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Abstract
Recently, atomic layer deposition (ALD) has drawn much attention as a suitable tool for fabrication and engineering of high 
performance fuel cell catalysts and electrodes. Intrinsic merits of ALD enable synthesis of conformal and uniform film even 
at a sub-nm scale with excellent stoichiometry control and reproducibility. Leveraging the unique characteristics, ALD has 
proven its promising potential as a solution to achieve two major challenges of solid oxide fuel cell research: sluggish kinet-
ics at low operational temperatures and long-term stability. In this review, recent efforts to address the challenges by the use 
of ALD-based functionalization of surfaces and interfaces of cell components are discussed.
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1  Introduction

Solid oxide fuel cells (SOFC) have been widely studied as 
alternative clean power source due to their advantages in 
terms of fuel flexibility, system simplicity and efficiency 
[1, 2]. Despite these advantages, their high operating tem-
perature (> 800 °C) has limited their lifetime, cost competi-
tiveness, turn-on/off speed and applicability to small-scale 
devices [3–5]. Reduction of operating temperature down to 
intermediate (600–800 °C) or low (< 600 °C) temperature 
regime, however, results in a dramatic loss of kinetics in 
both ionic transport and electrode reaction [6–9]. Recently, 
researchers have addressed the issue of slow ionic transport 

kinetics of low temperature SOFCs by thinning conventional 
electrolytes down to few hundreds of nm [2, 5]. In addi-
tion, the issue of sluggish kinetics related to electrochemi-
cal reaction, especially oxygen reduction reaction (ORR) at 
the cathode sides, has been tackled by many researchers by 
developing new materials, making composite or alloys, or 
modifying the chemical and morphological characteristics 
of surfaces and interfaces. The overall foci of SOFC research 
have largely been on the improvement of powering perfor-
mance while lowering operating temperature. Now, the 
focus is slowly being shifted to securing true cell stability 
and long-term durability. The usual factors of degradation 
include microstructural degradation, poisoning by intercon-
nect materials and fuel impurity, unexpected thermal evolu-
tion of material such as surface segregation.

This report is mainly focused on the nanoscale engineer-
ing of surface and interfaces of SOFC cell components to 
address the aforementioned two main challenges: (1) maxi-
mizing the kinetics electrode reaction and (2) suppressing 
the long-term cell degradation during operation. In this vein, 
major SOFC degradation mechanisms are first summarized 
and expected benefits of nanoscale engineering are briefed. 
An introduction of atomic layer deposition (ALD), a ris-
ing atomic-scale deposition technique to be proposed as a 
promising approach of nanoscale engineering in this report, 
follows. Subsequently, a succinct summary of prior works 
on nanoscale interface/surface treatment by the use of ALD 
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to address the issues related to the electrodes of SOFCs is 
provided.

2 � Background

2.1 � Necessity of Nanoscale Surface and Interface 
Engineering

2.1.1 � Tiny Scale Benefits Catalytic Kinetics

For catalysis per mass and volume, catalysts with a max-
imized surface area are preferred. As the size of catalyst 
become smaller, the surface area to volume ratio and thus 
the proportion of catalytically active low-coordination sites 
become larger. The size of catalyst also has a direct impact 
on the catalytic activity itself because the percentage of sur-
face atoms responsible for the catalytic properties increases 
with decreasing size [10]. One of the most notable examples 
can be found in the surprisingly high catalytic performance 
of nano-sized gold towards CO oxidation [11] while gold in 
bulk has been regarded chemically inert and poorly active as 
a catalyst [12]. Later, numerous other studies were reported 
on the size dependency of the gold nanoparticles (NPs) in 
CO oxidation [13, 14], alcohol oxidation [15], and propylene 
epoxidation reactions [16]. It was generally observed that the 
catalytic activity surges below a certain catalyst size, which 
can be understood from the fact that atoms with low coordi-
nation numbers (e.g. vertex and edge atoms) on the surface 
are mainly responsible for the catalysis [17].

The same analogy applies to the electrodes of SOFCs. For 
example, the ORR process at the cathode is comprised of 
multiple steps: adsorption of molecular oxygen on the cata-
lyst surface, dissociation of molecular oxygen into atomic 
specie-s, surface diffusion of atomic oxygen to the triple 
phase boundary (TPB), charge transfer reaction and incor-
poration of oxygen ions into electrolyte. It is known that 
the overall ORR kinetics is rate-limited by the dissociative 
adsorption of oxygen on the surface of catalyst, suggesting 
the importance of securing large surface area of the catalyst. 
The ideal structure of high surface area would be best made 
of nanoscale building-blocks.

2.1.2 � Thermal Stability for Nanostructured Electrode

The ripening effect significantly reduces active area of an 
electrode, and thus is detrimental to the catalytic perfor-
mance and device durability. Therefore, there have been 
numerous efforts to suppress the ripening of high surface 
area catalysts and maintain high catalytic performance with 
a given amount of electrode, often by interfacing with oxide 
materials at their interfaces. The morphological stability of 
high-surface-area structure is conditioned by the interaction 

with the facing oxide and the resulting change in its free 
surface energy. However, when the interfacial interaction 
between the electrode and overcoat is weak, the metal will 
agglomerate to reduce its free energy without being much 
restricted by the interaction with oxide [18]. To realize a 
conformal, uniform and strongly-bound overcoat on a 
nanoscale-structured electrode, it is imperative to achieve 
a true nanoscale engineering for the oxide overcoat as well.

2.1.3 � Surface‑Sensitive Kinetics

In addition to the agglomeration suppression effect, an inter-
face with oxides may enhance the kinetics of catalysis. For 
example, Pd catalysts encompassed by a ceria (CeO2) shell 
showed catalytic activities towards methane combustion [19] 
and hydrogen oxidation [20], significantly enhanced com-
pared to pure Pd-based catalysts, in addition to reinforced 
thermal stabilities. Catalysis enhancement by oxide support 
or coating is often understood in view of reactions occurring 
at the metal/oxide interface or spillover of reactive species 
onto/from the oxide supports [21]. Lattice strain induced by 
an interface is also known to have a significant impact on 
catalytic activities [22].

The reasoning applies to the SOFC electrodes. For exam-
ple, the surface exchange kinetics, a major factor of overall 
ORR kinetics, is highly dependent upon the concentration 
of oxygen vacancy sites on the electrode surface. While all 
other parameters fixed by having the underlying structure 
intact, only very surface of electrodes can be engineered 
accordingly at the atomic-scale or nanoscale to boost the 
highly surface sensitive kinetics. By keeping the overall 
underlying structure, we are free of concern on charge trans-
port through the underlying electrode and thermomechani-
cal stability of the structure while improving the surface-
sensitive kinetics. The relevant in-depth discussion follows 
in subsequent chapters of this review.

2.2 � Electrode Degradation Mechanism

2.2.1 � Sintering/Agglomeration

The usual size of cathodic NPs is on the order of hundred 
nanometers. However, these high surface area structures are 
prone to agglomeration (by ripening and coarsening) dur-
ing high-temperature operation. The rate of agglomeration 
should be more severe under a high current operation. The 
degree of agglomeration is expected even more pronounced 
in noble metal-based electrodes. This agglomeration effect 
results in a loss of catalytically active surface area and elec-
trode performance over time [11, 12]. The microstructural 
changes (particle coarsening and densification) results in a 
decrease of TPB and possible loss of percolation pathway. 
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In a severe case, it can cause a significant mass transport 
resistance by hindering fluent oxygen transport.

2.2.2 � Segregation

Since early 90’s, the surface chemistry of perovskite has 
been one of the most intense SOFC research topics. Sr seg-
regation has been reported for different perovskite cathode 
materials including (Lax,Sr1-x)(Coy,Fe1-y)O3-δ (LSCF) [23, 
24], and La1–xSrxMnO3–δ (LSM) [25]. It is conjectured that 
the changes in surface chemistry of cathode by the Sr seg-
regation would have a detrimental impact on the oxygen 
exchange kinetics. For instance, the high surface polarization 
resistance associated with oxygen exchange of LSC cath-
ode was attributed to Sr segregation after heat treatment at 
600 °C in air for 72 h [26]. Further deterioration of cathodic 
performance may be originated from the formation of the 
segregated Sr with surrounding gas phase. Bucher et al. 
reported a considerable difference in the surface exchange 
kinetics of LSCF between two different gas environment of 
dry O2 and humidified atmosphere [25]. The fivefold higher 
degradation in the humidified atmosphere was ascribed to 
the formation of Sr-rich silicate layer in the presence of 
humidity. However, the impact of Sr segregation on surface 
kinetics is not yet well understood as some study reports a 
beneficial impact of Sr segregation. Sase et al. argued an 
enhanced oxygen surface exchange kinetics is ascribed to 
an increased oxygen vacancy concentration of LSC caused 
by Sr segregation [27].

2.2.3 � Poisoning

Another major cause of degradation in SOFC is poisoning 
of the electrode surface. For the cathode, the poisoning is 
largely originated from Cr deposition at the electrode/elec-
trolyte interface regions or on the surface of electrode and 
electrolyte. During high temperature operation under oxi-
dizing environment, volatile Cr species such as CrO3 and 
CrO2(OH)2 are generated and deposited on the cell. The 
deposition readily deteriorate SOFC performance due to 
the poisoning of cathodes such as LSM and LSCF toward 
the ORR [28]. The Cr species comes from the usual cur-
rent collecting interconnects (Fe–Cr alloys) between cells 
or balance-of-plant components such as heat exchangers.

The poisoning effect is often facilitated with the presence 
of segregated species exposed on the surface. In many cases, 
the poisoning species (Cr) have a high tendency to react with 
segregated cations such as Sr, by forming e.g. SrCrO4. Sr-
free materials, such as the Ruddlesden-Popper La2NiO4+δ 
phase would render better resistance against poisoning [29]. 
It is also noted that an introduction of few ppm of SO2 can 
cause a reaction with Sr from the cathode to form SrSO4 and 
decrease electrode performance [30].

For the anode, both sulfur and carbon are the usual con-
taminants. Sulfur is always present in every fossil and bio 
fuels with a ppm variation between few ppm to thousands 
of ppm. Since sulfur cannot be fully eliminated from these 
fuels, it is one of the most problematic element deteriorating 
the long-term performance of a fuel cell [31]. It was widely 
known that even few ppm of sulfur content can be highly 
detrimental to the cells. As in most cases for SOFCs, all 
sulfur compounds are expected to eventually turn into H2S, 
the mechanism of sulfur poisoning is considered with H2S as 
the main source. With a sufficient O2− supply, H2S can also 
act as a fuel [32–34]. However, with a lower supply of O2−, it 
becomes the source of poisoning. The dissociation reaction 
leads to an adsorption of sulfur on the surface of catalyst, 
which blocks fuel access to the catalytically active sites dete-
riorating the performance. Specifically, on Ni-based anode, 
the following reaction is considered as major mechanism of 
deactivation:

As the dissociative adsorption of sulfur is preferred with 
higher concentration of CO in a fuel, which can be partly 
ascribed to a preferred adsorption of sulfur on Ni with 
decreasing H2 concentration [35]. The sulfidation reaction 
(i.e. reaction (2)) is known to be less favored with higher 
temperature, but still shows a negative free reaction energy 
even at 1000 °C [36]. The poisoning effect can be caused 
by (a) the blockage of catalytically active sites, (b) a change 
in reactant adsorption/dissociation kinetics (by a change in 
electronic landscape) and (c) a reduced diffusion kinetics of 
reactants and products (by sulfur bonding) [36].

Carbon is another usual contaminant. Coking (carbon for-
mation) on the anode material can occur in various ways. 
The formed carbon can block the fuel transport, deactivate 
the surface of catalyst or form filaments that can induce 
internal stress and cracking of the material. Coking can 
result in different forms of carbon ranging from graphite 
to high molecular weight hydrocarbons [37]. It is widely 
accepted that on metal supported catalysts, hydrocarbons 
dissociate to atomic carbon and adsorbed on the surface. 
While this atomic carbon reacts with oxidant to form CO, 
excessive carbon that does not transform into CO can result 
in the formation of a polymeric carbon. Similarly, fibers or 
whiskers and graphitic carbon are produced at a higher tem-
perature range. Polymeric and graphitic carbon can results in 
the formation of continuous film around the catalysts result-
ing in its deactivation while whiskers or fiber formation 
causes the breakdown of the catalysts [38, 39]. There are two 
different ways of catalyst deactivation when carbon forma-
tion occurs on Ni anodes. First, carbon atoms dissolve and 
diffuse into Ni grains, and become deposited on their outer 

(1)H2S(g) ↔ H2(g) + S(ads),

(2)3Ni + xH2S(g) ↔ xH2(g) + Ni3Sx.
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surface through the so-called through dissolution–precipita-
tion mechanism. Secondly, the dissolved carbon results in a 
significant stress inside the Ni grain and eventually cracks 
the material.

2.3 � Atomic Layer Deposition

2.3.1 � ALD Basics

A simplified schematic drawing of an atomic layer deposi-
tion (ALD) process is given in Fig. 1. A process consists 
of sequential pulses of gaseous precursors that react with 
the substrate surface. The first set of precursors are fed into 
the chamber, adsorbed on the substrate and reacted with the 
substrate surface. When a precursor is adsorbed on a site 
that is complete with the same kind of precursor, it will be 
desorbed from the surface and find another unreacted site. 
The individual gas-surface reaction is called half-reaction. 
During each half-reaction, the precursor from a canister is 
pulsed for a set amount of time and carried to the reaction 
chamber to allow the precursor to fully react with the sub-
strate surface.

Through this self-limiting process, the coating will be 
highly precise down to monolayer level. Subsequently, the 
remaining gaseous precursor and reaction products are 
purged away from the chamber by a carrier gas. This is then 
followed by another sequence of pulsing and purging of a 
counter-reactant precursor (e.g. H2O, O2, O3, NH3, or other 
chemical precursor), creating one full layer of the desired 
material such as metal oxides, sulfides, nitrides or even 
noble metals. This process is then repeated until a desired 
film thickness is achieved.

If one is interested in depositing a composite material 
(such as doped zirconia or doped ceria), the aforementioned 
pulse-purge-pulse-purge process needs to be performed 
for each material. For example, the process for Y2O3 and 
the process ZrO2 need to be alternated to come up with a 
yttria-stabilized zirconia (YSZ) film. For a stoichiometry 
control (i.e., control of Y2O3 doping ratio), the number of 

Y2O3 cycle with respect to that of ZrO2 cycle is tuned. If 
the growth rate of the two processes (i.e., the deposition 
thickness per cycle) were the same, a 1-to-9 ratio between 
the numbers of Y2O3 and ZrO2 cycles will result in a Y2O3 
doping ratio of 10 mol %. (Due to a slower deposition kinet-
ics of Y2O3 compared to that of ZrO2, however, a 1-to-9 ratio 
would result in a lower Y2O3 doping.) The one full cycle for 
YSZ including one Y2O3 cycle and a chosen number of ZrO2 
is called a ‘super-cycle’. Each cycle for either Y2O3 or ZrO2 
is often referred to as a ‘sub-cycle’.

ALD processes are mostly performed at < 300 °C, a tem-
perature significantly lower than those needed for conven-
tional CVD processes. Temperatures outside of an optimized 
window generally result in poor growth rates and non-ALD 
type deposition [40]. At a too low temperature, reaction 
kinetics becomes slow and precursor is susceptible to con-
densation while at a too high temperature, precursors tend to 
suffer from decomposition or excessive desorption. For each 
precursors and reactions, the optimum temperature range 
varies. For this reason, it is desirable to operate ALD within 
an optimized temperature window to benefit from the merits 
of ALD.

2.3.2 � Merits and Other Characteristics of ALD

The demand for uniform, ultrathin and pinhole-free films 
originally in semiconductor domain has driven a significant 
recent advancement of ALD. ALD affords a highly confor-
mal film [41] (continuous adhesion between the deposited 
film and substrate surface) due to the chemisorption-based 
deposition [42]. It also enables a sub-nanometer thickness 
control with excellent film uniformity [41, 43] unlike other 
alternative deposition techniques such as conventional CVD 
or physical vapor deposition (PVD; e.g. pulsed laser depo-
sition, sputter deposition). The aforementioned sequential 
and self-limiting characteristics of ALD enables an unprec-
edented control over the thickness and uniformity. By uti-
lizing the layer-by-layer deposition nature where each layer 
deposition is self-limited, the thickness of a film can be tai-
lored by the number of ALD cycles.

A conformal and uniform coating is achievable even on 
complicated structures of either high aspect ratio or high 
tortuosity by providing sufficient precursor pulse times so 
that the precursor can disperse into the structure and undergo 
complete reactions with the entire surface. In the typical 
flow reactor setup, precursors are transported into the reac-
tion chamber, and after a deposition process, remaining 
(unreacted) precursors and byproducts are removed out of 
the chamber by a carrier gas. In this setup, a highly porous 
structure with high aspect ratios may not be fully adsorbed 
with precursor. For extreme nanostructures with high aspect 
ratio and/or tortuosity, a static ALD reactor, in which the 
introduced precursors can have sufficient time to fully adsorb 

Fig. 1   Conceptual drawing of ALD using self-limiting surface chem-
istry for an AB binary reaction
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onto the whole surface, may be necessary for a uniform dep-
osition [44].

Another merit of ALD is stoichiometry control. A change 
in composition is readily achievable by using a different 
ratio of ALD sub-cycles as described above. However, due 
to a nonlinear relationship between the cycle ratio and the 
atomic ratio of resulting film for the ternary oxide processes, 
a proper recipe development is a necessity for each given 
system and precursor type.

In addition to these merits, the nature of self-limited 
layer-by-layer deposition and well-controlled chamber envi-
ronment also provides an excellent reproducibility largely 
removing the usual issue of uncontrolled stochastic behav-
ior during thin film deposition. Due to the low operating 
temperature of ALD, it is also possible to deposit a ceramic 
or metallic film on a thermally subtle substrate. Possible 
damage can be further suppressed by employing reactive 
deposition (e.g. plasma-assisted ALD [45]) where thermal 
input needed for the reaction is minimized.

On the other hand, the rate of film growth by ALD is 
intrinsically very low compared to other deposition tech-
niques because of the long process times between layer-
by-layer deposition and self-limited reactions per cycle. 
While the deposition rate varies depending upon chamber 
temperature, surface chemistry, morphology and the type of 
reaction, most ALD rates are on the order of 100–300 nm/h 
[40]. To improve the deposition rate, a new type of ALD, 
spatial ALD was successfully developed, enabling signifi-
cant improvement of throughput by a factor of 10–50 [46, 
47]. In the spatial ALD mode, a substrate is exposed to 
spatially-resolved precursor heads unlike the conventional 
ALD mode where the exposure to a specific set of precur-
sors and reagents was achieved by time-resolved pulsing-
purging processes. A spatial ALD has stationary precursor 
nozzles, under which substrates passes by, enabling deposi-
tion rates of ~ 3600 nm/h [48]. The disadvantage of intrinsic 
low growth rate can be compensated by leveraging its scal-
ability and expandability to parallel processing of multiple 
depositions. For these reasons, ALD is currently employed 
by many industries for the mass production of electronic and 
optical devices [49, 50].

Another major issue with ALD is the high cost of pre-
cursors. Furthermore, a considerable amount of precursor 
introduced into the reaction chamber is purged away without 
being reacted for deposition, especially in the typical flow 
reactor-based ALD setup [44]. For electrochemical energy 
systems where cost competitiveness is a major factor of 
commercialization, this aspect should be considered ration-
ally. However, as will be detailed in subsequent sections, the 
usual thickness needed to functionalize the surfaces and/or 
interfaces of cell components for a significant performance 
and durability enhancement of SOFCs is not more than few 
nanometers in most cases, and thus the concern of precursor 

cost would not be significant in this application. The merits 
and demerits of ALD are summarized in Fig. 2.

3 � ALD for SOFCs

3.1 � Overview

ALD has been applied to SOFCs for various purposes. The 
followings are categorized by the component where ALD is 
applied: electrolytes, electrode–electrolyte interfaces, cath-
odes and anodes. The capability of ALD to deposit dense 
and high-quality films enables a deposition of ultrathin yet 
gas-tight electrolytes. On the other hand, the capability of 
coating an ultrathin and uniform oxide over the entire sur-
face area of even a complicated/corrugated structure is lever-
aged for electrodes and interfaces.

3.2 � ALD for Electrolyte

3.2.1 � ALD‑Based Electrolyte

Considerable efforts were made to decrease ohmic resist-
ances, especially for low temperature SOFCs, either by 
developing new electrolyte materials or by thinning down 
the electrolyte to an extreme thickness. Many efforts have 
been made to demonstrate the so-called micro SOFC 
(µ-SOFC) with electrolyte thickness of tens-hundreds of nm 
to counteract the decreased conductivity by thinning down 
the electrolyte [7, 51–55].

The Fritz group at Stanford pioneered the use of ALD-
based electrolyte for low temperature SOFCs [51, 52]. YSZ 
films were first synthesized by ALD for SOFC purpose [52]. 
To evaluate ALD YSZ films as an oxide ion conductor, 

Fig. 2   Merits/demerits of atomic layer deposition
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freestanding 60 nm YSZ films were prepared with porous 
platinum electrodes on both sides of the electrolyte (Fig. 3). 
They achieved a high power density of 270 mW/cm2 at 
350 °C, which was attributed to low electrolyte resistance 
and fast electrode kinetics.

By refining the design, a corrugated freestanding fuel 
cell with a 70 nm thick YSZ membrane was fabricated to 
increase the electrochemically active surface area (Fig. 4) 
[51]. The power densities reached a surprising value of 
861 mW/cm2 at 450 °C. In a more recent report, An et al. 
achieved an even better performance of 1.3 W/cm2 at 450 °C 
by nanostructuring 60 nm YSZ electrolyte interposed with 
a nanogranular catalytic interlayer (YDC) at the cathode/
electrolyte interface [56]. The cell exhibited a significant 

reduction in both the ohmic and polarization losses, which 
are attributed to a combined effect of employing an ultrathin 
film electrolyte, enhancement of effective area by 3-D archi-
tecture, and superior catalytic activity by the ceria-based 
interlayer at the cathode.

Despite the excellent powering performance at the 
extremely low temperatures for SOFCs, the durability of the 
ALD-based freestanding cell has rarely been studied until 
very recently. An improved thermomechanical characteris-
tics of freestanding ALD-based cells with an enlarged the 
cell area was demonstrated by reinforcing edges and corners 
[57]. The functional stability of the structure was verified by 
observing a high OCV value of 1.04 V at 350 °C for > 30 h, 
and the high OCV recovered from the abrupt thermal cycling 
tests with fast heating and cooling rate of 25 °C/min also 
confirmed the superior thermal stability. However, the dem-
onstrated durability test is still too short to be acceptable for 
a practical SOFC device.

In addition to a freestanding setup (where the whole 
membrane is not mechanically supported by either anode or 
cathode), there was a recent report that YSZ electrolyte was 
deposited on a porous anodic aluminum oxide (AAO) sub-
strate [58]. A 70 nm YSZ was deposited by plasma-enhanced 
ALD (PEALD) to afford a consistently high OCV of 1.17 V 
at 500 °C (Fig. 5). The thickness was the thinnest among 
reported on a SOFC supported by a porous substrate.

In another recent report, thin films of yttria-doped ceria 
(YDC) electrolyte were processed for the first time by ALD 
for SOFC applications [59]. Interestingly, the as-deposited 
films were crystalline, well-covered and homogeneous 
without any need for annealing even though the ALD tem-
perature was not any higher than 350 °C. The ALD-made 
YDC film exhibited a better dielectric behavior and higher 
conductivity at > 420 °C compared to a bulk counterpart. 
However, a full cell test based upon ALD-YDC electrolyte 
was not reported.

Fig. 3   SEM image of freestanding ALD YSZ films with porous Pt 
cathode–anode layers. Reproduced with permission from Ref. [52]

Fig. 4   a Schematic drawing 
depicting the microfabrication 
process of a freestanding corru-
gated SOFC. b, c Cross section 
of corrugated membrane-based 
Pt/YSZ/Pt cells. Reproduced 
with permission from Ref. [51]
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In addition to the conventional SOFCs with an oxygen 
ion conducting membrane, those with proton-conducting 
electrolytes recently attract significant attraction as an 
alternative approach of realizing truly durable ceramic fuel 
cells with excellent performance [60–62]. Shim et al. first 
implemented a freestanding proton-conducting fuel cell by 
depositing 130 nm yttrium-doped BaZrO3 (BZY) by ALD 
to achieve 136 mW/cm2 at 400 °C, the highest power den-
sity reported at the operating temperature back them [63]. 
A similar approach (BZY-based freestanding μ-SOFC) was 
taken by Li et al. to achieve even higher performance of 445 
mW/cm2 at 425 °C by inserting an 8 nm-thick GDC [64].

3.3 � ALD for Electrolyte–Electrode Interfaces

3.3.1 � Anodic Interface of Electrolytes

As mentioned above, a decent electrolyte thickness 
(> micron) needs to be provided to secure the mechanical 
integrity in a usual SOFC setup. However, there are signifi-
cant room to improve in terms of ohmic resistance. Unfor-
tunately, a true alternative to doped zirconia as an SOFC 
electrolyte material satisfying both performance and stabil-
ity has not been identified. A doped zirconia of micron-scale 
thickness will cause a significant ohmic loss at a reduced 
operating temperature.

Ceria-based electrolytes are known to exhibit much better 
ionic conductivities than zirconia counterparts. However, 
when they are exposed to a reducing environment during 
high-temperature operation (> ~ 600 °C), the fluorite-struc-
ture tends to be reduced, turning into a metallic phase over 
time. In addition, the volumetric expansion can be caused 
by the replacement of Ce4+ ions (with an ionic radius of 
0.97 nm) with larger Ce3+ ions (with an ionic radius of 
1.14 nm) during the reduction process, also facilitating a 
deterioration of the mechanical integrity of the cell.

In order to minimize the ohmic resistance while satisfy-
ing the minimum thickness requirement, one can consider a 
bi-layered electrolyte, in which a doped-ceria comprises the 
majority of electrolyte thickness but is covered by a chemi-
cally stable doped-zirconia at its anode interface. The YSZ/
GDC bi-layered electrolyte has been arguably one of the 
most popular approaches among various bi-layer schemes 
[65–67]. Since few micron-thick YSZ was used, however, a 
considerable ohmic resistance resulted. Recently, GDC/YSZ 
bilayer was successfully implemented by having an ultrathin 
and dense YSZ deposited on GDC via ALD [68]. The thin 
YSZ film serves as a protective layer against chemical deg-
radation of ceria in a reducing gas environment.

There are several requirements to meet for obtaining a 
high-performance protective layer. Although a thinner YSZ 
layer is preferable for minimized ohmic loss, there are limi-
tations as to how thin the YSZ film can be and still serves as 
a protective layer. The limitation is partially imposed by the 
onset of material inter-diffusion and significant morphologi-
cal changes during the high temperature sintering processes. 
In addition, a pinhole-free and dense layer is also needed to 
prevent a direct permeation of fuel gas. High film confor-
mality would suppress the formation of “hot spots” where 
electrical current is concentrated and/or ceria reduction is 
facilitated. The thickness is also fundamentally limited by 
the charge conservation criterion to maintain the YSZ stay 
in the “electrolytic domain” [69]. It is demonstrated that 
only 28 nm of YSZ (given a YSZ/GDC thickness ratio of 
6.5 × 10−5) stabilized the GDC electrolyte (Fig. 6) [68] while 
a 25 nm thick YSZ deposited by a sputter deposition pro-
cess could not provide the chemical stability even with a 
much higher YSZ/GDC thickness ratio of 1.8 × 10−5 [70]. 
The ALD approach is an excellent choice to meet all these 
requirement as it can provide pinhole free and dense layers 
with high conformality, superior step coverage and accurate 
thickness control capabilities [41, 71].

Fig. 5   a High-resolution trans-
mission electron microscopy 
cross-sectional images of 70 nm 
PEALD- YSZ electrolyte-based 
cell on an AAO-supported 
cell. b Polarization curves of 
PEALD-YSZ-based cells at 
500 °C with 70 nm and 210 nm 
YSZ thickness. Reproduced 
with permission from Ref. [58]
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3.3.2 � Cathodic Interface of Electrolytes

While YSZ is considered as the most common electrolyte 
material for SOFCs, its slow oxygen exchange kinetics is a 
critical drawback of the material. Oxygen exchange coef-
ficient is a measure of neutral oxygen exchange flux across 
the surface of an electrolyte, which is highly dependent upon 
the availability of surface oxygen vacancy. The kinetics of 
sub-processes including surface exchange, charge transport 
and redox reactions make a combined contribution to the 
overall ORR kinetics. However, an optimum condition for 
a sub-process is not necessarily a best condition for other 
sub-processes. For example, ~ 8 mol % yttria doping in YSZ 
is known to render the highest ionic conductivity, but the 
composition may not provide an optimum oxygen incorpo-
ration sites for ORR. It was indeed reported that there is a 
quasi-linear relationship between the surface vacancy con-
centration and oxygen surface exchange coefficient [72, 73]. 
Therefore, only the very surface of YSZ can be modified to 
incur more oxygen vacancies while keeping the underlying 
bulky YSZ as-optimized for fast ionic transports. Alterna-
tively, one can consider an ultrathin coating of a totally dif-
ferent material with a much higher oxygen exchange kinet-
ics and catalytic performance. It should be a worthwhile 
approach to modify the stoichiometry and material of the 
very surface for a better overall ORR kinetics.

As was the case for the earlier section on ALD-based 
electrolyte, a modification of interfacial characteristics at 
the electrolyte-cathode interfaces were largely presented 
by the Prinz group [56, 74–78]. First, Chao et al. per-
formed a parametric study about the impact of surface 
modification on ORR kinetics [74]. They modified the sur-
face of conventional YSZ substrate by adding a very thin 
(1 nm) YSZ with different yttria doping ratio via ALD, and 
measured the resulting electrochemical performance. The 
yttria doping ratio was simply controlled by changing the 
ratio of Y and Zr pulsing during ALD (Fig. 7a). From the 
study, it was found that a merely 1 nm interfacial layer of 

Fig. 6   a A schematic diagram 
depicting the cross-sectional 
experimental setup. Image is 
not to scale. b Time evolution 
of OCV under dry H2 at 600 °C 
for the pure GDC (blue circle), 
28 nm YSZ/GDC (black rectan-
gle), 63 nm YSZ/GDC (yellow 
triangle) and 150 nm YSZ/GDC 
(red cross) cells. Reproduced 
with permission from Ref. [68]

Fig. 7   a Relationship between number of yttria cycles during ALD 
versus yttria molar percentage in the YSZ interlayer. b Normalized 
power density as a function of yttra doping ratio of interlayer sitting 
on a polycrystalline YSZ. Reproduced with permission from Ref. [74]



619International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:611–628	

1 3

YSZ with 14–19 mol % yttria doping improved the power-
ing performance by ~ 50% (Fig. 7b).

Later, Fan et al. demonstrated a significantly enhanced 
performance of YSZ electrolyte-based SOFC by using a 
doped ceria interlayer instead of YSZ [77]. Ultrathin YDC 
layers were added by ALD, in which the doping concen-
trations of Y2O3 were also tuned by changing the Ce:Y 
pulsing ratios. The powering performance was enhanced 
by up to ~ 3.5 times, depending on the operational tem-
perature (300–500 °C) within the Y2O3 doping window 
of 12–17 mol % (Fig. 8). The enhanced performance was 
attributed to an increased oxide ion incorporation rate at 
the electrode/electrolyte interface. They further studied the 
impact of YDC interlayer thickness on performance [76]. 
YDC films of various numbers of ALD super-cycles, rang-
ing from 2 to 35, are inserted into a fuel cell with a 200 
μm thick YSZ electrolyte. This optimal YDC interlayer 
condition (10 super-cycles; 6:1 Ce:Y for each sub-cycle) 
is applied to a fuel cell test, and the average performance 
enhancement factor was 1.4 at the operating temperatures 
of 400 and 450 °C. A power density of 1.04 W/cm2 at 
500 °C is also achieved with the optimal YDC recipe.

An et al. tried a similar approach: an insertion of YDC 
between an ALD-based YSZ and Pt cathode, but this time, 
in a freestanding setup [56]. As mentioned above, they 
achieved a stellar performance of 1.3 W/cm2 at 450 °C by 
a significant reduction of ohmic resistance (ultrathin YSZ 
electrolyte) and the interface treatment by ALD-YDC.

3.4 � ALD for Cathodes

The initial motivation toward ALD treatment of cathodes 
resides in the fact that the optimum sintering temperature 
of perovskite-based cathodes are significantly lower than 
the temperature for electrolyte materials. A high sintering 
temperature results in a larger grain size of the electrode 
decreasing the electrochemically active area. This is a major 
drawback of high temperature sintering along with the unde-
sired formation of zirconates [79–81]. The downside of low-
temperature sintering is that the adhesion and interconnec-
tivity between particles are weak, which could lead to poor 
charge transport and mechanical integrity. Therefore, it is 
important to optimize the microstructure by controlling the 
grain size and ensuring strong adhesion between particles 
and different layers simultaneously. As the thermal expan-
sion coefficient and the rate of shrinkage during sintering is 
usually much higher in perovskites than electrolyte mate-
rials, a sintering process with perovskite-based electrodes 
on top of an electrolyte often causes a significant thermal 
stresses and sometimes thermo-mechanical defects in the 
form of delamination and/or crack-development. However, 
a decoration of catalytically active perovskite NPs on top of 
a porous electrolyte backbone (as opposed to a deposition 
of perovskite ‘film’) would resolve this issue.

On the other hand, the performance of a SOFC is usually 
limited by the cathodic kinetics especially when the cell is 
operated at a relatively low temperature. The cathodic ORR 
reaction is mostly limited by the kinetics of dissociative 
adsorption or surface transport of electroactive oxygen, as 
opposed to ionic transport, intense efforts have been made 
to enlarge the catalytically active surface area of cathodes. 
ALD treatment is likely to achieve this as the so-called wet 
impregnation (i.e. infiltration) process does. In addition, 
the use of ALD treatment can be found in suppressing the 
materials’ susceptibility to changes of surface chemistry by 
e.g. Sr segregation. Application of a continuous coating is 
predicted to reduce the segregation, and some studies veri-
fied the prediction by infiltration process [82, 83].

Figure 9 lists these effects on the cathodic characteris-
tics that can be expected by an ALD overcoat. First, the 
high-surface-area electrodes (both anode and cathode) are 
susceptible to agglomeration/sintering during operation, 
losing its surface area, and thus its area specific powering 
capability. An ultrathin oxide overcoat is expected to deter 
both Ostwald ripening and coalescence of NPs (Fig. 9a). 
Secondly, an atomic-scale overcoat may modify the kinetics 
of dissociative adsorption of reactants, catalytic activity, ion 
incorporation kinetics and/or atomic/ionic transport kinetics 
as verified from a specific cathodic systems (Fig. 9b). Lastly, 
an ultrathin overcoat also may thermodynamically stabilize 
spatial chemistry, and thus suppress segregation of dopants, 
one of the usual electrode degradation mechanism (Fig. 9c). 

Fig. 8   Power density enhancement ratio as a function of Ce:Y ALD 
pulsing ratio with polycrystalline YSZ substrates. Reproduced with 
permission from Ref. [77]
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There are other expected benefits of ALD-based treatments 
such as suppression of impurity poisoning. More details on 
its impact on both anode and cathode are provided below.

3.4.1 � For Noble Metal Cathodes

The self-limiting nature of ALD deposition offers atomic-
scale thickness control and enables highly uniform and 
conformal films with excellent reproducibility [84]. In our 
recently study, an ultrathin layer of YSZ was coated on a 
highly porous Pt cathode by ALD to suppress Pt agglomera-
tion for low temperature SOFCs [85]. Even a few nm thick 
coating was found to suppress the morphological degrada-
tion of nano-porous Pt as shown in Fig. 10, which was con-
firmed by other researchers as well [86, 87]. The coating was 
expected to retard the Ostwald ripening process by blocking 
the diffusion of Pt atoms and/or to impede the coarsening 

process by separating each nano-grain from its neighboring 
grains.

In addition to the suppression of the agglomeration effect, 
the nanoscale overcoat was also found to enhance the cata-
lytic activity toward ORR even if the oxide is expected to 
cover (and thus deactivate) part of catalytically active Pt 
surface. An as-deposited ALD overcoat is uniform, but, 
the overcoat transforms into an interconnected network 
of agglomerates or nano-islands (Fig. 11), which provides 
openings for O2 gases to have direct access to the Pt surface. 
In this view, the enhanced ORR kinetics is initially ascribed 
to an increased TPB.

Fig. 9   Major expected roles of ALD-based overcoat on SOFC elec-
trodes. a Suppression of particle growth during sintering. b Facili-
tation of dissociative adsorption, transport of neutral and/or ionic 
species on the surface, and/or charge transfer reaction kinetics. c Sup-
pression of Sr segregation

Fig. 10   Morphological change after exposing Pt nanostructure at 
500  °C for 20  h without (a) and with b a nano-thin oxide coating, 
showing the effectiveness of oxide coating in suppression of agglom-
eration. Reproduced with permission from Ref. [85]

Fig. 11   Cross-sectional TEM images of a YSZ-coated Pt film 
a before and b after an annealing at 600  °C for 10 h. A thermally 
induced agglomeration of YSZ coating is observed. Reproduced with 
permission from Ref. [85]
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In a follow-up report, a mechanistic study was performed 
to understand the impact of ultrathin ALD coating on cat-
alytic kinetics, especially for ORR on a Pt/YSZ system 
(Fig. 12) [87]. The ORR process is comprised of its sub-
processes. In a Pt/YSZ system, these steps are: adsorption 
of molecular oxygen on the catalyst surface, dissociation 
of molecular oxygen into atomic specie-s, surface diffusion 
of atomic oxygen to the TPB, charge transfer reaction and 
incorporation of oxygen ions into electrolyte.

By leveraging the differences in oxygen partial pressure 
(p(O2)) dependency of these sub-processes, it is possible 
to reveal the rate determining step of ORR. The reaction 
order m, defined in the relation R−1

p
∝ p

(

O2

)m ( Rp : electrode 
polarization resistance) provides abundant clues about the 
rate-limiting step [88]. For example, reaction order of m = 1 
indicates that the rate-determining step is likely related to 
a molecular oxygen-mediated process such as O2 adsorp-
tion and diffusion. A square root p(O2) dependence (m = ½) 
corresponds to an atomic oxygen-related process includ-
ing dissociation into atomic oxygen species and their sur-
face transport, and m = ¼ dependence can be ascribed to a 

process related to charge transfer reaction [89]. From the 
dependences on p(O2), temperature and overpotential, the 
followings were deduced.

First, the ORR kinetics on a fresh nanoporous Pt/YSZ 
system is mainly governed by an atomic oxygen-mediated 
chemical process. After the Pt becomes highly agglomerated 
during high temperature operation, the rate-limiting step 
shifted to the charge transfer reaction due to a much smaller 
TPB area caused by the significant Pt agglomeration. On the 
other hand, a nanoporous Pt catalyst with a well-dispersed 
ALD-YSZ overcoat exhibits an ORR process mainly lim-
ited by the O2− incorporation or O2− transport through the 
new Pt/YSZ interfaces formed by the YSZ overcoat while 
the molecular O2 adsorption process also plays a consider-
able rate-determining role especially at a low p(O2) regime 
(< 0.1 atm). In short, the YSZ overcoat on Pt can be regarded 
as a significant facilitator of chemical processes related to 
atomic oxygen species during ORR in addition to an effec-
tive suppressor of Pt agglomeration [87].

A similar approach was taken for Ag-based cathodes of a 
low temperature SOFC [90, 91]. Li et al. recently reported 
that an ALD-YSZ treatment on porous Ag cathode with 7–15 
cycles resulted in a performance (14.7 mW/cm2 at 450 °C) 
comparable to that of a cell with Pt electrode [92]. Sev-
eral ALD cycles resulted in island-like YSZ particles, while 
15 cycle treatment of ALD YSZ showed the uniform film 
structure on Ag cathode. Figure 13, and they ascribed the 
enhanced performance to an increase of TPB sites between 
the Ag surface and ALD-YSZ NPs made by several ALD 
cycles. The Ag cathode suffered from unwanted coverage 
of YSZ overcoat with increased ALD cycles, which would 
lessen TPB sites. While Ag is known to be highly volatile 
and unstable for SOFC purpose, an ALD-YSZ treatment ena-
bled a significant improvement in thermal stability (Fig. 14). 
Similar to the result of Li et al., ALD CeOx treatment on Ag 
cathode also exhibited an enhanced performance and stabil-
ity of low temperature SOFCs. Neoh et al. modified the Ag 

Fig. 12   Schematic diagram depicting the conjectured relative ORR 
kinetics of bare and YSZ-coated Pt based upon electrochemical anal-
ysis. Reproduced with permission from Ref. [87]

Fig. 13   HRTEM images of a bare Ag, b Ag-ALD YSZ 7, c Ag-ALD YSZ 15 cathodes. Reproduced with permission from Ref. [92]
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cathode by ALD CeOx with different cycle numbers of 2, 
5 and 10 [91]. 5 cycle ALD CeOx treated sample showed 
the best fuel cell performance at the temperature range of 
350–450 °C. Performance enhancement was mainly origi-
nated from a decreased polarization loss.

3.4.2 � For Perovskite Cathodes

Huang and colleagues recently took a similar ALD-based 
approach for conventional perovskite-based cathodes. 
They first presented that a nanoscale ALD ZrO2 film on 
La0.6Sr0.4CoO3 (LSC) cathode enabled an exceptional stabil-
ity of an SOFC for 4000 h at 700 °C [93]. The overall thick-
ness of the ZrO2 coating was ~ 5 nm. The most pronounced 
effect of ALD was found in the cathodic polarization 

resistance (Rp); Rp of the pristine sample increased at a rate 
of 0.79 Ω cm2 per 1000 h. In contrast, Rp of the overcoated 
sample increases at a much smaller rate of 0.04 Ω cm2 per 
1000 h (Fig. 15). First, as was the case for Pt, the ALD over-
coat contributed to a geometric confinement significantly, 
preserving the overall high-surface-area morphology of 
LSC. Secondly, against the widespread belief that zirconia 
is detrimental when in direct contact with La and Sr-based 
cathodes, the ZrO2 overcoat in this study improved the ORR 
catalysis by becoming porous and mixed-conducting during 
operation. Finally, they additionally ascribed the improved 
performance and durability to a suppression of Sr segrega-
tion, one of the widely known cathodic degradation mecha-
nisms. These multi-faceted synergistic effects are believed to 
improve both cathodic kinetics and durability significantly.

In another report, they applied the same approach 
to a more conventional SOFC cathode material: 
La0.6Sr0.4Fe0.8Co0.2O3−δ-Gd0.2Ce0.8O1.9 (LSCF-GDC) com-
posite [94]. Over a > 1100 h testing at 800 °C, the overcoated 
LSCF-GDC hybrid cathode exhibited a polarization and an 
ohmic area-specific-resistance, 3 and 1.5 times lower than 
the pristine sample, respectively, with a degradation rate 4 
times slower than the pristine counterpart (Fig. 16). In this 
study, the ZrO2 overcoat was 20 nm, much thicker than their 
earlier study.

In a recent report on this topic [95], Gorte and colleagues 
presented the impact of ALD-based CeOx and SrO overcoat 
on the performance of three different hybrid cathodes with 
YSZ: La0.8Sr0.2FeO3 (LSF), Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) 
and LSC. Unlike Huang et al.’s observation, in which ALD-
ZrO2 overcoat afforded a performance enhancement, both 
CeOx and SrO overcoats were found to be detrimental to 
the cathodic performance [95]. With more ALD cycles 
(and thus thicker overcoat), a higher polarization resistance 
resulted (Fig. 17 for CeOx ALD). While the incorporation 
of ceria NPs (not by ALD) resulted in an enhanced electrode 

Fig. 14   Evolution of potentiostatic current from cells with bare 
porous Ag, Pt, and ALD-YSZ-coated Ag (7 and 15 ALD cycles) 
measured at 0.5  V and 450  °C. Reproduced with permission from 
Ref. [92]

Fig. 15   Long-term stability of a pristine and ALD-ZrO2 coated LSC cathodes in a ohmic resistance and b cathodic polarization resistance for 
4000 h at 700 °C. Reproduced with permission from Ref. [93]
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performance, ALD-based CeO2 acted as an effective poison. 
They conjectured it is originated from the fact that the Ce 
atoms added by ALD are in the +3 oxidation state, causing 
a decrease in O2 adsorption by the coating. As the resulting 
morphology after ALD coating is also significantly different 
from those after an infiltration of ceria NPs, the actual reason 
for the differences in electrode performance between the two 
samples was not revealed clearly. The detrimental impact of 
ALD-CeOx overcoat, however, was much less on LSC-YSZ 
and BSCF-YSZ than on LSF-YSZ. On the other hand, ALD 
of SrO was found to geometrically block the active surface 
area. Along with the results proposed by Gorte group, Choi 
et al. also reported the performance degradation of ALD 
CoOx treated LSC cathode [96]. CoOx coated cell with 30 

ALD cycles exhibited a performance degradation. This deg-
radation was ascribed to a partially blocked oxygen surface 
exchange by the overcoat.

3.5 � ALD for Anodes

There have been intense efforts to develop sulfur-tolerant 
catalysts. While Ni is the most dominant choice for anode, 
it is the material that is the most susceptible to sulfidation 
among other anodic alternatives [97]. As noble metals 
such as Pt, Ru, and Rh exhibit a less thermodynamic sta-
bility for sulfidation compared to Ni, they can be a good 
choice to address the sulfur poisoning issue but at the price 
of cost competitiveness [98, 99]. In addition, many stud-
ies have been reported on Ni-alloy-based catalysts. Most of 
bimetallic catalysts including Ni-Mo [100], Ni-Co [101], 
Ni-Rh [102], Ni-La and Ni-Re [103] showed a superior 
performance compared to bare Ni. Among those, Ni-Mo, 
Ni-La and Ni-Re exhibited a better resilience against sulfur 
poisoning. While the reason of better sulfur resistance has 
not been fully revealed, it can be ascribed to either a sacri-
ficial formation of sulfide by the second component (e.g., 
Mo acts as a sacrificial agent by readily forming MoS2 and 
thus leaving Ni unaffected [100]) or a change in electronic 
energy barrier against sulfur poisoning (chemical bonding 
between dissimilar metals resulting in a change of chemical 
reactivity toward sulfidation) [36]. On the other hand, the 
role of support materials should not be overlooked. One of 
the usual approach to address sulfur poisoning is to use a 
support material with high oxygen mobility such as doped 
ceria [104–106].

Recently, Jeong et al. utilized ALD to synthesize a bime-
tallic catalyst for direct alcohol SOFCs (DASOFC) which 
use ethanol or methanol as the fuel instead of hydrogen [107, 

Fig. 16   Long-term stability of a pristine and ALD-ZrO2 coated LSCF-GDC cathodes in a ohmic resistance and b cathodic polarization resist-
ance for ~ 1200 h at 800 °C. Reproduced with permission from Ref. [94]

Fig. 17   Nyquist plots of LSF-YSZ cathode symmetric cells calcined 
to 1123 K and measured at 973 K after CeOx ALD treatment. Repro-
duced with permission from Ref. [95]
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108]. Pt anode coated with Ru by ALD showed a signifi-
cant improvement of anodic activity and powering perfor-
mance at 300–500 °C [108, 109]. ALD Ru treated samples 
also showed lower carbon contents on the anode surface 
and thus an improved operational durability. A bimetallic 
Ni-Ru anode was also realized by ALD for direct methanol 
SOFC [107]. Similar to their previous reports on bimetallic 
Pt-Ru anode catalysts, ALD Ru treated Ni anode showed 
an enhanced performance and stability. The performance 
of ALD Ru-treated Pt was interestingly comparable to that 
of ALD Ru-treated Ni at 300–350 °C although the ALD 
Ru/Ni sample has a significantly smaller amount of noble 
metal than the other sample, making it a promising candi-
date as a high-performance DMSOFC anode material with 
cost competiveness. In this view, ALD can be a useful tool 
to synthesize noble metal-based catalysts with maximized 
specific mass activity (Fig. 18).

4 � Conclusion and Perspective

Unique and versatile features of ALD has enabled unprece-
dented nanoscale engineering for SOFCs in various aspects. 
The capability of depositing a gas-tight, dense and uniform 
oxide film enabled high-performance fuel cells working 
at extremely low operating temperatures by realizing an 
ultrathin solid electrolyte. The precise thickness control 
(down to sub-nanometer scale) and conformal coating even 
on a complex porous geometry (characteristic of conven-
tional electrode backbone) also enabled surface-sensitive 
treatment of electrode surfaces, which is leveraged for mor-
phological stability, electrochemical kinetics and poisoning 

resistivity of cells. ALD is also applicable to the interfaces 
between dissimilar layers in a cell for enhanced charge 
exchange and reaction kinetics. In this review, these appli-
cability of ALD to SOFCs are discussed by linking repre-
sentative examples with the unique characteristics of ALD.

While ALD has proven to be an effective approach in 
many aspects of SOFCs, there are still a significant amount 
of unprecedented areas and combinations of materials to 
be probed. More importantly, related fundamental under-
standings behind the enhanced performance and durability 
is largely lacking. Currently, most ALD-based SOFC studies 
stay at a phenomenological level without much of in-depth 
study, limiting a widespread application of this approach. It 
is expected significant efforts will be made in this respect 
on both experimental and theoretical fronts in the upcoming 
years/decade.
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