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ABSTRACT: Thin-film solid oxide fuel cells (TF-SOFCs)
deposited by magnetron sputtering are highly desirable due to
their increased power output at reduced operating temperatures
(<800 °C). Metallic porous substrates can provide mechanical
support, gas supply, and current collection for TF-SOFCs and at
the same time facilitate stack design, integration, and operation. A
study was conducted to develop a porous metal support that is
compatible with the sputtering process while offering thermal
compatibility with the cell. In this study, a microporous nickel-
based alloy (Inconel) modified with nanoporous nickel (NP-Ni)
and yttria-stabilized zirconia (YSZ) nanoparticles has been
developed as a substrate for TF-SOFCs fabricated by sputtering.
Both theoretical simulations and experimental results have
indicated that Inconel offers high resistance to cell bending and crack formation compared to porous nickel (Ni) substrates. A
thin-film cell, less than 8 μm thick, was successfully deposited onto the Inconel substrate via sputtering. This cell demonstrated an
open-circuit voltage (OCV) of 1.06 V and a peak power density of 1.07 W/cm2 using hydrogen fuel and air at 600 °C. The cells
exhibited the highest performance among metal-supported TF-SOFCs at reduced temperatures, highlighting the feasibility of
combining porous metal substrates with thin-film deposition processes to produce superior-performance, reduced-temperature
SOFCs.
KEYWORDS: solid oxide fuel cell, metal substrate, thin-film cell, sputtering, thermal-mechanical simulation,
thermal expansion of coefficient

■ INTRODUCTION
Solid oxide fuel cells (SOFCs) are highly efficient energy
conversion devices with significant potential for reducing
greenhouse gas emissions and enhancing energy security
through the clean and efficient generation of electricity from
a variety of fuels.1−3 However, the widespread adoption of
conventional SOFCs (based on oxygen ion conducting
electrolytes such as yttria-stabilized zirconia or YSZ) has
long been hampered by challenges such as high operating
temperatures (800−1000 °C) and sluggish start-up kinetics.4

High operating temperatures impose stringent material and
processing requirements which lead to limited selection of
suitable materials and manufacturing processes for cell
components, interconnects, and sealants, and increased
material interactions and degradation during operation. Slow
start-ups make the SOFC unsuitable for certain applications
such as mobile systems.5 Therefore, developing reduced-
temperature SOFCs which also allow for rapid start-up times is
crucial for fully realizing the technology’s potential.
One effective strategy to lower the operating temperature of

YSZ-based SOFCs is to use a thin electrolyte layer, which

reduces ohmic loss due to oxygen ion transport.6 Advances in
thin-film technology have enabled the fabrication of SOFCs
with reduced component thicknesses (less than 5 μm) on
external supports, allowing cells to operate at relatively low
temperatures (500−600 °C).7,8 For instance, atomic layer
deposition (ALD)9 has been used to fabricate a 550 nm thick
YSZ electrolyte, which, when paired with a platinum electrode,
delivered a peak power density of 154.6 mW/cm2 at 450 °C.10
Pulsed laser deposition (PLD) has been employed to deposit a
bilayer electrolyte consisting of YSZ (3 μm) and GdO2-doped
ceria (GDC) (5 μm) onto a Ni-YSZ anode. Combining with
Gd0.5Sr0.5CoO3 (GSCO) cathode, the cell exhibited a peak
power density of 400 mW/cm2 at 600 °C.11 Moreover, thin-
film SOFCs (TF-SOFCs) fabricated by magnetron sputtering
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on nanoporous anodic aluminum oxide (AAO) supports have
demonstrated exceptional performance. For example, AAO-
supported, all-sputtered cells were fabricated with a fully dense,
1.4 μm thick YSZ electrolyte layer, a fully dense, 400 nm GDC
interlayer, a porous, 650 nm Ni-YSZ anode, and a porous, 600
nm lanthanum strontium cobalt iron perovskite (LSCF)-YSZ
cathode (with both porous electrodes showing fibrous
nanostructures). This cell configuration achieved a low area-
specific resistance (ASR) of 0.25 Ω·cm2 and delivered a peak
power density of 1.7 W/cm2 at 600 °C.12 Sputtered TF-SOFC
cells with lanthanum strontium cobalt perovskite (LSC)-GDC
cathode even showed higher performance, a peak power
density of 2.56 W/cm2 at 600 °C.13
To further advance TF-SOFCs and facilitate their

integration into multicell stacks and systems, it is highly
desirable to use a porous, mechanically robust, electrically and
thermally conducting, and thermally matching substrate.14,15

Such a substrate would greatly simplify current collection as
well as gas supply to the electrode (Figure 1). Further, such a

substrate should serve as a robust structural support and offer
thermal expansion match with cell components thus mitigating
the risk of cell delamination and cracking16 and facilitating fast
start-up. Porous metals meeting those characteristics thus are
preferable for use as substrates for TF-SOFCs. Previous work
has demonstrated the capability of porous metal substrates to
support conventional SOFCs fabricated by techniques such as
screen printing17,18 or spin coating.19 For example, an Fe−Cr
alloy-supported SOFC was fabricated with a thin YSZ
electrolyte (2 μm) with electrodes (Ni-YSZ anode and LSC
cathode) of about 100 μm thick. The cell achieved above 1.7
W/cm2 power density at 650 °C and 0.7 V.20 However, this
high-performance SOFC still incurs high fabrication costs due
to the need for high-temperature sintering (>1000 °C).
Sputtering, on the other hand, can be used for making TF-
SOFCs at room temperature.12,13 However, to enable the use
of a sputtering process to deposit all cell layers in thin-film
forms on porous metal substrates, the substrate needs to have
very low surface roughness and a uniform nanoporous
structure at the surface.
Herein, we first construct a thermal model to show that

porous Inconel substrates, in contrast to nickel, exhibit
remarkable thermal stability, resisting TF-SOFC bending and
crack propagation along the interfaces. Following this
modeling study, a porous Inconel substrate was designed and
fabricated with a nanoscale surface roughness of 138 nm.
Achieved by nanoporous nickel (NP-Ni) and YSZ nanoparticle
infiltration and uniaxial compression, this surface smoothness
is crucial for supporting the TF-SOFC structure and cell
fabrication by sputtering. A thin-film SOFC, with a total
thickness of less than 8 μm and featuring an approximately 2

μm thick YSZ electrolyte layer, was subsequently deposited
onto the modified Inconel substrate. The schematic shown in
Figure 1 illustrates the cell configuration. The cell exhibited an
open-circuit voltage (OCV) of ∼1.06 V and achieved a peak
power density of 1.07 W/cm2 at 600 °C with hydrogen fuel. By
combining a porous metal substrate with thin-film sputtering
deposition of the cell components, this cell outperformed other
metal-supported SOFCs (Figure S10).

■ EXPERIMENTAL SECTION
Measurement of Mechanical Properties. Nanoindentation

tests were conducted on porous Ni, Inconel, and sputtered yttria-
stabilized zirconia (YSZ) samples to determine their mechanical
properties by using an iMicro instrument (KLA, Inc.) equipped with a
Berkovich tip (Type TB30524) capable of applying a maximum load
of 50 mN. A constant strain rate of 0.1 s−1 was applied. The test
proceeded until the target indentation load was achieved. The InView
software (RunTest and ReviewData modules) facilitated testing and
subsequent data analysis. Thermal drift remained below 0.05 nm/s
throughout the testing process. Due to the inhomogeneity of the
materials, multiple locations (12−15) were probed on each sample.

Measuring Coefficient of Thermal Expansion (CTE) Using
Dynamic Mechanical Analysis (DMA). The CTE of NP-Ni and
Inconel was measured using the Iso Strain Temperature ramping
procedure on a DMA instrument (RSAG2) with a maximum
temperature capacity of ∼22 °C. Samples, each with a diameter of
10 mm and a height of 1 mm, were subjected to an initial compression
of 1%. The temperature was increased at a rate of 0.2 °C/min from 20
to 22 °C. Given that the SOFC operating temperature (600 °C) is
well below the melting and sintering points (>1400 °C) of the
substrates, we consider CTE behavior to be linear within the
operational temperature range.21,22 Moreover, since both substrates
were tested under identical conditions, we assume that their thermal
expansion trends are consistent across the relevant temperature range.
Accordingly, our low-temperature CTE approximation provides a
reasonable estimate for this study. Testing and data analysis were
conducted by using TRIOS software. We note that our approach in
evaluating CTE was taken due to instrument limitations. Ideally, a
standard CTE measurement (dilatometry and thermal-mechanical
analysis, TMA) at the operational temperature of the SOFCs is
preferred.

Since the samples were constrained at the prescribed compression,
the thermal strains caused the force to increase. We measured the
steady-state force before and after temperature ramping to calculate
the CTE of the material.

= * *F A E TCTE /( )

where F is the thermal expansion force, E is Young’s modulus, A is the
cross-sectional area, and ΔT is the change in temperature.

Finite Element Simulation Modeling. We constructed a two-
dimensional (2D) model in ABAQUS 2022, as shown in Figure 2a,
consisting of a YSZ electrolyte and Ni-YSZ anode layer on top of the
metal substrate base.

The fuel cell was treated as a stack of rectangular slabs. The cross
section of the fuel cell was considered along the Z−X plane at Y = 0.
Since this cross section had symmetry along the Z-axis, we modeled
only half of it in our finite element method (FEM) analysis, enforced
symmetry boundary condition along X = 0, and also constrained the
single node near at origin (0, 0, 0), on the bottom edge of the metal
substrate.

We first performed a simple thermal deformation analysis by
ramping the temperature of the whole stack from 300 to 900 K, and
we observed the extent of bending as a result of CTE mismatch. The
model did not account for the microstructural details of each
component. Instead, each layer was defined using its effective elastic
modulus and CTE, both measured at room temperature.

Later, we introduced cracks along the interfaces of the anode/YSZ
electrolyte and the anode/metal substrate, near the free ends. In

Figure 1. Schematic representation of a metal-supported thin-film
SOFC.
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general, when the crack size is minimal, the driving force for crack
growth is proportional to the crack size; however, beyond a certain
threshold, it becomes independent of the crack size. In this study, the
crack length was set to 5% of the layer width, allowing for a significant
difference in the driving forces between the two metal substrates to be
observed. The crack propagation was specified to occur in the inward
(−x) direction. We calculated the energy release rate for crack
propagation (J-integral) as the temperature increased from 300 to 900
K. The greater the value of J-integral was, the higher the risk of crack
propagation became.

The layer’s elastic properties were obtained from the results of
nanoindentation tests, and CTE was calculated from the DMA tests.
The approximate global mesh size of 25 μm, at least 5 elements along
the thickness of YSZ layers, and free meshing technique were used to
discretize the parts. CPS8, an eight-node quadrilateral mesh element
within the standard element library from the family of plane stress
with quadratic geometric order, was chosen as the mesh element type
for all of the layers, except near the crack tip. CPS6, 6-node quadratic
plane stress triangular mesh elements with the sweep meshing
technique, were used near the region of the crack tip, with appropriate
mesh size and default settings. Nonlinear geometric effects are
considered in the step. Default settings were used for the step solver
and the solution techniques. Table S1 gives the material parameters
for modeling and the dimensions of each layer. We modeled these
layers as fully elastic materials without plasticity and allowing for
thermal strains.

Nanoporous Nickel (NP-Ni) Synthesis. Unless otherwise stated,
all commercial reagents and solvents were used as purchased without
additional purification. Nanoporous nickel (NP-Ni) powder was
synthesized through a conversion reaction synthesis process. For
example, 1 g of NiCl2 was dispersed in 10 mL of hexane. Next, n-butyl
lithium (1.25 times the stoichiometric excess) was added dropwise to
the dispersion, and the resulting mixture was stirred at room
temperature for 24 h. The nanocomposite powder was then separated
by filtration and washed with 30 mL of methanol to remove LiCl. The
resulting black Ni powder was dried under an argon atmosphere. A
postannealing process was performed to slightly sinter the NP-Ni
under argon and prevent oxidation in ambient air. All synthesis
procedures were conducted in an argon glovebox with ≤0.5 ppm of
O2 and <0.5 ppm of H2O.

Porous Ni and Porous Inconel Substrate Fabrication. NP-Ni
powder was pelletized using a 1/2 in. pressing die set under 100 MPa
pressure, then sintered at 600 °C in a reducing atmosphere (3% H2 in
Ar), producing a circular substrate with an area of 1.2 cm2 and a
thickness of 0.2 mm. A commercial Inconel 600 filter (8.5 in. × 10 in.,
Mott Corporation) was cut into pieces of 1 cm × 1 and 2.5 cm × 2.5
cm, each with a thickness of 1 mm. In terms of the infiltration step,
NP-Ni, with an approximate particle size of 1 μm, was synthesized
and dispersed in ethanol at a concentration of 2 g/mL. A vacuum line
was connected directly to one side of the Inconel substrate, and 3 mL
of the NP-Ni dispersion was applied, infiltrating the micrometer-sized
pores on the opposite side. Following this, a dispersion of 100 nm
YSZ nanoparticles at a concentration of 1 g/mL was introduced using
the same filtration method to reduce the surface roughness. The
substrate was then compressed using a uniaxial press at ∼150 MPa
and sintered at 700 °C under a reducing atmosphere (3% H2 in Ar) to
integrate all components onto the surface.

Thin-Film Cell Fabrication. The TF-SOFC in this study was
fabricated on metal supports by utilizing a sputtering machine (AJA
International Inc.). Sputtering offers a cost-effective, material-efficient,
and time-efficient alternative to traditional manufacturing processes
for the SOFC. A preliminary cost assessment for metal-supported
thin-film SOFC showed a stack capital cost of $56/kW, significantly
lower than the current cost of $250 $/kW for conventional SOFC
stacks.23 This is due to the much more efficient use of materials
during sputtering compared to conventional slurry casting processes.
Sputtering also eliminates the long (several days) and high
temperature (up to 1400 °C) sintering that is required for electrolyte
and electrode layer fabrication. Additional details comparing
sputtering with conventional processes are provided in the SI.

During the sputtering, each component, Ni-YSZ, YSZ, gadolinium
doped ceria (GDC), and lanthanum strontium cobalt perovskite
(LSC)-GDC was deposited sequentially as the anode, electrolyte,
barrier layer, and cathode, respectively. For the anode, a 3 in. Ni target
(Kurt J. Lesker Company) and a 2 in. Y−Zr metal alloy target (Y/Zr
0.15/0.85 atom %, Advanced Engineering Materials Limited, China)
were co-sputtered at 30 mTorr, 200 W, and 300 °C for 4 h. The YSZ
electrolyte was deposited using a 3 in. 8 mol % Y2O3 doped ZrO2
target (YSZ, Advanced Engineering Materials Limited, China) at 3
mTorr, 150 W, and room temperature for 9 h, while the GDC barrier
layer was deposited with a 3 in. 20 mol % Gd2O3 doped CeO2 target
(GDC20, Advanced Engineering Materials Limited, China) at 2
mTorr and 200 W for 1 h. The cathode, LSC-GDC, was deposited by
a co-sputtering process using 2 in. (La0.6Sr0.4)0.98Co1.8Ox (LSC,
Advanced Engineering Materials Limited, China) and 3 in. Gd−Ce
alloy target (Gd/Ce 0.8/0.2 atom %, Advanced Engineering Materials
Limited, China) at 30 mTorr and room temperature for 150 min with
power conditions of 200 and 30 W for LSC and Gd−Ce, respectively.
For both substrates, the anode and electrolyte were sputter-coated
across the entire substrate surface in sequence. The active cell area
was determined by the cathode. A mask with a fixed area of 3 mm2

was used during fabrication for both substrates, resulting in an active
cell area of 3 mm2.

Electrochemical Characterization. The cell was mounted on a
custom-made test stand. Silver paste and a gold mesh were used as a
current collector for the anode and cathode, respectively. A MgO
sealant (Aremco), was applied to the cell after curing the silver paste.
To operate the cell, the cell was heated to 600 °C at a rate of 20 °C/
min. During the temperature ramp, a 100 sccm flow of 3% humidified
nitrogen/hydrogen mixture gas (N2/H2 90/10%) was introduced to
the anode side, while the cathode side was exposed to ambient air.
Upon reaching the operating temperature, the proportion of hydrogen
in the anode side gas was gradually increased to 100% hydrogen with
3% humidity. Electrochemical impedance spectroscopy (EIS)
measurements were conducted using a Gamry Reference 3000
(Gamry Instruments). The measurements were performed over a
frequency range of 106−1 Hz with a perturbation amplitude of 30 mV
rms. The ionic conductivity was calculated based on Ohm’s Law.
Current−voltage-power (I−V−P) curves were also obtained using a
Gamry Reference 3000 with a scan rate of 25 mV/s.

■ RESULTS AND DISCUSSION
Thermomechanical Modeling to Define Required

Metal Substrate Property. A metal substrate for the
SOFC must possess several key attributes, including
compatibility (chemical and thermal) with cell components,
mechanical strength, thermal stability, high thermal and
electrical conductivity, and cost-effectiveness. The metal
should be suitable to be formed into substrates with the
required dimensions and porous microstructure. Nickel (Ni) is
a well-known material used in SOFC anodes, meeting most of
these criteria for use as a substrate in the anode environment.
Additionally, Ni substrates can be beneficial in support of the
anode reactions as Ni exhibits excellent catalytic activity in the
electro-oxidation of hydrogen fuel.24 Nickel substrates were
thus first considered in this study. Consequently, Ni substrates,
characterized by micrometer-sized pores, were fabricated
(Figure S1), with details of the synthesis method provided in
the Experimental Section. To assess the mechanical properties
of the substrate, nanoindentation and dynamic mechanical
analysis were employed to measure the elastic modulus and
coefficient of thermal expansion (CTE), respectively, with the
results shown in Figure S2. The results show that porous Ni
substrate exhibits an elastic modulus of 15 GPa and a CTE of 4
ppm/°C. The modulus value is significantly lower than the one
of bulk Ni (elastic modulus ∼200 GPa) due to the inherent
characteristics of porous materials. The presence of pores
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reduces stiffness, allowing deformation with less resistance.
This is particularly evident when sintering is minimal, as the
pore network can rearrange under stress, further lowering the
effective modulus. Additionally, the CTE value, much lower
than that reported for bulk Ni,21 is attributed to slight sintering
of NP-Ni during heating; the highly porous nanostructural
network undergoes pore rearrangement, resulting in less
thermal expansion at elevated temperature.
We next employed finite element simulation to evaluate the

feasibility of the porous Ni substrate. The cell configuration
used in this simulation comprised a porous Ni substrate as the
bottom support layer with a Ni-YSZ anode and thin YSZ
electrolyte layers stacked successively on top (Figure 2a). All of
the layers were modeled strictly as elastic materials, devoid of
plastic deformation while accommodating thermal expansion.
All of the layer dimensions and material properties are listed in
Table S1. Poisson’s ratio values were selected from the existing
literature,25 while Young’s modulus and CTE were directly
taken as the measured values of elastic modulus and thermal
expansion, respectively (Figure S2). Subsequently, a single-step
finite element method (FEM) analysis was conducted, tracking

the bending behavior of the entire structure as the temperature
increases from 300 to 900 K. It was observed that the use of
porous Ni as the metal substrate induced significant bending
(see Figure 2b,c). This effect is due to the difference in the
CTE (4 ppm/°C of porous Ni vs 10.5 ppm/°C of YSZ), which
creates a high-stress gradient within the structure. The thin-
film layers are subjected to compressive stress, likely leading to
the propagation of microcracks through the thickness of cell
components and delamination between the thin-film cell and
Ni substrate.26 This bending behavior is indeed observed
experimentally, as shown in Figure S3. Both theoretical analysis
and experimental findings underscore the necessity for an
alternative metal substrate with improved thermal expansion
compatibility and thermal stability.
Inconel 600, a nickel-based alloy, has been identified as a

promising candidate for metallic interconnections in SOFCs
owing to its exceptional thermal-mechanical performance and
resistance to oxidation.27 The CTE of bulk Inconel 600 (13.3
ppm/°C)22 is much smaller than that of bulk Ni (∼17 ppm/
°C)21 and closely aligns with that of YSZ electrolyte (∼10.5
ppm/°C).28 This alignment helps to mitigate stresses induced

Figure 2. Finite element simulation for Ni- and Inconel-supported cells. (a) ABAQUS model depiction; (b, d) distribution of normal stress in the
horizontal direction for Ni- and Inconel-supported cells, respectively, at 900 K; (c, e) distribution of normal stress in the vertical direction for Ni-
and Inconel-supported cells, respectively, at 900 K; zoom-in images of stress distribution present on the right top of each image; (f) finite element
method (FEM) analysis of crack propagation at YSZ/Ni-YSZ interface 1 and Ni-YSZ/metal substrate interface 2. (g) Energy release rate (J-
integral) at different interfaces.
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by the CTE mismatch when integrating with a thin-film YSZ
electrolyte. Consequently, Inconel was selected for our initial
thin-film SOFC prototype. A commercially available porous
Inconel 600, featuring microsized pores, was obtained.
Utilizing the measured elastic modulus (5 GPa) and CTE
(12 ppm/°C) of the porous Inconel substrate (see Figure S4),
the model revealed minimal bending and uniform stress
distribution within the fuel cell structure in both x and z
directions (as depicted in Figure 2d,e), thereby reducing the
risk of failure. Subsequently, FEM analysis was conducted to
observe crack propagation along the interfaces of the
electrolyte/anode and anode/metal substrate (Figure 2f,g).
The driving force for crack propagation, represented by the J-
integral, was computed as the cracks extended inward
(negative x direction) with increasing temperature from 300

to 900 K for porous Ni (blue) and Inconel (red) as metal
substrates. The crack will propagate once the driving force
exceeds the fracture toughness of the respective interfaces. The
interface of Ni-YSZ/YSZ is termed Cell-interface 1 and plotted
in a dotted line, and Cell-interface 2 corresponds to the YSZ/
Metal substrate boundary, plotted as a solid line. According to
the simulation, the J-integral values for crack growth were
found to be highest at the porous Ni substrate and Ni-YSZ
anode interface, primarily due to the significant difference in
CTE between the substrate and the cell components.
Conversely, porous Inconel as the metal substrate resulted in
a substantially lower crack driving force at both anode/
electrolyte and anode/substrate interfaces compared to Ni.
The results presented here are from simulations with varying
thicknesses of porous Ni and porous Inconel 600 layers, using

Figure 3. (a) Schematic diagram of the process of modifying Inconel substrate and fabricating supported thin-film SOFC. (b) Surface morphology
of porous Inconel; (c) surface morphology of Inconel after NP-Ni infiltration; (d) surface morphology of Inconel after NP-Ni and YSZ
nanoparticles infiltration; (e) cross-sectional view of modified substrate; (f) three-dimensional (3D) atomic force microscopy (AFM) image of
surface of Inconel after NP-Ni infiltration; (g) 3D AFM image of surface of Inconel after NP-Ni and YSZ nanoparticles infiltration.
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the same dimensions as those in the experimental tests. We
also ran simulations with an Inconel layer of reduced thickness,
equivalent to that of the porous Ni layer, but the results were
similar to those obtained with thicker Inconel layers. The
simulation outcomes indicate that a porous Inconel substrate is
better suited to support TF-SOFCs, as the cell exhibits
enhanced resistance to crack propagation due to its relatively
compliant nature and closely matched CTE.

Fabricating Inconel Substrate Suitable for Thin-Film
Deposition. To facilitate the sputtering deposition of thin-
film cell components (less than 10 μm) on a macroporous
Inconel substrate (characterized by pores of tens of micron
meters in size as depicted in Figure 3b), several surface
treatments were employed to decrease both pore size and
surface roughness (shown in Figure 3a).
The first treatment was to fill the macroporous Inconel with

nanoporous Ni particles (∼800 nm). Following our previously
published procedure, nanoporous Ni particles were synthesized
via a conversion reaction method where NiCl2 is reduced with
butyl lithium forming a nanocomposite of Ni and LiCl
followed by dissolution of LiCl using methanol.29,30 The
nanoporous Ni particles were dispersed in ethanol and
infiltrated into the macropores on the Inconel surface.
Following uniaxial compression and thermal treatment at 700
°C under Ar−H2 atmosphere, the surface was modified to
contain pores of a few micrometers in size with a root-mean-
square (RMS) roughness of 340 nm (illustrated in Figure 3c,f).
The Ni-YSZ anode and YSZ electrolyte layers were then
deposited onto the Ni-modified Inconel (Inconel-Ni) surface,
as shown in Figure S5. The resulting uneven surface of the
Inconel substrate along with pinholes formed within the YSZ
layer were probably the root causes of the observed cell
shorting at elevated temperatures, highlighting the necessity for
further surface refinement.
The second treatment was then used to further even out the

surface of substrate. In this step, YSZ nanoparticles (<100 nm)
were infiltrated into the Inconel-Ni surface utilizing the same
methodology as that used for NP-Ni particles. YSZ was chosen
due to its exceptional thermal stability and effectiveness in
preventing Ni nanoparticles agglomeration.31 After compacting

and sintering at 700 °C, surface morphology (Figure 3d) and
cross-sectional analysis of the substrate via focused ion beam
(FIB) scanning electron microscopy (SEM) showed that both
nanoporous Ni and YSZ nanoparticles filled the surface pores
of Inconel (Figure 3e). Energy-dispersive spectroscopy (EDS)
analysis verified the exclusive presence of YSZ on the substrate
surface (Figure S6). The second treatment resulted in
nanoscale pores at the surface (Figures 3d and S7) and
showed a significantly reduced RMS roughness of 138 nm
(Figure 3g) for the Inconel substrate, indicating an improved
surface suitable for thin-film sputter deposition.

Sputtering TF-SOFC Cell on Porous Inconel Sub-
strate. Figure 4a shows a schematic of an SOFC cell deposited
on a porous Inconel substrate. The fabrication process
involved the sequential sputtering of a Ni-YSZ anode, YSZ
electrolyte, GDC interlayer, and LSC-GDC cathode within the
same chamber, designated as LSC-GDC/GDC/YSZ/Ni-YSZ.
Detailed microstructural characterizations of each layer were
performed, with the findings depicted in Figure 4. The specific
sputtering parameters are detailed in the Experimental Section.
To fabricate a full cell, a porous Ni-YSZ anode with a

thickness of approximately 4 μm was first deposited on an
Inconel substrate. Examination of the surface morphology of
the anode, shown in Figure 4b, reveals nanosized particles with
an average size of 90 nm clustering together to form fine pores.
This microstructure is advantageous, providing a high surface
area for reactive sites and facilitating the mass transport of
H2.

32 The connectivity of these pores is confirmed by the
cross-sectional image of the anode (Figure 4f). Subsequently, a
YSZ electrolyte layer, approximately 2 μm thick, was deposited
on top of the Ni-YSZ layer. Observations of both the surface
(Figure 4c) and cross section (Figure 4g) reveal the absence of
pores, indicating a fully dense structure. Following the YSZ
layer, a dense GDC layer (illustrated in Figure 4g,h) was
deposited to serve as an interlayer between the electrolyte and
cathode, aimed at preventing side reactions between the YSZ
electrolyte and LSC cathode.33 The final layer, a ∼ 1.7 μm
thick LSC-GDC cathode, was then deposited, featuring a
columnar microstructure with relatively larger grain sizes and
similar pore sizes (<100 nm) in comparison to the anode.

Figure 4. (a) Schematic configuration of the metal-supported TF-SOFC (not in scale); (b) SEM of Ni-YSZ anode surface; (c) SEM of YSZ
electrolyte surface; (d) SEM of LSC-GDC cathode surface; (e) cross-sectional SEM of full cell; (f) cross-sectional SEM of Ni-YSZ; (g) cross-
sectional of YSZ; (h) cross-sectional SEM of LSC-GDC.
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Figure 4e shows a cross-sectional image of the complete cell
structure, highlighting the distinct microstructures that have
been successfully deposited on the Inconel substrate via
magnetron sputtering.

Demonstrating Cell Performance. The Inconel-sup-
ported TF-SOFC cell underwent electrochemical testing with
97% hydrogen, 3% H2O as the fuel, and air as the oxygen
source. The cell was heated at a rate of 20 °C per minute
without any issues. The cell achieved an open-circuit voltage
(OCV) of approximately 1.06 V at 600 °C (Figure 5a). The
deviation from the theoretical OCV (1.13 V) at 600 °C34

could be attributed to structural defects and inadequate sealing.
We are actively investigating this issue and working toward
resolving it. The cell exhibited a peak power density of 1.07
W/cm2 at 600 °C over a 3 mm2 active area, marking the
highest performance recorded for metal-supported TF-SOFCs
with an electrolyte thickness of less than 10 μm. This study
marks our initial exploration into fully thin-film, metal-
supported SOFCs. A small active area (3 mm2) was employed
to ensure controlled and reproducible testing, a method
commonly adopted in foundational research on thin-film
SOFC development.35−37 Previous studies have shown
comparable power density between large-area cells (16 cm2)
and small-area cells (<1 cm2), indicating that results obtained
from small-area cells are relevant for larger-scale applications.38

To further ensure reliability, we fabricated another cell with an
identical configuration and active area. This additional cell was
safely tested under a lower ramping rate of 2 °C/min, as shown
in Figure S8. The cell delivered a consistent peak power
density of approximately 1.02 W/cm2, confirming the
reproducibility of our performance results and indicating that
our Inconel substrate can support rapid start-up without
noticeable damage or performance degradation.
For comparison, a porous Ni-supported TF-SOFC was also

fabricated (Figure S9c) and tested. This cell delivered a peak
power density of approximately 175 mW/cm2 at 550 °C
(Figure S9b) but was short-circuited at temperatures above
550 °C (Figure S9a). Post-mortem characterization (Figure
S9d) showed delamination of the YSZ electrolyte layer from
the anode, likely due to the thermal-mechanical stress-induced
bending, consistent with the simulation results. Due to its
mechanical compliance and a CTE close to that of YSZ,
porous Inconel demonstrated superior mechanical stability as a
substrate compared to porous Ni. Additionally, a comparison
of our Inconel-supported cell with other reported metal-
supported SOFCs in terms of thickness and power density is

shown in the SI (Figure S10). As shown in Figure S10, the
Inconel-supported SOFC with the thin-film cell made by
sputtering has the lowest cell thickness (<8 μm) while
delivering the highest power density (>1 W/cm2).
Electrochemical impedance spectroscopy (EIS) measure-

ments, detailed in Figure 5b, were conducted at different cell
voltages (OCV, 0.6 V, 0.4 V) at 600 °C. The ohmic resistance
and electrode polarization resistance were extracted from the
EIS data by fitting with the equivalent circuit (resistances, R
and constant phase elements, CPE) shown in Figure 5b. The
individual fitting results are presented in Figure S11 for further
clarity. Due to the thin-film electrolyte configuration, the cell’s
ohmic resistance remained low at approximately 0.1 Ω·cm2,
independent of cell voltage. From this value, an ionic
conductivity of 2 × 10−3 S/cm was calculated, aligning closely
with the standard sintered YSZ, which typically exhibits an
ionic conductivity of around 10−3 S/cm at 600 °C.39,40 This
result highlights the efficacy of sputtering technology in
producing dense and uniform electrolytes and demonstrates its
potential for integration with metal substrates without
compromising the ion conductivity. Based on the impedance
fitting at OCV, the anode polarization resistance (Ra) and
cathode polarization resistance (Rcat) were 0.14 and 0.13 Ω·
cm2, respectively. At 0.6 V, Ra and Rcat decreased to 0.07 and
0.06 Ω·cm2, respectively. Further decreases were observed at
0.4 V, with 0.06 Ω·cm2 for the anode and 0.05 Ω·cm2 for the
cathode. These low electrode polarization resistances were
attributed to the nanoscale grain size of electrodes, obtained by
sputtering, which created a high concentration of triple-phase
boundaries (TPBs), thus enhancing reaction kinetics.41 Finally,
cells with a larger active area of 1 cm2 were fabricated by using
the same sputtering procedure. These cells achieved a peak
power density of approximately 0.67 W/cm2 (Figure S12) at
600 °C which was lower than that obtained for cells with
smaller areas. The I−V curve indicates that the reduced
performance was primarily due to inadequate current
collection on the cathode side and gas concentration
polarization.42,43 Specifically, ohmic resistance increased at
the cell edges as the cell size increased. Additionally, the larger
quantity of Ni and YSZ used to ensure adequate pore closure
in the 2.5 cm × 2.5 cm substrate may have unintentionally
reduced porosity in certain areas, potentially limiting the
hydrogen supply to the electrode surface. These findings
suggest that comparable performance could be achieved with
further optimization of current collection methods and
substrate porosity/microstructure during fabrication scale-up.

Figure 5. (a) Current−voltage (I−V) and current−power (I−P) curves; (b) EIS measurements of porous Inconel-supported TF-SOFCs at
different voltages with H2 fuel and air at 600 °C.
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Specifically, stainless steel represents a cost-effective alternative
to Inconel, while offering a closer CTE to YSZ. Our results
obtained on Inconel, however, demonstrate the potential of a
metal-supported SOFC fabricated by a sputtering process.

■ CONCLUSIONS
Guided by thermomechanical simulations, porous Inconel is
selected as a substrate for TF-SOFCs. Use of this metal
substrate lowers cell bending stresses at elevated temperatures,
resulting in reduced risks of cell crack formation. By applying
infiltration and mechanical compression for surface modifica-
tions, we fabricated a porous Inconel substrate with nanoscale
pores at the surface and a reduced surface roughness of 138
nm. A thin-film SOFC cell (LSC-GDC cathode/GDC
interlayer/YSZ electrolyte/Ni-YSZ anode) was deposited on
the modified Inconel substrate by using sputtering. The cell
was heated at a fast start-up rate of 20 °C/min to the operating
temperature of 600 °C without any issues and achieved an
open-circuit voltage (OCV) of 1.06 V and a peak power
density of 1.07 W/cm2 using hydrogen fuel and air at 600 °C.
The demonstration of a thin-film SOFC supported on an
external metal substrate highlights an optimal configuration for
TF-SOFCs, offering superior areal and weight-specific power
densities, which is crucial for weight-sensitive applications.
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