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This paper describes for the first time the caffeic acid (CA) electrochemical oxidation in 1.0 M HClO4 and phos-
phate buffer solutions (PBS) of different pH at glassy carbon electrodes (GCE) modified with electrochemically
partially reduced graphene oxide (GCE/ePRGO) using cyclic and square wave voltammetries. A quasi-reversible
surface redox couple was found in all reaction media at this modified electrode. The Box-Behnken design (BBD)
statistical experiments and the surface methodology (RSM) were used to optimize experimental variables to
generate the GCE/ePRGO. Atomic force microscopy (AFM) and electrochemical impedance spectroscopy (EIS)
were used as the techniques to characterize the surface of modified electrodes. EIS was also used to determine
a tentative electrochemical area for the GCE/ePRGO.
The Frumkin adsorption isotherm was the best which describes the specific interaction of CA with CGE/ePRGO.
The thermodynamic and kinetics of the surface redox couple were studied in 1.0 M HClO4. Therefore, we used
the methods of the “quasi-reversible maximum” and the “splitting of the net SW voltammetric peak” to obtain
information about the thermodynamic and kinetics of this surface redox couple. Averages values obtained for
the formal potential and the anodic transfer coefficient were (0.638 ± 0.005) V and (0.58 ± 0.06), respectively.
A value of 40 s−1was obtained for the overall formal rate constant. For comparison, CA electrochemical responses
were also studied at bare GCE, and GCE modified with a dispersion of graphene oxide (GCE/GO).

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Caffeic acid or 3-(3.4-dihydroxyphenyl)-2-propenoic acid (CA) is a
phenolic acid (Fig. 1), which is found in various agricultural products
such as coffee [1], teas [2], potatoes, grains, vegetables, fruits and orange
juices [3]. CA is also often found in herbs [4] or wines [5].

Thus, CA is a biomolecule derived from plants. It has a variety of
interesting properties, including anti-inflammatory, anticancer, anti-de-
pressive, antiviral, antioxidant, anti-pruritic, and anti-tumor effects
[6–11].

Moreover, it is usual to determine the antioxidant activity of a given
matrix based on the total polyphenolic content (TPC), without the indi-
vidual contribution of the different components. The CA is often chosen
as a reference compound to evaluate the TPC [12]. Thus, it is of great in-
terest to study the CA electrochemical behavior at different electrode
surfaces. Giacomelli et al. [13]. studied the CA electro-oxidation in aque-
ous solutions in the pH range from 2.0 to 8.5 at bare glassy carbon
ndezster@gmail.com
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electrodes (GCE) to propose an electro-oxidation mechanism in aque-
ous solutions and to characterize the probable products. These authors
found that the electrode process is diffusion controlled, and that two
electrons are involved in the CA electro-oxidation mechanism at all
pH's studied. They proposed that the corresponding o-quinone should
be themain product formed. However, they also found that the stability
of the o-quinone electrochemically generated depends on the pH, being
greater at pH ≤ 5.5. Therefore, these authors proposed that the CA
electro-oxidation mechanism is 2e−, 2H+ at pH lower than about 5.5.
Moreover, a variety of methods has also been developed to determine
CA in real samples [14–17]. In this sense, the modification of electrode
surfaces with nano-materials has been studied in order to increase
their conductivity properties, and their electro-catalytic activities [14,
15,18].

The use of graphene in several areas of science has grown in recent
years. The great interest in this material is based on its outstanding
physical properties such as quantum electronic transport, highmobility,
and high elasticity [19]. Graphene derivatives are also very important
for the development of various investigations [20–24]. Graphene
oxide (GO) is an oxidized formof graphene,which contains polar organ-
ic groups such as epoxide, carbonyl, carboxyl, and hydroxyl among
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Fig. 1. Chemical structure of caffeic acid.
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other, allowing its reduction by different routes. These polar organic
groups have high hydrophilicity, making that the GO can be easily dis-
persed in aqueous suspensions [25]. When the GO is reduced through
an appropriate process, the reduced graphene oxide (RGO) formed is
similar to graphene. However, it still contains residual oxygen and
other hetero-atoms, and structural defects [26]. The resulting RGO has
been used as starting material for the fabrication of various modified
electrodes [27–30], which were then used as electrochemical sensors
to determine different analytes in various matrices. Thus, sensors
based on immobilized RGO at different electrodes have been developed
to determine nitromethane in complex real samples [31], sulfide in
fruits [32] or gatifloxacin in tablets and human urine samples [30]. Dif-
ferent RGO modified electrodes have also been used to quantify CA.
Thus, Filik et al. [33]. have developed a glassy carbon electrode (GCE)
modified with a Nafion/RGO composite film to determine CA in white
wine samples. Moreover, Vilian et al. [34]. studied the CA electrochem-
ical oxidation at a GCE modified with chemically reduced GO using dif-
ferent electrochemical techniques. This modified electrode was further
used to determine CA in wine samples.

In this paper, we study for the first time the CA electrochemical ox-
idation in 1.0MHClO4 and phosphate buffer solutions (PBS) of different
pH at a GCE modified with electrochemically partially reduced
graphene oxide (GCE/ePRGO). Cyclic (CV) and square wave
voltammetries were the electrochemical techniques used. A surface
quasi-reversible redox couple was found in all reaction media at this
modified electrode. The Box-Behnken design (BBD) statistical experi-
ments and the surface methodology (RSM) were used to optimize ex-
perimental variables to generate the GCE/ePRGO [35]. Atomic force
microscopy (AFM) and electrochemical impedance spectroscopy (EIS)
were used to characterize the surface of modified electrodes. EIS was
also used to determine a tentative electrochemical area for the GCE/
ePRGO.

On the other hand, the main objective of this work is to perform for
the first time a complete characterization of the thermodynamic and ki-
netics of the surface redox couple in 1.0 M HClO4 at glassy carbon elec-
trodes modified with electrochemically partially reduced graphene
oxide. Therefore, we used the methods of the “quasi-reversible maxi-
mum” and the “splitting of the net SW voltammetric peak” to obtain in-
formation about the thermodynamic and kinetics of the superficial
redox couple [36–43]. The adsorption isotherm which best describes
the specific interaction of CA with the surface of the modified electrode
is also discussed. For comparison, CA electrochemical responses were
also studied at bare GCE, and GCE modified with a dispersion of GO
(GCE/GO).

2. Experimental

2.1. Reagents

CA, KMnO4, H2SO4, H3PO4, H2O2, HCl, trisodium salt of ethylene di-
amine tetraacetic acid, ferrocene, K4[Fe(CN)6] and K3[Fe(CN)6] were
purchased from Sigma-Aldrich. HClO4, ethanol, methanol, acetic acid,
KCl and KNO3 were Merck p.a. Acetonitrile was Sintorgan, HPLC degree.
Ultrapure water (ρ=18MΩ cm)was obtained from aMillipore-Milli Q
system. Stock solutions of CA (1 × 10−3 M) were prepared in ethanol,
protected from light, and kept in the refrigerator. PBS were prepared
using 0.1 M Na2PO4H (Merck p.a.) and 0.1 M KPO4H2 (Merck p.a.).
Working solutions were prepared daily by adding different aliquots of
the CA stock solution to 1MHClO4 aqueous solution or the correspond-
ing PBS of different pH. All reagents were used as received. The percent-
age of ethanol in all solutions was 5%.

2.2. Apparatus

CV and SWV experiments were performed with an AutoLab PGSTAT
101 potentiostat, controlled by the NOVA1.9 electrochemical software.
EIS experiments were performed with an AutoLab PGSTAT 30
potentiostat, controlled by the FRA 4.9 software.

The electrodes were inserted into the cell through holes in its Teflon
cover. Theworking electrodes were a bare GCE and both modified GCE/
GO and GCE/ePRGO. A platinum wire and Ag/AgCl, 3 M NaCl (BAS, RE-
5B) were used as counter and reference electrodes, respectively. In CV,
the scan rate (v) was varied from 0.025 to 0.200 V s−1. In SWV, the am-
plitude (ΔESW) was varied from 0.025 to 0.100 V, the staircase step
(ΔEs) was 0.005 V, and the frequency (f) was varied from 5 to 90 Hz.

EIS measurements were performed in solutions containing equal
concentrations (1 × 10−3 M) of reduced and oxidized forms of the
[Fe(CN)6]4−/3− redox couple, with 0.1 M KCl as the supporting electro-
lyte. An amplitude sine wave perturbation of 5 mV was applied to elec-
trodes, whereas the dc potential was set at the formal potential of the
redox couple, i.e., Efo=0.250 V vs. Ag/AgCl. The ac frequencywas varied
from 0.5 Hz to 10 kHz. Both, the in-phase (Z´) and out-phase (Z´´) im-
pedance components were extracted from experimental data. Nyquist
plots were fitted from a non-linear fitting using two equivalent circuits
(see below) [44,45], which can be defined into the FRA electrochemical
impedance software. The characteristic parameters of both circuitswere
extracted from these fittings (see below). Most electrochemical mea-
surements were performed at 25 °C, except those where the effect of
temperature on voltammetric signals was studied.

Atomic force microscopy (AFM) images were obtained by using
Agilent Technologies 5500 AFM (Agilent Technologies, CA, USA) work-
ing in acoustic AC mode using Si probes with force constants around
of 40 N/m and resonance frequency in the range of 300–350 s kHz
(MikroMasch®, HQ:NSC15/AL BS). The experiments were performed
in stationary dry-air atmosphere. Images were treated and analyzed
usingGwyddion, open source software for the visualization and analysis
of scanning probe microscopy data.

2.3. Preparation of graphene oxide dispersions

GO was synthesized from graphite flakes by using an improved
method respect to that developed by Marcano et al. [46]. Thus, 9.0 g of
KMnO4 was added at a 9:1 mixture of H2SO4 / H3PO4 concentrated
(180:20 cm3) with stirring. 1.5 g of graphite flakes were then added to
form a uniform suspension, which was stirred and heated at 50 °C dur-
ing 12 h. The mixture was cooled at 5 °C and poured onto ice (200 cm3)
with 30% H2O2 (1.5 cm3). The filtrate was centrifuged at 4000 rpm dur-
ing 30 min and the precipitated solid was washed several times with a
solution of 30% HCl and subsequently with water. The resulting solid
was dispersed inwater and dialyzed (dialysismembrane of regenerated
cellulose with a molecular weight cut-off around 12–14 kD; Spectra/
Por®) against water (18 MΩ cm) until the conductance of the dialyzed
solution do not change after 6 h.

2.4. Preparation of electrodes

GCE were polishedwith alumina slurries of 0.30 and 0.05 μmduring
1 min each one, and sonicated in water during 30 s. The polished GCE
was modified with a GO dispersion (GCE/GO) by dropping an aliquot
of 10 × 10−3 cm3 of the dispersion on the top of the electrode and al-
lows drying during 30 min at 37 °C. The GCE/ePRGO was generated by
cycling the GCE/GO in the potential range between −0.200 V and

Image of Fig. 1


Table 1
Independent variable intervals and their levels.

Variables (unit) Lowest
level

Upper
level

Scan rate (V s−1) 0.01 0.1
number of cycles 1 30
Drop volume dilution of GO (cm3) 5 × 10−3 10 × 10−3

Dilution of the dispersion of GO (GO volume (cm3): H2O
volume (cm3))

0.20 0.66
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−1.700 V at 0.052 V s−1 in a 0.2M pH 7.00 PBS (30 cycles). The optimal
conditions to generate GCE/ePRGO were chosen as described in Section
2.5.

The GCE electrochemical area was determined by
chronoamperometric measurements using 1 × 10−3 M ferrocene
(Fc) + 0.5 M KNO3 through Cottrell plots [44], using a value of
7.6 × 10−6 cm2 s−1 for Fc diffusion coefficient [47]. An average value
of A = (0.098 ± 0.004) cm2 was determined from measurements car-
ried out with three different electrodes.

A tentative value for theGCE/ePRGO electrochemical areawas deter-
mined from the constant phase element (CPE1) obtained from the
fitting of Nysquist plots using the Scheme 1b (see below), where
CPE1 = 1.8 × 10−4 S sn and the value of the constant phase element
per unit area (1.28 × 10−4 S sn cm−2) obtained from Table 1 of
Ref [45]. Therefore, a tentative area of 1.4 cm2 was obtained for the
GCE/ePRGO.
2.5. Design of experiments

The RSM, which is an efficient statistical technique for optimization
of multiple variables with a minimum number of experiments, consists
in the use of a set of designed experiments to obtain an optimal re-
sponse [35]. The BBD statistical experiment and the RSM were used to
investigate the effects of four independent variables on the responses
and to determine the optimal conditions to generate the GCE/ePRGO.

The optimization process to modify electrochemically the surface of
the GCE with GO, involves studying the response of the statistically de-
signed combinations, estimating the coefficients by fitting the experi-
mental data to the response functions, predicting the response of the
fittedmodel and checking the adequacy of themodel. Therefore, the in-
dependent variables selectedwere the scan rate (×1), thenumber of cy-
cles (×2), the volume of the drop of the dispersion of GO (×3) and
dilution of the dispersion of OG (×4). The dependent variables (or ob-
jective functions) were the peak current (Y1) and the difference be-
tween anodic and cathodic peak potentials (Y2) of cyclic
voltammograms recorded for the [Fe(CN)6]4−/3− redox couple at the
GCE/ePRGO after the electrochemical reduction of GCE/GO. Thus,
through the implementation of the desirability function, the objective
was to maximize Y1 and minimize Y2.
b)
Rs

CPE1

Rct

Zw

CPE2

Rs

CPE1

Rct

Zw

a)

Scheme 1.
The design model consists of three blocks, with 10 blocks experi-
ments, contemplating six central points. The lowest and upper levels
of each variable are shown in Table 1.

From the fit of experimental data, the best model for Y1 was a qua-
dratic model:

Y1 ¼ 9:52� 10−5−4:14� 10−8X1 þ 2:72� 10−6X2−2:13
� 10−6X3−2:03� 10−4X4−1:76� 10−8X1X2

−5:03� 10−6X2X4 þ 4:12� 10−8X2
2 þ 2:78� 10−4X4

2

ð1Þ

On the other hand, the best model for Y2 was a model with interac-
tions between two factors, given by:

Y2 ¼ 23:76þ 0:62X1 þ 5:86X3 þ 237:7X4–1:41X1X4–21:5X3X4 ð2Þ

Finally, the best conditions for the scan rate, the number of cycles,
the volume of the drop of the dispersion of GO and dilution of the dis-
persion of GO in water were, after the numerical optimization,
0.052 V s−1; 30; 10 × 10−3 cm3 and 0.66 (GO volume (cm3): H2O vol-
ume (cm3)), respectively.

2.6. Characterization of the modified electrodes

The surface morphologies of the GO film before and after of its elec-
trochemical reduction have been characterized by AFM. Fig. 2a and b
show a three-dimensional AFM topographies of GO and ePRGO films,
respectively. There are slight but distinguishable differences in the to-
pography of both surfaces. The pristine GO film on the carbon electrode
(Fig. 2a) presents an uniform wavy surface. This appearance could be a
consequence of the stacking and folding of sheets in a disordered man-
ner producing an agglomeration and overlapping, which after drying is
observed as a smooth surface waves. The film surface becomes wrin-
kled, but smoother in the valleys between thewrinkles, after the reduc-
tion procedure (Fig. 2b). The surface roughness (Ra) of the GO and
ePRGO films for a selected area of 2 × 2 μm were ~15 and ~10 nm, re-
spectively. The electrochemical reductions and other GO reduction
methods eliminate oxygenated functional groups, increasing the graph-
itization with the corresponding increasing in the hydrophobicity and
the flake-to-flake π–π interactions [48]. The original waves from GO
are observed as sharpwinkles in ePRGO, thismorphology could be asso-
ciated to attractive short-range van derWaals and hydrophobic interac-
tions between graphitic domains on the basal planes of the ePRGO
sheets. Another difference in the topography of ePRGO is the presence
of small and randomly distributed particles, possibly electrolyte crystals
trapped into sheets, which cannot be washed after the electro-reduc-
tion. The observed differences in surface morphologies between both
films have been also reported for GO chemically reduced.

Fig. 3 shows the experimental and fitted Nyquist plots obtained for
the bare GCE (Fig. 3a and b), the GCE/GO (Fig. 3c) and the GCE/ePRGO
(Fig. 3d). These impedance plots were fitted using the equivalent electri-
cal circuits described in Scheme 1, where Rs is the solution resistance be-
tween the working and reference electrodes, Rct is the charge transfer
resistance, ZW is theWarburg element, which represents the linear diffu-
sion of the redox couple to the electrode surface. CPE1 and CPE2 corre-
spond to constant phase elements for electrode surfaces without

Image of Scheme 1


Fig. 2. AFM images obtained for the GCE/GO (a) and GCE/ePRGO (b).
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oxygen-containing functional groups and those with oxidized groups, re-
spectively [45]. The best fits of experimental results were obtained with
the classical Randles' circuit [44] and the equivalent circuit described in
Fig. 3. Experimental (o) and theoretical (solid line) complex plane plots of total impedance of
1.0 × 10−3 M of reduced and oxidized forms of [Fe(CN)6]4−/3- redox couple +0.1 M KCl. Refer
Scheme 1b for the bare GCE and the modified electrodes, respectively.
From these results, values of Rct of 196, 520 and 50 Ω were obtained for
the bare GCE, the GCE/GO and GCE/ePRGO, respectively.
the bare GCE (a and b), the GCE/GO (c) and GCE/ePRGO (d) obtained in the presence of
ence electrode: Ag/AgCl. T = 25 °C. Applied potential: 0.250 V.

Image of Fig. 2
Image of Fig. 3
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The marked decrease in the charge transfer resistance found for
GCE/ePRGO might explain the significant improvement obtained in
the definition of CA oxidation/reduction peaks at this modified elec-
trode in comparison with those defined at bare GCE and GCE/GO elec-
trodes (see below).

3. Results and discussion

3.1. Cyclic and square wave voltammetries

Fig. 4 shows cyclic voltammograms recorded for CA in 1MHClO4 at a
cCA⁎ = 130 μM at GCE (Fig. 4a), GCE/GO (Fig. 4b) and GCE/ePRGO (Fig.
4c) at a v=0.050 V s−1. It was applied to eachworking electrode an ac-
cumulation time (tacc) of 600 s at open circuit potential (OCP) in stirred
solutions (see below) previously to record the cyclic voltammograms. A
Fig. 4. Cyclic voltammograms of CA recorded in the presence of CA at a) GCE, b) GCE/GO
and c) GCE/ePRGO in 1 M HClO4. cCA⁎ = 130 μM. v = 0.050 V s−1. T = 25 °C. Eacc =
OCP = 0.43 V. tacc = 600 s.
quasi-reversible redox couplewas found for both the bare andmodified
electrodes. The anodic (Ep,a) and cathodic (Ep,c) peak potentials were
0.725 and 0.627 V, respectively, for the bare CGE, with an anodic peak
current (Ip,a) of 4.84 μA (Fig. 4a). A decrease of about a factor of 0.8 in
Ip,a was found for the CGE/GO respect to the bare GCE, with Ep,a =
0.627 V and Ep,c = 0.590 V (Fig. 4b). Finally, the CA quasi-reversible
redox couple showed a significant increase in the current response,
being Ip,a about 18 times higher than that obtained for the bare CGE,
and a slight decrease in thepotential compared to the bareGCE and sim-
ilar to that at the GCE/GO, Ep,a = 0.643 V and Ep,c = 0.620 V (Fig. 4c).
These results put clearly in evidence a change in the reaction mecha-
nism, showing that the process is mainly adsorption controlled at the
GCE/ePRGO [44], which leads to higher sensitivity than those obtained
at the bare GCE and GCE/GO. This is probably due to that the electron
transfer between the electrode surface and electroactive species in solu-
tion is facilitated by the high density of edge-plane-like defective sites at
the ePRGO sheets. It is known that the electron-transfer kinetics is gen-
erally determined by several factors, including tunnelling and electro-
static and electrocatalytic effects [49].

We also analyzed the effect of the reaction media on the CA electro-
chemical oxidation at GCE/ePRGO. We found that the intensity of the
current increased in all reaction media when cyclic voltammograms
were recorded in stirred solutions at different accumulation times
(tacc) and at a given accumulation potential (Eacc), which was the OCP
(see below). Constant current-potential responses were obtained at
tacc = 600 s for a cCA⁎= 100 μM. In addition, after recording cyclic volt-
ammograms in solutions in the presence of CA, the working electrode
was copiously rinsed with the corresponding blank solution and trans-
ferred to another electrochemical cell, which contained only the
supporting electrolyte, where quasi-reversible cyclic voltammograms
were clearly defined, with current values close to those previously ob-
tained in the presence of CA. These results put in evidence that the over-
all electrode process is mainly adsorption controlled [44]. In addition,
this behavior is expected considering that the cathecol group presents
in CA chemical structure (Fig. 1) would be responsible of its electro-
chemical oxidation, given the corresponding o-quinone as the main
product involving 2 e−, 2H+, as it was previously discussed [13]. Fig.
5a shows cyclic voltammograms of CA at GCE/ePRGO in 1 M HClO4

and PBS of different pH recorded in the corresponding blank solutions
at a given v.

Under these experimental conditions, plots of Ip,a vs vwere linear for
cCA⁎ in the range from 1.00 to 350 μM, with r values in the range from
0.9876 to 0.9986 for 1 M HClO4 and the different buffers, as it is expect-
ed for an adsorption controlled process (results no shown) [44].

In addition, the relationship between charges of the anodic and the
cathodic peaks (Qa/Qc) experimentally determined were 1.3, 1.3, 1.2,
1.3 and 1.2 for 1 M HClO4 and PBS of pH 3, 5, 7 and 9, respectively.
These results suggest that the cathodic charges are slightly lower than
the anodic ones, although relations are close to 1 in all reaction media.
This behavior could be explained considering that the electrochemically
generated o-quinone would be adsorbed less strongly than the corre-
sponding parent compound and/or the o-quinone would disappear
through a chemical reaction coupled to the initial electron transfer reac-
tion. On the other hand, the relationship between charges of the anodic
and the cathodic of CA cyclic voltammograms recorded in 1 M HClO4 in
the v range from 0.025 to 0.200 V s−1 does not show significant changes
with the scan rate at a cCA⁎=130 μM,with an average value of Qa/Qc=
1.09 ± 0.06.

A decrease in the Ip,a was also observed as the pH of themedium in-
creased (Fig. 5a). This behavior could be explained considering that the
CA is a triprotic acid (AH3), so species present in solutionwill depend on
the pH. Thus, the AH3 species is the only present in solution in the pH
range from 0 to 2.Mixtures of AH3 and AH2

− and AH2
− and AH−2 species

are present in solution in the pH range from 2 to 7 and from 7 to 11, re-
spectively [13]. Based on these results, a likely explanation for the de-
crease in currents with increasing the pH might be that the CA

Image of Fig. 4


Fig. 5. a) Cyclic voltammograms of CA recorded at GCE/ePRGO in 1 M HClO4 and PBS of
different pH after performing the accumulation of CA at the electrode surface in stirred
solutions. b) Dependence of the anodic peak potential with the pH. Slope = (0.054 ±
0.005) V/decade, r = 0.9951. The cCA⁎ in the accumulation solution was 100 μM. v =
0.050 V s−1. T = 25 °C. Eacc = OCP = 0.43 V. tacc = 600 s.
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negatively charged species would adsorb less strongly on the modified
electrode surface as a result of repulsive forces with the surface of elec-
trode, whichwill also have a negative charge densitywith increasing pH
due to deprotonation of the oxygenated groups still present in the GCE/
ePRGO [26]. In addition, considering that protons are also involved in
the electrode process and their availability decreases as the pH in-
creases, the overall reaction rate could be affected.

Values of the difference between the anodic and cathodic peak po-
tentials (ΔEp = Ep,a − Ep,c) for the different media were of 0.014,
0.029, 0.056, 0.038 and 0.039 V for 1 M HClO4, and PBS of pH 3, 5, 7
and 9, respectively. From these results, we can infer that the CA surface
redox couple has a higher reversibility in the strongly acidic medium.

A shift of the voltammetric peak to less positive potentials was ob-
served as the pH of the medium increased. A variation of the Ep,a with
the pH of ∂Ep,a/∂pH = −(0.054 ± 0.005) V/decade (linear correlation
coefficient, r = 0.9981) was found, indicating that the same number
of electrons and protons are involved in the electrode process (Fig. 5b).

In addition, the areas under the oxidation peaks, obtained after
subtracting the background currents, represent the charge (Q) associat-
ed with the oxidation of CA adsorbed at the electrode surface, i.e.;
QCA = nFAΓCA, where n is the number of exchanged electrons per
mole of oxidized substance, F is the Faraday constant, A is the electrode
area and ΓCA is the surface concentration of CA adsorbed [44].

The specific interaction of CA with the surface of GCE/ePRGO could
be explained considering that some functional groups containing oxy-
gen such as epoxides, carbonyls, phenols, carboxyl acids, etc. can still
be present at the modified GCE surface [26,50] as it was previously de-
scribed. The interaction between these functional groups and\\OH
groups present in the CA chemical structure would be the responsible
for the specific adsorption of CA at the GCE/ePRGO.

On the other hand, it is well known that phenols are weak organic
acids, and depending on the values of their acid constants, at pH values
close to pKa can exist in solution in equilibrium between the parent
molecule and some of its phenolate ions. It is well know that oxidation
reactions of phenolate ions can be complicated by the presence of di-
merization reactions coupled to the initial charge transfer reaction [51,
52]. In acidic conditions, the dimerization reactions are largely sup-
pressed and the o-quinone species is the main oxidation product.

Based on these results, the thermodynamic and kinetic studies of the
CA redox couple adsorbed at CGE/ePRGOwere carried out in 1MHClO4.

Therefore, studies were conducted to find the most favorable accu-
mulation time (tacc), and the optimum accumulation potential (Eacc)
for performing the CA pre-concentration step at the electrode surface.
Therefore, we recorded cyclic voltammograms of CA in 1 M HClO4 at
v = 0.050 V s−1 and a cCA⁎ = 350 μM, where the Eacc was varied from
0.40 to 0.60 V at intervals of 0.050 V, including the OCP, EOCP ≅ 0.43 V.
No significant changewas observed in current and peakpotential values
as the Eacc was varied (results no shown). Thus, the accumulation was
conveniently performed at OCP. Therefore, the experiments described
belowwere carried out using an Eacc = EOCP= 0.43 V. Voltammetric re-
sponses showed a good reproducibility and repeatability. Thus, a per-
cent relative standard deviation (RSD %) of (4.0 ± 0.5) % was
determined for the Ip,a from three cyclic voltammograms obtained at
v=0.050 V s−1with fourGCE/ePRGO freshly prepared. Consecutive cy-
clic voltammograms recorded on the same GCE/ePRGO at a given v
showed a very good repeatability of about (2.0±0.3) %. Fig. 6 shows cy-
clic voltammograms recorded in the presence (a) and in the absence (b)
of CA at GCE/ePRGO in 1MHClO4. The first (line 1) and the second (line
2) scans recorded in the presence of CA are shown in Fig. 6a. The first
(line 3) and the tenth (line 4) scans recorded in the corresponding
blank solution are shown in Fig. 6b. These results clearly demonstrate
the very good reproducibility of the voltammetric signals, and that the
current is practically the same in the presence or in the absence of CA.

The effect of the tacc on the Ip,a was studied at several cCA⁎ by using CV.
The results obtained at 25 °C for different cCA⁎ are shown in Fig. 7. Ip,a in-
creased up to a plateau level as the tacc was increased for each
cCA⁎ studied.

The saturation Ip,a varied depending on the cCA⁎.Thus, for the cCA⁎ low-
est concentration studied, stationary currents were achieved at a tacc =
1300 s in 1 M HClO4 at 25 °C (Fig. 7). Therefore, the following experi-
ments were carried out using a tacc = 1300 s. In addition, at concentra-
tions higher than 350 μM the electrode was fully covered.

From these results, we calculated values of ΓCA of 1.4 × 10−11,
2.4 × 10−11, 1.4 × 10−10, 2.0 × 10−10, 5.0 × 10−10, and
6.1 × 10−10 mol cm−2 for cCA⁎ of 0.1, 1, 5, 20, 100 and 150 μM, respec-
tively, using an average electrochemical area of 1.40 ± 0.03 cm2. Thus,
at lower cCA⁎, the adsorbate surface concentration would correspond to
a sub-monolayer, while ΓCA values obtained in the concentration range
from 5 to 150 μM would correspond to the coverage of a monolayer or
even more than a monolayer of adsorbed substrate [44].

In addition, we also studied the dependence of Ip,a with tacc at differ-
ent temperatures (Fig. 8).

Values of higher peak currents were obtained as the temperature
was increased, indicating a positive value for the enthalpy of adsorption
of CA in 1 M HClO4 at GCE/ePRGO. A similar behavior has previously
been found by us for the adsorption of butein on bare GCE's in pH 4.00
citrate buffer solutions [43]. This behavior was also found by Gileadi et
al. [53,54]. for the adsorption of ethylene and benzene at gold elec-
trodes. This phenomenon can be explained considering that an increase
in entropy can occur during the adsorption of a given substrate from so-
lution,where some solventmolecules should be removed from the elec-
trode surface for each substrate molecule adsorbed [55].

Image of Fig. 5


Fig. 6. Cyclic voltammograms recorded in the presence (a) and in the absence (b) of CA at
GCE/ePRGO in 1MHClO4. 1) and 2) are the first and the second scans, respectively. 3) and
4) are thefirst and the tenth scans, respectively. cCA⁎=130 μM. v=0.050 V s−1. T=25 °C.
Eacc = OCP = 0.43 V. tacc = 600 s.

Fig. 8. Dependence of the anodic peak currents with the accumulation time at different
temperatures in 1 M HClO4. cCA⁎ = 10 μM. v = 0.050 V s−1. Eacc = OCP = 0.43 V.
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Fig. 9a shows a plot of Qa vs cCA⁎, where Qa represents the charge as-
sociated with the corresponding anodic peak at a given v, after subtrac-
tion of any residual current. Practically constant charge values were
obtained at a cCA⁎ ≥350 μM. Moreover, the dependence between cCA⁎
and the surface coverage (θ) was studied to derive the adsorption iso-
therm. The surface coverage was defined as θ = Qa/Qa,max, where Qa is
the charge from cyclic voltammograms obtained for different cCA⁎ at a
tacc = 1300 s and Qa,max is the maximum value of Qa obtained at the
Fig. 7.Dependence of the anodic peak currents with the accumulation time at different CA
concentrations. cCA⁎(from 1 to 11) = 0.1, 1, 5, 10, 20, 100, 130, 180, 200, 350 and 500 μM.
v = 0.050 V s−1. T = 25 °C. Eacc = OCP = 0.43 V.
same accumulation time for the highest CA concentration studied, i.e.,
cCA⁎cBU⁎ = 350 μM. A plot of cCA⁎cBU⁎vs θ is shown in Fig. 9b.

Experimental data were fitted to different models of adsorption iso-
therms (Langmuir, Temkin, Frumkin, Freundlich) with the purpose of
finding the best isotherm which describes the specific interaction of
Fig. 9. a) Dependence of the anodic charge with the CA concentration. b) Dependence of
CA concentration with the surface coverage, defined as θ = Qa/Qa,max (see text). The
solid line represents the best fit between experimental and theoretical data obtained
when the Frumkin isotherm was chosen to perform the fit. v = 0.050 V s−1. T = 25 °C.
Eacc = OCP = 0.43 V. tacc = 1300 s.

Image of Fig. 6
Image of Fig. 7
Image of Fig. 8
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CA with the surface of GCE/ePRGO. The best fitting was obtained when
the Frumkin adsorption isotherm [44,55,56] was chosen to perform the
fit. The Frumkin adsorption isotherm gives useful information consider-
ing that it takes into account the interactions between adsorbed mole-
cules. It can be expressed as [44,55,56]:

βcCA ¼ θ
1−θ

exp −g0θð Þ ð3Þ

Thus, from Eq. (3) it is possible to calculate β and g′, where g′ =
2gΓCA,s/RT is the parameter that characterizes the interactions between
adsorbed molecules, and g expresses the way in which the adsorption
energy changes as a function of the θ. If g is positive, the interactions be-
tween adsorbed species are attractive; and if g is negative, the interac-
tions are repulsive. ΓCA,s is the CA saturation coverage, and β the
adsorption coefficient, which is defined as β = exp.(−ΔGads/RT),
where ΔGads is the Gibbs adsorption apparent free energy [44].

The fit was carried out for values of θ in the range from 0.18 to 0.79.
The best fit between experimental and theoretical data is shown in Fig.
8b (solid line). From the best fit, values of β = (11 ± 1) × 103, g′ =
(1.1 ± 0.3) and χ2 = 9.7 × 10−11 were obtained. From these results, a
value of ΔGads = −22.8 kJ mol−1 was calculated for the Gibbs adsorp-
tion apparent free energy. These results indicate that the process of CA
adsorption at GCE/ePRGO is energetically favorable and that lateral in-
teractions between the adsorbedmolecules are attractive [44]. These re-
sults compare reasonably well with those obtained previously in our
laboratory for the adsorption of similar compounds [41–43].

A negative value for ΔGads indicates a higher contribution of the en-
tropy of adsorption than the heat of adsorption. This behavior has also
been discussed in literature for other compounds [44,53–55].
Fig. 10.Net (In), forward (If) and reverse (Ir) currents of SWvoltammograms recorded for CA in
cCA⁎ = 10 μM. T = 25 °C. tacc = 1300 s. ΔEs = 0.005 V and f = 10 Hz.
On the other hand, from SW voltammograms of a surface redox
couple it is possible to determine the thermodynamic and kinetic pa-
rameters such as the formal potential (Efo), the formal rate constant
(ks) and the anodic electron transfer coefficient (1 − α) [36–40].

Therefore, the net currents (In) of SW voltammograms of surface
redox couples split as the amplitude of the SW increases at a given
ΔEs and f [37,40]. Fig. 10 shows the forward (If), reverse (Ir) and In cur-
rents obtained from SW voltammograms recorded for CA in 1 M HClO4

aqueous solution. A single peak is observed for In when ΔESW= 0.025 V
(Fig. 10a). However, asΔESW increased the In start to split around the Efo

(Figs. 10b–d). The splitting of the SW net peak allows to calculate Ef
o of

the surface redox couple from Ef
o = ½ (Ep,f − Ep,r), where Ep,f and Ep,r

are the peak potentials for the forward (anodic) and reverse (cathodic)

scans, respectively. Thus, an average value for the formal potential (Eof )
of the CA surface redox couple of (0.638 ± 0.005) V was calculated in
1 M HClO4.

Moreover, the ratio between the forward (anodic) and reverse (ca-
thodic) currents (Ip,f / Ip,r) allows to determine (1 − α) for (1 −
α) N 0.2 [40]. An average value for the anodic transfer coefficient (1−α)
of (0.58 ± 0.06) was calculated for CA surface redox couple in 1 M
HClO4.

On the other hand, if both the reactant and the product of the sur-
face redox couple are strongly adsorbed on the electrode surface, a
plot of Ip,n f −1 vs. f shows a maximum (fmax), which appears at a fre-
quency approximately equal to ks of the surface redox couple. In
cases where there are lateral interactions between adsorbed mole-
cules, Lovric et al. [40]. defined an apparent formal rate constant
(ks,app), which depends on the surface coverage θ and the Frumkin
interaction parameter (a). Thus, the “a” parameter is equivalent to
“g´” parameter in Eq. (3).
1MHClO4 at different SW amplitudes.ΔESW= a) 0.025, b) 0.050, c) 0.075 and d) 0.100 V.

Image of Fig. 10
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Fig. 11 shows plots of Ip,n f−1 vs. f at five θ values. The critical fre-
quency, fmax, decreases as the θ increases as it is theoretically expected
for a surface redox couple with attractive interactions between the
adsorbed molecules [39,40].

The linearized equationwhich relates fmax with ks, θ and the interac-
tion parameter “a” can be expressed as [40]:

ln fmaxð Þ ¼ ln
ks

ωintð Þmax
−2aθ ð4Þ

where (ωint)max = ks,app / fmax, and where (ωint)max values are
equals toωmax values for a surface redox couplewithout lateral interac-
tions between adsorbed molecules. Values of ks were calculated from
Eq. (4) at different θ, using a value of ωmax = 0.9, which was extracted
from Table 2.3 of reference [40] (for nΔESW = 0.050 V and (1 − α) =
0.6). A plot of ln fmax vs θ (Eq. (4)) was linear in the θ range from 0.17
to 0.53 (four points were taking into account in the regression, r =
0.9870), with an intercept of (3.8 ± 0.2) and a slope of—(3.1 ± 0.5).
From the intercept and the slope, values of ks = 40 s−1 and a = 1.55
were calculated, respectively. This value for the interaction parameter
is close to that one obtained from the fitting of the best adsorption iso-
therm (g′=1.10). The error in the estimation of ks usingωmax is close to
10%.

The value of ks obtained for the CA surface redox couple at GCE/
ePRGO in 1 M HClO4 compares reasonably well with the value of ks ob-
tained formorin adsorbed atGCE in 0.2MPBS of pH7 (ks=87 s−1) [41]
and is approximately one order of magnitude lower than the values de-
termined for rutin adsorbed at GCE in 10% ethanol +90% 1 M HClO4

(ks = 6.1 × 102 s−1) [41] and butein adsorbed at GCE in 1 M HClO4

(ks = 4.6 × 102 s−1) [43].

4. Conclusions

The caffeic acid electrochemical oxidation was studied for the first
time in 1 M HClO4 and phosphate buffer solutions of different pH at
glassy carbon electrodes modified with electrochemically partially re-
duced graphene oxide. The Box-Behnken design statistical experiments
and the surface methodology were used to optimize experimental var-
iables to generate the modified electrode. Atomic force and electro-
chemical impedance spectroscopies were used to characterize the
surface of modified electrode. Electrochemical impedance spectroscopy
was also used to estimate a tentative electrochemical area for the mod-
ified glassy carbon electrode.

A surface redox couplewaswell defined in all reactionmedia, which
showed a very good reproducibility and repeatability. Electrochemical
responses were much better defined on this modified electrode
Fig. 11. Plots of Ip,n f−1 as a function of f obtained for CA in 1 M HClO4 at different CA
concentrations. cCA⁎= (■) 1 (Ө = 0.03, fmax = 68 Hz), (●) 5 (Ө = 0.17, fmax = 28 Hz),
(▲) 10 (Ө = 0.25, fmax = 20 Hz), (▼) 20 (Ө = 0.27, fmax = 18 Hz) and (♦) 60 μM
(Ө = 0.53, fmax = 9 Hz). T = 25 °C. tacc = 1300 s. ΔESW = 0.025 V. ΔEs = 0.005 V.
compared to those obtained on the bare glassy carbon and the glassy
carbon electrode modified with graphene oxide. In addition, surface
electrochemical signals were also better defined in the strongly acidic
medium (1 M HClO4) than in buffer solutions. These results demon-
strate the caffeic acid fully protonated and the corresponding electro-
chemical generated o-quinone species are more strongly adsorbed at
themodified surface electrode than the other species which are present
in solution at higher pH, such as anion, dianion, etc.

Therefore, we performed a complete thermodynamic and kinetics
characterization of the surface redox couple in 1 M HClO4. The Frumkin
adsorption isothermwas the best to describe the specific interaction be-
tween caffeic acid and the modified electrode surface.

In addition, themethods of the “quasi-reversiblemaximum” and the
“splitting of the net square wave voltammetric peak” were used to ob-
tain information about the thermodynamic and kinetics parameters of
the surface redox couple.
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