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Molecular oxygen (O;) is activated to reactive oxygen species (ROS) by transferring energy and carri-
ers in the photocatalytic process, which plays an important role in environmental remediation. Herein,
Cs-doped carbon nitride (CN-xCs, x = 0.2, 0.8, 1) was prepared by CsCl directly inducing the structural
reconstruction of carbon nitride (CN), which had obvious molecular oxygen activation ability to promote
tetracycline (TC) degradation. Besides, we explored the influence of Cs doping concentration. As a con-
sequence, the doping concentration of Cs was an important factor affecting the activation of O,, which
could cause changes in the physical and chemical structure of CN, make O enter the CN structure, form
N vacancy defects and cyano groups. In addition, a proper amount of Cs doping could reduce the band
gap value, increase the light absorption range, have better charge separation and transfer performance,
which could remarkably promote the activation of O,. Benefiting from these advantages, CN-0.8Cs could
generate a higher concentration of superoxide radicals (‘O,~, 179.30 pumol/L), which was much higher
than CN (6.22 umol/L). Therefore, it exhibited excellent TC degradation photocatalytic performance, and
the rate constant k of TC degradation was 0.020 min—', which was 6.7 times the degradation rate of CN
(k = 0.0030 min~!). Furthermore, the possible degradation pathways of TC were proposed based on the

results of HPLC-MS.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Molecular oxygen (0,) is a common oxidant with relatively sta-
ble performance and rich content (21% in the air), which is con-
sidered the most environmentally friendly and economical oxidant
[1,2]. However, it is difficult for O, to directly oxidize some com-
mon organic pollutants in the natural environment. In this case,
it is an effective method to reduce O, to ROS with high activ-
ity through electrons generated by photocatalytic technology [3,4].
ROS is a one-electron reduction product of oxygen, which mainly
includes superoxide anion radical (*O,~), hydroxyl radical (*OH),
singlet oxygen (10,), hydrogen peroxide (H,0,) and so on. In addi-
tion, the activation of molecular oxygen by the semiconductor pho-
tocatalyst not only has the advantages of low energy consumption
and high efficiency, but also proved to be one of the greenest and
most effective environmental remediation strategies [5,6]. There-
fore, it is most critical to choose a suitable photocatalyst for acti-
vating molecular oxygen.
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Carbon nitride (CN) is a non-metallic layered material, which
has become a favorable candidate for photocatalyst due to its
low cost, high stability, nontoxic and harmless, easy to synthe-
size and modify [7-10]. Because of its good conduction band po-
sition and molecular oxygen adsorption capacity, it has attracted
widespread attention in the field of molecular oxygen activation
[11-14]. Therefore, researchers have used various methods such as
heterojunction construction, noble metal loading, element doping
and other modification methods to further improve its molecu-
lar oxygen activation ability [15-18]. In recent years, many stud-
ies have reported improving the photocatalytic efficiency of CN by
doping with alkali metal elements [19-22]. It is found that alkali
metal halides can reduce the in-plane long-range periodicity or-
der of CN, and larger cationic ions have a more significant effect
[23]. It also has been reported that as the atomic number of the
doped alkali metal increases, the band gap value of CN contin-
ues to decrease, the separation and transfer efficiency of electrons
is further improved, and the photocatalytic activity is enhanced
[24-26]. Although Cs is a stable alkali metal element with the
largest atomic number, there are few reports on the effect of Cs
doping on the photocatalytic performance of CN. Consequently, we

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Q. Liu, H. Li, H. Zhang et al.

Chinese Chemical Letters 33 (2022) 4756-4760

Fig. 1. SEM images (a-d) and TEM images (e-h) of CN, CN-0.2Cs, CN-0.8Cs and CN-1Cs, (i) is the element mapping of CN-0.8Cs (including C, N, Cs, O elements).

prepared Cs-doped carbon nitride (CN-xCs, x = 0.2, 0.8, 1) with
CsCl as a Cs source. The analysis indicated that the introduction of
Cs could induce CN structure reconstruction, make O enter the CN
structure, form N vacancy defects and cyano groups, which could
promote the activation of molecular oxygen [11]. Furthermore, it
could effectively reduce the band gap value, increase the light ab-
sorption range, and have better charge separation and transfer per-
formance, so it could significantly promote the generation of *0,~.
CN-0.8Cs had a strong O, activation ability, which greatly promotes
the degradation ability of tetracycline. After 100 min, it showed
the best tetracycline (TC) degradation efficiency. The contributions
of ‘O,~, "OH and h™ in the degradation process were calculated,
which were 90%, 45%, and 10%, respectively. This study intends to
investigate the influence of the doping of alkali metal Cs on the
structure and performance of CN, which is of great significance for
the photocatalytic molecular oxygen activation for the realization
of the oxidation reaction of pollutant organic molecules.

The formation process of CN-xCs was shown in Fig. S1 (Sup-
porting information). Briefly, Urea was heated to 500 °C to form a
melon structure CN [27] characterized by N—H bridges and struc-
tural hydrogens in the form of terminal amino groups. Then, the
degree of polymerization of CN became higher at 550 °C, the tri-
s-triazine ring formed a regular network structure. Moreover, un-
der the influence of CsCl, the chemical structure of CN was recon-
structed by breaking the hydrogen bond and deamination, so that
Cs and O entered the CN structure to form N vacancy defects and
cyano groups.

The micromorphology of CN and CN-xCs could be observed
through SEM and TEM images (Fig. 1). CN was made up of a
messy accumulation of many nanoflakes, and its surface had holes
caused by gas generation during the urea polymerization pro-
cess, and low-concentration Cs doping had basically no effect on
the morphology of CN-0.2Cs. On the contrary, the thickness of
nanosheets in CN-0.8Cs and CN-1Cs samples increase, while the
size decreased. TEM images showed that the reason for the thick-
ening of the nanosheets was the interaction between the CN layers,
resulting in the formation of a layered agglomerate structure that
was difficult to separate. Furthermore, EDS-mapping showed that
CN-0.8Cs contained C, N, Cs and a small amount of O elements,
indicating that Cs elements were successfully doped into CN and
caused a part of O to enter the CN framework.

The specific surface area and pore size distribution of the sam-
ple were calculated using the nitrogen adsorption and desorption
curve. As shown in Fig. S2a (Supporting information), all sam-
ples exhibited type IV isotherms. The BET specific surface area
of each sample was shown in Table S2 (Supporting information).
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As the doping concentration increases, the specific surface area of
the sample decreased slightly. It is supposed that the size of the
nanosheets after Cs doping decreased and the hole structure dis-
appears, and the lamellar stacking occurred, which corresponded
to the results of SEM and TEM. As shown in Fig. S2b (Support-
ing information), the pore size distribution calculated by the BJH
method showed that Cs doping did not have much effect on the
pore size of the sample. The XRD patterns of CN and CN-xCs
were shown in Fig. S3 (Supporting information). The (100) peak
of CN was at 13.2°, which was related to the in-plane repetition
of the 3-s-triazine unit, and the (002) peak at 27.3° represented
the stacking of the interlayer aromatic system [28]. With the in-
crease of Cs doping concentration, the (100) peak weakened to
disappear, which might be due to the decrease of the nanosheets
and the destruction of the tri-s-triazine ring [29]. The (002) peak
shifted towards high angles and became sharp, indicating that
the doping of Cs might coordinate with N or O atoms to en-
hance the interaction between adjacent layers and reduce the layer
spacing [30,31].

XPS was used to characterize the surface chemical state of the
sample. As shown in Fig. 2a, the C 1s, N 1s, and O 1s signals
showed three sharp peaks at 288.4, 399.6, and 533.8 eV in the
spectrum. CN-xCs showed Cs 3d signal peaks at 724.8 and 738.6 eV
in Fig. 2b, indicating that Cs was successfully doped. As the doping
concentration of Cs increased, the signal intensity and the atomic
percentage of Cs increased (Table S3 in Supporting information).
There was no Cl 2p peak in the spectrum, indicating that Cs was
doped into CN-xCs instead of CsCl (Fig. 2c). After Cs doping, the
surface atomic ratio of C to N increased from 0.9 of CN to 2.3
(Table S3), indicating that N vacancies appeared, and the content
of N vacancies increased with the increase of doping concentra-
tion. For further research on the types of N vacancies, the N 1s
fine spectrum was tested. As shown in Fig. 2d, the N 1s spectrum
had four peaks at 398.5, 399.5, 400.9 and 404.0 eV, corresponding
to the two coordinate nitrogen atoms (N;¢), three coordinate nitro-
gen (N3c), NHx group and charge effect [32]. As shown in Table S4
(Supporting information), compared with CN, the atomic percent-
age of N3¢ in CN-xCs decreased from 27.2% to 14%, indicating a de-
crease in N3¢ content. On the contrary, the N,c content increased
from 49.9% to 77.2%. This might be due to the formation of cyano
groups (—C=N), whose binding energy was between Nyc and Nsc,
causing the cyano group peak to overlap with the Npc peak [22].
It also can be seen from the C 1s spectrum given in Fig. 2e that
the peaks at 284.8, 286.1 and 288.1 eV correspond to C—C, C—NHy
and N=C-N, respectively [33]. With the increase of doping con-
centration, the content of N=C—N kept decreasing, while C—NHy
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Fig. 2. (a) XPS survey spectrum of CN and CN-xCs, the high-resolution XPS spectra expanded for the (b) Cs 3d, (c) Cl 2p, (d) N 1s and (e) C 1s of CN and CN-xCs, and (f)

FTIR spectra of CN and CN-xCs.

kept increasing (Table S5 in Supporting information). These results
suggested that during the reaction between CsCl and CN, the N3¢
between the tri-s-triazine rings was attacked to form N3¢ vacan-
cies, and destroyed the tri-s-triazine ring in-plane arrangement.
What's more, the Cs doping caused the tri-s-triazine heterocycle to
be opened, resulting in generating a cyano structure, and increas-
ing the number of O atoms, reducing the content of N=C—N and
forming more C—NHy groups. A part of Cs replaced the proton H
of the NHx group at the end of the triazine ring, which reduced
the NHx content from 22.9% to 8.8% (Table S4). FTIR spectroscopy
was used to further detect the chemical exhibited similar charac-
teristic bands, which were represented by three parts. As shown in
Fig. 2f, the region of 800 cm~! was considered to be the vibration
mode of the triazine unit, while the 1200-1800 cm~! region was
attributed to the stretching vibration mode of aromatic CN hetero-
cycles [26]. There was a wide absorption band at 3000-3600 cm~!,
which was caused by the overlap of the vibration peaks of the hy-
droxyl group —OH, adsorbed water and the surface amine group
—NH [32]. Furthermore, Cs doped CN showed two new peaks at
2150 and 2180cm~!. These two peaks could be ascribed to the de-
struction of the tri-s-triazine ring structure by Cs. O entered the CN
framework to form a C—O groups (2150 cm~1) [34], and —C—NH,
was deprotonated to form —C=N (2180 cm~!) [35]. In particular,
the appearance of the —C=N confirmed the opening of the triazine
heterocycle and confirmed the assumption of the existence of the
—C=N in the XPS analysis results.

The doping of Cs changed the band structure and electronic
properties of CN, thereby affecting the light absorption perfor-
mance and charge separation process of CN. UV-vis DRS gave the
absorption edge of the sample so as to study the energy band
structure of the prepared sample in Fig. 3a. With the increase of
Cs doping concentration, the absorption edge shifted red, indicat-
ing that Cs doping can broaden the light absorption range. The
corresponding band gap value (Eg) of CN, CN-0.2Cs, CN-0.8Cs and
CN-1Cs were 2.62, 2.58, 2.48 and 2.45 eV, respectively (Fig. 3b). In
addition, the valence band potential (Eyg) was determined by the
VB XPS spectrum (Fig. 3c). The Eyg of CN, CN-0.2Cs, CN-0.8Cs, and
CN-1Cs were 1.95, 1.97, 2.09, and 2.11 V, respectively. Besides, the
conduction band potential (Ecg) of the sample could be calculated
by the formula Eyg = Eg + Ecp. The Ecp of CN, CN-0.2Cs, CN-0.8Cs
and CN-1Cs were —0.67, —0.61, —0.39 and —0.34 V, respectively.
According to the above results, their band structure was shown in
Fig. 3d. The reason for the downward shift of the valence band and
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Fig. 3. (a) UV-vis DRS, (b) the estimated band gap, (c) VB XPS, and (d) schematic
illustration of the band gap structure of CN and CN-xCs.

conduction band edge and the narrowing of the band gap might
be caused by the entry of impurity atoms (Cs and O) and the con-
jugate effect of C and N atoms, which changed the arrangement
of m electrons in the system [30], The introduced N vacancy de-
fect energy would serve as the active site for surface reactions and
introduce additional energy levels between the valence band and
conduction band of CN [36]. Since the conduction band potentials
of CN, CN-0.2Cs, CN-0.8Cs and CN-1Cs were more negative than
E(05/°0,7) = =033 V vs. NHE [37], O, could be converted into
‘0O, ~ during O, activation. However, the valence band potentials of
CN, CN-0.2Cs, CN-0.8Cs and CN-1Cs were not positive enough to
react with H,O or OH~ to produce "OH (E("OH/ OH™) = 2.72 V vs.
NHE, E("OH/H,0) = 2.38 V vs. NHE) [37,38].

The effect of Cs doping on the photogenerated electron-hole
of the sample on the separation process was studied. As shown
in Fig. S4 (Supporting information), CN exhibited a strong and
broad PL signal, and after Cs doping, the fluorescence intensity
decreased rapidly, indicating that the charge recombination pro-
cess was inhibited. With the increase of doping concentration, the
fluorescence intensity decreased firstly and then increased. The
fluorescence intensity of CN-0.8Cs was the lowest and the charge
recombination rate was the lowest. The photoelectrochemical
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measurement was then carried out to further probe the charge
separation and transfer ability of the sample. From the transient
photocurrent curve given in Fig. S5a (Supporting information), it
could be seen that the photocurrent of CN was 0.71 pA. With the
increase of Cs doping concentration, the transient photocurrent
increased remarkably, showing a trend of first increasing and
then decreasing. It reached the maximum at CN-0.8Cs, and the
photocurrent was 4.8 pA, which was 6.8 times that of CN. This
indicated that the separation and transfer of charge carriers were
better after Cs doping. The charge carrier transfer performance
of the sample was measured by the EIS in Fig. S5b (Supporting
information), and the impedance value was significantly reduced
after Cs doping. Among them, CN-0.8Cs showed a smaller curva-
ture, indicating that its charge transfer resistance was lower and it
showed better charge transfer performance. The above results indi-
cated that Cs-doped CN exhibited excellent performance in charge
carrier separation and transfer. The possible reason was that the
doped Cs and the introduction of O could cause distortion of the
lattice structure of CN-xCs, resulting in an increase in surface
energy, and then the recombination rate of electron-hole pairs de-
creased [20]. What's more, the doping of Cs might coordinate with
N or O atoms to enhance the interaction between adjacent layers,
which was beneficial to the transfer of charges between the layers
[30]. However, when the doping concentration of Cs was too high,
it would seriously damage the CN structure. It was not conducive
to the migration of electrons, and the excessive N defects intro-
duced would become the recombination center of electron-hole
pairs [36].

The ROS generation ability and source of CN and CN-0.8Cs were
tested by the ESR spin trap method (Fig. 4). First, the *0,~ and *OH
in the solution were captured by using the capture agent DMPO
(5,5-dimethyl-1-pyrroline N-oxide), and then detected by ESR. The
shorter-life ‘O,~ and "OH could form long-life DMPO-'0,~and
DMPO-"OH with DMPO. Obviously, the DMPO-'0,~ adduct had
the characteristic that the relative intensity of the four peaks in
the ESR spectrum was 1:1:1:1 (Fig. 4a). In the dark, the signal
was basically non-existent and signal peaks were observed after
illumination. In addition, CN-0.8Cs had a higher signal intensity
than CN, indicating that it had a better ability to activate O,. The
quantitative determination of *0,~ (Fig. 4b) by the color reaction
between the sample and NBT under light had further confirmed
this point. As can be seen in Fig. 4b, Cs doping can increase the
molecular oxygen activation ability. As the doping concentration
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Fig. 5. (a) The photocatalytic degradation curve of CN and CN-xCs for TC solution,
(b) pseudo-first-order kinetics curve of TC degradation with CN and CN-xCs, (c) pho-
tocatalytic efficiency of CN-0.8Cs under different scavenger, and (d) photocatalytic
removal of TC by CN-0.8Cs under different scavenger.

increases, the molecular oxygen activation ability first increases
and then decreases. CN-0.8Cs showed a significantly higher *0,~
concentration of 179.3 umol/L, which was much higher than 6.22
pmol/L of CN. Because the doping concentration of CN-1Cs was too
high, it had a greater impact on the structure of CN, which was not
conducive to the separation and transfer of electrons, inhibiting its
molecular oxygen activation ability, leading to its “O,~ concentra-
tion was only 84.6 pmol/L. Furthermore, the detected characteristic
signal with a relative intensity of 1:2:2:1 represented the adduct
DMPO-"OH (Fig. 4c). However, according to Fig. 3d, photogenerated
h* could not directly react with H,O or OH~ to generate "OH,
which meant that ‘OH may be produced by *0,~, and the path of
generation was as follows: O, — ‘O,~ — H;0, — "OH. The signal
intensity of DMPO-"OH was much lower than that of DMPO-"0,~,
indicating that *0,~ was the main reactive species. Subsequently,
the signal intensity of DMPO-"0,~ nitrogen, air, was tested in and
oxygen atmospheres (Fig. 4d). In the oxygen atmosphere, the signal
strength was found to be the highest, while in the nitrogen envi-
ronment, the signal strength was negligible, thus confirming the
‘0,~ comes from O, in the air. Benefiting from the excellent O,
activation ability, Cs-doped CN was considered to be an efficient
photocatalyst for the degradation of organic pollutants. The pho-
tocatalytic efficiency of CN and CN-xCs was evaluated by the
degradation of TC in an aqueous solution (pH 6.8) under sunlight
at room temperature. As shown in Fig. 5a, CN-0.8Cs showed
better photocatalytic activity, removing 83.17% TC solution within
100 min, which was remarkably higher than CN (25.96%). Fig. 5b
showed the pseudo-first order kinetic curve of the degradation
of TC solution for all samples. The rate constant k was obtained
by calculating the slope of the curve. And the average k value of
CN-0.8Cs was 0.020 min~!, which was 6.7 times the degradation
rate of CN (k = 0.0030 min~!). This showed that CN-0.8Cs had
the most excellent photocatalytic activity. In order to study its
stability, the recycling experiment of CN-0.8Cs was carried out
(Fig. S6 in Supporting information). After three cycles, the photo-
catalytic degradation efficiency remained at 70%, which showed
that it had reliable stability. Then we test the SEM, TEM, XRD and
XPS of the sample after three cycles. As can be seen from Figs.
S7-S10 (Supporting information), the chemical structure of the
sample had not changed. However, the thickness of the nanosheets
increased, the agglomeration was serious, and the Cs content
was significantly reduced, resulting in a decrease in the catalytic
performance of CN-0.8Cs.
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The trapping agents were added to the CN-0.8Cs photocatalytic
degradation TC solution for capture experiment, so as to calculate
the contribution of the active species (h™, *0,~ and ‘OH) during
the photocatalytic reaction. EDTA-2Na, PBQ and IPA were used as
trapping agents for h*, ‘O, and °OH, respectively [39]. It could
be seen from Fig. 5c that the photocatalytic activity was signifi-
cantly inhibited after adding PBQ, and "O,~ was the most impor-
tant active species. In addition, after adding EDTA-2Na, PBQ and
IPA, the reaction rate constants (Fig. 5d) were 0.018, 0.0020, and
0.011 min~!, respectively. According to Eq. S3 (Supporting informa-
tion) [40], the contributions of *0O,~, ‘OH and h*™ were 90%, 45%,
and 10%, respectively.

The thirteen intermediate products (A-M) in the process of CN-
0.8Cs photocatalytic degradation of TC were identified by HPLC-MS
technology, and the products were shown in Table S6 (Support-
ing information). Fig. 6a showed a possible way of photocatalytic
degradation of TC. Due to the low binding energy of N—C bonds
[41-43], it was easy to be attacked by *0O,~ and 'OH in photo-
catalytic oxidation [4], forming intermediates A (m/z 459) and B
(m/z 461). The CO was subsequently removed to form the product
C (m/z 431). On the one hand, the further loss of N—CHs3 in product
C led to the production of E (m/z 402). On the other hand, the loss
of -NHj3 groups in product C led to the production of D (m/z 414).
Obviously, G (m/z 359) was the deamination product of E, and F
(m/z 396) was the dehydration product of D. As the photocatalytic
reaction continues, the benzene ring was gradually opened to form
some small molecular products. Finally, the TC in the CN-0.8Cs sys-
tem was degraded into CO, and H,0, and the corresponding TOC
removal efficiency was 60.6%, as shown in Fig. 6b.

In summary, we prepared a high-efficiency photocatalyst of Cs-
doped CN by simple heat treatment of CN with CsCl, which was
used to study molecular oxygen activation to achieve environmen-
tal remediation. The research results suggested that the interac-
tion between CsCl and CN caused the morphology of Cs-doped
CN to change, the content of O in the structure increases, and
N vacancy defects and cyano groups were formed. The change of
physical and chemical structure successfully broadened its light ab-
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sorption range and promoted the separation and transfer of elec-
trons. Based on these performance improvements, CN-0.8Cs could
notably generate high concentration of superoxide radicals *0,~
(179.30 pmol/L), which was 28.8 times that of CN. However, when
the Cs doping concentration was too high, it had a negative effect
on the physical and chemical structure of CN, which was not con-
ducive to the separation and transfer of electrons, and inhibited its
molecular oxygen activation ability. The results showed that there
might be an optimal Cs doping concentration in CN-xCs to achieve
high-efficiency O, activation.
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