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Abstract: The fractal properties of carbon paste electrodes (CPEs) and carbon paste electrodes
modified with ionic liquid (IL), AuTiO,/graphene oxide, and IL/AuTiO,/graphene oxide were
investigated using scanning electron microscopy (SEM), and cyclic voltammetry (CV). The impact
of fractal dimensions and self-similarity ranges on electrochemical responses was underlined. It
was proved that a higher fractal dimension and a broad self-similarity domain lead to a higher
electrochemical response. Results indicated that IL/AuTiO,/graphene oxide composite-modified
CPEs are a great candidate to be used as electrochemical sensors, with a high fractal dimension and
large self-similarity domain.
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1. Introduction

The IL/ AuTiO, / graphene oxide (GO) composite-modified carbon paste electrode was
recently proven to be a successful sensor showing high selectivity, sensitivity, reproducibil-
ity, and good stability for the detection of tartrazine (Tz, E102) [1], a synthetic organic food
dye that must be controlled due to its potential harmfulness to human health [2,3].

Low background current, fast regenerative surface, easy modification, and low cost
make carbon paste electrodes (CPEs) the preferred electrode materials often used in electro-
chemistry [4,5].

In previous work [1], the carbon paste electrode was modified using an ionic liquid
(IL) and AuTiO, /GO composite to obtain a proper Tz sensor.

Since the first studies on fractal objects [6], there have been many reports in the
literature showing the fractal nature of surfaces [7]. Moreover, the link between fractal
properties and their physical-chemical properties has often been depicted in the last years:
the fractal properties of the catalysts [8-11], zeolites [12], electrodes in electrochemical ap-
plications [13-19], nanoparticles [20,21], dental surfaces [22] have been intensively studied.
Understanding the impact of roughness on surface phenomena and, moreover, the fact that
most surfaces are self-affine (self-similar and scaling with different amounts in different
directions) opened a new chapter in the study of adsorption [10], catalysis [8-11], and
electrochemical processes [14,15,17-19,23,24].

The assumption that the electrode surface is Euclidean (planar, cylindrical, or spherical
electrodes) leads to power laws, such as Cottrell, Sand, or Randles-Sevcik equations, used
to analyze diffusion/transport phenomena in electrochemistry. However, experiments use
surfaces that are not smooth or planar but rough. Moreover, as Mandelbrot [6] and later
Avnir and Farin proved [7], surfaces are not only rough but are self-similar.
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In the last years, applications of fractal theory in electrochemistry have constantly
grown, including diffusion kinetics at the fractal electrodes, electrochemical responses
to various signals under diffusion—limited reactions of fractal interfaces; the property
of a fractal to minimize internal resistance while maximizing surface-to-volume ratios
lead to better carbon electrodes [13] and the application of noise analysis and fractal
geometry in understanding the corrosion mechanism of stainless steel immersed in different
concentrations of FeCls leads to fractal surfaces with good correlation between the surface
fractal dimension obtained by electrochemical impedance spectroscopy and by scanning
electron microscopy [16].

Fractal analysis is a powerful technique to investigate electrode surfaces [17,18]; it was
also used in fractal dimension determination of dental surfaces as a quantitative measure
of the state of the carious tooth surface [22]. Even energy efficient microelectrodes used in
neurostimulation are affected by the fractal design, as studies showed superior properties
of the fractal shape microelectrodes [13].

Self-similarity is the property of an object to look the same at different scales; fractal
objects are self-similar, and they are characterized by a number, the fractal dimension,
describing the fractal behavior on the self-similarity domain [6]. Surfaces are characterized
by the surface fractal dimension related to both self-similarity and roughness.

To analyze surfaces as fractal objects it is necessary to compute their fractal dimen-
sions. There are a lot of methods to do this, based on different experimental techniques
of characterization, including microscopy (atomic force microscopy, scanning electron mi-
croscopy, transmission electron microscopy) [9,25], small angle X-ray scattering [26-29], cyclic
voltammetry and electrochemical impedance spectroscopy [19], and adsorption [30-33].

In this work, carbon paste electrodes, IL-modified carbon paste electrodes, and
AuTiO, /GO and IL/AuTiO; /GO composite-modified carbon paste electrodes were studied
from a fractal behavior point of view.

Fractal dimensions were computed by SEM micrograph analysis (SEM fractal dimen-
sion) and by cyclic voltammetry (CV-fractal dimension).

The aim of this paper is to correlate the fractal properties of four types of elec-
trodes: carbon paste electrodes, IL-modified carbon paste electrodes, AuTiO,/GO and
IL/AuTiO, /GO composite-modified carbon paste electrodes with the electrochemical
response and with the ability of the electrode to act as a sensor.

As a novelty, we shall demonstrate the following:

e The analyzed carbon paste electrodes are fractals with broad self-similarity domains;
the modifications of carbon paste electrodes influence their fractal properties toward
higher fractal dimensions and large self-similarity domains.

e  An electrode with a higher fractal dimension leads to a better electrochemical response
and, therefore, is suitable to be used as a Tz-sensor [1].

e A larger self-similarity domain will lead to a higher active area and a higher electro-
chemical response.

e  Although the fractal dimensions obtained from cyclic voltammetry differ from those
obtained from SEM images, there are correlations between them; SEM analysis offers
information about the self-similarity domain.

e  Conclusions on how the electrochemical response can be improved are also depicted.

The paper is structured in four sections. After Section 1 Introduction, Section 2 presents
the theoretical and experimental methods. A brief exposition of the carbon paste electrode
preparation is followed by a description of the experimental materials and apparatus used
for characterization. The methods used to compute fractal dimensions are presented in
Section 2.2. Results and discussions are in extenso presented in Section 3, followed by the
major conclusions in Section 4.
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2. Theoretical Methods and Experimental
2.1. Materials and Characterization
2.1.1. Preparation

Au nanoparticles (AuNPs) were prepared using a modified synthesis alkaline polyol
method described in detail elsewhere [34]. The synthesized nanoparticles capped by PVP
have a uniform structure, very good dispersion, and sizes between 6 nm and 16 nm, as
depicted in a previous work [1].

AuTiO, /GO composite was synthesized using 50 mg graphene oxide and 50 mg
TiO,, dispersed in ionized water and ultrasound, as Refs. [1,34] described. AuNPs were
impregnated on the TiO, /GO powder, resulting in a 5% metal load composite material.

The ionic liquid (1-butyl-2,3-dimethylimidazolium tetrafluoroborate) was added to
carbon paste to form the modified carbon paste electrode, as in Ref. [1]. The utilization of
TiO, and AuNPs improved the conductivity of the sensor, while the ionic liquid (IL) was
used as an electrocatalyst.

2.1.2. Characterization

Fractal dimensions of the electrodes were computed based on two different methods:
scanning electron microscopy (SEM) and cyclic voltammetry (CV).

To obtain SEM images, an FEI Company’s Quanta Inspect F microscope with a field
emission electron beam gun (FEG) and a resolution of 1.2 nm was used.

A mini potentiostat EmSTAT Pico connected to a laptop for data acquisition was used
to obtain cyclic voltammograms. The electrochemical experiments were carried out at 22° C.
The electrochemical cell contained three electrodes: the modified carbon paste electrode as
the working electrode, Ag/AgCl as the reference electrode, and Pt-wire as the auxiliary
electrode. Apparatus and methods were described in detail in a previous paper [1].

2.2. Fractal Theory and Methods
2.2.1. Fractal Dimension Computation by SEM Method

The surface morphology of the sensors was depicted using the SEM technique. The
presence of Au/TiO; and AuTiO, /GO composite was proven from the EDAX spectrum
and SEM mapping. Results were presented in a previously published paper [1]. Various
methods can be used to compute the fractal dimension from SEM micrograph analysis,
such as the power spectral density (PSD) method using Fourier transform function [35],
the box-counting method [6], the mass-radius relation method [36], the correlation function
method [36,37], and the variable length scale method [38]. We used the correlation function
method [37] and the variable length scale method [38] to compute fractal dimension from
SEM micrograph analysis.

To characterize the fractal behavior of the surface, both the fractal dimension and
the self-similarity inner and outer cut-offs must be computed. The self-similarity cut-offs
describe the limits between fractal properties that are valid.

The correlation function method uses the height correlation function, which scales in
space; the slope of the log-log plot of the correlation function versus correlation distance is
2(3-D), where D is the fractal dimension [37] as in the following:

G(r) =< [h(?) —h(?+7)]2 > (1)

where the symbol <...> denotes an average over x, and the scaling law is:
G(r) ~rB D) r<cL )
On the other hand, the variable length scale method uses the surface roughness,
averaged over each box of linear size ¢, which is a power function of ¢ with exponent

(3-D), with D the fractal dimension [38]. The log-log plot of the averaged surface roughness
versus the box size leads to (3-D).
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Rms deviation R, averaged over n, the number of intervals of length ¢, is defined by:

)

where zj is the jth height variation from the best-fit line within the interval i, and p; is the
number of points in the interval e.

The log-log plot of Rye versus ¢ gives the Hurst or roughening exponent H, and the
fractal dimension D can be calculated as:

D=Dr—H (4)

where Dy is the topological dimension of the embedding Euclidean space (Dt = 2 for
profiles and Dt = 3 for surfaces).

As a remark, the correlation function method gives better results at lower scale values;
meanwhile, the variable scaling method works better at large scales, computing global
fractal dimensions.

Fractal dimensions obtained using both the correlation function method and variable
length scale method measure the self-affinity of the surface and, therefore, take values
between 2 and 3. For a higher roughness, the fractal dimension will be close to 3; meanwhile,
a surface with lower roughness will be characterized by a fractal dimension close to 2
(planar surface).

SEM micrographs are converted into 3-dimensional images where the grey level of
each (x,y) pixel is assigned to the surface height at the (x,y) surface coordinates. Both the
height correlation function method and the variable length scale method were computed
using an implemented C++ computer code.

2.2.2. Fractal Dimension Computation Using the Cyclic Voltammetry (CV) Method

The voltammetric response of fractal surfaces was intensively studied. There are two
methods to compute fractal dimension from CV investigation. The first one is based on the
remark that the potential separation between anodic and cathodic peaks is a function of the
fractal dimension [19], and the second one is based on the Randles—Sevcik equation [19],
which offers, in a log-log plot, the fractal dimension as the slope of the curve.

In this work, to compute the fractal dimension, the fractal Randles-Sevcik equation
was used [19]:

al
I‘(l — o()r(uc) (')//\12) 2 (nPl/)anFAmacroDl_achmax(lx)
r(1)(®n)"

where & = (D — 1)/2, with « being the well-known fractal parameter of diffusion on a
fractal surface and D being the CV-fractal dimension; Ajucro is the macroscopic area of the
electrode, -y is a geometrical factor, C; is the constant bulk concentration, F is Faraday’s
constant, I is the gamma function, A; is the length corresponding to the inner cut-off of the
fractal electrode, v is the scan rate, D is the diffusion coefficient, and i, is the maximum
cathodic current (the peak current). In the case of the reversible chemical equations, the
maximum cathodic current is equal to the maximum anodic current but with an opposite
sign. Equation (5) is deduced taking account of the diffusion-controlled process to a fractal
surface, the fractal Cottrell coefficient, and extended the Bard and Faulkner derivation for
smooth electrodes to fractal surfaces [1].

The slope of the log-log plot of peak current iy, versus scan rate v from Equation (5)
is the fractal parameter o, which leads to the CV-fractal dimension of the fractal electrode
surface: ipegp~v"

)

ipeak =
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The macroscopic and the microscopic areas of the electrode obey the following rela-

tion [14,15]:
Amacro — (ﬁ)zwl (6)
Amicra Ao

with A; and A, being the spatial inner and outer cut-offs of the fractal electrode, corre-
sponding to the spatial self-similarity limits, related to the fastest and the slowest scan,
respectively. The fastest scan will provide the inner cut-off; meanwhile, the slowest scan
will provide the outer cut-off, respectively.

Equation (6) corroborated with Fick's first law of diffusion for computing inner and
outer cut-offs and with fractal Randles-Sevcik equation Equation (5) lead to the follow-

ing [39]:
Amacro _ ( i ) o )
Amicro iU

For a fractal electrode, the active surface of the electrode is the microscopic area, which
is greater than the geometric surface, described by the macroscopic area [39]. The active
surface area is equal to the geometric area only in the case of a planar surface, D =2 in
the Euclidean space. According to Equation (6), the active surface area increases, either
increasing the fractal dimension or increasing the self-similarity limits. In other words,
electrodes with broader self-similarity domains and higher fractal dimensions will have a
higher active surface area and, in consequence, a higher electrochemical response.

3. Results and Discussion
3.1. SEM Fractal Dimensions

SEM micrographs of the carbon paste electrode, IL/carbon paste electrode, AuTiO,/
GO/ carbon paste electrode, and IL/AuTiO, /GO/ carbon paste electrode are presented in
Figure 1. For every electrode, a set of SEM images at different magnitudes were collected,
and after that, these images were analyzed using fractal theory. Results are presented in
Tables 1-4 (Figures S1 and S2). Mean roughness was also computed using Gwyddion Data
Analysis Software version 2.65 [40].

det HV spot mag » WD
ETD 30.00kV 5.5 10000 x 9.4 mm

(b)

Figure 1. Cont.
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(c) (d)

Figure 1. SEM micrographs of (a) CPE; (b) IL/CPE; (c) AuTiO,/GO/CPE; (d) IL/AuTiO,/GO/CPE.

Table 1. Fractal dimension of carbon paste electrode (CPE).

. Fractal Standard Determination  Self-Similarity Mean
Magnitude Method Dimension Errors Coefficient Domain (nm) Roughness
Correlation
300 pm Function 2.730 0.001 0.995 263-6595 0.1534
Method
Variable Length
Scale Method 2.714 0.004 0.998 2636-34,270
Correlation
10 pm Function 2.767 0.001 0.996 100-1186 0.1492
Method
Variable Length
Scale Method 2.735 0.006 0.972 132-5828
Correlation
500 nm Function 2.622 0.002 0.950 9-36 0.1214
Method
Variable Length 2.717 0.019 0.982 13-46
Scale Method 2.551 0.005 0.998 46-132
Table 2. SEM Fractal dimension of IL/carbon paste electrode (IL/CPE).
. Fractal Standard Determination  Self-Similarity Mean
Magnitude Method Dimension Errors Coefficient Domain (nm) Roughness
Correlation
. 2.652 0.007 0.996 264-1321
300 um Function 0.1284
Method 2.732 0.002 0.997 1321-3756
Variable Length 2.661 0.007 0.998 2643-18,502
Scale Method 2.829 0.004 0.993 18,502-44,934
Correlation
10 um Function 2.779 0.001 0.997 13-2747 0.1347
Method
Variable Length
Scale Method 2.762 0.006 0.980 132-4105
: 2-4
Correlation (narrow
500 nm Function 2.799 0.011 0.984 self-similarity 0.1136
.Method domain)
Variable Length 2788 0.018 0.956 11-88

Scale Method
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Table 3. SEM Fractal dimension of AuTiO,/GO-modified carbon paste electrode (AuTiO,/
GO/CPE).

Maenitude Method Fractal Standard Determination  Self-Similarity Mean
& Dimension Errors Coefficient Domain (nm) Roughness
Correlation
. 2.711 0.013 0.994 264-747
300 pm Function 2541 0.001 0.999 747-2759 0.1516
Method
Variable Length 2.520 0.010 0.998 2643-13,215
Scale Method 2.781 0.015 0.973 13,215-31,718
Correlation
10 um Function 2.700 0.001 0.999 13-723 0.1689
Method
Variable Length 2.714 0.011 0.994 132-794
Scale Method 2.583 0.009 0.992 794-3178
Correlation
1 um Function 2.594 0.002 0.995 4-27 0.1696
Method
Variable Length
Scale Method 2.576 0.004 0.995 39-529
Table 4. SEM Fractal dimension of IL/AuTiO, /GO-modified carbon paste electrode (IL/AuTiO,/
GO/CPE).
. Fractal Standard Determination  Self-Similarity Mean
Magnitude Method Dimension Errors Coefficient Domain (nm) Roughness
Correlation
. 2.767 0.011 0.982 264-953
300 pm Function 2.600 0.002 0.989 953-2847 0.1778
Method
Variable Length 2.589 0.006 0.999 5286-18,502
Scale Method 2.737 0.011 0.991 18,502-34,361
Correlation
10 um Function 2.749 0.001 0.998 13-2070 0.1814
Method
Variable Length
Scale Method 2.689 0.005 0.993 261-3660
Correlation
2.770 0.018 0.980 2-7
3 um Function 0.1706
Method 2.553 0.001 0.999 7-30
Variable Length
Scale Method 2.584 0.004 0.998 52-634

Carbon paste electrodes exhibit fractal behavior over a large self-similarity domain,
characterized by a global fractal dimension of 2.714-2.767 and a lower fractal dimension
of 2.551-2.622 for lower scales. The fractal behavior over a large-scale domain indicates
long-range correlations and organized structures (Table 1).

IL/CPE electrodes exhibit fractal behavior over a large self-similarity domain charac-
terized by higher values of the fractal dimension of 2.762-2.829. The 10 um and 500 nm
samples are very well correlated, characterized by a single fractal structure (fractal dimen-
sion 2.762-2.799). The 300 pm sample (the large micrograph) has a bi-modal behavior, with
a global fractal dimension of 2.829 for the high values of cut-off limits and a second fractal
dimension of 2.652-2.732 for the self-similarity domain of 264 nm-18,502 nm (Table 2).

The added ionic liquid improved the fractal behavior and extended the self-similarity
domain to higher cut-off limits. Comparing results presented in Tables 1 and 2, one can
notice that the fractal dimension at the higher outer self-similarity limit is higher when IL
is added (2.829), and the higher outer self-similarity limit is extended toward 44,934 nm,
compared to 34,270 nm. Additionally, the IL/CPE electrode is characterized by higher
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fractal dimensions than the initial CPE electrode (Table 2). This observation could be
of interest in studying the electrochemical response of the electrode, as higher fractal
dimensions will lead to higher electrochemical response [14,15,19,23]. Although there are
reports of the effect of ionic liquid on fractal properties in other systems, as the fractal
dimension increases when ionic liquid is added [41], more studies are required for a deeper
understanding of the phenomena.

The AuTiO,/GO-modified carbon paste electrode is characterized by an accentuated
bi-modal fractal behavior indicating two superposed fractal structures: a structure with a
lower fractal dimension of 2.520-2.594 and another one with a higher fractal dimension,
a compact structure, characterized by 2.700-2.781. As the presence on the surface of
AuTiO, /GO was proved by SEM-EDAX characterization [1] we presume that the structure
characterized by a fractal dimension of 2.520-2.594 is due to its presence on the surface.

Additionally, the structure characterized by the low fractal dimension (2.520-2.594)
could be assigned to the presence on the surface of the AuTiO,/GO composite, as it
appears like a fractal structure not observed for the carbon paste electrode (Table 1) or
for the IL/CPE electrode (Table 2). It can be observed over a large self-similarity domain,
from 4 nm to 13,215 nm (Table 3); meanwhile, the lower fractal dimension structure of
2.551-2.622 (Table 1) of the carbon paste electrode is observed only for lower scales. More
studies are required to fully understand the effect.

IL/AuTiO, /GO electrodes exhibit two superposed fractal structures, both with strong
self-similarity domains, characterized by a medium fractal dimension of 2.553-2.600 and
the other one, by a higher fractal dimension of 2.689-2.770. Samples are characterized by
large self-similarity domains, long-range correlations, and impressive fractal behavior. As
we already noticed in the case of IL/CPE (Table 2), adding ionic liquid leads to broader
self-similarity domains and higher fractal dimensions. The large self-similarity domain
makes the IL/AuTiO, /GO-modified carbon paste electrode an important candidate to be
used as a high-quality electrode. (Table 4)

Mean roughness increases slightly with the modification of the electrodes, except for
the case of IL modification, as can be seen in Tables 1-4.

3.2. Fractal Dimensions Obtained from Cyclic Voltammetry (CV-Fractal Dimensions)

Cyclic voltammetry was used to compute the fractal dimensions of electrodes and
compare them with those obtained from SEM measurements. Additionally, cyclic voltam-
metry was used to characterize the electrochemical response of the electrodes. The scaling
relation iy ~0* from Equation (5) in a log-log diagram leads to the fractal parameter «,
and therefore, the fractal dimension D is computed. The absolute value of the maximum
cathodic current (the peak current) at different scan rates is extracted from cyclic voltam-
mograms depicted in Figure 2 (working conditions: potential range from —0.6 V to1.0 V;
step potential 0.025 V; absolute temperature 298.15 K).

2.00
—0.01V/s
» —0.01Vs
——0.015V/s —0.015 Vs
0.00 /__-‘ ——0.020 V/s ——0.02 Vs
./g ook 3 o
g = ——0.03V/s o —0.03 Vs
T Ll £
§ -2.00 0.05V/s o 0.05Vs
5
IS 0.07 V/s 0.07 Vs
] 0.1V/s 0.1Vs
4.00
-0.60 0.10 0.40 0.90 -0.60 -0.10 0.40 0.90
Potential/V Potential/V
(a) (b)

Figure 2. Cont.
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S

5.00
: —0.01Vs 200 —0.01V/s
} A Z —0.015 Vs 100 —0015V/s
o o ‘) —0.020 V/s
—0.02Vs 100
- / —0.025V/s

0.10

~=0.025Vs

—0.03Vs ——0030V/s

Current/pA

0.05Vs 0.050V/s
0.07Vs 0.070 /s

0.1Vs ] 01

0.40 0.90 060 040 020 000 020 040 060 080

Potential/V Potential/V

(c) (d)

Figure 2. Cyclic voltammograms in a solution of 5.0 x 1073 mol L~ K3[Fe(CN)g] in 0.1 mol L1
KCl at different scans rates from 0.010 to 0.100 V s—1 (a) CPE; (b) IL/CPE; (c) AuTiO,/GO/CPE;
(d) IL/ AuTiO, /GO/CPE.

The log-log diagrams of peak currents versus scan rates are presented for every
electrode in Figure S3. Results obtained from line slopes are presented in Table 5.

Table 5. Cyclic voltammetry fractal dimension (CV fractal dimension) obtained from log-log plot of
ipeak versus scan rate v (Figure S3) (Equation (5)).

Sample CV Fractal Standard Errors Determination Self-Similarity domain
Dimension Coefficient Scan Rates (V/s)
CPE 2.250 0.015 0.9964 0.01-0.1
IL/CPE 2.301 0.026 0.9903 0.01-0.1
AuTiO,/GO/CPE 2.386 0.040 0.9871 0.015-0.07
IL/AuTiO,/GO/CPE 2.519 0.024 0.9940 0.01-0.1

Although modifying the carbon paste electrode with AuTiO, /GO composite increases
the fractal dimension, at a higher scan rate, auto similarity is lost, and self-similarity
properties are damaged. Table 5 shows that the self-similarity domain is restrained to
0.015-0.07. However, by adding ionic liquid, the fractal properties are enhanced, the self-
similarity domain is re-established, and the fractal dimension increases again; this behavior
is in good agreement with the geometric fractal dimensions obtained from SEM images
(Table 4).

The IL/AuTiO,/GO/CPE electrode exhibits good fractal properties and higher fractal
dimension—as cyclic voltammograms depicted—than CPE, IL/CPE, and AuTiO,/GO/CPE.

The fractal dimension values sequence is Diy/autioz/co/crE > Dautioz/co/cPE >
Dy /cpe > Dcpg, meaning that the IL/ AuTiO, /GO/CPE electrode has the highest fractal
dimension, gives the highest electrochemical response [23], and it is suitable to be utilized
as sensor, as it was already proven [1] for the detection of tartrazine.

The sequence is identical to the increase in the sensor conductivity (Figure 3), indi-
cating that the modification improves electrochemical response due to geometrical self-
similarity and higher fractal dimensions as a result of modifying the carbon paste electrodes
with IL, AuTiO; /GO, and IL/AuTiO, /GO, respectively. Results are in good agreement
with the EIS and CV methods [1]. Comparing the four electrodes, the IL/AuTiO,/GO/CPE
gave the best results for the oxidation of tartrazine. An explanation of this behavior is
that higher fractal dimensions lead to higher active surfaces. These results suggest that
the IL/ AuTiO, /GO-modified carbon paste electrode can be useful as a sensor in various
analyses, not only as a Tz sensor.
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Fractal dimensionincreases

—CPE
—IL/CPE
—AuTi02/GO/CPE
—IL/AuTiO2/GO/CPE

Current (HA)

-0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9 11

Potential (V) vs. Ag/AgCl

Figure 3. Cyclic voltammograms performed in a solution of 5.0 X 103 mol L1 K3[Fe(CN)¢]
(0.1 mol L—1 KCQI); step potential 0.025 V; scan rate 0.05 V /s, using as working electrodes the CPE, IL/CPE,
AuTiO, /GO/CPE, and IL/AuTiO, /GO/CPE.

Comparing geometric fractal dimensions obtained by SEM analysis with fractal di-
mensions from cyclic voltammetry, SEM fractal dimensions provide information about the
“visible” geometric surface, meanwhile cyclic voltammetry offers information about active
sites implied in chemical reactions (Table 6).

Table 6. Comparison between SEM fractal dimension and CV fractal dimension.

Samole Low-Scale SEM High-Scale SEM CV Fractal
p Fractal Dimension Fractal Dimension Dimension
CPE 2.551-2.622 2.714-2.767 2.250
IL/CPE 2.779-2.799 2.829 2.301
AuTiO, /GO/CPE 2.520-2.594 2.781 2.386
. 2.553-2.689 2.589
IL/AuTiO, /GO/CPE 2.767-2.770 2737 2.519

Although SEM fractal dimensions seem not to follow the same tendency as CV fractal
dimensions, SEM fractal analysis shows that the IL/AuTiO, /GO/CPE is self-similar over
large scales; it is more organized than the other electrodes and has higher fractal dimen-
sions values at low scales than the CPE electrode and AuTiO,/GO/CPE electrode. Mean
roughness increases in the same manner as CV fractal dimension, except for the case of the
IL/carbon paste electrode.

The IL/CPE electrode is characterized by multiple fractal dimensions extended on a
broad domain (2.661-2.829). However, this electrode is not the best one for the oxidation of
tartrazine, meaning that the higher SEM fractal dimensions are not the major factor that
influences its electrochemical features.

The differences between the two fractal dimensions (SEM and CV) occur from the
hypothesis that leads to the CV fractal dimension and fractal Randles-Sevcik equation [19].
The CV fractal dimension characterizes the surface concentration of the active species on
the fractal surface, and it is related both to the surface geometrical fractal dimension and
to the chemical properties of the active species; the CV fractal dimension is related to the
active surface and not only to the geometrical one.

Additionally, it is possible that the differences between the SEM fractal dimension
and CV fractal dimension are related to the different self-similarity scales; SEM analysis is
suitable for the macroscopic area, and the CV technique describes the microscopic active
area [14,15,19,23,42,43]; the limits of self-similarity domain of SEM fractal dimension are
larger enough to consider SEM fractal dimension as a macroscopic fractal dimension.
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Stromme et al. [19] and Parveen et al. [23] proved that peak current increases with
fractal dimension. The recorded cyclic voltammograms indicate that fractal dimension
increases as in the sequence: D/ auTio2/Go/CPE > Dautioz2/Go/cpE > DiL/cpe > Dcpe and
the peak current increases in the same manner (Figure 3).

Peak current depends not only on fractal dimension but also on the finest feature of
fractal roughness (the inner cut-off limit) [23] and on the proportionality factor [23]. The
computed SEM fractal dimensions have shown that lower inner cut-off limits correspond
to higher anodic peak current, as was predicted in the literature [23].

Comparing the four electrodes, the electrode with the highest response in the anodic
current is IL/ AuTiO, /GO/CPE,; thus, it was chosen for the oxidation of tartrazine [1].

Some important remarks are to be made. Every fractal determination method is
related to the physical phenomena behind it; therefore, it is not an unusual situation that
two fractal dimensions computed from different methods give different results. The SEM
fractal dimension of the electrode is higher than the CV fractal dimension from the cyclic
voltammetry of the electrode in ferricyanide. The CV fractal dimension is a measure not
only of the surface geometry but is a measure of the number of active sites on the surface.
A higher fractal dimension means a higher number of active sites and higher activity.

From CV measurements, it is easy to compute the active surface area of the elec-
trode [39] (Table 7).

Table 7. Active surface area Ap;cro computed from Equation (7).

sample SYETE D A i S
Amacro
CPE 2.250 0.0015 0.8045 0.0019
IL/CPE 2.301 0.0019 0.7809 0.0024
AuTiO,/GO/CPE 2.386 0.0030 0.8442 0.0036
IL/AuTiO, /GO/CPE 2.519 0.0036 0.7444 0.0048

According to results published in the literature [14,15,19,39], the active surface area of
the electrode can be computed in a simple way from cyclic voltammetry data. Only the
peak currents and the scan rates corresponding to the inner and outer cut-offs, meaning the
fastest scan rate and the slowest scan rate, respectively, are necessary to compute the active
surface of the electrode—the microscopic area (Equation (7)).

The following table presents results computed using the method described in previous
cited works [14,15,19,39]. The macroscopic area was computed in previous published
work [1]; Equation (7) was used to compute the microscopic area, with ij, v1 being the
peak current and the scan rate of the fastest scan corresponding to the inner cut-off and
ip, vy being the peak current and the scan rate of the slowest scan corresponding to the
outer cut-off.

It is important to notice that a high self-similarity domain means higher v; /v ratios,
leading to higher Amicro/Amacro ratios and higher electrode active area. The conclusion is
straightforward: a method to increase electrode active area is to improve the domain of
self-similarity, not only to increase the fractal dimension.

Therefore, to obtain materials with high electrochemical response and to use them
as sensors, there are two possible directions to follow: to obtain materials with high
fractal dimensions and/or to obtain materials with higher self-similarity domains, meaning
that materials with higher fractal dimensions and fractal properties over large scales are
characterized by higher active areas and higher electrochemical activity.

The electrode with the best electrochemical properties and the best fractal behavior
was proven to be IL/ AuTiO, /GO/CPE, which recommended it as a sensor for the detection
of Tz in real food samples, as was already proven [1].



Fractal Fract. 2024, 8, 205

12 of 14

References

The carbon paste electrodes turn out to be useful materials in electrochemical research.
They are easy to modify, show low background current, low resistance, and low cost. In
the context of finding materials suitable to be used as electrochemical sensors, electrode
characterization is an important step for sensor design. Looking for materials with higher
fractal dimensions and broader self-similarity domains are two priority research directions
for tailoring higher-sensitivity sensors.

4. Conclusions

This paper investigated the fractal properties of four different carbon paste electrodes:
CPE, IL/CPE, AuTiO,/GO/CPE, and IL/AuTIO, /GO/CPE. The electrodes’ fractal dimen-
sions were computed using two different techniques: image analysis of SEM micrographs
(SEM fractal dimension) and cyclic-voltammograms analysis (CV fractal dimension). SEM
fractal dimension and CV fractal dimension were compared with each other. Meanwhile,
SEM fractal dimensions are related to geometrical surface properties, and CV fractal dimen-
sions offer information about the active surface. The cyclic voltammogram technique led to
the computation of both fractal dimension and active surface area. The fractal properties of
the electrodes were compared to their electrochemical responses, indicating good corre-
lations between the intensity of the peak current and fractal dimension and between the
self-similarity domain and the active surface area (the microscopic area). The electrode that
proved to have the best fractal behavior, both in terms of higher fractal dimensions and
higher self-similarity domain, the highest active surface, and the highest electrochemical
response was IL/AuTiO,/GO/CPE, which is also the best sensor for the detection of Tz
in real food samples [1]. A major conclusion of this work is that to design electrodes with
high electrochemical response, both the fractal dimension and self-similarity domain must
be high; more studies are to be done in this research direction.
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electrode, Figure S3. Log-log diagrams of peak current versus scan rate in the self-similarity regime;
the slope of the curve gives the fractal parameter o and, therefore, the fractal dimension D =2« + 1;
(a) CPE; (b) IL/CPE; (c) AuTiO,/GO/CPE; (d) IL/ AuTiO,/GO/CPE.
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