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“You know, yesterday at a session | heard a couple interesting ideas that | will definitely try now in my lab. If | hadn't
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come here - | usually go to my society’s Conference on Chemical Sensors — | wouldn’t have learned those things. This
conference is so good in this respect — it connects people from different communities with interests in sensing.”

--From a coffee break conversation at the IEEE SENSORS 2011 Conference, Limerick, Ireland
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Hydrogen peroxide sensor Micro-channel plate Palladium nanoparticle Cyclic voltammetry Amperometric
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A sensor based on Pd/Ni/Si micro-channel plate electrode was fabricated by electrochemical deposition
method of chronopotentiometry for the detection of H202. The morphology and structure of the
electrode were characterized by XRD and SEM. The electrochemical behavior of the H202 sensor was
also investigated by cyclic voltammetric and amperometric techniques in the 0.1 mol/L KOH solution.
The Pd/Ni/Si MCP electrode exhibited high electrocatalytic activity in the oxidation of H202. Under the
optimal conditions, the linear relationship between catalytic current and time was obtained and the
correlation coefficient was 0.99923. The prepared electrode exhibited an ultrahigh sensitivity. In
addition, the electrode possessed superior stability, anti-interference and selectivity. These results
indicate that a sensor based on the Pd/Ni/Si MCP electrode is suitable for detection of H202. Further
work is in progress.
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Electrodeposited Pd/N1/S1 micro-channel plate
electrode for hydrogen peroxide detection and

application

Y.Z. Jing, B.B. Peng, T. Liu, F. Wang , L.W. Wang
Laboratory of Polar Materials and Devices, MOE
and Department of Electronic Engineering
East China Normal University
Shanghai, China
e-mail: Iwwang@ee.ecnu.edu.cn

Abstract—A novel method to construct a sensitive amperometric
sensor for hydrogen peroxide(H,0,) is described. It is composed
of highly dispersed palladium nanoparticles on a vertically
aligned nickel-coated silicon micro-channel plate (MCP). The
morphology of the Pd/Ni/Si-MCP electrode is characterized by
scanning electron microscopy (SEM) and X-ray diffraction
(XRD). The electrode with a three-dimensional structure shows
high-catalytic activity towards oxidation of H,0, in a 0.10 M
KOH solution. The electrode boasts a high sensitivity of 0.86
mAmM-1cm™ at an applied potential of 0.12V, and the detection
limit is 7.6 pM. The linear range is up to 12.5mA with a linear
correlation of 0.99923. In addition, the electrode also exhibits
superior stability, anti-interference, and selectivity. These
features demonstrate the Pd/Ni/Si-MCP electrode is suitable for
detection of H,0,.

1. INTRODUCTION

A high-sensitivity HyO, sensor is very important to food,
pharmaceutical, and environmental analysis, as well as
research of underwater power metal semi fuel cells or cathode
oxidants of direct borohydride fuel cells. Currently, several
analytical techniques including titration [1], fluorescence [2],
chemiluminescence[3], spectrophotometry [4] and
electrochemistry [5,6] have been applied to the determination
of H,O0,. Among them, electrochemical analysis has been
widely used due to several advantages that include fast
response, high sensitivity and perfect selectivity.

In general, there are two different types of electrical H,O,
sensors, which are based on whether or not the working
electrode is immobilized with an enzyme. The enzyme-
modified electrode has been primarily studied due to its high
catalytic activity and excellent selectivity [7,8]. However, the
enzyme-modified electrode requires a relatively harsh
environment for its application and storage. To overcome
these obstacles, more attention has been paid to non-
enzymatic H,O, sensors.

Until now, various materials of metal nanoparticles or thin
films have been reported, but improving the response of

This work was jointly supported by Shanghai Foundamental Key Project No.
11JC1403700, , PCSIRT, the National Natural Science Foundation of China
(No. 61176108), and Hong Kong Research Grants Council (RGC) General
Research Funds (GRF) No. CityU 112510.

Paul K. Chu
Department of Physics and Material Sciences,
City University of Hong Kong,
Tat Chee Avenue, Kowloon, Hong Kong, China

nonenzymatic H,O, sensors to attain excellent sensitivity is
still a big challenge. Typically, the sensing properties of
amperometric sensors strongly depend on the effective surface
area of the electrode materials. The application of three-
dimensional materials to the design of H,0O, sensors is
currently an active research area and variety of three-
dimensional structures have attracted interests because of
their unique properties which differ from those of traditional
bulk materials. In this work, an ordered silicon micro-channel
plate (MCP) was employed as the backbone of the electrode in
an H,0, sensor. The silicon MCP structure was fabricated by
photo-assisted electrochemical etching [9,10]. The novel
structure boasts a large surface-to-bulk ratio, high loading of
catalysts and good mechanical stability. The high porosity and
appropriate geometry of the three-dimensional array reinforce
mass transport and catalytic effect, thus playing an important
role in fast electron transfer in the electrode reactions during
H,0, detection. Our experimental results confirm that the
ordered macro-porous electrode has high sensitivity and offers
a low detection limit, wide linear range, and good long-term
stability. The excellent analytical performance confirms the
applicability of this composite electrode in non-enzyme H,O,
sensing.

II.  EXPERIMENTAL

A. Chemicals

The wafer used to fabricate the MCP was single-sided,
polished, p-type silicon with a resistivity of 2-9 Qcm and a
thickness of 525 pum. Hydrofluoric acid, hydrochloric acid,
palladium dichloride, hydrogen peroxide, and the other
reagents were of analytical reagent grade and used without
further purification. The aqueous solutions were prepared with
18 MQ de-ionized water. All the experiments were carried out
at room temperature in a clean environment.

B. Preparation of the Pd/Ni/Si MCP electrode
1) Silicon MCP Preparation



One 100mm in diameter, p-type, <100> oriented, 2-9Q-cm
silicon wafer with a thickness of 525 um was used in our
experiments. A silicon dioxide layer (300nm thick) was
formed by thermal oxidation as a masking layer. Patterned by
a standard photolithographic process, windows 3 um x 3 pm
square lattices were opened. Then the patterned wafer was
pre-etched in a 25 wt% tetramethyl ammonium hydroxide
(TMAH) aqueous solution at 85°C to form the pits with a
shape of an inverted pyramid. After anodization by photo-
assisted electrochemical etching, the silicon MCP was formed
[9,10]. The thickness of the silicon MCP was about 200 um
with pores about 5 um x 5 pm and wall about 1 um.

1) Preparation of nickel-coated silicon micro-channel
plate(MCP) electrode

Because the etching process degraded the electrical

conductivity of the silicon MCP, a thin nickel film was
produced on the surface of the MCP by electroless deposition
to serve as the electrically conductive layer. To enhance
adhesion between the Ni layer and silicon surface, the sample
was treated in a solution (40% hydrofluoric acid: ethanol:
deionized water: Triton X-100=130: 70: 100: 2, v: v) for 5
min. Electroless deposition was carried out and the details
regarding the electroless deposition can be found in our
previous work [11]. In order to further improve the surface
area and conductivity of the Ni/Si-MCPs, the structure of the
porous nano-Ni was created by the electrochemical nickel-
plated method. Electrodeposition of the porous nano-Ni film
was performed in a standard two-electrode glass cell at 23+1
°C using an electrolyte consisting of 2 M NH,Cl and 0.1 M
NiCl, at a pH value of 3.5, a clean Ni/Si-MCPs as the
working electrode, and a Pt foil as the counter electrode. The
distance between the two electrodes was 1 cm, and the
electrodeposition was carried out at a constant current of 0.25
A cm’ for 90 s.

2) Preparation of Pd/Ni/Si micro-channel plate electrode

The silicon MCP was then put into a buffer solution of

Triton X-100 for at least 2 minutes to increase the
hydrophilicity. Afterwards, the Pd/Ni/Si MCP electrode were
created by the electrochemical palladium-plated method.
Electrodeposition by chronoamperometry of palladium
nanoparticles was also performed in a standard two-electrode
glass cell at 23+1 °C. Electrodeposition was carried out at a
current density of 0.6 m A /em® for 100 s in a mixture of
0.096 mM PdCl, and 0.005 M HCI. PdC,, was used as the
metal ion source. The working electrode was a nickel-coated
silicon micro-channel plate prepared before and the other was
a Pt foil as the counter electrode. Afterwards, the Pd/Ni/Si
MCP electrode was washed with de-ionized water several
times. Then it was rapid thermal annealed at 400°C for 60s
under argon. The electrode transverse area was approximately
0.25 cm’.

C. Apparatus and characterization

The morphology and microstructure were examined by
scanning electron microscopy (SEM, JSM 5610). The
deposited materials were characterized by X-ray diffraction
(XRD) using Cu Ka radiation. The electrochemical properties

of the Pd/Ni/Si MCP were determined by cyclic voltammetry
(CV) and amperometry. Electrochemical measurements were
carried out on a three-electrode electrochemical working
station (Shanghai Chenhua CHI660D) with a saturated
calomel electrode and platinum gauze electrode serving as the
reference electrode and counter electrode, respectively. All
the potentials were referenced to the SCE reference electrode.

@) (b)

© (d)
Fig. 1 (a) SEM image of the Ni-MCP sample(top view);
(b) Image magnified 400 times of Pd/Ni/Si MCP;
(c) Cross section of Pd/Ni/Si MCP electrode;
(d) SEM image of the cross section of Pd/Ni/Si MCP
electrode.

III. RESULTS AND DISCUSSION

A. Characterization of the Pd/Ni/Si MCP electrode

Figs. 1 and 2 show the characterization results of the Ni/Si
MCP electrode and Pd/Ni/Si MCP electrode. The SEM data
reveal the basic structural characteristics of the three-
dimensional array which has good surface quality and can
increase the active sites than the planar electrode. Fig. 1(c)
depicts the surface topography of the cross section of the
Pd/Ni/Si MCP structure. An additional layer can be observed
on the surface of the MCP. The structure of the layer is
characterized by X-ray diffraction in Fig. 2 which shows the
characteristic peaks of crystalline Pd at 40.12° and 46.66°
corresponding to the (111) and (200) planes, respectively.

Fig. 2 X-ray diffraction pattern of the Pd/Ni/Si MCP
electrode.



B. Electrocatalytic oxidation of H,O, by palladium
nanoparticles

The electrocatalytic activity of the Pd/Ni/Si MCP electrode
towards the oxidation of H,O, under alkaline conditions is
studied by cyclic voltammetry. The cyclic voltammogramms
acquired from the Pd/Ni/Si MCP electrode in the absence and
presence of 5 mM H,0O, in a 0.IM KOH solution at a
scanning rate of 100 mV/s are shown in Fig. 3. When
hydrogen peroxide has electrochemical oxidation on the
Pd/Ni/Si MCP electrode, there is an obvious oxidation peak
at 0.12 V. The potential decreases obviously and the current
increases, indicating that the modified Pd/Ni/Si MCP
electrode catalyzes oxidation of hydrogen peroxide. Fig. 3
also shows that the electrode has catalytic activity on
hydrogen peroxide oxidation and reduction, but the
electrocatalytic oxidation activity is more obvious than the
reduction one.

Fig. 3 Cyclic voltammograms obtained from the Ni/Si MCP
electrode in the absence and presence of 5 mmol/L H,O,in a
0.1 M KOH solution at a scan rate of 100 mV/s.

Fig. 4 Cyclic voltammograms of the Pd/Ni/Si MCP electrode
in the presence of 5 mmol/L H,O, ina 0.1M KOH solution
at scan rate of 100 mv/s for 40 cycles.

Fig. 4 is the cyclic voltammograms of the Pd/Ni/Si MCP
electrode in the presence of 5 mmol/L H,0, in .1M KOH at
scanning rate of 100 mV/s for 40 cycles, indicating that the
electrode has good repeatability and stability.

In order to investigate the role of palladium particles in the
catalytic oxidation of H,0,, the CV of the Ni/Si MCP
electrode obtained in a blank solution and after addition of
H,0,. Similar to that shown in Fig.5, it has catalytic effects
in the decomposition of H,0,, but the oxidation current is
smaller. The oxidation potential is higher than that of the

Pd/Ni/Si MCP. This analysis is also applicable to the
reduction peak current. These phenomena indicate that Pd
plays an important role in the electrocatalytic oxidation of
H202.

Fig. 5 Cyclic voltammograms acquired from the Ni/Si MCP
electrode in the absence and presence of 5 mmol/L H,O, in a
0.1 M KOH solution at a scan rate of 100 mV/s.

Fig. 6 Cyclic voltammograms of a 0.1IM KOH solution
containing 5SmMH,0, at different scan rate from 20-100
mv/s.

Fig. 6 shows the cyclic voltammograms of the sensor in a
0.1 M KOH solution containing 5 mM of H,0, at different
scanning rates from 20-100 mV/s. The anodic peak current is
proportional to the square root of the scanning rate. A good
linearity between the square root of the scanning rate and
peak current can be observed in the range of 20-100 mVs™, as
demonstrated in Fig. 7. The correlation coefficient is 0.99991,
indicating that the electrocatalytic oxidation kinetics is
mainly controlled by diffusion of H,0, in the solution. The
current response at 0.12 V is ideal for quantitative
determination of H,O,.

Fig. 7 Dependence of the oxidation peak current on the
potential scanning rates.



C. Sensitivity and linearity

The amperometric response of H,O, on the Pd/Ni/Si MCP
electrode is measured in 0.1 M KOH by continuous addition
of H,0, under stirring at a fixed potential of 0.12 V, as shown
in Fig. 8. Fig. 9 shows the calibration curve of the response
current as a function of time. In the concentration range from
2.5 mM to 12.5 mM with a detection limit of 7.6 UM, the
current varies linearly with the H,O, concentration with a
correlation coefficient is 0.99923. The Pd/Ni/Si MCP
electrode exhibits a high sensitivity of 0.86 mAmM'cm™.
The results indicate that the Pd/Ni/Si MCP electrode has
higher sensitivity and a wide linear range compared to before.
It results from two indispensable factors, namely the high
catalytic activity of the palladium nanoparticles and
framework by the silicon MCP.

Fig. 8 Amperometric response of the Pd/Ni/Si MCP
electrode to successive addition of H,O, at an applied
potential of 0.12 V.

Fig. 9 Calibration curve of the response current as a function
of time.

IV. CONCLUSION

In this work, an electrochemical non-enzymatic H,O,
sensor based on Pd/Ni/Si MCP electrode is fabricated by
electrochemical deposition. The electrode exhibits excellent
analytical performance pertaining to the detection of H,0,
due to the three-dimensional array of Pd/Ni/Si MCP
electrode. It also boasts excellent selectivity, good stability,
and outstanding linearity. Our results show that the H,0,
sensor based on the Pd/Ni/Si MCP electrode is a promising
choice for H,O, detection. The three-dimensional array of
Pd/Ni/Si MCP electrode can increase the active sites and
enhance the mass transfer of reactants or products, thereby
accelerating fast electron transfer and improving the catalytic
efficiency.
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