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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 cal-
cination 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 cy-
anogen defect promotes photogenerated carriers” separation; (iii) and the photothermal effect of
CN-B increases the reaction temperature and enhances the photocatalytic activity. This study pro-
vides new insight into the design of photocatalysts for the photothermal-assisted photocatalytic
degradation of antibiotic pollutants.
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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, caus-
ing 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, ad-
sorption, and membrane separation to remove antibiotics from seawater [10-12]. Unfor-
tunately, 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 mineralization rate, which can directly use photocatalyst to absorb solar energy and
produce active substances to effectively remove various kinds of low-concentration pol-
lutants in seawater [15,16]. Among the many photocatalytic materials, graphitic carbon
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nitride (g-CsNs) is a two-dimensional (2D) layered nanosheets composed of carbon and
nitrogen atoms, which has attracted wide attention due to its unique electronic band struc-
ture, excellent optical and electronic properties, easy preparation, and high stability [17-
20]. Nevertheless, the photocatalytic activity of g-CsNs is limited by its inherent defects,
including poor visible light absorption (A < 450 nm), high electron-hole pair recombina-
tion rate, and slow charge migration rate [21-23]. In order to address these problems, var-
ious strategies have been developed to enhance the photocatalytic activity of the original
g-C3Ns, such as heterojunction construction, element doping, morphological control, etc.
[24-26]. Among them, the introduction of cyano group defects in g-CaNa can promote vis-
ible light absorption, and photo-generation electron-hole separation is considered an ef-
fective method to improve photocatalytic activity [27]. For example, Hu et al. prepared a
BaCN-CsN4 photocatalyst that promotes visible light absorption and higher photocatalytic
activity due to the presence of Ba?, which promotes partial ring-opening through hep-
tazine rings leading to cyano group defects production [28]. However, due to the low am-
bient temperature and photon utilization rate, the photocatalytic degradation efficiency
of photocatalysts is still low. Fortunately, the construction of the photothermal-assisted
photocatalytic 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
photogenerated charge, and improving the photocatalytic degradation activity [29]. For
instance, Yang et al. synthesized core-shell CoTiO:@MnO: photocatalyst photothermal
catalyst, which can show excellent TC degradation performance under light irradiation
due to the broad-spectrum absorption and photothermal effect of MnO: that can promote
the charge separation [30]. Similarly, Wang et al. reported the development of a photother-
mal-assisted photocatalytic system using graphene oxide as a photothermal substrate and
g-CsNa as a photocatalyst, which exhibited excellent stability and reusability for the deg-
radation of antibiotics in wastewater treatment [31]. However, most of the above-men-
tioned researches on photothermal-assisted photocatalysis is realized by combining pho-
tothermal 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-CsN4 nanosheet with its own photothermal effect for the photothermal-as-
sisted 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 degrada-
tion 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 photocata-
lyst, the element mapping images (Figure 1e), energy dispersive X-ray spectra (EDX, Fig-
ure S1), and element composition analysis based on X-ray photoelectron spectroscopy
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(XPS) measurements (Table S1) presented the existence of the corresponding elements of
C, N, O, and Na.

Figure 1. (a,b) SEM images of CN and CN-B-0.1. (¢,d) TEM images of CN and CN-B-0.1. (e) Ele-
mental 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, spe-
cifically representing the arrangement of tris-triazine units (with the lattice of 6.76 A)
within the network of g-CsNu [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 photocata-
lysts 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 syn-
thesized 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 ab-
sorption bands located at 1200-1700 cm™ represent the stretching mode of unique aro-
matic CN heterocycles, while the broadband in the 3000-3500 cm™ range may interact
with stretched vibrations of the O-H and N-H bonds adsorbed on the CN surface [41,42].
The peak signal at 810 cm™ is thought to be caused by the characteristic stretching
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vibration peak of the triazine unit in CN [43,44]. Another interesting finding was that a
new peak was observed at 2170 cm™ of the CN-B photocatalyst, caused by the tensile vi-
bration 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].
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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 re-
vealed 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 re-
sults 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 Cls 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,
Nzc), nitrogen N-(C)s 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 pre-
sented in Figure 52, 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 Cls, 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 dif-
fuse reflection spectra (DRS) at the absorption wavelength range of 300-800 nm. As pre-
sented 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,
increasing 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 ex-
hibits a digital photo of the as-prepared samples; the pure CN is pale yellow, while as the
precursor increases the contents of phloxine B, the color of the CN-B photocatalyst grad-
ually 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
(ahv)? = A(hv-Eg) [59], and the corresponding bandgaps (Eg) of pure CN and different pro-
portions 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 (Ep) 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 Ep 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 enhanc-
ing the photocatalytic redox ability [60,61]. Based on the position of flat band potentials
and the equation of Evs = Ecs + 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 photocata-
lysts.

In order to evaluate the photocatalytic degradation efficiency of the as-prepared pho-
tocatalyst, the photocatalytic degradation experiment was carried out in simulated sea-
water 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 with-
out light for 30 min to ensure the adsorption-desorption equilibrium. As presented in Fig-
ure 5a, pure CN degraded only 69% of TC within 2 h under visible light radiation in sim-
ulated 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 cer-
tain 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 produc-
tion 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 photo-
catalyst has excellent photocatalytic degradation activity. The pseudo-first-order kinetic
model was also used to fit the TC photocatalytic degradation kinetic curve and corre-
sponding kinetic constants of the as-prepared photocatalysts (Figure 5b,c). The apparent
rate constant (k) of CN-B-0.1 is 0.0242 min™', which is 2.44 times that of pure CN (0.0099
min). 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 remarka-
bly changed after the photocatalysis, demonstrating that the structural stability of the CN-
B-0.1 photocatalyst is well maintained (Figure S5).



Catalysts 2023, 13, 1147

7 of 15

q 1.0+ p— b 30{ . cn
—+— CN-B-0.05 R X ey
e ONB.OA 25 CN-B-0.05
0.8+ CN-B-0.3 71 + cNB-041
—+—CN-B0.5 —2.04 CN-B-0.3
0.6 [T + CN-B0.5
o, —
1] o5 _
[&] E N
0.4 S0l
0.2 0.5
0.0 Darl(il.i_ght D.O-? T T T T T T
-20 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Irradiation time (min) Irradiation time (min)
C 0025 0.0242 d 197 75t T 2nd T 4th
0.0214 0.02190.0216 08l 1y Y
0.020 . i \ o\
—_ s Py P
" 0.015+ Q 061 P E
= o Fo i
' i ] \
g - ] w H I|| : 1
12 19 |9 : : \
0.005 - 2 @ o o 0.2 P b
2 5 5|5 L e~ S
0.000 - 0 100 200 300 400 500 600
Different samples Time (min)

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 con-

stants 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 tempera-
ture 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 pre-
cursor deepens the CN color, prompting the photothermal effect of CN-B. Under the ac-
tion 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 pho-
tothermal conversion efficiency of CN-B-0.1 photocatalyst (Figure 6c) was further investi-
gated. When the entire system reaches equilibrium, the calculated time constant of CN-B-
0.1 photocatalyst is 279.47 S, and the corresponding photothermal conversion efficiency
(n) is 88.06%, further proving that CN-B-0.1 photocatalyst can quickly and efficiently con-
vert light into heat energy, further accelerating the charge separation and transfer, and
enhancing the photocatalytic activity. Based on the above analysis, the photocatalytic deg-
radation activity of CN-B-1 photocatalyst was tested at different temperatures (5 °C, 10
°C, and room temperature (RT)) by controlling the reaction temperature through a circu-
lating condensate device system. As presented in Figure 6d, pristine CN has a certain tem-
perature sensitivity, the degradation rate decreases with the decrease in temperature, and
the degradation rate reaches 69% at RT condition. In addition, the photocatalytic degra-
dation 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 phlox-
ine B precursor can enhance the photocatalytic degradation activity of CN by synergistic
reaction of photothermal effect. Under the action of photothermal-assisted photocatalytic
degradation, the 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
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apparent rate constant k (min) 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~!, which is 2.5, 1.75, and 2.4 times that
of pure CN (0.002, 0.004, and 0.010 min™"), respectively, indicating that increased temper-
ature can accelerate the photocatalytic degradation rate constant and improve the photo-
catalytic 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 exhib-
ited 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 increas-
ing temperature 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 temper-
ature 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 pro-
motion of the cyanogen defect and the photothermal effect on electron transfer [67-69].
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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 simu-
lated 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.

In order to determine the main reactive radical species responsible for the photocata-
lytic 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 (),
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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 radi-
cals 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 #* played
a secondary role in the degradation process.
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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-as-
sisted photocatalytic degradation TC by the CN-B photocatalyst under visible irradiation
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-gen-
erated carriers is achieved due to the introduction of cyano group defects. More im-
portantly, 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 ef-
fect, 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
dissolved oxygen in the water to form a superoxide radical (*O2") (Eo (O2/¢Oz) =-0.33 eV
vs. NHE, while the h* in the VB of CN-B convert water molecules into *OH to degrade
pollutants. Finally, ®O2-, i and *OH degrade the TC into COz, H:20, 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 (¢) + O2 — O 2
CN-B (h*) + H2O + OH-— ¢OH (©)

*O27h*/¢OH + pollutions— CO, + H,0 (4)
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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(NH-2)2) (A.R. = 98%) and phloxine B (C20H2BrsClsNa20s) (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-CsNi (CN-B) materials were synthesized by a one-step calcination
method with controlling the additional amount of phloxine B powder (Scheme 1). Firstly,
Xmg (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.

N
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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 evalu-
ated 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 (A: 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; with-
drawn samples were extracted from the suspension and centrifuged. In order to test the
cyclic degradation stability of the synthesized sample, the photocatalyst, after degrada-
tion, 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 de-
vice to allow photocatalytic degradation experiments to be performed at different temper-
atures (such as 5 and 10 °C).

The specific experimental procedures of characterizations, photoelectrochemical
properties 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 degra-
dation 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 degrada-
tion performance is mainly attributed to the following reasons: (i) the charge transfer dis-
tance reduced by the thickness of ultra-thin nanosheets, (ii) the introduction of cyanogen
defects promotes photogenerated carrier separation and migration, and (iii) the photo-
thermal effect of CN-B increases the temperature of the reaction system and further im-
proves the photocatalytic degradation performance. This work provides a promising
strategy and systematic method for developing g-CsNs-based photocatalysts for photo-
thermal-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 photocata-
lyst 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 perfor-
mance of CN-B-0.1 photocatalyst compared with the previously reported of the different materials
[72-75].
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