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f Ag/ZIF-8@ZIF-67 as an
electrochemical sensing platform for sensitive
detection of halonitrophenols in drinking water†

Jiaxin Xiao,ab Shumin Zhu, *ab Lingjun Bu,ab Yuan Chen,ab Ruoxi Wu ab

and Shiqing Zhouab

Halonitrophenols (HNPs) are an emerging type of aromatic disinfection byproduct, with detected

concentrations of ∼nmol L−1 in source water and drinking water. Currently, there are no standard

methods for identifying HNPs, and most of the reported methods are time-consuming and equipment-

dependent. A core–shell metal–organic framework (MOF) based electrochemical sensor (Ag/ZIF-8@ZIF-

67) capable of detecting 2,6-dichloro-4-nitrophenol (2,6-DCNP) is reported in this study. The

electrochemical sensor obtains the concentration of 2,6-DCNP by detecting the peak current passing

through the sensor. In this sensor, Ag nanoparticles (AgNPs) play a key role in electrochemical sensing by

reducing nitro groups via electron transfer, and porous structure with a large surface area is offered by

ZIF-8@ZIF-67. The cyclic voltammetry (CV) response of Ag/ZIF-8@ZIF-67 was found to be approximately

1.75 times and 2.23 times greater than that of Ag/ZIF-8 and Ag/ZIF-67, respectively, suggesting an ideal

synergistic effect of the core–shell structures. The Ag/ZIF-8@ZIF-67 sensor exhibited exceptional

sensitivity to 2,6-DCNP, exhibiting a broad linear response range (R2 = 0.992) from 240 nmol L−1 to 288

mmol L−1 and a low detection limit of 20 nmol L−1. Furthermore, the sensor exhibited good anti-

interference for isomers and common distractors in water, excellent stability and reproducibility, and

high recovery in actual water samples. Our reported sensor gives a novel strategy for sensitive, selective,

and in situ detection of 2,6-DCNP in practical analysis.
1. Introduction

Disinfection byproducts (DBPs) of structural diversity appeared
in the public view aer the rst detection of chloroform in
drinking water in the 1970s.1,2 Since then, the carcinogenicity
and cytotoxicity of DBPs have been gradually revealed, and the
occurrence of many diseases has been thought to be associated
with exposure to DBPs.3–8 To date, trihalomethanes (THMs) and
haloacetic acids (HAAs) have been regulated in many countries/
areas,9–11 and corresponding standard analytical methods have
been well developed, with satisfactory accuracy and selectivity.
However, more and more unregulated DBPs are frequently
being detected in drinking water,12,13 generally with more
complex structures and higher toxicity, among which aromatic
DBPs have attracted much attention in recent years.14–16

Although the concentrations of aromatic DBPs are relatively low
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(∼nmol L−1) in drinking water,17,18 it should be noted that they
account for a large proportion of cytotoxicity resulting from the
total organic halogens,19 we compared the cytotoxicity of several
common aromatic DBPs, and found that halonitrophenols
(HNPs) showed the highest cytotoxicity.

There are some studies focusing on the occurrence and
formation mechanisms of HNPs in the last decades,9,20 but
the convenient analysis of trace HNPs remains a bottleneck.
Currently, high-performance liquid chromatography (HPLC)
tandem mass spectrometry (MS) is the most-frequently used
instrument to determine HNPs of nmol L−1 to mmol L−1.12,21

In spite of the high accuracy, selectivity, and sensitivity of
HPLC/MS, the analysis process is complex and laborious,
ultimately requiring expensive instruments and elaborate
preprocessing.22,23 Therefore, development of novel methods
for accurate, in situ, and rapid determination of HNPs is
necessary. Electrochemical sensing techniques and electro-
chemical biosensing approaches could effectively detect
various substances,24–26 including DBPs,27,28 such as tri-
chloroacetic acid (TCAA),29 which thereby have much poten-
tial for determining HNPs. Electrochemical sensors could
enable the real-time and in situ analysis of HNPs in drinking
water using the appropriate electrodes. Herein, we choose 2,6-
dichloro-4-nitrophenol (2,6-DCNP) as the model compound
RSC Adv., 2023, 13, 27203–27211 | 27203
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for electrochemical sensing. The dechlorination reactions are
usually used to show current signals in TCAA sensing,30,31

while for 2,6-DCNP, the reduction of the nitro-moiety is
occurs more readily in the electrochemical process, which
however could be affected by the dechlorination reactions,32

making the quantitative detection of 2,6-DCNP difficult. Also,
unmodied electrodes are tardy for electron transport in
electrochemical sensors.33 Thus, how to prepare an electro-
chemical sensor with high sensitivity and selectivity is an
issue to be resolved.

In recent decades, several strategies were proposed to
amplify the current signals, including preparing materials of
high electro-catalytic ability, etching more reaction sites, or
cascading sensor array,34,35 the rst of which is the most
investigated one. For example, researchers tried to employ
metal oxides as electrode materials to detect nitrophenols,
delivering a sensor limit of detection (LOD) of ∼1 mmol
L−1.32,36–38 With the introducing of carbon-based materials
into metal oxides, the LOD was reduced to ∼0.1 mmol L−1.39

Despite signicant improvements in sensitivity through
surface modication, requirements for detecting 2,6-DCNP in
real drinking water cannot be met. Quite recently, successful
application of metal–organic frameworks (MOFs) offered
alternative methods to decrease the LOD for electrochemical
sensing 2,6-DCNP, MOFs have gained increasing prominence
in the eld of electrochemical sensing due to their unique
attributes of high surface area, facile synthesis, and tunable
properties of metals, ligands, and porosity. These distinctive
characteristics bestow MOFs with advantages not inherent in
other materials.40–43 Further, the conned synthesis process
could lead to the formation of core–shell structures due to the
continued growth of MOFs on the surface,44,45 which show
properties of both core and shell materials. When loading
noble metal nanoparticles (e.g., Ag) on the surface of core–
shell materials, not only can the nanoparticles be well
dispersed, but the catalytic performance can be improved.
According to previous research,46–49 AgNPs have demonstrated
high catalytic activity, while the carrier ZIF-8@ZIF-67
possesses a high specic surface area and provides abun-
dant oxygen vacancies. The coupling of AgNPs with ZIF-
8@ZIF-67 effectively combines the advantages of both, this
is also the reason for loading AgNPs onto the MOFs. To the
best of our knowledge, there is no study focusing on electro-
chemical sensors of 2,6-DCNP using the core–shell MOFs.

In this study, we present an electrochemical sensor (Ag/ZIF-
8@ZIF-67) with high sensitivity for detecting 2,6-DCNP (Scheme
1). Herein, ZIF-8@ZIF-67 was chosen to be a frameworkmaterial
for loading AgNPs, which effectively addressed the drawback of
nanoparticle aggregation. Simultaneously, AgNPs provided
excellent conductivity and catalytic activity to the MOFs. The
microstructure, electrochemical mechanism, and sensing
performance towards 2,6-DCNP of the prepared Ag/ZIF-8@ZIF-
67 were investigated. As an electrochemical sensing platform,
Ag/ZIF-8@ZIF-67 exhibited excellent conductivity, selectivity,
and sensitive sensing performance, holding tremendous
application potential in the eld of drinking water sensing.
27204 | RSC Adv., 2023, 13, 27203–27211
2. Experimental section
2.1. Chemicals

Sinopharm Chemical Reagent Co, Ltd provided Zn(NO)3$6H2O,
Co(NO)3$6H2O, AgNO3, and methanol (C2H5OH). Aladdin
Chemistry Co. supplied 2-methylimidazole (2-Meim), and N-
hexane was purchased from Macklin Biochemical Co. Sigma-
Aldrich Co. provided polyvinylpyrrolidone (PVP). All chemicals
used in this study were of analytical reagent grade and did not
require any further purication.
2.2. Characterization

To examine the surface morphology and structure of Ag/ZIF-
8@ZIF-67, we conducted scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy
(HRTEM) using Tescan Mira-3 (Czechia) and FEI Talos (USA),
respectively. Additionally, the crystalline phase was analyzed by
X-ray diffraction (XRD) using a Bruker D8. We determined the
chemical state of Ag/ZIF-8@ZIF-67 using X-ray photoelectron
spectroscopy (XPS) with an Axis Ultra DLD Kratos AXIS SUPRA
instrument (USA). The specic surface area of Ag/ZIF-8@ZIF-67
was estimated by Barrett–Emmett–Teller (BET) theory. Electro-
chemical measurements were carried out using a three-
electrode system consisting of a glassy carbon working elec-
trode (3 mm diameter), a platinum sheet counter electrode, and
a saturated-potassium-chloride silver chloride electrode (SSCE)
reference electrode. The electrochemical workstation used for
the measurements was a CHI 660E model from Shanghai,
China.
2.3. Preparation of ZIF-8@ZIF-67

An optimized conventional method was employed to synthesize
ZIF-8@ZIF-67.50 As shown in Fig. S1,† specically, 3.969 g of
Zn(NO)3$6H2O and 4.106 g of 2-Meim were dissolved in 100 mL
of methanol separately. Two solutions were mixed and stirred
continuously for 36 h. The obtained white precipitate was
collected by centrifugation, washed with methanol three times,
and dried at 50 °C overnight to obtain white ZIF-8 powder.

The preparation of ZIF-8@ZIF-67 involved dispersing 0.25 g
of ZIF-8 powder in 50 mL of methanol by sonication for 30 min.
Next, 2.91 g of Co(NO)3$6H2O and 3.08 g of 2-Meim were added
separately to 50 mL of methanol and stirred until the solutions
became clear. The three solutions were then mixed and
continuously stirred for 36 hours. The resulting purple precip-
itate was collected by centrifugation, washed three times with
methanol, and dried at 50 °C overnight to obtain purple ZIF-
8@ZIF-67 powder.
2.4. Preparation of Ag/ZIF-8@ZIF-67

According to the past research,51,52 Ag was loaded onto the ZIF-
8@ZIF-67 by dual solvent methods. ZIF-8@ZIF-67 of 0.1 g was
dispersed in 20 mL of anhydrous n-hexane via sonication for 30
minutes. AgNO3 (3.14 mg) was added to the above mixture and
stirred for 3 hours. The product was collected by removing the
supernatant and subsequently dried at 50 °C overnight. The Ag/
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the preparation and application of Ag/ZIF-8@ZIF-67/GCE.
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ZIF-8@ZIF-67 powder was then treated with a freshly prepared
NaBH4 methanol solution (5 mL), stirred in the dark for 30
minutes. The product was washed with methanol thrice. Finally,
the powder was dried under vacuum at 50 °C overnight. Similar
steps were followed to synthesize Ag/ZIF-8 and Ag/ZIF-67.
2.5. Fabrication of the modied electrode

A bare glassy carbon electrode (GCE) was polished to a mirror
surface with 1 mm, 0.5 mm, and 0.3 mm alumina powder on
chamois leather. The GCE was then sonicated using ultrapure
water for 10 min and dried in an oven until completely dry. Aer
dispersing 2 mg Ag/ZIF-8@ZIF-67 in 1 mL ultrapure water, the
mixture was sonicated for 30 minutes to produce a homoge-
neous suspension solution. 7 mL suspension was dropped onto
the surface of GCE and dried to obtain the modied electrode.
The modied electrodes, Ag/ZIF-8/GCE, Ag/ZIF-67/GCE, and
AgNPs/GCE, were all prepared by the same methods as
described above. The process for the preparation and applica-
tion of Ag/ZIF-8@ZIF-67/GCE are detailed in ESI Text S1.†
2.6. Real water sample test

Tap water and swimming pool water (collected from Hunan
University, Changsha, China) were used as the real water
samples. To eliminate solid impurities, prior to analysis, each
water sample was ltered through a 0.22 mm membrane. The
ltered sample was then adjusted to a pH of 6.0 using
phosphate-buffered solution before testing for the initial
concentration of 2,6-DCNP using the electrochemical method.
Subsequently, various amounts of standard solutions were
added to the real water samples, and the 2,6-DCNP concentra-
tion was measured on an Ag/ZIF-8@ZIF-67/GCE using differ-
ential pulse voltammetry (DPV) technique.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Characterizations of Ag/ZIF-8@ZIF-67

Themicroscopic morphology and structures of the prepared Ag/
ZIF-8@ZIF-67 were analyzed using SEM and HRTEM. As shown
in Fig. 1a and b, Ag/ZIF-8@ZIF-67 was a uniform rhombic
dodecahedron with relatively smooth surface. Ag/ZIF-8@ZIF-67
has an average particle size of 450 nm (Fig. 1a), with a specic
surface area of 425.26 m2 g−1 (Fig. S2†), and the size of deco-
rated AgNPs was determined to be approximately 15 nm
(Fig. 1c). Several impurities were observed in the SEM images,
some of which were formed due to the agglomeration of AgNPs,
while others may be formed in the synthesis process for ZIF-67
particles. Besides, ZIF-8@ZIF-67 acting as the carrier remained
its original morphology aer nanoparticle loading.53 As shown,
AgNPs were bound to the carrier as spherical nanoparticles
under the reduction of NaBH4. A small portion of AgNPs was
observed on the surface, which may be attributed to that most
AgNPs were loaded in the pores of the ZIF-8@ZIF-67. Compared
with previous studies,54,55 the morphology of ZIF-8@ZIF-67 was
similar to those of individual ZIF-8 or ZIF-67, due to the similar
cell parameters and topology of both ZIF-8 and ZIF-67. Further,
as depicted in Fig. 1d, successful reduction of Ag+ can be
observed through the obvious lattice stripe of AgNPs on the
surface of ZIF-8@ZIF-67. The lattice spacing has the d value of
2.39 Å, corresponding to the (111) crystal plane of zero-valent
Ag. Thus, according to the SEM and HRTEM images in Fig. 1,
successful synthesis of Ag/ZIF-8@ZIF-67 could be conrmed.

Fig. 2a displays the XRD results of our prepared Ag/ZIF-
8@ZIF-67, showing that the composites have a crystal struc-
ture similar to that of ZIF-8@ZIF-67. Of note, the position of the
diffraction peaks in the XRD of Ag/ZIF-8@ZIF-67, the simulated
XRD of ZIF-8@ZIF-67 (ESI Text S2†), and the XRD of ZIF-8 and
ZIF-67 were highly consistent. Therefore, it can be concluded
RSC Adv., 2023, 13, 27203–27211 | 27205
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Fig. 1 SEM images of Ag/ZIF-8@ZIF-67 (a and b) and TEM images of Ag/ZIF-8@ZIF-67 (c and d).
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that the synthesis of pure ZIF-8@ZIF-67 was successful and that
the incorporation of AgNPs did not signicantly affect the
structure of ZIF-8@ZIF-67.54,56,57 Compared to the individual
ZIF-8 and ZIF-67, there are some additional diffraction peaks of
Ag/ZIF-8@ZIF-67 at 2q = 24.4°, 26.6°, and 29.6°, which corre-
spond to (233), (134), (044) crystal facets, respectively, which are
caused by the core–shell structure.

Further, the chemical composition, valence state, and
elemental content of materials are determined by XPS (Fig. 2b–
f). As shown in Fig. 2b, the full-spectrum scanning of XPS
revealed the presence of Ag was 2.89%, which was 3% before
preparation, demonstrating that there was no signicant loss
during the loading process. The C1s XPS spectrum was dis-
played in Fig. 2c. C1s was decoupled using tting to obtain three
characteristic peaks of C–C, C–N, and C–O. The relatively small
area of the C–O peak in the obtained spectra indicated that
damages to the structure of 2-Meim were controlled to the
minimal in the synthesis process. In Fig. 2d, the two symmetric
peaks were observed at 1021.8 and 1044.8 eV, corresponding to
27206 | RSC Adv., 2023, 13, 27203–27211
the binding energies of the Zn2p3/2 and Zn2p1/2 spin orbitals,
respectively. This observation conrmed the presence of Zn2+ in
the materials. Then, Fig. 2e displayed two peaks with binding
energies of 781.3 eV and 797.2 eV, which corresponded to the
Co2p3/2 and Co2p1/2 spin orbitals, respectively, thus indicating
the presence of the Co2+ in the material. The peaks at binding
energies of 368.3 eV and 374.3 eV, shown in Fig. 2f, corre-
sponded to the Ag3d5/2 and Ag3d3/2 spin orbitals, respectively.
These peaks indicated the presence of zero-valent Ag in the
material. For further details on the crystal structure of ZIF-
8@ZIF-67, refer to ESI Text S3.†
3.2. Electrochemical behavior of the sensor

The CV responses of bare GCE, Ag/ZIF-8, Ag/ZIF-67, and Ag/ZIF-
8@ZIF-67 electrodes were tested. Upon the injection of 2,6-
DCNP, noticeable redox peaks and high current response could
be observed (Fig. 3a). As shown, three obvious redox peaks
occurred at E values of −0.75 (R), 0.20 (O1), and 0.19 V (R1), of
which O1 and R1 are couple of reversible redox peaks referring
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD spectra of Ag/ZIF-8@ZIF-67, ZIF-8@ZIF-67, ZIF-8, and ZIF-67 (a) and XPS spectra of Ag/ZIF-8@ZIF-67 (b), XPS spectra of C1s (c);
Zn2p (d); Co2p (e) and Ag3d (f) in Ag/ZIF-8@ZIF-67.
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to an interconversion of 2,6-dichloro-4-hydroxylaminophenol
and 2,6-dichloro-4-nitrosophenol. Also, reduction of 2,6-DCNP
showed an intensely irreversible redox peak near E = −0.75 V,58

which showed signicantly larger signals when using Ag/ZIF-
8@ZIF-67 electrode than the others. The CV results of Ag/ZIF-
8@ZIF-67 electrode without 2,6-DCNP in solution were shown
in Fig. S3,† which demonstrated the distinct reduction peak
observed around −0.75 V was attributed to 2,6-DCNP, rather
than the modication material itself. The electrochemical
response for 2,6-DCNP on Ag/ZIF-8@ZIF-67 electrode was 1.75,
2.23, and 2.77 times higher than Ag/ZIF-8, Ag/ZIF-67, and bare
GCE, respectively. The interaction between AgNPs and MOFs is
also one of the reasons for the increase in peak current. More-
over, the noticeable increase in current signal on the modied
Fig. 3 CV responses of different electrodes in the presence of 20 mg per
solution containing 5 mmol per L [Fe(CN)6]

3−/4− (1 : 1) (b); the frequency

© 2023 The Author(s). Published by the Royal Society of Chemistry
electrode pointed towards the superior reduction performance
of Ag/ZIF-8@ZIF-67, which accelerated the transformation of
nitro-moiety to hydroxylamine, via expediting the electron
transfer.

Electrochemical impedance spectroscopy (EIS) was then
conducted, to further evaluate the charge transfer properties of
the different electrodes. Charge-transfer resistance (Rct) was
determined by analyzing the diameter of the semicircle ob-
tained from the tted Nyquist plots, using the Randles equiva-
lent circuit. As depicted in Fig. 3b, the order of Rct values follows
the order of Ag/ZIF-67 > Ag/ZIF-8 > Ag/ZIF-8@ZIF-67, which were
in the opposite order of the reduction current signals. The
relatively lower electron resistance observed in Ag/ZIF-8@ZIF-67
electrode can be attributed to the increased surface area of the
L 2,6-DCNP (a), EIS Nyquist plots of the electrodes in 0.1 mol per L KCl
is from 0.01 to 100 000 Hz and the amplitude is 5 mV.

RSC Adv., 2023, 13, 27203–27211 | 27207
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electrode and the improved dispersion of AgNPs. The rationale
behind the selection of Ag/ZIF-8@ZIF-67 as the electrode
modication material was attributed to the comparatively lower
charge transfer resistance and higher specic surface area of Ag/
ZIF-8@ZIF-67 in comparison to Ag/ZIF-8 and Ag/ZIF-67.
3.3. The optimization of experimental parameters

According to the discussions in section 3.2, the peak around
−0.75 V was chosen as the typical peak of 2,6-DCNP, to linearly
relate the peak current and 2,6-DCNP concentration.

As suspension volume and solution pH could signicantly
impact the potential and current peak, we investigated their
effects to optimize the experimental parameters to further
amplify the signals, using the DPV method. As shown in
Fig. S4a,† the electrochemical response gradually increased and
peaked at 7 mL when the volume of the suspension on GCE was
increased from 4 to 7 mL. With the further increase in suspen-
sion volume to 8, 9, and 10 mL, the electrochemical response
began to decrease, which may be resulted from the thicker layer
of Ag/ZIF-8@ZIF-67, hindering electron transmission and
reducing the available catalytic active sites. Consequently, the
suspension volume of 7 mL was selected for subsequent exper-
iments. With this volume, the mass concentration of Ag/ZIF-
8@ZIF-67 on GCE was measured to be 1.98 mg mm−2. As
shown in Fig. S4b,† the optimal pH for the sensor was observed
at 6, with the highest Ipc value. This was because that (1) AgNPs
are unstable at acid conditions; and (2) electron density of the
nitro-moiety increased at alkaline conditions, thereby slowing
down the reduction of 2,6-DCNP.32 Apart from Ipc, the Epc values
exhibited a linear relationship with increasing pH values,
characterized by a decrease in value as follow:

Epc (V) = −0.052 pH − 0.219 (R2 = 0.997)

Using the Nernst formula (Epc = E− 0.059 (m/n) pH, wherem
and n denote the number of protons and electrons.59), a slope of
0.052 was obtained for the linear equation. This value is nearly
equivalent to 0.059, suggesting that the reaction involved an
equal number of protons (m) and electrons (n).
3.4. Quantitative detection of 2,6-DCNP

Different concentrations (0–288 mmol L−1) of 2,6-DCNP were
tested under the optimal conditions for measurement. As shown
in Fig. 4a, the current peak value at E=−0.75 V increased with the
increase in 2,6-DCNP concentration. We plotted the relationship
between the current (Ipc, mA) and 2,6-DCNP concentration (C,
mmol L−1) in Fig. 4b, of which the linear range was observed at
0.24–288 mmol L−1 (R2 = 0.992). The corresponding LOD was
determined as 0.02 mmol L−1 based on the signal-to-noise ratio (S/
N= 3). Also, the sensitivity of Ag/ZIF-8@ZIF-67 when determining
2,6-DCNP was calculated as 0.58 mA (mmol cm2)−1, where sensi-
tivity is dened as slope/area (slope refers to the slope of the tting
curve equation, and area refers to the area of Ag/ZIF-8@ZIF-67 on
GCE). Previous studies have never addressed the electrochemical
sensing of HNPs, and our study well lls this gap. Compared with
27208 | RSC Adv., 2023, 13, 27203–27211
other nitrophenols sensors,36,60–63 our sensor exhibited better
performance, and the synthesis process of Ag/ZIF-8@ZIF-67 was
more environmentally friendly and practical since no additional
operations like heating or sonication are required.

3.5. Selectivity, stability, and reproducibility of the sensor

To ensure the analytical performance of Ag/ZIF-8@ZIF-67 on
2,6-DCNP in complex detection environments, the modied
electrode was required to have high anti-interference properties
and reliable repeatability. To assess the selectivity of the sensor,
the impact of typical interferents and analogs with similar
structures on the 2,6-DCNP sensor signal was examined. In this
study, the interferents (20 mg L−1) chosen were Mg2+, Cu2+,
Ca2+, phenol, nitrobenzene (NB), p-nitrophenol (p-NP), 4-chloro-
2-nitrophenol (4-Cl-2-NP), 2,4-dichloro-5-nitrophenol (2,4-DC-5-
NP), and humus acid (HA). The effects of interfering substances
on Ag/ZIF-8@ZIF-67 electrode's DPV response were shown in
Fig. 5a and S5,† and the raw data was recorded in Table S1.† As
shown in Fig. 5a, compared to other compounds, the Ag/ZIF-
8@ZIF-67 sensor exhibited a notably greater response to 2,6-
DCNP. For example, the sensor response of 2,6-DCNP was more
than 12-fold higher than that of 2,4-DC-5-NP and more than 3-
fold higher than that of p-NP. Despite the similar structure of
interfering substances, the selectivity experiments revealed the
remarkable selectivity of Ag/ZIF-8@ZIF-67 towards 2,6-DCNP.
This high selectivity was attributed to the excellent selective
catalysis by Ag/ZIF-8@ZIF-67 and the intrinsic advantage of
electrochemical detection.

Besides selectivity, the reproducibility and stability are
equally crucial parameters in evaluating the electrochemical
sensors. As shown in Fig. 5b, the reproducibility of the modied
electrode was evaluated bymeasuring 20mg per L 2,6-DCNP ve
times using the same Ag/ZIF-8@ZIF-67/GCE. The relative stan-
dard deviation (RSD) of the current response was calculated as
3.14%. Further, the RSD was calculated as 5.15% when detect-
ing the same concentration of 2,6-DCNP by ve different
modied electrodes. This indicated that the electrochemical
sensor has strong reproducibility in the detection of 2,6-DCNP.
The stability of electrode material is also a crucial factor that
must be ensured to enhance the overall performance of our
sensor. Fig. S6† exhibits that the electrode retained 95.09% of
its initial current aer being stored for seven days under envi-
ronmental conditions, suggesting satisfactory stability of Ag/
ZIF-8@ZIF-67. The decline in activity of AgNPs during storage
might account for the reduction in current responsiveness.

3.6. Detection in real water samples

To evaluate the practicality of the electrochemical sensor, real
water samples, namely tap water and swimming pool water,
were chosen as the backgrounds. The DPV response revealed
that 2,6-DCNP was not detected in the real water samples in
Table S2,† therefore, different amounts of 2,6-DCNP were added
into real water samples. The recoveries of 4.8 mmol per L and 48
mmol per L 2,6-DCNP were 98.41% and 101.64% for tap water
samples, respectively, which were 98.24% and 100.96% in
swimming pool water samples. The ndings provided evidence
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 DPV responses of the sensor to different concentration of 2,6-DCNP (0–288 mmol L−1) in 0.1 mol per L PBS (pH = 6) (a). The linear
relationship between Ipc and 2,6-DCNP concentration (b).

Fig. 5 Influence of interferents (2,6-DCNP, Mg2+, Cu2+, Ca2+, phenol, NB, P-NP, 4-Cl-2-NP, 2,4-DC-5-NP, HA) on detection of 20mg per L 2,6-
DCNP (a). Error bars represent the standard deviation (n= 3), and sensor's responses were obtained by five different electrodes and one electrode
test five times (b).
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of the reliability and potential application of Ag/ZIF-8@ZIF-67
for detecting 2,6-DCNP in actual water samples, thus conrm-
ing the feasibility of using this electrochemical sensor in prac-
tical scenarios.
4. Conclusions

The present study reports the successful development of
a specialized electrochemical sensor, namely Ag/ZIF-8@ZIF-67,
with high sensitivity and selectivity for detecting 2,6-DCNP. The
main conclusions can be summarized as follows:

(1) By utilizing the epitaxial growth and two-solvent
methods, Ag/ZIF-8@ZIF-67 was synthesized as an electrode
material. This facile synthesis approach allowed us to syner-
gistically combine the high catalytic activity of AgNPs with the
high specic surface area of core–shell MOF structures.

(2) The surface of the GCE was coated with a thin lm of Ag/
ZIF-8@ZIF-67, as evidenced by the SEM and HRTEM images,
which demonstrated the uniform dispersion of AgNPs within
the ZIF-8@ZIF-67 framework.
© 2023 The Author(s). Published by the Royal Society of Chemistry
(3) Ag/ZIF-8@ZIF-67 was prepared and utilized to detect 2,6-
DCNP, which showed remarkable performance compared to
conventional detection techniques. The sensor displayed
superior selectivity, an extended linear range of 0.24–288 mmol
L−1, and an impressively low detection limit of 20 nmol L−1 for
detection of 2,6-DCNP.

(4) The sensor reported in this study performed well when
detecting 2,6-DCNP in actual water samples such as drinking
water or swimming pool water.
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