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Characterization of electroless Ni-Mo—-P/SnO,/Ti
electrodes for oxygen evolution in alkaline solution
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Ni—Mo-P alloy electrodes, prepared by electroless plating, were characterized for application to
oxygen evolution. The rate constants were estimated for oxygen evolution on electrodes prepared
at various Mo-complex concentrations. The surface area and the crystallinity increase with increasing
Mo content. The electrochemical characteristics of the electrodes were identified in relation to
morphology and the structure of the surface. The results show that the electroless Ni-Mo—P electrode
prepared at a Mo-complex concentration of 0.01M provided the best electrocatalytic activity for

oxygen evolution.

List of symbols

b Tafel slope (mV dec™!)
Y oF /RT (mV™)
F Faraday constant (96 500 C mol™)
J current density (mA cm ?)
1 reaction rate of Reaction 1, (mol™! cm®s™)
ky = K;vCou- (molem 2s™")
ko rate constant of Reaction 1 at n=190
(molcm 2s™1)
- rate constant of Reaction 2 (mol™! cm?s™)
ke = kl17Ch,o (molem™s™")
0 rate constant of chemical Reaction 3
(mol ' em?s71)
ke = K.yy* (mol ecm 2s™")
- rate constant of Reaction 4 (mol™’ cm? s_l)

1. Introduction

An electrode material must have good electrocatalytic
activity and stability. Nickel is an economically feasible
material with high electrocatalytic activity for gas evo-
lution [1-6] and organic electrooxidation [7-11]. How-
ever, the service life of nickel electrodes still requires
improvement. Improvements made by alloying nickel
with elements such as iridium and ruthenium [2] have
been reported in the literature. Electroless deposition
is a promising technique for the manufacture of such
electrodes to prepare deposits with desirable character-
istics by controlling bath compositions, as well as
operating conditions [12—14]. Molybdenum is usually
added to Ni-based alloys or steels to improve the
corrosion resistance [15-17]. The codeposition of
molybdenum with Ni—P films has been employed for
improving the thermal stability in view of their applica-
tion to thin-film resistors [12, 14, 18—20]. On the other
hand, Ni—Mo alloy is a kind of Raney nickel with
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0. anodic capacity (mC)
0. cathodic capacity (mC)

R gas constant (8.314Jmol K1)

Ry charge transfer resistance ({2 cm?)

R4 charge transfer resistance due to adsorption
effect (2 cm2)

Ca double layer capacity (mF cm™?)

Cads double layer capacity due to adsorption effect
(mF cm™?)

T temperature (K)

Greek symbols

Q@ anodic transfer coefficient

70, oxygen overpotential (mV)

~ saturation concentration of surface oxide on

nickel (molcm 2)

high electrocatalytic activity for hydrogen evolution
[21-25] and organic electroreduction [26]. Compared
with Ni—-Zn, Ni—Co, Ni-W, Ni—Fe and Ni—Cr, Ni—
Mo alloy is the best electrocatalyst for hydrogen evolu-
tion in alkaline solution [22]. Oxygen evolution is
an important reaction in the electrolysis of water, in
electrosynthesis and in other processes where oxygen
is anodically produced. However, no study on Ni-Mo
alloy has been found in the literature for oxygen
evolution. In this work the characteristics of Ni-Mo—
P eclectrodes prepared by electroless deposition are
investigated. The electrocatalytic activity of electrodes
prepared with varying Mo-complex concentrations in
the deposition bath has been studied by employing
the electrodes for oxygen evolution in 1 M KOH. Scan-
ning electron micrographs (SEM) of the electrode
surfaces were also taken. The kinetic parameters were
estimated from a comparison of the experimental
polarization curves with a kinetic model. The electro-
catalytic activities of the electroless Ni—Mo—P
electrodes were evaluated by comparison of the rate
constants and Tafel slopes. The charge transfer
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Fig. 1. SEM micrographs of electroless Ni-Mo—P electrodes: (a) MO, (b) M1, (c) M2, (d) M3.

resistances were obtained from a.c.-impedance analysis
during water electrolysis. The activity was also char-
acterized in relation to the morphology and structure.

2. Experimental details

Ni—Mo-P deposits were formed by electroless deposi-
tion on tin dioxide-coated titanium sheets (20 mmx
25mm x 0.5mm) [11]. The substrate was conse-
quently SnO,/Ti. Due to the SnO, layer, titanium
oxide formation on the substrate is avoided. More-
over, this layer improves the adhesion of deposits to
the substrate. The experimental details of the titanium
treatment procedures are described in [6, 11].

The substrates were sensitized in a solution of 1g
SnCl; and 1 ml HCl in 1 dm? for 5min. The substrates
were then activated in a solution of 1 g PdCl, and 1 ml
HClin 1dm? for 5 min. After pretreatment, electroless
Ni—Mo-P electrodes were prepared from a solution
of 1dm’ containing of 0.1mol NiSO,, 0.2mol

Table 1. Some physical characteristics for the electrodes

NaH,P0O, 0.1mol Na-citrate, 0.2mol CH,(OH)-
COOH and 0~ 0.0lmol Na,MoO, at pHS.0
(adjusted by NaOH). 2ppm PbNO; was added to
the solution as a stabilizer. The bath temperature
was maintained at 90°C. Agitation at 500rpm was
provided by a paired-stirrer thermostat (Eyela ps-
60). The water used for solution preparation was
redistilled and purified in a NANO pure-II system
(Barnstead). All chemicals were of reagent grade
without further purification.

The electrochemical experiments were carried out
in a three-electrode glass cell with a saturated silver
chloride reference electrode (Ag/AgCl). The counter
clectrode was a platinum electrode. The electrolyte
was 1M KOH and the solution was prepared from
analytical grade potassium hydroxide (Janssen
Chemica). The solution was deoxygenated by purging
with nitrogen gas before each experiment. The work-
ing area of the electroless Ni—-Mo-P/SnO,/Ti
electrodes was 0.25 cm?.

Electrode Average particle size Composition Crystal size Ni(111)/Ni(200)
(by SEM)/pm (by XRD)/nm
Nifwt% Mojwt % Plwt %
MO 0.67 88.2 0 11.80 1.89 0.11
M1 5.0 84.36 . 2.21 13.43 1.71 0.17
M2 1.17 85.58 11.08 3.34 14.50 0.45
M3 0.28 83.07 14.37 2.56 18.31 2.92
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Polarization curves and the cyclic voltammograms
were recorded using a PAR model-273A system. For
polarization measurements, rotating disc electrodes
were used, while planar electrodes were employed in
the cyclic voltammetry. The rotating disk electrodes
were prepared by gluing electroless Ni-Mo—P/SnO,/
Ti sheets to a stainless steel rod by conductive gel.
The rod was mounted in PTFE. Rotation speed was
controlled at 1500 rpm by a Pine 101 rotator. The
a.c.- impedance was measured with a Schlumberger
SI 1286 + 1260 system. A small-amplitude (10mV)
sine wave was imposed on the electrochemical system.
A d.c. bias was set at 500mV vs Ag/AgCl Frequency
was swept from 65kHz to 3mHz. All measurements
were done at 30 °C.

The surface morphology of the prepared Ni-Mo—-P
electrodes was investigated by scanning electron
microscopy (Cambridge S360). The structure of
the electrodes was studied by X-ray diffraction
(Philips PW1710). The spectra were recorded in the
interval of 20 between 20° and 90°. Nickel filtered
CuKk,, radiation (A = 0.154 18 nm) was used.

3. Results and discussion

3.1. Physical characteristics of the electroless Ni—Mo—
P electrode

Figure 1 shows micrographs of the electroless Ni—
Mo-P electrodes prepared in various Mo®" concen-
trations (Mo-complex concentrations). The average
particle size for the electrodes was estimated from
the micrographs and is presented in Table 1. The par-
ticle size of the electroless Ni-Mo—P decreases with
increasing Mo-complex concentration. The electrode
prepared in Mo-complex concentrations of 0, 0.001,
0.005 and 0.01 M is referred to as the MO, M1, M2
and M3 electrode, respectively. The particle size of
the M3 electrode is the smallest among the electrodes.
The amount of molybdenum alters the morphology of
the electroless Ni-Mo—P deposits. The composition
of the deposits as analysed by EDS is also listed in
Table 2. The molybdenum content increases with
increasing Mo-complex concentration while the phos-
phorus content decreases. X-ray diffraction (XRD)
patterns of the electrodes prepared in various Mo-
complex concentrations are demonstrated in Fig. 2
(a)—(d). The crystal size was estimated on the basis
of the broad peak of Ni(200) according to the
Scheffer formula [27]. The results are reported in
Table 1. The crystal size and the crystallinity increase
with Mo content. The structure of the Ni—P (MO0)
electrode is amorphous (microcrystalline state) due
to a high phosphor content [13, 19]. Both the peaks,
Ni(111) and Ni(200) planes, are obvious and the
intensity ratio of Ni(111)/Ni(200) increases with
Mo content. The ratio for the M3 electrode is much
larger than unity. Previous literature showed that
electrocatalytic activity of nickel came from Ni(111)
rather than Ni(2 00) [28]. This means that the electro-
catalytic activity of Ni(111) is larger than that of
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Fig. 2. XRD patterns of electroless Ni-Mo—P electrodes: (a) MO,
(b) M1, (c) M2, (d) M3. (s = substrate).
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Fig. 3. Cyclic voltammograms of the electroless Ni-Mo-P electro-
des in 1 M KOH, scan rate 50mVs~*, 30 °C. (a) M0, (b) M1, (¢) M2,
(d) M3.

Ni(200). Whether the electrocatalytic activity of the
electroless Ni-Mo—P relates to the ratio of Ni(11 1)/
Ni(200) is currently under investigation.

3.2. Electrochemical characteristics of the electroless
Ni—Mo—P electrodes

3.2.1. Cyclic voltammograms and steady state
polarization curves. The cyclic voltammograms of
the electroless Ni—-P and Ni—Mo-P electrodes
prepared in various Mo-complex concentrations are
illustrated in Fig. 3. Fig. 3(a) shows the voltammo-
gram of the electroless Ni—P electrode in 1M KOH
solution. This result is similar to a typical result for
the nickel electrode involving a redox pair, Ni(OH),/
NiOOH [1, 6, 11], indicating that the electrocatalytic
activity of the Ni-Mo-P electrode derives from the
nickel component. During the anodic scan, nickel
hydroxide is first oxidized to nickel oxyhydroxide
and then oxygen evolves [1]. The cathodic peak
arises from the reduction of nickel oxyhydroxide to
nickel hydroxide in the cathodic scan. Figure 4
demonstrates the j/E curves of different electrodes
at a scan rate of 0.1mV s !. The scan rate was chosen
so steady state polarization curves could be obtained.
The reaction rate constants were estimated from the
J/E relationship. The methodology was introduced in
previous studies [6, 11] and was employed in this
work to evaluate kinetic parameters of oxygen

Table 2. Electrochemical characteristic parameters for the electroless
Ni—Mo—~P electrodes

Electrode 7o, /mV o, /mV 0./0.
(17.5mA cm™2) (100mA cm™?)

0 371 577 0.954

M1 396 592 0.860

M2 381 583 0.916

M3 365 556 0.999
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Fig. 4. j/E curves on the electroless Ni-Mo~P electrodes in 1M
KOH, scan rate 0.1 MVs™!, 30 °C. (a) M0, (b) M1, (¢) M2, (d) M3.

evolution on the Ni—-Mo-P electrodes. The over-
potentials for oxygen evolution on the electrodes are
shown in Table 2. The overpotential first increases
with the introduction of Mo component and then
decreases at the M3 electrode. For the M3 electrode,
the overpotential is close to that for the Ni-P (MO)

. electrode at lower current density (j = 17.5mA

cm™?). However, the overpotential for the M3
electrode is lower than that for the MO at 100mA
em 2 In the XRD results, the ratio of Ni(111)/
Ni(200) of the M3 electrode is the largest. The
overpotential of the M3 e¢lectrode is the lowest. This
indicates that the electrocatalytic activity of the Ni—
Mo—P electrode relates to its structure and mainly to
the intensity ratio of the crystalline planes, Ni(111) to
Ni(200). The clectroless Ni—-P electrode possesses
better activity than the Ni-Mo—P electrodes at current
density less than 10mA cm ™2, as shown in Fig. 4. This
possibly arises from the amorphous structure of the
electroless Ni—-P deposit. From previous investigations
[29, 30], active sites are more dispersed on the surface
of the electrode with an amorphous structure. At low
current density, the electroless Ni—P electrode
possesses better electrocatalytic activity due to uniform
active site dispersion. With the introduction of
molybdenum, the crystallinity increases and the ratio
of Ni(111)/Ni(200) varies with Mo content. The
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Fig. 5. Nyquist plots for the experimental results ((J) the simulated
results ( ) for the electrodes at 500mV (vs Ag/AgCl) in 1M
KOH, 30°C.

Fig. 6. Equivalent circuit for simulating the a.c. impedance experi-
mental data diagram.

electro-catalytic activity of the M3 electrode is the best
at high current density (j> 10mAcm™2). The
intensity of Ni(111)/Ni(200), 2.92, is much larger
than that of the Ni-P electrode (0.11).
Consequently, the activity of the M3 electrode is
better than that of the Ni—P (MO0) electrode. Beside
structural  characteristics, the electrochemical
characteristics of electrodes also depend on particle
size (estimated from SEM). Comparing Table 1 and
Table 2, the oxygen evolution overpotential and
particle sizes are in the same sequence. This
indicates that the activity is also affected by true
surface area of an electrode. The M3 electrode
possesses the largest true surface area (the smallest
particle size) and thus its overpotential is the lowest.
From the polarization curve of the MO electrode,

Table 3. A.c.-impedance analysis results

the better electrocatalytic activity at low current
density is ascribed to the better dispersion of active
sites on surface. However, the number of active sites
of an electrodes relates not only to active site
dispersion but also the surface area of the electrode.
At higher current density, the better electrocatalytic
activity of the M3 electrode can be deduced from
the larger surface area and the ratio of Ni(111)/
Ni(200).

The ratio of anodic peak charge (Q,) to cathodic
peak charge (Q,) represents the reversibility of active
sites [30]. A Q./Q, value of unity indicates that all
active sites return to their original state after the elec-
trolysis process. At least three different forms of nickel
oxyhydroxide have been proposed, as identified by
either spectrometry [32] or other methods [33, 34].
Previous studies [32, 35] indicated that certain forms
of the oxides were irreversible after oxygen evolution.
The ratios of Q./Q, for all electrodes of this work are
smaller than unity, as indicated in Table 2. The M3
electrode having a ratio 0.999 means that the
rejuvenation of M3 electrode is better than any other
electrode after undergoing oxygen evolution.

3.2.2. A.c.~impedance analysis. Figure 5 shows the a.c.-
impedance results for the electrodes in 1M KOH
solution at a bias potential of 500mV (vs Ag/AgCl).
The potential is selected to facilitate the study on the
characteristics of electrodes during oxygen evolution.
The results of the Nyquist plots are simulated with a
proper equivalent-circuit to obtain the charge transfer
resistance (R;). The impedance behaviour of the
electroless Ni-Mo—P electrodes in 1M KOH solution
can be simulated by the circuit model shown in Fig. 6.
The parallel RC (resistance and capacitance) which is
in series with R, is ascribed to the adsorption [36].
Adsorption is observed only at low Mo content (M0
and M1 electrodes), as indicated in Table 3 in which
the parameters used in simulation are listed. In spite
that the adsorption term is not negligible in modelling
process for the MO and M1 electrodes, most of the
reaction resistance comes from charge transfer pro-
cess. Among the electrodes, the M3 electrode has the
minimum Ry. Ry first increases by introduction of
Mo component for example, for M1 as well as M2,
and then decreases at the M3 electrode. In the oxygen
evolution region (~500mV vs Ag/AgCl), R, of the
Ni-Mo—-P (M3) electrode is close to that of Ni-P
(MO) and the R values of MO and M3 are smaller
than those of the M1 and M2 electrodes. The
sequences of oxygen overpotential for the electrodes at

Electrode Ry Rads Ca Cads 1/ (Rct Qa)
/Qem? /Qem? /mF cm™2 /mFem™2 /'mC cm?
MO 50 0.71 121 1.92 x 107} 1.24 x 1073
M1 64 0.38 3.19 1.16 x 1073 232 x 1073
M2 62 0 1.74 0 2.96 x 1073
M3 43 0 2.39 0 4.73 x 1073
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higher current density region (100mA cm™2) and the
charge transfer resistance at 500mV (vs Ag/AgCl)
are the same, M1 > M2 > MO > M3. For oxygen
evolution on the Ni-Mo-P electrodes, the charge
transfer resistance is ascribed to the transformation of
oxyhydroxide to higher state oxide (NiO,), and the
reaction occurs at ~500mV (vs Ag/AgCl). The inverse
of Ry, 1/Ry, which is proportional to the product of
the number of active sites and the site activity
represents the electrocatalytic activity in kinetic control
region. The electrochemical activity (1/R,;) is used to
evaluate the performance of an electrode [37, 38]. The
activity of a single site is also an important index of
the performance of an electrode. The site activity can
be evaluated by the value of 1/R,Q, [36, 37], as
presented in Table 3. 1/R,Q, increases with
molybdenum  content. The introduction of
molybdenum improves the site activity of the electrode
as is the case with the ratio of Ni(111)/Ni(200). It is
found that the larger the ratio of Ni(1 1 1)/Ni(200), the
better the site activity. Consequently, when an
electroless nickel electrode is prepared with a larger
amount of Ni(l111), its performance is improved.
However, the activity of electrode relates not only to
the site activity but also the site number. The site
activities of the M1 and the M2 electrode are better
than the MO electrode, but their active site numbers are
much smaller than the MO0. In summary, the
electrocatalytic activities of the M1 and the M2
electrodes are smaller than that of the MO electrode due
to smaller site numbers on the M1 and M2. Both the
site activity and the active site number of the M3
electrode are the largest among the electrodes, its
electrocatalytic activity is consequently the best.
Electrochemical characteristics of the electroless Ni—
Mo—P electrodes are discussed in the next section.

3.2.3. Characterization of the electroless Ni—Mo—-P
electrodes from kinetic model. The mechanisms of
oxygen evolution on electroless Ni—Mo—P electrodes
are suggested as being the same as those on nickel in
alkaline solution [6, 34]:

. _ K(E)
Ni(II[)OOH + OH~ —:=~

Ni(IV)O, + H,O + e
(1)
NiO, + H,0 —*“ . NiOOH.--OH  (2)
NiOOH - - - OH + NiO, 2, NiOOH - - - O

+ NiOOH

(3)

INiOOH ---0 -, JNiOOH + 0,  (4)

NiOOH is electrooxidized to NiO, through an
electrochemical reaction (Equation 1). NiO, reacts
with water to evolve oxygen and then reduces to
NiOOH simultaneously through chemical reactions
(Equations 2—4).

Based on this reaction scheme with Reaction 1 as
the rate determining step, a kinetic equation has
been developed in our previous study [6]. The derived
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Fig. 7. Plots of Inj against potential for the electroless Ni-Mo—P
electrodes: (a) M0, (b) M1, (c) M2, (d) M3.

rate equation is

J = 2Fk ke [ (ky + 2k) (5)
with
ky = K1vCon- ©)
= kigexp(b'n), b =oF/RT

The larger the ' value, the less overpotential is
required for oxygen evolution. Since Reaction 1 is a
rate determining step, for which k| < k; in the
region of small overpotential, Equation 5 is simplified
as

J=Fky (7
Taking natural logarithm of Equation 7
Inj = In(Fky) + b'n (8)

Therefore, the relationship Inj and 7 is linear and #’
can thus be obtained from Equation §. By comparison
with the experimental data, rate constants, k9, as well
as k¢, are derived over a whole range of potential
F 1 )

i exp(—b'n) o )

Figure 7 shows the relationship between Inj and the
overpotential for oxygen evolution on the electroless
Ni—P and Ni-Mo-P electrodes in 1M KOH in the
low overpotential regime, &' for each electrode were
estimated from comparison of Equation 8 and Fig. 7.
Once »' were obtained, k,; and %y can be estimated
via a plot of 1/j against exp(d'n) and Equation 9.
The plots of 1/j against exp(bd'n) are illustrated in
Fig. 8. The values »', k;y and k. as derived are
reported in Table 4. Tafel slopes (b) were also
estimated and the results are summarized in Table 4
for the electrodes prepared in various Mo-complex
concentrations. 5’ decreases with introduction of Mo
component and then increases at the M3 electrode.
Since & represents the efficiency of NiOOH transform-
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Fig. 8. Plots of 1/ against exp(—b'n) for the electrodes Ni-Mo-P
electrodes: (a) MO, (b) M1, (c) M2, (d) M3.

Table 4. Some electrochemical parameters evaluated from the kinetic
model

Electrode  kyg/ ka/ b/ b’/
molem 257! molem™2s™! mVdec™! mv!
MO 1.65x 1071 1.18 x 1072 40.8 0.0583
M1 255 %1071 1.15x 1072 46.2 0.0527
M2 175x107°  1.89x 1072 443 0.0539
M3 1.01x1072 571 %1073 38.2 0.0603
065 \ \
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<
o i
Q
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Fig. 9. Prolonged polarization for the electrode at j = 100 mA cm™
30°C.

ing to a higher value oxide (NiO,), the electrode with
larger b’ is expected to possess better electrocatalytic
activity. The &’ value, and thus the electrochemical con-
version efficiency of NiOOH to NiO, on the M3 elec-
trode is the largest. Next to the M3 electrode is the
Ni—P electrode. However, its site activity and ratio of

Ni(111)/Ni(200) are the smallest. This phenomenon
may raise from the amorphous-like structure of the
electroless Ni—P. The structure of the Ni—P electrode
is amorphous, as indicated by XRD, but from an
AFM study of [6], the micromorphology showed
small particles with orientation. Active sites are more
uniformly distributed on the Ni-P electrode which
may be the main reason for the larger 5’ value. All the
experimental  data, oxygen overpotential at
100mA cm 2, R,, at 500mV and the 5’ value, lead to
the same finding that the electrocatalytic activity of
the M3 electrode is better than that of any other elec-
trode in this work. The electrocatalytic activity of the
M3 electrode increases as a result of increase of both
site activity and surface area. The Tafel slopes of the
electrodes were found to be within the range 43—
46mV dec™!. These values are smaller than those for
Raney nickel (50-80mV dec™) [39] but are approxi-
mately equal to those for IrO, (40—50deec_1) 2].
From the above analysis, the Ni-Mo-P electrodes
prepared by electroless deposition have considerable
promise for use in oxygen evolution and may also be
suitable for organic oxidation. The prolonged galvano-
static experiments at 100mA cm ™ were carried out to
explore the stability of the Ni-Mo—P electrodes, as
shown in Fig. 9. This indicates that all the electrodes
are stable over the period studied; however, the
M3 electrode shows better activity than the other
electrodes.
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