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Abstract

The hydrogen evolution reaction was studied in 1 M KOH at 25 °C on two types of electrodes: (i) pressed powders
of Ni or NiMo with Al, heated at 700 °C; (ii) Ni-Al-Mo powders deposited by vacuum plasma spraying. These
materials were treated with alkaline solution to leach out aluminum. Very active and stable Raney nickel—
molybdenum electrodes were obtained from Al rich alloys. Adding molybdenum significantly improved catalytic
activity. Electrochemical impedance spectroscopy was used to determine the apparent and intrinsic activities.
Different ac models were tested and the appropriate one was selected. Intrinsic activities of these electrodes are
smaller or equal to that of polycrystalline Ni and the origin of high apparent activities is related to the increase in

real surface area.

Introduction

Hydrogen produced by water electrolysis is a possible
fuel of the future. It can be produced and used without
pollution, avoiding use of fossil fuels. However,
this method of hydrogen production remains costly.
In order to increase electrode activity the real surface
area and/or the intrinsic activity of the electrode material
must be increased [1]. In our laboratory, many attempts
have been made to develop efficient and stable electrode
materials for the hydrogen evolution reaction (HER) in
alkaline solution [1, 2]. Raney nickel is one of the most
active and relatively inexpensive materials for this
reaction [I, 2]. Raney nickel is produced by leaching
aluminum or zinc from a precursor (Ni—Al or Ni—Zn)
alloy with caustic solution, leaving a very porous
material. This increases its real surface area and leads
to lower overpotentials. Various techniques of prepara-
tion of these materials have been used:

— electrocodeposition of Raney Ni powder with Ni
[375]5

— electrodeposition of Ni—Zn alloys [6],

— plasma spraying [7-10],

— rolling of Al and Ni foils followed by heat treatment
(8, 11],

— pressing and heating Ni + Al powders [12, 13],

— pressing Raney Ni with fractal Ni powder [13],

— sintering Raney Ni [14], etc.

For electrodes prepared by pressing Ni and Al
powders a dramatic increase in activity was found after
heating them above the Al melting point (660 °C), which
is connected with the formation of intermetallic Ni—Al
phases [12]. This is a simple method of preparation of
very active electrodes, however, leached Ni-Al elec-
trodes are not very stable during long term polarization.
Tanaka et al. [15] showed importance of the nature of
Ni—Al phases on the catalytic activity. The most active
electrodes were obtained from Al rich alloys (NiAlj)
from which Al is very easily leached out but they were
the least stable. It was also found [7, 10, 16-18] that
adding molybdenum to Raney nickel improves its
catalytic activity. Ni-Mo alloys are considered as good
catalysts for the HER although other studies have not
confirmed these findings [1].

In the present work, active Ni—Al and Ni-Al-Mo
alloys were prepared by two techniques:

— by pressing and heating Ni and Al or Ni-Mo and Al
powders, at 700 °C,
— by vacuum plasma spraying.

The structure and composition were studied using
scanning electron microscopy (SEM), X-ray diffraction
(XRD), and elemental microanalysis including map-
ping (EDX). The mechanism and kinetics of the HER
on these electrode materials were studied using steady-
state polarization and electrochemical impedance
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spectroscopy (EIS). Several models describing the
impedance data were tested and the appropriate model
was selected.

2. Theory

The HER in alkaline solutions proceeds through three
following steps:

H,O+M +e=2MH+OH™ Volmer (1)
H,O+MH+e=2H; + M+ OH™ Heyrovsky (2)

JMH 2 H, +2M  Tafel (3)

where M represents metal on the electrode surface and
MH hydrogen adsorbed on the electrode surface. For
the Volmer—Heyrovsky mechanism (i.e., neglecting the
Tafel reaction) and assuming that f; = f, = f5, where
f1 and f3, are the symmetry coefficient of the steps 1 and
2, the following relation between the current density, j,
and overpotential, n, may be given [19]:

. 2Fkike P (1 — e¥M)
a (kl + kz) + (k,1 + k,z)ef'i

(4)

where k.1, k., are the forward (+) and backward (-)
rate constants and f = F/RT. At high overpotentials
this expression becomes:

kil  _
| = 2F Brn 5
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which indicates that the current density is directly
proportional to the harmonic mean of the forward rate
constants. Conway and Harrington [20] presented a
theory of the faradaic impedance for the HER [21].
The faradaic impedance is given by the following
expression:

1 B
Z A+jw+C (6)
where
1 87‘0)
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ro = vy + vy, | = v — v — 203,01, Uy, v3 are the rates of
Volmer, Heyrovsky, and Tafel reactions, respectively, 0
is the surface coverage by adsorbed hydrogen and o is
the charge necessary for a monolayer coverage by
adsorbed hydrogen. The parameter A4 represents the
inverse of the charge transfer resistance R. and for
p1 = P> = P may be expressed as:

A=t
R
_ F_26,,W (kik_y + kok_2)e/ + kiky (2 + €M)
RT ky + ko + (kg + k_o)e/n

(10)

which, for § = 0.5, reduces to a known form [2, 22]. At
negative overpotentials this expression becomes:

e :2ﬁF2< kerks )e_ﬁf,,

1
Ry RT \ki+k (11)
and it is proportional to the harmonic mean of k; and
k,. Comparison of (5) and (11) shows that these two
parameters are proportional to each other.

Total electrical equivalent model of the HER on metal
electrodes consists of the solution resistance R, in series
with a parallel connection of the double layer capaci-
tance Cq and the faradaic impedance Z;. This model
predicts formation of two semicircles on the complex
plane plots; the first arises from coupling of the charge
transfer resistance and double layer capacitance,
R, — Cq and the second from coupling of the two
kinetic parameters R, — Cp, related to the parameters
R, B, and C. The faradaic impedance equals:

1
Zr =Ry +—-—— 12
f ct Jpr—i—Rip ( )
where
1
Ry, = —7c (13)
S+ 4
and
A2
Cp = -z (14)

However, when 4 > B/(jw 4+ C) only one semicircle is
observed.

For solid electrodes, the double layer capacitance Cy,
is substituted by a constant phase element (CPE). Its
impedance is given by [23]:

1
T(jo)

ZCpPE = P (15)

where parameter ¢ is related to the constant phase angle
«=90(1 —¢) and T is a capacity parameter in



F cm™2 s?7!, related to the double layer capacitance
[23]:

) (16)

T=CH(R +4
The presence of the CPE was initially attributed to the
surface roughness or porosity (geometric factors) [21],
however, it was found experimentally that these factors
were unrelated [24]. Recent studies attribute it to the
atomic scale inhomogeneities, see [21, 25] and references
therein. It is well known that adding small amount of
adsorbing ions causes immediate appearance of the CPE
[26].

Two models have been used to explain the impedance
of Ni—Al and Ni—Al-Mo electrodes. The first is the so
called 1CPE model shown in Figure 1(a) and Table 1 [2,
12-14, 19, 27]. In general, it can produce one or two
semicircles on the complex plane plots. The second
model is the two CPE model introduced by Chen and
Lasia [28], see Figure 1(b) and Table 1. It can also
produce two semicircles but the first one, potential
independent, is related to the surface porosity and the
second, potential dependent, is related to the HER.

Table 1. Equivalent models
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Fig. 1. Equivalent circuits used for the HER. (a) 1CPE model, (b) two
CPE model.

For deep cylindrical pores on the electrode surface, de
Levie [29] proposed a porous electrode model. The total
impedance is expressed as:

Model Nyquist plots Total impedance Obtained parameters Calculated parameters
1CPE One or two semicircles, Zt = Ry + Z; where Z; A, B, C, R, T, ¢ Ry =1/4
both potential dependent is given by the Equation 6 R = R |B|
P C—RyB|
T=CuR" +4)"
2CPE Two semicircles: 1 B
first: potential independent, 7= A+ ot C Ay, Az, R, Ry = 1/4,
f J Ti, ¢1, T, ¢
second: potential dependent T, = C('ff (Ry ! -&-Az)l"’52
2
%
Semi-infinite porous f t Z1t = Rs + Rvaal/2 Alu, Blu, C, R, uRe, Ca/u, Cq ~ real
model (ICPE) " [1/Z+ ()T~ T/u, ¢ with surface area
0 u= Rsz) o4
0 2 4 "
or Z'1 Qcm?
1/Ret ~ k
02 Z; described by the intrinsic activity:
N 1CPE model ~ 1/(RtCa)
£
é 0.1 /\
0.0
0.4 0.6 0.8
Z'1 Qem?
2 semicircles potential
dependent
Finite length porous Z=R,+ Ay, By, ¢, Ap = aRy
model (Ra.p/A'*)coth(A'?) Rs, Rop B,=T/a
Re = RQ,pAp
2 T T Z¢in A is given by T = Bp/Rap
\\ Equation 6
. |
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Z = Ry + (Rap/A"?) coth(A"/?) (17)
where Rqp, = pl/nmr® and A = (2p/%/r)(1/Z; + joCa).
In the case of the HER, the faradaic impedance is given
by Equation 6, although, in practice, one semicircle is
observed on the complex plane plots because Zy = Ry
[2, 27, 30]. This model predicts a straight line at 45° at
high frequencies, followed by one or two deformed
semicircles (Figure 2(a)) in these plots. For real elec-
trodes the double layer capacitance is replaced by the
CPE [30]. Equation 17 has two limiting cases depending
on the penetration depth of the ac signal in the pores,
= (rZo)2p)"?, where Zy = (1/Z; + joCa) ™"

(a) For I < A, A'Y* =1/). — 0, coth A"? — A~"/? and

Z =R+ Rap/A =Ry + (1/5)[1/Z; + ()] B
(18)

where s = 2n7nrl is the total surface area of the pore
walls. In this case, the signal penctrates up to the
bottom of the pore, the electrode behaves as a flat
one, and the complex plane plots may be described
by a simple CPE model (Figure 2(b)).

(b) For /> J, the pores behave as infinitely deep, the
signal cannot penetrate up to the bottom of the
pores, A — oo, cothA'? — 1, and the equation 17
simplifies to:

Z=Ry+Rop/A"? =R+ Ropa'?|1/Z+ (jw)*T|
(19)

1/2

As a result, the complex plane plot is a deformed
semicircle (Figure 2(c)). In the case when the faradaic
impedance is described by Equation 6, one can only
obtain parameter uZ;

1
w50 ()

where u:Ré_pa:p/(nn)2(2r3), from which three
parameters: uR., uR,, and C,/u may be found, however,
R, R, and C, cannot be determined independently. All
the models used for our electrode materials are
described in Table 1. In the latter case, in order to

MZf = —TQ% = (uRct) + (20)
1 B/u

uR ¢ jo+C
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Fig. 2. Complex plane plots on porous electrode: (a) general, Equation
17, (b) shallow pores, Equation 18, (c) semi-infinite pores, Equation 19.

compare the specific activities of different electrodes, one
can evaluate:

RO
(k) Canfo) = ReCa = (%) (Cho) =RACH  21)

where R, and CY, are specific (per unit of the real surface
area) charge transfer resistance and double layer capac-
itance. This parameter gives the product of the specific
charge transfer resistance, related to the electrode
kinetics, and a specific double layer capacitance, which
is similar for all metallic surfaces. Therefore, the product
of the experimentally accessible parameters
(uRet)(Car/u) or (uRy)(T/u) is a direct measure of R,
and 1/[(uRs)(Cai/u)] is proportional to the electrode
specific activity.

3. Experimental
3.1. Electrode preparation

Ni—Al powder electrodes were prepared from Inco Ni
type 255 and Al (Anachemia AC-353) powders. Ni-Al—-
Mo alloys were prepared from Ni—-Mo precursor alloys
and aluminum powders. The following precursor alloys
were used:

o 87.5wt.% Ni, 12.5 wt.% Mo (Consolidated Astro-
nautics, 99%, 45 um),

o 84 wt.% Ni, 16 wt.% Mo (Goodfellow, 99%, 45 um),

e 80 wt.% Ni, 20 wt.% Mo (Goodfellow, 99%, 150
pm),

e 70 wt.% Ni (Inco 255), 30 wt.% Mo (10 um) prepared
by vacuum plasma spraying (CRTP, Université¢ de
Sherbrooke).

After mixing, powders were pressed, then heated at
700 °C for 12 h under nitrogen atmosphere. The for-
mation of Ni—Al intermetallic compounds was con-
firmed by the XRD analysis. These electrodes were
attached to a copper cylinder with a silver epoxy and
fitted in a shrinkable tube, exposing a geometric area of
0.5 cm?. To dissolve the aluminum, the electrodes were
leached in a 30% KOH solution (BDH, 85%) contain-
ing 10% of K—Na tartrate, at 70 °C for 24 h.

Plasma spraying was also used to prepare Ni-Al-Mo
electrode materials. The electrode materials were pre-
pared at CRTP (Plasma Technology Research Center)
of the University of Sherbrooke by Glen Lemoine and
Jerzy Jurewicz. The precursor alloys were prepared by
high impact ball milling of powders followed by alloying
using self-propagation high-temperature synthesis
(SHS) and then deposited by vacuum HF plasma
spraying. Alloys having the following stoichiometry
were prepared: NiAlsMo, (T), NiAlgMo (G),
NiA17_5M01_5 (H), NiA15M00_67 (l), 46%N1A13 +
54%Ni,Al; (B) and the mixtures 25-75% of T + B.
The obtained electrode materials were leached in the
same way as the alloyed powder electrodes.



3.2. Electrochemical measurements

A two compartment Pyrex glass cell separated by a
Nafion membrane (Dupont de Nemours 450) was used
to carry out the electrochemical measurements. A nickel
foil was used as the counter electrode. Electrochemical
tests were made in 1 M KOH solution (Aldrich, 99%)
containing 10 g 1" of ethylenediamine tetraacetic acid
(EDTA) (Fisher) [31] at 25 and 70 °C. Solutions were
bubbled with N, before measurements. The Hg/HgO/
1 M KOH reference electrode was connected to the cell
through a Luggin capillary. KCN (Fisher) was added to
some solutions as a distinction criterion between the
equivalent circuits.

Tafel curves were registered galvanostatically in the
current range of 300 mA to 0.01 uA using EG&G PAR
system (model 273). At higher current densities, current
interruption technique was wused [14]. The kinetic
parameters (i.e., Tafel slope b, exchange current density
jo and overpotential at the current density of
250 mA cm ™2, 1,50) were obtained after correction for
the ohmic drop. Ac impedance measurements were
performed in the frequency range of 10 kHz to 8§ mHz
using a frequency response analyzer (FRA) Solartron
model 1260 and a potentiostat Solartron model ST 1287.
The ac amplitude was 10 mV peak to peak. The
approximations of the impedance results were made
for various models (Tables 1 and Figure 1(a) and (b))
using modified complex non-linear least-squares fitting
program (CNLS) [32].

4. Results
4.1. Pressed and heated Ni-Al-Mo powders

4.1.1. Composition and surface morphology of electrodes
Heating of Ni or Ni-Mo and Al powders produced
intermetallic phases. XRD of NiyAl; shows practically
pure phase, but that of NiAl; shows also small amount
of Ni>Al;. The diffractogram of the sample having
global stoichiometry of Ni,Als shows mainly Ni,Al; and
NiAl;. Figure 3 shows XRD diffractograms of Ni—Al-
Mo samples. Diffractogram of Ni,AlzMoy 175 shows
presence of Ni>Al; and NiAlsMo,, Ni,AlsMog 75 the
presence of NiAl; and Ni,Als;, and NiAl;Mog og75 the
presence of NiAls;, Ni,Al; and NiAlsMo,. Leaching
produces very broad Ni peaks, indicating nanostruc-
tured surface layer, Figure 4, similarly to those pre-
sented in Refs. [12, 14, 15]. EDX analysis of the samples
presented in Figure 5 shows that after leaching process
Ni peaks increased considerably and aluminum content
decreased, but Al is still present in the sample after
leaching. Moreover, Mo peaks are visible on both
spectra. Peaks of potassium visible after leaching arise
from the leaching solution. These findings were con-
firmed by mapping of Ni, Al and Mo before and after
leaching.
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Figure 6 shows the morphological changes of the
electrode surface during leaching process. Grain bound-
aries are dissolved more easily and there is a formation
of submicrometric pores on the surface. Crossection
view of the leached electrode, Figure 7, shows that
leaching takes place up to ~1.5 mm. EDX analysis of
this electrode shows that Al is always present in the
leached electrode, but the ratio Mo/Ni decreases during
leaching, which indicates that Mo is also partially
removed during this process.

It was also found that adding molybdenum improves
mechanical and long-term stability of the obtained
materials. The electrodes were studied in KOH solution
for several (3—4) days and their catalytic activities did
not change during this period, similarly to the results
observed in the literature for other Mo-doped Raney
nickel electrodes [17, 33]. On the other hand, Ni—Al
electrodes were more fragile and after few days
broke up, in particular NiAl; which was the most
porous one.

4.1.2. Steady-state polarization curves

The apparent activity of the electrodes was studied in
1 M KOH by recording steady-state polarization
curves. From the linear part of the Tafel curves, kinetic
parameters were determined and they are presented in
Table 2. An example of the Tafel curve obtained on
NiAlzMog 175 electrode is presented in Figure 8. In
general, the electrode activities increase with increase in
Al and Mo content. For the electrodes characterized by
stoichiometry Ni>Al; the Tafel slopes, b, are large, from
-200 mV dec! for NiAl; to —150 mV dec™! for
Ni,AlsMo0g306- They are smaller for NiyAls, form
—157 to =119 mV dec™!, and decrease with increase in
Mo content. The smallest Tafel slopes were obtained for
the electrodes having stoichiometry of NiAls. In gen-
eral, the Tafel slopes decrease with increase in temper-
ature, which indicates that the apparent transfer
coefficient is increasing with temperature as
b = RTIn 10/aF. High Tafel slopes were also observed
earlier at sintered [14] and metallurgically prepared [13]
Raney Ni electrodes.

The practical measure of the electrode activity is
overpotential at a given current density, in our studies at
250 mA cm ™2, Na2s50- Electrodes having stoichiometry
Ni»,Al; are characterized by the smallest activity with
50 = —280 mV. The activity increased after doping
with Mo, 1,590 = —160 mV for atomic fraction of Mo of
0.175 and 0.233. It increased further after increase of the
Mo content, for Ni,AlsMog 306 7250 = —70 mV. Elec-
trodes based on the stoichiometry Ni,Als are more
active with than without Mo; the activity of Ni,Als is
Nrs0 = —253 mV and those containing Mo are charac-
terized by #5590 between —60 and —70 mV. Finally, the
most active electrodes are those containing the highest
amount of Al, for NiAl; 1550 = —136 mV decreasing to
—57 mV for NiAlzMog 306. Electrode activities increase
with increase in the temperature. The highest activity of
—33 mV was obtained for NiAlzMog 396 at 70 °C.
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Fig. 3. XRD spectra of: (a) Ni;Alz3Mo0g.175, (b) NiAlsMo, 175 and (¢) NiAlzMog gg7s.

The HER reaction was also studied in the presence of CN™. Cyanides poison the electrode, increase the Tafel
poison KCN. Figure 8 shows an example of the Tafel slope and decrease the activity towards the HER: 7,50
curves for the HER in the absence and in the presence of increases from —71 to =110 mV.
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Fig. 4. XRD spectrum of the electrode NiAlsMoy 175 after leaching in KOH for 24 h at 70 °C; see text for details.

4.1.3. Impedance spectroscopy

Activity of the electrodes was also studied using
electrochemical impedance spectroscopy. Examples of
the complex plane plots obtained for Ni—Al and Ni—Al-
Mo electrodes are shown in Figures 9 and 10. Two types
of spectra were obtained: the first containing one
deformed semicircle and the second containing two
semicircles. Electrodes without Mo and those composed
of Ni,Al; and containing up to 0.233 of Mo displayed
one semicircle while other electrodes displayed two
semicircles.

The electrodes displaying one semicircle could be
modeled using (a) 1CPE or (b) semi-infinite porous
model with Z; = R.; the finite length porous model
may be rejected as it produces straight line at 45° at high
frequencies, followed by a distinguished semicircle, see
Figure 2(a). The experimental impedance data were
fitted using these two models. 1CPE model gives
unusually low values of the parameter ¢, between 0.48
and 0.66, and extremely large values of the double layer
capacitance, between 0.3 and 6.8 F cm™ of the geomet-
ric surface area. Use of semi-infinite porous model gives
the constant phase angle between 0.81 and 1. It should
be noticed that at high frequencies a straight line at ~45°
is observed on the complex plane plots, which suggests
the semi-infinite porous model. Comparison of these
two models using test F showed that the fit to the semi-
infinite porous model is statistically much better. How-
ever, using this model it is impossible to extract R. and
Cq from the experimental data.

The two semicircles observed for NiAIMo electrodes
might be related to the kinetics of the HER, Equation 6,
or the high frequency (HF) semicircle related to the
porosity and the low frequency (LF) one to the kinetics
of the HER (two CPE model). In our earlier works [28,
31] we have developed several criteria to distinguish
between these two possibilities. The first one is to check

the dependence of the radius of both semicircles as a
function of overpotential; only the kinetics of the
electrocatalytic reactions depends on overpotential.
However, the overpotential range used for these mea-
surements is too small to determine the kinetic depen-
dence of the HF semicircle, because the activity of the
electrodes is very high and above n = —40 mV, the
HER is so vigorous that hydrogen bubbles cause too
much interference and good impedance spectra cannot
be obtained.

The effect of temperature is another criterion; the
kinetics of electrocatalytic reactions is more sensitive to
changes in the temperature than the solution resistance.
The influence of temperature (25-70 °C) on the complex
plane plots obtained at NiAlzMog,e, electrode at
n = —14 mV is shown in Figure 11. The diameters of
both semicircles decrease with the increase in tempera-
ture indicating that they are both related to the electrode
kinetics.

The effect of poison can also be used to verify the
nature of the semicircles. In the next experiment
5x 102 M KCN was added to the solution. Tafel
curves shown in Figure 8 revealed a decrease in the
electrode kinetics. Figure 12, and the diameter of both
semicircles increased. This effect is also illustrated in
Figure 13 where the diameters of both semicircles are
plotted as functions of overpotential in the absence and
presence of the poisons. The analysis presented above
confirms that both semicircles are related to the elec-
trode kinetics. This indicates that two models may
approximate the experimental complex plane plots: (a)
1CPE or (b) semi-infinite porous models, both with
Equation 6 for the faradaic impedance of the HER.
Complex nonlinear least-squares approximations were
carried out for these two models. The test F could not
distinguish between these two models, they both gave
the same goodness of fit.
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Fig. 5. EDX analysis of NiAlsMoy ;75: (a) before and (b) after leaching.

However, approximation by the 1CPE model gave
very low values of the parameter ¢ ~ 0.6 and unusually
large values of the double layer capacitance, up to
6.8 F cm™2. On the other hand, using a semi-infinite
porous model these values are close to 1. Therefore, the
latter model was used for all the approximations for
NiAl and NiAlMo electrodes. The results of approxi-
mations obtained at the same overpotential
n = =35 mV are shown in Table 3. The intrinsic
activities (per unit of the real surface area, Equation
21) of our electrodes are displayed in the last column as
1/(R.T), which is proportional to the rate constants of
the HER according to Equations 10 and 11, and

represents a comparative measure of this activity. For
comparison the same parameter was estimated for the
polycrystalline Ni electrode in the same conditions.
From Ref. [19], log (R%/Q cm?) = —-42  and
€Y = 42 uF em™>, which gives 1/(R%,CY) = 1.5s7".
Between the materials studied the lowest activities were
found for electrodes based on Ni,Al; and Ni,Als
(~0.005 s71), followed by that of NiAl; (0.02 s™"). These
activities are much lower than that observed for
polycrystalline Ni. Addition of Mo increases the activ-
ity, which, in some cases, attains that of polycrystalline
Ni. In general, activity increases with increase in the Mo
content in the precursor alloy. Because for some
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Fig. 6. Scanning electron micrographs of the Ni,AlsMoy ;75 electrode: (a) before leaching; (b) after leaching aluminum in 25% KOH + 10%

Na—K tartrate solution at 70 °C for 24 h.
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Fig. 7. Crossection of the NiAlsMog 75 electrode after leaching;
leaching was carried out from the right side of the electrode.

electrodes parameter ¢ is lower than 1 (the lowest value
is 0.85) this comparison is only approximate but it
shows the general trend. These results suggest that the
main factor of high activities of Raney Ni based

electrodes is the increase of the real surface area, while
the intrinsic activity is lower or similar to that of
polycrystalline Ni. Low activities of some electrodes
may be connected with a presence of unleached Al in the
pores, probably in the form of insoluble oxide/hydrox-
ide, which could inhibit HER while allowing wetting of
the pore surface (important in determination of Cy).
The presence of Mo must also affect the electrode
structure allowing better removal of Al and/or greater
accessibility of the pores.

In our earlier studies it was found that various porous
nickel based electrodes as Ni—Zn alloys [6], Raney Ni
based materials [12, 13], pressed Ni—-Zn and Ni-Al
powder electrodes [12, 34, 35] have the intrinsic activity
not much different from that of polycrystalline nickel [2,
36]. It was suggested in the literature that alloying Ni
and Mo should increase the activity towards the HER,
however, in many studies, the electrode surface was
either covered with oxides/hydroxides or rough. Metal-
lurgically obtained alloys are not very active. For more
discussion and references see Ref. [1].

Table 2. Kinetic parameters of the HER from the steady-state polarization curves obtained in | M KOH

Electrode t

b 1250 Jo
/°C /mV dec™! /mV /mA cm™2
1 NibAl; 25 200 -280 5
2 NiAls 25 157 -253 5
70 173 -139 29
3 NiAly 25 99 —-136 10.5
4 Ni2A13M00_|75 25 180 -160 15
5 Ni>AlsMog 175 25 170 -71 119
70 120 =40 166
6 NiA13M00‘0375 25 156 =73 85
7 Ni2A13M004233 25 170 -160 31
8 Ni2A15M00_233 25 154 —60 110
9 NiAlsMog 16 25 144 -58 110
10 Ni2A13M00_306 25 150 =70 97
11 Ni2A15M004306 25 119 -66 96
70 70 —-43 39
12 NiALMog 53 25 134 -57 111
70 80 =33 121
13 NiA13M00.262 25 99 -60 71
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Fig. 8. Tafel plots obtained on Ni,AlsMoy ;75 electrode in 1 M KOH
at 25 °C and after adding 5 x 107> M KCN.

4.2. Plasma sprayed Ni—Al-Mo electrodes

4.2.1. Composition and structure
Several materials of different composition were pre-
pared. Electrode B was obtained from the mixture of

5 Ni,Al,
1M KOH + 10 g/L EDTA
t 5] n=-24mV,
c N=-54 m
N1 N=-74 mv
0
0 1 2 3 4 5 6
Z'/ Q cm?
NiAl
1.0 3
N
€
o
G 0.54
N
0.0
0
Z'/ Q cm?
NipAlsMoyg 533
1.0
N
€
o
S 05
N
0.0
0 1 2
Z'1 Q cm?

two pure binary phases NiAl; (46%) and Ni,Als (54%).
XRD spectra show the presence of these two phases.
Other electrode materials were prepared from a mixture
of B with other ternary alloys (G, H I, T). The electrode
T contains ternary phase NiAlsMo,. It has been
suggested in the literature [18, 37, 38] that this phase is
responsible for the high activity of plasma sprayed
NiAlMo electrodes towards water electrolysis. Figure 14
shows the diffractogram of this alloy. It contains strong
peaks corresponding to this phase together with those
corresponding to Ni,Al;. Leaching caused destruction
of the electrode T, however other mixed phases were
stable.

4.2.2. Steady-state polarization curves

Tafel curves registered on plasma sprayed electrodes
displayed one Tafel slope. The results are presented in
Table 3. The obtained slopes are in the range 107—
180 mV dec™'. The presence of molybdenum in the
alloys increases the electrode activities, similarly to the
results obtained above for the alloyed powders. The
least active electrode B consists of Ni and Al, with
250 = —170 mV while the most active material is

-2"/ Qcm?

Z' 1 Q cm?

NiAlzMog 175

-Z"/ Qcm?

Fig. 9. Complex plane plots of the HER on Ni-Al and selected Ni-Al-Mo electrodes displaying one deformed semicircle, obtained in 1 M KOH
at 25 °C; symbols — experimental data, continuous lines — fitted by the semi-infinite porous model (1CPE).
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Fig. 10. Complex plane plots of the HER on Ni-Al-Mo electrodes displaying two semicircles, obtained in 1 M KOH at 25 °C; symbols —
experimental data, continuous lines — fitted to the semi-infinite porous model (1CPE).
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1M KOH,N=-14mV
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Fig. 11. Complex plane plots obtained in 1 M KOH at 25 °C and
70 °C at NiAlzMoy 6, electrode, points — experimental data, contin-
uous lines — fitted to the semi-infinite porous model (1CPE).
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Fig. 12. Complex plane plots obtained for Ni,AlzMog 306 electrode in
1 M KOH at 25 °C without KCN and with 5 x 107 M KCN, points —
experimental data, continuous lines — data fitted to the semi-infinite
porous model (1CPE).
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Fig. 13. Dependence of: (a) diameter of HF semicircle, (b) diameter of
LF semicircle, on overpotential 1 for Ni,Al;Mog 306 €lectrode in 1 M
KOH without KCN and with 5 x 1072 M KCN at 25 °C, semi-infinite
porous model (1CPE).

NiAls 9sMog g6, With #3250 = —67 mV. Further increase
in the amount of Mo for the same composition Ni:Al
(electrodes 22 and 23) does not improve the electrode
activity. With exception of electrode G all other mate-
rials have similar activity, 7,59 between —100 and
-80 mV.

4.2.3. Impedance spectroscopy

Examples of the complex plane plots obtained on
plasma sprayed electrodes are shown in Figure 15.
For the mixture of binary phases (electrode B), a
straight line at 45° at high frequencies followed by a

v NirAlz
+ NiAlsMoy

Intensity(Counts)

.
.
. .
J\ ] i A
v v | J
J A ad
10 20 30 40 50 60 70 80 e

2-Theta(")

Fig. 14. XRD spectrum of plasma sprayed NiAlsMo,.

semicircle was found, indicating finite-length porous
model (compare with Figure 2(a)). For the other
electrodes, two semicircles were obtained on the com-
plex plane plots and the HF semicircle starts as a
straight line at ~45°. To determine the nature of the HF
semicircle experiments were performed with addition of
5x 1072 M KCN and it was found that the diameter of
two semicircles increased significantly. Therefore, the
two semicircles are related to the electrode kinetics. To
approximate these plots, semi-infinite porous model
with the faradaic impedance described by Equation 6
was used. This is the same model that was used for
heated powders containing Mo. Table 5 shows the
results of the approximations of the impedance data.
Parameter ¢ is between 0.8 and 0.86, only for the
electrode no. 19 it is lower, ¢ = 0.7. The highest
intrinsic activity shows electrode NiAlsgsMog e fol-
lowed by NiAl; 9¢Mo; 35. They display activities similar
to that of Ni (taking into account values of ¢ lower than
1 the differences are not significant) and other materials
have lower intrinsic activities.

5. Conclusions

Raney nickel based electrodes are stable and very active
towards the hydrogen evolution in alkaline solutions.

Table 3. Parameters obtained from the semi-infinite porous model (1CPE) at # = =35 mV in 1 M KOH at 25 °C

Electrode UR T/u ¢ /(R T)
/Q? JEQ! s¢71 5?72
Ni,Al; 74 + 1 2.5 + 0.1 1.00 + 0.01 0.0054
Ni,AlzMoyg 175 1.5 £ 0.1 2.0 £ 0.1 0.88 + 0.02 0.33
Ni,Al3Mo0g 533 3.36 £ 0.08 1.75 + 0.04 0.85 + 0.01 0.17
Ni>Al3Mog 306 0.046 + 0.004 15.66 + 0.52 0.89 + 0.02 1.4
Ni,Als 40.0 £ 0.3 52 £+ 0.1 1.00 + 0.01 0.0048
Ni,AlsMoyg 175 0.098 + 0.008 12.17 + 0.80 1.00 £ 0.01 0.84
Ni,AlsMog 33 0.021 + 0.001 49 + 2 0.81 £+ 0.02 0.97
Ni>AlsMoyg 306 0.027 + 0.002 24.67 + 2.15 0.95 + 0.03 1.5
NiAlz 5.1 £ 0.1 11.5 £ 0.2 1.00 + 0.01 0.017
NiALzMog 0875 0.2 + 0.01 11.04 + 0.40 0.90 + 0.01 0.45
NiAlzMog 116 0.07 + 0.01 28 + 1 0.81 + 0.02 0.51
NiAlzMog 153 0.033 + 0.002 17.76 + 0.82 0.95 + 0.03 1.7
NiAlz;Mog 262 0.06 + 0.004 18.3 £+ 0.50 0.82 + 0.01 0.91
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Table 4. Kinetic parameters of the HER from steady-state polarization curves obtained on plasma sprayed Ni-Al-Mo electrodes in 1 M KOH

Electrode t b N250 j()
/°C /mV/dec /mV /mA cm™2
14 B = 46%NiAl;-54%Ni,Al; =NiAl, o5 25 143 -170 17
15 G: NiAlgMo 25 173 -115 56
16 H: NiAl; sMo, 5 25 125 —88 55
17 I: NiAlsMog g7 25 104 —88 39
18 25%T-75%B = NiAl, sMog 3¢ 25 180 -100 62
19 50%T-50%B = NiAl; 5sMo0g 79 25 173 -80 109
20 75%T-25%B = NiAl3 9Mo; 32 25 140 -85 89
21 80%T-20%B = NiAly1sMoj 44 25 140 -90 60
22 75%G-25%B = NiAls9sMog 66 25 136 -67 274
23 75%H-25%B = NiAls :Mog g9 25 107 -81 58
T: NiA15MO2.
B:46%NiAl; / 54%Ni, Al 25%T-75%B
N=-14 mV 0.3
NE NE
o (8]
21
< < °
N N
) ° N=-64 mV v 011
0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 0.8
Z'/ Qcm? 7'/ Q om?
50%T-50%B 80%T-20%B
0.20 0.6
o~ 0.154
5 04
(&)
< 0.10 c
N N
0.05- !
0.00+—*¢ . b=
0.3 0.4 0.5 0.6 0.7 08 09 0.2 0.4 0.6 0.8 1.0 1.2 14
7'/ Q cm? Z'/Qcm?
0.3 75%T-25%B 75%G-25%B
N
IS
(]
g
N

0.2 0.4 0.6 03 04 05 06 07 08 09 10
Z'/Qcm2 legcmZ

Fig. 15. Complex plane plots obtained in 1M KOH at 25 °C for plasma sprayed electrodes (T = NiAlsMo,, G = NiAlgMo), symbols —
experimental data, continuous lines — fitted by the semi-infinite porous model (1CPE).

After leaching in alkaline solution some of Al was electrocatalytic activity. The electrode activity increases
always present in the electrode material. It has been with increase in Al (porosity effect). Addition of Mo
suggested in the literature [39] that 5-6 wt.% of Al increases significantly the apparent electrode activity,
should be left in the electrodes to maintain high although beyond a certain amount (0.233/NiAl) no
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Table 5. Parameters obtained on plasma sprayed electrodes from the semi-infinite porous model (ICPE) at » = -35 mV in 1| M KOH at 25 °C

Electrode UR T/u ¢ 1/(RT)

| Q2 JFQ! 5! 57!
NiAL sMog 36 0.196 + 0.013 29.6 + 0.4 0.8 £ 0.01 0.17
NiAlz 15Mog 79 0.17 +£ 0.01 184 £ 0.5 0.7 £ 0.01 0.32
NiAl; 9Moj 32 0.023 £+ 0.001 278 £ 0.6 0.83 + 0.01 1.56
NiAly 15Moj 44 0.151 £ 0.015 10.72 + 0.31 0.86 + 0.01 0.62
NiAls 9sMog g6 0.025 + 0.002 143 + 0.9 0.86 £ 0.01 2.8
further improvement or even decrease in activity is Acknowledgments

observed.

Our electrodes prepared by interdiffusion of Al into
Ni are more active than those obtained by direct
alloying [15]. Raney Ni electrodes (50/50 wt.%, corre-
sponding to NiAl, ;) prepared by sintering of Raney Ni
at 1400 °C at high pressure [14] or sintering at 1600 °C
[13] display a little higher activity than the electrodes
studied in this work.

Plasma sprayed materials are more active than those
prepared by heating Ni and Al powders having similar
composition. Ternary phase, NiAlsMo,, which was
suggested to be responsible for high activity [18, 37,
38], is not stable and disintegrates during leaching.
However, electrodes prepared with addition of this
phase are stable and active.

Electrochemical impedance studies revealed that
the semi-infinite porous model describes the behavior
of the thermally synthesized materials while finite-
length describes those prepared by plasma spraying.
This indicates a different porous structure of the
materials. One semicircle was observed for electrodes
containing little or no Mo and lower Al content
while for other materials two semicircles were observed.
Both semicircles were of kinetic origin. Plasma
sprayed NiAlMo electrodes (prepared by DLR) [10]
displayed two semicircles but the first, very small
one, was attributed to electrode porosity. This shows
that the structure and porosity of these electrodes was
different.

The intrinsic activity, expressed as the parameter
1/(uRe)(Car/u) = 1/(R%CY,)) per unit of the real surface
area is proportional to the inverse of the harmonic rate
constant average of the Volmer and Herovsky reactions,
1/k = 1/ki + 1/ky. Although the comparison of intrinsic
activities was performed at 7 = —35 mV, at which terms
containing exp(fy) in Equation 10 cannot be completely
neglected, the general trend is evident. All the NiAl
based electrodes have intrinsic activities much lower
than that estimated for polycrystalline Ni. Addition of
Mo and Al increases the activity but the highest activity
is similar to that of polycrystalline Ni. This indicates
that the main factor influencing the electrode activity is
the increase in real surface area, although some catalytic
effect of Mo cannot be excluded for one of the
electrodes. The presence of Mo must affect the electrode
structure and increase the accessibility of pores to the
HER. The electrodes are good candidates for industrial
water electrolysis.

Mr. Glen Lemoine and Prof. Jerzy Jurewicz from
CRTP, Universit¢ de Sherbrooke, are gratefully
acknowledged for preparing the electrode materials by
vacuum plasma spraying. Financial support from
FQRNT (Québec), CRSNG and Université de Sher-
brooke is also acknowledged.
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