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A B S T R A C T   

Nanocomposite electrodes of (Sr0.7Pr0.3)0.95TiO3±δ− Ce0.9Gd0.1O1.95 are directly prepared by spray-pyrolysis 
deposition on Zr0.82Y0.16O1.92 electrolytes and their properties are compared with those obtained by the tradi-
tional screen-printing powder method. The structural, microstructural and electrical characteristics are inves-
tigated for their potential use as both cathode and anode in Solid Oxide Fuel Cells. The nanocomposite electrodes 
with reduced particle size ~30 nm achieved a polarization resistance at 700 ºC of 0.50 and 0.46 Ω cm2 in air and 
pure H2, respectively, outperforming those obtained for the analogous screen-printed electrodes with particle 
size of 450 nm, i.e. 4.8 and 3.9 Ω cm2, respectively. An electrolyte-supported cell with symmetrical electrodes 
reached a maximum and stable power density of 354 mW cm-2 at 800 ºC. These results demonstrate that the 
performance of electrode materials with modest electrochemical properties but high phase stability, such as 
doped-SrTiO3, can be highly improved by preparing nanocomposite electrodes directly on the electrolyte surface.   

1. Introduction 

Nowadays, Solid Oxide Fuel Cells (SOFCs) are considered as one of 
the most promising and efficient technologies for electricity generation 
from a wide variety of fuel gases, such as hydrogen or hydrocarbons [1, 
2]. However, their commercialization is still hindered by several issues, 
such as high manufacturing and maintenance costs, as well as short 
durability of the cell components at high operation temperature. 

In particular, the traditional Ni-based cermet anodes, suffer from 
thermomechanical stability upon redox cycles due to Ni agglomeration 
and they are prone to coking and sulphur poisoning, leading to degra-
dation of the microstructure and loss of performance under long-term 
operation [3,4]. Several mixed oxide anodes with perovskite-type 
structure have been investigated to overcome these issues, such as 
La0.75Sr0.25Cr0.5Mn0.5O3-δ [5], Sr2MgMoO6-δ [6,7], Sr2Fe1.5Mo0.5O6-δ [8] 
or PrBa(Fe,Mn)2O5+δ [9]. Moreover, these electrodes have been also 
tested in symmetrical solid oxide fuel cells (SSOFCs), in which the same 
electrode material is employed simultaneously as both air and fuel 
electrode [10]. 

Among the different anode materials, doped-SrTiO3 are highly 

attractive because of their exceptional stability under both oxidizing and 
reducing conditions, moderate thermal expansion, as well as high 
tolerance to sulphur and carbon deposition [11,12]. Furthermore, 
strontium titanates are chemically compatible with the most widely 
used solid electrolytes up to 1400 ºC, such as Zr0.82Y0.16O1.92 (YSZ), 
La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) and Ce0.9Gd0.1O1.95 (CGO) [13]. How-
ever, the performance of strontium titanates is rather modest compared 
to the state-of-the-art anode materials due to their poor ionic conduc-
tivity and electrocatalytic activity. 

The electrochemical properties of SrTiO3±δ are usually improved by 
doping with higher valence cations, such as rare-earth elements (La3+, 
Pr3+, Nd3+ and Y3+) in the Sr-site [14–16] or Nb5+ in the Ti-site [17]. 
These materials exhibit high electronic conductivity in reducing atmo-
spheres due to the Ti4+/Ti3+ redox couple but the conductivity is rela-
tively low in oxidizing conditions. The oxygen non-stoichiometry, δ, also 
plays a critical role in both structural and electrochemical properties. In 
particular, layered perovskite related phases with poor electrochemical 
properties have been observed by increasing the lattice oxygen content 
[18,19]. Furthermore, significant differences in the conductivity values 
are reported in the literature, suggesting that the electronic conductivity 
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is strongly affected by the synthesis route and the thermal treatment 
employed [20]. 

Pr-doped SrTiO3±δ has been previously studied for potential appli-
cation as SOFC anode [21,22]. The presence of mixed Pr4+/Pr3+ with 
high electrocatalytic activity for the oxygen reduction reaction has a 
great influence on the electrical properties of SrTiO3±δ. For instance, 
Yaremchenko et al. [21] reported conductivity values of 0.1 and 10 S 
cm-1 at 800 ºC for Sr0.7Pr0.3TiO3±δ in air and 10% H2-N2, respectively, 
making this composition highly attractive for potential application as 
symmetrical electrode for both oxygen reduction reaction (ORR) and 
hydrogen oxidation reaction (HOR) [23–25]. 

The electrochemical properties of SrTiO3− based electrodes have also 
been improved by using different strategies, i.e. by making composites 
with CeO2 ionic conductors [26,27] or by infiltration with catalytic 
active materials, such as Ni and noble metals [28,29]. However, the 
performance is still rather poor for their implementation in SOFCs. 

Recently, the electrochemical performance of conventional air 
electrodes, such as La0.8Sr0.2MnO3-δ (LSM) and La0.6Sr0.4Co0.2Fe0.8O3-δ 
(LSCF), have been greatly improved by preparing nanocomposite ma-
terials with Ce0.9Gd0.1O1.95 (CGO) [30–32]. The nanocomposite elec-
trodes showed very low grain size because CGO addition partially 
suppresses the particle growth at high sintering temperatures, obtaining 
electrodes with extended active sites for the ORR. More recently, 
LaCrO3− CeO2 nanocomposites were investigated as symmetrical elec-
trodes [33], achieving low polarization resistance values of 0.29 and 
0.09 Ω cm2 at 750 ◦C in air and H2, respectively. The great improvement 
in H2 was attributed to the better activity of the nanostructured elec-
trodes and the presence of reduced nano-CeO2, which have demon-
strated excellent properties for different electrocatalytic processes [34, 
35]. Based on these previous studies, Pr-doped SrTiO3±δ could be 
combined with CGO to obtain new nanocomposite electrodes with high 
redox stability and improved electrochemical performance for both ORR 
and HOR in symmetrical SOFCs. 

In this work, (Sr0.7Pr0.3)0.95TiO3±δ − Ce0.9Gd0.1O1.95 (SPTO− CGO) 
electrodes with different SPTO content are prepared by different 
methods. i) The electrodes are directly deposited and assembled in situ 
on the electrolyte surface by spray-pyrolysis deposition at a low tem-
perature of 450 ºC. The electrodes are deposited by traditional screen- 
printing deposition and sintered at 1100 ºC from ii) mechanically 
mixed powders of SPTO and CGO and iii) powders obtained by one-step 
co-synthesis method from freeze-dried precursors. The relevant prop-
erties for SOFC applications are investigated, including crystal structure, 
microstructure, stability upon redox cycles and electrochemical prop-
erties under different atmospheres. 

2. Experimental 

2.1. Materials preparation 

The basic electrochemical studies were performed on Zr0.84Y0.16O1.92 
(YSZ) electrolyte substrates, which were prepared from commercial 
powders supplied by Tosoh Co. Ltd. The powders were pressed into disks 
(10 mm diameter and 1 mm thickness) and sintered at 1400 ºC for 4 h to 
obtain full dense pellets. 

Nanocomposite electrodes with nominal composition x 
(Sr0.7Pr0.3)0.95TiO3–(100-x) Ce0.9Gd0.1O1.95 (x = 40, 50 and 60 wt%) 
were deposited in a single step by spray-pyrolysis on YSZ pellets. Notice 
that the electrode materials were A-site deficient to prevent possible Sr- 
segregation. Hereafter, the spray-pyrolysis electrodes are denoted as 
xSPTO, where x represents the amount of SPTO in wt%. 

The precursor solutions were obtained by dissolving in Milli-Q water, 
stoichiometric amounts of Sr(NO3)2, Pr(NO3)3⋅6H2O, Ti[OCH(CH3)2]4, 
Ce(NO3)3⋅6H2O and Gd(NO3)3⋅6H2O (all supplied by Merck and purity 
above 99%). Ethylenediamine-tetraacetic acid (EDTA) was used as a 
complexing agent to stabilize the cation solutions in a ligand:metal 
molar ratio of 0.5:1. The titanium (IV) isopropoxide solution was 

prepared separately by weighing in absolute ethanol and adding the 
EDTA solution. The cation solutions were mixed to obtain a light yellow 
and transparent solution with a final cation concentration of 0.02 mol L- 

1 for all compositions. 
The precursor solutions were sprayed at a flow rate of 20 mL h-1 

through a conventional spray nozzle on the YSZ pellet surface at 450 ºC 
for 1 h with an air pressure of 2 bars. Further experimental details about 
the spray-pyrolysis equipment can be found elsewhere [33]. Afterwards, 
the layers were sintered in air at 800 ºC for 1 h to achieve crystallization. 

The composite electrodes were also deposited by the traditional 
screen-printing method by using two different approaches to demon-
strate the advantage of the spray-pyrolysis deposition over screen- 
printing deposition. In the first approach, SPTO and CGO powders 
were synthesized separately by using a freeze-dried precursor method. 
The cation solutions with a concentration of 0.1 mol L-1 were prepared 
from the same reagents used for the spray-pyrolysis deposition. After 
that, the precursor solutions were frozen into liquid nitrogen and then 
freeze-dried for 2 days. The resulting dried precursors were calcined in 
air at 800 ºC for 1 h. The SPTO and CGO crystalline powders were 
physically mixed in 50 wt% by using Decoflux™ as organic binder, and 
the resulting ink was screen-printed onto the YSZ electrolyte and sin-
tered at 1100 ºC for 1 h to ensure sufficient adhesion to the electrolyte. 

In a second approach, the same SPTO-CGO composite electrode was 
prepared in one-step by the freeze-drying method from a precursor so-
lution containing all cations in stoichiometric amounts. Similarly, the 
powders were calcined at 800 ºC, screen-printed on the YSZ electrolyte 
and then sintered at 1100 ºC for 1 h. 

The screen-printed powders electrodes with 50 wt% SPTO, obtained 
by physically mixed powders (PM) and co-synthesis by freeze-drying 
(FD), will be denoted as 50SPTO-PM and 50SPTO-FD, respectively. 
The blank SPTO electrode, obtained from freeze-drying, will be labelled 
as 100SPTO-FD (Table S1). 

2.2. Structural and microstructural characterization 

The structure and composition were studied by X-ray diffraction 
(XRD) with an Empyrean PANalytical diffractometer using CuKα1,2 ra-
diation. The XRD patterns were analyzed with the Highscore Plus soft-
ware and refined by the Rietveld method using the GSAS program [36, 
37]. During the fitting process, the scale factor, background, zero shift, 
peak-shape asymmetry and preferential orientation were refined, and 
the cation occupation factors were fixed to the nominal values. 

The morphology was inspected by scanning electron microscopy 
(SEM) in a FEI-SEM (Helios Nanolab 650) coupled with energy disper-
sive spectroscopy (EDS, X-Max, Oxford instruments). The grain size 
distribution was determined by the linear intercept method [38]. The 
local crystal structure and elemental composition were examined by 
High-Angle Annular Dark-Field Scanning Transmission Electron Micro-
scopy (HAADF-STEM) and High-Resolution TEM (HR-TEM) in a FEI 
Talos F200X. 

2.3. Electrochemical characterization 

The electrical conductivity of the electrodes was determined by the 
four-probe Van der Pauw method as a function of the temperature in 
controlled atmospheres [39]. Pellets of 13 and 1 mm in diameter and 
thickness, respectively, were prepared by pressing the powders in a die 
and then sintered at 1500 ºC for 1 h for 100SPTO-FD and 1400 ºC for 1 h 
for both 50SPTO-FD and 50SPTO-PM, reaching relative densities above 
95%. The conductivity of the pellets was determined in air and 5% H2-Ar 
on cooling in the temperature range of 750–450 ºC, as well as during 
several redox cycles by switching between air and 5% H2-Ar. 

The electrode polarization resistance was determined by electro-
chemical impedance spectroscopy (EIS) in symmetrical cell configura-
tion at open circuit voltage. Pt-paste (METALOR® 6082) was painted on 
the electrode surface and then calcined at 750 ºC for 30 min to obtain a 
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current collector layer. The EIS measurements were performed with a 
Solartron 1260 FRA with an AC amplitude of 50 mV in the frequency 
range of 10-2-106 Hz in static air and pure H2 with a flow rate of 10 mL 
min-1. The data were acquired on cooling from 750 to 450 ºC with a 
dwell time of 1 h at each temperature. The impedance spectra were also 
acquired as a function of the oxygen partial pressure to identify the 
electrochemical processes involved in the ORR [40]. The EIS data were 
fitted with ZView software using equivalent circuit models (Scribner 
Associates). Distribution of relaxation times (DRT) was previously used 
to elucidate the different processes involved in the EIS data [41]. 

Symmetrical cells with configuration: 50SPTO / LSGM / 50SPTO 
were assembled for fuel cell test. La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) elec-
trolyte was used instead of YSZ due to its higher ionic conductivity at 
intermediate temperature, decreasing the ohmic losses of the cell. 
La0.9Sr0.1Ga0.8Mg0.2O3-δ (Kceracell) pellets of 13 mm diameter and 300 
µm thickness were sintered at 1400 ºC for 4 h in air. 50SPTO was 
deposited symmetrically by spray-pyrolysis at 450 ºC onto both sides of 
LSGM pellets through circular shadow mask of 0.25 cm2 and then 
calcined at 800 ºC. For comparison purposes, a similar cell with screen- 
printed electrodes (50SPTO-PM) was also prepared at 1100 ºC. The fuel 
cells were sealed by using a high temperature ceramic adhesive 
(Ceramabond 668, Aremco). Current-voltage curves were collected 
using a Zahner XC potentiostat/galvanostat/impedance analyzer at 
various temperatures between 800 and 700 ºC. The anode side was 
fueled with humidified H2 (3% H2O) at a flow rate of 20 mL min-1, while 
the cathode side was exposed to static air. 

3. Results and discussion 

3.1. Structural characterization 

The XRD patterns indicate that the powders of SPTO and CGO, ob-
tained by the freeze-drying method, are single phase materials at 800 ºC 
(Fig. 1a). The SPTO and CGO phases are adequately refined in the cubic 
perovskite Pm-3 m and cubic fluorite Fm-3 m space groups, respectively 
(Fig. S1a, S1b and Table S1). The biphasic 50SPTO-FD powders are also 
successfully synthesized in one-step by the freeze-drying method at 800 
ºC (Fig. S1c). However, the unit cell volumes of the constituent phases 
are slightly different when compared to the single-phase electrode, 
suggesting cation exchange during the co-synthesis process (Table S1). 
This fact is not surprising considering the similarities between the rare- 
earth elements, such as valence state and ionic radii: r(Ce4+)= 0.97 Å, r 

(Pr4+)= 0.96 Å, r(Pr3+)= 1.126 Å, Sr2+ (1.26 Å) and r(Gd3+)= 1.053 Å 
in eightfold coordination [42]. In this context, previous studies 
demonstrated a low solubility of Gd in Sr1− xGdxTiO3 (x < 0.1) due to the 
smaller ionic radii of Gd3+, which leads to the formation of Gd2Ti2O7 as 
secondary phase [43,44]. On the contrary, high Pr-content (x ≤ 0.3) was 
successfully incorporated in the A-site of Sr1− xPrxTiO3-δ [21,22], while 
Ce showed a very low solubility in Sr1− xCexTiO3-δ, estimated to be x =
0.03 by XRD [45]. These secondary phases are not observed in the XRD 
patterns even at 1400 ºC (Fig. S1d), confirming minor cation exchange 
between SPTO and CGO phases. 

The XRD patterns of SPTO-CGO layers with different SPTO content, 
deposited by spray pyrolysis on YSZ pellets, are shown in Fig. 1b. The 
diffraction peaks of three different phases are clearly discernible, which 
are assigned to SPTO (s.g. Pm-3m), CGO (s.g. Fm-3m) and YSZ substrate 
(s.g. Fm-3m). Notice that additional diffractions peaks, attributed to 
secondary phases, are not visible even after calcining at 1000 ºC for 12 h 
in both air and 5% H2-Ar. A representative Rietveld plot for 50SPTO is 
shown in Fig. 1c. The Rwp disagreement factor varies between 3.4% and 
9.5%, indicating a good fitting of the experimental data. It is also worth 
noting that the phase fraction is almost identical to the nominal ones 
(Table S1). 

Moreover, similar lattice parameters were obtained, regardless of the 
composition of the nanocomposite layers. For instance, the unit cell 
volume of the SPTO constituent takes values in the range of 59.338(2)−
59.591(2) Å3, which is somewhat larger than that found for the corre-
sponding powder material 59.128(3) Å3 at 800 ºC. A similar trend was 
observed for the CGO constituent, varying from 157.577(2) Å3 for 
40SPTO to 157.873(2) Å3 for 60SPTO, which are somewhat lower than 
those obtained for CGO powders 159.202(4) Å3, indicating certain 
cation exchange between the phase constituents, but without reaction 
product formation. 

On the other hand, the unit cell volume of SPTO seems to be strongly 
dependent on the annealing temperature, increasing from 59.128(3) Å3 

at 800 ºC to 59.659(3) Å3 at 1500 ºC for 100SPTO-FD (Table S1), which 
is possibly related to changes in the Pr3+/Pr4+ ratio, the formation of 
additional defects, as well as variation of the lattice oxygen stoichiom-
etry [46]. In addition, the unit cell volume of SPTO does not change 
appreciably in reducing atmosphere in agreement to previous studies 
[14,21]. 

The crystallite size, estimated using the Scherreŕs formula, is clearly 
smaller for the nanocomposite layers with values as low as 14 and 8 nm 
for the SPTO and CGO, respectively, at 800 ºC. More interestingly, the 

Fig. 1. (a) XRD patterns of (Sr0.7Pr0.3)0.95TiO3 (SPTO), Ce0.9Gd0.1O1.95 (CGO) and 50 wt% SPTO-CGO composite powders (50SPTO-FD) prepared by freeze-dried 
precursors at 800 ºC in air. (b) XRD patterns of SPTO-CGO composite layers with different SPTO content (40, 50 and 60 wt%) deposited by spray-pyrolysis on 
YSZ electrolyte and sintered at 800 ºC for 1 h in air. (c) Rietveld plot of 50SPTO. The main diffraction peaks of the different phases are indicated with symbols. 
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average crystal size is lower than 25 nm even after annealing at 1000 ºC 
(Table S1). This effect is clearly attributed to the intimate mixture of two 
immiscible SPTO and CGO phases, which hinders the grain growth due 
to cation diffusion limitations at the grain boundary region [37]. 

TEM and EDS analysis were performed to get further information 
about the local crystal structure and composition of the electrodes. EDS 
analysis of 100SPTO-FD powders confirms a homogenous distribution of 
elements (Fig. S2). Furthermore, the d-spacing or lattice spacing for the 
different crystallographic planes are consistent with those obtained from 
XRD Rietveld method. 

The nanocomposite electrodes, obtained by spray-pyrolysis at 800 
ºC, consist of a homogeneous mixture of SPTO and CGO particles 
(Fig. 2a). The particles with a diameter lower than 10 nm are highly 
crystalline and present an intimate contact between them (Fig. 2b). 
Hence, this electrode architecture ensures a high percolation and con-
tact area between both SPTO and CGO phases, which is expected to 
improve the electrochemical properties for both ORR and HOR. 
Furthermore, the grain size and d-spacings for the different crystals 
match well with those obtained from XRD data (Table S1). 

The increase of the annealing temperature up to 1000 ºC leads to 
grain growth and a different atomic arrangement is visible in some SPTO 
crystals (Fig. 2c). In particular, layered ordered extended defects are 
observed, which are reported to be detrimental for the electrical prop-
erties of strontium titanates [18]. Interestingly, the HRTEM results 
suggest that these ordered domains are not present for those samples 
prepared at low sintering temperature, possibly due to the smaller 
crystal size, which hinders their formation. 

3.2. Microstructural characterization 

The microstructure of the electrodes prepared by spray-pyrolysis and 

screen-printing deposition is compared in Fig. 3. The spray-pyrolysis 
electrode, 50SPTO, shows a laminated morphology with an average 
thickness of approximately 7 µm, as well as a strong adhesion to the YSZ 
substrate after successive oxidation/reduction cycles (Fig. 3a). 

It is also worth noting that the thermal expansion coefficients of Pr- 
doped SrTiO3 (11.7–12.3⋅10-6 K-1 for Sr0.8Pr0.2TiO3±δ in both air and H2 
[21]) are comparable to those reported for conventional electrolytes: 
YSZ (10.9⋅10-6 K-1), CGO (12.7⋅10-6 K-1) and LSGM (11.4⋅10-6 K-1) [21, 
47]. This guarantees a good mechanical compatibility of these elec-
trodes with the electrolyte, avoiding delamination of the cell layers upon 
redox cycles. 

More interestingly, the particle size is maintained at the nanometric 
scale with a value of approximately 32 nm at 800 ºC (Fig. 3b). Such 
nanoscale architecture is mainly attributed to the low deposition tem-
peratures, as well as the grain growth suppression in the self-assembled 
nanocomposite electrodes prepared in a one-step directly on YSZ 
electrolyte. 

The screen-printed electrodes, obtained by powder mixture 
(50SPTO-PM) and co-synthesis process via freeze-drying (50SPTO-FD), 
have a thickness of approximately 15 µm (Figs. 3c and 3e). The most 
remarkable difference between both electrodes is the different grain size 
with values of 450 nm for 50SPTO-PM and 58 nm for 50SPTO-FD nm at 
the same sintering temperature of 1100 ºC (Figs. 3d and 3f). This further 
confirms that a homogeneous and intimate mixture of SPTO and CGO 
phases impedes the grain growth during the sintering process [33,48]. 
Nevertheless, 50SPTO-FD consists of highly aggregated nanoparticles, 
resulting in a drastic reduction of the active surface area when compared 
to the same electrode directly deposited by spray-pyrolysis on the 
electrolyte surface. Thus, the spray-pyrolysis nanocomposite electrodes 
with increased gas/solid interface are expected to exhibit faster reduc-
tion kinetics and improved electrochemical properties. 

Fig. 2. (a) HAADF-EDS image of 50SPTO sintered at 800 ºC and (b) HRTEM showing a homogenous mixture of SPTO and CGO particles. (c) HRTEM of 50SPTO 
sintered in air at 1000 ºC, showing ordered extended defects for SPTO phase. 

J. Zamudio-García et al.                                                                                                                                                                                                                      



Journal of the European Ceramic Society 43 (2023) 1548–1558

1552

3.3. Electrical conductivity 

The microstructure of the sintered pellets, 100SPTO-FD, 50SPTO-PM 
and 50SPTO-FD, for electrical conductivity determination are shown in  
Figs. 4a-4c. All pellets exhibit similar relative densities above 95% after 
sintering at 1500 ºC for pure 100SPTO-FD and 1400 ºC for the composite 
pellets. The average grain size depends on the composition and the 
preparation method employed. 100SPTO-FD has a grain size of 1.25 µm 
and the EDS analysis confirm a homogenous cation distribution without 
detectable phase segregations (Fig. 4a). In the case of the composite 
electrodes, two well-differentiated phases are discernible. 50SPTO-PM, 
obtained by physically mixed powders, exhibits a non-homogeneous 
grain size distribution of approximately 1 µm diameter (Fig. 4b). Inter-
estingly, the co-synthesis electrode, 50SPTO-FD, shows a more homog-
enous grain size and phase distribution, as well as smaller grain size of 
0.5 µm when compared to the analogous pellet obtained from physically 
mixed powders (Fig. 4c). 

Fig. 4d compares the electrical conductivity as a function of the 
temperature for the different samples. The conductivity in air for 
100SPTO-FD is relatively low, 5.9⋅10-5 S cm-1 at 700 ºC, since the con-
centration of charge carriers in these materials is considered propor-
tional to the concentration of Ti3+, which is unlikely under oxidizing 
conditions. In addition, the minor contribution of the Pr3+/Pr4+ couple 
to the electronic conductivity seems to be not significant. The conduc-
tivity values for similar compositions reported in the literature vary in a 
broad range from 2⋅10-5 S cm-1 for Sr0.7Pr0.3Ti0.93Co0.07O3-δ to ~10-2 

S cm-1 at 700 ºC for Sr0.8Pr0.2TiO3-δ [21,46]. Such differences are 
explained by the different preparation conditions, i.e. temperature, time 
and atmosphere pre-treatment. Previous studies for Sr1− xPrxTiO3-δ series 
also confirmed by thermogravimetric and thermopower analysis that the 
concentration of charge carriers in oxidizing conditions is nearly con-
stant and the level of electrical conductivity is determined by the 
Pr-content [21]. The electronic conductivity increases initially with 
Pr-content, reaching a maximum for x ~0.15 [46], and above this 
substitution level the conductivity decreases due to possible formation 
of linear defect clusters. In particular, Ruddlesden− Popper phases are 
the most probable extended defects, enabling the accommodation of 
oxygen excess in rare-earth doped titanates, which are reported to 
diminish the charge carrier concentration and limit their mobility [21, 
49]. 

In reducing atmosphere (5% H2-Ar), the conductivity of 100STPO-FD 
increases considerably with respect to air, reaching a value of 1.18 S cm- 

1 at 700 ºC, which is mainly associated with the partial reduction of Ti4+

to Ti3+. It has to be also commented that the conductivity values 
determined in the present study are lower than those reported by Yar-
emchenko et al. for a similar composition Sr0.7Pr0.3TiO3±δ, e.g. 
~10 S cm-1 at 700 ºC [21]. Such differences are explained by the 
different synthetic method employed and thermal pretreatment of the 
samples. Yaremchenko et al. prepared the samples by traditional solid 
state reaction at 1600 ºC in air and then reduced at 1500 ºC for 10 h in 
10% H2-N2, leading to the formation of additional crystal defects, which 
further enhances the electronic conductivity [21]. In fact, it has been 
reported that the defect equilibrium in strontium titanates is nearly 
frozen at temperatures below 1200 ºC and thus the electrical properties 
are strongly determined by the thermal pre-treatment [50]. 

The composite electrodes exhibit similar conductivity in air ~6⋅10-3 

S cm-1 at 700 ºC for both samples prepared by mixed powders (50SPTO- 
PM) and co-synthesis method (50SPTO-FD). The increase of conduc-
tivity with respect to the blank sample, 100SPTO-FD, is attributed to the 
presence of the CGO phase that provides additional ionic conductivity. 

In reducing atmosphere, the conductivity of 50SPTO-FD is somewhat 
higher than that of 50SPTO-PM, especially at low temperature, reaching 
a value of 0.27 S cm-1 at 700 ºC. As expected, the values of conductivity 
are clearly inferior, compared to the blank 100SPTO-FD, due to the 
much lower electronic contribution of CGO under reducing atmosphere. 

The variation of the conductivity with the oxygen partial pressure 
(pO2) indicates that 100SPTO-FD is an n-type electronic conductor with 
low ionic contribution to the total conductivity (Fig. 4e). The conduc-
tivity follows a (pO2)-1/6 dependence in both oxidizing and reducing 
atmosphere, similar to that predicted by the defect chemistry model in 
previous studies [21]. The composite electrode, 50SPTO-FD, is a mixed 
ionic-electronic conductor due to the combination of the electrical 
properties of CGO and SPTO phases. The conductivity is nearly inde-
pendent on pO2 between 0.1 and 10-12 atm, indicating a predominant 
ionic conduction. However, the n-type electronic conductivity becomes 
the main contribution at lower pO2 values, following a (pO2)-1/6 

dependence similar to that of 100SPTO-FD. 
The electrical conductivity and redox stability of 50SPTO-FD were 

studied for 80 h in consecutive reduction/oxidation cycles at 700 ºC, 
obtaining reproducible results (Fig. 4f). The dense samples are 
completely reduced from air to 5% H2-Ar in approximately 2 h; how-
ever, the oxidation kinetics is faster, reaching equilibrium in only 
20 min. In comparison to previous studies, the composite electrodes 
seem to present faster reduction kinetics due to the smaller particle size 
of the pellets studied in the present work [21]. 

Fig. 3. SEM image of 50SPTO prepared by (a-b) spray pyrolysis deposition on YSZ electrolyte at 800 ºC, (c-d) screen-printed powders obtained by co-sintering 
method at 1100 ºC and (e-f) screen-printed powders obtained by milling mixture of SPTO and CGO powders at 1100 ºC. 
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3.4. Electrode polarization resistance 

The impedance spectra in both air and H2 atmosphere for some 
selected symmetrical cells are displayed in Figs. 5a and 5b. Notice that 
the ohmic resistance (RΩ), mainly attributed to the thick YSZ electrolyte, 
was subtracted from the EIS data for a better comparison of the electrode 
response. In general, the values of RΩ for all symmetrical cells are 
comparable to those of a blank YSZ pellet, e.g. 50 Ω cm-1 at 700 ºC in 
both air and H2 atmosphere, suggesting a good adherence of the elec-
trodes to the electrolyte. 

The electrode polarization resistance of the nanocomposite elec-
trodes deposited by spray-pyrolysis is substantially lower than that ob-
tained by screen-printing deposition in both oxidizing and reducing 

atmospheres, reaching a minimum value for 50SPTO. 
The EIS data were further analyzed by distribution of relaxation 

times (DRT) to elucidate the electrochemical processes involved in both 
ORR and HOR [51–53]. Three main contributions are discernible in the 
DRT spectra in both air and H2 (Figs. 5c and 5d). An additional process 
(HF́) appears at very high frequency for the screen-printed electrodes in 
air (Fig. 5c). Thus, the EIS data are adequately fitted by using an 
equivalent circuit formed by three or four (RQ) elements in series, where 
R is a resistance in parallel with a constant phase element Q (inset 
Fig. 5a). 

According to previous studies, the high frequency (HF) contribution 
in air can be assigned to oxide ion transfer at the electrode/electrolyte 
interface [54,55], while the electrode contributions at intermediate (IF) 

Fig. 4. SEM image of the pellets of (a) 100STPO-FD sintered at 1500 ºC for 1 h, (b) 50STPO-PM obtained by mixed powders at 1400 ºC for 1 h and (c) 50SPTO-FD 
powders obtained by co-synthesis method at 1400 ºC for 1 h. (d) Temperature dependence of the electrical conductivity in air and 5% H2-Ar. (e) Oxygen partial 
pressure dependence of the electrical conductivity of 100STPO-FD and 50STPO-FD. (f) Variation of the conductivity of 50SPTO-FD during several oxidation/ 
reduction cycles between air and 5% H2-Ar. 

J. Zamudio-García et al.                                                                                                                                                                                                                      



Journal of the European Ceramic Society 43 (2023) 1548–1558

1554

and low frequency (LF) are related to surface electrode processes, such 
as oxygen dissociation or charge transfer on the electrode surface [51, 
54]. These processes are slightly shifted to lower frequency for the 
nanocomposite electrodes, indicating that they have a higher capaci-
tance due to larger TPB density [56,57]. The HF́ peak, centered at 105 

Hz for 50SPTO-PM, has been previously assigned to electronic current 
losses at the current collector/electrode interface [58,59]. This addi-
tional resistance can be explained by the poor conducting properties of 
this electrode in air, which hinders the electronic charge transfer at the 
current collector/electrode interface. This finding is further corrobo-
rated by the fact that this process is not observed in reducing atmosphere 
due to the enhancement of electronic conductivity. 

To further confirm these results, the EIS data were collected at 
different oxygen partial pressures for 50SPTO (Fig. 6a) and analyzed by 
DRT method (Fig. 6b). Three different peaks are observed in the DRT 
spectra and pO2 range from 10-3 to 0.21 atm. The resistance contribu-
tions, RLF, RIF and RHF, were determined by deconvolution and inte-
gration of the DRT spectra, since the area under each peak is directly 
proportional to the resistance of each process. The resistance depen-
dence of each process on pO2 is described by the following equation [60, 
61]: R = Ro (pO2)-m, where the reaction order m provides information 
about the species involved in the different ORR steps (Fig. 6c). The LF 
process is the dominant step at low pO2 and shows a m close to 1/2, 
meaning that this process is attributed to oxygen dissociation on the 
electrode surface: O2,ad→2Oad [62]. Moreover, this process shifts to 
higher frequency when the pO2 rises, suggesting that it has a lower 
relaxation time, and consequently, a faster electrode kinetics. The IF 
process with m= 1/4 is attributed to charge transfer on the electrode 
surface: Oad + 2e− + Vo

..→Oo
x[63]. Finally, the process at high fre-

quency (HF) is almost pO2-independent and can be assigned to the ox-
ygen ion transport across the electrode/electrolyte interface: O2−

TPB +

V••
O →Ox

o[60,63]. This last process is the rate-limiting step for the ORR at 
high pO2 values due to the poor ionic conductivity of SPTO in oxidizing 
atmosphere, hindering the oxide ion transfer to the electrolyte. 

In H2 atmosphere, the LF response is the main contribution to the 

total electrode polarization resistance for all cells (Fig. 5d). This process 
decreases significantly when the feeding gas is switched from 5% H2 to 
100% H2, showing a dependence on the hydrogen partial pressure of ~ 
(pH2)-0.8, and therefore, it can be attributed to gas diffusion and con-
centration limitations (Fig. S3) [33]. In contrast, the IF and HF contri-
butions show a weak dependence on H2 concentration and they are 
possibly assigned to charge transfer and interfacial processes [51,64]. 

Fig. 7a compares the total polarization resistance (Rp) in air for the 
different symmetrical cells. 100SPTO-FD, deposited by screen-printing, 
exhibits rather high Rp values ~13.6 Ω cm2 at 650 ºC. The addition of 
CGO produces a significant reduction of Rp, especially at low tempera-
ture, with a value of 6.85 Ω cm2 at 650 ºC for 50SPTO-PM. Further 
improvements are observed for the nanocomposite electrodes prepared 
by spray-pyrolysis deposition, 1.4 Ω cm2 for 50SPTO, reaching all 
compositions Rp values as low as 0.1 Ω cm2 at 800 ºC, and comparable to 
those reported for traditional cathodes, e.g. 0.3 Ω cm2 at 800 ºC for 
La0.8Sr0.2MnO3-δ [65]. According to these results, 50STPO is considered 
the optimal composition, showing the lowest polarization resistance at 
low temperature, as well as the lowest activation energy ~1.22 eV. It is 
also worth mentioning that these values of polarization resistance are 
among the best reported in literature for titanate-based air electrodes, e. 
g. La1/3Sr2/3Ti0.83Fe0.17O3-δ (0.5 Ω cm2 at 900 ºC) [24], La0.875Sr0.125-

Ti0.5Ni0.5O3 (1.1 Ω cm2 at 800 ºC) [23], La0.43Ca0.37Ti0.94Rh0.06O3-δ 
(5.89 Ω cm2 at 850 ºC) [66] and Sm0.70Sr0.20Fe0.80Ti0.15Ru0.05O3-δ 
(0.13 Ω cm2 at 800 ºC) [67]. 

In hydrogen atmosphere, the screen-printed electrode with compo-
sition 50SPTO-PM exhibits Rp values of 7.42 Ω cm2 at 650 ºC, which are 
drastically reduced for the nanocomposite electrodes (Fig. 7b). The 
lowest polarization resistance is achieved for 50SPTO, 0.72 Ω cm2 at 
650 ºC compared to 1.53 and 1.98 Ω cm2 for 40SPTO and 60SPTO, 
respectively. The corresponding activation energies take a minimum 
value of 0.79 eV for 50SPTO and, as expected, they are lower than those 
obtained in air due to the sluggish ORR kinetics compared to HOR. 

In general, these polarization resistance values are competitive 
compared to another symmetrical electrodes operating in H2 

Fig. 5. Impedance spectra of several symmetrical cells at 650 ºC in (a) air and (b) H2. The corresponding DRT spectra for representative samples in (c) air and (d) H2 
with the fitting curves of each peak. 
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atmosphere, such as La0.75Sr0.25Cr0.5Mn0.5O3-δ (1.82 Ω cm2 at 850 ºC) 
[68], PrBaFe2O5+δ (0.9 Ω cm2 at 650 ºC) [9] and Sr2Fe1.5Mo0.5O6-δ 
(0.45 Ω cm2 at 800 ºC) [8] or even titanate-based anode materials with 
highly active exsolved metal nanoparticles, e.g. 
(Sr0.94Ti0.9Nb0.1)0.95Ni0.05O3-δ (7.0 Ω cm2 at 750 ºC) [28], 
La0.2Sr0.8Ti0.9Ni0.1O3-δ (1.66 Ω cm2 at 800 ºC) [69] and 
La0.4Sr0.6Ti0.95Ru0.05O3-δ (2.74 Ω cm2 at 850 ºC) [70] (Table 1). 

3.5. Fuel cell test 

The efficiency of the electrodes was evaluated under real operation 
conditions in a symmetrical cell: 50SPTO / LSGM(300 µm) / 50SPTO.  
Figs. 8a and 8b compare the current-voltage and power density curves of 
50SPTO deposited by screen-printing and spray-pyrolysis, respectively. 
The open circuit voltage for both cells is close to the theoretical Nernst 
potential (1.1 V), confirming a good sealing of the cell. The cell with 
screen-printed electrodes reaches maximum power densities of 125, 70 
and 40 mW cm-2 at 800, 750 and 700 ºC, respectively (Fig. 8a). These 
values are significantly improved for the nanocomposite electrode pre-
pared by spray-pyrolysis, i.e. 354, 250 and 170 mW cm-2 at 800, 750 

and 700 ºC, respectively (Fig. 8b). Moreover, the cell voltage at a con-
stant current of 0.4 A cm-2 remains stable over time at 0.83 V for over 
140 h of continuous operation in hydrogen at 800 ºC (Fig. 8c) without 
appreciable performance degradation or delamination of the cell com-
ponents (Fig. 8d), confirming a good stability of the nanocomposite 
electrodes. These values of power density are higher than those previ-
ously reported for related SrTiO3-based anode materials (Table 1). For 
instance, 170 mW cm-2 at 800 ºC for La0.4Sr0.4TiO3-CGO/LSGM/LSCF- 
CGO [26] and 200 mW cm-2 at 900 ºC for Sr0.89Y0.07TiO3--

δ-YSZ/YSZ/LSM-YSZ [71]. 
It has to be also commented that the performance of these nano-

composite electrodes is mainly limited by their poor electrical conduc-
tivity, especially in oxidizing atmosphere. Thus, alternative 
compositions could be prepared by partially substituting Ti for more 
reducible transition metal cations, such as Fe, Co and Ni. For instance, 
the incorporation of a little amount of Ni in the B-site of the perovskite 
structure would result in better properties in reducing atmosphere due 
to Ni-exsolution without compromising the structural stability and 
durability of these electrodes [72]. 

In summary, the design of novel nanostructured composite elec-
trodes based on SrTiO3-CeO2 system is a promising approach to obtain 

Fig. 6. (a) Impedance spectra of 50SPTO measured at different oxygen partial 
pressures at 700 ºC, (b) the corresponding DRT spectra and (c) polarization 
resistance of the different electrochemical processes as a function of pO2. 

Fig. 7. Total polarization resistance of the symmetrical cells in (a) air and 
(b) H2. 
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highly efficient and durable fuel and air electrodes for application in 
SOFC and electrolyzers. However, the deposition temperature needs to 
be sufficiently low to obtain a highly porous microstructure with larger 
TPB density. In this context, spray-pyrolysis deposition guarantees 
improved adherence of the electrodes to the electrolyte and enhanced 
electrocatalytic activity due to the lower preparation temperature. 

4. Conclusions 

Nanocomposite electrodes with composition x(Sr0.7Pr0.3)0.95TiO3 – 
(100-x)Ce0.9Gd0.1O1.95 (x = 0–60 wt%) (xSPTO) were successfully pre-
pared by different methods: (i) spray-pyrolysis deposition in one-step on 
the electrolyte surface at 450 ºC and traditional screen-printed method 
at 1100 ºC by (ii) physically mixed powders and (iii) co-synthesis 
powders via a freeze-drying method. 

The phase formation of the nanocomposite electrodes was confirmed 
by XRD and TEM analysis. SPTO crystallized with a single cubic 
perovskite structure when the sintering temperature was limited below 
800 ºC; however, extended ordered defects were observed at 1000 ºC, 
which are reported to be detrimental for the electrochemical properties. 

The microstructural analysis revealed that the co-synthesis of both 
SPTO and CGO phases inhibited the grain growth, retaining a nano-
metric grain size smaller than 60 nm at 1100 ºC. In contrast, the elec-
trodes prepared by traditional mixing powders and screen-printed 
deposition exhibited larger grain size ~450 nm at the same sintering 

temperature. 
The electrodes directly assembled on the electrolyte surface achieved 

improved performance with polarization resistance values at 700 ºC of 
0.50 and 0.46 Ω cm2 in air and pure H2, respectively, much lower than 
those found for the screen-printed electrodes. The improved perfor-
mance was explained by a reduction in the sintering steps and an inti-
mate nanoscale contact between SPTO and CGO, which are beneficial to 
greatly improve the electrocatalytic activity in both oxidizing and 
reducing conditions without comprising the long-term stability upon 
redox cycling. Furthermore, the nanocomposite electrodes exhibited 
faster reduction kinetics compared to the bulk materials. A symmetrical 
cell with 50SPTO/LSGM/50SPTO configuration rendered a maximum 
power output of 354 mW cm-2 at 800 ºC with negligible degradation for 
140 h. These results demonstrated that the electrochemical performance 
of SrTiO3 can be greatly enhanced by tailoring the microstructure at 
nanometric scale. 
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Table 1 
Electrochemical properties of several SrTiO3 − based anodes and symmetrical electrodes. Polarization resistance values (Rp) in H2 and maximum power densities are 
given at 800 ºC. The temperature is included when data are not available at 800 ºC. The materials tested as symmetrical electrodes are indicated with an asterisk.  

Anode Cathode Rp H2 

(Ω cm2) 
Electrolyte Power density 

(mW cm-2) 
Ref 

50SPTO-PM* 50SPTO-PM 3.94700 ºC LSGM (300 µm) 125 This work 
50SPTO* 50SPTO 0.46700 ºC LSGM (300 µm) 354 This work 
La0.3Sr0.6TiO3-YSZ LSM/YSZ 0.66850 ºC YSZ (400 µm) 75 [73] 
La0.4Sr0.4TiO3-CGO LSCF-CGO – LSGM (300 µm) 170 [26] 
La0.2Sr0.8TiO3-CGO BSCF 3.4 LSGM (500 µm) 60 [74] 
La0.2Sr0.8TiO3-CGO LSCF 2.1 LSGM (600 µm) 67 [75] 
La0.2Sr0.25Ca0.45TiO3 LSM/YSZ – ScSZ (160 µm) 290900 ºC [76] 
La0.3Sr0.7Ti0.97Mo0.03O3 BSCF 5.0850 ºC LSGM (400 µm) 60 [77] 
Sr0.88Y0.08TiO3-La0.4Ce0.6O1.8 SSC – LSGM (300 µm) 229 [78] 
Sr0.89Y0.07TiO3-δ-YSZ LSM/YSZ – YSZ (300 µm) 200900 ºC [71] 
CaTi0.6Fe0.4O3-δ* CaTi0.6Fe0.4O3-δ 1.0 YSZ (300 µm) 58 [25] 
SrTi0.9Nb0.1O3-δ LSM/CGO 5.7850 ºC ScSZ 

(500 µm) 
300850ºC [28] 

La0.4Sr0.4Ti0.9Ni0.1O3 LSCF/CGO 0.5 ScSZ (300 µm) 225 [79] 
La0.4Sr0.6Ti0.95Ru0.05O3− δ-YSZ LSM-YSZ 2.5850 ºC YSZ (800 µm) 115850 ºC [70] 
La0.5Sr0.5Ti0.5Co0.5O3-δ (LSTC)* LSTC – LSGM (300 µm) 110 [80]  

Fig. 8. Current-voltage and power density curves of LSGM supported cells with 50SPTO electrode deposited by (a) screen-printing and (b) spray-pyrolysis. (c) 
Durability test of the cell with 50SPTO deposited by spray-pyrolysis at a constant current density of 0.4 A cm-2 at 800 ºC. (d) Cross-sectional SEM image of the cell 
after the durability test. 
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P. Núñez, On the simultaneous use of La0.75Sr0.25Cr0.5Mn0.5O3-δ as both anode and 
cathode material with improved microstructure in solid oxide fuel cells, 
Electrochim. Acta 52 (2006) 278–284, https://doi.org/10.1016/j. 
electacta.2006.05.006. 
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