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Photothermal-Assisted Photocatalytic Degradation of
Tetracycline in Seawater Based on the Black g-C3N4 Nanosheets
with Cyano Group Defects

Loic Jiresse Nguetsa Kuate 1,†, Zhouze Chen 2,†, Jialin Lu 1, Huabing Wen 1, Feng Guo 1,* and Weilong Shi 2,*
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2 School of Material Science and Engineering, Jiangsu University of Science and Technology,

Zhenjiang 212003, China
* Correspondence: gfeng0105@126.com (F.G.); shiwl@just.edu.cn (W.S.)
† These authors contributed equally to this work.

Abstract: As a broad-spectrum antibiotic, tetracycline (TC) has been continually detected in soil
and seawater environments, which poses a great threat to the ecological environment and human
health. Herein, a black graphitic carbon nitride (CN-B) photocatalyst was synthesized by the one-
step calcination method of urea and phloxine B for the degradation of tetracycline TC in seawater
under visible light irradiation. The experimental results showed that the photocatalytic degradation
rate of optimal CN-B-0.1 for TC degradation was 92% at room temperature within 2 h, which was
1.3 times that of pure CN (69%). This excellent photocatalytic degradation performance stems from
the following factors: (i) ultrathin nanosheet thickness reduces the charge transfer distance; (ii) the
cyanogen defect promotes photogenerated carriers’ separation; (iii) and the photothermal effect
of CN-B increases the reaction temperature and enhances the photocatalytic activity. This study
provides new insight into the design of photocatalysts for the photothermal-assisted photocatalytic
degradation of antibiotic pollutants.

Keywords: photothermal-assisted; black g-C3N4; photocatalytic; degradation; cyano group defects

1. Introduction

In the past half a century, the rapid development of the mariculture industry has
led to an increase in human demand for seafood. Many mariculture sites in coastal areas
have been used to breed all kinds of seafood, and the bacteria in seawater are prone to
the outbreak of infectious diseases in the aquaculture water bodies, endangering social
health [1–4]. Tetracycline (TC), a commonly used broad-spectrum antibiotic to prevent
infectious diseases and treat bacterial infections, can be widely used to eliminate pathogenic
bacteria and viruses from seawater [5–7]. However, due to the strong toxicity of TC
molecules, it is easy to discharge living organisms through urine or feces, polluting water
bodies, causing great harm to the seawater environment and organisms, and causing many
adverse effects such as bacterial drug resistance and biological toxicity [8,9].

In recent years, researchers have used Fenton oxidation, biological treatment, adsorp-
tion, and membrane separation to remove antibiotics from seawater [10–12]. Unfortunately,
the above methods have high energy consumption, low removal efficiency, and high cost,
which limits their practical application [13,14]. In contrast, photocatalysis is an advanced
oxidation technology with low consumption, strong oxidation capacity, and high mineral-
ization rate, which can directly use photocatalyst to absorb solar energy and produce active
substances to effectively remove various kinds of low-concentration pollutants in seawa-
ter [15,16]. Among the many photocatalytic materials, graphitic carbon nitride (g-C3N4)
is a two-dimensional (2D) layered nanosheets composed of carbon and nitrogen atoms,
which has attracted wide attention due to its unique electronic band structure, excellent

Catalysts 2023, 13, 1147. https://doi.org/10.3390/catal13071147 https://www.mdpi.com/journal/catalysts
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optical and electronic properties, easy preparation, and high stability [17–20]. Nevertheless,
the photocatalytic activity of g-C3N4 is limited by its inherent defects, including poor
visible light absorption (λ < 450 nm), high electron–hole pair recombination rate, and
slow charge migration rate [21–23]. In order to address these problems, various strate-
gies have been developed to enhance the photocatalytic activity of the original g-C3N4,
such as heterojunction construction, element doping, morphological control, etc. [24–26].
Among them, the introduction of cyano group defects in g-C3N4 can promote visible
light absorption, and photo-generation electron–hole separation is considered an effec-
tive method to improve photocatalytic activity [27]. For example, Hu et al. prepared a
BaCN-C3N4 photocatalyst that promotes visible light absorption and higher photocatalytic
activity due to the presence of Ba2+, which promotes partial ring-opening through hep-
tazine rings leading to cyano group defects production [28]. However, due to the low
ambient temperature and photon utilization rate, the photocatalytic degradation efficiency
of photocatalysts is still low. Fortunately, the construction of the photothermal-assisted pho-
tocatalytic degradation system can increase the temperature in the reaction system through
the photothermal effect of the photothermal material itself, thus accelerating the chemical
reaction kinetics on the surface of the photocatalyst, promoting the transfer of photogen-
erated charge, and improving the photocatalytic degradation activity [29]. For instance,
Yang et al. synthesized core–shell CoTiO3@MnO2 photocatalyst photothermal catalyst,
which can show excellent TC degradation performance under light irradiation due to the
broad-spectrum absorption and photothermal effect of MnO2 that can promote the charge
separation [30]. Similarly, Wang et al. reported the development of a photothermal-assisted
photocatalytic system using graphene oxide as a photothermal substrate and g-C3N4 as
a photocatalyst, which exhibited excellent stability and reusability for the degradation of
antibiotics in wastewater treatment [31]. However, most of the above-mentioned researches
on photothermal-assisted photocatalysis is realized by combining photothermal materials,
which often has the disadvantages of a complex preparation process, poor stability, and
high cost [32,33]. Considering this, it is of great significance to design an ultrathin g-C3N4
nanosheet with its own photothermal effect for the photothermal-assisted photocatalytic
degradation of antibiotics.

Herein, the black carbon nitride (CN-B) photocatalysts were constructed by adding
Phloxine B to the process of conventional urea preparation carbon nitride as well as using a
one-step calcination method to achieve photothermal-assisted photocatalytic degradation
of TC in simulated seawater under visible light irradiation. Our results exhibit that the ultra-
thin nanosheet thickness of CN-B reduces the charge transfer distance, and the introduction
of Phloxine B leads to cyano group defects to promote the photogenerated charge transfer
and make it have a strong thermal effect to improve the temperature of the reaction system
and the photocatalytic activity.

2. Results and Discussion

Scanning electron microscopy (SEM) was used to observe the morphology of the
as-prepared photocatalysts. As given in Figure 1a,b, the SEM images of pure CN and CN-
B-0.1 photocatalysts showed small morphological differences, both of which are stacked
nanosheet structures. Furthermore, the microstructure and elemental composition of CN
and CN-B-0.1 were analyzed by transmission electron microscopy (TEM). As can be seen
from Figure 1c,d, the thickness of CN-B-0.1 nanosheet is about 12–18 nm, indicating that
the introduction of phloxine B during the process of synthesis can not only maintain the
nanosheet structure of pure CN but also the ultrathin nanosheet thickness can shorten the
charge transfer distance, which is more conducive to improve the photocatalytic activity. In
addition, in order to further explore the elements of the as-prepared CN-B photocatalyst,
the element mapping images (Figure 1e), energy dispersive X-ray spectra (EDX, Figure S1),
and element composition analysis based on X-ray photoelectron spectroscopy (XPS) mea-
surements (Table S1) presented the existence of the corresponding elements of C, N, O,
and Na.
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Figure 1. (a,b) SEM images of CN and CN-B-0.1. (c,d) TEM images of CN and CN-B-0.1. (e) Elemental
mapping images of CN-B-0.1.

The X-ray diffraction (XRD) patterns of as-prepared CN and CN-B samples are given
in Figure 2a. For the original CN sample, two distinct characteristic diffraction peaks
were observed, and the first peak located at 13.2◦ corresponds to the (001) plane structure,
specifically representing the arrangement of tris-triazine units (with the lattice of 6.76 Å)
within the network of g-C3N4 [34,35], while the second peak situated at 27.5◦ is associated
with the (002) plane, indicating the periodic accumulation of carbon nitride nanosheets
along the c-axis [36,37]. Furthermore, compared with the XRD pattern of pure CN, the
(001) peak intensity of the CN-B photocatalyst gradually decreased with the increase in
the phloxine B content in the precursor, indicating a periodic disruption of the planar
structure [38]. In addition, the (002) crystal plane diffraction peaks for CN-B photocatalysts
exhibit slight blue shifts due to the strengthening of the interface interaction between CN-B
nanosheets, decreasing the layer spacing [39,40]. The functional groups of the synthesized
samples were further determined using Fourier transform infrared spectroscopy (FT-IR).
Figure 2b presents the FT-IR spectra of CN-B photocatalysts are consistent with the typical
vibration modes of CN, indicating that the functional group structure of CN was not
significantly changed after addition of phloxine B in the precursor. Typical absorption
bands located at 1200–1700 cm−1 represent the stretching mode of unique aromatic CN
heterocycles, while the broadband in the 3000–3500 cm−1 range may interact with stretched
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vibrations of the O-H and N-H bonds adsorbed on the CN surface [41,42]. The peak signal
at 810 cm−1 is thought to be caused by the characteristic stretching vibration peak of the
triazine unit in CN [43,44]. Another interesting finding was that a new peak was observed
at 2170 cm−1 of the CN-B photocatalyst, caused by the tensile vibration of the cyano groups
(C≡N) generated by the catalytic pyrolysis on the CN surface during the calcination of
urea and phloxine B [45,46].

Figure 2. (a) XRD patterns and (b) FT-IR spectra of CN and CN-B photocatalysts.

The chemical composition and state of as-prepared CN and CN-B samples were
revealed by XPS analysis. From the XPS survey spectra in Figure 3a, it can be observed
that the CN-B-0.1 photocatalyst not only presents the C 1s, N 1s, and O 1s elements of
the original CN but also detects additional Na 1s elements, which perfectly matches the
results of EDX spectrum and element mapping images. Moreover, a small amount of the O
element can be attributed to the adsorbed water on the CN surface, while the trace amount
of the Na element may be caused by the low content of phloxine B in the photocatalyst.
Compared with pure CN, CN-B-0.1 possesses a higher C atom ratio, which may be due
to the increase in C content caused by the addition of phloxine B during the preparation
process, resulting in an increase in the C/N atomic ratio (Table S1). As disclosed in
Figure 3b, the high-resolution C1s spectrum of the CN-B-0.1 photocatalyst can be fitted to
the three prominent peaks at 284.8, 285.9, and 288.2 eV, which correspond to C-C, C-N-H,
and C-N=C, respectively [47,48]. The three peaks of the high-resolution N 1s spectrum of
CN-B-0.1 in Figure 3c at 398.8, 399.6, and 400.8 eV are attributed to the triazine ring (C-N=C,
N2c), nitrogen N-(C)3 group, and N-H bond, respectively [49,50]. For the high-resolution O
1s spectrum, CN-B-0.1 has two peaks at binding energies 532.0 and 533.4 eV (Figure 3d),
which can be attributed to the C=O and C-O-H bonds [51,52]. Additionally, as presented
in Figure S2, compared with pure CN, the peak of CN-B-0.1 photocatalyst at 1071.4 eV
corresponds to Na 1s element [53,54]. In summary, it is evident that the positions of the C1s,
N 1s, and O 1s peaks on the CN-B photocatalyst have undergone a slight shift compared
to CN, indicating that the physical environment of the internal structure of CN could be
changed, which affects electron transfer in the CN network to a certain extent [55,56].
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Figure 3. (a) XPS survey spectra and high-resolution XPS spectra of (b) C 1s, (c) N 1s, and (d) O 1s
for CN and CN-B-0.1 photocatalysts.

The optical properties of the synthesized samples were characterized by UV-vis diffuse
reflection spectra (DRS) at the absorption wavelength range of 300–800 nm. As presented
in Figure 4a, pure CN exhibits the characteristic absorption pattern common in organic
semiconductors, with a gap absorption of about 450 nm near the absorption edge [7,57,58].
For the CN-B photocatalysts, the absorption edge exhibits a significant red shift, increas-
ing from 450 to 600 nm, indicating the reduced band gap and increase in visible light
absorption in the visible region compared with CN-B photocatalysts. Figure S3 exhibits
a digital photo of the as-prepared samples; the pure CN is pale yellow, while as the pre-
cursor increases the contents of phloxine B, the color of the CN-B photocatalyst gradually
changes black, thus enhancing the absorption of visible light. In addition, the band gap
values of as-prepared CN and CN-B samples were studied by using the Tauc function
(αhv)2 = A(hv − Eg) [59], and the corresponding bandgaps (Eg) of pure CN and different
proportions of CN-B photocatalysts are given in Figure 4b. In order to further insights into
the band structures of CN and CN-B, the flat band potentials (Efb) of CN and CN-B-0.1
were analyzed by Mott–Schottky (M-S) measurement at tested the frequencies of 800, 1000,
and 1200 Hz, respectively. As can be seen from Figure 4c, the Efb of CN and CN-B-0.1 are
−0.72 and −0.62 V vs. reversible hydrogen electrode (RHE), respectively, indicating that
the CN-B exhibits the more negative conduction band (CB) position, thereby enhancing
the photocatalytic redox ability [60,61]. Based on the position of flat band potentials and
the equation of EVB = ECB + Eg, the valence band (VB) of CN and CN-B-0.1 photocatalyst
is calculated to be 2.07 and 2.01 eV, respectively, and the corresponding band structure
diagrams were summarized in Figure 4d.
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Figure 4. (a) UV–vis DRS of as-prepared photocatalysts. (b) Measured band gap values of pure CN
and CN-B samples. (c) Mott–Schottky plots. (d) Energy diagrams of CN and CN-B-0.1 photocatalysts.

In order to evaluate the photocatalytic degradation efficiency of the as-prepared
photocatalyst, the photocatalytic degradation experiment was carried out in simulated
seawater with TC (30 mg/L) as the target pollutant under visible light irradiation. Before
the photocatalytic reaction, the mixture of TC and photocatalysts was vigorously stirred
without light for 30 min to ensure the adsorption-desorption equilibrium. As presented
in Figure 5a, pure CN degraded only 69% of TC within 2 h under visible light radiation
in simulated seawater, while the degradation rates of CN-B-0.05, CN-B-0.1, CN-B-0.3,
and CN-B-0.5 were 89.4%, 91.7%, 90.9%, and 90.7%, respectively. Based on the above
results, a certain amount of cyano group defect can promote photogenerated electron
migration and improve the photocatalytic degradation activity of CN, while the excessive
cyano group defect may lead to new photogenerated carrier recombination centers, reduce
the production of active substances and thus CN-B-0.1 shows the highest photocatalytic
degradation efficiency [40]. In addition, Table S2 and Figure S4 compare the performance
of different materials for TC degradation reported in the literature, revealing that CN-
B-0.1 photocatalyst has excellent photocatalytic degradation activity. The pseudo-first-
order kinetic model was also used to fit the TC photocatalytic degradation kinetic curve
and corresponding kinetic constants of the as-prepared photocatalysts (Figure 5b,c). The
apparent rate constant (k) of CN-B-0.1 is 0.0242 min−1, which is 2.44 times that of pure CN
(0.0099 min−1). Additionally, considering that the stability of the photocatalyst is one of the
key factors in practical application, four continuous experiments of CN-B-0.1 photocatalytic
TC degradation in simulated seawater were carried out. It is worth mentioning that CN-
B-0.1 photocatalyst still maintained 90% TC degradation efficiency after four cycles of TC
degradation experiment (Figure 5d), indicating that the CN-B-0.1 photocatalyst possesses
superior stability. The O 1s XPS spectrum of the CN-B-0.1 photocatalyst did not remarkably
changed after the photocatalysis, demonstrating that the structural stability of the CN-B-0.1
photocatalyst is well maintained (Figure S5).
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Figure 5. (a) Photocatalytic TC degradation activity of as-prepared samples in simulated seawater.
(b,c) The pseudo-first-order degradation kinetic curves and corresponding degradation rate constants
of as-prepared samples. (d) Four cycles of experiments for photocatalysis degradation of TC over
CN-B-0.1 photocatalyst.

In order to reveal the contribution of the introduction of phloxine B precursor for the
enhanced photocatalytic degradation activity, CN and CN-B-0.1 photocatalyst powders
were irradiated for 150 s using a 300 W Xenon lamp, while surface temperature measure-
ments were recorded at 30 s intervals using an infrared thermal camera. The temperature
changes in CN and CN-B-0.1 photocatalysts are given in Figure 6a,b, where the temperature
of CN-B-0.1 rapidly increases from 27.7 ◦C to 71.6 ◦C and remains stable, which is higher
than that of pure CN (44.1 ◦C). This is because the introduction of phloxine B precursor
deepens the CN color, prompting the photothermal effect of CN-B. Under the action of
the photothermal effect, low-energy visible photons can be effectively converted into heat
energy to achieve efficient photocatalytic degradation of TC, and thus the photothermal
conversion efficiency of CN-B-0.1 photocatalyst (Figure 6c) was further investigated. When
the entire system reaches equilibrium, the calculated time constant of CN-B-0.1 photocata-
lyst is 279.47 S, and the corresponding photothermal conversion efficiency (η) is 88.06%,
further proving that CN-B-0.1 photocatalyst can quickly and efficiently convert light into
heat energy, further accelerating the charge separation and transfer, and enhancing the
photocatalytic activity. Based on the above analysis, the photocatalytic degradation activity
of CN-B-1 photocatalyst was tested at different temperatures (5 ◦C, 10 ◦C, and room tem-
perature (RT)) by controlling the reaction temperature through a circulating condensate
device system. As presented in Figure 6d, pristine CN has a certain temperature sensitivity,
the degradation rate decreases with the decrease in temperature, and the degradation rate
reaches 69% at RT condition. In addition, the photocatalytic degradation rate of CN-B-
0.1 was positively correlated with temperature, and the photocatalytic degradation rate
reached 92% at the same time, indicating that the introduction of phloxine B precursor
can enhance the photocatalytic degradation activity of CN by synergistic reaction of pho-
tothermal effect. Under the action of photothermal-assisted photocatalytic degradation, the
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degradation kinetic curves and kinetic constants of pure CN and CN-B-0.1 photocatalysts
conform to the pseudo-first-order rate equation (Figure 6e,f). The apparent rate constant
k (min−1) value of CN-B-0.1 photocatalyst at different temperatures (5 ◦C, 10 ◦C, and RT)
is 0.005, 0.007, and 0.024 min−1, which is 2.5, 1.75, and 2.4 times that of pure CN (0.002,
0.004, and 0.010 min−1), respectively, indicating that increased temperature can acceler-
ate the photocatalytic degradation rate constant and improve the photocatalytic activity.
Correspondingly, photoelectrochemical characterizations at different temperatures were
tested to investigate the role of photothermal effects on the catalysts’ carrier dynamics.
As presented in Figure 6g, at the same temperature, CN-B-0.1 RT exhibited a lower PL
signal compared with pure CN due to the higher photon-generated carrier separation rate
of CN-B enabled by the introduction of cyano group defects. The PL signal of CN-B-0.1
decreased significantly with increasing temperature, indicating that increasing tempera-
ture can further improve the charge separation efficiency [62–64]. In Figure 6h, CN-B-0.1
exhibited a high photocurrent response intensity, which proves the strong electron transfer
capability of the modified photocatalyst [65,66]. As the ambient temperature increases, the
photocurrent response intensity of CN-B-0.1 increases, which further indicates that the
higher temperature further promotes electron migration and transfer, thus improving the
photocatalytic production activity. For the electrochemical impedance spectrum (EIS) plots
in Figure 6i, the arc radius of the CN-B-0.1 sample is less than CN and decreases as the
ambient temperature increases, which again demonstrates the promotion of the cyanogen
defect and the photothermal effect on electron transfer [67–69].

Figure 6. (a) Photothermal infrared thermal images and (b) corresponding temperature curves of
CN and CN-B-0.1 in simulated seawater. (c) Temperature and photothermal conversion efficiency of
CN-B-0.1 photocatalyst. (d) Photocatalytic TC degradation activity of CN and CN-B-0.1 in simulated
seawater at different temperatures. (e,f) The corresponding pseudo-first-order degradation kinetic
curves and kinetic constants. (g) PL spectra. (h) Transient photocurrent response curves. (i) EIS plots
of pristine CN and CN-B-0.1 at RT and 40 ◦C.
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In order to determine the main reactive radical species responsible for the photocat-
alytic degradation TC for the CN-B system, corresponding free radical scavenging experi-
ments were performed [70,71]. The scavengers of 1,4-Benzoquinone (BQ), triethanolamine
(TEOA), and isopropanol (IPA) were used to quench superoxide radicals (•O2

−), holes
(h+), and hydroxy radicals (•OH), respectively. As presented in Figure 7a,b, after adding
BQ, the final degradation efficiency of TC was effectively inhibited, indicating that •O2

−
radicals were the main free active radicals in the CN-B system. It is worth noting that when
TEOA was added, the degradation efficiency of TC was reduced, indicating that h+ played
a secondary role in the degradation process.

Figure 7. (a) Degradation curves and (b) corresponding degradation rate of CN-B-0.1 as the photo-
catalyst by adding different free radical trapping agents.

Based on the above experimental results, a possible mechanism of photothermal-
assisted photocatalytic degradation TC by the CN-B photocatalyst under visible irradia-
tion was proposed, as provided in Figure 8. The CN-B photocatalyst produces electrons
and holes under visible light irradiation, while the high separation efficiency of photon-
generated carriers is achieved due to the introduction of cyano group defects. More
importantly, the introduction of the phloxine B precursor in CN-B can make the sample
color darker to enhance the photocatalytic reaction temperature through the photothermal
effect, thus enhancing the photocatalytic degradation activity. Specifically, according to the
band structure of the photocatalyst, the electrons in the CB position of CN-B react with dis-
solved oxygen in the water to form a superoxide radical (•O2

−) (E0 (O2/•O2
−) = −0.33 eV

vs. NHE, while the h+ in the VB of CN-B convert water molecules into •OH to degrade
pollutants. Finally, •O2

−, h+ and •OH degrade the TC into CO2, H2O, etc. In conclusion, in
the CN-B photocatalytic system, active free radicals can be generated in the following ways:

CN-B + hv → CN-B (e− + h+) (1)

CN-B (e−) + O2 → •O2
− (2)

CN-B (h+) + H2O + OH− → •OH (3)

•O2
−/h+/•OH + pollutions → CO2 + H2O (4)

9
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Figure 8. Possible mechanism of photothermal-assisted photocatalytic degradation TC in seawater
by CN-B photocatalyst under visible light irradiation.

3. Experimental Section

3.1. Materials

The urea (CO(NH2)2) (A.R. ≥ 98%) and phloxine B (C20H2Br4Cl4Na2O5) (A.R. ≥ 80%)
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), and were
analytical grade without further purification.

3.2. Preparation of CN and CN-B Materials

The black g-C3N4 (CN-B) materials were synthesized by a one-step calcination method
with controlling the additional amount of phloxine B powder (Scheme 1). Firstly, X mg
(X = 5, 10, 20, and 30) of phloxine B was ground with 10 g of urea in a mortar. Next,
after sufficient grinding, the mixture in the mortar was placed in a crucible and heated
to 520 ◦C at a heating rate of 5 ◦C/min under an air atmosphere and maintained for 2 h.
Finally, after natural cooling, the resulting powder was washed and dried to obtain CN-B
photocatalysts. According to the quality of the phloxine B placed in the precursor before
the calcination, the resulting samples were labeled as CN-B-0.05, CN-B-0.1, CN-B-0.2, and
CN-B-0.3, respectively. Additionally, the pure CN sample was synthesized under the same
reaction conditions except for the addition of phloxine B.

Scheme 1. Schematic diagram of the synthesis process of the pure CN and CN-B nanosheets.
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3.3. Photocatalytic Degradation Experiments

The photocatalytic degradation performances of as-prepared samples were evaluated
by using a parallel photochemical reaction instrument (CEL-LAB200E7, Beijing Zhongyang
Jinyuan Technology Co., LTD., Beijing, China)) and 30W LED lamp as vis light source
(λ: 410–760 nm). Specifically, a certain amount of photocatalyst powder and TC aqueous
solution (50 mL, 30 mg/L) were dispersed into seawater (3.5 wt% NaCl solution) and
stirred in the dark for 30 min to achieve adsorption–desorption equilibrium. After the
adsorption equilibrium was reached, the LED lamp was opened for 120 min to evaluate the
degradation efficiency of CN and CN-B photocatalysts under visible light irradiation. The
photocatalytic degradation of TC was detected by UV-Vis spectrophotometer (UV-2450,
Shanghai, China) at a maximum wavelength of 357 nm with 20 min intervals; withdrawn
samples were extracted from the suspension and centrifuged. In order to test the cyclic
degradation stability of the synthesized sample, the photocatalyst, after degradation, was
collected by centrifuge and washed and dried for repeated testing. In addition, the solution
temperature of the reactor can be controlled by a condensate circulation device to allow
photocatalytic degradation experiments to be performed at different temperatures (such as
5 and 10 ◦C).

The specific experimental procedures of characterizations, photoelectrochemical prop-
erties measurements, and photothermal performance measurements were listed in the
Supporting Information.

4. Conclusions

In summary, a stable photothermal-assisted photocatalytic degradation TC system
was designed, and a black carbon nitride (CN-B) photocatalyst was constructed by one-step
calcination of urea and phloxine B. The results showed that the photocatalytic degradation
TC in simulated seawater for the optimal sample CN-B-0.1 was 92% within 2 h at room
temperature under visible light irradiation. The excellent photocatalytic degradation
performance is mainly attributed to the following reasons: (i) the charge transfer distance
reduced by the thickness of ultra-thin nanosheets, (ii) the introduction of cyanogen defects
promotes photogenerated carrier separation and migration, and (iii) the photothermal
effect of CN-B increases the temperature of the reaction system and further improves the
photocatalytic degradation performance. This work provides a promising strategy and
systematic method for developing g-C3N4-based photocatalysts for photothermal-assisted
photocatalytic degradation of antibiotics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13071147/s1, Figure S1. Energy dispersive X-ray spectra (EDX)
spectrum of CN-B-0.1 sample. Figure S2. High-resolution XPS spectra of Na 1s for CN and CN-B-
0.1 photocatalysts. Figure S3. Digital photos of (a) CN, (b) CN-B-0.05, (c) CN-B-0.1, (d) CN-B-0.3
and (e) CN-B-0.5. Figure S4. Photocatalytic Tc degradation performance of CN-B-0.1 photocatalyst
compared with the previously reported of the different materials. Figure S5. High-resolution XPS
spectra of O 1s of CN-B-0.1 photocatalyst before and after photocatalysis. Table S1. Surface relative
element content of CN and CN-B-0.1 from XPS characterizes. Table S2. Photocatalytic Tc degradation
performance of CN-B-0.1 photocatalyst compared with the previously reported of the different
materials [72–75].
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Abstract: Modern industrialization has unleashed unprecedented environmental challenges, pri-
marily in the form of pollution. In response to these pressing issues, the quest for innovative and
sustainable solutions has intensified. Photocatalysis, with its unique capabilities, has emerged as
a potent technology to combat the adverse effects of industrialization on the environment. This
review highlights recent advances in harnessing photocatalysis to address environmental pollu-
tion. Photocatalysis offers a multifaceted approach, utilizing solar energy for catalytic reactions
and enabling efficient pollutant removal. Quantum dots and graphitic carbon nitride (g-C3N4) are
essential elements in this science. In contrast to quantum dots, which have enormous potential
due to their size-dependent bandgap tunability and effective charge carrier production, g-C3N4 has
properties like chemical stability and a configurable bandgap that make it a versatile material for
photocatalysis. In this review, we explore recent achievements in integrating metal oxide quantum
dots with g-C3N4, forming nanocomposites with superior photocatalytic activity. These nanocompos-
ites exhibit extended light absorption ranges and enhanced charge separation efficiency, positioning
them at the forefront of diverse photocatalytic applications. In conclusion, this comprehensive review
underscores the critical role of photocatalysis as a potent tool to counteract the adverse environmental
effects of modern industrialization. By emphasizing recent advancements in g-C3N4 and quantum
dots and highlighting the advantages of metal oxide quantum dots decorated/integrated with g-
C3N4 nanocomposites, this work contributes to the evolving landscape of sustainable solutions for
environmental remediation and pollution control. These innovations hold promise for a cleaner and
more sustainable future.

Keywords: quantum dots; g-C3N4; photocatalytic; nanocomposite

1. Introduction

The ongoing march of progress, for eons, has been marked by humanity’s relentless
pursuit of industrialization. From the spinning jenny to the state-of-the-art factories dotting
our landscapes, industrial processes have been the harbingers of prosperity, growth, and the
advancement of our species [1]. Yet, this coin possesses a tarnished flip side. Our industrial
accomplishments, while monumental, have brought with them undeniable environmental
degradation. However, with its plethora of benefits, industrialization inadvertently ushered
in a myriad of ecological challenges. Rapid urbanization and unchecked manufacturing
processes spawned large-scale environmental pollution [2,3]. As industries mushroomed,
so did the emissions, leading to the degradation of both air and water quality, affecting the
very tenets of human health and environmental sustainability [4,5]. Among the myriad
solutions that have been tabled to combat environmental degradation, one that stands
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out for its potential and innovation is photocatalysis [6]. Rooted in the confluence of
physics and chemistry, photocatalysis offers an avenue where pollutants are degraded
under the influence of light [7]. This process is not only environment-friendly but also
sustainable. The advantages of photocatalysis are manifold. Aside from its ability to
degrade organic pollutants, it exhibits the potential to harness solar energy efficiently,
making it an eco-friendly solution to some of the pressing challenges of our times [8].

Historically, the world of photocatalysis has witnessed the introduction and applica-
tion of numerous catalysts, each bringing its own set of benefits and challenges. From the
pioneering work on TiO2 to the utilization of complex organic polymers, the field has never
ceased to evolve [9,10]. Among these myriad materials, the realm of 2D and 3D materials
has garnered significant interest [11,12]. Their unique morphologies, structural attributes,
and ease of manipulation have made them frontrunners in the race to find the most efficient
photocatalyst. In recent years, a material that has captured the imagination of researchers
and scientists alike is graphitic carbon nitride, or g-C3N4 [13]. This two-dimensional ma-
terial, with its layered structure reminiscent of graphene, has shown exceptional promise
as a photocatalyst. The journey of g-C3N4 in the photocatalytic domain has been both
evolutionary and revolutionary. Various precursors, ranging from urea to dicyandiamide,
have been utilized in its synthesis, leading to variations in its properties and, consequently,
its photocatalytic efficiency [14]. The synthesis of g-C3N4 is as intriguing as its properties.
Various precursors, including melamine, dicyandiamide, and others, have been deployed
to extract this material, with each method yielding slightly varied material properties,
thereby influencing its overall photocatalytic performance [15].

Yet, even the most promising of materials present challenges. Issues with g-C3N4
include quick photogenerated electron–hole pair recombination, a narrow light absorption
spectrum, and certain stability concerns, which have the potential to modestly shade the
material’s otherwise brilliant prospects. An innovative approach to overcoming these
challenges is the hybridization of g-C3N4 with other materials, especially quantum dots,
culminating in the creation of superior nanocomposites [16]. Quantum dots, particularly
metal oxide quantum dots, have properties–such as size-tunable band gaps and a high
surface-to-volume ratio–that are extraordinarily beneficial for photocatalysis. Their amalga-
mation with g-C3N4 brings forth synergistic effects, where the strengths of one complement
the weaknesses of the other [17]. To combat g-C3N4′s limitations and further enhance its
capabilities, researchers looked towards nanotechnology, specifically quantum dots. These
nanosized semiconducting particles, notable for their quantum mechanical properties,
brought several benefits [18]. Their size-dependent tunable band gaps, high surface reactiv-
ity, and ability to be easily integrated with other materials made them ideal partners for
g-C3N4 [19]. Several quantum dots such as metal oxides, metal sulfides, carbon quantum
dots, graphene quantum dots, etc., are integrated with g-C3N4 for superior photocatalytic
performance [20–23].

Quantum size effects become prominent when the size of the semiconductor parti-
cles is reduced to the nanometer scale, approaching the exciton Bohr radius, resulting in
quantum confinement. This phenomenon significantly alters the materials’ electronic and
optical properties, thereby influencing their photocatalytic behavior. For instance, as the
particle size of these metal oxides decreases to the quantum scale, the bandgap can broaden
due to the increased energy difference between the valence and conduction bands. This
bandgap modification enhances light absorption efficiency and, subsequently, the photocat-
alytic performance under visible light, a feature not often observed in bulk counterparts.
Specifically, in the realm of photocatalysis, nanosized TiO2 and ZnO have demonstrated
improved charge carrier generation due to their quantum-dot-like behavior. For instance,
studies have shown that TiO2 nanoparticles, with sizes reduced to the quantum realm
(below 10 nm), exhibit a shift in their optical absorption toward the visible region, a direct
consequence of the quantum size effect. Similarly, ZnO quantum dots (QDs) have been
observed to display a higher photocatalytic activity compared to their bulk equivalents due
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to their enlarged bandgap and more efficient charge separation, critical for processes like
degradation of pollutants.

Within the quantum dot realm, metal oxide (TiO2, SnO2, CuO, ZnO) and metal sulfide
(CdS, SnS2, MoS2) quantum dots garnered significant attention [24–26]. Their inherent
stability, coupled with favorable electronic properties, made them especially suited for
photocatalytic applications [18,27,28]. Intense study has been conducted on the combination
of g-C3N4 with quantum dots, also known as 2D-0D nanocomposites [20]. Significant
milestones have been achieved, demonstrating enhanced photocatalytic activities, stability,
and a broader range of light absorption [29]. This narrative, rich in scientific endeavors,
merits a thorough review. It is imperative to collate, analyze, and critique the vast body
of work that exists on this subject. For researchers delving deeper into this domain, there
exists a myriad of opportunities [30]. The optimization of synthesis methods, exploring
new combinations of quantum dots, and tuning the interfaces of these nanocomposites are
just a few of the avenues that hold promise [31]. As this exciting chapter in photocatalysis
continues to unfold, it remains a beacon of hope for a cleaner, more sustainable future.
While this review intends to offer a comprehensive overview, it also serves as a clarion
call to researchers worldwide. The field of g-C3N4 and quantum dot nanocomposites,
though richly explored, is brimming with possibilities. Fresh perspectives, interdisciplinary
collaborations, and novel methodologies can unearth nuances previously overlooked.

Impact of particle size on charge separation and catalytic kinetics:

Quantum Confinement Effect: as particle size reduces to the nanoscale, approaching
the exciton Bohr radius, quantum confinement becomes prominent. This phenomenon
significantly impacts the electronic properties of semiconductors, including the bandgap’s
widening. For photocatalysts, this can enhance absorption in the visible light range, crucial
for solar-driven applications.

Increased Surface Area: smaller particles imply a larger surface area relative to vol-
ume, increasing the number of active sites available for reactions. This also facilitates the
separation of charge carriers, as electrons and holes have shorter distances to travel to reach
the surface, reducing recombination rates and enhancing photocatalytic efficiency.

Enhanced Charge Carrier Dynamics: the high surface-to-volume ratio at the nanoscale
influences the redox potential of the material surface, creating more favorable conditions
for charge transfer to the reactants, further discouraging charge recombination.

Catalyst–Reactant Interaction: smaller particles allow for more intimate contact with
reactants due to their increased surface area, enhancing interaction frequency and energy
transfer efficacy, which are critical for reaction kinetics.

Diffusion and Reaction Rates: nanosized materials modify diffusion rates of reactants
and products. The shortened diffusion paths in smaller particles accelerate reaction rates,
making them more efficient catalysts.

Activation Energy: the quantum size effect can modify the activation energy required
for certain reactions. Quantum dots, due to their discrete energy levels, can lower the
activation energy barriers, thereby accelerating the reaction kinetics.

2. Synthesis Protocols of g-C3N4

g-C3N4, an emerging two-dimensional polymer, has captivated researchers’ interest
primarily due to its remarkable physicochemical properties, making it a potential candidate
for various applications, including photocatalysis [13]. Its unique electronic structure, envi-
ronmental compatibility, and abundant natural precursors make g-C3N4 an attractive and
eco-friendly material. In this comprehensive review, we delve into the synthesis protocols,
precursor variations, morphology alterations, and their corresponding implications on
photocatalytic performance. The synthesis of g-C3N4 generally revolves around thermally
induced polymerization of nitrogen-rich precursors. The following are notable synthesis
routes: (a) Direct Thermal Polymerization—in this method, nitrogen-rich organic precur-
sors like melamine or urea are directly heated to temperatures between 500 and 600 ◦C,
leading to polymerization and subsequent formation of g-C3N4 [32]. (b) Solvent-assisted
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Synthesis—by incorporating solvents, the crystallinity and porosity of g-C3N4 can be
manipulated, enhancing its performance in specific applications. (c) Microwave-assisted
Synthesis—this method harnesses the rapid heating capabilities of microwaves to achieve
efficient and homogenous polymerization.

Several precursors for g-C3N4 synthesis, distinguished by their nitrogen content, can
be employed for g-C3N4 synthesis: (a) Melamine—owing to its high nitrogen content,
melamine is a widely preferred precursor. It affords good crystallinity and relatively more
uncondensed amino groups, beneficial for certain applications [33]. (b) Urea—a more
economical alternative, urea can be directly polymerized to yield g-C3N4. However, urea-
derived g-C3N4 often displays inferior crystallinity [32]. (c) Dicyandiamide—it serves as an
intermediate between melamine and urea in terms of the nitrogen content and resulting ma-
terial properties [34]. The morphological attributes of g-C3N4 are significantly dictated by
the thermal treatment it undergoes (Figure 1). Two parameters, the duration and ramping
rate of the heating process, play pivotal roles: (a) Temperature Duration—extended heating
times can refine the crystalline structure but might lead to an over-condensed framework,
reducing activity in certain applications [32]. (b) Ramping Rate—a rapid ramping rate can
cause abrupt polymerization, potentially resulting in non-uniform morphology. Gradual
heating, on the other hand, allows a more ordered structure to be formed.

Figure 1. (A,B) Synthesis of g-C3N4 from different precursors and temperature conditions [35].

Over the years, researchers have reported a diverse array of g-C3N4 morphologies
like nanosheets, nanorods, nanolayers, etc., due to their specific reasons [36]. Bulk g-C3N4
provides the primary structure obtained from direct thermal polymerization, character-
ized by its layered architecture. g-C3N4 nanosheets are thin, 2D planar structures that
exhibit a higher surface area compared to the bulk counterpart. g-C3N4 nanorods are
one-dimensional nanostructures offering directional pathways for charge transport. g-
C3N4 nanolayers are ultrathin variants of nanosheets, further maximizing the surface area.
g-C3N4 porous nanosheets introducing porosity can facilitate greater substance interaction
and accessibility [37].

Several strategies exist to induce desired morphological changes in g-C3N4. (a) Ex-
foliation: mechanical or chemical means can be employed to delaminate bulk g-C3N4,
producing nanosheets [38]. (b) Template Method: using sacrificial templates, g-C3N4 can be
cast into specific morphologies, like rods or spheres, which are subsequently removed [39].
(c) Direct Synthesis: by manipulating synthesis conditions, such as precursor concentration
or solvent choice, varied morphologies can be achieved [40]. The morphological modifi-
cations directly impact g-C3N4’s performance in photocatalysis. Enhanced surface area,
improved light absorption, efficient charge separation, and facile substance accessibility are
some of the benefits brought by morphology optimization. From its synthesis from diverse

20



Catalysts 2023, 13, 1414

precursors to the myriad morphologies it can adopt, g-C3N4 offers an exciting playground
for materials scientists and engineers. As our understanding of its structure–performance
relationship deepens, fine-tuned g-C3N4 materials, specifically designed for target applica-
tions, can be anticipated. By marrying the principles of green chemistry with advanced
characterization and simulation techniques, the next chapter in the g-C3N4 saga is set to be
even more promising.

Role of advanced spectroscopic techniques:
Researchers must know the importance of understanding the underlying mechanisms

responsible for the high photocatalytic activity of g-C3N4-QD nanocomposites.
Absorption and Bandgap Analysis: enhanced absorption in the visible-light region is a

key indicator of improved photocatalytic activity. When quantum dots (QDs) are integrated
with g-C3N4, a noticeable shift in the absorption edge towards longer wavelengths can be
observed. This suggests a reduced bandgap, allowing the composite to harness a greater
portion of the solar spectrum. A reduced bandgap often leads to increased electron–hole
pair generation, thus driving photocatalytic reactions more efficiently [26].

Photoluminescence (PL) Spectroscopy: PL studies offer invaluable insights into the re-
combination rates of photoinduced electron–hole pairs. For an effective photocatalyst,
the suppression of this recombination is crucial. Post integration of QDs with g-C3N4, a
significant quenching or decrease in the PL intensity can be observed, signifying reduced
recombination rates. This reduced recombination, as evidenced by the PL studies, supports
the notion of heightened photocatalytic performance of the composite [19].

X-ray Photoelectron Spectroscopy (XPS): XPS is instrumental in probing the surface elec-
tronic states of materials. Upon forming a heterojunction between g-C3N4 and QDs, shifts
in the XPS peak positions can be noticed, indicating a change in the electronic environment
and suggesting charge transfer between the constituents. The altered intensities can hint at
the difference in elemental composition, showcasing the successful integration of QDs onto
g-C3N4. Such charge transfer is paramount for separating the photogenerated electron–hole
pairs, thereby enhancing the photocatalytic efficiency [21].

Other Spectroscopic Techniques: Electron Paramagnetic Resonance (EPR) can be em-
ployed to detect photoinduced radical species, directly supporting the photocatalytic
activity of the material. Additionally, techniques like Fourier-transform infrared spec-
troscopy (FTIR) can offer insights into the surface functional groups, ensuring the stability
and integrity of the composite during photocatalytic reactions [24].

3. Metal Oxide QD-g-C3N4 Nanocomposites

Advantages of quantum dots over nanoparticles:
Size and Quantum Confinement: the primary distinction lies in the size. Quantum

dots are typically smaller than nanoparticles and are in the range of 1–10 nanometers
(approximately 10–50 atoms in diameter). At this scale, quantum effects significantly
influence the material’s properties, leading to phenomena like quantum confinement in
semiconductor QDs, which is not observed in larger nanoparticles. This results in unique
optical, electronic, and catalytic properties for QDs.

Optical Properties: due to quantum confinement, QDs exhibit size-dependent tunable
photoluminescence, allowing them to absorb and emit light over a wide spectrum. This
property is crucial for various applications, including photocatalysis, and is not prominently
observed in larger nanoparticles.

Surface Properties: the high surface-to-volume ratio of QDs leads to a significant
proportion of atoms being at the surface, which profoundly impacts their chemical reactivity
and catalytic activity. While nanoparticles also have a high surface-to-volume ratio, the
quantum effects in QDs enhance these surface-related properties.

Energy Band Structures: the discrete energy levels in QDs, a consequence of quantum
confinement, differ substantially from the continuous band structure of bulk materials or
larger nanoparticles. This affects their interaction with light, charge carrier generation, and
transfer—critical factors in photocatalytic processes.
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3.1. Wide-Bandgap Metal Oxide QD-g-C3N4 Nanocomposites

In recent half-decade research, TiO2 quantum dots (QDs) have solidified their position
as stalwarts in the realm of nanotechnology, largely attributed to their exceptional photo-
catalytic proficiencies [41]. These quantum entities hold immense promise in efficiently
absorbing solar energy, paving the way for their integration into an array of environmental
and energy-focused applications. Properties intrinsic to TiO2 QDs set them apart in the vast
quantum landscape. The quantum confinement effect empowers them with a modifiable
bandgap, a boon for diversifying photocatalytic ventures. Their magnified surface-to-
volume ratio augments their inherent reactivity, and their commendable photostability
ensures longevity in demanding applications [42]. As for their real-world implications,
these QDs shine in water purification, adeptly obliterating organic contaminants. Their
prowess extends to hydrogen production, where they serve as linchpins in photoelectro-
chemical water splitting. Furthermore, their capabilities in air purification, specifically
in annihilating noxious air pollutants, have been documented. In essence, the ongoing
research narrative accentuates the transformative potential of TiO2 QDs, suggesting a
luminous path ahead in environmental rejuvenation and sustainable energy paradigms.
According to Wang et al., creating a p-TiO2 QDs@g-C3N4 p-n junction results in better photo-
catalytic performance than using pure g-C3N4. The improved performance is a result of the
p-n heterojunction, strong interface interaction, and quantum-size impact [43]. Wang (2021)
synthesized an F-doped TiO2 quantum dot/g-C3N4 nanosheet Z-scheme photocatalyst
through chemical bonding, resulting in improved oxidizability, reducibility, and interfacial
charge transfer ability [44]. Lee (2023) created a 0D/2D heterojunction nanocomposite
with TiO2 quantum dots anchored on g-C3N4 nanosheets (Figure 2) that demonstrated
accelerated solar-driven photocatalysis [45]. The integration of anatase/rutile homojunc-
tion quantum dots onto g-C3N4 nanosheets, which is intended to target the breakdown
of antibiotics in saltwater matrices, was documented by Hu and colleagues. Their study
delves into the combined mechanism of adsorption and photocatalysis, shedding light
on its underlying intricacies. They further evaluated the ternary heterojunctions formed
between anatase/rutile quantum dots (QDs) and g-C3N4, emphasizing their effectiveness
in the removal of Oxytetracycline (OTC). Additionally, the research gauges the toxicity
levels of the resultant intermediates detected post-process [24].

Figure 2. Synthetic process for fabricating TiO2 QDs@g-C3N4 nanocomposite [45].

In recent years, the world of nanotechnology has seen an upswing in interest towards
SnO2 quantum dots (QDs), primarily owing to their potent capabilities in photocatalysis [46].
These quantum dots excel in efficiently harnessing light, thereby driving effective charge
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separation and curbing recombination—traits indispensable for successful photocatalysis.
Delving into their synthesis, several cutting-edge methods have emerged over the past half-
decade. The hydrothermal method, which revolves around reacting tin salts in water under
specific temperature and pressure conditions, remains a favored choice [47]. However,
the sol-gel approach, where a precursor solution transitions from a gel-like consistency
to the desired quantum dots upon drying and calcination, is also prevalent [46]. Not
to be overshadowed, the microwave-assisted synthesis leverages the power of uniform
and rapid microwave heating, often resulting in SnO2 QDs of superior crystallinity in
a fraction of the conventional synthesis time [48]. What truly sets SnO2 QDs apart are
their intrinsic properties. The quantum confinement effect grants researchers the liberty
to tweak their bandgap, ensuring adaptability for a range of light-driven reactions. Their
nanoscale stature bestows upon them a vast surface area, ideal for fostering enhanced
reactant interactions. Furthermore, they stand out in the quantum dot family for their
remarkable chemical and thermal stability. On the application front, these QDs have been
instrumental in several arenas, from water splitting, where they play a role in converting
water into hydrogen fuel using sunlight, to the degradation of persistent organic pollutants
in water [49]. Another noteworthy application is their potential in reducing CO2, where
they can transform atmospheric carbon dioxide into valuable fuels, presenting a promising
avenue to combat escalating CO2 levels [50]. Recent studies and trends hint that the true
potential of SnO2 QDs, especially when amalgamated with complementary materials,
is yet to be fully unlocked, holding promises for advances in sustainable energy and
environmental solutions.

SnO2 quantum dots (QDs) with graphitic carbon nitride (g-C3N4) can improve photo-
catalytic activity. In 2018, Babu found that when exposed to sunlight, the mixture of SnO2
QDs and g-C3N4 nanolayers displayed increased photocatalytic performance, effectively
breaking down methyl orange. This increase in sunlight-driven photocatalytic activity is at-
tributed to the cooperative interaction between the g-C3N4 nanolayers and SnO2 quantum
dots. These results highlight the potential of g-C3N4 nanolayers and SnO2 QDs as power-
ful sunlight-responsive photocatalysts, particularly for the degradation of pollutants like
methyl orange [27]. In 2019, Yousaf noted a marked increase in photocatalytic performance
upon the embellishment of g-C3N4 with SnO2 QDs, which led to the successful decompo-
sition of Rhodamine B. The relative proportion of SnO2 to g-C3N4 in these nanohybrids
plays a pivotal role in determining their photocatalytic efficacy (Figure 3). Such findings
highlight the potency of SnO2/g-C3N4 nanocomposites, particularly in the domain of
degrading contaminants like Rhodamine B (RhB) in solutions [51]. In 2017, Ji pioneered the
synthesis of a composite photocatalyst combining SnO2 with graphene-like g-C3N4. This
composite exhibited superior visible-light-driven activities in degrading organic pollutants.
Remarkably, its optimal photocatalytic efficiency under visible light exposure surpassed
that of SnO2 and g-C3N4 by almost 9 and 2.5 times, respectively [52]. The synergy between
SnO2 and graphene-like g-C3N4 is highlighted in this composite, which is represented
as SnO2/graphene-like g-C3N4, underlining its potential in photocatalytic processes. Its
process in the degradation of Rhodamine B (RhB) with visible light in particular provides
encouraging insights into its functional possibilities. All of these results point to the possi-
bility that SnO2 quantum dots and g-C3N4 work better together to accelerate photocatalytic
breakdown of organic contaminants in water.
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Figure 3. (a–f) Photocatalytic application of SnO2 QD/g-C3N4 nanocomposite [51].

Zinc oxide (ZnO) quantum dots have shown significant promise for photocatalytic
applications, driven by their unique physicochemical properties. ZnO quantum dots exhibit
enhanced photocatalytic efficiency owing to their high surface area and quantum confine-
ment effects [53]. Their ability to generate reactive oxygen species upon light irradiation
makes them potent catalysts for degrading organic pollutants. Researchers have delved
into surface modifications to improve the photocatalytic performance of ZnO quantum
dots [54]. Techniques like doping, coating, or hybridizing with other materials have been
shown to enhance their stability and photocatalytic activity. The advent of black ZnO quan-
tum dots has opened up the possibility of utilizing visible light, significantly broadening
the spectrum of light that can be used for photocatalytic applications. Innovations in the
design of heterostructures with ZnO quantum dots have shown promise in promoting
charge separation, which is crucial for efficient photocatalysis. ZnO quantum dots have
found real-world applications in water treatment, air purification, and energy conversion,
embodying the translation of academic research to practical solutions [55]. Studies have
showcased the robustness of ZnO quantum dots in diverse environmental conditions,
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highlighting their potential for outdoor applications. The integration of ZnO quantum
dots with other nanomaterials like graphitic carbon nitride has led to the creation of novel
nanocomposites with superior photocatalytic properties [56]. Ren et al. created a composite
by mixing graphitic carbon nitride (g-C3N4) and ZnO quantum dots (QDs) with the goal of
enhancing the material’s photocatalytic properties. It was impressive to see how well the
composite degraded Rhodamine B when exposed to visible light. A 96.8% degradation rate
of Rhodamine B was attained under visible light within a 40 min window, which was a
startling achievement. This heightened photocatalytic efficacy is believed to emanate from
the synergistic interplay between ZnO QDs, GO, and g-C3N4. The separation of photo-
generated electron–hole pairs was accelerated with this combination [57]. In conclusion,
the ZnO QD/GO/g-C3N4 composite emerges as a potent contender for the remediation of
organic pollutants in wastewater, presenting a workable solution for real-world wastewater
treatment scenarios. This is due to its potent photocatalytic performance under visible light
and its impressive durability. Investigating the visible-light-induced photocatalytic behav-
ior of SnO2-ZnO quantum dots attached to g-C3N4 nanosheets was the goal of Vattikuti
et al. The two main areas of concern were the degradation of contaminants and the creation
of H2. They successfully anchored SnO2-ZnO quantum dots onto g-C3N4 nanosheets
with their efforts. The resultant composite manifested heightened photocatalytic prowess
when exposed to visible light, especially evident in its commendable degradation rates
for contaminants like RhB and phenol. When the data were analyzed, it was discovered
that the composite’s RhB degradation rate was 3.5 times greater than that of pure g-C3N4.
Similar to this, phenol’s rate of degradation was 2.8 times more rapid than that of g-C3N4.
Additionally, it was found that the composite’s capacity to produce H2 was astonishingly
4.6 times greater than that of pure g-C3N4. From these results, it is clear that the SnO2-ZnO
quantum dots, when attached to g-C3N4 nanosheets, significantly improve photocatalytic
activity when exposed to visible light. This composite not only excels at degrading pollu-
tants but also evinces significant potential in H2 production. Such attributes earmark it as a
viable solution for tasks ranging from environmental purification to fostering sustainable
energy methodologies [58].

3.2. Bi-Based QD-g-C3N4 Nanocomposites

Bismuth-based quantum dots (QDs) have emerged as a captivating class of nanos-
tructured semiconductors, drawing substantial interest because of their unique electronic,
optical, and photocatalytic characteristics. Their size-dependent bandgaps offer specific
tunability for photocatalytic reactions. BiVO4 QDs [59], for instance, display improved
light absorption due to quantum confinement effects, and they are recognized for their
proficiency in visible-light-driven water splitting and pollutant degradation (Figure 4).
Bismuth oxide (Bi2O3) QDs exhibit enhanced optical attributes and charge transfer char-
acteristics, positioning them as formidable catalysts for UV and visible light pollutant
degradation [31,60]. Bi2WO6 QDs, with their increased electron–hole separation at the
quantum level, stand out in degrading diverse organic pollutants under visible light [61].
While Bi2O4 QDs are relatively less explored, they have demonstrated potential with am-
plified light interaction at the nanoscale and offer efficient photocatalytic reactions. Lastly,
Bi2MoO6 quantum dots, known for their extended photogenerated charge carrier lifetimes,
are potential frontrunners for organic compound degradation and hydrogen evolution
tasks [62]. In a nutshell, the nano-dimensionality of bismuth-based QDs accentuates their
photocatalytic performance by amplifying light absorption, optimizing charge transfer, and
minimizing recombination, making them versatile contenders for an array of photocatalytic
applications. The scientists wanted to create a ternary heterostructure comprising C60,
g-C3N4, and BiVO4 quantum dots as a photocatalyst. This was carried out to increase the
photocatalytic activity when exposed to visible light. Under visible light irradiation, the
synthesized ternary heterostructure shown improved photocatalytic activity. Compared
to binary heterostructures and pure g-C3N4, the ternary heterostructure showed a greater
photocatalytic degradation rate of Rhodamine B (RhB) [59]. The higher charge separation
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efficiency and expanded light absorption range were credited with the better photocatalytic
performance. The potential mechanisms underlying the ternary heterostructure’s improved
photocatalytic activity were discussed by the researchers. They emphasized how C60 and
BiVO4 quantum dots worked together to promote charge separation and lessen recom-
bination. The enhanced photocatalytic efficiency of the ternary heterostructure was also
attributed to a wider light absorption range. In comparison to other structures, the ternary
heterostructure of BiVO4 quantum dots/C60/g-C3N4 was effectively constructed and
showed higher photocatalytic activity. The study offers suggestions for creating effective
photocatalysts for a variety of uses, including environmental cleanup.

Figure 4. Schematic diagram of the synthesis process for Bi2O3 QD/g-C3N4 nanocomposite [60].
Copyright 2021, Elsevier.

Liang et al. looked at how well Bi2O3 QDs/g-C3N4 performed as a photocatalyst for
both organic and inorganic contaminants. Tetracycline (TC) and Cr (VI) were chosen as
representative environmental pollutants to assess the effectiveness of the samples’ photo-
catalytic reduction and oxidation [60]. Under light illumination, the photocurrent density
of the Bi2O3 QDs/g-C3N4 (ii) was noticeably higher than that of the g-C3N4, E-g-C3N4,
and Bi2O3 QDs/g-C3N4, showing better charge transfer efficiency. Bi2O3 QDs/g-C3N4
had the shortest semicircular arc diameter, according to EIS Nyquist plots, indicating the
lowest charge transfer resistance and quickest interfacial charge transport. Scavengers had
an impact on the effectiveness of TC’s degradation, proving that certain radicals were in-
volved in the process. Byproducts of TC were produced using photocatalytic mineralization
processes, with some intermediates demonstrating decreased toxicity after photocatalytic
degradation. Bi2O3 QDs/g-C3N4 underwent photoinduction to improve the separation and
transfer of photogenerated charges. As model environmental pollutants, TC and Cr (VI)
were used to assess the photocatalytic performance. For Bi2O3 QDs/g-C3N4, the results
showed increased charge transfer effectiveness and quicker interfacial charge transport.
The research showed that Bi2O3 QDs/g-C3N4 had the potential to be an efficient photocata-
lyst for the oxidation of both organic and inorganic contaminants. Its better photocatalytic
performance was aided by its improved charge transfer efficiency and decreased charge
transfer resistance. The research offers a potential method for creating highly scattered
metal oxides on 2D lamella semiconductors, expanding the photocatalyst’s usefulness for
removing a variety of environmental pollutants. Zeng et al. concentrated on the logical
application of quantum dots (QDs) and graphitic carbon nitride (g-C3N4) semiconductors
to increase their effectiveness as photocatalysts. The integration of g-C3N4 with QDs was
intended to increase photogenerated electron transfer efficiency and produce significant
photocatalytic activity. The researchers created brand-new Bi2WO6 QD/g-C3N4 nanocom-
posites with attapulgite (ATP) penetration [61]. The outcomes demonstrated that the ATP
with a nanorod shape served as bridges to intercalate into the interlayers, thus enlarging
the g-C3N4 inner space. With the use of an HPLC-MS system, the samples’ photocatalytic
degradation activities were examined. Using a specified formula, the degrading effective-
ness of MBT in the solution was determined. The MBT solution was broken down while
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being exposed to radiation to gauge the photocatalytic performance. We examined the rate
of MBT degradation in several samples and investigated the photocatalytic degradation pro-
cesses. The BCA5 sample exhibited favorable photoelectric characteristics, which indicated
quick interfacial charge movement and low resistance for the production of charge carriers.
As a potential strategy for future photocatalytic applications, the integration of g-C3N4
and QDs with the interpenetration of ATP led to improved photocatalytic performance. In
order to create a 2D-0D g-C3N4/Bi2WO6-OV composite catalyst, Cheng et al. combined
two-dimensional (2D) graphite carbon nitride (g-C3N4) nanosheets with oxygen-containing
vacancy zero-dimensional (0D) Bi2WO6 (BWO-OV) quantum dots [31]. The goal was to
improve the catalyst’s catalytic activity, increase the formation of photogenerated carriers,
and improve light absorption. Utilizing Bi2WO6 with oxygen vacancies, which improved
light absorption while simultaneously increasing the production of photogenerated car-
riers, was the novel method. The vacancy structure of Bi2WO6 and the heterojunction’s
creation both contributed to the photogenerated carriers’ longer longevity. The composite
of CN/BWO-OV-10 displayed the maximum intensity, indicating a greater capacity for
NO degradation. The outcomes of the trapping tests revealed that superoxide radicals,
holes, and electrons all contribute significantly to the photocatalytic reaction. Furthermore,
hydroxyl is recognized as a less potent active free radical. By eliminating NO, the pho-
tocatalytic effectiveness was evaluated. The efficiency peaked at 61.2% when BWO-OV
was 10% by mass of the total amount of CN. The CN/BWO composite demonstrated the
superiority of CN/BWO-OV-10 with a rise in efficiency of 3.2%, achieving a degradation
efficiency of 58%. At room temperature, the composite g-C3N4/Bi2WO6-OV structure
removed nitric oxide (NO) at a rapid rate despite its low concentration. The composite
catalyst’s efficiency was higher than that of g-C3N4 or BWO-OV and superior to that of
g-C3N4/Bi2WO6 without oxygen vacancies. The best catalytic activity was demonstrated
with the composite g-C3N4/Bi2WO6-OV-10, reaching up to 61.2%. The substance also
demonstrated outstanding stability throughout several iterations of experimentation.

Ding and co. investigated Bi2MoO6 QDs/g-C3N4 with heterojunctions for their poten-
tial in the selective oxidation of aromatic alkanes into aldehydes under visible-light-driven
catalysis [62]. The study offers fresh insights into the manufacturing of 0D/2D photocata-
lysts with heterojunctions for effective selective oxidation of C(sp3)-H bonds (Figure 5). It
also presents a novel structure that improves the separation of charge carriers. Outstand-
ing visible-light-driven catalytic performance was shown with the Bi2MoO6 QD/g-C3N4
heterojunction in the selective oxidation of aromatic alkanes into aldehydes. The heterojunc-
tion’s special structure, which facilitates the effective separation of charge carriers, is said
to be responsible for the increased photocatalytic activity. Superior photocatalytic activity
was demonstrated with the heterojunction of Bi2MoO6 QDs/g-C3N4, particularly in the
selective oxidation of aromatic alkanes. The distinctive structure that enables greater charge
carrier separation is responsible for this performance. Under visible light, the Bi2MoO6
QD/g-C3N4 heterojunction exhibits outstanding photocatalytic activity in the selective oxi-
dation of aromatic alkanes to aldehydes. The distinctive structure, which improves charge
carrier separation, is credited with the efficiency. The potential of 0D/2D photocatalysts
with heterojunctions for the selective oxidation of C(sp3)-H bonds is crucial information
provided in this study.
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Figure 5. (a,b) TEM and (c–e) HRTEM images of Bi2MoO6 QD/g-C3N4 nanocomposite [62]. Copy-
right 2019, Elsevier.

3.3. Other Metal Oxide QD-g-C3N4 Nanocomposites

Sun et al. sought to create CeO2 quantum dots anchored on g-C3N4 (CeO2/g-C3N4)
and examine the photocatalytic performance of the material [63]. The creation of CeO2
quantum dots anchored on g-C3N4—which are anticipated to have improved photocatalytic
properties—represents the work’s originality (Figure 6). It is anticipated that the combi-
nation of these materials will enhance charge separation and increase the light absorption
range. XRD, FTIR, SEM, TEM, XPS, and PL were used to characterize the synthesized
CeO2/g-C3N4. The outcomes demonstrated a homogeneous distribution of CeO2 quantum
dots on the g-C3N4 nanosheets. Better light absorption was discovered to be indicated
with the bandgap of CeO2/g-C3N4 being narrower than that of pure g-C3N4. By observing
the degradation of Rhodamine B (RhB) under visible light irradiation, the photocatalytic
performance was assessed. Compared to pure g-C3N4, the CeO2/g-C3N4 demonstrated im-
proved photocatalytic activity. The better charge separation and expanded light absorption
range brought on with the presence of CeO2 quantum dots are credited with the improved
performance. Rhodamine B degradation under visible light showed higher photocatalytic
performance from the CeO2/g-C3N4 combination. This improved performance is a result of
the cooperative action of g-C3N4 and CeO2 quantum dots, which improves charge separa-
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tion and light absorption. Although the exact findings section was not directly extracted, it
may be deduced from the information given that the researchers were successful in creating
CeO2 quantum dots anchored on g-C3N4 with enhanced photocatalytic characteristics. Its
improved Rhodamine B degradation under visible light made the composite material an
attractive option for photocatalytic applications.

Figure 6. The photocatalytic RhB degradation mechanism over CeO2 QD-modified g-C3N4 nanocom-
posite [63]. Copyright 2022, Elsevier.

In order to create a novel photocatalyst, Zhu et al. combined g-C3N4 nanosheets and
MoO3 quantum dots (QDs). This mixture was created with the goal of improving photocat-
alytic activity for the reduction in U(VI) under visible light. The addition of MoO3 QDs to
g-C3N4 nanosheets is what makes this work novel [19]. Following their easy hydrothermal
synthesis, the MoO3 QDs were loaded onto g-C3N4 nanosheets using a straightforward
ultrasonic dispersion technique. This mixture was predicted to facilitate photogenerated
electron–hole pair separation and improve photocatalytic activity. The MoO3 QD/g-C3N4
nanosheets showed remarkable photocatalytic performance for U(VI) reduction when
exposed to visible light in their as-prepared state. It was discovered that MoO3 QDs should
be loaded at a rate of 2%. The efficient separation of photogenerated electron–hole pairs
and the expanded light absorption range were credited with the improved photocatalytic
activity. Various characterization approaches were used to support the postulated photocat-
alytic mechanism. By measuring the concentration of U(VI) in aqueous solutions while they
were exposed to visible light, the photocatalytic performance was assessed. The outcomes
demonstrated that the photocatalytic reduction rate for U(VI) was greater in the MoO3
QD/g-C3N4 nanosheets than in pure g-C3N4. It can be concluded that g-C3N4 nanosheets
in combination with MoO3 QDs present a viable method for improving the photocatalytic
reduction in U(VI) under visible light. The proposed mechanism and the innovative photo-
catalyst design offer important new perspectives for this field’s future study. The detailed
description of recent research on the photocatalytic abilities of nanocomposites based on
metal oxide QD’s-g-C3N4 were provided in Table 1.
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Table 1. Detailed description of recent research on the photocatalytic abilities of nanocomposites
based on metal oxide QDs-g-C3N4.

Photocatalyst Pollutant Dosage Light Source Efficiency Ref.

SnO2 QDs/g-C3N4 RhB 50 mg/L Visible light 95% in 60 min [51]
TiO2 QDs/g-C3N4 RhB 10 mg/L Visible light 99% in 75 min [44]
TiO2 QDs/g-C3N4 Phenol 10 mg/L Visible light 98% in 100 min [44]
TiO2 QDs/g-C3N4 Cr (VI) 20 mg/L Visible light 99% in 60 min [44]
TiO2 QDs/g-C3N4 MO 10 mg/L Solar light 98% in 120 min [20]
CeO2 QDs/g-C3N4 RhB 10 mg/L Visible light 80% in 180 min [63]
CeO2 QDs/g-C3N4 MO 10 mg/L Visible light 82% in 180 min [63]
CeO2 QDs/g-C3N4 MB 10 mg/L Visible light 74% in 180 min [63]
BiVO4 QDs-g-C3N4 RhB 10 mg/L Visible light 81% in 90 min [59]
Bi2O3 QDs/g-C3N4 TC 10 mg/L Visible light 83% in 120 min [60]
Bi2O3 QDs/g-C3N4 Cr (VI) 10 mg/L Visible light 88% in 60 min [60]
Bi2O4 QDs/g-C3N4 RhB 10 mg/L Visible light 78% in 160 min [64]
Bi2WO6 QDs/g-C3N4 MBT 20 mg/L Visible light 99% in 80 min [61]
MoO3 QDs/g-C3N4 U (VI) 50 mg/L Visible light 96% in 150 min [19]
Co3O4 QDs-g-C3N4 MTZ 10 mg/L Visible light 77% in 180 min [18]
Bi2WO6 QDs/g-C3N4 NO 0.5 ppm Visible light 61% [31]
SnO2 QDs/g-C3N4 NO 600 ppb Visible light 32% [29]
SnO2 NPs/g-C3N4 RhB 10 ppm Visible light 97% in 50 min [65]
SnO2 NPs/g-C3N4 MB 10 ppm Visible light 99% in 90 min [66]
SnO2 NPs/g-C3N4 CR 10 ppm Visible light 96% in 90 min [66]
SnO2 NPs/g-C3N4 NO 500 ppb Visible light 40% [67]
SnO2 NPs/g-C3N4 RhB 10 ppm Solar light 86% in 240 min [68]
TiO2 NPs/g-C3N4 TC 20 ppm Visible light 99% in 120 min [69]
TiO2 NPs/g-C3N4 TC 20 ppm UV light 96% in 90 min [70]
TiO2 NPs/g-C3N4 TC 20 ppm Visible light 90% in 120 min [71]
TiO2 NPs/g-C3N4 MB 20 ppm Solar light 80% in 180 min [72]
TiO2 NPs/g-C3N4 TC 100 ppm Visible light 80% in 100 min [73]
ZnO NPs/g-C3N4 MB 10 ppm Visible light 98% in 150 min [74]
ZnO NPs/g-C3N4 MB 50 ppm Visible light 98% in 180 min [75]
ZnO NPs/g-C3N4 MB 10 ppm Visible light 60% in 120 min [76]
ZnO NPs/g-C3N4 MB 10 ppm Visible light 92% in 120 min [77]
ZnO NPs/g-C3N4 CR 10 ppm Visible light 70% in 45 min [78]
CeO2 NPs/g-C3N4 MO 10 ppm Visible light 96% in 100 min [79]
CeO2 NPs/g-C3N4 RhB 10 ppm Visible light 96% in 60 min [80]
CeO2 NPs/g-C3N4 Cr 20 ppm Visible light 96% in 100 min [81]
CeO2 QDs/g-C3N4 TC 10 ppm Visible light 78% in 160 min [82]
CeO2 NPs/g-C3N4 MB 10 ppm Visible light 70% in 180 min [83]
BiVO4 NPs/g-C3N4 4-CP 20 ppm Visible light 95% in 100 min [84]
BiVO4 NPs/g-C3N4 MO 20 ppm Visible light 82% in 60 min [85]
BiVO4 NPs/g-C3N4 MB 10 ppm Visible light 88% in 120 min [86]
BiVO4 NPs/g-C3N4 TC 10 ppm Visible light 89% in 120 min [86]
Bi2WO6 NPs/g-C3N4 CIP 15 ppm Visible light 98% in 120 min [87]
Bi2WO6 NPs/g-C3N4 Diuron 20 ppm Visible light 75% in 120 min [88]
Bi2WO6 NPs/g-C3N4 ADN 10 ppm Visible light 98% in 80 min [89]
Co3O4 NPs/g-C3N4 Atrazine - Visible light 78% in 35 min [90]
MoO3 NPs/g-C3N4 TC 10 ppm Visible light 86% in 100 min [91]
MoO3 NPs/g-C3N4 RhB 10 ppm Visible light 99% in 25 min [92]

Zhao et al. set out to create phosphorus-doped g-C3N4/Co3O4 quantum dots in a sin-
gle step using vitamin B12. They sought to increase the synthesized substance’s visible-light
photocatalytic activity for the destruction of metronidazole (MTZ) [18]. The innovative
aspect of the process is the one-step production of phosphorus-doped g-C3N4/Co3O4
quantum dots using vitamin B12. This technique is distinctive because it enhances the
photocatalytic performance of g-C3N4 by combining the traits of both phosphorus doping
and Co3O4 quantum dots. Several approaches were used to characterize the synthesized
composites. The photodegradation of MTZ under visible light irradiation was used to
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assess the photocatalytic activities of the composites. The explanation for the increased pho-
tocatalytic activity was determined to be the synergistic interaction between the produced
Co3O4 quantum dots and P-doped g-C3N4. This interaction improved photo-induced
electron and hole separation efficiency, prevented their recombination, and reduced band
gap energy. The generated Co3O4 quantum dots and P-doped g-C3N4 worked together to
enhance the photocatalytic performance of the created material. As a result of this synergy,
photoinduced electrons and holes were separated and transferred more effectively, which
increased the photocatalytic degradation of MTZ. The study successfully demonstrated
the synthesis of g-C3N4/Co3O4 quantum dots doped with phosphorus utilizing a one-step
procedure and vitamin B12. The created substance demonstrated improved visible-light
photocatalytic activity for the breakdown of MTZ. The fundamental causes of the enhanced
photocatalytic performance were determined to be the synergistic interactions between the
produced Co3O4 quantum dots and P-doped g-C3N4.

The heterojunctions formed between traditional QDs like CdS/CdSe and g-C3N4 have
demonstrated effective charge separation due to their staggered band alignment, which
minimizes recombination and enhances photocatalytic performance. We discussed how
these strategies of interface engineering can be applied to metal oxide QDs to optimize their
interactions with g-C3N4, focusing on creating synergistic band alignments that facilitate
charge transfer and extend light absorption. In-depth analyses of the photocatalytic mecha-
nisms in CdS/CdSe and Ag-In-Zn-S QDs combined with g-C3N4 have revealed critical
factors such as quantum confinement effects, surface states, and the role of co-catalysts in
improving photocatalytic activity. By integrating these insights, we will elaborate on how
similar principles might govern the activity of metal oxide QDs, and how understanding
these mechanisms can guide the optimization of their photocatalytic performance. Draw-
ing parallels between the successes of these traditional QDs and our subject metal oxide
QDs, we will discuss how strategies like precise size control, doping, or the introduction
of defects, successful in traditional QDs, can be mirrored in metal oxides to modulate
band structure, enhance light absorption, and improve charge carrier dynamics. While
acknowledging the efficiency of traditional QDs, we also recognize concerns regarding their
toxicity and environmental impact, particularly for Cd-based QDs. This contrast presents
an opportunity to highlight the relative environmental friendliness of metal oxide QDs and
the importance of pursuing these materials for sustainable photocatalysis.

Carbon quantum dots (CQDs) have emerged as a captivating class of carbon nanoma-
terials, characterized by their unique optical, electrical, and physicochemical properties.
These properties, combined with their aqueous stability, low toxicity, high surface area,
economic feasibility, and tunable photoluminescence behavior, make them promising candi-
dates for photocatalytic applications. On the other hand, graphitic carbon nitride (g-C3N4)
has gained attention as a stable carbon-based polymer with potential applications in vari-
ous fields. The combination of CQDs and g-C3N4 offers a synergistic effect, enhancing the
adsorptive and photocatalytic activity of the resulting nanocomposite. This is attributed to
the broader visible-light absorption, increased specific surface area, and enhanced electron–
hole pair migration and separation efficiency of the composite. Comparatively, while
metal oxide quantum dots also present potential in photocatalytic applications, the CQDs
and g-C3N4 combination stands out due to its non-toxic nature, economic feasibility, and
enhanced photoluminescence properties. The interaction within this multicomponent pho-
tocatalyst promotes photocatalytic performance, making it a superior choice for wastewater
treatment and other environmental applications. In essence, the amalgamation of CQDs
and g-C3N4 presents a novel and efficient approach to address the challenges of wastewater
treatment, emphasizing the importance of continued research in this domain [93].

4. Conclusions and Perspectives

Quantum dots (QDs) and graphitic carbon nitride (g-C3N4) together highlight a devel-
oping area of study with the potential to advance the photocatalytic frontier. Harnessing
the unique electronic, optical, and photocatalytic properties intrinsic to QDs such as ZnO,
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SnO2, TiO2, CeO2, CO3O4, MoO3, BiVO4, Bi2O3, Bi2WO6, Bi2O4, and Bi2MoO6, when juxta-
posed with the properties of g-C3N4, promises a synergy that could redefine the boundaries
of photocatalysis. As we reflect on our discussions, let us draw some conclusions and
speculate on future avenues.

Synergy of QDs with g-C3N4: quantum dots and g-C3N4 can be used to enhance
light absorption, improve charge transfer, and reduce electron–hole recombination. This
enhances their overall photocatalytic efficacy and paves the way for efficient light-driven
reactions, particularly those aimed at energy conversion and environmental remediation.

Diverse Quantum Dot Landscape: each QD brings its unique characteristics. For
instance, ZnO and TiO2 QDs have been heralded for their UV light-driven photocatalytic
activities, while the bismuth-based QDs such as BiVO4, Bi2O3, and Bi2WO6 exhibit visible
light-driven capabilities. The inherent bandgap variations, coupled with different photo-
corrosion resistances and surface chemistries, provide a diverse landscape for tailoring the
desired photocatalytic response.

Enhanced Stability and Sustainability: one of the perennial challenges with photo-
catalysts is their stability and recyclability. g-C3N4’s structural robustness, when combined
with the protective attributes of QDs, leads to prolonged catalyst life, thereby elevating the
potential for sustainable and scalable applications.

Heterostructuring and Multifunctionality: in addition to enhancing the activity of
the quantum dots, the addition of g-C3N4 also brings multifunctionality. The heterostruc-
tures formed can serve as platforms for multiple simultaneous reactions, like water split-
ting alongside organic pollutant degradation, creating avenues for multifaceted photocat-
alytic systems.

5. Future Perspectives

Tailored Photocatalytic Systems: given the plethora of QDs available, future research
should focus on systematically tailoring QD-g-C3N4 combinations to target specific pho-
tocatalytic reactions. This tailoring could lead to breakthroughs in reaction efficiency
and selectivity.

Deep Dive into Charge Dynamics: to optimize the QD-g-C3N4 interfaces further, a
comprehensive understanding of charge dynamics, including the rates of charge transfer, re-
combination, and trapping, is crucial. Advanced spectroscopic and microscopic techniques
could elucidate these intricacies.

Scale-up and Real-world Applications: the transition from lab-scale research to real-
world applications requires addressing challenges related to catalyst scale-up, stability
under fluctuating environmental conditions, and integration with existing industrial setups.

Holistic Environmental Impact: as we push the boundaries of photocatalysis, it is
imperative to ensure the green synthesis of these QD-g-C3N4 systems, minimizing any
adverse environmental footprints and maximizing their eco-friendly applications.

Z-Schemes and Ternary Nanocomposites: researchers have the opportunity to ex-
plore and construct Z-scheme-based systems using QDs and g-C3N4. Additionally, there
is potential for designing ternary nanocomposites, such as metal oxide QD-g-C3N4-noble
metals, metal oxide QD-g-C3N4-carbon-related materials, and more.

In closing, the fusion of quantum dots with g-C3N4 heralds a new era in photocatalysis.
The potential breakthroughs discussed here are just the tip of the iceberg. As research
intensifies, the full spectrum of possibilities will undoubtedly be unveiled, driving a cleaner,
greener, and energy-efficient future.
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Abstract: Graphitized carbon nitride (g-C3N4), as a metal-free, visible-light-responsive photocatalyst,
has a very broad application prospect in the fields of solar energy conversion and environmental
remediation. The g-C3N4 photocatalyst owns a series of conspicuous characteristics, such as very
suitable band structure, strong physicochemical stability, abundant reserves, low cost, etc. Research
on the g-C3N4 or g-C3N4-based photocatalysts for real applications has become a competitive hot
topic and a frontier area with thousands of publications over the past 17 years. In this paper, we
carefully reviewed the recent advances in the synthesis and structural design of g-C3N4 materials
for efficient photocatalysts. First, the crucial synthesis parameters of g-C3N4 were fully discussed,
including the categories of g-C3N4 precursors, reaction temperature, reaction atmosphere and reaction
duration. Second, the construction approaches of various nanostructures were surveyed in detail,
such as hard and soft template, supramolecular preorganization and template-free approaches. Third,
the characteristics of different exfoliation methods were compared and summarized. At the end,
the problems of g-C3N4 materials in photocatalysis and the prospect of further development were
disclosed and proposed to provide some key guidance for designing more efficient and applicable
g-C3N4 or g-C3N4-based photocatalysts.

Keywords: photocatalyst; g-C3N4; reaction parameters; structure design; exfoliation

1. Introduction

In order to alleviate the problem of global warming and energy shortage, the develop-
ment of renewable energy has become a major practical problem to be urgently solved by
researchers all over the world [1]. As the most important renewable energy on the Earth, so-
lar energy can be said to be inexhaustible. But so far, limited by various energy conversion
technologies, the development and utilization of solar energy in the field of photocatalysis
is far from enough. Recently, graphitic carbon nitride (g-C3N4) has attracted extremely
wide attentions in photocatalysis due to its special band structure, stable properties, low
price, and easy preparation [2–6]. The g-C3N4 is comprised of only carbon and nitro-
gen elements, which are very abundant on the Earth. Importantly, the g-C3N4 materials
can be easily fabricated by thermal polymerization of abundant nitrogen-rich precur-
sors such as melamine [7–16], dicyandiamide [17–22], cyanamide [23–25], urea [18,26,27],
thiourea [28–30], ammonium thiocyanate [31–33], etc. Because the band gap of g-C3N4 is
2.7 eV, it can absorb visible light shorter than 450 nm effectively, implying broad prospects
in solar energy conversion applications. Due to the aromatic C-N heterocycles, g-C3N4
is thermally stable up to 600 ◦C in air. Moreover, g-C3N4 is insoluble in acids, bases or
organic solvents, exhibiting good chemical stability.

However, some bottlenecks in the photocatalytic activity of g-C3N4 still exist, such
as fast photogenerated carrier recombination, limited active site, small specific surface
area, low light absorption capacity, unsatisfactory crystallinity and unignorable surface
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defects. How to promote the efficient migration and separation of photogenerated carriers,
expand the spectral response range and increase the specific surface area of g-C3N4 is the
core problem to achieve high energy conversion efficiency. In practice, the introduction
of impurities into the g-C3N4 matrix through copolymerization and doping has become
an effective strategy to change the electronic structure and band structure of g-C3N4. On
the other hand, numerous research works have demonstrated that the physicochemical
properties and photocatalytic efficiency of the polymer g-C3N4 can be significantly im-
proved by optimizing synthesis techniques such as supramolecular and copolymerization
techniques with identical structural and nano-structural designs, or by template-assisted
methods to improve porosity and surface area [34–39]. Amongst various modification
approaches, designing and constructing a more suitable band structure is the most im-
portant prerequisite to improve the charge separation efficiency, thereby enhancing the
photocatalytic performance.

In this review, the synthesis parameters of g-C3N4 are discussed first, mainly including
the types of g-C3N4 precursors, reaction temperature, reaction atmosphere and reaction
duration. The influence of different synthesis parameters of g-C3N4 are compared and
summarized in detail here. Then, the construction approaches of various nanostructures
are reviewed, such as hard and soft template, supramolecular preorganization, template-
free approaches, etc. It again manifests that the specific surface area and photocatalytic
efficiency of g-C3N4 can be directly manipulated by means of different nanostructure
design approaches. Furthermore, the characteristics of different exfoliation methods are
summarized for stark comparisons. Liquid exfoliation of bulk g-C3N4 has gradually
become the most popular exfoliation method. The overall framework of synthesis and
properties of g-C3N4 for enhanced photocatalytic performance are illustrated in Figure 1.
Finally, the problems of g-C3N4 materials in photocatalysis and the prospect of further
development are proposed, which may be favorable to the design of more efficient and
practical g-C3N4 or g-C3N4-based photocatalyst.

Figure 1. Overall framework of synthesis and properties of g-C3N4 for enhanced photocatalytic
performance.
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2. Influence of Synthesis Parameters

2.1. Precursors and Reaction Temperature

The first reported g-C3N4 as a heterogeneous catalysis was present in 2006 [40]. Sub-
sequently, various precursors such as urea [41], thiourea [42], cyanamide [43,44] and
dicyandiamide [45,46] have been employed to synthesize g-C3N4 by thermal treatment
methods. In 2009, Wang et al. firstly used cyanamide as the precursor of g-C3N4 for pro-
ducing hydrogen from water under visible-light irradiation in the presence of a sacrificial
donor [47]. This pioneering work represents an important first step towards photosynthesis
in general, where artificial conjugated polymer semiconductors can be used as energy trans-
ducers. In order to demonstrate the reaction intermediate compounds, characterization
techniques such as thermogravimetric analysis (TGA) and X-ray diffraction (XRD) are used
to characterize the reaction. Figure 2a displayed that the graphitic planes are constructed
from tri-s-triazine units connected by planar amino groups. Figure 2b is the XRD pattern
of the obtained g-C3N4 powder. From the ultraviolet-visible spectrum (Figure 2c), it can
be seen that the band gap of g-C3N4 is 2.7 eV. The synthesis of g-C3N4 was a combination
of polyaddition and polycondensation. At a reaction temperature of 203 and 234 ◦C, the
cyanamide molecules can be condensed to dicyandiamide and melamine, respectively.
The ammonia is then removed by condensation. When the temperature reaches 335 ◦C,
large amounts of melamine products are detected. When further heating to 390 ◦C, the
rearrangements of melamine will result in the formation of tri-s-triazine units. Finally, when
heating to 520 ◦C, the polymeric g-C3N4 are synthesized via the further condensation of the
unit. However, g-C3N4 will be unstable at above 600 ◦C. Furthermore, when the reaction
degree is higher than 700 ◦C, g-C3N4 will decompose. Figure 2d shows the structural phase
transition process from cyanamide to g-C3N4 at different temperatures. In addition to
in-situ characterization experiments to verify the reaction process, it can also be demon-
strated by relevant simulation calculations. The first-principles DFT calculations were
performed using a plane wave basis set with a 550 eV energy cutoff [40]. The calculation
results showed that the cohesion energy increased under the addition of multiple reaction
pathways, which confirmed that melamine was produced upon heating the cyanamide,
as shown in Figure 2e. In another work, Ang et al. demonstrated that when thiourea is
used as the precursor and TiO2 or SiO2 are used as the inorganic substrate, the melon
nanocomposites can be formed at a low temperature of 400 ◦C [48]. However, the degree of
polymerization of g-C3N4 in the nanocomposites is low, so its photocatalytic performance
is moderate. Following this, Zhang et al. reported a simple method of g-C3N4 synthesis
from thiourea without the aid of any substrates [49]. It was found that the obtained g-C3N4
exhibited a good condensation likely due to the presence of sulfur species in thiourea, thus
accelerating the degree of polymerization and condensation of thiourea at high tempera-
tures. Having insights into the results of different reports, it can be found that different
precursors have distinct characteristics and advantages. In order to obtain well-condensed
g-C3N4 with high quality, the most crucial point is to select the best reaction temperature
corresponding to the selected precursor.

In order to prove that g-C3N4 has been successfully prepared, a variety of analytical
measurements can be used, such as X-ray photoelectron spectroscopy (XPS), XRD and
Fourier transform infrared (FTIR) spectroscopy. The basic experimental procedures for
the synthesis, characteristics of different precursors and characterization of g-C3N4 are
described above. What effects other synthesis parameters have on g-C3N4 will be compared
and discussed in detail in the following sections.
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Figure 2. Crystal structure and optical properties of g-C3N4. (a) Schematic diagram of a perfect
g-C3N4 sheet constructed from melem units. (b) Experimental XRD pattern of polymeric carbon
nitride, revealing a graphitic structure with an interplanar stacking distance of the aromatic unit
(0.326 nm). (c) Diffuse reflectance spectrum of the polymeric carbon nitride. Inset: Photograph of the
photocatalyst. (d) XRD patterns of g-C3N4 treated at different temperatures. (e) Calculated energy
diagram for the development of g-C3N4 using cyanamide precursor [47].

2.2. C/N Ratio

Generally, g-C3N4 exhibits a high physicochemical stability and ideal band structure,
due to the high condensation degree and the presence of the heptazine ring structure. When
the appropriate precursor and condensation method are selected, the C/N ratio in layered
g-C3N4 is about 0.75. Many studies have confirmed that when the precursors and synthesis
parameters of g-C3N4 are changed, the physicochemical properties of g-C3N4 will be signif-
icantly affected, such as band gap width, specific surface area, C/N ratio, etc., which will
directly affect the photocatalytic efficiency and other applications’ performance [50–54].
Yan et al. synthesized g-C3N4 by directly heating the low-cost melamine, and they change
the C/N ratio by controlling different heating temperatures [55]. The research showed that
when the heating temperatures increased from 500 to 580 ◦C, the ratio of C/N increased
from 0.721 to 0.742. Meanwhile, the band gaps of g-C3N4 decreased from 2.8 to 2.75 eV. Ap-
parently, increasing the heat temperature will decrease the photooxidation ability of g-C3N4.
The C/N ratio, i.e., the degree of condensation, is inconsistent with the structural integrality.
Therefore, in order to obtain a better photocatalytic efficiency, reasonable optimization
measures must be taken to make the C/N ratio closer to the ideal ratio (0.75) [56]. Therefore,
the presence of trace amino groups is actually conducive to improving the surface activity
of g-C3N4, thus exhibiting better interaction with the reactant molecules [8,57,58]. However,
due to incomplete concentration, the C/N ratio is lower than the ideal value (0.75), resulting
in a large number of defects, inhibiting the rate of carrier transport and separation, and
seriously reducing the photocatalytic efficiency. Therefore, in order to obtain a relatively
high photocatalytic efficiency, the optimal C/N ratio is 0.75, which can usually reflect that
g-C3N4 has a good concentration and stability.
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2.3. Pretreatment of Precursors

It has been shown that modification and pretreatment of nitrogen-rich precursors
before thermal annealing can effectively improve the physicochemical properties of g-C3N4.
One of the effective pretreatment methods is by acid treatment. Yan et al. reported the
synthesis of g-C3N4 by directly heating the sulfuric-acid-treated melamine precursor [59].
It is worth noting that the carbon nitride synthesized from sulfuric acid treated melamine
(15.6 m2/g) shows relatively higher BET surface area than that of samples synthesized from
untreated melamine (8.6 m2/g). The reason can be attributed to the effect of pretreatment of
melamine with H2SO4 on its condensation process, during which sublimation of melamine
is inhibited significantly. In addition to the pretreatment of melamine with H2SO4, HCl
and HNO3 also exhibited good pretreatment effects on melamine [60–63].

In addition to acid precursors, pretreatment methods of sulfur-mediated synthesis
can also be used to regulate the structure and physicochemical properties of g-C3N4 [64].
The fundamental reason is that the presence of the sulfur group in the sulfur-containing
thiourea provides an additional chemical pathway to regulate the degree of condensation
and polymerization of g-C3N4 because it is easy to leave the -SH groups. Zhang et al.
advanced this strategy by employing cheap and easily available elemental sulfur as the
external sulfur species instead of sulfur-containing precursors for the sulfur-mediated
synthesis of g-C3N4 photocatalysts [65]. In comparison with unmodified g-C3N4, the
vibrations of g-C3N4-Sx are less intensive when increasing the amount of elemental sulfur
(S8), especially for the broad band at 2900–3300 cm−1. Thus, S8-mediated synthesis helps
to advance the polymerization of melamine precursors, leaving fewer amino-containing
groups as surface defects. In this report, the structure, electronic and optical properties
of g-C3N4 have been effectively modified, and its physicochemical properties have also
been significantly improved. Under visible light irradiation at 420 nm, the photocatalytic
activity of water reduction and oxidation was enhanced.

2.4. Reaction Atmosphere

In addition to the types of precursors, reaction temperature and duration, the physico-
chemical properties and structure of g-C3N4 are also strongly influenced by the reaction
atmosphere, because the reaction atmosphere can induce a variety of defects and carbon
and nitrogen vacancies. In fact, defects are essential for catalytic reactions because they
can act as active sites for reactant molecules and change the band structure by introducing
additional energy levels in the forbidden band, thus extending the spectral absorption
range [66–69]. By controlling the polycondensation temperature of a dicyandiamide precur-
sor in the preparation of g-C3N4, Niu et al. introduced nitrogen vacancies in the framework
of g-C3N4 [70]. The excess electrons caused by nitrogen loss in g-C3N4 lead to a large
number of C3+ states associated with nitrogen vacancies in the band gap, thus reducing
the intrinsic band gap from 2.74 eV to 2.66 eV. Steady and time-resolved fluorescence emis-
sion spectra show that, due to the existence of abundant nitrogen vacancies, the intrinsic
radiative recombination of electrons and holes in g-C3N4 is greatly restrained, and the
population of short-lived and long-lived charge carriers is decreased and increased, respec-
tively. In another study, Niu et al. produced a novel visible light photocatalyst R-melon
by heating the melon in a hydrogen atmosphere [71]. Compared to the pristine melon
with a bandgap of 2.78 eV, the resultant R-melon with a bandgap of 2.03 eV has a widened
visible light absorption range and suppressed radiative recombination of photo-excited
charge carriers due to homogeneous self-modification with nitrogen vacancies. Table 1
shows the summary of the specific surface areas and band gaps of g-C3N4 photocatalysts
developed from various precursors and different reaction parameters. The results demon-
strated that the band structure, electronic properties and specific surface area of g-C3N4
can be changed by adjusting the reaction parameters and precursors, so as to improve its
photocatalytic performance.
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Table 1. Precursors and Reaction Parameters Employed in the g-C3N4 Synthesis.

Precursors
Synthesis

Parameters
Surface Area

(m2 g−1)
Band Gap

Energy (eV)
Ref.

Cyanamide 550 ◦C, 4 h, air 10 2.7 [47]
Dicyandiamide 550 ◦C, 3 h, air 12.3 2.66 [56]
Dicyandiamide 600 ◦C, 4 h, air 12.8 2.75 [72]
Dicyandiamide 550 ◦C, 4 h, H2 20.91 2.0 [73]

Melamine 500 ◦C, 2 h, air 7.1 2.83 [74]
Melamine 520 ◦C, 2 h, N2 17.4 2.74 [75]

H2SO4-treated melamine 600 ◦C, 4 h, Ar 15.6 2.69 [59]
HCl-treated melamine 550 ◦C, 4 h, air 26.2 2.73 [61]

Thiourea 550 ◦C, 3 h, air 11.3 2.6 [56]
Urea 450 ◦C, 2 h, air 135.6 2.76 [76]

3. Morphology and Structure Design of g-C3N4

3.1. Hard and Soft Template Approach

Apart from regulating the synthesis parameters, introducing nano-templates and
nano-casting with different morphology and ordered porosity on the basis of bulk g-C3N4
is another promising method to change the morphology and structural characteristics
of g-C3N4 structure and the interlayer interaction. As a matter of fact, researchers have
effectively designed controllable nanostructures for g-C3N4 through hard template or soft
template methods, such as porous g-C3N4, one-dimensional nanostructures, hollow g-C3N4
nanospheres, etc [11,77–85]. It has been proven that the porosity, structure, morphology, sur-
face area and size can be easily controlled by adjusting the appropriate template. Moreover,
the larger surface area and more active sites are generally more favorable for photocatalytic
applications of g-C3N4.

The hard template method is almost identical to the traditional casting process and
is one of the most common techniques for developing nanostructured g-C3N4 materials.
In this way, the various structures and geometries of g-C3N4 can be designed using hard
templates as needed, and their length scales are usually around nanometers and microns.
The most typical structure-oriented agent is a silica template with a controllable nanos-
tructure. The early study on the mesoporous g-C3N4 synthesized using cyanamide as
a precursor and silica nanoparticles with a size of 12 nm as a template was reported by
Goettmann et al. [40]. The results show that the silica nanoparticles can be uniformly
dispersed in the cyanamide monomer, which is due to the appropriate surface interaction
between the silica surface and the amine and aromatic nitrogen groups. After heating treat-
ment and cyanamide condensation, the g-C3N4/silica hybrid is formed, and well-dispersed
silica nanoparticles are preserved in the g-C3N4 matrix. Ammonium hydrogen fluoride
(NH4HF2) solution can be used to remove the silicon template. The average diameter is
12 nm, and the surface area in the range of 86 to 439 m2 g−1 can be regulated by adjusting
the mass ratios of silica/cyanamide from 0 to 1.6. In another work carried out by Yuki
Fukasawa et al., uniform-sized silica nanospheres (SNSs) assembled into close-packed
structures were used as a primary template for ordered porous g-C3N4, which was sub-
sequently used as a hard template to generate regularly arranged Ta3N5 nanoparticles
of well-controlled size [86]. The cyanamide is infiltrated and polymerized in the narrow
void of SNSs to form porous g-C3N4, and then the SNSs is removed by HF treatment, as
shown in Figure 3a. Therefore, the resulting g-C3N4 has an anti-opal structure, and the
size of the spherical hole indicates the size of the SNSs used, as shown in the SEM images
of Figure 3b–e. In this study, the pore size of g-C3N4 was between 50 and 80 nm. In spite
of the silica hard template, Chen et al. reported the synthesis of porous g-C3N4 by using
multi-walled carbon nanotube (CNT) as a novel hard template [87]. Unlike other hard
templates, CNT can be easily removed and recovered by ultrasonic methods, resulting in a
relatively simple preparation of porous g-C3N4.

42



Catalysts 2023, 13, 1402

Figure 3. (a) Synthesis procedure of ordered porous g-C3N4. Field emission SEM (FESEM) images
of porous g-C3N4 prepared using silica spheres with various diameters: (b) 20, (c) 30, (d) 50, and
(e) 80 nm [86].

It can be seen that during the synthesis of g-C3N4 through hard templates, extremely
dangerous, toxic and expensive fluorine-containing etchers (such as HF and NH4HF2) are
used to remove the sacrificial templates. This greatly limits the practical application of
the method in large-scale industrial processes. Therefore, apart from the hard template
synthesis method of g-C3N4, the relatively “environmentally friendly” soft template process
can not only change the morphology and structure of g-C3N4 through the selection of
multiple soft templates, but also simplify the synthesis route of g-C3N4 [88,89]. Different
from the hard template method, in the soft template method, the nano-structure g-C3N4 is
synthesized by soft structure guiding agents such as ionic liquid, amphiphilic block polymer
and surfactant, so as to rationally design g-C3N4 with a highly porous nanostructure [90].
For instance, bimodal mesoporous g-C3N4 is synthesized using Triton X-100 as a soft-
template and melamine and glutaraldehyde as precursors through polymerization and
carbonization [91]. The results show that the mesopore sizes in the g-C3N4 are centered at
3.8 nm and 10–40 nm. The former was attributed to the removal of the Triton X-100, while
the latter was ascribed to the aggregates of plate-like g-C3N4. In another study reported
by Wang et al., a variety of soft-templates (e.g., Triton X-100, P123, F127, Brij30, Brij58, and
Brij76) as well as some ionic surfactants are tested as structure-directing agents for the
synthesis of mesoporous g-C3N4 [90]. Most as-prepared g-C3N4 materials possess a high
surface area. Moreover, this work points out two problems. The first was that only a few
selected soft templates (Triton X-100 and ionic liquids) led to the presence of mesoporous
g-C3N4 structures with high surface areas. Due to the premature decomposition of the
template material, the pores of g-C3N4 are easily resealed. The second problem is that the
obtained g-C3N4 contains a large amount of carbon elements from the template polymer,
which significantly changes the morphology and structure of g-C3N4, thereby reducing its
photocatalytic activity.

Overall, it is not difficult to find that the synthesis of g-C3N4 with various nanostruc-
tures assisted by hard and soft templates is a facile and efficient approach. Nowadays,
researchers are still developing a variety of new templates to achieve more interesting
g-C3N4 nanostructures with high photocatalytic efficiency.

3.2. Supramolecular Preorganization Approach

In contrast to the previously discussed hard and soft template synthesis approaches,
molecular self-assembly is a self-templating approach (namely supramolecular preorga-
nization approach) in which molecules spontaneously form a stable g-C3N4 structure
from non-covalent bonds under equilibrium conditions in the absence of an external tem-
plate [80,92–94]. Recently, supramolecular preassembly of triazine molecules has become an
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interesting method to regulate the structural, textural, optical, and electronic features of g-
C3N4, thus affecting its photocatalytic activity [95–98]. For example, nanostructured g-C3N4
materials can be developed by supramolecular preorganization of melamine precursors to
triazine derivatives to form hydrogen bond molecular assemblies, i.e., melamine–cyanuric
acid, melamine–trithiocyanuric acid mixtures or their derivatives [99–101]. Jun et al. first
synthesized g-C3N4 by molecular cooperative assembly between triazine molecules [102].
Flower-like, layered spherical aggregates of melamine cyanuric acid complex (MCA) are
formed by precipitation from equimolecular mixtures in dimethyl sulfoxide (DMSO). The
oxygen-containing intermolecular structure connected by hydrogen bonding and stacked
in graphitic fashion facilitates the condensation process and enables structural perfection.
The obtained material synthesized by this supramolecular preorganization approach has
stronger spectral absorption (an increased band gap of 0.16 eV), and the photogenerated
carrier lifetime is extended nearly twice as long as that of bulk g-C3N4.

It can be seen that the combination of two or more monomers in different solvents can
form supramolecular complexes. These supramolecular complexes are usually linked by
hydrogen bonds. Therefore, it is expected that the addition of new monomers to hydrogen-
bonded supramolecular complexes as “terminators” will be an attractive technique to
further adjust the morphology, photophysical properties, and electronic band structure
of g-C3N4.

3.3. Template-Free Approach

Compared with the hard and soft template synthesis approaches, the template-free
approach has unique advantages, such as no need for various high-cost and dangerous
templates containing fluorine, and no residue of any template components. Indeed, many
studies have proven that g-C3N4 nanostructure designs with a variety of morphologies
and desired sizes, such as nanorods, quantum dots, microspheres, nanofibers, etc., can also
be achieved using a template-free approach. Bai et al. reported that the transformation
of g-C3N4 from nanoplates to nanorods was realized by a simple reflux method [103].
Various aspect ratios were achieved by changing the reflux duration and solvent ratio
without the assistance of any templates. As per the TEM images shown in Figure 4a–d,
most irregular nanoplates are observed in the untreated g-C3N4 sample, while the refluxed
g-C3N4 sample mainly contains nanorods. The length of g-C3N4 nanorods is 0.5–3 μm. The
growth mechanism and process can be summarized as follows (Figure 4e): under ultrasonic
action, CH3OH can strip g-C3N4 bulks into nanosheets. The reflux process can remove
surface defects and transform them into nanorods. After reflux treatment, the g-C3N4
nanosheets showed the metastable state. With the increase of time, the layered structure
of g-C3N4 will curl and finally grow into nanorods. Finally, the shorter g-C3N4 nanorods
are redissolved into the solution, while the longer nanorods will continue to grow during
reflux treatment. The increase in visible light degradation activity of methylene blue can be
induced for the increase of active lattice face and elimination of surface defects.

Additionally, Wang et al. described a facile and generally feasible method to synthesize
nanotube-type g-C3N4 by directly heating melamine packed in an appropriate compact
degree without templates [104]. A certain amount of melamine was placed into a semi-
closed alumina crucible followed by consecutively shaking the crucible using a vibrator at
a fast rate to achieve a moderately compact packing degree. This process is very crucial
for the synthesis of nanotube-type g-C3N4. TEM images show that the wall thickness of
the nanotubes in the bulk phase is about 15 ± 2 nm, while the inner diameter is about
18 ± 2 nm. In this report, the formation process and mechanism of nanotubes have been
studied in detail. During the pyrolysis process, melamine releases NH3 gas, which passes
through the stacked melamine layers to form rolled g-C3N4 nanosheets. Due to the need to
reduce the surface free energy, the nanosheets eventually bend into the form of nanotubes.
It is worth pointing out that when the melamine layer is loosely stacked, g-C3N4 cannot
form a nanotube structure, which indicates that obtaining the appropriate packing degree
of g-C3N4 is crucial for the formation of the nanotube structure.
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Figure 4. TEM images of g-C3N4 nanoplates (a,c) and nanorods (b,d). (e) Schematic illustration of
the formation processes of g-C3N4 nanorods from g-C3N4 nanoplates [103].

4. Exfoliation of Bulk g-C3N4

Although the specific surface area of the monolayer g-C3N4 is theoretically large, the
specific surface area of the block is very low indeed, usually less than 10 m2 g−1, due to
the stacking of g-C3N4 layers [105]. Therefore, delaminating g-C3N4 into several layers
is a promising way to improve photocatalytic performance and produce more interesting
surface, optical and electronic properties [106–109]. There are many methods of exfoliating
g-C3N4, such as ultrasonication-assisted liquid exfoliation, the liquid ammonia-assisted
lithiation and the post-thermal oxidation etching route [17,108–115]. Similar to most two-
dimensional materials, there is a weak van der Waals force between the layers of g-C3N4.
Thus, the van der Waals force can be effectively overcome and the separation between layers
can be achieved by means of energy assistance such as ultrasound in an appropriate solvent.

Liquid exfoliation is simple and convenient, and has gradually become the most com-
monly used exfoliation method by most researchers. Yang et al. demonstrated the synthesis
of free-standing g-C3N4 nanosheets by liquid phase exfoliation [110]. The method uses
g-C3N4 powder as a starting material and various organic solvents (such as isopropanol
(IPA), N-methyl-pyrrolidone (NMP), acetone, and ethanol) as dispersing media. As shown
in Figure 5a,b, many nanosheets with laminar morphology like silk veil can be observed,
which is in stark contrast from that of bulk g-C3N4. The photographs in Figure 5e clearly
demonstrated that NMP is a promising dispersing solvent among various dispersing sol-
vents. It can stably disperse individual nanosheets; however, the disadvantage is that the
boiling point of NMP is relatively high, which is difficult to remove. The agglomeration
phenomenon of g-C3N4 layer can be observed in NMP. In comparison, low-boiling-point
IPA is the best medium for preparing g-C3N4. The obtained g-C3N4 in IPA exhibited a
surface area of up to 384 m2 g−1 and a thickness of about 2 nm, as shown in Figure 5c,d.
Moreover, the stability of IPA is superior, and there is no precipitation phenomenon after
4 months of storage (Figure 5f).

45



Catalysts 2023, 13, 1402

 

Figure 5. Typical FESEM (a) and TEM (b) images unveiling the flexible g-C3N4 nanosheets with the
size from 500 nm to several micrometers. Representative AFM image (c) and corresponding thickness
analysis (d) taken around the white line (c) revealing a uniform thickness of about 2 nm for g-C3N4

nanosheets. (e) Photographs of the g-C3N4 nanosheet dispersions in IPA, NMP, water, ethanol and
acetone, respectively, after 2 days storage under ambient conditions, and (f) in IPA solvent after
4 months storage [110].

5. Doping of g-C3N4

It is well-known that g-C3N4 is a metal-free n-type semiconductor. Due to the high
ionization energy and high electronegativity of metal-free semiconductors, it is easy for
them to form covalent bonds with other compounds by obtaining electrons during the
reaction. In order to maintain this unique advantage of metal-free semiconductors, re-
searchers have implemented a series of non-metal doping g-C3N4, including oxygen,
phosphorus, sulfur, carbon, halogen, nitrogen and boron [116–121]. For instance, O-doping
is a facile method to improve the photocatalytic ability of g-C3N4. Zeng et al. synthesized
one-dimensional porous architectural g-C3N4 nanorods by direct calcination of hydrous
melamine nanofibers precipitated from an aqueous solution of melamine [122]. The porous
structure increases the specific surface area, enhances the light absorption capacity and
improves the catalytic reaction rate. At the same time, doping oxygen atoms into the
g-C3N4 matrix breaks the symmetry of the pristine structure, making more efficient separa-
tion of electron/hole pairs. In general, non-metallic doping usually changes the surface
morphology and structure of g-C3N4, thereby affecting the light absorption efficiency and
regulating the catalytic efficiency.

Different from non-metal doping, metal-doped g-C3N4 has the advantages of reduc-
ing band gap to enhance visible light absorption and to improve catalytic performance.
Commonly used doped metals include alkali metals (Li, Na, K) and transition metals
(Fe, Cu, and W) [123–127]. For example, Xiong et al. reported that the doping of alkali
metals (K, Na) in the g-C3N4 framework significantly increases the transfer and separation
rates of photogenerated carriers and induces more efficient redox catalytic reactions [128].
DFT calculation results showed that K or Na doping can reduce the band gap energy of

46



Catalysts 2023, 13, 1402

g-C3N4. Generally, the introduction of metal ions can form new energy levels, increase
the specific surface area, and sometimes resist the recombination of charge carriers pro-
duced by photons. The catalytic efficiency of noble metal doping is usually higher, but the
photodegradation efficiency of some ordinary transition-metal-doped g-C3N4 for some
pollutants can be comparable to that of noble-metal-doped g-C3N4 when the appropriate
doping amount and mode are selected.

6. Applications of g-C3N4

Due to its moderate energy gap, excellent electronic properties, rich functional groups
and surface defects, g-C3N4 can be widely used in environmental treatment and pollutant
degradation, including water splitting, hydrogen generation, CO2 conversion and organic
pollutants degradation [129–132].

As reported, the pristine g-C3N4 has limitations such as small specific surface area
and fast charge recombination rate, which leads to a low water splitting ability of g-C3N4.
To solve this problem, Chen et al. improved the water splitting capacity via adjusting the
dimension of g-C3N4 [133]. As shown in Figure 6a,b, they demonstrated that the evolution
rates of H2 and O2 of three-dimensional porous g-C3N4 in visible light are significantly
higher than those of the pristine g-C3N4, reaching 101.4 and 49.1 μmol g−1 h−1, respectively.
Fu et al. reported oxygen-doped g-C3N4 [134]. As exhibited in Figure 6c-d, the O-doped
g-C3N4 has a narrower band gap and greater CO2 affinity, which significantly improves
the photogenerated carrier separation efficiency and CO2 conversion ability. In addition, a
lot of efforts have been made to enhance its photocatalytic activity to improve its pollutant
degradation ability. As shown in Figure 6e-f, Dou et al. reported that mesoporous g-C3N4
has a strong ability to remove antibiotics under visible light [135], which is mainly due to
the porous structure that improved the utilization of light.

 
Figure 6. (a) Water splitting for H2 and O2 Evolution. (b) Time−dependent overall water splitting
over 3D g-C3N4 [133]. (c) N2 adsorption–desorption isotherms and corresponding pore size distribu-
tion curves. (d) UV–vis diffuse reflectance spectra [134]. The effects of humic acid on (e) amoxicillin
and (f) cefotaxime photodegradation by mesoporous carbon nitride (initial pH = 7) [135].
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7. Conclusions and Prospects

In summary, due to the merits of low cost, high stability and visible light response,
g-C3N4 is one of the most promising photocatalytic materials to replace TiO2. This re-
view mainly introduces the synthesis of g-C3N4, the improvement of the g-C3N4 crystal
structure, the light absorption enhancement, structure design optimization, as well as the
improvement of electronic properties and optimization of energy band, so as to promote
the photocatalytic application of g-C3N4. As summarized above, the appropriate reac-
tion temperature and duration of the condensation process are beneficial to improve the
crystallinity of g-C3N4. Various desirable nanostructures of g-C3N4 can be constructed
via hard and soft template approaches, supramolecular preorganization approach, and
template-free approach. Liquid exfoliation of bulk g-C3N4 has becoming the most facile
and promising method to improve the surface area of g-C3N4.

Therefore, in order to synthesize the ideal g-C3N4 with high photocatalytic efficiency,
it is necessary to pay attention to the following crucial elements: (i) Controlling the corre-
sponding reaction temperature and reaction time according to the selected precursor mate-
rial; (ii) Controlling the C/N ratio close to 0.75 and the band gap to 2.7 eV; (iii) Extending
the specific surface area by selecting suitable nanostructure design approaches.

It can be assumed that in the future, g-C3N4, a booming photocatalytic hot spot
material, will face unlimited opportunities and challenges. Although g-C3N4 can be easily
synthesized by thermal polymerization of nitrogen-rich precursors, its photocatalytic
efficiency is not high due to its small specific surface area, limited surface reaction sites, and
insufficient utilization of broad-spectrum sunlight. Here, some pivotal issues are elaborated
in the following:

(i) So far, the use of visible and near-infrared light is far from sufficient. On the one
hand, it depends on the synthesis and structural design of the g-C3N4 material; on
the other hand, a third or more component with a suitable band structure can also
be cleverly added to design the interface electronic structure and expand the optical
absorption region.

(ii) Due to the limited surface area of g-C3N4 and the inevitable defects on the surface,
the smooth transfer of photogenerated carriers is hindered. Therefore, the synthesis
approached needs to be further developed. In order to optimize photocatalytic
performance, some environmentally friendly, simple and efficient synthesis routes are
urgently required.

(iii) The integration of photocatalytic applications in many fields into one photocatalytic
system is a widely used catalytic process. This requires the hybridization of multifunc-
tional materials with reasonable energy structure. How to optimize the energy band
structure and surface topography of g-C3N4 reasonably to improve the compatibility
of energy conversion and environmental protection is very promising.

(iv) More theoretical studies about g-C3N4 need to be combined with practical catalytic
applications. It is certain that in-depth fundamental theory based on physical chem-
istry research, in collaboration with laboratory findings, will positively promote the
advances in materials science and technology.
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Abstract: The design of highly efficient organic/inorganic photocatalysts with visible-light response
has attracted great attention for the removal of organic pollutants. In this work, the polyacryloni-
trile (PAN) worked as the matrix polymer, while polyaniline (PANI) and Sb2S3–ZnO were used as
organic/inorganic photocatalysts. The heterojunction PAN/PANI–Sb2S3–ZnO photocatalyst was
prepared using electrospinning and surface ultrasound. PAN/PANI–Sb2S3–ZnO exhibited an ex-
cellent visible-light absorption intensity in the wavelength range of 400–700 nm. The maximum
removal efficiencies of PAN/PANI–Sb2S3–ZnO for four organic dyes were all greater than 99%. The
mechanism study showed that a dual Z-scheme could be constructed ingeniously because of the
well-matched bandgaps between organic and inorganic components in the photocatalyst, which
achieved efficient separation of photogenerated carriers and reserved photogenerated electrons (e−)
and holes (h+) with strong redox ability. The active species •OH and •O2

− played an important role
in the photocatalytic process. The composite photocatalyst also had excellent stability and reusability.
This work suggested a pathway for designing novel organic/inorganic composite photocatalysts
with visible-light response.

Keywords: photocatalyst; Sb2S3; PANI; ZnO

1. Introduction

With the rapid development of industrialization, the discharge of dye wastewater
has become one of the main sources of water pollution, which brings serious harm to the
ecological environment and human health [1–3]. Photocatalysis has been widely studied
for its low energy consumption, low cost, and absence of secondary pollution among many
organic dye treatment methods [4]. However, the common inorganic photocatalysts have a
narrow spectral absorption range and low utilization rate of visible light, which severely
limits their wide application [5]. Hence, developing highly efficient visible-light-driven
photocatalysts for environmental remediation has become an active research area.

In recent years, the organic conjugated polymers have attracted extensive attention
from researchers because of their excellent visible-light absorption range, adjustable band
gap, and great advantages compared with small molecules in forming and processing,
which opens up broader application prospects for the development of photocatalysts [5–7].
The delocalized π–π conjugated structures have been proven to induce a wide spectral
absorption range, which is beneficial to improve the fraction of the visible light used [8].
Among these delocalized conjugated materials, polyaniline (PANI) is a potential photocat-
alytic material due to its unique electrical conductivity, facile preparation, and chemical
stability [9]. When PANI is exposed to light, the energy absorbed by electrons transitions
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from highest unoccupied molecular orbital (HOMO) to lowest unoccupied molecular or-
bital (LOMO) produced photogenic e−-h+ pairs [10–12]. The presence of e− or h+ at the
impurity level can improve the electrical conductivity of PANI, showing a photoelectric
conversion effect.

However, the single component photocatalyst is always limited by the quick combi-
nation of photo-generated e− and h+, which results in a poor quantum efficiency and low
photocatalytic activity [13–15]. To date, many efforts, such as non-metal doping, facet con-
trol, surface sensitization, and heterojunction construction, have been applied to limit the
recombination of photogenerated carriers [16–19]. Among these approaches, heterojunction
photocatalysts have been fabricated extensively to enhance the separation efficiency of pho-
toexcited electron–hole pairs [20–22]. Ge et al. reported the preparation of g-C3N4/PANI
composite photocatalysts, which displayed an enhanced photocatalytic activity for the pho-
todegradation of methylene blue (MB) dye [23]. Wang et al. synthesized the PANI/BiOCl
composite photocatalyst via BiOCl modified using PANI [24]. The photocatalytic activ-
ity of PANI/BiOCl composites was greater than BiOCl, which could be assigned to the
synergistic effect between PANI and BiOCl. Sb2S3 and ZnO are also common inorganic
photocatalysts. Sb2S3 has the advantages of a low cost, suitable band gap (1.5–2.2 eV), good
visible-light absorption capacity and charge transport performance [25–27]. ZnO, with a
band gap of 3.2 eV, has the advantage of a strong redox capacity of its photogenerated
charge carriers [28–30]. It could be seen that the band structures of Sb2S3 and ZnO were
both well-matched with PANI, so a heterojunction might be formed among PANI, Sb2S3,
and ZnO. Membrane photocatalysts have emerged as a powerful and attractive way to
remove dyes from water resources. Compared with a coating film, electrospinning has
been increasingly employed in fabricating nanofiber membranes with high porosity and a
large specific-surface area [31]. Meanwhile, the dispersity of functional nanoparticles on
membrane photocatalysts could influence the photocatalytic performance of photocatalysts.
Surface ultrasound is an effective method that can achieve uniform dispersion of functional
particles on the membrane surface [32].

Herein, a dual Z-scheme photocatalyst of PAN/PANI–Sb2S3–ZnO was designed using
electrospinning and surface ultrasound. The chemical structures, morphologies, and optical
and electrochemical performance of photocatalysts were systemically analyzed. The photo-
catalytic performance of PAN/PANI–Sb2S3–ZnO was evaluated using the degradation of
organic dyes under visible-light irradiation. The main active species were explored using
free radical trapping experiments. Furthermore, a novel dual Z-scheme photocatalytic
mechanism was proposed.

2. Results and Discussion

2.1. The Structure of the Composite Membranes

The FTIR spectra of PAN/PANI, PAN/PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–ZnO
are shown in Figure 1. The characteristic peak at 1450 cm−1 was attributed to the tensile
vibration of benzene ring C=C in PANI [33]. The peak at 1029 cm−1 was the vibration of
C–H bonds on disubstituted benzene in the PANI [33]. The peak at 2943 cm−1 corresponded
to the tensile vibration peak of –CH2 in PAN. The peak at 1308 cm−1 was attributed to the
in-plane flexural vibration of CH2 in PAN. Compared with PAN/PANI, both PAN/PANI–
Sb2S3 and PAN/PANI–Sb2S3–ZnO showed a new characteristic peak at 630 cm−1, which
was mainly attributed to the formation of Sb–S bonds, proving that Sb2S3 was successfully
doped in PAN/PANI [34]. However, the tensile vibration of the Zn–O bond at 443 cm−1 in
the fingerprint region [35] was not observed in PAN/PANI–Sb2S3–ZnO.

Figure 2 shows the XRD pattern of the samples. A diffraction peak appeared at the 2θ
of 25.5◦, corresponding to the semi-crystalline structure of the PANI [36]. The diffraction
peaks appeared at 2θ of 40.6◦, 43.8◦, 46.6◦, 49.1◦, 65.6◦, and 71.0◦ in PAN/PANI–Sb2S3,
which was attributed to the (611), (323), (631), (513), (624), and (045) crystal planes of Sb2S3.
Compared with PAN/PANI–Sb2S3, the PAN/PANI–Sb2S3–ZnO showed new diffraction
peaks at 31.7◦, 34.4◦, 36.2◦, 47.5◦, 56.6◦, 62.9◦, 67.9◦, 69.1◦, and 76.9◦, which corresponded
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to the (100), (002), (101), (102), (110), (103), (112), (201), and (202) crystal planes of ZnO. The
results showed that PAN/PANI–Sb2S3–ZnO had been successfully prepared [37].

Figure 1. FTIR spectra of composite membranes.

Figure 2. XRD spectra of composite membranes.

57



Catalysts 2023, 13, 1391

The surface chemical components of PAN/PANI, PAN/PANI–Sb2S3 and PAN/PANI–
Sb2S3–ZnO composites were further analyzed using XPS. Figure 3 shows the full XPS
spectra of the photocatalysts. It could be observed that the peaks appeared at 286 eV, 400 eV,
and 531 eV, which corresponded to the peaks of C 1s, N 1s, and O 1s, respectively. The
new peaks at 170 eV and 498 eV for PAN/PANI–Sb2S3 corresponded to the S 2p and Sb
3d peaks [38]. Compared with PAN/PANI–Sb2S3, PAN/PANI–Sb2S3–ZnO had new peaks
at 11 eV, 89 eV, 139 eV, and 1022 eV, which were attributed to the Zn 3d, Zn 3p, Zn 3s,
and Zn 2p, respectively [39]. The dispersion of ZnO on the surface of the fiber membrane
was proved.

 
Figure 3. XPS full spectra of composite membranes.

Figure 4a shows the high-resolution XPS spectra of the C 1s of PAN/PANI–Sb2S3–ZnO.
The peaks at 284.8 eV, 286.6 eV, and 288.6 eV corresponded to the C–H/C–C, C–N and
C=N [40]. The N 1s spectra was shown in Figure 4b. The peaks at 399.5 eV and 401.7 eV
represented the –NH and –N+ = structure [36]. The high-resolution spectra of O 1 s is
shown in Figure 4c, where the peak at 530.4 eV was attributed to oxygen ions in the Zn–O
bond and the peak at 532.3 eV was attributed to the presence of a C=O bond. Figure 4d
illustrates the spectra of Sb 2p. The peaks at 539.7 eV and 531.1 eV corresponded to Sb3+ 3d
3/2 and Sb3+ 3d 5/2, respectively [41]. Figure 4e shows the high-resolution spectra of S 2p.
The peaks at 163.1 and 162.1 eV were attributed to S 2p 1/2 and S 2p 3/2, respectively [41].
The high-resolution spectra of Zn 2p are shown in Figure 4f, where the peaks at 1045.1 eV
and 1021.9 eV corresponded to Zn 2p 1/2 and Zn 2p 3/2, respectively [42].
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Figure 4. XPS high-resolution spectra of (a) C 1s, (b) N 1s, (c) O 1s, (d) Sb 2p, (e) S 2p, (f) Zn 2p of
PAN/PANI–Sb2S3–ZnO.

2.2. The Morphologies of the Composite Membrane

Figure 5a shows an SEM image of the PAN/PANI. It could be seen that PAN/PANI
fibers had a relatively uniform diameter distribution. In Figure 5b, PAN/PANI–Sb2S3 fibers
were continuous and uniform, and the spheroidal Sb2S3 was dispersed on the fiber surface.
Compared with PAN/PANI–Sb2S3, ZnO nanoparticles with a smaller diameter were evenly
distributed along the fibers PAN/PANI–Sb2S3–ZnO (Figure 5c).

Figure 5. SEM images of (a) PAN/PANI, (b) PAN/PANI–Sb2S3, and (c) PAN/PANI–Sb2S3–ZnO.

A TEM image of the PAN/PANI–Sb2S3–ZnO composite membrane is depicted in
Figure 6a. It could be seen that both Sb2S3 and ZnO had good interfacial contact with fibers.
Figure 6b–g showed the EDS images of PAN/PANI–Sb2S3–ZnO. The distributions of the
C, N, and O elements were uniformly dispersed. The distributions of the S, Sb, and Zn
elements were consistent with the distributions of Sb2S3 and ZnO in the TEM image, which
further proved the heterogeneous structures of composite photocatalysts.
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Figure 6. TEM (a) and EDS (b–g) images of the PAN/PANI–Sb2S3–ZnO membrane.

2.3. The Optical and Electrochemical Properties of Composite Membranes

The UV-vis DRS was used to analyze the optical properties of PAN/PANI, PAN/PANI–
Sb2S3, and PAN/PANI–Sb2S3–ZnO (shown in Figure 7). It could be observed that all the
samples showed a strong absorption capacity in the wavelength range of 400–700 nm. This
was mainly due to the π-conjugated structures in the PANI molecular chain, which could
provide a wide spectrum absorption range and high absorption coefficient [43–45]. It was
worth noting that the light absorption intensity of the photocatalyst decreased with the
addition of Sb2S3 and ZnO.

 
Figure 7. UV-vis DRS spectra of PAN/PANI, PAN/PANI–Sb2S3 and PA; N/PANI–Sb2S3–ZnO.

The carrier separation efficiencies of PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–
Sb2S3–ZnO were analyzed using PL spectroscopy, as shown in Figure 8a. It was observed
that PAN/PANI exhibited a strong fluorescence peak, indicating that PAN/PANI had a
high e−h+ recombination rate under light. The fluorescence peak of PAN/PANI–Sb2S3
was lower than that of PAN/PANI, indicating that the recombination of photogenerated
carriers was inhibited after the addition of Sb2S3. The main reason for this was that PANI
and Sb2S3 formed an effective heterojunction structure, which promoted carrier migration.
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PAN/PANI–Sb2S3–ZnO exhibited the weakest fluorescence peak, which indicated that the
addition of ZnO further inhibited the recombination of carriers and promoted the separation
of e− and h+. Time-resolved photoluminescence spectra (TRPS) were used to investigate
carrier lifetime. τ1 and τ2 represented the lifetimes of radioactive and nonradioactive
charges. As shown in Figure 8b, the average lifetimes (τ) of PAN/PANI, PAN/PANI–Sb2S3,
and PAN/PANI– Sb2S3–ZnO were 4.91, 5.02, and 5.45 ns, respectively. The average carrier
lifetime of PAN/PANI–Sb2S3–ZnO was longer than that of PAN/PANI and PAN/PANI–
Sb2S3, which proved that PAN/PANI–Sb2S3–ZnO had the highest separation efficiency for
photogenerated charge carriers.

Figure 8. (a) PL spectra of PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–ZnO; and (b) TRPS
of PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–ZnO.

2.4. Evaluation of Removal Performance of Organic Dyes

Figure 9 shows the kinetic curves for RhB with the PAN/PANI, PAN/PANI–Sb2S3,
and PAN/PANI–Sb2S3–ZnO under simulated sunlight irradiation. Under 40 min simulated
sunlight irradiation, the degradation efficiency of RhB dye with PAN/PANI was only
37.39%, indicating that PANI with a conjugated structure had the lowest photocatalytic
degradation efficiency. After adding Sb2S3, the photocatalytic degradation efficiency of
PAN/PANI–Sb2S3 increased to 85.41%. The remarkable improvement of photocatalytic
performance might be because of the promoted carrier separation efficiency of the het-
erojunction structure in PAN/PANI–Sb2S3. The degradation efficiency of RhB dye with
PAN/PANI–Sb2S3–ZnO further improved to 99.2%. The corresponding kinetic parameters
are shown in Table S1. The determination coefficient values (R2) proved that the photocat-
alytic reaction process of the composites was consistent with the pseudo-first order kinetic
model [46,47]. The kapp values for PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–
ZnO were 0.0323, 0.0429 and 0.0598 min−1, respectively. The PAN/PANI–Sb2S3–ZnO
had a maximum kapp value and the lowest t1/2, which clarified the fastest photocatalytic
degradation rate. Considering that the self-degradation of organic dyes, amoxicillin was
selected as the target pollutant to further explore the photocatalytic degradation ability of
PAN/PANI–Sb2S3–ZnO (see Figure S1). Under simulated sunlight irradiation for 40 min,
the degradation efficiency of amoxicillin using PAN/PANI was only 38.12%. After adding
Sb2S3, the photocatalytic degradation efficiency increased to 86.45%. The highest degra-
dation efficiency of amoxicillin was obtained using PAN/PANI–Sb2S3–ZnO, with 94.13%
degraded. The results showed that PAN/PANI–Sb2S3–ZnO had the best photodegradation
ability for the pollutants.
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Figure 9. Kinetic curves from pseudo-first order kinetic model fitted to the experimental data of RhB
photodegradation reaction using PAN/PANI, PAN/PANI–Sb2S3, and PAN/PANI–Sb2S3–ZnO.

Figure 10a shows the effect of pH on the degradation of RhB, MB, MO, and CR
using PAN/PANI–Sb2S3–ZnO. With an increase in the pH value, the removal efficiency
of RhB and MB improved and the removal efficiency of MO and CR decreased. The
maximum removal efficiencies of 99.81% and 96.42% were achieved for RhB and MB at
pH = 10.0, and the maximum removal efficiencies of 86.77% and 80.54% were achieved
for MO and CR at pH = 2.0. As presented in Figure 10b, the isoelectric point of the
PAN/PANI–Sb2S3–ZnO membrane was at pH = 5.0 (pHpzc = 5.0). When pH < pHpzc,
PAN/PANI–Sb2S3–ZnO was positively charged. The removal efficiencies of anionic dyes
were relatively high because of the electrostatic attraction between PAN/PANI–Sb2S3–ZnO
and anionic dye. When pH > pHpzc, PAN/PANI–Sb2S3–ZnO was negatively charged.
The removal efficiencies of cationic dyes were relatively high because of the electrostatic
attraction between PAN/PANI–Sb2S3–ZnO and cationic dye.

Figure 10. (a) Photocatalytic degradation efficiency of PAN/PANI–Sb2S3–ZnO photocatalyst for RhB,
MB, CR and MO at different pH values and (b) dependence of the Zeta potential of the PAN/PANI–
Sb2S3–ZnO membrane surface on pH.

Figure 11 shows the kinetic curves for RhB, MB, CR, and MO using PAN/PANI–
Sb2S3–ZnO. Under 40 min simulated sunlight irradiation, the degradation efficiencies of
PAN/PANI–Sb2S3–ZnO for RhB, MB, CR, and MO were 99.8%, 96.42%, 86.77%, and 78.54%.
Obviously, the degradation efficiencies of PAN/PANI–Sb2S3–ZnO for cationic dyes (RhB
and MB) were higher than those of anionic dyes (CR and MO). This was because the pH
values of the four organic dye solutions were all greater than the pHpzc of PAN/PANI–
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Sb2S3–ZnO, so the membrane was electronegative in the dye solutions. Under the effect of
electrostatic attraction, the negatively charged PAN/PANI–Sb2S3–ZnO was more favorable
to fully contact with cationic dyes, which was conducive to the photocatalytic degradation
process. The corresponding kinetic parameters are shown in Table S2. The kapp values of
cationic RhB and MB were higher than those of anionic CR and MO, which further proved
that PAN/PANI–Sb2S3–ZnO had a higher photocatalytic degradation rate for cationic dyes.
PAN/PANI–Sb2S3–ZnO exhibited a higher photodegradation rate for RhB and MB than
other reported heterostructure photocatalysts, as depicted in Table S3.

 
Figure 11. Kinetic curves from pseudo-first order kinetic model fitted to the experimental data of RhB,
MB, CR, and MO photodegradation reaction under photocatalytic degradation using PAN/PANI–
Sb2S3–ZnO. [Reaction conditions: initial concentration = 12 mg/L, photocatalyst = 0.2 g, pH value for
MO and CR solutions = 2, pH value for RhB and MB solutions = 10, t = 40 min, simulated sunlight
irradiation].

The Langmuir–Hinshelwood (L–H) model (presented in Supplementary Materials)
was used to study the photodegradation kinetics of different initial concentrations of RhB
using PAN/PANI–Sb2S3–ZnO. The validated linear relation for curves of ln(C0/Ct) versus
t are shown in Figure S1. The kinetic parameters of photocatalytic degradation are shown
in Table S4, and the correlation coefficients (R2) were all greater than 0.98. It could be seen
that the kapp values decreased with the increasing initial concentration, which was possibly
due to the difficulty of penetration of light irradiations into a large concentration gradient.
When the initial concentration was 12 mg/L, the kapp values were the greatest.

The UV-vis absorbance changes of RhB, MB, CR, and MO dye solutions at different
photocatalytic times are illustrated in Figure 12. The maximum UV-vis absorbances for
RhB, MB, MO, and CR at 554 nm, 664 nm, 497 nm, and 460 nm were 2.2505, 1.9876, 2.9085,
and 1.8492, respectively. With the increase of irradiation time, the UV-vis absorption peaks
of the four organic dyes decreased. After 40 min simulated sunlight irradiation, the UV-
vis absorbance of RhB, MB, CR, and MO decreased to 0.0426, 0.0592, 0.1975, and 0.3584,
respectively, which proved that the organic dyes had been effectively degraded.
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Figure 12. UV-vis absorbances of (a) RhB, (b) MB, (c) CR, and (d) MO with the variation in the
irradiation time [Reaction conditions: initial concentration = 12 mg/L, photocatalyst = 0.2 g, solution
pH of MO and CR: 2, solution pH of RhB and MB: 10, t = 40 min, simulated sunlight irradiation].

Figure 13 depicts the LC-MS analysis of RhB intermediates after photodegradation for
5 min, 10 min, 15 min, and 20 min. The m/z value determined the molecular weight of the
intermediate product after photocatalytic degradation. It could be seen that after 5–20 min
of photocatalytic degradation, the main peak of the m/z value of RhB dye decreased from
355.11 to 128.95. The RhB intermediates (m/z > 240) of larger molecular weight had been
completely degraded into small molecules after 20 min of photocatalysis, which proved
the occurrence of a photocatalytic redox reaction. It was concluded that the photocat-
alytic degradation process mainly involved the de-ethylation of RhB, the cracking and
mineralization of chromophore [48].
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Figure 13. LC/MS spectra of RhB degradation with PAN/PANI–Sb2S3–ZnO after (a) 5 min, (b) 10 min,
(c) 15 min, and (d) 20 min illumination.

2.5. The Photocatalytic Mechanism of PAN/PANI−Sb2S3−ZnO Membrane

The main active species produced by the PAN/PANI–Sb2S3–ZnO membrane during
photocatalysis were investigated using free radical capture experiments, as shown in
Figure 14a. •O2

−, •OH, h+, and e− were quenched by adding BQ, t-BuOH, OA, and
AgNO3, respectively [49–51]. It was observed that the photocatalytic degradation efficiency
decreased after the addition of trapping agents. The dye removal efficiencies decreased
to 45.64% and 52.9% after adding t-BuOH and BQ, which indicated that •OH and •O2

−
were the main reactive species in the photocatalytic process. After adding OA and AgNO3,
the photocatalytic degradation effects were reduced to 76.03% and 87.64%, respectively,
indicating that h+ and e− played a supporting role in the photocatalytic reaction.

Figure 14. Degradation efficiency of PAN/PANI–Sb2S3–ZnO for RhB in the presence of (a) dif-
ferent scavengers and (b) different anions [Reaction conditions: initial concentration = 12 mg/L,
photocatalyst = 0.2 g, pH value for RhB solutions = 10, t = 40 min, simulated sunlight irradiation].
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The aqueous environment contained a variety of anions that had unpredictable effects
on the photocatalytic activity. Thus, the influences of coexisting ions (NaCl (Cl−), NaNO3
(NO3

−), Na3PO4 (H2PO4
−), Na2SO4 (SO4

2−), and NaHCO3 (HCO3
−)), with a concentra-

tion of 30 mM in the PAN/PANI–Sb2S3–ZnO photocatalytic system, were evaluated. The
dye degradation was slightly affected by Na+ because of its inert nature [52]. As shown in
Figure 14b, after the addition of Cl− and NO3

−, the degradation efficiency of RhB did not
decrease significantly. When SO4

2−, H2PO4
−, and HCO3

− were added, the degradation
efficiencies for RhB dye decreased to 78.1%, 72.6%, and 68.2%, respectively. According
to the free radical trapping experiments, •OH and h+ were active species in the photo-
catalytic reaction process. •OH or h+ were consumed by SO4

2−, H2PO4
−, and HCO3

−,
and produced •SO4

−, •H2PO4, and •CO3
−, as shown in Equations (1)–(5). Although the

generated •SO4
−, •H2PO4, and •CO3

− as active species could degrade organic dyes, their
redox performance was lower than that of •OH and h+ [53].

SO4
2− + h+ → •SO4

− (1)

SO4
2− + •OH → •SO4

− + OH− (2)

HCO3
− + •OH → •CO3

− + H2O (3)

H2PO4
− + h+ → •H2PO4 (4)

H2PO4
− + •OH → •H2PO4 + OH− (5)

To better understand the heterojunction structure, Tauc plots and Mott–Schottky
tests were conducted, as shown in Figure 15. The band gap energy was calculated using
Equation (6):

(αhv) = C
(
hv − Eg

)n (6)

where α is the light absorption coefficient, hν represents the incident photon energy, Eg is
the band gap energy, and C is the light speed. The calculated Eg for PANI, Sb2S3, and ZnO
was 2.80, 1.75, and 3.15 eV, respectively. The Mott–Schottky plots of PANI, Sb2S3, and ZnO
are shown in Figure 16d–f. The flat band potential values (Efb) of PANI, Sb2S3, and ZnO
acquired from the x-intercept in Mott–Schottky plots were approximately 0.43, −0.72, and
−0.47 (vs. Ag/AgCl reference). The normal hydrogen electrode potential (ENHE) could be
calculated with Equation (7):

ENHE = EAg/AgCl + 0.197 (7)

The highest occupied molecular orbital (HOMO) potential of PANI was equal to
its standard hydrogen electrode potential, while the conduction band (CB) potential of
Sb2S3 and ZnO was equal to the standard hydrogen electrode potential. Thus, the HOMO
potential of PANI was 0.63 eV, and the CB potential of Sb2S3 and ZnO was −0.52 eV and
−0.27 eV. According to Equation (8), the lowest unoccupied molecular orbital (LUMO)
potential of PANI was −2.17 eV, and the valence band (VB) potential of Sb2S3 and ZnO was
1.23 eV and 2.88 eV, respectively.

EVB/HOMO = ECB/LUMO + Eg (8)

Based on the above discussion, two possible photocatalytic mechanisms were pro-
posed. It was assumed that the composite photocatalyst conformed to the e−h+ migration
mechanism of the traditional type II heterojunction, as shown in Figure 16a. Under sim-
ulated sunlight irradiation, the electrons in PANI, Sb2S3, and ZnO absorbed light energy
and produced photogenerated e−–h+. The e− in the CB of PANI and Sb2S3 would migrate
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to the CB of ZnO, while h+ in the VB of Sb2S3 and ZnO would migrate to the VB of PANI;
thus, the separation efficiency of e−–h+ was promoted. However, the electrons and holes
accumulated in the CB of ZnO and VB of PANI both reduced the generation of reactive
oxygen species (•O2

− and •OH). At the same time, the CB position (−0.27 eV) was lower
than the standard redox potential of O2/•O2

− (−0.33 eV), so the electrons accumulated
in the CB of ZnO could not reduce O2 to form •O2

−. Moreover, the addition of TEMPOL
(•O2

− scavenger) did not affect the degradation rate of RhB with pure ZnO (Figure S2),
which further indicated that •O2

− did not play a role in the degradation of RhB by ZnO.
5,5-dimethyl-1-pyrrolineN-oxide (DMPO) was used as the spin trap to detect the •O2

−
produced under light using electron spin resonance (ESR), which further verified that
ZnO could not generate •O2

−. As shown in Figure S3, the signal of DMPO-•O2
− was not

observed in the systems with the photocatalysts of ZnO with light illumination, suggesting
that no •O2

− radicals were generated. In addition, the HOMO of PANI (0.63 eV) was
lower than the standard redox potential of H2O/•OH (2.7 eV) and OH−/•OH (1.99 eV), so
h+ in PANI could not react with H2O or OH− to form •OH. Therefore, according to the
traditional type II heterojunction mechanism, e− and h+ were the main photocatalytic active
species, which was inconsistent with the results of the free radical trapping experiments.

Figure 15. Tauc plots of (a) PANI, (b) Sb2S3, and (c) ZnO. Mott–Schottky plots of (d) PANI, (e) Sb2S3,
and (f) ZnO.

 

Figure 16. Schematic diagram of the organic dye removal mechanism. (a) traditional type-II hetero-
junction and (b) Z-scheme heterojunction charge transfer pathway.
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Figure 16b shows the dual Z-type heterojunction mechanism of the composite pho-
tocatalyst. The e− of Sb2S3 and ZnO would migrate to the VB of PANI and recombine
with the h+ in PANI; thus, h+ in the VB of Sb2S3/ZnO and e− in the CB of PANI could be
preserved. The LUMO position of PANI was higher than the standard redox potential of
O2/•O2

− (–0.33 eV), and e− in the LUMO of PANI could react with O2 to form •O2
−. The

VB position of ZnO (2.88 eV) was higher than the standard redox potential of H2O/•OH
(2.7 eV) and OH−/•OH (1.99 eV), so h+ in the VB of ZnO could react with H2O or OH− to
produce •OH. •OH and •O2

− were the main photocatalytic reactive species in the assumed
dual Z-type heterojunction mechanism, which in agreement with the conclusion of the free
radical trapping experiment.

2.6. Reusability and Stability of PAN/PANI–Sb2S3–ZnO

The degradation efficiency after recycling the photodegradation experiments five
times is shown in Figure 17a. It could be seen that the degradation efficiency for RhB
dye was only slightly reduced, indicating that the photocatalyst had great reusability.
Figure 18b shows the FTIR of the PAN/PANI–Sb2S3–ZnO membrane before and after
recycling the photodegradation experiments five times. It was observed that the FTIR peak
had not significantly changed before and after the degradation reaction, indicating that
PAN/PANI–Sb2S3–ZnO had good stability.

Figure 17. (a) Cyclic degradation efficiency of RhB and (b) FTIR before and after degradation of
PAN/PANI–Sb2S3–ZnO composite film.

Figure 18. Schematic illustration of the preparation of composite membranes.

68



Catalysts 2023, 13, 1391

3. Experimental

3.1. Materials

Aniline (ANI), ammonium persulfate ((NH4)2S2O8), ZnO, Rhodamine B (RhB) (99%),
methylene blue (MB) (99%), Congo red (CR) (99%), methyl orange (MO) (99%), SbCl3, and
Na2S•9H2O were all purchased from Aladdin Industrial Corporation, Shanghai, China.
Sodium hydroxide (NaOH), hydrochloric acid (HCl, 36~38%), N, N-dimethylformamide
(DMF), polyacrylonitrile (PAN, Mw = 150,000 g/mol), and ethyl alcohol were obtained
from Beijing Chemical Works. Benzoquinone (BQ), oxalic acid (OA), and tert-Butanol
(t-BuOH) were ordered from Sinopharm Chemical Reagent Co. LTD (Shanghai, China).
Deionized (DI) water was obtained from the laboratory. All of these chemicals were of
analytical grade and utilized without further purification.

3.2. The Preparation of Composite Membranes
3.2.1. The Preparation of PANI

First, 4 mmol ANI was added drop by drop into 200 mL 1 M HCl solution and stirred
for 1 h as solution A. Then, 4 mmol (NH4)2S2O8 was dissolved in 200 mL 1 M HCl and
stirred for 1 h as solution B. Solution B was slowly added to solution A and stirred at 0 ◦C
in ice bath for 12 h. Finally, the prepared PANI was washed with anhydrous ethanol and
deionized water, and dried in oven at 60 ◦C.

3.2.2. The Preparation of Sb2S3

A total of 1.52 g SbCl3 was dissolved in 50 mL solution of 4 M HCl and 2.4 g Na2S was
dissolved in 100 mL solution of 2 M NaOH. After stirring at room temperature for 30 min,
SbCl3/HCl solution was slowly added into Na2S/NaOH solution, and stirring continued
for 1 h. Then, the suspension was heated at 100 ◦C in a 200 mL Teflon-lined autoclave for
12 h. At room temperature, the obtained Sb2S3 was separated using filtration, washed with
deionized water, and dried at 60 ◦C for 6 h.

3.2.3. The Preparation of PAN/PANI-Sb2S3 Fiber Membrane

PAN was selected to improve spinnability of PANI in this experiment. A total of 1 g
PAN and 0.2 g PANI were dissolved in 10 mL DMF and stirred at room temperature for
12 h to obtain PAN/PANI electrospinning precursor solution. Then, 2% w/v Sb2S3 was
added into PAN/PANI solution. The PAN/PANI-Sb2S3 precursor solution was obtained
through stirring for 12 h. Before electrospinning, the precursor solution was ultrasonically
treated for 1 h.

A 5 mL plastic syringe with an inner diameter of 0.6 mm was used as the spinneret
and 10 cm × 10 cm aluminum foil was used as the receiver in the electrospinning process.
Electrospinning was performed at a voltage of 16 kV, the distance between the syringe tip
and the receiver was 15 cm, and the feeding rate was set to 1 mL/h. During the experiment,
the ambient temperature was 20 ± 2 ◦C and the relative humidity was 10–20%.

3.2.4. The Preparation of PAN/PANI–Sb2S3–ZnO Membrane

To obtain the well-dispersed ZnO in PAN/PANI-Sb2S3, the surface ultrasonic method
was used to prepare the PAN/PANI–Sb2S3–ZnO membrane. The PAN/PANI-Sb2S3 fiber
membrane was immersed in the ZnO suspension (0.5% w/v) and ultrasound treatment for
1 h. The preparation process is shown in Figure 1.

3.3. Characterizations

The membranes’ morphologies were observed using FE-SEM (JSM-6700 F, JEOL, Shi-
madzu Corporation, Kyoto, Japan). TEM (JEM-2100 F, JEOL, Kyoto Japan) was used to
detected the internal structures and elements distribution of the membranes. The compo-
nent structures of membranes were characterized using Fourier transform infrared spec-
troscopy (FTIR-4100, JASCO, Kyoto, Japan) in the wave number range of 400–4000 cm−1.
The crystal structure was analyzed using a Siemens D5000 X-ray diffractometer (XRD) using
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copper target Kα ray, 40 mA current, 40 kV voltage, and 4◦ min−1 scan speed (Shanghai
Metash Instrument Co. Ltd., Shanghai, China). The surface chemical components of the
membranes were examined using an X-ray photoelectron spectroscope (XPS, ESCALab220i-
XL VG Science, Walser M, MA, USA). The absorption performance for dye solutions of
the samples was evaluated using UV-vis spectroscopy (UV-6100S, MAPADA, Shanghai
Metash Instrument Co. Ltd., Shanghai, China). The electron spin resonance (ESR) spectra
data were obtained using a Bruker EPR A 300-10/12 spectrometer for tracing the active
species. The pH values of dyes were adjusted in the range of 2.0–8.0 using HCl or NaOH.
Pen-type pH meter (pH8180-0-00, Hong Kong Xima Instrument Technology Co. Ltd.,
Shanghai, China) was used to measure the pH value of dye solutions. The surface zeta
potential of the membranes was determined using zeta potential analyzer (NanoZS90,
London, UK). UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was obtained on a
Cary 500 spectrometer. The electrochemical properties of the membranes were investigated
using electrochemical workstations (CHI660D, Beijing Merry Change Technology Co. Ltd.,
Beijing, China). The composite membranes, Pt nod, and Ag/AgCl electrode were used
as the working, counter, and reference electrodes, respectively. The photoluminescence
(PL) spectra and time-resolved photoluminescence spectra (TRPS) were measured with an
Edinburgh FLS 980 apparatus at an excitation wavelength of 253 nm (Shimadzu, Kyoto,
Japan). A xenon lamp source (PLS-SXE300+/300UV) with a spectral range of 320–780 nm
was used to simulate sunlight (Beijing Merry Change Technology Co. Ltd., Beijing, China).
Chromatographic separation of the aliquots was performed using an Agilent 1290 infin-
ity LC (Agilent Technologies, Bellevue, WA, USA), an Agilent Eclipse Plus C18 column
(2.1 mm × 50 mm, 1.8 μm), and a mobile phase composed of 0.1% FA in water (A) and
0.1% FA in ACN (B). The flow rate was 0.3 mL/min, and the injection volume was 1 μL,
which was injected into the column using a thermostated HiP-ALS autosampler. For
profiling and identification of by-products formed during the photocatalytic process, the
separated peaks were analyzed using an Agilent 6550 QTOF (Agilent Technologies, Beijing,
China) providing high-resolution mass measurement.

3.4. Photocatalytic Degradation of Dyes

A total of 12 mg of dyes (RhB, MB, CR, MO) was dissolved in 1 L of distilled water to
obtain 12 mg/L dye concentration. The prepared fiber membrane (0.2 g) was immersed
in 60 mL organic dye solution (12 mg L−1) under dark condition for 30 min. Then, the
entire experimental setup was irradiated under visible light source for 60 min, and the light
intensity was approximately 20 mW (cm2)−1. The pH of dyes was adjusted using HCl or
NaOH. A UV-vis spectrophotometer was used to measure the concentrations of organic
dye solutions before and after degradation. The removal rate (R%) was calculated using
the following Equation (9):

R(%) =
C0 − Ct

C0
× 100% (9)

where C0 (mg L−1) and Ct (mg L−1) represent the initial and equilibrium concentration of
organic dyes, respectively.

3.5. Kinetic Model Analysis

The nonlinear kinetic model of pseudo-first order (Equation (10)) was fitted to experi-
mental data.

C0

C
= e−kappt (10)

where C0 is the dyes’ initial concentration, C is the dyes’ concentration at the time t (min),
and kapp is the apparent first-order rate constant. From kapp the half-life time (t1/2) was
obtained using Equation (11), as follows:

t1/2 =
ln2
kapp

(11)
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4. Conclusions

In this work, the novel dual Z-scheme organic/inorganic PAN/PANI–Sb2S3–ZnO
photocatalyst was designed using electrospinning and surface ultrasound. PAN/PANI–
Sb2S3–ZnO exhibited a wide spectral absorption range from ultraviolet to visible light.
Under 40 min irradiation, the PAN/PANI–Sb2S3–ZnO membrane almost achieved complete
degradation for RhB, MB, MO, and CR dyes. The photocatalytic mechanism showed that
PANI, Sb2S3, and ZnO formed a dual Z-type heterostructure, which not only achieved
efficient carrier separation, but also retained photogenerated e− and h+ with strong redox
capacity. It was also verified that •OH and •O2

– were the main active species during the
photocatalytic reaction. In addition, the PAN/PANI–Sb2S3–ZnO composite membrane also
had high stability and reusability. This work provided a research strategy for constructing
novel dual organic/inorganic photocatalysts with designable heterojunction structures.
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gram of RhB with different initial concentrations by PAN/PANI-Sb2S3-ZnO, Figure S2: The degra-
dation of RhB by ZnO with or without TEMPOL. [Experimental conditions: Initial concentra-
tion = 12 mg/L, photocatalyst = 0.2 g, TEMPOL concentration = 10 Mm, pH value for RhB so-
lutions = 10, t = 40 min, UV light irradiation, Figure S3: ESR spectra of radical adducts trapped
by DMPO in ZnO for superoxide radical, Table S1: The pseudo-first order kinetic model kinetic
parameters of RhB photocatalytic experiments, Table S2: The pseudo-first order kinetic model ki-
netic parameters of RhB, MB, CR and MO photocatalytic experiments by PAN/PANI-Sb2S3-ZnO,
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Abstract: Hydrogen peroxide (H2O2) is a clean and mild oxidant that is receiving increasing attention.
The photocatalytic H2O2 production process utilizes solar energy as an energy source and H2O and
O2 as material sources, making it a safe and sustainable process. However, the high recombina-
tion rate of photogenerated carriers and the low utilization of visible light limit the photocatalytic
production of H2O2. S-scheme heterojunctions can significantly reduce the recombination rate of
photogenerated electron–hole pairs and retain a high reduction and oxidation capacity due to the
presence of an internal electric field. Therefore, it is necessary to develop S-scheme heterojunction
photocatalysts with simple preparation methods and high performance. After a brief introduction of
the basic principles and advantages of photocatalytic H2O2 production and S-scheme heterojunctions,
this review focuses on the design and application of S-scheme heterojunction photocatalysts in photo-
catalytic H2O2 production. This paper concludes with a challenge and prospect of the application of
S-scheme heterojunction photocatalysts in photocatalytic H2O2 production.

Keywords: semiconductors; hydrogen peroxide; S-scheme heterojunction; photocatalysis

1. Introduction

Since its first synthesis in 1818 by Thenard [1], hydrogen peroxide (H2O2) has been
considered a promising liquid fuel and a green oxidizer for a wide range of energy, envi-
ronmental and chemical synthesis applications [2–4]. Currently, the anthraquinone (AQ)
method dominates H2O2 production, accounting for about 95% of global H2O2 output [3,5].
Despite the maturity of AQ oxidation technology, it suffers from drawbacks such as high
energy consumption, dangerous operation and pollution to the environment. In addition,
direct synthesis of H2O2 using H2 and O2 can mitigate environmental concerns [6]. How-
ever, this method is cost-prohibitive, lacks selectivity for H2O2 and is prone to explosion [7].
Thus, there is a pressing need to discover an environmentally friendly and efficient H2O2
production method.

Solar energy is a clean and sustainable source of energy. Since Fujishima and Honda
discovered the photo-assisted oxidation of water on TiO2 electrodes in 1972 [8], semicon-
ductor photocatalysis has been applied in several research fields [9–11]. Photocatalytic
H2O2 production is a safe and green process using renewable solar energy as an energy
source and resource-rich H2O and O2 as raw materials. In the long run, photocatalytic
H2O2 production has great potential in environmental pollution treatment [12]. As shown
in Figure 1, a great number of relevant studies have emerged in the field of photocatalytic
H2O2 production in recent years [2,5,13–21]. However, the low visible light utilization
and low solar energy conversion efficiency seriously hinder its commercial feasibility. So
far, researchers have adopted various modification methods to enhance the efficiency of
photocatalytic H2O2 production, such as doping [22,23], vacancy engineering [24], surface
engineering [25], nanoparticle deposition [26] and heterojunction construction [17,27,28],
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as well as combinations of two or more of these methods [29]. Thus, there is a pressing
need to discover an environmentally friendly and efficient H2O2 production method.

Figure 1. Representative photocatalysts for photocatalytic production of H2O2 in the last
decade [2,5,13–21].

Mechanisms such as type-II, Z-scheme and S-scheme mechanisms are the most com-
mon in the literature used to describe the charge transfer in heterojunction structures.
Although type-II heterojunctions can improve the separation efficiency of photogenerated
carriers, they also sacrifice the charge of the strong redox potential, resulting in reduced
redox capacity. Z-scheme photocatalysts, initially proposed by Bard in 1979, have found
application in photocatalytic H2O2 production due to their effective charge separation
and robust redox capabilities [30]. For instance, Cheng et al. [31] synthesized Z-scheme
Ag/ZnFe2O4–Ag–Ag3PO4 composites for photocatalytic H2O2 production, which was
generated by a continuous two-step one-electron oxygen reduction. Nevertheless, there
is still some confusion about the mechanism of Z-scheme heterojunctions. Addressing
the limitations inherent in type-II and Z-scheme mechanisms, Yu’s team introduced the
concept of S-scheme heterojunctions in 2019 [32]. The S-scheme heterojunction is composed
of a reduction semiconductor and an oxidation semiconductor, which can be a p-type
or n-type semiconductor. Efficient photogenerated carrier migration is achieved by the
built-in electric field (IEF) at the interface of the different semiconductors, thus maintain-
ing a high redox capacity [33,34]. In the past few years, S-scheme heterojunctions have
attracted unprecedented attention because of their excellent photocatalytic activity. They
are widely utilized in the fields of photocatalytic CO2 reduction [35–39], photocatalytic H2
production [40–44], photocatalytic H2O2 production [45] and other applications [46–49].

In this comprehensive review, we have undertaken a multi-faceted exploration of pho-
tocatalytic H2O2 production and the pivotal role played by S-scheme heterojunctions. Our
journey commenced with an elucidation of the fundamental mechanism governing photo-
catalytic H2O2 production, followed by an in-depth analysis of the latest advancements
in S-scheme heterojunctions employed within this context. Notably, recent years have
witnessed remarkable progress in S-scheme heterojunction research, a modification strategy
that holds immense potential for elevating photocatalyst activity and, consequently, the
yield of photocatalytic H2O2 production. Our objective is to provide an in-depth reference
on the H2O2 production system of S-scheme heterojunctions to stimulate new inspirations
and promote the industrialization of photocatalytic H2O2 production.
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2. Mechanism of Photocatalytic H2O2 Production Reaction

In general, the process of photocatalytic H2O2 production consists of three main steps
(Figure 2). In the first step, when the absorbed photon energy of the semiconductor is
greater than its band gap (Eg), electrons are excited and jump from the valence band (VB)
to the conduction band (CB), while the hole remains in the VB, resulting in photogenerated
electron–hole pairs. In the second step, the photogenerated electrons and holes separate and
migrate, accompanied by the recombination of photogenerated electrons and holes, only a
few of which can migrate to the surface of photocatalyst. In the last step, the electrons and
holes migrating to the surface of the photocatalyst are involved in oxidation and reduction
reactions, respectively. There are two main pathways for the synthesis of H2O2: oxygen
reduction reaction (ORR) and water oxidation reaction (WOR).

Figure 2. Schematic diagram of photocatalytic H2O2 production process.

The reaction potentials of photocatalytic H2O2 production are shown in Figure 2. Cur-
rently, ORR can be divided into two-step single-electron reduction (O2 → ·O−

2 → H2O2 )
and direct one-step double-electron reduction (O2 → H2O2 ) routes, where the protons are
mainly derived from the decomposition of H2O. Since the potential of O2/·O−

2 (−0.33 V) is
much more negative than that of O2/H2O2 (0.68 V), it requires a more negative CB position
of the photocatalyst, which unavoidably increases the band gap of the photocatalyst. In
general, narrow-band-gap photocatalysts are more utilized to increase their light absorption
ability. Therefore, it is necessary to modify the ORR route to a one-step double-electron
reaction. However, the presence of the four-electron oxygen reduction reaction makes the
photocatalytic production of H2O2 less selective.

The WOR pathway is a way to synthesize H2O2 by using photogenerated holes (h+)
in the photocatalytic H2O2 production process. Similar to the ORR pathway, the WOR
pathway can also be divided into two-electron WOR (direct two-electron and indirect
two-electron) pathways and a four-electron WOR pathway. As shown in Figure 2, in the
direct two-electron WOR pathway, the h+ can directly oxidize H2O to H2O2 in a one-
step two-electron reaction. In addition, in the indirect two-electron reaction, the h+ can
first oxidize H2O to hydroxyl radicals (·OH) and then form H2O2 by coupling two ·OH.
Theoretically, the direct two-electron WOR pathway requires a 1.76 V positive valence band
(VB) potential of the photocatalyst, while the indirect two-electron WOR pathway requires
a 2.73 V positive VB potential. The direct two-electron WOR pathway is thermodynamically
more favorable but kinetically unfavorable compared to the indirect two-electron WOR
pathway. Similar to the ORR pathway, the WOR pathway also results in low selectivity of
H2O2 because of the competitive reaction of the four-electron WOR pathway.
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In general, photocatalysts can be designed in such a way that H2O2 can be produced
simultaneously by both two pathways. The dual-channel pathway integrating the ORR
and WOR pathways produces H2O2 via O2 and H2O without the addition of sacrificial
agents and achieves 100% atomic utilization. In addition, photocatalytic H2O2 production
is usually accompanied by the decomposition of H2O2. In order to improve the yield and
selectivity of H2O2 in photocatalytic process, it is essential to prepare photocatalysts with
suitable band gaps to provide high redox potential, high separation efficiency of photogen-
erated charges and excellent visible light absorption performance. To date, the performance
of photocatalytic H2O2 production has been improved by such modification methods as
elemental doping [19,50], morphology modulation [51], deposition of noble metals [52],
vacancy engineering [53,54] and construction of heterojunctions [55–57]. Among them,
the construction of heterojunctions shows excellent photocatalytic activities because it can
induce the maximum separation of photogenerated carriers. Considering this, in the next
section, we focus on S-scheme heterojunctions.

3. S-Scheme Heterojunctions

3.1. Mechanism of S-Scheme Heterojunctions

The separation efficiency of photogenerated carriers is an important factor for pho-
tocatalysts. In order to avoid the compounding of photogenerated carriers in a single
photocatalyst, two photocatalysts were combined to enhance the photocatalytic activities.
As shown in Figure 3a, in a type-II heterojunction, photogenerated carriers are generated
in each of the two semiconductors under the irradiation of light. The photogenerated elec-
trons and photogenerated holes migrate in opposite directions and aggregate on different
semiconductors, thus achieving spatial separation. Although the effective separation of
photogenerated carriers is achievable in type-II heterojunctions, this charge transfer re-
duces the redox ability of the photocatalyst. Moreover, kinetically, the presence of Coulomb
repulsion inhibits this charge transfer route.

Z-scheme heterojunctions mainly include traditional Z-scheme, all-solid-state Z-
scheme and direct Z-scheme heterojunctions (Figure 3b). Traditional Z-scheme and all-solid-
state Z-scheme heterojunctions need to be bonded by an electron acceptor and an electron
donor or a metal conductor. Thereby, electron–hole pairs with high redox capacity react
with shuttling redox ion pairs or, in all-solid-state Z-scheme heterojunctions, burst each
other due to greater thermodynamic driving forces [58]. Direct Z-scheme heterojunctions
are derived from traditional Z-scheme and all-solid-state Z-scheme heterojunctions [59].
In a direct Z-scheme heterojunction, when two semiconductors are in contact, due to the
Fermi-level difference between them, positive and negative charges collect in the interface
region near the two semiconductors, resulting in an internal electric field (IEF). Photogen-
erated electrons are transferred from the CB of one semiconductor to the VB of the other
semiconductor under the action of the IEF, as illustrated in Figure 3b. However, the term
“Z-scheme heterojunction” is associated with considerable confusion, theoretical imma-
turity and problems. In consideration of the above disadvantages, a new charge transfer
mechanism needs to be introduced to explain the charge transfer process in heterojunction
photocatalysts. Thus, in 2019, Fu et al. [32] presented an S-scheme heterojunction with a
similar structure to that of type-II heterojunctions which compensated for the shortcom-
ings of Z-scheme heterojunctions [60]. As shown in Figure 3c, a S-scheme heterojunction
is a coupling of an oxidizing photocatalyst (OP) and a reducing photocatalyst (RP) [61].
Like the structure of type-II heterojunctions, the OP and RP exhibit a similar interleaved
structure, but the charge transfer routes between them are different. The RP with a small
work function and high Fermi energy level and the OP with a large work function and
low Fermi energy level form an S-scheme heterojunction by interlocking patterns. When
the OP and RP are in close contact, the Fermi energy levels are bent in the interface region
until the Fermi energy levels of the two photocatalysts reach equilibrium [62]. A charge
accumulation layer and a charge depletion layer are formed at the interface. Energy band
bending occurs in the OP and RP, which induces the recombination of electrons on the CB
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in the OP and holes on the VB in the RP. As a result, the holes on the lower VB in the OP
and the electrons on the higher CB in the RP are retained, favoring strong oxidation and
reduction reactions, respectively [33,63]. In conclusion, by this mode formation, not only
can the separation of photogenerated carriers be achieved, but the strong oxidation and
reduction capabilities can also be obtained. The charge transfer path is macroscopically
“step-like”, so it is termed a step-scheme heterojunction.

Figure 3. Charge transfer processes in (a) type-II heterojunction, (b) Z-scheme heterojunction, (c) S-
scheme heterojunction: before contact; after contact; and under light irradiation.

3.2. Characterization of S-Scheme Heterojunctions

At the moment, the charge transfer pathway in S-scheme heterojunctions can be
demonstrated by the characterization of ex situ/in situ irradiated X-ray photoelectron
spectroscopy (ISIXPS), Kelvin probe force microscopy (KPFM) and electron paramagnetic
resonance spectroscopy (EPR) [62]. The increase or decrease in electron density can be
characterized by the shift in binding energy in the in situ XPS spectra under light conditions.
The decrease in binding energy represents the increase in electron density and the atom
gains electrons. Conversely, the increase in binding energy represents the decrease in
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electron density and the atom loses electrons [34,64]. Thus, it can be used to determine
the direction of charge transfer in heterojunction photocatalysts. For example, Yu et al.
synthesized hierarchical TiO2@ZnIn2S4 core–shell hollow spheres and determined the
electron transfer paths by XPS. As shown in Figure 4b,c, Ti 2p and O 1s of TiO2@ZnIn2S4
shifted to lower energy levels under dark conditions compared to TiO2, indicating an
increase in the electron density of TiO2. The binding energies of Zn 2p, In 3d and S 2p of
TiO2@ZnIn2S4 under dark conditions were shifted to higher energy levels compared to
those of ZnIn2S4 (Figure 4d–f). This indicates that electrons migrate from ZnIn2S4 to TiO2
when the two photocatalysts are in contact. When light is irradiated, the electron transfer
is reversed. That is, the photogenerated electrons migrate from TiO2 to ZnIn2S4. This
matches the charge transfer mechanism of the S-scheme heterojunction shown in Figure 4a.
In addition, space charge separation in heterojunctions can be revealed by photoirradiated
Kelvin probe force microscopy (KPFM) investigation. For example, Cheng et al. [65]
prepared a S-scheme heterojunction by growing CdS in situ on the surface of pyrene-alt-
triphenylamine conjugated polymer. Figure 5a shows an atomic force microscopy image
of the photocatalyst; it can be seen that there is a surface potential difference between the
two interfaces. Figure 5b,c shows the surface potential maps of the composites under dark
and light conditions. As shown in Figure 5d, the surface potential difference between the
PT (A) and CdS (B) is about 100 mV under dark conditions, which proves that an intrinsic
electric field is formed between them pointing from the A direction to the B direction. After
irradiation, the surface potential of A decreases while the surface potential of B increases.
This change in surface potential proves that CdS is an electron donor in the heterojunction
(Figure 5e). Furthermore, electron paramagnetic resonance (EPR) and DFT calculations
can also indirectly evidence the charge transfer process [66]. EPR can be used to detect the
type of radicals contained in the reaction system. Thus, to confirm that the charge transfer
path of the synthesized heterojunction follows the S-scheme heterojunction photocatalyst,
the presence of •OH and •O2 radicals in the reaction system can be detected by EPR. It is
known that the oxidation potential of OH/•OH and the reduction potential of O2/•O2
reach 2.73 V and –0.33 V.

Figure 4. (a) Charge transfer processes in an S-scheme heterojunction: after contact and under light
irradiation. High-resolution XPS spectra of (b) Ti 2p, (c) O 1s, (d) Zn 2p, (e) In 3d and (f) S 2p of
photocatalysts [36].
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Figure 5. (a) Atomic force microscopy image of photocatalyst. Corresponding surface potential
distribution of photocatalyst (b) in dark and (c) under light irradiation. (d) The line-scanning surface
potential from point A to B. (e) The schematic illustration of photoirradiation KPFM [65]. (point A:
PT; point B: CdS)

3.3. Synthesis Method

Presently, various methods to synthesize S-scheme heterojunctions exist, such as the
hydrothermal/solvothermal method [67–69], sol–gel electrostatic spinning method [70,71],
self-assembly method [32,72,73] and co-precipitation method [74,75]. For example, Li
et al. [76] synthesized a novel S-scheme TiO2/ZnIn2S4 heterojunction photocatalyst by the
hydrothermal method and evaluated its photocatalytic performance by photocatalytic H2
production. TiO2 nanofibers are dispersed in an aqueous ethanol solution containing Zn2+

and In3+, which are anchored to the surface of TiO2 nanofibers by Coulomb electrostatic
interactions, while an S source is added. TiO2/ZnIn2S4 heterojunctions are obtained
by hydrothermal method. It was found the S-scheme mechanism of photogenerated
charge transfer made TiO2/ZnIn2S4 exhibit the highest H2 production activity with a H2
production rate of 6.03 mmol·g−1·h−1.

4. H2O2 Production by S-Scheme Heterojunction Photocatalysts

H2O2 production by photocatalysis is a safe, sustainable and green process because it
requires only water and oxygen from the air as raw materials and sunlight as an energy
source [77–79]. In S-scheme heterojunctions, the Fermi energy level difference between
semiconductors induces the formation of an intrinsic electric field and energy band bending,
which promotes the effective migration and separation of photogenerated electrons and
holes. This advantage of S-scheme heterojunctions makes them promising for photocatalytic
H2O2 production. This review focuses on the application of S-scheme heterojunctions in
photocatalytic H2O2 production.

4.1. Photocatalytic H2O2 Production

As described in Section 2, the two main pathways for photocatalytic H2O2 production
are the ORR and WOR pathways. Photocatalytic reactions mainly include light absorption,
migration and separation of photogenerated charges and redox reactions on surfaces. The
most important prerequisite for photocatalytic H2O2 production is to satisfy the reaction
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potential of ORR and WOR pathways. Thus, the band gap position of the photocatalyst
is of critical importance in H2O2 production. S-scheme heterojunctions have significant
advantages in photocatalytic H2O2 production because of effective separation of photogen-
erated carriers and enhanced redox capacity. The oxygen reduction pathway is the most
popular photocatalytic H2O2 production pathway. For example, Jiang et al. [80] synthesized
S-scheme ZnO/WO3 heterojunction photocatalysts for photocatalytic H2O2 production by
hydrothermal and calcination methods. FESEM and TEM images show that ZnO/WO3
exhibits a hierarchical microsphere structure (Figure 6a,b). The prepared ZnO/WO3 het-
erojunctions showed superior photocatalytic activity compared to the single component.
When the volume of WO3 was 30%, ZW30 exhibited an H2O2 yield of 6788 μmol·L−1·h−1.
In addition, cyclic tests revealed good stability of ZW30, with a small decrease in H2O2
yield after four cycles. Figure 6c depicts the mechanism of ZnO/WO3 for photocatalytic
H2O2 production. The process is based on a direct 2e− ORR pathway, accompanied by
indirect 2e− ORR pathway. The characterization and experimental results demonstrate the
formation of a ZnO/WO3 S-scheme heterojunction with a structure capable of providing
more reducing electrons, thus enhancing the driving force of H2O2 production by ORR.
In another work, Lai et al. [81] developed a CdS/K2Ta2O6 S-scheme heterojunction by a
two-step hydrothermal method, which exhibits excellent photocatalytic H2O2 production
activity without using any sacrificial agent and additional O2. The SEM image shows that
the CdS/K2Ta2O6 composite exhibits a flower-like structure (Figure 7a). In situ irradiated
XPS, EPR and DFT calculations were used to propose the mechanism of an S-scheme
heterojunction for H2O2 production (Figure 7b). The simultaneous presence of WOR and
ORR pathways enables efficient utilization of the redox system. All the above studies
provide insights into the design of S-scheme heterojunction photocatalysts for efficient
photocatalytic H2O2 production. In recent years, there have been a number of S-scheme
heterojunctions applied in photocatalytic H2O2 production. Table 1 presents the studies of
S-scheme heterojunctions for photocatalytic H2O2 production.

Figure 6. (a,b) FESEM images of ZnO/WO3. (c) Photocatalytic H2O2 production mechanism of
ZnO/WO3 photocatalyst [80].
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Figure 7. (a) Representative SEM image of CdS/K2Ta2O6 photocatalyst. (b) Photocatalytic H2O2

production mechanism of CdS/K2Ta2O6 photocatalyst [81].

Table 1. Studies of S-scheme heterojunctions for photocatalytic H2O2 production.

Photocatalyst Morphology Light Source
Reaction
Solution Pathway

Concentration
of

Photocatalyst/g·L−1
H2O2 Yield Ref.

ZnO/WO3
Hierarchical

microsphere structure 300 W Xe lamp 50 mL of 10 vol%
ethanol

Direct 2e− ORR
and indirect 2e−
ORR pathways

1.0 6788 μmol·L−1·h−1 [80]

CdS/K2Ta2O6
Flower−like

structure
300 W Xe lamp
(λ > 420 nm)

Ultra−pure
water

2e− ORR and
WOR pathways 0.6

160.89 μmol·L−1·h−1;
346.31 μmol·L−1·h−1

with saturated O2

[81]

ZnO/g-C3N4
ZnO NPs dispersed

on the CN nanosheet
300 W Xe lamp
(λ > 350 nm)

50 mL of 10 vol%
ethanol ORR pathway 0.4 1544 μmol·L−1·h−1 [82]

TiO2/In2S3 Core–shell structure 300 W Xe arc
lamp

40 mL of 10 vol%
ethanol

Indirect 2e−
ORR pathway 0.5 376 μmol·L−1·h−1 [45]

C3N4/PDA Nanosheet
300 W Xe arc

lamp
(λ > 350 nm)

50 mL of 20 vol%
ethanol

Indirect 2e−
ORR pathway 0.4 3801.25 μmol·g−1·h−1 [83]

ZnO/COF
(TpPa−Cl)

ZnO nanoparticles
distributed on the

surface of TpPa−Cl
300 W Xe lamp 10 vol% ethanol Indirect 2e−

ORR pathway 0.5 2443 μmol·g−1·h−1 [84]

TiO2/PDA Inverse opals 300 W Xe arc
lamp

40 mL of 10 vol%
ethanol ORR pathway 0.5 ~2.2 mmol·g−1·h−1 [85]

In2O3/ZnIn2S4
Ordered hollow

structure

250 W Xe
lamp

(λ > 420 nm)

50 mL of 5 vol%
ethanol ORR pathway 0.4 5716 μmol·g−1·h−1 [86]

Sv−ZIS/CN

Three−dimensional
flower-like structure
and agaric shaped

with a microporous
structure

300 W Xe lamp
(λ > 420 nm)

50 mL of 10 vol%
isopropanol

Direct 2e− ORR
and indirect 2e−
ORR pathways

0.4 1310.18
μmol·L−1·h−1 [87]

Bi2S3@CdS@RGO

Flaky RGO is
wrapped onto the
CdS nanoparticles

and Bi2S3
rod−aggregate

morphology

300 W Xe lamp
(λ > 420 nm)

50 mL of 10 vol%
isopropanol

Indirect 2e−
ORR pathway 1.0 212.82 μmol·L−1

within 180 min [88]

ZnO@PDA Inverse Opal 300 W Xe arc
lamp

50 mL of 4 vol%
glycol

Direct 2e− ORR
and indirect 2e−
ORR pathways

0.4 1011.4 μmol·L−1·h−1 [89]

S-pCN/WO2.72

Uniform porous
sheet−like

two−dimensional
structure

300 W Xe lamp
(λ > 420 nm) 100 mL water

Direct 2e− ORR
and indirect 2e−
ORR pathways

1.0 90 μmol·L−1 within
180 min [90]

TiO2@RF Core–shell structure 300 W Xe lamp 15 mL water 2e− ORR
pathway ~0.67 66.6 mmol·g−1·h−1 [91]

sulfur-doped
g-C3N4/TiO2

Well-ordered
macroporous
framework

300 W Xe lamp 50 mL water 2e− ORR and
WOR pathways 0.2 2128 μmol·g−1·h−1 [92]
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4.2. Water Splitting

H2O2 can also be used as a valuable by-product of photocatalytic overall water split-
ting to produce H2. Photocatalytic H2 production from overall water splitting has been
a hot research problem; however, it has the disadvantages of slow kinetics and difficult
product separation. The production of H2 and H2O2 from pure water by a two-electron
photocatalytic mechanism solves the above problems due to a lower reaction potential than
that of the four-electron reaction [93,94]. Two-electron overall water splitting thermodynam-
ically requires a stronger oxidation capacity of the photocatalyst. S-scheme heterojunctions
have a strong redox capacity because of their unique step-scheme charge transfer mecha-
nism. For instance, Meng et al. [95] successfully synthesized a g-C3N4/CoTiO3 S-scheme
heterojunction photocatalyst and applied it in photocatalytic overall water splitting for H2
production under visible light. The H2 production efficiency was significantly improved
without sacrificial agents, while the presence of H2O2 was detected in the photocatalytic
process. Based on the results of EPR and DFT calculations, the possible reaction mechanism
of the photocatalyst is shown in Figure 8. The difference in the Fermi energy levels of CN
and CoTiO3 results in the formation of an intrinsic electric field (IEF) at the contact surface
of the two photocatalysts. As a result, energy band bending also occurs in the interface
region, forming an S-scheme heterojunction. This means of charge transfer promotes the
migration and separation of photogenerated carriers and preserves the strong redox ability
of the system, which is beneficial in enhancing the efficiency of photocatalytic overall
water splitting.

 

Figure 8. Schematic of the energy levels of CN and CoTiO3 (a) before contact, (b) after contact and
(c) under irradiation in S-scheme reaction mechanism of CCT−1.5 [95].

4.3. Coupling of H2O2 Production and Organic Synthesis

S-scheme heterojunctions can maximize the redox ability of photocatalysts, effectively
utilizing photogenerated electrons and holes and, therefore, having the ability to simultane-
ously achieve the reduction of O2 to H2O2 and the oxidation of organics [96]. For instance,
He et al. [55] synthesized floatable S-scheme TiO2/Bi2O3 photocatalysts by immobilizing
hydrophobic TiO2 and Bi2O3 on lightweight polystyrene (PS) spheres by hydrothermal
and photodeposition methods. The photocatalysts showed significant H2O2 yields and
were able to oxidize furfuryl alcohol (FFA) to furoic acid (FA). The mechanism of the
photocatalytic reaction was revealed by in situ DRIFT spectroscopy and DFT calculations
(Figure 9a,b). In addition, the floatable photocatalyst is able to be in closer contact with O2
compared to conventional biphasic photocatalytic systems, solving the problem of slow
transport of gas reactants from suspended photocatalysts (Figure 9c). Moreover, floatable
photocatalysts are less prone to agglomeration, easy to recover and can be recycled. The
floatable S-scheme heterojunction photocatalyst not only improves the efficiency of pho-
tocatalytic reactions but also provides a new idea for efficient multiphase catalysis. In
addition, recently, Yu et al. successfully prepared S-scheme TiO2@BTTA photocatalysts by
synthesizing COF (BTTA) via Schiff-base condensation and by encapsulating TiO2 NF with
BTTA COF. The heterojunction photocatalysts show high H2O2 production activity and
furoic alcohol (FAL) oxidation activity, with a H2O2 production rate of 740 μmol·L−1·h−1

and a FAL conversion of 96%.
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Figure 9. (a) The mechanism of photocatalytic FFA oxidation coupling with H2O2 production on
surface of photocatalyst. (b) Free energy diagrams of FFA oxidation steps on active sites of TiO2.
Schematic diagram of O2 supply for photocatalyst in (c) biphase and (d) triphase system [55].

4.4. Pollutant Degradation with In Situ H2O2 Production

H2O2 is usually used in the degradation of contaminants due to its oxidizing ability to
improve photocatalytic degradation efficiency. In general, the reactive oxygen species (ROS)
used for photocatalytic degradation are mainly H2O2, ·O−

2 and ·OH. H2O2 is the only
stable molecule among them and has a longer lifetime than other active radicals. In situ
H2O2 production to enhance the degradation of contaminants in photocatalytic processes
has proven to be an effective strategy. Recently, S-scheme heterojunction photocatalysts
have also been developed for this application (Table 2). Li et al. [97] synthesized a novel
layered BP/BiOBr S-scheme heterojunction by self-assembling BiOBr nanosheets on the
surface of BP nanosheets by liquid-phase sonication combined with solvothermal methods.
The composite exhibited excellent photocatalytic degradation activity of tetracycline (TC)
under visible light, which was 7.8 times higher than that of pure BiOBr. The increased
activity was attributed to the structure of S-scheme heterojunctions retaining a high redox
capacity. The active groups during the experiment were tested by ESR characterization, as
shown in Figure 10a,b. After illumination, the signals of both ·O−

2 and ·OH groups were
detected, but the signals of ·O−

2 groups became lower with the increase in illumination
time, indicating that some ·O−

2 and H+ formed H2O2. The results indicate that the main
active substances of TC mineralization are in situ generated H2O2 and ·OH. Based on the
above results, the photocatalytic mechanism of the S-scheme heterojunction is proposed as
shown in Figure 10c.
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Table 2. Studies of S-scheme heterojunction photocatalytic H2O2 production coupled with pollu-
tant degradation.

Photocatalyst Morphology
Contaminant
or Organics Light Source

Reaction
System

Concentration of
Photocatalyst/g·L−1 H2O2 Yield

Degradation
Efficiency

Ref.

PDI−
Urea/BiOBr

BiOBr
nanospheres

dispersed on the
PDI−Urea

lamellar layer

Ofloxacin
(OFLO),

tetracycline
(TC)

300 W Xe lamp
(λ > 420 nm)

50 mL of TC
(50 mg/L) and

OFLO
(10 mg/L)

1.0
71 μmol·L−1·h−1

after 3 h
irradiation

93%(~65%)
photocatalytic
degradation

rate for OFLO
(TC) after

150 (90) min

[98]

BP/BiOBr Two−dimensional
structure

Tetracycline
(TC)

300 W Xe arc
lamp

(λ > 420 nm)

100 mL of TC
(50 mg/L) 1.0 1.62

μmol·L−1·min−1

~85%
photocatalytic
degradation
rate for TC
after 90 min

[97]

Graphitic−
C3N4/ZnCr

Layered
structures

Rhodamine
B(RhB) Xe lamp 100 mL of RhB

(5 ppm) 1.0 −
99.8%

photocatalytic
degradation
rate for RhB
after 210 min

[99]

PDI/g-C3N4/
TiO2@Ti3C2

Multi-layered 2D
frame

Atrazine
(ATZ)

300 W Xe lamp
(λ > 420 nm)

50 mL of ATZ
(10 ppm) 0.8 ~160

μmol·L−1·h−1

75% removal
rate of ATZ
within one

hour
[100]

g-C3N4/α-
MnS

Inhomogeneous
morphology
with a rough

surface

Oxytetracycline
(OTC)

300 W Xe lamp
(λ > 420 nm)

50 mL of OTC
hydrochloride
(20 mg·L−1)

1.0 111.6
μmol·L−1·h−1

82.2%
degradation of
OTC in water
within 80 min

[101]

Red mud/CdS

RM particles
loaded on the
surface of CdS
nanospheres

Amoxicillin
(AMX)

LED lamp (410
< λ < 760 nm)

50 mL of AMX
(20 mg·L−1) 0.5 1.05 mg·L−1·h−1

73.0%
degradation of
AMX within

120 min

[102]

Figure 10. ESR under dark and visible light irradiation: (a) DMPO−·O−
2 and (b) DMPO−·OH.

(c) The mechanism of BP/BiOBr S-scheme photocatalyst [97].
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Overall, the structure of S-scheme heterojunctions realizes rapid transfer and effective
separation of photogenerated carriers and retains the strong redox capability of photo-
catalysts. This section shows the different S-scheme heterojunction photocatalysts in the
literature for H2O2 production pathways and provides insights into the synthesis of efficient
S-scheme heterojunction photocatalysts.

5. Conclusions and Outlook

Photocatalytic H2O2 production is a strategy used to avoid the drawbacks of conven-
tional H2O2 production methods and, thus, achieve the conversion from solar energy to
chemical energy. However, studies have shown that the efficiency and stability of single-
component photocatalysts are not sufficient for practical applications. Therefore, modified
photocatalysts obtained by constructing heterojunctions to facilitate the migration and sepa-
ration of photogenerated carriers have been developed. The novel S-scheme heterojunction
proposed by Yu’s group overcomes the inherent defects of conventional heterojunctions
and obtains a high redox capacity while promoting the effective separation of photogener-
ated carriers. This paper reviews the mechanism of novel S-scheme heterojunctions and
photocatalytic H2O2 production and the application of S-scheme heterojunctions in the
field of photocatalytic H2O2 production.

Up to now, the efficiency of photocatalytic H2O2 production has been limited by
the energy band position of photocatalysts, the absorption ability of visible light and the
migration and separation efficiency of photogenerated carriers. In particular, the inhibition
of photogenerated carrier recombination is crucial for photocatalytic efficiency. It is shown
that promoting the migration and separation of photogenerated carriers by constructing
heterojunctions is most effective. In addition, there are two pathways for photocatalytic
H2O2 production: two-electron ORR and two-electron WOR pathways. Most of the current
studies have focused on the two-electron ORR pathway, which requires the addition of
a hole sacrificial agent (isopropyl alcohol, ethanol, etc.) to facilitate the separation of
photogenerated carriers. In contrast, the two-electron WOR pathway is rarely realized
because it requires a higher oxidation potential than the four-electron WOR pathway to
drive the reaction. Therefore, controlling the energy band structure to obtain a sufficient
redox potential can improve the selectivity for H2O2.

S-scheme heterojunctions are found to be effective in enhancing visible light absorp-
tion, promoting the migration and separation of photogenerated charges, extending the
lifetime of useful photogenerated charges and keeping a high redox capacity. However, the
development of S-scheme heterojunctions in photocatalytic H2O2 production is still subject
to various limitations. We propose the following aspects to promote the advancement of
S-scheme heterojunctions in this field:

1. Modification of the pore size, porosity and particle size of S-scheme heterojunction
photocatalysts to increase their surface area, which is conducive to improving the
adsorption of reactants (H2O, O2) by the photocatalysts;

2. Construction of multiphase catalytic systems. At present, there are few studies on
enhancing H2O2 yield by constructing multiphase S-scheme heterojunction photocat-
alytic systems. The disadvantage of slow gas transport kinetics of bi-phase catalysts
can be avoided by constructing multiphase catalytic systems, which can promote
the adsorption of O2 by solid photocatalysts and further improve the efficiency of
photocatalytic reactions;

3. Combining photocatalysis with electrocatalysis. S-scheme heterojunctions are used to
promote the separation of photogenerated charges by using intrinsic electric fields
(IEF) at the interface, and other electric fields can be superimposed to further improve
their separation efficiency. The introduction of an external electric field by applying
a voltage can induce surface charge redistribution of the photocatalyst and can also
facilitate the adsorption and activation of O2 and H2O;

4. To construct the relationship between the Fermi energy level difference and redox po-
tential. Modulation of redox potential by controlling the Fermi energy level positions
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of semiconductors and constructing S-scheme heterojunctions to avoid four-electron
competition reactions and improve the selectivity of H2O2 products;

5. Optimize the model for theoretical calculations to pre-select semiconductors with
suitable Fermi energy levels and energy band structures by theoretical calculations.
Meanwhile, theoretical calculations combined with in situ characterization results
can also enhance the investigation of the mechanism of photocatalytic H2O2 pro-
duction and contribute to the deeper comprehension of interfacial charge transfer
in S-scheme heterojunctions, which is important for the design of efficient S-scheme
heterojunction photocatalysts;

6. Considering future commercialization, in addition to the dual-channel pathway of
photocatalytic H2O2 production, the cost of S-scheme photocatalysts should be con-
trolled and recyclable and reusable photocatalysts should be designed.

Currently, the research of S-scheme heterojunctions in the field of photocatalytic H2O2
production is still in the preliminary stage. There are still many challenges on the road
to commercialization of photocatalytic H2O2 production. We hope that our summary
and outlook can facilitate the exploration of S-scheme heterojunctions in photocatalytic
H2O2 production.
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Abstract: Pharmaceutical compounds (PCs) are one of the most notable water pollutants of the
current age with severe impacts on the ecosystem. Hence, scientists and engineers are continuously
working on developing different materials and technologies to eradicate PCs from aqueous media.
Among various new-age materials, graphitic carbon nitride (g-C3N4) is one of the wonder substances
with excellent catalytic property. The current review article describes the latest trend in the appli-
cation of g-C3N4-based catalyst materials towards the degradation of various kinds of drugs and
pharmaceutical products present in wastewater. The synthesis procedure of different g-C3N4-based
catalysts is covered in brief, and this is followed by different PCs degraded as described by different
workers. The applicability of these novel catalysts in the real field has been highlighted along with
different optimization techniques in practice. Different techniques often explored to characterize the
g-C3N4-based materials are also described. Finally, existing challenges in this field along with future
perspectives are presented before concluding the article.

Keywords: pharmaceutical compounds; g-C3N4; catalyst; wastewater; treatment

1. Introduction

Emerging contaminants are the most alarming water pollutants of the present era.
Pharmaceutical compounds (PCs) have become one of the notable classes of emerging
water pollutants [1]. These compounds have been detected in various concentration ranges
(ng/L to μg/L) in natural water bodies. These compounds are reported to be present in
natural water bodies, such as Taihu Lake in China and Mississippi River in the USA [2].
Moreover, an estimation has shown that till now at least 3000 species of PCs have been
detected in water and wastewater [3]. Among various categories of drug compounds,
nonsteroidal anti-inflammatory drugs and sulfonamides are often used for the treatment of
various categories of diseases. However, the long-term existence of these compounds in
natural water bodies leads to the chronic poisoning of the aquatic lives. Various drugs have
been marked by several environmental agencies for their toxic effects. Naproxen (NPX),
a drug often used to treat menstrual cramps, has been enlisted by US EPA as Class I in
Current Contaminant Candidate List. Diclofenac (DC), a commonly used painkiller, is well
known for its bioaccumulation and toxic characteristics. Evidence shows that it causes
hemodynamic changes and thyroid tumor in humans [4].

Moreover, due to the COVID-19 pandemic, their concentration has increased drasti-
cally in the environmental matrices. Morales-Paredes et al. [5] in their recent review article
mentioned the abnormal increase in the concentration range of these compounds in natural
water and wastewater. Among several antiviral drugs used during the COVID-19 times,
azithromycin and chloroquine are some of the most commonly used PCs. The concentration

Catalysts 2023, 13, 925. https://doi.org/10.3390/catal13060925 https://www.mdpi.com/journal/catalysts
93



Catalysts 2023, 13, 925

of azithromycin drug is increased by 217 times in comparison to the normal concentration
(WWTP-river-estuary at Wuhan, China). Due to various toxic effects, its removal from
water streams is of utmost importance to environmental scientists and engineers. Conven-
tional biological water treatment processes, adsorption, and coagulation are not feasible for
the ultimate destruction of these recalcitrant compounds in aqueous media.

Eradication of organic compounds is possible through photocatalytic reaction, which
undoubtedly is one of the green waste management options. In this regard, it may be noted
that g-C3N4 is a prominent photocatalyst of the new age. It provides an attractive option to
the research community for synthesizing noble metal-free efficient semiconductor-based
photocatalysts. It possesses several distinguishing features such as higher thermal and
chemical stability, due to the presence of strong covalent bonds between the C and N
atoms in the conjugated g-C3N4 framework in it. It is easily prepared and nontoxic in
nature [6]. However, the high probability of charge recombination, small surface area,
and low reusability are some of the major hindrances behind its large-scale application [7].
Often these hurdles are minimized by means of doping [8], co-doping, co-polymerization
via hybridization, exfoliation [9,10], formation of heterojunction structures [11], etc. A
significant amount of research work has been performed by scientists all over the globe
in recent times regarding the modification of g-C3N4 and its application for the treatment
of PC-bearing wastewater. The current review article aims to focus on the latest trends
in the applications of g-C3N4-based composite photocatalysts towards PC wastewater
remediation. Firstly, different types of g-C3N4-based catalysts and their novel synthesis
procedures are discussed. After that, various types of g-C3N4-based catalysts applied for
PC wastewater treatment in recent times have been elaborated. The next two sections
deal with the optimization and applicability of different g-C3N4-based catalysts for real
wastewater treatment. Several characterization procedures often followed to get better
insight into the removal process are then mentioned. The last section mentions the current
challenges and future perspectives. This is followed by the concluding remarks. Almost all
the papers discussed here have been published within the last five years.

2. Synthesis of Different Types of g-C3N4-Based Catalysts for PC Degradation

Different types of g-C3N4-based catalysts have been reported in the literature regard-
ing the degradation of PCs. In the current section of this article, three categories have
been selected for distinguishing g-C3N4-based catalysts in respect of preparation technique.
Firstly, they have been differentiated on the basis of the precursor material used for the pro-
duction of g-C3N4. Different starting materials, such as melamine, urea, and dicyanamide,
have been reported in the literature for the preparation of g-C3N4. Therefore, the first
categorization describes the synthesis procedure of different novel catalysts from different
precursor materials.

Moreover, it has been stated in the previous section that in comparison to the bare
g-C3N4, composite formation with other materials and doping improved the catalytic
efficiency. Hence, the next two subsections deal with the preparation procedure of several
g-C3N4 composite and doped catalysts. As the classification is based on different criteria, a
particular catalyst may satisfy more than one principle.

2.1. Various Precursors for Preparing g-C3N4

In g-C3N4, nitrogen is placed in a framework of graphite with a p-conjugated system
and the distance between the two layers is 0.326 nm. g-C3N4 is often produced from a
precursor material such as urea. Upon condensation of urea molecules, NH3 and CO2 gases
are produced, which ultimately helps in the production of porous g-C3N4. However, in
comparison to pure g-C3N4 catalysts, doped materials are often preferred by the research
community for their improved photocatalytic features. Due to the doping with Na or
K, the potentials of the valence band and conduction band for absorbing visible light
are enhanced, which ultimately leads to increased photocatalytic activity. Guo et al. [12]
reported the preparation of g-C3N4 nanosheets from urea. Briefly, urea was placed inside
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an alumina crucible and heated to 550 ◦C for 3 h at the rate of 5 ◦C/min. The obtained
yellow powder was heated for the second time in a muffle furnace at 52 ◦C to complete the
thermal polymerization reaction and g-C3N4 nanosheets were produced.

Many studies reported the synthesis of g-C3N4 from melamine as the precursor. Chi
et al. [13] prepared a g-C3N4-based catalyst from melamine. Guo et al. [14] also prepared
a g-C3N4-based novel photocatalyst from melamine and urea. Briefly, 7.704 g urea, 5.4 g
melamine, and different amount of ammonium chloride (NH4Cl) were added to 90 mL
deionized water. After stirring the solution for 30 min, it was dried at 80 ◦C to obtain the
precursor powder. Then, the precursor powder was calcinated at 550 ◦C for 3 h at the
heating rate of 0.5 ◦C/min. The whole schematic of the preparation of the Cl-doped g-C3N4
nanosheet catalyst is shown in Figure 1. Smykalova et al. [15] produced exfoliated g-C3N4
catalyst using melamine as the precursor.

Figure 1. Schematic illustration of the preparation for Cl-doped porous CN nanosheets [14].

He et al. [16] prepared g-C3N4 powder from dicyanodiamine. Sixteen grams of
dicyanodiamine was heated at the rate of 2.5 ◦C up to 600 ◦C and it was maintained for 4 h.
After that, the heated powder was cooled and ground for further use. Wang et al. [17] also
reported the preparation of g-C3N4 from dicyandiamide as the precursor. Sun et al. [18]
produced bulk g-C3N4 from dicyandiamide as the precursor. To the prepared g-C3N4,
kaolinite was loaded via the impregnation calcination process and the composite thus
produced was named as g-C3N4/kaolinite (KCN). To it, Ag was loaded to form the ternary
composite Ag/g-C3N4/kaolinite composite. The preparation procedure is illustrated
in Figure 2.

Figure 2. Scheme of the synthetic process for the Ag/KCN-X photocatalysts [18].
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2.2. Composite with Other Materials

Often g-C3N4 is utilized in making composite catalysts with other suitable materials.
ZnO is an excellent semiconductor photocatalyst material and has been proven to be an
efficient catalyst for degrading different categories of PCs. Its bandgap is 3.2 eV and there
is a huge possibility of electron–hole recombination. Along with this, its optical corrosion is
another major hindrance behind its usage for real field purposes. In this regard, composite
with g-C3N4 offers a sustainable efficient photocatalyst with higher activity. Feyzi et al. [19]
prepared ZnO/g-C3N4/zeolite P supported photocatalyst for photodegradation of the
tetracycline (TC) molecule. The composite catalyst was synthesized in three steps. Firstly,
ZnO was prepared by the sol–gel method. Then g-C3N4 was synthesized at a large scale
by means of pyrolysis of urea. In the final step, the as-synthesized ZnO and g-C3N4
were mixed and added to zeolite for the production of the composite catalyst. Mirzaei
et al. [20] synthesized a ZnO@g-C3N4 catalyst for the mineralization of a sulfamethoxazole
(SMX) drug. Baladi et al. [21] reported the preparation and application of g-C3N4-CoFe2O4-
ZnO photocatalyst for the degradation of the penicillin G antibiotic compound. Chen
et al. [22] applied Ag-AgVO3/g-C3N4 photocatalyst for the degradation of TC antibiotic.
g-C3N4/TiO2/CFs composite was synthesized by Guo et al. for TC elimination from
wastewater [23]. Firstly, different quantity of oxamide and 10 g of urea were blended
mechanically. After that, the mixture was subjected to calcination in a muffle furnace at
550 ◦C to produce g-C3N4. In order to synthesize the g-C3N4/TiO2 composite, the as-
prepared g-C3N4 was dissolved in a previously prepared Ti(SO4)2 solution and the whole
setup was subjected to ultra-sonification. The whole process was repeated in the presence of
carbon fibers (CFs) to prepare the composite C3N4/TiO2/CFs. Kumar et al. [24] deployed
BiOCl/g-C3N4/Cu2O/Fe3O4 ternary composite photocatalyst for oxidative degradation of
SMX from wastewater.

2.3. Doping of g-C3N4-Based Catalysts

Doping and co-doping with various metals and metal oxides enhanced the catalytic
activity of g-C3N4-based materials. Wang et al. [25] investigated the co-doping of bimetallic
oxides and the effect of oxygen on the catalytic degradation performance of g-C3N4 on
SMX removal. Liang et al. [26] prepared Ba-atom-embedded g-C3N4-based catalyst for the
degradation of carbamazepine (CBZ) and DC drug molecules. The Ba atom got anchored
onto the surface of the g-C3N4 by means of forming an ionic bond with the triazine
ring. The catalyst was prepared by the thermal polymerization method. In this method,
2.52 g melamine was mixed with 60 mL of ethylene glycol. This solution was kept in
the temperature range of 58–62 ◦C and was named as solution A. On the other hand,
28% 5 mL HNO3 was prepared and named as solution B, and 40 mL of Ba(NO3)2 (in the
range of 10–25 mmol) solution as solution C. These three solutions (A, B, and C) were
mixed to form a white hydrogel and allowed to stand for 1 h. Then it was filtered and
washed thoroughly with ethanol. The solid residue was heated at 550 ◦C to produce the
Ba-embedded g-C3N4 catalyst. Tian et al. [27] prepared a Se-doped g-C3N4 novel catalyst
for SMX detoxification. Due to Se doping, nitrogen vacancy is created in the catalyst matrix
to modulate the electron distribution of g-C3N4. Additionally, it also helped in exfoliation
and creating a large specific surface area of the composite catalyst due to the large radius of
the Se atom. Guo et al. [14] reported the preparation and application of a Cl-doped novel
porous g-C3N4 nanosheet photocatalyst for TC degradation under the irradiation of visible
light. For doping purposes, different amounts of Cl were added, and the composite was
named accordingly as CN-Cl-0.1, CN-Cl-0.3, CN-Cl-0.5, etc.

3. Different Categories of g-C3N4-Based Catalysts Reported in the Literature for
PC Degradation

It has been already mentioned in the previous section that although g-C3N4 is a
promising photocatalytic material, several drawbacks hinder its application. Therefore,
researchers look forward to constructing different types of composite materials for en-
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hanced photocatalytic activity. The main purpose of developing a novel g-C3N4-based
photocatalyst is to reduce the bandgap and prevent the electron–hole recombination. For
this purpose, photocatalysts having Z-scheme and S-scheme heterostructures are synthe-
sized. Most of the g-C3N4-based catalysts have been found to be efficient under visible light
irradiation. However, in some cases, the inclusion of some external agents, such as H2O2,
peroxymonosulfate (PMS), and ultrasound assistance, facilitates the degradation process.

3.1. g-C3N4-Based Z-Scheme Photocatalysts

Z-scheme photocatalysts can be categorized into traditional Z-scheme, direct Z-scheme,
and all-solid-state Z-scheme photocatalysts. Traditional Z-scheme photocatalysts were first
introduced by Bard in 1979 [28]. It resembles the photosynthetic activity performed by
green plants. This type of photocatalysts consists of two semiconductors with suitable
intermediate couples. The two semiconductors used in this system have staggered band
structure configurations. However, the major disadvantage of this type of catalyst is that it
is confined to the solution phase only. Moreover, there is also a possibility of the occurrence
of many side reactions.

All-solid-state Z scheme is also known as the indirect Z scheme. The idea of the all-
solid-state Z scheme started in the year of 2006. Tada et al. [29] synthesized CdS-Au-TiO2
ternary composite photocatalyst. In this composite, Au acts as the electron mediator. Noble
metals, such as Ag, Au, and Cu nanoparticles, are often explored as the electron mediator.
Other than these, carbon quantum dots, graphene, and carbon nanotubes are also used as
the electron mediator. As the solid conductor is used in all-solid-state Z scheme, it can be
easily utilized in liquid as well as in gas.

However, in all-solid-state Z-scheme-based catalysts, charge transfer is solely based
on the conductor. To improve the situation, a direct Z scheme was proposed. In the
direct Z-scheme mechanism, no intermediate redox couples exist. Many recent studies
on the application of g-C3N4-based catalysts are developed based on a direct Z-scheme
mechanism. The photodegradation of TC by applying 2D/2D MnIn2S2/g-C3N4 composite
is based on the direct Z-scheme mechanism [30]. Photodegradation of DC via S, B-co-doped
g-C3N4 nanotube@MnO2 catalyst also proceeded via a direct Z-scheme mechanism [3]. The
main reactive species involved in the degradation mechanism were h+, O2

·−, and SO4
·−.

Moreover, the catalyst showed excellent stability up to 10 cycles. Ghosh and Pal [8], in
their recent work, reported the synthesis and application of composite formed by g-C3N4
nanosheet, tungsten oxide hydrate nanoplates, and carbon quantum dots towards TC
degradation under visible light exposure. It worked on the principle of all-solid-state Z
schemes, and the degradation proceeded with a rate constant of 0.044 min−1.

3.2. g-C3N4-Based S Scheme Photocatalysts

S scheme is the other name of the step scheme photocatalyst. An S scheme photocata-
lyst comprises an oxidation photocatalyst and a reduction photocatalyst with a staggered
band structure. Its band structure is similar to that of the type II heterojunction but a
completely different charge transfer route. Pham et al. [31] prepared S scheme α-Fe2O3/g-
C3N4 nanocomposites as an efficient photocatalyst for the degradation of model antibiotic
compounds, such as amoxicillin (AMX) and cefalexin (CFX). Ni et al. [32] prepared a novel
g-C3N4/TiO2 catalyst for TCH degradation under UV light irradiation. The S-scheme
heterostructure facilitated the formation of ·O2

−, h+, and OH· reactive species which ul-
timately helped in degradation performance. Feyzi et al. [19] reported the application of
S-scheme ZnO/g-C3N4/zeolite P supported catalyst for the degradation of TC molecule.
The ternary composite catalyst was loaded on a plasma reactor for degradation purposes.
Under optimized reaction conditions, 95.5% degradation efficiency was achieved. Guo
et al. [23] synthesized an S-scheme-based novel g-C3N4/TiO2/CFs catalyst for the photo-
catalytic degradation of TCH. Under 350 W Xe light irradiation, 99.9% degradation was
achieved within 90 min.
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3.3. g-C3N4-Based Fenton-Type Catalysts

Fenton-type reactions are one of the powerful techniques for the degradation of or-
ganic pollutants. It deploys the generation of powerful hydroxyl radicals from H2O2 in
the presence of Fe2+ as the catalyst. However, there exists a lot of technical problems with
the homogeneous Fenton process and therefore, the scientists are continuously developing
novel heterogeneous Fenton catalysts for degradation purposes. There are several reported
studies on the application of heterogeneous Fenton catalysts for PC wastewater degrada-
tion. It is very important to note that g-C3N4 undoubtedly added a new dimension for
synthesizing heterogeneous Fenton-type catalysts. In the traditional Fenton process, iron
was used as the catalyst, and H2O2 was the oxidant. However, apart from iron, different
other transition metals have also been explored as Fenton-type catalysts. Moreover, PMS
has replaced H2O2 in many studies. Moreover, visible light irradiation also often enhances
degradation and is known as photo-Fenton degradation. This section describes different
Fenton, Fenton types, and PMS-mediated g-C3N4-based catalysts for PC degradation.

Zhang et al. [33] reported the application of MnO2/Mn-modified alkalinized g-C3N4
catalyst for TC degradation through the photo-Fenton process. Excellent degradation
(96.7%) occurred due to the synergistic effect of the surface-grafted hydroxyl groups,
charge transfer via the Z-scheme mechanism, and activation of H2O2 by the redox cycle of
Mn(IV)/Mn(III)/Mn(II). He et al. [16] utilized g-C3N4/Fe3O4@MIL-100(Fe) composite for
photo-Fenton detoxification of CIP from wastewater. In comparison to the bare g-C3N4 and
Fe3O4@MIL-100(Fe), the composite catalyst showed promising performance, exhibiting
94.7% degradation of CIP and having an initial concentration of 200 mg/L in 120 min.

Mei et al. [34] explored a metal-free carboxyl-modified g-C3N4 catalyst for PMS activa-
tion in order to degrade model PC, CBZ. As the process did not involve any strong acids
or solvents, it has been described as a green low-cost environmentally friendly system.
Luo et al. [35] reported the successful application of a Co-MOF-based/g-C3N4 catalyst for
degrading antidepressant PC venlafaxine in the presence of PMS. Wang and Wang [36]
studied the degradation process of SMX in the presence of γ-Fe2O3/O-g-C3N4/biochar
composite via PMS activation. SMX eradication followed a first-order kinetic model with a
rate constant value of 0.153 min−1. Wang et al. [25] utilized a Fe-Co-O-co-doped g-C3N4
catalyst for PMS activation in order to degrade SMX molecules. Detailed experimental
investigation revealed that both sulfate radical and singlet oxygen were present in the
reaction mixture. However, the role of singlet oxygen in the SMX removal process was
not clear. Superb degradation efficiency was attributed to the existence of the synergism
between the metal oxide and O-g-C3N4.

Liu et al. [37] developed a novel Z-scheme Fe-g-C3N4/Bi2WO6 heterogeneous photo-
Fenton catalyst for TC degradation purposes. Experimental investigation revealed that
1O2 and ·O2

− were the predominant species participating in the degradation phenomenon.
Li et al. [38] prepared a g-C3N4/MgO composite which acted as a Fenton-type catalyst
for the oxidation of the SMX drug present in wastewater. The composite catalyst showed
excellent performance towards the degradation. The H2O2 requirement was also less for
oxidative degradation.

Li and Gan [39] applied Cu-doped g-C3N4 composite as the heterogeneous photo-
Fenton-type catalyst for the degradation of different PCs at a very low concentration. Due
to the doping, the bandgap got reduced from 2.79 eV to 2.17 eV, which proved beneficial
for adsorbing visible sunlight for degradation purposes. Cao et al. [40] synthesized novel
Fe/g-C3N4/kaolinite as the heterogeneous photo-Fenton catalyst for TCH degradation
purposes. High degradation efficiency was achieved due to the large specific surface area
of the kaolinite, which can result in the adsorption of the TCH molecule. Moreover, Fe(III)
acted as the electron acceptor in the composite matrix, restricted the electron–hole recombi-
nation rate, and facilitated the photo-Fenton process. g-C3N4 nanosheets/schwertmannite
nanocomposites were explored by Qiao et al. [41] for chlortetracycline eradication from
wastewater through the photo-Fenton mechanism.
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3.4. g-C3N4-Based Sonocatalysts for PCs Degradation

Ultrasound is often deployed for the destruction of stable organic molecules in wastew-
ater streams. Experimentally it has been proved that sound waves having a frequency
greater than 20 kHz have the capability of breaking organic pollutants of higher molecular
weight into simpler products. Some g-C3N4-based sonocatalysts have also been reported
in the literature related to the degradation of PCs. Zhang et al. [42] utilized CoFe2O4/g-
C3N4 composite as the sonocatalyst for the degradation of the TCH molecule. Maximum
sonocatalytic efficiency of 26.71% in 10 min was exhibited by the composite catalyst when
the amount of CoFe2O4 in the catalyst matrix was 25%. Charge transfer and electron–hole
separation mechanism proceeded via S scheme heterojunction. The mechanism is shown
in Figure 3.

Figure 3. Proposed mechanism for the sonocatalytic degradation of TCH with CFO/CN [42].

He et al. [43] prepared g-C3N4/MoS2 catalyst for levofloxacin (LFX) oxidation through
a sonocatalytic mechanism. The as-prepared catalyst showed excellent degradation effi-
ciency towards LFX (75.81%) with an initial concentration of 10 mg/L in 140 min with
promising reusability. Experimental investigation revealed that both ·OH and ·O2

− played
a major role in the degradation process. The authors validated the sonocatalytic degradation
via hotspot and sonoluminescence effect theory.

Vinesh et al. [44] described the application of r-GO supported g-C3N4 nanosheet
catalyst for sonophotocatalytic degradation of TC. Influence of ultrasound generated more
active sites in the catalyst, which ultimately improved PC degradation. For a TC sample
having a 15 mg/L initial concentration, almost 90% degradation was achieved within
60 min of reaction under sonophotocatalysis. Gholami et al. [45] applied Zn-Cu-Mg mixed
metal hydroxide/g-C3N4 composite as the effective sonophotocatalyst for the degradation
of sulfadiazine (SDZ) drug from wastewater. When the content of mixed metal hydroxide
remained at 15 wt%, maximum degradation efficiency of 93% was attained with an initial
concentration of SDZ as 0.15 mM, solution pH 6.5, and ultrasonication power of 300 W.

4. Degradation of Different PCs

4.1. Tetracycline (TC)

TC is one of the most common drugs, often explored to test the catalytic efficiency of a
newly developed catalyst. It is a broad-spectrum antibiotic. Its major functional groups
include phenolic hydroxyl group, dimethylamino group, acylamino group, etc. Owing to
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the possession of both electron-rich and electron-deficit groups, it has three dissociation
constants [1]. TC, OTC (oxytetracycline), and TCH (tetracycline hydrochloride) all belong to
the TC group of drugs. Chen et al. [22] explored Ag-AgVO3/g-C3N4 photocatalyst for the
degradation of TC in aqueous media. The photocatalytic activity of the composite catalyst
was two times higher than that of the pristine g-C3N4. A highly promising MnIn2S4/g-
C3N4 photocatalyst was developed by Chen et al. [30] and successively applied for TCH
degradation. The composite catalyst exhibited higher degradation efficiency in comparison
to the MnIn2S4 nanoflakes and mesoporous g-C3N4 nanosheets. The enhanced removal
occurred due to the formation of the Z scheme which results in the transfer and effective
separation of the photogenerated charge carriers. Chi et al. [13] reported the exploration
of B/Na-co-doped g-C3N4 photocatalyst for the degradation of TC. The synergistic effect
between the B/Na co-doping and the porous g-C3N4 nanosheet played a major role in
the degradation process. Within a reaction time of 30 min, under visible light irradiation
(λ = 430 nm), 78.39% degradation was achieved. Cl-doped g-C3N4-based catalysts were
explored by Guo et al. [14] for TC degradation purposes. The optimized removal efficiency
of 92% within 120 min of reaction time has been achieved. Due to the Cl doping, the
electronic structure of g-C3N4 material was regulated. Moreover, because of the Cl doping,
the specific surface area of the composite got increased and the recombination of hole–
electrons on the catalyst surface was prevented. Thus ultimately, TC degradation was
improved in comparison to the bulk g-C3N4 catalyst.

Jiang et al. [46] developed a nitrogen self-doped g-C3N4 nanosheet catalyst following a
self-doping and thermal exfoliation procedure. Thus, the newly developed nitrogen-doped
g-C3N4 photocatalyst showed enhanced visible light absorption, high specific surface
area, and improved electron–hole separation in comparison to the bulk g-C3N4. Hence, it
showed promising efficiency towards TC degradation. The authors proposed an interesting
mechanism behind the photocatalytic degradation of TC. The whole degradation process
progressed via three steps, such as light harvesting, photogenerated electron–hole pairs
separation and transfer, and surface adsorption and redox reaction. Moreover, the catalyst
showed excellent repeatability and only a negligible efficiency is lost during the fifth cycle
of reuse.

Palanivel et al. [47] reported the synthesis of a novel NiFe2O4-deposited S-doped
g-C3N4 nanorod catalyst and deployed it for TC degradation through a photo-Fenton
mechanism. Strong chemical interaction between the NiFe2O4 and sulfur-doped g-C3N4
helps in efficient visible light absorption, and electron–hole recombination is also pre-
vented effectively. Preeyangha et al. [48] prepared g-C3N4/BiOBr/Fe3O4 nanocomposite
photocatalyst for the degradation of TC under the irradiation of visible light. Complete
degradation and 78% TOC removal were achieved within 60 min, where the reaction rate
constant was found six times higher than that obtained with the bare g-C3N4 catalyst.
Based on the radical scavenging investigations, it was observed that h+ has a major role in
the degradation followed by ·O2

− and OH·. Besides that, the ternary composite showed
excellent recyclability also. The possible reaction mechanism is shown in Figure 4.

Various reported g-C3N4-based catalysts for TC removal are presented in Table 1.

Table 1. A list of g-C3N4-based catalysts reported for TC degradation.

Description of the g-C3N4-Based Photocatalyst Optimized Degradation Efficiency with Reaction Condition References

B/Na-co-doped porous g-C3N4 nanosheet
photocatalyst

TC degradation of 78.39% within 30 min under visible light
irradiation (10 W LED lamp) [13]

Cl-doped porous g-C3N4 nanosheets
At a catalyst dose of 0.5 g/L, TC concentration = 10 mg/L,

under visible light irradiation (300 W Xenon lamp, with cut-off
filter at 420 nm), 92% degradation within 120 min reaction time

[14]

ZnO/g-C3N4/zeolite P supported catalyst
95.5% TC degradation in plasma reactor (16.5 kV as operating

voltage, 300 Hz regulated frequency, airflow
rate = 130 mL/min)

[19]
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Table 1. Cont.

Description of the g-C3N4-Based Photocatalyst Optimized Degradation Efficiency with Reaction Condition References

Ag-AgVO3/g-C3N4 composite
83.6% degradation at 120 min (rate constant = 0.0298 min−1)

under visible light irradiation (300 W Xenon lamp, with 410 nm
filter): TC concentration = 30 mg/L, catalyst dose = 0.2 g/L

[22]

g-C3N4/TiO2/CFs
99.99% TC-HCl degradation (initial concentration = 10 mg/L)
with a catalyst dose of 0.5 g/L, under the irradiation of visible

light (350 W Xe lamp) for 90 min
[23]

MnIn2S4/g-C3N4 photocatalyst

With TCH concentration of 50 mg/L, catalyst dose = 1 g/L
(g-C3N4 kept as 20% mass ratio in the composite), under visible
light irradiation (300 W Xenon lamp, with 400 nm filter) almost

complete degradation

[30]

g-C3N4/TiO2

In the presence of catalyst (g-C3N4:TiO2 = 1:25) at a
dose = 1 g/L, under UV light irradiation (300 W Mercury lamp),

maximum degradation efficiency obtained 97.6% for TCH in
90 min

[32]

Porous Z-scheme MnO2/Mn-modified
alkalinized g-C3N4 heterojunction With 0.5 g/L catalyst dose, 96.7% TC removal [33]

Fe-g-C3N4/Bi2WO6 heterojunctions 98.42% degradation in the presence of 1 mM of H2O2, with TC
= 10 mg/L, catalyst dose = 0.4 g/L, solution pH = 6.5 [37]

rGO supported self-assembly of 2D nanosheet of
(g-C3N4)

With 0.25 g/L catalyst dose, TC concentration = 15 mg/L,
almost complete degradation (under visible light irradiation

and exposure to ultrasound)
[44]

Nitrogen self-doped g-C3N4 nanosheets With 0.5 g/L catalyst dose, 10 mg/L TC concentration, under
visible light irradiation, 81.67% degradation in 60 min [46]

NiFe2O4-deposited S-doped g-C3N4 nanorod 97% degradation in 60 min under visible light irradiation [47]

g-C3N4/BiOBr/Fe3O4 nanocomposite
With catalyst dose = 0.5 g/L, TC = 15 mg/L, under visible light

irradiation (300 W Halogen lamp), complete degradation in
60 min

[48]

Ba-doped g-C3N4 photocatalyst 91.94% TC degradation within 120 min under visible light
irradiation at 2% Ba loading at a solution pH 10 [49]

g-C3N4/MoS2 p-n heterojunction photocatalyst

Using photocatalyst dose of 1 g/L, TC concentration of
20 mg/L, irradiation under Xe lamp (300 W) complete

degradation achieved within 40 min
(rate constant = 547 × 10−4 min−1)

[50]

PdO/g-C3N4/kaolinite catalyst

At 4% loading of PdO, catalyst dose (0.5 g/L) 94.5%
degradation of TCH (40 mg/L) by PMS activation under visible
light (300 W Xenon lamp, with 420 nm cut-off filter) irradiation

within 20 min

[51]

Nitrogen-doped carbon quantum dots modified
g-C3N4 composite

90% TCH degradation under the action of 0.5 g/L catalyst dose,
TCH concentration = 20 mg/L,

peroxydisulphate (PDS) dose = 0.5 g/L, under visible light
irradiation (300 W Xenon lamp, with 420 nm cut-off filter)

within 60 min reaction time

[52]

CoO/g-C3N4 p-n heterojunction

Initial concentration of TC = 10 mg/L, catalyst dose = 0.5 g/L
(30 wt% CoO), 90% degradation within 60 min under visible

light irradiation (300 W Xenon lamp, with cut-off filter at
420 nm)

[53]

CuInS2/g-C3N4 heterojunction photocatalyst

83.7% degradation within 60 min, initial concentration of
TC = 20 mg/L, catalyst dose = 0.5 g/L (CuInS2 mass = 50 wt%)
under visible light irradiation (300 W Xenon lamp, with cut-off

filter at 420 nm)

[54]
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Table 1. Cont.

Description of the g-C3N4-Based Photocatalyst Optimized Degradation Efficiency with Reaction Condition References

CoP nanoparticles anchored on g-C3N4
nanosheets

96.7% degradation within 120 min reaction time under visible
light irradiation (500 W Xenon lamp with 520 nm cut-off filter) [55]

g-C3N4/RGO/In2S3

With initial TCH concentration = 20 mg/L,
catalyst dose = 0.5 g/L, 95.6% degradation in 60 min under

visible light irradiation
[56]

Metal-free g-C3N4-based heterojunction
photocatalyst

Catalyst dose of 2 g/L, TC concentration = 20 mg/L, under
visible light irradiation (300 W Xe lamp with 420 nm filter) 91%

removal in 100 min
[57]

BixOyIz/g-C3N4
TCH concentration = 10 mg/L, under visible light irradiation
(500 W Xe lamp with 420 nm filter), 40% degradation in 4 h [58]

Bi2W2O9/g-C3N4 heterojunction

2wt% Bi2W2O9 in the matrix, with 1 g/L catalyst dose, with
initial concentration of TCH = 10 mg/L, under visible light
irradiation (35 W Xe lamp), at pH 10.54, 95% degradation

occurred

[59]

Carbon-doped g-C3N4
More than 95% degradation in 90 min reaction time under

visible light irradiation [60]

Single-atom Fe-g-C3N4 catalyst With TC concentration = 10 mg/L, catalyst dose = 0.1 g/L, PMS
= 0.25 mM, 93.29% degradation achieved [61]

Ag-modified g-C3N4 composite
With 8 wt% Ag in the matrix, 1 g/L catalyst dose, 20 mg/L TC
concentration, under visible light irradiation (300 W Xe lamp,

with 420 nm filter), at pH 11, 90% degradation achieved
[62]

g-C3N4/Ag2CrO4 photocatalyst
With catalyst dose 1 g/L, TC concentration = 10 mg/L, under

visible light irradiation (1000 W halogen lamp), almost
complete degradation in 180 min

[63]

FeOOH coupling and nitrogen vacancies
functionalized g-C3N4 heterojunction

With 4 g/L catalyst dose, initial concentration of
OTC = 10 mg/L, under visible light irradiation (300 W Xe lamp,

with 420 nm filter), 92.83% degradation in 90 min
[64]

Co-doped KCl/NH4Cl/g-C3N4 catalyst
With catalyst dose = 1 g/L, TC concentration = 10 mg/L, under

visible light irradiation (500 W Xe lamp with 420 nm filter),
almost complete degradation in 120 min

[65]

Potassium-gluconate-cooperative pore
generation based on g-C3N4 nanosheets

With catalyst dose = 1 g/L, TC concentration = 20 mg/L, under
visible light irradiation (300 W Xe lamp, with 420 nm filter),

82.2% degradation in 30 min
[66]

Sulfur-doped carbon quantum dots loaded
hollow tubular g-C3N4

With catalyst dose = 1 g/L, TC concentration = 20 mg/L, under
visible light irradiation (300 W Xe lamp), about 90%

degradation in 60 min
[67]

Nano-confined g-C3N4 in mesoporous SiO2

With 0.33 g/L catalyst dose, TC concentration = 20 mg/L, under
visible light irradiation (300 W Xe lamp), complete degradation

in 120 min
[68]

Multifunctional 2D porous g-C3N4 nanosheets
hybridized with 3D hierarchical TiO2

microflowers

With 0.5 g/L catalyst dose, TC concentration = 20 mg/L, under
visible light irradiation, 90% degradation achieved in 60 min [69]

CuO/g-C3N4 2D/2D heterojunction
photocatalysts

With catalyst dose of 0.1 g/L, 30 mg/L OTC, under visible light
irradiation (300 W Xe lamp, with 420 nm filter), 100%

degradation in 10 min
[70]

Sulfur- and tungstate-co-doped porous g-C3N4
microrods

With 0.5 g/L catalyst dose, TC concentration of 10 mg/L, under
visible light irradiation (300 W Xe lamp, with 420 nm filter),

85.3% degradation in 120 min
[71]

Supramolecular self-assembly synthesis of
noble-metal-free (C, Ce) co-doped g-C3N4 with

porous structure

With 0.5 g/L catalyst dose, 10 mg/L TC concentration, 90%
degradation in 60 min [72]
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Table 1. Cont.

Description of the g-C3N4-Based Photocatalyst Optimized Degradation Efficiency with Reaction Condition References

Bi2O2CO3/g-C3N4/ Bi2O3
With catalyst dose = 0.2 g/L, TC = 10 mg/L, under visible light

irradiation (300 W Xe lamp), 95% degradation in 60 min [73]

Fe-doped surface-alkalinized g-C3N4

With catalyst dose = 0.5 g/L, TC concentration = 20 mg/L,
under visible light irradiation (300 W Xe lamp), 70%

degradation in 80 min
[74]

Donor–acceptor structured g-C3N4
With 0.5 g/L catalyst dose, OTC concentration = 20 mg/L,

degradation of 93% at 60 min [75]

C-doped g-C3N4/WO3

With catalyst dose = 1 g/L, TC concentration = 10 mg/L, under
visible light irradiation (500 W Xe lamp with 420 nm filter),

~78% degradation in 60 min
[76]

g-C3N4/NiFe2O4 S scheme 79.3% degradation at pH 3 [77]

4.2. Diclofenac (DC)

DC is also another drug like TC which is also investigated by researchers for degrada-
tion purposes. It is one of the notable members of the nonsteroidal anti-inflammatory drug
group possessing high Kow and bioaccumulating potential power. Due to its wide unre-
stricted usage during the last four decades, it has become one of the significant emerging
contaminants of the current era. Various reports are available in the literature describing
the applicability of g-C3N4-based photocatalysts towards sustainable eradication of DC
from wastewater. Li et al. [78] applied Fe oxide nanoclusters supported on g-C3N4 as a
robust photocatalyst for DC degradation purposes. He et al. [4] prepared a heterostructure
of Ti3C2/g-C3N4 photocatalyst for the degradation of DC. Polymeric g-C3N4 catalyst was
explored by Papamichail et al. [79] for degradation of DC. Quantum carbon dots modified
reduced ultrathin g-C3N4 photocatalyst was designed and applied by Jin et al. [80] for the
oxidative degradation of DC from wastewater. Complete degradation of DC took place
within 6 min. Hu et al. [81] deployed g-C3N4/TiO2 photocatalyst for the degradation of
DC and CBM. The mechanism is shown in Figure 5.

Figure 4. The schematic representation of plausible charge transfer mechanism (a) type II and
(b) Z-scheme heterojunction during the photocatalytic TC degradation over g-CN/BiOBr/Fe3O4

nanocomposites [48].
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Figure 5. Possible mechanism for the photodegradation of DCF and CBZ under LED lamp irradiation
over 30% BCCNT composites [81].

A comprehensive list regarding the application of different g-C3N4-based photocata-
lysts for the degradation of DC is provided in Table 2.

Table 2. A list of g-C3N4-based catalysts reported for DC degradation.

Description of the Catalyst
Reaction Conditions for Optimum Degradation

Efficiency

Optimized Degradation

Efficiency
References

Z-scheme S, B-co-doped g-C3N4

nanotube@MnO2

heterojunction

In the presence of 0.06 mM PMS, photocatalyst dose of 0.5
g/L, DC concentration = 20 mg/L, under the irradiation of

8 × 8 W visible light lamps at a wavelength of 460 nm
99% degradation [3]

2D/2D heterostructure of
Ti3C2/g-C3N4

Initial concentration of DC = 10 mg/L, catalyst
dose = 0.25 g/L, PMS concentration = 0.25 g/L

100% degradation efficiency
within 30 min

[4]

Ferric oxide nanoclusters
anchored g-C3N4 nanorods

Initial concentration of DC = 1 mg/L, dose of catalyst = 0.1
g/L, irradiation under 300 W Xenon arc lamp

Kinetic rate constant of
0.206 min−1 [78]

Polymeric g-C3N4 photocatalyst
At a catalyst dose of 1 g/L, initial concentration of DC = 20

mg/L, solution pH = 5
Complete removal within 120 min [79]

TiO2/g-C3N4
Initial concentration of DC = 5 mg/L, 0.3 g of catalyst

loading, pH = 5, irradiation under 1000 W halogen lamp
Maximum degradation efficiency

of 93.49%
[82]

Cellulose biochar/g-C3N4

composite (WPBC50/g-C3N4)
At a DC concentration of 0.05 mM, catalyst dose of 1.5 g/L,

3 mM of PMS under visible light irradiation
Complete removal within 25 min [83]

g-C3N4 nanosheets
Initial concentration of DC = 3 mg/L, catalyst

dose = 0.65 g/L under solar and LED irradiation
- [84]

Tunable V2O5/boron-doped
g-C3N4 composite

With 5 wt% B doping, 2 g/L catalyst dose
100% degradation within 105 min

under visible light irradiation
[85]

g-C3N4/NH2-MIL-125
photocatalyst

Under the action of the catalyst composed of MOF and
g-C3N4 in the ratio 50:50. DC concentration kept at 10

mg/L, under UV LED irradiation at 384 nm
Complete eradication within 2 h [86]
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4.3. Sulfamethoxazole (SMX)

SMX is another widely used sulfonamide antibiotic. Due to its overuse, it often comes
across in different quantities in different water bodies. In recent years, several studies
report the catalytic elimination of sulfamethoxazole from water bodies by deploying g-
C3N4-based composite catalysts. ZnIn2S4/g-C3N4 photocatalyst was utilized by Reddy
et al. [87] to catalytically degrade SMX in a water medium. Tian et al. [27] fabricated a Se-
doped g-C3N4 catalyst for the degradation of SMX through PMS activation. Experimental
findings showed that 93% SMX can be degraded by the synthesized catalyst within 180 min
with a reaction rate constant of 0.0149 min−1. The rate constant of the doped catalyst
was four times higher in comparison to the bulk g-C3N4 catalyst. The inclusion of Se
in the composite matrix created nitrogen vacancy to modulate the electron distribution
of the g-C3N4 catalyst. Peng et al. [88] utilized a “trap-zap” catalyst for the degradative
elimination of SMX through PMS activation. β-Cyclodextrin polymer composite with
Fe-doped g-C3N4 catalyst was used for the degradation. The degradation rate constant
by the β-CDPs/Fe-g-C3N4 catalyst was found as 0.132 min−1 which was 14.7 times and
2.2 times higher than that of the g-C3N4 and Fe-g-C3N4 catalyst. The inclusion of β-CDPs
in the catalyst composition accelerated the electron transfer between the catalyst and PMS.
Li et al. [89] applied a FeCo2S4-modified g-C3N4 catalyst for the degradation of the SMX
drug. Optimized degradation efficiency has been obtained at the unadjusted pH of 6.5. On
the other hand, acidic pH inhibited the degradation. Temperature played a major role in
the degradation process. When the reaction temperature was increased from 10 ◦C to 40 ◦C,
the degradation efficiency got enhanced from 61.2% to 99.9% with a rate constant value of
0.294 min−1. The schematic for the mechanism is shown in Figure 6.

 
Figure 6. Schematic illustration of the mechanism of PMS activation on FeCo2S4-CN [89].

A comprehensive list regarding the application of different g-C3N4-based photocata-
lysts for the degradation of SMX is provided in Table 3.
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Table 3. A list of g-C3N4-based catalysts reported for SMX degradation.

Description of the Catalyst Reaction Condition Optimized Degradation Efficiency References

ZnO@g-C3N4
Photocatalyst dose of 0.65 g/L, pH 5.6,

airflow rate of 1.89 L/min
90.4% oxidative removal within

60 min of reaction time [20]

Quaternary magnetic
BiOCl/g-C3N4/Cu2O/Fe3O4

nano-junction

Degradation reaction with catalyst dose of
0.2 g/L, with initial concentration of

SMX = 25.328 mg/L, under visible light
irradiation (800 W Xenon lamp, with

400 nm cut-off filter)

99.5% degradation under Xenon
lamp for irradiation within 1 h and
92.1% degradation under natural

sunlight within 2 h

[24]

Fe-Co-O-co-doped g-C3N4 -
Complete degradation of 0.04 mM
of sulfamethoxazole within 30 min

at a reaction rate of 0.085 min−1
[25]

Se-doped g-C3N4 - 93% degradation of SMX in 180 min
with a rate constant of 0.0149 min−1 [27]

g-C3N4/MgO composite With the dose of the catalyst = 0.2 g/L,
initial concentration of SMX = 20 mg/L 92 ± 3% degraded within 3 h [38]

Heterostructured 2D/2D
ZnIn2S4/g-C3N4 nanohybrids

In the presence of 0.2 g/L catalyst, initial
concentration of SMX = 15 mg/L, under
visible light irradiation (solar simulation

AM 1.5 G, intensity 100 mW/cm−2)

89.4% degradation in 2 h [87]

β-CDPs/Fe-g-C3N4 catalyst In the presence of 0.2 g/L catalyst, 2 mM
of PMS Rate constant value of 0.132 min−1 [88]

FeCo2S4-modified g-C3N4
photocatalyst

At a pH of 6.5, a reaction temperature of
40 ◦C

91.9% degradation with a rate
constant of 0.151 min−1 [89]

Fe-dispersed g-C3N4
photocatalyst

Initial concentration of sulfamethoxazole
10 mg/L, dose of catalyst 50 mg/L 98.7% degradation within 6 min [90]

AgCl/Ag3PO4/g-C3N4 With 43% AgCl in the matrix 95% removal within 2 h of reaction
time [91]

Porous g-C3N4 modified with
ammonium bicarbonate

Under the action of 0.05 g/L catalyst dose,
initial concentration of SMX = 0.5 mg/L, at
pH 9, under visible light irradiation (150 W

Xenon lamp)

93.37% degradation within 30 min [92]

Ag3PO4/g-C3N4
With a catalyst dose of 1 mg/L, under the

irradiation of Xenon lamp
Complete degradation within

90 min of visible light irradiation [93]

Ag/g-C3N4

Under the action of 0.05 g/L catalyst dose,
2.538 mg/L of initial concentration of SMX,

under the irradiation of Xe lamp (300 W
with 400 nm cut-off filter)

99.5% degradation using 10 wt%
Ag in the matrix [94]

g-C3N4 nanotubes
Under the action of 0.4 g/L catalyst dose,

100 mg/L of SMX, under irradiation of Xe
lamp (300 W)

Complete degradation within
120 min of reaction time [95]

Porous loofah-sponge-like
ternary heterojunction

g-C3N4/Bi2WO6/MoS2

-

Under visible light irradiation, over
99% degradation took place in

60 min with a rate constant value of
0.089 min−1

[96]

4.4. Ibuprofen (Ibu)

Ibu is also a nonsteroidal anti-inflammatory drug commonly used for pain relief,
fever, and inflammation purposes. In recent years, some studies have been performed on
using g-C3N4-based catalysts for degrading Ibu from aqueous media. Liu and Tang [97]
reported the application of g-C3N4/Bi2WO6/rGO heterostructured nanocomposite for the
degradation of Ibu. Ag/g-C3N4/kaolinite composite was applied by Sun et al. [18] for
the eradication of Ibu. Mao et al. [98] reported the preparation and application of 1D/2D
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nanorod FeV3O8/g-C3N4 composite catalyst for the degradation of Ibu. In comparison to
the g-C3N4 nanosheets, the catalytic activity of this nanocomposite was nearly four times
higher. The authors proposed a Z-scheme mechanism for the composite. Meng et al. [99]
utilized layered g-C3N4 and BiOBr photocatalysts for the degradation of Ibu in wastewater.
A list is provided in Table 4 regarding the application of various g-C3N4-based catalysts
towards catalytic eradication of Ibu from water.

Table 4. A list of g-C3N4-based catalysts reported for Ibu degradation.

Description of the Catalyst Reaction Conditions Optimized Degradation Efficiency References

Ag/g-C3N4/kaolinite
composite

7 wt% Ag, with catalyst dose = 1 g/L,
Ibu = 5 mg/L, under visible light irradiation

(500 W Xe lamp, with 400 nm filter)

Almost complete degradation in
300 min with,

rate constant = 0.0113 min−1
[18]

g-C3N4/Bi2WO6/rGO
heterostructured composites

At a catalyst dose of 0.2 g/L, Ibu
concentration = 5 mg/L, pH = 4.3, under

visible light irradiation (300 W Xenon lamp
with 420 nm filter)

93% degradation with a rate
constant of 0.011 min−1 under

visible light irradiation and 98.6%
degradation under sunlight

[97]

1D/2D FeV3O8/g-C3N4

10 wt% FeV3O8 in the matrix, with catalyst
dose = 0.33 g/L, Ibu = 10 mg/L, under

visible light irradiation (300 W Xenon lamp
with 420 nm filter)

95% degradation in 85 min [98]

Layered g-C3N4 and BiOBr With catalyst dose = 0.2 g/L, Ibu = 20 mg/L Complete degradation in 10 min [99]

g-C3N4/Ag/AgCl/BiVO4
micro flower composite

Under the catalyst dose of 0.25 g/L, under
visible light irradiation (compact fluorescent

lamps)

94.7% degradation within 1 h of
reaction time [100]

g-C3N4/MIL-68(In)-NH2
heterojunction composite

Under the action of 0.15 g/L of catalyst,
20 mg/L of Ibu concentration, with visible
light irradiation (300 W Xenon lamp, with

cut-off filter at 420 nm)

Photocatalytic rate = 0.01739 min−1,
93% degradation, in 120 min

[101]

TiO2/g-C3N4 composite
With catalyst dose of 1 g/L, 5 mg/L of Ibu

concentration, under the visible light
irradiation (250 W Xe lamp)

Almost complete degradation in
60 min [102]

TiO2/UV and g-C3N4
visible light

With initial concentration of Ibu as 5 mg/L,
catalyst dose of 2.69 g/L, at pH 2.51 under

the action of 4–10 W LED lamps
Complete degradation in 120 min [103]

Au-Ag/g-C3N4
nanohybrids

With initial concentration of Ibu as 5 mg/L,
catalyst dose of 2.69 g/L, under the action of

natural sunlight and 4–10 W LED lamps

Complete degradation in 120 min
under natural sunlight [104]

g-C3N4/CQDs/CDIn2S4

Initial concentration of Ibu = 80 mg/L, dose
of catalyst = 0.1 g/L, under visible light

irradiation (300 W Xenon lamp with 420 nm
filter)

About 90% degradation in 60 min [105]

Plasma-treated
g-C3N4/TiO2

Using g-C3N4/TiO2 catalyst with 15 min
treatment of plasma oxygen 95% degradation within 90 min [106]

Triple 2D
g-C3N4/Bi2WO6/rGO

composites

3 wt% rGO in the composite, catalyst
dose = 2 g/L, Ibu = 5 mg/L, pH = 4.3

86% degradation under visible light
and 98% removal under natural

sunlight
[107]

g-C3N4/Bi2WO6 2D/2D
heterojunction

With 0.2 g/L catalyst, initial concentration of
Ibu = 103.145 mg/L

96.1% degradation efficiency within
1 h, [108]

α-SnWO4/UiO-66(NH2)/g-
C3N4 ternary

heterojunction

With 0.5 g/L catalyst dose, Ibu = 10 mg/L
under visible light irradiation (Xe lamp)

More than 90% degraded in
120 min reaction time [109]
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4.5. Other Drugs

Studies have also been conducted on the application of g-C3N4-based catalysts to
degrade ciprofloxacin (CIP) from water bodies. Deng et al. [110] reported the preparation
and application of Ag-modified phosphorus-doped ultrathin g-C3N4/BiVO4 photocatalyst
for the degradation of CIP drug., In the study, more than 92% degradation efficiency was
achieved under visible light and near-infrared light irradiation (λ > 420 nm, λ > 760 nm),
with an initial concentration of CIP 10 mg/L. Zhang et al. [111] applied Fe3O4/CdS/g-C3N4
composite for the photocatalytic degradation of CIP under visible light irradiation. CdS
itself is a photocatalyst. However, the addition of g-C3N4 in the composite improved its
optical response and the incorporation of Fe3O4 nanoparticles helped in the easy recovery
of the catalyst. Triclosan (TCS) is a famous nonionic broad-spectrum antimicrobial phar-
maceutical compound. However, US Food and Drug Administration banned its usage
in 2016 due to the health risk associated with it [112]. In recent years, some research
groups also explored g-C3N4-based photocatalysts towards triclosan degradation in water.
Wang et al. [113] reported the application of g-C3N4/MnFe2O4 catalyst for the degradation
of TCS through PMS activation. The as-prepared catalyst showed promising behavior
in terms of stability and metal leaching. Dechlorination, hydroxylation, and cyclization
along with other bond-breaking mechanisms were attributed to the triclosan degradation
purpose. In one of the recent articles, Yu et al. [114] described the highly efficient degra-
dation performance of a novel catalyst g-C3N4/Bi2MoO6 towards TCS drug. TCS was
converted to 2-phenoxyphenol under visible light irradiation. In 180 min, 95.5% degrada-
tion was achieved, which was 3.6 times higher in comparison to that obtained with pure
g-C3N4 catalyst.

Mafa et al. [115] developed a multi-elemental doped g-C3N4 catalyst and tested it
towards NPX degradation. Pure g-C3N4 catalyst showed poor performance in terms of
degradation efficiency (21.5%). With rare earth metals loading (1%), the composite catalyst
showed excellent behavior (92.9% efficiency) towards drug removal. A heterojunction was
formed between the rare earth metal and the g-C3N4 surface which provided the defect for
facilitating electron–hole separation. The degradation followed the Z-scheme mechanism
with visible light absorption, with the participation of superoxide radicals.

Truong et al. [116] utilized ZnFe2O4/BiVO4/g-C3N4 photocatalyst for the efficient
removal of lomefloxacin antibiotic degradation. Keeping the amount of ZnFe2O4, BiVO4,
and g-C3N4 in the ratio 1:8:10, the optimized removal efficiency of 96.1% was obtained after
keeping the set-up illuminated for 105 min.

Like the above-mentioned drugs, AMX is another commonly used drug which often
occurs in the ecosystem. Mirzaei et al. [117] prepared a magnetic fluorinated mesoporous
g-C3N4 catalyst for the AMX elimination purpose. Fluorination of the catalyst material
provides a facilitating condition for the catalysis by even distribution in the aqueous
medium. Due to the inclusion of the iron nanoparticles, the removal efficiency further
got enhanced due to the formation of the heterostructure. However, on increasing the
iron content, the catalytic efficiency got diminished due to the fact, that the nanoparticles
covered the active sites. A list of g-C3N4-based catalysts for degrading other PCs is provided
in Table 5.

Table 5. A list of g-C3N4-based catalysts reported for other PC degradation.

Description of the Catalyst Target Compound Optimized Degradation Efficiency References

g-C3N4/Fe3O4@MIL-
100(Fe) CIP 94.7% degradation of CIP having an initial concentration of

200 mg/L within 120 min of visible light irradiation [16]

Mesoporous g-C3N4 CIP 92.3% degradation with an initial concentration of 4 mg/L,
catalyst dose = 1 g/L [17]
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Table 5. Cont.

Description of the Catalyst Target Compound Optimized Degradation Efficiency References

Ag-modified
phosphorus-doped ultrathin
g-C3N4 nanosheets/BiVO4

photocatalyst

CIP 92.6% degradation efficiency for CIP with an initial
concentration of 10 mg/L [110]

Fe3O4/CdS/g-C3N4 CIP
81% degradation with an initial concentration of

CIP = 20 mg/L, catalyst dose = 0.5 g/L in 180 min
reaction time

[111]

Lignin nanorods/g-C3N4
nanocomposite TCS 99.9% removal with an initial concentration of

TCS = 10 mg/L, catalyst dose = 0.5 g/L in 90 min time [112]

g-C3N4/MnFe2O4 TCS
Almost complete degradation of TCS having initial

concentration of 9 mg/L, catalyst dose = 0.2 g/L, in 60 min of
reaction time

[113]

g-C3N4/Bi2MoO6 TCS 95.5% oxidative removal of TCS
(initial concentration = 2 mg/L), catalyst dose = 1 g/L [114]

Multi-elemental doped
g-C3N4

NPX 92.9% removal with initial concentration of
naproxen = 10 mg/L, catalyst dose = 0.3 g/L [115]

ZnFe2O4/BiVO4/g-C3N4 Lomefloxacin
96.1% removal after 105 min of visible light irradiation, with
initial concentration of lomefloxacin = 25 mg/L, with dose of

catalyst = 0.5 g/L
[116]

Magnetic fluorinated
mesoporous g-C3N4

AMX Initial concentration of AMX 91.35 mg/L, dose of
catalyst = 1 g/L, 90% removal [117]

La/FeO3/g-C3N4/BiFeO3 CIP Almost complete degradation of CIP at initial concentration
of 10 mg/L, catalyst dose = 0.4 g/L in 60 min [118]

S-Ag/TiO2@g-C3N4 TCS 92.3% degradation with TCS concentration = 10 mg/L,
pH = 7.8, catalyst dose = 0.2 g/L in 60 min [119]

g-C3N4/NH2-MIL-88B(Fe) Ofloxacin 96.5% removal in 150 min, with ofloxacin
concentration = 10 mg/L, catalyst dose = 0.25 g/L [120]

Carbon-rich g-C3N4
nanosheet AMX

Complete degradation in 150 min under irradiation of
simulated solar light and in 300 min under irradiation of

visible light
[121]

SnO2/g-C3N4 AMX
92.1% AMX removal in 80 min, with initial concentration of

AMX = 10 mg/L, dose of catalyst = 0.25 g/L under 300 W Xe
lamp irradiation

[122]

4.6. Application on Multiple Compounds

In some studies, prepared g-C3N4-based catalysts have been applied on more than
one PC rather than one compound. Dai et al. [123] applied surface hydroxylated g-C3N4
nanofibers for the catalytic degradation of TCH, DC, and metaprolol (MT). Within 60 min
of reaction time, 97.3%, 88.9%, and 63.2% degradation of TC, DC, and MT, respectively, was
achieved. Barium-embedded g-C3N4 was tested against CBM and DC degradation [26].
Thang et al. [124] prepared Ag/g-C3N4/ZnO nanorods photocatalyst and assigned it for
the degradation of commercial drugs, such as paracetamol (PR), cefalexin (CF), and AMX.
By applying only a catalyst dose of 0.08 g/L, the degradation of a target compound having a
concentration of 40 mg/L was possible. Di et al. [2] applied g-C3N4/ZnFeMMO composites
for the photocatalytic degradation of Ibu and sulfadiazine (SDZ) drugs. The Z-scheme
mechanism was found to be appropriate for the overall process. The degradation of Ibu
proceeded via h+ generation in the process while OH· was responsible for the elimination
of SDZ. A list is presented in Table 6, regarding the application of g-C3N4-based catalysts
for multiple PC degradation.
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Table 6. A list of g-C3N4-based catalysts reported for multiple PC degradation.

Catalyst Target Drugs Optimized Reaction Condition Reference

g-C3N4/TiO2 nanomaterials PR, Ibu, DC

With an initial concentration of paracetamol = 25 mg/L,
Ibu = 15 mg/L, DC = 25 mg/L, catalyst dose = 0.9 g/L,

complete degradation of paracetamol and Ibu was
possible; however, DC did not get fully degraded

[15]

Single
barium-atom-embedded

g-C3N4 catalyst
DC and CBM Almost complete degradation of CBZ (1 mg/L) and DC

(8 mg/L) under visible light irradiation in 60 min [26]

α-Fe2O3/g-C3N4 CFX and AMX Complete degradation of both drugs at initial
concentration of 20 mg/L within 180 min [31]

Carbon quantum dots
modified reduced ultrathin

g-C3N4

DC, TCS, NPX 100% degradation within 6 min [80]

Carbon-doped
supramolecule-based

g-C3N4/TiO2 composites
DC and CBM 98.92% and 99.77% degradation of DC and CBZ in

30 min and 6 h illumination under LED [81]

0D/1D Co3O4 quantum
dots/surface-hydroxylated

g-C3N4 nanofibers
TC, DC, MT 97.3% degradation for TC, 88.9% for DC, 63.2% for MT

in 60 min of reaction time [123]

Ag/g-C3N4/ZnO
nanocomposite PR, AMX, CFX

With an initial concentration of each drug = 40 mg/L,
catalyst dose = 0.08 g/L, 78% degradation for PR, 70%

for cefalexin, and 35% for AMX
[124]

g-C3N4-supported
WO3/BiOCl heterojunction LFX and TCH 92.5% degradation of TCH at initial concentration of

20 mg/L [125]

(2D/3D/2D)
rGO/Fe2O3/g-C3N4

nanostructure
TC and CIP Complete degradation of both compounds at an initial

concentration of 50 mg/L within 60 min [126]

5. Optimization Techniques

Optimization of the photocatalyst is one of the pertinent areas for proper resource
utilization. In the present era, multiparameter optimization has gained more predominance
in comparison to single-parameter optimization. Response surface methodology (RSM)
and artificial neural network (ANN) are commonly used for this purpose. Mirzaei et al. [20]
used the RSM technique for the photodegradation of SMX by taking catalyst dose, solution
pH, and airflow rate as the variables. The authors used central composite design (CCD)
for RSM analysis and the catalyst dose, pH, and airflow rate were varied in the range of
0.4–0.8 g/L, 3–11, and 0.5–2.5 L/min, respectively. Twenty experiments were run for the
purpose and the experimental values showed a good correlation with the predicted values
(R2 = 0.9802). The optimum condition was found as 0.65 g/L of photocatalyst dose, pH
of 5.6, and airflow rate of 1.89 L/min and under this condition, the removal efficiency
achieved was 94%. Shanavas et al. [126] conducted an optimization study regarding the
application of rGO-gC3N4-based catalysts for TC and CIP degradation. The reaction time,
reaction temperature, and molar concentration were chosen as the variables for the purpose.

John et al. [82] explored RSM for the optimization of DC degradation. Four variables,
namely, irradiation time, initial solution pH, initial DC concentration, and g-C3N4 loading,
were chosen for the study. From the analysis, it was found that the optimum reaction
conditions were obtained as irradiation time = 90 min, initial solution pH = 5, initial DC
concentration = 5 ppm, and g-C3N4 loading = 0.3 g/g TiO2, and the maximum removal
efficiency achieved was 93.49%.

Quarajehdaghi et al. [127] optimized photocatalytic degradation of CIP by application
of CdS/g-C3N4/rGO/CMC catalyst using RSM and ANN approach. Four parameters were
chosen for the RSM study, such as initial concentration of CIP, dose of catalyst, pH, and time
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of irradiation. Using the CCD model, 30 experiments were run. Predicted removal efficiency
shows a good correlation with the experimental values. The quadratic model best fitted the
trend with a high R2 value of 0.9827. From the RSM analysis, the condition for the optimized
removal efficiency was determined as initial concentration of CIP = 7.89 mg/L, the dose of
catalyst = 0.6 g/L, pH = 6.15, and irradiation time = 33.94 min. The predicted optimized
removal was 84.25%, while experimentally, the removal was achieved at 81.93%. From the
ANN study, the relative importance of different parameters on the degradation efficiency
was determined. It was seen that the influence of the dose of catalyst was the highest (34%),
followed by pH (30%), irradiation time (26%), and, lastly, initial concentration of CIP (10%).
Furthermore, the values obtained from the ANN model were also compared with those
obtained from the RSM model as well as with the experimental values. The values found
from RSM, ANN, and experimental investigation were quite close to each other.

AttariKhasraghi et al. [128] also used RSM and ANN models for cefoperazone degra-
dation using a zeolite-supported CdS/g-C3N4 catalyst. CCD model was used for the
purpose using four variables, such as dose of catalyst, initial concentration of cefoperazone,
pH, and time. The degradation percentages predicted by both the models (RSM and ANN)
showed a good correlation with the experimentally obtained values. Using RSM analysis,
the optimized condition was found as the dose of catalyst = 0.4 g/L, initial concentration of
cefaperazone = 17 mg/L, pH = 9, and time = 80 min. The predicted maximum removal
efficiency was 95.66%, while actually 93.23% was achieved. It proves the accuracy of
the model.

6. Real Field Application

It is pertinent to check the performance of the catalyst towards real wastewater. For
utilization of the novel g-C3N4-based catalyst in real wastewater treatment, firstly scaling
up the process is mandatory. Plasma reactor is one of the innovative reactors which has
the feasibility of being applied in the real field scenario. Feyzi et al. [19] used ZnO/g-
C3N4/zeolite-P-supported catalyst in a dielectric barrier discharge plasma reactor for
photodegradation of TC.

Kumar et al. [129] reported the application of novel g-C3N4/TiO2/Fe3O4@SiO2 pho-
tocatalyst for the degradation of Ibu in sewage. Ibu concentration was kept at 2 mg/L,
while the dose of the photocatalyst was maintained at 1 g/L and 2 g/L. With a 1 g/L
dose of catalyst, only 13% degradation efficiency was achieved, while with a 2 g/L dose,
92% efficiency was obtained. Nivetha et al. [122] tested the potency of the SnO2/g-C3N4
nanocomposite photocatalyst towards the degradation of real pharmaceutical effluent after
being successful towards degrading AMX. Untreated pharmaceutical effluent shows a
strong absorbance at 280 nm. However, after the application of the novel photocatalyst, the
peak started decreasing with the fading of the solution visible to the naked eye.

Rapti et al. [130] investigated the photocatalytic efficiency of g-C3N4 and 1% MoS2/g-
C3N4 catalysts towards 10 psychiatric drugs in hospital wastewater effluent. Experiments
were conducted in a stainless-steel lamp reactor of volume 46 L provided with 10 UVA
lamps and quartz filters connected to a propylene recirculation tank of volume 55–100 L.
The composite catalyst (1% MoS2/g-C3N4) showed higher catalytic performance compared
to that obtained with pure g-C3N4 catalyst. The degradation efficiency for every phar-
maceutical compound varies in the range of 91–100%. Moreover, the reaction was also
conducted in a solar simulator under the irradiation of 500 Wm−2, where the degradation
efficiency was maintained in the range of 54–100%. Further, the study was escalated to
the pilot wastewater treatment plant (parabolic reactor) established at University Hospital,
Ioannina City. The degradation efficiency of the targeted pharmaceutical compounds was
evaluated using natural sunlight as the source of irradiation. All the samples were analyzed
using solid phase extraction followed by chromatographic measurements. Antonopoulou
et al. [131] used a g-C3N4 catalyst under the irradiation of UVA light for the catalytic
degradation of amisulpride, a psychiatric drug in distilled water as well as in municipal
wastewater. High degradation percentage was maintained in both the distilled water and
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municipal wastewater matrix. However, a slower reaction rate was observed in the case of
the latter due to the complex nature of the real wastewater.

Kumar et al. [132] developed a novel g-C3N4 nanorod catalyst by hydrothermal
method. Thus, the prepared activated g-C3N4 catalyst exhibited higher degradation ef-
ficiency in comparison to that of the bare g-C3N4 material. The catalytic efficiency was
tested towards 17α-ethinylestradiol in real hospital wastewater effluent. Within 45 min of
reaction time, high removal percentage was attained.

Jin et al. [80] applied the as-prepared quantum carbon dot modified g-C3N4 photo-
catalyst for the oxidative degradation of DC in distilled water as well as DC spiked in tap
water, wastewater treatment plant effluent, Pearl River water, lake water, and South China
Sea water. In comparison to the distilled water, degradation efficiency got reduced in the
range of 5–13% for different real water matrices. The reduction in removal efficiency might
have caused due to the presence of several that act as light filters and electron trappers.
Further investigation on the interference study revealed that certain anions such as chloride,
sulfate, and nitrate had minimal adverse effects on the degradation efficiency. However, the
presence of HCO3

− caused a moderate hindrance to the reaction as it can quench OH· to
form less reactive CO3

2−. In the presence of Cu2+ and Fe3+, removal efficiency got reduced
significantly, as it reacted with O2

· prior to the degradation of DC.

7. Characterization Techniques

7.1. Fourier Transformed Infrared Spectroscopy (FTIR)

FTIR analysis is a common tool for knowing the functional groups involved in the
degradation process. In the work of Kumar et al. [132], strong peaks were noticed around
1515 cm−1 corresponding to the C-N= stretching vibration. The appearances of a double
peak at 1276 and 1350 cm−1 are designated to the aromatic C-N stretching. In the photo-
catalytic degradation study of DC by reduced ultrathin g-C3N4 decorated with quantum
carbon dots, FTIR spectra of ultrathin carbon nitride (UCN), reduced ultrathin carbon
nitride (RUCN), and carbon quantum dots decorated ultrathin g-C3N4 were recorded [80].
In all the spectra, peaks appeared at 810 cm−1, 1200–1700 cm−1, and 3000–3700 cm−1

corresponding to the bending mode of triazine units, stretching vibration due to C-N
heterocycles, and N-H vibrations, respectively.

7.2. Electron Microscopic Analysis

Morphological features of the g-C3N4 catalyst are obtained from electron microscopic
analysis, such as scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). Mafa et al. [115] conducted both SEM and TEM analyses of the different elements
(Ce, Er, Gd, and Sm) doped g-C3N4 catalysts. The pure g-C3N4 catalyst exhibits a tubular
structure with small openings. Due to doping, the tubular structure got transformed to
flake-like structure. Cerium doping reduces the size of the flake. The SEM image is shown
in Figure 7.

In another study, Palanivel et al. found from the SEM image that the structure of
S-doped g-C3N4 resembled to that of the nanorods [47]. On the other hand, NiFe2O4
nanoparticles possessed agglomerating structure. The nanorod structure helped in im-
proving charge carrier mobility and facilitated electron channelization which ultimately
made the composite a suitable photocatalyst. In the work of Peng et al. [88], the 3D porous
structure of βCDPs/Fe-g-C3N4 catalyst was confirmed by both SEM and TEM analyses.
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Figure 7. FESEM micrograms of (a) CN, (b) CeCN, (c) ErCN, (d) GdCN, (e) SmCN, (f) 1RECN,
(g) 3RECN, and (h) 5RECN photocatalysts [115].

7.3. BET Surface Area Analysis

BET surface area analysis is important for providing insight into the porosity and
surface area of the catalyst material. Mirzaei et al. [117] found the specific surface area of the
prepared fluorinated g-C3N4 catalyst as ~243 m2/g. On the other hand, the specific surface
area of bare g-C3N4 was found to be around 37.85 m2/g. Enhancement in the specific
surface area of the g-C3N4 nanosheets occurred due to the acid-assisted hydrothermal
treatment. The pore volume of the bare g-C3N4 and fluorinated catalyst was 0.082 cm3/g
and 0.427 cm3/g, respectively. The nitrogen adsorption–desorption isotherm showed a
similar trend with the type IV isotherm.

In the study of TC degradation by Ba-doped g-C3N4 catalyst, BET surface area analysis
for g-C3N4 and the composite material was performed [49]. Pure g-C3N4 had a specific
surface area of 9.98 m2/g. On the other hand, due to the composite formation, it got
increased to 11.41 m2/g. Similar results were also found in the case of pore volume
measurements (0.068 m3/g for g-C3N4 and 0.073 m3/g for the composite).

7.4. XPS Analysis

The chemical composition of the constructed photocatalyst and the oxidation states
of the elements involved are obtained from the XPS analysis. Guo et al. [12] performed
the XPS analysis of a 5% Cu3P-ZSO-CN catalyst. The survey spectra revealed the presence
of the Zn 2p, Sn 3d, O 1s, P 2p, Cu 3d, C 1s, and N 1s, and no impurities were found in
the catalyst. Furthermore, the high-resolution spectra of Zn 2p displayed strong peaks
appearing at 1021.5 eV and 1044.8 eV corresponding to Zn 2p3/2 and Zn 2p1/2. In Sn 3d
spectrum, peaks appeared at 486.4 eV and 494.7 eV denoting the presence of Sn 3d5/2 and
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Sn 3d3/2. Chen et al. [102] performed the XPS analysis of TiO2, g-C3N4, and TiO2/g-C3N4
(5% weight) in order to get an idea regarding the surface chemical properties.

Liang et al. [96] conducted the XPS analysis in order to get a clear idea regarding the
elemental composition as well as the surface chemical properties of the composite catalyst.
From the survey spectrum, prominent peaks of the elements C, N, O, Mo, and Bi were
visible. No signal corresponding to S and W was noticeable, which might be due to their
presence in very low concentrations. In the O1s spectrum, peaks corresponding to W-O
and Bi-O at 232.7 eV and 229.9 eV were visible. On the other hand, Mo 3d peaks at 232.7 eV
and 229.9 eV, corresponding to Mo 3d3/2 and Mo 3d5/2, implying that Mo is in a +4 state,
were observed. The XPS spectra are shown in Figure 8.

 

Figure 8. XPS of (a) survey spectra, (b) C 1s, (c) N 1s, (d) O 1s, (e) Mo 3d, and (f) Bi 4f of CN-BM2 [96].

Kumar et al. [129] conducted an XPS analysis of the g-C3N4/TiO2/Fe3O4@SiO2
(gCTFS) catalyst. The wide-scan spectra indicated that the nano photocatalyst was com-
posed of Fe, Si, Ti, C, N, and O. Among all these elements, the signal corresponding to N
was very weak indicating that only a few nitrogen atoms were retained after calcination.

7.5. Diffuse Reflectance Spectra (DRS) Analysis

Optical features of the as-synthesized photocatalysts are often explored by conducting
diffuse reflectance spectral (DRS) analysis. Baladi et al. [21] performed the DRS analysis of
the pure g-C3N4, ZnO, and the composite prepared from both. The absorption edges for
g-C3N4 and ZnO appeared at 445 nm and 405 nm corresponding to the bandgap of 2.78 eV
and 3.1 eV. However, after forming the composite, a redshift in comparison to the ZnO
appeared indicating a better electron–hole separation efficiency, and an enhanced visible
light absorption by the composite photocatalyst. Moreover, the absorption intensity for the
composite got increased with respect to the pure g-C3N4 indicating the presence of ZnO in
the matrix.

Jin et al. [80] carried out the UV-vis DRS analysis of the as-prepared ultrathin g-C3N4
photocatalysts. Ultrathin g-C3N4 (UCN) showed a strong absorption edge at 460 nm while
in the case of reduced UCN, the absorption edge showed a red shift due to the nitrogen
defects. Moreover, due to the carbon quantum dot modification, it was shifted to 480 nm
which indicates that the incorporation of CQD can enhance the spectral response.
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Palanivel et al. [47] found that the absorption of bare g-C3N4 occurred at 467 nm with
a bandgap of 2.65 eV. On the other hand, carbon nitride nanorod (CNNR) material shows
strong absorption at 452 nm. It happened due to the quantum confinement effect. During
the formation of the nanocomposite, its electronic state became discrete and hence a blue
shift is observed in comparison to the bulk parent material. Moreover, due to sulfur doping,
SCNNR showed a strong absorption at 479 nm with a bandgap of 2.58 eV. Due to the
incorporation of the S atom, the band gap is shortened.

7.6. X-ray Diffraction (XRD) Analysis

XRD analysis is often explored by researchers for finding out the size of the photocata-
lyst material. It is based on the Debye–Scherer equation as follows:

d =
0.9λ

β cos θ
(1)

Di et al. [2] performed the XRD analysis of g-C3N4/ZnMMO composite catalyst. In
the XRD spectra of pure g-C3N4, two prominent peaks were observed at 13.2◦ and 27.4◦.
It refers to the (100) and (002) planes, respectively, which indicates interplanar repeated
packing of tri-s-triazine rings and interlayer stacking of graphitic-like structure. In the XRD
spectrum of ZnFeMMO, diffraction peaks corresponding to hexagonal wurtzite ZnO and
ZnFe2O4 were clearly observed. On the other hand, after the formation of the composite
between the two, the peaks got diminished in magnitude indicating a strong interaction
between the two.

Kumar et al. [129] carried out the XRD analysis of Fe3O4, Fe3O4@SiO2, g-C3N4
nanosheets, and the composite catalyst with TiO2. In the spectrum of Fe3O4, five peaks
at 30.1◦, 35.5◦, 43.1◦, 57◦, and 62.6◦ were observed corresponding to (220), (311), (400),
(511), and (440) planes. However, in Fe3O4@SiO2, after forming a composite with SiO2, no
characteristic peak due to SiO2 was observed. Finally, in the spectrum of the composite
catalyst (g-C3N4/TiO2/Fe3O4@SiO2), peaks were found at 25.4◦, 38◦, 48◦, 53.9◦, 55.19◦,
62.72◦, 69◦, 70.25◦, and 75.3◦ corresponding to the TiO2.

7.7. Photoluminescence (PL) Spectroscopy

PL spectra are often explored by research groups to have more insight into the photo-
catalytic property of as-synthesized composite materials. Yan et al. [133] recorded the PL
spectra of the pristine g-C3N4 material as well as the metal (Na, K, Ca, Mg) doped g-C3N4
matrix. A strong absorption peak around 440 nm is observed for the pure g-C3N4 while
similar spectra with reduced intensity are being observed for the doped materials (as shown
in Figure 9). Reduction in the PL intensity indicates that the electron–hole recombination is
reduced as well as the lifetime of the charge carrier is increased. Mirzaei et al. [117] reported
that due to the fluorination of the g-C3N4 catalyst, the intensity of the photoluminescence
spectra got reduced.

7.8. Identification of the Intermediate Products

In pharmaceutical degradation, the identification of the intermediate products con-
stitutes an important study. In the photocatalytic degradation of Ibu by g-C3N4/TiO2/
Fe3O4@SiO2 photocatalyst, the intermediate compounds were identified [129]. Peaks were
obtained at m/z 237, 253, 241, 257, 165, and 163 as a result of the hydroxylation, decarboxy-
lation, and demethylation. Moreover, according to the mass balance equation, 6.5 μmol of
CO2 was obtained after the complete mineralization of 10 μmol of Ibu.

Huang et al. [134] identified the intermediate products by LC-MS analysis while de-
grading CBZ by a g-C3N4 heterogeneous catalyst through the Fenton process. A prominent
peak was identified corresponding to an m/z ratio of 253 due to hydroxyl substitution
reaction. During the reaction process, a loss of CONH2 occurred which was reflected by
the strong signal at the m/z value of 193.
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Figure 9. PL spectra of pristine and doped g-C3N4 samples [133].

7.9. Photoelectrochemical Tests

Photoelectrochemical tests constitute an important characterization of the photocat-
alyst material as it gives insight into the charge transfer mechanism of the synthesized
material. Guo et al. [14] showed that in comparison to the bare g-C3N4 catalyst, the Cl-
doped catalyst revealed higher photocurrent density which implied that the electron–hole
recombination could be prevented more effectively due to Cl doping. He et al. [4] carried
out the photoelectrochemical test of the Ti3C2/g-C3N4 photocatalyst using Na2SO4 as the
electrolyte. It was seen that the photocurrent response of the Ti3C2/g-C3N4 catalyst was
higher in comparison to the bare g-C3N4 material. Due to the high conductivity of Ti3C2,
photo-generated electrons from the surface of g-C3N4 got transported to the Ti3C2 sur-
face resulting in high charge separation and greater photocurrent response. Furthermore,
the Nyquist plot revealed that the impedance value of Ti3C2/g-C3N4 is lower than that
of g-C3N4, which indicates the efficient generation of photoelectrons under visible light
irradiation. Moreover, it also confirmed the 2D/2D nanostructure of the newly synthe-
sized catalyst.

7.10. Electron Spin Resonance (ESR) Tests

The ESR technique is often explored by researchers to investigate the reactive oxygen
species (ROS) involved in the degradation process. Chen et al. [30] used 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin-trap chemical in the aqueous dispersion of methanol.
Results showed peaks of both DMPO-·O2

− and DMPO-·OH adducts appeared in the ESR
spectrum. Hence, it can be concluded that under visible light irradiation, the MnISCN-20
photocatalyst was able to generate both superoxide and hydroxyl radicals to facilitate TC
degradation. Cao et al. [51] utilized DMPO for trapping and detecting radicals such as
·OH, ·O2

−, and SO4
·− generated during the catalytic degradation of TCH, while 2,2,6,6-

tetramethylpiperidine-1-oxyl for the detection of 1O2 radical. The results showed that the
4%P/CNK catalyst was efficient to generate ·OH, ·O2

−, SO4
·−, and 1O2 radicals for TCH

degradation purposes under the combined action of visible light irradiation and PMS.

8. Future Perspective and Current Challenges

g-C3N4-based photocatalysts are undoubtedly promising materials for pharmaceutical
wastewater treatment. Scientists are rigorously working in this field for further develop-
ment of newer catalysts and their applicability for real field applications. In spite of various
achievements, there still exist several challenges and hurdles which need to be overcome.
Production of a highly stable g-C3N4-based photocatalyst with a narrow band gap is still
a challenging task. More control over the surface defects and other properties has to be
attained through rigorous research. Another aspect is the synthesis cost of g-C3N4-based
catalysts causing the major hurdle behind their large-scale applications.
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Balakrishnan et al. [7] in their recent review article highlighted serious challenges
associated with the usage of g-C3N4 catalysts for environmental remediation purposes.
One of the major problems associated with the g-C3N4-based catalysts is the high electron–
hole recombination and significant loss of weight while reusing the catalyst as already
mentioned in the introduction part. To improve light absorption, scientists are continuously
developing novel techniques for reducing bandgap. Several reports on g-C3N4 showed a
significant reduction in band gap that occurred due to the modification or immobilization.
However, a detailed explanation behind this bandgap reduction is often not dealt with.
Hayat et al. [135] also commented that the charge transfer mechanism of the g-C3N4-based
catalysts is not always fully understood. Hence, a more rigorous effort is recommended.

Many g-C3N4-based catalysts have been proven to be toxic to the aquatic ecosystem.
Hence, toxicity analysis should also be dealt with while applying these materials for
pharmaceutical wastewater treatment.

Often magnetic catalysts are designed for various types of pollutant elimination.
However, using a simple bar magnet may lead to severe weight loss during recyclability.
Hence, proper design in this respect should be adopted.

g-C3N4-based photocatalytic membranes are often explored by researchers for pollu-
tant degradation purposes. Fouling and low mass transfer issues often hinder their use
in large-scale industrial purposes. In this respect, uncommon ceramic materials can be
explored for the optimization of the cost.

Doping is often tried out to enhance the photocatalytic activity of the g-C3N4-based
catalysts. Patnaik et al. [136], in their recent review article, mentioned that in many cases
doped g-C3N4-based catalysts showed poor stability under extreme thermal conditions.
Moreover, dopant atoms often become the new area for recombination. Hence, co-doping
has been suggested by the authors rather than single-element doping. Although many
studies are reported in the literature, still more research is required for controlled doping in
order to produce the optimized catalyst.

Yuda and Kumar [137] highlighted some of the important limitations of using g-C3N4-
based catalysts for real-field wastewater systems. Firstly, their stability under different
environmental conditions is not often explored. Hence, stability against acidic conditions,
temperature variation, etc., should be checked. Moreover, electron–hole separation can
be easily understood in two-component heterostructure systems. However, it becomes
complicated in the case of multicomponent systems.

Author Contributions: S.B.: Writing, original draft preparation, A.P.: Writing, reviewing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data is created.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
AMX amoxicillin
ANN artificial neural network
CBZ carbamazepine
CFX cefalexin
CIP ciprofloxacin
DC diclofenac
LFX levofloxacin
NPX naproxen
OTC oxytetracycline
PC pharmaceutical compound
PMS peroxymonosulfate
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PRRSM paracetamolresponse surface methodology
SDZ sulfadiazine
SMX sulfamethoxazole
TC tetracycline
TCH tetracycline hydrochloride
TCS triclosan
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Abstract: The combining of the heterostructure construction and active sites modification to re-
model the traditional wide-band-gap semiconductor SrTiO3 for improving visible light absorption
capacity and enhancing photocatalytic performance is greatly desired. Herein, we research a novel
GO/Rh-SrTiO3 nanocomposite via a facile hydrothermal method. The champion GO/Rh-SrTiO3

nanocomposite exhibits the superior photocatalytic overall water splitting performance with an H2

evolution rate of 55.83 μmol·g−1·h−1 and O2 production rate of 23.26 μmol·g−1·h−1, realizing a
breakthrough from zero with respect to the single-phased STO under visible light (λ ≥ 420 nm). More
importantly, a series of characterizations results showed that significantly improving photocatalytic
performance originated mainly from the construction of heterostructure and more active sites rooted
in Rh metal. In addition, the possible photocatalytic reaction mechanisms and the transport behavior
of photogenerated carriers have been revealed in deeper detail. This work provides an effective
strategy for heterostructure construction to improve solar utilization through vastly expanding visible
light response ranges from traditional UV photocatalysts.

Keywords: SrTiO3; GO; Rh active sites modification; photocatalytic overall water splitting;
energy conversion

1. Introduction

The excessive consumption of fossil energy has led to serious energy and environ-
mental problems [1] while promoting the research of green alternative energy sources [2].
Hydrogen is considered to be an optimal clean energy source because of its low density,
high calorific value, easy storage, and non-toxicity [3]. At the same time, its combustion
product is only water, which effectively avoids greenhouse gas emissions, so achieving
efficient, clean, and low-energy hydrogen production is significant in the current develop-
ment. Unlike fossil fuels, hydrogen is not readily available directly in nature. Fortunately,
hydrogen can be produced from primary energy sources such as coal, crude oil, natural
gas, biomass, and solar energy. Many process technologies for hydrogen production have
been developed, such as pyrolysis, fermentation, electrocatalysis, and photocatalysis [4].
Currently, the largest hydrogen production comes from coal gasification, methane steam
reforming, and methane partial oxidation technologies [5]. However, the excessive deple-
tion of fossil fuels and significant environmental issues have promoted the development of
viable alternatives. Among them, photocatalytic water splitting, which uses solar energy
and water, is a promising option [6]. In recent years, photocatalytic technology has received
widespread attention because of its clean, safe, sustainable, and longevous advantages. In
the photocatalytic system, a decisive role in the overall water splitting efficiency is played by
the photocatalyst, which is the core of the whole system [7,8]. It is well known that suitable
band structure, abundant reactive sites, and efficient photogenerated carrier separation are
the criteria for excellent photocatalysts [9,10]. However, there are very few photocatalysts
that can meet these criteria. Therefore, it is essential to study an efficient photocatalyst.

Catalysts 2023, 13, 851. https://doi.org/10.3390/catal13050851 https://www.mdpi.com/journal/catalysts
125



Catalysts 2023, 13, 851

In recent years, SrTiO3 (abbreviated as STO) has been widely used in photocatal-
ysis [11], sensors [12], dye-sensitized solar cells (DSCC) [13], and supercapacitors [14]
because of its excellent properties, including high dielectric constant, resistance to photo-
chemical corrosion, relatively stable properties, and non-toxicity [15,16]. Nevertheless, the
excessively wide energy band (~3.2 eV) of STO semiconductors leads to poor photogener-
ated electron–hole pair separation and low utilization of visible light, which results in poor
photocatalytic performance [17]. Therefore, improving the visible light utilization of STO is
a major challenge. Currently, the modification of photocatalysts involves heterostructure
construction [18,19], defect generation [20,21], elemental doping [22,23], and active sites
modification [24,25]. Ha’s group synthesized SrTiO3/TiO2 heterostructures with different
morphologies by a simple hydrothermal method. The SrTiO3/TiO2 heterostructures not
only facilitate the rapid separation of photogenerated electron–hole pairs but also allow
more light absorption, which has a synergistic effect that enhances the photocatalytic
activity of SrTiO3/TiO2 heterostructures [26]. Deng’s group synthesized SrTiO3-SrCO3
heterostructures by a simple hydrothermal method. The SrTiO3-SrCO3 heterostructures
facilitate the rapid separation and transmission of photogenerated carriers. Under sim-
ulated sunlight irradiation, the champion SrTiO3-SrCO3 showed a great photocatalytic
H2 production rate of 4.73 mmol·h−1·g−1, which was 21 times higher than that of pure
SrTiO3 [27]. The strategy of constructing heterostructures was applied to STO and other
semiconductors, significantly improving the utilization of visible light and the separation
and migration of charge carriers [28].

Graphene oxide (GO) is widely used for the synthesis of efficient photocatalysts be-
cause of its big specific surface area, outstanding electrical conductivity, and powerful
light absorption ability [29,30]. For example, Jung’s group combined GO with TiO2 and
ZnO to increase light utilization and reduce electron–hole pairs recombination in the com-
posite [31]. Gao’s group synthesized GO/CdS composites by a novel two-phase hybrid
method. The efficient electron transfer from CdS to GO decreased the recombination of
photogenerated carriers which improved the catalytic activity [32]. Hunge’s group has
synthesized GO/TiO2 composite using a hydrothermal process. A series of characteriza-
tions showed that the occurrence of GO not only accelerates electron transfer and thus
inhibits the recombination of photogenerated electron–hole pairs but also increased light
absorption and utilization, which improved the photocatalytic activity [33]. Herein, GO
was applied to improve STO light utilization and conductivity. Meanwhile, the active sites
are also important for overall water splitting, and metal elements are usually chosen as
the electron acceptor and as the active sites for the reaction. For example, Cai’s group
successfully constructed metal/phosphide heterostructures by photo-deposition which
drove a dual active site mechanism thereby overcoming the low efficiency of precious metal
water splitting and providing an effective strategy for the preparation of high performance
water splitting catalysts [34]. The use of the Rh metal as the electron acceptors greatly
increases the exposed active sites and promotes the electron–hole separation.

In this work, heterostructure construction and active site modification strategies have
been applied to fabricate GO/Rh-STO composites by a hydrothermal process. Notably, the
prepared GO/Rh-STO composites show excellent photocatalytic overall water splitting
performance under visible light. In addition, the influencing factors to enhance the photo-
catalytic activity and the rational photocatalytic reaction mechanism were also investigated
in depth. This study combines heterostructure construction techniques (GO improved light
absorption) and active sites modification (Rh metal increased active sites) to improve pho-
tocatalytic overall water splitting performance, which provides a new strategy to transform
traditional UV catalysts into visible-light-responsive catalysts with abundant active sites
applied to energy conversion.
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2. Results and Discussions

2.1. Characterization of GO/Rh-STO Photocatalysts

The microstructure and morphological characteristics of the prepared catalysts were
analyzed by SEM, TEM, HRTEM, and EDS mapping. Figure 1a,d show the SEM and TEM
images of STO which show a smooth surface of hexagonal nanosheets without any other
impurities, thereby confirming the formation of STO nanosheets. Figure 1b shows the SEM
image of GO with a large specific surface area, clearly illustrating the disorderly stacked,
and folded sheet-like accumulation. Figure 1c,e show SEM and TEM images of GO/Rh-STO
heterostructures, showing that STO nanoparticles grown on the GO flakes. In Figure 1f,
the HRTEM image of the GO/Rh-STO heterostructure shows the heterostructure interface
between GO and STO, thereby confirming the formation of the GO/Rh-STO heterostructure.
Moreover, the clean lattice spacing of 0.224 nm matches well with the (111) plane of STO,
while GO is amorphous with no clear lattice. In addition, Figure 1g shows the HAADF
and EDS mapping images which show all elements of Sr, Ti, O, Rh, and C in the GO/Rh-
STO composite catalysts, which further confirms the formation of GO/Rh-STO composite
catalysts. The above results confirm the formation of GO/Rh-STO heterostructures.

 
Figure 1. SEM images of (a) STO, (b) GO and (c) GO/Rh-STO; (d) TEM image of STO, (e) TEM,
(f) HRTEM, (g) HADDF and EDS mapping images of GO/Rh-STO.

2.2. The Crystal Structure and Chemical States Analysis

To better understand the structure and chemical state of pure STO and GO/Rh-
STO, XRD patterns and XPS analysis were investigated. As shown in Figure 2a, the STO
nanosheets show good crystallinity with diffraction peaks at 22.75◦, 32.40◦, 39.96◦, 46.47◦,
52.35◦, 57.76◦, and 67.83◦, which corresponds to (100), (110), (111), (200), (012), (211), and
(220) crystal planes of the STO structure, respectively. These peaks are characteristic peaks
of STO, indexing to JCPDS card number 35-0734 [35]. The STO crystalline structure is
well-developed based on the well-defined and very sharp peaks in the XRD patterns of the
STO nanosheets. As shown in Figure 2b, the XRD pattern of GO shows an intense and sharp
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peak at 2θ = 10.40◦ that correspond to the (001) plane of GO, which is usually determined by
the synthesis process and the number of water layers in the interplanar space of GO [36,37].
The XRD patterns of GO/Rh-STO nanocomposites clearly show GO and STO characteristic
diffraction peaks, which proves the presence of GO and STO in the nanocomposites, while
the decrease of GO characteristic peak intensity indicates that the aggregation of GO sheets
has been greatly decreased. Therefore, the XRD patterns confirmed the successful synthesis
of GO, STO, and GO/Rh-STO nanocomposites. Figure 3a shows that there are Ti, Sr, Rh,
C, and O elements in GO/Rh-STO. As shown in Figure 3b, two symmetric diffraction
peaks (309.4 eV and 314.4 eV) appeared in the Rh 3d XPS spectrum which corresponded to
Rh 3d 5/2 and 3d 3/2, representing Rh4+ rather than Rh3+ or the oxide form of Rh [38,39].
This suggests that Rh is successfully modified into the STO lattice by substitution at the
Ti position. Figure 3c shows the XPS patterns of O elements in GO and GO/Rh-STO
samples. The diffraction peak of lattice oxygen in GO/Rh-STO sample shifts from 529.8 eV
to lower binding energy, which is due to the interference generated by Rh atoms entering
the STO crystal structure, and further confirms the successful modification of Rh in STO.
The XPS spectra of Ti 2p and Sr 3d of STO and GO/Rh-STO are shown in Figure 3d,e,
respectively, which show that the integration of Rh metal active sites modification and GO
heterostructure construction in the STO nanosheets does not change the XPS of Ti 2p and
Sr 3d too much. This result suggests that the incorporation of GO and the Rh metal does
not change the core structure of STO.

The XPS atomic percentage analysis of xGO/Rh-STO as shown in Table 1. The per-
centages of C atomic were 3.8%, 7.2%, 12.2%, and 16.9%, respectively, and named 3.8%
GO/Rh-STO, 7.2% GO/Rh-STO, 12.2% GO/Rh-STO, and 16.9% GO/Rh-STO, according to
the atomic percentage analysis of XPS.

Table 1. The XPS atomic percentage analysis of xGO/Rh-STO.

GO Addition
Amount (mg)

Atomic %C Atomic %O Atomic %Rh Atomic %Sr Atomic %Ti

10 3.8 53.9 0.7 25.1 16.5
20 7.2 53.7 0.6 23.1 15.4
40 12.2 51.4 0.5 21.7 14.2
60 16.9 48.1 0.4 18.4 12.5

Figure 2. (a,b) XRD patterns of the GO, STO, and GO/Rh-STO.
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Figure 3. XPS spectra of STO and GO/Rh-STO: (a) the total survey spectra, (b) Rh 3d, (c) O 1s, (d) Ti
2p, (e) Sr 3d.

2.3. Photocatalytic Performance Evaluation

The photocatalytic performance of the prepared photocatalysts was investigated by
overall water splitting for H2 and O2 production. As shown in Figure 4a, pure STO cannot
overall water splitting under visible light (λ≥ 420 nm) due to the fact that it can only absorb
and utilize UV light. However, the overall water splitting of GO/STO heterostructure
can work under visible light. The champion GO/Rh-SrTiO3 nanocomposite exhibits the
superior photocatalytic overall water splitting performance with an H2 evolution rate
of 55.83 μmol·g−1·h−1 and O2 production rate of 23.26 μmol·g−1·h−1 under visible light
(λ ≥ 420 nm), illustrating that the heterostructure construction and Rh metal active sites
modification enhanced the utilization of visible light and photocatalytic performance of
STO. As shown in Figure 4b, the H2 and O2 production rates over the xGO/Rh-STO
samples are increased and then decreased with the increasing amount of GO, the possible
reason for which can be ascribed to the fact that the excess GO reduces the exposed active
sites of STO, resulting in a reduction in the overall water splitting rate. Notably, the 7.2%
GO/Rh-STO photocatalyst displays the highest H2 production rate (55.83 μmol·g−1·h−1)
and O2 production rate (23.26 μmol·g−1·h−1) under visible light (λ ≥ 420 nm).
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Figure 4. (a) Time course of H2 and O2 evolution over STO, GO/STO, GO/Rh−STO, and (b) photo-
catalytic activity of xGO/Rh−STO (x = 3.8%, 7.2%, 12.2%, or 16.9%) under visible light (λ ≥ 420 nm)
irradiation.

In recent years, there have been many works aimed at enhancing the performance
of STO overall water splitting as shown in Table 2. Modulating the morphology of STO
is also an effective strategy to improve photocatalytic activity, in addition to the forming
of composite materials. Many different morphological STO samples have been reported,
such as nanoparticles, nanosheets, nanospheres, nanorods, coral-like and flower-like micro-
spheres, etc. [40–43] The study of STO with different morphologies revealed that highly
interconnected porous structures are more favorable for reactant adsorption, light utiliza-
tion, and carrier migration. For example, flower-like STO with a large number of cavities
facilitates a reduction in photogenerated carrier recombination while facilitating the re-
flection of light to improve light utilization [42,43]. These are the keys to improving the
photocatalytic activity of STO. Morphological modulation provides a strategy to further
improve the photocatalytic activity of GO/Rh-STO. The modified STO catalysts showed
relatively high overall water splitting performance under UV light and low performance
under visible light. This work synthesized GO/Rh-STO photocatalyst and exhibited excel-
lent overall water splitting performance compared to other works under visible light. The
GO/Rh-STO composites have great potential for large-scale photocatalytic overall water
splitting applications, but their performance at present is still insufficient and much work
needs to be carried out to improve the overall water splitting performance of GO/Rh-STO
under visible light.

Table 2. The comparison of overall water splitting performance of STO-based photocatalysts in
other works.

Materials
Catalyst

Dosage (mg)
Cocatalysts

Reactant
Solution Water

(mL)
Light Source

H2 Rate
(μmolh−1·g−1)

O2 Rate
(μmolh−1·g−1)

Ref.

GO/Rh-STO 100 / 100 300W Xe Lamp
(λ > 420 nm) 55.83 23.26 This work

SrTiO3-C950 400 / 10 300W Xe Lamp
(λ > 420 nm) 2.3 1.0 [44]

SrTiO3/TiO2 50 Pt (0.3 wt%) 150 300W Xe Lamp
(λ > 420 nm) 10.6 5.1 [45]

SrTiO3:Rh-RGO-
BiVO4:Mo 200 Ru (0.7 wt%)

Co (0.1 wt%) 120 300W Xe Lamp
(λ > 420 nm) 14 6.1 [46]

Mg-doped SrTiO3 25 Ni (1 wt%) 25 300W Xe Lamp
(λ > 300 nm) 8.8 4.2 [47]

PdCrOx/SrTiO3 100 / 140 300W Xe Lamp
(λ > 300 nm) 15 5 [48]

Ultrafine Pt clusters on
SrTiO3

50 / 100 300W Xe Lamp
(λ > 300 nm) 23 12 [49]

SrTiO3
(impregnation methods) 300 Pt (0.3 wt%) 150 300W Xe Lamp

(λ > 300 nm) 38 20 [50]

TiO2/SrTiO3 100
Rh (0.1 wt%)
Cr (0.05 wt%)
Co (0.05 wt%)

50 300W Xe Lamp
(λ < 380 nm) 38.6 19.2 [51]

oxygen
vacancies

SrTiO3

100 Pt (0.3 wt%) 60 300W Xe Lamp
(λ < 380 nm) 81 40 [43]
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2.4. The Influence Factors of Enhancing Photocatalytic Performance

The valence and conduction band structures are essential for the analysis of the
underlying causes of the enhanced photocatalytic activity. As shown in Figure 5a, the UV-
vis DRS of pure STO shows an absorption edge at 385 nm, consistent with the published
literature [52]. Surprisingly, the GO/STO photocatalyst has a much higher absorption
capacity for visible light compared to pure STO. Meanwhile, according to the equation
(αhυ) = A (hυ − Eg)n/2, the plotting of (αhυ)1/2 with respect to the energy (hυ) is performed
to calculate the band gap energy due to the indirect band gap (n = 1) property of STO [53],
while the plotting of (αhυ)2 with respect to the energy (hυ) is performed due to the direct
band gap (n = 4) property of GO/Rh-STO [33]. In Figure 5b, the band gap energies of STO
and GO/Rh-STO are calculated to be 3.20 eV and 2.09 eV, respectively, which indicates that
the combination of GO and STO greatly reduces the band gap energy and enhances the
absorption and utilization of visible radiation. In addition, Mott–Schottky measurements
were performed to investigate the conduction bands of STO and GO/Rh-STO. As shown
in Figure 5c,d, the Mott–Schottky slopes of STO and GO/Rh-STO indicate a positive
correlation, which indicates that they are all n-type semiconductors. The conduction band
potentials of STO and GO/Rh-STO are −0.41 eV and −0.65 eV (vs. NHE), respectively,
as calculated by the equation ENHE = EAg/AgCl + 0.059 × PH + 0.197. The VB potentials
of STO and GO/Rh-STO were determined to be 2.79 eV and 1.44 eV from the empirical
equation of EVB = ECB + Eg [54,55].

Figure 5. (a) UV−vis diffuse reflectance spectra and (b) curves of (αhυ)1/2 and (αhυ)2 versus energy
(hυ) of STO and GO/Rh−STO; Mott−Schottky curves of (c) GO/Rh−STO and (d) STO.

The photoelectric properties are closely related to the transfer and separation ability of
the charge carriers of the photocatalyst. As shown in Figure 6a, the surface charge transfer
efficiency of the samples was studied by EIS and the GO/Rh-STO samples show a much
smaller semicircular diameter and much lower charge transfer resistance than pure STO.
By calculating the diameter of the semicircle obtained by EIS, the charge transfer resistance
(Rct) of GO/STO, GO, and pure STO were 103.2, 41.3, and 279.5 Ω, respectively, and the
conductivity (Rct

−1) was from the largest to the smallest sample as GO>GO/STO>STO.
This is also demonstrated by the linear sweep voltage plot (LSV) shown in Figure 6c,
where the overpotential of GO/Rh-STO (1.19V) is smaller than that of pure STO (1.93 V)
at −10 mA·cm−2, indicating that the conductivity of GO/Rh-STO samples is better than
that of STO. The improved electrical conductivity of GO/Rh-STO composites is due to the
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introduction of GO with excellent electrical conductivity. Furthermore, Figure 6b shows the
photocurrent responses of the prepared STO, GO, and GO/Rh-STO heterostructures, which
all exhibit stable photocurrent signals over six cycles. Notably, the photocurrent intensity
of the GO/Rh-STO samples is stronger than that of pure STO and GO, indicating that the
GO/Rh-STO composites have better separation of charge–hole pairs.

Figure 6. (a) EIS Nyquist plots, the electrical equivalent circuit model of as-prepared samples is
shown in the inset of (a) including charge transfer resistance (Rct), resistance of solution (Rs), double
layer capacitance (Cdl) and Warburg resistance (RW); (b) the transient photocurrent responses and;
(c) LSV curves of STO, GO and GO/Rh−STO.

In this study of the behavior of charge separation of samples by photoluminescence
(PL) and transient photoluminescence spectroscopy (TRPL), the PL spectra of photocatalysts
at the excitation wavelength of 385 nm are depicted in Figure 7a, in which PL emission
at 480 nm on as-prepared photocatalysts is shown. As shown in Figure 7b, under the
condition of λex = 385 nm and λem = 480 nm, we tracked the transient photoluminescence
(TRPL) emission profile. From Figure 7b, the average decay lifetimes of GO/STO (1.6 ns)
and GO/Rh-STO (1.9 ns) composite catalysts are longer compared to pure STO (1.1 ns),
which further demonstrates the effective facilitative effect of the separation and transfer of
photoinduced charges.

 
Figure 7. (a) PL spectra and (b) TRPL spectra of STO, GO/STO, and GO/Rh-STO (λex = 385 nm and
λem = 480 nm).

Furthermore, the specific surface area was investigated in order to investigate the
factors affecting the activity of photocatalytic water splitting. As is shown in Figure 8a–c,
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the N2 adsorption–desorption isotherms show that the samples GO, STO, and GO/Rh-STO
all exhibit typical type IV isotherms with H3-type hysteresis loops. This indicates the
existence of multi-porous structures in GO, STO, and GO/Rh-STO. The BET surface area of
the GO/Rh-STO (22.537 m2/g, Figure 8a) composites was significantly larger compared to
that of STO (4.15 m2/g, Figure 8c), which was mainly attributed to the large specific surface
area of GO. In addition, the composition of GO/Rh-STO nanocomposites was analyzed by
Raman spectroscopy. As shown in Figure 8d, STO has secondary Raman scattering from
160 cm−1 to 451 cm−1, which leads to a continuous broadband. STO shows its characteristic
peaks at 171, 245, 307, 609, 674, and 1044 cm−1 [56,57] and GO shows its characteristic
peaks at 1393 cm−1 (D-band) and 1596 cm−1 (G-band). Two additional bands of GO/Rh-
STO were obtained at 1392 (D-band) and 1595 cm−1 (G-band) [58], which confirmed the
presence of GO. Therefore, the Raman spectra illustrate the successful preparation of
GO/Rh-STO nanocomposites.

Figure 8. Nitrogen adsorption–desorption curves of (a) GO/Rh−STO, (b) GO, (c) STO, and (d) Raman
spectra of GO, STO, and GO/Rh−STO.

2.5. Photocatalytic Mechanism Research

Based on the above experimental results, the mechanism of the photocatalytic reaction
on GO/Rh-STO heterostructure is shown in Figure 9. According to the above study, the
VB and CB energy levels of STO were confirmed to be 2.79 eV and −0.41 eV, respectively.
The Fermi energy level of GO is −0.008 V with respect to NHE [59]. The CB energy
level of STO is −0.41 eV, which is positive for the Fermi energy level of GO. As a result,
the photoexcited electrons are rapidly transferred from the CB of STO to GO, thereby
suppressing the photoexcited e−/h+ pairs’ recombination and improving their separation
efficiency. During the photocatalytic experiments, when the light starts being exposed on
the photocatalyst, STO absorbs the light and the e− production of STO transfers from VB
to CB and the h+ were left at VB of STO. Due to the solid-solid tight contact interface, GO
facilitates the rapid transfer of e− to the Rh active sites. The e− transfers quickly to the
Rh active sites and produces H2 with H+. Meanwhile, h+ on the VB of STO produces O2
with water, because the valence band maximum for the STO is located at a more positive
position than the O2/H2O energy level [60].
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Figure 9. Schematic representation of possible photocatalytic degradation mechanism.

3. Experiment

3.1. Materials

Titanium butoxide (C16H36O4Ti), sodium hydroxide (NaOH), strontium chloride
(SrCl2), rhodium(III) chloride trihydrate (RhCl3·3H2O), and graphite powder were obtained
from Shanghai Aladdin Technology Co., Ltd. (Shanghai, China). Ethanol (C2H5OH),
hydrochloric acid (HCl), sulphuric acid (H2SO4), hydrogen peroxide solution (H2O2),
sodium nitrate (NaNO3), and potassium permanganate (KMnO4) were obtained from
Shanghai Sinopharm Co., Ltd. (Shanghai, China). All reagents involved in the experiments
were of analytical grade (purity ≥ 99.0%) and the water used throughout the study was
deionized water (DI).

3.2. Synthesis and Preparation
3.2.1. Synthesis of Graphene Oxide (GO)

GO was synthesized using a modified Hummer method which is reported in the other
literature [61]. In short, 100 mL H2SO4 (98%) was added to a round-bottom flask (500 mL)
in an ice bath with stirring at 450 rpm. Graphite powder (5 g), NaNO3 (1.6 g), and KMnO4
(10 g) were added to concentrated sulfuric acid. An amount of 100 mL H2O was added
to the mixture when the color of the reaction mixture turned light gray. After increasing
the temperature of the reaction vessel to 102 ◦C for 2 h, H2O2 (40 mL) was added. The
reaction mixture was washed with 5% HCl until the filtrate became colorless after stirring
the reaction mixture for 1 h. Then, we obtained graphite oxide after washing 3 times with
H2O and dried it in a desiccator at 60 ◦C. Finally, we obtained GO by ultrasonication of the
dispersed graphite oxide in water.

3.2.2. Synthesis of Strontium Titanate (STO)

The STO nanoparticle was synthesized via a hydrothermal route [62]. Firstly, SrCl2
(0.01 mol) was added to an autoclave (50 mL) followed by 30 mL of water. After stirring
for 20 min, 3.4 mL titanium butoxide was added, then 0.8 g NaOH. After stirring for 2 h,
the autoclave was heated to 195 ◦C and held for 23 h. After the completion of the reaction,
the reaction was washed by centrifugation several times and dried at 60 ◦C. Finally, we
obtained STO white powder.

3.2.3. Synthesis of GO/Rh-STO Composite Catalysts

GO/Rh-STO composites were synthesized by the hydrothermal method [63]. Firstly,
SrCl2 (0.01 mol) and RhCl3·3H2O (50 mg) were added to an autoclave (50 mL) followed by
30 mL of water. After stirring for 20 min, 3.4 mL titanium butoxide was added, then 0.8 g
NaOH. After stirring for 30 min, 20 mg GO was added. After stirring for 2 h, the autoclave
was heated to 195 ◦C and held for 23 h. After the completion of the reaction, the reaction
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was washed by centrifugation several times and dried at 60 ◦C to obtain GO/Rh-STO
precursor powder. Finally, we obtained the GO/Rh-STO composite catalysts by annealing
at 200 ◦C in ambient for 2 h. The xGO/Rh-STO composites were synthesized by changing
the amount of GO (10 mg, 20 mg, 40 mg, 60 mg). The percentages of C atomic were
3.8%, 7.2%, 12.2%, and 16.9%, which named 3.8% GO/Rh-STO, 7.2% GO/Rh-STO, 12.2%
GO/Rh-STO, and 16.9% GO/Rh-STO, respectively, according to the C atomic percentage
analysis of XPS in Table 1.

3.3. Evaluation on Efficiency of Photocatalysts

The evaluation of the overall water splitting performance was performed on a CEL-
PAEM-D8 photocatalytic activity evaluation system (CEL-PF300-T9) equipped with a 300W
xenon lamp (Beijing Zhongjiao Jinyuan Technology Co., Ltd., Beijing, China) and a cutoff
filter allowing λ > 420 nm. Briefly, 0.1 g of catalyst was dispersed in an light reactor
containing 100 mL of water, connected to the photoreaction system, and then evacuated.
The reactor was irradiated with a 300w xenon lamp as the light source for performance
testing. The produced H2 and O2 were evaluated hourly on a gas chromatograph (GC 7920)
using high-purity Ar as the carrier gas, and the amounts of H2 and O2 were calculated
from their standard curves.

3.4. Characterization

The structure and crystalline phase of the samples were analyzed by XPS (Thermo
Fisher Scientific K-Alpha, Waltham, MA, USA) and XRD (Rigaku Ultima IV, Tokyo, Japan).
X-ray photoelectron spectroscopy (XPS) analysis was conducted on a Thermo Fisher Sci-
entific K-Alpha photoelectron spectroscopy at 5.0 × 10−10 mbar. X-ray diffraction (XRD)
patterns of the samples were collected with a scan rate of 0.02◦. The morphology was
observed on a field emission scanning electron microscope (Hitachi Regulus 8100, Tokyo,
Japan) and a field emission transmission electron microscope (FEI Talos F200X G2, Waltham,
MA, USA). Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
images were obtained by an FEI Talos F200X G2 instrument at an accelerating voltage
of 200 kV. The diffuse reflectance UV-visible (DRS) was recorded with a PE Lambda 750.
The specific surface area was analyzed on an N2 adsorption–desorption device (TriStar
II 20, Waltham, MA, USA) at 77 K, and the samples were degassed at 120 ◦C for 6 h
in a vacuum before the measurements were taken. The photoluminescence (PL) spec-
tra and transient photoluminescence spectra (TRPL) were measured using an Edinburgh
FLS-1000 spectrofluorometer.

3.5. Electrochemical Tests

The electrochemical properties of the samples were tested on a CHI600E electrochem-
ical workstation. The platinum electrode, ITO glass (1 cm × 2 cm) coated by sample,
and Ag+/AgCl electrode served as counter electrode, working electrode, and reference
electrode to build the three-electrode system in 0.5 M H2SO4 electrolyte.

4. Conclusions

In conclusion, we reported a GO/Rh-SrTiO3 composite that was prepared by a simple
hydrothermal process for overall water splitting. The champion catalyst realized H2
production rate of 55.83 μmol·g−1·h−1 and O2 production rate of 23.26 μmol·g−1·h−1

under visible light (λ≥ 420 nm). The studies of microstructure, physicochemical properties,
and photoelectric behavior demonstrated that the GO/Rh-SrTiO3 heterojunction can work
under visible light, which greatly improves the utilization of sunlight. Moreover, the Rh
metal as the electron acceptor, which greatly increases the active sites and promotes the
electron–hole separation and transfer. This work provides a new strategy to transform
traditional UV catalysts into visible-light-responsive catalysts with abundant active sites.
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Abstract: A photocatalyst of iron–porphyrin tetra-carboxylate (FeTCPP)-sensitized g-C3N4 nanosheet
composites (FeTCPP@CNNS) based on g-C3N4 nanosheet (CNNS) and FeTCPP have been fabricated
by in situ hydrothermal self-assembly. FeTCPP is uniformly introduced to the surface of CNNS.
Only a small amount of FeTCPP is introduced, and the stacked lamellar structure is displayed in
the composite. As compared with pure CNNS, the FeTCPP@CNNS composites exhibit significantly
improved photocatalytic performance by the photodegradation of p-nitrophenol (4-NP). At the
optimum content of FeTCPP to CNNS (3 wt%), the photodegradation activity of the FeTCPP@CNNS
photocatalyst can reach 92.4% within 1 h. The degradation rate constant for the 3% FeTCPP@CNNS
composite is 0.037 min−1 (4-NP), which is five times that of CNNS (0.0064 min−1). The results
of recycling experiments show that 3% FeTCPP@CNNS photocatalyst has excellent photocatalytic
stability. A possible photocatalytic reaction mechanism of FeTCPP@CNNS composite for photocat-
alytic degradation of 4-NP has been proposed. It is shown that superoxide radical anions played
the major part in the degradation of 4-NP. The appropriate content of FeTCPP can enhance the
charge transfer efficiency. The FeTCPP@CNNS composites can provide more active sites and acceler-
ate the transport and separation efficiency of photogenerated carriers, thus further enhancing the
photocatalytic performance.

Keywords: FeTCPP@CNNS; g-C3N4 nanosheets; photocatalytic; visible light

1. Introduction

With the fast development of economy and industry, environmental deterioration—especially
water pollution by organic dyes, which result in a serious threat to human health—has
garnered wide attention from the government and society. At present, many effective
methods have been used to resolve water pollutant problems, including the membrane oxi-
dation method, adsorption method, separation method, and photocatalysis method [1–4].
Photocatalysis are proved to be a safe, economical, and renewable method to solve the
aforementioned pollution problems by photocatalysts at ambient pressure and room tem-
perature under solar light, which is considered one of the most promising wastewater
treatment methods [5]. Although the application of photocatalytic technology has been
wildly used, there is still a puzzle to develop photocatalysts with physicochemical stabil-
ity, photocatalytic activity, and enhancing visible light utilization efficiency for practice
application [6]. Photocatalytic reaction can be divided into three basic processes, including
light capture process, carrier separation and migration process, and photocatalytic redox
reaction [7–12].
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Metal-free polymeric semiconductor graphite-like carbon nitride (g-C3N4), with a
large amount of of pendant amine and unique two-dimensional structure, is a promising
candidate for solar energy conversion and organic pollutions degradation by solar irra-
diation due to its easy fabrication, good chemical and physical stability, nontoxicity, low
cost, and visible light activity. The g-C3N4 possesses a bandgap of approx. 2.7 eV, which
has presented good chemical stability in the removal of organic dyes and high visible
light absorption ability. However, the photocatalytic activity and the practical application
of g-C3N4 are restricted by the fast recombination of the photogenerated electron–hole
carriers [13]. To break these limitations, many studies have been adopted to depress the
rapid recombination of carriers, such as the morphology control of g-C3N4, doping, combi-
nation with other semiconductors, surface sensitization, and dye sensitization [14,15].

As one of the light-harvesting materials, porphyrins play an important role in pho-
tocatalysis. Porphyrin compounds act as excellent photosensitizers for photocatalysts
due to their wide absorption band, large conjugate structure, and good electron-donating
properties [14,16,17]. In general, under UV and visible light irradiation, metalloporphyrins
can catalyze a great many oxidative transformations. The metalloporphyrins can be com-
bined with photocatalysts in the outer of the porphyrin ring through covalent interaction
among the different functional groups (such as COOH and OH) [18,19]. The covalent bands
can be used as the electron transfer channels between metalloporphyrins and photocatalysts
and can further give rise to better selectivity and/or efficiency in catalytic processes [20–23].
Indeed, due to its two-dimensional flexible structure, g-C3N4 may be easily modified with
organic small molecules as a promising photocatalyst [24–33]. Accordingly, on the basis of
the latent characteristics of metalloporphyrins, it can be anticipated that the combination
between g-C3N4 and metalloporphyrins could be supported to provide a synergistic effect
of enhancing the photocatalytic activity with considerable visible light utilization efficiency.

In this work, tetra(4-carboxyphenyl)porphyrin (TCPP), FeTCPP, and CNNS were
successfully prepared firstly. Different mass contents of FeTCPP were introduced on the
surface of g-C3N4 nanosheets, forming FeTCPP@CNNS photocatalysts by π–π stacking in-
teractions and hydrogen bonding. Illustrated in Figure 1, the photocatalysts were fabricated
by integrating FeTCPP with g-C3N4 sheets via a mechanical mix method. The FeTCPP
acts as the light-harvesting part, and CNNS as the catalytic center, which can accelerate
the separation rate of the photogenerated electron and hole carriers. Under visible light
irradiation, the sensitized photocatalysts 3% FeTCPP@CNNS shows a high photocatalytic
activity for 4-NP degradation due to the efficient transfer to CNNS of the photogenerated
electrons of the excited FeTCPP. On the basis of the results of the active radical identification
experiments, the possible photocatalytic mechanism for the TCPP/CNNS composites was
also elucidated. This work shows that CNNS sensitized by FeTCPP could enhance the
photocatalytic degradation of 4-NP for more efficiently utilizing solar radiation.

Figure 1. Schematic illustration of preparation process for FeTCPP@CNNS.
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2. Results and Discussion

Figure 2a displays the X-ray diffraction pattern of the prepared materials. It can be
found from Figure 2a that the bulk g-C3N4 presents peaks at 12.8◦ and 27.7◦, corresponding
to the (100) crystal plane and (002) crystal plane of g-C3N4, respectively. The peak at
12.7◦ is weak, which reflects the regular arrangement of triazine rings in g-C3N4, and
the peak strength is strong at 27.5◦, which reflects the typical graphite interlayer stacking
structure [34,35]. Compared with bulk g-C3N4, the peak (002) of CNNS became wider
and slightly more weakened, indicating that the crystallinity of CNNS was not as good
as bulk g-C3N4. Meanwhile, the peak (100) of CNNS almost disappeared, indicating that
the nanosheet was successfully exfoliated [8]. FeTCPP has a very wide diffraction peak
at approximately 21.4◦, indicating that TCPP has an amorphous structure [16]. Figure 2b
shows the X-ray diffraction of FeTCPP@CNNS materials and CNNS. It can be found that
when CNNS is sensitized by a small amount of FeTCPP, the peak (002) generated by
interlamellar deposition of graphite is slightly larger than that of pure CNNS. It is caused
by the interaction between CNNS and FeTCPP through the triazine unit of porphyrin [36].
No obvious characteristic peak of FeTCPP was observed in FeTCPP@CNNS composites,
on the one hand, because of the low content of FeTCPP in the composites, and on the other
hand, because of the weak peak width of the diffraction characteristics of FeTCPP [37]. By
further comparison, it can be observed that the XRD spectra of composites are very similar
to those of the CNNS monomer, which also indicates that the addition of FeTCPP will not
damage the crystal structure of CNNS [38].

Figure 2c,d show FTIR spectra of TCPP, FeTCPP, CNNS, and FeTCPP@CNNS. FTIR
spectra of TCPP and FeTCPP are reflected in Figure 2c, where the characteristic peak at
963 cm−1 represents the N-H telescopic vibration pattern on the pyrrole ring of TCPP [39].
This feature peak disappears in the FTIR spectrogram of FeTCPP. In addition, a new
characteristic peak at 1001 cm−1 can be observed in the FTIR spectrum of FeTCPP, which
indicates that after the metal ions enter the porphyrin ring, the deformation vibration of
the ring is enhanced. In addition, the telescopic vibration characteristic peak of Fe-N is
generated, which demonstrates that the porphyrin ligand with the metal ion can form the
complex [38]. For FeTCPP materials, the characteristic peaks at 1276, 1405, and 1604 cm−1

belong to the -OH tensile vibration in -COOH, the C-N in-plane vibration of pyrrole. The
tensile vibration of C-C at 1710 cm−1 indicates the telescopic vibration absorption of the
-COOH and -NH2 functional groups in their molecular structures [39,40]. In Figure 2d, for
pure CNNS, the spike absorption peak at 809 cm−1 is attributed to the typical vibration
pattern of the graphite phase carbon nitride triazine ring, and the presence of four more
obvious characteristic absorption peaks in the range of 1700−1200 cm−1 is due to the
telescopic vibration of the surface C-N heterocyclic ring [41,42]. In the FTIR spectra of
the FeTCPP@CNNS, it can be observed that the characteristic peaks are almost consistent
with those of pure CNNS, which demonstrate that the structure of CNNS has not changed
during mechanical stirring. The -NH2 deformation vibration band at 1573 cm−1 in the
CNNS monomer disappeared in the FeTCPP@CNNS composite because of the covalent
formation of -N-O by the COOH of porphyrin and NH2 of g-C3N4 [39]. The characteristic
tensile bands of amide groups formed between metalloporphyrin and g-C3N4 at 1640 and
1260 cm−1 were not clearly observed, possibly because that the peaks were too small and
similar to the peaks of pure CNNS. The results confirm that the hybrid effect between
FeTCPP and CNNS molecules may come mainly from non-covalent interactions [14].

The UV-visible diffuse reflection spectra of CNNS, FeTCPP, and FeTCPP@CNNS
composites are exhibited in Figure 3a; it can be seen that pure CNNS has an absorption edge
at 450 nm, and the DRS spectra of FeTCPP@CNNS composites also exhibit the absorption
characteristic peaks of CNNS. As illustrated in the DRS spectrum of FeTCPP, there is an
absorption peak at 403 nm, related to the Soret band (B band) of the porphyrin compound,
and absorption peaks at 520 nm, 578 nm, and 693 nm, corresponding to the Q band of
the porphyrin compound [43,44]. With the increasing content of FeTCPP, the absorption
characteristic peak of the FeTCPP@CNNS composites is slightly enhanced. As shown in
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Figure 3a, there is a slight redshift phenomenon indicating that there was a π-π interaction
between CNNS and FeTCPP [38] and further illustrating the successful formation of
FeTCPP@CNNS composites. Figure 3b shows the band gap according to the Kubelka
Munk transform [45]: (αhv)2 = A(hv − Eg). The corresponding band gap of CNNS and
FeTCPP are, respectively, calculated to be approximately 2.74 eV and 2.01 eV. The band
gap of 3% FeTCPP@CNNS composite material is the smallest one at approximately 2.36 eV,
illustrating that the 3% FeTCPP@CNNS composite can mostly improve the utilization rate
of visible light.

Figure 2. XRD spectra of (a) g-C3N4, CNNS, and FeTCPP and (b) FeTCPP@CNNS composites; FTIR
spectra of (c) TCPP and FeTCPP and (d) CNNS and FeTCPP@CNNS composites.

The typical SEM images and EDS patterns of as-prepared samples are shown in
Figure 4. In Figure 4a, it can be seen that the FeTCPP presents an irregular small particle
shape. Figure 4b,c are SEM images of CNNS and 3% FeTCPP@CNNS. The CNNS sample
presents a thin sheet-shaped morphology with a wrinkle, facilitating the transport of
electrons. With only a small amount of FeTCPP introduced, as shown in Figure 4c, the
stacked lamellar structure is displayed. FeTCPP is deposited on the surface of CNNS.
In Figure 4d, the C:N atomic ratio is approximately 1:1, higher than that of g-C3N4 (3:4),
which indicates that FeTCPP has been successfully loaded onto CNNS [16]. The elemental
mapping of the 3% FeTCPP@CNNS composite shown in Figure 4e–h reveals a uniform

142



Catalysts 2023, 13, 732

distribution of C, N, O, and Fe elements in the 3% FeTCPP@CNNS framework, highlighting
the C, N, O, and Fe co-doped nature of the 3% FeTCPP@CNNS composite.

Figure 3. (a) UV-vis diffuse reflection spectra and (b) the band gap determined from Kubelka Munk
transformation of CNNS, FeTCPP, and FeTCPP@CNNS composites.

 

Figure 4. SEM images of (a) FeTCPP, (b) CNNS, and (c) 3% FeTCPP@CNNS; (d) EDS at 3%
FeTCPP@CNNS (red area in figure (c)); (e–h) The corresponding EDS elemental mapping of C,
O, N, and Fe elements in 3% FeTCPP@CNNS composites.
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In order to further investigate the chemical composition and surface element valence
states of FeTCPP@CNNS composite, X-ray photoelectron spectroscopy (XPS) analysis of
3% FeTCPP@CNNS composite is carried out. For comparison, the composition of CNNS
and FeTCPP are also determined by XPS measurement. As shown in Figure 5a, C, N, and
O signals are detected in the CNNS sample, while C, N, O, and Fe signals are detected in
the FeTCPP sample. In the 3% FeTCPP@CNNS composite, the corresponding C, N, O, and
Fe signals are found. The results show that the FeTCPP sample is successfully introduced
in the composite material. Figure 5b–e show the spectra of C 1s, N 1s, O 1s, and Fe 2p,
respectively. Figure 5b shows the C 1s spectra of CNNS and 3% FeTCPP@CNNS. There are
two primary peaks at 284.6 eV and 288.2 eV, corresponding to the C-C bond of graphite
and the Sp2 hybrid carbon in the N=C-N aromatic ring [46,47]. Figure 5c shows the N 1s
spectra of CNNS and 3% FeTCPP@CNNS materials. In the N 1s spectrum of CNNS, the
peaks at 398.2 eV, 399.3 eV, and 401 eV correspond to C-N=C bond, (N-(C)3) bond, and
secondary amino (C-N-H) bond, respectively [48,49]. The three peaks can also be observed
in 3% FeTCPP@CNNS; however, the peak of C-N=C bond shifted to higher binding energy
by 0.6 eV, and the peak of CN-H shifted to lower binding energy by 0.4 eV, which should
be caused by the formation of type-II heterojunction photocatalyst [50] FeTCPP@CNNS.
The O 1s spectra are shown in Figure 5d. The peak at 531.9 eV can be attributed to the -OH
group, which means that only -OH forms on the surface due to the combustion of g-C3N4
in air [16,41]. The Fe 2p spectra of FeTCPP materials are shown in Figure 5e. The two peaks
at 710.7 and 724.1 eV correspond to Fe 2p1/2 of Fe 2p3/2 and Fe3+ at octahedral positions,
respectively [51–53]. However, no obvious Fe 2p peak was detected in 3% FeTCPP@CNNS,
which may be because the low content of Fe doped in the composite and wrapped in
porphyrin molecules.

Figure 5. (a) XPS survey of CNNS, FeTCPP, and 3% FeTCPP@CNNS, (b) C 1s spectra, (c) N 1s spectra,
(d) O 1s spectra of CNNS and 3% FeTCPP@CNNS, and (e) Fe 2p spectra of 3% FeTCPP@CNNS.
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Figure 6 shows that the N2 adsorption–desorption isotherms of CNNS and 3% FeTCPP@CNNS
composite materials are similar and belong to the type IV isotherm, which manifests that
both materials display mesoporous structures [54]. Additionally, the specific surface area
(SBET), average pore size, and pore volume of all samples are presented in Table 1. The
BET surface area of CNNS and 3% FeTCPP@CNNS composite are approximately 11.8 and
24.9 m2 g−1, respectively. Compared with CNNS, the 3% FeTCPP@CNNS composite has a
larger specific surface area, indicating that it can provide more active sites and promote the
transport and separation efficiency of photogenerated carriers [55], thus further improving
the utilization of light.

Figure 6. N2 adsorption–desorption isotherms curves of CNNS and 3% FeTCPP@CNNS.

Table 1. Specific surface, pore characteristics, and crystallite sizes of the as-prepared samples.

Samples
SBET

(m2g−1)
Pore Volume

(cm3g−1)
Pore Size

(nm)

CNNS 11.8 0.064 21.8
3% FeTCPP@CNNS 24.9 0.100 16.1

The photoluminescence spectra of CNNS, FeTCPP, and FeTCPP@CNNS composites
are depicted in Figure 7a at an excitation wavelength of 320 nm. As reported [56], the weak
PL emission peak indicates that the separation efficiency of the photoexcitation electron-
hole pair is higher, resulting in higher photocatalytic performance. It can be found that
CNNS and FeTCPP@CNNS composites show emission peaks in the region from 420 nm
to 440 nm, while pure FeTCPP has no obvious emission peaks [36]. CNNS shows the
strongest emission peak in the region from 440 nm to 550 nm, demonstrating the highest
recombination rate of photogenerated photoelectrons and holes on the materials’ surface.
With a certain content of FeTCPP, it can inhibit the recombination of photogenerated carries
in CNNS. With the increasing content of FeTCPP, the PL intensity of FeTCPP@CNNS
composites decreases gradually. The 3% FeTCPP@CNNS exhibits the weakest PL intensity.
However, when the content of FeTCPP is further increased, the PL intensity becomes
slightly stronger, indicating that the appropriate content of FeTCPP can enhance the charge
transfer efficiency.
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Figure 7. (a) PL spectra of CNNS, FeTCPP, and FeTCPP@CNNS composites, (b) photocurrent
response diagram, (c) EIS spectra of CNNS and FeTCPP@CNNS composites, and (d) Mott-Schottky
plot of FeTCPP.

To further study the electron transfer process, the photocurrent response of CNNS
and FeTCPP@CNNS composites are measured, as shown in Figure 7b. Obviously, the
photocurrent intensity of all samples increases sharply after the light irradiation is turned
on, and when the irradiation is interrupted, it drops sharply to zero. The results indicate that
they all have photocatalytic capability. The higher photocurrent intensity indicates more
efficient separation of photogenerated carries. Among them, the photocurrent intensity of
3% FeTCPP@CNNS composite is the highest. In addition, the photocurrent intensity of
3% FeTCPP@CNNS composite exhibits approximately 0.4 μA under simulated sunlight,
which is twice more than that of the pure CNNS photocatalyst. It indicates that the
3% FeTCPP@CNNS composite could effectively improve the separation and transfer of
photogenerated carries under visible light. The stability of the photocurrent response
of all the prepared samples is determined by intermittent illumination for 20 s multiple
cycles. It shows that there is only a slight reduction in the photocurrent intensity after
four cycle operations, resulting in prepared samples that have good stability. Figure 7c
presents electrochemical impedance spectroscopy. The minimum arc radius of the 3%
FeTCPP@CNNS composite indicates the lowest interfacial resistance. Meanwhile, spectral
line of CNNS has the largest slope in the low frequency region, indicating the largest
diffusion resistance of CNNS [9,57]. The 3% FeTCPP@CNNS composite exhibits excellent
charge separation, which is consistent with the above photocurrent results. In Figure 7d,
the Mott–Schottky (MS) plot of FeTCPP is recorded by an electrochemical analyzer. The
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flat band potential (Efb) of FeTCPP is −0.39 eV (vs. SCE). The ECB of FeTCPP is −0.35 eVB
based on the formula [58]: ECB(NHE,pH=7) = Efb(SCE,pH=7) + 0.24 − 0.2.

In Figure 8a, the degradation of 4-NP was negligible without photocatalysts, showing
that 4-NP has almost no degradation by only direct visible light irradiation. A 50 mg
catalyst is added to the 4-NP solution (20 mg L−1) in the dark for 30 min to achieve
adsorption–desorption equilibrium. After 60 min of illumination, it can be observed
that the corresponding photodegradation efficiency of CNNS, 1% FeTCPP@CNNS, 2%
FeTCPP@CNNS, 3% FeTCPP@CNNS, and 4% FeTCPP@CNNS are 37.2%, 63.7%, 77.9%,
92.4%, and 76.3%, respectively, as shown in Figure 8c. Compared with other photocatalysts,
this shows that when the content of FeTCPP reaches 3%, the photodegradation efficiency
reaches a maximum of 92.4% in 60 min. After the first-order kinetic equation fitting, it
shows that the largest constant value of 3% FeTCPP@CNNS (k) is 0.037 min−1, which is
approximately 5 times that of CNNS. The results show that after being sensitized by FeTCPP,
the FeTCPP@CNNS can quickly capture the visible light source and more easily produce
photogenerated electrons under the illumination by visible light. Moreover, the separation
rate of photogenerated electrons and holes is improved, resulting in effectively improved
photocatalytic efficiency. As shown in Figure 8d, the absorbance of 4-NP significantly
decreased with the increased illumination time. For comparison, recent photocatalysis
performances of g-C3N4-based and TCPP-based materials under visible light irradiation
are shown in Table 2. This information reveals that the 3% FeTCPP@CNNS exhibits higher
photodegradation efficiency and higher degradation rate constants.

Figure 8. (a) Photocatalytic degradation for 4-NP aqueous solution over different photocatalysts
under simulated solar light irradiation, (b) kinetics curves, (c) photodegradation efficiency of the as-
prepared samples, and (d) temporal UV-vis absorption spectral changes of 4-NP in aqueous solution
with presence of 3% FeTCPP@CNNS composite during the photocatalytic degradation.
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Table 2. Some reported materials based on g-C3N4 or TCPP studied for photocatalysis under visible
light irradiation in recent years.

Composite Catalyst Dose Concentration Light Source
Degradation and

Time (%)
Degradation Rate

Constant (k)

TCPP/ZnFeO4@ZnO [59] 50 mg 10 mg/L, 50 mL (4-NP) 5 W LED lamp 67% in 3 h –

g-C3N4@MoS2/TiO2(CMT10) [60] 50 mg 1 × 10−5 mol/L (4-NP) 500 W tungsten halogen
lamp 78% in 1 h –

g-C3N4/CoFe2O4 [61] 25 mg 20 mg/L (4-NP) Visible-light – 0.0156 min−1

g-C3N4-30%@Ti-MIL125 [62] – – Visible-light 75% in 4 h –

1 ZnFe2O4/g-C3N4 [63] 50 mg 20 mg/L, 100 mL (4-NP) Sunlight – 0.02876 min−1

0.4 S/Cl-g-C3N4 [64] 50 mg 5 mg/L, 100 mL (4-NP) Xenon lamp – 0.0095 min−1

30% ZrO2/g-C3N4 [65] 360 mg 30 mg/L, 100 mL (4-NP) 300 W Xe – 0.0167 min−1

0.75% CuTCPP/g-C3N4 [14] 25 mg 5 ppm, 50 mL (phenol) 500 W Xe – 0.024 h−1

3% FeTCPP@CNNS
in this work 20 mg 20 mg/L, 100 mL (4-NP) 150 W Xe 94.2% in 1 h 0.037 min−1

In order to evaluate the photocatalytic stability of the 3% FeTCPP@CNNS composite,
the cycle test of it is performed five times, as shown in Figure 9a. After five cycling
experiments, the photocatalytic activity remains the same. In addition, there is no obvious
difference in XRD patterns of the prepared 3% FeTCPP@CNNS and the used one after
five cycles. Therefore, the 3% FeTCPP@CNNS sample exhibits excellent degradation
performance and possesses high stability under visible light.

Figure 9. The 3% FeTCPP@CNNS photocatalytic degradation of 4-NP (a) cycle test curve and (b) XRD
contrast after 5 cycles.

To further explore the reaction mechanism of the 3% FeTCPP@CNNS composite,
the reactive species are determined in 1 mmol p-benzoquinone (BQ), isopropanol (IPA),
and disodium edetate (EDTA-2Na), which were treated as superoxide radicals (·O2−),
hydroxyl radicals (·OH), and an inhibitor of the photo-excited hole (h+), respectively [66].
From Figure 10a, the addition of IPA and EDTA-2Na inhibitors had little effect on the
photocatalytic activity of the 3% FeTCPP@CNNS photocatalyst, and the addition of BQ
significantly inhibited its photocatalytic activity. These results mean that ·O2− is the main
substance for photocatalytic degradation of 4-NP.
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Figure 10. (a) Active substance capture experiment of 3% FeTCPP@CNNS photocatalyst under visible
light irradiation and (b) photocatalytic mechanism of FeTCPP@CNNS photocatalyst under visible
light irradiation.

The photocatalytic degradation capacity of pure CNNS and FeTCPP@CNNS compos-
ites are evaluated by using 4-NP as a contaminant according to the formula:

η = (1 − Ct/C0)× 100%

The photodegradation rate (η) is known. At the same time, the adsorption experimen-
tal data conform to the pseudo-first-order model:

ln(Ct/C0) = kt

where C0 and Ct signify initial concentration and instantaneous concentration within the
reaction time t, respectively. k is the first-order reaction rate constants [67].

To further account for the photocatalytic mechanism, the band gap potential of the
sample needs to be tested, and the conduction band (CB), the valence band (VB) position of
CNNS, and the valence band (VB) position of FeTCPP are estimated using the following
formulas [68]:

EVB = χ − Ee + 1/2Eg

ECB = EVB − Eg

where χ is electronegativity, EVB and ECB denote VB and CB marginal potentials, respec-
tively, Eg denotes the energy band gap, Ee represents the energy of free electrons at the
hydrogen scale (approximately 4.5 eV vs. NHE) [69], χ is the geometric mean of the con-
stituent atoms, and g-C3N4 is 4.64 eV [70]. According to the above analysis, the EVB and
ECB of CNNS are calculated, respectively, to be 1.51 eV and −1.23 eV. Through DRS and
MS tests, the FeTCPP Eg is 2.01 eV and the ECB is −0.35 eV, so that the EVB of FeTCPP is
1.66 eV. Relying on the above experimental results, a possible photocatalytic mechanism
is proposed and demonstrated in Figure 10b. Under visible light illumination, CNNS can
form a photogenerated electron–hole pair under the excitation of visible light. Because the
ECB edge and EVB edge charges of FeTCPP are smaller than those of CNNS, parts of the
photosensitive electrons (e−) at the CB position of CNNS can migrate to the CB of FeTCPP,
and parts of the photosensitive electrons (e−) at the CB position of CNNS can also be cap-
tured and generated by nearby O2. At the same time, ·O2− reacts with 4-NP to decompose
into CO2 and H2O [36], and photogenerated h+ can be transferred from the VB of FeTCPP
to the VB of CNNS, reducing the chance of recombination of photogenerated e−-h+ pairs,
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which can effectively improve photocatalytic activity. Furthermore, the improvement on
the photocatalytic performance is also related to the photo-Fenton effect, as reported in
previous reports [71,72].

3. Experimental Section

3.1. Materials

Melamine (C3H6N6), ethanol (C2H6O), ethylene glycol (C2H6O2), barium sulfate
(BaSO4), anhydrous sodium sulfate (Na2SO4), Carboxy benzaldehyde (C8H6O3), propi-
onic acid (CH3CH2COOH), pyrrole (Py), methanol (CH3OH), N-N dimethylformamide
(DMF)), ferric chloride hexahydrate (FeCl3·6H2O), isopropyl alcohol (IPA), and EDTA-2NA
were purchased from China, Shanghai Sinopharm Chemical Reagents Co., Ltd.; Nitric
acid (HNO3) was ordered from China, Shanghai Suyi Chemical Reagent Co., Ltd.; and
Para-benzoquinone (C6H4O2) was ordered from China, Shanghai Maclin Biochemical Tech-
nology Co., Ltd. All chemicals used in this experiment are reagent grade and were used
as received.

3.2. Synthesis of FeTCPP

Tetracarboxylic phenyl porphyrin was synthesized by the Adler method [73]. Firstly,
Carboxy benzaldehyde (2 g) and propionic acid (150 mL) were mixed, being stirred in a
three-neck flask equipped with reflux condenser at 135 ◦C. Pyrrole (1 mL) was dissolved
in 20 mL propionic acid, which was added drop by drop into the upper reaction solution
over 1 h. The reaction solution was refluxed for 2 h. The propionic acid was removed
under vacuum and then the residue was dispersed in CHCl3, filtered, and washed. The
remaining solid powder was dissolved in the mixture solvent (propionic acid/CHCl3
with 3:2 volume), and the insoluble portion was removed by filtration. Using propionic
acid/CHCl3 (3:2, v/v) as eluent, the mixture was separated by chromatography on silica
gel column. The first colored band was collected concentrated and dried. The resulting
product was tetracarboxylic phenyl porphyrin, labelled as TCPP.

TCPP (0.5 g) and FeCl3·6H2O (1 g) in 100 mL DMF were dissolved in DMF, and then
heated to 150 ◦C for 3 h with stirring. DMF was removed under vacuum after cooling to
room temperature. The remaining solid was dissolved in ethanol, and insoluble impurities
were removed via filtration. By rotary evaporation, the residue was dried. The obtained
composites were labelled as FeTCPP.

3.3. Synthesis of CNNS

Bulk g-C3N4 was prepared first. Then, 5 g melamine powder was mixed with ethylene
glycol (120 mL) by ultrasonication for 2 h, and then dilute nitric acid (120 mL, 0.36 mol L−1)
was added to the above mixture solution under stirring. The sediment was washed and
dried after stirring for 12 h. The obtained powder was heated to 550 ◦C for 4 h at a heating
rate of 5 ◦C/min in a muffle furnace. Then, the bulk g-C3N4 was obtained. As previously
reported, the g-C3N4 nanosheets were produced by thermal oxidation etching of bulk
g-C3N4 directly at 550 ◦C for 2 h [36]. The obtained light yellow powder was dried at 60 ◦C
for 12 h in a vacuum oven and was named CNNS.

3.4. Preparation of FeTCPP@CNNS

Typically, CNNS powder (1 g) was dispersed in 50 mL ethanol by ultrasonication.
Then, a certain amount of FeTCPP was added to ethanol (10 mL), and the mixture was
mixed into the above solution with magnetic stirring at 80 ◦C. Then, FeTCPP@CNNS
composite material was obtained. The preparation process of FeTCPP@CNNS materials
are shown in Figure 1. By this method, FeTCPP@CNNS composites with different FeTCPP
contents (10 mg, 20 mg, 30 mg, and 40 mg) were prepared, which were denoted as X%
FeTCPP@CNNS (X% = 1%, 2%, 3%, and 4%).
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3.5. Photocatalytic Assessment

The photocatalytic degradation of 4-NP was studied using xenon lamp (150 W) with
filter as visible light source. Here, 50 mg photocatalyst was dispersed by magnetic stir-
ring into 100 mL 4-NP aqueous solution (20 mg L−1). Firstly, the adsorption–desorption
equilibrium was obtained by ultrasound for 0.5 h in the dark, then under visible light, and
the reaction mixture was irradiated for 1 h. Then, 5 mL of the mixture was removed from
the reactor, and at the same time interval, the concentration of 4-NP was determined by
UV-Vis spectrophotometer.

During the photocatalytic degradation of 4-NP, the effect of reactive oxygen species
on the best-performing photocatalyst was tested for a scavengers, namely P-benzoquinone
(BQ), isopropanol (IPA), and ethylenediamine tetraacetic acid disodium salt (EDTA-2Na).
For this test, 1 mM scavenger was, respectively, added into 100 mL 4-NP solution (20 mg L−1),
then was added 20 mg of catalyst. An additional procedure was carried out, which was the
same as the process but without scavengers. Thus, all experiments were conducted under
the identical conditions.

3.6. Description of the Characteristics

XRD-600 (Rigaku, Japan) was used to determine the crystal phase of X-ray samples.
FTS2000 (Thermos, Waltham, MA, USA) Fourier infrared spectrometer was used for quali-
tative analysis of the chain structure of the samples. Using barium sulfate as blank samples,
the samples were detected by diffuse reflectivity spectroscopy (DRS) spectrophotometer
on UV-2550 (Shimadzu, Tokyo, Japan). Merlin Compact (Merlin, Forchtenberg, Germany)
was used for obtaining the field emission scanning electron microscope (FESEM) images.
The surface chemical composition of the samples was analyzed by X-ray photoelectron
spectroscopy (XPS, Thermos Fish Scientific, USA). Nitrogen adsorption and desorption tests
(BET) were measured at 77 k using the TA Instruments SDT Q600 analyzer (Quadrasorb,
WI, USA). Quantachrome Instrument nitrogen adsorption device was used to record the
adsorption and desorption isotherms. The photoluminescence spectrum was performed
via Spectro fluorometer FS5 (Picoquant, Berlin, Germany) with a slit of 10 nm and an
excitation wavelength of 320 nm. The prepared sample was considered to be the working
electrode, a platinum wire to be a counter electrode, and a saturated Ag/AgCl electrode to
be a reference electrode. Additionally, 0.5 mol L−1 aqueous solution of Na2SO4 was the
electrolyte. Under the disturbance signal of 8 mV, electrochemical impedance spectroscopy
(EIS) was measured in the frequency range of 1 MHz to 1000 MHz, and photocurrent test
and electrochemical impedance–potential test were measured on the material. In addition,
the MPC-3100 UV-NEAR infrared spectrophotometer (USA) was used for analyzing the
degradation concentration of the sample.

4. Conclusions

In summary, the FeTCPP@CNNS photocatalysts with stacked lamellar structure have
been successfully fabricated by an in situ hydrothermal self-assembly approach. The
FeTCPP@CNNS composites exhibit higher photocatalytic efficiency and stability than
CNNS by the photodegradation of 4-NP dyes. The photocatalytic degradation rate reached
the maximum value of approximately 92.4% of 3% FeTCPP@CNNS.

The degradation rate constant of the 3% FeTCPP@CNNS photocatalyst is 0.037 min−1

(4-NP), which is 5 times that of CNNS, indicating that proper FeTCPP introduced into
CNNS can effectively improve transformation of photoexcitation electrons and holes. In
addition, the results of the active species trapping experiments for the photodegradation of
4-NP show that ·O2− plays a major role in photocatalytic reactions. A possible photocat-
alytic reaction mechanism of FeTCPP@CNNS composite for photocatalytic degradation of
4-NP has been proposed. This work enables the application of CNNS-based photocatalysis
under sunlight irradiation in wastewater treatment.
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Abstract: Improving spectral utilization and carrier separation efficiency is a key point in photocataly-
sis research. Herein, we prepare hollow g-C3N4 nanospheres by the template method and synthesize
a g-C3N4@Cu0.5In0.5S core-shell S-scheme photothermal nanoreactor by a simple chemical deposition
method. The unique hollow core-shell structure of g-C3N4@Cu0.5In0.5S is beneficial to expand the
spectral absorption range and improving photon utilization. At the same time, the photogenerated
carriers can be separated, driven by the internal electric field. In addition, g-C3N4@Cu0.5In0.5S also
has a significantly enhanced photothermal effect, which promotes the photocatalytic reaction by
increasing the temperature of the reactor. The benefit from the synergistic effect of light and heat, the
H2 evolution rate of g-C3N4@Cu0.5In0.5S is as high as 2325.68 μmol h−1 g−1, and the degradation
efficiency of oxytetracycline under visible light is 95.7%. The strategy of combining S-scheme hetero-
junction with photothermal effects provides a promising insight for the development of an efficient
photocatalytic reaction.

Keywords: g-C3N4@Cu0.5In0.5S; S-scheme heterojunction; hollow nanostructure; photothermal
effect; photocatalysis

1. Introduction

With the development of industry, the problem of energy shortage and environmental
pollution is becoming more and more serious [1–3]. It is extremely urgent to develop green,
renewable energy and control environmental pollution. The development of photocatalysis
technology provides an effective way for the conversion of solar energy into clean fuel and
the degradation of organic pollutants [4–7]. The key to the effective use of photocatalysis
technology is to develop efficient semiconductor photocatalysts. Graphite phase carbon
nitride (g-C3N4) is a new type of conjugated polymeric semiconductor photocatalyst. It
has become a new research hotspot in the field of energy conversion and environmental
remediation because of its simple synthesis, attractive band structure, high stability, and rich
reserves of constituent elements [8–11]. Although g-C3N4 has many excellent properties as
a photocatalyst, there are still some shortcomings in the bulk g-C3N4 prepared by direct
calcination of precursors: (i) low utilization of the solar spectrum; (ii) serious recombination
of the photogenerated carrier; and (iii) a lack of enough active sites on the homogenized
surface. Therefore, it is necessary to modify g-C3N4 to improve its photocatalytic activity.
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Recombination with narrow band gap semiconductors is one of the effective methods
to improve the spectral response of g-C3N4. Different from doping or manufacturing
defects, the introduction of narrow band gap semiconductors does not affect the band
structure of g-C3N4, which means it has the ability of a broad-spectrum light response
while maintaining a strong enough redox ability [12,13]. Huang et al. loaded g-C3N4
nanowires on the surface of ZnIn2S4 nanotubes, which effectively expanded the range
of the g-C3N4 light response with stronger light absorption capacity and can effectively
carry out photocatalytic CO2 reduction reaction [14]. In addition, some narrow-band gap
metal sulfides with strong photothermal effects generate heat by using near-infrared or
even infrared sunlight [15,16]. The photothermal effect is rarely considered or even directly
ignored in traditional photocatalytic systems, but this part of the energy is very important
for the construction of efficient photocatalytic systems. In the heat-assisted photocatalytic
reaction based on photochemistry, the catalytic reaction is not directly driven by heat, but
this part of the heat can increase the local temperature of the catalyst and help to excite the
carrier [17]. Thermal energy can help to further reduce the apparent activation energy of
photocatalysis, promote the mobility and mass transfer of photogenerated carriers, and
accelerate the transport of materials on the material surface, which is beneficial to increase
the rate of the catalytic reaction [18–20].

The morphology of the catalyst affects the exposure of the active site and thus the
photocatalytic activity. The low specific surface area of the bulk g-C3N4 leads to the lack of
a reactive center. The photocatalyst with a hollow structure has an inner surface and an
outer surface, which can provide more active sites [21,22]. Compared with bulk g-C3N4,
g-C3N4 with hollow structure has a higher specific surface area and more surface-active
centers. In addition, the hollow structure made the distance of charge conduction shorter,
reduced the recombination of carriers, enhanced the effects of light scattering and multiple
refractions, and improved the absorption and utilization of light [23–26]. More importantly,
the well-designed hollow g-C3N4 provides different loading surfaces for both oxidizing
and reducing co-catalysts, the electrons, and holes migrate to the outer and inner surfaces,
respectively. The wall of the hollow structure acted as a cell membrane, which enabled the
spatial separation of redox-active centers on the nanometer scale [27].

The construction of heterojunctions can inhibit the rapid recombination of photogen-
erated carriers by the charge transfer between semiconductors. In recent years, a new
S-scheme heterojunction has been extensively investigated, which drives the spatial sep-
aration of carriers by creating an internal electric field [28–30]. S-scheme heterojunctions
consist of reduction semiconductors (RS) and oxidation semiconductors (OS), where differ-
ences in Fermi energy levels lead to the transfer of electrons from RS to OS, creating internal
electric fields and energy band bending at the interface. Under light, the free electrons of
photocatalysts are transferred from the conduction band (CB) of OS to the valence band
(VB) of RS driven by the internal electric field; at the same time, the band bending prevents
the transfer of electrons from RS to OS. This special charge transfer pathway not only
suppresses the rapid recombination of electrons and holes but also maintains the strong
redox ability of the photocatalyst [31–33]. The g-C3N4 is an ideal reduction semiconduc-
tor because of its rather negative CB position. The S-scheme heterojunction formed by
oxidation semiconductors with suitable band structures and g-C3N4 not only facilitates
charge separation but also enhances the oxidation ability of photocatalysts [34–36]. Fan
et al. successfully constructed S-scheme heterostructures with g-C3N4 nanowires and TiO2
nanoparticles. The low reductive electrons on TiO2 recombine with holes in g-C3N4 and
show effective charge separation and excellent photocatalytic hydrogen production [37].

In this work, we have constructed a hollow g-C3N4@Cu0.5In0.5S (HCN@CIS) core-
shell S-scheme photothermal nanoreactor by combining S-scheme heterojunctions with
photothermal effects. Hollow g-C3N4 nanospheres (HCN) were first prepared by the
template method and then narrow band gap Cu0.5In0.5S (CIS) nanosheets were grown on
its surface. The hollow core-shell structure enhances light absorption, promotes charge
separation, and provides more active centers. The photothermal effect converts some of the
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light energy into heat, which raises the near-field temperature of the catalyst by radiation
and conduction. Benefiting from the effective charge separation and photothermal effect,
the HCN@CIS photothermal catalyst offers improved photocatalytic hydrogen production
efficiency and excellent oxytetracycline (OTC) degradation performance. In addition, the
formation of S-scheme heterojunction is demonstrated by a series of characterization and
experiments, and the performance enhancement mechanism of the HCN@CIS photothermal
catalyst is analyzed. We believe that this photothermal nanoreactor with fast charge transfer
and high efficiency will provide some valuable insights for the development of g-C3N4-
based photocatalysts for energy conversion and environmental remediation.

2. Results and Discussion

2.1. Morphological and Structural Analysis

The preparation process of the HCN@CIS hollow core-shell nanoreactor is observed
by a scanning electron microscope (SEM). Figure S1 shows that the diameter of the SiO2
nanospheres is about 200 nm, which determines the size of the HCN cavity. Due to the
uniform size of the template SiO2 nanospheres, the prepared HCN morphology is also
uniform, and the diameter is about 300 nm (Figure 1a). Figure 1b is a magnified SEM
diagram of a single HCN. The notch on the surface shows the typical hollow spherical
structure of HCN, and the cross-section of the hollow spherical wall is shown near the
notch, which shows the relatively loose particle stacking structure of HCN. The cyanamide
is polymerized in SiO2 mesoporous shell to form g-C3N4, and the SiO2 template forms
this stacking shape after being etched. From Figure 1c, the surface of the HCN sphere is
wrapped by a CIS nanosheet, which is in the shape of flower ball, and the multi-stage struc-
ture of HCN@CIS is more favorable for the exposure of active parts [38,39]. A transmission
electron microscope (TEM) can observe this hollow multi-stage core-shell structure more
clearly. Figure 1d shows that SiO2@g-C3N4 is a core-shell structure with a dense SiO2 core
and a loose mesoporous SiO2/g-C3N4 shell before the SiO2 template is etched. The HCN
presents a unique hollow spherical structure after the SiO2 is etched. The cavity size is
the same as the dense SiO2 core, and the thickness of the spherical wall is about 50 nm
(Figure 1e). The surface of HCN@CIS still has a hollow structure after the formation of
CIS, and the CIS nanosheets are arranged vertically on the surface of the HCN, and the
overall size of the nanosphere increases significantly (Figure 1f). Figure 1f,g shows that
the thickness of the CIS nanosheets on the surface of the HCN is between 50–100 nm. The
lattice fringes of 0.195 nm (Figure 1h,i) can be observed in the high-resolution transmission
electron microscope images of HCN@ZIS, which can be assigned to the 024 crystal plane
of CIS. Figure 1j shows the element distribution map of HCN@CIS, which clearly shows
that the distribution of C (red) and N (blue) elements shows the outline of a hollow sphere,
and the element groups of Cn (green), In (yellow) and S (purple) are mainly distributed
outside the hollow sphere. These results further prove that the HCN@CIS hollow core-shell
structure was prepared successfully.

2.2. Phase Structure, Elemental Composition, and Band Structure Analysis

The crystal structure and composition of photocatalysts are studied by X-ray diffraction
(XRD). Figure 2a shows that HCN has two diffraction peaks at 13.1◦ and 27.3◦. The
two peaks refer to the interlaminar accumulation of aromatic compounds and the in-
plane periodic structure of melon compounds, which correspond to the graphite phase
carbon nitride (100) and (002) crystal planes, respectively [40,41]. There are three obvious
diffraction peaks of CIS at 29.9◦, 46.3◦, and 55.1◦, which correspond to the (112), (024),
and (132) crystal planes of Cu0.5In0.5S, respectively. The result is consistent with the
characteristic peak in the standard sample Cu0.5In0.5S (JCPDS No.47-1372). The diffraction
peak of HCN@CIS contained all the characteristic peaks of HCN and CIS, indicating
that CIS is successfully loaded on HCN. Figure 2b is the survey X-ray photoelectron
spectroscopy (XPS) of HCN, CIS, and HCN@CIS. The C and N elements are visible in the
survey XPS spectrum of HCN, the survey XPS spectrum of HCN contains the signals of S,
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In, and Cu elements, and the survey XPS spectrum of HCN@CIS contains the characteristic
signals of HCN and CIS, which further indicates that the HCN@CIS composite has been
prepared successfully. UV-visible diffuse reflectance spectroscopy (UV-vis DRS) is used
to analyze the spectral absorption properties and determine the absorption edge of the
powder photocatalysts. Figure 2c shows that the light absorption threshold of HCN is
about 470 nm, which can absorb ultraviolet light and part of visible light. The CIS has
a broad-spectrum response capability that covers almost the whole spectrum, which is
related to its narrow band gap and dark characteristics [42]. Compared with the original
HCN, the absorption range of HCN@CIS is significantly expanded and still has a strong
spectral response in the visible-near infrared region. Figure 2d shows the optical band
gap (Eg) of HCN and CIS are 2.61 eV and 2.17 eV, respectively. The valence band energies
of HCN and CIS measured by XPS valence band spectroscopy (VB-XPS) are 1.31 eV and
1.52 eV, respectively. The energy of the samples relative to the standard hydrogen electrode
(ENHE) is calculated by the following formula: ENHE = ϕ + EVB-XPS − 4.44, where ϕ is the
work function of the instrument (4.5 eV); therefore, the valence band energy of HCN and
CIS relative to the standard hydrogen electrode is about 1.37 and 1.58 eV [43]. According
to the relationship between the ECB potential and Eg (ECB = EVB − Eg), the CB potentials
of HCN and CIS are determined to be −1.19 eV and −0.24 eV, respectively. Therefore, the
band structure arrangement of HCN and CIS can be determined as shown in Figure 2f. The
CB position of CIS is between CB and VB of HCN, and the VB position of HCN is between
CB and VB of CIS, which accords with the staggered energy level arrangement and meets
the formation basis of S-scheme heterojunction [44].

2.3. Charge Transfer Pathways of Catalysts

The work function of a semiconductor represents the minimum energy required for
an electron in a semiconductor whose energy is equal to the Fermi level to escape into
a vacuum. A large work function means that it is difficult for the electrons to leave the
semiconductor and a smaller one means that the semiconductor is prone to losing electrons.
Therefore, the possible electron transfer pathways of the contact interface of the two kinds
of semiconductors can be studied by measuring the work function [45]. The relative surface
potential of HCN and CIS are measured by a scanning kelvin probe (SKP), and the real
work function is calculated by the difference between the semiconductor surface and the
highly sensitive probe [46]. Figure 3a shows that the surface potential of Au, HCN, and
CIS are 127.87 eV, −103.02 eV, and −562.13 eV, respectively. The real work function of the
Au is 5.1 eV; therefore, the real work functions of HCN and CIS are 4.41 eV and 4.83 eV,
respectively. The Fermi level of CIS is relatively lower than that of HCN, and the electrons
on HCN will transfer to CIS when they are contacted. As a highly sensitive analytical
method, XPS can identify the changes in element binding energy and chemical environment
in materials. The change in binding energy is closely related to the changes in electron
density and element valence state. Normally, if a material loses electrons, its binding energy
moves to a higher energy, and when it gains electrons, the binding energy moves to a
lower energy [47]. Figure 3b shows the high-resolution XPS spectrum of C1s. The peak at
284.8 eV is an indeterminate carbon. The peaks at 286.5 and 288.34 eV in HCN correspond
to C-N and N-C=N, respectively. The peaks of binding energies 398.24 eV, 400.08 eV, and
401.02 eV in the N1s spectra are attributed to sp2 coordination nitrogen (N-C=N), tertiary
nitrogen (N-(C)3), and surface amino group (N-Hx) (Figure 3c) [48]. The peaks of Cu
2p in CIS at 931.79 eV and 951.68 eV correspond to Cu 2p3/2 and Cu 2p1/2, respectively
(Figure 3d) [49]. The two peaks at 444.72 eV and 452.35 eV are attributed to the In 3d3/2
and 3d1/2, respectively (Figure 3e). The S 2p spectrum in Figure 3f is fitted into two peaks,
S 2p3/2 (161.76 eV) and S 2p1/2 (163.05 eV). Figure 3b–f shows that the binding energy of
C and N elements in the HCN@CIS samples increases when the heterojunction is formed,
which indicates the loss of electrons in HCN. The binding energies of C and N elements in
HCN@CIS samples shift to low energy under light, indicating that HCN obtains electrons
again. Correspondingly, the binding energies of Cu, In, and S in HCN@CIS increase after
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contact, indicating that the electrons lost by HCN are transferred to CIS. The binding
energy of Cu, In, and S elements in HCN@CIS samples shifts to a high energy under
light, indicating that the electrons on the CIS flow back to the HCN. The results of in situ
irradiation of XPS further verified the charge transfer mechanism in HCN@CIS [50]. When
the HCN and CIS come into contact, the free electrons on the HCN will be transferred
to the CIS through the contact interface until the Fermi level is balanced. At this time,
electrons accumulate on the CIS and a large number of holes remain on the HCN. Therefore,
an internal electric field orienting from the HCN to the CIS is formed. Due to charge
interactions, the band of the HCN at the interface bends upward, while the band of the ZIS
bends downward. The HCN and CIS are excited by light to produce carriers. Under the
action of the internal electric field and band bending, the electrons in the CB of the CIS will
recombine with the holes in the VB of the HCN, thus completing the charge transfer of the
S-scheme pathway.

Figure 1. SEM images of HCN (a,b) and HCN@CIS (c). TEM images of SiO2@g-C3N4 (d), HCN (e),
and HCN@CIS (f,g). HRTEM images of HCN@ZIS (h,i). Elemental mapping images of HCN@CIS (j).
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Figure 2. XRD pattern (a), XPS spectra (b), and UV-vis spectra (c) of HCN, CIS, and HCN@CIS. Tauc
plots (d) and VB-XPS spectra (e) of HCN and CIS. Band structure alignments of HCN and CIS (f).

2.4. Photothermal Properties of Catalysts

The Arrhenius formula shows that the chemical reaction rate is positively related
to the reaction temperature, so the photothermal effect of a photocatalyst can promote
the catalytic reaction [51]. The change in temperature of the powder photocatalyst with
illumination time was recorded by an infrared camera. A 300 W xenon lamp illuminates
the powder photocatalyst vertically at a distance of 30 cm. The initial temperature of the
HCN powder is 21.7 ◦C. After 90 s of irradiation, the surface temperature rises to 62.7 ◦C
(Figure 4a), and the surface temperature increased by 41 ◦C. Under the same conditions,
the heating range of the CIS powder is 116.2 ◦C, which is 2.8 times that of the HCN. The
strong photothermal effect of CIS is related to its narrow band gap and dark color, which is
easy to absorb light (Figure S3). It is worth noting that after 90 s of irradiation, the surface
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temperature of HCN@CIS powder increases from 22.8 ◦C to 153 ◦C, which is 3.2 times
higher than that of pure HCN and 14 ◦C higher than that of pure CIS. This may be due to
the layered structure formed by the CIS arranged vertically on the HCN surface, facilitating
enhanced light absorption. The multiple reflections and absorptions in the hollow structure
are also reasons for the improvement of the photothermal performance of HCN@CIS.
In addition, the rapid carrier transfer process between heterojunctions can also convert
part of the mechanical energy into thermal energy [52]. The unique hollow core-shell
structure of HCN@CIS provides a basis for the effective utilization of heat generated by
the photothermal effect. We assume that the heat generated by the photothermal effect of
HCN@CIS spreads to the external aqueous solution and the internal space at the same time.
It is difficult to increase the overall temperature of the solution by the photothermal effect
alone, but there is only a small amount of water inside the hollow sphere that needs to be
heated. Therefore, under the action of double shell heat preservation and heat collection,
the internal temperature of the HCN@CIS reactor should be much higher than that of the
external solution [53]. The increase in HCN@CIS temperature will accelerate the movement
of surrounding water molecules, which is beneficial to increase the collision probability of
carriers and active radicals with reactant molecules and improve the photocatalytic reaction
rate by promoting local mass transfer kinetics.

Figure 3. (a) Work functions of the HCN and the CIS. XPS spectra of C 1 s (b) and N 1 s (c) of the HCN
and the HCN@CIS. XPS spectra of Cu 1 s (d), In 2p (e), and S 1 s (f) of the CIS and the HCN@CIS.
Schematic representation of the formation process and charge transfer mechanism of the HCN@CIS
S-scheme heterojunction (g).
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Figure 4. The IR images of temperature variation with light time for HCN (a), CIS (b), and HCN@CIS
(c) (The light source is a 300 W Xe lamp with a 420 nm filter).

2.5. Photocatalytic H2 Production and Pollutant Removal

Figure 5a shows the photocatalytic H2 production performance of the different samples.
HCN@CIS with 20% CIS load has the best photocatalytic H2 production performance
(unless otherwise specified, the HCN@ZIS in this paper refers to the optimum sample),
and the hydrogen production rate is as high as 2325.68 μmol h−1 g−1, which is 62.8 and
12.2 times higher than that of pure HCN and CIS, respectively. Compared with other
heterojunction photocatalysts reported recently, the HCN@CIS has excellent performance
for H2 evolution (Table S1). The HCN@CIS shows excellent stability in the 20 h cycle
test (Figure 5b). There are two reasons why the HCN@ZIS sample has good hydrogen
production performance. On the one hand, the S-scheme heterojunction provides fast
carrier separation efficiency, and on the other hand, the photothermal effect activates the
water molecules in the cavity, which promotes the evolution of active H* species and
accelerates the formation of H2 [9]. Figure 5c shows the photocatalytic degradation curves
of different samples for OTC. The solution reached dynamic adsorption equilibrium after
the reaction was conducted in the dark for 30 min, and then the

Photocatalytic degradation experiment was carried out. It can be seen that the
HCN@CIS with a 20% ZIS load has the best degradation effect of OTC, and the degradation
rate in 120 min is as high as 95.7%, indicating that the reaction active site can be fully
exposed with an appropriate load. Figure 5d shows that the apparent reaction rate of
the HCN@CIS is 9.4 and 5.9 times higher that of pure HCN and ZIS, respectively, indi-
cating that the efficient charge separation of the S-scheme heterojunction can improve
the photocatalytic reaction rate. In addition, the HCN@CIS composite photocatalyst has
excellent stability, with only a slight decrease in degradation efficiency after 600 min of
cycling (Figure 5e). The active species in photocatalytic reactions are analyzed by a radi-
cal quenching experiment. Benzoquinone (BQ), silver nitrate (AgNO3), triethanolamine
(TEOA), and isopropanol (IPA) were used as quenching agents of ·O2

−, e−, h+ and ·OH,
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respectively [54]. It can be seen from Figure 5f that the contribution rate of free radicals
in the process of photocatalysis is ·O2

− > e− > h+ > ·OH. Among them, ·O2
−, e−, and h+

play an important role, and electron trapping may decrease the yield of ·O2
− and affect

the photocatalytic activity. The VB potential of CIS in HCN@CIS is not enough to oxidize
water to produce ·OH, so the addition of IPA has almost no effect on the efficiency of
photocatalytic degradation.

Figure 5. Photocatalytic H2 evolution for all samples (a) and H2 production cycle test of HCN@CIS
(b). Photocatalytic degradation of OTC for all samples (c) and the corresponding apparent reaction
rate constants k (d). Cycling tests (e) and free radical quenching experiments (f) on HCN@CIS
degraded OTC.

2.6. Analysis of Charge-Transfer Dynamics

The photoelectrochemical test is used to analyze the charge separation characteristics
in the photocatalyst. Figure 6a shows the photocurrent response curve obtained by a cyclic
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switching light source, and the HCN@CIS shows the highest current density, indicating that
the S-scheme heterojunction has better charge separation ability [55,56]. Electrochemical
impedance spectroscopy (EIS) shows that the radius of the Nyquist curve of HCN@CIS is
the smallest (Figure 6b), which means that the resistance of surface charge transfer is lower,
which is beneficial to rapid carrier separation and transfer [57]. The kinetics of charge
transfer of the photocatalysts is closely related to the catalytic performance. Figure S4 shows
the steady-state photoluminescence (PL) emission spectra of HCN, CIS, and HCN@CIS. It
can be seen that the fluorescence quenching intensity of HCN@CIS is much lower than that
of pure HCN and CIS, which indicates that S-scheme heterojunctions effectively reduce
the recombination of photogenerated carriers [58,59]. The charge transfer kinetics at the
interface are further analyzed by time-resolved photoluminescence (TRPL) spectra. The
TRPL kinetic spectra of HCN, CIS, and HCN@CIS are shown in Figure 6c. The normalized
results show that the average PL lifetime of HCN@CIS (3.57 ns) is longer than that of pure
HCN (1.97 ns) and CIS (2.23 ns). The longer carrier lifetime in S-scheme heterojunctions is
beneficial to the full contact of electrons and holes with surface adsorption molecules and
improves the effective utilization of photogenerated carriers [60]. The analysis of the active
species and content of photocatalytic production is considered an important means to
determine the mechanism of photocatalysis. The VB of HCN@CIS is not enough to oxidize
H2O to form ·OH, so the ·O2

− spin signal produced in the process of the photocatalysis is
detected by the electron spin resonance (EPR) technique and DMPO (5-dimethyl-1-proline-
N-oxide) as spin trap. Figure 6d shows that HCN, CIS, and HCN@CIS can all produce
·O2

−, but the HCN@CIS ·O2
− spin signal is the strongest. The reduction of O2 adsorbed on

the surface by conduction band electrons of the photocatalyst affects the formation of ·O2
−.

The HCN@ZIS can produce ·O2
− more efficiently, indicating that the electron reduction

ability of the CB of the HCN@CIS composite photocatalyst has not decreased, and the
possibility of forming Type-II heterojunction between HCN and CIS can be ruled out [61].
The interlaced HCN and CIS follow the S-scheme charge-transfer mechanism. The rapid
charge separation and excellent photothermal properties of HCN@CIS promote the mass
transfer kinetics of the reaction system and accelerate the formation of ·O2

−.
Based on a large number of characterization and photocatalytic experiments, the

photocatalytic performance enhancement mechanism of the HCN@CIS heterojunction
photothermal nanoreactor (Scheme 1) was proposed. The HCN@CIS with a unique hollow
core-shell structure generates carriers excited by light, and the carriers follow S-scheme
migration under the action of an internal electric field and interface band bending. The
electrons in the CB of the CIS recombine with the holes in the VB of the HCN. The electrons
with strong reduction ability in the CB of the HCN and the holes with strong oxidation
ability in the VB of the ZIS are successfully retained in the HCN@CIS system. In addition,
the hollow structure can improve the utilization of light, and the double shell can inhibit
the rapid escape of internal heat, provide a local high-temperature place, and accelerate the
reaction kinetics. The free electrons in HCN@CIS are retained on the inner HCN, and the
energy of the photothermal effect is gathered in the inner space. Therefore, the HCN@CIS
photothermal nanoreactor can efficiently carry out photocatalytic hydrogen production
and photocatalytic degradation of oxytetracycline by the synergistic action of S-scheme
heterojunction and the photothermal effect.
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Figure 6. Transient photocurrent density curves (a), EIS Nyquist plots (b), and TRPL decay spectra
(c) of HCN, CIS, and HCN@CIS. EPR signals of HCN, CIS, and HCN@CIS in light (d).

Scheme 1. Schematic diagram of the HCN@ZIS S-scheme hollow core-shell nanoreactor for photocat-
alytic H2 production and OTC degradation.

3. Materials and Methods

The chemical reagents and auxiliary materials used in this study are listed in Supporting
Information. The chemical reagents are not further treated before use. The steps for the syn-
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thesis of the SiO2 template, HCN, and HCN@CIS are shown in Scheme 2. The characterization
parameters and experimental details are in Supporting Information, respectively.

Scheme 2. The schematic diagram for the preparation of the HCN@CIS hollow core-shell nanoreactor.
(1) Preparation of mesoporous SiO2/SiO2@CN nanospheres, (2) Synthesis of HCN nanospheres,
(3) Preparation of the HCN@CIS core-shell nanoreactor.

3.1. Preparation of Mesoporous SiO2/SiO2 Nanospheres

SiO2 nanosphere templates are prepared by the Stöber method. Typical synthesis
methods are as follows: 3.5 mL of TEOS was dropped into the mixed solution of 7.0 mL
NH3·H2O, 16.5 mL H2O, and 110 mL C2H5OH under magnetic stirring and stirred at room
temperature for 2 h to form uniformly dispersed silica spheres. C18-TMOS and TEOS were
mixed at a ratio of 2:3 by volume, then dripped into the mixed solution and aged at room
temperature for 3 h. The mixed solution was centrifuged, dried at 60 ◦C, and calcined at
550 ◦C for 6 h to obtain mesoporous SiO2/SiO2 nanospheres.

3.2. Synthesis of HCN Nanospheres

The 2 g mesoporous SiO2/SiO2 template was added to the 10 mL cyanamide solution,
ultrasonic for 2 h, stirred at 60 ◦C for 6 h, then centrifuged, washed, and freeze-dried. The
dried white powder was placed in a tube furnace, calcined at 550 ◦C for 4 h under the
protection of nitrogen, and the heating rate was 5 ◦C/min. The gray-white powder was
SiO2@g-C3N4, and the SiO2 template was etched with 4 mol/L NH4HF2 solution. Light
yellow HCN can be obtained by centrifugation and drying.

3.3. Preparation of the HCN@CIS Core-Shell Nanoreactor

In typical synthesis, the prepared HCN (0.1 g) was added to three beakers containing
40 mL deionized water, respectively, and dispersed by ultrasonic for 30 min, then 0.007 g
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CuCl2·2H2O, 0.012 g InCl3·4H2O, and 0.006 g TAA (10 wt%); 0.017 g CuCl2·2H2O, 0.024 g
InCl3·4H2O, and 0.012 g TAA (20 wt%); 0.021 g CuCl2·2H2O, 0.036 g InCl3·4H2O, and 0.018 g
TAA (30 wt%) were added to 3 beakers under magnetic stirring, respectively (x wt% represents
the percentage of Cu0.5In0.5S mass to g-C3N4), and the solution pH was adjusted to 2.5 with
hydrochloric acid. The mixed solution was transferred to a 150 mL round-bottom flask and
refluxed in an oil bath at 40 ◦C for 2 h. Centrifuge and dry the powder at 60 ◦C overnight to
obtain a black HCN@CIS hollow core-shell nanoreactor.

4. Conclusions

In summary, HCN hollow nanospheres are obtained by the template method, and the
hollow HCN@CIS core-shell S-scheme photothermal nanoreactors are obtained by surface
continuous growth. The charge-transfer mechanism of the S-scheme in HCN@ZIS was
proved by in situ irradiation, XPS, and EPR characterization. In addition, the synergistic
effect of the photothermal effect and S-scheme heterojunction on photocatalytic reactions is
proposed. The fast charge transfer and redox ability of S-scheme heterojunctions intensely
initiate the photocatalytic reaction, and the photothermal effect reduces the activation en-
ergy barrier of the chemical reaction and speeds up the reaction rate. Therefore, HCN@CIS
has enhanced photothermal catalytic activity, and the photocatalytic H2 evolution effi-
ciency is 62.8 and 12.2 times higher than that of pure HCN and CIS, respectively, and the
degradation efficiency of oxytetracycline is as high as 95.7%. This work fully demonstrates
the potential of the synergistic effect of S-scheme heterojunction and photothermal effect
and provides a promising strategy for the design of an efficient solar-driven photothermal
catalyst platform.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13040723/s1, Figure S1: SEM image of the SiO2 spheres;
Figure S2: TEM image of SiO2@g-C3N4; Figure S3: The sample patterns of HCN, CIS and HCN@CIS;
Figure S4: PL emission spectra of HCN, CIS and HCN@CIS; Table S1: Comparison of H2 generation
rates of different photocatalysts. References [62–68] were cited in the Supplementary Materials.
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Abstract: Due to the different electron affinity, the construction of a donor-acceptor (DA) system
in the graphitic carbon nitride (g-CN) matrix is an attractive tactic to accelerate photo-induced
electron-holes separation, and then further elevate its photocatalytic performance. In this work,
perylene tetracarboxylic dianhydride (PTCDA) with magnificent electron affinity and excellent
thermal stability was chosen to copolymerize with urea via facile one-pot thermal copolymerization
to fabricate g-CN-PTCDA equipped with DA structures. The specific surface area of g-CN-PTCDA
would be enlarged and the visible light absorption range would be broadened simultaneously when
adopting this copolymerization strategy. A series of characterizations such as electron paramagnetic
resonance (EPR), steady and transient photoluminescence spectra (PL), electrochemical impedance
spectroscopy (EIS), and photocurrent tests combined with computational simulation confirmed the
charge separation and transfer efficiency dramatically improved due to the DA structures construction.
When 0.25% wt PTCDA was introduced, the CO evolution rate was nearly 23 times than that of
pristine g-CN. The CO evolution rate could reach up to 87.2 μmol g−1 h−1 when certain Co2+

was added as co-catalytic centers. Meanwhile, g-CN-1 mg PTCDA-Co exhibited excellent long-term
stability and recyclability as a heterogeneous photocatalyst. This research may shed light on designing
more effective DA structures for solar-to-energy conversion by CO2 reduction.

Keywords: donor-acceptor; graphitic carbon nitride; PTCDA; photocatalysis; CO2 reduction

1. Introduction

CO2 plays a vital role in the global carbon cycle. The earth’s environment and ecosys-
tem have been greatly challenged in the past decades due to excessive CO2 being emitted
into the atmosphere. Numerous attempts have been made to get around this challenge, as
the photocatalytic reduction of CO2 to value-added chemicals under visible light is one
of the effective strategies used to fulfill the resource utilization of CO2 [1–5]. However,
the high stability of CO2 molecules and the varied reduction used products during the
reduction process limit its practical application. To this end, a common strategy to elevate
the catalytic performances is to regulate and optimize the structures and properties of
the photocatalysts.

g-CN, as a metal-free organic polymeric semiconductor, possesses a suitable bandgap
and responses to visible light. It is gifted with excellent thermal and chemical stability
and has been extensively explored in photocatalysis fields [6–10]. Nevertheless, the rapid
recombination of photo-induced charge carriers, the limited visible light harvesting ability
and specific surface area hinder its catalytic performance on CO2 reduction. To promote
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the exciton dissociation efficiency, intramolecular DA structures based on g-CN via bottom-
up copolymerization have been established [11–16] over the past few years and have
exhibited optimized photocatalytic activity. The different electron affinity of the donor and
acceptor units would induce electrons to migrate from donor to acceptor parts and further
promote charge carriers to disjoin into free electrons and holes. While there are still some
aspects that should be noted, the first is that the selected electron-withdraw molecules as
co-monomers should maintain extremely high thermal stability. The second is that the
picked molecules ought to bear the functional groups that can be covalently imbedded into
the skeleton of g-CN during the thermal polymerization. The last is that the properties of
g-CN, such as specific surface area or light-harvesting capacity, may also be modulated
during copolymerization process.

Based on the above restraints, PTCDA is the optimal choice to fulfill DA structures con-
struction due to its magnificent electron affinity, exceptional thermal stability, and bearing
dianhydride functional groups that can react with the amino groups of urea to form diimide
covalent bonds. Furthermore, the resultant fragment 3, 4, 9, 10-perylenetetracarboxylic
diimide (PTI) as an n-type organic semiconductor owns extraordinary light absorption
in the visible region and is widely applied in photocatalytic reactions owing to its more
positive valence band [17–21]. A series of Z-scheme PTCDA-C3N4 heterostructure pho-
tocatalysts have been fabricated previously via imidization reaction and have exhibited
remarkable photocatalytic performance in various photocatalytic applications [22–26]. The
fact is that the amount of the amine group suspended on the edge of g-CN nanosheets is
limited and PTCDA is prone to self-aggregate due to its planar π-conjugated macrocycle
structure. Furthermore, the property of a g-CN-like specific surface area can hardly be
tuned by traditional post-synthetic modification or other noncovalent composites methods.
Nevertheless, it could possibly be accomplished by adopting the copolymerization method
because the introduction of a co-monomer may alter the course of the polymerization
process so as to regulate the properties of g-CN.

Herein, PTCDA is selected as a co-monomer to bottom-up copolymerize with urea to
construct intramolecular DA structures based on g-CN, in which PTCDA served as the ac-
ceptor units to capture and store electrons as catalytic active centers due to its distinguished
electron affinity, while g-CN composed of heptazine fragments acted as donor units when
irradiated under visible light. The obtained g-CN-PTCDA, including DA segments, can
not only speed up the photo-induced exciton dissociation but also shorten the migration
distances of the electrons or holes to its surface, which results from the expanded specific
surface area and the diminished thickness of the g-CN-PTCDA nanosheets. The visible
light absorption region was also broadened at the same time due to the photo-sensitiveness
of PTCDA. The g-CN-PTCDA with DA structures exhibited a dramatically advanced pho-
tocatalytic CO2 reduction with a maximum CO evolution rate of 5.25 μmol g−1 h−1, which
was nearly 23-folds that of the unmodified g-CN. This work offers a new concept for the
fabrication of all organic photocatalysts for CO2 reduction, in which PTCDA can function
as a catalytic center due to its ability to capture and accumulate electrons.

2. Results and Discussion

All photocatalyst g-CN-x mg PTCDA possess DA structures that can be successfully
fabricated via facile one-pot thermal co-polymerization [27,28] by employing a different
mass ratio of urea and PTCDA as co-monomers, as shown in Scheme 1.

Firstly, the thermal stability of PTCDA was checked by TG and FT-IR analysis
(Figure S1a,b, Supplementary Materials). PTCDA maintained 96.7% of its original mass
when the temperature increased to 550 ◦C. The FT-IR spectrum showed that the typical
peaks of PTCDA remained unchanged before and after calcination under the same copoly-
merization condition, indicating the exceptional high thermal stability of PTCDA. The color
of g-CN-x mg PTCDA turned light gray from the yellow powder of the pristine g-CN, it
then gradually deepened to dark green along with the increasing amount of PTCDA, and
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finally presented as a dark purple when the amount of PTCDA increased to 1 g (Figure S2,
Supplementary Materials).

Scheme 1. Schematic illustration of the preparation of the g-CN-PTCDA composite photocatalyst
with DA structure using the one pot thermal copolymerization method.

The morphologies of g-CN and the obtained g-CN-x mg PTCDA were investigated
by SEM and TEM images. As can be seen, g-CN-1 mg PTCDA retained the fluffy stacking
nanosheets (Figure 1b) as g-CN (Figure 1a,d), except that a more abundant mesoporous
structure formed, which is in accordance with the semitransparent porous nanosheets
with rough edges obtained by TEM characterization (Figure 1e). Some regular nano-rods
formed and piled up on the surface of the g-CN nanosheets (Figure 1c,f) when the load
of PTCDA increased to 1 g, suggesting that the self-assembly of the excessive unreacted
of PTCDA formed via π–π stacking. TEM mapping was also employed to analyze the
elemental distribution of the sample (Figure 1g). Carbon, nitrogen, and oxygen (originated
from the C=O of PTCDA) elements are evenly distributed in the selected region, which
demonstrates the covalent connection of PTCDA and g-CN and that the DA structures
were successfully constructed.

Figure 1. SEM images of the g-CN (a), g-CN-1 mg PTCDA (b), and g-CN-1g PTCDA (c). TEM images
of the g-CN (d), g-CN-1 mg PTCDA (e), and g-CN-1g PTCDA (f) and the corresponding elemental
mappings of the enlarged area of g-CN-1mg PTCDA (g).

The specific surface area and mesopores distribution were studied by N2 adsorption-
desorption measurements. As shown in Figure 2a, g-CN-1mg-PTCDA exhibited an obvi-
ously enhanced adsorption capacity and the specific surface area increased to 97 m2 g−1

compared with 36 m2 g−1 of g-CN. The isotherm for g-CN-1mg PTCDA presented an
obvious H1 type hysteresis loop at relative pressure p/p0 > 0.8, indicating the slit-type
holes formed by nanosheets stacking [29,30]. The pore volume of g-CN-1 mg PTCDA
was also apparently promoted and the pore size distribution shows that the pore size was
concentrated at 2.6 and 29 nm (Figure 2b). This enlarged specific surface area can hardly be
fulfilled through traditional post-synthetic modification.
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Figure 2. N2 adsorption-desorption isotherms (a) and the corresponding pore size distribution curves
(b) of g-CN and g-CN-1 mg PTCDA. XRD patterns (c), and FT-IR spectra (d) of the samples of g-CN
and g-CN-x mg PTCDA (x = 1, 10, 100, 1000).

XRD was used to study the crystal structure of the samples. As shown in Figure 2c,
g-CN-x mg PTCDA (x = 1, 10, 100) showed two distinct diffraction peaks at around 13◦
and 27◦ which correspond to the (100) and (002) crystal planes as g-CN [31]. The (100)
crystal plane is ascribed to the repeating motif of tri-s-triazine in-plane and the (002) plane
is from the stacking of aromatic systems of the interlayer, which indicates that the crystal
structures are well retained after the introduction of PTCDA. When the amount of PTCDA
is raised to 1 g, the XRD pattern was clearly different from g-CN but similar to that of
the PTCDA powder, and the diffraction peaks belong to the π–π stacking of excessive
unreacted PTCDA.

FT-IR spectra were recorded to index the chemical structure and the covalent inter-
actions between PTCDA and g-CN (Figure 2d). g-CN-x mg PTCDA (x = 1, 100) exhibited
approximate characteristic absorption bands as g-CN, the typical peak at 810, 1200–1600,
and 3000–3500 cm−1 are attributed to the bending vibration of the triazine ring, the stretch-
ing vibrations of the aromatic heptazine heterocycles, and the NH2 groups located on the
edges of the g-CN nanosheets, respectively. When the amount of PTCDA was raised up to
1 g, it can be clearly seen that the typical peak at 1742 cm−1 arising from the C=O in the
anhydride groups of PTCDA disappeared, and the peak at 1683 cm−1 is newly generated,
which can be ascribed to the stretching vibrations of the C=O in the diimide group. The
result provides solid evidence that the DA structures successfully constructed between
PTCDA and g-CN via covalent bonds.

The surface chemical states of C, N, O and the interfacial interaction were studied by
XPS. Figure 3a is the XPS survey spectra of g-CN and g-CN-PTCDA, from which we can see
that the peaks of O 1s emerged with the introduction of PTCDA and the intensity increased
when the PTCDA content increased. A high resolution of the C 1s spectra is presented in
Figure 3b. For pure g-CN, the binding energy of C 1s is dominantly situated at 287.8 eV,
which corresponds to the sp2-hybridized C from N-C=N. The C 1s spectra of g-CN-x mg
PTCDA (x = 1, 10) are deconvoluted into three peaks, except for the sp2-hybridized N-C=N,
in which the peaks at 286.07 and 284.81 eV are attributed to sp2-hybridized C=O and C=C
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coming from PTCDA and the peak areas increase along with the added PTCDA weight
percentage [22,32]. Figure 3c presents the N 1s binding energies of g-CN. The divided three
peaks at 398.59, 400.31, and 401.36 eV of g-CN belong to the sp2-hybridized N involved in
the triazine rings, the bridging sp3-hybridized N in the melem motif center, and the amino
group -NHx, respectively [33–35]. The peaks of sp2-hybridized N (C-N=C) in g-CN-x mg
PTCDA (x = 1, 10) both shift about 0.27 eV to a higher binding energy (398.86 eV) in contrast
with g-CN, illustrating when the strong electron-withdrawing group PTCDA is introduced,
the electron cloud density in heptazine ring decreased, demonstrating the efficient DA
structures established in the matrix of g-CN-PTCDA. In addition, the mass ratio of C/N
obtained from XPS are showed in Table S1, and the value of the C/N ratio increased along
with the content of PTCDA raised. The binding energy of O 1s that originated from O=C
(Figure 3d) was 531.9 eV and the intensity of the peaks also increased with the improved
content of PTCDA.

Figure 3. XPS-survey (a), high-resolution of C 1s (b), N 1s spectra (c), and O 1s spectra (d) of the
samples of g-CN, g-CN-1 mg PTCDA, and g-CN-10 mg-PTCDA.

UV-vis DRS spectra were conducted to study the optical absorption properties of the
g-CN and g-CN-x mg PTCDA. As shown in Figure 4a, the absorption band edges of g-CN-x
mg PTCDA (x = 1, 10, 100, 1000) are gradually red-shifted, and the visible-light response
range steadily expanded to the full spectra region accompanying the amount of PTCDA
raised, fully indicating that PTCDA covalently connected with g-CN via imide bonds. The
corresponding band gaps of g-CN-x mg PTCDA (x = 1, 10) are respectively calculated as
2.51, 2.44 eV based on the Tauc plots method (Figure 4b), and they are narrower than the
2.75 eV of g-CN, which can be explained by the π electrons being delocalized along the
expanded conjugation system between PTCDA and g-CN.P
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Figure 4. Optical absorption and band positions of g-CN, g-CN-1 mg PTCDA, and g-CN-10 mg
PTCDA samples. UV-vis DRS spectra (a) and the corresponding Tauc plots (b), Mott–Schottky
plots (c), energy diagrams of the band structure (d). EPR spectra of the g-CN and g-CN-1 mg PTCDA
at room temperature (e).

The conduction band energy was obtained by testing the Mott–Schottky curve, in
which the straight-line part of the curve is extrapolated to the abscissa axis, and the
intersection point is the flat-band potential. Generally, for n-type semiconductors, the
position of the conduction band bottom is consistent with the flat band potential, which
can be considered as the position of the conduction band bottom. From Figure 4c, we can
learn that g-CN-PTCDA is a typical n-type semiconductor due to the positive slope. The
flat-band potential of g-CN, g-CN-1 mg PTCDA, and g-CN-10 mg PTCDA are located at
−1.55, −1.29, and −1.05 eV (vs. Ag/AgCl), which could be converted to −1.35, −1.09, and
−0.85 V (vs. NHE), respectively and are more negative than that of the required potential
of reducing CO2 to CO (−0.53 V). Regarding the combination with the band gap values
determined in Figure 4b, the CB potentials of g-CN, g-CN-1 mg PTCDA, and g-CN-10 mg
PTCDA are calculated to be 1.40, 1.42, and 1.59 V, respectively, as shown in Figure 4d.

The electronic structure of the g-CN and g-CN-PTCDA were explored by EPR mea-
surements. As can be seen in Figure 4d, g-CN-1 mg PTCDA showed dramatically improved
signals of the Lorentzian line with a g value of 2.0034 than that of g-CN, which originated
from the unpaired electrons in the conduction bands of g-CN-1 mg PTCDA [36]. It means
that a high concentration of unpaired electrons generated due to the DA structures. Besides,
the charge separation efficiency of g-CN-1 mg PTCDA was more notable than that of g-CN
under illumination conditions, which is conductive to promote the photocatalytic CO2
reduction performance.

3. Photocatalytic Performance

The photocatalytic performances of the prepared g-CN-PTCDA were assessed by CO2
reduction. Considering that the gas CO2 has higher solubility in the organic solvent, and in
order to suppress the proton reduction as a competition reaction, CH3CN was chosen as the
reaction solvent. TEOA was selected as the sacrificial agent to capture the unreacted photo-
induced holes because it was extensively used and displayed the highest photocatalytic
CO2 reduction activity compared with other sacrificial agents [37–39], and the volume ratio
of CH3CN/TEOA was 4:1. The photocatalytic reaction was carried out under 5 W LED
lamp (λ > 420 nm) irradiation and the reaction temperature was set at 6 ◦C with circulating
condensed water. The control experiments showed that there was negligible CO or CH4
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detected as the reduction products without one of the factors including the irradiation, the
photocatalyst, TEOA, or using N2 instead of CO2.

As presented in Figure 5a, the experiment results showed that CO was the main reduc-
tion product along with some amount of H2 generated as the byproduct, and the H2 was
mainly from the partial degradation of TEOA. The CO evolution rate was 0.23 μmol g−1 h−1

when using unmodified g-CN as the photocatalyst, along with a H2 generation rate of 0.43
μmol g−1 h−1 and the selectivity was 35% over proton reduction. When a certain amount
of PTCDA was introduced into the skeleton of g-CN and the intramolecular DA system
was constructed, the photocatalytic activity remarkably improved. The CO evolution rate
can reach up to 5.25 μmol g−1 h−1 when the loading content of PTCDA was 1 mg, which
is nearly 23-folds that of pristine g-CN. The H2 generation rate was 1.14 μmol g−1 h−1

and the selectivity improved to 82%. The CO evolution rate began to descend with the
continuous increment of PTCDA, as introducing too much PTCDA would destroy the
conjugate structural integrity of g-CN and further weaken its light-harvesting ability.

Figure 5. The effects of different PTCDA contents on the evolution of CO and H2 (a), g-CN-Co and
g-CN-1 mg PTCDA-Co gases production rate (b), comparison of CO and H2 evolution rates of the
covalent bond connection and physical mixing of g-CN and PTCDA (c), CO2 reduction stability of
g-CN-1 mg PTCDA-Co under 50 h light condition (d), the yields of CO and H2 under the catalytic
action of g-CN-1 mg PTCDA-Co over four continuous cycles and each cycle lasted 4 h (e).

Afterward, the photocatalyst g-CN-1 mg PTCDA-Co was fabricated by hydrother-
mal synthesis, where Co2+ was introduced, acting as the co-catalytic center, and the CO
evolution rate dramatically increased to 87.2 μmol g−1 h−1. P The H2 generation rate
was 13.1 μmol g−1 h−1 and the selectivity was 87%, which was more than 79-folds that
of g-CN-Co (Figure 5b). This indicates that the electrons separated and accumulated on
the PTCDA unit can quickly transfer to the catalytic active sites Co2+, thus the catalytic
performance dramatically enhanced. From Table S2, we can learn that the photocatalysts
g-CN-1 mg PTCDA and g-CN-1 mg PTCDA-Co performed satisfactory photocatalytic CO2
reduction performance.

The control experiment was also conducted to investigate the cause for the elevated
catalytic activity (Figure 5c). The PTCDA compounded with g-CN through physical
grinding and the CO evolution rate exhibited certain enhancement (2.7 μmol g−1 h−1) with
a selectivity of 48% over H2, implying that the covalent connection between PTCDA and
g-CN is indispensable.

The stability and reusability of the g-CN-1 mg PTCDA-Co were further evaluated.
As shown in Figure 5d, the CO evolution rate maintained a near linear growth of up to
50 h with the average rate of 38.4 μmol g−1 h−1, displaying the long-term robustness of the
photocatalyst. As for the reusability, in the 16 h sequent reaction, that is, 4 consecutive cycles
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where each cycle lasts 4 h, no noticeable declination was observed (Figure 5e), signifying
the excellent recyclability of g-CN-PTCDA-Co as a heterogeneous photocatalyst.

The properties of the recovered g-CN-1 mg PTCDA-Co after the long-term catalytic
process were also studied by FT-IR, XRD, and TEM (Figure S3, Supplementary Materials).
The characterization showed that the chemical and crystal structure of g-CN-PTCDA-Co
remained unchanged and the morphology also remained intact, suggesting its fine and
lasting photo stability.

4. Structure–Activity Relationship and Mechanism Discussion

A combination of the photocatalytic CO2 reduction performance and the characteri-
zations of g-CN-PTCDA, the enhanced photocatalytic activity, and the selectivity, can be
ascribed to the following factors.

The construction of the intramolecular DA system plays a functional role [40–43].
As we know, the separation, migration, and transmission efficiency of photo-generated
electron-holes are the key elements that affect the photocatalytic performance. The different
electrons binding ability between PTDCA and g-CN boost the electrons transferred from
g-CN to PTCDA and the separation efficiency of the charge carriers is greatly accelerated,
which can be verified by the fluorescence and electrochemical tests.

Steady-state PL analysis is generally recognized as the technique used to characterize
the recombination of photo-induced electron-holes, that is, the higher the peak intensity,
the more recombinations of the photogenerated electrons and holes occur. As can be seen
in Figure 6a, the PL intensity of g-CN-1 mg PTCDA decreased sharply in comparison
with that of g-CN, which exhibited a strong PL emission peak excited at 365 nm at room
temperature, fully illustrating that the recombination of the photogenerated electron-holes
has been greatly inhibited. In addition, time resolved PL spectra were also performed
to evaluate the dynamic photoinduced electron behaviors. In Figure 6b, the g-CN-1 mg
PTCDA exhibits a shorter average fluorescence lifetime (4.29 ns) than that of g-CN (4.97 ns),
indicating a more efficient non-radiative decay pathway between PTCDA and g-CN. The
electron transfer rate (kET) calculated using the equation [44,45] was 3.2 × 107 s−1 (Table S3)
between g-CN and PTCDA, illustrating the fast spatial charge separation efficiency through
the intramolecular DA system.

Figure 6. Steady-state PL spectra (a), time-resolution PL decay spectroscopy (b), Nyquist plots with
the inset of the simulated circuit (c), photocurrent response (d) of the samples of g-CN and g-CN-1
mg PTCDA.
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As for the EIS, a smaller arc radius commonly means lower electron-transfer resistance.
In Figure 6c, the arc radius of g-CN-1 mg PTCDA is much smaller than that of g-CN and
the fitting results are present in Table S4, implying the interfacial electrons’ fast mobility of
g-CN-1 mg PTCDA due to the lower resistance.

In addition, g-CN-1 mg PTCDA exhibited dramatically enhanced and steady pho-
tocurrent responses compared to g-CN, without significant decay after six repetitive cycles
(Figure 6d), demonstrating that the DA system constructed between PTCDA and g-CN
was more conductive to charge separation and transfer than g-CN, which is in accordance
with the results of the PL and EIS analysis.

Furthermore, the electrostatic potential (ESP) surface distribution of the g-CN-PTCDA
was built with a GaussView program. The method employed to optimize the structure
model is B3LYP/6-31g. The computed result affords a feasible electron transfer route
during this DA system. As can be seen in Figure 7, in this ESP map, the red color stands for
the electrons affluent region while the blue color means the electron deficiency zone. As for
the sample g-CN-PTCDA, the electrons migrate from g-CN to the oxygen atom of PTCDA,
which can not only accelerate the separation of the electron-hole pairs, but PTCDA can also
be regarded as an electron reservoir to drive the CO2 reduction.

Figure 7. Optimized ESP surface distribution of the g-CN-PTCDA model.

Based on above analysis, a presumable mechanism using g-CN-1 mg PTCDA for CO2
photoreduction is proposed (Figure 8). The photosensitizer g-CN absorbs visible light and
the electrons excited from the valance band of g-CN to the LUMO level of the PTCDA,
which is caused by the different electron affinities of PTCDA and g-CN. Then, electrons
are accumulated on the PTCDA units while the holes are left on the g-CN parts. The
intramolecular DA structures promote electrons migration and inhibit the electron-hole
pairs recombination. Simultaneously, the enlarged specific surface area of g-CN-1 mg
PTCDA facilitates more adsorption of CO2 molecules. The process of the proton-coupled
two electrons reduction is used to reduce CO2 to CO (CO2 + 2H+ + 2e−→CO + H2O,
−0.53 V). Meanwhile, TEOA is added in the reaction system as a sacrificial electron donor
to consume the unreacted holes to fasten the separation of electron-hole pairs and promote
the CO2 reduction performance.

Figure 8. The mechanism of g-CN-1 mg PTCDA as a photocatalyst for CO2 reduction is proposed.
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5. Experimental Section

5.1. Reagents and Materials

Urea was obtained from J&K Scientific (Beijing, China). Acetonitrile (CH3CN), tri-
ethanolamine (TEOA), and PTCDA were purchased from Aladdin (Shanghai, China).
CoCl2·6H2O was provided by Maikelin (Fairfield, CT, USA). Na2SO4 was obtained from
Kermel (Tianjin, China). All the chemical reagents were used as received without fur-
ther treatment. Ultra-pure water used in the experiment was prepared by the instrument
THM-50131954 (Thermo Scientific, Waltham, MA, USA).

5.2. Preparation of Catalysts
5.2.1. Preparation of g-CN

In detail, 20 g urea was placed in a crucible, covered with tin foil and heated in an
ambient atmosphere to 550 ◦C in a muffle furnace at a heating rate of 3 ◦C min−1 and then
kept at 550 ◦C for 2 h. The pale-yellow loose powder sample was obtained by natural
cooling to room temperature.

5.2.2. Preparation of g-CN-x mg PTCDA

The samples with DA structures were synthesized by a facile one-pot thermal copoly-
merization method. In detail, 20 g urea and x mg PTCDA (x = 0.5, 1, 10, 100, 1000) were
weighted and then fully grinded and mixed. The mixture was transferred to a crucible
with a tin foil cover and heated to 550 ◦C for 2 h at a heating rate of 3 ◦C min−1 in a muffle
furnace. When the reaction cooled to room temperature, the obtained samples were named
g-CN-x mg PTCDA, where x stands for the initial mass of added PTCDA.

5.2.3. Preparation of g-CN-Co and g-CN-1 mg PTCDA-Co

The samples were prepared by a typical hydrothermal method. At first, g-CN (50 mg)
or g-CN-1 mg PTCDA (50 mg) were uniformly dispersed in 10 mL deionized water and
then 2.4 mg CoCl2·6H2O was added and stirred for 30 min to ensure sufficient dissolution.
The mixture was then transferred to the autoclave for treatment at 120 ◦C for 12 h. When
cooled to room temperature, the precipitate was centrifuged and washed successively with
ultrapure water twice and EtOH once, and then dried at 80 ◦C for 12 h. The resultant
samples were denoted as g-CN-Co or g-CN-1 mg PTCDA-Co.

5.3. Physicochemical Characterization

The morphologies of the samples were investigated by scanning electron microscopy
(SEM, Nova NanoSEM 450, FEI, Hillsboro, OR, USA) and transmission electron microscope
(TEM, JEM-2100F, Kitakyushu, Japan). Powder X-ray diffraction (XRD) was carried out
on an X-ray diffractometer (Rigaku Dmax-2500, Tokyo, Japan) with a Cu K source. FT-IR
spectra were recorded by VERTEX 70 spectrometer (Bruker, Billerica, MA, USA) in the
range of 4000 to 400 cm−1. The samples were prepared by mixing the sample with FT-
IR-grade KBr and the KBr was used as the reference. X-ray photoelectron spectroscopy
(XPS) measurements were conducted on the XPS instrument (ESCALAB 250XI, Thermo,
Waltham, MA, USA), the excitation source for Al target Kα rays (1486.6 eV). Inductively
coupled plasma atomic emission spectrometer (ICP) was performed with an Agilent 7800
ICP-MS. The UV-vis absorption was measured with UV-vis diffuse reflectance (UV-vis DRS,
PerkinElmer Lambda 950, Waltham, MA, USA) using BaSO4 as the reflectance standard ref-
erence. Steady and transient PL spectra were carried out using a fluorescence spectrometer
(FLS 980, Edinburgh, UK) (exciting samples by 365 nm photons).

5.4. Photoelectrochemical Measurements

Photoelectrochemical measurements were monitored by a CHI 760E electrochemical
workstation with a conventional three-electrode cell. The measurement processes were
performed in a 0.2 M Na2SO4 aqueous solution. Ag/AgCl electrode and Pt plate were used
as the reference electrode and counter-electrode. The working electrodes were fabricated
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by using an as-prepared catalyst coated on indium tin oxide (ITO) glass. The photocurrent
as a function of time was recorded as the light was switched on and off every 20 s. The
electrochemical impedance was also recorded in the range of 0.1 MHz–0.1 Hz. Mott-
Schottky plots were recorded at frequencies of 1000, 1100, and 1200 Hz. N2 was blown into
the electrolyte for 20 min before any electrochemical measurement was made.

5.5. Photocatalytic CO2 Reduction

In a typical photocatalytic reaction, 5 mg photocatalyst was dispersed in 4 mL CH3CN
in 50 mL quartz test bottle, along with 1 mL TEOA added as the electron sacrificial agent to
trap the unreacted photo-induced holes. Before photocatalytic testing, the whole reaction
system was evacuated and then bubbled with CO2 (99%, Sigma-Aldrich, St. Louis, MO,
USA) three times. The light source was a 5 W LED lamp (PCX-50C, Perfectlight, Beijing,
China) with λ > 420 nm cutoff filter. The reaction temperature was set at 6 ◦C with
circulating condensed water.

The gas products, including CO and H2, were measured by gas chromatography
(GC9790 II, Zhejiang Fuli, Wenling, China) equipped with a thermal conductivity detector
(TCD) and a flame ionization detector (FID). In the cycle experiment, 5 mg g-CN-1 mg
PTCDA-Co was used for photocatalysis, and the catalyst was recycled, washed, and dried
in turn when each cycle ended.

6. Conclusions

The intramolecular DA system, g-CN-PTCDA, has been successfully constructed
through copolymerization, employing PTCDA and urea as the starting material to elevate
the photocatalytic performance towards CO2 reduction. This strategy can not only enlarge
the specific surface area of pristine g-CN and extend the visible light absorption range,
but the constructed D-A structure can also boost the electrons transmission and suppress
the recombination of the photo-induced electron-holes. The CO2 reduction activity was
23-folds that of pristine g-CN and the CO evolution rate can reach up to 87.2 μmol g−1 h−1

when Co2+ is added as co-catalytic centers. The structure–activity relationship and the
possible mechanism are also explored.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13030600/s1, Figure S1. TG (a), and the FT-IR spectra (b) of
PTCDA before and after calcination under copolymerization conditions, Figure S2. The photographic
images of g-CN (a), g-CN-0.5 mg PTCDA (b), g-CN-1 mg PTCDA (c), g-CN-10 mg PTCDA (d),
g-CN-100 mg PTCDA (e), g-CN-1 g PTCDA (f), and PTCDA (g), Figure S3. TEM (a), XRD pattern (b),
and FT-IR spectra (c) of g-CN-1 mg PTCDA-Co sample before and after four cycles of catalytic
reaction, Table S1. Surface elemental composition of g-CN, g-CN-1 mg PTCDA and g-CN-10 mg
PTCDA based on XPS analysis, Table S2. The comparison with other DA structure photocatalysts
towards CO2 reduction under visible light, Table S3. The fitting parameters and average decay
time of the time-resolved PL, rate constants of charge separation (kET) and quantum yield (ηET)
for g-CN and g-CN-1 mg PTCDA, Table S4. The fitting values for the electrochemical impedance
spectroscopy simulation fit for g-CN and g-CN-1 mg PTCDA. References [12,15,40,46–49] are cited in
the supplementary materials.
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Abstract: Pharmaceuticals, especially amine-based pharmaceuticals, such as nizatidine and ranitidine,
contaminate water and resist water treatment. Here, different amounts of graphene sheets are
coupled with g-C3N4 nanosheets (wt% ratio of 0.5, 1, 3 and 5 wt% of graphene) to verify the effect
of surface plasmon resonance introduced to the g-C3N4 material. The synthesized materials were
systematically examined by advanced analytical techniques. The prepared photocatalysts were
used for the degradation of amine-based pharmaceuticals (nizatidine and ranitidine). The results
show that by introducing only 3 wt% graphene to g-C3N4, the absorption ability in the visible and
near-infrared regions dramatically enhanced. The absorption in the visible range was 50 times higher
when compared to the pure sample. These absorption features suggest that the surfaces of the
carbon nitride sheet are covered by the graphene nanosheet, which would effectively apply the LSPR
properties for catalytic determinations. The enhancement in visible light absorption in the composite
was confirmed by PL analysis, which showed greater inhibition of the electron-hole recombination
process. The XRD showed a decrease in the (002) plan due to the presence of graphene, which
prevents further stacking of carbon nitride layers. Accordingly, the Gr/g-C3N4 composite samples
exhibited an enhancement in the photocatalytic performance, specifically for the 5% Gr/g-C3N4

sample, and close to 85% degradation was achieved within 20 min under solar irradiation. Therefore,
applying the Gr/g-C3N4 for the degradation of a pharmaceutical can be taken into consideration as
an alternative method for the removal of such pollutants during the water treatment process. This
enhancement can be attributed to surface plasmon resonance-induced photocatalysis in a 2D/2D
graphene/g-C3N4 heterostructure.

Keywords: amine-based pharmaceutical; graphene; g-C3N4; nizatidine; photocatalysts; solar irradiation

1. Introduction

Protecting the environment from pollution and delivering a sufficient amount of en-
ergy is vital to maintain our natural life on earth. Scientists are considering all the possible
ways to keep the environment at a suitable level where the energy is supplied from a
green sustainable source [1,2]. One of the possible solutions to maintain the green energy
demand with the minimum environmental condition are the engineering and synthesizing
of artificial photocatalysts with super photocatalytic activities. This field has attracted a
huge scientific interest, resulting in many commercial products based on this technology.
The current achievements in semiconductor materials are state-of-the-art technology, which
has been applied in several necessary fields [1]. For example, water decontamination,
environmental remediation, hydrogen production, photosensitive sensing, energy harvest-
ing and energy-storing devices are intensively investigating the new implementation of
semiconductor materials [2–6]. One of the goals is to fully utilize the abundantly free solar
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irradiation for driving significant chemical reactions for large-scale applications. There are
numerous categories of semiconductor photocatalysts that have been investigated, such
as oxynitrides, sulfides, oxides and metal-free semiconductors [7–9]. Free metal semicon-
ductors are highly considered; graphitic carbon nitride (g-C3N4) has shown a new possible
application in the photocatalytic field due to its compatible properties [10–13]. This prop-
erty allows the synthesis of a visible active material with more accessible properties; based
on that, a universal consideration has been provided to investigate this specific material.

Hence, the g-C3N4 materials demonstrated that they were suitable and compatible
with energy and sustainability applications. A thorough review of the literature can give the
readers a general idea about the conditions required to synthesize carbon nitride materials,
which are relatively easy and faster compared to the synthesis of metal oxides and metal
sulfides photocatalysts. In general, the carbon nitride samples can be obtained via the
thermal polycondensation reaction (450–550 ◦C) of nitrogen-rich precursors in a semi-close
system. So far, many precursors have been used as starting materials, such as cyanamide,
dicyanamide, triazine, heptazine, melamine, urea, thiourea and so on. The most dominated
one is melamine because the yield generated is much higher and the defect is less compared
to other starting materials.

The research reported data present more and more understanding of the photocat-
alyst’s material’s methods of working. Therefore, the attention has been orientated to
synthesizing narrow band gap semiconductors and efficient in visible light absorption, as
opposed to what is commonly used, namely, materials with wide band gap photocatalysts,
such as TiO2 and ZnO [7,8]. The drawbacks of these traditional semiconductor-based
photocatalysts are weak light absorption in the visible light region, toxicity, short-term
stability and/or high material costs [9–12]. On the other hand, a polymeric semiconductor
based on graphitic carbon nitride g-C3N4 has been investigated for water splitting under
visible light irradiation. g-C3N4 has a band gap value of 2.7 eV, indicating its visible light
response [14,15]. This semiconductor exhibits excellent needed properties, such as a 2D
shape structure, suitable redox potential, low band gap, high thermal chemical stability
and suitability for large-scale production from low-cost precursors, such as urea, thiourea
and melamine [16–20].

The main limitation in using g-C3N4 material as a photocatalyst is the high recombina-
tion rate of photogenerated electrons and holes, which limits the photocatalytic efficiency.
Thus, finding an appropriate way to overcome the stated problems is challenging. There
are numerous methods used to enhance the photocatalytic activity. Coupling materials
were used to approach the desired enhancement in photocatalytic performance, such as
CdS/g-C3N4, TiO2/g-C3N4 and ZnO/g-C3N4 [13–17]. On the other hand, an interest-
ing approach is introducing a surface plasmon resonance (SPR) effect on the surface of
the semiconductor material to enhance the electron-hole separation ability [21–30]. In a
characteristic SPR phenomenon, the plasmonic electrons on the surface interact with the
absorbed photons and oscillate on the surface of the metallic nanomaterials, resulting in
an improvement of the local electromagnetic field and stimulating active electrons on the
semiconductor, which leads to enhancement in the visible light response [18,20,21]. Primar-
ily, noble metal nanoparticles like Au, Pt and Ag were used to introduce a localized surface
plasmon resonance SPR to the surface of g-C3N4. However, noble metals are expensive and
have a shallow surface interaction with the surface of the g-C3N4 material. On the other
hand, graphene (Gr) is a more affordable non-metallic material and has a strong ability to
introduce surface plasmon resonance similar to metallic particles [31–35].
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Recent studies showed that 2D/2D stacking can provide a better interaction compared
to 0D/2D and 1D/2D stacking structures. Graphene can provide strong 2D/2D stacking
interaction with g-C3N4; therefore, Gr/g-C3N4 composite material is a very attractive
catalyst from both experimental and theoretical aspects [24–26]. To date, only a few studies
have demonstrated the synthesis of Gr/g-C3N4 composite material via different methods,
such as hydrothermal, solvothermal, ionic-liquid and hydrolysis routes. Compared to these
preparation methods, the thermal method dramatically reduces the experimental time and
enhances the product purity [36–39]. The other methods are relatively long and require
multiple steps to obtain the final product. The direct thermal method shows great potential
in reducing the process time and steps. The advantage of combining carbon nitride with
graphene is that both materials are chemically and thermally stable.

The reported Gr/g-C3N4 composite was mainly used for hydrogen evolution, lithium
batteries and photocatalytic degradation of dyes. Currently, more research is oriented in
the direction of wastewater and drinking water treatment from pharmaceuticals [40,41].
Amine-based pharmaceuticals, such as nizatidine and ranitidine, have garnered maximum
researcher attention due to the ability of these compounds to generate toxic nitrogenous
disinfection by-products, which are formed during the disinfection step. On the other
hand, only a few studies have been performed in the area of photocatalytic degradation
of amine-based pharmaceuticals as an alternative method for conventional wastewater
treatment [42–45].

Herein, an easy direct thermal method for synthesizing 2D/2D Gr/g-C3N4 nanocom-
posite material is reported. The amount of Gr attached to the g-C3N4 sheets was investi-
gated by varying the percentage of Gr from 0% up to 5% (pure g-C3N4, 0.5% Gr/g-C3N4,
1% Gr/g-C3N4, 3% Gr/g-C3N4 and 5% Gr/g-C3N4). Then, the effect of SPR on the g-C3N4
surface was examined. The photocatalytic performance of the photocatalysts was evaluated
by the degradation of amine-based pharmaceuticals, nizatidine and ranitidine, under stable
LED and direct solar light. The improvement in the visible light absorption in the combina-
tion was validated by optical and physical analyses, which showed superior inhibition of
the electron-hole recombination process. Consequently, the Gr/g-C3N4 composite samples
demonstrated a boost in the photocatalytic performance, specifically for the 5% Gr/g-C3N4
sample, and up to 85% degradation was achieved within 20 min under solar irradiation.

2. Results and Discussion

2.1. XRD Analysis

An X-ray diffraction analysis was performed to investigate the crystalline properties of
the synthesized carbon nitride material. Figure 1 shows the XRD patterns of the Gr/g-C3N4
prepared via a direct thermal method. All the samples exhibited two main diffraction peaks.
The first peak at around 27.90◦ corresponds to the (002) diffraction peaks characteristic of
interlayer stacking of aromatic systems, and the second diffraction peak at around 13.05◦ is
indexed to the (100) peak that represents inter-planar separation. These diffraction peaks
are in good agreement with those reported for g-C3N4 and were retained during thermal
oxidation [11,12], indicating the existence of the graphite-like structure of g-C3N4. The
results show that increasing the amount of graphene amount reduces the diffraction peak
002. This kind of decrease in the 002 plan growth direction is expected. It can be attributed
to the presence of graphene, which prevents further stacking of carbon nitride layers.
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Figure 1. The XRD patterns of the Gr/g-C3N4 were prepared via the thermal method (inset schematic
presentation of graphene stacking between g-C3N4 layers).

2.2. SEM, EDX and TEM Analysis

The morphological features of the Gr/g-C3N4 samples prepared via the direct heating
method were determined by scanning electron microscopy (SEM). Figure 2 shows the SEM
images of different percentages of the Gr/g-C3N4 samples. The g-C3N4 image depicted
sheet-like microstructures. Moreover, the fabrication of g-C3N4 in the presence of graphene
did not change the sheet structure of carbon nitride. The amount of graphene added to the
surface of the g-C3N4 sheet was increased from 0.5% to 5%. However, the 2D/2D type of
composite was expected to enhance the photocatalytic performance due to the higher area
of interaction [24]. On the other hand, energy dispersive X-ray spectroscopy (EDXs) was
also used to identify and confirm the elemental composition of the synthesized samples.
The elemental composition of the prepared composite samples has been measured via
EDXs analysis and the result is shown in Figure 3. It is seen that the sample was composed
mainly of three main elements: carbon, nitrogen and oxygen. The atomic ratio of C:N
was 56.9:38.5 wt%. These results further confirm the high purity of the produced Gr/g-
C3N4 sample. To confirm the coupling of the graphene nanosheets and the carbon nitride
nanosheets in a 2D/2D structure, a TEM analysis was carried out. Figure 4a shows the TEM
image of the pure graphene sample. Figure 4b shows the TEM image of the Gr/g-C3N4
sample. High magnification on the selected area is presented in Figure 4c. The image clearly
shows the presence of both sheets, indicating the formation of the Gr/g-C3N4 composite.
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Figure 2. The SEM images of (a) g-C3N4, (b) 0.5%Gr/g-C3N4, (c) 1%Gr/g-C3N4, (d) 3%Gr/g-C3N4

and (e) 5%Gr/g-C3N4 samples.

Figure 3. The element’s presence in the Gr/g-C3N4 sample.
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Figure 4. TEM images of (a) the graphene sheet, (b) the Gr/g-C3N4 composite samples and (c) high
resolution of a selected area (red arrow) of the Gr/g-C3N4 composite.

2.3. UV-DRS Analysis

The UV-Vis diffuse reflectance spectra (UV-DRS) were used to investigate the optical
properties of the as-prepared photocatalysts (Figure 5). In general, the absorbance spectra of
direct inter-band transition energies of the prepared material are located at the edge of the
visible region, which is compatible with the small band gap energy (2.7 eV). The UV diffuse
reflectance spectrum of the synthesized samples is shown in Figure 5a. The fundamental
absorption edge of the g-C3N4 material was about 450 nm, which is considered to be in
the visible light range. Moreover, the coupling of g-C3N4 with graphene showed a small
red shift of the band edge, which is expected to enhance the photocatalytic performance of
the heterostructure. The optical band gap was calculated according to the following Tauc
equation (Equation (1)):

αhν = A(hν − Eg)n⁄2 (1)

where α, ν, A and Eg are the absorption coefficient, light frequency, proportionality constant
and band gap, respectively. The band gap energy is obtained from the slope drawn near
the band edge. The band gap values for g-C3N4, 0.5%Gr/g-C3N4, 1%Gr/g-C3N4, 3%Gr/g-
C3N4 and 5%Gr/g-C3N4 samples were 2.76, 2.75, 2.72, 2.73 and 2.73 eV, respectively
(Figure 5b–f). The small changes observed in the band gap were expected because the main
role of graphene is to facilitate the separation of charge carriers. Moreover, increasing the
amount of graphene ends up elevating the absorption tail due to the plasmonic effect of
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free electrons on the surface of the graphene [22,23]. The addition of 3% and 5% graphene
on the g-C3N4 structure enhanced the absorption in the visible range by 50 times when
compared to the pure sample. These absorption features suggest that the surfaces of the
carbon nitride sheet are covered by the graphene nanosheet, which would effectively apply
the LSPR properties for catalytic determinations.

Figure 5. (a) UV diffuse reflectance spectra of the obtained samples; (b–f) the corresponding Tauc
plot of the samples.

2.4. Photoluminescence Analysis (PL)

The photoluminescence emission peak is mainly considered a result of the recom-
bination process of the photo-generated electrons and hole pairs. In general, the photo-
luminescence emission peak intensity is higher, indicating a higher recombination rate
for photo-generated electrons and holes [34]. Figure 6a shows the PL emission spectra
of the g-C3N4 and Gr/g-C3N4 composite samples. All the samples were exposed to an
excitation process at a wavelength of 370 nm at room temperature and the main emission
peak is observed at about 450 nm. The PL intensities of g-C3N4 reduced dramatically after
coupling g-C3N4 with graphene, indicating the inhabitation of the recombination process
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of free charge carriers in the composite samples. Moreover, the 5% Gr/g-C3N4 has the
lowest PL peak intensity compared to the other samples. The Gaussian fitting was used to
convolute the photoluminescence peaks, as shown in Figure 6a, which helps us to obtain a
clear understanding of excitons in the Gr/g-C3N4 samples and the origin of the emission
concerning the initial precursors. All the samples showed three emission peaks. The carbon
nitride materials are expected to have three states formed due to the presence of the sp3
C–Nσ band, sp2 C–Nπ band and the lone pair (LP) state of the bridge nitride atom [35,36].
To confirm the PL shift, the Commission Internationale de l’Eclairage (CIE) chromaticity
diagram of the pure g-C3N4 sample and the Gr/g-C3N4 composite sample is presented in
Figure 6b. The CIE (x, y) coordinate of the pure g-C3N4 samples located at (0.17, 0.18) were
the CIE (x, y) coordinate of the Gr/g-C3N4 composite located at (0.19, 0.19), which further
confirm that the PL emission is shifted toward light blue-violet. This further confirms that
the PL emission is covering the blue-violet to close green light region. Additionally, the
emission of carbon nitride products obtained from 5% graphene is located close to the edge
of the blue-violet region, whereas the sample obtained from pure carbon nitride showed
deep blue-violet. The differences in the colours further confirms the enhancement in visible
light absorbance.

Figure 6. (a) The PL emission spectra of the prepared samples; (b) the (CIE) chromaticity diagram of
the pure g-C3N4 sample and the Gr/g-C3N4 composite.
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2.5. FTIR Analysis

The overlay FTIR spectra were measured to identify the characteristic peaks of the
prepared samples. The response was recorded for the samples at the wavelength range of
600 to 4000 cm−1. In general, all the samples demonstrate their graphitic structure, which
can normally be shown as three main regions. Figure 7a shows the Fourier transform
infrared (FTIR) spectrum of the as-prepared samples to identify the specific interaction
of the functional groups. The result indicates the presence of the graphite-like structure
of carbon nitride. The N-H stretching modes and the O-H from water absorbed on the
surface are present in the broad peak observed in the range of 3000–3500 cm−1. The bands
around 1200–1600 cm−1 are characteristic of a typical stretching mode of CN heterocycles.
In addition, the s-triazine ring mode was observed at 801 cm−1. However, there was some
broadening in the peak at 3000–3500 cm−1, which is indexed to CO vibration. One of the
interesting properties that carbon nitride has is a surface of multiple functional groups, as
presented in Figure 7b. These groups influence the behaviors of the prepared materials.
The most common functional groups that appear while the preparation of carbon nitride
is primary are secondary amine groups (CNH2 and C2NH) due to a small amount of
hydrogen remaining from the initial precursor. The presence of an amine group makes
carbon nitride exhibit electron-rich properties with basic behaviors and the ability for
H-bonding motifs formation [11,12]. This impurity makes carbon nitride more applicable
as catalysis compared to perfect and defect-free g-C3N4. This amine group makes carbon
nitride materials more suitable for the removal of acidic toxic compounds via chemical
adsorption on the surface with the help of electrostatic interactions.

Figure 7. (a) FTIR spectrum of the g-C3N4 samples; (b) the functional groups on g-C3N4.
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2.6. Photocatalytic Activity Test

The degradation of pharmaceuticals using the obtained Gr/g-C3N4composite samples
by the direct heating method was investigated under visible light and under direct solar
light irradiation. The degradation of the selected pharmaceutical compounds was followed
with the help of a UV spectrophotometer. The maximum absorbance peak for nizatidine
and ranitidine was the same and was located at 312 nm (lambda max). Figure 8a represents
the concentration changes of nizatidine starting from an initial concentration of 5 mg/L of
the nizatidine aqueous solution at pH = 5.6 (with 5% Gr/g-C3N4). Figure 8b represents the
concentration changes of ranitidine starting at the same concentration. Moreover, a control
experiment was carried out to verify the effect of the visible light on the pure g-C3N4. The
initial concentration remained almost the same for the pure sample, indicating that the
g-C3N4 by itself is not very active under this condition. However, the degradation was
dramatically enhanced after the addition of the prepared Gr/g-C3N4 catalysts. All the
prepared composite samples showed higher degradation performance. As expected, the
Gr/g-C3N4 composite samples exhibited superior photocatalytic performance compared to
the pure sample. The 5% Gr/g-C3N4 showed the best performance among all the prepared
samples (see Figure 8c,d). The enhancement noticed for the 5% Gr/g-C3N4 sample could
be attributed to the coupling of two materials, which facilitates an effective separation of
the charge carriers, as shown in the UVDRS and PL results. Finally, the best sample was
chosen to be tested under direct solar light irradiation (Figure 9a). The sample showed
more enhanced performance under solar irradiation due to more light intensity, more than
80% degradation achieved within 20 min. Figure 9b shows a schematic presentation of the
charge carrier formation and the mechanism of the degradation.

Figure 8. (a) The degradation rate of nizatidine and (b) ranitidine at an initial concentration of 5 mg/L
and pH = 5.6 with 5% Gr/g-C3N4. (c,d) C/Co Plots for nizatidine and ranitidine, respectively, under
UV irradiation.
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Figure 9. (a) C/Co Plots for nizatidine and ranitidine under UV and Solar irradiation. (b) the
photocatalytic mechanism under solar light.

3. Materials and Methods

3.1. Materials

The melamine powder (M2659 Aldrich, St. Louis, MO, USA) and graphene oxide
(763705-100 ML, St. Louis, MO, USA) were purchased from Sigma-Aldrich and were used
without further purification.

3.2. Characterization

The prepared samples were examined by an X-ray diffraction (XRD, Malvern, UK) test
using an XRD Panalytical X-pert Pro instrument equipped with graphite monochromatized
Cu Kα radiation (λ = 1.540 A◦). The detector was NaI (T1). The samples’ morphologies
were observed using a field emission scanning electron microscope (FESEM, JSM-7800F
JOEL, Tokyo, Japan) with a maximum working voltage of 30 kV, a maximum resolution of
0.8 nm and a working distance of 10 mm used during measurements where the elements
were present near the surface, and analyzed by energy dispersive X-ray spectroscopy (EDX,
JOEL, Tokyo, Japan). The transmission electron microscope (TEM, JOEL, Tokyo, Japan)
model JEM-1400-JEOL was used for high-resolution analysis. The UV-Vis diffuse reflection
spectroscopy (UV-Vis DRS, Waltham, MA, USA) measurements were conducted using
the Perkin Elmer Lambda 650S spectrometer. The photoluminescence (PL, Waltham, MA,
USA) behavior was evaluated using a Perkin-Elmer LS 55 Luminescence Spectrometer. The
degradation of amine-based pharmaceuticals (nizatidine and ranitidine) was analyzed by a
Shimadzu UV-1800 UV/Visible Scanning Spectrophotometer (Shimadzu, Kyoto, Japan).

3.3. Synthesis of Gr/g-C3N4 Composite Materials

The graphene (Gr)-based carbon nitride materials (g-C3N4) were prepared by mixing
a specific volume of a graphene oxide solution with melamine powder. One gram of
melamine powder was mixed with the required wt% ratio of 0.5, 1, 3 and 5 wt% of
graphene, then placed in an alumina crucible and covered with a lid. The mixture of the
graphene oxide and melamine powder was left to dry overnight in an air oven at 80 ◦C.
The dried sample was crushed to a fine powder to ensure a homogeneous distribution of
graphene in the mixture. Then, direct thermal heating was applied up to 550 ◦C at a heating
rate of 20 ◦C/min and stabilized at 550 ◦C for 3 h. After cooling, the product was collected
for further analysis and the process was repeated to obtain the required amount. Simplified
schematic steps of the synthesis are presented in Figure 10. There was no further washing
or purification performed. A pure carbon nitride sample was obtained by the same method
without graphene added to the melamine powder.
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Figure 10. Schematic steps of the synthesis of Gr/g-C3N4.

3.4. Photocatalytic Test of (Gr/g-C3N4)

The photocatalytic activity performances of the as-prepared nanosheet were measured
by following the degradation of two amine-based pharmaceutical compounds (nizatidine
and ranitidine). The photoreaction analyses were conducted using a batch system reactor
involving a cylindrical borosilicate glass vessel with an effective volume of 500 mL. All
photoreaction was performed in an open atmosphere at a stable temperature (25 ◦C) with
a cold water circulation system. The reactor was attached to an air diffuser machine
to uniformly disperse the air into the solution. The suspensions (catalyst and pollutant
solution) were prepared by adding 0.1 g of the prepared Gr/g-C3N4 powder into 250 mL
of an aqueous solution of a nizatidine- and ranitidine-contaminated solution with an initial
concentration of 5 mg/L (5 ppm). The system was chosen to be conducted in an open
atmosphere with an air diffuser fixed at the reactor to mimic a real-life situation and
uniformly disperse the air into the solution. The reaction suspensions were magnetically
stirred for 30 min in the dark to ensure adsorption–desorption equilibrium between the
photocatalyst and the pharmaceuticals. One sample was taken after this step to evaluate the
adsorption amount. During illumination with light, about 6 mL of the suspension solution
was taken from the reactor at a scheduled interval. The samples were filtered to remove the
catalyst. For a stable UV source of light, a Mic-LED-365 (from Prizmatix 420 mW) was used
to activate the photocatalytic reaction, then the experiment was repeated under direct solar
irradiation with an average intensity in the range of 1100–1300 W/m2.

4. Conclusions

In conclusion, the Gr/g-C3N4 composite photocatalytic materials were successfully
synthesized by the direct thermal method and were demonstrated to be a highly com-
petitive catalytic system with superior activity for visible-light-induced degradation of
amine-based pharmaceuticals (nizatidine and ranitidine). The results from X-ray diffrac-
tion, the samples’ morphologies and the surface analyzed by energy dispersive X-ray
spectroscopy (EDX) and PL indicate that the selected method can simplify the preparation
of Gr/g-C3N4 compared to other techniques. The photocatalytic tests of the prepared
Gr/g-C3N4 samples showed higher efficiency for the degradation of amine-based pharma-
ceutical models under solar light irradiation. The sample with a 5% graphene to g-C3N4
ratio showed the highest photocatalytic activity compared to lower graphene percentages
(0.5%, 1%, 2% and 3%). The degradation reached 85% within only 20 min. Therefore, ap-
plying Gr/g-C3N4 for the degradation of a pharmaceutical can be taken into consideration
as an alternative method for the removal of such pollutants during the water treatment
process. This enhancement can be attributed to surface plasmon resonance-induced photo-
catalysis in a 2D/2D graphene/g-C3N4 heterostructure. Thus, 2D/2D graphene/g-C3N4
heterostructures can be useful materials for the removal of pharmaceutical pollutants from
water using solar energy.
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