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In the present paper, graphene oxide was directly electrodeposited by means of cyclic voltammetric techniques on the glassy-carbon
electrode (GCE) to obtain a reduced graphene-oxide-modified electrode (ErGO/GCE). Cyclic voltammetry (CV) and differential
pulse anodic stripping voltammetry (DP-ASV) had been utilized to study the electrochemical behavior of ErGO/GCE toward
ascorbic acid (AA), paracetamol (PA), and caffeine (CA). Differential pulse voltammetry results show that AA, PA, and CA
could be detected selectively and sensitively on ErGO/GCE with peak-to-peak separation of 312mV and 756mV for AA–PA
and PA–CA, respectively. The factors affecting the voltammetric signals such as pH, scan rate, and interferents were addressed.
The results reveal that the ErGO/GCE-modified electrode exhibits excellent electrochemical activity in the oxidation of PA,
CA, and AA. The detection limits are 0.36 μM, 0.25μM, and 0.23 μM for AA, PA and CA, respectively, suggesting that the
ErGO/GCE can be utilized with high sensitivity and selectivity for the simultaneous determination of these compounds.
Finally, the proposed method was successfully used to determine AA, PA, and CA in pharmaceutical preparations.

1. Introduction

Ascorbic acid (AA), a vitamin commonly present in many
biological systems and in multivitamin formulations, is
widely employed to provide an adequate dietary intake and
as an antioxidant [1, 2]. Its overdoses may cause gastrointes-
tinal discomfort, headache, trouble sleeping, and flushing of
the skin [3]. These drugs are often combined in two or three
types to increase the possibility of therapy. Paracetamol or
acetaminophen (N-acetyl-p-aminophenol or paracetamol
(PA)) is an antipyretic and analgesic drug commonly used
against arthritis, muscle aches, and fevers [4]. A high amount
of PA can cause the accumulation of toxic metabolites,
leading to severe and sometime fatal hepatotoxicity and
nephrotoxicity [5]. Caffeine (1,3,7-trimethylxanthine (CA))
is an alkaloid component present in natural products such
as coca cola, coffee, and tea leaves [6]. It is known to have
many pharmacological effects including as a diuretic, cardiac

stimulant, and stimulant of the central nervous system [6, 7].
Caffeine is employed in combination with ergotamine in
migraine treatment [8]. However, large doses of caffeine
can cause nausea, abdominal pain, nervousness and seizures
[9], and mutation effects such as inhibition of DNA [10].
Therefore, it is very important to determine the amount of
these compounds sensitively, simultaneously, accurately,
and fast.

Several analytical methods for individual or simultaneous
determination of AA, PA, and CA have been reported in the
literature such as spectrofluorometry [11, 12], chromatog-
raphy [13, 14], spectrophotometry [15, 16], capillary zone
electrophoresis [17, 18], and electrochemistry [19–22],
among which electrochemical methods based on modified
electrodes have fascinated many researchers due to their
simplicity, high sensitivity, and low cost. However, one
major obstacle is that the oxidation peaks of AA and PA
are almost overlapping on traditional electrodes, which
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make their simultaneous determination highly difficult
[23, 24]. For this reason, it is necessary to prepare modified
electrodes that can be employed for simultaneous detection
of these compounds.

Graphene consists of a flat monolayer of sp2-carbon
atoms bonded and arranged in a honeycomb lattice. It has
attracted extensive interest because of its unique properties
including its ideal two-dimensional structure [25], electronic
properties [26], mechanical properties [27], and thermal
properties [28]. Furthermore, graphene oxide (GO) and
reduced graphene oxide (rGO) have also been employed in
modified electrodes. rGO has better conductivity than GO
and restores the unique properties found in the pristine
graphene. Some reports are related to the application of
rGO-based materials in electrochemistry [27–29]. Various
methods including chemical reduction [30, 31], thermal
reduction [32, 33], photocatalytic reduction [34, 35], and
electrochemical reduction [36] have been used to prepare
rGO. The electrochemical reduction of GO is a relatively
simple, economical, fast, and green method. This method
could restore some of the original properties of pristine
graphene and exploit new functionalities of rGO, along
with other nanoparticles or compounds [36]. rGO pro-
duced using this method is known as electrochemically
reduced graphene oxide (ErGO). To the best of our knowl-
edge, the simultaneous voltammetric determination of AA,
PA, and CA using an ErGO-modified electrode has not
been reported.

In the present paper, an electrode modified with electro-
chemically reduced graphene oxide is demonstrated. The
obtained electrode was used for the simultaneous determina-
tion of AA, PA, and CA by means of the DP-ASV method.

2. Experimental

2.1. Materials. Graphite powder, potassium permanganate
(KMnO4), sodium acetate (NaCH3COO), sodium citrate
(Na3C6H5O7), sodium dihydrogen phosphate (NaH2PO4),
sodium hydrogen phosphate (Na2HPO4), acetic acid
(CH3COOH), ascorbic acid (C6H8O6), citric acid (C6H8O7),
boric acid (H3BO3), ammonia solution (NH4OH, 25%),
paracetamol (C8H9NO2, 99%), caffeine (C18H10N4O2,
98.5%), and ascorbic acid (C8H6O6, 99.7%) were supplied
from Merck company (Germany). Sodium nitrate (NaNO3),
ethanol (C2H5OH), hydroperoxide (H2O2, 30%), and potas-
sium hydroxide (KOH) were supplied by Daejung company
(Korea). Phosphate-buffered solution (PBS) with pH6 was
prepared from 1M NaH2PO4 and 1M Na2HPO4. Britton–
Robinson buffer solutions (B–RBS) in the range of pH from
2 to 6 were prepared from 0.5M H3BO3, 0.5M H3PO4, and
0.5M CH3COOH. The desired pH6 buffer was adjusted
using 1M KOH or 1M H3PO4 solutions.

2.2. Methods. X-ray diffraction measurements were per-
formed on a D8 Advance (Bruker, Germany) with CuKα

radiation (λ = 0 1514 nm). Fourier transformation infrared
analyses were recorded on a Shimadzu IRPrestige-21 (Japan).
Raman spectra were obtained using XploRA, HORIBA
(Japan), 532 nm YAG Laser. A CPA-HH5 Computerized

Polarography Analyzer (Vietnam) was used for voltammetry
measurements. All measurements were performed in a cell
with three electrodes: a glassy-carbon electrode (GCE)
with a diameter of 2.8± 0.1mm used for formatting the
modified electrode as the working electrode, an Ag/AgCl/
3M KCl as a reference electrode, and a platinum wire as
an auxiliary electrode. All measurements were performed
at ambient temperature.

The HPLC (high-performance liquid chromatography)
method was carried out to analyse AA, PA, and CA for
the sake of comparison. Chromatographic determinations
were performed in a Shimadzu 2030 HPLC system. The
chromatographic conditions are as follows: UV detector
(λ = 275 nm), flow rate set at 2.0mL·min−1 with 10μL
as the injection volume, and column temperature set at
45°C± 1°C. All the calculations concerning the quantita-
tive analysis were performed with external standardization
by measuring the peak areas of the chromatograms.

2.3. Preparation of ErGO/GCE.Graphene oxide was prepared
using the modified Hummers process [36, 37]. Reduced
graphene oxide was directly prepared on GCE by means of
electrochemical reduction. Graphene oxide was applied by
cyclic voltammetry with a potential range from 0V to
−1.5V in the 0.2M phosphate buffer of pH7.

In this study, the effect of the amount of GO (z1),
number of cycles (z2), and scanning rate (z3) on the
peak current of ErGO/GCE was studied using the Box–
Behnken design [38–40]. The number of experiments
(N) required for the development of this design is
defined as N = 2 · k · k – 1 + C0, where k is the number
of factors (k = 3) and C0 is the number of replicates at
the center point (C0 = 3) [41]. Thus, a total of 15 runs
were carried out for optimizing these three variables.
Each independent variable was considered at three levels:
low, medium, and high, coded as −1, 0, and +1, respectively
(Table 1). The center points were used for the determination
of error. Based on the experimental data, a second-order
polynomial model was obtained, which correlates the rela-
tionship between the response and the studied variables.
The relationship could be expressed in

y = b0 + b1 ⋅ z1 + b2 ⋅ z2 + b3 ⋅ z3 + b11 ⋅ z1
2 + b22 ⋅ z2

2

+ b33 ⋅ z3
2 + b12 ⋅ z1 ⋅ z2 + b13 ⋅ z1 ⋅ z3 + b23 ⋅ z2 ⋅ z3,

1

where y is the predicted response value (peak current (Ip));
z1, z2, and z3 are independent variables; b0 is the intercept
term; b1, b2, and b3 are linear coefficients; b12, b13, and b23

Table 1: Factors and their levels in full factorial design.

Factor
Level

Low (−1) Medium (0) High (+1)

Amount of GO (mg) 2 6 10

Number of cycles 4 8 12

Scan rate (V·s−1) 0.01 0.08 0.15
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are cross-product coefficients; and b11, b22, and b33 are
quadratic-term coefficients. All the coefficients of the second
polynomial model and the response obtained from the
experimental design were subjected to multiple nonlinear
regression analyses. The empirical relationships between
the response (y) and the tested variables were obtained using
Minitab version 16.

2.4. Pharmaceutical Preparation. Panadol Extra (Sanofi-
Synthelabo company, Vietnam), Hapacol Extra (DHG
Pharma company, Vietnam), Tatanol (Pymepharco com-
pany, Vietnam), Effe-Paracetamol (Pymepharco company,
Vietnam), Ameflu C (OPV company, Vietnam), and Effer-
algan Vitamin C (Laboratoires UPSA company, France)
were employed in this study. Ten tablets of each analysed
pharmaceutical preparation were weighed and finely ground
in a mortar. An exact amount of the powder was weighed and
transferred to a 100mL calibrated flask, which was filled to
the volume with the 0.2M B–R buffer solution of pH3.2.
The standard addition method was used for determining
the pharmaceutical formulations.

3. Result and Discussion

3.1. The Preparation of ErGO/GCE Based on the Box–
Behnken Design. In the present study, the optimum levels of
the variables including the amount of GO (z1), number of
cycles (z2), and scan rate (z3) were studied with the Box–
Behnken design.

Based on the experimental data (Table S1, Table S2, and
Table S3), three equations of the experimental design were
established using Minitab 16 ((2), (3), and (4)). They
correlate the relationship between the peak current of AA,
PA, and CA and the three variables.

Ip,AA = 2 42 + 0 08 ⋅ z1 + 0 10 ⋅ z2 − 0 13 ⋅ z3 − 0 25 ⋅ z12

− 0 16 ⋅ z22 − 0 13 ⋅ z32 + 0 05 ⋅ z1 ⋅ z2 − 0 05 ⋅ z1 ⋅ z3
− 0 01 ⋅ z2 ⋅ z3,

r = 0 994,

2

Ip,PA = 5 29 + 0 31 ⋅ z1 + 0 38 ⋅ z2 − 0 48 ⋅ z3 − 1 03 ⋅ z12

− 0 68 ⋅ z22 − 0 56 ⋅ z32 + 0 23 ⋅ z1 ⋅ z2 − 0 22 ⋅ z1 ⋅ z3
− 0 03 ⋅ z2 ⋅ z3,

r = 0 972,

3

Ip,CA = 3 95 + 0 28 ⋅ z1 + 0 37 ⋅ z2 − 0 44 ⋅ z3 − 0 86 ⋅ z12

− 0 45 ⋅ z22 − 0 37 ⋅ z32 + 0 18 ⋅ z1 ⋅ z2 − 0 16 ⋅ z1 ⋅ z3
− 0 06 ⋅ z2 ⋅ z3,

r = 0 928
4

The coefficients corresponding to each factor in the linear
and quadratic terms and their interactions in (2), (3), and (4)
have the same sign. A minus sign suggests an antagonistic
effect, whereas a plus sign indicates a synergistic effect. The
absolute value of the coefficients determines the significance
of the effect. Thus, the signs of the coefficients and their
values indicate that those amounts of GO, number of cycles,
and scan rate act in the same way on the peak current for AA,
PA, and CA oxidation, but the level of importance is differ-
ent. As seen in the equations, the amount of GO (z1) and
number of cycles (z2) have a positive effect. This indicates
that the intensity of the peak current can be improved when
the value of these factors increase, whereas the increasing
scan rate (z3) reduces the peak current because the sign of
z3 is minus.

Since the peak current for AA oxidation is the lowest
(Figure 1(b)), it was chosen for the optimization of the
variables in the preparation of ErGO/GCE.

The obtained results through ANOVA (Table S4) show
that most of the factors (z1, z2, z3, z1

2, z2
2, z3

2, z1 · z2, and
z1 · z3) have the p value of less than 0.05, indicating that
they are significant (this means that the amount of GO,
number of cycles, scan rate, the interactions between the
amount of GO and the number of cycles, and the amount
of GO and scan rate significantly affect the peak current of
AA). Only b23 has the p value of more than 0.05, and it
will be removed from (2). Then, the reduced form of (2)
is as follows:

IAA = 2 42 + 0 08 ⋅ z1 + 0 10 ⋅ z2 − 0 13 ⋅ z3 − 0 25 ⋅ z12

− 0 16 ⋅ z22 − 0 13 ⋅ z32 + 0 05 ⋅ z1 ⋅ z2 − 0 05 ⋅ z1 ⋅ z3
5

The analysis of variance is used to estimate the statistical
significance of the model. The summary of the analysis of
variance is shown in Table 2. If the p value is lower than
0.05, it means that the model is statistically significant. The
fitness of the model equation was estimated according to
the determination coefficient (R2). The results show that
the value of R2 is 0.988. This means that the calculated
model is able to explain 98.8% of the results (or of the
variability of the response). This result also indicates a
good agreement between the experimental and predicted
values of the response. The p value for the “lack of fit” test
is 0.856. This finding suggests that the model employed to
fit the response variables is significant and adequate to
describe the relationship between the response and the
independent variables.

The profile for the predicted values and desirability
option in the Minitab 16 is applied for the optimization pro-
cess. Figure 1(a) presents the optimization plots of AA. The
optimization shows the maximum Ip (2.49) obtained under
the following conditions: amount of GO being 7.0μg, num-
ber of cycles being 10, and scan rate being 0.04V·s−1. The
reliability of this prediction was checked by carrying out
three replicates under these optimal conditions. The experi-
mental Ip for AA are 2.47, 2.47, and 2.49 (Figure 1(b)). The
comparison by means of one-sample t-test shows that there
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is no significant difference in the respective value presented
by the model (t 2 = −2; p = 0 184 > 0 05). This demonstrates
that the optimization is acceptable. These conditions were
selected for the next experiments.

Figure 2(a) illustrates the electrochemical reduction of
the GO by means of the CV technique. GO was drop cast
on GCE under the optimal conditions (7.0μg, 10 cycles,
and 0.04mV·s−1). In aqueous solution, the film was reduced
by potential cycling between 0V and −1.5V at pH7. As seen
in Figure 2(a), the first cycle shows a large cathodic peak
current starting at around −1.23V, and the reduction current
observed could be related to the reduction of oxygen func-
tional groups on GO. During the second cycle, the reduction
current decreases significantly and vanishes after the third
cycle. This observation is consistent with that of the previous
papers [42, 43]. XRD measurements were used to study the
phase of the obtained samples. Figure 2(b) shows the XRD
patterns of graphite, GO, and ErGO. The characteristic
diffraction peak of GO at 2θ of around 11.3° indicates that
oxygen-containing functional groups on graphite sheets are
formed, that is, the formation of GO [44, 45]. Peaks at around
26° could be attributed to the initial graphite indicating that
the oxidation of graphite is incomplete. After being electro-
chemically reduced, the material does not show the peak at
11.3°, and the weak and broad reflection peak at 25.8° corre-
sponds to the relative short-range-order structures in disor-
dered stacked rGO [44], which indicates the successful
reduction of GO.

The existence of oxygen-containing functional groups
was confirmed by FT–IR (Figure 2(c)). The strong absorption
band at 3417 cm−1 is attributed to νOH as the graphite was
oxidized. The vibration bands at 1720 cm−1 and 1620 cm−1

can be responsible for νC=O of carbonyl and νC=C of aromatic
rings, respectively. The absorption bands at 1051 cm−1 can be
assigned to νC–O of alkoxy [36, 46]. The vibrational band at
1395 cm−1 can belong to νCOO. The presence of the oxygen-

containing functional groups again indicates the successful
oxidation of graphite to graphite oxide.

Raman spectroscopy is a useful technique for the charac-
terization of the physicochemical properties of graphene. In
general Raman spectroscopy, the G band contributes to the
first-order scattering of the E2g phonon of sp2 C atoms
(∼1570 cm−1) and the D band is attributed to a breathing
mode of k-point photons of A1g symmetry (∼1350 cm−1).
At the same time, an increased ID/IG ratio arises from a lower
degree of crystallinity in the graphitic materials. Two bands
of the Raman spectra of GO and ErGO were observed at
approximately 1352 and 1570 cm−1, contributing to the D
band and G band, respectively (Figure 2(d)). The intensity
ratio of the D and G bands increased from 0.90 to 1.14
due to the electrochemical reduction, suggesting a decrease
in the size of the in-plane sp2 domains and the partially
ordered crystal structure of graphene. These results pro-
vided more evidence for removing oxygen-containing
functional groups from the surface of GO by means of
electrochemical reduction [36, 46].

3.2. Electrochemical Behavior of ErGO-Based GCE. The CV
experiments were conducted on bare GCE and ErGO/GCE

Table 2: Analysis of variance for the fitted quadratic polynomial
model of the preparation of ErGO/GCE.

Source DF SS MS p value

Regression 9 2.52569 0.280632 0.000

Residual 50 0.02975 0.000595 —

Lack of fit 3 0.00048 0.000160 0.856

Pure error 47 0.02927 0.000623 —

DF: degrees of freedom; SS: sum of squares; MS: mean of squares.

Optimal
D

0.62199

Composite
desirability

0.62199

I(AA)
Maximum
y = 2.4880
d = 0.62199

High
Cur
Low

z1
10.0

[7.0101]
2.0

z2
12.0

[9.4949]
4.0

z3
0.150

[0.0397]
0.010
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Figure 1: (a) Optimization plot for peak current of AA oxidation; (b) DP-ASV curves obtained at the ErGO/GCE prepared at optimization
conditions (CAA = CPA = CCA = 1μM in a 0.2M B–R buffer solution of pH 3.2).
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by using 1.0mM K4Fe (CN)6 in 0.1M KCl as a standard
probe [47]. For the reversible process, the Randles–Sevcik
formula in a simplified form (6) was employed to calculate
the effective surface area of the GCE and modified GCE.

Ipa = 2 69 ⋅ 105 ⋅ n3/2 ⋅ A ⋅D0
1/2 ⋅ C ⋅ v1/2, 6

where Ipa refers to the anodic peak current, n is the number
of electrons transferred, A is the effective surface area, D0 is
the diffusion coefficient, C is the concentration of K4Fe
(CN)6, and ν is the scan rate.

For 1.0mM K4Fe (CN)6 in 0.1M KCl electrolyte, n is
equal to 1 and D0 is 7.6× 10−6 cm2·s−1. Then, the effective
surface area calculated from the slope of the plot of Ipa
versus ν1/2 is 0.043 cm2 and 0.050 cm2 for GCE and
ErGO/GCE, respectively (see Figure S1). This means that
ErGO/GCE provided a larger effective surface than the
bare GCE did.

The values of the heterogeneous electron transfer rate
constant, k0obs, were determined by means of the Nicholson
method combined with the following equation: ψ =
k0obs · π ·D · n · ν · F/ R · T −1/2, where ψ is the kinetic

parameter, D is the diffusion coefficient, n is the number of
electrons involved in the process (n = 1), ν is the scan rate,
F is the Faraday constant (F = 96,480C · mol−1), R is the
universal gas constant (R = 8 314 J · K−1 · mol−1), and T is
the temperature (T = 298K) [47, 48]. The kinetic parameter,
ψ, is calculated as a function of ΔEP (peak-to-peak separa-
tion) at the set temperature (298K) for a one-step, one-
electron process with the transfer coefficient, α, equal to 0.5.
The function of ψ (ΔEP), which fits Nicholson’s data for
a practical usage, is given by ψ = −0 6288 + 0 0021 · X /
1 – 0 017 · X where X = ΔEP is used to determine ψ as a
function of ΔEP from the experimentally recorded cyclic
voltammetry. The values of k0obs were obtained from the
slope of the plot of ψ against π ·D · n · ν · F/ R · T −1/2.
The heterogeneous electron transfer rate constants for
1.0mM K4Fe (CN)6 in 0.1M KCl electrolyte were 16× 10−6
for GCE and 3.7× 10−6 cm·s−1 for ErGO/GRE (see Figure S2).
The k0obs for ErGO/GGE is lower than that for the bare GGE.
This may be due to the electrode modification which
increases the resistance of electrode.

The CV experiments were also performed on a modified
GCE with and without ErGO in order to confirm its
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Figure 2: (a) CV curves of GO film in 0.2M PBS (pH 7) at a scan rate of 0.04V·s−1; (b) XRD patterns of graphite, GO, and ErGO; (c) FT–IR
and (d) Raman spectra of GO and ErGO.
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electrochemical behavior for the detection of AA, PA, and
CA (Figure 3). As can be seen in the figure, the current
response on bare GCE and GO/GCE exhibits broad peaks,
while the current response on ErGO/GCE provides defined
peaks. The intensity of the anodic peak current (henceforth
Ip) of AA, PA, and CA on ErGO/GCE was 59.17-, 72.78-,
and 12.49-fold, respectively, compared with that on the bare
GCE. The peaks of AA and PA are often overlapped, leading
to difficulties in their simultaneous determination. It is worth
noting that the peak-to-peak separation of 312mV and
756mV for AA–PA and CA–AA, respectively, was obtained
on the ErGO, while it is not observed on bare GO or
ErGO/GCE in this study. The favorable signal-promoting
effect of the ErGO suggests that it could accelerate the elec-
tron transfer of the analytes and had a good electrocatalytic
activity for the redox reaction of AA, PA, and CA. ErGO con-
tains carboxyl groups and aromatic rings. The π–π stacking
interaction between the aromatic rings of the analytes and
ErGO is possibly responsible for the accumulation of AA,
PA, and CA on the modified electrode. The process is illus-
trated in Scheme 1.

3.3. Effect of the pH. The effect of the pH on the voltam-
metric signals of AA, PA, and CA was studied in the
pH range of 2.3 to 5.8 using the B–RBS (Figure 4(a))
with the CV method in order to estimate the relevant
pH and also the ratio of electrons and protons participat-
ing in the voltammetric process on ErGO/GCE. As can
be seen from Figure 4, the highest values of Ip for CA
are at pH3.2, while Ip for AA and PA decreases slightly
as pH increases from 2.3 to 5.8. Therefore, pH = 3 0 ÷ 3 2,
which is suitable for the analytes, was chosen for subsequent
analytical experiments.

It was found that the oxidation peak potential (Ep) is
dependent on pH. The potentials for AA, PA, and CA shift
towards less positive values as the pH gradually increases,
suggesting the involvement of protons in the oxidation reac-
tion. Within the pH range 2.3–5.8, the linear regression equa-
tions for the oxidation peak potentials (Ep,AA, Ep,PA, and
Ep,CA) and pH are expressed as follows:

Ep,AA = 0 54 ± 0 01 + −0 054 ± 0 002 ⋅ pH,
r = 0 997,

Ep,PA = 0 87 ± 0 03 + −0 061 ± 0 007 ⋅ pH,
r = 0 983,

Ep,CA = 1 63 ± 0 03 + −0 049 ± 0 008 ⋅ pH,
r = 0 966

7

The values of 0.054V/pH for AA, 0.061V/pH for
PA, and 0.049V/pH for CA are close to the Nernstian
slope of 0.059V/pH, indicating that the oxidation of
AA, PA, and CA involves an equal number of electrons
and protons.

The mechanisms of PA [49] and AA [5] oxidation
with two electrons and two protons are illustrated in
Schemes 2(a) and 2(b). The CA oxidation on the electrode
is believed to take place in two steps [50]. The first low
step involves the oxidation of the C–8 to N–9 bonds and pro-
duces 1,3,7-trimethyluric acid with the involvement of two
electrons and two protons. The second fast step is followed
by 2e, 2H+ oxidation to 4,5-dihydroxy-1,3,7-trimethyltetra-
hydro-1-H-purine-2,6,8-trione and 4,5-dihydroxy-1,7,9-tri-
methyltetrahydro-1-H-purine-2,6,8-trione (Scheme 2(c)).
Since the first step is slow, it limits the rate of the reac-
tion. Hence, the CA oxidation involves two electrons and
two protons.

3.4. Effect of Scan Rate. The relationship between the voltam-
metric signal and the scan rate (denoted as ν) could give
important information about the voltammetric mechanism.
Hence, the relationships between on Ep, Ip, and ν were per-
formed by cyclic voltammetry, as shown in Figure 5(a).

If the electrooxidation reaction is irreversible, the peak
potential is independent of the scan rate. As can be seen from
Figure 5(b), Ep seems to be independent of ν, and the peak
potential shifts only slightly to a higher potential as the scan
rate increases. It may, therefore, be concluded that electron
transfers in the AA, PA, and CA electrooxidation are quasi-
reversible. Ip increases with the increase in ν from 0.1V·s−1
to 0.4V·s−1 (Figure 5(c)), indicating that the electron transfer
reaction involves a surface-confined process [46].

The plots of ln Ip versus ln ν were established to deter-
mine whether the electrooxidation reactions are controlled
by adsorption or diffusion processes. If the plot of Ip versus
ν is linear and the slope is close to 1, the electrooxidation
reaction is an adsorption-controlled process. Otherwise, the
slope is close to 0.5, then the process is controlled by the
diffusion [51]. Natural logarithm Ip for AA, PA, and CA as
a function of ln ν is expressed as follows:
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Figure 3: Cycles for AA, PA, and CA on bare GCE and GO/GCE
and ErGO/GCE. (CAA = 100 μM; CPA = CCA = 10μM in 0.2M
B–RBS of pH7; scan rate = 0 2V · s−1).
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Scheme 1: Simultaneous voltammetric determination of AA, PA, and CA by means of electrochemically reduced graphene-oxide-modified
electrode.
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ln Ip,AA = 6 18 ± 0 02 + 0 70 ± 0 03 ⋅ ln v,
r = 0 995,

ln Ip,PA = 5 918 ± 0 006 + 0 863 ± 0 008 ⋅ ln v,
r = 1 000,

ln Ip,CA = 4 50 ± 0 06 + 0 64 ± 0 08 ⋅ ln v,
r = 0 960

8

The slope of plots for ln Ip,AA, ln Ip,PA, and ln Ip,CA
against ln ν (Figure 5(d)) are highly linear (r = 0 960 ÷
1 000, p < 0 001) and 0.70, 0.863, and 0.64, respectively.
The values of the slope are around 0.5 and 1. This indicates
that AA, PA, and CA electrooxidations are diffusion-
adsorption-controlled processes.

3.5. Effect of Pulse Amplitude, Accumulation Potential, and
Time. The influence of accumulation potential and time on
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the Ip of the analytes on ErGO/GCE was also investigated
using the DP-ASV method in the range of −0.2V to 0.3V
(Figures 6(a) and 6(b)).

As can be seen in Figure 6(a), Ip,PA increases as the
potential shifts positively from −0.2V to 0.3V but Ip of AA
and CA decreases. The appropriate accumulation potential
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of −0.1V was selected for AA, PA, and CA. The accumula-
tion time also has an effect on the peak current. From
Figure 6(b), it can be seen that Ip increases slightly with time
and peaks at 45 s and then decreases afterwards. Therefore,
45 s was chosen as the accumulation time.

Pulse amplitudes significantly affect the voltammetric
signal of the analytes. The pulse amplitude in the range of
0.04V to 0.10V was used in the DP-ASV method
(Figure 6(c)). As seen in Figure 6(c), Ip increases linearly
and Ep shifts negatively as the pulse amplitude increases. Δ
E is larger than 0.06V. The width of the current peak tends
to be large, the peak resolution reduces, and the selectivity
also reduces. The pulse amplitude of 0.06V that provides a
symmetric peak with low RSD (0.6%) was selected for the
next experiments (Figure S3).

3.6. Effect of Interferents. The effect of the interferents on the
anodic peak currents of AA, PA, and CA was estimated based
on the relative error of the AA, PA, and CA when there is an

interferent in the solution as opposed to its absence. Some
possible interferents were investigated by adding them to a
solution containing an equal concentration of AA, PA, and
CA in the B–R buffer solution of pH3.2 (5μM). Inorganic
cations including K+, Na+, Ca2+, NH4

+, CO3
2−, NO3

−,
SO4

2−, Cl− with concentration ratios (interference com-
pound : standard solution) of 1000 : 1÷ 3100 : 1 (mM/mM),
and glutamic acid, benzoic acid, and glucose with concen-
tration ratios in the range of 10 : 1 to 310 : 1 were tested as
interferents (Tables S5–11). The analysis of the obtained
responses made it possible to conclude that these compounds
do not significantly interfere (<5%) in the determination of
PA and CA under employed working conditions. However,
dopamine and uric acid significantly affect the voltammetric
signals of the analytes even when the molar ratio interfer-
ent : standard solution is equal to 1 : 10.

3.7. Repeatability, Linear Range, and Limit of Detection
(LOD). The repeatability of ErGO/GCE for DP-ASV was esti-
mated with different analyte concentrations. The DP-ASV
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Figure 6: Dependence of Ip for AA, PA, and CA (CAA = CPA = CCA = 0 5μM) in 0.2M B–RBS of pH3.2 on (a) accumulation potential,
(b) accumulation time, and (c) pulse amplitude.
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curves were drawn to detect the mixtures of CAA = 100 μM,
CPA = CCA = 10 μM and CAA = 50 μM, CPA = CCA = 5 μM
and CAA = 10μM, and CPA = CCA = 1 μM, in which each
signal was obtained by successive measurements for nine
times (Figure S2). The obtained RSD is 0.76%, 1.00%, and
1.83% for CAA = 100 μM, CPA = 10 μM, and CCA = 10μM,
respectively; 1.28%, 3.03%, and 1.08% for CAA = 50μM,
CPA = 5 μM, and CCA = 5 μM, respectively; and 2.21%,
2.14%, and 2.35% for CAA = 10 μM, CPA = 1 μM, and CCA =
1 μM, respectively. These values are lower than 1/2 RSDH
[52]. Such reasonable RSD of the successive measurements
indicates that ErGO/GCE can be repeatedly utilized for the
detection of AA, PA, and CA in either low or high
concentration range (Figure S4).

The individual determination of AA, PA, and CA was
performed using the DP-ASV method, in which the con-
centration of one compound was raised while that of the
other two was kept constant in the 0.2M B–R buffer
solution of pH3.2 (Figure 7). As can be seen in the fig-
ure, the peak current of the two compounds with fixed
concentration was fairly unchangeable while that of the
third analyte rises with the increase of its concentration.
This suggests that the oxidation reactions take place inde-
pendently. The peak current increases in the concentration

range from 0.2μM to 4.4μM. The linear regression equa-
tions are as follows:

Ip,AA = 0 06 ± 0 03 + 0 426 ± 0 009 ⋅ CAA,
r = 0 997,
p < 0 001,

Ip,PA = 0 85 ± 0 06 + 2 22 ± 0 05 ⋅ CPA,
r = 0 997,
p < 0 001,

Ip,CA = −0 04 ± 0 02 + 0 297 ± 0 01 ⋅ CCA,
r = 0 999,
p < 0 001

9

In the range of 0.2μM to 4.4μM, the limit of detections
(LOD) calculated using 3σ/s for AA, PA, and CA are 0.36,
0.25, and 0.23μM, respectively.

The simultaneous determination of AA, PA, and CA was
also conducted using the DP-ASV method. AA, PA, and CA
were estimated simultaneously by increasing their concentra-
tions in the 0.2M B–R buffer solution of pH3.2. Figure 8
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Figure 7: DP-ASV curves obtained on ErGO/GCE for (a) AA at different concentrations (0.2 to 4.4 μM) in the fixed concentrations of PA and
CA (CPA = CCA = 0 5μM), (b) PA at different concentrations (0.2 to 4.4 μM) in the fixed concentrations of AA and CA (CAA = CCA = 0 5μM),
and (c) CA at different concentrations (0.2 to 4.4 μM) in the fixed concentrations of AA and PA (CAA = CPA = 0 5 μM).
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presents the DP-ASV curves obtained for solutions contain-
ing an equal concentration of AA, PA, and CA in the range
of 0.2μM to 4.4μM. The DP-ASV curves show oxidation
peaks at around 0.16V for AA, 1.25V for PA, and 0.54V
for CA. The larger separation peak of the analyte favors
simultaneous determination. The linear regression equations
are expressed as follows:

Ip,AA = 0 06 ± 0 05 + 0 65 ± 0 03 ⋅ CAA,
r = 0 999,
p < 0 001,

Ip,PA = 1 0 ± 0 1 + 2 23 ± 0 09 ⋅ CPA,
r = 0 997,
p < 0 001,

Ip,CA = 0 03 ± 0 06 + 1 21 ± 0 04 ⋅ CCA,
r = 0 997,
p < 0 001

10

In the range of 0.2μM to 4.4μM, the values of LOD
were 0.30, 0.24, and 0.26μM for AA, PA, and CA, respec-
tively. It is noted that LOD of AA, PA, or CA in the
simultaneous and individual determination is very close
to each other. This, again, reaffirms that the oxidation of
these compounds on the ErGO/electrode is independent.
Hence, the simultaneous voltammetric determination of
AA, PA, and CA is possible on ErGO/GCE in the mixed
samples without any cross interference. This linearity is
also acceptable for the simultaneous determination of
AA, PA, and CA in pharmaceutical preparations, in which
their amount is in the range of 100–200mg, 200–500mg,
and 20–65mg, respectively.

A comparison of the proposed method with other vol-
tammetric methods for AA, PA, and CA determination is
listed in Table 3. It could be noticed that LOD of AA, PA,
and CA from the proposed method is lower or comparable
with those results based on modified electrodes in previous

papers [47, 49, 50, 52–58]. Overall, ErGO is proved to be an
effective electrode modifier for the determination of AA,
PA, and CA.

3.8. Real Sample Analysis. The proposed method was
employed to determine the content of PA and CA in Panadol
Extra, Hapacol Extra, and Tatanol (all of them are produced
in Vietnam) and AA and PA in Effe Paracetamol, Ameflu C,
and Efferalgan Vitamin C. Table 4 presents the amounts of
AA, PA, and CA in the preparations with those determined
using the HPLC method. The paired t-test was applied to
these results. With the significant level α = 0 05, the results
show that the amounts of AA, PA, and CA determined with
the proposed method found in pharmaceutical preparations
are fairly close to the labeled amounts (AA: t 2 = 3 78, p =
0 06; PA: t 5 = 2 05, p = 0 10; and CA: t 2 = 0 42, p =
0 71). The results obtained with the proposed and HPLC
methods are not statistically different (AA: t 2 = 0 92, p =
0 45; PA: t 5 = −0 29, p = 0 78; and CA: t 2 = 1 22, p =
0 34). Therefore, the precision of the determination was also
found to be good. In these experiments, the concentrations of
AA, PA, and CA were determined by means of standard
addition method. The values of recovery of the spiked sam-
ples were conducted to evaluate matrix effects after the stan-
dard solution additions. The obtained results yielded good
average recoveries, ranging from 96% to 108% for AA, 95%
to 106% for PA, and 98% to 104% for CA suggesting that
the present method does not suffer from any significant
effects of matrix interference.

4. Conclusions

The present paper shows that the electrodeposition and elec-
troreduction of graphene oxide using cyclic voltammetry
have been successfully carried out on the glassy-carbon elec-
trode. The modified electrode thereof can be used for the
simultaneous determination of ascorbic acid, paracetamol,
and caffeine. The results also reveal that the modified elec-
trode exhibits high electrocatalytic activity towards the elec-
trooxidation of ascorbic acid, paracetamol, and caffeine by
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Figure 8: (a) DP-ASV curves obtained for the oxidation of AA, PA, and CA at equal concentrations in the 0.2M B–R buffer solution of
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enhancing the peak currents. Large peak separation between
ascorbic acid and paracetamol could be obtained using
DP-ASV, and this can facilitate their simultaneous and
individual determination on the ErGO-modified glassy-
carbon electrode. The excellent analytical performance and
simple fabrication of ErGO make it a promising material
for highly sensitive and selective electrochemical biosensors.
Furthermore, the proposed method has been utilized for
the simultaneous determination of ascorbic acid, paracet-
amol, and caffeine in pharmaceutical preparations with
promising results.
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Supplementary Materials

Table S1 shows the order of experiments according to the
Box–Behnken experimental design for AA. The rightmost
column provides the values of peak current corresponding
to each experiment. Table S2 shows the order of experiments
according to the Box–Behnken experimental design for PA.
The rightmost column provides the values of peak current
corresponding to each experiment. Table S3 shows the order
of experiments according to the Box–Behnken experimental
design for CA. The rightmost column provides the values
of peak current corresponding to each experiment. Table S4
presents estimated effects and coefficients of second-order
polynomial equations. All the statistical and mathematical
calculations were conducted using Minitab version 16. Table
S5 shows that NaNO3 does not interfere with the peak cur-
rents of AA, PA, and CA. Table S6 shows that K2CO3 does

Table 4: Results for AA, PA, and CA determination in pharmaceutical preparations and HPLC.

Pharmaceutical samples Analytes Labeled amounts (mg)
Methods

DP-ASV HPLC

Panadol Extra
PA 500 496± 30 490± 1
CA 65 65.3± 0.8 65.8± 0.5

Hapacol Extra
PA 500 498± 24 496.1± 0.9
CA 65 64± 2 63.6± 0.1

Tatanol
PA 500 494± 3 492± 2
CA 65 64± 1 63.7± 0.2

Effe Paracetamol
AA 200 194± 8 189± 1
PA 200 201± 4 201± 2

Ameflu C
AA 100 98± 6 96.1± 0.9
PA 500 495± 5 494± 3

Efferalgan Vitamin C
AA 200 197± 7 195± 2
PA 330 331± 9 329± 4

Table 3: Comparison of some figures of merit related to different electrodes for the determination of analytes.

Electrode Method
Detection limit (μmol·L−1)

Reference numbers
AA PA CA

MWCNTs/GCE SWV 0.01 — 0.0035 [56]

Carbon nanotubes/carbon–ceramic electrode DPV — 0.05 0.29 [57]

MWCNTs dispersed in polyhistidine/GCE DPV 0.76 0.032 — [58]

SWCNTs/carbon–ceramic electrode DPV 3 0.12 — [59]

Boron-doped diamond electrode DPV — 0.49 0.035 [60]

Flavonoid nanostructured/GCE DPV — 0.78 3.54 [61]

Boron-doped diamond film electrode DPV — — 0.23 [62]

Gold-silver bimetallic nanotubes in a chitosan matrix/GCE Amperometry 2 — — [63]

MnFe2O4@CNT-N/GCE 1.8 0.83 0.83 [64]

CuO-Gr/CPE DPV 0.011 0.008 0.010 [65]

ErGO/GCE DP-ASV 0.36 0.25 0.23 This work
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not interfere with the peak currents of AA, PA, and CA.
Table S7 shows that CaCl2 does not interfere with the peak
currents of AA, PA, and CA. Table S8 shows that (NH4)2SO4
does not interfere with the peak currents of AA, PA, and CA.
Table S9 shows that glucose does not interfere the peak
currents of AA, PA and CA. Table S10 shows that glutamic
acid does not interfere with the peak currents of AA, PA,
and CA. Table S11 shows that benzoic acid does not interfere
with the peak currents of AA, PA, and CA. Figure S1 presents
CVs in in 1mMK3[Fe (CN)6]/K4[Fe (CN)6] at various scan
rates to calculate the effective surface area of electrodes.
Figure S2 presents the plot of the kinetic parameter ψ versus
ν1/2 to obtain the heterogeneous electron transfer rate
constant. Figure S3 shows DP-ASV curves using the pulse
amplitude in the range of 0.04V to 0.10V. The pulse ampli-
tude of 0.06V provides a symmetric peak with low RSD
(0.6%). Figure S4 represents the DP-ASV curves of AA, PA,
and CA in which each signal was obtained by successive
measurements for nine times. (Supplementary Materials)
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