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Vacuum Plasma Spraying of High-Performance
Electrodes for Alkaline Water Electrolysis

G. Schilier, R. Henne, and V. Borck

Electrode coatings for advanced alkaline water electrolysis were produced by applying the vacuum
plasma spraying (VPS) process. The characteristics of the used VPS equipment that were essential for the
development of effective electrocatalytic electrode layers are presented. Molybdenum-containing Raney
nickel coatings were applied for cathodic hydrogen evolution, and Raney nickel/Co304 matrix composite
layers were developed for the anodic oxygen evolution reaction. For the preparation of Raney nickel coat-
ings, a precursor alloy such as Ni-Al was sprayed that had to be leached subsequently in caustic solution
to remove the aluminum content, forming a porous, high-surface-area nickel layer. The spray powders
and the resulting VPS layers were studied by metallography, x-ray diffraction (XRD), and scanning elec-
tron microscopy/energy dispersive analysis by x-ray (SEM/EDX). For spraying of thermally sensitive ox-
ide electrocatalysts (e.g., C0304), special process conditions involving plasma-chemical effects (reactive
plasma spraying) had to be developed. The electrocatalytic activity of the electrode coatings was investi-
gated by performing polarization curves free of ohmic losses (IR-free) and long-term tests under condi-
tions of continuous and intermittent operation, which showed excellent electrochemical properties.

1. Introduction

RENEWABLE energies may be a substantial part of the energy
used in the future, simultaneously avoiding any increase in envi-
ronmental pollution and moderating the CO, problem. But since
nonfossil and nonnuclear primary energies such as solar irradia-
tion or wind energy are only intermittently available, it is neces-
sary to convert them into a secondary energy carrier that is stor-
able and transportable.

Hydrogen produced by water electrolysis represents the most
attractive energy catrier to meet these requirements (Ref 1). For
effective and economical hydrogen production, advanced elec-
trolyzers with high-performance electrodes that are also suited
for intermittent operation have to be developed. Using electro-
catalytically highly active coatings on electrodes, the energy ef-
ficiency of water electrolysis can be improved.

Raney nickel is one of the catalytically most active materials
and is used for both cathodes and anodes in alkaline water elec-
trolysis (Ref 2-4). The outstanding electrochemical properties
of this material arise mainly from its large effective surface area,
which results from its high porosity and nanocrystalline struc-
ture. Raney nickel is produced by leaching the aluminum con-
tent of a precursor alloy (Ni-Al) with caustic solution, leaving a
porous, high-surface-area nickel residue. The enhancement of
the surface area compared to the geometric electrode surface
area leads to lower local current densities and thus to the reduc-
tion of overvoltage.

For cathodic hydrogen evolution, some indications can be
found in the literature about the beneficial effect of adding mo-
lybdenum to Raney nickel (Ref 5, 6) to improve its catalytic ef-
ficiency as well as its long-term stability. For anodic oxygen
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evolution, mixed oxides of nonnoble metals, for instance cobalt-
containing spinels and perovskites, have good catalytic activity
(Ref 7, 8). Combining the high specific surface area and the
good electrical conductivity of Raney nickel with the catalytic
activity of these oxide electrocatalysts should result in improved
anodes.

Conventional preparation methods for electrode coatings,
such as sinter process, thermal decomposition of salts, or gal-
vanic deposition, exhibit considerable disadvantages. With ther-
mal decomposition and sinter processes, undesired decom-
position or phase transformations may occur at the high tem-
peratures and long reaction times. Only thin layers can be
achieved by this one process step, and the resulting layers may
have low mechanical stability. The process temperatures are
usually far below the melting points of the materials; thus, proc-
ess times are relatively long, and thick layers with definite and
variable structures in terms of porosity or composition are diffi-
cult to produce. Galvanic deposition is restricted to few metals
and alloys, and there are environmental problems of galvanic
waste water clarification associated with this process.

At the German Aerospace Research Establishment (DLR) in
Stuttgart, vacuum plasma spraying (VPS) has been developed
and adapted to meet the requirements for the production of elec-
trochemical components (Ref 9-11). The modified VPS tech-
nique has proved to be an effective method to produce both
Raney nickel (Mo) cathode coatings and Raney nickel/Co304
matrix anode coatings that show high electrochemical perform-
ance in alkaline water electrolysis.

2. Experimental Procedure

2.1 VPS Equipment

The equipment used at DLR Stuttgart (Fig. 1) is based on
commercially available components (Plasmatechnik AG, Wohlen,
Switzerland), but essential parts have been developed in-house
to adapt the spray process to requirements of electrode layers to
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Fig.1 VPS equipment at DLR Stuttgart. The chamber diameter is 1.7 m and the length is 2.2 m.

be produced for electrochemical applications. The modifica-
tions are related especially to the plasma torch and the nozzle
(Fig. 2). In order to generate a long and laminar plasma jet, noz-
zles with Laval-like contours designed for supersonic velocities
(Mach 2 to Mach 5) have been developed and investigated by
analytical methods (Ref 12, 13). Laval nozzles have been added
to a standard APS (atmospheric plasma spraying) torch (PT-F4)
so that plasma jet velocities of up to 3000 m/s can be reached,
which accelerate the powder particles to in excess of 800 m/s.
Laser doppler anemometry measurements reveal that the spray
material passes close and parallel to the jet axis, resulting in fa-
vorable melting conditions and good protection of the spray ma-
terial against disadvantageous interactions with surrounding
gases. Owing to the long homogeneous plasma jet and the well-
concentrated spray material close to the jet axis, the powder is
completely melted despite the very short dwell time of less than
1 ms within the plasma. Recently, novel plasma torches have
been developed in which the “Laval” nozzle contour is inte-
grated within the anode of the plasma torch (Ref 14).

Another feature of the used plasma torches is the internal
powder injection by several integrated powder injection ports,
which are arranged at different positions along the Laval nozzle.
This arrangement allows the spraying of very different materi-
als, depending on the requirements of the powders to be sprayed.
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One injection area is located close to the nozzle notch where the
plasma is relatively dense, hot, and slow. High energy exchange
between plasma and particles enhances favorable melting con-
ditions for powders with a high melting temperature, which are
preferably fed at this location. Powders with lower melting
points can be injected close to the nozzle mouth at the end of the
nozzle to avoid overheating of the particles. By optimization of
the spray parameters and utilization of the different powder in-
jection ports, complex coatings exhibiting a desired material
and porosity profile, such as matrix composite layers consisting
of metallic and oxide components, can be realized.

The powder injection ports of the torch can also be used for
feeding additional gases into the plasma. If this takes place very
close to the plasma-generating zone, these gases will be ionized
and activated, resulting in plasma-chemical effects. The proc-
essing of thermally sensitive oxide electrocatalysts by VPS, as
described below for the production of composite anode coat-
ings, is essentially based on the development of this “reactive
plasma spraying” process.

2.2 Spray Powders

Nickel-aluminum precursor alloy powder is vacuum plasma
sprayed for the preparation of Raney nickel layers. In a sub-
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Fig.2 Principle of the DLR VPS torch with Laval nozzle

Fig.3 Micrographs of NiAl50 powder. (a) Morphology. (b) Cross section

sequent activation process, the aluminum content is leached in
KOH solution, forming a structured, high-surface-area Raney
nickel layer. In order to improve the catalytic properties of the
cathode coatings, molybdenum is added to the Ni-Al precursor
alloy, either by mixing the components prior to spraying or by
alloying to prepare a ternary Ni-Al-Mo alloy. Mixtures of Ni-Al
alloy and Co30, spinel serve as spray powders to produce ma-
trix composite layers for the anodes.

2.2.1 Ni-Al/Mo Mixture and Ni-Al-Mo Alloy

Gas-atomized NiAlS0 (H.C. Starck, Germany) and molyb-
denum powder (E. Merck, Darmstadt, Germany) were used to
prepare the Ni-Al/Mo mixture. The multiphase NiA150 powder
(50 wt% Ni, 50 wt% Al) with a particle size fraction below 180
um, consists predominantly of the phases NijAl; and NiAlg
(Fig. 3). The cross section of the gas-atomized NiAIS0 powder
(Fig. 3b) exhibits a large number of fine particles between 10
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and 50 um and some large spherical agglomerates of about 100
um. The particles show cracks and voids, indicating a low me-
chanical stability of the grains. The particle size of the molybde-
num powder was below 20 pm. Both powders were mixed for
about 4 h. The optimum weight percentage of molybdenum with
respect to the electrochemical performance was 5 wit%. The Ni-
Al-Mo alloy consisted of 17 wt% Mo, 37 wt% Ni, and 46 wt%
Al. AMo-Ni key alloy was melted together with aluminum, fol-
lowed by a gas atomization process in argon atmosphere. The re-
sulting spherical particles (Fig. 4) had a size below 43 pm and
were fine grained.

2.2.2 Ni-Al/C0304 Powder Mixture

The feedstock for the anode layers consisted of mixtures of
the gas-atomized NiAl150 and Co0304 (Cerac, Milwaukee, WI,
USA). The particle size fraction of the Co304 powder is below
44 um, with a large number of very small particles (Fig. 5).
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Fig.4 Micrographs of Ni-Al-Mo powder. (a) Morphology. (b) Cross section

2.3 Activation Procedure

The electrodes were activated in 25 wt% KOH solution at 80
°C for 24 h to form the high-surface-area Raney nickel layers. To
avoid a precipitation of aluminum hydroxide in the micropores
of the obtained sponge-like structure, the solution contained 10
wt% KNa tartrate-tetrahydrate as a complex former. As the re-
sulting Raney nickel is highly pyrophoric, the electrodes had to
be kept under water after activation. If analytical investigation
of activated layers in air was required (SEM, XRD, metallogra-
phy), a controlled oxidation in an argon-filled tank with a low
concentration of oxygen had to take place to form a passivating
thin oxide film on the surface.

2.4 Electrochemical Measurements

All electrochemical measurements were performed by
means of computer-controlled electrolysis test cells with auto-
mated data acquisition and processing. Half cells with a working
electrode (1 cm? geometric area), a nickel-plate counter elec-
trode, and a Hg/HgO reference electrode were fixed in vessels
containing 25 wt% KOH solution as the electrolyte. The tem-
perature was kept constant at 70 °C by means of a thermostated
water bath. Polarization curves in the current density range of
0.05 to 1.0 A/em? were measured galvanostatically. The IR-free
cathode and anode overpotentials with reference to the hydro-
gen (~920 mV) and oxygen equilibrium potentials (+300 mV)
were determined by means of a fast current interrupter and a
transient recorder.

3. Results and Discussion

3.1 Raney Nickel (Mo) Cathodes

The addition of molybdenum to Ni-Al improves the catalytic
efficiency as well as the long-term stability of Raney nickel
cathodes. There appear to be synergetic effects between nickel
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Fig.5 Micrograph of the morphology of Co30,4 powder

and molybdenum that are based on their electronic structure and
that give rise to materials stabilization.

For spraying of Ni-Al/Mo mixed powders and Ni-Al-Mo al-
loy powder, the same thermal spray parameters were chosen
(Table 1). Spray powder quality, spray parameters, and layer
consolidation conditions influence the resulting crystal-
lographic structure, the size distribution of the microcrystals, the
grain boundaries, the resulting porosity after leaching, the effec-
tive surface area, and finally the electrochemical properties of
the electrodes. With increasing torch power, for example, the
mechanical stability of the layer increases, but simultaneously
the electrochemical quality of the layer decreases due to a re-
duced activation potential. Therefore, a compromise regarding
all relevant parameters had to be found. At the relatively low
power level, only the molybdenum particles below 20 pm could
be melted sufficiently. Perforated nickel sheets of 0.35 mm
thickness served as substrates. Prior to coating they were sand-
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Fig. 6 Micrograph of a cross section of a VPS layer of Ni-Al/Mo
powder mixture

Table 1 VPS parameters for spraying of Ni-Al/Mo mixed
powder and Ni-Al-Mo alloy

Parameter Value

Torch power 16kW (290 A,55V)
Primary gas Ar, 42 SLPM
Secondary gas Hz, 5 SLPM
Powder feed gas Ar,2SLPM
Tank pressure 30 mbar
Spraying distance 23cm

SLPM = standard liters per minute

blasted and chemically etched by 34% HCI solution. An opti-
mum layer thickness was in the range of 100 to 150 pm.

Metallographic cross sections of VPS layers of Ni-Al/Mo
powder mixture and Ni-Al-Mo alloy powder are shown in Fig. 6
and 7. The use of fine molybdenum powder for the mixed Ni-
AlMo feedstock allowed the formation of a very homogeneous
molybdenum distribution within the coating, as observed by
SEM/EDX studies. Molybdenum islands with a size of 1 to 3 pm
were found with a mean distance of 2 to 10 pm. The x-ray dif-
fraction pattern of a mixed Ni-Al/Mo layer (Fig. 8a) reveals that
the addition of molybdenum did not change the phase composi-
tion of the Ni-Al alloy consisting of the phases Ni,Al3 and
NiAls; only additional peaks of pure molybdenum are observed.
According to XRD and EDX analysis, alloying of Ni-Al and
molybdenum was not significant during the spray process, since
the temperature and diffusion time seem to be too low.

The XRD pattern of Ni-Al-Mo alloy powder is shown in Fig.
9(a). In addition to the NijAl; phase, the pattern of an unknown
phase is observed, which is assumed to be a ternary Ni-Al-Mo
alloy phase even though ASTM data on such phases are lacking.
The content of the phase NiAlj is very low compared to the bi-
nary gas-atomized NiAlS0 powder. Quantitative SEM/EDX
analysis resulted in the alloy compositions given in Table 2,
which indicate three alloy phases. Apart from the Ni-Al phases
of NiyAl; and NiAls, which exhibit a low solubility of molybde-
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Fig.7 Micrograph of a cross section of a VPS layer of Ni-Al-Mo alloy

438K

Table2 Phase composition of the as-cast Ni-Al-Mo alloy

Average of five measurements with quantitative EDX

Composition, at. %

Phase Mo Ni Al

Ni Al 0.3 35.7 63.9
NiAl 0.2 29 76.9
Mo,NiAl 24.0 5.1 709

num, as expected from the ternary phase diagram (Ref 15), a ter-
nary Ni-Al-Mo phase is found with a composition close to that
of phase “N” (Mo;NiAls) (Ref 15-17). The growth of the NisAljy
phase at the expense of the NiAl; phase can be explained by the
thermal undercooling and the high cooling rate during the gas at-
omization process, which favors the formation of NisAlj due to
its high formation rate and the primary solidification of the ter-
nary phase N with high aluminum content.

The phase composition of the as-sprayed layer from the Ni-
Al-Mo alloy, demonstrated by the XRD pattern in Fig. 9(b), is
similar to that of the feedstock. The enrichment of the phase
Ni,Al; has beneficial consequences concerning layer stability,
as NiyAljresults in a mechanically stronger and more active Ra-
ney nickel residue (Ref 18). In this context it is worth noticing
that as-sprayed commercial Ni-Al also consists of nearly pure
NiyAls in the first 30 um close to the substrate when sprayed on
cool nickel sheets.

After activation of the electrodes in aqueous KOH solution,
molybdenum-containing high-surface-area Raney nickel layers
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Fig.8 XRD patterns of (a) an as-sprayed VPS layer of mixed Ni-Al/Mo and (b) the resulting activated layer. The crystallographic phases are indicated

by the following symbols: @ NipAl3, O NiAl3, B Mo, ¢ Ni.

form. A metallographic cross section of such an activated Raney
nickel layer is shown in Fig. 10. The XRD pattern (Fig. 8b) and
SEM micrographs of the activated layers originating from Ni-
Al/Mo mixed powder reveal inclusions of pure molybdenum,
which are coarse compared to the Raney nickel. The homogene-
ity of the molybdenum distribution within the activated layer
compared to that of the as-sprayed coatings has further in-
creased. The XRD pattern of an activated Ni-Al-Mo layer (Fig.
9c¢) shows no distinct molybdenum peaks; only very broad
nickel peaks are observed. From the peak widths at half-maxi-
mum of the XRD peak profiles, mean crystallite sizes can be
evaluated. For activated layers resulting from the gas-atomized
NiAlS50 precursor powder, a mean crystallite size of 7.8 nm was
determined, whereas for layers originating from mixed Ni-
Al/Mo and Ni-Al-Mo alloy, powder crystallite sizes of 6.5 and
3.5 nm, respectively, were calculated. According to Khaidar et
al. (Ref 19), who developed an approximately linear relation-
ship between the reciprocal value of the crystallite size and the
cffective surface area, such a reduction of the crystallite size
leads to a near doubling of the effective surface area compared
to that of commercial Ni-Al alloy. This effect should influence
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the electrochemical performance and resultin a reduced electro-
chemical overvoltage.

3.2 Raney Nickel/Co304 Matrix Composite Anodes

Matrix composite layers consisting of Raney nickel and ox-
ide electrocatalysts such as Co304 spinel were developed for an-
odic oxygen evolution in alkaline water electrolysis. Oxides of
spinel or perovskite structure provide high catalytic activity; a
Raney nickel matrix provides improved electrical conductivity
and specific surface area.

Because oxide electrocatalysts exhibit a strong tendency for
oxygen loss and decomposition at elevated temperatures, it has
been difficult to process them to undecomposed, well-bonded,
stable electrode layers. In applying conventional VPS parame-
ters, Co304 is always reduced to CoO or metallic cobalt.
Whereas parameters such as tank pressure or torch power are of
minor influence, there is a strong dependence on plasma gas
composition. As shown in Fig. 11, the use of only argon as
plasma gas leads to strong decomposition to CoO; layer quality
and deposition efficiency prove to be poor. In order to improve
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Fig. 9 XRD patterns of (a) Ni-Al-Mo alloy powder, (b) an as-sprayed VPS layer of Ni-Al-Mo alioy, and (c) the resulting activated layer. The crystal-
lographic phases are indicated by the following symbols: @, NigAl3, Q unknown phase, ¢ Ni.

both properties, helium, nitrogen, or hydrogen is usually added
to the primary plasma gas, argon. These additives increase heat
transfer to the powder particles, raise the plasma jet enthalpy,
and extend the hot range of the jet, resulting in improved melting
conditions of the spray powder. The layer stability and deposi-
tion efficiency can be improved with the addition of helium or
nitrogen, but the decomposition to CoO remains unchanged. A
considerable increase in deposition efficiency can be achieved
with the addition of hydrogen, but a nearly total reduction of
Co0304 to metallic cobalt is observed in this case (Fig. 11e).

The fundamental strategy for overcoming decomposition
and oxygen loss with VPS of thermally sensitive oxidesis the in-
clusion of plasma-chemical effects by offering oxygen within
the plasma jet. The arrangement of the injection ports along the
Laval nozzle allows the feeding of additive gases into the
plasma. Oxygen can be added to the powder carrier gas, argon,
oritcan be used exclusively as powder carrier gas, guaranteeing
an additional intimate interaction with the feedstock. The in-
jected molecular oxygen is dissociated and even ionized in the
hot plasma zone, and therefore it is extremely effective in shift-
ing the equilibrium between Co304 and CoO toward the oxy-
gen-richer Co30y4 side. The application of powder carrier gas
predominantly consisting of oxygen results in the desired reduc-
tion of Co30,4 decomposition, which is strongly dependent on
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the amount of oxygen, as expected. As shown by the XRD pat-
terns in Fig. 12, where argon and helium were used as plasma
gas, nearly undecomposed Co304 layers can be obtained by
VPS if the oxygen feed exceeds 20% of the total gas flux in-
volved in the plasma spray process. Decomposition of Co304
can also be suppressed considerably with argon and nitrogen as
primary plasma gas (Fig. 12e), but deposition efficiency is lower
using nitrogen instead of helium.

The parameters for spraying of Ni-Al/Co304 matrix coatings
are given in Table 3. A cross section of a Ni-Al/Co30,4 anode
layer is shown in Fig. 13. Ni-Al forms a matrix layer wherein
C0304 electrocatalyst is embedded homogeneously, as con-
firmed by EDX analysis. There is no evidence by XRD that the
intermetallic Ni-Al phases are affected seriously by the oxygen
that is necessary to prevent Co30,4 decomposition. After activa-
tion a high-surface-area Raney nickel layer forms with a homo-
geneous distribution of cobalt, as shown by SEM/EDX studies.

3.3 Electrochemical Performance

The catalytic activity of the Raney nickel (Mo) cathodes and
the Raney nickel/Co30, anodes was studied by obtaining IR-
free polarization curves. The results for hydrogen evolution in
25 wt% KOH solution and 70 °C are summarized in Fig. 14, re-
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Fig. 186 Micrograph of a cross section of an activated Raney nickel
(Mo) layer originating from Ni-Al-Mo precursor alloy

Table3 VPS parameters for spraying of Ni-Al/C0304
mixed powder

Parameter Value

Torch power 18kW (360 A, 50 V)
Primary gas Ar, 42 SLPM
Secondary gas He, 50 SLPM
Powder feed gas 0,,205LPM
Tank pressure 50 mbar
Spraying distance 25cm

SLPM = standard liters per minute

ferred to the hydrogen overvoltage of an uncoated perforated
nickel sheet. With coatings from gas-atomized NiAlS0, the hy-
drogen overvoltage at 1 A - cm 2 current density is in the range
of 120 to 140 mV. The addition of molybdenum to the spray
powder led to a decrease of overvoltage to between 80 and 100
mV, the best results being achieved with a molybdenum content
of 5 wt%. The activated cathodes formed from Ni-Al/Mo pre-
cursor alloy show hg/drogen overvoltage of 70 mV at a current
density of 1 A - cm™“. The Tafel slopes determined in the current
density range of 0.25 10 1 A - cm™ are reduced from 110
mV/decade for Raney nickel cathodes originating from Ni-Al
precursor alloy to 70 mV/decade for those from mixed Ni-Al-
Mo powder and 44 mV/decade for VPS cathodes resulting from
ternary Ni-Al-Mo precursor alloy.

The polarization curve for oxygen evolution of Raney
nickel/Co30,4 matrix anodes is shown in Fig. 15. The oxygen
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Fig. 11 XRD patterns of (a) Co304 powder and (b to e) as-sprayed
VPS layers under various plasma gas compositions. (b) Ar. (¢) Ar/He.
(d) Ar/N». (e) Ar/H;. The crystallographic phases are indicated by the
following symbols: @ Co304, ¥ CoO, V Co.

overvoltage at a current density of 1 A - cm™2and 70 °C is in the
range of 250 mV, which means a reduction of overvoltage of ap-
proximately 150 mV more than that achieved by an uncoated
nickel sheet. The Tafel slope determined in the current density
range of 0.25to 1 A - cm2is 82 mV/decade.

The operation of VPS cathodes and anodes in electrolyzers
proved a total reduction of the cell voliage at a current density of
0.3 A -cm™2 from 2.0 to 1.6 V, and mechanical and electro-
chemical behavior remained stable during long-term tests using
constant and intermittent power supply for more than 10,000 h.
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c Fig. 13 Micrograph of a cross section of a Ni-Al/Co30,4 matrix com-
posite layer. The dark phase represents the Ni-Al matrix in which the
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It was demonstrated that high-performance electrodes for al-
kaline water electrolysis can be produced by means of VPS. Fur- 0 . T T
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cially under the conditions of intermittent operation by supply- composite anode compared to the curve for uncoated perforated nickel
ing the electrolyzer with current from solar energy, will be sheet
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carried out to prove the high electrochemical performance and
the suitability of VPS electrodes for intermittent operation on a
technical scale.

The development of reactive plasma spraying that allows the
processing of thermally sensitive oxides by VPS is not restricted
to electrocatalysts for water electrolysis. The possibility of pre-
venting oxygen loss and decomposition during plasma spraying
by involving plasma-chemical effects is of eminent importance
for many other oxides, such as those used for high-temperature
superconductors and solid oxide fuel cells.
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