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Herein, we describe the innovative and simple voltammetric method based on the samarium oxide
(Sm203) decorated functionalized multiwall carbon nanotubes (Sm,O3/f-MWCNTS) using as an
electrode material for the detection of catechol (CC). The as-prepared Sm,03/f-MWCNTSs composite
was confirmed by using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX) and fourier-transform infrared spectroscopy (FT-IR). The electrochemical properties of the
Smy05/f-MWCNTSs were investigated by electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV) and differential pulse voltammetry (DPV). The as-proposed Sm,Os/f-MWCNTSs
modified GCE exhibited an excellent electrocatalytic activity towards oxidation of CC. The
electrochemical studies of DPV displays wide linear response range, lower detection limit and well
sensitivity of 0.1-1249 pM, 0.03 pM and 0.213 pApM™cm™, respectively. The as-prepared
electrochemical sensor had good stability, repeatability and reproducibility for the determination of
CC. Besides, the prepared electrode material modified GCE was successfully applied to the real
sample analysis in various water samples and the obtained recovery from 94.5 to 99 % is confirm that
the Sm,03/f-MWCNTS/GCE had better practical reliability to the determination of CC.

Keywords: Multiwall carbon nanotubes, Electrochemical sensor, Catechol, Differential pulse
voltammetry, Low detection limit.

1. INTRODUCTION

Catechol (CC) is a class of benzene diols isomer and also used as main reagent for the organic
synthesis [1]. Moreover, CC is used in different industrial applications including pesticides production,
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perfumes manufacturing and pharmaceutical industries [2, 3]. In addition, the European Union (EU)
and U.S Environmental Protection Agency (EPA), has classified (CC) as a human carcinogenic and
environmental pollutant due to their low degradability and toxicity. Moreover, continues exposure of
CC raises severe health problems to both human and animal such us affect the central nervous system
and blood pressure [4-6]. Hence, the development of sensitive and selective methods for the low level
detection of CC is more important. Currently, various analytical methods have been used for the
determination of CC such as gas chromatography (GC), high performance liquid chromatography
(HPLC), chemiluminescence, mass spectrometry, flow injection analysis and electrochemical methods.
Among all, the electrochemical techniques offered many advantages including low cost, portability,
and fast response technique than that of the other analytical methods [7-9]. However, the
electrochemical determination of CC at bare glassy carbon electrode (GCE) has some problem due to
the overlapping, low sensitivity and low charge transfer [10, 11]. To solve this problem, different
materials have been used for the electrode modification such as graphene, carbon nanotubes,
mesoporous carbon and carbon foams [12]. Especially, functionalized-multiwall carbon nanotubes (f-
MWCNTS) used for the electrode materials due to their extraordinary physical and chemical properties
such as a mechanical strength, large surface area, high chemical stability and excellent electrical
conductivity [13-15]. Hence, they have applied to the various important applications, especially,
sensors and energy storage devices. Furthermore, -MWCNTSs can be used as promising materials for
catalyst with metal oxide and nanoparticles to form composites [16-18].

The oxides of rare earths elements (erbium, samarium, yttrium, europium, and cerium) have
been widely applied to the variety of applications including sensor, electronic devices and catalysis.
Moreover, the rare-earth oxide (REO) has some particular interest due to their small-size, quantum
size, tunneling and interfacial effects. Especially, Sm,O3 nanoparticle (NPs) is one of the main rare
earth oxide nanomaterials and used in high prominent applications in various fields such as nano-
electronics, solar cells, semiconductor, sensors [19-21], gate dielectric in complementary metal—oxide—
semiconductors (CMOQOS) and resistance random access memories (RRAMs) [31-35]. In this work,
Sm,03 NPs was incorporated on the f-MWCNTSs surface and formation of composite. The conjugation
between the Sm,03; and f-MWCNTSs was increased after formation of composite. The Sm,Og/f-
MWCNTs composite modified electrode displays enhanced electrocatalytic ability to the detection of
CC.

2. EXPERIMENTAL SECTION

2.1. Materials and methods

Carboxylic acid functionalized multi-walled carbon nanotubes (f-MWCNTSs; avg. diam. x L 9.5
nm % 1.5 um), samarium (111) nitrate hexahydrate (Sm(NO3)3.6H,0), ammonium hydroxide (NH;OH),
potassium permanganate (KMnQ,), sulfuric acid (H,SO,) and hydrochloric acid (HCI) were purchased
from Sigma-Aldrich Co Ltd. All other reagents were used without further purification. During the
electrochemical experiment the electrolyte was purged with N, for 15 min to deoxygenation. All the
reaction was used double distilled (DD) water and the electrochemical experiments were carried out at
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room temperature. The electrochemical studies were carried out by CHI 410 computerized
electrochemical workstation. The electrochemical work station setup has platinum wire as an auxiliary
electrode, GCE as a working electrode, and saturated Ag/AgCl as a reference electrode. The EIS
studies were identified by ZAHNER (Kroanch, Germany) 0.1 Hz to 1 MHz frequency. The surface
morphology of the sample was identified by Hitachi S-3000 FE-SEM measurements. FT-IR spectra
were carried out by the JASCO FT/IR 6600 spectrometer.

2.2. Preparation of Sm,03/f-MWCNTSs composite modified GCE

The two step manner was used to prepare the Sm,O3/f-MWCNTSs composites through the
simple sonication method which was reported previously with slight modification [30]. The details
about two step manners are given below. In the first step, to synthesize the Sm,O3NPs, 2g of Sm
(NO3)3.6H,0 was added to 25 mL of DD and ultrasonication for 60 min, then, 30 % of NH,OH liquid
solution was added dropwise to the above solution during the reaction to form Sm,O3NPs. In the
second step, 50 mL of f-MWCNTSs (1g) was added to the Sm,O3 NPs under constant stirring for 30
min. Then, the above mixture was sonicated for 20 min. Finally, the obtained Sm,03/f-MWCNTSs
composite was washed with ethanol and DD water in several times via the centrifugation process with
6000 rpm. The collected samples were dried at oven and used for further experiments.

2.3. Fabrication of Sm,Os/f-MWCNTs modified electrode GCE

For the modification, the bare GCE was polished with 0.05 pm alumina slurry and washed with
DD water to remove the impurities on the electrode surface. The Sm,O3/f-MWCNTs (2:1 ratio)
composite was re-dispersed in DD water and sonicated for 30 min to get well dispersed homogeneous
suspension.

1,2-benzoquinone

\\ GCE/Sm203/f-MWCNTs /

Scheme 1. Preparation of Sm,03/f-MWCNTs composite modified GCE electrode and used for the CC
detection.
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Then, the 8 puL of Sm,03/f-MWCNTSs composite suspension was coated on the mirror polished
bare GCE surface and allowed to dry at room temperature. Moreover, the dried GCE was washed with
DD water to remove loosely bounded Sm,03/f-MWCNTSs particles on the GCE surface. Further, it can
be used for all the electrochemical experiments (scheme 1).

3. RESULTS AND DISCUSSION

3.1. Characterization

Fig. 1 shows the FE-SEM images of (A) Sm,O3NPs, (B) Sm,05/f-MWCNTSs composite and
(C) -MWCNTSs. The SEM image of Sm,O3NPs shows grains in the range of 15-20 nm.

Figure 1. FE-SEM images of (A) Sm,03, (B) Sm,03/f-MWCNTs composite, (C) -MWCNTSs, (D)
EDX spectra of Sm,03, (E) EDX spectra of Sm,O3/f-MWCNTSs composite, (F) EDX elemental
mapping image of Sm,O3/f-MWCNTs composite, (G), (H) and (I) elemental mapping images
for C, O and Sm, respectively.
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Fig. 1A shows the SEM image of Sm,0O3 exhibit crumpled sheet structure and Fig. 1C shows
the tube-like structure of f-MWCNTs. Moreover, Fig. 1B shows the SEM image of Sm,Os/f-
MWCNTSs exhibits Sm,03 anchored on the f-MWCNTSs surfaces, which confirms the well interaction
between the f-MWCNTs and Sm,0O3 NPs. Fig. 1D and E indicates the EDX spectra of Sm,03 and
Sm,05/f-MWCNTS, which confirms that the elements are present in the composite material. From the
elemental mapping, Fig. 1F-I shows that the Sm,O3/f-MWCNTSs composite containing all elements
such as carbon (C), oxygen (O) and samarium (Sm) in the composite materials.

FT-IR spectroscopy is an important technique to characterize the as-prepared composite. Fig.
2A exhibits the FT-IR spectra of (a) Sm,03, (b) Sm,O3/f-MWCNTSs composite. The FT-IR spectrum of
Sm,05 exhibits an O—H stretching vibration at 3500 cm™ and stretching vibrations of C=0 and C-O at
1730 cm™ and 1050 cm™, respectively. The broad absorption band was observed in the region at 680
cm™ which corresponds to the deformation mode of the Sm-O-H bonds in Sm,03.xH,0. The FT-IR
spectrum of Sm,04/f-MWCNTSs composite shows N—H vibrations at 3400 cm™ and C—H stretching at
2925 cm™. Moreover, the bands at 1496 cm™ and 1334 cm™ were assigned to C=C and C-N stretching
vibrations. This can be attributed to the strong interaction between the Sm,03/f-MWCNTSs composite.
In the FT-IR spectra of Sm,03; band is observed at 680 cm™ for the deformation mode of Sm-O-H
band and 1625 cm™ show for the bending mode of H,0. The FT-IR spectrum of the f-MWCNTSs shows
the characteristic peak at 1705 cm™ and a weaker band is observed at 1220 cm™ due to the C=0 and
C—OH vibrations of the -MWCNTSs. In addition, the broad peak appeared at 3450 cm™ for the O-H
stretching vibrations. When the Sm,03; was incorporated on the f-MWCNTSs, the vibration bands of
Sm,03/f-MWCNTs composite were shifted. Therefore, the changes of the vibration band confirmed
the interaction between the f-MWCNTSs and Sm,0O3; NPs.
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Figure 2. (A) IR spectra of (a) Sm,03, (b) Sm,O3/f-MWCNTs composite. (B) EIS spectra of bare
GCE, GCE/f-MWCNTSs, GCE/Sm,03, GCE/Sm,03/f-MWCNTs composite modified electrodes
in 0.1 M KCI containing 5 mM [Fe(CN)g] ™.
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3.2. Electrochemical impedance spectroscopy (EIS)

EIS Nyquist plot (Fig.2B) of (a) bare GCE, (b) GCE/Sm,03, (c) GCE/f-MWCNTSs, (d)
GCE/Sm,03/f-MWCNTSs composite modified electrodes in a 5mM [Fe(CN)e]™ solution containing
0.1 M KCI as a supporting electrolyte and the frequency range between 100 MHz-100 KHz. The
charge transfers resistance (R.;) of modified electrode can be calculated by Nyquist plot fitting with the
Randles equivalent circuit model. The bare GCE displayed a large semicircle with R, of 199.8 Q, and
this is attributed to poor conductivity. The GCE/Sm,0; and GCE/f-MWCNTs modified electrodes
shows R values of 14.6 Q and 20.2 Q, respectively. The GCE/Sm,03/f-MWCNTs composite
modified electrode shows a small semicircle with low R of 24.9 Q due to the lower electrode
resistance. Therefore, the low resistance of the modified electrode should be ascribed to the high
electronic conductivity.

3.3. Electrocatalytic behavior of CC at different modified electrodes

Current(nA)

02 00 02 04 06 08
E/V vs Ag/AgCl

Figure 3. CV curve of (a) GCE/Sm,05/f-MWCNTSs modified, (b) GCE/f-MWCNTSs, (c) GCE/Sm,03
(d) bare GCE in 0.05 M PB solution (pH-7) containing 200 uM CC at a scan rate 50 mV/s.

The electrochemical sensor performance of the different modified electrode towards the
detection CC was identified by the CV in pH-7 in 0.05 M PBS, at a scan rate of 50 mV/s. Fig. 3 exhibit
the electrocatalytic behavior of CC at (a) GCE/Sm,03/f-MWCNTs modified, (b) GCE/f-MWCNTS, (c)
GCE/Sm,03, (d) bare GCE in the presence of 200 uM CC. It was found that the bare GCE shows the
lower peak current was observed for the oxidation of CC. Moreover, the GCE/f-MWCNTSs electrode
an exhibited the well redox peaks at E,, = 0.19 V for oxidation and E,. = 0.14 V for reduction peak
with the corresponding peak current was found to be Iy, = 5.37 pA, l,c= -4.140 pA, respectively. On
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the other hand, the GCE/Sm,03, fabricated electrode shows the CC oxidation peak at Ep, = 0.37 V,
reduction peak at E,c = 0.05 V with the respective peak current values about I, = 2.06 LA and lpe = -
1.516 pA. Interestingly, the GCE/Sm,03/f-MWCNTSs shows the enhanced oxidized and reduced peak
appeared at Epa = 0.21 V, Eyc = 0.17 V and the peak current of Iy, = 6.74 pA, lpc = -4.887 pA. The
obtained result shows that the GCE/Sm,O3/f-MWCNTs modified electrode exhibited an enhanced
electrocatalytic activity for CC. The Sm,O3 combined with -MWCNTs which is an increasing the
electrocatalytic activity due to the interaction between the f-MWCNTs and Sm,0O3; NPs. The excellent
electrocatalytic activity and electrical conductivity of GCE/Sm,03/f-MWCNTs modified electrode can
be used for the detection of CC.

3.4. Effect of different pH and scan rate

Current(pA)
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Figure 4. (A) CVs of the GCE/Sm,03/f-MWCNTs modified in 200 uM CC with different pH
solutions (3, 5, 7, 9 & 11) at a scan rate of 50 mV/s, (B) the bar diagram of I, vs. pH.

In most of the case, the pH of the solution is significant influence factor to the electrochemical
reactions. Fig. 4A exhibit the influence of pH on the electrochemical response of the GCE/Sm,03/f-
MWCNTs modified electrode was studies at different pHs (3 to 11) towards CC detection and the scan
rate of 50 mV/s. It can be observed that the electrolyte pH influenced the peak current and peak
potential of CC detection. In this studies, an increasing the pH value from 3 to 7, the peak current was
increased, after certainly decreased at pH 9 - 11. Moreover, the peak potentials are moved negative to
positive side with an increasing the pH value (3 to 11). Both the anodic peak potential (Ep,) and the
cathodic peak (Epc) of CC were proportional with the solution pH in the range of 3 to 11. These results
suggest that the redox reaction of CC has the equal number of protons and electron transfer process at
the GCE/Sm,05/f-MWCNTSs electrode. Moreover, the maximum peak current was obtained at pH-7
from the Fig.4B. Hence, the electrochemical performance of CC detection and other electrochemical
studies were carried out at pH-7.

Fig. 5A shows the CV response of GCE/Sm,03/f-MWCNTs modified electrode at different
scan rate in the presence of 200 UM CC in N, saturated pH-7 PB solution. The anodic and cathodic
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peak current response was increased with increasing the scan rate between 10-300 mV/s. Moreover, an
increasing the scan rates, the oxidation peaks current and the reduction peak current shifted to positive
and negative potentials, respectively.
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Figure 5. (A) Effect of scan rate at GCE/Sm,03/f-MWCNTs modified electrode towards the detection
of 200 uM CC in PBS (pH-7), (B) Linear plot of scan rate vs. anodic peak current.

3.5. Determination of CC
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Figure 6. (A) DPV response for the different concentrations of CC at GCE/Sm,O3/f-MWCNTSs
modified electrode in PBS (pH-7). (B) Calibration plot between the different concentrations of
CC vs. oxidation peak current.
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Fig. 5B exhibited the linear regression equation for the anodic peak current was Iy, = 0.019 +
1.196 (mV/s) with a correlation coefficient of R* = 0.991. This indicates that the electrocatalytic
reaction at the GCE/Sm,03/f-MWCNTs modified electrode is an adsorption controlled and quasi

reversible reaction.
DPV technique is more sensitive and suitable method than that of CV. Fig.6A shows DPV

responses of CC oxidation on GCE/Sm,03/f-MWCNTs modified electrode in 0.05 M PBS containing
different addition of CC. The CC oxidation peak current was increased with increasing the different
concentration of CC. Fig. 6B exhibit the linear calibration plot between the CC concentration and the
peak current. Moreover, the linear concentration range of fabricated electrode is 0.1-1249 uM and the
limit of detection (LOD) is 0.03 uM. In addition, the sensitivity of the GCE/Sm,03/f-MWCNTS is
calculated to be 0.213puApM™cm™, which is higher than that of the other previously reported modified
electrodes as mentioned in the Table 1 such us, AUNP/CNF-GCE modified electrode (LOD = 0.36
uM) [22], MWNT/GCE fabricated electrode (LOD=0.6 uM) [23], PASA/MWNT/GCE electrode
(LOD= 1 puM) [24], Integrated MWCNT electrode sensor (LOD 0.6 uM) [10], MWCNT-PMG/GCE
modified electrode (LOD= 5.8 uM) [25], SWNT/GCE decorated modified electrode (LOD=0.26 uM)
[26], CMK-3/GCE sensor electrode (LOD=0.1 uM) [27], Nano grass array BDD electrode (LOD= 1.3
uM) [28] and Graphene—chitosan/GCE (LOD= 0.75 uM). Hence, the obtained result shows that the
prepared electrode had better performance for the electrochemical determination of CC due to the
electron transfer and well electro catalytic properties of the GCE/Sm,03/f-MWCNTSs. Moreover, the
GCE/Sm,05/f-MWCNTSs modified electrode has the large surface area and also well adsorption of CC.
Therefore, the GCE/Sm,03/f-MWCNTs composite modified electrode as an excellent electrocatalytic
activity for the electrochemical detection of CC.

3.6. Reproducibility, repeatability and stability

Reproducibility and repeatability of the GCE/Sm,03/f-MWCNTs modified electrode was
identified by CV in 0.05 M PBS containing 0.1 uM CC. The as-prepared sensor shows an acceptable
repeatability with relative standard deviation (RSD) of 2.23 % for repetitive measurements carried out
using a single modified electrode. On the other hand, the GCE/Sm,03/f-MWCNTs modified electrode
exhibited satisfactory reproducibility of 2.98 % for five independent measurements carried out by five
individual modified electrodes. After that, the storage stability of the sensor was monitored one-month
storage period, the modified electrode shows a stable response towards the determination of CC with
76.12% of the initial CC response peak current was obtained after one month of its use which proof
that the excellent storage stability of the prepared electrode.

3.7. Real sample analysis

In order to assess the practical utility of the sensor, we have measured the CC in real water
samples like tap water and sea water by GCE/Sm,03/f-MWCNTs modified electrode. Then the stock
solution of CC was prepared by 0.05 M PBS (pH-7) and the known concentration of CC were spiked
into real samples such as tap water and sea water. Moreover, the aforementioned samples were utilized
to detect real samples. Furthermore, adding values and the recovery results were measured through a
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standard addition method and it was displays in Table 2. From the recovery results, the GCE/Sm,O5/f-
MWCNTs modified electrode has been applied to real sample analysis for the detection of CC.

Table 1. Comparison of analytical parameters of GCE/Sm,03/f-MWCNTs modified for the detection
of CC with previously reported electrodes

Electrodes LOD (uM) Linear range (uM) Ref.
AuNP/CNF-GCE 0.36 5-350 [22]
MWNT/GCE 0.6 2-100 [23]
PASA/MWNT/GCE 1 6-700 [24]
Integrated MWCNT electrode 0.6 1-1000 [10]
MWCNT-PMG/GCE 5.8 30-1190 [25]
SWNT/GCE 0.26 0.4-10 [26]
CMK-3/GCE 0.1 0.5-35 [27]
Nano grass array BDD electrode 1.3 5-100 [28]
Graphene—chitosan/GCE 0.75 1-400 [29]
GCE/Sm,04/f-MWCNTSs 0.03 0.1-1249 This work

Table 2. Determination of CC in water sample by GCE/Sm,05/f-MWCNTs modified electrode.

Sample Added (UM) Found (uUM) Recovery (%o)
Tap water 0 - -
10 9.45 94.5
20 195 97.5
Sea water 0 - -
10 9.81 98.1
20 19.8 99

4. CONCLUSIONS

In summary, we have developed the GCE/Sm,03/f-MWCNTs modified electrode was used for
the selective and sensitive detection of CC. The as-prepared GCE/Sm,03/f-MWCNTSs electrode exhibit
an enhanced peak current of CC than that of the other modified electrode. The GCE/Sm,0s/f-
MWCNTs modified electrode shows the low LOD and high sensitivity. The obtained LOD and
sensitivity are the best than the previously reported CC sensors. In addition, a good recovery of CC at
GCE/Sm,05/f-MWCNTs modified electrode authenticates that the developed sensor can be used as a
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potential electrode material for the detection of CC. Moreover, the prepared sensor has been used for
the determination CC in real sample analysis.
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