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Abstract: Formaldehyde (HCHO), as one of the main indoor toxic pollutions, presents a great threat
to human health. Hence, it is imperative to efficiently remove HCHO and create a good indoor living
environment for people. Herein, a layered perovskite material SrBi,TayOg (SBT), was studied for
the first time and exhibited superior photocatalytic efficiency and stability compared to commercial
TiO; (P25). Furthermore, a unique dark-light tandem catalytic mechanism was constructed. In the
dark reaction stage, HCHO (Lewis base) site was adsorbed on the terminal (BipO,)** layer (Lewis
acid) site of SBT in the form of Lewis acid-base complexation and was gradually oxidized to CO32~
intermediate (HCHO — DOM (dioxymethylene) - HCOO™ — CO327). Then, in the light reaction
stage, CO32~ was completely converted into CO, and H,O (CO32~ — COy). Our study contributes
to a thorough comprehension of the photocatalytic oxidation of HCHO and points out its potential
for day-night continuous work applications in a natural environment.
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1. Introduction

With the advancement of society and people’s living standards, improving the air
quality of the living environment is becoming more and more essential. Volatile organic
compounds (VOCs) are considered the biggest killer of indoor environments. HCHO is a
ubiquitous and highly toxic indoor air pollutant that poses a significant threat to human
health, such as eye and nose irritation, headaches, leukemia, pulmonary diseases, and even
cancers [1-6]. Therefore, it is imperative to efficiently degrade indoor HCHO and thus
improve air quality, which not only reduces the health threats but also complies with health
needs. Up to now, in order to present a better living quality, various strategies have been
intensively developed for this aim, including physical adsorption [7], chemisorption [8,9],
thermal catalytic oxidation [10,11], and photocatalytic oxidation [3,4,6] to degrade and
convert HCHO into nontoxic CO, and H,O.

Physical adsorption is a process that gathers and holds formaldehyde molecules with-
out changing their chemical structures. Chemisorption is largely limited by the regeneration
of the adsorbents. Thermal catalytic oxidation is significantly limited with higher reaction
temperatures, which is high energy-consuming and not suitable for application in a natural
environment. In strong contrast, solar radiation is an inexhaustible source of clean energy,
which has been widely used in H, production [12,13], degradation of organic pollutants
in water [14-16], degradation of VOCs in the air [3,17], etc. By photocatalytic oxidation,
HCHO can be simultaneously oxidized to CO, and H,O by light irradiation at room tem-
perature. What is more, no other toxic and harmful substances were detected [18], which is
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undoubtedly a fascinating strategy. However, it must be pointed out that diverse photocata-
lysts for HCHO removal efficiency are still limited to a few traditional semiconductors such
as TiO,, Pt/TiO,, g-C3Ny and zeolitic imidazolate framework-8 (ZIF-8) [19-22]. Therefore,
efficient photocatalysts for HCHO removal need to be developed urgently.

Layered perovskite materials, an emerging class of photocatalysts with unique crystal
structures, have attracted increasing attention due to their high chemical stability, high
absorption coefficients, and long carrier—diffusion lengths [12-16]. At present, layered
perovskite materials have been found to have excellent photocatalytic performances in H,
production from water splitting [13], CO, reduction [23], conversion of NOy in air [24,25],
etc., but their applications in HCHO removal are rarely studied. SrBi;Ta;Og (SBT), formed
by an alternating stack of perovskite—like layers [(SrTayO;)%~ ] and fluorine-like [(BiyO;)?*]
layers, is a typical Aurivillius phase layered perovskite photocatalyst [5,26]. In a previous
report by our group, the application of Pt-loaded SBT in the catalytic oxidation of HCHO
was investigated for the first time [5]. However, it should be noted that no light source was
introduced during the whole reaction process, which indicated that it was only an ordinary
catalytic reaction rather than a photocatalytic reaction.

In this work, we designed and focused on pure SBT without any modification, explored
its intrinsic performance for photocatalytic oxidation of HCHO under Xe lamp irradiation
at room temperature, and conducted an in-depth and detailed mechanism study to analyze
the tandem catalytic reaction, aiming to provide more references for the practical application
of layered perovskite materials in the field of photocatalytic HCHO removal.

2. Results and Discussion
2.1. Catalyst Characterization

We fabricated an SBT nanosheet photocatalyst by the molten salt method [5]. The
crystallographic structure of the as-synthesized SBT sample was confirmed by X-ray diffrac-
tion (XRD) measurements. As shown in Figure 1a, the XRD pattern of the SBT sample
matched well with the standard card (JCPDS, 01-081-0557) [27], indicating that pure-phase
SBT with good crystallinity was successfully synthesized. In addition, Raman analysis
was performed to further assess the structure of SBT. As illustrated in Figure 1b, the peak
around 806 cm~! belongs to the SBT crystallization degree [28]. The three characteristic
peaks in the range of 200-300 cm ! corresponded to O-Ta-O bending vibration, and the
band near 600 cm ! assigned to a Ta-O-Ta vibration. These two bands are similar to those
found in other perovskite systems, such as KNbOj3 [28]. Thus, we could conclude that the
SBT nanosheet was successfully fabricated.

As shown in Figure 1c, the scanning electron microscopy (SEM) of SBT exhibited a
stacked nanosheet structure with a size of 0.1-0.2 pm. Moreover, the high-resolution TEM
(HRTEM) image of SBT displayed one set of the perpendicular crystal lattice with clear
fringe d-spacing of 0.276 nm (Figure 1d), which correspond to the characteristic interlayer
distances of the (020) plane in SBT, as well as consistent with the XRD and Raman results.
Fast Fourier transform (FFT) pattern analysis of the SBT catalyst further demonstrated the
crystal structure, which coincided with the above analysis.

2.2. Brunauer—Emmett—Teller (BET) Analysis

To explore the hierarchical structure of the catalysts, the nitrogen adsorption—desorption
isotherms were performed. Specifically, the surface area and pore structure parameters
of SBT were determined by Brunauer—-Emmett-Teller (BET) method and Barrett-Joiner—
Halenda (BJH) method, respectively. P25 was analyzed for comparison. As depicted
in Figure 2a, the surface area of SBT (3.22 m?/g) was much smaller than those of P25
(54.5m?/g), while the average pore size of SBT (24.9 nm) was larger than that of P25
(16.1 nm). For easy observation, the adsorption capacity of SBT was expanded five times to
plot the adsorption isotherm (Figure 2a). The typical H4-type isotherms with hysteresis
loops for both SBT and P25 indicated their mesoporous structures [29]. Furthermore, the
pore size distribution (Figure 2b) showed a larger proportion of mesoporous (size between
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90 and 140 nm) for SBT than P25, which may imply the more favorable transport of reactants
and products, as well as higher HCHO adsorption for subsequent photocatalytic activity.
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Figure 1. Structural characterization of SBT nanosheet. (a) XRD patterns; (b) Raman spectra; (c) SEM
and (d) TEM image.
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Figure 2. (a) Nitrogen adsorption—desorption isotherms and (b) the corresponding Barrett-Joyner—
Halender (BJH) pore size distribution curves of SBT and P25.

2.3. Optical Properties

Due to the fact that light absorption is a prerequisite in the photocatalytic HCHO
degradation process, the UV-Vis spectrophotometer was carefully investigated to study
the light absorption properties of the prepared SBT sample with P25 as the reference
(Figure 3a). Compared with P25, the light absorption intensity of SBT was higher, and the
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absorption edge of SBT shifted to the longer wavelength by 50 nm, expanding an absorption
in the visible region. Tauc plot was utilized to evaluate the optical energy band gap of
the SBT photocatalyst through the Kubelka-Munk function. According to the previous
reports [30,31], in the plot of converted (ahv)" versus hv, the r = 1/2. As shown in the inset
of Figure 3a, the Tauc’s band gap (Eg) of SBT was calculated to be 2.92 eV.
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Figure 3. (a) UV-Vis diffuse reflectance absorbance spectra (inset is the Tauc plot) of SBT and
commercial P25 samples; (b) Mott—Schottky plot of SBT; (c) transient photocurrent responses, and
(d) Nyquist plot of impedance data of SBT and P25.

To study the specific band structure of SBT, electrocatalytic measurement was per-
formed. As shown in Figure 3b, the slope of the Mott-Schottky plot is positive, demonstrat-
ing that SBT has the characteristics of an n-type semiconductor. The flat band position (Eg,)
of SBT could be determined by the horizontal intercept of the line, which is —0.39 V vs.
Ag/AgClor —0.19 V vs. NHE. For an n-type semiconductor, its Eg, is generally considered
to be about 0.1 V negative than its conduction band position (Ecg) [32]. Therefore, the
Ecp of SBT is roughly calculated to be —0.29 V. Since the Eg of SBT obtained above is
2.92 eV, the valence band position (Eyg) is determined to be 2.63 V. To compare the charge
separation and charge transfer capabilities of SBT and P25, the transient photocurrent
response measurements were carried out. The higher current density for SBT than that for
P25 in Figure 3c indicated that SBT has a better capacity in the separation and transfer of
photoinduced carriers. This also aligned with the electrochemical impedance spectroscopy;
the smaller Nyquist arc radius of SBT than P25 (Figure 3d) means that the SBT could
efficiently inhibit the recombination of photogenerated electron-hole pairs. Moreover,
the photocurrent of SBT attenuated more slowly than that of P25, which indicated that
SBT has longer photogenerated electron life and better photo response stability than P25.
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Therefore, we inferred that SBT has better charge transfer ability and photocatalytic HCHO
removal performance.

2.4. Photocatalytic Catalytic Performance

The room temperature activity of SBT for photocatalytic degradation of HCHO was
investigated with P25 as the reference in a batch reactor. As shown in Figure 4a,b, after the
reactions were carried out under irradiation for 30 min, the HCHO degradation rates of SBT
and P25 reached 92.9% and 94.0%, respectively, which indicated that SBT has comparable
HCHO degradation performance with P25 at the equal catalyst mass and completely
degrade of HCHO molecules. However, for both SBT and P25, the corresponding increase
in CO; concentration was much higher than the decrease in HCHO concentration during
the first 30 min. This may be caused by the following reasons: (1) On the one hand, during
the injection of HCHO, HCHO molecules were primarily adsorbed on the inner wall of the
reactor and reached adsorption equilibrium. When HCHO concentration in the reaction
system decreased, part of the adsorbed HCHO would be released and then oxidized to CO,
at room temperature. (2) On the other hand, during the injection of HCHO, a small amount
of HCHO may condense to form solid paraformaldehyde that could not be detected by
the gas analyzer. This part of solid paraformaldehyde decomposed into gaseous HCHO
molecules again during the reaction, thus becoming an additional carbon source. Therefore,
the HCHO oxidation activity was slightly higher than the degradation of HCHO in the
initial stage.
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Figure 4. The degradation of HCHO and the formation of CO, over SBT (a) and commercial P25
(b) catalysts under the illumination of Xe lamp for 30 min; (c) the average degradative quantity of
HCHO per minute with normalization to BET surface area verse time plots over SBT and P25.

To eliminate the difference in HCHO oxidation activity caused by the difference in
specific surface area between SBT and P25 catalysts, we normalized the HCHO oxida-
tion activity of the two catalysts according to the specific surface area. Figure 4c shows
the two curves of normalized average degradation rates of HCHO against time. Ob-
viously, in the initial stage of the reaction, the HCHO degradation rate over SBT was
much higher than that over P25. Especially in the first five minutes when the reactants
were sufficient, the rate of photocatalytic degradation of HCHO by SBT was as high as
29949 ppm~min_1 .m~2, which was 25.1-11.3 times higher than P25. In a nutshell, the
above results demonstrated that the excellent SBT can be used as a substitute catalyst for
P25 for photocatalytic HCHO elimination.

In addition, high stability is another important criterion and major pursuit. To eval-
uate the photocatalytic HCHO degradation stability of the SBT catalyst, we performed
consecutive cycling experiments under the same conditions. As shown in Figure 5a,b, there
is a negligible decrease in the level of the HCHO degradation rate by the long-term reaction.
Moreover, for each cycle, the amount of CO, production was always positively correlated
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(a)
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with the amount of HCHO degradation, which indicated that the SBT catalyst could still
completely oxidize HCHO into CO, and H,O under a long-time working condition, further
demonstratung the high reusability of SBT catalyst and its broad application prospects in
the field of photocatalytic HCHO degradation.
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Figure 5. Cycle test for photocatalytic (a) degradation of HCHO and (b) formation of CO, with
SBT sample.

2.5. Reaction Mechanism

The gas-solid heterogeneous photocatalytic process generally includes two stages: the
adsorption stage and the reaction stage. To well elucidate the mechanism of photocatalytic
HCHO removal over SBT, a staged experiment was designed. Before the staged experi-
ment, HCHO was injected into the closed system within SBT to determine the adsorption
equilibrium time under dark conditions. As shown in Figure 6a, the initial concentration of
HCHO in the reactor was 110 ppm, and HCHO concentration gradually decreased with
time and remained almost unchanged at 95 ppm after 6 min.
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Figure 6. The performance of HCHO adsorption in dark conditions on SBT (a) and H-SBT (b).

To further explore the influence of the structural components of SBT material on
photocatalytic HCHO degradation, the [(Bi;0,)?*] layers of SBT were removed by acid
etching to obtain H-SBT material. Then, H-SBT was used in replace of SBT to repeat
the HCHO dark adsorption experiment and the dark-light staged experiment under the
otherwise identical conditions. The results are shown in Figure 6b. Compared with the SBT,
the adsorption equilibrium of HCHO on H-SBT material took much longer (16 min), and
the adsorption capacity of HCHO on H-SBT was lower, presenting an HCHO equilibrium
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concentration of 100 ppm (Figure 6b). This result supports our view that [(Bi,O,)?**] layers
in SBT have a crucial effect on the HCHO adsorption process.

In brief, H-SBT was inferior to SBT in photocatalytic HCHO removal capacity, which
demonstrated that the high activity of SBT in photocatalytic degradation of HCHO was
closely related to [(BiyO,)%*] layers. It was reported that the HCHO molecule with lone pair
electrons could be regarded as Lewis base [33,34], and the SBT with [(BipO7)%*] layer can
be behaved as Lewis acid [35]. Therefore, the two could be closely combined by acid-base
complexation, which greatly promoted the adsorption process of HCHO on SBT and led to
the excellent performance of SBT in photocatalytic HCHO removal.

2.6. In Situ DRIFT Spectra

Figure 7a shows the in situ diffuse reflectance infrared Fourier transform spectroscopy
of SBT exposed to a certain amount of HCHO, O,, and Ar gas mixture in the dark at
different time intervals. The peak at 1716 cm ™! indicated that HCHO molecules were
adsorbed onto SBT in the form of Lewis acid-base complexation. Peaks at 1418, 1475 and
2763 cm~! corresponded to the vibration of dioxymethylene species (DOM) [36]. Formate
species (HCOO™) were responsible for the peaks at 1558 and 1772 cm ™! [37,38]. Peaks
at 1520, 1618, and 1681 cm ! could be ascribed to the carbonate species (CO3%7) [39],
indicating that CO32~ species were formed and accumulated during the dark adsorption
process of HCHO on SBT. The intensity of the characteristic peaks of adsorbed HCHO and
intermediate species (DOM, HCOO~, CO32~) increased significantly in the initial 1 min
and remained stable after 10 min, indicating that the dark adsorption process of HCHO on
SBT was very rapid. This was also consistent with the results of the adsorption experiment
in Figure 7. In addition, the characteristic peaks at 2335 and 2364 cm~! belonging to
CO, molecules showed almost no intensity change during the whole dark adsorption
process [40].
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Figure 7. In situ DRIFTS spectra of (a) HCHO adsorption reaction in dark condition over SBT sample;
(b) photocatalytic HCHO degradation reaction over SBT sample (the beginning of spectra is catalyst
after exposed to a gas mixture of HCHO, O;, and Ar at room temperature for 40 min).

All of these suggested that under the dark condition, HCHO molecules adsorbed
on the surface of SBT would be rapidly transformed into the intermediate species (DOM,
HCOO™, CO3%7) but would not be further converted into CO,. Figure 7b gives the in
situ DRIFT spectra of the photocatalytic degradation process of HCHO on SBT after the
dark adsorption of 30 min. Compared with the dark adsorption process (Figure 7a), no
new peak was observed in the photocatalytic degradation process (Figure 7b), implying
that the intermediate types generated in the photocatalytic degradation process were
consistent with those in the dark adsorption process. In Figure 7b, the peak intensity
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of DOM, HCOO™, and CO3%~ species exhibited no obvious change with the irradiation
time, which indicated that these intermediate species achieved an equilibrium between
consumption and generation in the photocatalytic degradation process. However, unlike
in Figure 7a, the characteristic peak intensity of CO, molecules in Figure 7b enhanced
significantly with the irradiation time. This demonstrated that HCHO adsorbed on the
SBT surface would be completely oxidized to CO, with illumination. That is, light was a
necessary condition to convert intermediate species such as CO3%~ into CO,. Accordingly,
the whole photocatalytic conversion path of HCHO molecules on SBT was supposed to be
HCHO — DOM — HCOO~ — CO3%~ — CO;.

2.7. EPR Measurements

EPR measurements were carried out to investigate the active radical oxygen species
in the whole process of photocatalytic HCHO conversion on SBT. Figure 8a displays the
EPR spectra of SBT under dark and light conditions. A silent signal under dark conditions
and a strong signal ascribed to DMPO —-O;~ under light conditions were, respectively,
detected [41], which implied that photogenerated electrons (e ™) could combine with O,
adsorbed on the SBT surface to form activated superoxide radicals (-O; ™) in the process
of photocatalytic HCHO conversion. The poor photocatalytic degradation efficiency of
HCHO by SBT in the absence of O, further proved the key role of -O,~ in the whole
reaction (Figure 8b). Figure 8c shows the EPR spectra of H-SBT under dark and light
conditions, and the result was similar to that of SBT. It indicated that the removal of the
[(BiyO)%*] layers had no obvious effect on the formation of -O, ™, but the oxidative activity
of formaldehyde is greatly weakened (Figure 8d). Hence, these observations demonstrate
that the poorer HCHO removal efficiency in the dark-light staged for H-SBT (Figure 6b)
than SBT (Figure 6a) should be attributed to the limited formation of the Lewis acid-base
complex rather than the -O, ™ formation.
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Figure 8. (a) EPR spectra for -O, ™ under dark and light conditions on SBT; (b) the performance of
photocatalytic HCHO oxidation without O, on SBT; (c) EPR spectra for -O, ™ under dark and light
conditions on H-SBT; and (d) the performance of photocatalytic HCHO oxidation on H-SBT.
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2.8. Tandem Catalytic Mechanism

Based on the above results, a dark-light tandem catalytic mechanism was proposed
for the conversion of HCHO to CO; over SBT. As shown in Figure 9a, under the dark
condition, HCHO is adsorbed onto the terminal [(Bi;O;)%*] layer of SBT in the form of a
Lewis acid-base complex. Molecular oxygen (O;) adsorbed on the surface of SBT decom-
poses into active oxygen species, which can transform HCHO into DOM. Then, the DOM
intermediate is oxidized to the HCOO™ species quickly due to its chemical instability. In
the presence of sufficient O,, HCOO™ species will be further oxidized into CO3%~ species.
However, the conversion from CO32~ species to CO; is hindered without light. Under
light irradiation, the above process of HCHO — DOM — HCOO~ — CO3%~ can also oc-
cur, but the difference is that SBT can be excited under irradiation to produce electrons
and holes, thus leading to the formation of -O,~ through the reaction of photogener-
ated electrons with oxygen adsorbed on SBT. -O,™ can not only promote the process of
HCHO — DOM — HCOO~ — CO32~, but also completely convert CO32~ into CO, and
H,O. Besides, the photogenerated holes (h*) with strong oxidation capability can also
directly oxidize HCHO to CO, and H,O. However, combined with the above energy band
results, as illustrated in Figure 9b, the redox potential of H;O/-OH is higher than the VB
potential of SBT, -OH production is inhibited at the VB of SBT during the reaction. That is,
‘O~ and h* are the key active species in the process of photodegradation HCHO on SBT.
Based on the above results, we can conclude that SBT firstly transforms HCHO into CO32~
intermediate at night and completely converts CO32~ intermediate into CO, at daytime.
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Figure 9. (a) Illustration of the tandem adsorption-photodegradation reaction mechanism over
SBT nanosheets for HCHO degradation. Specifically, I-IV represents (I) HCHO adsorption and
transformed into DOM; (II) DOM rapidly oxidized to the HCOO™ species; (III) HCOO™ species
oxidized into CO32~ species; (IV) Under light irradiation, -O, ~ promotes CO32~ convert into CO, and
H,O. (b) Diagram for the band energy levels of SrBi;Ta,Ogy and photocatalytic reaction mechanism
for HCHO degradation.

3. Materials and Methods
3.1. Catalyst Preparation

SrBi;TayOg (SBT) was synthesized by the molten salt method according to previous
reports [5]. Sr(NO3),, BipO3 and Ta;Os with a molar ratio of 1:1:1 were used as the raw
materials, while KCIl and NaCl with a molar ratio of 1:1 were selected as the molten salts.
The raw materials and the molten salts were mixed in a molar ratio of 1:1 and grounded
in an agate mortar for 30 min. The obtained powder was calcined at 750 °C for 4 h and
cooled to room temperature naturally. Then, the resultant was pulverized and rinsed with
deionized water to completely remove residual chloride. Finally, the SBT product was
obtained after drying at 60 °C overnight. Besides, the H-SBT was obtained by 3 M acid
etching 24 h with stirring.
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3.2. Catalyst Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance
Discover X-ray Diffractometer from the range between 20° to 70° at a scan rate of 0.02° s~ 1.
Scanning electron microscope (SEM) was conducted with Hitachi SU8010 Japan. Trans-
mission electron microscopy (TEM) and high-resolution transmission electron microscopy
(HRTEM) were conducted with JEOL JEM 2100 Japan. The BET surface areas and the
pore size distribution of samples were analyzed by a Micromeritics ASAP 2460 nitrogen
adsorption analyzer. The UV-Vis diffuse reflectance spectra (DRS) were obtained by a
UV-Vis-NIR spectrophotometer (SHIMADZU UV—2600) with BaSOy as the reflectance
standard. Electrochemical experiments were conducted in a 0.5 M NaySO4 solution by a
three-electrode system using Chenhua CHI660E electrochemical workstation.

3.3. Photocatalytic Tests

The photocatalytic tests for HCHO oxidation were carried out in an airtight reactor
(V =500 mL) at room temperature. First, 0.3 g catalyst powder was uniformly spread on a
glass dish (d = 45 mm) in the bottom of the reactor. Then, a certain amount of HCHO was
injected into the reactor to ensure that the initial concentration of HCHO in the reactor was
110 ppm. Finally, a 300 W Xe lamp (CEL-PE300L-3A) was used in the top irradiation way
to initiate the photocatalytic HCHO oxidation. Concentrations of HCHO, CO, and water
vapor were analyzed using an online photoacoustic IR multi-gas monitor (Innova 1412). In
the recycling experiments, adsorbed molecules on the catalyst were removed by vacuum
treatment at room temperature, and reintroduced HCHO molecules.

3.4. Dark-Light Staged Experiment

Dark-light staged experiment included the dark adsorption process of HCHO and the
photocatalytic degradation process of the adsorbed HCHO. First, a constant concentration
of HCHO was continuously introduced into the reactor containing the SBT sample by
flowing 20 v0l.% O, in Ar over paraformaldehyde placed in a thermostatic water bath. The
concentration of HCHO in the reactor was determined as 110 ppm, and the dark adsorption
process lasted for 30 min. Then, the introduction of HCHO was stopped. After gaseous
HCHO in the reactor was discharged by the O,-Ar mixture, the light source was turned on
to initiate the photocatalytic degradation reaction of the adsorbed HCHO.

4. Conclusions

In summary, the completely photocatalytic degradation of HCHO over pure SBT at
room temperature was first investigated, which exhibited the degradation efficiency equiv-
alent to commercial P25. Mechanistic studies showed that the photocatalytic conversion
of HCHO to CO; over SBT is a unique dark-light tandem catalytic path: the conversion
of HCHO — DOM — HCOO~ — CO32~ can undergo under dark or light conditions,
while the conversion of CO3%~ to CO, (the complete degradation of HCHO) can only occur
under the light irradiation. -O,~ generated under light conditions has been proven to be
the crucial active species to convert CO32~ into CO,. Such a dark-light tandem catalytic
mechanism enables SBT to work day and night in the practical application environment.
Additionally, the stability was proved by consecutive cyclic experiments. In brief, our
study firstly demonstrates the superiority of SBT for photocatalytic oxidation HCHO under
ambient condition and provide a new prospect for the conversion of air pollutants.

Author Contributions: WM. and Q.L.; conceptualization, methodology, software, investigation, and
writing-original draft; Y.L. (Yuhan Lin): methodology, validation, formal analysis, and visualization;
Y.L. (Yingxuan Li): supervision, data curation, funding, acquisition, and supervision. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of
China (21972082).

Institutional Review Board Statement: Not applicable.



Molecules 2023, 28, 5691 11 of 12

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Chen, D.; Zhang, G.; Wang, M.; Li, N.; Xu, Q.; Li, H.; He, J.; Lu, J. Pt/MnO, nanoflowers anchored to boron nitride aerogels
for highly efficient enrichment and catalytic oxidation of formaldehyde at room temperature. Angew. Chem. Int. Ed. 2021, 60,
6377-6381. [CrossRef] [PubMed]

Chen, W.Y;; Jiang, X.; Lai, S.N.; Peroulis, D.; Stanciu, L. Nanohybrids of a mxene and transition metal dichalcogenide for selective
detection of volatile organic compounds. Nat. Commun. 2020, 11, 1302. [CrossRef] [PubMed]

He, E; Weon, S.; Jeon, W.; Chung, M.W.; Choi, W. Self-wetting triphase photocatalysis for effective and selective removal of
hydrophilic volatile organic compounds in air. Nat. Commun. 2021, 12, 6259. [CrossRef] [PubMed]

Weon, S.; Choi, E.; Kim, H.; Kim, ].Y.; Park, HJ.; Kim, S.M.; Kim, W.; Choi, W. Active 001 facet exposed TiO, nanotubes
photocatalyst filter for volatile organic compounds removal: From material development to commercial indoor air cleaner
application. Environ. Sci. Technol. 2018, 52, 9330-9340. [CrossRef] [PubMed]

Huang, M.; Li, Y.; Li, M.; Zhao, J.; Zhu, Y.; Wang, C.; Sharma, V.K. Active site-directed tandem catalysis on single platinum
nanoparticles for efficient and stable oxidation of formaldehyde at room temperature. Environ. Sci. Technol. 2019, 53, 3610-3619.
[CrossRef]

Wang, Z.; Yu, H.; Xiao, Y.; Zhang, L.; Guo, L.; Zhang, L.; Dong, X. Free-standing composite films of multiple 2D nanosheets:
Synergetic photothermocatalysis/photocatalysis for efficient removal of formaldehyde under ambient condition. Chem. Eng. ].
2020, 394, 125014-125025. [CrossRef]

Bellat, ].P.; Bezverkhyy, I.; Weber, G.; Royer, S.; Averlant, R.; Giraudon, ].M.; Lamonier, ].F. Capture of formaldehyde by adsorption
on nanoporous materials. J. Hazard. Mater. 2015, 300, 711-717. [CrossRef]

Su, Y,; Li, W,; Li, G.; Ao, Z.; An, T. Density functional theory investigation of the enhanced adsorption mechanism and potential
catalytic activity for formaldehyde degradation on Al-decorated C,N monolayer. Chin. J. Catal. 2019, 40, 664—672. [CrossRef]
Ye, J.; Zhu, X.; Cheng, B.; Yu, J; Jiang, C. Few-layered graphene-like boron nitride: A highly efficient adsorbent for indoor
formaldehyde removal. Environ. Sci. Technol. Lett. 2016, 4, 20-25. [CrossRef]

Miao, L.; Wang, J.; Zhang, P. Review on manganese dioxide for catalytic oxidation of airborne formaldehyde. Appl. Surf. Sci. 2019,
466, 441-453. [CrossRef]

Yu, L.; Peng, R.; Chen, L.; Fu, M.; Wu, J.; Ye, D. Ag supported on CeO, with different morphologies for the catalytic oxidation of
HCHO. Chem. Eng. |. 2018, 334, 2480-2487. [CrossRef]

Sun, T; Li, C.; Bao, Y.; Fan, J.; Liu, E. S-Scheme MnCo0,S4/g-C3Ny4 heterojunction photocatalyst for Hy production. Acta
Phys.-Chim. Sin. 2023, 39, 2212009. [CrossRef]

Wang, X.; Hisatomi, T.; Wang, Z.; Song, J.; Qu, ]J.; Takata, T.; Domen, K. Core-shell-structured LaTaON, transformed from
LaKNaTaOs plates for enhanced photocatalytic Hy evolution. Angew. Chem. Int. Ed. 2019, 58, 10666-10670. [CrossRef]

Naresh, G.; Mandal, TK. Excellent sun-light-driven photocatalytic activity by aurivillius layered perovskites, Bis.sLaxTi3FeO;5 (x =1, 2).
ACS Appl. Mater. Interfaces 2014, 6, 21000-21010. [CrossRef]

Naresh, G.; Malik, J.; Meena, V.; Mandal, T.K. pH-mediated collective and selective solar photocatalysis by a series of layered
aurivillius perovskites. ACS Omega 2018, 3, 11104-11116. [CrossRef]

Raciulete, M.; Papa, F,; Negrila, C.; Bratan, V.; Munteanu, C.; Pandele-Cusu, J.; Culita, D.C.; Atkinson, L; Balint, I. Strategy for
modifying layered perovskites toward efficient solar light-driven photocatalysts for removal of chlorinated pollutants. Catalysts
2020, 10, 637. [CrossRef]

Ye, J.; Zhou, M,; Le, Y.; Cheng, B.; Yu, J. Three-dimensional carbon foam supported MnO, /Pt for rapid capture and catalytic
oxidation of formaldehyde at room temperature. Appl. Catal. B 2020, 267, 118689-118697. [CrossRef]

Liu, W,; Shi, M;; Li, Y;; Wu, Z; Yang, L.; Zhang, S.; Xiao, X.; Liu, C.; Dai, W.; Chen, C.; et al. Congregated-electrons-strengthened
anchoring and mineralization of gaseous formaldehyde on a novel self-supporting Cu,_,Se/Cu,O heterojunction photocatalyst
under visible lights: A viable mesh for designing air purifier. Appl. Catal. B 2022, 312, 121427-121440.

Noguchi, T.; Fujishima, A.; Sawunyama, P.; Hashimoto, K. Photocatalytic degradation of gaseous formaldehyde using TiO, film.
Environ. Sci. Technol. 1998, 32, 3831. [CrossRef]

Diao, W.; Cai, H.; Wang, L.; Rao, X.; Zhang, Y. Efficient photocatalytic degradation of gas-phase formaldehyde by Pt/ TiO,
nanowires in a continuous flow reactor. ChemCatChem 2020, 12, 5420. [CrossRef]

Kong, L.; Li, X.; Song, P.; Ma, F. Porous graphitic carbon nitride nanosheets for photocatalytic degradation of formaldehyde gas.
Chem. Phys. Lett. 2021, 762, 138132. [CrossRef]

Wang, T.; Wang, Y.; Sun, M.; Hanif, A.; Wu, H.; Gu, Q.; Ok, Y.S,; Tsang, D.C.W.; Li, J.; Yu, |J.; et al. Thermally treated zeolitic
imidazolate framework-8 (ZIF-8) for visible light photocatalytic degradation of gaseous formaldehyde. Chem. Sci. 2020, 11,
6670-6681. [CrossRef] [PubMed]


https://doi.org/10.1002/anie.202013667
https://www.ncbi.nlm.nih.gov/pubmed/33345451
https://doi.org/10.1038/s41467-020-15092-4
https://www.ncbi.nlm.nih.gov/pubmed/32157089
https://doi.org/10.1038/s41467-021-26541-z
https://www.ncbi.nlm.nih.gov/pubmed/34716347
https://doi.org/10.1021/acs.est.8b02282
https://www.ncbi.nlm.nih.gov/pubmed/30001490
https://doi.org/10.1021/acs.est.9b01176
https://doi.org/10.1016/j.cej.2020.125014
https://doi.org/10.1016/j.jhazmat.2015.07.078
https://doi.org/10.1016/S1872-2067(18)63201-2
https://doi.org/10.1021/acs.estlett.6b00426
https://doi.org/10.1016/j.apsusc.2018.10.031
https://doi.org/10.1016/j.cej.2017.11.121
https://doi.org/10.3866/PKU.WHXB202212009
https://doi.org/10.1002/anie.201906081
https://doi.org/10.1021/am505767c
https://doi.org/10.1021/acsomega.8b01054
https://doi.org/10.3390/catal10060637
https://doi.org/10.1016/j.apcatb.2020.118689
https://doi.org/10.1021/es980299+
https://doi.org/10.1002/cctc.202000837
https://doi.org/10.1016/j.cplett.2020.138132
https://doi.org/10.1039/D0SC01397H
https://www.ncbi.nlm.nih.gov/pubmed/34094125

Molecules 2023, 28, 5691 12 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Oshima, T.; Ichibha, T.; Qin, K.S.; Muraoka, K.; Vequizo, ].].M.; Hibino, K.; Kuriki, R.; Yamashita, S.; Hongo, K.; Uchiyama, T.;
et al. Undoped layered perovskite oxynitride LiyLaTayOgN for photocatalytic CO, reduction with visible light. Angew. Chem.
Int. Ed. 2018, 57, 8154-8158. [CrossRef]

Hailili, R.; Wang, Z.-Q.; Ji, H.; Chen, C.; Gong, X.-Q.; Sheng, H.; Zhao, ]. Mechanistic insights into the photocatalytic reduction
of nitric oxide to nitrogen on oxygen-deficient quasi-two-dimensional bismuth-based perovskites. Environ. Sci. Nano 2022, 9,
1453-1465. [CrossRef]

Li, N.; Zhu, Q.; Liu, G.; Zhao, Q.; Lv, H,; Yuan, M.; Meng, Q.; Zhou, Y.; Xu, J.; Wang, C. Modulation of photocatalytic activity of
SrBip Tay;Og nanosheets in NO removal by tuning facets exposure. J. Mater. Sci. Technol. 2022, 122, 91-100. [CrossRef]

Zulhadjri; Wendari, T.P.,; Ikhram, M.; Putri, Y.E.; Septiani, U.; Imelda. Enhanced dielectric and ferroelectric responses in La3+/Ti%*
co-substituted SrBiyTapOg aurivillius phase. Ceram. Int. 2022, 48, 10328-10332. [CrossRef]

Yamashita, H.; Yoshio, K.; Murata, W.; Onodera, A. Structural changes and ferroelectricity in Bi-layered SrBiyTa;Og. J. Appl. Phys.
2002, 41(Part 1, No. 11B), 7076-7079. [CrossRef]

Ching-Prado, E.; Pérez, W.; Reynés-Figueroa, A.; Katiyar, R.S.; Ravichandran, D.; Bhalla, A.S. Raman study of SrBi;Ta;Og thin
films. Ferroelectr. Lett. Sect. 2006, 25, 97-102. [CrossRef]

Su, G.; Liu, L,; Zhang, L.; Liu, X; Xue, J.; Tang, A. Fabrication of magnetic Fe30,@SiO,@Bi,O,CO3/rGO composite for enhancing
its photocatalytic performance for organic dyes and recyclability. Environ. Sci. Pollut. Res. 2021, 28, 50286-50301. [CrossRef]
Huang, B.; Fu, X.; Wang, K.; Wang, L.; Zhang, H.; Liu, Z.; Liu, B.; Li, J. Chemically bonded BiVOy/Bij9Cl3Sy7 heterojunction with
fast hole extraction dynamics for continuous CO, photoreduction. Adv. Powder Mater. 2023, 100140, in press. [CrossRef]

Liu, J.; Wu, J.; Wang, N.; Tian, E; Li, J. Surface reconstruction of BiSI nanorods for superb photocatalytic Cr(VI) reduction under
near-infrared light irradiation. Chem. Eng. J. 2022, 435, 135152-135162. [CrossRef]

Li, J.; Pan, W,; Liu, Q.; Chen, Z; Chen, Z.; Feng, X.; Chen, H. Interfacial engineering of Bij9Br3S,7 nanowires promotes metallic
photocatalytic CO, reduction activity under near-infrared light irradiation. J. Am. Chem. Soc. 2021, 143, 6551-6559. [CrossRef]
Yuan, W.; Zhang, S.; Wu, Y,; Huang, X,; Tian, F; Liu, S.; Li, C. Enhancing the room-temperature catalytic degradation of
formaldehyde through constructing surface lewis pairs on carbon-based catalyst. Appl. Catal. B 2020, 272, 118992-119000.
[CrossRef]

Zhang, S.; Zhuo, Y.; Ezugwu, C.I.; Wang, C.C.; Li, C.; Liu, S. Synergetic molecular oxygen activation and catalytic oxidation of
formaldehyde over defective MIL-88B(Fe) nanorods at room temperature. Environ. Sci. Technol. 2021, 55, 8341-8350. [CrossRef]
Kwon, S.-J.; Choy, J.-H. A novel hybrid of Bi-based high-Tc superconductor and molecular complex. Inorg. Chem. 2003, 42,
8134-8136. [CrossRef]

Chen, X;; He, G.; Li, Y;; Chen, M.; Qin, X.; Zhang, C.; He, H. Identification of a facile pathway for dioxymethylene conversion to
formate catalyzed by surface hydroxyl on TiO,-based catalyst. ACS Catal. 2020, 10, 9706-9715. [CrossRef]

Chen, M.; Wang, H.; Chen, X.; Wang, F; Qin, X.; Zhang, C.; He, H. High-performance of Cu-TiO; for photocatalytic oxidation of
formaldehyde under visible light and the mechanism study. Chem. Eng. J. 2020, 390, 124481-124489. [CrossRef]

Wang, J.; Li, ].; Jiang, C.; Zhou, P; Zhang, P.; Yu, J. The effect of manganese vacancy in birnessite-type MnO, on room-temperature
oxidation of formaldehyde in air. Appl. Catal. B 2017, 204, 147-155. [CrossRef]

Liu, F; Liu, X; Shen, J.; Bahi, A.; Zhang, S.; Wan, L.; Ko, E. The role of oxygen vacancies on Pt/NaInO; catalyst in improving
formaldehyde oxidation at ambient condition. Chem. Eng. J. 2020, 395, 125131. [CrossRef]

Miao, L.; Xie, Y.; Xia, Y.; Zou, N.; Wang, J. Facile photo-driven strategy for the regeneration of a hierarchical C@MnO, sponge for
the removal of indoor toluene. Appl. Surf. Sci. 2019, 481, 404-413. [CrossRef]

Abbas, K.; Babic, N.; Peyrot, F. Detection of superoxide radical in adherent living cells by electron paramagnetic resonance (EPR)
spectroscopy using cyclic nitrones. Methods Mol. Biol. 2021, 2202, 149-163. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/anie.201803931
https://doi.org/10.1039/D1EN01090E
https://doi.org/10.1016/j.jmst.2021.12.067
https://doi.org/10.1016/j.ceramint.2022.01.307
https://doi.org/10.1143/JJAP.41.7076
https://doi.org/10.1080/07315179908204589
https://doi.org/10.1007/s11356-021-14248-z
https://doi.org/10.1016/j.apmate.2023.100140
https://doi.org/10.1016/j.cej.2022.135152
https://doi.org/10.1021/jacs.1c01109
https://doi.org/10.1016/j.apcatb.2020.118992
https://doi.org/10.1021/acs.est.1c01277
https://doi.org/10.1021/ic034755t
https://doi.org/10.1021/acscatal.0c01901
https://doi.org/10.1016/j.cej.2020.124481
https://doi.org/10.1016/j.apcatb.2016.11.036
https://doi.org/10.1016/j.cej.2020.125131
https://doi.org/10.1016/j.apsusc.2019.03.087
https://www.ncbi.nlm.nih.gov/pubmed/32857354

	Introduction 
	Results and Discussion 
	Catalyst Characterization 
	Brunauer–Emmett–Teller (BET) Analysis 
	Optical Properties 
	Photocatalytic Catalytic Performance 
	Reaction Mechanism 
	In Situ DRIFT Spectra 
	EPR Measurements 
	Tandem Catalytic Mechanism 

	Materials and Methods 
	Catalyst Preparation 
	Catalyst Characterization 
	Photocatalytic Tests 
	Dark–Light Staged Experiment 

	Conclusions 
	References

