locations and intensities of the diffraction pattern a more detailed refinement 

might provide insight into the structure of NGTO and its analogs.    
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8 APPENDIX  

8.1 Calculation of Force for Hot-Forge Procedure 

   
 

Positions: A, B, C 
Forces:   P, P', P'' 
Distances:   a, b 
 

Givens: Point A is a fixed pin 
  P' = 35 lbs. 
  a = 2'' 
  b = 12'' 

 

∑ of the moments about B = 0. 

 then  P•b - P'•a = 0 

  P = (a/b)P'   (1) 

 

∑ of the forces = 0 

 then P'' - P - P' = 0 

  P'' = P + P'  (2) 

 

From equation (1),  

  P = (a/b)P' = 12''/2'' (35 lbs.) =  P = 210 lbs. 

From equation (2), 

  P'' = P + P' = 210 lbs. + 35 lbs. = P'' = 245 lbs.   
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8.2 Circuit Model Fitting Results 

 

Model and fit results for Figure 4.27. 
R1

C1

DE1 R3

CPE3

Element Freedom Value Error Error %
R1 Free(±) 222.3 8.6024 3.8697
C1 Free(±) 1.1456E-09 5.0995E-11 4.4514
DE1 Fixed(X) 6 - HN #1
DE1-R Free(±) 2950 8.242 0.27939
DE1-T Free(±) 6.5467E-08 5.359E-09 8.1858
DE1-P Free(±) 2.605 0.053853 2.0673
DE1-U Free(±) 0.44573 0.0026344 0.59103
R3 Free(±) 5123 271.7 5.3035
CPE3-T Free(±) 0.00021492 5.0435E-06 2.3467
CPE3-P Free(±) 0.60275 0.0075509 1.2527

Chi-Squared: 8.2311E-06
Weighted Sum of Squares: 0.0014734

Data File: C:\Documents and Settings\amorosjw\Desktop\PhD\Data\110408\2\Run 3 Tube\12-790-110408-2-Run3Tube
Circuit Model File: C:\Documents and Settings\amorosjw\Desktop\ert1.mdl
Mode: Run Fitting / Selected Points (0 - 93)
Maximum Iterations: 100
Optimization Iterations: 10
Type of Fitting: Complex
Type of Weighting: Data-Modulus  
Model and fit results for Figure 4.35 (A). 

R1

CPE1

R2

CPE2

Element Freedom Value Error Error %
R1 Free(+) 5.2237E05 13407 2.5666
CPE1-T Free(+) 6.3497E-11 1.1048E-11 17.399
CPE1-P Free(+) 0.85643 0.013637 1.5923
R2 Free(+) 2.4264E06 6.8904E05 28.398
CPE2-T Free(+) 2.1056E-07 2.9927E-08 14.213
CPE2-P Free(+) 0.47725 0.024627 5.1602

Chi-Squared: 0.013333
Weighted Sum of Squares: 2.2133

Data File: C:\Documents and Settings\amorosjw\Desktop\Xstal-Meth\Run 4\16-799-Xstl-Meth-4
Circuit Model File: C:\Documents and Settings\amorosjw\Desktop\ert.mdl
Mode: Run Fitting / Selected Points (14 - 99)
Maximum Iterations: 100
Optimization Iterations: 10
Type of Fitting: Complex
Type of Weighting: Data-Proportional  
 

Model and fit results for Figure 4.35 (B). 
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R1

C1

DE1 R3

CPE3

Element Freedom Value Error Error %
R1 Free(±) 13323 1506.1 11.305
C1 Free(±) 1.9586E-11 1.9283E-12 9.8453
DE1 Fixed(X) 6 - HN #1
DE1-R Free(±) 5.3495E05 6019.7 1.1253
DE1-T Free(±) 4.2262E-06 1.6311E-07 3.8595
DE1-P Free(±) 1.343 0.032328 2.4071
DE1-U Free(±) 0.74852 0.0062165 0.83051
R3 Fixed(X) 1E20 N/A N/A
CPE3-T Free(±) 1.9715E-07 2.11E-08 10.703
CPE3-P Free(±) 0.49556 0.01773 3.5778

Chi-Squared: 0.00010479
Weighted Sum of Squares: 0.011946

Data File: C:\Documents and Settings\amorosjw\Desktop\Xstal-Meth\Run 4\16-799-Xstl-Meth-4
Circuit Model File: C:\Documents and Settings\amorosjw\Desktop\ert.mdl
Mode: Run Fitting / Selected Points (10 - 70)
Maximum Iterations: 100
Optimization Iterations: 10
Type of Fitting: Complex
Type of Weighting: Data-Modulus  
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