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The quality of metal electrodeposits on different surfaces depends on the configuration and composition of the electrochemical
bath, but also on the control of experimental variables that can affect the electrode processes taking place. In this work, we have
studied the electrodeposit of nickel on a polypropylenelgraphitelcopper (PPIGICu) ternary composite electrode. Together with the
resistive behavior of the electrode, the nickel electrodeposition presents extra difficulties as a low reduction potential and numerous
and possible chemical reactions with the medium to form passive layers or aqueous complexes. The use of digital video
electrochemistry (DVEC) has allowed detecting some issues during the electrodeposition and electrodissolution processes such as
the non-uniform growth of Ni due to the electrode configuration, secondary and oscillatory electrochemical reactions caused by the
subproducts in the auxiliary electrode or the effect of the formation of hydrogen bubbles. The estimation of electrodeposition
efficiency from DVEC and a possible electrodissolution mechanism are discussed.
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Electroplating is an industrial process which produces a high-
quality surface, usually a metal, on the surface of a conductive
substrate with the purpose of aesthetically improving the appearance
of the substrate or conferring new properties for technological
applications. Despite this improvement, this process requires sig-
nificant electricity consumption and the use of additives to improve
and to optimize this process. Due to the low reduction potentials of
some metals, electroplating often takes place together with parallel
reactions such as hydrogen evolution (HER) causing a decrease in
electrical efficiency and a loss in the aesthetic quality of the final
product. This is why the metallurgical industry requires strategies to
minimize the use of energy, but also to reduce the use of additives
and raw materials in general, which make the final product more
expensive, but also represent an environmental problem.'™ Despite
these problems, the electroplating process makes it possible to obtain
a low-cost material with the surface properties of a technological
metal. If the electroplating process takes place on carbon-based
composite materials allows increasing the surface area of the
material, which improves its properties as a possible electrode for
electrocatalysis. Conducting composite materials have attracted a
large interest during the last years due to their good mechanical
properties, low weight, easiness to be conformed and their possible
use as electrodes in different technological applications.*® Most of
these conducting composite materials are obtained by dispersing
carbonous conducting particles such as graphite, carbon nanotubes,
carbon nanofibers or graphene in a polymer matrix.” "0 Conductivity
of these materials increases with the amount of conducting particles
dispersed in, but it could result in fragile and easy to broke
materials.>' "2 In recent years, ternary composite materials have
been tested improving the hardness and quality of the composite
material for different uses. These materials are fabricated by
introducing metal-compound particles together with carbonous
particles and the polymeric matrix, reducing the amount of carbo-
nous particles and increasing the consistence of the material.>'*~"”

The surface of the resulting material shows a dark color
characteristic for the carbonaceous particles. In a recent publication,
we have tested the possibility to cover the polypropylenelgraphitel
copper (PPIGICu) ternary composite with a thin layer of Cu by
electroplating.'”'® When it is necessary to cover an inhomogeneous
conductive surface with a metal, a series of difficulties arise that
must be solved for an optimal final product. On the one hand, the
coating must completely cover the surface of the base material, on
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the other hand, this coating should be as homogeneous as possible to
also achieve with a smaller amount of metal the best result. The non-
homogeneity of a surface can be due to several factors: electrical
resistance of the material, roughness or porosity, geometric arrange-
ment of the electrodes in the electrochemical cell, etc. These factors
can cause the coating to be carried out preferably on some parts of
the surface, increasing the economic cost of the industrial process or
creating unwanted products.

Focusing now in this research, Ni electroplating is a more
complex process than Cu electroplating.'® Electrodeposition of Ni
takes place at more cathodic potentials than electrodeposition of Cu
and some secondary chemical or electrochemical reactions could
occur. The most important reaction is HER during Ni electroplating
which decreases the electrochemical reaction efficiency since a part
of the energy is lost reducing the hydronium cations. In addition,
there is the formation of bubbles on the electrode surface which
hinder the metal deposition on the region under the bubble. Another
difficulty is that the relative high resistance of the composite material
before electrodeposition makes the deposit to grow following a
directional trend along the electrode from lower resistance regions to
higher resistance regions obtaining a final product with a non-
homogeneous thickness.'”'®

The Ni surface reactions in different media can also affect the
quality and the amount of the electroplated surface. Passive layers
can grow on the Ni metal surface due to their high reactivity and the
nature of these passive layers is highly dependent on the pH of the
electroplating solution.”®* Finally, there is the electrical resistance
of the electroplating solution and the relative position of electrodes
in the electrochemical cell which can cause non-ideal effects.>” If
electrodes were near enough, the ohmic drop of the solution was
minimized but subproducts on the auxiliary electrode can reach the
working electrode interfering in the electrochemical Ni%*
reduction.?®

In this research, the quality of the Ni electroplated surface on the
PPIGICu electrode has been followed in situ by digital video-
electrochemistry (DVEC). Here, we assay different configurations
for the electrodeposit of Ni on a 1x1 cm of this resistive composite
material. The aim of this work is not only to obtain a high-quality
electrodeposit, but also, we try to detect different problems during an
electroplating process by the analysis of DVEC procedures.

DVEC has revealed as a non-expensive solution for the control of
electrodeposition processes on different kind of surfaces as ex-
plained elsewhere.'”*” This technique consists basically in recording
the digital video of the electrode surface during the electrochemical
experiment. Then, video is separated into individual frames each
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time interval. DVEC takes advantage of a fast CCD sensor recording
the video of the electrode surface during the electrochemical
processes. Usually, a digital camera gets video at different resolu-
tions and at 30 frames per second. If color images are analyzed, each
photogram can be represented as 3 different matrixes of pixels, one
per each color coordinate RGB (Red, Green and Blue). Each pixel is
characterized by their color intensities, Iz, I and Ig. Two statistical
parameters were used to summarize all the information of each
photogram in a picture with a defined number of pixels 71,;y.;. On the

one side, there is the mean color intensity (Irgz) for each color
coordinate evaluated as:
Npixel .
. IrGa(Jj)
Ircp = e — (1]

j=1 Npixels

This first parameter can measure the amount of electroactive and
colored species on the selected electrode surface, a second parameter
measuring the color dispersion can help for the analysis of the
surface homogeneity. This is the standard deviation or variance,
sd3gg, which can be easily related with kinetic parameters of the
electrochemical process.?®*° The variance can be evaluated as:

Npixels . 3
Z/.'zll Ures()) = Trn)*
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If the surface proves homogeneous enough, this parameter should
reach very low values but for a non-homogenous surface, higher
values should be expected. During the change of the electrode
surface from a homogenous color to a different homogenous covered
surface (electroplated surface) a maximum should be observed if Y2
of the electrode surface is covered and the other V2 uncovered.”®°
That makes of variance a very interesting parameter for evaluating
kinetics of electrochemical processes since this maximum proves a
measurement of the half-life time for different processes. The
resolution of this technique allows to distinguish (for 8 bit images)
up to 2** colors and for each RGB coordinate we have 256 color
levels, ranging from no color (black,0) to pure color (255). The
resolution increases when analyzing a set of pixels, since for an
image of 100 x 100 pixels an average value of 10000 pixels is
calculated and we can detect average intensity changes of one
hundredth of an RGB unit. Although the classical spectroscopy
shows more and precise resolution, Digital analysis of images allows
characterizing in a fast way the quality and homogeneity of the
plated or electroplated surfaces, but also the covering rate of the
composite material or the presence of different intermediate species
or bubbles on the electrode surface.'”

As in spectroscopy, flat, equally illuminated and smooth surfaces
are preferred to obtain good results However, the measurement of
color variance is also a good measure of the irregularities and
inhomogeneities on the surface and on the other hand, images of
curved surfaces may have shadowing. This can be partly overcome
by the use of lenses or different light sources. In addition, the
technique allows the analysis of a particular region of the surface
and to follow its independent evolution over time. It is also possible
to take images simultaneously from different angles to partially
overcome these shortcomings.

Together with nickel electrodeposition, in this work we want to
evaluate the use of DVEC as a fast and non-expensive tool to detect
different problems during the electroplating process, in order to be
able to correct them in situ. For that, we describe some of these
issues and try to solve them. The spatiotemporal analysis is one of
the most important advantages of DVEC during surface changes.
The great capacity of computer systems for data analysis and the
possibility to acquire simultaneously a large amount of information
of different variables and during a time interval allows the
spatiotemporal data analysis to reveal as a promising procedure for
the optimization of different processes. Spatiotemporal data analysis

has been used in different fields, among them, climate environments
change, surface kinetics changes or population distribution. This
term refers to the analysis of different data with time attributes and
absolute and relative positions in a 3D space, as well as the process
and methodology of analyzing these data.””*'*> Among the aims of
this manuscript, there is also proving the goodness of the spatio-
temporal data analysis for the optimization of several electroplating
processes.

Image analysis for the quality control of electroplated surfaces is
not new, but this control is usually made after the electroplated
surface was generated.*>** The use of DVEC allows recording the
quality of the electrogenerated layer at any time during the
electroplating process or even, for recovery purposes during the
metal electrodissolution. These facts prove of special interest for
evaluating kinetics and optimizing the experimental setup and
conditions. For the quantitative description of the electrochemical
behavior of these processes, the image analysis recently developed
and explained in %% are absolutely necessary for a correct
interpretation.

Experimental

The electrochemical cell was a two electrodes cell working in a
galvanostatic mode. The working electrode was a ternary composite
material with 50% Polypropylene, 40% graphite and 10% Cu
randomly dispersed provided by AIMPLAS (PPIGICu electrode).
The size of the electrode was a 2 x 1 cm rectangle. The copper wire
is connected to the electrode with silver paint, to ensure a good
electrical contact, and it is reinforced with epoxy adhesive
(PoxipolTM). The back side of the electrode and laterals were
covered with epoxy resin to assure that the reaction only takes place
on the front side of the electrode. Finally, the electrode was covered
with Teflon tape leaving about a 1 x 1 cm of active surface area
uncovered. Figure 1 shows an image of both sides of the working
electrode.

All the experiments were galvanostatic and controlled by a
potentiostat-galvanostat PAR 273, the auxiliary electrode was a
large area Pt mesh, the electrochemical cell was a transparent
Hellma optical glass (25 x 25 mm optical path length). For the Ni
electrodeposition a 245 mM K,SO4, 5SmM H,SO4 and 100 mM
NiSO, solution was used®> and a current of —4 mA for 7200 s was
applied. The electrodeposition takes place by the reduction of Niaqur
to NVi on the electrode surface.

For the Ni electrodissolution experiments, a controlled current of
+ 4 mA was applied during the necessary time to obtain the naked
electrode surface. This experiment was carried out in a 10 mM
H,S0, and 245 mM K,SO4 or in a 1 mM HCI and 210 mM KCl
solution. For the vibrating electrode experiments a 11000 rpm 1020
flat coin button-type micro DC vibrating was coupled to the working
electrode removing the bubbles on the electrode and allowing the
Ni* cations to reach the electrode surface.

The video of the electrode surface was registered during all the
experiments with the help of a digital camera (EPA-503278) under
light controlled conditions (15 W, LED lamp 6500 K white cold
light). Video was analyzed with the help of a home-made software
that extracts photograms to individual images. After this, a selected
region of the electrode surface was analyzed obtaining the mean
color intensities (Izgg) for all three coordinates (Red, Green and

Blue) and the standard deviation (variance, sd2gz) of color
intensities.'® For the 3D plots, the time evolution of the electrode
surface was simultaneously analyzed at different regions covering
the whole electrode surface.'”

Results and Discussion

We start with the electrochemical response and mean color
intensities evolution during the electroplating experiment, then we
analyze the variance of color intensities as a measurement of the
color dispersion.
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Figure 1. Front side (A) and back side (B) of the working PPIGICu ternary electrode. The back side was covered with an insulating epoxy resin.

Electrode configuration in the electrochemical cell. —1t is well
known that the transport of electroactive species can control the rate
of an electrochemical process. In an electrochemical cell the current
flows between the working electrode and the auxiliary electrode. If
both electrodes are far apart, the uncompensated resistance can be
high, increasing the energy losses due to the Joule effect. However,
if electrodes are too close, by-products from the auxiliary electrode
can reach the surface of the working electrode and interfere with the
overall reaction.?**

Narrowly separated electrodes.—Figures 2A and 2B show the
time evolution of potential and mean color intensities of the
electrode surface during a galvanostatic procedure of Ni electro-
deposition where the auxiliary and the working electrodes were only
shortly separated (about 0.5 cm). Whereas the potential reaches an
almost constant value around —2.8 V after a few seconds of current
application, RGB mean color intensities increase as the Ni is
deposited on the right side of the composite electrode, the part
closest to the auxiliary electrode (see images in Fig. 2A). An
oscillatory response in both, potential and color intensity curves, is
recorded. This behavior can be explained by the fact that radical
species formed on the auxiliary electrode can react with the species
in the medium which finally can oxidize the small amount of Ni
electrodeposited on the working electrode.’”*® In the electroche-
mical cell, current flows between the auxiliary and working
electrodes. In galvanostatic mode, when a reduction current is
forced on the working electrode, this necessarily involves oxidation
processes on the auxiliary electrode. The greater this current the
greater the overpotential at the auxiliary electrode to achieve this
current and that means the production of these radical species. This
behavior has also been observed during Cu electrodeposition in a

SO}~ containing solution?® or during the dissolution of Co in acid

solutions containing CI~ anions.*® The time evolution of variance
also shows this oscillatory behavior (Fig. 2C).

A model explaining the oscillatory behavior has been recently
proposed for the Cu electrodeposition studies.”®>"*® Scheme 1
shows a similar and simplified mechanism which can explain the
Ni oscillatory electrodeposition. During the first 4000 s, the time
interval where oscillations appear, there is only a small amount of Ni
deposited on the electrode. After 4000 s, the oscillations are damped
and Ni begins to be observed on the right side of the electrode. Since
the small distance to the working electrode is proposed to be the
cause of this oscillatory behavior, two regions of the electrode have
separately been studied, one marked as right (close to the aux
electrode) and the other as left (far from the aux electrode).
Figure 2B clearly shows that the color intensity oscillations have a
higher amplitude on the right side than on the left side. However, we
do not observe any temporal shift in the oscillations between the
right and left side. One possible explanation is that the different
amplitude is caused by the fact that, due to the proximity to the
auxiliary electrode, there is a lower electrical resistance between this
part of the electrode and the auxiliary electrode and hence a higher
current flows.

As for the temporal coincidence, these images have been
acquired at a rate of 1 image each 3 s and differences between the
left and right side of the electrode should be very much smaller.

These facts proved that the electrode disposition in the electro-
chemical cell is a key factor in the quality and homogeneity of the
electrode covering. This non-homogeneous layer growth can be
solved if both electrodes were more separated or placing a
membrane between them avoiding that subgroducts on the auxiliary
electrode can reach the working electrode.*®

Figure 2C shows the time evolution of variance of color
intensities during this experiment. When the whole surface is
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Figure 2. Electrodeposition of Ni without vibration. Galvanostatic experiment with a controlled current of —4 mA in a 245 mM K,SO,4, 5 mM H,SO, and
100 mM NiSO, aqueous solution. (A) shows the time evolution of mean color intensities and the measured potential; (B) shows the time evolution of the red
color intensity in the time range between 1500 s and 3500 s on two regions on the electrode (left and right). (C) shows the time evolution of the mean color
variance during the experiment. Inset of (C) represents the variance changes on the right side of the electrode. Auxiliary electrode was around 0.5 cm on the right

of the working electrode.
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analyzed, we observe a first increase arriving at a plateau due to the
formation of bubbles on the electrode surface, since these bubbles
are detected as inhomogeneities of the electrode surface. After
4000 s the variance growths faster indicating that a part of the
electrode surface was covered by Ni, arriving at a new and higher
plateau. There is no decrease in variance since for these times and
considering the entire electrode surface, less than Y2 of the electrodes
was covered by Ni. These observations are fully compatible with the
mean color intensities evolution. Ideally during an electroplating
experiment, the variance of color intensities should change from a
minimum value when the composite electrode is bared to a
maximum value when %2 of the electrode surface is covered and
finally decreasing up to a new minimum if the entire surface is
covered by the metal'’?® If only the right side of the electrode,
where nickel is deposited, is analyzed the experimental evolution of
variance approximates to the ideal behavior reaching the half of the
electrode surface covered by nickel around 4500 s (inset of Fig. 2C).
This is one of the main advantages of DVEC, allowing both a global
analysis but also the analysis of a small portion of the electrode.

Bubbles on the electrode surface during the electrodeposition of
Fig. 2 mean that hydrogen evolution reaction (HER) is taking place
simultaneously with the Ni*" reduction to Ni causing an important
decrease of the electrical efficiency of electrodeposition.™
Furthermore, the presence of bubbles on the composite surface
represents another problem to be solved since bubbles does not allow
Ni** cations to approach to the electrode surface, and then, no
electrodeposition takes place where H, bubbles appear. In addition,
these bubbles also affect the quality and aesthetic appearance of the
electrodeposit. DVEC has made it possible to detect this process
from 500s of galvanostatic electrodeposition on the basis of the
increase in the color variance of the electrode surface.

Widely separated electrodes.—One of the solutions to the
problem of oscillations is to sufficiently separate the electrodes in
the cell. Thus, the highly reactive radicals formed at the auxiliary
electrode do not reach the nickel electrodeposit. In this experiment
we place the auxiliary electrode behind the working electrode and at
a distance of 1.2 cm (Fig. 3A). The potential measured during the
experiment shows jumps, but no oscillatory behavior as when the
electrodes were in close proximity. On the other hand, the color
intensity increases during the first few seconds, but reaches a
constant value that is maintained for 3500s. In this case, the
electrodeposition process showed a non-homogeneous growth and
a very small efficiency. After 3500 s, there is only a small amount of
Ni on the electrode surface and the most of Ni metal was located on
the bottom of the electrode. We can explain this result considering
the relative disposition of the electrodes. Thus, the preferred site of
growth is the bottom of the working electrode, the electrode region
closer to the auxiliary electrode.

The initial increase in color intensity on the electrode is explained
by the formation of hydrogen bubbles that make the electrode
surface appear lighter. However, after the bubbles are formed and as
these bubbles were not removed from the electrode surface, the color
intensity does not change. After 3500s these bubbles were
mechanically removed from the electrode by shaking it, this causes
the increase in color intensity since the Ni layer starts growing more
homogeneously. At times larger than 5000 s, the Ni layer continues
growing but there is no color change since all the surface was
electroplated and therefore Ni is deposited on the previously
deposited layer. Noise in Fig. 3 is caused by the appearance and
mechanical removal of H, bubbles formed on the electrode surface.

In those concerning the variance analysis (Fig. 3B, a first increase
of variance by the presence of bubbles is measured, then variance
also increases due to the Ni electrodeposition and after, when more
than one half of the electrode surface was covered by Ni, there is a
decrease until the electrode was fully covered by Ni. Finally, since
Ni grows on previously deposited Ni there is no color change, and
the variance also keeps constant, even if electrodeposition continues.

Vibrating electrode: removing bubbles by vibration.—Once the
problem of oscillations has been solved, there remains the presence
of bubbles that do not allow the Ni layer to grow. Removing bubbles
from the electrode mechanically may be a good option. A vibrating
electrode strategy was chosen for this purpose. It is for this reason
that a 11000 rpm DC vibrating motor was placed in contact with the
composite working electrode. In this way, the H,(g) formed on the
electrode surface due to the reduction of H* ions present in the
solution were quickly removed from the electrode surface allowing
the Ni%t to reach the electrode surface. Furthermore, the vibration
promotes the renewal of the solution in contact with the composite
surface, thereby facilitating a faster mass transport of electroactive
species.

Figure 4A shows the time evolution of mean color intensity and
potential during the electroplating experiment with the vibrating
electrode. A set of photograms extracted from the video recorded
during the experiment were also presented. We observe some
differences respect to the non-vibrating electrode. As expected, no
bubbles on the electrode surface appear. A more uniform growth of
the Ni layer on the composite material occurs, commencing at the
electrode edges and gradually progressing towards the center of the
electrode. In addition, all color signals show smooth lines.

Initially, there is a rapid increase in color intensity, but it
diminishes quickly, and by 1500 s, the surface color reverts to its
initial state. The changes in variance were also found to be minimal
during this 1500 s period (Fig. 4B). One possible reason for the lack
of color change in the composite material could be the growth of an
internal Ni layer within the pores, which does not affect the color.
Alternatively, it is possible that a nucleation process is required to
initiate the electrodeposition reaction. From these data it is not
possible to discern between these or other possibilities. However,
looking at the potential curve one can observe no important changes
of potential during the first 2000 s if compared with larger times
where Ni is clearly electrodeposited. Therefore, we can suspect that
there is a Ni electroreduction process which does not cause an
important color change.

We would also like to emphasize the symmetry of the variance
peak (Fig. 4B). It has been demonstrated in recent research that the
symmetry of the peak is linked to the kinetic mechanism through
which the process occurs.>® The time for which the maximum of the
peak appears indicates the time for which half of the analyzed
surface is coated and the other half uncovered. This time give us a
first indication of the rate of the coating process, however we cannot
interpret them in the same way as in a monolayer model, since in
that case Ni can be electrodeposited on previously deposited Ni and
then, we would observe no change. However, these times are a first
indicator of the coating rate, but hardly a measure of the kinetic
constant.

In the end, from 6000 s the Ni layer just covers the entire surface,
and no color change is observed, although Ni layer continues
growing.

Electrodissolution of Ni.—Once the vibrating electrode has been
covered with a Ni layer during 7200s it has been studied the
electrodissolution process in two different solutions: one of them

with CI~ anions and the other one with SO}~ anions.

In the SO; ™ solution, Fig. 5A shows an initial quasi non variation
of mean color intensities against the elapsed time, since the first Ni
layers removed are deposited on Ni and no color change was
observed. After 1000 s, the decrease of the mean color intensity can
be explained by the black surface that appears bellow the “last” Ni
layer. This is corroborated by the well-defined peak for the time
evolution of variance during the stripping experiment (Fig. 5B). The
maximum of this peak can be interpreted as the time at which one
half of the electrode surface was covered by Ni and the other half
uncovered, however no information on different film thickness can
be extracted from these data. After this time, the variance
diminishes, and the mean color intensities eventually reach a state
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Figure 3. Electrodeposition of Ni without vibration. Galvanostatic experiment with a controlled current of —4 mA in a 245 mM K,SO,4, 5 mM H,SO, and
100 mM NiSO, aqueous solution. The auxiliary electrode was behind the composite electrode. (A), mean color intensities and measured potential against the
elapsed time. (B) variance of color intensities against the elapsed time. After 3500 s the electrode was periodically shaken to remove bubbles allowing the Ni
electrodeposit. Auxiliary electrode was around 1.2 cm behind the working electrode and slightly down.

where no significant alteration takes place (about 2750 s). At this
point the variance also proves minimum. After this time and since
there is no more Ni on the electrode, certain electrochemical
reactions linked to the oxidation of the medium occur extensively,
causing the appearance of bubbles on the electrode surface and
resulting in an increase in variance. Regarding the time evolution of
the measured potential during the stripping process, one can observe
a potential step during the first seconds, indicating that the
electrodissolution of Ni has started. At times near 2750s, where
there is no more Ni on the electrode surface a potential plateau is
observed. This last potential step is explained by the reaction that

causes the bubbles on the electrode surface, probably the water
oxidation and the oxygen evolution reaction (OER). At this point we
can verify that we obtain a similar result if we analyze the evolution
of the variance, the color intensity or the electrical potential
measured. In all three cases we have times of about 2750s to
completely remove the nickel on the surface of the electrode. Here
we can consider an advantage of the image analysis techniques, that
is, it allows us to estimate different times on different parts of the
electrode, which can lead us to check the homogeneity or not of the
electrodeposit.
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Figure 4. Electrodeposition of Ni on a vibrating electrode. Galvanostatic experiment with a controlled current of —4 mA in a 245 mM K,SO,4, 5 mM H,SO, and
100 mM NiSO, aqueous solution. (A) shows the time evolution of mean color intensities and the measured potential, and (B) the time evolution of the mean
color variance during the experiment. For more details see the experimental section. The photo in (B) shows the physical disposition of electrodes in the cell

(auxiliary electrode behind the working electrode at 1.2 cm).

As observed previously, HER is always present during the nickel
electrodeposition. During the electrodissolution in the same aqueous
media, there is no other electrochemical reaction than the Ni
oxidation while Ni exists on the electrode and bubbles only appear
when there is no more Ni on the electrode. Therefore, we can
estimate an apparent efficiency of electrodeposition from the time
used to cover the composite surface (f. = 7200s) and the time
needed to remove it (¢, = 2750 5s):

efficiency (%) = i— x 100 3]

c

In these experimental conditions, we estimate an efficiency of about
38%, therefore, a 62% of energy goes to HER.

When we study the electrodissolution process in a chloride-
containing medium, we obtain radically different results. Figure 6A.
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the variance of color intensities against the elapsed time. Auxiliary electrode was behind the working electrode at 1.2 cm.

On the one side, there is a first increase in the mean color intensity of
the electrode surface (about 10—-15 RGB units). This first change can
be explained by the spontaneous formation of a layer of Ni chloride,
or the Ni oxides or hydroxides compounds helped by the chloride
anions adsorption on the electrode surface when this electrode was
submerged in the solution containing chloride anions.*® After, these
compounds leave the electrode as the oxidation reaction starts, and
the clean Ni layer is observed. If this is true, a maximum of variance

at these times should be observed as it occurs during the first seconds
of the experiment (Fig. 6B). It should be noted that this process takes
place only during a few seconds indicating, in any case, the
formation of a very thin layer of nickel compounds. After that, the
time at which variance proves maximum (1/2 of surface is covered)
is about 1100 s, while in the sulphate solution experiment it was
about 1800 s. Finally, there is no color change at times larger than
1600 s and in addition, the measured potential also reaches a



Journal of The Electrochemical Society, 2023 170 072505

180 First Ni layer

160 thin 13
IR 1
140 - IG
— |B T

E/V"

No more Ni ]
Compgsiite surface (black) |

. = 1
0 1000 2000 3000 4000 5000 6000
t/s

1
o

1000 -

Ni covered electrode

1 sd2

sd?

8 removing ‘1 sd3
Nn: 500  first thin

reol layer
n

|

naked electrode

0 {Ni covered electrode

B
0 1000 2000 3000 4000 5000 6000
t/s

Figure 6. Electrodissolution experiment of the previously formed Ni layer on the electrode. This experiment was carried out in a | mM HCI and 210 mM KCI
aqueous solution. Current was controlled to +4 mA. (A) shows the mean color intensities and the measured potential against the elapsed time. (B) shows the
variance of color intensities against the elapsed time. Auxiliary electrode was behind the working electrode at 1.2 cm.

constant value after this time since there is no more Ni, and the In this last case, the apparent efficiency estimated from equa-
oxidation reactions of the aqueous medium take place on the tion (3) and for the electrodeposition process is only 22%, a very low
electrode surface. value if compared with the efficiency estimated from the electro-

dissolution in a sulphate solution (38%). Since the experimental
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conditions for the electrodeposition experiment were identical
(solution, current and time), this difference should be attributed to
a different electrodissolution mechanism. It has been reported that a
non-uniform Ni dissolution occurs if large overpotentials or currents
are applied in CI~ containing solutions.*’

There are at least two possible explanations for this difference.
On the one side, Ni was oxidized by a chemical attack of hydronium
cation since the solution is at pH = 3.0 and in presence of chloride
anions. However, this possible reaction should also be considered for
the sulphate solution, since the pH was smaller, and more time for
the electrodissolution is needed in this last case. A second possible
cause for this difference could be a different mechanism for the Ni
oxidation in both cases. The mechanism for electrodissolution of Ni

was studied in CI~ and SO?~ solutions by cyclic voltammetry, EIS
and EQCM.?%3%4142 If there are chloride anions in the solution,
Ni(I) species were postulated and detected by EIS and EQCM
experiments.”'?> These works expose that the electrodissolution
takes place by at least a three steps mechanism: two electron transfer
reactions followed by the transport of the oxidized Ni to the solution.
In other works it has been postulated that nickel can be chemically
dissolved by the attack of some anions.*> What most studies do
agree on is that for fast dissolution rates, control by mass transport is
a key factor.** It is also known that some aggressive anions, such as
chloride, destabilize the formation of passive layers.*** In other
cases, there is a selection of passivating and non-passivating anions
in the solution which marks the rate of the electrodissolution
process.*®

By EQCM analysis, a mass decrease on the electrode surface
after Ni oxidizes to Ni(I) was observed.> The second electron
transfer takes place without mass changes detected by the EQCM but
the current for this reaction is measured. This fact was possible since
these EQCM experiments were made without stirring the solution
and then Ni(I) species can be retained in the interface region. In a
vibrating electrode and at very large currents Ni(I) species can easier
leave the interface, and then the second electron reaction takes place
by probably the H" participation within the solution and no current
associated to this reaction was recorded. On the contrary, Ni(I)
species were not detected by EQCM in sulphate solutions and then,
Ni only leave the electrode/interface region if oxidized to Ni(II).
That means that Ni losses 2 electrons to leave the electrode in non-
chloride solutions, but in the presence of chloride anions and thanks
to the vibrating electrode, Ni(I) sPecies can be removed from the
interface, probably as (NiCIOH)~,*' and then chemically oxidized by
hydronium cations to (NiCl Zq. Other authors propose similar
mechanisms with Ni(/) species stabilized by chloride anions
observing a high electrodissolution rate if the solution was stirred
during the experiment *"*® in good agreement with results here
presented. Therefore, assuming that only one electron is required for
the electrodissolution process, this hypothesis could be compatible
with the different time needed to remove the same layer of Ni in
SOf‘(2750 s) and CI~ solutions (1600 s).

Therefore, and summarizing these possible simplified mechan-
isms for the electrodissolution in sulphate and chloride solutions two
different mechanisms are proposed. In sulphate solutions

(Scheme 2), Ni(I) intermediate species are only possible if adsorbed
on the electrode surface,*® but in chloride solutions (Scheme 3) Ni (1)
species can pass to the solution stabilized by mixed compounds with
chloride anions.*!*’

At this point, it proves also interesting to analyze the different
shape for the variance peaks in a chloride free solution (Fig. 5B and
in a chloride solution (Fig. 6B). The first case looks a more
symmetrical peak while the second one proves clearly asymmetrical.
It has been studied that the shape of these peaks is related with the
kinetics order for chemical processes, being symmetrical for zero
order kinetics but asymmetrical for first and second order kinetics.?®
In this case the participation of chloride ions from the solution in the
electrodissolution process can also explain this behavior.

3D analysis. Spatiotemporal data analysis.—One of the most
important advantages of DVEC for the analysis of electrochemical
experiments is that this technique allows simultaneously quantifying
changes on different parts (regions) of the electrode, that is the
spatiotemporal analysis. With the purpose to simplify and for this 3D
analysis we only analyze changes for one color (Red) since all three
colors show a similar time evolution. It should be noted that in this
case, colors change from black (0,0,0) (ideally) to white-grey
(200,200,200).

In these experiments, digital video registers what is happening on
all the surface of the electrode. The results previously presented refer
to the entire electrode surface, but changes cannot take place
simultaneously on any part of the electrode surface. The 3D maps
will help us interpreting this non-homogeneous behavior. These 3D
maps are constructed by analyzing different vertical cuts (10 cuts) of
the electrode images at each time. The variable x measures the
distance from the left side of the electrode as shown in Fig. 7.
Figure 8A shows the 3D surface maps of mean red color intensity
(Ir) against the elapsed time (t) and the distance from the left of the
electrode (x) during the electrodeposition experiment where oscilla-
tions appeared Figs. 2A and 8B is the analogous for the variance of

the red color intensity (sd,%).

Looking at Fig. 8A, one can see that the oscillations (blue
horizontal lines) initially take place at any distance, but after 4000 s,
when Ni starts covering the right side of the electrode, these
oscillations are preferably observed far from this region. The
amplitude of the oscillations is greater on the right side of the
electrode than on the left (15%-20%), as confirmed by Fig. 2B,
although in these 3D figures we do not have enough resolution to be
able to distinguish these small amplitude changes.

Figure 8A also shows how the Ni layer is growing up during the
experiment. After 5000 s, it is shown how the covered region does
not advance to the left part of the electrode, indicating that Ni is only
growing on the previously deposited Ni layer. Looking now at
Fig. 8B, we observe that only on the right side of the electrode a
local maximum of variance is reached (1/2 of the surface covered by
Ni). This maximum is only observed at distances larger than 0.7 cm.
In this plot, the covered region is delimited by the curve of
maximum variance on the right top of the figure.

It proves interesting comparing this experiment with the analo-
gous electrodeposition with the vibrating electrode (Figs. 8C and

Ni+OH™ = Ni(I)OHuqs + €~

Ni(DOHggs — (Ni(IDOH) 4o + €~

(Ni(IDOH) a5 » (Ni(IDOH)

Scheme 2. Possible mechanism of electrodissolution of Ni in sulphate containing solutions.*’
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Ni(I)Clags + Hiy = NiHClE,
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Scheme 3. Possible mechanisms of electrodissolution of Ni in chloride containing solutions.

Figure 7. Photogram explaining the preparation of the 3D diagrams. Each
vertical section of the electrode surface (10 cuts) is analyzed separately at
each instant. The variable x corresponds to the distance from the left side of
the electrode surface.

8D). Looking at the mean color intensity (Fig. 8C), one can observe
that color evolves more homogeneously that in the non-vibrating

1
S Lo

NiHClf, - NiClh, +

1H
212

4147

electrode case. The right side of the electrode also was the first
region in being covered by the Ni layer, but in this case differences
between the left and the right side are not so pronounced. Variance
(Fig. 8D) also shows a more homogeneous growth. The maximum of
variance is reached at any part on the electrode surface even when
for distances larger than 0.6 cm this time proves smaller. It was also
obtained a very homogenous surface after 7200 s since variance
reaches new minimum values at all the studied distances. That
means that the entire electrode surface was covered by Ni. If
compared with Fig. 8B, for the non-vibrating electrode, variance
proves very different at 7200 s at different parts on the electrode
surface. Therefore, these 3D plots can be used as a first quality
control of the electrodeposition process.

Conclusions

DVEC allows identifying different issues with the electroplating
process and controlling the quality of the final product in situ. Some
interesting parameters identifying the rate of the process and the
homogeneity of the metal layer can be obtained by the surface image
analysis. The time at which variance appears maximum means that
one half of the analyzed electrode was covered and could be an
excellent parameter to control the quality, homogeneity, and the rate
of the electroplating process. This intermediate time can give an
extrapolated estimation of the final time needed to get a full covered
surface.

The mean color intensities and its time evolution proved as a
measure of the surface color at any time and then, a good parameter
to evaluate when the process should be stopped. It has also been
proved that the presence of bubbles or non-desired processes
slowing down the rate of the process can be easily detected during
the operation, allowing to correct or to stop the process if necessary.
The time evolution of variance should also be used to determine
when the entire surface was covered if variance reaches minimum
values and a good indicator to extrapolate the final time for the
electroplating process. However, if a region of the surface keeps
uncovered variance should reach a constant value, but a higher value
of this parameter could mean a non-homogeneous electroplated
surface.

On the other hand, different times of electrodissolution of the
same Ni layer in solutions containing sulphate or chloride anions



Journal of The Electrochemical Society, 2023 170 072505

7000

6000

5000

4000

t/s

3000

2000

1000

0
0.0 0.2 0.4 0.6 0.8 1.0

distance / cm

7000

6000

1181

5000
° 4000
~ 3000

2000

1000

0
0.0 0.2 0.4 0.6 08 1.0 c

distance /cm

sd?

2424

1945

1466

987.5
5088
30.00
0.0 0.2 0.4 0.6 0.8 1.0
distance / cm

sd
1805
i
I 1208

0
0.0 0.2 0.4 0.6 0.8 1.0 D

distance /cm

Figure 8. 3D maps of the Red mean color intensity (A) and (C) or the variance of Red color intensity (B) and (D) against the elapsed time and the distance (x)
from the left side of the electrode. Electrodeposition of Ni on a non-vibrating electrode and if electrodes are near enough (A) and (B) and on a vibrating electrode
(C) and (D). Galvanostatic experiment with a controlled current of —4 mA in a K,SO, 0.245 M, H,SO, 0.005 M and NiSO, 0.1 M aqueous solution. (A), the
auxiliary electrode was around 0.5 cm on the right of the working electrode. (B), (C) and (D) the auxiliary electrode was behind the working electrode around

1.2 cm.

proved that the dissolution could take place by different mechan-
isms. In the case of a solution containing chloride anions, Ni can
leave the electrode surface as a Ni(I) species that should be quickly
oxidized by the hydronium cations in the solution. In this case the
different times at which the variance reaches minimum values or the
time at which mean color intensities keep constant has allowed to
propose this different mechanism.

Finally, there is no reason why this technology and methodology
could not be extrapolated to the analysis of other processes involving
surface color changes or surface homogeneity changes such as it
could be the cleaning of surfaces, the growth of biological films on
different surfaces, etc.
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