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ce engineering for solid oxide fuel
cells using atomic layer deposition

Jongsu Seo,†a Seunghyun Kim,†a SungHyun Jeon, a Suyeon Kim,b

Jeong Hwan Kim*b and WooChul Jung *a

Atomic layer deposition (ALD), which is already actively used in the semiconductor industry, has been in the

spotlight in various energy fields, such as batteries and fuel cells, given its unique ability to enable the

nanoscale deposition of diverse materials with a variety of compositions onto complex 3D structures. In

particular, with regard to ceramic fuel cells, ALD has attracted attention because it facilitates the

manufacturing of thin and dense electrolytes. Furthermore, recently, electrode surfaces and electrode/

electrolyte interface modification are arising as new research strategies to fabricate robust fuel cells. In

this mini-review, we present a brief overview of ALD and recent studies that utilize ALD in ceramic fuel

cells, such as manufacturing thin film electrolytes, stabilizing electrodes, functionalizing electrodes, and

modifying the chemistry of electrode surfaces. We also propose research directions to expand the utility

and functionality of the ALD techniques.
Introduction

The global increases in energy demand and environmental
problems have made it increasingly important to develop highly
efficient and environmentally friendly power generation tech-
nologies. Among them, the solid oxide fuel cell (SOFC) is
attracting much attention as a future power generation device
due to its advantages of high energy efficiency and fuel exi-
bility compared to other fuel cells.1–3 In addition, these fuel cells
are suitable for a distributed generation due to their small
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installation area, and they can be utilized as a combined heat
and power system by not only supplying electricity to buildings
but also converting heat to hot water/heating systems, maxi-
mizing the overall system efficiency.1 However, their high
operating temperatures, typically exceeding 800 �C, thermal
management issues, limited material selection, and degrada-
tion issues leading to increased device costs, all act as obstacles
preventing their full-scale commercialization.4,5

In order to solve these problems fundamentally, studies are
being actively conducted to operate SOFCs at an intermediate
temperature of 700 �C or lower. However, lowering the oper-
ating temperature can cause higher ohmic losses of the elec-
trolytes and a rapid decrease in the electrode activity, which
results in low energy conversion efficiency.6,7 Therefore, to
realize high-performance SOFCs at intermediate temperatures,
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reducing the ohmic loss and developing highly active/robust
electrodes must come rst. In an effort to reduce the ohmic
loss of the electrolyte, a thin lm electrolyte fabrication process
is being developed along with studies of new material compo-
sitions for ion conductors.8,9 Meanwhile, in order to develop
high-performance SOFC electrodes that function at interme-
diate temperatures, numerous studies to control the micro-
structures of the electrode and to functionalize the electrode
surfaces through nanoscale surface engineering are being
conducted.10

From this point of view, atomic layer deposition (ALD)
represents a technology capable of fabricating dense oxide thin
lms, and it has the best step coverage among existing depo-
sition techniques, enabling uniform and sophisticated coatings
onto complicated structures.11,12 ALD is already a commercial
technology utilized in the production lines of the semi-
conductor industry to achieve maximum productivity through
nanoscale engineering. Moreover, due to its advantage of being
able to coat metals and oxides with various compositions at
a low temperature, ALD is widely applied in the sensor, battery,
fuel cell elds, all of which require elaborate nanoscale
processes.13–17 In fact, the number of review articles dealing with
the energy and catalysts eld such as fuel cells, battery,
SungHyun Jeon received his
master's degree from the
Department of Materials Science
and Engineering, Korea
Advanced Institute of Science
and Technology (KAIST), Korea,
and is currently pursuing for
a PhD degree in the same insti-
tute. His research interests focus
on nanocatalysts, atomic layer
deposition, and related energy
devices such as solid oxide fuel
cells.

Suyeon Kim received her BS
degree from the Department of
Materials Science and Engi-
neering, Hanbat National
University, Daejeon, in 2021.
Currently, she is a MS candidate
in Hanbat National University.
Her research interests focus on
thin lms deposition and
nanomaterials.

© 2022 The Author(s). Published by the Royal Society of Chemistry
heterogeneous catalysts, water splitting, etc. with “ALD” as
a keyword has increased by 68% within the past ve years,
proving the importance of the application of ALD in energy-
related elds (Fig. 1). Among these, eight review papers
focused on applications to SOFCs, indicating that ALD is also
being actively utilized in relation to these fuel cells.

In this review, we focus on reports that introduce ALD to
realize high-performance SOFCs within the last three years.
Although ALD is not yet heavily used in the manufacturing
process of SOFC cells or stacks, recent studies have reported
that it can improve SOFC performance outcomes by creating
a new functional interlayer between the electrode and electro-
lyte composed of ceramic materials. Here, we are going to cover
from the brief ALD overview, of which properties lead to the
successful application of ALD to the SOFC electrode research, to
studies using ALD for electrolytes, electrode/electrolyte inter-
face reforming, suppressing degradation, and introducing
metal/oxide composite catalyst. Through this, we will examine
the signicant contribution of ALD in the eld of SOFC and
suggest the direction for the future advance of ALD technology
for the development of the SOFC eld.
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Fig. 1 The number of review articles relevant with the ALD from 2017
to todays.
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A brief overview of atomic layer
deposition

Since atomic layer deposition (ALD) was rst proposed by
a research team at the University of Helsinki, Finland in 1970, it
has been developed into a fabrication technique for high-
quality dielectric lms in the semiconductor eld. This tech-
nique has achieved atomic-level controllability of lm thickness
and chemical composition along with excellent step
coverage.11,12 In the ALD process, a thin lm forms by repeated
cycles of supply and purging of precursors and reactants, which
Fig. 2 Schematic representation of the surface engineering by ALD on

1062 | Nanoscale Adv., 2022, 4, 1060–1073
are separately and sequentially supplied to the substrate surface
(Fig. 2). Therefore, unlike other vacuum-based deposition
techniques, ALD exhibits the following characteristics.

The most representative characteristic is the self-limiting
reaction, which pertains to the growth saturation behavior of
the chemisorbedmolecules with all reactive sites on the surface.
The excessively supplied precursors and reactant molecules,
which are physisorbed on the chemisorbed molecules, are
removed during the purging step, resulting in a sole monolayer
growth within an ALD cycle.18,19 This self-limiting characteristic
allows excellent thickness uniformity and step-coverage. The
second characteristic is the linearity of the as-grown thin lm
thickness as a function of the number of ALD cycles; this is due
to the monolayer growth in each of the ALD process cycles and
the thin lm growth by the monolayer stacking mechanism
through cycle repetition.20,21 Consequently, ALD allows for
precise thickness control at the angstrom level through cycle
count control. Lastly, the ALD growth rate in a specic
temperature range is insensitive to the deposition temperature,
which is a very important process variable for chemical vapor
deposition (CVD). There is a temperature range called the ALD
temperature window wherein the lm growth rate is constant.22

This then enables consistent thin lm deposition over a large-
area substrate, even that with temperature sensitivity, which
is important for mass production.23

With these characteristics, ALD even allows the surface
engineering of structures with high-aspect ratio at the nano-
level, which cannot be realized by other vacuum-based deposi-
tion techniques.24,25 In addition, by controlling the number of
sub-cycles for each precursor constituting the super-cycle, as
shown in Fig. 3, one can precisely vary the chemical composi-
tion of the coating layer.26–28 Therefore, ALD has been
high aspect ratio structures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic diagramof ALD super-cycle for varying the chemical
composition.
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successfully applied not only to displays and semiconductors
but also to various energy devices that require nanoscale surface
engineerings such as solar cells, batteries, sensors, and fuel
cells.14,15,17,29,30
ALD for thin film electrolytes

Thin and dense electrolyte fabrication is crucial for the devel-
opment of high-performance SOFCs. Many processes that
minimize the ohmic loss and gas leakage of the electrolyte have
been suggested to prepare dense thin lms.8,31–33 Compared to
conventional methods such as the sol–gel or sputtering
approaches, the ALD process can ensure a dense structure
without gas leakage, even with very thin thicknesses, and this
can contribute to the enhanced power density of a SOFC.34–37 As
shown in Fig. 4a, Prinz et al. fabricated yttria-stabilized zirconia
(YSZ), a commonly used material for SOFC electrolytes, through
ALD and reported its properties.37 A microstructural analysis
shows a dense and uniform layer of YSZ electrolyte deposited
between sputtered Pt electrodes. When comparing the power
density of the cells at 350 �C with 50 nm-thick YSZ electrolyte
fabricated by RF-sputtering and ALD, it was conrmed that the
power density of the cell using ALD showed twice the level of
enhancement (Fig. 4b). The research team reported that the
performance enhancement was due to the slightly better ion
conductivity property of the electrolyte fabricated by ALD
compared to the RF-sputtered sample. Moreover, the YSZ elec-
trolyte deposited by ALD has nano-sized grains, and the
Fig. 4 (a) SEM image of ALD YSZ film between porous Pt cathode and
anode. (b) Performance comparison of ALD YSZ fuel cells to fuel cells
with 50 nm RF-sputtered YSZ. Figures reproduced with permission
from ref. 37. Copyright 2007, American Chemical Society.

© 2022 The Author(s). Published by the Royal Society of Chemistry
outstanding oxygen exchange rate also contributed to the
considerable enhancement in the electrode activity.

Recently, An et al. proposed a sandwich-structured thin lm
composite electrolyte fabricated by ALD (Fig. 5a).36 Doped
cerium oxide is considered as an excellent electrolyte material
due to its high electrode activity at the triple-phase boundary
(TPB) and has high ion conductivity compared to YSZ. However,
aside from its high ion conductivity, it also has low electron
conductivity, which triggers leakage current and thus lowers the
overall energy efficiency of the SOFC system. To overcome this
issue, a sandwich structure that involved inserting a very thin
YSZ layer via ALD between samaria-doped ceria (SDC) electro-
lytes was proposed, blocking the leakage current with a trivial
effect on the total ohmic loss and achieving around six times the
performance of a sample for which only one side of the SDC was
coated by YSZ (Fig. 5b).

Along with attempts to realize thin lm electrolyte fabrica-
tion, studies to investigate optimal electrolyte material
compositions by controlling the number of ALD cycles are
ongoing. YSZ is traditionally known to have optimal ion
conductivity with 8 mol% of yttrium. Cha et al. prepared YSZ
thin lms with various compositions (32.1 mol%, 19.5 mol%,
14.0 mol%, 10.7 mol%, 7.2 mol%, and 4.9 mol%) by controlling
the number of ALD cycles for ZrO2 and Y2O3 (Fig. 5c).34 In their
case heavily doped 10.7 mol% YSZ showed the highest peak
power density at 450 �C. This result of 180 mW cm�2 represents
a nearly 26% enhancement in the peak power density compared
to 8 mol% YSZ, previously considered to have the highest ionic
conductivity (Fig. 5d). The authors argue that heavily doped Y
leads to an increase in the number of oxygen vacancies available
on the TPB, promoting the oxygen reduction reaction (ORR) and
hydrogen oxidation reaction (HOR) activities and resulting in
high performance. On the other hand, with low Y doping, not
enough oxygen vacancies could be generated, and with exces-
sive Y doping, oxygen vacancies agglomerate, resulting in lower
performance. This result has implications because not only the
fabrication of the thin electrolyte but also the material optimi-
zation could be realized by precisely controlling the composi-
tion through ALD. In the same manner, studies aiming to
enhance SOFC performance outcomes by improving the elec-
trode–electrolyte interface property by inserting a very thin
inter-layer with various compositions between the electrode and
electrolyte are ongoing.38–40 Recently, Kim et al. deposited
various compositions of gadolinia-doped ceria (GDC, Gd2O3

doping ratio: 11.9 mol%, 13.9 mol%, 18.8 mol%, and
25.2 mol%) onto the interface of YSZ and a Pt electrode and
measured the peak power density (Fig. 5e).39 The optimal
performance was achieved when 18.8 mol% of Gd-doped ceria
was inserted as an inter-layer, and power density of 288.24 mW
cm�2 was obtained with three times greater performance at
450 �C (Fig. 5f). As such, studies that concentrate on the char-
acterization and optimization of various new material compo-
sitions by precisely adjusting the concentrations by controlling
the ALD cycle are being conducted.
Nanoscale Adv., 2022, 4, 1060–1073 | 1063
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Fig. 5 (a) Schematics of sandwich-structured SOFCs and cross-sectional TEM images and EDS mapping of prepared sandwich SOFCs. (b)
Performance comparison of sandwich-structured cells (CZC) to cells with single side coated electrolyte (CZ, ZC). (c) Cross-sectional TEM images
of cells with 10.7 mol% ZrO2 doped Y2O3 electrolyte prepared by ALD and its magnified images of the electrolyte. (d) Performance comparison of
cells according to the concentration of ZrO2 doping level. (e) Schematics of GDC functional layer and the atomic ratio of Gd2O3 in GDC
depending on ALD cycle ratio. (f) Current–voltage (I–V) curves and power density of cells with and without an ALD functional layer. Figures
reproduced with permission from ref. 34, 36 and 37. Copyright 2018, The Royal Society of Chemistry, Copyright 2019, Elsevier, and Copyright
2021, Wiley.
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ALD for electrodes

In addition to the advantage of accurately controlling the
composition of the thin lm and depositing dense thin lms
with nanosized grains, the ALD process is capable of uniformly
coating complex structures due to its excellent step coverage.
ALD can stabilize and/or functionalize the surfaces or interfaces
of SOFC electrodes by uniformly coating complex 3D structures.
In this chapter, three categories of examples of ALD contrib-
uting to SOFC electrode studies will be introduced: (1) over-
coming the thermal and chemical degradation at high
temperatures through an ALD coating, (2) functionalizing
electrode surfaces with a coating of a functional oxide or by
introducing metal catalysts, and (3) tailoring oxides surface to
facilitate the self-assembly of nanocatalysts.
Studies of the thermal/chemical stabilization of electrodes

Precious metals or transition metals such as Pt, Ag, Ni, and Ru
are oen used as SOFC electrode materials due to their high
conductivity as well as their superior catalytic activity towards
the ORR on the cathode side and the fuel oxidation reaction on
1064 | Nanoscale Adv., 2022, 4, 1060–1073
the anode side.31–50 However, due to their high operation
temperatures, electrode materials can become agglomerated,
resulting in an interruption of the electron ow and decreases
in the electrode surface area and triple-phase boundary (TPB),
known as the major reaction sites.44 These phenomena cause
irreversible performance degradation. Therefore, dealing with
this issue is essential for the long-term operation of SOFCs. To
resolve this, many attempts have been made to improve the
thermal stability of metal electrodes by various oxide
coatings.42–44,46,48–51

As an example, Jung et al. adopted an Al2O3 coating by ALD
successfully to stabilize a porous Pt electrode, which tends to
undergo microstructural agglomeration within only ten hours
of exposure at 500 �C (Fig. 6a).48 A relatively thick Al2O3 coating
of 6 nm could stabilize the electrode, but the activity was
reduced due to the overly thick deposition of an insulator of
Al2O3. Nevertheless, an appropriate thickness of 3.6 nm Al2O3

coated onto a Pt electrode could maintain its initial micro-
structure and even show two times higher electrode perfor-
mance compared to an uncoated sample. This study is
meaningful because not only was the stability of the metal
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00852h


Fig. 6 (a) Typical impedance spectra of bare and Al2O3 coated Pt electrodes and SEM images of electrodes with and without Al2O3 coating
before and after measurement. (b) Cross-sectional TEM images of YSZ coated porous Ru electrodes. (c) Chronoamperometry (at 0.5 V) curves of
the cells depending on the thickness of YSZ overcoating. (d) Cross-sectional TEM image of CeO2 coated porous Pt electrode. (e) Performance
comparison of cells with bulk YSZ electrolytes according to the number of CeO2 ALD cycles. Figures reproduced with permission from ref. 42,
48, and 50. Copyright 2020, Elsevier, and Copyright 2019, American Chemical Society.
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electrode was secured with ALD but also a highly active and
robust SOFC electrode could be realized even with an electro-
chemically inert Al2O3 coating by sophisticated control of its
thickness.

Likewise, there is literature reporting further enhancements
of SOFC performance outcomes while ensuring the stability of
the metal electrodes by coating functional oxides rather than
insulating materials such as Al2O3. An et al. coated YSZ onto
a Ru electrode with ALD and reported its impact on the fuel
oxidation reaction at the anode.42 In their study, 10 nm, 20 nm,
and 40 nm layers of YSZ were deposited onto sputtered porous
Ru electrodes and their activity and durability with methane
© 2022 The Author(s). Published by the Royal Society of Chemistry
fuel were measured. A cross-sectional transmission electron
microscopy (TEM) analysis conrmed the uniform YSZ depo-
sition throughout the electrode, with micro-cracks forming on
the ALD thin lm when exposed to a high temperature, result-
ing in a uent fuel supply and TPB expansion (Fig. 6b). It was
also found that the cell with an uncoated Ru electrode showed
severe performance degradation within a few hours, whereas
the cell with the Ru electrode coated with 10 nm of YSZ showed
an increased initial power density of 35% with superior their
durability as well (Fig. 6c). In addition, the same research team
evaluated the ORR properties of Pt electrodes aer depositing
CeO2 at various thicknesses using ALD (Fig. 6d), nding that the
Nanoscale Adv., 2022, 4, 1060–1073 | 1065
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Pt–CeO2 electrode showed higher activity towards the ORR
reaction compared to bare Pt and achieving a peak power
density of 800 mW cm�2 (Fig. 6e), which is the highest value in
the literature dealing with nanoporous-substrate-based thin
lm SOFCs at temperatures below 500 �C, owing to the rapid
incorporation of O2� into the Pt–CeO2 interface.50

In parallel with these ndings, perovskite oxides (ABO3) are
gaining attention as an electrode material to replace precious
metals due to their high electron/oxygen ion conductivity at
a high temperature along with their high thermal stability and
catalytic activity.52 However, there is the issue of segregation
and the formation of a second phase along with atomic recon-
struction on the oxide electrode surface at a high temperature in
an oxidizing atmosphere, leading to degradation of the elec-
trode activity.53–55 For instance, oxides doped with Sr at the A site
reportedly show Sr enrichment at the surface under a high
temperature and form insulating phases such as SrO on the
electrode surface, degrading the performance.56,57 To deal with
this issue, recent studies are being conducted to attain long-
term durability by modifying the chemical state of the elec-
trode surface with coating various oxides through dip coating or
ALD.58–62

Huang et al. fabricated a La0.6Sr0.4CoO3 (LSC) thin lm
electrode with pulsed laser deposition (PLD) and applied a ZrO2

coating by ALD, aer which the surface chemical state change
and activity were thoroughly evaluated.61 As a result, the
uncoated LSC electrode showed severe degradation of 4.3 U cm2

h�1 at 550 �C; however, the substantially reduced degradation
rate of the 0.8 nm ZrO2-coated LSC was only 0.9 U cm2 h�1

(Fig. 7a). In situ observations of the chemical state of Sr through
ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
revealed a signicantly reduced atomic fraction of Sr at the
surface of the ZrO2-coated electrode, indicating the successful
inhibition Sr segregation via the ZrO2 coating (Fig. 7b). The
research team claimed that the ZrO2 coating on LSC reduces the
amount of V��

O on the LSC surface, in turn reducing the elec-
trostatic interaction with the bulk Sr0La and resulting in the
suppression of Sr segregation. In the same vein, Nicholas et al.
evaluated the activity and surface chemical state changes by
depositing various thicknesses of ZrO2 onto La0.6Sr0.4Co0.8-
Fe0.2O3 electrodes by ALD.62 In their study, 5 nm of a ZrO2

coating on the electrode could successfully mitigate degrada-
tion rate with only a 12%/kh degradation rate, whereas an
uncoated La0.6Sr0.4Co0.8Fe0.2O3 electrode showed serious
degradation of 45%/kh (Fig. 7c). However, unlike in earlier work
arguing that the driving force of Sr segregation was restrained,
this research team claimed through their XRD analysis (Fig. 7d)
that segregated Sr was cleaned up through a reaction with Zr on
the surface to form SrZrO3, thereby suppressing the perfor-
mance degradation. Moreover, they argued that the optimum
coating thickness is crucial, as if the deposited layer is too thick,
gas channels may not be sufficiently formed in the SrZrO3 layer
and thus the activity may decrease accordingly (Fig. 7e).

In these previous examples, successful stabilization was
possible because the narrow optimal coating thickness could be
explored by enabling nanometer-scale coatings with ALD.
However, although there are studies that successfully improved
1066 | Nanoscale Adv., 2022, 4, 1060–1073
the activity and stability of oxide electrodes through a coating
strategy, the exact mechanism of the reaction is still unclear, so
even when the same oxide composition is used, their reaction
mechanisms are under controversy. In addition, not only the
studies that ALD coating is benecial to the activity and dura-
bility of the oxide electrode,58,59,61,62 but also studies that it has
detrimental effect has been reported.63–65 Therefore, it is
essential to conduct further systematical investigations of the
surface coating effect on oxide electrodes for the development
of highly active/robust oxide electrodes through the ALD
coating method.

Lastly, recent studies have reported that not only improving
the thermal/chemical stability of the electrode itself but also
introducing a robust metal–oxide composite nanocatalyst onto
a complex SOFC electrode can effectively realize high-
performance SOFC electrodes.10,66,67 Metal nanocatalysts are
applied in various research elds due to their superior catalytic
activity.68 However, their thermal/chemical instability at a high
temperature limits their application in devices operated at high
temperatures. To overcome this, in the eld of thermochemical
catalysis, core–shell structures with metal nanoparticles as the
core and an oxide with high thermal stability as the shell have
been proposed with various synthesis routes, and many
successful cases of metal nanocatalyst utilization at a high
temperature have been reported.69 In these cases, the catalytic
activity can vary greatly depending on the shell synthesis
method and shell morphology, implying that the techniques
used to fabricate the sophisticated shell are very important.69–72

From this perspective, ALD is a very attractive technique to
produce the core–shell structure because it uses low deposition
temperatures and offers the advantage of uniform and repro-
ducible coatings on complicated structures.73–75 Recently, Jung
et al. introduced this strategy in research on SOFCs for the rst
time, demonstrating that metal–oxide composite nanocatalyst
synthesis by ALD can be used to develop a highly active/robust
SOFC electrode.30 The authors successfully developed a highly
active/durable electrode by effectively improving the thermal/
chemical stability of the Pt nanoparticles on a La0.75Sr0.25Cr0.5-
Mn0.5O3 (LSCM) electrode using ALD. Fig. 7f shows that Pt
nanoparticles 10 nm in size are well dispersed on the LSCM
surface by inltration. Also, through a TEM analysis, uniform
ALD coatings of Al2O3 on the surface of an LSCM electrode and
Pt nanoparticles can be conrmed. This electrode showed
nearly 100 times higher electrode activity compared to bare
LSCM at 650 �C under CH4 fuel without degradation for 25 h.
Here, they also argued that the optimal coating condition is
important by observing the trade-off relationship with the
coating thickness. The reason for this is the trade-off relation-
ship between the stability of the Pt nanoparticles and the
exposure of the active sites (Fig. 7g). This study not only devel-
oped highly active/durable electrodes with methane as fuel but
also suggested for the rst time that metal nanocatalysts, which
were limited in use due to thermal/chemical instability issues,
can be applied to high-temperature electrochemical devices by
using ALD technology.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Time evolution of surface oxygen exchange coefficient of La0.6Sr0.4CoO3 film electrode with and without ZrO2 ALD coating. (b)
Temperature dependent atomic concentrations of pristine and ZrO2 coated La0.6Sr0.4CoO3 electrode. (c) Aging behavior of normalized
polarization resistance depending on the thickness of ZrO2 ALD coating. (d) X-ray diffraction patterns obtained from pristine La0.6Sr0.4Co0.8-
Fe0.2O3, 5 nm ZrO2 coated La0.6Sr0.4Co0.8Fe0.2O3, and 10 nm ZrO2 coated La0.6Sr0.4Co0.8Fe0.2O3 pellets after aging. (e) Schematics of proposed
degradation mechanisms for uncoated and ZrO2 coated La0.6Sr0.4Co0.8Fe0.2O3. (f) SEM image of Pt nanocatalysts decorated La0.75Sr0.25Cr0.5-
Mn0.5O3 electrode and TEM image of encapsulated Pt nanocatalysts by Al2O3. (g) Electrode activity for CH4 fuel oxidation of La0.75Sr0.25Cr0.5-
Mn0.5O3 according to the thickness of Al2O3 coating. Figures reproduced with permission from ref. 30, 61, and 62. Copyright 2018, The Royal
Society of Chemistry, and Copyright 2020, American Chemical Society.
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Studies of the chemical/electrochemical functionalization of
electrodes

Along with studies to enhance the stability and activity of SOFC
electrodes by improving the thermal/chemical stability through
the ALD coating process, research to improve the electrode
activity itself by coating functional oxides or metal nano-
catalysts onto the surfaces of electrodes is actively underway.
Typically, the inltration method is the most widely used
technique for modifying the electrode surface, enabling the
introduction of metal/oxide materials with various composi-
tions based on a solution process.76 However, this requires
several inltration/drying procedures, and it is difficult to
control the size distribution and composition of the nano-
catalysts reproducibly, which makes this method unsuitable for
delicate surface nanoengineering on complicated structures. In
© 2022 The Author(s). Published by the Royal Society of Chemistry
contrast, ALD offers the advantage of reproducibly introducing
metal nanocatalysts with high uniformity even on complicated
structures and easily depositing composite oxides with diverse
compositions.77–86

Recently, Tsampas reported an example of successful elec-
trode activity enhancement using ALD by uniformly coating Pt
nanocatalysts onto an LSCM electrode (Fig. 8a).85 This research
team had developed a technology for introducing 6.5 nm Pt
nanoparticles onto a (La0.8Sr0.2)0.95MnO3/Ce0.9Gd0.1O1.95

composite electrode in their early work,87 and using the same
technique they succeeded in applying identically sized Pt
nanoparticles reproducibly onto a 4 mm-thick LSCM electrode.
An electrode with Pt nanoparticle decoration had its electrode
resistance reduced to half at 800 �C compared to a bare elec-
trode (Fig. 8b). However, an image analysis of the nanocatalyst
Nanoscale Adv., 2022, 4, 1060–1073 | 1067
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Fig. 8 (a) SEM image of as-deposited Pt nanoparticles on La0.75Sr0.25Cr0.5Mn0.5O3 electrode and their size distribution. (b) Electrochemical
performance of La0.75Sr0.25Cr0.5Mn0.5O3 with and without Pt deposition at 800 �C and 850 �C. (c) SEM image of Pt decorated La0.75Sr0.25-
Cr0.5Mn0.5O3 electrode after operation and size distribution of Pt nanoparticles. (d) Cross-sectional TEM and EDS mapping images of porous Sm
doped CeO2 electrode with Ru coating via (above) ALD and (below) sputtering. (e) Comparison of cell performance depending on coating
thickness and method. (f) TEM image of the overall microstructure of the La0.6Sr0.4CoO3 coated La0.6Sr0.4Co0.2Fe0.8O3. Inset image is the
magnification of region 1. (g) Max power density data of the samples at various temperature depending on the number of ALD super-cycle. (h)
The DFT-calculated relative position of the bulk oxygen p-band center to Fermi energy of crystalline La0.6Sr0.4Co0.2Fe0.8O3, crystalline La0.6-
Sr0.4CoO3, and amorphous La0.6Sr0.4CoO3 with their polarization resistance. Figures reproduced with permission from ref. 81, 83, and 85.
Copyright 2020, American Chemical Society, Copyright 2021, American Chemical Society, and Copyright 2018, Wiley.
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revealed particle size growth to an average of 18 nm in diameter
within only four hours of exposure at 850 �C (Fig. 8c). Although
the supported metal nanocatalyst could not maintain its initial
microstructure, they found that ALD can decorate small and
uniform metal nanocatalysts on various oxide electrodes with
good reproducibility. Moreover, this outcome implies that if
a metal nanocatalyst stabilizing strategy is realized, it is
1068 | Nanoscale Adv., 2022, 4, 1060–1073
expected to be a more efficient method for realizing highly
active/durable electrodes.

In addition, An et al. reported that the plasma-enhanced
atomic layer deposition (PEALD) technique can signicantly
reduce the amount of precious metal usage (2–100 times) by
achieving efficient metal catalyst dispersion compared to the
conventional sputtering method.81 PEALD is a type of ALD that
© 2022 The Author(s). Published by the Royal Society of Chemistry
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uses plasma as a reactant. It is known to facilitate nucleation in
the rst few cycles compared to general thermal ALD, providing
metal nanocatalysts with high density levels using a very small
number of ALD cycles. A TEM analysis showed that Ru depo-
sition by PEALD has high dispersity and a homogeneous
distribution throughout the porous SDC electrode, whereas
sputtered Ru barely penetrated the complex electrode structure
(Fig. 8d). Moreover, when Ru was deposited using PEALD, it
showed superior electrode activity at 450 �C in methane fuel,
despite the fact that only 5% of the Ru was used compared to
the sputtered sample (Fig. 8e). They claimed that they not only
maximized the active sites by uniformly coating metal nano-
catalysts onto porous electrode but also induced a stronger
chemical bond between the Ru particle and the support using
PEALD, a CVD process, compared to the physical vapor depo-
sition (PVD) sputtering process. These results suggest
a dramatic reduction in precious metal usage for many elds
that use metal catalysts as well as SOFC electrodes.

In addition to metal nanocatalyst decoration, Shim et al.
reported a multicomponent functional oxide deposition tech-
nique that greatly improves the electrode ORR activity.83 The
research team successfully deposited a La0.57Sr0.4CoO3 thin lm
through repeated ALD cycles of SrO/CoOx/La2O3. A TEM analysis
conrmed the uniform LSC coating onto a porous nano-
structured La0.6Sr0.4Co0.2Fe0.8O3 electrode fabricated by PLD.
Also, XRD and TEM analyses showed that the LSC lm is
deposited in the form of an amorphous layer with a certain type
of partially crystallized morphology (Fig. 8f). The I–V curve
showed that the LSC-coated electrode has up to twice the cell
performance enhancement at 600 �C compared to a bare elec-
trode, as LSC has higher ORR catalytic activity than LSCF
(Fig. 8g). Moreover, the density functional theory (DFT) calcu-
lation in this study revealed that amorphous LSC with partial
crystallization, prepared through ALD, has higher activity
towards the ORR compared to the fully crystallized LSC
(Fig. 8h). This study deals with not only an example of
successful ORR activity enhancement but also presents the
characteristic crystallinity of thin lm samples with complex
compositions produced by ALD. Hence, there results are
meaningful because they suggest that ALD-driven thin lm
technology is capable of providing new methods for the prep-
aration of high-performance SOFC electrodes.
Studies to facilitate the self-assembly of nanocatalysts

Ex-solution, a nanocatalyst fabrication technology that involves
spontaneous phase transformation on the oxide surface under
a reducing heat treatment, has been in the spotlight lately in the
eld of heterogeneous catalysis.66,67,88,89 The unique property of
an ex-solved nanocatalyst is that ex-solved particles are strongly
anchored on the support, resulting in high durability at high
temperatures compared to nanoparticles prepared by conven-
tional inltration. Accordingly, this method has brought
remarkable progress in the eld of SOFCs as well as chemical
catalysts.

However, given that ex-solved nanoparticles are generated
from the phase transition of a solid solution through a reducing
© 2022 The Author(s). Published by the Royal Society of Chemistry
heat treatment, there is a limitation in the amount of ex-solved
catalyst. For an accelerated ex-solution process, many studies
have attempted to increase the driving force for B site segrega-
tion by applying electrical bias or controlling the A site de-
ciency of the perovskite lattice.90,91 In line with this effort, Kim
et al. proposed a topotactic ion exchange strategy to boost the
ex-solution process by introducing a guest material that utilized
the segregation energy difference.92 The research team selected
PrBaMn1.7Co0.3O5+d (PBMCo) including Co with high segrega-
tion energy as a support and inltrated the guest material Fe,
known to havemuch lower segregation energy among transition
metals, onto a PBMCo electrode to observe the ex-solution
tendency of the system. As shown in Fig. 9a, the number of
ex-solved nanoparticles increased as the amount of inltrated
Fe increased. Through DFT calculations, it was conrmed the
Co–Fe exchange was thermodynamically more preferred as the
surface-incorporated Fe amount increased, which shows that Fe
incorporation inside the PBMCo lattice facilitated the ex-
solution of Co ions (Fig. 9b). Moreover, a button cell fabri-
cated with a fuel electrode with topotactic ex-solution applied
showed performance double that at 800 �C compared to
a sample without the introduction of a guest material, demon-
strating that guest materials promote ex-solution and at the
same time suggesting a new strategy for developing highly
active/stable SOFC electrodes. This research team also devel-
oped a highly active/stable catalyst for the dry reforming of
methane (DRM) by coating Fe2O3 onto La0.6Sr0.2Ti0.85Ni0.15O2.95

(LSTN) using ALD (Fig. 9c).93 10 cycles of ALD coating had
a trivial effect on their catalytic activity, but when 20 cycles of
Fe2O3 coating were applied, a 64% increase in the methane
conversion ratio and a 40% reduction in the activation energy
were achieved compared to a bare LSTN sample (Fig. 9d).
Furthermore, the catalyst showed steady methane conversion
for more than 400 hours of operation at 700 �C without any
performance degradation. The research team claimed that
a superior catalyst could be developed because uniform top-
otactic ex-solution was achieved with an ALD coating via the
homogeneous deposition of a guest material throughout the
catalyst surface, and optimal loading was obtained through
precise thickness control. These results represent the rst
report of the design of the self-assembly of nanocatalysts using
ALD. This implies that ALD technology can be applied to various
high-temperature applications of SOFCs, protonic ceramic fuel
cells (PCFC), and to the catalysis eld to fabricate a highly
active/stable catalyst by promoting the uniform self-assembly of
nanoparticles on the surface.

Concluding remarks and outlook

This review has shown that ALD technology is actively being
applied currently in the SOFC eld, resolving many issues and
pioneering this new research eld. ALD, with the advantage of
high step coverage and scalability, is already widely used on the
production lines of the semiconductor industry and is further
expanding its application to other elds in need of nanoscale
engineering. In the SOFC eld, it has greatly contributed to the
fabrication of thin and dense electrolytes for intermediate SOFC
Nanoscale Adv., 2022, 4, 1060–1073 | 1069
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Fig. 9 (a) SEM images of Pr0.5Ba0.5Mn0.85Co0.15O3, Pr0.5Ba0.5Mn0.85Co0.15O3 with 3 wt% infiltration of Fe, Pr0.5Ba0.5Mn0.85Co0.15O3 with 7 wt%
infiltration of Fe, and Pr0.5Ba0.5Mn0.85Co0.15O3 with 12 wt% infiltration of Fe after exsolution. (b) Calculated energetics for the Co–Fex exchange
depending on the arbitrary Fe concentration. (c) Schematics of topotactic exsolution via ALD. (d) Reacted methane during the dry reforming of
methane for La0.6Sr0.2Ti0.85Ni0.15O3, La0.6Sr0.2Ti0.85Ni0.15O3 with 10 cycles of Fe2O3, and La0.6Sr0.2Ti0.85Ni0.15O3 with 20 cycles of Fe2O3. Figures
reproduced with permission from ref. 92, and 93. Copyright 2019, Springer Nature, Copyright 2020, American Association for the Advancement
of Science.
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development and to the enhancement of performance
outcomes by modifying electrode/electrolyte interfaces with
different oxide coating. Specically, the introduction of ALD
with high step coverage has enabled precise and uniform
nanoscale engineering on structurally complex surfaces of
SOFC electrodes, suggesting a novel high-performance/durable
SOFC electrode fabrication strategy through surface chemistry
engineering and metal/oxide composite nanocatalyst synthesis.
However, material studies of the effect of oxide coatings with
more diverse compositions on SOFC electrodes are still lacking,
and further research is required to determine the exact mech-
anism of how the ALD coating affects the reactivity and dura-
bility of SOFC electrodes. For example, Vohs et al. evaluated the
ORR reactivity of oxide electrode, (La0.8Sr0.2)MO3 (M ¼ Fe, Mn,
and Co), aer depositing variety of materials such as SrO, La2O3,
Pr2O3 of various thicknesses using ALD.94 Interestingly, the
research team observed the huge reduction in polarization
resistance for ORR of more than 40% when they deposited SrO
and La2O3 as a monolayer, which are known as inert and
insulating material for electrochemical reaction. This is the
result of breaking the conventional belief for a long time that
SrO is an electrochemically detrimental material, through a very
precise thickness control by ALD. Therefore, if additional
1070 | Nanoscale Adv., 2022, 4, 1060–1073
research using ALD is conducted on more diverse material
combinations, it will serve as a research strategy to explore new
material properties. Furthermore, in the eld of supported
catalysts, Gorte et al. reported that coating perovskite oxide on
the catalyst support can be a strategy to dramatically stabilize
the supported catalysts at high temperature.95 The research
team observed that supported Pt catalysts on LaFeO3 coated
MgAl2O4 support oxide are epitaxially aligned with respect to
the LaFeO3 and the consequent strong metal–support interac-
tion between Pt and LaFeO3 stabilizes Pt catalyst at high
temperature redox cycling. This observation is a new discovery
in the heterogeneous catalysts eld, and thus the noble research
eld to design a highly durable and active metal/ceramic
nanocomposite SOFC can be pioneered by surface engi-
neering applied between the nanocatalysts and the electrode
surface as well as fabricating the core–shell structure
through ALD.

Using the examples probed in this review as a guide, more
active applications of ALD technology in the eld of SOFC and
a new leap towards the realization of highly active/durable
electrolytes and electrodes can be expected. Furthermore,
we hope that the new achievements obtained from ALD
studies in the SOFC eld can provide new insights into
© 2022 The Author(s). Published by the Royal Society of Chemistry
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various high-temperature applications requiring nanoscale
engineering.
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