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Abstract: The reliable detection of environmental contaminants can correctly forecast the degree
of environmental pollution that has occurred, which contributes to improving the environmental
purification rate and maintaining the ecological balance. Herein, a novel hierarchical biomimetic
catalysis MnO,@CuAl-CLDHs was designed and synthesized using a facile method, which exhibited
significantly enhanced peroxidase-like activity due to the unique composition and hierarchical
mesoporous structure. Under optimized operational conditions, a visible colorimetric array based
on the superior nanozyme activity of MnO,@CuAIl-CLDHs was developed for the quantitative
determination of hydroquinone with a wide linear detection range (1-100 uM) and a low detection
limit (0.183 uM). Simultaneously, our presented strategy could analyze hydroquinone in real water
samples with high accuracy. Therefore, the bimetallic co-catalyzed nanozymes are expected to be the

perfect replacement for natural enzymes to develop convenient and efficient sensors.

Keywords: MnO,@CuAl-CLDHs; nanozyme; catalytic; colorimetric detection; hydroquinone

1. Introduction

The small organic molecules of hydroquinone (HQ) are widely used in pharmaceutical,
dyes, pesticides, and plastics areas [1,2]. HQ has not only brought economic benefits for
society, but also made an impact on the environment and human health. According to the
U.S. Environmental Protection Agency (EPA), the excessive emission of HQ (3.5 mg/L)
is harmful to human health due to its high toxicity and the difficulty of degradation,
which can cause fatigue, tachycardia, hepatic injury, impairment of the kidney, and even
death [3,4]. Therefore, the sensitive detection for HQ in water is of great importance.
In recent years, various analytical methods have been developed for the detection of
HQ, such as spectrophotometry [5], electrochemical techniques [6], high-performance
liquid chromatography [7], atomic absorption spectroscopy (AAS) [5], fluorescence [8], etc.
However, these traditional instrumental analysis methods are complex in equipment and
operation, have a high cost, and are time-consuming. Therefore, it is imperative to develop
a rapid analysis method with outstanding sensitivity for HQ.

The colorimetric method is a good candidate for the visual detection of environmental
contaminants without expensive instruments. However, the key challenge of colorimet-
ric assays is choosing a specific catalyst to effectively oxidize the chromogenic substrate
and produce a significant color change. Natural enzymes with high catalytic activity and
substrate specificities are excellent catalysts for colorimetric sensing [9]. The mild reaction
conditions are the prerequisite for efficient catalysis of natural enzymes. Moreover, their
wide range of applications faces various challenges, such as harsh reaction conditions,
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easy inactivation, complex purification process, and high cost [10-12]. In order to over-
come the shortcomings of natural enzymes, it is desirable to design enzyme substitutes
with high activity, high stability, and a low cost. In 1990s, researchers found that some
nanomaterials exhibited catalytic activities similar to natural enzymes, and then the term
“nanozyme” was coined by Scrimin’s team in 2004 [13]. Then, in 2007, Yan et al. first
discovered that Fe3O4 reacted with peroxidase substrates and speculated that nano Fe;O4
had a catalytic activity similar to the nature of peroxidase, which was confirmed by system-
atic comparison of catalytic efficiency and enzymatic kinetic between Fe304 and natural
peroxidase [14]. Nanozymes based on nanomaterials are the next-generation artificial
enzymes with enzyme-like characteristics and have been applied in colorimetric assays
to catalyze the chromogenic substrates [15]. In addition, synthetic nanozymes possess
significant advantages of structural diversity, catalytic activity tunability, and easy storage,
which provide a new opportunity for the development of colorimetric sensing in the field
of environmental protection.

Generally, enzyme-like activities of nanozymes mainly include catalase, peroxidase,
oxidase, superoxide dismutase, etc., and peroxidase is a hotspot for research and application.
Some common nanomaterials such as metal nanoparticles (Au, Ag, Pt, Pd), metal oxides
(Fe30y4, Cup0, CeOy, V2,05, MnO,), carbon materials (graphene, carbon nanotubes, and
carbon nanodots), and so on have been reported to possess excellent enzymatic catalytic
activity. Among them, manganese-based oxides (Mn-O) have been shown to possess
outstanding peroxidase and oxidase-mimicking activities due to the variation of the valence
and rapid electron transfer of Mn ion [16]. Most manganese-based oxide nanozymes are
two-dimensional (2D) nanosheets with the advantages of large surface areas and abundant
active sites, but they are prone to conglomerate easily and can lead to the active sites
being covered, which reduces the catalytic activity. Therefore, increasing the dispersity of
two-dimensional nanozymes is one of the effective ways to improve its catalytic activity. In
addition to exploring various synthesis methods, building composites with other materials
is a simple and effective way to avoid the agglomeration of 2D nanomaterials and expose
more active sites [17,18].

Layered double hydroxide (LDHs) as a hydrotalcite-like multifunctional material
possesses a sandwich structure and the guest layer consists of anions sandwiched between
the positively charged main layers. Due to the advantages of high chemical and structure
stability, flourishing pore structure, large specific surface area, and simple preparation
process, the LDHs are widely used as catalysts or catalyst carriers [19,20]. The ideal LDHs
structure can achieve the attachment of 2D nanomaterials through electrostatic interaction
or in situ growth to construct a composite with abundant pores. Simultaneously, the surface
electron distribution and geometric construction of the composite are regulated by confined
pore canals, which will affect the activity of the catalysts. The crystal phase of LDHs
will decompose under 500-600 °C to form calcined LDHs (CLDHs) with a new crystal
structure, which has excellent structural memory properties, greater thermal stability, and
highly exposed active sites. Additionally, compared with other metals, the presence of
copper-based nanomaterials can effectively enhance the overall catalytic activity of the
composite catalysts because the Cu* of low valence can accelerate the electron transfer on
the catalyst surface [21,22]. It has been reported that the synergistic effect between Cu-based
and Mn-based composites can improve chemical catalytic activity [23-25]. However, the
research on the application of Cu-based LDHs sensors for contamination detection in water
is rarely studied, especially in the integration of Cu-based, LDHs-derived nanocomposites
(such as Cu-based CLDHs) with mangan-based oxides. Therefore, the incorporation of
Cu-based LDHs with 2D mangan-based oxides such as MnO; has the potential to become
the ideal way to build high-active nanozyme.

Taking advantage of convenient operation and visual detection, the colorimetric
sensor based on nanozymes has been widely used in environment contamination analysis.
Herein, we designed and fabricated a novel hierarchical flower-like MnO,@CuAl-CLDHs
through a facile hydrothermal calcination method. The as-prepared MnO,@CuAl-CLDHs



Coatings 2024, 14, 453

30f18

exhibited excellent peroxidase-like activities due to the synergistic effect between Cu and
Mn ions, which could catalyze the oxidation of colorless TMB into blue oxTMB in H,O5.
Subsequently, with the addition of reductive HQ into the chromogenic system, the blue
oxTMB was quickly reduced into colorless TMB through the electron transfer; thus, a visual
colorimetric sensor for HQ determination in water was constructed with high sensitivity.
The synergistic effects of MnO,@CuAl-CLDHs nanozyme led to a relatively low detection
limit (LOD) of 0.183 uM for HQ. In addition, the super selectivity and reusability allowed
MnO,@CuAl-CLDHs to have a high economic value in real-world applications.

2. Materials and Methods
2.1. Regents and Materials

Cu(NO3);-3H,0 (AR, 99%), AI(NO3)3-9H,0 (AR, 99%), 3,3’ 5,5 -tetramethylbenzidine
(TMB, 98%) and isopropanol (IPA, AR, >99.7%) were all provided by Aladdin Reagent
Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO, ACS, >99.9%), urea (AR, 99%),
KMnQy, and sodium azide (NaNs, >99%) were all obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Hydrogen peroxide (H,O,, 30%) was purchased from
Yantai Far East Fine Chemical Co., Ltd. (Yantai, Shandong, China). p-benzoquinone (BQ,
99%) was procured from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai,
China). All reagents were used without further purification before use.

2.2. Characterization

X-ray diffraction (XRD) patterns of samples were obtained by an X-ray diffractometer
(Bruker D8, badensko-wuertembersko, Karlsruhe, Germany). The morphology of samples
was characterized by field-emission scanning electron microscopy, equipped with an energy
dispersive X-ray spectrometer (EDS) (FESEM, ZEISS G500, Jena, Thuringia, Germany). The
lattice fringe of samples was performed by transmission electron microscopy (TEM, FEI
Talos F200S, Waltham, MA, USA). The chemical properties and composition of the sample
were identified by X-ray photoelectron spectroscopy (XPS, ESCALAB Xi+, East Grinstead,
UK). The N; adsorption-desorption isotherm was measured by a physisorption analyzer
(ASAP2020M+C, Micrometric, Atlanta, GA, USA) and the specific surface area of the
material was measured by multipoint BET (Brunauer, Emmett and Teller) method, while
the pore size distribution was estimated by the Barrett—Joyner-Halenda (BJH) method. The
absorbance of the reaction system was recorded by a UV-vis spectrophotometer (UV-vis
spectrophotometer). The electron paramagnetic resonance (EPR) spectra were tested by an
EPR spectrometer (Bruker EMXnano, Baden-Wiirttemberg, Karlsruhe, Germany).

2.3. Synthesis of Flower-like MnO,@CuAIl-CLDHs

The CuAl-CLDHs were prepared via hydrothermal reaction and calcination. Typically,
15 mL DMSO and 35 mL deionized water were evenly mixed to obtain a component solvent.
Subsequently, 9 mmol Cu(NO3);2-3H,0, 4.5 mmol AI(NO3)3-9H,0, and 12 mmol urea were
added into the mixed solvent (in order) under the magnetic stirrer for 15 min. After the
complete dissolution of the above solution, the mixture was filled into a Teflon-lined,
stainless-steel autoclave, which was kept at 110 °C for 12 h. The bright blue solid products
obtained by centrifugation (6000 rpm, 3 min) were washed three times with deionized water
and ethanol, respectively, and then dried at 100 °C for 24 h. Finally, the dried products
were calcined at 500 °C for 1 h under air atmosphere at a heating rate of 5 °C/min. The
as-prepared samples were denoted as CuAl-CLDHs.

The growth of MnO; nanosheets on the surface of CuAl-CLDHs was realized through
the hydrothermal method. First, 0.4 mmol KMnO, was dissolved in 80 mL deionized water
and stirred for 10 min. Then, 100 mg CuAl-CLDHs was added into the above solution and
stirred for another 30 min to form the uniform mixture. Finally, the mixture was transferred
into Teflon-lined, stainless-steel autoclave and heated at 140 °C for 6 h. After the reaction
finished, the products were filtrated and washed three times with deionized water, and
then dried at 60 °C for 12 h. The final products were denoted as MnO,@CuAl-CLDHs.
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2.4. Peroxide-like Activity of Flower-Like MnO,@CuAI-CLDHs

The peroxidase-like activity (POD) of MnO,@CuAl-CLDHs was monitored by the
catalytic oxidation of TMB in the presence of H,O,. In brief, 100 pL of TMB (5 mM), 50 pL
of MnO,@CuAl-CLDHs (1 mg/mL), and 100 pL of HyO; (20 mM) were added in 2.75 mL
HAc-NaAc buffer (0.2 M, pH 4.0) to construct the colorimetric system, which was incubated
at room temperature for 5 min. The UV-vis absorption spectrum of the colorimetric system
was recorded ranging from 400 to 800 nm by the UV-vis spectrophotometer. In addition, the
effects of pH (pH 3.0-8.0), incubation time (1-15 min), incubation temperature (10-60 °C),
concentration of TMB (1-15 mM), H,O, (5-35 mM), and catalyst (0.3-2.0 mg/mL) on the
peroxidase-like activity of MnO,@CuAl-CLDHs were investigated to optimize the enzyme-
catalyzed reaction conditions.

Furthermore, the kinetic analysis with various concentrations of TMB (0.03-0.5 mM)
and H,O; (0.1-0.8 mM) as substrates was conducted in HAc-NaAc buffer (0.2 M, pH 4.0)
containing MnO,@CuAl-CLDHs (1.2 mg/mL). The absorbance of the reaction system at
652 nm was recorded by a UV-vis spectrophotometer using time scanning mode. The
catalytic behavior of MnO,@CuAl-CLDHs conformed to the Michaelis—-Menten equation
(Equation (1)). Then, the Lineweaver-Burk double reciprocal plots were used to calculate
the Michaelis constant (Ky) and maximal reaction rate (Vmax) (Equation (2)).

Vo = m 1)
7 () < (81) v ®

where V) stands for the initial velocity, [S] stands for the concentration of TMB or HyO;,
Vmax stands for the maximal reaction velocity, Ky, stands for Michaelis constant.

2.5. Detection of HQ

The colorimetric assays for HQ were carried out based on the optimal enzyme-
catalyzed reaction conditions. The detailed experimental procedures were as follows:
100 puL of TMB (7 mM), 50 uL of MnO,@CuAl-CLDHs (1.2 mg/mL), and 100 uL of HyO,
(25 mM) were added in 2.75 mL HAc-NaAc buffer (0.2 M, pH 4.0) and incubated at 30 °C
for 9 min. Then, 100 uL different concentrations (1-100 uM) of HQ were added to the above
colorimetric system and the mixture was further incubated at 30 °C for another 5 min. The
blue color of the colorimetric system slowly receded with the addition of reductive HQ,
and the intensity of the absorption peak at 652 nm decreased gradually. Therefore, the
concentration of HQ could be calculated by monitoring the change of absorbance at 652 nm
with UV-vis spectrophotometer.

2.6. Reusability of MnO,@CuAl-CLDHs

After repeated use, the reproducibility and stability of MnO,@CuAl-CLDHs were studied
according to the experimental procedures in Sections 2.4 and 2.5. MnO,@CuAl-CLDHs were
collected from the reaction solution by centrifugation and washed with distilled water for
the next run. The MnO,@CuAl-CLDHs, after being used five times, was characterized by
SEM to evaluate the chemical and structural stability.

2.7. Analysis of HQ in Real Samples

In order to evaluate the practicability of the proposed colorimetric assay, the HQ in
different water samples was detected. The real samples were mainly tap water and lake
water, which came from the laboratory and Yingxue Lake (Shandong Jianzhu University).
The above water samples were filtered with 0.22 um filter membrane before use to remove
the physical impurities. Finally, the concentrations of HQ in these water samples were
detected and calculated by the above-mentioned colorimetric assay and the percent recovery
values were obtained.
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3. Results and Discussion
3.1. Design and Preparation of MnO,@CuAIl-CLDHs

The design and fabrication process of flower-like MnO,@CuAl-CLDHs was shown
in Scheme 1. Firstly, CuAl-LDHs microspheres were prepared by a facile hydrothermal
method in which copper nitrate and aluminum nitrate were used as the metal source
and urea was used as precipitant. The Cu?* and AI** reacted with the anions slowly
released from the urea to form 2D CuAl-LDHs nanosheets, which further self-assembled
into flower-like microspheres. The formation mechanism of CuAl-LDHs was displayed as
follows (Equations (3)—(9)). Subsequently, the CuAl-LDHs were decomposed into copper-
aluminum bimetallic oxides via a high-temperature calcination process. Finally, the MnO,
nanosheets were grown in situ on CuAl-LDHs surface to form 3D multi-order flower-like
MnO,@CuAl-CLDHs. The strong synergy between copper and manganese was conducive
to enhancing the catalytic activities of as-synthesized composite, and realizing the visually
sensitive detection for HQ.

6CO (NHy),+6H,0 — 6HCHO+ 4NHj; (3)
NH; + H,O — NH; +40H~ 4)

2APT+60H™ — 2A1(OH), (5)

2A1(OH), — 2A10(OH) +2H,0 (6)
HCHO+0,+20H~ — CO3 +2H,0 7)
2A1(OH),+4Cu*" + CO3™+60H~ — CuyAly(OH);,CO;5 )
2AIO(OH) + 4Cu*" 4+ CO3™ +60H ™ +2H, O — CuyAly(OH),,COs3 ©9)

Calcination

. 140 °C, 6h

CuAl-LDHs CuAl-CLDHs MnO,@CuAl-CLDHs

500 °C, lh

POD-like activity oxTMB

Scheme 1. Fabrication process of flower-like MnO,@CuAl-CLDHs with peroxidase-like activity.

3.2. Characterization of MnO,@CuAIl-CLDHs

The morphologies of CuAl-LDHs, CuAl-CLDHs, and MnO,@CuAl-CLDHs were
detected by FESEM. As shown in Figure 1a,b, CuAl-LDHs were flower-like microspheres
with a size of 4.5 um and contained numerous interconnected hydroxide nanosheets. The
mean thickness of the 2D nanosheets was about 55 nm. The low magnification SEM
image (Figure 1a) indicated that the CuAl-LDHs precursors could be synthesized in large
quantities. After annealing, the flower-like morphology of CuAl-LDHs was well preserved,
while the nanosheets became thinner and the thickness was 33.3 nm due to the shrinkage



Coatings 2024, 14, 453

6 of 18

caused by the escape of CO32~ and water (Figure 1c). After the growth of MnO, on
CuAIl-CLDHs surface, the edges of MnO,@CuAl-CLDHs were much rougher owing to the
edge-to-face stacking of ultrathin MnO, nanosheets (Figure 1d,e). The self-assembly 3D
hierarchical construction possessed abundant channels and higher specific surface area,
which were conducive to the adsorption of substrate molecules and the exposure of metal
active sites, and ultimately enhanced the catalytic performance of TMB. The TEM image
displayed that the center was almost opaque due to the dense accumulation of CuAl-
CLDHs, while the ultrathin MnO, nanosheets at the edges were transparent, which further
confirmed the 3D hierarchical construction of MnO,@CuAl-CLDHs (Figure 1f). In addition,
the EDS mapping was provided to verify the composition of MnO,@CuAl-CLDHs. As
displayed in Figure 1g-k, the Al, Cu, Mn, and O elements were evenly distributed over
the entire MnO,@CuAl-CLDHs. The coexistence of copper ions and manganese ions
could provide bimetallic active sites, and the Cu*/Cu?* and Mn3*/Mn** redox couples
would enhance the nanozyme catalytic activity of MnO,@CuAl-CLDHs by accelerating the
electron transfer rate between TMB and H,0s.

Figure 1. SEM images of (a,b) CuAl-LDHs, (c) CuAl-CLDHs, (d,e) MnO,@CuAl-CLDHs. (f) TEM
image of MnO,@CuAl-CLDHs. (g-k) EDS mapping images of MnO,@CuAl-CLDHs.

The crystal structures of CuAl-LDHs, CuAl-CLDHs, and MnO,@CuAl-CLDHs were
verified by X-ray diffraction (XRD) patterns. The obtained diffraction patterns of the syn-
thesized products were compared with standard PDF cards. PDF cards are standardized
diffraction data for phase identification of crystalline materials and are included and pub-
lished by the International Center for Diffraction Data (ICDD). As shown in Figure 2a,
the diffraction peaks at 10.02°, 20.08°, 33.61°, 39.93°, 44.86°, and 60.83° were attributed
to (003), (006), (012), (015), (0.18), and (110) planes of CuAl-LDHs (PDF#37-0630). After
calcination, the peaks located at 35.42°, 38.66°, 48.73°, 53.47°, 58.22°, 61.54°, 65.73°, and
68.01° belonged to (002), (111), (20-2), (020), (202), (11-3), (022), and (220) planes of CuO
(PDF#48-1548). In addition, the diffraction peaks related to Al,O3 were observed at 32.41°
and 46.28°, which corresponded to the (108) and (2110) planes (PDF#47-1770). The addi-
tional diffraction peaks in the XRD pattern of MnO,@CuAIl-CLDHs at 21.18°, 34.14°, and
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38.04° originated from the (101), (301), and (111) crystal planes of MnO, (PDF#42-1316).
No other diffraction peaks were observed, confirming the MnO,@CuAl-CLDHs had been
successfully synthesized.

& 3T PO e - CuAl-LDHs Al2p
(a) * AL, PDRM.A770 & 4004 (b) —9— MnO,@CuAl-CLDHs (C) A
*MnO, PDF#42-1316 w = i3
- 2
" E J —_
; 3300 3
& = i
s S 2004 ‘@
o = '
‘E = g 9
= z = \
£ 100+ ‘
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Figure 2. (a) XRD spectrum of CuAl-LDHs, CuAl-CLDHs, and MnO,@CuAl-CLDHs. (b) N,
adsorption-desorption and pore size distribution for CuAl-LDHs and MnO,@CuAl-CLDHs. High-
resolution XPS spectra of (c) Al 2p, (d) Cu 2p, (e) Mn 2p, and (f) O 1s for MnO,@CuAl-CLDHs.

The N, adsorption-desorption isotherms of CuAl-LDHs and MnO,@CuAl-CLDHs
and the corresponding pore size distribution curves were revealed in Figure 2b, which
indicated the multi-order pore structure of flower-like MnO,@CuAl-CLDHs. The N
adsorption-desorption isotherms of CuAl-LDHs and MnO,@CuAl-CLDHs all exhibited
type-1V isotherms with an H3 hysteresis loop according to the IUPAC classification, indi-
cating the existence of mesoporous structures. The adsorption and desorption isotherms
of CuAl-LDHs did not coincide completely and displayed an obvious hysteresis, which
was attributed to the presence of macroporous structures [26]. After a coating with MnO,
nanosheets, the hysteretic loop of MnO,@CuAl-CLDHs reduced, owing to some large
pores being filled with MnO; nanosheets. However, the N, adsorption performance
of MnO,@CuAl-CLDHs was improved compared with CuAl-LDHs, which might be
because the MnO, loading further improved the porosity of the MnO,@CuAl-CLDHs
and eventually formed hierarchical pore structures. The pore size distribution curves of
MnO,@CuAl-CLDHs showed hierarchical pore structures with abundant micropores and
mesopores, which could enhance the performance of catalysts. The specific surface area,
pore size, and pore volume of as-prepared samples were listed in Table 1. The specific
surface area and pore volume of MnO,@CuAl-CLDHs were 245.4 m? /g and 0.694 mL/g,
respectively, which were higher than those of CuAl-LDHs (167.8 m2/ g and 0.521 mL/g).
The abundant pores could accelerate the diffusion of substrate molecules on the sur-
face of catalysts, and the high specific surface area could fully expose the Mn/Cu active
sites. The synergistic effect of both sides made the MnO,@CuAl-CLDHs possess excellent
catalytic activity.
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Table 1. Specific surface area and pore volume of as-synthesized samples.

Sample SgeT (m2g~1) Viotal (cm3g—1) Dp, (nm)
CuAl-LDHs 167.8 0.521 3.712
MnO,@CuAl-CLDHs 245.4 0.694 2.831

The chemical composition and elemental states of MnO,@CuAl-CLDHs were exam-
ined by X-ray photoelectron spectroscopy (XPS). The as-prepared MnO,@CuAl-CLDHs
contained the four elements of Al, Cu, Mn, and O. As shown in Figure 2c, the peak of
Al 2p spectrum located at 73.9 eV was assigned to the aluminum oxide (Al,O3) [27,28].
Figure 2d shows the fitting curves of Cu 2p, and the peaks that occurred at 934.8 and
954.7 eV belonged to Cu 2pj3/, and Cu 2py /», respectively. According to the fitting results,
the peaks at 932.3 and 951.3 eV were attributed to Cu*, while the peaks at 934.8 and 954.7 eV
corresponded to Cu?*. In addition, the binding energies of 940.7, 943.6, and 962.7 eV were
ascribed to the Cu®* satellite peaks [29-31]. In Figure 2e, the Mn 2p spectrum was fitting
into two peaks located at 642.2 and 653.9 eV, which were ascribed to Mn 2p3 /, and Mn 2p4 /5,
respectively. The separation of binding energy between Mn 2p3,, and Mn 2p; /, peaks was
11.7 eV. The fitting peaks at binding energies of 641.9 and 653.6 eV were assigned to Mn>*,
while the two peaks located at 643.5 and 655.2 eV were classified as Mn** [32,33]. Figure 2f
displays the O 1s spectra of MnO,@CuAIl-CLDHs. The three peaks at binding energies of
530.3, 531.4, and 632.3 eV belonged to Mn-O, Cu-O, and Al-O, respectively [34,35]. The
XPS results indicated the coexistence of CuAl-LDHs and MnO,, which was consistent with
the XRD analyses, further confirming the successful synthesis of MnO,@CuAl-CLDHs.

3.3. Peroxide-like Activity of MnO,@CuAl-CLDHs

According to reports in the literature, both copper oxides and manganese oxides had
excellent nanozyme activity, especially the manganese oxides that possessed peroxidase-
like and oxidase-like activities due to the diversity of chemical valence state [36,37].
3,3",5,5 -tetramethylbenzidine (TMB) was used as the typical chromogenic substrate to
investigate the peroxidase-like activity of MnO,@CuAIl-CLDHs. The colorless TMB could
be oxidized into blue oxTMB under the catalysis of nanozyme and simultaneously showed
a strong absorption signal at 652 nm in the UV-vis spectrum. The oxidases catalyzed TMB
oxidation in the presence of O, (Equation (10)), while the peroxidases realized the catalytic
oxidation of TMB with H,O, as the electron acceptor (Equation (11)).

oxidase

TMB + 0, “5* oxTMB + H,O (10)
id.
TMB + H,0, 775 % oxTMB + H,O (11)

As shown in Figure 3a, the absorbance of TMB + HyO, system (orange curve) at
652 nm was maintained at the initial level (TMB system, green curve), indicating the
Hy0O; could hardly oxidize TMB solution in the absence of the catalyst. The charac-
teristic absorption peak at 652 nm was witnessed with the addition of CuAl-CLDHs
(CuAl-CLDHs + TMB + HyO, system, brown curve) and MnO, (MnO; + TMB + HyO; sys-
tem, blue curve), and the chromogenic system became blue, especially for the
MnO; + TMB + H,O, system, which displayed a higher absorption signal at 652 nm.
This suggested that the peroxidase-like activity of MnO, was higher than that of pure
CuAl-CLDHs. In contrast with the MnO;, + TMB + H,O, system, the reaction system
of MnO,@CuAl-CLDHs + TMB + H,O; (black curve) produced the dark blue solution,
indicating that the synthesized MnO,@CuAl-CLDHs displayed the highest catalytic rate
and possessed superior peroxidase-like activity due to the synergy between MnO, and
CuAl-CLDHs. Additionally, MnO,@CuAIl-CLDHs could also catalyze the oxidation of
TMB to produce blue oXTMB in the absence of H,O, (MnO,@CuAl-CLDHs + TMB system,
red curve), which meant MnO,@CuAI-CLDHs also had oxidase-like activity. Therefore, the
MnO,@CuAl-CLDHs might possess multiple enzyme-like activities.
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Figure 3. (a) The UV-vis absorption spectra of different reaction systems. (b) Effects of various
radical scavengers on the colorimetric systems. (c,d) EPR spectra of DMPO--OH and DMPO--O, ™ for
MnO,@CuAl-CLDHs.

3.4. Enzyme-Like Catalysis Mechanism of MnO,@CuAl-CLDHs

In order to explore the mechanism of the multiple enzyme-like mechanisms of
MnO,@CuAl-CLDHs, IPA, BQ, and NaNj were introduced into the chromogenic sys-
tem to inhibit hydroxyl radicals (-OH), superoxide anions (-O, ™), and singlet oxygen (; 02?),
respectively. As illustrated in Figure 3b, compared with the blank experiment (blue curve),
the introduction of IPA (orange curve) significantly inhibited the catalytic activity of the
reaction system, while the presence of BQ (green curve) had a weak effect on the absorbance
at 652 nm, which reflected that -OH and -O,~ both existed in the chromogenic reaction and
-OH played a vital part. After NaN3 (red curve) was added to the reaction solution, the
color and characteristic absorbance (652 nm) showed negligible variation, revealing that the
10? was not the main reactive oxygen species. To further confirm the existence of -OH and
-0, 7, the electron paramagnetic resonance (EPR) analysis was performed. As shown in
Figure 3c, the characteristic signal of DMPO--OH with an intensity of 1:2:2:1 was detected,
indicating that large amounts of DMPO--OH were produced in the chromogenic system
due to the decomposition of HyO, by MnO,@CuAl-CLDHs. In addition, as depicted in
Figure 3d, four obvious signals of DMPO--O,~ (1:1:1:1) could be detected, proving the
formation of -O,~ during the chromogenic reaction. Therefore, the radical trapping ex-
periment and EPR analyses together confirmed that both -OH and -O,~ were generated,
revealing the multiple enzyme-like of MnO,@CuAl-CLDHs.

The possible catalytic reaction mechanism for the formation of -OH and -O,~ by
MnO,@CuAl-CLDHs with multiple enzyme-like was illustrated in Figure 4. -OH and -O,~
originated from the decomposition of HyO, and reduction of dissolved O,, respectively.
XPS results confirmed the existence of Cu?*, Cut, Mn**, and Mn3*, and the redox cou-
ples of Cu?* /Cu* and Mn**/Mn>* provide richer oxidation-reduction reactions. The 3D
MnO,@CuAl-CLDHs had abundant mesoporous and high specific surface area, which
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provided rich active sites for the activation of H,O, and O5. First, the dissolved oxygen
was adsorbed on the surface of MnO,@CuAl-CLDHs, and the Mn3* rapidly transferred
electrons to O, to produce -O,~ (Equation (12)). However, the -O,~ was unstable and fur-
ther generated H,O, under acidic conditions (Equation (13)), which was in agreement with
previous reports [38]. As the typical Lewis base, H,O, directly contacted the Mn?** /Cu?*
active site and transferred electrons to transition metal ions, and then the Mn**/Cu?*
obtained electrons from H,O, and turned into Mn3* /Cu* (Equations (14) and (17)) [39].
The redox couples of Cu?* /Cu* and Mn** /Mn®* formed a cyclic reaction, which generated
a great number of reactive oxygen species (HO, and -OH) through the decomposition of
Hy0; by MnO,@CuAl-CLDHs (Equations (15)—(18)) [40]. Finally, -OH further oxidized
TMB to produce blue oxTMB (Equation (19)). Therefore, the established chromogenic
system mainly used the peroxide-like activity of MnO,@CuAl-CLDHs, which was an
electron-transfer process from TMB to H,O, using MnO,@CuAl-CLDHs as the mediator.
Separately, Cu(I) could accelerate the cycle between Mn(IV) and Mn(III) due to the standard
reduction potential of Cu(Il) /Cu(I) (Ey = 0.16 V) below the Mn(I1V)/Mn(III) (Ey = 0.95 V)
(Equation (20)) [41]. Therefore, MnO,@CuAl-CLDHs showed superior peroxidase-like
catalytic activity based on the synergistic effect of Cu and Mn promoting the interfacial
electron transfer.

Mn3t 4+ 0, — -O,— +Mn*t (12)
0,- +H" = H,0, + O, (13)
2
Mn*t + H,0; — Mn®*" +HO, + H* (14)
Mn*t+HO;, — Mn®t + H* + O, (15)
2
Mn®* + H,O, — Mn**+-OH+OH ™~ (16)
Cu’* 4+ H,0, — Cut+HO, + HF (17)
Cut 4+ H,0, — Cu?>"+-OH+OH" (18)
TMB + -OH — H,0 + oxTMB (19)
=Mn*T+ =Cut —»=Mn?t+ =Cu?*+ (20)
____________ e
e ™ H

] N J N O '02'-f\

e T A . B
K g 9o |

22 o oa oe

................................... \ 7 e 0a

i

eQ
2

oxTMB

Figure 4. The possible mechanism for multiple enzyme-like activity of MnO,@CuAl-CLDHs.

3.5. Steady-State Kinetic Analysis of MnO,@CuAl-CLDHs

The steady-state kinetic analysis could further evaluate the catalytic activity of nanozymes.
The steady-state kinetic test was carried out with H;O, and TMB as substrates in a suitable
concentration range to further evaluate the catalytic activity of nanozymes. Simultaneously,
the kinetic parameters of the catalytic oxidation reaction were obtained according to the
Michaelis—-Menten equation and Lineweaver—Burk plots. As depicted in Figure 5a,c, the
reaction rates were positively associated with the substrate concentrations (H,O, and
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TMB), and the fitting curves presented good correlativity, indicating that the peroxidase
reaction catalyzed by MnO,@CuAl-CLDHs followed the typical Michaelis-Menten behav-
ior. The corresponding kinetic parameters Ky, and Vmax were calculated according to the
Lineweaver—Burk plots (Figure 5b,d and Table 2). The K, of MnO,@CuAl-CLDHs for
H;0; and TMB (0.473 mM and 0.102 mM) was much lower than that of HRP (3.7 mM and
0.43 mM), which revealed a more powerful affinity between MnO,@CuAl-CLDHs and
substrates. Furthermore, the K.,; values of MnO,@CuAl-CLDHs with TMB and H,O, as
substrates were 0.359 s~ and 0.074 s, respectively, which were higher than the reported
nanozymes (Table 3). Therefore, MnO,@CuAl-CLDHs possessed higher catalytic efficiency.
This might be attributed to the three-dimensional hierarchical MnO,@CuAl-CLDHs having
abundant mesopores, which accelerated the adsorption of substrate molecules. Meanwhile,
the high specific surface area of MnO,@CuAl-CLDHs exposed more catalytic active sites
and the adsorbed substrate molecules quickly reached the exposed active sites for catalytic
oxidation. The high affinity of MnO,@CuAl-CLDHs for substrates could improve the
sensitivity and reusability of colorimetric sensing and even enable the rapid identification
of trace contaminants.
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Figure 5. (a,b) Michaelis-Menten curve and corresponding Lineweaver-Burk plot of MnO,@CuAl-
CLDHs for variation of TMB. (c,d) The Michaelis-Menten curve and corresponding Lineweaver—Burk
plot of MnO,@CuAl-CLDHs with H,O; as substrate.

Table 2. Comparison of the kinetic parameters of MnO,@CuAl-CLDHs and HRP.

X Kmn (mM) Vmax (108 M s~ 1) Keat (s71) Keat/Km (s71-mM—1)
Materials
H,0, TMB H,0, TMB H,0, TMB H,0, TMB
HRP 3.7 0.43 8.71 10 - - - -
MnO,@CuAl-CLDHs 0.473 0.102 1.473 7.170 0.074 0.359 0.156 3.519
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Table 3. Comparison of the catalytic constant (K¢at) of different nanozymes.
Nnozvmes Keat (571 Keat 571 Ref
y TMB H,0, ef.
20CeO,/Y 0.003 0.860 [42]
Cu-N-C 0.283 0.075 [43]
Fe-N-C 0.075 0.073 [44]
Fe304-Fe?/Fe3C 0.680 0.071 [39]
Fe-MOF 0.001 0.0005 [45]
MnO,@CuAl-CLDHs 0.359 0.074 This work
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3.6. Optimization of the Catalytic Activity of MnO,@CuAl-CLDHs

The pH value, temperature, and reactant concentration were crucial for the catalytic
activity of nanozymes. The reaction conditions of chromogenic system were optimized
to obtain the optimum catalytic activity of MnO,@CuAl-CLDHs. Figure 6a displays the
absorbance at 652 nm of chromogenic system at different pH values. The best response was
obtained at pH 3.0-4.0, indicating that the peroxidase-like activity of MnO,@CuAl-CLDHs
reached the optimum under weak-acid conditions. pH 4.0 was chosen for the optimum
incubation environment. The color of the reaction system became darker with the ex-
tension of time, and the absorbance changed slowly after 9 min (Figure 6b). Therefore,
the optimal incubation time was 9 min. The temperature of incubation environment
was found crucial for enzymatic activity. As shown in Figure 6c, the enzymatic activity
of MnO,@CuAI-CLDHs presented earlier increased and later decreased trend with the
increase of incubation temperature, which might be because the high temperature en-
vironment accelerated the decomposition of HyO,. The highest absorbance intensities
were obtained when the incubation temperature was 30 °C. The concentration of reactants
was closely related to the reaction efficiency. Therefore, the effects of TMB, H,O,, and
MnO,@CuAl-CLDHs concentrations on the sensing system were investigated. Figure 6d—f
showed that the absorbance at 652 nm increased with the increase of reactant concentration
and then reached a plateau after the concentration exceeded a certain value, indicating that
the reaction efficiency was the highest. Therefore, the optimum concentrations of TMB,
H,0,, and MnO,@CuAl-CLDHs were 7 mM, 25 mM, and 1.2 mg/mL, respectively.
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Figure 6. The effect of (a) pH, (b) reaction time, (c) incubation temperature, (d) TMB concentra-
tions, (e) H,O, concentrations, and (f) catalyst concentrations on the peroxidase-like activity of
MnO,@CuAl-CLDHs.
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3.7. Colorimetric Detection of HQ

The MnO,@CuAl-CLDHs with excellent peroxidase-like activity were utilized in a
colorimetric sensor assay for the determination of HQ under optimal catalytic conditions.
As shown in Figure 7a, the signal response at 652 nm gradually decreased with the increase
of HQ concentrations and the blue reaction solution gradually became colorless, indicating
that the proposed colorimetric platform could realize the determination of HQ by observing
the color change of the solution. This visible blue bleaching reaction could be attributed
to the double electron reduction between oxXTMB and the hydroxyl group on HQ. As
displayed in Figure 7b, the concentration of HQ had a linear dependence relation with the
absorbance peak at 652 nm in the range of 1-100 uM, and the correlation linear regression
equation was y = 0.631983 — 0.00508x (x represents HQ concentration, R? = 0.99176) with
the detection limit as low as 0.183 uM. Compared with other reported approaches in Table 4,
the colorimetric array based on MnO,@CuAl-CLDHs could realize the determination of
HQ at lower concentrations in a wide detection range, which indicated the high sensitivity
of the established colorimetric sensing platform for HQ.
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Figure 7. (a) The UV-vis absorption spectra of the colorimetric system with the addition of various
concentrations of HQ from 1-100 uM. (b) The linear calibration plot between absorbance at 652 nm
and HQ concentration. (c) The selectivity of MnO,@CuAl-CLDHs colorimetric assay to detect HQ
(100 uM) by adding an equal amount of phenolic pollutants. (d) The anti-interference performance
test of the colorimetric sensing system by adding different interference ions.
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Table 4. Comparison of the sensing performance with other methods in the detection of HQ.

Sensors Methods LOD Linear Range Ref.

- HPLC 0.05 mg/mL 0.2-10mg/L [71

- AAS 0.039 ug/mL 0.1-25 pg/mL [5]

Au nanoparticles colorimetry 0.8 uM 1-30 uM [46]
NiMnOj3; colorimetry 0.68 uM 1-85 uM [47]

-Fe, O3@CoNi colorimetry 0.16 uM 0.5-30 uM [48]
Mn/Fe-MOF@Pd, . colorimetry 0.09 uM 0.3-30 uM [49]
CdS/SnS, Electrochemistry 0.1 uM 0.2-100 uM [50]
Fhﬁ;?;;:;i?g?er Fluorescent 0.21 uM 0-25 uM [51]

MnO,@CuAl-CLDHs colorimetry 0.183 1-100 pM This work

Selectivity and anti-interference ability were critical for colorimetric assay. Various
common interfering ions (K*, Na*, Mg2+, 7Zn%*, Ni%*, AI**, NO5;~, CO32~, P03, Cl7) and
phenolic contaminants [phenol, catechol (CC), 2,4-dichlorophenol (2,4-DCP), dinitrophenol
(2-NP)] were added into the MnO,@CuAl-CLDHs+TMB+H,O, system to investigate the
anti-interference ability and specificity of MnO,@CuAl-CLDHs/H;O, colorimetric sys-
tem for detecting HQ. The concentration of HQ and phenolic contaminants was 100 puM,
while that of interfering ions was 10 mM, which was 10-fold the concentration of HQ. As
shown in Figure 7c,d, compared to the strong inhibition of HQ to the oxidation of TMB
(MnO,@CuAl-CLDHs + TMB + H,O, + HQ), there was no significant inhibition for the ab-
sorbance at 652 nm after introducing high concentrations of interfering ions
(MnO,@CuAl-CLDHs + TMB + H,O; + interfering ions) and the same concentration of phe-
nolic contaminants (MnO,@CuAl-CLDHs + TMB + H,O, + phenolic contaminants). Only
the HQ produced an obvious absorbance response, indicating the strong anti-interference
performance and superior specificity of the built colorimetric platform.

The mechanism of HQ detection is presented in Figure 8. The hierarchical mesoporous
structure of MnO,@CuAl-CLDHs provides efficient channels and a larger BET surface
area for the adsorption of HyO, and TMB. The way that H,O, converted into -OH was
the Fenton-like reaction with Mn** and Cu?*. First, the adsorbed H,O, was activated
by MnO,@CuAl-CLDHs to generate -OH, which oxidized TMB to form blue oxTMB
(Equations (11)—(15)). Secondly, two electrons were transferred to blue oxTMB after the
introduction of HQ with strong reducibility into the colorimetric system, and the oxTMB
was reduced to the colorless TMB. Simultaneously, HQ was oxidized into p-benzoquinone
(BQ), resulting in the absorbance signal at 652 nm decreasing gradually as the color of the
solution faded. Therefore, the colorimetric array for HQ determination was efficient and
sensitive due to the following reasons: (1) The MnO,@CuAl-CLDHs with high porosity
could accelerate substrate diffusion and mass transport. (2) The synergy between larger
specific surface area, highly exposed active sites, and the bimetallic active center (Mn** and
Cu?*) further enhanced the peroxidase-like activity of MnO,@CuAl-CLDHs.

MnO,@CuAl-CLDHs ) Hydroquinone

@ ()

v
v

Figure 8. Cont.
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Figure 8. (a) The sensing process of colorimetric detection of HQ by MnO,@CuAI-CLDHs. (b) The
possible mechanism for colorimetric detection of HQ based on MnO,@CuAl-CLDHs.

3.8. Reusability of MnO,@CuAl-CLDHs and Real Sample Analysis

In order to verify the recycling stability of MnO,@CuAIl-CLDHs, the circulating experi-
ment of peroxide-like activity was carried out under optimal catalytic conditions. As shown
in Figure 9a, the peroxidase-like activity of MnO,@CuAl-CLDHs still maintains 88.7% of
the initial activity in the colorimetric system after five cycles of operation, indicating that the
synthesized MnO,@CuAl-CLDHs had high stability and reusability. When HQ was added
to the colorimetric system, the relative activity of MnO,@CuAl-CLDHs showed slight
declines from 15.2% to 4.9% with the increase of the cyclic number, implying the superior
reproducibility of MnO,@CuAIl-CLDHs-TMB colorimetric assay. The above results showed
the characteristics of excellent catalytic activity, high efficiency, and good reproducibility of
the established sensor system, which had the potential to apply to the sensitive detection of
HQ in real samples. In addition, Figure 9b shows the SEM of MnO,@CuAl-CLDHs-TMB
after five successive cycles. The morphology did not change significantly, which was
consistent with the initial structure (Figure 1d), indicating that MnO,@CuAl-CLDHs-TMB
had higher structural stability.

=)
(—]
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40 ~

Relative activity (%)

20 -

100%

B 1,0,

98.6% L H
CM3% gy, Q
s 88.7%

Cyecles (times)

Figure 9. (a) The relativity activity (%) of the MnO,@CuAl-CLDHs within five cycles under the
optimum conditions. (b) SEM image of MnO,@CuAl-CLDHs after use.

To investigate the practical usability of the developed sensor system for HQ determi-
nation in real samples, we selected local tap water and lake water as experimental samples
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to test the peroxidase-like activity of MnO,@CuAl-CLDHs. The recovery of HQ in different
real samples was determined by standard spike-and-recovery experiment. Table 5 shows
that the recoveries in spiked samples ranged from 98.71% to 101.26% with the RSD less
than 3%, indicating that the MnO,@CuAl-CLDHs-TMB colorimetric assay was reliable for
monitoring HQ in real water samples.

Table 5. Determination of HQ in real samples using the proposed sensing system.

Sample Added (uM) Found (uM) Recovery (%) RSD (%, n =3)
5 4.96 99.21 1.01
Tap water 30 29.61 98.71 2.15
60 60.15 100.25 2.07
80 80.50 100.63 1.91
5 4.95 98.91 2.18
30 29.75 99.18 227
Lake water 60 60.19 10031 1.89
80 81.01 101.26 2.21

4. Conclusions

In summary, 2D MnO, nanosheets were constructed in situ on the surface of 3D
flower-like CuAl-CLDHs by hierarchical assembly, realizing the integration of high specific
surface area with exposed active site and bimetallic active center. The 3D porous structure
of CuAl-CLDHs provided abundant attachment sites for MnO, nanosheets, and the syn-
thesized MnO,@CuAl-CLDHs nanozymes exhibited good structural stability and superior
peroxide-like activity. A novel colorimetric strategy based on MnO,@CuAl-CLDHs for
HQ detection with high selectivity and high sensitivity was developed, and the detection
mechanism was proposed. The established colorimetric assay showed visual detection for
HQ ranging from 1 to 100 uM with a detection limit of 0.183 uM. Furthermore, the sensing
platform had high anti-interference ability and reusability, which was successfully applied
to detect HQ in real water samples. Therefore, the proposed nanozyme-based colorimetric
strategy shows potential applications in the analysis of environmental pollutants and the
substitutes of natural enzymes by nanozyme.
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