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Abstract—The present paper aims to compare the corrosion protection performance of electrodeposited
Ni—P with Ni—P—C nanocomposite coatings in 3.5 wt % NaCl solution in order to assess the influence of
carbon nanoparticles on corrosion behavior of these coatings, by the potentiodynamic polarisation Tafel
curves and electrochemical impedance spectroscopic (EIS) techniques. The effect of heat treatment on the
coatings performance was also studied. The results revealed that heat treated Ni—P—C nanocomposite coat-
ing in air at 673 K significantly improved resistance to corrosion compared with Ni—P coatings. This behavior
was related to incorporation of carbon nanoparticles into Ni—P matrix using in-situ electrochemical reduc-
tion of L-lysine, which shift the corrosion potential (E,,,,) positively, also the corrosion current density (/)
and the double layer capacitance (Cy;) values decrease, the charge transfer resistance (R) and efficiencies of
inhibition (IE, %) increase, indicating improvement in the corrosion resistance in seawater environment.
Microstructure, phase change and chemical composition of the prepared coatings were studied using scan-
ning electron microscopy (SEM), X-ray diffraction (XRD) and elemental microanalysis (EDX), respectively.
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INTRODUCTION

Electrodeposited composite coatings based on a
Ni—P alloy matrix containing different fine particles
of nonmetallic, ceramic or polymer compounds
[1—10] have attracted attention in many industrial
fields due to their good mechanical, chemical and
electrocatalytic properties including enhanced wear
resistance combined with a good corrosion resistance
and especially high electrocatalytic activity for hydro-
gen evolution reaction (HER) in chlor-alkali indus-
tries and water electrolysis [ 11—17], when compared to
pure nickel coatings.

Ni—P coating with phosphorus content over 9 wt %
are considered amorphous and possesses excellent
mechanical properties such as corrosion resistance
[18, 19]. This protective film can be deposited by elec-
troplating and electroless plating onto a metallic or
nonmetallic substrate to prevent attack by hostile envi-
ronments [20]. Electrolytic Ni—P systems are favored
over chemical (electroless) deposition systems, since
electrolytic process routes are providing higher depo-
sition rates, enhanced electrolyte stability and in case

! The article is published in the original.

of dispersion coatings a more precise control of parti-
cle incorporation.

Ni—P coatings are important engineering materials
and demonstrated high intrinsic electrocatalytic activ-
ity in HER and exhibited better catalytic capability
than single Ni catalyst and in addition to cost effective
than electrocatalysts based on noble metals, because
of synergistic electronic effect among alloys [21—24].

The traditional water electrolysis in alkaline media
by hydrogen evolution reaction (HER), has received
wide attention because of its important in both funda-
mental and technological electrochemistry, supplies a
non-polluting method of hydrogen production
although it is not the cheapest method of hydrogen
production. Therefore, low-cost production of hydro-
gen is a key factor for bringing this technology to com-
mercialization [25—27]. In the other side, water is
most often found in nature as seawater (about 98%)
and seawater is a natural electrolyte. Unlike most
other water sources, seawater in the world’s oceans has
asalinity of about 3.5 wt %. Thus, seawater electrolysis
is one of the promising ways to produce hydrogen
because first, it is available in plentiful supply on the
earth and second, the seawaves-generated power and
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Table 1. Composition and operating conditions of the plating baths

Constituents and operating conditions Bath

of plating baths A B I'e
Nickel sulfate, M 1.14 1.14 1.14
Nickel cloride, M 0.19 0.19 0.19
Boric acid, M 0.49 0.49 0.49
Sodium citrate, M 0.12 0.12 0.12
Sodium hypophosphite, M — 0.14 0.14
L-lysine, M — — 0.06
Applied current, mA cm™> 22 22 13
Time, min 30 45 45
Temperature, K 298 298 298
Total thickness of deposit, um 21-22 35-37 46—47

its utilization in situ for the hydrogen generation by
seawater electrolysis is a very interesting way [28].

The electrode materials with high catalytic activity
for the hydrogen evolution reaction (HER) should
have characteristics such as: large active surface area,
low cost, ease of use, and especially must have electro-
chemical stability and high corrosion resistance. In
our previous work, we found that nickel—phosphor—
carbon (Ni—P—C) nanocomposite coatings prepared
by co-electrodeposition of Ni—P with carbon from
L-lysine source, benefit of good catalytic activity for
the HER, in which the observed activity was mainly
due to the intrinsic activity induced by carbon embed-
ded into Ni—P matrix [29].

The electrochemical stability and the corrosion
resistance of the electrode materials for long operation
time are important for their industrial applications
[14, 30]. For this reason, corrosion behavior have to be
considered at an appropriate stage of material develop-
ment for hydrogen production by seawater electrolysis.

This paper presents the first attempt to investigate
the effect of incorporation of carbon nanoparticles via
electrochemical reduction of L-lysine amino acid
source on the nanostructure and anti-corrosion prop-
erties of the as-deposited electrodeposited Ni—P, Ni—
P—C matrix over long time periods in seawater aggres-
sive chloride environment (3.5 wt % NaCl solution) by
with emphasis on surface morphology, chemistry,
phase content and heat treatment on corrosion resis-
tance, using potentiodynamic polarization and elec-
trochemical impedance spectroscopy (EIS) methods.

EXPERIMENTAL
Materials and Coatings

Ni—P and Ni—P—C composite coatings were elec-
trochemically and under galvanostatic conditions
deposited from baths (A and B) and (A, B and C), in
two and three-step method, respectively. A copper
electrode sealed in a heat shrinkable tube exposing a
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2.5 cm? surface area as substrate, and a platinum plate
(99.99% Pt) with more than 25 cm? as counter elec-
trode. Before electrodeposition, the copper substrate
was polished with sandpaper (P 600, Siawats), washed
with water, immersed in a 1 : 1 HNO;, washed with
water, and immediately introduced into the two com-
partment Pyrex® glass cell for electrodeposition.
Composition of the baths and electrodeposition con-
ditions of each step are given in Table 1. All chemicals
were of analytical reagent grade, Merck company and
were used as received.

Surface morphology and elemental composition of
the alloys were investigated by scanning electron
microscopy (SEM) and energy dispersive X-ray dif-
fraction microanalysis (EDX) (Philips-XL-30). Crys-
tal structure of the alloys was determined by X-ray dif-
fraction (XRD) analysis (Philips-X’Pert-MPD) using
CuK,, wavelength of 1.5418 A. To confirm the phase-
change in Ni—P—C nanocomposites the differential
scanning calorimetry method (DSC) was used
(Setaram-SETSYS Evolution DTA/DSC).

A three-electrode open cell with Ni—P and Ni—P—C
L-lysine composite coatings as working electrode
(WE), a large surface area Pt plate (25 cm?, Pt 99.99%)
as counter electrode (CE) and Ag/AgCl as reference
electrode (RE) mounted for electrochemical mea-
surements. All measurements were performed in puri-
fied 3.5 wt % NaCl solution degassed with argon gas
(99.99%) at 298 K. Before each experiment the cell
was washed with hot water H,SO,, NaOH, many times
with hot distilled water, and finally with 3.5 wt %
NacCl, and kept under argon atmosphere until used.

The steady-state potentiodynamic polarization
Tafel curves were made at a scan rate of 1 mV/s in the
applied potential range from (—625 mV, Ag/AgCl) to
(+240 mV, Ag/AgCl) respect to E_,,.. The polarization

curves were recorded after a month of immersion.
The EIS measurements were performed at the

steady-state. A 10 mV amplitude AC potential super-

imposed on a DC potential was applied, and a wide
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Fig. 1. The SEM images of (a) as deposited Nig3P; (b) as-
deposited Nig; P;¢C5 and (c) heated Nig;P¢C5 in air at
673 K composite electrodes.

range of the frequency, 100 kHz to 0.001 Hz, was
scanned with thirty points per decade in logarithmic
scale, and the impedances as well as current potential
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Fig. 2. Energy dispersive X-ray diffraction (EDX) micro-
analysis spectrum of as-deposited Nig; P;,C5 coating.

phase angles were recorded. In order to obtain the sta-
tionary conditions necessary for impedance measure-
ments, the working electrodes were polarized at
100 mA for 2 hin 3.5 wt % NaCl solution at 25°C.

Measurements were performed by using an
Potentiostat/Galvanostat EG&G2273A and Fre-
quency Response Analyzer 1025 EG&G controlled
by GPIBIEEE-NI-488I1. The Tafel curves and EIS
data acquisition were carried out using a Labviews
subroutine and EG&GPowerSine softwares, respec-
tively, and EIS data approximated using ZView soft-
ware and the modified complex nonlinear least square
(CNLS) method.

RESULTS AND DISCUSSION
Surface Morphology and Composition of Coatings

SEM micrographs obtained on the surface of as-
deposited Ni—P (Fig. 1a) and as deposited Ni—P—C
(Fig. 1b) heated Ni—P—C composite coatings (Fig. 1c)
displayed globular fungi-form characters that were
deformed upon heating of the coating at 673 K in air
atmosphere (Fig. 1¢). A minimum diameter of 30 nm
was observed for globular fungi-form characters in the
SEM micrograph.

A typical EDX spectrum obtained from the surface
of as-deposited Ni—P—C coating is presented in
Fig. 2. Similar patterns were observed for heated coat-
ing implying that carbon content of composite does
not alter upon heat treatment. Chemical composition
of the top layers of the coatings prepared under opti-
mized conditions were Nig;P; (as-deposited and
heated), and Nig P,C; (as-deposited and heated).
These results proves incorporation of carbon in Ni—P
matrix and are similar to those reported by Wu et al.
[31] for Ni—P—C (graphite) electrode.

Crystallization and Structure of Composite Coatings

The diffraction patterns of studied coatings are
shown in Fig. 3 for as-deposited (a) and heated (b)
composite coatings. It is observed that the as-depos-
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Fig. 3. XRD spectra of as-deposited (a) and heated in air at
673 K (b) Nig, P;,C; electrodes using Cuk, wavelength of

1.5418 A.

ited coatings had amorphous Ni—P—C structure and
exhibited a single broad peak centered at 44.5°, and
changed into crystalline form after heat treatment at
673 K for 1 h, as a result of transformation of Ni—P
matrix to the system comprising nickel and nickel
phosphide (Ni;P) as dominant phases at 673 K [31]. It
seems that carbon particles have been dispersed in
nickel and nickel phosphide phases, and formed
Nig, P,C; nanocomposite coating. The XRD patterns
obtained here for Ni—P—C composite coatings pre-
pared via L-lysine method by electrodeposition are
very similar to those prepared via graphite method by
electroless-deposition [31], confirming formation of
Ni—P—C composite coatings in this work. As an
approximation, Scherrer’s equation was used to calcu-
late average grain size. The average grain size was
about 78, and 37 nm for NigP;, and Nig P cC;,
respectively. Clearly, addition of carbon into the Ni—P
matrix has decreased average of the grain size. Similar
behavior has been reported by Meguro et al. [32, 33].

For full approval the phase-change in Ni—P—C
nanocomposites that were under heat treatment at
673 K temperature the differential scanning calorime-
try method (DSC) was used. As can be seen in Fig. 4
an identified and single exothermic peak exists in the
studied temperature regions with an initial tempera-
ture 331°C that is related to phase change from amor-
phous to crystalline structure. A similar behavior has
been reported for Ni—P amorphous alloys [31]. It
should be noted at temperatures below 200°C, there is
no specific changes and therefore not shown in Fig. 4.
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Fig. 4. Differential scanning calorimetry curve for
Nig, P4C5 electrodes using temperature range from 473 to

973 K in air atmosphere.

KINETIC STUDIES
Potentiodynamic Polarisation Studies

The potentiodynamic polarisation behaviour of as
deposited Ni—P alloy and Ni—P—C coatings in deaer-
ated 3.5 wt % NaCl solution are shown in Fig. 5. As
seen the cathode reaction in the polarization curves
corresponded to the evolution of the hydrogen, and
the anodic polarization curve was the most important
features related to the corrosion resistance [34].

In corrosion, quantitative information on corro-
sion currents and corrosion potentials can be extracted
from the slope of the curves, also polarization resis-
tance values will determine using the Stern—Geary
equation, In the other hand Close to the open circuit
corrosion potential, it is expected that the Stern—
Geary relationship [35] may be applied. It implicitly
considers that both the anodic and cathodic processes
are purely additives and that both of them follow the

— 0.6
@) = Ni—P—C heat treated
? 0.4 | --- Ni—P heat treated
< w Ni—P—C as deposited
2:0 0.2 | ==+ Ni—P as deposited /
4 0F o,
> —‘\.‘3‘)‘ !
> 02| e
S04}
5
E —0.6 +
—0.8 PR TT PRI vl T B |
10-8 1077 106 1073 1074 1073
J, Afem?

Fig. 5. Steady-state polarization Tafel curves obtained in
3.5 wt % NaCl at 298 K on investigated coatings.
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Table 2. Corrosion parameters of the coatings derived from steady state Tafel plots

Type of coatings E¢orr, mV Lo, mAcm™ | R, Ohm cm? Electr.ochemlcal GCRa’ IE®, %
mil/year <10

Ni—P (as deposited) —342 0.91 202.01 16.60 59.27

Ni—P—C (as deposited) -239 0.49 307.92 9.02 77.85

Ni—P (heat treated) —134 0.16 632.79 3.03 92.56

Ni—P—C (heat treated) +3.32 0.04 7550.98 0.79 98.04

4 Corrosion rate.
b Corrosion inhibition efficiency.

Tafel law. The global current density can then be
expressed by the following equation:
1=1

X {exp [Ba (E - ECOIT)] - exp [Bc (E - ECO]'I‘ )]}'

With apply a small signal approximation to above
equation, the following Stern—Geary equation is
obtained [36]:

(1)

(2

corr

- 2.3(131{p (BB EBJ

« I, is the corrosion current density in A/cm?;
was determined by extrapolating the straight-line sec-
tion of the anodic and cathodic Tafel lines;

* R, is the corrosion resistance in Ohm cm?;

+ B, is the anodic Tafel slope in V/decade or
mV/decade of current density;

+ B, is the cathodic Tafel slope in V/decade or
mV/decade of current density;

« the quantity, (B,B.)/(B. + B.), is referred to as the
Tafel constant.

The corrosion potential (E,,,), corrosion current
density (/) and polarization resistance (R,), which
were obtained from the potentiodynamic polarization
curves are summarized in Table 2.

Also corrosion rates (CR) were calculated by the
Faraday law as follows [37]:

0.137_,..(Eq. wt
CR (mil/year) = ; - WH
where Eq. wt is the equivalent weight and d is the den-
sity of the Nickel metal in g/cm?.

(3)

Also corrosion current density (/) were used to
calculate the corrosion inhibition efficiency (1E, %) of
the coatings according to following relationship:

1E (%) = ((1 = I—(Dj X 100),

Icorr(o)

where [.(i) and /.. (o) are the corrosion current
densities for the composite coatings and the substrate,
respectively.

“4)
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Comparison of the electrochemical parameters
(Table 2) of the as deposited Ni—P and Ni—P—C com-
posite coatings reveal that E_ .. shifted towards the
noble (positive) direction, I, values decreased and
R, increased with the incorporation of carbon particles
in the matrix, indicating better corrosion protective
properties of the coatings. In other words, the Ni—P—
C nanocomposites possess better chemical stability in
seawater environment also helps to prevent the corro-
sive pits from growing up and contributes to accelerate
the passivation process of the metal matrix as well.

log(i)—E curves for the Ni—P and Ni—P—C depos-
its with an heat treatment in air atmosphere at 673 K
for 1 h are shown in Fig. 5. The corrosion potential
E,.,. of the heat treated Ni—P and Ni—P—C deposits is
positively shifted and also /.,,., which reflects the cor-
rosion rate of the heated coatings become distinctly
smaller compared to as plated deposits. Therefore,
the high corrosion resistance of heated Ni—P and Ni—
P—C coating is expected, which could effectively
extend the application of them.

The above results are attributable to the following
reasons. First, the phase transformation of a Ni—P
deposit from the amorphous solid phase to the crystal-
line structure occurs at 673 K since the crystallization
of a Ni—P deposit with a supersaturated P content and
thus formation of crystalline phases of nickel and
nickel phosphide with remarkable thermodynamic
stability. Second the annealing treatment also favors
the movement of surface Ni and P atoms, as a conse-
quence the amount of free nickel and phosphour is
reduced, resulting in the formation of compact,
smooth and homogenous deposits, which was found
from the SEM observation. Third the corrosion
potential of the heated deposits positively moved due
to the formation of Ni oxide on the surface of deposits
since the surface P has been found to be replaced by
oxygen species from the air after the heat treatment. In
fact, the main purpose of the heat treatment in air is to
form a uniform film consisting of Ni—P and NiO on
the deposit surface, increasing the anticorrosive ability
of Ni—P deposits [38].
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(a)
R, CPE,

R, Resistance of solution

R, Coating resistance

R; Corrosion resistance

CPE,, Constant phase element

Fig. 6. Randles equivalent electrical circuit model used to
analyze the EIS spectra, (a) equivalent circuit for Ni—P—C
heated composite coating, (b) equivalent circuit for Ni—P
coatings and Ni—P—C as deposited coating.

Electrochemical Impedance
Spectroscopy Studies

EIS is a non-destructive and powerful technique
capable of providing information about all resistive,
capacitive, and inductive contributors in short period
of time using appropriate equivalent circuit mode
(Fig. 6). Hence, this technique allows several electro-
chemical parameters can be evaluated and interfacial
relaxations such as corrosion phenomena and adsorp-
tion behavior of thin films can be detected [39, 40].

Figure 7 shows the Nyquist plots from the EIS
measurements for the Ni—P and Ni—P—C composite
coatings in 3.5 wt % NaCl solution at their respective
E .. It is clear that the obtained diagrams for Ni—P
coatings and Ni—P—C as deposited coating show a
single semi circle and one capacitive loop in the whole
investigated frequency range (suggesting an activation
mechanism for the corrosion process). Whereas for
the Ni—P—C thermally treated coating it is character-
ized by presence of two semicircles of different diame-
ter in the Nyquist plots in the investigated frequency
range indicated the presence of two time constants.

The diameter of the second semicircle decides the
corrosion resistance of the coatings. The semicircle
at the higher frequency region is related to the bulk
reactions and the following semicircle at the lower
frequency region is related to the coating/solution
interface.

From the Nyquist plot it also can be seen that the
Ni—P—C heated composite coating exhibits the big-
gest radius compared with the other coatings, indicat-
ing that the Ni—P—C heat treated nanocomposite
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Fig. 7. Nyquist plots of Ni—P and Ni—P—C coatings in
3.5wt % NaCl.

exhibits better corrosion resistance compared with the
other coatings [41, 42] and the previous Ni—P coatings
[43]. Because Ni—P—C heated is free of phase bound-
aries and the absence of the defects in crystalline
nanocomposites such as stacking faults and segrega-
tion, and carbon nanoparticles are capable of filling
some of the pores in the coating and prevent further
diffusion of corrosive species along the interface.

The appearance of a single inflection point and a
single phase angle maximum in the Bode plots
obtained for Ni—P coatings and Ni—P—C as deposited
coating Figs. 8, 9, indicate that the process involves
only a single time constant. This result is in accor-
dance with the reports of the other authors [44—46].
Also Bode plots obtained for Ni—P—C heated com-
posite coating gave two inflection point and two peaks
(phase angle vs. frequency) at investigated frequency
range which clearly indicate the presence of two time
constants.

Ni—P—C heat treated
Ni—P heat treated
Ni—P—C as deposited
Ni—P as deposited
Fitted

D

(==}

1
o4 pD
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0
1072 107" 10° 10" 102 103> 10%
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Fig. 8. Bode phase plots of Ni—P and Ni—P—C coatings in
3.5wt % NaCl.

No.4 2019



278 RAMIN BADRNEZHAD et al.

Ni—P—C heat treated
Ni—P heat treated
Ni—P—C as deposited
Ni—P as deposited

o
&
v
o

102 100" 10 100 102 10> 10* 10°
Z... Ohm cm?

res

Fig. 9. Bode phase plots of Ni—P and Ni—P—C coatings in
3.5wt % NacCl.

Figure 9 shows that the increase of absolute imped-
ance at low frequencies in the Bode plot confirms the
higher protection with incorporation of carbon
nanoparticles in the coatings.

As a result of an approximation of the experimental
data using the designed one and two CPE model, the
following parameters could be obtained: R, R, T, ¢,
where T is the capacity parameter and ¢ is a dimen-
sionless dispersion parameter related to CPE model
(the value of ¢ changes between zero to one, and is
equal to one for complete smooth electrode, i.e. for
0= 1, T = Cy). Zcpg = 1/[(j®)°T], where ® is the
angular frequency of ac voltage. The double-layer
capacitance Cy was calculated according to [47]:

1_
T=c§1(i+ij y (5)
R, R,

The R, and Cy values of composite coatings, are
reported in Table 3. The R, of Ni—P (as-deposited),
Ni—P—C (as-deposited), Ni—P (heat treated) and
Ni—P—C (heat treated) composite coating, are 226,
482, 738.8 and 9655 Ohm cm?, respectively and the
corresponding Cy, values are (0.54), (0.36), (0.15) and
(0.01) mF cm™?, respectively. It has been established
that high values of R and low values of Cy imply bet-
ter corrosion protective ability of coatings [48, 49].

Table 3. Data obtained from the EIS spectra simulation

The ratio of the value of capacitance C, to the
capacitance of an ideal smooth surface of electrolytic
nickel (20 uF cm™2 [47]) gives a value of surface rough-
ness factor, R;. This value for the Ni—P—C thermally
treated coatings is about forty times lower than for the
Ni—P—C as-deposited coatings, indicating more effi-
cient blocking of the corrosion process. Further evi-
dence for this is the higher value of the polarization
resistance R, for the treated coatings, than for the as-
deposited coatings (Table 2).

The EIS results also consistent with the results of
the potentiodynamic polarisation technique in
3.5 wt % NaCl solution and confirm that the Ni—P—C
composite coatings as a catalyst for HER have the sig-
nificant anti-corrosion performance.

CONCLUSIONS

In summary, the following conclusions have been
drawn from the present investigation:

(1) The inclusion of carbon particles in Ni—P
binary alloy matrix was achieved successfully via
L-lysine reduction during electrodeposition from an
electroplating bath. The carbon particles appear well
dispersed in the nickel-phosphur coating and covered
the surface of the coating. The related corrosion
parameters showed that the incorporation of carbon
particles from amino acid L-lysine carbon source into
the nickel-phosphur coating significantly increased
the corrosion resistance. Because, the carbon particles
uniformly distributed in the nickel—phosphur coating
and increased corrosion potential of the formed nano-
composite coating towards more positive values,
restricting localized corrosion, and result in mainly
homogenous corrosion.

(2) Electrochemical measurements showed that
Ni—P—C L-lysine coatings after thermal treatment
are more resistant to corrosion in 3.5 wt % NaCl solu-
tion than in the as-deposited condition. A more posi-
tive value of the corrosion potential, a lower value of
the corrosion current and surface roughness factor and
also a higher value of the polarization resistance is
observed for the thermally treated coating at 673 K tem-
perature. The reason for this is presence of crystalline

Type of coatings R, Ohm cm?? R, Ohm cm?® Cy, mF/cm?¢ R
Ni—P (as-deposited) 7.75 226 0.54 26.78
Ni—P—C (as-deposited) 8.06 482 0.36 18.24
Ni—P (heat treated) 9.97 739 0.15 7.33
Ni—P—C (heat treated) 10.08 9655 0.01 0.54

2 Solution resistance.

b Charge transfer resistance.
¢ Double layer capacitance.
d Roughness factor.
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phases of nickel and nickel phosphide with remarkable
thermodynamic stability. Moreover, parameters deter-
mined by the EIS method provide a means for esti-
mating the corrosion resistance of coatings, and con-
firm the results obtained from potentiodynamic mea-
surements.
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