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ARTICLE INFO ABSTRACT

Keywords: In this work, a monomer-mediated in situ growth strategy was developed for the controllable construction of
Core-shell structure core-shell Co304@TAPB-DMTP—COF composite (TAPB, 1,3,5-tris(4-aminophenyl)benzene; DMTP, 2,5-dime-
Co304 thoxyterephaldehyde; COF, covalent organic framework), which exhibits uniform size, high surface area,
i;\II;ISDMTP—COF outstanding thermochemical stability, and ultrahigh effective surface area. The Co304@TAPB-DMTP—COF was

further applied to develop an electrochemical sensor for the sensitive and selective determination of tert-
butylhydroquinone (TBHQ). Mechanism investigations reveal that multistacked columnar channels given by
TAPB-DMTP—COF shell can effectively facilitate the diffusion of TBHQ molecules to the active Co>" sites. Under
the optimal conditions, the current response exhibits two linear dynamic ranges, 0.05—1.0 and 1.0—400 pmol
L’l, and the detection limit was as low as 0.02 pmol L1 (S/N = 3). Little to no interference effects from other co-
existing ions allows the sensor to detect low-abundance TBHQ from complicated real samples. This study not
only provides a strategy for crystalline and shape-tailored growth of COF shells, but also expands their further
use in electrochemical sensor.

1. Introduction

Tert-butylhydroquinone (TBHQ) is one of frequently used synthetic
phenolic antioxidants (SPAs) in edible oils due to its strong anti-lipid
peroxidation activity, and high chemical stability [1,2]. Howbeit,
health studies have indicated that high doses of TBHQ in foodstuffs may
induce toxicological and mutagenic effects towards laboratorial animals
[3,4]. Because of the potential risk of TBHQ, many countries (such as
Brazil, the United States, and China) have created regulatory agencies
that formulated the maximum permitted level in food of 200 mg kg™
[5].

At present, high performance liquid chromatography (HPLC)
equipped with different detection systems are the most conventional and
popular analytical method for the accurate TBHQ determination in
edible oils and foods [6,7]. While the universally proven technique of
HPLC, the chromatographic method usually suffers from the deficiencies
in sophisticated prior separation or sample clean up, costly and
complicate instrument, entailing well-trained operators, and inapplica-
bility for field use. Against such circumstances, electrochemical sensing
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is favored by researchers due to their fast response, relatively simple
instrument, and ease of operation [8].

Covalent organic framework (COF) is an emerging class of porous
crystalline materials, and constructs solely from light elements (H, C, B,
N, O, etc.) linked by strong covalent bonds [9,10]. The high adaptability
in the structural and functional designs, together with their inherent
properties such as large surface areas, ordered channel structure, and
outstanding thermochemical stability, have made COF excellent candi-
dates in gas storage and separation [11,12], catalysis [13], drug delivery
[14], and sensing [15]. Two-dimensional (2 D) COF is particularly
interesting in electrochemical sensors because of its comprising eclipsed
and ordered n-columnar structures [16,17]. The inherent eclipsed
stacked structure in 2 D COF is ideally suitable for accommodating the
guest molecules through the multi-stacked columnar channel. As one
eminent representative, TAPB-DMTP—COF, which combines better
chemical stability, higher crystallinity and porosity than other types of
COF, has received significant attention in the chemical literatures [18,
19]. However, further exploration of TAPB-DMTP—COF in the electro-
chemical field is still limited because the individual COF generally
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suffers from insignificant electrical conductivity [20]. Against such
backdrop, controllable synthesis of 2 D COF or composite with elec-
tronic and catalytic traits is of considerable importance.

In the past years, integrating functional components predictably and
deliberately to acquire core-shell-structured composite materials have
attracted tremendous attention [21,22]. The composites are pre-
determined to have elegant combined properties of individual compo-
nent. Cobalt oxide (Co304) is deemed as a promising catalytic material
in the field of electrochemical sensor owing to its excellent electro-
catalytic, low-priced, and chemically reactive properties [23,24].

In this work, a monomer-mediated in situ growth strategy was pro-
posed for the controllable growth of COF shells on the Co304 dodeca-
hedrons. Under the optimal conditions, the obtained Co3O4@TAPB-
DMTP—COF based sensor exhibits excellent electrocatalytic properties
towards TBHQ compared with other published sensors. The outstanding
electronic and catalytic properties of Co304 core, accompanied with
large surface area provided by TAPB-DMTP—COF shell guarantee the
high sensitivity and selectivity towards TBHQ. Additionally, the estab-
lished method was applied to detect TBHQ in different edible oils and
satisfactory recoveries were received.

2. Experimental section
2.1. Synthesis of Co304 dodecahedrons

The preparation of Co304 dodecahedrons was carried out as follows
[25]: 0.29 g Co(NO3)3-6H20 was dissolved in 30 mL ethanol-water
mixed solution (v/v, 1:1). Next, 0.2 g PVP was added into the solution
and stirred for 10 min. Then, the light pink solution was transferred to a
Teflon-lined autoclave and hydrothermally heated at 180 °C for 12 h.
After cooling down to room temperature, the black precipitation was
collected by centrifugation and washed with water and ethanol for three
times. Finally, the Co304 particles were dried in a vacuum at 60 °C for 12
h.

2.2. Synthesis of amino functionalized Co304 dodecahedrons (Co304-
NH3) [26]

APTES (0.5 mL) was added to a suspension of Co304 (150 mg) in
toluene (20 mL) under nitrogen atmosphere. The reaction was allowed
to proceed for 2 h at 110 °C. After cooling down to room temperature,
the product was washed with water for three times and dried in a vac-
uum for 12 h.

2.3. Synthesis of DMTP grated CosO4 dodecahedrons (Co304-DMTP)

150 mg Co304-NH> particles were dispersed in 4.5 mL 1,4-dioxane-
butanol-methanol (v/v/v, 4:4:1) cosolvent system, followed by adding
10 mg DMTP monomer and 2 mL HAc (3 mol - L~1). After sonication for
5 min, the mixture was transferred to a Teflon-lined autoclave and hy-
drothermally heated at 120 °C for 1 h. After cooling down to room
temperature, the Co304-DMTP particles were washed with 1,4-dioxane
and THF twice before being dried in a vacuum.

2.4. Synthesis of Co304@TAPB-DMTP—COF core-shell composite

Typically, the obtained Co304-DMTP (20 mg) was dispersed in 4.5
mL cosolvent system. Then, the TAPB (0.030 mmol, 10.5 mg) and DMTP
(0.045 mmol, 8.7 mg) monomer were added in the above cosolvent
system and sonicated for 5 min. Afterwards, 0.67 mL HAc (9 mol - L™H
was slowly dropped to the mixture. The vial was sealed and left undis-
turbed in an oven at 70 °C for 72 h. The resultant product was isolated by
centrifugation and washed with 1,4-dioxane and THF twice, and finally
dried at 60 °C for 12 h.
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2.5. Preparation of the Co304@TAPB-DMTP—COF modified glassy
carbon electrode (Co304@TAPB-DMTP—COF/GCE)

Before surface modification, the bare GCE (D = 3 mm) was polished
to a mirror-like surface with 0.03 pm alumina/water slurry. Subse-
quently, the electrode was rinsed thoroughly with ethanol and dried
with nitrogen blow. The detailed process of preparing modified elec-
trode was: 1 mg Co304@TAPB-DMTP—COF core-shell composite was
uniformly dispersed in 1 mL water. Then, 5 pL Co304@TAPB-
DMTP—COF was dropped on the electrode surface. Two hours later, the
solvent was dried in a desiccator and the modified electrode was finally
prepared. The same procedure is capable to prepare other electrodes
shown in this paper.

2.6. Sample preparation

Edible oil samples, including peanut oil, soybean oil, and colza oil
were purchased from a local supermarket and pretreated for TBHQ
analysis. In brief, 5 mL edible oil sample and 10 mL ethanol were added
to a 50 mL centrifuge tube. And then, the mixture was agitated vigor-
ously for 10 min using a vortex mixer and centrifuged at 8000 rpm for 5
min. The supernatant was collected and the residues were extracted
twice. Afterwards, the obtained supernatant was evaporated in a vac-
uum at 60 °C and diluted with ethanol in a 50 mL volumetric flask.
Before use, all solutions were kept in a refrigerator.

3. Results and discussion

3.1. Synthesis strategy and characterization of Co304@TAPB-
DMTP—COF core-shell-structured composite

The general synthetic route for Co304@TAPB-DMTP—COF core-
shell-structured composite is illustrated in Scheme 1. In order to
improve the uniformity of COF shells, a monomer of DMTP was pre-
grafted on the amino-functionalized Co304 (Co304-NHy) via the Schiff
base condensation reaction. Then, Co304-DMTP was acted as a hetero-
geneous nucleation site to support the in situ growth of TAPB-
DMTP—COF. In a preliminary effort, we tried to directly grow TAPB-
DMTP—-COF on the Co304-NH, surface, but we observed that an
incomplete incorporation towards Co304-NHj as well as the aggregation
of amorphous 2D COF (Fig. S1). The results manifest that the monomer-
mediated in situ growth strategy plays a pivotal role in constructing
uniform crystalline COF shells.

The evolution of imine—COF involved an amorphous-to-crystalline
transformation process [27]. In light of this, we explored the key fac-
tors which are favorable for the long-range molecular ordering in the 2D
topological structure. When the reaction time was increased, the crys-
tallization for TAPB-DMTP—COF shell was greatly improved (Fig. S2).
This result implies that a time-dependent self—correction process in the
TAPB-DMTP—COF shell makes for the formation of long periodic or-
dered structure. As the only catalyst for the synthesis of imine—COF, the
concentration of acetic acid poses great influence on the
TAPB-DMTP—COF crystallinity. As shown in Fig. S3, when 9 mol - L™}
acetic acid aqueous solution was utilized, the TAPB-DMTP—COF shell
displayed the highest intense (100) peak at around 2.7°. In addition,
TEM images shows that the morphology of TAPB-DMTP—COF shell
varied with the concentration of acetic acid, which is basically confor-
mation with the morphologies of pure TAPB-DMTP—COF prepared
under the same conditions (Fig. S4). All above results show that the
control of reaction time and concentration of acetic acid guarantee a
crystalline and shape-tailored growth of TAPB-DMTP—COF shell in the
composite.

The detailed crystallographic structure of the Co304@TAPB-
DMTP—COF composite was displayed in Fig. 1B. As revealed in the XRD
pattern of Co304 particles, the diffraction peaks centered at 19.0°, 31.2°,
36.8°, and 44.7° corresponded to (111), (220), (311), and (400)
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Scheme 1. Illustration of monomer-mediated in situ growth strategy for the synthesis of Co304@TAPB-DMTP—COF core-shell-structured composite.
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1003. Moreover, in addition to the Co304 peaks, the Co304@TAPB-
DMTP—-COF composite features a prominent intense peak at 2.7°
assignable to (100) reflection plane, with the other diffraction peaks
centered at 4.8°, 5.6°, 7.4°, and 25.4° corresponding to (200), (210),
(220), and (001) reflection planes [18], indicating the presence of 2D
eclipsed stacking TAPB-DMTP—COF in the composite. To shed light on
the core-shell morphology of Co304@TAPB-DMTP—COF composite,
TEM and energy dispersive X-ray spectroscopy (EDS) elemental map-
ping were conducted (Fig. 2). The uniform distribution of C atom along
the Co in the core region unambiguously confirmed the formation of
core-shell-structured Co304@TAPB-DMTP—COF.

The chemical structure of the samples was characterized by the
Fourier-transform infrared (FT-IR) spectroscopy (Fig. 1C). In the IR
spectrum of Co304, two intensive bands at 669 cm~! and 584 cm ™! were
associated with the metal-oxide stretching vibration of Co™-0 and Co™-
0, which originated from the tetrahedrally coordinated Co>* and octa-
hedrally coordinated Co?* vibrations in the cubic spinel lattice of Co304,
respectively [28]. In contrast with the Co304 and the monomers of TAPB
and DMTP, the spectrum of Co304@TAPB-DMTP—COF revealed the
emerging C=N stretch at 1594 cm™!, along with the disappearance of
the C=0 vibration of DMTP (1677 cm’l) and N—H vibrations of TAPB
(3433, 3350, and 3208 cm1). The results further confirmed the suc-
cessful formation of crystalline TAPB-DMTP—COF shell via the imine
condensation reaction. Meanwhile, characterization of Co304-DMTP
and Co304@TAPB-DMTP—COF composite by XPS also provided
convincing evidence for the imine formation through amine and alde-
hyde groups. As displayed in Fig. 3B, Co304@TAPB-DMTP—COF

0.5 ym 200 nm

Fig. 2. TEM images of Co304 (a) and Co304@TAPB-DMTP—COF composite (b).
EDS-TEM elemental mapping (c) of C, N, Co, O for Co304@TAPB-
DMTP—COF composite.

composite exhibited a new strong peak at 398 eV, revealing the
dramatically formation of -N=C- functional groups after
TAPB-DMTP—COF coating.
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Fig. 3. (A) XPS survey spectra and (B) N 1s core-level XPS spectra of Co304-DMTP (a) and Co304@TAPB-DMTP—COF composite (b).

The permanent porosity of Co304@TAPB-DMTP—COF was deter-
mined by nitrogen adsorption-desorption isotherms at 77 K (Fig. 1D and
E, Table S1). As shown in Fig. 1D, the isotherm curves of Co304@TAPB-
DMTP—-COF was observed with typical type IV characteristics according
to the IUPAC classifications, indicating the presence of mesoporous
structure. Distinctly, the prepared Co304@TAPB-DMTP—COF composite
displayed an enlarged Brunauer-Emmett-Teller (BET) surface area to a
value of 1234 m? - g™ (¢f. 56 m? - g! for Co304). By using the Barrett-
Joyner-Halenda (BJH) model, only one type of pore width predominated
at 2.5 nm was obtained in Co304@TAPB-DMTP—COF, which is in good
agreement with the crystal structure of TAPB-DMTP—COF (Fig. 1A and
E). The high external surface area and porosity of Co304@TAPB-
DMTP—COF make it possible to be an excellent signal enhancer.

Thermogravimetric analysis (TGA) measurement was conducted to
evaluate the mass ratios and thermal stability of the different compo-
nents (Fig. 1F). The Co304@TAPB-DMTP—COF composite showed
almost 31.9 wt% weight loss in the temperature range of 30-800 °C,
which is 10.8 wt% over the bare Co304 particles, implying the high yield
of TAPB-DMTP—COF shell on the surface of Co304. In addition, an
unconspicuous weight-loss step of 0.94 % up to ca. 350 °C was found,
demonstrating the excellent thermal stability of the Co304@TAPB-
DMTP—COF composite.

THA  ATapA

Peak current (uA)

02 03 04 05 0.6

Potential (V)

Fig. 4. CVs of 0.5 mmol - L™t [Fe(CN)g] 374~ containing 0.1 mol - L' KCl at
bare GCE (a), Co304/GCE (b), TAPB-DMTP—COF/GCE (c) and Co;04@TAPB-
DMTP—COF/GCE (d). Scan rate: 100 mV - s 1.

00 0.1

3.2. Electrochemical behavior of core-shell Co304@TAPB-DMTP—COF
composite

Cyclic voltammograms (CVs) can allow us to gain more direct insight
into the electrical attributes of an electrode material. Fig. 4 shows the CV
profiles of different electrodes in the ferricyanide redox probe ([Fe
(CN)6]4’/ eS| system. Compared with bare GCE, both a narrowed redox
peak potential separation (AEp) and enhanced peak current value can be
observed after modifying with Co3O4 and Co304@TAPB-DMTP—COF. It
is noteworthy that the AE, value in a cyclic voltammogram is one of the
important factors to estimate the electron charge transfer rate at the
electrodel electrolyte interface. In a typical process, the AE, value is
inversely proportional to the charge transfer rate constant [29]. Here,
the AE, values were decreased in a sequence of TAPB-DMTP—COF/GCE
(141 mV) > GCE (128 mV) > Co304@TAPB-DMTP—COF/GCE (97 mV)
> Co304/GCE (70 mV). The above results indicated that the engineered
of TAPB-DMTP—COF with Co304 can largely minimize the electron
transfer barrier between the redox species and an electrode. Moreover,
as seen in Fig. 4 inset, it can be found that the Co304@-
TAPB-DMTP—COF/GCE displays the highest oxidation peak current,
which is an indicative of superior electrocatalytic activity for electro-
chemical detection.

The effective surface areas of different electrocatalysts were also
characterized by CVs at various scan rates (Fig. S5). For a reversible
couple, the effective surface areas of different modified electrodes were
calculated using following Randles-Sevcik equation [30]:

I, = (2.69 x 10°)n*2D"/*'2AC

where n represents the numbers of electron transferred in the electro-
chemical process, D is the diffusion coefficient (in cmz/s), v represents
the scan rate (in V/s), C is the concentration of redox species (in mmol/
L), A is the effective surface area (in cmz). For ferricyanide redox probe,
the electron number is 1 and the diffusion coefficient is 7.6 x 10~ cm?/
s. After calculation, the obtained effective surface areas were as follows:
0.067, 0.098, 0.093, and 0.151 cm? for GCE, Co304/GCE, TAPB-DMTP-
COF/GCE, and Co304@TAPB-DMTP—COF/GCE. Surprisingly, the
effective surface area of Co304@TAPB-DMTP—COF/GCE was 2.3 times
higher than the bare GCE. This markedly increase in effective surface
area indicated that the electrochemical sensor established in this work
can produce a desirable microenvironment with additional electro-
catalytic sites.

3.3. Electrochemical detection of TBHQ at Co304@TAPB-DMTP—COF/
GCE

CVs were performed to compare the electrocatalytic oxidation of
TBHQ on the bare GCE versus other modified GCEs (Figs. 5, S6). In the
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Fig. 5. Cyclic voltammograms obtained for 100 pmol L™' TBHQ at bare GCE
(@), C0304/GCE (b), TAPB-DMTP—COF/GCE (c) and Co304@TAPB-
DMTP—COF/GCE in 0.1 mol - L™ ABS (pH 5.0).

presence of TBHQ, all CV traces showed a new redox peak corresponding
to the oxidation and reduction of TBHQ on the electrode surface. As
expected, the Co304@TAPB-DMTP—COF film exhibited the highest
catalytic current towards TBHQ. The relative increase in oxidation peak
current at Co304@TAPB-DMTP—COF/GCE was 5.1, 2.3, and 2.0 times
higher than bare GCE, Co304/GCE, and TAPB-DMTP—COF/GCE,
respectively. The results indicated that an electrode modified by
Co304@TAPB-DMTP—COF composite can fully harness the virtue of 2 D
porous structure from TAPB-DMTP—COF via the electro-activity pro-
vided by Co304.

3.4. Study of variables that affect the electrocatalytic performance
towards TBHQ

TAPB-DMTP—COF possesses inherent eclipsed stacked structure be-
tween two adjacent layers, ideally suited for expediting the charge
carrier mobility through multistacked columnar channel. As supported
in Fig. 5, the current response at Co304@TAPB-DMTP—COF/GCE was
significantly higher than the Co304/GCE. Against such backdrop, core-
shell-structured Co304@TAPB-DMTP—COF composite with different

Sensors and Actuators: B. Chemical 331 (2021) 129438

masses of Co304-DMTP (10, 20, 30, 40 mg) were also prepared. With the
fixed concentrations of DMTP and TAPB monomer, the TAPB-
DMTP—COF shell decreased expectedly as increasing the concentration
of Co304-DMTP (Fig. 6). In particular, when the added mass of Co304-
DMTP was 20 mg, a stable and relative high redox couple was observed,
showing the ability of this electrode to construct the most desirable
system for the TBHQ detection. The results implied that the appropriate
TAPB-DMTP—COF shell is favorable to diffuse TBHQ molecules suffi-
ciently into the electrode surface, leading to a prominent sensing
performance.

To investigate the kinetics of electron transfer at Co3O4@TAPB-
DMTP—COF/GCE, the effect of scan rate on the redox peak currents of
TBHQ was recorded by CV (Fig. 7A). Typically, both the anodic (I,,) and
cathodic peak current (Ipc) of TBHQ gradually increased with the scan
rate varying from 25 to 350 mV - s *. As shown in Fig. 7B, the Ipa and I
of TBHQ at Co304@TAPB-DMTP—COF/GCE were linearly proportional
to the square root of scan rates (v'/2), respectively. These two regression
equations are: Ip; (MA) = -9.519 + 9.060 vl/2 (mVl/2 . 571/2) (R2 =
0.992); Ic (1A) = 8.206-8.872 v'/% (mV'/% . s7/2) (R* = 0.998), which
suggested that the electrochemical reaction on the surface of Co304@-
TAPB-DMTP—-COF/GCE is controlled by the diffusion of TBHQ. In
addition, as shown in Fig. 6, both the oxidation (E,) and reduction peak
potential (E,) shifted with the scan rates. The results indicated that the
catalytic process of TBHQ at the modified electrode is a quasi-reversible
process [31].

The electrochemical oxidation of TBHQ always involved protons
transfer and therefore it is expected that the reaction was sensitive to the
electrolyte pH. After recording the initial DPV curve of the modified
electrode in the blank acetate buffer solutions (ABS), the same electrode
was transferred to 0.1 mol - L™} ABS containing 100 pmol L™ TBHQ at
selected pH values. As shown in Fig. 7C, the reduction current of TBHQ
recorded under pH = 5.0 had a maximum value, indicating the sup-
porting electrolyte at this pH is ideal for TBHQ detection. As seen in
Fig. 7D, the reduction peak potential (Ej) shifts linearly and negatively
with the pH value, validating the protons have participated in the
reduction process. The regression equation is Ep. (V) = 0.3206 — 0.053
pH (R? = 0.993). According to the Nernst equation [32], Ep. = E° —
(0.059 m/n) pH, the slope of 53 mV pH’1 was close to the theoretical
value of 0.059 mV - pH ™, indicating an equal number of protons (m)
and electrons (n) transferred in the TBHQ reduction process.

In electrochemical detection, an accumulation step was deemed as a
simple and efficient method to enhance the determining sensitivity. As

-
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Fig. 6. TEM images of Co304@TAPB-DMTP—COF composites synthesized with 10 mg (a), 20 mg (b), 30 mg (c) and 40 mg (d) Co304-DMTP. (e) The average
thickness of TAPB-DMTP—COF shell versus the mass of Co304-DMTP. (f) CVs at Co304@TAPB-DMTP—COF/GCE in 0.1 mol - L~ ABS (pH 5.0) containing 100 pmol
L~! TBHQ with different masses of Co304-DMTP (0, 10, 20, 30 mg). (g) The oxidation peak current value versus the mass of Co304-DMTP.
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illustrated in Fig. S7, it was found that the accumulation time and
accumulation potential can greatly influence the reduction peak current
of TBHQ. The effect of accumulation time on the reduction peak current
of TBHQ was investigated by varying time from 15 to 90 s (Fig. S7A).
The signal intensity increased with the accumulation time increasing up
to 60 s. Then it was leveled off with an extending time, which is an
indication of the saturated adsorption of TBHQ molecules at the modi-
fied electrode. The effect of accumulation potential was further studied
with a selected accumulation time of 60 s (Fig. S7B). Particularly, the
reduction peak current reached the maximum at 0 V, suggesting the
accumulation potential of 0 V is favorable for the TBHQ detection.

3.5. Analytical performance of Co304@TAPB-DMTP—COF/GCE to
TBHQ

The electrocatalytic behavior of the modified electrode at various
TBHQ concentrations was investigated by differential pulse voltamme-
try (DPV) technique. Under the optimal experimental conditions, the
catalytic current enhanced gradually with increasing TBHQ concentra-
tion in the range of 0.05-400 pmol - L™} (Fig. 8). From the results of
Fig. 8B, the reduction peak currents were proportional to TBHQ con-
centrations over two concentration intervals. The respective two linear
regression equations are expressed as follow:

0.05 - 1.00 pmol - L' I,e (A) = 0.0310 C (pmol - L™") + 0.0218 (R =
0.998)

1.0 - 400 pmol - L™": Ie (HA) = 0.0170 C (pmol - L™1) + 0.151 (R* = 0.997)
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Fig. 8. (A) DPV curves at Co304@TAPB-DMTP—COF/GCE in 0.1 mol - L~! ABS with different concentrations of TBHQ (from a to s: 0.05, 0.07, 0.1, 0.3, 0.5, 0.7, 1.0,
5.0, 10, 25, 50, 75, 100, 150, 200, 250, 300, 350, 400 pmol - LY. (B) The calibration curve of the reduction peak current vs. TBHQ concentration. Inset: the tendency

of current intensity when TBHQ concentrations are low.
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The sensitivity at first interval is 0.4388 pA - pM~! - cm ™2 and the
second one is 0.2406 pA - pM~! .cm ™2 Clearly, when the TBHQ con-
centration is low, the established electrochemical sensor in this work
exhibited a higher sensitivity towards TBHQ detection. The two sets of
sensitivity values are due to the mass transport limitation and diffusion
layer thickness was restricted when the TBHQ concentration increased
in the system. Then the decrease of sensitivity at the second analytical
linear segment became an inevitable trend [33]. The detection limit
(LOD) for TBHQ was estimated to be 0.02 pmol - L1 (S/N = 3). These
electrochemical results stated that the Co304@TAPB-DMTP—COF film
on the electrode had excellent activity towards THBQ detection.
Furthermore, the analytical performance of  Co304@-
TAPB-DMTP-COF/GCE to TBHQ was compared with other electrode
materials. From Table 1 [5,9,34-37], it can be observed that the fabri-
cated sensor exhibited dominance in wider linear range, and lower LOD,
which is comparable with other reported sensing materials. Such
excellent analytical performance could be attributed to its unique
structure and composition of Co304@TAPB-DMTP—COF composite. The
Co30, itself is an excellent electrocatalyst. The abundant Go>* catalytic
sites in Co304 are favorable to catalyze TBHQ. By engineering
TAPB-DMTP—-COF with Co304, the larger surface area and porous
structure will enhance the electrocatalytic activity towards TBHQ. Be-
sides, TAPB-DMTP—COF is constructed from two organic linkers via
Schiff base reaction. The aromatic ring of TBHQ can highly interact with
TAPB-DMTP-COF via n-n stacking, facilitating the adsorption of TBHQ
on the electrode surface.

3.6. Stability and reproducibility of Co304@TAPB-DMTP—COF electrode

To evaluate the repeatability of Co304@TAPB-DMTP—COF elec-
trode, one modified electrode was applied for the detection of 50 pmol
L! TBHQ in 0.1 mol - L' ABS (pH 5.0). After ten successive DPV scans,
the calculated relative standard value (R.S.D.) was 2.7 %. In the above
system, DPV currents on six electrodes fabricated from different batches
were recorded to investigate the reproducibility of the fabricated sensor.
The R.S.D. was calculated as 3.4 %. The above results demonstrated that
the Co304@TAPB-DMTP—COF modified electrode has acceptable
repeatability and reproducibility.

Stability is another important characteristic for the practical detec-
tion of TBHQ. It was found that there is no significant decrease in current
responses even after eighty successive detection of 50 pmol L™! TBHQ.
Furthermore, the long-time stability of the Co304@TAPB-DMTP—COF/
GCE was also investigated. The DPV curve was recorded with a time
interval of 24 h. Approximately, the electrocatalytic performance at the
as-prepared sensor remained 96.5 % of its initial current signal after four
weeks storage at ambient temperature. These findings revealed the
operational and long-time stability of the Co3O04@TAPB-DMTP—COF/
GCE. The outstanding stability is due to the existence of TAPB-
DMTP—COF shell in the Co304@TAPB-DMTP—COF composite, which
efficiently protected the electrocatalytic performance towards TBHQ

Table 1
Comparison of Co304@TAPB-DMTP—COF/GCE-based electrochemical sensor
with other reported sensors for the detection of TBHQ.

Electrode Linear range Detection limit Reference
(umol - L) (pmol - LY
Peroxidase/Naf/SEP/ 9.9-59.1 2.47 [5]
CNT/CPE
PVP-CTAB/Au-PVP-Gr/ 0.02—-100 0.009 [9]
GCE
MIP/AuNPs/EGP 0.08-100 0.07 [34]
MnO,/ERGO/GCE 1-300 0.8 [35]
PEDOT:PSS/DMSO 0.5-200 0.15 [36]
PdAuNPs/ERGO/GCE 3-360 0.28 [37]
Co30,@TAPB-DMTP- 0.05—-1 1-400 0.002 This work
COF/GCE
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detection. Compared with other electrode materials, TAPB-DMTP—COF
has a better electrochemical stability owing to its strong covalent in-
teractions, which grant a longer cycle life in electrochemical tests.

3.7. Influence of co-existing ions and analysis application

Phenolic antioxidants, including butylated hydroxyanisole (BHA),
butylated hydrotoluene (BHT), and benzoic acid, have similar structure
with TBHQ, and they are usually in mixtures with food samples. Thus it
is necessary to study the interference of these phenolic antioxidants on
the current response of TBHQ. Fig. S8A-C shows the respective CV re-
sponses of 5 pmol L™* TBHQ in the presence and absence of BHA, BHT,
and benzoic acid. It was found that 12-fold excess of benzoic acid, and
10-fold excess of BHA, BHT has negilible effect on the TBHQ determi-
nation. The tolerant limit for the foreign species was defined on the basis
of signal change within + 5% with respect to only TBHQ solution. In
addition, vitamin E is also a common antioxidant that is relatively
abundant in food oils. As shown in Fig. S8D, the addition of 20-fold
excess of vitamin E does not affect both the anodic and cathodic peaks
of TBHQ.

In commercial edible oil samples, some other impurities, such as
ascorbic acid, phenolic compounds (propyl gallate, hydroxyphenol, and
hydroquinone), glycerine, and ions can possibly interfer the TBHQ
determination. Therefore, the effect of these interferences were also
conducted with the Co304@TAPB-DMTP—COF sensor using CV tech-
nique at the optimized condition (Table 2). From the tabulation of
Table 2, it was found that the Co304@TAPB-DMTP—COF sensor exhibits
an excellent selectivity towards TBHQ. All these results suggested that
the constructed TBHQ sensor in this work has a great promise for TBHQ
determination in edible oil samples.

Edible oil is the necessity in our daily life. Only keeping them in a
safety level can ensure our body’s health. The allowable level of TBHQ
in edible oil samples has been formulated as 200 pg - ¢! in the “National
Standard GB2760—96 Sanitary of Using Food Additives”.In this work,
DPV method was utilized to estimate the feasibility of the Co304@TAPB-
DMTP—COF/GCE sensor and the analysis of TBHQ in edible oil samples
was implemented by standard addition. Commercial peanut oil, soybean
oil and colza oil were extracted as stated in the experimental section.
Under the optimized condition, a 50 pL aliquot of the extract was added
to 10 mL 0.1 mol - L~ ABS in the electrochemical cell. Then, the above
electrochemical cell was spiked with TBHQ at three levels (0, 2 and 5
pmol - L_l). For each concentration, six repetitive measurements were
conducted by DPV method. As displayed in Table 3, the recoveries were
found in the range of 97.0-104.2 %, which indicates that the proposed
electrochemical sensor is reliable and feasible for TBHQ detection in real
samples. The accuracy of the method was further validated by tradi-
tional HPLC using variance ratio F-test and Student’s t-test (Table 3).
The chromatographic conditions for analyzing TBHQ in edible oil
samples were set according to the national standard method of China
(GB/T 21512-2008). A 50 pL aliquot was injected into the HPLC
equipment. The chromatographic parameters for TBHQ detection are
shown below: flow rate: 0.8 mL - min~'; column temperature: 30 °C;
UV/vis detector wavelength: 280 nm; organic phase solution: methanol-
acetonitrile (1:1); aqueous phase: 1.8 % acetic acid. As exhibited in
Table 3, it can be seen that the calculated values of F-test and t-test were

Table 2
The tolerance limit of interferences in the 5 pmol - L™ TBHQ.
Interference Tolerance Interference Tolerance
limit limit
Fe* Mg?*, cu®", Mn?*, Ca®", vitamin E, 20
Zn?*, K*, Na*, POS, SO7, Cl-, 500 ascorbic acid
NO3- benzoic acid 12
propyl gallate 50 BHA, BHT 10
hydroxyphenol, hydroquinone 30 glycerine 5
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Table 3
Detection of TBHQ in edible oil samples.

Sensors and Actuators: B. Chemical 331 (2021) 129438

Samples Added (pmol 'L71) Found by DPV* (umol - L) Recovery (%) Found by HPLC" (umol - L™1) Calculated F-value” Calculated t-value®
0.00 0.52 + 0.08 - 0.46 += 0.14 3.06 0.91
Peanut oil 2.00 2.57 £ 0.26 102.6 2.55 + 0.34 1.71 1.61
5.00 5.61 + 0.42 101.8 5.78 £ 0.27 2.42 0.83
0.00 0.33+0.10 - 0.43 +0.13 1.69 0.33
Soybean oil 2.00 2.27 £ 0.52 97.0 2.45 £ 0.29 3.21 0.74
5.00 5.34+0.12 100.2 5.39 £ 0.06 4.00 0.91
0.00 0.21 = 0.02 - 0.24 = 0.03 2.25 2.04
Colza oil 2.00 2.23+0.12 101.0 2.25 £ 0.07 2.94 0.35
5.00 5.42 +0.28 104.2 5.17 £ 0.15 3.48 1.93

@ The average of six determinations (+ S.D.).

b The theoretical values of F-value at the confidence level of 90 % is Fs 5 = 5.05.

¢ The theoretical values of t-value at the confidence level of 95 % is to 05, 10 = 2.23.

below the theoretical values, suggesting there is no significant difference
in these two analytical methods. Compared with the reference method,
the proposed electrochemical sensor in our work can meet the demands
of developing a rapid, cost-effective, and accurate detection of TBHQ in
real samples.

4. Conclusion

A novel core-shell-structured composite composed of Co304 con-
formally coated with TAPB-DMTP—COF has successfully constructed
through monomer-mediated in situ growth strategy. The Co304 core acts
as the electrocatalytic active centers and the multistacked columnar
channels provided by 2 D TAPB-DMTP—COF shell can largely expedite
charge carrier mobility to the Co>" active sites. Furthermore, the outer
TAPB-DMTP—COF shell plays a critical role in improving electro-
chemical stability, ensuring a longer lifespan of the Co3O4@TAPB-
DMTP—COF/GCE sensor. Taking these advantages together, the
Co304@TAPB-DMTP—COF composite is capable to sense TBHQ mole-
cules with enhanced electrochemical sensing performances. Compared
with traditional HPLC measurements, the comparable accuracy of this
established sensor should have more implications in detecting TBHQ
from complicated real samples. Given the predetermined and elegant
combined properties of core-shell-structured composites, we envision
that engineering electrocatalytic components to COF is certainly
possible to stimulate the development of COF in electrochemical
applications.
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