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Green preparation of chlorine-doped graphene and its application

in electrochemical sensor for chloramphenicol detection
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Abstract

- Li Shen'

A green but efficient synthesis approach for chlorine-doped reduced graphene oxide (CI-RGO) was developed. The
chlorine-doping and reduction was achieved in one-step by refluxing graphene oxide solution in concentrated hydro-
chloric acid (8 M, 120 °C) under N, atmosphere. X-ray photoelectron spectroscopy analysis revealed that the Cl content
was 1.01 at.% in the CI-RGO. Electrochemical measurements indicated that the CI-RGO modified glass carbon electrode
showed enhanced electrochemical conductivity and electrocatalytic activity for the veterinary drug chloramphenicol
(CAP) detection. Thus a highly selective electrochemical sensor for CAP was constructed based on CI-RGO, and a linear
relationship between current intensity and CAP concentration (2-35 uM) was obtained with a detection limit of 1 uM
(S/N=3).The sensor showed excellent reproducibility, storage stability and was successfully used for CAP detection in

milk, calf plasma, water and pharmaceutical samples.
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1 Introduction

Chloramphenicol (CAP) is a broad-spectrum antibacte-
rial veterinary drug and has been extensively used for the
treatment of infectious diseases in animals. However, it has
been recognized that the CAP may cause many chronic
diseases such as bone marrow depression, aplastic ane-
mia and cardiovascular collapse [1-3]. As a consequence,
the use of CAP in animals-derived food has been globally
banned to control the food safety. The increasing concerns
about food safety urged the development of rapid, selec-
tive and sensitive analytical methods to monitor CAP resi-
due in food and water samples.

Nowadays, various conventional analytical meth-
ods, such as liquid chromatography-mass spectroscopy
(LC-MS) [4], gas chromatography-mass spectroscopy

(GC-MS) [5], capillary electrophoresis (CE) [6], and chemi-
luminescent immunoassay [7], have been put forward for
CAP residue detection. Nevertheless, complicated pre-
treatment processes, expensive instruments and profes-
sional operator requirements make these methods not
suitable to routine and rapid analysis of samples. Alter-
natively, electrochemical method has the advantages of
rapid analysis, cheap equipment and simple operation [8,
9]. Thus many electrochemical sensors for CAP detection
based on various electrode materials have been devel-
oped [10-17]. Among these electrode materials, various
nanomaterials such as carbon and metal nanoparticles,
have been employed for antibiotics drug residues detec-
tion in animal-derived food and water samples [18-21].
As a typical carbon nanomaterial, graphene has drawn
increasing interest as electrode materials because of its
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excellent electrical conductivity, high surface area and
mechanical strength [22]. Recently, graphene-based
electrochemical sensors for CAP have been developed,
for example, titanium nitride-reduced graphene oxide
nanohybrids [13], gold nanoparticles/nitrogen-doped
graphene [23], silver nanoparticles/graphene composite
[24, 25]. Most of these reported graphene-based electrode
materials require complicated preparation processes and
the electrochemical sensing performances should be fur-
ther improved.

As well-known, heteroatom-doping was an effective
approach to tailor the electrochemical properties of gra-
phene materials [26-28]. In this regard, nitrogen-, sulfur-,
phosphorus- and boron-doped graphene materials have
been facilely derived from chemical reduction of graphene
oxide (GO) and used as new electrode materials [28-30].
The preparation of heteroatom-doped graphene usually
needs harsh experimental condition and toxic chemi-
cal regent. In this work, a green and efficient synthesis
approach for chlorine-doped reduced graphene oxide
(CI-RGO) was developed. The chlorine-doping and reduc-
tion was achieved in one-step by refluxing GO solution
in concentrated hydrochloric (HCI) acid under N, atmos-
phere. The CI-RGO was further used as a novel electrode
material to construct electrochemical sensor for veterinary
drug CAP detection in milk, calf plasma, water and phar-
maceutical samples.

2 Experimental
2.1 Materials

All common chemicals were obtained from Sinopharm
Chemical Reagent Corp. (Shanghai, China) at analytical
grade. Graphite powder (99.85%) was purchased from
XFNANO (Nanjing, China). CAP was supplied by Hefei
Bomei Biotechnology Co. Ltd. (China). Phosphate buffer
solutions (PBS, 0.1 M) were prepared by mixing K,HPO,
and KH,PO, and used for CAP stock solution (3 mM) prepa-
ration and electrochemical measurements.

2.2 Preparation of CI-RGO

GO was firstly produced from graphite powder according
to the previously reported procedures [31, 32]. Then the
GO (20 mg) was dispersed in water (13 mL) and concen-
trated hydrochloric acid (27 mL) under ultrasonication for
30 min. The GO solution was transferred into a round bot-
tom flask and heated in oil bath at 120 °C for 6 h under
nitrogen atmosphere. After cooling to room temperature,
the CI-RGO was collected by centrifugation, thoroughly
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washing with water until neutral pH reached, and finally
dried in vacuum oven at 45 °C for 12 h.

2.3 Characterization apparatus

The morphology CI-RGO was characterized by scanning
electron microscopy (SEM, Hitachi S-4800, Japan) and
transmission electron microscopy (TEM, JEOL JEM-2100F,
Japan). X-ray photoelectron spectroscopy (XPS) was
recorded on PHI 5400 (USA).

2.4 Electrochemical measurements

The electrochemical measurements were performed as
previously described procedures [33]. In brief, cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV)
measurements were performed on Chenhua CHI-660D
electrochemical workstation (Shanghai, China) with a
standard three-electrode system. Pre-polished glassy car-
bon electrode (GCE) was coated by CI-RGO suspension and
used as the working electrode (CI-RGO/GCE), while Pt wire
and saturated calomel electrode (SCE) were employed as
counter as well as reference electrodes, respectively. The
CV measurements were carried out at a potential range
between —0.2 and 0.6 V (vs. SCE) for [Fe(CN)¢]**~ or —0.8
to 0.4 V (vs. SCE) for CAP with the scan rate of 50 mV s,
The DPV measurements was finished at a potential win-
dow between —0.4 and —0.8 V (vs. SCE), with step poten-
tial of 4 mV, amplitude of 50 mV, pulse width of 0.2 s and
pulse period of 0.5 s, respectively.

3 Results and discussion

3.1 Optimization of preparation conditions
for CI-RGO

The optimal reduction conditions for preparation of Cl-
RGO were firstly investigated by CV measurement, where
K;[Fe(CN)4] was employed as redox probe and the gra-
phene materials obtained at different reaction condi-
tions was used to modify GCE, respectively. As shown in
Fig. 1a—c, the peak current intensity was strongly depend-
ent on the concentration of HCl acid, reaction temperature
and time, and the optimal conditions are respectively 8 M,
120 °C and 6 h. Then the CI-RGO material obtained at the
above optimal conditions was coated on GCE to construct
electrochemical sensor (CI-RGO/GCE). Subsequently, the
electroactive surface area (EASA) and electrical conductiv-
ity property of CI-RGO/GCE were comparatively studied
with those of the bare GCE. As shown in Fig. 1d, a pair of
well-defined CV redox peaks of K;[Fe(CN),] appeared on
both electrodes, but the higher peak current was observed
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Fig. 1 The relationships between the forward peak current inten-
sity of 0.5 M K;[Fe(CN)4] on CI-RGO/GCE at 0.275 V and concentra-
tion of HCl acid (a), reduction temperature (b) and reduction time
(c). CV (d) and EIS (e) curves of 0.5 mM K;[Fe(CN)] in 0.1 M KCl

on the CI-RGO electrode. The enhancement of current
intensity could be related to an enlarged effective EASA.
According to the Randles-Sevcik equation [34], the EASA
value was estimated to be 0.42 and 0.07 cm? for CI-RGO/
GCE and bare GCE respectively, confirming that the utiliza-
tion of CI-RGO as novel electrode material could effectively
increase EASA by sixfolds over bare GCE. To evaluate the
electrical conductivity, electrochemical impedance spec-
troscopy (EIS) analysis was performed in 0.1 M KCl solution
containing 0.5 mM K;[Fe(CN)]. Figure Te showed the EIS
respectively obtained on CI-RGO/GCE and bare GCE, and
the smaller semicircle domains observed on CI-RGO/GCE
suggested its lower electron transfer resistance [35]. Both
the larger EASA and higher electrical conductivity make
the CI-RGO/GCE promising platform for electrochemical
sensor construction. As a proof of concept, CV measure-
ments were performed in 0.1 M PBS solution containing
50 uM CAP. It can be seen that the higher current inten-
sity was obtained on CI-RGO/GCE, where one forward
anodic peak appeared at —0.097 V and two cathodic peaks
appeared at —0.21 and —0.65 V respectively (Fig. 1f). The
cathodic peak at —0.65 V was due to the irreversible reduc-
tion of the nitro group, whereas the other two peaks were
attributed to the redox of the hydroxylamine group [23].
This indicates that CI-RGO/GCE could be used as a promis-
ing electrochemical sensor for CAP detection.

Z'lohm

E (Vvs.SCE)

measured on CI-RGO/GCE and bare GCE, respectively. CV curves of
50 pM CAP in 0.1 M PBS solution (pH 7.4) measured on CI-RGO/GCE
and bare GCE, respectively (f)

3.2 Characterization of CI-RGO

The reduction extent of GO in CI-RGO was investigated
by XPS analysis. As shown in the survey XPS spectrum
(Fig. 2a), three peaks were observed around 532, 285 and
200 eV those were ascribed to O1s, C1s and CI2p, respec-
tively. It was found that the C/O ratio was improved to
approximately 5:1 of CI-RGO from 2:1 of GO, indicating
an efficient reduction of GO by HCl acid [36]. The high-
resolution C1s XPS spectrum of CI-RGO (Fig. 2b) exhib-
ited three components centered at 284.6, 286.8, 288.5 eV,
corresponding to the C-C/C=C in alkyl and sp? bonded
carbon network, the C-Cl and C-O in hydroxyl and epoxy
groups, and the C=0 in carbonyl and ketone, respectively.
Notably, the C1s peak intensities related to oxygen func-
tional groups in CI-RGO were much weaker than those in
GO (Fig. 2d), further confirming the efficient reduction of
GO by HCl acid. The high-resolution CI2p XPS spectrum
of CI-RGO (Fig. 2¢) exhibited doublets at 201.8 and 200.3
associated with 2p;/, and 2p, , levels due to the spin-orbit
coupling, which is a typical indication of organic C-Cl
covalent bond formation [37]. Moreover, The Cl content
was estimated to be 1.01 atom% by XPS semi-quantitative
analysis, which is very close to the value of 0.93 atom%
by EDX analysis (Fig. S1). The elemental mapping results
indicated that Cl was well-dispersed in graphene materials
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Fig.2 XPS survey spectrum of CI-RGO (a). High-resolution XPS spectra of the C 1s (b) and Cl 2p (c) of CI-RGO as well as C 1s of GO (d),

respectively

(Fig. S2). These demonstrated that the chlorine-doping
and reduction was achieved in one-step and the GO was
efficiently converted to be CI-RGO by HCl acid in this work.
The morphology of CI-RGO was characterized by SEM and
TEM and the CI-RGO sheets clearly showed typically wrin-
kled ultrathin layer nanostructures with rich ripples (Fig. 3).

Fig.3 SEM (a) and TEM (b)
images of CI-RGO
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3.3 Optimization of determination conditions
for CAP

To achieve a high sensitive detection of CAP, the deter-
mination conditions, including the pH, utilization
amounts and stirring time of CI-RGO were systematically
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optimized by DPV measurements. As shown in Fig. 4a,
both the peak potentials and currents strongly depend
on pH values, demonstrating that the proton took part
in the electrochemical reaction process. With chang-
ing pH from 4 to 9, while the peak potentials mono-
tonically shifted to negative window, the peak current
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increased firstly and decreased again and the maxi-
mum intensity obtained at pH 7.4 (Fig. 4a, b). The PBS
buffer solution with physiological pH 7.4 was therefore
chosen as optimal pH in this work. Figure 4e showed
the DPV curves of CAP on GCE modified with various
amounts of CI-RGO. Obviously, the current intensity
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Fig.4 DPV curves of CAP (50 uM) on CI-RGO/GCE at various pH (a), diffusion time (b), usage amounts of CI-RGO (c), and the corresponding
relationships between peak current intensity and pH (a), diffusion time (b), usage amounts of CI-RGO, respectively
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increased with increasing the amounts of CI-RGO up
to 3 pL and decreased after that (Fig. 4f). This demon-
strates that the CI-RGO coating on GCE can effectively
enhance the sensitivity due to the improvement of
both EASA and electrical conductivity, but excess Cl-
RGO could stack to thicker layers that decreased the
performance of electrode material. Accordingly, 3 L of
CI-RGO was used as the optimal utilization amount in
this work. The stirring time effect on the peak current
of CAP at —0.65 V was also investigated, which showed
a continuously enhancement with increasing stirring
time and leveled off up to 420 s (Fig. 4c, d). This sug-
gests that the redox reaction of CAP on the CI-RGO/GCE
could be an adsorption controlled process. Thus all DPV
measurements were performed after 420 s stirring of
CAP solution in this work. To ascertain the mechanism
of CAP redox reaction on the CI-RGO/GCE, the influence
of scan rate (20-100 mV s™') on the redox peak current
was further studied by CV measurements from — 0.8 to
0.4V (vs. SCE). It can be seen that the current intensities
increased with increasing scan rate, and there are good

(a)
100 100 mV's™
20
) /‘A—
< //’A
-50
-100 1
0.8 06 04 02 0.0 0.2 0.4
E (V vs.SCE)

linear relationships between the peak currents and the
scan rates, respectively (Fig. 5), confirming the adsorp-
tion controlled process nature [34].

3.4 Analytical performances of CAP sensor

Figure 6 displayed the DPV curves of various amounts of
CAP on CI-RGO/GCE electrode under the optimal determi-
nation conditions, and the corresponding linear relation-
ship between current intensities and CAP concentrations.
It was noticed that the peak current increased with increas-
ing the CAP concentrations over the range of 2-35 uM. The
corresponding linear equations is I=—0.1991C,p—0.1109
(R?=0.9981) and the detection limits is 1 UM (S/N=3) for
CAP. Notably, the linear range and detection limit of Cl-
RGO/GCE (2-35 pM and 1 yM) are very competitive to
those of the previous reported electrochemical CAP sen-
sors, such as 2-80 uM and 0.59 uM [23], 50-1000 uM and
44 uM [38], 10-500 uM and 10 uM [39], respectively.

The selectivity of CI-RGO/GCE toward CAP was verified
in the presence of various potential interfering species.
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Fig.5 CV curves of CAP (50 uM) in 0.1 M PBS (pH 7.4) measured on CI-RGO/GCE at various scan rates (20-100 mV s™') (a), and the corre-

sponding plots of the peak currents versus scan rates (b)

Fig. 6 DPV curves of CAP with
various concentrations on
Cl-RGO/GCE (a) and the cor-
responding calibration plots
between the peak current
intensity and CAP concentra-
tion (b)
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Fig.7 The DPV curves CAP (50 uM) in 0.1 M PBS (pH 7.4) measured on five different CI-RGO/GCE electrodes (a). Long-term storage stability

tests of CI-RGO/GCE in 0.1 M PBS solution containing 50 pM CAP (b)

Table 1 Determination of CAP in real samples

Samples Added (uM) Found (uM) Recovery (%)
Milk 5 5.12+0.3 102.4
10 10.35+0.5 103.5
Calf plasma 5 521£0.2 104.2
20 20.31+£0.9 101.6
Eye drops / 25.557+0.3 /
5 29.98+0.4 98.1
Tap water 10 10.50+0.1 105.0
20 19.86+0.2 99.3

@ Given concentration is 25.79 uM by manufacturer

It was found that only the CAP presented the strong cur-
rent response, but others interferents showed negligible
responses. Moreover, the co-existence of 10 mM glucose
as well as common metal ions and anions such as K*, Na*,
Ca®*, Mg?*, Cu?*, Zn**, Fe**, CI",and NO;~, 1 mM cysteine,
penicillin G, erythromycin, and tetracycline did not affect
the detection of 50 uM CAP. Thus the present CI-RGO/GCE
has excellent anti-interference ability and can be used for
selective detection of CAP. Additionally, the reproducibil-
ity and stability of the electrochemical sensor were criti-
cal requirements for antibiotics detection in real samples.
Therefore, five CI-RGO/GCE electrodes were independently
fabricated and used for DPV measurements to test the
reproducibility, whereas the long-term storage stability
was investigated by exposing the same electrode into
air for T month. As shown in Fig. 7a, the five electrodes
exhibited negligible difference on response toward 50 uM
CAP and the relative standard deviation (RSD) is as low as
1.5%. It was also noted that the peak current measured

every 5 days on the same CI-RGO/GCE electrode remained
almost no change during 30 days storage (Fig. 7b). These
results demonstrate that the present sensor has the excel-
lent reproducibility and stability, and could be used for
CAP detection in real samples.

3.5 CAP detection in real samples

To demonstrate the practical application potential of the
CI-RGO/GCE sensor for CAP detection, the sensing per-
formance in real samples such as fresh milk, calf plasma,
tap water and pharmaceutical chloramphenicol eye
drops were investigated by using the standard addition
method. All samples were centrifuged at 10,000 rpm for
15 min and directly used for analysis, except the pharma-
ceutical eye drops samples was diluted 300 times before
measurement. Upon addition of certain amounts of CAP,
the sample solutions were used for DPV measurements
and the results were summarized in Table 1. Notably, the
recovery results are 98-105% that is satisfactory. Thus the
CI-RGO/GCE senor is sensitive and selective for a practical
CAP detection in food, water and pharmaceutical samples.

4 Conclusions

In summary, chlorine-doped reduced graphene oxide (Cl-
RGO) was greenly fabricated and used as novel electrode
material for electrochemical sensor. The efficient chlorine-
doping (1.01 at.%) and reduction was achieved in one-step
by refluxing graphene oxide (GO) solution in concentrated
hydrochloric acid under N, atmosphere. The electrochemi-
cal sensor for veterinary drug chloramphenicol (CAP)
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detection was constructed based on CI-RGO coating on
glass carbon electrode (GCE) with a detection limit of
1 UM (S/N =3). Furthermore, the sensor showed excellent
anti-interference ability, reproducibility, stability, and was
successfully used for determination of CAP in milk, calf
plasma, water and pharmaceutical samples with satisfac-
tory recovery result. The simple and green preparation
procedure as well as excellent electrocatalytic ability of
CI-RGO/GCE would be benefit for developing of electro-
chemical sensor for hazardous antibiotics detection in
food safety testing.
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