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Abstract: As a promising member of the carbon nitride family, nitrogen-rich g-C3N5

has attracted significant attention because of its excellent light absorption performance.
Nevertheless, its practical application in photocatalytic CO2 reduction is hindered by severe
photogenerated charge recombination and limited CO2 adsorption capacity. Constructing
a heterojunction has emerged as an effective strategy to mitigate charge recombination,
thereby enhancing the photocatalytic performance of the catalyst. Herein, a series of CdS/g-
C3N5-X heterojunction catalysts were prepared via an in situ hydrothermal approach. The
obtained heterojunction catalysts exhibited a novel coral reef-like morphology which
facilitated the exposure of additional active sites, thereby enhancing the adsorption and
activation of CO2. Moreover, studies have shown that CdS can be anchored to the surface
of g-C3N5 through C-S bonds, forming a built-in electric field at the interface, which
accelerated the separation and transfer of photogenerated charges. Consequently, the
resulting heterojunction materials demonstrated high efficiency in photocatalytic CO2

reduction with H2O as a sacrificial agent. In particular, CdS/g-C3N5-0.2 exhibited the
maximum photocatalytic performance up to 22.9 µmol·g−1·h−1, which was 6 times and
3 times that of unmodified g-C3N5 and CdS, respectively. The results indicated that the
increased active sites and enhanced charge separation of the Cd/g-C3N5-0.2 catalyst were
the primary reasons for its improved photocatalytic CO2 reduction performance. This
work provides a novel heterojunction-based photocatalyst for efficient CO2 photocatalytic
reduction, offering insights into the preparation of high-performance photocatalysts for
sustainable energy applications.

Keywords: carbon nitride; cadmium sulfide; heterojunction; CO2 reduction; photocatalysis

1. Introduction
In recent years, owing to increasing energy shortages and environmental challenges,

solar-driven photocatalytic technologies have garnered widespread attention [1]. Drawing
inspiration from photosynthesis in plants, photocatalytic CO2 conversion using sunlight
and H2O not only helps reduce atmospheric CO2 concentrations, thereby mitigating the
greenhouse effect, but also converts CO2 into high value chemicals or fuels [2–4]. This is
an ideal approach with significant potential. However, several critical challenges persist,
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including limited solar energy utilization, rapid recombination of photoexcited charges,
and insufficient CO2 adsorption and activation, which impede the enhancement of photo-
catalytic CO2 reduction efficiency [5–7]. Therefore, the rational design of photocatalysts
with broad light response, efficient charge separation, and enhanced CO2 adsorption and
activation capabilities are essential to achieving efficient photocatalytic CO2 reduction.

Since Fujishima and Honda’s groundbreaking discovery that TiO2 electrodes could
facilitate photocatalytic water splitting under ultraviolet light [8], numerous semiconductor
catalysts have been developed for multiple photocatalytic applications, such as carbon
nitrides [9], titanium oxide [10], cadmium sulfide [11], and bismuth tungstate [12]. Among
them, carbon nitrides (CNs) have garnered significant attention in various fields, such as
gas capture [13], supercapacitors [14], and photocatalysis [15,16], due to their remarkable
properties, including affordability, chemical stability, and tunable electronic structures.
Compared with the well-studied g-C3N4, nitrogen-rich g-C3N5, a novel graphite-phase
catalyst, exhibits better visible-light absorption [17,18], a higher density of N sites [19],
and superior electronic properties [20]. This is attributed to the existence of the N-rich
triazole moiety and its extended conjugation [18]. As a result, g-C3N5 has been employed
in photocatalytic and electrocatalytic hydrogen evolution [21], CO2 reduction [22], and the
degradation of various pollutants [23]. Wang et al. [24] used a simple and environmentally
friendly KBr-guided method to create a mesoporous rod-shaped nitrogen-rich graphitic
carbon nitride. This unique structure, combined with its high nitrogen content, resulted in
a narrow band gap of 1.90 eV, and the generated catalyst demonstrated noticeably better
photocatalytic performance. Sadanandan et al. [22] synthesized mesoporous C-doped
C3N5 through the copolymerization of 3-amino-1,2,4-triazole and trimesic acid using a
hard-template method. The resulting material demonstrated enhanced light absorption
capacity and increased delocalized π-electron density, leading to excellent photocatalytic
CO2 reduction activity. Nevertheless, g-C3N5 suffers from the intrinsic limitation of severe
photogenerated charge recombination. To address this, several strategies have been ex-
plored, such as incorporating heteroatoms [25,26], coupling with cocatalysts [27,28], and
constructing heterojunctions [29,30]. The construction of heterostructures can promotes the
spatial separation of photogenerated carriers and maintains the inherent advantages of both
catalysts, resulting in superior optical performance compared to individual semiconduc-
tors [31–33]. Therefore, an effective strategy for improving the photocatalytic performance
of g-C3N5 is to select a semiconductor with a compatible energy band structure that can
form a heterojunction with g-C3N5, thereby suppressing charge recombination. To date, var-
ious heterojunction photocatalysts have been extensively explored for their high efficiency
in charge separation and transfer. For instance, Li et al. [34] designed and synthesized
C3N5/Bi2WO6 nanocomposites with Z-scheme heterojunctions, achieving effective re-
moval of tetracycline and Cr (VI) from water upon visible light irradiation, which not
only promoted charge separation but also retained strong redox potential. Similarly, Wang
et al. [35] prepared Z-scheme LaCoO3/C3N5 heterojunction photocatalysts using sol–gel
and solvothermal methods, significantly enhancing photocatalytic hydrogen production.

Cadmium sulfide (CdS), as a typical reducing semiconductor, possesses excellent
visible light absorption properties and an appropriate band gap structure, making it highly
active for CO2 photoreduction [36,37]. However, pristine CdS suffers from severe pho-
toinduced charge recombination and limited photostability [38]. Feng et al. [39] decorated
CdS nanocrystals surface with 4-mercaptopyridine (PD) as the unit of a capping ligand
using a facile ligand-exchange strategy. CdS-PD nanocrystals demonstrated exceptional
performance because the conjugated structure of PD could help photogenerated electrons
delocalize in CdS nanocrystals, and N-protonated PD could make it easy to generate a
six-membered ring intermediate using CO2 and water, which can function as the effective
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active site for the reduction of CO2 by photocatalysis. Padervand’s group [40] prepared
a series of SnO/CuSnO3 heterojunction photocatalytic materials through a single-step
hydrothermal method, which not only exhibited excellent performance in photocatalytic
dye degradation and carbon dioxide reduction, but also effectively facilitated the alkylation
of amines for pharmaceutical applications. Studies have shown that their strong visible
light absorption characteristics and high charge separation and transport properties are
important factors contributing to their high photocatalytic performance. To address these
challenges, we identified that combining g-C3N5 with CdS to form a heterojunction offers
an effective solution. The heterojunction not only mitigates the inherent drawbacks of both
semiconductors but also allows the composite catalyst’s energy band structure to facilitate
both H2O oxidation and CO2 reduction, enabling efficient CO2 reduction without the need
for sacrificial reagents.

In solid–liquid photocatalytic reactions, the adsorption and activation of CO2 have a
significant impact on photocatalytic performance. The morphology of the catalyst signifi-
cantly influences its ability to absorb and activate CO2 [41,42]. Regulating the morphology
during heterojunction construction can synergistically enhance the photocatalytic CO2

conversion. For instance, Ijaz et al. [43] synthesized CdV2O6/CdS composite via anion
exchange, where the abundant active sites and suppressed electron–hole recombination
significantly enhanced the photocatalytic efficiency in converting CO2 into CH4.

Herein, we prepared a series of CdS/g-C3N5-X heterojunction catalysts using an in
situ hydrothermal method, resulting in a coral reef-like morphology. CO2 adsorption
isotherms and isosteric heats of adsorption demonstrated that CdS/g-C3N5 heterojunction
exhibited enhanced CO2 adsorption activity, primarily due to the more active sites provided
by the coral reef-like structure. XPS characterization confirmed the formation of a built-in
electric field at the interface of CdS/g-C3N5, which promoted the separation and transfer
of charges. Among the series of prepared photocatalysts, the CdS/g-C3N5-0.2 exhibited
significantly higher activity in photocatalytic CO2 reduction using pure H2O, achieving
performance 6 times that of pristine g-C3N5 and 3 times that of CdS.

2. Results and Discussion
The CdS/g-C3N5-X (X = 0.05–0.5, where X equals to the mass ratio of CdS to g-

C3N5) heterojunctions were synthesized using a two-step calcination-hydrothermal method.
Among these, CdS/g-C3N5-0.2, selected as the benchmark catalyst in this study for its
exceptional performance, is hereafter referred to as CdS/g-C3N5. The g-C3N5 was synthe-
sized via a straightforward thermal polymerization. CdS formation occurred through the
reaction between Cd2+ ions adsorbed on g-C3N5 via strong electrostatic interaction then
the sulfide generated by DMSO decomposition at high temperature, resulting in robust
interfacial bonding with g-C3N5 (Scheme 1) [44]. X-ray diffraction (XRD) was used to con-
firm the crystal structures of the catalysts. As shown in Figures 1a and S1, the diffraction
peaks of the prepared CdS matched those of cubic phase CdS (PDF #97-015-9379). The
XRD patterns of CdS/g-C3N5-X were essentially consistent with those of pristine CdS
and g-C3N5, indicating that the crystal structures of both components remained largely
unchanged during the recombination process.

A combination of transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) methods were used to analyze the morphology and microstructure of the
prepared catalysts. In Figure S2, the SEM and TEM images revealed a lamellar morphology
for g-C3N5 with a smooth surface and a nanoparticle morphology for CdS with a diameter
of approximately 200 nm. Notably, the CdS/g-C3N5 composite exhibited a distinctive coral
reef-like surface (Figure 1b,c), which contrasts with the structures of both g-C3N5 and CdS.
This observation suggested that the coral reef-like morphology results from the in situ
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hydrothermal formation of CdS on the g-C3N5 surface. Additionally, CdS/g-C3N5-0.05
and CdS/g-C3N5-0.1 showed morphology of nanosheets and CdS/g-C3N5-0.5 presented
a nanoparticle morphology due to the coated CdS (Figure S3). To gain deeper insights
into the structure and morphology of CdS/g-C3N5, high-resolution transmission electron
microscopy (HRTEM) analysis was performed. As depicted in Figure 1d, the HRTEM
image of CdS/g-C3N5 displayed well-defined lattice fringes, allowing for the identification
of crystallographic planes. The lattice spacings of 0.293 and 0.334 nm correspond to the
spacing of the (200) and (002) planes of CdS, respectively [45,46]. Moreover, the consistent
distribution of C, N, S, and Cd elements on CdS/g-C3N5 was shown by elemental mapping
images (Figure 1e–i).
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To give an insight into the effects of the coral reef-like morphology on the modification
of CdS/g-C3N5 heterostructure catalyst, both N2 adsorption–desorption and CO2 adsorp-
tion isotherms were investigated. As shown in Figure 2a, all N2 adsorption–desorption
isotherms exhibited a H3-type hysteresis loop and IV-type adsorption, clearly confirming
the existence of mesopores in the synthesized samples, which matched the pores size
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distribution diagram [47] (Figure S4). The specific surface area of CdS/g-C3N5 was up to
59.6 m2/g, significantly exceeding that of pure g-C3N5. Although CdS exhibited a slightly
higher specific surface area, its proportion in CdS/g-C3N5 heterostructure was minimal,
which confirmed by the inductively coupled plasma (ICP) results (Table S2). Therefore,
the significant increase in specific surface area of CdS/g-C3N5 could be attributed to its
coral reef-like morphology, which might facilitate CO2 capture and activation. The CO2

adsorption capacity of the as-prepared catalysts was measured at 298 K (Figures 2b and S5).
As predicted, CdS/g-C3N5 displayed the maximum CO2 adsorption quantity among all
samples, reaching 0.39 mmol/g at 1.0 bar which was 3.5 times higher than that of pristine
g-C3N5. Although the specific surface area of CdS/g-C3N5 was smaller than that of CdS,
its CO2 adsorption capacity exceeded that of CdS. Based on the morphology and CO2

adsorption analyses, we can infer that during the in situ recombination process of the
hybrid photocatalyst, the morphology of CdS was reconstructed, leading to increased
exposure of edge atoms in the coral reef-like structure, which were more active than the
bulk atoms [48,49]. In addition, CdS/g-C3N5 demonstrated the largest isosteric adsorption
heat, implying the strongest interaction with CO2 [50] (Figure S6). The aforementioned
characterizations revealed that the coral reef-like morphology increased the exposure of
active surfaces on the catalyst, thereby enhancing CO2 adsorption, which is beneficial for
photocatalytic CO2 reduction.
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prepared samples.

In addition, to confirm the interfacial bonding mode between g-C3N5 and CdS, Fourier-
transformed infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS)
analyses were performed. As depicted in Figure S7, the characteristic peaks observed
in the range 3000–3500 cm−1, 1200–1680 cm−1, and around 810 cm−1 corresponded to
the respective stretching vibrations of -NHx, aromatic C-N and the out-of-plane bending
vibrations of the triazine rings in g-C3N5, respectively [51,52]. Notably, the aromatic C-N
peak at 1618 cm−1 in g-C3N5 shifts to 1639 cm−1 upon the incorporation of CdS, indicating
a strong interaction between the two components, and the same offset also existed in
CdS/g-C3N5-X (Figure S8). Moreover, XPS measurements were employed to verify the
surface chemical composition and chemical states of the catalysts, employing adventitious
C1s binding energy (284.8 eV) for calibration. The survey spectrum in Figure S9 revealed
that CdS/g-C3N5 was primarily composed of C, N, S and Cd element, indicating that
g-C3N5 and CdS coexist in the CdS/g-C3N5 heterojunction catalyst, which was consistent
with the EDX consequences. Figure 3a showed the C 1s peak in the XPS spectra, where
the peak centered at approximately 288.1 eV corresponded to N=C-N in triazine skeleton
of g-C3N5 [15]. In the C 1s XPS spectrum of CdS/g-C3N5, a new peak at 287.0 eV was
observed, which was ascribed to carbon in the C-S bonds [53,54]. This assignment was
further supported by the corresponding S 2p spectra (Figure 3c). Additionally, the Cd 3d
spectra (Figure 3d) indicated the presence of Cd 3d5/2 and Cd 3d3/2, and the binding energy
of both Cd 3d5/2 and Cd 3d3/2 had a negative shift by 0.1 eV after combining with g-C3N5.
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Interestingly, the N 1s binding energy of CdS/g-C3N5 shifted to a higher binding energy by
0.1 eV in comparison with that of g-C3N5 (Figure 3b). Accordingly, it was suggested that g-
C3N5 might be linked to CdS via C-S bonds, with g-C3N5 acting as an electron donor when
forming a heterostructure with CdS. The FT-IR and XPS analyses revealed a significant
interaction between the two components and confirmed the successful construction of a
built-in electric field in the CdS/g-C3N5 heterojunction catalyst [45].
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The band structure of the as-prepared photocatalysts were measured using ultraviolet-
visible diffuse reflectance spectroscopy (UV−Vis DRS) and Mott–Schottky (MS) measure-
ment to evaluate their potential applications in photocatalytic CO2 reduction. As displayed
in Figure 4a, all the catalysts exhibited broad absorption in both UV and visible regions,
with absorption edge at 670, 530, and 580 nm, for g-C3N5, CdS, and CdS/g-C3N5, re-
spectively. Compared with g-C3N4, which has a light absorption edge of 470 nm [55],
CdS/g-C3N5 exhibited a stronger capability to absorb visible light. This improvement
could be ascribed to the superior light absorption characteristics of g-C3N5. On the basis of
the Tauc plots, the band gap values of the as-prepared photocatalysts estimated from UV-
Vis DRS were to be 2.26, 2.44, and 2.40 eV for g-C3N5, CdS, and CdS/g-C3N5, respectively
(Figure S10). Furthermore, in order to determine the positions of the conduction band (CB)
for the photocatalysts, MS measurements were performed by varying the frequency of the
alternating current, for which the flat band positions were determined to be −1.41, −1.68
and −1.32 V for g-C3N5, CdS, and CdS/g-C3N5, respectively, approximately corresponding
to the bottom of the CB for n-type semiconductors (Figure S11). The relative electronic
band structures of as-prepared photocatalysts were shown in Figure 4b, indicating that the
obtained photocatalysts has thermodynamically satisfied the simultaneous photoreduction
of CO2 and the photooxidation of H2O [56].

To further investigate the improvement of catalytic activity resulting from the construc-
tion of heterojunction, the separation and transfer performances of photo-induced carriers
for obtained photocatalysts were evaluated using steady-state photoluminescence (PL)
spectra, time-resolved PL (tr-PL) spectra, transient photocurrent (TPC) responses, and elec-
trochemical impedance spectra (EIS). As is well known, PL spectra is an extensively used
photophysical measurement to monitor the transfer dynamics of photo-generated carri-
ers [57]. As observed in Figure 4c, CdS/g-C3N5 exhibited a smaller intensity of PL emission
compared with g-C3N5, indicating that the construction of the heterostructure significantly
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reduced the recombination of photo-generated electron–hole pairs, which could promote
the separation of photo-generated carriers. In addition, tr-PL spectra (Figure 4d) indicated
that the average photoluminescence lifetimes were in the order of g-C3N5 > CdS/g-C3N5,
suggesting that the construction of heterostructures in CdS/g-C3N5 facilitates the partici-
pation of photo-generated electrons or holes in surface photoredox reactions [58], which
can enhance their photocatalytic efficiency. The TPC responses (Figure 4e) of the obtained
photocatalysts demonstrated that, compared to g-C3N5, CdS/g-C3N5 exhibited a higher
and more stable photocurrent under cyclic light on/off conditions. The EIS data were col-
lected to assess the charge-transfer resistances of the as-prepared photocatalysts. In general,
a smaller radius typically indicates higher charge transfer efficiency of photo-generated
carriers. As shown in Figure 4f, CdS/g-C3N5 exhibited a smaller radius on the Nyquist
plot, showing that CdS/g-C3N5 has the highest charge transfer efficiency. To sum up, the
constructed CdS/g-C3N5 heterojunction revealed efficient carrier transfer and separation,
which could lead to higher photocatalytic efficiency.

Catalysts 2025, 15, x FOR PEER REVIEW 7 of 13 
 

 

To further investigate the improvement of catalytic activity resulting from the 
construction of heterojunction, the separation and transfer performances of photo-
induced carriers for obtained photocatalysts were evaluated using steady-state 
photoluminescence (PL) spectra, time-resolved PL (tr-PL) spectra, transient photocurrent 
(TPC) responses, and electrochemical impedance spectra (EIS). As is well known, PL 
spectra is an extensively used photophysical measurement to monitor the transfer 
dynamics of photo-generated carriers [57]. As observed in Figure 4c, CdS/g-C3N5 
exhibited a smaller intensity of PL emission compared with g-C3N5, indicating that the 
construction of the heterostructure significantly reduced the recombination of photo-
generated electron–hole pairs, which could promote the separation of photo-generated 
carriers. In addition, tr-PL spectra (Figure 4d) indicated that the average 
photoluminescence lifetimes were in the order of g-C3N5 > CdS/g-C3N5, suggesting that 
the construction of heterostructures in CdS/g-C3N5 facilitates the participation of photo-
generated electrons or holes in surface photoredox reactions [58], which can enhance their 
photocatalytic efficiency. The TPC responses (Figure 4e) of the obtained photocatalysts 
demonstrated that, compared to g-C3N5, CdS/g-C3N5 exhibited a higher and more stable 
photocurrent under cyclic light on/off conditions. The EIS data were collected to assess 
the charge-transfer resistances of the as-prepared photocatalysts. In general, a smaller 
radius typically indicates higher charge transfer efficiency of photo-generated carriers. As 
shown in Figure 4f, CdS/g-C3N5 exhibited a smaller radius on the Nyquist plot, showing 
that CdS/g-C3N5 has the highest charge transfer efficiency. To sum up, the constructed 
CdS/g-C3N5 heterojunction revealed efficient carrier transfer and separation, which could 
lead to higher photocatalytic efficiency. 

 

Figure 4. (a) UV–Vis DRS and (b) band structures of g-C3N5, CdS, and CdS/g-C3N5, (c) PL spectra, 
(d) tr-PL spectra, and (e) TPC responses of g-C3N5 and CdS/g-C3N5, (f) EIS plots of g-C3N5, CdS, and 
CdS/g-C3N5. 

Encouraged by the excellent CO2 capture capacity, suitable energy band structures, 
and fast separation and transfer efficiencies of photo-induced carriers, g-C3N5, CdS, and 
CdS/g-C3N5-X were evaluated for their photocatalytic efficiency to CO2 reduction with 
H2O as the hole scavenge under ambient conditions and UV-Vis light irradiation without 
any photosensitizer. From Figure 5a, it was indicated all the obtained photocatalysts can 
realize the photoreduction of CO2 to CO as the main product with a small amount of CH4 
confirmed by the GC spectra. As expected, compared with g-C3N5 or CdS, CdS/g-C3N5-X 
showed the better performance. Notably, CdS/g-C3N5-0.2 exhibited the highest 

Figure 4. (a) UV–Vis DRS and (b) band structures of g-C3N5, CdS, and CdS/g-C3N5, (c) PL spectra,
(d) tr-PL spectra, and (e) TPC responses of g-C3N5 and CdS/g-C3N5, (f) EIS plots of g-C3N5, CdS,
and CdS/g-C3N5.

Encouraged by the excellent CO2 capture capacity, suitable energy band structures,
and fast separation and transfer efficiencies of photo-induced carriers, g-C3N5, CdS, and
CdS/g-C3N5-X were evaluated for their photocatalytic efficiency to CO2 reduction with
H2O as the hole scavenge under ambient conditions and UV-Vis light irradiation without
any photosensitizer. From Figure 5a, it was indicated all the obtained photocatalysts can
realize the photoreduction of CO2 to CO as the main product with a small amount of
CH4 confirmed by the GC spectra. As expected, compared with g-C3N5 or CdS, CdS/g-
C3N5-X showed the better performance. Notably, CdS/g-C3N5-0.2 exhibited the highest
performance, affording CO with a production rate of 22.9 µmol·g−1·h−1, which is 3 times
that of CdS and 6 times that of g-C3N5, and even surpasses the performance of g-C3N4

(2.38 µmol·g−1·h−1) and CdS/g-C3N4-0.2 (6.29 µmol·g−1·h−1). This was in strong agree-
ment with its superior CO2 capture capacity and enhanced charge carrier transfer efficiency.
Furthermore, by comparing with some similar works, this work has a better performance
for CO production (Table S3). To evaluate the stability of the catalysts, recycling tests of
CdS/g-C3N5-0.2 were conducted. The results demonstrated that the CO production rate
remained consistently stable after five consecutive reuse cycles (Figure 5b). In addition, a
comparison of the SEM, XRD, FT-IR, and UV-Vis DRS results of CdS/g-C3N5-0.2 before
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and after the cycling tests (Figures S12–S15) revealed no significant variations indicating
that the catalyst maintained robust structural and chemical solidness.
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3. Materials and Methods
3.1. Materials and Chemicals

All chemicals were utilized as received, without additional purification. The 3-Amino-
1,2,4-triazole (3-AT) was obtained from Bidepharm (Shanghai, China). Dimethyl sulfoxide
(DMSO) was sourced from Aladdin (Shanghai, China). Cadmium (II) acetate dihydrate
(Cd(Ac)2·2H2O) and Nafion were purchased from Damas-Beta (Shanghai, China). Sodium
sulfate (Na2SO4) and dicyandiamide (DCDA) were supplied by Tokyo Chemical Industry
(Tokyo, Japan) and Innochem (Beijing, China), respectively. Throughout this work, Milli-Q
water (MilliporeSigma, Burlington, MA, USA, 18 MΩ·cm) was used whenever applicable.

3.2. Preparation of g-C3N5

The g-C3N5 was prepared via a straightforward thermal polymerization method.
Typically, 2 g of 3-AT was placed into a covered corundum crucible, which was transferred
to a muffle furnace. At a rate of 5 ◦C/min, the sample was heated to 500 ◦C and held for
3 h. Then, the resulting product was collected and finely grounded using an agate mortar,
and the C/N ratio was found to be about 4.7 by organic element analysis (Table S1).

3.3. Preparation of g-C3N4

Typically, a corundum crucible containing 2 g of DCDA was directly calcined at 550 ◦C
for 3 h with a heating rate of 5 ◦C/min in air. The resulting product was collected and
finely grounded using an agate mortar.

3.4. Preparation of CdS/g-C3N5-X

73.8 mg of Cd(Ac)2·2H2O and 200 mg of the prepared g-C3N5 were scattered in 20 mL
of DMSO with stirring for 30 min. After that, the suspension was put in an autoclave
lined with polytetrafluoroethylene and heated to 180 ◦C for 12 h. The product was allowed
to cool to room temperature, then isolated through three cycles of centrifugation and
redispersion in ethanol and water. Eventually, the resulting powder was vacuum-dried for
12 h at 60 ◦C. By varying the mass ratio of CdS to g-C3N5 in the range of 0.05–0.5, a series
of CdS/g-C3N5-X nanocomposites were obtained through the same method.

3.5. Preparation of CdS/g-C3N4-0.2

The CdS/g-C3N4-0.2 was synthesized following the same synthetic procedure to that
of CdS/g-C3N5-0.2, except for the addition of g-C3N4 (200 mg) instead of g-C3N5 (200 mg).
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3.6. Characterization of Catalysts

The SEM images were acquired using Hitachi SU8010 Cold-Field Emission SEM (Hi-
tachi, Tokyo, Japan) with an accelerating voltage at 5 kV. TEM images were captured on a
JEOL JEM 1200EX electron microscope (JEOL Ltd., Tokyo, Japan) operating at an accelerat-
ing voltage of 100 kV. HRTEM and energy dispersive X-ray (EDX) mapping images were
collected using a FEI Tecnai G2 F30 S-TWIN microscopy (Thermo Fisher Scientific, Waltham,
MA, USA) with an accelerating voltage of 300 kV. XRD patterns were documented on a
Bruker D8 Focus diffractometer (Bruker, Billerica, MA, USA) operating at 40 kV and 40 mA,
with scanning diffraction angles from 5◦ to 90◦. FT-IR spectra were obtained on a Bruker
INVENIO-S spectrophotometer (Bruker, Billerica, MA, USA)with samples were dispersed
in KBr. XPS spectra were measured using a Thermo escalab 250Xi electron spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). UV-Vis DRS were recorded by a Shimadzu
UV-3600 UV-Vis spectrometer (Shimadzu, Kyoto, Japan). The PL measurements were
conducted using a NanoLOG-TCSPC luminescence spectrophotometer (HORIBA, Kyoto,
Japan) with an excitation wavelength of 360 nm. Surface area and pore size distributions
were analyzed using N2 adsorption–desorption isotherm on a Quantachrome Autosorb-iQ3
surface area and porosimetry analyzer. CO2 adsorption curves were measured using a BSD
660M A6B3M surface analyzer (Best Instrument Technology Co., Ltd, Beijing, China).

3.7. Photoelectrochemical Measurements

The TPC responses, EIS Nyquist plots, and MS plots were executed in a 0.5 M Na2SO4

solution using a Gamry Interface1010 electrochemical workstation (Gamry Instruments
Inc., Warminster, PA, USA) with a standard three-electrode system, while a Pt mesh and
an Ag/AgCl electrode functioned as the counter and reference electrodes, respectively.
The working electrode was an indium tin oxide (ITO) glass coated with the photocatalyst.
Initially, the ITO glass underwent thorough cleaning via ultrasonic treatment in ethanol
for 30 min. Subsequently, 10 mg of the photocatalyst was dispersing in 1 mL of ethanol,
followed by the addition of 20 µL of Nafion to form a suspension. The mixture was
sonicated for 1 h to ensure homogeneity. Subsequently, the prepared suspension was
carefully dropped onto the center of a ~1 cm2 ITO substrate and dried at room temperature.

3.8. Photocatalytic Activity Evaluation

The photocatalytic activity evaluation were conducted in a sealed 250 mL glass reactor
under UV-Vis light illumination. A 300 W xenon (Xe) lamp (CEL-HXF300-T3, Ceaulight,
Beijing China Education Au-light Co., Ltd., Beijing, China) was used as the light source,
positioned above the reactor. Typically, 2 mg of photocatalyst was scattered in the 10 mL of
H2O and subjected to thorough ultrasonication. Prior to radiation exposure, the reactor
was purged with pure CO2 for 30 min to ensure a CO2-saturated environment. The reactor
temperature was maintained at room ambient conditions using a cooling water circulator.
Product distribution was analyzed using gas chromatography (GC-9790 II, Fuli, Wenling,
China). Methane (CH4) was identified using a flame ionization detector (FID), while carbon
monoxide (CO) was converted to CH4 by a methanation reactor and subsequently analyzed
by the FID.

4. Conclusions
The CdS/g-C3N5 heterojunction catalyst was synthesized using a straightforward

calcination-hydrothermal two-step method, enabling strong interfacial interaction between
CdS and g-C3N5. Notably, an unique coral reef-like morphology was formed, enhancing
the CO2 adsorption capability of the CdS/g-C3N5 heterojunction catalyst. Moreover, the
heterojunction construction between CdS and g-C3N5 induced the formation of the built-
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in electric field, facilitating efficient charge separation and transfer. On account of the
synergistic effects of enhanced CO2 adsorption and efficient charge separation and transfer
capabilities, the CdS/g-C3N5 heterojunction catalyst showed the superior performance for
photocatalytic of CO2, affording CO with a production rate of 22.9 µmol·g−1·h−1 using
water as the oxidant, representing a trifold increase compared to CdS and a sixfold increase
compared to g-C3N5. This work provides new insights into the design and fabrication of
photocatalytically active heterojunctions with high efficiency for solar energy conversion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15010094/s1, Figure S1: XRD patterns of CdS/g-C3N5-0.05,
CdS/g-C3N5-0.1 and CdS/g-C3N5-0.5; Figure S2: SEM images of (a) g-C3N5 and (b) CdS, TEM
images of (c) g-C3N5, (d) CdS; Figure S3: SEM images of (a) CdS/g-C3N5-0.05, (b) CdS/g-C3N5-0.1
and (c) CdS/g-C3N5-0.5; Figure S4: BJH pore size distribution plot of prepared catalysts; Figure S5:
CO2 adsorption isotherms of CdS/g-C3N5-0.05, CdS/g-C3N5-0.1 and CdS/g-C3N5-0.5; Figure S6:
Isosteric heats of adsorption (Qst) for CO2 by different samples; Figure S7: FT-IR spectra of g-
C3N5 and CdS/g-C3N5; Figure S8: FT-IR spectra of g-C3N5, CdS/g-C3N5-0.05, CdS/g-C3N5-0.1
and CdS/g-C3N5-0.5; Figure S9: XPS survey spectrum of CdS/g-C3N5; Figure S10: Tauc plots of
g-C3N5, CdS, and CdS/g-C3N5; Figure S11: Flat potential of (a) g-C3N5, (b) CdS, and (c) CdS/g-C3N5

determined by MS measurement; Figure S12: SEM images of CdS/g-C3N5-0.2 (a) before and (b) after
use; Figure S13: FT-IR spectra of CdS/g-C3N5-0.2 before and after use; Figure S14: XRD patterns of
CdS/g-C3N5-0.2 before and after use; Figure S15: UV-Vis DRS of CdS/g-C3N5-0.2 before and after
use; Table S1: C and N contents of g-C3N5 obtained by elemental analysis; Table S2: Cd content of
CdS/g-C3N5-0.2 obtained by ICP analysis; Table S3: Comparative analysis of the catalyst with similar
catalysts. Refs. [59–62] are cited in the Supplementary Materials.
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