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ABSTRACT

Covalent organic frameworks (COFs), a newly emerging kind of porous material,
have gained extensive attention due to their fascinating structural features. However,
the superiority of COFs as electrochemical sensing materials has not yet been
adequately explored. Herein, a new type of core-shell metal-organic framework
(MOF)@COF composites are synthesized through in situ growth of TAPB-DMTP-
COF on the pre-synthesized Ce-BDC core. The thickness of the COF shell can be
controlled to 20—50 nm by adjusting the Ce-MOF mass. It is found that the obtained
MOF@COF composite possesses a larger electrochemical active area and faster
electron transfer kinetic than its single component. As a case application of this
composite, it has been employed as a sensing material for voltammetric detection of
metol, where a linear range from 0.1 - 200 uM and a detection limit of 30 nM have
been obtained. This study provides a new strategy to synthesize COF-based electrode
materials as well as to explore their electrochemical properties and applications.
Keywords: Covalent organic framework, metal-organic framework, Nanostructure,

Electrochemical sensors, Metol



1. Introduction

Covalent organic framework (COF) is a new class of crystalline porous organic
network polymers. It has a predictable structure, which is formed from its organic
building units via their strong covalent bonds [1-5]. Generally, COFs can be
composed of light elements (e.g., B, C, N, O, Si) [6]. Since the innovative work was
announced in 2005 by Yaghi and co-workers [7], the COFs have been studied in
various fields, such as gas adsorption and separation [8-10], heterogeneous catalysis
[11], energy storage (e.g. supercapacitors) [12, 13], chemical sensing, and drug
delivery [14-16]. The driving force behind this is that the COFs feature many unique
properties, such as low densities, ordered pore structures, high specific surface areas,
good thermal/chemical stability, and tunable functions. In more detail, compared with
other traditional crystalline porous polymers, the customizable pore sizes and
functional groups of the COFs are efficient to bond with other guest molecules [17].
The interlayer overlapped n-w electron clouds and the n-conjugations within the layers
of the COFs can accelerate charge transport along the self-assembled molecular
columns [18, 19]. The chemical and thermal stability of the COFs is high. In addition
to COF, metal organic framework (MOF) has been extensively investigated. It is a
new and porous material, where organic ligands are linked with metal ions or metal
clusters [20-22]. Similar to the COFs, the MOFs have been already employed in
various application fields. For example, MOFs have emerged as a new type of
electrocatalysts as well as electrode materials for various electrochemical sensing [23,
24]. Considering the intrinsic porosities of both MOFs and COFs, their integrations or
their composites are expected to produce new materials that can own both inheritance
of their porosities and the active centers of metal ions.

Recently, the synthesis and application of MOF/COF composites have attracted
attention, especially in the fields of photocatalysis [25, 26] and gas separation [27,
28]. For example, Fu et al.[29] synthesized a novel class of COF@MOF composite
membranes for H,/CO, gas separation in 2016, which was considered to be one of the
best separation membranes reported so far. In addition, the practicability of
MOF/COF hybrid materials as sensing materials has also been explored. Zhang et al.
[30] synthesized a core-shell MOF@COF hybrid using UiO-66- NH, as the core and
TAPB-DMTP-COF (TAPB: 1,3,5-tris(4-aminophenyl) benzene; DMTP: 2,5-
dimethoxy-p-phenylenedial) as the shell, and further use it for sensitive detection of
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adenosine triphosphate (ATP) and chloramphenicol (CAP). Liu et al. [31] prepared a
novel nanostructured Co-MOF-on-TPN-COF (TPN-COF: terephthalonitrile-based
covalent organic framework) for constructing an ultrasensitive biological platform to
monitor ampicillin. The detection limit of this sensor was low to 0.217 fg mL". Zhou
et al. [32] constructed a Ce-MOF@COF hybrid nanostructure as a label-free aptamer
sensor. Although there have been some reports about the MOF/COF hybrid
nanostructures, the variety of them is limited, and their application in the field of
electrochemical sensing is still in its infancy.
Herein, a core-shell composite is designed using a Ce-MOF as the core and a TAPB-
DMTP-COF as the shell. This MOF@COF composite thus has rich functional groups,
a high surface area, and promoted electron transfer rates of electroactive species,
endowing its electrochemical properties and applications.
In other words, the pairing MOFs and COFs, namely the interlayer overlapped m-n
electron clouds and the n-conjugations might accelerate charge/electron transport of
electroactive species in solutions. It has been shown that the covalent bonds between
MOFs and COFs actually act as the “bridge” for electron transport [33, 34].
Meanwhile, the porosities of both COFs and MOFs increase the active surface areas
of such hybrids. Consequently, the composites of COFs and MOFs are superior
electrode materials over individual COFs or MOFs.
Metol (N-methyl-p-aminophenol sulphate), an environmental pollutant, is a common
phenol chemical raw material commonly used to manufacture photographic
developer. In recent years, the extensive use and discharge of developers have posed a
certain threat to the water environment. More importantly, metol is difficult to be
naturally degraded. Therefore, it is very important to establish a simple and accurate
analytical method for the detection of metol. Some technologies such as photolysis
[35], chromatography-mass spectrometry [36], advanced oxidation processes [37],
and electrochemical analysis have been reported to determine the concentration of
metol in a water environment. Unfortunately, some of these methods are time-
consuming, poorly accurate, and have high instrument costs. Among them, the
electrochemical method is widely used because of its high accuracy, simplicity, and
rapid determination.
Thus, in this report, we report on the synthesis and characterization as well as
electrochemical properties and applications of such a core-shell MOF@COF
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composite. As a case study, its electrochemical sensing applications toward

voltammetric detection of metol were detailed.

2. Experimental section

2.1. Reagents and materials

The chemicals of 2,5-dimethoxyterephaldehyde (DMTP, 97%), 14-
benzenedicarboxylic acid (H,BDC), and N, N-dimethylformamide (DMF) were
purchased from Bidepharm Medical Technology Co., Ltd. (Shanghai, China); 1,3,5-
tris(4-aminophenyl) benzene (TAPB, 97%), metol, bisphenol A (BPA), hydroquinone
(HQ), catechol (CC), resorcinol (RC), 2,4-Dichlorophenol (2,4-DCP) was purchased
from Aladdin Industrial Corporation (Shanghai, China); cerium ammonium nitrate
((NH,),Ce(NO:s)e), 1,4-dioxane, butanol, methanol, acetic acid, tetrahydrofuran, and
acetone were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Triclosan (TCS) was purchased from Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). The phosphate-buffered solutions (PBS, 0.10M, pH 5.0 — 9.0)
were prepared by using Na,HPO, and NaH,PO,. All the solutions were prepared using
ultrapure water obtained from a Milli-Q water purification system (Millipore,

Bedford, MA, USA).

2.2. Instrumentation

The morphologies of as-synthesized nanomaterials were investigated using a Gemin-
300 scanning electron microscope. A JEM-2100 microscope (JEOL Ltd., Tokyo,
Japan) was applied to record their transmission electron microscopy (TEM) images.
X-ray powder diffraction (XRD) data were collected using a Bruker D8 Advanced
with DaVinci design instrument. An AXIS-UL TRA DLD-600W (SHIMADZU-
Kratos Company, Japan) was used to investigate the elemental composition of the
used samples. Their Raman spectra were collected on a Thermo Fischer DXR Raman
spectroscopy with a 532 nm diode laser (Thermo Fisher Scientific, USA).
Electrochemical experiments were performed on a CHI620E electrochemical
workstation (Chenhua Instrument, Shanghai, China) with a three-electrode system.
The reference and counter electrodes were a saturated calomel reference electrode
(SCE) and a platinum wire, respectively. The working electrode was either a bare
glassy carbon electrode (GCE, 3.0 mm in diameter) or a GCE coated with the Ce-
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BDC MOF@COF composite. Before electrochemical measurements, the GCE was
polished to a mirror-like surface with alumina slurry and then rinsed with ethanol and
double-deionized water by sonication. To fabricate a GCE-modified electrode, 5.0 pL
of Ce-BDC MOF or Ce-BDC MOF@COF was dropped on the surface of a clean
GCE and further dried in air.

2.3. Materials synthesis

Synthesis of Ce-BDC MOF Ce-based MOF was synthesized by solvothermal
method [38]. In the first step, 35.4 mg of H,BDC was dissolved in a mixture of DMF
and formic acid (3 mL, v/v = 4:1) at room temperature. Subsequently, 1 mL of 0.3 M
cerium ammonium nitrate ((NH,),Ce(NO;)s) aqueous solution was drop-wisely
injected into the above mixture. The resultant solution was homogeneous and sealed
in a vial. After the reaction under static conditions at 60 °C for 2 h, the precipitates
were centrifuged and washed with DMF and acetone for several times. Finally, the
yellow product (Ce-BDC MOF) was dried at 60 °C in the air for 12 h. For the
fabrication of modified electrodes, 2.0 mg Ce-BDC MOF was suspended in 1.0 mL

ethanol and sonicated for 30 min until it became a homogeneous solution.

Synthesis  of Ce-BDC@TAPB-DMTP-COF The TAPB-DMTP-COF was
synthesized according to a previously reported method [39]. Briefly, 0.0105 g of
TAPB (0.030 mmol) and Ce-BDC MOF with a varied amount (e.g., 10, 20, 30, 40
mg) were added to 4.5 mL of 1,4-dioxane-butanol methanol (v/v/v = 4:4:1). This
mixture was sonicated for 20 min till a homogenous solution was obtained, where 2,5-
dimethoxyterephaldehyde (DMTP) (0.045 mmol, 0.0087 g) was then added. This
mixture was further sonicated for 10 min till a homogenous solution was obtained.
Subsequently, 0.050 mL of 12 M aqueous acetic acid was drop-wisely added. After
the mixture was left undisturbed at room temperature for 2 h, it was heated at 70 °C
for 24 h in an oven. Finally, the product was cooled down to room temperature. The
resultant TAPB-DMTP-COF was washed several times with tetrahydrofuran and
acetone before it was dried in a vacuum at room temperature for 12 h. As a control
experiment, a bulk COF was synthesized using the same procedure except in the
absence of Ce-BDC MOF. For the fabrication of modified electrodes, 2.0 mg Ce-BDC
MOF was suspended in 1.0 mL ethanol and sonicated for 30 min until it became a
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homogeneous solution.

2.4. Sample preparation

The supermarket receipt was obtained from the local campus supermarket (Wuhan,
Hubei). 1 g of receipt was cut into pieces and then placed in 10 ml of anhydrous
ethanol for 1 h with ultrasound assistance. After that, the filtrate was collected.

Lake water samples were obtained from local Jingsi Lake (Wuhan, Hubei). The lake
water was filtered with a 0.22 um filter membrane to remove impurities. The resulting

filtrate was collected as an actual water sample.

3. Results and discussion

3.1. Characterization of Ce-BDC@COF composites

The morphology, size, and microstructures of Ce-BDC MOF, TAPB-DMTP-COF, and
the Ce-BDC@COF composite were then examined using SEM and TEM. In the SEM
(Figure 1a) and TEM (Figure 1b) images of Ce-BDC MOF, one can see that Ce-
BDC MOF displays a well-defined octahedral shape with a smooth surface. Its
average size is ca. 30 nm. Differently, TAPB-DMTP-COF is in the form of
microspheres (Figure 1c¢) and their average size is ca. 150 nm (Figure 1d). In
between them, there are abundant pores. For the Ce-BDC@COF composite, its
surface is uniformly covered with a layer (Figure 1e). The particle size is about 100
nm (Figure 1f). Further comparison of their SEM and TEM (Figure S1), one can
conclude that the Ce-BDC@COF composite consists of the Ce-BDC MOF polyhedral
nanocrystals as the core, which was evenly covered by a shell layer of COF. The shell
thickness is only about 22 - 70 nm. Moreover, the thickness of this COF film
decreases when the amount of added MOF is increased. Consequently, the Ce-

BDC@COF composite is formed with a perfect core-shell morphology.



Figure 1. SEM and TEM images of Ce-BDC MOF (a,b), TAPB-DMTP-COF (c,d),
and the Ce-BDC@COF composite with an amount of 20 mg Ce-BDC MOF (e,f).

The chemical composition and crystal structures of TAPB-DMTP-COF, Ce-BDC
MOF, and the Ce-BDC@COF composites with different proportions of TAPB-
DMTP-COF and Ce-BDC MOF were investigated by means of XRD. In their XRD
patterns (Figure 2), the simulated peak positions of the pure TAPB-DMTP-COF [11]
match well with the experimental ones. Six diffraction peaks at 2.79, 4.84, 5.60, 7.39,
9.73, and 25.42° are corresponded to the (100), (110), (200), (210), (220), and (001)
planes, respectively. Meanwhile, the XRD patterns of Ce-BDC MOF match well with
those in the literature [40]. The product is supposed to be composed of the
[CecO,(OH),]'* clusters in the structural formula of [Ce,O,(OH),(BDC)s]. These
results confirm the successful synthesis of the Ce-BDC MOF. Furthermore, the peaks
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of the Ce-BDC@COF composites are similar to those of pure Ce-BDC MOF,
indicating the encapsulation of Ce-BDC MOF with TAPB-DMTP-COF does not
change the crystalline structure of Ce-BDC MOF. Note that the positions of the main
characteristic peaks of Ce-BDC MOF (at 7.14°) and TAPB-DMTP-COF (at 7.39°) are
too close, the main peaks of Ce-BDC MOF and TAPB-DMTP-COF components in
their composites are merged together. In the enlarged XRD patterns of the Ce-
BDC@COF composites, the peaks at small angles appear as two characteristic peaks
of the Ce-BDC MOF and the (210) crystal plane of TAPB-DMTP-COF (Figure S2).
These results indicate that TAPB-DMTP-COF is successfully coated on the Ce-BDC
MOF matrix. An increase in the Ce-BDC MOF content does not change the
diffraction peaks of these composites, indicating that the two components retain their

complete structures and crystallinity even after being covalently connected.
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Figure 2. XRD patterns of TAPB-DMTP-COF, Ce-BDC MOF, and their composites
(Ce-BDC@COFs) with different proportions.

The FTIR spectra of TAPB-DMTP-COF, Ce-BDC MOF, and Ce-BDC@COF
composites were measured (Figure 3). In the spectrum of Ce-BDC MOF, the
stretching vibration peaks of the —COO- group appear at 1567 and 1384 cm’. In the
spectrum of TAPB-DMTP-COF, the peaks at 1574 and 1268 cm™ belong to the groups
of C=C and C-N, respectively. All these peaks are presented in the spectra of Ce-

BDC@COF composites with different proportions of TAPB-DMTP-COF and Ce-
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BDC MOF (Figure S3), again demonstrating the successful synthesis of the Ce-
BDC@COF composites by use of the Schiff base reaction. Moreover, the bands at ca.
3330 and 1504 cm™ are attributed to the coordinated H,O molecules and the stretching
vibrations of para-aromatic CH groups, respectively [41, 42]. The coordination
interaction between Ce ions and the carboxylic acid group of H,BDC can be
evidenced by the shift of C=O stretching frequency from 1715 to 1660 cm™ for the
uncoordinated organic ligand - H,BDC [43-44].
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Figure 3. FTIR spectra of TAPB-DMTP-COF, Ce-BDC MOF, and the Ce-
BDC@COF composite with an amount of 20 mg Ce-BDC MOF.

The XPS analysis was then executed to explore the surface chemical composition and

electronic state of elements in a case of Ce-BDC@COF composite where the amount
of Ce-BDC MOF is 20 mg. In its full survey XPS spectrum (Figure 4a), the presence
of C, N, O, and Ce elements is confirmed. In its high-resolution XPS spectrum of C 1s
(Figure 4b), the C—C peak appears at a binding energy of 284.6 eV, while the C-N
and C=N peaks are seen at higher binding energies. In its high-resolution XPS
spectrum of Ce (Figure 4¢), Ce 3d;, and Ce 3ds, spin-orbit doublets are used to suit

the Ce 3d spectrum. The peaks at 881.83 eV and 900.32 eV are corresponded to Ce*,
while other fitted peaks at 885.84 eV and 903.88 eV are assigned to Ce* [45].
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Figure 4. (a) XPS full survey of the Ce-BDC@COF composite with an amount of 20
mg Ce-BDC MOF, its high-resolution XPS spectra of C 1s (b) and (c) Ce 3d.

3.2 Electrochemical properties of Ce-BDC@COF composites

To explore the electrochemical properties of such composites different modified
electrodes were fabricated using Ce-BDC MOF, TAPB-DMTP-COF, and a case Ce-
BDC@COF composite with an amount of 20 mg Ce-BDC MOF. By means of cyclic
voltammetry and electrochemical impedance spectroscopy, their cyclic
voltammograms and Nyquist plots were recorded in a typical a [Fe(CN)q]*"* redox
probe solution. They are further compared with those on a GCE. In the cyclic
voltammograms of a COF/GCE, a Ce-BDC/GCE, and a Ce-BDC@COF/GCE
(Figure Sa), a pair of redox waves is clearly seen, similar to those of a GCE. The
peak currents on the Ce-BDC@COF/GCE are higher than those on the GCE, while
the peak currents on the COF/GCE are significantly smaller than those on the GCE.

Under the same conditions, the peak currents follow a sequence of Ce-

BDC@COF/GCE > Ce-BDC/GCE > GCE > COF/GCE. Therefore, the Ce-
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BDC@COF perhaps has good conductivity and a large active area, while the COF
severely inhibits the electron transfer of redox probes. Note that the peak currents on
the Ce-BDC@COF/GCE are the highest, indicating that Ce-BDC probably improves
the electron transfer ability of COF.

The Nyquist plots of these electrodes were utilized to get insight into their electron
transfer rates, namely their charge-transfer resistances (R.,). Based on the diameters of
semi-circles in these Nyquist plots (Figure Sb), the R. values of the GCE, the
COF/GCE, the Ce-BDC/GCE, and the Ce-BDC@COF/GCE are 71.1, 226.8, 58.4,
and 17.85 Q, respectively. Clearly, the Ce-BDC@COF/GCE possesses the fastest
electron transfer rate among these electrodes, probably stemming from an excellent
electrical conductivity of the Ce-BDC@COF composite, accelerated electron
transport via the covalent bonds between MOF and COF, as well as an enlarged
surface area.

The electroactive surface areas of these electrodes were then evaluated with the aid of
the equation [46] of I,= (2.69 x 10°)n*?4AD"*cv'?, where v is the scan rate (V s™') that is
applied to record related cyclic voltammograms, ¢ is the concentration of the
[Fe(CN)J** probe (M), D is the diffusion coefficient of [Fe(CN)s]** (= 3.09x10° cm?
s™'), 4 is the electroactive area (cm?), n (=1) is the number of transferred electrons, and
I, is the anodic or cathodic peak current (4). Based on the cyclic voltammograms of 5
mM [Fe(CN)¢]**+ 0.10 M KCI on the GCE, the COF/GCE, the Ce-BDC/GCE, and
the Ce-BDC@COF/GCE recorded at different scan rates (e.g., from 25 to 150 mV
s, the plots of the anodic peak currents (Z,,) were plotted as a function of the square
roots of the scan rate (v'?). Using the slopes of these linear plots (Figure Sc), the
calculated electroactive surface areas of a COF/GCE, a GCE, a Ce-BDC/GCE, and a
Ce-BDC@COF/GCE are 0.092, 0.118, 0.141, and 0.149 cm? respectively. All these
results confirm the excellent electrochemical performance of a Ce-BDC@COF/GCE.
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Figure 5. (a) Cyclic voltammograms of a GCE, a COF/GCE, a Ce-BDC/GCE, and a
Ce-BDC@COF/GCE at a scan rate of 100 mV s as well as (b) their Nyquist plots in
5 mM [Fe(CN)s]** + 0.10 M KCIl. (c) variation of oxidation peak currents with the

square roots of scan rates.

3.3 Electrochemical applications of Ce-BDC@COF composites

Electrochemical applications of the Ce-BDC@COF/GCEs were further explored. As
a case study, their electrochemical sensing of metol (p-methylaminophenol sulfate,
Figure S4) was examined. The establishment of a simple and accurate method to
detect metol is of great significance.

The cyclic voltammograms of 20 uM metol in 0.1 M pH 7.0 phosphorous buffer
solution on different Ce-BDC@COF/GCEs were firstly recorded (Figure S5), where
a pair of redox waves is seen on all electrodes, and the highest peak currents are
obtained on the Ce-BDC@COF/GCE when the amount of Ce-BDC MOF is 20 mg.
This demonstrates that an appropriate thickness of the TAPB-DMTP-COF in the Ce-

BDC@COF composites is critical to achieving the best electrochemical response of

12



metol on the Ce-BDC@COF/GCE. For the following tests, the Ce-BDC@COF/GCE
when the amount of Ce-BDC MOF of 20 mg (shorthand as Ce-BDC@COF/GCE)
was selected.

To further reveal the enhanced -electrochemical properties of this Ce-
BDC@COF/GCE, the cyclic voltammograms of different modified GCEs were
recorded in 20 uM metol in 0.1 M pH 7.0 phosphorous buffer solution at a scan rate
of 100 mV s’ (Figure 6a). As control experiments, the background currents of these
electrodes were also recorded (Figure 6b), where no redox waves are seen within the
scan potential range. Among these electrodes, the best electrochemical response,
namely the highest peak currents and the smallest difference of peak potentials, is
found on the Ce-BDC@COF/GCE. For example, the anodic peak current on the Ce-
BDC@COF/GCE is as high as 1.78 pA, while that on a GCE is only 0.84 pA. The
ratio of the anodic peak current (/,.) to the cathodic one is 1.1, indicating that the
electrode reaction of metol at this modified electrode is a (quasi-) reversible process.
Further comparison of the response of metol on the Ce-BDC/GCE and the COF/GCE
with that on the Ce-BDC@COF/GCE under the identified conditions, one can find an
obvious synergistic effect between Ce-BDC MOF and the TAPB-DMTP-COF toward
the voltammetric sensing of metol. The potential ways are assumed as follows. First, a
porous COF has a fascinating 2D structure or a large specific area, leading to an
increased electro-active surface area; Second, the porous Ce-BDC is possible to
improve the oxidation process of metol; Third, COF is one organic polymer and
endows m-m bonds. The metol has benzene rings. Through the interaction of n-m
stacking between COF and metol, the adsorption of metol on the Ce-
BDC@COF/GCE is possible to be enhanced.
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Figure 6. Cyclic voltammograms in the presence (a) and absence of 20 uM metol in
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0.1 M pH 7.0 phosphate buffer solution at a scan rate of 100 mV s' on a GCE, a
COF/GCE, a Ce-BDC/GCE, and a Ce-BDC@COF/GCE.

Electrode kinetic of metol on a Ce-BDC@COF/GCE was further investigated by
recording the cyclic voltammograms of 20 uM in 0.1 M pH 7.0 phosphate buffer
solution at different scan rates (Figure Sé6a), where a pair of redox wave is clearly
seen. Moreover, the anodic peak current (/,,) is linearly increased as a function of the
square root of the scan rate (Figure S6b), indicating a diffusion-control redox process
of metol on this modified electrode. Furthermore, the anodic peak potential (E,,) is
linearly varied as a function of the natural logarithm of scan rate (Inv) (Figure Sé6b).
With aid of the Laviron’s equation and the slope between E,, and Inv, the number of
electrons transferred during the redox reaction of metol at the Ce-BDC@COF/GCE is
two.

The cyclic voltammograms of 20 pM on a Ce-BDC@COF/GCE in 0.1 M phosphate
buffer solution with different pH values were also recorded (Figure S7a), where a
pair of redox wave is clearly seen. When the pH value of 0.1 M phosphate buffer
solution is changed from 6.0 to 7.0, the 7, value is gradually enhanced, which is then
inversely reduced when the pH value is higher than 7.0 (Figure S7b). Therefore, 0.1
M pH 7.0 phosphate buffer solution was chosen for all related electrochemical tests.
Moreover, the E,, value linearly shifts towards the negative potential with an increase
in pH value of 0.1 M phosphate buffer solution (Figure S7¢). According to the slope
of the linearity between E,,, and the pH value of 0.1 M phosphate buffer solution (= 59
mV pH™"), the equal number of proton and electron is confirmed. Namely, the number
of involved protons is also two during the redox reaction of metol at the Ce-
BDC@COF/GCE. In short, the redox reaction of metol on the Ce-BDC@COF/GCE
is a (quasi-) reversible, diffusion-controlled, two protons/electrons involved electrode
process.

Sensitive detection of metol on the Ce-BDC@COF/GCE was then conducted by
means of differential pulse voltammetry. Prior to it, the detection conditions were
optimized, including the used volume of the Ce-BDC@COF suspension as well as
accumulation potential and time. An increase in the volume of the Ce-BDC
MOF@COF suspension leads to the enhancement of the 7, value and then its
reduction. When the volume is 5.0 pL, the highest /. value is obtained (Figure S8a).
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This is perhaps because an excessive amount of Ce-BDC MOF@COF on the GCE
surface slows down the electron transfer rate of metol. As for accumulation potential,
the 7,, value is increased when it is increased from -0.5 to -0.1 V and then decreased
(Figure S8b). With respect to accumulation time, the highest /,, value is obtained
when it is 60 s. A shorter or longer accumulation time leads to a smaller 7,, value
(Figure S8c). Therefore, a volume of Ce-BDC MOF@COF suspension of 5.0 pL, an
accumulation potential of t -0.1 V, and an accumulation time of 60 s were chosen for
the metol detection on the Ce-BDC@COF/GCE.

Under these optimal conditions, the differential pulse voltammograms of metol at
different concentrations in 0.1 M pH 7.0 phosphate buffer solution were recorded at a
scan rate of 100 mV s (Figure 7a), where the [, value is varied as a function of the
metol concentration. The linear relationship is observed between the /,, value and the
metol concentration (C) over the range of 0.1 to 200 uM (Figure 7b), following a
linear equation of /, = 0.1142C+0.00212 (R* = 0.996). The calculated detection limit
is 30 nM. Compared with the metol sensors reported in recent years, this sensor shows
a comparable detection limit and wide linear range, indicating its wonderful

application prospect (Table 1).
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Figure 7. (a) Differential pulse voltammograms of metol with different concentrations
in 0.1 M pH 7.0 phosphate buffer solution at a scan rate of 100 mV s'; (b) the

variation of the 7, values as a function of the metol concentration.

Table 1. Comparison of MOF@COF modified electrode with other reported materials

in metol detection

Modified electrode linear range (uM)  detection limit ref

(nM)
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CoMn,O,@RGO*  0.01-137.65 50 [47]

MosS, 0.2-1211 10 [48]
GO@CoMoSe, 0.04-123 9.0 [49]
Cu,Co,0, 0.02-10000 6.0 [50]
LiCoO,/CILE® 0.4-400 24.6 [51]
GO/CeNbO, 0.02-356 10 [52]
MOF@COF 0.1 -200 30 This work

“‘RGO=reduced graphene oxide; "CILE= carbon ionic liquid electrode

The repeatability, reproducibility and stability of the metol detection on the Ce-
BDC@COF/GCE were further tested. The repeatability tests were conducted by
successive determination of 5 uM metol in 0.1 M pH 7.0 phosphate buffer solution for
6 times. The obtained relative standard deviation (RSD) was 1.6 %. The
reproducibility tests were carried out by comparing the detection signals of 5 uM
metol in 0.1 M pH 7.0 phosphate buffer solution on 6 Ce-BDC@COF/GCEs. Other
conditions were the same. The calculated RSD was 3.5%. The stability tests were
done by measuring 5 uM metol in 0.1 M pH 7.0 phosphate buffer solution 7 times
over 21 days on the same Ce-BDC@COF/GCE. After 21 days, the /,, value was kept
at 78% of its initial value.

The selectivity of the Ce-BDC@COF/GCE towards the metol detection was also
examined. For such a purpose, various foreign species were added into 5 uM metol in
0.1 M pH 7.0 phosphate buffer solution. The level of tolerance for the added species
was defined by percentage in the /,, value of metol. The addition of 40-folds
K*/Ca*/Al*/Cl/SO*>, 10-folds 2,4-DCP/TCS, and 4-folds BPA/HQ/CC/RC have
almost no interference on the determination of metol on the Ce-BDC@COF/GCE
(Figure S9), confirming its high selectivity for the metol detection. Consequently, the
Ce-BDC@COF/GCE possesses excellent repeatability, reproducibility, stability, and
selectivity toward the metol detection.

The Ce-BDC@COF/GCE was finally employed to detect metol in the real samples.
Supermarket receipts and lake water were selected as real samples to evaluate the
practicability of the proposed sensor. For supermarket receipts, 100 puL of pre-treated
filtrate was added into 10 mL of 0.1 M pH 7.0 phosphate buffer solution to measure

its metol content. While the lake water sample was diluted twice with 0.2 M pH 7.0
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phosphate buffer solution to monitor the metol. The results are summarized in Table
S1. Through a standard addition method, the recoveries of these measurements are in
the range of 102.0% — 106.0% and 108.0% — 115.7%, giving RSD values of 1.1% —
3.2% and 0.3% to-3.8% for supermarket receipt and lake water respectively.
Therefore, this Ce-BDC@COF/GCE is sensitive and selective enough for metol

detection in real samples.

4. Conclusion

In summary, a novel core-shell MOF@COF composite has been prepared. Thanks to
the unique features of both MOFs and COFs, such a composite possesses a big active
surface area and fast electrode kinetic toward electroactive species in solutions,
including redox probes and metol — a case target to explore electrochemical
applications of this core-shell MOF@COF composite. As for the metol detection,
these composite modified electrodes exhibited a wide detection range, a low detection
limit, high reproducibility/repeatability/sensitivity, as well as excellent selectivity.
Such improved performance is assumed to stem from the synergistic effect of the
interlayer n-m electron clouds of COFs and the unique properties of MOFs. Such
composites thus promote electrochemical applications of COFs (e.g., sensing, emery

storage) and can be further applied for photocatalysis, gas adsorption, and separation.
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