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Abstract: The efficiency of solid oxide fuel cell cathodes can be improved by microstructural
optimization and using active layers, such as doped bismuth oxides. In this work, Bi; 5Y( 503 (BYO)
films are prepared by spray-pyrolysis deposition at reduced temperatures on a Zrp g4Y.1601.92 (YSZ)
electrolyte. The influence of the BYO film on the performance of an Lag gSrg,MnO3 (LSM) cathode
prepared by traditional screen-printing and spray-pyrolysis is investigated. A complete structural,
morphological, and electrochemical characterization is carried out by X-ray diffraction, electron
microscopy, and impedance spectroscopy. The incorporation of BYO films decreases the Area Specific
Resistance (ASR) of screen-printed cathodes from 6.4 to 2.2 Q cm? at 650 °C. However, further
improvements are observed for the nanostructured electrodes prepared by spray-pyrolysis with
ASRs of 0.55 and 1.15 Q) cm? at 650 °C for cathodes with and without an active layer, respectively.
These results demonstrate that microstructural control using optimized fabrication methods is
desirable to obtain high-efficiency electrodes for solid oxide fuel cell (SOFC) applications.
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1. Introduction

Solid oxide fuel cells (SOFCs) are considered a highly promising technology for clean and efficient
power generation [1,2]. However, several issues should be addressed, such as the reduction in the
current operating temperature to an intermediate range of 500-750 °C to promote their development
and commercialization. In particular, the cell efficiency at low temperatures is mainly limited by the
oxygen reduction reaction (ORR) in the cathode [3].

La;_xSryMnQOj3 (LSM) is still the most widely used cathode material due to its high chemical and
thermal stability under the severe operating conditions of the cell, as well as excellent compatibility with
the common electrolyte material, yttria stabilized zirconia (YSZ) [4,5]. However, LSM exhibits a poor
ionic conductivity and relatively high activation energy for the oxygen reduction reaction, reducing
drastically its electrochemical performance at intermediate temperatures [6,7]. Different strategies
have been explored to overcome this limitation: (i) combining LSM with ionic conducting materials,
such as YSZ, doped-CeO,, and Bi,Os-based electrolytes [8-10]; (ii) the preparation of nanostructured
LSM cathodes with an extended triple-phase boundary (TPB) for the oxygen reduction reaction [7,11];
and (iii) the introduction of an active interlayer with a high ionic conductivity to enhance the oxide ion
transfer from the cathode to the electrolyte [12,13].
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Bismuth oxide stabilized with Er** or Y3* has showed to be an effective active layer due
to its superior oxide ion conductivity compared to YSZ and doped-CeO; [14,15]. These active
layers are traditionally prepared by screen-printing [16,17] and dip-coating [18,19] at high sintering
temperatures for long times to achieve both dense films and a good adhesion to the electrolyte.
However, Bi evaporates at a relatively low temperature, and therefore low-temperature fabrication
methods are needed. Physical deposition methods, such as pulsed laser deposition [20,21] and
magnetron-sputtering [14,22], have been also employed; nevertheless, these methods are not economic
for industrial implementation. In this context, spray-pyrolysis has shown to be an effective method
for the preparation of different materials for SOFCs, including electrolytes, electrodes, and barrier
layers [23,24]. This method has several advantages, including the preparation of material layers in a
single deposition/sintering step, its low cost, its shorter preparation time, and its easy implementation
at industrial scale as a continuous process over large surfaces. Moreover, the sintering temperature is
significantly reduced, minimizing the chemical reactivity between the cell components.

In this work, nanostructured LSM cathodes with and without Bi; 5Y( 503 (BYO) active layers
are obtained by spray-pyrolysis deposition. The structure and morphology of the layers are studied
by X-ray diffraction and scanning electron microscopy, respectively. An exhaustive electrochemical
characterization by impedance spectroscopy is carried out at different temperatures and oxygen partial
pressures to determine the different processes involved in the ORR, as well as the effect of the BYO
layer on the efficiency of LSM cathodes. The results are compared with those obtained for traditional
cathodes fabricated by the screen-printing method.

2. Materials and Methods

Zr084Y01601.92 (YSZ) pellets were prepared from commercial powders supplied by Tosoh.
These were compacted into disks of 10 and 1 mm diameter and thickness, respectively, and then
sintered in air at 1400 °C for 4 h to obtain fully dense electrolytes.

For the preparation of the Bi; 5Y( 503 (BYO) layers by spray-pyrolysis, stoichiometric amounts of
Bi(NO3)3-6H,0 and Y(NO3)3-6H,O (Merck, purity above 99%) were dissolved in Milli-Q water under
continuous stirring to form a yellow transparent solution with a cation concentration of 0.01 mol L.
Citric acid was used as a complexing agent in a relation of ligand:metal of 0.5:1 to prevent phase
segregations. Films prepared without citric acid were a mixture of monoclinic and cubic polymorphs of
BiyOs. The spray-pyrolysis setup and deposition conditions were similar to those described previously
for related materials [11]. Briefly, the YSZ substrates were previously heated at 450 °C, and then
the precursor solution was atomized and sprayed onto both pellet faces for 15 min with a flow rate
of 20 mL h™!. After that, the films were calcined between 600 and 800 °C for 1 h in a furnace to
achieve crystallization.

The Lag gSrg ,MnOj3 (LSM) cathode was deposited by spray-pyrolysis onto YSZ substrates with and
without BYO interlayers from an aqueous precursor solution (0.02 mol L), containing stoichiometric
amounts of La(NO3)3-6H,0O, Sr(NO3),, and Mn(NO3),-4H,0 (Merck, purity above 99%). This precursor
solution was sprayed onto the YSZ and YSZ/BYO substrates, preheated at 250 °C, for 1 h with a
flow rate of 20 mL h™! [7]. Finally, the samples were calcined in a furnace to completely decompose
the precursors and crystallize the cathodes at 800 °C for 1 h. Hereafter, the samples prepared by
spray-pyrolysis are labelled with SP.

For comparison purposes, commercial Lap g§Srp,MnO3.5 (LSM) powders supplied by Praxair®
were mixed with Decoflux binder to obtain an ink, which was screen-printed onto the as-prepared YSZ
substrates and BYO active layers, followed by sintering at 1000 °C for 1 h to ensure sufficient adherence.

Structural, Microstructural, and Electrical Characterization

The phase composition and structure were studied by X-ray powder diffraction (XRD) with an
Empyrean PANalytical diffractometer and CuKy; » radiation. The different phases were identified and
analyzed with the Highscore Plus and GSAS suite software [25,26].
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The morphology and elemental analysis of the different samples were analyzed by field emission
scanning electron microscopy in a FEI-SEM (Helios Nanolab 650) coupled with X-ray dispersive
spectroscopy (EDS, X-Max Oxford instrument, High Wycombe, UK).

The impedance spectra of the symmetrical cells were collected with a Solartron 1260. The frequency
range and the AC amplitude applied were 0.01-10° Hz and 100 mV, respectively. Pt-ink (METALOR® 6082)
was painted on both faces of the pellets and then heated at 750 °C for 30 min to obtain a current collector
layer. Furthermore, the impedance spectra were collected as a function of the oxygen partial pressure
(1073-1 atm) at 650 °C to study the different processes involved in the ORR. The data were simulated by
equivalent circuit models and the distribution of relaxation times (DRT) with the help of the ZView and
DRTtools software, respectively [27,28].

3. Results and Discussion

3.1. Structural and Microstructural Analysis

The XRD patterns of BYO films prepared by spray-pyrolysis onto YSZ substrates at 450 °C for
15 min and then calcined at different temperatures are compared in Figure 1a. The different reflections
are assigned to the YSZ substrate and the BYO film, both with a cubic fluorite-type structure. The BYO
film shows a higher crystallinity as the temperature increases, and more importantly no additional
peaks attributed to secondary phases are detected up to 800 °C. In addition, no appreciable shift of
the diffraction peaks is observed, indicating that the cell volume and structure are not affected by the
thermal treatment. The estimated average crystal size of BYO, calculated by the Scherrer equation after
correction for instrumental broadening, increases from 26 nm at 600 °C to 47 nm at 800 °C. These values
are relatively low in comparison with those obtained by conventional preparation methods, such as
screen-printing (e.g., 500 nm for films deposited at 800 °C for 2 h [14]), due to the shorter sintering
time and low temperature used in this work, which inhibit the grain growth.
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Figure 1. X-ray diffraction patterns of (a) Bi; 5Y( 503 (BYO) films deposited on Zr( 34Y1601.92 (YSZ)
substrates after calcining at different temperatures, and (b) Rietveld analysis of Lag §Srg ,MnO3 cathode
deposited on BYO layer (SP-BYO/LSM).

Figure 1b shows the XRD Rietveld analysis of the LSM cathode deposited by spray-pyrolysis on
the BYO/YSZ substrate after calcining at 800 °C. Three different crystalline phases, assigned to the
YSZ electrolyte, the BYO active layer, and the LSM cathode, are observed without the presence of
secondary phases. The Rietveld analysis is performed by considering two cubic fluorite-type phases
(s.g. Fm-3m) for both YSZ and BYO and a rhombohedral structure (s.g. R-3c) for LSM, obtaining a
successful disagreement factor: Rwp = 5.15% (Figure 1b). The unit cell volumes for BYO and LSM are
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164.275(2) and 350.357(1) A3, respectively, in good agreement with those reported in the literature for
the bulk materials [7,29].

Cross-sectional SEM images of the symmetrical cells are displayed in Figure 2. The LSM cathode
prepared by spray-pyrolysis at 800 °C has a particle size of ~50 nm and is highly porous, ensuring
effective gas diffusion inside the cathode (Figure 2a). In contrast, the LSM cathode prepared by the
screen-printing method shows a large particle size of 500 nm due to the higher sintering temperature
required to obtain a good adhesion to the electrolyte (Figure 2b).

Figure 2. SEM image of (a) LSM cathode prepared by spray-pyrolysis; (b) LSM cathode prepared by
screen-printing; (c) backscattering SEM, showing the dense BYO film deposited on the YSZ electrolyte;
and (d) EDS mapping analysis of the different layers of the cells.

A backscattering SEM image reveals that the BYO films are dense with a thickness of ~200 nm and a
good adhesion to the electrolyte (Figure 2c). Furthermore, the BYO film covers uniformly the electrolyte
surface without the presence of delaminations or cracks, confirming that spray-pyrolysis deposition
is a useful method for the preparation of BYO films at low temperatures. EDS analysis after LSM
deposition shows clearly the elemental distribution of the different layers without appreciable cation
interdiffusion between the cell components (Figure 2d). Furthermore, the theoretical and experimental
cation compositions of the different layers are similar (Supplementary Information Tables S1-S3).

3.2. Electrochemical Properties

Figure 3a—c show the impedance spectra for the different symmetrical cells prepared by
spray-pyrolysis deposition on YSZ substrates without and with a BYO active layer. For comparison
purposes, Figure 3d—f show the spectra for the same symmetrical cell with LSM deposited by the
traditional screen-printing method. Note that the ohmic resistances were subtracted for a better
comparison of the electrode contribution. All the spectra were fitted using the equivalent circuits
given in Figure 3g—i, where L is an inductor attributed to the electrochemical setup and R is a serial
resistance related with the total ohmic resistance of the electrolyte. Two serial (RQ) elements, where
R is the resistance in parallel with a constant phase element Q, are included to model the electrode
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response at high frequency and low frequency, HF and LF, respectively. The high-frequency process is
typically associated with charge transfer at the electrolyte/electrode interface, while the low frequency
contribution is assigned to the absorption/dissociation of oxygen molecules at the LSM cathode
surface [7]. In the low temperature range (T < 450 °C), the bulk (B) and grain boundary contributions
(GB) of the electrolyte are discernible, and the equivalent circuit of Figure 3i was considered.
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Figure 3. Impedance spectra of LSM and BYO/LSM symmetrical cells with LSM prepared by (a—c)
spray-pyrolysis and (d-f) screen-printing at different measuring temperatures. (g-i) Equivalent circuits

used to fit the data. The solid lines in the spectra represent the fitting curve with the proposed
equivalent circuits.

The following parameters were obtained for each electrode contribution: resistance R;,
pseudocapacitance Q;, and the exponential parameter n;. These parameters are related to the true
capacitance C; and relaxation frequency f; by the following equations [23]:

R
C = — QR 1)
1
fi - 2nRiCi (2)

The representative fitting parameters obtained by equivalent circuits are given in Table 54.

The impedance spectra confirm that the total electrode polarization resistance is lower for all
cells containing the BYO active layer. A detailed analysis of the data reveals that the high-frequency
process decreases significantly after the introduction of the BYO interlayer due to the improved oxide
ion transfer at the electrolyte/interface (Figure 4a). A similar behavior was reported for other active
layers—e.g., Cep1Gdg.101.95, CegoPr101.95, and SrFeOj; [12,30-33]. The corresponding activation
energy varies between 1.23 and 1.35 eV.
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Figure 4. Variation of the (a) high- and (b) low-frequency resistance contributions for the different
cathode configurations; (c—e) Distribution of relaxation time (DRT) analysis at different temperatures.

In the case of the LF process, a similar behavior is observed, where the resistance decreases with
the introduction of the BYO layer (Figure 4b). This indicates that the BYO layer not only improves the
charge transfer due to better oxide-ionic conduction at the interface, but also promotes the extension of
the surface path of the electrochemical reaction sites to the active interlayer. Furthermore, the activation
energy of the LF process is higher than that of the HF process, and varies in a broad range from 1.58 eV
for LSM to 1.34 eV for SP-LSM/BYO.

The DRT analysis confirms that the cathode response is formed by two main electrode contributions,
attributed to the oxide ion transfer between the cathode/electrolyte interface and the oxygen surface
exchange process at a high (HF) and low (LF) frequency, respectively (Figure 4c—e) [34]. In addition,
a small process due to gas diffusion limitations into the electrode, labelled as D, has been identified
at a low frequency [35]. It has to be noted that the integral area under each peak is equivalent to the
polarization resistance of the corresponding process [36].

It is also observed that the introduction of the BYO active layer involves a displacement of the
electrode contribution to lower frequencies, attributed to the fast oxide ion conductivity of the bismuth
oxide layers [37,38]. The LF process is the main contribution in the whole temperature range, although
it decreases significantly at high temperatures due to the higher activation energy of the oxygen
exchange process. The process centered at 10* Hz is assigned to the ohmic resistance of the electrolyte
(E) (Figure 4c,d). In the low temperature range (T < 400 °C), the two contributions located at 10* and
10° Hz correspond to the bulk (B) and grain boundary (GB) contributions of the electrolyte, respectively
(Figure 4e) [39]. As expected, the electrolyte contributions are not affected by the presence of the BYO
layer, and they appear at the same frequency for cathodes with and without an active layer. The shift of
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the electrode processes to lower frequencies after the BYO introduction is consistent with the equivalent
circuit analysis, where the capacitances of the HF and LF processes increase in two orders of magnitude
in cathodes containing the active layers. This increase in capacitance is usually related to an increase in
active sites for the ORR; a similar behavior has been observed for nanostructured electrodes [7].

In order to obtain further insights into the rate-limiting-steps involved in the ORR, the impedance
spectra were acquired as a function of the oxygen partial pressure (pO;). Figure 5a,b display the
variation of the impedance spectra of SP-LSM and SP-BYO/LSM. As expected, the polarization resistance
increases at low oxygen partial pressure, but the number of processes remains unchanged. Hence,
the equivalent circuit proposed above (Figure 3g-i) is used to fit the data in the whole pO, range.
The resistance of the different processes, which involves surface adsorption/dissociation, gas diffusion,
or charge transfer reactions are pO,-dependent, according to the following expression [3,33]:

R; o (pOy)™" 3)

where m provides information about the type of process involved in the oxygen reduction reactions.
Figure 5c compares the variation in the HF and LF resistance contributions as a function of pO,.
This figure clearly indicates that the low-frequency contribution is the main rate-limiting step for the
ORR, especially at low pO;. For both samples, the HF contribution is nearly pO,-independent with
a slope of m~0.02-0.03, suggesting that molecular or atomic oxygen are not involved in this process
and, therefore, may be assigned to the O? transfer at the YSZ/LSM interface. In contrast, the LF
contribution with m~0.25 is attributed to the charge-transfer reaction on the electrode surface [33].

1.0 15
{a} SP-EvvLSM = Dmf""" b} SP-LShd & DOF am
o ooz aim T OE am
o A 0EDam “E1 a B 0.0 am
g 0.5 ¢ D2Bam a O 023 akm
= s o g
i"\-l\,l : [}

~m '1‘. az0 - — s oF
. & I
. . £ 0.350 ain
< tr .. e S oos | 0.585 amn
5 B "1 = - 003 A
S e e e e o ohagy e, | ¥ .
= =
e I = 005
g1 000
L L L al 1 Ll 1
oo 0.1 1 10 10 10 10 10
00 fatm) f (Hz)

Figure 5. Impedance spectra of (a) SP-BYO/LSM; (b) SP-LSM at 650 °C and different pO5,; (c) dependence
of the cathode resistance contributions on pO,; and (d) the DRT analysis of SP-BYO/LSM.

The DRT analysis of the impedance spectra confirms that the electrolyte contribution (E) and the
HF process of the electrode polarization are pO,-independent as expected; however, the LF process is
affected by changes in the oxygen concentration (Figure 5d). At low pO, values, a new process (D)
appears at ~10 Hz, which could be assigned to gas diffusion limitations, as observed previously [35].
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Figure 6 compares the area specific resistance (ASR) of the different cathodes. The highest ASR
values are found for the blank LSM cathode prepared by the traditional screen printing method—i.e.,
6.4 O cm? at 650 °C. The introduction of a BYO active layer leads to a significant ASR decrease up
to ~2.2 O cm?. However, nanostructured LSM cathodes prepared by spray-pyrolysis exhibit lower
ASR values than those of the corresponding screen-printed cathodes—i.e., 1.15 and 0.55 Q2 cm? at
650 °C for SP-LSM and SP-BYO/LSM, respectively. This behavior is explained by the higher TPB length
of the nanostructured LSM cathodes, as well as the lowest fabrication temperature, which minimize
the reactivity between the cell layers. These results demonstrate that active layers could be used to
improve the performance of SOFC cathodes; however, the optimization of the electrode microstructure
leads to better electrochemical properties.
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Figure 6. Area specific resistance (ASR) values of the different LSM cathodes as a function of
the temperature.

4. Conclusions

The influence of BYO active layer on the performance of micrometric and nanostructured LSM
cathodes prepared by screen-printing and spray-pyrolysis deposition, respectively, was investigated.

Dense and thin BYO films were successfully prepared on YSZ electrolyte at a reduced temperature
to avoid possible Bi loss by evaporation. The LSM cathode prepared by spray-pyrolysis deposition
showed an average particle size of 50 nm compared to 500 nm for the screen-printing cathode, which
leads to the extended triple-phase length for the ORR.

The analysis of the impedance spectra confirmed the presence of two dominant electrode processes
for cathodes with and without BYO active layers, which were assigned to O?~ transfer at the LSM/YSZ
interface and the charge transfer reaction at the electrode surface. The introduction of a BYO layer
decreased the resistances of both the high- and low-frequency contributions, suggesting that the active
layer not only improves the charge transfer at the electrolyte interface but also extends the surface path
of the electrochemical reaction sites.

The total polarization resistance for the different cathode configurations decreased in the order:
LSM < LSM/BYO < SP-LSM < SP-BYO/LSM, indicating that the performance is further improved by
increasing the electrode surface and TPB sites rather than the introduction of an active interlayer. Thus,
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the microstructural optimization is the most recommendable method to improve the efficiency of the
SOFC cathodes and reduce the operating temperature of these electrochemical devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2673-3501/1/1/3/s1:
Tables 51-53: Cation composition of LaggSrg,MnOs.5, Bij5Y0503.5 and Zrpg4Y1603.5 layers, respectively.
Table S4: Fitting parameters obtained by equivalent circuits.
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