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a b s t r a c t

In this paper, a simple and green strategy, based on the electrophoresis deposition technology, was
reported to prepare Ag nanoparticles (NPs) modified TiO2 nanotube arrays (NTs). The morphologies of
AgNPs, TiO2NTs and AgNPs/TiO2NTs were characterized by transmission electron microscope (TEM) and
scanning electron microscope (SEM). The results demonstrate that the surface of TiO2NTs was
homogeneously decorated with AgNPs, of which the morphology could be easily controlled by the
electrophoretic deposition (EPD) time. In order to investigate the co-effects of AgNPs and TiO2NTs on the
catalysis of H2O2, the electrochemical performances of TiO2 NTs, AgNPs/Ti and AgNPs/TiO2NTs electrodes
were investigated in this work. It is found that the response of AgNPs/TiO2NTs electrode to H2O2 was
remarkably enhanced due to the co-effects of AgNPs and TiO2NTs. Therefore, it could be used to fabricate
H2O2 sensor. The effects of conditions were investigated in detail, such as EPD time, the operating
potential, etc.. Under the optimal experimental condition, the sensor had a quick response to H2O2 at
−0.12 V with a high sensitivity (184.24 mA·M−1 cm−2), wide linear range (0.75 μM–11.16 mM) and low
detection limit (85.6 nM). In addition, the sensor also has good stability and excellent selectivity. The
developed H2O2 sensor has been successfully applied to the detection of H2O2 in real samples. This work
also demonstrated that the AgNPs/TiO2NTs has potential application in fabricating glucose sensor by
immobilizing glucose oxidase onto the prepared electrode.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The stable hydrogen peroxide (H2O2) sensors with high sensi-
tivity, low detection limit and wide linear range have been studied
extensively in the areas of food [1], pharmaceutical [2] and
environmental analyses [3,4]. This has led to the development of
spectrometry [5], chemiluminescent [6] and electrochemical sen-
sors [7–9] for the detection and quantification of H2O2. Among
these, electrochemical methods are superior for their relatively
low cost, high efficiency, high sensitivity and the ease of operation
[10,11]. Many noble metal nanoparticles (NPs), such as PtNPs [7],
AuNPs [12], AgNPs [13] and PdNPs [14] have been widely used in
electrochemical detectors, owing to their excellent conductivity,
extraordinary electrocatalytic property and larger specific surface
area [15]. Among these materials, the conductivity of silver is the
best and the price is much cheaper than the other noble metal
mentioned above. Furthermore, the AgNPs show excellent electro-
catalytic activity to H2O2 [16], therefore, it is the suitable metal
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nanoparticles for H2O2 sensor fabrication. Recent studies [15,17,18]
indicate that the shape and the distribution of AgNPs played a vital
role in the catalytic process to H2O2 and the substrate material for
the loading of AgNPs is also very important to the fabrication of
sensors with higher performance.

The supported system has a major influence on fabricating a
nanostructured AgNPs modified sensor with higher sensitivity and
reproducibility. Many metal oxides, such as Al2O3, SiO2, TiO2, etc.
are common substrate materials used for electrodes' fabrication.
Among them, the highly ordered TiO2 nanotubes (NTs) have good
biocompatibility, large surface area, excellent electron-transfer
behavior and large numbers of active reaction sites for chemical
reactions [19–22]. Therefore, TiO2NTs can be regarded as an ideal
substrate material to fabricate sensors. In the process of modifying
TiO2NTs electrode by metal nanoparticles, the key point for
nanoparticles coating is the control of the size and/or shape of
nanoparticles as well as their self-assembly within ordered struc-
tures, which is also a great challenge in the current nanofabrica-
tion technology due to the small dimensions of nanomaterials
[23,24]. On account of the wide usage of AgNPs/TiO2NTs in the
field of photocatalysis [25,26], bactericides [27], lithium-ion
battery [28], dye-sensitized solar cells [29] and sensors (gas sensor
[30], humidity sensor [31] and polycyclic aromatic hydrocarbons
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sensor [32]), some methods have been employed to prepare
AgNPs/TiO2NTs, including microwave-assisted approach [25], elec-
trodeposition [33,34], chemical reduction method [28] and photo-
deposition [33]. However, most of the existing techniques involve
the use of toxic additives. In addition, the deposition process is
difficult to be controlled, thus invariably leading to unordered
particles aggregation on the top of nanotubes.

Herein, a straightforward strategy to overcome these problems
is proposed, which mainly bases on the conventional electro-
phoretic deposition (EPD) techniques. The mechanism of EPD is
that the charged particles will be driven to and then deposited on
the surface of the substrate when an electric field is applied
perpendicular to the substrate [35]. Then a regular morphology
of the modified electrode with high conductivity could be obtained
by EPD techniques, therefore it has attracted significant attention
in the last two decades for various applications. For example, TiO2

NPs that deposited on a membrane of Ag fibers by EPD was
employed as a photoelectrochemical cell electrode [36], hydro-
thermally synthesized Ag–TiO2 hybrid NPs were deposited onto
3-D Ni-based filters by EPD so that a fully coated morphology
was obtained [37], Au nanoparticle-decorated ZnO nanorod arrays
were fabricated by electrophoresis and exhibited excellent surface-
enhanced Raman scattering performance [38]. In the above
reports, nanopaticles are modified on the outside surface of
substrate materials, however, there were few reports that depos-
ited nanoparticles on both inside and outside surface of the
TiO2NTs by electrophoresis to fabricate sensors.

In this work, a facile EPD technology was used to synthesize
AgNPs modified TiO2NTs. The prepared AgNPs rapidly deposited on
the walls of TiO2NTs under the electric field. By adjusting the voltage
and time of electrophoresis, the aggregation of AgNPs on the surface
of TiO2NTs could be prevented, which ensured large specific surface
area of the electrodes, and led to a higher sensitive sensor. The
electrochemical catalytic activity of the as-prepared AgNPs/TiO2NTs
electrode to H2O2 was investigated in detail. The results show that
the AgNPs/TiO2NTs electrode has a better response to H2O2 than the
single-component TiO2NTs and AgNPs/Ti electrodes, therefore it
could be used as a non-enzymatic H2O2 sensor. In addition, the
AgNPs/TiO2NTs fabricated by EPD also have a low detection limit and
wide responding range to H2O2. Besides, the as-prepared H2O2 sensor
could also be used to detect H2O2 in disinfectant and satisfactory
results were obtained, which demonstrated that AgNPs/TiO2NTs has
a potential application in real sample detection.
Scheme 1. Schematic illustration for the surface decoration strategy of TiO2NTs
based on electrophoresis deposition in the Ag colloidal solution.
2. Experimental

2.1. Reagents and materials

Ammonium fluoride (NH4F) and silver nitrate (AgNO3) were
obtained from Chengdu Chemicals (Chengdu, China), gallotannin
acid was obtained from Beijing Chemical Works (Beijing, China),
and glycerol was from Meilin Industry and Trade Co., Ltd. (Tianjin,
China). Potassium carbonate and hydrogen peroxide (30%, w/w in
water, 99% purity) were purchased from Kelong Chemical Reagent
Company (Chengdu, China). The solution of H2O2 was prepared
before use to avoid excessive decomposition. Phosphate buffer
solutions (PBS) were prepared by mixing stock standard solutions
of Na2HPO4 and NaH2PO4. All chemicals were of analytical grade
and used as received. Double-distilled water was used throughout
the experiments.

2.2. Synthesis of TiO2NTs

Highly ordered TiO2NTs were fabricated by electrochemically
anodizing Ti foils (200 μm thick, 99.6% purity) in a fluoride-
containing glycerol electrolyte [39]. Briefly, all anodizations were
carried out by using the self-designed equipment consisting of two
pieces of Ti foils as cathodes and a piece of Ti foil as anode. The
distance between the anode and each cathode was about 30 mm.
All Ti foils were ultrasonically cleaned orderly with acetone,
isopropanol and double-distilled water, and then dried in air prior
to use. The cleaned Ti foil was anodized in a 100 mL glycerol
solution containing 1 wt% NH4F and 10 vol% H2O (i.e., 10 mL of H2O
and 90 mL of glycerol). All the experiments were carried out at
room temperature, the anodization process was performed with a
DC stabilized power supply (QF1723M, State Qianfeng Radio
Instrument Factory) and consisted of a potential sweep from 0 V
to 50 V at a rate of 2 V min−1, followed by holding the potential at
50 V for 3 h. After anodization, the anodized Ti foils were rinsed
with double-distilled water and dried in air. To improve the
crystalline properties and mechanical stability, the anodized Ti
foils were annealed at 400 1C for 2 h under ambient atmosphere.

2.3. Electrophoretic deposition

Electrophoretic deposition experiments were carried out using a
microcomputer-based Autolab electrochemical workstation (PGSTAT
30/302, Netherlands) connected to a three-electrode cell at room
temperature. Two Pt foil counter electrodes and an SCE (Saturated
Calomel Electrode, saturated by KCl) were used in the three-electrode
system. The EPD cell used in this work was a 50 mL glass beaker, the
TiO2NTs was used as the working electrode and immersed into 40 mL
AgNPs colloid solution, the distance between working electrode and
each counter electrode were 1.5 cm, as illustrated in Scheme 1.
Chronoamperometry was performed for 15–35 min at an operating
voltage of −0.4 V. The liquid phase was vigorously stirred with a
magnetic stirrer during the process of deposition. After the electro-
phoresis, the TiO2NTs electrode, which became yellow-brown, was
softly rinsed with double-distilled water, and dried in a stream of N2

before characterization.

2.4. Instruments

X-ray diffraction (XRD) measurements were performed on a
Tongda TD-3500 X-ray powder diffractometer (Liaoning, China)
with Cu Kα radiation (λ¼0.154 nm). The XRD patterns were
recorded from 201 to 801 at a scan rate of 0.031 s−1. The morphol-
ogy of AgNPs/TiO2NTs was analyzed by field-emission scanning
electron microscope (FESEM, Hitachi S-4800, Japan) and transmis-
sion electron microscope (TEM, JEM 100CX II, Japan). Cyclic
voltammetry (CV), chronoamperometry and electrochemical
impedance (EIS) were performed using a potentiostat/galvanostat
Autolab (PGSTAT 30/302, Netherlands) electrochemical analyzer
system. A conventional three-electrode cell was used, AgNPs/
TiO2NTs (1 cm�1 cm), SCE(Saturated Calomel Electrode) electrode
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and platinum wire were used as working electrode, reference
electrode(saturated by KCl) and counter electrode, respectively. All
potentials given in this work were referred to the SCE electrode and
all the experiments were carried out at ambient temperature.
3. Results and discussion

3.1. Material characterization

The surface morphology of the synthesized TiO2NTs and AgNPs/
TiO2NTs was characterized by FESEM. The FESEM image of as-
prepared TiO2NTs is shown in Fig. 1(A). It is observed that the
prepared materials consists of regular tubes with a diameter of 145
±5 nm and a wall thickness of 15±2 nm. It can be inferred that the
diameter is large enough to allow AgNPs(the size distribution of
AgNPs is shown in Fig. S1) enter the tubes during the electro-
phoretic deposition process. Therefore, AgNPs were presented not
only on the top surface (see Fig. 1(B)) but also on the internal
surface (see Fig. 1(E) and (F)) of TiO2NTs. The effect of EPD time on
the morphology of AgNPs/TiO2NTs was also investigated by FFSEM.
Fig. 1(B–D) shows the images of the AgNPs/TiO2NTs with different
EPD time. From the results it can be seen that the AgNPs
deposition process does not damage the ordered array structure
of TiO2NTs, and AgNPs have been successfully deposited on the
Fig. 1. The FE-SEM images of TiO2NTs (A) and AgNPs/TiO2NTs, prepared with various dep
(deposition time: 25 min), (F) is the HRTEM images of the areas marked by red rectang
surface of TiO2NTs, the XRD patterns in Fig. S2 indicate the
existence of silver. It also reflects that the applied potential
(−0.4 V) is high enough so that the charged AgNPs in the colloidal
solution could be quickly driven to the TiO2NTs electrode.

When the EPD time is 15 min, the AgNPs could be deposited on
the top, inside and outside surfaces of the TiO2NTs walls and their
size is the same as they are in the fresh AgNPs colloid solution (the
TEM image of the fresh AgNPs is shown in Fig. S1). However, there
are still a few AgNPs about 20 nm appeared near the edge of
nanotubes (see in Fig. 1(B)). This could be explained by that the
moving AgNPs colloids would grow up after a long time deposition
before reaching the array's surface, the mechanisms for the crystal
growth could be explained by Ostwald ripening [40–42], which
involves the growth of larger crystals with the expense of smaller
crystals. Consequently, the size of AgNPs in the colloid solution
significantly increased after 25 min of EPD. Due to the stronger
effect of electric field around the edges or corners of each
nanotubes, most of the grown-up particles deposited on the top
of the nanotubes and a few of them could enter the nanotubes'
channel. Fig. 1(E) depicts the TEM image of TiO2NTs with some
grown-up AgNPs deposited. Except the large size of AgNPs, there
are still large numbers of small AgNPs (about 1–2 nm) attached to
the walls of TiO2NTs(shown in Fig. 1(F)). When the EPD time is
35 min, the AgNPs in the colloidal solution grew into bigger ones
and deposited on the top of nanotubes under the electric field.
osition times (B) 15 min, (C) 25 min and (D) 35 min, (E) TEM images of Ag/TiO2NTs
le in (E).



Fig. 2. (A) Cyclic voltammograms (CVs) of TiO2NTs (a) and AgNPs/TiO2NTs
(b) electrodes in 0.1 M PBS (pH 7.4). (B) CVs of TiO2NTs (a) and AgNPs/TiO2NTs
(b) electrode in the presence of 1 mM H2O2 in 0.1 M PBS (pH7.4). (C) CVs of the
AgNPs/Ti electrode in the absence (a) and presence (b) of 1 mM H2O2 in 0.1 M PBS
(pH7.4). Scan rate: 50 mV s−1.
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Fig. 1(D) shows that some particles are larger than 100 nm which
even could block the TiO2 NT mouths, resulting in a decrease in the
specific surface area of the TiO2NTs.

3.2. Electrochemical performance of the AgNPs/TiO2NTs electrode

Cyclic voltammetry is employed to characterize the electro-
chemical behavior of the electrode. Fig. 2(A) shows the CV curves
of AgNPs/TiO2NTs electrode(curve b) and a blank TiO2NTs elec-
trode(curve a) in 0.1 M PBS (pH 7.4). From the results, neither
reduction nor oxidation peak were observed on TiO2NTs electrode.
In contrast, AgNPs/TiO2NTs electrode showed two couples of well-
defined redox peaks which appeared at −0.44 V and −0.12 V (for
the first couple) and −0.09 V and 0.38 V (for the other couple),
respectively (Fig. 2(A), curve b). The two couples of redox peaks
come from the two states of the immobilized AgNPs, which
occurring at lower potential were assigned to the redox of AgNPs
anchored in the internal walls of the nanotubes, and another
couple of redox peaks resulted from the redox of the AgNPs
adsorbed on the top surface of the nanoporous structure by EPD
deposition, similar result was also reported in the study of
immobilized Hb [43] on nanoporous TiO2 films. Therefore, the
redox peaks of curve b in Fig. 2(A) also demonstrate the existence
of silver particles on the surface of TiO2NTs.

The electrochemical response of the TiO2NTs and AgNPs/
TiO2NTs electrode to H2O2 was investigated in this work. Fig. 2
(B) shows the CVs of TiO2NTs (curve a) and AgNPs/TiO2NTs
(curve b) electrode in the presence of 1mM H2O2. Compared with
TiO2NTs electrode, the AgNPs/TiO2NTs electrode exhibited excel-
lent response to H2O2. In order to study the effects of TiO2NTs in
the system, the behavior of AgNPs/Ti, prepared by depositing
AgNPs on the surface of Ti substrate, was also studied. The
electrochemical behavior of AgNPs/Ti electrode was shown in
Fig. 2(C). As Fig. 2(C) shows, a much weaker electrocatalytic
response to H2O2 at about −0.12 V is found (curve b) on the
AgNPs/Ti electrode, which is much lower than that on the AgNPs/
TiO2NTs (Fig. 2(B), curve b) at the same conditions. This demon-
strates that the TiO2NTs can serve as not only a substrate for AgNPs
loadding, but also unblocked “nanochannels”, which can allow
H2O2 to enter the nanotubes more easily and have more chances to
react with the anchored AgNPs.

From the results, the reduction of H2O2 could be occured at
both −0.4 V and −0.12 V, and the response current at −0.4 V is
stronger than that at −0.12 V(Fig. 2(B) curve b), the drastic
enhancement of the reduction current at about −0.4 V corresponds
to the irreversible reaction of H2O2 on the surface of TiO2NTs
[44–46]. As is shown in Fig. S4, cathode peak current of the AgNPs/
TiO2NTs electrode which has been used for the detection of H2O2 is
obviously different from the newly prepared AgNPs/TiO2NTs
electrode at about −0.4 V in the PBS solution, but almost the same
at about −0.12 V. It can be inferred that when AgNPs/TiO2NTs
electrode was used to amperometric detect H2O2 at an applied
potential of −0.4 V, it could not be used repeatedly because of the
background current could not recovery to the original current
value. However, other reducible species may interfere the detec-
tion of H2O2 at −0.4 V (see Table S1), such as UA, glucose, DA etc.
It has been reported that the interference can be significantly
reduced at a relatively low applied potential [11]. In order to
enhance the selectivity of the sensor, the potential of −0.12 V was
chosen as the optimum detection potential in the following
detection experiments.

3.3. The optimization of the electrophoretic deposition time

The amount of AgNPs on the surface of TiO2NTs, mainly
depended on the EPD time, could affect the current response of
the electrode to H2O2. Fig. 3 shows the calibration plot of response
current of AgNPs/TiO2NTs electrodes prepared with various
deposition time (15–35 min) against H2O2 concentration. The inset
shows the effect of EPD time on the sensitivity of AgNPs/TiO2NTs
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electrodes to H2O2. It can be seen that the sensitivity of the
electrode to H2O2 increased as the EPD time increased and reached
a maximum at 25 min, which could ascribed to the large number
of highly dispersed small AgNPs on the electrode. When the EPD
time is more than 25 min, the response current decreased slightly.
Fig. 3. The calibration plot of response current of AgNPs/TiO2NTs electrodes to
H2O2 prepared with various deposition time (15–35 min) against hydrogen per-
oxide concentration. The inset shows the sensitivity of AgNPs/TiO2NTs electrodes to
H2O2 against EPD time.

Fig. 4. Typical amperometric current responses of AgNPs/TiO2NTs electrodes
(deposition time: 25 min) upon successive additions of H2O2 at an operating
potential of −0.12 V in 0.1 M PBS (pH7.4). Inset (a) is the enlarged amperometric
current response of the areas marked by black rectangles. Inset (b) is the calibration
plot of response current against hydrogen peroxide concentration.

Table 1
Performance comparison of the proposed sensor for hydrogen peroxide detection wit
GO¼ graphene oxide, GC¼glassy carbon, NTs¼nanotubes).

Type of the electrode Applied potential (V) LOD (μM) L

Ag-3D catalyst/G 0.6 1.0 0
AgNPs/ZnONRs/FTO −0.55 0.9 0
AgNPs/GC – 2 –

AgNPs/ATP/GC −0.3 2.4 0
AgNPs/DNA/GC −0.4 1.7 0
AgNPs/type I collagen/GC 0.3 0.7 0
AgNP/F-SiO2/GO/GC −0.3 4 0
AgNPs/TiO2NTs −0.12 0.0856 0
This might be due to the fact that AgNPs would become bigger
with the excessive EPD time, as illustrated in Fig. 1(D), and the
bigger particles would block the channels of TiO2NTs and thus
decrease the electrocatalytic sites on the AgNPs/TiO2NTs electrode.
Therefore, 25 min was selected as the optimal EPD time for the
deposition of AgNPs in further experiments.
3.4. Analytical performance of the H2O2 sensor and sample analysis

Fig. 4 shows the amperometric response of AgNPs/TiO2NTs
electrode to successive additions of H2O2 at a constant potential of
−0.12 V in 0.1 M PBS (pH 7.4), and it exhibited a rapid response to
H2O2. Inset (b) exhibits the plot of response current of AgNPs/
TiO2NTs electrode against H2O2 concentration. It can be seen from
inset (b) that the sensor has a good linear current response to H2O2

ranging from 0.75 μM to 11.16 mM with a correlation coefficient of
0.9989. The detection limit of the sensor to H2O2 is 85.6 nM
(S/N¼3). Compared with other reported sensors, the proposed
sensor has a high sensitivity (184.24 mA M−1 cm−2) and a fast
response time to H2O2(less than 5 s), this should be attributed to
the AgNPs deposited onto the nanotubes, which could enhance the
conductivity of TiO2NTs and promote the direct electron transfer.
In order to prove the effects of AgNPs, the response of TiO2NTs
electrode without AgNPs deposited to H2O2 was also investigated,
the result (shown in Fig. S5) indicates that the current response of
TiO2NTs electrode is much smaller than that of the AgNPs/TiO2NTs
electrode. Therefore, we can conclude that the high sensitivity and
fast response to H2O2 should be assigned to the synergistic effects
of AgNPs and TiO2NTs.

The reproducibility and stability are very important for the
sensor applied to detect some real samples. Therefore, the repro-
ducibility and stability of the proposed H2O2 sensor was evaluated
by measuring its response to 0.1 mM H2O2 at −0.12 V. In this case,
eight electrodes were prepared at the same conditions, were
selected to detect H2O2 and a R.S.D. of 4.6% was obtained,
confirming that the fabrication method was highly reproducible.
In addition, twenty successive amperometric measurements at one
modified electrode yielded a reproducible current with a R.S.D. of
4.8%, indicating that the sensor was stable and could be used
repeatedly for the detection of H2O2 without poisoned by
the oxidation products. The sensor drift was calculated by testing
the response current decay rate of the Ag/TiO2NTs electrode,
the response current could be maintained 96% of its initial
within 1000s after adding H2O2 (see Fig. S6), indicating that the
Ag/TiO2NTs hybrid structure possesses good tolerance against
reaction intermediates and may be applicable for long-term
application. The long-term stability of the sensor was also eval-
uated. The sensor was stored in air at ambient conditions and its
sensitivity to H2O2 was tested every 10 days. The result demon-
strated that the response current retained 97.5% of its initial
response current after being stored for 60 days (See Fig. S7). The
good reproducibility and long-term stability of the prepared H2O2
h other sensors. (NPs¼nanoparticles, NRs¼nanorods, G¼graphite, F¼ functional,

inear range (mM) Stability References

.05–2.5 92% remains after 30 days [10]

.008–0.983 – [15]
– [16]

.015–21.530 No obvious change after 14 days [17]

.004–16 No obvious change after 30 days [18]

.005–40.6 No obvious change after 30 days [47]

.1–0.260 92.9% remains after 5 days [48]

.00075–11.16 97.5% remains after 60 days This work
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sensor are desirable for most routine analysis. A comparison of
applied potential, sensitivity, LOD (limit of detection), linear range,
detection limit, and stability for this AgNPs/TiO2NTs modified
electrode with other hydrogen peroxide sensors reported was
shown in Table 1. It can be seen that our AgNPs/TiO2NTs H2O2

sensor performs better.
One of the most important analytical factors for an ampero-

metric sensor is its ability to discriminate the interfering species
having electroactivities similar to the target analyte. To investigate
whether the sensor is specific for H2O2, common interferences
were studied under the same conditions by calculating the ratio of
response current (Is/I0). Is and I0 were chronoamperometric
response current of H2O2 at −0.12 V in the presence and absence
of other compounds. As shown in Table 2, no obvious current
changes were observed in the presence of other interference.
Response current ratio only slightly varied from 0.92 to 1.07 in
the presence of some possible interfering substances including Ca
(NO3)2, KCl, Na2SO4, DA, UA, AA and D-(þ)-glucose. The above
results indicate that our sensing system has a high selectivity
toward H2O2 with the presence of other interferences. This
excellent selectivity should be attributed to the unique reaction
between the H2O2 and AgNPs/TiO2NTs, as discussed above.

To illustrate the feasibility of the H2O2 sensor in practical
analysis, it was employed to measure the H2O2 content in H2O2

disinfectant from different manufacturers. The samples were
diluted 2000 folds by a 0.1 M PBS buffer (pH 7.4). The H2O2

content was determined by the standard addition method.
Table 3 displays the results obtained from the proposed sensor
and a titrimetry method. The recovery tests for H2O2 were
performed by adding different volume of H2O2 in the sample
solutions. The amounts of added H2O2 were then evaluated by
using the proposed H2O2 sensor. The results of recovery test are
summarized in Table 2. These results demonstrate that our
proposed H2O2 sensor offers an excellent and accurate method
for H2O2 determination.
Table 2
Amperometric responses current ratio (Is/I0) of AgNPs/TiO2NTs electrodes to
1�10−3 M H2O2 with the conexistence of other interfering substance at a
concentration of 1�10−3 M. Operating potential: −0.12 V.

Interferent Is (current/μA) Ratio of response current (Is/I0a)

Ca(NO3)2 −18.75 0.94
KCl −18.28 0.92
Na2SO4 −19.19 0.96
DA −20.71 1.04
UA −21.36 1.07
AA −20.41 1.02
D-(þ)-glucose −20.35 1.02

a I0 was −19.86 μA.

Table 3
Determination of H2O2 contents in real samples using the proposed H2O2 sensor and ti

Samplea Conc. (H2O2) in disinfectant (M) Concentrati

Proposed methodb Titrimety method R.S.D.b,c (%)

1 0.90 0.93 7.82 0.50
1.00

2 0.91 0.92 4.26 0.50
1.00

3 0.59 0.60 6.36 0.50
1.00

a H2O2 disinfectant from three different manufacturers.
b Average value from five determinations.
c R.S.D. was the relative standard deviation of the five measurements by the prepar
3.5. Detection of glucose at the GOx–AgNPs/TiO2NTs electrode

As we know that the quantified determination of glucose with a
glucose sensor is mainly based on the electrochemical detection of
the enzymatically liberated H2O2, and the sensitivity of the sensor
is dependent on the electrochemical response of the sensor to
H2O2, electrodes with high catalytic efficiency to H2O2 could also
enhance the sensitivity of the sensor to glucose [49]. To investigate
the sensing ability of sensor to glucose, the glucose oxidase (GOx)
was immobilized on the surface of AgNPs/TiO2NTs (GOx–AgNPs/
TiO2NTs). The CV measurements of GOx–AgNPs/TiO2NTs electrode
were carried out in an air-saturated PBS solution containing
different concentrations of glucose (0–800 μM glucose) (Fig. 5).
It can be seen that the electrocatalytic response of the electrode to
H2O2 at about −0.12 V increases with the increasing of glucose
concentration. At the same time, the reductive current at the FAD
redox potential (−0.31 V) gradually decreases with the increasing
of glucose concentration, the response of the electrode to glucose
at −0.31 V exhibiting two linear regions of glucose concentra-
tion, respectively in 20–200 μM (R¼0.9991) and 200–800 μM
(R¼0.9917). The corresponding sensitivities of the glucose sensor
are 248.55 μA mM−1 cm−2 and 99.27 μA mM−1 cm−2, respectively,
which are both much more sensitive than other methods reported
[21]. As the above discussion, the prepared GOx–AgNPs/TiO2NTs
glucose sensor also has a potential application in the determina-
tion of glucose.
4. Conclusions

In summary, a densely packed TiO2NTs was synthesized based
on the anodic oxidation method and AgNPs/TiO2NTs electrode was
then prepared by depositing AgNPs on the surface of TiO2NTs with
EPD technique, and its application for amperometric detection of
H2O2 was investigated. Compared with AgNPs/Ti electrode and
TiO2NTs electrode, the AgNPs/TiO2NTs electrode exhibited higher
catalytic activity toward H2O2 at −0.12 V. The study results show
that the presence of AgNPs and TiO2NTs were both responsible for
the greatly enhanced performance of the sensor. The morphology
of AgNPs loaded on TiO2NTs and the sensitivity of the electrode to
H2O2 could be controlled by changing the EPD time. The proposed
H2O2 sensor with high sensitivity and low detection limit mainly
depended on a key factor: the highly dispersed AgNPs decorated
TiO2NTs prepared by EPD technology. Satisfyingly, the fabricated
AgNPs/TiO2NTs could not only be applied to construct a H2O2

sensor, but also be used for preparation of glucose sensor via
immobilizing GOx onto the AgNPs/TiO2NTs electrode. Such AgNPs/
TiO2NTs nanocomposites may possess great prospect for applica-
tions in areas including environment, analytical chemistry and
clinical medicine.
trimetry method, and recovery test for real sample.

on of H2O2 added (mM) Concentration of H2O2 found (mM)b Recovery (%)

0.53 106
1.01 101
0.50 100
1.00 100
0.50 100
1.01 101

ed sensor.



Fig. 5. (A) CVs of the GOx–AgNPs/TiO2NTs electrode in 0.1 M of air-saturated PBS solution (pH 7.4) with different glucose concentrations. (B) Enlarged graph showing the
rectangular region marked in (A). Inset of (B): the calibration plot of the cathodic current versus the glucose concentration at −0.31 V. Scan rate: 50 mV s−1.
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