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Abstract: The sluggish reaction kinetics in the cathode usually leads to considerable cathode
polarization resistance, hindering the development of proton conducting solid oxide fuel cells
(H-SOFCs) operated at intermediate temperatures (400-650°C). To address this problem, for the
first time, a novel hybrid catalyst consisting of PrNipgsMngs03; and PrOy is impregnated in the
(Lao.60Sr0.40)0.95C00.20F€0.8003-s (LSCF) cathode of H-SOFCs, resulting in significant
enhancement of the cathode reaction kinetics. Single cells with impregnated LSCF cathode and
BaZrogY0203 (BZY) electrolyte yield a maximum power density (MPD) of 0.198 W cm™ at 600
°C, more than doubled of that with blank LSCF cathode (0.083 W cm™). ECR and EIS studies
reveal that the hybrid catalyst can substantially accelerate the oxygen-ion transfer and oxygen

dissociation-absorption processes in the cathode, resulting in significantly lower polarization



resistance and higher MPD. In addition, the hybrid catalyst possesses good chemical and
microstructural stability at 600 °C. Consequently, the single cells with impregnated LSCF
cathode show excellent durability. This study shows that the impregnation of this novel hybrid
catalyst in the cathode could be a promising approach to improve the performance and stability
of H-SOFCs.

Keywords: solid oxide fuel cells, proton conducting ceramics, LSCF, Impregnation

1. Introduction

Solid oxide fuel cell (SOFC) has received increasing attention in recent years owing to its
high energy-conversion efficiency, broad application range and fuel flexibility [1]. However, the
high operation temperature (800°C-1000°C) of traditional SOFCs hinders their
commercialization and deployment both in portable devices and stationary applications.
Therefore, considerable efforts have been devoted to developing intermediate temperature
(400°C-650°C) SOFCs in the past ten years [2-4]. Proton-conducting SOFC (H-SOFC) has
gradually attracted significant research attention for its reduced operation temperature, relatively
low activation energy and high energy efficiency [5-8].

As one of the state-of-the-art electrolytes for H-SOFC, BaZr1«YxO3; (BZY) has garnered
particular attention because of its high chemical stability and high bulk proton conductivity [9-
14]. However, there are still a number of technical challenges for BZY electrolyte. The sluggish
rate of oxygen reduction reaction (ORR) in the cathode, and consequently high cathode
polarization resistance, is one of the crucial factors influencing the performance of the H-SOFC
cells [15, 16]. Among the cathode materials developed for H-SOFCs, La,SrixCoyFe;,O3 (LSCF)
cathode, which has been widely studied in oxygen-ion conducting SOFC (O-SOFC) [17], has

also been applied in H-SOFCs for its high electronic and ionic conductivities[18]. However, the



relatively slow kinetics of oxygen dissociation-absorption process limits the performance of
LSCF as cathode material for H-SOFCs [19]. To date, the highest maximum power density of H-
SOFC with BZY as electrolyte material and LSCF as cathode material is only 0.11 W cm™ at
600°C [20]. Moreover, Sr segregation near surfaces or interfaces of LSCF causes significant
degradation of the electrochemical performance and affects its long-term operational life [17].

One effective way to solve the above problems is to modify the surface of LSCF through
impregnation with coating of stable and catalytically-active nanoparticles [21]. Ding et. al [22]
have reported that the electro-catalysis and stability of LSCF cathode in O-SOFCs can be
substantially enhanced by coating the more active Mn-based catalyst. Recently, Chen et al. [23]
have reported that the electrochemical performance and stability of LSCF in O-SOFCs could be
drastically improved by forming a thin layer of PrNipsMnys03 (PNM) and PrOx nanoparticles on
the LSCF surface through impregnation of Pr,NigsMngsO4 solution. However, the above studies
have been conducted in O-SOFCs but not in H-SOFCs. Unlike the O-SOFCs, protons (H") are
transported and water is formed at the cathode side of H-SOFCs, making cathode reactions
fundamentally different from that of the O-SOFCs, resulting in more sluggish ORR [24, 25].
Unfortunately, there have been very limited reports concerning the modification of LSCF
cathode by impregnation for H-SOFCs. Although Y 25Bio 75015, Gdo.1Cep9 O1.95 (GDC) and Ag
have been impregnated in the LSCF cathode, these studies have been mainly focused on
improving electro-catalytic performance and the effect of the nanoparticle catalyst on the LSCF
cathode stability has not been reported yet [19, 26, 27].

In order not only to enhance the electro-catalysis but also to improve the stability of LSCF
cathode in H-SOFCs based on BZY electrolyte, hybrid catalyst consisting of PNM and PrOy has

been impregnated to the LSCF cathode in this study, as shown in Fig.1l. Microstructure



characterization shows that the nano-structured modification on the LSCF cathode is obtained.
Experimental results demonstrate that the hybrid catalyst on the LSCF surface can significantly
enhance the oxygen adsorption and dissociation process of ORR, resulting in substantial
reduction in the polarization resistance of the LSFC cathode and enhancement of the H-SOFC
cell performance. In addition, the hybrid catalyst can potentially suppress Sr segregation and

consequently improve the H-SOFC long-term performance stability.

PrO,-PNM

Blank LSCF Jmpregnatedl SCF

, G
== 2 .

Figure 1 Schematic illustrations of blank LSCF electrode and PNM-PrOy impregnated LSCF for
H-SOFCs.

2. Experimental
Preparation of powders

The BZY powders were synthesized by a combined EDTA-citric acid method [28]. Metal
nitrate precursors Ba(NOs), (Alfa Aesar 99%), ZrO(NOj3),'xH,O (Alfa Aesar 99.9%) and
Y(NO3),'6H,0 (Alfa Aesar 99.9%) were dissolved in deionized water and then titrated by
ethylenediaminetetraacetic acid (EDTA). Stoichiometric amounts of metal nitrate solutions were
mixed in a beaker and heated at 80 °C under stirring. EDTA and citric acid were added to the
solution as the chelating agent, with the molar ratio of EDTA/ citric acid/ total metal cations at
1:1.5:1. Ammonia additions were used to adjust the pH value of the solution to approximately 8.
An appropriate amount of ammonium nitrate was then added to trigger combustion. The
precursor solution was subsequently heated on a hot plate until self-combustion occurred. The
as-prepared ash was fired at 1100 °C for 10 h to form the perovskite structure.
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The PNM powders were synthesized by a wet chemical method. Pr(NOj3)3:6H,O (Alfa
Aesar 99.9%), Ni(NO3),'6H,0 and Mn(NO3)3'6H,0 were used as the raw materials while citric

acid was added as the complexing agent. Other procedures were similar to the above and the
fired temperature of the as-prepared ash was controlled at 800 °C for 1 h to obtain the final
powders.

Material characterization

To evaluate the chemical compatibility between PNM and BZY, X-ray diffraction (Rigaku
MiniFlex Il, with Cu Ka radiation and a D/teX silicon strip detector) was used to identify the
crystal structures of the sample after each treatment.

Fabrication of single cells

NiO-BZY electrode supported cells with thin BZY electrolyte layer were fabricated by dry-
pressing and drop-coating. NiO powders (JT-Baker, USA), BZY powders and carbon black
(average particle size: 1 um) were mixed with weight ratio of 5.5:4.5:2. The mixed powders were
used to prepare the NiO-BZY electrode substrates (10.3 mm in diameter and 0.3 mm in thickness
after sintering at 1450 °C) by dry-pressing and then firing at 600 °C for 2 h.

The BZY electrolyte slurry was prepared by mixing and ball milling BZY powders, NiO
powders (1.0 wt.% of BZY) as sintering aid, ethanol as solvent, TEA as dispersant,
Polyvinylbutyral (PVB) as polymer binder, Dibutyl phthalate (DBP) and (polyethylene glycol-
600) PEG-600 as plasticizers [29, 30]. BZY electrolyte layer was then deposited on the NiO-
BZY substrates by drop-coating method, followed by sintering at 1450 °C for 5 h.

The (Lao.60Sr0.40)0.95C00.20F€0.8003-5 (LSCF, Fuel Cell material, USA) electrode with an
effective area of 0.33 cm? was applied onto the surface of the BZY electrolyte layer by using

LSCF ink and brush painting method and then sintering at 1000 °C for 2 h.



Impregnation procedure. The hybrid catalyst solution used for impregnation was prepared
by dissolving Pr(NO3)3;-6H,0, Ni(NO3), and Mn(NO3),-6H,O in molar ratio of 4:1:1 in
appropriate amount of deionized water, and then adding glycine as a chelating agent under
stirring to form 0.1M PraNigsMngsO45 solution. In order to improve the permeability of the
solution, ethanol was added and the impregnation process was operated in the vacuum
impregnation machine (Struers CitoVac). The hybrid solution was carefully impregnated 6 pL on
the surface of the LSCF cathode. After that, the assembled cells were fired at 800 °C for 1 h,
allowing decomposition of nitrate and formation of PNM nanoparticles. The content of
infiltration is controlled by dropping accurate amount of the catalyst precursor solution in the
cathode. Furthermore, the content of infiltration is determined by measuring the change of
weight of the dried sample after infiltration. Finally, 15 wt.% impregnation loading with respect
to the weight of LSCF cathode layer is achieved.

Characterization of the single cells

The prepared single cells were attached to one end of an alumina tube using an electrical
conductive paste (DAD-87, Shanghai Research Institute of Synthetic Resins, China). High
temperature ceramic adhesives (552-1105, Aremco, USA) were then applied outside the attached
cells to avoid gas leaking. 30 ml min™ H, was fed to the hydrogen electrode side during the test.
Hydrogen flow rate was controlled by mass flow controllers (APEX, Schoonover, USA).
Electrochemical characterizations including current density-voltage (I-V) and impedance spectra
measurements for the single cells were conducted on an electrochemical test system (Versa
STAT 3-400, Princeton Applied Research, USA). The I-V curves were recorded with a voltage
sweeping speed of 0.03 V s™. For the EIS measurement, the frequency range was from 1 MHz to

0.01 Hz with the AC amplitude of 30 mV.



Microstructures of the single cells before and after the electrochemical test were examined

by scanning electron microscope (SEM, Zeiss Ultra Plus FESEM).

3. Results and discussions
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Figure 2 XRD patterns (a) chemical compatibility between PrNiosMngs03, PrOx, and BZY:; (b)
Stability of PrNipsMngsO3 and PrOx.

XRD patterns of BZY and hybrid catalyst are shown in Fig.2 (a). It can be seen that the
hybrid catalyst is consisted of PrOy phase and PrNipsMngs04.5 phase, consistent with the
literature [23]. BZY shows cubic perovskite structure without any secondary phase. The hybrid
catalyst and BZY powders were then mixed with weight ratio of 1:1 and heat treated at 800 °C
for 5 h. The XRD pattern of the mixture after heat-treatment reveals only hybrid catalyst and
BZY phases, demonstrating that the hybrid catalyst and BZY are chemically compatible at 800
°C. Moreover, the phase stability of the hybrid catalyst is essential for the durability of the cell
electrochemical performance. Thus, the phase stability of the hybrid catalyst is investigated, as
shown in Fig. 2 (b). It can be seen that the hybrid catalyst has showed excellent chemical

stability at 600 °C for 100 h in air.
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Figure 3 FESEM images of the single cells. (a) The surface of the BZY electrolyte; (b) The
cross-section view of NiO-BZY anode and BZY electrolyte.

The microstructures of porous NiO-BZY electrode support and dense BZY electrolyte layer
are shown in Fig.3. The surface microstructure of the BZY electrolyte layer, fabricated by drop-
coating method [29-33] with 1.0 wt.% NiO addition as the sintering aid [11, 34], is shown in
Fig.3 (a). After sintering at 1450 °C for 5 h, the BZY electrolyte layer is relatively dense without
any obvious pores, suggesting that the electrolyte layer can sufficiently separate the gas between
electrodes. From Fig.3 (b), it can be observed that the pores in the NiO-BZY electrode support
are distributed evenly and the BZY electrolyte layer, with thickness of 15 um, is well attached to
the NiO-BZY electrode support.

The microstructures of LSCF cathode before and after impregnation of the hybrid catalyst
are shown in Fig.4. Fig.4 (a) is the typical cross-section micrograph of blank LSCF cathode. The
blank LSCF cathode is well sintered with particle sizes ranging from 0.1 to 1 um. Fig. 4 (b) and
(c) present the micrographs of LSCF cathode with impregnation of the hybrid catalyst.
Compared with the relatively smooth surface of blank LSCF particles in Fig.4 (a), the surface of
LSCF particles becomes rough and discrete nanoparticles are uniformly distributed on the LSCF
surface, as shown in Fig.4 (b). At higher magnification in Fig.4 (c), it is clear that the

nanoparticles are less than 20 nm, which could increase the specific surface area of the LSCF



cathode. According to Chen et. al’s work [23], impregnation of hybrid catalyst in LSCF cathode
will form a conformal PNM thin film with exsoluted PrOy nanoparticles. Therefore, the change
of the roughness of the LSCF surface is probably caused by the formation of conformal PNM

thin film.

Figure 4 FESEM imag of cathode (a) Microstructure of bare LSCF electrode; (b)
Microstructure of LSCF electrode with PrNigsMngsOz and PrOyx; (c) High magnification of
image of LSCF electrode with PrNigsMngs03 and PrOx.

To study the effect of impregnation of hybrid catalyst on the electrochemical performance
of single cells, single cells with and without impregnation were tested. Fig. 5 (a) shows the I-V
curves of single cells at 650 °C. Single cells with impregnated LSCF cathode show much better
performance than those with only blank LSCF cathode. The maximum power densities (MPDs)
of single cells with and without impregnation are 0.262 W cm™?and 0.166 W cm™ at 650 °C,

respectively, showing 58% performance enhancement by the impregnation. The MPDs of single



cells at 550 °C, 600 °C, 650 °C and 700 °C are summarized in Fig.5 (b). In this temperature range,
single cells with impregnated LSCF all yielded higher MPD than that with only blank LSCF. For

example, at 550 °C, the MPD is raised by 200%, from 0.044 W cm™ to 0.132 W cm, through

impregnation.
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Figure 5 Electrochemical performance of single cells (a) I-V curves; (b) Maximum powder
densities of single cells at various temperature.

Impedance spectra of single cells with and without impregnation are measured under the
OCV condition, as shown in Fig.6. The intercept of the impedance spectra with the real axis
represents the overall electrode polarization resistance (Rp). In Fig.6 (a), the R, of single cell is
reduced from 1.03 Q cm? to 0.26 Q cm? at 650 °C by the impregnation of hybrid catalyst,
suggesting significant enhancement of catalytic activity of the LSCF cathode by the
impregnation. This is consistent with the results of the 1-V curves. Similar to the result at 650 °C,
R, values are greatly reduced by impregnation of the hybrid catalyst in the LSCF cathode at
various temperatures, as shown in Fig.6 (b). For example, at 600 °C, the R, is reduced from 2.17
Q cm? to 0.58 Q cm? through impregnation. Furthermore, two arcs (Ry and Ry) can be clearly
observed in the impedance spectra of both single cells in Fig.6 (a), implying that there are at least

two rate-limiting steps. Equivalent circuit Ri(R4CPEw)(R.CPE,) is applied to fit the spectra
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using Zview program, where R represents the resistance, CPE is the constant phase element and
the subscripts H and L correspond to the high and low-frequency arc, respectively. Good
agreement is obtained between the fitting curves and the experimental data, as shown in Fig.6
(a). As the fabrication conditions of Ni-BZY anode and the BZY electrolyte are identical, the
differences of Ry and R between these two types of single cells are consequently caused by the
differences in the cathode. It has been reported that when oxygen-ion conducting phase is used as
cathode material in H-SOFCs, oxygen ion transfer and oxygen dissociation-absorption processes
are the two-main rate-limiting factors for the ORR. Moreover, the oxygen-ion transfer process
generally corresponds to the (R4CPEH) component in the impedance spectra, while the oxygen
dissociation-absorption process normally corresponds to the (R_.CPE,) component [19, 24, 25,
35].

Ry and Ry of these two types of single cells are compared in Fig.6 (c) and (d). It can be
noticed that in the single cells with blank LSCF, R is the dominating resistance in R, especially
at low temperatures, suggesting that oxygen dissociation-absorption process is the most sluggish
step in the ORR for the blank LSCF. After impregnation of the hybrid catalyst, both Ry and Ry,
especially Ry, are reduced. For example, R, is reduced by 72%, from 4.02 Q cm? to 1.12 Q cm?
at 550 °C, suggesting that the acceleration of the oxygen dissociation-absorption process by the
impregnation of the hybrid catalyst makes significant contribution for the improvement of
electrochemical performance of the single cells. By using periodic density functional theory
(DFT), XAS and XPS, Chen et al. [23] have demonstrated that the PNM phase in the hybrid
catalyst facilitates rapid oxygen-ion transport while the exsoluted PrOy in the hybrid catalyst has
low adsorption energy of O, (-1.19 eV) and oxygen vacancy formation energy (1.04 eV), which

are beneficial for the oxygen dissociation-absorption process in ORR. Therefore, impregnation
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of hybrid catalyst in this study could improve not only the kinetics of oxygen-ion transfer but
also oxygen dissociation-absorption process in the LSCF cathode, resulting in significant

reduction of Rp, Ry and R.
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Figure 6 (a) Impedance spectra Impedance spectra of single cells at 650 °C; (b) Polarization
resistance of single cells at various temperatures; (c) Polarization resistance Ry at various

temperatures; (d) Polarization resistance R, at various temperatures.

To further demonstrate the above hypothesis, the surface exchange kinetics of these
cathodes was also investigated by measuring the electrical conductivity relaxation (ECR), as
shown in Fig. 7. Fig.7 (a) displays the electrical conductivity relaxation for blank LSCF and the

impregnated LSCF samples as a function of time. The values of oxygen surface exchange

12



coefficient (Kefr) calculated from the test are plotted as a function of 1000/T in Fig.7 (b). The Kes
IS a critical parameter, representing the rate of oxygen exchange on the surface of the material.
Increasing the Kes of the cathode is an effective way to reduce the Rp of the cathode in SOFCs
[36, 37]. In Fig.7 (b), it can be seen that the Kes values of impregnated LSCF are always higher
than those of blank LSCF at various temperatures. For example, at 650°C, the surface exchange
coefficient (Kefr) of LSCF is increased from 7.26x10°® cm s™ to 1.51x10° cm s™ by impregnation
of the hybrid catalyst, indicating that the oxygen dissociation-absorption process (oxygen surface

exchange) is substantially accelerated.
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Figure 7 (a) Electrical conductivity relaxation as a function of time at 700°C; (b) Plots of the
surface exchange coefficients (Kef) as function of temperatures.

To study the durability, single cells with and without impregnation are operated at 0.6 V
and 600 °C for 100h, as displayed in Fig.8. In Fig.8 (a), the current density of single cells with
blank LSCF dropped from 0.14 A cm™ to 0.10 A cm in the first 20 h and then decreased slowly
to about 0.09 A cm™ in the last 80 h. The decrease of current density is most likely due to the
degradation of blank the LSCF cathode. It has been reported that Sr segregation near surface is
considered to contribute significantly to the degradation of the electrochemical activity of LSCF
based electrode for ORR [17]. By contrast, singe cells with impregnated LSCF cathode clearly

show improved and more stable performance than that with blank LSCF cathode. For example,
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the current density increased from 0.21 A cm™ to 0.24 A cm™ in the first 10 h and then increased
moderately to 0.26 A cm™ in the last 90 h. The gradual increase of the cell performance may be
due to the effect of the cathode activation. Moreover, the Sr segregation can be mitigated by the
formation of the conformal PNM coating on LSCF. The relatively high oxygen vacancy
formation energy of PNM can suppress the oxygen vacancy concentration at the LSCF/PNM
interface, consequently reducing the driving force for Sr segregation [23]. The nano-structured
morphology of hybrid catalyst after 100 h cell testing (Fig. 8 (b)) is similar to that before the test
(Fig. 4), indicating excellent stability of the impregnated phases.
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The performance of single cells in this study is compared with those of H-SOFCs using
BZY electrolyte in the literature as shown in Table 1. It can be found that the MPDs of single
cells with blank LSCF as cathode range from 0.050 W cm™ to 0.11 W cm? in the literature [18,
20, 38], which is close to the one with the blank LSCF (0.083 W cm™) measured in this study.
Besides LSCF, Smg5Sry5C003.5—CeggSmg 202.5 (SSC-SDC) has also been studied as cathode for
H-SOFCs [39-41] and the cell performance of single cells with the SSC is typically lower than
that of the LSCF cathode. The performance of single cells with impregnated LSCF is better than

the reported H-SOFCs with the blank LSCF cathode [18, 20, 38]. It can be seen that among all
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studies in the table, single cells with impregnated LSCF show the second highest MPD, only
lower to a novel mixed protonic, oxide ionic and electronic conducting BaCog 4Feo4Zr02Y0103-5
(BCFZY) cathode. These comparisons indicate that hybrid catalyst impregnated LSCF is a

promising cathode candidate for H-SOFCs.

Table 1 Comparison of the performance of H-SOFCs with BZY as electrolyte

Configuration Operation MPD et
of single cells temperature (°C) (W cm™®) (year)
PrBaCo,0s5.5-BZYP/BZY20(20 pum) 600 0.169 [42]
INi-BZY 2011
LSCF-BCYb 600 0.11 [20]
(BaCep9Ybo103.5)/BZY 20 2010
(4 pm)
INi-BZY
SMo 5 SrgsC003.,—CepeSMg20,. 5 600 0.062 [41]
(SSC-SDC) /BZY20(20 pm) 2010
INi-BZCY
LSCF -BZYP/BZY20(30 um) 600 0.050 [18]
INi-BZY 2011
SSC-SDC/BZY20(25 um) 600 0.055 [39]
INi-BZCY 2012
BCFzZY 600 0.49 [43]
(BaCog.4Feo.4Zro2Y01035) 2015
/IBZY20/Ni-BZY
LSCF /BZY20(5 um)/Ni-BZY 600 0.080 [38]
2015
SSC-SDC/BZY20(16 um) 600 0.035 [40]
INi-BZCY 2016
Impregnated-LSCF / 600 0.198 This study
BZY20(16 pm)
INi-BZY
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LSCF /BZY20(16 pum) 600 0.083 This study
INi-BZY

4. Conclusions

In conclusion, H-SOFCs with NiO-BZY anode support, BZY thin electrolyte and LSCF
cathode have been successfully fabricated. To enhance the ORR reaction kinetics, LSCF cathode
is modified by impregnation of hybrid catalyst consisting of PrNigsMngsO3 and PrO4. The
electrochemical tests show that the cell performance is greatly increased by the impregnation of
hybrid catalyst to the LSCF cathode. At 650 °C, single cells with hybrid catalyst impregnated
LSCF cathode show a polarization resistance of 0.25 Q cm?, about one fifth of that the cells with
the blank LSCF cathode (1.03 Q cm?). EIS and ECR analysis shows that the oxygen-ion transfer
and oxygen dissociation-absorption processes in the LSCF cathode can be substantially
accelerated by the impregnation of hybrid catalyst, resulting in significantly lower polarization
resistance and larger MPD. In addition, the hybrid catalyst shows good chemical and
microstructural stability at 600 °C. Consequently, single cells with impregnated LSCF show
excellent durability. This study demonstrates that impregnation of hybrid catalyst is a promising
approach to improve the performance and durability of LSCF cathode for H-SOFCs.
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