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Abstract: In this study, 5Y-PSZ-based ceramics with 15 mol.% of manganese oxide were obtained
from PSZ + MnO2 powders mixtures by pressing and direct firing. The resulting materials show a
stable cubic fluorite structure with only minor traces of segregated manganese oxides and relative
density from 90% to 98%. The linear thermal expansion coefficient is in the order of 10−5 K−1 at 500 K
and increases gradually with temperature, due to the onset of a contribution of chemical expansion,
reaching about 13 × 10−6 K−1 at 1100 K. These results are suitable for prospective applicability as
buffer layers to minimize degradation and delamination of electrolyte/oxygen electrode interfaces
in solid electrolyte cells. The electrical conductivity remains close to 1 S/m at 973 K and close to
7 S/m at 1273 K, suggesting mixed conductivity with a prospective contribution to electrode processes
occurring at electrode/electrolyte interfaces. Guidelines for further improvement were also established
by a detailed analysis of the impact of heating/cooling rate, firing temperature, and time on those
properties, based on Taguchi planning.

Keywords: zirconia; manganese oxide; electrical conductivity; thermochemical expansion; solid
electrolyte cell

1. Introduction

Additions of manganese oxide to ZrO2-based materials have attracted significant interest for
catalytic applications [1,2] and in solid-state electrochemical cells. For example, Mn is a key component
in oxygen electrode materials and its incorporation in zirconia-based buffer layers may minimize
electrode/electrolyte reactivity and delamination [3]. Mn-doping has also been proposed to enhance
the stability of cubic zirconia [4], to minimize long term conductivity drifts [3], and as a sintering
additive for yttria-stabilized zirconia, to allow for the processing of solid oxide fuel cells at lower
temperatures [5].

The high solubility of Mn in zirconia-based materials [6–8] relies mainly on Mn2+ ions and increases
with temperature [9]. The smaller fractions of Mn3+ ions should decrease further on changing the
oxidizing to neutral atmosphere or increasing temperatures. Possible explanations for the contribution
of Mn2+ to stabilize the cubic phase may rely on the ratio of ionic radii rMn2+ : rO2− = 0.69, which is
close to the ideal cation:anion ratio rc : ra = 0.732 for close packing with coordination 8, whereas the
corresponding ratio rZr4+ : rO2− = 0.59 is significantly lower. However, this cannot explain a decrease
in lattice parameter of cubic zirconia with increasing additions of manganese [6], if one considers only
differences in cationic radii (rMn2+ > rZr4+ ). Even more impressive lattice contraction has been reported
for Y-free (Zr, Mn)O2-x catalysts at low and intermediate temperatures [2]. Though a fraction of Mn3+

should be expected [10], contributing to a decrease in lattice parameter (rMn3+ < rZr4+ ), Mn3+ is unlikely
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to assume the required coordination in cubic zirconia [8] due to its low cation:anion radii ratio, except
possibly by assuming preferential association of Mnn+ with oxygen vacancies and effective decrease
of coordination. Otherwise, one may assume shrinkage of anion positions in the fluorite structure,
as rV••<rO2− [11,12], possibly contributing also to a decrease in the lattice parameter.

Structural effects of Mn additions and the Mn3+:Mn2+ ratio determine changes in transport
properties, as revealed by a maximum in activation energy of electrical conductivity [8], and a drop
in ionic transport number, related to changes from ionic to electronic, by increasing the hopping
probability. Other changes in transport number and total conductivity on changing from oxidizing
to neutral or reducing conditions [6] can be ascribed to depression of the Mn3+ fraction. In addition,
changes in sintering temperature may exert simultaneous effects on total Mn concentration and
Mn3+:Mn2+ ratio, which may be partially quenched by sufficiently fast cooling. Thus, these effects
should be properly understood to minimize undue negative impacts on ionic conductivity and
transport numbers in bulk electrolytes [3], and also to design the mixed conductivity of Mn-rich
buffer layers [8], possibly combined with their redox and oxygen storage ability. This may provide
guidelines for the development of multifunctional buffer layers, enhancing the compatibility between
electrolyte and electrode, and possibly contributing also to electrode kinetics in solid electrolyte cells.
The compatibility of electrolyte/electrode interfaces may rely on: (i) enhanced stability of Mn-rich
zirconia buffer layers, (ii) ability to minimize cation inter-diffusion or de-mixing, (iii) adjustable
chemical expansion to bridge the thermochemical expansion differences between electrolyte and
electrode layers, and possibly even (iv) oxygen storage ability to counter risks of oxygen overpressure
on reverting to electrolysis mode. Buffer layers with mixed ionic-electronic conductivity, variable
oxygen stoichiometry and corresponding oxygen storage ability are also expected to contribute to
enhanced kinetics of oxygen electrodes.

Thus, the present work was intended to develop Zr1−x−yMnxYyO2−δ buffer layers for prospective
applicability at oxygen electrode/electrolyte interfaces of solid electrolyte cells, to minimize risks of
degradation and delamination. The selected preparation method relied on simple powder mixtures
of PSZ zirconia and MnO2 and direct firing, to demonstrate conditions for facile processing of such
buffer layers. This implied a detailed study of the impact of firing schedule on phase stability, density,
thermochemical expansion and conductivity, as required for the intended buffer layers.

2. Materials and Methods

The samples with a nominal composition ((ZrO2)0.95(Y2O3)0.05)0.85(MnOx)0.15 were prepared using
5 mol.% yttria partially stabilized zirconia (5Y-PSZ, Innovnano, Portugal) and manganese oxide MnO2

(Alfa Aesar, 99%). The powders of initial reagents were mixed in an appropriate proportion and
ball-milled with ethanol for 4 h at 150 rpm using a nylon container, Tosoh tetragonal zirconia milling
media and Retsch S1 planetary mill. After drying of the milled powder, disk-shaped samples (Ø 18 mm,
thickness ~1.5 mm) were compacted by uniaxial pressing (F = 10 kN) and fired with controlled
schedules, as illustrated in Figure 1 for one representative case. The generic firing schedules included
controlled heating/cooling rate in the range 2–8 ◦C/min, firing temperature Tf in the range 1400–1600 ◦C,
and firing time tf in the range of 1–9 h. The corresponding plan of experimental conditions was selected
by the Taguchi method [13], as detailed in Table 1, where the generic sub-notation (x-yy-z) for the
samples indicates the rate of change in temperature (x), the first 2 digits of firing temperature (yy) and
firing time (z). Firing of samples was done on alumina plates covered with alumina cups. Each sample
was placed on a bed of powder and also covered with a powder of identical cation composition to act
as a buffer against possible high-temperature MnOx losses [14,15].
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Figure 1. Representative example of a firing schedule with identical heating/cooling rates (E(4 4-14-3)
in Table 1).

Table 1. Taguchi planning of firing schedules and impact of heating/cooling rate (β), firing temperature
(Tf) and firing time (tf) on experimental density, lattice parameter of cubic phase (ao), electrical
conductivity at 700 ◦C and activation energy (Ea). The relative increase of activation energy at
temperatures above 800 ◦C (∆Ea) is also shown.

Sample β (K/min) Tf (◦C) tf (h) ρ (g/cm3) ao (Å) σ700 (S/m) Ea (eV) ∆Ea (eV)

E1 (2-14-1) 2 1400 1 5.60 5.0940 0.78 0.69 0.00
E2 (2-15-3) 2 1500 3 5.49 5.0884 0.76 0.70 0.01
E3 (2-16-9) 2 1600 9 5.39 5.0893 0.66 0.71 0.04
E4 (4-14-3) 4 1400 3 5.50 5.0956 0.57 0.72 0.06
E5 (4-15-9) 4 1500 9 5.21 5.0895 0.49 0.79 0.28
E6 (4-16-1) 4 1600 1 5.29 5.0890 0.56 0.77 0.10
E7 (8-14-9) 8 1400 9 5.21 5.0943 0.54 0.72 0.09
E8 (8-15-1) 8 1500 1 5.41 5.0980 0.35 0.81 0.23
E9 (8-16-3) 8 1600 3 5.20 5.0892 0.55 0.69 0.01

Sintered ceramics samples were polished and cut into rectangular bars for electrical and
dilatometric measurements. The density of prepared ceramics was calculated from the geometric
dimensions and mass of polished samples. Powdered samples for X-ray diffraction (XRD) studies were
prepared by grinding sintered ceramics in a mortar.

XRD patterns were recorded at room temperature using a PANalytical X’Pert PRO MRD
diffractometer (CuKα radiation). Unit cell parameters were calculated in FullProf software (profile
match method).

Microstructural characterization was performed by scanning electron microscopy (SEM, Hitachi
SU-70) coupled with energy dispersive spectroscopy (EDS, Bruker Quantax 400 detector). Dilatometric
measurements were done using a vertical Linseis L75 instrument in flowing air with a constant
heating/cooling rate of 3 ◦C/min. The electrical conductivity was measured in air in the temperature
range 500–1000 ◦C employing AC impedance spectroscopy (Keysight E4284A precision LCR meter,
frequency range 20 Hz–2 MHz, AC voltage 1 V) and samples with applied porous Pt electrodes.

3. Results and Discussion

3.1. Structural Effects Induced by Sintering Schedules

X-ray diffractograms do not show significant evidence of Mn-rich precipitates, even when intensity
is shown in logarithmic scale to emphasize minor reflections, except minor traces of Mn3O4 for E1
(2-14-1) (Figure 2, bottom). Overall inspection suggests a pure cubic phase; the XRD data for all samples
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were successfully refined in the space group Fm3m (see an example in Figure 2, top). Thus, one may
claim strong evidence that the addition of MnOx to 5Y-PSZ stabilizes the cubic fluorite-type phase.

Figure 2. X-ray diffractograms of samples E1 (2-14-1) and E7 (8-14-9), sintered with firing schedules
shown in Table 1. (Bottom): Relative intensity is shown in logarithmic scale to screen eventual traces of
secondary phases. (Top): The cross symbols and the solid line (red) represent the experimental and
calculated intensities, respectively, and the line below (blue) is the difference between them. Tick marks
(green) indicate the positions of Bragg peaks in the Fm3m space group.

Different firing schedules induce lattice contraction or expansion, revealed by peak shifts.
The corresponding values of lattice parameter were obtained by FullProf refinement and are included in
Table 1, and may be used as a guideline for structural dependence on firing schedules; this was screened
by the correlation matrix calculated with standard Excel formulae (Table 2), which indicates that the
lattice parameter drops mainly with increase in sintering temperature, as reported by others [16],
though for higher contents of Y and a much lower concentration of Mn. Thus, the impact of sintering
temperature on solubility may explain its effect on the lattice parameter [8], whereas the contribution
of firing time is consistent with the effects of time scale in kinetic limitations. The effects of the rate of
change in temperature may comprise early effects occurring on heating and the final stage of cooling.
One may assume effects of fast heating rate on the interplay between the dissolution of Mn and
other early thermochemical transformations occurring on heating, including ready decomposition
of the precursor manganese oxide (MnO2), and later onset of sintering of the zirconia-based matrix,
or transformation of the partially stabilized powders to cubic phase. Interplay between dissolution
of Mn and other early stages of processing is also suggested on comparing results reported for
ceramic samples obtained from different precursor powders. For example, samples obtained from
co-precipitated powders [8] show wider changes in lattice parameter for up to higher fractions of Mn
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in the nominal compositions, when compared to samples processed from pre-calcined powders [7].
Changes on cooling may also be expected taking into account that solubility of Mn is dependent on
temperature and redox changes, which are also likely to occur on cooling, as shown in Section 3.3.

Table 2. Correlation matrix between firing conditions and properties (density, lattice parameter of the
cubic phase, electrical conductivity at 700 ◦C and activation energy) to screen the impact of heating
cooling rate, firing temperature and firing time.

β Tf tf ρ ao

ρ −0.61 −0.43 −0.49 - -
ao 0.41 −0.66 −0.26 0.34 -
σ700 −0.75 −0.13 −0.07 0.55 −0.42
Ea 0.30 0.1 −0.01 −0.29 0.29

∆Ea 0.30 −0.01 0.25 −0.38 0.25

The interplay between the roles of different parameters of sintering schedules (rate, temperature
and time) is also emphasized by the corresponding noise to signal ratio, illustrated in Figure 3a; this
is given by error bars, which correspond to differences between the highest and lowest results for
a specific factor, at the indicated level, while allowing simultaneous changes in other parameters,
to minimize the number of experiments. Thus, the poor signal to noise ratio observed mainly for
dependence on time explains its weakest correlation in Table 2.

Figure 3. (a) Dependence of lattice parameter on heating/cooling rate, sintering temperature and time,
based on averaged results from Table 1. Error bars show the lowest and highest results obtained at
a given level of a specific factor; (b) Multivariate fitting vs. experimental results of lattice parameter
(Equation (3)).

The poor signal to noise ratio shown in Figure 3a also indicates that one should seek an
alternative method to de-convolute effects ascribed to individual factors, and this was performed by
statistical multivariate analysis. However, one performed the previous transformation of independent
factors based on expected physicochemical guidelines. Thus, one considered trends predicted for
temperature-dependent solubility and/or high-temperature kinetics, and assumed typical temperature
dependence for a generic property Y, determined by equilibrium or kinetic rate constants, combined



Ceramics 2020, 3 350

with heating rate for variable temperature, as described by Equation (1) [17], or combined with a dwell
time of isothermal steps (Equation (2)),

Y ∝
RT2

Eaβ
exp

(
±

Ea

RT

)
, (1)

Y ∝ exp
(
±

Ea

RT

)
t, (2)

Both regimes may be linearized by reverting to logarithmic scales, to facilitate analysis of
experimental data for dependence on temperature combined with heating rate, or temperature
combined with time. Thus, one assumed the following combination of both trends, for approximate
dependence of lattice parameter on reciprocal temperature, dwell time and heating/cooling rate:

log(Y) = Yo + b log
(

1
β

)
+

c
T f

+ e log
(
t f

)
, (3)

The corresponding fitting parameters for Y = ao, the relative contribution of individual factors,
and overall correlation are shown in Table 3; this confirms the prevailing effect of firing temperature
but also confirms that contributions of other factors of the firing schedule should not be excluded.
The relative quality of fitting is also shown in Figure 3b. The contributions of different factors shown
in Table 3 confirm the prevailing effect of firing temperature, and also emphasize time dependence,
with combined effects of long firing time, and low heating rate, as illustrated in Figure 3a.

Table 3. Multivariate fitting parameters (Equation (3)), and corresponding contributions of firing
factors on lattice parameter, density, electrical conductivity at 700 ◦C and activation energy.

ao (Å) ρ (g/cm3) σ700 (S/m) Ea (eV)

R 0.84 0.91 0.84 0.44
Yo 1.62 1.50 −0.70 −0.191

log(1/β) b −0.00046 0.0298 0.31 −0.04
∆Y −0.0032 0.22 0.25 −0.04

1/Tf
c 17 417 983 −291

∆Y 0.0055 0.14 0.04 −0.01

log(tf)
e −0.00024 −0.014 0.020 −0.009

∆Y −0.0027 −0.16 0.02 0.01

3.2. Microstructural Changes Induced by Sintering Schedules

Though X-ray diffraction suggests nearly phase purity, scanning electron microscopy combined
with elemental maps (Figure 4) shows clear evidence of traces of Mn-rich phases, mainly for samples
with lower firing temperatures. Note also that these Mn-rich spots show depressed concentrations of
Zr and Y, indicating that these precipitates are essentially manganese oxides. Still, these precipitates
represent relatively low fractions of the observed area, thus explaining why X-ray diffraction fails to
detect traces of manganese oxides in most samples. Samples sintered at lower firing temperatures
tend to retain larger fractions of Mn-rich precipitates, with particle sizes > 1 µm, whereas higher
firing temperatures suppress precipitation and size of residual precipitates also decreases (see also
Figure 5). This suggests temperature-dependent solubility, as reported elsewhere [9], and probably
also kinetic limitations.

Figure 5 also shows the impact of firing schedules on microstructural features. Mn-rich precipitates
are retained in all samples sintered at 1400 ◦C, whereas firing time and heating/cooling rate are less
effective. Mn-segregation seems slightly higher when the heating rate is highest, which is consistent
with indications that fast heating counters a decrease in the lattice parameter (Table 2), correlated
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with the contents of Mn in the zirconia-based fluorite. High heating rate and low sintering time
may determine the extent of Mn-segregation for samples fired at intermediate sintering temperature
(1500 ◦C), as found on comparing results for samples E5 (4-15-9) and E8 (8-15-1). At still higher
sintering temperature (1600 ◦C), it is even harder to trace evidence of Mn-rich precipitates.

Figure 4. Scanning electron microscopy with Mn-rich precipitates identified by a darker shade and/or
by EDS elemental mapping, for samples sintered at (a) 1400 ◦C (E1 (2-14-1)), (b) 1500 ◦C (E2 (2-15-3))
and (c) 1600 ◦C (E6 (4-16-1)). Circles show a close correlation between dark spots of light elements and
higher concentrations of Mn.



Ceramics 2020, 3 352

Ceramics 2020, 3 FOR PEER REVIEW  8 

 

   
(a) E1 (2 °C/min; 1400 °C; 1 h) (b) E7 (8 °C/min; 1400 °C; 9 h) (c) E4 (4 °C/min; 1400 °C; 3 h) 

  
(d) E5 (4 °C/min; 1500 °C; 9 h) (e) E8 (8 °C/min; 1500 °C; 1 h) 

  
(f) E3 (2 °C/min; 1600 °C; 9 h) (g) E9 (8 °C/min; 1600 °C; 3 h) 

Figure 5. Scanning electron microstructures of samples processed with different firing schedules: (a) 
E1 (2-14-1), (b) E7 (8-14-9), (c) E4 (4-14-3), (d) E5 (4-15-9), (e) E8 (8-15-1), (f) E3 (2-16-9), and (g) E9 (8-
16-3). Micrographs show dispersed Mn-rich dark spots in E1 (2-14-1), based on high differences in the 
atomic weight of Mn, Zr and Y. Circles in E7 (8-14-9) and E4 (4-14-3) microstructures show links 
between Mn-precipitates and residual pores.  

Figure 5. Scanning electron microstructures of samples processed with different firing schedules: (a)
E1 (2-14-1), (b) E7 (8-14-9), (c) E4 (4-14-3), (d) E5 (4-15-9), (e) E8 (8-15-1), (f) E3 (2-16-9), and (g) E9
(8-16-3). Micrographs show dispersed Mn-rich dark spots in E1 (2-14-1), based on high differences in
the atomic weight of Mn, Zr and Y. Circles in E7 (8-14-9) and E4 (4-14-3) microstructures show links
between Mn-precipitates and residual pores.
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Thus, the dependence of residual Mn-precipitates on sintering temperature is consistent with
the expected increase of solubility at higher temperature [9], and one may use the dependence of
lattice parameter on heating rate, firing temperature and firing time (Tables 2 and 3), as a guideline
for corresponding effects on residual contents of Mn-precipitates; this confirms the main effect of
temperature but also emphasizes evidence of kinetic effects, determined mainly by early stages on
heating at the highest rate. Weaker dependence on sintering time indicates that possible volatilization
losses [14] should not play a key role, probably because volatilization involves the pre-reduction of the
spinel phase Mn3O4 to lower valence phases (MnO), and this is unlikely by firing in air [9].

All samples show residual porosity, which seems mostly closed, with typical pore sizes in the
micrometer range, almost independent of firing temperatures (Figure 5). This may be partially related
to specific characteristics of the zirconia precursor powders. In fact, the actual 5Y-PSZ precursor
powders were processed by a rather unconventional emulsion detonation synthesis (Innovnano).
However, the correlation matrix (Table 2) also suggests an unexpected drop in density on rising the
firing temperature and increasing sintering time. Only for the effect of heating rate does one find the
expected trend, since a decreasing rate implies a longer time scale for the earliest stage or late stages
of sintering.

The absence of a strong correlation (Table 2) and low signal to noise ratio (Figure 6a) raises
uncertainties about the dependence of density on sintering conditions, namely unexpected decrease
with increasing firing temperature and time. Therefore, one performed multivariate analysis, also
based on expected kinetics guidelines (Equation (3)). This yields the fitting parameters (Table 3) with
fairly good correlation (Figure 6b), and confirms the abnormal dependence on firing temperature
and time. Thus, one estimated theoretical density and relative density based on results of the lattice
parameter shown in Table 1, and assuming the nominal composition, with nearly complete dissolution
of Mn in the cubic fluorite phase; this yields similar trends for the absolute and relative density
(Figure 6b). The weak correlation between density and lattice parameter (Table 2) also excludes a direct
interrelation between structural and microstructural changes. Still, one did not consider changes in
the solubility of the light element Mn with temperature (Figure 5), and the corresponding decrease in
oxygen stoichiometry, expected by charge compensation. In addition, some microstructures in Figure 4
(sample E2 (2-15-3)) show residual Mn-rich spots in residual pores, others (samples E4 (4-14-3) and
E7 (8-14-9) in Figure 5) show links between Mn-precipitates and residual closed pores, which may
be interpreted as re-precipitation of manganese oxide on cooling, filling residual porosity. Note also
that unusual changes in morphology have also been reported after firing YSZ + MnOx composites
with dispersed YSZ particles in the MnOx matrix [15]. Thus, these findings and stronger evidence of
the prevailing effect of the rate of change in temperature may suggest a key dependence of residual
porosity on slow cooling from sintering temperatures. Cooling conditions also exert prevailing effects
on transient redox changes and electrical conductivity, as discussed below in Section 3.3. Otherwise,
one should consider key dependence on the complex combinations of processes occurring during the
earliest stage of heating, namely the onset of sintering, dissolution of Mn, and phase transformation of
PSZ to cubic fluorite.
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Figure 6. (a) Density vs. heating/cooling rate, sintering temperature and time, based on averaged
results. Error bars show the lowest and highest results obtained at a given level of a specific factor;
(b) Multivariate fitting of absolute density (closed symbols and primary axes) and relative density
(open symbols and secondary axes).

3.3. Changes in Redox and Transport Properties Induced by Sintering Factors

Redox changes of transition metal additives in fluorite materials may induce thermochemical
expansion/contraction, with a potential impact on properties, phase stability, and thermochemical
compatibility with other components of multilayer cells or devices. Thus, one performed dilatometry
(Figure 7) to screen these effects and as a guideline to thermal compatibility of other materials in
solid-state electrochemical cells, and problems associated with the onset of chemical expansion. Results
obtained for samples E3 (2-16-9) and E5 (4-15-9) are almost indistinguishable, with minimum hysteresis,
and also without significant differences between the first and subsequent dilatometry scans; this is
consistent with the stabilizing effect of Mn additions, and may also rely on long firing schedules of
these samples (Table 1), as well as low or intermediate cooling rates. In these cases, one may extract the
thermal expansion coefficient from the slope in the low-temperature range (dashed line in Figure 7a),
yielding typical values in the range (9.3–9.6) × 10−6 K−1, as expected for zirconia-based materials.
The chemical expansion may also be extracted from gradual slope changes with increasing temperature,
as shown in the secondary vertical axis. Note the gradual increase in chemical expansion, rather than
step changes. The ready reversibility of this chemical expansion indicates that this may be ascribed to a
slight increase in the Mn2+:Mn3+ ratio, with a corresponding increase in average ionic radii. At typical
working temperatures of solid electrolyte electrochemical cells (900–1200 K), one finds a moderate
range of chemical expansion. This may be useful for buffer layers to bridge the thermochemical
expansion gap between classical YSZ electrolytes and ceramic electrodes, including LSM.

The thermochemical expansion of sample E7 (8-14-9) (Figure 7b) shows more complex behavior,
with significant hysteresis, which tends to become narrower in subsequent dilatometry scans, indicating
relaxation of partially quenched redox changes, with cumulative shrinkage. Relaxation may be ascribed
to delayed temperature-dependent re-oxidation of Mn2+ to smaller Mn3+ cations, probably hindered
by relatively fast cooling from sintering temperatures. Note also that one should not consider
re-precipitation of Mn as the primary process of relaxation because the cubic lattice should expand
with decreasing contents of Mn [6]. Relaxation is most obvious at the highest temperatures of the
dilatometry scans, and revealed mainly by the ascending branch, as transient relaxation suppresses
chemical expansion. This is reverted during the descending branch, when relaxation increases the
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dependence of chemical expansion on temperature, with an apparent increase in chemical expansion.
Thus, both branches deviate from the true contribution of chemical expansion.

Figure 7. (a) Dilatometry of representative samples fired at 1500 ◦C (E5 (4-15-9)) and 1600 ◦C (E3 (2-16-9))
and corresponding changes in the thermochemical expansion coefficient (right axis).; (b) Consecutive
dilatometry scans of sample E7 (8-14-9), and corresponding thermochemical expansion coefficient
(right axis) extracted from the second cycle. Arrows indicate heating or cooling steps.

Ionic and electronic transport properties of these zirconia-based materials are also expected to
depend on effective solubility of Mnn+ species and their redox changes, as well as structural and
microstructural features induced by firing. Thus, one used the electrical conductivity to screen those
effects and to obtain guidelines to optimize properties. The correlation matrix (Table 2) and also the
relative signal to noise ratio (Figure 8a), as well as multivariate analysis (Figure 8b) all confirm the
strongest dependence on the rate of change in temperature, rather than sintering temperature and/or
time. This may be understood by considering the impact of residual porosity, as emphasized by the
significant correlation between conductivity and density. In addition, the mixed ionic + electronic
transport properties of these zirconia-based materials with high Mn additions [8] are also likely to
depend on their redox behavior.

The temperature dependence of conductivity (Figure 9) is nearly described by the Arrhenius
dependence expected for prevailing electronic conductivity (Equation (4)), taking into account that the
ionic transport number is low in oxidizing conditions [18].

ln(σ) = ln(σ0) −
Ea

RT
, (4)

However, one finds significant deviations from linearity for some samples (mainly E5 (4-15-9)
and E8 (8-15-1)), above 800 ◦C. Thus, the values of activation energy shown in Table 1 refer only to
temperatures below 800 ◦C. These values are within the expected ranges [8], and one could not find a
conclusive correlation with firing parameters (Table 2), possibly because the time scale for electrical
conductivity measurements is sufficient to relax quenched in effects induced by fast cooling. Similarly,
one could not find correlations between deviations from linear Arrhenius dependence and firing
conditions, possibly because the relaxation of partially frozen in conditions may still be occurring
during the relatively long period of time required for the electrical conductivity characterization,
at temperatures up to 1000 ◦C.
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Figure 8. (a) Averaged dependence of electrical conductivity at 700 ◦C on the rate of change in
temperature, and sintering temperature and time.; (b) Multivariate fitting (Equation (3)) for the
electrical conductivity at 700 ◦C. Fitting parameters are shown in Table 3.

Figure 9. Temperature dependence of electrical conductivity of samples E3 (2-16-9), E5 (4-15-9) and E8
(8-15-1).

4. Conclusions

The firing schedules determine structural, microstructural, and redox changes in zirconia-based
materials with relatively high additions of manganese oxide, and may also have important effects
on relevant properties, if one considers the design of buffer layer materials to minimize degradation
and delamination at oxygen electrode–electrolyte interfaces. The dissolution of manganese oxide
in the PSZ zirconia precursor occurs readily during direct firing, inducing transformation to cubic
fluorite. The lattice parameter varies mainly with firing temperature, due to slight changes in solubility
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of Mn, whereas dependence of lattice parameter on firing time indicates kinetic limitations. Effects
of heating/cooling rate during firing on lattice parameters may also be related to transient changes
occurring at the earliest stage of heating, or reverted changes on cooling, such as the decrease in
solubility with decreasing temperature and partial oxidation of divalent Mn2+ to trivalent Mn3+

ions. Microstructural studies show the presence of Mn-rich precipitates, in close agreement with
corresponding changes in the lattice parameter. Closed porosity is retained even after firing at the
highest temperature (1600 ◦C), possibly due to constrained microstructural rearrangements or the
delayed dissolution of Mn during the initial stage, mainly with the highest heating rate. These
limitations may hinder densification at the highest firing temperatures. Slow cooling contributes to
an increase in density, possibly by a combination of redox induced lattice contraction and partial
re-precipitation of manganese oxide filling residual porosity. Thermochemical expansion shows nearly
reversible behavior, with a significant contribution of chemical expansion above about 900 K. However,
fast cooling from sintering temperatures still induces hysteresis, which can be ascribed to the relaxation
of partially frozen in redox changes. This may also explain a negative impact of fast cooling on
electrical conductivity.
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