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  Multiscale structured low-temperature solid oxide fuel cells 
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 Sluggish electrode kinetics and large ohmic resistance still 
hinder the performance improvement of low-temperature 
solid oxide fuel cells (LT-SOFCs), and the ultrathin cell 
structure remains a greater challenge for the stability of 
LT-SOFCs. Herein, we report a multiscale structured 
LT-SOFC pertaining to high performance, long-term 
stability, and large-size scalability by applying ceramic 
micropatterning and thin-film deposition techniques. This 
innovative ceramic imprinting technique implements large-
area microscale interfaces regardless of cell configuration 
and can be successfully combined with a multilayer thin-film 
deposition for reactive electrodes and thin electrolytes.  
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Multiscale structured low-temperature solid oxide
fuel cells with 13 W power at 500 8C†

Sung Soo Shin,abc Jeong Hun Kim,cd Kyung Taek Bae,e Kang-Taek Lee,f

Sang Moon Kim, g Ji-Won Son, ch Mansoo Choi *ab and
Hyoungchul Kim *c

Low-temperature solid oxide fuel cells (LT-SOFC) operating below 650 1C have attracted attention as a

next-generation fuel cell. Although much effort has been paid to develop such fuel cells, it still remains

challenging to satisfy all the requirements ensuring practical operation, such as power output and

durability. Here we demonstrate 4 cm � 4 cm multiscale structured LT-SOFCs having a record high

power output of 13 W per single cell at 500 1C via a large-area ceramic micropatterning and thin-film

depositions. Our cell exhibits excellent long-term stability with performance degradation of less than

0.05% per 500 h. Quantitative microstructure and electrochemical analyses reveal that the proposed cell

significantly lowered both ohmic and polarization losses than the reference planar cells. This work

features a facile and powerful tool to implement robust and large-area 3D architectures in LT-SOFCs,

which opens up opportunities to produce practical LT-SOFC systems satisfying both power and

durability.

Introduction

Over the past decades, one of the major research activities for
the commercialization of solid oxide fuel cells (SOFCs) as a
next-generation energy platform technology has been the low-
ering their operating temperature. This effort has been focused
on eradication of the inherent fatal flaws in SOFCs while
retaining the inherent technological advantages, resulting in lower
operating temperatures.1–3 In particular, the low-temperature (LT)
operation of SOFCs offers the following benefits in cost and

performance: (i) wider material choices for system components,
(ii) rapid start-up and shutdown, (iii) lower thermal and redox
cycle material stresses, and (iv) higher theoretical fuel cell
efficiency (approximately twice the Carnot limit).2,4–6 These
features drastically improve the adoption of SOFCs in the
emerging portable and transportation energy market.

Currently, the development of LT-SOFCs involves two key
approaches. The first is the development and implementation
of novel materials with enhanced oxygen-ion conductivity and
electrode catalytic activities at low temperatures.5,7 Despite the
extensive efforts invested in the development of materials, the
obtained materials remain incapable of achieving reasonable
cell resistance at low temperatures due to their low stability
and low catalytic activity.4 The second approach is structural
architecturing by employing thin-film and microfabrication
processes. Numerous recent studies, including reducing the
electrolyte thickness and increasing the reaction surface, show
great potential in improving the electrochemical performance
of LT-SOFCs, regardless of material limitations.8–11 However,
these attempts are still in the early state and many challenges,
regarding specific electrochemical performance, cell scalability,
and long-term stability, still need to be overcome.

Following the basic principles of a structurally architectured
LT-SOFC, also known as micro-SOFC, several researchers initially
considered reducing the electrolyte thickness using the thin-film
and microfabrication process,11–16 thereby affecting the ohmic
resistance. Micro-SOFCs, typically fabricated using etched silicon
substrates, have attracted considerable attention for their high
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power density owing to their innovative free-standing membrane
structure composed of ultra-thin electrolytes and noble metal
electrodes.11 However, the mechanical fragility of the ultra-thin
free-standing structure and the deterioration behaviour of the
noble metal electrode led to significant stability and scalability
issues, there hindering its practical application.12,13 Several
studies have been conducted to fabricate large electrode areas
through the modified thin-film structures.12,14,15 However, the
low power output, which remains at tens of mW at 500 1C, as
well as the other limitations, have still not been overcome.16 In
viewpoint of the need to increase the reactive surface area in
SOFCs, only a few studies on three-dimensional (3D) structures
for micro-SOFCs have been conducted. Furthermore, their surface
patterning techniques have often been performed with conven-
tional top-down fabrication processes, such as etching or laser
processing.8,17 In micro-SOFCs consisting of oxide substrates,
achieving precise surface patterns and complex cell configurations
is difficult, and their low pattern resolution and poor structural
instability are obstacles to achieving high cell power output and
stability.8–10,17 To the best of our knowledge, no prior top-down
approach including laser processing has reported significant per-
formance enhancements. This is because of the low-resolution and
low-quality characteristics of this technique which implements
surface patterns by etching, melting, or evaporating thick ceramic
layers.8,17 In summary, conventional top-down fabrication pro-
cesses have not overcome the inherent limitations of LT-SOFC
resulting from the unique mechanical properties of ceramics as the
core materials of SOFCs, including their brittleness and stiffness.

In this study, we developed a high-performance LT-SOFC
with 3D micro/nano interface architectures, using large-area
ceramic micropatterning and multilayer thin-film deposition
techniques. The as-developed ceramic micropatterning process, via
polymer-to-ceramic matrix transition, can fabricate a variety of 3D
ceramic multilayer architectures. This process can be used regard-
less of material or cell configuration changes. Furthermore, by
applying thin-film deposition techniques, we fabricated a multi-
scale structured LT-SOFC, with an active area of 4 cm � 4 cm,
which delivers record-breaking electrochemical performance
(power output and stability) in low-temperature operations.
The electrochemical characteristics of multiscale structured
SOFCs were quantitatively analysed using complementary
tomographic, microscopic, and electrochemical impedance
spectroscopy (EIS) techniques, and positive effect of 3D inter-
face architectures on the performance of multiscale structured
SOFCs was investigated. Finally, we clarified that the multiscale
structured LT-SOFC prepared with large-area ceramic micro-
patterning and thin-film deposition is highly reproducible.

Results and discussion
3D architectures with advanced ceramic micropatterning

Conventional imprinting process, which is known as one of the
most popular pattern transfer techniques along with photo-
lithography, is extensively used as an economical microfabrica-
tion process in a broad range of industries.18,19 This process is

based on the basic principle of pattern creation by engraving
structures onto a resin coated on a substrate with heat or
ultraviolet (UV) radiation while pressing the patterned original
mold or replica.20,21 In particular, the imprinting process that
utilizes the fluidity and mechanical deformation of a resin in
high-temperature/high-pressure conditions can be performed
in liquid and polymeric solid phases. Correspondingly, it has
excellent versatility in the fabrication of micro- and nanoscale
pattern structures with low cost and high throughput.22,23

Unfortunately, some research fields that utilize ceramic materials
with brittle and rigid physical properties have been unable to apply
this imprinting process and have consequently not benefited
from it.

To achieve the advantages of 3D architectures in ceramics,
we developed the novel large-area ceramic micropatterning
process using polymer-to-ceramic matrix transition and applied
it to the anode substrate in SOFCs. Fig. 1a–d show the process
flow for the fabrication of a multiscale structured SOFC in three
steps: (i) preparation of an imprinting mold, (ii) pattern
imprinting on an anode substrate, and (iii) multilayer thin-
film deposition.

As shown in Fig. 1a, we obtained the first polydimethylsiloxane
(PDMS) replica from a silicon master and fabricated a final
polyurethane acrylate (PUA) mold using a cured PDMS replica.
The final imprinting mold has an equilateral, square pyramidal
pattern with an edge length of 6 mm and pitch of 4 mm (see Fig. 1e,
left column). Furthermore, to implement micropatterning process
to large-area SOFC, we tried to fabricate a large-area mold for
enhancement of total power (Ptotal) output. Due to the high cost of
manufacturing silicon masters for polymer molds, a multi-array
structured large-area PUA mold was prepared using a small-area
PDMS replica. As depicted in Fig. 1b, the PUA resin can be cured
in a pyramidal pattern only in the region of the transparent open
window using a black mask film that blocks UV light. This process
was performed sequentially to implement a large-area multi-
arrayed PUA mold. Because a UV-curable PUA mold has an elastic
modulus of 350–10 000 MPa, which is hundreds of times larger
than PDMS, its mold patterns are not significantly deformed
during the high-pressure conditions of the imprinting step.24

These features of the PUA mold are advantageous for the pattern
transfer process in ceramics.

Along with the preparation of the rigid imprinting molds,
the substrate preparation capable of plastic deformation and
particle rearrangement in the imprinting process constitutes
another key process. Although tape casting is a classical ceramic
processing technique, we modified the processing conditions
to consider rearrangement and packing of ceramic particles
suitable for the ceramic imprinting. The polyvinyl butyral binder
applied in this process has a low glass-transition temperature
(approximately 80 1C), similar to the thermal lamination condi-
tion of the anode tapes. Accordingly, we could simultaneously
proceed with multilayer lamination of the anode tapes, and
application of the ceramic imprinting on these tapes.25 It also
helps the rearrangement and packing of ceramic powder during
lamination and subsequent heat treatment, thus ensuring
that the transferred pattern structures are well maintained.
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This whole process can be explained by the principle of matrix
transition and variations of the elastic modulus (E) of anode
tapes as follows. Fig. 1f shows the detailed fabrication steps of
the anode tapes and the relevant elastic modulus of anode tapes
using the ceramic imprinting process. The measured elastic
moduli of anode tapes are in good agreement with the reported
experiments26–28 and clearly show the polymer-to ceramic matrix
transition with respect to the processing temperature (T). The
imprinting step requiring plastic deformation has a polymer
matrix (E B 10 MPa) that dominates the mechanical properties
of the anode substrate, while the green ceramic substrate
(E B 20 GPa) after the subsequent heat treatment manifests

the electrochemical properties of the ceramics. The shape of the
fabricated pyramidal pattern is shown in the scanning electron
microscopy (SEM) images of Fig. 1e. The figure confirms that
pattern imprinting was successfully performed before and after
annealing. Fig. S1 (ESI†) shows the imprinted interface with
various shapes (e.g., lines and prisms). Based on these results,
we can confirm that the ceramic micropatterning process is
useful for fabricating microscale ceramic architectures without
depending on pattern shapes.

As a final step in this process, we fabricated the diffusion-
barrier layer (DBL), electrolyte, and cathode layer using thin-
film deposition techniques, such as sputter and pulsed-laser

Fig. 1 Fabrication of multiscale ceramic architectures. Schematic illustrations of the (a) preparation of PUA mold from a PDMS replica, (b) preparation of
large-area multi-arrayed PUA mold for large-area cells, (c) molding process used to fabricate a 3D NiO-YSZ substrate architecture, and
(d) implementation of the multilayer thin-film deposition process. (e) Snapshots and SEM images of a PUA mold (left), as-imprinted NiO-YSZ anode
tapes (top-right) and as-annealed NiO-YSZ anode tapes (bottom-right). (f) Variations of the elastic modulus of anode tapes with temperature.
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deposition (PLD), to facilitate microscale 3D architectures and
maximize cell performance. As shown in Fig. 1d, the nanoscale
anode-functional layer (nAFL) contains only a few pores and
reduced surface roughness. This layer was deposited onto a
substrate by a sputtering process for reliable deposition of a
dense electrolyte layer and porous cathode layer. The nAFL,
which was annealed at 1200 1C for 1 h, prevented the cracking
of the electrolyte by redox cycling and particle coarsening of
Ni in a reducing atmosphere and produced a substrate with
fewer surface defects.29 The electrolyte and DBL were then
deposited with a different, subsequent, sputtering process.
We finally obtained a multiscale structured SOFC based on
the deposition of a La0.6Sr0.4CoO3�d (LSC) cathode layer with a
thickness of 3 mm using a PLD process. To understand the
structural and electrochemical characteristics of a multiscale struc-
tured SOFC, a reference cell with planar interfacial structure was
also prepared in this study using the same material and processing
conditions. Hereafter, we abbreviate 3D architectured and reference
planar-surface cells as ‘‘3DA-cells’’ and ‘‘Planar-cells,’’ respectively.

Superior power-generating performance with 3DA-SOFCs

Fig. 2a shows the configuration and microstructure of the 3DA-
cell obtained after the entire fabrication process is completed.
To achieve a stable electrochemical reaction at a temperature of
500 1C or higher, we chose Ce0.9Gd0.1O1.95 (CGO) and 8 mol%
Y2O3-stabilized ZrO2 (YSZ) as thin DBL (thickness, t = 200 nm)
and dense electrolyte (t = 1.29 mm), respectively. We applied
them as CGO/YSZ multilayers on the NiO–YSZ anode substrate.

Compared with the microstructure of the Planar-cell in Fig. S2a
(ESI†), we clearly show that the pyramidal pattern of the 6 mm
edge length was successfully fabricated in the 3DA-cell from the
anode to the cathode layers. As shown in Fig. 2b and Fig. S2b
(ESI†), we tested two different SOFCs (3DA-cells and Planar-
cells) and obtained their cell potential (Vcell) and power density
(PD) curves as a function of temperature using hydrogen and
air as fuel and oxidants, respectively. The open-circuit voltage
(VOC) of both cells were approximately 1.1 V. These were close to
the theoretical values, and thus verified that the dense electro-
lyte and gas-tight sealing were successfully made. Interestingly,
the 3DA-cell exhibits superior electrochemical performance,
which is improved by at least 17.6–54.6% compared to the
Planar-cell in the entire temperature range. At the operating
temperatures of 500 and 600 1C, the 3DA-cells yield maximum
power densities (PDmax) of 0.523 and 1.417 W cm�2, while the
Planar-cells yield respective PDmax values of 0.338 and 1.205 W
cm�2. This 3D structure via our ceramic micropatterning and
thin-film deposition processes can be fabricated, regardless of
the material and cell configuration.

Herein, we also reproduced the electrochemical advances of
these 3D structures with CGO as the electrolyte material for use
in challenging LT operations. CGO materials with higher
oxygen-ion conductivity at LT were chosen as the main electrolyte
instead of YSZ, and an ultra-thin YSZ film was then introduced as
an electron-barrier layer to suppress the leakage current of CGO in
low oxygen partial pressure conditions.2 Considering the final
structure of this 3DA-cell in Fig. 2c, we verified that the ceramic

Fig. 2 Enhanced power performance of the multiscale structured SOFCs. (a) Schematic illustration (left) and SEM images (right) of a YSZ-based 3DA-
cell. The inset depicts the magnified SEM image of a pyramidal structure. (b) Potential and power density curves of YSZ-based 3DA-cells at three different
temperatures. (c) Schematic illustration (left) and SEM images (right) of a CGO-based 3DA-cell. The inset depicts the magnified SEM image of a pyramidal
structure. (d) Potential and power density curves of CGO-based 3DA-cells at three different temperatures. All experiments were performed under a
feeding of air and 3% humidified hydrogen at a rate 200 mL min�1.
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micropatterning process facilitates fabrication of such complex
configurations in a CGO-based 3DA-cell. The configuration and
microstructure of this Planar-cell is also shown in Fig. S2c of the
(ESI†). Fig. 2d and Fig. S2d (ESI†) show the electrochemical power-
generating performance of two CGO-based cells with or without the
3D structures. This CGO-based 3DA-cell exhibits notable PDmax

values equal to 0.233 and 0.931 W cm�2 at 400 and 500 1C,
respectively, which yield better performance by approximately 21
and 17% compared to the corresponding Planar-cell at the same
temperature.

Microstructural and electrochemical analysis of 3DA-SOFCs

We investigated the origins of the excellent electrochemical
performances of the 3DA-cells based on complementary tomo-
graphic, microscopic, and electrochemical analyses. The 3D
reconstruction technique with focused-ion beam and SEM was
first done to quantify the configuration and dimensions of the
architectures of the 3D ceramic multilayers implemented in our
3DA-cells. We analyzed the 3DA-cell and the Planar-cell with
respective dimensions of 6.09 � 6.09 � 13.08 mm3 and 6.09 �
6.09 � 12.51 mm3 in the x, y, and z directions. As shown in
Fig. 3a and Table 1, segmentation and reconstruction of each
layer were successfully performed, and all quantitative values
related to the 3D structure were obtained. As we expected, the
measured surface area of a 3DA-cell was approximately 23%

larger than that of the Planar-cell. This increase in the surface
area of the 3DA-cell is approximately 87% of the theoretical
value (i.e., overall surface area of the pyramidally shaped
imprinting mold), which is reasonable considering the densi-
fication occurring in the thermal annealing process. In addi-
tion, the anode microstructure of both the cells, which was
analysed quantitatively by 3D reconstruction technique, was
found to be almost identical, regardless of the presence or
absence of pyramidal 3D architecture, using the ceramic
imprinting process, as listed in Table 1. The inset images in
Fig. 3a show the pore skeleton of AFL and nAFL in both cells
and suggest that pores and triple-phase boundaries (TPBs) are
uniformly connected in the entire structure. To obtain the
same anode microstructure of a 3DA-cell as a Planar-cell even
in the high-pressure imprinting process, we prepared an
AFL tape with a high green density, with its pores structure
formed through the NiO reduction. The shape of the AFL layer
deformed (or expanded) into a 3D pyramid shape resulted in an
increase in tortuosity and small decrease in pore connectivity,
but a sufficiently secured porosity and an increased active
TPB length contributed positively toward the cell performance.
After imprinting, by applying the same deposition conditions, it
was confirmed that the nAFL formed by sputtering deposition
also has the same microstructure in the final Planar- and 3DA-
cells.

Fig. 3 Origins of enhanced performance in multiscale structured SOFCs. (a) 3D reconstructed cell structure for one repeating unit of the compartment
of an YSZ-based 3DA-cell (left) and Planar-cell (right). Magnified images of AFL and nAFL showing their pore skeleton and active TPB, respectively.
(b) Cross-sectional SEM images and EDX line scans along the white line across the interfaces. (c) Measured impedance spectra of YSZ- (top) and CGO-
based (bottom) 3DA-cells and Planar-cells at the cell potential of 0.75 V at 500 1C.
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The microstructures of the thin-film interfaces and cathode
pores were investigated using ultra-high resolution microscopic
analysis techniques. We clarified the effects of improving the
process reliability and cell performance associated with the 3D
architectures [see Fig. 3b and Fig. S3 (ESI†)]. Since all the
electrolyte layers require gas-tight properties, they are densely
deposited at high temperature on nAFL with well-controlled
surface roughness and pores. The post-annealing of nAFL
at 1200 1C and high-temperature deposition of subsequent
thin-film layers at 700 1C relieved their internal stress and
suppressed massive grain coarsening, thereby eliminating any
degradation issues that could occur in the cell operation step.
All these processes have been verified by various cell types and
material combinations in several prior literatures,29–32 and their
reliabilities are very high. However, the formation of conformal
and homogeneous porous cathode layers on surfaces with a 3D
architecture is challenging. To obtain new process conditions
that are more suitable for the 3D architecture surface, we
controlled the ambient oxygen pressure in PLD chamber to
deposit LSC layer more densely. Under these conditions, the
LSC cathode layer could be deposited as a conformal and
homogeneous thin-film with macro-crack suppression. As
shown in Fig. 3b and Fig. S3 (ESI†), this dense thin-film LSC
layer still retains micro- and nano-pores along the columnar
grain boundaries, which grow well up to the interface region that
meets the electrolyte, contributing to the active oxygen-reduction
reaction (ORR) of the cathode. From the viewpoint of the
compositional reliability of these thin-film components and
their interfacial structures, we confirmed that these are chemi-
cally reliable because no secondary phase or interfacial diffusion
are observed in the line profiles of energy dispersive X-ray
spectroscopy (EDX) in Fig. 3b.

We then verified that these structural changes of the 3D
reaction interface were closely related to the electrochemical
characteristics based on the measured EIS spectra and area-
specific resistance (ASR) of each cell as a function of tempera-
ture. As shown in the EIS results of Fig. 3c, we examined the
evoked effects following the increases of the interfacial area
and decreases of the electrolyte thickness in 3DA-cells based on
the analysis of their polarization ASR (ASRpol) and ohmic ASR
(ASROhm) responses. The ASRpol value of the YSZ- and CGO-
based 3DA-cells at 0.75 V was 0.395 and 0.198 O cm2, which
was approximately 19 and 6% lower than those of Planar-cells
(i.e., 0.488 and 0.210 O cm2). This result was attributed to the
increased reaction sites of the 3DA-cell for ORR compared
to the Planar-cell. Similarly, the ASROhm of the YSZ- and
CGO-based 3DA-cells were 0.161 and 0.056 O cm2 at 0.75 V,
which was approximately 52 and 22% lower than those of the

Planar-cells (0.337 and 0.072 O cm2). The reduction in ASROhm

of the 3DA-cells results from an improvement in several ohmic
resistance factors, such as the expansion of the effective area
involved in oxygen-ion transfer and reduction in contact resis-
tance at the interface, among others, with a larger surface area
than the projected area. Table 2 shows the ASR values of the
CGO- and YSZ-based 3DA-cells decomposed into the ohmic and
polarized parts over a broad temperature range. The overall
resistance of the 3DA-cell was much lower than that of the
Planar-cell in every aspect, but the reduction in resistance due to
the 3D interfacial effect appears to be greater in the LT region
and in the ohmic part. The reduction in the polarization
resistance due to the 3D interface is also more effective at LTs,
but the improvement in the cell performance is limited owing to
the considerable increase of polarization resistance in the LT
region. The relevant EIS spectra measured at VOC condition are
also shown in Fig. S4 (ESI†), and these results are consistent
with the existing literatures reported under similar conditions
(LSC material, thin-film cathode, at 400–600 1C).32–34

A large-area 3DA-SOFC and its long-term stability test

To maximize the strength of the ceramic micropatterning
process, we attempted to fabricate a large-area mold and apply
it to a large-area SOFC that could significantly enhance the Ptotal

output. As depicted in Fig. 4a, we scale up the cell size of the
3DA-cells from a small-area cell with an active area of 1 cm �
1 cm to a large-area cell with an active area of 4 cm � 4 cm. The
Inconel jig, glass-ceramic sealant, Au mesh cathode current
collector, and Ni foam anode current collector used to test the
large-area cell are illustrated in Fig. S5 (ESI†). As depicted in
Fig. 4b, we obtained the Vcell and Ptotal output curves as a
function of temperature using air and 3% humidified hydrogen
as oxidants and fuel, respectively; VOC was 1.05 V. The large-area

Table 1 Detailed microstructure information of YSZ-based 3DA- and Planar-cells verified from the 3D reconstruction technique

Cell type

Pore in AFL Pore in nAFL Interface area (mm2)

Volume
ratio (%)

Pore
diameter (nm) Tortuosity

Active TPB
length (mm)

Volume
ratio (%)

Pore
diameter (nm) Tortuosity

Active TPB
length (mm)

nAFL/
YSZ

YSZ/
CGO

CGO/
LSC

3DA 14 377.45 8.58 617.86 14 174.55 12.35 1035.65 66.37 52.08 47.68
Planar 15 339.16 5.90 377.67 11 143.23 8.23 1111.48 49.95 41.74 38.84

Table 2 Measured ASROhm and ASRpol of 3DA-cells and Planar-cells at
various operating temperatures. All relevant EIS spectra were measured at
the Vcell of 0.75 V

Cell type ASR (O cm2)

T (1C)

500 550 600

YSZ-based

3DA Ohmic 0.161 0.075 0.051
Polarization 0.395 0.187 0.105

Planar
Ohmic 0.337 0.146 0.072
Polarization 0.488 0.220 0.137

400 450 500

CGO-based
3DA Ohmic 0.372 0.140 0.056

Polarization 0.841 0.372 0.198

Planar
Ohmic 0.595 0.247 0.072
Polarization 0.755 0.387 0.210
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CGO-based 3DA-cell exhibited the Ptotal output of 13.27, 7.77, and
3.45 W at 500, 450, and 400 1C, respectively. The corresponding
PDmax values were 0.829, 0.486, and 0.216 W cm�2 at 500, 450,
and 400 1C, respectively, which are slightly lower in comparison
with the small-area CGO-based 3DA-cell results (0.931, 0.539,
and 0.233 W cm�2). The issues of structural and electro-
chemical stability of a large-area 3DA-cell, which can result
from the improved cell performance, were also examined based

on long-term cell operation at 500 1C under various current
load conditions. As depicted in Fig. 4c, cell performance was
maintained for 250 h at a constant current condition of 5 A (i.e.,
0.313 A cm�2) and no apparent performance drop was observed
for an additional 250 h even under the harsher constant current
condition of 8 A (i.e., 0.5 A cm�2). The negligible degradation
rate (degradation rate = 0.05% per 500 h) during the long-
term evaluation for more than 500 h demonstrated that the

Fig. 4 Fabrication and characterization of a large-sized (active area = 4 cm � 4 cm) multiscale structured SOFC at various temperatures. All large-sized
cell tests were performed under a feeding of air and 3% humidified hydrogen at a rate 2000 mL min�1. (a) Structural schematics and images of a large-
area CGO-based 3DA-cell. (b) Potential and total power curves of a large-area CGO-based 3DA-cell at four different operating temperatures.
(c) Recorded long-term stability test results of a large-area CGO-based 3DA-cell during a period of more than 500 h. Measured cell potential in
the presence of a constant current load of 5 A for 250 h and 8 A for 250 h at 500 1C. (d) Three large-area 3DA-cells tested for the verification
of reproducibility (left) and comparison of their power performance results measured at 500 1C (right). Averaged reproducibility results of large-area
CGO-based 3DA-cells in terms of VOC, PDmax, and Ptotal are also shown.
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large-area 3D multilayer architectures fabricated by our ceramic
micropatterning and the thin-film deposition processes exhibited
reliable results with high-stability despite the complexity of the
structures. Based on these outcomes, this cell type is considered to
have reasonable cell stability comparable to conventional powder-
based planar-type SOFCs. In particular, most of the micro-SOFCs
reported thus far have high ohmic and electrode polarization
resistances, and thus need to use noble metal catalysts or adopt
free-standing nanoscale membrane structures, which are consider-
ably small in size, thereby resulting in low output, high processing
cost, and extremely low cell stability.14,15 By contrast, our multiscale
3DA-cells were shown to result in both high power output and high
electrochemical cell stability. In addition to this excellent electro-
chemical performance and stability of 3DA-cells, we also compre-
hensively verified their experimental reproducibility by employing a
large-area ceramic micropatterning and thin-film deposition. Con-
sidering the technical difficulties of high-temperature gas sealing
or electrical contact in the measurement of large-area SOFCs,1,6 the
reproducibility confirmation is significantly challenging. In three
cells with acceptable gas sealing conditions (i.e., VOC of 1 V or
more), all large-area 3DA-cells reproduced a high power of 10 W or
more; the results are summarized in Fig. 4d. The reproducibility
results at 500 1C, i.e., average VOC of 1.08 V, average PDmax

performance of 0.766 W cm�2, and average Ptotal performance of
12.26 W, suggest that the reproducibility of 3DA-cell is sufficient.
The large-area ceramic micropatterning and high reproducibility of
the thin-film deposition processes discussed herein are important,
but at the same time, the maturity of the elemental SOFC techno-
logies (e.g., advanced glass-ceramic compressive sealant, optimized
tape-casting support, and effective current collection), which has
been reported in the existing literature,25,32,35 also contributed
decisively to the overall cell reproducibility.

The SOFC with the 3D structure implemented in this study
is an innovative achievement of ceramic processing that was
accomplished based on the combination of the ceramic micro-
patterning and thin-film deposition processes. We successfully
fabricated an SOFC with increased electrochemical perfor-
mance and stability that ranged from LT to intermediate
temperatures, regardless of material and cell configuration.
Although there are some reports on 3D structures in the area of
SOFCs,9,10,14,17 our 3DA-cells are superior to those currently
existing in terms of the Ptotal and degradation rate of the cell.
Fig. 5 and Table S1 (ESI†) summarize the electrochemical
performance of our 3DA-cells (star symbols) and the previously
reported ceramic fuel cells such as SOFCs (blue region),36–45

proton-conducting fuel cells (PCFCs, orange region),46–49 and
micro-SOFCs (green region)12,14–16 in the literature with respect
to various electrochemical benchmarks (e.g., VOC, PDmax, Ptotal,
and degradation rate). To the best of our knowledge, this study
achieved the highest Ptotal value among the entire ceramic fuel
cells at an operating temperature approximately 500 1C, thus
resulting in a 10 W-scale output. The multiscale structured
LT-SOFC, which is successfully fabricated with the novel archi-
tecture and process technology, achieved new innovations in
commercialization of SOFC by simultaneously securing the
performance, stability, and reproducibility. We expect that the

new processes discussed herein, especially the imprinting and
sputtering processes, are commercial technologies that can be
extended to a large-area cell; therefore, the mass production
applicability will be excellent in the near future. The obtained
power output of more than 13 W at 500 1C marked a new
milestone in SOFC technology; however, further research is
required to improve the cell productivity, system assembly, and
operating technologies to realize SOFC commercialization that
ensures economic efficiency and system reliability.

Conclusions

In this study, we developed a high-performance LT-SOFC
operating at 500 1C with 3D multiscale architectures using
ceramic micropatterning and thin-film deposition techniques.
Although ceramic materials have been limited in applications
of the multiscale architecturing process using elastic and
plastic deformation, we successfully performed the macroscale
engraving of microscale interface architectures with ceramic
multilayers based on the utilization of complementary polymer
additives and polymer-to-ceramic matrix transition. Herein, a
pyramidally shaped pattern with an edge length of 6 mm was
implemented over a small (1 cm � 1 cm) to a large active area
(4 cm� 4 cm). Furthermore, the LT-SOFC with a 3D architecture
was fabricated using various ways, regardless of the material and
cell configurations, based on its combination with a multilayer
thin-film deposition process. These cells yielded PDmax values that
were approximately equal to 1 W cm�2 at 500 1C, and a perfor-
mance improvement of approximately 30% compared to typical
Planar-cell types using the same material and deposition process.

Fig. 5 Comparison of the total power performance in this work with that
of the previously reported ceramic fuel cells. Some references use the area
of anode substrate as active area due to the lack of information in the
articles. The detailed information of each cell is listed in Table S1 (ESI†).
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The quantitative analyses with the 3D reconstruction and EIS
techniques showed that the increased surface area of a 3DA-cell
resulted in increase of the ORR active sites and ion-conducting
area. Correspondingly, the total ASR was reduced by approximately
32% compared to the planar reference cell types. Finally, Ptotal over
13 W was recorded at the operating temperature of 500 1C through
the enlargement of the active area to 4 cm� 4 cm. Simultaneously,
it delivered excellent cell stability for more than 500 h operation
and had sufficient reproducibility with Ptotal performance (average
Ptotal of 12.26 W) in three cells. Our multiscale structured SOFC
fabricated herein exhibited the highest electrochemical perfor-
mance in comparison to the ceramic fuel cells reported previously
in terms of the various electrochemical benchmarks (i.e., PDmax,
Ptotal, and degradation rate). This work exhibits an innovative
breakthrough to implement large-area microscale interfaces
in ceramic fuel cells, which marks a milestone in the practical
LT-SOFC systems for various applications including portable and
mobile devices as well as stationary power generation.
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