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A B S T R A C T

Proton conducting oxide electrolyte materials could potentially lower the operating temperature of metal-sup-
ported solid oxide cells (MS-SOCs) to the intermediate range 400 to 600 °C. The porous metal substrate provides
the advantages of MS-SOCs such as high thermal and redox cycling tolerance, low-cost of structural materials,
and mechanical ruggedness. In this work, viability of co-sintering fabrication of metal-supported proton con-
ducting solid oxide cells is investigated. Candidate proton conducting oxides including perovskite oxides
BaZr0.7Ce0.2Y0.1O3−δ, SrZr0.5Ce0.4Y0.1O3−δ, and Ba3Ca1.18Nb1.82O9−δ, pyrochlore oxides La1.95Ca0.05Zr2O7−δ
and La2Ce2O7, and acceptor doped rare-earth ortho-niobate La0.99Ca0.01NbO4 are synthesized via solid state
reactive or sol-gel methods. These ceramics are sintered at 1450 °C in reducing environment alone and supported
on Fe-Cr alloy metal support, and their key characteristics such as phase formation, sintering property, and
chemical compatibility with metal support are determined. Most electrolyte candidates suffer from one or more
challenges identified for this fabrication approach, including: phase decomposition in reducing atmosphere,
evaporation of electrolyte constituents, contamination of the electrolyte with Si and Cr from the metal support,
and incomplete electrolyte sintering. In contrast, La0.99Ca0.01NbO4 is found to be highly compatible with the
metal support and co-sintering processing in reducing atmosphere. A metal-supported cell is fabricated with
La0.99Ca0.01NbO4 electrolyte, ferritic stainless steel support, Pt air electrode and nanoparticulate ceria-Ni hy-
drogen electrocatalyst. The total resistance is 50 Ω·cm2 at 600 °C. This work clearly demonstrates the challenges,
opportunities, and breakthrough of metal-supported proton-conducting solid oxide cells by co-sintering fabri-
cation.

1. Introduction

Proton-conducting oxide ceramics are widely explored as alter-
natives to conventional oxide conductors, primarily because the proton
conductors display higher conductivity at intermediate temperatures
(400–600 °C). A number of reviews covering proton conducting mate-
rials and their applications are available [1–9]. Use of proton con-
ducting electrolytes in solid oxide fuel cells (SOFCs) and electrolysis
cells (SOECs) enables efficient operation at lower temperatures, redu-
cing thermal stress and allowing the use of less expensive stack mate-
rials and balance-of-plant components. Transport of protons across the
electrolyte offers other advantages at all temperatures: for electrolysis,
pure hydrogen is produced so steam does not need to be removed from
the product stream; for fuel cell operation, extraction of hydrogen from
the anode through the electrolyte can drive fuel decomposition or re-
forming reactions forward. Protonic ceramic fuel cells (PCFCs) fur-
thermore resist carbon coking and are tolerant to sulfur, enabling stable

operation with a wide variety of hydrocarbon fuels [10,11]. Proton
conductors are also the basis for sensors and other electrochemical
processes, including ammonia synthesis [12], hydrogen electro-
chemical compression [13], hydrogen separation [4,14], and conver-
sion of CO2 to CH4 [15].
Metal-supported solid oxide fuel cells (MS-SOFCs) incorporate thin

layers of electrochemically-active ceramics supported on thicker metal
layers that provide mechanical support and electronic current collec-
tion. MS-SOFCs promise high performance provided by the active
ceramic layers, and excellent mechanical properties and low materials
cost derived from the metal support. In contrast to conventional all-
ceramic SOFCs, MS-SOFCs offer further operational advantages in-
cluding; mechanical ruggedness; tolerance to very rapid thermal cy-
cling both during start-up and variable operation [16,17]; and tolerance
to oxidation of the fuel catalyst, which occurs during high fuel utili-
zation, intermittent fuel use, or unexpected loss of fuel supply (i.e. due
to failure in the fuel delivery subsystem) [18,19]. Because of these cost
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and operational advantages, MS-SOFCs are being developed for appli-
cations that require fast-start or intermittent operation, including per-
sonal power generators [17,20,21], residential combined heat and
power [19], vehicle range extenders [22–24], and electrolysis cells for
conversion of variable power sources such as wind and solar [25–27].
Details of MS-SOFC materials selection, cell architecture, processing
approaches, and notable cell and system demonstrations are available
in various review articles [28–30]. Ferritic stainless steel is a typical
choice for the metal support, as it displays good oxidation resistance
below about 800 °C, has a coefficient of thermal expansion that is si-
milar to common SOFC ceramic materials, and is very inexpensive
compared to other alloys with similar corrosion resistance. Our group
has extensive experience developing MS-SOFCs and MS-SOECs with
oxide-conducting ceramics and ferritic supports based on P434L stain-
less steel, and therefore that alloy is selected for the screening and in-
itial cell development effort reported here [16,18,22,27,31].
Given the advantages of PCFCs and MS-SOFCs discussed above, it is

of interest to develop metal-supported protonic ceramic electro-
chemical cells. Fig. 1 illustrates metal-supported protonic ceramic cells
operating in fuel cell and electrolysis conditions. To date, the pre-
liminary work in this nascent field is limited to the use of barium
cerium yttrium zirconate (BZCY) type materials as the electrolyte.
Mercadelli et al. co-sintered BZCY-Ni anodes supported on ferritic
stainless steel, finding that interdiffusion between the anode and steel
layers was a significant issue and resulted in contamination of the Ni
catalyst and melting of the stainless steel [32]. Although the authors
were successful in minimizing interdiffusion via addition of a ceria
barrier layer, a complete cell was not fabricated. Recently, Stange et al.
successfully prepared a complete half-cell on ferritic stainless steel
support, with barium yttrium zirconate-Ni (BZY-Ni) electrode and BZY
electrolyte deposited by pulsed laser deposition (PLD) [33,34]. Under
electrolysis conditions (hydrogen vs. steam), the cell displayed a high
total resistance of 40 Ohm·cm2 at 600 °C, indicating that significant
optimization effort remains to achieve the performance expected for a
BZY-based cell.
Fig. 2 shows the conductivities of representative proton conductors

[11,35–43]. While BZCY-type materials are the most-studied proton
conductors for PCFCs due to their high conductivity, other proton
conductors may be more compatible with the metal-supported cell ar-
chitecture, materials set, and processing constraints. Co-sintering a
ceramic layer on stainless steel is challenging, in part because reducing
sintering atmosphere is required to prevent oxidation of the steel.
Processing oxide ceramics in reducing atmosphere may cause decom-
position, impart oxygen non-stoichiometry, exacerbate evaporation of

various elements, or result in poor sintering. Contact with the metal
support may further cause undesirable interdiffusion between the
layers. Identifying proton conducting ceramics that are compatible with
this processing approach is a primary goal of this work. It is anticipated
that if a compatible family of proton-conducting oxides is identified,
other limitations such as low conductivity or high sintering temperature
can be overcome with focused effort. For barium cerium yttrium zir-
conate (BZCY) as an example, conductivity has been improved almost
an order of magnitude (see Fig. 2), and sintering temperature has
dropped from approximately 1600 °C to 1350 °C after several years of
global effort focused on doping and powder processing improvements
[11,35,44,45]. Here, we select representative compositions from sev-
eral families of proton-conducting oxides and determine their suit-
ability for co-sintering on stainless steel. Initially, we assess whether
they are compatible with (a) reducing atmosphere sintering and (b)
direct contact with metal support during sintering. More detailed stu-
dies for the compatible compositions then include interdiffusion, den-
sification behavior, evaporation during sintering. Finally, thin layers of
proton conductors supported on porous steel supports are prepared and
electrochemically tested.

Fig. 1. Cell architecture. Schematic representation of (a) metal supported protonic ceramic fuel cell (MS-PCFC), and (b) metal supported protonic ceramic electrolysis
cell (MS-PCEC). Only a thin portion of the hydrogen electrode layer, as required for electrochemical function, is retained in the MSC design.

Fig. 2. Conductivities of representative proton conductors. Data are reproduced
from [11,35–43].
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2. Experimental

2.1. Materials synthesis

Candidate proton-conducting ceramics including perovskite oxides
BaZr0.7Ce0.2Y0.1O3−δ (BZCY), SrZr0.5Ce0.4Y0.1O3−δ (SZCY), and
Ba3Ca1.18Nb1.82O9−δ (BCN), pyrochlore oxides La1.95Ca0.05Zr2O7−δ
(LCZ) and La2Ce2O7 (LCO), and acceptor doped rare-earth ortho-nio-
bate La0.99Ca0.01NbO4 (LCN) were investigated in this study. BZCY was
commercially purchased from CerPoTech, Norway [46]. For other
compositions, solid state reaction and/or sol-gel methods were used to
synthesize the powders.

(a) Solid state reaction method: SZCY, BCN, LCO, and LCN powders
were successfully synthesized through solid state reaction.
Applicable oxides and carbonates (SrCO3 (Alfa Aesar, 99.99%),
ZrO2 (Alfa Aesar, 99.978%), CeO2 (Alfa Aesar, 99.99%), Y2O3 (Alfa
Aesar, 99.99%), BaCO3 (Johnson Matthey Materials, 99.999%),
CaCO3 (Alfa Aesar, 99.99%), Nb2O5 (Alfa Aesar, 99.99%), and
La2O3 (JT Baker,> 98%)) were mixed in stoichiometric propor-
tions and milled with 1mm zirconia balls in isopropyl alcohol for
24 h. La2O3 powder was calcined at 900 °C for 10 h immediately
before weighing to decompose hydroxide and carbonate. After ball
milling, the suspensions were dried on a stir plate under a heat
lamp. The resulting powder precursors were then calcined in air in
the temperature range of 1050 to 1400 °C for duration of 5 to 10 h.
Details of solid state reaction synthesis can be found in Table S1. We
also attempted to synthesize La1.95Ca0.05Zr2O7−δ (LCZ) via the solid
state reaction route described in Ref. [38], but the correct phase
was not obtained.

(b) Sol-gel method: Since La1.95Ca0.05Zr2O7−δ (LCZ) was not success-
fully synthesized by the solid state reaction route, sol-gel method
was used. Stoichiometric amounts of La(NO3)3·6H2O (Sigma-
Aldrich, 99.99%), Ca(NO3)2·4H2O (Acros Organics, ≥99%), and
ZrO(NO3)2·xH2O (Sigma-Aldrich, 99%) were mixed with citric acid
(HOC(COOH)(CH2COOH)2·H2O, Sigma-Aldrich, ≥99%) in deio-
nized water. Citric acid/metal molar ratio was 1:1. The solution was
stirred and heated on a hot plate at 80 °C until a viscous liquid was
obtained. The viscous liquid was then dried in an oven at 100 °C for
5 h, followed by 110 °C for 5 h, until a porous solid mass was ob-
tained. The solid mass was ground in an agate mortar and calcined
at 900 °C for 5 h, after which fine LCZ powder was formed. Similar
sol-gel method was also used to successfully obtain fine powders of
SZCY, BCN, and LCN. Details of sol-gel synthesis can be found in
Table S1.

2.2. Dilatometry and sintering properties

After powders of proton conductors were synthesized and phases
were confirmed with X-ray diffraction (XRD), the powders were pressed
into pellets with fish oil and polyvinyl butyral as binders (diameter of
~6.35mm, thickness of ~2mm). The sintering behaviors of the pellets
were examined using a vertical dilatometer (Linseis L75). Uniaxial
shrinkage of the pellets was measured as a function of temperature up
to 1450 °C, in both dry air or 2% H2-Ar (reducing) environments.
The pellets were also sintered in air (muffle furnace) or reducing

environment (Al2O3 tube furnace with 2% H2-Ar flow), without any
compression. The shrinkage, weight loss via evaporation, and sintered
density of the pellets were obtained by measuring the dimensions and
weight before and after sintering. The sintered pellets were examined
by scanning electron microscopy (SEM) and energy X-ray dispersive
spectroscopy (EDS) to evaluate their grain size, porosity, and compo-
sition change.

2.3. Compatibility of proton conductors with metal

To evaluate the compatibility with the metal support during co-
sintering, powders of the proton conductors were mixed with acrylic
paint medium (Liquitex) brushed onto bisque fired metal support
(P434L Stainless Steel, Ametek, fired at 1050 °C in reducing atmosphere
to obtain some mechanical strength). The resulting bilayers were then
fired in air at 525 °C to remove acrylic and then sintered in reducing
atmosphere (2% H2-Ar) at 1450 °C for 2 h. The ceramic layers were then
analyzed with SEM, EDS and XRD, in order to image microstructures
and determine the extent of composition change or element inter-
diffusion.

2.4. Metal-supported cell fabrication and electrochemical testing

Complete metal-supported half-cells were fabricated with LCN,
SZCY, and BZCY electrolytes and electrode backbones. Commercially
available ferritic stainless steel P434L alloy (water atomized, Ametek
Specialty Metal Products) with composition of 17 wt% Cr, 0.20 wt%
Mn, 1.0 wt% Mo, 0.010 wt% P, 0.90 wt% Si, 0.020 wt% S, 0.020 wt% C
and the balance in Fe, was used as the metal support material. A green
metal support sheet was tape-cast and cut into 30mm diameter circles
using a laser cutter (Hobby model, Full Spectrum Laser). The circular
supports were fired in a box furnace at 525 °C for 1 h to remove the
binder and pore former and bisque fired in a tube furnace at 1050 °C for
2 h with 2% H2-Ar flowing (reducing environment) to provide me-
chanical integrity for further ceramic deposition. Three layers of se-
lected protonic ceramic powders were applied sequentially, including
(a) a hand-painted porous bridging layer for bridging the pores on the
metal support surface and providing a smoother surface for subsequent
layers, (b) a hand-painted porous electrode layer with fine pores for
catalyst infiltration and obtaining a smooth surface for electrolyte de-
position, and (c) an aerosol sprayed dense electrolyte. Details of de-
position procedures of electrode and electrolyte layers are provided in
Supplementary Note 1. After the deposition of the ceramic layers, cells
were fired in air at 525 °C for 1 h to remove acrylic, pore formers, and
residual solvent. Cells were then sintered at various sintering tem-
peratures for 2 h in 2% H2-Ar environment.
Cells with dense and crack-free electrolyte (confirmed by surface

SEM and leak test with ethanol) were subjected to electrochemical
testing. SDC mixed with 20 vol% Ni (SDCN catalyst) was infiltrated into
the pores of the hydrogen electrode using precursor solutions of nitrate
salts, with the help of mild vacuum. Details of infiltration can be found
in [22,47,48]. On top of the electrolyte, Pt paste was painted as air
electrode (with area of ~0.9 cm2) and fired at 850 °C for 30min. Pt
mesh and wires were used for current application and voltage probing.
For electrochemical testing, the cell was mounted on an alumina tube
with ceramic paste (Ceramabond 552, Aremco). After the ceramic paste
was cured, 3% humidified hydrogen (50 sccm) was flowed to the SDCN
infiltrated electrode to reduce NiO to Ni. The Pt electrode was exposed
to ambient air. Cell impedance was measured as a function of tem-
perature, using electrochemical impedance spectroscopy (EIS) at open-
circuit condition (with amplitude of 5mV, from 200 kHz to 100mHz)
using a potentiostat (Biologic VMP3).

2.5. Materials characterization

The proton conductor phases after calcination, air sintering, redu-
cing atmosphere sintering, and co-sintered on metal-support were ex-
amined by XRD using a Bruker D2 PHASER X-ray diffractometer with
CuKα radiation. The ceramic pellets and metal-supported cells were
characterized by SEM (Hitachi TM-1000 or JEOL JSM-7500F) and EDS
(Thermo Scientific).
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3. Results and discussion

As candidates for co-sintering with ferritic stainless steel, we se-
lected proton conducting oxides with (a) reported sintering tempera-
ture in the range 1200 to 1600 °C to be close to the sintering tem-
perature range for ferritic stainless steel of 1250 to 1500 °C, and (b)
conductivity of approximately 10−3 S cm−1 or higher at 700 °C to en-
able reasonable resistance for an electrolyte layer of at least several
microns thickness that can be produced by low-cost methods such as
screen printing or tape casting, see Fig. 2. The specific selected com-
positions are listed in Table 1. BZCY, LCN, LCO, and BCN have been
successfully integrated into an operating fuel cell [2,49–55], and var-
ious BZCY and SZCY compositions have been used in steam electrolysis
cells [3,56]. LCZ was demonstrated in an ammonia synthesis cell [57].
To date, none of these have been demonstrated in a co-sintered metal-
supported cell.
The approach taken here is rapid down-selection from the list of

candidates, screening for compatibility with processing conditions and
contact with stainless steel metal support as discussed in Sections
3.1–3.3. Compositions that show a major limitation at each stage of
screening are removed from further consideration. Table 1 summarizes

the screening effort.

3.1. Compatibility with sintering in reducing atmosphere

Starting powders were prepared by solid state reaction, with the
exception of BZCY (purchased commercially) and LCZ. For LCZ, the
correct phase was not obtained by solid state reaction in the range 1100
to 1400 °C, so it was prepared by sol-gel synthesis instead. XRD con-
firms that the intended phase was obtained for each of the fresh pow-
ders after synthesis, as the peak patterns are consistent with previous
literature, see Fig. 3 [37,43,50,57–59]. The SZCY powder also contains
minor CeO2 and SrY2O4 impurity phases. The peak splitting for BCN is
consistent with previous work, where it was suggested that hydrated
and dehydrated phases coexist at 1200 °C and heating to 1300 °C and
above completely dehydrates the material resulting in single peaks
[43].
A high sintering temperature is desirable for ceramic densification,

but the porous metal support will over-densify near the melting point of
the stainless steel (~1525 °C). Therefore, a nominal sintering tem-
perature of 1450 °C was selected for screening. This is 100 °C higher
than the sintering temperature used for YSZ-stainless steel cells

Table 1
Summary of screening results for proton conductors suitable for co-sintering fabrication of metal supported cells.

Family Candidate
Representative 

composition

Survives sintering 

in reducing 

atmosphere?

Survives re-

oxidation?

React with 

metal?

Densifies

at 1450 °C 

or lower?

Evaporation 

during 

sintering?

Pyrochlore
LCZ La1.95Ca0.05Zr2O7 No No – – –

LCO La2Ce2O7 No Yes Yes – Cr, Si – –

Perovskite

BCN Ba3Ca1.18Nb1.82O9 Yes Yes Yes – Cr, Si Falls apart Yes

BZCY BaZr0.7Ce0.2Y0.1O3 Yes Yes Yes – Cr, Si Marginal Yes

SZCY SrZr0.5Ce0.4Y0.1O3 Yes Yes Yes – Si Yes Yes

Acceptor doped 

rare-earth ortho-

niobate

LCN La0.99Ca0.01NbO4 Yes Yes No Yes No

Red cells indicate undesirable results, green cells indicate desirable results, and yellow cells indicate inconclusive results.

Fig. 3. Phase analysis. XRD patterns of powders as synthesized (fresh), after air sintering at 1450 °C, and after reducing atmosphere sintering at 1450 °C: (a) BZCY, (b)
SZCY, (c) BCN, (d) LCZ, (e) LCO, and (f) LCN. The desired phases for LCZ and LCO were not obtained after reducing atmosphere sintering, and these were therefore
re-oxidized in air at 850 °C. Peaks arising from the sample holder are indicated by “#”.

R. Wang et al. Solid State Ionics 332 (2019) 25–33

28



[16,18,22], but still results in adequate porosity in the metal layer as
will be shown in Section 3.4. Pellets of the ceramic powders were ex-
posed to reducing atmosphere at 1450 °C to assess phase stability in the
sintering conditions, and to air for comparison. Ideally, the desired
phase remains after sintering in both air and reducing exposure, and
this is found to be the case for BZCY, SZCY, BCN, and LCN. Both LCO
and LCZ showed significant decomposition to constituent oxides when
exposed to reducing atmosphere, Fig. 3. It is possible to anneal the
decomposed ceramics in air to regain the correct phase, however this
re-oxidation step is limited to exposure at 850 °C or lower, to avoid
oxidation of the metal support in a complete cell. Re-oxidizing LCO in
air at 850 °C did indeed recover the correct phase, although the pellet
shattered, presumably due to volume expansion arising from oxygen
uptake. In contrast, LCZ remained decomposed after re-oxidation, and
therefore was eliminated from further consideration.

3.2. Reactivity with metal during sintering

The remaining candidates were assessed for reactivity with stainless
steel under sintering conditions. Thin layers of ceramic powder were
painted onto metal supports, and co-sintered at 1450 °C in reducing
atmosphere. Evaporative loss of ceramic cations and diffusion of ele-
ments from the metal into the ceramic were determined with EDS
(Fig. 4a–e), and reaction product phases on the surface of the ceramic
were determined with XRD (Fig. 4f–j). Ba and Sr loss is observed for
BZCY, SZCY, and BCN, as evidenced by a decrease in Ba or Sr EDS peak
intensity after sintering these compositions. This is consistent with
previous reports of Ba loss during sintering of barium zirconate via
evaporation, which is detrimental to proton conductivity [60,61]. In
addition to Fe and Cr, 434 stainless steel contains Mo, Si, and Mn. Si
diffused into BZCY, forming Ba2SiO4 on the surface of the ceramic,
Fig. 4f. Cr diffusion was also observed, although it was limited to the

region close to the metal: Y-Cr and Ce-Cr rich phases (presumably
YCrO3 and CeCrO3) were detected near the metal with EDS but did not
appear in the surface XRD analysis. Similarly for SZCY, Sr2SiO4 was
observed on the surface of the ceramic (Fig. 4g), and for BCN, Ba2SiO4
and BaCrO4 were observed (Fig. 4h). Interdiffusion of Si and Cr is
clearly an issue for BZCY, SZCY, and BCN, although the desired proton-
conducting phases were still dominant after co-sintering. In contrast,
LCO reacted completely with the metal. Upon decomposition to La-
oxide and Ce-oxide (see Section 3.1), the La-oxide further reacts with Cr
and Si from the metal, forming La9.33Si6O26 and LaCrO3; no residual
LCO phase is observed (Fig. 4i). LCO was therefore eliminated from
further consideration. LCN is the only composition that survives redu-
cing atmosphere, does not lose cations to evaporation, and did not react
with the metal support.

Fig. 4. Compositional and phase stability after co-sintering on metal support. SEM images and corresponding EDS area analyses of proton conductors sintered on
metal support: (a) BZCY, (b) SZCY, (c) BCN, (d) LCO, and (e) LCN. EDS analyses were conducted in areas close to metal support, as illustrated in SEM images. Surface
XRD patterns of proton conductors: (f) BZCY, (g) SZCY, (h) BCN, (i) LCO, and (j) LCN.

Table 2
Sintering behavior. Shrinkage, weight loss, and density of pellets after sintering
in reducing atmosphere (2% H2-Ar) at 1450 °C for 2 h. Sintering properties of
pellets in air can be seen in Table S2.

Composition Shrinkage
(%)

Weight loss
(%)

Sintered density
(g/cm3)

Density
(% of theor.)

BZCY 18 6 4.5 73a

SZCY 14 9 5.3 97b

BCN 6 17 3.2 57c

LCN 19 0 5.8 99d

a Provided by CerPoTech, Norway [46].
b Calculated from unit cell data in [43].
c Calculated from unit cell data in [37].
d Average of undoped and 2% Ca doped LaNbO4 in [59].
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3.3. Densification behavior

For compatibility with co-sintering on metal support, the ceramic
layer will ideally densify completely at 1450 °C or below, with
shrinkage somewhat less than the bare metal (~20%) [31] and minimal
change in composition due to evaporation. Pellets of the remaining
candidate ceramics were sintered in reducing atmosphere to determine
general densification and evaporation behavior, see Table 2. BCN
showed low shrinkage, and high weight loss due to Ba evaporation
during sintering (Ba evaporation is identified by EDS, see Fig. S1). The
sintered BCN pellet was only 57% dense, and disintegrated into powder
within hours of being removed from the sintering furnace. Therefore,
BCN was eliminated from further consideration. BZCY showed suitable
shrinkage and moderate loss of Ba, but only achieved 73% densifica-
tion. Significant residual porosity is evident in the microstructure of the
sintered pellet, Fig. 5a. This is not surprising, as BZCY is typically sin-
tered at 1500–1600 °C. Recent work indicates that addition of sintering
aids, modification of the composition, and use of a reactive sintering
approach can all lead to complete densification in air below 1500 °C
[44,45,62]. Therefore, we anticipate that with future effort these ap-
proaches will enable densification in reducing atmosphere as well. LCN
and SZCY both showed suitable shrinkage and achieved almost com-
plete densification. SZCY displayed moderate evaporation of Sr (see
Table 2 and Fig. S1), whereas LCN did not experience weight loss
during sintering. The sintered SZCY and LCN pellets had well-formed
micron-scale grains and minimal residual porosity, Fig. 5b and c.
To further elucidate sintering behavior, dilatometry of BZCY, SZCY,

and LCN was conducted in reducing atmosphere, Fig. 5d. BZCY sin-
tering starts around 900 °C and continues gradually to 1450 °C. A

plateau indicating completion of sintering is not observed, consistent
with the residual porosity and incomplete densification discussed
above. SZCY sintering is delayed relative to BZCY, but proceeds quickly
above about 1300 °C. LCN shows a classic sintering curve, with in-
cipient sintering around 950 °C, followed by continuous shrinkage
leading to a plateau indicating that sintering is nearly complete at
1300 °C and above. This result prompted the sintering temperature
study discussed below in Section 3.4. In general, the sintering behavior
of these materials in reducing atmosphere is quite similar to that in air,
as shown in Fig. S2. Sintering is delayed by about 50 °C in reducing
atmosphere for both SZCY and LCN, and minimal impact is seen for
BZCY.
In summary, the sintering behavior of SZCY and LCN appear to be

compatible with co-sintering on metal support, and BZCY is expected to
be suitable as well with some additional effort.

3.4. Metal-supported electrolyte layers

Because SZCY and LCN have good sinterability at
temperature≤ 1450 °C, they were selected for metal-supported cell
fabrication. Cell fabrication with BZCY was also attempted despite in-
complete densification at 1450 °C (see Section 3.3) because of its higher
proton conductivity.
Fig. 6 shows the cross-sectional SEM images of the cells based on

BZCY and SZCY. EDS spectra obtained from the indicated points/areas
are provided in Fig. S3. The cell microstructure can be summarized as
follows:

(a) BZCY: Cr and Si diffusion from metal support was identified to be
the main issue for BZCY. EDS analysis obtained in the vicinity of
metal support shows this area is enriched with Ce, Y, Cr, and almost
Ba and Zr depleted, Fig. S3f. In the area close to BZCY surface,
amount of Cr becomes smaller, Fig. S3e. In addition to Cr, minor Si
diffusion was also observed throughout the BZCY layers, with a
concentration of ~1 at%, Fig. S3e and f. It is also worth-mentioning
that BZCY co-sintered with metal support was found to be surpris-
ingly denser than BZCY pellet, although some cracks were observed
in the electrolyte. The denser structure of BZCY layers may result
from co-shrinking of the metal support, which enhances the den-
sification of co-sintered BZCY layers. Cr and Si, although considered
to be detrimental, could act as reactive sintering aids.

(b) SZCY: After co-sintering, a significant penetration of ceramic layers
into the metal support was observed and porosity in the metal
support became very small, Fig. S3b. Significant Si diffusion from
metal support was observed. At least three different phases can be
distinguished by SEM/EDS: a Si, Ce-rich brighter phase (Fig. S3g), a
Si, Sr-rich darker phase (Fig. S3h), and a Sr, Zr-rich (Ce-deficient)
brighter phase with hexagonal structure (Fig. S3i). Cr diffusion was
smaller in SZCY compared to BZCY (minor Cr was observed in Fig.
S3i).

Since BZCY and SZCY were found to react with the metal support

Fig. 5. (a–c) Sintered microstructure. Surface SEM micrographs of (a) BZCY, (b)
SZCY, and (c) LCN pellets after sintering in reducing atmosphere (2% H2-Ar) at
1450 °C for 2 h. (d) Sintering profiles. Dilatometry of BZCY, SZCY, and LCN
pellets sintered in reducing atmosphere (2% H2-Ar) up to 1450 °C.

Fig. 6. Co-sintered BZCY and SZCY cells. Cell structure with (a) BZCY and (b) SZCY electrode-electrolyte after sintering at 1450 °C. EDS spectra obtained from the
indicated points are provided in Fig. S3.
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during co-sintering, further cell fabrication and testing with these two
materials were not pursued.
LCN does not react with the metal support and can be sintered at

temperature lower than 1450 °C. To obtain a cell structure with dense
electrolyte and appropriate porosities of the metal support and elec-
trode backbone (for catalyst infiltration and gas diffusion), the sintering
temperature for LCN-based cells was varied from 1250 to 1450 °C, Fig.
S4. 1300 °C was found to be optimal, providing a dense electrolyte with
thickness of ~10 μm and metal support with porosity of ~36% (esti-
mated using ImageJ software), Fig. 7. In comparison, the cell sintered at
1250 °C shows cracks in the electrolyte and minimal sintered connec-
tion within the metal support (Fig. S4a–b), and cells sintered at 1350 °C
or higher show agglomeration and pore-filling of LCN in the metal
support and significant densification of the metal support (Fig. S4e–j).
Therefore, 1300 °C was chosen to be the best sintering temperature for
LCN-based cell.

3.5. Electrochemcial testing of LCN-based metal-supported cell

Fabrication was completed for a LCN-based cell sintered at 1300 °C,
by infiltrating SDCN catalyst into the LCN backbone on the metal
support side, and applying Pt paste on the LCN electrolyte. The single
cell has diameter of 25mm and active area of 0.9 cm2. Initial

electrochemical testing was performed in the range 450 to 750 °C. The
open-circuit voltage (OCV) at 700 °C was approximately 1.02 V, which
is lower than the theoretical value of 1.12 V, suggesting some leakage
through the electrolyte of the present cell, but higher than the values
reported in the literature for cells based on LCN electrolyte [49,52].
Fig. 8a shows the ohmic, polarization and total impedance of the cell as
a function of temperature, determined with EIS. At 600 °C, the ohmic
resistance (RΩ) and total resistance (Rtotal) were approximately 30 and
50Ω·cm2, respectively (Fig. 8b). Based on a thickness of 10 μm, the
conductivity of metal supported LCN electrolyte was calculated to be
approximately 3.7×10−4 S cm−1 at 600 °C, which is in agreement
with the values of pellets reported in the literature [39,59]. The rela-
tively large RΩ is ascribed to the low conductivity of LCN and could be
reduced by decreasing electrolyte thickness or improving conductivity
via doping. The polarization resistance (Rp) was smaller than RΩ below
650 °C, and plateaued above 650 °C. In this work, Pt paste was used as
the electrode on the air side and SDCN catalyst from high temperature
SOFC was adopted on the fuel side. Rp can be further reduced if im-
proved materials are used as the oxygen and hydrogen catalysts. Note
that we did not observe an obvious discontinuity in area specific re-
sistance (ASR) related to the phase transition between monoclinic at
lower temperature and tetragonal at higher temperature expected for
LCN around 520 °C [39,63–65]. However, differing linear thermal ex-
pansion coefficients of the monoclinic (8.6 ± 0.5× 10−6/K) and tet-
ragonal phases (15×10−6/K) could present a challenge for metal
support/interconnect materials selection [66–68]. Advantages of MSCs
such as rapid startup [17] and dynamic temperature operation [16]
could undermined, as micro-cracks may develop in the LCN electrolyte
if the temperature ramping rate is too fast or temperature gradients are
too large.

4. Conclusions

In this work, representative protonic ceramics including BZCY,
SZCY, BCN, LCZ, LCO, and LCN were assessed for viability as the
electrolyte material in metal-supported solid oxide cells fabricated by
co-sintering. The candidates were screened for compatibility with re-
ducing atmosphere sintering, chemical compatibility with metal sup-
port during co-sintering, sintering behavior and evaporation during
sintering. LCZ did not survive reducing atmosphere sintering. LCO
completely reacted with the metal support. BCN evaporated dramati-
cally and disintegrated into loose powder after sintering. LCZ, LCO, and
BCN are therefore concluded to be incompatible with co-sintering
fabrication of MSC based on ferritic stainless steel. Although BZCY and
SZCY survive the processing conditions and have good ionic con-
ductivity, they partially react with Si and Cr in the metal support,
causing formation of secondary phases and Ba/Sr depletion. BZCY also
requires a high sintering temperature which limits compatibility with
metal support.
Of the candidates studied here, LCN is identified to be the most

compatible proton conducting material for co-sintering with metal

Fig. 7. Co-sintered LCN cell. Cell structure with LCN electrode-electrolyte after sintering at 1300 °C. Inset image shows the surface morphology of the LCN electrolyte.

Fig. 8. Cell performance. (a) Ohmic, polarization, and total resistance of the
LCN-based cell as a function of temperature, with 3% H2O-H2 on metal support
side and ambient air on Pt side. (b) Impedance spectra measured at 600 °C
under open-circuit condition.
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support, as it can be densified at relatively low temperature (1300 °C),
does not evaporate during sintering, and most importantly does not
react with the metal support. A metal-supported single cell with LCN
electrolyte was successfully fabricated by co-sintering and preliminary
electrochemical testing was performed. The cell ohmic impedance is
consistent with the reported conductivity of LCN and is too high to be
practical for fuel cell or electrolysis cell application. The impact of the
LCN phase transition requires further investigation. Further optimiza-
tion of the cell should include reduction of electrolyte thickness, im-
provement of electrolyte conductivity, and optimization of the elec-
trodes.
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