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Efficient activation of molecular oxygen (0O,) is considered a promising technique for the removal of an-
tibiotics. However, how to effectively regulate electrons distribution to promote O, activation remains
a challenge at present. In this study, phosphorus and sodium co-doped carbon nitride (PNaCN) were
designed to rearrange the electrons distribution to activate O, for the degradation of tetracycline. The
generation of "0, ~was innovatively observed via in-situ O, fitting Fourier transform infrared (FTIR) spec-
troscopy, demonstrating the outstanding O, activation ability of PNa5. Density functional theory (DFT)
further confirmed that the rational co-doping led to the rearrangement of local electrons, resulting in
electron-rich Na sites and electron-deficient P sites. These sites exhibited greater susceptibility to O, ad-
sorption and charge transfer. Besides, the degradation rate of tetracycline was increased by 2.44 times
using co-doped CN. This study provides a new inspiration for enhancing O, activation by inducing elec-

Tetracycline degradation trons rearrangement.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotics in wastewater can threaten the aquatic environment
due to the low concentration, persistence, and residual toxicity
[1,2]. Advanced oxidation processes (AOPs) have been widely ap-
plied in water remediation owing to their capacity to generate
high quantities of reactive oxygen species (ROS) [3,4]. However, in
most AOPs, compounds like PMS, H,0,, O3, etc. were often used as
strong oxidants or as an input of electricity to promote the gener-
ation of ROS in order to remove contaminants [5-7]. Nevertheless,
this greatly increases the cost and energy consumption, and the
residual compounds also cause environmental pollution [8]. There-
fore, there is a need to develop environmentally friendly, efficient,
and renewable wastewater treatment technology.

Molecular oxygen (0,) has a significant effect on ROS gen-
eration due to its advantages of non-toxic, green and abundant
sources [9]. Studies have shown that electrons (e™), holes (h*) and
energy can be captured by O, and H,0 to generate various ROS
such as "0,~, H,0,, "OH and 10,, which have an essential role in
pollutant elimination [10-12]. However, enhancing the activation
efficiency of O, is impeded by the lack of active sites on the cata-
lyst surface and the rapid recombination of photogenerated charges
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[13,14]. Heteroatom doping is deemed effective for the separation
of electron-hole pairs and migration to improve photocatalytic per-
formance [15,16]. Asymmetric doping has been found to modify
the electronic structure and enhance catalytic performance [17].
Nevertheless, previous reports commonly concentrated on the im-
pacts of energy band structure and carrier separation on photocat-
alytic performance. The activation process of O, also depends on
the electron distribution on the catalyst surface. Hence, it is neces-
sary to regulate the electronic state and distribution on the cata-
lyst to make it favorable for O, adsorption and activation, which is
a challenge for catalyst design. Therefore, there are few literatures
about this problem.

In this paper, a strategy for activating O, by rearranging the lo-
cal electrons distribution was proposed. Carbon nitride with P and
Na co-doping (PNaCN) was formed through a straightforward ther-
mal condensation method. The experimental results indicated that
PNa5 presented an optimal ability to activate O, and degrade tetra-
cycline (TC), which can be attributed to its potent O, adsorption
and charge transfer. In addition, in-situ O, fitting Fourier transform
infrared (FTIR) spectroscopy was innovatively used to demonstrate
the generation of "O,~. Density functional theory (DFT) further re-
vealed that after the rearrangement of local electrons, O, tended
to adsorb on the electron-deficient P sites, and the electron-rich
Na sites provided support for the charge transfer to O,. This study
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Fig. 1. SEM images of (a) CN and (c) PNa5, TEM images of (b) CN and (d) PNa5.
(e) The EDS mapping images of PNa5, (f) XRD patterns and (g) FT-IR spectra of the
prepared photocatalysts.

offered a rational strategy of local electrons rearrangement to de-
sign photocatalysts with efficient activation of O, for contaminants
removal.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to observe the morphologies of
the photocatalysts. As shown in Figs. 1a-d, both CN and PNa5 were
composed of layered two-dimensional nanosheets. The energy dis-
persive X-ray spectroscopy (EDS) mapping in Fig. 1e revealed the
uniform distribution of the four elements in PNa5. Inductively cou-
pled plasma (ICP) was used to further confirm the doping con-
tent of the elements P and Na in Table S1 (Supporting informa-
tion). The X-ray diffraction (XRD) spectrum presented two diffrac-
tion peaks at 12.9° and 27.2°, corresponding to the (100) and (002)
crystal planes, respectively (Fig. 1f and Fig. S1 in Supporting in-
formation) [18]. The (100) plane was related to the repeated to
units of the triazine ring and interlayer stacking was attributed
to the (002) plane [19]. Notably, the intensity of (100) and (002)
plane in PNaCN gradually strengthened and exhibited a slight shift
to higher angles with increasing NaH,PO,-H,O amount. This was
due to the presence of P and Na in the triazine ring, resulting in
the interlayer compression [20]. Compared with CNP and CNNa,
PNa5 had a higher intensity in (100) and (002) plane. Reduced
spacing facilitated photogenerated carrier transport. However, the
(100) and (002) peaks of PNa10 decreased obviously, which can be
attributed to the destroyed triazine ring structure and expanded
layer spacing.

The chemical structure of the catalysts was characterized by
Fourier-transform infrared spectra (FT-IR). There were no signif-
icant changes after doping, demonstrating the CN structure was
mainly preserved. In Fig. 1g, the peak located at 810 cm~! cor-
responded to the bending vibration of the triazine ring [21]. The
absorption bands at 1150-1700 cm~! were ascribed to the stretch-
ing vibrations of C-N heterocyclic rings and the wide peaks at
3000-3600 cm~! were caused by the N-H and O-H stretches
derived from surface adsorbed water and amino groups [22,23].
Few P-related functional groups were observed, especially the P-N
stretching pattern at 950 cm~!, probably because the content was
so low that it was overlapped by C-N vibrations [24,25]. The spe-
cific surface areas had no significant surface area changes (Fig. S2
in Supporting information).
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Fig. 2. XPS spectra of catalysts: (a) C 1s, (b) N 1s, (c) P 2p, (d) Na 1s.

X-ray photoelectron spectroscopy (XPS) was employed to evalu-
ate the chemical states (Fig. 2 and Figs. S3-S5 in Supporting infor-
mation). Three characteristic peaks appeared in the C 1s spectra lo-
cated at 288.1eV, 286.4eV, and 284.8 eV, corresponding to N-C=N,
CNHy, and C-C, respectively [26]. The N 1s spectra contained three
distinct peaks positioned at approximately 401.1eV, 399.8eV and
398.6eV. The binding energy at 401.1eV corresponded to the sur-
face unpolymerized NHy. The peak at 399.8 eV was correlated with
the bridging of N atoms in N-C3. The peak at 398.6 eV was the sp?
hybridization of C=N-C [27]. The P atoms replaced either the cor-
ner carbon or bay carbon in the CN structure, as suggested by the
typical P-N and P=N coordination identified in the P 2p peaks at
133.3eV and 134.0eV [28]. The Na 1s spectra presented a peak at
1071.9 eV confirming that the Na atoms were doped in the triazine
ring. This is because N atoms containing more lone pair electrons
tend to coordinate with metal ions [29]. It was noteworthy that
C=N-C and N-C3 in PNal, PNa5 and PNa10 shifted slightly towards
lower binding energies, probably as a result of the interaction be-
tween P, Na and N atoms, rearranging the local electrons and in-
creasing electron density near N atoms [30].

The UV-vis diffuse reflectance spectrum (UV-vis DRS) was used
to describe the light absorption capacity and calculate the band
gap energies (Eg). In Fig. S6a (Supporting information), the absorp-
tion edge underwent a slight red shift after the introduction of P
and Na compared to the original CN. As shown in Fig. S6b (Sup-
porting information), the Eg values of CN, PNal, PNa5 and PNa10
were 2.87, 2.89, 2.84 and 2.86eV, respectively. The narrower Eg
of PNa5 can increase light absorption and excite more e~ and h*
[2]. The valence band energies (Eyg) of CN, PNal, PNa5 and PNa10
were 2.18, 2.09, 2.05 and 2.02 eV (Fig. S6¢ in Supporting informa-
tion), and the conduction band energies (Ecg) were obtained based
on the equation Ecg=Eyp - Eg, which were —0.69, —0.80, —0.79
and —0.84V, respectively. The corresponding band structure is dis-
played in Fig. S6d (Supporting information). The e~ of the samples
at CB can transform O, into ‘0O, due to the more negative Ecg val-
ues than O,/°0,~. However, the VB position of the samples had not
been corrected with respect to “OH/H,0, so the h* on VB cannot
oxidize H,0 to produce "OH.

In general, a narrow bandgap is advantageous for increasing
light absorption and promoting charge transfer. Therefore, an ex-
amination of the carrier recombination was carried out using
steady-state photoluminescence (PL) spectroscopy. As shown in Fig.
S6e (Supporting information), CN exhibited intense PL signal. How-
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Fig. 3. (a) The photodegradation curves for TC solution, (b) the rate constants of the samples, (c) recyclability test, (d) the capture experiment of ROS over PNa5, (e) the
contribution of ROS over PNa5, (f) TEMP-'0; of PNa5 under different conditions for 10 min.

ever, as doping amount increased, the PL signal diminished. This
proved that the introduction of Na and P can significantly suppress
carrier recombination. The photoelectrochemical properties were
then analyzed. Figs. S6f and S7 (Supporting information) show the
electrochemical impedance spectra (EIS) and transient photocur-
rent spectra, respectively. Compared to CN, PNa5 had a smaller
curve radius and higher photocurrent response, indicating its bet-
ter charge migration and separation ability [31].

TC was chosen as a typical antibiotic to evaluate the photo-
catalytic performance of the prepared samples. The equilibrium
adsorption properties of the materials were investigated by dark
adsorption experiments with 20ppm TC before the experiments
started. As shown in Figs. S8 and S9 (Supporting information), the
materials reached equilibrium after 30 min of adsorption. Further-
more, PNa5 exhibited a greater adsorption capability. Afterwards,
the photodegradation performance of the samples was evaluated.
In Fig. 3a, PNa5 exhibited the optimal degradation performance,
capable of degrading approximately 80% of TC after 120min of
light exposure. However, CN, PNal, and PNa10 could only remove
48%, 65%, and 68% of TC. The UV-vis spectrum revealed a grad-
ual decrease in TC signal at a 357 nm wavelength and a shift to-
wards shorter wavelengths (Fig. S10 in Supporting information).
This could be attributed to the conversion of TC into other com-
pounds, in line with the degradation curve. Furthermore, a first-
order kinetic model was utilized to determine photocatalytic rate.
In Fig. S11 (Supporting information), all samples showed a good
linear relationship. Furthermore, PNa5 had the highest photocat-
alytic reaction rate of 0.01342 min~!, which was 2.44 times higher
than the original CN (0.00550 min~!) (Fig. 3b). In addition, CNP
and CNNa were used as control catalysts to observe the effect of
P and Na alone on degradation performance. As shown in Fig. S12
(Supporting information), CNP and CNNa presented about 64% and
65% TC degradation efficiency within 120 min, respectively, which
was lower than PNa5. In the cyclic experiment, PNa5 was washed
three times after each reaction. After 3 cycles, the photodegrada-
tion efficiency decreased slightly (Fig. 3c). The element content be-
fore and after PNa5 reaction was measured by ICP. It can be seen
from the Table S2 (Supporting information) that the element con-
tent of Na and P decreased after three cycles. The chemical state of
PNa5 remained stable after reaction (Fig. S13 in Supporting infor-
mation). However, quality loss occurred when sample was recov-
ered. Therefore, the decrease in cycle performance was attributed
to mass loss and the decrease in the amount of element doping.
The above results indicated the simultaneous introduction of P and

Na into CN has promising application prospects in antibiotic water
pollution.

The capture experiments were investigated to illustrate the
degradation mechanism. TEMPOL, EDTA-2Na, isopropanol (IPA) and
carotene were selected as the scavengers for "O,~, h*, "OH and
10,. The concentration of all scavengers used was 1 mmol/L. In Fig.
3d, after the addition of TEMPOL, PNa5 had almost no degrada-
tion activity on TC. The removal efficiency decreased from 80% to
48% and 53% after the addition of carotene and EDTA-2Na, while
IPA had little effect on the system. After adding TEMPOL, EDTA-
2Na, IPA and carotene, the reaction constants decreased to 0.00080,
0.00678, 0.00946 and 0.00578 min~!, respectively (Fig. S14 in Sup-
porting information). This was an indication of the important role
of *0,7, h* and 10,. The similar trends of CN, PNal, PNa10, CNNa,
and CNP were shown in Figs. S15 and S16 (Supporting informa-
tion).

In general, the generation of ROS determined the efficiency of
pollutant removal. To investigate the ability of the catalysts to pro-
duce ROS, the electron spin resonance (ESR) was used to make an
assessment of "0O,~ and '0,. The reaction between NBT and "0,
was also used to quantitatively analyze the concentration of *0,~.
As depicted in Figs. 4a-d, there was no signal observed in the ab-
sence of light. Strikingly, under 10 min of illumination, four DMPO-
‘0,~ peaks were detected with equal signal intensity of 1:1:1:1.
In Fig. 4a, PNa5 had the strongest signal, indicating its optimal
0, activating ability. The quantitative experiments of O, ~ further
confirmed this phenomenon. In Fig. 4e, the *0,~ concentration of
PNa5 (48.40 pumol/L) was higher than that of CN (14.48 pmol/L),
PNa1l (37.66 pmol/L) and PNa10 (44.31 pmol/L) within 120 min. Be-
sides, the TEMP-10, signals were observed with a peak strength of
1:1:1, and PNa5 had the strongest signal, indicating that it could
produce more '0,. To further compare the effects of P and Na
monodoping on ROS generation, the corresponding ROS tests of
CNNa and CNP were performed. The results showed that for "0,
the signal intensity was PNa5 > CNNa > CNP (Fig. 4b). Further-
more, the ‘O,~ produced by PNa5 was 1.37 times that of CNNa
(35.99 pmol/L) and 3.09 times that of CNP (16.40 pmol/L) (Fig 4f).
A similar trend was observed in tests of 10, (Figs. 4c and d). The
determination of ‘O,~ concentration in different atmospheres in-
dicated that ‘O, originated from O, (Fig. S17 in Supporting infor-
mation).

In order to further demonstrate the formation of ‘O,~, in-situ
0, fitting FTIR was used to detect ‘O,~ produced during photo-
catalysis. The schematic diagram of the in-situ O, fitting FTIR de-
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vice was shown in Fig. 5a. In Figs. 5b and c, the absorption peaks at
1050-1200 cm~! corresponded to the 0-O vibrations of "0, [32],
and the peaks at 1225-1514 cm~! were due to the C-N stretching
vibration in the triazine ring [33]. Therefore, the formation of ‘0O, ~
was confirmed over PNa5. No obvious peaks appeared in CN. In-
terestingly, the peaks intensity at 1225-1514 cm~! decreased after
light irradiation, which may be due to the formation of the C-O-
O-N structure and hydrogen bonding between the catalysts and

the adsorbed H,0 or O, molecules. Since O, was reduced by elec-
trons after illumination, the corresponding peaks intensity were
weakened. This further proved that PNa5 has better O, activation
ability. Therefore, the introduction of P and Na could promote the
formation of ‘O, ~.

The contribution of each ROS was then calculated, and it was
discovered that the collective contribution of all ROS exceeded
100% (Fig. 3e). It was speculated that different ROS may undergo
mutual conversion. The formation of *0,~ was an e~ transfer pro-
cess [34]. However, the role of h™ in this system was unknown.
Noteworthy, the contribution of 10, and h* was very similar. Gen-
erally speaking, '0, had two generation pathways: energy trans-
fer and oxidation of ‘O,~ . Therefore, it is presumed that the gen-
eration of 10, is related to *0O,~ and h*. To verify this hypothe-
sis, an ESR experiment was carried out (Fig. 3f). After adding "0,~
scavenger, no 10, signal was observed, indicating that 10, is con-
verted from *0,~. After adding h* scavenger, the signal decreased
sharply, indicating that 0, is mainly formed by the oxidation of
‘0, by ht. Furthermore, the addition of carotene greatly hindered
the TC elimination. Consequently, the mechanism of TC degrada-
tion by PNa5 was the result of the synergistic effect of "0, and
10,.

DFT was used to calculate the formation energies for several
different doping sites to obtain the most stable structure (Fig. S18
in Supporting information). The most stable structure was found
in Fig. S18c. The O, adsorption and charge transfer on the sam-
ple surface were further investigated (Fig. 6a). The O, adsorption
energies of CN, CNP, CNNa and PNa5 samples were —0.11, —0.32,
—0.73 and —1.58eV, respectively. Compared with P, the introduc-
tion of Na could significantly enhance electron transfer amount,
which can be attributed to the fact that the 3s electrons provided
by the Na atoms can increase the electron density on the CN plane
after the coordination with the surrounding N atoms with abun-
dant lone pair electrons [30]. However, O, tended to adsorb on the
P sites in PNa5, indicating its significant role. To interpret this phe-
nomenon, charge difference distribution and charge density distri-
bution were conducted (Figs. 6b and c), which revealed that the
electrons tended to distribute on the Na sites, rather than P sites.
Fig. 6d displayed the differential charge diagram, where the yel-
low part represented the electron enrichment region and the cyan
part represented the electron consumption region. When O, was
introduced, electrons transferred from the P site to O,. This phe-
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nomenon can be explained as follows: after doping, the electroneg-
ativity of P (2.19) is lower than that of C (2.55) and N (3. 04), and
P replaced C in bonding with N. This leads to the transfer of elec-
trons to N and Na sites. O, with vacant lone-pair electrons was
adsorbed on the electron-deficient P sites. The rearrangement of
local electrons boosted the electrons transfer, which further acti-
vated the O,. Therefore, rearranging the local electrons facilitated
the promotion of O, adsorption and activation.

In order to analyze the degradation pathway of TC by PNa5,
the intermediates were analyzed by ultra-performance liquid chro-
matography (UPLC-MS) over 120 min. As shown in Fig. 7, two pos-
sible degradation pathways were proposed. In pathway 1, TC first
lost a water molecule and was oxidized to A1 (m/z=427). Then,
10, attacked the strong electron donor groups on Al, including -
NH,, -OH and -NR,. The six-membered ring was further opened
by ‘O,~ to form A2 (m/z=318). This could be caused by ‘O, at-
tacking the N-C bond and opening the ring. ROS further attacked
the functional groups to form A3 (m/z=256) and A4 (m/z=246).
In pathway 2, TC was first attacked by ‘0O, to remove two methyl
groups to form B1 (m/z=416), followed by 10, to remove -NH,
and -COR to form B2 (m/z=362), and then "O,~ further opened
the ring to form B3 (m/z=274). A4 and B3 were further at-
tacked by ROS and degraded to C1 (m/z=147), C2 (m/z=150), C3

Chinese Chemical Letters 35 (2024) 109679

(m/z=167), C4 (m/z=62) [20,35-38], and other small molecules
which were finally mineralized to H,O and CO,.

In summary, PNaCN with reasonable distribution of electrons
were prepared by two-step calcination and assisted by NaH,PO,,
which improved the ability of O, activation. The diagram of re-
action mechanism by PNa5 was shown in Fig. S19 (Supporting
information). TEM, XRD, FTIR, XPS analyses confirmed the suc-
cessful synthesis of CN co-doped with phosphorus and sodium.
The degradation experiment demonstrated that PNa5 exhibited
the highest efficiency in TC removal and could significantly pro-
duce "O,~ (48.40 pmol/L), which was 3.34 times higher than CN
(14.48 pmol/L). ESR and in-situ O, fitting FTIR also observed that
PNa5 could effectively activate O,. DFT further confirmed that co-
doping led to the rearrangement of local electrons at the molec-
ular level, resulting in P as the electron-deficient sites and Na as
electron-rich sites. These sites were more favorable for the ad-
sorption of O, and electron transfer. The quenching experiments
and contribution indicated that ‘0,~ and '0, were the primary
ROS during TC degradation. Furthermore, 10, was mainly derived
from ‘O,~ oxidized by h*. Additionally, LC-MS results proposed
two possible degradation pathways. This work provides a mean-
ingful guide for the design of dual sites that activate O, to degrade
pollutants in the future.
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