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Raney nickel activated H,-cathodes
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catalytic activity of Raney-nickel coated cathodes
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Raney nickel activated hydrogen-cathodes obtained by caustic leaching of cathodically deposited
Ni/Zn precursor alloy coatings on nickel substrates were investigated with respect to their effective
catalytic activity. Important factors influencing this activity are the surface specific amount of the
inner surface of the Raney nickel coatings and, in particular, the tertiary structure of the catalyst
coating. Coarse pores and cracks are developed during leaching of the Ni/Zn precursor which, due
to unsteady deposition conditions, show a layered structure. These cracks are essential for a high
catalytic activity, since micropores of Raney nickel coatings are utilized to pore depths of no more
than 10 um. The generation of layered structures of the coatings with changing zinc content, which
is experienced by Ni/Zn codeposition from acidic solutions, is influenced by a number of process
parameters. The most important parameter is the cathode potential which may fluctuate strongly
during cathodic deposition of the Ni/Zn precursor coatings due to minute temperature and/or pH

changes.

1. Introduction

1.1. Raney-nickel coatings

The catalytic activation of hydrogen evolving cath-
odes by Raney-nickel coatings used for catalyzing
cathodic hydrogen gas evolution in caustic electrolytes
(for example in chloralkali electrolysis and for alkaline
water electrolysis) has a long tradition. The principle
of this electrocatalyst is its high internal surface,
amounting to approximately 100m?g~' [1]. Figure 1
illustrates several procedures for applying leachable
Raney-nickel precursor alloys (NiAl; /Ni, Al, or Ni/Zn
alloys) to the surface of supporting nickel or stainless
steel cathodes. For very active Raney-nickel coatings,
at which cathodic overpotentials of no more than
100 mV at current densities of 1000 mA cm~? and tem-
perature of 100°C in 40wt % KOH prevail, only
nickel supports can be used since neither mild steel
nor stainless steels are reliably passivated at such
low cathodic potentials at which iron is no longer
immune [2].

Cold rolling and plasma spraying of Raney-nickel
precursor alloys on to the nickel support has been
proposed, as well as the formation of the prealloys by
annealing aluminium or zinc-coated electrodes, which
leads to the formation of layers of Ni/Al or Ni/Zn
alloys of variable composition by interdiffusion of Ni
and Al or Ni and Zn, respectively. Cathodic deposi-
tion of Ni/Zn precursor alloys is unique as codeposi-
tion of the constituents and precursor alloy formation
is performed in one single step, according to a specific
codeposition mechanism. Only cold rolling of a mix-
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ture of Mond nickel and Raney-nickel [3} and the
cathodic deposition of nickel-zinc alloys [4-6] are
currently used commercially.

This paper deals with an investigation of the effec-
tive catalytic activity of Raney-nickel catalysts ob-
tained by caustic leaching of galvanically codeposited
Ni/Zn coatings from acidic solutions on supporting
perforated nickel cathodes. Such catalytically ac-
tivated cathodes are usually used in zero gap cells of
advanced alkaline water electrolyzers [7-9].

Application of Raney-nickel coated electrodes
means making use of the inner surface of these highly
porous materials, thus drastically lowering the true
current density at the inner surface of the coating, with
correspondingly reduced overpotential. By using
Raney-nickel coated cathodes with surface specific
inner surfaces of the order of a* = 10*cm’cm ™ the
true current density in the pores may be decreased ten
thousand fold. That is,

ipore = ieffective (a *) ! = 10 - ieﬂ"ective ( E)

provided the inner surface is fully used. In a previous
theoretical study [10] it was shown that the latter is
usually not the case for Raney-nickel coatings of 50—
100 um thickness. Recently Divisek and coworkers
[11] reported on the production of Raney-nickel coated
cathodes by cathodic deposition of nickel/zinc precur-
sor alloys from chloride electrolytes. The authors did
not report on layered deposition of different Ni/Zn-
phases which is typical for this type of coatings. This
paper reinvestigates this procedure and stresses the
occurrence of layered Ni/Zn-coatings, which, by their
very nature, representing layers containing either less
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Fig. 1. Schematic presentation of several procedures for applying
leachable Raney-nickel precursor alloys to the surface of supporting
nickel or stainless steel cathodes.

than 30 wt % or more than 70 wt % zinc, influence the
effective catalytic activity of the coating very strongly.

2. Experimental details

2.1. Preparation of Ni/Zn precursor coatings

As supports for the cathodic deposition of Ni/Zn
precursor alloys perforated nickel sheets (VECO,
sheet Type 12 1 H) with a hole surface fraction of 41%,
a hole diameter of 1.35 mm and a thickness of 0.24 mm
were used. From these sheets pieces of 6.6 cm” were cut
and, to their flat reverse side (the holes on the front
side are tapered), two nickel wires (2mm diam.) were
point soldered; these served simultancously as elec-
trode holder and current lead. The perforated plate
and a nickel plate of the same size serving as soluble
anode were aligned parallel to each other and kept at
a distance of Scm by polyethylene studs. Both elec-
trodes were inserted vertically in a well stirred beaker
which contained the plating bath. During the galvanic
deposition of nickel zinc coatings the cathode poten-
tial, the temperature and the pH of the solution were
monitored. As a reference a saturated Ag/AgCl-elec-
trode was used. The volume of the plating bath
amounted to 2000 cm’.

For the plating solution, a chloride bath containing

1.1 M NiCl,, 1.1 M ZnCl, and 0.5M H,BO, was used,;
in some cases various additives were added.

Since the maximum amount of zinc which was
deposited did not exceed 6.5 g, the zinc content of the
bath was never depleted by more than 9%, whereas
the nickel concentration remained virtually unchanged
due to anodic dissolution of the nickel anode which
proceeded with current efficiencies between 95 and
103%, determined by weight loss of the anode.

Prior to deposition of the Ni/Zn precursor alloy the
nickel supports were etched for 10min in 5M HCI
containing 0.3M H,0,. These electrodes were then
rinsed, dried and weighed. Immediately before insert-
ing them into the preplating bath they were immersed,
together with the anode, in 0.1 M HCI solution where,
for 10min, hydrogen was evolved. After rinsing, a
nickel layer of approximately 15 mgcm ~? was applied
by depositing nickel with a current density of
33mA cm™? for 30min from an acidic plating bath
containing 240gdm* NiSO, - 6H,0, 40gdm’
NiCl, - 6H,0 and 30 gdm* H;BO; [12]. The anode
and cathode were then immediately immersed into the
Ni/Zn plating bath.

Predepositing nickel served the purpose of prepar-
ing a fresh, non-oxidized nickel surface on which the
Ni/Zn alloy could be deposited in order to ensure a
good adherance of the coatings to the substrate. The
electrodes were weighed after deposition in order to
determine current efficiencies of cathodic deposition
and anodic dissolution, respectively.

2.2. Characterization of cathodically deposited Nij/Zn
precursor alloys and leached Raney-nickel coatings

The thickness of the precursor coatings, and the thick-
ness of the leached coatings were determined by
gravimetry and microscopic investigation of etched
and polished cuts. The chemical composition of the
coatings was determined by complete dissolution of
substrate and coating with subsequent analysis of zinc
(atom absorption spectroscopy, AAS). Since the zinc
of the a-phase cannot be leached by caustic potash
‘leachable’ zinc is distinguished from total deposited
zinc content of the deposit by analytic and gravimetric
determination of the amount of zinc which is leached
out- by 40wt% KOH with a final leaching tem-
perature of 90 °C, sustained for 5h. In order to deter-
mine the effective catalytic activity of the coatings,
current voltage curves of cathodic hydrogen gas-
evolution were measured in 40wt % KOH and at
different temperatures, preferentially at 100°C. An
additional characterization of the morphology and
coarse structure of the leached electrodes was per-
formed by scanning electron microscopy.

2.3. Determination of the electrochemically active
inner surface of Raney-nickel coatings

The internal surface of the Raney-nicke!l coating,
defined by the oxidizable amount of nickel per cm” of
electrode, was determined by coulometric oxidation



RANEY-NICKEL ACTIVATED H,CATHODES — 11

achieved by galvanostatic (7mAcm~?) potential-
monitored oxidation of the inner surface of the
Raney-nickel up to a potential of —400mV against
Hg/HgO (30wt % KOH) was reached. During this
procedure all hydrogen adsorbed on the inner surface
of the Raney-nickel coating and the nickel surface is
oxidized. Assuming a stoichiometry of Ni/H = 1 for
adsorbed hydrogen and the consumption of three
electrons per Ni-H surface group, then

Ni-H + 30H- — Ni(OH), + H,0 + 3¢~ (2)

The internal surface of the coatings can be estimated
from the anodic charge, Q, of the oxidation. A reason-
able estimate of the spatial demand of Ni-H groups
can be obtained from the molar volume of bulk nickel,
approximately 5.5 x 107 'c¢m?, so that a charge of
Q = 1Cb would correspond to (1 + 0.1) x 10°cm?
total pore surface [13].

2.4. Current voltage curves and long term
performance tests of Raney-nickel activated cathodes

All electrochemical investigations were performed in
40wt % KOH at a temperature of 100°C. Long term
performance tests and measurements of current vol-
tage curves of hydrogen cathodes were performed in
an all PTFE-beaker, with a volume of 1 dm”*, equipped
with a PTFE-reflux condenser. As a reference, a rever-
sible hydrogen electrode (RHE) was used. The tip of
the PTFE Luggin capillary of the reference electrode
was arranged at the reverse side of the working elec-
trode with a distance of less than 1 mm. Checking the
measured electrode potential by the current interrup-
tion technique showed that up to current densities of
700 mA cm ™~ error due to the IR-drop did not exceed
5mV; at 1000 mA cm~? the systematic error of mea-
surements, without /R-correction, by current inter-
ruption amounted to (25 + 2)mV.

The long term performance tests were executed at a
current density of 250 mA cm~?; these tests were inter-
rupted at regular intervals only for the current-
voltage curve measurements.

3. Kinetic and thermodynamic conditions for the
formation of Ni/Zn coatings with high zinc content

3.1. Cathodic deposition of nickel zinc alloys on
nickel substrate by anomalous codeposition

The electrodeposition of Ni/Zn alloys is of the anoma-
lous codeposition type [14, 15]. In anomalous codepo-
sition an electrochemically less noble metal is codepo-
sited with a nobler one at variance to thermodynamic
expectation. A generalized plot of the electrodeposited
alloy composition against current density which is
typical for a normal codeposition is shown in Fig. 2.
At low current densities (region I) the ratio of the
concentration of the less noble to the more noble
metal in the deposit is, as expected, smaller than in the
electrolyte. The current efficiency in region I is low
provided the more noble metal, in the present case

100 —
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Fig. 2. Typical correlation of deposit composition and current den-
sity in anomalous codeposition.

nickel, exhibits a particularly low hydrogen over-
potential and much hydrogen is evolved during metal
deposition. Between regions I and I1 there is an abrupt
transition in deposit composition and in region II the
concentration of the less noble metal is higher in the
electrodeposited alloy than in the bath. This
phenomenon is termed anomalous codeposition.
There is little change in deposit composition across
region II over a broad current density range.

At still higher current densities, in region III, the
content of the less noble metal decreases gradually
because of increasing mass transfer limitations for the
less noble metal. The current efficiency in regions II
and III is high because the less noble metal, for in-
stance zinc, exhibits a sufficiently high hydrogen over-
potential; thus almost no hydrogen is evolved.

Anomalous codeposition of nickel and zinc had
been explained by the so-called hydroxide suppression
mechanism [14]. In region I the most noble com-
ponents, hydrogen and nickel are deposited prefer-
entially with a low current efficiency for the metal. At
the transition current density, due to strong hydrogen-
evolution, the pH at the cathode surface is believed to
rise sufficiently to form hydroxide ions of significant
concentration at the cathode. As a consequence zinc
hydroxide is formed and adsorbed on the cathode and
inhibits nickel deposition and simultaneously hydro-
gen evolution. In region II zinc deposition by cathodic
reduction of adsorbed zinc hydroxide is believed to
occur. In region 111 diffusion no longer supplies the
cathode with sufficient zinc to maintain the deposit
composition of region II. Therefore, in region III,
increasing the deposition current density leads to a
gradual drop in the fraction of the concentration of
zinc metal in the deposit.

Since the deposition of nickel is believed to be re-
tarded by zinc hydroxide formed on the cathode due
to the pH increase in the cathode layer, any change in
plating conditions which influences the pH in the
vicinity of the cathode (convection, temperature or
buffer capacity) affects the transition current density
at which deposition switches from normal to anoma-
lous.
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Fig. 3. The phase diagram of the binary nickel/zinc system.

3.2. Phase diagram Ni/Zn and leaching behaviour of
different Ni/Zn phases

Figure 3 represents the phase diagram of the binary
Zn-Ni system [16]. At room temperature the z-phase
may contain from 0 to 27mol % Zn. Between 45 to
52mol % of Zn the f,-phase is formed, from 74 to
85% Zn the y-phase and from 89 to 90% the é-phase
exists.

In the literature only the cathodic deposition of
o-phase in region I and of y-phase and J-phase in
region II are reported. The cathodic deposition of the
p.-phase was never obtained [14, 15]. Only from the y
and the J-phase, with more than 74 mol % zinc, can
zinc be removed by caustic leaching. Leaching of the
o or f§,-phase is not possible even with anodic poten-
tials [17].

A general feature of comparable binary alloys of a
non noble and a more noble metal, like Ni/Al or Ni/Si,
is that the latter can omly be leached by selective
corrosion if the less noble metal has a volume fraction
of more than 50%.

4. Results

4.1. Performance of Ni/Zn alloy deposition from
acidic Ni/Zn baths

Some initial experiments showed that only nickel zinc
coatings with a mean zinc content of the Ni/Zn preal-
loys of 50% or less are mechanically stable after leach-
ing. Therefore it is important to deposit a mixture of
o and y or d-phase with an averaged zinc content of

T
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Weight percent zinc

T T

60 70

50%. In the first experiments the a-phase was deposit-
ed in region I (low current density and more anodic
potential) and a mixture of the y and §-phase in region
II (enhanced current density and more cathodic
potential). Any minor change in plating conditions
which influences the pH near the cathode surface only
slightly had a drastic effect on the cathode potential
and, therefore, on the deposit composition. Cathode
potentials of more than — 900 mV correspond to ano-
malous deposition with formation of y and/or §-
phase, whereas potentials of less than — 700 mV cor-
respond to normal deposition and formation of the
o-phase.

As shown in Fig. 4 for a galvanostatic experiment
with a constant current density of S0mA cm™> the
cathode potential is very sensitive to small changes in
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Fig. 4. Potential changes during cathodic deposition of Ni/Zn coat-
ing (electrode 6; see Table 1) in a galvanostastatic experiment (c.d.:
50mA cm~2). Changes of temperature and cathode potential are
correlated. (—) E/mV and (---) T/°C.
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Fig. 5. Preparation of electrode 7 by an experiment with discon-
tinuously increasing current density. The bath pH was kept con-
stant (pH 2) by adding small amounts of acid. These additions of
small amounts of acid repeatedly cause a temporary drop of cath-

ode potential from — 900 to —650mV. (—) — E/mV, (---) T/°C
2

and (- --) ~i/mAcm .
bath temperature. In the bath temperature range of
47°C to 53 °C the cathode potential jumps back from
—~950mV (Ag/AgCl) to approximately —600mV;
that means from anomalous to normal codeposition,
with corresponding increase of the nickel content of
the alloy if the temperature decreases below 52 °C.
This, in turn, gives rise to reduced current efficiencies.
Figure 5 shows for a deposition under discontinuously
increasing current density, that the cathode potential
is not simply determined by the applied current den-
sity. In this case the pH of the bath was kept constant
at a value of 2 + 0.1 by repeated addition of small
quantities of acid. These small amounts of added acid

Table 1. Electralyte composition, mass of the deposited precursor
alloy, leachable zinc content of the precursor alloy and cathodic
current efficiency for acidic solution

Electrode Electrolyte Precursor- Leachable Cathodic current
No. No.* alloy Zn content efficiency
jmgem™ % 1%
1 1 53 58 60
2 1 58 62 55
3 2 54 57 62
4 1 58 2 62
5 1 63 2 65
6 1 262 45 78
7 1 44 27 45
8 1 43 28 77
9 1 43 25 76
10 3 27 45 53
11 1 28 23 52
12 1 57 11 78
13 1 57 12 79
14 1 40 30 60
15 1 41 30 63
16 1 64 15 74
17 1 64 14 74
18 1 137 13 95
19 1 139 10 93
20 1 94 35 86
21 1 4 34 86
22 4 19 28 53

* Electrolyte I: 1.1 M NiCl,, 1.1M ZnCl,, 0.5 M H;BO,; Electrolyte
2:0.2M NiCl,, 0.9 M NiSO,, 1.1 M ZnCl,, 0.5M H,BO,; Electrolyte
3: 1.1M NiCl,, 1.1M ZnCl,, 0.5M H,BO,, gelatine; Electrolyte 4:
1.1 M NiCl,, 0.15M ZnCl,, 0.5M H,BO,.

Table 2. Comparison of the mean overpotentials of all 22 Raney
nickel activated electrodes (Table 1) and the overpotential of a non
activated nickel cathode, measured ar 100°C in 40wt % KOH at
current densities of 0.1, 0.25, 0.5 and 1.0 Acm™?

Current Average Overpotential of
density overpotential smooth nickel
J/Acm™? v cathode
v
0.1 0.08 0.21
0.25 0.15 0.27
0.5 0.20 0.31
1.0 0.28 0.37

obviously cause a temporary decrease in pH in the
cathode layer with subsequent a-phase deposition at
cathode potential of —650mV. From this situation
the cathode recovers after some minutes, returning to
a potential of — 900 mV with subsequent deposition of
y and/or d-phase which possesses high hydrogen over-
voltage. Fluctuations in mass transfer rates induced
by changing the stirring rate generate sudden changes
in the cathode potential between the two limiting
potential niveaus of —600mV to —6350mV (normal
codeposition, region I} and —850mV to —950mV
(anomalous codeposition, region 1) and correspond-
ing composition and phase changes of the deposit.

In order to obtain an empirical basis, 22 codeposi-
tion experiments were performed with four different
plating baths.

Table 1 shows electrolyte composition together with
mass of the deposited precursor alloy, the leachable
zin¢ content and the current efficiency of the deposi-
tion of the Ni/Zn layers from acidic Ni/Zn baths. All
coatings can be leached and yield tough, well adhering
and catalytically active Raney-nickel layers.

4.2. Characterization of the catalytic activity of
leached Ni|Zn-coatings by measurements of current—
voltage curves for cathodic hydrogen evolution

All 22 coatings exhibit increased catalytic activity
after leaching compared to smooth nickel cathodes.
The effective catalytic activity, the composition of the
nickel zinc coating and the coating morphology varied
broadly.

Table 2 shows the arithmetic mean of the over-
potentials for the 22 electrodes and the overpotentials
of a smooth nickel electrode at 0.1, 0.25, 0.5 and
1.0 A cm 2, measured at 100°C in 40wt % KOH, in
order to show that the mean value of the overpotential

Table 3. Difference between total and leachable zinc content for three
electrodes

Electrode Leachable Zn Total Zn

No. content (AAS) content (AAS)
1% 1%

19 10 23

21 34 53

22 28 44
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Fig. 6. Current-voltage curves of four activated hydrogen evolving cathodes (No.’s 7, 9, 11, 17) measured in 40 wt % KOH at 100°C. As
reference the i~V curve of a smooth hydrogen evolving nickel cathode is also depicted.

of these electrodes is much lower for coated than for
non-coated electrodes. At high current density the
average electrode, however, is not much better than
non-activated electrodes. It is obvious that this failure
of the effective catalytic activity at high current density
is due to inappropriate morphology of the coatings
rendering the inner surface of the porous catalyst

inaccessible due to concentration polarisation and
current blocking due to bubble formation.

Table 3 compares, for three different electrodes,
obtained from acidic solutions, the difference between
leachable and total zinc content. Cathode No. 19 is
typical, for a coating obtained from acidic solutions,
in so far as the lower the zinc content of the deposit,
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Fig. 7. (a) and (b) Correlation of potential-time profiles during Ni/Zn deposition and stratification of leached Raney-nickel coatings
(electrodes 11 and 17). (——) —E/mV, (---) T/°C, (--)pHand (- —--— ) —i/fmAcm™2.
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Table 4. Overpotentiais of the four selected electrodes

Electrode 250 500 1000 a*l

No.t mAem™  jmAecm™®  [mAem™r  jemPem™?
11 —55 —82 —111 4-10°
17 —63 —90 —113 7+ 10°

9 ~110 —180 —317 4-10°

7 ~114 — 186 —294 9-10°

t Electrodes operated initially over a period of 650h at cd.
250mA cm~? at 90°C in 40 wt % KOH.

1 Specific inner surface of electrodes (a*): i.e. inner surface per 1 cm®
of geometric electrode area.

the higher is the relative amount of non leachable zinc.
Figure 6 depicts typical semilogarithmic current-
voltage curves for cathodic hydrogen evolution
measured at a non-activated nickel electrode and the
current-voltage curves of four specimens of Raney-
nickel activated cathodes obtained by codeposition of
nickel zinc from acidic solutions. The activated speci-
mens had been operated initially for 650 h at a cathodic
current density of 250 mA cm 2,

Table 4 shows the overpotentials measured at
100°C in 40wt % KOH at current densities of 250,
500 and 1000mA cm 2 (cf. [18]). The electrodes are
ordered in Table 4 according to decreasing catalytic
activity; clearly electrode No. 11 is the electrode of

highest activity. The last column of Table 4 contains
the specific inner surface a* of the electrodes (i.e. inner
surface per 1 cm’ of geometric electrode area). There is
no evident correlation between the inner surface of the
different catalyst coatings and the catalytic activity of
the electrodes. The most active electrode (No. 11) has
only half as much specific inner surface than the
poorest one of the four selected electrodes. This lack
of correlation may be attributed to morphological
features of the coating.

5. Discussion

5.1. Tertiary electrode structure and effective
catalytic activity

In Figs 7(a) and (b) and 8(a) and (b) microscopic cuts
of the two best electrodes, No.’s 11 and 17, are corre-
lated with the potential/current density-time profiles
observed during electrolysis for their cathodic
deposition.

Evidently the potential fluctuations, which occurred
in the course of the deposition, reflect in a layered
structure of the leached deposit. This layering is
caused by significantly different porosities of the dif-
ferent strata, brought about by different zinc contents
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of the precursor alloy layers obtained at higher cath-
odic potential (—900mV, approx. 80% zinc, leach-
able alloy) and at lower potential (— 600 mV, approx.
20% zinc, unleachable alloy), respectively.

Common to the specimens, No.’s 11 and 17, repre-
senting the most active coatings, is that at the end of
the electrolysis there occurred repeatedly, a return to
lower potentials resulting in a lower zinc content of
the respective uppermost layer or layers. Below these
low content zinc layers there exists in all cases a num-
ber of layers of a high zinc content which are convert-
ed to the most active form of catalyst by leaching.
They shrink considerably, in all three dimensions,
during caustic leaching, due to removal of the zinc
from the lattice of the y d-phase. Shrinking can be
clearly identified in the micrographs since it leads to
formation of voids. The mechanical stability of the
coatings, prepared from acidic solutions, is influenced
by the thickness and the number of layers with low
zinc content in the coatings. Although the uppermost
layers, layers with a low zinc content in specimens 11
and 17, are not leachable they are divided by cracks.

These cracks even extend into the massive nickel
support. They are due to shrinking of the coating
which, during caustic leaching of zinc, looses ap-
proximately 40% of the initial volume of the nickel/
zinc alloy [13]. The formation of these cracks is vital
to higher utilization of the Raney-nickel because
cracks, being filled with electrolyte, render a greater
part of the internal surface of the Raney-nickel acces~
sible to electrochemical gas evolution, than would be
accessible in undivided, closed Raney-nickel layers. As
shown in the first publication of this series by theoreti-
cal consideration [10], only a small fraction of the
internal surface of Raney-nickel coatings is used if the
coatings are not divided by cracks. Numerous cracks,
as generated by leaching, lead to sufficiently short
diffusion paths of homogeneously dissolved hydrogen

for the fastest release of the gas and for avoiding
excessive hydrogen accumulation and concentration
polarization in the micropores. They further facilitate
the release of gas bubbles.

It is the essential result of this investigation that
coating stratification, together with cracks developed
during caustic leaching of stratified precursor alloys,
determine their morphology and effective catalytic
activity to an unexpected extent which is not easy to
control. The morphology determines the extent to
which the internal surface of the Raney-nickel catalyst
can contribute to cathodic H,-deposition and the
effective catalytic activity of the coating.
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