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A method which was simple, cost effective and environmental friendly was employed for the synthesis
of Ag nanoparticle (AgNP) with gelatin as a multifunctional additive. The hydrogen peroxide (H,0)
non-enzyme sensor was further fabricated using the mixture of the AgNPs with gelatin and fish-scale-
based hierarchical lamellar porous carbon(FHLC). And its electrochemical behavior and stability was
analyzed by CV, electrochemical impedance spectroscopy and amperometric I-t curve. In the result,
the sensor exhibited an excellent response to the H;O,, and the detection limit was 0.6 uM with the
linear response ranging from 0.2 mM to 12.3 mM (R%=0.999). In addition, it exhibited good long term
stability and anti-interference capability.

Keywords: Gelatin, Ag nanoparticle, Hydrogen peroxide, Electrochemical non-enzyme sensor

1. INTRODUCTION

Hydrogen peroxide (H.O;) is a by-product of several selective oxidases and significant
mediator in chemical, biological, food, and environmental processes[1,2]. The accurate and sensitive
determination of H,O, is therefore critical[3-5]. By now, many analytical methods have been
developed for determination of H,O,, among which enzyme based electrochemical sensors are
especially promising due to the high sensitivity and inspection speed[6]. The utilization of enzyme-
modified electrode is, however, limited by its environmental instability and high cost[7,8].

To overcome these problems, the applications of noble nanoparticles in sensors for construction
of non-enzymatic sensors have been witnessed a significant growth in the past few years[9-14].
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Among these sensors, Ag nanoparticle(AgNP)-based sensors have shown extremely sensitive
amperometric response, low detection limit and wide linear range toward samples. Many researchers
have found that the electro-catalytic performance of AgNP-based sensors strongly depended on the
size and distribution[15-19]. Hence, the major challenge is to develop effective methods for the
preparation of AgNPs with well-controlled size and distribution.

In this paper, gelatin was adopted as a multifunctional material for the preparation of AgNPs,
which largely benefits the fabrication process of non-enzymatic hydrogen peroxide sensor from the
following aspects[20-23]. Firstly, as a strong dispersion agent, gelatin is widely applied in food,
photographic and medicine industry. Here, it is expected to control the size and distribution of AgNPs.
Secondly, with having high adhesion ability, gelatin could directly act as the binder after the synthesis
of AgNPs. Thus, the separation process which is complicated and energy consuming can be eliminated
and the fabrication procedure can be simplified. Thirdly, gelatin is commercially available, cheap and
degradable agent. Here, we will report a modified glassy carbon paste electrode based on Gel/AgNPs-
FHLC to determine the H,0,. It was found that the Gel/AgNP-FHLC sensor displayed good electro-
catalytic activity and high stability to the reduction of H,O; by electrochemical analysis.

2. EXPERIMENTS

2.1. Preparation of the H,O, sensor

Synthesis of AgNPs by chemical reduction, the preparation method comprises the following
steps: Put the silver nitrate(AgNQO3) into the gelatin solution in a beaker. After the silver nitrate
completely dissolves, put ascorbic acid solution into the gelatin solution with AgNO3 by dripping
slowly on a magnetic stirrer at room temperature(25°C). After all the ascorbic acid dissolves in the
solution, keep stirring about 15 minutes. Then, mix up the prepared solution with a certain amount of
FHLC uniformly by ultrasonic dispersing technology (FHLC was prepared according to the method
described in a previous study[24]). Put 10uL mixture (Gel/AgNPs-FHLC) onto the surface of glassy
carbon electrode(GCE) by pipette. After drying, it will form a layer on the surface of glassy carbon
electrode. Put 10uL glutaraldehyde solution(0.25%) onto the surface of Gel/AgNPs-FHLC layer as a
crosslinking agent. At last, store the sensor at room temperature.

2.2. Measurements and apparatus

The surface morphologies of the acquired bio-sensitive membrane were characterized by
scanning electron microscopy (SEM) using HITACHI S-4700 (Hitachi, Ltd., Japan) operated at 20kV.
The microstructure of AgNPs was characterized by the UV-vis spectrometer and transmission electron
microscope (TEM) observed with JEM-2100 (JEOL, Ltd., Japan) at 200 kV. To characterize the
AgNPs, X-ray diffraction(XRD) test was completed using a Rigaku Rint D/max 2500 type
diffractometer.
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All the electrochemical experiments-including CV, EIS and CA-were performed by a CHI
660C(CH instruments, Shanghai, China) electrochemical workstation with a conventional three-
electrode system. A preprocessed or modified GC electrode was used as working electrode. A

saturated calomel electrode (SCE) and a platinum wire were used as the reference and the counter
electrodes.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Gel/AgNPs-FHLC film modified electrode

With gelatin as a multifunction additive, the AgNPs have been synthesized by chemical
reduction method. Form the XRD patterns of the as-synthetized product (Fig.1(a)), we can observe five
diffraction peaks at 38.30, 44.30, 64.20, 77.50 and 81.60, which correspond to (111), (200), (220),
(311) and (222) lattice planes of silver, respectively (JCPDS No.4-0783)[25,26]. The diffraction peaks
are extremely specific, which indicates the resultant is pure silver with face-centered cubic crystal
structure[27-29]. To understand the particle size and morphology of the material better, UV-vis
absorption spectra and TEM image were introduced here. As shown in Fig.1(b), the UV-vis absorption
spectra of the as-synthetized product displays a strong absorption peak at wavelength around 450nm,
which is the characteristic absorption peak of the AgNPs[30-32]. And the TEM image (Fig.1(c))

further confirms the particle size of the as-synthetized Ag, which exhibited a regular spherical with
diameter from 50nm to 100nm.
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Figure 1. (a). XRD pattern of the as-synthetized product (b). UV spectra of the as-synthetized product
(c). TEM images of the as-synthetized product

3.2. Electrochemical behavior of the Gel/AgNPs-FHLC film modified electrode towards H,O,

Here, we mainly study the direct electrochemical catalytic response to H,O, of the non-
enzymatic sensor. And CV was utilized to test the Gel/AgNPs-FHLC film modified GCE in 0.1M pH
7.0 PBS without or with H,0,.

The prepared mixture of AgNPs with gelatin was directly used to mix with fish-scale-based
hierarchical lamellar porous carbon(FHLC) for preparation of the slurry. And then it was dropped onto



Int. J. Electrochem. Sci., Vol. 13, 2017 7699

the GC electrode, which was used to prepare the non-enzymatic hydrogen peroxide sensor
by glutaraldehyde crosslinking. Fig. 2 shows the first two cycles’ CV curves of the prepared
Gel/AgNPs-FHLC film modified GCE in pH 7.0 PBS at the scan rate of 50 mV/s. There is a pair of
symmetrical peak, with reduction potential at around 0.00V and oxidation potential at 0.45V, which is
corresponding to the AgNPs’ electrochemical activity. By comparing the CV curves of the first two
cycles, it can be easily observed that they almost overlap, which indicates that AgNPs are fixed onto
the surface of the GCE and the electrode has high stability.
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Figure 2. CVs of Gel/AgNPs-FHLC film modified GCE in pH 7.0 PBS at the scan rate of 50 mV/s
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Figure 3. CVs of Gel/AgNPs-FHLC film modified GCE in pH 7.0 PBS at the scan rate of 50 mV/s in
the absence (a) and presence (b) of H,0..

CVs for the Gel/AgNps-FHLC film modified GCE in 0.1M pH 7.0 PBS without(a) or with
H.O, (b) are shown in Fig.3. Comparing the two curves (Fig.3), besides AgNPs electrochemical
activity peaks, there is an obvious cathode reduction peak in the curve of the PBS solution with H,0,,
which can illustrate that the peak current increases when adding the H,O,. This could be attributed to:
(i) Smaller particle size of AgNPs could provide higher catalytic ability to H,O, reduction. Combined
with the TEM characterization of the AgNPs, the particle size has efficient catalytic ability to H,0,
reduction[33,34]; (ii)Gelatin and FHLC play an important role in the catalytic response to H,O..
Gelatin not only works as the dispersant and protective agent when preparing the AgNPs, but also
helps to form membrane and maintain stability when preparing the electrode[35]. The huge specific
surface area and countless active sites of the FHLC make it an excellent carrier and the AgNPs can be
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dispersed and fixed well on it. Gelatin and FHLC could improve the efficiency and stability of the

catalytic response to H,O,.

Cyclic voltammograms for the Gel/AgNPs-FHLC modified GCE in PBS at different scan rates
are shown in Fig.4(a). The scan rates increased from 20 mV/s to 200 mV/s with the gradient of 20
mV/s. It can be seen that the response current increases with the increasing of scan rate but the peak
potential barely changes. The influence of scan rate to increasing response current is shown in
Fig.4(b). We can find a linear relationship between reduction peak current and scan rates[36]. The
correlation is 0.999, which means the catalytic reaction in the GCE’s surface is controlled by the

diffusion of hydrogen peroxide and the quantitative determination can be achieved.
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Figure 4. (a) Influence of scan rate on electrochemical responses of Gel/AgNPs-FHLC modified GCE
in pH 7.0 PBS with scan rates from 20 mV/s to 200 mV/s, respectively. (b) Linear relationship
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Figure 5. EIS of (a) bare GCE, (b) Gel/AgNPs-FHLC films modified GCEs in pH 7.0 PBS containing
5 mM KsFe(CN)s and 0.1M KCI across the frequency range from 1 Hz to 10° Hz.
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To confirm that the FHLC was fixed onto the surface of the GCE and it did work, we used the
EIS to test the resistance change of bare electrode(a) and Gel/AgNPs-FHLC film modified GCEs(b) in
pH 7.0 PBS containing 5mM K3Fe(CN)g and 0.LMKCI, which are shown in Fig.5. In the equivalent
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circuits, Rs is the resistance of electrolyte, R is charge transfer resistance, Cgy represents double-layer
capacitance, Z,, represents Warburg impedance.

As shown in Fig.5, a semi-circle was found with quite big arc radius with bare electrode, which
indicates a very high electron-transfer resistance to the redox probe. By comparing it with Gel/AgNPs-
FHLC film modified GCEs (Fig.5 b), we can find that electron-transfer resistance is largely reduced.
We fitted the EIS to the equivalent circuits, which is shown in the Fig.5. The fitted charge
transformation resistance (Rer) was 65.9Q. Compared with the line(a), we can confirm that FHLC can
facilitate the electron transportation between the AgNPs and the surface of non-enzymatic electrode.
And the smaller resistance value indicates the well conductivity of FHLC and its hierarchical porous
structure has positive effect on reducing the resistance of ion and electron transportation[37,38].

The amperometric response to Gel/AgNPs-FHLC film modified GCE at -0.4V upon successive
additions of H,O; is shown in Fig.6(a). A certain amount of hydrogen peroxide was added into PBS in
regular intervals of 50s. The reduction current rises sharply and achieves the steady-state current
within 3s. The amperometric response curve to hydrogen peroxide is shown in Fig.6(b). It displays the
perfect linear relationship between the concentration of hydrogen peroxide and the response current
with linear ranging from 0.2 mM to 12.3 mM (R?=0.999). Its detection limit is estimated to be 0.6 uM
based on the criterion of signal-to-noise ratio of 3 and the sensitivity is 16.17 pAmM™“cm.
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Figure 6. (a) The amperometric response of Gel/AgNPs-FHLC film modified GCE at -0.4 V upon
successive additions of H,O,in 0.1 M pH 7 PBS. (b) Amperometric response curve for H,O,

The quick response and high sensitivity could be attributed to AgNPs’ catalysis to hydrogen
peroxide. FPC’s porous structure is not only conducive to the immobilization of AgNPs but also
beneficial to the quick spread of ion and promotes the electron transfer between AgNPs and electrode
surface.

3.3. Interference and stability study of the the Gel/AgNPs-FHLC film modified electrode

To inspect the anti-interference performance of the Gel/AgNPs-FHLC film modified GCE and
investigate whether the hydrogen peroxide detection will be disturbed by other substance, the electrode
was put in 0.1M pH 7.0 PBS at a certain stirring rate. When the initial current was stable, the change of
current was recorded by current-time curve every 50s after adding 0.3mM hydrogen peroxide, ascorbic
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acid (AA), uric acid (UA), dopamine (DA) and glucose (Glu)[39]. The result is shown in Fig.7(b). It
can be clearly seen in the diagram that there is an obvious ascend step after adding hydrogen peroxide
and the response current did not show clear change after adding AA, UA, DA and Glu and at the end
there is another obvious ascend step after adding hydrogen peroxide. From the result, it can be
confirmed that this non-enzymatic sensor based on Gel/AgNPs-FHLC film modified GCE has
excellent selectivity to hydrogen peroxide and anti-interference ability. So it can be used in actual
detection.

The stability tests to the hydrogen peroxide sensor based on Gel/AgNPs-FHLC mainly include
work stability and storage stability. Fig.7(a) shows the current-time curves of the hydrogen peroxide
sensor based on Gel/AgNPs-FHLC in a month. From Fig.7(a), the curves are almost overlap and at the
steady-state response currents are almost the same without decrease trend. After analysis and
calculating, the electrochemical response value to hydrogen peroxide of the non-enzymatic sensor
could remain 99.4% of the initial value after a month, which displays that it has excellent long-term
storage stability. By comparing with other non-enzymatic sensors’ stability which are shown in
Tablel, we can see that its stability is better, which can be attributed to the high stability of gelatin and
FHLC’s to AgNPs’ fixing, AgNPs’ zero-bioactivity, and low requirements to environment. So the non-
enzymatic sensor has excellent advantages for development and can detect hydrogen peroxide
effectively in the long-term.
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Figure 7. (a). The storage stability of the Gel/AgNPs-FHLC film modified GCE (the amperometric
response of Gel/AgNPs-FHLC film modified GCE at -0.4 V in the presence of H,O,in 0.1 M
pH 7.0 PBS for 1 month); (b). Response of the Gel/AgNPs-FHLC film modified GCE to H,0,
AA, UA, DA and Glu. 0.3mM each.

To exhibit that our modified electrode has excellent performance, a comparison of
amperometric response to this Gel/AgNPs-FHLC films modified GCE with other hydrogen peroxide
sensors modified by AgNPs reported in the literature is shown in Table 1. We can see that the
hydrogen peroxide sensor based on Gel/AgNPs-FHLC has large linear detection range, lower limit of
detection and better stability, which could meet the requirement in practical detection of hydrogen
peroxide.

Table 1. Comparison of performances of different non-enzyme sensors based on AgNPs for
determination of H,0,
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Sensitivity -
Sensor LOD(uM) LDR(mM) (LAMMem?) Stability Reference
Ag NPS/ATPIGCE 24 0.1-21.53 - - 2]
Ag@C@Ag/GCE 23 0.07-10 i (fé dgg{; | 4041
Ag/C/GCE 13 0.004-25.5 8.52 2(19g%s [42]
MC/AgNPs/GCE 0.05 0.0001-0.041 7.067 (fg dgi{; ) [43]
AgNP/rGO/GCE 3.6 0.1-100 - - [44]
(PDAIAGNPSY! 65 0.05-1.75 - 2%4‘3'83’3 [45]
AgPS/SWCNT/PET 2.76 0.016-18.085 10.92 - [46]
MWNTSs/Cu/Ag/GCE 2.82 0.002-0.42 i - [47]
Gel/AgNPs-FHLC 0.6 0.2-12.3 16.17 30days — is work

(25°C, 99.4%)

LOD: limit of detection; LDR: linear detection range; ATP: natural nano-structure attapulgite; MC:
mesoporous carbon; rGO: reduction of graphene oxide; PDA: polydopamine; SWCNT: single-walled
carbon nanotube; MWNTS: multi-walled carbon nanotubes

4. CONCLUSION

A non-enzyme sensor with high stability was designed and prepared to determine hydrogen
peroxide (H,0,). It was obtained by modifying glassy carbon electrode (GCE) with gelatin, AgNPs
and fish-scale-based hierarchical lamellar porous carbon(FHLC). Using AgNO3; as raw material,
ascorbic as reducing agent and gelatin as dispersant, the AgNPs was synthesized. The cyclic
voltammogtams at different scan rates, electrochemical impedance spectroscopy (EIS), and
amperometric current time curves indicate that the non-enzyme sensor has excellent electro-catalytic
activity to detection hydrogen peroxide. Its linear detection range is estimated to be from 0.2 to 12.3
mM , with a correlation coefficient(R?) of 0.999 . The detection limit is estimated to be 0.6 uM, and
the sensitivity is 16.17 pAmM™cm2 The electrochemical response value to H,O, of the non-
enzymatic sensor could remain 99.4% of the initial value after a month, which displays that it has
excellent long-term storage stability. Therefore, this method could be a promising candidate for the
preparation of non-enzyme hydrogen peroxide sensor.
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