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Introduction

Sulfamethoxazole (SMX,

4-amino-N-(5-methyl-3-isoxazolyl)

Electrochemical quantification of
sulfamethoxazole antibiotic in environmental
water using zeolitic imidazolate framework (ZIF)-
derived single-atom cobalt catalyst in nitrogen-
doped carbon nanostructurest

Qingyu Gu, Zhongxue Wang, Qianwen Ding, Huiling Li,
Ping Wu @®* and Chenxin Cai ©®*

An electrochemical sensor based on single-atom cobalt-anchored nitrogen-doped carbon catalysts (Co/
N-C SACs), synthesized by pyrolyzing zeolitic imidazolate frameworks (Co-ZIF-8), was constructed to
quantify sulfamethoxazole (SMX), a member of the sulfonamide family of antibiotics, in environmental
water samples. The quantification depends on the electrocatalytic oxidation of the aromatic -NH, group in
the SMX molecule to the hydroxylamine group (-NHOH). The sensor was fabricated by depositing the Co/
N-C SAC suspension (in a mixture of water, ethanol, and Nafion) on a glassy carbon (GC) electrode surface.
The response of the sensor showed a linear relationship with SMX in a wide range of concentration (0.08-
66.5 uM) with a limit of detection (LOD) of ~15 nM at a signal-to-noise (S/N) ratio of 3. The sensor also
had high repeatability, reproducibility, and stability. Moreover, it exhibited high selectivity and resistance to
interference in the presence of other antibiotics (trimethoprim, ciprofloxacin, and norfloxacin selected
randomly), endocrine disruptors (17B-estradiol), pesticides (carbaryl), common aqueous ions (Na*, K¥, Fe3*,
Cu?*, Ca*, Cl, Br, COs%", SO427, and NO3"), and common surfactants (sodium dodecyl sulfate and Triton
X-100). Furthermore, the sensor was used to quantify the SMX in environmental water samples (lake water,
groundwater, and secondary wastewater) with high accuracy. This electrochemical method can be used
for quantifying SMX in environmental water samples for various applications, including biomedical analysis,
environmental pollutant detection, and water safety evaluation.

acid from dihydrofolic acid in bacteria® to produce a
synergistic antibacterial activity. It has also been used in
animal husbandry for enhancing the resistance of cows, pigs,

benzenesulfonamide), a member of the sulfonamide family of
antibiotics," exhibits a broad spectrum of antibacterial activity
against both Gram-positive and Gram-negative aerobic
bacteria.> It is widely used for the treatment of bacterial
infections of respiratory and urinary tracts and opportunistic
infections associated with organ transplants.>® SMX is
typically used in combination with trimethoprim,* a
dihydrofolate reductase inhibitor that suppresses folic acid
metabolism by disturbing the generation of tetrahydrofolic
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and poultry against diseases and for increasing their
production.® SMX is widely used owing to its low cost, high
efficacy, and wide availability. Although it is an effective
antimicrobial drug, it can cause various harmful side effects,
such as gastrointestinal disturbances, hypersensitivity
reactions, and a number of hematological abnormalities."”
Moreover, SMX has poor biodegradability. A significant
percentage (up to 30-70%) of the consumed dose is not
completely metabolized and is excreted in unchanged and
active form,*° which accumulates in environmental waters
(surface waters, groundwater, and secondary wastewater
effluents) and endangers the environmental safety. The SMX
residues in foods, such as milk, meat, egg, and others, may
endanger human health and lead to various diseases, even
cancer (such as thyroid cancer).’® Therefore, China, the
European Union, and the USA have established 0.1 ppm (100
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ug kg™') as the maximum residue limit for the total amount
of SMX in edible tissues. Thus, there is a need for accurate,
sensitive, and simple approaches to quantify the low levels of
antibiotics in environmental samples.

A number of analytical techniques have been developed
for SMX quantification, including chromatography-based
techniques (HPLC, GC, LC-MS/MS),""** spectrophotometry
(fluorometry, chemiluminescence, photometry),"* biosensors
(optical biosensor, antibody-based immunosensor, and
surface plasmon resonance-based biosensor),"* and
enzyme-linked immune assays.'® However, most of these
methods require high maintenance costs, tedious sample
pre-treatment processes, and skilled operators. In some
cases, however, the detection limit is unacceptably low.

Electrochemical techniques have several advantages,
including a fast response, high selectivity and sensitivity
(comes from the electrochemical reaction depends on the
applied potential, which can be regulated as required),
relatively low preparation costs, simple operational
requirements, and easy miniaturization."”>* These techniques
can be used to overcome the aforementioned obstacles for
facile on-site environmental analysis. They can also be used for
high-fidelity antibiotic quantification. The electrochemical
quantification of SMX is mainly based on the electrochemical
oxidation of -NH, (aromatic amino group) to the
hydroxylamine group (-NHOH).*'*** 1t is a complex process
that requires a suitable electrocatalyst to catalyse the
electrochemical oxidation of -NH, with high activity. In this
respect, nanomaterials have special advantages because of their
high specific surface areas and high catalytic activities. Many
types of nanomaterials have been studied for the
electrochemical oxidation of -NH, groups in SMX, including
carbon materials (carbon nanotubes, graphene, reduced
graphene oxide),"” boron-doped diamond nanoparticles,"* Fe-
doped ZnO nanorods,” CeO,/chitosan nanocomposites,’
antimony nanoparticles,> and Prussian blue nanocube-
decorated multiwalled carbon nanotubes.’ Carbon materials
have received considerable attention because of their good
electrical conductivity, low cost, high stability, and high affinity
for organic molecules,”™” and, more importantly, their high
catalytic activity for the electrochemical oxidation of -NH,.

The electrocatalytic activities of carbon materials can be
further improved by incorporating them with metal
nanoparticles, in particular, single-atom metal catalysts
(single-atom  catalysts, SACs). These anchored metal
nanoparticles or SACs can alter the coordination
environments and improve the electronic structures of the
carbon materials.”*>* Moreover, SACs have the smallest
catalytically active sites and can maximize the exposure of
active sites and use-efficiency of the metal atoms, affording
extraordinarily high catalytic activities.** SAC-incorporated
carbon material catalysts are widely used in many fields,
varying from electrocatalysis (catalysing the reduction of CO,
and O,, evolution of O, and H,, oxidation of CO, and
electrochemical synthesis of NH; from N,)**7%?*? to organic
synthesis (unsaturated compound hydrogenation and alkene

© 2022 The Author(s). Published by the Royal Society of Chemistry
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carboboration)**** and biosensing.*®” These catalysts have
a strong adsorption ability for aromatic compounds because
of the strong n—n interactions between the carbon framework
and aromatic molecules such as SMX antibiotics.

This work reports the synthesis of a single-atom cobalt-
anchored nitrogen-doped carbon catalyst (Co/N-C), which
exhibits high electrocatalytic activity for the oxidation of the
-NH, group in SMX and can be used as an efficient
electrocatalyst to develop an electrochemical sensor for
quantifying SMX antibiotics in environmental water samples.
The Co/N-C SACs are synthesized by pyrolyzing zeolitic
imidazolate frameworks (Co-substituted ZIF-8, denoted as Co-
ZIF-8) at 900 °C. The electrochemical oxidation of SMX is used
to demonstrate the effect of the single-atom Co-anchoring-
dependent electrocatalytic activity of Co/N-C. The anchoring of
single-atom Co enhances the catalytic activity of Co/N-C SACs.
In addition, a possible mechanism for the enhancement is
discussed based on the results of theoretical calculations and
experimental ~measurements. Finally, highly sensitive
quantification of SMX in water samples is demonstrated using
a Co/N-C-based electrochemical sensor. The study results
indicate that Co/N-C SACs are an efficient electrochemical
sensing platform with great potential for applications in fields
such as biomedical analysis, environmental pollutant
detection, and water safety evaluation.

Materials and methods

Chemicals and reagents

Co(NO;),-6H,0 (purity >98%), Zn(NO;),-6H,0 (purity >98%),
and 2-methylimidazole (2-mIm, purity >98%) were purchased
from Sinopharm Chemical Reagent Co. Ltd. (China). SMX
(purity >98%), trimethoprim (purity >98%), ciprofloxacin
(purity >98%), and norfloxacin (purity >98%)
purchased from Shanghai Aladdin Biochemical Technology
Co. Ltd. Nafion (5 wt%) was obtained from Sigma-Aldrich.
Other chemicals used in this work were analytical-grade
reagents and obtained from Sinopharm Chemical Reagent
Co.,, Ltd. The aqueous solutions used in all the
measurements were prepared using deionized water with a
resistivity of approximately 18.2 MQ cm. Phosphate buffer
(PBS, 0.1 M) was prepared using Na,HPO, and NaH,PO,.

were

Synthesis of ZIF-8

ZIF-8 was synthesized following previously reported
procedures.*®?° Briefly, 1.848 g of 2-mIm was dissolved in 45
mL of methanol. Then, 1.674 g of Zn(NOj3),-6H,0 (in 45 mL
of methanol) was added under continuous vigorous stirring
for 8 h at room temperature (23 + 2 °C). The ZIF-8 product
was collected by centrifugation, washed with methanol three

times, and dried under vacuum at ~55 °C overnight.

Synthesis of Co-ZIF-8

First, 0.819 g of Co(NO3),-6H,0 and 1.674 g of Zn(NO3),-6H,O
were dissolved in 45 mL of methanol (Co:Zn = 0.5:1 (molar
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ratio)) and then 1.848 g of 2-mIm (in 45 mL of methanol) was
injected under continuous vigorous stirring for 8 h at room
temperature. The product (denoted as CogsZn,ZIF-8) was
collected by centrifugation, washed three times with methanol,
and dried under vacuum at ~55 °C overnight.

To study the effects of the amount of Co single atoms on
the electrocatalytic activity of Co/N-C catalysts on SMX
oxidation, Co-substituted ZIF-8 with different Co:Zn molar
ratios (0.25:1 and 0.75:1) was also synthesized using the
same procedures as those used for Co, sZn,ZIF-8 synthesis by
altering the molar ratio of Co®" and Zn®>' in the synthesis
mixtures. They were denoted as Cog ,5Zn,ZIF-8 and Cog 75Zn;-
ZIF-8, respectively.

Synthesis of Co/N-C SACs

Powders of ZIF-8 or Co-ZIF-8 (Cog5Zn,ZIF-8, Coy 5Zn,ZIF-8,
and Co, ;5Zn,ZIF-8) were transferred to a corundum crucible
placed in the centre of a tube furnace for pyrolysis under an
atmosphere of high-purity Ar gas. The mixture was first
heated by ramping the temperature to 900 °C at 5 °C min .
This temperature was maintained for 3 h to complete the
pyrolysis. Metal Zn in ZIF-8 evaporated at this temperature,
while Co remained and generated Co/N-C SACs. The furnace
was turned off, and the temperature was allowed to cool
naturally to the ambient temperature.

The as-synthesized catalysts were purified by overnight
refluxing in 100 mL of H,SO, solution (2 M) in air at 110 °C
to remove any metallic Co and cobalt oxide particles
produced during pyrolysis. The catalysts were then heated in
forming gas (Ar/10% H,) at 900 °C for 2 h and refluxed in a
2 M H,SO, solution in a similar manner to the first refluxing
step. After each refluxing step, the suspensions were filtered
and washed with distilled water until the pH of the filtrate
reached ~7. Finally, the catalyst was obtained after drying
the filter cake in air at 80 °C.

Characterization

The instruments employed to characterize the synthesized
materials are described in the ESL}

Electrochemical measurements

A glassy carbon electrode (GC, 3 mm diameter, CH
Instruments), treated and cleaned using procedures similar
to those reported in our previous study before use,**™** was
modified with Co/N-C SACs (Co/N-C/GC) and used as the
working electrode. To fabricate the electrode, 1 mg of Co/N-C
SACs was dispersed in 1 mL of a mixture of water, ethanol,
and Nafion (at a volume ratio of 14:5:1) by ultrasonication
to form a suspension with a concentration of 1 mg mL™".
Next, 5 uL of the suspension was deposited onto the surface
of the cleaned GC electrode. Then, the electrode was stored
in a desiccator at ambient temperature to allow evaporation
of the solvent. The amount of Co/N-C SACs on the electrode
surface was estimated to be 71 pg cm™.
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The electrochemical oxidation of SMX on the electrodes
(bare GC, Co/N-C/GC, and N-C/GC electrodes) was studied
by cyclic voltammetry (CV), which was performed on an
Autolab PGSTAT 302 N electrochemical station (Metrohm) in
a two-compartment three-electrode cell with a sample volume
of approximately 10 mL. KCl-saturated Ag/AgCl and Pt sheet
(0.5 x 0.5 cm) electrodes were used as the reference and
counter electrodes, respectively. To eliminate the effect of
oxygen on the electrochemical responses, the dissolved
oxygen in the solution was removed by purging the buffer
with Ar gas for more than 30 min before the measurements.
Ar atmosphere was maintained over the solution to exclude
oxygen. All electrochemical measurements were conducted in
0.1 M PBS (pH 7.0) at room temperature.

Quantitative analysis of SMX using the electrodes was
performed by amperometry, which showed better sensitivity
than potential sweep techniques for quantifying
concentration targets. The measurements were conducted at
a constant potential of +0.90 V in a continuously stirred
solution. After the background current of the electrode
reached a steady state, a drop of SMX solution at different
concentrations was injected and the current-time (i-¢) curve
was recorded. The background-subtracted response currents
were used as the analysis signals.

The selectivity and anti-interference ability of the electrode
were evaluated using differential pulse voltammetry (DPV),
which was conducted using a potential step of 5 mV and
pulse width, period, and amplitude of 50 ms, 100 ms, and 50
mV, respectively. Electrochemical impedance spectroscopy
(EIS) measurements were also performed at room
temperature in 0.1 M KCI solution in the presence of 5 mM
Fe(CN)¢*7* with a voltage amplitude of 10 mV and a
frequency range of 0.1-1 x 10° Hz. The data were presented
as Nyquist plots.

low-

Theoretical calculations

All calculations were performed by using the density
functional theory (DFT) method implemented in CASTEP
code. The generalized gradient approximation combined with
the Perdew, Burke, and Ernzerhof (PBE) functional was
employed to describe the exchange-correlation interactions.*?
A DFT-D semiempirical correction with Grimme method
(DFT-D2) is applied to account for the dispersion
interaction.** The double numerical plus polarization (DNP)
was chosen as the basis set for other elements (C and H
atoms). To sample the Brillouin zone, Monkhorst-Pack (MP)
mesh of 3 x 3 x 1 k-point grid in reciprocal space were used
for free energy calculations and 3 x 3 x 1 for density of states
(DOS) calculations. The real-space global cutoff radius is set
to be 5.2 A. Fermi occupation is applied to achieve electronic
convergence. In all of the calculations, the convergence
criteria for energy, force, and displacement were set to 10~
Ha, 0.002 Ha A, and 0.005 A, respectively.

For simulating SMX adsorption, a (2 x 2) Co/N-C
monolayer supercell was employed. The SMX molecule was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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placed near the Co/N-C or N-C plane at a distance of 3 A and
the optimized geometric structures of the adsorbed SMX at
the surface of Co/N-C or N-C. The adsorption energy (E,q),
defined as the zero-point energy (ZPE) difference between the
total system including the adsorbed molecules and the
isolated system, was derived from frequency analysis after
the initial structure optimization.*> The energy of the isolated
system is the sum of the energies of Co/N-C or N-C and the
isolated adsorbed molecule. A negative E,q indicates the
adsorption is energetically favorable.

Results and discussion
Synthesis and characterization of Co/N-C SACs

Co/N-C SACs were synthesized by pyrolyzing Co-ZIF-8 to study
the effects of a single Co atom on the electrocatalytic activity
of the catalyst toward the electrochemical oxidation of
aromatic -NH, in SMX and to achieve electrochemical

View Article Online
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quantification of antibiotics in environmental waters. Co-ZIF-
8, synthesized using Co®’, Zn®', and 2-mIm as precursors
(Fig. 1a), has a well-defined rhombododecahedral shape of
~195 nm (SEM images in Fig. 1b and c). Theoretically, Co-
ZIF-8 is a sodalite structure with a pore diameter of ~11.6 A,
containing ZnN, and CoN, tetrahedra.*® The inactive Zn in
Co-ZIF-8 is a sacrificial element and is easily evaporated at
elevated temperatures (such as 900 °C) during pyrolysis,
generating free vacancies at the surface of nitrogen-doped
carbon (N-C). This feature is beneficial for adjusting the final
structure of the catalyst and is conducive to the formation of
active catalytic sites with single Co atoms (in the form of
CoN,).*” Moreover, the specific structure of M-mIm-M (M: Co
and Zn) of Co-ZIF-8 can effectively prevent the agglomeration
of single Co atoms and produce a uniform spatial dispersion
of Co-based (CoN,) active sites in the generated catalyst.

After pyrolysis at 900 °C, the Co/N-C catalyst was
generated. The catalyst retains its rhombododecahedral

—~
o
g2
>
0
e
@
=
o
)
S
(s

;“ 1 2
Diameter (A)

Fig. 1 Synthesis and characterization of Co/N-C SACs. (a) Schematic illustration of Co/N-C synthesis. (b and ¢) SEM images of Co-ZIF-8. Co-ZIF-8
was synthesized under a Co:Zn molar ratio of 0.5:1. (d and e) SEM images of Co/N-C SACs. (f-h) TEM images of Co/N-C SACs under different
maghnifications. () HAADF-STEM image of the catalyst and the corresponding elemental mapping for C, N, and Co. (j) Atomic-resolution HAADF-
STEM image of Co/N-C SACs. The inset shows histogram analysis of the size distribution of Co atoms; 150 Co atoms were counted from HAADF-

STEM images.
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shape (Fig. 1d and e). The morphology of the catalyst was
uniform. Its size was ~130 nm, smaller than that of the
catalyst before pyrolysis, probably owing to the shrinkage
caused by pyrolysis. The transmission electron microscopy
(TEM) images in Fig. 1f-h also show the uniform dispersion
of the catalyst. No metallic particles were observed in the
high-resolution TEM (HRTEM) images, implying that no
metal particles were produced during pyrolysis (because of
the specific structure of ZIF-8), or that the metal particles
were completely removed during purification. The size of the
Co particles became less than the resolution of HRTEM
owing to purification. Only a typical graphene-like structure
(Fig. 1h) can be observed in the HRTEM image, indicating a
high degree of graphitization. This characteristic can
enhance the electrical conductivity of the catalyst and
improve its activity.**

The high degree of graphitization can be further verified
from the X-ray diffraction (XRD) patterns (Fig. S17), which show
well-defined peaks corresponding to the (002) and (101) planes
of graphitic carbon at ~25.1° and 44.2°,>° respectively. No XRD
patterns of metal (such as Co) particles were observed, agreeing
with that observed from the HRTEM images. Elemental
distribution mapping by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) also indicated
uniform distribution of C, N, and Co on the catalyst surface
(Fig. 1i). No Zn element was detected because of the evaporation
during pyrolysis. The atomically dispersed Co species on the
catalyst surface are likely to be coordinated to N atoms in the
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z
»

900 860 7(I)0 6(I)0 5(I)0 4(I)0
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Intensity (a.u.)

410 408 406 404 402 400 398 396 394

Binding Energy (eV)
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form of CoN,,***” producing a single-atom Co active site. The
aberration-corrected HAADF-STEM image shown in Fig. 1j
confirms this assumption. Many bright spots corresponding to
individual heavy atoms (~0.1 nm) were observed, which were
attributed to the single-atom-sized Co species in the synthesized
catalyst. The formation of metal aggregates was not observed.
The histogram analysis shows very narrow size distributions of
1.32 + 0.55 A (Fig. 1j inset). This size agrees well with the
characteristic diameter of the single Co atom, further indicating
that the Co species in the catalyst exist as individual Co atoms
without metal Co aggregation.

Further information on the surface nature and chemical
components of the catalyst was obtained using X-ray
photoelectron spectroscopy (XPS), which can provide
insightful information about chemical bonds. The XPS
spectrum shows that the catalyst surface mainly contains
carbon, nitrogen, oxygen, and cobalt elements, which
generate peaks at approximately 284.8, 398.6, 532.6, and
781.0 eV (Fig. 2a), respectively. The carbon element
undergoes easy oxidation because of the oxygen present in
the catalyst, a typical phenomenon of carbon materials when
handled under ambient conditions.>* The catalyst has
~84.8%, 6.7%, 7.6%, and 0.9% of C, N, O, and Co,
respectively. The high-resolution spectrum of the C1s peak is
asymmetrical and shows a broad satellite at high binding
energy owing to the delocalized n-electron system (Fig. 2b), a
typical feature of carbon materials. The C1s spectrum shows
the presence of four peaks, one each at approximately 289.6,

Intensity (a.u.)

298 296 294 292 290 288 286 284 282
Binding Energy (eV)

Co2p,,

Co2p,,

Intensity (a.u.)

810 805 800 795 790 785 780 775
Binding Energy (eV)

Fig. 2 XPS characterization of Co/N-C SACs. (a) Survey XPS spectrum the catalyst. (b—d) High-resolution XPS spectra of C1s (b), N1s (c), and Co2p
(d), and their related curve-fitted components. The circles in panel (b) represent the experimental data.
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287.2, 285.5, and 284.7 eV, corresponding to carbon in C=0,
C-0, C=N, and C=C (sp”) groups, respectively.

The deconvolution of the XPS of the N1s main peak exhibits
four peaks (Fig. 2c), three of which have binding energies of
~398.6, 400.5, and 401.4 eV that correspond to pyridinic,
pyrrolic, and graphitic N, respectively. The peak at the binding
energy of ~399.7 eV is commonly ascribed to the energy of the
N atom bonded to the metal*® (the Co-N bond here). The Co
atom in the Co-N bond should be bound with the pyridinic N,
not pyrrolic N, because the XPS peak for the Co bound to
pyrrolic N, such as in porphyrins, should appear at a relatively
lower binding energy (~398.5 eV), as confirmed by the
theoretical simulation results of Artyushkova.*® The broad peak
at ~404.3 eV is caused by the oxidized N. The amounts of
different types of N were calculated to be (in atomic ratio)
~30.8%, 20.5%, 23.3%, 17.4%, and 8.0% for pyridinic, pyrrolic,
graphitic N, Co-N, and oxidized N, respectively.

The high-resolution XPS of Co2p indicates two predominant
peaks caused by the Co-N bond at approximately 780.8 and
796.1 eV (Fig. 2d), respectively. These binding energies are
higher than those of metallic Co, which is most likely caused
by the transfer of the electron to the N atom from the Co atom
because of the higher electronegativity of nitrogen (~3.0) than
that of Co (~1.9), implying the formation of the Co-N bond in
the synthesized Co/N-C SACs.

Electrocatalytic oxidation of SMX

After the synthesis of Co/N-C SACs, their catalytic
characteristics toward the electrochemical oxidation of SMX
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were investigated by CV. The catalytic activity of Co/N-C
(synthesized by pyrolyzing Co, 5Zn,ZIF-8) was compared with
that of a bare GC electrode, which showed negligible activity
for the oxidation of SMX because almost no anodic current
could be observed even when the electrode potential was
scanned to +1.2 V (Fig. 3a, curve i). However, for the Co/N-C/
GC electrode, a well-defined anodic peak is observed at
approximately +0.92 V in PBS solution at a pH of 7.0
(Fig. 3a, curve ii), suggesting that the Co/N-C SACs exhibit
catalytic activity for the electrochemical oxidation of SMX.
Upon reverse scanning, no cathodic peak was observed,
indicating an irreversible electron transfer in the
electrochemical oxidation of SMX on the Co/N-C/GC
electrode. Moreover, the anodic peak position depended on
the solution pH (Fig. S27), the anodic peak potential at pH of
5, 6, 7, 8, and 9 is about +1.03, 0.98, 0.92, 0.86, and 0.81 V,
respectively, implying that the electrochemical oxidation is a
proton-coupled electron-transfer process. This oxidation
process starts with the one-electron oxidation of the -N,H
group to generate a cation radical at the N atom (see the
electron-transfer process depicted in Fig. S3t), followed by
the rapid loss of a second electron and a proton to produce
the iminium ion. This ion is then attacked by a solvent
molecule (H,0) to form a hydroxylamine group (-NHOH).”***

The anodic peak potential of the electrochemical
oxidation of SMX catalysed by the Co/N-C SACs (+0.92, at pH
7.0) is similar to that catalysed by antimony nanoparticles
(+0.88 V, pH 7.0)*' and multiwalled carbon nanotubes (+0.90
V, pH 6.0)." In addition, it is more negative than those
obtained on graphene oxides (1.05-1.13 V, pH 7.0)" and
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Fig. 3 Electrocatalytic oxidation of SMX. (a) CV responses of SMX (50 uM) in 0.1 M PBS (pH 7.0) at the bare GC (i), Co/N-C/GC (ii, synthesized with
Co: Zn ratio of 0.5:1), N-C/GC {iii), and Co/N-C/GC (iv, synthesized with Co:Zn ratio of 0.25:1), and Co/N-C/GC (v, synthesized with Co:Zn ratio
of 0.75:1) electrodes. The doted curves show the CV responses of each electrode in PBS in the absence of SMX. The scan rate was 50 mV s . (b
and c) Comparison of anodic peak potentials (b) and peak currents (c) for the electrochemical oxidation of SMX on different electrodes. The data

were obtained by averaging the results of three measurements.
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boron-doped diamond nanoparticle-modified (1.1 V, pH
3.0)"* electrodes. Hence, the Co/N-C SACs exhibit high
electrocatalytic activity for SMX oxidation, may be owing to
the incorporation of a single Co atom into N-C materials.

To study the effects of anchoring a single Co atom on the
electrocatalytic activity of the catalyst, the CV of SMX on the
N-C/GC electrode (without Co atom anchoring) was recorded
under the same conditions as that of the Co/N-C/GC
electrode. The position of the anodic peak at approximately
+1.03 V (Fig. 3a, curve iii) shows a ~110 mV positive shift in
comparison with that observed on the Co/N-C/GC electrode
(Fig. 3b). Moreover, the height of the anodic peak current is
lower than that recorded on the Co/N-C/GC electrode
(approximately 0.23 vs. 0.43 mA cm >, Fig. 3c). Hence, the
catalytic activity of Co/N-C SACs for SMX electrochemical
oxidation is higher than that of N-C. These results highlight
the role of incorporation of a single atom of Co on the
electrocatalytic activity of Co/N-C SACs, probably by altering
the electronic structure (discussed later) and increasing the
number of active catalytic sites, as evidenced by the higher
Ip/I value of Co/N-C (~1.18) than that of N-C (~1.05) in the
Raman spectra (Fig. S47).

The higher electrocatalytic activity exhibited by the Co/N-C
SACs can be ascribed to the enhancement of their electrical
conductivity compared to that of N-C. This enhanced
conductivity was verified by EIS measurements (Fig. S51). The
electron-transfer resistance of the Co/N-C/GC electrode is
approximately 11 Q, which is one-third of that of the N-C/GC
electrode (approximately 30 Q) and much smaller than that of
the bare GC electrode (approximately 170 Q). The increased
conductivity should improve the electron-transfer ability of Co/
N-C SACs and enhance their catalytic activity for SMX oxidation.

The higher electrocatalytic activity of the Co/N-C SACs
could also be a result of improved electronic characteristics.
Theoretical calculations show that the energy gap, defined as
the energy difference between the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO), that is, the L-H gap, of Co/N-C, is ~0.54 eV,
which is lower than that of N-C (~0.86 eV). The small L-H
gap of Co/N-C implies a decrease in the energy barrier of
electron transfer, which improves the catalytic activity of Co/
N-C SACs. The alteration of the electronic characteristics of
Co/N-C SACs can also be experimentally evidenced from the
CV measurements of the redox reaction of the Fe(CN)s*~ mode
molecule, which exhibited higher redox currents on the
Co/N-C/GC electrode than on the N-C/GC and bare GC
electrodes (Fig. S6t1). The potential separation between
the cathodic and anodic peaks observed for the Co/N-C/
GC electrode is ~61 mV, which is lower than that observed
for the N-C/GC (~68 mV) and bare GC electrodes (~79 mV),
indicating the greater redox reversibility of Fe(CN)s*~ on the
Co/N-C/GC electrode and the higher electrocatalytic reactivity
of this electrode.

The higher electrocatalytic activity of Co/N-C SACs can
also be attributed to their high adsorption ability. Theoretical
simulation indicated that the Co atom in the catalyst acted
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as an adsorption site to adsorb the SMX molecule. The
calculated adsorption energy for SMX on the Co/N-C surface
is approximately —1.49 eV, much lower than that for SMX
adsorption on the N-C surface (-0.81 eV). This result
indicates the high adsorption ability of the Co/N-C SACs for
SMX. Moreover, the adsorption configurations of SMX on the
Co/N-C surface were inclined (Fig. S7t), which is different
from the lying-down mode on the N-C surface, suggesting
that Co/N-C SCAs adsorb more SMX molecules; therefore,
they exhibit higher electrocatalytic activity than that of N-C.

The catalytic activity of the Co/N-C SACs can also be
affected by the loading of Co atoms on the catalyst. To
evaluate this suggestion, the catalyst was synthesized with
different ratios of Co to Zn by altering the concentrations of
Co®>" and Zn®" ions in the synthesis mixtures (see the
Experimental section). When the Co/N-C catalyst was
synthesized with a Co:Zn ratio of 0.25:1, the anodic peak
potential for SMX oxidation was observed at ~+0.98 V
(Fig. 3a, curve iv), which is a 60 mV positive shift compared
to that obtained with the catalyst synthesized with a Co:Zn
ratio of 0.5:1. The peak current also significantly decreased
(0.32 vs. 0.43 mA cm™>, Fig. 3c), probably because of the
decrease in the number of catalytic active sites caused by the
lower loading of Co atoms. When the Co/N-C catalyst was
synthesized by increasing the Co:Zn ratio to 0.75:1, the
anodic peak potential appears at an even more positive value
of ~1.04 V (Fig. 3a, curve v) and the anodic peak current
decreases to ~0.17 mA cm (Fig. 3), implying a significant
decrease in the catalytic activity. The SEM image shows that
the catalyst has many Co nanoparticles of size ~70 nm when
its Co:Zn ratio was increased to 0.75:1 (Fig. S8af for
comparison, the TEM image of the catalyst synthesized under
Co:Zn ratio of 0.25:1 is depicted in Fig. S8b,f which shows a
well-defined rhombododecahedral shape with a size of ~95
nm, smaller than that synthesized under the Co:Zn ratio of
0.50:1), even after the catalyst was purified by reflux in a 2 M
H,SO, solution. These metallic Co nanoparticles can block
the SMX molecules from accessing the active sites.>**" Thus,
they obstruct the catalytic activity of the catalyst.

A detailed comparison of the anodic peak potentials and
currents obtained for the different electrodes is shown in
Fig. 3b and c. These results clearly demonstrate that the
incorporation of a single Co atom into the Co/N-C catalyst
can significantly facilitate electron transfer for SMX oxidation
and enhance the electrocatalytic activity of the catalyst.
Furthermore, the highest electrocatalytic activity was
achieved at a Co:Zn ratio of 0.5:1, demonstrating the Co
atom-loading-dependent catalytic activity of the catalyst.
Hence, Co/N-C SACs synthesized with a Co:Zn ratio of 0.5:1
were used for SMX quantification.

Electrochemical quantification of SMX using the Co/N-C/GC
electrode

Before electrochemically qualifying SMX, several parameters
potentially affecting the performance of the electrode, such

© 2022 The Author(s). Published by the Royal Society of Chemistry
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as the detection potential, solution pH, and loading of Co/N-
C on the electrode surface, were optimized (Fig. 4). The
anodic potential was first selected because a suitable
detection potential can improve the detection limit and
eliminate the interference effects of other electroactive
substances. The anodic potentials, in a constant potential
mode, from +0.80 to +1.10 V with an interval of 50 mV were
optimized. The SMX concentration was maintained at 50 uM.
The anodic current first increased with an increase in the
potential from +0.80 to +0.95 V, followed by a slow decrease
as the potential was further increased in the positive
direction (Fig. 4a). Moreover, the use of a more positive
potential usually causes an increase in noise.*"*> Therefore,
+0.95 V was employed as the detection potential in the
following measurements.

The Co/N C SAC loading on the electrode surface was
selected because it also has a significant effect on the
electrode response. The amount of catalyst on the electrode
surface was controlled by the volume of Co/N-C suspension
(1 mg mL™") cast on the electrode surface. The response
current under an anodic potential of +0.95 V and an SMX
concentration of 50 uM increased on increasing the casted
suspension volume to up to 5 uL (Fig. 4b), probably owing to
the increase in the active sites and the enhancement in the
conductivity of the electrode with increasing catalyst loading.
However, a further increase in the amount of Co/N-C SACs
on the electrode surface decreased the anodic current,
probably because the thick film of the catalyst prohibits SMX
from accessing these active sites embedded inside the film
and hinders effective electron transfer. Therefore, 5 uL of the
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o6} 29 % 06 A4 9 9 %
B %%%wml 3 % 9 % %
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Fig. 4 Optimization of electrochemical quantification of SMX. (a)-(d)
Dependence of the response of SMX (50 puM) on the detection
potential (a), catalyst loading on the electrode surface (b), solution pH
(c), and rest time of the electrode in solution before electrochemical
measurements (d). Loading of catalyst on the electrode surface is
expressed by the deposited volume of the Co/N-C SAC suspension (1
mg mL™Y) on the electrode surface. To enable a comparison under
each condition, the response currents are displayed in the form of the
normalized current with the highest response under each condition.
The data presented are the average of three independent
measurements.
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Co/N-C suspension (1 mg mL™") was selected as the most
suitable catalyst loading on the electrode for subsequent
measurements.

Solution pH is another important parameter affecting the
response of SMX because the electrochemical oxidation of
SMX is a proton-coupled electron-transfer process. In the
studied solution pH range (5-9), the response first increased
with an increase in pH from 5 to 8 (Fig. 4c) and then
decreased when the pH is further increased. Accordingly, 0.1
M PBS with a pH of 8 was selected for the electrochemical
quantification of SMX.

In the constant potential analysis, the electrochemical
response is usually affected by the rest time of the modified
electrode placed in the detection solution before
electrochemical measurements. This is because the modified
dry film of the catalyst needs time to become infiltrated by
the electrolyte and the redox molecule (SMX here) also needs
to diffuse into the catalyst film and be adsorbed on the active
sites, thereby establishing the equilibrium between molecules
in the bulk and the electrode. Fig. 4d shows that the anodic
responses of SMX reached a plateau after 50 s of rest time
(the electrode was under the open-circuit potential), implying
that this time is sufficient for electrode infiltration and
equilibrium establishment.

Under these optimized conditions, the amperometric
response of the electrochemical oxidation of SMX on the Co/
N-C/GC electrode under a potential of +0.9 V was recorded
(Fig. 5a). The anodic current increased with the increasing
addition of SMX (Fig. 5a, curve i). After each addition, the
current increased rapidly, implying that the Co/N-C/GC
electrode can sensitively respond to changes in the
concentration of SMX in the solution. Moreover, the current
increased linearly when the SMX concentrations ranged from
0.08 to 66.5 uM with a correlation coefficient of 0.997. In
addition, the current reached a relative saturation level when
the SMX concentration was higher than 115.5 pM
(Fig. 5b, curve i). The limit of detection (LOD) was estimated
to be approximately 15 nM at a signal-to-noise (S/N) ratio of
3. This linear range and LOD are better than those obtained
on the N-C/GC electrode, which displays a linear range and
LOD of approximately 0.3-43.5 pM and 60 nM
(Fig. 5a, and b, curve ii), respectively. Hence, the catalytic
activity of the Co/N-C catalyst for the electrochemical
oxidation of SMX is higher than that of the N-C catalyst.
Furthermore, the linear range and LOD achieved on the Co/
N-C/GC electrode are superior to those obtained on other
nanomaterial catalyst-modified electrodes. For example, the
linear range and LOD are 1.0-10.0 pM and 38 nM,
respectively, on the Prussian blue nanocube-decorated
multiwalled carbon nanotube-modified screen-printed
electrode;’ 0.5-50 uM and 40 nM, respectively, on the
graphene oxide modified screen-printed electrode;” and 0.1-
0.7 uM and 0.024 pM, respectively, on multiwalled carbon
nanotubes modified with antimony nanoparticle-based
paraffin composite electrode.”® Hence, the Co/N-C-based
SMX electrochemical sensor is better than the previously
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Fig. 5 Electrochemical quantification of SMX using the Co/N-C/GC electrode. (a) Amperometric responses of SMX oxidation at the Co/N-C/GC
(curve i) and N-C/GC electrodes (curve ii) to the successive addition of SMX in 0.1 M PBS (pH 7.0) at a constant potential of +0.90 V. The left
upper inset shows the response of the electrodes at low concentrations. The right lower inset shows the response having an S/N of 3 at the Co/N-
C/GC electrode. (b) Dependence of the response current of SMX at the Co/N-C/GC (curve i) and N-C/GC electrodes (curve ii) on the SMX
concentrations. (c) Evaluation of the selectivity and anti-interference ability of the Co/N-C/GC electrode for SMX quantification in the presence of
various interferents. To enable a comparison in the presence of each interferent, the current is displayed in the form of the normalized current,

iSMXJrIinterferent x100%

which was calculated as: normalized current (%) = ;
SMX

the interferents, respectively.

reported ones, thereby highlighting the high electrocatalytic
activity of the Co/N-C SACs toward SMX oxidation.

Repeatability, reproducibility, and stability of the sensor
for qualifying SMX were also evaluated. A relative standard
deviation (RSD) of ~2.3% was achieved over ten successive
measurements of 50 uM SMX at the Co/N-C/GC electrode,
revealing the high repeatability and good precision of the
constructed sensor. Furthermore, five different Co/N-C/GC
electrodes were used to quantify SMX (50 uM), resulting in
an RSD of ~3.1%, showing an acceptable reproducibility for
sensor fabrication. The stability of the sensor was evaluated
from the recorded response of an electrode to 50 uM SMX at
2 day intervals over 30 days. The electrode was stored in
blank buffer at ambient temperature when not in use. The
results showed that the response slightly decreased in the
first three measurements but then remained almost stable,
retaining more than ~93% of the initial current value after
30 days. These features demonstrate that the constructed Co/
N-C/GC sensor displays good repeatability, reproducibility,
and stability.

The selectivity and anti-interference ability of the sensor
for SMX quantification were evaluated by recording the DPV
signal of the sensor in response to SMX (50 uM) in the

1060 | Sens. Diagn., 2022, 1,1052-1062

, Where ispmxyinterferents aNd ismx is the DPV currents of SMX with and without

presence of other components. Three antibiotics
(trimethoprim, ciprofloxacin, and norfloxacin), one
endocrine disruptor (17p-estradiol), and one pesticide
(carbaryl) were randomly selected to examine their

interference with SMX quantification. The presence of
trimethoprim, ciprofloxacin, norfloxacin, 17f-estradiol, and
carbaryl (50 uM each) did not significantly affect the DPV
signal of SMX with a signal change of less than ~10%
(Fig. 5¢). In addition, common ions, including Na*, K*, Fe*",
cu*, ca**, cCl, Br, CO;*, SO,>, and NO,, whose
concentrations were 50 times greater than that of SMX, had
almost no impact on the DPV signals of SMX. However, the
presence of high concentrations of common surfactants,
such as Triton X-100 (10 uM) and sodium dodecyl sulfate (10
uM), reduced the response current by >15%, probably
because of the strong adsorption of the surfactants on the
electrode surface and impeding the SMX oxidation. However,
most water samples do not contain such high concentrations
of these surfactants, suggesting that these surfactants should
not be problematic for SMX quantification. Thus, the Co/N-
C-based electrochemical sensor is highly resistant to
interference, showing a high potential for use in the
quantification of SMX in real water samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Quantification of SMX in water samples using the Co/N-C/GC electrochemical sensor

Samples Spiked amounts (uM) Measured amounts” (uM) Recovery (%) RSD (%) Measured amounts” (uM)
Lake water 5.0 5.24 104.8 3.6 5.31
10.0 9.95 99.5 4.2 10.33
20.0 19.88 99.4 2.6 19.94
Ground water 5.0 4.96 99.2 3.1 5.26
10.0 9.89 98.9 3.8 9.86
20.0 20.45 102.3 4.6 19.88
Secondary wastewater 5.0 5.12 102.4 2.1 4.95
10.0 10.36 103.6 2.9 10.54
20.0 19.91 99.6 3.9 19.85

“ Obtained using the Co/N-C/GC electrode; average of three measurements. ” Measured by HPLC; average of three measurements.

Quantification of SMX in environmental water samples

Three environmental water samples (lake water from Xuanwu
Lake of Nanjing, ground water from Xianlin, and secondary
wastewater from the Baixiang wastewater treatment plant)
were assayed for SMX using the sensor. Direct measurements
showed negligible responses in the three water samples,
indicating the absence of SMX in these water samples or the
SMX content in these samples was too low to be detected by
the sensor, that is, the content was lower than the LOD of
the sensor. These results suggest that the sensor can be used
for water safety evaluation. The recoveries were determined
using a standard addition method. Known concentrations of
SMX (5.0, 10.0, and 20.0 uM) were first added to water
samples, and then the recoveries were determined. As
indicated by the results displayed in Table 1, the average
recoveries were ~101.2%, 100.1%, and 101.9% for the water
samples from lake, ground, and wastewater treatment plants,
respectively, with the average RSDs of ~3.47%, 3.83%, and
2.97%, respectively. Furthermore, to validate the accuracy of
the sensor, the added SMX in these water samples was
assayed by HPLC (the detailed procedures are depicted in the
ESI}); the results are also listed in Table 1 for comparison.
The results obtained from the electrochemical sensor and
HPLC were consistent, demonstrating that the developed
sensor has high accuracy for SMX quantification in
environmental water samples and suggests its potential use
as a cost-effective sensor for SMX in water safety evaluation.

Conclusions

An electrochemical sensor based on Co/N-C SACs was
developed to quantify SMX, a typical aromatic -NH,-containing
antibiotic, in environmental water samples. The Co/N-C SACs
were synthesized by pyrolyzing Co-ZIF-8 at 900 °C in an inert
atmosphere. The Co/N-C/GC sensor was fabricated by casting a
Co/N-C SAC suspension onto the GC electrode surface. The
quantification was based on the electrochemical oxidation of
the -NH, group of SMX to the -NHOH group, catalysed by Co/
N-C SACs with high activity. The effects of single-atom Co
anchoring on the electrocatalytic activity of Co/N-C SACs were
studied experimentally and theoretically. The electrochemical
response of the sensor showed a linear relationship with the

© 2022 The Author(s). Published by the Royal Society of Chemistry

concentration of SMX in a wide range of 0.08-66.5 pM with a
low LOD (~15 nM at an S/N of 3), high repeatability,
reproducibility, and stability. Moreover, the sensor exhibits
high selectivity and resistance to interference in the presence
of other antibiotics, endocrine disruptors, pesticides, common
aqueous ions, and common surfactants. Furthermore, the
sensor was used to quantify SMX in environmental water
samples with high accuracy. The use of the sensor can be
extended to quantify antibiotics in biological samples such as
serum and urine samples. Therefore, Co/N-C SACs are efficient
electrochemical sensing platforms with great potential for
applications, including biomedical analysis,
environmental pollutant detection, and water safety evaluation.
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