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AbstractCopper oxide with activated carbon-based materials was synthesized for the selective detection of amoxicil-
lin (AMX) in aqueous samples. The morphological and structural characteristics of the materials were evaluated using
a scanning electron microscope and X-ray diffraction. Electrochemical impedance spectroscopy and voltammetric
techniques were also used to observe the electrochemical response of the system. The best AMX sensing behavior was
obtained with the presence of copper oxide that interacts with AMX and the increased surface area of activated car-
bon, which results in a sharp oxidation current. The electrode showed two linear responses in the AMX concentration
ranges from 10M to 100 M and from 1 mM to 5 mM, respectively. In the linear ranges, the sensitivity of the sens-
ing materials was calculated to be 9.5528 M1 and 0.14994 M1, respectively. The statistical test confirms that
the electrode showed good repeatability and selectivity in the determination of AMX.
Keywords: Electrochemical Sensor, Copper Oxide, Amoxicillin, Electrochemical Impedance Spectroscopy

INTRODUCTION

Since the discovery of the antibiotic penicillin by Alexander Flem-
ing in 1928, it has been used to treat and prevent a wide range of
human and infectious diseases [1]. Molecules that possess beta-
lactam rings are generally considered penicillins [2]. The third gener-
ation of penicillin was found to be significantly effective against a
larger variety of gram-negative and gram-positive bacteria [3]. Among
these, amoxicillin (AMX) is one of the most commonly prescribed
antibiotics in this category to treat and prevent a wider range of
diseases, which includes otitis, pneumonia, and infections of the
ear, throat, and other parts of the skin [4-6]. Its applications are also
found in veterinary medicines for treating and curing diseases in
animals [7]. Harmful effects, however, have been reported includ-
ing nausea, vomiting, rashes, spermatogenesis, central nervous sys-
tem disorder, and antibiotic-related colitis [8,9]. Nevertheless, It has
been categorized as an important antimicrobial drug for humans
by World Health Organization (WHO) [10].

Much attention has been devoted to controlling it with the in-
creasing concern of pollutants in the environment. Though these
drugs are prepared under strict regulations, their side effects on
human and animal health, due to the high discard of such pollut-
ants, cannot be ignored [11,12]. The efflux of antibiotics, particularly
AMX, is the main source of contamination in tap water which
ultimately leads to risking the health of human, animal, and aquatic
life [13,14]. Thus, it is essential to measure and control the AMX
concentration at low levels in the water [15]. Numerous analytical
techniques have been reported for the separation, quantification,
and analyses of AMX, such as HPLC [16,17], UV spectrophotom-

etry [18,19], spectrofluorometry [20], chemiluminescence [21], and
microbiological [22] methods. However, these methods require ex-
pensive instrumentation and complex pretreatments consuming
large sample volume and time [2]. Furthermore, such methods also
have some disadvantages, such as low sensitivity, low stability, ample
quantity of pure organic solvents, and optimization of experimen-
tal parameters such as flow rate, mobile phase, and derivative treat-
ment [23-25]. Hence, exploring new methods and developing novel
catalytic materials for the detection and analysis of drugs in the short-
est time is essential. On the contrary, electrochemical techniques
with the advantages of simplicity, high selectivity and sensitivity, fast
response, easy operation, cost-effectiveness, and the possibility of
miniaturization have received remarkable attention in recent decades
for the detection of AMX and other pharmaceutical compounds
[26-35].

The results of the antibiotic’s breakdown by metal ions, accord-
ing to earlier investigations, were necessary for the identification of
AMX [19]. Here, the antibiotic-metal complex serves as an inter-
mediate in the hydrolytic reaction [36]. Copper cation (Cu2+) has
been extensively studied as one of the metal ions that catalyzes the
hydrolysis of AMX [19,37]. Various analytical methods have been
applied to study the interaction of AMX with copper, but not much
attention has been devoted to studying it via electrochemical meth-
ods. The unmodified electrodes were also reported previously for
the detection of AMX [38,39]. Later, researchers found that elec-
trode surface modification with a suitable modifier was inevitable,
to improve the stability, efficiency, and sensitivity of the electrochem-
ical techniques.

Copper oxide (CuO), a transition metal oxide, has emerged as a
promising candidate for the detection of pharmaceutical drugs. It
possesses distinct features such as superior sensitivity, electrochemi-
cal activity, cost-effectiveness, ease of fabrication, and excellent sta-
bility in solutions.
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In this work, for the preparation of the sensor electrode, Cu pow-
ders were annealed at 350 oC for 1 h in a furnace, which resulted
in pebble-like copper-oxide powders within the activated carbon
on the surface of carbon paper [40-42]. The prepared CuO based
electrode has been utilized for the impedimetric detection of AMX.
The electrochemical performance of Cu as electrode material in
AMX sensing was found to be significantly better than that of other
electrodes.

EXPERIMENTAL

1. Materials and Reagents
Amoxicillin (96%) was purchased from Acros Organics (USA).

Copper powder (99%) of 14-25m in size, monopotassium phos-
phate (KH2PO4), and buffer tablets (pH 7.0) were received from
Sigma-Aldrich (USA). Carbon paper was obtained from SGL Car-
bon (Germany). Dimethylformamide (DMF), sodium chloride
(NaCl), potassium chloride (KCl), ammonium chloride (NH4Cl),
calcium chloride (CaCl2), and urea were acquired from Daejung
Chemicals (Korea). Copper(II) sulfate pentahydrate was received
from Duksan Chemicals (Korea). A freshly prepared stock solution
of 0.1 M AMX was prepared each time. Activated carbon (Super-
P) was purchased from Alfa Aesar (USA). Polyvinylidene fluoride
(PVDF) is acquired from MTI Corp. (China). HCl and NaOH were
used in PBS solution to prepare electrolyte of different pH values.
During all electrochemical measurements, Deionized (DI) water
was used to prepare all electrolyte solutions. DI water was also used
throughout the cleaning process.
2. Fabrication of Electrodes

The Cu powders were first annealed in a furnace for 1 h at 350 oC
in the presence of air to produce CuO powders [40-42]. A disper-
sion solution was prepared using annealed Cu powder (70 wt%),
activated carbon (15 wt%), and PVDF (10 wt%) as a binder in DMF
solution. A tip sonicator was used to disperse the powders in solu-
tion for a period of 1 h. After the sonication, the prepared sample
was immediately spray-coated on the surface of the carbon-paper

substrate (1×1 cm2) using a spray gun. An amount of 5 mg cm2 is
used to coat each electrode. The prepared electrodes were then
placed and dried in a vacuum oven for 12 h at 60 oC.
3. Preparation of Synthetic Urine Sample

The synthetic urine sample was prepared using the method pro-
posed by Wong et al. [15]. In a beaker, NaCl, KCl, NH4Cl, CaCl2,
KH2PO4, and urea were blended, of which concentration was 49,
20, 18, 10, 15, and 18 mmol L1, respectively. DI water was also
added until the total volume reached 25 mL.
4. Material Characterization

To confirm the electrodes’ structure, the prepared electrodes were
examined with a field-emission scanning electron microscope
(FESEM, JEOL, JSM 7000F). X-ray diffraction equipment (XRD,
Bruker, D8 ADVANCE) was also used to examine the crystalline
structure of the electrodes in the 2 range from 20o to 80o at 3o per
minute.
5. Electrochemical Measurement

A three-electrode cell was used to conduct the electrochemical
measurements under ambient conditions. The reference electrode
was Ag/AgCl with 3 M NaCl, and the counter electrode was Pt
plate (1×5 cm2, Nilaco Corp.). The 10 mL buffer solution was used
in the electrolyte throughout the experiments. An electrochemical
workstation (ZIVE SP1, Won-A Tech, Korea) was used for all elec-
trochemical analyses. The electrochemical impedance spectroscopy
(EIS) experiment was performed by applying a potential of +0.15 V
(vs. Ag/AgCl) and within a frequency range of 0.1 to 100,000 Hz
at an amplitude of 10 mV. AMX was used as an analyte, and a PBS
solution of pH 7 was prepared for the experiment.

The electrochemical AMX detection process and EIS model of
the CuO@Ac/Cp electrode is exhibited in schematic diagram 1.

RESULTS AND DISCUSSION

1. Morphological and Structure Analysis
Based on the various sample fabrication conditions on carbon

paper (Cp) substrates, the samples were named Cp, Ac/Cp, Cu@Ac/

Scheme 1. Schematic illustration of the electrochemical AMX sensor.
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Cp, and CuO@Ac/Cp, respectively, as noted in Table S1. Fig. 1
shows representative FESEM images of the Cu and CuO based elec-
trodes on the surface of carbon paper. In Fig. 1(a)-(b), the web-like
structures of bare carbon papers can be seen where the fibers of
diameter 5-20m are overlapping with each other. The difference
between the two samples can be explained in the insets of Fig.
1(a)-(b). Smooth fibers of 5-10m can be observed in the inset of
Fig. 1(a), whereas much thicker fibers of 10-20m are formed in
the inset of Fig. 1(b), which indicates the presence of activated car-
bon on the surface.

In Fig. 1(c)-(d), the Cu@Ac/Cp and the CuO@Ac/Cp look like
a web structure having an irregular surface. The surface has some
particles of irregular shapes and sizes, which indicate the presence
of activated carbons and copper-oxide powders, as presented in the
inset of Fig. 1(c)-(d). In both insets of Fig. 1(c)-(d), pebble-like parti-
cles can be noticed, which further increases the surface area of
electrodes. However, these pebble-like particles are widely distrib-
uted in Fig. 1(d), whereas cumulative particles are observed in Fig.
1(c). The synthesized Cu and CuO powders have been character-
ized by X-ray diffraction, which results are presented in Fig. 2. In
Fig. 2(a), the diffraction peaks of (006) and (0012) corresponding
to carbons of the carbon paper are evident at 26.6o and 54.8o, respec-
tively. The intensities of those patterns are increased due to the addi-
tional deposition of the activated carbon layer on carbon paper as
shown in Fig. 2(a). In contrast, as presented in Fig. 2(b), the dif-
fraction peaks of (111), (200), and (220) corresponding to metallic
Cu are shown at 43.3o, 50.4o, and 74.1o, respectively. As shown in

Fig. 2(b), furthermore, the significant diffraction peaks indicating
the (002) and (111) of CuO appear at 35.5o and 38.7o, respectively,
which verifies the occurrence of crystalline CuO. The XRD pat-
terns of C, Cu, and CuO were determined by comparing the results
with the corresponding standards, PDF#26-1076, PDF#04-0836,
PDF#45-0937, and in Fig. 2(c)-(d).
2. Cyclic Voltammetry Characteristic of the Electrodes

The effect of electrode surface modification with and without
analyte was investigated. The electrochemical behavior of AMX
was conducted to evaluate its electrochemical activity on carbon-
paper substrates. To determine the oxidation behavior of AMX on
the electrodes, the cyclic voltammetry (CV) of as-prepared elec-
trodes was obtained in the phosphate buffer solution (PBS) of 0.1
mol L1 at pH 7.0, at a scan rate of 50 mV s1 and a potential range
of 1.0 V to +1.0 V (vs. Ag/AgCl) (cf. Fig. 3).

As noticed in Fig. 3(a), no obvious redox signal was recorded
when the bare carbon paper was used as an electrode. A slight in-
crease in the current signal can be seen when Ac/Cp electrode is
used as in Fig. 3(b). It represents that the activated carbon increases
the current. Further enhancement of current intensity in electro-
chemical response is observed when the electrodes of Cu@Ac/Cp
and CuO@Ac/Cp are used. In Fig. 3(c), much enhancement in vol-
tammetric current has been observed on the Cu@Ac/Cp electrode,
and it is further providing a sharp increase in the current when
the CuO@Ac/Cp has been utilized on the electrode surface (cf.
Fig. 3(d)). To some extent, the oxides of copper play an important
role in increasing the sensitivity of AMX detection. Namely, the

Fig. 1. The FESEM images of (a) bare Cp, (b) Ac/Cp, (c) Cu@Ac/Cp, and (d) CuO@Ac/Cp.
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Fig. 2. The XRD analysis of (a) Cp and Ac/Cp, (b) Cu@Ac/Cp and CuO@Ac/Cp. Standard XRD patterns of (c) Carbon, and (d) Cu and
CuO.

Fig. 3, The CV response of (a) bare Cp, (b) Ac/Cp, (c) Cu@Ac/Cp, and (d) CuO@Ac/Cp in the presence and absence of AMX in phosphate
buffer solution (PBS).

Fig. 4. The electrochemical oxidation process of AMX.
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CuO is more favorable in enhancing the sensitivity of the electro-
chemical sensor in detecting AMX, of which electrochemical reac-
tions correspond to the oxidation of AMX [43]. A schematic diagram
of the reaction is presented in Fig. 4 [15].

To investigate the mass transfer mechanism of the redox speci-
men, the effect of scan rate on CuO@Ac/Cp electrode in PBS at
pH 7.0 was monitored as shown in Fig. 5(a). As the scan rate in-
creases from 10 mV/s to 150 mV/s, the peaks of AMX oxidation
currents in 0.1 M of PBS (pH 7.0) have moved to more positive
values, indicating that the reaction is quasi-reversible. To analyze
the mass transport activity of AMX, the oxidation peak current vs.
scan rate was also plotted, which is shown in Fig. 5(b). This linear
plot indicates that the mass transfer of the analyte on the electrode
surface has been controlled by AMX adsorption process [44]. The
peak shifting of oxidation current has a linear relationship with the
square root of scan rate, as shown in Fig. 5(c), revealing that the
mass transport mechanism is limited by diffusion process. For con-
firmation, the oxidation peak current vs. scan rate was plotted in
logarithm scales, as plotted in Fig. 5(d). In this logarithmic plot, a
slope represents the characteristics of electrode reaction whether it
is a diffusion-controlled or surface adsorption-controlled reaction.
In the plot of Fig. 5(d), the slope was fitted to 0.35, which indi-
cated that the reaction was more likely diffusion-controlled [45,46].

The electrochemical oxidation mechanism of AMX was also
studied in PBS solution containing 2 mM AMX with various pH
values ranging from 5.0 to 9.0. The oxidation peak of AMX grad-
ually shifted towards more negative potential with an increase in
pH, indicating deprotonation during the oxidation process at higher
pH, as seen in Fig. S3. Fig. S3 (inset) depicts a linear relationship

between pH value and AMX oxidation potential with a slope of
47 mV per unit pH. The proton to electron ratio was determined
to be 0.8, indicating that the AMX oxidation process involves one
electron and one proton as illustrated in Fig. 4.

The changes in CV curves of CuO@Ac/Cp electrodes with dif-
ferent concentration of AMX from 1 mM to 5 mM in 0.1 M PBS
at pH 7.0 are presented in Fig. 6. The analytical response shows
that better analytical curves are obtained when the CuO@Ac/Cp
electrode is used. A linear increase in the oxidation currents is ob-

Fig. 5. (a) The effect of different scan rates on cyclic voltammetry at the CuO@Ac/Cp sensor for 1 mM AMX in PBS (pH 7.0); (b) plot of oxi-
dation peak current vs. scan rate; (c) plot of oxidation peak current vs. square root of scan rate; (d) plot of log [oxidation peak cur-
rent] vs. log [scan rate].

Fig. 6. The effect of different concentrations of AMX on cyclic vol-
tammetry at the CuO@Ac/Cp sensor at 50 mV s1 scan rate
in PBS (pH 7.0).
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served with increasing the concentration of AMX in the support-
ing electrolyte. These results indicate significant improvement in
AMX sensing performance after modification of the electrode with
copper oxides. The voltammograms obtained for the oxidation of
AMX on freshly prepared Cu@Ac/Cp and CuO@Ac/Cp electrodes
and at the same electrodes after 10, 30, and 60 days of contact with
the air are shown in Fig. S1 and Fig. S2, respectively. The oxida-
tion peak potential of both electrodes slightly reduced, even after
exposure to the electrolyte. It was then washed, dried, and stored
in ambient conditions for 60 days. Furthermore, even after repeated
use, the response was found to be stable over several days.

Additionally, we performed interfering studies of AMX in the
presence of other chemical compounds such as glucose, urea, and
ascorbic acid (AA). Here, Fig. S4 presents the current responses
with the baseline correction. AMX was first added to the 0.1 M PBS
and the result was recorded, which is shown in Fig. S4(a). All these
interfering chemicals were tested separately with AMX at a con-
centration five times higher than AMX (200M) as presented in
Fig. S4(b)-(e). Negligible changes have been recorded even after the
addition of interfering substances. Fig. S4(f) presents the changes
in the oxidation peak current due to the interfering substances,
which also confirms the negligible disturbances observed after the
addition of chemical compounds.
3. Electrochemical Impedimetric Detection of AMX on CuO@
Ac/Cp

For the evaluation of sensing performance on the impedance
spectrometric measurements, the AMX has been introduced in

Fig. 7. (a) Nyquist plot and (b) Bode plot of different concentrations
of AMX on CuO@Ac/Cp sensor at 0.15 V in PBS (pH 7.0).

Fig. 8. Effect of AMX concentration on |Z| at 0.1 Hz in PBS (pH
7.0).

Fig. 9. Schematic diagram of the equivalent circuit.

the electrochemical system with CuO@Ac/Cp electrodes in a wide
range of concentrations from 10M to 5mM. The impedance mea-
surements are presented in Fig. 7(a) and Fig. 7(b), which are the
Nyquist plot and the Bode plot, respectively. The obtained result
shows that the impedance value increases as the AMX concentra-
tion increases. It explains that the electrode is sensing the resistance
increment as the concentration of AMX increases.

More careful observation of the detection performance of CuO@
Ac/Cp electrode was carried out in two different AMX concentra-
tion ranges from 10M to 100M and from 100M to 5 mM,
respectively. As shown in Fig. 8, the response of the |Z| value has
been divided into two linear ranges with the R2 values of 0.8927
and 0.9712, of which lines are very well fitted linearly. The increase
of the |Z| value of the electrode CuO@Ac/Cp is proportional to
the concentration of AMX in two linear ranges, 10M to 100M
and 100M to 5 mM, respectively. In the lower concentration range
of AMX, the resistance increased sharply, whereas the resistance
increased still linearly but much slower in higher concentration
ranges. It is due to the differences in surface coverage on the sen-
sor electrode at the time of AMX adsorption. At lower coverages
with lower concentrations of AMX, the reaction is limited by dif-
fusion and the sensitivity (i.e., dependency on the concentration)
is high. Once the surface coverage reaches the saturation point,
however, the surface-reaction rate dominates the sensitivity, result-
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ing in a smaller change in the impedance value [47,48].
As shown in Fig. 9, the equivalent circuit was estimated based

on a three-electrode system of CuO/Cp in PBS solution at pH 7.0
containing AMX. In Fig. 9, Rs, R1, and R2 represent the resistance
in AMX solution, charge-transfer resistance value of the CuO layer
and the AMX solution, and the response of the carbon paper and
CuO layer of the electrode, respectively, whereas CPE1 and CPE2

represent the constant-phase elements of active materials and car-
bon substrate, respectively. With the aid of the software Zman EIS
analysis, equivalent circuit fitting was carried out to investigate the
interaction between the AMX and the electrode material. The simu-
lation data and fitting results are presented in Table S2. The table
clearly shows that Rs, R2, CPE1, and CPE2 do not follow any pat-
tern. R1, on the other hand, increases gradually with the increase in
the concentration of AMX in the system. As the reaction proceeded,
the AMX diffused into the CuO layer, and the R1 increased rap-
idly from 10M to 100M concentration of AMX, as shown in
the first slope of Fig. 10, due to the high diffusing possibility on
the electrode. Once the active materials were filled (higher con-

Fig. 10. Effect of AMX concentration on R1 in PBS (pH 7.0).

Table 1. Analytical performance of synthesized electrode compared to relevant electrochemical sensors for AMX determination
Electrode Sensor Technique LOD (M) Linear range (M) Ref.
Modified CPE SWV 8.49 18.9-91.9 [49]
Ni/Curcumin/CPE Amperometry 5.0 80-100 [50]
Cu/POT(SDS)/CPE Amperometry 3.0 5-150 [51]
Glutaraldehyde/GA/GCE SWV 0.92 2-25 [52]
PNI/CPE CV 0.812 1-200 [26]
DMBQ/ZnO/CNTs/CPE SWV 0.5 1-950 [53]
B-Diamond DPV 0.25 0.5-40 [54]
MWCNT/GCE CV 0.2 0.6-80 [55]
CB/DPH/GCE SWV 0.12 2-18.8 [56]
PGA/3D-GE/GCE SWV 0.118 20-60 [57]
QDs-P6LC-PEDOT:PSS/GCE SWV 0.05 0.90-69 [15]
CuO@Ac/Cp EIS 0.174 10-100 This work

SWV=Square Wave Voltammetry, CV=Cyclic Voltammetry, DPV=Differential Pulse Voltammetry, EIS=Electrochemical Impedance
Spectroscopy

centration), the R1 increased at a much lower rate from 100M to
5 mM concentration of AMX, as shown in the second slope. For
this reason, the surface coverage reaches a saturation point and blocks
further movement of the AMX. Upon fitting, it is found that the
resistance of active materials ‘R1’ is mainly responsible for the sens-
ing of AMX in solution. To obtain the sensitivity, as shown in Fig.
10, the first linear regression equation was employed and the cal-
culated relation of R1 and AMX concentration was:

R1=708.9566+9.5528 [AMX] (R2=0.9117) (1)

and

R1=1,521.1161+0.1499 [AMX] (R2=0.9790) (2)

From Eqs. (1) and (2), the calculated value of sensitivity was 9.5528
 M1 and 0.14994 M1, respectively.

The limit of detection (LOD) was determined using the follow-
ing equation:

LOD=3 s/m (3)

where s is the standard deviation of the five blank tests, and m is
the slope.

Table 1 summarizes the comparison of the analytical perfor-
mance of the AMX determination between the prepared sensor in
this work and the other electrochemical sensors in the literature.
Overall, the performance of the electrode in terms of LOD in this
work reports competitive or superior results as compared to the
other recently published research [49-57].
4. Recovery Studies of AMX

To demonstrate the performance of the prepared electrode to
determine AMX in practical application, a synthetic urine sample
was prepared for impedimetric sensing of AMX in urine, as de-
scribed in the experimental section. The sensing accuracy and recov-
ery performance after the dose of urine are summarized in Table
2. Even with the AMX in synthetic urine, the accuracy was main-
tained within errors of 1.7-3.2%, and the sensor electrode recov-
ered about 96.8-98.3%. It suggests that the EIS method can be
successfully applied in sensing AMX in the synthetic urine sam-
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ple, and the improved electrode in this work can be used to accu-
rately determine AMX.

CONCLUSIONS

CuO-based electrode has been fabricated using a simple spray
coating technique that allows the sensor to exhibit high analytical
characteristics, especially in terms of sensitivity, accuracy, and repeat-
ability. The CuO@Ac/Cp electrode shows high sensitivity and excel-
lent selectivity for the determination of AMX concentration. The
particles of annealed CuO exhibit a high redox-current response
in cyclic voltammetry. Impedimetric performance of CuO@Ac/Cp
has been investigated in a wide range of AMX concentration, and
the changes of impedance values were linear in two dynamic ranges
from 10M to 100M and from 1 mM to 5 mM, in which the
sensitivity was calculated as 9.5528 M1 and 0.1499 M1,
respectively. The proposed CuO@Ac/Cp based sensor could be a
promising platform for the impedimetric detection of AMX for
sensing applications, due to its simple electrode preparation steps
and effective sensing performance.
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