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Abstract Ni/cerium oxide coatings were electrodeposited
from particle-free aqueous baths containing NiCl,.6H,0
and CeCl;.7H,0. The mechanism of deposition was studied
systematically by a combination of voltammetric, in situ
spectroelectrochemical (visible reflectivity spectroscopy
(VRS) and surface Raman spectroscopy), ex situ spectro-
scopic (spectroscopic ellipsometry) methods, as well as by
scanning electron microscope imaging; yielding details on
the steps of the composite formation process. Time- and
potential-dependent electro VRS data were interpreted on
the basis of an optical model, accounting for the formation
of metal and ceramic phases and corresponding relative
distribution and morphology. In the VRS curves measured
with the pure Ni and Ce-containing solutions, the value of
reflectivity drops sharply when the potential is lower than
ca. —0.9 V. The VRS curves measured in the Ce-containing
solutions exhibit a second drop when the potential is lower
than ca. —1.1 V while, instead, for pure Ni solution an
increase in reflectivity is observed. According to the pro-
posed optical model, the drop found in the reflectivity
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transient can be explained with the nucleation of Ni on the
Cu substrate, while the second one measured with Ce-
containing solutions is due to secondary nucleation of Ni.
The results showed that the deposition processes of Ni and
Ni/cerium oxide can be divided into two and four stages,
respectively. (1) In the case on Ni: nucleation and 3D
growth, accompanied by roughening; (2) as far as Ni/cerium
oxide is concerned: nucleation, formation of cerium oxide,
secondary nucleation, and 3D growth and roughening.

Keywords Electrodeposition - Cerium oxide - Ni -
Composite - Spectroelectrochemistry - Spectroellipsometry -
Visible reflectivity - Raman

Introduction

Rare earth compounds, and especially cerium oxide, owing
to their special physical and chemical characteristics, exhibit
a range of outstanding functional properties and have been
used successfully in many applications such as: optics,
electronics, catalysis, metallurgy, chemical, and materials
engineering [1, 2]. Electrochemical synthesis of ceramic
materials, especially oxides, has received considerable at-
tention in recent years because of the low cost of equipment
and sound thickness control capabilities. There are basically
two types of electrochemical methods that have been
employed in the synthesis of cerium oxide: cathodic base
generation and anodic oxidation [1-7]. Cathodic deposition
was used to produce oxides and hydroxides by precipitation
in the catholyte induced by the hydroxide produced in the
vicinity of the working electrode by water hydrolysis. The
electrochemical mechanism of base electrogeneration dur-
ing cathodic deposition has been widely discussed in the
literature [8—13] and can be schematised with the following
system of equations:
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2H" +2¢~ — H,

2H,0 +2e¢~ — H, + 20H™ (1)
O, +2H,0 +4e~ — 40H™

0, +2H,0 +2¢~ — 20H™ + H,0,

The above reactions generate hydroxide ions thus pro-
moting the formation of a Ce(OH); precipitate or of com-
plexes of the form Ce(OH),”" or of related oligomers
[8-10].

Ce** 4+ 30H™ — Ce(OH),
4Ce* + 0, + 40H™ 4 2H,0 — 4Ce(OH)3" (2)
2Ce** +20H™ + H,0, — 2Ce(OH);"

Finally, with a further pH increase in the vicinity of the
cathode, CeO, is formed [8—10]:

Ce(OH); — CeO, + H;0" + ¢~ } 3)

Ce(OH);"+20H~ — Ce0, + 2H,0

In recent years, Ni and Ni-based alloys containing
cerium oxide have raised interest in surface engineering
because of their excellent wear, corrosion, and oxidation
resistance, accompanied by outstanding mechanical
properties [14—16]. Moreover, Ni-based cerium oxide
composites have been considered in the literature as
potentially interesting catalysts, since they show excel-
lent activity towards methane decomposition [17] and
partial oxidation [18], hydrogen evolution [19], and the
water—gas shift reaction [20]. Among the different tech-
niques that have been used to produce Ni/cerium oxide
composite coatings, co-clectrodeposition is one of the
simplest and cheapest methods. Since, as recalled above,
cerium oxide can be grown by cathodic deposition, a
new method has been recently proposed for the fabrica-
tion of Ni/cerium oxide coatings by depositing both
metal and oxide from the same solution [21]. The
authors of this work used electrochemical impedance
spectroscopy to characterise the electrodeposition pro-
cess: even though interesting information was obtained
with this approach, only a limited mechanistic under-
standing was achieved. In fact, an intrinsic drawback of
merely electrochemical approaches to the study of Ni/
cerium oxide electrodeposition is the simultaneous hy-
drogen evolution which makes it difficult to single out
information on film growth kinetics. Therefore, in this
work, we resorted to using spectroelectrochemical meth-
ods in order to address more directly the dynamic
cathodic interface: these techniques have been demon-
strated to offer a wealth of information on electrodepo-
sition processes [13, 22-29]. In particular, the aim of
this study was to investigate the Ni/cerium oxide elec-
trodeposition mechanism by concentrating on in situ
measurement of visible reflectivity spectroscopy (VRS).
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For this purpose, reflectivity was measured during the
deposition of pure Ni and Ni-matrix composite coatings
with low and high cerium oxide contents, respectively
denominated “Ni/low-cerium” and “Ni/high-cerium” in
the rest of this paper. In order to achieve an insightful
understanding of our dynamic in situ reflectivity data,
we resorted to ancillary spectroscopic measurements
(surface Raman spectroscopy and spectroellipsometry)
and to optical modelling of the composite/electrolyte
interface.

Experimental
Materials

Reagent grade NiCl,.6H,0O (0.05 M) and H3;BO3 (0.5 M)
were used to prepare the basic Ni electrodeposition bath. A
suitable amount of catholyte buffer (H;BO;) is required in
order to fine-tune the precipitation of Ce-containg species
during the electrodeposition of metallic Ni. The reagents
were dissolved in ultrapure water of resistivity >18 M2
cm, produced with a Millipore Milli-Q system. The pH of
the solutions was adjusted by addition of dilute HCI to 3.0+
0.1. It is worth noting that the pH values of cognate baths
described in the literature recalled above lie in the range of
2-4. CeCl53.7H,0 1 and 5 mM were added to the Ni basic
bath to prepare solutions with different cerium ion concen-
trations. By increasing the NiCl,/CeCl; concentration ratio
in the range of 0-0.2, an increase in concentration in the
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Fig. 1 Dependence of Ce concentration—as measured by EDX—in

coating on the NiCl,/CeCl; concentration in the bath (NiCl, 0.05 M,
H;BO; 0.5 M, pH 3 by HCI electrodeposition at —1.3 V for 30 min)
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deposits is obtained, under typical plating conditions
(-1.3 V, 30 min), as shown in Fig. 1, reporting energy-
dispersive X-ray spectroscopy (EDX) measurements.
Our solutions were air saturated, thus O, provides the
reagent the reactions involved in Eq. (1). H,O, could
have been added to the bath formulation to achieve the
same result; but on the basis of previous experience, we
chose the option of working with the air-saturated bath.
It is worth stressing, after the detailed analysis of [10],
that with air exposure, the precipitate typically contains
Ce(IV) oxide. By saturating the solution with Ar, in-
stead a colourless gel precipitate is obtained, not con-
taining Ce(IV) oxide. Moreover, the presence of O, has
a major bearing on Ce (III) hydrolysis and precipitation
processes. The substrates were polycrystalline Cu (either
100 pwm thick foils or discs: the former were used in the
as-laminated state, the latter were polished metallo-
graphically to mirror finish); the substrates were
degreased with acetone and etched with 0.1 M sulpha-
mic acid before electrodeposition. Cu was chose for two
chief reasons: (1) our Ni-based coatings exhibit a very
good adhesion to Cu, (2) the nature of hydrogen over-
potential on Cu makes this cathode well suited for the
investigation of the initial stages of electrodeposition of
a Ni-based material.

Preparation of calibration samples for spectroellipsometry

The baths described in the “Materials” section were
employed to electrodeposit three reference samples, repre-
senting limiting cases of Ni/cerium oxide composites: (1)
pure Ni, from the basic Ni bath; (2) Ni/low-cerium oxide
composite, from the 1 mM CeCl; bath; and (3) Ni/high-
cerium oxide composite, from the 5 mM CeCl; bath. A
potential of —1.5 V vs. Ag/AgCl was applied for deposition
of nickel film on a Cu electrode for 600 s.

Spectroscopic ellipsometry measurements and modelling

Spectroscopic ellipsometry (SE) is a technique which
provides an accurate estimate of the optical properties
of surfaces. SE measurements yield two functions A()\)
and ¥(\) of the wavelength A that are associated with
the complex refractive index of the material. These
functions depend on material properties of the film/sub-
strate multilayered structure, as well as on film thick-
ness and roughness. A and 1 can be modelled with
standard optical physics approaches, that are imple-
mented in commercial software, such as Deltapsi II, that
we have employed for the present study. Multilayer
modelling includes: (1) the sequence of the layers and
their respective thicknesses, (2) the complex refractive
indices of the materials, (3) effective-medium

information (e.g. with the Bruggeman effective medium
approximation, available in Deltapsi II), if required for
the simulation of disperse films, and (4) a model for
roughness. The Deltapsi II software iteratively fits the
model to the measured data, minimising the mean
square error (MSE) defined as:

MSE = n%l ' ; (v =)+ (4 = 2)’] @)

where ¢ and e stand for the calculated and experimental
data respectively and n is the number of experimental
points. Accurate model discrimination work—based on
the results of [30, 31]—yielded the system depicted in
Fig. 2a as the best one to interpret the three investigated
types of films, representing limiting cases of the elec-
trodeposition processes of interest. As customary in
multilayer optical modelling, roughness effects are com-
puted by considering a void volume fraction: such geo-
metrical model corresponds to assuming that the
optically effective film thickness corresponds to the
envelope of the roughness features. Within this frame-
work, the fitting parameters are thus: the film thickness
t and the volume fractions f; and f, for Ni and cerium
oxide, respectively. In order to correlate the optical models
with experimental data, the void volume fraction V=1—f—f,
ought to be interpreted in terms of an appropriate roughness
model in order to represent more closely a real physical
condition [32, 33]. In this study, we used the sawtooth
roughness model depicted in Fig. 2b and derived the
parameter a (“arithmetic average of absolute values”
AAR estimator) experimentally. Geometrical information
was fed into the optical model by defining the void
fraction as: V =% . Of course, owing to the adopted
geometrical definition, Deltapsi II allows to estimate
roughness effects only for a<¢. In order to use this
model to simulate growth from the aqueous phase, an
adequate top layer of water has been added as well;
from the optical path of the beam in the bath, the
thickness of such layer has been set to 1 mm.

Linear sweep voltammetry and in situ electro VRS

Linear sweep voltammetry (LSV) measurements were car-
ried out in a three-electrode system with a scan rate of
10 mV s '. The working electrode was a polycrystalline
Cu disc (diameter, 5 mm), the reference electrode was Ag/
AgCl and the counter electrode was a Pt wire. All potentials
are reported on the Ag/AgCl scale. The initial and terminal
voltages were —0.3 and —1.8 V, respectively. The system
used for in situ Electro VRS was built in our laboratory and
is described in detail elsewhere [32, 33]. The electro-
lytes we employed were the three chloride-based
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Fig. 2 Optical model of a Ni/cerium oxide composite film on Cu
substrate, used for the simulation of reflectivity and spectroscopic
ellipsometry data. a Classical optical model, accounting for roughness

solutions with different cerium ion concentrations, de-
scribed in the “Materials” section.

Characterisation of the films

In order to achieve a better understanding of the relationship
between growth morphology and optical properties, three
samples were prepared by stopping the linear potential
sweep at different end potentials: —1.0, —1.3, and —1.8 V,
corresponding to critical points of both reflectivity and
current density transients (see “In situ visible reflectivity
spectroscopy” section for details). The surface of the coat-
ings was studied with scanning electron microscope (SEM,
Jeol JSM 6480-LV) and, in the case of thicker coatings, their
composition was assessed by EDX (SphinX 130 IXRF),
semiquantitative compositional data were estimated with a
ZAF correction method. An Alpha Step 500 Surface Profiler
was also used to measure roughness and thickness of these
coatings. The chemical state of Ce in the film was deter-
mined by X-ray photoelectron spectroscopy (XPS). The
XPS analysis was carried out on a PHI-5700 ESCA system
using an Al Ka (1,486.6 eV) X-ray source. The surface was
cleaned using 1 min of Ar" etching before analysis.

Surface Raman spectroscopy

Surface Raman spectroscopy measurements were performed
with a Raman microprobe system (LabRam Jobin-Yvon)
equipped with a confocal microscope, CCD detector, holo-
graphic notch filter, and mapping facilities with micrometric
lateral resolution. The excitation line was 632.8 nm from an
HeNe laser delivered at the sample point with about 12 mW.
A 50x long-working distance objective was used. In situ
electrochemical measurements were carried out in a Venta-
con cell with a vertical polycrystalline Cu disc working
electrode of 5 mm diameter embedded into a teflon holder.

@ Springer
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via a void fraction. b Corresponding model, interpreting the void
fraction in terms of a standard geometrical model

Results and discussion
Model selection based on spectro-ellipsometry

The experimental and fitted A(\) and () curves for Ni, Ni/
low-cerium oxide and Ni/high-cerium oxide films electro-
deposited by LSV are presented in Fig. 3. In order to achieve
reliable nonlinear least-squares fitting results, we used the
approach proposed in [34, 35]. The good matching of the
experimental and computed curves proves the accuracy of
the selected model.

In situ visible reflectivity spectroscopy

Figure 4 shows the in situ VRS measurements obtained
during electrodeposition from the three different solu-
tions described in the “Materials” section onto the Cu
electrode. In all the curves, it can be observed that the
reflectivity value drops sharply when the potential is
lower than ca. —0.9 V. The reflectivity curves measured
in the Ce-containing solutions exhibit a second reflec-
tivity decrease interval when the potential is more ca-
thodic than ca. —1.1 V, while, instead, for the pure Ni
solution only an increase in reflectivity is observed. In
the following “Reflectivity transient recorded during
nickel electrodeposition” and “Reflectivity transient
recorded during electrodeposition from the Ni/high-ceri-
um solution” sections, we shall discuss separately the
reflectivity curves recorded with the three different elec-
trodeposition baths.

Reflectivity transient recorded during nickel electrodeposition
The LSV and VRS curves measured with the pure Ni solu-

tion are shown in Fig. 4a. The reflectivity curve can be
divided into three regions. In region I, upon decreasing the
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Fig. 3 Experimental (scatter plot) and fitted (continuous lines) spectroellipsometric A(\) and 1(\) curves for electrodeposited: a Ni, b Ni/low-cerium

oxide, and ¢ Ni/high-cerium oxide films

potential from —0.3 to —0.9 V, the value of reflectivity is
approximately constant. The LSV curve also shows that the
value of current density is ca. zero in this range, showing
that in this region there is no reaction. In region II, a further
decrease in the potential value from —0.9 V causes a drop in
the reflectivity. By decreasing the potential value below
—1.1V, the reflectivity starts to increase and at the end of
region II (i.e at ca. —1.45 V), a maximum is attained.
Reducing the voltage to still lower values, in region III,
the reflectivity exhibits a steady decrease.

Since from the literature [34], it is known that hydrogen
evolution does not measurably affect the value of reflectiv-
ity, this decrease can be related to the nucleation of Ni. In
order to substantiate our interpretation of changes in reflec-
tivity, we used the optical model illustrated in the “Model
selection based on spectro-ellipsometry” section, selecting
appropriate parameter values for the different stages of
growth of the Ni film. Figure 5a illustrates the simple model
we propose to follow the process of Ni nucleation. As
anticipated in “Spectroscopic ellipsometry measurements
and modelling” section—on the basis of fitting work with
the three-materials model described above—in the simula-
tion of nucleation we adopted the Maxwell-Garnett (MG)
approach, which describes the optical properties of a

composite, consisting of nanosized inclusions embedded in
a given host material [32]. We assume that the equivalent
optical thickness of the MG material, corresponding to a
monolayer of hemispherical nuclei generated by an instan-
taneous nucleation act, equals the radius of the hemispher-
ical nuclei themselves. Assuming that a hexagonal compact
array of nuclei forms on the cathode, the radius of the
collided nuclei can be approximated as half the distance
between two such Ni nuclei. Of course, this assumption is
a very crude one and only captures some integral features of
the effects of surface coverage with electrodeposted nuclei.
Nevertheless it is seems adequate for the exploratory mod-
elling necessary for the rationalisation of the original ap-
proach proposed in this work. Moreover, the sensitivity of
the model outcomes to the arrangement of nuclei is very
limited. Figure 5b illustrates the simple geometrical model
used to calculate this distance. The following relation was
used to estimate the distance a between two Ni particles:

2
=\ (5

where N, is the number density of Ni nuclei in the indicated
arrangement. In the literature, typical N, values reported for
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Fig. 4 In situ VRS measurements at 400 nm during LSV for a Cu electrode in contact with a Ni, b Ni/low-cerium, and (¢) Ni/high-cerium
solutions. The potential is swept from —0.3 to 1.8 V with a sweep rate of 10 mV s~ '. Black lines reflectivity curves; blue lines current density curves
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Fig. 5 Sketches of the optical

model used for the simulation
of instantaneous Ni nucleation:
a hemispherical Ni nuclei form
on the Cu substrate, b they are
arranged in a hexagonal array
with a distance a between
nucleation centres

Ni Nuclei

the electrochemical nucleation of metals on extraneous sub-
strates lie in the range 10*-10'® cm™2 [35]. On the basis of
these figures, a reasonable value of the thickness of the
nucleation layer to be used in our simulations can be taken
to be 100 nm. Assuming that the number density of nuclei is
constant, the relationship between the radius of the nuclei ry
and the volume fraction f; of Ni in the MG model is:

32 I"N>3
= — | — 6
hi=3 (2 (6)
(ie. fi = g‘t’/’g =~ (.81 corresponds to a hexagonal compact

monolayer of nuclei with ry = §).

The computed reflectivity R(f;) for this Ni nucleation
model is shown in Fig. 6a. It can be observed that by
increasing the volume fraction f; of Ni, initially the R(f})
value of reflectivity decreases. As the Ni volume fraction
increases, an increase in reflectivity is obtained. By com-
paring R(f;) with the normalised experimental R(}) for the
interval —0.90 to —1.45 V (region II, the full experimental
curve is reported in Fig. 4a): a reasonable qualitative

0.50

0.45

Reflectivity R
o o o
g & 8

04 06 08 10

X

00 02

Fig. 6 Nickel electrodeposition. a Comparison of experimental Ni
reflectivity transient (red line; data from Fig. 4a, region II) and simu-
lated reflectivity derived from a Ni nucleation model (squares are
computed points, the black line is a guide for the eye): normalised
experimental data, x axis corresponds to f; for the computed R (black
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Electrolyte

Reflectivity R

agreement is found, supporting our interpretation of the
relevant R transient in terms of nucleation. The measured
thickness of deposits obtained under identical conditions by
stopping the LSV at —1.0 and —1.3 V, were found to be 7+2
and 52+4 nm, respectively: these values are in reasonable
agreement with the estimates of 3 and 79 nm derived from
the geometrical model adopted for the interpretation of the
reflectivity data.

The decrease of reflectivity in region III of Fig. 4a
can be explained by the thickening and roughening of
the Ni film during the 3D growth period. Reflectivity
simulations as a function of thickness for a selection of
roughness values are reported in Fig. 6b: it can be
noticed that an increase in thickness gives rise to an
increase of R, but an increase in roughness causes a
decrease of R. The film obtained by stopping the LSV
at —1.8 V exhibits a thickness of 142+7 nm and an
AAR of 57 nm. The reflectivity value related to this
potential derived from the experimental reflectivity tran-
sient (Fig. 4a) is 0.31: this experimental point is shown
by a red pentagon overlapped to the plot showing the

045 4

040 4

o o o
[+ (3 L
o & &
i i i

015 T T T T
400 600

Thickness / nm

points and curve) and the applied potential is [(1—x)-0.55—1.45] V to
the normalised potential interval of region II, Fig. 4a for the experi-
mental R (red curve). b Simulated reflectivity for a 3D Ni film as a
function of thickness and roughness. The red pentagon represents an
experimental point. The /ines are a guide for the eye
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computed reflectivity curves (Fig. 6b) demonstrating a
sound quantitative agreement.

SEM micrographs of three samples prepared by stopping
the LSV at the end potentials: —1.0, —1.3, and —1.8 V,
corresponding to critical points of both reflectivity and
current density transients, are shown in Fig. 7: it can be
observed that smooth, crack-free layers, not exhibiting un-
stable growth features on the length scale typical for elec-
trodeposition studies, were obtained at these three
potentials; these morphologies are coherent with the model
used for the interpretation of the reflectivity transients.

Reflectivity transient recorded during electrodeposition
from the Ni/low-cerium solution

The reflectivity and LSV curves measured with the Ni
solution containing a low Ce(Ill) concentration are
shown in Fig. 4b. The reflectivity transient can be
divided into five regions. In region I, upon decreasing
the potential from —0.3 to —0.9 V, the values of reflec-
tivity and current density are approximately constant. In
region II, decreasing the potential below —0.9 V a drop
in the reflectivity is obtained, followed by a small
increase until a maximum is reached at ca. —1.1 V; in
this region, the current density also drops monotonically
up to ca. —1.3 V. Upon decreasing the potential to
values lower than —1.1 V (region III), a second sharp
drop in reflectivity is recorded, followed by an increase,
characterised by a change of slope at ca. —1.3 V

Fig. 7 SEM images of Ni films
prepared by stopping the linear
potential sweep at the following
end potentials: a —1.0, b —1.3,
and ¢ —1.8 V vs. Ag/AgCl

(regions III and IV). In region IV, going cathodic in
the potential interval of —1.3 to —1.7 V increases reflec-
tivity at a rate lower than in region III. At still lower
potentials (region V), the reflectivity exhibits a slight
decrease.

The reflectivity transient of region II, containing a de-
crease, followed by a maximum (before a second decreasing
interval—in region III—that will be commented below), can
be discussed is terms of Ni nucleation on the Cu substrate,
along the same lines proposed in “Reflectivity transient
recorded during nickel electrodeposition” section. The sim-
ulation of this first nucleation process, together with the
experimental reflectivity transient of region II, is shown in
Fig. 8a: from the comparison of the experimental and com-
puted curves, it can be concluded that after this first nucle-
ation process, only ca. 40 % of the Cu surface is covered by
Ni nuclei. A possible explanation of this fact could be that—
owing to the pH drift in the catholyte accompanying the
electrodeposition process—the rest of the Cu surface is
covered with cerium hydroxide: this interpretation is coher-
ent with the cathodic passivation observed in the
corresponding current density curve (Fig. 4b).

In principle, the second drop of reflectivity in region III
can result from two possibly concurrent processes: embed-
ding of cerium oxide/hydroxide and secondary nucleation of
Ni (i.e. the surface of the previously grown first Ni/cerium
hydroxide composite film becomes covered with a new
layer of Ni nuclei); it is worth noting that secondary nucle-
ation processes have been described in the literature [36]. In
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order to assess quantitatively the corresponding optical
effects, cerium oxide embedding into the Ni-containing
electrodeposit, was simulated with the model described in
“Spectroscopic ellipsometry measurements and modelling”
section. The results of our computations, not reported here
for brevity, unambiguously show that embedding of cerium
in the Ni layer cannot explain the observed decrease in
reflectivity. The simulation of secondary nucleation of Ni
is reported in Fig. 8b, together with the experimental reflec-
tivity transient of region III: a sound qualitative matching of
the computed and measured quantities was found. By com-
paring the simulation and experimental test, it can be ob-
served that at the end of the secondary nucleation process,
only ca. 25 % of the first layer is covered by secondary Ni
nuclei. For the same reasons given in the discussion of
region II, we can consider that the rest of the cathode surface
is covered with cerium hydroxide. In order to further vali-
date our model, we grew films by stopping the LSV at —1.0
and —1.3 V and measured the corresponding film thick-
nesses that resulted to be 6+1 and 61+3 nm, respectively;
in good agreement with the corresponding estimates of 3.2
and 100 nm obtained from the optical model.

For potentials in the interval ca. —1.3 to —1.65 V (region
IV of Fig. 4b), the reflectivity still increases, but with a
lower slope. Eventually, in the interval ca. —1.65 to
—1.80 V (region V of Fig. 4b), it reaches an asymptotic
value. Such increase can be explained with the thickening
of a Ni/cerium oxide film with a low content of the disper-
soid. In order to rationalise this explanation, we have mod-
elled the dependence of reflectivity on the amount of cerium
oxide (the details are omitted for brevity); coherently with
the observed morphology (see Fig. 9a and background of
Fig. 9b—d) and in order to reduce the model parameters, we
considered ideally smooth films. The best comparison with
experimental results was found with 7 % ceramic phase
(Fig. 8c). The experimental and computed data are in sound
qualitative agreement. The slight decrease in reflectivity
observed in region V can be explained—as in the previous
section (see Fig. 6b and corresponding discussion)—with
the surface roughening accompanying 3D growth. Reflec-
tivity simulations as a function of thickness for a selection of
roughness values are reported in Fig. 8d: as commented
above referring to Fig. 6b, it can be noticed that an increase
in thickness gives rise to an increase of R, but an increase of
roughness causes a decrease in R. The coating obtained by
stopping the LSV at —1.8 V exhibits a thickness of 95+4 nm
and an AAR of 17+4 nm. The reflectivity value related to
this potential derived from experimental reflectivity tran-
sient (Fig. 4b) is 0.168: this experimental point is shown
by a red pentagon together with the computed reflectivity
curves in Fig. 8d, showing a sound quantitative agreement.

With the same approach adopted in “Reflectivity tran-
sient recorded during nickel electrodeposition” section, we
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grew three samples with the same electrical parameters,
from the Ni/low-cerium electrodeposition bath. Figure 9
reports SEM images of these samples. One can observe that
a smooth and crack-free coating was obtained at —1.0 V (a),
while at —1.3 V (b), secondary nucleation can be observed.
Panels ¢ and d, referring to —1.8 V, show a progressive
increase in the number density of nuclei. Micrography thus
supports the explanation that the second drop in reflectivity
is related to secondary nucleation. A schematic overview of
the secondary nucleation process is depicted in Fig. 10: after
completion of the primary nucleation step (panel a); owing
to the alkalinisation of the catholyte, cerium hydroxide
forms (panel b); and secondary nucleation occurs on the
previously grown Ni/cerium hydroxide composite layer
(panel c).

Reflectivity transient recorded during electrodeposition
from the Ni/high-cerium solution

The reflectivity and LSV curves measured with the Ni
solution containing a high Ce(IIl) concentration are shown
in Fig. 4c. The reflectivity curve can be divided into three
regions, as shown in the plot. Two successive drops in
reflectivity are observed in the regions II and III, with two
changes in slope at ca. —1.0 and —1.2 V. The fist fall in the
curve (region II) can again be explained with Ni nucleation
as in the sections on “Reflectivity transient recorded during
nickel electrodeposition” and “Reflectivity transient
recorded during electrodeposition from the Ni/low-cerium
solution”. As far as the current density is concerned, a
cathodic passivation peak is observed in the interval ca.
—1.0 to —1.3 V, for more cathodic polarisations, a conven-
tional Tafel-type behaviour is found. According to the mod-
el proposed in the “Reflectivity transient recorded during
electrodeposition from the Ni/low-cerium solution” section,
also this behaviour can be rationalised in terms of secondary
nucleation and growth of a rough layer of hydrous cerium
oxide. In this particular system, the growth process ensuing
secondary nucleation causes a sharp decrease in the value of
reflectivity, at variance with what we found with the low-
cerium bath. This phenomenology can be related to the
results of previous studies [37], highlighting that the forma-
tion of cerium-rich films acts as a barrier tending to stop the
Ni electrodeposition process.

The simulation of the first nucleation, together with the
experimental reflectivity transient corresponding to region
11, is shown in Fig. 11a. The simulated reflectivity curve is
in qualitative agreement with the measured one and the
results allow to estimate that after this first nucleation pro-
cess, only ca. 30 % of the cathode surface is covered by Ni
nuclei. Figure 11b shows the result of reflectivity simula-
tions for a film of hydrated cerium oxide as a function of
thickness and roughness. The red stars shown in the plot are
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Fig. 8 Ni/cerium oxide a e
electrodeposition from a low- )
cerium solution. a—¢ Compari- 045 A
sons of experimental Ni reflec-

tivity transient (red lines data 0.40
from Fig. 4b: a region II, b re- oi

gion 111, ¢ regions IV and V) = 035 1
and simulated reflectivity de- g i
rived from a Ni nucleation T
model (squares computed « 0.25 4
points, black line guide for the

eye): normalised experimental 0.20 4
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potential, ¢ thickness [x-110] 0.18 4
nm for the computed R and

[-1.3—0.5-x] V for the applied 017 4
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experimental values obtained by preparing films by stop-
ping the LSV at —1.3 and —1.8 V: the measured thicknesses
were respectively 6946 and 7345 nm, their roughness 2.6+
1.5 and 9.0+2.8 nm and their reflectivities 0.22 and 0.15. In

Fig. 9 SEM images of Ni/low-
cerium oxide films prepared by
stopping the linear potential
sweep at the following end
potentials a —1.0, b —1.3, ¢, d
—1.8 V vs. Ag/AgCl

T T T T T

08 1.0 200 400 600 800 1000
Thickness / nm

order to assess the potential-dependent morphology of the
composite films, with the same approach as in the two
previous sections, we have electrodeposited three samples
by scanning the potential from —0.3 V to cathodic terminal
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Fig. 10 Schematic view of the secondary nucleation process a primary nucleation of Ni, b precipitation of cerium hydroxide, and ¢ secondary

nucleation of Ni

voltages of —1.0, —1.3 and —1.8 V and examined the
surfaces by SEM (Fig. 12). It can be noticed that the
coating obtained at —1.0 V is smooth and crack free; at
—1.3 V, only traces of secondary nucleation can be
detected, while at —1.8 V, secondary nucleation is obvi-
ous. The reason why secondary nucleation is shifted to
polarisations more cathodic than —1.3 V in the bath
containing a high concentration of Ce(Ill) is probably
related to this fact that cerium hydrous oxide tends to
cover the entire surface, so that secondary nucleation of
Ni requires a higher crystallisation overvoltage and is
favoured in correspondence of cracks or defects [38], as
highlighted in Fig. 12e. A higher magnification micro-
graph of the film grown at —1.8 V, recorded with back-
scattered electrons outside the secondary nucleation
area, is shown in Fig. 12d: cerium hydrous oxide par-
ticles can be identified from the white aspect resulting
from compositional contrast.

In situ surface Raman spectroscopy and X-ray photoelectron
spectroscopy

In order to obtain molecular information on the dynamic
electrodeposition interface, we measured Raman spectra in

a

050 -
0.45 4
0.40 -
0.35 -
0.30 4

025 4

Reflectivity R

020 4 \
00 02 04 06 08 1.0
X

0.15 4
0.10

Fig. 11 Ni/cerium oxide electrodeposition from a high-cerium solu-
tion. a Comparison of experimental reflectivity transient (red line data
corresponding to Fig. 4c, region II) and simulated reflectivity (squares
computed points, black line guide for the eye): normalised
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Reflectivity R

situ during electrodeposition from the Ni solutions contain-
ing 0 (pure Ni), 1 mM (Ni/low-cerium oxide) and
5 mM (Ni/high-cerium oxide) CeCls.7H,O: our results
are reported in Fig. 13. At OCP, two bands are present
at 877 and 1,599 c¢cm ', corresponding to B(OH);
stretching (876 c¢cm™ ') [39] and NiOOH bending
(1,600 cm™') [40]: the band related to boric acid is
visible under all the investigated conditions. At —1.0 V
both the Ni and Ni/low-cerium baths exhibit two new
broad bands at ca. 475 and 750 cm ': similar surface
Raman bands were observed in [41] and assigned to v
(NiO) and §(NiOH). It is worth noting that the pure-Ni
and low-cerium baths exhibit a very similar spectral
behaviour. The high cerium bath exhibits a different
behaviour: a new broad band at 1,260 cm™' is the only
feature present at —1.0 V: this new band can be
assigned to defected CeO, fluorite structure [42, 43].
It is worth recalling that in this system, full coverage
with cerium-containing basic salts was found to take
place at low cathodic polarisations (see “Reflectivity
transient recorded during electrodeposition from the Ni/
high-cerium solution” section). As the potential is
shifted to —1.3 V, the intensity of the band at
1,260 cm ' decreases, and that of the band at

035 - ‘
0,30 -
025 roughness
0nm
= Snm
020 A
m
0,15 4 %0 r e 9
0101 - *
. 1000 nm
005 4
0.00 - - -
0 200 400 600 800 1000

Thickness / nm

experimental data, x axis corresponds to: f; for the computed R and
[-0.9—-0.2-x] V for the applied potential. b Simulated reflectivity for Ni
nucleation as a function of thickness and roughness. The red stars
represent experimental points. The /ines are a guide for the eye
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a

Fig. 12 SEM images of Ni/high-cerium oxide film prepared by stopping the linear potential sweep at different end potentialsa—1.0 V,b—-1.3 V, ¢

—1.8 V vs. Ag/AgCl. d 3D magnifications of the indicated areas of ¢

475 cm ', characteristic of NiOH, increases, coherently
with the fact that Ni renucleates on the cerium oxide
rich surface that had formed at —1.0 V.

Figure 14 depicts the Ce 3d region of high-resolution
XPS spectra obtained with cerium oxide in the Ni-matrix
composite coating. Peak deconvolution yields six peaks,
whose energies are typical for Ce(IV) and Ce(IIl). We can
thus conclude that Ce is present in our films in the form of
mixed, nonstoichiometric oxides with a Ce(IV)/Ce(Ill) ra-
tion of 1.17 [44].

j 3
© Ni + highCe™: -1.0V
> -
]
c
8
£
c
©
E
4]
o
0 500 1000 1500 2000 2500

Raman shift / cm”

Fig. 13 In situ Raman spectra measured in situ during electrodeposi-
tion at the indicated potentials from following solution solutions: pure
Ni, Ni/low-cerium oxide and Ni/high-cerium oxide

Conclusions

In the present paper, we have studied the electrodeposition
of Ni/Ce-oxide composites from a single bath containing
nickel and cerium salts: the investigation is based on in situ
spectroelectrochemical methods—visible electroreflectance
and Raman—able to disclose subtle compositional and mo-
lecular details of the dynamic interface during electrochem-
ical growth. The reflectivity curves measured with the pure

Intensity (cps)

T Y T Y T Y
920 900 880 860
Binding Energy (eV)
Fig. 14 High-resolution X-ray photoelectron spectra (XPS) of the Ce

3D region for Ni-cerium oxide film deposited on Cu after 1 min Ar"
etching
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Ni and cerium-containing solution sharply drops when the
potential is less than ca. —0.9 V. For cathodic polarisations
exceeding —1.1 V, in the pure Ni bath the reflectivity grows
again, while in the presence of Ce®", it shows another
decrease. On the basis of numerical simulations of the
optical properties of the electrochemical interface, the initial
reflectivity drop can be explained in terms of Ni nucleation on
the Cu substrate. The second reflectivity drop observed with
the cerium-containing solutions is instead due to secondary
nucleation of Ni. Our results suggest that the Ni deposition
process can be divided into two steps: (1) nuclation and (2) 3D
growth, accompanied by roughening. The codeposition pro-
cess of Ni/cerium oxide goes on through four stages: (1)
primary nucleation of Ni onto the Cu cathode, (2) formation
of a cerium oxide film, (3) secondary nucleation of Ni, and (4)
3D growth and roughening of the composite film.
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