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INTRODUCTION

Nickel–phosphorous coatings are extensively
used, partly they exhibit a fairly high corrosion resis�
tance in various media. The corrosion resistance and
anodic dissolution of Ni–P coatings has been the sub�
ject of many studies [1–5]. In particular, it has been
found that amorphous Ni–P coatings (with a high
phosphorus content) exhibit a higher corrosion resis�
tance than do crystalline coatings with a low phospho�
rus content. Unlike nickel, during anodic polariza�
tion, Ni–P coatings do not undergo passivation [4, 5].

It is believed that anodic dissolution is accompa�
nied by preferred dissolution of nickel and phosphorus
enrichment of the surface [3, 6–8]. In [6], it has been
shown that, in the case of slight anodic polarization,
the dissolution of Ni–P coatings is limited to the
unsteady bulk diffusion of nickel. The lower rate of
dissolution of Ni–P coatings in the region of poten�
tials where nickel is intensely dissolved can be attrib�
uted to the barrier action of phosphates [9], nickel
oxides with phosphates [10], or a stable amorphous
phase [5]. However, the mechanism of anodic dissolu�
tion of Ni–P coatings and the causes of the depen�
dence of the corrosion resistance of the coatings on
composition and structure have not been conclusively
determined.

Recently, Ni–P alloys have been extensively stud�
ied as catalytically active materials for electrolytic
hydrogen production [11–14]. Analysis of the litera�
ture shows that the causes of the catalytic activity of
Ni–P alloys in the hydrogen evolution reaction
(HER) remain poorly understood. In [11], it is

assumed that this activity is determined by the amor�
phous structure of the coatings; the transition of the
amorphous structure of the coatings into a crystalline
structure leads to a decrease in the catalytic activity.

In other studies, high catalytic activity of coatings
is attributed to the developed surface of the coatings
[12] or their ability to absorb a fairly large amount of
hydrogen [13]. Absorbed hydrogen changes the elec�
tronic structure of the alloys, which affects their cata�
lytic activity in the HER. The author of [13] argues
that electrodeposited Ni–P alloys exhibit a higher
activity in the HER than alloys prepared by electroless
deposition. The catalytic activity of Ni–P alloys is
associated with the presence of internal stresses. The
authors of [14] state that, in alkali solutions, the cata�
lytic activity of as�deposited Ni–P coatings was
slightly lower than that of polycrystalline nickel. In
general, the mechanism of the HER on Ni–P coatings
has not yet been fully understood.

The corrosion�electrochemical behavior of Ni–P
coatings in sulfate media under conditions of natural
aeration has been studied previously [15]; in this study,
data derived for deaerated sulfate solutions are
described and compared to the previous results.

EXPERIMENTAL

Ni–P coatings were deposited at a temperature of
358 ± 1 K from a solution with the following compo�
sition, M: NiCl2, 0.127; NaH2PO2, 0.114; and
CH3COONa, 0.124; a pH of 3.8–4.9 (pH was adjusted
by adding HCl). The phosphorus content in the coat�
ings, which is a function of solution pH (Table 1), was
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determined as described in [16]. The coatings were
deposited on samples of Ni foil HO (99.96%). The
loading density was ~1.0 dm2/L; the coating thickness
was 15–20 μm.

Electrochemical studies were conducted in a
YaSE�2 standard electrochemical cell in an argon
atmosphere and under conditions of natural aeration
in a 0.5 M H2SO4 solution and in 0.5 M sulfate solu�
tions of Na2SO4 + H2SO4 (with different pH values at
a constant ionic strength of the solution). The mea�
surements were conducted using a PI 50�1�1 poten�
tiostat and a PR�8 programming unit. Solutions for
the studies were prepared using bidistilled water.
Reagent grade Na2SO4 was used. The required pH of
the sulfate solutions (a pH of 1–3) was adjusted by
adding H2SO4. The sulfate solutions were prepared
using a 0.5 M solution of H2SO4 (special purity grade)
additionally purified by preliminary electrolysis.

The corrosion�electrochemical studies included
potentiodynamic (v = 5 × 10–4 V/s) and chrono�
amperometric measurements; the rate of corrosion
(corrosion current density icorr) was determined by the
polarization�resistance method. A silver–silver chlo�
ride reference electrode was used; all potentials are
given with respect to the NHE. Polarization curves
were recorded after holding the electrode in the test
solution for 1 h. Under conditions of natural aeration,
polarization curves were recorded from free corrosion
potential (Ecorr) to the cathodic and anodic potential
regions. In deaerated solutions, polarization curves
were recorded moving from the cathodic to the anodic
region.

The surface structure and composition of the coat�
ings, as well as changes in the surface composition
during anodic polarization, were examined using a
Hitachi S�3400N scanning electron microscope
equipped with a Bruker energy�dispersive analysis
attachment.

EXPERIMENTAL RESULTS AND DISCUSSION

Dissolved oxygen has a significant effect on the rate
of corrosion processes even in acidic media because,
in addition to the direct involvement of oxygen in the
cathodic process, it can be adsorbed on the surface and
involved in the formation of surface oxides. To elimi�
nate the effect of dissolved oxygen, potentiodynamic
measurements were conducted in an argon atmo�
sphere; to remove oxide films from the surface, a pre�
liminary cathodic polarization was conducted at ic =
250 A/m2 by displacing the electrode potential to the
cathodic region by ≥0.5 V from the free corrosion
potential (Ecorr) for 5 min.

The polarization curves of the Ni–P coatings in
deaerated solutions were compared to the curves mea�
sured under conditions of natural aeration (Fig. 1).
Comparison of the results shows that the removal of
oxygen leads to a shift of Ecorr to the cathodic region.
The magnitude of this shift decreases with an increase
in the solution pH and the phosphorus content in the
coatings (Tables 2, 3; the data of Table 3 have been

Table 1. Phosphorus content in the coatings

Solution pH P content, wt %

4.9 8.0 ± 0.9

4.5 11.1 ± 0.3

3.8 13.4 ± 0.4

Fig. 1. Polarization curves of the Ni–P coatings in sulfate
solutions recorded in (squares) an argon atmosphere and
(circles) in the air. The phosphorus content in the coatings:
(a, b) 8.0 and (c) 13.4 wt %; the solution pH: (a) 2 and
(b, c) 0.5.
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reported previously [15]). In addition, Ecorr is shifted
to the cathodic region because the removal of oxygen
from the solution leads to a decrease in the total rate of
the cathodic process.

Preliminary cathodic polarization, during which
oxide films are removed from the coating surface,
results in an additional shift of the polarization curves
to the cathodic region (see Fig. 1). This effect is most
pronounced for coatings with the lowest phosphorus
content in a 0.5 M H2SO4 solution (see Fig. 1b).

The main differences in the cathodic curves
recorded in air and an argon atmosphere become
apparent in close proximity to Ecorr. At comparable
potentials, the cathodic curves recorded in the air are
characterized by slightly higher cathodic currents.
This fact is associated with the simultaneous occur�

rence of the cathodic oxygen reduction reaction. An
increase in cathodic polarization makes the HER the
dominant process; since the contribution of the oxy�
gen reduction reaction is negligible because of the lim�
ited solubility of oxygen in solution, the surface oxide
films undergo partial reduction.

This fact is responsible for the appearance of the
second linear portion in the cathodic E–logi curves.
Owing to this, the cathodic curves recorded in both the
air and an argon atmosphere almost coincide in this
range of potentials (see Fig. 1); the Tafel slopes of the
compared portions become close (see Tables 2, 3).
Removal of oxygen and preliminary cathodic polar�
ization lead to the extension of the Tafel segments in
the cathodic curves.

Table 2. Corrosion�electrochemical properties of Ni–P coatings in an argon atmosphere

Corrosive medium Phosphorus 
content, wt % Ecorr, V ac, V bc, V ba1, V bab, V ba2, V  × 102, 

A/m2*

0.5 M (Na2SO4 + H2SO4), 
pH 2

8.0 –0.090 0.53 0.09 0.12 0.29 0.05 4.64

11.1 –0.030 0.54 0.09 0.23 0.34 0.10 1.30

13.4 0.032 0.54 0.08 0.12 0.68 0.22 0.22

0.5 M (Na2SO4 + H2SO4), 
pH 1.5

8.0 –0.061 0.32 0.06 0.07 0.22 0.03 6.96

11.1 0.039 0.39 0.06 0.08 0.19 0.04 1.47

13.4 0.080 0.49 0.08 0.06 0.34 0.17 0.26

0.5 M (Na2SO4 + H2SO4), 
pH 1

8.0 –0.039 0.33 0.06 0.14 0.24 0.04 9.26

11.1 0.087 0.35 0.06 0.13 0.26 0.05 1.57

13.4 0.115 0.43 0.08 0.09 0.35 0.18 0.85

0.5M H2SO4, pH 0.5 8.0 –0.035 0.36 0.06 – 0.31 0.04 21.88

11.1 0.111 0.43 0.08 – 0.25 0.11 1.70

13.4 0.140 0.43 0.08 – 0.26 0.22 1.43

* Corrosion currents obtained by extrapolating the Tafel segments.

icorr

Table 3. Corrosion�electrochemical properties of Ni–P coatings under conditions of natural aeration

Corrosive medium P content, 
wt % Ecorr, V ba1, V ba2, V bc1, V bc2, V  × 102, A/m2*

0.5 M (Na2SO4 + H2SO4), 
pH 2

8.0 0.004 0.09 0.22 0.09 0.06 2.56

11.1 0.039 0.13 0.17 0.15 0.07 1.81

13.4 0.038 0.15 0.18 0.16 0.06 1.38

0.5 M  (Na2SO4 + H2SO4), 
pH 1

8.0 0.082 0.11 0.11 0.12 0.07 3.62

11.1 0.113 0.14 0.14 0.13 0.06 1.80

13.4 0.116 0.16 0.21 0.15 0.06 1.83

0.5 M H2SO4, pH 0.5 8.0 0.090 0.07 – 0.16 0.06 4.67

11.1 0.135 0.11 0.16 0.11 0.06 3.02

13.4 0.205 0.13 0.17 0.13 0.06 2.86

* The icorr values obtained by the polarization�resistance method.

icorr
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For the coatings containing 11.1 and 13.4% phos�
phorus, the corrosion currents in an inert atmosphere
are considerably lower (see Tables 2, 3), which is
apparently attributed to a decrease in the total rate of
the cathodic process. The coatings containing 8.0%
phosphorus are characterized by higher icorr values in
an inert atmosphere; this is apparently associated with
the surface activation of the coatings and the removal
of oxide films during preliminary cathodic polariza�
tion; in addition, hydrogenation of the coatings should
not be ruled out.

Table 2 lists constants ac and bc of the Tafel equa�
tion. Analysis of the constants shows that an increase
in the phosphorus content leads to a decrease in the
rate of the HER because the magnitudes of parameters
ac and bc increase. Hence, coatings with a lower phos�
phorus content exhibit higher activity in the HER.

The shape of the anodic curves measured in an
inert atmosphere is similar to that of the curves
recorded in the air. However, the removal of oxygen
and preliminary cathodic polarization lead to a signif�
icant increase in the anodic dissolution currents of the
coatings containing 8.0 and 11.1% phosphorus at
comparable potentials. This effect becomes more pro�
nounced with increasing hydrogen ion concentration
(for the coatings containing 8.0 and 11.1% phospho�
rus, the anodic currents increase by 2–2.5 and 1–
1.5 orders of magnitude, respectively).

An increase in the anodic currents is mostly associ�
ated with the removal of oxide films from the surface
and possibly with the hydrogenation of the coatings
during preliminary cathodic polarization and the con�
tribution of the ionization current of dissolved hydro�
gen to the anode current. However, comparison of
Figs. 1a and 1b shows that preliminary cathodic polar�
ization in a sulfate solution with a pH of 2 does not
lead to an appreciable increase in the anode currents.
Furthermore, for the coatings containing 13.4% phos�
phorus, the anodic curves almost coincide in all the
studied solutions regardless of the recording condi�
tions; this is apparently attributed to the fact that these
coatings are less prone to forming oxide films and
hydrogenation (see Fig. 1c).

In the anodic E–log i curves, as under conditions of
natural aeration, there are short linear portions of dis�
solution of nickel with a relatively small slope (slopes
ba1 in Table 2). In some cases, this range of potentials
does not exceed 20–40 mV, which complicates the
detection of the linear portion. In these cases, ba1 val�
ues are not listed in Table 2.

After the initial dissolution of the coating, a barrier
layer, which is probably enriched in phosphorus, is
formed on the coating surface. Owing to this, the dis�
solution of the coating is complicated and the slope of
the curves significantly increases (bab values in Table 2).
Comparison of bab values suggests that, with an

increase in the phosphorus content and the solution
pH, these slopes exhibit a tendency to increase.

Further polarization leads to the oxidation of phos�
phorus accumulated on the surface; this causes the
destruction of the barrier layer. In this case, the anodic
dissolution currents significantly increase and another
linear portion appears in the curves (ba2 values in Table 2).
In some cases, the ba2 values are 0.04–0.05 V (the
phosphorus content in the coatings is 8.0 and 11.1%).
These slopes are characteristic of the anodic dissolu�
tion of nickel. The considerable decrease in the ba2 val�
ues is attributed to preliminary cathodic polarization
and the removal of dissolved oxygen. At the same time,
for the coatings containing 13.4% phosphorus, the ba2
values are ~0.2 V. Similar processes occur during
anodic polarization of the coatings under conditions
of natural aeration.

The effect of the pH of the sulfate solution on the
corrosion�electrochemical behavior of Ni–P coatings
is shown in Fig. 2. The pH range of the studied solu�
tions was based on the fact that, for solutions with
pH > 2, during preliminary polarization involving sig�
nificant cathodic currents, the pH of the original sul�
fate solution undergoes considerable changes. For the
coatings containing 8% phosphorus, a change in the
solution pH has a considerable effect on the behavior
of the cathodic curves, as evidenced by a substantial
increase in the cathodic current with an increase in the
acidity of the solution (see Fig. 2a). The effect of
pH on the behavior of the anodic curves is less signifi�
cant and more pronounced in the case of high anodic
polarization.

For the coatings containing 11.1% phosphorus, the
pH of the sulfate solution has an effect on the behavior
of both cathodic and anodic curves. As the acidity
increases, at comparable potentials, both the cathodic
and anodic currents increase, although the effect of
pH on the behavior of the anodic curves is controver�
sial. At the highest phosphorus content in the coatings,
pH mostly affects the behavior of the cathodic curves,
whereas the anodic curves overlap each other at poten�
tials above 0.2 V (see Fig. 2b).

In the 0.5 M H2SO4 solution, an increase in the
phosphorus content leads to a decrease in the cathodic
reaction rate and the retardation of the anodic dissolu�
tion of the coatings. In the sulfate solutions with a pH
of 1 and 2 (see Fig. 2c), the phosphorus content is
more significant for the anodic behavior of the coat�
ings. In the solution with a pH of 2, the cathodic
curves of the coatings almost overlap each other
regardless of the phosphorus content; at the same
time, with a change in the phosphorus content from
8.0 to 13.4%, the anodic currents decrease by one or
two orders of magnitude at comparable potentials (see
Fig. 2c).
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The limiting�current area in the cathodic curves in
these solutions is determined by a fairly low concen�
tration of hydrogen ions. The discharge of hydrogen

ions in the region of the limiting�current area appar�
ently occurs in the diffusion mode. During further
cathodic polarization, an increase in the current is
caused by the discharge of water molecules.

The polarization curves were processed to derive
more information about the kinetics of the cathodic
and anodic processes occurring on Ni–P coatings.
The processing results are shown in Table 4. Analysis
of the results shows that Ecorr of the coatings contain�
ing 11.1% phosphorus exhibits the most significant
dependence on pH. These coatings are characterized
by a weaker dependence of log icorr on solution pH.
However, of greatest interest are the kinetic character�
istics derived for the cathodic reaction, i.e., HER. It
should be noted that parameters ∂Ec/∂pH and
∂ηH/∂pH are derivatives of coefficient bc in the Tafel
equation and the reaction order with respect to hydro�
gen ions (∂ log ic/∂pH).

The reaction orders for coatings with different
phosphorus content were found from the plots, one of
which is shown in Fig. 3.

The kinetic dependences were used to reveal the
mechanism of the HER. The results suggest that, for
the coatings containing 8% phosphorus, coefficient b
varies in a range of 0.060–0.062 V. Data derived in the
sulfate solution with a pH of 2 are an exception. The
reaction order with respect to hydrogen ions is 1.6.

Similar results were obtained for a phosphorus con�
tent of 11.1%. In this case, the Tafel slopes are in a
range of 0.06–0.077 V. The reaction order is 1.32; that
is, it is also close to ~1.5.

It is known that the Tafel slope of ~0.06 V and the
order of reaction with respect to hydrogen ions of
1.5 can take place for the discharge–electrochemical
desorption route where the rate�limiting step is elec�
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trochemical desorption at surface coverage by
adsorbed hydrogen θ of ≈0.5 [17, 18].

For the coatings with a phosphorus content of
13.4%, the Tafel slopes are slightly higher, 0.08 V,
while the reaction order with respect to hydrogen ions
is 1.3. This value is close to 1.5. It can be assumed that,
in this case, the increase in the slope is attributed to the
fact that the transfer coefficient differs from 0.5.

Another confirmation of this mechanism is the fact
that, with an increase in polarization, a very short Tafel
segment with a slope of ~0.12 V is observed on some
cathodic curves. In this range of potentials, the reac�
tion order with respect to hydrogen ions is 1. Accord�
ing to [17, 18], these data correspond to the same
mechanism (the discharge–electrochemical desorp�
tion route where the rate�limiting step is electrochem�
ical desorption) at surface coverage by adsorbed
hydrogen Θ > 0.5.

Comparison of the cathodic behavior of Ni–P
alloys (coatings) with the cathodic behavior of Ni sug�
gests that the Ni–P coatings, particularly those con�
taining 8% phosphorus, are more efficient cathode
materials for the HER in acidic sulfate media than
nickel is. It is known [19] that the coefficients of the
Tafel equation for the HER for nickel are a = 0.55–0.7 V

and b = 0.12 V. At the same time, for the Ni–P coat�
ings, minimum values of a = 0.32–0.34 V and b = 0.06 V
were obtained.

To confirm the selective dissolution of nickel in the
case of a relatively low anodic polarization, chrono�
amperometric measurements were conducted in
acidic sulfate solutions. The formation of a surface
film enriched in phosphorus and its compounds com�
plicates the anodic dissolution of coatings. A decrease
in the concentration of nickel atoms in the surface
layer causes the diffusion of nickel from the layers
located at a distance from the coating–solution inter�
face to the surface. After a certain period of time, the
dissolution process will be controlled by the diffusion
of nickel from the bulk of the coating to the surface.

In this case, the chronoamperograms with the i–t–1/2

coordinates exhibit a linear portion, at t → ∝, it is
extrapolated to the origin of coordinates or to a certain
current value, if the coating is dissolved. In the case of
dissolution of the coating, the time dependence of
current is expressed by the following equation [20]:

(1)

where  and  are the steady�state dissolution rates

of the two components of the alloy;  is the interdiffu�

sion coefficient; and  and  are the molar concen�
trations of component A in the bulk and on the sur�
face, respectively.

For the thickness of the studied coatings (l), the
following condition was fulfilled:

(2)

The thickness of the diffusion zone was estimated
in accordance with the equation

(3)

where V r is the displacement velocity of the alloy–
solution interface.

Chronoamperograms of the coatings containing
13.4% phosphorus were analyzed (Fig. 4). Results of
processing of the chronoamperograms in accordance
with Eqs. (1) and (3) are shown in Table 5. The dis�
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Table 4. Kinetic characteristics of the electrode processes on Ni–P coatings in acidic sulfate solutions (pH of 0.5–2)

Phosphorus content, 
wt %

8.0
11.1
13.4

0.037
0.094
0.072
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with a pH of 1 at a potential of 0.242 V.



PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 50 No. 7 2014 

CORROSION�ELECTROCHEMICAL BEHAVIOR OF Ni–P COATINGS 881

placement velocity of the alloy–solution interface
was calculated from the magnitude of the residual
anodic current, which results from the extrapolation
of the i–t –1/2 dependence at t → ∞.

An increase in the pH of the sulfate solution leads
to an increase in both the diffusion coefficient and the
thickness of the diffusion zone (see Table 5). The
residual current decreases with increasing pH; there�
fore, the increase in the thickness of the diffusion zone
with increasing solution pH is more pronounced. The
increase in the diffusion coefficient with increasing
pH is attributed to an increase in anodic polarization
and to a more defective structure of the barrier layer.
Apparently, in the case of a lower thickness of the dif�
fusion zone, a fairly large portion of vacancies gener�
ated during the dissolution of nickel atoms arrives at
the electrode surface and disappears there. A higher
dissolution rate results in the formation of a less defec�
tive barrier layer.

A significant contribution to the increase in the dif�
fusion coefficient and the thickness of the diffusion
zone comes from an increase in anodic polarization.
For example, in a sulfate solution with a pH of 1, with
a decrease in the anodic polarization from 0.13 to 0.08 V,
the diffusion coefficient decreases by almost a factor of 4,
while the thickness of the diffusion zone decreases
from 62.6 to 32.7 nm. The dependence of the diffusion
coefficient on the magnitude of anodic polarization
was reported in [21].

Exposure of the coatings to sulfate solutions at a
free corrosion potential and low anodic polarization
(a shift from Ec by about 0.05–0.1 V) does not lead to
a change in the microstructure of the coatings and
cracking of the coating surface. According to X�ray
microanalysis, after anodic polarization at the above
potentials for 1 h, the phosphorus content does not
increase. This can be attributed to the fact that the dif�
fusion zone is significantly lower than the thickness of
the analyzed layer.

At the same time, studies conducted using a more
sensitive technique—X�ray photoelectron spectros�
copy—show an increase in the phosphorus content on
the surface [21].

Thus, in the case of slight polarization, the anodic
dissolution of Ni–P coatings in acidic sulfate solutions
can occur by the mechanism of unsteady diffusion of
nickel atoms. In this case, a layer enriched in nonme�
tallic components, mostly atoms and compounds of
phosphorus, is formed on the surface. The formation
of this layer leads to retardation of the anodic process,
which continues until the onset of oxidation of phos�
phorus with increasing polarization. The surface layer
is destroyed, which causes a decrease in the slopes of
the E–log i curves.

CONCLUSIONS

(i) It has been found that, with an increase in the
phosphorus content in coatings in acidic sulfate
media, their activity in the HER decreases. In acidic
sulfate media, on Ni–P alloys, the HER occurs via the
discharge–electrochemical desorption route, where
the rate�limiting step is electrochemical desorption.
For Ni–P coatings in sulfate media, low ac values were
obtained, which can be attributed to their electrocata�
lytic properties with respect to this reaction. Ni–P
coatings, particularly those containing 8% phospho�
rus, are more efficient cathode materials in acidic sul�
fate media than nickel.

(ii) Preliminary cathodic polarization and an inert
atmosphere have little effect on the behavior of the
polarization curves of the Ni–P coatings containing
13.4% phosphorus and significantly accelerate the
anodic dissolution of the coatings containing 8.0 and
11.1% phosphorus. In the case of slight polarization in
acidic sulfate solutions, the anodic dissolution of the
coatings can occur by the mechanism of unsteady dif�
fusion of nickel atoms. An increase in the pH of the
sulfate solution and anodic polarization leads to an
increase in the diffusion coefficients of nickel atoms
and the thicknesses of the diffusion zones.
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