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a b s t r a c t

A Methimazole sensor was designed and constructed based on nanocomposite of carbon, ionic liquid,
reduced graphene oxide (RGO) and CdS nanoparticles. The sensor signal was obtained by Differential FFT
continuous linear sweep voltammetry (DFFTCLSV) technique. The potential waveform contains two
sections, preconcentration potential and potential ramp. In this detection technique, after subtracting
the background current from noise, the electrode response was calculated, based on partial and total
charge exchanges at the electrode surface. The combination of RGO and CdS nanoparticles can catalyze
the electron transfer, which outcomes of the amplification of the sensor signal. The result showed that
the sensor response was proportional to the concentrations of Methimazole in the range of 2.0
to 300 nM, with a detection limit of 5.5�10�10 M. The sensor showed good reproducibility, long-term
of usage stability and accuracy. The characterization of the sensor surface was studied by atomic force
Microscopy and Electrochemical Impedance Spectroscopy. Moreover, the proposed sensor exhibited good
accuracy, and R.S.D value of 2.82%, and the response time of less than 7 s.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Methimazole (2-mercapto-1-methylimidazole) (Fig. 1) used in
treatment of hyperthyroid by the production of thyroxin, a hormone
excreted by the thyroid gland, inhibits the formation of thyroid
hormones [1]. It is absorbed by the gastrointestinal tract and acts as
an immunosuppressive agent in Graves' disease [2–5]. Methimazole
may cause side effects such as irritation of the skin, allergies,
pharyngitis with fever, nephritis, liver cirrhosis, impaired taste,
olfactory and auditory [6]. Therefore, it is required to develop a rapid
and sensitive technique for determination of Methimazole in
clinical chemistry, nutrition and pharmaceutical formulations.
Numerous analytical procedures have been reported for determi-
nation of Methimazole including spectroscopy [7,8], gas chroma-
tography–mass spectrometry (GC–MS) [9,10], high-performance

liquid chromatography–mass spectrometry (HPLC–MS) [11], flow-
injection [12] and capillary electrophoresis [13].

It is well known that nanostructures of carbon, like reduced
graphene oxide (RGO) demonstrate high surface area beside suitable
electrical conductivity in new designed electrodes; also, it helps to
establish a larger number of active sites for adsorption of organic
molecules [14–17]. Those excellent characterizations of RGO can
facilitate the electron transfer of electroactive species. Moreover, in
order to improve the performance of the carbon paste electrode, ionic
liquids (IL) can be very helpful as a binder in the carbon paste
electrodes [18]. Here, IL was used as a binder in the nanocomposite
electrode to its high ionic conductivity, good stability and well
biocompatibility. Also, IL, mixed with CdS nanoparticles (CdS NPs)
that arrested onto RGO paste electrodes, exhibited direct electrochem-
istry, and catalytic activity towards oxidation of compounds. Also, it
was noted that CdS NPs were used to incorporate with enzyme for
realizing the direct electron transfer, and CdS has been found
efficiently enhancing the electron transfer reactivity of the electrode
surface [19,20]. It has been reported that the integration of RGO and
CdS NPs offer synergy effects in electrocatalytic applications, so we
have reasons to expect the nanocomposite of RGO and CdS NPs has
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the same effect, which has not been reported as the best of our
knowledge.

The main objective of this work is the first application of
differential fast Fourier transform continuous linear sweep vol-
tammetry (DFFTCLSV) technique to develop a new sensor for the
trace determination of Methimazole. It was used to investigate the
electrochemical response of Methimazole on the surface of com-
posite carbon paste electrode. The composite was a mixture of IL,
CdS NPs and RGO, which develop a novel electrochemical sensor
that provides a situation for improving electrocatalytic activities
for electrochemical detection of Methimazole. In fact, at the
optimal conditions, the electrode response was integrated currents
in the potential range of the analyte peak in form of coulomb. The
sensor responsewas proportional to Methimazole concentration. The
sensor surface was characterized by atomic force microscopic (AFM)
and electrochemical impedance spectroscopy (EIS) techniques.

2. Materials and methods

2.1. Reagents

All chemicals and solvents used were of analytical grade and
were used as received. 1-Butyl-3-methylimidazolium hexafluoro-
phosphate ([BMIM][PF6], IL), were purchased from Merck Com-
pany (Germany). Methimazole was purchased from Sigma-Aldrich,
and stored frozen. CdS nanoparticles were prepared according to
Ref. [19]. The solution 3 mM Fe(CN)64�/3� in 0.1 M KCl. The
standard solutions were prepared with double distilled water
when in use, except as otherwise stated. Double distilled water
was used throughout the experiment.

2.2. The sensor fabrication

At first, the modified carbon paste electrode (CILE) was pre-
pared by hand-mixing of 10 g of graphite powder and 4 g of IL
([BMIM][PF6]). They were mixed thoroughly in a mortar and
heated at a temperature of 60 1C to form a homogeneous carbon
paste. The paste was packed into a cavity of a glass tube (i.d.
4 mm). An electrical contact was established via a copper wire to
the paste in the inner hole of the tube. The carbon–IL paste
electrode (CILE) was fabricated with the mentioned procedure.
It was then left to cool at room temperature. A mirror-like surface
was obtained by smoothing the electrode on the weighing paper.

Primarily, GO was prepared by a modified Hummers technique
using expandable graphite flakes as the original material [21]. Expand-
able graphite flakes (1 g) were triturated with NaCl (45 mg/mL) for
15 min, and subsequently NaCl was dissolved in water and removed
by filtration. The RGO was then prepared by a chemical reduction of
the 0.6 mg/mL GO powder in distilled water with 160mM NaBH4).

The mixture was kept at 90 1C for 30 min. The product was centri-
fuged to precipitate the RGO powder, which was eventually dried in
vacuum at low temperature. Then, 50–400 μL of 4.0 mg/mL RGO and
10–80 μL of 5 g/L CdS NPs suspension solution were mixed together,
diluted to 1.0 mL with 0.1 M PBS (pH 6.5), and sonicated homoge-
neously. Then 8.0 μL of the mixture was cast onto the newly prepared
CILE surface and left it to dry at room temperature. The resulted
electrode was denoted as RGO–CdS NPs/CILE. The sensor was rinsed
throughout with doubly distilled water. When not in use, the
fabricated electrode was stored in pH 5.0 PBS at 4 1C in a refrigerator.
The sensor was rinsed throughout with doubly distilled water. The
electrochemical experiments were performed in a solution of 0.1 M
acetate buffer containing 20 mM NaCl (ABS, pH 6.5).

2.3. Apparatus

Atomic force microscopic (AFM) images were obtained by using
Agilent instrument with non-contact mode was used while map-
ping the surface. The electrochemical DFFTCLSV was carried out
with a homemade potentiostat [22–35] was connected to a PC
equipped with an analog to digital data acquisition board (PCL-
818H, Advantech Co.). Electrochemical cell was a conventional
three-electrode system with a working electrode, a platinum wire
as an auxiliary electrode and a saturated calomel electrode (SCE)
as the reference electrode. The condition for the data acquisition
requirements, electrochemical software was developed using
Delphi 6.0. The programwas used to generate an analog waveform
and acquire current readings [22–35]. The potential waveform
consists of two parts; (a) Potential steps, where accumulation of
analyte takes place (�100 mV striping potential was applied for
0.5 s); (b) the final part, potential ramp, in which current mea-
surements take place. The potential waveform was repeatedly
applied to the working electrode and then the data was acquired,
and stored by the software. Also, the program was able to process
and plot the data in real time. EIS measurements were performed
in 3 mM K3Fe(CN)6 in 0.1 M KCl. A stock solution of 2 mM of
Methimazole was firstly prepared, and then an aliquot was diluted
to the appropriate concentration.

3. Results and discussion

In order to study the surface of RGO–CdS NPs/CILE was
examined by AFM. This technique was employed to investigate
the surface topography of prepared composite film. The topo-
graphic features visible on different length scales allowed the
relocation of an identical scan area after the CdS NPs dispersion.
Fig. 2 shows surface topography image of RGO–CdS NPs/CILE thin
composite film. As shown in the figure, the RGO–CdS NPs/CILE
formed was in the range of nanometers, which result in a large
surface area and easier attachment of the film. As shown, the
samples of CdS NPs dispersion stabilized by IL and RGO, and
reveals that the thickness of formed composite is more than
50 nm, where it seems the size of NPs was 5–30 nm. Also, in this
image, it can be seen that the CdS NPs were dispersed among RGO.
Formation of RGO layer on the surface of CILE is necessary to reach
a sufficient thickness to create a satirically a good porosity and
stabilized CdS NPs on the surface. EIS technique is a successful
instrument to study the structures formation of the sensor. Fig. 3
demonstrates EIS curves for the unmodified CILE, RGO/CILE and
RGO–CdS NPs/CILE in 0.1 M KCl solution containing 3 mM K3Fe
(CN)6/K4Fe(CN)6, respectively.

The results suggested that the Rct (charge transfer impedance)
of RGO/CILE (curve b) was lower than that was obtained for the
bare CILE electrode. This could be of a higher collection of K3Fe
(CN)6/K4Fe(CN)6 on the sensor surface. Also, the value of Z for

Fig. 1. Chemical structure of Methimazole.
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RGO–CdS NPs/CILE (curve c) is also, lower than that of the
unmodified CILE, proposing that the smaller of CdS NPs coat on
the sensor surface, which is an indication of the better conductiv-
ity of RGO–CdS NPs/CILE.

Fig. 4 illustrated the linear sweep voltammograms of Methima-
zole on RGO–CdS NPs/CILE in ABS, pH 6.5. The curves (in range of

�100 to 900 mV/s) show a well-defined oxidation peak on the
modified electrode, in which anodic peak potentials is about
650 mV. The modification could enhance the value of the
electron-transfer rate, and may also provide conditions for higher
accumulation capacity and catalytic ability of the sensor surface to
contribute in the oxidation reaction of Methimazole [36]. Fig. 4B
demonstrates the measured current peaks of 2 mM Methimazole in
AB solution at pH 6.5 vs. root of scan rates. The peak current was
grown in the scan rates in the range from 5 to 2000 mV/s, and there
is a fine linear relationship between the peak current and root of
scan rate, with equations as ip¼155.82 ν1/2þ2.4541 (R2¼0.993).
These results, suggest that the reaction is diffusion-controlled
electron transfer process.

3.1. Analytical procedure and determination of the sensor response

A stock solution of 5 mM Methimazole was prepared, and then
an aliquot was diluted to the required concentration. For measure-
ment, the three-electrode system was installed in AB solution at
pH 6.5. In this technique, all the currents in DFFTCLS voltammo-
grams were subtracted from the voltammograms that were
recorded in absent of Methimazole,

ΔI¼ i� i0 ð1Þ
where, i is current of the recorded cyclic voltammogram, and i0
represents i, in the absence of the adsorbent of the analyte. In
DFFTCLSV technique charge (Q) passing through the sensor was
calculated during the potential ramp.

Fig. 5 illustrates the recorded DFFTCLS voltammograms of the
sensor in potential range �100 to 900 mV and in time window
(180 s), to addition of 5.0�10�7 M Methimazole. In this graph, the
time axis represents the time of experiment was running. The
potential axis on this graph represents potential range that applied
to the working electrode during each potential ramp. The figure
shows that after addition of Methimazole in AB solution at pH 6.5,
a signal appears at potential 650 mV. As mentioned above the
excessive accumulation of the analyte on the surface of the sensor
could improve of direct electron transfer between the active sites
and Methimazole molecules.

The sensor response (in form of ΔQ) was calculated based on
the integration of the current changes in a selected potential range
at the recorded DFFTCLS voltammograms.

ΔQn ¼Qn�Q0 ¼Δt ∑
E ¼ Ef

E ¼ Ei

iðn; EÞ� iðn0; EÞ
�� ��" #

ð2Þ

Fig. 2. AFM images of RGO–CdS NPs/CILE.
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Fig. 3. EIS plots of the modified electrode in 3 mM K3Fe(CN)6 with 0.1 M KCl:
(a) bare CILE (b) RGO/CILE and (c) RGO–CdS NPs/CILE.
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Fig. 4. (A) Typical linear sweep voltammograms of 2 mM Methimazole in AB solution at pH 6.5, RGO–CdS NPs/CILE; scan rates 5 to 2000 mV/s, (B) the measured current
peaks vs root of scan rates.
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where, n is number of scan (n40), Qn is the electrical charge
obtained by integration of nth LS voltammogram curve between
�100 and 900 mV, and Q0 represents the value of Q in the absence
of the analyte (see the inset graph in Fig. 5). Furthermore, the
results indicate that with increasing the concentration of Methi-
mazole the spiked standard sample solution ΔQ increases propor-
tionally. By optimizing the most important parameters in the
detection system, it is possible to improve the S/N Methimazole
response to obtain maximum sensitivity.

3.2. The effect of nanoparticles amount in the sensor fabrication

Fig. 6 shows the effect amount of CdS NPs and RGO on the sensor
response to 3.0�10�7 M Methimazole in AB solution at pH 6.5.
Where, different volumes of solutions 4.0 mg/mL RGO and 5 g/L CdS
nanoparticles suspension solution was casted on the electrode surface.
In the ingratiation potential range, for calculating the response of
sensor was �100 to 900 mV at potential scan rate 1600 mV/s.

The figure demonstrates that the change of the sensor response
with the amount of RGO and CdS NPs in the content of the
modifier or film composition. In these measurements, various
volumes of solution RGO (50 to 400 μL) and CdS (10 to 100 μL) in

constant volume of IL were tested. The graph indicates that the
value of ΔQ increases with the increasing of RGO up to 200 μL and
then decreases slightly. Moreover, as shown in figure, for CdS NPs
the value of ΔQ increase with the volume of the CdS in the sensor
composition up to 70 μL. Though, at the higher volume of CdS NPs,
the value of ΔQ decreases. This could be due to the increase of the
resistance of the surface electrode at more CdS NPs. It was seen
that in absent of the NPs there is no significant redox peak current
in the voltammogram. In addition, the results presented in the
figure indicate creating a high surface area, conductivity and
catalytic effect of increase sensitivity of detection technique.

3.3. Optimization of pH

The pH effect on the sensor performance was investigated by
measuring the electrode response to 2.0�10�7 M Methimazole in
various pHs. The pH was changed at a definite range in order to
determine the optimum value, inwhich the sensitivity of the sensor is
the highest. As shown in Fig. 1, the structure of Methimazole contains
NH groups, which measurement could be the influenced by the pH of
solution. Due to this reason determination of the optimum pH is one
of the important parameter in solution. Fig. 7 shows the results of
examination of pH on the detection technique sensitivity. The
DFFTCLSV measurements were recorded at scan rate of 1600 mV/s.
The sensor response increases gradually from pH 4.0 to 8.0 and after
achieving the maximum, the response decreases, indicating that the
optimum pH 6.5 can be used for the detection of Methimazole.

3.4. Optimization of scan rate

Due to this fact that the response of the detector is diffusion
controlled, it can be expected that the sensitivity of the measure-
ments to be depend on the potential scan rate. So, the influence of
scan rates on the sensitivity of the detector response to addition of
solutions having a concentration of 2.0�10�7 M of Methimazole
was investigated, at scan rates 100 to 2000 mV/s). As shown in the
Fig. 8, the detector exhibits the maximum sensitivity at 1600 mV/s
of scan rate. The effects of the sweep rate on the detection
performance can be taken into consideration from different
aspects, such as the speed in data acquisition during the current
sampling, which may due to limitation in analog-to-digital broad,
second and limitations in kinetic factors of rate of electrochemical
processes.
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3.5. Calibration curve

Under optimal conditions in the determination of the presence
of Methimazole, the response time, which is defined as the time
when 95.7% of the steady-state response is reached at about 7 s
with DFFTCLSV technique. Fig. 9 illustrates a typical ΔQ response
of the RGO–CdS NPs/CILE to a set of standard solutions of
Methimazole (from 2.0 to 200.0 nM in 1.0�10�3 M in AB solution
at pH 6.5, in the potential range of �100 to 900 mV at potential
scan rate 1600 mV/s. In this figure, each point represents the
integrated signal for 3 consecutive additions of the Methimazole
standard solutions.

In general, the inset figure shows the analyte response has a
linear dynamic range of 2 to 300 nM, with correlation coefficient
of R2¼0.992 values. The estimated detection limit based on signal
to noise ratio (S/N¼3), was found 5.5�10�10 M. A long-term
storage stability of the RGO–CdS NPs/CILE was tested for 70 days,
and it was seen that the sensitivity retained 96.8%.

The performances of the electrochemical technique is com-
pared with some of the best previously reported Methimazole
measurement [37,38] based on the utilization of different

materials as the sensor and different detection techniques
(Table 1) and it was confirmed that the presented RGO–CdS NPs/
CILE sensor with DFFTCLSV exhibited an excellent and reproduci-
ble sensitivity.

4. Conclusions

RGO–CdS NPs/CILE nanocomposite sensor can provide a unique
microenvironment for the direct electrochemistry of Methimazole.
Also, application of DFFTCLSV technique provides a novel coulo-
metric determination of Methimazole, which is highly sensitive.
Such sensitivity is attributed to the synergy effect of RGO and CdS
NPs on the oxidation of Methimazole. It can be suggested that the
sensor has excellent responses because of the large surface area
and fast electron transfer of graphene nanoparticles. Using
DFFTCLSV technique creates reproducible signals with response
time less than 9 s and detection limit of 5.5�10�10 M. In addition,
the electrochemical technique reveals some other excellent char-
acteristics such as wide linear range, low detection limit and
relatively a long-term stability for 70 days. Also the proposed
sensor has easy fabrication and low cost. All these characteristics
suggest that the new strategy for using RGO–CdS NPs nanocom-
posites sensor and DFFTCLSV technique is good for determination
of such molecules.
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