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The phase formation of Ni-Ce composites onto a carbon steel electrode was investi-
gated using electrochemical deposition. The anticorrosive properties of composite coat-
ing in 0.1 mol L–1 HCl solution were studied by Tafel polarization and electrochemical
impedance spectroscopy (EIS). Incorporation of CeO2 particles into the Ni matrices was
found to improve corrosion resistance of pure Ni coatings. The values of protection effi-
ciency obtained from Tafel polarization and EIS measurements are in good agreement,
reaching a maximum value of 57 %, at 0.1 g L–1 CeO2 containing electro-deposition
bath. The surface morphologies and compositions of coatings were studied using scan-
ning electron microscopy with Energy Dispersive X-ray Spectroscopy (SEM/EDS). In
case of electro-depositions from solution containing CeO2 (Fig. 3c) the layer uniformity
is more apparent and the feature of a metalic nucleation, forming a matrix in which are
embedded certain oxide particle is relatively nuanced.
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Introduction

Composite coatings obtained by co-deposition
of different dispersed phases have been given spe-
cial attention in recent years.

A considerable number of literature studies cite
the enhanced properties resulting from suspending
an insoluble material in a conventional plating elec-
trolyte and capturing them in the growing metallic
film.

Ni-based composites generally designed for high
temperature applications, possess some characteristics
such as good thermal stability, chemical inertness,
yield and tensile strength, and wear resistance com-
pared to pure nickel. Composites (SiC,1–5 Al2O3,

6–8

TiO2,
9,10 ZrO2,

11–13 La2O3,
14 SiO2-Al2O3,

15 CeO2-Al2O3

/Y2O3,
16,17 Al2O3/CeO2-Ce2O3,

18–22 polymers (poly-
ethylene,23 polytetrafluorethylene24), metals and other
materials (hydroxyapatite,25 diamond,26 fullerene,27

carbon fibers28) have been co-electrodeposited with
nickel in order to improve their properties. The main
parameters that influence the properties of the com-
posites are electrolyte composition, pH, temperature,
cathodic current density, stirring rate of the solution
and particle concentration and size.

The present work aims to study the corrosion
resistance of Ni/CeO2 composite coatings elec-
tro-deposited on carbon steel, in 0.1 mol L–1 hydro-
chloric acid.

Materials and methods

Coatings electro-deposition

Electrochemical measurements for Ni and
Ni-CeO2 electrodeposition were performed with the
Keithley 2420 3A SourceMeter potentiostat/galvano-
stat. Experimental data recording was carried out in
a standard electrochemical cell with three electrodes.
The Ag/AgCl, KCl (saturated) was used as the refer-
ence electrode to which all potentials are quoted.
The working electrode was made from carbon steel,
the auxiliary electrode was made from nickel foils
with 1.0 cm2 geometric area. The Ni films were de-
posited onto carbon steel (with surface area of
1.0 cm2) by potentiodynamic polarisation, with a
scan rate of 50 mV/10 sec. The carbon steel (type
C38) used had the following composition (mass/%):
C = 0.1 %; Si = 0.035 %; Mn = 0.4 %; Cr = 0.3 %;
Ni = 0.3 %, with the balance in Fe. The polished car-
bon steel substrate was degreased with acetone, and
washed with distilled water. The electrolyte bath for
Ni deposition comprised of 150 g L–1 NiSO4

. 6H2O,
30 g L–1 H3BO3 aqueous solution (pH = 2 ± 0.05)
and the working temperature was of 20 ± 2 °C. To
ensure a uniform dispersion of micro-particles, the
electrolyte was stirred for 2 h before the deposition.
The pH of the electrolytic bath was measured using
digital pH-meter (HANNA instruments).

In the electrolyte bath for Ni-ceria electro-
deposition, the concentration of added CeO2 was of
0.1 and 0.3 g L–1. The stirring rate was kept con-
stant at 300 rpm.
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Corrosion tests

Electrochemical measurements were conducted
using an electrochemical system, VoltaLab 40, with
a personal computer and VoltaMaster 4 software. A
standard corrosion cell was used. A platinum plate
(1 cm2) and Ag/AgCl electrode were used as auxil-
iary and reference electrodes, respectively. The im-
mersion time of the plates in the respective media
was 1 minute in open circuit, at room temperature.
Potentiodynamic polarization curves were obtained
with the scan rate of 10 mV s–1.

Electrochemical impedance spectroscopy (EIS)
was measured in a frequency range from 100 kHz
to 10 mHz by a parturition signal of 10 mV ampli-
tude peak to peak at room temperature, after the im-
mersion time of 1 minute in open circuit. Potentio-
dynamic polarization and EIS data were analyzed
by means of Excel and Zview, respectively.

Surfaces characterization

The morphologies of the coatings and the ele-
mental components were inspected by SEM and
EDS on Vega Tescan scanning electron microscope.

Results and discussion

Powder morphology

The micro-sized nature of the powder was evi-
denced by SEM. The typical powder morphology is
shown in Fig. 1.

Electrochemical deposition of Ni and Ni/CeO2

Fig. 2 shows the cathodic curves obtained for
Ni electro-deposition with and without CeO2 at two
different concentrations. The reduction wave starts
at –0.82 V vs. Ag/AgCl when only nickel species
are present in the electrolyte. From Fig. 2 we can
observe that at the same time with the increase of
CeO2 powder concentration there also takes place a
gradual decrease of the cathodic current, and at the

same time with the movement towards the more
positive potentials of –0.79 and –0.77 V respec-
tively.

Coatings morphology and composition

SEM observation

Fig. 3 shows the morphology of electrodeposit-
ed nickel and Ni/0.1 g L–1 CeO2 composite coatings
investigated by SEM. The SEM images of carbon
steel before electro-deposition (Fig. 3a) Ni and
Ni/CeO2 coatings before corrosion (Fig. 3b, 3c) are
presented.

It can be noticed that the addition of ceria par-
ticles leads to significant changes in coating mor-
phology.

In case of electro-depositions from solution
containing 0.1 g L–1 CeO2 (Fig. 3c) the layer unifor-
mity is more apparent and the feature of a metallic
nucleation, forming a matrix in which are embed-
ded certain oxide particle is relatively nuanced.

EDS spectra

The EDS spectra of the Ni coat and Ni/CeO2

before corrosion in 0.1 mol L–1 HCl solution are
shown in Fig. 4.

The iron spectrum of a reference sample before
corrosion process (uncorroded sample) is presented
in Fig. 4a. This spectrum is characteristic of iron
from carbon steel.

The EDS spectrum of carbon steel covered
with Ni is presented in Fig. 4b. The Ni spectrum is
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F i g . 1 – SEM image of micro-sized CeO2

powder

F i g . 2 – Cathodic curves obtained during nickel deposi-
tion onto carbon steel electrode from 150 g L–1 NiSO4

. 6H2O,
30 g L–1 H3BO3 aqueous solutions, pH = 2; (1) Ni coating;
(2) Ni/0.1 g L–1 CeO2 composite coating; (3) Ni/0.3 g L–1 CeO2

composite coating



also observed in Fig. 4c. Moreover, the EDS spec-
trum of the composite coating, in Fig. 4c, shows Ce
peak, indicating presence of CeO2 in nickel matrix.

This confirms that the substrate is covered with
Ni/CeO2 composite coating, which is in good agree-
ment with previous considerations.

Corrosion tests

The anticorrosive properties of composite coat-
ing in 0.1 mol L–1 HCl solution were studied by
Tafel polarization and electrochemical impedance
spectroscopy.

Tafel polarization

In Tafel domain, the polarisation curves were
performed in the potential range –700 mV to –300
mV, with a scan rate of 10 mV s–1. The polarization
curves obtained after 1 minute of immersion are
presented in Fig. 5.

The performed tests showed that:

Insertion of CeO2 leads to a corrosion potential
shifted to more positive values; the corrosion poten-
tial shifted to more positive values correlates, in this
case, with a corrosion current decrease; the presence
of CeO2 does not disturb significantly the cathodic
reaction but reduces the anodic reaction in a consid-
erable manner; the corrosion current density (icorr.)
increased with increasing the concentration of CeO2

(Table 1); the corrosion currents presented in Table 1
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F i g . 3 – SEM images of: (a) carbon steel sub-
strate; (b) Ni coating; (c) Ni/CeO2 composite
coating deposited from a bath containing 0.1
g L–1 CeO2

F i g . 4 – EDS spectra of: (a) carbon steel substrate; (b) Ni
coating; (c) Ni/CeO2 composite coating deposited
from a bath containing 0.1 g L–1 CeO2



were calculated using VoltaMaster4 software at
smoothing 9, calculi zone 120 and segment 80 mV;
the percentage protection efficiency (P/%) was cal-
culated using the following relation:

P
i i

i

corr corr

corr

�
� �

�
�100 (1)

where i’corr and icorr are the corrosion current densi-
ties of the carbon steel surface covered with Ni in
the absence and presence of CeO2, obtained by ex-
trapolation of the anodic and cathodic Tafel lines to
the corrosion potential. The percentage protection
efficiency (P/%) decreases with increasing the con-
centration of CeO2 (Table 1).

It can be noticed that the protection efficiency
in the presence of 0.1 g CeO2 exceeds 55 %, which
implies a higher corrosion resistance. This can be
explained by the appearance at the metal/solution
interface of a layer with a different composition
from that obtained in the absence of oxide.

Electrochemical impedance measurements

Electrochemical impedance measurements for
all investigated samples in 0.1 mol L–1 HCl solution
were carried out at the open circuit potential, after
immersion time of 1 minute, in the frequency range
from 105 to 10–1 Hz, with a value of 10 mV for the
amplitude. Fig. 6 shows Nyquist and Bode plots
of impedance spectra of investigated coatings in
0.1 mol L–1 HCl, at room temperature. It is also
apparent from these plots that the Nyquist curves
consist of one capacitive loop (one phase angle
maximum in Bode format – Fig. 6). More pro-
nounced frequency arcs were obtained for the sam-
ple coated with composite layer. Moreover, a shift
towards lower frequency of this contribution when
oxide was incorporated into Ni matrix can be no-
ticed. This behavior is usually assigned to changes
in density and composition of electrode coating.

The impedance parameters derived from EIS
measurements Rs, Rp, and Cdl and of the protection
efficiency were calculated using VoltaMaster 4 soft-
ware with an error of ±1 %, and are presented in
Table 2. (Rs) is the solution resistance of the bulk
electrolyte, (Cdl) is the double layer capacitance of
the electrolyte at the metal surface, and (Rp) is the
polarization resistance of the metal.

The protection efficiency (P/%) was deter-
mined by the following relationship:

P
R

R

P

P

/% � �
�

�

�
�

	




�
��1 100

0

(2)

where Rp and RP
0 represents the polarization

resistances in the presence and absence of oxide.

The results show that Rs, Cdl decrease and Rp in-
creases with decreasing of CeO2 concentration, sug-
gesting that the protection efficiency increases. The
values of protection efficiency obtained from Tafel
polarization and EIS measurements are in good agree-
ment, reaching a maximum value of 57 %, at 0.1 g L–1

CeO2 oxide containing electro-deposition bath.

SEM micrograph of nickel and composite coat-
ings, after corrosion in 0.1 mol L–1 HCl solution
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F i g . 5 – Tafel diagram for Ni coating and Ni/CeO2 com-
posite coating after corrosion in 0.1 mol L–1 HCl solution, at
room temperature

T a b l e 1
– Variation of corrosion current, icorr and protection

efficiency, P/% with the concentration of CeO2 for the carbon
steel covered with Ni in absence and presence of oxide, after
corrosion in 0.1 mol L–1 HCl solution, at room temperature

Coating icorr/mA cm–2 P/%

Ni 0.38 0

Ni/0.3 g CeO2 0.22 42

Ni/0.1 g CeO2 0.17 55

T a b l e 2
– Electrochemical parameters obtained from im-

pedance measurements for C-steel covered with Ni coat in ab-
sence and presence of CeO2 of different concentrations, at
room temperature

Coating Rs/� cm2 Cdl/�F cm–2 Rp/� cm2 P/%

Ni 1.902 320.1 75.74 0

Ni/0.3 g CeO2 1.546 269.9 146.36 48.2

Ni/0.1 g CeO2 1.172 219.9 176.4 57.1



(Fig. 7) revealed the incorporation of solid oxide
particles into nickel matrix. The presence of CeO2

significantly change the texture of Ni coating, re-
sulting in the formation of different layer, in good
agreement with SEM images. It can be noticed that
the corrosion process in 0.1 mol L–1 HCl solution
leads to significant changes in coating morphology
(see Figs. 3 and 7).

Conclusions

In this work, the corrosion behaviour of Ni
coating and Ni/CeO2 oxide composite coatings was
evaluated.

The Tafel curves showed, in this case, that the
presence of CeO2 leads to a shift of corrosion po-
tential towards more positive values, which corre-
lates with a corrosion current decrease with de-
creasing in CeO2 concentration.

The corrosion resistance values, obtained from
Nyquist plot, confirm an effective protecting power.
The gradual presence of the oxide particle on the
substrate is characterized in the impedance diagram
by a capacitive loop increase, knowing the fact that
Rp increases with decreasing of Cdl.
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F i g . 6 – Electrochemical impedance measurements for
carbon steel covered with Ni coating in absence
and presence of CeO2 oxide of different concen-
trations, at room temperature

F i g . 7 – SEM images, after corrosion pro-
cesses in 0.1 mol L–1 HCl solution of: (a) Ni coat-
ing; (b) Ni/CeO2 composite coating deposited
from a bath containing 0.1 g L–1 CeO2



The values of protection efficiency obtained
from Tafel polarization and EIS measurements are
in good agreement, reaching a maximum value of
57 %, at 0.1 g L–1 CeO2 containing electro-deposi-
tion bath.
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L i s t o f s y m b o l s

EIS � electrochemical impedance spectroscopy

SEM � scanning electron microscopy

EDS � Energy Dispersive X-ray Spectroscopy

i’corr � corrosion current density in the absence of CeO2,
mA cm–2

icorr � corrosion current density in the presence of
CeO2, mA cm–2

P � protection efficiency, %

Rs � solution resistance of the bulk electrolyte, � cm2

Rp
0 � polarization resistances in the absence of CeO2,

� cm2

Rp � polarization resistances in the presence of CeO2,
� cm2

Cdl � double layer capacitance, �F cm–2

Z � impedance, � cm2

Zr � real part of impedance, � cm2

Zi � imaginary part of impedance, � cm2

f � frequency, Hz
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