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ARTICLE

Enthalpy of Formation and Thermodynamic Insights
into Yttrium Doped BaZrO;
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Received 00th January 2012, The enthalpies of formation from binary oxide components at 25 °C of Ba(Zr; Y,)O;5, x = 0.1
Accepted 00th January 2012 to 0.5 solid solutions are measured by high temperature oxide melt solution calorimetry in a
molten solvent, 3Na,0-4MoO; at 702 °C. The enthalpy of formation is exothermic for all the
compositions and becomes less negative when increasing yttrium content from undoped
www.rsc.org/ (-115.12 £ 3.69 kJ/mol) to x = 0.5 (-77.09 £ 4.31 kJ/mol). The endothermic contribution to the

enthalpy of formation with doping content can be attributed to lattice distortions related to the

DOI: 10.1039/x0xx00000x

large ionic radius difference of yttrium and zirconium and vacancy formation. For 0.3 < x <
0.5, the enthalpy of formation appears to level off, consistent with an exothermic contribution
from defect clustering. Raman spectra indicate changes in short range structural features as a
function of dopant content and, suggests that from x = 0.3 to 0.5 the defects begins to cluster
significantly in the solid solution, which corroborates with the thermodynamic data and the
drop-off in proton conductivity at x > 0.3.

Introduction containing more than 20 mole % of Yttrium are related with the
reduced symmetry due to lattice distortions, increased oxygen
basicity (Y*" is less electronegative than Zr*") and proton
trapping effects due to the formation of dopant-defect
associates which reduce the mobility of charge carriers®' .

Recently, attention has turned to the complex defect
chemistry of yttrium-doped barium zirconate, since it plays an
important role in the understanding of proton conductivity?®.
YBZ has a perovskite structure, ABO; which is ideally cubic
where the A-site is usually occupied by a divalent cation (A=
Ba, Pb, Ca) and the B-site by a tetravalent cation (B = Zr, Ce,
Ti), with coordination numbers of 12 and 6, respectively?” *°.
As described, the structure does not include protons, and for
their incorporation the perovskite host matrix has to be doped
by a trivalent cation on the B-site which will create oxygen
vacancies (V) as charge compensating defects. Upon
exposure to humid atmosphere, water molecule will dissociate
into a hydroxyl group and a proton, which will fill an oxygen
vacancy and bond to a lattice oxygen (0F), respectively '> 233!,
These two steps are respectively illustrated by the reactions 1
and 2, written by Kréger-Vink notation:

The oxide ion conductor yttrium doped barium zirconate
(YBZ) has been the focus of several studies during the last
decade, mainly due to its chemical stability under CO, rich
environments and its high proton conductivity at intermediate
temperatures'>. Thus, YBZ solid solutions are promising
materials for application as solid electrolytes in solid oxide fuel
cells (SOFCs) operated at intermediate temperatures (400 — 700
°C)*. This operating temperature range could improve the fuel
cell lifetime and component compatibility, when compared to
high temperature SOFCs (800-1000 °C)>".

Due to its refractory nature (melting point ~2600 °C),
downsides of Y-doped barium zirconate are its chemical
inhomogeneity, poor densification and grain growth when
powders are synthesized by conventional solid state reaction,
requiring extreme sintering conditions (1500-1700 °C) and long
dwell times. Along with these processing conditions, barium
oxide (BaO) volatilization is also a major concern in YBZ* 519,
Many efforts have been made to improve phase and
microstructure homogeneity, densification, grain growth and
proton conductivity by using several wet-chemical synthesis

methods, co-doping, and different sintering strategies''’. So Y,05 + ZZerT + Oox - ZYZ’r + Vo +2Z2r0, (1)
far, the composition with 20 mole % yttrium content
(BaZrygY(,035) achieves maximum proton conductivity H, Og + V;°+ 0F & 20H, (2)
among YBZ solid solutions, namely greater than 1 x 102 S/cm
at 450 °C, under optimized processing conditions™ '® 2!, The The creation of defects in the structure depends on the

decrease of proton conductivity for YBZ compositions nature of the dopant and its concentration’® **. These defects
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affect the thermodynamic stability, water uptake and proton
mobility. Investigations of defect chemistry of Y-doped barium
zirconate have been done by several methods such as density
functional theory (DFT)*® *, impedance spectroscopy (IS)* **,
Raman spectroscopy”® *’, water uptake by thermogravimetric
analysis (TG)"* *%, and X-ray absorption fine structure (XAFS)
spectroscopy'®. A powerful method to give valuable
information about the defect chemistry of solid oxides is the
measurement of the formation enthalpy as a function of the
dopant concentration by high temperature oxide melt solution
calorimetry”’. Previous works using this technique on ceria and
thoria based fluorite structures correlates the enthalpy of
with  the these
compounds*®*. It was found that the conductivity will reach its

formation conductivity behaviour of
maximum when the dopant concentration does not exceed its
dilute regime (critical concentration) in the host matrix. Above
the critical concentration vacancy clustering is likely to occur,
which needed for
conduction.

immobilizes some of the vacancies

The present work describes the first measurement of the
enthalpy of formation of yttrium-doped barium zirconate with
Y content (Y/(Y+Zr)) ranging from 10 to 50 mole %. The
thermodynamic data give insights about YBZ defect chemistry
which will affect both oxide ion conductivity and the
incorporation of H,O for proton conductivity.

Experimental Procedure

Synthesis of yttrium doped barium zirconate powders

Barium zirconate (BaZrOs;) and yttrium-doped barium
zirconate compositions (BaZr, .Y O35), (x = 0.1 to 0.6),
referred to as BZ and YBZx (x in mol %), were synthesized by
the oxidant-peroxo method (OPM)'® *> 4 To avoid
contamination by atmospheric carbon dioxide, the synthesis
was performed in a glove box under nitrogen and used
deionized water previously degassed by bubbling with nitrogen
gas. The starting materials were barium nitrate (99.9 %
Ba(NOs),, Alfa Aesar), hydrated yttrium nitrate (99.999 %,
Y(NO3);.xH,O Alfa Aesar) and hydrated zirconyl (IV) nitrate
(99.99 %, ZrO(NO;),.2H,0 Alfa Aesar). The molar quantity of
Y*" and Zr*" ions per gram of the respective hydrated reagent
was determined by gravimetric analysis, at 900 °C for 4 h. For
the synthesis, ZrO(NO;),.2H,0 was added into 50 mL of
hydrogen peroxide (35 % H,0,, AR) to obtain the soluble
zirconium peroxo-complex (ZrO(0,)H"). Y(NO;);.xH,0 and
Ba(NO;), were dissolved in 100 mL of deionized water. The
solutions were mixed and homogenized for 30 min. The
aqueous metal nitrate solution was added into an oxidant
mixture (pH = 11) of 50 mL of hydrogen peroxide and 80 mL
of aqueous ammonia solution (NH,OH 28-30 %, Sigma
Aldrich) under stirring. The resultant precipitate was stirred for
1 h, filtered and washed with deionized and degassed water and
ethanol. The powder was dried at room temperature in a
vacuum chamber overnight and ground in an agate mortar. The
powder obtained at this step is to as the “precursor”. Samples of

2| J. Name., 2012, 00, 1-3

each precursor composition were annealed at 1200 °C for 24 h
to obtain the bulk crystalline phase. Figure 1 illustrates the flow
chart of the experimental procedure.

Ba(NO3)2(S) ZrO(NOS)zszo(S) Y(NO3)3.XH20(S)
+50mLH0)| +50mLH,0, || +50mLH,0

Added to

([ 100mLof1:1 )
H202(aq):NH4OH(aq)

White precipitate

Filtered,
washed with H,O and ethanol

Dried overnight in glove box
(anti-chamber) at RT

Precursor powder

[ Heat treated at 1200 °C/24h ]

Figure 1 — Flow chart of the oxidant-peroxo method approach for synthesis of
Ba(Zri1.«Yx)Os.5, with x= 0 to 0.6, compositions.

Characterization

All the synthesized compositions were analysed by powder
X-ray diffraction (XRD) measurements using a Bruker AXS D8
Advance diffractometer (Bruker, Madison, WI) operated with
CuKao radiation. Data were collected in the 20 range from 20 to
80 °, with a step size of 0.02 ° and collection time of 1 s/step.
The data analysis software Jade 6.1 (Materials Data Inc,
Livermore, CA) was used for phase identification. The lattice
parameters were evaluated with UnitCell software and are
given in Table 1.

Laser Raman spectra were recorded at room temperature for
all the solid solutions with a Renishaw RM1000 system
integrated with Leica DMLM microscope with a motorized
stage using argon ion laser (514.5 nm) operating at 9A and 20
mW. The Raman shifts was calibrated with a standard silicon
film.

Quantitative chemical analysis was performed using a
wavelength dispersive spectrometer Cameca SX-100 electron
microprobe operated at an accelerating voltage of 15 kV, probe
current of 20 nA and beam size of 1 um. For this purpose the
heat treated powder samples were pressed into 5 mm diameter
pellets and sintered at 1200 °C for 24 h, polished and carbon-
coated. The composition of each sample was determined using
an average of 6 - 10 points. For qualitative analysis of sample

This journal is © The Royal Society of Chemistry 2012
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homogeneity, backscattered electron images and X-ray dot
maps were collected.

Calorimetry

High-temperature oxide melt drop solution calorimetry was
performed in a custom built, isoperibol Tian-Calvet twin
702 °C as described
previously*’*°. Calibration was done against the known heat
content of a-alumina (Alfa Aesar, 99.997 %)*’. Molten sodium
molybdate (3Na,0-4Mo0O;) was the solvent. The glassware
assembly was also flushed with oxygen at 40 mL/min to purge
any possible gases (H,O and CO,) evolved during the
experiment and oxygen was also bubbled through the solvent at

microcalorimeter maintained at

4.5 mL/min to maintain oxidizing conditions and stir the melt
to aid dissolution. About 5 mg of the sample was loosely
pressed into a pellet, and dropped from room temperature into
20 g of the molten solvent in the calorimeter at 702 °C. ZrO,
and Y,0; measured previously48’47, were used as reference
binary oxides but, since BaO is hygroscopic and difficult to
handle because of its instability to CO,, we used barium
carbonate (BaCOj3, 99.9 %, Alfa Aesar). Before the calorimetric
experiment, the BaCO; was heated at 800 °C for 1 h to
decompose any barium hydroxide impurities. The drop solution
enthalpy for BaO is calculated based on the thermochemical
cycle in Table 2. The measured heat of drop solution (AHg)
was obtained as the average of 8-12 drops to achieve
statistically reliable data and the uncertainties were calculated
as twice the standard deviation of the mean. The enthalpy of
formation for BZ and YBZ10-50 solid solutions from their
binary oxides (AHg,) were calculated using the drop solution
enthalpies. The thermodynamic cycles used for the calculation
are given in Table 3.

Results

Figure 2 illustrates the XRD patterns of undoped BaZrO;
and YBZ10-60 powders after heat treatment at 1200 °C for 24
h. The cubic perovskite phase was indexed (PDF #06-0399, a =
4.1973 A) for all samples. A secondary phase was identified
only for YBZ60 and the peaks were indexed as yttrium oxide
(PDF #41-1105). As the yttrium content increases, the
diffraction peaks shift to lower angles indicating the expansion
of the lattice.

Table 1 summarizes the nominal and WDS analysed
composition for all the YBZx samples. The nominal Zr/Y molar
ratios and those determined by WDS are the same within
0.5. The
microprobe analysis also suggests some barium loss with

experimental error for samples with x = 0 to x =

increasing dopant concentration, which was expected to occur
due to the long annealing time of samples and creation of
charge compensating defects®. It is already known that the
YBZ cubic perovskite structure can accommodate a Ba
deficiency up to Bag¢3Zr;_,Y,O;_5 and still be in single-phase 16,

3 Yttrium solubility in BZ ranges from x = 0.3 in

This journal is © The Royal Society of Chemistry 2012
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stoichiometric and x = 0.5 in Ba non-stoichiometric samples'®
383152 These observations are consistent with the absence of
secondary phases in the YBZ10-50 samples.
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Figure 2 — Powder X-ray diffraction patterns of YBZx with different Y content (0 <
x £ 0.6). The powder samples had been heat treated at 1200 °C for 24 h.
Secondary phase of Y,0; was identified at sample YBZ60.

Table 1 — Chemical analysis and lattice parameter of YBZ solid solutions
heat treated at 1200 °C for 24h.

Nominal Stoichiometry by microprobe analysis Lattice
Composition Parameter
P Y Zr Ba A)

BaZrO; 1.004(5) 0992 (10) | 4.193(1)
Ba(ZrosYo)O20s | 0.099(3)  0.908(4)  0.986(5) | 4.205(1)
Ba(ZtosYo2)Oso0 | 0203 (4)  0.807(4)  0982(4) | 4.221(1)
Ba(Zro;Y03)O0ss | 0.309(6)  0718(8)  0.951(8) | 4.227(1)
Ba(ZrosYo4)Onso | 0409 (10)  0.614(12) 0952 (11) | 4.232(1)
Ba(ZtosYos)Oars | 0524 (11)  0518(6) 0989 (8) | 4.237(1)
Ba(Zro4Yo)O20 | 0.676 21) 0428 (14)  0.823 (34) | 4.232(7)

*The figures in parentheses refer to the least significant digits

The lattice parameters of the YBZx powders (Table 1) are
in general agreement with the literature despite the wide range
of values reported, which can be attributed to composition
deviation from the stoichiometric solid solution®® 3% 33,

The Goldschmidt tolerance factor (t)°” was calculated using
equation 3 to predict the stability of the cubic structure with the

variation of the dopant content

J. Name., 2012, 00, 1-3 | 3
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_ _(ratro)
V2(rg+70)

(3)

where 1, and rp are respectively the ionic radii of the cations
which occupy the A and B sites of the perovskites and 7y, is the
ionic radii for the oxygen anion’®. Figure 3 illustrates the values
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Figure 3- Calculated lattice parameters (left axis, solid squares) and tolerance
factor (t) (right axis, open squares) of YBZx as a function of yttrium
concentration, x.

for the ideal BZ and YBZ10-60 solid solutions compared to the
measured lattice parameters (Table 1). As the yttrium content
increases, the lattice parameters increase and the tolerance
factor deviates more from unity. Ideally, the lattice parameters
would increase linearly since the Zr*" cation is partially
substituted by the larger Y** cation (R z.++= 0.72 A; Rys+=0.90
A®®). However, the slope of the lattice parameter curve changes
at x = 0.3, which may be related to increasing Ba loss (Table 1).
The tolerance factor for the ideal YBZ60 (t = 0.948) suggests
that the formation of a phase with cubic symmetry may not be
favored since the range for the stability of the cubic perovskite
structure is generally given as 0.95 <t < 1.04°’. The YBZ60
sample exceeds the yttrium solubility limit, as shown the
secondary phase in its XRD pattern (Figure 2). No further
experiments were carried out with the YBZ60 sample.

Figure 4 illustrates the Raman spectra of YBZ solid
solutions as a function of dopant content. The Raman spectrum
of ideal cubic perovskite is expected to be featureless, but
several vibrational modes were observed for all samples. In the
case of barium zirconate, with neither dopant atoms nor oxygen
vacancies, the observation of active vibrational modes was
attributed to second order scattering® ®'. However, Karlsson et
al. suggested that the presence of the band around 200 cm’,
related to torsional motion of the lattice, supports that the
spectrum originates from lattice distortions®®. Slodczyk et al,
suggested that the active BZ Raman spectrum is indicative of
nanodomains with local symmetry different from that of the
cubic structure®, although, since the spectra consist of broad
bands these distortions are expected to be small®.

Essentially, most of the bands appear in all samples, with
some shifting or differing in intensity with composition. The
motions of the Ba?* network, dominated by Coulombic

4| J. Name., 2012, 00, 1-3

interactions, will give rise to the translation oscillation modes
from 50 to 250 cm™ *%* The peaks at higher frequencies are
usually assigned to modes of the more covalently bonded
oxygen octahedra®” ¢, More specifically, the peaks in the
regions 300 — 500 and 600 — 900 cm™ can be assigned to

bending (J) and symmetric stretching (v) of oxygen bonds®* .

Raman intensity (arb. units)

BaZrO3

I ) ) I I I
150 300 450 600 750 900
Wavenumber (cm™)

Figure 4- Raman spectra of BaZrO; and Ba(Zr;.,Yx)Os.5 (0 < x £ 0.5) samples.

In the doped compositions the distortions are mainly related to
changes in the BOg octahedra (250 to 900 cm™) due to
accommodation of larger Y*' atoms at the B-site and the
creation of oxygen vacancies, which will lead to a tilt of the
octahedra and a slight distortion along the c-axis®> *® 663 The
bands below 200 cm™ shift to lower wavenumbers and become
more intense with increasing dopant content. The vibrations
around 90-120 and 130 cm™ are respectively assigned to
deformational motions and stretching vibrations of the Ba-
[(Zr/Y)]O6*>. These two bands are indicators of the structure of
the solid solution and are consistent with a cubic perovskite
without structural phase transition®’. Their increased intensity
and broadening when Y concentration increases can be related
to the observed barium deficiency and the possibility of Y
siting at the A-site, since the force constant of Y[(Zr/Y)]Og is
expected to be lower than that of Ba-[(Zr/Y)]Os. The peaks
near 230-300, 400 and 750 cm™ become more intense with
increasing dopant content except for the sample with x = 0.2
which has less intense and broad peaks. The bands around 350
and 430-550 cm™' that occur for BaZrO; decrease in intensity
for x = 0.1 and 0.2 but increase again for x > 0.3. The bands at
636 cm’' and 840 cm™ in BaZrOj; lose intensity and shift to
the YO octahedra
contribution increases with increasing dopant content. The band

slightly higher wavenumbers when
around 920 cm™' is present as a small shoulder in all samples
but increases strongly in intensity for x = 0.4 and 0.5.

With increasing Y concentration local distortions become
more pronounced, but without changing the overall aspect of
the spectra, which means that the long-range average structure

This journal is © The Royal Society of Chemistry 2012
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remains the same as that suggested by the XRD patterns (Figure
2). The distortions of the undoped and doped solid solutions are
different, which can be identified by the negative shift of the
mode near to 250-350 cm™ from x = 0 to x = 0.1 and is

indicative of the changing BOg tilt angle.

Tables 2a and 2b show the thermodynamic cycles used for
the calculation of BaO drop solution enthalpy from BaCOj; drop
solution calorimetry, formation enthalpies from elements, and
previously determined CO, heat content®>. The drop solution
enthalpy obtained for BaO in this work is -185.30 + 3.12
kJ/mol, which is consistent with the previous work (-184.61 +
3.31 kJ/mol*®), and was used to calculate the formation
enthalpy of YBZ solid Table 3 shows the
thermochemical cycle used for the calculation of Ba,Zr;,Y,Os.
enthalpy of formation at 25 °C from its binary oxides (AHgy).

solutions.

Table 2a - Thermochemical cycle used for calculation of formation enthalpy
of BaCO; from oxides at room temperature.

Journal of Materials Chemistry A

Table 3 - Thermochemical cycle used for the calculation of BayZr; Y035
(bulk) enthalpy of formation at 25 °C (AH,) from its binary oxides. Solvent:
molten 3Na,0-4Mo0O; at 702 °C.

Ba s, 25 °c) T %2 Oxg, 25 ‘o= BaOy, 25 °c)

Cis.25°0)F Ong 25 °c) = COxg, 25 °c)

Ba s 25 °c)+ Cs, 25 °c) + 3/205(g, 25 °c) — BaCOss, 25 °cy
BaOy;, 25 °c) + COxg, 25 °cy = BaCOss, 25 °cy

AH, = AHf(BaOy'
AH, = AHP(CO,)"
AHy = AHP (BaCOs)
AH, = AH; ,,(BaCO;)*
AH, = AH;—(AH,+AH,)

s = solid; g = gas.

® -548.1 £ 2.1 kJ/mol®.

®-393.5 £ 0.1 kJ/mol, enthalpy of formation of CO,*.
€-1210.90 = 2.2 kJ/mol, enthalpy of formation from elements®.

4.269.30 + 3.04 kJ/mol.

Table 2b - Thermochemical cycle used for the calculation of barium oxide
enthalpy of drop solution (AH¢BaO) from 25 to 702 °C. Solvent: molten
3Na,0-4Mo0O; at 975 K.

BaOy;, 25 °c) = BaOgm, 702 °c) AH, = AHg(BaO)'
ZrOxs, 25 °cy =) ZtOxsin, 702 °c) AH, = AHy(ZrO,)"
Y01.5(s, 25 0c> g YOl.S(slu, 702 0c> AH3 = AHds(Yol.s)l
Bawzrl-xYxOS-S(s, 25 0c> - WBaO(sln, 702 0C) + ( 1 -X)ZI'OZ(sln, 702 0c> + XYOI.S(sln, 702 0c>

AH, = AHy(YBZx)
wBaOy 25 °c) + (1-X)ZrOxs, 25 °c) + XYO\ 5.5, 25 ) = BawZriYxO3.56, 25 °c)

AHg = AHg g,

AHg =wAH, + (1-x)AH, +xAH; - AH,

s = solid; sln = solution; Compositions corrected by WDS analysis (Table 1)
and are indicated by w, /-x, x/2 for Ba, Zr and Y respectively; The
uncertainties were calculated as two standard deviation of the mean.

"19.5 + 0.9 kJ/mol®.

1.120.07 + 2.5 kJ/mol?".

Table 4 shows the average enthalpy of drop solutions and
the enthalpy of formation obtained for each BZ and YBZx
composition. The enthalpy of formation of BaZrO; was
previously determined by drop solution calorimetry at 825 °C
using an alkali borate solvent (-123.9 + 4.1 kJ/mol)®®. The new
value is considered more accurate because dissolution of both
BaZrO; and ZrO, in alkali borate was somewhat slow and gas
bubbling was not used to stir that rather viscous melt.

Table 4- Summary of average AHgy data obtained from drop solution
calorimetry and used for calculation of the enthalpy of formation of
Ba(Zr1xY+)0s5 (0 <x <0.5) solid solutions.

AH, = AHy(BaCOs)
AH, = AHys_70,(CO)'
AHy = AHj,,(BaCOs)"
AH, = AHy(BaO)?

AH, = AH, - AH, + AH,

BaCOss, 25 °cy = BaOsin, 702 °cy+ COxg, 702 °c)
COxg, 25 °c) = COxg, 702 °c)

Bao(s, 25 OC) + C02<s, 25 OC) g Bacos(s, 25 0c>
BaOy;, 25 °c) — BaOin, 702 °c)

s = solid; g = gas; sln = solution.
°116.11 +0.69 kJ/mol (this work).
32.11 kJ/mol, heat content of CO, from 25 to 702 °C®

£-185.30 + 3.12 kJ/mol.

This journal is © The Royal Society of Chemistry 2012

Nominal Composition AHy, (kJ/mol) AHj,x (kJ/mol)
BaZrO; -49.11(12) = 1.09 -115.12 £ 3.69
Ba(ZrosY0.1)02.95 -64.60 (8) £ 1.49 -106.23 +3.65
Ba(Zro3Y0.2)02.90 -85.53 (11) £ 1.96 -92.84 +3.87
Ba(Zro7Y03)O2ss -101.86 (12) + 1.49 -78.82 +3.88
Ba(Zro6Y0.4)0250 -111.83 (12) £ 1.61 -76.78 £ 4.63
Ba(Zry5Y0.5)02.75 -126.97 (12) + 1.74 -77.09 £4.31

Average values from the number of experiments given in parentheses;
uncertainties calculated as two standard deviations of the mean.

Figure 5 illustrates the behavior of the drop solution and
formation enthalpies as a function of dopant concentration.
AHy, for all compositions is exothermic and becomes more
negative with increasing yttrium content. The calculated AHg,,
is strongly exothermic for all compositions, which means
thermodynamic stability with respect to their binary oxides**®.
The enthalpy of formation becomes less exothermic with
increase of dopant content but for x > 0.3 the values remain the
same within experimental error. Interestingly, this observed
behavior follows a trend similar to that of proton conductivity,
which reaches a maximum for YBZ20 (critical concentration;
conductivity ~1.10% S/cm at 450 °C) and decreases for higher Y

content’ 130,

J. Name., 2012, 00, 1-3 | 5



Journal of Materials Chemistry A

_40 1 1 1 1 1 1 _60
u
-60 4
[] --75
= : v 3
o 5
E -80- 2
= i .
=2 % 90 =®
N <
& -100 F 3
T S
120 % . 105
% L]
140 4+— . . —+-120

Ll M Ll M
0.0 0.1 0.2 0.3 0.4 0.5

Y content (x)

Figure 5 — Enthalpies of drop solution (left, solid squares) and formation from
the oxides at 25 °C (right, solid circles) as a function of yttrium content in BZ and
YBZx solid solutions, x. The experimental uncertainties are indicated.

Discussion

The enthalpy of formation of YBZ solid solutions can be
correlated with the change in its structure and defect chemistry.
The tolerance factor deviates linearly from unity as the dopant
concentration increases and the thermodynamic stability is
expected to decrease'™ % % %% 70 The formation enthalpies
from constituent binary oxides indeed show that the energetic
stability of the YBZ solid solutions decreases as the Y content
increases. Therefore when increasing the Yttrium content, the
endothermic increment to the AHg, can be attributed to the
lattice distortions which occurs in response to size mismatch
between cations in the lattice and the formation of oxygen
vacancies (equation 1)****. Besides this effect, increasing of Y
content induced barium loss, more pronounced at x > 0.3.
Commonly, the barium loss is attributed to the processing
conditions, such as high temperatures and longer dwell times®
"' but when increasing the dopant concentration it is also
favored®. The latter has been related to the dopant partitioning
among both A and B sites of the perovskite, which means that
yttrium would have an amphoteric character (donor and
acceptor) in order to charge balance the structure when barium
deficiency occurs. Nonetheless, some authors could not prove
that Y partitioning occurs when doping BZ, but showed that it
occurs when dopant ionic radii is much larger than that host
cation of B-site, for example in BaZrO; (Gd, Sm, Eu)'® 3% %
and also in other perovskite-based oxides, such as BaCeOs,
BaTiO;, CaZrOs*® 77, The implication of the partitioning
effect is that yttrium atoms can also occupy the A-site, although
oxygen vacancies are consumed and Ba atoms expelled,

according to equation 4 below'® ¥,

2Bak, + V' + Y,05 = 2Y5, + 0% + 2Ba0 1 (4)

In addition, the decreasing thermodynamic stability of the
perovskite with increasing x itself implies a higher BaO activity
and a greater thermodynamic driving force for Ba vaporization.

Measurements by high temperature oxide melt solution

6 | J. Name., 2012, 00, 1-3

calorimetry on ceria and thoria based fluorite structures have
already detected exothermic vacancy clustering when the
dopant concentration is above the dilute regime****. For
yttrium-doped barium zirconate, Y partitioning and the defect
clustering effects have already been considered from impedance
spectroscopy measurements and from calculation of the pre-
exponential factor and activation energy®* >°. Despite the higher
proton concentration with increasing dopant content (equation
2), above x = 0.2, both kinds of defects were suggested to be
related to the decrease of the pre-exponential factor and the
increase of activation energy, hence decreasing proton
conductivity'> 2657 The present thermochemical data can not
distinguish these various factors but are consistent with the
observed trends in conductivity. The decrease in peak intensity
in our Raman data with increasing dopant concentration up to x
= 0.2 may imply increasing short range order on a local scale
with strain accommodated in the vicinity of the dopant site.
0.3, the Raman bands become more
intense, which may suggest that local structural distortions
around doped sites have spread throughout the entire
structure®. Therefore, defect clustering could be enhanced
since the high dopant concentration might lead to the formation
of different chemical environments not favored when the
dopant is in a dilute regime®®. Although the defect chemistry of
these compositions is still not completely elucidated, it appears
that for x > 0.3 there is a balance between the exothermic
vacancy clustering and Y siting on the perovskite A-site and the
endothermic effect of oxygen vacancy formation, lattice
distortions, and barium loss. The net effect is a nearly constant
enthalpy of formation for 0.3 < x < 0.5. Such clustering,
presumably diminishes both oxide ion and proton conductivity
and, indeed, the maximum proton conductivity occurs near the
dopant concentration (30 mole %) at which the energetics level
off and clustering becomes pronounced.

However, above x =

Conclusions

The enthalpy of formation of Y-doped BaZrO; solid
solutions, with increasing Y content was measured by high
temperature oxide melt solution calorimetry. The increase of
the dopant content causes the destabilization of the perovskite
structure due to lattice distortions and formation of oxygen
vacancies. The formation enthalpy data give
thermodynamic evidence that dopant-vacancy association and
defect clustering may occur when the dopant concentration
approaches 30 mole %, which can be related with the trend of
the decrease in the proton conductivity.
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