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Herein, a photoenzymatic synergistic catalytic material, i.e. laccase/
CeO,/attapulgite, was prepared for simultaneous CO, conversion
and biomass conversion. Based on the synergistic effect of the
photoenzyme in the prepared composites, a remarkable CO
(27.15 pmol geoe t h™Y) and CH, (64.88 pmol g * h™) production
rate and a benzaldehyde yield of 84.1% were gained.

With the tremendous use of fossil fuels such as oil and natural
gas, the rapid growth of CO, emissions has directly led to global
warming and increased the possibility of extreme weather
events.’™ In order to cope with these environmental challenges,
many strategies have been proposed and implemented, includ-
ing pyrolysis, electrochemical conversion® and photochemical
processes.>” At the same time, in order to meet the goal of carbon
neutrality, reducing the concentration of CO, in the atmosphere or
converting it into renewable energy is promising.>® Solar-driven
chemical conversion has created an indispensable low-carbon
manufacturing system that uses abundant solar energy to provide
power for the breaking and rearrangement of chemical bonds at
ambient temperature and pressure.'>""

However, in the conventional photocatalytic CO, reduction
system, the oxidation half-reaction is usually the oxygen evolu-
tion reaction (OER), in which oxygen is generated as the main
product and it suffers from sluggish kinetics.'>'?® Therefore,
only the reduction half-reaction has economic value, which
indicates that only the photoexcited electrons (e™) rather than
all electron-hole pairs are effectively utilized."*"” In particular,
the selective photocatalytic oxidation of benzyl alcohol (BA) to
benzaldehyde (BAD), emerges as a promising process that
garners increasing attention.’®'® Compared to traditional
industrial methods, this process benefits from clean and
mild operating conditions.’® ' Furthermore, BAD serves as a
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valuable precursor for the preparation of various basic drugs,
vitamins, cosmetics, and fragrances.*** In this regard, designing
an efficient bifunctional photocatalyst capable of driving both
CO, reduction and the oxidation of BA to BAD in an environmen-
tally friendly aqueous solution is not only practically necessary,
but also aligns with economic and ecological considerations.

As a natural clay mineral, attapulgite is characterized by its
high content of hydrous magnesium aluminum silicate. It has
a unique rod-like structure and large specific surface area,
which can provide sufficient loading sites for metal oxides or
metals.>*** CeQ, is an excellent semiconductor photocatalyst
with good stability and catalytic performance. It has been used
as an active component in the field of industrial catalysis.>*?”
When CeO, was loaded on attapulgite, on the one hand, it
greatly enhances the stability and photocatalytic activity of the
semiconductor; on the other hand, it also reduces the agglom-
eration of the catalyst and improves the contact area between
the active site (Ce**/Ce**) and the reactant, which is conducive
to the photocatalytic reduction reaction.”®° Laccase, as a
member of the oxidoreductase family, possesses an active site
with four copper ions, three of which are Cu(u), capable of
catalyzing the oxidation of phenolic and certain non-phenolic
compounds by accepting electrons and transferring them to
oxygen, resulting in the formation of water or other oxidation
products.’" It exhibits a high redox potential, enabling it to
undergo reduction reactions with substrates upon electron
acquisition.*** Photoenzyme synergistic catalysis emerges as
an innovative catalytic strategy that combines the advantages of
photocatalysis and bioenzyme catalysis to achieve efficient
conversion of specific substrates under mild conditions.** In
this process, photosensitizers absorb light energy to excite
electrons to high energy states, which are then transferred to
the active center of the enzyme to activate the enzyme and
promote the redox reaction of the substrate.>® Recently, Reisner
et al. have pioneered the combination of TiO, and formate
dehydrogenase (FDH) to synergistically catalyze the degrada-
tion of cellulose and the reduction of CO,.>” To the best of our
knowledge, there has been no report on mineral-based
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photoenzyme synergistic catalysis, which combines the advan-
tage of mineral and enzyme characteristics.

In this work, as shown in Fig. S1 (ESIt), we prepared various
photoenzyme composites with different laccase loadings for
both CO, reduction and biomass valorisation. In this photo-
enzymatic catalytic system, CO, reduction produces important
syngas components such as CO and CH,, and the selected
biomass substrate benzyl alcohol was selectively oxidized to
benzaldehyde. The addition of laccase led to the enhancement
in photoelectrochemical properties and photocatalytic proper-
ties of the composites. Compared with CeO,/ATP, the participa-
tion of biological enzymes significantly increased the yield of
reduction products. This new type of photoenzyme catalytic
system can effectively utilize photogenerated holes (h") and
electrons (e”), and improve the utilization efficiency of photo-
generated carriers. This study has important implications for
the design of photoenzyme synergistic catalysts.

Fig. 1a shows the X-ray diffraction (XRD) crystal structure of
the samples. For pure ATP, the characteristic diffraction peaks
appear at 8.1° in line with the corresponding (110) plane.*®
After acid treatment, the basic silicon-oxygen tetrahedral chain
layered structure of ATP is still preserved, but the main char-
acteristic peak is significantly weakened and moves to a higher
angle.*® After loading CeO,, the cubic phase appears, showing
the characteristic peaks of CeO,, indicating that CeO, has been
successfully loaded onto the surface of ATP.*® However, in the
subsequent melamine (MEL) modification, due to the over-
lapping of the characteristic peaks of CeO, and some charac-
teristic peaks of MEL, the peak of CeO, in the subsequent
samples is not obvious, and the intensity of the characteristic
peaks of ATP and CeO, decreases. This can be due to the
fact CeO,/p-ATP and MEL form an intimate composite.*® The
characteristic crystal plane of melamine appears in the sample
(MEL)/CeO,/p-ATP, indicating the successful loading of MEL.*"
After enzyme immobilization, no obvious peak shape change is
observed, suggesting that the immobilization of the enzyme
does not cause further changes in the crystallinity of the
nanocomposites.>® However, as the amount of immobilized
enzyme increases, other characteristic peaks are gradually
covered up, which cannot be clearly identified.*>

In order to analyze the functional groups and bonding states of
the composites, FT-IR spectroscopy analysis is performed, as shown
in Fig. 1b. In the FT-IR spectrum of pure ATP, the peaks at
3620 cm " and 3570 cm™ " are attributed to the stretching vibration
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Fig.1 (a) The XRD patterns and (b) FT-IR spectra of various
photocatalysts.
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of AI-OH-Si, and the peaks at 1031 cm ™" and 983 cm™ " correspond
to Si-O-Si asymmetric stretching and Si-O stretching vibration,
respectively.*® After acidification of ATP, the AI-OH-Si stretching
vibration peak is weakened, which may be caused by the exchange
of aluminum atoms with H", and the Si-O-Si peak at 1031 cm ™" is
shifted, indicating that acidification changes the ATP structure.**
After MEL modification, the peaks at 3570 cm ™" and 1653 cm™ " are
weakened, indicating that some functional groups of MEL are
combined with ATP through hydrogen bonds, and the m-electron
of MEL may promote the bonding with ATP. The peaks at
3469 cm ™" and 3419 cm ™' correspond to the asymmetric stretching
vibration of NH,, indicating that MEL is successfully loaded. The
peaks at 1650 cm ™%, 1550 cm™* and 1435 cm ™ * correspond to the
triazine ring vibration."® The stretching vibrations of -OH and
-NH, have overlap at 3200-3600 cm ', and the peak width is
affected by hydrogen bonds.*' The peak at 2930 cm ™ is attributed
to the aliphatic C-H stretching vibration, suggesting that Lac has
been successfully loaded.

The morphology and microstructure of the prepared com-
posites are characterized by TEM, as shown in Fig. 2 The
original ATP exhibits a uniform one-dimensional rod-like
structure (Fig. 2a). After acidification, ATP still maintains a
rod-like structure with a diameter of about 30-40 nm (Fig. 2b),
and the structure becomes well-dispersed, which is due to the
replacement of some cations between the layers by H'. After
loading CeO,, the surface of ATP is uniformly covered with
3-8 nm CeO, nanoparticles without agglomeration (Fig. 2c), as
evidenced by the HRTEM in Fig. S2 (ESI{) and the morphology
of ATP has no obvious change. After MEL modification, the
diameter of the composite material increases to 20-50 nm
(Fig. 2d-f), indicating that MEL is successfully deposited on
ATP and grows along the surface of ATP without a dense
accumulation layer, confirming that MEL is uniformly fixed
on the surface of ATP. SEM further analyzes the loading of Lac
on p-ATP (Fig. 2g). SEM-EDS element mapping (Fig. 2h-i) shows
that carbon and copper elements are evenly distributed, con-
firming the successful loading of Lac.

Fig. 2 TEM images of (a) ATP, (b) p-ATP, (c) CeO,/p-ATP, (d) 0.5-Lac/
CeO,/p-ATP, (e) 1.0-Lac/CeO,/p-ATP and (f) 2.0-Lac/CeO,/p-ATP. (q)
SEM image, (h) and (i) EDX elemental mapping of 1.0-Lac/CeO,/p-ATP.
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The UV-Vis spectra of the samples are shown in Fig. 3a. The
absorption peaks of ATP and p-ATP appear at about 255 nm,
which may be related to the chemical bonds between the
oxygen atoms and metal atoms, indicating that ATP has a
certain UV absorption capacity. In the rest of the samples
loaded with CeO,, the absorption peak appears at about
330 nm, which can be attributed to the charge transfer between
0 2p and Ce 4f states in 0>~ and Ce"" and the charge transfer
between 4f1 and 5d1 states in Ce®’, resulting in the UV
absorption of the cerium oxide.**

The photogenerated electron-hole separation efficiency of
the Lac/CeO,/ATP composites with different loadings is studied
by electrochemical characterization. Fig. 3b shows that com-
pared with p-ATP and CeO,/p-ATP, the composites with Lac
loading show stronger photocurrent response, indicating that
the enzyme loading enhances the photogenerated carrier
separation efficiency of CeO,/p-ATP. However, when the
enzyme loading exceeds the optimal value, the photocurrent
intensity decreases, which may be due to the fact that excessive
enzyme loading has agglomeration affecting light absorption.
The EIS impedance analysis of Fig. 3c shows that the impe-
dance of p-ATP is the largest, while the impedance of the
enzyme-loaded composites is small, and the impedance is
the lowest at the optimal loading of 1.0-Lac/CeO,/p-ATP, which
confirms that the addition of enzyme increases the carrier
mobility. When the loading amount is larger than 1.0, the
photocurrent response is weakened and the electrochemical
impedance is increased, which is attributed to the fact that the
excessive enzyme loading affects the light absorption of CeO,.
Photoluminescence (PL) spectroscopy is employed to reveal the
charge recombination of the photocatalysts (Fig. 3d). It can be
clearly observed that the PL intensity of the Lac-loaded sample
is much lower than that of other samples, indicating that the
charge recombination in the composite is suppressed.

Fig. 4a reveals the effect of different Lac loadings on the CO
and CH, production. In the CeO,/p-ATP composite, the yields of
CO and CH, are 14.28 pmol g.,. ' h™" and 52.42 umol g, h™?,
respectively, which are attributed to the catalytic activity of CeO,
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Fig. 3 Optical and photoelectrochemical properties of various photoca-
talysts: (a) UV-vis patterns, (b) EIS, (c) transient photocurrent responses and
(d) PL spectra.
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and its loading on p-ATP enhances the contact between
active sites and substrates. As for 0.5-Lac/CeO,/p-ATP, the yield
increase is not significant, which may be due to the insufficient
amount of enzyme and the three-dimensional structure limiting
the exchange of the substrate and product. When it comes to 1.0-
Lac/CeO,/p-ATP, the yields of CO and CH, are significantly
increased to 27.15 pmol g, * h™* and 64.88 pmol g., * h™%,
respectively. Meanwhile, the conversion yield of benzyl alcohol
also reaches the maximum of 84.1% (Fig. 4b). However, for
the composite 1.5-Lac/CeO,/p-ATP, the yield decreases, which
may be due to the inhibition of light absorption and carrier
generation by excessive enzyme loading; in addition, the unfixed
enzyme may have a negative effect on light absorption. In
addition, as shown in Fig. S5 (ESIf), the 1.0-Lac/CeO,/p-ATP
composite still maintains good catalytic activity after five cycles
of testing. Meanwhile, the tracking experiment of the 1.0-Lac/
CeO,/p-ATP composite was also carried out in a CO, atmosphere
and N, atmosphere, respectively, and the reduction products of
the comparative experiments were detected by gas chromatogra-
phy, as shown in Fig. S6 (ESIt). Notably, the target gaseous
product is not detected in the N, atmosphere, suggesting that
CO and CHj, are evidently derived from CO,.

Based on the above analysis, the possible mechanism of CO,
reduction by Lac/CeO,/ATP is proposed, as shown in Fig. S3
(ESIt). Meanwhile, in order to explore the adsorption and
conversion process of the reaction intermediates in the photo-
catalytic process, the in situ DRIFTS characterization of the
photocatalytic CO, coupling with benzyl alcohol reaction was
carried out using the sample 1.0-Lac/CeO,/ATP, as shown in
Fig. S4 (ESIt). Under the excitation of light, CeO, absorbed
photons to produce photocarriers, and then photoelectrons are
quickly transferred to the surface of the catalyst. After electron
transfer, the active center Cu(n) of Lac undergoes a reduction
reaction to form Cu(m), and all four active sites of Lac are converted
to Cu(m) in the subsequent reaction.®® In the dark reaction, CO, is
adsorbed on the surface of the composite, which improves the
contact efficiency of Lac and CO,. CO, readily accesses its active site
via the channel structure of Lac, facilitating the formation of an
enzyme-CO, complex, which reduces CO, to CO. However, the
produced CO is not promptly released into the external environ-
ment through the porous structure of Lac, leading to a recombina-
tion of some generated CO with the active site of Lac to re-form
the enzyme-CO complex. Subsequently, this complex is further
reduced to CH, under proton influence.
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In summary, a series of ternary Lac/CeO,/ATP composites were
prepared by homogeneous precipitation and covalent cross-
linking. Self-immobilization of Lac onto CeO,/ATP formed a
photo-enzyme system, leading to fast charge separation and
migration, synergistically boosted CO, reduction and biomass-
derived benzyl alcohol conversion. Moreover, this novel photo-
enzyme realized the integrated utilization of the photo-generated
charges as well as the redox reaction, enabling the simultaneous
production of CO/CH, gas and benzaldehyde.
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