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ABSTRACT

PdCo alloy nanoparticle-embedded carbon nanofiber (PdCo/CNF) prepared by electrospinning and
thermal treatment was employed as a high-performance platform for the determination of hydrogen per-
oxide and nitrite. The as-obtained PdCo/CNF were characterized by transmission electron microscopy,
energy-dispersive X-ray spectroscopy and X-ray diffraction. Electrochemical impedance spectroscopy,
cyclic voltammetry and differential pulse voltammetry were employed to investigate the electrochemical
behaviors of the resultant biosensor. The proposed PdCo/CNF-based biosensor showed excellent analyti-
cal performances toward hydrogen peroxide (detection limit: 0.1 uM; linear range: 0.2 uM-23.5 mM)
and nitrite (detection limit: 0.2 uM; linear range: 0.4-30 uM and 30-400 pM). The superior analytical
properties could be attributed to the synergic effect and firmly embedment of well-dispersed PdCo alloy
nanoparticles. These attractive electrochemical properties make this robust electrode material promising
for the development of effective electrochemical sensors.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

processes [5,4]. Electrochemical method has been extensively
explored for the fabrication of H,O, biosensors as a simple and eco-

The development of methods for the detection of hydrogen per-
oxide (H,0,) with high reliability has received considerable atten-
tions in various fields [1-4]. As a reactive oxygen species, H,0, is
an important by-product for numerous enzymatic reactions, and
also take an essential role in the regulation of various biological
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nomic method. Particularly, enzyme-based electrochemical biosen-
sors for H,0, detection have been considered as the most effective
approach for their excellent sensitivity and selectivity. However,
the poor long-term stability as well as high cost is a serious problem
for these enzymatic biosensors [6]. Lots of investigations are
focused on nonenzymatic H,O, biosensors due to the comparable
sensitivity and selectivity but significantly enhanced stability.
Among these studies, Pd-based nanostructures have demonstrated
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their advantages for the construction of nonenzymatic H,0,
biosensors. For example, You et al. fabricated a nonenzymatic
H,0, biosensor by MWCNTs-Pd nanoparticles [7]; Han et al. pre-
pared the spherical porous Pd nanoparticle for the determination
of H,0, with a detection limit of 0.68 uM [8]; Jiang et al. employed
poly(3,4-ethylenedioxythiophene) nanospheres loaded with
4.5 nm Pd nanoparticles for the H,O, detection which show a low
detection limit of 2.84 uM in the range of 2.5 x 10~3-1.0 mM [9].
In fact, transition metals, such as Pd, are reported to be capable of
adopting the oxidation states or adsorbing substances to their sur-
face and further activate the adsorbates [4]. Considering the excel-
lent electrochemical performances of Pd nanoparticles, our group
synthesized Pd nanoparticles-load carbon nanofibers (Pd/CNF) by
the combination of electrospinning and thermal treatment, and
the resultant Pd/CNF presented superior stability with a relatively
low detection limit of 0.2 uM toward H,0, [10]. As for the further
study, considerable efforts have been aimed at how to improve
the sensitivity and selectivity of nonenzymatic H,O, biosensors.

Recently years, growing attention has been paid on bimetallic
nanostructures for their controllable surface properties, tailorable
atomic and electronic structures, and enhanced electrocatalytic
activity, selectivity and stability [11]. With the advent of new syn-
thetic routes and surface analyzing techniques, it has become pos-
sible to design and prepare bimetallic systems with desired
properties. Pd-based bimetallic nanostructures are explored for
highly sensitive biosensing. For instance, Dong’s group reported
nonenzymatic analysis of glucose at PdAM (M = Pt, Au) bimetallic
alloy nanowires modified electrode with significantly enhanced
sensitivity compared with the monometallic components [12].
Sun et al. constructed a hydrogen peroxide sensor with dumbbell-
like Pt,Pd;00_x—Fe304 nanoparticles. Interestingly, they found that
the electrocatalytic performance of Pt,Pd;q0_x—Fe304 hybrid toward
hydrogen peroxide reduction was composition dependent, with
Pt4gPds;-Fes0, being the most efficient catalyst [13]. Meng
and his co-workers reported Pd-Ag bimetallic dendrites toward
4-nitrophenol reduction with fourfold higher catalytic activity than
the corresponding monometallic dendrites [14]. Additionally, fur-
ther research has confirmed that alloying Pd with transition metal
can improve the catalytic activity as well as reduce the cost of the
catalyst. Pd-Fe [15], Pd-Co [16,17], and Pd-Ni [ 18] alloys have been
explored as novel electrode materials in oxygen reduction reactions
and fuel cell technologies with significantly improved reaction
kinetics. Very recently, our group reported PdCo alloy NPs-embed-
ded carbon nanofiber (PdCo/CNF) composites as high-performance
electrocatalyst for fuel cells [ 19]. Compared with Pd/CNF, PdCo/CNF
exhibited significantly enhanced electrocatalytic activity and
stability due to the synergic effect of bimetallic nanoparticles.

In this work, PdCo/CNF composites are explored for the fabrica-
tion of biosensors for the determination of H,O, and nitrite. The
unique “embedded” nanostructure may be fairly favorable for the
highly sensitive and stable biosensing. Different kinds of important
electroactive compounds (e.g., probe molecule (potassium ferri-
cyanide), H,0,, and nitrite) are employed to study their electro-
chemical performances at PdCo/CNF modified carbon paste
electrode (PdCo/CNF-CPE). It is found that the modified electrode
showed more favorable electron transfer kinetics and much
enhanced electrocatalytic activity, which provide a robust and
advanced electrode material with great promise for electrochemi-
cal sensors and biosensors design.

2. Experimental section
2.1. Reagents and materials

Polyacrylonitrile (PAN), palladium acetylacetonate (Pd(acac);)
and cobalt acetylacetonate (Co(acac),) were purchased from

Sigma-Aldrich. 0.1 M pH 7.0 phosphate buffer solution (PBS) was
prepared by mixing NaHPO, and NaH,PO, solution.
Dimethylformamide (DMF), nitrite (NaNO,) and hydrogen peroxide
(H20,, 30%) were obtained from Beijing Chemical Co. (China).
Doubled-distilled water from millipore system was used through-
out the experiment.

2.2. Apparatus

The scanning electron microscopy (SEM) experiments were per-
formed on a PHILIPS XL-30 ESEM (accelerating voltage: 20 kV). The
transmission electron microscopy (TEM) images were obtained on
a JEOL 2000 TEM at 200 kV (JEOL, Japan). Energy-dispersive X-ray
spectroscopy (EDX) analysis with a PHILIPS XL-30 ESEM was
employed for chemical composition. X-ray diffraction (XRD) analy-
sis was obtained from a Bruker D8 ADVANCE instrument with Cu
Ko radiation (40 kV, 40 mA). UV/vis absorption spectra were
recorded on a Perkin-Elmer-950 spectrometer. Electrochemical
impedance spectroscopy (EIS) was performed on a Solartron
Electrochemical Interface 1286 and Solartron Frequency
Response Analyzer (FRA) 1255B. All electrochemical measure-
ments were performed using a CHI 832 electrochemical worksta-
tion (Shanghai, China) with a conventional three-electrode
system composed of a Ag/AgCl (saturated KCI) as reference, a plat-
inum wire as counter and bare or modified carbon paste electrode
(CPE) as working electrode.

2.3. Preparation of PdCo/CNF composites

The PdCo/CNF composite were obtained through the carboniza-
tion of Pd(acac),/Co(acac),/PAN nanofibers as our previous work
[19]. Briefly, the electrospun solution was obtained by dissolving
Pd(acac),, Co(acac), and PAN in DMF. Pd(acac),/Co(acac),/PAN
nanofibers obtained were further carbonized at 850 °C in N, for
0.5 h. The Co/CNF and Pd/CNF composites were obtained by the
same process.

2.4. Electrode preparation

CPE was prepared by graphite powder and mineral oil employ-
ing a copper wire for the electrical contact. 10 pL 1 g mL~! PdCo/
CNF suspension was cast on the surface of CPE and dried at room
temperature.

3. Results and discussions
3.1. Characterization of PdCo/CNF composites

The as-prepared PdCo/CNF composites were characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The diameters of CNF ranged from 400 to
500 nm with tens of micrometers in length, and large amounts of
NPs were firmly dispersed on or in CNF (Fig. 1A). It was found that
uniform PdCo alloy NPs were strongly encapsulated in CNF with
narrow size distribution (Fig. 1B and C), and the mean diameter
was 26.8 nm. Moreover, the PdCo alloy NP possesses good crys-
tallinity and well-resolved lattice fringes (Fig. 1D). The interplanar
spacing of lattice fringes was measured to be 0.214 nm, assigning
to the (111) planes of PdCo alloys. The firm embedment and isola-
tion of PdCo alloy NPs by CNF may contribute to the good dis-
persibility, leading to high resistance toward sintering [20].

Energy-dispersive X-ray spectroscopy (EDX) and X-ray diffrac-
tion (XRD) analysis were conducted to investigate the composition
and crystal structure of PdCo/CNF. The corresponding EDX spec-
trum of PdCo/CNF shows the peaks assigning to C, O, Pd and Co
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Fig. 1. SEM (A), TEM (B), HRTEM (D) images of PdCo/CNF composite, and (C) is the size distribution of PdCo alloy NPs.

elements, and the atomic ratio of Pd to Co was 49.5:50.5, which is
good agreement with the original ratio (Fig. S1). No peak split or
impurity was observed according to the XRD results (not shown
here), confirming the formation of face-centered cubic (fcc) PdCo
alloys. Additionally, the crystalline size of PdCo alloy NPs evaluated
from Scherrer formula was 28.2 nm, which is consistent with the
TEM result.

3.2. Electrochemical activity and H,0, sensing

Electrochemical impedance spectroscopy (EIS) is an efficient
tool for studying the interface properties of modified electrode.
Ferricyanide redox probe was selected to evaluate the electro-
chemical properties of PdCo/CNF-CPE. It is well known that the
semicircle diameter of EIS represents the electron transfer resis-
tance (R.), which controls the electron transfer kinetics of the
redox probe at the electrode interface [21]. The R of PdCo/CNF-
CPE (53.8 Q) decreased compared with Pd/CNF-CPE (74.2 Q) and
Co/CNF-CPE (96.4 Q) electrodes (Fig. S2), implying that there is a
synergistic effect between Pd and Co in PdCo alloy NPs, which
could facilitate the electron transfer.

The voltammetric responses of H,0, at different electrode are
shown in Fig. 2. Minor current response corresponding to the
reduction of H,0, was observed at bare CPE electrode (Fig. 2A).
While at Co/CNF-CPE and Pd/CNF-CPE electrodes, the reduction
peak potentials were observed at —0.26 and —0.05 V with larger
anodic peak currents upon the addition of 1 mM H,0,, respectively
(Fig. 2B and C). In the case of PdCo/CNF-CPE electrode (Fig. 2D),
lower overpotential (—0.03 V) with much higher reduction current
were found compared with that of Co/CNF-CPE and Pd/CNF-CPE
electrodes. The enhancement of the electrochemical activities to

H,0, may be attributed to the synergistic effect of Pd and Co NPs
[22].

Amperometric detection of H,0, was performed to further esti-
mate the analytical properties of PdCo/CNF-CPE. As shown in
Fig. 3A, fast response with 95% of steady-state current could be
achieved within 2 s at PdCo/CNF-CPE. PdCo/CNF-CPE electrode
showed the highest sensitivity (6.64 pA mM~') as compared with
Pd/CNF-CPE (3.89 pAmM™') and Co/CNF-CPE (1.57 pAmM™')
electrodes (Fig. 3B).

Fig. 4 shows the typical amperometric responses of PdCo/
CNF-CPE electrode upon successive addition of H,0, into Nj-
saturated PBS (0.1 M, pH 7.0). It can be clearly observed that even
after successive additions of different concentrations of H,0, for
50 times, the electrode still keeps steady response, demonstrating
that it was a good candidate for consecutive detecting H,O,
(Fig. 4A and B). A wide linear range of 0.2 pM-23.5 mM with
detection limit (LOD) of 0.1 uM (S/N = 3) was obtained (Fig. 4C).
For comparison, the analytical parameters obtained with different
H,0, sensors were listed in Table 1. The overpotential for the reduc-
tion of H,0, at the modified electrode is significantly lower than
that at Pd/MCNs modified electrode [23], and AuNPs/graphene/CS
modified Au electrode [29]. Moreover, the LOD of H,0, achieved
at PdCo/CNF-CPE electrode is much lower than those of state-
of-art H,0, sensors reported previously, which was an attractive
feature for the determination of H,0, at low concentrations. This
wider linear range and higher sensitivity arise from the 3D network
structure of the PdCo/CNF film on the electrode surface and the high
electrocatalytic activity of PdCo alloy NPs embedded in CNF.
Importantly, this direct detection method at PdCo/CNF-CPE can
overcome the drawback of the inactivation and leakage for the
peroxidase-based or mediator based H,0, sensors.
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Fig. 2. CVs of bare CPE (A), Co/CNF-CPE (B).
H,0,, scan rate: 50 mV s~ .
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Fig. 3. (A) It curves of Co/CNF-CPE, Pd/CNF-CPE and PdCo/CNF-CPE electrodes with successive additions of 1 mM H,0, at —0.15V, and (B) the corresponding calibration

plots (n = 3) for H,0, in N,-saturated 0.1 M PBS (pH 7.0).

In addition, PdCo/CNF-CPE shows a very high selectivity for the
detection of H,0,. It was found that 0.15 mM ascorbic acid (AA)
and 0.35 mM uric acid (UA) did not show interference to 0.1 mM
H,0, (Fig. 4D). The PdCo/CNF-based H,0, sensor also exhibits a
good long-term stability. The catalytic current response can main-
tain over 96% of its initial value after one month. Therefore, by
combination of the advantages of good analytical performances
and simple preparation procedure, the proposed PdCo/CNF-CPE
electrode is promising for the development of effective H,0,
Sensors.

3.3. Electrochemical activity and nitrite sensing

The PdCo/CNF was also found to exhibit high electrocatalytic
activity for the oxidation of nitrite. Fig. 5 depicted CVs obtained

at bare CPE and modified CPE electrodes in 0.1 M PBS (pH 4.0) in
the presence of 0.5 mM nitrite. At bare CPE electrode (curve a), a
weak and broad oxidation peak at 1.14V was observed,
corresponding to the oxidation of NO?>~ to NO>~ through a two-
electron oxidation process [30]. After modifying with Co/CNF
(curve b) and Pd/CNF (curve c) composite, the oxidation peak cur-
rents increased notably, and oxidation peak potentials negatively
shift to 0.98 and 0.87 V. The overpotential toward nitrite oxidation
further decreased at PdCo/CNF-CPE (0.81V), and the oxidation
peak current (curve d) was 1.6- and 3.0-fold larger than that of
Pd/CNF-CPE and Co/CNF-CPE electrodes, respectively. The control
experiment of PdCo/CNF-CPE electrode in black 0.1 M PBS (pH
4.0) solution indicated only a background current was found, ver-
ifying that the oxidation peak arises from the oxidation of nitrite
(Fig. 5, inset). Much higher oxidation peak current and lower
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Table 1
Analytical parameters of different H,0, sensors.
H,0, sensor Applied LOD Linear range Reference
potential (V) (uM) (mM)
Pd/MCNs*® -03 1.0 0.0075-10 [23]
MnO,/VACNTs” 0.45 0.8 0.0012-1.8 [24]
PtSe/GCE 0 3.1 0.01-15 [25]
Pt/CNF 0 0.6 0.001-0.8 [26]
Pt{Pd;/LMC/ -0.2 0.3 0.0005-27 [27]
GCE
PtPd/MWCNTs 0.25 1.2 0.0025-0.125  [28]
Au-Pt NPs/ILY/ -0.05 3x10™* 5-355x107% [29]
CS/GCE
PdCo/CNF-CPE -0.15 0.1 0.0002-23.5 This work

2 LMC: large mesoporous carbon.

b VACNTs: vertically aligned multiwalled carbon nanotubes.
¢ MCNs: mesoporous carbon nanospheres.

4 IL: ionic liquid.

overpotential toward nitrite oxidation at PdCo/CNF-CPE further
illustrated that PdCo/CNF were excellent materials for electro-
chemical sensing.

Fig. S3A displays the typical DPV responses of PdCo/CNF-CPE
electrode toward different concentrations of nitrite. A LOD of
0.2 UM (S/N =3) can be achieved, and the calibration curve for
nitrite detection was in two ranges of 0.4-30 uM and 30-400 pM
with the correlation coefficient of 0.9992 and 0.9990, respectively
(Fig. S3B). The LOD is lower than that obtained at the nano-Pt/
P3MT modified electrode (1.5 pM) [31], G4-NH4/MWNT/GCE elec-
trode (2.0 uM) [32], and thionine modified aligned carbon nan-
otubes electrode (1.12 uM) [33].

Reproducibility and stability are important parameters to
evaluate the applicability of electrochemical sensors. The batch-
to-batch reproducibility of the PdCo/CNF-CPE was estimated from
the current responses of six different electrodes to 5 uM nitrite.
The relative standard deviation (RSD) was calculated to be 4.8%.
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Fig. 5. CVs of CPE (a), Co/CNF-CPE (b), Pd/CNF-CPE (c), and PdCo/CNF-CPE (d)
electrodes in 0.1 M PBS (pH 4.0) containing 0.5 mM nitrite. Inset: CV of PdCo/CNF-
CPE electrode in black 0.1 M PBS (pH 4.0) solution. Scan rate: 50 mV s~ .

In addition, the PdCo/CNF-CPE showed a good reproducibility with
RSD of 4.5% for 10 successive measurements of 3 pM nitrate. When
the electrode was stored in a desicator at room temperature for
one month, the current response remained 94% of its initial value,
suggesting the good stability of the electrode. In addition, possible
interference for the detection of nitrite at PdCo/CNF-CPE was
investigated by addition of various species into 0.1 M PBS (pH
4.0) containing 100 uM nitrite. The results showed that most of
the ions, such as 100-fold Na*, K*, Mg?*, Ca?*, Cu?*, Ag*, Mn?*,
Zn*', Fe**, NH*, NO*-, SO3~, and 20-fold CO3~, CI~ and F~ did
not interfere with nitrite detection.

In order to verify the reliability of the proposed method, the
PdCo/CNF-CPE was applied to analysis of nitrite in pickle samples.
The pickle was firstly crushed adequately in the mortar and then
mixed with deionized water. Afterward, the mixture was filtered
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and separated. The residual solution was added into PBS (pH 4.0)
for detection. As can be seen in Table S1, the recovery was
97.8-103.7% with RSD less than 3.25%. Meanwhile, the content of
pickle sample obtained from UV-visible experiment was consis-
tent with that of the proposed method, suggesting the strong
applicability to real samples.

4. Conclusion

PdCo alloy NP-embedded CNF composite have demonstrated to
be a suitable platform for nonenzymatic biosensing. In application
to H,0, reduction and nitrite oxidation, the PdCo/CNF-CPE elec-
trode exhibits fast voltammetric response with low overpotential,
which is contributed to the synergic effect and firm embedment
of well-dispersed PdCo alloy NPs. Particularly, the proposed H,0,
and nitrite sensors possesses many attractive analytical perfor-
mances such as wide linear range, low detection limit, high selec-
tivity with good stability, and strong applicability to real sample,
suggesting the potential application of PdCo/CNF for constructing
efficient biosensing.
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