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Abstract—In this work, we describe the fabrication of an electrochemical sensor for the detection of Hg2+
in various water samples. The electrochemical sensor is fabricated on an indium tin oxide (ITO) modified
with multi-walled carbon nanotubes (MWCNT) and reduced graphene oxide (RGO) hybrid film. The
MWCNT was firstly dispersed using graphene oxide (GO) as dispersant. After coating on the ITO, the GO
was then electrochemically reduced to RGO. The obtained thin film was characterized by scanning elec-
tron microscope (SEM), FTIR, Raman spectroscopy and 3D optical surface profiler. Cyclic voltammetry
and differential pulse voltammetry were employed to investigate the electrocatalytic performance towards
the Hg2+ oxidation. Under optimum conditions, the proposed sensor showed a wider linear range at
Hg(1I) concentrations of 0.05—150 nM. The limit of detection was calculated to be 0.05 nM.
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INTRODUCTION

As is well known, ngJr ions can cause a number of health problems such as brain damage and kidney fail-
ure even at very low concentration [1—3]. Also, it accounts for the majority of toxicity events in microorgan-

isms and other species in the environment. Because the Hg2Jr ions are a major and dangerous contaminant in
environmental and potable water, development of an effective analytical method is strongly demanded. So far,

many analytical methods have been developed for the detection of Hg2+, such as surface enhanced Raman
spectroscopy [4], fluorescent method [5], colorimetric sensor [6], photoelectrochemical biosensor [7] and
electrochemical sensor [8—16]. Among these approaches, due to the relatively high efficiency, sensitivity,

lower cost and simplicity, electrochemical method have become an important investigation domain for Hg2+
detection. In order to enhance the electrochemical performance of the electrode, many materials have been
used as electrode modifier. For example, the authors [17] demonstrated using a three-dimensional-gap-net in

an Au—thiol coordination polymer for electrochemical detection of Hg2+. It is known a palladium
oxide/graphite composite electrode for determining Hg2Jr [18].

Carbon nanotubes are often used for construction of electrochemical sensors due to their high strength and
flexibility, high thermal and electrical conductivity [19—21]. As an important species, multi-walled carbon
nanotubes (MWCNT) have been used for incorporation with other materials to form composites to enhance

the electrocatalytic properties of the electrode. For example, Zhang and co-workers reported a polypyrrole-
imprinted electrochemical sensor based on SnO,-MWCNT film modified carbon electrode for the determi-

nation of oleanolic acid. On the other hand, graphene, a two-dimensional spz—hybridized carbon material, has
attracted attention of various research groups because its excellent charge transport mobility, large specific sur-
face area, high electrocatalytic activity and low cost [22—30]. Due to these properties, graphene has been used
as a new carbon based electrocatalysts for sensing applications. Therefore, attempts to combine graphene with
MWCNT is expected to generate a suitable electrode material for ngJr sensing application. In this work, we

fabricated an electrochemical Hg2+ sensor based on MWCNT-reduced graphene oxide (RGO) modified

! The text was submitted by the authors in English.

213



214 LU, ZHENG

indium tin oxide (ITO). The proposed sensor exhibited an excellent performance towards detection of ngJr
ions in various water samples.

EXPERIMENTAL

Synthetic graphite (average particle diameter < 20 um) was purchased from Sigma-Aldrich” MWCNT
(purity 95%, diameters 40—60 nm, length 1—2 um) was purchased from Shenzhen Nanotech Port Co. Ltd.
(China). All other chemicals used were analytical grade reagents without further purification. Milli-Q water
(18.2 MQ cm) was used throughout the experiments.

Graphene oxide (GO) was firstly prepared with the modified Hummers method with little modifications
[31—34]. The MWCNT-GO dispersion was prepared by adding GO (80 mg) into 160 ml water through 1 h
ultrasound under ambient condition, then 20 mg MWCNT was introduced to the dispersion for further 3 h
ultrasound until a homogeneous black suspension was achieved. After that, | mL MWCNT-GO dispersion
was dropped onto the ITO substrate and dried at room temperature.

The electro-reduction of MWCNT-GO to MWCNT-RGO was conducted using a conventional three-
electrode system. A MWCNT-GO/ITO was used as working electrode, one platinum wire was used as the aux-
iliary electrode and an Ag/AgCl (3M KCl) as the reference electrode. The electrochemical reduction process
was applied to obtain MWCNT-RGO/ITO by immersing MWCNT-GO/ITO into 0.1 M pH 7 phosphate
buffered solution (PBS) solution with cyclic sweeping in the potential range from 0.0 to —1.4 V at a scan rate
of 10 mV/s for 10 cycles.

The morphology of the MWCNT-RGO thin film was characterized using a scanning electron microscope
(SEM), S-4700, Hitachi High Technologies Corporation. The thickness of the thin film was measured using
optical 3D profiler (ContourGT-I, Bruker). Fourier transform infrared spectroscopy (FTIR) spectra were
obtained using a Nicolet 8700 FTIR spectrometer (Thermo Scientific Instrument). The optical analysis was
obtained by UV-Vis spectrophotometer (Perkin ElImer Lambda 950).

RESULTS AND DISCUSSION

The morphology of MWCNT-RGO thin film was examined by SEM. Fig. 1a shows the top-view SEM
image of the MWCNT-RGO thin film. It can be seen that the RGO sheets and MWCNT constructed a very
dense structure. The thickness of the hybrid thin film was measured using optical 3D profiler. As shown in Fig.
1b, the 3D image clearly indicates the thickness of the hybrid thin film is approximately 1.75 um. Moreover,
the both SEM and optical 3D profiler characterization show that the constructed hybrid thin film displays a
uniform surface morphology.
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E————

(2) (b)
Fig. 1. SEM image (a) and optical 3D profiler image (b) of MWCNT-RGO hybrid thin film.

UV-Vis spectroscopy was used for confirming the reduction process of GO during the cyclic voltammetry
(CV) scans. Figure 2a shows the UV-Vis spectra of GO and MWCNT-RGO. As expected, the spectrum of GO
displays two characteristic absorption peaks at 225 and 317 nm, corresponding to T—m* transitions of aromatic
C—C bonds and n—rt* transitions of C=0 bonds, respectively [35]. However, the peak at 225 nm of GO red-
shifts to 266 nm and the shoulder absorption peak at 317 nm disappears in the spectrum of MWCNT-RGO,
indicating the GO has been reduced during the CV scans.
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Fig. 2. UV-Vis spectra (a) of GO (/) and MWCNT-RGO (2). FTIR spectra (b) of MWCNT-GO (/) and MWCNT-RGO (2).

The reduction process was also confirmed by FTIR study. Figure 2b shows the FTIR spectra of MWCNT-
GO and MWCNT-RGO. It can be seen that the spectrum of MWCNT-GO shows several characteristic peaks
at 3430, 1636, 1171 and 1042 em™! corresponding to the —OH vibration stretching, carboxyl C=0, epoxy C—

O and alkoxy C—0, respectively [36]. After CV scans, these peaks show a relatively lower intensity or even van-
ished in the spectrum of MWCNT-RGO, further confirming the formation of RGO.

The fabricated MWCNT-RGO/ITO was used for measuring the Hg2+ content in the water. Figure 3,
curve I shows the differential pulse voltammetry (DPV) measurements recorded from 0 to 0.8 V with bare ITO,
MWCNT-GO/ITO and MWCNT-RGO/ITO for analysis of 100 nM Hg?*. It can be seen that the Hg>* oxi-
dation at bare ITO only exhibits a very small stripping peak. In care of MWCNT-GO/ITO, a larger peak
appears at approximately 0.48 V corresponding to the Hg2+ oxidation. This enhancement is due to the higher
surface area and better conductivity produced by MWCNT-GO hybrid thin film modified ITO, which facili-
tates the electrons transfer at the electrode surface. In contrast, an even higher current response is observed at
MWCNT-RGO/ITO, indicating that the electrochemically reduced GO could restore its conductivity, which
further enhance the electrocatalytic performance of the electrode.
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Fig. 3. DPV voltammograms of 100 nM Hg2+ recorded at bare ITO (7), MWCNT-GO/ITO (2) and MWCNT-RGO/ITO (3)
in 0.1 M HCI.
Accumulation step is a common method for enhancing the electrochemical performance. Figure 4 shows

the effect of accumulation potential and time in the Hg2+ detection. As shown in Fig. 4a, the highest oxidation
current response is obtained at—~0.20 V. The peak current increases gradually with the increase of accumula-
tion time from 50 to 300 s and remains a similar performance if a longer accumulation time is applied (see
Fig. 4b). Thus, the accumulation conditions of—0.20 V and 300 s were adopted in further measurements.
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Figure 5 shows the DPV curves for various concentrations of ngJr electrochemically reacted at MWCNT-
RGO/ITO recorded under optimum experimental conditions. It can be observed that the oxidation peak cur-

rent of Hg2Jr is proportional to its concentration in the range from 0.5 to 150 nM. The linear regression equa-
tion can be expressed asis /,, (LA) = 0.0984 ¢ (nM) + 0.9194, with a correlation coefficient 0of 0.988. The limit

of detection (LOD) is estimated to be 0.05 nM at a signal-to-noise ratio of 3.
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Fig. 4. Effect of the (a) accumulation potential and (b) accumulation time on the current response of 100 nM Hg2+ at
MWCNT-RGO/ITO.
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Fig. 5. DPV curves (a) of the MWCNT-RGO/ITO after the addition of various concentrations of Hg2Jr 0,0.5,1,2,5, 10, 40,
50, 602+80, 100, 110, 130 and 150 nM) in 0.1 M HCI. Plot of the value of anodic peak currents as a function of the concentration
of Hg"™ (b).
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As the guideline value of the Hg2+ in drinking after is 5 nM (World Health Organization), the proposed
method is capable for real samples analysis. Therefore, we further studied the feasibility of the MWCNT-
RGO/ITO for environmental and drinking water analysis. Tap water, rain water, bottle water and lake water
were collected for analysis. The standard addition method was applied and the results are listed in the table.

The results indicate that the recovery for the determination of Hg2+ is in the range of 98.1—101.9%, revealing

that the proposed Hg24r sensor could be employed for accurate and feasible determining Hg2+ in environmen-
tal water samples.

We also tested the influence of common interference species. The DPYV results indicated that the 50-folds
of Cd2+, cr * Na't, KT, Zn2+, Pd2+, C02+, Cl™ and I" did not interfere with the analysis of ngJr (peak cur-

rent changes are less than £4%). Therefore, detection of ngJr in our proposed sensor is not affected by the
common interferences and the selectivity of the sensor is satisfactory.

In order to study the reproducibility of the electrode preparation procedure, six freshly prepared MWCNT -

RGO/ITO were tested for determination of 100 nM Hg2+. The RSD for the peak currents was determined to
be 3.11 %, suggesting a satisfactory reproducibility of the sensor preparation procedure. The stability of the
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MWCNT-RGO/ITO was tested by storing the MWCNT-RGO/ITO in 4°C refrigerator for 1 month and then

the DPV was recorded. The results showed that the oxidation current remained 96.3% for 100 nM Hg2+ detec-
tion compared with the original test.

Determination of Hg2+ in water samples using MWCNT-RGO/ITO

Added Found Recovery RSD
Water sample
nM %
Tap 1 0 0 — 0.25
Tap 2 5 5.02 100.4 .11
Rain 1 0 0.20 — 1.02
Rain 2 5 5.30 101.9 2.55
Bottle 1 0 0 — 0
Bottle 2 10 10.06 100.6 2.11
Lake 1 0 0.75 — 2.33
Lake 2 10 10.55 98.1 0.23
CONCLUSIONS

In this work, a novel MWCNT-RGO hybrid thin film was prepared via a simple electro-reduction process
using GO dispersed MWCNT as precursor. The prepared thin film has 1.75 pm in thickness with a uniform
surface morphology. UV-Vis spectroscopy and FTIR characterizations confirmed the successful reduction

during the CV scans. The prepared MWCNT-RGO/ITO was then employed for determination of ngJr in

various environmental water samples. The proposed Hg2+ sensor exhibited a linear response range from 0.05
to 150 nM and a low detection limit of 0.05 nM.
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