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Abstract: It is important to improve the separation ability of photogenerated electrons and the
adsorption capacity of carbon dioxide (CO5) for efficient photoreduction of CO,. Here, we synthesized
ZnCdS quantum dots (ZCS-QDs) and cerium dioxide nanosheets (CeO,) using the solvothermal
method and calcination method. We combined CeO, and ZCS-QDs to effectively enhance the charge
separation efficiency, and the lifetime of photogenerated electrons was increased 4.5 times. The CO
evolution rate of the optimized composite (ZCS-QDs/CeO,) was up to 495.8 pmol g_1 h~1, and
it had 100% product selectivity. In addition, the stability remained high after five cycles. The CO,
adsorption capacity of the catalyst surface was observed by in situ FTIR. The test results showed
that improving CO, capture ability and promoting photogenic electron separation had positive
effects on enhancing photoreduction of CO,. This study provides a reference for constructing a
zero-dimensional-two-dimensional (0D-2D) heterojunction and explores potential CO, reduction

reaction mechanisms.

Keywords: photocatalysis; CO, reduction; CeO,; ZnCdS quantum dots

1. Introduction

In recent years, the challenge of mitigating CO, emissions and converting this green-
house gas into useful and renewable energy sources has been a focal point for contemporary
research [1]. Photocatalysis is a promising strategy, particularly due to its potential for
sustainability and relatively lower costs compared to other CO, reduction methods [2,3],
and is widely used because of its low cost and sustainable advantages [4-6]. The steps of
the photocatalytic CO, reduction reaction are complicated and affected by many factors,
including light absorption, charge carrier generation, separation, and transfer, as well
as surface reactions involving the adsorption and reduction of CO; [7]. In the field of
photocatalysis, in order to improve the reaction rate and regulate the reaction pathway;,
researchers have made a lot of efforts [8], including reducing the particle size [9,10], loading
metal onto the surface [11], dispersing to various carriers [12], etc. These methods improve
the catalytic activity of the photocatalyst but only to a limited extent. Therefore, selecting a
suitable photocatalyst to enhance the light absorption capacity and improve the photoelec-
tron transport efficiency may be an effective means to improve the photocatalytic efficiency.
Numerous studies have found that the selection of catalysts and system design plays a
pivotal role in enhancing the overall efficiency of this process [13-15].

Two-dimensional (2D) cerium dioxide (CeOy) is a highly versatile material that has
garnered significant interest in the realm of photocatalysis due to its excellent chemical
and structural stability. In addition, the reversible switch between the Ce(IlI) and Ce(IV)
states confers unique redox properties [16-18]. However, its wide bandgap typically
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restricts its light absorption in the ultraviolet region, limiting its efficiency under visible
light; this limitation hampers the direct conversion of CO; into fuels. Combining CeO,
with other semiconductors to form CeO; heterojunctions (such as narrower-bandgap
catalysts capable of absorbing visible light) seems to present an opportunity for strategic
enhancement of light harvesting and charge separation efficiency. This approach leverages
synergistic effects between the components, enhances light absorption, and promotes
charge carrier dynamics.

The selection and engineering of catalysts that can not only effectively adsorb CO, but
also facilitate efficient charge transfer are central to improving the photocatalytic conversion
of CO, into renewable energy sources. Zero-dimensional (0D) quantum dot (QD) materials
have been extensively investigated as the building blocks of photocatalysts due to their
special quantum size effect, electron transfer properties, and their efficient absorption
to visible light [19-21]. Ternary ZnCdS creates good conditions for adjusting the optical
properties from the ultraviolet to the visible light range [22], and can adjust the appropriate
bandgap range [23]. In fact, the use of QDs in combination with semiconductors in the field
of photocatalysis has been reported in the past few years. For example, Yang et al. used Ag
QDs anchored with CeO,, and the Ag QD/CeO, composite improved the utilization rate of
visible light, and the photocatalytic elimination of acetaldehyde and water decomposition
performance improved 7.08 and 6.83 times, respectively [24]. Jiang et al. reported a
modification of CeO, using g-C3N4 QDs, which improved the photoelectric response and
showed significant performance improvement in the test of photoreduction of CO, [25]. Sre
et al. deposited ZnCdS quantum dots on g-C3Ny for photoinactivation of E. coli cells. The
prepared composite photocatalyst enhanced the structural stability, as well as increased
a large number of reaction sites, and improved the photocatalyst efficiency [26]. So, it
can be inferred that if ZnCdS-QDs are introduced on the CeO; surface and they construct
a 0D-2D heterojunction, the photocatalytic CO; activity and the recycling ability of the
photocatalysts will be enhanced.

Inspired by the consideration above, ZnCdS quantum dots were combined with a CeO,
heterojunction (ZCS-QDs/CeO,) and designed to optimize the energy band alignment
and CO, reduction activity. The ZCS-QDs/CeO, exhibits a substantial increase in the
lifetime of photogenerated electrons and achieves a remarkable CO evolution rate of
495.8 umol g~ h~! without any sacrificial agents during the CO, reduction reaction, even
showing good stability after five cycles. The in situ DRIFTS result provides direct evidence
of the CO, adsorption dynamics on the CeO, surface and confirms the vital role of CeO, in
enhancing substrate adsorption. Also, the observation of intermediates and monitoring
changes in water and CO, consumption offer deeper insights into the photocatalytic process,
contributing to a better understanding of the mechanism behind the improved efficiency.

2. Results and Discussion
2.1. Photocatalyst Characterization

Scheme 1 shows the synthesis strategy of ZCS-QDs/CeO,. Figure 1a shows the XRD
patterns. For the CeO,, the four major diffraction peaks are located at 28.5°, 33.1°, 47.5°,
and 56.3°, corresponding to the (111), (200), (220), and (311) lattice planes of CeO, (PDF#43-
1002), respectively. For the ZCS-QDs, the six major diffraction peaks are located at 26.7°,
28.3°,45.1°, 47.3°,53.4°, and 56.2°, corresponding to the (002), (101), (102), (110), (103), and
(200) lattice planes of ZnCdS (PDF#40-0834), respectively. The relatively small amount of
ZCS-QDs and the partial coincidence of peak positions result in the ZCS-QDs’ diffraction
peak being covered by the CeO; diffraction peak; thus, no diffraction peak was observed
for the ZCS-QDs in the ZCS-QDs/CeO, photocatalyst. The TEM image of CeO; is shown
in Figure 1b, exhibiting a smooth two-dimensional sheet structure. The ZnCdS is uniformly
dispersed and has a diameter of about 8 nm belonging to the morphology of the quantum
dots (Figure 1c,d). From Figure le, it can be seen that quantum dots are fully grown on the
2D nanosheets, indicating that our catalyst of 0D-2D ZCS-QDs/CeO; is well assembled.
Moreover, the 12% ZCS-QDs/CeO; was characterized by HRTEM. As shown in Figure 1f,
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the measured lattice spacing of 0.33 nm and 0.31 nm corresponds to (002) of ZCS-QDs
and (111) of CeO,, respectively. From HRTEM mapping (Figure 1g), the elements of S, Cd,
Zn, O, and Ce were detected, providing further proof that the ZCS-QDs/CeO; has been
successfully synthesized.
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Scheme 1. Synthesis diagram of ZCS-QDs/CeOs,.
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Figure 1. (a) XRD patterns of CeO,, ZCS-QDs, and x ZCS-QDs/CeO, (x =5, 8, 10, 12, and 15%),
(b—d) TEM image of CeO, and ZCS-QDs, (e) TEM image of 12% ZCS-QDs/CeO,, (f) HRTEM image
of 12% ZCS-QDs/CeO,, (g) EDS elemental mapping images of 12% ZCS-QDs/CeO;.
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2.2. Surface Composition and Photoelectric Analysis

The chemical state of the catalyst was investigated using X-ray photoelectron spec-
troscopy (XPS). From the XPS survey spectrum of Figure 2a, it can be seen that the Ce, O, S,
Cd, and Zn elements are found in the 12% ZCS-QDs/CeO; catalyst. Figure 2b shows the
Ce 3d levels for CeO, and 12% ZCS-QDs/CeO,. For CeO;, the peaks at 913.9 and 895.4 eV
are from the Ce 3d° 49 final state, and the peaks at 904.7, 898.2, 886.1, and 879.5 eV are
from the Ce 3d? 4f2 and Ce 3d° 4f! final states [27]. However, for 12% ZCS-QDs/CeO,,
the peak position of 895.4 eV shifted to 896.1 eV. This was attributed to the interaction
of ZCS QDs and CeQO5, and resulted in the electron transfer in ZCS-QDs/CeQO,. For the
O 1s of CeO;, (Figure 2c), two characteristic peaks can be observed at 529.1 and 526.8 eV,
representing lattice oxygen and adsorbed oxygen, respectively [28], in the spectrum of
12% ZCS-QDs/CeO,. When CeO; is combined with the nanostructure, the surface oxygen
site will greatly affect the reduction reaction of the semiconductor at the interface [29]. In
addition, oxygen sites are often involved in constructing the support interface for reac-
tivity, as well as the reaction site of various adsorbents on the carrier [30,31]. Therefore,
the new characteristic peak at 530.7 eV is attributed to S-O [32]. For the S 2p spectrum
of 12% ZCS-QDs/CeO; (Figure 2d), 159.5 and 158.6 eV are attributed to S 2p1/ 2and S
2p3/2 [33], respectively, while the characteristic peak at 162.4 eV was attributed to the
newly formed S-O. The formation of S-O fully confirms that a close chemical interaction is
formed between ZCS-QDs and CeO,, which provides good conditions for electron transfer
during the reaction. Two characteristic peaks at 409.2 and 402.4 eV can be observed in the
Cd 3d spectrum (Figure 2e), corresponding to Cd 3d*/? and Cd 3d%/?, respectively [33].
Two characteristic peaks can be observed at 1042.4 and 1019.4 eV in the Zn 2p spectrum
(Figure 2f), corresponding to Zn 2p'/? and Zn 2p®/2 [34], respectively.
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Figure 2. XPS spectra of (a) survey spectra, (b) Ce 3d, (c) O 1s, (d) S 2p of 12% ZCS-QDs/CeO5, (e) Cd
3d of 12% ZCS-QDs/CeO;, and (f) Zn 2p of 12% ZCS-QDs/CeO;.
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The light absorption capacity of the photocatalyst was measured by UV-Vis DRS [35]
(Figure 3a). The CeO, showed strong absorption properties in the ultraviolet region and
an absorption range of ZCS-QDs located at 480 nm. However, 12% ZCS-QDs/CeO; has
a unique enhanced adsorption peak around 450-620 nm. Also, the bandgap value was
calculated and showed in Figure 3b using the following formula:

(o)™ = A(ho — Eg)

where «, hv, Eg, and A represent the absorption coefficient, photon energy, bandgap energy,
and proportionality constant, respectively. ZCS-QDs/CeO, has the narrowest bandgap of
2.61 eV, and the bandgaps of ZCS-QDs and CeO, were 2.67 eV and 2.98 eV. In addition,
the valence band (VB) positions of CeO, and ZCS-QDs were determined by VB-XPS
(Figure 3c,d); the corresponding VBs are 1.45 eV and 2.38 eV. Based on the above results,
the band structures of CeO, and ZCS-QDs were obtained, as shown in Figure 3e.
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Figure 3. (a) UV-Vis DRS, (b) plots of (ahv)Y/2 versus (hv), (c,d) VB-XPS spectra of CeO, and ZCS-QDs,
and (e) bandgap structure diagram of CeO, and ZCS-QDs.

Figure 4a shows the results of TR-PL spectroscopy. The lifetimes of CeO, and ZCS-
QDs are 2.53 ns and 6.67 ns, and 12% ZCS-QDs/CeQO, has the longest average decay life
with 30.17 ns, meaning that 12% ZCS-QDs/CeO, has excellent charge separation ability.
As shown in Figure 4b, transient photocurrent responses (TPRs) were recorded, and all
the catalysts exhibited stable photocurrent densities. It is worth noting that 12% ZCS-
QDs/CeO; has the highest photocurrent density compared to CeO, and ZCS-QDs. Also,
12% ZCS-QDs/CeO; has the smallest EIS radius (Figure 4c). This means that 12% ZCS-
QDs/CeO; has the smallest charge transfer resistance. The above confirmed that 12% ZCS-
QDs/CeO; has the best charge transfer ability and shows the best photocatalytic ability.
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Figure 4. (a) TR-PL decay spectra of CeO,, ZCS-QDs, and 12% ZCS-QDs/CeO; (b) TPR and (c) EIS
of CeO,, ZCS-QDs, and 12% ZCS-QDs/CeO,.

2.3. Photocatalytic Activity

As shown in Figure 5a, the CO, photoreduction activity of CeO,, ZCS-QDs, and
x-ZCS-QDs/CeO, (x means the different amount of ZCS-QDs) was determined. The CO
yield of ZCS-QDs is 151.8 pumol g_l h~1. For the x ZCS-QDs/CeO,, the CO, reduction
performance significantly increased with all values of x, and 12% ZCS-QDs/CeO, achieved
the highest performance (495.8 umol g~! h™!), increasing 3.3 times. However, the CO,
reduction activity of 15% ZCS-QDs/CeO, decreased because the excessive number of ZCS-
QDs cover the CO; adsorption sites on the CeO, surface and inhibit CO, adsorption. In
order to exclude the effect of decomposition of organic matter from the catalyst, a controlled
experiment under N, was conducted. No CO was detected (Figure 5b), which confirmed
that all of the CO product comes from CO; conversion. To investigate the stability of
12% ZCS-QDs/CeOy, cyclic experiments were conducted. It can be seen from Figure 5c
that, after five cycles, the 12% ZCS-QDs/CeO; still had high catalytic activity, meaning
that the catalyst has good stability. This study was compared with values previously
reported for CeO;-based materials, such as CeO, /TiO, (CO yield of 61.9 umol g’1 h=1) [36],
CuO-CeO,/TiO, NT (CO yield of 9.2 umol g~! h™1) [37], CeO,/g-C3Ny (CO yield of
31 umol g~ ! h~1) [38], and CoAl-LDH/CeO, /RGO (CO yield of 5.5 umol g ! h=1) [39].
Among many CeO,-based photocatalysts, ZCS-QDs have the highest CO evolution rate.
It is fully confirmed that ZCS-QDs/CeO; has great advantages in the field of efficient
photocatalytic reduction of CO,.
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Figure 5. (a) Photocatalytic activity of CeO,, ZCS-QDs, and x ZCS-QDs/CeO;; (b) photocatalytic
performance of 12% ZCS-QDs/CeO, under CO, and Nj; (c) cycling test of 12% ZCS-QDs/CeO;.
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2.4. Mechanism of CO, Photoreduction

It is known that the CO, adsorption capacity of catalysts is crucial for the photocatalytic
reduction reaction. Thus, CO, adsorption tests were performed by in situ DRIFTS. As
shown in Figure 6a,b, the adsorption capacity of CeO, for CO; is significantly higher than
that of ZCS-QDs (the peak at 2340 cm ! is a characteristic peak of CO,), indicating that
CeO; has strong CO, adsorption capacity. However, due to the wide bandgap of CeO, and
the fact that it has fewer active sites, it is difficult to effectively convert the surface-adsorbed
CO; into CO, CHy, and other high value-added products. Although, the CO, adsorption
strength of 12% ZCS-QDs/CeO, decreased slightly compared with that of CeO,, it was still
higher than that of ZCS-QDs (Figure 6¢). The weakened CO, adsorption could be caused
by the ZCS-QDs covering some of the adsorption sites of CeO5.
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Figure 6. DRIFTS spectra of CO, adsorption of (a) ZCS-QDs, (b) CeO,, and (c) 12% ZCS-QDs/CeO,.

In order to investigate the photoreduction CO, mechanism, in situ DRIFTS was carried
out. Using the pre-reaction equilibrium state as a blank background, positive or negative
infrared signals during the reaction were used to represent the increase or disappearance
of substances on the interface. Figure 7a,b represent the CO, photoreduction processes of
CeO; and ZCS-QDs. The peaks at 2339 cm ™! and 1658 cm ™! correspond to CO, and H,O
consumption signals, respectively [40]. By comparing the signal strength, the Aj339/A1gs58
of CeO; is 0.27, and the Ajyszg/Aqgsg of ZCS-QDs is 0.31. In 12% ZCS-QDs/CeO, (Figure 7c),
Ajzaa/Aqees is 2.08; this result suggests that CeO; and ZCS-QDs mainly consume H;O
during the photoreaction, while 12% ZCS-QDs/CeO, consumes CO, and converts it into
CO. The above results show that after CeO, captures CO,, photogenerated electrons
migrate to the catalyst surface and react with CO,, greatly inhibiting competitive reactions
of H,O splitting. Moreover, in Figure 7c, during 12% ZCS-QDs/CeO; photoreaction, a
series of peaks can be observed. The positive signal peak appearing at 2355 cm ™! is the
protonated CO, intermediate (O=C=0-H") [41]. The peaks at 1468 cm~! correspond to
COOH?* species [42]. In addition, the peak at 1402 cm ™! corresponds to carbonate (m-
CO327), the peak at 1267 cm ! belongs to bidentate carbonate (b-CO32~,) and the peak at
1145 cm ™! represents bicarbonate (HCO; ™) [43-45].

Based on the discussion of the above results, the 0D-2D ZCS-QDs/CeO; heterojunc-
tion is used for selective photoreduction of CO, to CO. Under visible light (300 W xenon
lamp) irradiation, both CeO, and ZCS-QDs can absorb ultraviolet light and part of the
visible light spectrum to produce electrons and holes [46-48]. As CeO, and ZCS-QDs have
a CB position of —0.7 eV and —1.22 eV, they both have the potential for CO; reduction
of CO. When the two materials were combined together, a Z-heterojunction was formed.
The electrons on the CB of CeO, recombine with the holes from the VB of ZCS-QDs;
this not only improves the efficiency of photogenerated carrier separation but also the
high-reducing-capacity photogenerated electrons on ZCS-QDs react with CO, and further
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improve the efficiency of photoreduction of CO, to CO (Figure 8). The CO, photoreduction
process over ZCS-QDs/CeO; can be inferred as follows:
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Figure 8. Photocatalytic CO, reduction mechanism of 0D-2D ZCS-QDs/CeO,.

3. Experimental Section
3.1. Methods
3.1.1. Materials

Sulfur powder (99.999%), 1-octadecence (ODE, 90%), oleic acid (OA, 90%), cadmium
oxide (CdO, 99.99%), zinc acetate (Zn(OAc),, 99.99%), 11-mercaptoundecanoic acid (MUA,
95%), n-hexane (97%) tetramethylammonium hydroxide pentahydrate (97%), cerium nitrate
hexahydrate (Ce(NO3)3-6H,0, 99.5%), ammonium bicarbonate (NH4HCOs3, 99.995%),
acetone (99.5%), methyl alcohol (99.5%), and ethyl alcohol (99.7%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

3.1.2. Synthesis of ZCS-QDs

The ZCS-QD synthesis method was improved according to the reported procedure [49].
For the S-precursor, 0.51 g of sulfur powder was dissolved in 16 mL of ODE and heated
to 150 °C under N,. For the ZnCd-precursor, 0.256 g of CdO and 0.368 g of Zn(OAc),
were dissolved in a mixture of 13 mL of ODE and 6 mL of OA and then heated to 300 °C
under Nj.

A total of 4 mL of S-precursor was injected into the ZnCd-precursor and held at 300 °C
for 10 min. When brought to room temperature, the quantum dots were precipitated with
acetone and then dispersed in n-hexane for preservation.

3.1.3. Ligand Exchange of ZCS-QDs

For ligand exchange, we used methods that have been previously reported [50]. A
total of 20 mg of MUA was dissolved into 15 mL of methanol and the pH of the solution
was adjusted to >10 using tetramethylammonium hydroxide pentahydrate. Then, 20 mg
worth of ZCS-QDs was added to the above mixed solution, and stirred overnight at 60 °C
in a Ny atmosphere. The QDs were precipitated with ethyl acetate, then cleaned with
acetone and dispersed in water for preservation.

3.1.4. Synthesis of CeO,

For solution A, 2.78 g of Ce(NO3)3-6H,O was added to 100 mL of water and stirred
for 30 min. For solution B, 1.50 g of NH4HCO; was added to 100 mL of water and stirred
for 30 min. The two solutions, A and B, were mixed and stirred for 1h, left stationary at
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30 °C for 24 h, and then centrifugally dried. Last calcination was performed at 500 °C for
4 hin an air atmosphere.

3.1.5. Synthesis of x ZCS-QDs/CeO,

A certain amount of CeO, was added to ZCS-QD solutions of different volumes,
stirred away from light for 24 h, and centrifugally dried to obtain x ZCS-QDs/CeOs,.

3.2. Characterizations

Transmission electron microscopy (TEM) analyses were performed on an H-7800 mi-
croscope (Hitachi, Tokyo, Japan) with an acceleration voltage of 120 kV. High-resolution
transmission electron microscopy (HRTEM) was carried out on a JEM-2010 transmission
electron microscope (Tokyo, Japan). The XRD patterns were examined on a Shimazu-
6100 powder X-ray diffractometer (Tokyo, Japan) using Cu K« radiation at a scan rate
of 10° min~!. Transient fluorescence spectra were produced on an Edinburgh FLS1000
(Edinburgh, UK). The surface chemical states of the samples were studied by X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA). The optical
properties of the photocatalyst were studied using UV-Vis diffuse reflectance spectroscopy
(DRS, UV-2450 Shimadzu, Kyoto, Japan). Time-resolved photoluminescence (TRPL, Edin-
burgh FL51000, UK) attenuation curves were obtained using a photoluminescence detector.
In situ diffuse reflection infrared Fourier transform spectroscopy (DRIFTS) experiments
were conducted on a Nicolet iS10 (Thermo) machine. In a typical procedure, the catalyst
sample was sealed in a reaction chamber with a quartz window. CO, and H,O were
carried into the reaction chamber by N, flow until equilibrium. Taking the equilibrium
system before reaction as the blank background, IR signals were collected in situ during
the incident irradiation of a 365 nm LED lamb (3W, Education Au-light Co., Ltd., Beijing,
China) through the quartz glass window. In the in situ CO; adsorption experiment, CO,
with progressively increasing concentration was introduced into the chamber and infrared
signals were collected until the adsorption equilibrium was reached.

3.3. CO, Photoreduction Experiments

CO; photoreduction was carried out in a sealed 150 mL quartz reactor with a 300 W
Xenon lamp (1000 mW cm 2, Education Au-light Co., Ltd., Beijing, China) as the white
light source. In a typical procedure, 10 mg of catalyst was dispersed in 3 mL of deionized
water. The resulting mixture was dropped on quartz glass and then dried at 60 °C. The
dried catalyst was placed in the quartz reactor with 1 mL of H,O. CO, was then introduced
into the reactor for 30 min to completely remove the air. During the reaction, a Xenon lamp
illuminated the catalyst sample through the quartz window (22.1 cm?). Gas products were
detected by a gas chromatograph (GC-7920, Beijing, China) equipped with a hydrogen
flame ionization detector (FID).

3.4. Photoelectrochemical Measurements

The photoelectric chemistry experiment was tested on the electrochemistry worksta-
tion (CHI 660E, Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). The reaction
was carried out in a homemade standard three-electrode cell. The reference electrode
and the reverse electrode were saturated Ag/AgCl and Pt electrodes, respectively, and
0.5 M Na;SOy4 solution was used as the electrolyte. The 0.02 g photocatalyst, 0.03 mL oleic
acid, 0.01 g PVP were dispersed into 3 mL ethanol and ultrasonic for 1 h. The prepared
suspension is then uniformly dropped onto the FTO glass. Using 300 W xenon lamp as
light source, the effective area is about 1 cm?.

4. Conclusions

In summary, the 0D-2D ZCS-QDs/CeO; heterojunction was successfully prepared
using solvothermal and calcination methods, and it was used in a high-efficiency photo-
catalytic CO; reduction reaction. When using no sacrificial agent, the CO evolution rate
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reached 495.8 umol g~! h~!, which was 3.3 times higher than that of the ZCS-QD monomer,
and has 100% selectivity. After five cycles, the catalytic activity was still high. This efficient
photoconversion of CO; can be attributed to the combination of two monomers, ZCS-QDs
and CeO,, which promote the effective separation of photogenerated electrons, and the
lifetime of photogenerated electrons is increased by 4.5 times. In addition, in situ FTIR was
used to observe the changes in HyO and CO; consumption during the reaction and monitor
the formation of intermediate products. The result shows that the adsorption of CO, on the
surface of CeO; solves the problem of low porosity on the surface of ZCS-QDs, creating
good conditions for efficient photoreduction of CO,. The formation of intermediates such as
COOH*, m-CO52~, b-CO52~, HCO;~, and OH* was monitored. Therefore, a well-designed
ZCS-QDs/CeO; heterojunction can be used as an effective composite photocatalyst. In the
future design of photocatalysts, synergistically improving both the CO, capture ability and
the photoelectron separation efficiency is an effective means to improve the efficiency of
the photocatalyst. This provides a new strategy for efficient CO, conversion.
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