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ABSTRACT  

Reversible solid oxide cells (rSOCs) present a promising solution to future energy challenges 

through the efficient conversion between electrical and chemical energy. To date, the benefits of 

rSOC technology have been off-limits to portable power and electrolysis applications due to the 

excessive polarisation resistance of the oxygen electrode at low temperatures, characterised by 

high area specific resistance (ASR) values below 500° C. In this work we demonstrate growth of 

symmetric and complete rSOC structures based on state-of-the-art vertically aligned 

nanocomposite (VAN) films grown by pulsed laser deposition (PLD) on porous Pt-coated 

anodised aluminium oxide (AAO) substrates. The symmetric rSOC structures give the first 

demonstration of an rSOC oxygen electrode with ASR below 0.1 Ωcm2 at temperatures less than 

450° C. This is achieved through oxygen vacancy tuning by annealing, as confirmed by Time-of-

Flight Elastic Recoil Detection Analysis (ToF-ERDA) and Rutherford Backscattering 

Spectrometry (RBS) measurements. Thus, the present work describes a promising route towards 

future high-performance rSOC devices for portable power applications. 
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1. INTRODUCTION  

Reversible solid oxide cells (rSOCs) offer a means of converting chemical to electrical energy, 

and vice versa, with high theoretical efficiency [1–3]. Therefore, rSOCs are widely considered to 

be a promising solution to the challenges faced in future portable power applications. However, 

despite extensive research efforts, the widespread implementation of rSOCs has been hindered 

by excessive polarisation resistances of the oxygen electrode, characterised by high area specific 

resistance (ASR) values, at the low temperatures (<500° C) demanded by portable applications. 

[3] 

In order to reduce the ASR and improve the high temperature stability of rSOCs vertically 

aligned nanocomposite (VAN) films have emerged as a leading class of materials [4–9]. Not only 

can the desired high ionic and electronic conduction be individually achieved by using separate 

phases, but much improved performance characteristics can be achieved compared to planar thin 

films. This has been recently demonstrated in La0.8Sr0.2MnO3-Ce0.8Sm0.2O2 (LSM-SDC) VAN 

films, in which the SDC phase acts as a supply of oxygen vacancies to the LSM phase, resulting 

in a ~100 fold enhancement in oxygen incorporation kinetics and a drastically reduced ASR 

compared to planar LSM films [3]  

To enable the formation of idealized VAN nanostructures, the majority of VAN systems studied 

to date have been deposited on single crystal substrates [4,6,9–13]. Recent years have, however, 

seen attempts to realise the advantages of VAN films on more commercially viable substrates 

such as stainless steel and porous anodised aluminium oxide (AAO) [8,14]. AAO substrates are 

advantageous, particularly at the proof-of-concept cell scale, as they can be manufactured at low 

cost with finely tuned, uniform pore sizes ranging from tens to hundreds of nanometres. They 
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also mitigate the need for complex patterning steps in device fabrication. In particular, Lee et al. 

demonstrate the fabrication of a thin film rSOC with an La0.6Sr0.4Co0.2Fe0.8O3-

(Y2O3)0.08(ZrO2)0.92 (LSCF-YSZ) VAN cathode deposited by co-sputtering of LSCF and YSZ on 

AAO. The resulting device delivered a peak power density of 2.5 W.cm-2 at 650° C, which the 

authors claim to be the highest recorded for a YSZ-based rSOC at this temperature[14]. Despite 

this progress however, such power densities remain off-limits to the low temperature operating 

regime required for a range of portable applications. Here, the sluggish kinetics of the oxygen 

reduction reaction typically dominate the overall cell impedance leading to high ASR values and 

thus reduced peak power densities.  Typically, an ASR of 0.1 Ω cm2 is considered desirable.[15] 

The aim of this work is to a develop a route to achieving minimised ASR in rSOCs for operation 

below 500° C. To achieve this, symmetric rSOC structures based on state-of-the-art LSCF-SDC 

VAN oxygen electrodes were deposited as dense films by pulsed laser deposition (PLD) on 

porous thin film Pt-coated AAO substrates (Fig. 1(a)). We note here that there are two common 

challenges associated with Pt, namely cost and agglomeration at high temperatures (> 600° C) 

[20] [14]. In the case of a thin-film device, however, the cost is not necessarily prohibitive: for a 

1.33cm2 device coated with 200 nm Pt as studied here, the cost of the Pt itself would be ~ $0.02 

(based on a Pt cost of $30/g)). Meanwhile, the challenge of agglomeration could be mitigated by 

facilitating device operation below 500° C. Herein, we also explore the impact of the oxide 

deposition at 600° C and 700° C on the Pt microstructure. 

The design based on AAO substrates enables rSOC structures to be deposited with a thin 

electrolyte layer (~50 nm) and therefore facilitates probing of the oxygen electrode behaviour at 

low temperatures, without significant contribution from the electrolyte impedance. This unique 

device configuration facilitates the development of an annealing strategy to drastically reduce the 
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ASR. As we show later, the annealing of the VAN electrodes in vacuum significantly increases 

the oxygen vacancy concentration in the films.  This leads to the first demonstration of an ASR 

value < 0.1 Ωcm2 at temperatures below 450° C. To the best of our knowledge, this marks the 

lowest recorded ASR for a low-temperature rSOC structure to date. We proceed to demonstrate 

that the same conditions used for annealing are suitable for the deposition of a YSZ-Ni 

nanocomposite fuel electrode (YSZ-Ni composites are widely used as fuel electrodes and offer 

state-of-the-art performance[16–19]). However, as we show later, further engineering studies are 

necessary to ensure mechanical stability of the thin-film device structures based on porous 

alumina. Nevertheless, by showing the way to the development of future rSOC devices with 

ASR values <0.1 Ω cm2 below 500° C, the present work provides a promising route towards 

future high-performance rSOC devices for portable power applications. 
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2. EXPERIMENTAL METHODS  

Ceramic targets for pulsed laser deposition were prepared by grinding ~3g powder using an agate 

pestle and mortar for 30 minutes. The powders were then pelletised using a 10 ton isostatic press 

and sintered at 1300° C for 4 hours, with a heating/cooling rate of 5° C/min. YSZ targets were 

prepared using 3g (Y2O3)0.08(ZrO2)0.92 powder. LSCF-SDC, YSZ-STO, and YSZ-Ni targets were 

made by mixing 50:50 wt.% (La0.60Sr0.40)0.95Co0.20Fe0.80O3 and (Sm2O3)0.20(CeO2)0.80, 

(Y2O3)0.08(ZrO2)0.92 and SrTiO3, and (Y2O3)0.08(ZrO2)0.92 and NiO powders respectively. 

(La0.60Sr0.40)0.95Co0.20Fe0.80O3 powder was supplied by Fuel cell materials, Nexceris, LLC, with 

all others supplied by Alfa Aesar.    

Thin films were grown by pulsed laser deposition (PLD) on (001) oriented (Y2O3)0.08(ZrO2)0.92 

(CrysTec GmbH) and porous anodised aluminium oxide (Whatman) substrates. Before use, 

AAO substrates were coated with Pt by room temperature DC magnetron sputtering. Before each 

PLD process the chamber was evacuated to at least 7x10-7 mbar. Ceramic targets were held 45 

mm from the substrates and ablated with a 248 nm KrF laser (Lambda Physik, Inc). LSCF-SDC 

and YSZ films were deposited at 600° C with a repetition rate of 3 Hz in an atmosphere of 0.4 

mBar O2 with a gas flow rate of 6 sccm. For LSCF-SDC the laser fluence was ~3.2 J/cm2 and for 

YSZ the fluence was ~1.6 J/cm2. YSZ-Ni films were deposited under vacuum conditions (7x10-7 

mBar) at 700° C with a repetition rate of 3 Hz and influence of 0.3 J/cm2. Samples were cooled 

to room temperature at 10° C/min in the same atmosphere in which they were grown. For 

multilayer samples, LSCF-SDC and YSZ layers were deposited sequentially without breaking 

vacuum or adjusting the substrate temperature. Prior to deposition of the YSZ-Ni layer samples 

were first cooled to 200° C and the chamber filled with 800 mBar N2 before evacuating again to 
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7x10-7 mBar and heating to the deposition temperature of 700° C. These same conditions were 

also used for the annealing of LSCF-SDC films. 

X-ray diffraction measurements were performed using a Panalytical Empyrean high resolution 

X-ray diffractometer using Cu-Kα radiation (λ = 1.5405 Å). A Bruker Multimode 8 system was 

used in tapping mode for AFM. Commercial silicon cantilevers (Budget Sensors Ltd) with a 

resonance frequency of 300 kHz and spring constant of 40 N/m were used to image 0.5 μm2 areas 

at a scan frequency of 1 Hz. 

Impedance spectroscopy measurements were conducted on symmetric cells using a Materials 

Lab XM Impedance Analyser (Ametek). Nyquist plots were acquired in air using a porous Au 

paste or sputtered Pt current collectors over a frequency range 106 – 1 Hz with a voltage 

amplitude of 10mV. The acquired Nyquist plots were fitted to a modified Jamnik-Maier circuit 

comprising two ZARC elements (a resistor in parallel with a constant phase element) connected 

in series, as in comparable literature works[14].  

Electron microscopy images were acquired using a Nova NanoSEM 450 system. Transmission 

Electron Microscopy (TEM), Scanning Transmission Electron Microscopy (STEM) and STEM 

electron-dispersive X-ray spectroscopy (EDX) were performed with a FEI TALOS 200X 

operated at 200 kV, and FEI TitanTM G2 80-200 STEM with a Cs probe corrector and 

ChemiSTEMTM technology, operated at 200 kV. STEM images were taken with a high-angle 

annular dark-field (HAADF) detector with a collection range of 60-160 mrad. 

Measurements of complete SOC structures were attempted using a ProboStatTM (NorECS) 

system with dry H2 and O2 supplied to the fuel and oxygen electrodes respectively at rates of 120 
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and 50 Nml min-1 cm-2. A gas-tight seal between the fuel and oxygen electrodes was attempted 

by application of CeramabondTM paste (Aremco) around the AAO-based device structure. 

Time-of-flight elastic recoil detection analyses (ToF-ERDA) and Rutherford backscattering 

spectrometry (RBS) were carried out in a 5-MV 15SDH-2 tandem accelerator on as-deposited 

and vacuum-annealed LSCF-SDC thin films grown on Si(001) substrates. In the ToF-ERDA 

measurements, recoils were detected at an angle of 45° with respect to the incident beam in a 

telescope that measured ToF (using a foil-detector) and energy (in a gas ionization chamber in 

coincidence). This approach provides mass resolved data in the plots of ToF vs Energy. Recoils 

were created using a 36-MeV 127I8+ beam incident at 67.5° with respect to the sample surface 

normal. Elemental depth-profiles and average elemental compositions are determined from ToF-

ERDA time-energy coincidence spectra using CONTES and Potku software packages. 2-MeV 

4He+ ions were employed for the RBS measurements, in which backscattered ions were detected 

at a scattering angle of 170°. The possible ion-channelling effects in both substrates and thin 

films were minimised by adjusting the incidence angle to 5° with respect to the surface normal 

and performing multiple-small-random-angular movements within a range of 2° during data 

acquisition [21]. SIMNRA, version 7.02, was used for simulating the RBS spectra and obtaining 

the elemental compositions of the films. The maximum systematic uncertainty in both techniques 

from the effect of stopping cross-sections is ˂ 0.7 %, while the maximum statistic uncertainties 

arising from the number of experimental counts are ˂ 0.9 %.  
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3. RESULTS AND DISCUSSION 

 

Figure 1: a) Schematic of reversible solid oxide cell (rSOCs) structures developed in this work in both symmetric configuration 
[left] and proof-of-concept full cell configuration [right]; b) top-down SEM of porous Pt current collecting layer; c) cross-
sectional SEM showing porous alumina substrate with porous Pt layer grown on top; d) top-down SEM of dense LSCF-SDC 
oxygen electrode layer; e) top-down SEM of dense YSZ-Ni fuel electrode layer; f) AFM height images of top YSZ-Ni fuel 
electrode layer; g) AFM phase image of top YSZ-Ni fuel electrode layer   

For testing electrochemical performance, LSCF-SDC VAN films were grown in a symmetric 

configuration, consistent with previous studies of high performing SOFC cathode 

materials.[3,22,23] The films were supported by a porous anodised aluminium oxide (AAO) 

substrate, on top of which a porous Pt current collecting layer was deposited by room 

temperature magnetron sputtering. Each layer was deposited by PLD in a single step process 

without breaking vacuum. Samples were deposited in this manner both with, and without, an 

annealing step performed at 700° C at 7x10-7 mbar. Finally, a proof-of-concept rSOC structure 

was grown in the same manner comprising LSCF-SDC, YSZ, and YSZ-Ni as the oxygen 

electrode, electrolyte, and fuel electrode respectively. In this case, the deposition process was 
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designed to simultaneously provide optimal deposition conditions for the YSZ-Ni and for the 

effective annealing of the already deposited oxygen electrode layer. Thus, the oxygen electrode 

could be annealed in-situ at the time of deposition.  

The growth mechanism of Pt sputtered onto porous AAO substrates is explored in detail by 

Shaban et al., where Pt is shown to nucleate in a connected, nanoporous hexagonal array around 

the AAO pore [24]. Here, the porosity of the sputtered Pt current collecting layer is shown from 

the cross-sectional and top-down SEM images in Fig. 1(b) and (c) respectively, with pores 

approximately 5 - 20nm observed between Pt grains. We note that the porous structure here is 

reminiscent of recently developed ‘nanoporous’ Pt SOFC cathodes, featuring pore dimensions in 

the <10nm regime with porosity ~25% [25] [26] [27]. Using SEM image analysis software, we 

estimate the porosity to be ~9%.  

Fig. 1(d) demonstrates that a dense and defect free surface of the oxygen electrode layer is 

achieved. The dense structure can intuitively be attributed to the fact that PLD is not a conformal 

process, and hence lateral growth over the pores is expected. Also, since the grain size of the 

PLD film is greater than the size of the pores between the Pt grains in Fig. 1(b), the lateral 

growth of the grains is complete across the pores. Here we note the importance of careful design 

of the substrate pore size; Fig. S1 reveals the effect of Pt deposition on AAO substrates with pore 

diameters of 20 and 200 nm, with the subsequent growth of a dense film by PLD only possible in 

the former case.  

Finally, Figs. 1(e) and (f) show SEM and AFM images, respectively, demonstrating the high 

surface area structure achieved following deposition of the YSZ-Ni fuel electrode, while the 
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AFM phase response (Fig. 1(g)) shows 2 different regions of contrast with the lighter shaded 

regions of ~15-30 nm diameter consistent with the formation of a nanocomposite structure.  

 

Figure 2: a) HAADF-STEM image showing vertically aligned nanostructure of LSCF-SDC oxygen electrode layer; b – e) EDX 
mapping images confirming desired oxygen electrode, electrolyte, fuel electrode structure; f) higher magnification image 
showing distinction between electrolyte and fuel electrode layers. 

 

The thin film rSOC  structures were further characterised by TEM, as shown in Fig. 2. High 

angle annular dark field (HAADF)-STEM imaging (Fig. 2(a)) reveals that the LSCF-SDC film 

adopts a vertically aligned nanocomposite structure, despite the growth on polycrystalline AAO 

substrates (as opposed to the single-crystal substrates of many previous works [3,4,6,7,10,11]). 

Meanwhile, EDX mapping images (Fig. 2(b)-(e)) confirm the deposition of a thin (< 50nm), 

dense Zr-based electrolyte layer atop the 200nm LSCF-SDC. Finally, Fig. 2(f) shows a higher 

magnification image revealing the separation between the electrolyte and YSZ-Ni fuel electrode 
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layers, as indicated by the white dashed lines. Here, the interface between the background and 

the YSZ-Ni film surface is determined from the STEM image.  

The rSOC structures are further studied by XRD in Fig. S2, where Figs S2(a) and (b) show 

results collected from 2θ-ω and grazing incidence scans, respectively. Here we observe the 

polycrystalline nature of the rSOC structures on AAO, which is as expected for growth on non-

single crystal substrates. Fig. S2 shows scans of samples before and after annealing, from which 

we observe no significant structural changes. The XRD results of films grown on single-crystal 

YSZ substrates are also shown (Fig. S3) from which we confirm the epitaxial growth of the 

LSCF and SDC phases in the expected (hk0) and (h00) directions respectively. 

The performance of the LSCF-SDC oxygen electrodes is characterised by electrochemical 

impedance spectroscopy (EIS). To be certain of correct interpretation of the impedance data, a 

number of comparator samples were grown on both single-crystal YSZ and porous AAO 

substrates. For ease of reference, these comparator samples are labelled A-F as detailed in Table 

1 below; all samples deposited on single-crystal YSZ substrates are denoted by square symbols, 

while circles denote samples grown on porous AAO. The ASRs of each sample were calculated 

from the impedance data and Fig. 3(a) shows the comparison of samples B, D, and E, with 

respect to previous literature; Fig. 3 (b) shows the Nyquist plots for sample E over a range of 

measurement temperatures; Fig. 3(c) and (d) respectively show Arrhenius and Nyquist plots 

describing the evolution of the ASR as a function of time spent at 430° C.  
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Table 1: Summary of samples for EIS analysis 

Sample 

reference 
Substrate Cell structure Schematic 

Symbol in Fig. 

3(a) / Fig. S5 

A Single-crystal 
YSZ 

Au/LSCF-SDC/YSZ/LSCF-
SDC/Au  

 

B Single-crystal 
YSZ 

Pt/LSCF-SDC/YSZ/LSCF-
SDC/Pt  

 

C Porous AAO Pt/YSZ/Pt 
  

D Porous AAO Pt/LSCF-SDC/YSZ/LSCF-
SDC/Pt    

E Porous AAO Pt/LSCF-SDC/YSZ/LSCF-
SDC/Pt - annealed     

F Porous AAO Pt/LSCF-SDC/YSZ/YSZ-Ni 
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Figure 3: a) Arrhenius plots comparing LSCF-SDC thin films deposited on single crystal YSZ and Pt-coated porous AAO 
substrates before and after annealing [8,14,28–31]; b) representative Nyquists plot of LSCF-SDC / YSZ / LSCF-SDC cell; c) 
stability measurements of LSCF-SDC / YSZ / LSCF-SDC cell showing evolution of ASR values with time spent at 430° C; d) 
Nyquist plots showing evolution of impedance spectra as a function of time spent at 430° C. 

 

Sample A and B: Comparison to literature of LCSF-SDC VAN films with Au and Pt 

current collectors 

Several previous works have highlighted the substantial impact of the current collector on the 

measured impedance [28]. In particular, Boukamp et al. demonstrate that a reduction in ASR of 

at least an order of magnitude may be observed in LSCF when using a Pt rather than Au current 
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collector [35].  We therefore begin by comparing samples A and B, the difference being only the 

current collector, i.e. Au (A) versus Pt (B). From Fig. S4, there is only a slight reduction in ASR 

for the Pt current collector compared to Au, thus indicating that the dominant impedance 

response is that of the LSCF-SDC, with little influence of the noble metal. 

We next consider samples A and B with reference to previous literature [8,28,30,31]. Here, the 

gold paste current collecting layer of A provides an equivalent experimental set up to previous 

studies of thin film SOFC cathode materials [3,8], while the Pt current collector of B provides a 

valid comparison to the studies of bulk LSCF by Shen et al [31]. The existing literature regarding 

LSCF and LSCF-based composites presents a wide variety of ASR and activation energy (Ea) 

values, particularly between bulk and thin-film samples. For bulk LSCF reported Ea values range 

from 0.4 eV [31] to 1.5 eV [22] compared to between 1.6 eV and 2.4 eV for thin films [28], with 

differences attributed to the high Sr surface content in thin films, resulting from segregation 

during high temperature growth [36,37]. Recent works however have shown that the Ea of LSCF 

thin films can be successfully reduced to 0.4 eV using a post-deposition surface treatment to 

remove excess Sr content at the film surface [37]. Meanwhile, VAN structures (LSM-SDC) have 

been shown to inhibit the formation of excess surface Sr during growth [3]. In this context, it is 

unsurprising that our LSCF-SDC VAN samples A and B exhibit Ea ≈ 1.1 eV, as observed in Fig. 

3(a). This is an exceptionally low value for thin-film samples and highlights the suitability of the 

LSCF-SDC nanocomposite for low-temperature operations. 

In terms of ASR, from Fig. 3(a) we observe values of ~60 Ωcm2 at 500° C, competitive with 

state-of-the-art porous, surface treated LSCF thin films, also grown on YSZ single crystals [8]. 

Further, as expected, the high temperature ASR for the thin-film LSCF-SDC is higher than for 

the equivalent bulk nanocomposite of the same composition prepared by screen-printing [35] 
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(~3x higher at 500° C). The low activation energy of ~1.1 eV however results in comparable 

ASR values at lower temperatures. 

Sample C: Comparison of cathodic response of LSCF-SDC VAN to Pt 

To be further sure that the Pt layer is not the dominating active layer, an additional cell was 

fabricated on AAO with just Pt as the oxygen electrode (D), i.e. without the LSCF-SDC VAN 

layer. As shown in Fig. S4, the ASR values for this cell agree with literature reports for Pt films 

of comparable thickness grown on YSZ. Fig. S4 also shows that the ASR of cell C is 

significantly higher than for A, B, D and E, which all incorporate an LSCF-SDC layer, thereby 

confirming the critical role of the LSCF-SDC VAN film in enhancing the rate of the cathodic 

reduction above that achieved by Pt, Pt being rate-limited by grain boundary oxygen diffusion 

[38][39].  

Sample D: Comparison of cells grown on AAO and YSZ single crystal substrates  

The ASR values of LSCF-SDC films grown on AAO (D) and single-crystal YSZ substrates (B) 

are now compared in Fig. 3(a). As already discussed and shown in Fig. S2, growth of the VAN 

layer on single crystal YSZ gives epitaxial growth of both LSCF and SDC phases with (hk0) and 

(h00) out-of-plane orientations, respectively, whereas the VAN film on AAO shows only 

oriented (i.e. (111) and (200) LSCF and (321) YSZ), textured out-of-plane growth (Fig. S3). 

Nonetheless, both samples exhibit comparable ASR values; this is consistent with previous 

works which have demonstrated approximately a 2.5 factor enhancement in the chemical 

exchange coefficient of (111) compared to (110) oriented LSCF. This may be sufficient to 

counteract any deleterious effects associated with lower crystallinity films [40]. In terms of YSZ, 

it has been shown previously that different crystallographic orientations can substantially affect 
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the ionic conductivity, however in this case, as the impedance is dominated by the electrode 

response, this effect is considered to be negligible[41]. It is also notable that a comparison 

between samples A and D suggest a minimal impact of the low porosity (~9%) of the sputtered 

Pt current collecting layer compared to the more typical Au-paste used in sample A. We also 

note here the comparison to the recent work of Lee et al., whose cell structure provides a close 

comparison to sample D. Specifically, Lee et al. present a LSCF-YSZ/GDC/YSZ/Ni-YSZ 

structure grown by co-sputtering on AAO substrates which delivers a peak power density of 2.5 

W.cm-2 at 650° C, the highest recorded for a YSZ-based rSOC at this temperature. By assuming 

a linear extrapolation of the ASR values reported by Lee et al. we can see that the values 

achieved for sample D are close in comparison. [38][39] 

Sample E: Comparison of cells before and after annealing 

We next consider the annealed LSCF-SDC films; by comparing the ASR of sample E to 

literature values for conventional dense LSCF thin films [28], state-of-the-art porous LSCF thin 

films [8], and a bulk LSCF-SDC nanocomposite[30] a remarkable reduction in ASR is revealed 

in Fig. 3(a). An ASR of 0.1 Ωcm2 is achieved at ~425° C, where there is a reduction in ASR of 2 

to 3 orders of magnitude c.f. previous state-of-the-art materials. To the best of our knowledge, 

this marks the first demonstration of an ASR value < 0.1 Ωcm2 at temperatures below 500° C.  

The drastic reduction in ASR of the annealed compared to the non-annealed LSCF-SDC films is 

further highlighted by comparing the Nyquist plots of samples B and E in Fig. S5. Here, sample 

B is measured at 420° C while sample E is measured at 210° C. The Nyquist plots for both films 

are dominated by the LSCF-SDC surface response, indicated by a capacitance of the low 

frequency arc on the order of 1x10-6 - 1x10-4 F.cm-2 in both cases [42]. Despite the fact the 
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annealed LSCF-SDC is operating at a 210° C lower temperature than the non-annealed LSCF-

SDC, it is observed that the semicircle features corresponding to the LSCF-SDC cathodic 

response are almost identical, thus highlighting the significantly enhanced cathodic reaction rate 

achieved by the annealing process.  

We note that samples grown on single crystal YSZ and on AAO can both be fitted by the same 

equivalent circuit typical of comparable VAN-based devices [3,14,44] (two resistors and 

constant phase elements in parallel as shown in Fig. 3(b) (an additional series resistor is included 

for the fitting of samples grown on AAO to account for the impedance of the experimental setup. 

However, this contribution is negligible for samples grown on single crystal YSZ)). The fitted 

parameters are provided in Table S1 and S2. Samples on YSZ reveal features of two distinct 

characteristic capacitances, on the order of 1x10-10 F.cm-2 and 1x10-4 F.cm-2.  The former is 

ascribed to the bulk ionic conductivity of the YSZ substrate and the latter to the oxygen 

reduction reaction and charge transfer process at the electrode/electrolyte interface for both 

LSCF-SDC electrodes of the symmetric structure.[22,23] We note here the conductivity of the 

YSZ substrate, calculated from the high frequency arc, is consistent with literature values for 

YSZ [43]. For samples on AAO both characteristic capacitances are consistent with assignment 

to the oxygen reduction reaction and charge transfer processes. Owing to the thin film 

electrolyte, the contribution of the bulk ionic transport is small, and cannot be reliably 

determined. The ASR of the LSCF-SDC films grown on YSZ and AAO are therefore calculated 

by Equations 1 and 2 respectively: 

Equation 1 

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 × �
𝑅𝑅2
2
� 
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Equation 2 

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 × �
𝑅𝑅1 + 𝑅𝑅2

2
� 

In addition to the literature comparisons provided in Figure 3, Table 2 below summarises the 

ASR and activation energy values of a range of cathode/oxygen electrode materials presented in 

literature to date. 

Table 2: Comparison of ASR and activation energies of high-performance oxygen electrode materials from literature. An asterisk 
denotes that data have been extrapolated to provide comparison at 500° C. 

Material Thickness ASR at 500° C 

(Ωcm2) 

Ea 

(eV) 

Reference 

La0.6Sr0.4CoO3-δ 350 nm 58.1 1.54 Garbayo et al.[46] 

(La0.6Sr0.4)0.95Co0.2Fe0.8O3 210 nm 24.8 1.50 Wells et al. [8] 

La0.6Sr0.4Co0.2Fe0.8O3-δ -Ce0.8Sm0.2O1.9 30 µm 17.4 1.11 Ali et al [30] 

(La0.71Sr0.29)0.95Co0.17Fe0.83O3−δ 6 µm 0.92 1.5 Celikbilek et al.[22] 

La0.6Sr0.4Co0.2Fe0.8O3−δ - 

Ce0.9Gd0.1O2−δ + La0.6Sr0.4CoO3-δ 

300 nm + 1 

µm 

0.57 1.55 Develos-Bagarinao et 

al.[29] 

La0.6Sr0.4Co0.2Fe0.8O2.95 - YSZ 600 nm 0.55* 0.65 Lee et al.[14] 

La0.6Sr0.4CoO3-δ + La0.6Sr0.4CoO3-δ 200 nm + 40 

µm 

0.24 1.40 Hayd et al.[47] 

(La0.60Sr0.40)0.95Co0.20Fe0.80O3 - 

(Sm2O3)0.20(CeO2)0.80 

200 nm 0.03* 1.08 This work 

 

Understanding the enhanced rSOC performance (sample E) 

To understand the exceptional low temperature ASR performance of the annealed LSCF-SDC, 

we consider the influence of the annealing step. Oxygen vacancies are well known to form in 
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LSCF at 700° C under reduced oxygen partial pressures. Mantzavinos et al. show that, for pO2  

~7x10-3 Torr at 700° C, δ = 0.075 in bulk La0.6Sr0.4Co0.2Fe0.8O3-δ [48]. One would therefore 

expect a substantial change in oxygen stoichiometry for thin film LSCF under the lower oxygen 

partial pressures used here. 

In recent years, the availability of oxygen vacancies has been shown to be critical to the oxygen 

reduction kinetics of cathodic thin films [3,49,50]. In particular, Cao et al. reveal, through ab-

initio calculations, surface O2 dissociation up to 3 orders of magnitude faster in La0.5Sr0.5CoO3-δ 

with CoO2 termination, compared to (La,Sr)O termination, due to the high oxygen vacancy 

concentration of the former [50]. This is widely supported by several experimental works 

highlighting the dependence of catalytic properties of perovskite oxides on the concentration of 

oxygen vacancies, which are typically induced through cation substitutions or A-site non-

stoichiometry [49,51–53]. 

We therefore attribute the exceptionally low ASR of sample E to the formation of excess oxygen 

vacancies during the 700° C vacuum annealing step of the deposition. [28] This is supported by 

Fig. 3(c), which shows the evolution of the ASR with up to 72 hours spent at 430° C in air. Here 

we observe that the initial performance remains stable for ~2 hrs, after which there is a rapid 

increase in ASR as a function of time, attributed to the filling of oxygen vacancies, which 

saturates after ~24 hours. In this fully degraded state, the ASR of ~2x104 Ωcm2 at 300° C 

remains several orders of magnitude lower than the ~1x109 Ωcm2 expected for dense LSCF thin 

films at this temperature, highlighting once again the advantages of the nanocomposite structure 

[28]. Critically, we also demonstrate that by annealing the degraded sample in vacuum (700° C 

for 40 minutes) the performance of the as grown sample can be fully restored. Nyquist plots for 

the sample at varying stages of degradation are shown in Fig. 3(d) and reveal that the impedance 
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arc becomes slightly depressed with respect to the pristine sample upon degradation. This 

corresponds to the separation in the spectra of the features corresponding to each of the 

symmetric LSCF-SDC electrodes, most clearly visible in the sample degraded for 24 hours. This 

separation is attributed to slightly differing degradation rates at each of the electrodes and is 

supported by the fact the impedance spectra can still be fit to the same equivalent circuit as the 

pristine sample (Table S2). 

 

Figure 4: ToF-vs-energy spectra for as-deposited (a) and annealed (b) LSCF-SDC films; ToF-ERDA elemental depth-profiles for 
as-deposited (c) and annealed (d) LSCF-SDC films; RBS experimental and fitted data for as-deposited (e) and annealed (f) 
LSCF-SDC films 

To further probe the oxygen content of the LSCF-SDC films in the present work, and understand 

the impact of the vacuum annealing process, additional samples were prepared on Si(001) 

substrates for ToF-ERDA and RBS measurements. Fig. 4 shows the ToF-vs-energy ERDA 

spectra of as-deposited and vacuum-annealed LSCF-SDC thin films together with their 

corresponding elemental depth-profiles. The ToF-vs-energy spectra in Figs. 4(a) and (b) contain 
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signals from the films’ constituents, Si substrate, and scattered iodine from the incident beam. 

The ToF-ERDA elemental depth-profiles of the as-deposited and vacuum-annealed LSCF-SDC 

films are exhibited in Figs. 4(c) and (d), respectively. Both depth-profiles show the existence of 

native oxide layers on the top surface of the thin films. Excluding the top-surface oxide layers, 

the plateaus in the depth-profiles prove uniform elemental distributions along the thickness of 

both films. The average ToF-ERDA elemental compositions, obtained from the plateau regions 

and given in the insets of Figs. 4(c) and 4(d), demonstrate a decrease in the O content from ~63.4 

at.% in the as-deposited film to ~60.1 at.% in the annealed film.  

The RBS experimental spectra and their corresponding SIMNRA simulations for the as-

deposited and annealed samples are shown in Figs. 4(e) and (f), respectively. For both as-

deposited and vacuum-annealed layers, only one single homogeneous model was employed to 

simulate the experimental data, indicating uniform elemental distributions that are in agreement 

with the ToF-ERDA results. Consistent with the ToF-ERDA driven compositions, the simulated 

RBS spectra also prove the O concentration decreases from ~63.3 at. % to ~59.8 at. % by 

vacuum annealing.   

The next steps for future work are to induce stable oxygen vacancies into the LSCF . One of the 

most promising routes to achieve this is through doping of the LSCF lattice. Several studies 

demonstrate the introduction of dopants such as Sc, Nb, Co, Cu, Ag, Zn, Ni, Mg and Ce to the B-

site cation to introduce oxygen vacancies into the lattice of various perovskite SOFC cathodes, in 

particular LSCF [37,48,49,51–53]. Characteristically, oxygen vacancies induced in this way have 

been shown not only to enhance the oxygen reduction kinetics of LSCF, but also to improve 

long-term stability. Therefore, by combining this approach with the unique deposition procedure 
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for VAN oxygen electrodes outlined in the present work, one may anticipate the realisation of 

exceptionally low ASR oxygen electrodes with enhanced long-term stability. 

Characterising the complete rSOC structure (sample F) 

In characterising the complete rSOC structure we first studied whether processing of the cell at 

700° C disrupts the underlying Pt microstructure. This is particularly pertinent as several 

previous studies involving Pt report severe degradation at high temperatures (> 600° C), due to 

agglomeration of the Pt limiting the availability of triple phase boundaries [20] [14].   Fig. S6 

shows top-down SEM images of the Pt following deposition at 600° C (Fig. S6(a)) and 700° C 

(Fig. S6(b)) which show little or no change in the Pt microstructure. Furthermore, Fig. S6(c) 

shows the microstructure remains unchanged after 72 hours at 430° C in air, indicating the long-

term stability of the structure. Meanwhile, Fig. 6(d) shows the agglomeration of Pt once exposed 

to 700° C in air, highlighting the importance of the vacuum conditions used during the final 

deposition/annealing step for preventing Pt agglomeration. 

Measurements of the complete rSOC structure (sample F) were attempted under gas flows of 

synthetic air and dry hydrogen at the oxygen and fuel electrodes respectively. In the proof-of-

concept device it was not possible to sustain a sufficient electrode contact and gas tight seal 

without damage to the device structure. This is attributed to the inherently fragile nature of the 

~500 nm thick device deposited on ~60µm thick porous alumina and reiterates the need for 

further engineering studies of fully thin-film based SOC devices. In particular, attention should 

be given to ensuring mechanical stability of the porous substrate, either through selection of 

alternative materials or optimisation of the substrate thickness. Further studies should also ensure 

the thin film electrolyte is of sufficient thickness to minimize the risk of gas leakage or of 
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electrical short circuits through the application of excessive mechanical force during operation 

and testing. Nevertheless, the present work serves as a successful demonstration for a new route 

to achieving low ASR via oxygen vacancy tuning in nanocomposite thin films. 

 

4. CONCLUSIONS  

In this work we demonstrate to the best of our knowledge the lowest recorded ASR to date for a 

rSOC oxygen electrode. Indeed, below 500° C the ASR of our LSCF-SDC is reduced by several 

orders of magnitude compared to previous state-of-the-art porous LSCF thin films. To achieve 

this, we first show that LSCF-SDC VAN films can be grown with high crystalline quality on 

single crystal YSZ substrates. Through electrochemical impedance spectroscopy we then reveal 

the LSCF-SDC system to have an exceptionally low activation energy of ~1.1 eV, allowing for 

state-of-the-art performance at low temperatures. Moreover, comparable ASR values are 

maintained when depositing instead on low-cost, commercially fabricated, porous alumina 

substrates. We then demonstrate growth of a complete rSOC structure, with the deposition 

process engineered such that the LSCF-SDC layer is in-situ annealed during deposition of the 

YSZ-Ni fuel electrode. This annealing process is shown to lead to a further reduction in the ASR 

of the LSCF-SDC by approximately 3 orders of magnitude. Consequently, we report here the 

first demonstration of a thin film rSOC oxygen electrode with ASR value < 0.1 Ωcm2 at 

temperatures below 450° C. We also outline a strategy for further stabilising this exceptional 

performance through the means of B-site doping of the LSCF lattice. In the present proof-of-

concept device, the inability to sustain sufficient electrode contact and gas tight sealing 

highlights the need for further engineering studies to ensure mechanical stability of the thin-film 
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device structures based on porous alumina. Overall, this work marks a major step towards the 

widespread implementation of future rSOC devices for portable power applications.  
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