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ABSTRACT: As one of promising catalysts that contain high density of active sites, N doped carbons have been extensively
researched, while the reports for N, S dual-doped carbon materials are far less exhaustive. Herein, devoid of activation process
and template, N, S dual-doped porous carbon (N−S−PC) was prepared for the first time via one-step pyrolysis of sodium citrate
and cysteine. Possessing unique porous structure and large pore volume as well as good accessibility, N−S−PC demonstrates
significantly improved electrocatalytic activity toward oxidation of ascorbic acid (AA), dopamine (DA), and uric acid (UA). In
the coexisting system, the peak potential separation between AA and DA is up to 251 mV, which is much larger than for most of
the other carbons. On the basis of large potential separation and high current response, selective and sensitive simultaneous
determination of AA, DA, and UA was successfully accomplished by differential pulse voltammetry, displaying a linear response
from 50 to 2000 μM, from 0.1 to 50 μM, and from 0.1 to 50 μM with a detection limit (S/N = 3) of 0.78, 0.02, and 0.06 μM.
This work highlights the importance of N, S dual doping and hierarchical porous carbons for efficient catalysis.

KEYWORDS: one-step pyrolysis, N, S dual-doping, porous carbon, electrocatalysis

■ INTRODUCTION

Recent investigation reveals that doping of heteroatoms into
carbon materials is an efficient method to enhance electro-
catalytic performances.1 Among those, nitrogen (N) is
reckoned as a peerless dopant. Upon introduction of more
electronegative N atoms into sp2 hybridized C frameworks, the
electric property and chemical activity can be modified.2−5

Wang et al. have demonstrated that the spin density and charge
distribution of C atom can be influenced by the neighbor N
dopants, which induces “activation region” on the carbon
surface that may directly participate in catalytic reactions.6

Complementing N element, sulfur (S) is receiving increasing
attention in carbon materials research very recently. As is
known, N is preferential in tuning electronic properties of the
carbon materials, whereas S is easy to polarize because of large
lone pairs, inducing high chemical reactivity of the carbon
materials.7,8 Furthermore, recent density functional theory
(DFT) calculation highlights the importance of changing spin

density via S doping in catalysis.9,10 More importantly, N, S
dual doping may induce redistribution of spin and charge
densities, providing a large number of active sites favorable for
high catalytic activity.7,8,11,12

Meanwhile, porous carbons with hierarchical pore structure,
large pore volume, and high specific surface area are viewed as
promising materials for electrocatalytic reaction.13,14 The
mesopores can effectively facilitate diffusion of electrolyte
ions to access the available surface area, whereas the
macropores may act as ion buffers to ensure adequate
penetration of the electrolyte into the electrode materials.15

Therefore, incorporation of N, S atoms into porous carbon
structures is promising for efficient catalysis. Nevertheless, N, S
dual-doped porous carbons have rarely been reported to date.
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For example, Liu et al. described successful fabrication of 3D
S−N co-doped carbon foam, which displayed pronounced
oxygen reduction performance.16 In this work, tedious
processes including ultrasonic dispersion, evaporation-drying,
annealing at high temperature, and removal of templates by HF
etching were all involved. Qiao et al. recently synthesized two
kinds of N, S dual doped hierarchical porous carbons with
excellent specific capacitance and rate performance via a caustic
KOH activation process.15 Despite the progress in synthesizing
N, S dual doped porous carbons, the current strategies are
limited and still far from satisfactory in terms of simplicity and
environmental benign.8 Development of a facile and sustainable
approach to achieve N, S dual doped porous carbon with
abundant active sites, excellent electron, and reactant transfer
rate is highly desired.
Free of template and chemical activation process, a feasible

strategy emerges very recently to produce highly porous carbon
via simple pyrolysis of alkali organic salts. During heat
treatment of alkali organic salt, certain species are generated.
These species are equivalent to activating agents to produce
highly porous structure.17 Upon introduction of a N, S-
containing precursor, dual-doped porous carbon may be
achieved via a developed one-step pyrolytic approach.
Benefiting from the dual doping effect and the unique porous
structure, the resulting carbon material may possess high
catalytic activity and facile mass transport property toward
biomolecules.
Ascorbic acid (AA), dopamine (DA), and uric acid (UA) are

important biospecies that play significant roles in the
physiological function of metabolism, central nervous system,
and circulation system of the human body. The deficiency or
maladjustment of their levels may lead to symptoms of many
diseases such as cancer, Parkinson’s disease, and hyper-
uricemia.18−20 Hence, simultaneous determination of AA, DA,
and UA is of critical importance for developing nerve
physiology, making diagnoses, and controlling medicine.
However, conventional electrodes normally result in poor
selectivity and low reproducibility. Various carbon-based
materials have thus been proposed as electrode modifiers,21−26

and heteroatom doped porous carbon is viewed as one of the
promising electrode materials. To the best of our knowledge,
dual-doped porous carbon for simultaneous determination of
AA, DA, and UA has not been reported.

Herein, a one-step approach was proposed to synthesize N, S
dual-doped porous carbon (N−S−PC) via co-pyrolysis of
sodium citrate and cysteine. Cysteine, a constituent unit of
organisms, acted as both nitrogen and sulfur sources. In situ N
and S co-doping was initiated by heat treatment. After
resolution of inorganic impurities, the N−S−PC was achieved.
The promising application of N−S−PC as one of the high-
performance electrocatalysts in simultaneous determination of
AA, DA, and UA was demonstrated for the first time. The effect
of N and S dual-doping on the electrocatalytic activity toward
AA, DA, and UA was systematically studied.

■ EXPERIMENTAL SECTION
Reagents and Materials. Sodium citrate was purchased from

Beijing Chemical Plant. Cysteine and hydrochloric acid were
purchased from Tianjin Chemical Plant. DA, UA, AA were obtained
from Shanghai Chemical Reagents Co. Ltd. All chemicals were of
analytical grade and used as received without further purification. All
solutions were prepared with ultrapure water prior to use.

Instrumentation. Electrochemical experiments were carried out
on a CHI 660B electrochemical workstation (Shanghai ChenHua
Instruments Co., China). A conventional three-electrode system was
used, which consisted of a platinum wire as counter electrode, a
saturated calomel electrode (SCE) as reference electrode, and the
modified glassy carbon electrode (GCE, diameter of 3 mm) as working
electrode. All electrochemical measurements were carried out in
phosphate buffer solutions (PBS) at room temperature.

The morphologies of porous carbons were characterized using a
scanning electron microscope (SEM) (Shimadzu SSX-550, Japan) and
a transmission electron microscope (TEM) (JEOL 3010). X-ray
diffraction (XRD) data were recorded on a Siemens D5005
diffractometer with Cu Kα radiation (λ = 1.5406 Å). X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo
Electron Corporation spectrometer with an Al Kα = 300.0 eV
excitation source. Raman spectra were recorded at ambient temper-
ature on a Renishaw Raman system model 1000 spectrometer with an
argon-ion laser at an excitation wavelength of 532 nm. The nitrogen
adsorption−desorption curve was measured using a N2 adsorption
apparatus (BELSORP-max, Japan).

Preparation of Carbon Samples. In a typical procedure, sodium
citrate and cysteine powder with a mass ratio of 10:1 were first ground
uniformly and then transferred into a porcelain boat. After flushing
with N2 flow for 2 h, the mixture was further heated in a horizontal
tube furnace up to 800 °C at a rate of 3 °C min−1 and maintained for 1
h under N2 flow. The pyrolysis products were purified with diluted
hydrochloric acid to remove the inorganic impurities, followed by
washing with adequate ultrapure water until the filtrate was neutral.

Scheme 1. Illustration of the Preparation Process of N−S−PC
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Finally, the carbon sample was dried under vacuum at 120 °C for 12 h.
In addition, three carbon materials were also prepared under the same
thermal treatment condition as the control. The N-doped porous
carbon (N−PC) was obtained with alanine and sodium citrate as
starting materials. The N, S dual-doped carbon without porous
structure (N−S−C) and nondoped porous carbon (PC) were
synthesized via solely pyrolysis of cysteine and sodium citrate,
respectively.
Preparation of Working Electrodes. Prior to modification, the

GCE was carefully polished to a mirror-like plane with 0.3 and 0.05
μm alumina slurries. Afterward, the electrode was rinsed thoroughly
with ultrapure water and ethanol alternatively in an ultrasonic bath,
followed by drying under N2 atmosphere. The N−S−PC modified
GCE (N−S−PC/GCE) was prepared by casting 5 μL of N−S−PC
suspension (1 mg mL−1 N−S−PC in N,N-dimethylformamide) on the
surface of GCE and dried at room temperature for 24 h. For
comparison, the N−PC/GCE, N−S−C/GCE, and PC/GCE were also
prepared using the same procedure.

■ RESULTS AND DISCUSSION

Characterization of Porous Carbon Samples. Porous
carbon samples were prepared via a feasible direct-synthesis
approach, which is schematically shown in Scheme 1. During
the pyrolysis, sodium citrate decomposes to sodium and
sodium compounds, which operate as activating agents similar
to KOH or NaOH.17 Accompanying intercalation of sodium
vapors between the carbon nanosheets, the decomposition
products of cysteine are in situ incorporated, causing swelling
and disruption of the carbon microstructure. After the inorganic
impurities are washed with diluted hydrochloric acid, the open
porous structure is developed, which can be well-observed by
SEM characterization (Figure 1A). The resultant carbon
exhibits spongelike morphology with many large pores of
several hundred nanometers in size, indicating that an effective
activation process occurs during heat treatment of sodium
citrate and cysteine. Similar morphologies with N−S−PC are
also observed for N−PC and PC (Figure S1A,C), while for N−
S−C (Figure S2A,B), nonporous irregular bulk morphology is
observed, confirming the effective activation of sodium salt. The
porous structures of N−S−PC, N−PC, and PC were also
confirmed by TEM. As shown in Figure 1B, Figure S1B, and
S1D, the carbons display irregular wrinkled structure with
curvature of the carbon nanosheets. The N−S−PC exhibits
more scrolling and corrugation, arising potentially from the
defective structures formed by N, S dual doping.7

The X-ray diffraction (XRD) patterns of porous carbons
recorded at low scan rate are shown in Figure 2A. The

comparative XRD data of the N−S−C sample are also collected
and shown in Figure S3. All the porous carbon samples display
similar diffraction features. Two wide diffraction peaks located
at around 23° and 43.5° are observed, which are the equivalent
of hexagonal graphite 002 (2θ = 26°) and 100 (2θ = 43°)
reflections, respectively. The interlayer spacing of the (002)
plane of both samples is much larger than that of the graphite
crystal structure with 0.34 nm. The enlarged interlayer spacing
is believed favorable for the diffusion of reactants in
electrolyte.27,28 These features indicate that the porous carbon
materials are disordered or amorphous.
A nitrogen adsorption−desorption analysis can prove the

developed porous structure. As shown in Figure 2B, PC, N−
PC, and N−S−PC samples all exhibit typical IV isotherms with
pronounced hysteresis loops in the medium- and high-pressure
regions. The pore characterizations of all the synthesized

Figure 1. SEM (A) and TEM (B) images of N−S−PC.

Figure 2. X-ray diffraction patterns (A) and nitrogen adsorption−
desorption curves (B) of the as-prepared samples.
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materials are compiled in Table S1. It is worth noting that the
N−S−C sample shows almost no porosity, having a very low
pore volume and surface area, which is consistent with the SEM
image, while the other samples exhibit dramatically enlarged
pore volume as well as high surface area. Compared with PC,
the BET surface area of N−S−PC slightly decreases because of
N, S dual doping. However, the total pore volume is also as
large as 2.5 cm3 g−1, which may facilitate mass transfer of
molecules and ions in aqueous electrolyte.25

Further structural information on the samples was obtained
by Raman spectra analysis. Figure 3 displays the Raman spectra
of N−S−PC and PC. Two typical peaks at about 1350 and
1590 cm−1 are observed for all samples, corresponding to D
and G bands, respectively. Generally, D band is commonly
assigned to a breathing mode of A1g symmetry that involves
disordered carbon, edge defects, and other defects,. G band
corresponds to the zone center of the E2g mode, associated with
phonon vibrations in sp2 carbon materials.29 Interestingly,
compared to the G peak at 1592 cm−1 for PC, the N−S−PC
manifests a down-shift of the G peak to 1585 cm−1. This result
further proves that N and S atoms have been successfully doped
into the carbon material.10 In addition, the N−S−PC displays
relatively higher ratio of D band to G band (ID/IG) than PC
(3.28 and 3.11, respectively). Since the value of ID/IG correlates
with the disorder degree of carbon materials, this result
indicates that more structural distortion was caused by N, S
dual doping. Similar phenomena have been found in previous
heteroatom-doped materials.1,29

The heteroatoms in N−S−PC were first probed by energy
dispersive spectroscopy (EDS). Figure S4 reveals that C, N, S,
and O elements all exist in the sample, and the distribution of

each element is homogeneous (Figure S5). To further
investigate the chemical status of N and S atoms in N−S−
PC, high resolution X-ray photoelectron spectroscopy (XPS)
was performed. Figure 4 shows detailed scans of C 1s, N 1s,
and S 2p orbitals. Two main peaks centered at 399.2 and 401.4
eV in Figure 4A refer to pyridinic-N (N1) and graphitic-N
(N2), respectively, indicating that N atoms have been
structurally integrated into the extended carbon network rather
than presented as surface functionalities. An additional weak
contribution at higher binding energy around 402 eV can be
assigned to pyridinic N-oxide.6 The N doping level in porous
carbon is ∼2%, which is comparable to that of the N solely
doped porous carbon as shown in Figure S6. The N binding
configuration is mainly in the form of N1 and N2, which is
believed favorable for enhancing electrochemical properties of

Figure 3. Raman spectra of PC (A) and N−S−PC (B).

Figure 4. High resolution XPS spectra of N 1s (A), S 2p (B), and C 1s
(C) of N−S−PC.
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porous carbon.23 In the case of sulfur, relatively low doping
level of 0.8% is achieved. High resolution S 1s spectra exhibit
three peaks at the binding energies of 164.0, 165.2, and 168.8
eV, respectively (Figure 4B), similar to N−S−C (Figure S6).
The former two peaks are in accordance with the S 2p3/2 (S1)
and S 2p1/2 (S2) of −C−S−C− covalent bond of thiophene-S,
owing to their spin−orbit couplings. The third weak peak (S3)
should correspond to the sulfate (−C−SO4−C−) or sulfonate
(−C−SO3−C−) (S3) in N−S−PC.28,30 One can see that the S
element is mainly doped at the edges and defects of carbon,
existing in C−S−C bonds in thiophene-like structures with
neighboring carbon atom.
Similarly, the C 1s spectrum can also be fitted into three

peaks (Figure 4C). The intense peak at 284.6 eV is ascribed to
the sp2 hybridized graphitic carbon (C1), which indicates that
most of the carbon atoms are arranged in a conjugated
honeycomb lattice. This phenomenon is also observed in N−
PC and N−S−C (Figure S6). The lower intensity peak at 285.1
eV is attributed to carbon atoms single-bonded to sulfur,
nitrogen, or oxygen (C2), and the broad peak located at 286.1
eV corresponds to carbonyl or amide groups (C3) bonds.11

Essentially, the XPS results coupled with Raman spectroscopy
strongly confirm that N and S atoms have been successfully
incorporated into carbon frameworks. Previous reports have
proved that dual-doping of N and S introduces asymmetrical
spin and charge density, which may bring a large number of
active sites and provide enhanced electrocatalytic activity of the
porous carbon materials.7,29,31

Electrochemistry and Electrocatalytic Oxidation of
AA, DA, and UA. The electron transfer behavior and effective
surface areas of various electrodes were evaluated by measuring
the cyclic voltammograms (CVs) in 5 mM K3Fe(CN)6/0.1 M
KCl solution. As displayed in Figure 5, the potential separation
between anodic and cathodic peaks (ΔEp) is 86 mV for PC/
GCE, while N−S−PC/GCE shows a much smaller ΔEp of 72
mV. Therefore, electron transfer at N−S−PC/GCE is more
facile than that at PC/GCE, attributed to high electrical
conductivity resulting from heteroatom doping.25 The dramatic
enhanced peak current at N−S−PC/GCE compared with those
of PC/GCE and GCE suggests that N−S−PC possesses much
more electrochemical active sites.
The individual electrochemical behavior of AA, DA, and UA

at GCE, PC/GCE, N−PC/GCE, N−S−PC/GCE, and N−S−
C/GCE was investigated by cyclic voltammetry (CV) (Figure 6
and Figure S7) and differential pulse voltammetry (DPV)

(Figure S8), respectively. At GCE (Figure 6A), AA and UA
show irreversible oxidation peaks at around 274.5 and 337 mV,
respectively, while the cathodic and anodic peaks of DA appear
at 148.7 and 205.5 mV, with ΔEp of about 60 mV. It is thus
difficult to distinguish AA, DA, and UA at GCE. Similar result is

Figure 5. CVs obtained at GCE (a), PC/GCE (b), and N−S−PC/
GCE (c) in 0.1 M PBS (pH 7.0) in 5 mM Fe(CN)63−/4− + 0.1 M KCl
aqueous solution at a scan rate of 50 mV s−1.

Figure 6. CVs of 400 μM AA, 15 μM DA, and 30 μM UA at GCE (A),
PC/GCE (B), N−PC/GCE (C), and N−S−PC/GCE (D) in 0.1 M
PBS (pH 7.0) at 50 mV s−1.
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also obtained at N−S−C/GCE (Figure S7), due to the
difficulty of analyte transport in nonporous carbon. While at
PC/GCE, N−PC/GCE, and N−S−PC/GCE (Figure 6B−D),
the oxidation peak of AA negatively shifts. Especially for N−S−
PC/GCE, the oxidation peak potential (−45 mV) is much
more negative than that of PC/GCE (+50 mV) and N−PC/
GCE (−34 mV). The DPV curves in Figure S8A also manifest
similar trend, indicating enhanced catalytic activity of N−S−
PC/GCE toward oxidation of AA. Moreover, the DPV peak
current at N−S−PC/GCE reaches 28.0 μA, which is much
higher than that of PC/GCE (3.37 μA) and GCE (3.84 μA). It
is also 2.73 times as high as that of N−PC/GCE (10.25 μA).
Previous work has demonstrated that more edge-active sites
were produced upon S doping, resulting from the structural
defects in the carbon crystal lattice due to the large atomic sizes
of S. In addition, the possible interaction between lone pairs of
sulfur with analyte may sufficiently generate profound effects on
electrocatalytic activity, even though a small amount of S was
doped.8

In the case of DA, a couple of well-defined redox peaks with
a much smaller ΔEp of 22.7 mV can be observed on N−S−PC/
GCE. The reversibility of DA redox reaction at N−S−PC/GCE
is much better than the other materials, which is even much
better than those in some recent reports.32,33 Meanwhile, the
DPV peak current at N−S−PC/GCE is as high as 49.66 μA,
which is much higher than that of N−PC/GCE, PC/GCE, and
GCE (Figure S8B). For UA, a sharp oxidation peak and a broad
reduction peak appear at various carbon materials, revealing an
EC mechanism.26 The DPV peak current at N−S−PC/GCE is
63.21 μA, which is 4, 14, and 23 times of that at N−PC/GCE

(21.04 μA), PC/GCE (4.45 μA), and GCE (2.74 μA),
respectively (Figure S8C).
To demonstrate the possibility of simultaneous determi-

nation of these biomolecules, the CV responses of AA, DA, and
UA mixture are shown in Figure 7A and Figure S9A. At GCE
and N−S−C/GCE, the oxidation peaks of AA, DA, and UA
overlap with each other, resulting in only a small broad peak.
The N−S−PC/GCE exhibits three sharp and well-defined
oxidation peaks, with obvious enhanced peak separation and
current in comparison with N−PC or PC. Furthermore, DPV
was also performed to investigate the possibility of simulta-
neous determination of these biomolecules (Figure 7B and
Figure S9B). Complete overlapping of the oxidation peaks at

Figure 7. CVs (A) and DPVs (B) at GCE, PC/GCE, N−PC/GCE,
and N−S−PC/GCE in 0.1 M PBS (pH 7.0) containing 600 μM AA,
20 μM DA, and 30 μM UA at 50 mV s−1.

Figure 8. DPVs at N−S−PC/GCE in 0.1 M PBS (pH 7.0) (A)
containing 3 μM DA, 4 μM UA, and different concentration of AA
(from inner to outer): 50, 100, 200, 400, 600, 800, 1000, 1200, 1400,
1600, 1800, 2000 μM; (B) containing 600 μM AA, 8 μM UA, and
different concentration of DA (from inner to outer) 0.1, 0.4, 0.7, 1, 5,
10, 20, 30, 35, 40, 45, 50 μM; (C) containing 600 μM AA, 5 μM DA,
and different concentration of UA (from inner to outer) 0.1, 0.2, 0.5, 1,
5, 10, 15, 20, 25, 30, 35, 40, 45, 50 μM. Insets: plots of peak current Ip
vs concentration for AA, DA, and DA, respectively.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505080r | ACS Appl. Mater. Interfaces 2014, 6, 19109−1911719114



N−S−C/GCE and GCE suggests that simultaneous discrim-
ination of these species is impossible. In contrast, three well
resolved oxidation peaks are observed at −100.8, 150.2, and
276.2 mV on N−S−PC/GCE, corresponding to oxidation of
AA, DA, and UA, respectively. The peak potential separations
are up to 251 mV for AA−DA, 126 mV for DA−UA, and 377
mV for UA−AA, which is larger than those at N−PC/GCE
(201.3, 125.8, and 327.1 mV) and PC/GCE (188, 118, and 306
mV). The peak potential separation is also much larger than
those of many solely N doped carbons.23−26 Meanwhile, the
DPV peak current at N−S−PC/GCE is also explicitly higher
than those of other samples. The enlarged separation of peak
potential coupled with enhanced peak current indicates that
N−S−PC possesses excellent electrocatalytic activity toward
oxidation of AA, DA and UA. The extra performance is
attributed to the cooperative catalytic effect, which includes
highly active sites deriving from N, S dual-doping as well as
their good accessibility to reactant benefiting from porous
structure. In previous work on N-doped carbons, the catalytic
active sites were ascribed mainly to the surrounding C atoms
with high positive charge density, deriving from different
electronegativity of N and C atoms, while for S doping, the
catalytic activity was mainly affected by changed spin density
from mismatch of the two elements’ orbitals, since the
electronegativity of S and C is quite close. Upon N and S
dual doping, redistribution of the spin and charge densities may
bring a large number of active sites, leading to significantly
elevated catalytic activity.11,27,29 Meanwhile, the porous
structure and large pore volume effectively facilitate diffusion
of analyte and electrolyte ion, ensuring good accessibility to the
catalytic active sites in N−S−PC.14,23 Apart from this, the
hydrogen bonding between N atoms in N−S−PC and target
molecules as well as the possible π−π interactions between
hexagonal carbon structure with these molecules may also
accelerate charge transfer kinetics.23,24,26

The effect of scan rate on CV response of AA, DA, and UA at
N−S−PC/GCE was investigated. As shown in Figure S10, the
oxidation peak currents of three biomolecules are linear with
scan rate (inset plot), indicating a surface-controlled process.23

The influence of solution pH on peak current and peak
potential was also investigated by DPV (Figure S11A). With
increasing pH in the range of 4−9, the anodic peak potentials
of three molecules shift negatively with linear slopes of 48.7,
67.5, and 68.2 mV/pH, respectively, demonstrating equal
numbers of proton and electron transfer for AA, DA, and UA.33

These oxidation peak currents are found to reach maximum in

neutral solution (Figure S11B). For a high sensitivity, pH 7.0 is
the optimal selection.
In view of higher sensitivity and better resolution in

simultaneous determination, DPV measurements were carried
out in PBS (pH 7.0) at N−S−PC/GCE by changing the
concentration of target biomolecule while keeping the
concentrations of the other two constant. As depicted in
Figure 8, upon keeping the concentration of DA and UA at 3
and 4 μM, respectively, the peak current of AA increases
proportionally from 50 to 2000 μM with a regression equation
of Ip,AA (μA) = −0.5725 + 0.0156CAA (μM) (r = 0.9938).
Similarly, the peak currents of DA and UA are all proportional
in the concentration range of 0.1−50 μM. The linear function is
Ip,DA (μA) = 3.2177 + 1.3516CDA (μM) (r = 0.9958) and Ip,UA
(μA) = 2.7398 + 1.3547CUA (μM) (r = 0.9953), respectively.
The detection limit (S/N = 3) for AA, DA, and UA is 0.78,
0.02, and 0.06 μM, respectively. The analytical performance of
the proposed biosensor was compared with that of the
previously developed electrodes (Table 1). The proposed
electrode reveals improved performance compared with those
in previous reports. In particular, in comparison with the
previously developed N-doped carbons,23−26 N−S−PC exhibits
a lower detection limit and wider linear range. N and S dual-
doped carbon material with unique porous structure is one of
the promising candidates for simultaneous determination of
AA, DA, and UA.

Interference, Reproducibility, and Stability. To eval-
uate the anti-interferential ability of N−S−PC, several possible
interferential compounds and ions (including glucose, citric
acid, Na2SO4, KCl, ZnCl2, CaCl2, and Mg(NO3)2) were tested.
For simultaneous detection of AA (800 μM), DA (5 μM), and
UA (20 μM), negligible interferences (signal change below 5%)
were found for 100-fold aforementioned compounds and ions,
indicating a good selectivity of N−S−PC/GCE.
The reproducibility and stability of N−S−PC/GCE were

also evaluated. For 800 μM AA, 5 μM DA, and 20 μM UA, six
individual repetitive tests in 0.1 M pH 7.0 PBS at the same
electrode showed relative standard deviation (RSD) of 2.2%,
1.2%, and 2.6%, respectively. After 1 week of storage, the
current response of UA, DA, AA decayed by 3.2%, 2.5%, and
3.7%, respectively. The above results demonstrate a good
reproducibility and stability of the electrode.

■ CONCLUSION
In summary, a facile strategy for preparing N, S dual doped
porous carbon has been proposed by one-step pyrolysis of

Table 1. Comparison of the Analytical Performance of N−S−PC with Other Carbon-Based Materials in Simultaneous
Determination of AA, DA, and UA

peak separation (mV) linear range (μM) detection limit (μM)

electrode materials AA−DA DA−UA AA DA UA AA DA UA ref

N−PCNPsa 228 124 80−2000 0.5−30 4−50 0.74 0.011 0.021 23
NG 200 132 5−1300 0.5−170 0.1−20 2.2 0.25 0.045 24
HNCMSb 212 136 100−1000 5−70 3−30 0.027 0.93 0.59 25
HNCS-RGOc 252 132 50−1200 0.5−90 1−70 0.65 0.12 0.18 26
CNFd 190 150 2.0−64 0.04−5.6 0.8−16.8 2.00 0.04 0.20 34
Pt/MWCNT 166 120 24.5−765 0.06−2.03 0.46−50 20 0.048 0.35 35
chitosan−GR 165 90 50−1200 1−24 2−45 50 1 2 22
OMC/Nafion 190 150 40−800 1−90 5−80 20 0.5 4.0 21
N−S−PC 251 126 50−2000 0.1−50 0.1−50 0.78 0.02 0.06 this work

aNitrogen-doped porous carbon nanopolyhedra. bHollow-nitrogen-doped carbon microspheres. cNitrogen-doped carbon-sphere-reduced graphene
oxide. dCarbon nanofiber modified carbon paste electrode.
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cysteine and sodium citrate. By combination of high active sites
to small biomolecules deriving from N, S dual doping as well as
good accessibility of hierarchical porous carbon, the resulting
material displays significantly improved electrocatalytic per-
formance toward oxidation of AA, DA, and UA, manifesting
enlarged peak separation and increased peak current.
Simultaneous determination of these biomolecules was
achieved in a wide concentration range with high sensitivity
and selectivity. The prospective application of N−S−PC may
be broadened to fuel cells, supercapacitors, and hydrogen
storage. Other heteroatoms doped porous carbons with tunable
physicochemical properties and versatile applications could be
similarly obtained by the modified pyrolytic strategy.
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