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Electrocatalytic surface nanoionics with strained interfaced and colossal 
conductivity for enhancing durability and performance of solid oxide 
fuel cell 
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H I G H L I G H T S  

• Conformal CoOx nanoionics with discrete Pt nano-particles on LSCF/SDC. 
• Heterogeneous CoOx/Pt reduces the cell series resistance by 40%. 
• CoOx/Pt ALD layer possesses extraordinary nanostructure stability over 816 h. 
• CoOx/Pt ALD layer suppresses Sr outward diffusion. 
• Conductivity of the ALD layer is two orders magnitude higher than that of LSCF.  
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A B S T R A C T   

For an oxygen electrode in solid oxide fuel cells (SOFCs) consisting of mixed electrical and ionic conducting 
lanthanum strontium cobalt ferrite (LSCF), it degrades due to its low chemical stability and cation surface 
segregation. To mitigate such degradation, for the first time in the field of SOFCs, we demonstrate a conformal 
ultra-thin (~10 nm) coating consisting of subjacent discrete nano-Pt capped with a superjacent conformal CoOx 
layer, applied on LSCF/SDC composite electrode, using atomic layer deposition (ALD). The coating layer reduces 
the cell series resistance by up to 40%, presents extraordinary stability with an intact morphology after 816 h 
operation. The superjacent CoOx surface nanoionics consists of randomly orientated but single-layered nano
grains, with high-density intergranular and surface grain boundaries serving as the electrochemical reaction sites 
and facilitating mass transport. The ALD coating turns the original perovskite surface that is vulnerable to cation 
segregation and degradation into an embedded strained interface phase with enormous conductivity. The coating 
layer appears to suppress Sr outward diffusion and confines a 2 nm Sr-enriched interface layer between the 
coating layer and the LSCF backbone. The conductivity of the coating layer is estimated to be ~1.27 × 104 S/cm 
and two orders magnitude higher than that of LSCF.   

1. Introduction 

The rapid climate deterioration due to CO2 emission and fossil fuel 
consumption has manifested the significance of technology developing 
for hydrogen that is an energy carrier with high energy density for 
versatile energy conversion with the minimum environmental impact. 
Solid oxide cells (SOCs) that can be powered by pure H2 for electricity 
generation in the fuel cell mode and can work reversibly as an electro
lyzer for H2 production possess the unrivaled highest energy conversion 

efficiencies among all the competing technologies [1,2]. However, for 
stationary electricity generation with a long-term of 3–5 years, the 
current state-of-the-art solid oxide fuel cells (SOFCs) continuously face 
electrode degradation challenges. Developing more robust electrodes 
are still the top priority for SOCs development. In terms of the oxygen 
electrode, the current state-of-the-art high-performance electrode 
commonly employs a cobaltite-based perovskite, including lanthanum 
strontium cobalt ferrite (LSCF) [3]. LSCF has a high ionic and electrical 
conductivity, high oxygen self-diffusion coefficient, and oxygen surface 
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exchange coefficient. As an effective electrocatalyst, LSCF cathodes have 
active areas for oxygen reduction reaction across the entire surface. 

Nevertheless, LSCF cathode presents inadequate long-term dura
bility due to intrinsic materials degradation of Sr segregation [4–9]. For 
the SOFC stacks, electrode degradation caused by Sr surface segregation 
is further accelerated due to their interaction with the volatile Cr species 
that are evaporated from the Cr-containing interconnects. Although 
various solution-based infiltration has been developed to decorate the 
internal surface of the porous oxygen-electrode [10,11] its impact on 
enhancing the stability of the LSCF appears to be limited partially due to 
the discrete nature of the infiltrated materials with uncontrolled 
microstructure. To effectively mitigate the Sr surface segregation and Cr 
contamination, it is essential to have a conformal surface coating layer 
inert to both Sr and Cr and serving as the barrier for Sr outward diffusion 
and Cr inward diffusion. On the other aspect, completely sealing off the 
LSCF/SDC backbone surface leads to the loss of cathode electroactivity. 
So, such a coating layer must be capable of carrying sufficient electro
catalytic activity for the oxygen reduction reaction (ORR). Plus, this 
coating layer needs to possess sufficiently high ionic conductivity to 
facilitate subsequent mass transfer for the dissociated oxygen ions. 

Other than the aforementioned strict requirement in terms of the 
chemistry, conformity, and electrochemical properties, the coating layer 
also needs to be applied to the internal surface of the porous electrode 
that possesses complex topography with a high aspect ratio. Further
more, the nanostructured materials are thermally sensitive at a modest 
temperature of ~400 ◦C [12,13] because of the large surface-to-volume 
ratio and high surface energy of nanocrystals. Accordingly, there is an 
enormous concern about the structural stability of nanocrystals in the 
coating layer at elevated temperatures for the desired lifetime. There
fore, developing a conformal coating to mitigate the Sr surface segre
gation in SOFCs, while maintaining the electrode’s functionality is 
incredibly sophisticated. 

Here we report a straightforward approach. We apply an ultra-thin 
nanocomposite consisting of Pt and CoOx on the LSCF/SDC cathode 
backbone using Atomic Layer Deposition (ALD) [14]. This surface het
erogeneous coating layer consists of subjacent discrete Pt nanoparticles 
capped with superjacent fully dense conformal CoOx layer. The perfor
mance of the cells with this conformal ALD layer along with the baseline 
cells is examined and compared. Post-operation chemical and nano
structural examinations were carefully conducted. In particular, we 
studied the interface between the coating layer and backbone LSCF to 
reveal how this coating layer facilitates the performance and durability 
of the LSCF/SDC cathode SOFC. 

2. Experimental section 

Commercially available, anode-supported solid oxide button cells 
fabricated by Materials and Systems Research, Inc. (MSRI, Salt Lake 
City, UT) were employed for all the experiments described in this paper. 
MSRI cells are composed of five layers as follows, starting from the 
anode: a ~700 μm thick Ni/YSZ cermet layer which supports the cell 
structure; a ~10 μm thick Ni/YSZ active layer; a ~10 μm thick YSZ 
electrolyte; a thin (2–3 μm), dense Sm2O3-doped CeO2 (SDC) barrier 
layer, a ~10 μm thick La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF)/SDC active layer; 
and a 50 μm thick, pure LSCF current collecting layer. The active area 
(limited by the cathode) of the cell is 2 cm2. The exposure area of the 
anode to fuel is about 3.5 cm2. 

The ALD coatings were performed in a commercial GEMStar-8 ALD 
reactor from Arradiance Inc. The precursors used in this study were all 
purchased from Strem Chemicals, Inc. The (trimethyl)methyl
cyclopentadienyl platinum(IV), (99%) and the deionized water were 
used as Pt precursor and oxidant for depositing Pt layer; and the bis 
(cyclopentadienyl)cobalt (II), (min. 98% cobaltocene) and ozone were 
used as Co and oxidant, respectively, for CoOx layer growth. During the 
deposition, the (trimethyl)methylcyclopentadienyl platinum and bis 
(cyclopentadienyl)cobalt containers were maintained at 75 ◦C and 

90 ◦C, respectively; and the reactor chamber was set at 300 ◦C. Desired 
cycles were performed for Pt and CoOx deposition, respectively, leading 
to a dual-layer ALD coating of Pt first, followed by Co3O4 (120 cycles for 
both cells) on each cell cathode backbone. The Pt layer thickness (Pt 
loading level) is slightly different for the ALD coated cells. Cell no. 2 was 
processed 30 cycles, while cell no. 4 was processed 60 cycles and had the 
loading of Pt twice as cell no. 2. No masking or specific treatment is 
applied on the NiO/YSZ anode before ALD processing. The thick and 
very dense NiO/YSZ anode prevents precursor penetration during the 
ALD processing, and the impact of ALD coating on the Ni/YSZ anode is 
negligible. No surface pretreatment or heat-treatment was applied 
before or after ALD coating either. The cell electrochemical operation 
was carried out directly after the ALD coating. 

One baseline cell no. 1 and ALD coated cell no. 2 was subject to 
operation at 750 ◦C, and the other baseline cell no. 3 and the coated cell 
no. 4 were examined at 650 ◦C. All cell tests were performed on a test 
stand. The platinum mesh was used for anode and cathode lead con
nections. The fuel and air stream flow rates were controlled separately 
using mass flow controllers. During the operation, a 400 mL/min air 
flow rate and a 400 mL/min fuel flow rate were used. Before any elec
trochemical measurements, both cells were current-treated for approx
imately ~15 h under a small current density of 0.1 A/cm2 to ensure they 
were activated. After that, the samples were loaded at a constant current 
of 0.3 A/cm2 for desired periods. The cell performance was examined 
using a TrueData-Load Modular Electronic DC Load, which guarantees 
voltage and current accuracies of 0.03% FS of the range selected 
±0.05% of the value. The cell impedance spectra were examined using a 
potentiostat/galvanostat (Solartron 1287A) equipped with a frequency 
response analyzer (Solartron 1260). Impedance measurements were 
carried out using a Solatron 1260 frequency response analyzer in a 
frequency range from 50 mHz to 100 KHz. The impedance spectra and 
resistance (ohmic resistance Rs and polarization resistance Rp) presented 
are those measured under a DC bias current of 0.3 A/cm2. On a Nyquist 
plot, Rs is determined by the intercept at the higher frequency end, and 
Rp is determined by the distance between two intercepts. 

After the electrochemical operation, the ALD coated cells were 
sectioned and subjected to nanostructural and crystallographic exami
nation using high resolution (HR) Transmission Electron Microscopy 
(TEM). TEM samples were prepared by mechanical polishing and ion 
milling in a liquid-nitrogen-cooled holder. Electron diffraction, diffrac
tion contrast, and HRTEM imaging were performed using a JEM-2100 
operated at 200 kV. All the TEM examinations were conducted in the 
cathode active layer. Chemical analysis was carried out under TEM 
using energy dispersive X-ray Spectroscopy (EDS). High-angle annular 
dark-field (HAADF) Z-contrast imaging and nanoscale chemistry anal
ysis were performed using an Aberration-Corrected 200 kV(JEOL 
2100F) STEM with the inner cut-off angle of the HAADF detector set at 
>52 mrad. 

3. Results and discussions 

3.1. Conformal single-layered nanograins on LSCF/SDC cathode at 
750 ◦C 

As shown in Fig. 1, upon the electrochemical operation at 750 ◦C for 
24 h, the baseline cell no. 1 possesses a peak power density of 0.949 W/ 
cm2 at 1.7 A/cm2, with an Rs value of 0.112 Ω cm2 and Rp of 0.238 Ω 
cm2. For ALD coated cell no. 2, the peak power density reaches 1.273 W/ 
cm2 at 0 h, and 134% over the baseline. The power density increase is 
accompanied by the reduction of Rs to 0.068 Ω cm2 by 39%, while the Rp 
for cell no. 2 is 0.274 Ω cm2 and slightly higher than the baseline cell. As 
listed in Table 1, Rs increases to 0.084 Ω cm2 after operation for 96 h. 
After that, Rs has little change from 96 h to 502 h while the Rp gradually 
increases. Due to the considerable reduction in the Rs, the peak power 
density of ALD coated Cell after 502 h operation remained to be 119% of 
that baseline cell at 24 h operation. 
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To identify the physical origin of cell performance enhancement and 
the slightly increased polarization resistance, the dynamic constant in 
the impedance data is retrieved by evaluating the relaxation times and 
relaxation amplitude of the impedance-related processes using decon
volution [15–18] shown in Fig. 1d. The cells exhibit one dominant arc 
P1 accompanied by P2 with lower magnitude, with the frequency 
ranging at 2–4 Hz, 20–40 Hz, respectively. The P1 and P2 arcs of the ALD 
coated cell no. 2 shift to the higher frequency end in comparison with 
that of the baseline. In general, for the cathode, the physical processes 
occurring at the characteristic frequencies of 5–150 Hz range could be 
assigned to activation polarization ORR. Depending on the cathode 
chemistry, the peaks could shift slightly to either direction under the 
identical cell operation conditions [15,19,20]. In comparison to the 
baseline cell no. 1, ALD coated cell no. 2 depicted higher amplitude P2 at 
~20–40 Hz. It is recognized in the literature that the physical origin of 
the P2 arcs that arise at ~70 Hz is primarily due to oxygen transport 
along the surface and/or through the bulk in the cathode and electrolyte 
[18]. Thus, ALD coating of a Pt-CoOx dual layer on the surface of 

LSCF/SDC cathode has changed the cathode reaction pathways and 
introduced two apparently different cathodic polarizations. Each of the 
polarizations probably has its distinct dissociative oxygen adsorption 
and transport of oxygen species to the electrochemically active sites. For 
the ALD coated cell no. 2, P2 slightly increases during operation. 
However, P1 continuously decreased, implying the slightly, but 
continuously, accelerated ORR and oxygen transport upon operation. 

The operation also introduced an increase in the P3 peak in cell no. 2 
at high-frequency range 4752–9000 Hz. It is discussed in the literature 
that the Peak P3 could be associated with the charge transfer across the 
electrode/electrolyte interface, which is independent of the oxygen 
partial pressure [21]. So P3 is expected to be present in both the ALD 
coated cell and the baseline cell. The increase of P3 could be related to 
the formation of insulating phases in the cathode. For example, one 
possibility is the formation of a SrZrO3 phase that inevitably takes place 
at the interface between the SDC barrier layer and the LSCF due to the 
solubility of Sr in the barrier layer phase. This is beyond the scope of this 
work that is focusing on the surface modification of the porous 
electrode. 

Based on the impedance deconvolution, the subsequent equivalent 
circuit fitting and the capacitance analysis was performed. Cell no. 2 has 
lower chemical capacitance than cell no. 1, implying less involvement of 
the cathode backbone through the oxygen reduction reactions and 
related mass and charger transfer [22]. Furthermore, the ALD coated 
cell has continuous reduction of chemical capacitance with the increase 
of operation (shown in supplementary data), revealing the continuously 
increased surface transport and reactions in the overall electrode reac
tion in the ALD coated cell. 

Overall, the ALD coated cell exhibits slightly higher Rp for both ORR 
and oxygen transport. The increased power density is attributed to the 
decreased Rs, implying the ALD coating has introduced additional mass 
or charge transfer pathways. Post-mortem nanostructural examination 

Fig. 1. Power density and impedance for the baseline cell no. 1, cell no. 2 LSCF cathode backbone with 2 nm Pt layer plus 10 nm CoOx. a. Terminal voltage as a 
function of current density for the cells at 750 ◦C. b. Nyquist plots of four cells at 0.3 A/cm2. c. Bode plots of cells at 0.3 A/cm2. d. Corresponding deconvolution 
spectra of the impedance data collected from two cells. 

Table 1 
Impedance and peak power density of the baseline cell no. 1 and cell no. 2 with 
2 nm Pt layer plus 10 nm CoOx.  

LSCF/SDC 
cathode 

Operating 
time (h) 

Rs (Ω 
cm2) 

Rp (Ω 
cm2) 

Peak 
power 
(W/cm2) 

Enhancement to 
cell no.1 at 24 h 

Baseline cell 
no. 1 

24 0.112 0.237 0.949 / 

Pt&CoOx 

coated 
cell no. 2 

0 0.068 0.274 1.273 1.34 
96 0.084 0.291 – 1.19 
168 0.086 0.297 – – 
336 0.082 0.311 – – 
502 0.085 0.32 1.134 1.19  
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indicates that the ALD layer is of ~10 nm thick and remains to be fully 
conformal, dense, and uniform (in Fig. 2 a and b). The conformal coating 
consists of single-layered CoOx grains (7–10 nm in dimension), capping 
the subjacent layer of discrete elongated Pt (~2 × 5 nm in size) nano
grains that are ~ 20 nm apart. The single-layered CoOx grains with 
random orientations has a very high density of intergranular and surface 
grain boundaries. The chemistry of the ALD layer is close to Co0.9Fe0.1Ox 
with a small amount of Fe diffusion from LSCF, while it is free of Sr and 
La. As a consequence, this dense conformal CoOx coating should have 
suppressed the Sr further surface segregation. Accordingly, we believe 
such a CoOx layer could also act as a blocking layer to prevent the attack 
from other common contaminants in the SOFC system. One example is 
that Cr deposition occurs preferentially on the segregated SrO but not on 
Co3O4 [23], and the dense Co3O4 layer could separate the Cr vapor from 
its reaction with Sr cation [24]. Another example is such a dense coating 
layer could prevent the penetration of humidity into the cathode back
bone that could also cause significant performance degradation [25]. In 
short, a significant increased intrinsic durability and contamination 
tolerance is expected due to the conformal ALD coating. 

Underneath the superjacent layer, an ultra-thin layer is confined at 
the interface between CoOx and the LSCF bulk phase (in Fig. 2). As 
shown in the STEM image in Fig. 2 c, this interface layer shows a 
brighter contrast, revealing the segregation of the atoms with heavier 
atomic numbers. TEM/EDS analysis (the electron beam sampling size ~ 
20 nm) was conducted and showed that the typical La/Sr ratio for the 
intragranular LSCF grains is 6/4 as expected for the LSCF phase. By 
contrast, in the CoOx/bulk LSCF interface region, the La/Sr ratio is 4/6. 
We could conclude that Sr is enriched in this interface layer. The atomic 
resolution Z-contrast (Fig. 2d) taken from [100] direction of the LSCF 
revealed that the La/Sr lattice arrangement of this Sr enriched layer is 
not different from that of the bulk LSCF. However, the Fe/Co column in 
the Sr-enriched layer depicts higher intensity than that in the LSCF bulk 
grains. Brighter contrast of atom columns implies the substitution of 
heavier elements (in this case Sr) in the Fe/Co sites. The multi-slice 
simulation was performed accordingly and confirmed that, when 50% 
of Fe or Co are substituted by Sr, the Fe/Co atomic columns present the 
increased intensity, as shown in Fig. 3. In other words, the chemistry of 
the Sr enriched layer is determined as (La0.6Sr0.4)(Co0.1Fe0.4Sr0.5)Ox. 

3.2. Conformal superjacent single-layered nanograins on LSCF/SDC 
cathode at 650 ◦C 

The increased conductivity induced by the ALD layer appears to be 
tunable by adjusting the loading of the Pt. Cell no. 4 has a Pt loading that 
is doubled compared to cell no. 2. For cell no. 4 operated at 650 ◦C, the 

initial peak power density is 0.578 W/cm2 at 0 h, and 125% over the 
baseline cell no. 3 of 0.463 W/cm2 (shown in Fig. 4). Rs and Rp are 0.163 
Ω cm2 and 0.454 Ω cm2 for cell no. 4 and 0.247 Ω cm2 and 0.442 Ω cm2 

for cell no. 3, respectively. The impedance indicates a substantial 
reduction is reached for Rs, and the reduction is 34% compared to 
baseline cell no. 3. After operation for 816 h, cell no. 4 still exhibits a 
peak power density of 0.533 W/cm2, and Rs and Rp are 0.168 Ω cm2 and 
0.479 Ω cm2, which is 92% of its initial power density. 

Deconvolution study indicates that, the peak of P1 of baseline cell no. 
3 is close to that of P1 from cell no. 1 operated at 750 ◦C. However, there 
is a large increase in the P2 in the cell no. 4. This could be attributed to 
the increased resistance of O2 transport when the operating temperature 
is lowered from 750 ◦C to 650 ◦C. The P1 from the ALD coated cell no. 4 
is higher than the baseline cell no. 3, implying a slightly higher ORR 
resistance after coating. However, the P2 for cell no. 4 is much lower, 
revealing the much accelerated oxygen transport along the surface with 
the coating layer. Remarkably, for cell no. 4, both P1 and P2 remained at 
their same positions, implying the surface layer is very stable upon the 
electrochemical reactions for over 800 h. Furthermore, both P1 and P2 
considerably decreased, showing slight but continuous improvement of 
the oxygen surface exchange, oxygen adsorption/desorption, dissocia
tion, and/or surface transport. As shown in the supplementary data, 
there is decreased chemical capacitance, consistently revealing the 
possible less involvement of the cathode bulk in the overall electrode 
reaction in the ALD coated cell. 

Post-mortem nanostructural examination indicates that the ALD 
layer remains intact and has the same morphology of that as-deposited 
state and is conformal on both the LSCF and SDC grain surfaces after 
operation for 816 h (shown in Fig. 5). 

3.3. Coating altered the oxygen reduction reactions pathways and 
accelerated mass-transfer through surface nanoionics via the strained 
interface 

Based on the results of both cells no. 2 and 4, we propose the ORR 
pathways and the schematics for possible surface nanoionics of LSCF 
cathode, as shown in Fig. 6. For the baseline cathode, the ORR takes 
place on the surface of LSCF. For the ALD coated cells, the conformal and 
dense ALD film is less permeable to oxygen and thus possibly reduces the 
activity of LSCF serving as the ORR sites. Instead, the surface nano- 
grained CoOx phase becomes the oxygen reduction sites. Electro
catalytic CoOx covers both the LSCF and SDC phases and provides two 
distinguishable ORR sites that are also evidenced by the P1 and P2 peaks 
in impedance deconvolution (Fig. 1d). Though the nano-grained CoOx 
shows inferior catalytic activity comparing to that of the LSCF, the 

Fig. 2. TEM of cell no. 2 (Pt and CoOx on cathode backbone) after operation at 750 ◦C for 502 h. a. A conformal dense Co0.9Fe0.1Ox film covering the discrete Pt 
particles. There is Sr enriched interface phase between Co0.9Fe0.1Ox film and the LSCF backbone. b. STEM bright field imaging depicting the Co0.9Fe0.1Ox is single 
layered nano-grains with high density intergranular grain boundaries and surface grain boundaries. The Sr enriched layer is ~2 nm thick. c. STEM dark field imaging 
is taken from the [100] direction of LSCF. Sr enriched layer is shown at the interface (brighter contrast indicating the enrichment of heavy element). d. The enlarged 
box area in c showing the region of the interface between the Sr-enriched phase and the LSCF grain as indicated by the dashed arrow. The Sr enriched interface is fully 
epitaxial and coherent with the LSCF grain, presenting the same atom arrangement of that LSCF grain. The Sr-enriched interface shares the same La/Sr site column 
intensity of LSCF. However, the Co/Fe site column intensity is much stronger than that of LSCF. 
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increased active sites on SDC surfaces may partially compensate for the 
loss of the LSCF catalytic activity. 

Since the CoOx layer is fully dense and has low oxygen permeability, 
it is probable that Pt has the effective pathway to access oxygen. We 
think Pt at the interface primarily facilitates the formation of the CoOx 
layer and further stabilizes this layer over the operation. Without the Pt, 
an ALD coating of unary CoOx does not form a conformal CoOx layer on 
either LSCF or SDC grains [26]. Here discrete nano-Pt is immiscible with 
its neighboring CoOx and LSCF phases. On the other hand, nano-Pt may 
provide the interface strain to stabilize the formation of the conformal 
nanoionics [27,28]. It is worthwhile to point out the higher Pt loading in 
cell no. 4 does not promote the conductivity. The CoOx + Pt coating 
layer in cell no. 4 only reduces 34% Rs over the baseline cell, while the 
reduction of Rs is 39% for cell no. 2 with only half Pt loading. In other 
words, the nano-Pt at the interface between CoOx phase and LSCF phase 
might have negative impact to the cathode conductivity. It is reported 
that the difference in the Fermi level can result in the occurrence of 
electronic/ionic charge redistribution for the oxide surrounding the Pt 
particles [29]. Pt changed the oxide with which it is in contact into a 
resistance phase, resulting in the formation of a resistive oxide layer on 
the surface of Pt. Therefore, it is critical to control the maximum loading 
of dispersed Pt embedded at an interface to facilitate the percolation 
network and avoid the formation of a continuous resistance layer around 
Pt. 

Overall, the ORR pathways could be shifted from the original LSCF 
surface to the CoOx surface in the coated cells. Though the more active 
LSCF surface is covered, a full extension of the CoOx active sites to the 
entire backbone surface is obtained. Also, the dissociated oxygen ions 
can only transport via the CoOx intergranular grain boundaries due to 
the existence of a fully dense CoOx outer shell layer. 

Besides acting as catalytic oxygen reduction sites, the single 7–10 nm 
CoOx layer apparently carries sufficient conductivity. The bulk scale 
Co3O4 phase is an amphoteric semiconductor with intragranular low 
electronic conductivity (~2 S cm− 1 at 600 ◦C) [30], and is two orders of 
magnitude lower than bulk LSCF (~100 S cm− 1 at 600 ◦C). However, a 
133–134% cell performance enhancement is primarily attributed to the 
decreased Rs [3]. Our explanation is that, an increased conductivity 
induced by the conformal CoOx layer is facilitated by the fast ion 
transport through the high-density, high-density grain boundaries, 
including the surface grain boundaries from the single-layered CoOx 
nanograins [31–36]. In general, the high series resistance in the oxygen 
electrode is due to the low mobility of the ionic charge carriers and their 
mechanical and coulombic interactions with their host crystal structures 
[34]. By contrast, in comparison with the intragrain conductivity, there 
is faster oxide-ionic conductivity along grain boundaries that are 
commonly associated with higher oxygen vacancy concentration. One 
example is that La0.8Sr0.2MnO3 (LSM) grain boundaries exhibits 5-6 
orders of magnitude of enhancement in oxide-ion diffusivity compared 
with the bulk LSM. The enhancement might be associated with 
strain-induced defects and corresponding changes in the oxidation states 
of LSM constituent cations [30,34,37]. Dominating of ionic conductivity 
at the grain boundary level was also reported for La0.6Sr0.4CoO3 [38,39]. 
In terms of high ionic conductivity of Co-based nanograins, we have 
demonstrated the formation of (MnCo)Ox nanoionics implanted on the 
surface pure electronic conductor LSM in our previous study [40]. 
However, for the mixed conducting LSCF/SDC backbone, to the best of 
our knowledge, the present study is the first demonstration of electro
catalytic surface nanoionics that are implanted on the surface of the 
inherently functional SOFC. Such surface nanoionics immediately lead 
to the nanostructured electrode that has been pursued for decades for 

Fig. 3. a. Simulated STEM dark field imaging from the box area in the box area in Fig. 2d b. Atom arrangement of simulated area in Fig. 3 a. In the Sr enriched 
region, the La/Sr columns are the same as that of LSCF grain. However, 50% of Co/Fe atom columns are substituted by Sr. c. The atomic structure at the interface 
between the Sr-enriched interface phase and the LSCF, depicting the larger ionic size of Co/Fe site in the Sr enriched phase. d. 3D structure of the interface region. 
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practical SOFC. 
In addition, to facilitate the formation of nanoionics and prevent Sr 

surface segregation, the ALD coating further tuned the conductivity 
through the simultaneously formed Sr enriched interface layer. The 
impact of this Sr-enriched layer on the conductivity of LSCF grain is two- 
fold. Firstly, for the Sr-enriched layer alone, when Sr2+ is replacing Fe or 
Co cations with a higher valence state, it causes a decrease in the charge 
carrier concentration and leads to a lower electrical conductivity. 
Meanwhile, there is a small amount of Co cations substituted for the Fe 
in the Sr enriched layer, evidenced by the presence of a small amount of 
Fe cation inside the CoOx coating layer. For the perovskite LSCF, Co ions 
on the Co/Fe sites have a smaller binding energy for oxygen than that 
with Fe ions [3,41]. Increasing the Co content could increase the elec
trical conductivity. Accordingly, the decreased electrical conductivity 
due to Sr enrichment could be compensated by Co substitution of Fe. 
Meanwhile, when a stable valent cation (Sr+2) replaces a multivalent 
cation (oxidation state +3 and + 4) in the system, the charge compen
sation of B-site cation is achieved by the development of 
oxygen-deficient nonstoichiometry [42]. It is believed that the Sr 
enriched layer has high oxygen vacancy and possesses high ionic 
conductivity. 

Secondly, the Sr-enriched layer imposes the strain field at its lateral 
interface with the LSCF grain surface. The Sr enriched layer possesses 
the same perovskite structure of that LSCF, shares the same kind of 
atomic structure in the La/Sr site, and is fully coherent to the LSCF grain 
as shown in Fig. 3 d. However, due to the larger ionic size of Sr ions in 
comparison with Co and Fe, the Sr enriched layer presumably has a 
larger lattice parameter than that of the LSCF grain as schematized in 
Fig. 3 c. This Sr-enriched layer spontaneously imposes the tensile strain 
on the LSCF grain surface. Such tensile strain increases the interatomic 
distance and weakens the atomic bonding strength on the surface layer 
of LSCF grains. Therefore, oxygen vacancies and ionic conductivity in
crease accordingly. 

Such analysis of the impact of the strain field effect of ionic con
ductivity is consistent with the literature reports. At the interface of 
laterally aligned heteroepitaxial YSZ film grown on SrTiO3 substrate, a 
huge, up to eight order of magnitudes enhancement conductivity was 
observed near room temperature [43]. Such a huge increase of con
ductivity was ascribed to the lattice expansion of atomic layers of YSZ 
phase elongated by the SrTiO3 substrate with 7.5% tensile strain. For 
LSM, it was predicted by Density Function Theory calculation that ten
sile strain could improve ion diffusion up to 2 orders of magnitude at 
800 K by increasing the migration space of oxygen in the lattice and by 
reducing the bonding strength between the oxygen and cations [44]. 
Such an increase of the conductivity of the strained interface are usually 
achieved in various nanocomposite grown by pulsed laser deposition 
[45,46]. Nonetheless, that substrate-strained engineered interface usu
ally needs to be introduced by the epitaxial growth on the substrate with 
a well-defined orientation. The implantation of such strained interface 
in the real electrochemical devices with randomly orientated grains has 
been found to be typically limited. So far, there is no realization of the 
strained multi-layer on the SOFC electrode that needs the enhanced 
interfaces and grain boundaries for increased catalytic activity and 
conductivity [47–49]. 

In this study, planar strained lattices are generated spontaneously 
between the LSCF and Sr enriched layer that is fully coherent to the 
LSCF. The strained pathways formed at the interface between the ALD 
layer and the LSCF, are fully conformal. Once again, when the ALD 
coated layer with the strained interface was applied to the internal 
surface of the cathode, it remarkably decreases the entire cell Rs by up to 
40%. Factor in the thickness of ALD layer of 10 nm on the internal 
surface of cathode with micron-sized grains, and taking the cell resis
tance as the contribution of cathode, anode, and electrolyte, we roughly 
estimated the conductivity of the ALD layer, as detailed in the supple
mentary document. At 750 ◦C, the conductivity of the ALD layer with the 
total thickness around ~10 nm, with the combination of conformal CoOx 

Fig. 4. Power density and impedance for the baseline cell no. 3 and cell no. 4 LSCF cathode backbone with 2 nm Pt layer plus 10 nm CoOx. a. Terminal voltage as a 
function of current density for the cells at 650 ◦C. b. Nyquist plots of four cells at 0.3 A/cm2. c. Bode plots of cells at 0.3 A/cm2. d. Corresponding deconvolution 
spectra of the impedance data collected from two cells. 
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layer, Sr enriched layer, and the strained interface, is estimated to have a 
conductivity of ~1.27 × 104 S/cm, which is approximately two orders 
magnitude of that of LSCF at 750 ◦C. 

Most importantly, such surface nanoionics are remarkably stable as 
evidenced by the intact nanostructure of the coating layer even after 
816 h of operation at 650 ◦C, as shown in Fig. 5. Such stable nano
structure morphology is entirely consistent with the electrochemical 

performance. In cell no. 4, there is continuous accelerated transport of 
oxygen species and continuously reduced oxygen transport resistance 
upon operation. The increased conductivity is presumably partly due to 
the minimal amount of Fe incorporation into the CoOx layer during the 
operation. Most importantly, the CoOx conformal coating that also 
facilitated the Sr enriched layer at its strained interface could be 
continuous, and contributing to the increased conductivity. 

The present study validated the previous research in the enhanced 
ionic conductivity due to the strained interfaces between different ma
terials. With superior stability at elevated temperatures, the ultra-thin 
electrocatalytic surface nanoionics and its associated Sr enriched 
strained interface phase have become interfaces-dominated for maxi
mized mass transport and oxygen reduction reactions. Such ALD coating 
appears to be the most promising approach to conveniently utilizing the 
grain boundary and strain engineering to increase the reaction kinetics 
of inherent functional devices. 

4. Conclusion 

The ability to manipulate the surface chemistry of the mixed 
conductor and suppress its degradation related to the intrinsic Sr surface 
segregation is critical for the SOFCs. The present work demonstrates 
that, for the inherent functional SOFC with a mixed conducting com
posite cathode, the electrocatalytic nanoionics with high-density grain 
boundaries could be precisely introduced onto the cathode backbone. 
The conformal thin-film surface nanoionics can be controlled to have the 
single-layered, randomly orientated nanograins to maximize the 
contribution of surface grain boundaries and the interface strains to the 
conductivity and the electrocatalytic activities. The conformal ALD layer 
completely shifted the ORR reduction pathways. It also serves as the 
effective barrier layer for backbone cations outward diffusion. 

Most importantly, the ALD coating turns the original perovskite 
surface that is vulnerable to cation segregation and degradation into an 
embedded strained interface phase with enormous conductivity. For the 
first time in the field of SOFC, our study demonstrates an effective 
approach for solving multiple-problems for successfully suppressing the 
Sr surface segregation of mixed conductors, preventing Cr contamina
tion, and simultaneously increasing the conductivity. The high-density 
surface and intergranular grain boundaries of the strained ALD layer 
provide an enormous surface area and interface area for facilitating 
multiple mass transport and catalytic reactions. It opens new research 

Fig. 5. TEM images showing as-deposited Pt + CoOx coating layer and the layer 
after operation for 816 h at 650 ◦C. a. As-deposited conformal fully dense ALD 
coating layer. b. Conformal ALD film on LSCF backbone after operation for 816 
h. c. Conformal ALD layer on SDC backbone after operation for 816 h. 

Fig. 6. Schematic of the surface architecture of the baseline cell no. 1 and cell no. 2 (or cell no. 4) LSCF cathode backbone with 8–10 nm Pt + CoOx layer. a. Baseline 
LSCF phase, SDC phase and their phase boundary (interface). b. Electrocatalyst for baseline cell. c. Active ORR sites for baseline cell. d. Cell no. 2 cathode backbone 
with as-deposited conformal Pt + CoOx layer. e. Surface layer after the electrochemical operation at 750 (or 650) ◦C. f. Distribution of electrocatalyst after the 
operation. g. Distribution of ionic conductor after the operation. h. Distribution of electrical conductor after the operation. i. Resultant cathode active ORR sites for 
cell with surface coating layer. 
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directions in terms of the fundamental design of the grain boundaries 
and strained critical interface for electrochemical reactions at elevated 
temperatures. 
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