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ABSTRACT: A nitrogen-doped porous carbon material (N@MOG-C) was
prepared by simple pyrolysis of polypyrrole-doped Al-based metal−organic gel
(PPy@MOG) at 800 °C. The N@MOG-C possessed a uniform three-dimensional
(3-D) interconnected mesoporous structure with a high surface area of 1542.6 m2

g−1 and a large pore volume of 0.76 cm3 g−1. By using an ionic liquid (IL) to
immobilize N@MOG-C on electrode surface, the N@MOG-C was further used for
sensitive detection of heavy metal ion. The doping of nitrogen-endowed N@MOG-
C with faster electron transfer kinetics than other carbon materials such as MOG-C,
multiwalled carbon nanotubes, and graphene. The N@MOG-C-modified electrode
showed a high effective area, because of the porous structure. Under optimized
conditions, the N@MOG-C-based sensor could detect Cd ions present in
concentrations of 0.025−5 μM, with a detection limit of 2.2 nM. The mesoporous
structure, fast electron transfer ability, and simple and green synthesis of N@MOG-
C made it a promising electrode material for practical applications in heavy-metal-
ion sensing.

KEYWORDS: metal−organic frameworks, nitrogen-doped porous carbon material, chemically modified electrode,
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■ INTRODUCTION

Heavy-metal ions are hazardous pollutants to living organisms
and can accumulate in the human body through the food chain,
leading to adverse effects on the immune, central nervous, and
reproductive systems.1−3 Therefore, the rapid, sensitive, and
simple determination of trace heavy metal ions is critical
important. Their electrochemical detection has attracted
extensive attention, because of their intrinsic advantages of
simplicity, good portability, low cost, high sensitivity, and
excellent selectivity.4 Early electroanalytical methods were
frequently carried out with hanging mercury drop and
mercury-film working electrodes. Considering the toxicity and
difficulty involved in the handling of mercury, these electrodes
have recently been replaced by mercury-free solid-state
electrodes. Nanomaterials, including metal-, carbon-, and
silica-based nanomaterials, have been widely used as electrode
materials.5−7 Particularly, the excellent chemical stability, high
surface area, versatile structures, high conductivity, and
relatively low cost of porous carbon are extremely attractive
in electroanalytical application.7 For this purpose, this work
prepared a nitrogen-doped porous carbon material (N@MOG-
C) by simple pyrolysis of metal−organic gel (MOG), a new
type of extended metal−organic framework (MOF).
MOFs, which consist of metal ions or clusters connected by

organic linker groups, are an interesting class of crystalline
molecular materials.8−10 Their structure is versatile and
controllable by architecture design and pore functionaliza-

tion.11−13 Particularly, their pore size, volume, and functionality
are tailorable in a rational manner. Because of the permanent
nanoscaled cavities and open channels, MOFs offer congenital
conditions for access of small molecules and, therefore, can be
an attractive template for the synthesis of porous carbon
materials.14−20 Compared with other porous carbon produc-
tions through zeolite or silica templates casting, MOF-based
synthesis are less expensive and more environmentally
friendly.21

Similar to MOFs, MOG possesses desirable characteristics of
high surface area, good surface accessibility, and rapid mass
transfer or permeability,22−27 and it has been fabricated by
metal−ligand coordination, in conjunction with supramolecular
interactions.28−31 Obviously, MOG can be synthesized under
more gentle conditions than MOFs (for example, relatively low
reaction temperatures, neutral condition, short reaction time,
and routine solvent).32,33 Thus, it can serve as an attractive
template for porous carbon production. For example, a porous
carbon material has been synthesized using MOG as a
template.34 This material shows hierarchical porous architec-
ture, ultrahigh surface area, and quite a large pore volume.
Herein, a novel nitrogen-doped porous carbon material was

synthesized by using a polypyrrole-doped Al-based MOG
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(PPy@MOG) as the template, and that was used as the
electrode material for heavy-metal-ion sensing (see Scheme 1).

This material, which is defined as N@MOG-C, showed a
uniform three-dimensional (3-D) interconnected mesoporous
structure with a high surface area and a large pore volume,
hence, leading to a high effective area, along with fast electron
transfer kinetics of the N@MOG-C-modified electrode, which
was favorable to the design of a highly sensitive electrochemical
detection method. The excellent performance of the proposed
method and the convenient and green preparation of N@
MOG-C indicated promising application of the assay in heavy-
metal-ion sensing.

■ EXPERIMENTAL SECTION
Materials and Reagents. Aluminum nitrate nonahydrate (Al-

(NO3)3·9H2O) was purchased from Shanghai Sinpeuo Fine Chemical
Co., Ltd. (China). 1-Butyl-3-methylimidazolium tetrafluoroborate
ionic liquid (IL) (99%), 1,3,5-benzenetricarboxylic acid (H3BTC),
and polypyrrole (PPy) were purchased from Sigma−Aldrich (St.
Louis, MO). Cadmium chloride (CdCl2·2.5H2O) was supplied by Alfa
Aesar China, Ltd. (China). Acetate buffer solutions (0.1 M) with
different pHs were prepared by mixing the stock solutions of 0.1 M
sodium acetate (CH3COONa) and acetic acid (CH3COOH).
Multiwalled carbon nanotubes (MWCNTs, chemical vapor deposition
(CVD) method, 98% purity, 40−60 nm in diameter, and 1−2 μm in
length) were purchased from Shenzhen Nanotech Port Co., Ltd.
(China). Tetraethylene pentamine-functionalized reduced graphene
oxide (TEPA@RGO) was purchased from XFNANO Materials Tech
Co., Ltd. (Nanjing, China). Other reagents were of analytical grade
and used as received. Ultrapure water obtained from a Millipore water
purification system (≥18 MΩ, Milli-Q, Millipore) was used in all
assays.
Preparation of N@MOG-C. The PPy@MOG was prepared

according to the literature, with slight modifications (recall Scheme
1).33 First, 2.701 g of Al(NO3)3·9H2O and 1.512 g of H3BTC were
dissolved in 36 mL of ethanol under vigorous stirring at room
temperature. Then, 100 mg PPy was added under ambient conditions.
After completely mixing, the resultant homogeneous solution was kept
for gelation in an oven at 80 °C for 0.5 h. The resulting gel was
allowed to age for 48 h prior to Soxhlet extraction in ethanol to
remove the excess unreacted starting materials and subsequently dried
overnight at 80 °C to obtain a bulk sample of PPy@MOG. Afterward,
PPy@MOG was heated at a rate of 5 °C min−1 to 800 °C, followed by
pyrolysis at 800 °C for 5 h under N2. After cooling to room
temperature, the resultant black powder was collected and washed
with 10 wt % HF aqueous solution. The sample was stirred in HF

solution for 24 h and collected by centrifugation. Finally, the product
was rinsed with distilled water and dried at 60 °C overnight to obtain
N@MOG-C. The MOG and MOG-C were prepared with the similar
procedure in the absence of PPy.

Material Characterization Techniques. Transmission electron
microscopy (TEM) images were recorded on a Model JEM 2100 high-
resolution TEM microscope (JEOL, Japan). Scanning electron
microscopy (SEM) images were obtained with a Hitachi Model S-
4800 SEM microscope (Japan). X-ray photoelectron spectroscopy
(XPS) experiments were conducted using a Model ESCALAB 250
spectrometer (Thermo-VG Scientific Co.; USA) with an ultrahigh
vacuum generator. Thermogravimetric analysis (TGA) was performed
using a TG-DSC instrument (Netzsch, Model STA 409 PC). Powder
X-ray diffraction (XRD) patterns were measured on a Rigaku Model
Dmax 2200 X-ray diffractometer with Cu Kα radiation (λ = 1.5416 Å).
Nitrogen adsorption−desorption isotherms and pore size distributions
were measured at 77 K using a Micromeritics Model ASAP 2020
system.

Electrochemical Characterization. The electrode surface was
modified with the following procedure: first, the bare glassy carbon
electrode (GCE) was polished with 0.3 and 0.05 μm alumina slurry on
microcloth pads, respectively, followed by successive sonication with
pure water and ethanol for 3 min, and then drying with nitrogen.
Meanwhile, the mixture of 1 mg of N@MOG-C and 50 μL of IL was
ground in an agate mortar for ∼20 min to obtain IL-N@MOG-C gel.
The GCE was coated with IL-N@MOG-C film by rubbing the
electrode over the gel. To obtain a homogeneous thin gel film, the
coating was further smoothed with a spatula and the modified amount
was controlled to 0.5 mg by weighing. Similarly, the IL-MOG-C-, IL-
TEPA@RGO-, and IL-MWCNTs-modified GCEs were prepared,
respectively.

All of the electrochemical experiments were performed using a
Model CHI660D electrochemical workstation (CH Instruments, Inc.,
USA) with a conventional three-electrode cell, in which the bare or
modified GCE (d = 3 mm), the saturated calomel electrode, and
platinum wire served as the working electrode, reference electrode, and
auxiliary electrode, respectively. Electrochemical impedance spectros-
copy (EIS) analysis was performed in 0.1 M KCl containing 5 mM
[Fe(CN)6]

3−/[Fe(CN)6]
4−.

Square wave anodic stripping voltammetry (SWASV) was used for
the detection of Cd(II) with a deposition potential of −1.0 V for 180 s
in 0.1 M acetate buffer (pH 5.0). The anodic stripping of
electrodeposited metal was performed in the potential range of −1.0
to −0.7 V at the following parameters: frequency, 15 Hz; amplitude,
25 mV; and increment potential, 4 mV.

■ RESULTS AND DISCUSSION

Characterization of PPy@MOG and N@MOG-C. Both
MOG and PPy@MOG showed continuous mass loss from
room temperature up to ca. 500 °C (see Figure S1A in the
Supporting Information). This could be attributed to the
removal of residual ethanol and guest molecule (H3BTC)
entrapped in the porous gel matrix. The weight loss between
425 °C and 525 °C corresponded to the decomposition of the
host frameworks. TGA revealed that the pyrolysis of N@MOG
could be completed at temperatures higher than 700 °C, which
remained 37.79% of the original mass (see Figure S1A, curve b,
in the Supporting Information). Compared with the yellow gel
matrix of MOG, the PPy@MOG was appeared as a deep black
gel matrix (see Figure S1B in the Supporting Information). The
doping of PPy did not affect the formation of the gel matrix.
The morphologies of the gel precursors played a critical role

in the preparation of carbon products. Although PPy@MOG
(Figure 1B) appeared to have larger grains than MOG (Figure
1A), it still exhibited a porous structure, which indicated that
the nitrogen functionalities did not affect the porous
morphology, which was further observed from the SEM and

Scheme 1. Schematic of N@MOG-C and Its Application as
Electrode Material for the Sensitive Detection of Cd(II)
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TEM images of MOG-C (see Figures 1C and 1E) and N@
MOG-C (Figures 1D and 1F). In addition, the N@MOG-C
kept the high degree of porosity of N@MOG (Figures 1B, 1D,
and 1F), which suggested that the porous structure was
sustained during the pyrolysis process. The TEM images
exhibited that the porous carbon matrix consisted of
interconnected nanoparticles, which were arrowed in Figures
1E and 1F, which indicated that the resulting N@MOG-C
possessed a large specific surface area and high surface reaction
activity.
The doping of nitrogen in carbon material was confirmed by

XPS spectra. As shown in Figure 2A, only N@MOG-C showed
the N 1s peak (curve b), suggesting the successful nitrogen
doping in N@MOG-C. The high-resolution scan showed a
broad peak of N 1s, indicated the presence of two forms of
nitrogen of pyrrolic N at 400.5 eV (pink) and pyridinic N at
399.5 eV (green) (Figure 2A, inset).
The gel matrix structure of PPy@MOG was observed by

powder X-ray diffraction (Figure 2B, curve b), which exhibited
well-recognized diffraction patterns with the reflection peaks
similar to those of MOF structure MIL-100 (Al) (curve a),35

implying that the as-synthesized PPy@MOG retained the
crystalline and ordered porous structure of MOF. The high
diffraction intensity of PPy@MOG should be attributed to its
large grains observed in Figure 1B. In addition, considering the
inherent correlation between MOF and MOG with comparable
bonding connectivity but different structural regularity, broad

peaks could be observed on the diffraction curve of PPy@
MOG.34 XRD experiment was further performed to check the
composition of N@MOG-C (curve c), which showed two
broad signals at ∼24° and ∼44°. These signals corresponded to
the (002) and (100) planes of turbostratic carbon, indicating
that the obtained N@MOG-C possessed an amorphous
structure. Moreover, no alumina peak was observed, suggesting
the alumina was totally removed by the HF treatment.
Nitrogen adsorption−desorption isotherms of the porous

carbon materials are shown in Figure 2C. Compared with
MOG-C (data indicated in red), N@MOG-C (data indicated in
black) exhibited a smaller mesoporous hysteresis loop with
adsorption and desorption branches at high relative pressures,
indicating that N@MOG-C possessed less mesopores than
MOG-C. The surface area of N@MOG-C determined by
Brunauer−Emmett−Teller (BET) testing was 1542.6 m2 g−1,
which was 1.3 times higher than that of MOG-C. In addition,
the pore size distribution of N@MOG-C was in a mesoporous
range (Figure 2D), which ranged from 3.5 nm to 30 nm,
indicating that the mesopores were formed as the interspaces
among the packed particles in N@MOG-C. Therefore, the N@
MOG-C possessed high BET surface area and appropriate pore
diameter and could be a promising electrode modification
material.

Electrochemical Characterization of N@MOG-C Modi-
fied Electrode. The electrochemical features of the N@MOG-
C-modified electrode were examined in 5 mM Fe(CN)6

3−/4−

containing 0.1 M KCl. As shown in Figure 3A, a pair of quasi-
reversible redox peaks of Fe(CN)6

3−/4− with a peak separation
(ΔEp) of 181 mV were obtained at a bare GCE (curve a).
When the electrode was coated with IL (curve b), the peak
currents increased and the ΔEp reduced to 123 mV, which
suggested that the positively charged IL with good conductivity
was favorable for the approach of Fe(CN)6

3−/4−. Compared
with the cyclic voltammogram of IL/GCE, a significant
enhancement of the peak currents was observed at IL-N@

Figure 1. Scanning electron microscopy (SEM) images of (A) MOG,
(B) PPy@MOG, (C) MOG-C, and (D) N@MOG-C. Also shown are
transmission electron microscopy (TEM) images of (E) MOG-C and
(F) N@MOG-C.

Figure 2. (A) XPS spectra of (a) MOG-C and (b) N@MOG-C. Inset
in panel A shows high-resolution XPS analyses of N 1s in N@MOG-C
(red), pyrrolic N (pink), pyridinic N (green), and fitted curve (blue).
(B) XRD patterns of (a) MIL-100 (Al), (b) PPy@MOG, and (c) N@
MOG-C. (C) N2 adsorption (●)/desorption (◀) isotherms of
MOG-C (red) and N@MOG-C (black). (D) Pore size distribution of
MOG-C (red) and N@MOG-C (black). Inset in panel D shows an
enlarged view of the pore size distribution.
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MOG-C/GCE (curve c), indicating that N@MOG-C could
accelerate the electron transfer.
EIS measurements were performed to examine the electron-

transfer resistance (Ret) of the N@MOG-C-modified electrode
(Figure 3B). In a typical EIS, the diameter of semicircle equals
to Ret, which reflects the electron transfer kinetics of the redox
probe at the electrode surface. The IL/GCE showed a much
smaller Ret (curve b) than bare GCE (curve a), which implied
that IL was an excellent electric conducting material to
accelerate the electron transfer. After the IL-N@MOG-C was
modified on the GCE, a significant decrease in Ret was observed
(curve c in Figure 3B; also see Figure S2 in the Supporting
Information). This result could be attributed to the excellent
conductivity of N@MOG-C. The active electrode area of IL-
N@MOG-C/GCE could be measured with chronocoulometry
(Figure 3C), using 0.1 mM K3[Fe(CN)6], whose diffusion
coefficient (D) is 7.6 × 10−6 cm2 s−1,36 based on eq 1:37

π
= + +Q t

nFAcD t
Q Q( )

2 1/2 1/2

1/2 dl ads (1)

where n is the electron transfer number; A is the effective
surface area of the working electrode; c is the concentration of
substrate; D is the diffusion coefficient; Qdl is the double layer
charge, which could be eliminated by background subtraction;
and Qads is the Faradaic charge consumed by adsorbed species.
Other symbols have their usual meaning. The plots of Q vs t1/2

are shown in Figure 3D. The effective area of IL-N@MOG-C/
GCE was calculated to be 0.0586 cm2, which was much higher

than 0.03734 cm2 of IL-TEPA@RGO/GCE, 0.04815 cm2 of
IL-MWCNTs/GCE, and 0.0166 cm2 of bare GCE. Such a high
effective area of IL-N@MOG-C/GCE was favorable for the
design of a highly sensitive sensing platform for heavy metal
ions. This advantage could be demonstrated from the square-
wave anodic stripping voltammetry (SWASV) responses of 0.1
μM Cd(II) at different electrodes. The stripping peak current
of IL-N@MOG-C/GCE was obviously larger than those of
bare GCE, IL/GCE, and IL-MOG-C/GCE (Figure 3E). In
addition, compared with the IL-TEPA@RGO/GCE (curve a)
and IL-MWCNTs/GCE (curve b), the IL-N@MOG-C-
modified GCE (curve c) presented a higher and sharper peak
current (Figure 3F). The result could be attributed to the better
absorbability and conductivity of N@MOG-C than commercial
RGO and MWCNTs toward the target heavy-metal ion,
indicating that the developed N-doped porous carbon could be
a promising electrode material for the detection of metal ions.

Optimization of Detection Conditions. In order to get
the maximum sensitivity for trace heavy-metal detection with
the IL-N@MOG-C-modified GCE, the preparation of the
modified electrode and the detection conditions (such as the
amount of N@MOG-C, solution pH, deposition potential, and
time) were optimized. With the increasing amount of N@
MOG-C in 50 μL of IL, the SWASV response of 0.1 μM Cd(II)
at the obtained modified electrode increased and reached the
maximum value at 1.0 mg of N@MOG-C (Figure 4A).

However, the further increase of the mass resulted in a decrease
of the SWASV peak current due to the lower ratio of IL, which
resulted in a loss of film stability and the decrease of electrical
connectivity of the modification film. Therefore, 1.0 mg of N@
MOG-C in 50 μL of IL was chosen for electrode modification.
The effect of pH on the voltammetric response was

examined from pH 3.0 to pH 7.0 (Figure 4B), which showed
the maximum response at pH 5.0. Thus, pH 5.0 was selected as
the optimal pH for stripping voltammetric measurements.
When the deposition potential shifted from −0.9 V to −1.3 V,
the stripping peak current for Cd(II) increased and reached a
maximum at −1.0 V (Figure 4C). The response decrease at
deposition potentials more negative than −1.0 V was due to the
competitive generation of H2. Thus, −1.0 V was chosen as the

Figure 3. (A) Cyclic voltammograms and (B) EIS spectra of (a) bare
GCE, (b) IL-modified GCE, and (c) IL-N@MOG-C-modified GCE in
the solution containing 5 mM Fe(CN)6

3−/4− and 0.1 M KCl. Plots of
(C) Q−t and (D) Q−t1/2 curves of GCE (curve a) and modified GCEs
(IL-N@MOG-C (curve b), IL-TEPA@RGO (curve c), and IL-
MWCNTs (curve d)) in 0.1 mM K3[Fe(CN)6] containing 0.1 M KCl.
(E) Square-wave anodic stripping voltammetry (SWASV) analyses of
(a) bare GCE (b), IL-modified GCE, (c) IL-MOG-C-modifed GCE,
and (d) IL-N@MOG-C modified GCE in 0.1 M acetate buffer (pH
5.0) containing 0.1 μM Cd(II). (F) SWASVs of modified GCE ((a)
IL-TEPA@RGO, (b) IL-MWCNTs, and (c) IL-N@MOG-C) in 0.1
M acetate buffer (pH 5.0) containing 0.1 μM Cd(II).

Figure 4. Influence of (A) mass effect of N@MOG-C, (B) pH value,
(C) deposition potential and (D) deposition time on SWASV
responses of IL-N@MOG-C modified GCE in acetate buffer (pH 5.0)
containing 0.1 μM Cd(II). Results were expressed as the average of
three independent experiments. Error bars represent standard
deviations (SD, σ).
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optimal deposition potential, at which the response reached the
saturated value at a deposition time of 180 s (Figure 4D).
Analytical Performance. The IL-N@MOG-C modified

electrode was used to determine Cd(II) with SWASV. The
stripping peak current of Cd(II) increased proportionally with
the increasing concentration of Cd(II) (Figure 5A). The plot of

peak current versus concentration exhibited good linearity in
the range of 0.025−5 μM, with a correlation coefficient of
0.9905 (see Figure 5B). The detection limit at 3σ was
calculated to be 2.2 nM, which was much lower than the
limited value of 3.0 μg L−1 in drinking water permitted by the
World Health Organisation (WHO).38 The analytical perform-
ance was also compared with other modified electrodes
reported previously, which were summarized in Table 1. The
detection limit of the proposed method was comparable to
other electrochemical Cd(II) detection methods.
Determination of Cd(II) in Real Samples. The feasibility

of the proposed method was investigated by detecting Cd(II)
in natural water samples, including tap water and lake water
(from Qinhuai River in Nanjing, China). All the samples were
filtered through a 0.2 μm membrane prior to detection. These
water samples did not showed any response of Cd(II),
indicating that the concentration of Cd(II) was extremely
low. Thus, different concentrations of Cd(II) were spiked into

these samples for recovery evaluation. The SWASV responses
and detection results are shown in Figure S3 and Table S1 in
the Supporting Information), respectively. The average
recoveries ranged from 102.9% to 95.0% for three determi-
nations, addressing the good accuracy of the proposed method
for Cd(II) detection in real samples.
The repeatability of the electrode was investigated by

repetitively determining 0.1 μM Cd(II). The relative standard
deviation (RSD) of peak currents was 5.3% (n = 15). The
response sensitivity retained a value of more than 95% over 6
weeks. The reproducibility of the electrode preparation was also
studied. Six electrodes were prepared from the same batch and
evaluated by performing determination of the Cd(II). Here, the
RSD value was 4.1%. The high stability and reproducibility
indicated that the modified electrode was suitable for the
analysis of real samples.
In respect of selectivity, the effect of various metal ions

including Mg2+, Fe3+, Co2+, Ni2+, Zn2+, Hg2+, Pb2+, Mn2+, Cu2+,
and Al3+ at 10 μM on the determination of 0.1 μM Cd(II) was
studied. Only high concentrations of Cu2+ and Hg2+ (>10 μM)
were found to interfere heavily with the determination of
Cd(II); the other metal ions had no influence, with deviations
of <6%. Mercury ions could be reduced and form a film on the
surface of electrode, which caused Cd(II) to be reduced more
easily by forming an amalgam.51 Consequently, the anodic
stripping peak currents increased in the presence of Hg2+.
However, the SWASV signal for Cd(II) was significantly
diminished in the presence of Cu2+, likely because of the
formation of a Cd−Cu intermetallic compound.52 Therefore,
ferricyanide was selected to exclude the interference of Cu2+.

■ CONCLUSION

A nitrogen-doped porous carbon material, N@MOG-C, with a
uniform interconnected structure, was synthesized with a
metal−organic gel (MOG) template and applied as the
electrode material for the sensitive detection of heavy-metal
ions. The porous structure of N@MOG-C produced a highly
effective area of the modified electrode, resulting in faster
electron transfer kinetics than MOG-C and other commercial
carbon materials. The N@MOG-C-modified electrode could
detect the Cd ion with high sensitivity and good accuracy and
selectivity. Benefiting from its porous structure and fast electron

Figure 5. (A) SWASV responses of the IL-N@MOG-C modified GCE
to Cd(II) at concentrations of 0 (a), 0.025 (b), 0.05 (c), 0.075 (d), 0.1
(e), 0.25 (f), 0.5 (g), 0.75 (h), 1.0 (i), 2.5 (g), and 5.0 μM (k). (B)
The corresponding calibration curve. Inset: 0.025−0.5 μM Cd(II).
Results were expressed as the average of three independent
experiments. Error bars represent standard deviations (SD, σ).

Table 1. Comparison of the Electrodes Modified with N@MOG-C and Other Materials for the Detection of Cd(II)

electrode modifier detection range (μM) limit of detection, LODa (μM) ref

CPEb N-BDMPc 0.089−17.8 0.059 39
CPE diacetyldioxime 0.25−25 0.04 40
CPE antimony film 0.045−0.45 0.071 41
CPE mesoporous silica SBA-15 0.6−30 0.08 42
SPCEd bismuth film 0−0.62 0.00614 43
microelectrode antimony film 0.18−0.89 0.0169 44
GCDEe bismuth film 0.089−0.89 0.01245 45
GCE Nafion-Bi film 0.018−0.53 0.00178 46
GCE Nafion/SWNTsf 0.04−0.4 0.004 47
GCE MWNTs 0.025−10 0.006 48
GCE nano-SWy-2-AQg 0.008−1 0.003 49
GCE TCAh 0.2−50 0.02 50
GCE N@MOG-C 0.025−5 0.0022 this work

aLimit of detection. bCarbon paste electrode. cNitro benzoyl diphenylmethylenphosphorane. dScreen-printed carbon electrode. eGlassy carbon disc
working electrode. fSingle-walled carbon nanotubes. gImproved Na-montmorillonite nanoparticles and anthraquinone. hp-tert-butylthiacalix[4]arene.
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transfer ability, N@MOG-C could be a promising electrode
material for sensing other heavy-metal ions and molecules.
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