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 Abstract. Transition metals are highly sought after in electrode 
construction due to their eventual electrocatalytic effects. In this context, 
this work presents the study of several metal oxide modified electrodes 
focusing in the evaluation of their electrochemical features through 
voltammetry and Electrochemical Impedance Spectroscopy (EIS). 
Moreover, a predictive statistical model was also developed using LASSO 
regression. Henceforth, glassy carbon electrode (GCE) and carbon paste 
electrode (CPE) were used to establish correlations between the herein 
studied modifications, namely: PdO@CPE, TiO2@CPE, and LaFeO3@CPE. 
Results evidence that metal oxide modified electrodes may increase 
signal detection through electrocatalytic effects, however, the herein 
developed model evidenced that surface area plays a major role in 
electrode response through voltammetry. 

Keywords: transition metal; electrochemical impedance spectroscopy; 
resistance; modified electrode. 

 

 

 

INTRODUCTION 

Electrode modification is an important element 
employed in electrochemistry, as it provides sig-
nal modulation and may allow better analytical 
performance. Under the light of electroanalytical 
chemistry, electrodes are employed to quantify 
drugs in pharmaceutical forms, as well as sam-
ples from a wide variety of sources. Moreover, 
these devices can also be used in biosensing 
technologies [1, 2] 

Amidst the materials used in electrode design, 
Carbon Paste (CP) is often employed hence its 
easy preparation and low cost. Moreover, modifi-
cations are easily feasible through direct addition 
of modifying agents, which may be of either or-
ganic or inorganic nature. The use of CP elec-
trodes can furthermore lead to higher reproduci-
bility, as the surface is renewed prior to each 
analysis, therefore limiting the impact of elec-
trode fouling [3, 4]. 

Among commonly employed compounds in elec-
trode modifications, metal oxides are highly re-
garded due to their acidic behavior, which pro-
motes analyte oxidation and henceforth, in-
creased faradaic response when anodic scans are 

concerned. Metal oxides are moreover prone to 
be adsorbed on CP surface, therefore providing 
quick electrode preparation, which requires few 
steps. These electrodes are used in the study of a 
myriad of analytes from both synthetic and natu-
ral origin, as well as applied on eletroremedia-
tion techniques [5, 6]. 

The study of electrode features provides valuable 
information concerning the electrochemical fea-
tures of these devices. In this context, modifica-
tions are usually studied by methods such as 
voltammetry and impedimetry [7, 8]. Regarding 
the theoretical circuit design of an electrode, 
Electrochemical Impedance Spectroscopy (EIS) 
provides deep information on phase shifts and 
charge kinetics, henceforth turning this method 
into an optimal alternative to characterize the 
electrochemical features of many modifications 
[9, 10]. 

Since electrode characterization is essential to 
better understand the features of these devices, 
and theoretical calculus based on electrochemi-
cal parameters may be useful for predictive in-
formation, this work is intended to provide a 
comprehensive study of the electrochemical be-
havior of modified and non-modified electrodes. 
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Therefore, voltammetric and EIS analysis were 
conducted to assess particular features of Glassy 
Carbon Electrode (GCE); CPE; and CPE modified 
with metal oxides, namely: PdO; TiO2 and 
Perovskite-Type LaFeO3. Furthermore, statistical 
modeling was also used to stablish a predictive 
study of electrode behavior. 

 

MATERIAL AND METHODS 

Reagents and Materials. Potassium ferrocyanide, 
KCl, Fe(NO3)3·9H2O and La(CH3COO)3·1.5H2O 
were purchased from Vetec Química Fina Ltda. 
(Rio de Janeiro, Brasil). Potassium ferrocyanide 
was diluted in purified water (conductivity 
≤ 0.1 µS.cm-1) obtained from Milli-Q purification 
system Millipore S/A (Molsheim, França) in 
order to reach a final concentration of 0.001 mol 
L-1. Thereafter, KCl was added to this solution up 
to a concentration of 0.1 mol L-1. 

Mineral oil, Carbon graphite, Palladium oxide and 
Titanium IV Isopropoxide were purchased from 
(Sigma-Aldrich, St. Louis, MO, USA). Perovskite-
Type LaFeO3 herein employed was produced and 
characterized according to previously described 
protocol [4]. 

Electrode preparation. CPE was prepared through 
homogenization of a mixture of 100 mg carbon 
graphite and 30 mg of mineral oil (Lujol®), herein 
employed as agglutinating agent. 

TiO2 adsorbed carbon was produced according to 
the following protocol: 1.5 g of unmodified 
graphite powder was immersed and rigorously 
mixed in 30 ml of ethanol:acetone solution (1:1) 
at 30 °C for 10 minutes. Thereafter, 10 ml of 
ethanol:acetone solution (1:1) containing 1.3 % 
titanium IV isopropoxide was added to graphite 
suspension drop by drop during two hours. All 
other metal modifications were conducted fol-
lowing the same protocol and proportions, there-
fore, 10 ml of ethanol:acetone solution (1:1) con-
taining 1.3 % of either Palladium oxide or 
Perovskite type LaFeO3 was added to graphite 
suspension drop by drop during two hours.  

All aforementioned procedures were conducted 
at 30 °C. The material was then dried in vacuum 
desiccator at 70 °C (Selecta heated vacuum desic-
cator “Vacuo-Temp”, Spain). 

Each metal modified material was mixed with 
unmodified graphite powder at a proportion of 
1:1. Thereafter, 30 mg mineral oil was added to 
allow the formation of the carbon paste. All pro-

portions are listed in Table 1. The modifications 
herein employed were subjected to scanning 
electron microscopy and elemental characteriza-
tion in previous works by our group [4, 5]. 

 

Table 1 – Electrode composition 

Electrode 
Carbon 

Graphite, 
mg 

Metal 
Adsorbed 
Carbon, 

mg 

Mineral 
oil, mg 

Electrode 
surface 

área 
(mm2) 

GCE - - - 4.58 
CPE 100 - 30 7.77 
PdO@CPE 50 50 30 5.86 
TiO2@CPE 50 50 30 5.43 
LaFeO3@CPE 50 50 30 8.06 

 

Electrochemical Assays. EIS and Cyclic Voltam-
metry (CV) measurements were performed using 
a potentiostat/galvanostat PGSTAT® model 204 
with FRA32M module (MetrohAutolab) inte-
grated with NOVA 2.1® software. All measure-
ments were performed in 1 ml one-compartment 
electrochemical cell coupled to a three-electrode 
system consisting of the working electrodes de-
scribed in Table 1, Pt wire and Ag/AgCl/KClsat 
(both purchased from Lab solutions, São Paulo, 
Brazil). The electrodes cited above represent: 
working, counter and reference electrode, re-
spectively. 

EIS measurements were conducted in a solution 
containing 0.001 mol L-1 potassium ferrocyanide 
and 0.1 mol L-1 KCl over a frequency ranging 
from 0.01 Hz to 100 KHz at selected potentials 
for all tested electrodes. 

The experimental conditions for CV were: scan 
rate (υ) of either: 12.5; 25; 50; 100; 250 or 500 
mV s-1, and scan range of -0.5 to 1.0. All experi-
ments were performed at room temperature (21 
± 2 °C) in triplicates (n = 3) in 0.001 mol L-1 po-
tassium ferrocyanide / 0.1 mol L-1 KCl solution. 

Plots of the voltammetric curves for final presen-
tation in this study were drawn using Origin 
Pro 8® software (Northampton, MA, USA). 

Statistical Modelling. In order to stablish a statis-
tical model to the herein studied electrodic fea-
tures a lasso regression was fitted to interpretate 
the effect and signal of the main electrode char-
acterization variables in the anodic signals taken 
from CV scans (Figure 1). 

LASSO (Least Absolute Shrinkage and Selection 
Operator) is a shrinkage linear regression that 
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shrinks model coefficients in order to obtain a 
generalized behavior of all phenomena in the 
system.  

 

Figure 1 – Ciclic voltammograms taken from 
ferrocyanide solution using different electrodes 

Notes: Black – GCE; Red – CPE; Green – PdO@CPE; 
Blue – TiO2@CPE; Magenta – LaFeO3@CPE.  

All analysis carried out at υ of 100 mV s-1 in 
0.001 mol L-1 potassium ferrocyanide/0.1 mol L-1 KCl. 

 

It was chosen due to its main features, which 
overpasses the main drawbacks of classic linear 
models (variable correlation, need for high n, and 
etc) [11].  

All statistical analysis was conducted in R soft-
ware [12]. 

 

RESULTS AND DISCUSSION 

CV and EIS Assays. In order to preliminarily as-
sess their response, electrodes were subjected to 
CV in a diffusion controlled environment i.e. po-
tassium ferrocyanide/KCl solution. GCE was used 
as a control (Black color) in order to compare the 
influence of the herein employed modifications. 
Results are displayed in Figure 1. 

Results indicate that modifications increase sen-
sibility towards faradaic current detection, as 
metal modified electrodes presented higher an-
odic peaks, Ipa, than bare GCE. The same can be 
stated about the cathodic peaks, Ipc, whose ampli-
tude increased when modified electrodes were 
employed. This result is in consonance with lit-
erature, which reports that transition metals 
promote electrocatalytic oxidation of analytes, 

henceforth increasing their faradaic signals [10, 
11]. 

An interesting finding is that unmodified CPE 
presented higher signal than that of bare GCE 
(Figure 1). Since this result suggests that factors 
other than metal oxide presence in electrode ma-
trix may influence sensibility, electrode surface 
area was calculated. Therefore, anodic peak cur-
rents were taken from voltammograms recorded 
at different scan rates using all modified elec-
trodes. Both unmodified CPE and modified elec-
trodes were analyzed, namely: PdO@CPE; 
TiO2@CPE and LaFeO3@CPE. Results are dis-
played in Figure 2. 

 

Figure 2 – Plot of peak current (I) vs scan rate square 
root (υ1/2) 

 

Notes: Black – GCE; Red – CPE; Green – PdO@CPE; 
Blue – TiO2@CPE; Magenta – LaFeO3@CPE.  

Ciclic voltammogram representation of ferrocyanide 
solution at different scan rates (12.5, 25, 50, 100, 250 
and 500 mV s-1) at GCE. All analysis carried out in 
0.001 mol L-1 potassium ferrocyanide/0.1 mol L-1 KCl. 

 

All plots presented linear tendency between data 
from faradaic current peaks and scan rate’s 
square root (Figure 2), which is in accordance 
with literature and experimental conditions, 
since data was taken in a diffusion controlled en-
vironment [14, 15]. Moreover, electrode surface 
area was determined by Randles-Sevcik equation 
(1), using 0.001 mol L-1 potassium ferrocyanide 
and 0.1 mol L-1 KCl as reversible one-electron dif-
fusion controlled redox system. 

 

           
                       (1) 
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where Ipa is the anodic peak current; A is elec-
trode area in cm2, n is the number of transferred 
electrons; D is the diffusion coefficient, which 
was estimated to be 7.09·10−6 cm2 s −1 [14]; c is 
the concentration of potassium ferrocyanide/KCl 
in mol L-1; υ is scan rate in V s-1.  
 

The values of Ipa/υ1/2 were obtained from the 
slopes of the curves displayed in Figure 2. All cal-
culated electrode surface areas are displayed in 
Table 1. 

The calculated surface areas of the electrodes 
evidenced that all CP based electrodes presented 

higher surface area than GCE (Table 1), which in 
turn promoted the detection of higher current 
densities (Figure 1) [17, 18]. Moreover, the pro-
posed electrocatalytic effect did not seem to in-
crease electrode sensibility in any of the studied 
modifications [17, 19]. 

Given that GCE and CPE are the only unmodified 
electrodes herein employed, they were subjected 
to EIS to evaluate their impedance. Results are 
displayed in Figure 3A. EIS was also conducted 
on all modified electrodes. Results are displayed 
in Figure 3B. 

 

 

Figure 3 – EIS nyquist plot 

Notes: 3A) EIS nyquist plot of GCE (●) and CPE (▲); 3B) EIS nyquist plot of PdO@CPE (■), TiO2@CPE (♦) and 
LaFeO3@CPE (▲). 

All analysis carried out in 0.001 mol L-1 potassium ferrocyanide/0.1 mol L-1. 

 

Since circuit parameters are essential to better 
understand electrode behavior, all data concern-
ing the Randles equivalent circuit of each elec-
trode was gathered and displayed in Table 2, 
where Rs is uncompensated ohmic resistance (Ω); 
Rct represents the resistance associated to charge 
transfer (Ω); C and n are respectively the pseudo-
capacitance (F) and frequency independent 
taken from the constant phase element, which 
describes the imperfect capacitive behavior of 
the double-layer. 
 

Table 2 – Randles equivalent circuit elements for 
each electrode 
Electrode Circuit elements Circuit elements 
GCE Rs 59 

Rct 120 
n 0.707 
C 1.330 

Electrode Circuit elements Circuit elements 
CPE Rs 58 

Rct 114 
n 0.792 
C 2.320 

PdO@CPE Rs 124 
Rct 102 
n 0.732 
C 1.080 

TiO2@CPE Rs 54.5 
Rct 524 
n 0.381 
C 7.470 

LaFeO3@CPE Rs 499 
Rct 152 
n 0.184 
C 0.002 
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The values taken from each equivalent Randles 
circuit evidence that TiO2 and LaFeO3 modifica-
tions increase the resistive character on the elec-
trodes, as n values were close to 0, which implies 
the behavior of an ideal resistor. Such trend was 
not followed by GCE, CPE and PdO modified elec-
trodes, which presented n values closer to 1, 
characteristic of an ideal capacitor (Table 2). 

Results evidenced that GCE presents similar im-
pedance profile to that of CPE. Moreover, CPE 
impedance showed higher -Z’’ (imaginary im-
pedance) throughout the near end of the semi-
circle, in comparison with GCE, thus, double layer 
capacitance kept higher in lower frequencies 
(Figure 3A). This trend was confirmed though 
the pseudo-capacitance value of CPE, which was 
nonetheless superior to that of GCE, therefore 
confirming that CPE presents greater capacitive 
behavior (Table 2). 

These results are further corroborated by the 
calculated electrode surface area, which evi-
denced that CPE presents higher surface area 
than GCE (Table 1). Since electrode surface area 
is directly proportional to double layer area as 
well as capacitive behavior, the herein exhibited 
findings are in consonance to literature data [20, 
21]. 

EIS results show moreover that each metal modi-
fication deeply influenced impedance values of 
circuit elements, which is nonetheless in accor-
dance to literature [9, 22]. PdO modification 
promoted higher capacitive behavior, whereas 
TiO2 and Perovskite-type LaFeO3 did not follow 
the same trend (Figure 3B). 

Circuit data presents both TiO2@CPE and La-
FeO3@CPE as the least capacitive, which is re-
markable, since solid electrodes tend to exhibit 
capacitive behavior [9, 23]. LaFeO3@CPE pre-
sented moreover the highest surface area, which 
would implicate in greater capacitance (Table 1) 
[24, 25]. Results suggest therefore that electrode 
matrix may also influence double layer features, 
being this finding corroborated by literature [24, 
26]. 

Statistical Model. The fitted model presented sta-
tistical significance (r2 = 0.830, p < 0.05) to pre-
dict the peak currents seen in CV through elec-
trode element values taken from Randles theo-
retical circuit in EIS (Figure 4).  

 

Figure 4 – Predicted against actual current peak 
taken from CV scans 

 

Furthermore, the model presented Gaussian dis-
tribution of residues (Shapiro-Wilk, p > 0.005) 
[27], and the coefficients of the fitted LASSO re-
gression, which are shown in Table 3, implicate 
in the influence displayed by each circuit compo-
nent in the anodic peak amplitude seen in CV. 

 

Table 3 – Lasso regression coefficients 

Rs Rct n Electrode surface area 

-24.769 -8.033 -21.258 30.267 

 

The model implicate that both Rs and Rct nega-
tively affect peak amplitude, which is in accor-
dance to literature data. Resistance of circuit 
components decreases current density, and the n 
value, which is correlated to the electrode resis-
tive or capacitive behavior, also promotes the 
same effect in the herein developed model [23, 
24]. Moreover, C value was not taken, as the 
pseudo-capacitance is intimately related to the 
calculated constant phase element and therefore 
n value in EIS [9]. 

Electrode surface area exhibited positive effect 
towards peak amplitude values taken from CV 
scans, which is in consonance to literature. The 
increment of surface area in electrodes tends to 
furthermore both increase capacitance as well as 
current density, being the later effect herein seen, 
and the one which nonetheless exhibited highest 
influence in peak amplitude, and therefore elec-
trode sensibility [17, 18]. 

 

CONCLUSION 

The present work studied the features of GCE, 
CPE and several metal modified CPE, namely: 
PdO; TiO2; and perovskite-type LaFeO3.  
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Results evidence that electrode matrix does in-
deed influence probe detection through electro-
catalytic effect. Moreover, the herein developed 

model evidenced that surface area plays a major 
role in electrode response through voltammetry. 
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