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Coupling cyclic voltammetry with digital video electrochemistry allows identifying different electrochemical
processes overlapped. Mathematical description of the time evolution of mean color intensities and their stan-
dard deviation at the studied electrode surface during voltammetric experiments were developed. Parallel
electrochemical reactions and the presence of colored intermediate species was also evaluated. Single expres-
sions for the shape of these curves, including the maximum of peaks or the half-peak widths are analyzed on the
basis of a single layer covered electrode. The good similitude among current, mean color intensities derivative

and variance curves allows a statistical interpretation for these processes.

1. Introduction

The analysis of experimental data obtained by electrochemical
techniques can give rich information on the studied system. Electro-
chemical techniques are always a fast way for a plethora of electroan-
alytical applications, including electrochemical sensing, corrosion
detection, mechanistic investigations, or catalysis [1]. One of the most
used techniques for describing electrochemical processes is undoubtedly
linear sweep voltammetry (LSV) or cyclic voltammetry (CV) [2-4]. This
technique allows identifying different electrochemical processes by the
potential at which they exchange electrons, but also allows obtaining
kinetic parameters from the shape of the obtained voltametric peaks -
the current-potential waveform obtained. Some measurements related
with these kinetic parameters are peak heights, peak widths or half peak
widths and peak to peak separation. One particular case of LSV is for
adsorbed electroactive species. Assuming that there is no mass transport
control, and that both, the oxidized and the reduced species keep on the
electrode surface, there are simplified equations describing the shape of
these curves[5]. These equations are obtained from theoretical models
introducing different approaches to the real behavior of these systems,
such as it could be non-interaction between active centers, the homo-
geneous electrode surface, thin films where the transport of electro-
active species does not affect the measured current, reversible processes
or that capacitive currents are not considered [1,5]. Nevertheless, in
non-ideal conditions theoretical models proved more complicated [6,7].

However, the chemistry of the electrode—electrolyte interface is still
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not fully understood, particularly in electrochemical complex systems.
For this reason, the advanced electrochemical techniques coupling
classical electrochemical techniques with spectroscopical or electro-
gravimetric techniques have revealed as a powerful tool for the
knowledge of kinetics in different systems [8-14]. One particular case
for adsorbed species is the CV experiment for conducting polymers
[15-18]. Apart from current, there are also changes in mass during
redox processes detected by the electrochemical quartz crystal micro-
balance (EQCM). Based on an insertion model, redox processes of a
polymer can be schematized by:

<P> +ne +nM*2 < P(red),nM* > D
< P,nA~ > +ne 2 < P(red) > +nA~ (2)

where the electric charge during redox processes is balanced by the
exchange of anions (A~) and/or cations (M*). In these cases, if only one
ion is exchanged during the redox process, and there is a stoichiometric
relation between active centers reduced and the number of ions
exchanged, mass changes are related with the electric current by:
dg . dn,

=i=nF
dt dt

3)

where n, is the number of involved electrons, F is the Faraday constant
and n, is the number of oxidized electroactive sites. Then, for a reduc-
tion process n, decreases and a negative current is measured, while the
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opposite occurs for an oxidation process. The mass increase or decrease
for the exchange of one ion is given by:

where z is the electric charge of the ion and M its molar mass. Then, the

ratio between mass changes and electrical charge is given by [19],

pim_ M (5)
dg z

The minus sign appears since mass increases during the cathodic
process (negative current) by the insertion of cations, and the opposite
occurs during the anodic process. If more than one species is exchanged
this value is displaced from the expected one for the ideal case. This is an
example of how a single calculation can give an extra information about
the role of different species during the redox process identifying the
molar mass of the exchanged species (Scheme 1).

If, in addition, the conducting polymer provides color changes dur-
ing the oxidation-reduction conversions (spectroelectrochemical ex-
periments), the measured absorbance can be related with the number of
active centers by the Beer’s law, and the derivative of absorbance with
the measured current [20-23]. In this case, the ratio between absor-
bance derivative and measured current is related with the molar ab-
sorptivity (¢) of the different active centers [24].

ng
A=c¢el— 6
el (6)
dA el dn,
q Vol @

where V is the film volume and [ is the optic path length (Scheme 2).

In all three cases, the waveform of dq/dt, dm/dt and dA/dt against
the potential should be similar if there is only one electroactive process
with one ion exchange participation and color switching. In some cases,
dA/dt or dm/dt curves show more than one peak where only one vol-
tametric peak was observed indicating that this current peak involves
complex processes with the participation of intermediate species
(consecutive reactions) or simultaneous reactions (parallel reactions). If
these color and mass changes are recorded and quantified, they prove a
good measure of the chemical reaction advance as the in situ spec-
troelectrochemistry and electrogravimetry reveal for thin-layer elec-
trogenerated species [11,25-29].

However, these techniques require, among many other things,
absence of light for the spectroscopy or special resonant electrodes for
the EQCM case, where not always correspond to the experimental con-
ditions for a normal use of the electrochemical system. Another impor-
tant fact is that spectroscopical techniques and gravimetric ones are
usually designed for small electrodes at the laboratory scale. Usually
during an electrochemical experiment current and mass are globally
measured, and spectroscopy (Absorbance) corresponds to a small region
on the electrode surface, but these techniques do not allow measuring
simultaneously and independently what happens on the entire electrode
and on any part on the electrode surface in a synchronous way. There are
some equipment allowing local measurements of impedance (local
impedance) [30,31] or absorbance at more than one point on the elec-
trode [32], but a large number of regions on the surface at the same time
is not possible for now.

For the surface studies, an ideal method should be able to give a fast
and accurate response of the chemical reaction advance at each point on

Aj+e +M*->B (EY)

Ay+e +Mt>C  (EY)

Scheme 1. Electrochemical parallel reactions mechanism. A; (70%) and A,
(30%) refer to different active centers on the electrode surface.

Microchemical Journal 181 (2022) 107844
A+e +M*>In  (EY)

Im+e +M*>B (EY)

Scheme 2. Electrochemical consecutive reactions mechanism. In refers to an
intermediate specie.

the active surface. During the last few years, digital video-
electrochemistry (DVEC) has revealed as both, a non-expensive way to
obtain spectroelectrochemical data of different systems but also an
excellent tool to get spatiotemporal information of the entire surface of
the electrode independently of the electrochemical technique used
[33-38]. This brand-new technique solves partially the above-
mentioned issues allowing to work in similar or identical experimental
conditions during the normal operation of many processes if light con-
ditions remain constant. In addition, DVEC has no requirement about
the transparency, reflectivity or size of the electrode allowing at the
same time recording global information of the whole piece, but also
local information at any part on the studied piece by selecting it for the
video analysis. DVEC has allowed synchronous studies of electrodepo-
sition of metals on resistive materials at different parts on the electrode
surface [37], having a good estimation of the different covering rate and
more recently synchronous studies of local color impedance at different
parts on the electrode surface [38]. As a complementary and alternative
tool, the analysis of digital images allows to investigate the kinetics on
the entire surface of different substrates [39-44].

The main objective of this research is to evaluate the use of digital
video-electrochemistry for the interpretation of voltammetry of thin
layers such as electrochromic polymers which can be used in different
electrochemical sensors. For that purpose, mathematical models based
on statistical of color changes on the electrode surface were developed.

2. Material and methods

To obtain good quality data from DVEC, digital video should be ac-
quired under controlled light conditions configurating accurately the
digital video acquisition. Among others, these parameters should be
kept constant during video acquisition: external light, white balance,
exposition, and frame rate. The video camera and the studied surface
should be fixed for a correct data comparison. These experimental
conditions can be extrapolated, for example, in an industrial production
process since they allow to follow the time evolution of different surfaces
under operating conditions.

After video acquisition, each image frame is obtained separately and
then, the portion of the surface to be studies could be cropped from the
original picture. From these images, red, green and blue color intensities
(Ir, I, I) values at each pixel are extracted and then mean color in-
tensities (Iz, I and Iz) and the standard deviation (sdg, sdg and sdg) are
mathematically estimated from the corresponding histogram of the
cropped image by equations (8) and (9). Fig. 1 shows a schema of the
experimental setup needed to obtain valuable video-electrochemistry
data. More details about how to obtain and how to manage video-
electrochemistry data can be consulted in recent works [33,34,37,45].

All electrochemical experiments were carried out in a typical three
electrodes cell. Auxiliary electrode was a Pt mesh, the reference elec-
trode was the Ag|AgCl|KCl (0.5 M) which all potentials are referred to.
The cell was a square cell made of optical glass (2 cm x 2 cm). Digital
video (30 fps) was recorded with a digital camera (EPA-503278). All the
experiments were made in a ‘home made’ white box illuminated with
LED strips (6500 K, 10 W). All experiments were controlled with a PAR
273 A potentiostat—galvanostat.

Prussian Blue films (PB) were electrogenerated on 1 cm? ITO elec-
trodes by applying a controlled cathodic current of 40 uA cm™2 for 150 s
(electric charge of 6 mC cm’z) ina 0.02 M FeCls, 0.02 M K3Fe(CN), and
0.01 M HCI [46,47]. After electrodeposition, these films were stabilized
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Fig. 1. Schema of Digital Video Electrochemistry (DVEC) technique.

by cyclic voltammetry in a 0.5 M KCI solution in the potential range
between 0.6 V and —0.2 V against the reference electrode until a stable
voltammogram was recorded [47].

Poly (methylene-blue) (PMB) was electrogenerated by cyclic vol-
tammetry between —0.4 V and 1.1 V against the Ag|AgCl|KCl (0.1 M)
reference electrode at 20 mV s~! and for 10 cycles in a methylene-blue
monomer solution 20 mg/100 mL of KC1 0.1 M at pH = 9 adjusted by
addition of KOH. As a result, the electrogenerated film was a dark blue
film on the transparent ITO electrode, however, the amount of electro-
generated polymer was not possible to quantify [48]. All reagents were
A.R. grade from Scharlau except the methylene blue monomer which
was supplied by Fluka and no extra purification was made. Electro-
generated PMB films were studied by cyclic voltammetry in a 0.5 M
KNOs solution at different scan rates in the range of potentials between
—0.4 V and 0.5 V against the Ag|AgCl|KCl (0.5 M) reference electrode.

3. Theory and methodology

Among others, two characteristics made of Digital Video Electro-
chemistry (DVEC) an ideal technique to be successfully implemented
with electrochemical ones. On the one hand, DVEC takes advantage of a
fast image acquisition rate (30 fps or more) to unravel fast electro-
chromic processes taking place on the electrode surface
[33,34,37,45,49]. On the other hand, DVEC proves enough resolution to
distinguish between different surface colors and/or different substances
on the surface in many cases.

Video is converted into separated and sequential images. Each ac-
quired image is decomposed into individualized pixels characterized by
red, green, and blue intensities coordinates (Ig, I¢ and Ig), which are
intuitively related with spectroscopic parameters such as light intensity
at a given wavelength or their corresponding absorbance: the RGB colors
supply transmitted spectroscopic information about 650 nm, 510 nm,
and 475 nm wavelengths, respectively [45,50]. As an example, in a
classical 24-bit digital image, color intensity for each color has an 8-bits
resolution. That means 28 = 256 color intensity levels (0: black, 255:
pure color) for each coordinate giving a result of 224 = 16777216
combinations, in other words, it provides information of the whole
visible spectrum.

Furthermore, the singular characteristic of DVEC is the analysis of
the color intensities evolution at each point on the surface and at any
time making possible the spatiotemporal study of the system [45].
Therefore, we can obtain specific kinetics on any part of the studied
surface. It should be considered that homogeneous surface electrodes
are only possible as an ideal situation. In real electrochemical systems,
the non-uniform surface causes the rate of electrochemical processes to
be different on different parts on the surface. In some cases, there is also
a gradient of a physical property such as it could be the ohmic drop

causing a different behavior depending on the distance from the elec-
trical contact [17,37,45,51]. That could represent an interesting
advance studying kinetics for non-homogeneous surfaces since it is
possible analyzing the chemical advance simultaneously on different
parts once the electrochemical assay is recorded.

The analysis of each digital image captured during an electro-
chemical experiment implies managing a large amount of data. Initially,
this was a handicap in the analysis of the chemical or physical processes
taking place on the studied surface and their correlation with the
physical or chemical evolution of the studied system. A smart strategy
was to reduce the amount of information to easily interpretable pa-
rameters. From a practical point of view, distribution of the color in-
tensity into the pixel matrix of the studied surface image can be
represented as a histogram and characterized by a mean color intensity
(Ix, I or Ip) and their standard deviation (sdg, sdg or sdg) for each color
coordinate.

For the simplest case, let us assume that each pixel on the electrode
surface is related with an active center, then the mean color intensity of
a region on the electrode surface (i.e. a matrix of pixels) should be given
by:

T Zn’_ (8)

In this expression, n, is the number of pixels of the selected surface of
the studied image, I; is the color intensity of R, G or B coordinates of the
it pixel and I is the mean color intensity for the R, G or B coordinate. For
the case where the pixel size was larger than the size of the active center,
each pixel will recover the information of a group of active centers and
the mean color intensity will not be affected.

The standard deviation of each color coordinate (sdg, sdg and sdp)
measures dispersion or distribution of color intensity for each RGB co-
ordinate of the pixelated image and is estimated as:

w (I = 1)

sd=q/>" B ©

In a homogeneous surface the distribution of oxidized and reduced
centers should be the same independently of the studied region on the
electrode surface, therefore the values of the standard deviation of color
intensity should be identical for homogeneous surfaces at any part on
the studied surface. In recent works, our group has related this param-
eter with kinetics of the surface processes during the color changes of an
electrochromic polymer and in copper electrodeposition on composite
electrodes [34,35,37]. In view of these promising results, the aim of this
work is to extend the interpretation of the time evolution of standard
deviation and color intensity derivative curves during classical electro-
chemical experiments as the cyclic voltammetry. The waveform of
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standard deviation and mean color intensity time-derivatives (dI/dt)
curves, the maximum of peaks or the half-peak widths depends on the
nature of the studied process, but also on the experimental conditions.

3.1. DVEC in voltammetry for adsorbed species.

Even assuming an ideal homogeneous surface, not all the electro-
active centers reduce or oxidize simultaneously during a voltammetry
sweep. Theoretical models predict a potential window where changes of
oxidation state take place. A statistical interpretation can be inferred,
supposing all centers have the same probability to evolve, the applied
potential during a voltametric experiment changes the probability factor
for each center. Thus, at a given potential the number of active centers
that have evolved are related with this probability. If active centers
present different color if oxidized or reduced, the measure of color
surface proves an excellent way to know the ratio between oxidized and
reduced centers.

3.1.1. Single reaction

Now, let us consider the simplest case of a homogeneous surface
where color changes are due to a chemical or physical process and go
from color (1) characterized by the RGB intensity coordinates (I;) to
color (2) characterized by the RGB intensity coordinates (I). If this
applies independently of the analyzed color coordinate, equations (8)
and (9) can be rewritten as.

7:’1111 + myl, (10
p
Sd_\/n1(11—1)2+n2(12—1)2 (11)
”p

where n; and ny are the number of pixels with I; and I, respectively.

As there are only two possible colors for this simplified case, the sum
of pixels with I; and I is the number of pixels of the full image (n;).
Intuitively, sd should be 0 if the entire surface has the same intensity
coordinate (I; or Iy), therefore, larger values are expected for interme-
diate situations with a maximum according to the Rolle’s theorem.

Substituting I from equation (10) into equation (11), we obtain for
the variance [35]:

a1 (my —m)
"5

sd® = (L — 1) 12)
then, differentiating the equation (12) and equaling to zero, sd* is
maximum if:

ny _

m==m 13)

The time when sd? is maximum corresponds to the time when one
half of surface is I; and the other half is I,. Substituting this maximum
condition into equation (12), we arrive at the maximum standard de-
viation value when.

2
sz, =) 14
max 4

During a voltametric experiment, we assume that kinetic constants
associated to the redox processes of electroactive species are potential
dependent, and they should vary during the potential scan. If no mass
control applies, as a first approach, one can assume that the rate of the
process is controlled by the potential on the electrode surface (E) where
the ratio between surface concentrations of reduced and oxidized spe-
cies (I'vea/Tox) is given by the Nernst equation for a reversible process
[1,15,17].

. RT_ (T,
E=E" ——In|=2 1
nF n<rm> (15)
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This is a common assumption for electroactive processes of adsorbed
species. If we assume that I; corresponds to the color for the reduced
form and I, for the oxidized one, and we consider that there are n;
reduced centers and n, = n, —n; oxidized centers, then equation (15)
becomes:

E:E"'fﬂln( il ) (16)

nkF n, —n

Therefore, the potential dependence of the number of pixels with
color I (m;) is given by:
n, _ E
7&’ ) where b = R a7

n =
+1 T

n is the number of electrons involved, R is the gas constant and T the
temperature.

During the voltametric experiment the applied potential changes
with the time according to:

E=E +ut (18)
where E; represents the starting potential and v the scan rate.

Substituting equation (17) and equation (18) into equation (10), we
obtain for the mean color intensity:

np

HE= E"')+111 + (nI’ - el)(Ean':T)+l >12 _ IszVHE”b -+ IICEUvb

I'= n, ebvi+Esh | eE"b (€)
and differentiating,

dl (I, —I)b (bvr+Eb+EY b)
_ ( 2 1) ve (20)

dt (e(bvr-Exb) + e(E”'b) )2

This equation can be rewritten by dividing both, numerator and
denominator, by e
di b (Bstut-E")
= (12 - I,)bv )
(1 + e (BtuEY) >

On the other hand, and for variance curves assuming equation (17)
and substituting into equation (12), we obtain:

2D

b(Ex wx—Eﬂ‘)
st = (12 - 11)26—‘2 (22)
(1 +eb(Ex+vr—E°)>

For current, it is the well-known equation for adsorbed species and
only one reversible process and controlled by the electron transfer step
[1,2,5,171]:

P (Betvr—E") eb(Es +v—E")

(1 +eb(5\+wa°‘) )2

. n’FAT,
i=

RT —— = nFAL by
(1 + P (Estvi—E® ))

(23)

where T’y is the surface concentration of electroactive centers (I'eq +

Tox)-
These expressions can be simplified if the following change is
considered:

& (Etvr-E") 1

(1 + P (Etvi=E") )2 ~ 4cosh? (g (E‘. Lyt — EO’) ) 24

therefore, equations (21), (22) and (23) can be rewritten proving the
obviously similitude among them:
dj _ bV(Iz — Il)
dt  4cosh? G(E+wu—E))

(25)
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L—-1)

& — (L—1 26

4cosh? C(E,+v—E)) (26)
nFAT \bv @7

' dcosh? (B, +ui— E7))

Characteristically, maximum of each equation is achieved if poten-
tial is E = E, +vt = E* and then, cosh? (% (E; + vt —E%)) =1

dl (L-1)

= —py=> U 28
(@) @
s, == 1) i (29)

max 4
gy = %F‘Oby (30)

For the mean color intensity peak equation (28), the peak height
value depends linearly on the scan rate and this peak can reach negative
or positive values depending on the difference between I, and I; and the
sign of the scan rate. For the current (equation (30)), the peak height
proves positive for the anodic scan (v > 0) and negative for the cathodic
one. Notably looking now at equation (29), one can observe that
maximum values of variance are not associated to the scan rate, nor to
the number of electrons or temperature. It only depends on the color
difference between the reduced and oxidized forms (I — 11)2, and
obviously, maximum values are always positive.

According to equations (28) and (29) it proves immediate obtaining
the number of electrons involved in the electrochemical process by:

(D) e _

24 by nF
sdyee L 2 2RTY

31)

Other interesting factor in the voltametric peaks analysis is the half-
peak width (w1/2) study. In all three cases, we obtain the same expres-
sion for w, /,:

RT 90.5

Therefore, this parameter depends on the number of electrons
involved in the electron transfer reaction independently of the analyzed

0.0

-0.5

i/a.u.

-1.04qa
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parameter. In this last case, working with different color intensities or
variances can allow to obtain individual information for overlapped
processes.

Fig. 2 collects a set of CV simulations at different scan rates illus-
trating these observations. For this case where current and the color
intensity are directly related, peak currents and the height of dI/dt peaks
proved both proportional to the scan rate, however, variance peaks keep
unaltered.

In this case, we can estimate an apparent electromonochromatic
coefficient (in mol™Y), like the molar absorptivity but directly related
with one color intensity. This parameter can be obtained by the
expression:

dI\ _ _(dl/dt\ __(dl/dt
() =) (%) )
and introducing eqs. (21) and (23) we arrive at:

i\ L-1
F<d71> - ATy ©9

For a system with only one process, this parameter should keep
constant during the voltametric peak. On the contrary, a transition be-
tween different values is expected for a multi-process system. This kind
of electrochromic efficiencies can be used for the current peaks decon-
volution in multi-process systems [24,45,50].

A new interpretation for voltammetric curves of adsorbed species
could be inferred from these equations. The good correlation among
equations (25), (26) and (27) clearly indicates that current is directly
related with the dispersion of active centers on the electrode surface and
also on the color intensity derivative curves. We can easily obtain at any
time or potential:

s _RT ; (L—h) (b—h)

i 2R VAT,  nFbuAT, (3%
d[/dt _ L -1
i nFAT, (36)
Sdz 12 — 11
= 37
dl/dt bv @7

These equations can be very useful for deconvolution of overlapped

1.0 H

0.5

sd?/ a.u.

0.0

— 5mVs’
—10mVs’
—20mVs"
——50mVs’

1.0 1

0.5+

dI/dt/ a.u.

0.0

0.0 0.2 0.4
E/V

Fig. 2. Simulated current (a), variance (c) and color intensity derivative (c) changes during a voltammogram of a single reaction. Y-axis is normalized to the highest

value. Scan rates simulated are 5 mV s}, 10 mV s}, 20 mV s~ and 50 mV s .
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processes, since current associated to each process is proportional to the
sd?. For a multi-process system where red, green and blue colors are
associated to different electrochemical processes, from their variance or
dI )t evolution against time it could be possible to separate the different

contributions to the overall current process. Therefore, the well-known
equation for current against potential during a voltametric experiment
of adsorbed species (Equation (27)) could also be interpreted as a
measure of the dispersion or variance of the reduced or oxidized active
centers on the electrode surface. The advantage of measuring color
evolution and variance evolution together with the current against the
potential is that it could be possible to discern and to separate electro-
chromic processes from another overlapped chemical or electrochemical
reaction involving current but not color changes. Some experimental
results can be explained according to this model, as for example the time
evolution for standard deviation of red and blue colors for chro-
noamperometry of Prussian Blue films [34].

3.1.2. Multiple parallel reactions

One sample of a multi-process system could be the interconversion of
one electrochromic center into two species characterized by different
colors. This is a parallel or competitive electrochemical reactions case
(schema (1)). Fig. 3 collects simulations for different situations in a 2
processes system. Some inorganic materials as Prussian Blue can show
different active centers due to the neighboring atoms or vacants and
could be an example of this case [8,17,52]. If we assume that both active
centers A; and A; have the same original color (color 1) but after
reduction they show a different color:

In this example, it is considered that 70 % of the active centers
correspond to the A; species and evolve to color 2 (specie B) and the A;
(30 %) can evolve to color 3 (specie C). In all three simulated cases there
are only changes in the color intensity of the oxidized and reduced
species and therefore current curves are always the same. However,
variance and color intensity derivative depend on the electrochromic
parameters.

Fig. 3 shows simulations of different parameters assuming parallel
reactions. These simulations were obtained with wx-Maxima software.
Current and surface concentrations curves were obtained considering
that both are Nernstian processes. Then, analytical expressions for the
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number of centers with color 1, 2 and 3 as a function of the applied
potential are obtained. Finally, these expressions were introduced in
theoretical expressions for the mean color intensity and standard devi-
ation (see supplementary material for more information).

Current shows a double peak system since electrode processes are
quite separated in potential (0.28 V and 0.10 V). The largest one is for
the 0.10 V peak since 70 % of the electrode surface is occupied by active
centers that follow this process. The case of the dI/dt curves a double
peak is also observed, but the height of the peaks is not only affected by
the concentration factor, but also by the electrochromic efficiency for
each one of the processes, or in other words, by the difference between
the oxidized and reduced colors of the active centers. Then, peaks can be
positive or negative. Variance curves can show a peak if the final color
for the reduced centers proves similar to the initial one, but if these are
very different colors, the reduced form can show a high value of vari-
ance, but no maximum is reached at intermediate potentials.

3.1.3. Consecutive reactions

Other example of multi-system process consider that intermediate
species appear during consecutive reactions (schema (2)). Fig. 4 collects
some simulations for this kind of electrochemical process in two steps.

For this simulation, it is supposed that the ratio between interme-
diate In and A is given by the Nernst law with a formal potential EY, also
the ratio between B and In, but in this case with a formal potential EJ . It
is also considered that the number of active centers on the electrode
surface keeps constant during the experiment. For simulations in Fig. 4,
we use wx-Maxima software to obtain an analytical expression for the
number of centers with color 1, 2 and 3 against the applied potential
considering that the Nernst equation applies for consecutive electro-
chemical reactions. Then, we obtain an expression for the mean color
intensity and variance at each potential (see supplementary material for
more information).

In Fig. 4, the characteristic colors of A and B are similar and the
intermediate specie shows a large color difference. Simulation 1 corre-
sponds to the case where both formal potentials are near. In this case,
current shows a wider voltametric peak, standard deviation shows also a
wider peak and dI/dt shows a characteristic increase-decrease shape
which indicates appearance of the intermediate and then, disappearance

0.0 4 Fig. 3. Simulation of parallel reactions. Simulated
_ | current (a), variance (b), color intensity derivative (c)
-0.5 4 and FdI/dq (d) changes during a voltammogram with
1 multiple parallel reactions (schema (1)). Y-axis is
1.0 . i . . normalized to the highest value. Parameters for the
’ I I I I simulated curves: Process 1: 70 %, process 2: 30 %,
1.0 H E? = 0.1V, E} = 0.28V are defined in schema (1).
E T Simulation 1: 11 = Iz = ].507 Ipl = 50‘ Ipz = 80,
>  0.57 Simulation 2: I = I, = 150, Ip; = 50, Irs = 200,
1 Simulation 3: [ = I, = 150, Ir; = 200, Ir; = 50.
0.0 : : . : . | . | I and I, are the characteristic color for the active
centers ‘1’ and ‘2’ before reaction, Ir; and I, are the
0.5 characteristic colors for the active centers ‘1’ and ‘2’
e 1 .
ft tion.
g 0.0 after reaction
5 ]
-0.5 4
] s 1 s2 s3
-1.0 T T T T T T T 1
o 107
I 054
5 ]
. 0.04
-0.5 T T T T T T T 1
-0.2 0.0 0.2 0.4 0.6
E/V
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Fig. 4. Simulated current (a), variance (b), color in-
tensity derivative (c) and FdI/dq (d) changes during a
voltammogram with consecutive reactions (schema
(2)). Y-axis is normalized to the highest value. Pa-

rameters for the simulated curves: Simulation 1: EY =

1.0 5

0.5+

var

0.25V, ES =0.28V, I = 50, I,(intermediate) = 150,
I3 = 50 Simulation 2: EY' = 0.20V, EY =0.28V, I; =
50, I, (intermediate) = 150, I3 = 50 Simulation 3: EY' =
0.20V, ES =0.28V, I = 50, I,(intermediate) = 150,

0.0

I3 =100.; and I3 are the characteristic color for the

1.0
0.5

active centers before and after reaction. I, is the
characteristic color for the intermediate. EY and ES
are defined in schema (2).

dl/dt

0.0 5
-0.5
-1.0 . . . ’ :

s1 s 2 s3

Fdl/dq
P P T P

~ooo=
ouvmowmo

0.0 0.2
E/V

o
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of the intermediate. If the formal potentials were more separated, a
double peak in current and in dI/dt curves are also observed (simula-
tions 2 and 3) In variance curves this double peak appears with a relative
heigh associated to the color difference among the three colored species.
To corroborate the theory, some real systems are analyzed below.

4. Results and discussion

We show some examples of experimental results of typical adsorbed
species on the surface of an electrode with electrochromic properties, or
in other words thin films of conducting polymers. Fig. 5 shows experi-
mental results obtained for the study of a PB film in a 0.5 M KCl solution
and pH = 3.0. These films were deposited on the ITO transparent elec-
trode and behind the electrode a white patron was placed. Therefore, if

0.4

0.6

PB becomes transparent (ES) the white patron color is observed, if
colored, the camera records the color of the PB/ITO/White patron.

In terms of color intensities if the film is as the ES form, a white color
is observed (Red, Green and Blue) are high, and if oxidized, Blue coor-
dinate increases, the Red color strongly decreases and the Green color
shows a like intermediate behavior, first an increase and after a
decrease. Looking at the variance curves, peaks for blue and red colors
are clearly separated. It is well-known that voltametric peak for these
films should be interpreted as the overlap of at least 3 different processes
[8,17].

FdI/dq proves larger at the potentials where the redox process takes
place. That means that current measured out of this range of potentials
causes no color change and should be attributed to another electro-
chemical processes, such as catalytic reactions or hydrogen and oxygen

ES - PB
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Fig. 5. Example of DVEC plots for PB films on ITO electrodes.
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Fig. 6. Example of DVEC plots for PMB films on ITO electrodes. Experimental conditions: pH = 2.2, 0.5M KNOs solution. Scan rate 10 mV s~ .

evolution. Notably, FdI/dq for the red color shows the larger absolute
values. Finally, the color derivative curves show well-defined peaks for
the red and blue coordinates, and out of the range of potentials of the CV
peak the baseline for all three color derivatives is zero.

Fig. 6 shows experimental results for another conducting and elec-
trochromic polymer, Poly(methylene Blue), PMB. In this case the
reduction voltametric peak is analyzed. This current peak clearly ap-
pears of at least a double process. A first well defined voltametric peak
(E = 0.05 V) and a secondary process at more negative potentials that
appears as a current shoulder (E between —0.085 V and —0.175 V). The
derivative for the Green coordinate shows a well-defined peak centered
at the first current peak potential. The Red coordinate shows a double
peak, one at potentials near the main current peak and the maximum
value at the potentials corresponding to the shoulder of the current peak.
The Blue coordinate shows a maximum at potentials before the first
cathodic peak, then a decrease and finally a second peak before the
current shoulder. This behavior shows an evident parallelism with that
one of a similar conducting polymer, the poly(azure A)[24,50]. For this
case, it has been interpreted as a double electrochemical process with
intermediate polaron species. This corresponds to the electrochemical
reduction of the intermonomer bridge bonds for the first cathodic pro-
cess and the monomer reduction for the second one. In this case, this
intermediate species appears associated to changes in the Blue color
registered for both electroactive centers, the Green color peak could be
associated to the bridge electrochemical centers and the second Red
process to the monomer electrochemical reduction.

Regarding the FdI/dq curve, one can see that maximum absolute
values for the blue coordinate are reached before the first voltametric
peak, since at these potentials all the current is associated to the for-
mation of the first intermediate. For the Red color, this absolute
maximum is achieved during the reduction of the monomer active
center (the current shoulder at potentials near —0.12 V) since at these
potentials current associated to the first electrochemical process (the
bridge centers) proves very small. For the Green color, FdI/dq reach
maximum absolute values at potentials near the first current peak. It
should be noted that we are referring color changes to the total current
and then, apparent values of this parameter cannot be attributed

exclusively to their behavior.

Variance curves for this polymer voltammogram show no more than
15 units of change, that if compared with the PB case of Fig. 5 (100 for
the red channel) proves very small. Color intensity derivatives show also
very small peaks (1.2 a.u. s 1) or the current peaks (-0.1 mA) while PB
peaks reach about 1 mA and dI/dr peaks can reach up to 50 a.u. s~ .
However, FdI/dq values are on the same order for both systems and then
the monochromatic color efficiency should be not very different in PMB
and PB. For the PMB case, the film proves clearly less active than PB
film, color changes are not very high, but the technique allows to
identify as well as current peaks. For the variance curves, it is possible
that not all the active centers on the electrode surface are active and then
no peak is observed since less than ' of the centers can change its color.

At this point, it should be considered that the models here presented
are only valid for the case of very thin films and reversible (Nernstian)
processes since, among others, no transport control has been considered.
It is a commonly used simplification for the case of conducting polymers
and the current-potential curves are also only valid in these experi-
mental conditions. There are some factors that can modify the shape of
experimental curves: ohmic drop that affects the effective potential on
the electrode surface, a slow transport of some species which makes the
Nernst equation to be not valid on the electrode, the non-reversibility of
the electrochemical reaction mechanism, the possible interaction be-
tween neighboring electroactive centers, etc. Therefore, if experimental
curves do not fit these theoretical models some of these causes can be
explored to go beyond the models presented here.

5. Conclusion

Linear sweep voltammetry for electrochromic materials can also be
studied by this procedure. In this case, the variance-applied potential
curves or the derivative of color intensity-potential curves are directly
proportional to the current-potential curves for reversible processes.
This fact can allow separating contributions from electrochemical pro-
cesses associated to different color changes. For the case of very small
scan rates, current peaks and derivative of color intensity which are
proportional to the scan rate proved very small, but variance curves are
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not dependent on this parameter and can be a good alternative to
elucidate the mechanism of the surface electrochemical reaction.

Simplified models analyzed in this research represent an ideal situ-
ation where color changes from a pure color 1 to a pure color 2. It should
also be noted that this model is only valid for thin films, since thicker
films can mask color changes of the inner layers. And these are the two
main limitations for this methodology.

Analyzing the possibilities one can found that it allows identifying
very small color changes such in the case of the poly(methylene blue)
here analyzed. Using variance instead of color intensities or absorbance
(reflectance) measurements could represent several advantages in some
cases. On the one side is that it is possible measuring different rates on
different parts of the electrode surface simultaneously.

This methodology can allow to separate different processes and then,
a pure response for some overlapped processes could be measured. That
represents an advantage in some cases for electroanalysis since it is
possible to have the response associated to the main electrochemical
reactions without secondary reactions that do not cause color changes
for this coordinate, as it could be catalytic reactions, the hydrogen or
oxygen evolution reactions or capacitive currents that can mask the
obtained result.

Despite we focus our interest on any electrochromic process, this
procedure can be extrapolated to any surface process causing color
changes. This includes chemical reactions, physical processes, corrosion,
degradation of a surface, biological growth, in general any surface

Appendix I. List of symbols

Ir ¢ : Red, green or blue color intensity of an image pixel.
Iz .3: Mean red, green or blue color intensity of the analyzed image.
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I or I, : characteristic RGB color intensity for the color (1) or color (2) species.
sdg ¢ g: population standard deviation for RGB color intensities of the analyzed image.

sd2 ;  : population variance for RGB color intensities of the analyzed image.

n, : number of pixels of the analyzed image.

n; or np: number of pixels with color (1) or color (2).

Ieed, Dox : surface of concentration of electroactive species.
t: time.

@12 : half-peak width for variance and current peaks.

: Electrode surface area.

: gas constant.

: temperature.

: Faraday’s constant.

: number of electrons.

7nF
" RT

5 m A m

b

i: electrical current.

E, E° E; : applied potential, standard potential and starting potential, respectively.

v : scan rate during a linear sweep voltammetry.
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