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ABSTRACT: Due to the lack of a general descriptor to predict
the activity of nanomaterials, the current exploration of
nanozymes mainly depended on trial-and-error strategies,
which hindered the effective design of nanozymes. Here, with
the help of a large number of Ni−O−Co bonds at the interface
of heterostructures, a prediction descriptor was successfully
determined to reveal the double enzyme-like activity mecha-
nisms for Ni/CoMoO4. Additionally, DFT calculations revealed
that interface engineering could accelerate the catalytic kinetics
of the enzyme-like activity. Ni−O−Co bonds were the main
active sites for enzyme-like activity. Finally, the colorimetric
signal and intelligent biosensor of Ni/CoMoO4 based on deep
learning were used to detect organophosphorus and ziram
sensitively. Meanwhile, the in situ FTIR results uncovered the
detection mechanism: the target molecules could block Ni−O−
Co active sites at the heterostructure interface leading to the
signal peak decreasing. This study not only provided a well design strategy for the further development of nanozymes or other
advanced catalysts, but it also designed a multifunctional intelligent biosensor platform. Furthermore, it also provided
preferable ideas regarding the catalytic mechanism and detection mechanism of heterostructure nanozymes.
KEYWORDS: interface engineering, heterostructure nanozymes, catalytic mechanism, intelligent biosensor, multifunctional application

INTRODUCTION

In recent years, due to the shortcomings of natural enzymes,
for instance their ease of inactivation and high storage cost, the
development of nanozymes has been promoted. Nanozymes
are a kind of nanomaterials with enzyme-like activity1−3 which
have attracted increasing interest and been widely used in
analytical detection, medical diagnosis, and biosensing.3−6

Inspired by natural enzymes, many nanomaterials have been
proven to have the activities of oxidase,4 peroxidase,7 laccase,8,9

and dehydrogenases,10 for example, metal organic frameworks
(MOFs),11 metallic oxide,12 and metal molybdate compounds
and their corresponding complexes.13 Unfortunately, due to
the lack of predictable descriptors, the current exploration of
nanozyme activity is mainly through trial-and-error strategies.14

The relationship between the structure and enzyme-like
activity is poorly understood, which greatly hinders the design

of nanozymes. Thus, it is crucial to investigate the structure−
activity relationships in-depth and clarify the key factors of
nanozyme catalytic activity.15−19 This is of great guiding
significance for the rational design of efficient nanozymes,
revealing the mechanisms and broadening the application
scope of nanozymes.
Metal molybdate compounds MMoO4 (M = Co and Ni)

have attracted great interest due to their merits of nontoxicity,
low cost, and better redox activity.20,21 However, compared
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with other MMoO4 compounds, numerous studies of
CoMoO4 are mainly focused on its use as a supercapacitor,21

while there are few reports on enzyme-like catalysis because of
its poor catalytic performance. In particular, interface
engineering is considered to be one of the most potential
methods to accelerate catalytic kinetics.22 Thus, the
introduction of appropriate metals into CoMoO4 can improve
the intrinsic catalytic activity by heterostructure engineer-
ing.23,24 For one thing, an appropriate interface engineering
can promote the electron transfer and redistribution.23,25 For
another, the distinctive atomic coordination at the interface
will greatly modify the catalytic activity.26 In addition, the

partial delocalization of spin status at the interface through the
bridging O2− results in a synergistic effect of the heterogeneous
interface.27,28 This provides the possibility to break the scaling
relationship, which is a key factor for promoting the catalytic
performance.19,23,24

It is well-known that the splitting of 3d orbitals and the
corresponding electronic coupling will lead to electron
imbalance and consequently partial electron transfer.29

According to refs 28−31, Ni with the similar electron
arrangement state to and higher electronegativity (1.91) than
Co (1.88) has an ability to transfer electrons to Co, which will
stimulate the redox ability of Co elements to enhance the

Figure 1. (A) Schematic diagram of Ni/CoMoO4 synthesis. (B and C) SEM images of Ni/CoMoO4. HRTEM images of (D) Ni NPs, (E)
CoMoO4, and (F) Ni/CoMoO4. (G) TEM mapping images of Ni/CoMoO4.
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catalytic activity. Moreover, Ni doping significantly enhances
the intrinsic activity of the active site by redistribution of
charge density and interaction of Co metal elements.32−34

Most importantly, local electron distribution may occur by
bridging O2− (π-donation) owing to the different t2g d-orbitals
of Ni and Co species at the interface.28 In the interface of
nanocomposites with aggregation of Ni and Co, after
acceptance of the partial electrons from Ni0 via the bridging
O2−, the t2g d-orbitals of Co3+ will be in the electron-rich
status, which will accelerate the charge transfer.35 Meanwhile,
the obtained e− tends to transfer from Ni0 to Co3+.36

Therefore, the π-symmetric electrons between Ni and Co
will be optimally redistributed in the favorable direction due to
the spontaneous electron transfer, which will be the key factor
to accelerate the kinetics of the catalytic reaction.28,35,37

Besides, the rapid electron transfer of Ni, Co-based nano-
composites existed because of their metal properties and well
adjustable microstructure.29

Therefore, Ni as the most suitable element was introduced
on the surface of CoMoO4 to construct a heterostructure
interface with a large number of Ni−O−Co bonds to promote
electron transfer by the interface engineering strategy. It broke

the scaling relationship with the help of a large number of Ni−
O−Co bonds at the interface and presented the efficient
double enzyme-like activity and multifunctional application.
Besides, benefiting from the interfacial engineering strategy,
Ni/CoMoO4 also exhibited excellent intelligent biosensor
stability based on deep learning. Meanwhile, theoretical
calculations and in situ FTIR were implemented to systemati-
cally explore the catalytic mechanism and the structure−
activity relationship. Most importantly, this was an excellent
strategy to enhance the catalytic activity of nanozymes by
regulating the formation of chemical bonds. This might be one
of the important explorations of metal molybdate complexes in
the field of enzyme-mimicking catalysis in the near future, and
it would also provide a promising ideal for the efficient design
of nanozymes.

RESULTS AND DISCUSSION

Characterization. The specific surface area and pore size
distribution of CoMoO4 and Ni/CoMoO4 were measured
through BET. Compared to CoMoO4 (20.53 m2 g−1), Ni/
CoMoO4 exhibited a larger surface area of about 117.9 m2 g−1

(Figure S1A). This was due to in situ growth of Ni

Figure 2. (A) FTIR spectra, (B) Raman spectra, and (C) ESR spectra of Ni, CoMoO4, and Ni/CoMoO4. (D−F) XPS spectra of (D) O 1s and
(E) Co 2p of CoMoO4 and Ni/CoMoO4 and (F) Ni 2p of Ni and Ni/CoMoO4. (G) Energy band structure diagram of Ni/CoMoO4. (H)
Density of states on the CoMoO4 and Ni/CoMoO4 systems. (I) Differential charge density in the Ni−O−Co bonds at the Ni/CoMoO4
heterostructure interface.
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nanoparticles (Ni NPs) on CoMoO4, and more honeycomb-
like voids were formed on the Ni/CoMoO4 surface. The pore
size distribution of Ni/CoMoO4 from 3 to 40 nm increased
obviously than that of CoMoO4 (Figure S1B). Meanwhile, the
synthesis process of Ni/CoMoO4 is fully described in Figure
1A. Significantly, the large surface area and rich pores would
offer sufficient active sites and promote the adsorption of more
substrates.
The morphology and structure of Ni NPs, CoMoO4, and

Ni/CoMoO4 were confirmed by scanning electron microscope
(SEM) and transmission electron microscopy (TEM). The Ni
catalysts with many voids were formed by small particle size Ni
NPs (Figure S2A), while CoMoO4 exhibited a smooth surface
and regular layered cubic structure (Figure S2B and C). After
Ni NPs were in situ grown on CoMoO4, the layered cubic
structure of CoMoO4 could still be kept, and many empty
cavities like a honeycomb were found on the surface of Ni/
CoMoO4 (Figure 1B and C). Compared with Ni NPs (Figure
S2D) and CoMoO4 (Figure S2E), it could be seen clearly in
TEM images of Ni/CoMoO4 that there were a lot of uniform
nanoparticles (yellow circles) growing on CoMoO4 (Figure
S2F). Moreover, to further analyze the lattice states of Ni NPs,
CoMoO4, and Ni/CoMoO4, high-resolution transmission
electron microscopy (HRTEM) was investigated. For Ni
NPs, the lattice spacing of 0.203 nm was attributed to the
Ni(111) plane (Figure 1D), and for CoMoO4, the interplanar
spacings of 0.336 and 0.244 nm were consistent with the
CoMoO4(002) and CoMoO4(200) planes, respectively
(Figure 1E). Notably, the Ni(111) and CoMoO4(002) planes
could be observed in two adjacent particles. Besides, it is worth
noting that there was a tight interface between Ni NPs and
CoMoO4 (Figure 1F, blue line), which ensured the formation
of intimate contact between Ni NPs and CoMoO4 to facilitate
charge transfer. It might play an important role as an active site
in improving catalytic performance. Meanwhile, the corre-
sponding element mapping disclosed that Ni, Co, Mo, and O
were uniformly dispersed over the whole Ni/CoMoO4 (Figure
1G).
The crystal phase of Ni/CoMoO4 was characterized by X-

ray diffraction (XRD) to further prove the successful synthesis
of Ni/CoMoO4. As depicted in Figure S3A, according to
PDF#04-0850, the diffraction peaks of Ni at 44.51°, 51.85°,
and 76.37° could be indexed to (111), (200), and (220),
respectively. In addition, the peaks at 37.25°, 43.28°, and
62.88° were attributed to NiO (PDF#47-1049), indicating Ni
and Ni oxides coexisted in single Ni NPs. For CoMoO4, some
main peaks located at 23.33° and 26.51° corresponded to the
(021) and (002) crystal planes of CoMoO4 (PDF#21-0868),
respectively (Figure S3B). As for Ni/CoMoO4, the diffraction
peaks of CoMoO4 are displayed in Figure S3C. However, the
corresponding characteristic peaks of Ni NPs were not shown
in the XRD spectra, which is attributed to two main reasons.
One reason was that Ni was uniformly dispersed on the surface
of CoMoO4, as could see from the TEM results (Figure S2F).
The other reason was the Ni could be etched in the Ni/
CoMoO4 synthetic process. As shown by the inductively
coupled plasma (ICP) measurement, the content of Ni was
only 5.58 wt %, much lower than the addition (Table S1).
Fourier transform infrared spectroscopy (FTIR) further

confirmed the hybridization characteristics of Ni/CoMoO4. In
Figure 2A, for Ni NPs, the peak at 500−636 cm−1 belonged to
the bending vibration of Ni-OH, indicating the existence of
oxidation states in Ni NPs, and two main bands were observed

in the CoMoO4 spectra at 613 and 950 cm
−1, corresponding to

the Co−O and Mo−O−Mo vibration modes. The peak at 438
cm−1 belonged to the vibration of the CoO6 and MoO building
groups.38 For Ni/CoMoO4, the peaks near 1423 and 3440
cm−1 originated from the bending and stretching vibrations of
OH, respectively. Significantly, the new peak appeared at 851
cm−1, which was consistent with the Ni−O−Co vibration in
Ni/CoMoO4.

38,39 The results indicated that the interaction
between Ni and CoMoO4 at the heterostructure interface was
conducive to the formation of Ni−O−Co bonds, which might
be the active sites for nanozyme activity.
Raman spectroscopy was performed to further prove the Ni

loading on CoMoO4 and the interaction between Ni and Co.
Figure 2B shows the Raman spectra of Ni NPs, CoMoO4, and
Ni/CoMoO4; the diffraction peaks of Ni NPs at 443 cm−1

could be indexed to the Ni−O bond. The Raman spectra of
pure CoMoO4 had a strong characteristic peak at 934 cm−1,
and some peaks with medium intensity at 875, 814, and 362
cm−1 corresponded to the contraction vibration of Mo−O−
Co.40 For Ni/CoMoO4, the change was observed near the
band of 280−390 cm−1, which was concerned with the
asymmetric and symmetric bending model of O−Mo−O.41
Most notably, a new characteristic peak could be observed at
532 cm−1, which was assigned to the Ni−O−Co stretching/
vibration in the spectrum of Ni/CoMoO4.

42 It was further
testified that there was an intense electronic interaction
between Ni and CoMoO4 at the interface, which was
consistent with the FTIR. These results indicated that Ni/
CoMoO4 were successfully synthesized.
Furthermore, electron spin-resonance (ESR) spectroscopy

provided convincing proof for revealing the change of oxygen
vacancies (OVs). In Figure 2C, the ESR signals of samples
could be observed at g = 2.002, which originated from the
unpaired electrons of oxygen on the surface sample.43,44 The
ESR signal strength indicated that Ni/CoMoO4 had more OVs
than Ni and CoMoO4. To quantitatively estimate the OV
concentrations, the X-ray photoelectron spectroscopy (XPS)
spectra were further adopted to fit the O 1s peaks of CoMoO4
and Ni/CoMoO4 (Figure 2D). For CoMoO4, the peak at
530.18 eV was ascribed to the lattice oxygen (Olatt) bonds of
metal oxides,45 and that located at 530.64 eV was contacted to
the hydroxyl oxygen adsorbed (Oads) on the catalyst sur-
face.46,47 As could be further seen in Figure 2D, the peak at
531.28 eV might be owing to the defect site of low hypoxia
coordination, indicating that OVs were created on the surface
of CoMoO4.

48,49 It is worth noting that the content of OVs for
Ni/CoMoO4 was calculated to be 56.65%, markedly higher
than that for CoMoO4 (26.73%). It is demonstrated that Ni
incorporation could indeed produce more OVs, in line with
the ESR result. Previous studies had shown that on the one
hand, OVs could activate adsorbed oxygen and provide a
lattice position for oxygen migration, resulting in the formation
of electrophilic oxygen species with high catalytic activity. On
the other hand, the defects also could be produced in the
energy band gap of the Co-oxidation state, and the electrons in
this defect state were easily activated, resulting in the catalytic
activity being significantly improved.50,51

The XPS spectra of Ni, CoMoO4, and Ni/CoMoO4 were
evaluated to reveal the mechanism of electron transfer (Figure
S3D). As illustrated in Figure 2E, two signal peaks of CoMoO4
at 796.97 and 780.61 eV were attributed to Co 2p1/2 and Co
2p3/2 of Co

3+. Besides, two characteristic peaks at 799.50 and
782.03 eV were assigned to Co2+ for Co 2p1/2 and Co 2p3/2.

52
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Obviously, compared with CoMoO4, Ni/CoMoO4 (0.78)
possessed decreased surface ratios of Co3+/Co2+ than that of
CoMoO4 (1.04). This indicated that the electron density of
CoMoO4 was regulated with the addition of Ni elements. The
XPS fitting peaks of Ni NPs (Figure 2F), the major Ni 2p
peaks, were located at 874.19 and 855.91 eV, which was in
accordance with the range for Ni 2p of metallic Ni. And the
other two peaks were found at 872.80 and 855.19 eV,

corresponding to the existence of Ni2+.53,54 Compared with the
pure Ni NPs, the proportion of Ni2+ species increased
significantly (8.87% → 14.65%) for Ni/CoMoO4. These
phenomena illustrated that there was a clear electron transfer
from Ni0 to Co3+ through the Ni−O−Co bridging oxygen
bond, leading an enhanced ratio of Co2+/Co3+. The chemical
shift was closely related to the Fermi energy, the work function,
and the position of the energy band center.55,56 It was

Figure 3. (A) Co K-edge XANES spectra of Co, CoO, Co3O4, CoMoO4, and Ni/CoMoO4. (B) Co K-edge EXAFS spectra of CoMoO4 and
Ni/CoMoO4. (C) Ni K-edge XANES spectra of Ni foil, NiO, Ni, and Ni/CoMoO4. (D) Ni K-edge EXAFS spectra of Ni and Ni/CoMoO4. Co
K-edge WT-EXAFS of (E) CoMoO4 and (F) Ni/CoMoO4. Ni K-edge WT-EXAFS of (G) Ni and (H) Ni/CoMoO4.
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reasonable that the selected CoMoO4 and Ni possess the
essential terms to form the heterostructure model.57 The
addition of Ni was the key driving factor of the interfacial
charge redistribution and chemical bond coupling, which could
transfer electrons from the Ni to CoMoO4 species through
Ni−O−Co bonds (Figure 2G).
Additionally, density functional theory (DFT) was imple-

mented to comprehensively study the electronic structure and
interface interaction of Ni−O−Co bonds. All models had no
band gap, indicating that their metal properties were conducive
to rapid electron transfer in catalysis25 (Figure 2H). The
density of states (DOS) of Ni/CoMoO4 was greater than that
of CoMoO4, revealing Ni/CoMoO4 facilitated electron transfer
by the heterostructure interface. The Ni/CoMoO4 hetero-
structure was further clarified by calculating the difference in
the electron density (Figure 2I). The yellow and blue regions
were the electron accumulation and electron depletion areas,
respectively. Significantly, electron redistribution existed in the
Ni−O−Co bonds, which was conducive to enhanced electron
transfer and modified the reaction kinetics. The electrons

shifting from Ni to CoMoO4 led to electron aggregation on
CoMoO4 and hole aggregation on Ni, which were consistent
with the results of XPS.
The chemical bonding coordination environment and exact

electronic structure of Ni/CoMoO4 were thoroughly inves-
tigated through X-ray absorption near-edge structure
(XANES) spectroscopy. The Co K-edge XANES spectra are
displayed in Figure 3A. It is observed that energy of Ni/
CoMoO4 is slightly lower than that of CoMoO4. The results
imply that the Co species in Ni/CoMoO4 is more declined
than that in CoMoO4, demonstrating the electron transfer
between Ni and CoMoO4 at the interface. Meanwhile, the near
edge absorption of Ni/CoMoO4 indicates that the Co species
of CoMoO4 and Ni/CoMoO4 exist as the oxidation state due
to the similar signal strength with Co3O4 and CoO. As for the
Ni K-edge XANES spectra (Figure 3C), the increasing
sequence of strength was Ni foil < Ni < Ni/CoMoO4 <
NiO, revealing that the valence state of the Ni species in Ni/
CoMoO4 was between 0 and +2.

Figure 4. (A) UV−vis absorbance spectra: (a) TMB, (b) H2O2/TMB, (c) Ni NPs/TMB, (d) CoMoO4/TMB, (e) Ni/CoMoO4/TMB, (f) Ni
NPs/H2O2/TMB, (g) CoMoO4/H2O2/TMB, and (h) Ni/CoMoO4/H2O2/TMB. (B) Relative activity of Ni NPs, CoMoO4, Ni NPs +
CoMoO4, and Ni/CoMoO4 for TMB catalysis oxidation in the presence or absence of H2O2. (C) Specific activities (SAs) of Ni/CoMoO4
with oxidase-like and peroxidase-like activities. ESR spectra of (D) O2

·− and (F) •OH. (E) Possible mechanism for the oxidase-like activity of
Ni/CoMoO4. XPS spectra of (G) Ni 2p and (H) Co 2p in Ni/CoMoO4 before and during the reaction. (I) Possible mechanism for the
peroxidase-like activity of Ni/CoMoO4.
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Furthermore, the X-ray absorption fine structure (EXAFS)
spectrum and the corresponding fitted results are shown in
Figure 3 and Figure S4. There are three obvious peaks
corresponding to the Co−O, Co−O−Co, and Co−O−Mo
bonds in the Co K-edge EXAFS spectrum of CoMoO4 (Figure
3B). Ni/CoMoO4 has a similar structure to CoMoO4, but an
additional peak appeared between Co−O−Co and Co−O−
Mo and the amplitude was much stronger than CoMoO4. This
indicated that the Co species in Ni/CoMoO4 had higher
coordination number than CoMoO4.

58 The fitting results
(Table S2) show that the emerged peaks could be attributed to
Co−O−Ni bonds, the bond length was 3.09 Å, and the
coordination number was 9.0. Meanwhile, the coordination
number of Co in the Co−O−Co bonds increased from 4.4 to
9.0 (Co−O−Ni (Co)) due to Ni replacing some Co atoms.
Thus, Co−O−Ni bonds might lie in the interface rather than
inside the CoMoO4 matrix. It could be deduced that in the
synthesis process, a considerable number of OVs were first
generated on the surface of CoMoO4 and then the interaction
between Ni and CoMoO4 led to the formation of Co−O−Ni
bonds.26

The Ni species with an oxidation state were found in Ni/
CoMoO4 (Figure 3C). Figure 3D displays the Ni K-edge
EXAFS spectra of Ni, NiO, and Ni/CoMoO4. Compared with
Ni, the two main peaks of Ni/CoMoO4 are significantly
enhanced, indicating that it became easier to form Ni−O−Co
bonds in Ni after hybridization. Meanwhile, the formation of
Ni−O−Co bonds with bond length of 3.05 Å in the
heterostructure interface led to an increase in the coordination
number of the Ni−O bonds (Table S3). Interestingly, the
addition of Ni caused the surface reconstruction of Ni/
CoMoO4, and a well-structured electric field was formed at the
interface of Ni/CoMoO4, which was conducive to electron
transfer through Ni−O−Co bonds. Therefore, the Ni−O−Co
bonds played an extremely important role in Ni/CoMoO4
heterostructure catalysis. The wavelet transform (WT) for the
k3-weighted EXAFS signals of the Co K-edge and the Ni K-
edge spectra (Figures 3E−H, S5, and S6) also clearly revealed
the formation of Co−O−Ni bonds in Ni/CoMoO4. The
XANES and EXAFS results as well as the XPS spectra
evidenced that there were strong electronic interactions due to
the Ni−O−Co bonds between Ni and CoMoO4. This
interfacial effect laid a foundation for optimizing the catalytic
activity of nanozymes.
Study on Catalytic Propertyies and Steady-State

Dynamics. When 3,3',5,5'-tetramethylbenzidine (TMB)
changed to the oxidation state TMB (ox-TMB), there was a
clear signal peak at 652 nm, accompanied by a color change
(colorless to blue). Thus, TMB could be used as a
chromogenic substrate for the analysis of enzyme-like
activity.59 Based on the color changes, as shown in Figure
4A, TMB itself was colorless and had no signal peak, and the
absorbance values of Ni NPs/TMB and CoMoO4/TMB were
also ultralow. However, it should be noted that Ni/CoMoO4
and TMB coexist and there was an obvious UV−visible
absorption peak, indicating that Ni/CoMoO4 could directly
oxidize TMB to form ox-TMB owing to high oxidase-like
activity. Similarly, under the optimal conditions, there was no
peak in the H2O2/TMB system. Both Ni NPs/H2O2/TMB and
CoMoO4/H2O2/TMB only presented the weak peak at 652
nm due to the extremely low peroxidase-like activity, while Ni/
CoMoO4/H2O2/TMB with a high-absorption peak showed an
excellent catalytic performance. For comparison, the UV−vis

absorbance intensity at 652 nm in the Ni/CoMoO4/TMB and
Ni/CoMoO4/TMB/H2O2 systems was set as a reference
(100%), respectively (Figure 4B). The ones in the Ni NPs
system were calculated as 2.43%, 24.61% and 2.16%, 10.84% in
the CoMoO4 systems, under the systems of oxidase- and
peroxidase-like activities, respectively. Obviously, compared
with single Ni NPs and CoMoO4, the catalytic activity of Ni/
CoMoO4 was improved by 46.2-times and 9.2-times for
oxidase-like and peroxidase-like activities. The reason was that
the new active sites of Ni−O−Co bonds were formed on the
interface of Ni and CoMoO4, which was proved by EXAFS and
Raman spectroscopies. They made the contact closer and
reduced the interface contacting resistance, and Ni regulated
the electron transfer between Co(II) and Co(III), which could
improve the peroxidase-like activity. Meanwhile, ESR analysis
also showed that the OV content on the surface of Ni/
CoMoO4 increased significantly after the addition of Ni
(Figure 2C), which was helpful to enhance the oxidase-like
activity through OVs. Furthermore, the UV−vis characteristic
peak intensity was Ni/CoMoO4/TMB/H2O2 > Ni/CoMoO4/
TMB. Due to the presence of H2O2, the absorption intensity of
Ni/CoMoO4/TMB/H2O2 at 652 nm was 1.5-times the
absorption peak intensity of Ni/CoMoO4/TMB from the
oxidase-like activity. Thus, it was proved that Ni/CoMoO4 as
the oxidase and peroxidase simulated enzyme activities with
specific activities (SAs) of 15.09 and 28.26 U mg−1,
respectively (Figure 4C). In order to further evaluate the
interaction between Ni NPs and CoMoO4, as shown in Figure
4B, the enzyme-like catalytic properties of mono-Ni NPs and
CoMoO4 were determined. In comparison with the mono-Ni
NPs or CoMoO4, higher enzyme-like catalytic activities were
observed in the corresponding Ni/CoMoO4 nanozymes.
Moreover, the enzyme-like catalytic performance of the
mixture of mono-Ni NPs + CoMoO4 was significantly weaker
than that of the Ni/CoMoO4. These results fully indicated that
the close interface between Ni and CoMoO4 promoted the
interaction between them, and Ni−O−Co bonds as active site
played an important role in the enzymatic reaction. Moreover,
to further prove the double enzyme-like activities of Ni/
CoMoO4, different oxidation substrates 2, 2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1,2-diamino-
benzene (OPD) , and p-phenylenediamine (PPD) were
explored systemically with or without H2O2 (Figure S7). A
higher absorption peak of the Ni/CoMoO4/substrate/H2O2
system was obtained than that without H2O2, proving that Ni/
CoMoO4 owned two simulated enzyme activities again.
Meanwhile, the pH and Ni/CoMoO4 and TMB concentrations
were optimized in Figure S8. It shows that the optimum pH
and concentrations of Ni/CoMoO4 and TMB were set as 4.0,
0.05 mg/mL, and 0.17 mM for oxidase-like activity and 4.0,
0.06 mg/mL, and 0.33 mM for peroxidase-like activity,
respectively.
The steady-state kinetics of the double enzyme-like activity

were determined based on the Michaelis−Menten equation.
For the oxidase-like activity, the Lineweaver−Burk double
reciprocal curve is shown in Figure S9A, and the Michaelis−
Menten constant (km) with 0.09 mM was calculated by the
Michaelis−Menten equation. As shown in Table S4, in
contrast to horseradish peroxidase (HRP) and other nano-
zymes, the km value of Ni/CoMoO4 was the lowest, indicating
that it had the highest affinity with the substrate (TMB).
Similarly, the steady-state kinetics of the peroxidase-like
activity was evaluated using different substrates (TMB and
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H2O2). Figure S9B shows the reaction rates of different TMB
concentrations with fixed H2O2 concentration and vice versa
(Figure S9C). The steady-state kinetic constant km values of
TMB and H2O2 as substrate were 0.076 and 0.008 mM,
respectively, compared with the km values of other nanozymes
(Table S5), which were lower than most nanozymes. It could
be seen that Ni/CoMoO4 had a strong affinity for TMB and
H2O2.
Study on the Catalytic Mechanism. According to

reports, dissolved oxygen was related to the catalytic
performance of the oxidase-like activity.60 To study the
influence of O2 on the oxidase-like activity, the TMB oxidation
experiments were implemented under different atmospheric
conditions (O2, air, and N2), and the absorbance intensity was
A652nm (O2) > A652nm (air) > A652nm (N2) (Figure S10A). The
results proved that O2 was involved in the oxidation of TMB.
Then, diverse concentrations of scavengers including NaN3,
iso-propyl alcohol (IPA), p-benzoquinone (PBQ), and ethyl-
ene diamine tetra-acetic acid (EDTA) were used to evaluate
the reactive oxygen species (ROS) formation in the process of
TMB oxidation. As could be seen from Figure S10B, there was
almost no decrease of the oxidase-like activity of Ni/CoMoO4

after the addition of NaN3 and IPA, showing that no 1O2 and

•OH were produced in the oxidation process. On the contrary,
the oxidase-like activities were significantly inhibited in the
presence of PBQ or EDTA, indicating O2

•− and OVs played an
important role in the catalytic process. Besides, the ultralow
ESR signals of Ni NPs/5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and the CoMoO4/DMPO system are presented in
Figure 4D. The results show that Ni/CoMoO4/DMPO
systems present the obvious signal ratio of 1:1:1:1 due to
the formation of O2

•−, which was much higher than that of the
control group Ni and CoMoO4. Above all, the oxidase-like
activity of Ni/CoMoO4 could promote the formation of O2

•−

and OVs, which could further oxidize TMB (Figure 4E).
Furthermore, the possible mechanism of Ni/CoMoO4 with

peroxidase-like activity in the presence of H2O2 was further
explored. Due to the strong affinity of H2O2 (km = 0.08), when
H2O2 was added into the Ni/CoMoO4/TMB system, H2O2
was adsorbed on the surface of Ni/CoMoO4 at first. Then, the
O−O bond in H2O2 could be decomposed into two •OH.61 A
series of control experiments were implemented to verify the
•OH formation in the catalytic process. First, different
scavengers were used to capture the corresponding ROS,
including O2

•−, 1O2, and
•OH. It could be seen from Figure

S11, after adding a certain concentration of thiourea (TH) to

Figure 5. (A) Different adsorption sites of H2O2. (B) Proposed reaction process on Ni/CoMoO4. (C) Energy barriers of CoMoO4 and Ni/
CoMoO4 in the RDS. (D) Adsorption energy and (E) reaction energy barrier of H2O2 dissociation at different sites. (F) Free energy diagram
of the reaction process of Ni/CoMoO4 with different adsorption sites.
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the reaction system, the its relative catalytic activity decreased
significantly due to the scavenging effect of TH on •OH. This
proved that Ni/CoMoO4 could catalyze H2O2 to produce
•OH. Similarly, ESR spectroscopy also had been used to
directly detect the formation of •OH during the peroxidase-like
catalysis. It exhibited that the intensity of a visible ESR signal
with a 1:2:2:1 quartet was Ni/CoMoO4 > Ni NPs > CoMoO4
(Figure 4F). There was no doubt that Ni/CoMoO4 could
catalyze the reaction of H2O2 to more •OH. The above results
further testify that Ni/CoMoO4 could effectively enhance the
production of ROS, contributing to the higher catalytic
activity.
To further understand the electron transfer mechanism, the

XPS results of Ni and Co in Ni/CoMoO4 before and during
the reaction in the Ni/CoMoO4/H2O2/TMB system were
analyzed (Figure 4G and H). The peak position of Co 2p did
not change obviously during the reaction, but the surface ratio
of Co2+/Co3+ increased significantly. Meanwhile, the ratio of
Ni0/Ni2+ on the surface decreased obviously, which indicated
Ni0 could transfer electrons to Co3+ and convert itself to Ni2+,
making Co3+ change to Co2+. Besides, the tight interface
formed by the Ni/CoMoO4 heterostructure could enhance the
electron transfer between Ni and Co, resulting in rapid

reaction kinetics, which significantly improved its enzyme-like
activity (A652nm = 0.74 without H2O2, A652nm = 1.15 with
H2O2). In addition, Cytochrome C (Cyt C), as an electron
transporter, was used to verify the electron accepting ability of
Ni/CoMoO4. When Cyt C existed alone, two obvious
characteristic peaks at 520 and 550 nm were assigned to the
reduced state of Cyt C. However, the two original character-
istic peaks disappeared when Cyt C and Ni/CoMoO4
coexisted. And the special signal of the oxidized Cyt C was
found at 530 nm. These results proved that Ni/CoMoO4 could
obtain electrons from Cyt C (Figure S12A). Moreover, the fact
that electron transfer could enhance the peroxidase-like activity
of Ni/CoMoO4 was further confirmed by the electrochemical
response (Figure S12B). Before measurement, Ni/CoMoO4
was fixed onto the surface of a glassy carbon electrode, and no
obvious current response was observed. Significantly, there was
an apparent current response of about 140 μA in the presence
of H2O2. This phenomenon clearly illustrated that Ni/
CoMoO4 had the ability of electron transfer between Ni/
CoMoO4 (electron donor) and H2O2 substrate (electron
acceptor).62 These results further confirm that Ni/CoMoO4
could promote the reaction between H2O2 and TMB.
Combined with the XPS results, the relationship between

Figure 6. (A) UV−vis absorption spectrum of (a) the Ni/CoMoO4/TMB system with (b) ATCh, (c) AChE, and (d) ATCh + AChE. (B)
Relationship between absorbance and AChE concentration. (C) Linear calibration plot of AChE in the range 0.01−14 mU mL−1. (D) UV−
vis absorption spectrum of (a) the Ni/CoMoO4/TMB system with (b) OP, (c) ATCh + AChE, and (d) ATCh + AChE + OP. (E)
Relationship between absorbance and OP concentration. (F) Linear calibration plot of trichlorfon in the range 1−50 ng mL−1. (G)
Relationship between absorbance change (ΔA652) and H2O2 concentration. (H) Relationship between absorbance and ziram concentration.
(I) Linear calibration plot of ziram in the range 1−200 μM (Inset: corresponding photographs of reaction solution).
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electron transfer and peroxidase-like activity could be
explained as follows. In the process of peroxidase-like catalysis,
H2O2 was adsorbed on the surface of Ni/CoMoO4 first, and
then the electrons of Ni0−O−Co3+ over Ni/CoMoO4 would
be transferred to H2O2, which could accelerate the key step of
the reaction (1/2H2O2 →

•OH). As for the active sites of Ni/
CoMoO4, the Ni

0−O−Co3+ bond would change to Ni2+−O−
Co2+ due to losing an electron to H2O2 and the other electron
transfer from Ni0 to Co3+. This is the reason why the content
of Ni2+ and Co2+ increased during the peroxidase-like reaction.
Then TMB was adsorbed on the surface of Ni/CoMoO4, and
the lone pair electrons on the amino group were donated to
Ni2+−O−Co2+, which made Ni2+−O−Co2+ recover to the
Ni0−O−Co3+ state before reaction.63,64 It would accelerate the
transfer of electrons from Ni0−O−Co3+ to H2O2 (Figure 4I).
Thus, the ability of electron transfer from Ni/CoMoO4 to
H2O2 would enhance the peroxidase-like activity.
The density functional theory (DFT) calculations were

carried out for an in-depth explanation of the active sites of
H2O2 reduction by Ni/CoMoO4. The adsorbed model of
H2O2 on different active sites (Co sites, Ni sites, and Ni−Co
sites) is revealed in Figure 5A. The reaction process of
catalyzing H2O2 is displayed in Figures S13A and 5B. The
H2O2 was first adsorbed on the active site, and then the
activated H2O2 was dissociated homogeneously to two −OH*,
one of which desorbed from the adsorbed site to form the
•OH, which was used as the rate-determining step (RDS). The
other adsorbed hydroxyl would react with protonated hydro-
gen atoms to form H2O molecules. After that, the catalyst
recovered to its initial state after H2O desorption. The reaction
process energy diagrams of CoMoO4 and Ni/CoMoO4 are
shown in Figure S13B, and the Gibbs free energy (ΔG) of Ni/
CoMoO4 in the RDS was notably lower than that of CoMoO4
(Figure 5C). This was because the Ni−O−Co bond formation
of Ni/CoMoO4 accelerated the kinetics of the nanozyme
catalyzed reaction. Furthermore, the energy absorbed by
different active sites is shown in Figure 5D; the adsorption
energies of H2O2 on Co sites, Ni sites, and Ni−Co sites were
−0.47, −0.41, and −0.63 eV, respectively. This indicated that
the Ni−Co site had the highest adsorption capacity for H2O2,
which was advantageous to improve the catalytic activity. And
the Ni−Co sites had a lower energy barrier when they
catalyzed the decomposition of H2O2 to 2OH* (Figure 5E),
indicating that Ni−Co sites had a stronger ability to
decompose H2O2 than Ni sites and Co sites. This showed
that there was an effective electron transfer at the
heterojunction interface due to the covalent interaction
among Co, Ni, and O (Co−O−Ni). Besides, it is worth
noting that the energy change of the RDS is Ni−Co sites (2.62
eV) < Co sites (2.69 eV) < Ni sites (3.51 eV) (Figures 5F and
S14). Thus, this implies that the O atom in the Ni−O−Co
bonds might easily obtain electrons from Ni to modify the
electronic structure of CoMoO4, resulting in enhance
peroxidase-like activity. Hence, the higher catalytic capacity
of Ni/CoMoO4 was compactly relevant with its higher capacity
of adsorbing H2O2 (higher adsorption energy) and generation
of •OH (lower energy barrier). Meanwhile, the excellent
enzyme-like properties of Ni/CoMoO4 mainly came from the
formation of Ni and CoMoO4 heterointerfaces.
Colorimetric Biosensor Analysis of Acetylcholinester-

ase (AChE) and Trichlorfon Based on Oxidase-like
Activity. As Lewis base, thiol molecules were easily
coordinated with metal atoms, which could block the catalytic

active sites and inhibit the TMB oxidation over Ni/
CoMoO4.

65 Based on the above, mercapto molecules, such
as glutathione (GSH) and L-cysteine (Cys), were used to
investigate their effects on the oxidase-like activities of Ni/
CoMoO4 (Supporting Information). To further broaden the
analytical performance of Ni/CoMoO4 nanozymes, a colori-
metric biological platform for visual detection of acetylcholi-
nesterase (AChE) was constructed. Under optimal conditions
(Figure S17), the control experiment shown in Figure 6A, the
addition of AChE alone or ATCh had little effect on the
activity of Ni/CoMoO4 nanozymes. However, it is worth
noting that the A652nm decreases significantly by about 80%
when both AChE and ATCh coexist in system. It is because
AChE could quickly hydrolyze ATCh to TCh, and the product
TCh with a similar thiol structure of Cys and GSH (Figure
S18) could block the active sites of Ni/CoMoO4. In addition,
with the addition of AChE, the absorbance value (A652nm)
decreased gradually (Figure 6B). There is a fine linear
relationship between A652nm and the AChE concentration in
the range 0.01−14 mU mL−1 (Y = 0.55976−0.03476X, R2 =
0.99303) (Figure 6C). And the limit of detection (LOD) was
calculated to be 0.006 mU mL−1 through 3σ/b (S/N = 3),
where σ and b were the standard deviation of the blank control
and the slope of the corresponding calibration curve,
respectively. Compared with the reported methods (Table
S6), the AChE sensor constructed by this method was
comparable and even better than other methods, indicating
this sensor had good sensitivity.
Organophosphorus (OP) is used as a pesticide all over the

world, which irreversibly inhibits the activity of AChE and,
thus, causes loss of the ability to decompose ATCh.
Considering the effect of the inhibition of OP, an on−off−
on biosensor based on Ni/CoMoO4 was constructed further
for the detection of trichlorfon (a typical OP). The absorbance
peak remained unchanged after adding OP in the Ni/
CoMoO4/TMB system, which indicated that the effect of
OP on the Ni/CoMoO4 + TMB reaction system could be
ignored (Figure 6D). But the peak obviously increased after
adding OP into the Ni/CoMoO4/TMB/AChE/ATCh system.
This was because the addition of different concentrations of
OP would gradually inactivate AChE, which weakened the
inhibition and provided a stronger absorption signal for the
biosensor (Figure 6E). Compared with the reported methods
(Table S7), this biosensor exhibited a good linear relationship
between A652nm and the trichlorfon concentration from 1 to 50
ng mL−1 with an extremely low LOD of 0.35 ng mL−1 (Figure
6F). In addition, the selectivity of the colorimetric sensing
system was further evaluated in the detection of complex
samples (Supporting Information).

Colorimetric Biosensor Analysis of H2O2 and Ziram
Based on Peroxidase-like Activity. A convenient and rapid
H2O2 colorimetric analysis platform was devised in Figure 6G.
The absorbance value of ox-TMB (652 nm) was proportional
to the H2O2 concentration from 10 to 400 μM. The linear
relations were obtained to be Y = 0.00219X + 0.042 and Y =
0.0004966X + 0.32674, and the LOD was 5.22 μM. Compared
to the previously reported methods in Table S8, the Ni/
CoMoO4 with the excellent peroxidase-like activity presented
high sensitivity, which would provide a great potential for
quantitative analysis of H2O2. Besides, to further broaden the
analytical property of Ni/CoMoO4, the inhibition ability for
ziram was investigated. And the colorimetric detection of ziram
was rarely reported. The UV−vis results of Ni/CoMoO4/
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TMB/H2O2 before and after adding ziram are displayed in
Figure 6H. It showed that the absorbance was obviously
decreased after adding ziram. Moreover, the absorbance
intensity was directly proportional to the ziram concentration
(1−200 μM) and the LOD was 0.33 μM (Figure 6I).
Compared with other colorimetric methods reported (Table
S9), the sensor showed better sensitivity and satisfactory
specificity. Additionally, the constructed colorimetric platform
had good practicability and feasibility for the detection of
AChE and pesticide residue. It was of great significance to
detect actual samples in food and the environmental field
(Supporting Information). Besides, in order to further confirm
the stability of the sensing system, the repeatability and
stability of nanozymes were further evaluated (Supporting
Information).
Smartphone Biosensor Analysis of Target Molecules

Based on Deep Learning. Furthermore, a portable
smartphone platform combining an intelligent analysis App
based on deep learning and a colorimetric signal was structured

for convenient and visual detection of target molecules. The
App adopted the Yolo V3 target detection algorithm (Figure
S19). Through in-depth learning, the input image was
automatically recognized, and the self-designed color pattern
analysis App was used to analyze the color of the output
“useful” photos to create a statistical model (Figure 7A). Then
the Yolo V3 algorithm of the self-developed App was used to
segment the image and extract the average value of RGB or
HSV. Subsequently, the relationship between the average value
of red, green and blue (RGB) or hue, saturation and value
(HSV) and the target molecule concentration was fitted by a
linear support vector machine (SVM). Finally, a (G+R)/B
model was chosen owing to its fine linear relationship, and the
fitting equation Y = 0.074X + 1.0673 (R2 = 0.9897) was
automatically presented on the smartphone screen (Figure
S20A). Similarly, as shown in Figure S20B, a portable
smartphone analysis biosensor for the detection of OP had
also been structured. Based on the calculated the R, G, B and
H, S, V values, the different modes were obtained intelligently.

Figure 7. (A) Prediction stage of the deep learning model. (B and C) Time-dependent in situ FTIR spectra of detection of target molecules.
Detection mechanism of target molecules based on the peroxidase-like (D) and oxidase-like (E) activities.
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Compared with other models, the G model had a good linear
relationship with the OP concentration, and the fitting
equation was Y = 107.4978 − 0.7275X with R2 = 0.9897. As
shown in Figure S20C, the G/B model was chosen for
detecting ziram because of its good linear fitting equation Y =
0.0013X + 0.8273 (R2 = 0.9906). Therefore, a visual and
convenient intelligent biosensor based on deep learning for the
on-site detection of target molecules without complex
instruments was structured.
Detection Mechanism of Target Molecules. The S 2p

XPS spectrum after reaction with ziram presented two peaks at
162.01 and 163.21.0 eV, which were assigned to S 2p3/2 and S
2p1/2, respectively (Figure S21). This was indicated as metal
sulfide (M−S, M = Ni, Co) formation,66 and the Co−S bonds
were observed at 164.12 eV,67 which further proved that ziram
blocked the Ni−O−Co bonds and reduced the catalytic
reaction kinetics. Furthermore, the detection mechanism was
further studied by in situ FTIR. It was could see from Figure
7B that the band at 1018 cm−1 was related to the CS(−S)
stretching vibrations. The band intensity decreased monotoni-
cally and the wavenumber moved slightly with the detection
time. This may be due to the interaction between ziram and
Ni/CoMoO4. Moreover, it could be clearly observed that the
band at 838 cm−1 (Ni−O−Co) moved significantly to 902
cm−1, which further confirmed the strong interaction between
ziram and Ni/CoMoO4. This not only greatly shortened the
distance of the M−S bonds but also covered some active sites
on the catalyst surface. However, the peak at 750 cm−1 was
attributed to the vibrational peak of the MoO4 tetrahedral
units.68 It could be observed that with the increase of detection
time, the absorption peak intensity increased significantly and
the wavenumber also shifted slightly. The above results further
proved that the interaction between ziram and Ni/CoMoO4
occurred in the Ni−O−Co bonds at the interface rather than
CoMoO4.

69 Thus, the disappearance of Ni−O−Co bonds
further blocked the electron transfer at the heterostructure
interface and decreased the kinetics of the catalytic reaction.
Besides, XPS analysis also showed that Ni0 accounted for
14.63% and the Co2+/Co3+ ratio was 1.03 in the Ni/CoMoO4/
H2O2/TMB system (Figure S22A and BI). However, after
adding ziram into the above system, the Ni0 content on the
surface of Ni/CoMoO4 increased significantly, and the Co2+/
Co3+ ratio was calculated to be 0.63 (Figure S22A and BII).
This was because the formation of the M−S bonds decreased
the catalytic capacity of the Ni−O−Co active sites due to the
complexation of ziram with Co formation.
Similarly, the mechanism of TCh detection was thoroughly

studied by in situ FTIR. The peak at 887 cm−1 obviously
moved to 903 cm−1, which indicated that the Ni−O−Co
bonds had a strong interaction with the TCh. This would block
the active site of Ni−O−Co. The vibration bands at 951 and
769 cm−1 belonged to the Mo−O−Mo bond and the distorted
MoO4 tetrahedron, respectively.68 The C−S stretching
vibrations at 1015 cm−1 decreased significantly, while the
peak at 769 cm−1 increased, which may be due to the
formation of the M−S bond at the heterojunction interface.
Moreover, after adding OP to the Ni/CoMoO4/AChE/
ATCh/TMB system, the UV−vis spectral intensity increased
significantly at 652 nm (Figure 6D), which was due to the fact
that the OPs could poison AChE and inhibit the formation of
TCh. In addition, in the Ni/CoMoO4/AChE/ATCh/TMB
system, the content of Ni2+ and the ratio of Co2+/Co3+ (0.54)
decreased significantly (Figure S22A and BIII), compared to

the Ni/CoMoO4/TMB system. This was the reason that the
interaction between the sulfhydryl group and Ni−O−Co
reduced the electron transfer between Ni and Co. Oppositely,
after the addition of OP, the content of Ni0 increased and the
Co2+/Co3+ ratio increased to 1.39 due to the inhibition of
AChE (Figure S22A and BIV), which restored the Ni−O−Co
interaction and ensured sufficient active sites.
The possible catalytic mechanism was displayed based on

the above analysis and discussion (Figure 7). The peroxidase-
like activity of Ni/CoMoO4 was attributed to electron transfer
of Ni−O−Co bonds at the interface promoting •OH
production, while the oxidase-like activity was because of
rich OVs on the surface of Ni/CoMoO4 and O2

•− production.
Therefore, the “on−off−on” reaction systems were successfully
constructed due to the different enzyme-like activities. Figure
7D displays the catalytic mechanism for the detection of ziram.
Due to its symmetrical structure and active sulfur atom, ziram
was easy to coordinate with metal elements to form an M−S
(M = Ni, Co) bond. Meanwhile, the two methyl groups were
bound to the nitrogen atom, which had a strong electron
donating property. Besides, the electronegative atom of ziram
would form a hydrogen bond with the amino group of TMB,
which blocked the oxidation of TMB by •OH. Thus, compared
with the Ni/CoMoO4/H2O2/TMB system (A652nm = 1.25),
the absorbance intensity of the Ni/CoMoO4/H2O2/TMB/
ziram system decreased significantly (A652nm = 0.07), which
was affirmed by UV−vis spectroscopy (inset of Figure 6H).
For the application of oxidase-like detection, an “on−off−

on” colorimetric biosensor was constructed. As shown in
Figure 7E, AChE could rapidly hydrolyze ATCh to form TCh,
which contains mercaptan molecules. On the one hand, the
-SH groups dehydrogenated to form a disulfide bond, which
was reductive and reduced ox-TMB (Figure 7E(I)). On the
other hand, -SH groups coordinate with metal atoms to form
M-S bonds, which blocked the electrons transfer at the
heterojunction interface and reduced the catalytic oxidation of
TMB (Figure 7Eii).

CONCLUSION
In conclusion, with the help of a large number of Ni−O−Co
bonds, the Ni/CoMoO4 heterostructure displayed outstanding
double enzyme-like activity properties. Compared with the
single Ni NPs and CoMoO4, the catalytic activities of the
oxidase-like and peroxidase-like enzymes of Ni/CoMoO4 were
increased by 46.2-fold and 9.2-fold, with SAs of 15.09 and
28.26 U mg−1 respectively. Additionally, both experiments and
DFT calculations supplied a better comprehension of the
catalytic mechanism and revealed the important role of
interface engineering in enhancing the activity. Subsequently,
colorimetric and intelligent detection systems based on deep
learning were constructed. For oxidase activity, AChE and OP
pesticides could be simultaneously detected based on signal
“on−off−on” changes. The detection mechanism revealed that
the produced TCh containing -SH could inhibit bimetallic
catalytic active sites (Ni−O−Co), while the addition of OP
could damage the active sites of AChE, thus blocking the
production of TCh. Similarly, based on peroxidase-like
enzymes, the linear range of ziram was 1−200 μM. And in
situ FTIR spectroscopy systematically revealed that ziram
interacted strongly with Ni−O−Co bonds to form M−S (M =
Ni, Co) bonds; thus, it would block the active site. This work
not only determined the structure−activity relationship of
nanozymes but also thoroughly studied the detection
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mechanism for ziram and AChE. The advantages of the
synergistic effect of reasonable design defects and the interface
electronic structure were revealed and provided a fairly good
design principle for the development of advanced nanozyme
catalysts.

METHODS
Synthesis of Ni/CoMoO4. In the previous work, CoMoO4 was

successfully synthesized by the hydrothermal method.9 Subsequently
Ni/CoMoO4 was synthesized by in situ chemical reduction. Briefly,
0.0387 g of NiCl2·6H2O and prepared CoMoO4 (0.04 g) were
dissolved in deionized water (20 mL), and the resulting solution was
stirred for 3 h. Then NaHB4 (10 mL, 10 mg·mL−1) was added slowly,
and stirring was continued for 5 h. Finally, Ni/CoMoO4 was gained
through centrifugation and washing with ultrapure water and ethanol
for three times and then drying at 80 °C.
Oxidase-like Activity Assay. The uniformly dispersed aqueous

solution of Ni/CoMoO4 or CoMoO4 (2 mg mL−1, 80 μL) was added
to the acetate buffer solution (ABS, pH= 4.0, 3 mL total volume) with
5 mM TMB. Finally, the mixture was incubated at 37 °C for 25 min.
Then the absorbance intensity was measured with a UV visible
spectrophotometer. In order to obtain optimal conditions, the
influence of pH and TMB and material concentrations on the
oxidase-like activity was studied.
Peroxidase-like Activity Assay. In order to detect Ni/CoMoO4,

CoMoO4, and Ni with peroxidase-like activity, the absorbance was
recorded in ABS containing the material (90 μL, 2 mg mL−1) and 5
mM TMB along with 10 mM H2O2. The next assay was similar to
oxidase-like activity assay.
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