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ABSTRACT: We report a facile one-step ultrasonication-
assisted electrochemical method to synthesize nanocomposites

of graphene and PtNi alloy nanoparticles (NPs) and their uses for

highly selective nonenzymatic glucose detection. We have de-
monstrated that the obtained nanocomposites exhibit a collec-

tion of unique features including well-dispersed NPs with alloy

features, high NP loading, and effective reduction of graphene
oxide (GO). And the resulting nanoelectrocatalyst shows sig-
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nificantly improved electrochemical performance in nonenzymatic amperometric glucose detection, compared to a number of
control electrode materials including the PtNi NP-chemically reduced GO nanocomposites fabricated in two steps (chemical
reduction of GO followed by the electrodeposition of metal NPs). Under the physiological condition, the response current of the
sensor is linear to glucose concentration up to 35 mM with a sensitivity of 20.42 A cm ™ >mM " at a substantially negative potential
(i.e, —0.35 V). Operation under this potential eliminates the impact from the oxidation of common interfering species. This sensor
with excellent sensitivity and selectivity also allows for reproducible detection of glucose in human urine samples.
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B INTRODUCTION

Graphene is emerging as a new type of supporting substrates
for functional nanomaterials because of a host of intriguing
properties such as large surface areas, high electrical conductivity,
flexibility, and chemical inertness.' > The integration of gra-
phene and nanoparticles (NPs) of diverse chemical composition
has been actively explored for applications ranging from electro-
catalysis, photocatalysis to energy harvesting and storage.*”’
Loading of metal NPs on highly conductive graphene nanosheets
gives rise to nanocomposites with larger active surface areas and
improved electron transport, making the nanocomposites ideal
materials for the fabrication of electrochemical sensor.® Prepara-
tion of the nanocomposites is typically a two-step procedure
involving the chemical reduction of exfoliated graphene oxide
(GO) and the attachment of metal NPs.” " In the existing
approaches, a layer of organic linker molecules is commonly used
to anchor metal NPs on graphene substrates.'> Although metal
NPs can be loaded on graphene in relatively high density in these
processes, the use of the organic molecules to link the two
components can slow down the direct electron transfer to some
extent and possibly block the available active sites on metal NPs
and graphene, leading to reduced catalytic activities. Moreover,
the possible contamination of chemically reduced GO (CRGO)
by the excessive reagents used in GO reduction is also an
underlying factor to affect the electrocatalytic performance of
the nanocomposites. Therefore, a straightforward green ap-
proach toward the nanocomposites free of chemical reducing
agents and organic linkers is highly desirable and practically
useful for efficient electrocatalysis.
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Here we report for the first time a one-step ultrasonication-
assisted electrochemical method to synthesize nanocomposites
of graphene and PtM (M = Ni and Co) alloy NPs and their uses
for highly selective nonenzymatic glucose detection. As illu-
strated in Figure 1, our results have shown that at a highly neg-
ative potential, the simultaneous electrochemical reduction of
GO and electrodeposition of alloy NPs led to nanocomposites
with dense loading of NPs evenly distributed on the electro-
chemically reduced GO (ERGO) support. Electrodeposition is a
kinetic-controlled process involving preferential nucleation and
subsequent growth of NPs on an appropriate electrode surface.
The formation of nuclei of nanostructures strongly depends on
the interaction between the electrodeposited metal with the
substrate (of which the electrode is built). The abundant surface
functional groups (—OH, C—O—C, and —COOH) on GO can
provide reactive sites for the nucleation and binding of noble
metal NPs."”"" One major finding is that ultrasonication during
the electrodeposition can prevent agglomeration of deposited
metal NPs and is critical for the formation of well-dispersed NPs.
It is well-known that the high-intensity ultrasonic irradiation
generated from ultrasonic probe or ultrasonic agitation leads to
both chemical and physical effects, such as mass-transport
enhancement, surface cleaning and radical formation, and there-
by significantly minimizes the aggregation and reduces the size of
the as-obtained NPs. Ultrasonic-electrodeposition is classified
into indirect ultrasonication and direct ultrasonication. In indirect
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Figure 1. Schematic illustration of the formation of PtNi—RGO
nanocomposites by one-step (electrochemical reduction) method and
two-step (chemical reduction and electrodeposition) method.

ultrasonic-electrodeposition, the electrolyte solution containing
NPs is irradiated by ultrasonic waves before the deposition process
to ensure a good dispersion. In direct ultrasonic-electrodeposition,
the electrolyte is under continuous ultrasonic irradiation during
the electrodeposition. In this work, we use direct ultrasonic-
electrodeposition, by which the binding with the active sites and
the dispersion of NPs by ultrasonication occur at the same time. In
contrast, nanocomposites of PtNi NPs and CRGO fabricated in
two steps (chemical reduction of GO followed by the electro-
deposition of metal NPs) have shown sparsely loaded NPs
(Figure 1) due to the lack of functional binding sites in CRGO.
Very recently, one-step reduction of both metal ions precursors
and GO has been used to prepare metal NP—CRGO composites;
however, these methods were limited to the simultaneous chemi-
cal reduction by using reducing agent,"* sonolysis,"* and micro-
wave irradiation.'>'® The one-step electrochemical reduction
under ultrasonication in our strategy eliminates the potential
contamination in chemical reduction'’”*? and the use of the
organic linkers, representing a rapid, efficient, and green approach
to fabricate highly active electrocatalysts.

Our choice of glucose as the analyte of interests is motivated
by the practical medical needs for diagnosis of human diseases
such as diabetes and hyperglycemia.”® Enzymatic biosensors
based on the use of enzymes such as glucose dehydrogenase or
glucose oxidase are attractive platforms because of their high
sensitivity and excellent selectivity;”' >* however, the greatest
drawback of enzymatic glucose sensors is their insufficient long—
term stability originating from their intrinsic dependence on
enzyme activity.”>*® To address this limitation, major research ef-
forts have been devoted to developing nonenzymatic biosensors,””
such as Pt-based amperometric glucose sensors. Although early
research has demonstrated that bulky Pt electrodes suffer from
sluggish kinetics to produce significant faradaic currents and
severe interferences from electroactive species in body fluids,*”
recent developments have shown that the use of nanostructured
Pt electrocatalysts could lead to greatly improved performance in
glucose oxidation because of their higher active surface area.”® >
Meanwhile, increasing evidence has confirmed that Pt-based
alloys such as PtPb,**3%3* Ptlr,>® and PtRu,>® exhibit higher

catalytic activity and anti-interference ability than pure Pt,
generating more stable and larger responses. We have found
that our PtNi NPs—ERGO-based electrode shows significantly
improved response current toward glucose as well as excellent
stability, selectivity and reproducibility, compared to a number of
control electrode materials including PtNi NPs—CRGO nano-
composites. This should result from the synergistic contribution
of more efficient electrochemical reduction of GO and higher
loading of the alloy NPs on ERGO.

B EXPERIMENTAL SECTION

Chemicals. Hexachloroplatinate (H,PtCls-6H,0, purity: 99.9%),
nickel sulfate hexahydrate (NiSO,4-6H,O, purity: 99%), cobalt sulfate
hexahydrate (CoSO,4-6H,0, purity: 99%), graphite powder, and 3-p-
glucose were obtained from Aldrich. The working solutions were prepared
by diluting the stock solution with phosphate buffer solution (PBS) and
water. All other chemicals used were of analytical reagent grade.

Instruments. Electrodeposition, electrochemical impedance spec-
troscopy (EIS), cyclic voltammetric (CV), linear sweep voltammetric
(LSV) and chronoamperometric experiments were performed with a
CHI 660 D electrochemical workstation (CH Instrument Company,
Shanghai, China). A conventional three-electrode system was adopted.
The working electrode was a modified glassy carbon electrode (GCE,
3 mm in diameter) or an indium tin oxide (ITO) glass, and the auxiliary
and reference electrodes were Pt foil and Ag/AgCl, respectively. The
distance between electrodes was kept at 0.5 cm in all experiments. For
EIS, the frequency range was 0.1 to 1 x 10° Hz. Atomic force
microscopy (AFM) observation was carried out using a MFP3D
microscope (Asylum Research) with a silicon cantilever operating in
tapping mode. Scanning electron microscope (SEM) image was ob-
tained using JEOL field-emission scanning electron microscope
(JSM—6700F), equipped to perform elemental chemical analysis by
energy dispersive X-ray spectroscopy (EDX). Fourier transform infrared
(FT—IR) spectra were obtained on a Perkin-Elmer Spectrum One
Spectrometer. For X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a Kratos-Axis spectrometer with monochro-
matic Al Ka (1486.71 eV) X-ray radiation (15 kV and 10 mA) and
hemispherical electron energy analyzer. For SEM, EDX, and XPS
measurements, the samples were coated on ITO surfaces and measured
directly. For IR experiments, the samples were peeled from ITO and
collected for the further characterization.

Fabrication of Composite Film-Coated Electrodes. The
graphite oxide (GO) was synthesized from graphite powder based
on a modified Hummers method.”” Then the exfoliation of GO was
achieved by ultrasonication of the dispersion for 2 h. The CRGO was
prepared by adding 35% hydrazine aqueous solution under stirring, and
then heated at 95 °C for 1 h.*® The single-walled carbon nanotubes
(SWNT) were purified through refluxing in HNO3;—H,SO, (volume
ratio: 1:1) mixture. The GO, CRGO and SWNT were washed with
distilled water and dried under vacuum.

Before electrochemical measurement, the GC electrode was polished
carefully with 1.0, 0.3, and 0.05 mm alumina powder, respectively, and
rinsed with deionized water, followed by sonication in acetone and
doubly distilled water successively. Then, the electrode was allowed to
dry under nitrogen. Then 10 uL of 0.1 mg L' pretreated exfoliated GO
suspension was transferred on a cleaned GCE, and the solvent was
evaporated in air. Thus, a uniform film-coated electrode (i.e., GO/GCE)
was obtained. GO/ITO was fabricated by a similar method. The
electrochemical reduction of GO/GCE and the electrochemical deposi-
tion of PtNi NPs on GO/GCE were performed in 0.2 M Na,SO,
aqueous solution containing 0.5 mM H,PtCls and 50 mM NiSO,. The
deposition time was 300 s and the potential was —1.0 V (vs Ag/AgCl).
In this case, both GO, Pt and Ni can be reduced completely, hence the
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Figure 2. (A) CVs of GO/GCE before and after electrochemical
reduction in 0.2 M Na,SO, aqueous solution containing 0.5 mM
H,PtCls and 50 mM NiSO,. Supporting electrolyte: 0.1 M PBS (pH
7.4) saturated with nitrogen gas; Scan rate: SO mVs . The insets are the
photos of the GO modified electrode before and after electrochemical
reduction. (B) FT—IR transmittance spectra (C) Raman spectra of
starting GO and obtained ERGO.

obtained modified electrode is denoted as PtNi—ERGO/GCE. During
the potentiostatic deposition, the solution was irradiated with ultrasonic
wave.*®*” The temperature of the solution was maintained at 4.0 % 0.1 °C
using an ice water bath in order to obtain smaller particles. The resulted
PtNi—GO/GCE (or ITO) was washed carefully with distilled water and
then dried at room temperature. PtNi/GCE, PtNi—CRGO/GCE and
PtNi—SWNT/GCE were fabricated through a similar method. Prior to
electrochemical deposition, the solution was deoxygenated with nitrogen
gas. After each measurement, the potential scan was repeated successively
for 10 times in a blank solution for the electrode to regenerate.

B RESULTS AND DISCUSSION

Characterization of PtNi—ERGO Nanocomposites. The
electrochemical response of a surface is highly sensitive to its

physicochemical properties. We investigated the electrochemical
behavior of GO modified glass carbon electrode (GO/GCE)
before and after electrochemical reduction in metal jon precursor
solution by cyclic voltammetric (CV) (Figure 2A). The CV of the
starting GO/GCE in a potential range from —0.6 to —12 V
shows a large cathodic current peak at —0.95 V with a current
onset at —0.8 V in phosphate buffer solution (PBS, pH 7.4). This
large reduction current is due to the reduction of the surface
oxygen groups. After electrodeposited in the metal ions pre-
cursor solution containing 0.5 mM H,PtClg plus 50 mM NiSO,
for 300 s, the PtNi—ERGO/GCE was obtained, and the reduc-
tion current at this potential range disappeared. This suggests
that the surface-oxygenated species at GO has be completely
reduced electrochemically.'” This is also evidenced by the color
change from yellow to black, as shown in the insets of Figure 2A.
Fourier transform infrared (FT—IR) spectroscopy was further
used to examine the degree of the GO reduction. Figure 2B
shows the FT—IR transmittance spectra (KBr) of exfoliated GO
and ERGO. The spectrum of GO shows the presence of C—O (v
(epoxy or alkoxy)) at 1065 cm ™', C—O—C (v (egoxy symme-
trical ring deformation vibration)) at 1225 em™, C—OH (v
(carboxyl)) at 1400 cm ™', C=C at 1620 cm ', and C=0 in
carboxylic acid and carbonyl moieties (v (carbonyl)) at
1740 cm™". After electrochemically reduced, the adsorption
bands of oxygen functionalities (ie, C—O at 1065 cm !,
C—0—C at 122§ cm™ !, C—OH at 1400 cm ™, and C=O at
1740 cm™ ") disappear, only the peak of C=C at 1620 cm '
remains, which confirms that high purity of ERGO can be
achieved by using the electrochemical approach.'® Raman mea-
surements were also used to characterize GO and ERGO
samples. As shown in Figure 2C, the Raman spectrum of GO
displays two prominent peaks at 1355 and 1590 cm ™', which
correspond to the well-documented D and G bands, respectively.
Although the Raman spectrum of ERGO samples also have both
D and G bands at 1355 and 1590 cm ™, the intensity ratio of D/G
increased significantly in comparison with that of the GO. This
change in the intensity ratio of the D to G bands is attributed to
the increased defect concentration present in ERGO relative to
that in GO, indicating the successful deoxygenation in ERGO.
Morphologies of GO and the different nanocomposites in-
vestigated in this study were characterized by atomic force
microscopy (AFM) and scanning electron microscope (SEM).
AFM and SEM images (see the Supporting Information, Figure
S1) reveal that the GO nanosheets are well exfoliated and
dispersed, with a thickness of about 1.0 nm, similar to the
previously reported thickness (1—2 nm) of GO nanosheets,*
indicating that GO was exfoliated into single or very thin layers.
The GO film deposited on GCE displays the characteristic
wrinkle morphology, as observed in the SEM images
(Figure 3A). And the electrochemical reduction in the metal
ion precursor solution (0.5 mM H,PtCls and S50 mM NiSO,) led
to the formation of a dense layer of spherical metal NPs
deposited on it (Figure 3B). Observation under higher magni-
fication reveals the well-dispersed PtNi NPs on the wrinkly
ERGO support (Figure 3C). These NPs exhibit faceted char-
acteristics and their shape are mostly spherical, with a diameter of
about 80 nm. Another finding is that these NPs are stable under
the ultrasonic condition, and the resulting biosensor based on
these NPs exhibit outstanding performance with long-term
stability, which to some extent indicates that the metal NPs are
immobilized on the surface of GO through stable bonding
such as complex interaction, not simple physical adsorption.
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Figure 3. (A) SEM images of as-synthesized GO film; (B) SEM image of PtNi—ERGO nanocompsite, (D) PtNi—CRGO nanocompsite and (F)
PtNi—SWNT nanocompsite. (C, E) Magnified SEM images of B and D, respectively.

Moreover, because the applied potential in the electrodeposition
is much more negative than the equilibrium (Nernst) potential
for the reduction of Pt and Ni, the nuclei form instantly when the
potential is applied, and subsequently grow with the time. During
the growth stage, the size of loaded metal NPs on the GO surface
can be controlled by reaction time in the electrodeposition (see
the Supporting Information, Figure S2).

Under the same condition, electrodeposition on CRGO led to
sparsely distributed NPs (Figure 3 D). The high surface coverage
of metal NPs on ERGO should benefit from the intrinsic surface
properties of GO. Surface functional groups such as carboxyl,
hydroxyl and carbonyl serve as anchoring sites for the metal NPs.
Collectively, NPs of defined sizes were formed on the GO sheets.
Whereas for CRGO, most oxygenated species are removed by
chemical treatment, resulting in the low affinity of the metal NPs
on its surface. Importantly, the highly dispersed and dense metal
NPs on supports without any agglomeration usually exhibit a
large surface area, which corresponds to higher catalytic activity
and sensitivity.

Additionally, it is worthwhile to mention that the polar sur-
face functional groups make GO highly dispersible in aqueous
medium. Therefore, both of the GO film deposited from its
homogeneous aqueous dispersion and the resulted ERGO film is
even and uniform. In contrast, as CRGO restores the sp> graphite
structure, its dispersity in aqueous medium dramatically de-
creased and can only form unstable suspension. As a result, the
deposited CRGO film exhibited uneven patchy structure (Figure 3 E).
This is expected to decrease the performance of the resulted
electrode in biosensor and electrocatalysis.

To demonstrate that graphene is a superior carbon support for
the electrodeposition of well-defined metal NPs, the PtNi NPs
were also deposited on single-walled carbon nanotubes (SWNTs)
under the same condition for comparison. In comparison with
graphene, SWNT's possess similar stable physical properties but
smaller surface areas, which can be considered as rolled graphene.
Unlike the uniformly dispersed NPs on graphene surfaces, PtNi
NPs are mainly deposited at the tips of the SWNT's and exhibit
snowtlake-like agglomeration morphology with diameters ranging

from 100 to 200 nm (Figure 3F). This difference in NP de-
position should be associated with the different spatial distribu-
tion of the electrical fields of graphene and SWNTs. For
graphene, the electrical field is almost homogeneous along its
planar structure, whereas the electrical field of the tips and the
sidewalls of the SWNTss are significantly different. Moreover, the
distance between the sidewalls of the SWNT's is smaller than the
scale of the chronoamperometric diffusion field; PtCl®~ and
Ni** between the sidewalls of SWNTs are depleted very rapidly
in the diffusion-controlled electrochemical reaction, leading to
absence of PtNi NPs on the sidewalls and serious aggregation on
the tips of the tubes. Aggregation is a serious problem in the
development of nanoelectrocatalyst film since it reduces the
active surface area.

The formations of GO, CRGO, PtNi— CRGO, and PtNi—ERGO
nanocomposite were further characterized by energy dispersive
X-ray spectroscopy (EDX) and X-ray photoelectron spectrosco-
py (XPS). The corresponding EDX spectra of PtNi—ERGO and
PtNi—CRGO show the peaks corresponding to C, O, Pt and Ni
elements (see the Supporting Information, Figure S3), confirm-
ing the existence of bimetallic PtNi NPs on the surface of
graphene nanosheets. The atomic ratio of Pt and Ni for PtNi
alloy NPs on both ERGO and CRGO are 2/1, and the atomic
percentages of Pt and Ni in PtNi—ERGO sample, however, are
almost two times those in the PtNi—CRGO sample, demonstrat-
ing a higher loading of PtNi NPs on ERGO sheet surface, which
is consistent with the SEM observation.

Figures 4A shows the XPS spectra of GO, CRGO, PtNi—ERGO,
and PtNi—CRGO nanocomposites, respectively. The peaks cen-
tered at the Pt, Ni, C, and O core level regions can be assigned to
Pt 4f, Ni 2p, Cls, and Ols, respectively, which further support
that bimetallic PtNi NPs have been effectively anchored on the
surface of graphene nanosheets. Deconvolution of the Pt 4f signal
in both PtNi—ERGO and PtNi—CRGO shows three pairs of
doublets (Figures 4B). The most intense doublet with binding
energies of 71.8 eV (Pt 4f;/,) and 75.1 eV (Pt 4f; ) is attributed
to metallic Pt. Peaks at 72.9 and 76.7 eV could be assigned
to Pt**. The third doublet found at 74.5 and 77.7 eV appears to
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Figure 4. (A) XPS spectra of GO, CRGO, PtNi—ERGO, and PtNi—CRGO nanocomposites; (B) curve fit of Pt 4f spectra of PtNi—ERGO and
PtNi—CRGO nanocomposites; (C) curve fit of C 1s spectra of GO, PtNi—ERGO, and CRGO nanocomposites.

be Pt*". High-resolution XPS scan of the PtNi—ERGO compo-
site shows that the atomic percentage of Pt is ~10.38%, and the
atomic ratio of Pt/Ni is 3/1. For PtNi—CRGO nanocomposite,
the atomic percentage of Pt/Ni is similar, but the intensities of
XPS peaks in the as-synthesized composites are obviously
reduced and the atomic percentage of Pt decreases to ~2.28%.
The decrease in Pt content is consists with the EDX result. There
are systematic differences in the alloy compositions obtained
from XPS and EDX. This is because EDX characterizes the entire
sample, whereas XPS probes a thin surface layer. Taken together,
the XPS and EDS data can provide the overall composition of as-
prepared alloy NPs.

The curve fit of C 1s spectra of GO, CRGO, and PtNi—ERGO
is shown in Figure 4C. The XPS spectrum of GO indicates the
presence of two main types of carbon bonds: C=C (284.6 eV))
and C=0 (286.7 eV). After its electrochemical or chemical
reduction, the peaks associated with C=C (284.6 eV) become
predominant, whereas the peaks related to the oxidized carbon
species are greatly weakened. These results further indicate that
GO has been well deoxygenated to form ERGO or CRGO. High-
resolution XPS scan of the ERGO composite shows higher
atomic percentage of C/O (8/1), in comparison with its
precursor GO (2/1) or CRGO (7/1). This indicates the more
effective deoxygenation of GO by electrochemical reduction
process than chemical reduction, which is very important for
improving its conductivity. Therefore, LSV, IR, and XPS collec-
tively demonstrate that GO is successfully reduced to ERGO
during the electrodeposition of PtNi NPs.

The conductivity of different composites was tested by the
impedance spectroscopy on different electrodes in the presence
of equimolar of [Fe(CN)s]*/*". These Nyquist plots can be
fitted by an equivalent circuit in the inset of Figure SA, where R,
is bulk resistance of the electrochemical system, R, is Faradic
chargetransfer resistance, and W is the Warburg impedance.
Among all the parameters, including Ry, (the intersection of the
curve at real part Z' in the high frequencies range), R (the
semicircle at high frequencies), and the Warburg impedance (the
slope of the curves at a low frequency), PtNi-ERGO/GCE
exhibits remarkably low values of Ry, (about 10 Q), R, (about
300 2 calculated by the instrument), and W (as indicated by the
precipitous slope at a low frequency), indicating that PtNi-
ERGO is an excellent electrode material for electrochemical
application. The semicircle of bare GCE is big and the electron
transfer resistance is high (R, = 652 Q). After modified with
exfoliated GO the semicircle dramatically increases (R, = 926 Q2),
suggesting that the exfoliated GO acts as an insulating layer and
makes the interfacial charge transfer more difficult. Moreover,
the electrostatic repulsion between the negative surface charges
of the exfoliated GO and ferricyanide and ferrocyanide ions
impairs the access of the ions to the electrode surface for electron
communication, also contributing to the increased resistance.'®
When GCE was coated with PtNi—CRGO or PtNi—ERGO
nanocomposites, the electron transfer resistance decreased mark-
edly. Two structural factors are responsible for the reduced
resistance. First, PtNi alloy NPs have good conductivity and
can provide necessary conduction pathways in promoting the
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Figure S. (A) Nyquist plots of GO/GCE, bare GCE, PtNi—CRGO/
GCE, PtNi—SWNT/GCE, and PtNi—ERGO/GCE in 0.1 M KCI
containing 1.0 mM K3Fe(CN)g and 1.0 mM K Fe(CN)g. Frequency
range: 0.1 to 1 X 10° Hz. The inset is the equivalent circuit. (B) CVs of
PtNi/GCE, PtNi—CRGO/GCE, PtNi—SWNT/GCE and PtNi—ERGO/
GCE. Supporting electrolyte: 0.5 M H,SO, saturated with nitrogen gas;
scan rate: 20 mV's ™.

electron transfer. Second, because of the restoration of a graphitic
network sp” bonds, electrical conductivity of the ERGO and
CRGO films is improved significantly, so the electron transfer
between the electrochemical probe [Fe(CN)6]37/47 and the
electrode is accelerated by ERGO and CRGO.

The CVs of PtNi/GCE, PtNi—CRGO/GCE, PtNi—SWNT/
GCE, and PtNi—ERGO/GCE in deaerated 0.5 M H,SO, were
collected at a slow potential sweep rate (i.e., 20 mV's™ ') and the
same potential limit (Figure SB). The hydrogen adsorption/de-
sorption peaks and the oxide formation/stripping peaks that
characterize polycrystalline bulk Pt are readily seen, indicating
that Pt-based alloy NPs have been effectively loaded on the
supports. No current signal for Ni oxidation or dissolution was
observed, suggesting that the particle surface is covered by a Pt-
rich layer, and/or that the Ni atoms on the particle surface are
stabilized by the neighboring Pt atoms. The cathodic or anodic
charge under the parts of the voltammetric curve in the hydrogen
adsorption/desorption region permits an estimate of the electro-
chemically active surface area (Sg,s), which can be expressed as:
Skas = 0.1 Q.gqs/ Quer Lot where Q.45 is the integrated hydrogen
adsorption charge, Q. is the hydrogen adsorption charge on a
smooth platinum electrode (0.21 mC cm™>) and Lp, is the Pt
amount loaded (mg). Sgas values follow the order of PtNi—
ERGO/GCE (144.5 m*> g~ ') > PtNi—CNT/GCE (95.86 m*
g ") > PtNi—CRGO/GCE (5630 m* g~ ") > PtNi/GCE (27.39
m® g~ ). The largest active surface area of PtNi—ERGO/GCE
indicates its promising potentials for electrocatalysis and electro-
chemical sensor design.

Electrocatalytic Activity toward Glucose Oxidation. Figure 6A
presents CVs of a PtNi—ERGO/GCE in a PBS in the absence and
presence of 10 mM glucose at a potential scan rate of 10 mV/s. The
voltammogram of PtNi—ERGO/GCE in blank PBS is characterized
by its well-known hydrogen adsorption/desorption waves at negative
potentials, a flat double layer region at intermediate potentials, and Pt
oxide formation/reduction waves at positive potentials. In the
presence of 10 mM glucose, multiple oxidation peaks were observed
during the positive potential sweep. The current peak Iat ca. —0.35V
can be attributed to the preferentially electrosorption of glucose on
the PtNi bimetallic surface, forming a layer of glucose intermediates
(such as the enediol type), which can be easily oxidized. With the
potential scanning to a more positive value, the adsorbed glucose
intermediates are oxidized on the electrode surface, resulting in the
small current peak (peak Il at ca. 0.15 V). When the potential further
increased, the accumulated intermediates block the surface active
sites of the PtNi electrode, which inhibits the electroadsorption of
glucose and leads to the sudden drop of current. At potentials go
beyond 0.4 V, the adsorbed intermediates are oxidized, forming
products such as gluconolactone or gluconic acid (peak III at ca.
0.55 V). At even higher potential, the formation of metal oxide
occurs, and the surface becomes less active, causing the current
response to decrease again. In the negative scan, the oxidation of
glucose is suppressed in the high potential range due to the oxidation
of PtNi NPs surfaces. The reduction of surface Pt oxide liberates
more surface-active sites for the oxidation of glucose again, resulting
in large and broad anodic peaks in the potential range from 0.0 to
—0.5 V. These results are in line with the well-accepted mechanism
of glucose oxidation on a Pt electrode in neutral media.*® 3¢

Figure 6B presents the linear sweep voltammetry (LSV) of the
different modified electrodes in a neutral PBS containing 10 mM
glucose. No redox peaks can be observed in the CVs of the bare
GCE, CRGO/GCE, SWNT/GCE, and ERGO/GCE, suggesting
that these electrodes cannot undergo the redox reaction in the
potential range of glucose. On PtNi/GCE, PtNi—CRGO/GCE,
PtNi—SWNT/GCE, and PtNi—ERGO/GCE, three oxidation
peaks are observed during the anodic potential sweep. The
glucose oxidation peaks of PtNi—ERGO/GCE are observed at
more negative potential, and the current densities are substan-
tially higher than those of PtNi/GCE, PtNi—CRGO/GCE, and
PtNi—SWNT/GCE, especially at lower potential, demonstrat-
ing that the electrocatalytic oxidation of glucose at the surface of
the PtNi—ERGO/GCE is more effective and the electrocatalytic
activity of PtNi—ERGO/GCE is much higher than others. This
is consistent with the unique spatial distribution of PtNi NPs on
the ERGO surface. The high density and well-distributed PtNi
NPs would induce more active sites for the catalytic redox
reaction and bring about an efficient electrical network through
their direct binding with the ERGO. This favorable situation with
low transport limitations of substrate would greatly increase the
electrocatalytic activity.

Long-term oxidation of glucose on three types of metal (i.e.,
PtNi, PtCo, and Pt) NPs—ERGO modified electrode was tested
via chronoamperometric experiments under the near-peak po-
tential (Figure 6C). As a result, the Pt—ERGO/GCE suffers from
serious deactivation, most likely due to poisoning. It is well-
known that partially dehydrogenated intermediates act as poi-
sons in electro-oxidation of glucose. The PtNi—ERGO/GCE
and PtCo—ERGO/GCE, however, demonstrate a relatively
higher current density, and the current density remains steady
for a long time. These results reveal that the addition of Co
and Ni improves both electrocatalytic activity and stability.
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Figure 6. (A) CVs of a PtNi—ERGO/GCE in the absence (red dashed line) and present (black solid line) of 10 mM glucose. (B) LSVs of PtNi/GCE,
PtNi—CRGO/GCE, PtNi—SWNT/GCE and PtNi—ERGO/GCE in 10 mM glucose solution. Scan rate: 10 mV s L (@) Chronoamperometric curves
of PtNi—ERGO/GCE, PtCo—ERGO/GCE, Pt—ERGO/GCE. Applied potential: —0.35 V. (D) LSVs of PtNi-ERGO/GCE at various deposition time
of 50, 100, 200, 300, and 400 s in 10 mM glucose solution. Supporting electrolyte: PBS (pH 7.4) saturated with nitrogen gas. Scan rate: 10 mV s~ .

The presence of non-noble metal in the alloy can remove
poisonous intermediates and promote electron-transfer reac-
tions owing to their superior catalytic effect to monometallic
Pt NPs. The superior catalytic activity of bimetallic systems can
be attributed to two effects: One is the “bifunctional effects”,
which is related to the change of the geometry of the bimetallic
systems with respect to the monometallic systems; the other is
the “ligand or electronic effect”, the role of Co and Ni is a
catalytically enhanciné agent, which could modify the electronic
properties of the Pt."” The PtNi—ERGO/GCE shows highest
initial current density and limiting current density, therefore, it is
chosen for the amperometric measurement of glucose. The LSV
responses of PtNi—ERGO/GCE fabricated in the electrodeposi-
tion solution with different deposition time to glucose are
compared. As shown in Figure 6D, the response current increases
with the deposition time changing from 50 to 400 s, with about 40
mV shifts to more negative potential observed. When the deposi-
tion time increases beyond 300 s, the response current decreases.
This is due to the increase of PtNi alloy NP sizes and the possible
reduction of Sgas. The deposition time is hence fixed at 300 s.
Amperometric Measurement of Glucose. The current
density-time plots and calibration curve for the sensor under
the optimized experimental conditions are depicted in Figure 7A.
The sensor responds linearly to glucose up to 35 mM with a
detection limit of 0.01 mM (S/N = 3) and detection sensitivity of
20.42 uA cm > mM . These analytical performance parameters
are comparable or even superior to those reported in literatures
concerning the Pt-based nonenzymatic glucose sensor (see the
Supporting Information, Table S1). This linear concentration
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range is suitable for the determination of glucose level in blood
and urine samples.

For sensing applications, electrocatalysts are generally evalu-
ated by measuring current at fixed potential and time after
addition of the analyte and possible interfering reagents. Although
the normal physiological level of glucose (3.5—6.1 mM) is much
higher than that of redox-active interfering species, e.g. ascorbic
acid (AA) (0.1 mM) uric acid (UA) (0.02 mM), and AP
(0.1 mM), their electron transfer rates are higher than that of
glucose. As a result, the oxidation current of them is comparable
to that of glucose. Therefore, AA, UA, and AP are major
interfering species for the detection of glucose. To avoid the
interference, an effective method is to detect glucose at more
negative potential. We explored the influence of operating
potential on the electro-oxidation of 0.5 mM AA, 0.1 mM UA,
0.1 mM urea, 0.5 mM AAP, 0.5 mM fructose, and 5.0 mM
glucose at the PtNi—ERGO/GCE. In the range of —0.35to 0V,
the oxidation current of glucose is quite prominent, whereas the
oxidation currents of AA, UA, urea, and AAP are very small.
Furthermore, when the potential was lowered to —0.35 V, the
amperometric signals of AA, UA, AP, urea, AAP, and fructose
disappeared completely (Figure 7B). Taking into account the
sensitivity of the biosensor and interference of easily oxidized
compounds presenting in samples, —0.35 V is chosen for the
amperometric measurement of glucose in the following
experiments.

The influence of other foreign species that may exist in some
food and biological samples were also tested, such as urea,
fructose, ethanol, glycin, lactamine, serine, aspartic acid, cysteine,

dx.doi.org/10.1021/am200563f |ACS Appl. Mater. Interfaces 2011, 3, 3049-3057



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

A 08 —
07
0.7F 06
06 E of
< 03]
< 05} Eoz
c = 01
§ 041 004575720 25 30 35 4
£ Concentration (mM)
= 031 1.0 mM

0.2
0.1
0.0

1 1 1 1
0 100 200 300 400 500

t(s)

0.30  Glucose AA UA Urea AAP Fructose

N T R T
[P N

o,

0.25

0.20

j (mA/cmz)
o
>

0.10 |-

0.05

0 50 100 150 200 250
t(s)

0.00
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Our results have shown the foreign species (0.5 or 1.0 mM) led to
only minimal changes relative to the response current of 5.0 mM
glucose (see the Supporting Information, Table S2), generally
less than 5.0%, compared with that recorded in absence of the
foreign substance. This means that these substances do not
interfere with the determination of glucose, and the obtained
sensor possesses high selectivity.

The reproducibility and stability of the sensor are also
evaluated. The current response of ten electrodes modified iden-
tically to 1.0 mM glucose at —0.35 V displayed a relative standard
deviation (RSD) less than 5.0%, confirming that the sensor is
highly reproducible. Ten successive measurements using one
sensor yielded an RSD of 4.2% (see the Supporting Information,
Figure S4), indicative of the stability of the sensor for long-term
uses. The stability of PtNi—ERGO/GCE stored at room tem-
perature is investigated by periodically recording its current
response to 10.0 mM glucose. The nonenzymatic sensor retained
93.2 and 90.5% of its initial sensitivity at 10 and 50 days
postpreparation, respectively (see the Supporting Information,
Figure SS).

To illustrate the feasibility of the nanocomposite modified
electrode in practical analysis, weused the PtNi— ERGO/GCE
to detect glucose in human urine samples. A rapid and stable
amperometric response was acquired at —0.35 V with the
addition of 9.0 mL of sample into 1.0 mL of PBS. The contents

of glucose in urine can be calculated from the established cal-
ibration curve. The recovery was ranging from 91.3 to 108.2%,
with RSD less than 5% calculated from ten separate experiments
(see the Supporting Information, Table S3). The good recoveries
indicated that the determination of glucose using PtNi—ERGO/
GCE was highly effective.

Il CONCLUSION

In summary, PtNi alloy NP—graphene composite was devel-
oped through a facile and green one-step electrochemical reduc-
tion process from GO and metal precursors, by which well-
dispersed alloy NPs with high density can be loaded on the
effectively electrochemically reduced GO. As compared with
PtNi alloy NPs, PtNi—CRGO and PtNi—SWNT nanocompo-
sites, PtNi—ERGO modified electrode exhibits smaller electron
transfer resistances and larger electrochemically active surface
area, which makes it an ideal electrode material for electrocata-
Iytic application. When used for glucose sensing, we found that
the PtNi—ERGO nanocomposite based nonenzymatic sensor
possesses many merits in terms of high selectivity, superior
resistance to poisoning, low detection limit, rapid response,
excellent reproducibility and stability, which outmatches the
performance of any other nonenzymatic Pt-based glucose sensor
that have been reported (see the Supporting Information for the
comparison). The combination of these unique characters has
enabled the application of this new type of nanoelectrocatalyst
loaded electrodes for real human samples.
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