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Abstract A discussion of fabrication techniques and
performance testing of solid oxide components for use
in hydrogen steam electrolysis is presented. Novel
plasma spray techniques are utilized to deposit the thin
ceramic oxide electrode, electrolyte, and interconnect
layers on a planar intermetallic bipolar plate. Optimal
porosity is achieved within the electrode microstruc-
ture through mixed feed techniques that are a combi-
nation of dry powder feed and liquid solution injection.
The perovskite anode coatings formed from liquid
precursor feedstock require post-deposition annealing
in an oxygen-rich atmosphere to form the desired
perovskite structures. Electrical conductivity measure-
ments were measured for all electrodes and intercon-
nect materials as a function of temperature to 1000 °C.

Introduction

The prospect of a “Hydrogen Economy” has gener-
ated a great deal of interest both in technical and
political circles over the past few years. This new
economy will rely upon hydrogen as the energy carrier
for both electrical and non-electrical applications.
Today, we have a centralized system of generation
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and distribution of hydrocarbon fuels and electricity. In
order for the “Hydrogen Economy” to become a
reality, a considerable quantity of low-cost hydrogen
will need to be generated and distributed in order to
meet the demands of this new energy distribution
system [1, 2].

Hydrocarbon reforming (primarily steam reforming
of methane) is the preferred method used to produce
hydrogen for present day applications. However,
hydrocarbon reforming practices are not viable for
future large-scale production of hydrogen nor is it
compatible with the principle behind the hydrogen
economy since non-renewable resources are consumed
and greenhouse gases are generated. Consequently,
there is considerable interest in producing hydrogen
from the splitting of water utilizing either thermo-
chemical or electrolytic processes [3].

Hydrogen produced using heat and electricity from
high temperature nuclear reactors has been proposed
as a highly efficient and environmentally acceptable
alternative [4] to steam reforming. In particular, the
“Next Generation Nuclear Plant (NGNP)” program is
specifically intended to combine a nuclear reactor
having a very high temperature outlet temperature (in
excess of 1000°C) with a high temperature hydrogen
generation plant.

As the lead DOE laboratory for nuclear research,
the Idaho National Laboratory (INL) has led the
effort in developing nuclear hydrogen generators for
the NGNP program. The INL has specifically focused
upon the research and scale-up issues associated with
solid oxide electrolysis cell technology for hydrogen
production [5-7]. High temperature electrolysis uses
solid oxide fuel cells (SOFC) in a steam electrolysis
mode to generate hydrogen. By using pre-existing
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technology, development costs are reduced and full
advantage can be taken from the high temperature
efficiencies anticipated for SOFCs. Indeed, significant
progress has been achieved for many of the material
and design problems encountered for these high
temperature systems that make them promising for
hydrogen production.

Building upon previous INL solid oxide materials
development experience [8, 9] electrolytic cells have
been fabricated, characterized, and tested at expected
operating temperatures. The INL cell is interconnect
supported allowing the deposition of very thin elec-
trode and electrolyte coatings. Optimal microstruc-
tures for both types of coatings were achieved by
utilizing liquid injection plasma deposition (LIPD)
techniques. In the LIPD technique, solutions contain-
ing constituent materials for either electrode or elec-
trolyte coatings are injected into the plasma to produce
a very thin, solid (or porous), and adherent coating on
the supporting interconnect substrate.

Solid particle formation within the plasma occurs by
gas-phase nucleation of the LIPD precursor solutions.
The liquid solution is atomized into small droplets
before being injected into the plasma flame. The
droplets are then rapidly heated, causing the formation
of extremely small solid nuclei that grow rapidly within
the plasma. The size and number of particles precip-
itated within the plasma is dependent upon the plasma
temperature, time within the plasma, concentration of
the liquid precursor, and feed rate of the deposition
material [10, 11]. Manipulating these key parameters
allows the microstructure of the deposited material to
be controlled and optimized.

The present study discusses several of the key
process parameters necessary to produce optimal
electrode and electrolyte coatings for the new
electrolytic cells. Microstructure characterization,
crystal structure, and electrical conductivity tests
demonstrate that the deposited coatings are capable
of maximum efficiency at operating temperatures of
1000°C.

Experiment
Electrode fabrication

For the INL design, oxide coatings are sequentially
deposited upon a relatively thick nickel-aluminide
(NiAl intermetallic composition) plate to form an
interconnect-supported SOFC plate [8]. Fabrication
methods, plate characteristics, and thermal properties
for the intermetallic bi-polar plate have been discussed
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in detail elsewhere [9]. The NiAl substrate is designed
to provide a thermally stable (7, = 1638°C) and
mechanically strong foundation to support the thin
layers comprising the working components of the
electrolysis cell (See Fig. 1). For this particular study,
individual electrode coatings (i.e. cathode and anode)
were plasma deposited upon small, round (25.4-mm
dia. x 4-mm thick) NiAl intermetallic substrates for
electrical conductivity testing.

A plasma deposition system (Metco MBN plasma
gun) was used to deposit all coatings upon the NiAl
substrate. Both liquid and dry powder material injec-
tion systems were used to produce electrode micro-
structures with maximum porosity. Dry powder
feedstock from a standard fluidized powder bed feeder
(Metco 4MP powder feeder) was plasma sprayed in
conjunction with a custom fabricated liquid injection
plasma deposition (LIPD) system (Shown in Fig. 2) to
produce the porous electrode layers. Yttria-stabilized
zirconia [(ZrO;)os(Y203)02] dry powder (Praxair
ZR0O-299) was used for both anode and cathode
layers. The dense electrolyte layer was formed using
sequential LIPD and atomic layer chemical vapor
deposition (ALCVD) techniques, as discussed else-
where [12].

The LIPD technique uses an aqueous solution of
nitrate salts as the precursor feedstock solution (See
Table 1). A commercially available airbrush system
(See Fig. 2) was used to atomize the liquid and inject
the LIPD droplets into the plasma. The atomizing gas
and gas carrier pressure remained fairly constant at 12
psig for all depositions. Liquid injection rates were
controlled using dual-syringe pumps (Cole-Parmer
74900 series) with a feed rate ranging from 5-35 ml/
min depending upon desired porosity and coating
thickness. Electrode coating thickness ranged from
25-100 pm.

After each electrode deposition, the coatings were
heat treated (30 min at 800°C) to decompose
any remaining nitrate salts. The Nickel-YSZ layers
(cathode) were heated in a flowing nitrogen
atmosphere to preclude oxidation of the nickel
deposit  while = Lanthanum-Strontium—Manganite
[(La,Sr,)MnOs3] anode layers were heated in air to
allow the perovskite oxide structure to form from the
precursor materials.

XRD (Bruker AXS D8 Advance) was utilized to
determine the crystal structure and SEM (Phillips
XL30 ESEM) was used for visual and elemental
characterization of all deposited layers after heat
treatment. High temperature electrical conductivity
testing of the electrode layers was performed within a
custom built apparatus, described below.
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Fig. 1 Schematic diagram of
SOEC structure

NiAl (catalyst)

Fig. 2 LIPD equipment (mockup). Left, programmable pump
with syringes; Center, air brush injectors, holder, and shrouds;
Right, sample holder for multiple round substrates

Electrical testing

A high temperature electrical test apparatus was
developed for testing the deposited electrodes and
intermetallic substrates (See Fig. 3). Each test sample
was placed within an electrically insulating ceramic
holder with platinum electrodes on both sides. Plati-
num wire inside of the ceramic holders connected the

Table 1 Liquid precursor feedstock solutions

Metal nitrate solutions Molar concentration, M

LSM—(La,Sr,)Mn oxide

La(NO3);-6H,O 0.78 M

ST(NO3)2 0.20 M

Mn(NO3)2 XH20 140 M
Ni

Ni(NOs3),-6H,O 26 M
YSZ—(ZTOz)X(Yzoj;)y

25% ZON (zirconium 2.86 M

oxynitrate)
Y,(COs)3-3H,0 0.134 M

Ni-YSZ (cathode)
| YSZ (electrolyte)
LSM-YSZ (anode)

NiAl (structural)

Clam-Shell Furnace

i

Ceramic
¥ Insulator

Fig. 3 Schematic of electrical conductivity apparatus

electrodes to the outside of a simple clam-shell furnace
for probe connection. The ceramic holders were spring
tightened (not shown) to insure good contact between
electrodes and sample at all temperatures. Platinum
paste (Engelhard, stock #A4338) was applied to both
faces of the sample to enhance electrical contact over
the entire test temperature range.

PC4 cell cable probes (Gamry Instruments) con-
nected the platinum wire to a potentiostat used in
conjunction with Gamry Instruments software (Frame-
Work “DC105) to perform electrical resistive mea-
surements at all temperatures. The potentiostat
controlled the voltage difference between the test
sample electrodes (the working electrode) and an
internal reference electrode allowing the current flow
between the working and auxiliary electrodes to be
monitored. Electrical conductivity at all temperatures
was derived from the applied voltage and measured
current across the faces of the samples. Normalized
values, rather than individual measurements, for each
sample were calculated from the sample surface area
and thickness.

The electrical conductivity of each sample was
tested from room temperature to 1000°C in 50 °C
increments perpendicular to the plane of the coating.
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The sample temperature was allowed to stabilize
before the electrical conductivity was measured. All
high temperature tests were conducted in flowing
argon to minimize oxidation of the samples. Each
sample was scanned at 10 mV/s voltage potential rate
at a sample period of 0.1 s. This was repeated every
24 s for a total time of 144 s yielding six distinct data
points at each temperature increment. The average
value was calculated and recorded for each tempera-
ture increment.

Results & discussion
Electrode microstructures

Electrode coatings utilizing LSM (anode) and Ni
(cathode) active constituents require considerable
porosity within the microstructure to enhance gas
transport efficiency and provide a larger number of
triple-points (gas/electrode/electrolyte) to enhance
electrochemical reduction or oxidation reactions at
the electrolyte interface. The microstructures fabri-
cated with the LIPD process were designed to provide
a maximum of porosity while still maintaining some
electrical conductivity within each electrode layer.
Additionally, a significant volume of YSZ powder
material (visually estimated to be 30-50 vol%) was
added to both electrode layers to bring the coefficient
of thermal expansion (CTE) of the electrodes closer to
the electrolyte values.

Figure 4a and b show typical microstructures of the
deposited cathode (Ni+ YSZ) and anode (LSM +
YSZ) electrode coatings, respectively. The bulk of the
composite electrode deposit is seen to consist primarily
of the larger YSZ powder particles (dsp ~ 45 um) which
are coated or embedded within a thin layer of conductive
material (nickel or LSM). The overall intent is for the
zirconia particles to supply the electrode layers with a
maximum of porosity along with a lower overall CTE
value while the LSM or Ni constituents provide an
interconnected network of electrically conductive
material between the zirconia particles.

Significant levels of porosity are shown within both
electrode microstructures. Both large pores between
the zirconia particles and fine pores within the small
sized particles are generated from the liquid deposition
technique (See Fig. 4a and b). Melting of the smaller
LIPD particles is observed and provides for an inter-
connected, electrically conductive network. Due to the
limited melting of the larger YSZ particles, and the
relatively thin deposition, only limited structural
strength resides within these coatings.
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Fig. 4 SEM images of (a) LSM-YSZ anode layer and (b)
Ni-YSZ cathode layer

It can clearly be seen (Fig. 4a) from the small
tendrils of Ni formed on the flat surfaces of the zirconia
particles that the nickel material does not readily wet
the surfaces of the YSZ. Therefore, no significant
chemical bonding is thought to exist between the metal
and ceramic constituents, and the YSZ particles are
seen to be embedded within an open network of
conductive nickel. This structure allows significant gas
transport and catalytic reactions to occur.

Unlike the nickel constituent in the cathode, only a
limited amount of melting of the LSM oxide particles
was expected. Small deposits of LSM were expected
(and shown) to form on the YSZ ceramic oxide. This
provides a more significant bond between the two
oxide materials in the ceramic—ceramic composite
microstructure (See Fig 4b). The fine porosity seen in
the LSM deposit also provides a maximum of gas
transport and triple phase boundary catalysis opportu-
nities [13, 14].
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It was initially found that electrode material exam-
ined directly after deposition was not electrically
conductive indicating that the correct crystal structure
had not been formed (i.e. the constituents were still in
the form of nitrate salts). All deposits were heat
treated to 800°C for 30 min to ensure decomposition of
any remaining nitrate salts. The anode material
required an oxygen-rich atmosphere to complete the

Fig. 5 X-Ray Diffraction (a) =7
(XRD) data for (a) LSM- E
YSZ anode and (b) Ni-YSZ I
coatings after deposition.

YSZ (), LSM ( #), and Ni

formation of the desired p-type perovskite oxide
crystal structure within the LSM constituent. However,
to preclude the formation of nickel-oxides the nickel-
bearing cathode coatings were heat treated in an inert
gas environment (N>).

X-ray diffraction (XRD) peaks (See Fig. 5) after
heat treatment clearly show a (La,Sr,)MnO; perov-
skite crystal structure forming in Fig. 5a as well as
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Fig. 6 Log conductivity versus reciprocal temperature for LSM—
YSZ,Ni-YSZ, and NiAl substrate materials. Transition point for
the LSM-YSZ deposition at ~500°C indicates reduced Sr dopant
levels within the (La,Sr,)MnOj3 perovskite structure

crystalline nickel forming in the microstructure in
Fig. 5b. Small shifts in the LSM diffraction peaks
indicate a small stoichiometry difference from the
(LagoSr;0)MnO; XRD reference patterns used for
identification. The most likely difference in stoichiom-
etry is the Sr dopant levels inside the LaMnOj crystal
structures, as discussed later. A significant pattern
indicating large amounts of yttria stabilized zirconia
present was found in both Fig. 5a and b (resulting from
the addition of the large YSZ particles in both
electrode microstructures).

Since the electrodes could be fabricated with
microstructures exhibiting a desired level of porosity
and the correct crystal structure, it remained to test the
coatings for electrical conductivity at the anticipated
operating temperatures (1000°C).

Electrical conductivity results

Electrical conductivity values for both electrode coat-
ings (deposited on NiAl intermetallic substrates) were
measured from room temperature to 1000°C and
compared to the “bare” NiAl intermetallic substrate
material with no deposited coatings (See Fig. 6). As
expected, the electrical conductivity of the LSM-YSZ
anode layer increases dramatically as the temperature
approaches the operating temperature of 1000°C [15].
LSM forms a p-type perovskite oxide structure which
conducts as a result of electron hole hopping between
the +3 and +4 valence states of the Mn constituent [16,
17]. The hopping frequency increases exponentially as
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the temperature rises to the operating temperatures of
the cell. The non-linear form of the Arrhenius plot
indicates a low Sr dopant concentration within the
LSM crystal structure [18]. Rather than the desired
10-20 mol% doping within the perovskite structures,
these coatings most likely have a 5 mol% or less of
Strontium within the (La,Sr,)MnOj3 crystal structure.
Further work will be necessary to optimize the dopant
levels within the LSM anode layer using this deposition
process.

The bare NiAl substrate and the NiAl + Ni-YSZ
electrode showed similar conductivity values. The
conductivity of the NiAl plus the Ni-YSZ electrode
was slightly lower than for the bare NiAl substrate.
While higher than the LSM-YSZ anode deposit, the
conductivity of the cathode (Ni-YSZ) and substrate
(NiAl) materials is still lower than predicted (based
strictly upon a linear volume mixture).

Conductivity values for all test samples are lower
than documented for pure, fully dense materials
(Ni = 0.1 MS/cm and LSM = 80 S/cm) [15, 19]. These
lower conductivity values are most likely due to the
substantial levels of electrically insulating ceramic
fillers in the conducting matrix (present in the NiAl
substrate and both electrode layers). Based upon SEM
visual observations it is estimated that the inert
material and inherent porosity comprise nearly 75%
of the volume in the electrode layers. This inert
material reduces the electrical conductance density
within the microstructure lowering the overall conduc-
tivity of the test samples. As discussed previously, the
NiAl substrates have 32.5 vol% inert ceramic filler
material as well as substantial porosity within the
microstructure [9]. This will significantly reduce the
electrical conductivity through the material.

Conclusions

Solid oxide electrolyzer electrode coatings for produc-
tion of hydrogen were deposited upon NiAl interme-
tallic interconnect substrates. Utilizing liquid injection
of nitrate solutions in conjunction with dry powder
feedstock the plasma sprayed coatings displayed mi-
crostructures with a maximum of porosity. After heat
treatment (in an oxygen-rich environment to form the
p-type perovskite LSM crystal structure) the coatings
were shown to be conductive in air up to temperatures
of 1000°C. The lower conductivity of the electrode and
interconnect materials resulted from a large volume of
inert ceramic oxides within the microstructure to assist
with CTE mismatch.
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