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ABSTRACT: In this work, a three-dimensional hybrid film with in- and out-
of-plane pores was fabricated by using porous graphene as framework structure
and porous PdCu alloy nanoparticles as building blocks. The porous PdCu
alloy nanoparticles were prepared by chemical dealloying with acetic acid. The
hierarchical pores had abundant active catalytic sites, and the material exhibited
remarkable catalytic activity toward the oxidation of hydrazine. Based on this
hybrid film, an electrochemical sensor of melamine was developed by further
introducing melamine imprinted electro-polymer of para-aminobenzoic acid.
Melamine was detected by differential pulse voltammetry using hydrazine as
electrochemical probe. The detection signal was amplified due to the catalytic
oxidation of hydrazine at this hybrid film. The linear determination range was
0.01−1 μM and the detection limit was 2 nM (S/N = 3). The sensor displayed
high recognition capacity toward melamine and also showed good
reproducibility and stability. It is promising in the determination of melamine
in real samples.
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■ INTRODUCTION

Recently, three-dimensional (3D) graphene-based structures
received extensive interest due to their exceptional electrical
and mechanical properties.1−3 For example, a 3D graphene-
metal hybrid was prepared by adding noble metal nanoparticles
as building blocks to isolate the graphene sheets into porous-
layered structures.3 Thus, the obtained 3D hybrid exhibited
more sensitive response than individual graphene. Furthermore,
the performance of 3D graphene-metal nanoparticle hybrids
could be improved by tuning the structure of graphene.
Currently, porous graphene (PGN) with in-plane pores has
attracted extensive attention.4−6 It was thought that porous
structure might make the diffusion path length reduce and the
accessible electrode−electrolyte contact area increase, so it
would be better than graphene to construct 3D graphene-metal
hybrids. As an example, Chen et al.5 prepared a PGN-NiCo2O4

film as oxygen evolution reaction (OER) catalyst. It showed
higher catalytic activity than graphene-NiCo2O4 film.

On the other hand, the properties of 3D graphene-metal
nanoparticles hybrids can also be improved by adjusting the
structure of metal nanoparticles. Porous metal structures
generally have high catalysis as they have large specific surface
and large number of catalytic hot spots.7−10 Recently, Huang et
al.8 prepared a highly porous palladium nanostructure with
perpendicular pore channels under mild conditions. The large
specific surface and rich edge/corner atoms of the porous
palladium nanostructure made it better than other reported Pd
catalysts for the hydrogenation of nitrobenzene and styrene and
the Suzuki coupling reaction. However, so far, 3D PGN-porous
metal nanoparticles composites have not been reported, and
they are expected to show higher catalytic activity than 3D
graphene−metal nanoparticles composites.
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Melamine contains abundant amount of nitrogen (66% by
mass), so it was intentionally adulterated to milk products to
obtain a false increase in protein content. However, the chronic
enrichment of melamine can induce renal pathology and even
death, especially in babies and children.11 So, an easy and
effective method is urgently needed for the analysis of
melamine in milk products. Recently, molecularly imprinted
polymer (MIP)-based sensors were developed for the electro-
chemical detection of melamine, which showed some
advantages such as predetermined selectivity, high stability,
low cost, and easy preparation.12−15 However, the sensitivities
of these sensors were restricted by the limited electrochemical
signals produced by poor electro-active melamine or by the
mediator acting as a probe. Lately, Li et al.16 proposed an
approach to improve the sensitivity by introducing enzyme
amplifier into a MIP-based melamine sensor. The detection
signal was amplified because of enzyme catalytic oxidation of
the H2O2. However, their utility was limited due to the high
cost of enzyme and complex electrode fabrication.
Fortunately, sensitivity can also be improved by applying

electrocatalysis of noble metals.17−19 Zhang et al.17 developed
an electrocatalytic assay for the telomerase activity detection by
using superior catalytic property of Pt nanoparticles toward
hydrazine. Willner’s group19 reported an amperometric
biosensor for the amplified electrochemical detection of
biomolecules, based on the electrochemical reduction of
H2O2 catalyzed by Pt nanoparticles. To date, however, there
is no report about using Pd based alloy nanoparticles for the
electrocatalytic assay of melamine.
In this paper, a 3D PGN-porous PdCu (pPdCu) nanoalloy

structure with both in- and out-of-plane pores was prepared.
The resulting hybrid displayed remarkable catalytic activity
toward hydrazine oxidation. It was used for constructing an
electrochemical imprinting sensor for melamine, and the sensor
showed high sensitivity and selectivity.

■ EXPERIMENTAL SECTION
Reagents. Graphene oxide (GO) was purchased from Xianfeng

Reagent Co. Ltd. (Nanjing, China). CuSO4·5H2O, Na2PdCl4,
hydrazine (85%), Na2HPO4·12H2O, NaH2PO4·2H2O, melamine,
para-aminobenzoic acid (p-ABA), potassium ferricyanide, acetonitrile,
and other reagents were obtained from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). The reagents were of analytical grade and
used as received.
Apparatus. Cyclic voltammetry (CV) and differential pulse

voltammetry (DPV) were performed with a CHI 832c electrochemical
workstation (CH Instrument Company, Shanghai, China). Electro-
chemical impedance spectroscopy (EIS) was obtained with a CHI
604d electrochemical workstation (CH Instrument Company,
Shanghai, China). A conventional three-electrode system was applied.
The working, the auxiliary, and the reference electrodes were modified
glassy carbon electrode (GCE, diameter: 3 mm), platinum wire, and
saturated calomel electrode (SCE), respectively. The transmission
electron microscope (TEM) images were obtained using a JEM-2100
(HR) TEM (JEOL Ltd., Japan). The scanning electron microscope
(SEM) images and energy dispersive X-ray spectroscopy (EDX) were
obtained using a Hitachi X-650 SEM (Hitachi Co., Japan). X-ray
diffraction data (XRD) was recorded with a Bruke D8 diffractometer
(Germany) using Cu Kα radiation (40 kV, 40 mA) with a Ni filter.
Synthesis of Porous Graphene Oxide (PGO) and PGN. PGO

was synthesized according to the report with some modification.5

Briefly, 100 mL GO solution (0.5 mg mL−1, in water) was mixed with
KMnO4 (500 mg) in a covered beaker for 5 h. Then, 30 mL
concentrated HCl and 30 mL H2O2 (30%) were merged into the
above solution under stirring, and they were allowed to react for 3 h.
The product, that is, PGO, was washed with deionized (DI) water and

then dried in an oven at 60 °C. The PGN was obtained by chemically
reducing PGO using hydrazine. Specifically, PGO (100 mL, 0.1 mg
mL−1, in water) was mixed with hydrazine (0.04 mL), then heated to
95 °C and kept at the temperature for 12 h.

Synthesis of PGN-pPdCu Composite. The synthesis of 3D
hybrid film was illustrated in Scheme 1. PGN solution (25 mL, 0.1 mg

mL−1) was mixed with 190 μL Na2PdCl4 (33 mM) and 375 μL
CuSO4·5H2O (50 mM), and the mixture was stirred for 0.5 h. Then, 4
mL 0.1 M hydrazine was dropped into the above solution under
vigorous stirring. The solution was stirred for another 0.5 h. The
product, that is, PGN-Pd1Cu3 (1:3, i.e., ratio of C (Na2PdCl4)/C
(CuSO4·5H2O)) alloy nanoparticles hybrid, was collected by
centrifugation. Then, it was mixed with acetic acid and vigorously
stirred at 80 °C for 12 h. During this process, a portion of Cu dissolved
from Pd1Cu3 alloy nanoparticles, resulting in the formation of porous
structures. After the mixture was cooled down to room temperature, it
was diluted with ethanol. The obtained product, that is, PGN-pPdCu
hybrid, was washed with ethanol for at least 5 times and redispersed
into 5 mL water. The PGN−solid Pd (PGN-sPd) was synthesized
through the same method but in the absence of CuSO4·5H2O.

Preparation of MIP-PGN-pPdCu Modified Electrode. Prior to
modification, 3 μL above-mentioned solution was dropped onto a
clean GCE. After it was dried, MIP was prepared by potential cycling
for 10 times between −0.6 and 1.0 V at 50 mV/s in a 0.1 M phosphate
buffer solution (PBS, pH = 7.0) containing 5 mM p-ABA and 1 mM
melamine, which was purged with nitrogen for 10 min before use. The
obtained MIP modified electrode was denoted as MIP-PGN-pPdCu/
GCE. A nonimprinted polymer modified electrode (NIP-PGN-
pPdCu/GCE) was prepared by similar means but without melamine
template. The MIP and NIP sensors were washed with 5 mL of
extraction solvent (acetonitrile/water solution, V/V, 1:1) for three
times, each for 10 min under gentle agitation. During the
electrochemical detection experiment, the sensors were washed for
10 min after each measurement to remove melamine.

Voltammetric Measurements. The MIP and NIP sensors were
cycled between the potential range of −0.6−0.4 V at 50 mV/s in 0.1 M
PBS (pH = 7.0) to obtain a stable cyclic voltammetric curve. DPV
measurement was carried out in a PBS (pH = 7.0) containing
hydrazine, and the potential range was −0.6−0.4 V. Hydrazine could
exhibit an oxidation peak at the MIP modified electrode. After it was
immersed into a melamine solution for 5 min, the sensor displayed a
decreased oxidation current for hydrazine. The determination of
melamine was based on the decrease of the peak current of hydrazine.
The detection process was described in Scheme 2.

Sample Pretreatment. A 5 g raw milk or milk powder sample was
placed into 40 mL extraction solvent followed by sonication for 10
min. The solution was centrifuged at 4000 rpm for 10 min, and the
supernatant was filtered through a 0.22 μm filter membrane. Then, the
filtrate was diluted to 50 mL with extraction solvent for detection.

Scheme 1. Fabrication of 3D PGN-pPdCu Hybrid Filma

aPGN: porous graphene. pPdCu: porous PdCu alloy nanoparticles.
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■ RESULTS AND DISCUSSION
Characterization of PGN-pPdCu Composite. In this

paper, the PGO was obtained by oxidizing GO with KMnO4,
followed by etching the product MnO2 and CO3

2−/HCO3
−

with HCl and H2O2 (30%) to create in-plane pores on the
sheet.20 Then, the PGO was reduced to PGN by hydrazine and
ammonium. As shown in Figure 1A and Supporting
Information Figure S1, the PGN exhibits small in-plane pores
with diameter of 10−30 nm, but graphene does not, confirming
the successful preparation of PGN. To further confirm the
porous structure of PGN, nitrogen adsorption−desorption
isotherm was performed (Supporting Information Figure S1).
The average bore diameter obtained by the Barrett−Joyner−
Halenda (BJH) method was about 25 nm, which was in line

with the result of TEM analysis. XRD was used to characterize
the structure of PGN (Supporting Information Figure S2).
There was a sharp (002) diffraction peak around 2θ = 10° for
PGO, corresponding to interlayer spacing of 0.85 nm.21 After
reduction, a new peak (002) at 25° appeared, meaning that the
interlayer spacing of PGN sheets decreased as most oxygen-
containing groups were removed. This was in line with the
reported XRD results of graphene sheets.22 However, it was
reported that a certain amount of oxygen-containing functional
groups of PGN could be remained after reduction by
hydrazine.5,23,24 The quantitative characterization of the
remained oxygen-containing groups was performed using XPS
analysis. After reduction, the percentage of sp2 carbon of PGN
increased remarkably compared with PGO (Supporting
Information Figure S3), indicating that most oxygen-containing
groups were removed and the conjugated graphene networks
were restored after reduction. Furthermore, the peaks
corresponding to CO, CO, and OCO groups,
centering at 284.5, 285.6, 286.7, 287.9, and 290.3 eV
respectively, still remained, making graphene sheets negatively
charged (ζ-potential −41.8 mV, Supporting Information Figure
S4). The electrostatic repulsion then could enable the
formation of a well-dispersed black aqueous suspension.5 In
addition, there was an additional component at 285.9 eV
corresponding to C bound to nitrogen, indicating that nitrogen
incorporation was coupled with the reduction process.24 Next,
the Pd1Cu3 alloy nanoparticles were chemically deposited on
the surface of PGN. After the metal precursors (Na2PdCl4 and
CuSO4 in molar ratio of 1:3) were added into the PGN
suspension, the PdCl4

2− and Cu2+ ions were adsorbed onto the
surface of PGN sheets via a coordination effect between the
remained oxygen-containing groups and the PdCl4

2− and Cu2+

ions.3 Aided by hydrazine, the ions were reduced to form PdCu

Scheme 2. Preparation of Electrochemical MIP Sensor and
the Strategy for the Detection of Melamine

Figure 1. TEM images of PGN (A) and PGN-pPdCu (B). Inset: the magnified TEM image of pPdCu. (C) Standard XRD patterns of Pd (a) and Cu
(e); XRD patterns of Pd (b), pPdCu (c), and Pd1Cu3 alloy nanoparticles (d).
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alloy nanoparticles, donated as Pd1Cu3, on the surface of PGN.
The produced PGN-Pd1Cu3 hybrid could be collected by
centrifugation. Subsequently, the hybrid was chemically deal-
loyed in order to obtain porous PdCu alloy nanoparticles. It
was reported that chemical dealloying was a facile method to
prepare porous Pd based alloy structures.25−28 For example, a
porous PdNi alloy nanowire was obtained by chemically
dealloying in 10 wt % H3PO4 solution.25 Nanoporous PdCu
alloys were fabricated by selectively dealloying of Al from
PdCuAl ternary alloys in 1.0 M NaOH solution.28 In this paper,
the obtained PGN-Pd1Cu3 hybrid was chemically dealloyed in
acetic acid at 80 °C for 12 h. During this process, a portion of
Cu dissolved from Pd1Cu3 alloy nanoparticles, resulting in the
formation of porous structures. The morphology of the
produced PGN-pPdCu was characterized by TEM. As can be
seen in Figure 1B, the well-dispersed black dots confirmed the
formation of PdCu. The magnified image (Figure 1B inset)
indicated that the average diameter of the PdCu particles was
about 3 nm and they were porous. Meanwhile, the dealloying
process was also confirmed by EDS and XRD. The composition
of Pd1Cu3 nanoparticles determined by EDS was shown in
Supporting Information Figure S5. The atomic ratio of Pd/Cu
was estimated to be about 1:3, which was in agreement with the
concentration ratio of Na2PdCl4 to CuSO4. After treatment
with acetic acid, the ratio changed to 5.5:1. This means that
most Cu dissolved, resulting in the formation of porous alloy.
The structure of PdCu nanoparticles was characterized by XRD
(Figure 1C). The diffraction peaks of Pd1Cu3 nanoparticles
located between those of pure Pd (JCPDS 05-0681) and Cu
(JCPDS 01-1241), confirming the formation of Pd1Cu3 alloy.
After washing with acetic acid, the peaks of pPdCu shifted
negatively compared with those of Pd1Cu3 alloy nanoparticles
due to the loss of most Cu. As the Cu content was quite low in
the pPdCu, its XRD pattern became very similar to that of Pd
nanoparticles. Above all, these results demonstrated the
formation of PGN-pPdCu hybrid. After drying in air, pPdCu
served as building block to prevent graphene sheets from
aggregating and isolate the graphene sheets into porous-layered
structures. As can be seen in Supporting Information Figure S1,
the out-of-plane pores were produced by the assembly of
graphene sheets. Thus, the 3D PGN-pPdCu structure was
generated, possessing both in- and out-of-plane pores.
Electrochemical Properties of Different Electrodes.

The electrochemical active surface area (ECSA) is a primary
parameter for evaluating the performance of electro-catalyst,
and thus, it is determined here. Figure 2A presents the cyclic

voltammograms (CVs) of three different modified electrodes in
0.5 M KOH solution. The peak at about −0.35 V is attributed
to the reduction of PdO on the Pd surface. The ECSA of each
electrode is calculated using the following equation:29

= Q
m

ECSA
405 (Pd)

where Q is the charge of PdO reduction (μC), m (Pd)
represents the total amount of Pd (μg) on the electrode, and
405 is the charge for the reduction of a PdO monolayer in μC
cm−2. The calculated ECSA values are 261, 357, and 444 m2 g−1

for PGN-sPd/GCE, GN-pPdCu/GCE, and PGN-pPdCu/GCE,
respectively. The ECSA of PGN-pPdCu/GCE is larger than
that of GN-pPdCu/GCE because the PGN can expand the Pd-
electrolyte contact area. In addition, the ECSA of PGN-
pPdCu/GCE is also larger than that of PGN-sPd/GCE due to
the porous structure of pPdCu, which can provide more active
Pd sites.
The electrocatalytic activity of the three modified electrodes

was examined by taking hydrazine as model molecule. As
shown in Figure 2B, compared with PGN-sPd/GCE and GN-
pPdCu/GCE, PGN-pPdCu/GCE exhibits a higher peak
current for hydrazine oxidation, indicating that it has higher
electrocatalytic activity, arising from its larger ECSA. It is worth
noting that PGN-pPdCu/GCE shows a lower peak potential
than PGN-Pd/GCE. Meanwhile, the current density (normal-
ized to ECSA) of hydrazine oxidation at PGN-pPdCu/GCE is
1.1 and 1.2 times as high as that at PGN-sPd/GCE and GN-
pPdCu/GCE, respectively. The results indicate that PGN-
pPdCu hybrid has higher intrinsic catalytic activity. This should
be attributed to the following reasons. First, nanoporous
structures, besides the effect of residual-Cu or/and the
synergistic effect of alloy, lead to higher catalytic performance
of PdCu alloy nanoparticles, which is in line with the previous
report.10 Second, the in-plane pores on PGN facilitates the
mass transfer of reactant (hydrazine) by reducing their diffusion
path length. The two factors demonstrate that porous
structures of both PGN and pPdCu are favorable to the
catalysis.

Electrochemical Detection of Melamine. In this paper,
MIP with a so-called “gate-controlled” strategy was applied to
the detection of melamine due to its high selectivity and
sensitivity in the determination of poor electro-active
templates.30−32 P-ABA was chosen as the monomer because
it could be easily electro-polymerized on various substrate
materials and form films with good chemical and mechanical

Figure 2. (A) CVs of PGN-Pd/GCE (a), GN-pPdCu/GCE (b), and PGN-pPdCu/GCE (c) in 0.5 M KOH solution. (B) CVs of PGN-Pd/GCE (a),
GN-pPdCu/GCE (b), and PGN-pPdCu/GCE (c) in 0.1 M PBS (pH = 7.0) containing 3 mM hydrazine. Scan rate: 50 mV/s.
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stability.33−35 Furthermore, melamine could be well imprinted
in poly(p-ABA) because of the established hydrogen bonds
between melamine and p-ABA.14 As described in Scheme 2, the
MIP was electro-polymerized on the surface of PGN-pPdCu;
then, the template molecules were eluted in extraction solvent.
Owing to the excellent catalytic activity of PGN-pPdCu hybrid
toward hydrazine oxidation, hydrazine exhibited a high peak at
the MIP-PGN-pPdCu/GCE. After rebinding of melamine, the
peak current decreased, because the electro-inactive melamine
repelled the access of hydrazine to the surface of PGN-pPdCu
hybrid film. Thus, the detection signal was generated from the
deduction of peak current (ΔI) of hydrazine. In order to verify
the feasibility of this method, the electrochemical responses of
hydrazine at PGN-pPdCu/GCE and MIP-PGN-pPdCu/GCE
were recorded (Supporting Information Figure S6). Compared
with PGN-pPdCu/GCE, MIP-PGN-pPdCu/GCE displayed a
lower peak current and higher peak potential at about −0.2 V,
indicating that the MIP film prevented hydrazine oxidation to
some extent. After rebinding of melamine, the peak current
further decreased and peak potential shifted positively, because
the adsorbed melamine can prevent the electrochemical
reaction of hydrazine at the surface of PGN-pPdCu hybrid.
Thus, ΔI could be used for the determination of melamine.
Supporting Information Figure S7 presented the SEM images

of PGN-pPdCu before and after the electro-polymerization of
p-ABA. The PGN-pPdCu displayed the typical wrinkled sheet
structure of graphene.36 The pPdCu nanoparticles were too
small (about 3 nm) to be seen in this picture. When MIP was
prepared on the PGN-pPdCu, the wrinkled sheet structure was
covered, and the morphology of poly(p-ABA) film occurred.
This indicates the successful electro-polymerization of p-ABA
on the surface of PGN-pPdCu.
EIS was also used to characterize the imprinted sensor

(Supporting Information Figure S8). The EIS of PGN-pPdCu/
GCE was a straight line, revealing that it had almost no electron
transfer resistance (Ret). After electro-polymerization of p-ABA
on the surface of PGN-pPdCu, the modified electrode
displayed a much higher Ret, indicating the low conductivity
of MIP film. Subsequently, when the template molecules were
removed from the film, the resulting cavities allow the access of
the ferricyanide and ferrocyanide ions to the electrode surface,
leading to the decrease of Ret. After rebinding of melamine, the
Ret became higher again because the cavities were occupied by
melamine molecules.

The differential pulse voltammograms (DPVs) of melamine
at MIP-PGN-pPdCu/GCE and NIP-PGN-pPdCu/GCE are
presented in Figure 3A. After soaked in melamine solution, the
MIP-PGN-pPdCu/GCE shows a much larger ΔI than NIP-
PGN-pPdCu/GCE, indicating the higher adsorption capacity of
MIP-PGN-pPdCu/GCE toward melamine. As the pH of PBS,
concentration of hydrazine and rebinding time had effect on the
detection of melamine, they were optimized and the results
were summarized in Supporting Information Figure S9−11.
Under the optimized conditions, the MIP-PGN-pPdCu/GCE
was evaluated as a sensor for the quantitative determination of
melamine (Figure 3B). Result shows that ΔI was linear to the
melamine concentration over the range 0.01−1 μM with a
regression equation of ΔI (μA) = 6.1 + 15.2 C (μM) (R =
0.9986). The detection limit was 2 nM (S/N = 3). Compared
with other reported sensors,12−14,37,38 this sensor displays a
reasonable linear range and a lower detection limit (Supporting
Information Table S1).
To investigate the selectivity of this electrochemical MIP

sensor for melamine determination, the interference of some
potential compounds in real samples was tested. The result
demonstrated that 1000-fold NO3

− and Cl−, 500-fold glucose,
lactose, SO4

2−, Ca2+, Mg2+, and Zn2+, 100-fold phenylalanine,
histidine, tryptophan, and ascorbic acid, 50-fold glycine, and 10-
fold cyanuric acid did not interfere with the detection of 0.5 μM
melamine (i.e., signal change below 5%), indicating that the
sensor had good recognition ability to melamine. This should
be ascribed to the specific recognition sites formed in the
polymer film. The repeatability of the sensor was investigated
by seven successive detection of 0.5 μM melamine, and the
relative standard deviation (RSD) of ΔI was 3.2%. To
investigate the reproducibility, five modified electrodes
fabricated independently by the same way were used to detect
0.5 μM melamine, and the RSD was 4.7%. After the sensor was
stored in air for 3 weeks at room temperature and used for at
least 25 times, it retained up to 93.5% of its original response.
These results indicated that this sensor owed good repeat-
ability, reproducibility, and stability.
To illustrate the feasibility of the MIP-PGN-pPdCu/GCE in

practical analysis, raw milk and milk powder (from local
supermarket) were determined by the proposed method.
However, melamine was not found in both samples. Then,
recovery was determined in order to check the reliability of this
sensor. The results were summarized in Supporting Informa-
tion Table S2 and the recovery was 93.0−102.5%. On the basis

Figure 3. (A) Deduction DPVs of NIP-PGN-pPdCu/GCE (a) and MIP-PGN-pPdCu/GCE (b) between before and after rebinding of 0.5 μM
melamine; (B) deduction DPVs of MIP-PGN-pPdCu/GCE between before and after rebinding melamine ((a−j) 0, 0.002, 0.01, 0.05, 0.1, 0.3, 0.5,
0.7, 1.0, 1.5, 2.0 μM). Solution for voltammetric determination: 0.1 M PBS (pH = 7.0) containing 3 mM hydrazine; pulse amplitude, 50 mV; pulse
width, 0.2 s; inset, calibration curve of melamine.
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of these data, it can be thought that this sensor is reliable and
effective for the determination of melamine in real samples.

■ CONCLUSIONS
In conclusion, an electrochemical melamine sensor was
fabricated. The sensor was constructed by 3D PGN−porous
PdCu alloy hybrid film and melamine imprinted poly(p-ABA).
The determination of melamine was based on the change of the
anodic peak current of hydrazine, which was catalyzed by PGN-
pPdCu hybrid film. The molecularly imprinted film provided
high recognition ability for melamine. The resulting sensor
showed high sensitivity and satisfactory selectivity and could be
applied to the detection of melamine in real samples. This
strategy presented here can also be used for constructing other
sensors.
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