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ABSTRACT 

In the development of nano-scale oxygen electrodes of the high temperature solid oxide cells 

(SOCs), the interface formed between the nanoelectrode particles and the electrolyte or 

electrolyte scaffolds is most critical. In this work, a new synthesis technique for the fabrication 

of nano-structured electrodes via in situ electrochemical polarisation treatment is reported. 

Lanthanum strontium cobalt ferrite (LSCF) precursor solution is infiltrated into gadolinia-

doped ceria (GDC) scaffold pre-sintered on yttria-stabilized zirconia (YSZ) electrolyte, 

followed by in situ polarisation current treatment at SOC operation temperatures. Electrode 

ohmic and polarisation resistances decrease with the increase of polarisation current treatment. 

Detailed microstructure analysis indicates the formation of convex-shaped interface between 

LSCF nanoparticles (NPs) and GDC scaffold, very different from flat contact between LSCF 

and GDC observed after heated at 800oC with no polarization current treatment. The embedded 

LSCF NPs on GDC scaffold contribute to the superior stability under both fuel cell and 

electrolysis operation conditions at 750oC, and a high peak power density of 1.58 Wcm-2 at 

750℃. This work highlights a novel and facile route to in-situ construct stable and high-

performing nanostructured electrode for SOCs. 
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1. INTRODUCTION  

The solid oxide cell (SOC) is the most efficient electrochemical energy conversion and 

storage device, which can be operated reversibly under solid oxide electrolyser cell (SOEC) 

mode to store renewable electricity from solar and wind in the form of hydrogen fuel and under 

solid oxide fuel cell (SOFC) mode to generate electricity by consuming the generated 

hydrogen1-6. Conventional SOCs consisted of oxide ion conducting electrolytes such as yttria-

stabilized zirconia (YSZ) sandwiched between of Ni/YSZ cermet fuel electrodes and oxygen 

electrode such as lanthanum strontium manganite (LSM) usually require operating 

temperatures in the range of 800-1000°C4, 7. Such high operation temperature is not favourable 

for the long-term stability due to interface delamination and considerable microstructure 

degradation.4, 8-9 The most effective strategy to increase the durability of SOCs is to lower the 

operating temperature to intermediate temperatures of 600-800°C7, 10-11. With the reduction in 

SOC operation temperatures, conventional electrode materials in particular oxygen electrodes 

such as LSM are no longer applicable due to the increasingly dominated polarization loss for 

the oxygen reduction and oxygen evolution reactions (ORR and OER) owing to the high 

activation energy and low ionic conductivity of the materials12-16. This leads to the significant 

development in the mixed ionic and electronic conducting (MIEC) materials such as lanthanum 

strontium cobalt ferrite (LSCF)15 and barium strontium cobalt ferrite (BSCF)17-18 as oxygen 

electrodes to substantially reduce the polarisation resistance due to the extended three phase 

boundaries (TPB)19. However, cobaltite-based perovskites react readily with YSZ electrolytes, 

which limits the wide application of LSCF and BSCF based electrode materials in YSZ 

electrolyte based SOCs. 

Development of nano-structured electrodes is also very effective to increase the electrode 

activity at intermittent temperatures such as well-known infiltration and exsolution.20-21 In the 

exsolution method, transition or noble metal oxides are doped at the B-site of a parent 

perovskite lattice in an oxidizing atmosphere, and then exoluted under reducing environment 

or under cathodic polarization, forming nanosized metallic particles on the surface of host 

electrodes19, 22-23. Such exsoluted nanoparticles (NPs) not only improve the electrode 
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performance but also show the high structural stability against agglomeration. However, this 

method suffers from several limitations. For example, the number of nanocatalysts generated 

are far from sufficient because a large amount of the metal ions still remain in the parent lattice 

due to the slow cation diffusion rate and excessive reduction may result in the collapse of the 

electrode structure.24 Moreover, because of the reducibility requirement in exsolution, the 

method is limited to a small range of metal oxides which can be applied.25 Most critically, it is 

difficult to be applied on the air electrodes as the in situ exsolution generally occurs under 

reducing conditions26.  

In comparison, the impregnation or infiltration method is a versatile technique to form 

electrochemically active NPs for both fuel and air electrodes.27-29 In this method, a porous 

scaffold supported by an electrolyte is employed, followed by infiltration or impregnation of a 

precursor solution with active elements and components for the electrode reactions and heat-

treated at relatively low temperatures to form uniformly distributed NPs on the surface of 

scaffolds30. A MIEC scaffold or more than one active components can be used in this method.31-

33 The main issue for the infiltration technique is that agglomeration of NPs occurs under SOC 

operating temperatures probably due to the poor interface between the infiltrated NPs and 

surface of the supported scaffolds. For example, Shah et al investigated the impact of firing 

temperature of LSCF infiltrating on GDC scaffold on the polarization resistance and showed 

an increase of electrode polarization resistance when temperature increases from 800 °C to 

1200°C due to the growth of LSCF particle size, from 50 nm to 1 µm.34 Further studies on the 

time-dependent performance of LSCF infiltrated GDC cathode found that the LSCF 

nanoparticle size doubled after aging at 800℃ in air for 200h, while the electrode polarization 

resistance, Rp also increased from 0.2 to 0.43 Ωcm2.35 Without the high temperature treatment, 

a strong interface bond between the infiltrated nanoparticles and supported electrode is difficult 

to establish resulting in the phase migration and deterioration in the electrode activity during 

the operation. The infiltration method also suffers from the requirement of multiple infiltration 

and sintering steps, which increase the complex and cost of cell fabrication. Excess infiltration 

would also reduce the porosity and block the pathway for gas diffusion.  

To avoid the limitations of both exsolution and infiltration techniques, our group developed 

a directly assembly process without the need of high-temperature electrode calcination process. 

In this method, electrode ink or paste is directly applied to the electrolyte surface and the 

electrode/electrolyte interface is induced via the in-situ application of cathodic polarization 

current at the SOC operating temperatures. The method has been proven effective on 
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conventional screen printed LSM and LSCF air electrodes on YSZ and GDC electrolytes, and 

Ni based fuel electrodes, showing high activity and excellent stability under both cathodic and 

anodic polarization conditions36-40. The method is further combined with the decoration method 

for the development of high-performance composite electrodes26, 41. However, under prolonged 

operation under SOC conditions, microstructure change and agglomeration of the decorated 

phase also takes place due to the relatively weak interface between the decorated NPs and the 

electrolyte. The interface formed between the electrode/electrolyte and the one between the 

NPs within the electrodes are both critical for the performance and durability of the nano-scaled 

electrodes of SOCs.20, 42 

To take the advantage of both infiltration and direct assembly techniques, we developed an 

innovative way to fabricate nano-structured electrodes supported on porous scaffolds with high 

activity and high structural stability of the formed nano-scaled electrodes. In this new method, 

ionic conducting scaffold is first pre-sintered on YSZ electrolyte, forming strong interface 

between the scaffold and the electrolyte. Precursor solution with active elements is infiltrated 

into pre-sintered scaffold, followed by in situ polarization current treatment. Upon application 

of a polarisation current, phase formation and strong bonding/interface between the infiltrated 

NPs and scaffold occur simultaneously. The interface between the infiltrated NPs and electrode 

supports is characterized by the convex-shaped contact marks, which in turn inhibit the 

agglomeration of infiltrated NPs and thus achieve high and stable performance. The method is 

schematically shown in Fig.1. To demonstrate the feasibility of the technique, LSCF nitrate 

precursor solution was infiltrated into GDC scaffold pre-sintered on YSZ electrolyte, followed 

by cathodic polarization treatment at 700°C, 750°C and 800°C. The results clearly show the 

convex interface formation between the infiltrated LSCF NPs and GDC scaffold and excellent 

electrochemical performance and stability of as-prepared LSCF/GDC composite electrodes 

under SOC operation conditions.  
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Figure 1. Scheme of in situ polarization induced nano-structured electrodes on GDC scaffold 

pre-sintered on YSZ electrolyte. The inset shows the formation of infiltrated nanoparticles 

embbed on the GDC scaffold by the in situ polarization current treatment.  

2. EXPERIMENTAL SECTION  

2.1. Preparation of electrolyte and direct assembled cells. The electrolyte pellets with 

18 mm diameter and 1 mm thickness were fabricated by die pressing of 8 mol% Y2O3 stabilized 

zirconia powder (YSZ, Tosoh, Japan) and sintered at 1450°C for 5 h. Pt paste (Gwent 

Electronic Materials Ltd. UK) was printed on the centre and the edge of YSZ pellets as the 

counter and reference electrodes, respectively and calcined at 1100°C for 2 h. The gap between 

the counter and reference electrodes was ~ 4 mm. Gd0.1Ce0.9O2-δ (GDC) scaffold paste was 

made of Gd0.1Ce0.9O2-δ powder (AGC Seimi Chemical Co Ltd) and starch mixed by ball mill 

with weigh ratio 4:1 following by mixing with ink vehicle (Fuel Cell Materials, US). Scaffold 

paste was printed on the other side of pellets, positioned opposite to counter electrode and then 

calcined at 1200°C for 2 hrs. The thickness of GDC scaffold was 50-60 m and the area of 

scaffold was 0.5 cm2. 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF or LSCF6428) cathode solution with 0.4 mol/L concentration 

was made of La(NO3)3·6H2O (99.9%, Alfa Aesar, UK), Sr(NO3)2 (99%, Acros Organics, 

Australia), Co(NO3)2·6H2O (98.0%, Alfa Aesar, UK), Fe(NO3)3·9H2O (98.0%, Alfa Aesar, 

UK) and urea. The ratio of metal ions and urea was 1:1. The precursor solution underwent 

ultrasonic treatment for 5 min before use. LSCF solution was infiltrated into GDC scaffold and 

dried at 70°C. Three consecutive infiltration was carried out, following by heating at 450 °C 

for 10 min. The loading of infiltrated LSCF was 3.000.04 mg cm-2, calculated by the weight 

differences before and after the heat treatment. Pt mesh was used for current collection. LSCF 
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cathode precursor solutions were calcined at 700°C, 800°C and 900°C for 2h to investigate the 

phase formation. 

Ni/YSZ anode-supported YSZ electrolyte cells (φ 15 mm × 0.8 mm) were prepared by spin-

coating method, followed by co-sintering at 1450 °C for 5 h. For the anode support, NiO (Fuel 

Cells Materials, US), YSZ powder, and tapioca were blended with a weight ratio of 5:5:2.5. 

The anode functional layer (AFL) was fabricated by mixing YSZ and NiO with a weight ratio 

of 5:5. GDC scaffold and LSCF infiltration steps on the Ni/YSZ anode-supported YSZ 

electrolyte cells were the same as that for the half cells. Ag paste (Gwent Electronic Materials 

Ltd., U.K.) was painted on the electrode surface and dried at 150°C, serving as the current 

collector. The cathode had a geometric area of 0.5 cm2 testing at 750°C before and after 

polarization current treatment at 025-0.5 Acm-2 in 97% H2/3% H2O and air. 

2.2. Characterization. Phase formation of LSCF calcined at different temperatures and 

compatibility of LSCF between GDC and YSZ was examined by Bruker D8 Advance X-ray 

diffractometer. The polarization performance for half-cell was measured at 750°C and current 

density range of 0.2-1.0 Acm-2 in open air, and the electrochemical impedance was measured 

under open circuit conditions in the frequency range from 0.1 Hz to 100 KHz with signal 

amplitude of 10 mV by a Gamry reference 3000 Potentiostat. Ohmic resistance (RΩ) was 

obtained from the high frequency intercept and electrode polarization resistance (RP) was 

obtained by the difference between the high and low frequency intercepts. Activation energy 

was calculated by RP measured at different temperature range from 600-800°C. To evaluate 

the cell stability, cell voltage was recorded at cathodic and anodic polarization of 500 mA cm-

2 at 750°C and 800°C for 50 h, respectively.  

Ni/YSZ anode supported YSZ electrolyte cells were sealed onto Al2O3 tubes by ceramic 

bond (Ceramabond 552, Aremco Products Inc.). H2 at a flow rate of 50 mL min−1 was supplied 

to the NiO/YSZ anode, and the cathode was exposed to the air. The NiO/YSZ anode was 

reduced in H2 at 750 °C for 1 h before the electrochemical tests. The polarization performance 

for the as-prepared cell was measured at 750°C before and after polarization treatment at 0.25 

Acm-2 and 0.5 Acm-2 for 1 h. 

The microstructure of LSCF/GDC composite electrodes was acquired by scanning electron 

microscopy (SEM, Zeiss Neon 40EsB and Tescan Clara FESEM, Czech Republic). LSCF 

elements distribution around the GDC scaffold and interface between the composite electrode 

nanoparticle, GDC scaffolds and YSZ electrolyte were investigated by high angle annular dark 
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field scanning transmission electron microscope (HAADF-STEM, FEI Talos FS200X G2 FEG 

TEM) after being milled as 70nm lamellae by focused ion beam (FIB Tescan LYRA3 GM). In 

order to investigate the interfacial contact between LSCF and GDC scaffold, LSCF phase of 

the composite electrodes was removed by diluted HCl solution treatment. 

3. RESULTS AND DISCUSSION 

3.1. Phase and Microstructure. Figure 2 shows the XRD pattern of LSCF powder 

obtained from nitrate precursor solution calcined at 700° C, 800° C and 900° C for 2h in air. 

LSCF perovskite phase was labelled by diamond symbols and the LSCF perovskite phase 

intensity increased with the increase of calcined temperature, indicating the formation of the 

LSCF perovskite phase. However, as shown in the figure, there are small peaks associated with 

La(OH)3, La0.3Sr1.7FeO4 and Fe(Co1.13Fe0.87)O4, showing the presence of minor impurity phases 

of the precursor solution after the heat treatment. The impurity phase decreases with the 

increase in the heat treatment temperatures. Nevertheless, the presence of minor cobaltite and 

ferrite phases in nano-structured electrodes could be beneficial for the promotion of 

electrocatalytic activity and stability, as recently reported in multiple phased cathodes of 

SOFCs.43-44 

 

Figure 2. XRD patterns of LSCF cathode powder obtained from precursor solution calcined 

at 700°C, 800° C and 900° C for 2 h. The numbers in the figure are the calcination 

temperature of precursor solution. 
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As showing in the cross section of GDC scaffold on YSZ sintered at 1200°C for 2 h and 

LSCF infiltrated GDC scaffold sintered at 700°C and 750 °C for 2 h before polarization 

treatment (Fig.S1), the surface of GDC particles is quite smooth and they are well connected 

with each other (Fig.S1a). The GDC particle size was about 200-500 nm and the thickness of 

the GDC scaffold was ~50 µm with porosity of about 30%. After infiltration of 3 mg cm-2 

LSCF cathode and sintering at 700°C, LSCF NPs were evenly distributed on the surface of 

GDC scaffold (Fig.S1b). The size of LSCF NPs was in the range of 30 nm. With the increase 

of the heat-treatment temperature to 800oC, the size of LSCF nanoparticles grew to ~50 nm. 

This shows that the NPs formed are sensitive to the heat-treatment temperature.  

Figure 3 shows SEM imaging of cross section of LSCF/GDC composite electrodes sintered 

at 800°C for 2h and polarized under cathodic and anodic polarization at 0.5 A cm-2 at 750°C 

and polarized at 800°C for 100 h. For the LSCF/GDC composite electrodes without 

polarization current treatment, the surface of GDC scaffold is smooth and the contact marks 

left by the infiltrated LSCF NPs are difficult to observe (Fig.3b). This indicates that the 

interface formed between infiltrated LSCF NPs and GDC scaffolds is flat and relatively weak 

(shown schematically in the inset in Fig.3b). After cathodic and anodic polarization at 0.5 A 

cm-2 for 50 h at 750°C, there appears to be growth of infiltrated LSCF NPs (Fig.3c). Most 

interesting, after removal of infiltrated LSCF NPs by dilute HCl acid treatment, there was 

clearly formation of convex-shaped contact marks on the GDC scaffold surface (see the inset 

circles of Fig.3d). The observation of convex-shaped contact marks indicates the formation of 

intimate and strong interfaces between the infiltrated LSCF NPs and GDC scaffold most likely 

own to the in situ polarization current treatment. This is the first direct evidence that 

polarization current treatment not only induces the formation of strong interface between the 

directly assembled electrode and YSZ (or GDC) electrolyte,39 but also induces the formation 

of a convex-shaped interface between the infiltrated LSCF NPs and supported GDC scaffolds 

within the composite electrode. Further increase in the heat-treatment temperatures to 800 oC 

not only increases the size of LSCF NPs but also increases the depth and areas of the convex-

shaped interface between the infiltrated LSCF NPs and GDC scaffolds (see Fig.3f). The 

fractured particles as shown in Fig.3f show the increased bonding between the GDC particles 

of the scaffolds. 
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Figure 3. SEM imaging of cross section of LSCF/GDC composite electrodes sintered at (a,b) 

800°C for 2h without polarization treatment, (c,d) after cathodic and anodic polarization at 0.5 

A cm-2 for 50h under each condition at 750°C and (e,f) after cathodic and anodic polarization 

at 0.5 A cm-2 for 50h under each condition at 800°C. In (b)(d)(f) SEM images were taken after 

the LSCF phase of the composite electrodes was removed by diluted HCl solution treatment. 

The scale bar in (e) is 200 nm and applies to all figures. 

The possible reaction between YSZ electrolyte and LSCF/GDC composite electrode was 

studied by STEM-EDS mapping (Fig.S2). In the figure, Line 1 was drawn through the interface 

of GDC scaffold and YSZ electrolyte and Line 2 was drawn through the electrode and YSZ 

electrolyte interface with no GDC scaffold. In the case of the electrodes after cathodic and 
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anodic polarization at 0.5 A cm-2 and 750°C or 800oC for 50 h, the line scan across the interface 

between GDC scaffold and YSZ electrolyte shows the presence of Zr and Ce with no detection 

of Sr (Line 1, Fig.S2a, b) as expected. The same was also observed for the open space region 

at the GDC scaffold and YSZ interface for the electrodes after cathodic and anodic polarization 

at 0.5 A cm-2 and 750°C for 50 h (Fig.S2a). This indicates no Sr segregation from the infiltrated 

LSCF NPs to the YSZ interface. However, with the increase of the polarization current 

treatment at a higher temperature of 800oC, accumulation of Sr at the open interface region of 

YSZ electrolyte is evident and this is clearly indicated by the high Sr content at the interface 

region (see Line 2, Fig.S2b). The accumulation of Sr content at the YSZ interface region shows 

the Sr segregation and possible formation of SrZrO3 at the LSCF/GDC composite electrodes 

and YSZ electrolyte interface for the electrodes formed at 800oC, most likely due to the direct 

contact of the infiltrated LSCF phase with the YSZ electrolyte. This is consistent with the 

reported chemical reactivity between LSCF and YSZ, forming insulating products like 

La2Zr2O7 and SrZrO3 at temperatures as low as 800oC45-46. This result clearly demonstrates that 

the segregation and reaction of Sr from the infiltrated LSCF phase at the electrode/electrolyte 

interface occurs at 800 oC but not at 750 oC. However, as shown in Fig.S2, there is no Sr 

accumulation within the GDC scaffolds, indicating no Sr segregation between the infiltrated 

LSCF NPs and GDC scaffolds. 

The interface between the infiltrated LSCF NPs and GDC scaffold was further investigated 

by HRTEM and the corresponding FFT micrograph and results are given in Figure 4. For the 

LSCF/GDC interface after heating at 800°C for 2 h without polarization current treatment, 

observed along [011]GDC and [001]LSCF zone axis, cubic perovskite structure of LSCF and cubic 

fluoride structure of GDC were identified with labelled index (Fig.4a). According to the FFT, 

the most obvious lattice relationships is drawn on the figure, which (200)GDC is parallel to the 

(100)LSCF. The interface between infiltrated LSCF NPs and GDC scaffold is clean and flat, 

consistent with that observed in Fig.3b. For the interface of LSCF NPs and GDC scaffold after 

cathodic polarization for 50h and anodic polarization for 50h at 0.5 A cm-2 and at 800 °C, there 

is an evident formation of convex-shaped contact between LSCF and GDC phase, but no clear 

interfacial separation between LSCF and GDC (Fig.4b), indicating the intimate and 

intermeshed interface formed between LSCF NPs on the GDC scaffold induced by the in situ 

polarization current treatment. The HTTEM observation is consistent with the convex-shaped 

interface formed between LSCF NPs and GDC scaffold as shown by the SEM analysis (Fig.3), 

indicating the formation of embedded LSCF NPs on the GDC scaffold. Nevertheless, the 
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orientation relationship and the lattice mismatch factor (𝑓) between LSCF and GDC phase can 

be identified as  

𝜃{଴ଵ଴}௅ௌ஼ி/{ଵଵଵ}ீ஽஼ = 5°                                                                                                       (1) 

𝑓 =
ௗ{బభబ}ಽೄ಴ಷିௗ{భభభ}

ௗ{బభబ}ಽೄ಴ಷ
∗ 100% = 2%                                                                                  (2) 

where 𝜃{ଶ଴଴}௅ௌ஼ி/{ଶଶ଴}ீ஽஼  represents the angle between the two planes. This indicates the 

presence of disorientation at the interface between the LSCF and GDC phases. However, the 

presence of such disorientation and lattice mismatch at the interface would not inhibit the 

oxygen ions migration and diffusion between LSCF and GDC phases, as shown previously37, 

40, 47. 

 

Figure 4 HRTEM and corresponding FFT micrograph of LSCF NPs and GDC scaffold 

interface (a) after heating at 800°C for 2h with no polarization treatment, observed along 

[011]GDC and [001]LSCF zone axis, and (b) after in situ cathodic and anodic polarization current 

treatment at  0.5 A cm-2 and 800 °C for 50h, observed along [001]LSCF zone axis.  

 

3.2. Electrochemical Performance. Figure 5 shows the electrochemical performance of 

the in situ polarisation induced nano-structured LSCF/GDC composite electrode, measured at 

700°C as a function of polarisation current density. The composite electrode sample was stayed 

at the test temperature for 1 h before the electrochemical measurement. The cathode potential, 

Ecathode, was measured between the cathode and reference electrode, which include the cathode 

overpotential and the potential associated with the contact resistance and ohmic resistance of 
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electrolyte. The high voltage value of Ecathode is most likely due to the thick electrolyte discs 

used. As the electrolyte resistance is assuming constant, the change in Ecathode can be considered 

primarily related to the overpotential change and the change in the contact resistance between 

the infiltrated LSCF NPs and GDC scaffold. It can be found that the Ecathode increases with the 

increased current density, however, in each cathodic polarisation current, the potential curve is 

characterised by an initial rapid decrease, followed by a steady state. For example, after 

applying a polarization current at 1.0 Acm-2, the overall polarization potential decreased from 

-8.5 V to -5.5 V within 18 mins (Fig.5a). Most interesting, the electrode ohmic resistance, RΩ 

decreased with the increase of polarisation current treatment. The initial RΩ was 21.5 Ωcm2 

and reduced substantially to ~11 Ωcm2 at the end of the test (see Fig.5b). The in-situ 

polarisation treatment also has a significant effect on the electrode polarisation resistance, Rp, 

which decreases substantially with the increase of the polarisation current. For example, the 

initial Rp was 6.1 Ω cm2 and reduced to 1.6 Ω cm2 after polarization treatment at 1.0 Acm-2. 

The significant reduction in both RΩ and Rp is a clear indication of the interface formation 

between the infiltrated LSCF NPs and GDC scaffold, consistent with previous studies39, 47. The 

electrode impedance behaviour also changes significantly with the applied polarisation 

treatment. The initial electrode impedance is characterised by three separable impedance arcs. 

The appearance of three separable impedance arcs may be related to the fact that LSCF phase 

would not be able to form at such low temperature. With the applied polarization current 

treatment, the heat generated by the polarization current not only promotes the interface 

formation between the infiltrated LSCF NPs and GDC scaffold, but also the formation of LSCF 

phase. This is probably the reason for the change of the three separable impedance arcs to a 

single and overlapped one. With the application of the polarisation current treatment, the size 

of the impedance curve is reduced dramatically and the impedance response is characterized 

by a single and overlapped arc. A single and overlapped arc is an impedance characteristic of 

the oxygen reduction reaction on LSCF electrodes on GDC electrolyte.13, 38, 48 This evidently 

shows the formation of effective LSCF/GDC composite electrodes via the in situ polarization 

treatment of the infiltrated LSCF in GDC scaffold. 
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Figure 5 (a) Cathode potential (Ecathode) of LSCF/GDC composite electrode as a function of 

polarization time measured at different current density at 700°C, (b) the corresponding 

electrochemical impedance curves as a function of polarization current treatment and (c) the 

change of RΩ and RP as function of polarization current density. The electrode was in situ 

polarized at 700 oC and the numbers in the figure are the current density (mA cm-2) used for 

the polarization treatment.  
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Similar electrochemical behaviour of the LSCF/GDC composite electrode was also 

observed for the electrode formed by the in-situ polarization current treatment at 800°C (see 

Fig. S3). The initial impedance response is characterized by a single and overlapped arc at 

800°C, rather than three separable impedance arcs as in the case at 700 oC (Fig.5b), an 

indication of the dominant perovskite phase formation of LSCF after annealing at 800 oC. Both 

RΩ and Rp of the LSCF/GDC composite electrode decrease with increase of polarization current 

density. Initial value of R and Rp was 6.1 Ωcm2 and 0.9 Ωcm2, respectively. After in situ 

polarized at 1 Acm-2 for 1 h, both R and Rp was reduced to 3.2 Ωcm2 and 0.3 Ωcm2, 

respectively. The smaller R and Rp values are most likely due to the increased polarization 

current treatment temperature of 800°C. For the in situ formed LSCF/GDC composite 

electrodes, both ohmic and electrode resistances are directly related to the interface formation 

of the infiltrated LSCF NPs and GDC scaffold because the GDC scaffold was pre-sintered on 

the YSZ electrolyte. The substantial reduction in both R and Rp indicates the interface 

formation between the infiltrated LSCF NPs and GDC scaffold induced by the in situ 

polarization current treatment. This in turn also indicates that electrochemical active sites of 

the in situ formed LSCF/GDC composite electrodes are at the LSCF NPs and GDC scaffold 

and not at the direct contact areas of the infiltrated LSCF NPs and YSZ electrolyte.  

Figure 6 shows the electrode impedance curves of the LSCF/GDC composite electrodes 

measured at different temperatures after the in situ polarization current treatment at 1.0 Acm-2 

and 700 oC and 800 oC and the corresponding activation energy plots. The impedance curves 

are characterized by an overlapped impedance arc with a significant low frequency inductive 

loop in the temperature range measured. Chen et al. investigated the relationship between the 

inductive loop and the size of the infiltrated GDC NPs on LSM scaffold and the results 

indicated that the low frequency loop disappears when the size of infiltrated GDC NPs 

increased to around 80 nm after high heat treatment temperature49. The presence of nano-sized 

GDC particles benefit the fast oxygen supply and diffusion for the oxygen reduction reaction. 

Thus, the appearance of low frequency inductive loop indicates the rapid oxygen reduction 

reaction at the interface between the embedded LSCF NPs and GDC scaffold50. The fast 

reaction kinetics is also confirmed by the low activation energy values of 67 kJmol-1 and 72 

kJmol-1 for the nano-scaled LSCF/GDC composite electrodes formed by in situ polarization 

treatment at 700oC and 800oC. The activation energy obtained on LSCF/GDC composite 
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electrodes formed at 700 and 800 oC is very close, indicating the average activation energy for 

the O2 reduction reaction on LSCF/GDC composite electrodes induced by the in situ 

polarization treatment is ~70 kJmol-1, which is substantially lower than 130-160 kJmol-1 

reported on pristine LSCF cathodes.13, 48, 51-52 The reduced activation energy of the nano-scaled 

LSCF/GDC composite electrodes reported in this work indicates its particular applicability for 

the intermediate temperature SOCs. 

 

Figure 6 Electrode impedance curves and activation energy plot of the LSCF/DC composite 

electrodes measured at different temperatures after in situ polarization treatment at 1.0 Acm-2 

at (a) 700°C and (b) 800oC. The numbers in the figure are the impedance measurement 

temperature. 

The long-term stability of the LSCF/GDC composite electrodes on YSZ electrolyte under 

both fuel cell and electrolysis modes was studied at 750°C and the results are shown in Figure 

7. Operation at 750 oC can effectively avoid Sr segregation and accumulation at the electrode 

and YSZ electrolyte interface (see Fig.S2), The electrode potential measured between the 

composite electrode and Pt ring reference electrode, Eelectrode, decreases dramatically in the first 

3 h from -3.8 V to -2 V and then reaches a steady state under a cathodic polarization current 

density of 0.5A cm-2 (Fig.7a). This indicates the enhanced performance of the LSCF/GDC 

composite electrodes formed by the in-situ polarization treatment, an indication of the interface 
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formation between LSCF NPs and GDC scaffold induced by polarization treatment. The 

enhanced electrode performance is also indicated by the reduction in both R and Rp (see 

Fig.7b). The rapid increased electrode performance implies that the in situ interface formation 

of LSCF NPs on GDC scaffold is a very fast and almost instantaneous process. This is very 

important for the practical application of such in situ nano-scaled electrode fabrication 

techniques. Switching from cathodic polarization to anodic polarization under the same current 

density of 0.5A cm-2, the electrode potential increased instantaneously to 2.2 V and then 

stabilized at 2 V under anodic polarization for 50 h. In the case of anodic polarization, there is 

a slight increase of ohmic resistance, R increased from 5.25 cm2 to 5.63 cm2 after anodic 

polarization for 50 h (the total polarization time is 100 h, Fig.7c).  For anodic polarization, the 

oxygen electrode undergoes oxygen evolution reaction and during this process, oxygen will be 

produced at the electrode/electrolyte interface. The formation of oxygen gas builds up the 

pressure at the interface region, which may cause gradual deterioration of the composite 

electrode/electrolyte contact. This may be reason for the slight increase of the cell ohmic 

resistance after anodic polarization for 50 h. However, the increase is very small (i.e., ~0.38 

cm2), indicating that such deterioration effect due to the oxygen evolution is minor. The high 

stability of the LSCF/GDC composite electrodes on YSZ electrolyte under both fuel cell and 

electrolysis cell operation modes is most likely due to the strong convex-shaped interface 

formed between LSCF NPs and GDC scaffold, as shown in Fig.4. 
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Figure 7 (a) Electrode potential (Eelectrode) of LSCF/GDC composite electrode as a function of 

polarization time measured at 750°C at 0.5A cm-2, (b) electrochemical impedance curves of 

the electrode measured under cathodic polarization current and (c) electrochemical impedance 

curves of the electrode measured under anodic polarization current. Numbers in the figure are 

the impedance measurement time sequences after the cathodic and anodic polarization 

treatment. 
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Figure 8 shows the performance of an as-prepared anode-supported single cell measured at 

750oC in H2-air. The open circuit voltage (OCV) of the as-prepared cell was 1.08 V close to 

the theoretical value. The as-prepared cell showed an excellent electrochemical performance, 

reaching a peak powder density (PPD) of 1.58 Wcm-2 at 750 °C even before polarization current 

treatment. The high power output of the as-prepared cell with infiltrated LSCF NPs on GDC 

scaffold composite cathode is most likely related to the very fast and instantaneous effect of 

the in situ polarization current on the formation of intimate and convex-shaped interface 

between infiltrated LSCF NPs and GDC scaffold, as shown above the microstructure and 

electrochemical activity results. The rapid formation of strong and excellent interface within 

the composite electrode is also confirmed by the low cell resistance of 0.08 Ω cm2 and low 

overall cell polarization resistance of 0.40 Ω cm2 based on the impedance measurements. Most 

interesting, after polarization treatment at 0.25 to 0.5 A/cm2 for 1h, the PPD reduced slightly 

to 1.4 Wcm-2. The slightly reduced cell performance of the cell after polarization treatment is 

most likely due to the stabilization of the nano-scaled LSCF/GDC composite electrodes under 

cell operation conditions. Nevertheless, such change in the electrode microstructure is minor 

as shown by the similar performance of the cell after polarized at 0.25 Acm-2 and 0.5 Acm-2 

for 1 h. 
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Figure 8 Electrochemical performance of nano-scaled LSCF/GDC composite electrodes on 

anode-supported YSZ electrolyte cell measured at 750°C of as-prepared cell and the cell after 

cathodic polarization at 0.25 and 0.5 A cm-2 for 1 h. 

The stability of LSCF/GDC composite electrodes fabricated by in situ polarization 

treatment as shown in this study is similar to the Nb-doped La0.6Sr0.4Co0.2Fe0.7Nb0.1O3-δ 

(LSCFNb) electrode with 40% Er0.4Bi1.6O3 (ESB) composite electrode fabricated by decoration 

method and directly assembled on barrier-layer-free YSZ electrolyte.53 However, activation 

energy of the LSCF/GDC composite electrodes fabricated by in situ polarization treatment is 

70 kJ mol-1, also lower than 98 kJ mol-1 reported on LSCFNb/ESB composite electrode with a 

much high peak power density. The results demonstrate the feasibility of the development of 

high performance nano-scaled electrodes-based SOCs on barrier-layer-free YSZ electrolyte. 

4. CONCLUSIONS 

In this paper, we reported a new synthesis method to fabricate nano-structured LSCF/GDC 

composite electrodes through the interface formation between infiltrated LSCF NPs and GDC 

scaffold on a YSZ electrolyte via an in situ polarization current treatment. The interface formed 

between LSCF NPs and GDC scaffold within the composite electrode induced by cathodic 

polarization current treatment is characterized by the convex-shaped interface, very different 

from flat interface formed between LSCF NPs and GDC scaffold after heat-treatment but with 

no polarization current treatment. The convex-shaped interface induced by in situ polarization 

treatment not only shows high activity for the oxygen reaction with reduced activation energy 

but also very stable activity for both oxygen reduction and oxygen evolution reactions. This is 

in contrast with the rather fast microstructure degradation and performance deterioration of 

infiltrated nano-scaled electrodes formed by simple temperature treatment27. The results 

indicate the most applicable operation temperature for such LSCF/GDC composite electrode 

on YSZ electrolyte with no GDC protective layer prepared by the reported technique is 750°C. 

More importantly, this work also demonstrates that the interface formation of LSCF NPs on 

GDC scaffold through the in situ polarization is a very fast and instantaneous process, evidently 

confirmed by the high power output of the as-prepared cell (see Fig.8). This present work 

shows the promising potential of the technique in the practical application in the development 

of high performance and durable oxygen electrodes of SOCs. 
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