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ABSTRACT

The aim of this thesis was to investigate different possibilities of improving the density and proton conductivity of two different barium titanate-
based materials, namely BaTio.35¢0.703-s and BaTio31Ino.703-5. Two different approaches have been employed: chemical modification and ceramic
processing. The two base materials were chemically modified in two different ways: by introduction of tin, substituting some of the titanium, or by a
mixed substitution of indium and scandium. The ceramic processing approach was split into three different routes involving ball milling, cold
isostatic pressing and slipcasting. The different materials were synthesized by the standard solid state reaction and sintering technique and analyzed
using X-ray diffraction, scanning electron microscopy, thermogravimetric analysis and impedance spectroscopy to elucidate phase purity,
microstructure, hydration behavior and conductivity.

The results from X-ray diffraction showed that the scandium substituted samples, irrespective of chemical modification or processing, were more
difficult to purify than the indium substituted counterparts, i.e. they required a higher sintering temperature. Using ball milling and cold isostatic
pressing, pure BaTio3Sco.703-5 was obtained after a final sintering at 1500°C. BaTioslno.7O3-5 on the other hand achieved phase purity after a final
sintering at 1400°C, even without any previous ceramic processing. Examining the results of thermogravimetric analysis showed that all synthesized
samples could be purposefully hydrated and achieve a hydration level between 76-100% of the maximum theoretical level of hydration, depending
on the chemical makeup and previous processing of the sample in question. The introduction of tin seems to have improved the materials’ ability to
retain some remnant hydration at higher temperatures while the mixed scandium and indium substituted samples showed a dehydration behavior in
between that of the purely indium and purely scandium substituted samples. In addition, the mixed scandium/indium samples displayed a synergistic
effect in terms of the extent of hydration, reaching higher levels of hydration than both BaTio3Sco.703-sand BaTiozlno.70s-5. Only some of the
processed samples were analyzed by thermogravimetry and displayed a hydration behavior much like that of their non-processed cousins. This is not
surprising, as these two sets of samples only differed in the ceramic processing that they were subjected to and not in chemical makeup.

It was found that chemical modification approach did not succeed in achieving materials of a higher (relative) density, instead a small decrease in
density compared to the purely scandium or indium substituted samples was observed. In contrast, some of the processing routes did yield significant
increases in density, especially the route involving ball milling and cold isostatic pressing of the sample powder as an ethanol-containing paste. In
one of the most successful cases, this ceramic processing route yielded a sample of BaTio3Sco.703-5 with a relative density of 93%, a result which the
author has not found to be achieved in any other study, nor in this one using any other approach. This same processing route also, routinely, yielded
samples of BaTioslno70s-s with relative densities >95%. Scanning electron microscopy, performed on two isostatically pressed samples, gave an
indication of the correctness of the calculated relative densities and revealed a larger grain size of 10um in the BTI170 sample compared to the 2um
of the BTS70 sample.

The conductivity results obtained from the preliminary analysis of the impedance data have been found to be comparable to those reported in
previous studies on similar materials. In addition, the data indicates extensive proton conduction present in both BaTio:Ino.703-s and BaTio.3Sco.703-,
as indicated by the orders of magnitude higher conduction in a wet versus a dry atmosphere. Nonetheless, no correlation between an increased
density causing an increase in conductivity has been found.

Keywords: barium titanate, scandium substitution, indium substitution, proton conductivity, density, chemical modification, ceramic processing, cold
isostatic pressing, ball milling, slipcasting, hydration, impedance spectroscopy.
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but identical at higher temperatures. This specific plot is from an analysis performed on a BaTiosInos03-s
sample. Adapted from [6] With PeIrmMISSION . s s ssssssssssnes 19
Figure 12. X-ray diffractograms of the T-BTI70 sample (left) and T-BTS70 sample (right), sintered at
different temperatures. From bottom to top, BTI70 was sintered at 1000°C, 1200°C, 1400°C and 1500°C
while BTS70 was sintered an additional time at 1500°C and once at 1550°C. Note that the sintering of
BTI70 at 1500°C caused a reaction between the sample and crucible, which explains the sudden
appearance Of @ MUItItUAE Of PEAKS. ... s 27
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Figure 13. X-ray diffractograms of the two tin containing samples, BSTI70 (left) and BSTS70 (right),
sintered at different temperatures. From bottom to top the BSTI70 sample was sintered at 1000°C,
1200°C and 1400°C while the BSTS70 samples was also heated two times at 1500°C and once at 1550°C.

Figure 14. A zoomed-in X-ray diffractogram of the trial and tin containing samples sintered at 1400°C.
BSTI70 =red line, T-BTI70 = black line, BSTS70 = blue line and T-BTS70 = pink line. Note the shift
towards lower 0-values (higher d-spacing) for the samples with tin compared to those without, as well as
the lower B-values of the indium samples compared to the scandium SAMPIES.....ccowevrreremerrreersressseesssessneenns 29
Figure 15. X-ray diffractograms of the two hybrid Sc/In samples, BTSI35 (left) and BTSI50 (right),
sintered at different temperatures. From bottom to top, both samples were sintered at 1000°C, 1200°C
ATIA 140 00C. ..evurrerseerseeessseesssessssssesssassssssssssassssssssssassssesssssessssasssssessssasssssessssasssssessssesssseessssesssseessssessssnsssssessssssssssessssessssmsssssesssssnssssasssssnses 30
Figure 16. A zoomed in X-ray diffractogram of the trial and mixed Sc/In samples sintered at 1400°C. T-
BTI70 = blue line, BTSI35 = black line, BTSI50 = red line and T-BTS70 = green line. Note the increasing 26
angles with increasing scandium content and decreasing indium CONtENt......coc.oeereenmeermeeenneesseesnseenesesseesesssseeanes 31
Figure 17. X-ray diffractograms of the CIP-BTI70 (left) and CIP-BTS70 (right) samples sintered at
different temperatures. From bottom to top the the CIP-BTI70 sample was sintered at 1000°C, 1200°C,
1400°C (pressed dry, CIP-BTI70-D) and 1400°C (pressed as a wet paste, CIP-BT170-W) while CIP-BTS70
was sintered at 1000°C, 1200°C, 1400°C, 1500°C (pressed dry, CIP-BTS70-D) and 1500°C (pressed as a
wet paste, CIP-BTS70-W). Note that no ceramic processing took place until before the final sintering at
1400 and 15000C, TSP ECHIVELY....cvuuierererreerseeessessssesessesss s sessssss s sss s ss s bR 31
Figure 18. X-ray diffractograms of the slipcasted SC-BTI70 (left) and SC-BTS70 (right) samples, sintered
at different temperatures. From bottom to top the SC-BTI70 sample was sintered at 1000°C, 1200°C and
1400°C while SC-BTS70 was also sintered at 1500°C. Note that no ceramic processing took place until
just before the final sintering at 1400°C and 1500°C, reSPECIVELY. .....coenmremeenmremmesnesmssssssssesssssssssssssssssssssssseees 32
Figure 19. X-ray diffractograms of the T-BTI70 (top), BSTI70 (middle) and CIP-BTI70-W (bottom)
samples. Hydrated = black line and as-prepared = red line. The change in diffraction profile going from an
as-prepared to hydrated material corresponds to a change from a cubic to tetragonal perovskite............. 33
Figure 20. X-ray diffractograms of the T-BTS70 (top), BSTS70 (middle) and CIP-BTS70-W (bottom)
samples showing the preservation of the cubic structure after hydration. Hydrated = black line and as-
OS] 0TV at=Te B o /=< T Do =P 34
Figure 21. X-ray diffractograms of the BTSI35 (top) and BTSI50 (bottom) samples showing the
preservation of the cubic structure after hydration. Hydrated = black line and as-prepared = red line.....34
Figure 22. The difference plots obtained by Rietveld refinement in the program GSAS for a CIP-BTS70-W
and CIP-BTI70-W sample, indicating the goodness-of-fit between the calculated data from the structural
model and the observed data. The leftmost profile belongs to BTS70 and the rightmost profile belongs to
BTI70. Black crosses = observed data, red line = calculated data, green line = modeled background, blue
lINE = AIfFEIEINICE 1IN, .ouieeeeeeeeeeeeees e ees e ens e sees e sees e s e s s R R R SRR R SRR AR E R 36
Figure 23. A figure showing the crystal structure of BTS70. Green = Ba, Blue = Ti, Purple = Sc, Red = 0.
Note that the fractional occupancy of the (0, 0, 0) site by Sc and Ti is represented by those spheres being
split into a blue part and a purple part corresponding to the 0.3 and 0.7 fractional occupancy of Ti and Sc,
respectively. The oxygen deficiency is portrayed similarly with a fraction of each sphere being white,
representing this dEfICIEIICY. . s e s s s s ses s R R s s s 36

Department of Chemistry and Chemical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2015 Xl



CHALMERS

Figure 24. A figure showing the crystal structure of BT170. Green = Ba, Blue = Ti, Orange = In, Red = O.
Note that the fractional occupancy of the (0, 0, 0) site by In and Ti is represented by those spheres being
split into a blue part and an orange part corresponding to the 0.3 and 0.7 fractional occupancy of Ti and
In, respectively. The oxygen deficiency is portrayed similarly with a fraction of each sphere being white,
representing this defiCIENCY. .. 37
Figure 25. A figure showing the TG curves of T-BTI70 (blue), BSTI70 (purple), T-BTS70 (red) and BSTS70
(green). The indium samples had been sintered at 1400°C while the scandium samples had been sintered
AL T 5500C. iuuuueeureesseessseessseesssesesssassssssssssessssssssssessssesssssassssesssssassssesssssassssesssssessssnsssseessssesssssessssesssssnssssesssseassssesssssnssssessssnssssenssssnsssssnssannes 38
Figure 26. A figure showing the progression of dehydration for T-BTI70 (blue), BSTI70 (purple), T-BTS70
(red) and BSTS70 (green). The indium samples had been sintered at 1400°C while the scandium samples
had been sintered at 1550°C. The table in the upper right corner of the figure shows the temperatures at
which each sample had reached 80, 50 and 20% hydration compared to their initial hydration level........39
Figure 27. A figure showing the TG curves of T-BTI70 (blue), BTSI35 (black), BTSI50 (green) and T-
BTS70 (red). The indium and hybrid samples had been sintered at 1400°C while the scandium sample
had been SINTEIred At 15500C. ... eerrerseeseesssessssssseessesssssessessssssssessssssssesss s s bbb S 41
Figure 28. A figure showing the progression of dehydration for T-BTI170 (blue), BTSI35 (black), BTSI50
(green) and T-BTS70 (red). The indium and hybrid samples had been sintered at 1400°C while the
scandium sample had been sintered at 1550°C. The table in the upper right corner of the figure shows the
temperatures at which each sample had reached 80, 50 and 20% hydration compared to their initial

L1 | LU PP 42
Figure 29. A figure showing the TG curves of T-BTI70 (blue), CIP-BTI70-W (pink), T-BTS70 (red) and
CIP-BTS70-W (green). The indium samples had been sintered at 1400°C while the scandium samples had
DEen SINTETEA At 15500C. ... oeieeceeereeseersreesseersessseesseessessssesssessssess s s ss s s s RS RERseRR RS RS R SRR 43
Figure 30. A figure showing the progression of dehydration for T-BTI70 (blue), CIP-BTI70-W (pink), T-
BTS70 (red) and CIP-BTS70-W (green). The indium samples had been sintered at 1400°C while the
scandium samples had been sintered at 1550°C. The table in the upper right corner of the figure shows
the temperatures at which each sample had reached 80, 50 and 20% hydration compared to their initial
L2 L (PO 44
Figure 31. A figure showing the results from performing DSC on as-prepared (brown) and hydrated
(blue) T-BTI70. The dotted lines are the TG curves while the drawn lines are the DSC curves. The

indicated area represent the endothermic peaks of the hydrated and as-prepared samples........courmmeennns 45
Figure 32. A figure showing the effect of tin incorporation on the relative density of BTS70 after the
relevant sintering Steps at 1500-15500C...... o eeeeeseesseesessssessessssessesssssssesssssssessssesssessssesssessssssssessssssssssssssssesssnes 46
Figure 33. A figure showing the effect of tin incorporation on the relative density of BT170 after the

Ry DO =) 0 0 F e Lo 100 PP 47
Figure 34. A figure showing the effect of a mixed Sc/In ratio on the relative density of BTI70 after the

Ry DO =) 0 0 F e Lo 100 PP 47

Figure 35. A figure showing the effect of a mixed Sc/In ratio on the relative density of BTS70 after
sintering. Note that the relative density of T-BTS70 was calculated after sintering at 1500°C while the
mixed Sc/In samples only needed sintering at 1400°C and therefore have no relative density values after

A 1 5000C SINEETINE. cvureeeueesseerseesseessreessessseeessessseesssessssesssessssesssessseesssesssessssesssessssessseesssesssessssesssessssesssessseesssessssesssessssesssessssesssessssssssessanes 48
Figure 36. A figure showing the effect of cold isostatic pressing on the relative density of BTS70 after
SINTETING AT LT 500 OC. cuuieueeuureesseessreesseesseeessessseeessessseesssessssesssessseeessessseesssessseesssessseesssesssessssessseesssesssessssesssessssesssessssesssessssesssessssssssessanes 49
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Figure 37. A figure showing the effect of cold isostatic pressing on the relative density of BTI70 after
sintering at 1400°C. Note that the relative density of CIP-BTI70-W slightly exceeds 100% which most
probably is due to a small measurement error as the pellet was somewhat non-uniform in shape.............. 49
Figure 38. A figure showing the effect of cold isostatic pressing on the relative density of BTS70 after
sintering at 1500°C. Note that three different pellets were processed, denoted #1, #2 and #3 in the figure.

Figure 39. A figure showing the effect of cold isostatic pressing on the relative density of BTI70 after
sintering at 1400°C. Note that three different pellets were processed and that pellet #1 was misshaped
and therefore not used for calculations. The two remaining pellets are denoted #2 and #3 in the figure.51
Figure 40. A figure showing the effect of slipcasting on the relative densities of BTI170 and BTS70 after
sintering at 1400 and 15000°C, rESPECLIVELY. ...t sessssssssssessssssss s ssssssesssssssssseses 52
Figure 41. A figure showing the typical appearance of the results from impedance spectroscopy
performed on the pellets of BTS70 and BTI70. To the left, BTS70 (pellet 1) analyzed in dry argon with the
red line corresponding to 350°C and the black line to 450°C. To the right, the same pellet analyzed in wet

argon with the red line corresponding to 350°C and the black line to 5500C. ......onerneenmeesneesnmeenneesseeseesnnes 53
Figure 42. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-
BTS70-W (pellet 1) during a heating-cooling cycle in dry argomn. ......eesessessssssssessssssssssssssssnees 54
Figure 43. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-
BTS70-W (pellet 3) during a heating-cooling cycle in dry argomn. ... eesessessssssssesssssssssssssssssees 54
Figure 44. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-
BTI70-W (pellet 3) during a heating-cooling cycle in dry argon. ... esssssssssssssssssssssssans 55
Figure 45. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-
BTS70-W (pellet 1) during cooling in wet and dIy argOmn. ... eesssssssssssssssssssssssssssssssssssssssssans 56
Figure 46. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-
BTS70-W (pellet 3) during cooling in wet and dIy argOmn. ... eesssssssssssssssssssssssssssssssssssans 56
Figure 47. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-
BTI70-W (pellet 3) during cooling in wet and dry argOmn. .....ceeereeseessesseessesssesssesssessssesssssssssssesssssssesssesass 57

Figure 48. A figure showing two SEM pictures of the surface of a CIP-BTS70-W pellet (left) and a CIP-
BTI70-W pellet (right). Note that the left figure has a 10um scale for reference and the right picture an

o7 0o WY or | I8 o) g =) (=) (=) 0 Lo < OO 59
Figure 49. A figure showing two SEM pictures of the fracture surface of a CIP-BTS70-W pellet (left) and a
CIP-BTI70-W pellet (right). Note that both pictures have a 10um scale for reference.........esseernnees 59

Figure 50. A figure comparing the dependence of total conductivity on (inverse) temperature for CIP-
BTS70-W (pellet 1 and 3) with a BTS70 sample from [8], during dry heating and cooling in argon. Note
that no dry argon heating run was reported iN [8]....c e eeeeereeseeseessesseesssessessssesssesssessssssesssessssssessssssssesssssssseess 69
Figure 51. A figure comparing the dependence of total conductivity on (inverse) temperature for CIP-
BTI170-W (pellet 3) with a BTI70 sample from [26], during dry heating and cooling in argon. Note that no

dry argon heating run was repOTrted N [26]. ...ceemeeseeemeeseesseessesssessseessesssesssssssesssessessssssessssssssesssessssessssssssesssssans 70
Figure 52. A figure comparing the dependence of total conductivity on (inverse) temperature for CIP-
BTS70-W (pellet 1 and 3) with a BTS70 sample from [8], during wet and dry cooling in argon. .......cccoece... 71
Figure 53. A figure comparing the dependence of total conductivity on (inverse) temperature for CIP-
BTI70-W (pellet 3) with a BT170 sample from [26], during wet and dry cooling in argon. .........cccueeeseeerreenne. 72
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Figure 55. A figure showing the mass loss during sintering of all BTS70-based samples for selected
sintering steps. Note that the second sintering at 1500°C and the sintering at 1550°C have been left out

for clarity but are displayed in the figure DEIOW. ... s 88
Figure 56. A figure showing the mass loss during sintering of all BTS70-based samples for each sintering
1) 88

Figure 57. A figure showing the mass loss during sintering of the BTSI35 and BTSI50 samples for each
sintering step. Their mass losses are displayed next to those of T-BTI170 and T-BTS70 for comparison....89
Figure 58. A figure showing the volume loss during sintering of all BTI70-based samples for each

T OS] 0 070 1 <) o 90
Figure 59. A figure showing the volume loss during sintering of all BTS70-based samples for selected
sintering steps. Note that the second sintering at 1500°C and the sintering at 1550°C have been left out

for clarity but are displayed in the figure DEIOW. ... sssssssssssees 90
Figure 60. A figure showing the volume loss during sintering of all BTS70-based samples for each
T I S) 0 070 1<) o 91

Figure 61. A figure showing the volume loss during sintering of the BTSI35 and BTSI50 samples for each
sintering step. Their mass losses are displayed next to those of dry pressed CIP-BTI70 and CIP-BTS70 for
comparison because of the lack of volume loss data on T-BTS70 at 14000C........ccoemeermernmeemmessmeeseesssessssssssesans 91
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1. Introduction

The issue of global warming has occupied the center stage in international environmental debate for
decades. Rising global temperatures and sea levels are making climate refugees out of already exposed
groups of people and threaten to shift the global climate towards a more inhospitable variant of the one
we have today. As many now know, society’s consumption of fossil fuels such as oil and coal is the main
contributing factor to this problem and many new technologies based on renewable fuels have emerged
in response. Examples include combustion of biomass and the increasingly effective modern
photovoltaic, or solar, cells. Some of these technologies have the added advantage of releasing
considerably less polluting species into the atmosphere and waterways than traditional energy sources
and technologies. [1], [2]

One technology which has the potential, in the ideal case, to provide the modern society with energy,
without polluting the atmosphere and contributing to global warming through emission of greenhouse
gases, is the fuel cell. The fuel cell operates on a relatively simple principle utilizing a fuel gas such as
hydrogen, propane or natural gas in junction with an oxidizing gas, most often the oxygen in air, to
produce electricity but also heat which can be harnessed by heat recovery if necessary. The gaseous
reactants react with each other at one of the two electrodes by transport of one of the species, in ionic
form, through an electrolyte while electrons travel in the external circuit. Consequently, the electrolyte is
designed to transport either ions of the fuel gas or oxygen ions. Depending on the fuel gas that is used,
different types of electrolyte materials are employed and the fuel cells are often characterized according
to their electrolyte material. [2], [3], [4]

One type of fuel cell utilizes ceramic oxides as a
solid electrolyte material and is therefore aptly
named as the solid oxide fuel cell, or SOFC. @
SOFCs can so far almost exclusively be used at
relatively high temperatures between 600 and
1000°C gnd are ther.e.for(_e best suited for H*& Electrolyte
generation of electricity in large heat and power

plants since the high operating temperatures
required lead to slow startup. The reason for
the high operating temperature is mainly the ﬁ
slow rate of transport of oxygen ions through Oxygen
the electrolyte at lower temperatures. [2], [3],

[5]

Hydrogen

Porous electrode (anode)

Electrons

Porous electrode (cathode)

Hydrogen + Oxygen C—y=> Water (+ electricity, heat)

A sub-class of solid oxide fuel cells is the proton o ) o
conducting SOFCs, see figure 1. Proton Figure 1.A schemat.lc flgur.e sh(_)wmg the prln.cl.p.al components

. ’ . of a proton conducting solid oxide fuel cell utilizing hydrogen
conducting materials have the potential to play  gas as fuel.
a pivotal role in the transition to a cleaner
energy based future through their use as electrolytes in solid oxide fuel cells which operate in the
intermediate temperature range (200°C-600°C), i.e. in a lower range than traditional SOFCs. Other
possible applications, apart from fuel cells, include steam electrolyzers as well as humidity and hydrogen
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sensors. The advantage of proton conducting electrolytes over standard oxygen ion conducting materials
is the high ion conductivity in this lower temperature range as well as facilitated water management. [6],

[71, [8], [9]

1.1 Background

There is a strong interest in developing the fuel cell technology and, in particular, that of the solid oxide
fuel cells because of advantages over other energy converting technologies. These advantages include a
high energy efficiency and potential for non-existent air pollution. However, this does not mean that
there isn’t room for improvement, as extensive research and development is going into improving the
reliability and long term performance through improved low and medium temperature operation. [2], [5]

A possible candidate for medium temperature operation (200-600°C) is a sub-class of SOFCs, namely the
proton conducting solid oxide fuel cells. One of the most prominent classes of materials used as
electrolyte in proton conducting SOFCs are the lower valence-substituted perovskites, which have been
heavily studied in this context for some years. Different perovskites have been studied, although research
has mainly focused on alkaline earth zirconates and cerates, see [10-13], and relatively little research has
gone into other alkaline earth compounds, such as alkaline earth titanates. [6], [8]

One type of alkaline earth titanate which has demonstrated proton conductivity when a fraction of the
titanium is substituted with a metal of lower valence is barium titanate. One of the main problems with
the preparation of barium-containing proton conducting ceramics however, is the difficulty with which
to strike a balance between high density and low barium deficiency in the finished material. In other
words, it’s a challenge to produce a dense polycrystalline material while also preventing the evaporation
of barium during the high sintering temperatures necessary for acceptable densification. Some studies
have already tried to address this problem by for example covering the prepared pellet with barium-
containing powder to prevent barium loss during sintering. [6], [7], [8], [10], [14]

The problem described above for barium titanate seemingly applies to barium zirconate as well as it has
been stated that there is a lack of reproducibility when it comes to synthesis of and subsequent
conductivity measurements on barium zirconates. Since these issues seem to be shared among at least
some of the barium containing alkaline earth perovskites, ideas for solving the problems might be
gleaned from successful attempts at improving the densification of, if not barium titanate, compounds
belonging to this family. Barium cerate based materials, for example, have benefited from an increased
density when prepared as freeze dried precursors before final sintering. In summary, the common
factors for preparation of dense ceramic materials are the avoidance of agglomerates and achieving a
small particle size, see [15-17, 10].

In light of the information presented above, one wise approach might be to introduce additional
processing steps before final sintering in order to improve the density of the finished material. More
specifically, the utilization of ball milling to reduce particle size in junction with different procedures

Department of Chemistry and Chemical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2015 2



CHALMERS

before final sintering, such as cold isostatic pressing (CIP) and slipcasting, could result in dense and high
performance proton conducting barium titanate-based materials.

1.2 Purpose

The purpose of this study was to find ways to improve the density and conductivity of two barium
titanate-based proton conducting materials, namely BaTio3Sco.703-s and BaTio3Ino.703.5. Two different
approaches have been used: chemical modification and utilization of ceramic processing steps, see figure

below.
f’ Slipcasting
ry Ball milling
Ceramic \ Cold isostatic
processing pressing
Cold isostatic
pressing
Densification R — _ —_— — — — =

“

Chemical
modification

Figure 2. A schematic figure showing the principal steps of the two different approaches used to improve the density of
BaTio.3Sco0.703-5 and BaTio.3Ino.703-5, namely the ceramic processing approach and the chemical modification approach. The dashed
line separates the two.

In addition, the materials were characterized using X-ray diffraction, scanning electron microscopy,
thermogravimetric analysis and impedance spectroscopy in order to elucidate phase purity,
microstructure, hydration behavior, conductivity etc.
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1.3 Practical constraints

Constraint 1.

The laboratory work in terms of synthesis, densification and characterization was limited to four sets of
materials, all based on barium titanate:

1. BaTi0.3Sco.703-5 and BaTio.3Ine.703-5 (trial samples)

2. BaTi0.3Sco.703.5 and BaTio.31no.703-5 (ceramic processing samples)

3. BaTio.3Sco.35In0.3503-5 and BaTio3Sco5In0.203-5 (mixed Sc/In samples)

4. BaSno.15Ti0.155¢0.703-5 and BaSno.15Tio.15In0.703-5 (tin samples)

There were different reasons for limiting the scope to these four particular sets. Firstly, a trial set seemed
prudent in order to identify problems during synthesis and phase purification. Secondly, a separate set of
processing samples was needed in order to thoroughly investigate the effect of different processing
routes on sample density. Thirdly, since the effect of processing on density would be investigated using
different processing techniques, it seemed advisable to synthesize at least two different sets of
chemically modified samples to investigate the effects of different chemical modifications on select
sample characteristics.

Constraint 2.
Three different ceramic processing routes have been studied, see figure 3.

Route 1{7 Slipcasting

Ceramic R \ Cold isostatic
oute 2

processing pressing

\» Cold isostatic
Route 3

pressing

Figure 3. A schematic figure showing the principal steps of the three different ceramic processing routes that were employed in
order to improve the density of BaTio.3Sco.703-5s and BaTio.3Ino.703-s.

The reasons for using these processing techniques in particular are twofold. Firstly, both slipcasting and
isostatic pressing, as well as ball milling, are straightforward routine techniques for processing of
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ceramic materials. Secondly, none of them require large amounts of material which was deemed crucial
as both indium- and scandium oxide, which were used for synthesis, are expensive reactants.

Constraint 3.
Conductivity was only measured in a wet and dry argon atmosphere, no other gases were used.

1.4 Question formulation
This study aims at answering two central questions:

1. Do the chemical modification or ceramic processing approaches increase the density of the involved
materials compared to the original, trial samples?

2.1f so, does this result in an appreciable increase in the proton conductivity of the materials, compared
to other studies?

2. Theory

Presented below is a theoretical background on fuel cells, proton conduction, the structure of barium
titanates etc, as well as on the processing and analysis techniques used in this study.

2.1 Proton conducting solid oxide fuel cells

Much like the general description of a fuel cell given in the introduction, the components of a proton
conducting solid oxide fuel cell includes a cathode and an anode connected through an electron-
conducting wire, as well as the solid oxide electrolyte in between, which enables proton transport
between the two electrodes, see figure 1. The anode must be able to facilitate reaction between the fuel
gas, for example Hz, and the electrolyte in order for a sufficient amount of protons to be formed and then
transported through the electrolyte. It must also be porous in order to ensure extensive contact between
the fuel gas and itself. This goes for the cathode as well, to facilitate the reaction between protons and
oxygen ions on the cathode side. The demands put on the electrolyte include blocking of extensive
electron transport to prevent short circuit and, of course, satisfactory proton conduction characteristics.
The electrode reactions that take place in a proton conducting SOFC utilizing hydrogen gas and oxygen
are shown in equations 1, 2 and 3 below. [2], [4]

Anode:
2H, » 4H* + 4e~ (1)
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Cathode:
0, + 4e™ - 20? (2)
4H* +20%" - 2H,0 3)

2.2 Proton transfer in ceramic oxides and other materials

There are several different types of proton conduction mechanisms operating in different kinds of
materials. Examples include transport of protons through liquid regions of water that exist throughout
the material, such as in polymer membranes, or conduction enabled by proton vacancies or interstitials
in a material with crystallographically fixed protons, such as in different types of crystalline hydrates.
The mechanism for proton conduction in the materials relevant to this investigation involves protonic
defects being introduced into the material through water vapor. The water molecule dissociates, forming
a hydroxide ion and a proton. The hydroxide ion fills an oxygen vacancy present in the material while the
proton bonds to an oxygen ion in the lattice to form another hydroxide ion, effectively introducing two
proton defects in the structure. The oxygen vacancy mentioned is created during material synthesis by
substitution of lattice cations with lower valence cations, inducing a charge imbalance in the structure.
This balance is restored by the loss of oxygen anions. The equilibrium of water vapor, oxygen lattice
atoms and oxygen vacancies with the hydroxide groups enabling mobile protons can be described, using
Kroger-Vink notation, by equation 4 below where O is an oxygen atom, of neutral charge, situated at an
oxygen site in the lattice, V," is a doubly positive vacancy situated at an oxygen site and OH,, is an
hydroxide ion denoted with a single positive charge compared to the oxygen site it occupies. [6], [9], [18],
[19]

H,0(g) + Of + V,” = 20H, (4)

The hydration reaction represented by equation 4 is typically exothermic which means that at high
temperatures the reaction becomes disfavored, causing dehydration. Consequently, the amount of
protons available for transport decreases and in extension the conductivity decreases. The proton
conductivity in these types of materials therefore, generally, reaches a maximum at some characteristic
temperature as the dehydration reaction becomes favorable and outweighs the gain in conductivity
caused by the increased mobility of the protons when the temperature is raised. It is also obvious from
equation 4 that increasing water vapor partial pressure or the amount of oxygen vacancies, through
doping for example, favors the formation of hydroxide groups and consequently mobile protons in the
material. [9], [18]

The mobility of ions in any material is governed by different factors such as the polarizability of the
lattice, electrostatic interaction between the ion and the local environment or structure, as well as the
strain energy. The strain energy can be summarized as the ability of an ion to push through the tight
corridors or channels of a lattice and depends on the polarizability of the ion and the amount of free
volume available for it to move through. [18]
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In contrast to most ions, protons, having a very small radius and being in principle an unshielded singly
positively charged particle, have an extremely high polarizing ability which is the origin of its unique
transport mechanisms. The movement of protons through an oxide material can be described by two
elementary steps, termed the Grotthus mechanism. The first step is proton reorientation, by rotation
around the oxygen it is covalently bonded to. The second step is a jump to the neighboring oxygen ion
through oscillation of the proton between the two oxygen ions, enabled by hydrogen bonding. The
second elementary step is shown below in equation (5) and (6), while both steps can also be seen in
figure 4 below. [19], [20], [18]

OI_H'“OZ g 01H_02 (5)
OIH_OZ (03) A (01) 02_H03 (6)

Using molecular simulations, the detailed behavior of protons in perovskite structures, such as those of
BaCeO3 and BaTiOs, have been investigated and reported in the literature, see [19]. It was found that the
energetic barrier for the proton transfer step described above and illustrated below in

figure 4, is smallest for BaTiO3z when compared to BaCeO3 and BaZrOs, giving rise to predictions of a
relatively high proton mobility in this compound since it has been found that the proton transfer step is
rate-limiting. [19], [21]

Figure 4. The figure illustrates the rotation of a proton around the oxygen to which it is covalently bonded as well as the proton
transfer between two neighboring oxygen ions. Step 1 = Proton rotation, Step 2 = Proton jump. Red circle = oxygen atom, black
arrow = moving proton.
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As described previously, different kinds of proton
conducting materials exhibit different proton conducting
mechanisms depending on the nature of the material.
Materials containing liquid regions, or layers, of water
such as polymer membranes along with those having
crystallographically fixed protons, such as hydrates, are
very susceptible to dehydration and will in many cases
start to lose water at 100°C and 200°C respectively. In
contrast, materials that don’t have protons as part of their
nominal structure are more resistant towards higher
temperature and exhibit proton conduction up to 600°C
beyond in some cases. Temperature stability isn’t the only
important aspect when determining the performance of a
proton conductor however and it goes without saying that
maximum conductivity is also of utmost importance. As

be seen in figure 5, the conductivities of some temperature
sensitive materials, such as Nafion®, far surpasses those
many temperature resistant oxides, although with the
disadvantage of losing its conductivity above 100°C. As has
been mentioned before, proton conductors generally
perform better than oxygen conductors in terms of
conductivity at lower temperatures. Nonetheless, there is
a gap between 200°C and 600°C within which proton
conduction is sub-par. Many applications, within energy
conversion for example, require operating temperatures in
this range and so bridging this gap is essential in order to
meet these requirements and open up such applications for
proton conducting materials. [9]

2.3 The structure of barium titanates
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Figure 5. Proton conductivity displayed as a
function of inverse temperature for selected
proton conducting materials. Note the
conductivity gap between 200°C and 600°C.

Reproduced from [9] with permission. [9]

The materials investigated in this study are all based on barium titanate, BaTiOs. Barium titanate, at
ambient conditions, adopts a tetragonal perovskite structure which may change into a cubic perovskite
structure upon heating or doping. For example, doping with a certain amount of indium or scandium may
change the structure to a cubic or hexagonal perovskite. [22], [6], [8]

The constituent atoms of a perovskite are generally assigned the letters A,B or X depending on their place
in the structure, resulting in the general perovskite formula ABX3, where X can be oxygen for example.
Looking at the structure by placing the divalent A cation at the centre of the unit cell, termed the A-type
unit cell, it will be coordinated to 12 oxygen ions, denoted O, situated at the midpoints of the cell edges. It
will also be surrounded by 8 tetravalent B cations situated at the cell corners. By doping the material, B
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cations are substituted with lower valence cations, inducing a charge imbalance in the structure. The
balance is restored by elimination of oxygen anions, creating oxygen vacancies. [23], [24]

The substituted perovskites used in solid state proton conductors typically exhibit the highest proton
conductivity in the cubic form and their general formula can be written as AB1.xMx03.5, where § = x/2.
Divalent alkaline earth metals occupy the A site and tetravalent metals occupy the B site along with the
rare earth dopant metals, M, of lower valence. § is the oxygen deficiency. An example is the perovskite
BaZrixYx03-5. [18]

It has been theorized that the electronegativity of the B-site atom compared to the A-site atom, which is
titanium and barium, respectively, in the barium titanate case, will affect the ability of the material to
trap protons and consequently affect the extent of hydration. A correlation was found by Norby, see [25],
which showed that the smaller the difference between the electronegativity of the B- and A-site atom, the
larger the negative enthalpy of hydration, i.e the more readily the material hydrates. If barium titanate is
partly substituted with an atom with an electronegativity comparable to Ba, or at least lower in value
than that for Ti which it substitutes, it might result in extensive hydration and a good temperature
stability of the protonic defects. It should be noted however, that concerns have been raised regarding
the validity of this correlation for high substitution levels, something which will be considered in the
discussion section. [25], [26]

2.4 Previous studies on heavily substituted barium titanates

Some important studies have been done previously on the structure and conductive behavior of different
heavily substituted barium titanates, including BaTiosIno.s03.5s as well as BaTi1-xScx03-5 where the
substitution level x ranged from 0.1 to 0.8, see [6]-[8].

Looking at the reported conductivities of these materials when analyzed in wet and/or dry argon, see
figure 6 below, it can be seen that between 350 and 500°C for the indium substituted sample and
between 400 and 750°C for the scandium substituted samples, there is a conductivity plateau
corresponding to the maximum protonic conductivity. At high temperatures, there is practically no
proton conduction because the material can’t hydrate. At semi-low temperatures there is a good
hydration but no great proton mobility (and at very low temperatures hydration kinetics even prevent
extensive hydration). The optimum temperature is that which strikes a balance between high proton
mobility and satisfactory hydration, which is represented by the conduction plateau. This is where
conductivity stays almost constant because of the opposing effects of material dehydration and increased
proton mobility at the increasingly high temperatures. At a certain temperature, where proton
conduction is at its highest, dehydration starts to win out over proton mobility. However at the same
time the curve also, perhaps counterintuitively, starts to bend upwards as other conductive species
(electron holes and oxide ions) start to dominate the conductive behavior of the material at these high
temperatures.
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Figure 6. A figure showing conductivity results as reported in studies [6] and [8]. The graph to the left, taken from [6] with
permission, shows the conductivity of a BaTio.sInos03-s pellet during cooling in wet and dry argon. The graph to the right, taken
from [8] under the Creative Commons Attribution 3.0 Unported Licence, shows the conductivity of BaTii1-xScx03-5 pellets where the
substitution level x equals 0.2 and 0.5-0.7, during cooling in wet argon.

By comparing the figure above with figure 5 it can be seen that these materials have the potential to fit
rather nicely in the proton conduction gap. Improvements have to be achieved first though to fit squarely
in the gap. The main challenge is to improve the conductivity by perhaps an order or of magnitude for
scandium substituted BaTiO3 and 2 orders of magnitude for indium substituted BaTiO3. A possible way of
achieving this, or at least move closer to this goal, would be to improve the density of these materials.
The reported relative density value of the 50% indium substituted BaTiOz in the mentioned study was
around 80% while the scandium substituted BaTiO3 densities ranged from 77-89 %, although it seems
only the lower level doped samples reached the higher range of these densities. If densities above 90-95
% could be achieved, perhaps these types of materials would be one step closer to filling the proton
conducting gap indicated by Norby, see [9]. [6], [7], [8]

2.5 The effect of density on conduction

The effect of a materials density on its conductive properties can be summarized by stating that the
presence of pores, i.e voids in the material, impairs conduction between grains by blocking the
conduction path between them. Increasing the density is therefore beneficial for the conductivity of a
material because the porosity is reduced. In a study on proton conducting yttrium-doped barium
zirconate, it was found that high density (and prevention of barium loss during sintering at high
temperature) yielded a material with high protonic conductivity compared to many previous studies.
[10] Analyzing the problem of porosity in more detail, it is thought that porosity lowers mainly grain
boundary conductivity by causing an increase in grain boundary resistance, leaving bulk conductivity
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through the grains unchanged. It should be mentioned however that investigations into this phenomenon

have so far produced somewhat contradictory results. In order to illustrate the contribution of grain

: . -, . . : . R
boundary resistance to the total resistance and it’s variance with porosity, the ratio Ri has been

TOTAL
introduced, where Rgg is the grain boundary resistance and RroraL is the total resistance of the material.

For some materials it has been found that above a certain percentage porosity, the grain boundary
resistance increases rapidly and can even assume a dominating fraction of the materials total resistance.
As an illustrative example, the variance of this resistance ratio with porosity for yttria-stabilized zirconia,
YSZ, can be seen in figure 7 below. It should be noted that YSZ is an oxide ion conductor and not a proton
conductor. [27], [28], [29]
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Figure 7. The impact of porosity on the ratio between grain boundary resistance and total resistance for YSZ-material. Reproduced
from [27] with permission. [27]

In addition to improving the conductivity, a high density also improves the mechanical properties of
most ceramic materials in general. The strength and toughness of ceramics usually decreases with
increased porosity and so if a proton conducting material of high density could be achieved, it would
consequently become more attractive as a reliable electrolyte which will not break easily when subjected
to stresses during manufacturing, handling or operation. [30]

2.6 Processing methods

2.6.1 Ball milling

Ball milling is a processing technique which uses balls, made of an attrition resistant material, to grind a
powder sample into a very fine powder of uniform particle size. This is achieved by placing the sample
powder in a container, along with balls and often also some liquid media such as water or ethanol. The
container is then placed in the ball mill and rotated in such a way that the sample powder is continuously
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ground by the moving and cascading balls. Two common types of ball mills are the planetary ball mill and
the rolling ball mill. The big difference between these, otherwise very similar, techniques is the fact that a
rolling ball mill uses gravity to accelerate the contents of the container while the planetary ball mill uses
centrifugal acceleration. On a rolling ball mill the sample is placed lying down, rolling thanks to the
movement of two parallel rollers. In a planetary ball mill the sample is placed upright and rotates
independently of the underlying counter rotating disc. In this way, a much more efficient milling is
achieved. Because of the large centrifugal forces involved in planetary ball milling, a fine powder can be
achieved in less time. [31]

2.6.2 Cold isostatic pressing

Cold isostatic pressing, or CIP, is a processing technique which utilizes a liquid such as water to apply
pressure on an object isostatically, i.e applying the same pressure from all sides. Because of this, a
powder pressed in this way will take the shape of a sphere. If another shape is desired such as that of a
pellet, the sample powder must be pre-pressed axially. In order to prevent contamination of the sample,
it is placed in an elastomeric vessel that will protect it from the surrounding water while it's elastomer
properties hinders it from fracturing under the applied pressure. Typical pressures range from 100 to
over 1000 MPa. The CIP variant utilized in this case is the wet bag variant, where the elastomer vessel is
not attached to the press but separate from it. It is filled with the sample and then inserted into the press
for sample compaction. [32], [33]

Cold isostatic pressing of ceramic and metal powders has been, and is being, studied quite extensively
especially in terms of its effects on green and sintered sample density as well as their mechanical
properties, although no studies focusing on barium titanates seems to have been conducted. Still, there
are general observations regarding the impact of isostatic pressing on the properties of metallic and
ceramic materials that should be applicable to barium titanates as well. The CIP technique compacts the
material by forcing the collapse of aggregates, pores and by rearranging particles as well as in some
cases, thanks to the very high pressures, inducing viscous deformation of particles at their points of
contact. Some have likened it to a form of pre-sintering, doing essentially what the initial part of a
sintering step would achieve. It can produce uniformly packed and dense green material which can aid
densification during a following sintering. [34], [33]

2.6.3 Slipcasting

Slipcasting is a cheap, easy and efficient technique for processing ceramic materials. It relies on
sedimention of the sample particles suspended in a liquid such as water or ethanol. After the suspension
has been made, it is either poured into a porous plaster mold or into a bottomless non-porous mold with
a plaster slab beneath. The liquid is drained from the suspension by either the plaster mold or plaster
slab, while the particles sediment on the bottom taking the shape of the mold. To achieve near perfect
packing of the particles, deflocculants are often used to achieve repulsion between particles. [35]
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2.7 Analysis techniques

2.7.1 X-ray diffraction

The X-ray diffraction technique operates on the principle of crystals behaving like a diffraction grating
when illuminated by X-rays. The diffraction depends on the crystal structure, more specifically on an
interplanar spacing (explained below), denoted dni, as well as the angle of incidence 6, equal to the angle
of diffraction, of the incoming light. Diffraction intensities are only observed when there is constructive
interference between the reflected X-rays. [23]

The condition for constructive interference is most easily explained using a figure, like the one below.
The dots represent individual atoms and the lines mark the planes with common Miller indices hkl. The
spacing between two planes with Miller indices hkl is dn, mentioned earlier. These indices are used to
denote different planes in a crystalline structure, whether it be the faces of a crystal or planes within the
unit cell. The indices hkl are given to a specific plane depending on how many parts it divides the three
dimensions a, b and c of the unit cell in. A plane which divides “a” into one part and is parallel to “b” and

c “would consequently be denoted 100. If this set of planes gives rise to constructive interference, the
diffraction peak will share this notation, i.e 100. [23]

¢
A
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®

Figure 8. A figure showing the diffraction of incoming X-rays from three crystal planes with interplanar spacing duki. The right-
most figure shows an enlarged version of the part of the figure most relevant when deriving Bragg’s equation through geometrical
considerations.

As seen in the figure above, two parallel beams of X-ray radiation are scattered by two different atoms,
lying on different planes with interplanar spacing dnw. The X-rays have an incident angle, 6, and for
constructive interference to occur the reflected beams must be in phase. In order for that to happen, their
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path length must differ by an integral number of the X-rays’ wavelength. The path length difference, AL is
given by: [23]

AL = AB + BC (7)
Both AB and BC can be expressed in terms of the diffraction angle 8 and the interplanar spacing dnx:

sin(0) = 22 =25 & AB = BC = dpysin(0) (8)

dpkt Anki

From equation (7) and (8) it follows that:

Combining equation (9) with the fact that the path length difference must equal to an integral number of
wavelengths, n}, one arrives at the condition for constructive interference of X-rays by a crystalline solid,
called the Bragg condition: [23]

n* A = 2dp * sin(0) (10)

2.7.2 Rietveld structure refinement

Although interpretation and extraction of structural parameter information from a well resolved
diffractogram can be considered relatively straightforward, problems start to arise when there is
significant peak overlap. The more complex the pattern, the harder it becomes to extract information
about the sample as peak position, profile and other observables are more difficult to determine. A
brilliant solution to this problem was found by H. M. Rietveld, who hypothesized that the overall
diffraction profile could be fitted by a calculated profile from a structural model. If the calculated profile
fits the experimentally observed diffraction profile, a good structural model has been achieved. The
refinement part of this methods comes from the fact that the initial model must be refined until the
calculated pattern replicates that which is observed. This is done by a least squares minimization
procedure, minimizing the difference between observed and calculated intensities for each data point of
the profile, according to equation (11):

M = ¥;w{y;(obs) — y;(calc)}? (11)

Where M is the function which is minimized, yi(obs) and yi(calc) are the observed and calculated
intensities, respectively, of data point “i” and w;j is a weighting factor. The refinement is done through
introduction of parameters describing different elements of the diffraction profile and letting their values
vary until, ideally, the observed and calculated intensities converge or, more practically, until a set
convergence criterion is reached. These parameters include: unit cell parameters, atomic positions and

site occupancies, scale factor, profile parameters, background function etc. [36]-[39]
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Although Rietveld refinement was originally only used for neutron diffraction data due to the completely
Gaussian shape of the diffraction peaks, which simplifies peak profile modeling, it can also be applied to
X-ray data. The main problem with using X-ray data compared to neutron data is the difficulty with
which to model peak shape, which is typically not pure Gaussian in shape. The most common function to
use for X-ray data is therefore the pseudo-Voigt function, which is a combination of Lorentzian and
Gaussian components. [38], [39]

To begin a refinement one needs an initial structural model, i.e best guess values of crucial parameters
such as unit cell symmetry, crystal space group and atomic positions and site occupancies. In addition, X-
ray data consisting of many data points is needed in order to have many data points for which the
calculated and observed values can be matched. Trying to refine a structure using non-satisfactory data
will likely lead to a bad end result. Last but not least, angular limits and information about the used
diffractometer is needed, such as wavelength data.

The success of the refinement can be evaluated using different approaches. Arguably the best, most
convenient and visually appealing is the difference plot which plots the difference between the observed
and calculated intensity for all data points and can give indications on what parameters that haven’t been
properly refined by showing characteristic patterns typical for a certain mismatch. A mismatch in peak
profile is one example. Different, so called, R-values can also be used to represent the quality of the fit
numerically. One of the most important R-values is that of Rwp defined as:

_ [Biwilyi(obs)— yi(calc)}? M/
Rup _[ Y Wilyi(obs))? ] (12)

It should be noted however that these types of R-values must be used with caution. For example, there
are two main tactics to handle the background in Rietveld refinement. Either, the background is
estimated through interpolation and then subtracted, or it is included in the refinement through the use
of a background function made up of refinable variables. Both approaches have advantages and
disadvantages and can be used in different scenarios. However, if the background is large and not
subtracted it will automatically produce a low Ry, value. This can easily be understood by studying
equation (12). If the background is high, yi(obs) will be large and yi(calc) will, by modeling of the
background, be similar in value to yi(obs) and so a high background will not really affect the numerator.
The denominator however, will be heavily influenced by the high background as it doesn’t include
yi(calc). Consequently, the Rw;, value will practically always display a low value for high background
samples leading to false conclusions on the fitting. [36]-[39]

Heeding this word of caution, the Rwp value can be further compared with what is called the expected R-
value, Rexp, which can be said to give an indication of the data quality. Rexp is defined as:

_ (N-P)

1/2
Rexp = [Z{Vwi{yi(obS)}z] (13)
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Where N is the number of observations and P is the number of parameters. The ratio between Ry, and
Rexp has been given its own variable, x2, which is judged to give a good indication of the fit. Ideally, x?,
should approach 1 but can take on smaller or larger values depending on data collection. [38]

2.7.3 Thermogravimetric analysis and differential scanning calorimetry

Thermogravimetric analysis, or TGA, is a relatively straightforward characterization technique. The mass
change of a sample is monitored as the temperature changes and can be plotted as a function of time or
temperature. [40]

Differential scanning calorimetry, or DSC, measures the changes in a sample’s heat capacity as a function
of temperature by monitoring the heat flow in and out of the sample, resulting from e.g phase transitions
etc, and comparing them with a reference. [41]

2.7.4 Scanning electron microscopy

Scanning electron microscopy, or SEM, utilizes electrons to characterize structural features of a sample
surface down to fractions of nanometers in size. It can be used to analyze microstructure, chemical
composition and crystal orientations for example. The basic principle behind the technique is that
electrons are ejected from an electron gun and focused to a beam with the aid of magnetic lenses. The
interactions between the beam and sample surface include elastic and inelastic scattering of electrons
giving rise to backscattered and secondary electrons, respectively, which can give complementary
information about the sample. [42], [43], [44]

2.7.5 Impedance spectroscopy

There are different forms of opposition against the motion of charge carriers such as electrons or
protons, termed resistance and reactance where the latter can be further subdivided into capacitance
and inductance. Impedance is a term encompassing all these forms of opposition. It can be seen as an
extension of the concept of resistance to more complex circuits, containing other elements than only
ideal resistors. This is especially useful for circuits employing alternating current as they typically
contain elements such as capacitors, with a charge opposing capacitance, which are not used in direct
current circuits since they are detrimental to their function. [45], [46], [47], [48], [49]

The impedance, Z, is expressed in terms of its magnitude, |Z|, and a term called the phase shift, ¢. The
phase shift refers to the difference in phase between an applied voltage and the resulting current. Both
capacitance and inductance give rise to a 90° phase shift of the voltage with respect to the current while
resistance does not cause a phase shift, i.e a shift of 0°. The impedance, encompassing all types of charge
opposition, produces a voltage phase shift between 0° and 90°. By mathematical manipulation the
impedance can be expressed in complex form, with a real and imaginary part, according to equation (14)
below. [47], [49], [50]
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Z(w)= Zpe+ jZim = |Z(w)| cos(¢p) + j|Z(w)|sin(¢p) = |Z(w)|[cos(¢) + jsin(¢p)] (14)

Where Z:e and Zin is the real and imaginary part, respectively. The reason that impedance is written as a
function of frequency and not time is explained below. By using the fact that impedance can be expressed
in complex form, data can be plotted in Nyquist diagrams and Bode plots. It follows from equation (14)
that when the phase angle is zero, the expression for impedance simplifies to:

Z(®) = Zye (15)

.e impedance is only real for a phase shift of zero. As has been mentioned, the only charge impeding part
of impedance giving rise to zero phase shift is the resistance. In other words, resistance makes up the
real part of impedance. [49], [50]

For solid electrolyte materials, impedance is usually measured by applying a known current or voltage to
a cylindrical sample via two electrodes in contact with the faces of the sample. The resulting voltage or
current is then measured across a wide range of frequencies. Different atmospheres can be used, such as
argon, oxygen, vacuum or water vapor, depending on the experiment and what is to be investigated. The
sample response to the electrical stimulus depends on both external factors such as the atmosphere or
temperature and internal or material factors, such as the microstructure. The response of a complex
system, including capacitive and inductive elements, to an applied electrical signal can be represented by
an equally complex system of time-dependent equations describing the behavior of these elements. By
Fourier transformation these equations can be simplified by transformation into the frequency domain,
which alleviates the problems of overburdening mathematical complexity. Impedance can therefore be
described in the frequency domain and can be measured as a function of frequency, as is often done. [49]

Looking at the Nyquist diagram below, one can get an indication of the information that can be extracted
from an impedance measurement.
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Figure 9. A schematic figure showing the typical appearance of a impedance spectroscopy Nyquist diagram. This specific diagram
is from an analysis, in another study, performed on a BaTiosInoe.503-s sample. Adapted from [6] with permission.
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The behavior of the material may be modeled by an equivalent circuit, containing different elements such
as capacitors and resistors, which can fit the observed data. The different circuit elements should all be
related to physiochemical characteristics of the material so that specific system responses, such as a
display of a high capacitance at high frequencies, for example, can be correlated to a property of the
system, such as grain boundary conduction. By performing the experiment at different temperatures, a
multitude of semicircles will be displayed, like those in the figure above, due to different system
responses a different temperatures. By taking the right-most x-axis intercept (i.e not the origin intercept)
of these semicircles values for the resistance can be collected and the corresponding conductivity plotted
against temperature. [49], [50]

As has been mentioned previously, proton conduction generally reaches a maximum at a specific
temperature and then decreases with temperature. There are other species that can be conducted
through oxygen deficient perovskites however, namely electron holes (p-type conduction) and oxide
ions. The conduction of these species generally increases with temperature and contribute to the total
conductivity which could lead to false conclusions regarding proton conductivity at high temperatures. A
way to avoid this is to employ methods to firstly confirm the existence of proton conduction in the
material and secondly to separate it from the conductivity contributions of other species. One method is
to, through impedance spectroscopy, study the so called isotope effect where the protons are replaced by
deuterons in the material. Deuterons are heavier than protons and therefore have a lower frequency of
oscillation between oxygen atoms during conduction which in turn leads to a decrease in the
conductivity. This method can be used to verify the existence of proton conduction because the
difference in conductivity can be measured by impedance spectroscopy. Further confirmation of material
protonation can be done by performing TG analysis in order to study mass losses of water that can
confirm the existence of protons in the material. To differentiate between proton conduction and other
types of conduction, the conductivity can be measured by impedance spectroscopy in different
atmospheres, during both heating and cooling cycles. A dry atmosphere should result in the material
exhibiting a lower conductivity than it would in a wet atmosphere as the wet atmosphere increases the
amount of protonic defects in the material, as previously seen in equation (4) and as illustrated in figure
10 below. [6], [18], [24]
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Figure 10. An illustrative plot of the temperature dependence of the total conductivity of a proton conducting material during
cooling in two different atmospheres, dry and wet argon. Notice that the conductivity of the material in the wet atmosphere is
orders of magnitude higher than in the dry atmosphere. This specific plot is from an analysis performed on a BaTio.5Ino.s03-5
sample. Adapted from [6] with permission.

The material should also exhibit a characteristic conductive behavior leading to a higher conductivity a
low temperatures during the first heating cycle than during the subsequent cooling cycle, at low
temperatures, in a dry atmosphere. This is because during the heating cycle, the material is usually partly
hydrated and proton conduction is possible, while in the following cooling cycle the material has become
dehydrated as it has gone through the heating cycle. The conductivities at higher temperatures should be
virtually identical for the heating and cooling cycle because the sample is then dehydrated in both cases.
This behavior is illustrated in figure 11 below. [6], [18]
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Figure 11. An illustrative plot of the temperature dependence of the total conductivity of a proton conducting material during
heating and cooling in a dry oxygen atmosphere. Notice that the conductivity of the material during heating is orders of magnitude
higher than during cooling, at low temperatures, but identical at higher temperatures. This specific plot is from an analysis
performed on a BaTio.sInoe.s03-5 sample. Adapted from [6] with permission.
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As can be seen in the figure above, conductivity can be measured in different atmospheres besides argon
when using impedance spectroscopy. The reason for studying conductivity under an oxygen atmosphere,
and not only under an inert argon atmosphere, is to examine the p-type contribution to conductivity
using impedance spectroscopy. As the partial pressure of oxygen increases, the amount of electron holes
and their contribution to the total conductivity should increase, as can be seen in equation 16 below. [6],
[24]

Vs +20,(g) = OF +2h (16)

Where V" is a doubly positive vacancy situated at an oxygen site, OF is an oxygen atom of neutral charge
situated at an oxygen site and h' is an electron hole. It can be seen from equation 16 that if the oxygen
partial pressure increases, the number of oxygen vacancies decreases and so equation 16 is in
competition with the reaction described by equation 4. In other words, a high oxygen partial pressure
will favor p-type conduction over proton conduction. [6], [24]

3. Experimental method

The synthesis and characterization of the four sets of barium titanate based samples is described below.

3.1 Synthesis method

Four sets of samples were synthesized using the standard solid state reaction and sintering technique.
The first set consisted of one scandium doped and one indium doped barium titanate sample with the
chemical formulas BaTio3Sco.703-s and BaTio3Ino.703-5, hereafter denoted T-BTS70 and T-BTI70. These
samples were “trial samples” (hence the T-prefix) used for finding a suitable synthesis route that would
yield phase pure materials and for observing what relative densities that could be achieved without
further measures.

Another set, the second one of the four, also consisted of one scandium doped and one indium doped
sample with the same chemical formulas as above. These samples were synthesized after a satisfactory
synthesis route had been found for the first set of samples, for the purpose of using them in ceramic
processing techniques to investigate the impact on sample density. These samples are hereafter denoted
P-BTS70 and P-BTI70 (P for processing). The processing steps were to be performed before the samples
had reached a “dead” state, i.e with no more potential for sintering, but after the samples were deemed
pure enough. This was decided because it was hypothesized that the effects of the ceramic processing
steps wouldn’t be as great if the material could not sinter properly afterwards. At the same time, the
material had to be pure enough so that any increase in density could actually be correlated to the
perovskite part of the material and not to a large impurity phase. The P-BT170 sample reached this stage
after heating 2, at 1200°C, and so no further sintering steps were done before densification while the P-
BTS70 sample reached an acceptable purity after sintering at 1400°C. Two batches of these materials
were made. Initial analysis of the first batch revealed that processing route 2 yielded the most promising
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results and so a second batch was made to focus exclusively on this route in order to provide more
material for further analysis. The ceramic processing steps will be described in detail later on.

The remaining two sets of samples were synthesized in order to investigate how manipulation of the
basic chemical formulas of the first set of samples would affect the density and sintering behavior. One of
these sets incorporated both scandium and indium in the same sample, with two different ratios, their
chemical formulas being BaTio3Sco.35In0.3503-5s and BaTio3Sco.5Ino.203-5 hereafter denoted BTSI35 and
BTSI50 (the number corresponds to the fraction of scandium). The reasoning behind this was that in the
synthesis of the first set of samples, the indium doped variant was much easier to purify, i.e the pure
perovskite phase formed at a relatively low temperature, 1400°C. The scandium doped sample however
proved a much greater challenge and would not achieve phase purity even at 1550°C. By introducing
indium it was thought that the sample could achieve phase purity at a temperature lower than 1550°C. In
addition, the lower melting point of indium compared to scandium could help the sintering and thereby
the densification, see table 1 below.

The last set of samples incorporated tin by substitution of a fraction of titanium in the structure, the
reasoning behind this being that the low melting point of tin might help the sintering of particles during
heat treatment, yielding a denser material, see table 1 below. In addition, it was thought that it might
improve the hydration characteristics. The chemical formulas of the samples were BaSno.15Ti0.155¢0.703-s
and BaSno.15Tio.15In0.703-5, hereafter denoted BSTS70 and BSTI70.

Table 1. A list of the melting points of all reactants used during synthesis. All melting points are taken from the manufacturer
information on the corresponding container (see next table for reactant information including manufacturer).

Compound Melting point (°C)
BaCOs3 811

TiO: 1825

Sc203 2485

In203 1910

Sn0:; 1630

The same reactant powders were used for synthesis of all samples, except tin oxide which was naturally
only used for the BSTS70 and BSTI70 samples. Information regarding the reactants used for synthesis
can be found in the table below.
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Table 2. Information regarding purity, manufacturer and batch number for the reactant powders used for synthesis of the
different sets of samples.

Reactants used for synthesis

Reactant Purity Manufacturer Batch/lot nr. Used for (samples)

BaCO3 99.8 % Alfa Aesar H30X028 All

TiO2 99.8 % Sigma-Aldrich MKBQ4471V All

Sc203 99.9 % Alfa Aesar E11Y025 T-BTS70/P-
BTS70/BSTS70/BTSI35/BTSIS0

In203 99.99 % Sigma-Aldrich MKBL5705V T-BTI70/P-
BTI170/BSTI70/BTSI35/BTSI50

Sn0; 99.9 % Sigma-Aldrich 07112BH BSTS70/BSTI70

The synthesis procedure for all sets of samples was very similar and originated from the first draft that
emerged during synthesis of the first set of samples, T-BTS70 and T-BTI70. The first step was weighing
of stoichiometric amounts of the reactants, on a metal basis. The reactants were not dried before
weighing. After weighing, the powders were mixed and ground in a mortar with sporadic addition of
ethanol as needed for improved homogenization. The ethanol was then allowed to evaporate where after
the powder mixture was weighed. Following this initial mixing of reactants, the samples were subjected
to a stepwise synthesis procedure involving heating, grinding and pressing of the powders into pellets.

The mixing and grinding times for the first set of samples and the tin samples were identical. However,
when synthesizing the mixed Sc/In samples and the samples used for ceramic processing the reactant
mixing time was increased from 15 min to 20 min and the grinding times after each heating was
increased from 10-15 min to 25 min.

All samples were placed in alumina crucibles and subjected to thermal treatments at different
temperatures in both box and tube furnaces, from Entech and Lenton Thermal Designs respectively, as
the synthesis proceeded. The heating steps are summarized in table 3 below. Before every heating,
except the first, the powders were pressed into cylindrical pellets of 13 mm diameter using a manual
M30 press from Research and Industrial Instruments Company (England) and approximately 150 MPa of
pressure, to aid sintering. The pellets were weighed and their dimensions measured before and after
each sintering. The dimensions were measured using a Cocraft Digital Caliper to get precise dimensions
for density calculations. All sintering steps were performed in succession in the order that they are
displayed in the table below.
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Table 3. A summary of essential features for the heating/sintering steps performed during synthesis and phase purification.
Manufacturer of the

Heat Performed Target Target Ramp up Ramp Furnace
treatment on (sample) temperature dwell (°C/min) down type
(°C) (hours) (°C/min)

1 All 1000 12 3 5 Box furnace

2 All 1200 12 5 5 Box furnace

3a*1 All 1400 20 5 5 Tube

furnace

4a T-/P-BTS70 1500 20 2.5 2.5 Tube
/T-BTI70 furnace
/BSTS70

4b T-BTS70 1500 20 2.5 2.5 Tube
/BSTS70 furnace

5 T-BTS70 1550 24 5 5 Tube
/BSTS70 furnace

* 1 There was a second 1400°C treatment, referred to as 3b in this report, performed only one time on a BTI70 sample because phase purity hadn’t
been achieved in that case. This sample will be referred to as T-BT170 (batch 2).

The set of samples that were to undergo ceramic processing, P-BTS70 and P-BTI70, were synthesized in
the way that has been described with one big difference; for the P-BTI70 sample, ceramic processing
took place in between heating 2 and 3a (see table above) and for P-BTS70 between heating 3a and 4a.
The processing techniques used for the first batch were ball milling, cold isostatic pressing and
slipcasting, i.e processing route 1, 2 and 3 in figure 3, while for the second batch only route 2 was
employed. The samples of the first batch were divided into three subsets according to the processing
they went through, see table below. The first subset, which only went through CIP, consequently has the
prefix CIP- and suffix -D because it was pressed in a dry state. The second subset, which was ball milled
in addition to isostatic pressing, has the suffix -W as these samples were isostatically pressed while wet
with ethanol from the ball milling. The third and last subset has the prefix SC- as it was the only one
subjected to slipcasting. As has been mentioned, the second batch was subjected to ball milling and CIP
and so its samples will be denoted in the same way as those from batch 1 that underwent the same
treatment, with and added “(b.2)” at the end of the sample name.
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Table 4. A table showing the division of the P-BTS70 and P-BTI70 samples into subsets, classifying each subset according to the
ceramic processing techniques it was subjected to.

Subset nr. Sample Ball milling Cold isostatic  Slipcasting
pressing
Batch 1
1 CIP-BTS70- No Yes No
D/CIP-BTI70-D
2 CIP-BTS70- Yes Yes No
W/CIP-BTI70-
\WY
3 SC-BTS70/SC-  Yes No Yes
BTI70
Batch 2
1 CIP-BTS70-W  Yes Yes No
(b.2) /CIP-

BTI70-W (b.2)

All isostatic pressing was done using a press from Avure Autoclave Systems and 400 MPa of pressure,
using water as the pressurized medium, which was held for 30 seconds. Before the isostatic pressing, the
sample powder was pre-pressed into a cylindrical pellet of 12 mm diameter. This was done using a
manual press from NIKE Hydraulics and approximately 150 MPa of pressure where after the sample
pellet was vacuum packed in a balloon to protect it from the water during subsequent isostatic pressing.

The ball milling was done in two subsequent steps. First the samples were ball milled at 200 rpm for one
hour in a Retsch PM 400 planetary ball mill in approximately 3 ml of ethanol (50% ethanol and 50%
sample powder, by volume) and then ball milled further overnight at 50 rpm on a roller ball mill from
Heynau, again in ethanol. 30 g of 5 mm diameter zirconia balls were used for both ball milling sessions.
Following this, the formed slurry was allowed to dry in an oven at 40°C until it had formed a thick paste.
This paste was subsequently pressed in the same manner as described above, producing pellets of CIP-
BTS70-W and CIP-BTI70-W. Note that for batch 1, some of the slurry was not CIP:ed and instead used for
slipcasting, see below.

Most of the ball milled slurry was used for the slipcasting process, producing subset 3 of batch 1. Hollow
plastic cylinders were placed on a plaster brick and filled to the top with slurry. Thereafter a lid was
placed on top to ensure a slow and steady drying of the slurry through absorption of ethanol by the
plaster, avoiding rapid ethanol evaporation. Small amounts of the slurry were continuously added to the
cylinder until all the slurry had been used. It was then allowed to dry completely overnight forming two
pellets, SC-BTS70 and SC-BTI70, by sedimentation of the solid material.
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3.1.1 Hydration of samples

Hydration was carried out in a custom setup, using an Entech tube furnace connected to a heated flask of
water through which nitrogen gas was bubbled. The water was kept at a temperature of 60°C,
corresponding to an approximate water vapor pressure of 20 kPa, or 0.197 atm. The temperature in the
oven was ramped up 3.3°C/min to 800°C where it dwelled for 2 hours. The temperature was then
ramped down 3.3°C/min, in steps, dwelling for 2 hours each at the temperatures 600°C, 400°C and 200°C
until it was finally ramped down to 150°C and held there until the samples were removed from the oven.

3.2 Characterization methods

Characterization of the synthesized samples was done by powder X-ray diffraction, impedance
spectroscopy, thermogravimetric analysis and scanning electron microscopy. The principles behind
these techniques and how they were used in this study are described below.

3.2.1 Powder X-ray diffraction

The powder X-ray diffraction measurements were performed using a D8 Vario Advance Diffractometer
from Bruker AXS utilizing a copper X-ray source and a germanium monochromator to produce Ko X-
rays of wavelength 1.54056 A. The phase purity was checked after each sintering/grinding cycle using a
short 20 minute scan in the 26 range 20°-60° with 0.05° increments. To get data for Rietveld refinement a
long 10 hour scan in the 20 range 20°-100° was done with 0.01° increments. Rietveld refinement was
performed on two samples, CIP-BTI70-W and CIP-BTS70-W using the program GSAS. Structure data thus
obtained was then imported into the program VESTA for visualization of the crystal structure.

3.2.2 Impedance spectroscopy

Impedance spectroscopy was performed using a ProboStat measurement cell from NorECs, Norway
connected to a Solartron 1260 impedance spectrometer. Measurements were performed on one 11-12
mm diameter wet-pressed CIP pellets of BTI70 and two similar pellets of BTS70 which had been pre-
painted on both sides using a Pt ink (Pt ink 6926, Metallor, UK). The painted area was approximately 8
mm in diameter. The impedance was measured in three separate stages. The first stage was
measurement during a heating-cooling (HC) cycle in dry argon. The second stage was measurement
during cooling in wet argon and the third stage measurement during cooling in dry argon. The
temperature interval used for all three stages was 150-1000°C and the frequency range employed was
100mHz to 6MHz. The program Z-View was used to view and fit the obtained data. The equivalent circuit
used to evaluate the data consisted of a resistance and a constant phase element in parallel, further
connected in series to another parallel resistance and constant phase element.
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3.2.3 Thermogravimetric analysis and differential scanning calorimetry

TGA and DSC was performed using a STA 409 PC Luxx combined differential scanning calorimeter and
thermo gravimeter from NETZSCH. Between 100-150 mg of samples was used for each TG run and
placed in an alumina crucible. The analysis was performed in a nitrogen atmosphere with a flowrate of
20 ml/min. The measurement chamber was heated from room temperature to 1000°C at a rate of
15°C/min and held at this temperature for 30 minutes before termination.

3.2.4 Scanning electron microscopy

Scanning electron microscopy was done on the surface and fracture surface of a wet isostatically pressed
BTI70 and BTS70 pellet using a Phenom ProX desktop SEM utilizing a 10 kV accelerating voltage and pin
stub charge reduction sample holder for non-conducting samples.

4. Results

Results from synthesis, densification and characterization of the different samples are presented in the
following sections.

4.1 X-ray diffraction and structure analysis

A description of the results obtained by X-ray diffraction is presented below.

4.1.1 XRD on T-BTS70 and T-BTI70

For all four sets of synthesized materials, when looking at the 26-range of 20-60¢°, the perovskite phase
can be identified by the peaks at the approximate 20 values of 21°, 30°, 37.5°, 43°, 49° and 53.5°,
corresponding to d-spacing values of 4.225, 2.975, 2.395, 2.100, 1.857 and 1.711 A. Depending on
chemical modification of BTI70 and BTS70, the perovskite peaks may shift position to slightly higher or
lower d-spacings, as is the case for the tin and mixed Sc/In samples. This is discussed further at a later
stage.

X-ray scans of T-BT170 sample revealed a progressively purer perovskite phase as the sintering
temperature increased. This can be seen in figure 21 below, where the diffraction patterns obtained after
each sintering step are stacked on top of each other to show the progression of the perovskite
development. The most dramatic change towards a pure perovskite phase seems to happen during
sintering at 1200°C, with an improvement seen at 1400°C. It should be noted that during firing at 1500°C
the T-BTI70 pellet had melted and reacted with the crucible, thereby destroying the sample. Some
material could be scraped off and an XRD analysis revealed a multitude of phases comprised of mixed
species from both the sample and the alumina crucible.
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Figure 12. X-ray diffractograms of the T-BTI70 sample (left) and T-BTS70 sample (right), sintered at different temperatures. From
bottom to top, BTI70 was sintered at 1000°C, 1200°C, 1400°C and 1500°C while BTS70 was sintered an additional time at 1500°C
and once at 1550°C. Note that the sintering of BTI70 at 1500°C caused a reaction between the sample and crucible, which explains
the sudden appearance of a multitude of peaks.

Similarly to the T-BTI170 sample, the T-BTS70 sample displayed increased perovskite phase purity after
each successive heating. In contrast to the T-BTI70 sample however, the T-BTS70 sample did not melt or
react with the crucible at 1500°C. Instead, the phase purity increased compared to the 1400°C sample as
seen in the figure above. A second heating at 1500°C did not eliminate the remaining impurities,
identified partially as the barium deficient barium scandium oxide BaSc;04, and neither did the following
sintering at 1550°C. The impurities can be seen just to the right of the highest intensity peak, at a 26-
angle of roughly 31-32¢in figure 12 above.

4.1.2 XRD on BSTS70 and BSTI70

The development of the perovskite phase for the Sn-containing BSTI70 sample followed a similar path to
the T-BTI70 sample as can be seen in the left part of the figure below. The most drastic change seems to
take place at 1200°C, with improvements in perovskite phase purity when sintered at 1400°C.
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Figure 13. X-ray diffractograms of the two tin containing samples, BSTI70 (left) and BSTS70 (right), sintered at different
temperatures. From bottom to top the BSTI70 sample was sintered at 1000°C, 1200°C and 1400°C while the BSTS70 samples was
also heated two times at 1500°C and once at 1550°C.

The perovskite phase development of the BSTS70 sample shows many similarities to that of the T-BTS70
sample. The two samples seem to follow a similar path up until the first 1500°C heating, where the T-
BTS70 sample purity starts improving much more than that of the BSTS70 sample, se figure above. Phase
identification revealed the persistent impurity peaks of the BSTS70 sample to be barium deficient
scandium oxides, such as BaSc204 and BazSc409. The impurity peaks are clearly visible in the same 26-
range as for T-BTS70, i.e between 31-32°.

The results of the XRD can also be used to confirm the incorporation of tin in the perovskite structure.
This can be done by examining the peak shift of the BSTS70 and BSTI70 samples compared to the peak
positions of the T-BTS70 and T-BTI170 samples. For clarity, a zoomed-in part of an X-ray diffractogram is
shown in Figure 25 below, illustrating this shift for two different peaks at the approximate 20-values
43.1 and 53.5°.
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Figure 14. A zoomed-in X-ray diffractogram of the trial and tin containing samples sintered at 1400°C. BSTI70 = red line, T-BTI70 =

black line, BSTS70 = blue line and T-BTS70 = pink line. Note the shift towards lower 0-values (higher d-spacing) for the samples

with tin compared to those without, as well as the lower 0-values of the indium samples compared to the scandium samples.
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As can be seen in figure 14, the BSTS70 and BSTI70 samples (blue and red lines) have peaks shifted
towards lower 26-values in relation to the T-BTS70 and T-BTI70 samples (pink and black lines). Also
visible is the shift of indium-substituted samples towards lower 26-values compared to scandium
substituted ones. This can be explained by studying the table below. First and foremost, one can see that
replacing titanium with tin in the structure will most likely increase the unit cell dimensions, and hence
the d-spacing, since the ionic radius of Sn#*is larger than that of Ti#*. The peaks of a tin-substituted
sample should therefore be shifted to lower 26-values compared to a non-tin-substituted one, which is
what is observed. In addition, replacing scandium with indium in the structure should lead to a peak
downshift as the radius of indium is larger than that of scandium causing an increase in unit cell size and
d-spacing, with a lowering of the 26-values. This is also what is observed, as the T-BTI70 and BSTI70
sample peaks are shifted to lower 26-values in respect to those of T-BTS70 and BSTS70.

Table 5. A table displaying the ionic radii of the elements present in the assorted samples previously described. The oxidation and
coordination numbers are included to avoid confusion as the ionic radii depend on their values. [51]

Element Oxidation number Coordination number Ionicradius
(in the perovskite)

Ba 2 12 1.61 A

Ti 4+ 6 0.605 A

Sn 4+ 6 0.690 A

Sc 3+ 6 0.745 A

In Bi 6 0.800 A

0 2- 6 1.40 A
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4.1.3 XRD on BTSI35 and BTSIS0

The figure below belongs to the BTSI35 and BTSI50 samples which show a remarkable improvement in
phase purity at 1400°C compared to any BTS70-based sample, despite their relatively high scandium
substitution levels. The materials can be considered phase pure at this temperature and can therefore be
said to display a perovskite phase development behavior more akin to the BT170-based samples.
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Figure 15. X-ray diffractograms of the two hybrid Sc/In samples, BTSI35 (left) and BTSI50 (right), sintered at different
temperatures. From bottom to top, both samples were sintered at 1000°C, 1200°C and 1400°C.

Trying to confirm the presence of both indium and scandium in the mixed Sc/In samples, using the same
thought process as when confirming tin incorporation, one can look at the ionic radii of scandium and
indium. The larger radius of indium will lead to a larger unit cell and d-spacing, consequently leading to
lower 20-values.The less indium present in the perovskite, instead substituted with the smaller
scandium atoms, will lead to a gradual upshift of the diffraction peaks, which can clearly be seen in the
figure below.
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Figure 16. A zoomed in X-ray diffractogram of the trial and mixed Sc/In samples sintered at 1400°C. T-BTI70 = blue line, BTSI35 =

black line, BTSI50 =red line and T-BTS70 = green line. Note the increasing 20 angles with increasing scandium content and
decreasing indium content.

4.1.4 XRD on isostatically pressed BTS70 and BTI70

The results from performing XRD on the CIP samples, see figure below, show that both the CIP-BTI70-D
and CIP-BTI70-W sample were phase pure after sintering at 1400°C. Comparing this to the results of T-
BTI70, it cannot be said with any certainty if the ceramic processing aided the formation of a pure
perovskite as T-BTI70 also achieved phase purity at the same temperature.
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Figure 17. X-ray diffractograms of the CIP-BTI70 (left) and CIP-BTS70 (right) samples sintered at different temperatures. From
bottom to top the the CIP-BTI70 sample was sintered at 1000°C, 1200°C, 1400°C (pressed dry, CIP-BTI70-D) and 1400°C (pressed
as a wet paste, CIP-BTI70-W) while CIP-BTS70 was sintered at 1000°C, 1200°C, 1400°C, 1500°C (pressed dry, CIP-BTS70-D) and

1500¢°C (pressed as a wet paste, CIP-BTS70-W). Note that no ceramic processing took place until before the final sintering at 1400
and 1500°C, respectively.
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In the case of the CIP-BTS70 samples, see figure above, the cold isostatic pressing of the wet CIP-BTS70
sample seems to have had a profound impact on the perovskite phase development. In contrast to the T-
BTS70 sample, the CIP-BTS70-W sample has formed the pure perovskite after just one sintering at
1500°C. T-BTS70 was not pure even after two sinterings at 1500°C and one at 1550°C. CIP-BTS70-D,
however, did not display the same success as CIP-BTS70-W and has a phase development more akin to
the T-BTS70 sample.

4.1.5 XRD on slipcasted BTS70 and BTI70

The perovskite development of the slipcasted samples doesn’t differ in any significant way to that of the
trial samples. Examining the diffractograms of SC-BTI70, the only difference seems to be that phase
purity is achieved at 1200°C. Since the samples weren'’t slipcasted until just before the 1400°C sintering,
this can only be attributed to better sample preparation leading up to the 1200°C sintering compared to
the preparation of the trial samples.
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Figure 18. X-ray diffractograms of the slipcasted SC-BTI70 (left) and SC-BTS70 (right) samples, sintered at different temperatures.
From bottom to top the SC-BTI70 sample was sintered at 1000°C, 1200°C and 1400°C while SC-BTS70 was also sintered at 1500°C.
Note that no ceramic processing took place until just before the final sintering at 1400°C and 1500°C, respectively.

The appearance of the X-ray diffractograms belonging to SC-BTS70 is more or less identical to that of T-
BTS70. It is worth noting that the combination of ball milling and slipcasting (processing route 1), unlike
ball milling and cold isostatic pressing (processing route 2), did not help BTS70 achieve phase purity
when sintered at 1500°C. This will be considered in greater detail in the discussion section.
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4.1.6 XRD on hydrated samples

Small amounts of all four sets of samples were hydrated using the hydration oven detailed in the
experimental method section. By examining the XRD patterns of the BT170 based samples, see figure
below, it can be said that when purposefully hydrated the structure of all BT170-based samples
transformed from a cubic to a tetragonal perovskite. Although these patterns have not been properly
indexed for this study, a material almost identical to BT170, namely BaTio2Ino.803-5, has been reported to
adopt a tetragonal structure upon hydration, displaying an almost identical diffraction profile as the ones
seen below. For comparison, see [54].

Figure 19. X-ray diffractograms of the T-BT170 (top), BSTI70 (middle) and CIP-BTI70-W (bottom) samples. Hydrated = black line
and as-prepared = red line. The change in diffraction profile going from an as-prepared to hydrated material corresponds to a
change from a cubic to tetragonal perovskite.

To verify that the change in diffraction profile originated from hydration and not some other reaction,
the BTI70 based samples were subjected to XRD after dehydration in the TGA. All samples had then
reverted to their dehydrated form, displaying the same diffraction pattern as before hydration.

In contrast to the BTI70 based sample, the BTS70 based samples retained their cubic structure after
being subjected to extensive hydration, although perhaps with a small shift towards lower 20-angles, or
larger d-spacings, indicating an increase of the unit cell volume.
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Figure 20. X-ray diffractograms of the T-BTS70 (top), BSTS70 (middle) and CIP-BTS70-W (bottom) samples showing the
preservation of the cubic structure after hydration. Hydrated = black line and as-prepared = green line.

Much like the BTS70 based samples, the hybrid BTSI35 and BTSI50 samples did not change structure

upon hydration, although perhaps with some small shifts towards larger and smaller d-spacings,
respectively, see figure below.
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Figure 21. X-ray diffractograms of the BTSI35 (top) and BTSI50 (bottom) samples showing the preservation of the cubic structure
after hydration. Hydrated = black line and as-prepared = red line.
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4.1.7 Structure analysis

X-ray data from a CIP-BTI70-W and a CIP-BTS70-W sample, sintered at 1400°C and 1500°C respectively,
was used to obtain the structural parameters of BaTio.3Ino703-5 and BaTio3Sco.703-5. This was done
through Rietveld refinement using the program GSAS. [52] BTS70 was found to adopt a cubic perovskite
structure with space group Pm-3m and cell parameter a = 4.16334 A. BTI70 was found to belong to the
same space group, with a cell parameter of 4.20148 A. The uncertainties for the cell parameters were
estimated to approximately 0.00005 and 0.00002 A, respectively. The structural parameters obtained
through Rietveld refinement are summarized in the table below.

Table 6. A table summarizing the structural parameters obtained through Rietveld refinement of CIP-BTS70-W and CIP-BTI70-W
sintered at 1500°C and 1400°C, respectively. The values in parentheses are the estimated uncertainties and refer to the variance

of the last decimal in the reported value.

Sample BTS70 BTI70
Space group Pm-3m Pm-3m
Unit cell parameter (A) 4.16334(5) 4.20148(2)
Isotropic thermal parameter,

Uiso (AZ)

Ba(1/2,1/2,1/2) 0.0236(0) 0.0125(5)
Ti (0,0, 0) 0.0267(0) 0.0046(6)
ScorIn (0,0, 0) 0.0267(0) (Sc) 0.0046(6) (In)
0(0,0,1/2) 0.0146(0) 0.0065(18)
Site occupancies

Ba(1/2,1/2,1/2) 1 1

Ti (0, 0, 0) 0.3 0.3

ScorIn (0,0, 0) 0.7 (Sc) 0.7 (In)
0(0,0,1/2) 0.883 0.883
Distances (A)

Ba--0 2.94393 2.97090

Ti/(ScorIn) -0

2.08167 (Ti/Sc - 0)

2.10074 (Ti/In - 0)

Chi~2 18.04 16.43
Rwp (%) 7.51 8.32
Rp (%) 5.13 6.18
Number of refined 17 17
parameters

The difference plots obtained and used to evaluate the fit between the model and the observed data can

be seen in the figure below.
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Figure 22. The difference plots obtained by Rietveld refinement in the program GSAS for a CIP-BTS70-W and CIP-BTI70-W sample,
indicating the goodness-of-fit between the calculated data from the structural model and the observed data. The leftmost profile
belongs to BTS70 and the rightmost profile belongs to BTI70. Black crosses = observed data, red line = calculated data, green line =
modeled background, blue line = difference line.

Using the program VESTA, the crystal structure was visualized for both BaTio3Sco.703.5 and BaTio.3Ine.703-
5 as seen below. [53]

Figure 23. A figure showing the crystal structure of BTS70. Green = Ba, Blue = Ti, Purple = Sc, Red = O. Note that the fractional
occupancy of the (0, 0, 0) site by Sc and Ti is represented by those spheres being split into a blue part and a purple part
corresponding to the 0.3 and 0.7 fractional occupancy of Ti and Sc, respectively. The oxygen deficiency is portrayed similarly with
a fraction of each sphere being white, representing this deficiency.

Although not clearly visible in these two figures, there are subtle differences between the structures of
BTS70 and BTI70, stemming from the difference in unit cell dimensions which consequently leads to
different bond distances between, for example, barium and oxygen. It should also be mentioned that
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these figures are just a schematic representation of both structures and represent an average unit cell.
With such heavy substitution and large amount of oxygen vacancies there might be a larger degree of
randomness on the local atomic level than these figures suggest.

Figure 24. A figure showing the crystal structure of BTI70. Green = Ba, Blue = Ti, Orange = In, Red = 0. Note that the fractional
occupancy of the (0, 0, 0) site by In and Ti is represented by those spheres being split into a blue part and an orange part
corresponding to the 0.3 and 0.7 fractional occupancy of Ti and In, respectively. The oxygen deficiency is portrayed similarly with
a fraction of each sphere being white, representing this deficiency.

4.2 Thermogravimetric analysis, hydration and differential scanning calorimetry

The results from TG analysis will be presented in terms of onset- and inflection temperatures as well as
the percent hydration at different stages of the dehydration. The onset temperature is the temperature at
which the sample starts loosing mass while the inflection temperature corresponds to the temperature at
which the mass loss rate reaches its highest value. The percentage mass changes will also be displayed,
for completion more than anything. Since only the percentage mass change doesn’t provide a meaningful
base for comparison of samples with different chemical constitution, in terms of hydration, one should
look instead at the calculated values of hydration, displayed in the tables, whose values have been
calculated from the mass changes displayed in the figures.

4.2.1 Percent hydration of trial vs tin samples

Comparing the percent hydration of the hydrated and as-prepared, i.e non-hydrated, variants of the trial
and tin containing samples, see table below, shows that all samples hydrate to an extent during the
synthesis conditions, especially the scandium containing ones, and that the degree of hydration increases
after treatment in the hydration oven, in particular for the indium samples. A calculation example
showing how to obtain the percent hydration of a sample from the data of a TG analysis can be found in
the appendix.
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Table 7. The percent hydration of as-prepared (a.p.) and hydrated (hydr.) trial and tin samples, obtained through TG analysis.

Sample Percent hydration
Indium samples

T-BTI70 a.p. 24.5 %
T-BTI70 hydr. 90.8 %
BSTI70 a.p. 41.6 %
BSTI70 hydr. 99.8 %
Scandium samples

T-BTS70 a.p. 52.2 %
T-BTS70 hydr. 82.0 %
BSTS70 a.p. 63.0 %
BSTS70 hydr. 76.9 %

4.2.2 Comparison of the TG curves of hydrated trial and tin samples

Looking at the figure below, it is clearly visible that T-BTI170 and BSTI70 have both a lower onset
temperature and a lower inflection temperature than their scandium counterparts, indicating that the
protonic defects are less stable in these indium containing materials. However, these samples also
hydrate to a larger extent, looking at the table above, displaying very high hydration levels of above 90%
for T-BT170 and almost 100% for BSTI70. In addition to the high hydration level, BSTI70 also shows a
higher onset- and inflection temperature than its T-BTI70 cousin.

TG /%

100.0 1

Onset*: 177.7 °C Inflection: 283.0 °C

Onset*: 191.7 7 Inflection: 315.9 °C

99.5 1 Onset*: 2035 °
Onset*: 212.9 °C

Inflection: 332.6 °C
Mass Change: -1.99 %

Inflection: 358.7 °C
Mass Change: -2.04 %

99.01 Mass Change: -2.15 %’:
Mass Change: -2.22 %
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Figure 25. A figure showing the TG curves of T-BTI70 (blue), BSTI70 (purple), T-BTS70 (red) and BSTS70 (green). The indium
samples had been sintered at 1400°C while the scandium samples had been sintered at 1550¢°C.

Department of Chemistry and Chemical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2015 38



CHALMERS

Comparing T-BTS70 with BSTS70 shows that the addition of tin to the BTS70 perovskite seems to
stabilize the protonic defects in the material, as indicated by the slightly higher dehydration onset
temperature and much higher inflection temperature. Looking at table 7 above, in contrast to the effect
of tin on the initial hydration level of indium substituted samples, tin seems to lower the hydration level
of BSTS70 as compared to T-BTS70. It should be noted that both T-BTS70 and BSTS70 contained
impurities, which could affect the results and is elaborated on in the discussion.

In the figure below, the progression of dehydration is shown by the indicated hydration levels of the
different samples. These values have been calculated as a percentage of the initial hydration. These
results indicate, perhaps even more strongly than the onset- and inflection temperature, that the
scandium samples hold on to their protons to much higher temperatures. What is also apparent is the
effect of tin addition to these samples. The BSTS70 sample is still 20% hydrated at a temperature of
almost 570°C compared to 450°C for T-BTS70. Similarly, BSTI70 retains 20% hydration at just above
390°C, compared to BTI70’s 350°C.

TG /%
100.0 1

Sample 80% 50% 20%

80% hydration 80% hydration BTl 264C 302C 350C

99.51 80% hydration 80% hydration BTSI  281C 332C 393C

BTS 298C 347C 447C

99.0 1 50% hydration 50% hydration  BTSS  333C 419C 567C

50% hydration
ony I 50% hydration
98.5 1 .
20% hydration 20% hydration

20% hydration 20% hydration Mi
98.0 1 iy
[44]
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Figure 26. A figure showing the progression of dehydration for T-BTI70 (blue), BSTI70 (purple), T-BTS70 (red) and BSTS70
(green). The indium samples had been sintered at 1400°C while the scandium samples had been sintered at 1550°C. The table in
the upper right corner of the figure shows the temperatures at which each sample had reached 80, 50 and 20% hydration
compared to their initial hydration level.
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4.2.3 Percent hydration of trial vs mixed Sc/In samples

Examining the table below reveals that the hybrid samples have hydrated to a larger extent than both T-
BTS70 and T-BTI70, in both their as-prepared and hydrated form. If these values are representative, the
incorporation of both indium and scandium in the perovskite structure seems to have a synergistic effect
on the hydration level that can be obtained. It should be noted that the hydrated BTSI35 shows a
hydration of just above 100% which is not possible assuming the composition BaTio.3Sco.35In0.3503-5 is
correct, which the XRD scans indicate. In addition, the amount of impurities found from X-ray diffraction
are miniscule, or non-existent, and should not affect the hydration behavior to any large extent. A
possible explanation might be that the TGA correction run was done at the start of the study and never
renewed. Therefore the samples analyzed at the later stages of the study might have given results with a
larger error than those analyzed a few months earlier since the experimental conditions can change
slightly during such a time span. Another source of error might be contamination by dust, human hair or
other contaminants prior to TG analysis. Either way, the as-prepared BTSI35 shows that the sample has
the potential for extensive hydration, even at ambient conditions, something which is supported by the
results from its hybrid cousin, BTSI50.

Table 8. The percent hydration of as-prepared (a.p.) and hydrated (hydr.) trial and mixed Sc/In samples, obtained through TG
analysis.

Sample Percent hydration
Trial samples

T-BTI70 a.p. 24.5 %
T-BTI70 hydr. 90.8 %
T-BTS70 a.p. 52.2%
T-BTS70 hydr. 82.0 %
Hybrid samples

BTSI35 a.p 62.2 %
BTSI35 hydr. 100.4 %2
BTSI50 a.p 67.5 %
BTSI50 hydr. 99.0 %

* 2 The reason for the above 100% hydration is unknown. The amount of impurities in this sample is miniscule or non-existent on
XRD-scans and should not affect the hydration behavior. See paragraph above table 8 for possible explanations.

4.2.4 Comparison of the TG curves of hydrated trial and mixed Sc/In samples

Looking at figure 27 below, the hybrid samples BTSI35 and BTSI50 show an unexpected behavior,
displaying a lower onset temperature than both T-BTI70 and T-BTS70. It might've been expected for
these samples to have onset temperatures in between that of the trial samples, especially BTSI35 which
is essentially a 50/50 mix of both. The same expectation could’ve been valid for the inflection
temperature of these samples. Examining the figure it seems like both hybrid samples have values very
similar to T-BTI70, around 280°C, and far from that of T-BTS70 at over 330°C. In terms of when the
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samples start to dehydrate and when they experience the maximum rate of mass loss, scandium
incorporation in the structure therefore seems to have little impact on these hybrid samples.
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Figure 27. A figure showing the TG curves of T-BTI70 (blue), BTSI35 (black), BTSI50 (green) and T-BTS70 (red). The indium and
hybrid samples had been sintered at 1400°C while the scandium sample had been sintered at 1550°C.

The progression of hydration reveals that the samples stay hydrated at higher temperatures the higher
the scandium substitution level, as shown in figure 28. BTSI35 shows a dehydration behavior quite
similar to T-BTI, although with a greater ability to retain some of its protons, showing a hydration level of
20% even at 400°C compared to T-BTI’s 350°C. Following this trend BTSI50 shows further gains in
protonic stability, displaying a 20% hydration level at 429°C. It seems that the presence of scandium in
the structure of the mixed samples has no, or only a slight, effect on the ability of these materials to retain
high to intermediate levels of hydration, i.e 80% and 50%, but does cause an increase in the high
temperature stability of the remaining protonic defects compared to T-BTI70.
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Figure 28. A figure showing the progression of dehydration for T-BTI70 (blue), BTSI35 (black), BTSI50 (green) and T-BTS70 (red).
The indium and hybrid samples had been sintered at 1400°C while the scandium sample had been sintered at 1550°C. The table in
the upper right corner of the figure shows the temperatures at which each sample had reached 80, 50 and 20% hydration
compared to their initial value.

4.2.5 Percent hydration of trial vs CIP-W samples

Inspecting the table below it can be seen that the indium CIP-W sample reaches a higher hydration level
than its trial counterpart both in its as-prepared and hydrated state. The scandium CIP-W sample also
seems to hydrate to a larger extent when purposefully hydrated, although the as-prepared sample has a
slightly lower level of hydration.

Table 9. The percent hydration of as-prepared (a.p.) and hydrated (hydr.) trial and CIP-W samples, obtained through TG analysis.

Sample Percent hydration
Indium samples

T-BTI70 a.p. 24.5 %
T-BTI70 hydr. 90.8 %
CIP-BTI70-W a.p. 36.5%
CIP-BTI70-W hydr. 96.2 %
Scandium samples

T-BTS70 a.p. 52.2%
T-BTS70 hydr. 82.0%
CIP-BTS70-W a.p. 45.6 %
CIP-BTS70-W hydr. 97.1 %
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4.2.6 Comparison of the TG curves of hydrated trial and CIP-W samples

As seen in the figure below, the onset and inflection temperatures of both CIP-BTI70-W and CIP-BTS70-
W differ somewhat from their trial sample counterparts. It seems however, like the processed BTI70
sample resembles more closely its non-processed counterpart than does CIP-BTS70-W. This might stem
from the fact that T-BTS70 actually isn’t entirely phase pure and therefore the behavior of CIP-BTS70-W,
which is phase pure, might show somewhat more truthfully how a phase pure BTS70 does in fact behave
during dehydration than T-BTS70 does.

TG /%
100.0
99.5 Inflection: 275.0 °C
Inflection: 283.0 °C
Onset: 168.2° 3 .
Onset*: 174 7 °C —Inflection: 315.6 °C Mass Change: -2.04 %
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/ L. 0,
Onsett: 203 5 °C Mass Change: -2.22 %
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98.5
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Figure 29. A figure showing the TG curves of T-BT170 (blue), CIP-BTI70-W (pink), T-BTS70 (red) and CIP-BTS70-W (green). The
indium samples had been sintered at 1400°C while the scandium samples had been sintered at 1550°C.

Examining the figure below, the progression of dehydration for T-BTI70 and CIP-BTI70-W is quite
similar. The TG curves of T-BTS70 and CIP-BTS70-W also follow each other quite closely until about
375°C where the CIP-BTS70-W sample deviates from the expected curve and displays an increased
protonic defect stabilization compared to T-BTS70 at the higher temperatures. This is shown by the
remnant 20% hydration at 480°C for CIP-BTS70-W compared to T-BTS70’s 447°C. Again, this difference
might stem from the small impurity phases present in the T-BTS70 sample.

Department of Chemistry and Chemical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2015 43



CHALMERS

TG /%
100.0
Sample 80% 50% 20%
; BTI70 264C 302C 350C
09.51 80% hydration / 80% hydration
’ 80% hydration 80% hydration CIP-BTI70-W  248C 293C 348C
BTS70 298C 347C 447C
99.0- 50% hydration
' ; CIP-BTS70-W 288C 350C 480C
50% hydration—"_ —— 50% hydration
50% hydration
98.5;
20% hydration
20% hydration—— 20% hydration
[1.1]
98.0; —
T [2.1]
20% hydration/
975 ) [3.1]

100 200 300 400 500 600 700 800 900
Temperature /°C

Figure 30. A figure showing the progression of dehydration for T-BTI70 (blue), CIP-BTI70-W (pink), T-BTS70 (red) and CIP-BTS70-
W (green). The indium samples had been sintered at 1400°C while the scandium samples had been sintered at 1550°C. The table
in the upper right corner of the figure shows the temperatures at which each sample had reached 80, 50 and 20% hydration
compared to their initial value.

4.2.7 Results from differential scanning calorimetry

The study of the hydration thermodynamics of the synthesized materials is not part of this study and, as
such, no great focus will be directed towards analyzing the results from the differential scanning
calorimetry. However, to give an indication of the general hydration behavior of these materials, DSC
results from T-BTI70 in its as-prepared and hydrated form will be displayed, see figure below. The
appearance of the DSC curves of all other samples is similar, with different magnitudes of the
endothermic peaks.
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Figure 31. A figure showing the results from performing DSC on as-prepared (brown) and hydrated (blue) T-BTI70. The dotted
lines are the TG curves while the drawn lines are the DSC curves. The indicated area represent the endothermic peaks of the
hydrated and as-prepared samples.

As can be seen in the figure above, the endothermic peak of the hydrated T-BTI70 sample is more than
15 times as large as that of the as-prepared T-BTI70 in terms of area. To dehydrate 1 g of purposefully
hydrated T-BTI170, 47.4 ] is needed while only 3.08 ] is required for 1 g of as-prepared T-BTI70. This
confirms what was brought up in the theory section, namely that the hydration reaction is exothermic for
these types of materials and, thus, that their dehydration requires an input of energy.

4.3 Relative density

The relative densities achieved for all chemically modified and processed samples are presented below.
These values are always shown in relation to those of the trial samples, whose values are therefore not
presented in a section of their own.

4.3.1 Relative densities of tin samples

By measuring the dimensions and mass of the pellets after, ideally, every sintering step one can observe
how the density of the samples changes with each sintering step. Comparing this density with the
maximum theoretical density of the respective pure perovskite phase gives a value of the relative density
that has been experimentally achieved, as a percentage of the theoretical density. The theoretical density
can be obtained by calculating the weight of all the atoms in a unit cell and dividing this weight by the
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unit cell volume, obtained from the unit cell dimensions acquired through powder X-ray diffraction. A
calculation example can be found in the appendix.

Values for the relative density have only been calculated for those heating steps after which the
perovskite phase dominated the material makeup. As an example, sintering at 1000°C never yielded a
dominating perovskite phase for any BTS70 or BSTS70 sample and calculating a relative density for
those samples is therefore meaningless. For those samples which density calculations have been done,
some values have been excluded from the results section to improve clarity. However, all relative
densities are listed in the appendix.

Looking at the figure below it can be seen that the BSTS70 sample, i.e the tin incorporated sample,
displays a lower relative density than T-BTS70 for all sintering temperatures which suggests that tin has
a negative impact on the densification during sintering. While the density of T-BTS70 varies between 79-
85 %, the BSTS70 samples display values ranging from 76-78%.

The effect of tin incorporation on the relative

density of BTS70
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Figure 32. A figure showing the effect of tin incorporation on the relative density of BTS70 after the relevant sintering steps at
1500-1550°C.

Much like the BTS70 case, the incorporation of tin in BTI70 seems to lead to a lower density, although
perhaps with a less pronounced effect, see figure below. While T-BTI70 shows a density of almost 87 %
at 1400°C, that of BSTI is closer to 83%.
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The effect of tin incorporation on the relative
density of BTI70

100
90
80
70
60
50
40
30
20
10

Relative density (%)

1400

mT-BTI70 Tin-induced decrease

Figure 33. A figure showing the effect of tin incorporation on the relative density of BTI70 after the sintering at 1400°C.

4.3.2 Relative densities of mixed Sc/In samples

The figure below shows how the relative density of BTI70 seems to suffer from incorporation of
scandium in the perovskite structure, decreasing from almost 87% to roughly 82 and 80% for the BTSI35
and BTSI50 samples respectively.

The effect of mixed Sc/In ratio on the relative
density of BTI70

100
90
80
70
60
50
40
30
20
10

Relative density (%)

ET-BTI70 mBTSI35 Decrease M BTSI50 Decrease

Figure 34. A figure showing the effect of a mixed Sc/In ratio on the relative density of BTI70 after the sintering at 1400°C.

The relative densitites of these hybrid Sc/In samples are also lower than that of the T-BTS70 samples,
going from 85% to the values mentioned above for BTSI35 and BTSI50. It should be noted that T-BTS70
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was sintered at a higher temperature than the mixed samples and so a direct comparison of their relative
densities might not be completely straightforward.

The effect of mixed Sc/In ratio on the relative
density of BTS70
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Figure 35. A figure showing the effect of a mixed Sc/In ratio on the relative density of BTS70 after sintering. Note that the relative
density of T-BTS70 was calculated after sintering at 1500°C while the mixed Sc/In samples only needed sintering at 1400°C and
therefore have no relative density values after a 1500°C sintering.

4.3.3 Relative densities of isostatically pressed samples

4.3.3.1 First batch of CIP samples

Looking at figure 36, both CIP BTS70 samples show an increased density compared to T-BTS70. The
improvement is most pronounced for the sample pressed as a wet paste, i.e CIP-BTS70-W, displaying a

relative density of almost 93 %. The samples pressed dry shows only a marginal improvement over T-
BTS70, 86% compared to 85%.
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The effect of CIP on the density of BTS70 (first
batch)
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Figure 36. A figure showing the effect of cold isostatic pressing on the relative density of BTS70 after sintering at 1500°C.

Similarly, the CIP samples of BTI70 show a very marginal increase in density for the dry pressed sample,
while the wet pressed sample displays a much larger increase from 87 to above 100%. It is obviously not
possible to get a higher density than the maximum theoretical value. The fact that CIP-BT170-W seems to
achieve just this is most probably due to a small measurement error when measuring the dimensions of
the pellet, which was slightly non-uniform in shape.

The effect of CIP on the density of BTI70 (first
batch)
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Figure 37. A figure showing the effect of cold isostatic pressing on the relative density of BTI70 after sintering at 1400°C. Note that

the relative density of CIP-BTI70-W slightly exceeds 100% which most probably is due to a small measurement error as the pellet
was somewhat non-uniform in shape.
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4.3.3.2 Second batch of CIP samples

The second batch of CIP samples shows a diversity in the results, indicating that cold isostatic pressing is
not an infallible technique when trying to produce dense samples. While pellet 1 displays a similar
increase as the first batch sample, from 85 to almost 91 %, the second and third pellet show a decrease to
83 and 79%), respectively. A likely explanation could be the fact that, when pre-pressed, it was noted that
pellet 2 and 3 were pressed in a much wetter state. It was observed that ethanol seeped out of the sides
of the press during pressing, something which did not happen for the first pellet. It might be that too
much ethanol present in the pellet hinders extensive pore collapse during subsequent isostatic pressing,
resulting in less dense green pellets. Consequently, the sintered pellets have a harder time achieving high
density. Further support for this hypothesis can be found when looking at the success of the second batch
of CIP BTI70 pellets which, although wet, were noted to be drier than the CIP BTS70 samples when
pressed.

The effect of CIP on the density of BTS70 (second

batch)
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B T-BTS70 u C[P-BTS70-W B.2 #1 ® #1 improvement
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#3 Decrease

Figure 38. A figure showing the effect of cold isostatic pressing on the relative density of BTS70 after sintering at 1500°C. Note that
three different pellets were processed, denoted #1, #2 and #3 in the figure.

Unlike the second batch of CIP BTS70 samples, the CIP BTI70 samples all display a large increase in
density compared to T-BTI70, from 87 to 98% (for both pellet 2 and 3). Note that pellet 1 is not included
as it was found to be misshaped after pressing.
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The effect of CIP on the density of BT170

(second batch)
100
<
S 80
2
2 60
[}
o
o 40
=
T
< 20
2
0
1 2 3
mT-BTI70 H CIP-BTI70-W B.2 #2 @ #2 improvement

m CIP-BTI70-W B.2 #3 ® #3 improvement

Figure 39. A figure showing the effect of cold isostatic pressing on the relative density of BT170 after sintering at 1400°C. Note that
three different pellets were processed and that pellet #1 was misshaped and therefore not used for calculations. The two
remaining pellets are denoted #2 and #3 in the figure.

4.3.4 Relative densities of slipcasted samples

Looking at the results from slipcasting it seems like there is potential for achieving high densities, as
demonstrated by SC-BTI70 which has a relative density of 93% compared to the 87% of T-BTI170. In
contrast the SC-BTS70 sample shows a decrease in relative density, going from 85% for T-BTS70 to 71 %
which is the lowest value of all processed samples. The explanation for this result is likely very
straightforward. As has been explained, the slipcasting process relies on sedimentation of particles and
absorption of the suspension liquid, i.e ethanol in this case, by plaster. It was observed that the ethanol
was absorbed much faster by the underlying plaster of the BTS70 sample which meant topping of the
suspension being casted became a micromanagement issue. At times, the BTS70 suspension had nearly
dried out before being topped of and so layers of sedimented material formed, instead of a non-layered
homogeneous pellet. This was clearly visible after the final drying overnight as the SC-BTS70 sample was
layered to a much greater extent than SC-BTI70. When sintered, this would very likely have had a large
negative impact on the densification.
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The effect of slipcasting on the relative density
of BTS70 and BTI70
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Figure 40. A figure showing the effect of slipcasting on the relative densities of BTI70 and BTS70 after sintering at 1400 and
15000C, respectively.

4.4 Impedance spectroscopy

The results from impedance spectroscopy, performed on select CIP pellets, are presented below. It must
be said that the data was quite difficult to interpret and in order to obtain accurate estimates of the
conductivity as a function of temperature a more detailed analysis should be performed. Only part of the
data has been used because of the difficulties evaluating the low and high temperature data and
conductivity values have therefore been calculated for the intermediate temperatures of 350, 450 and
550°C. Conductivity will be displayed in logarithmic form to facilitate comparison with other studies and
refers to the total conductivity of the sample, since the contributions from the bulk and grain
conductivity could not be separated.

Relevant dimensions of pellets and their electrodes can be found in the appendix, as well as a calculation
example showing the procedure for obtaining the conductivity and activation energy for a specific
sample.

4.4.1 Raw data — Nyquist plots

To illustrate the typical appearance of the data, and the fitting using the equivalent circuit described in
the method section, two Nyquist plots from the impedance spectroscopy performed on pellet 1 of the
BTS70 CIP samples are shown in the figure below.
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Figure 41. A figure showing the typical appearance of the results from impedance spectroscopy performed on the pellets of BTS70
and BTI70. To the left, BTS70 (pellet 1) analyzed in dry argon with the red line corresponding to 350°C and the black line to 450°C.
To the right, the same pellet analyzed in wet argon with the red line corresponding to 350°C and the black line to 550°C.

As can be seen in the figure above, the resistance, i.e the value of the x-axis intercept, decreases as the
temperature is increased. What is also clearly visible is the massive decrease in resistance when looking
at the wet run compared to the dry run. The equivalent circuit used to evaluate the data consisted of a
resistance and a constant phase element in parallel, further connected in series to another parallel
resistance and constant phase element.

4.4.2 Conductivity during the heating-cooling cycle

Beginning with the BTS70-based samples, impedance spectroscopy was performed on two CIP-BTS70-W
pellets from batch 2, namely pellet 1 and 3, in order to see if the higher density of pellet 1 would have any
effect on the conductivity. The results will, of course, also be compared with the values found in
literature, in the discussion section. The conductivity as a function of inverse temperature is shown in the
figures below. Looking at the figure below, belonging to pellet 1, it can be seen that the conductivity of
the heating run is higher than the cooling run during the combined heating-cooling (HC) cycle in dry
argon, as is expected because the samples have likely hydrated before the heating run analysis while they
are dehydrated during the subsequent cooling run. The reasons behind the general appearance of the HC
conductivity graphs will be brought up in the discussion section, along with comparisons with
conductivity values obtained in other studies.
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Conductivity of BTS70 during HC cycle
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Figure 42. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-BTS70-W (pellet 1) during a
heating-cooling cycle in dry argon.

Looking at the same graph for pellet 3 the appearance is virtually identical, see figure 43. For any give
temperature during the heating-cooling cycle, the conductivities of pellet 1 and 3 match closely. Again,
the heating cycle gives conductivities between one and two orders of magnitude larger than the cooling
cycle because of the protons present in the material during heating.

Conductivity of BTS70 during HC cycle

(pellet 3)
-2
-2,5
-3
— — ——Dry Ar
= 3,5 Heating
E 4
> Dry Ar
T 4P Cooling
@
2 -5
-5,5
-6
1 1,2 1,4 1,6 1,8 1000/T [1/K]

Figure 43. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-BTS70-W (pellet 3) during a
heating-cooling cycle in dry argon.
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Examining the temperature dependence of the CIP-BTI70-W pellet’s conductivity (pellet 3), see figure 44,
it looks quite similar to the BTS70 samples, although it shows a slightly lower conductivity at the higher
temperatures during the heating run than the BTS70 samples.

Comparing the heating and cooling cycles of the BT170 sample reveals higher conductivities during
heating than during cooling. It should be noted that only one BTI70 pellet was analyzed because two out
of three pellets had virtually the same relative density, the third being too non-uniform to measure the
dimensions accurately. Therefore, the conductivity results will later be compared only with values found
in literature.
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Figure 44. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-BTI70-W (pellet 3) during a
heating-cooling cycle in dry argon.

4.4.3 Conductivity during the wet and dry cooling

The same pellets subjected to the HC cycle were also subjected to cooling in wet and dry argon. Looking
at the results for pellet 1 of the BTS70 CIP sample, shown in figure 45, the effect of the wet atmosphere
on conductivity is apparent, yielding conductivities two orders of magnitude higher than in the dry
atmosphere, indicating a large amount of proton conduction in the wet atmosphere.
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Conductivity of BTS70 during wet and dry cooling
(pellet 1)
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Figure 45. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-BTS70-W (pellet 1) during
cooling in wet and dry argon.

Examining figure 46 below, the conductivity values displayed by CIP-BTS70-W pellet 3 for the standalone
dry cooling are much too high to be plausible. Comparing it to all other dry cooling runs (both during the
HC cycles and during the standalone dry cooling) on all pellets, it is around two orders of magnitude
higher, which is unreasonable. It is especially strange considering that the HC cooling run on the same
pellet produced much more plausible results, in line with those obtained for the other samples, as shown
in the figure below. It might be that the wrong atmosphere was used, i.e a wet argon atmosphere instead
of a dry one, since the supposed dry run produces almost identical results to the wet run.
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Figure 46. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-BTS70-W (pellet 3) during
cooling in wet and dry argon.
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Looking at the CIP-BTI70-W sample, the wet run once again produces higher conductivities than the dry
run, see figure 47. Comparing the BTI70 sample with the BTS70 samples, it shows a lower conductivity
than them during the wet run. In contrast, the dry run shows similar conductivity at the higher
temperatures although with a sharper decrease in conductivity as the temperature is lowered compared
to the BTS70 samples.

Conductivity of BTI70 during wet and dry cooling
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Figure 47. A figure showing the dependence of total conductivity on (inverse) temperature for CIP-BTI70-W (pellet 3) during
cooling in wet and dry argon.

4.4.4 Activation energies

The activation energies calculated from the slope of Arrhenius plots, constructed from the data obtained
through impedance spectroscopy, are displayed below for all analyzed samples. In addition, the quality of
the linear fitting of the curve will be presented in terms of a factor, R2. R determines the quality of the fit
between the linear regression model and the observed data points, the mathematical basis of which can
be found in literature on statistics. Suffice to say, it relates the variance between the observed data and
the modeled data to the variance within the observed data set.
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Table 10. A table showing the activation energy for all three sample pellets analyzed using impedance spectroscopy, during the
different heating and cooling cycles. The R2-factor is also included to judge the quality of the linear fitting.

Sample Cycle Activation energy (eV) R?
CIP-BTS70-W HC Heating/Cooling 0.12/0.62 0.9962/0.9998
#1

Dry cooling 0.48 0.996

Wet cooling 0.21 0.9957
CIP-BTS70-W HC Heating/Cooling 0.17/0.61 0.969/0.9959
#3

Dry cooling 0.38 0.9875

Wet cooling 0.31 0.9545
CIP-BTI70-W HC Heating/Cooling 0.18/0.92 0.9917/0.999
#3

Dry cooling 0.73 0.9952

Wet cooling 0.25 0.9717

As can be seen in the table above the activation energy for dry cooling is always higher than that for wet
cooling for each respective sample, indicating oxygen ion conduction as opposed to proton conduction. It
should be mentioned, however, that the activation energies for the wet cooling and dry heating in this
case are not truly meaningful for reasons brought up later, in the discussion section.

4.5 Scanning electron microscopy

In order to analyze the microstructure of selected processed samples, and give an indication of the
correctness of the calculated relative densities, SEM was done on a CIP-BTI70-W and CIP-BTS70-W pellet
from the second CIP batch. The BTI70 pellet had a density of approximately 98% while the BTS70 pellet
had a density of nearly 84%.

Looking at the SEM pictures below of the surface of the BT170 and BTS70 pellets, a distinct difference in
microstructure can be seen. Firstly, the BTS70 pellet shows a more porous surface than the BTI170 pellet.
In addition, the grain size is much smaller for BTS70 than BT170, around 2pm compared to
approximately 10pum. Furthermore, there are strange plate-like structures protruding from the BTS70
surface, approximately 10pum in diameter, whose origin and cause is unknown at present but discussed
briefly later on.
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Figure 48. A figure showing two SEM pictures of the surface of a CIP-BTS70-W pellet (left) and a CIP-BTI70-W pellet (right). Note
that the left figure has a 10um scale for reference and the right picture an 8pum scale for reference.

Examining the SEM pictures of the fracture surface of the aforementioned pellets confirms the porous
nature of the BTS70 pellet and the successful sintering and densification of the BTI70 pellet, see below.

(right). Note that both pictures have a 10pum scale for reference.
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5. Discussion

The results from XRD, TGA, impedance spectroscopy and SEM as well as the results regarding relative
density are discussed in the following sections.

5.1 Perovskite phase development

The development of the perovskite phases of the different synthesized samples is discussed below, with
references to the observed mass and volume losses which can be found in the appendix.

5.1.1 Trial samples vs tin samples

Comparing the results of X-ray diffraction between the different BT170-based samples shows that all
samples seem to achieve phase purity at 1400°C, displaying peaks corresponding to the perovskite
phase. The most dramatic change from a multiphase material to a near pure perovskite occurs when
sintered at 1200°C, irrespective of processing or addition of tin. The BTS70-based samples proved harder
to purify, because although the processed BTS70 samples achieved phase purity after one sintering at
1500°C, the T-BTS70 and BSTS70 samples still retained impurities after two treatments at 1500°C and a
treatment at 1550°C.

The impurities of the T-BTS70 sample were difficult to identify, made up of many low intensity peaks
that matched the profile of barium deficient barium scandate. It is likely that one or several stable phases
formed during high temperature sintering, perhaps owing to barium evaporation. Like T-BTS70, the
sample of BSTS70 showed remnant impurities, although of a higher intensity, consisting of impurity
phases identified as barium-deficient barium scandates, again indicating a potential loss of barium at the
highest sintering temperatures. BSTS70 also show much larger mass losses at the higher sintering
temperatures, see appendix, which increase considerably after the first 1500°C heating. The reason for
the more prominent impurity phase and the larger mass losses of BSTS70 might be that the
incorporation of tin in the perovskite structure, substituting titanium, reduces the stability of the A-ions
(i.e Bain this case) reducing the energy needed for them to escape the perovskite. Support for this can be
found in literature. It has been suggested that large B-cations, being poorly compatible with the
perovskite structure, will decrease the thermodynamic stability of the material. Looking at table 5 it can
be seen that the ionic radius of tin is indeed larger than that of titanium, which it substitutes in the
structure. If tin, being a large B-cation, would lower the thermodynamic stability of the material, an
increased loss of barium at higher temperatures could be expected and is also what is observed.
Furthermore, comparing the mass loss of BSTS70 with that of T-BTS70, which does not have tin in its
structure, at the higher temperatures indicates that the incorporation of tin is in fact the reason behind
these large mass losses. [21], [55]

In contrast to the detrimental impact of tin on the perovskite development of BTS70, the BSTI70 sample
proved just as successful as its T-BT170 cousin, achieving phase purity after sintering at 1400°C. The
lower melting point of the indium oxide compared to scandium oxide seems to make a great difference in
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the preparation of a pure barium titanate based perovskite. Adding tin seems to have adverse effects on
the scandium containing samples, aggravating the purifying procedure, while the indium containing
samples does not suffer from the introduction of tin in the material, at least in terms of phase
purification. A plausible explanation is that since the scandium seems to need very high temperatures to
be fully incorporated into the perovskite, the addition of tin oxide exacerbate the situation by
substitution of the more temperature stable titanium oxide. When temperatures upwards of 1550°C are
reached, some of the tin has been lost and consequently the stoichiometric ratio necessary for formation
of the desired perovskite is shifted slightly. This could, in turn, lead to scandium forming other
compounds, i.e impurities. Indium oxide on the other hand does not need these high temperatures and so
the loss of tin is avoided.

5.1.2 Trial samples vs mixed Sc/In samples

The mixed BTSI35 and BTSI50 samples display, in principle, an identical perovskite phase development
to the BTI70 sample. In likeness to all BTI70 based samples, both BTSI35 and BTSI50 display a dominant
perovskite phase already at 1200°C which is not seen for any BTS70 sample. In addition they practially
achieve phase purity at 1400°C, with miniscule impurities for the BTSI50 sample perhaps owing to the
high scandium level in this sample. It can therefore be argued that the introduction of indium, even in the
ratio In/Sc =0.2/0.5, makes a very big difference in the perovskite development compared to BTS70. At a
ratio of 0.35/0.35, any likeness to the BTS70 perovskite development has all but disappeared and makes
it hard to even distinguish the X-ray diffractogram of the BTSI35 sample from that of a pure indium
doped BTI70 sample, apart from the shift of the peaks. The observed losses of mass and volume seem to
support these observations as the mixed Sc/In samples display hybrid-like behavior between that of
BTS70 and BTI70.

5.1.3 Trial samples vs processed samples

Comparing the non-processed T-BTI170 samples with the cold isostatically pressed samples, it can be

seen that while the dry pressed samples have not achieved phase purity at 1500°C the wet pressed
samples actually have, suggesting that pure BTS70 samples can be achieved after one heating at 1500°C if
the right preparations are made. Unsurprisingly, both the isostatically pressed BTI70 samples were
phase pure after sintering at 1400°C much like T-BTI170.

The reason that the CIP-BTS70-D samples were not phase pure after their 1500°C sintering in contrast to
the CIP-BTS70-W samples is probably due the effects of ball milling and cold isostatic pressing in
achieving a tightly packed material, optimized for reaction and sintering of the particles. In addition, the
fact that the slipcasted BTS70 sample, which was subjected to ball milling as well, did not achieve phase
purity after its 1500°C sintering indicates the deciding part that cold isostatic pressing has to play in
producing pure BTS70.

Department of Chemistry and Chemical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2015 61



CHALMERS

5.1.4 Suggested critical sintering temperatures

By looking at the phase development of all the samples it seems that the two critical temperatures for
forming a pure perovskite phase is 1400°C for indium doped samples and 1500°C for scandium doped
samples, the latter requiring proper preparations through e.g ceramic processing. The hybrid samples
BTSI35 and BTSI50 seem to behave more like BTI70 than BTS70 in terms of sintering, having a
perovskite forming temperature of 1400°C. The one sample that never reached phase purity was BSTS70
but it’s not unthinkable that it might have done, using the same successful processing route that
produced a pure BTS70 sample, i.e by ball milling and subsequent CIP:ing of the wet paste.

The fact that a sintering temperature of 1400°C and 1500°C seems critical in achieving a phase pure and
dense sample, for the respective sample types, is supported by the recorded volume losses, see appendix,
which show that the greatest volume loss takes place at these two temperatures for all samples. The only
exception is the BSTS70 sample after its first 1500°C sintering. However, since this sample also displays
an increasing amount of barium deficient impurities after its first 1500°C sintering, any large volume loss
could very well have been caused by loss of barium.

5.2 Hydration and dehydration behavior

The hydration and dehydration behavior of the different sample sets is discussed in the following
sections.

5.2.1 Trial samples vs tin samples

A summarizing table of some important results from TG analysis of the trial and tin samples, displayed
below, shows that the onset and inflection point temperature follows a trend, with the indium samples
having the two lowest onset and inflection temperatures, i.e they start to lose water at lower
temperature than the scandium containing samples. On the other hand, the indium containing samples
also display a higher hydration and consequently a larger proportion of their oxygen vacancies have been
filled during the hydration treatment.

Table 11. A comparison of the onset-, inflection temperature and initial hydration of the hydrated trial and tin samples.

Sample Onset temperature Inflection Sample hydration
(°C) temperature (°C)

T-BTI70 177.7 283.0 90.8 %

BSTI70 191.7 315.9 99.8 %

T-BTS70 203.5 332.6 82.0 %

BSTS70 2129 358.7 76.9 %

It should be noted, that the as-prepared samples of T-BTS70 and BSTS70 hydrated to a much larger
extent at ambient conditions than T-BTI70 and BSTI70, as shown in the result section. According to a
study on the hydration characteristics of indium and scandium substituted barium titanates, scandium
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containing samples should in fact have a higher hydration enthalpy and hydrate to a larger extent than
their indium counterparts, see [26]. The findings of that study show that the water uptake of BTS70 is
much higher than that of BT170 between 1000°C and 250°C. At 250°C and below however, the water
uptake of BT170 increases rapidly and the structure changes as it nears complete hydration, from a cubic
to a tetragonal perovskite. Hydration of BTI70 close to the hydration limit is therefore not a single-phase
reaction and the phase change might be what causes the increased water uptake. The XRD results of the
hydrated T-BTI70 sample shows the emergence of the tetragonal phase after hydration which isn’t
surprising considering that the last stage of the hydration treatment took place at 150°C. It might be that
T-BTI70 and BSTI70 show such large hydration levels compared to those obtained during ambient
conditions because of this phase change from cubic to tetragonal upon extensive hydration. [26]

The progression of hydration shows me interesting results, where the tin samples display a greater
ability to stabilize their protonic defects and therefore remain partly hydrated up to higher
temperatures, see the summarizing table below.

Table 12. A summarizing table showing the three different levels of remnant hydration for the hydrated trial and tin samples and
the corresponding temperature at which these hydration levels were reached during TG dehydration.

Sample 80% hydration 50% hydration 20% hydration
T-BTI70 264°C 302°C 350°C
BSTI70 281°C 332°C 393°C
T-BTS70 298°C 347°C 4470°C
BSTS70 333°C 419°C 567°C

In addition, something which has already been mentioned, the scandium samples stay hydrated up to
higher temperatures than the indium ones.

The fact that tin improves the high temperature remnant hydration goes against a correlation introduced
by Norby et. al, see [25]. The correlation presented predicts that the smaller the difference in
electronegativity between the A and B atom in an ABO3 perovskite the more negative the enthalpy of
hydration becomes. Looking at the table of electronegativity values below (Allred-Rochow scale), this
would suggest that Sn, with an electronegativity value of 2.0 compared to that of Ti, 1.5, would be
detrimental to the hydration thermodynamics of both BSTI70 and BSTS70 compared to T-BTI170 and T-
BTS70. The difference in electronegativity between Ba and Ti is 0.6 while that between Ba and Sn is 1.1.
In addition, the correlation predicts a large positive enthalpy of hydration for BTI70 because of the large
difference in electronegativity between Ba and In, which would not result in hydration behavior
displayed by T-BTI70. Instead, following from the correlation, the hydration of T-BT170 would increase
with temperature because of the endothermic hydration enthalpy. As noted by Bjgrheim et. al., see [26],
this correlation might be too simplistic and unsuitable for describing the hydration of these highly
substituted perovskites.
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Table 13. A table showing the electronegativity values of the constituent elements making up all samples synthesized for this
study. The electronegativity values are reported on the Allred-Rochow scale. Values taken from [56].

Element Electronegativity (Allred-Rochow scale)
Ba 0.9
Sc 1.4
Ti 1.5
In 1.8
Sn 2.0

The reason why tin improves the temperature stability of the hydrated BSTI70 and BSTS70 compared to
BTI70 and BTS70, respectively, might seem hard to explain based on the electronegativity hypothesis
presented above. However, even if the hypothesis would hold for high substitution levels, the discussion
above only looks at the enthalpy term of the expression of Gibbs free energy. To be complete, one must
also consider the entropy term which is likely affected, one way or another, by the introduction of tin in
the BTS70 or BTI70 structure. As an example, it could be that the introduction of tin affects the degree of
disorder among the oxygen vacancies and how this disorder changes during hydration, which in turn
would have an impact on the entropy change during hydration and dehydration. Examining the results
from [26] concerning hydration thermodynamics, it can be seen that both the enthalpy and entropy
change of the hydration reaction of BTS70 and BTI70 are negative. In other words, for a given exothermic
hydration reaction a smaller negative entropy change, giving a smaller positive —-TAS term in the
expression for Gibbs free energy, will mean that higher temperatures can be reached before dehydration
is favored over hydration. It might be that the introduction of tin achieves this, in some way, although no
explanation can be provided at this time.

5.2.2 Trial samples vs mixed Sc/In samples

By comparing and contrasting the results displayed in the two summarizing tables below, it could be
argued that the hybrid samples have gained some positive characteristics from both purely indium
substituted and purely scandium substituted barium titanate. Although they display low onset and
inflection temperatures, akin to those of T-BTI70, they have simultaneously gained the trait of extensive
hydration when purposefully hydrated, much like T-BTI70. The scandium present in these hybrid
samples also seems to prevent the samples from turning into a tetragonal perovskite. This is of course
very important if these materials are to be used as solid electrolytes in future fuel cells. A material which
changes its crystal structure upon hydration will most likely not be mechanically stable as a fuel cell
electrolyte since phase changes could cause internal strains in the material, producing cracks or other
defects.
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Table 14. A comparison of the onset-, inflection temperature and initial hydration of the hydrated trial and hybrid samples.

Sample Onset temperature Inflection Sample hydration
(°C) temperature (°C)

T-BTI70 177.7 283.0 90.8 %

BTSI35 153.3 283.2 100.4%

BTSI50 153.4 280.9 99.0 %

T-BTS70 203.5 332.6 82.0 %

The presence of scandium also appears to provide the mixed Sc/In samples with an increased ability to
trap the protons present in the material, resulting in an increased temperature resistance in terms of
dehydration compared to T-BTI70, although it is still lower than that of T-BTS70, see table below.

Table 15 A summarizing table showing the three different levels of remnant hydration for the hydrated trial and hybrid samples
and the corresponding temperature at which these hydration levels were reached during TG dehydration.

Sample 80% hydration 50% hydration 20% hydration
T-BTI70 264°C 302°C 350°C
BTSI35 256°C 309°C 401°C
BTSI50 2570°C 314°C 4290°C
T-BTS70 298°C 347°C 4470°C

5.2.3 Trial samples vs CIP-W samples

Looking at the table below, it can be seen that the onset and inflection temperatures of both CIP-W
samples differ somewhat from their trial samples equivalents. Considering that the processed and non-
processed samples have identical chemical formulas, one might not expect any differences. As was
mentioned in the results section, however, the behavior of CIP-BTS70-W probably diverges from that of
T-BTS70 because of the impurities present in the T-BTS70 sample. Another explanation for the
dissimilarities is that when compared to those between the trial and tin samples, which are the most
chemically dissimilar sample sets in his study, the differences are quite small.

One might argue that the differences are quite small between the hybrid samples and T-BTI70 and T-
BTS70 also, even though they are chemically dissimilar. Shouldn’t the processed samples therefore
diverge less from the trial samples than the hybrid samples do? This is best answered by considering the
fact that the hybrid samples are, in fact, chemical mixtures of T-BTI170 and T-BTS70 and so it is expected
that some or all of their dehydration characteristics resemble either one of the trial samples, or both of
them.
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Table 16. A comparison of the onset-, inflection temperature and initial hydration of the hydrated trial and CIP-W samples.

Sample Onset temperature Inflection Sample hydration
(°C) temperature (°C)

T-BTI70 177.7 283.0 90.8 %

CIP-BTI70-W 168.2 275.0 96.2 %

T-BTS70 203.5 332.6 82.0 %

CIP-BTS70-W 183.0 316.6 97.1 %

The progression of dehydration for the CIP-W samples also seems to match the trial samples to a large
extent. There are some differences, mainly the temperature at which CIP-BTI70-W has lost 20% of its
water compared to T-BTI70. Another difference is the high temperature at which CIP-BTS70-W still
retains 20% of its water, 480°C compared to 447°C for T-BTS70. As has been mentioned, T-BTS70
contained impurities, which might affect the dehydration behavior. All in all, the processed samples seem
to display similar hydration and dehydration characteristics to their trial sample cousins, which is to be
expected considering they’re chemically identical.

Table 17. A summarizing table showing the three different levels of remnant hydration for the hydrated trial and CIP-W samples
and the corresponding temperature at which these hydration levels were reached during TG dehydration.

Sample 80% hydration 50% hydration 20% hydration
T-BTI70 264°C 302°C 350°C
CIP-BTI70-W 248°C 293°C 348°C
T-BTS70 298°C 347°C 4470°C
CIP-BTS70-W 288°C 350°C 480°C

5.3 Relative densities

The effect of the employed chemical modification and ceramic processing approaches on the relative
density of BTI70 and BTS70 is examined below.

5.3.1 Trial samples vs chemically modified samples

The densities of the trial samples T-BTS70 and T-BTI170 seem to agree quite well with the densities
achieved in previous studies, perhaps with some small improvements, see [6]-[7]. Comparing these
values with those of the tin and mixed Sc/In samples shows that while altering the chemical formula of
BTS70 and BTI70 might improve some characteristics of these materials, such the temperature at which
a pure material can be achieved, the relative density seems to suffer in all the studied cases.

Contrary to what was expected, the introduction of tin did not help the densification of either the indium
or scandium substituted barium titanate despite its relatively low melting temperature. In the BSTS70
case, in light of the discussion on the perovskite phase development, this might be related to the
thermodynamic instability introduced by tin. If tin does lower the stability of this particular barium
titanate structure, the sintering will likely be made more difficult, as small islands of barium deficient
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material form, interspersed in the developing BaSno.15Tio.155¢0.703-5 phase. It is not unthinkable that these
impurity phases might segregate to the surface of particles or aggregate in certain types of grain
boundaries, giving rise to different interfaces in the material that are unwilling to merge during sintering.
Looking at the BSTI70 sample, however, this explanation seems very unlikely as the material can be
considered phase pure from its XRD scans. There might therefore be other factors in play that prevent
the material from achieving a high density. One explanation that could apply to both tin samples is the
possibility that their mechanical properties differ from the trial samples’. When these tin containing
samples are ground in between sintering steps, for just as long as the trial samples even though they
might have an improved hardness for example, the resulting sample powder might not be as fine and
pose a hindrance to satisfactory sintering.

Looking at the hybrid samples it seems most fair to compare their densities with that of BT170,
considering they share the same final sintering temperature, unlike BTS70. It comes as no surprise that
the introduction of scandium hampers the densification of the BTI70 sample since the melting
temperature of scandium oxide is much higher than that of indium oxide, more than 500°C higher in fact.
Furthermore, it can be seen that the more scandium that is part of the structure, the less dense the
samples become, as illustrated by the declining trend going from BTI70 to BTSI35 to BTSI50.

5.3.2 Trial samples vs processed samples

It is no surprise that many of the isostatically pressed samples showed an increase in density compared
to their axially pressed counterparts. It has been shown that cold isostatic pressing can have large effects
on the green material density and the sintered material density by providing a better packing of particles
as well as inducing other changes such as breakage of aggregates. [31], [33] What is surprising is that the
dry pressed samples did not display as large an increase as one might expect, while the wet pressed
samples fared much better. Since the dry pressed powder did not display nearly as large an improvement
in density over the trial samples as the wet samples did, it seems that only performing cold isostatic
pressing is not enough.

The reason why the majority of the wet CIP samples display a much greater density than their dry
counterparts might be twofold. Firstly, the wet samples were ball milled which will likely have produced
a sample powder with a narrower particle size distribution. The dry pressed samples had only been
ground by hand using a mortar and pestle and not nearly for the same amount of time, 25 minutes
compared to 12 hours of ball milling. It has been suggested that a narrow particle size distribution aids
sintering kinetics as well as the densification of the material. Secondly, it could be theorized that pressing
the powder as a paste, i.e with ethanol, could aid particle packing by decreasing friction and aiding
interparticle slippage and particle rearrangement. This could produce a denser green material and
consequently a denser sintered material. As an example, the low pressures needed to achieve dense
materials during pressure slipcasting has been explained in this way and contrasted against the high
pressures needed for dry powder cold isostatic pressing, see [58]. [57], [58]

The relative densities achieved by slipcasting indicate that the technique has the potential to produce
highly dense barium titanate-based materials. However, as demonstrated by the results from the SC-
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BTS70 sample, the technique relies on good sedimentation characteristics to achieve these high
densities. When contrasting the relative density results against the results from XRD, it could also be
argued that cold isostatic pressing might be a superior technique compared to slipcasting, at least for
these materials. It seems that the act of isostatically pressing the wet powders improves the packing to
the point that all the material can react to form a pure BTS70 sample. It stands to reason that this
improved packing could also yield densities that cannot be matched by slipcasting alone. It should be
stressed however, that there are improved versions of slipcasting involving surfactants, binders and high
pressure which could likely produce samples of a very high final density after subsequent sintering.

5.4 Conductivities and activation energies

The results from impedance spectroscopy are considered below. The authors of study [8] have graciously
supplied raw data from the mentioned study to facilitate comparison between the BTS70 conductivities
reported there and the ones achieved in this study. Approximate BTI70 data has been gathered from
graphs presented in the study [26]. Much like in the results section, conductivities will be displayed in
logarithmic form to facilitate comparison with other studies and always refers to the total conductivity of
the sample, since the contributions from the bulk and grain conductivity could not be separated.
Consequently, only the total conductivities reported in other studies will be used for comparison.

5.4.1 Heating-cooling cycle

Looking at the graphs, in the result section, constructed from the heating-cooling cycle impedance data,
all samples show a very flat conductivity curve during heating. Comparing with previous studies, see [6]-
[8], it seems like both indium and scandium substituted titanates display a conductivity plateau between
approximately 300°C and 600°C, corresponding to inverse temperature values (in K1) of 1.8 and 1.15. In
other words, it is very plausible that the reason for the flat conductivity curve during heating of all three
pellets is the fact that these samples are in the conductivity plateau at the temperatures for which
reliable data could be extracted, i.e between 350 and 550°C. This is further supported by the results from
the subsequent dry cooling which displays a much steeper slope and no conductivity plateau in this
range, as is expected from theory and from examining the previous studies mentioned. As a consequence,
the activation energies calculated for the heating run are meaningless because the concentration of
protons changes in the material during the dehydration which, together with the increasing mobility of
the protons, is what gives rise to the plateau in conductivity.

To facilitate comparison between studies, impedance data on BTS70 from [8] have been incorporated
with that presented in the results section, and the resulting figure for the dry heating and cooling runs is
shown below.
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Comparison of BTS70 conductivity during HC cycle
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Figure 50. A figure comparing the dependence of total conductivity on (inverse) temperature for CIP-BTS70-W (pellet 1 and 3)
with a BTS70 sample from [8], during dry heating and cooling in argon. Note that no dry argon heating run was reported in [8].

Looking at the figure above and comparing the conductivities during the dry cooling run on CIP-BTS70-
W (pellet 1) with the results reported in [8], it is apparent that the conduction of other species than
protons is higher in the material produced in [8], at these temperatures. Assuming that the materials are
not hydrated to any meaningful extent at any point during this dry cooling, the only conduction is that of
oxygen ions and not protons unless the material analyzed in the mentioned study wasn’t dry before
analysis. Doing a comparison with another study, although on BTS50, the reported logarithmic
conductivity values in the same temperature range as the one considered in the present study, during
heating and cooling in dry argon, are around -4.5 for the heating stage and -5.0 to -4.0 for the cooling
stage. This matches with the values in the figure above quite well. Similarly, the activation energy of 0.63
eV, during dry cooling, matches very closely the value reported in [7] for a dry cooling run on a BTS50
sample in argon.

Examining the results from the CIP-BTI70-W sample by looking at the figure below, it can be seen that
the conductivity is markedly lower than that reported in study [26]. Much like for BTS70 above,
assuming the materials are dehydrated, it can be said that oxygen ion conduction seems to be higher in
the BT170 material of the mentioned study, in this temperature range.
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Comparison of BTI70 conductivity during HC cycle
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Figure 51. A figure comparing the dependence of total conductivity on (inverse) temperature for CIP-BTI70-W (pellet 3) with a
BTI70 sample from [26], during dry heating and cooling in argon. Note that no dry argon heating run was reported in [26].

The conductivity values found for CIP-BTI70-W also matches that of a previous study on a similar
material, BTI50. Reported values from this study, in the same temperature range, include a logarithmic
conductivity value of approximately -4.0 to -6.0 during cooling in dry argon. A comparative value for a
dry argon heating run has not been reported in that study. In the same study, an activation energy of 0.99
eV was reported for temperatures above 400°C, matching quite closely the value of 0.92 eV found in the
present study between 350 and 550°C.

5.4.2 Wet and dry cooling

The same reasoning that was applied to explain the flat conductivity curve of the heating cycle can also
be applied to the wet cooling cycle. As the sample is cooled in a wet atmosphere it should display the
same type of conductivity plateau as during heating from ambient conditions, owing to the protons
present in the material. The flat curves of the wet cooling runs on all analyzed pellets lie in the range
where the conductivity plateau can be expected to appear. The resulting calculated activation energies
will therefore, like for the heating cycle, be misleading.

Once again, to facilitate comparison, impedance data on BTS70 from [8] have been incorporated with
that presented in the results section, and the resulting figure for the wet and dry cooling runs is shown
below.
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Comparison of BTS70 conductivity during wet and dry
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Figure 52. A figure comparing the dependence of total conductivity on (inverse) temperature for CIP-BTS70-W (pellet 1 and 3)
with a BTS70 sample from [8], during wet and dry cooling in argon.

As can be seen in the figure above, hydrating BTS70 results in a massive increase in conductivity owing
to the contribution from the protons in the material. It could be argued that pellet 1 displays a somewhat
higher conductivity than pellet 3 in this specific temperature range, perhaps owing to the higher density
of roughly 91% compared to 80%. The exact density of the BTS70 sample analyzed in [8] is not reported,
instead a range of densities is given for all the analyzed samples of that study. The densities lie between
77 and 89%. If the specific BTS70 analyzed in that study was at the higher end of this range, it would lend
some support to the notion that an increase in density can yield slight improvements in conductivity.

Comparing the isostatically pressed BTS70 samples with a similar, but not identical, sample of BTS50
they display conductivities almost one order of magnitude higher than that reported in [7]. The reason
for the difference between the conductivity of the CIP pellets and that of BTS50 could be explained by
either the higher density of the CIP pellets or the fact that BTS50 and BTS70 are chemically different.
Most likely, a large part of the difference originates from the differing chemical makeup since the BTS70
pellet 3, whose density is not much higher than the reported BTS50 value, shows just as large a
difference in conductivity as between pellet 1 and BTS50. This is supported by the fact that a BTS70
sample should most likely display a higher proton conductivity than a BTS50 sample because of the
higher substitution level of scandium and consequently the larger amount of oxygen vacancies available
for protonic defect formation.

Examining the impedance results of CIP-BTI70-W, the large increase in conductivity going from a dry to a
wet argon atmosphere can be seen clearly. What is also visible is the shift towards higher conductivities
for both the dry and wet run performed in [26] compared to the present study. This is surprising,
considering that the relative density reported in the mentioned study was 80%, compared to the 98% of
the CIP-BTI70-W pellet. Possible reasons for this difference include differences in microstructure, the
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lack of reliable data and the difficulty with which it was evaluated. This will be elaborated on in the next
section.
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Figure 53. A figure comparing the dependence of total conductivity on (inverse) temperature for CIP-BTI70-W (pellet 3) with a
BTI70 sample from [26], during wet and dry cooling in argon.

Comparing the results with those on a BTI50 sample from [6], it seems the standalone dry cooling run
yields conductivities that match closely the logarithmic conductivity range -4.0 to -6.0 obtained in [6].
Similarly, the wet cooling run’s value of -3.3 is in good agreement with the value of around -3.5 obtained
at approximately 550°C in [6]. Assuming the data is reliable this difference in conductivity could stem
from either the higher density of the CIP sample, roughly 98% compared to 82%, or from the fact that
BTI50 is chemically different from BTI70, as discussed for the scandium samples above.

Looking at the activation energies it seem like the dry cooling run gives a reasonable value of roughly
0.73 eV, although it is quite a bit lower than the value of 0.92 eV obtained from the cooling run in the HC
cycle . Once again, the wet run also yields an unreasonably small value for the activation energy for
reasons which have already been explained.

5.4.3 Conductivity versus density

The reason why the conductivity of BTS70 and BT170 show only a slight, or no, dependence on density is
difficult to determine. Firstly, there are experimental factors to take into consideration. While
measurement of pellet dimensions is a quick and easy way of obtaining relatively accurate estimates of
volume, there are other approaches such as the Archimedean method that might have yielded more
accurate dimensions and consequently better density estimates. As a consequence of the measurement
errors, the calculated densities might be slightly different. This could mean that samples which,
presently, are deemed to have very different densities are in fact more alike in this respect than what
was thought. Subsequent analysis of these two chemically identical pellets with similar density would
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then yield similar conductivity data. In addition, as has already been mentioned, a large part of the
impedance data was difficult to evaluate and the conductivity results might not be completely reliable as
a consequence.

Apart from experimental error factors, there are many other factors affecting the total conductivity of a
sample, such as the microstructure of the sample or impurities present on the surface. Slightly different
conditions during some of the synthesis steps such as grinding, sintering and processing will affect the
final microstructure. Moreover, the samples with which the CIP samples are compared have not been put
through ceramic processing and their microstructure might be very different in comparison.

5.5 Microstructure

Looking at the SEM results, the lower relative density of the particular BTS70 pellet compared to the
BTI70 pellet is confirmed by the much greater porosity of the BTS70 pellet. In addition, the grain size of
the BTI70 pellet was much larger than that of BTS70 which consequently means less grain boundaries
and perhaps a lower grain boundary resistance, although confirmation of this cannot be found in the
impedance data as it could not be separated into the bulk and grain boundary contributions.

Regarding the unusual plate like structures protruding from the BTS70 pellet, it seems similar structures
were not found in previous studies, see [7] and [8]. These plates might therefore originate from the
differences in processing that the samples have been subjected to, compared to those in the mentioned
studies. It might also be that the plates are mainly made up of impurities, although the BTS70 sample was
found to be phase pure by XRD and the SEM images suggest that the extent of plate formation is quite
large, large enough to perhaps give rise to an impurity peak if that was the case.

6. Conclusions

It has been found that both BTS70 and BTI70 crystallize in the cubic Pm-3m perovskite structure which
in the case of BTI70 and BSTI70 transforms to a tetragonal structure when extensively hydrated. While
BTI70 was found to be phase pure after one sintering at 1400°C, pure BTS70 was harder to synthesize
and wasn’t made pure without the use of ceramic processing techniques and one sintering at 1500°C.
Without processing, BTS70 did not reach phase purity even after two sinterings at 1500°C and one at
15500°C. The introduction of tin had no effect on the ability of indium substituted barium titanate to
achieve phase purity, but aggravated the situation for the scandium doped counterpart, resulting in even
more pronounced impurities than for BTS70. The mixed scandium/indium samples both reached phase
purity at 1400°C, indicating that indium present even in small substitution levels can aid the perovskite
development of BTS70.

The relative densities of BTS70 and BTI170, i.e 85 and 87%, were improved upon by ceramic processing.
The highest densities were achieved through the combination of ball milling and cold isostatic pressing,
which produced BTS70 and BTI70 samples with relative densities as high as 93 and 98%, respectively. It
can be said with confidence that the densities of scandium and indium substituted barium titanates can
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be improved by the use of ball milling in combination with cold isostatic pressing. The use of slipcasting
has the potential to produce materials of high density but demands more optimization and
micromanagement to be a reliable alternative. Scanning electron microscopy, although only performed
on one wet pressed CIP-BTI70 and CIP-BTS70 pellet, gave an indication of the correctness of the
calculated relative densities and revealed a larger grain size of 10pum in the BTI70 sample compared to
the 2um of the BTS70 sample.

The chemical modification approach did not enhance the density of the samples, but did produce some
interesting results in terms of hydration. The incorporation of tin seems to stabilize the protonic defects
in both BT170 and BTS70, allowing them to remain partly hydrated to significantly higher temperatures,
as well as increase the extent of hydration for BTI70, though not for BTS70. In contrast, the mixed
scandium/indium samples achieved higher hydration levels than both BTS70 and BTI70. In addition, the
presence of scandium in these samples seems to help maintain remnant hydration up to higher
temperatures compared to BTI70 as well as prevent the transformation to a tetragonal perovskite when
extensively hydrated.

No definitive conclusions can be drawn on the impact of density on the conductivity of BTS70 and BTI70.
What can be said with relative certainty is that the conductivities achieved seem to be comparable to
those reported in other studies. Results from impedance spectroscopy, along with TG analysis, strongly
indicates the proton conducting nature of both BTS70 and BTI70 and that both materials are capable of
extensive hydration.

Future work

The most promising of the densification routes seems to be that involving ceramic processing and not
chemical modification. Therefore, further work focusing on just optimizing the cold isostatic pressing
approach seems reasonable. In order to examine if it's the pressing of the sample as an ethanol-
impregnated paste that has a dominating effect on the final density, and not the previous ball milling,
experiments involving ball milled and dried powders (instead of pastes) being put into a cold isostatic
press could be examined in the future. In addition, investigations into optimizing the slipcasting route
through introduction of binders and surfactants in the suspension would be prudent. Furthermore,
studies where the microstructure is investigated to a larger extent and optimized along with density
would perhaps give more control over the conductivity results.

Although the chemical modification approach did not yield samples with an improved density, it did
produce samples with interesting hydration characteristics. Further study involving the hybrid, or mixed,
scandium/indium samples and the tin substituted samples could reveal interesting hydration
thermodynamics that could be used improve the proton conducting behavior of these types of materials.
Understanding the underlying mechanisms behind the tin-induced improvements in temperature
stability could prove fruitful.
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Appendices

Appendix A — Calculations

Calculations that have been performed, using data and results obtained during the course of the study
and which aren’t considered trivial, are included in the sections below.

Al. Theoretical density

The theoretical density of a crystalline solid can be calculated by dividing the weight of the constituent
atoms of the unit cell with the volume of the unit cell, according to equation A1 below.

. _ Nexa [# atoms]*[:l‘zl] _ [# atoms]*[kg]*[mol] _ [kg] (Al)
Ptheoretical N a*Ve [# atoms]*[m3] [# atoms]*[m3]«[mol] [m3]

mol

Where N is the number of atoms in the unit cell, A the atomic weight, Na Avogadros number and V. the
unit cell volume.

Al.1 Relative density of a T-BTS70 sample sintered at 1500°C (Calculation example)

The relative density is the ratio between the measured, or actual, density of a sample and the theoretical
density. The theoretical density can be calculated from data regarding the unit cell and its dimensions
while the actual density of the T-BTS70 pellet can be calculated from its measured dimensions and
weight.

Mpellet
_ A2
ppellet Vpellet ( )
d 2
Vpellet =Tr2xh=m (E) * h (A3)

Where d and h is the measured diameter and thickness, respectively. So for the T-BTS70 sample after
sintering at 1500°C:

2 2
Vperiee = (5) +h=m () 241 = 416845 mm® = 417 + 10~7m?

m 1.8313 1.8313%10 3 k k
_ Mpellet __ g _ g _ 9
Ppeliet = > = =4391.61 =

pellet 417+10~7m3 ~ 4.17+10~7m3 m3
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The theoretical density takes slightly more effort. The atomic weight and Avogadros number can be found
in tables, but the unit cell volume needs to be elucidated from characterization of the material, using XRD,
by determining the unit cell parameter(s). The number of each atom in a unit cell is easily determined by
looking at the chemical formula, BaTio.3Sc0.702.65.

Ne*A _ (Npa*Apa)+(N1i*Ari)+(Nsc*Asc)+(No*Ao) _
Ng*Ve Ng*Ve

Ptheoretical =

_(1%137.327%1073)+(0.3%¥47.867+103)+(0.7%44.9559%10 7 3)+(2.65%15.9994%10~ %)
(6.022%1023)xV,

Where N. is the number of each atom in a unit cell, A is the atomic weight of the specific atom, Na is
Avogadros number and V. is the unit cell volume.

Assuming a cubic unit cell:
V. =a’ (A4)

Where “a” is the unit cell parameter, i.e. the unit cell length, width and height (since it is cubic). From XRD
analysis, a was determined to be 4.17 A.

V., =a3 = (417)%3 = 72.51 83 = 72.51 * 1073m3

_ (1%137.327%1073)+(0.3%47.867%103)+(0.7+44.9559+10 7 3)+(2.65%15.99941073)

kg
L= = 5152.69 —
Ptheoretical (6.022%1023)#(72.51%10~30) m3

The relative density can now be calculated:

pp = —Ppetiet _ IPLOL _ g5 — g5 g (45)

Ptheoretical 5152.69

A2. Degree of hydration of a hydrated T-BTI70 sample sintered at 1400°C (Calculation example)

The percent hydration of a sample can be calculated by comparing the recorded mass loss of the sample
with the maximum theoretical mass loss that would be observed if a fully hydrated sample was completely
dehydrated. The first step is noting that the molar mass of the sample will change as water is lost during
dehydration. It is assumed, of course, that only water is lost as the sample is heated. Calculating the ratio
between the molar mass of a completely dry and fully hydrated sample shows what the minimum residual
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mass, i.e mass of the dry sample, will be after a TG analysis, as a percent of the initial mass of the hydrated
sample:

Ronin = —drysample _ 2744551 _ ) o775 — 97,75 o (A6)

Mhydr. sample 280.7634

So, if a sample displays a residual mass of 97.75 %, it will have gone from fully hydrated to dry during the
TG analysis. Note that if the residual mass, in percent, is higher than this number it corresponds to an
originally less hydrated sample.

The maximum possible mass loss for a fully hydrated sample can now be calculated:
Ay =1 — Rpin = 0.0225 = 2.25 % (A7)

The mass loss of the “real” sample can then be compared with this maximum theoretical mass loss to give
the percent hydration.

The thermogravimeter records the changes in sample mass and can provide data on the mass of the dry
sample, i.e the residual mass, as a percent of the initial mass of the hydrated sample. Using the data for the
T-BTI70 sample, the residual mass was measured to be 97.96 % giving a percentage mass loss of 2.04%.
Taking the ratio between this mass loss and that of equation A7, the percent hydration of the hydrated
sample can be calculated:

H = Amsampte _ 204 _ g 907 _ 90,7 9 (48)

AMmax 225

A3. Measuring and calculating the density of a pellet fragment

This method of measuring a sample’s density relies on Archimede’s principle, i.e: The magnitude of the
buoyancy force is equal to the weight of the displaced fluid the object is submerged in, i.e F, = mw,q*g. One
can use many different fluids for this purpose and in this case ethanol was used.

Simple case (non- or closed-porous sample):

For the simple case, the sample is submerged while tied to a string so that it's suspended in the middle of
an ethanol filled container. By suspending the sample in the liquid and not putting it on the bottom of the
container one can calculate the volume of displaced liquid using a precise scale, instead of measuring the
actual displaced volume of water (which can be inaccurate if you don’t have proper equipment).
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NV

Looking at the figure below, it can be seen that the gravitational force downwards, F; is counteracted by
the force from the string, F, and the buoyancy force, F,. The only force out of the three that is exerted on
the scale is the buoyancy force (as a mental image, think of it as a column of water holding up the sample
pellet with force Fp. The water column must stand on something, right? E.g the scale).

Ft = Force from string

String — ‘

Fb = Bouyancy force

| Sample pellet

Fg = Gravitational force
of sample

Scale

So the scale registers a weight corresponding to Fp.

Archimede’s principle: The magnitude of the buoyancy force is equal to the weight of the displaced fluid
the object is submerged in, i.e: Fy = med*g.

Fy=mgq*g (A9)
Where me,q is the mass of displaced ethanol and g is the gravitational constant.

Using equation A9 the weight of displaced ethanol meq can be obtained and, knowing the density of
ethanol, the displaced volume. Consequently one gets the volume of the sample.

Complicated case (open porous sample):
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For open porous samples, as in this case, it’s
a bit more complicated because now the

sample pores, which can absorb liquid, have
to be accounted for. For simplicity, imagine ‘
that the sample has only one big pore in the
center, with a small channel for the liquid to

enter it through. Let’s say the pore gets
completely filled with ethanol. The apparent
weight of the sample will now increase as
the buoyancy force will decrease (less
ethanol is displaced). If one does the calculations as in the simple case, a volume much smaller than the
actual volume of the sample, denoted here as the “donut volume”, will be obtained (see figure).
Nevertheless this calculation should be done, in addition to the one described next.

Envelope volume Donut volume Pore volume

By measuring the weight of the dry sample and the wet sample (immediately after it has been taken out
of the ethanol), one gets the weight of the ethanol that has impregnated the sample. Knowing the density
of ethanol, one gets the volume of ethanol that has impregnated the sample and thereby the impregnated
pore volume. Combining this with the donut volume that was previously calculated, the envelope volume
of the sample is obtained.

Correcting for the volume of the string:

To get a more correct envelope volume, the volume of the submerged part of the string can be calculated
(by measuring its dimensions) and subtracted from the donut volume (which is obtained as the sample is
submerged). So the true, corrected, envelope volume becomes:

Venvelope = (Vdonut - Vstring) + Vpore (A]-O)

AA4. Calculating the total conductivity and activation energy of a sample from impedance data

After fitting of the impedance data has been done to obtain the total resistance of the sample, the total
conductivity can be calculated using the equation below:

L
A*Rgot

(A11)

Otot =

Where o is the total conductivity, L the thickness of the pellet, A the average area of the electrodes on
each side of the pellet and Ry the total resistance obtained from the analysis.
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Calculating the total conductivity for all temperatures and then plotting log(c) against temperature, or
inverse temperature, will produce plots of the type presented in the results and discussion section of this
study.

The activation energy can either be calculated at temperatures above those of the conductivity plateau,
which gives the activation energy for oxide ion conduction (since there are no protons left in the
material) or it can be calculated at the lowest temperatures, before the conductivity plateau to get the

activation energy for proton ion conduction. Demonstrating the procedure by the latter example, one
must first and foremost use equation (A12) below:

— % Ea
o= exp(kBT (A12)

Where o is the conductivity, oo is the pre-exponential factor, T is the temperature, kg is the Boltzmann
constant and E; is the activation energy. Rearranging equation (A12) one gets:

In(oT) = In(o,) + (;% (A13)

Plotting In(oT) against 1/T will give a straight line with a y-intercept of In(co) and, more importantly, a
slope of -E./ks. The activation energy can thereafter be calculated by fitting the observed data using
linear regression to obtain the slope and multiplying it with the Boltzmann constant.

Appendix 2 — Tabulated values and results

A2.1 Relative densities

Table 18. A table showing the calculated relative densities of all phase pure or near phase pure perovskite samples synthesized for
this study.

Sample Relative density (%)

T-BTS70, 1500°C 85.05 %
T-BTS70, 1500°C (2" sintering) 79.65 %
T-BTS70, 1550°C 83.44 %
BSTS70, 1400°C 74.61 %
BSTS70, 1500°C 78.12 %
BSTS70, 1500°C (2rd sintering) 77.46 %
BSTS70, 1550°C 76.04 %
CIP-BTS70-D 1500°C, b.1 86.24 %
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CIP-BTS70-W 1500°C, b.1 92.95 %
CIP-BTS70-W 1500°C, b.2

Pellet #1 90.81 %
Pellet #2 83.73 %
Pellet #3 79.80 %
BTSI35 1200°C

Pellet #1 75.39 %
Pellet #2 72.90 %
BTSI35 1400°C 81.99 %
BTSI50 1200°C

Pellet #1 71.59 %
Pellet #2 71.04 %
BTSI50 1400°C 79.76 %
T-BTI70 1400°C 86.90 %
T-BTI70 1400°C, b.2 (2nd sintering) 83.94 %
BSTI70 1400°C 82.84 %
CIP-BTI70-D 1400°C b.1 87.39 %
CIP-BTI70-W 1400°Cb.1 101.73 %
CIP-BTI70-W 1400°C b.2

Pellet #1 N/A (misshaped)
Pellet #2 98.07 %
Pellet #3 98.05 %

A2.2 Pellet and electrode dimensions for samples analyzed using impedance spectroscopy

Table 19. A table showing the pellet thickness and average electrode are of the pellets analyzed using impedance spectroscopy.

Sample Pellet thickness (cm) Average electrode area (cm?)
CIP-BTS70-W #1 0.223 0.39

CIP-BTS70-W #3 0.286 0.58

CIP-BTI70-W #3 0.2235 0.535
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Appendix 3 — Mass and volume losses during sintering

The mass and volume changes observed for all samples during the different sintering steps are presented
below. Observe that there is more data available on mass loss than dimensional change because of the
ease with which certain pressed pellets fractured during sintering or subsequent handling. Mass and
volume loss is displayed in the figures as a percentage of the ingoing mass or volume for each sintering

step.
A3.2 Mass losses

The mass losses recorded for all samples doped exclusively with indium are displayed in the figure
below. It is clear that all samples experience a significant mass loss during the first heating, at 1000°C,
very likely because of the decomposition of barium carbonate into barium and carbon dioxide. As further
sintering treatments ensues, there is a trend showing decreasing mass losses for all samples up till
1400°C where the wet CIP samples display a higher mass loss, perhaps owing to evaporation of some
remnant ethanol from the ceramic processing.

Mass loss during sintering of BT170-based
samples

¥

1000 1200 1400
Sintering temperature
ET-BTI70 mBSTI70 ®mCIP-BTI70-D B.1 mCIP-BTI70-W B.1 mCIP-BTI70-W B.2

Mass loss (%)

Figure 54. A figure showing the mass loss during sintering of all BTI70-based samples for each sintering step.

Looking at the samples doped exclusively with scandium, see figure 13, it can once again be stated that
there is a large mass loss at 1000°C followed by successively smaller mass losses for each sintering. In
addition, the wet CIP samples show a larger mass loss than all others at the highest common sintering
temperature of 1500°C, owing to ethanol evaporation most likely.
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Mass loss during sintering of BTS70-based
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Figure 55. A figure showing the mass loss during sintering of all BTS70-based samples for selected sintering steps. Note that the
second sintering at 1500°C and the sintering at 1550°C have been left out for clarity but are displayed in the figure below.

Expanding the graph above to include sintering steps 4b and 5, reveals an increasing mass loss of the tin-
containing BTS70 sample. A possible reason for this trend break is examined later on.
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Figure 56. A figure showing the mass loss during sintering of all BTS70-based samples for each sintering step.

The only samples not included in the above graphs are the mixed scandium/indium samples since they
don’t really belong to either the BTI70-based or BTS70-based samples and are instead a hybrid of both.
Their mass losses are therefore displayed next to T-BTS70 and T-BTI70 for comparison in the figure
below.
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T-BTI70 and T-BTS70
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Figure 57. A figure showing the mass loss during sintering of the BTSI35 and BTSI50 samples for each sintering step. Their mass
losses are displayed next to those of T-BTI70 and T-BTS70 for comparison.

As can be seen, at least at the 1200°C sintering, their mass loss trends display a behavior in between that
of T-BTI70 and T-BTS70 sample, losing less mass than the BTS70 sample and more than the BTI70
sample. This, in conjunction with results from XRD etc, will be deliberated later on.

A2.2 Volume losses

Looking at volume losses during sintering of the BTI70 based samples at 1400°C, shows that both
batches of wet CIP samples display the largest decrease in volume followed by the trial BTS70 sample
and the dry CIP sample, with the BSTI70 sample displaying the smallest loss of volume.
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Figure 58. A figure showing the volume loss during sintering of all BTI70-based samples for each sintering step.

The BTS70 based samples display almost the exact same trend as the BTI70 based samples at the highest
common sintering temperature of 1500°C, the only difference being that batch 1 and 2 of the wet CIP
samples have switched places, see figure 17.
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Figure 59. A figure showing the volume loss during sintering of all BTS70-based samples for selected sintering steps. Note that the
second sintering at 1500°C and the sintering at 1550°C have been left out for clarity but are displayed in the figure below.

Expanding the graph above to include the second heating at 1500°C as well as at 1550°C, it can be seen
that further volume loss takes place for the samples subjected to these sintering steps, namely BSTS70
and T-BTS70.
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Figure 60. A figure showing the volume loss during sintering of all BTS70-based samples for each sintering step.

Looking at the BTSI35 and BTSI50 samples, although perhaps not displaying as clear a trend as for the
mass losses, their volume losses seem to be somewhat in between those of the CIP-BTS70- D and CIP-
BTI70-D samples, at least at 1400°C. The mixed Sc/In samples are compared to the dry pressed CIP
samples in this case because of lack of volume loss data on T-BTS70 at 1400°C.
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Figure 61. A figure showing the volume loss during sintering of the BTSI35 and BTSI50 samples for each sintering step. Their mass
losses are displayed next to those of dry pressed CIP-BTI70 and CIP-BTS70 for comparison because of the lack of volume loss data
on T-BTS70 at 1400°C.
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