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Abstract

Galvanostatic copper electrodeposition and electrodissolution on
graphite:copper:polypropylene composite electrodes in acidic media have been investigated to
extend the technological applicability of ternary composites. Both electrochemical processes
were monitored by RGB video electrochemistry. The analysis of digital images allowed the
color changes on the electrode surface to be investigated. We estimate the growth rate of the
copper layer in two different electrode geometries. The relatively high resistance of this
composite causes a gradient of the electric resistance along the electrode involving a non-
homogeneous electrodeposit growth in CuSO4/H>SOs4 aqueous solutions. Copper
electrodissolution was studied in HCI and H>SO4 aqueous solutions. Whereas chloride anions
stabilized cuprous cation, the electrodissolution process in HCI takes place apparently by a
more complicated mechanism. Dispersion of color estimated from the standard deviation of the
RGB color images was also analyzed and it has been postulated as a tool for identifying possible

intermediate species on the electrode surface.



1 INTRODUCTION

Polymer-based composite materials have been the subject of many research works due
to their low weight, low cost and easy processability [1-6]. The electrical properties of
composites can be tuned by the dispersion of metallic particles into the polymeric matrix, but
it can turn this material fragile and heavy [7-9]. Conductive fillers based on carbonaceous
micro or nanoparticles overcomes both issues due to their low density [10—12]. However,
carbonaceous-based composites present a high electrical resistance making difficult their use
in some cases if compared with binary metal:polymer composites [7,12,13]. Ternary
graphite:metal:polymer composites reduce the electrical resistance and represent an interesting
solution to be used as electrodes in different technological devices [14].

We study electrodeposition and electrodissolution of Cu on the surface of ternary
graphite:metal:polymer composites. These processes will be affected by the ohmic drop along
the electrode. In resistive electrodes, the electrical resistance (Rg) along the electrode (Figure

S1) changes gradually as:

X
Ry =p-5 M

where p is the electrode resistivity, S the electrode section area and x is the distance between
the electrical contact at x = 0 (top) and any point along the electrode limited by the electrode
length at x = L (bottom). The effect of the ohmic drop proves more evident if the electrical
resistance and/or current increase [15-21]. If p and S keep constant along the electrode, Rg
changes linearly from x = 0 to x = L. Thus, the potential gradient along the electrode (E (x))

due to the ohmic drop can be expressed as [16,18,19,22]:
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where Ej,, is the applied potential and i the current. If Rg or i are 0, then, E(x) = Eg),

anywhere on the electrode surface. On the contrary, if i - R reaches high values, the potential
is not homogeneous along the electrode causing a gradient in the extension of electrochemical
processes [7,17-19]. In fact, the ohmic drop leads to misinterpretations of experimental data:
e.g. the voltammetry waves distortions has been attributed to other processes such as diffusion
[18] or explained as constant phase elements (CPE) in impedance measurements [9,13].

In this context, we expect the that ohmic drop causes an inhomogeneous deposit of
electroactive materials (conducting polymers or metals) along the electrode surface. A large
amount of electrodeposited material would be found close to the electrical contact (x = 0) since
there is the smallest resistance. Similarly, electrodissolution would take place fastest at these
zones.

Electrodeposition depends on the nature of the electrode material but also on the
geometry of the electrode. If the electrodeposition mechanisms on composites are understood,
we can extend their technological applicability as occurs in other materials [23]. For example,
copper metal electrodes could be substituted by low-cost and lightweight catalyst electrodes of
copper-covered ternary composites [24-27].

Copper electrodeposition in CuSO4/H2SO4 aqueous solutions has proved a high yield

electrodeposition process apparently without the participation of intermediates [28-30]:

Cu?* + 2e” X 3)
Likewise, the electrodissolution in diluted H2SO4 solutions is apparently similar at high
electrodissolution rates [28,31,32]. On the contrary, chlorides of HCI solutions stabilize some

intermediate copper species and the electrodissolution should be described as a more complex

process including at least two single electron transfers [33—37]:
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Electrodeposition or electrodissolution of copper on an electrode involves color changes
at the electrode|solution interface. These color changes can be studied by spectroscopy
techniques. However, carbonaceous-based composites are opaque, with a characteristic black
color and a rough surface what prevents good reflectance measurements [38]. In addition, the
response obtained by spectroscopy techniques corresponds to a small region of the electrode
surface [39—41]. Considering that composite electrode surfaces could not be homogeneous, this
fact would involve repetitive spectroscopic measurements at different zones to map the surface.
On the contrary, the surface analysis using digital images provides information about the
complete electrode surface with a good resolution [38,42]. This optical technique has been used
for the color analysis of pictures in different topics as the characterization of fruits [43],
colorimetric sensors [44,45] or solar cells [46].

Vidal et al. used a similar technique for the analysis of electroplated surfaces [47]. The
color analysis from digital images acquired with a flatbed scanner of metallic electrodeposits
provides accurate information of plated quality. The images were decomposed to the RGB
model and allowed obtaining analytical information after deposition of Ni in different
experimental conditions. The standard deviation has been related with the quality of the final
plated surface. In our case, digital images were obtained simultaneously during the
electrochemical processes by recording digital video and providing in situ information about
the pixel color evolution at any point on the electrode surface and also at any time. Therefore,
we can also analyze the time evolution of standard deviation and mean color intensities and not
only the final quality. In view of the promising results obtained for the Cu electrodissolution
on opaque composite electrodes using the analysis of RGB digital videos [38], the aim of this

work is to extend the study about the electrochemical deposition and dissolution of copper in



acidic media on a ternary graphite:copper:polypropylene composite electrode and the resistivity
effects on the rate of the electrochemical processes at the electrode|solution interface along the
electrode. Cu electrodeposits were obtained from solutions of CuSO4/H>SO4 and the copper
electrodissolution was studied in H2SO4 and HCI aqueous solutions. In order to study the ohmic
drop effect, two electrode geometries were tested, a short electrode (1.1 cm x 0.5 cm x 0.2 cm)
and a long electrode (2.5 cm x 0.5 cm x 0.2 cm).

2 EXPERIMENTAL

2.1 Apparatus

Electrochemical  experiments were performed with a PAR 273A
potentiostat/galvanostat. The working electrode was a composite electrode composed by
graphite and copper powder randomly dispersed into a polypropylene matrix (CCuPP, 40:10:50
in weight) or a metallic Pt disc (1 cm?). Short (1.1 cm x 0.5 cm x 0.2 cm) and long (2.5 cm x
0.5 cm x 0.2 cm) composite electrodes were accurately disposed in the electrochemical cell to
obtain comparable values. A platinum mesh was the counter electrode and no inert atmosphere
was used. The electrochemical cell was a 5 cm x 2 cm x 2 cm high-transmittance glass cell
(Hellma, OG quality). Digital endoscope camera (EPA-503278) with USB connection was used
to capture 640x480 color digital videos at 30 frames per second (fps). The electrochemical cell
was illuminated in a homemade white box with a TS 6400K fluorescent tri-phosphor lamp
(color rendering index 80) under controlled conditions and the acquisition parameters of the
digital camera such as exposition, white balance and frame rate were kept constant.

2.2 Electrode surface modifications

Copper was deposited by chronopotentiometry by applying —8 mA in 0.5 M CuSOg4
(Scharlau) and 0.1 M H2SO4 (Fisher scientific) and was dissolved in 0.1 M H2SO4 or in 0.1 M

HCI (Scharlau) solutions by applying 8 mA. Deposition and dissolution times were 4000 s for



the CCuPP and 400 s for the Pt disc electrode. All reagents were analytical grade, used as
received and dissolved in Milli-Q-plus H>O (resistivity 18.2 MQ cm).

2.3 Image processing

Digital full-colored videos acquired at 30 fps and synchronized with the electrochemical
experiments were separated into jpg format images. The sequentially extracted images were
read using Mathcad® v14 routines. After selecting the region of interest, all cropped images
were automatically decomposed into the red (R), green (G) and blue (B) color matrix. The pixel
intensities of the RGB matrix vary between 0 and 255 (8 bits). We calculate mean intensity

values (I) and the associated standard deviation (sd) for each color matrix and at each region

under study by:
Npixel I
I_R,G orB = Z n .l (7)
=1 pixel
Npixel _
I, —1)?
SdrGorp = z u (8)
i

= Npixel — 1

where 15, 18 the total number of pixels in the cropped image. On the one hand, I, values near
0 indicate absence of color light or in other words black color whereas I; values near 255 mean
the corresponding pure color (R, G or B). On the other hand, sd reveals the color homogeneity
of the analyzed spatial region . Relatively lower sd values correspond to more homogeneous
colored surfaces and relatively higher sd values to heterogeneous color surface[47]. In addition,
the plot of sd against the elapsed time during the transition between two homogeneous colors

show a peak where the maximum value corresponds to the half-transition point [48].



3 RESULTS AND DISCUSSION

3.1 Copper electrodeposition

After Cu electrodeposition on the composite electrode, the surface color changed from
graphite color (RGB coordinates: 14;6;14) to the copper color (227;160;123) in the air.
However, in the CuSO4/H2SO4 aqueous solution, RGB coordinates of CCuPP changed from
(6;40;49) to (46;169;206) due to the characteristic blue color of the Cu(H,0)2* complex that
masks I, changes. Accordingly, we focused our interest on the I; changes to analyze the copper
electrodeposition process on CCuPP since blue changes can also be affected by the solution
color.

<Figure 1>

Figure 1 shows the 3D surface contour map of the mean green intensity (I;) against the
elapsed time and the distance from the electric contact for both electrode geometries. As
expected, Cu electrodeposited faster on the top of the CCuPP electrode due to the lowest Ry at
this zone. For the short electrode, I; shows a smooth and regular change during the
electrodeposition. We assumed Eq. (3) governs the Cu electrodeposition since apparently no
different compounds (colored species) appeared on the electrode surface [28]. Remarkably, we
observed a significant accumulation of Cu at the bottom of CCuPP due to the accumulation of
electrical charges and the easy transport of electroactive species around the sharp edges of
electrodes [49]. After electrodeposition, the short electrode showed a more homogeneous
coated surface, while for the long one, the electrode seemed slightly coated beyond 1.2 cm after
4000 s.

<Figure 2>
At this point, one limitation of digital image analysis in this system is that it is not

possible to distinguish between deposits with different thickness since they would show the



same RGB coordinates for the copper color. However, the evolution of the CCuPP coating

fraction (6 in %) can be estimated as:

6 =100 - (ﬂ> 9)

Igmax —Igo

considering that any zone on the electrode surface immersed in the CuSO4+/H2SO4 aqueous
solution could show two possible colors: the color for the non-covered CCuPP surface
corresponding to the green intensity before the electrodeposition (I; o = 32) and copper color
after electrodeposition (I yax = 178).

Figure 2 shows that the copper layer grew up faster initially on the top due to the lower
Rp, in both electrode geometries. For the short electrode (Figure 2A), Cu coated the top region
after 1000 s, and after 2000 s, the surface electrode was completely coated and a stable potential
around —2.4 V was reached (inset of Figure 2A). The stable potential reveals when the whole
electrode surface was coated by at least one continuous copper layer eliminating the intrinsic
CCuPP ohmic drop. Considering a similar deposited mass on both electrodes since the applied
charge was the same, no region reached a 100 % coating for the long one (Figure 2B). The
bottom was uncoated after 4000 s (around 20% at 2.3 cm) due to the preference of Cu deposition
on the continuous Cu layer formed on top. Current flowed easier through this conducting layer
with a metallic resistance (Rg = 0 Q) than on CCuPP (scheme in Figure 2C). Consequently,
the long electrode never reached a stable potential during the electrodeposition time (inset of
Figure 2A).

Additionally, we can calculate the growth rate in terms of coating fraction at different
parts on the electrode surface from the slope of 6, against time between 0 and 200 s (Figure
2). This allows us a quantitative approach of the Cu electrodeposition depending on the

electrode geometry. For the long one, we estimated growth rates of 0.090 % s~!, 0.016 % s,

0.012 % s~' and 0.007 % s~! in four discrete points from the top to the bottom. Comparing the
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top and bottom values, the growth rate decreased close to 14 times mainly due to the ohmic
drop effect. For the short one, the growth rates proved 4-5 times faster going from 0.38 % s~
at the top to 0.11 % s~! at the bottom. As can be seen, a small increment in length of 1.4 cm
significantly affects the coating process in resistive electrodes such as CCuPP composites.
<Figure 3>

To compare, we repeated the same electrodeposition experiment on a Pt disc conductive
electrode. As expected, the color of the metallic electrode changed homogeneously on all the
disc surface. During the deposition, we observed that most of the Pt surface was coated by Cu
in less than 100 s (Figure 3A). In this time interval, we observed a standard deviation (sd;)
peak at 26 s (Figure 3B) which means that the Cu layer coated half of the Pt surface as
demonstrated below. After this time, I; changes slowly and sd; decreased since the
electrodeposition homogenized the surface color.

As proved in previous works, the analysis of sd provides interesting information about
the homogeneity of the electrode surface [47,48]. Let us suppose that each point on the

composite surface can be only Cu color (C) or CCuPP black color (B). So, we can rewrite Eq

(8) as:
2 -2
(e —1) +np(Is —1) (10)
sd =
nr—1
where
7_nCIC + nglp (11)
= —TlT

n; represents the number of pixels with color € or B, and ny = n¢ + np is the total number of
analyzed pixels. Differentiating Eq. (10) and equaling to zero, we obtain the maximum value

of sd when
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1
nC == EnT - nB (12)

This maximum could be interpreted as a characteristic half-life time (t,,) [48].

If 6 growths linearly, the sd evolution appears as a symmetrical peak but if the growth
rate decreases exponentially, then sd evolution appears as a non-symmetrical peak (see
supplementary material). The latter was observed during Cu deposition on Pt electrode (Figure
3B). The lowest sd is reached when the whole surface has the same color: Pt color or Cu color.
During the electrodeposition process at constant current, the coated region by Cu is larger each
time but 8 growths slower since there is no color change if Cu deposited on Cu. This caused
the asymmetry of experimental sd peaks.

Figure 4 shows sd evolution of 0.1 cm (long) x 0.5 cm (width) rectangular regions
along the electrode surface during the electrodeposition. For the short geometry, sd; peaks
displaced to larger times and appeared wider for longer distances from the top. The asymmetry
of sd; peaks reflects the non-constant Cu growth rate which, at the same time, depends on the
distance from the top of the electrode (Figure 4A). For the longest electrode and for the longest
distances (Figure 4B), sd; increased continuously without a peak configuration when the
distances were longer than 1.5 cm. In addition, sd; did not reach the minimum for distances
longer than 0.2 cm because the complete coating process took place only close to the top of the
electrode.

<Figure 4>

Estimated values of t; , obtained from sd peaks were plotted at different distances for
both geometries (inset of Figure 4A). As expected, larger t;,, were obtained for the long
electrode. In both geometries, we observed an exponential dependence of t; /, on the distance

from the top of electrode. The growth rate could be exponentially dependent on the effective

potential based on a Butler-Volmer kinetic model. This fact agrees with the ohmic drop effect
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since resistance changes linearly with the distance from the top of the electrode and therefore
the effective potential on the electrode surface also (Eq (2)).

3.2 Copper electrodissolution

Cu electrodeposited on both CCuPP geometries was electrodissolved in 0.5 M H>SO4
and in 0.5 HCI. As both solutions are transparent, we could analyze I, since showed the highest
change against time and the best resolution. During the discussion of the electrodissolution
results, we should keep in mind that Cu layer thickness deposited on both CCuPP geometries

was not constant along the electrode surfaces according to the above results.

3.2.1 H2S04 aqueous solution

Figure 5 shows how 6y decreases during the electrodissolution process in H2>SOs
aqueous solutions for both electrodes to return to the RGB color values for a bare CCuPP.
Comparing 8z changes for both geometries, one can see small differences between the top and
the bottom for the short one due to the more homogeneous thickness of the deposited Cu layer.
Particularly during the first 250 s, we appreciated that the electrode surface appeared slightly
darker and, consequently, I and 8y decreased. We attributed this fact to the formation of
insoluble Cuy0 (red), CuOH with impurities (dark red) and/or CuO (black) compounds [50—
54] accelerated by the O, reduction [55].

Figure 5 shows also the dependence of measured potential against the elapsed time. For
both geometries, continuous and small potential changes appeared until 3000-3500 s followed
by an abrupt potential increase to around 3 V with the subsequent formation of bubbles. After
the Cu exhaustion on the electrode surface, the current passing through the electrochemical cell
caused the oxidation of the media solution. The largest bubbles appeared on the top where Ry
proved the smallest one (Figure 5A).

<Figure 5>
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For the short electrode (Figure SA), 0y profiles are very similar independently of the
distance from the top of the electrode. On the contrary (Figure 5B), Cu layer at the bottom was
completely dissolved at around 3200 s for the long electrode but the top of this electrode needed
almost 3800 s. For the top, Cu electrodissolution takes place mostly on the outer Cu metal
surface and, therefore, the 85 changes slowly. In both cases, when the last Cu metal on the
CCuPP surface disappears the mean color intensity (Iz ) and 8 change abruptly near 3800 s
(Figure 5). Considering 4000 s of electrodeposition, we can estimate an electrodeposition yield
of about 95% (3800/4000).

The evolution of sdy against the elapsed time in Figure 6 shows different peaks. As
above mentioned, each peak means the transition between two different color surfaces which
could be associated with the formation of new adsorbed species formed during the Cu
electrodissolution in non-deaerated solutions. For the short electrode, sdg shows a first peak

around 250 s (t;/,) (Figure 6A). According to Eq. (12), one half of the metallic Cu layer is

covered by darker species (Cu,0, CuOH and/or CuO) at this time. Between 2800 s and 3600 s
and depending on the distance from the top, we observe new sdg peaks appearing first at long
distances which were wider than those corresponding to zones near the top of the electrode.
These peaks were associated with the transition between the Cu layer on the electrode surface
and the naked electrode. This fact can be easily explained since there is a smaller amount of Cu
deposited at larger distances from the top of the electrode. The last region to be electrodissolved
shows the thinnest peaks corresponding to the top of the electrode where the electrochemical
reaction took place faster.

For the longer electrode (Figure 6B), sdp profiles were different but the
electrodissolution mechanism was similar. At the largest distances from the top, we did not
observe sdy peaks since less than half of the CCuPP surface was covered by Cu (around 20%

as indicated in Figure 6B). For intermediate distances, a peak appeared when the Cu layer
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coated half of the electrode surface. However, a double peak appears at the top of the electrode.
The first and wide peak could be associated with the formation of dark species coating half of
the Cu surface. The narrow peaks could be associated with the dissolution of the last Cu layer
on the electrode.

After Cu electrodissolution (from 3800 s), there was a significant sdg increase in both
geometries due to the formation of bubbles on the naked CCuPP surface. It should be noted
that these bubbles are better detected by sdy (Figure 6) changes than by I or 8 (Figure 5).

3.2.2 HCI aqueous solution

<Figure 7>

In 0.1 M HCI solution, the initial darkening of the Cu layer surface proves more evident
than in HoSO4 during the first 200 s (Figure 7A). Concerning the nature of this layer, CuCl,
Cu0, Cu2(OH);Cl and Cu(OH); layers on the electrode surface have been postulated during
Cu corrosion in HCI media [56-60]. After that, the electrode surface color was clearer (I
increased) and changed slowly until near 3800 s.

At around 3500 s, a white/grey layer appeared on the electrode surface. Some authors
proposed the formation of CuCl species in low chloride concentrations [59,61,62] and CuCl
salt color coincides with this layer color [63]. After a few seconds, this layer disappeared, and
the characteristic black color of the CCuPP surface was visible (Figure 7A).

After the complete Cu electrodissolution, bubbles (preferably observed on the top of
the electrode where Ry proves the smallest) appeared on the CCuPP surface also accompanied
by an abrupt increase of the measured potential indicating that a different faradaic process
occurred (Figure 7A). We attribute these bubbles to the Cl™ insertion and oxidation to Cl» since
the potential measured during the bubble formation in HCI (2.8 V) was lower than this one in

H,S0, solution (3.2 V).
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Figure 7B shows several sdp peaks during Cu electrodissolution evolution in HCI
solutions. The first peak appears during the first 200 s due to a dark red layer formation on the
Cu surface. Next, the dark layer disappeared and sdg showed a new peak at 750 s. About 2800
s, the dissolution of the last Cu layer and the formation of the white/grey CuCl layer occurred.
At 3750 s, the white/grey layer covers one half of the black CCuPP surface. Finally, the last
sdg peak corresponds to the gas bubbles generation on the CCuPP surface. These sdg peaks
allow us to find out the complexity of the surface mechanisms on an electrode.

To assure the nature of the white/grey CuClags layer and the proposed mechanism two
experiments were performed. First, the Cu layer on a Pt disk electrode was electrodissolved in
similar conditions. As in CCuPP, the Cu surface initially changed to a dark and reddish color
(see supplementary material) and, again, a white layer appeared on the surface which
disappeared after a few seconds at the end of the experiment. Then, the bright Pt surface became
completely visible. In this case, the color change was less evident than for the CCuPP electrode
since the white/grey CuCl layer and the Pt surface have similar colors. This evidence allows us
to discard the intrinsic characteristic of the CCuPP electrode as responsible for the CuCl
formation. Therefore, we could attribute this fact to the environmental conditions on the
electrode surface. Second, we analyzed a CCuPP electrode removed from the HCI solution
during the CuCl formation by EDAX microanalysis (Figure 8). We can observe in this Figure
two different regions, the black one corresponds to the naked composite surface and the white
one corresponds to the new layer formed on the electrode surface during the electrodissolution.
The results confirmed that this layer contains almost 50% of Cu and 50% of Cl, therefore CuCl
is the most plausible composition of this layer (Figure 8).

3.2.2 Proposed Cu electrodissolution mechanism in aerated HCI aqueous solution

Larsen et al proposed the following Cu corrosion mechanism in HCI [60]:
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Cu + 2C1" 2 CuCly + e~ (13)
CuClgads - CuClgSol (14)
and for the oxide formation:
2CuCly ;o + Hz0 = Cuz 0,45 + 2H* + 4CI- (15)
Cuy0,4s + 2H* + 4C1~ - 2CuCl; _, + H,0 (16)

In this mechanism, Cu dissolves as Cu(I). In our case, theoretically, only about 2000 s
should be necessary to complete the Cu electrodissolution. However, the electrodissolution
process took about 3700 s to be completed applying 8 mA. On the one hand, we can assume
that Cu dissolved mostly as Cu(II) like in H2SO4. On the other hand, a small part of Cu passed
to the solution by a chemical attack or as Cu(I) species stabilized by the presence of Cl~ anions.

Thus, we propose the following Cu electrodissolution mechanism in aerated 0.1 M HCI

solutions:
Cu - Cu}y (stabilized by CI7) + e~ (17)
2CuZy, + 2H,0 - CuyO.q, + Hs0* (18)
Cuy 0445 + H30* > CuZt + 2H,0 + e” (19)

For the last layer, after Cu was completely removed from the electrode surface, there
was an approach of CI~ anions to the electrode surface favoring the oxidation of Cl~ to Clz(g).
This oxidation reduced the chloride surface concentration and favored the CuCl precipitation
on the rough CCuPP surface as a chemisorbed monolayer since it disappeared quickly and
quasi-simultaneously at any part on the electrode surface. Then, for the last layer we propose

this mechanism:

2C1" > Cl, + 26~ (20)
Cu - Cujys + le” (21)
Culy + CI™ = CuClogs 22)
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CuClygs = Cuid +ClI™ +e” (23)

4 CONCLUSIONS

RGB video electrochemistry proved clear as an interesting tool to study and quantify
the spatiotemporal color changes of the Cu electrodeposition and electrodissolution on ternary
graphite:copper:polypropylene composite in acid media. On the one hand, we can understand
the ohmic drop effect during Cu electrodeposition in this kind of resistive electrodes by the
analysis of the color changes from the top to the bottom of the electrode independently on the
electrode geometry. On the other hand, we can identify possible intermediate species formed
on the electrode surface during the Cu electrodissolution. Moreover, we can relate color
changes with electrochemical measurements and changes of the electrode surface in contact
with the solution.

The time evolution of the standard deviation of the pixel color intensity in the region
under study marks singular times where half of the surface color has changed. At this time, the
standard deviation shows a peak since the electrode surface changes from one color to another
different color. The time at which the peaks appear is related to the ohmic drop effect and in
our case with the geometry of the electrode. Both peak symmetry and width peak are related to
the color rate growth, or in other words, with the formation or dissolution of different layers on
the electrode surface.

We have clearly observed differences between Cu electrodissolution mechanism in
aerated HoSO4 and HCI aqueous solution. In H2SO4, the possible formation of a CuxO layer
does not represent a protective stable passive layer since the electrodissolution continues
suggesting a porous and thin layer. The results suggest that the most of Cu dissolves as Cu(Il)
species. Therefore, the CuxO layer should be formed and after oxidized to soluble Cu(Il)
species. In HCI solutions, the change of color during the first seconds of electrodissolution also

suggests the formation of a thicker CuzO layer. In addition, a white-grey layer on the electrode
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surface appears at the end of the electrodissolution process attributed to the adsorption-
precipitation of CuCl favored by the oxidation of CI~ to Clx(g).

The methodology here presented could be extended for the spatiotemporal study of
electrochemical processes on resistive electrodes where electrical current proves non-
homogenous on the electrode surface. It could represent an excellent in situ control for the final
quality of electroplating processes. For electrodissolution or corrosion processes there is also
of special interest coupled with electrochemical techniques for identifying intermediate species.
Thus, the RGB video electrochemistry can be considered as a cheap and powerful
spectroelectrochemical technique to characterize the electrode surfaces independently of
geometry.
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FIGURE LEGENDS

Figure 1. 3D surface contour map of I; against distance from the top of the electrode and the
elapsed time during Cu electrodeposition in 0.5 M CuSO4 and 0.1 M H2SO4 aqueous solution
for (A) 1.1x0.5x0.2 cm? short geometry and (B) 2.5x0.5x0.2 cm® long geometry. Images show

the electrodes before and after Cu electrodeposition.

Figure 2. Covered fraction () profiles (Eq. (9) ) during Cu electrodeposition in 0.5 M CuSO4
and 0.1 M H,SO4 aqueous solution at different distances for (A) 1.1x0.5x0.2 cm® short
electrode and (B) 2.5x0.5x0.2 cm? long electrode. Numbers on lines show the distance in cm
from the top of the electrode. The inset in (A) show the potentiometric results for both
geometries. Schema of the three kind of layers obtained during the Cu electrodeposition (below

of graphs).

Figure 3. I; (A) and sd; (B) during the Cu electrodeposition on Pt electrode in 0.5 M CuSO4

and 0.1 M H>SO4 aqueous solution

Figure 4. sd; during the Cu electrodeposition for the short (A) and long (B) electrodes.
Numbers on lines show the distance in cm from the top of the electrode. In the inset of A shows

t1/2 against distance for both geometries.

Figure 5. 0 against time obtained at different distance from the top of the electrode and
potentiometric results during the Cu electrodissolution in 0.1 M H2SO4 aqueous solution for
(A) 1.1x0.5%x0.2 cm? short electrode and (B) 2.5x0.5x0.2 cm? long electrode. Numbers on lines
indicate distance from the top of the electrode. Electrode images above graphs were extracted

from the recorded video at the corresponding time.
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Figure 6. sdp during the Cu electrodissolution for the short (A) and long (B) electrodes in 0.1
M H>SO4 aqueous solution. Numbers on lines indicate the distance in cm from the top of the

electrode.

Figure 7. I and E (A) and sdy (B) during the Cu electrodissolution for the 1.1 cm x 0.5 cm x

0.2 cm short geometry in 0.1 M HCI. Electrode images in (B) were extracted from the recorded

video at the corresponding time.

Figure 8. EDAX microanalysis of a CCuPP electrode removed from the solution during the
CuClags formation. The inset shows the micrograph of the CCuPP electrode surface. SEM
images were collected by a Hitachi S-4800 Field Emission Scanning Electron Microscope
(SEM) using an acceleration voltage of 20 kV. Green arrow indicates the point at which EDAX

microanalysis was done.
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