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1 | INTRODUCTION
Although yttria-stabilized zirconia (YSZ) is the most stud-
ied material for solid electrolyte application in solid oxide
fuel cell (SOFC), alternative doping of zirconia with scan-
dia promotes higher ionic conductivity values in cubic fluo-
rite-structured  ZrO,." Thus, the scandia-zirconia (ScZ)
system has been recognized as a promising electrolyte can-
didate for the next-generation SOFC, operating at interme-
diate temperatures (650-850°C)."3

Nevertheless, the phase stability of the ScZ is consid-
ered complex and data on heat of formation to enable
phase prediction are scarce. Several phases have been
reported for this system as a function of scandia content:
monoclinic (m), tetragonal (¢), cubic (c), and three ordered
rhombohedral structures (B, v, 8)."* Two tetragonal phases
(r and ) have been also identified.*® According to the
phase diagram,* compositions with low Sc,O; content
(<4 mol%) show monoclinic phase. The tetragonal stability
range is reported from 4 to 8 mol%. Rhombohedral f3
phase is stabilized in compositions between 8 and 12 mol%
Sc,03 at room temperature. The highest ionic conductivity
is, however, found for cubic fluorite structure, which is
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The scandia-zirconia (ScZ) solid solutions have been attracting attention from the
communities interested in solid-oxide fuel cells because they possess the highest
ionic conductivity among zirconia-based materials. However, this system shows a
relatively large number of polymorphs with lack of thermodynamic data to enable
comprehensive phase control for property optimization. In this work, the enthalpy
of formation of the ScZ system within the range 0-20 mol% Sc,05 is determined
by combining the surface energy values with enthalpy of drop solution data
obtained from high-temperature oxide melt solution calorimetry. The heats of for-
mation, a key data for understanding phase stability, for five polymorphs: mono-

clinic (m), tetragonal (7), cubic (c¢), and rhombohedral (f and 7y) are reported for

phase diagrams, scandium/scandium compounds, Thermodynamics, Zirconia

only achieved at high temperatures (close to 600°C) also in
the 8-12 mol% range due to the B-c reversible phase transi-
tion.” Even when the cubic phase is obtained, a degradation
of its ionic conductivity occurs in SOFC operating condi-
tions due to the spontaneous phase transitions.””

The cubic fluorite phase stabilization and long-term sta-
bility have been the focus of several researches in the past
years."”'® According to literature, the precipitation of sec-
ondary phases as function of time is a detrimental factor
for ionic conductivity. Whereas the formation of tetragonal
phases in cubic matrix takes place for compositions lower
than 10 mol% Sc,03,"”" rhombohedral phase precipitation
usually occurs above 10 mol%.” ' Thereby, this combina-
tion of difficulty of cubic phase stabilization and degrada-
tion of the ionic conductivity prevent ScZ system
application as a commercial solid electrolyte.

Recent studies have shown that cubic phase stabilization
of ScZ can be achieved by introducing a second addi-
tive”'""'? or by decreasing the grain size to the nanos-
cale.®'*'> The grain size effect on polymorphism of
oxides has been extensively studied in the literature and
relates to the role of surface energies in the total energy of
the system.'®'” For instance, because of its symmetry,
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cubic polymorphs tend to have lower surface energies,
allowing an increased thermodynamic stability (related to
other polymorphs with higher surface energies) when the
particle sizes are small.'"*'®'? In fact, the grain size depen-
dence on the stability of polymorphs allows obtaining parti-
cles with crystalline structures that are otherwise unstable
in the bulk form. The relative easy access to those phases
can thus enable a complete thermodynamic analysis for
building reliable and complete bulk phase diagrams.

However, from a thermodynamic perspective, although
one can stabilize several polymorphs at the nanoscale, the
energetic contribution from surface and bulk crystal needs to
be separated if the goal is to construct an actual bulk phase
diagram, i.e., without surface contributions. Due to recent
advances in microcalorimetry,”®* reliable surface energy
data for the five polymorphs of the ScZ system: monoclinic,
tetragonal, cubic, rhombohedral 3, and y have been reported
recently.'® In this work, we combined the surface energy val-
ues with enthalpy of drop solution data obtained from high-
temperature oxide melt solution calorimetry experiments to
determine the bulk enthalpy of drop solution (AHps) of ScZ
within the compositional range 0-20 mol% Sc,03, whose
formula can be written as Sc,Zr;_,O,_,» (0.022<x<0.324).
With this, the enthalpies of formation at room temperature
(AH¢,y) of the five ScZ polymorphs were reported, enabling
future phase diagram elaborations.

2 | EXPERIMENTAL PROCEDURE

2.1 | Preparation

Nanopowders of scandia-zirconia (Sc,Zr;_,0,_,,») with O-
20 mol% Sc,03 (0.022<x<0.324) were synthesized by
reverse-strike coprecipitation method. Starting solutions of
scandium nitrate hydrate (99.9%, Alfa Aesar, Ward Hill,
MA) and zirconyl nitrate hydrate (99%, Sigma-Aldrich, St.
Louis, MO) were prepared by dissolution in deionized water
to form a clear dilute solution. The cation concentration was
verified by gravimetry. Stoichiometric amounts of the start-
ing solutions were mixed together and concentration was
adjusted to 0.5 M. The resultant solution was dropped
point-wise into a magnetically stirred 5 M excess ammo-
nium hydroxide solution until complete precipitation. The
gelatinous precipitated was washed and centrifuged three
times using water, ethanol (50%), and denatured ethanol to
remove any residual ammonium on the precipitated hydrox-
ide. The powder was subsequently dried at 100°C for
48 hours and grounded in an agate mortar. The dried
hydroxide powders were calcined in a box furnace within a
wide range of temperatures 450-1500°C (high-temperature
range used to produce reference coarsened samples). Details
of grain size and crystalline structure encountered for each
evaluated calcination condition were reported previously.'*
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2.2 | Characterization

Crystalline phases present on the calcined scandia-
zirconia powders were analyzed by X-ray diffraction
(XRD) using a Bruker-AXS (Billerica, MA) D8 Advance
diffractometer operated with CuKo radiation
(A=1.5405 A). Data were acquired over a range of 20
between 20 and 90° with a step size of 0.01° and a col-
lection time of 0.4 s/step. Phase identification, lattice
parameters, and grain sizes were determined using JADE
6.1 software to perform a whole profile fitting (WPF)
refinement. PDF#51-1602 for monoclinic (m), PDF#51-
1603 for tetragonal (r), PDF#64-9607 for cubic (c),
PDF#64-9610 rhombohedral 3, and PDF#61-7752 rhom-
bohedral y were used for refinements. Silicon standard
was mixed to ScZ powders in order to ensure accuracy
in lattice parameter determination. PDF#27-1402 was
used for silicon standard refinement.

The chemical composition of all synthesized samples
was measured by wavelength-dispersive X-ray spec-
troscopy (WDS) electron probe microanalysis using a
Cameca SX100 (Gennevilliers, France) microprobe at
accelerating voltage of 15 kV, 10 nA beam current, and
5 um beam size. An average of 10 data points was used to
calculate sample composition. Uncertainties in chemical
composition were lower than 5%.

For determination of the enthalpies of formation of
ScZry Oy ,p (0.022<x<0.324) solid solutions, high-
temperature oxide melt drop solution calorimetry was per-
formed at 700°C using a custom-built Tian-Calvet (Davis,
CA) calorimeter.”> Approximately 5 mg of nano and bulk
samples were lightly pressed into pellets, weighted, and
dropped from room temperature into 3Na,0.4MoOj3; melted
solvent at 700°C. During the experiments, oxygen flushing
(40 mL/min) and bubbling (3.5 mL/min) were applied to
ensure that the final oxygen state was constant and to fur-
ther sample dissolution. Calorimeter calibration was per-
formed using the heat content of a-Al,O5 pellets of similar
weight. Prior to the experiments, all samples were equili-
brated in a 50% relative humidity environment for 72 hours
to establish a constant water content, which was quantified
by thermogravimetric experiments. At least eight drops of
sample were performed in order to get statistically mean-
ingful data. The heats of dissolution were treated with ther-
mochemical cycles, in particular to address the water
desorption/evaporation energies, as reported elsewhere.'*
That is, the heat of dissolution of nanoparticles is a combi-
nation of bulk and surface dissolution, along with water
desorption and evaporation, following the cycle (Table 1).
Heat effects related to water can be quantified by using
water adsorption microcalorimetry and has been previously
reported by the authors for the ScZ polymorphs studied
here.'*
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TABLE 1 Thermochemical cycle used for correction of
Sc.Zr,_, O, enthalpy of drop solution at 700°C (AHps)

Scz(nano, 25°C)‘yH20(adsorhed, 25°C) > AfIDS
SCZ(dissolvcd, 700°C)+yH2O(g, 700°C)

yH20(1’ 250(:)—>sz0(&,’ 700°C) AHw:y(ZSOiOI) kJ/mOl

yHZO(adsorbed, 25°C)—>)’H20(z, 25°C) _yAHadsorption
S¢Znano, 25°¢)=SCZpulk, 25°C) —SE.SA
SCZpuik, 25°c) > SCZdissolved, 700°C) AHyy1

AHDS:AHW 7yAHudsorption
7SE.SA+AHbu|k

y = total water content determined by thermogravimetry; SE = surface energy;
SA = surface area.

3 | RESULTS AND DISCUSSION

Several calcination conditions, varying temperature and
dwell time, were evaluated in order to obtain single-phase
samples in the studied composition range of ScZ. All
investigated compositions and crystalline phases identified
for each sample are listed in Table 2. The samples were
crystalline and showed a single phase as determined from
XRD analysis."* The scandia concentrations are indicated
as Scy03, ScO; 5, and x to facilitate comprehension. Five
polymorphs (monoclinic, tetragonal, cubic, rhombohedral
B, and y) of Sc,Zr;_O,_.» (0.022<x<0.324) were evalu-
ated.

The lattice parameter for Sc,Zr;_,O,_,» fluorite cubic
samples with x varying between 0.155 and 0.324 is pre-
sented in Figure 1. Decrease in the lattice parameter with
increasing Sc content is observed, in agreement with inde-
pendent reports.®* This behavior is typical of solid solu-
tions formed by addition of smaller cations.”> However, the
ionic radius of Sc** (0.87 A)*® is slightly higher than Zr**
(0.84 A)*® in eightfold coordination. Considering only
ionic radius, lattice parameter is expected to be larger by
increasing Sc content, as observed in ZrO,-containing Y>*
(1.019 A) and Yb** (0.985 A) solid solutions.>”?®

The behavior encountered in the ScZ system may be
associated with structural shrinkage due to increasing oxy-
gen vacancy concentration causing distortions of cations
and anions sublattices and consequently decreasing lattice
parameter. Although Y>* and Yb®* additions also produce
oxygen vacancies in fluorite ZrO,, the opposite effect of
ScZ system in terms of lattice parameter can be attributed
to significant smaller mismatch between Sc** and Zr**
ionic radius. In agreement with this picture, based on clas-
sical molecular dynamics simulation,® the average coordi-
nation number of both Sc** and Zr** tends to decrease
with increase in the Sc>* content leading to smaller lattice
parameters. These results are consistent with the chemical
expansion coefficient model for related fluorite-structured
materials, where the lattice contraction/expansion is

TABLE 2 Enthalpy of drop solution (AHps) and enthalpy of
formation (AH;.y) of Sc,Zr; O, (0.022<x<0.324) obtained for
five polymorphs

ScO,5 AHpg AHj oy

Sc¢,05 (mol%) (mol%) X (kJ/mol)* (kJ/mol)
Monoclinic

1.1 22 0.022 16.9+1.3 1.54+1.4

2.1 4.1 0.041 6.7£0.7 10.84+0.9
Tetragonal

1.1 22 0.022 —6.6£1.3 25.0+1.4

2.1 4.1 0.041 —11.6+1.5 29.1+1.6

3.1 6 0.060 —14.94£2.0 31.5+£2.0

4.2 8.1 0.081 —7.5£2.1 23.1+2.2

6.3 11.9 0.119 —33+1.2 17.0+1.5
Cubic

8.4 15.5 0.155 —8.3+£0.3 20.3+1.0

10.6 19.2 0.192 —16.1£1.8 26.3+2.0

11.6 20.8 0.208 —14.1+£2.2 23.54+2.2

12.9 229 0.229 —23.5£1.2 31.9+1.4

13.6 239 0.239 —21.1+1.5 29.0+1.6

19.3 324 0.324 —31.84+2.0 35.6+2.1
Rhombohedral 3

10.6 19.2 0.192 —2.3£1.2 12.5+1.5

11.6 20.8 0.208 2.0£2.5 7.43+2.5

12.9 229 0.229 —3.9+0.2 12.3+0.7
Rhombohedral y

13.6 239 0.239 —2.5£1.0 10.4+£1.1

14.3 25 0.250 —4.34+2.5 11.742.7

19.3 324 0.324 —7-7=£1.0 11.5+1.2

“Solvent: molten 3Na,0.4MoO; at 700°C.
0
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FIGURE 1 Lattice parameter of cubic Sc,Zr;_,O,_,» solid
solution as a function of scandia content
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TABLE 3 Thermochemical cycle used for calculation of
Sc.Zr; O, (bulk) enthalpy of formation at 25°C (AH, o)

ZroZ(monoclinic, 25°C)—>Zroz(dissolved, 700°C) AHDS(Zroz)a
b
SCOI.S(C—Iype, 25°C)—’Scol.5(dissolved, 700°C) AHps(ScO; 5)
Sc,Zr lfxOZ—x/Z(S, 25°C)—> AHps(xScZ)
xS¢Oy 5dissolved, 700°C)T
(1=x)ZrOxgissolved, 700°C)
ScOy s(c-iype, 25°0)FZrOxmonocinic, 25°C)— AH o (xScZ)

Scxzrl—xOZ—x/Z(s, 25°C)
AHg o (xScZ)=xAHps(ScO 5)+(1—x)
AHDs(sz)*AHDs(XSCZ)

19.5-£0.3 kJ/mol.'*!
®_28.940.4 kJ/mol.>'*?

governed by two competing processes: formation of a
vacancy (leading to a lattice contraction) and the cation
radius change (leading to a lattice expansion).*®

Table 2 lists the enthalpies of drop solution at 700°C
(AHps) and the enthalpies of formation at 25°C (AHy)
obtained for all investigated samples. The enthalpies of for-
mation were calculated from the drop solution data via a
thermochemical cycle presented in Table 3. The enthalpies
of drop solution of monoclinic ZrO, and C-type cubic bix-
byite ScO;s used in this study were 19.540.3'*31 and
—28.940.4 kl/mol,*"** respectively.

The enthalpies of formation of the five investigated
polymorphs of ScZ were plotted as a function of scandia
content (Figure 2). For low Sc,05 contents (<4 mol%), the
more exothermic enthalpies of formation indicate that

Sc,0, (mol%)
0 4 8 12 16 20

(kJ/mol)
S

10 Bl g
] B hod Eom
I o ot
< A ¢
10 — Aop
- @ ¥
-20 - o
A P W R

0.0 0.1 0.2 0.3 04
X, ScO -

FIGURE 2 Enthalpies of formation for five polymorphs
(m=monoclinic, r=tetragonal, c=cubic, rhombohedral B and y phases)
of Sc,Zry O, as a function of scandia content [Color figure can
be viewed at wileyonlinelibrary.com]
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monoclinic polymorph is the most thermodynamically
stable phase at room temperature, in agreement with inde-
pendent reports.®!*1*** The values become less exother-
mic with increasing Sc** concentration favoring tetragonal
transformation.

Similar values were encountered for tetragonal and
cubic polymorphs around 6-8 mol% Sc,0;. The proximity
of the AH; ., for t and ¢ polymorphs suggests that 7-c phase
transition is thermodynamically favorable, explaining the
easiness of formation of tetragonal phases in the cubic
matrix reported in the literature."**!> This formation of
tetragonal phases (f, £, and #’’) in a cubic matrix is an
undesirable event, occurring for unclear reasons until now,
that is responsible for an observed decrease in ionic con-
ductivity observed for compositions between 7 and 10 mol
% Sc,03 during aging at temperatures >600°C.

The more exothermic enthalpies found for rhombohedral
phases indicate the stability of these structures at room
temperature. The data agree with the stability trend of
and 7y phases in bulk samples for compositions higher than
10 mol% 80203.1’4’14’24’33 In addition, the enthalpies of for-
mation of rhombohedral (y) ScZ samples agree very well
with reported data®' and are consistent with the phase dia-
gram previously suggested for ScZ.'*

According to literature, enthalpies of formation should
become less exothermic with decreasing dopant ionic
radius in fluorite-zirconia-based materials.>'** However,
ScZ cubic phases shows an inverse function, as plotted in
Figure 3. Figure 3 shows AH;, of ScZ and YZ cubic fluo-
rite solid solutions as a function of additive (M=Sc and Y)
content. While for YZ the curve can be clearly represented
by a quadratic fitting function with initial negative slopes,
in the studied composition range, ScZ can be well fitted by
both linear or quadratic equations with initial positive
slopes. Note that although both linear or quadratic equa-
tions do fit, a reference®’ reporting enthalpies of formation
of rare earth-, yttrium-, and scandium-stabilized zirconia
and hafnia showed better fitting with a quadratic function
to extract interaction parameters and enthalpies of transi-
tion, which suggesting a similar fitting should be adopted
here.

Analyzing the curve, the initial point (x=0) corresponds
to the transformation enthalpy of ZrO, from monoclinic to
cubic fluorite structure (AH,, ,.=8.843.4 kJ/mol).*'** For
increasing dopant contents, the formation enthalpies of
cubic ScZ are endothermic, in contrast to those of YZ
which are exothermic. According to Simoncic and Navrot-
sky,3 ! these results indicate the smallest extent of short
range order of ScZ system which is associated with similar
jonic radii of Zr** and Sc**. The strong short range order
declines ionic conductivity by decreasing the mobility of
oxygen vacancies.’'** Thereby, among cubic fluorite solid
solutions, the endothermic enthalpies of formation of ScZ



GROSSO ET AL.

ﬂjournal

feAmerican Ceramic Society

M,0, (mol%)
5 10 15 20 25 30 35 40

(kJ/mol)

f,ox

AH,

o0 o1 02 03 04 05 06 07
x, MO__

FIGURE 3 Enthalpies of formation of cubic fluorite

M, Zr;_O,_,» M=Sc and Y) solid solutions (ScSZ=scandia-
stabilized zirconia; YSZ=yttria-stabilized zirconia) [Color figure can
be viewed at wileyonlinelibrary.com]

suggest less ordering, consistent to the highest ionic con-
ductivity values.> On the other hand, the endothermic
enthalpy of formation confirms the experimental difficulty
in obtaining the cubic polymorph is rooted on a thermody-
namic property.

4 | CONCLUSIONS

The enthalpies of formation for the five polymorphs (mon-
oclinic, tetragonal, cubic, rhombohedral B, and y) of the
scandia-zirconia system were determined by combining sur-
face energy values with enthalpy of drop solution data
obtained from high-temperature
calorimetry. Spontaneous phase transitions in ScZ solid

oxide melt solution
solutions are explained based on the enthalpy of formation
data. The complete set of data provides the possibility for
more accurate composition and processing design for
obtaining optimal ScZ cubic phase.
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