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tection of acetaminophen and 4-
aminophenol with an electrochemical sensor based
on silver–palladium bimetal nanoparticles and
reduced graphene oxide

Nannan Dou, Siyu Zhang and Jianying Qu *

In this paper, Ag–Pd bimetallic nanoparticles uniformly distributed on reduced graphene oxide (rGO) were

synthesized by redox reaction between Pd2+, Ag+and GO, and were characterized by X-ray diffractometry,

field emission scanning electron microscopy, electrochemical impedance spectroscopy and thermal

gravimetric analyses. A novel electrochemical sensor was constructed based on these nanocomposites

using glassy carbon as a substrate. Under optimal conditions, the linear ranges were 0.50–300.00 mM for

PA and 1.00–300.00 mM for 4-AP, with the detection limits of 0.23 mM for PA and 0.013 mM for 4-AP,

respectively. This sensor was successfully applied to the determination of PA in pharmaceutical

formulations and gave satisfactory results with a lower detection limit, wider linear range and good

reproducibility.
1. Introduction

Paracetamol (PA, acetaminophen or N-acetyl-p-aminophenol) is an
effective antipyretic analgesic, which ismainly used to reduce fever
and relieve pain caused by headaches, surgery, and the like.1,2

Plenty of PA prescriptions, including tablets, syrups, and so on,
have been reliable and effective for all kinds of patients covering
kids, the elderly, and expectant mothers.3 However, excessive use
of paracetamol may cause serious complications such as hepato-
toxicity, nephrotoxicity, and pancreatic diseases.4,5 As a reaction
intermediate or decomposition product of acetaminophen, p-
aminophenol (4-AP) has an excessive accumulation of nephrotox-
icity and hepatotoxicity.6 Therefore, the pharmacopoeia in Europe,
the United States, the United Kingdom, Germany and China have
set the maximum permissible limit of 4-AP in PA drug prepara-
tions at 50 ppm (0.005%w/w).7 Thus it is very necessary tond fast,
simple, reliable and accurate analyticalmethods to detect 4-AP and
PA. Because of their unique advantages, more and more research
studies have been performed on electrochemical sensors to detect
4-AP and PA.8,9

Graphene oxide (GO) has attracted widespread attention due
to its extraordinary electron transport ability, excellent electrical
conductivity, large specic surface area, strong mechanical
strength and good biocompatibility.10–12 However, GO suffers
from lower electrocatalytic capabilities due to the inert nature of
carbon atoms and the lack of specic active sites.13 Therefore, in
ences, College of Chemistry and Chemical
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order to improve the electrical conductivity, graphene oxide
needs to be reduced to reduced graphene oxide (rGO),14 which
has been used in the manufacture of electrochemical
sensors.15–17 Especially, graphene-based nanocomposites have
been widely used for their unique properties.18,19

Precious metals having an oversized size is of great interest
due to its large surface area and a large number of corner atoms
and edge, which greatly enhance their catalytic activities and
reduce the use of the catalyst.20 Among the noble metals,
palladium catalysts are favored by researchers because of their
high catalytic activity and selectivity.2,17 Nevertheless, commer-
cial palladium-based catalysts are expensive and susceptible to
poisoning.21 In addition, they are impressible to air and water,
and need to add an organic ligand, such as triphenyl phos-
phine, which not only the environment is polluted, but also
causes product separation problems.22 Heterogeneous catalysts
are able to solve this problem.23 Silver plays a supporting role in
catalysis.13,24,25 As a consequence, bimetallic nanoparticles are
expected to cut the cost of catalysts and increase the resistance
of the catalyst and facilitate the transfer of electrons between
PA, 4-AP and the electrode surface. Chitosan (CS), which as an
important natural biopolymer, can form electrochemical
sensors by forming a thin lm on the glassy carbon electrode
and preventing Ag–Pd@rGO from falling off due to its good
adhesion and lm forming ability.26–28

In this paper, Ag–Pd@rGO nanocomposites were prepared
through distributing Ag–Pd bimetallic nanoparticles uniformly on
rGO, and was combined with CS prepare a novel electrochemical
sensor, which have good electrocatalytic activities for PA and 4-AP.
Based on this, an new method for simultaneously determination
This journal is © The Royal Society of Chemistry 2019
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of PA and 4-AP was constructed. The sensor has lower detection
limit and wider linear range with better reproducibility.
2. Experimental
2.1 Reagents and apparatus

Graphene Oxide (GO), silver nitrate, palladium chloride, 4-AP
and PA were all purchased from Aladdin reagent Co. Ltd
(Shanghai, China). Chitosan (CS) was obtained from Huashuo
Fine Chemicals Co. Ltd (Shanghai China). By mixing the stock
solution of 0.1 M NaH2PO4 and 0.1 M Na2HPO4 to formulate
phosphate buffer solution (PBS, 0.1 M). All the chemicals were
analytical grade.

The entire experiment used the CHI650E (CHI company,
USA) electrochemical workstation, with a three-electrode
system, including a glassy carbon electrode (GCE) (3 mm
diameter) or chemical modied glassy carbon electrodes were
used as the working electrode, a platinum wire electrode as the
counter electrode, and an Ag/AgCl (saturated KCl) as the refer-
ence electrode, respectively. DZF-6050 vacuum drying oven (Yi
heng, China), PHS-3E pH meter (Leici, China), and DF-101S
water bath pot (Great Wall, China) were also used. X-ray
diffraction (XRD) patterns were performed on an X-ray D8
Advance (Bruker, Germany). An IM6ex electrochemical imped-
ance spectroscopy analysis instrument (Zahner, Germany). The
materials were also characterized by scanning electron micro-
scope (SEM) and Energy Dispersive Spectrometer (EDS) (JSM-
7610, Japan). Thermal gravimetric analyses (TGA) using
a thermal analysis instrument (TGA/DSC3+, TA Instruments)
from 25 �C to 500 �C under N2 atmosphere with a heating rate of
10�C min�1.
2.2 Synthesis of Ag–Pd@rGO, Pd/rGO, Ag/rGO and rGO

Ag–Pd@rGO nanocomposites were synthesized as previous
report.22 First, in a beaker, added 10 mL of GO suspension (0.5 g
Scheme 1 Illustration of the fabrication process of the electrochemical

This journal is © The Royal Society of Chemistry 2019
L�1), 5 mL of AgNO3 (1.23 mM) and 5 mL of PdCl2 (2.46 mM).
Next, the pH was adjusted to 8–9 by the addition of a dilute
sodium hydroxide solution. Then, the mixed solution was
heated for 1 h at 80 �C with vigorous stirring. Aer the solution
was centrifuged and washed several times with double distilled
water. The nanocomposites was dried at 60 �C in a vacuum oven
to give the Ag–Pd@rGO.

The Pd/rGO was synthesized with the same method without
adding AgNO3. The Ag/rGO was synthesized with the same
method without adding PdCl2. The synthesis of rGO refers to
the previous work of this group.17

2.3 Preparation of CS/Ag–Pd@rGO/GCE

Aer being burnished successively by 1.0 mm, 0.3 mm, 0.05 mm
Al2O3 and washed with absolute ethyl alcohol and double
distilled water, respectively. The surface of bare GCE was coated
with 6 mL of Ag–Pd@rGO suspension (1 mg mL�1) and dried to
give a modied electrode (Ag–Pd@rGO/GCE). Aer that, 2 mL of
1% chitosan solution (2% acetic acid) was dropped onto the Ag–
Pd@rGO/GCE and dried. The proposed sensor was constructed
and marked as CS/Ag–Pd@rGO/GCE. Scheme 1 shows the
preparation process of the electrochemical sensor.

2.4 Electrochemical method

Experiments were carried out using the cyclic voltammetry (CV)
and different pulse voltammetry (DPV) methods. CV test
conditions: voltage range is 0.6 V–0.2 V, scan rate is 100 mV s�1.
DPV test conditions: pulse width: 0.05 s; quiet time: 2 s;
sampling width: 0.0167 s; voltage range: 0.6–0.2 V.

3 Results and discussions
3.1 Characterization of Ag–Pd@rGO

The morphology of rGO, Pd/rGO and Ag–Pd@rGO was charac-
terized by SEM, shown as Fig. 1. From the Fig. 1a, the sheet
sensor.

RSC Adv., 2019, 9, 31440–31446 | 31441

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05987c


Fig. 1 SEM images of the rGO (a), Pd/rGO (b and c) and Ag–Pd@rGO (d and e) and EDS spectra of the Ag–Pd@rGO (f).
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structure of rGO can be clearly seen. And from the Fig. 1c of Pd/
rGO image, it can be seen that the Pd nanoparticles are
hexagonal modied on the sheet structure of rGO. Fig. 1d and e
is an SEM image of the Ag–Pd@rGO composite material, which
can be seen clearly that the metal particles of hexagonal Pd and
spherical Ag are evenly distributed on the surface of the sheet
structure. Particularly, the energy spectrum analysis of Fig. 1f
also conrms the presence of C, Ag and Pd in the composites.
The above results indicated the successful synthesis of Ag–
Pd@rGO composites.

The reduction of GO was also proved by thermal gravimetric
analyses (TGA). The results are shown in Fig. 2. It can be seen
that GO has two main weight losses: rapid weight loss from 30
to 150 �C (�25%) is owing to dehydration of GO, the second
weight loss (�25%) at 150 to 250 �C is because of decomposition
Fig. 2 TGA patterns of GO and Ag–Pd@rGO.

31442 | RSC Adv., 2019, 9, 31440–31446
of the oxygen-containing functional groups.29 For Ag–Pd@rGO,
the second weight loss was signicantly lower than that of GO,
indicating that most of the oxygen-containing functional groups
were removed during the reaction. This result proves that GO
was reduced successfully.

Fig. 3 is an X-ray diffraction pattern of Ag–Pd@rGO. The
main peak corresponds to the diffractive surface of rGO, and the
diffraction peaks appearing at 35.8�, 45.6�, 62.4�, 76.4� and
82.2� correspond to (004), (103), (110), (201), and (203) diffrac-
tion of Ag. The diffraction peaks appearing at 40.1�, 46.8�, 68.4�,
82.0� and 86.7�, correspond to the (111), (200), (220), (311), and
(222) diffractive planes of Pd. This result indicates the Ag–
Pd@rGO composite was synthesized successfully.

Fig. 4 shows electrochemical impedance spectra of Ag–
Pd@rGO/GCE (d), Pd/rGO/GCE (c), rGO/GCE (b) and GCE (a). As
Fig. 3 The XRD spectra of the Ag–Pd@rGO.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Nyquist plots obtained with various glassy carbon electrodes
(GCEs): GCE (a), rGO/GCE (b), rGO/Pd/GCE (c) and Ag–Pd@rGO (d) in
5.0 mM [Fe(CN)6]

3�/[Fe(CN)6]
4�.

Fig. 6 Effect of dosage of Ag–Pd@rGO/GCE.
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can be seen from the gure, the unmodied GCE has an imped-
ance of 1600 U, and the rGO is modied to the glassy carbon
electrode, and the resistance value is remarkably lowered, it is
because that the graphene has good conductivity. Furtherly, the
impedance of Pd/rGO/GCE is further lowered following with
modication of Pd nanoparticles. Since silver has good electrical
conductivity, the impedance of Ag–Pd@rGO/GCE is further
reduced compared to the impedance of Pd/rGO/GCE. All the
results proved that rGO, Pd/rGO and Ag–Pd@rGO have been
immobilized onto the GCE, and Ag–Pd@rGO possesses optimal
electrical conductivity compared with other materials.

3.2 Electrochemical behaviors of PA and 4-AP at different
electrodes

The electrochemical responding of 4-AP and PA at the GCE (f),
CS/GCE (e), CS/Ag/rGO/GCE (d), CS/rGO/GCE (c), CS/Pd/rGO/
Fig. 5 DPVs of PA and 4-AP in PBS solution (pH ¼ 8.0) containing 50
mM PA and 4-AP at CS/Ag–Pd@rGO/GCE (a), CS/Pd/rGO/GCE (b), CS/
rGO/GCE (c), CS/Ag/rGO/GCE (d), CS/GCE (e) and GCE (f),
respectively.

This journal is © The Royal Society of Chemistry 2019
GCE (b) and CS/Ag–Pd@rGO/GCE (a) in 0.1 M PBS (pH ¼ 8)
were researched by DPV, as shown in Fig. 5. From the gure, it
can be observed obviously that the oxidation peaks of PA and 4-
AP at 110 mV and 440 mV, respectively. And compared with the
bare GCE, CS/Pd/rGO/GCE, CS/rGO/GCE and CS/Ag/rGO/GCE,
CS/Ag–Pd@rGO/GCE has both highest response current and
best selectivity to PA and 4-AP, which indicates that the CS/Ag–
Pd@rGO composite possess excellent electrocatalytic ability for
the redox reaction of PA and 4-AP simultaneously.
3.3 Effect of dosage of Ag–Pd@rGO

The effect of the dosage of Ag–Pd@rGO on the oxidation peak
current of PA and 4-AP was investigated experimentally. The
modied electrodes were prepared with 4, 6, 8, 10, and 12 mL
composite materials, respectively, and the electrochemical
behaviors of PA and 4-AP were studied under the same condi-
tions. The results are shown in Fig. 6. It can be seen clearly that
the oxidation peak current increases with the dosage of Ag–
Fig. 7 The effect of pH on the peak current of mixture of 50 mM PA
and 4-AP in PBS at CS/Ag–Pd@rGO/GCE.

RSC Adv., 2019, 9, 31440–31446 | 31443
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Fig. 8 CVs of CS/Ag–Pd@rGO/GCE in the PBS containing PA and 4-
AP at different scan rates. Inset was the plot of anodic peak current
density vs. square root of scan rates for PA and 4-AP.

Fig. 10 DPVs for modified with CS/Ag–Pd@rGO/GCE in 0.1 M PBS (pH
¼ 8.0) containing different concentrations of PA (0.50 / 300.00 mM)
and 50 mM 4-AP, and its corresponding calibrating plot.

Table 1 Simultaneous detection of PA and 4-AP with the standard
addition method

PA 4-AP

Added (mM)
Found
(mM)

Recovery
(%) Added (mM) Found (mM)

Recovery
(%)

20.0 19.8 99.0 20.0 20.4 102.0
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Pd@rGO and gradually decreases aer reaching the maximum
value. This is because that the increase of the electrode material
can increase the catalytically active sites for the redox of PA and
4-AP. However, when the Ag–Pd@rGO lm is too thick, the
electron transport rate is impeded, resulting in a decrease of
response current. Therefore, 6 mL was selected as the optimum
amount of modication.
60.0 59.7 99.5 60.0 58.7 97.8
100.0 99.7 99.7 100.0 100.4 100.4
3.4 Effect of pH value

The effect of pH on the electrochemical response at CS/Ag–
Pd@rGO/GCE in 50 mM PA and 50 mM 4-AP in PBS was inves-
tigated experimentally, with a pH range of 5.0 to 10.0. It can be
seen from Fig. 7 that the oxidation peak current increases with
increasing pH and reaches a maximum at pH 8.0. When the pH
continues to increase, all the oxidation peak currents of PA and
4-AP decrease. That is because that PA and 4-AP are weak acids
Fig. 9 DPVs for modified with CS/Ag–Pd@rGO/GCE in 0.1 M PBS (pH
¼ 8.0) containing different concentrations of 4-AP (1.00 / 300.00
mM) and 50 mM PA, and its corresponding calibrating plot.

31444 | RSC Adv., 2019, 9, 31440–31446
that can ionize protons. When the pH of the PBS substrate is
lower, the ionization equilibrium of PA and 4-AP shis to the
le; when the pH is larger, excessive OH� hinders the reaction.
Therefore, pH signicantly affects the catalytic process of Ag–
Pd@rGO. Considering the sensitivity of the electrode, a pH of
8.0 is selected as the optimum electrolyte solution.
3.5 Inuence of scan rate

The effect of scan rate on the redox reaction of 4-AP and PA was
researched at CS/Ag–Pd@rGO/GCE by CV. It can be seen from
Fig. 8 that both the oxidation peak currents of PA and 4-AP
increase with the increase of scanning rate. When the scanning
rate is 10–300mV s�1, the oxidation peak current of PA and 4-AP
Table 2 Detection of PA in paracetamol tablet samples

Sample
Added (mg per
tablet)

Found (mg per
tablet) R. S. D. (%)

Paracetamol 500.0 500.0 6.56
498.9
533.7
464.4
451.8
541.3

This journal is © The Royal Society of Chemistry 2019
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Table 3 Compared with different electrochemical analysis methods for the detection of PA or/and 4-AP

Modied electrodes Analyte Linear range (mM) Detection limit (mM) Reference

MCPE/PR PA 0.7–100 0.53 30
NCOS/GCE PA 0.5–600 0.157 31
EFTACPE PA 1–150 0.5 32
POROUS GOLD NANOSHEETS/GCE PA 3–320 0.23 33
CSs@ MoS2/GCE 4-AP 0.01–18 0.003 34
MoS2@NHCSs/GCE 4-AP 0.05–20 0.020 35

PA 0.05–20 0.013
G-PANI/CPE 4-AP 50–500 15.68 36
CS/Au/Pd/rGO/GCE 4-AP 1–300 0.12 37

PA 1–250 0.30
CS/Ag–Pd@rGO/GCE 4-AP 1.00–300.00 0.013 This work

PA 0.50–300.00 0.23
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is linear with the square root of the scanning rate with the linear
equation of Ipa (mA) ¼ 0.1377 n1/2 (mV s�1)1/2 + 0.6184 (R ¼
0.9991) and Ipa (mA) ¼ 0.1222 n1/2 (mV s�1)1/2 + 1.1080 (R ¼
0.9919), respectively, which indicates that the electrode reac-
tions of PA and 4-AP are controlled by diffusion.
3.6 Linear range and limit of detection

DPV generally has a higher detection sensitivity and better
resolution than CV. Fig. 9a shows that the DPV curves of 4-AP
with various concentrations, and the coexisted PA (50 mM) had
no effect on the detection of 4-AP. As shown in Fig. 9b, the
increase of Ipa ts the linear equation of Ipa (mA) ¼ 0.024 � c
(mM) + 0.5710 (R¼ 0.9957) when the concentrations of 4-AP were
in the range of 1.00–300.00 mM with the detection limit of 0.013
mM (S/N ¼ 3) was obtained.

Analogously, Fig. 10a shows DPV responses for different
concentrations of PA under the existence of 50 mM 4-AP. The
linear range of PA was from 0.5 to 300 mM with a regression
equation of Ipa (mA) ¼ 0.009 � c (mM) + 0.0075 (R ¼ 0.9980, 0.5–
100.00 mM, Fig. 10b) and Ipa (mA) ¼ 0.002 � c (mM) + 0.6894 (R ¼
0.9937, 100.00–300.00 mM, Fig. 10c) and a detection limit of 0.23
mM (S/N ¼ 3).
3.7 Recovery test and real samples analysis

In order to assess the recovery of this method, the CS/Ag–
Pd@rGO/GCE was used to detection 4-AP (50 mM) and PA (50
mM) in water samples. On a account of no response for 4-AP and
PA were observed in water samples,37 using the standard addi-
tion method for testing recovery and the results were listed in
Table 1. The recovery tests of 4-AP and PA were between 97.8%–

102.0% and 99.0%–99.7%, respectively. The results show that
the method has higher accuracy.

DPV method was used to measure the amount of PA in the
pharmaceutical preparation to verify the analytical performance
of the modied electrode. The content of PA in a paracetamol
tablet was detected according to the previous method of our
research group.37 The results are shown in Table 2. The
measurement results were basically consistent with the para-
cetamol content specied by the manufacturer, and the relative
This journal is © The Royal Society of Chemistry 2019
standard deviation (RSD) of the six parallel test samples was less
than 6.56%.

3.8 Reproducibility, stability and interference effect

In order to appraise the reproducibility of the modied elec-
trode, a CS/Ag–Pd@rGO/GCE was measured 6 times in PBS
samples containing 50 mM PA and 4-AP (pH 8.0), and the RSDs
of PA and 4-AP were 0.87% and 0.33%, respectively.

To measure the stability of the electrode, CS/Ag–Pd@rGO/
GCE was placed under the condition of 4 �C for 20 days, and
the oxidation peak current values of PA and 4-ap measured by
DPV method were 94.8% and 96.3% of the initial value
respectively.

In order to evaluate the interference effect of the electrode,
the inuence of some interfering substances on the experiment
was tested. It was found that 1000-fold concentrations of NaCl,
KCl, Cu(SO4)2, CaCl2, urea, glucose, ascorbic acid, 100-fold
concentration of tyrosine and L-cysteine did not affect the
determination of PA and 4-AP (signal change below 5.0%).100-
fold concentration of catechol did not affect the determination
of PA and 4-AP (signal change below 7.8%).

The above experimental results show that CS/Ag–Pd@rGO/
GCE has good reproducibility, stability and interference effect.

3.9 Compared with other methods

This method has a wider linear range and a lower detection
limit than other electrochemical analysis methods for detecting
PA and 4-AP,30–37 as showed in Table 3.

4. Conclusions

In this work, a sensitive and reliable electrochemical sensor was
designed to detect the electrochemical redox of PA and 4-AP at
CS/Ag–Pd@rGO/GCE. For simultaneous determination of PA
and 4-AP, CS/Ag–Pd@rGO/GCE showed better electrochemical
performance compared to the other modied and bare GCE.
Under optimized conditions, CS/Ag–Pd@rGO/GCE exhibited
wide linear range and low detection. In addition, CS/Ag–
Pd@rGO/GCE showed high stability, high reproducibility and
high anti-interference ability. All the results indicate that CS/
RSC Adv., 2019, 9, 31440–31446 | 31445
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