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Materials and Methods

Fabrication of thin-film solid oxide fuel cells (SOFCs)

Tape casting and high-temperature lamination processes were used to fabricate an anode
substrate. The slurry used for tape casting to prepare a porous anode-supporting layer
(ASL) consisted of a 46:49:5 weight ratio of Ceg.9Gdo.101.95 (CGO; Rhodia), NiO
(Mechema), and polymethyl methacrylate (Sunjin Chemical). Ethyl alcohol and toluene
were used as solvents. KD-1 (Sigma Aldrich), dibutyl phthalate (Sigma Aldrich), and
polyvinyl butyral (Sigma Aldrich) were used as dispersants, plasticizers, and binders,
respectively. A slurry for the anode-functional layer (AFL) without a pore former was
composed of CGO:NiO at a 49:51 weight ratio. The anode substrate was laminated by
pressing 2 MPa at 80 °C on several stacked sheets of ASL and one sheet of AFL to a final
thickness of 1 mm. The pressed body was subsequently sintered in a furnace at 1350 °C
for 4 h. To prepare a button cell, the sintered anode substrate was cut into 2 cm x 2 cm
pieces. Radio frequency (RF) magnetron sputtering and pulsed laser disposition (PLD)
processes were then used to deposit the electrolyte and cathode layers, respectively. To
produce a nanoscale AFL (nAFL), NiO-CGO composed of CGO:NiO at a 49:51 weight
ratio was deposited on the AFL by sputtering at 700 °C for 9 h (100 W RF power at a
working pressure of 5 mTorr) in an Ar atmosphere, followed by heat treatment at

1200 °C for 1 h. An electrolyte multilayer consisting of layers of CGO, Y20s-stabilized-
ZrO2 (YSZ), and CGO was then deposited on the nAFL by sputtering for 6, 1, and 2 h,
respectively. A LaosSro4Co0s3-5 (LSC; Kceracell) cathode layer was deposited on the
CGO by PLD at 700 °C for 2 h (120 mJ KrF laser with a working pressure of 300 mTorr)
in an O2 atmosphere. As the final step, electrochemical activation of the anodic structure
using a pre-reduction process was carried out for ready-to-use purpose. The NiO-CGO
anode was transformed to Ni-CGO by reducing it for 8 h in a 3% humidified H>
atmosphere at 600 °C. Thus, immediate power delivery was possible as soon as the
desired temperature was reached, without any further reduction step during cell

operations.

Packaging assembly for rapid start-up operations



To construct a unit cell assembly used for the ready-to-use SOFC (RTU-SOFC) system,
we used several components, as shown in Figure 1a. Cu-Mn/Au mesh and Ni foam were
used as current collectors for the cathode and anode, respectively. A mica sealant was
used as the sealing gasket, and metal nuts and bolts were used to fasten the upper and
lower endplates. In addition, to prevent short-circuiting between two plates, a metal bolt
was wrapped with an insulating tube. An Inconel disc spring (Inconel X-750, SJ Korea)
was placed at each corner of the lower endplate to maintain uniform pressure in all parts
of the cell. Finally, the stand-alone unit-cell assembly was fastened with a torque force of
20 kgf-cm. Furthermore, 12 tungsten halogen lamps (providing a total of 18 kW) were
used as an infrared heat source. The temperature profiles were measured using K-type
thermocouples at two points, namely, the centre of the unit-cell assembly and the heater
module. The unit-cell assembly loaded in the centre of the quartz was heated according to
the optimized temperature setting profile (Tset) and reached the target temperature (Ttarget,
600 or 500 °C) within 5 min. To reach a Trarget 0f 500 °C, the system temperature was
elevated to 700 °C for 60 s, maintained at 700 °C for 140 s, cooled to 513 °C for 40 s,
and subsequently maintained at 620 °C. To reach a Target 0f 600 °C, the system
temperature was elevated to 715 °C for 60 s, maintained at 715 °C for 190 s, cooled to
620 °C for 40 s, and then maintained at 620 °C. Under the Tset conditions, the temperature
of the unit-cell assembly (Tcen) converged to 600 or 500 °C within 5 min after

commencing the operation.

Characterization of the RTU-SOFC system

During the evaluation of electrochemical cell performance and thermal cycling tests, air
and 3% humidified H2 were continuously supplied at gas flows of 200 and 200 sccm,
respectively. However, the thermal cycling experiments at 500 °C were conducted by
shutting off the hydrogen supply in the “Power-Off mode”. This hydrogen shutoff was
performed by setting the flow meter to zero and closing the valve. The potential-current
density curve and impedance data were obtained using an electrochemical analyzer
(lviumstat, Ivium Technologies). To observe the microstructure of the cell, we used
scanning electron microscopy (SEM; Regulus 8230, Hitachi), a focused-ion beam (Helios

5 HX FIB, Thermo Scientific) imaging modalities, transmission electron microscopy
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(TEM; Talos F200X, FEI), and energy dispersive X-ray spectroscopy (EDS; SuperX EDS

system, Bruker).

Electrical characterization of the Cu-Mn foam

To measure the area-specific resistance (ASR) of the Cu-Mn foam, we cut the foam into a
1 x 1 cm? size pieces and performed assembly by stacking on jig. Mica sealant was
inserted between the plates and fastened with bolts wrapped with insulation tubes to
prevent short circuiting. To measure the electrical properties of the foam, an operation
setting of Ttarget at 500 °C was used. The impedance was measured in the frequency range
of 1 to 10,000 Hz at 30-s intervals for the initial 5 min after heating, and then at 60, 120,

180 min, respectively.



Fig. S1 A cross-section SEM image of mica sealant.
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Fig. S2 Variations in ASR of Cu-Mn foam and the measured temperature as a function of

operation time.
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Fig. S3 Schematic illustrations of the fabrication process for a thin-film-based SOFC.



Fig. S4 Cross-section view BSE image of thin-film-based SOFC and corresponding EDS

results. All scale bars correspond to 2 um.
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Fig. S5 Comparison of the heating rate in this work with that of previously reported SOFCs

based on rapid thermal cycling tests. Red and blue color symbols indicate thermal cycling

experiments of cold (from room temperature t0 Tirget) and warm (from elevated

temperature to Trarget) Start-up, respectively. The green symbols are tests that do not

accurately describe the start temperature of the thermal cycling. The degradation rates are

mainly calculated from potential (or current) changes, except for a few cases (‘*’ symbols)

obtained from power changes. The characteristics of the SOFCs we aim for as a mobile

power source are shown in the gray area (low degradation rate, rapid thermal cycling, and
high power density). Detailed information and results are listed in Table S1.



Fig. S6 (a) A photograph and (b) SEM-BSE images (left: top-view, right: cross-sectional
view) of a cell after 15 cycles of operation at 500 °C. SEM-BSE images and EDS for Sr,
La, and Co in the upper surface of the (c) R3 and R4 regions. All scale bars correspond to

5 pum.
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Fig. S7 TEM-EDS images of a cell after 15 cycles of operation at 600 °C. Cross-sectional

TEM images of whole cell (left) and magnified region and EDS for Ce, Zr, La, Sr, and Ni
at cathode/electrolyte (top), electrolyte (middle), and electrolyte/anode (bottom). All scale

bars correspond to 2 pm.
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Fig. S8 Magnified SEM images of needle-shaped microstructures after the thermocycling

test.
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Table. S1 A comparison of the electrochemical performance and operating information of the system developed this study with those
of previously reported SOFCs based on rapid thermal cycling tests.

Maximum Voltage Power

Cell Heating Heating Sta}rt-up power degradation  degradation Operation Temperature Number
rate time . Temperature range of Ref.
type type (°C min‘%) (min) density rate rate (°C) (°C) eveles
(W cm?) % h?) (% h?) Y
Thin film Lamp heater 115 5 1.123 0.442 2.288 600 25-600 15 This work
Thin film Lamp heater 95 5 0.618 0.36 1.722 500 25-500 15 This work
Thin film Lamp heater N/A N/A 0.035 N/A 75 450 N/A N/A 1
Thin film Furnace 3 259 ~0.36 0.0004 0.013 800 23-800 13 2
Thin film Furnace 60 10 0.176 N/A N/A 600 25-600 12 3
Thin film Furnace 7 115 1.388 N/A 0.172 600 400-600 50 4
Thin film N/A N/A N/A 0.24 N/A N/A 400 25-700 3 5
Thin film N/A N/A N/A 0.53 N/A N/A 400 25-700 3 5
Thin film N/A N/A N/A 1.037 N/A 4.167 400 N/A N/A 6
Thin film N/A N/A N/A 1.3 N/A 11.333 400 N/A N/A 7
Thin film N/A N/A N/A 0.18 N/A 3.667 450 N/A N/A 8
Thin film N/A N/A N/A 0.062 0.588 N/A 400 N/A N/A 9
Thin film N/A N/A N/A 3.37 0.75 N/A 650 N/A N/A 10
Thin film N/A N/A N/A 0.004 N/A 15 450 N/A N/A 11
Thin film N/A N/A N/A 1.735 0.08 N/A 650 N/A N/A 12
Thin film N/A N/A N/A 1.34 N/A 20 500 N/A N/A 13
Bulk Furnace 50 12 0.165 N/A N/A 600 170-600 100 14
Bulk Furnace N/A ~600 ~0.388 0.24 ~0.66 750 25-750 15 15
Bulk Furnace 12 63 ~0.38 0.01 0.01 775 100-775 13 16
Bulk Heating stage 9 92 N/A N/A N/A N/A 20-850 3 17
Bulk Flame 825 1 0.348 N/A N/A 850 25-850 5 18
Bulk N/A 1 N/A 1.16 0.009 0.016 700 400-700 45 19
Bulk N/A 2 N/A 1.16 0.008 0.016 700 400-700 57 19
Bulk N/A 5 N/A 1.26 0.019 0.062 700 400-700 118 19
Bulk N/A 1.7 574 0.26 N/A N/A 1000 25-1000 12 20
Bulk N/A 50 16 0.35 N/A N/A 900 200-800 50 21
Tubular N/A 10 78 0.271 2.613 N/A 800 650-800 14 22
Tubular Furnace 3 242 0.188 0.477 0.564 750 200-750 100 23
Tubular Furnace 350 2 ~0.65 N/A N/A 700 100-700 5 24
Tubular Flame 215 3 0.202 0.29 N/A 634 200-634 200 25
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