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Abstract： 

Although numerous perovskite oxides can enhance the electrochemical activity via exsolved 

metallic nanoparticles, most of them can only be applied as catalysts in a reduced atmosphere. 

These nanoparticles will cause serious performance degradation in oxidizing conditions due to 

the formation of low-conductive metal oxides. This poses a big challenge to the design of 

highly active catalysts of electrochemical devices. Herein, a unique and simple method is 

demonstrated for the synthesis of Ru/RuO 2 nanoparticles via in-situgrowth on the surface of 

perovskite oxide. The electrode material (La 0.75 Sr 0.25 ) 0.9 Cr 0.5 Mn 0.45 Ru 0.05 O 3-δ (LSCMR) 

was designed through careful choice of composition and the core idea is to make use of the 

exsolved nanoparticles concept applied for the first time at both hydrogen electrode and 

oxygen electrode for symmetrical solid oxide cells. Inspired by exsolved Ru and RuO 2 , the 

surface-decorated LSCMR exhibit significantly enhanced electrochemical activity for both 

H 2 and O 2 respectively, accompanied by high redox long-term stability. Moreover, simple, 
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low-cost, and environmental-friendly synthesis of Ru/RuO 2 nanoparticles on the substrate of 

typical perovskites is realized with this in-situ growth approach.   
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1. Introduction 

The energy interconnection is considered to be one of the solutions to solve energy crisis 

in the future. [1] Therefore, there is a need to develop high efficiency and reversible energy 

conversion methods between various energy resources, such as electricity and chemical 

energies. Reversible solid oxide cells (RSOCs) have been attracting great attention due to 

their multiple functionalities and high potential efficiency, such as generating electricity as 

fuel cells (FC mode) and producing hydrogen as electrolysis cells (EC mode).[2] Generally, 

the traditional RSOCs consist of three different components, both fuel electrode and 

oxygen electrode, separated by a dense electrolyte.[3] Usually, the electrodes consist of 

different materials, in order to efficiently carry out the fuel oxidation reaction (FOR), 

oxygen reduction reaction (ORR), hydrogen evolution reaction (HER), and oxygen 

evolution reaction (OER), respectively.[4] However, the range of necessary materials to 

provide these functions poses limitations on material selection, and increases the 

complexity of manufacturing, operation and maintenance, thus limiting applicability. 

Additionally, the long-term stability of RSOCs operated under high temperatures is still a 

challenge.[5] Especially, the interface between electrode and electrolyte is subjected to 

different conditions if the operation mode switched between FC and EC.[6]         

One approach used to overcome some of the above limitations is to fabricate RSOCs 

using the same electrode material for both fuel electrode and oxygen electrode, in 

so-called symmetric solid oxide cells (SSOCs).[7] Such devices would exhibit obvious 

advantages over current designs, including but not limited to lower cost, simpler 

fabrication process and minimizing interfacial problems among different cell components, 
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possibly improving device lifetime and thus requiring lower maintenance. Considering that 

the fuel and oxygen electrodes operate in highly reducing and oxidizing environments, 

respectively, for reversible SSOCs it is important to seek out suitable materials fulfilling the 

requirements applicable to both types of atmospheres.[8] This includes high electronic and 

ionic conductivity, high electrochemical catalytic activity and durability in both oxidizing 

and reducing conditions. 15 To date, several redox-stable perovskite-type oxides have 

been considered for this role[7b, 8-9]. However, most of these have not been applied as both 

fuel and oxygen electrodes simultaneously for reversible SSOCs, and the catalytic activity 

of these electrodes is still far from the requirements.   

In order to enhance the electrochemical cell performance, one of the most common 

methods is to enhance surface reactivity by functionalizing the surface with nanosized 

catalysts, such as Pt, Pd, Ru, Ni for fuel electrode and Pt, Ag for oxygen electrode, 

respectively.[10] Traditionally, this has been carried out through the infiltration method, 

which has been developed and widely used to fabricate surface-modified fuel electrodes 

for both solid oxide fuel cell (SOFC) and solid oxide electrolysis cell (SOEC).[11] However, 

for this process, complicated deposition steps and expensive precursors are generally 

needed to control the morphology of the nanosized catalysts. Although this approach 

leads to considerable cell performance increase in SOFC and SOEC separately, it is 

difficult to obtain and maintain uniform particle size and distribution of the nanosized 

catalysts, on the fuel electrode and oxygen electrode backbone simultaneously. Recently, 

an alternative approach called in-situ growth of metal nanoparticles from perovskite 

oxides has been proposed to be a more effective, single-step, and low-cost method to 
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prepare the catalysts-modified electrodes.[12] As compared to infiltration methods, 

particles produced by exsolution are also partly embedded in the support (socketed) 

which greatly enhances their durability, helping to maintain uniform particle size and 

distribution during long-term operation. So far, perovskite oxides have been generally 

demonstrated to be capable of growing metal nanoparticles in situ under reducing 

condition, that is, at the fuel electrodes. This method has generally not been applied at the 

oxygen electrode because most metal nanoparticles will form metal oxides under such 

conditions at high temperatures, which usually leads to poor electrochemical activity for 

both ORR and OER.  

In this work, in order to obtain high, long-lasting electrochemical performance together 

with good redox stability between different modes (EC and FC), we develop a new 

redox-stable, a symmetric electrode with A-site deficient perovskite 

(La0.75Sr0.25)0.9Cr0.5Mn0.5-xRuxO3-δ (x=0-0.05) as host ceramic electrode material. We 

demonstrate that this host ceramic can generate uniformly distributed Ru metallic 

nanoparticles at the surface, through in situ exsolution after reduction. Furthermore, when 

the system is then exposed to conditions encountered at the oxygen electrode, core-shell 

structured Ru/RuO2 nanoparticles were formed. This endows the material with high 

electrochemical activity towards both oxygen reduction and hydrogen oxidation.  

2. Results and discussion 

Recent reports suggest that the exsolution from perovskites is driven by lattice reduction 

and controlled by bulk and surface defects and external conditions.[2d, 11c] A deficiency of 

the A-site ion in ABO3 is one of the key factors to control the ease and the quality of 
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exsolution, as well as enhancing electronic and ionic conductivity. Thus, The designed 

A-site deficient (La0.75Sr0.25)0.9Cr0.5Mn0.5O3-δ (LSCMRuA-0), 

(La0.75Sr0.25)0.9Cr0.5Mn0.475Ru0.025O3-δ (LSCMRuA-25), (La0.75Sr0.25)0.9Cr0.5Mn0.45Ru0.05O3-δ 

(LSCMRuA-5) powders were prepared by solid-state reaction in air, following a reduction 

process with the calcined treatment in 5% H2/N2 at different temperatures, respectively. 

XRD analysis confirms that the as-prepared LSCMRuA-5 oxides exhibit a structure with 

space group R-3c (167) at room temperature (Supporting Information, Figure S1 and 

Table S1). On reduction, the perovskite-type structure is preserved for all samples and a 

unit cell expansion is observed due to the reductions of B-site elements (Cr, Mn, and Ru) 

from higher oxidation states to lower oxidation states.  

Generally, the structure of ABO3 perovskite can be complex due to the tilting of the 

oxygen octahedra and/or the ordering of both A-site and B-site elements. Additionally, this 

can undergo further structural transformations depending on temperature and 

atmosphere.[13] Such changes are important to study and understand since they affect 

interaction with adjacent cell components and interfaces which is important for both cell 

manufacture and operation. For example, a phase transition is observed in the 

unsubstituted La0.75Sr0.25Cr0.5Mn0.5O3, from R-3c to Pm-3m space group over the 

temperature from 500 to 1100 oC, in an ambient atmosphere.[14] To investigate phase 

evolution of both as-prepared and reduced LSCMRuA-5 at high temperature, in situ 

high-temperature X-ray diffraction (HT-XRD) studies have been carried out in air up to 

temperatures of 1000 oC (Figure 1, Table S3). The results indicate that LSCMRuA-5 also 

underwent a reversible second-order phase transition in a thermal-cooling cycle under air. 
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The fraction of the Pm-3m space group increases with increasing temperature up to 1000 

oC and then the R-3c space group becomes the dominant again at lower temperatures. 

Similar behavior was observed in as-prepared LSCMRuA-0 and reduced LSCMRuA-5, 

respectively (Supporting Information, Figure S2 and S3, Table S2 and S4). This vividly 

depicts that the phase transition in LSCMRuA-5 is not an abrupt step but a gradual process. 

The second-order phase transition of LSCMRuA-5 is favorable for SOC fabrication and 

operation to prevent the delamination of the electrode and electrolyte.[14-15] Moreover, the 

phase transition is reversible for both as-prepared and reduced LSCMRuA-5 compounds, 

minimizing the stress to which the electrodes are subjected to during redox cycling in 

different operating modes, such as SOFC and SOEC.     

High-resolution transmission electron microscopy (HRTEM) was used to characterize 

the nanostructure of the LSCMRuA-5 powders, as shown in Figure 2. Compared to the 

reduced LSCMRuA-0 (Supporting Information, Figure S4), numerous nanosized particles 

were exsolved in a uniform distribution, on the surface of the reduced LSCMRuA-5 (Figure 

2a). The average diameter of nanoparticles is around 4-8 nm. Figure 2b shows a single 

crystal with visible lattice fringes at a spacing of 0.132 nm of the (110) plane for the Ru 

(PDF no. 06-0663). Scanning transmission electron microscopy (STEM) along with 

energy-dispersive X-ray spectroscopy (EDS) analysis confirmed the exsolution of Ru 

nanoparticles. Figure 2c shows STEM-EDS image and an overall elemental mapping of 

reduced LSCMRuA-5, including an exsolved Ru nanoparticle at the surface. And the 

population of exsolved Ru nanoparticles of LSCMRuA-5 is around 1486 particles um-2. 

After oxidized in air, the population of nanoparticles decreased to 1113 particles um-2 
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(Supporting Information, Figure S5).  

HRTEM images also indicated that core/shell structured Ru/RuO2 nanoparticles formed 

on the surface of LSCMRuA-5 after calcination at 800 oC in air for 3 h, with a thickness of 

RuO2 shell of around 2-3 nm. The interface between the Ru core and RuO2 shell is 

highlighted in Figure 3a. However, upon reduction at 750 oC in 5% H2/95% N2 for 10 h, 

the RuO2 shell was reverted to highly crystalline, metallic Ru, as confirmed by STEM-EDS 

mapping images (Figure 3b). This phenomenon depicts a reversible transformation 

between Ru and RuO2 only by changing the atmospheres (Figure 3c and 3d), which is 

consistent with previous literature.[16] However, as compared to previous reports here, we 

demonstrate how this process can be achieved seamlessly and in-situ, thus preparing 

Ru/RuO2 nanostructures on a perovskite substrate for noble metal catalysts. The fitted 

ex-situ XPS curves of Ru were used to quantify the proportion of Ru in various valence 

states (Ru0, Ru3+, and Ru4+) in LSCMRuA-5, as showed in Figure 3e. After reduced, the 

content of Ru3+ in LSCMRuA-5 increased from 37% up to 68%, while the content of Ru4+ 

decreased from 63% down to 15% (Supporting Information, Figure S6, Table S5 and 

Table S6). The amount of exolved Ru was also predicted by approximately 16% in 

reduced LSCMRuA-5. Moreover, the mole ratio of total Ru4+ increased to 60%. Among 

these, 28% Ru3+ was oxidized to Ru4+ after the reduced LSCMRuA-5 powders was 

calcined in air at 750 oC for 2 h. Thus, the additional 15% Ru4+ are from the metallic Ru 

due to the RuO2 shell was formed after oxidation. Moreover, the peak of Raman spectra 

near 645 cm-1 decreases in intensity after reducing, indicating that the oxygen bridge 

bonds related to Ru could be broken and the Ru element exsolved from the lattice (Figure 
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3f). The structure of all the perovskites is retained after a high temperature reducing 

treatment in 5%H2/95% N2 at 1050 oC, for 20 h, illustrating a good structural 

redox-stability.  

H2-temperature-programmed-reduction (H2-TPR) profiles of the as-prepared LSCMA- 

and LSCMRuA-5 oxides are given in Figure 3g. A broad reduction band at 529 oC is 

observed in the H2-TPR plot of as-prepared LSCMRuA-x (x=0) and the reduction band 

could be ascribed to the reduction of Cr and Mn ions at B-site. The reduction band shifts to 

a higher temperature (588 oC) for reduced LSCMRuA-0, which was undergoing calcination 

at reducing atmosphere. This illustrates that hydrogen is still consumed even that the 

LSCMRuA-5 oxide was heated in the reducing atmosphere for the long term. The addition 

of Ru in LSCMRuA-5 oxide significantly lowers the reduction temperatures. The intensity of 

reduction band increases and the band temperature shifts to lower values (282~409 oC) 

for LSCMRuA-5. The decrease of the reduction temperature is clearly due to the high 

hydrogen dissociation activity.[17] In the present case, numerous Ru nanoparticles were 

exsolved in the process of H2-TPR measurement. We can also deduce that the starting 

exsolved temperature of Ru nanoparticles is about 282 oC in pure H2. This reveals that the 

reducing process in lower temperatures (<500 oC) is sufficient for the exsolved Ru 

nanoparticles on the surface of LSCMRuA-5 in pure H2. This result was confirmed by an 

additional STEM-EDS analysis (Supporting Information, Figure S7). Moreover, a strong 

reduction peak is observed and it shifts toward lower temperature further (332.6 oC) in 

reduced LSCMRuA-5. This sharp reduction peak is ascribed to the additional metallic Ru 

nanoparticles exsolved from in the lattice.  



10 
 

The electrochemical impedance spectra (EIS) of LSCMRuA-5 electrodes were measured 

with a SSZ (10% Sc2O3-stabilized-ZrO2) supported half symmetric cell configuration 

LSCMRuA-5-SSZ|SSZ|LSCMRuA-5-SSZ in wet 5% H2/N2 under open voltage conditions. 

The ohmic resistances are normalized to zero to obtain the detailed information between 

impedance arcs at various temperatures (Supporting Information, Figure S8). It can be 

seen that the resistance polarization (Rp) of the LSCMRuA-x electrodes decrease with the 

increase of Ru-content both in air and wet 5%H2/N2, illustrating a facilitated ORR and 

HOR processes in electrode reaction simultaneously. The apparent activation energies 

(Ea) for Rp were calculated and reveals that Ea of LSCMRuA-x become lower when the 

content of Ru increase in both air and 5% H2/N2 conditions. This implies that ORR and 

HOR of Ru-doping electrode materials are faster than those of pure electrode both in air 

and wet 5%H2/N2, respectively. The enhanced ORR performance of reduced LSCMRuA-5 

due to the formation of Ru/RuO2 nanoparticles was further studied via the evolution of 

impedance with the various oxygen partial pressure (pO2). As showed in Figure 4a and 

4b, the Rp of as-prepared and reduced LSCMRuA-5 at various pO2 were lower than those 

of reduced sample. For instance, the minimum Rp of 0.11 Ω cm-2 was present for the 

reduced LSCMRuA-5 electrode in pure oxygen at 750 oC, while the as-prepared 

LSCMRuA-5 electrode shows the Rp value of 0.15 Ω cm-2 at the same condition. This 

phenomenon illustrates that Rp was reduced by 27% as the Ru/RuO2 formed on the 

surface of LSCMRuA-5. The lower n values calculated from 𝑅# = 𝑘(𝑝𝑂))+,, suggest that 

the formation of RuO2 is a significant benefit for the ORR process in the reduced 

LSCMRuA-5 electrode.[18] 
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The oxygen desorption properties of the as-prepared LSCMRuA-0 and LSCMRuA-5 

oxides were studied through an oxygen temperature-programed desorption (O2-TPD) 

technique under argon from 100 to 900 oC (Supporting Information, Figure S9). In this 

case, a lot of oxygen vacancies formed and a phase transition in reduced LSCMRuA-0 

caused a transformation from an oxygen vacancy disordered structure (R-3c) to an 

ordered structure (Pm-3m).[19] Interestingly, the Ru-doped oxide LSCMRuA-5 shows two 

distinguish desorption peaks at 395 oC and 550 oC respectively and a strong β-oxygen 

desorption peak clearly occurred. This feature could be due to the partial reduction of the 

transition metal in the B-site after the presence of Ru, leading to a larger oxygen vacancy 

concentration. However, only a broad band of oxygen desorption is observed in reduced 

LSCMRuA-5 powders, meaning a strong interaction between oxygen and exsolved 

Ru/RuO2 nanoparticles at the temperature ranging from 400 to 900 oC. 

Figure 4c illustrates the Rp as function of pH2 for LSCMRuA-5-SSZ symmetrical 

electrodes at 750 oC. The resistance decreased significantly with the increase of pH2. The 

lowest Rp value of 0.41 Ω cm-2 was obtained as the pH2 was 97% H2. Furthermore, the 

various of log Rp vs log pH2 showed a linear dependent behavior at 750 oC, which reavels 

that the exsolved Ru nanoparticles in stronger reducing atmosphrere could enhance HOR 

more greatly. Figure 4d dipictes the AC impedance spectra of half cell with LSCMRuA-5 

symmetrical electrodes at 750 oC under different applied potentials to study the change of 

Rp in SOEC mode. In order to exsolve the Ru/RuO2 nanoparticles in LSCMRuA-5, the 

reduced and re-oxdied powders were obtained after a pre-calcination. The Rp of the cell 

based on LSCMRuA-5 symmetrical electrodes are improved with the increase of applied 
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voltages in 50% absolute humidity (AH). The decreasing of the Rp is ascribed to the 

enhanced electrode activation under external voltages, which is still lower than the 

reported value for steam electrolysis with LSCM cathode in previous works.[20]             

To characterize the utility and multifunctional electrochemical performance of the 

LSCMRuA-5-SSZ composite electrode materials in practical symmetric cells, we used 

electrolyte-supported cells based on a SSZ electrolyte with the symmetric configuration of 

LSCMRuA-5-SSZ/SSZ/LSCMRuA-5-SSZ (x=0.05) (Supporting Information, Figure S10). To 

obtain higher cell performance, the cell was heated at 750 oC in 5% H2/N2 for 20 h to 

modify the microstructure of both fuel electrode and oxygen electrode simultaneously 

through in-situ growth Ru nanoparticles. The single-cell performance was showed in 

Figure 5 and the same cell was operated in 50% H2O/H2 for EC, 3% H2O/H2 for FC, and 

50% H2O/H2 for reversible cell (RC) at temperatures between 650 and 750 oC, 

respectively. In EC mode, the current densities were the range from -0. 5 A cm-2 to -1.75 A 

cm-2 at 650~750 oC, respectively (Figure 5a). These values are higher than those without 

Ru-doping electrode in an LSCMRuA-5-SSZ/SSZ/LSCMRuA-5-SSZ cell tested at the same 

conditions (Supporting Information, Figure S11). Since the cell was tested in FC mode, it 

demonstrated a maximum power density of 0.55 W cm-2 at 750 oC as pure hydrogen as a 

fuel (Figure 5b). The performance depicts in this work is comparable to those reported 

recently for symmetric solid oxide fuel cells (Supporting Information, Table S7). As there 

are numerous Ru nanoparticles on the surface of electrode, it seems that the reduced 

LSCMRuA-5 electrode illustrates high electrocatalytic activity toward HOR for fuel 

electrode and ORR for oxygen electrode respectively. It is reported that the optimal 
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condition for oxygen electrode catalytically active for both the ORR and the OER is not 

only a mixed-valent or metallic oxide at its equilibrium oxidation state at the pO2 and 

operating temperature of the cell, but also a catalytic electrode with a high concentration 

of oxygen vacancies.[21] In our case, the superior ORR activity presents here due to a 

mixed-valent perovskite oxide LSCMRuA-5 exhibits various oxidation states for Mn and Ru, 

as well as metallic oxide RuO2 formed via in-situ growth on the surface of perovskite. 

Moreover, the LSCMRuA-5 symmetric electrode also delivers stable performance switching 

between EC and FC at 750 oC under a constant current density，for example, -0.2 A cm-2  

for EC and 0.2 A cm-2 for FC respectively (Figure 5c). In RC mode, the device showed 

excellent reversible electrochemical performance with the current density as -0.56/+0.33 A 

cm-2 under 1.3V/0.8V at 750 oC. The device performance is much higher than that of the 

recently reported symmetric cell LSCM/YSZ/LSCM (around -0.31/+0.28 A cm-2 under 

1.3V/0.8V at 900 oC)[7b].However, it is still of importance to reduce the thickness of 

electrolyte to make a lower ohmic resistance or optimize the morphology of cell to raise 

the efficiency, which could have a significant increase of the cell performance. Although a 

small degradation of performance occurred after a 10-cyclic EC/FC test, the cell still 

demonstrates good long-term stability at intermediate temperatures (Figure 5d). This 

slight degradation could be ascribed to the partial exfoliated-RuO2 nanoparticles from the 

LSCMRuA-5 substrates. From the HRTEM image after the tests (Figure 6), an uniform 

crater-like pit is observed in the surface of LSCMRuA-x perovskite, where we can achieve 

the lattice fringes at a spacing of 0.563 nm for the (104) plane of LSCMRuA-5 lattice.        

3. Conclusions 
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 In summary, we demonstrate a novel symmetric electrode via Ru substitution into A-site 

deficient LSCMRuA-x (x=0-0.05) to form a highly active nanostructure due to the exsolved 

Ru nanoparticles in reducing atmosphere. We found that good dispersion of the 

nanoparticles on LSCMRuA-5 not only enhanced fuel oxidation reaction greatly but also 

benefited for the H2O electrolysis simultaneously. Interestingly, the core-shell structured 

Ru/RuO2 nanoparticles could also be formed on LSCMRuA-x surface in an oxidation 

atmosphere and they greatly improved the ORR and OER activity of oxygen electrodes. 

Our study demonstrated a simple method to fabricate the highly active nanostructures of 

both fuel electrode and oxygen electrode simultaneously for single reversible SSOCs. 

Although the peak power densities of our cells are not superior high in SOFC mode, which 

is due to the thick electrolyte and lower electrical conductivity of LSCM, our work still 

provides insights that Ru/RuO2-supported perovskites as heterostructured catalysts 

prepared by in-situ growth method could be promising novel catalysts for the issue of fuel 

consumption and fuel alternatives.  

4. Experimental 

The (La0.75Sr0.25)0.9Cr0.5Mn0.5-xRuxO3-δ (x=0, 0.25, and 0.05) (denoted as LSCMRuA-x 

(x=0-0.05)) were prepared by solid-state reaction method performed in air. Stoichiometric 

amounts of pre-dried purity of the La2O3 (99.99%), SrCO3 (99.99%), Cr2O3 (99.99%), 

MnCO3 (AR) and RuO2 (AR) were mixed and ball milled for 1h with the amount of ethanol. 

The mixture powder was then calcined in air at 1400 oC for 10h. On a reduced sample, the 

as-prepared powders were first reduced in 5% H2/N2 at 800 oC for 20 h. Then, the reduced 

powders were oxidized again in air at 800 oC for 3 h and the re-oxidized sample was 
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obtained finally. The pellets of Sc2O3-stabilized-ZrO2 ((Sc2O3)0.1(CeO2)0.01(ZrO2)0.89, SSZ) 

electrolyte was purchased from Ningbo SOFCMAN Energy Technology Co., Ltd.  

The reaction products and stability in reduction atmosphere were characterized by 

X-ray diffraction (XRD) for phase identification and to assess phase purity. The phase 

characterization was performed with powder X-ray diffraction (XRD, Bruker D2 PHASER, 

Germany) operated at 30 kV and 10 mA using Cu Kα radiation with a wavelength of 1.54 Å 

at room temperature. The scans were measured in the 2θ rang of 10-90° at a rate of 

0.02 °/s. Rietveld refinements on XRD patterns were calculated with Reflex module in 

Materials Studio 5.5. HT-XRD measurements from room temperature to 1000 oC in air 

were carried out on a Bruker D8 ADVANCE X-ray diffraction over a 2θ ranging from 20o to 

80o with a step size of 0.01 o/s. mm. HR-TEM and STEM-EDS analysis were inspected on 

a JEM-F200 machine. The fractured cross-section of fuel cells was carried out on 

GeminiSEM 500. X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, 

USA) was characterized to analyze the oxidation states and relative abundance of the 

elements at the surface of nanoparticles. The binding energies (BEs) of elements in 

samples were analyzed by the CasaXPS software. Raman spectra were recorded with 

Raman spectrometer (InViaReflex, Renishaw, UK). The wavelength of the excitation laser 

was 632.8 nm from a He-Ne laser.  

Temperature programmed reduction with hydrogen (H2-TPR, Autochem II 2920, 

Micromeritics, USA) was used to characterize the reducibility of the materials. Samples of 

100 mg were first pre-treated in Ar atmosphere for 1h at 300 °C with a 50 mL (STP) min-1 

flow by a ramp of 10 °C min-1, and then cooling down to 30 °C.after cooling down, heating 



16 
 

the reactor up to 900 °C, at 10 °C min-1 in a 50 mL min-1 flow consisted of 5 mol% H2 in Ar 

balance, while collecting the equipment output signal. The H2 consumption and the 

percentage of reduction were monitored using an in-situ thermal conductivity detector 

(TCD). Temperature programmed desorption of oxygen (O2-TPD) experiments were 

carried out on Autochem II 2920. Samples of 100 mg were degassed in Ar atmosphere 

during 1h, in a 50 mL (STP) min-1 flow at 300 °C, then cooling down to 30 °C. Oxygen 

adsorption was carried out by exposing the samples to a flow of 10 mol% O2 in Ar at 30 °C. 

Afterward, the reactor was purged with a 50 mL min-1 Ar flow during 90 min to remove O2. 

Finally, the reactor was heated up to 900 °C in Ar by using a linear temperature program 

at a ramping rate of 10 °C min-1. 

The electrode for impedance tests was fabricated as follows: The mixed slurry was 

made of pure LSCMRuA-x (x=0-0.05) powders with organic additive containing 95 wt% 

terpineol and 5 wt% turpentine. The mixture was then screen-printed onto both sides of 

SSZ electrolyte followed by calcination at 1000 oC for 4 h. Then the electrode was covered 

with silver paste and silver wires as current collectors. The electrochemical performances 

of the electrode under air and wet 5% H2\95%N2 were investigated by electrochemical 

impedance spectroscopy (EIS) using the work station (Solartron Analytical SI 1260 & 

1287, UK) with a frequency range of 0.01 Hz to 1 MHz between 600 °C and 750 °C. The 

raw data was analyzed by the Zview software to fit the obtained results. The polarization 

resistance (Rp) is deriving from the real intercepts between high frequencies and low 

frequencies by the spectra.  

For single-cell tests, a cell with a configuration of 
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LSCMRuA-5-SSZ|SSZ|LSCMRuA-5-SSZ  was fabricated. The mixed electrode materials of 

LSCMRuA-5 and SSZ powders (with a mass ratio of 7:3) were ball-milled in ethanol for 10 

h, followed by an additional ball-milling with organic additive containing 95 wt% terpineol 

and 5 wt% turpentine for 2 h. Then, the suspension was screen-printed onto both sides of 

SSZ electrolyte and dried in an oven at 90 oC. Finally, the cell was heated in air at 1000 oC 

for 4 h. The active area of both sides of the cell is about 0.20 cm2. The silver paste and 

silver wires were used as current collectors. The output performance of the single cell in 

FC mode was performed in air and humidified H2 used as the oxidant and fuels, 

respectively. Meanwhile, 50% H2O steam was fed as inlet gas to the one side of 

LSCMRuA-5 electrode in EC mode. Current-voltage (I-V) plots of RSOCs were measured 

in a two-electrode and performed linear sweep voltammetry both in FC mode and EC 

mode, respectively.   
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Figures: 

 
Figure 1. The evolution of crystal structure of LSCMRuA-x (x=0.05) in air at high temperatures. a) 

HT-XRD pattern of as-prepared sample which was tested in air in a heating-cooling cycle in the 

temperature range of RT to 1000 oC. b) Local HT-XRD patterns (30o-35o) of as-prepared sample in a). 

LSCMRuA-x (x=0.05) clearly shows a R-3c space group at low temperature. The Pm-3m space group was 

observed at higher temperature and R-3c space group is dominant again when temperature decreases. 

     
  



22 
 

 
Figure 2. The morphology of exsolved Ru nanoparticles on the surface of reduced LSCMRuA-5 powders. 

a) HR-TEM image of reduced sample; and b) magnified HR-TEM image of Ru nanoparticle. c) STEM 

image of the reduced LSCMRuA-5 with the EDS elemental mapping images of La, Sr, Cr, Mn, Ru, and O, 

respectively. 
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Figure 3. In-situ growth of Ru/RuO2 core-shell nanoparticles. a) HR-TEM image, magnified HR-TEM 

image and STEM-EDS mapping images of a Ru/RuO2 core-shell nanoparticle, which was oxidized at 750 

oC in air for 2 h from a Ru nanoparticle. b) HR-TEM and STEM-EDS mapping images of a Ru 

nanoparticle, which was reduced at 750 oC in 5% H2/N2 for 2 h from a Ru/RuO2 core-shell nanoparticle. c) 

The schematic of transformation between Ru and Ru/RuO2 core-shell particle. d) TEM and EDS mapping 

images of a Ru/RuO2 core-shell nanoparticle which was oxidized in air at 500 oC for 3 h from the reduced 

LSCMRuA-5 sample. e) XPS spectra of Ru treated in different conditions. f) Raman spectra and g) 

H2-TPR curves of LSCMRuA-x (x=0 and 0.05). Both as-prepared samples and reduced samples were 

studied. The reduced samples were prepared through a heating process at 750 oC in 5% H2/N2 for 20 h 

from as-prepared powders. 
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Figure 4. Impedance spectra of as-prepared LSCMRuA-5 a) and reduced LSCMRuA-5 b) electrodes as a 

function of pO2 at 750 oC. c) The resistance versus hydrogen partial pressure for LSCMRuA-5 at 750 oC. d) 

AC impedance spectra of the cell with LSCMRuA-5 as symmetrical electrodes under open-circuit condition 

and DC potentials of 1.2 and 1.4 V at 750 oC in 50% AH. e) The schematic of electrocatalytic reaction 

mechanisms in FC and EC modes respectively. The insets are: the evolution of n values between Rp and 

pO2 on as-prepared LSCMRuA-5 and reduced LSCMRuA-5 in a) and b).   
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Figure 5. Cell performance and durability at different modes. a), H2 production in EC mode at various 

temperatures under 50% H2O/N2. b), Power densities in FC mode at various temperatures in 3% H2O/H2. 

c), The reversible performance between FC and EC modes in 50 % H2O/H2. d), 10-cyclic EC/FC test was 

conducted at 800 oC in 50% H2O/H2 at +0.3/-0.3 A cm-2.  
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Figure 6. HRTEM of images of LSCMRuA-5 after a 10-cyclic EC/FC test. A crater-like pit was observed in 

LSCMRuA-5 powders after the tests.  
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