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Constructing a new platform for photo-peroxidase
catalysis: ZIF-90 as a dual ‘modulator’ to overcome
peroxide industrial application bottlenecks†

Ke-Xin Li,a Guo-Wei Guan,a Ling-Min Peib and Qing-Yuan Yang *a

Since peroxidases have potential applications as biocatalysts, it is important to improve their usefulness.

Traditional ‘‘semiconductor photocatalyst + peroxidase’’ catalytic cascade systems are inspired by nature’s

photosynthesis and provide the basis for maintaining the optimal stability and reactivity of the peroxidase

enzyme. However, inherent fragility, non-recyclability, and low catalytic efficiency still limit their industrial

application. In this work, we present a new generation of photoperoxidase catalytic platform, g-C3N4/PDI-

HRP@ZIF-90 (graphite carbon nitride; PDI: perylene diimide; and HRP: horseradish peroxidase), for efficient

photo-peroxidase catalysis. This new composite catalyst was created by introducing a rationally designed

metal–organic framework (ZIF-90) in situ as a dual ‘‘modulator’’ for the ‘‘semiconductor photocatalyst +

peroxidase’’ catalytic cascade system, which is highly applicable to industrial applications. In situ introduced

modulators of ZIF-90 not only significantly increase the electron transfer rate but also significantly improve

enzyme stability, cyclability, and molecular transfer rates between photoenzyme catalytic systems through

spatial confinement. The new catalytic system (semiconductor + MOF + peroxidase) is capable of

responding to a cascade catalytic reaction with wavelengths 4 420 nm and is resistant to a catalytic

environment at pH = 3. This work outlines a versatile and effective strategy to use the properties of MOFs

to improve two major drawbacks of the efficient industrial use of peroxidases (inefficiency and poor

stability), paving the way for efficient green biomanufacturing industrialization using peroxidases.

Introduction

Photosynthesis utilizes the Earth’s most desirable energy source,
sunlight, to convert CO2 and H2O into organics through a series
of complex biochemical reactions, which provide the basis for
organisms to survive in nature.1 In this process, a number of
biological enzymes are involved in catalytic reactions.2 Enzymes
are naturally derived catalysts that are highly efficient, involve
mild catalytic environments and exhibit high specificity com-
pared to traditional catalysts; due to these properties, an increas-
ing number of challenging reactions have been attempted using
biological enzymes as catalysts for chemical reactions.3 The
talented peroxidases (EC 1.11) are widely distributed in nature.
They play an important role in the Animalia, Plantae and micro-
bial kingdoms.4 These peroxidases have a variety of applications
in chemistry, such as the degradation of pollutants/wastes,
asymmetric synthesis, drug synthesis and organic/polymer

synthesis.5 In contrast to oxygenases that utilize nonreactive
molecular O2 to oxidize substrates, peroxidases are heme pro-
teins that oxidize a variety of substrates by catalyzing H2O2 or
other oxides. However, the hydroxyl radicals generated by the
Fenton reaction are toxic to peroxidases when in excess.4 Thus,
the in situ addition of H2O2 is crucial for efficiently utilizing
peroxidases.6 Learning from photosynthesis in nature, second-
generation photoperoxidase catalysis uses sunlight as an energy
source for the in situ generation of H2O2 in peroxidase catalytic
applications, which is an ideal ‘‘ab initio’’ catalytic strategy.7–9

The ‘‘photoperoxidase’’ cascade has been widely researched,
in which the photocatalytic effect directly affects the range of
cascade reactions that occur.10 In general, photocatalysts involve
a wider wavelength range of absorbed light and higher visible
light utilization (approximately 50% of sunlight is visible light),
and the slower the electron–hole recombination rate is, the
greater the probability that cascade reactions will occur under
actual sunlight.11,12 Peroxidases, as proteins, are not compatible
with efficient photocatalytic conditions and are inherently
fragile.13 Therefore, we attempted to overcome the incompatibil-
ity of the two catalytic systems, inefficiency of the photocatalysis
system and instability of the peroxidase catalytic system in
conventional photoenzyme catalytic systems by introducing a
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‘‘modulator’’. However, the choice of modulator material and the
method of combining the modulator with the photocatalyst and
enzyme are worth investigating in the photoperoxidase catalytic
system.14,15 To deal with the above, Chen et al. modified the
surface of semiconductor photocatalyst TiO2 by phase-
transitioned lysozyme (PTL) and then used a DNA helix to connect
peroxidase on TiO2.16 Simsek et al. immobilized peroxidase on the
surface of the semiconductor photocatalyst g-C3N4 by covalent
bonding and physical adsorption.17 Guo et al. used the classical
metal–organic framework material NH2-MIL-125 to make photo-
immobilized enzyme platforms.18 However, problems such as low
visible light utilization, poor compatibility, poor stability and
inflexibility still occur in the above photoperoxidase platforms. It
is a promising vision to enhance the practicality of the photoper-
oxidase platform through modification and to extend the applica-
tion of photoperoxidase catalysis from the laboratory to an
industrial scale. Metal organic framework materials (MOFs) have
attracted much attention from researchers as promising photo-
catalyst modification materials and enzyme immobilization car-
riers due to their large specific surface area, good optical effect,
high stability and biocompatibility.

To achieve that vision, we introduced a functional material,
ZIF-90, as a dual modulator to a conventional photoperoxidase
system (Fig. 1). A semiconductor g-C3N4/PDI was selected as the
photocatalyst, while a common horseradish peroxidase enzyme
was selected as the model enzyme. Validated using the struc-
tural morphology, electrochemical properties, catalytic activity,
stability, and practicality, ZIF-90 can modify the energy gap of g-
C3N4/PDI (from 2.91 eV to 2.77 eV), allowing photocatalytic
reactions at wavelengths higher than 420 nm and improving
the catalytic efficiency of the photoperoxidase system. ZIF-90
also significantly enhances the stability and reusability of the
‘‘photoperoxidase’’ system by framework protection (especially
against acidic environments; the catalytic activity is twice as
high at pH = 3 as at pH = 7). ZIF-90 achieves the goal of
transferring photoperoxidase catalysis outside of the laboratory
through both energy band modulation and enzyme protection,

and we have demonstrated its usefulness in sunlight degradation
of three dyes (CV, CR, and RBBR). Indeed, the original intention
behind the design of this platform was to provide potential for all
peroxidases: the direct use of sunlight to catalyze more meaningful
reactions under industrial conditions.

Experimental section
Materials

All chemicals were obtained commercially and used without addi-
tional purification. Melamine (98%), 1,2,4,5-benzenetetracarboxylic
anhydride (PMDA, 98%), zinc nitrate hexahydrate (Zn(NO3)2�6H2O,
98%), imidazole-2-carboxaldehyde (ICA, 98%), polyvinylpyrrolidone
(PVP, MW: 40 000), 2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid ammonium salt (ABTS, 98%), basic violet 3 (CV), direct red
28 (CR), reactive blue 19 (RBBR), N-hydroxysulfosuccinimide
sodium salt (NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDC), and fluorescein isothiocyanate (FI-TC) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Horserad-
ish peroxidase (HRP, RZ Z 3) was purchased from Hefei Bomei
Biotechnology Co. Ltd. Phosphate buffer saline (PBS, 1X) and
hydrochloric acid (HCl, 37%) were purchased from Sinopharm
Chemical Reagent Co. Ltd. Bradford reagent was purchased
from Beijing Comwin Biotech Co. Ltd.

Instruments

The crystal structures of the materials were investigated by
powder X-ray diffraction (PXRD, Bruker D8 Advance, Bruker,
Germany). Vibration spectroscopy of the materials was performed
by Fourier transform infrared spectroscopy (FTIR, Nicolet iS50,
Thermo Fisher Scientific, China). Scanning electron microscopy
(SEM, GeminiSEM 500, Carl Zeiss, China) was used to identify the
morphology and particle size of the products. The presence and
spatial location of HRP in the composite was identified using a
super-resolution confocal microscope (Leica TCS SP8 STED 3X,
Leica, Germany). Thermogravimetric analysis (TGA) was carried out

Fig. 1 (a)–(c) The different generations of the peroxidase platform; (d) the catalytic mechanism of the sunlight-immobilized peroxidase catalytic
platform.
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on a thermogravimetric analyzer (STA449F5, Netzsch, Germany) in
the 0–800 1C range under an air atmosphere (heating rate
10 1C min�1). The product concentration and sample absorbance
characteristics were measured using an ultraviolet-visible-near
infrared spectrophotometer (UV, PE Lambda950, SOUNDKING-
DOMLTD, China). X-ray photoelectron spectroscopy (XPS) analy-
sis was conducted with a Thermo Fisher ESCALAB Xi+ (America)
X-ray photoelectron spectrometer equipped with an Al Ka X-ray
radiation source. The electrochemical impedance spectroscopy
(EIS) spectra, Mott–Schottky (M–S) curves, and photocurrent were
obtained using a PARSTAT MS potentiostat.

Preparation of MA and g-C3N4/PDI

Descriptions of the MA and g-C3N4/PDI synthetic methods are
reported in the ESI.†

Preparation of x%-CPZH, ZIF-90@HRP and ZIF-90

g-C3N4/PDI@ZIF-90@HRP with different g-C3N4/PDI concentra-
tions (33.3%, 50%, 100%, 400%) was obtained by modifying the
quantity of g-C3N4/PDI (noted as x%-g-C3N4/PDI@HRP@ZIF-90;
abbreviations x%-CPZH).19

Different quantities of g-C3N4/PDI were mixed with 187.6 mg
Zn(NO3)2�6H2O in 1.5 mL D.I. water and sonicated overnight to
modify Zn2+ on g-C3N4/PDI as solution A. ICA (240 mg), 25 mg
of PVP and 10 mg of HRP were dissolved fully in 12.5 mL of D.I.
water as solution B.20,21

Then, solution A was slowly poured into solution B and
stirred vigorously for 30 min. The x%-CPZH was obtained by
centrifugation, washed three times with D.I. water and dried
under vacuum (Fig. 2).22

ZIF-90@HRP and ZIF-90 were synthesized using the same
method as above, except that g-C3N4/PDI or g-C3N4/PDI and
HRP were not added.23,24

The catalytic activity of x%-CPZH

HRP can catalyze the conversion of the ammonium salt of ABTS
to a cation that readily disproportionates (green color, absorp-
tion wavelength at 500–900 nm). Therefore, the catalytic activity
of x%-CPZH was obtained by testing the UV absorption inten-
sity at 500–900 nm.25

Stability and reusability tests

As above, the catalytic activities of 50%-CPZH and HRP were
tested by UV absorption intensity at different acidic pH values
(3–7) and different temperatures (25 1C, 40 1C, 60 1C). The
stability of 50%-CPZH and HRP in extreme environments was
compared with relative activity. The reusability of 50%-CPZH
was investigated by UV absorption intensity at 500–900 nm, 5
times.26

Sunlight catalytic dye degradation capacity determination

Using sunlight to degrade three dyes (CV, CR, RBBR), the 50%-
CPZH sunlight-enzymatic catalytic capacity was determined by
monitoring the intensity change at the maximum absorbance of
the three dyes using a UV-visible-near infrared spectrophotometer.27

A video of sunlight catalytic dye degradation is shown in video S1
(ESI†).

Results and discussion

The X-ray diffraction (XRD) patterns of x%-CPZH are shown in
Fig. 3a, and the XRD patterns of MA are shown in Fig. S1 (ESI†).
The characteristic peaks at 2y = 7.21, 12.51, 19.01, 27.41 and
29.61 in Fig. 3a demonstrated that x%-CPZH matched well with
the ZIF-90 and g-C3N4/PDI structures, while the introduction of
HRP did not affect their crystal structures.19,28 Among them,
the peaks at 2y = 19.01, 27.41, and 29.61 belonged to g-C3N4/PDI

Fig. 2 Synthesis of g-C3N4/PDI-HRP@ZIF-90.
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(2y = 27.41 (002) and were due to g-C3N4 packing of the melem
sheets, and the peaks at 2y = 19.01 and 2y = 29.61 were due to
p,p-stacking of PDI units and donor–acceptor interactions
between melem and PDI units).29 The characteristic peaks of
ZIF-90 were found at 2y = 7.21 and 12.51 in x%-CPZH, indicating
that ZIF-90 is tightly anchored to the g-C3N4/PDI two-
dimensional structure, and the intensity of the characteristic
peak of ZIF-90 was gradually enhanced with increasing input.30

As with all photoperoxidase cascade catalytic systems, the
amount of H2O2 generated in situ by the photocatalyst directly
influenced the catalytic activity of peroxidase. Too little H2O2

was unable to sustain the catalytic reaction of the peroxidase,
and too much H2O2 damaged the catalytic active center of the
peroxidase.31–33 In order to select the best CPZH ratio, the
activity of the ABTS oxidation model reactions was compared.
As shown in Fig. 3b, with the increase in the ZIF-90 amount, the
catalytic activity of CPZH gradually increased, peaking at 50%,
and then decreased substantially at 100%; hence, subsequent
characterization, stability and activity tests were carried out
with 50%-CPZH.

Thermogravimetric analysis (TGA) was carried out (Fig. 3c)
to determine the actual load amount of ZIF-90 in the 50%-
CPZH product. The total weight loss of ZIF-90 at 0–800 1C was
76%, corresponding to the structural decomposition of ZIF-90,
producing stable ZnO, which was consistent with the calculated
weight loss of 68% (the error was caused by the residual solvent
in ZIF-90). The weight loss of g-C3N4/PDI is 100% from
0–800 1C, which is related to the complete sublimation of this
material. The weight loss of 50%-CPZH was more similar to
that of g-C3N4/PDI, while 50%-CPZH lost 94.6% in the tempera-
ture range, and the residual mass was related to the in situ
growth of ZIF-90 on the surface of g-C3N4/PDI. In comparison
with g-C3N4/PDI, the mass loss of 50%-CPZH was 5.4% less,

which can be matched to the original feeding ratio by
calculation.

The FT-IR spectra of g-C3N4/PDI, ZIF-90, HRP and 50%-
CPHZ are illustrated in Fig. 3d. The composite exhibits the
characteristic peaks of g-C3N4/PDI at 807 cm�1, 1000–1800 cm�1,
1772 cm�1, 1716 cm�1 and 726 cm�1 due to the high addition of g-
C3N4/PDI in 50%-CPZH.23,29 The vibrations of the composite at
2800–3200 cm�1 were caused by the aromatic and aliphatic C–H in
ZIF-90, while the characteristic bands at 600–1500 cm�1 were
related to the stretching and bending of the imidazole ring in
ZIF-90.22,34 In addition, the small peaks at 1400–1600 cm�1 and
2800–3000 cm�1 in 50%-CPZH were caused by the –CONH and
–CH2/–CH3 groups in HRP.35,36 Overall, FT-IR demonstrated that
50%-CPZH was a composite of g-C3N4/PDI, ZIF-90 and HRP, which
agreed with the XRD results.

The elemental composition and chemical environment of
50%-CPZH, g-C3N4/PDI, and ZIF-90 were investigated by XPS
analysis. As shown in Fig. 4a, the scanning spectra demon-
strated the presence of C, O, N and Zn in 50%-CPZH. In
contrast, the intensity of N in 50%-CPZH was stronger than
that in ZIF-90, indicating that the hybridization of g-C3N4/PDI
and ZIF-90 was successful, and the percentage weights of atoms
in g-C3N4/PDI, ZIF-90, and 50%-CPZH are shown in Table S1
(ESI†). This result was generally consistent with the weight
content of g-C3N4/PDI and ZIF-90 added during 50%-CPZH
synthesis.37 The C 1s spectra are illustrated in Fig. 4b, in which
50%-CPZH was found to exhibit four peaks at 287.8 eV, 287 eV,
286.1 eV, and 284.8 eV. C–C/CQC and C–N(O) at 284.8 eV and
286.1 eV were obtained by ZIF-90 and g-C3N4/PDI, respectively;
C–(N)3 at 287.8 eV was obtained by g-C3N4/PDI, due to the
interaction of Zn2+ in ZIF-90 with N in g-C3N4/PDI, C–(N)3 in
50%-CPZH has a slight negative shift; and CQN at 287.0 eV was
obtained from the combination of g-C3N4/PDI and ZIF-90.

Fig. 3 (a) PXRD patterns of g-C3N4/PDI, ZIF-90 (simulated) and x%-
CPZH; (b) comparison of the catalytic activity for x%-CPZH; (c) thermo-
gravimetric analysis (TGA) for g-C3N4/PDI, ZIF-90 and 50%-CPZH; (d) FT-
IR spectra of HRP, g-C3N4/PDI, ZIF-90 and 50%-CPZH.

Fig. 4 (a) XPS survey spectra of ZIF-90, 50%-CPZH and g-C3N4/PDI; the
corresponding high-resolution XPS spectra of (b) C 1 s and (c) N 1 s for ZIF-
90, 50%-CPZH and g-C3N4/PDI; (d) high-resolution XPS spectra of Zn 2p
for ZIF-90 and 50%-CPZH.
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The N 1 s peak of 50%-CPZH (Fig. 4c) can be deconvoluted
into two constituent peaks, which were assigned to NQC–N
(398.6 eV) and OQC–N–CQO (400.7 eV). The XPS spectra of Zn
2p are displayed in Fig. 4d, with two peaks located at 1021.6 eV
and 1044.7 eV, confirming the presence of Zn2+ in the 50%-
CPZH structure. Compared to that of ZIF-90, the presence of
g-C3N4/PDI in 50%-CPZH caused the electron density of Zn2+ to
decrease, causing a positive shift in its binding energy. All
these results further indicate that in 50%-CPZH, g-C3N4/PDI
and ZIF-90 were not simply physically mixed but formed a
heterojunction.38

The morphologies of g-C3N4/PDI, ZIF-90@HRP, and 50%-
CPZH were characterized by SEM. The 2D sheet structures of
g-C3N4/PDI and the sodalite structure of ZIF-90@HRP are shown
in Fig. 5a and b. Many small sodalite structures can be observed in
Fig. 5c, which proves that ZIF-90@HRP was in situ grown on g-C3N4/
PDI. To further reveal the distribution of HRP and the structure of
50%-CPZH, FITC (fluorescein isothiocyanate)-labeled HRP and
super-resolution confocal microscopy were used.

The spatial distribution of HRP in 50%-CPZH was evaluated
by super-resolution confocal microscopy, and the structure of
50%-CPZH was analyzed by Z-axis sectioning (Fig. 5d–i).39,40

Sliced at 0.5 mm intervals, the material cut at 0 mm was g-C3N4/PDI
without luminescence, and the strongest luminescence was cut at
1 mm to the middle of ZIF-90@HRP. Due to the sodalite structure
of ZIF-90@HRP, the luminescence intensity at 0.5 mm and 1.5 mm
was weaker than that at 1 mm. The above results demonstrate that
50%-CPZH is a ‘‘semiconductor + MOF + peroxide’’ platform with
g-C3N4/PDI as a substrate for the in situ growth of ZIF-90@HRP on
the outer layer and that HRP was homogenously encapsulated in
50%-CPZH. This result agrees with the previous verification.

The above characterization of the material structure demon-
strates that 50%-CPZH is a composite material with a g-C3N4/PDI

substrate and ZIF-90 anchoring to the surface, meanwhile HRP is
encapsulated in the interior with ZIF-90. We considered that the
introduction of ZIF-90 would have a dual modulatory effect. On
the one hand, it is possible to form heterojunctions between
ZIF-90 and g-C3N4/PDI to improve the photoelectric properties of
the semiconductor, enhancing the visible light utilization of the
2nd-generation ‘‘semiconductor + peroxidase’’ catalytic system.
On the other hand, the restriction of the HRP tertiary structure
via the framework of ZIF-90 improved the stability and recycl-
ability of the 2nd-generation ‘‘semiconductor + peroxidase’’
catalytic system. Furthermore, the introduction of ZIF-90 has
the potential to improve the compatibility of the two systems in
terms of molecular transfer rate and catalytic environmental
synergy.

We demonstrate the modulation effect by the introduction
of ZIF-90 on the optical properties of the 2nd generation
‘‘semiconductor + peroxidase’’ system by comparing the activity
of 50%-CPZH and g-C3N4/PDI with HRP mixtures (without
ZIF-90) in catalyzing the ABTS oxidation reaction. As shown
in Fig. 6a, the ZIF-90-free experimental group failed to respond
to visible light at l 4 420 nm to produce sufficient H2O2 to
excite the peroxidase to catalyze the half-reactive oxidation of
ABTS.41

As shown in Fig. 6b, although HRP@ZIF-90 was physically
mixed with g-C3N4/PDI at the same ratio as 50%-CPZH, the

Fig. 5 SEM for (a) g-C3N4/PDI, (b) ZIF-90 and (c) 50%-CPZH; super-
resolution confocal microscope Z-axis slices of 50%-CPZH (d–i). Video
files have been included in the ESI.†

Fig. 6 (a) Comparison of the catalytic activity of 50%-CPZH and the
catalyst without ZIF-90; (b) the catalytic activity of 50%-CPZH and a
physical mixture of g-C3N4/PDI and HRP was compared; (c) UV-visible-
near infrared spectra and (d) plot of (ahv)2 vs. photon energy for g-C3N4/
PDI, ZIF-90 and 50%-CPZH; (e) EIS Nyquist plots and (f) transient photo-
current responses for g-C3N4/PDI and 50%-CPZH.
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reaction efficiency of the physically mixed group was not as efficient
as 50%-CPZH under the same catalytic conditions. It is related to
the in situ anchoring of ZIF-90 on the g-C3N4/PDI surface, which
shortens the shuttle distance of cofactor H2O2 between the photo-
peroxidase catalytic modules and has a higher contact surface and
homogeneity. Then we explain these phenomena by using UV-vis
absorption spectra, EIS and photocurrent testing.42

The optical response of all samples was tested by obtaining
the UV-vis absorption spectra. As shown in Fig. 6c, the main
absorbance range of g-C3N4/PDI was less than 420 nm. In contrast,
the introduction of ZIF-90 allowed 50%-CPZH to exhibit a wider
absorption range and stronger absorption intensity in the visible
range. Therefore, the composite 50%-CPZH has visible light
absorption, demonstrating that the introduction of ZIF-90
enhances the use of photo energy.43

To reveal the effect of light absorption properties on the
photocatalyst activity, the Eg of the catalyst was calculated by
the Kubelka–Munk function: (ahv)1/n = A(hv � Eg). From the Tauc
image (Fig. 6d), it is shown that the band gap energy of 50%-CPZH
is 2.77 eV, which is less than that of g-C3N4/PDI (2.91 eV). This
further confirms that the introduction of ZIF-90 is beneficial in
reducing the band gap and thus enhancing the optical response.44

Furthermore, we verified the effect of the introduction of
ZIF-90 on the optical properties of g-C3N4/PDI by electrochemi-
cal tests, and we evaluated the resistance of the photocatalysts
using electrochemical impedance spectroscopy (EIS). Fig. 6e
demonstrates that the Nyquist arc radius of 50%-CPZH is
significantly smaller than that of g-C3N4/PDI, which indicates
that the introduction of ZIF-90 effectively reduces the electron
transfer resistance within the material and facilitates the
migration of photogenerated carriers, which can effectively
enhance the photocatalytic reaction performance.

In Fig. 6f, photocurrent tests have shown that the photocurrent
intensity of 50%-CPZH is stronger than g-C3N4/PDI under 300 W
Xe lamp irradiation at l4 420 nm, which can be attributed to the
introduction of ZIF-90 to effectively enhance the charge transfer
capability.45 The above data indicate that the in situ anchoring of
ZIF-90 effectively enhances the electron–hole separation efficiency,
electron transfer resistance and visible light utilization of the
photocatalytic half-reaction in the 2nd generation ‘‘semiconductor
� peroxidase’’ catalytic system.

The introduction of ZIF-90 into the 2nd generation ‘‘semi-
conductor + peroxidase’’ catalytic system not only enhances the
catalytic efficiency of the photocatalytic half-reaction, but we
consider that the introduction of ZIF-90 also greatly improves
the stability and reusability of the enzymatic half-reaction. This
is because the ZIF-90 crystals grow tightly around the HRP in
50%-CPZH forming a cavity structure that confines the HRP
inside its cavity. This restriction effectively reduces the struc-
tural changes in the tertiary structure of HRP, and even
inactivation, owing to external environmental variables. We
have exposed the composite 50%-CPZH to adverse conditions
to maintain the enzymatic structure. Then we verify the effect of
the introduction of ZIF-90 on the stability and recyclability of
the 2nd generation ‘‘semiconductor + peroxidase’’ catalytic
system by comparing the reaction product concentrations.46

The sensitivity of pH is an inherent defect of the free-state
enzyme, limiting its ability to be used industrially. Enzymes
exhibit the greatest activity in the optimum pH range; above or
below the optimum pH, the tertiary structure of the enzyme will
be altered or even collapsed, which was the primary reason for
the low free-state enzyme activity at extreme pH. As shown in
Fig. 7a, the lower the pH, the higher the H+ concentration in the
catalytic environment and the more beneficial the H2O2 gen-
eration. Therefore, the optimum pH for the photocatalytic
generation of H2O2 from g-C3N4/PDI-ZIF-90 was 3. The optimal
HRP catalysis was at pH = 6, which is related to the HRP tertiary
structure. The optimal catalytic conditions for the two systems
are not compatible.47

However, as illustrated in Fig. 7b, 50%-CPZH has been
exposed to an acidic environment and the trend of its catalytic
activity was similar to the g-C3N4/PDI photocatalytic generation of
H2O2. This is attributed to the framework restriction protection of
ZIF-90 which reduced the destruction of HRP’s tertiary structure
in acidic environments and improved its acidic stability, allowing
for increased compatibility between enzymatic and photocata-
lyzed half-reactive systems. Compared to the free-state HRP
optimum catalytic pH = 6, 50%-CPZH optimum catalytic pH = 3
provides a basis for the industrial application of peroxidase.48

The catalytic function of the enzyme is mainly dependent on
the enzyme’s tertiary structure, which is partly maintained by the
hydrogen bonding structure within the enzyme molecule. With
increased temperature, the hydrogen bonds are gradually broken
until the tertiary structure of the enzyme molecule is completely
destroyed, which is the reason for enzyme inactivation due to high
temperatures. The structural restrictive protection of HRP by ZIF-
90 in 50%-CPZH was highlighted with increasing temperature,
and when the temperature increased to 60 1C, 50%-CPZH still

Fig. 7 (a) A comparison of g-C3N4/PDI-ZIF-90 photocatalytic production
of H2O2 and HRP catalytic activity at pH 3–7; (b) the relative catalytic
activity of 50%-CPZH at pH = 3–7; (c) comparison of the stability of 50%-
CPZH and HRP at different temperatures; (d) the reusability of 50%-CPZH.
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exhibited 55% relative activity, whereas HRP only exhibited 12.22%
(Fig. 7c).49

Reusability is an important indicator for enzyme industrial
applications, and excellent reusability can facilitate the for-
mation of a continuously operating system for an enzyme to be
used in industrial fixed or fluidized bed reactors. However, free-
state HRP is water-soluble and difficult to separate from the
reaction system after the reaction, thus significantly increasing
the cost of enzyme industrial applications. In 50%-CPZH, HRP
was confined by the solid carrier material ZIF-90 and anchored to
the water-insoluble g-C3N4/PDI solid surface, allowing it to be
easily separated from the mixed system after the reaction. As seen
in Fig. 7d, 50%-CPZH can be reused at least 5 times, and the
relative activity remains at 62%. The reduction in activity was due
to mass loss during repeated isolation (the initial input amount
was 10 mg, and after the fifth cycle, it remained at 5.43 mg).50

The above experimental results demonstrate our initial
assumption that the introduction of ZIF-90 improves the opti-
cal utilization of the photocatalytic half-reactions; the enzyme
stability and reusability of the enzymatic half-reactions of the 2nd
generation ‘‘semiconductor + peroxidase’’ catalytic system. And
due to the spatial limitation of ZIF-90, the compatibility between
the photocatalytic and enzymatic half-reaction systems was
enhanced in two ways (1) shortening the distance from the
photocatalyzed generated H2O2 to the peroxidase active center;
(2) coordinating the incompatibility between the photocatalytic
production H2O2 optimal catalytic environment and the enzyme
optimal catalytic environment. The introduction of ZIF-90
enhances the possibility for industrial catalysis of green bioma-
nufacturing by using peroxidases in three aspects: photocatalytic
half-reaction, enzyme-catalyzed half-reaction, and photo-
peroxidase full–reaction. We consider that the 50%-CPZH cataly-
tic platform can directly utilize sunlight in situ generated H2O2 to
stimulate peroxidase-catalyzed reactions and is not affected by
the adverse effects of outdoor sunlight irradiation on the reaction
system. Thus, we verified the above assumptions by degrading
three dyes (CV, CR, RBBR) with real outdoor sunlight.

According to Fig. 8a, in the 50%-CPZH, g-C3N4/PDI modified
by ZIF-90 is stimulated by sunlight to produce in situ generated
H2O2, which diffuses through the pores of ZIF-90 into the internal
cavity where HRP is encapsulated and reacts with resting HRP via a
two-electron oxidation reaction to produce HRP I. HRP I then
oxidized the dyes diffusing into the ZIF-90 interior through two
single-electron reduction reactions, returning to the resting state in
preparation for the next catalytic cycle.51 According to Fig. 8b–d,
the 50%-CPZH completely degraded all three dyes (CV, CR, RBBR)
within 30 minutes, whereas the degradation capacity of g-C3N4/PDI
+ HRP (without ZIF-90 addition) was much weaker. It was asso-
ciated with ZIF-90 to enhance g-C3N4/PDI optical utilization and
adapt HRP to the external environment.

ZIF-90 was introduced to improve the stability of peroxidase
and modify the optical properties of the semiconductor photo-
catalyst, enabling the original ‘‘semiconductor photocatalyst +
peroxidase’’ system to obtain catalytic products directly from
sunlight without being affected by the actual environment.
This is a guiding role for the industrial application of

peroxidase. It is attractive to replace HRP with other specific
peroxidases to obtain more valuable compounds directly cata-
lyzed by sunlight in extreme catalytic environments.

Conclusions

A new composite catalyst (photo-peroxidase platform) has been
successfully designed and constructed. Photoperoxidase cascade
reactions can be driven by using this platform in the visible light
range of l 4 420 nm without the need for precious metals. In
addition, the platform has demonstrated excellent reusability
(more than 5 times), stability under extreme conditions (at pH =
3, catalytic activity was twice that at pH = 7) and practicality (all
three dyes degrade rapidly in real sunlight). Due to the above
results, the platform is capable of significantly reducing the draw-
backs associated with the use of peroxidase-catalyzed reactions,
and provides a suitable reference for the industrial application of
peroxidases. This platform was supposed to provide potential for
all peroxidases: the direct use of sunlight to catalyze more mean-
ingful reactions under industrial conditions.
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