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a b s t r a c t

In this study, three-dimensional microspherical CQDs/Bi2MoO6 heterostructures were synthesized using a

simple alcohol-thermal method. It was found that the CQDs/Bi2MoO6 had a large specific surface area of

56.0 m2/g, and the introduction of CQDs extended the light absorption spectrum from 480nm to 496nm.

When utilizing the synthesized CQDs/Bi2MoO6 composite for photocatalytic degradation of antibiotic nor-

floxacin in a water environment, complete decay of norfloxacin and effective removal of total organic car-

bon (TOC) were achieved within 30 min. Through the optimization of material synthesis and experimen-

tal conditions, the optimal CQDs loading amount was determined as 200 μL, the optimal CQDs/Bi2MoO6

dosage was 0.8 g/L. Moreover, the CQDs/Bi2MoO6 worked well under a wide pH range of 4.4–10.8. The co-

existence of HCO3
− enhanced the norfloxacin decay, while the presence of Cl−, NO3

−, and SO4
2− slightly

retarded it. The synthesized CQDs/Bi2MoO6 had the great potential in removing and mineralizing nor-

floxacin in real aquatic environments.

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

Medica, Chinese Academy of Medical Sciences.

Recently, antibiotic contamination has attracted a lot of atten-

tion [1]. As one of them, norfloxacin is widely used worldwide

as a therapeutic drug and growth promoter due to its excellent

properties of low price and stable efficacy, but its massive uti-

lization brings a lot of environmental problems [2]. Moreover, the

inefficient operation of conventional wastewater treatment plants

in eliminating norfloxacin results in the discharge of norfloxacin

into various water sources and causes water pollution [1]. Relevant

investigations showed that 960ng/L and 862ng/L of norfloxacin

were detected in a sewage treatment plant in Finland and Bei-

jing (China), respectively, 2366ng/L of norfloxacin was detected in

sewage in Spain, 2200ng/L in surface water in Kenya, 1070ng/L

in sewage in Hong Kong, China, and 989ng/L in rivers in Shang-

hai, China [1,3]. The input of norfloxacin in the aquatic environ-

ment has a negative impact on aquatic organisms, resulting in high

ecological and health risks [4]. In an attempt to address concerns

about norfloxacin contamination, various technologies have been

developed, including adsorption, biodegradation, and photocataly-

sis [5–7]. Among them, photocatalysis is of great interest owing to
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inexpensive and stable and is now widely used in water treatment

research [8]. The key to the photocatalytic removal of norfloxacin

in water is the development of suitable photocatalysts that can ab-

sorb natural light to achieve efficient mineralization of norfloxacin

in complex environments.

Many recent studies have been devoted to the development

of novel antibiotic-degrading materials, but they all have suffered

from some limitations, such as the OCN-MnFe2O4 photocatalyst

synthesized by Zeng et al. [9] which could only achieve 42.7%

ciprofloxacin degradation efficiency at 1h; MIL-88A(Fe)/cotton

fibers (MC) photocatalyst synthesized by Wang et al. [10] which

could only achieve about 30% tetracycline degradation efficiency

at 8min and which must be accompanied by the addition of the

oxidant peroxynitrite to achieve a better degradation efficiency;

The Co3O4 NPs@N-PC catalyst synthesized by Mohtasham et al.

[11] also required the addition of oxidant peroxymonosulfate to

achieve better degradation efficiency for sulfamethoxazole; The g-

C3N4/Ni0.5Zn0.5Fe2O4 catalyst prepared by Dhiman et al. [12] was

only able to achieve a better antibiotic removal efficiency when

the reaction was up to 60min long. In view of this situation, the

most basic Aurivillius oxide, Bi2MoO6 displays promising photocat-

alytic performance towards the breakdown over organic contam-

inants [13]. Nevertheless, the photocatalytic performance of pure
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Bi2MoO6 is restricted due to its underutilization of visible light

(Bi2MoO6 band gap of 2.60–2.90 eV) and the fast recombination of

photogenerated electrons and holes [13]. Several publications have

reported that the Bi2MoO6-based photocatalysts, including those

combined with different semiconductors to fabricate composites,

such as Bi2MoO6/MoO3 [14], Bi2MoO6/WO3 [15], and Bi2MoO6/ZnO

[16], showed superior photocatalyst performance because of its fast

electron-hole separation. But they still suffered from the limitation

of the insufficient visible light response.

Carbon quantum dots (CQDs) has attracted a great deal of in-

terest due to their high visible light absorption intensity, photo-

stability, biocompatibility, and low cytotoxicity [17]. Recently, the

composites by coupling CQDs with Bi2MoO6 have been proposed

as a promising approach to enhance electron-hole separation [18].

For example, Di et al. [19] prepared CQDs/Bi2MoO6 composites and

found that it had 5 times higher photocatalytic activity of pure

Bi2MoO6. The degradation efficiency on ciprofloxacin reached 88%

within 120min. In the CQDs/Bi2MoO6 synthesized by Sun et al.

[20], although the introduction of CQDs increased the light ab-

sorption intensity, it showed ignorable effect on the extending of

absorption edge because all the CQDs/Bi2MoO6 samples showed

the same absorption edge of 479nm. Therefore, while modifying

Bi2MoO6 with CQDs to improve photoelectron-hole charge separa-

tion, it is also necessary to further improve the visible light ab-

sorption performance. Furthermore, the size of the catalyst surface

area largely determines the adsorption and conversion efficiency

of pollutants by catalysts [19]. However, the reported synthesized

CQDs/Bi2MoO6 catalyst have relatively small specific surface ar-

eas. Considering the relatively low specific surface area and nar-

row light absorption edge in previous reports, it is expected that

the photocatalytic performance of CQDs/Bi2MoO6 could be further

improved by enhancing these two properties. Therefore, this study

focused on exploring feasible preparation methods to synthesize

CQDs/Bi2MoO6 with a wider range of light absorption and larger

specific surface area.

In this study, an alcohol-thermal method was adopted to

synthesize three-dimensional microspherical CQDs/Bi2MoO6 het-

erostructures. The chemical composition, microscopic morphology,

pore structure, chemical valence, and optical properties of the

synthesized CQDs/Bi2MoO6 were investigated. The photocatalytic

degradation and mineralization performance on antibiotic nor-

floxacin were examined, from which the optimal loading amount

of CQDs was determined. The photocatalytic mechanism was pro-

posed accordingly. Moreover, in order to evaluate the application

potential of the synthesized CQDs/Bi2MoO6 in real aquatic envi-

ronment, optimization experiments including norfloxacin concen-

tration, catalyst dosage, pH, and coexisting anion, were further in-

vestigated.

The three-dimensional microspherical CQDs/Bi2MoO6 het-

erostructures were synthesized using a simple alcohol-thermal

method. CQDs/Bi2MoO6 with different CQDs loading amount were

synthesized, in which CQDs were mainly added by taking the su-

pernatant obtained from the hydrothermal method as a stock solu-

tion, and the CQDs loading was adjusted by controlling the volume

of added CQDs stock solution, and the samples synthesized with

the addition of 0, 100, 200, and 300 μL of the CQDs stock solution

were named Bi2MoO6, 100-CQDs/Bi2MoO6, 200-CQDs/Bi2MoO6,

and 300-CQDs/Bi2MoO6, respectively. Detailed materials, synthe-

sis, characterization and photocatalytic activity measurement was

shown in Supporting information. With X-ray diffraction (XRD),

the phase structures of Bi2MoO6 and CQDs/Bi2MoO6 compos-

ites were measured. Fig. 1a demonstrated that the pure Bi2MoO6

showed obvious and sharp characteristic peaks at 2θ of 28.2°,
32.5°, 46.7°, 55.4°, and 58.5°, which coincided with the orthogo-

nal phase Bi2MoO6 (JCPDS No. 21–0102) planes (131), (200), (202),

(331), and (262). No other peak was observed in the Bi2MoO6

sample, suggesting no impurity in the synthesized Bi2MoO6. In

the CQDs/Bi2MoO6 composites, all peaks of Bi2MoO6 were deter-

mined and showed a shift to a lower angle, which was prob-

ably due to the existence of strong interfacial interactions be-

tween the CQDs and Bi2MoO6 resulting in a slight distortion of the

Bi2MoO6 lattice [21]. In addition, with the introduction of CQDs,

the peaks of Bi2MoO6 showed slight weakening and broadening,

indicating that its crystallinity deteriorated. Notably, no character-

istic peak of CQDs was identified, which might be attributed to the

CQDs/Bi2MoO6 composites’ low concentration and high dispersion

of CQDs [22]. The same observations were obtained from other

similar systems [20].

Fig. 1b showed the Fourier transform infrared (FT-IR) spectra

of different samples, from which it is clear that the absorption

peaks of the Bi2MoO6 sample appeared at 1620, 840, 729, 557,

and 441 cm−1. Among the five absorption peaks, the adsorbed

water molecule’s H-O bending vibration was at 1620 cm−1. The

Mo-O bond stretching vibration induced a peak of 840 cm−1 [8],

there was an asymmetric stretching pattern of the equatorial oxy-

gen atoms in the MoO6
6− layer resulting in a peak at 729 cm−1

[23], on 557 cm−1 the absorption peak was originated from the

MoO6
6− based bending vibration [24], while the 441 cm−1 absorp-

tion peak was responsible for stretching vibrations of Bi-O bonds

in Bi2MoO6. In all CQDs/Bi2MoO6 composites, the five absorption

peaks of Bi2MoO6 were clearly observed, as well as a new absorp-

tion peak at 1390 cm−1 appeared. A 1390 cm−1 peak was found

to correlate with the C-O-C tension vibration, indicating that CQDs

was present in all CQDs/Bi2MoO6 composites [25].

The high-resolution X-ray photoelectron spectroscopy (XPS)

spectra for Bi2MoO6 as well as 200-CQDs/Bi2MoO6 were evident

that both of them contained binding energy peaks for four ele-

ments: O, Mo, Bi and C (Fig. S2 in Supporting information), where

C in Bi2MoO6 was mainly derived from contaminated carbon in

the environment and instruments [26]. In Fig. 1c, the 232.4 eV and

235.5 eV signature peaks correspond to Mo 3d5/2 and Mo 3d3/2,

indicating that Mo6+ was present in Bi2MoO6. The 159.2 eV and

164.5 eV characteristic peaks of Fig. 1d were induced by Bi 4f7/2
and Bi 4f5/2, demonstrating the existence of Bi as Bi3+ [13]. In

Fig. 1e, the distinctive peaks at 530.0 eV, 530.6 eV, and 531.4 eV,

respectively, were the Bi-O, Mo-O, and C=O bonds [27,28]. The

separation of the C 1s peaks in Fig. 1f occurred at energies corre-

sponding to the C-C sp2-hybridized carbon, the C-O-C bond, and

the C=O bond of CQDs, respectively, at 284.8 eV, 286.2 eV, and

288.4 eV [29], proving that the composite catalyst was effectively

infused with CQDs, which was consistent with the FTIR analysis. It

was observed that after the decorating with CQDs, the character-

istic peak of Mo 3d5/2 shifted from 232.4 eV to 232.3 eV, whereas

the Mo 3d3/2 shifted from 235.5 eV to 235.4 eV. Simultaneously, the

characteristic peak of Mo-O bonds in O 1s shifted from 530.6 eV to

530.9 eV. Obviously, these shifts were attributed to the presence of

CQDs, suggesting the formation of Mo-O-C bonds [26,30].

The scanning electron microscopy (SEM) image of obtained

sample suggested that Bi2MoO6 was a three-dimensional micro-

sphere composed of nanorods (Fig. 2a). With its rough surface,

there should be plenty of active sites on the catalyst surface ac-

cording to the Bi2MoO6’s huge specific surface area [23]. The pre-

pared CQD’s image was shown using high-resolution transmis-

sion electron microscopy (HRTEM) in Fig. 2b. The 0.33nm lattice

stripe corresponded with (002) crystal plane on CQDs [19], sug-

gesting that the hydrothermal approach had been successfully used

to create CQDs. Moreover, as shown, the CQDs were made up of

uniformly small particles with a diameter of around 6nm. Fig.

2c displayed the TEM picture of the 200-CQDs/Bi2MoO6 compos-

ite, which can be clearly seen as a rod-like structure. From 200-

CQDs/Bi2MoO6 HRTEM images shown as Fig. 2d, 0.23 and 0.28nm

lattice spacing respectively matched the (100) crystal plane of
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Fig. 1. Phase structure and chemical composition of the as-prepared catalysts. (a) The XRD patterns. (b) The FTIR spectra. (c) Mo 3d spectra. (d) Bi 4f spectra. (e) O 1s

spectra. (f) C 1s spectra.

Fig. 2. Morphology, pore structure, optical absorption and electrochemical properties of the as-prepared catalysts. (a) SEM images of Bi2MoO6. (b) HRTEM images of CQDs.

(c) TEM image of the 200-CQDs/Bi2MoO6. (d) HRTEM images of 200-CQDs/Bi2MoO6. (e, f) Nitrogen adsorption isotherm of the Bi2MoO6 and 200-CQDs/Bi2MoO6. (g) The

UV–vis absorption spectra of the Bi2MoO6 and CQDs/Bi2MoO6. (h) The plots of (αhν)2 versus energy (hν) of the Bi2MoO6 and CQDs/Bi2MoO6. (i) The transient photocurrent

response of Bi2MoO6 and 200-CQDs/Bi2MoO6.

CQDs [31] and that of Bi2MoO6 (200) crystal plane. The obvious

interface between the lattice of CQDs and Bi2MoO6 demonstrated

that the synthesized CQDs/Bi2MoO6 is a heterojunction structure,

where the heterojunction structure was reported to be able to fa-

cilitate electron-hole pairs separation and lengthen photogenerated

electron and hole lifetimes [19].

Figs. 2e and f illustrated the information about the pore

size and nitrogen (N2) adsorption isotherms on the pre-

pared Bi2MoO6 and 200-CQDs/Bi2MoO6. The nitrogen adsorption-

desorption isotherms of both Bi2MoO6 and 200-CQDs/Bi2MoO6

corresponded to type IV of the BDDT (Brunauer-Deming-Deming-

Teller) classification, which suggested that Bi2MoO6 and 200-

CQDs/Bi2MoO6 were mesoporous materials [32]. The specific sur-

face area (SSA) of the catalysts was mainly calculated based on the

Table 1

The specific surface area of the Bi2MoO6 and CQDs/Bi2MoO6 composites.

Catalysts Bi2MoO6 100-CQDs/

Bi2MoO6

200-CQDs/

Bi2MoO6

300-CQDs/

Bi2MoO6

SSA (m2/g) 54.4 54.9 56.0 57.6

Brunauer-Emmett-Teller (BET) test method and the results were

displayed in Table 1. The SSA of Bi2MoO6, 100-CQDs/Bi2MoO6,

200-CQDs/Bi2MoO6, and 300-CQDs/Bi2MoO6 were 54.4, 54.9, 56.0

and 57.6 m2/g respectively, which are at a relatively high level

compared to the existing reports (Table S1 in Supporting in-

formation). From this, the introduction of CQDs could slightly

increase the specific surface area of the catalyst, which could facil-
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Fig. 3. (a) Degradation of norfloxacin on Bi2MoO6 and CQDs/Bi2MoO6. (b) The photocatalytic degradation and TOC removal curves of norfloxacin on 200-CQDs/Bi2MoO6

catalyst. (c) The possible photocatalytic mechanism for norfloxacin degradation over CQDs/Bi2MoO6 catalyst ([norfloxacin]=20mg/L, [catalysts]=0.8 g/L, pH 7).

itate the contact between the contaminants and the catalyst [18].

However, the different loading amount of CQDs showed similar ef-

fects on the specific surface area. This observation is the agree-

ment with the previous literature, where in Di’s study [19], the SSA

of the CQDs/Bi2MoO6 composite slightly increased from 6.08 m2/g

to 8.68 m2/g after loading CQDs. In Sun’s study [20], with the in-

crement in loading of CQDs reagent to 0.1 g from 0.05 g, the SSA

rose to 16.83 m2/g from 16.27 m2/g. It is worth noting that our

prepared CQDs/Bi2MoO6 composite showed a much bigger SSA,

which ascribed to our preparation method is beneficial to produce

CQDs/Bi2MoO6 with high specific surface area. The larger the SSA,

the more active sites available in the photocatalytic process and

better the degradation performance [22].

The UV–vis diffuse reflectance spectra (DRS) from Bi2MoO6 and

CQDs/Bi2MoO6 composites were displayed in Fig. 2g. It can be seen

that each sample exhibited absorption edges at 480–496nm, indi-

cating that an excellent visible light absorption ability of the syn-

thesized catalysts. Compared with pure Bi2MoO6, as mentioned

in the introduction the loading of CQDs could significantly en-

hance the visible light absorption intensity of CQDs/Bi2MoO6, in

addition, our synthesized CQDs/Bi2MoO6 also exhibited broadened

absorption edges, among which 200-CQDs/Bi2MoO6 exhibited the

largest absorption edge (broadening the absorption edge of the

pure Bi2MoO6 from 480nm to 496nm) and the strongest visible

light absorption intensity. Fig. 2h displayed for the prepared sam-

ple the band gap. It was evident that Bi2MoO6 had a band gap of

2.78 eV. Band gaps of CQDs/Bi2MoO6 composites were tuned with

the CQDs content, among which 200-CQDs/Bi2MoO6 owned the

lowest band gap of 2.71 eV. From above, it is evident that adding

CQDs to Bi2MoO6 considerably increased the catalyst’s visible light

usage, in which 200-CQDs/Bi2MoO6 showed the optimal visible

light absorption performance [24]. This broader absorption edge

and lower band gap may be attributed to the role of CQDs, it func-

tioned by enhancing the intensity of visible light absorption [22],

which would absorb more visible light thus causing CQDs/Bi2MoO6

to exhibit enhanced visible light absorption. Besides, the upcon-

version feature of CQDs may be responsible for the absorption

edge’s expansion [33], where the CQDs could emit light at shorter

wavelengths of 300–530nm when they were excited with light at

700–1000nm [34]. So as the loading amount of CQDs increased

from 0 μL to 200 μL, the bandgap of CQDs/Bi2MoO6 gradually low-

ered. While continuing to increase the loading of CQDs to 300 μL,

the bandgap of 300-CQDs/Bi2MoO6 became higher instead, which

might be due to the overloading of 300 μL CQDs resulting in the

accumulation of CQDs on the surface of Bi2MoO6, it would hin-

der light absorption of Bi2MoO6 and produced an internal filtering

effect on light [35], which resulted in the poorer light absorption

performance.

The transient photocurrent response curves of Bi2MoO6 and

CQDs/Bi2MoO6 were tested to study charge separation (Fig. 2i). The

CQDs/Bi2MoO6 composite showed a larger photocurrent intensity

than the pure Bi2MoO6, indicating its better electron-hole separa-

tion efficiency and longer electron lifetime. The increase in pho-

tocurrent intensity may be related to CQDs’ ability to transport

electrons, which served as an electron collector, capturing elec-

trons spawned from the Bi2MoO6 semiconductor to prolong the

carrier lifetime [36]. And the photocurrent intensity increased with

the increase of CQDs loading amount from 100 μL to 200 μL, fur-

ther increasing the CQDs loading amount to 300 μL, the photocur-

rent intensity decreased instead.

The degradation of norfloxacin by Bi2MoO6 and CQDs/Bi2MoO6

composites was tested under visible light in Fig. 3a. It showed

that the photodegradation rate of 200-CQDs/Bi2MoO6 reached 99%

within 30min, which were notably greater than Bi2MoO6, 100-

CQDs/Bi2MoO6, and 300-CQDs/Bi2MoO6. As shown in Table S2

(Supporting information), the CQDs/Bi2MoO6 photocatalyst synthe-

sized in this study exhibited obviously superior performance com-

pared to the reported photocatalysts for the degradation of nor-

floxacin by visible light irradiation. The inset in Fig. 3a showed the

results of the fitting using the quasi-first order kinetic model, in

which k (where the absolute value of the slope of the line repre-

sented the k value) presented at first an increasing tendency fol-

lowed by a decreasing tendency with an increase in CQDs amount,

where the 200-CQDs/Bi2MoO6 composite exhibited a maximum re-

action rate constant as 0.2066 min−1. Combined with the pho-

tocurrent test results, it is speculated that it may be due to the

addition of CQDs, where the CQDs acted as the electron trap-

ping agent and the construction of the CQDs/Bi2MoO6 heterojunc-

tion benefited the transferring of electrons from Bi2MoO6 to CQDs,

which improved the efficiency of photogenerated electron-hole

separation to prolong electron as well as hole longevity in order

to degrade pollutants [29]. Meanwhile, combined with the DRS re-

sults, it could be known that the presence of CQDs broadened the

spectral response range of the catalyst. Moreover, the upconver-

sion luminescence property of CQDs resulted in its ability to emit

shorter wavelengths of light in stimulation of the photocatalyst af-

ter absorbing near-infrared light [34], thereby enhancing the pho-

tocatalytic behavior. The performance was considerably impacted

by the CQDs loading amount, namely, CQDs/Bi2MoO6 composites

demonstrated an increment in photocatalytic activity in response

to the growth of CQDs loading, where 200-CQDs/Bi2MoO6 reached

the best performance. This is mainly because 200-CQDs/Bi2MoO6

exhibited the largest absorption edge (broadening the absorption

edge of the pure Bi2MoO6 from 480nm to 496nm), the strongest

visible light absorption intensity and the best electron-hole sepa-

ration efficiency.

For further evaluation of mineralization ability of the 200-

CQDs/Bi2MoO6 photocatalyst, the change of TOC was monitored

during the norfloxacin degradation. The TOC removal rate was ap-

proximately 20% in 30 min, as illustrated in Fig. 3b. This result in-

dicated that the CQDs/Bi2MoO6 photocatalyst can effectively min-

eralize norfloxacin to CO2 when exposed to visible light [6]. It mer-

its our attention that the norfloxacin decay was fast in the first

15min when the TOC removal was almost inert. This observation

should be ascribed to the photocatalytic reaction in the earlier

stage mainly degraded the norfloxacin to small organic molecules
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rather than CO2. Prolonging the reaction time to 30min, the nor-

floxacin decay leveled off since the norfloxacin almost completely

degraded while the TOC removal was accelerated, which might

be because the small organic molecules started to convert into

CO2 right after the destruction of the target norfloxacin molecules.

Therefore, it can be deduced that if the experimental time is ex-

tended, the TOC can still maintain a certain rate of removal [37].

In light of aforementioned findings, Fig. 3c presented mecha-

nisms for norfloxacin’s degradation under this system. When the

CQDs/Bi2MoO6 photocatalyst was illuminated by light, the catalyst

generated hole-electron (h+ and e−) pairs under the stimulation

of light, and then the excited electrons skipped to the conduction

band (CB) from the valence band (VB) to generate holes (h+
VB

) and

electrons (e−
CB
). The CQDs acting as electron carriers could trap the

photogenerated e−, thus effectively preventing the combination of

h+ and e−. As known in the reported literature, the EVB of Bi2MoO6

was +2.34 eV [38], which was more positive than that of H2O/HO
•

(+2.27 eV vs. NHE) [39], so the h+ produced in Bi2MoO6 could ox-

idize H2O to HO•, and the ECB of Bi2MoO6 was −0.34 eV, which

was more negative than that of O2/O2
•− (−0.28 eV vs. NHE), so the

e+ generated in Bi2MoO6 could reduce O2 to O2
•− [18,40,41]. In

the CQDs/Bi2MoO6 system, the norfloxacin can be degraded by the

h+
vb
, HO• and O2

•−. The detailed reaction mechanism is shown in

Eqs. (1)-(4).

CQDs/Bi2MoO6 + hν → h+
VB + e−

CB (1)

e−
CB + O2 → O

•−
2 (2)

h+
VB + H2O → HO• + H+ (3)

(
O•−

2 , HO•, h
+
VB

)
+ norfloxacin → products (4)

The impact of operating factors, such as the catalyst dose, nor-

floxacin’s starting concentration, as well as pH level, on the degra-

dation of norfloxacin was depicted in Fig. S3 (Supporting informa-

tion). Figs. S3a and b displayed the effect of different dosages of

catalyst on the degradation of norfloxacin. In Fig. S3a, the degra-

dation of norfloxacin by light alone was also investigated, i.e., at

the catalyst dosage of 0 g/L, it was clear from the figure that there

was almost no degradation of norfloxacin by light alone. And there

was a continuous rise in k up to 0.2066 min−1 from 0.0749 min−1

if the dosage of CQD/Bi2MoO6 was raised to 0.8 g/L from 0.3 g/L

and then a decrease as the dosage of CQD/Bi2MoO6 increased un-

ceasingly. The creation of a significant amount of photo-generated

h+ and e− from the higher catalyst dosage contributed to the rise

in k, which in turn generated abundant radicals to degrade nor-

floxacin [13]. Nevertheless, once CQDs/Bi2MoO6 was dosed at con-

centrations exceeding 0.8 g/L, the catalyst should gradually weaken

the light transmission of the solution and produce a physical mask-

ing effect [42], causing the catalyst to absorb less light and gener-

ate fewer radicals. Furthermore, if the catalyst overdosed, the ex-

cess radicals would self-react with deactivation, as described in Eq.

5 [43]. Therefore, the best amount of catalyst to use was consid-

ered as 0.8 g/L in this study by considering the degradation rate of

norfloxacin.

HO•+HO• → H2O2 (5)

It was investigated how norfloxacin’s initial concentrations af-

fected the rate of degradation. Figs. S3c and d displayed that there

was a drop in norfloxacin degradation efficiency in response to an

increment in the norfloxacin concentration, i.e., there was a con-

tinuous decrease in k to 0.0934 min−1 from 0.3019 min−1 if nor-

floxacin initial concentration was raised to 25mg/L from 10mg/L.

It is presumed that the active site’s utilization of the catalyst

reached saturation at higher norfloxacin concentrations, and the

Fig. 4. Effect of coexisting ions on norfloxacin degradation.

same amount of catalyst cannot degrade more norfloxacin at a cer-

tain time; in other words, the greater initial norfloxacin concentra-

tion solution was deficient in reactive free radicals [13].

In addition, higher concentrations of norfloxacin absorbed more

photons, leaving relatively fewer photons available for the ac-

tive catalyst, and the shortage of photons on the catalyst sur-

face somewhat delayed the initial stage in the photocatalytic re-

action, namely the activation to catalyst by absorbing photons,

thus decreasing the degradation rate of norfloxacin [35]. Besides,

there were more intermediates generated in the degradation at

higher norfloxacin concentrations, which would compete with nor-

floxacin for the active radicals, rendering the degradation rate of

norfloxacin declined [44].

Photocatalytic degradation tests were performed in solutions

with different pH values for the purpose of understanding how the

pH affected the degradation of norfloxacin. Figs. S3e and f revealed

that norfloxacin degradation was inhibited in the strong acid (pH

2.2) and strong base (pH 12.0), and the degradation efficiency of

norfloxacin was only 11.48% and 70.22% after 30min of reaction,

respectively, with k values of 0.0064 min−1 and 0.0918 min−1.

This is mainly related to the interaction of the catalyst’s surface

charge with the contaminant. Bi2MoO6 is purported to have a zero

point charge of 6.1 [45,46], therefore, as pH < 6.1, there are pos-

itive charges on the catalyst surface, and as pH > 6.1, there are

negative charges. The carboxyl and piperazine groups, which have

pKa values of 6.2 and 8.5, respectively, are the norfloxacin’s two

proton-binding sites. When the pH is lower than 6.2, there are

positive charges of the norfloxacin molecule. With pH values rang-

ing from 6.2 to 8.5, the norfloxacin molecule is electrically neu-

tral and has both positive and negative charges; and when the pH

is greater than 8.5, the norfloxacin molecule is negatively charged

[47]. The catalyst’s surface was strongly positively and negatively

charged when pH 2.2 or 12.0, respectively, which strongly repulse

the same charged norfloxacin, weakening the binding affinity be-

tween the norfloxacin and CQDs/Bi2MoO6 composite and thus in-

hibiting the norfloxacin decay. In contrast, norfloxacin breakdown

was favored by an intermediate pH scope (pH 4.4 to 10.8), with

the pH adjusted from 4.4 to 10.8, the degradation efficiency all

exceeded 94% in 30min. In detail, the k increased with increas-

ing pH between pH 4.4 and 10.8, and the optimum pH level was

determined at pH 10.8 with the biggest k of 0.5278 min−1. That

is because a higher pH level provided more hydroxyl ions, which

resulted in more hydroxyl radicals during the photocatalytic pro-

cess and efficient norfloxacin decay. As a result, the photocatalyst

CQDs/Bi2MoO6 operated well at a wide pH range, which is a great

advantage in practice.

It was necessary by analyzing CQDs/Bi2MoO6 degradation prop-

erties within an interfering substance presence to simulate its ap-

plication potential in real water. Separate experiments on nor-

floxacin degradation in the presence of HCO3
−, Cl−, NO3

−, and

SO4
2− were conducted. Fig. 4 demonstrated that HCO3

− aided

norfloxacin decomposition, whereas other anions such as Cl−,
NO3

−, and SO4
2− inhibited norfloxacin degradation at a certain

degree.
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With the addition of HCO3
−, degradation performance en-

hanced as the k having gone up to 0.2974 min−1 from 0.2066

min−1. It is assumed that the CO3
•− could be generated by the re-

action between HCO3
− and HO• through Eq. 6. Despite the formed

CO3
•− being less active than HO• [48], CO3

•− is reported to be

a more selective active species than HO•, which can rapidly re-

act with the substances containing the aromatic aniline functional

group [49]. Considering the target norfloxacin is one of the sub-

stances containing aromatic aniline, therefore, it can be easily oxi-

dized and degraded in the presence of CO3
•− [7]. Moreover, it was

monitored that the addition of HCO3
− made the solution alkaline,

with a pH around 8.4. The effect of pH on the system from the

previous section indicates that the reaction is more suitable for

weakly alkaline conditions, which is also one of the reasons why

the presence of HCO3
− exhibited a facilitative effect on norfloxacin

photocatalytic degradation.

HO• + HCO−
3 → H2O + CO•

3 (6)

The addition of Cl−, NO3
−, and SO4

2− all inhibited norfloxacin

degradation to some extent. It is mainly because Cl−, NO3
−, and

SO4
2− can all act as scavengers of HO•, through the Eqs. 7-9, giv-

ing rise to less active species such as CIHO•−, NO3
•, and NO2

•

[13,48,50]. Because freshly created radicals had a lower oxidizing

capacity than consumed HO•, decomposition of norfloxacin had

been suppressed when Cl−, NO3
−, and SO4

2− existed.

Cl− + HO• → ClHO•− (7)

NO−
3 + HO• → OH− + NO•

3 (8)

NO•
3 + H2O + e− → 2OH− + NO•

2 (9)

In this study, three-dimensional microspheres of CQDs/Bi2MoO6

in heterojunction structure were synthesized by an alcohol-

thermal method. The 200-CQDs/Bi2MoO6 showed the best perfor-

mance among the catalysts with different CQDs amounts, which

showed a large specific surface area of 56.0 m2/g and the ex-

tending light-absorption edge from 480nm to 496nm. The inti-

mate contact between Bi2MoO6 and CQDs resulted in the forma-

tion of Mo-O-C bonds and the improved interfacial charge trans-

fer. The optimal degradation effect of 20mg/L norfloxacin was ob-

tained when the catalyst dosage=0.8 g/L and pH 4.4–10.8, i.e.,

99% norfloxacin degradation efficiency and 20% TOC removal were

achieved in 30min. Moreover, the coexistence of anions such as

HCO3
−, Cl−, NO3

−, and SO4
2− did not significantly impact the pho-

tocatalytic performance. In summary, the CQDs/Bi2MoO6 compos-

ite is an effective photocatalyst for the removal and mineralization

of norfloxacin in real aqueous environments.
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