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A novel carbon quantum dots decorated C-doped a-Bi2O3 photocatalyst (CBO/CQDs) was synthesized by
solvothermal method. The synergistic effect of adsorption and photocatalysis highly improved con-
taminants removal efficiencies. The ceftriaxone sodium degradation rate constant (k) of CBO/CQDs was
11.4 and 3.2 times that of pure a-Bi2O3 and C-doped a-Bi2O3, respectively. The interstitial carbon doping
generated localized states above the valence band, which enhanced the utilization of visible light and
facilitated the separation of photogenerated electrons and holes; the loading of CQDs improved the
charge carrier separation and extended the visible light response; the reduced particle size of CBO/CQDs
accelerated the migration of photogenerated carriers. The �O2

� and hþ were identified as the dominant
reactive species in ceftriaxone sodium degradation, and the key role of �O2

� was further investigated by
NBT transformation experiments. The Fukui index was applied to ascertain the molecular bonds of
ceftriaxone sodium susceptible to radical attack, and intermediates analysis was conducted to explore
the possible degradation pathways. The toxicity evaluation revealed that some degradation in-
termediates possessed high toxicity, thus the contaminants require sufficient mineralization to ensure
safe discharge. The present study makes new insights into synchronous carbon dopping and CQDs
decoration on modification of a-Bi2O3, which provides references for future studies.

Crown Copyright © 2022 Published by Elsevier B.V. on behalf of Chinese Society for Environmental
Sciences, Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antibiotics have been extensively used to prevent and treat
human bacterial infections and animal husbandry since the dis-
covery of penicillin in 1929 [1]. Recent studies showed that the total
usage of 36 antibiotics in China was 92 700 tons in 2013, of which
human and animal excreted around 54 000 tons; part of them
entered the environment due to insufficient removal by conven-
tional wastewater treatment [2]. Moreover, the manufacturing
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processes, landfill leachates, agricultural and animal feeding oper-
ations, and urban run-off also released large amount of antibiotics
to the environment [3,4]. The residual antibiotics are frequently
detected in the level of ng$L�1 to mg$L�1 in the environment and
even in drinking water [5,6]. Antibiotics have been reported to
exhibit chronic toxicity to invertebrates and fish. Moreover, they
promote the development of antibiotic-resistant bacteria, thus
causing a potential threat to human health [7e9]. Therefore, it is
important to develop effective methods to eliminate antibiotics in
water.

The semiconductor photocatalysis has attracted considerable
attention in organic pollutants removal owing to its economic and
environmentally friendly characteristics [10e12]. Among various
materials, the bismuth oxide (Bi2O3) is considered a promising
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Scheme 1. The preparation of CBO/CQDs photocatalyst.
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photocatalyst because of its narrow band gap, nontoxicity, and high
dielectric permittivity [13,14]. Bi2O3 has six crystalline forms, two
stable phases (a-Bi2O3 and d-Bi2O3) and four metastable phases (b-
Bi2O3, g-Bi2O3, ε-Bi2O3 and u-Bi2O3). The stable phase a-Bi2O3 has
been the most researched because of its high thermal stability,
environmentally benign characteristics, and narrow band gap
(Eg ¼ 2.80 eV), thereby showing high potential for photocatalytic
degradation of contaminants [15,16]. However, most reported Bi2O3
are bulk materials with limited visible light activity and rapid
charge carriers recombination, thus showing relatively low pho-
tocatalytic activity [17e19].

Researchers have applied various strategies to extend the light
utilization of a-Bi2O3 and boost its charge carriers separation and
transfer efficiency, such as element doping [20,21], surface modi-
fication [22], morphology control [23] and heterostructure con-
struction [24,25]. Among these methods, carbon doping introduces
exogenous ions in the a-Bi2O3 lattice, broadening its visible light
absorption and causes higher photocatalytic activity. For instance, a
carbon doped porous Bi2O3 synthesized by using glycol as carbon
source, showed obvious red-shift on its absorption edge and
improved photocatalytic activity on contaminants degradation
[26]. However, the C-doped Bi2O3 still exhibits poor electron-hole
separation, restraining its application. Glucose is another widely
used carbon precursor for carbon doping of semiconductors such as
C-doped TiO2 [27], C-doped (BiO)2CO3 [28], and C-doped BiOI [29],
all of which showed elevated photocatalytic activity owing to the
extended visible light utilization or charge separation.

Carbon quantum dots (CQDs), a new class of “zero-dimensional”
nanostructures, have excellent up-converted photoluminescence,
photoinduced electron transfer, and electron reservoir properties
[30,31]. The CQDs could transfer the near infrared or infrared light
into ultraviolet and visible light, thus enabling the CQDs/Bi2O3 to
utilize light with longer wavelength. Moreover, the CQDs decorated
Bi2O3 also showed accelerated separation of photogenerated
electron-hole pairs [32,33]. Therefore, combining CQDs modifica-
tion and carbon doping can be an effective method to construct a
highly active Bi2O3-based photocatalyst. Understanding the syner-
gistic effects between these two carbon modification methods can
be significant.

In this work, we synthesized a C-doped a-Bi2O3 with CQDs
decoration (CBO/CQDs) by using glucose as carbon source. The
retarded electron-hole recombination and extended visible light
absorbance of the new material were revealed by photo-
degradation of ceftriaxone sodium (a typical antibiotic) and various
material characterization techniques. Morever, the possible pho-
tocatalytic degradation mechanism and pathways of ceftriaxone
sodium were proposed by radical quenching experiments, in-
termediates analysis, and density functional theory (DFT) calcula-
tion. The toxicity evolution of ceftriaxone sodium in the
degradation process was revealed by quantitative structure-activity
relationship (QSAR) prediction. This study makes new insights into
synchronous carbon doping and CQDs deposition on a-Bi2O3, thus,
providing a base for future studies.

2. Material and methods

2.1. Synthesis of a-B2O3 and carbon doped a-B2O3

Carbon doped a-B2O3 (CBO) was prepared by hydrothermal and
post-calcination method [34]. Briefly, 8 mmol of Bi(NO3)3$5H2O
and a designated amount of glucose were mixed and grounded by
agate mortar for 15 min. The obtained powder was added into the
solution with 160 mL of deionized water and 4 mL of concentrated
nitric acid, and sonicated to reach complete dissolution. The pHwas
adjusted to 12.6 by NaOH under strong agitation, and a yellow
2

suspension was formed. The mixture was vigorously stirred for
another 30 min, and the suspension was added in a 250 mL auto-
clave and heated at 160 �C for 24 h. After the reaction, the precip-
itate was collected and washed three times with ethanol and
ultrapure water, then dried overnight at 60 �C. The obtained deep
gray product was milled into powder, and calcined in a muffle
furnace at 450 �C for 6 h (with a temperature raising rate of 5 �C
min�1). The deep gray powder turned yellow due to carbon
removal on the surface layer. For simplicity, the materials were
named as CBO-x (x ¼ 2, 3, 4), where x refers to the mole ratio of
glucose to Bi(NO3)3$5H2O. For comparison, pristine a-Bi2O3 (BO)
was synthesized by the same method but without adding glucose.

2.2. Synthesis of C- doped a-B2O3/CQDs

CQDs were synthesized by using secondary solvothermal
treatment with ethylene glycol (EG), which reduced part of the
doped carbon and exfoliated the material [35]. Specifically, the
CQDs decorated C-doped a-B2O3 (CBO/CQDs) was synthesized
through solvothermal treatment of CBO-x (as shown in Scheme 1).
The used procedure was as follows: 1.1878 g of CBO-x photocatalyst
was dispersed in 80 mL of EG and kept stiring for 1 h; the sus-
pension was then transferred into a 150 mL autoclave and main-
tained at 160 �C for 12 h; after the reaction, the resulting precipitate
was washed with ethanol and ultrapure water three times; finally,
the obtained CBO/CQDs was freeze dryed under vacuum. The EG
exploited a-Bi2O3 (BO/EG) was prepared by treating pristine a-
Bi2O3 by the same method.

The as-prepared materials information is shown in Text S1-2 of
the Supporting Information (SI).

2.3. Photocatalytic experiments

The photocatalytic performance of synthesized catalysts was
investigated via degrading ceftriaxone sodium under simulated
sunlight by using a 300 W Xenon lamp (Perfect Light, PLS-SXE 300,
Beijing, China). The used procedure was as follows: 0.015g of
catalyst was added into a ceftriaxone sodium solution (250 mL,
10 mg L�1) and kept stirring in the dark for 60 min to achieve
adsorption-desorption equilibrium; the suspensionwas transferred
to a photo-reactor with cooling system and exposed to simulated
solar light; at predetermined irradiation time intervals, 2 mL of
suspension was withdrawn and filtered through a 0.22 mm nylon
syringe filter for analysis. The visible-light activity of catalysts were
evaluated by applying a 420 nm cutoff filter to shield the UV portion
of solar light.

The ceftriaxone sodium degradation data fitted a pseudo-first-
order kinetic law expressed by equation (1) [36]:
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�ln
�
Ct
C0

�
¼ kt (1)

where C0 and Ct are the initial and final pollutant concentrations
after t minutes of illumination, respectively, and k is the pseudo-
first-order rate constant (min�1).

To evaluate the stability of the CBO/CQDs photocatalyst, the
degradation of ceftriaxone sodium was repeated four times under
identical conditions. Before every reuse cycle the photocatalyst was
collected by membrane filtration, washed with dionized water, and
dried at 60 �C.

2.4. Detection of reactive oxygen species

To identify the reactive species produced in the photocatalysis
process with CBO/CQDs, various trapping agents; ammonium ox-
alate (AO, 700 mg L�1), p-benzoquinone (BQ, 80 mg L�1), tert-
butanol (TBA, 10 mmol L�1), and L-histidine (L-his, 1 mmol L�1)
were utilized to trap photogenerated holes (hþ), superoxide radi-
cals (�O2

�), hydroxyl radicals (�OH), and 1O2, respectively.
The amount of �O2

� generated from the photocatalysis process
was further analyzed by nitroblue tetrazolium (NBT) trans-
formation experiments, where the ceftriaxone sodium was
replaced by NBT (20 mM) in the experiments, using an identical
procedure to the aforementioned photocatalytic degradation
experiment. NBT reacted with �O2

� at the molar ratio of 1: 4 to
generate formazan precipitate with an absorption peak at 680 nm,
which resulted in the decrease of the characteristic absorbance
peak of NBT (at 259 nm) [37,38].

2.5. Analytical methods, DFT calculation, and toxicity evaluation

The detailed analytical methods of ceftriaxone sodium and
degradation intermediates, as well as their toxicity evaluation
method, are presented in Text S3. The density functional theory
(DFT) calculation based on Fukui function was applied to ascertain
the attacked sites of ceftriaxone sodium. These results were applied
to interpret the photocatalytic degradation mechanism (Text S4).

3. Results and discussion

3.1. Morphology and structural characteristics

The microstructures of pure BO, CBO-3, and CBO/CQDs were
characterized by field emission scanning electron microscopy
(FESEM). As shown in Fig. 1a, the BO sample synthesized by hy-
drothermal and post-calcination method consists of microcrystals
with rod-like structures. During the hydrothermal synthesis of
CBO-3, the glucose adsorbed on the surface of the precursor may
have prevented the growth of rod structure. With the increase of
hydrothermal time, the rodlets gradually grew in different di-
rections thus forming an irregular porous rod-shaped stacking
structure (Fig. 1b). It can be observed that the introduction of
external carbon significantly affected the rod structure of BO. As
shown in Fig.1c, the irregular porous rod-shaped stacking structure
was further reduced to a rod-like structure with slit-like pores
when the CBO-3 was solvothermally treated with EG. Obviously,
the diameter and length of CBO/CQDs were smaller than pure BO.
The particle size reduction provided more surface-active sites,
favouring contaminants' adsorption and hence improved the pho-
tocatalytic performance of CBO/CQDs.

More detailed micromorphology and microstructure of CBO/
CQDs were further characterized by transmission electron micro-
scope (TEM). In Fig. 1d, the CBO/CQDs shows a rod-like structure
3

with slit-like pores and some nanosheets on the surface, which is in
accordance with the FESEM results. Meanwhile, a large number of
CQDs with diameters of 3e9 nm are spread over the nanosheets
and rod-like structure (Fig. 1e and g). Fig. 1f shows the high-
resolution TEM (HRTEM) image of CBO/CQDs; the lattice fringes
with an interplanar space of 0.28 nm coincide with (012) the plane
of a-Bi2O3 crystal, which is consistent with the X-ray powder
diffraction (XRD) results. The clear lattice fringes distances of
0.21 nm and 0.24 nm were observed in CBO/CQDs, which corre-
spond to the (100) and (102) in-plane lattice of CQDs [39,40].
Furthermore, the elemental composition and distribution of CBO/
CQDs were evaluated by elemental mapping (Fig. 1h), which shows
that the Bi, O, and C are homogeneously distributed; these results
further confirm the successful synthesis of CBO/CQDs
photocatalyst.

The crystalline structures of bare BO, CBO-3, and CBO/CQDs
were characterized using XRD, as shown in Fig. 2a. The strong
diffraction peaks of pure BO are identified at 25.8�, 26.9�, 27.4�,
28.0�, 33.0�, 27.4�, 33.2�, 46.3�, and 52.4�, which are ascribed to the
(002), (111), (120), (012), (121), (200), (041), and (�321) crystal
planes for bulk a-Bi2O3 with monoclinic structure (JCPDS Card No.
41-1449) [17]. After doping with carbon and modified by CQDs, no
diffraction peaks other than a-Bi2O3 were found. This is likely
caused by the low dosage of doped carbon and CQDs, as well as the
high dispersion of CQDs on the BO surfaces. This is consistent with
the TEM analysis. The peaks intensities of CBO-3 and CBO/CQDs
decrease when compared with BO, indicating that the CBO-3 and
CBO/CQDs maintain the crystal structure as pure BO, but carbon
doping can influence the crystal growth [28], which is in agreement
with the FESEM analysis. The amplified XRD pattern reveals that
the crystal peak (120) of CBO-3 and CBO/CQDs shows a slight peak
shift in the 2q range of 27�e28�, suggesting that some carbon atoms
were successfully doped into the lattice of BO crystal [41].

In Fig. 2b, the Raman spectra of BO, CBO-3 and CBO/CQDs are
almost the same, all the peaks agree well with monoclinic a-Bi2O3.
The peaks at 105, 120, 138, 153, 184, 212, 282, 313, and 449 cm�1 are
consistent with the values reported for a-Bi2O3 [42,43]. However,
no signal was observed for doped carbon and CQDs in Raman
spectrum, which can be explained by their low dosage.

The N2 adsorption-desorption isotherms and pore size distri-
bution of BO, CBO-3, and CBO/CQDs are shown in the Fig. 2cef, and
the detailed specific surface, pore volume and pore size distribu-
tions are listed in Table S1. The CBO/CQDs exhibits the largest sur-
face area (~30.9 m2 g�1) and pore volume (~0.08 cm3 g�1).
Normally, samples with large specific areas show superior photo-
catalytic activity because of their higher number of adsorption sites
and active centers [44]. This agrees with the results of photo-
degradation experiments. According to IUPAC, CBO-3 and CBO/
CQDs have classical type IV adsorption-desorption isotherm with
H3 hysteresis loops, which indicates the prevalence of mesoporous
structures or slit-like pores or both [45]. Moreover, the pore sizes of
CBO-3 and CBO/CQDs are mainly 20e30 nm and 1e5 nm, demon-
strating that CBO-3 is mesoporous. Meanwhile, both the FESEM and
TEM analysis reveal the presence of slit-like pores in CBO/CQDs.
However, the pure BO shows the smallest surface area
(~0.8 m2 g�1), it has type III adsorption-desorption isotherm with
nearly no hysteresis loops, indicating the presence of exterior
macropores between stacked rods. This can partially explain the
poor photocatalytic activity of the synthesized pristine a-Bi2O3. It
should be noted that the adsorption and desorption isotherms of
BO and CBO-3 do not coincide at low relative pressure, which may
be explained by the low specific surface area of these twomaterials.

The X-ray photoelectron spectroscopy (XPS) was employed to
analyze the surface elemental compositions and valence states of
CBO/CQDs (shown in Fig. 3). The full-survey XPS spectra show that



Fig. 1. aec, FESEM images of BO (a), CBO-3 (b), CBO/CQDs (c). dee, TEM images of CBO/CQDs. f, HRTEM image of CBO/CQDs. g, Particle size distribution of CQDs. h, TEM image of
CBO/CQDs and the corresponding elemental mapping analysis for Bi, O, and C.

Fig. 2. aeb, XRD patterns (a) and Raman spectra (b) of BO, CBO-3, and CBO/CQDs. ced,
Nitrogen adsorptionedesorption isotherms of BO, CBO-3, and CBO/CQDs (c), and of BO
and CBO-3 with more details (d). eef, Pore size distribution of BO, CBO-3, and CBO/
CQDs (e), and of BO and CBO-3 with more details (f).

Fig. 3. The XPS spectra: a, survey spectrum of CBO/CQDs; b, C 1s of BO, CBO-3, and
CBO/CQDs; c, Bi 4f of BO, CBO-3, and CBO/CQDs.
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the CBO/CQDs photocatalyst is composed of Bi, O, and C (Fig. 3a).
Fig. 3b shows the C1s XPS spectra of BO, CBO-3, and CBO/CQDs. Two
C1s peaks are observed at 284.8 eV (CI) and 288.5 eV in the XPS
spectrum of BO, which can be due to the adventitious carbon from
4

the instrument and absorbed CO2 [46]. For CBO-3 and CBO/CQDs,
the C1s peak at 289.0 eV (CII) indicates the presence of carbonate
species (C]O and/or OeC]O) [28,47]. No carbon peak is observed
at 281 eV, suggesting that either there is no BieC bond, or it is too
weak to be observed in the C-doped samples [26,48]. These ob-
servations indicate that the doped carbon does not substitute the
lattice oxygen in BO; it eventually leads doped carbon to stay in the
interlayer of BO via interstitial doping [49,50]. The new carbon peak
of CBO/CQDs at 286.1 eV is attributed to the oxygenated carbon,
suggesting the presence of CQDs on the surface [51]. This fact is
consistent with the HRTEM results. The content of carbon doping
(atom ratio) in CBO-3 and CBO/CQDs can be estimated by the XPS
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measurement. As shown in Table S2, the carbon content in CBO-3
and CBO/CQDs is 7.42% and 4.05% respectively, indirectly prove
that secondary EG solvothermal reduced part of doping carbon to
CQDs. The Bi 4f spectra of pure BO sample (Fig. 3c) has two char-
acteristic XPS peaks of Bi3þ, which are ascribed to Bi3þ 4f5/2 and
Bi3þ 4f7/2, respectively [52]. The Bi 4f peaks of CBO-3 and CBO/CQDs
slightly shift to lower binding energy after the addition of glucose,
this result is consistent with C-doped In2O3 [53], further proofs the
successful carbon doping in BO. Therefore, based on XRD, HRTEM,
and XPS results, the doped carbon and CQDs are presented in the
interlayer and surface of BO.
3.2. The optical absorption properties and band structure of
materials

The UVevis diffuse reflectance spectroscopy (UVevis DRS) was
used to study the optical properties of the obtained materials. In
Fig. 4a, the light absorption edge of bare BO is at 457 nm. With the
carbon doping, the absorption of the C-doped BO exhibits obvious
red-shift, where the absorption edge of CBO-3 and CBO/CQDs are
located at 515 and 479 nm, respectively. This is because the doped
carbon in the lattice of the BO introduces localized states near the
top of the VB and thus enhances the intrinsic optical absorption of
BO [50,54]. Meanwhile, the light absorption intensity at
450e800 nm is significantly increased for CBO/CQDs with the
loading of CQDs (as photosensitizer), indicating enhanced light
absorption. Therefore, CQDs and C-doping play important roles in
enhancing the visible light absorption of the CBO/CQDs, which is
expected to enhance its photocatalytic activity.

In general, the band gap energy (Eg) of a semiconductor
Fig. 4. a, UVevis DRS of BO, CBO-3, and CBO/CQDs, the inset shows their Tauc plots.
bec, Mott-Schottky plots of BO (b) and CBO/CQDs (c). def, PL spectra (d), PC spectra
(e), and EIS Nyquist (f) plots of BO, CBO-3, and CBO/CQDs.
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photocatalyst can be calculated via the Kubelka-Munk equation
(equation (2)):

ahv¼A
�
hv� Eg

�n
2 (2)

where a, hv, Eg, and A are the absorption coefficient, photon energy,
band gap, and Planck's constant, respectively.

The Eg of the BO, CBO-3, and CBO/CQDs are determined from a
plot of (ahn)1/2 versus hn [55,56]. Therefore, the Eg of BO, CBO-3, and
CBO/CQDs are calculated as 2.73, 2.39, and 2.60 eV, respectively.
There results indicate that the C doping in the crystal structure
narrows the Eg of BO, improving photocatalytic activity.

The Mott-Schottky plots were performed to analyze the flat-
band potentials (Efb) and semiconductivity type of the synthe-
sized materials. The Efb of BO, CBO-3, and CBO/CQDs are �0.42,
0.40, and �0.39 eV vs. NHE, respectively (Fig. 4bec and Fig. S1).
Moreover, the positive slope of the Mott-Schottky curves of as-
prepared photocatalysts indicate that they are all n-type semi-
conductors [57]. In general, the conduction band (CB) potential of
n-type semiconductors is known to locate 0.2 eV more negative
relative to the Efb potential of thematerial [58]. Therefore, the ECB of
BO, CBO-3, and CBO/CQDs are estimated to be �0.62, 0.60,
and �0.59 eV, respectively. The valence band (VB) positions of BO,
CBO-3, and CBO/CQDs are calculated via the equation of EVB ¼ ECB þ
Eg. Therefore, the EVB of BO, CBO-3, and CBO/CQDs are calculated as
2.11,1.79, and 2.01 eV, respectively. These results are close to the EVB
estimated by XPS VB spectra (as 2.09, 1.76, and 1.97 eV in Fig. S2).
The results indicate that the interstitial carbon mainly changes the
VB of BO. Similar results have been reported in the interstitial C
doped BiOI and C doped Bi3O4Cl [29,34]. The carbon atoms located
at interstitial positions of Bi2O3 lead to lattice distortion and the
formation of occupied states within the gap, which decrease the
band gap. The higher doping concentration induces a greater
distortion degree, resulting in lower band gap [59,60]. With the
increase of doped carbon dosage, the band-gap energies and VB of
the materials will decrease accordingly. This explains why the Eg
and VB of CBO/CQDs are higher than CBO-3.

The photoluminescence (PL) spectra of various materials were
investigated to reveal the recombination rate of photogenerated
electron-hole pairs (as shown in Fig. 4d). The pure BO shows the
highest peak intensity, suggesting that it suffered from high elec-
tron and hole recombination. This might be the primary reason for
the poor photocatalytic activity of BO on ceftriaxone sodium
degradation. The CBO-3 and CBO/CQDs exhibit similar PL spectra as
pure BO, while the PL emission peak intensity of CBO-3 decreases,
indicating that the carbon doping reduces the recombination effi-
ciency of photogenerated carriers. Meanwhile, CBO/CQDs exhibits
the lowest PL intensity, suggesting that it has the best photo-
generated carrier separation performance, mainly caused by the
cooperative contribution of carbon doping and CQDs. The photo-
current (PC) response was used to study the separation of photo-
generated carriers; the stronger the photocurrent intensity the
higher the separation efficiency of photogenerated carriers [61]. In
Fig. 4e, the CBO/CQDs shows the strongest PC intensity, indicating
that it possesses an enhanced photon-generated carriers separation
efficiency. Meanwhile, the intensity value of CBO-3 is stronger than
that of pure BO, which shows that the doped carbon enhances the
electrons-holes separation.

Additionally, electrochemical impedance spectra (EIS) Nyquist
plots were obtained to study the interfacial charge transfer prop-
erty of as-prepared catalysts [62]. Generally, the smaller arc radius
indicate lower impedance and higher charge transfer efficiency
[63]. As shown in Fig. 4f, the radius of the EIS Nyquist plots are in
the following order: BO > CBO-3 > CBO/CQDs; CBO/CQDs exhibits
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the smallest arc radius among those samples, showing its mini-
mum carrier transport resistance and fastest interfacial charge
transfer, which is probably caused by the synergistic effects of
carbon doping, introduction of CQDs, and reduced particle size. The
results of PL spectra, photocurrent and EIS demonstrate that the
CBO/CQDs has low electron-hole recombination and high separa-
tion and transfer capability. Thus, the CBO/CQDs is supposed to
exhibit higher photocatalytic activity on contaminants degradation.
3.3. Photocatalytic performance of synthesized materials on
ceftriaxone sodium degradation

To evaluate the photocatalytic activities of BO, CBO, BO/EG, and
CBO/CQDs, the photodegradation of ceftriaxone sodium was per-
formed under simulated sunlight irradiation. All the photocatalysts
were kept stirring in the dark for 60 min to reach the adsorption-
desorption equilibrium before photocatalysis. As shown in Fig. S3,
adsorption efficiency of ceftriaxone sodium by BO and CBO is low
(<4%), while CBO/CQDs shows increased adsorption efficiency
(22.3%). This may be primarily caused by the increased surface-
active sites of the synthesized CBO/CQDs, as revealed by FESEM
and BET analysis (Figs. 1 and 2). According to the control experi-
ment, the photodegradation of ceftriaxone sodium can be negli-
gible (Fig. 5a), showing its high stability under sunlight. The carbon
doping enhanced the photocatalytic activity of the pure BO; how-
ever, further increasing the carbon content decreases its photo-
catalytic activity. Higher carbon doping content may form more
defect sites in the a-Bi2O3 lattice, acting as recombination centers
[28]. This suggests that proper carbon doping content can
Fig. 5. aeb, Photocatalytic degradation of ceftriaxone sodium under simulated sun-
light by the CBO-x (a), and by BO, BO/EG, CBO-3, and CBO/CQDs (b). c, The linear plot of
ln(C0/Ct) versus t of different catalysts under solar light. d, Photocatalytic degradation
kinetics of ceftriaxone sodium under visible light by BO, BO/EG, CBO-3, and CBO/CQDs.
e, The first order kinetic constant (k) of ceftriaxone sodium degradation under solar
light and visible light by BO, BO/EG, CBO-3, and CBO/CQDs.
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efficiently improve the degradation efficiency. The k value of CBO-3
(0.0064 min�1) is 3.55 times that of pure BO (Fig. 5c), showing its
improved photocatalytic activity. The introduction of carbon in the
interlayer of BO leads to the adjustment of energy band structures,
which further expands the absorption range of visible light and
separation efficiency of photo-generated carriers. Therefore, the
CBO-3 was chosen as the precursor for synthesizing CBO/CQDs.

Fig. 5b shows the photocatalytic ceftriaxone sodium degrada-
tion efficiency of BO, CBO-3, BO/EG, and CBO/CQDs, reaching 18.9%,
50.7%, 39.4%, and 99.7%, respectively, under simulated sunlight
irradiationwithin 120min. Besides, the UVevis and HPLC spectra of
ceftriaxone sodium are weakening with time (Fig. S4), indicating
the decomposition of ceftriaxone sodium. As shown in Fig. 5c, the
reaction constant k of CBO/CQDs (0.0205 min�1) is 11.39 times that
of pure BO and 3.20 times that of CBO-3. The presence of CQDs can
effectively enhance the light absorption and the photo-generated
holes-electrons separation, thus greatly increasing the photo-
catalytic activity. This is also supported by the UVevis spectra, PL,
photocurrent response, and EIS test. Several studies have investi-
gated the photocatalytic degradation of ceftriaxone sodium (as
shown in Table S3), but the applied catalysts dosage (0.5e7.0 g L�1)
is much higher than in this study (0.06 g L�1), and their obtained k
values are in the range of 0.0026e0.0249 min�1, which is equal or
lower to the k value (0.0205 min�1) in this study. Therefore, the
synthesized photocatalyst in our work has excellent photocatalytic
degradation efficiency on ceftriaxone sodium compared with the
photocatalysts reported in other studies.

To reveal the improved visible light utilization efficiency of CBO/
CQDs, its photocatalytic performance under visible and solar light
were compared (Fig. 5d). Fig. 5e shows that the k value in the
presence of CBO/CQDs and CBO-3 are 5.25 and 3.50 times that of
pure BO under visible light. The previous UVevis absorption
spectra of the catalysts (Fig. 4a) showed the enhanced visible light
absorption by CBO/CQDs and CBO-3, which can well elucidate the
improved visible light photocatalytic performance. The up-
conversion fluorescent properties of CQDs could enlarge the light
responsive range, and the photocatalytic efficiency of CBO/CQDs
under visible light was further improved [64]. The k value of pho-
tocatalysts under visible light follow the order: BO < BO/EG < CBO-
3 < CBO/CQDs, which is consistent with the result under simulated
sunlight. Thus, CBO/CQDs has the highest photocatalytic perfor-
mance under both solar and visible light irradiation. It should be
noted that the contribution of visible light on ceftriaxone sodium
degradation is still relatively low. Therefore, the improved photo-
catalytic efficiency by CBO/CQDs is predominantly promoted by
charge carrier separation and migration rather than the enhanced
visible light utilization.

To further confirm the reactivity of CBO/CQDs, three-
dimensional excitation-emission matrix fluorescence spectros-
copy (3D EEMs) were utilized to study the ceftriaxone sodium
removal process and the degree of ceftriaxone sodium minerali-
zation during the photocatalysis process. Fig. 6a shows that there
were no extra signals present in the ceftriaxone sodium solution.
After being irradiated for 40 min under simulated sunlight
(Fig. S5a), fluorescence peaks located at Ex/Em ¼ 210e225/
320e345 nm and Ex/Em ¼ 215e220/345e350 nm appeared, which
can be attributed to the production of aromatic compounds; the
peak strength of aromatics decreased with longer irradiation time
[58]. Moreover, with the continuous degradation of ceftriaxone
sodium, the fluorescence signals appeared and got stronger over
time (Ex/Em ¼ 200e350/400e550 nm) from 40 min to 120 min,
respectively, as shown in Fig. S5 and Fig. 6b. It can be speculated
that ceftriaxone sodium will continue to degrade into smaller
molecular fulvic-like acids (Ex/Em ¼ 220e250/380e550 nm) and
humic acids (Ex/Em ¼ 250e400/380e550 nm) [65]. The results



Fig. 6. aeb, 3D EEMs of ceftriaxone sodium solution after photocatalytic degradation
for 0 min (a) and 120 min (b). c, The photocatalytic degradation of ceftriaxone sodium
over CBO/CQDs in four reusing cycles. d, XRD patterns of fresh and used CBO/CQDs.
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demonstrate that the molecular structure of ceftriaxone sodium
was broken, and some intermediates were formed during photo-
catalytic reaction. With the increase of reaction time, the concen-
tration of pollutants and intermediate products decreased, but the
mineralization was not completed in 2 h. Fig. S6 reveals that the
TOC removal efficiencies for all experiments with or without CBO/
CQDs are 39.79% and 4.28%, respectively under 8 h irradiation;
these results agree with the 3D EMMs data. Therefore, the ceftri-
axone sodium is oxidized and forms some smaller molecules,
which are hard to be further degraded. Thus, to achieve higher
mineralization efficiency it is necessary either to lengthen the re-
action time or increase the photocatalyst mass.

In addition, the photostability of the CBO/CQDs was evaluated
by conducting ceftriaxone sodium degradation via reusing cycles.
As shown in Fig. 6c, the CBO/CQDs sample exhibits nearly equal
photocatalytic activity even after four successive reusing recycles.
Meanwhile, the XRD spectra in Fig. 6d indicates no significant
changes after four reusing recycles. The recycled sample was also
characterized by scanning electron microscope (SEM) as shown in
Fig. S7, showing that the rod-like structurewas partially destructed,
which could be caused by the stirring process during the degra-
dation reaction. Therefore, the CBO/CQDs has good cyclability and a
stable crystal structure.
Fig. 7. a, Photocatalytic degradation of ceftriaxone sodium under solar light over CBO/
CQDs photocatalyst with different quenchers. b, Photocatalytic degradation of NBT in
the presence of various photocatalysts. c, Band edge potentials of the obtained sam-
ples, and possible photocatalytic mechanism of the CBO/CQDs under solar light
irradiation.
3.4. Catalytic mechanism

The degradation of organics during the photocatalysis process is
mainly caused by the reactive species (e.g., hþ, �OH, 1O2, and �O2

�)
generated in the photocatalytic reaction. Therefore, radical trap-
ping experiments were performed to identify the contribution of
various reactive species on ceftriaxone sodium degradation. Four
quenchers (TBA, AO, BQ, and L-his) were applied to capture �OH,
hþ, �O2

�, and 1O2, respectively. The addition of TBA, AO, BQ, and L-
his display suppression effects on the degradation of ceftriaxone
sodium by CBO/CQDs, and the inhibitory effect order was
BQ > AO > L-his > TBA (Fig. 7a). Therefore, the �O2

� and hþ exhibited
major roles on ceftriaxone sodium degradation, whereas �OH and
1O2 only slightly impacted the photodegradation.

Given that �O2
� is the dominant reactive species in the ceftri-

axone sodium photodegradation, NBT was used as �O2
� probe to
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capture the formed �O2
� to further elucidate the photocatalytic

production of �O2
�. The �O2

� can react with NBT to generate for-
mazan precipitate, and the concentration of the generated �O2

� can
be determined by monitoring the consumption of NBT via UVevis
spectrophotometry. As shown in Fig. S8, the absorbance of NBT in
the photocatalysis system with BO, CBO-3, BO/EG, and CBO/CQDs
gradually decreased during the reaction, indicating that all systems
could produce �O2

� under solar light irradiation. In addition, the
result reveals that the CBO/CQDs generates the most �O2

�, with a
transformation efficiency rate of 37.60%, which is favorable for the
improved photocatalytic activity (Fig. 7b).

In section 3.2, the ECB of BO, CBO-3, and CBO/CQDs were
calculated as �0.62, �0.60, and �0.59 eV vs. NHE, respectively. The
EVB of BO, CBO-3, and CBO/CQDswereþ2.11,þ1.79, andþ2.01 eV vs.
NHE, respectively. The schematic band structure is proposed for the
BO, CBO-3, and CBO/CQDs (as shown in Fig. 7c). The interstitial
carbon changes the VB of a-Bi2O3, which could generate the
localized states above the VB, broadening the utilization range of
visible light and reducing the Eg of Bi2O3. Moreover, introducing
localized states promotes the separation of photogenerated charge
carriers, further enhancing the photocatalytic activity [28,66].

The possible photocatalytic degradation mechanism of ceftri-
axone sodium over CBO/CQDs is shown in Fig. 7c. Under solar light
illumination, CBO/CQDs could be stimulated to generate holes on
the VB and electrons on the CB. Meanwhile, the localized states
induced by carbon doping would act as a springboard for the
migration of VB generated electron to the CB, thus promoting
charge carriers separation and migration [50]. Moreover, the elec-
trons excited from the VB of CBO to the CB could be collected by
CQDs, thus extending the lifetime of electrons [67]. Subsequently,
holes remaining in the VB or in localized states or both would be
directly involved in the oxidation of ceftriaxone sodium. Thus, the
surface decorated CQDs could act as electron traps to inhibit the
recombination of photogenerated electrons and holes in CBO/CQDs.
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The above PL, photocurrent, and EIS studies have demonstrated
that the interstitial carbon doping and CQDs modification effi-
ciently separate the photogenerated electrons and holes, and
charge carriers transfer rate is higher than the pure BO (Fig. 4def).
Moreover, the upconverted PL property of CQDs could enhance
visible light absorption of CBO/CQDs. Accordingly, the electrons in
the CB of CBO/CQDs (ECB ¼ �0.59 eV) could reduce O2 to �O2

� as the
E(O2/�O2

�) ¼ �0.33 eV vs. NHE. However, the VB potential of CBO/
CQDs (2.01 eV) is more negative than E(�OH/OH�) (þ2.40 eV vs.
NHE) and E(H2O/�OH) (þ2.72 eV vs. NHE), thus the hþ accumulated
in the VB of CBO/CQDs could not oxidize OH� or H2O to �OH [68,69].
Therefore, the generated �OHmay be originated from the reduction
of �O2

� (equations (6) and (8)). The above results agree with the
radical trapping experiments. The photocatalytic reactions of cef-
triaxone sodium are presented in equations (3)‒(9).

CBO =CQDsþhv/ CBO =CQDs ðe� þhþÞ (3)

Ceftriaxonesodiumþhþ /Ceftriaxonesodiumþ /CO2þH2O
(4)

O2 þ e� / � O2
� (5)

�O2
� þ 2Hþ þ e� / H2O2 (6)

2 � O2
� þ 2Hþ/ 1O2 þ H2O2 (7)

H2O2 þ e� / OH� þ � OH (8)

Ceftriaxone sodiumþROS / intermediates / CO2 þ H2O
(9)

The surface properties of the photocatalyst are important in
promoting photocatalytic activity. The FESEM, TEM, and BET ana-
lyses show that the EG treatment decreased the size of CBO/CQDs,
leading to the increase of specific surface area and reactive sites. In
addition, with the CQDs modification, the specific surface area of
CBO/CQDs increased, which provided this material with higher
adsorption capacity. Thus, the photodegradation of ceftriaxone
sodium by generated active species would be enhanced. Moreover,
the smaller particle sizes favor the transfer of charge carriers to the
surface of the catalyst, increasing the possibility of surface reactions
[70]. Therefore, the synergistic effect of carbon doping, CQDs
deposition, and reduced particle size, boosted photocatalytic ac-
tivity under solar light illumination.

3.5. The photocatalytic degradation process of ceftriaxone sodium
and its toxicity evolution

To reveal the photocatalytic degradation pathways of ceftriax-
one sodium using CBO/CQDs, the DFT calculation and LC-MS anal-
ysis were conducted. Based on Fukui function, the DFT calculation
can predict the regioselectivity of reactive species to attack the
ceftriaxone sodium molecules and the formed intermediates [71].
According to the radical trapping experiments (Fig. 7a), �O2

� is the
dominant reactive specie in the photodegradation of ceftriaxone
sodium. Therefore, the region of ceftriaxone sodium molecule with
higher Fukui index (fþ and f0) values are susceptible to be attacked
by �O2

� and get electrons [72]. Table S4 clearly presents the distri-
bution of fþ and f0 values on ceftriaxone sodium molecule, where
the sodium is not considered as ionized into aqueous phase, and the
value of hydrogen is not listed. The S16, C17, N21, N27, S30, and O36
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sites with high fþor f0 values are more likely to be attacked by
reactive species (Fig. 8a). Fig. 8b shows the electrostatic potential
(ESP) map of ceftriaxone sodium molecule, the S16, C17, N21, N27,
and O36 sites show positive electrostatic potential, which is easily
attacked by a negatively charged reactive species (i.e., �O2

�).
Combined with LC-MS analysis (Table S5 and Fig. S9), the

possible degradation pathways of ceftriaxone sodium are illus-
trated in Fig. 8c. Sodium in ceftriaxone is dissolves. It is replaced by
hydrogen to form the intermediates: A, the O36 with high f0 value
(0.043875) will be attacked by �O2

� to form the intermediates B. In
pathway I, C17 is vulnerable to be attacked by �O2

�, inducing the
cleavage of the CeC bond of intermediates B to form the in-
termediates C. Meanwhile, intermediates D, E, and F could derive
from bond ruptures at the CeC or CeN and CeS bonds (labeledwith
dashed lines) in the B molecule [73]. In pathway II, the in-
termediates G and H are formed due to the loss of carbonyl group
and the fracture of b-lactam from the structure of intermediate B
[37]. The high f0 value (0.04228) of S16 results in the cleavage of
SeC bond of intermediate H to form intermediate I, which can be
degraded to intermediates J and K. In pathway III, N21 and C17 with
high fþ values will result in the cleavage of the NeO and CeC bonds
of intermediate B to form the intermediates C and L. The interme-
diateMwill be generated due to the opening of quaternion ring and
loss of small molecules from intermediate L. Finally, intermediateM
is fragmented into intermediates F and N. Eventually, products C, D,
E, J, K, and N, are mineralized into H2O and CO2.

Many intermediates can bemore toxic than the target pollutants
in the photocatalytic degradation processes. Therefore, the Toxicity
Estimation Software Tool (T.E.S.T.) was used to evaluate the acute
toxicity, developmental toxicity, bioaccumulation factor, and
mutagenicity of ceftriaxone and its degradation intermediates
(Fig. 9 and Table S6) [74]. The acute toxicity was evaluated by LC50
value, as shown in Fig. 9a, the LC50 of ceftriaxonewas 217.26mg L�1,
which can be categorized as “Not harmful”. Although the LC50 for
most detected intermediates are lower than ceftriaxone, which are
still “harmful”. One of the most abundant intermediates, the
chemical I, is classified as “not harmful”. Fig. 9b shows that all in-
termediates have higher developmental toxicity than ceftriaxone,
but most of them are labeled “developmental non-toxic”. In Fig. 9c,
the bioaccumulation factor of all detected intermediates is higher
than ceftriaxone, which indicates that they have higher possibility
to accumulate in animal tissues. The mutagenicity of all in-
termediates (except F) is higher than ceftriaxone (Fig. 9d). Gener-
ally, based on the toxicity assessment, most photocatalytic
degradation intermediates show higher toxicity than ceftriaxone.
Therefore, to ensure water safety it is necessary to prolong the
degradation time to achieve high mineralization.

4. Conclusion

A novel carbon quantum dots (CQDs) modified C-doped a-Bi2O3
photocatalyst (CBO/CQDs) was obtained by solvothermal reduction
of doped carbon. Material characterizations revealed that CBO/
CQDs has rod-like structure with slit-like pores, which are evenly
loaded with CQDs. This material showed prominent photocatalytic
activity for ceftriaxone sodium degradation. The k value of CBO/
CQDs was 11.4 or 3.2 times that of pure a-Bi2O3 and CBO-3. This
enhanced photocatalytic activity mainly derives from the com-
pound effects of carbon doping, CQDs deposition, and reduced
particle size: (i) The interstitial carbon doping generates the
localized states above the VB, which enhances the utilization of
visible light and facilitates the photogenerated electrons and holes
separation. (ii) The surface decorated CQDs improves the charge
carrier separation and extends the visible light response. (iii) The
reduced particle size of CBO/CQDs accelerates migration of



Fig. 8. a, Chemical structure of ceftriaxone sodium. b, ESP mapping of ceftriaxone sodium. c, The possible photodegradation pathways of ceftriaxone sodium in the CBO/CQDs
photocatalysis system.

Fig. 9. Acute toxicity (a), developmental toxicity (b), bioaccumulation factor (c), and
mutagenicity (d) of ceftriaxone and degradation intermediates.
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photogenerated carriers. The free radical quenching experiments
showed that the photogenerated �O2

� was the most crucial reactive
species on ceftriaxone sodium degradation. The reusing experi-
ments proved that CBO/CQDs held good photostability. The 3D
EEMs and TOC analyses revealed that longer reaction time or higher
photocatalyst dosage are required to achieve sufficient minerali-
zation. Moreover, the photocatalytic degradation pathways of cef-
triaxone sodium were proposed by intermediates analysis and DFT
calculation. According to the QSAR analysis, some degradation in-
termediates possessed high toxicity, which required sufficient
mineralization to ensure safe discharge.
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