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a b s t r a c t

The large surface, the excellent dispersion and the high degrees of sensitivity of bimetallic nanocatalysts were
the attractive features of this investigation. Graphene foam (GF) was a three dimensional (3D) porous
architecture consisting of extremely large surface and high conductive pathways. In this study, 3D GF was
used incorporating platinum–ruthenium (PtRu) bimetallic nanoparticles as an electrochemical nanocatalyst
for the detection of hydrogen peroxide (H2O2). PtRu/3D GF nanocatalyst exhibited a remarkable performance
toward electrochemical oxidation of H2O2 without any additional mediator showing a high sensitivity
(1023.1 mA mM�1 cm�2) and a low detection limit (0.04 mM) for H2O2. Amperometric results demon-
strated that GF provided a promising platform for the development of electrochemical sensors in biosensing
and PtRu/3D GF nanocatalyst possessed the excellent catalytic activity toward the H2O2 detection. A small
particle size and a high degree of the dispersion in obtaining of large active surface area were important for
the nanocatalyst for the best H2O2 detection in biosensing. Moreover, potential interference by ascorbic acid
and uric acid appeared to be negligible.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical biosensors based on the enzymatic activity
received significant interest in recent years. The advantages of the
electrochemical biosensors included low cost, portability, a fast
response time, and ease-of-usage by non-specialist personnel (Chen
et al., 2012a). Hydrogen peroxide (H2O2) was an electrochemical active
species produced by many oxidase enzymes. Thus, the measurement
of H2O2 in various enzymatic reactions could quantify the analyte for
biomarker detections as shown in Eq. (1) (Guascito et al., 2008). The
use of electrode or catalyst-modified electrode as a transducer was
based on Eq. (2) of H2O2 oxidation:

analyteþO2 ⟹
oxidase

byproductþH2O2 ð1Þ

H2O2 ⟹
electrode

O2þ2Hþ þ2e� ð2Þ

The oxidation current of H2O2 was measured under a suitable applied
potential between �0.1 V and þ0.8 V. The changes in the concen-
tration of the H2O2 were then related to the analyte concentration as
shown in Eq. (1).

Transition metal nanoparticles were used in the development
of electrochemical sensors and biosensors based on their catalytic
activity (Gong et al., 2007; Privett et al., 2008). The large surface-
to-volume ratio and special binding site on the surface of nano-
particles led to a fast communication between an enzymatic
process and a nanoparticle response for signal transduction in
biosensing or for catalytic reactions (Chakraborty and Raj, 2009).
Pt nanoparticles were used in electrochemical detections based on
its activity for the oxidation of H2O2 (Karam and Halaoui, 2008;
McLamore et al., 2011; Shi et al., 2011). Electrodes modified with Pt
nanoparticles enhanced electron transfer and reduced the over-
potential for H2O2 oxidation (Evans et al., 2002; You et al., 2012).
However, electrodes modified with pure Pt nanoparticles still
required ca. þ0.7 V versus Ag/AgCl to generate the oxidation
current of H2O2. This high overpotential would oxidize ascorbic
acid (AA) and uric acid (UA) in human blood resulting in an
interference of the detection of the analyte (Chen et al., 2012b).
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Bimetallic nanoparticles created functional hybrid nanostructures,
resulting in the variations in electronic, catalytic, or photonic
property. The addition of a second metal contributed to the
alterations in particle size, shape, surface-morphology, composition,
chemical and physical properties including the catalytic activity and
chemical selectivity of the material as compared to the single
metallic nanocatalyst (Alayoglu et al., 2008). Specifically, among
platinum based bimetallic nanocatalysts, PtRu nanocatalysts exhib-
ited a superior activity in H2O2 detection. Several groups demon-
strated that Ru required less activation energy than Pt in adsorbing
OHads or Oads (Kua and Goddard, 1999; Ge et al., 2001; Bligaard
et al., 2004; Greeley et al., 2007; Lischka et al., 2007). Gsell et al.
reported that the oxygen adsorption preferably occurred onto the
Ru (0001), hexagonal close-packed (hcp), surface (Gsell et al., 1998;
Jakob et al., 2001). This allowed the Oads inhibitor to adsorb on Pt
surface, thereby minimizing the surface “poisons” on the Pt metal.
Consequently, Pt active binding sites were able to interact with
H2O2, enhancing the catalytic activity of the H2O2 detection. The
addition of promoters, including of adding a metallic third element,
adjustment of preparation parameters, using of alterative supports,
and heat treatments on the bimetallic nanocatalyst, was proposed
(Prabhuram et al., 2006; Chang et al., 2009; Liu et al., 2011; Wei
et al., 2011). Carbon powder, carbon nanotube (CNT), and graphene
as the supporting materials for bimetallic nanocatalysts were used
due to their unique structural, electrical, and mechanical properties
(Prabhuram et al., 2006; Shi et al., 2012).

Carbon nanomaterials possessed unusual size-/surface-dependent
properties (e.g., morphological, electrical, optical, and mechanical)
which were useful in enhancing energy conversion and storage
performance (Liu et al., 2008; Guo et al., 2008; Rolison et al., 2009;
Dai et al., 2012). Specially, carbon materials enhanced the availability
electrochemical active surface area (ECSA) of electrocatalyst provid-
ing high mass transport of reactants to the electrocatalyst. Carbon
materials came in many forms and were often categorized by their
dimensionality, such as zero dimensional (0D) fullerene, one dimen-
sional (1D) CNT, and two dimensional (2D) graphene. Graphene
possessed much more novel properties compared with fullerene and
CNT (Mattevi et al., 2009; Loh et al., 2010; Wu et al., 2010). Graphene
was a two dimensional monolayers of carbon atoms with high
surface area, chemical stability, and thermal stability, making it as a
useful growth substrate for energy conversion and electronics
(Sundaram et al., 2011; Wang et al., 2011). However, graphene
showed poor electrical conductivity and large resistance from
structural defects (Bi et al., 2011; Chen et al., 2011). In order to
overcome these shortcomings, a new strategy was proposed to grow
graphene on three dimensional (3D) skeletons (graphene foam/
porous graphene) with a large surface area (Lee et al., 2010; Yin
et al., 2011). Graphene foam (GF) was a 3D multilayer freestanding
and monolithic electrochemical graphene film which was a promis-
ing material using in chemical sensing and energy storage. This
porous architecture of GF held extremely large surface and highly
conductive pathways (Huang et al., 2012; Singh et al., 2013). GF also
used as the freestanding electrode with a low resistance enhancing
the mobility of charge carries based on its mechanical strength and
continuous skeleton (Si et al., 2013).

In this study, the preparation of novel 3D GF using Ni foam as a
sacrificial template in a facile process was described. The results of
PtRu bimetallic nanocatalysts with various carbon substrate mate-
rials, such as Vulcan XC-72 carbon, graphene, and GF, as the
supporting materials toward the H2O2 detection were investigated.
The atomic structures of different carbon supports and the
electroactivity of PtRu nanocatalysts were characterized by X-ray
diffractometer (XRD), scanning electron microscopy (SEM), scan-
ning transmission electron microscopy (STEM), and cyclic voltam-
metry (CV). The electrochemical measurements showed that the
GF supported PtRu exhibited an excellent electrocatalytic activity

toward the H2O2 detection. 3D PtRu/GF nanocatalyst also exhibited
a superior conductivity, low detection limit and high sensitivity,
providing a new opportunity for the design and application of
electrode materials with enhanced performance in biosensing.

2. Experimental

2.1. Materials

Hydrogen hexachloroplatinate(IV) hexahydrate (H2PtCl6 �6H2O,
37.5% Pt basis), ruthenium(III) chloride hydrate (RuCl3 �nH2O, 99.8%
purity), citric acid (99.5 wt.%) and sodium borohydride (NaBH4,
99 wt.%) were purchased from Sigma Aldrich (St. Louis, MO). Nafion
solution (LIQUION) was obtained from Ion Power Inc (New Castle,
DE). Vulcan XC-72R carbon and graphene nanopowder (12 nm
flakes) were received from Cabot Corporation (Boston, MA) and
Graphene Supermarket (Calverton, NY), respectively. Phosphate
buffer solution (PBS) (0.1 M) of pH 7.4 solution was prepared with
0.15 M KCl as the supporting electrolyte, KH2PO4, K2HPO4, and
deionized water in appropriate portions.

2.2. Growth of the 3D graphene foam

3D GF was prepared as follows. A nickel foam (INCO, Alantum
Advanced Technology Materials (Dalian) Co., Ltd., Dalian, Liaoning;
pore size: 590 mm) was first heated up to 1000 1C in a horizontal
quartz tube under Ar (500 sccm) and H2 (200 sccm) and kept in situ
for 5 min cleaning its surface and removing any thin surface oxide
layer. CH4 (5 sccm) was then introduced into the furnace tube for
5 min. At this stage, graphene coated nickel foam was formed. Upon
cooling to room temperature (20 1C), the Ni foam covered with
graphene was removed from the furnace tube and dip-coated with a
poly(methyl methacrylate) (PMMA) solution (6 M in toluene), and
then dried at 180 1C for 30 min forming a thin PMMA film on
graphene surface (PMMA/GF@Ni) preventing structural failure of the
resultant GFs when the nickel template was etched. The nickel foam
was removed by immersing the whole structure in a HCl (3 M)
solution at 70 1C for 5 h in order to obtain PMMA/GF. Finally,
freestanding GF was obtained by dissolving the PMMA protection
layer in hot acetone at 55 1C. The 3D GF then was used as the
substrate for the adsorption of PtRu nanoparticles to synthesize PtRu/
3D GF nanocatalyst.

2.3. Synthesis and modification of PtRu nanoparticle catalyst

The PtRu was synthesized using the borohydride reduction.
Typically, in an experimental trail, the Pt and Ru precursors were
first dissolved in deionized (DI) water achieving a 1.8 mM metal
solution, respectively. Citric acid was used as the capping agent
adding into the metal solution preventing nanoparticles agglom-
eration at a molar ratio of 0.42 between citric acid and the metal
solution. The bimetallic PtRu solution was then adjusted to
pH¼7.0 using 0.1 M NaOH solution and NaBH4 was used as
reducing agent and added dropwise into the metal solution. The
amount of NaBH4 was 1.4-times the molarity of PtRu which
reduced the PtRu metal in the solution. The solution was stirred
for 12 h at room temperature for the completion of the chemical
reduction. For the preparation of PtRu nanocatalysts with carbon
supported materials, the PtRu solution was first sonicated for 2 h
and then mixed with 47.7 mg of various carbon supported materi-
als, respectively. The nanocatalyst solution was stirred for 12 h at
room temperature again. The nanocatalyst solution was thereafter
washed with acetone three times and collected by centrifugation
at 18,000 rpm (Sorval RC-5C Centrifuge, Thermo Scientific, Ashe-
ville, NC) for 20 min. Finally, the slurry was placed into a vacuum
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oven at 70 1C for 24 h. Then, the nanocatalyst with 20 wt.% loading
of PtRu mixed with carbon supported materials was obtained.

2.4. Characterization of PtRu nanocatalysts with different carbon
supported materials

Phase structures and compositions of the PtRu nanocatalysts with
different carbon supported materials were examined by XRD (Rigaku
Corporation, Tokyo, Japan) using Cu Kα radiation (λ¼1.54 Å) and
operating at 30 kV and 15 mA with a scan rate of 31/min for 2θ in a
range from 151 to 851. The particle size of alloy nanoparticles was
estimated using Debye–Scherrer's equation. SEM images were
obtained at 5.0 keV on a Quanta 3D SEM (FEI, Hillsboro, OR). The
morphologies of the nanocatalysts were studied using a Tecnai F30
STEM (FEI, Hillsboro, OR) and operated at 300 keV. The specimens for
STEM analysis were prepared by ultrasonically suspending the
nanocatalyst powders in ethanol. The suspension was then immedi-
ately dropped and dried on an ultrathin carbon supported 400 mesh
copper grid (Ted Pella, Inc., Redding, CA) which was used for STEM
examination.

2.5. Electrochemical measurements

Literatures suggested that metal nanoparticles-based sensor
electrodes often gave increased current response and higher
sensitivity and selectivity for H2O2 sensing (Dey and Raj, 2010;
Chen et al., 2012b). Prior to experiments, PBS was deoxygenated
with nitrogen gas. A glassy carbon electrode (GCE) was cleaned
with acetone and ethanol in sequence, and then polished with

0.05 mm alumina powder. The GCE was then rinsed with DI water
and sonicated for 10 min. In a typical H2O2 detection run, the
bimetallic nanocatalyst with the carbon based substrate was
placed on the surface of a rotating disk electrode for evaluation.
One milligram of metal/carbon powder was dispersed in a 45 μL of
ethanol and 5 μL of Nafion solution (15 wt.%), and then sonicated
for 10 min to prepare the electrocatalyst. After sonication, 8.0 μL of
the mixture was deposited onto the glassy carbon working
electrode with a surface area of 0.196 cm2 (Part no. AFE2M050GC,
PINE Instrument Company, Grove City, PA). This thick film ink-
coated electrode was dried under ambient condition for 3 min. A
saturated calomel electrode (SCE) and a Pt mesh electrode (1 cm2)
were served as a reference and a counter electrode, respectively.
The working electrode was operated at the rotational speed of
1000 rpm. The electrochemical titrations of various H2O2 in a PBS
at pH¼7.4 with 0.15 M KCl as supporting electrolyte were carried
out. A workstation (CHI 660C, CH Instrument, Inc., Austin, TX) was
used for cyclic voltammetry and amperometry. Cyclic voltam-
metric studies were arranged over a voltage range of �0.2 V to
þ1.2 V versus the SCE with a voltage scan rate of 0.1 V/s.

In order to evaluate the ECSA of the nanocatalyst, the CO
stripping measurement was conducted in a solution of 0.5 M
H2SO4. The prepared process of nanocatalysts for the CO stripping
measurement was identical to that for H2O2 detection as described
above. Pure CO (99.5%) was then purged closed to the working
electrode for 1 h with the electrode polarized at �0.15 V versus
SCE. The CO adsorption time was found to be sufficient to reach the
steady state. Afterwards, the dissolved CO was removed by bubbling
Ar into the solution for 20 min, and the stripping voltammograms

Fig. 1. SEM images of (A) pure commerical graphene, (B) pure graphene foam (plane view), (C) pure graphene foam (cross section).

C.-C. Kung et al. / Biosensors and Bioelectronics 52 (2014) 1–7 3



were collected at a scan rate of 0.5 V/s. Two cyclic voltammmetries
were recorded from �0.2 V to þ1.2 V versus SCE. The first potential
sweep was conducted to electro-oxidize the adsorbed CO and the
second potential sweep was to verify the completeness of the CO
oxidation.

3. Results and discussion

3.1. Physicochemical characterization of PtRu nanocatalysts with
different carbon supported materials

The morphologies of the pure commercial graphene and 3D GF
were characterized by SEM as shown in Fig. 1(A) and (B). The
morphology was totally different between these two samples.
Pure commercial graphene possessed a wrinkled and sheetlike
structure. However, GF exhibited a macroporous structure with
the pore diameter 50–250 mm. 3D GF showed a larger surface area
comparing with the commercial graphene due to its macroporous
structure. Moreover, 3D GF supplied a large number of active sites
for adsorption of PtRu nanoparticles, and PtRu nanoparticles
dispersed homogenously on the surface (Dong et al., 2012). GF
also revealed an ultra-hollow internal structure with a high
porosity based on the cross section of SEM (Fig. 1(C)). Supplemen-
tary information Fig. S1(A)–(D) shows the STEM images for the
PtRu, PtRu/C, PtRu/graphene and PtRu/3D GF nanocatalysts,
respectively. PtRu nanoparticles with relatively uniform disper-
sions were formed on the different carbon supported materials.
In the STEM images of pure PtRu (Supplementary information
Fig. S1(A)), an aggregation of nanoparticles was observed, because
pure PtRu nanoparticles were not separated without carbon
supported materials. Additionally, the PtRu nanoparticles were
uniformly well-dispersed with Vulcan XC-72 carbon (Supplemen-
tary information Fig. S1(B)), and graphene (Supplementary infor-
mation Fig. S1(C)) especially for the 3D GF (Supplementary
information Fig. S1(D)) based on the STEM images. This was due
to the availability of more surface area of the carbon supported
materials, facilitating better dispersion of the PtRu nanoparticles.
For Supplementary information Fig. S1(C) and (D), PtRu nanopar-
ticles were dispersed onto the graphene sheets and GF, respec-
tively. Both images displayed a slightly wrinkled morphology.
Aksay et al. stated that this wrinkle was an important factor to
prevent the aggregation of graphene and maintain high active
surface area (McAllister et al., 2007; Kou et al., 2009). The STEM
image of Supplementary information Fig. 1(D) showed a nanopor-
ous structure providing the substrate for PtRu nanoparticles to
adsorb on the flat layer and the scaffold. The average nanoparticle
size of PtRu/3D GF nanocatalyst was smaller than with other
carbon supported materials. The size difference and nanoparticle
dispersion could be explained by the different specific surface
areas of carbon supported materials and calculated based on the
results of XRD.

Fig. 2 shows the XRD patterns of PtRu, PtRu/C, PtRu/graphene and
PtRu/3D GF nanocatalysts. For pure Pt crystal, the peaks at 39.761,
46.241, 67.451, and 81.281 were correspond to the (111), (200), (220)
and (311) planes, respectively. These peaks indicated that Pt was
presented in the face-centered cubic (fcc) structure (Zhang and Chan,
2003). The 2θ values of the (220) peaks for the PtRu, PtRu/C, PtRu/
graphene and PtRu/3D GF nanocatalysts were observed at 67.921,
67.521, 67.961 and 67.481, respectively. All of the peaks were slightly
shifted to higher angles from pure Pt crystal, indicating as the
evidence of alloying (Cong et al., 2012). The absence of the peaks
associated with a typical hcp structure of pure Ru or RuO2 in the XRD
pattern suggested that Ru either formed alloys with Pt atoms or
existed as oxides in the amorphous state (Prabhuram et al., 2006).
The diffraction peak at 54.71 indicated the (004) plane of carbon

support. This peak appeared when only high graphitization was
achieved (Zhou et al., 2012). Also, the diffraction peak at around 261
observed in all the XRD patterns of the carbon supported nanocata-
lysts was due to the (002) plane of the hexagonal structure of carbon
support. The existence of sharp diffraction peaks (002) demonstrated
the crystalline nature of carbon support material. Carbon support
material therefore acted as a good conductive substrate and influ-
enced the crystalline nature of the Pt and PtRu nanoparticles being
dispersed over the carbon material. In the case of PtRu/3D GF
nanocatalyst, a very sharp peak appeared at the same 2θ value
indicating the good crystalline nature and excellent conductivity of
the GF.

The average particle size of the nanocatalyst was calculated
from the Pt (220) diffraction peaks using Debye–Scherrer
equation:

d¼ kλ
β2θ cos θmax

ð3Þ

where k was a coefficient (0.9), λ was the wavelength of the X-ray
(1.54 Å), β was the full width at half-maximum (FWHM) of the
respective diffraction peak (rad), θ was the angle at the position of
peak maximum (1).

The nanoparticle sizes of Pt calculated by the Debye–Scherrer
equation were 7.07, 5.39, 4.24, and 3.51 nm for the PtRu, PtRu/C,
PtRu/graphene and PtRu/3D GF nanocatalysts, respectively. In gen-
eral, the nanoparticle size of Pt decreased when adding the carbon
supported material during the preparation process, suggesting that
the nanoparticle size of PtRu alloy in the nanocatalysts decreased
with the addition of carbon supported material. Among the four
nanocatalysts, the nanoparticle size for PtRu/3D GF nanocatalyst was
the smallest, while that for PtRu nanocatalyst was the biggest. This
large nanoparticle size of PtRu was probably due to agglomeration.
This result indicated that PtRu/3D GF nanocatalyst had the largest
surface area due to its smallest nanoparticle size among the four
nanocatalysts. Thus, homogeneous distribution of PtRu nanoparticles

Fig. 2. X-ray diffraction patterns of PtRu-based nanocatalysts with different carbon
supported materials.
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was obtained by adding the carbon supported materials which
provided the large surface area. PtRu nanocatalysts with small
nanoparticle sizes and a uniform distribution indicated that the
active binding sites of itself increased enhancing the possibility to
interact with H2O2.

3.2. Electrochemical characterization and performance

The electrochemical performances of PtRu nanocatalyst with
different carbon supported materials were investigated by cyclic
voltammetry (CV) using potassium ferricyanide (15 mM) and
potassium ferrocyanide (15 mM) as the benchmark redox reac-
tions for various modified electrodes. As shown in Fig. 3, the
intensity of redox peak for pure PtRu nanocatalyst was low and the
peak-to-peak potential separation (ΔEp¼Epa�Epc) was 172 mV. In
addition, the peak separations of the PtRu/C, PtRu/graphene and
PtRu/3D GF nanocatalysts were 152, 155 and 166 mV, respectively.
When glassy carbon electrode (GCE) was deposited with different
carbon supported materials, the peak separation decreased and
the redox peak current of [Fe(CN)6]3� /4� increased substantially.
The smaller peak-to-peak potential separation and the existence of
sharp redox peaks current of [Fe(CN)6]3� /4� demonstrated that
the carbon supported materials improved the electron and mass
transfer due to the increased surface area and lower electric
resistance of nanosized PtRu particles. The smaller nanosized PtRu
particles accelerated the electron-transfer kinetics. PtRu/3D GF
specimen showed the best improvement in the anodic peak
current (ipa) and cathodic peak current (ipc) by extending the three
dimensional structure of GF. This result indicated that the carbon
supported material provided the larger surface area, the electron
and mass transfer rate would be accelerated due to the finer
nanoparticle size and more uniform dispersion of PtRu nanocata-
lysts (Chen et al., 2012b). This performance also carried out by the
STEM images and XRD results.

Enzymatic produced H2O2 shown in Eq. (1) was oxidized at an
appropriate electrochemical potential. The oxidation current of the
generated H2O2 quantified the concentration of analyte stoichio-
metrically. In order to verify the capability of this PtRu nanocata-
lyst for the detection of H2O2, experiment was firstly conducted
measuring H2O2 in 0.1 M pH 7.4 PBS with 0.15 M KCl as a
supporting electrolyte. The range of scanned potential was set
between �0.2 V and þ1.2 V versus SCE for six cycles with a
voltage scan rate of 0.1 V/s. Supplementary information Fig. S2
compares the measured cyclic voltammogram of the 3rd and 4th
cycles in PBS with and without 2 mM H2O2. A separable current

appear at þ0.2 V versus the SCE reference electrode demonstrat-
ing the ability of this PtRu nanocatalyst for the detection of H2O2 at
that oxidation potential.

3.3. Electrochemical active surface area measurement

CO stripping voltammetry was applied to evaluate the ECSA of
the nanocatalyst (Saha et al., 2007; Chetty et al., 2009). Supple-
mentary information Fig. S3 shows the CO stripping voltammo-
grams and the subsequent CV for the PtRu (Supplementary
information Fig. S3(A)), PtRu/C (Supplementary information Fig.
S3(B)), PtRu/graphene (Supplementary information Fig. S3(C)) and
PtRu/3D GF (Supplementary information Fig. S3(D)) nanocatalysts
in 0.5 M H2SO4 at a scan rate of 0.5 V/s. For all of the nanocatalysts,
the first scan showed that the CO oxidation peaks were present at
EE0.5 V and no CO oxidation was observed in the second scan
confirming the complete removal of the COads species. The ECSA
was estimated by using the following equation:

ECSA¼ Qco

½Pt� � 420 μC cm�2 ð4Þ

where Qco represented the charge for the CO stripping (mC cm�2),
[Pt] was the platinum loading (mg cm�2) in the electrode, and
420 mC cm�2 was the charge density which was required to
oxidize a monolayer of CO. The relevant results were calculated
to be 37.2 m2 g�1, 54.2 m2 g�1, 121.8 m2 g�1 and 186.2 m2 g�1 for
the PtRu, PtRu/C, PtRu/graphene and PtRu/3D GF, respectively. It
should be noted that the ECSA of the PtRu/3D GF nanocatalyst was
higher than those of the other three nanocatalysts. The higher
ECSA of PtRu/3D GF was due to the smaller size and better
dispersion of the PtRu nanoparticles on GF. This observation was
in agreement with the experimental results stated by XRD that
PtRu/3D GF nanocatalyst had the largest surface area.

3.4. Amperometric measurement of H2O2

The performances of the PtRu nanocatalysts with different
carbon supported materials were evaluated by the amperometric
detections of H2O2. Fig. 4 shows the typical amperometric responses
of the PtRu, PtRu/C, PtRu/graphene, and PtRu/3D GF nanocatalysts
for continual additions of H2O2 to a stirred supporting electrolyte
solution at an applied potential of þ0.32 V versus SCE. This applied
potential of þ0.32 V versus SCE was selected to avoid the inter-
ference from AA and UA. The stable amperometric response was
obtained and the responsive time was less than 10 s achieving 95%

Fig. 3. Cyclic voltammograms of PtRu nanocatalysts with different carbon
supported materials in 0.1 M PBS (pH¼7.4) with 0.15 M KCl containing 15 mM
each of Fe(CN)63� and Fe(CN)64� .

Fig. 4. Amperometric responses of PtRu nanocatalysts with different carbon
supported materials obtained from successive additions of H2O2.
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steady state current for the nanocatalyst with carbon supported
materials. The fast response was due to the high electronic
conductivity and good catalytic activity of PtRu nanoparticles with
different carbon supported materials facilitated the electron trans-
fer in the nanocomposite film. Moreover, the PtRu/3D GF nanoca-
talyst exhibited a larger current output (corresponding to time)
than PtRu, PtRu/C and PtRu/graphene. In Supplementary informa-
tion Fig. S4 the amperometric currents versus H2O2 concentrations
were compared for the four nanocatalysts. The experimentally
measured maximum detectable H2O2 concentration was found to
be 5 mM with a signal-to-noise ratio of 3. This was the average of
three successive measurements, corresponding to the same H2O2

concentration. PtRu/3D GF nanocatalyst showed the best perfor-
mance when the concentration of H2O2 reached 5 mM. This result
suggested that PtRu/3D GF nanocatalyst maintained good diffusion
property because of the large surface area and high catalytic
activity.

Fig. 5 shows time-dependent current of the PtRu/3D GF nanoca-
talyst for additions of H2O2 over a concentration range of 0.005–
0.04 mM. The PtRu/3D GF amperometric sensor responded rapidly
achieving 95% of the steady-state current within 10 s. As shown in
Supplementary information Fig. S5, the calibration was linear over a
H2O2 concentration range 0.005–0.02 mM: the linear regression
equation was I (mA cm�2)¼1023.1 (mA mM�1 cm�2)C (mM)þ1.14
(mA cm�2) with a coefficient of determination (R2)¼0.999. The

sensitivity and the detection limit were 1023.1 mA mM�1 cm�2

and 0.04 mM, respectively. The detection limit was calculated based
on the signal to noise ratio (S/N¼3). PtRu/3D GF nanocatalyst
showed the highest sensitivity and the best of limit of detection
(LOD) among four samples, following by PtRu/graphene, PtRu/C, and
PtRu in order. The high LOD of the PtRu/3D GF nanocatalyst was
attributed to the nanocatalyst having a high electrocatalytic activity.
Additionally, the stability of this nanocatalyst reduced the interfer-
ence of background current achieving the higher LOD. The perfor-
mance of PtRu nanocatalysts with different carbon supported
materials were compared with other nanocatalysts as shown in
Table 1, including applied potential, linear range, sensitivity and
detection limit. PtRu/3D GF nanocatalyst showed the excellent
performance which was contributed to the large surface area and
excellent electrical conductivity of GF.

3.5. Interference tests

The interference from physiological species such as ascorbic
acid (AA) and uric acid (UA) was always a concern for H2O2 based
electrochemical biosensor. The concentrations of AA and UA in
human blood were 0.125 mM and 0.33 mM, respectively (You
et al., 2012). Responses to the successive addition of 1.0 mM H2O2,
0.15 mM AA, and 0.5 mM UA were measured at þ0.32 V versus
SCE, as shown in Supplementary information Fig. S6. The negli-
gible effects of the interferences on the H2O2 response indicated
the high selectivity of the PtRu/3D GF nanocatalyst. The high
selectivity could be attributed to a relative low potential applying
for H2O2 detection minimizing the responses of common interfer-
ing species.

3.6. Stability and durability of the PtRu/3D GF nanocatalyst

The stability of the PtRu/3D GF nanocatalyst had been investi-
gated through the amperometric response to 0.04 mM H2O2 at
þ0.32 V versus SCE in 0.1 M PBS (pH¼7.4) with 0.15 M KCl. In a
series of eight successive measurements, 0.005 mM H2O2 was
measured continuously, and a good stability with a relative standard
deviation (RSD) of 1.54% was obtained from three different electrodes
prepared under the same conditions. The results showed that the
PtRu/3D GF nanocatalyst had satisfactory stability as shown in
Supplementary information Fig. S7. For durability evaluation, the
PtRu/3D GF electrode was stored in 0.1 M PBS (pH¼7.4) with 0.15 M
KCl at room temperature (25 1C) when not in use. The PtRu/3D GF
electrode was then investigated through the amperometric response
to 5 mM H2O2 at þ0.32 V versus SCE in 0.1 M PBS (pH¼7.4) with

Fig. 5. Current versus time curve of the PtRu/3D GF for successive additions of
H2O2.

Table 1
A comparison of the performance using Pt based nanoparticles toward the H2O2 detection.

Catalyst Applied potential (V) Linear range (mM) Sensitivity (μA mM�1 cm�2) LOD (mM) Reference

Pt/CNT �0.1 (Ag/AgCl) 5�10�3–25 140 1.5 Wen et al. (2009)
Pt/MWCNT þ0.7 (Ag/AgCl) Up to 2.5 3847 0.025 Male et al. (2007)
Pt/t-MWCNT/PDDAa �0.1 (Ag/AgCl) 1�10�3–8 481.3 0.27 You et al. (2012)
Pt/t-GO/PDDAb �0.1 (Ag/AgCl) 1�10�3–5 353.9 0.65 You et al. (2012)
PtIr/MWCNT þ0.25 (SCE) 2.5�10�3–0.075 58.8 2.5 Chen et al. (2012b)
PtPd/MWCNT þ0.25 (SCE) 2.5�10�3–0.125 414.8 1.2 Chen et al. (2012b)
Nanoporous PtCu/C þ0.3 (Ag/AgCl) 0–4 69.4 12.2 Janyasupab et al. (2013)
Nanoporous PtNi/C þ0.3 (Ag/AgCl) 0–2 208.5 31.5 Janyasupab et al. (2013)
Nanoporous PtPd/C þ0.3 (Ag/AgCl) 0–3 239.8 114 Janyasupab et al. (2013)
Nanoporous PtRh/C þ0.3 (Ag/AgCl) 0–2 839.9 34.8 Janyasupab et al. (2013)
PtRu þ0.32 (SCE) 0–0.02 22.2 0.817 This work
PtRu/C þ0.32 (SCE) 0–0.02 791.5 0.379 This work
PtRu/graphene þ0.32 (SCE) 0–0.02 795.4 0.355 This work
PtRu/3D GF þ0.32 (SCE) 0–0.02 1023.1 0.04 This work

a Pt/t-MWCNT/PDDA represented a Pt/thiolated-MWCNT/poly-(diallyldimethylammonium chloride).
b Pt/t-GO/PDDA represented a Pt/thiolated-graphene oxide/poly-(diallyldimethylammonium chloride).
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0.15 M KCl. The results showed that the PtRu/3D GF electrode
remained at 96.5% of its original response after 7 days, 94.1% after
14 days, and 93.4% after 21 days, suggesting that the good stability
and durability of the PtRu/3D GF nanocatalyst for H2O2 detection.
This result demonstrated that the three dimensional structure
facilitated the electron and mass transfer due to the increased surface
area and high conductivity of nanosized PtRu particles.

4. Conclusions

The measurement of H2O2 based amperometric biosensors was
often inaccurately due to the low sensitivity and low LOD toward the
H2O2 detection. Converting bimetallic nanoparticles into 3D porous
structure enhanced the active surface area and increased the effective
transport in the reaction. In this study, PtRu bimetallic nanoparticles
with 3D GF nanocatalyst for H2O2 detection was designed. 3D GF
demonstrated to be as a good platform to incorporate with PtRu
bimetallic nanoparticles for biosensing. PtRu/3D GF nanocatalyst
exhibited a good performance toward electrochemical oxidation of
H2O2 without any additional mediator or enzyme possessing a high
sensitivity (1023.1 mA mM�1 cm�2) and a low detection limit
(0.04 mM). 3D GF improved the availability ECSA of nanocatalyst
for electron transfer and also provided high mass transport of
reactants to the nanocatalyst. The increased active binding sites of
PtRu/3D GF nanocatalyst showed a higher possibility to interact with
H2O2, enhancing the catalytic activity of the H2O2 detection.
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