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ARTICLE INFO ABSTRACT

The sonochemical methods have been used as a straight forward method for the synthesis of various composite
materials, including the transition metal dichalcogenide composites. In the present work, we report a simple
sonochemical synthesis of CuS nanoplates decorated partially reduced graphene oxide (PrGO) nanocomposite for
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Neurotranslmitter the first time. The PrGO-CuS nanocomposite was synthesized using bath-sonication (frequency: 37 kHz; power:
gﬁ)ss;a;?p ates 150 W) of graphene oxide (GO), and CuS precursors at 80 °C for 60 min. The physicochemical characterization

(FESEM, XRD, FTIR, and Raman spectroscopy) results confirmed the successful formation of CuS nanoplates on
PrGO nanosheets. The as-synthesized PrGO-CuS nanocomposite was further utilized for electroanalysis of do-
pamine neurotransmitter. The obtained electroanalytical results revealed that PrGO-CuS nanocomposite has
superior electrochemical activity towards dopamine than those obtained for GO, CuS, and GO-CuS composite.
The fabricated biosensor shows a lower limit of detection (0.022 uM) with a more comprehensive linear response
range (0.1-155.1 uM) for the detection of dopamine. Moreover, the PrGO-CuS nanocomposite electrode was

successfully used for the detection of dopamine in bovine serum albumin.

1. Introduction

The derivatives of graphene oxide composite materials have been
attracted to various potential applications, including energy devices
and photovoltaic and biosensor applications [1-3]. Among them, the
reduced graphene oxide or partially reduced graphene oxide (PrGO) has
received tremendous interest due to its auspicious 2D nature along with
specific unique properties, such as more substantial surface area, ex-
cellent electrochemical and thermal conductivity, chemical inertness
and high stability [4,5]. Nevertheless, the direct use of PrGO in elec-
troanalytical applications is limited due to its re-stacking of PrGO layers
to graphite for extended time use [6]. Therefore, the composites of
PrGO has been used as an alternative to prolong the unique properties
of PrGO and preventing the re-stacking of PrGO [7]. In recent years, the
range of PrGO composites has been synthesized by numerous methods,
which include the chemical, sonochemical, thermal, and electro-
chemical methods [8-11]. For instance, the metal dichalcogenides
(CuS, MoS,, and SnS,), metal alloy/oxide nanoparticles (Au, Zn, Pt, Pd,
and Cu) and carbon nanomaterials (carbon nanotubes and C60) have
been predominantly used as support for the synthesis of PrGO compo-
sites [9,12-17]. Among them, the covellite copper sulfide (CuS) is well

known binary inorganic semiconductor material (bandgap of 1.21 eV),
has shown considerable attention in various fields, including solar cells,
photodetectors, photocatalysis, gas sensors, and electrochemical sen-
sors [18]. The CuS nanostructures have been synthesized using different
methods such as hydrothermal/solvothermal method, electrodeposi-
tion, and sonochemical and or solution-based methods [18-20]. In
comparison with other methods, the sonochemical synthesis of CuS is
found as an efficient and straightforward route due to its simplicity and
prolong reaction conditions [9,20]. Also, the sonochemical method is
an excellent choice for the one-pot simultaneous preparation of CuS and
PrGO using CuS and PrGO precursors at 80 °C since this method does
not need specific templates, toxic reagents, and higher temperatures.
Dopamine is an essential neurotransmitter and is mainly responsible
for the neurological and psychiatric disorders, and the dysfunctions of
dopamine in the central nervous system lead to Parkinson's disease, and
schizophrenia [21]. Henceforth, the real-time monitoring of dopamine
levels in biological samples is essential and clinically significant.
Compared to available methods, the dopamine can be easily detected
using the electrochemical methods since it is highly active on the un-
modified carbon electrodes [22-24]. Over the past decades, the com-
posites of PrGO have mainly been used as an electrode material for the
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construction of dopamine biosensors, and they have shown improved
sensitivity and limit of detection (LoD) along with high selectivity to-
wards dopamine than pristine PrGO and unmodified carbon electrodes
[25-27]. However, in the present work, we have used PrGO-CuS na-
nocomposite as a selective electrode material for the fabrication of real-
time dopamine biosensor. The PrGO-CuS nanocomposite was synthe-
sized for the first time using the one-pot sonochemical method. The
electrocatalytic redox behaviors of dopamine on PrGO-CuS nano-
composite have been studied comprehensively and compared with GO,
CuS, GO-CuS modified electrodes using cyclic voltammetry (CV). The
limit of quantitation (LoQ) and the LoD of the fabricated sensor elec-
trode was also estimated.

2. Experimental section
2.1. Materials & methods

The raw graphite powder (average particle size of about less
than 20 uM) was purchased from Sigma-Aldrich. Dopamine hydro-
chloride powder and thiourea (ACS reagent, =99.0%) were obtained
from MERCH, Taiwan. Cupric nitrate trihydrate (Cu(NO3)»-3H,0) was
received from the CHONEYE PURE CHEMICALS, Taiwan. All the in-
terfering compounds tested in this work were purchased from the
Sigma-Aldrich Company, Taiwan. The bovine serum albumin (BSA)
solution was received from Sigma-Aldrich and was used as received
without any pretreatment process. The S-4000 sonicator from Misonix,
Inc (frequency: 37 kHz; maximum operating power: 150 W)) was used
for the sonochemical synthesis of nanomaterials. The XPERT-PRO XRD
from PANalytical B.V. was used to acquiring the XRD of the as-syn-
thesized materials. The JEOL JSM-7610F high-resolution field emission
scanning electron microscope (FESEM) was used for acquiring the
surface scanning images of the materials. The energy dispersive X-ray
(EDX) spectroscopy and elemental mapping of the nanocomposite were
obtained using EDX analyzer attached JEOL JSM-7610F high-resolution
FESEM from the Oxford Instruments. The CHI-1211c electrochemical
analyzer with standard three-electrode configuration was used for the
electroanalytical applications. The electroanalytical studies were per-
formed using 0.05 M phosphate buffer (pH 7.0) and were adjusted to
other pHs using either 0.1 M NaOH or 0.1 M sulphuric acid. The de-
ionized water was used as a solvent for all chemicals in the synthesis
part.

2.2. Sonochemical synthesis of PrGO-CuS nanocomposite

The graphite oxide (synthesized using the Hummers’ method) was
sonochemically exfoliated into the graphene oxide (GO) [28], where
the graphite oxide (2 mg/mL) was dispersed into the water using the
bath-sonication method (frequency: 37 kHz; power: 150 W) for 30 min.
Then, about 5 mM of Cu(NO3)»3H,0 was added to the GO dispersion
and bath-sonicated for 5 min at room temperature. About 0.5 M of
thiourea was added into the GO-Cu precursor solution, and the tem-
perature of the bath was maintained at 80 °C. Herein, the thiourea was
used for the source of sulfide with GO-Cu precursor solution. The above
mixture was continuously bath-sonicated for 60 min with a maximum
frequency and power output. After the sonochemical reaction, the black
precipitate of PrGO-CuS nanocomposite was obtained and was washed
with ice-cold water and centrifuged at 5000 RPM. The final obtained
PrGO-CuS nanocomposite was dried at 50 °C for further use. Likewise,
the CuS was prepared using the sonochemical method mentioned above
without GO. For comparison, the GO-CuS nanocomposite also prepared
by the sonochemical method at room temperature (see Scheme 1). The
detailed sonochemical synthesis procedure of PrGO-CuS nanocomposite
is shown in Scheme 1. Before the electrode modifications, the glassy
carbon electrode (GCE) was polished with alumina slurry using a pol-
ishing kit and washed with de-ionized water and bath-sonicated for
30 s. For electrode preparations, 2 mg/mL of PrGO-CuS nanocomposite
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(ethanol dispersion) and 2 mg/mL of CuS was used. About 6 uL of
PrGO-CuS nanocomposite and 3 pL of CuS and GO coated GCEs were
used for the electroanalytical studies.

3. Results and discussions
3.1. Characterizations

The XRD, FTIR, and Raman spectroscopy were employed to verify
the formation of PrGO-CuS nanocomposite and amble reduction of GO
to PrGO. As shown in Fig. 1A, the FTIR spectrum of GO (curve a) shows
characteristic ~ vibration bands for the presence of —OH
(3150-3630 cm ™ '), C=0 (1728 cm ™ '), C—OH (1628 cm ™ '), C—0—C
(1381 ecm™ 1Y), and C—OH (1052 cm ™ 1Y), which reveals the successful
oxidation of graphite [6]. The FTIR spectrum of pristine CuS (curve b)
shows an active vibration band related to Cu—S was observed at
620 cm ™!, which confirmed the successful sonochemical synthesis of
CuS. On the other hand, the vibration bands related to —OH at
3150-3630 cm ™! range significantly reduced upon sonochemical pre-
paration of PrGO-CuS nanocomposite (curve c). Also, the band related
to Cu-S was observed at 620 cm ™~ *, which further confirmed the for-
mation of PrGO-CuS nanocomposite. Fig. 1B displays the typical XRD
pattern of GO (a), PrGO-CuS nanocomposite (b), and CuS (c). The ob-
served diffraction 20 peaks of pristine CuS are well-matched with the
JCPDS no. 06-0464 for the hexagonal phase of covellite CuS. Also, the
sonochemically synthesized CuS has shown the dominant crystal faces
as(110),(102),(103),(106)and (00 6) planes and were confirmed
from high-intensity phenomenon (47.87°, 27.81°, 29.27°, 31.87°,
32.88°) of the 26 peaks on the XRD pattern. The average crystalline size
(Dp) of CuS on the PrGO-CuS nanocomposite composite was calculated
as 21.5 nm using the Scherrer equation. A sharp diffraction peak at
20 = 11.28° was observed in the XRD pattern of GO, which is attributed
to the [0 0 1] reflections of GO. The [0 O 1] reflections of GO were
significantly reduced on the XRD pattern of PrGO-CuS nanocomposite,
which confirmed the successful transformation of GO to PrGO by the
sonochemical method. The diffraction peaks related to pure CuS
(JCPDS no. 06-0464) also appeared in the XRD pattern of PrGO-CuS
nanocomposite, which further validates the formation of CuS on PrGO
surface. To further confirm the above phenomenon, the Raman spec-
trum of GO, GO-CuS and PrGO-CuS nanocomposite was acquired, and
the results are displayed in Fig. 1C. The GO (curve a) displays dominant
D and G band peaks at 1349 and 1594 cm ! and is resulting from the
breathing modes (defects) and stretching of carbon atoms in the gra-
phitic network. The G band intensity was dramatically reduced upon
GO intercalated with CuS (curve b), and D and G bands were located at
1347 and 1583 cm™!. The shift in the G band position of GO-CuS
composite possibly due to the strong interaction between the CuS with
GO nanosheets.

On the other hand, the Raman spectrum of PrGO-CuS nanocompo-
site (curve c) shows a similar D and G band position, and the intensity
of the G band was further reduced when compared with GO. This is
probably due to the removal of oxygen moieties from the edges of the
GO surface. In addition to D and G bands, the PrGO-CuS and GO-CuS
show a characteristic vibration of CuS at 469 cm ™!, which confirmed
the presence of CuS on GO and PrGO. The I/Ig ratio of GO, PrGO-CuS,
and GO-CuS was calculated as 0.96, 1.04, 1.02, respectively. The in-
crease in the Ip/Ig ratio of rGO-CuS nanocomposite confirmed the
successful reduction of GO by the sonochemical method. Also, the in-
crease in the Ip/Ig ratio of GO-CuS composite revealed the variation of
GO structure with CuS. The electrochemical properties of different
modified electrodes were investigated using the standard ferrocyanide-
ferricyanide system by CV. Fig. 1D shows typical CV responses of 0.1 M
standard Fe(CN)g> ™74~ with KCl at bare, GO-CuS, CuS, and PrGO-CuS
nanocomposite modified GCEs. A well-defined redox-couple related to
the ferrocyanide-ferricyanide system was observed on all modified
electrodes at a 100 mV/s scan rate. The peak to peak separation (AEp)
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Scheme 1. The schematic illustration for the sonochemical preparation of CuS and PrGO-CuS nanocomposite.
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Fig. 1. A) FTIR spectra of GO (a), CuS (b), and PrGO-CuS nanocomposite (c). B) XRD pattern of GO (a), PrGO-CuS nanocomposite (b), and CuS (c). C) Raman spectra
of GO (a), GO-CuS (b), and PrGO-CuS nanocomposite. D) The redox electrochemical behavior of 0.1 M Fe(CN)g> ™" 4=~ on bare, GO-CuS, CuS, and PrGO-CuS

nanocomposite modified GCEs.

of bare, GO-CuS, CuS, and PrGO-CuS nanocomposite modified GCEs
was calculated as 136, 126, 156, and 113 mV, respectively. Also, the
electron transfer ability of electrodes can be written in the order of
CuS < bare < GO-CuS < PrGO-CuS, which confirmed the enhanced
electron transfer ability of PrGO-CuS nanocomposite than other

modified electrodes. Also, the electrochemical active surface area
(EASA) of PrGO-CuS nanocomposite (0.106 cm?) is higher than bare
(0.62 cm?), GO (0.64 cm?) and GO-CuS (0.81 cm?) modified electrodes.
The EASA of the different electrodes were calculated using the Ran-
dles-Sevcik equation, as reported early [29]. The above results



S. Palanisamy, et al.

Ultrasonics - Sonochemistry 66 (2020) 105043

Fig. 2. High-resolution FESEM images of GO (A), CuS (B), GO-CuS (C), and PrGO-CuS (D). The EDX spectrum (E) and the corresponding elemental mapping (F-I) of

sonochemically synthesized PrGO-CuS nanocomposite.

confirmed that the PrGO-CuS nanocomposite modified GCE has more
EASA than other modified GCEs.

The surface morphology of sonochemically synthesized CuS, GO-
CuS, and PrGO-CuS nanocomposite was investigated by FESEM, and the
corresponding FESEM images are shown in Fig. 2. The FESEM image of
GO (A) confirmed the structural changes of graphite into the GO nano-
thin sheets. The FESEM image of CuS (B) appeared as a nano plate-like
morphology with an average thickness of 26 + 3 nm. The morphology
CuS on GO (C) observed as spherical morphology where the CuS na-
noparticles anchored on the ultra-thin surface of GO sheets. The above
result suggests that the room temperature sonochemical synthesis of
CuS does not produce sufficient activation energy to form the nano-
plates; that is the reason why the CuS nanoparticles can be seen on the
surface of GO. In contrast, the FESEM image of sonochemically syn-
thesized PrGO-CuS nanocomposite (D) reveals that CuS nanoplates
were anchored on the PrGO sheets, which may arise from the strong
interaction between CuS and PrGO. The thickness of CuS on PrGO was
found similar to sonochemically synthesized CuS, which confirmed the
successful formation of PrGO-CuS nanocomposite. The EDX (Fig. 2E)
confirmed the presence of carbon (34.5%), oxygen (25.6%), copper
(21.0%), and sulfur (19.0%) on the PrGO-CuS nanocomposite. Also, the
elemental mapping of PrGO-CuS nanocomposite is shown in Fig. 2F-I,
where the carbon, oxygen, copper, and sulfur elements distribution can
be seen from the selected area of the FESEM image of PrGO-CuS na-
nocomposite (Fig. 2D). The above characterizations confirmed that the
PrGO-CuS nanocomposite could be synthesized using the sonochemical
method.

3.2. Electrooxidation of dopamine

Fig. 3 shows typical CV responses obtained for the electrochemical
oxidation of 10 uM dopamine on various modified GCEs at a scan rate
of 50 mV/s. Typically, the electrochemical behavior of dopamine on
graphene materials is quasi-reversible, where the dopamine oxidizes to
dopamine o-quinone (predominant) at +0.2 to 0.4 V vs. Ag/AgCl. In
our case, the GO, CuS, GO-CuS, and PrGO-CuS modified electrodes
show good quasi-reversible behavior to dopamine in pH 7.0. The oxi-
dation peak potential of dopamine was observed at 0.243, 0.206, 0.188,
and 0.184 V on CuS, GO, GO-CuS, and PrGO-CuS modified GCEs. From
the above, one can see that the electrode modified with PrGO-CuS
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Fig. 3. CV profiles for the electrochemical oxidation and reduction of dopamine
(10 uM) on GO, CuS, GO-CuS, and PrGO-CuS modified electrodes in pH 7.0 at
50 mV/s scan rate.

nanocomposite has lower oxidation peak potential and AEp to dopa-
mine than other modified electrodes. The PrGO-CuS nanocomposite
modified electrode has 59, 22, and 4 mV lower oxidation peak potential
than CuS, GO, and GO-CuS modified electrodes. Also, the oxidation
current response of dopamine on the PrGO-CuS nanocomposite was 3
and 1.3-folds higher than dopamine oxidation signal on the CuS, GO,
and GO-CuS modified electrodes, respectively. The above observations
confirmed the excellent electro-oxidation ability of the nanocomposite
modified electrode towards dopamine, which is due to the combined
synergetic activity of PrGO and CuS. The high conductivity of PrGO and
excellent redox ability of CuS are resulting in the enhanced oxidation
with lower potential detection of dopamine than GO and CuS. Hence,
the PrGO-CuS nanocomposite could be used for sensitive biosensor for
the detection of dopamine.

The effect of scan rates of the electrochemical behavior of dopamine
on the nanocomposite modified electrode was investigated by CV since
these studies could provide useful information about the electro-
chemical behavior of dopamine. The CV profiles for the effect of scan
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Scheme 2. The electrochemical oxidation mechanism of dopamine on PrGO-CuS nanocomposite.

rates on the electrochemical redox behavior of dopamine (10 uM in pH
7.0) at the PrGO-CuS modified electrode is shown in Fig. 4A. A well-
defined quasi-redox peak of dopamine was obtained on the PrGO-CuS
modified electrode for the scan rates from 30 to 500 mV/s. The oxi-
dation and reduction peak current of dopamine increased with mod-
erate potential shift when the scan rate was increased from lower to
higher (30-500 mV/s). The redox peak current response (oxidation and
reduction) of dopamine is linear to the square root of scan rates
(R% = 0.9916 and 0.9962) as can be seen from the calibration plot of
Fig. 4B. This phenomenon is called a diffusion-controlled process. To
verify this phenomenon, the log current (oxidation) response of dopa-
mine vs. log scan rate was plotted (Fig. 4A inset). The linear plot of log
current dopamine vs. log scan rate gives a slope value of 0.5083. The

obtained slope value confirmed that the electrooxidation of dopamine
on the PrGO-CuS modified electrode is a pure diffusion-controlled
process [24].

The electrochemical redox behavior of dopamine in different pH
was evaluated using CV since the pH of the solution can affect the redox
currents and potentials of dopamine. Fig. 4C shows the CV curves for
the electrochemical redox behavior of 10 uM dopamine in various pH
(pH 3-9) on the PrGO-CuS electrode. The PrGO-CuS nanocomposite
shows quasi-redox behavior to dopamine in all investigated pHs (3, 5,
7, and 9). Also, the highest redox currents of dopamine were observed
on pH 7 than that of pH 3, 5, and 9. Besides, Fig. 4D shows the linear
relationship between the formal potential (E®) of DA with the pH va-
lues from 3 to 9. The obtained slope value (55.5 mV/pH) is a close
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Fig. 5. DPV responses obtained on the PrGO-CuS nanocomposite modified
electrode for the absence (initial curve) and the presence of dopamine
(0.1-185.1 uM).

agreement with our previously reported values for two electrons, and
protons transferred electrochemical redox reaction of dopamine
[22-24]. The mechanism for the electro-oxidation of dopamine on
PrGO-CuS nanocomposite is shown in scheme 2.

3.3. Analytical validation

The DPV was used to evaluate the analytical parameters for the
detection of dopamine using the PrGO-CuS nanocomposite. Fig. 5
shows the DPV responses obtained on the PrGO-CuS nanocomposite
GCE for the absence (initial curve) and the presence of dopamine
(0.1-185.1 uM) in pH 7.0. In the absence of dopamine, a small anodic
peak response was observed at 0.076 V and is related to oxidation of Cu"
to Cu™. The oxidation peak related Cu" was diminished upon addition
of 0.1, 0.5, and 3 pM dopamine; a clear DPV signal appeared at 0.12 V.
The observed DPV response at 0.12 V is due to the oxidation of dopa-
mine (dopamine o-quinone) by the modified electrode. To further in-
crease the addition of dopamine, the dopamine oxidation signal in-
creases, and the signal was saturated for 185.1 uM. From the calibration
plot (Fig. 5 inset), the DPV response of the modified electrode is linear
from 0.1 to 155.1 uM with the sensitivity and R® of 0.09 pA/uL and
0.9957, respectively. The LoQ and LoD were estimated to be 26 and
22 nM, respectively. Also, it is worth mentioning that the LOD and
linear response range of our sensor is more comparable to previously
reported dopamine sensors, including graphene composite electrodes
[22-24,30-33]. The above results revealed that the PrGO-CuS nano-
composite modified electrode can be used for sensitive and low-level
detection of dopamine.

The selectivity of the sensor was also evaluated in the presence of
biologically active compounds. Ascorbic acid (AA), uric acid (UA),
glucose (Glu) are known human metabolites, and they could easily
interfere with the dopamine response of the sensor electrode. The
mixture (5 uM) of AA, UA, Glu, and acetaminophen (AC) with dopa-
mine (0.5 uM) was examined using DPV (Fig. 6A). One can be seen from
the DPV results that the interfering compound had a minimal effect
(less than 5%) on the dopamine response, which is possibly due to the
selective recognition of CuS towards dopamine. The result also estab-
lished that the PrGO-CuS nanocomposite electrode could be used for the
selective determination of dopamine. To validate the probable re-
cognition of dopamine in biological fluids, the real sample analysis of
dopamine in the bovine serum albumin (BSA) was done using fabri-
cated nanocomposite. The known concentration of dopamine-con-
taining BSA (100 uM) was prepared and used as a stock solution for the
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real sample analysis. Fig. 6B displays the DPV response obtained for the
PrGO-CuS electrode for 0.1-25 uM concentration additions of dopa-
mine-containing BSA into pH 7.0. It can be seen that the sensor elec-
trode displays a note-worthy DPV response for the addition of 0.1, 0.5,
and 3 pM dopamine-containing BSA in pH 7.0, and the obtained DPV
results of dopamine (0.1-25 uM) are well-matched with Fig. 5. There-
fore, the reported PrGO-CuS nanocomposite is a promising sensor
platform for real-time detection of dopamine in the biological samples.

The sensor was tested for its stability and was evaluated from the
signal of 0.5 uM of dopamine using DPV. The stability studies were
performed using PrGO-CuS modified electrode, and the response cur-
rent of dopamine was monitored from 0 to 44 h. The obtained DPV
results are plotted in Fig. 6D. The stability results revealed that the
PrGO-CuS modified electrode had lost 5.8 and 6.3% of its initial do-
pamine response for 20 and 32 h storage at 4 °C. Also, the modified
electrode retains 92.9% of initial dopamine activity after the 44 h
storage. The cyclic stability of the PrGO-CuS modified electrode to-
wards the detection of dopamine was studied using CV. The modified
electrode lost only 2.6% of its initial oxidation peak current to the
10 uM dopamine after 20 cycles (figure not presented). The results
confirmed the adequate storage and cyclic stability of the fabricated
dopamine sensor.

4. Conclusions

In conclusion, a simple sonochemical synthesis of CuS and PrGO-
CuS nanocomposite has been reported and systematically characterized
using various physicochemical methods. The FESEM results revealed
that the CuS nanoplates were formed when the sonochemical synthesis
performed at 80 °C, while CuS nanoparticles were formed at room
temperature. Also, the CuS nanoplates on PrGO can be prepared using a
one-pot sonochemical method at 80 °C. The XRD, FTIR, and Raman
characterizations confirmed the formation of PrGO-CuS nanocompo-
site. The as-prepared PrGO-CuS nanocomposite modified electrode
showed excellent analytical performances towards dopamine, including
the acceptable linear response range (up to 155.1 pM) with lower LoD
(26 nM). The fabricated dopamine sensor has good selectivity with
acceptable storage and cyclic stability. The PrGO-CuS nanocomposite
has also been used for the detection of dopamine in BSA, and the ob-
tained results were satisfactory.
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Fig. 6. A) The effect of various interfering compounds (AA, UA, Glu, and AC) on the DPV response of dopamine (DA) using the PrGO-CuS nanocomposite modified
electrode. B) The DPV curves obtained for the presence of different concentrations (0.1-25 uM) of dopamine-containing BSA. C) The stability of the dopamine sensor
for overtime (up to 44 h) of use.
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