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Using electrochemically exfoliated graphene oxide (GO)-modified screen-printed carbon electrodes for
the detection of furazolidone (FZD), a nitrofuran antibiotic, was explored. In this study, we designed
some GO samples possessing different oxygen functional group content/defect density by using
ultrasonic irradiation or microwave techniques as supporting tools. The difference in physical
characteristics of GO led to the remarkable change in kinetic parameters (electron transfer rate constant
(ks) and transfer coefficient (a)) of electron transfer reactions at Kz/K4 probes as well as the FZD analyte.
Obtained results reveal that the GO-ultrasonic sample showed the highest electrochemical response
toward FZD detection owing to the increase in defect density and number of edges in the GO
nanosheets under ultrasonic irradiation. The proposed electrochemical nanosensor enabled the
monitoring of FZD in the linear range from 1 uM to 100 pM with an electrochemical sensitivity of 1.03 pA
pM~t cm™2. Tuning suitable electronic structures of GO suggests the potentiality of advanced GO-based
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1. Introduction

Electrochemical sensor techniques have been reported as an
effective tool for the detection of biomolecules, heavy metal
ions, and environmental pollutants due to their affordable cost,
the small amount of analyte required, and their excellent
detection limits, robustness, fast detection process, ease of use,
and environmental friendliness. However, this method still has
disadvantages such as poor sensitivity and selectivity faced at
the bare electrodes. To overcome this weakness, many nano-
materials with unique properties have been used to modify the
bare electrode surface to enhance the electrochemical behavior
of sensors™. Li et al.* have modified a glassy carbon electrode
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electrochemical nanosensor development in food-producing animal safety monitoring applications.

(GCE) using single-walled carbon nanotubes (SWCNTs) for the
detection of dopamine. The obtained results show that the
oxidation peak currents of SWCNTSs/GCE significantly increased
compared to these peaks of the bare electrode. In another
report, Dos Santos et al.”> have reported GCE modification using
3D graphene to improve the detection of dopamine. Besides the
factors such as the abundant number of structural defects and
edge planes, the interaction between the residual oxygen func-
tional group on the 3D graphene surface and dopamine is an
important factor to improve dopamine detection performance.
Similarly, Arumugasamy et al.® have also used nanocomposites
of graphene quantum dots (GQDs) and multiwall carbon
nanotubes (MWCNTSs) for electrochemical sensing of dopa-
mine. In this study, GQDs@MWCNTSs/GCE not only enhanced
the electrochemical signal but also increased the electro-
catalytic activity toward dopamine detection. The above results
suggest that for a given analysis, the selection of suitable
nanomaterials for electrode modification has a great role in the
detection performance of electrochemical sensors.

Over the last decade, two-dimensional nanomaterials such
as molybdenum disulfide (MoS,), two-dimensional transition
metal dichalcogenides (TMDs), and graphene oxide (GO) with
their unique physicochemical properties have been used as
nanoplatforms in electrochemical sensors>”~°. Among them, GO
is one of the common 2D nanomaterials to select for
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modification of the electrode surface due to its large surface
area, good conductivity, chemical stability, and strong
mechanical strength.'*** The GO modified-electrode not only
enhances the redox peak current but also increases absorption
capacity for the sensitive detection of many analyte molecules
such as 4-nitrophenol," naptalam, or naproxen.'® In fact,
some recent articles have shown that the performance of GO-
based electrochemical sensors has strongly depended on the
changes in the microstructure of GO."*®* Thus, controlling
synthesis conditions is significantly important for their appli-
cability in electrochemical sensors. Normally, the synthesis of
GO and rGO was performed through wet chemical methods
with the utilization of some hazardous chemicals such as
H,SO,, KMnO,, and hydrazine, which is a potential risk for
human health and the environment and is also time-consuming
for fabrication.*® From this fact, we proposed the GO prepara-
tion by an electrochemical exfoliation method, which possesses
many advantages of simplicity and environmental friendliness.
Instead of focusing on enhancing the electrochemical perfor-
mance of GO-modified electrodes as in previous reports, in this
case, simple ultrasonic irradiation or microwave techniques
were used as supporting tools aiming to create the changes in
the microstructure of GO, for example, the concentration of
functional groups containing oxygen on the GO surface, the
number of edges, disorder degree, and defect density of the
carbon framework. More importantly, by comparing and
analyzing these parameters in electrochemical conditions, their
remarkable impacts on the electrokinetic parameters (the
electron transfer rate constant (k) and the transfer coefficient
(@) for electron transfer reaction of K3/K, probes and the fura-
zolidone analyte were observed. This study is expected to show
the nature and role of changes in the microstructure of GO for
electrochemical sensing applications.”®?* In addition, ultra-
sound, and microwave irradiation techniques had also been
used as supporting tools to design some GO samples with
different structural properties. These techniques allow
controlling systemic changes well in the electronic structure of
graphene materials.>*">¢

Furazolidone (FZD) is a nitrofuran antibiotic that has been
used as a drug for the treatment of bacterial infections in live-
stock production.”””® Due to its damage to human health, FZD
has been prohibited in livestock by the European Commission
since 1995.> However, due to low cost and high effectiveness,
FZD is still illegally employed in livestock farms.** Thus, the
development of rapid analysis techniques with low cost, high
reliable results is still interestingly challenging to help in
monitoring FZD residues in food-producing animals.

Herein, for the first time, we systematically studied the roles
of the oxygen functional groups and defect density on the
analytical kinetic parameters of the FZD electrochemical
reduction process. A detailed understanding of the impact of
the above factors helps to orient the more suitable design of GO-
based electrode materials for applications in electrochemical
sensing devices. Finally, the relationship between the kinetic
parameters and the detection capacity of FZD was discussed in
detail.
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2. Experimental procedures

2.1. Chemicals

A carbon graphite sheet (L x W x T =50 mm x 50 mm x 5
mm) was obtained from Tooling House Store, Chinese and
a bulk silver bar (L x W x T =150 mm X 10 mm X 0.5 mm)
was used as electrodes, which was purchased from a domestic
jewellery company in Hanoi, Vietham. Ammonium sulfate
((NH,4),SO4 > 98%) was purchased from Shanghai Chemical
Reagent. Furazolidone (FZD > 98%) was provided by Sigma-
Aldrich. The PBS buffer solutions (0.1 M, pH 7.2) were
prepared using NaCl, KCl, Na,HPO,12H,0, and KH,PO, (>99%,
Merck KGaA, Germany). The pH value of the PBS buffer was
adjusted by H;PO, (0.1 M) and NaOH (2 M). Carbon screen-
printed electrodes (SPEs-DS110) were purchased from DS
Dropsens, Spain.

2.2. Electrochemical exfoliation of GO nanosheets

The silver (or graphite) cathode is immersed in 700 mL of 0.1 M
ammonium sulfate (NH,),SO, aqueous solution as an electro-
Iyte. A carbon graphite sheet is an anode. Two electrodes were
installed parallel to each other and immersed in the electrolyte.
Both anode and cathode electrodes were connected to a power
supply (7 V). Electrochemical expansion time was 8 hours. The
product of the electrochemical process is graphene oxide
aqueous solution (GO-1). The GO-2 sample was obtained from
the GO-1 sample after ultrasound treatment with 50 kHz for 15
minutes. The GO-3 sample was obtained by treating the GO-1
sample using UWave-2000 multifunctional microwave for 15
minutes with 250 W at 80 °C.

2.3. Preparation of real samples

Pork samples were purchased from the local supermarket and
homogenized thoroughly before extraction. Next, 5 g of
homogenized pork sample was mixed with 10 mL phosphate
buffer solution (0.1 M) by a vortex mixer, and this solution was
ultrasonicated for 30 min. The solution was centrifuged for
5 min at 10 000 rpm and the clear liquid phase was collected.
Finally, the known different amounts (10, 25, 50 uM) of FZD
standard were added.

2.4. Characterization techniques

The graphene oxide (GO) formation was confirmed by an
ultraviolet-visible (UV-vis) spectrophotometry (HP 8453 spec-
trophotometer). The morphology of GO was observed via scan-
ning electron microscopy (JEOL JSM-7600F). The Raman
measurements were performed by Raman spectroscopy (Mac-
roRam, Horiba Scientific). Fourier transform infrared spec-
troscopy (FTIR) spectra were recorded using an IRAffinity-1S
spectrometer. Measurements of the pH values were performed
with an IC-PH60 pH tester Kkit.

2.5. Electrochemical measurements

All electrochemical measurements were performed using an
electrochemical workstation (Palmsens4, PS Trace, PalmSens,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The Netherlands) at room temperature. Cyclic voltammetry (CV)
measurements were carried out in 0.1 M KClI containing 5 mM
[Fe(CN)e]>*~ at a scan rate of 50 mV.s* with a potential range
from —0.3 V to —0.6 V. Electrochemical impedance spectros-
copy (EIS) was recorded in the frequency range of 0.01-50 kHz
by applying an AC voltage with 10 mV amplitude in 0.1 M KCI
containing 5 mM [Fe(CN)e]>/*~. The electrochemical perfor-
mance of FZD on the modified and unmodified electrodes with
GO, GO-2, and GO-3 was investigated using CV and linear sweep
voltammetry (LSV) measurements in an aqueous phosphate
buffer electrolyte solution (PBS, 0.1 M, pH-5). The CV was ob-
tained at a scan rate of 50 mV s~ ' in the potential range from
—1.1 to 0 V, Tequilibrium = 50 s. Similarly, the LSV measurement
was completed at conditions as follows: scan rate of 50 mV.s™ ",
Tequilibrium = 120 s, in the potential range of —0.2 to —0.9 V.

An initial solution of FZD with a concentration of 1000 uM
was prepared by dissolving 5.629 mg of FZD in 25 mL of 30%
dimethyl formamide solution, under the aid of magnetic stir-
ring for 30 min at room temperature.

3. Results and discussion
3.1. Microstructure and characterization

To study the impact of oxygen functional group and defect
density of graphene oxide (GO) on the electrochemical
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Fig. 1 UV-vis spectra of GO-1, GO-2, and GO-3 samples.
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behaviors of furazolidone, three GO samples with the difference
in the oxygen functional groups and defect density were
prepared by an electrochemical exfoliating method, and then
were treated with ultrasonic or microwave techniques. Fig. 1
shows the UV-vis absorption spectra of the prepared GO
samples. The GO-1 sample which was directly obtained by an
electrochemical exfoliating method exhibited an absorption
peak at 230 nm due to the w—mt* transition of the aromatic C=C
ring and a weak broad absorption shoulder around 300 nm
attributed to the n-w* transition of C=0 bonds in sp® hybrid
regions.*® The GO-2 and GO-3 also exhibited a similar absorp-
tion spectrum to the GO absorption spectrum, with a strong
absorption peak at 230 nm and a weak absorption shoulder at
300 nm. Moreover, the decrease of the C=O characteristic
absorption peak at 300 nm demonstrated a decrease in the
oxygen content of treated GO samples.*” However, the C=C
characteristic absorption peak of treated GO samples was
slightly shifted to a shorter wavelength, indicating that the
conjugated electron structure of GO is not fully restored.**
Raman spectroscopy analysis helps to determine the
microstructural properties of GO, such as oxygen content,
crystallinity, and disorder degree. The Raman spectra of GO-1,
GO-2, and GO-3 were shown in Fig. 2(a-c). All the spectra pre-
sented two noticeable peaks at ~1313 and ~1605 cm ™', which
corresponded to the D and G bands, respectively. The G peak
corresponded to the high-frequency E,, phonon at the Brillouin
zone centre, while the D peak corresponded to the defects or
disordered carbons of six-atom rings due to sp® - bonded
carbon atoms or impurities.**** The ratio between the intensity
of the D band and the G band was calculated to determine the
disorder level or defects in the GO structure.*® The Ip/Ig ratio of
GO-1, GO-2, and GO-3 were 1.6, 1.67, and 1.4, respectively. The
obtained results show that the GO-2 sample has a higher
disorder degree and defect density than that of GO-1, which can
be attributed due to the impact of ultrasound irradiation causes
the fragmentation of the carbon framework. The lower defect
level for the GO-3 sample suggests that microwave irradiation
can restore the sp® hybridized carbons of graphene from the
reduced oxygen functional groups on the GO surface. However,
recent reports demonstrate that the presence of a new shoulder
between D and G peaks is important in the interpretation of the
Raman spectrum of GO*,*®. This shoulder is often neglected in
the Raman spectral analysis of graphene derivatives because it
is very weak. Herein, we fitted this shoulder using four
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functions which were ascribed to D* (~1000 — 1200 cm™ '), D, D"
(~1450 — 1550 cm™ "), and G bands. Our obtained results show
good agreement between the experimental spectrum and that
calculated as a sum of the four proposed functions (Fig. 2(a—c)).
These bands parameters such as position, intensity ratio, and
width have related the microstructural properties such as
oxygen content, crystallinity, and disorder degree of GO
samples. According to Claramunt et al.,*” the D" band was
related to amorphous phases since its intensity and width
decreased in the increase of the crystallinity of the sheet. The I,
/I ratio values of GO-2 (0.42) and GO-3 (0.44) samples were
significantly greater than that of GO-1 (0.29), suggesting the
higher disorder degree of GO-2 and GO-3 samples. Results show
a similar trend to that observed for the FWHM values. It was
demonstrated that the D* band was related to the disordered
graphitic lattice of soot provided by the existence of sp®
bonds.*”?* The Iy+/Ig ratio of the GO-3 (0.13) sample was
significantly lower than that of GO-2 (0.26), suggesting the lower
oxygen functional group content of the GO-3 sample. The ob-
tained results show that microwave irradiation played a critical
role in removing the oxygen functional group, while ultrasonic
irradiation caused the damaged carbon framework. The
changes in the structural property of GO have crucial effects on
their electrochemical characteristics, which were investigated
in more detail in the subsequent contents. This further result
was confirmed via EDS data. Indeed, EDS measurement was
performed to define the elemental composition of the proposed
materials (Fig. S1t). The characteristic peak positions of
elements C and O of GO-1, GO-2 and GO-3 samples were
observed through the EDS spectrum. The percentages of C and
O atoms were calculated as listed in Table S1.f Herein, there
was a remarkable difference in the percentage of C and O atoms
in GO-1, GO-2, and GO-3 samples. In which, the GO-3 sample
contained the lowest ratio of O atoms meanwhile the highest
ratio was achieved in the GO-1 sample. This result was accor-
dant with other analytical results for the elemental composition
of the various GO samples. The 2D structure of GO samples was
observed via TEM and SEM images (Fig. S27). As shown in
Fig. S2a,t the typical morphology of the GO-1 sample was
characterized by wrinkled and folded features. The uniform
covering of the GO-1 sample on the SPE surface was clearly
illustrated in Fig. S2b.{ These GO nanosheets existed in over-
lapping or coalescing together as exfoliated and wrinkled layers.

The presence of the oxygen functional groups on the GO-1,
GO-2, and GO-3 surfaces were observed using FTIR analysis. As
shown in Fig. 3, the spectra of GO-1 and GO-2 samples showed
some typical oxygen functional group peaks at 1039 em ™" (C-O-C
epoxy groups),® 1080 cm ' (C-OH groups),* and 2359 cm '
(CO, groups).** The absorption peak at 1635 cm ' was assigned
for the plane vibrations of sp>-hybridized C=C.** The relatively
broadband at 3240-3390 cm ' was attributed to the adsorbed
water on the surface of GO.***>** However, a noticeable decrease
in the intensity of the adsorption bands of the oxygen functional
groups was found for that GO-2 sample, suggesting the lower
content of oxygen functional groups in this sample. The GO-3
spectrum exhibited only three peaks at 2359 cm ' (CO,
groups), 1635 cm ' (C=C), and 1080 cm ~* (C-OH), which
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Fig. 3 FTIR spectrum of GO-1 (a), GO-2 (b), and GO-3 (c) samples.

suggests that some oxygen functional groups on the GO surface
were removed. This result was in good agreement with the above
Raman analysis. Our obtained results confirmed the destructed
oxygen functional groups on the surface of GO when using
ultrasound and microwave irradiation as supporting techniques.
The oxygen functional group content could affect the electron
transfer kinetics and the analyte adsorption of modified elec-
trodes that will be analyzed in the electrochemical investigations.

3.2. Electrochemical investigations

3.2.1. Electrochemical characteristics of the modified
electrodes. To understand from a fundamental point of view the
structure parameters affecting the electrochemical behaviors of
FZD, the electrochemical properties of the SPE electrodes
modified with three different GO samples, including GO-1, GO-
2, and GO-3 were investigated by CV and EIS techniques using
a benchmark redox probe, [Fe(CN)s]>*~. Fig. 4a shows
comparative cyclic voltammetric (CV) behaviors of bare SPE,
GO-1/SPE, GO-2/SPE, and GO-3/SPE in 0.1 M KCI containing
5 mM [Fe(CN)g]>*~ at a scan rate of 50 mV.s™*. It can be seen
that all curves showed a pair of well-defined redox peaks cor-
responded to the electron transfer of Fe>" reversibly into Fe**
and vice versa. The calculated cathodic peak current intensities
for bare SPE, GO-1/SPE, GO-2/SPE, and GO-3/SPE were about
—127 pA, —170 pA, —160 pA, and —158 pA, respectively. Clearly,
there was a remarkable enhancement in redox peak current
response for all the modified SPEs. The GO-1/SPE showed the
highest cathodic peak current intensity, which could be attrib-
uted to more oxygen functional group content, offering higher
adsorption capacity. In addition, the peak-to-peak separation
(AEpp) values of GO-1/SPE, GO-2/SPE, and GO-3/SPE were found
to be 194 mV, 173 mV, and 183 mV, respectively. The peak-to-
peak potential separation and deviation from its theoretical
value of zero can be utilized as critical proof of the limitations in
the charge-transfer kinetics.**** The large potential separation
in GO-1/SPE could arise from the dominance of electrostatic
factors, the side interactions of the redox couples, and even due
to the presence of non-equivalent sites. The decrease in the
AE,, value of the GO samples treated with ultrasound and
microwave suggested a faster electron transfer rate.***

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) CV profiles of bare SPE and the modified SPEs at scan rate 50 mV s~ in 0.1 M KCl containing 5 mM [Fe(CN)g*~/4~; (b) EIS profiles of

bare SPE and the modified SPEs.

The charge-transfer (R.) properties at the electrolyte-
catalyst/electrode interface were evaluated using the electro-
chemical impedance spectroscopy (EIS) measurements.*®
Fig. 4b displays the Nyquist diagrams of bare SPE, GO-1/SPE,
GO-2/SPE, and GO-3/SPE in the presence of 5 mM of
[Fe(CN)¢]*’*~ containing 0.1 M of KCl with a constant AC
potential of 10 mV and the frequency range from 0.1 Hz to 50
kHz. The equivalent circuit parameters were obtained by using
Randles circuit as a fitting model in EIS analysis. This compa-
rable circuit encompassed a double-layer capacitance (Cq)
related to the charging and background current, the ohmic
resistance of the electrolyte (R), the charge-transfer resistance
(Rc) across the electrode-electrolyte interface, and the Warburg
impedance (Z,). The R values of bare SPE, GO-1/SPE, GO-2/
SPE, and GO-3/SPE were found to be 1963 Q, 821.4 Q, 1008 Q,

and 1888 Q, respectively. The modification of SPEs with GO
improved the electron transfer ability through electrode-elec-
trolyte interface. Moreover, it was observed the significant
difference in the electron transfer kinetic of modified SPEs. It is
clear that the electronic structure of GO nanosheet was signif-
icantly changed under the impacts of ultrasonic and microwave
irradiation. The higher R, value for the GO-3 sample could be
attributed to the higher disorder degree of carbon framework
and lower oxygen functional group content, resulting in
a significant decline in both capacity and kinetic rate for analyte
adsorption. To study the redox reaction process, CV curves were
recorded on the modified SPEs in 0.1 M KCI containing 5 mM
[Fe(CN)eJ>/*~ with various scan rates from 10 to 60 mV s ', as
shown in Fig. 5. The observed peak currents (I, and Ip)
increased with increasing scan rate from 10 to 60 mV.s™ . It was
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Fig. 5 (a—d) CV profiles of bare SPE and the modified SPEs at various scan rates (10-60 mVs™); and (e—h) the corresponding linear plot of
reduction peak current response and sqrt of scan rate of bare SPE, GO-1/SPE, GO-2/SPE, and GO-3/SPE. All experiments were performed in

0.1 M KCl containing 5 mM [Fe(CN)g] 374~
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observed an excellent linear dependence of the peak current on
the square root of the scan rate, suggesting the redox reaction at
all the electrodes was the diffusion-controlled process (Fig. 5(e-
h)). The electroactive surface area (EASA) is a very important
factor affecting the electrochemical behaviors of FZD at the
modified SPEs surface.”” The EASA value of the modified SPEs
was determined by using the Randles-Sevick equation (25 °C):

I, =2.69 x 10° 4 n*? D'? C»'? (1)

where I, presents the cathodic and anodic peak current, n is the
number of electron transfer, D is diffusion coefficient of
[Fe(CN)s]> "7, A is EASA, v is the potential scan rate, and C is
the concentration of [Fe(CN)e]>*~. Herein, EASA values were
estimated from the graphs of cathodic peak current along with
n=1,D=6.5 x 10 ° cm.s }, and C = 5 mM. The estimated
EASA values of bare SPE, GO-1/SPE, GO-2/SPE, and GO-3/SPE
were 0.48 cm?, 0.638 cm?, 0.615 cm?, and 0.58 cm?, respec-
tively. When GO was treated by microwave and ultrasonic irra-
diation, the electroactive surface area was decreased, which
could be attributed to the removal of oxygen functional groups.
This is consistent with the recorded EIS results at the modified
SPEs.

3.2.2. Electrochemical behaviors of FZD on the modified
electrodes. Fig. 6a shows CV curves of bare SPE, GO-1/SPE, GO-
2/SPE, and GO-3/SPE in 100 uM FZD. There were no redox peaks
recorded in the absence of FZD. The reduction peak current
responses for bare SPE, GO-1/SPE, GO-2/SPE, and GO-3/SPE
were about —3.65 pA, —6.41 pA, —5.37 pA, and —5.11 pA,
respectively. Compared with bare SPE, GO-modified SPEs have
greater amperage response, exhibiting higher electrochemical
responsiveness. In the presence of 100 uM FZD, a cathodic peak
appeared at —0.47 V, which was assigned due to the irreversible
direct electrochemical reduction in the nitro groups -R-NO,
with hydroxylamine -R-NHOH.** The obtained CV result was
consistent with some previous reports for the electrochemical
reduction of FZD.***° Fig. 6b shows LSV curves recorded on bare
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SPE, GO-1/SPE, GO-2/SPE, and GO-3/SPE for 50 uM CAP in 0.1 M
PBS (pH 5) containing 50 uM FZD at scan rate 50 mV.s™ . The
Redyo, reduction peak current responses for bare SPE, GO-1/
SPE, GO-2/SPE, and GO-3/SPE were about —9.4 pA, —20.3 pA,
—24.9 pA, and —17.6 pA, respectively. All the modified SPEs
possess a higher peak current response than bare SPE. Among
them, the GO-2/SPE showed the highest peak current response,
which could be attributed to their electronic structure offering
a more favorable route for electron transfer. In addition,
a difference in the reduction peak potential value of the modi-
fied SPEs was also observed. These obtained results suggest that
the oxygen content and disorder degree of GO samples have
decisive effects on the electrochemical catalytic activity of FZD.
Therefore, all the modified electrodes will be further investi-
gated to gain an insight into the impact of oxygen functional
groups and defect density of GO on the kinetic parameters of
FZD electrochemical reduction process.

The amount of GO, scan rates, the accumulation time, and
the pH value of the electrolyte solution remarkably influenced
the FZD electrochemical behaviors. The various amounts of
modifiers were investigated by monitoring the current of
reduction of FZD. Fig. S37 shows the effect of the volume of GO
on the peak current in the 100 pM FZD. The results showed that
the peak current reached a maximum of 6 pL and began to
decline with the continued increase. This may be due to the
excessive amount of GO on the electrode surface, which led to
the slow electron transfer rate. Thus, the optimum volume of
the GO was selected to be about 6 pL.

The effect of pH on FZD electrochemical reduction was
explored for GO-1-modified SPE in the presence of 100 pM FZD
over the pH range of 3.0-11.0. As shown in Fig. S4,7 LSV curves
of furazolidone (100 uM) in PBS with pH change were recorded.
The pH value of electrolyte solution had significant effects on
peak current and peak potential. Moreover, as the pH value
increased, the peak potential moved towards the negative
potential. This indicated the participation of protons in the
electrochemical reaction at GO/SPE. The reduction peak current
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(a) CV curves recorded on SPE in 0.1 M PBS (pH 7) within the absence and presence 100 uM FZD; (b) LSV curves of bare SPE, GO-1/SPE,

GO-2/SPE, and GO-3/SPE in 0.1 M PBS (pH 5) containing 50 uM FZD at scan rate 50 mV s~ Insert bar chart diagram of reduction peak current

responses for FZD over different modified SPEs.
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increased with pH until reaching the maximum value of 27.5 pA
for the pH value of 5. Then, the reduction current gradually
decreased. This signifies that the H" ions played a key role in the
electrocatalytic reduction of FZD.** The influence of the accu-
mulation time on the peak current in the 100 uM furazolidone
solution was exhibited in Fig. S5.f GO/SPE was investigated
from 30 to 150 s to determine the optimum accumulation time.
The peak current gradually increased with time and reached
a maximum value at 120 s. After 120 s there was no significant
change in the peak current owing to the adsorption capacity of
furazolidone on the electrode surface-reaching saturation state.
Consequently, the optimal accumulate time and pH were set at
120 s and pH = 5 for further experiments, respectively.

To further study the dynamic nature of the redox reactions
on the electrode surface, the influence of scan rate on the
electrochemical behaviors of FZD at the modified electrode
surface was also investigated by CV measurements in 0.1 M PBS
containing 100 pM of FZD. As shown in Fig. 7(a-c), one could
observe that the cathodic peak current increased with
increasing scan rate in the scanning range from 10 to
60 mV.s~'. Meanwhile, the cathodic peak current (I,c) showed
a good linear relationship with scan rate (Fig. 7d-f). These
results illustrated that the electrochemical reduction of FZD at
the GO/SPE was regulated by the adsorption-controlled process.
The FZD adsorption capacity on the modified electrode surface
was determined through the following equation: i, = n*F°AvT’/
4RT. Where F is the Faraday's constant, R is the gas constant, T
is the temperature (K), A is EASA, v is the potential scan rate.
From the obtained slope values, the FZD adsorption capacity (I")
values were calculated to be 0.945 x 10~° mol ecm™> for GO-1/
SPE, 0.89 x 10°® mol ecm > for GO-2/SPE, and 0.87 x

View Article Online

RSC Advances

10~® mol ecm 2 for GO-3/SPE. Clearly, GO-1 sample with higher
oxygen functional groups content showed a higher FZD
adsorption capacity, while GO-3 sample had the lowest FZD
adsorption capacity. The oxygen functional groups on GO
surface could form strong hydrogen-bonding interaction with
NO, groups in FZD, which could improve the adsorption
capacity towards FZD.'* Notably, the cathodic peak potential
was shifted towards the negative direction in a linear relation-
ship with In(v), as shown in Fig. 8. For the adsorption-controlled
irreversible electrode process, the kinetic parameters (o, k)
could be calculated based on Laviron's equation:***>

Epe = E° + (RT/anF) x In(k,RTlanF) — (RTlanF)In(v)

where, E° is the formal potential, which is represented by the
intercept of the plots of Ey,. versus v, as shown in Fig. S6. From
the plots of Ep, versus In v, the linear regression equations were
obtained to be Ep. = —0.0165 In » —0.532 (R* = 0.99) for GO-1,
Epe = —0.03 In v —0.556 (R* = 0.99) for GO-1, E,. = —0.023In v
—0.54 (R*> = 0.99) for GO-3. According to the slope and intercept
of these regression equations, the values of electron transfer
rate constant (k) were calculated to be about 0.37 for GO-1/SPE,
0.59 for GO-2/SPE, and 0.43 for GO-3/SPE. The values of the
transfer coefficient («) were determined through the following
equation: AEp 1/, = 0.0625/na. Where n is the number of elec-
trons participated, AE, ., is changed in haft-peak potential
(AEpc,1/2 = Epe — Epe,1/2)- The values of the transfer coefficient («)
were about 0.26 for GO-1/SPE, 0.3 for GO-2/SPE, and 0.27 for
GO-3/SPE. In a comparison of kinetic parameters, the GO-2
sample showed the highest electron transfer rate constant
and transfer coefficient than other modified SPEs. The k, values
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Fig.7 (a—c) CV curves recorded of 100 uM FZD in 0.1 M PBS (pH 5.0) with various scan rates from 10 to 60 mV s~*; and (d—f) the calibration plots
of cathodic current response vs. scan rate with error bar of GO-1/SPE, GO-2/SPE, and GO-3/SPE.
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are an estimation of the kinetic facility of the redox process,
where a system with high ks value will achieve equilibrium in
a shorter period, compared to a system with low &, value, which
in this case will achieve equilibrium in a longer period.* The
differences in the ks, «, and I" values could be considered as the
critical factors, suggesting the obvious impact of electronic
structure and oxygen functional groups content of GO on the
electron transferability and effective adsorption ability between
the analyte and the modified SPEs surface.

The performances of the modified SPEs for the detection of
FZD were evaluated by linear sweep voltammetry (LSV). The GO-
modified SPEs (GO-1/SPE, GO-2/SPE, and GO-3/SPE) were
surveyed by LSV measurements in 0.1 M PBS (pH 5) with
different concentrations of FZD to compare their electro-
chemical performances. Fig. 9 shows the LSV curves of the
different FZD concentrations on the modified SPEs in 0.1 M PBS
(pH 5) and the calibration plots of peak current intensity against

various concentrations of FZD, respectively. It was found that
the cathodic peak current increased with increasing FZD
concentration for all modified SPEs. For the GO-1/SPE, the
calibration curve shows a linear range from 1 to 100 pM with
correlation coefficients (R?) of 0.98. Notably, both GO-2/SPE and
GO-3/SPE showed two linear segments of 1-10 uM and 10-100
uM with two different slope values. This is likely to be the
consequence of the adsorption effect because the oxygen func-
tional groups content of GO-2 and GO-3 samples were
decreased.

From this linear calibration plot, the analytical parameters,
including electrochemical sensitivity and limits of detection
(LOD) were determined to evaluate the electrocatalytic reduc-
tion behaviors towards FZD. The LOD values of GO-1/SPE, GO-2/
SPE, and GO-3/SPE were calculated to be 0.68 uM, 0.19 uM, and
0.32 uM, respectively, using the standard formula: LOD = 3SD/S
(where SD is the standard deviation, S is slope value).>* Besides
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Fig. 9

(a—c) LSV curves of various concentrations of FZD in 0.1 M PBS (pH 5) at scan rate 50 mV s™~;

~1 and (d-f) corresponding to the calibration

plots of peak current intensity vs. various concentrations of FZD with error bars of GO-1/SPE, GO-2/SPE, and GO-3/SPE.
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that, the electrochemical sensitivity for GO-1, GO-2, and GO-3
samples was calculated to be 0.34, 1.03, and 0.98 pA pM ™"
cm? in the linear range of 1-100 pM, respectively. It is clear
that the GO-2/SPE achieved higher electrochemical sensitivity
and lower LOD in comparison with other modified SPEs. The
results demonstrate that the electrocatalytic ability of GO
arising from active sites on carbon framework played a main
role in deciding the electrochemical reduction behaviors of
FZD, especially active sites related to disordered graphitic lattice
provided by the existence of sp® bonds.

The oxidation-reduction pathway of the FZD in the presence
of GO was proposed by two processes: (1) firstly, reduction
process is the formation of a nitroso intermediate (R-N=0)
group from a nitro group (R-NO,) of FZD. (2) Secondly, the next
process is the rapid creation of hydroxylamine (R-NHOH).***
The electrochemical mechanism of FZD was displayed as
Fig. 10.

The selectivity of GO-1/SPE was examined in 50 uM of FZD
containing the possible interfering compounds and ions at 4-
fold concentrations. The DPV technique was carried out to
investigate the influence of several cations and anions (such as,
cu*, Fe**, Ni**, s0,*7, and NO;") and organic compounds
(chloramphenicol (CAP), glucose, and 4-nitrophenol (4-NP)).
The tested results were shown in Fig. S7.1 It can be seen that
some ions and various compounds did not cause significantly
interference in the determination of FZD.

Besides, the LSV spectrum of GO-1/SPE using 0.1 M PBS (pH
5) containing 50 pM FZD, CAP, and 4-NP was shown in Fig. 8.+
The results show that each analyte has a definite redox poten-
tial. Specifically, in the presence of 100 pM FZD, CAP, and 4-NP,
the characteristic cathode peaks were recorded, appeared at
—0.47 V, —0.62 V, and —0.44 V, respectively.

In order to evaluate the electrochemical detection perfor-
mance of GO/SPEs in a real sample, we carried out the deter-
mination of FZD in the pork samples. The various
concentrations of FZD (10, 25, and 50 pM) were spiked to the
same pork samples, and then LSV measurement was used for
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analysis. The ultimate concentration of the FZD was calculated
follows the regression equation of the calibration curves. The
obtained results were summarized in Table S2.7 The average
recoveries for GO-1/SPE, GO-2/SPE, and GO-3/SPE were in the
range from 89% to 97% with the relative standard deviations
(RSD) within from 0.8% to 1.9% (n = 3). These results demon-
strated that the electrode modified GO have good practical
applicability for determination of FZD in the pork samples.

The repeatability of the modified SPEs was evaluated by
recording the current response in the presence of 100 uM FZD
for 10 successive times on the same electrode and condition.
The relative standard deviation (RSD) of GO-1/SPE, GO-2/SPE,
and GO-3/SPE were 1.07%, 1.34%, and 1.36%, respectively, as
described in Fig. S9 (a-c),T which proved good repeatability of
proposed electrochemical sensors.

Many previous studies indicate that improving the conduc-
tivity, electron-transfer performance, and enhancing the analyte
adsorption ability of GO has been considered as practical solu-
tions to improve detection performance for electrochemical
sensors, as presented in Table 1. It has been reported that the
nanopores on a basal plane of graphene have been beneficial to
increasing the active area and mass transport rates.*** The
increase of defect density and the number of edges of graphene
could accelerate the electron transfer process.® The removal of
oxygen functional groups on the GO surface generated more
active sites or rather new defects. According to Junhua Li et al.,**
the strong adsorption capacity caused by the oxygen functional
groups of GO with analyte could significantly improve the elec-
trochemical response. However, the impact of oxygen functional
groups content and defect density on the electrochemical
behaviors did not systematically study. In this study, the GO-2
sample treated by ultrasonic irradiation showed the highest
electrochemical response towards FZD owing to the high elec-
tron transfer rate and good electron transfer efficiency. This
result could be attributed to the increase of active sites and
number of edges under the ultrasonic irradiation, while the
oxygen functional groups content did not significantly decrease.
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Schematic illustration of the mechanism of electrochemical sensing performance of FZD using the GO-modified SPE.
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Table 1 Some different synthetic methods of GO nanomaterials for the detection of different analytes in electrochemical sensing applications

Modified electrode Synthesis method Analyte

Technique Enhanced mechanism Ref.

GO/GCE Modified hummers 4-Nitrophenol

GO/GCE Modified hummers Naproxen

rGO/Fe;0,/GCE Modified hummers & temperature

rGO/GCE Hummers + ultrasonic

rGO/SDS/CPE Hummers + ultrasonic Ambroxol

GO/SPE Electrochemical + ultrasonic FZD

This is similar to the research by Junyong Sun et al., the elec-
trochemical process of hollow Mn,0; ellipsoids wrapped with
GO was significantly enhanced for OPP and BP detection, due to
the increase of active sites and surface-chemisorbed oxygen
species of GO nanosheets.” The Raman analysis of GO-2 sample
indicated the high defect levels from disordered graphitic lattice
due to the existence of sp® bonds. The removal of oxygen func-
tional groups and the decrease of the number of active sites on
the GO by microwave irradiation caused the obvious decrease of
FZD electrochemical response. Overall, the oxygen functional
groups content on GO could affect the adsorption ability and
electron transfer to analyte molecules, while the defect density
directly impacted the rate and efficiency of electron transfer
process. Therefore, instead of focusing on enhancing the
adsorption capacity and large surface area, the tuning of elec-
tronic structures of GO with better electron transfer rate, more
electrocatalytic sites for the reduction reactions of FZD was ex-
pected to bring higher FZD electrochemical performance.

4. Conclusions

For the first time, the roles of oxygen functional group and
defect density on the analytical kinetic parameters of the FZD
electrochemical reduction process was systematically studied.
The ultrasound irradiation caused the fragmentation of carbon
framework leading to an increase of active sites and number of
edges of GO, while the microwave irradiation mainly related to
removing oxygen functional groups on the GO surface. The GO-
2 samples treated by ultrasound irradiation displayed higher
disorder degree and defect density, compared with the
untreated-GO and GO-3 samples. The GO-2/SPE sensor showed
excellent electrochemical response for the detection of fura-
zolidone in a wide linear range and the low electrochemical
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Nitrofurantoin (NFT)

Ascorbic acid (AA)

LSV Due to the strong adsorption capacity 14
and large active surface area of GO

Effect of doping and oxygen content of 16
different graphene oxide (GO)-based
nanomaterials on their respective
electrochemical behaviors

The increased surface area, more active 60
sites, and higher conductivity owing to

the structure of rGO/Fe;O,NR
nanocomposites

rGO can enhance electron transfer 61
activity because of its great electric
conductivity and the ultrahigh surface

area

The enhancement of ambroxol 62
adsorption on electrode surface due to
rGO/SDS

Defect density, the number of edges, and
the oxygen-containing functional groups
on the graphene oxide surface are the
main factor for enhancing the
electrochemical response of FZD

DPV

DPV

DPV

SWW

LSV This work

sensitivity (1.03 pA pM ' em ™ ?). Our obtained results contribute
to providing further insights into the design of high-
performance electrochemical sensors based on GO, thus
opening up a promising new approach for monitoring FZD
residues in food-producing animals.
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