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The novel cubical nano-titanium carbide loaded gold nanoparticles modified electrode
for selective and sensitive detection of trace chromium (Cr) in coastal water was
established based on a simple approach. Nano-titanium carbide is used as the typical
cubical nanomaterial with wonderful catalytic activity toward the reduction of Cr(Vl).
Gold nanoparticles with excellent physical and chemical properties can facilitate electron
transfer and enhance the catalytic activity of the modified electrode. Taking advantage
of the synergistic effects of nano-titanium carbide and gold nanoparticles, the excellent
cathodic signal responses for the stripping determination of Cr(VI) can be obtained. The
limit of detection of this method is calculated as 2.08 g L~ with the linear calibration
curve ranged from 5.2 to 1040 wg L=, This analytical method can be used to detect
Cr(Vl) effectively without using any complexing agent. The fabricated electrode was
successfully applied for the detection of chromium in coastal waters collected from the
estuary giving Cr concentrations between 12.48 and 22.88wg L~ with the recovery
between 96 and 105%.

Keywords: chromium, nano-titanium carbide, gold nanoparticles, cathodic stripping voltammetry, coastal water

Introduction

Chromium (Cr) is an ecotoxic trace metallic element that exists in soils, waters, and air. Due to
the large discharge of Cr from various industrial processes such as electroplating (Zhang et al.,
2012) and pigments (Kendig et al., 2001), the Cr speciation in terrestrial and oceanic systems
has attracted considerable attention over the past several years. Cr is present in natural waters
in two most stable oxidation states: Cr(VI) and Cr(III), which have different toxicities. Cr(VI) is
a suspected carcinogen and soil, surface water, and seawater contaminant, toxic to humans and
other mammals, while Cr(III) is an essential nutrient element for living organism (Zhou et al,,
2012; Espada-Bellido et al., 2013). The seawater contaminant of Cr(VI) will produce serious impact
to marine organism, even the whole marine ecosystem. It has been reported that by exposure of
sample waters containing Cr(VI) and Cr(III) to UV light, Cr(III) could be oxidized to Cr(VI),
with Cr(VI) concentration equal to the total Cr (Bobrowski et al., 2004; Bas, 2006). Therefore,
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determination of Cr(VI) in seawater has been an important task
and challenge.

So far, many methods have been developed for the detection
of Cr, such as inductively coupled plasma mass spectrometry
(Zhang et al, 2008), chemiluminescence (Kanwal et al,
2010), colorimetric (Zhao et al., 2012), fluorescence resonance
energy transfer assay (Liu et al., 2013), inductively coupled
plasma atomic emission (ICP-AES) (Lai and Tseng, 2011),
UV-vis spectroscopy (Jin et al, 2014), high performance
liquid chromatography (HPLC) (Posta et al, 1996), and
atomic absorption spectroscopy (Gardner and Comber, 2002).
However, there are some disadvantages of these methods,
for example, time-consuming procedures, tedious sample
preparation, and special equipment needed (Zhou et al,
2013). Instead, electrochemical method has been recognized
as one of the most attractive alternative methods for trace
Cr analysis, benefiting from its advantages of low cost,
simple, and convenient operation, fast experimental process,
high sensitivity and selectivity, and potential application for
on-site monitoring (Rodgers et al., 1999). To increase the
performance of electrochemical detection of Cr, numerous
of nanomaterials were employed to modify the work
electrode.

Metal nanoparticles have been widely used in electroanalysis
field due to their serious of advantageous properties. They
provide important functions for electroanalysis: improved mass
transport, high effective surface area, and catalytic properties (Liu
etal,, 2008). Gold nanoparticles (AuNPs) show excellent catalytic
property toward the electrochemical reduction of Cr(VI) and
have been used as the electrode modifier for the determination
of Cr (Liu et al., 2007, 2008; Tsai and Chen, 2008). It should
be noted that aggregation of AuNPs usually happens if the
dip-coating of AuNPs aqueous solution is employed. So, the
method based on the self-assembled monolayer of AuNPs was
reported (Yang and Zhang, 2004; Zhou et al., 2006). However,
it is not very convenient to modify the electrode surface with
AuNPs by multi-step process. Therefore, electrodeposition was
preferred for the preparation of AuNPs modified electrodes
in one step process (Tsai and Chen, 2008). Nevertheless, the
AuNPs deposited on the electrode surface usually fall off
during the electrochemical detection process. To solve this
problem, an appropriate supporter should be selected to load the
AuNPs.

Recently, Nano-titanium carbide (Nano-TiC) as one of the
nanosized transition metal carbides has attracted significant
interest for a number of applications in many fields due to its
intrinsic material properties such as high electrical conductivity,
low density, high surface area, and catalytic activity (Rodriguez
et al., 2009; Flaherty et al., 2010). Besides, the cubic phase also
provides Nano-TiC the potential application as the supporter
of AuNPs. More importantly, Nano-TiC exhibits interesting
electrocatalytic properties.

In this paper, a modified electrode was fabricated using
cubical Nano-TiC as the supporter to load AuNPs for the
determination of chromium in coastal water samples. The
fall off of deposited AuNPs was prevented by loaded on
the cubical Nano-TiC. Moreover, based on the synergistic
effects of Nano-TiC and AuNPs, such designed AuNPs/Nano-
TiC modified glass carbon electrode (AuNPs/Nano-TiC/GCE)
can offer remarkably improved sensitivity for voltammetric
measurement of Cr(VI). Experimental conditions and analytical
performances were systematically investigated. The developed
electrode was successfully applied for the analysis of Cr in real
coastal water samples with satisfactory results.

Material and Methods

Materials

Chloroauric acid (HAuCly) was supplied by Sinopharm
Chemical Reagent Co., Ltd. Nano-TiC was purchased from
Nanjing Emperor Nano Material Co., Ltd., China. All other
chemicals are analytical reagents used without further
purification. Cr(VI) solution was prepared by dissolving
potassium dichromate in deionized water. Deionized water
(18.2 M2 cm specific resistance) obtained from Pall Cascada
laboratory water system was used throughout. Coastal water
samples were collected from local (Yantai) estuary with different
position.

Characterization

The properties of the AuNPs/Nano-TiC/GCE were characterized
by scanning electron microscopy (SEM, Hitachi S-4800). All the
electrochemical experiments were carried out in a conventional
three-electrode cell controlled by CHI 660E Electrochemical
Work Station. A modified glassy carbon (GC) disk (3mm in
diameter) was used as the work electrode, with an Ag/AgCl

Electro-
deposition

@

GCE Nano-TiC/GCE AuNPs/Nano-TiC/GCE
Cr(lI)
FIGURE 1 | Schematic illustration for the fabrication process of the proposed electrode designed for Cr (VI) detection.
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FIGURE 2 | SEM images of Nano-TiC/GCE (A), AuNPs/GCE (B), and
AuNPs/Nano-TiC/GCE (C).

electrode and platinum foil serving as the reference and counter
electrodes, respectively.

Fabrication of the AuNPs/Nano-TiC/GCE

Before used, the GCE was firstly mechanically polished over a
micro-cloth with 0.05pum alumina slurry and then was rinsed
and ultrasonicated by deionized water. The suspension of 0.5 mg

mL~! Nano-TiC was obtained by dispersing the powders with
deionized water, and then ultrasonicated for 10 min. The Nano-
TiC/GCE was prepared by dropping above Nano-TiC suspension
(10 L) on the surface of GCE and drying with an infrared lamp.
Then the Nano-TiC/GCE was immersed in the 0.5 mol L~!
sulfuric acid (H2SO4) solution containing 1 mmol L~! HAuCly,
and electrodeposited at the potential of —0.2V for 3s under
stirring. After cleaning carefully, the AuNPs/Nano-TiC/GCE was
obtained. Schematic illustration of the fabrication process is
existed (Figure 1). For comparison, AuNPs/GCE was fabricated
through electrodepositing AuNPs on GCE directly.

Electrochemical Procedure

The AuNPs/Nano-TiC/GCE was placed in a voltammetric
cell with 10 ml electrolyte solution during the electrochemical
measurements. Differential pulse voltammetry (DPV) technique
was used to investigate the response of AuNPs/Nano-TiC/GCE
toward the electroreduction of Cr(VI). DPVs were performed in
hydrochloric acid (HCI, pH = 2), if not stated otherwise. The
Cr(VI) solutions were spiked into the cell and the accumulation
was carried out at 0.5V with stirring. After a 10s quilibration
period, the voltammogram was recorded by applying a negative
going DPV potential scan from 0.65 to 0.1 V (with a step potential
of 8 mV and amplitude of 50 mV).

Results

SEM Characterization of the Modified Electrode

SEM is an efficient tool for the morphology investigation of
modified electrodes. The SEM photographs of Nano-TiC/GCE
(Figure 2A), AuNPs/GCE (Figure 2B), and AuNPs/Nano-
TiC/GCE (Figure 2C) are illustrated here. It can be clearly
observed that cubical Nano-TiC on electrode surface aggregates
to form the Nano-TiC clusters. AuNPs with about 100 nm
in diameter were distributed on the AuNPs/GCE. As to the
AuNPs/Nano-TiC/GCE, the morphology of Nano-TiC was
similar to that on Nano-TiC/GCE, but the clusters are covered
with numerous of AuNPs with a smaller diameter (about 15 nm).

Electrochemical Properties of the Modified
Electrode

To investigate the electrochemical properties of the modified
electrode, cyclic voltammograms (CVs) of different electrodes in
0.5 mol L™ H,SO4 from 0.2 to 1.2 V with a scan rate of 100 mV
s~! are shown in Figure 3A. As expected, no redox peak can
be observed in the CVs of GCE and Nano-TiC/GCE within the
scan range. However, a reduction peak at about 0.6V can be
observed on the AuNPs/GCE. As to the AuNPs/Nano-TiC/GCE,
the reduction peak appears larger and shifts positively to about
0.65 V. The DPV responses of different electrodes toward Cr(VI)
in HCI (pH = 2) are also explored and shown in Figure 3B.
There is no reduction peak at the GCE with 520 ug L=! Cr(VI).
However, the reduction peak of Cr(VI) appears at about 0.22
and 0.42 V for AuNPs/GCE and Nano-TiC/GCE respectively. By
contrast, the reduction peak of Cr(VI) at AuNPs/Nano-TiC/GCE
is much larger than that of AuNPs/GCE and Nano-TiC/GCE,
which is also at about 0.42'V.
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FIGURE 3 | Cyclic voltammograms (A) in 0.5 mol L-1 H>S0,4 solution (scan rate: 100 mV s“) and differential pulse voltammograms (B) in HCI solution
(with 520 g L=1 Cr(Vl), pH = 2) of GCE, Nano-TiC/GCE, AuNPs/GCE, and AuNPs/Nano-TiC/GCE.
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FIGURE 4 | Effect of Nano-TiC volumes (A), electrodepositing time (B),
and pH values (C) on the DPV signals for 520 g L-1 Cr(VI).

Optimization for Cr(VI) Detection at
AuNPs/Nano-TiC/GCE

The parameters that control the analytical performance of Cr(VI)
on the AuNPs/Nano-TiC/GCE have been optimized. Figure 4A
shows the effect of Nano-TiC volumes dropped at the GCE
surface on the DPV signals for 520 ug L=! Cr(VI). When 10 pL
was adopted, the fabricated electrode has the biggest reduction
current. The effect of electrodepositing time on the response of
this electrode was shown in Figure 4B. It can be seen that 3s
was the best time for the AuNPs electrodeposition. Figure 4C
exhibits the effect of pH (HCI solution) values on the response
of the proposed electrode. Clearly, the detection performance
of Cr(VI) was best when the pH value of HCI solution was
equal to 2.

Analytical Performance

For accurate analysis, a linear calibration curve between
reduction current and Cr(VI) concentration is necessary.
Figure 5 displays the calibration curve of the AuNPs/Nano-
TiC/GCE for increasing Cr(VI) concentrations under the
optimum experimental conditions. A linear relationship between
the reduction current and Cr(VI) concentration was obtained
covering the concentration range from 5.2 to 1040 jug L~1. The
linear regression equation was ip = 4.158 C + 0.942 (R* = 0.997),
in which i, as the peak current and C the concentration of Cr(VI).
The limit detection was calculated as 2.08 pug L™! (S/N = 3).

The reproducibility of the AuNPs/Nano-TiC/GCE was
evaluated in 520 jug L=! Cr(VI) by ten independent electrodes
prepared in the same way, and the corresponding relative
standard deviation (RSD) was 3.79%. The repeatability of the
proposed electrode was studied by detecting 520 ug L= Cr(VI)
using the same electrode for ten measurements, and the RSD
was 3.32%. To verify the anti-interference ability of this electrode
various foreign species were added into the HCl (pH = 2)
solution containing 520 g L~! Cr(VI). It was found that
additions of 1000 fold excess of Na*, KT, Mg?", Ca?*, 100 fold
excess of Pb?*, Mn?*, Cu?*, Cd**, Cr**, and 50 fold excess
of Fe>* did not affect the determination of Cr(VI) (5% current
change).
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FIGURE 5 | Calibration curve of Cr(VI) on the AuNPs/Nano-TiC/GCE in
pH = 2 HCI.

Coastal Water Samples Analysis

This proposed modified electrode was used for the analysis
of coastal water samples. Before detected with the proposed
method, all coastal water samples were filtered with 0.45um
membrane filters and then UV-digested after adjusting the pH
to less than 2.0 to make sure that all ligands bound to Cr were
released and all Cr species were oxidized to Cr(VI). About 100 wL
HCI (1 mol L™!) were added to 9.9 mL above samples solution to
adjust the pH value equal to 2. After stirring, the DPV procedure
mentioned above were operated. The obtained results are shown
in Table 1.

Discussion

From the SEM photographs of different electrodes (Figure 2), it
can be concluded that AuNPs are loaded on Nano-TiC uniformly.
The reduction of AuNPs diameter was caused by the existence
of Nano-TiC, and this can provide more active sites for Cr(VI)
electrochemical reduction. The amount of AuNPs was increased
long with the reduction of AuNPs diameter.

The CV comparison of different electrodes (Figure 3A) shows
that the obtained electrode has the strongest electrochemical
activity. Nano-TiC can enhance the background current due to
its high specific surface area. For AuNPs/GCE, the reduction
peak at about 0.6V was caused by the AuNPs. As to the
AuNPs/Nano-TiC/GCE, the enhancement of the reduction peak
of AuNPs may be caused by the reduction of AuNPs diameter
and increase of AuNPs amount as well as the electrocatalytic
activity of Nano-TiC. Figure 3B illustrates that all Nano-TiC
and AuNPs have the electrocatalytic effect on the reduction of
Cr(VI). However, due to the synergistic effects of Nano-TiC and
AuNPs, AuNPs/Nano-TiC/GCE has the biggest electrocatalytic
response.

Figure 4 shows the parameters that control the analytical
performance of Cr(VI) on AuNPs/Nano-TiC/GCE. 10 L Nano-
TiC (0.5mg mL™1), 3s electrodepositing time, and pH = 2
HCI solution are the optimized parameters. A larger Nano-
TiC volume, the response signal started to decrease. A possible
explanation to this phenomenon is that the Nano-TiC film is
so thick to prevent electrons transfer. As mentioned above, the
response of this electrode is due to the synergistic effects of

TABLE 1 | Determination of Cr(VI) in coastal water samples at
AuNPs/Nano-TiC/GCE.

Sample Spiked Found Recovery
Cr(Vl)/pg L1 Cr(Vl)/pg L1 (%)

Coastal water 1 0 12.48 £ 0.15 -

52 66.67 + 0.97 1034+ 1.5
Coastal water 2 0 22.88 +£0.27

52 76.08 £1.72 101.6+2.3
Coastal water 3 0 16.12 £ 0.31 -

52 67.30 + 1.84 98.8+2.7

TABLE 2 | Comparison of the performances of different modified
electrodes for the determination of Cr(VI).

Electrode Linear Limit of References

range/pg detection/iLg

L-1 L-1

AuNPs/GCE 0.13-45 0.01 Liu et al., 2008
graphite/SPE 100-1000 19 Hallam et al., 2010
AuNPs/SPE 10-50000 5 Liu et al., 2007
Au/SPE 520-83200 228.8 Metters et al., 2012
Au microchip 104-10400 46.8 Lietal, 2013
electrode
gold-plated 20-100 4.4 Kachoosangi and
carbon composite Compton, 2013
electrode
Bismuth film 10-70 5.27 Li et al., 2009
electrode
PB/GCE 0.5-200 0.15 Xing et al., 2009
Bismuth/Carbon 0-1.3 0.002 Ouyang et al.,
nanotubes/GCE 2013
AuNPs/Nano- 5.2-1040 2.08 This work
TiC/GCE

Nano-TiC and AuNPs, and the effect of Nano-TiC is remarkable.
So, if it is much more than Nano-TiC, AuNPs will manage
the electrocatalytic response of this electrode. However, the
effect of AuNPs is less than the synergistic effects of Nano-TiC
and AuNPs. This is why 3s is the best electrodepositing time.
According to literature (Liu et al., 2008), Cr(VI) reduction is a
proton-dependent process, so the pH is an important parameter.
In this proposed method, the electrode has the largest response
toward the Cr(VI) reduction when the pH of HCI solution was
equal to 2.

The analytical performance of this proposed method is
satisfactory. The linear range of this method spans the
concentration of Cr(VI) from 52 to 1040 g L~!, which is
wider than that at AuNPs/GCE and graphite modified screen-
printed electrode (graphite/SPE) (Liu et al., 2008; Hallam et al.,
2010). The limit of detection is 2.08 g L~!, which is also better
than that at AuNPs/SPE, Au/SPE, and Au microchip electrode
(Liu et al., 2007; Metters et al., 2012; Li et al., 2013). The
comparison of performances of different modified electrodes for
the determination of Cr(VI) is shown in Table 2. Moreover, the
reproducibility, repeatability, and anti-interference ability of this
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electrode are also satisfactory, and this makes it possible for the
analysis of coastal water samples.

As to the practical analysis of coastal water, the Cr(VI)
concentration from 12.48 to 22.88 jug L™! can be detected in the
estuarine water samples. To verify the feasibility of this method
for coastal water detection, a recovery test was performed by
adding known concentration (52 g L™) of Cr(VI) into the
estuarine water samples. The percentages of recovery between 96
and 105% were obtained.

Conclusions

The novel modified electrode based on cubical Nano-TiC and
AuNPs was fabricated for the determination of chromium in
coastal water samples. AuNPs were loaded on Nano-TiC, and
their diameter was decreased due to the existence of Nano-TiC.
Meanwhile, the fall off of deposited AuNPs was prevented by
loaded on the cubical Nano-TiC. Due to the synergistic effects
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