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Abstract: In response to growing concerns about the greenhouse effect, the direct conversion of
atmospheric CO, has become a pivotal research focus. This research utilizes hydrothermal synthesis
to develop Bi;WOg/MXene(TizC,Tx), which efficiently reduces CO, directly at the gas—solid interface
through photothermal synergy, without requiring additional sacrificial agents or alkaline absorption
solutions. The results indicate that the CO formation rate is about 216.9 umol-g = h~!. Notably, this
system demonstrates exceptional selectivity for reducing CO, to CO. The outstanding photothermal
catalytic efficiency is attributed to the introduction of MXene, which serves as an efficient and
economical co-catalyst. The integration of MXene improves the composite material’s specific surface
area and pore structure, enhances its CO; adsorption capacity, and results in the BiyWOg/MXene
hybrid having a shorter charge transfer distance and a larger interface contact area. This ensures
superior charge transfer capabilities, ultimately leading to a significant enhancement in the catalytic
efficiency of the composite. This study presents a straightforward and highly selective method
for capturing and converting atmospheric CO,, offering fresh insights for developing efficient
photothermal catalytic materials.

Keywords: Bi; WO /MXene; photothermal catalytic; CO;, reduction; gas—solid interface; atmospheric
CO; capture

1. Introduction

As the global population grows rapidly and industrialization advances across coun-
tries, carbon dioxide (CO;) emissions have been rising annually [1]. Over the past three
decades, the extensive use of fossil fuels has led to significant environmental impacts,
environmental pollution has worsened, and resources are becoming increasingly scarce.
The massive release of carbon dioxide not only intensifies global warming but also leads to
environmental issues like climate change and ecosystem imbalance [2,3]. In response to
these challenges, many nations are exploring effective emission reduction strategies [4—6].
The photocatalytic conversion and utilization of CO,, recognized as a clean and sustainable
approach, holds great promise for mitigating the greenhouse effect [7-9]. Studies indicate
that the current atmospheric CO; concentration has reached an average of 420 ppm. Cap-
turing atmospheric CO; and converting it into valuable hydrocarbon fuels could serve as
an abundant, renewable carbon source, offering new opportunities for carbon recycling
and reducing greenhouse gas emissions [10].

In this global context, scholars from various countries have invested in the research
of CO; emission reduction technology [11]. The CO, reduction reaction can be divided
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into three categories according to its energy source: thermal catalysis, photocatalysis, and
electrocatalysis [12,13]. A single catalytic condition has certain limitations, such as high
energy consumption and difficulty in regulating product selectivity [14]. To address these
challenges, recent research has increasingly focused on photothermal catalysis technology.
This approach combines the advantages of photocatalysis and thermocatalysis, coupling
light and heat energy to effectively modulate the activity and selectivity of CO, reduc-
tion [15,16]. Photothermal catalytic CO, reduction technology has emerged as a research
hotspot in the field of energy and environmental protection, owing to its high efficiency
and environmentally friendly characteristics [17]. It holds significant potential for practical
applications and offers innovative solutions for addressing the worldwide energy crisis
and environmental issues [18-20].

In recent years, bismuth tungstate (Bi,WOg) with a perovskite structure has attracted
substantial interest due to its remarkable photochemical stability, eco-friendliness, and
cost-effectiveness. These qualities position it as a strong candidate for diverse catalytic and
environmental application [21,22]. For example, Cao et al.’s [23] Ti3C, /Bi, WOg4 nanosheets
were successfully synthesized through in-situ growth using a hydrothermal method and
successfully converted into CH4 and CH30H, demonstrating exceptional photocatalytic
performance. Ju et al. [24] fabricated a Bi;WOg/BiVOy heterojunction through calcina-
tion, enhancing photocatalytic reduction efficiency and achieving 100% degradation of
rhodamine B within 30 min. Liu et al.’s [25] series of P25/Bi, WOg nanocomposites were
synthesized by a one-step hydrothermal method. The generation of heterojunction en-
hances the utilization of sunlight and promotes the photoreduction of CO, to CO. However,
BiyWOg materials still face certain challenges in practical applications, including the rapid
recombination of photo-induced electron-hole pairs and a relatively low affinity for CO,
molecules, which limit their catalytic performance [26]. To address these limitations,
researchers have aimed to enhance the mobility of photo-induced charge carriers and
augment the active sites on the catalyst surface by incorporating noble metals like Pt, Au,
and Ag [27]. However, due to the scarcity and high cost of noble metals, their application is
limited, making the exploration of non-noble metal co-catalysts a significant research focus
in the field of CO, reduction. Since its introduction in 2011, MXene(Ti3C,Tx) has garnered
widespread attention in the field of catalysis, particularly for its impressive photothermal
conversion capabilities and unique material properties [28,29]. Studies indicate that MXene
features surfaces densely populated with active sites, which promote efficient light absorp-
tion and effective thermal conductivity [30-32]. Based on these characteristics, this study
combines bismuth tungstate (BiWOg) with MXene to design a novel photothermal catalyst.
The catalyst leverages strong structural and electronic coupling effects at the interface,
enhancing the efficiency of electron-hole separation. This facilitates the selective conversion
of CO; into valuable chemicals, such as carbon monoxide (CO). The catalyst achieves a
CO generation rate of 216.9 pmol-g~1-h~!, demonstrating excellent photothermal catalytic
performance. The reaction system under study operates at the gas—solid interface, distinct
from conventional solid-liquid catalytic systems. This innovative approach eliminates the
need for organic solvents and sacrificial agents, offering a sustainable and cost-effective so-
lution for CO; reduction. Moreover, the system directly utilizes atmospheric CO,, reducing
it to carbon monoxide with high selectivity. This process effectively reduces greenhouse
gas emissions and generates CO, which serves as a vital raw material for chemical manu-
facturing, metallurgy, and other industries, thereby lowering production costs and further
promoting the development of green chemistry.

2. Results and Discussion
2.1. Phase Structure of Catalysts

In this study, we conducted a qualitative analysis of the crystal phases of MXene
and its composites at various molar ratios using X-ray diffraction (XRD) spectroscopy.
As shown in Figure 1A, distinct peaks are observed at 26 = 18.3° and 60.8°, which are
indicative of the HF etching of MXene. These peaks correspond to the (004) and (110) crystal
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planes of MXene, confirming the successful etching and preparation of the material [33].
Additionally, the figure clearly shows four prominent diffraction peaks for BW at 20 = 28.3°,
32.79°, 47.158°, and 55.832°, corresponding to the (113), (200), (220), and (313) crystal
planes, respectively, with JCPDS card number 73-1126. These results confirm the successful
synthesis of surface BW.
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Figure 1. XRD patterns (A) of BW/MX and MXene; XPS spectra ((B) Survey) of MXene, BW and
BW-3MX; XPS spectra ((C) C 1s; (D) Bi 4f; (E) W 4f) of BW-3MX.

By comparing the XRD patterns of composites with different ratios, we observed that
as the MXene content in the BW matrix increases, the intensity of all relevant diffraction
peaks in the BW-MX composite XRD spectra decreases [34]. This phenomenon is attributed
to the growth inhibition of MXene, which consequently restricts the further development
of BW microcrystals [35]. The absence of a distinct MXene diffraction peak in the spectrum
is likely due to the relatively low content of MXene and its uniform distribution within the
composite, rendering its characteristic signal undetectable in the XRD analysis.

To further examine the surface state and chemical composition of the composite
material, X-ray photoelectron spectroscopy (XPS) characterization was conducted [33].
Figure 1B presents the XPS spectra of MXene, Bi,WOg, and the BW-3MX composite. The
XPS analysis of MXene reveals that it primarily consists of Ti, C, O, and F elements,
confirming the complete etching of Al [36]. In the XPS spectrum of BW-3MX, we detected
all elements associated with both MXene and Bi,WOg (Bi, W, Ti, C, and O). Furthermore,
Figure 1C shows the C 1s spectrogram of MXene, BW, and BW-3MX. All binding energies
were calibrated using the C 1s peak at 284.8 eV, attributed to adventitious carbon (C-C).
In BW, the peak at 286.1 eV represents the C-O bond [37]. For the BW-3MX composite,
characteristic peaks at 281.6 eV and 286.2 eV indicate C-Ti and C-O bonds [38]. The MXene
spectrum features peaks at 281.8 eV, 286.3 eV, and 288.9 eV, representing C-Ti, C-O, and
C-F bonds [39]. A 0.2 eV negative shift in C-Ti and C-O binding energies in BW-3MX
compared to MXene suggests enhanced interactions between MXene and Bi, WO within
the composite [40]. Conversely, the Bi 4f spectra of BW and BW-3MX (Figure 1D) show an
opposite trend. In BW, the Bi 4f binding energies are observed at 163.8 eV and 158.5 eV,
while in BW-3MX, the peaks shift to 164.0 eV and 158.7 eV, respectively. Additionally, the



Catalysts 2024, 14, 859

40f13

W 4f spectra (Figure 1E) exhibit a similar positive shift in BW-3MX compared to BW [41].
These results indicate that electron transfer occurs from Bi;WOg to MXene, implying
strong interfacial interactions between the ultrathin nanosheets of MXene and Bi;WO.
Furthermore, the absence of C-F and Ti-F bonds in BW-3MX indicates that terminal F
atoms have been substituted with -O or -OH groups. This modification improves the
capability of MXene to capture photogenerated electrons from Bi WO, thereby improving
the photocatalytic efficiency of the composite.

2.2. Morphology Structure Characterization of Catalysts

Scanning electron microscopy (SEM) was employed to examine the microstructure
of the catalyst, as illustrated in Figure 2A,B. The MXene sample displays a distinctive
accordion-like morphology, characteristic of its layered structure, whereas BiWOg forms
as nanosheets with irregular thickness. The SEM image of the Bi,WOgs/MXene nanosheet
composite (Figure 2C) clearly shows that the two-dimensional Bi; WO nanosheets can be
directly grown on the surface of MXene, indicating a strong interfacial interaction between
the two materials.

Figure 2. SEM images (A) MXene; (B) Bi;WOy; (C) BW-3MX) and EDS images (D) of Bi;WOg.

To analyze the elemental composition and spatial distribution within the catalyst, this
study employed energy-dispersive X-ray spectroscopy (EDS), with the results presented
in Figure 2D. The elemental mapping confirms that the composite (BW-3MX) consists of
uniformly distributed Ti, O, F, C, Bi, and W. This result confirms the successful and uniform
dispersion of Bi;WQOs across both the surface and interlayer regions of the MXene structure.
Such homogeneous dispersion is crucial for promoting efficient interfacial interactions,
thereby improving the photocatalytic performance of the composite material.

Transmission electron microscopy (TEM) was further employed to characterize the
lattice spacing and internal structure of the BW-3MX composite. Figure 3A,B show low-
resolution images revealing that Bi,WOy crystals are layered onto the MXene sheets,
attributed to ultrasonic pretreatment that exfoliates the layered MXene into thin sheets.
The high-resolution image shown in Figure 3C clearly displays the lattice fringes of the
nanocrystals in the Bi;WOg and MXene samples. The interplanar distance of 0.315 nm
corresponds to the (113) crystal plane of Bi;WOg, while the spacing of 0.253 nm matches the
(002) plane of MXene. These distinct lattice fringes verify the effective nanoscale integration
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of Bi;WO4 and MXene, which plays a vital role in enhancing the composite’s photo-thermal
catalytic performances by enabling efficient interfacial charge transfer.

Bi,WO(1 $21 3y 10
13) 1 MIxene(L7/
d=0.315n -1 20y

m £ 4=0253. %

nm

-

Figure 3. TEM images (A,B), HRTEM image (C) of BW-3MX.

2.3. Photoelectrochemical Characterization of Catalysts

To investigate the optical absorption properties of the synthesized samples, we em-
ployed UV-visible diffuse reflectance spectroscopy (DRS). As shown in Figure 4A, regardless
of the amount of MXene added, the absorption edge of BiWOg remains essentially un-
changed. This suggests that no significant doping effect occurred during the hybridization
process. Notably, the absorption intensity within the 420-600 nm range increases with
greater MXene content, likely due to the broad-spectrum absorption of MXene, which
enhances the material’s overall light absorption capacity. The darkening of the sample color
as more MXene is added also supports this observation, indicating that the incorporation
of MXene significantly improves the material’s ability to harness sunlight.
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Figure 4. UV-Vis DRS (A), PL spectra (B), EIS spectra (C) of catalysts; photocurrent response spectra (D).
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Based on the photoluminescence (PL) generation mechanism, PL can be classified
into excitonic photoluminescence and band-edge photoluminescence [42]. The weak PL
signal indicates a lower electron-hole recombination rate, meaning a longer carrier lifetime
and, consequently, higher catalytic efficiency. The height of the emission peak diminishes
with increasing MXene loading. Notably, BW-3MX shows the lowest fluorescence intensity,
suggesting that an optimal amount of MXene can effectively reduce the recombination rate
of photogenerated carriers, thereby enhancing catalytic efficiency [43].

To further elucidate the enhanced synergistic mechanism between MXene and Bi; WO,
electrochemical impedance spectroscopy (EIS) analysis was conducted. As shown in
Figure 4C, doping with MXene results in a marked decrease in the arc radius, indicating
that an optimal amount of MXene effectively enhances charge transfer dynamics [44].
Notably, BW-3MX demonstrates the smallest arc radius, indicative of the lowest charge
transfer resistance among the samples tested. Consequently, the integration of MXene
into the composite significantly enhances the mobility of photogenerated carriers, thereby
facilitating a faster photocatalytic reaction rate.

Photocurrent is generated through electrons produced by electron-hole pairs under
diffused illumination. Upon activation of the light source, there is a rapid increase in
photocurrent density, and upon turning off the light source, it quickly returns to a low initial
value. The transient photocurrent response of different proportions of loaded materials
and the original BiyWOg was measured, with the results shown in Figure 4D. As expected,
BW exhibits a lower photocurrent response. However, the addition of MXene significantly
enhances the photocurrent response, with BW-3MX showing a substantially higher response
than BW, indicating improved carrier separation in the hybrid material.

The optical energy gap (E-g) of the catalysts was determined using the Kubelka—
Munk (K-M) function, a widely adopted method for analyzing diffuse reflectance data.
As illustrated in Figure S1A-F, this approach enables accurate estimation of E-g values,
providing insight into the electronic properties of the prepared catalysts. The E-g values
for BW, BW-1MX, BW-2MX, BW-3MX, BW-4MX, and BW-5MX are 3.05 eV, 2.85 eV, 2.81 eV,
2.77 eV, 291 eV, and 2.95 eV, respectively. The results show that the E-g of the catalyst
changes due to the loading of MXene. To further elucidate, the flat-band potentials of each
catalyst were determined using Mott-Schottky (M-S) plots in Figure S2A-F, revealing the
specific band structure. Notably, the positive slopes observed in the M-S curves across
different frequencies (500-1500 Hz) confirm that bismuth tungstate exhibits characteristic
behavior as an n-type semiconductor, revealing the specific band structure (Figure S3).

2.4. Absorption—Desorption and Pore Size Analysis

The pore size distribution and specific surface area of the synthesized samples were
evaluated through N, adsorption—desorption isotherm analysis. As shown in Figure 5A,
the results indicate that the N, adsorption capacity of BW-3MX is significantly higher than
that of pure BW. This increase in adsorption capacity is attributed to the loading of MXene,
which enhances the specific surface area of BW, providing more active sites for adsorption
and surface reactions [45]. However, it was observed that excessive loading of MXene can
result in a decrease in specific surface area, suggesting that an optimal loading amount
is required. By comparing the pore sizes in Figure 5B, it is evident that the pore volume
increases after MXene loading. Consequently, it provides a wealth of active surface sites to
enhance adsorption processes. This increase in pore volume is beneficial for facilitating
further reactions, indicating that MXene can serve as an effective co-catalyst. Figure 5C also
shows the CO, adsorption capacity of the materials. The CO, adsorption curve of BW-3MX
is noticeably superior to the other samples. In the low-pressure region, the BW-3MX curve
rises much more rapidly than the others, likely due to the presence of micropores. As the
relative pressure increases, differences in specific surface area and pore volume become
more apparent between the samples. At P/Pj = 1.0, the CO, adsorption capacities for BW,
BW-1MX, BW-2MX, BW-3MX, BW-4MX, and BW-5MX are 0.98, 1.3, 2.17, 3.95, 1.89, and
1.55 cm3g 1, respectively.
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Figure 5. N, adsorption—desorption isotherms and pore size distributions (A,B); CO, adsorption
curves (C).

These results suggest that the ultrathin BW-3MX, with a larger specific surface area
and pore width, exhibits superior CO; affinity, which in turn enhances surface reaction
kinetics. The calculation shows that the BW-3MX composite can absorb about 97 ppm CO,
in the reactor (5 mg catalyst). Therefore, assuming the CO; originates from ambient air, the
initial concentration of CO, in the reactor can be estimated to be 517 ppm.

2.5. Analysis and Stability Test of Photocatalytic Reduction of CO,

For the BW sample, the CO; reduction efficiency was initially evaluated under solar
illumination at 25 °C. Following a four-hour reaction period, BW-3MX demonstrated the
highest photocatalytic activity, and its CO production was 312.8 umol-g~!, with a CO
generation rate of 78 pmol-g~'-h~!, as shown in Figure 6A. This CO output surpassed that
of BW by a factor of 2.7. Subsequently, to evaluate the light stability, six experimental cycles
were performed, as shown in Figure 6D. At the conclusion of the sixth cycle, the CO yield
accounted for over 70% of the initial yield, indicative of excellent photocatalytic stability.
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Figure 6. Performance diagram (A,D) photocatalytic performance and stability; (B,E) thermal catalytic
performance and stability; (C,F) photothermal catalytic performance and stability).
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transformation rate =

2.6. Analysis and Stability Test of Thermal Catalysis Reduction of CO,

Conducting a catalytic experiment at 80 °C under dark conditions, we delved into
assessing the catalytic reduction capabilities of various composite material ratios. Figure 6B
shows the performance of the BW-3MX catalyst. After 4 h of reaction, the production of
CO is 46.5 pmol-g~!. Comparing it to the BW under identical experimental conditions,
the BW-3MX'’s productivity soared to 2.6 times that of its counterpart. To further verify its
stability, we conducted six cycles of the experiment, each lasting four hours. As shown in
Figure 6E, the BW-3MX catalyst managed to produce 35.8 umol-g~! of CO, retaining 77%
of its initial output. This performance underscores its thermal stability and reinforces its
potential for practical applications.

2.7. CO, Photothermal Catalytic Reduction Analysis and Stability Test

In an innovative approach that fuses photocatalysis with thermocatalysis, a reaction
setup has been devised to maintain a stable temperature of 80 °C within the reaction
chamber, enhancing the harnessing of electrons and solar energy at the gas—solid interface.
As depicted in Figure 6C, this hybrid system exhibits exceptional photothermal catalytic
performance, yielding an impressive 876.7 tmol-g ~! of CO over a 4 h photothermal catalytic
process, with a productivity rate approximating 216.9 umol-g~!-h~!. Theoretically, this
translates to a staggering 95% conversion efficiency of atmospheric CO,, a remarkable
achievement. Figure S4 demonstrates that the system’s output is predominantly CO, with
carbon monoxide constituting 97.8% of the generated products, indicating exceptionally
high selectivity for CO.

co B 1916 1916
CO; in the reactorir  COj; in the air + CO, adsorption quantity ~ 517.5

- 95(70

Under photothermal conditions, the reduction of CO, to CO is significantly acceler-
ated, with reaction yields far surpassing the combined outputs achievable through sole
photocatalysis or thermocatalysis. This underscores the synergistic effect at play, where the
two catalytic mechanisms complement each other to produce optimal results. Moreover, a
stability cycle test was conducted, revealing that even in the sixth cycle spanning four hours,
the system managed to generate 714.3 umol-g~! of CO (Figure 6E). After a continuous
24 h reaction period, the stability of the system remained above 80%, further validating its
robustness and reliability.

Moreover, compared to most previous studies on photothermal catalysis (refer to
Table 1), our composite material exhibits superior performance. The analysis highlights the
innovation and efficiency of BW-3MX in converting carbon dioxide to carbon monoxide
at lower temperatures. This positions it as a promising candidate for sustainable and
cost-effective carbon dioxide reduction strategies.

Table 1. Recent literature reports on photothermal catalysis CO, reduction.

Reaction

Catalyst Temperatures (°C) Production Rate Ref.
BiW-M 119.85 CO: 23.42 umol-g~1-h~! [46]
1T/2H-MoS, 200 CO: 35.3 umol-g~1-h~! [47]
0.5BWO/3NiMU2 250 CO: 4493 umol-g~1-h 1 [48]
TiO,PNT 500 CO: 11.05 umol-g—'-h~! [49]
BW-3MX 80 C0:216.9 pmol-g~1-h~! This work

2.8. Photothermal Catalytic Mechanism

The photothermal catalytic process involves a series of consecutive redox reactions
on the catalyst, driven by the synergistic effects of light intensity and thermal energy
(Figure 7). Under simulated solar irradiation, photogenerated electrons in Bi;WOs are
excited and transition from the valence band (VB) to the conduction band (CB). In this
study, the valence and conduction bands of BW were determined using mass spectrometry
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(MS), as illustrated in Figure S2. After reviewing the relevant literature, we confirmed the
Fermi level of MXene [32]. Since the conduction band potential of Biy WOy is more negative
than the Fermi level (E_F) of MXene, electrons can effectively migrate from Bi;WOg to
MXene, leading to an accumulation of electrons on the MXene surface. However, under
illumination, MXene exhibits low excitation levels, making it less reactive and consequently
limiting its catalytic activity. When thermal energy is introduced, the thermal effect of
MXene accelerates electron transfer between Bi;WOg and MXene, reducing the likelihood
of electron-hole recombination and increasing the rate of redox reactions. Thermal energy
activates MXene, significantly increasing the number of photogenerated electrons and
holes. This synergistic interaction between light and heat enables more efficient and rapid
migration of photogenerated electrons from the Bi, WOg matrix to the MXene surface. As
a result, this combined approach significantly enhances the overall photocatalytic CO,
reduction efficiency, allowing for a more effective conversion of CO; into useful fuels or
chemicals under realistic solar conditions.
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Figure 7. Energy level structure diagram of Bi; WOy and MXene.

3. Experimental
3.1. Chemical Agents

The primary chemicals and reagents used in this study include sodium tungstate
dihydrate (NayWO4-2H;0, AR, 99.5%), bismuth nitrate pentahydrate (Bi(NO3)3-5H,0, AR,
99%), cetyltrimethylammonium bromide (CTAB, C19H4;BrN, 99%), titanium aluminum
carbide powder (Ti3AlC,, 99%), and hydrofluoric acid (HF, AR). The reagents used in
the experimental procedure were purchased directly from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China).
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3.2. Catalysts Preparation
3.2.1. Preparation of Layered Ti3C, MXene

Initially, 5 g of Ti3AlC, powder was gradually added to 60 mL of 40% hydrofluoric
acid (HF) solution, taking care to control the rate of addition to prevent excessive reactions.
To achieve complete etching of the Al layers, the mixture was continuously stirred at
room temperature for 48 h. The resulting dark solution was then repeatedly washed with
deionized water and anhydrous ethanol until a pH of 7 was reached. The final product was
vacuum-dried at 60 °C for 6 h, yielding layered TizC, MXene.

3.2.2. Preparation of BiyWOg4/MXene

Within a beaker filled with 30 mL of ultrapure water, 0.369 mol of NayWO,-2H,0
and 30 mg of CTAB, along with a specific amount of MXene, were added. The mixture
was stirred for 30 min, followed by ultrasonic treatment for an additional 30 min to obtain
solution A. Subsequently, 0.738 mol of Bi(NOs3)3-5H,O was carefully added to 25 mL of
ultrapure water, followed by continuous stirring to achieve a fully homogeneous mixture,
designated as solution B. Solution A was combined with solution B, and the resulting
mixture was mixed thoroughly for 3 h to ensure complete reaction and uniformity of
the final solution. The prepared mixture was then transferred to a 100 mL Teflon-lined
autoclave and subjected to reaction at 180 °C for 16 h. Upon completion, the product was
thoroughly washed with ultrapure water and anhydrous ethanol to remove any residual
reactants, followed by drying to yield a gray precipitate. The theoretical mass of BiyWOg
was calculated, and the mass ratios of Bi;WOg to MXene were adjusted to 100:1, 100:2,
100:3, 100:4, and 100:5, designated as BW-1MX, BW-2MX, BW-3MX, BW-4MX, and BW-5MX,
respectively. For comparison, a gray-white substance was synthesized using the same
procedure without the addition of MXene, designated as BW. Composite materials of all
proportions are collectively referred to as BW-MX. All collected powders were stored in the
dark to protect them from light exposure.

3.3. Characterization

The morphological characteristics and element distribution information were thor-
oughly investigated utilizing scanning electron microscopy (SEM; JSM-7001F) integrated
with energy-dispersive X-ray spectroscopy (EDS). The internal microstructures, nanometer-
scale characteristics, and element distribution were further examined by high-resolution
transmission electron microscopy (HRTEM; FEI TF20), also equipped with EDS. The crystal
structure was precisely analyzed through X-ray diffraction (XRD; Bruker DSADVANCE (Bil-
lerica, MA, USA)) employing Cu K« radiation. The optical absorption range and bandgap
structure were determined by ultraviolet—visible diffuse reflectance spectroscopy (UV-Vis
DRS; UH-4150). The Brunauer-Emmett-Teller (BET; Maxwell 2640) method was utilized to
characterize nitrogen (N,) and CO, adsorption—desorption curves, specific surface area,
pore volume, and pore size distribution. The surface chemical composition and valence
states were analyzed via X-ray photoelectron spectroscopy (XPS; ESCALAB 250Xi (Thermo
Fisher Scientific, Waltham, MA, USA)). Photoluminescence (PL) spectra were recorded us-
ing a fluorescence spectrophotometer (FLS980, Livingston, UK). Electrochemical impedance
spectroscopy (EIS), photocurrent, and Mott-Schottky (M-S) tests were conducted on an
electrochemical workstation (Chi660e; Shanghai Chenhua (Shanghai, China)). Finally, the
composition and content of photocatalytic products were analyzed by gas chromatogra-
phy (GC, Shanghai Tianmei-GC-7980 (Shanghai, China)) and gas chromatography-mass
spectrometry (GC-MS, Agilent 7980A-5975C (Tokyo, Japan)), ensuring a comprehensive
understanding of the material’s properties and performance.

3.4. Catalytic Reduction Process of Atmospheric CO;

This study employs a photothermal catalytic system operating at the gas—solid inter-
face, where a fixed bed coated with catalyst materials is positioned directly opposite the
light source to facilitate photothermal catalytic reduction reactions. The system consists of
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a reaction chamber with an intermediate layer capable of passing circulating water, a heat
source for controlling the temperature of the circulating water, a tightly sealed top cover
equipped with inlet and outlet ports, a fixed catalyst bed, a valve for sampling, a xenon
lamp light source, and a quartz window.

The catalyst (5 mg, at room temperature) was evenly applied to the surface of the
fixed catalyst bed. To facilitate an adequate equilibration of the reaction chamber with the
ambient atmosphere, the chamber was left unsealed at a ventilated location for 30 min to
allow for complete air filling. Subsequently, it was sealed to commence the experiments.
The temperature in the reaction chamber was stabilized at 80 °C using water circulation.
A 300 W xenon lamp, equipped with an AM 1.5 filter, simulated light conditions with
an irradiance of approximately 200 mW-cm~2 for the photothermal catalytic reaction.
Before the reaction, the gas in the closed reaction chamber was measured by GC-MS as a
blank sample for the analysis of CO, content. The blank sample of evaluation is shown
in Table 2. Similar procedures were followed for individual photocatalytic and thermal
catalytic reactions. Gas chromatography (GC) was used to monitor catalytic products on
an hourly basis, whereas gas chromatography—mass spectrometry (GC-MS) was utilized to
analyze the '3C-labeled photothermal catalytic products.

Table 2. Average blank sample.

Air composition CO CO, N, H, O,
Content (ppm) 3 421 780,491 0.5 209,903

4. Conclusions

In summary, this study successfully synthesized Bi, WOg/MXene(Ti3C,Tx) nanosheets
using a hydrothermal method. The composite consists of multiple atomic layers of Bi;WOg
and MXene. Leveraging the synergistic effects of light and heat, this material facilitates the
swift capture and transformation of atmospheric CO; at the gas—solid interface. Experimen-
tal results demonstrate that, under photothermal catalytic conditions for 4 h, the catalyst
can produce 876.7 pmol-g~! of CO. Theoretically, the CO,-to-CO conversion efficiency in
air can reach up to 95%. Moreover, it exhibits exceptionally high selectivity, with CO com-
prising 97.8% of the reaction products. This study underscores the potential of Bi WOy in
photothermal synergistic catalysis, as well as the promise of MXene as a cost-effective and
efficient co-catalyst. The high selectivity for CO, reduction at the gas—solid interface further
demonstrates the feasibility of this approach for future practical applications, offering a
strategic pathway for efficient CO, removal.
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mdpi.com/article/10.3390/ catal14120859/s1. Figure S1: K-M curves of BW; Figure S2: M-S curves of
BW; Figure S3: Thermal catalytic effect diagram at different temperatures; Figure S4: The detailed band
structure of catalysts; Figure S5: Comparison of CO and CH4 production; Figure S6: Photothermal
catalysis raw data.
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