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a b s t r a c t

Simultaneous degradation and detoxification during pharmaceutical and personal care product removal

are important for water treatment. In this study, sodium niobate nanocubes decorated with graphitic car-

bon nitride (NbNC/g-C3N4) were fabricated to achieve the efficient photocatalytic degradation and detox-

ification of ciprofloxacin (CIP) under simulated solar light. NaNbO3 nanocubes were in-situ transformed

from Na2Nb2O6·H2O via thermal dehydration at the interface of g-C3N4. The optimized NbNC/g-C3N4–1

was a type-I heterojunction, which showed a high conduction band (CB) level of −1.68 eV, leading to the

efficient transfer of photogenerated electrons to O2 to produce primary reactive species, •O2
−. Density

functional theory (DFT) calculations of the density of states indicated that C 2p and Nb 3d contributed to

the CB, and 0.37 e– transferred from NaNbO3 to g-C3N4 in NbNC/g-C3N4 based on the Mulliken population

analysis of the built-in electric field intensity. NbNC/g-C3N4–1 had 3.3- and 2.3-fold of CIP degradation

rate constants (k1 =0.173 min−1) compared with those of pristine g-C3N4 and NaNbO3, respectively. In

addition, N24, N19, and C5 in CIP with a high Fukui index were reactive sites for electrophilic attack by
•O2

−, resulting in the defluorination and ring-opening of the piperazine moiety of the dominant degra-

dation pathways. Intermediate/product identification, integrated with computational toxicity evaluation,

further indicated a substantial detoxification effect during CIP degradation in the photocatalysis system.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Broad-spectrum antibiotics, particularly second-generation flu-

oroquinolones, have been monitored worldwide in natural water

matrices because of their high demand and extensive application

in the treatment of diseases caused by bacterial infections [1].

Ciprofloxacin (CIP) is a typical fluoroquinolone antibiotic, which is

frequently detected in the effluents of pharmaceutical manufactur-

ing. The trace-level CIP with high ecotoxicity will severely threaten

∗ Corresponding authors.

E-mail addresses: jihaodong@pku.edu.cn (H. Ji), jiangchq@caf.ac.cn (C. Jiang),

wen.liu@pku.edu.cn (W. Liu).

human health and the safety of the natural ecosystem [2]. There-

fore, efficient treatment strategies and technologies are urgently

required.

Considering the deficiencies in the biodegradability and miner-

alization rate of antibiotics, conventional treatment processes us-

ing activated sludge cannot efficiently remove CIP, and transfor-

mation products (TPs) may have higher ecotoxicity [3-6]. Photo-

catalysis is a cost-efficient and environmentally friendly technology

that has gained increasing attention for the treatment of antibiotics

such as CIP [7]. Compared to other technologies, photocatalysis has

specific advantages such as solar light utilization, moderate reac-
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tion conditions and low secondary pollution [8]. More importantly,

photocatalysis can effectively mineralize various antibiotics to non-

toxic final products such as H2O and CO2 [9]. Recently, metal-free

graphitic carbon nitride (g-C3N4), synthesized via a facile thermal

polymerization method, has been proposed as a promising photo-

catalyst owing to its medium band gap (∼2.65 eV), high photogen-

erated carrier transfer efficiency, and good stability. Thus, g-C3N4

has been widely applied for photocatalytic degradation of various

organic contaminants [10,11]. However, the practical application of

g-C3N4 is limited by its deficiencies in light absorption and con-

version in the visible light range, electron transfer efficiency and

recoverability [12]. More importantly, the photoinduced electron-

hole pairs generally possess a higher recombination ratio in g-

C3N4, leading to a low utilization rate of photogenerated carriers

[11,12].

Various strategies have been developed to improve the pho-

tocatalytic activity of neat g-C3N4, In particular, heterostruc-

ture/heterojunction construction has been widely proven as an

adequate approach for enhancing its photocatalytic activity [13].

Compared with other heterojunctions (type-II, Z-scheme and S-

scheme), the type-I heterojunction facilitates the efficient separa-

tion of electron-hole pairs and controls the hole transfer direction

and accumulation, resulting in the construction of a stable photo-

catalyst and the formation of a built-in electric field [14]. However,

few studies reported type-I heterojunctions because of the special

band energy levels of the two semiconductors. Thus, it is necessary

to precisely regulate type-I heterojunctions coupled with g-C3N4.

Sodium niobate (NaNbO3), which has thermoelectric, piezoelec-

tric, and ferroelectric properties [15,16], is a potential candidate

for environmental photocatalysis applications. In addition, NaNbO3

with a high valence band level exhibits strong oxidation ability ow-

ing to the generation of rich reactive species, such as photoinduced

holes (h+) and hydroxyl radicals (•OH), which are suitable for mi-

cropollutant degradation. In addition, incorporation of NaNbO3, as

a new electron donor level, can increase the electrons density and

transfer efficiency, thus the introduction of NaNbO3 with high pho-

tocatalytic ability in composite material is a potential method for

improving photocatalytic performance [17]. Therefore, modification

of g-C3N4 with NaNbO3 to construct type-I heterojunctions will

boost electron transfer, assuming the positive effect of “1+1 > 2′′
during the organic pollutant elimination process. In addition, the

morphology and structure of NaNbO3 could be controlled by vary-

ing the synthesis conditions. Therefore, the in-situ coordinated 3-

D cubic NaNbO3 from Na2Nb2O6·H2O shows better photocatalytic

activities because of the crystal plane heterogeneity, thus facilitat-

ing photoexcited electron transfer in the type-I heterojunction of

g-C3N4 [18,19].

In this study, an NaNbO3 nanocube-decorated g-C3N4 nanohy-

brid (NbNC/g-C3N4) was synthesized and used for the photocat-

alytic degradation of CIP under simulated solar light. Energy-band

structures were designed to achieve efficient electron transfer. The

photocatalytic detoxification efficiency of CIP was evaluated. The

mechanism of reactive species production was revealed through

material characterization and radical identification. In addition, the

reaction mechanism of CIP attack by radicals was investigated via

integrated experimental analysis and computational calculations.

All chemicals and reagents used in the experiments were of an-

alytical grade or higher without further purification, as provided

in Text S1(Supporting information). NbNC/g-C3N4 was synthesized

via a two-step route, i.e., Na2Nb2O6·H2O (precursor of NaNbO3)

and g-C3N4 were prepared first, followed by a calcination pro-

cess to achieve in-situ transformation and decoration of NaNbO3

onto g-C3N4. Detailed synthesis methods are shown in Text S2

(Supporting information). The synthesized materials were char-

acterized by field-emission scanning electron microscopy (SEM),

high-resolution transmission electron microscopy (HRTEM), X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier

transform infrared spectroscopy. In addition, UV–vis spectropho-

tometry, photocurrent, electrochemical impedance spectroscopy

(EIS), photoluminescence spectra (PL), linear sweep voltammetry

(LSV) and Brunauer-Emmett-Teller (BET) nitrogen adsorption were

also analyzed to obtain the diffuse reflectance spectra (DRS), pho-

toelectrochemical properties, surface area, and pore properties of

the catalysts. The detailed material characterization methods are

described in Text S3 (Supporting information).

Batch experiments on the photocatalytic performance were per-

formed in a quartz reactor (volume=250mL) with a water-cooling

system to maintain the reaction temperature at 25 °C (Fig. S1

in Supporting information). A Microsolar 300 solar-light simula-

tor (Beijing Perfectlight, Beijing, China) coupled with a Xe lamp

(300W) was used and operated at a light irradiation of 100 ±
0.5mW/cm2 in the AM 1.5G mode. The typical photocatalytic test

was conducted with 10 μmol/L CIP (100mL) and 0.1 g/L catalysts

in the reactor, and the pH was adjusted to 7.0 ± 0.1 by NaOH

or HClO4 (0.1mol/L). The CIP concentration was detected using

a Dionex UltiMate 3000 high-performance liquid chromatograph

(HPLC, Thermo Fisher Scientific). The TPs and degradation inter-

mediates were determined using an ultra-HPLC equipped with an

electrospray ionization source and a triple quadrupole mass spec-

trometer (Dionex UltiMate 3000 Series; MS, Thermo Scientific,

USA) [20]. The detailed analytical methods are described in Text

S4 (Supporting information).

Density functional theory (DFT) calculations on CIP are per-

formed using Gaussian 16 software (Version C.01) [21]. B3LYP

combined with 6–31+G(d,p) is applied for structure optimization

[22,23]. Details of the calculation method for the Fukui index are

described in Text S5 (Supporting information). To investigate the

theoretical ecotoxicity of CIP and its TPs [3]. The Cambridge Se-

quential Total Energy Package in Materials Studio 2020 was used

to calculate the band gap, density of state (DOS), projected DOS

(PDOS), work function, electron density, and electron density dif-

ference (EDD) of the materials (Text S6 in Supporting informa-

tion) [24-26]. g-C3N4 exhibits a smooth surface and 2-D layered

structure (Figs. 1a-g), while pristine Na2Nb2O6·H2O exhibited as 1-

D nanorods (Figs. 1b and e), and the lattice distance of 0.15nm

Fig. 1. (a-c) Field emission scanning electron microscopy (FESEM), (d-f) TEM and

(g-i) HRTEM images of g-C3N4, Na2Nb2O6·H2O and NbNC/g-C3N4–1.
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Fig. 2. (a) XRD patterns of NbNC/g-C3N4 with different component ratios. The XPS spectra of NaNbO3, g-C3N4 and NbNC/g-C3N4–1: (b) The survey, (c) Nb 2p, (d) O1s, (e)

C 1s and (f) N1s.

displayed in the HRTEM image was indexed to the (200) plane

of Na2Nb2O6·H2O (Fig. 1h) [27,28]. After calcination treatment for

the in-situ formation and decoration of NaNbO3 onto g-C3N4, the

Na2Nb2O6·H2O 1-D nanowires were transformed to NaNbO3 3-D

nanocubes via dehydration (Fig. 1f) due to the more thermody-

namically stability than NaNbO3 nanowires [27]. In addition, the

surface of NbNC/g-C3N4–1 was coarse owing to the niobate decora-

tion (Fig. 1c). The measured lattice distance of 0.39nm in NbNC/g-

C3N4–1 was assigned to the (110) plane of orthorhombic NaNbO3

(JCPDS 01–073–0803) (Fig. 1i), indicating the different crys-

talline structures for pristine Na2Nb2O6·H2O and NaNbO3 phase

in NbNC/g-C3N4–1. The successful hybridization of the NaNbO3

nanocubes and g-C3N4 can enhance the utilization of solar light,

thus facilitating electron transfer to achieve better photocatalytic

effectiveness for CIP degradation. In addition, an interface connec-

tion between g-C3N4 and Na2Nb2O6 phases is clearly observed in

Fig. 1i, allowing the electrons transfer between these two compo-

nents and beneficial to the built-in electric field construction [29].

In the XRD patterns (Fig. 2a), the significant peaks of pris-

tine g-C3N4 at 13.0° and 27.5° were assigned to the (100) and

(002) crystalline planes (JCPDS 01–087–1526), respectively, which

can be characterized as the tri-s-triazine system in the inter-

layer structure and stacking of aromatic units [30]. For pristine

Na2Nb2O6·H2O, the 2θ peaks at 11.4°, 12.7°, 29.1°, 30.4°, and

31.6° corresponded to monoclinic crystal Na2Nb2O6 with a C2/c

space group (a=17.114 Å, b=5.0527 Å, and c=16.5587 Å), compris-

ing [NbO6] octahedra lattice [31]. For pristine NaNbO3 formed af-

ter thermal dehydration from Na2Nb2O6·H2O, new distinct peaks

at 22.8°, 32.5°, 46.5°, 52.4°, and 57.9° appeared, assigned to the

(110), (114), (220), (118), and (028) planes of the orthorhombic

crystal structure (JCPDS 01–073–0803) (Fig. S2 in Supporting in-

formation), respectively, with the Pbcm space group (a=5.506 Å,

b=5.566 Å, and c=15.520 Å). An “octahedral tilting” [NbO6] octa-

hedra corner-sharing network was displayed, indicating that struc-

ture fabrication along with phase transformation occurred during

dehydration of Na2Nb2O6·H2O, i.e., the [NbO6] layers and chemical

bonding (Nb–O–Nb and Nb–O–Na) were atomically rearranged to

[NbO6] octahedra via the thermal excitation due to the minimiza-

tion of Gibbs free energy, resulting in the formation of NaNbO3

nanocubes (Figs. 1e and f). For all NbNC/g-C3N4 nanohybrids, all

the Na2Nb2O6·H2O peaks disappeared while the diffractions of

NaNbO3 emerged, indicating the in-situ crystalline phase transfor-

mation via calcination.

Figs. 2b-f show the XPS spectra of materials. In the high-

resolution Nb 3d spectrum (Fig. 2c), the two significant split peaks

at 206.1 eV and 208.9 eV for pristine NaNbO3 are assigned to the

Nb 3d3/2 and 3d5/2 orbitals, respectively. The spin-orbit separation

energy of 2.8 eV corresponded to the [NbO6] octahedra [32]. There

was a positive shift (+0.5 eV) for the two Nb orbitals for NbNC/g-

C3N4–1 (Table S1 in Supporting information), indicating electron

transfer from NaNbO3 to g-C3N4 and the formation of chemical

bonds for Nb. In the high-resolution spectra of O1s (Fig. 2d), the

peaks at 529.6, 530.9, and 533.6 eV for pristine NaNbO3 indexed

to the lattice O derived from the [NbO6] octahedra, Nb–OH, and

chemisorbed O/H2O, respectively. For NbNC/g-C3N4–1, the atomic

percentage of lattice O increased from 63.07 at% (NaNbO3) to 70.39

at% (NbNC/g-C3N4–1) (Table S1), indicating the formation of Nb–

O–C or Nb–O–N, except the main chemical bond Nb–O–Nb in

the [NbO6] octahedra [33]. In the high-resolution spectra of C 1s

(Fig. 2e), the peaks at 284.8 eV and 288.3 eV in pristine g-C3N4

corresponded to C–C/C=C and N–C=N of the triazine rings, re-

spectively [4]. The N–C=N peak decreased dramatically from 85.16

at% for g-C3N4 to 9.82 at% for NbNC/g-C3N4–1 (Table S1), indi-

cating new bond formation for C. Moreover, a new peak at ca.

285.9 eV assigned to C–O (accounting for 38.33 at% of C) increased

in NbNC/g-C3N4–1, which was in good agreement with the forma-

tion of Nb–O–C.

Fig. S3a (Supporting information) shows the photocatalytic ef-

fectiveness of various photocatalysts for CIP degradation. The ad-

sorption of CIP was first assessed for all materials (Figs. S3a and

S4 in Supporting information). Neat g-C3N4 barely adsorbed CIP in

30min, while neat NaNbO3 displayed a CIP adsorption efficiency

of 39.0%. In addition, the NbNC/g-C3N4 composites showed CIP

adsorption efficiencies of 10.0%-16.9%, indicating efficient interac-

tion between CIP and NbNC/g-C3N4 materials. Then, a pseudo-first

order model was used to interpret the kinetic results (Table S2

in Supporting information) [34,35]. 64.1% and 84.5% of CIP was

degraded by pristine g-C3N4 and NaNbO3 with degradation ki-

netic rate constants (k1) of 0.052 and 0.076 min−1, respectively.

Enhanced photocatalytic effectiveness of CIP degradation was ob-

served using all NbNC/g-C3N4 nanohybrids. Specifically, NbNC/g-

C3N4–1 (Na2Nb2O6·H2O: g-C3N4 mass ratio of 1:1) exhibited the

3
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Fig. 3. (a) Photocatalytic degradation of CIP by NbNC/g-C3N4–1 in the presence of various scavengers (Initial CIP concentration=10 μmol/L, catalyst dosage=0.1 g/L, temper-

ature=25 ± 0.2 °C, solution pH=7.0 ± 0.1, scavenger dosage=10mmol/L). ESR spectra of (b) DMPO-•OH and (c) DMPO-•O2
− . (d) Eg values calculated from Kubelka-Munk

method. (e) XPS-VB spectra and (f) photocurrent spectra for pristine NaNbO3, g-C3N4, and NbNC/g-C3N4–1. (g-i) EIS, PL and LSV curves of pristine NaNbO3, g-C3N4 and

NbNC/g-C3N4–1.

highest k1 value (0.173 min−1), which was 3.3 and 2.3 times that

of pristine g-C3N4 and NaNbO3, respectively. Fig. S3b (Supporting

information) shows that the optimum NbNC/g-C3N4–1 dosage was

0.10 g/L, with a high CIP removal efficiency of 96.8%; further in-

creasing the dosage to 0.20 g/L achieved a slight increase in the

CIP removal efficiency to 99.3%.

After scavenger quenching tests, Fig. 3a shows that the addition

of Tiron and potassium iodide (KI) inhibited CIP degradation by

56.5% and 36.3% at 20min, respectively, indicating that •O2
− played

the most important role, whereas h+ contributed less (Table S3 in

Supporting information). However, the addition of tert-butyl alco-

hol (tBA) slightly retarded the photocatalytic degradation of CIP by

2.6%, suggesting that •OH plays a negligible role. The electron spin

resonance (ESR) spectra further confirmed the generation of •OH

and •O2
− in the NbNC/g-C3N4–1 photocatalytic system under solar

irradiation (Figs. 3b and c).

Based on the UV–vis DRS spectra (Fig. S5 in Supporting infor-

mation), the measured Eg for NaNbO3, g-C3N4, and NbNC/g-C3N4–

1 were 4.34, 2.81, and 3.75 eV, respectively (Fig. 3d). The synthe-

sized NaNbO3 in this study had a markedly wider band gap en-

ergy; therefore, the highest occupied molecular orbital (HOMO)

and lowest unoccupied molecular orbital (LUMO) were introduced

to describe its energy levels instead of the valance band (VB) and

conduction band (CB). The light absorption edge of NbNC/g-C3N4–

1 was red-shifted, with a narrower band gap (3.75 eV) than that of

pristine NaNbO3 (286nm, 4.34 eV), indicating the enhanced light

utilization efficiency of the new material. Although g-C3N4 exhib-

ited an absorption edge in the visible light region at 441nm and

an Eg of 2.81 eV, NbNC/g-C3N4–1 showed higher photocatalytic ac-

tivity owing to efficient charge migration and electron-hole sep-

aration. In addition, the calculated EVB and ECB were 2.07 and

−1.68 eV for NbNC/g-C3N4–1, respectively (Fig. 3e), and negative

ECB values led to higher electron reactivity on CB, facilitating the

production of •O2
−. The photocurrent spectra clearly show that

the photoelectric conversion efficiency of NbNC/g-C3N4–1 was bet-

ter than that of pristine NaNbO3 and g-C3N4 (Fig. 3f). Besides, EIS

spectra in Fig. 3g display that NbNC/g-C3N4–1 with a smaller arc

radius possessed a lower resistance for charge transfer and higher

charge transfer efficiency than pristine g-C3N4 and NaNbO3. Then,

PL spectra in Fig. 3h also present that NbNC/g-C3N4–1 with a lower

steady-state PL emission intensity than g-C3N4 and NaNbO3, sug-

gesting NbNC/g-C3N4–1 had a lower recombination rate of pho-

toinduced electron-hole pairs than the other two materials. Finally,

LSV curves in Fig. 3i show that NbNC/g-C3N4–1 had a stronger cur-

rent density and redox capacity than pristine g-C3N4 and NaNbO3,

indicating the electrical conductivity and photocatalytic perfor-

mance has been obviously enhanced after the heterojunction con-

struction [36].

To explore the mechanism on enhanced photocatalytic activ-

ity of NbNC/g-C3N4, the band structure, DOS/PDOS spectra, elec-

tron density, work function, and EDD were studied via DFT calcula-

tions (Fig. 4). The structural models of the catalysts are presented

in Figs. S6a and b (Supporting information). The calculated band

gap of pure g-C3N4 (Fig. 4a) and NaNbO3 (Fig. S6c in Supporting

information) were 1.281 and 2.373 eV, respectively. The obtained

band gap values are lower than the experimental values because of

the known limitations of the plain DFT method [36]. Fig. 4d shows

that NbNC/g-C3N4 possesses a more negative CB than pure g-C3N4,

indicating that the CB of NbNC/g-C3N4 has a high electronic re-

activity. In the PDOS spectra for NbNC/g-C3N4 (Fig. 4e), the N 2p

and O 2p orbitals primarily contributed to the VB, whereas the C

2p and Nb 3d orbitals contributed to the CB. Hence, the electron

transfer path in NbNC/g-C3N4 followed: N 2p→O 2p→Nb 3d→C

2p based on the PDOS distributions. Meanwhile, Fig. 4e shows that

4
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Fig. 4. (a) The band structure, (b) DOS spectra and (c) electron density of pure g-C3N4. (d) The band structure, (e) DOS spectra and (f) electron density of NbNC(110)/g-C3N4.

(g) The work function of g-C3N4 and NaNbO3. (h) EDD of NbNC(110)/g-C3N4 (yellow region: electrons depletion; cyan region: electrons accumulation).

the PDOS of N 2p moves to the left for NbNC/g-C3N4 compared to

that of pure g-C3N4, indicating that the electron density of N 2p in-

creased after the introduction of NaNbO3 and more electrons were

transferred along the above path under light irradiation. Moreover,

the d-band center of Nb 3d in NbNC/g-C3N4 shifts to 0.40 eV com-

pared with 0.44 eV of NaNbO3 (Fig. 4e and Fig. S6d in Support-

ing information), which can be attributed to the compositing with

g-C3N4. Based on the PDOS of Nb 3d in Fig. 4e, an antibonding

state is formed at nearly 2 eV compared to pure NaNbO3 (Fig. S6d),

suggesting that d
x2-y2

orbitals with higher coupling ability com-

bine with p orbitals during the bond formation of Nb–O–N/Nb–O–

C. Accordingly, the introduction of g-C3N4 changes the electronic

structure of Nb 3d orbitals, further leading to the alteration of

d band center [37]. Therefore, the d-band center of NbNC/g-C3N4

was markedly closer to the Fermi level, suggesting that the elec-

trons in Nb 3d were more reactive and could be more effectively

transferred to C 2p with higher catalytic activity [38]. The elec-

tron density images (Figs. 4c and f) show higher electron densi-

ties in the N 2p and C 2p spectra of NbNC/g-C3N4 than those of

g-C3N4, which benefits the photocatalytic reaction. The work func-

tion (Fig. 4g) indicates that NaNbO3 with a low value (4.488 eV)

transfers electrons to g-C3N4 with a high value (4.689 eV) when

the NbNC/g-C3N4 heterojunction is constructed. EDD analysis indi-

cates that electrons are more likely to transfer from NaNbO3 to g-

C3N4 (Fig. 4h); thus, holes accumulated on NaNbO3 and electrons

gathers on g-C3N4 [38,39]. The EDD result clearly shows a 0.37

e– transfer from NaNbO3 to g-C3N4 based on the Mulliken pop-

ulation analysis of the built-in electric field intensity. Furthermore,

because the e– transfer direction is from NaNbO3 to g-C3N4 based

on the EDD result in NaNbO3/g-C3N4 composite, the e– density is

greatly increased in g-C3N4, and the built-in electric field is also

constructed because of their electrons density difference. Thus, g-

C3N4 can be likened to a switch with a large amount of e–, and

more e– transfer occurs along N 2p→O 2p→Nb 3d→C 2p chain

under light irradiation, leading to a high e– utilization rate and ac-

tivity [40]. Thus, the electron density increased in g-C3N4 and the

formed built-in electric field significantly boost the separation rate

of charge carriers, further promoting photocatalytic activity [39].

Fig. S7 (Supporting information) shows a schematic of efficient

charge migration at the interface of NbNC/g-C3N4–1 nanohybrid

during photocatalysis. Based on the energy levels of NaNbO3 and

g-C3N4, the NbNC/g-C3N4–1 structure is a type-I heterojunction.

Then, under light irradiation, the photogenerated electrons and

holes transfer to the same side [14,41]. Specifically, the LUMO po-

tential of NaNbO3 (−1.93V) is more negative than the CB of g-C3N4

(−0.84V; Fig. S7), which helps the movement of photogenerated

electrons from the LUMO of NaNbO3 to the CB of g-C3N4. In ad-

dition, the photogenerated holes cannot move from the VB of g-

C3N4 (+1.97V) to the HOMO of NaNbO3 (+2.41V) because of the

greater negativity of the VB of g-C3N4. The transformation of these

photogenerated electrons by heterojunctions and the generation of

holes in the HOMO and VB can reduce the charge recombination

rate and provide more electrons/holes on the surface of the photo-

catalyst [14,41]. The photocurrent intensity in Fig. 3f and the DFT

calculations in Fig. 4 prove the efficient separation of electron-hole

pairs compared with neat g-C3N4 and NaNbO3; thus, an internal

electric field can also be generated during electron transfer from

NaNbO3 to g-C3N4.

To accurately evaluate the reactive sites of the CIP molecule,

DFT calculations of CIP were conducted based on the natural popu-

lation analysis charge distribution (Fig. 5). Fig. 5b shows the HOMO

is placed on the piperazine ring, and the C atom of the benzene

ring is bonded with the F atom, which are the most reactive sites

for electron loss [42]. Furthermore, the piperazine ring side of CIP±

with a high positive ESP at neutral pH preferred to attach on the

negative-charged surface of NbNC/g-C3N4–1 (Fig. 5c). Fig. 5d indi-
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Fig. 5. (a) CIP± chemical structure. (b) HOMO and LUMO of CIP± . (c) ESP of CIP± . (d) NPA charge distribution and Fukui index (f –) of CIP± . (e) Proposed pathways on

photocatalytic degradation of CIP by NbNC/g-C3N4–1 under solar light. (Initial CIP concentration=10 μmol/L, catalyst dosage=0.1 g/L, temperature=25 ± 0.2 °C, solution
pH=7.0 ± 0.1). The white, gray, blue, red, and cyan balls denote H, C, N, O and F atoms.

cates that the most reactive sites of CIP are C5, C8, N10, O17, N19,

and N24, with high Fukui indices representing electrophilic attack,

i.e., f – =0.0417, 0.1008, 0.0719, 0.0990, 0.0831, and 0.1472, respec-

tively. •O2
− is the dominant ROS in this photocatalysis system [43].

Therefore, electrophilic attack for CIP± oxidation is focused.

Table S4 and Fig. S8 (Supporting information) present the TPs

of CIP during photocatalytic degradation, and the four CIP degra-

dation pathways are shown in Fig. 5e. Pathway I involves the pho-

toinduced substitution of fluorine by the hydroxyl moiety for the

formation of TP330 (m/z 330.06). The reaction occurred with the

breakage of the C–F bond by attack at the C5 site (f – =0.0417).

Pathway II involved defluorination and oxidation of the quinolone

ring, leading to the formation of TP346 (m/z 346.06). TP330 and

TP346 were generated via attack on the C5 (f – =0.0417) and C8

(f – =0.1008) sites. Pathway III involved the cleavage of the piper-

azine moiety via oxidation, which was attributed to the attack on

N19 (f – =0.0831) and N24 (f− =0.1472) sites with a high Fukui in-

dex. TP362 (m/z 336.03) was a key intermediate in this pathway.

Pathway IV involved deep defluorination after dealkylation of the

piperazine moiety in Pathway III. TP344 (m/z 344.04) was a key in-

termediate formed upon the ring opening of the piperazine moiety

and defluorination of CIP or TP362. Finally, mineralization of these

TPs led to formation of inorganic small molecules/ions such as CO2,

H2O, NH4
+ and F− [44].

Five consecutive CIP degradation tests were performed to evalu-

ate the reusability and stability of NbNC/g-C3N4–1 (Fig. S9 in Sup-

porting information), and the CIP removal efficiency just slightly

decreased from 97.1% to 90.1%, indicating the good reusability and

high stability of NbNC/g-C3N4–1. In addition, the physicochemical

properties of NbNC/g-C3N4–1 after reaction were analyzed by XRD

and XPS (Fig. S10 in Supporting information), which also indicate

slight changes on crystal phase and composition of the material

after photocatalysis [20]. In addition, negligible Na and Nb leached

during the photocatalytic reaction based on ICP-OES analysis, indi-

cating good reusability and high stability of NbNC/g-C3N4–1.

In this study, NbNC/g-C3N4 nanohybrid was synthesized

through in-situ transformation of Na2Nb2O6·H2O at the interface

of g-C3N4, which exhibited as type-I heterojunction. The opti-

6
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mized NbNC/g-C3N4–1 showed high photocatalytic activity for ef-

ficient photocatalytic degradation and detoxification of CIP under

simulated solar light. In the NbNC/g-C3N4 nanohybrid, the elec-

tron transfer path was as follows: N 2p→O 2p→Nb 3d→C 2p.

Electrons can be effectively transferred along the Nb–O–N/Nb–O–C

bonds, which greatly facilitates the migration of photoexcited elec-

trons/holes. Meanwhile, the electron density increased in g-C3N4

to form a built-in electric field, because 0.37 e– transferred from

NaNbO3 to g-C3N4 based on Mulliken population analysis, which

can significantly boost the separation rate of charge carriers. Upon

solar light irradiation, simultaneous degradation and detoxification

of CIP by the NbNC/g-C3N4 nanohybrid was achieved, implying

its considerable application potential in practical wastewater treat-

ment.
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