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ABSTRACT: Electrochemical noise (EN) \ 4
measurements are based on the fluctuations of smidy 2oL Sor A remoral  Cment after CiR remorl
the electrochemical potential and the current that I_—’ g o= $ e
occur during, for example, a corrosion process e ! : {jaa»—vr»-—ﬂ,’ g fl
without an external signal perturbation. EN e () Potential(®) Cumrent() = o L. T e
analysis (ENA) allows assessment of the type of " .00 3‘57\5_01 _2.7'25_08 L ]
corrosion and rapid determination of the 1.00E400  3.57€-01 -2.76€-08 y

corrosion rate. Microsoft Excel®, an inexpensive 2006400 357601  -2.73€-08
and readily available software package, is an AL S ] R o g \—/WVA

q . 4.00E+00 3.57e-01 -2.69E-08
excellent tool for performing repetitive P T | [T

calculations, with automation that saves time for 6.00E400  3.57€-01 -2.63€-08
the users. It is a useful tool for the analysis of 7.00E400  3.57€-01 -2.62€-08
EN data using fast Fourier transform (FFT), a ‘
process that is often made repeatedly and, if not v

automated, is quite laborious. This work presents : 2l1E 2
a step-by-step procedure using Excel to perform

0
these calculations, automating the process of obtaining the spectral electrochemical noise resistance, Rs1 This routine was used to
analyze experimental potential and current noise data recorded for chalcopyrite. The results were comparable to those obtained for
the same set of experimental data using Origin® software.

1. Introduction the working electrodes is zero, or by measuring
with respect to a reference electrode'®. In EN

Electrochemical noise (EN) measurements studies, the electrochemical noise resistance (Ry),
concern the fluctuations of the electrochemical determined as the standard deviation of the
potential and the current that occur during potential noise divided by the standard deviation
corrosion processes, without applying an external of the electrical current noise, is generally
signal perturbation. EN can be used to monitor the considered as an estimation of the corrosion rate™.
type of corrosion and to rapidly obtain the Time domain analysis does not lead directly to
corrosion rate. The electrochemical potential and comparative values of corrosion rates between
current noises are simultaneously measured either systems being studied, hence necessitating
by coupling two nominally similar working frequency domain analysis. In the frequency
electrodes connected by a zero-resistance ammeter domain, the power spectral density (PSD) is
(ZRA), so that the potential difference between useful for predicting the corrosion mechanism
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Technical Note

and, in some cases, has been used in calculating
noise impedance. PSD plots are computed using
algorithms such as fast Fourier transforms (FFT)?,
which are advantageous when repetitive signals
are measured, and the data sets acquired have
large numbers of sampling points. The square root
of the ratio of the voltage PSD to the current PSD,
as a function of frequency, enables calculation of
the low frequency noise impedance, Rsn.

Excel software is an excellent tool for
performing repetitive  calculations,  with
automation providing considerable saving of time
for users. In order to automate a repetitive task, a
macro is recorded using the Macro Recorder in
Excel*, applying the desired format, which can
then be replayed whenever needed. An example of
this is the possibility of its use, still little explored,
for the treatment of electrochemical noise data
using FFT, a process that is usually performed
repeatedly and is quite laborious, if not
automated. Therefore, this work presents a step-
by-step  procedure for performing these
calculations using Excel software, automating the
process of obtaining the spectral electrochemical
noise resistance, RY,, using experimental potential
and current noise data recorded for chalcopyrite in
the laboratory. The RY, value is calculated, as
proposed by Mansfeld and Lee®, using Eq. 1:

Rgn = }%Rsn(f)’ (1)

with
6] 2
_|PSDE(f)|2

: (2)

where PSDg(f) and PSD;(f) are the power
spectral density of the potential, E(t), and the
current density, i(t), respectively, in the frequency
domain f.

In the practical process, RY, is determined by
the linear regression of log(Rs,(f)) vs.log(f)
at the “plateau” in the low frequency region, as
suggested in the literature®, covering a minimum
of 10 frequency points. The straight-line equation
fitted is evaluated using the lowest frequency of
the recorded data, with the result being the R2,
value.

In this work, the PSD calculation employs
Eq.3 6

PSD(f) = 2 1X7 (N2, 3)

where X;(f) is the Fourier transform of x(t),
given by Eq. 5, T is the experimental time (T =
NAt, where N is the number of experimental data
points and At is the time interval between
measurements), and the number 2 indicates that
only positive frequencies are considered, since the
Fourier transform can also apply to negative
frequencies.

The Fourier transform of a function x(t) is
defined by Eq. 4:

+00

X(H) = [, x(®e ™/t dt, (4)

where j2 = —1 is the imaginary unit and, among
other properties, converts the time domain into a
frequency domain. Since the signals are
considered in the time interval between 0 and T,
the Fourier transform calculations are made from
the integral, according to Eq. 5:

Xr(f) = [, x(©)e~2™7t dt, 5)

with the integral being numerically calculated by
Eq. 6, called a discrete Fourier transform®;

2mtmnj
Xr(fin) = XNZdx(nat)e” v At,m=0,1,2,...,N — 1, (6)

where f,,, = mAf is the frequency related to the
m-th sampling point and x is the function to be
transformed (in this case, the potential E and the
current density i). The FFT is an algorithm that
optimizes the calculations by making them faster,
compared to the discrete Fourier transform, and
for its use the data set should contain a number of
points equal to a power of 2
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(for example, 2048 =211). In Excel, this algorithm
is implemented using the “Fourier Analysis”
function.

Note that Eqg. 2, for calculation of Rg,(f),
involves the ratio between PSDe and PSD;, so the
factor 2/T of Eqg. 3 will be canceled in the
operation. Hence, in this work, PSDe and PSD;
will be obtained using Eq. 7:
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since Xr(f) is a complex number, and the
modulus of a complex number z = a + bj is given
by |z| = Va2 + b?, s0 |z|? = a? + b2,

As the goal of this work is to provide a routine
to obtain R?, using Excel software, we indicate
the criterion that will be used for delimiting the
frequency region, without elaborating on any
particular merits of this procedure, leaving it to
the ENA user to select the criterion most suitable
for the study being undertaken. In addition to
describing how the value of R, can be calculated
using Excel, the results are compared with those
obtained for the same set of experimental data
using Origin® software.

2. Methodology

— 2 2 2
PSDy(f) = |1Xr(NI* = [Re(Xr(FN]* + [Im(Xr(f)]%, ()
Ed9-- R
g Home Insert Page Layout Formulas Data
‘_j ‘f’c”t Calibri 1A =
aste - RN - - =
- # Format Painter B I U == — =
Clipboard Font
D20 - fe
A B C D
1 | time (r) Potential () Current (I) # sample (N)
2| s v A 2048
3 | 0.00E+D0 3.57E-01 -2.79E-08
4 | 1.00E+00 3.57E-01 -2.76E-08
3 | 2.00E+00 3.57E-01 -2.73E-08
6 | 3.00E+00 3.57E-01 -2.71E-08
7 | 4.00E+00 3.57E-01 -2.69E-08
& | 5.00E+00 3.57E-01 -2.65E-08
9 | 6.00E+00 3.57E-01 -2.63E-08
10 | 7.00E+00 3.57E-01 -2.62E-08

The Excel commands presented in this guide
follow the 2010/2013 versions of the software. If
another version is used, it would be necessary to
check the equivalent commands. It is
recommended to use the configuration with a dot
as the decimal separator, since the original data is
generated in this format. To make the change
from comma to dot, follow these commands: File
— Options — Advanced — Editing options — Use
system separators — make the change.

This analysis considered 2048 points of an
experimental data set obtained in the Ilow
frequency region, but the routine can be applied to
any other number of points, as long as the number
is a power of 2. The experimental data were
arranged in three columns, considering time (t) in
seconds (s), potential (E) in volts (V), and current
(1) in amperes (A), in a worksheet named Data. It
is possible that the experimental data set could
have more than 2048 points, so it is important to
count the number of data points in the spreadsheet
(Formulas — Insert Function - COUNT —» OK —
select a set of data (column) — OK), in order to
leave only 2048 points, deleting the points in
excess in the high frequency region. An example
of an input spreadsheet is shown in Fig. 1.
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Figure 1. Example of data presentation used in the
analysis.

Considering that it is often necessary to
remove the drift before analyzing the data’®, this
guide suggests a polynomial removal procedure.
For this, graphs are constructed of potential or
current against time, adding a trendline that
provides the best fit to the data. This can be
performed using the following commands:
position the cursor on the graph and press the
right button of the mouse — Add Trendline —
Polynomial — choose the order that provides the
best fit — mark Display Equation on chart —
Close. Note that the polynomial orders for
potential and current may be different each other.
Format the graph and trendline, as desired. Fig. 2
shows examples.

Potential

3.579E-01

3.578E-01

3.577E-01 +

3.576E-01 +

E@®/V

3.575E-01

3.574E-01

3.573E-01

3.572E-01
0.0E+00

1.0E+03 1.5E+03 2.0E+03 23E+03

tls

5.0E+02
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Current
5.0E-09

0.0E+00

-5.0E-09

-1.0E-08

10 /A

-1.5E-08

-2 0E-08

-2.5E-08

-3.0E-08
0.0E+00

3.0E+02 10E+03

tls

1.3E+03 2.0E+03 25E+03

Figure 2. Examples of potential and current graphs,
with trendlines.

In order to remove the drift, create new
columns with the following parameters: time (t);
potential value from the trendline (ye(t)), using the
polynomial coefficients given by the potential fit;
current value from the trendline (yi(t)), using the
polynomial coefficients given by the current fit;
and the differences between the experimental and
fitted values for potential and current (E(t) - ye(t)
and I(t) - yi(t), respectively), as shown in Fig. 3.

O P Q R S

t ¥elt) wt)  E@®-ye® ) - yi(t)
0.00E+00 3.5729BE-01 -2.33E-08 -1.73E-05 -4,.54E-09
1.00E+00 3.57298E-01 -2.33E-08 -1L.71E-05 -4,38E-09
2.00E+00 3.57299E-01 -2.32E-08 -1.52E-05 -4, 16E-09
3.00E+00 3.57299E-01 -2.31E-08 -1.43E-05 -4.01E-09
4.00E+00 3.57300E-01 -2.30E-08 -1.38E-05 -3.85E-09
5.00E+00 3.57300E-01 -2.29E-08 -1.3BE-05 -3.58E-09
6.00E+00 3.57300E-01 -2.29E-08 -1.65E-05 -3.46E-09
7.00E+00 3.57301E-01 -2.28E-08 -1.65E-05 -3.35E-09
8.00E+00 3.57301E-01 -2.27E-08 -1.49E-05 -3.23E-09
9.00E+00 3.57301E-01 -2.27E-08 -1.33E-05 -3.08E-09
1.00E+01 3.57302E-01 -2.26E-08 -1.32E-05 -2.98E-09

Figure 3. Example of columns for removal of the drift
from the potential and current data.

It is recommended to construct graphs of
potential and current after removing the drift, in
order to visualize the results and confirm that the
values are near y = 0. Figure 4 shows an example.
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Potential - dnift

5.0E-04 -
4.0E-04
3.0E-04
2.0E-04 -
1.0E-04 -
0.0E+00 -

E(t) -ye (1)

-1.0E-04

-2.0E-04
0.0E+00

5.0E+02 1.0E+03 15E+03 2.0E+03 2.5E+03

t/s

Current - drft
1.5E-08

1.0E-08

5.0E-09

It -y (®

0.0E+00

-5.0E-09

-1.0E-08
0.0E+00

1.5E+03 2.0E+03 2.5E+03

1.0OE+03
t/s

5.0E+02

Figure 4. Examples of potential and current graphs
after removing the drift.

In many cases, it is necessary to use
appropriate windows to improve the quality of
treatment by FFT. This guide uses the Hann
window®°, which is one of the most suitable. It is
defined by the function:

Hy (n) = i[l — cos (%)] ,n=0123,....N-1, (8)

where N is the total number of points used (in this
case, 2048) and n is the position of each
experimental point, initiating at zero. This
function must be multiplied by the values of E(t) -
ye(t) and I(t) - yi(t), which are calculated as
described above. Figure 5 shows the Data
spreadsheet updated so far, where a column with
numbers n was created (column T) to apply the
Hann window (columns U and V) and the value of
N (fixed, in this case given in cell D2). Note that
to fix a cell, just click on it, and press the F4 key
on the keyboard.
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Fe| =0.5%(1-COS(2*PI{)*T3/($D$2-1))} *R3

S

-4.54E-09
-4.38€-09
-4.16E-09
-4.01E-09
-3.85E-09
-3.58E-09
-3.46E-09

Q P Q R
t e®  w®  E®-ye® IO - (0
0.00E+00 3.57298E-01 -2.33E-08 -1.73E-05
1.00E+00 3.57298E-01 -2.33E-08 -1.71E-05
2.00E+00 3.57299E-01 -2.32E-08 -1.52E-05
3.00E+00 3.57299E-01 -2.31E-08 -1.49E-05
A00E+00 3.57300E-01 -2.30E-08 -1.58E-05
5.00E+00 3.57300E-01 -2.29E-08 -1.38E-05
6.00E+00 3.57300E-01 -2.29E-08 -1.65E-05
7.00E+00 3.57301E-01 -2.28E-08 -1.65E-05

8.00E+00
9.00E+00
1.00E+01

3.57301E-01
3.57301E-01
3.57302E-01

-2.27E-08
-2.27E-08
-2.26E-08

-1.49E-05
-1.33E-05
-1.32E-05

-3.35E-09
-3.23E-09
-3.08E-09
-2.98E-09

T U v

n Hyy (E(t) - ve(t))  Hyy (I(0) - yr{(t)
-4.03E-11 -1.03E-14
-1.43E-10 -3.92E-14
-3.15E-10 -8.50E-14

-5.97E-10
-8.11E-10
-1.40E-09
-1.90E-09
-2.24€-09
-2.53E-09
-3.11E-09

-1.45E-13
-2.11E-13
-2.94E-13
-3.87E-13
-4.87E-13
-5.87E-13
-7.03E-13

LI R - R R R N

=
(=]

Figure 5. Spreadsheet example with the Hann window applied to data of the R and S columns.

Therefore, if the Hann window is not applied,
the data of columns O, R, and S should be directly
used in the analysis; if the Hann window is
applied, the data of columns O, U, and V should
be used.

Once the input data are organized, insert a new
worksheet in the spreadsheet, in this example
named Analysis, to perform the calculations. The
step-by-step procedures for building the Analysis
worksheet are presented below.

Save the spreadsheet with extension .xlsm
(Excel Macro Enabled Workbook). Copy the
input data (columns O, R, and S of the Data
worksheet, if the Hann window is not used in the
input data, or columns O, U, and V, if it is used)
and paste from the 5" or 6" row of the first
column (A) of the Analysis worksheet, in order to
leave the starting lines for captions, comments,
and new data to be inserted. We suggest, for
example, that the number of data points (N) is
informed at the beginning of column A, the time
interval between measurements (At) in column
B, the electrode area (cm?) in column C, and a
scale factor with magnitude of 10% or 10° in
column D, as this information will be used in
future calculations. We also suggest using Excel
facilities to count the number of data and the
value of At, which will minimize errors. The
electrode area and the scale factor must be entered
manually, as they are values known by the user.

It is important to note that Excel works
internally with 14 significant digits. Therefore,
since the input data values can be very small,
especially for the current data, some values may
be considered null and the FFT calculation may
fail. A way to overcome this issue is to introduce
a scale factor at the beginning of the spreadsheet
(in this example, in cell D2), which is used to
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multiply the current density values before
calculating the FFT, increasing the values to the
required order of magnitude (10%, 103, ...). After
the calculations, the scale factor is removed by
means of a division. However, it is not necessary
to perform this calculation manually since it is
included in the automation of the FFT
calculations. It is necessary to insert the scale
factor according to the order of magnitude of i

(which in this case is 107 or 1072, consequently

requiring a correction with minimal order of 103).
Figure 6 shows this procedure.

The calculations presented here are performed
using Hann window and current density (i, in A
cm?), so the experimental data related to current
are divided by the electrode area, placing the
result (=C6/$C$2) in column D. Note that as the
electrode area is constant, it must be fixed when
dividing.

In column E, list the input data (n = 0, 1, 2,
3,...) used for calculating the frequency (in Hz).
The frequencies will be calculated in column F,
using the formula: f =n/(N*At). Although

there is no zero frequency, it is necessary to start
at n = 0 for the FFT calculation. To insert the
formula, position the cursor in the desired cell (in
the example, F6) and do: =E6/($A$2*$B$2). Note
that N and Atare fixed, so it is necessary to fix
these values, which in the example are in cells A2
and B2. Remember to copy a formula for all cells
in the column, just positioning the cursor at the
lower right corner of the cell to be copied and,
when a cross appears, double-click. An example
of the spreadsheet up to this step is shown in
Fig. 6.
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& |= Exampl
m Home Insert Page Layout Formulas Data Review View D
= Cut - v =
B & Cu calibri Sl A A = ® Sw
Past =3 Copy ~ B A
aste - pEaip Y - - | = = i= i | =
= F Format Painter B I U = - EE=EEE &Ewm
Clipboard Font Alignment
D6 M Je | =CB/SCS2
A B c [»] E F
1 | #sample (N) Atls Area/em? Scale Factor
2 2048 100 0.282 1000
3
4| time Hy €0 -ye®) Hy@(©-w)  Density (i) n  feq(f)
5 s v A Acm? Hz
] 0.0E+DO 0.00E+00 0.00E+00 I 0.00E+00 .I o 0 I
7 1.0E+D0 -4.04E-11 -1.03E-14 -3.66E-14 1 0.000488
B 2.0E+D0 -143E-10 -3.92E-14 -1.38E-13 2 0.0009761
g 3.0E+00 -3.15E-10 -8.50E-14 -3.01E-13 3 0.0014641

Figure 6. Example of a spreadsheet constructed to
calculate Rgp.

To calculate the FFTe of the potential, place
the cursor in column G, aligned to the data, and
follow the commands: Data — Data Analysis —
Fourier Analysis — OK. A window similar to the
one shown in Fig. 7 appears and, in the Input
Range option, select the data from the Potential
column (in the example, the data from column B).
As an output option, choose “Output Range” and
click on the cell where it is desired to place the
FFTe values (in the example, cell G6). Click OK
and all the FFTe values are calculated.

Note: If the Data Analysis option is not
enabled in the version of Excel used, follow the
commands: File — Options — Add-ins —
Manage: Excel Add-ins — Go — Analysis
Tools or Analysis ToolPak — OK).

Input
-
Input Range: SBS$6:5652053 [F.5
Cancel
[] Labels in First Row
. Help
Output options
(®) Output Range: SGE5 555

() New Waorksheet Ply:
() New Workbook

I:l Inverse

Figure 7. Fourier Analysis function window in Excel.
FFT;
5.05839046814044E-004 2 93378056156407E-005
2 63986541670193E-003-3.8111 1834018308 004i
-3.79076679865553E-003+1,10001315796228E-003i
1 89796408360508E-003-1.3827831045382E-003i
-1 61014786377268E-003+1.11852227920365E-003i

6.05939216206537E-004+3. 16733838906396E-0041
7.6000508413189E-004-1.14834203809857E-003i

FFT;

-2.92324284934354E-004-9.25323676585686E-0051
£.2331839349104E-004+3.66734930991556E-004i
-2.27822331071836E-004-3.43855342316282E-0041

-4 0672458279581 E-005+2. 1663928670931 2E-005i

-1.43250649318753E-004+3.33819134836243E-0071
1.07649822065014E-004+3 47853378744816E-0051
Figure 9. Spreadsheet with FFT values and their real and imaginary parts discriminated.
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Repeat the same procedure to generate a
column with FFT; (to calculate the FFT of the
current density data), changing only the Input data
to column D, and the output location to cell H6.

The result of the FFT is a complex number, so
in order to perform the following calculations, it is
necessary to separate the real and the imaginary
parts into different columns. To do this, place the
cursor on the next free column, aligned to the data
(in the example, 16), and follow the commands for
the real part: Formulas — Insert Function —
IMREAL — click on the cell of the complex
number (G6) and then on OK. The command
window is shown in Fig. 8.

IMREAL
Inumber |Go 58| = ™6.05839046514944E-004"

= -0.00060583%
Returns the real coefficent of 2 complex number,

Inumber is a complex number for which you want the real coeffident.
Formula result = -0.000605839

Figure 8. Function window of Excel for discrimination
of the real part of a complex number.

Help on this function Cancel

Then, drag the formula to all the data (double-
click on the little cross in the lower right corner of
the cell). Do the same for the column of the
imaginary part, using the function IMAGINARY.
After performing the procedure for the potential
and current data, a spreadsheet similar to the one
shown in Fig. 9 is obtained.

Real FFTg Im FFTg Real FFT; Im FFT;

-6.05BE-04 0.000E+DD 2.934E-08 0.000E+DO0
2 640E-03 -3.811E-04 -2.923E-07 -9.253E-08
-3.791E-03 1.100E-03 6.233E-07 3.667E-07
1.89BE-03 -1.383E-03 -2.27BE-07 -3.435E-07
-1 610E-03 1.119E-03 -4 D67E-08 2 166E-08
6.059E-04 3.167E-04 -1 433E-07 3.33BE-10
7.600E-04 -1.148E-03 1.076E-07 3.479E-08
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The PSDe of the potential is calculated using
Eq. 7, which must be introduced in the next free
column (M). In this example, it is: =16"2+J6"2.
Drag to all cells in the column and repeat the
procedure to calculate the PSD; of the current,
which should be entered in column N.

In the next free column (O), where R, is

calculated using Eq. 2, type: =SQRT(M6/N6) and
drag to all cells in the column.

To calculate the slope and linear coefficients of
the line obtained by the linear regression of

log (Ry,) vs. log (f), it is necessary to calculate

the logarithms (base 10) for these two columns.
To do this, in the next two free columns (P and Q)
do: =LOG10(F6) and =LOG10(06), respectively,
and drag to the entire columns. Note that as the
first frequency value is f = 0, its logarithm cannot
be calculated, so the expression “#NUM!” appears
in cell P6. This is not a problem, as this point can
be excluded during graph construction. Figure 10
shows the example in progress.

| J K L
Real FFTE Im FFTg Real FFT; Im FFT;
-60SBE-04  0.000E+00  2934E-08  0.000E+00
2640E-03  -3811FE-04  -2923E-07  -9.253E-08
-3791E-03  1100E-03  6.233E-07 3 667E-07
1808F-03  -1383F-03  -2278E-07  -3.430E-07
-1610E-03  1119E-03  -4.067E-08  2.166E-08

Figure 10. Spreadsheet with the calculations required to obtain Rsp.

This work presents a way to build the graph in
Excel by adding a slider on the abscissa axis to
define the region of linear regression. This
selection is important for the final result of the
analysis and can be performed by following the
steps below. However, it is also desirable that the
user should be able to see the entire graph in a
background, together with the interval chosen for
linear regression and using a logarithmic scale, in
order to facilitate interpretation of the results,
observing the results as frequency, rather than
logarithm of frequency. Therefore, the graph is
constructed using a logarithmic scale.

Firstly, insert two slider bars in an empty
region on the worksheet, using the following
commands: Developer — Insert — Scroll Bar
(in Form Controls box) — choose the place
where you want to put the bars, click, and drag the
mouse horizontally. The bars must be placed in a
position where there is space to put a graph above
them (Fig. 11).

Note: If'the “Developer” option is not enabled
in the ribbon, follow the commands: Files —
Options — Customize Ribbon — Developer (in
Main Tabs box) - OK.

M O P Q
PSD: PSD; R log (f)  log(Ra)
A Ly Hz Ly
3.670E-07 | B.6OVE-16 2.D55E®- ir ZMLIMI .I 4.31453
7.114E-06  9.402E-14 E.699E+03 | -3.3115420 3.93846
1.558E-05 5.230E-13 5.45BE+03 -3.0105120 3.73702
5.514E-06  1.701E-13 5693E+03 | -2.B344207 3.75534
3.844E-06  2.124E-15 4 254E+04 | -2.7054820 462884
Example - ENAxIsm
Data Review View Developer Foxit R
.F-,,‘! [ Properties
Eal -QJVie»v Code E Q;j Expansion
Insert Source |,
- "ﬂ Run Dialog
Form Controls XML
=B~ gEEE
™) Aa| & | ab| £ EE T U
Active)l conteale
- ﬁ rl Scroll Bar (Form Control)
HeARRR
< > < >
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Figure 11. Illustration of commands for creating a
slider bar in Excel.

Position the cursor in a cell next to the bars (in
the example, T16) and type a name for the cell in
the identification space (upper left corner of the
worksheet), for example, “Start Point”, as shown
in Fig. 12. Repeat the procedure in the cell below,
naming it “End_Point”. On the left side of these
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cells, it is recommended to write the words
“Initial index” and “Final index”, to indicate that
the cells on the right show the positions (n) of the
first and last points used in the linear fit. With this
procedure, these cells have the function of
variables for delimitation of the graph, using the
slider.

@d9-o-is

g Fome

== 4 cut
=l =3 Copy -
e

Past i
- - Format Painter Ha

Insert F

Calibri

Clipboard

@a—n__Point B

T——7

Range indexes
Initial index 0
Final index 23

1

Ifigure 12. Cells declaring the variables.

Now position the cursor in cell P7 (the first
valid value of the log (f) column) and give it a
name (in the example, Ref_X_Plot), as shown in
Fig. 13. These names are now used as variables in
the following formulas and commands.

m Home Insert Page Layout
3 d‘*c”t Calibri
Paste ~a e B I U~
- < Format Painter =
Clipboard For
Ref X_Plot v I
o P Q
1
2
3
4 Ra log(f)  log(Ra)
5 }) Hz n
6 | 2.065E+04 i ENUM! 431483
Zl 8.699E+03 -3.311542[). 3.93546
8 5.458E+03 -3.0105120 3.73702
9 | 5.693E+03  -2.8344207 3.75534
10| 4.254E+04  -2.7054820 462884

Figure 13. Referencing the start of the log (f) data for
plotting.

Click with the right button of the mouse on
each bar, select the option “Format Control” and
configure each bar according to the information in
Fig. 14.

64

Format Control 4 x

Size Protection  Properties  AltText  Control

Current value: 1
Minimum value: 0
Maximum value: 20438

Incremental change: | §

Al [

Page change: 10
Cell link:

=

Start_Point i3

3D shading

Format Contraol 7 X
Size Protection ~ Properties  AltText  Control
Current value: 2043
Minimum value: o <
Mapimum value: 2045 =
Incremental change: |4 +
Page change: 10 <
Cell nk: End_Paint 5
3-D shading
cance

Figure 14. Configuration for formatting the sliders in
this example.

It is then necessary to declare the variables not
linked to cells, in order to store the data range to
be plotted. For this, the OFFSET function is used,
so that they have a dynamic behavior, following
the commands: Formulas — Name Manager —
New. A name is then typed for the first variable.
In this example, Range_X is suggested. Then type
the expression: =OFFSET(Ref_X_Plot;
Start_Point; -10; End_Point-Start_Point; 1) in the
option “Refers to” in the box — OK. Figure 15
shows this procedure.
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Mew Name ? *
Name: Range_X

Scope: Workbook ~

Comment:

Refers to: | _ oFrsET (Ref_X_Plot; Start_Point; ~10; End_Paint-Start_Point; 1)| .5

Figure 15. Declaring variables to store a range of data.

Repeat the procedure for the other variables, as
shown below:

Name: Range_X_Lin — Refers to:
=OFFSET(Ref_X_Plot; Start_Point; 0;
End_Point-Start_Point; 1)

Name: Range_Y — Refers to:
=OFFSET(Ref_X_Plot; Start_Point; -1;
End_Point-Start_Point; 1)

Name: Range_Y_Lin — Refers to:
=OFFSET(Ref_X_Plot; Start_Point; 1;
End_Point-Start_Point: 1)

Now, clicking on “Name Manager”, a window
similar to the one shown in Fig. 16 opens.

3 ZAraiysisi€TETs
¥ = OFFSET(Ref X PlotjStart
3 ~ OFFSET(Ref X Plotjstart |

) = OFFSET(Ref X Flot;Start | 1)
3 = OFFSET(Ref_X_Plot;Start_Peint; 1;End_Point-Start_Peint; 1)
3115420 ~Analysist$s7

2 =AnalysistST$16

Figure 16. Window showing the variables declared in
order to store a range of data.

It is now possible to make the graph. Place the
cursor in an empty cell, click on “Insert” (in the
ribbon) and, in the Charts group, choose
preferentially the option “Scatter with Straight
Lines” (Fig. 17).

View Developer Foxit Reader PDF

= 4 mr = i =

’ =” ﬂ MR " MA .F.ll.L 1_""I —

Fie Bar Area |Scatter| Other Line Column Win/Loss | Slic
- - - - Charts =

Charts Scatter parklines Filt:

Al Al|l2%0s | |44 AM AN

Scatter with Straight Lines
il

Compare pairs of values,

Use it when there are many data
points in x-axis order and the data
represents separate samples.

Figure 17. Steps to build the graph.

This command generates a clean graph area.
Press the right mouse button on the area of that
graph and select the option “Select Data”. In the
dialog box that opens, select the option “Add”
(Fig. 18) and a new dialog box (Edit Series)
appears. In the “Series X values” option, select the
frequency data (except f = 0), and in the “Series Y
values” option, select the data for Ry, except the

value corresponding to f = 0. Click OK in both
windows and the graph appears, with a linear
scale. To change the scale of the graph to
logarithmic, press the right mouse button on the
scale of the axes — Format Axis — Logarithmic
scale (Base 10). Do this for both axes.

Select Data Source 7 *
Chart data range: =7
Legend Entries (Series) Horizontal (Categery) Axis Labels
5 Add o Edit X Remove . o Edit
Hidden and Empty Cells oK Cancel
_-—
Series name:

|

Select Range
I Series X values:
I =Analysis! SF&7: 5F 52053

i}
i

= 0.000438043; 0.,/
i Series Y values:
=Analysis! $057: 8052053

|
[l

=1

oK Cancel

Figure 18. Windows to finish building the graﬁm

Eclética Quimica Journal, vol. 45, n. 4, 2020, 57-70
ISSN: 1678-4618
DOI: 10.26850/1678-4618eqj.v45.4.2020.p57-70


https://doi.org/10.26850/1678-4618eqj.v45.4.2020.p57-70

Technical Note

Change the color of the data to a light color, as
it is overlaid by the region that is chosen for
analysis. To do this, click on the graph with the
right mouse button, select Format Data Series —
Line Color — Solid Line, and choose a light
color, as shown in Fig. 19. Also format the
window type, line thickness, axis scale, font, etc.,
as desired by the user.

= Format Data Series ? x o=
3
Series Options Line Color _B
Marker Options ) Moline
Marker Fill @ soldine
5 I (O Gradient line
Line Color O Automatic
Line Style Color: |3 =
Marker Line Color Transps| Theme Colors s
Marker Line Style H EN [ § |
Shadow ]
Glow and Soft Edges Gray-25%, Background 2, Darker 10%
3-D Format u
Standard Colors
[ ] EEEENR
Recent Colors
|
18 More Colors...

Close

Figure 19. Choosing the color of the data string.

A new data string must be inserted in the graph
to overlay the data selected by the scroll bars. To
do this, click with the right mouse button on the
graph area and select the options: Select Data —
Add. Fill the fields “Series X values” and “Series
Y values”, as shown in Fig. 20, and click on OK.
A new box “Select Data Source” appears; click on
OK.

Series name:

L |

Select Range
Series X values:

=Analysis!Range_X =0.001464129; 0...
Series ¥ values:

=Analysis|Range_Y =0,004E4+08; 0,2...

CK Cancel

Figure 20. Dialog box to insert the part of the graph
where the linear regression is to occur.

Following the procedure shown above, choose
a dark color for this second data stream.

For the purposes of this work, it is necessary to
add a trendline, which is used to perform the
linear fit of the experimental data to a
mathematical function (linear regression), using
the least squares method. To do this linear
regression, click with the right mouse button on
the new data sequence (the darkest graph) and
choose the option “Add Trendline”. Click on
“Power”, as shown in Fig. 21, since the graph
axes are on a logarithmic scale and the logarithm
properties transform powers into products, so the
result is a line. Change the properties “Line
Color” and “Line Style”, as desired.

= Format Trendline ? X
L soiis Trendline Options
Line Color Trend/Regression Type

Line Style = 7| © Exponential

shadow 7] o
P Linear
Glow and Soft Edges J -

(O Logarithmic
-1 © polynomial Order: |2 =
E ® Power
(O Moving Average Period: |2 =
Trendline Name
(@) Automatic Power (Series1)
O Custom:
Forecast
Forward: 0.0 periods
Badoward: |0.0 periods

Set Intercept = (0.0
[] pisplay Equation on chart
[] Display R-squared value on chart

Figure 21. Window to choose and format the trendline.

Position the graph above the slider bars. If
highlighting is desired, select the cells behind the
graph, color them, and describe the function of the
control, in order to facilitate its use. Figure 22
shows an example.

Note that the purpose of the slider bars (placed
below the graph) is to delimit the region that will
be fitted by the trendline, which can be done by
clicking on the arrows (to move 1 point each
click), or on the bar itself (to move 10 points for
each click). It is also possible to click on the
vertical mark and drag.
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2.0E+02

1.0E-04 1.0E-03 1.0E-02

f/ Hz

1.0E-01 LOE+00

Initial Sequence Adjustment Final Sequence Adjustment

Figure 22. Example image of the graph generated.

The angular and linear coefficients of the fitted
line must be inserted in a cell since they are used
to calculate R2, . Hence, the cursor is placed in the
cell where the slope is to be located (in this
example, T8), typing: =SLOPE(Range_Y_Lin;
Range_X_Lin). In the cell where the intercept or
linear coefficient is to be inserted (in this

Graph Data

-0.0128
Intercept -y | 3.8394
log (R') 3.8817
R, 7616.26

Slope

Range indexes

Initial index 0

Final index 28

Frequency values (initial and final)

Initial frag 4.88E-04
Final freq 1.37E-02

Initial Sequence Adjustment

example, T9), type:
=INTERCEPT(Range_Y_Lin; Range _X_Lin).

In the cell where it is desired to insert the
calculation of y using the first value of x (lowest
value of the experimental frequency), in this
example named log (RY)), type:
=(REF_X_Plot)*T8+T9, since REF_X_ Plot is the
cell that indicates the first x value used in the plot,
and T8 and T9 are the cells in which the slope and
y-intercept values of the trendline were calculated,
respectively. If different cells are used, then the
same logic should be followed.

Once Iog(RSOn) has been obtained, calculate

RS by doing 10™®) (in this example:
=10"T10).

To facilitate visualization of the initial and
final values of the fitted region, the following
formulae can be inserted in cells next to the graph:
=INDEX(F7:F2053; Start Point + 1), for the
initial value of the frequency range, and
=INDEX(F7:F2053; End_Point), for the end value
of the frequency range. Figure 23 illustrates the
example being used in this work.

1OE-03 1L.OE-02

f/Hz

LOE-01 LOE+M0

Final Sequence Adjustment

Figure 23. Chart with calculated values of interest.

Once the spreadsheet is built, the goal is to use
it to automate the work, performing the analysis
of the quantity of data sets it is desired to study,
simply by replacing the input data. However, the
FFT function does not update automatically with
the replacement of the input data. Hence, it is
necessary to either manually delete and redo the
values calculated by the FFT, every time a new set
of input data is used, or implement a macro,

67

which is an Excel feature for automatically
performing programmed tasks. This can be done
as follows:

On the ribbon, click Developer — Visual
Basic. In the window that appears in the left part
of the screen, right-click on Microsoft Excel
Objects — Insert — Module, as shown in
Fig. 24.
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£ Microsoft Visual Basic for Applications - Example - ENAxIsm - u} X |
i File Edit View Insert Format Debug Run Jools Add-lns Window Help o '
HEL=Rg® | Poua e HEEY @ -]
Project - VBAProject &
") 2
=& VBAProject (Example - ENAdsm)
& SRR
E8] Plan1 (Data) Code
) Plan2 (Analys Ot 1
&) ThisWorkbook B
&% VBAProject (FUNCI VBAProject Properties...
Insert r | userForm
Import File... <& Module
Export Fi % Class Modul
Properties -
G Print..
L @l oocete

Aphabetic Cateqorized

I

ide

Figure 24. Visual Basic window for creating a macro
in Excel.

This creates a workspace. Place the cursor in it
and enter the codes described below (note that the
cells indicated in the codes refer to the current
example). Thus, G6 is the cell where the initial
value of FFTe is positioned, while cells B6 to
B2053 contain the range of potential data, E.
Analogously, H6 is the cell where the FFT; values
start, while cells D6 to D2053 contain the current
data, i. It should be noted that multiplication by
the scale factor, mentioned previously, is already
included in this macro.

Sub Buttonl ()

'FFT of Potential

Range("G6"). Select

Range(Selection, Selection.End(xIDown)).Select
Selection.ClearContents
Application.Run
ActiveSheet.Range("$B$6:$B$2053"),
ActiveSheet.Range("$G$6"), False, False

'‘Copy of the current multiplied by the scale factor
Range("$D$6:$D$2053").Copy
Range("$AH$6:$3AH$2053").PasteSpecial
xIPasteValues

Range("D2").Copy
Range("$AH$6:$3AH$2053").PasteSpecial
xIPasteAll, xIMultiply

'FFT of the current

Range("H6").Select

Range(Selection, Selection.End(xIDown)).Select
Selection.ClearContents

Application.Run "Fourier",
ActiveSheet.Range("$AH$6:$AH$2053"),
ActiveSheet.Range("$H$6"), False, False

'Erases the current multiplied by the scale factor
Range("$AH$6:$AH$2053").Select

"Fourier",
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Selection.ClearContents
'Reposition the worksheet focus
Range("$A$1").Select

End Sub

Return to the Analysis spreadsheet and choose
the location where it is desired to place a button
that is to be clicked to update the FFT calculations
when a new data set is introduced. In the
Developer tab, click on Insert and then click on
the image of a button, as shown in Fig. 25.

™ |= Example ENA with h
g Home Insert Page Layout Formulas Data Review View Developer
= Record Macro g = = h %A properties
== & 5 (K2
=a E Use Relative References N i === gl view Code = Exp
Visual Macros Add-Ins  COM Insert |Design Source .
Basic /1% Macro Security Add-Ins Made H RunDialeg §
Code Add-Ins Form Controls
F7 - Je | =e7/(3as2*sps 2 A 2B @
g -
A B c H Button (Form Control) F
2
# sample (N) Atls Area/cm Se:
= -
2048 100 0282 = H CHE 3
HeADR®
time Density (i) n freq (f)

Hyw (E(t) - ye(t))  Hw (K1) - yu(t))
s v A

0.0E+00
1.0E+00
2.0E+00
3.0E+00

Aem®
0.00E+00
-3.6BE-14
-1.38E-13
-3.01E-13

Figure 25. Procedure for insertion of a button in an
Excel macro.

Hz
0 "5058390468

0
1 I 0.000488 !2.5393554]5]
2
3

0.00E+00
-4.04E-11
-1.43E-10
-3.15E-10

0.00E+00
-1.03E-14
-3.82E-14
-8.50E-14

0.0009761 -3.790766798
0.0014641 1.8979649836

Next, click where it is desired to create the
button, dragging the cursor to form a rectangle.
Release the mouse when the desired size is
reached. At this point, a window called Assign
Macro opens. Click on Button 1 and then OK
(Fig. 26).

Assign Macro ?

Macro name:
Button1 F

Edit

Macrosin: | All Open Workbooks ~

Description

Figure 26. Procedure in Excel for assigning a macro to
a button.

Cancel

In order to change the text on the button, right-
click on it, and select Edit Text. To change the
font, select the Format option. The result looks
like Fig. 27.
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A B [3 D E F G H [
1 | #sample (N) Atls Area / em” Scale Factor
2 2048 1.00 0.282 1000 FFT
3
4 time Hy (E(t) -ye(1))  Bw (1(1) - va(t)) Density (i) n freq (f) FFTe FFT;
5 s v A Acm? Hz
& 0.0E+00 0.00E+00 0.00E+00 0.00E+00 [1] 0 "5.05830046814924E-004 "2.93378056156407E-005
7 1.0E+00 -4.04E-11 -1.03E-14 -3.66E-14 1 0.000488 2.63986541670193E-003-3.61111834018308E-0041  -2.92324284934354E-004-9.25323676985686E-0051
] 2.0E+00 -1.43E-10 -3.926-14 -1.39E-13 2 0.0009761 -3.79076679865553E-003+1.10001315796228E-0031  6.2331830349104E-004+3.66734030091556E-004i
] 3.0E+00 -3.15E-10 -8.50E-14 -3.01E-13 3 0.0014641 1B9796498360598E-003-1.3827831045382E-0031  -2.27822331071836E-004-3.43855342316282E-004i
10 4.0E+00 -5.87E-10 -1.45E-13 -5.15E-13 4 0.0019522 -161014786577268E-005+1.11852227920365E-0031  -4.0672458279581E-005+2. 1663928670931 2E-0051

Figure 27. Image of a worksheet containing the FFT update button.

Every time the input data is changed, click on obtained with Excel were compared with those
the FFT button to remake the FFTe and FFT; obtained with Origin® (see the Supplementary
calculations.  All  other calculations are Information 1), a software package widely used
automatically updated. by chemists, using the same experimental data and

The procedure presented above was also the same linear regression frequency region. The
performed without Hann window. The results results are presented in Tab. 1.

Table 1. Values of RSOn obtained with Excel and Origin® routines using the same experimental data for a carbon paste
electrode (CPE) modified with chalcopyrite obtained in solution A (T&K) + 0.02 mol L™ Cu(ll)*.

Slope y-intercept RSOn @) Slope y-intercept RSOn @)
Excel® 0.0716 3.8204 3,830 Excel® -0.0128 3.8394 7,616
Origin®  0.0716 3.8204 3,823 Origin® -0.0129 3.8393 7,621

*See Supplementary material 1 and 2.

4. Conclusions [2] Bertocci, U., Gabrielli, C., Huet, F. Keddam, M.,
Rousseau, P., Noise resistance applied to corrosion

The routine developed in Excel, an measurements, Journal of The Electrochemical Society
144 (1) (1997) 37-43.

inexpensive program available to all students and

professionals from different areas, was effective https://doi.org/10.1149/1.1837362.

for calculation of the spectral electrochemical [3] Mansfeld, F., Su, Z., Hsu, C. H., Electrochemical
noise resistance vaIue,_Rgn, accordi_ng to the FFT noise analysis (ENA) for active and passive systems in
method. It was possible to obtain the values chloride media, Electrochimica Acta 46 (24-25) (2001)
rapidly, saving time when performing repetitive 3651-3664. https://doi.org/10.1016/S0013-
calculations for analysis of the results from a large 4686(01)00643-0.
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The Supplementary Information 1 describes columns (A, B and C). Divide the current values
the procedures to calculate R® using Origin® by the electrode area and put the results in column

D (select the column D and follows the
commands: Column — Set Columns Values —
in the box, type Col(C)/area value — OK).

Select the potential column and follows the
commands: Analysis — Signal Processing —
FFT — FFT — Open Dialog (Fig. S1a). In the
window that appears, choose the option Window
Hanning — uncheck Shift — in Spectrum Type
main text, using Origin® software follows the box, choose One-fsided —> uncheck Result Graph
steps below: Sheet - Ok (Flg.Slb)._ If you do not use the

Copy the data of time (t), potential (E(t) — Hann window, mark Window Rectangle, as in

ye(t)) and current (I(t) - yi(t)) in the first three Fig. Sic:

software and to obtain electrochemical noise data,
and a file .xIms with the experimental data used to
applied the described routine.

How can ENA data be analyzed using
Origin® software?

To make the same analysis, described in the
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sheet  Analysis  Statistics Image Tools Format Window Help

= "E Mathematics P& E‘I = 5& Al & +g
Data Manipulation *

Fitting y|TAT R &
Signal Processing  # Smocthing * d’ i

Spectroscopy ' FFT Filters...

{1 FitLinear. 1 <Last used> =R [E=m 5
I Wavelet » IFFT... [.” | H(Y) ‘ -
[ 3FFTFilters.. Botental (£ INe I
L 4 Smoothing... Convolution...
“1' 0 4r Deconvelution...
2 1,0 -4.3 Coherence...
i g:g :i:g Correlation...
5 4,0 -3,8 Hilbert Transform...
B 5.0 -3 Brouesg ST RoTIrESs T
T 6,0 -3, 4634E-9 -1 2281E-8
a)
B Signal Processing\FFT: fft1 | B Signal Processing\FFT: ft1
I Dialog Theme | <Factary defauits ~| = g | Didlog Theme | ¢Factony detaul> v| o @
Description  |Fast Fourier transform o input vector [discrete Fourier transforms) Description  |Fast Founier transform on input vectar [discrete Fourier transforms)
Bl Input FBDDK1 ]Sheet11B"Potential* Ij‘aILl = Input ||[Book1]8heet1!B"Potential" Ij‘EILI
Imaginary || Ij‘alLl Imaginary || I?EILI
Sampling Interval 1.00049 Auta Sampling Interval 1.00043 Auto
H Options [ Options
"Window Hanning Window Rectangle ~
Shift O Shift O
Urwurap phase Urwrap phase
Factor -1 [Electiical Engineering] > Fegtar -1 [Electiical Enginsering)
Spectrum Type One-sided ~ Sesinm Togs Omesizd
Harmalize power bo MSA-Mean 5 quans Amplide h Harmalize power ta MSa-Mean Square Ampliude ~
Preview Amplitude/Phase Preview Ampliude/Phase  ~
Plot Plot
Result Data Sheet [L<input> Jenew > |1 L8 Result Data Sheet [<input knewr > [E[»
[ Result Graph Sheet [IResult Graph Sheet
Recalculate Manual  ~ Recalculate Manual
b) c)
Figure S1. FFT Origin® command with (B) and without (C) Hann window.

A new tab is created (FFTResultDatal) that column of “Power as MSA”. Repeat the
has all necessary information to potential analysis, proceeding for the column of the current. The
including frequency and PSDg, which is in Fig. S2 shows the tab FFTResultDatal.
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H Bookt [o ] & |ms
AX) &) A2(Y) @  Ay) & AdY) & ASY) @] AGY) @] A7) @] As(Y) @  AoY) @] A

Comments FFT of [Book1]Sheet11B"Potential”
Long Mame | Frequency Complex Real Imaginary Magnitude Amplitude Phase Power as MSA dB

1 0 -0.86848E-4 -9.86848E-4 0| 9.86848E-4 4 8186E-7 180 2.32189E-13 | -126.34159

2| 4.88043E-4 0.00431-6.17038E-4i 0.00431 -6.17038E-4 000436 | 4.25509E-6 351.85882 9.05291E-12 | -107.42182

3| 9.76086E-4 -0.0062 +0.0018i -0.0062 0.0018 0.00645  6.30026E-6  523.80403 1.98466E-11  -104.01283

4 0.00148 0.0031-0.00226i 0.0031 -0.00226 000384 | 3.74519E-6 683.86978 7.01322E-12  -108.53052

5 0.00195 -0.00263 + 0.00183i -0.00263 0.00183 0.0032  312707E-6 50523902 4.88928E-12  -110.09725

6 0.00244  9.8727VE-4 +5.12604E-4i 9872TE-4 5.12694E-4 0.00111 | 1.08638E-6  387.44305 590114E-13  -119.28034

7 0.00293 0.00124 - 0.00188i 0.00124 -0.00188 000225 | 21998VE-6 & 303.48338 241971E-12 | -113.15207

8 000342 5.61276E-4-2.89181E-5i 561276E-4 -2.89181E-5 5.6202E-4 5.48848E-F7 | 357.05061 1.50617E-13  -12521098

9 00039 -8.04048E-4-9.3031E-4i | -8.04048E-4 -9.3031E-4 0.00123 1.2008E-6 | 22916381 T7.20963E-13 | -118.41057 W
« [ v [\, Sheet1 } FFTResultDatal AFFTResultDataz / || < >

Figure S2. Results of the FFT routine applied to Potential data using Origin®.

Copy the column “Power as MSA” of the tab
FFTResultDatal (PSDg) and paste it in column E
of the Sheetl and repeat the proceeding for
Current density (i), pasting the PSD, in column F
of the Sheetl.

Select the column G in the Sheetl and follow
the commands: Column — Set Columns Values

Copy the frequency column (Freq(X)) of the
tab FFTResultDatal and paste it in column H of

the Sheetl. In the column | calculate log f
10

making: select the column I — Column — Set
Columns Values — in the box, type log(Col(H))
— Ok. Use the same proceeding to calculate

— in the box, type Sgrt(Col(E)/Col(F)) — Ok,

log(Ry,) in the column J. Your folder Sheetl
to calculate R,. Figure S3 shows this proceeding. 10

should look like Fig. S4.

| Fermula  weol(1)  Col(A) Fi)

:How[i]: FlDI‘ﬂ To

lee| [<¢| [»>] [33]| CollG)=

' [Sqrt (Col (E)/Cal (F))

Mone Cancel Ok, ¥

| Recalculate Apply

PSD,

Figure S3. Command to calculate

44 8ok oo
A B(Y) c) vy | Em o | em | HD | am oA
Long Mame | Time(t) Potential (E)  Current (I} density (i) Power as MSA Rsn Frequency log (freq) log(Rsn)
Units s v A Acm’
Comments PSDE PSDi
1 -16084E-8 | 23219E-13 | 54470E-22 2 064GE4 0 — | 473148E0
0 -1,7299E-5 | -4,5357E-9
2 1,0 -17120E-5 | -43817E-9 -15538E-8 |  90520E-12 | 1,1946E-19 | B7052E3  48804E-4 -33115E0 39308ED
3 2,0 -15184E-5 | -4,1596E-9 | -14750E-8 | 19847E-11| 6,6572E-19 | 54601E3  97609E-4  -3,0105E0 | 37372ED
4 3,0 -1,4855E-5 | -4,0066E-9 | -1,4208E-8 | 7.0132E-12 | 21610E-19 | 5,69G8E3  14641E-3  -2,8344E0 3,7556ED
5 4,0 -15838E-5 | -3,8534E-9  -13664E-8  48893E-12 | 27131E-21 | 42451E4  19522E-3 -2 7095E0 46279ED
B 5,0 -13780E-5| -35750E-9 -12677E-8| S58011E-13 | 26159E-20 | 47406E3  24402E-3  -2.6126E0 | 3676G7TED
7 6,0 -1B460E-5 | -34634E-9 -12281E-8 |  24197E-12 | 1,6253E-20 | 1,2202E4  29283E-3 -25334E0  4,0864ED
8 7,0 -1,6486E-5 | -3,3493E-9 | -11877E-8| 15062E-13 | 212G7E-20 | 2661263 3 4163E-3 | -24GG4E0 | 3 4251ED
9 8,0 -14873E-5 | -3,2956E-9 -11438E-8 | 7.2096E-13 | G,7114E-21  1,0365E4 2 9043E-3 -24085E0  4,0156ED v
<[+ ]\ sheet1 {FFTResultData1 {FFTResultData2 f || < >

Figure S4. Table of sheetl with necessary values to calculate RSOn .
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To make the graph select the column | —
Column — Set as X; select the column J —
Column — Set as Y. How the study is made in
low frequency, select only the values of
interesting to make the fit. In this case, the
interval between row 2 and 29 was chosen to
compare with Excel results (using Hann window).
Make the graph using the commands: Plot —
Line — Line (see Fig. S5).

File Edit View Plet Celumn Worksheet Analysis Statistics  |Image

Symbel »| oo Horizontal Step
r Default: A Line + Symbol P Vertical Step { 1
Columns/Bars »| LM Spline IE
Multi-Curve 4 I
s | @ Example 30 XYY >
L3 Folde  3DxvZ v EH Book
3D Surface A1) |
+ Statistics 4 Long Mame time
Area » Units s
7] Comments
Contour 4 16
Specialized 4 15.00733
4 Template Library... 17 16.00782

Figure S5. Commands to make a graph using line.

Fit the straight line to graph (linear regression)
by commands: Analysis — Fitting — Linear Fit
— Ok. A new tab will be open, and the values of
slope and intercept are presented in Parameters,
like in the Fig. S6. Use these parameters to

calculate RY,, as described in the paper.

&, 1|20 Linear Fif (12/05/2020 08:53.00)
+ MNofes

+ Input Dafa

= Paramelers

Value
Intercept  3.8393

Standard Error

log{Rsn) 0.40528

Slope -0.0129 017721
= Stalistics
log{Rsn)
Mumber of Points 28
Degrees of Freedom 26
Residual Sum of Squares = 296505
Adj. R-Square | -0.03825

Summary

Intercept
Value Error
logiRsn) 38393 | 0.40528
ANOVA
L DF = Sum of Squares
Model 1 6.04293E-4
log(Rsn)  Error 26 2.96505
Total 27 2.06565
Fitfed Curves Plot
log(Rsn)

Statistics
Adj. R-Square
-0.03825

Slope
Value Error
-0.0129 | 017721

Prob=F
0.94253

WMean Square | F value
6.04293E-4 | 0.0053
0.11404

Ea

Figure S6. Results of the linear regression.
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with

Obtention of electrochemical noise data

Current and potential noise data were obtained
in a Potentiostat / Galvanostat Reference 600
using the ESA410 software, from GAMRY
Instruments®. The data contained in the
spreadsheets were treated with the Excel software
and compared with the treatment made with the
Origin® software, with and without the Hann

window option.

Electrochemical noise measurements were
carried out using carbon paste electrodes modified
chalcopyrite powder. The powdered
chalcopyrite (¢average = 38 pm) stored in argon
atmosphere was mixed with graphite powder
(Alfa Aesar, gaerage = 42 um) in the proportion of
50 wt.% plus a drop of binder (mineral oil) and
0.6 mL of chloroform, according to the literature®.
The resulting paste was placed on a cavity
electrode, constituting the carbon paste electrode
(CPE), expounding an area of 0.282 cm? to the
solution.

The solution A of the T&K medium?
containing 0.5 g L*! of each of Mg? and
NH4* sulfate and potassium phosphate salts, 0.08
mol L? ionic strength, pH 1.8 (adjusted with
diluted H,SO.) plus 0.020 mol L* CuSO, was
used as electrolyte.

The electrochemical cell (Fig. S7) consisted of
a glass cylinder placed horizontally, having two

similar CPE electrodes fixed to the opposite sides

of the cylinder and a reference electrode of

Ag/AgCI/KCI3mol L* in a Lugging capillary

positioned close to one of the CPE electrodes.
Once the electrochemical cell was connected to

the potentiostat, all current and potential filters
were activated for

automatic scaling. The
electrochemical cell was switched on and the
potential and current noise were expected to

stabilize before starting to record the 2048 points

at the frequencies of 1 Hz. The experiments last
34 min and 8 s (1 Hz). Experimental data are in
Excel in Supplementary information 2.
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Figure S7. Electrochemical cell for obtaining the ENA
data.
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