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Synthesis of Pd-Ni/C bimetallic materials and their
application in non-enzymatic hydrogen peroxide detection
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In this study, carbon based bimetallic materials (Pd—-Ni/C) were synthesized by polyol method in order to increase the
hydrogen peroxide reduction catalytic activity of Pd using Ni metal. Hydrogen peroxide reduction and sensing properties of
the prepared catalysts were measured by electrochemical methods. As a result, we have established that the addition of Ni
at different ratios to Pd has a considerable electrocatalytic effect on HyO, reduction. This work provides a simple route for
preparation of Pd—Ni catalysts to create a very active and sensible electrochemical sensor for H,O; sensing.
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1. Introduction

Hydrogen peroxide (H,O») is a typical perox-
ide, commonly found in nature, which is widely
used in food production, chemical synthesis, fuel
cells, and pharmaceutical analysis [1-3]. In ad-
dition, H,O, is the major predictor of oxidative
stress, and at the same time, it is very reac-
tive and capable of forming detrimental hydroxyl
radicals [4-6].

Thus, the preparation of variable and correct
sensing process for precise monitoring of H,O; has
been investigated at a comprehensive level. There
are several techniques for determination of H,O5,
such as colorimetric assay, electrochemilumines-
cence and electrochemistry [7-10].

Electrochemistry is the most convenient method
for H,O, determination due to the low limits
of detection, high selectivity, and sensibility [11,
12]. However, it often suffers from low stabil-
ity as well as low reusability because of the in-
ternal structure of enzymes. Enzyme-free meth-
ods help to remove the disadvantages of the enzy-
matic processes. HoO; can rapidly be electrochem-
ically measured by direct reduction or oxidation
method [13].
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Metal nanoparticles have many unique proper-
ties such as large surface-to-volume ratio, high sur-
face reaction activity, high catalytic efficiency, and
strong adsorption ability [14].

Bimetallic NPs have higher catalytic activ-
ity and better selectivity than their monometallic
equivalents since they have strong synergistic ef-
fect between metals. In addition, different bimetal
nanostructures have been described by Wang et
al. [12] and they have shown that these NPs present
significant catalytic performance.

However, addition of other transition metals to
Pd may improve its electrochemical efficiency by
altering the electronic structure. Pure nickel (Ni) is
ductile and tough because it has a face-centered cu-
bic (fcc) crystal structure up to its melting point and
shows a remarkable synergistic effect of increasing
the electrochemical efficiency of Pd [15].

Especially, the efficiency of metal nanoparti-
cles used as a catalyst is directly related to the
synthesis method. Traditional preparation methods
such as sol-gel, microemulsion, co-precipitation,
and chemical vapor deposition could have been
used, however, alternative methods have been de-
veloped [16-19].

Polyol synthesis is one of the methods pre-
ferred for synthesizing metal-based catalysts, and
it can be a good alternative for solution of existing
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problems such as sintering, coking, phase change,
and deactivation. This synthesis method, which
provides nanosized particles, is an economical and
simple process. Since the reduction processes are
carried out in solutions, an extra processing is not
required, so the formation and growth steps could
be controlled [20, 21].

The base material can affect the catalytic activ-
ity of catalysts. Carbon-based catalysts are com-
monly used in catalytic reactions [22]. An effective
catalyst base material has a large surface area that
provides complete active sites for metal nanopar-
ticles that have catalytic properties. In addition,
for diffusion and adsorption purposes, a relatively
large pore size is required at the mesoscale in most
applications [23, 24].

Some electrochemical sensor processes have
been reported using noble metal nanoparti-
cles [25-28]. For example, Li et al. [29] prepared
a non-enzymatic HyO, sensor based on Au-Ag
nanotubes and chitosan film. Kivrak et al. [30] suc-
cessfully synthesized carbon-based Pt-MnOx, and
Pt nanoparticles have been proposed for sensing of
hydrogen peroxide (H,O;) in a new electrochem-
ical sensor using a microwave irradiation method.
Shen-Ming et al. [31] reported that silver nanowires
(AgNWs) are very responsive amperomet-
ric H,O, sensors attached to the modified
screen printed carbon electrode (SPCE) us-
ing the polyol method. Zhao et al. [32]
prepared nanoporous palladium-nickel alloy
with very sensitive to hydrogen peroxide and
glucose.

The aim of this work is to report the synthesis of
the Pd and (Pd-Ni/C) bimetallic nanoparticles us-
ing ethylene glycol (EG) and its application as an
H,0; sensor. The morphology, size, structure, and
composition of the resultant bimetallic nanoparti-
cles have been characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), and
energy-dispersive X-ray spectroscopy (EDX).

Even though many studies were performed
on carbon based polyol synthesis and application
of this compound as an H>O;, sensor, none of
them have systematically studied the relationship

between the size of nanoparticles and applications
using the technique reported herein.

2. Experimental
2.1.

Voltammetric measurements were carried out
using CHI 660E Electrochemical Analyzer with a
three-electrode system consisted of a working elec-
trode (bare GCE, Nafion/GCE, Pd—Ni-NGCE), a
platinum wire counter electrode, and an Ag/AgCl
(sat. KCI) reference electrode, respectively. Cyclic
voltammetry (CV) and chronoamperometric (CA)
measurements were used during the electroanalyti-
cal studies. The pH measurements were performed
with Autolab analyzer pH-meter. Magnetic stirrer
model was Isolab.

Apparatus

2.2. Reagents and materials

All reagents were of analytical reagent grade.
Hydrogen peroxide (H,O;) (Aldrich) and ethy-
lene glycol (EG) (Aldrich, 99.5 %) were used
as received. Nickel sulfate (NiSO4), sodium di-
hydrogen phosphate (NaH;PQO,), disodium mono-
hydrogen phosphate (NaHPO4), and ethanol
(C,HsOH) were supplied from Merck. Buffer so-
lutions were made from sodium dihydrogen phos-
phate/disodium monohydrogen phosphate (PBS)
with pH = 7.5. Palladium solution was prepared
by dissolving 0.01 g (1.0 x 1073 mol-L~!) PdSO4
in 100.0 mL 0.1 mol-L~! H,SO4 solution. Nickel
solution was prepared by dissolving 0.07 g NiSOq4
(1.0 x 1073 mol-L™!) in 250.0 mL 0.1 mol-L~!
H,SOy4 solution. Our solutions were prepared and
diluted with ultrapure water (Millipore Milli Q sys-
tem, 18.2 MQ).

2.3. Preparation of electrode

GCE was activated by polishing with Al,O3
slurry (0.05 pm to 3 pm), then rinsed with dis-
tilled water and ultrasonically treated for 3 min in
ethanol solution (1:1 v/v) mixture. GCE was also
electrochemically cleaned by keeping for 10 min at
a constant potential of 1.0 V. To prepare the elec-
trode, 5 mg of the catalyst was stirred in 1 mL
of 5 % nafion solution to obtain the catalyst ink.
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Subsequently, 5 uL of the ink was deposited on the
surface of the glassy carbon electrode. The elec-
trode was dried at room temperature to remove the
solvent.

2.4. Preparation of Pd-Ni/C nanoparticles

Carbon based Pd and Pd-Ni catalysts were pre-
pared by polyol method. To examine the effect of
Ni addition on the reduction of hydrogen perox-
ide, the carbon based Pd-Ni catalysts were pre-
pared at different Pd:Ni atomic ratios (9:1, 7:3,
5:5). Then, the non-enzymatic hydrogen peroxide
(H>0,) sensing activities of these catalysts were
measured by electrochemical techniques.

Firstly, Pd metal salt and carbon were dissolved
in ethylene glycol; the pH of this solution was set
to 7.5 to prepare catalyst Pd-M (M = Ni) nanopar-
ticles. Thereafter, the temperature was increased to
130 °C and the mixture was kept at this temperature
by refluxing in an oil bath for 2 h. After the reflux-
ing, the slurry suspension was rapidly cooled down
in cold water, filtered, and dried in a vacuum oven
at 70 °C for 4 hours. As a result, powder from the
catalyst was obtained. Pd metal loading per gram
carbon was 10 % for all the catalysts. For the prepa-
ration of the monometallic catalyst, the same pro-
cess was followed.

2.5. Characterization

Scanning electron microscopy (SEM) and en-
ergy dispersive X-ray (EDX) spectroscopy stud-
ies were carried out using an FEI QUANTA 250
FEG scanning electron microscope. X-ray diffrac-
tion setup, Rigaku RadB-DMAX II with CuK« ra-
diation (A = 1.54056 A) was used to perform XRD
measurements. The samples were prepared by de-
positing carbon-based modified nanoparticles on a
glass surface and then drying in a vacuum oven.

3. Results and discussion

3.1. X-Ray diffraction (XRD) characteri-
zation of the Pd—Ni/C catalysts

Crystallographic information of Pd/C and
Pd—Ni/CNT catalysts was obtained from XRD

measurements. The diffraction patterns show that
the structure can be indexed using Pd face centered-
cubic (fce) lattice, with (1 1 1), (200), and (2 2 0)
crystal planes. For the Pd-Ni/C nanocatalyst, the
XRD profile and the peaks are shifted towards
higher 20 angles associated with the (1 1 1), (20 0),
and (2 2 0) planes at 20 values of 39.6°, 42.6°, and
64.4°. The broad peak around 24° for all materials
corresponds to the (0 0 2) plane of carbon phase
(Fig. 1). Correlation of the effects caused by dif-
ferent second metals, is a further argument in favor
of the concept of bimetallic structures which take
advantages from the both metals.
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Fig. 1. XRD patterns of (a) Pd/C, (b) Pd-Ni/C catalysts.

3.2. SEM-EDX measurements

SEM images of Pd/C and Pd-Ni/C elec-
trodes are presented in Fig. 2 and the EDX
spectrum for Pd-Ni/C is shown in Fig. 2c. It
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Fig. 2. SEM images of (a) Pd/C, (b) Pd-Ni/C and (c)
EDX spectrum of Pd—Ni/C catalysts.

is seen that the Pd/C sample has a rougher
surface with larger particles compared to Pd-
Ni/C catalyst. For the Pd-Ni/C catalyst, EDX
analysis reveals the presence of Pd and Ni.
According to EDX results (Fig. 2c¢), Pd-Ni/C
catalyst has 70.30:29.70 Pd:Ni atomic ratio, which
is in a good agreement with the stoichiometric ratio
(70: 30) used in the preparation procedure.

3.3. Electrochemical behavior of H;O,
over the Pd-Ni/C

The electrocatalytic activity of the obtained Pd-
Ni nanoparticles towards H,O, was evaluated by
cyclic voltammetry (CV). Primarily, CV measure-
ments were taken in 0.1 M phosphate buffer solu-
tion with a scan rate of 100 mV-s~! on Pd/C and
Pd—Ni/C electrodes (Fig. 3). HO, measurements
were performed at 1 mM concentration of the Pd/C
(1:0) and Pd;—Ni3/C catalysts (Fig. 3a).

Fig. 3a shows the cyclic voltammetry graph
(CVs) of the bare as well as modified electrodes
in PBS solution in either presence or absence of
H,0,. The current density for H,O, reduction on
Pd—Ni/C in the range of —0.25 V to 0.5 V is more
than 2 times higher than for Pd/C. The improved
electrochemical activity of Pd—Ni core/shell toward
H,0, may also result from the synergistic effects
between Pd and Ni atoms besides the nanoporous
materials.

During this research, different atomic ratios
have also been tested. Pd—-Ni/C electrocatalysts
with three different (9:1, 7:3, and 5:5) atomic ra-
tios were synthesized. The cyclic voltammetry ex-
periments of each catalyst were carried out under
the same conditions as the previous experiments.
The voltammetry curves obtained for each atomic
ratio are shown in Fig. 3b.

In this study, it was found that especially
Pd70—Ni3o/C showed the best electronic coupling
effect due to the best catalytic properties.

Electrochemical  sensing  properties  of
Pd;-Ni3/C towards H;O, were qualitatively
studied by cyclic voltammetry measurements
with successive increment of H)O, (0 mM and
1 mM) in 20 mL 0.1 M PBS (pH 7.5, 25 °C)
at a scan rate of 0.01 mV-s~' (Fig. 3c). The
reduction peak current of Pd;—Nisz / C at 0.5 V
increases significantly upon successive addition of
H,0,. This result clearly states that the modified
electrode has a high electrocatalytic performance
towards H,O, and thus Pd;—Ni3/C can be used as
a H,O; sensor. The electrochemical behavior of
Pd;—Ni3/C towards H,O, reduction was further
explored by changing the scan rate (Fig. 3d).
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Fig. 3. CVs of (a) bare GCE, Pd/C (1:0), Pd7—Ni3/C in PBS solution in the presence of H,O, and Pd/C
(1:0), Pd;-Ni3/C in PBS solution in the absence of H,O, (b) Pd/C (1:0), Pd-Ni/C (7:3, 5:5, 9:1)
(c) Pd7-Ni3/C in 0.1 M PBS (pH 7.5) including different amounts of H,O, (0, 0.3, 0.5, 0.7, 0.8, 0.9 and
1 mM) (d) Pd7—Ni3/C in PBS + 1 mM H;O; solution at different scan rates of 10 mV/s, 20 mV/s, 30 mV/s,

50 mV/s, 60 mV/s, 70 mV/s, 80 mV/s, 90 mV/s, 100 mV/s and 110 mV/s. (e) Plots of current on Pd;—Ni3/C
at0.1 V.

It is understandable that as the scan rate increases, coefficients for anodic and cathodic peaks are
the peak-to-peak decomposition widens. Peak 0.997 and 0.999, respectively. It is also observed
currents of reduction and oxidation rise linearly that the electrochemical kinetic reaction is surface
with increasing the value of scan rate. Correlation controlled (Fig. 3e).
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Table 1. Comparison of performances of different electrodes of sensors used for determination of H,O».

Electrodes

Linear range

Detection Iimit .
The literature

[mM] [mM]
NP-PdNi 0.05-1.0 0.0021 [38]
MWCNTs-Pd 1-10 0.0003 [40]
PDDA/t-MWCNT-Pt/GCE 0.001 -8 0.00027 [41]
Ag/MWCNT 0.1-0.9 0.0022 [42]
Graphene/MWCNT 0.0002 — 2.1 0.0094 [43]
Graphene oxide/GC 0.001 - 0.016 0.007 [44]
Pd-Ni/C 0.0003 — 1 0.000062 This work

Due to the high electro-reduction activity
towards H,O;, the detection performance of
Pd;—-Ni3/C was assessed by amperometric sensing
upon further addition of H;O5.

Fig. 4a shows the characteristic amperometric
responses of Pd;—Ni3/C at a constant potential. It
is seen that Pd;—Ni3/C electrode responds quickly
(~1 s) to each addition of H,O,.
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Fig. 4. (a) Amperometric response of Pd;—Ni3/C on
adding of 0.1 mM H;0O, into PBS solution at
0.2 V (b) Plot of current vs. HyO, concentration.

The relation between the current and H,O, con-
centration is as follows:

i(LA) = 0.0002Ch,0, +3 x 107, R* = 0.9981
(D

where i is the peak current and C is the concentra-
tion of H,O,. To evaluate LOD (limit of detection),
we fitted the straight lines obtained from equation 2
to the data in Fig. 4b, and applied the widely used
criterion for LOD [33].

The LOD and LOQ (limit of quantifica-
tion) were obtained as 6.2 x 107> mmol-L~!
and 1.98 x 10~% mmol-L~! H,0,, respectively,
using the relation LOD 3 X Sy/m and
LOQ = 10 X Sy //m, where m is the slope of the
first calibration plot and Sy, is the standard error
of estimate of the calibration curve (equation 2):

. AN 2
i (vi—9)”

S
N-2

y/x =

2

where yi is the measured signal, ¥ is the concentra-
tion measured for this signal, and N is the number
of points in the calibration graph.

The parameters of Pd;—Ni3/C obtained from
this analysis are better than the parameters of
other catalysts used in H,O, sensors, shown
in Table 1. The significant performance of the
Pd7—Ni3/C modified electrode towards the H,O,
detection shows that Pd;—Ni3/C has a great poten-
tial for fabrication of H,O, sensors.
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4. Conclusions

Pd;-Ni3/C nanoparticles were successfully
synthesized and characterized by SEM, XRD,
EDX, and cyclic voltammetry. The results showed
that Pd;—Ni3/C nanoparticles had excellent cat-
alytic activity in HpO; reduction. When the
optimum running potential of the sensor was
0.2 V, the best sensitivity was achieved with the
Pd;—Ni3/C due to the optimum electronic coupling
effect at the deposition potential of —0.5 V for
10 min. The chronoamperometric measurements
showed that the peak current for H,O; rose linearly
with its concentration in the range of 0.0003 mM
to 1 mM (detection limit was 0.000062 mM).
Pd;—Ni3/C nanoparticles can be the leading mate-
rial for commercial disposable H,O, sensors due to
high sensitivity, easy production, and low-cost.
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