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A B S T R A C T

Functional platinum-based carbonous nanostructures play important roles in exploring new electrode
materials by constructing sensitive and selective platform in the electrochemical detection. In recent
years, intense research efforts have focused on boosting the performance of platinum with desirable
activity and stability. This work reports a facile strategy for the synthesis of platinum-based nitrogen-
doped porous CxN1-x compounds (Pt-pCxN1-x) with excellent enzyme-like activity. In the strategy, Pt-
pCxN1-x was simply prepared by in situ synthesis through a one-step microwave-assisted heating
procedure, resulting with subnanometer-size (�2.5 nm) platinum-based nanoparticles (Pt-BNPs) loaded
on the multi-dimensional CxN1-x structure. Due to the enriched edge and corner atoms, Pt-pCxN1-x

showed excellent intrinsic peroxidase-like activity. Meanwhile, it was demonstrated that Pt-pCxN1-x

possessed a lower Michaelis Constant (Km= 0.104) compared with horseradish peroxidase (HRP)
(Km= 0.416) in the presence of 3,3,5,5-tetramethylbenzidine (TMB) and hydrogen peroxide (H2O2).
Moreover, the Pt-pCxN1-x behaved better property and lower cost in H2O2 electrochemical detection
compared with the pCxN1-x and Pt-BNPs. The detection results exhibited a low detection limit (2.29 mM)
and a wide linear range (0.025 to 5.725 mM), which revealed its superior potential in H2O2

electrochemical detection. Therefore, the Pt-pCxN1-x may find a potential application in constructing
electrochemical biosensors.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Currently, intense interest has been paid to loading various
nanoparticles or alloys on graphite-like carbon compounds as
enzyme mimetics for a wide range of biomedical, sensor and
technological applications [1–8]. Among known nanomaterials,
platinum-based nanoparticles (Pt-BNPs) have attracted particular
attention due to their various advantages over natural enzymes
against denaturation or protease digestion [9–12]. However, the
activity of Pt-BNPs catalysts has been influenced by many factors,
for example, the size, distribution and stability of Pt-BNPs and the
support materials [13–15]. According to prior research, the most
favorable size for Pt-BNPs catalysts is within the range of 10 nm
[16]. Unfortunately, the catalysts could easily aggregate in this size
range due to the large surface energy, which lead to the decrease of
the catalytic activity. Hence, it is essential to screen ideal materials
to stabilize the nanoscale Pt-BNPs to enhance their utilization.
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As the candidate materials to support Pt-BNPs, some kinds of
graphitic carbon materials such as graphene, carbon nanofibers,
ordered mesoporous carbon, carbon nanotubes have been studied
[1,17,18]. Yan et al. prepared polydopamine-coated ordered
mesoporous carbons to load well-dispersed Pt nanoparticles for
H2O2 electrochemical reduction and exhibited improved electro-
catalytic activity, and that polydopamine on the ordered meso-
porous carbons facilitated the obtainment of ultra-fine Pt
nanoparticles with good dispersion and small particle size [19].
Liu et al. developed a novel biosensor based on highly exposed Pt
nanoparticles decorated porous graphene for the reliable detection
of extracellular H2O2, which showed good performance toward the
electrocatalytic reduction of H2O2 [20]. Among numerous support
materials, porous carbons have been attracting more and more
attention because of their outstanding characteristics such as high
surface area, good electrical conductivity, multi-channel for ion
transport/diffusion and electronic transmission path, and intensi-
fied electrolyte permeability [21–24]. However, the excellent
performance of porous carbons not only depends on the surface
structure and porosity derived from raw materials, but also
depends on the heteroatoms doped in their structures [25,26]. The
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introduced heteroatoms, especially the nitrogen with five valence
electrons, can effectively tune the electronic characteristics and
enhance the electronic conductivity, providing hydrophilic ability
and basic properties to increase the functionality of carbon [25,27–
29]. And the doping of nitrogen could also facilitate the well
dispersion and immobilization of ultrafine Pt-BNPs by increasing
surface defects to serve as Pt-BNPs nucleation sites [30,31]. In
addition, the nitrogen has influence on the binding of the Pt-BNPs
to the carbon support by altering the electron donating feature of
carbon support, which could prevent Pt-BNPs from agglomerating
and coarsening [30]. Thus, the nitrogen-doped porous CxN1-x

compounds (pCxN1-x) were perceived as a promising candidate for
a variety of applications in the fields of physical chemistry [32,33].
Compared to graphene-like carbon compounds [25,34], pCxN1-x is
lower in cost and easier in preparation. It is also have been studied
that nitrogen doped carbon materials itself display attractive
electrocatalytic activity for reduction of H2O2 [28,35]. The
aforementioned advantages of pCxN1-x suggest its great potential
as a prominent support material.

As the reactive oxygen species and by-products of many
reactions contain oxidase enzymes, H2O2 as a signal molecule plays
an indispensable role in adjusting different biological processes.
With the development of nanotechnology in recent years, it is
essential to establish some simple and rapid methods for the
detection of H2O2. The colorimetric detection was firstly performed
to test the peroxidase-like catalytic activity of Pt-pCxN1-x in
catalyzing the oxidation of 3,30,5,50-tetramethylbenzidine (TMB)
by H2O2,revealing that Pt-pCxN1-x has excellent peroxidase-like
activity. Furthermore, on the basis of the fast response and high
sensitivity as well as low-cost and convenient operation for actual
applications [1,36], the electrochemical method was also adopted
to investigate the analysis of H2O2. The results revealed that Pt-
pCxN1-x displayed remarkable electrocatalytic activity and stabili-
ty. So in our work, a novel nonenzymatic sensor based on Pt-pCxN1-

x was the first time to be fabricated for sensitive detection of H2O2,
and the support pCxN1-x was easily prepared through one-step
cross-linking reaction of melamine and formaldehyde without any
extrinsic nitrogen source. The good catalytic activity of this
nanocomposite is depend on its special composition and structure.
Firstly, the porous structure and large surface area are beneficial to
the loading of plentiful Pt-BNPs. Then the doping of nitrogen atoms
can alter electron character of carbon support and facilitate the
anchoring and dispersion of Pt-BNPs. The last but not the least,
pCxN1-x and subnanometer-size Pt-BNPs provide synergistic
effects on the catalytic performance of H2O2 electrochemical
reduction.

2. Experimental Section

2.1. Reagents and Apparatus

Melamine (99.5%) was purchased from Tianjin Guangfu Fine
Chemical Research Institute. Formaldehyde, sodium hydrate
(NaOH, AR), hydrochloric acid (HCl, AR), ethylene glycol (AR),
hydrogen peroxide (H2O2, 30%, AR), chloroplatinic acid hexahy-
drate (H2PtCl6�6H2O, AR), sodium acetate (NaAc, AR), acetic acid
(HAc, AR), chitosan (AR) was obtained from Sinopharm Chemical
Reagent Co., Ltd. Hydrophilic nano-CaCO3 was purchased from
Shanxi Xintai NanoMater. 3,3',5,5'-tetramethylbenzidine (TMB,
99%) was acquired from Sigma-Aldrich. Ultrapure water with a
conductivity of 18.25 MV-cm was used in the whole experiment
process. Unless special instructions, other chemicals were of
analytical reagent and used without further purification.

Scanning electron microscopy (SEM) images and SEM-EDS
mapping were carried out on a JEOL JSM–6700F field emission
scanning electron microscope. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) measurements were performed on a JEM-2010FEF
high-resolution transmission electron microscope at an accelerat-
ing voltage of 200 kV. The X-ray diffraction (XRD) measurement
was made on a Bruker D8 Advance X-ray diffractometer with Cu Ka
radiation. The X-ray photoelectron spectra (XPS) were measured
using a Thermo VG Multilab 2000 spectrometer equipped with a
monochromatic Al Ka radiation source at room temperature. The
Raman spectras were recorded by a Renishaw inVia Raman
spectrometer equipped with a He-Ne laser excitation source
operating at 632.8 nm. Nitrogen adsorption/desorption measure-
ments were carried out by Brunauer�Emmett�Teller (BET)
technique using a Micromeritics ASAP 2460 M automated sorption
analyzer. The pore size distribution was determined by desorption
date using Barrett–Joyner–Halenda (BJH) method. Thermal gravi-
metric analysis (TGA) measurements were performed on a
NETZSCH TG 209C thermobalance with a heating rate of 10 �C
min�1 under air and a flow rate of 20 cm3min�1. Ultraviolet-Visible
(UV-Vis) absorption spectra were recorded on PerkinElmer
Lambda 25 Ultraviolet-Visible spectrometer. Electrochemical
measurements were performed by a CHI 660D electrochemical
workstation.

2.2. Preparation of nitrogen-doped porous CxN1-x (pCxN1-x)

The pCxN1-x was prepared as reported in our previous work [33]
with some modifications. In a typical experiment, melamine
(31.5 g) was added to the stirring solution of formaldehyde (50 mL)
at room temperature, and the pH value of the mixure was adjusted
to 8-9 by adding diluted NaOH, followed by stirring at 80 �C for
20 min to obtain a clear solution. Then, the pH value of the mixture
was adjusted to 5-6 by adding diluted HCl, followed by the addition
of hydrophilic nano-CaCO3 (40 g) under vigorous stirring. Mean-
while, a small amount of water was added to prepare a
homogenous solution under constant stirring until the solution
was solidified. Subsequently, the solid product was dried at 60 �C in
the air and heated slowly to 180 �C overnight. The resultant
composite was carbonized at 900 �C for 2 h at the heating rate of
5 �C min�1 under the protection of nitrogen flow. After cooling to
room temperature, the obtained CaO/nitrogen-doped carbon
composites were ground to fine powders and stirred in diluted
HCl solution for 24 h. Finally, the product was separated through
suction filtration, washed several times with deionized water, and
dried in a vacuum oven at 150 �C for 10 h. The as-prepared product
was named as pCxN1-x.

2.3. Synthesis of Pt-based porous CxN1-x compound (Pt-pCxN1-x)

In a typical synthesis, 20 mg of pCxN1-x was dispersed in 10 mL
of ethylene glycol with ultrasonication, followed by the addition of
an aqueous solution of 1 mL of H2PtCl6 (0.02 M), then the pH of
mixure was adjusted to 8-9 by adding diluted KOH and stirring to
obtain well-mixed solution. After ultrasonic treatment for
approximately 30 min, the mixture was placed in a microwave
oven with programmed heating-up to 120 �C for 20 min (power:
400 W). Then the resultant solution was cooled naturally to the
room temperature, isolated by centrifugal separation, washed
several times with deionized water until the upper liquid was clear,
and then freeze-dried overnight. The final resultant nanocompo-
site was labeled as Pt-pCxN1-x.

2.4. Assay of peroxidase-like activity

The assays of peroxidase-like activity were carried out in time-
drive mode by monitoring the absorbance change at 652 nm for
5 min on a UV-visible spectrophotometer at room temperature.



X. Lei et al. / Electrochimica Acta 209 (2016) 661–670 663
Experiments were carried out using 3.0 mg mL�1 nanomaterial in a
reaction volume of 1 mL NaAc buffer solution (0.2 M, pH = 3.5)
containing 0.8 mM TMB as substrate, at the H2O2 concentration of
50 mM, unless otherwise stated. The Michaelis-Menten constant
was calculated using Lineweaver-Burk plots to obtain the double
reciprocal of the Michaelis-Menten equation, 1/v = (Km/Vmax)�(1/
[S] + 1/Km), where n is the initial velocity, Vmax represents the
maximum initial velocity, [S] corresponds to the concentration of
the substrate, and Km is known as the Michaelis–Menten constant
[11,37].

2.5. Electrochemical measurements

The electrochemical measurements were performed on a CHI
660D electrochemical workstation (Chen Hua Co., China) using a
three electrode system, with a modified glassy carbon electrode
(GCE) (3 mm diameter) as a working electrode, a platinum wire as a
counter electrode, and an Ag/AgCl (in saturated KCl solution)
electrode as a reference electrode. Before modification, GCE was
polished separately with 1.0, 0.3 and 0.05 mm alumina slurry and
washed ultrasonically in ultrapure water and ethanol for a few
minutes, then dried with high-purity nitrogen flow. Pt-pCxN1-x-
modified GCE was prepared by casting 5.0 mL of the Pt-pCxN1-x

suspension (1 mg mL�1) onto the GCE surface, followed by sealing
with 5.0 mL 0.05 wt% chitosan solution and drying in air at room
temperature. For comparison, bare GCE, pCxN1-x-modified GCE and
Pt-BNPs-modified GCE were prepared using the same method. The
electrolyte solution was purged with pure N2 for 15 min to remove
oxygen before the electrochemical measurement.

3. Results and Discussion

3.1. Material Synthesis and Characterization

Pt-pCxN1-x was synthesized by decorating subnanometer-size
Pt-BNPs on the surface of pCxN1-x (Scheme 1). As illustrated in
Scheme 1, the pCxN1-x was obtained as previously reported[33].
The nitrogen-doping porous structure can provide a powerful
support for immobilizing platinum nanoparticles[38,39]. Finally,
the combination of ultrafine and homodispersed Pt-BNPs on the
surface of pCxN1-x was carried out through an in situ reduction of
H2PtCl6 to acquire the Pt-pCxN1-x nanocomposites.

Fig. 1a and 1b show the SEM images of pCxN1-x and Pt-pCxN1-x,
the porous and stratiform structure can be seen clearly from
images. The pure structure of pCxN1-x could be clearly distin-
guished from Fig. 1a1. The enlarged HRTEM images of Pt-pCxN1-x as
shown in Fig. 1b1 and 1c reveal that subnanometer-size Pt-BNPs
are evenly distributed on the surface of pCxN1-x. And the nitrogen
atoms doped in the pCxN1-x are able to prevent Pt-BNPs from
aggregation due to the interaction between the electrons of
Pt-BNPs and nitrogen atoms [38–40]. The obtained Pt-BNPs are
Scheme 1. Schematic illustration o
close to 2.5 nm in size as shown in the upper right corner of Fig. 1c.
From the HRTEM and filtered images shown in Fig. 1d, it is clear
that the d-spacing of adjacent fringes for the subnanometer-size
Pt-BNPs is 0.23 nm, which corresponds to the (111) planes of a face-
centered cubic (fcc) Pt [1].

As depicted in SEM images (Fig. 2a and 2b), the elemental
mapping selected area could reflect the distribution of elements in
the material. The SEM-EDS mapping images (Fig. 2c-2f) exhibit the
chemical composition, highlighting the distribution of elements
(C, N, O, Pt-BNPs marked with different colors) within the Pt-
pCxN1-x. The elemental mapping results reveal that the C, N, O are
effectively and uniformly incorporated into the Pt-pCxN1-x, and Pt-
BNPs are also uniformly distributed onto the materials.

The XRD patterns of pCxN1-x in Fig. 3a show two diffraction
peaks at around 43.0� and 25.9�, which can be indexed to the (101)
and (002) planes of pCxN1-x [20], respectively. All the peaks related
to Pt shown in the XRD patterns of Pt-CxN1-x can be assigned to fcc
Pt, which is consistent with the standard literature values (JCPDS
no.04-0802). Meanwhile, with the loading of Pt-BNPs, the
diffraction peak (101) of pCxN1-x gradually decreases, revealing
that the distribution of Pt-BNPs is probably related to nitrogen,
which could also be verified by XPS (Fig. 3b). When the carbon
material is loaded with Pt-BNPs, the bulk material exhibits the XPS
peak of Pt4f [8] instead of pCxN1-x. Additionally, the binding energy
of N 1s in Pt-pCxN1-x is larger than that in pCxN1-x, further confirms
that the loading of Pt-BNPs on pCxN1-x is related to N. The shift of
the binding energy of N 1s indicates that partial nitrogen atoms are
changed to oxidation state, which might facilitate the synthesis of
Pt-BNPs in situ. The ratios of the integrated D-band (�1,330 cm�1)
and G-band (�1,580 cm�1) intensities in Raman spectra (Fig. 3c)
are 1.104 and 1.016, which could be ascribed to pCxN1-x and Pt-
pCxN1-x, respectively. The intensity ratio can reflect the degree of
graphitization of materials, the smaller the ratio then the higher
the degree of graphitization.The Raman results reflect that the
graphitization degree of Pt-pCxN1-x is higher than pCxN1-x, which
indicates the superior electric conductivity of Pt-pCxN1-x [41]. On
the other side, it is also explained the number of defective sites
decreased [42], resulting from the loading of Pt-BNPs. All the above
analysis results confirmed that the Pt-BNPs were loaded on the
pCxN1-x with a stable structure.

The TGA as a kind of analysis method can also verify the
attachment Pt-BNPs to pCxN1-x and obtain the estimated amount
of Pt-BNPs (Fig. S1). As shown in Fig. S1, the temperature range of
main weight loss for pCxN1-x is between 500 �C and 670 �C, which
comes from the thermal decomposition of pCxN1-x in air
atmosphere and residue mass close to zero. The temperature
range of main weight loss for Pt-pCxN1-x is between 350 �C and
620 �C, and its residue mass remain about 20%. The difference
between pCxN1-x and Pt-pCxN1-x further verified that Pt-BNPs are
successfully attached to pCxN1-x, which is consistent with the
above results. The weight ratio of the Pt-BNPs to pCxN1-x is
f the synthesis of Pt-pCxN1-x.



Fig. 1. (a, b) SEM images of pCxN1-x (a)and Pt-pCxN1-x (b);(a1, b1) TEM images in accordance with (a, b). (c) The enlarged HRTEM images of Pt-pCxN1-x and the size distribution
of Pt-BNPs (inset in the upper right corner of (c)). (d) HRTEM and filtered images of the square area.
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estimated to be 0.23: 0.77. Fig. S2 presents the nitrogen
adsorption–desorption isotherms of pCxN1-x and Pt-pCxN1-x. The
obtained isotherm exhibited type II with H3 type hysteresis loop
and a pronounced capillary condensation step at high relative
pressure range, indicating the existence of plentiful mesopores and
macropores. The specific surface area and pore volume of pCxN1-x

are 370.90 m2g�1 and 2.65 cm3g�1, which facilitate the attachment
of Pt-BNPs and offer a large reaction interface. Also, pore size
distributions of pCxN1-x are exhibited in inset of Fig. S2a, which
elucidate that pCxN1-x own varying sizes of nanopores. The specific
surface area and pore volume of Pt-pCxN1-x are 199.80 m2g�1 and
1.90 cm3g�1, which reflect the specific surface area of Pt-pCxN1-x is
less than that of pCxN1-x. The reasons for this difference were the
collapse of some holes caused by the ultrasonic process and the
coverage of some micropores or small mesopores caused by the
loading of platinum nanoparticles, which greatly reduced micro-
pores and then leading to the decrease of specific surface area. The
result of pore size distribution of Pt-pCxN1-x is in conformity with it
(Fig. S2b). However, most of the holes are still exist, and three-
dimensional structure composed of interconnected holes could
still be observed from SEM images of Pt-pCxN1-x.

3.2. Kinetics analysis of peroxidase-like catalytic activities of Pt-
pCxN1-x nanocomposites

The catalytic oxidation of TMB by Pt-pCxN1-x was investigated
in the presence or absence of H2O2 using pCxN1-x and Pt-BNPs as a
comparison. As shown in Fig. 4a, TMB could be easily oxidized in
the presence of Pt-pCxN1-x and H2O2 with a rapid color change
from nearly colourless to blue (a7). However, no significant color



Fig. 2. (a) The field-emission scanning electron microscopy (FESEM) of Pt-pCxN1-x; (b) FESEM of the analyzed area labeled with red rectangle in (a); (c,d,e,f) SEM-EDS
mapping from the same area for C, N, O, Pt-BNPs marked with different colors from top to bottom.

Fig. 3. (a) The X-ray diffraction (XRD) pattern; (b) X-ray photoelectron spectroscopy (XPS) of pCxN1-x and Pt-pCxN1-x; (c) Raman spectra of pCxN1-x and Pt-pCxN1-x with D and
G bands.

X. Lei et al. / Electrochimica Acta 209 (2016) 661–670 665
change was observed by the naked eye in the TMB + H2O2 (a1) or
TMB + Pt-pCxN1-x (a4) solution. The pCxN1-x also presented the
similar result to that of Pt-pCxN1-x, which is also consistent with
other reported carbon materials [34,37,43]. It is known to all that
Pt-BNPs has high catalytic activity in catalyzing oxidation of TMB in
the presence of H2O2 [9,11]. It is worth noting that the blue color
density produced by Pt-pCxN1-x was higher than that obtained
from pCxN1-x and Pt-BNPs, and the UV absorption values at 652 nm
and 370 nm were the highest. These results confirmed that all the
three nanomaterials possessed the intrinsic peroxidase-like
catalytic activity, and Pt-pCxN1-x nanocomposites could exhibit
greatly enhanced peroxidase-like catalytic activity in contrast to
the component materials.

To further discuss the differences between the three nano-
materials (pCxN1-x, Pt-BNPs, Pt-pCxN1-x), the time-dependent
absorbance changes at 652 nm within 5 min were recorded by
UV–vis spectra. Fig. 4b-4d show the time-dependent absorbance
changes at 652 nm in different reaction systems with different
catalyst concentrations ranging from 0.0 to 3.0 mg mL�1. As shown
in Fig. 4b and 4c, the absorbance of the oxidation product of TMB
(800 mM) based on pCxN1-x and Pt-BNPs increased with the
increasing concentration of the catalyst, but still maintained an
upward tendency when the concentration reached 3.0 mg mL�1. In
the catalyst-TMB-H2O2 system (800 mM TMB, 50 mM H2O2), the
absorbance intensities of Pt-pCxN1-x increased much more rapidly
than those of pCxN1-x and Pt-BNPs and reached equilibrium at the
concentration of 3.0 mg mL�1. These results demonstrated that Pt-
pCxN1-x possessed higher catalytic activity after compounding in
composites. As a result, 3.0 mg mL�1 was chosen as the optimal
catalyst concentration for reaction in the following experiments.

Moreover, the peroxidase-like activities of pCxN1-x, Pt-BNPs and
Pt-pCxN1-x nanocomposites were also explored by analyzing the
steadystate kinetics of TMB oxidation reaction. Typical Michae-
lis�Menten curves were achieved in a certain range of H2O2 or TMB
concentrations (Fig. S3). With the Lineweaver–Burk equation [44],
the Km and the Vmax were obtained and shown in Table S1. The
apparent Km value of Pt-pCxN1-x (0.108 mM) with the TMB
substrate was lower than that of pCxN1-x (0.577 mM), or Pt-BNPs
(0.713 mM) and about one quarter that of HRP (0.434 mM), which
suggested that the Pt-pCxN1-x could perform a higher affinity with
TMB. Additionally, the Vmax of the Pt-pCxN1-x (52.712 � 10�8M s�1)
with TMB as the substrate was five-fold that of HRP (10.00 � 10�8

M s�1) [44], which favoring a higher reaction rate than HRP. The
apparent Km of the Pt-pCxN1-x with the H2O2 substrate was also
lower than that of pCxN1-x or Pt-BNPs, indicating that Pt-pCxN1-x

had a higher affinity for H2O2. These results showed that Pt-pCxN1-x

had superior peroxidase-like activity to the pure Pt-BNPs and
pCxN1-x and behave comparable catalytic performance to natural



Fig. 4. (a) UV–vis spectra of TMB (800 mM) mixed with H2O2 (50 mM) (a1), pCxN1-x (a2), Pt-BNPs(a3), Pt-pCxN1-x (a4), pCxN1-x and H2O2 (50 mM) (a5), Pt-BNPs and H2O2

(50 mM) (a6), Pt-pCxN1-x and H2O2 (50 mM) (a7). Inset: Typical photographs of different solutions corresponding to (a1)-(a7) in 0.2 M, pH = 3.5 NaAc buffer. The time-
dependent absorbance (A652) of different concentrations (0.0 to 3.0 mg/mL) of (b) pCxN1-x, (c) Pt-BNPs, (d) Pt-pCxN1-x in presence of TMB (800 mM) and H2O2(50 mM).
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enzymes. Moreover, Pt-pCxN1-x may overcome the intrinsic
problems of natural enzymes such as poor stability and harsh
experimental conditions [10], thus it could also be utilized to take
place of enzymes and play a role in biological sensing/detection.

The excellent peroxidase-like activity of Pt-pCxN1-x can be
mainly ascribed to its unique structure. Meanwhile, the TMB
molecules absorbed on the surface of the Pt-pCxN1-x could donate
lone pair electrons in the amino groups to further increase the
electron density and mobility [37], and thus accelerates the
electron transfer from Pt-pCxN1-x to H2O2. What is more, the
ultrafine Pt-BNPs were uniformly distributed on the surface of
pCxN1-x which could offer more surface active sites to catalyze
H2O2.

3.3. Electrocatalytic behaviors of Pt-pCxN1-x towards H2O2

Cyclic voltammetry, a convenient, simple and sensitive method
is often used to characterize the catalytic activities of the as-
synthesized electrodes. Fig. S4 shows the Cyclic Voltammograms
(CVs) of bare GCE, pCxN1-x-modified GCE, Pt-BNPs-modified GCE
and Pt-pCxN1-x-modified GCE in potassium ferricyanide solution
containing 0.5 M KCl and 5 mM K3[Fe(CN)6]. As shown in Fig. S4, all
of these electrodes presented a pair of well-defined oxidation and
reduction peaks owing to the [Fe(CN)6]3�/4� redox couple.
Expectly, pCxN1-x-modified GCE and Pt-BNPs-modified GCE show
an increase in the peak current as compared with the bare GCE,
indicating that pCxN1-x and Pt-BNPs have a certain conductive
ability. Moreover, Pt-pCxN1-x-modified GCE shows a higher
increase in peak current, but its peak potentials remain very
narrow on the basis of pCxN1-x and Pt-BNPs, which indicating that
the conductive ability of Pt-pCxN1-x increases greatly after the
compounding of materials. The average electroactive surface areas
could also be calculated from CVs according to the Randles–Sevcik
equation [45], Ip = 2.69 � 105� A � D1/2� n3/2� V1/2� C, where Ip is
the redox peak current, A is the area of the electroactive surface
area (cm2), D is related to the diffusion coefficient of the molecule
in solution and is about (6.70 � 0.02) � 10�6 cm2 s�1, n is the
number of electrons participating in the redox reaction (for [Fe
(CN)6]3�/4�, n = 1), C presents the bulk concentration of the redox
probe (mol cm�3) and V corresponds to the scan rate (Vs�1) of the
potential perturbation. According to the above equation, the
surface areas of electrodes were calculated and the results follow
the trend of bare GCE (0.0619 cm2)< pCxN1-x (0.0732 cm2) < Pt-
BNPs(0.0740 cm2) < Pt-pCxN1-x (0.0800 cm2), revealing that Pt-
pCxN1-x had higher electroactive surface areas than pCxN1-x or Pt-
BNPs. The above results may be attributed to the stable porous
structure of pCxN1-x and the numerous well-distributed ultrafine
Pt-BNPs on the surface of pCxN1-x. In addition, the electrochemical
impedance spectroscopy (EIS) is also an effective electrochemical
measurement method to acquire more information about the
structure of the electrode interface and other dynamic information
[46,47]. Fig. 5 shows the Nyquist plots obtained for bare GCE (the
dark), pCxN1-x-modified GCE (the red), Pt-BNPs-modified GCE (the
blue) and Pt-pCxN1-x-modified GCE (the dark cyan) in 0.5 M KCl
solution containing 5 mM [Fe(CN)6]3�/4�. The resistances of charge
transfer (Rct) for the bare GCE, pCxN1-x-modified GCE, Pt-BNPs-
modified GCE and Pt-pCxN1-x-modified GCE were estimated to be
175 V, 97 V, 126 V and 48 V, respectively. The results indicated
that pCxN1-x-, Pt-BNPs- and Pt-pCxN1-x-modified electrodes
possessed higher conductivity and facilitated the charge transfer,
which was consistent with the result of cyclic voltammetry.
However, Pt-pCxN1-x-modified electrode possessed the lowest Rct



Fig. 5. Nyquist plots for bare GCE, pCxN1-x-modified GCE, Pt-BNPs-modified GCE
and Pt-pCxN1-x-modified GCE measured in 0.5 M KCl solution containing 5 mM [Fe
(CN)6]3�/4� (frequency range 100 kHz-0.1 Hz, perturbation signal 5 mV, OCP). The
inset is the fits of equivalent circuit.
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among all the electrodes because Pt-BNPs and pCxN1-x played a
synergistic role in improving electrocatalytic conductivity of
nanocomposites.

The CVs of the electrochemical response to H2O2 at different
electrodes were presented in Fig. 6. Nearly no redox peaks can be
observed at bare GCE after the addition of 2 mM H2O2 (Fig. 6a),
suggesting that the electrocatalytic activity of bare GCE to H2O2

reduction was restrained because of its slow electrode kinetics and
high overpotential [46]. Compared with bare GCE, an increase of
the reduction peak current can be observed obviously for pCxN1-x-
modified GCE upon addition of 2 mM H2O2 (Fig. 6b), indicating a
certain catalytic ability of pCxN1-x to H2O2 with a slightly wide
Fig. 6. Cyclic voltammograms (CVs) of (a) bare GCE, (b) pCxN1-x-modified GCE, (c) Pt-BNPs
in the absence and presence of 2 mM H2O2. Scan rate:50 mVs�1.
peak. In contrast, Pt-BNPs-modified GCE (Fig. 6c) exhibited a
significant increase on the reduction peak current with a very
narrow peak compared with bare GCE. At the same time, a cathodic
current at about 0.02 V was obtained separately on the Pt-BNPs-
modified GCE (Fig. 6c) and Pt-pCxN1-x-modified GCE (Fig. 6d), due
to the reduction of platinum oxide, demonstrating that Pt-BNPs
were successfully attached to the modified electrode [46].
Additionally, the maximum reduction peak current of Pt-pCxN1-

x-modified GCE was much higher than that of bare GCE, pCxN1-x-
modified GCE, or Pt-BNPs-modified GCE, indicating its higher
electrocatalytic activity toward the reduction of H2O2. The results
further demonstrated that Pt-pCxN1-x can be used as an excellent
material for H2O2 detection. In addition, there is a relationship
between the loading level of Pt-BNPs and electrocatalytic activity
of Pt-pCxN1-x. Fig. S5 shows the TEM images and electrochemical
testing results of various levels of Pt-BNPs on pCxN1-x, and the mass
ratios are based on addition amounts of pCxN1-x and Pt-BNPs. As
shown from Fig. S5a to Fig. S5c, high levels of Pt-BNPs would obtain
the large size of Pt-BNPs or the aggregation of Pt-BNPs, and their
catalytic currents increased slowly compared with 1: 0.195
(Fig. 2d) which used in this work. But low levels of Pt-BNPs can't
obtain high catalytic activity due to less of active sites, as reflected
in Fig. S5e to Fig. S5h. Taken the cost and electrochemical
properties in consideration, the level of Pt-BNPs which we
prepared in this work was optimal to construct the non-enzyme
electrochemical sensor for the following electrochemical detec-
tion.

Fig. 7a shows the typical CVs of Pt-pCxN1-x-modified GCE in N2-
saturated 0.1 M PBS solution (pH = 7.4) to the electrochemical
reduction of H2O2 at various concentrations. An obvious reduction
peak could be seen from Fig. 7a with 1 mM H2O2 added to the
electrochemical cell, and the peak current increased greatly
compared to that without H2O2. The reduction peak current
incresed with the increasing concentration of H2O2, indicating the
-modified GCE and (d) Pt-pCxN1-x-modified GCE in N2-saturated 0.1 M PBS (pH = 7.4)



Fig. 7. (a) CVs of Pt-pCxN1-x-modified GCE in N2-saturated 0.1 M PBS (pH = 7.4) containing different concentrations of H2O2 (0 mM, 1 mM, 2 mM, 3 mM, 4 mM, 5 mM, 6 mM,
7 mM). Scan rate: 50 mVs�1. (b) CVs of 2 mM H2O2 on Pt-pCxN1-x-modified GCE in N2-saturated 0.1 M PBS (pH = 7.4) at various scan rates: 25, 50,75, 100, 125, 150 and 175
mVs�1. Inset is the calibration plot of the reduction peak current vs. the scan rate.
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remarkable electrocatalytic activity of Pt-pCxN1-x on the electrode
surface. Additionally, the peak potential remained basically
unchanged with varying concentrations, showing the stability of
Pt-pCxN1-x-modified GCE. Moreover, the electrocatalytic property
of Pt-pCxN1-x to H2O2 reduction in CVs suggested that this excellent
nanocomposite could be applied to the amperometric detection
measurement.

The CVs of Pt-pCxN1-x-modified GCE in 0.1 M PBS (pH = 7.4)
containing 2 mM H2O2 at various scan rates were also investigated.
As shown in Fig. 7b, the reduction peak current increased linearly
with increasing scan rate in the presence of H2O2. And the linear
regression equation was expressed as: Ipc = �55.534�548.559 v/
mV s�1 (R2 = 0.992), suggesting that the electrocatalysis of H2O2 on
Pt-pCxN1-x-modified electrode is a typical surface-controlled
process. The results which could be used to predict the electro-
catalysis of H2O2 on Pt-pCxN1-x in two steps: (1) H2O2 molecules
were rapidly diffused and absorbed on the surface of nano-
composites; (2) the H2O2 was reduced on the surface of Pt-BNPs in
the process of two-electron transfer, which can be facilitated by the
noble metal electrocatalysts [48]. During the whole process,
pCxN1-x not only acts as a support to prevent Pt-BNPs from
aggregating, but also as the electron transfer channels to enhance
electric conductivity between Pt-BNPs and electrode.

The good electrochemical properties of Pt-pCxN1-x nano-
composites could be attributed to the following three factors:
the porous structure, the doping of nitrogen atoms and a larger
number of ultrafine Pt-BNPs exposed to surface. Abundance of
pores can enlarge the surface area for anchoring Pt-BNPs and
Fig. 8. (a) Current-time curve of pCxN1-x-modified GCE, Pt-BNPs-modified GCE and Pt-
(pH = 7.4) at an applied potential of �0.02 V. (b)The calibration plot of electrocatalytic 
preventing aggregation [20]. Meanwhile, the pores are intercon-
nected into a network-like structure to provide good electrochem-
ical contact area and ensure a rapid diffusion [27]. Furthermore,
the doping of nitrogen atoms can improve electrocatalytic
properties with efficient effect on the asymmetric spins and
charged structures of carbon atoms [23]. Finally, as the catalytic
activity of Pt-BNPs depends on the quantity and size [14,16], a large
number of ultrafine Pt-BNPs can create more catalytic active sites
for catalytic reduction of H2O2 and produce higher current
response.

3.4. Amperometric response of the Pt-pCxN1-x-modified GCE to H2O2

reduction

As previously reported [23,45], the amperometric response of a
modified electrode is closely linked with the applied potential,
thus it is necessary to explore the effect of applied potentials. The
amperometric signals of H2O2 on Pt-pCxN1-x-modified GCE at
different applied working potentials under stirred conditions were
shown in Fig. S6. The current responses at different potentials were
close to each other, and the reduction current of H2O2 reached its
highest at a potential of �0.02 V (Fig. S6). Hence, the optimized
working potential was �0.02 V, which was adopted in the
following amperometric i-t study.

The typical amperometric responses of different modified
electrodes were investigated upon successive addition of varying
concentrations of H2O2 in a continuous stirring PBS solution (0.1 M,
pH = 7.4) at the optimized potential of �0.02 V. From Fig. 8a, it can
pCxN1-x-modified GCE upon successive addition of H2O2 to N2-saturated 0.1 M PBS
current versus different concentrations of H2O2 by Pt-pCxN1-x-modified GCE.



Table 1
Amperometric determination of H2O2 in disinfected fetal bovine serum (FBS)
samples (n = 10).

Sample Added (mM) Found (mM) RSD (%) Recovery (%)

1 25 25.11 1.4 100.43
2 50 49.82 1.2 99.65
3 100 101.37 2.3 101.37
4 200 204.13 1.9 102.07
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be clearly observed that all the three different modified electrodes
responded rapidly and reached a steady signal within only 2 s upon
the addition of H2O2. Compared with pCxN1-x-modified GCE and
Pt-BNPs-modified GCE, Pt-pCxN1-x-modified GCE could achieve the
maximum steadystate current under the same conditions, the
electrocatalytic activity towards H2O2 reduction could be greatly
enhanced by the compound of Pt-BNPs and pCxN1-x. Moreover, Pt-
BNPs-modified GCE had a higher current response value than that
of pCxN1-x-modified GCE due to the inherent high electrocatalytic
activity of Pt-BNPs [2]. The Pt-pCxN1-x-modified GCE electrode
displayed a good linear response to H2O2 (Fig. 8b). The
corresponding linear range for detection H2O2 at Pt-pCxN1-x-
modified GCE is from 0.025 mM to 5.725 mM, with a detection
limit of 2.29 mM based on the equation of LOD = 3 s/b, where b is
the slope of the calibration curve and s is the standard deviation of
the blank solution [47,49]. The obtained electrochemical param-
eters of Pt-pCxN1-x-modified GCE including detection potential,
linear range, and detection limit are compared with those of other
reported H2O2 sensors (Table S2), revealing that Pt-pCxN1-x-
modified GCE is extremely competitive and even outperforms
several recent reported electrodes. Based on the aforementioned
data, it can be concluded that the as-synthesized Pt-pCxN1-x with
high density subnanometer-size Pt-BNPs has rapid current
response, a wider linear range and relatively lower detection limit
for the electrocatalytic reduction of H2O2. These results indicate
that Pt-pCxN1-x is an excellent electroactive material for enhanced
non-enzymatic electrochemical sensing.

The other physiological species, for example, citric acid (CA),
ascorbic acid (AA), urea and glucose (GLU) and other carbohy-
drates, were also discussed to investigate the anti-interference
ability of Pt-pCxN1-x. Additionally, they possibly reacting and
generating interfering electrochemical signals during the process
of H2O2 reduction [15]. As illustrated in Fig. 9, upon the addition of
1 mM H2O2, a remarkable current response appeared. With further
addition of 0.1 mM CA and 0.1 mM GLU, the current responses of
0.1 mM H2O2 basically remained unchanged. After the second
injection of 0.1 mM H2O2, the obvious amperometric response
appeared again, and the same phenomenon was observed for the
third and the fourth addition of 0.1 mM H2O2. However, no obvious
amperometric response occurred with the addition of 0.1 mM
sucrose, and a slight fluctuation of current response appeared with
the injections of urea and AA. The results demonstrated the
prominent anti-interference performance and high selectivity of
Pt-pCxN1-x in practical detection of H2O2.
Fig. 9. Amperometric response of Pt-pCxN1-x-modified GCE in N2-saturated 0.1 M
PBS (pH = 7.4) to sequential addition of 0.1 mM H2O2, 0.1 mM CA, 0.1 mM GLU,
0.1 mM H2O2, 0.1 mM sucrose, 0.1 mM urea, 0.1 mM H2O2 and 0.1 mM AA at a
working potential of �0.02 V.
The reproducibility of Pt-pCxN1-x-modified electrode was
estimated by its responses to 2 mM H2O2 at several measurements
for the same electrode and five different electrodes. The relative
standard deviation (RSD) of the current signal for 2 mM H2O2 was
3.94% from five measurements for the same electrode. An
acceptable RSD of 4.19% was acquired at five different modified
electrodes prepared under the same conditions of current signals
to 2 mM H2O2. The above results indicated that Pt-pCxN1-x-
modified GCE has excellent reproducibility for the detection of
H2O2. For the same Pt-pCxN1-x-modified GCE, the current response
retained 93.6% of the initial value after a succession of 50 Cyclic
Voltammetry cycles at 2 mM H2O2 (Fig. S7a). When the Pt-pCxN1-x-
modified GCE was stored at 4 �C for one month, the current
response to 2 mM H2O2 maintained about 83.0% of its original
value (Fig. S7b), showing the good long-term stability of the Pt-
pCxN1-x-modified GCE.

3.5. Real sample analysis

On the strength of good electrochemical performance, the
feasibility of the proposed Pt-pCxN1-x-modified GCE for practical
application was tested by detecting H2O2 in 1% disinfected fetal
bovine serum (FBS) with the standard addition method. Based on
the amperometric response of Pt-pCxN1-x-modified GCE, the
concentration of H2O2 was obtained by the linear regression
equation. And the recoveries of H2O2 with concentrations of
25 mM, 50 mM, 100 mM and 200 mM were obtained by the
comparison of theoretical addition and determined concentration
of H2O2. As shown in Table 1, the RSD of samples for ten successive
measurements were all below 3.0%, which indicated the good
reproducibility of Pt-pCxN1-x-modified GCE. These results showed
that Pt-pCxN1-x possessed a good potential in determination of
H2O2 in biological samples.

4. Conclusions

In this paper, the Pt-pCxN1-x was prepared by in situ synthesis
through a one-step microwave-assisted heating procedure. The Pt-
pCxN1-x reported here showed high activity for H2O2 detection. The
functional Pt-pCxN1-x loaded subnanometer-size Pt-BNPs enrich
edge and corner atoms which can efficiently catalyze the oxidation
of the substrate TMB in the presence of H2O2. The lower Km

(Km= 0.104) of Pt-pCxN1-x compared with HRP (Km= 0.416)
indicates its higher affinity with TMB in colorimetric reaction.
The Pt-pCxN1-x also exhibited a better property for H2O2

electrochemical detection, with a low detection limit and wide
linear region. Moreover, the reproducibility and stability of Pt-
pCxN1-x were also superior and cost-effective for H2O2 electro-
chemical detection. Therefore, Pt-pCxN1-x can be developed as a
unique and robust electrocatalyst for electrochemical biosensor
applications.
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