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HIGHLIGHTS

« A high conductivity Ag-containing coating was successfully prepared.

« The dense protective coating slows the interconnect’s oxidation.

« The coating effectively mitigated the increase in area-specific resistance.
« Pure metal coatings offer a new approach for interconnects.

ARTICLE INFO ABSTRACT

Keywords: Solid Oxide Fuel Cells (SOFCs) are a highly efficient energy conversion technology, but the degradation of metal
Solid oxide fuel cells interconnects remains a critical challenge. Conventional coatings often lack sufficient electrochemical perfor-
Metallic interconnects mance and stability. In this study, a dense Ag coating was developed using the screen-printing method to improve
Ag coating

the electrochemical performance and chemical compatibility of SOFC interconnects. Symmetric and single cells
were prepared with La, ¢Sr, 4Co, ,Fe, sO5_; cathodes and SUS430 interconnects to evaluate the coating under
high-temperature conditions, simulating real SOFC operation. The Ag coating demonstrated excellent adhesion,
uniformity, and oxidation resistance, with conductivity increasing from 0.01 to 13.13 S cm~! at 650 °C after
coating and the area-specific resistance decreasing from 1.843 to 0.378 Q cm? after coating between cathode
and interconnect at 750 °C. Moreover, the coating effectively inhibited Cr diffusion from the interconnect to the
cathode, addressing a major limitation in SOFC durability. These results suggest that Ag coatings offer a practical
and promising solution to enhance the performance and extend the lifespan of SOFC systems.

Oxidation
Cr poisoning

1. Introduction thermal expansion coefficients match those of other SOFC components,
and they offer reasonable manufacturing costs [6,9]. However, the high
operating temperatures (500-800 °C) pose a significant challenge for
FSS interconnects, primarily due to the formation of a Cr-rich oxide
layer. Although this oxide layer initially provides short-term oxidation
protection, it gradually increases electrical resistance as it grows thicker
during prolonged operation. Over time, oxide spallation can occur, ac-
celerating interconnect degradation [10]. Moreover, in the humid and
high-temperature environment of SOFCs, Cr volatilization becomes a
critical issue. The released Cr species can poison the cathode, degrad-
ing its electrochemical performance [11]. These volatile Cr compounds
deposit on the cathode surface, blocking active sites and impairing the

Solid Oxide Fuel Cells (SOFCs), as high-temperature fuel cells, can
achieve up to 75 % efficiency [1,2]. They offer fuel flexibility and re-
duced carbon emissions [3-5], making them a promising solution for
clean and sustainable energy. In SOFC stacks, interconnects play a vi-
tal role by electrically and mechanically connecting individual cells
(consisting of cathode, anode, and electrolyte) [6], which enable the
development of scalable and efficient energy systems.

Metallic materials have become promising candidates for intercon-
nects due to their excellent electrical conductivity, high mechanical
strength, and cost-effectiveness [7,8]. Among them, ferritic stainless
steels (FSS) are widely considered for SOFC interconnects because their
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oxygen reduction reaction (ORR), which is essential for efficient cell
operation [12,13].

To address these issues, various coating strategies have been ex-
plored to prevent Cr diffusion, decrease area-specific resistance (ASR),
and extend the service life of FSS [14,15].

Researchers have proposed various coating solutions for SOFC in-
terconnects. Metal oxides are considered the most commonly studied
type of interconnect coating, especially perovskite-structured metal ox-
ides [16,17] and spinel-structured metal oxides [18,19] because of
their excellent thermal and chemical stability. To achieve uniform and
dense coatings with enhanced adhesion and stability, various tech-
niques such as screen printing [20], thermal spraying [21], physical
vapor deposition (PVD) [19,22], and electrophoretic deposition (EPD)
[23,24] are being explored. Screen printing can produce uniform and
high-quality coatings, enhance the conductivity and corrosion resis-
tance of interconnects, and can also be cost-effective for large-scale
applications [25].

Although metal oxide coatings effectively alleviate FSS failure, their
primary limitation lies in the growth of a low-conductivity chromia
layer at the steel/coating interface [6]. Developing alternative coat-
ing materials with both high conductivity and high density at elevated
temperatures presents a potential solution. Ag ranks among the most
electrically conductive metals, with a conductivity of 3.67 x 107 S m~1
at 600 °C [26]. Researchers have explored modification of SOFC elec-
trode materials with highly conductive Ag in the form of composite
coatings or nano doping to enhance the efficiency and stability of SOFCs
[23,27-31]. Significant advancements in this area include the develop-
ment of composite coatings that integrate Ag with lanthanum strontium
cobalt ferrite and samarium-doped ceria carbonate (SDCC), demonstrat-
ing good thermal compatibility with SUS430 stainless steel. Studies by
Linda et al. [27] and Omar et al. [23] have made substantial con
tributions to this field, highlighting the potential of these composite
coatings.

Recent studies have underscored several important applications of
Ag coatings in SOFCs. For instance, Zhu et al. [28] and Kim et al.
[29] applied nano-Ag particles to modify the cathode material of low-
temperature SOFCs. This effective strategy marked a milestone for
achieving excellent SOFC cathode performance under mid-to-low tem-
perature conditions. High-conductive Ag adhesives as collectors are
employed in SOFCs to connect the electrodes and electrolyte, sig-
nificantly reducing interfacial resistance and improving overall cell
efficiency [30,31]. These adhesives offer excellent electrical conduc-
tivity and stability at high temperatures, making them ideal for SOFC
applications. However, current Ag coatings face limitations in SOFC
interconnect applications due to high-temperature volatility, poor densi-
fication, and high costs [6]. While existing studies predominantly adopt
low-conductivity oxide coatings (e.g., LaCrO3, MnCo,0,), these com-
promise interfacial performance [11]. This study innovatively proposes
an Ag-based coating combined with a screen printing and gradient
sintering process. By maintaining high electrical conductivity while
achieving high densification, the interfacial resistance is reduced by over
fivefold compared to pre-coated components.

Overall, the application of Ag as a diffusion barrier in SOFCs repre-
sents a promising approach to enhancing the performance and efficiency
of these devices. The challenge of maintaining Ag’s density at high tem-
peratures (500-800 °C), along with concerns about its durability due to
volatility at these temperatures. Continued research in this field is cru-
cial to overcoming existing challenges and realizing the full potential of
Ag in SOFC technology.

In this study, we have pioneered the use of high-conductive Ag ad-
hesives as a coating for interconnects in SOFCs; improving conductivity
while slowing down the oxidation of FSS in the SOFC working environ-
ment, thus forming a dense barrier layer to reduce the toxicity of Cr emit-
ted from FSS to the SOFC cathode. For a detailed investigation of elec-
trochemical performance, a single cell with a Lag Sry 4Cog oFeqgO5_s
(LSCF) cathode was assembled to show the effectiveness of coatings.
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Based on this experimental configuration, a systematic investigation of
oxidation behavior and electrical properties of bare and coated steels
under SOFC operating temperature has been conducted to verify the
feasibility of this approach. By examining these aspects, the paper can
reveal the usefulness of Ag technology in enhancing the durability and
performance of metallic interconnects in SOFC applications.

The remainder of this paper is structured as follows: Section 2
will cover the material preparation methods and characterization tech-
niques. Section 3 will provide an in-depth discussion on the Ag coat-
ing, including surface analysis (Section 3.1), oxide layer structure
(Section 3.2), conductivity and ASR (Section 3.3), output power and sta-
bility in SOFC single cell systems (Section 3.4), Cr diffusion (Section 3.5),
and lifetime prediction of the coating (Section 3.6). The feasibility of
using Ag coatings for SOFC interconnects will be thoroughly evaluated.

2. Experimental section
2.1. Preparation of Ag coating by the screen printing method

For oxidation testing, samples were prepared. DAD-87 conductive Ag
adhesives (including 82 % Ag, epoxy resin, and phenolic resins), sourced
from Shanghai Research Institute of Synthetic Resins Co., Ltd., were used
in this study. Alpha-terpineol served as a diluent to adjust the paste’s
viscosity for screen printing. The mass ratio of Ag adhesive to alpha-
terpineol was maintained at 10:1.

Circular cylindrical samples of SUS430 stainless steel, measuring
14 mm in diameter and 3 mm in thickness, were prepared. The chemi-
cal composition of the alloy is listed in Table S1. Before the Ag coating
application, the samples underwent 20 min of ultrasonic cleaning to
remove particulate contamination. This was followed by wiping the sur-
faces with acetone and ethanol to eliminate any residual oils. The diluted
Ag paste was then applied to the clean surface of each SUS430 sample
using a screen printing method for uniform application (Fig. S1). The
coated samples were dried in an oven at 80 °C for 2 h to remove the
solvent and ensure good adhesion. Subsequently, the samples were sin-
tered in a muffle furnace at 900 °C for 2 h to enhance the densification
and durability of the Ag coating on the stainless steel substrate.

2.2. Exposure testing equipment and conditions

The samples were placed in a specially designed exposure unit to
maintain a controlled environment for high-temperature exposure test-
ing in single atmosphere, as shown in Fig. S2. They were exposed to
humid air at 750 °C for 50, 100, or 200 h. The gas flow rate was set
at 80 mL min~1, and bubbled through bottles of pure water kept at a
constant temperature of 25 °C to ensure a 3 % H,O concentration prior
to entering the furnace. Table 1 lists the names of all samples along with
their corresponding experimental conditions, including atmosphere, gas
flow, exposure/heat time, and temperature.

Table 1
Experimental conditions for sample preparation and later exposure to air with
3 % H,0.

Name Coating Cathode Heat treatment Exposure/heat Temperature
time (h) Q)
4300h - - - - -
43050 h - - 50 750
430 100 h - - 100 750
430 200 h - - 200 750
As deposited Ag - - - -
Coated 0 h Ag - 900°C2h - -
Coated 50 h Ag - 900°C2h 50 750
Coated 100 h Ag - 900°C2h 100 750
Coated 200 h Ag - 900°C2h 200 750
430+Ag Ag - 900°C2h - 750
430+ LSFC - LSCF 900°C2h - 750
430+Ag+LSFC Ag LSCF 900°C2h - 750
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2.3. Composition and structural characterization

The morphology and cross-sectional analysis of the sample were per-
formed using a field emission scanning electron microscope (FE-SEM,
TESCA VEGA 4) equipped with energy-dispersive X-ray spectroscopy
(EDS). The phase structures of the metal and oxide layers were char-
acterized using X-ray diffraction (XRD, SIEMENS D500D) with Cu Ka
radiation. Data were collected over a 20 range of 10-90°, with a step size
of 0.05°. Sintered interconnects’ surface elemental compositions were ex-
amined using X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250).

2.4. Fabrication of cell with interconnect

To collect electrochemical data, cells were fabricated. The cath-
ode material, Lag ¢Srg 4Coqg 2Feq gO;_s, was synthesized by the sol-gel
method, as shown in Fig. S3. Using a ball mill, a homogeneous cathode
slurry was prepared by milling LSCF powder with ethyl cellulose and
alpha-terpineol in a mass ratio of 1:0.06:0.94 [32]. An anode-supported
electrolyte, manufactured by Haechi (Beijing) Information Technology
Co., Ltd, was used to make a single cell. This cathode slurry was screen-
printed onto the electrolyte discs to form a uniform layer, dried, and
then sintered at 900 °C for 4 h with a heating rate of 2 °C min~! to
ensure proper adhesion and microstructural development.

Symmetrical cells were constructed using laboratory-manufactured
gadolinium-doped ceria (GDC) discs as substrates. LSCF cathode paste
was applied to both sides of these GDC discs following a method outlined
in referenced literature [33], using screen printing to ensure consistency.
After printing, the discs were sintered at 900 °C for 4 h to complete the
formation of the symmetrical cells. The effective electrode area on each
side was defined by a circle with a diameter of 6 mm.

2.5. Electrical properties

The ASR based on SUS430 interconnects was measured using the di-
rect current four-probe technique. Refer to the inset diagram in Fig. 4b
for the test schematic. The electrochemical performance of single cells,
using the interconnect as a current collector, was evaluated using
an electrochemical workstation (S1260+ S1287, Solartron Analytical).
Electrochemical Impedance Spectroscopy (EIS) measurements were con-
ducted over a frequency range from 10 ~° to 10 ~2 Hz with a bias voltage
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of 20 mV. The I-V curves of the single cells were recorded by gradu-
ally increasing the scan voltage from 0.1 V to 1.1 V, at a scan rate of
10 mV s~1. The single cells were sealed at the top of an alumina ce-
ramic tube using ceramic adhesive to ensure airtight conditions during
the tests. This arrangement is essential to prevent gas leakage and to
maintain the integrity of the cell environment. During testing, a mix-
ture of nitrogen and hydrogen gases was injected at the anode, while
compressed air was supplied to the cathode.

2.6. Quality loss of Ag coatings

The coating was prepared using the screen printing method described
in Section 2.1, applied to a smooth mold with a diameter of 2 cm to
achieve a thickness of approximately 1.5 mm. After drying in an oven
at 80 °C, the coating was carefully removed from the mold and calcined
at 900 °C for 2 h, resulting in a silver-containing disk with a diameter
of 1.87 cm and a thickness of 1.49 mm. The initial weight of the coat-
ing disk was measured using an analytical balance. The disk was then
exposed to the environment described in Section 2.2 for durations of
50 h, 150 h, and 300 h. After each exposure period, the weight of the
coating disk was measured again. The mass loss and volatilization rate
were calculated based on the initial and post-exposure weights, using
the formulas:

Initial Weight — Final Weight
Mass Loss (%) = x 100 1
ass Loss (%) < Tnitial Weight ) )
Volatilization Rate = _ Mass Loss 2)

Exposure Time
3. Results and discussion
3.1. Microstructure of Ag coating

Fig. 1 provides insight into the microstructural evolution of the sur-
face of the Ag coatings on the interconnect. SEM (Fig. 1a—c) highlights
significant changes in the surface morphology of the Ag coatings. In
Fig. la, the Ag coating (as deposited) exhibits a rough and granular
surface, indicative of a densely packed but loosely bound particulate
structure. This morphology is characteristic of coatings that have not
undergone heat treatment, showing distinguishable and relatively non-
fused individual Ag particles. After heat treatment at 900 °C for 2 h
(Fig. 1b), the surface undergoes substantial transformation. The high-
temperature treatment leads to the sintering of Ag particles, resulting

i AgCro s
(e) s Exposed f = LSCF
=z =i g =
3 s|g £ s8 gco:¢
: = =1c L7l E) fEZES
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Fig. 1. (a) SEM image of the surface of the Ag coating (as deposited). (b) Surface SEM image of the Ag coating after heat treatment at 900 °C for 2 h (heat treated).
(c) SEM of the Ag-coated surface after exposure to air with 3 % H,O at 750 °C for 100 h (exposed). (d) Cross section SEM image of the exposure sample heat treated
at 900 °C for 2 h in air. (e) XRD of Ag coatings as deposited; heat treated at 900 °C for 2 h; and exposed in air with 3 % H,0 at 750 °C for 100 h. (f) XRD of SUS430

base and sectional LSCF cathode material.
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in a more continuous and smoother surface. The grains appear to coa-
lesce, forming well-defined grain boundaries with a noticeable increase
in grain size. This change indicates enhanced particle adhesion and
reduced surface area, a critical factor for improving the coating’s con-
ductivity and stability [43]. Following 100 h of air exposure (Fig. 1c),
the Ag coating further evolves. The surface remains smooth, but the
coating grain boundaries become more pronounced, and there is evi-
dence of minor grain growth. This suggests that the coating maintains
its structural integrity and resists significant morphological degradation
over prolonged exposure to air with 3 % H,O. The stability of the mi-
crostructure under such conditions is crucial for the durability of the
coating in practical applications [44,45].

The cross-sectional SEM image (Fig. 1d) reveals a layered structure
comprising the LSCF cathode material, the Ag coating, and the SUS430
stainless steel substrate. The Ag coating layer is distinctly visible, show-
ing uniform thickness (about 20 + 2 um) and good adherence to both
the LSCF (about 28 + 2 pm) and SUS430 layers (about 3 + 2 mm). The
absence of cracks or delamination at the interfaces suggests strong bond-
ing and structural cohesion, essential for effective interconnectivity and
long-term operational stability [46-48].

The XRD patterns (Fig. 1e and f) further elucidate the coatings’ struc-
tural integrity and phase composition. Fig. 1e shows the XRD spectra
of the Ag coatings in three states: uncalcined, calcined at 900 °C for
2 h, and after 100 h of air with 3 % H,O exposure at 750 °C. The un-
calcined coating displays characteristic peaks of metallic Ag [49,50].
After heating at 900 °C for 2 h, the peak corresponding to Ag remains,
and no significant new peaks are marked, suggesting that Ag is still the
dominant phase. Compared to the heat-treated sample with deposited
sample, sharper peaks can be observed, which may be related to the
increase in crystallinity of the Ag coating, as seen in the SEM struc-
tural changes in Fig. 1a to b. The diffraction peaks become much more
intense after exposure to air containing 3 % H,O, which might indi-
cate an improvement in crystallinity and an increase in grain size [51].
This suggests that the sample has become more ordered and stable over
time under thermal treatment [52]. 100 h of heating leads to the ap-
pearance of new phases on the surface of Ag coating, which are likely
the oxides of Ag and Cr. This compound may be AgCrO,, as inferred by
comparing the peak values of XRD [53,54]. The Cr or Cr compounds dif-
fused from the SUS430 substrate pass through the lattice of Ag instead

——Fe

~—Cr

—Mn
—0
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of grain boundaries and react with oxygen on the surface of the coat-
ing to form the compound AgCrO,, corresponding to the white bright
spots present on the surface of the Ag coating in Fig. 1c. Notably, these
precipitated oxides are distributed in the lattice rather than at the grain
boundaries. Related literature [55,56] also indicates Cr diffuses primar-
ily through the Ag lattice (via vacancies/interstitials) rather than along
grain boundaries, as evidenced by AgCrO, formation [55] and atomic-
scale diffusion mechanisms [56]. Bulk diffusion dominates over grain
boundary pathways in Ag-Cr systems.

The conductivity of layered silver based oxides (such as AgCrO,) is
typically in the range of 1072-10% S cm ™!, but the d® electrons of Co**
are more likely to participate in conductivity [57]. In contrast, the d3
electrons of Cr>* may lead to lower conductivity of AgCrO,, estimated
to be in the range of 10731071 S em~! (semiconductor range) [58].

Fig. 1f shows the XRD patterns of the 430 stainless steel substrate and
the LSCF cathode material. The substrate shows typical peaks of ferritic
stainless steel [59], while the LSCF pattern confirms the presence of
the desired perovskite phase, which is crucial for its functionality as a
cathode material in fuel cells [60].

In summary, the Ag coating undergoes significant microstructural
refinement upon calcination, resulting in enhanced grain structure and
stability. The coating maintains its integrity and crystallinity even af-
ter prolonged exposure to air with 3 % H,O. The cross-sectional and
XRD analyses corroborate these findings, highlighting the robustness
and compatibility of the coating with the underlying materials.

3.2. Coating effect on oxide scale

Fig. 2(a—d) shows the cross-sectional SEM images and the corre-
sponding EDS line scan results before and after coating the SUS430 with
Ag, showing the elemental distribution along the line scan (including O,
Fe, Cr, Mn and Ag). The uncoated sample, in Fig. 2(a and b), shows a
uniform structure with different element distributions of Fe, Cr, and Mn,
and no significant presence of O. The Ag-coated sample in Fig. 2(c and
d) shows an additional Ag layer, which is visible in the SEM image and
forms clear boundaries.

Fig. 2(e and f) shows that the structure of the uncoated oxide layer
undergoes significant changes after being exposed at 750 °C for 100 h
in the air with 3 % H,0. The elemental distribution along the line

15 20 25 30 35 40 45
Distance (um)

0 5 10

—Fe
Cr
——Mn

15 20 25 30
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5 10

+

0 10 20 30 40 50
Distance (um)

Fig. 2. SEM cross-sectional images and corresponding linescans of samples before and after exposure in air with 3 % H,0 at 750 °C for 100 h. (a) and (b) show bare
SUS430 without exposure. (c) and (d) show SUS430 with a Ag coating without exposure. (e) and (f) show bare SUS430 after exposure. (g) and (h) show SUS430 with

a Ag coating after exposure.
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scan from the yellow dot is shown, revealing three layers: matrix, ox-
ide, and whisker oxide growth. A whisker-like oxide layer, with the
longer whisker measuring a thickness of 17.76 um, forms on the surface,
as indicated by the elevated O content observed in the line scan. The
whisker-like crystals may be due to the presence of compressive stress or
dislocations inside the oxide during the growth process, which promotes
rapid diffusion of cations in the axial direction parallel to the surface of
the oxide layer [61-63]. Based on the EDS results in Fig. 2f, the main
component of the whisker-like oxide layer is Cr,O5. However, whisker
tips may contain some (Fe,Cr,Mn);0, spinel phases [64] or CrMnFeO,
or Cry,MnO, [65]. Compared with the uncoated sample, the exposed
Ag-coated sample (Fig. 2g and h) did not show the growth of whisker-
like oxide scales. Instead, a structurally distinct oxide layer was present,
with a thickness of 7.23 um (yellow arrow). The oxide can be divided
into two layers; from the inside to the outside there might be an oxide
layer of chromia (Cr,05), followed by a layer of ferrochromium spinel
(Fe, Cr)30,4) [66]. In addition, the content of Ag increases at the inter-
face between the coating and the oxide layer. This phenomenon can be
attributed to the interdiffusion process between the Ag coating and steel
substrate. During oxidation, Cr predominantly diffuses outward from
the steel substrate to form a continuous chromia (Cr,03) layer at the
steel/coating interface, as evidenced by the smooth oxide/steel inter-
face and gradual Cr depletion near this region. Concurrently, oxygen
dissolved in the Ag coating reacts with the outward-diffusing chromium
to form the chromia layer. Once this protective oxide layer becomes
continuous, it effectively blocks the inward diffusion path, leading to
the accumulation of a small amount of Ag beneath the oxide layer. The
interfacial compound detected by XRD in Fig. 1e may correspond to this
Ag-rich phase trapped at the interface, though its chemical state requires
further verification. The Ag coating is still visible, although some diffu-
sion may have occurred. These results indicate that the Ag coating acts as
a barrier, greatly reducing the oxidation of the underlying metal during
high-temperature exposure in humid environments. It helps maintain
the structural integrity of SUS430 in harsh conditions.

Fig. 3 is a plot showing the thickness of oxide layers as a function
of time (in hours) for different coatings on SUS430 samples exposed to
high-temperature conditions. The effect of the coating on the oxidation
reaction was investigated using the parabolic equation (Eq. 1) to reveal
the reaction kinetics [67].

x=kyt 3)

where x is the thickness gain, k,, is the parabolic rate constant, units are
expressed as um?s~!, ¢ is time.

The uncoated SUS430 has a k, value of 1.85 x 10~* um?s~!, indi-
cating a relatively high oxidation rate. Compared with other literature
(3.0 x 10~* pm?s~! at 800 °C [68]), the oxidation rate is higher, which
may be related to the use of humid air (3 % H,0) instead of dry air in
the test [69]. Combined with the results in Fig. 2e and f, the presence

16 4 —— 430 Fitting
14 3 430+Ag Fitting
= 430 — 4 2 -
E12- A 430+Ag p =1.85x10" pm’s
3,10-
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c 61
S 44 5.2
L k, =5.61x10™ um*s
P

£ 2
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0 50 . 100 150 200
Time (h)

Fig. 3. The changes in oxide layer thickness and fitting curves of bare SUS430
and coated samples exposed in air with 3 % H,O at 750 °C over 200 h. Trend
lines have been added assuming parabolic kinetics.
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Table 2

Comparison of electrical conductivity of different coatings from the literature.
Name Conductivity (S cm™') Temperature (°C) Reference
Co;0, 2.20 700 Brabers and Broemme [34]
Mn;0, 0.06 800 Logothetis and Park [35]
Mn;0, 0.10 800 Metselaar et al. [36]
MnCo, 0, 36.00 800 Chen et al. [37]
Mn, sCr, 50, 0.07 800 Chen et al. [37]
NiMn, 0, 1.40 800 Kshirsagar [38]
NiMn, 0, 9.10 800 Macklen [39]
NiFe,0, 0.20 800 Lee et al. [40]
MgMn, 0, 0.60 800 Keer et al. [41]
CuMn, 0, 40.00 800 Kshisagar [38]
Ag 138,600.00 800 Matula [42]

of water can accelerate the diffusion of Cr and has a strong correlation
with the formation of a whisker-like Cr oxide layer [70]. The Ag coating
drastically reduces the oxidation rate compared to the uncoated sample.
The Ag-coated SUS430 has a value of 5.61 x 1075 um?s~!, which is an
order of magnitude lower than the uncoated sample, indicating that the
Ag coating acts as an effective barrier against oxidation, enhancing the
system’s high-temperature oxidation resistance. The current fitting re-
sults maintain an acceptable error margin of 0.35 %. Despite the fitting
deviations, the curve clearly reveals the protective trend of the coating
on the substrate. This quantitative model provides valid comparative
evidence between coated and uncoated samples.

3.3. Conductivity and ASR of LSCF-based samples

The comparison in Table 2 highlights a significant aspect in this
work: the use of Ag as a coating material for SOFC interconnects. The
electrical conductivity of Ag at 800 °C is 4 to 5 orders of magnitude
higher than that of traditional oxide coatings used in SOFC systems.
The conductivity of oxide coatings typically ranges from 0.06 S cm™!
for Mn;0, [35] to 40 S cm™! for CuMn,0, [38], whereas the con-
ductivity of Ag reaches as high as 138,600 S cm~' [42]. This stark
contrast in conductivity underscores the breakthrough potential of using
Ag to greatly enhance electron transport and reduce resistance in SOFC
interconnects.

In order to study the adaptability of Ag coatings in cathodic envi-
ronments, the conductivity and electrochemical performance of various
LSCF symmetrical cell samples were investigated. The four samples pre-
sented in Fig. 4a had all undergone 100 h of operation in an oxidizing
environment at 750 °C. The prolonged operation led to the formation
of distinct corrosion/oxidation zones on the sample surfaces, which is
the primary reason for the observed conductivity reduction. These oxi-
dized regions exhibit low conductivity (10"6-1073 S cm~1), consistent
with literature reports on conductivity degradation caused by chromium
oxide formation [71,72].

Fig. 4a presents the temperature-dependent conductivity of four dif-
ferent samples: uncoated SUS430, SUS430 with Ag coating, SUS430 with
Ag coating and cathode material, and SUS430 with cathode material.
After coating with Ag, the sample exhibited the highest conductivity
across all temperatures, with a peak of 13.13 S cm~1! at 650 °C. The
conductivity for all samples showed a decreasing trend as the temper-
ature increased. After the addition of the cathode material LSCF, the
430 + LSCF sample was essentially identical to the uncoated SUS430, ex-
hibiting the lowest conductivity. The 430+ Ag+ LSCF sample exhibited
higher conductivity than 430 and 430 + LSCF but lower than 430 +Ag,
indicating that the addition of LSCF slightly reduces the beneficial ef-
fects of the Ag coating. Notably, the 430 + Ag + LSCF sample maintained
moderate conductivity with minimal decline, and the contribution to the
increase relative to the 430+ LSCF sample may come mainly from the
Ag coating.

To assess the effect of LSCF and Ag coating on the base SUS430,
the ASR was tested before exposure, as shown in Fig. 4b and ¢, and



G. Yang, A. Potter and J. Sumner

Fuel 404 (2026) 136134

(@ b)20
144 13.13 12.95 ) 5 1.843
< 12] 11.29 750 °C
510 —m—430 10,02| —~1.51 SUS430
%) —e—430+Ag — i's'\g’; Coating
e 81 —e—430+Ag+LSCF o _LSCF
2 ] ——430eLscF G 1.0 —\—-CSIiver —
E 4 14 SUS430
9] & 23 2.39 220| N
T2 N - =% | =05 0.378
c
oO0{#——— o — o —u
(&)
250 700 750 g0 ¥
LSCF 430+Ag+LSCF 430+LSCF
Temperature (°C) (d) g
(c) -
44 e LSCF 1.0 — - .,
—— & 430+Ag+LSCF e jggg o 800
— 3 A 430+LSCF i o 750°C
S 05 S S > 700°C
g 2 & -8 : o o 650°C
£ S \ o o 600°C
9, 11 o 085707 04 06 05 10
v (o]
o 01 = 430+Ag+LSCF
(2} N 4t
<1 00000,
< Oo°° o00
-l -2 O(%
S T0Bs 100 105 140 145 4 8 12
1000/T (K™") Z'(Q cm?2)

Fig. 4. (a) Conductivity curves between 650-800 °C of SUS430 (430), SUS430 with Ag coating (430+Ag), SUS430 with Ag coating and cathode material
(430+ Ag+LSCF), and SUS430 with cathode material (430+LSCF). (b) ASR value at 750 °C and (c) Arrhenius plot of the symmetrical cell with cathode mate-
rial, SUS430 with Ag coating and cathode material, SUS430 with cathode material between 600 to 800 °C. (d) Electrochemical impedance spectroscopy Nyquist plot

between 600 to 800 °C for SUS430 with a Ag coating and cathode material.

the inset of Fig. 4b shows a schematic of the tested structure. The LSCF
sample exhibits the lowest ASR. Samples with direct contact between
cathode material and SUS430 (430 + LSCF) exhibited the highest ASR of
1.843 Q cm?, after coated Ag between the LSCF and SUS430
(430 + Ag +LSCF), the ASR at 0.378 Q cm? decreased 79.8 % compared
with 430+ LSCF. However the ASR of LSCF with GDC is only 0.215 Q
cm?, this suggests that the increase in ASR is attributed to the interac-
tion between the cathode material and SUS430. A similar trend is shown
in the Arrhenius plots of ASR (Fig. 4c).

The Electrochemical Impedance Spectroscopy, represented by
Nyquist plots (Fig. 4d), illustrates the complex impedance (Z’ vs Z”)
for 430 bare with Ag coating and cathode material LSCF across differ-
ent temperatures (600-800 °C). At higher temperatures, the impedance
arcs decreased in size, indicating a lower resistance. After coating,
430+ Ag+ LSCF with a smaller impedance arc than 430 +LSCF (shown
in Fig. S4) suggests Ag coating positively affects interconnect electro-
chemical performance. Insets in these plots provide a zoomed-in view of
the high-frequency region for enhanced clarity. The results demonstrate
that Ag coatings significantly enhance the electrical conductivity and re-
duce the ASR of SUS430 stainless steel interconnects. The combination
of Ag coating and LSCF (430 + Ag + LSCF) offers a balanced performance
with moderate conductivity and ASR, making it a promising candidate
for SOFC interconnect applications.

3.4. Coating effect on output power and stability

To further investigate the suitability and applicability of Ag as a
coating for SOFC interconnects, samples consisting of LSCF single cells
and interconnects were tested. The structure is schematically shown
in Fig. 5c. The interconnects were mechanically fixed onto the anode-
supported full cell using ceramic plates and screws. Due to the inherent
brittleness of the anode substrate (diameter 2 cm), excessive pressure
could not be applied during assembly to avoid fracturing the cell. This
resulted in suboptimal interfacial contact between the interconnects

and the cell, increasing interfacial resistance and hindering efficient
charge/ion transport compared to the structure without interconnects.

Voltage and power density as a function of current density are illus-
trated in Fig. 5a and b for 430 + Ag + LSCF, and 430+ LSCF samples at
different temperatures (700-850 °C). The performance improved with
increasing temperature for all samples, with 430 + Ag + LSCF exhibiting
the highest output power density and voltage across all temperatures.
At 850 °C, the maximum power densities of coated sample were
0.153 W ecm ™2, increased by 363.6 % compared with uncoated sample
(0.033 W cm™~2).

The increase in output power may be related to two factors, which
are the increase in conductivity and the decrease in ASR. The high con-
ductivity (as shown in Fig. 4a) provided by the Ag coating accelerates
the transfer of electrons from the electrode material to the interconnect
and provides an effective barrier between the cathode material and the
interconnect to prevent their interfacial reaction [73]. The stability of
the coating is important for the SOFCs application, the resistivity re-
sults of the coated sample for 100 h of continuous testing were given
in Fig. 5d. After 100 h at 750 °C, the resistivity increased from 0.124
to 0.387 Q m, which remained relatively stable over 100 h, indicating
good stability. The increase in resistivity primarily originates from the
progressive thickening of the oxide layer formed at the coating-substrate
interface. The oxide layer growth kinetics curve in Fig. 3 quantitatively
demonstrates this correlation: During isothermal oxidation at 750 °C,
the thickness increases from 3.07 um at 50 h to 4.69 um after 100 h.
This is related to the charge carrier transport rate through the oxide layer
being slower than that in both the Ag coating and Fe-Cr alloy substrate.

3.5. Coating effect on Cr diffusion to cathode

To further analyze the causes of degradation of single cell, XPS (a—c)
of the surface and EDS (d-m) of the cross-section were given in Fig. 6.
The XPS spectra showed Cr 2p peaks corresponding to Cr%+ 2p, /25 Cri+
2py 2, Cr%" 2p;p, and Cr* 2p; ), indicating that Cr has diffused from
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the interconnect to the surface of both the coated and uncoated sam-
ples. The presence of both Cr®* and Cr3* indicated Cr contamination on
the surface. The peak at 589 eV suggests the presence of Cr in a higher
oxidation state, likely Cr(VI) [74]. Combined with the EDS results, the
corresponding compound consists of the elements Cr and strontium,

probably strontium chromate (SrCrO,4) [75]. The peak value of Cr 2p
matches the research of Zhang et al. [76]. Comparing Fig. 6a and b, the
addition of the coating results in the appearance and enhancement of
a peak at 573 eV, corresponding to Cr(IIl). This indicates that the pres-
ence of Ag affects the valence state of Cr, leading to a reduction from
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Fig. 7. (a) Mass loss curve of Ag coating at 750 °C for 50 h, 200 h and 500 h. (b) The prediction curve showing the thickness of the Ag coating decreasing from 20 um

to 10 um at 750 °C.

higher oxidation states (Cr(VI)) to lower ones (Cr(II) or metallic Cr).
The formation of new interfaces between Ag and Cr species may con-
tribute to these shifts in binding energy and oxidation states, potentially
facilitating the formation of AgCrO, [77,78].

Fig. 6¢ compares the relative atomic content (%) of various elements
(Sr 3d, Fe 2p, La 3d, Co 2p, and Cr 2p) in 430 + Ag + LSCF and 430 + LSCF
samples. The 430+ Ag+LSCF sample had higher Sr and Fe content,
while the 430+ LSCF sample exhibited higher Cr content. The reduced
Cr content in 430 + Ag + LSCF suggests better Cr suppression.

Cross-sectional elemental mapping after 100 h of operation
(Fig. 6d-h) indicated significant Cr migration in the 430 4+ LSCF sample.
A significant amount of oxides of Cr (SrCrO,4 and Cr,03) was evident in
the LSCF layer of the cathode material and these oxides (Cr,03) were
able to intrude into the interior of the interconnects at the same time,
which explains the reduced conductivity of the 430 + LSCF, the elevated
ASR and the reduced output power. This result was also proved by Chen
etal. [79]. SrCrO, destroys the pristine morphology of the LSCF cathode.
In Fig. 6d and i, the large black areas in the LSCF layer and oxide layer
appear as voids. These voids are likely due to the inherent brittleness
of the LSCF material and the polishing of the samples, which can cause
parts of the material to fall during the grinding and sample preparation
process.

The 430+ Ag+LSCF sample showed a more uniform elemental dis-
tribution with lower Cr migration in Fig. 6i-m. The Ag coating contained
the Cr below the Fe oxide layer to form a stable Cr oxide layer, mitigating
the mutual aggression between the cathode material LSCF and the inter-
connects. The reduction in ASR (Fig. 4b and c) was strongly correlated
with the improved stability of the interface after coating. This detailed
analysis shows that the addition of an Ag coating significantly affects
the chemical state and electronic environment of Cr in the material,
potentially improving its oxidation and corrosion resistance properties.

3.6. Life prediction of Ag coating

The data presented above indicate that the application of an Ag coat-
ing on SOFC interconnects can enhance electrical conductivity, reduce
area-specific resistance, and improve output power, while also provid-
ing some degree of Cr diffusion prevention. However, the volatility of
Ag at high temperatures is a significant issue that cannot be overlooked.
To investigate the evaporation behavior of the Ag coating under high-
temperature conditions, we conducted mass loss measurements of the
Ag coating after exposure to 750 °C for 50, 200, and 500 h, as shown in
Fig. 7a. After 500 h of exposure, the mass loss of the Ag was recorded
at 0.00021 g.

Based on this data, we projected the performance of the 20-micron-
thick Ag coating, prepared using the screen-printing method, under
operation in 750 °C air. As shown in Fig. 7b, the model predicts that
when 50 % of the coating thickness is lost (i.e., the remaining thickness

is 10 um), it would take approximately 38,000 h (around 4.3 years)
of operation. This analysis suggests that despite the volatility concerns,
the Ag coating could offer a reasonable operational lifespan in SOFC
interconnects at elevated temperatures before significant degradation
occurs.

The evaporation of Ag and its subsequent deposition on cathode
and anode materials can influence the system’s lifespan. Interestingly,
such Ag deposition has the potential to enhance the performance of
cathode materials. This view is supported by research demonstrating
significant improvements in cathode performance through the incor-
poration of Ag nanoparticles. For instance, Zhu et al. [28] reported a
Ag nanoparticle-decorated peritectic oxide electrocatalyst exhibiting ul-
tralow area-specific resistance (0.214 Q cm? at 500 °C) with exceptional
stability in low-temperature solid oxide fuel cells, delivering a peak
power density of 1116 mW cm~2 at 500 °C and maintaining 140-hour
durability under 625 mA cm ~ 2 operation. Additionally, Jeon et al. [80]
developed an Ag/ZrO, nanocomposite material deposited on LSCF cath-
odes, with the stable electrode resistance of 0.085 © cm? after 200-hour
operation at 650 °C, achieving performance levels among the highest
ever recorded for nanoparticle-infiltrated LSCF cathodes. These findings
indicate that Ag nanoparticles not only enhance the catalytic activity and
conductivity of perovskite cathodes but also improve their adaptability
to complex atmospheres. This suggests that, under controlled conditions,
the evaporation of Ag could potentially be turned into an advantage for
optimizing cathode performance.

Apart from the issue of Ag coating evaporation, the high cost of Ag re-
mains a significant challenge. The trade-off between final SOFC cost and
lifespan can be addressed through strategies such as optimizing coating
thickness, developing composite coatings, improving coating processes,
and promoting recycling and reuse. Future work should focus on mini-
mizing Ag usage while ensuring the long-term stability and performance
of interconnects, thereby achieving the optimal balance between cost
and durability.

4, Conclusion

In this study, we have demonstrated the development of a novel
Ag coating for SOFC interconnects, which has a dense surface and sig-
nificant resistance to oxidation in humid air. The application of this
coating resulted in a marked improvement in the system’s conductivity,
increasing by 100 fold, and a substantial reduction in the area-specific
resistance from 1.843 Q cm? to 0.378 Q cm? at 750 °C. When applied
to an SOFC single cell, the maximum power densities were enhanced
from 0.033 W cm~2 to 0.153 W cm ~2 at 850 °C. Additionally, the coat-
ing demonstrates certain potential in inhibiting chromium volatilization,
thereby enhancing the interconnect stability. Overall, this Ag coating
offers promising prospects for use in SOFC interconnects. However, the
high cost of Ag remains a notable challenge. Future work should focus
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on exploring strategies to reduce the cost of this coating, ensuring its
economic viability for widespread application.
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