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A B S T R A C T

A novel photoenzyme-coupled artificial catalytic system is fabricated by immobilizing horseradish
peroxidase (HRP) on the Bi2WO6 hollow nanospheres via a facile electrostatic self-assembly process. The
obtained Bi2WO6/HRP sample not only improves the visible light harvest ability but also promotes the
high-efficiency separation of charge carriers. More importantly, the photogenerated electrons and
produced H2O2 on Bi2WO6 directly take part in redox cycle reactions of HRP to induce photoenzyme
synergic catalytic effect. In consequence, the degradation activity of Bi2WO6/HRP is significantly
improved relative to Bi2WO6 and HRP for removing bisphenol A (BPA) under the visible light irradiation.
This work launches a feasible design strategy for exploiting photoenzyme-coupled artificial catalytic
system with special structure to degrade organic pollutants in water efficiently.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

Organic wastewater pollution caused by industrial develop-
ment has become increasingly severe so as to affect the survival of
organisms and human health [1–4]. Up to now, many efforts have
focused on reducing the harm caused by organic pollutants in
wastewater by developing the photocatalysis and biocatalysis
technologies. It is well known that the solar-driven photocatalysis
process has the features of stable performance and no secondary
pollution [5–9] and the biocatalysis process exhibits the high
degradation efficiency and mild operating conditions [10].
Recently, fabricating photoenzyme-coupled artificial catalytic
system has been regarded as novel potential promising strategy
because it can produce synergistic catalytic effect between
photocatalysis and biocatalysis, which has lately been evidenced
as the effective heterogeneous catalytic reaction for organic
pollutant degradation [11]. For instance, we prepared a photo-
catalyst/enzyme heterojunction via immobilizing horseradish
peroxidase (HRP) on the surface of mesoporous graphitic carbon
nitride [12], which exhibits the outstanding degradation activity
and cycle stability for removing bisphenol A (BPA) inwater. Zhang,
et al. also fabricated integrated TiO2-HRP hybrid catalyst, which
exhibited the prominent catalytic performance, reusability and

thermostability for the degradation of 2,4-dichlorophenol [13].
Therefore, fabricating photoenzyme-coupled artificial catalytic
system has been expected to achieve high-efficiency catalytic
performance for degrading the organic pollutants in water.

For immobilizing bio-enzyme on the photocatalyst surface to
hold the enduring activity and stability, photocatalyst should meet
a variety of conditions, such as low toxicity, fine biological
compatibility, high chemical stability, etc. [14]. As one of the most
attractive visible-light driven photocatalysts for degrading organic
pollutants, Bi2WO6 has the superior intrinsic properties, such as
unique layered structure, suitable energy band positions, high
photothermal chemical stability and low toxicity [15–19]. More
importantly, it is active for water oxidation to

�
OH and H2O2 under

visible light irradiation, and H2O2 can act as accessory ingredient of
enzyme catalytic reaction [20]. Therefore, Bi2WO6 can serve as an
ideal candidate for immobilization of enzyme to fabricate the
photoenzyme-coupled artificial catalytic system. It is reported that
the Bi2WO6 hollowmicrosphere exhibits some obvious advantages
owing to its unique hierarchical architecture composed of thin
nanosheets [21]. For instance, it exhibits large specific surface area
and outstanding permeation features, which is conducive to
enzyme passing through surface abundant pore channels to
complete inside and outside immobilization. Meanwhile, the thin
Bi2WO6 nanosheet structure can generate a synergy of accommo-
dating the volume swing and promoting the transport and
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separation of charge carriers [21]. Therefore, the Bi2WO6 hollow
microsphere avails to induce the photoenzyme-coupled synergis-
tic catalytic effect.

Herein, a novel photoenzyme-coupled artificial catalytic system
was constructed based on HRP and Bi2WO6 hollow microspheres,
in which the HRP was immobilized on the internal and external
Bi2WO6 hollowmicrosphere. The as-prepared Bi2WO6/HRP sample
distinctly improves visible light response ability and the separation
efficiency of charge carriers, finally realizing the high-efficiency
degradation of BPA in water.

As X-ray diffraction (XRD) shown in Fig. 1a, the intense and
sharp diffraction peaks of Bi2WO6 sample are produced, implying
the identical crystalline phase Bi2WO6 with good crystallinity is
obtained (JCPDS Card No. 73-1126) [22]. No diffraction peaks of
HRP are appeared in XRD of Bi2WO6/HRP-2 sample, which is
probably due to the trace loading. Moreover, scanning electron
microscopy (SEM) image (Fig. 1b) exhibits that the Bi2WO6 sample
has the high-uniform dispersion and the individual microsphere
has a diameter of about 5mm. The abundant pores are formed on
Bi2WO6 sample owing to assembly of nanosheets, which can act as
the transport channels in favor of enzymes and pollutant
molecules diffusing into the hollow microsphere. It will enhance
the immobilization of HRP on Bi2WO6 to improve the degradation
activity and stability. In addition, the SEM image (Fig.1c) shows the
remained hollow microsphere architecture of Bi2WO6 after
immobilizing HRP. Furthermore, as transmission electron micros-
copy (TEM) image spotted in Fig. 1d, the obvious brightness
difference between edge and center of individual Bi2WO6

microsphere confirms the hollow structure feature. Besides,
TEM image (Fig. 1e) further reveals that Bi2WO6 microsphere is
assembled by thin nanosheets with thicknesses of about 14 nm.
The thin nanosheet architectural feature can shorten the charge
transfer distance perpendicular to nanosheet planes to improve
the separation efficiency of charge carriers. High resolution TEM

(HRTEM) image (Fig. 1f) shows the distinct lattice fringes with an
interplanar spacing of 0.272 and 0.315 nm, which agrees well with
the (002) and (131) lattice planes of Bi2WO6, respectively [23].
Moreover, For TEM image of Bi2WO6/HRP-2 sample shown in
Fig. 1g, HRP is anchored on the external and interior of Bi2WO6

hollow microsphere, which is also apparently confirmed by bright
and fluorescence field images of laser scanning confocal micro-
scope (LSCM) in Figs. 1h and i. The results above demonstrate the
formation of Bi2WO6/HRP photoenzyme-coupled artificial catalyt-
ic system.

The photocatalytic activity of samples was evaluated by the
degradation of BPA under the visible light irradiation. Firstly, we
confirm that the Bi2WO6/HRP-2 sample has the optimal photo-
degradation performance when the mass fraction of HRP is 2%
(Fig. S1 in supporting information). The degradation dynamic
curves of BPA in Fig. 2a indicate that only 3% and 45.6% BPA is
degraded over the HRP and Bi2WO6 sample within 90min,
respectively. In contrast, the degradation rate of BPA over the
Bi2WO6/HRP-2 sample reaches up to 84.5%. Besides, the degrada-
tion kinetic curves of BPA can be approximated as a pseudo-first-
order process and the plots of ln(C0/C) versus time are depicted in
Fig. 2b, the fitting degradation rate constant of BPA over the
Bi2WO6/HRP-2 (0.0193min�1) is 2.8 and 64 times larger than that
of Bi2WO6 (0.0070min�1) and HRP (0.00003min�1), respectively.
Meanwhile, Fig. 2c displays that the absorbance of BPA solution
gradually decreases with the degradation progression, forecasting
that the benzene ring structure is completely decomposed into
small molecule/ion products [24]. Moreover, the degradation rate
of BPA (Fig. 2d) is still as high as 78.6% and the relative enzyme
activity can maintain 55.9% after four cycles (Fig. S2 in Supporting
information), indicating that the Bi2WO6/HRP-2 sample has the
superior stability and recyclability.

Moreover, the possible produced intermediates are inferred by
MS in the BPA degradation process. As shown in Fig. S3a

[(Fig._1)TD$FIG]

Fig. 1. XRD patterns of Bi2WO6 and Bi2WO6/HRP-2 (a). SEM images of Bi2WO6 (b) and Bi2WO6/HRP-2 (c). TEM (d, e) and HRTEM (f) images of Bi2WO6. TEM (g), LSCM bright
field (h) and fluorescence field (i) images of Bi2WO6/HRP-2.
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(Supporting information), a strong signal is observed at m/z 277
owing to releasing H+ from one phenolic hydroxyl group of BPA.
After 60min of degradation reaction, Fig. S3b (Supporting
information) shows that the signal intensity at m/z 277 decreases
significantly and some new signals appeared at the lowm/z values,
where compound A is decomposed into B (m/z 207), C (m/z 188)

and D (m/z 149) by the ring-opening reaction of one benzene ring.
And then compounds B, C and D are further degraded to E
(m/z 127), F (m/z 116) and G (m/z 110) through breaking long side
chains and opening the double bonds in the benzene ring.
Subsequently, compounds E, F and G further take place the ring-
opening reaction to produce H (m/z 131) and I (m/z 62), finally

[(Fig._2)TD$FIG]

Fig. 2. Degradation dynamic curves (a) and plots of ln(C0/C) versus time (b) of BPA solution over HRP, Bi2WO6 and Bi2WO6/HRP-2. Absorbance variation (c) and cycle
degradation dynamic curves (d) of BPA over Bi2WO6/HRP-2.

[(Fig._3)TD$FIG]

Fig. 3. Transient photocurrent responses (a), EIS Nyquist plots (b), polarization curves (c) and TR-PL decay curves (d) of Bi2WO6 and Bi2WO6/HRP-2.
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being decomposed into CO2 and H2O. When the degradation
reaction prolongs to 90min, all signal intensities in Fig. S3c
(Supporting information) further decrease distinctly, which
implies all the produced intermediates can be degraded and
mineralized. Based on these analyses, the possible degradation
intermediates and pathwayof BPA are shown in Fig. S4 (Supporting
information).

The optical absorption property of the samples is investigated
via Uv–vis diffuse reflectance spectrum (UV–vis DRS) (Fig. S5 in
Supporting information) [25]. The Bi2WO6/HRP-2 sample displays
a slight red-shift of absorption edge and produces the obvious
absorption in excess of 450 nm, which is in favor of the solar
harvest and utilization. In addition, the band gap energy of Bi2WO6

decreases from 2.63 eV to 2.53 eV after immobilizing HRP, which
suggests electrons are more easily excited from valence band (VB)
to conduction band (CB) to enhance the photocatalytic activity.
Meanwhile, the VB values of Bi2WO6 before and after immobilizing
HRP can be calculated to be 3.02 eV and 2.97 eV, while
corresponding CB values are 0.39 eV and 0.44 eV, respectively.
Moreover, it is reported that photocurrent and electrochemical
impedance spectroscopy (EIS) reflect the migration and separation
ability of photogenerated electron-hole pairs [26–28]. As shown in
Fig. 3a, the photocurrent intensity of the Bi2WO6/HRP-2 electrode
is far higher than that of Bi2WO6, which indicates that the
incorporation of HRP distinctly improves the interfacial charge
separation efficiency and mobility. The Nyquist curve radius of the
Bi2WO6/HRP-2 electrode is clearly smaller than that of Bi2WO6

(Fig. 3b), suggesting that the former possesses the lower charge
migration resistance in interfacial electrolyte solution, in favor of
enhancing photocatalytic degradation activity. Furthermore, as
polarization curves shown in Fig. 3c, the overpotential of Bi2WO6/
HRP-2 electrode (�0.54 V) at 10mA/cm2 is distinctly smaller than
that of Bi2WO6 (�0.63 V), which demonstrates that the incorpo-
ration of HRP effectively decreases the overpotential and thus
fundamentally improves the photocatalytic degradation activity

[29,30]. Moreover, based on the time-resolved photoluminescence
(TR-PL) decay plots (Fig. 3d), the fitted fluorescence lifetime
(1.89 ns) of Bi2WO6/HRP-2 sample is obviously shorter than that of
Bi2WO6 (3.45 ns), which implies that the probable new nonradio-
active decay way is produced to suppress recombination of
photogenerated electrons and holes [31,32]. These results indicate
that the immobilization HRP on Bi2WO6microsphere has a positive
effect to improve the photocatalytic activity. Besides, the similar
pore structure and specific surface areas of the Bi2WO6 and
Bi2WO6/HRP-2 samples (Fig. S6 in Supporting information) imply
that they have insignificant effect on the photocatalytic activity,
indirectly attesting that the enhanced degradation activity mainly
originates from the photoenzyme synergic catalytic effect pro-
duced on the Bi2WO6/HRP-2 sample.

Triethanolamine (TEOA), ascorbic acid (AA) and isopropanol
(IPA) act as scavengers of holes (h+), superoxide radical (O2

��) and
hydroxyl radical (

�
OH) to investigate the photocatalytic degrada-

tion mechanism of BPA, respectively. As depicted in Fig. 4a, when
TEOA and AA are added to the reaction system, the degradation
rate of BPA decreases from blank 84.5%–23.3% and 38.6%,
respectively. The strong inhibition effect manifests that h+ and
O2

�� are major active species involved in degradation reaction. In
addition, the degradation rate of BPA also decreases to 64.2% in the
presence of IPA, suggesting that

�
OH also plays an important role.

Moreover, the generated O2
�� and

�
OH active species are further

detected by ESR spectra (Figs. 4b and c), in which the strong
characteristic signals can be observed under the visible light
illumination, further declaring O2

�� and
�
OH active species are

produced in the BPA degradation process
On the base of discussions above, we propose the possible

photoenzyme synergistic catalytic mechanism over the Bi2WO6/
HRP sample in Fig. 4d. The photogenerated electrons and holes are
firstly produced on the Bi2WO6/HRP sample and migrate to the
surface under the visible light irradiation, respectively. It is
reported that the one-electron reduction of O2 by electron on

[(Fig._4)TD$FIG]

Fig. 4. Degradation rate of BPA over Bi2WO6/HRP-2with different capture agents (a), ESR spectra in themethanol dispersion for DMPO-O2
�� (b) and in the aqueous dispersion

for DMPO-
�
OH (c), possible degradation mechanism diagram (d).
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Bi2WO6 is not allowed in thermodynamics because the CB position
(0.44 eV) of Bi2WO6 ismore positive than reductionpotential of O2/
O2

�� (�0.046 V vs. NHE), but the multiple electron reduction of O2

can be occurred easily owing to the more positive reduction
potential of O2/H2O2 (�0.70 V vs. NHE) [20]. Therefore, the
photogenerated electrons reduce O2 dissolved in water to produce
H2O2 and O2

�� on Bi2WO6 and HPR, respectively. Notably, Fe3
+-porphyrin (oxidized state) in HRP can be reduced by photo-
generated electrons to transform into reduction state, and H2O2

can oxidize Fe2+-porphyrin (reduction state) to recover oxidation
state simultaneously and produce

�
OH. As a result,

�
OH is released

continuously, which significantly improves the degradation
performance. Meanwhile,

�
OH can also be produced by reaction

between h+ and OH� because the standard redox potential of
OH�/

�
OH (2.3 V vs. NHE) is higher than VB position of Bi2WO6

(2.97 eV). Finally, hole,
�
OH, and O2

�� active species further oxidize
BPA to CO2 and H2O. We have to point out that the Bi2WO6 hollow
structure avails immobilization of HRP and diffusion of BPA
molecule in and out of microsphere through the abundant pore
channels, promoting the photoenzyme synergistic catalytic effect
to improve degradation performance for removing BPA.

In summary, a photoenzyme-coupled artificial catalytic system
Bi2WO6/HRP is prepared, in which HRP significantly enhances the
visible light absorption ability and separation efficiency of charge
carriers, in favor of improving the catalytic degradation activity.
The optimal degradation rate constant of BPA over the Bi2WO6/
HRP-2 sample reaches up to 0.0193min�1, which is 2.8 and 64
times larger than that of Bi2WO6 (0.0070min�1) and HRP
(0.00003min�1), respectively. The photocatalytic degradation
mechanism indicates that h+,

�
OH and O2

�� all play the important
roles in the process of degrading BPA, as well as the photo-
generated electrons and producedH2O2 on Bi2WO6 can take part in
the redox process of HRP to induce photoenzyme synergistic
catalytic effect that results in the continuous release of �OH to
improve the catalytic degradation performance.
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