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Abstract A sensitive and selective electrochemical sen-
sor based on Au-TiO, nanoparticles/Chitosan/gold (Au—
TiO, NPs/Chit/gold)-modified electrode was developed for
the detection of mercury ions (Hg?"), in which the com-
posite electrode was synthesized via sol-gel method and
followed by a self-assembly strategy. The morphology and
microstructure of the Au—TiO, NPs are characterized using
transmission electron microscopy and X-ray diffraction.
The results demonstrate the presence of a monolayer of
well-dispersed Au-TiO, NPs with an average size of
5-15 nm. The electrochemical properties of the resultant
Au-TiO, NPs/Chit/gold-modified electrode and its
response to Hg”" are studied using cyclic voltammetry and
differential pulse anodic stripping voltammetry. The
operational parameters that influence the deposition and
stripping, such as the supporting electrolytes, pH value,
deposition potential and deposition time, are carefully
studied. Under optimal conditions, the as-prepared Au—
TiO, NPs/Chit/gold-modified electrode exhibits a wide
linear response range of 5.0-400.0 nM with a correlation
coefficient of 0.999. In addition, the limit of detection is 1.0
nM with a 240 s preconcentration (S/N = 3), which is
lower than the World Health Organization and Environ-
mental Protection Agency limits for Hg*". The practical
application of the proposed method is evaluated in a real
water sample, and good results are obtained. This finding is
potentially important for electrochemical sensors in envi-
ronmental applications.
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Introduction

Heavy metal pollution has become a serious threat to
human health and the environment due to the metals’ high
toxicities. Hg*" is identified as one of the most highly toxic
heavy metal ions because of its stability in contaminated
sites and the complex mechanism of biological toxicity [1-
3]. The harmful effects of Hg>™ may cause cancer, damage
to the stomach, large intestine and lungs, and can also
increase blood pressure and heart rate [4, 5]. Thus, it is
important to develop a highly sensitive, rapid, and stable
analytical method for monitoring Hg>". Currently, there
are many techniques and methods for the determination of
Hg2+, such as (ICP-MS) [6], atomic absorption spectro-
photometry (AAS) [7, 8], atomic fluorescence spectrometry
(AFS) [9], X-ray fluorescence spectrophotometry (XRF)
[10], and electrochemical methods [11]. Among these
analytical techniques for detecting Hg”", the electro-
chemical methods, especially those based on metal-nano-
particle-(NP)-modified electrode materials, are some of the
most commonly used because of their low cost, high sen-
sitivity, and simple operation compared with other methods
[12]. In particular, gold nanoparticles (AuNPs) are widely
used in chemical sensors because of their excellent con-
ductivity and high activity. For example, Xu and coworkers
[13] prepared an AuNP-modified GCE via the electro-
phoretic deposition of AuNPs on a GCE surface to
simultaneously determine cd**, Pb**t, Cu**, and Hg2+
with a low detection limit of 0.3 pM.

Ceramic nanomaterials, such as TiO, nanomaterials,
known for their biocompatible and environmentally
benign properties, have attracted considerable attention in
recent years for applications in electrochemistry due to
their large specific surface areas, long chemical stability,
and well-aligned nanostructures [14—17]. In previous
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reports, Gan and coworkers [18] prepared TiO,-graphene
nanosheet nanocomposite-modified glassy carbon elec-
trodes (GCE) as an electrochemical sensor to detect
Sudan I, which exhibited a low detection limit of 0.6 nM
(M = mol L_l). Meanwhile, noble metal nanostructures,
especially Au nanoparticles, have attracted tremendous
attention in recent decades due to their excellent optical,
electrochemical and electronic properties as introduced in
the first paragraph. Therefore, we expect that Au-TiO,
NPs combine the advantageous properties of these two
nanomaterials, i.e., Au and TiO, NPs, which should
endow them with unique and novel electrochemical per-
formance. In addition, some reports have also shown that
the electrocatalytic activity of TiO, can be enhanced by
decorating its surface with noble metal nanostructures,
such as Au, Pt, and Pd, due to their electrochemical and
electronic properties [19-21]. Recently, Wu and cowork-
ers [22] prepared an Au-TiO,/GCE-modified electrode
via in situ electrodepositing on TiO,/GCE substrates and
used it to detect arsenic(Ill), which exhibited a low
detection limit of 0.04 uM. However, to the best of our
knowledge, few studies have reported the use of Au—
TiO,-modified gold electrodes for the determination of
Hg*".

In this paper, we report the synthesis of an Au-TiO,
NPs/Chit/gold electrode as a sensor for the determination
of Hg**. The morphology and microstructure of Au-TiO,
NPs with a diameter of nearly 5-15 nm are characterized
using TEM and XRD. The resultant Au-TiO, NPs/Chit/
gold-modified electrode shows excellent electrochemical
response toward the detection of Hg”" and exhibits a wide
linear response range of 5.0-400.0 nM, with a correlation
coefficient of 0.999. The detection limit for Hg*" is down
to 1 nM with a 240 s preconcentration (S/N = 3). In
addition, the prepared Au-TiO, NPs/Chit/gold-modified
electrode exhibits good reproducibility and long-term sta-
bility. Therefore, we believe that the resultant modified
electrode has good potential for use in electrochemical
sensors in environmental applications.

Experimental
Materials

Chit was purchased from Sinopharm Chemical Regent. The
following reagents K3Fe(CN)s, KyFe(CN)g, 1 wt%
HAuCl,, HgCl,, HAc, NaAc, KNOj, and NaBH, were
obtained from Sinopharm Chemical Reagent Ltd. A stock
solution of HgCl, (1 g/l) was prepared by directly dis-
solving HgCl, in ultrapure water. All chemicals used in this
study were of analytical grade or of the highest purity
available.
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Preparation of Au-TiO, NPs

The TiO, nanocomposites were prepared using a sol-gel
process. Briefly, 5 mL of tetrabutyl titanate were dissolved
in 70 mL of ethanol and then 3 mL of acetic acid were
added. The mixed solution was stirred for 10 min, and
then, 7 mL of ultrapure water was added dropwise under
vigorous stirring until a white transparent sol was formed.
After stirring for 24 h at room temperature, the sol trans-
formed into a gel. The gel was dried in an oven at 105 °C
and then calcinated at 500 °C for 2 h to obtain a TiO,
powder.

The Au-TiO, nanocomposites were prepared by chemi-
cally reducing negatively charged [AuCly]” on the posi-
tively charged nano-TiO, surface according to a previous
report with minor modifications [23]. First, a TiO, solution
was prepared by dispersing nano-TiO, in the ultrapure water
and sonicating for 10 min; hydrochloric acid solution was
added dropwise until the pH value was approximately 1-2.
Then, 0.7 mL of a 1-wt% HAuCl, solution was added to the
dispersed nano-TiO, suspension (100 mL) with vigorous
stirring. After a few hours, 0.1 mol L~ ! of sodium boro-
hydride was added to the solution until the solution turned
purple, and Au-TiO, nanoparticles were synthesized.

Fabrication of the Au-TiO, NP/gold electrode

Prior to modification, a bare gold electrode was carefully
polished with 0.3- and 0.05-pum alumina powder to a mirror
surface, sonicated in absolute ethanol and ultrapure water
for 5 min to remove any adsorbed substances on the
electrode surface, and then dried in air. The Au-TiO,
nanoparticles were bound to the electrode surface using
Chit as a binder. The mixed solution of Au-TiO, and Chit
was prepared by mixing 10 pL of the Au-TiO, solution and
2 puL of 1-mg/mL Chit with the aid of ultrasonic agitation,
and then, 6 pL of the mixture were added to the surface of
the gold electrode. Finally, the electrode was dried in air. In
addition, a TiO,/Chit electrode was also prepared using the
same process.

Characterization

XRD patterns were obtained using a XD-5A (Shimadzu,
Japan) by Cu Ka radiation at 30 kV and 30 mA. Trans-
mission electron microscopy (TEM) images were collected
using a Philips Tecnai G2 20 instrument (120 kV). Elec-
trochemical measurements were performed using a CHI
660 electrochemical analyzer (CH Instruments, Chenhua
Co. Shanghai, China) with a three-electrode electrochem-
ical cell. An Ag/AgCl (saturated KCI) electrode and a Pt
wire were used as the reference and counter electrodes,
respectively, and a bare or modified gold electrode (2-mm
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100 nm

Fig. 1 TEM images of Au-TiO, NPs

diameter) was used as the working electrode. All mea-
surements were made at room temperature in solutions
deoxygenated with N, for 20 min and kept under a nitrogen
atmosphere during the measurement.

Results and discussion

Characterization of the Au-TiO, NPs using TEM
and XRD

Figure 1 shows TEM micrographs of the Au-TiO, nano-
composite particles. It can be observed that the AuNPs
were dispersed on the TiO, surface and the formation of
AuNPs was indicated by the dark-contrast objects that were
distributed on low-contrast TiO,, which had diameters in
the range of 5-15 nm. This result indicated that Au had
been grown on the TiO, surface and the successful for-
mation of Au-TiO, nanocomposites.

The XRD patterns of the Au-TiO, NPs are shown in
Fig. 2. The formation of Au-TiO, NPs was further sup-
ported by the XRD measurements. We can observe that
curve a is the as-produced TiO,, which showed a series of
well-defined diffraction peaks at 25.3°, 37.9°, 48.0°, 62.8°,
and 75.0° representing the (101), (004), (200), (116), and
(215) crystalline planes of anatase TiO, (PDF# 21-1272)
[24], respectively. Compared with curve a, four new peaks
in curve b can be observed at 38.2°, 44.4°, 64.6°, and 77.5°,
which can be assigned to the (111), (200), (220), and (311)
crystalline planes of gold (PDF' 04-0784), matching the
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Fig. 2 XRD patterns of Au-TiO, NPs

results of the TEM (Fig. 1) and further demonstrating that
Au-TiO, NPs were successfully prepared in our work.

Electrochemical characterization of Au-TiO, NPs/
Chit-modified gold electrode

Cyclic voltammetry (CV) and electrochemical impedance
spectrum (EIS) are commonly used for the characterization
of modified electrodes and offers information about the
electron-transfer kinetics of redox probes [25]. Figure 3a
shows different CV profiles between the bare electrode
TiO,/Chit and Au-TiO,/Chit-modified electrode in a
solution of 0.1 M KCI, 5 mM K;Fe(CN)g, and 5 mM K,
Fe(CN) at 100 mV s~!. It can be observed that all curves
present clear oxidation and reduction peaks. Compared
with the bare electrode, the TiO,/Chit and modified elec-
trode have a bigger current. After the modification of the
electrode using Au-TiO, NPs/Chit, the electrode has the
highest current, as shown in curve c. In a typical EIS, the
diameter of semicircle equals to the electron-transfer
resistance (R.). As seen in the inset of Fig. 3a, Au-TiO,/
Chit-modified electrode showed a smaller R, than the bare
electrode, suggesting the promotion of electron-transfer
process at the modified electrode surface. These results
reveal that the combination of TiO, and Au NPs provide
easier and faster charge transfer on the electrode surface.
Moreover, a comparison of the peak current obtained for
different electrodes also shows that the Au-TiO, NP
materials have been successfully modified on the bare
electrode.

Figure 3b shows different DPASV profiles between the
bare electrode TiO,/Chit and Au-TiO,/Chit-modified
electrode in a solution of 0.1 M NaAc-HAc (pH 5.0)
including of 0.2 uM Hg”". No peak was obtained at bare
electrode. Under the same conditions, a well-defined
stripping peak was found at TiO,/Chit and Au-TiO,/Chit-
modified electrode. As shown in Fig. 3b, Au-TiO,/Chit-
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Fig. 3 CV curves (a) of bare electrode, TiO,/Chit and Au-TiO, NPs/
Chit-modified electrode in the solution of 5 mM Fe(CN);"#~ and
0.1 M KCl, Inset Nyquist diagram of EIS for bare electrode and Au—
TiO,/Chit; DPASV (b) response of 0.2 pM ngJr on bare electrode,

modified electrode has the highest current. The increase in
stripping current at this modified electrode suggested that
the Au-TiO,/Chit exhibited a good electrochemical per-
formance toward Hg”". The anodic striping (reoxidation of
metal to metal ions) of electrodeposited metal was per-
formed at following parameters: frequency, 20 Hz;
amplitude, 50 mV; and step potential, 4 mV.

Optimization of the empirical parameters

To determine the optimum experimental conditions, the
effect of the experimental parameters, which includes the
supporting electrolyte, pH value, deposition potential and
deposition time, for a 0.2-uM Hg®" solution were
discussed.

Effect of the supporting electrolyte and pH value

Generally, metals have different electrochemical perfor-
mance in different electrolytes [25]. Therefore, to optimize
the response of the Hg®" solution at Au-TiO, NPs/Chit
gold electrode, the effect of some supporting electrolytes,
such as phosphate buffer solution (PBS), acetate buffer
solution (NaAc—HAc), and HCI solution, was studied using
DPASV. As shown in Fig. 4a, a well-defined and highly
sensitive peak was obtained when 0.1-M HAc—NaAc buffer
solutions was chosen as the electrolyte. The differences
from using different supporting electrolytes should be due
to the metal ion complexes formed with the supporting
electrolytes [25]. In addition, the mercury ion have dif-
ferent ion activity in the different buffers and the stripping
peak potential is connected with the ion activity (oc%lg

according to the Nernst equation (E = E’ + RTIno/nF), so
it has the different peak potentials. Moreover, the effect of
the pH in the range from 4.0 to 6.0 on the current response
was also studied in 0.1-M NaAc—-HAc. With an increase in
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TiO,/Chit and Au-TiO, NPs/Chit-modified electrode in the solution
of in 0.1 M NaAc-HAc (pH 5.0). (Condition: deposition potential,
—1.2 V; deposition time, 240 s; frequency, 20 Hz; amplitude, and
50 mV; step potential 4 mV)

the pH from 4 to 5 in Fig. 4b, the peak current gradually
increased. However, the peak current decreases when the
pH value is changed from 5.5 to 6.0, which may be related
to the hydrolysis of the metal ions [26]. Therefore, a
moderately acidic environment is important for the deter-
mination of Hg®". This result indicates that HAc-NaAc
(pH 5.0) was the optimum pH value for detecting Hg* ™.

Deposition potential

In anodic stripping voltammetry analysis, a proper deposi-
tion potential is very important to obtain the best sensitivity.
In addition, the deposition step is usually a simple and
effective way to enhance the sensitivity of the sensor.
Therefore, the effect of the deposition potential on the metal
stripping signal was studied in the potential range from —0.2
to —1.4 V versus SCE in a 0.1-M HAc—NaAc solution at pH
5.0. As shown in Fig. 5a, the stripping currents for Hg*"
increased as the deposition potential shifted from —0.2 to
—1.2 V and the peak current for Hg>" reached a maximum
at —1.2 V. However, when the potential was more negative
than —1.2 V, the peak current slightly decreased, which
should be mostly due to the co-hydrogen evolution at these
negative potentials [27]. Although a higher peak current was
obtained at —1.4 V, in order to avoid the competitive gen-
eration of H, and the codeposition of other metal ions from
analysis of real samples, we chose —1.2 V as the optimal
deposition potential for the next experiment.

Deposition time

Different deposition times can affect the detection limit and
the sensitivity of the modified electrode. Thus, to choose
the most appropriate deposition time, the influence of the
deposition time on the stripping peak currents was also
investigated from 60 to 360 s. Figure 5b shows the
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pulse anodic stripping voltammetry (DPASV) was applied
for the successive determination of Hg*" at different con-
centrations. Figure 6 shows the DPASV responses of the
Au-TiO, NPs/Chit/gold electrode toward Hg*" in 0.1-M
NaAc—HAc buffer solution (pH 5.0) over the concentra-
tions range from 5.0 to 400.0 nM. As shown in Fig. 6, the
error bars of peak current response against the concentra-
tion (inset of Fig. 6), all of the anodic stripping peak cur-
rents were proportional to the concentration of Hg”". The
calibration curve and correlation coefficient were
y = 3.1328x + 0.5339 and R = 0.999 (x: concentration/
pmol, y: current/pA) with a preconcentration time of 240 s
at the deposition potential of —1.2 V versus SCE, as shown

Fig. 6 DPASV responses with increasing Hg”" concentration, from
(a-g): 50x 1073, 25x107% 50x107% 1.0 x 107},
2.0 x 107", 3.0 x 107", 4.0 x 107" pM, respectively. The inser
depicts the calibration plot of the linear relationship between the peak
current and the concentration of Hg”". (Other parameters are the
same as in Fig. 3b)

in the inset graph in Fig. 6. The limit of detection was
calculated to be 1.0 nM (three times the background noise,
S/N = 3) with a sensitivity of 3.133 pA pM ™', which is
better than or compared favorably with other reported
mercury electrodes, as shown in Table 1. Moreover, the
detection limit for Hg?" is lower than the World Health
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Table 1 Performance comparison of the modified electrode for Hg* ™
with other electrodes

Electrode Calibration Detection Reference
range (LM) limit (uM)
Flake-like CuO/GCE 1-200 200 [4]
Au NPs amplified DNA/ - 10 [29]
gold
Graphene-DNA/GCE 0.008-0.1 5 [30]
Surfactant-templated 0.05-1 24 [31]
mesoporous silic/GCE
Au NPs/GCE 0.003-0.05 1.0 [32]
Au-TiO, NPs/gold 0.005-0.4 1.0 Our work
Organization (WHO) and Environmental Protection

Agency (EPA) limits for Hg®". This excellent electro-
chemical performance toward Hg*" is mainly due to the
adsorption capacity of Au-TiO, NPs; AuNPs have a high
affinity for mercury, which enhances the preconcentration
effect via amalgam formation [33].

Repeatability, reproducibility, stability,
and anti-interferences of electrode

The repeatability of the electrode for the determinations of
target analytes was tested. The repeatability was investi-
gated by repetitively measuring the same standard solu-
tions of Hg?". The relative standard deviation was 5.2 %
for 9 successive assays of a 0.2 uM solution of Hg>™,
which indicates good repeatability. In the case of repro-
ducibility of electrodes, six electrodes were prepared.
Then, the reproducibility was performed in the determi-
nation of 0.2 pM solution of Hg”". The relative standard
deviation for the response between electrodes was 2.2 %,
as shown in Table 2. We also examined the stability of the
Au-TiO,/Chit/gold electrode. The solution and the modi-
fied electrode were stored at room temperature for a week,
and the peak currents remained stable. After a two-week
storage period, the electrode retained 90 % of its initial
current response. This result indicated that the composite
electrode could be used for the long-term determination of
Hg?". The interference of some heavy metal ions with the
determination of 0.2 uM Hg®" was tested under the opti-
mal condition. It was found that 100-fold amounts of Na™,
K+, Fe?t, Cu**, Ca**, Zn*", NO3' SO,>~, SCN™, or
CO5”~ have no influences on the signal from 0.2 pM Hg>*.
The experiment indicated that these heavy metal ions did
not interfere with the determination of Hg2+.

Analysis of the real samples

Water samples were used to evaluate the applicability of
the proposed composite electrode for determining Hg>" in
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Table 2 Results of reproducibility test

Serial number of the 1 2 3 4 5 6
electrode
Stripping peak 1.298 1305 1.275 1.270 1.350 1.307

current I, (LA)

Table 3 Determination of Hg*" in real samples

Sample Hg”" added Hg*" found Recovery RSD
(uM) (uM) (%) (%)

Sample 1 0.050 0.0493 98.60 3.60

Sample 2 0.100 0.1057 105.75 3.15

real samples. The water samples were obtained directly
from the university laboratory. The real samples were
diluted in 0.1 M NaAc—-HAc buffer solutions (pH 5.0) in a
ratio of 1:1. The experimental results showed that there
were no obvious signals in the samples. When Hg?" was
added to the real sample, a clear stripping peak can be
observed. The recovery was studied by further standard
additions of Hg®" into the real samples to evaluate the
accuracy of this method. The data measured using the
electrochemical method agreed well with the spiked con-
centrations of the target ion (Hg>") in water, as shown in
Table 3. We can see that the recovery was 98.60 and
105.75 % for the tap water samples, and the relative
standard deviation of the results was in the range of
3.15-3.60 % (RSD). These results demonstrated that the
proposed method has the potential for practical
applications.

Conclusions

In summary, a simple and sensitive electrochemical ana-
lytical method for the determination of Hg>" has been
developed using an Au-TiO,-NP/Chit-modified gold
electrode. The as-prepared Au-TiO, NPs/Chit/gold elec-
trode has an outstanding response to Hg*" due to the high
electrical conductivity and large specific surface area of the
Au-TiO, NPs. In 0.1-M NaAc-HAc buffer solutions (pH
5.0), this modified electrode showed a wide linear current
response toward Hg>" in the concentration range from 5.0
to 400.0 nM with a detection limit of 1.0 nM (S/N = 3),
which provided a new sensitive electrode for the detection
of Hg?". In addition, the reproducibility and stability
measurements demonstrated that the Au-TiO, NPs/Chit/
gold electrode has excellent stability, reproducibility, sen-
sitivity, and electrocatalytic activity for the determination
of Hg®". Furthermore, the practical application of the
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proposed method is evaluated in real water samples, and
good results were obtained. This study highlights the
potential of Au-TiO,-NP-modified gold electrodes as
electrochemical sensors for applications in environmental
control.
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