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Abstract

Powders of pure and 5% ytterbium substituted strontium cerate (SrCeQO;/SrCeqgs5Ybo503_s) were prepared by spray pyrolysis of nitrate salt
solutions. The powders were single phase after calcination in nitrogen atmosphere at 1100 °C (SrCeQO3) and 1200 °C (SrCeg 95 Yb0503-5). Dense
SrCeO5 and SrCey g5 Yby ¢sO3_s materials were obtained by sintering at 1350-1400 °C in air. Heat treatment at 850 and 1000 °C, respectively, was
necessary prior to sintering to obtain high density. The dense materials had homogenous microstructures with grain size in the range 6—10 wm
for SrCeO; and 1-2 pm for SrCeosYbg0sO3_s. The electrical conductivity of SrCeqgsYbos03-_s was in good agreement with reported data,
showing mixed ionic—electronic conduction. The ionic contribution was dominated by protons below 1000 °C and the proton conductivity reached
a maximum of ~0.005 S/cm above 900 °C. In oxidizing atmosphere the p-type electronic conduction was dominating above ~700 °C, while the

contribution from n-type electronic conduction only was significant above ~1000 °C in reducing atmosphere.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Perovskite-type oxide materials (ABO3), such as orthorhom-
bic strontium cerate, SrCeO3, have been widely studied due
to the electrical properties. When properly substituted with
rare earth oxides on the cerium site, SrCeO3, exhibit high
proton conductivity as first demonstrated by Iwahara et al.!
This property makes SrCeO3-based ceramics suitable for elec-
trolyte materials in solid oxide fuel cells (SOFCs), hydrogen
pumps and sensors.>* In particular SrCeOj3 substituted with
5% Yb (SrCe;095Ybg503_5) has been classified as one of
the perovskite-type oxides with the highest proton conductivity
(~0.004 S/cm at 900 °C).> However, SrCeO3 based materials
have often been rejected for use in commercial devices due to
poor mechanical properties and chemical stability.?
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High stability of strontium carbonate (SrCO3) makes prepa-
ration of single phase SrCeO3 powders and bulk materials
challenging. SrCeO3 reacts with CO; according to Eq. (1) form-
ing SrCO3 which may decompose to strontium oxide (SrO) as
described by Eq. (2).%7

SrCeO3(s) + COz(g) = SrCO3(s) + CeOa(s) (1
SrCOs3(s) = SrO(s) + COz(g) 2)

The onset temperature for synthesis of SrCeO3 from a mix-
ture of SrCO3 and CeO; (according to Eq. (1)) has been reported
to 800 °C and between 1168 and 1190 °C, for reaction in N, and
CO, atmosphere, respectively. The corresponding onset temper-
ature for decomposition of SrCO3 (according to Eq. (2)) in Ny
and CO; atmosphere have been reported to 845 °C and between
1220 and 1275 °C, respectively.>® Hence, at lower temperatures
(<800 °C), carbonate formation may be critical with respect to
phase purity and mechanical properties of SrCeO3 materials.
Reactions equivalent to Egs. (1) and (2) with water should also be
considered when operating in atmospheres with high p(H,0).”
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Preparation of SrCeO3 powders have been reported by meth-
ods such as complexation with EDTA® or citric acid'® and
combustion methods,!! but the dominating synthesis route for
these materials is by the solid state ceramic method.!¢-8-12-20
The main objectives of work on SrCeOsz ceramics have
been to investigate the proton conductivity. Hence, densifica-
tion and microstructure of sintered specimens have not been
much in focus. Generally sintering temperatures in the range
1500-1650°C (in air) have been necessary for preparation of
dense (>95%) SrCeO3 and SrCe; 95 Ybg 0503—_s materials by the
solid state ceramic method.!3-15-16.20 Higher densities (>97%)
have been obtained from commercial powders by sintering at
1450°C for 2h in air,?! and from powder prepared by a com-
plexation route by sintering at 1300°C for 12h in nitrogen
atmosphere.’

In this investigation we present a complete ceramic pro-
cessing route to dense SrCeO3 materials with homogenous
microstructures, including the synthesis of SrCeO3 powders by
spray pyrolysis. The limited literature data on the synthesis and
fabrication of SrCeQs3 based materials have been the main moti-
vation for the work. Both pure and 5% Yb-substituted SrCeO3
powders have been prepared and the influence of carbonates
(and other secondary phases) on the sintering process is par-
ticularly addressed. Moreover, characterization of the electrical
conductivity has been carried out and the electrical conductivity
is described by models based on point defect chemistry.

2. Experimental
2.1. Powder synthesis and sample preparation

Powders of SrCeO3; and SrCeggs5Ybg 5035 (denoted SC
and SC5Yb in the following) were synthesized by spray pyroly-
sis of nitrate salt solutions. Aqueous solutions of cerium nitrate
(Ce(NO3)2-xH20, Alfa Aesar, 99.5%) and ytterbium nitrate
(Yb(NO3)3-5H,0, Aldrich, 99.9%) were thermogravimetrically
standardized and mixed in stoichiometric proportions with dried
(250°C, 24 h) strontium nitrate (Sr(NO3)», Merck, >99%), giv-
ing a total cation concentration of 0.9 M. The mixed solutions
were atomized into a furnace at a rate of 1 L/h. The temperature
by the nozzle was 840-845 °C and the output temperature was
540-550°C. The as-synthesized SC and SC5Yb powders were
calcined at 900 °C for 48 h in ambient air. Additional calcina-
tion at 1000-1200 °C for 6 h in nitrogen flow (po, < 10~* atm,
Pco, < 2 x 10~7 atm) was done in order to remove carbonates
and obtain phase pure powders. The calcined powders were ball
milled with yttria stabilized zirconia (YSZ) balls in iso-propanol
for 624 h (ball milling in water resulted in decomposition of the
powder). The milled powders were dried at 400 °C for 12h in
ambient air and sieved (150 pm).

Green bodies were made by uniaxial pressing at 64 MPa.
Generally powders calcined at higher temperatures (>1000 °C)
needed addition of 2 wt% binder (ethyl cellulose, Sigma) in order
to increase the green strength and green density to ~55%. No
binder was needed for compaction of powders calcined at 900 °C
giving green density of 50-53%. Green bodies were sintered in
ambient air at temperatures varying from 1250 to 1450°C in a

muffle furnace (SF-4/17, Entech, Sweden). In order to remove
carbonate species from the specimens prior to sintering, heat
treatment at 850 °C for 24 h and 1000 °C for 1 h was used for
sintering of SC and SC5YD, respectively.

2.2. Characterization of sintered materials

The prepared powders were analyzed and crystal struc-
ture confirmed by X-ray diffraction (XRD) (Cu Ka, Philips
PW1730/10). Powders from crushed samples sintered at 1400 °C
and added 30 wt% Si standard were used to obtain XRD data
from which the lattice parameters and theoretical densities were
calculated by the Rietveld method. Infrared spectroscopy (IR)
was performed on potassium bromide (Merck, KBr for IR
spectroscopy Uvasol®) discs containing 1 wt% powder using
a Bruker IFS 66v spectrophotometer. Thermogravimetric anal-
ysis (TGA) (Netzsch STA 449C Jupiter) on powders was carried
out in air with a heating rate of 3 °C/min to 1450 °C. Nitrogen
adsorption on de-gassed powders (24 h, 250 °C) was measured
(Micromeritics ASAP 2000) using the five point BET equation
to obtain specific surface area, from which the particle size was
calculated assuming spherical particles.

Dilatometry (Netzch, DIL 402C) on green body cylinders
was performed in air with a heating rate of 3 °C/min up to
1450 °C. Density of sintered specimens was measured by the
Archimedean method (ISO 5017) in iso-propanol. The prepared
powders as well as sintered specimens were studied by scan-
ning electron microscopy (SEM) (Hitachi S-3500N). Average
grain size was estimated by the linear intercept method over a
minimum of 50 grains.

2.3. Conductivity measurements

A circular Pt electrode (~10 mm diameter) was attached to
each side of the SC5Yb specimens, before mounting on top of the
support tube in a ProboStat measurement cell for electrochemi-
cal characterization (two-electrode measurements).22 When the
purpose was to measure the open-circuit voltage (OCV) from
gradients in the pressures of oxygen, hydrogen and water vapor,
a gold gasket was placed between the alumina support tube and
the specimen. Consequently, the specimen served as a mem-
brane between the inner and the outer gas compartment in the
cell. Electrode leads (current supplies and voltage probes) from
the cell base were contacted to the electrodes on the specimen.
Relatively strong spring loads with alumina parts in the hot zone
held the assembly together; to maintain contact between the Pt
leads and the electrodes and to facilitate the gold sealing.

The total conductivity was measured in the temperature range
300-1050 °C by means of impedance spectroscopy and at a
constant frequency of 10 kHz (Solartron 1260 FRA, oscillation
voltages between 0.1 and 1 V) as a function of the oxygen partial
pressure; in wet (0.025 atm H,O) O—Ar mixtures for oxidizing
and wet (0.025 atm H,O) Hy—Ar mixtures for reducing condi-
tions, as well as a function of the water vapor partial pressure.
The partial conductivities, measured under wet conditions, were
calculated based on transport numbers from EMF measurements
(Solartron 7150+ high impedance voltmeter) as a function of
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Fig. 1. SEM micrographs of not milled SrCeO3 and SrCe 95 Ybg 0503—5 powders calcined at 900 and 1100 °C before and after milling in iso-propanol.

temperature. Details regarding the EMF-method and the set-up
of the gas mixer are described in the literature.?32*

Impedance spectroscopy in the frequency range
1 MHz-0.1 Hz was applied to determine the different contribu-
tions of bulk (b), grain boundaries (gb) and electrodes (e) to
the overall impedance. Different circuits were assigned to fit
the impedance data depending on the conditions (7, p(O2) and
p(H70)). Up to 650 °C, it was possible to separate the impedance
of bulk and grain boundaries by fitting the impedance data to
circuits of parallel resistors (R) and constant phase capacitive
elements (Q) in series: (RpQb)(Rgb Qeb)(ReQe) at temperatures
below 450°C, and Ryp(RgpQpp)(ReQe) from 450 to 650°C.
Above 650°C the bulk and grain boundary impedance could
not be separated and the volume resistance, Ryol =Ry + Rgp,
was determined. Under conditions where electronic conduction
plays a significant role, it has been assumed that Rejectronics
representing the electronic conductance, connects effectively
directly between electrodes, yielding circuits which in a
simplified version may look like RelectronicRvol(ReQe). At
temperatures >500 °C the impedance spectra were corrected
for a parasitic inductive element, but this is here used only to
improve the fit to the other parameters, and is thus not discussed
any further. The (R.Qe)-clements represent complex processes

at the electrodes and can be further separated into several
different circuit elements.

3. Results
3.1. Characterization of powders

The morphology of prepared powders is presented by SEM
micrographs in Fig. 1. During spray pyrolysis characteristic
agglomerates in the form of hollow spheres were formed as
seen for the SC powder calcined at 900 °C. The spherical shape
was maintained upon heating to 1100 °C, however, some coars-
ening of the powder was observed. The agglomerates in the SC
and SC5Yb powders calcined at 900 °C were effectively broken
down to smaller particles by ball milling in iso-propanol. Due
to coarsening of the powders during heat treatment at 1100 °C,
the particle size after milling seemed somewhat larger in the
powders calcined at 1100 °C.

Surface area and calculated particle size for a selection of
powders is presented in Table 1. Ball milling of SrCeO3 powder
calcined at 900 °C resulted in an increase in surface area, from
1.7 to 5.4 m?/g. Calcination at 1100 °C gave a slight reduction
in surface area to 3.9 m?/g (after ball milling). The surface area
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Table 1
Surface area (SA) of milled SrCeO3 and SrCe 95 Ybg 0503—5 powders. Spherical
particles were assumed for calculation of the particle size (D)

Compound Calcination Calcination SA (m%/g) D (pum)
temperature (°C)  time (h)

SrCeO3—not milled 900 48 1.7 0.62

SrCeO3 900 48 54 0.19

SrCeO3 1100 6 3.9 0.27

SrCCo‘ngb0.0503,5 900 48 17.8 0.06

SrCepo5Ybg 05035 1100 6 9.2 0.11

of ball milled SC5Yb powder calcined at 900 °C was 17.8 m?/g,
corresponding to particles 3-8 times smaller compared to that
found for the SC powders.

The orthorhombic crystal structure was confirmed for both
SC and SC5YDb, and their lattice cell parameters were in good
accord with literature.>> X-ray diffractograms of SC and
SC5Yb powders are shown in Fig. 2(a) and (b), respectively.
Secondary phases (SroCeO4 and CeO,) were present in the
SC powder after calcination at 900 °C. After calcination at
1000°C in nitrogen flow these phases were still detected by
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Fig.2. X-ray diffractograms of (a) SrCeO3 powders and (b) SrCe 95 Ybg 05035
powders calcined in ambient air at 900 °C and in nitrogen flow from 1000 to
1200°C.

100 kg ]
— —._SC- 1100°C, not milled

;a: 99 5

@ SC - 900°C, milled

=)

g f

£ 98 ; .

Q

-

£

=]

@

= 97t ] .

s SC5Yb - 900°C, milled

96 : EE ey et A

100 300 500 700 900 1100 1300 1500

Temperature (°C)

Fig. 3. TG curves obtained from milled SrCeO3 (SC) and SrCe.95Ybg.0503—5
(SC5Yb) powders calcined at 900 °C as well as SC powder calcined at 1100 °C
before milling.

XRD, however, calcination at 1100 °C resulted in phase pure
SC powder. Larger amounts of secondary phases were detected
in the SC5Yb powder calcined at 900 °C in air. In addition to the
secondary phases found in the SC powders, StCO3 was detected
in SC5Yb powder calcined at 900 °C. SrCO3 was not detected
in the SC5Yb powder calcined at 1000 °C in nitrogen flow, but
both Sr,CeO4 and CeO, were present. Traces of Sr,CeO4 were
also detected after calcination at 1100 °C but the powder was
apparently phase pure after calcination at 1200 °C. The sintered
materials were phase pure according to XRD, and XRD on the
surface of sintered specimen exposed to ambient atmosphere for
2 weeks gave no indications of formation of SrCO3.

Fig. 3 shows TG data for SC and SC5Yb powders. Signifi-
cant weight loss was observed for both SC and SC5Yb powder
calcined at 900 °C and ball milled in iso-propanol. The observed
weight loss below 400 °C (mainly seen for SC powder calcined
at 900 °C) is most likely due to adsorption of CO,and/or water
from the atmosphere as all powders were dried at 400 °C after
milling. As seen from Fig. 3, the main weight loss of milled
powders was found between 700 and 800 °C for SC and around
900 °C for SC5YD. This weight loss is associated with decom-
position of SrCO3. The higher loss (4.0%) for SC5Yb compared
to SC (1.6%) is in agreement with the XRD data. A total weight
loss of ~0.3% was observed for SC powder calcined at 1100 °C.
A low content of SrCO3 after calcination at 1100 °C is inferred
based on the thermogravimetry.

IR spectra of SC/SC5Yb powders calcined at different tem-
peratures are presented in Fig. 4. A reference spectrum of
SrCOs is also included. The broad band in the range of 500
to 800 cm™!, observed for all powders, is due to the stretching
of the metal-oxygen bonds.?® The characteristic frequencies for
SrCOs are also found in the spectra of SC and SC5Yb powders
calcined at 900 °C, respectively. Higher intensity of the carbon-
ate bands, indicate larger amount of SrCO3 in the SC5Yb powder
compared to SC. SC powders calcined at 1000 and 1100 °C were
carbonate free according to the IR spectra. SC5Yb powders
calcined at higher temperatures (1000-1100 °C) show similar
behaviour as observed for SC. IR spectra of ball milled powders
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Fig. 4. IR spectra of SrCO3 powder, SrCe 95 Ybg 0503—_5 and SrCeO3 powders
calcined 900 °C in air as well as SrCeO3; powders calcined at 1000 °C and
1100 °C in nitrogen atmosphere.

indicated that SrCO3 was reintroduced by CO; adsorption from
the air or from reaction with residual iso-propanol in the powder.
A minor peak near 3500 cm™! evidenced the presence of OH in
SC5YD calcined at 900 °C, while in undoped SrCeO3 this peak
is absent in line with expectations.

3.2. Densification

The linear shrinkage versus temperature presented in Fig. 5(a)
shows an onset for densification at ~800°C for SC and
~1000 °C for SC5YDb, both calcined at 900 °C. The presintering
feature above 900 °C for SC5Yb is most likely due to decompo-
sition of residual SrCOs3, resulting in evolution of CO; gas that
could cause expansion of closed pores in the material. Calcina-
tion at 1100 °C resulted in a small shift in the onset temperature

-5

dLIL, (%)
=

—— SC-900°C E
A45[ —-— SC-1100°C =
———. SC5Yb - 900°C
20F SC5Yb - 1100°C E
| | 1 I | + + + ]
t T T L : ’ '
— 0.0 A
0 (b)
=
= 01
3
S'Q
3 02f
h=]
-0‘3 . f | L 1 1 1

200 400 600 800 1000 1200 1400
Temperature (°C)
Fig. 5. (a) Linear shrinkage and (b) sintering rate from associated derivative

curves for SrCeOs (SC) and SrCe95Ybg 0503_s (SC5YDb) after calcination at
900°C and 1100°C.
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Fig. 6. (a) Density and (b) estimated grain size of SrCeOs; (SC) and
SrCe.95Ybo,0503_s (SC5Yb) specimens sintered at indicated temperatures for
2 h in ambient air.

for densification. Though the onset temperature for densification
is lower for SC, the sintering rate for this compound is lower than
for SC5YDb, as displayed in Fig. 5(b). The highest sintering rate
(Fig. 5(b)) for SC calcined at 900 °C was found at ~1150 °C and
as high as ~1375 °C for SC calcined at 1100 °C. In comparison
the highest sintering rate for SC5Yb calcined at 900 and 1100 °C
was ~1330 and ~1370 °C, respectively.

Fig. 6 displays the variation in density and estimated grain
size as a function of temperature during isothermal sintering of
SC and SC5Yb. The presintering heat treatment at 850 °C for
24h for SC and 1000 °C for 1h for SC5YD resulted in 1-4%
reduction of closed porosity. As seen in Fig. 6(a), the density of
SCand SC5Yb increases when the temperature is increased from
1250 to 1350 °C, however further increase in temperature gave
little change in density. After sintering at 1350 °C, the density
was 96.6 and 97.6% of theoretical density for SC and SC5Yb,
respectively.

3.3. Microstructure and grain growth

Estimated grain size in sintered SC and SC5Yb specimens are
presented in Fig. 6(b). The grain size in SC increased from ~6
to ~14 pm when the sintering temperature was increased from
1250 to 1450 °C. For SC5Yb the grain growth was less severe
giving average grain size in the range of 1 to 2 pm after sinter-
ing at 1250-1400 °C. Sintering at 1450 °C, however, resulted in
grain size of ~8 wm for this composition as well. The homoge-
nous microstructures of sintered SC and SC5Yb specimens are
displayed by SEM micrographs in Fig. 7. While the grain size
of the SC specimens were rather large, even after sintering at
1250°C, SC5Yb specimen exhibits grains of ~1 wm, however
this specimen appears not fully dense. The inevitable amount of
closed porosity observed in SC specimens, due to higher mobil-
ity of grain boundaries compared to pores, was not observed in
the SC5Yb specimens sintered at temperatures up to 1400 °C.
Sintering at 1450 °C produced larger grains resulting in some
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Fig. 7. SEM micrographs of polished and etched (1200 °C, 12 min) surfaces of SrCeO3 and SrCep 95 Ybo0503_s specimens sintered for 2 h at 1250 °C-1450°C.

enclosed pores for SC5YDb as well. The severe grain growthin SC
resulted in microcracking due to the anisotropic crystal structure
of the orthorhombic SrCeOj3 reducing the mechanical properties
of this material. Finally, BS images and EDS gave no evidence
of segregation of Yb along grain boundaries or contamination
of the samples during firing.

3.4. Electrical properties
Conductivities as a function of the inverse temperature

for SC5Yb (sintered at 1350°C and 2h) in wet oxygen
(0.025 atm H>0 +0.975 atm O) and wet hydrogen (0.025 atm

H>O0 +0.975 atm Hy) are presented in Fig. 8(a) and (b), respec-
tively. These figures include the total AC (10 kHz) conductivity
measured in continuous temperature ramps (12°C/h), along
with partial conductivities deconvoluted from impedance spec-
troscopy at selected temperatures in wet hydrogen (Fig. 8(b)).
The proton and oxygen ion conductivities are similar under
oxidizing and reducing conditions, whereas the electronic con-
tribution under oxidizing conditions (p-type) is higher than
under reducing conditions (n-type). One should note that the
OCYV of concentration cells has only been measured in the tem-
perature region where the proton transport number is less than
1 and below the melting point of gold (700-1050 °C). The total
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hydrogen. oToa1(10 kHz) and o101 (IS) are obtained from a continuous ramp at
10kHz and impedance spectroscopy with 50 °C steps, respectively. The sample
was sintered for 2h at 1350°C.

conductivities measured at temperatures lower than ~700 °C are
predominantly protonic, although this is not indicated in Fig. 8,
since it has not been directly measured. The grain boundary
resistance in this material was low and, as mentioned, the bulk
and grain boundary impedance could not be separated above
650°C.

The water vapor partial pressure dependence of the total con-
ductivity from 500 to 1000 °C, as measured in hydrogen, is
shown in Fig. 9(a). The total conductivity increases as a function
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Fig. 9. Total conductivity of SrCep9s5Ybg0503_s specimens with (a) varying
water vapor partial pressure, measured in Hy + HyO + Ar mixtures with constant
PH, / PH,0 Tatio of 0.025/0.975 at 500-1000 °C, and (b) varying oxygen partial
pressure at constant py,o =0.025 atm in the range of 800-1000 °C. The sample
was sintered for 2 h at 1350 °C.

of increasing water vapor partial pressure. The typical conduc-
tivity behavior observed for a mixed ionic—electronic conductor
upon large variations in the oxygen partial pressure, is shown in
Fig. 9(b), for temperatures in the range 800—1000 °C. The total
conductivity increases with decreasing oxygen partial pressures
under reducing conditions, and increases with increasing oxygen
partial pressures under oxidizing conditions. These two behav-
iors reflect an increasing n-type and p-type contribution to the
total conductivity, respectively. Between these two regimes the
total conductivity is essentially independent of the oxygen par-
tial pressure reflecting ionic conduction. Below 800 °C under
reducing conditions, the conductivity is predominantly ionic
showing no significant n-type electronic conduction. One should
note that the total conductivity declines with time, and that this
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seems to depend particularly on the time measured under wet
conditions and at low temperature.

4. Discussion
4.1. Powder characteristics

As demonstrated in this work, phase pure SrCeOs powders
can be prepared by spray pyrolysis followed by calcination at
1100-1200 °C in nitrogen atmosphere. Fine powders with par-
ticle size down to ~60 nm have been obtained by ball milling of
calcined powders, however some coarsening was observed with
increasing calcination temperature. The TG analysis (Fig. 3) of
SC powders in air indicates that SrCOs3 introduced during ball
milling is removed below 800 °C, in agreement with reported
onset temperature for synthesis of SC from a mix of SrCO3 and
CeO; in nitrogen.® The IR spectrum of SC calcined at 900 °C
(Fig. 4), however, shows that small amount of SrCOs3 is present
in the powder even before milling. A larger amount of SrCO3
in the SC5Yb powder calcined at 900 °C, confirmed by XRD
(Fig. 2(b)) and IR (Fig. 4) and assisted by the larger weight loss
from TG analysis (Fig. 3), indicates a stabilization of this sec-
ondary phase by substitution with Yb. The presence of Sr;CeO4
and CeO, were also more pronounced in case of the SC5Yb
powder. SroCeO4 was detected by XRD in the SC5Yb powder
after calcination at 1100 °C, but not in the SC powder after calci-
nation at 1000 °C. These features may be explained by the more
basic nature of Yb-substituted material, as reported for ceria,?’
which in turn, e.g. will make the material more susceptible to
COs.

4.2. Densification and microstructure

By introducing a heat treatment at 850 and 1000 °C prior to
sintering, dense SC and SC5Yb materials, with well defined
microstructures, were obtained by sintering for 2h in air at
1350-1400°C. SC was found to sinter at a lower temperature
compared to SC5Yb and onset temperatures for sintering being
around ~200 °C lower. The higher sintering temperature in the
Yb-substituted material can not be assigned to any ionic size
effects, as the ionic radius of Yb3* equals that of Ce**.28 The
introduction of oxygen vacancies in the material is also unlikely
to increase the sintering temperature. Sintering is rate limited
by diffusion of cations (the slowest moving ions), and oxygen
vacancies should lower the activation barrier for cation diffusion.
The shift in onset temperature for sintering may be explained by
the presence of secondary phases, inhibiting the sintering in the
SC5Yb material. SroCeO4 was detected in the SC5Yb powder,
even after calcination at 1100 °C. All secondary phases seem to
vanish at higher temperatures (1200 °C), however, at such tem-
peratures coarsening of the powder will reduce the sinterability
as well. Despite lower onset temperature, the sintering rate was
higher in the SC5Yb material compared to SC, as demonstrated
in Fig. 5. This effect may be explained by larger surface area in
starting powders compared to that of SC. Densities of 96-98%
of SC and SC5Yb materials sintered at 1350-1450°C in air
are comparable to reported densities >98% obtained by solid

state ceramic method and sintering at 1550-1600 °C in air for
1012 h,'%!7 and from powders prepared by complexation route,
by sintering at 1300 °C for 12 h in nitrogen flow.’

Homogenous, fine-grained microstructures were obtained for
the SC5YDb specimens sintered up to 1400 °C. The more severe
grain growth in the SC materials, with resulting trapped pores
indicates a high mobility of grain boundaries compared to pores.
The reduced growth in SC5Yb may, as the sinterability, be
explained by the presence of secondary phases in the material.
At elevated sintering temperatures the secondary phases will
disappear (presuming stoichiometric cation ratio in the start-
ing powder), alleviating the grain boundary pinning. This may
be the effect observed in SC5Yb when increasing the sintering
temperature from 1400 to 1450 °C, resulting in remarkable grain
growth.

Due to the anisotropic crystal structure of SrCeOj3, micro-
cracking was observed in large grained SC materials (>6 pwm),
while the finer grained (1-2 um) SC5Yb materials were resistant
towards microcracking. Based on these observations the critical
grain size may be estimated between 2 and 6 pm. In a compa-
rable work, grain size of ~7 pum has been reported for dense
SC5Yb materials,® however studies of microstructure and grain
size in these materials are rare. The commonly used solid-state
ceramic route produces coarse powders, hence, high sintering
temperatures (>1500 °C) are needed to obtain dense materials.
Consequently, the sintered materials will consist of rather large
grains (10-20 wm).!3 This exceeds the suggested critical size
for microcracking, which in turn may explain the poor mechan-
ical properties observed for SrCeO3; materials.” Our suggestion
is supported by the high mechanical bending strength reported
for SC5Yb with grain size of 7 um.? Observations made in the
present work, points out the importance of high quality start-
ing powders and controlled densification, with respect to the
mechanical properties of the sintered SrCeO3-based materials.

4.3. Conductivity

The conductivity results generally reflect the behaviour
reported in the literature on acceptor substituted
SrCeQ3.1:25:12-18.29-34 SrCepo95Ybg0sO3_s exhibit mixed
ionic—electronic conduction where the ionic contribution
is predominated by protons below ~1000°C. The proton
conductivity reaches a maximum of ~0.005S/cm above
900 °C (in wet atmosphere). Oxygen ion conductivity becomes
the major ionic charge carrier above 1000°C. The p-type
conductivity is considerably higher under oxidizing conditions
than the corresponding n-type conductivity under reducing
conditions. This conductivity behavior can be interpreted with
basis in a few elementary point defect reactions. Substitution
of trivalent Yb for tetravalent Ce yields an effectively negative
defect (acceptor) that must be charge-compensated either by
consumption of other effectively negative or formation of
effectively positive defects. In SrCeOs charge-compensation
occurs by formation of oxygen vacancies according to Eq. (3):

Yb,03 + 2510 = 2Yb{, + 2Sr%, + vo®* + 503 3)
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Under wet conditions oxygen vacancies may be hydrated
through interaction with water vapor. The protonic defect that
forms is assumed to be associated with a structural oxygen ion
through Eq. (4):

H>O(g) + vo** + Of = 20Hp* “)

Native defects are furthermore in equilibrium with the sur-
rounding atmosphere, as shown in Eq. (5) for oxygen vacancies
in equilibrium with electron holes:

O 4 2h* = vo®* + 10,(g) o)

By taking the intrinsic ionization between electron holes and
electrons into account all the point defects necessary to model
the behavior encountered during this investigation are in place.
However, in order to obtain a full mathematical description of
the defect structure, and to determine physicochemical param-
eters reflecting the conductivity characteristics, the site balance
and the electroneutrality must be included.?® Within the experi-
mental window of the present investigation, acceptor doping in
SrCeO3 has, generally, been concluded to be charge compen-
sated predominantly by oxygen vacancies and protons. Hence,
the electroneutrality condition may be expressed by Eq. (6):

[Ybeel = 2[vo**] + [OHo"] (6

By combining this electroneutrality and the site balance
with Eq. (4), the concentration of protons and oxygen vacan-
cies may be resolved. Moreover, the conductivity of the
different charge carriers (indexed i) is proportional to their
concentration (cj) and mobility (u;), oj=zjeciiti. On these
bases the dependencies of the partial and total conductivities
with variations in the conditions can be modelled. Thermo-
dynamic parameters extracted from this modelling include
the standard entropy and enthalpy of the hydration reaction
in Eq. (4), AS°=—-125+5J)/molK, AH°=—1454 10kJ/mol
and, moreover, the preexponential mobility and the activation
enthalpy of defect mobility for the protons and oxygen vacan-
cies: po(HY)=20+5cm?K/Vs, AHmop(H") =55+ 5kI/mol,
Uo(vo®*) =204 10cm? K/Vs, AHmop(vo®*) =60 =+ 5kJ/mol.
Since it is not possible to resolve independent expressions for the
concentration of electrons and electron holes, only the activation
energies for p- and n-type conductivity can be listed: 65 kJ/mol
and 350 kJ/mol for electron holes and electrons respectively at
constant partial pressure of O, and H>O. As a first approxima-
tion the entropy of the hydration reaction was assumed to be
—120J/mol.

Fig. 10(a) demonstrates, by way of example, the fit of the
parameter-set to the water vapor partial pressure dependence in
hydrogen. Moreover, Fig. 10(b) illustrates how the different par-
tial conductivities individually influence the overall functional
water vapor partial pressure dependence at 500 and 1000 °C.
One may note here how protons predominate at the low tem-
perature as a consequence of the exothermic nature (negative
enthalpy) of the hydration of oxygen vacancies. Oxygen ion con-
ductivity barely influences the total conductivity even under dry
conditions at 500 °C, and n-type electronic conduction is orders
of magnitude lower than the ionic conductivity. By increasing
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Fig. 10. (a) Total conductivity curves fit to the experimental data for
SrCe.95 Yb,0503_s, for varying water vapor partial pressure, in hydrogen from
500 to 1000 °C. (b) Total and partial conductivities with varying partial pressure
of water vapor at 500 °C (bold curves) and 1000 °C (slim curves). Circles and
lines experimental results data and modeled conductivity curves, respectively.
The sample was sintered for 2h at 1350 °C.

the temperature, the influence of protons decreases as indicated
by reduced proton concentration relative to the oxygen vacancy
concentration. At high temperature, under these rather reducing
conditions, also n-type conduction comes into play, particularly
at high water vapor partial pressures. The shift in the relative
influence of the three charge-carriers within the 500 °C temper-
ature interval explains the observed change in curvature of the
functional water vapor partial pressure dependence (Fig. 10(a)
and (b)).

Despite the extensive literature on the functional properties of
the acceptor substituted SrCeQ3, only a few investigations have
so far derived a set of physicochemical properties as reported
here. The thermodynamics of the dissolution of water according
to the reaction in Eq. (4) have been measured by thermogravime-
try and also estimated from conductivity measurements.!”-36-37
Hydration enthalpies are reported in the range from —115
to —160kJ/mol, in agreement with the value of —145kJ/mol
obtained here.

The degradation in the total conductivity encountered dur-
ing these experiments may have several reasons. The basic
high-temperature proton conducting perovskites, in particular
BaCeO3 and SrCeQ3, are renowned for their reactivity towards
CO,. However, since gas mixtures with relatively low levels
of CO; have been applied during this investigation, this is not
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believed to cause the decline observed in the total conductiv-
ity with time. More likely this is a result of decomposition
of SrCeO3 to Sr(OH), and CeO,,” due to long-term exposure
in wet atmospheres at relatively low temperature (slow tem-
perature ramps down to 300 °C). We would also like to point
out that SrCeO3 may react with Pt, especially under reduc-
ing conditions, and that this may change both the properties
of the material and affect the quality and extension of the
electrodes.

5. Conclusions

Spray pyrolysis has been proven a good method for preparing
fine powders of orthorhombic SrCeO3 and SrCeg.95Ybg 0503_s.
Secondary phases in the as-synthesized powders were removed
by calcination in CO»,-free atmosphere at 1100 and 1200 °C,
respectively. Dense (>96%) materials with homogenous
microstructures have successfully been prepared by sintering
at 1350-1400 °C. Due to lower mobility of grain boundaries in
the SrCeq.95Ybg 05035 material, the grain size (1-2 wm) was
smaller than for StCeO3 (>6 pm). We have suggested that grain
size below ~6-7 um is required to avoid microcracking and
poor mechanical properties in SrCeOs3-based materials due to
their anisotropic crystal structure. The electrical properties of
the Yb-substituted materials were in good agreement with liter-
ature data, showing p-type conductivity in oxidizing and n-type
conductivity in reducing atmosphere. The ionic contribution to
the total conductivity is predominately protonic below 1000 °C
and the protonic conductivity reaches a maximum of 0.005 S/cm
at 1000 °C.
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