
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:4

4:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Visible-light-driv
Key Laboratory of Preparation and Applica

(Jilin Normal University), Ministry of E

Republic of China. E-mail: guangboche@jln

511 8879 1108; Tel: +86 511 8879 0885

Cite this: RSC Adv., 2019, 9, 33238

Received 20th July 2019
Accepted 26th September 2019

DOI: 10.1039/c9ra05600a

rsc.li/rsc-advances

33238 | RSC Adv., 2019, 9, 33238–3324
en CQDs@MIL-125(Ti)
nanocomposite photocatalyst with enhanced
photocatalytic activity for the degradation of
tetracycline

Zhi Li, Guangbo Che, * Wei Jiang, Lihui Liu* and Hairui Wang

In the present study, a novel photocatalyst, CQDs@MIL-125(Ti) (CQDs ¼ carbon quantum dots), was

prepared via a solvothermal procedure. The photocatalytic properties were tested by the degradation of

tetracycline (TC) with a 250 W Xe lamp (l > 420 nm). Compared with pure MIL-125(Ti), the 10 wt%

CQDs@MIL-125(Ti) photocatalyst can significantly improve the degradation process of TC, and the

degradation efficiency can reach 90% within 4 h. The enhancement in the photocatalytic performance is

due to the CQDs, which can promote the absorption of visible light and also efficiently accelerate the

separation of photogenerated electron–hole pairs. We have also demonstrated that superoxide radicals

($O2
�) and holes (h+) play crucial roles in the photocatalytic degradation of TC through capture

experiments. The current work provides a new idea for constructing high-efficiency photocatalysts

based on MIL-125(Ti).
1. Introduction

Antibiotics are medicines that can inhibit and kill bacteria, and
have promoted the rapid development of animal husbandry and
improved economic benets.1,2 However, the misuse of antibi-
otics or long-term consumption of food containing antibiotics
may lead to bacterial resistance, which is serious to human
health, and antibiotic residues can also damage the
ecosystem.3–5 In order to effectively remove antibiotics from
water, many physical and chemical techniques have been
developed, including coagulation, adsorption and photo-
catalysis, etc.6–9 Adsorption and coagulation techniques can only
simply concentrate or separate organic pollutants.10 As a green
chemical process, photocatalytic technology can produce strong
oxidizing radicals under light conditions, completely degrading
organic pollutants into CO2, H2O and inorganic salts, without
any secondary pollution.11–13

Metal–organic frameworks (MOFs) as emerging inorganic–
organic hybrid materials have been extensively applied in
adsorption,14–16 catalysis,17,18 optoelectronic devices,19,20 gas
storage and other elds, due to the feasible adjustment of their
pore size and shape and large internal surface area. MIL-125(Ti)
as a kind of polyporous crystalline titanium dicarboxylate with
a large surface area and accessible pore size,21 becomes
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enriched with the trace amounts of pollutants in water and then
degrades them under the illumination of light. However, MIL-
125(Ti) exhibits low absorption efficiency in visible light,
quick reorganization of photogenerated electron–hole pairs,
and disappointing photocatalytic ability, which connes its
application to photocatalysis.22 For the purpose of enhancing
the photocatalytic performance of MIL-125(Ti), various MIL-
125(Ti) composite photocatalysts have been prepared, such as
BiVO4/MIL-125(Ti),23 CdS/MIL-125(Ti),24 MIL-125(Ti)/Ag/g-
C3N4,25 In2S3@MIL-125(Ti),26 Ag/rGO/MIL-125(Ti),22 Ag@MIL-
125(Ti)27 and so on. However, there is still a need to discover
more appropriate semiconductor materials for the preparation
of MIL-125(Ti) heterojunctions.

Carbon quantum dots (CQDs) are spherical carbon nano-
materials, which have a wide absorption band, narrow emission
band and high quantum yield28 and have received extensive
attention in uorescence sensors,29 biosensing,30 chemical
imaging,31 drug applications,32 photocatalysis33 and electro-
catalysis.34 CQDs have already become a potential competitor to
traditional semiconductor quantum dots.35–39 In recent years,
nanocomposites of CQDs such as Fe2O3/CQDs,40 ZnS/CQDs,41

CQDs/g-C3N4,42 CQDs/Bi2WO6 (ref. 43) have shown superior
advantages in photocatalytic applications. Thus, the introduc-
tion of carbon quantum dots into MOFs not only increases the
absorption of visible light but also adds new active sites to the
MOF materials.23

Herein, CQDs@MIL-125(Ti) photocatalysts were synthesized
using a facile one-pot solvothermal procedure by varying the
mass percentage of CQD. The prepared materials were
This journal is © The Royal Society of Chemistry 2019
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characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-
ray photoelectron spectroscopy (XPS), Fourier-transform
infrared (FT-IR) spectroscopy, Raman spectroscopy and
nitrogen adsorption–desorption measurements. The antibiotic
tetracycline (TC) was select as a target pollutant or use in pho-
tocatalytic experiments. Among these samples, the 10 wt%
CQDs@MIL-125(Ti) photocatalyst exhibits excellent photo-
catalytic activity under visible light irradiation. Moreover,
photocurrent and electrochemical impedance spectroscopy
(EIS) analyses were used to evaluate the separation and migra-
tion of charge carriers. Furthermore, the active species were
veried by trapping experiments.
2. Experimental
2.1 Materials

D-(+)-Glucose was obtained from Shanghai Aladdin Industrial
Co., China. Concentrated HCl (36–38 wt%) was obtained from
Liaoning Quan Rui Reagent Co., Ltd. Tetrabutyl titanate (TBT;
C16H36O4Ti) was obtained from Sinopharm Chemical Reagent
Co., Ltd. Tetracycline (TC), N,N0-dimethylformamide (DMF;
(CH3)2NCHO), 1,4-benzenedicarboxylic acid (H2BDC, C8H6O4)
and EDTA-2Na (C10H14N2Na2O8$2H2O) were purchased from
Shanghai Macklin Biochemical Co., Ltd. Methanol (CH3OH)
was obtained from Tianjin Xintong Fine Chemical Co., Ltd.
NaOH was obtained from Beijing Chemical Works. L-Ascorbic
acid (L-AA) was purchased from Shanghai Saan Chemical
Technology Co., Ltd. Isopropyl alcohol (IPA) was obtained from
Shanghai TCI Chemical Industry Development Co., Ltd. All of
the raw materials were of analytical grade and used without
further purication.
2.2 Preparation of the CQDs and CQDs@MIL-125(Ti)

CQDs were synthesized based on an ultrasonic method by Li
et al.44 A 50 mL aqueous solution of glucose (1 mol L�1) was
prepared, and to this, HCl (50 mL, 36–38 wt%) was added. Then,
the solution mixture was ultrasonicated for 4 h. The CQDs were
obtained from the glucose/HCl solution and dried at 80 �C for
12 h.

CQDs@MIL-125(Ti) was synthesized on the basis of a sol-
vothermal method developed by Horiuchi et al.45 Briey, (1)
BDC (2.2 g) wasmixed with DMF (36mL) andmethanol (4.0 mL)
via ultrasonication for 30 min; (2) the as-prepared CQDs (0.16 g)
was added to the above solution and ultrasonicated for 10 min;
and (3) TBT (2.4 mL) was added and ultrasonicated for a further
10 min. The mixture was transferred to a Teon-lined stainless-
steel autoclave at 150 �C for 48 h. Aer the reaction, the resul-
tant precipitate was separated via centrifugation at 8000
rpm min�1 for 8 min, and then washed 3 times with methanol.
Finally, the obtained sample was dried at 180 �C for 2 h to
obtain the 10 wt% CQDs@MIL-125(Ti), referred to as CT-10. X-
CQDs@MIL-125(Ti) systems were prepared by varying the CQD
mass percentage to 5.0% (CT-5), 15.0% (CT-15) and 20.0% (CT-
20). MIL-125(Ti) was prepared without CQDs to use as
a comparison under the same conditions.
This journal is © The Royal Society of Chemistry 2019
2.3 Characterization

The crystal structure and crystallinity were analyzed by X-ray
diffraction (XRD) using a Rigaku (Japan) D/max 2500 X-ray diffrac-
tometer (Cu Ka radiation, l ¼ 0.15418 nm) in the range of 5–50�

(2q). Field emission scanning electron microscopy (FESEM, JSM-
7800F) and eld emission transmission electron microscopy
(FETEM, Tecnai G2 F20 S-TWIN, FEI) were used to characterize the
morphologies and microstructures. The X-ray photoelectron spec-
troscopy (XPS) measurements were executed on an ESCALAB250XI
electron spectrometer (VG Scientic, America) using 300 W Al Ka
radiation. The infrared (IR) spectra were recorded from KBr pellets
on a PerkinElmer FT-IR spectrometer in the 4000–400 cm�1 region.
The Raman spectra were recorded on an inVia Raman spectrometer.
The nitrogen adsorption Brunauer–Emmett–Teller (BET) analyses
(BET/BJH surface area, 3H-2000PS1) were performed to obtain the
specic surface areas. The pore size distribution tests were tested on
a Micromeritics ASAP 2460. The UV-vis diffuse reectance spectra
(DRS) were collected usingUV-vis spectrophotometer (UV-2550) with
BaSO4 as the background. Photocurrents were recorded using
a CHI660C electrochemical workstation and electrochemical
impedance spectroscopy (EIS) was conducted using a CHI760E
electrochemical workstation.

2.4 Photocatalytic experiments

The photocatalytic activities of MIL-125(Ti) and CQDs@MIL-
125(Ti) were assessed through the degradation of TC under
visible light irradiation. In a typical photocatalytic test, 20 mg of
the photocatalysts were dispersed in 100 mL of a 20 mg L�1 TC
solution using a 250 W xenon lamp as the visible light source
with lter glasses (l > 420 nm). Before illumination, the mixture
was stirred in the dark for 1 h to achieve adsorption–desorption
equilibrium. At the same light intervals, 5 mL of the suspension
was taken and centrifuged; the supernatant was taken for
analysis. The supernatant was analyzed from the maximum
absorption at 357 nm by a UV-2550 spectrometer.

Furthermore, the CQDs@MIL-125(Ti) composites were
reused under visible light for cycling experiments to test their
stability. This process is consistent with the photocatalytic
process mentioned above. Aer each cycle, the photocatalyst
was collected by centrifugation at 8000 rpm min�1 for 8 min
and washed 3 times with distilled water and ethanol to remove
any residual TC. The recycled photocatalyst was dried out at
80 �C prior to use in the following tests.

2.5 Active species trapping experiments

For the purpose of investigating the active species produced in
the photocatalytic process, IPA, L-AA and EDTA-2Na were used
to quench $OH, $O2

� and h+, respectively. The active species
trapping experiments were in line with the photocatalytic
experiments, using 1 mmol of scavenging agent.

3. Results and discussion
3.1 X-ray diffraction analyses

The crystalline nature and compositions of the as-prepared
CQDs, MIL-125(Ti) and CQDs@MIL-125(Ti) composite
RSC Adv., 2019, 9, 33238–33245 | 33239
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Fig. 2 (a) SEM image of MIL-125(Ti). (b) TEM images of CT-10 and the
(c) CQDs. (d) HRTEM image of CT-10.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:4

4:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
materials were characterized by XRD (Fig. 1). The typical peak at
around 20� (2q) in the powder pattern of the CQDs can be
attributed to the (002) crystal plane of the carbon material,
which proves the successful synthesis of the CQDs. The
diffraction peaks of MIL-125(Ti) can be well matched to those
previous reported.21,46 There is no any diffraction peak of the
CQDs to be detected for the as-synthesized CQDs@MIL-125(Ti)
photocatalysts, which may be on account of the low concen-
tration or small crystal size of the CQDs. Similar results can also
be observed in the CQDs/BiVO4 system, according to previous
reports.47

3.2 Microstructure analyses

The morphologies and microstructures of the various catalysts
were detected by SEM, TEM and HRTEM. As shown in Fig. 2a, the
plate-like MIL-125(Ti) has an average size of 1 mm. Aer modi-
cation with the CQDs, the shape of MIL-125(Ti) does not change
(Fig. 2b). From the TEM image of the CQDs (Fig. 2c), the average
size of our synthesized CQDs is 4–5 nm. Fig. 2d shows the TEM
image of the CT-10 sample, which exhibits the lattice spacing of
CQDs of 0.2 nm, corresponding to the (002) crystal plane.48

According to the results, it can be proved that the CQDs@MIL-
125(Ti) nanocomposites have been successfully prepared.49

3.3 XPS analyses

Details of the chemical states of MIL-125 and CT-10 were further
determined by XPS measurements. The XPS measurements show
that the catalysts consists mainly of O, Ti and C elements (Fig. 3a).
In the O 1s XPS spectrum, the two peaks at 530.3 and 531.8 eV can
be attributed to the titanium oxo-cluster and C]O bond, respec-
tively (Fig. 3b). In Fig. 3c, the Ti 2p orbital splits into two peaks at
458.9 and 465 eV, consistent with Ti 2p3/2 and Ti 2p1/2, implying
that Ti(IV) is present in the titanium oxo-cluster.50 The peaks at
284.85, 286.3 and 288.7 eV correspond to C]C, disordered sp3

carbon atoms and C]O, respectively (Fig. 3d).

3.4 FT-IR analyses

As shown in Fig. 4, FT-IR spectroscopy was performed to detect
chemical compositions and sample bonding. The peaks
between 400–800 cm�1 for MIL-125(Ti) can be contributed to
the vibrations of O–Ti–O51 and the peaks in the range of 1000–
1300 cm�1 and 1500–1700 cm�1 correspond to the vibrations of
Fig. 1 XRD patterns of the CQDs and the MIL-125(Ti) and CQDs@MIL-
125(Ti) samples.

33240 | RSC Adv., 2019, 9, 33238–33245
C–O and asymmetric stretching vibration of –COOH, respec-
tively. In the FT-IR spectrum of the CQDs, it is found that the
strong absorption in the range of 3200–3400 cm�1 corresponds
to the stretching vibration of –OH, which proves that the surface
of the CQDs contains –OH.23 Characteristic peaks for C–O,
–COOH and –OH are observed at the same wavelength in CT-10,
and the FT-IR spectroscopic results prove that the CQDs have
been successfully anchored to MIL-125(Ti).
3.5 Raman analyses

Raman spectroscopy is a signicant technique that can be used to
understand the structural arrangement of carbon allotropes and
their hybrids.52 In the Raman spectra, the absorption peaks of the
CQDs at 1362 and 1575 cm�1 correspond to the D and G bands
(Fig. 5), and they are associated with disordered sp3 carbon atoms
and conjugated sp2 carbon atoms, respectively.53,54 In addition,
Fig. 3 XPS spectra of the CT-10 and MIL-125(Ti) photocatalysts: (a)
survey spectrum, (b) O 1s, (c) Ti 2p, and (d) C 1s spectra.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 FT-IR spectra of MIL-125(Ti), the CQDs and CT-10.

Fig. 6 (a) The N2 adsorption–desorption isotherms of the MIL-125(Ti)
and CQDs@MIL-125(Ti) samples. (b) The pore size distributions of MIL-
125(Ti) and CT-10.
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slightly shied D and G band were observed for CT-10 compared
with those of CQDs, which provides further evidence for the
chemical bonding of the carbon materials.55 The Raman peaks of
CT-10 located at 421 and 618 cm�1 are in accordance with the B1g

and E1g vibrations of MIL-125(Ti), indicating that the chemical
environment of the Ti atoms is maintained and that the only
possible bond between the CQDs and MIL-125(Ti) is Ti–O–C.56–58
3.6 Nitrogen adsorption–desorption properties

In the photocatalytic process, high specic surface areas can
directly affect the photoactivities and adsorption abilities of the
photocatalysts.59,60 As shown in Fig. 6a, when the pressure is
equal to atmospheric pressure, the N2 adsorptions of the MIL-
125(Ti) and CQDs@MIL-125(Ti) samples at 77 K reveal type I
behavior, indicating that they are microporous materials. The
surface areas of MIL-125(Ti), CT-5, CT-10, CT-15 and CT-20 are
1459.551, 1098.714, 1523.280, 858.826 and 475.935 m2 g�1,
respectively. The pore size distributions are shown in Fig. 6b,
and we have proven through tests that the surface pore sizes of
the MIL-125(Ti) and CT-10 materials are 13 nm and the internal
pore sizes are 0.76 and 0.69 nm, which proves that the materials
are microporous. CT-10 has the largest specic surface area
compared to the other materials and will promote the efficient
transfer of electrons to the surface of the material and provide
more active sites for photocatalytic reactions.
3.7 UV-vis DRS analyses

The UV-vis DRS of the CQDs, MIL-125(Ti) and CT-10 are shown
in Fig. 7. MIL-125(Ti) has an absorption edge of approximately
380 nm and absorbs less visible light. The peaks of the CQDs at
Fig. 5 Raman spectra of MIL-125(Ti), the CQDs and CT-10.

This journal is © The Royal Society of Chemistry 2019
250–300 nm indicate absorption representative of an aromatic
p system, which is consistent with that of polycyclic aromatic
hydrocarbons.36,61 In addition, the CQDs show strong absorp-
tion in the visible light range. Obviously, as the content of the
CQDs increases, the light absorption range and light absorption
intensity are signicantly enhanced. Signicantly, the
CQDs@MIL-125(Ti) composites show continuous wider
absorption in the range of 500–800 nm compared with MIL-
125(Ti), which means that under the same light irradiation,
the photocatalysts may be excited by more light to produce
more electron–hole pairs, resulting in higher photocatalytic
activity.
3.8 Photocatalytic performance

In this work, in order to evaluate the photocatalytic perfor-
mance of the as-prepared photocatalysts, TC was used as
a model antibiotic. Blank tests indicate that the degradation of
TC is negligible in the absence of a photocatalyst. Fig. 8a shows
the effect of the loading of CQDs on the photocatalytic degra-
dation. The degradation rate of MIL-125(Ti) only reaches 45%
aer 4 h of illumination. Compared to MIL-125(Ti), the degra-
dation efficiencies were signicantly enhanced aer the depo-
sition of CQDs. The photocatalytic degradation efficiencies of
TC are 56%, 90%, 78% and 67% for CT-5, CT-10, CT-15, CT-20,
respectively. As the amount of the CQDs is increased, the pho-
tocatalytic performance is improved compared with that of pure
MIL-125(Ti). When the loading of CQDs reaches 10%, the
degradation effect is the best, and the degradation rate can
reach more than 90%. This is because the introduced CQDs in
the composite can absorb more visible light and stimulate the
Fig. 7 UV-vis DRS of the MIL-125(Ti) and CQDs@MIL-125(Ti) samples.

RSC Adv., 2019, 9, 33238–33245 | 33241
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Fig. 8 (a) The photocatalytic degradation curves of TC with the as-
prepared samples. (b) Pseudo-first-order kinetic plots for TC photo-
degradation with the as-prepared samples.
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production of more photogenerated electron holes. However,
when the amount of CQDs exceeds 10%, the degradation rate of
TC gradually decreases, probably because an excessive amount
of CQDs hinders the photocatalyst active sites.62

Obviously, Fig. 8b shows that the photocatalytic degradation
curve can be well tted to a pseudo-rst-order correlation
(�ln(C/C0) ¼ kappt, where kapp is the pseudo-rst-order rate
constant and t is the irradiation time).63 The kapp values of MIL-
125(Ti), CT-5, CT-10, CT-15, and CT-20 were computed to be
0.00179, 0.00283, 0.00903, 0.00532, and 0.00339 min�1,
respectively. The CT-10 photocatalyst displays the optimal rate
constant, which is about 5 times higher than that of pure MIL-
125(Ti).

The form of tetracycline in water changes with pH, so it is
necessary to understand the effect of initial pH on the photo-
catalytic degradation of tetracycline. Fig. 9a shows the photo-
catalytic degradation of TC by CT-10. Under alkaline and strong
acidic conditions, the effect of the catalyst on the tetracycline is
greater than that of photocatalytic degradation. When the pH is
equal to 5, TC exists in the form of TC0 (uncharged TC mole-
cule), meaning that the surface active site of the catalyst is
better utilized, so the degradation effect is the best.64,65

In addition, the effect of the photocatalyst dose on the
photocatalytic activity is also discussed. As shown in Fig. 9b, as
the amount of catalyst increases, the degradation rate shows
a trend of rising rst and then decreasing (10 mg/60%, 20 mg/
90%, 30mg/59.5%). At rst, a lower amount of catalyst results in
fewer photoelectron–hole pairs, so the degradation rate of the
contaminant is lower. Then, as the amount of catalyst increases,
the photocatalytic activity increases. An excessive amount of
photocatalyst can hinder the propagation of photons in
Fig. 9 (a) The effect of the initial pH on the photocatalytic activity. (b)
The effect that the amount of CT-10 has on the photocatalytic activity.

33242 | RSC Adv., 2019, 9, 33238–33245
solution, and reduce the rate of catalytic reaction. Therefore, the
inuence of the amount of the catalyst on photocatalysis cannot
be ignored.23
3.9 Photocurrents and EIS analyses

Photocurrent and EIS analyses are tools that can be used to
characterize the charge-carrier efficient migration. These results
further conrm the interface charge transfer effect of
CQDs@MIL-125(Ti).66,67 As shown in Fig. 10a, compared with
MIL-125(Ti), the CT-10 photocatalyst shows a higher photocur-
rent response because CQDs can be used as electron reservoirs
to store electrons, effectively cutting down the recombination of
electrons and hole pairs.68,69 In addition, the arc radius in the
EIS Nyquist diagram reects the separation effect of the pho-
togenerated electron–hole pair in charge transfer and hybrid-
ization at the interface.69,70 From the Nyquist diagram (Fig. 10b),
it can be observed that the radius of the CT-10 nanocomposite is
smaller than that of pure MIL-125(Ti). This indicates that the
CT-10 has lower resistance, which is favorable for promoting
interface charge separation and transfer.
3.10 Photocatalytic mechanism research

For the purpose of exploring the mechanism of CT-10 photo-
catalytic activity enhancement, a series of free radical capture
experiments were carried out. L-AA, EDTA-2Na and IPA were
introduced into the photocatalytic reaction system separately to
trap $O2

�, h+ and $OH, correspondingly. The efficiency of the
photocatalytic degradation was slightly changed aer adding
IPA compared with the non-scavenging system, indicating that
$OH does not play a main role in the photocatalysis process
(Fig. 11). Aer the addition of L-AA and EDTA-2Na, the photo-
catalytic performance was signicantly decreased, which proves
that $O2

� and h+ are the predominant active species.
Based on the above results, the possible mechanism by

which CQDs@MIL-125(Ti) degrades TC under visible light can
be explained using Fig. 12. When exposed to visible light, the
photocatalysts are excited to generate photogenerated electron–
hole pairs and electrons reduce Ti4+ to Ti3+, which has strong
reducing ability. Ti3+ can reduce O2 to superoxide radical ions
($O2

�). The valence transition from Ti3+ to Ti4+ has been
conrmed by Fu et al.71 and Wang et al.72 Finally, h+ and $O2

�

degrade TC into other products. Here, the CQDs can be used as
electron collectors and transporters, thus the electrons and
Fig. 10 (a) Photocurrent responses of MIL-125(Ti) and CT-10. (b) EIS of
the MIL-125(Ti) and CT-10.

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Active species trapping experiments for TC degradation over
the CT-10 photocatalyst.

Fig. 13 (a) Photocatalytic degradation of four successive runs. (b) XRD
patterns of the CT-10 photocatalyst before and after four cycles of
photocatalytic degradation.
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holes on the catalyst surface can be separated more efficiently
and the electrons and holes can act as reaction centers or form
other highly reactive radicals to degrade pollutants.73,74 Based
on the above analysis, the photocatalytic degradation and
charge carrier transfer processes can be described as follows:

CQDs@MIL-125(Ti) + hv / e� + h+ (1)

Ti4+ + e� / Ti3+ (2)

Ti3+ + O2 / Ti4+ + $O2
� (3)

$O2
� + TC / degradation products (4)

h+ + TC / degradation products (5)

3.11 Photocatalytic stability and repeatability of the as-
prepared photocatalysts

The stability and repeatability of photocatalysts are important
factors for practical applications. TC was subjected to degra-
dation experiments by continuous irradiation under visible
light. As shown in Fig. 13a, the photocatalyst still showed high
catalytic activity and stability aer four cycles of catalysis. XRD
tests on the recycled catalyst show no signicant difference in
the patterns compared to those of fresh CT-10 (Fig. 13b). This
indicates that a protective cover may form on the surface of MIL-
125(Ti) due to the introduction of the CQDs, delaying the
Fig. 12 The possible photocatalytic mechanism of the CQDs@MIL-
125(Ti) photocatalyst in the degradation of TC under visible light
irradiation.

This journal is © The Royal Society of Chemistry 2019
possible photo-etching of MIL-125(Ti) and improving the
stability of the photocatalyst during photocatalysis.75,76
4. Conclusions

In conclusion, a CQDs@MIL-125(Ti) photocatalyst was
successfully synthesized using a solvothermal procedure. The
results of TC photocatalytic degradation demonstrate that the
10 wt% CQDs@MIL-125(Ti) photocatalyst has the highest
photocatalytic efficiency, with a degradation rate of up to 90%.
This outstanding photocatalytic activity can be ascribed to the
enhanced absorption of visible light aer the addition of CQDs,
effectively reducing photogenerated electron–hole recombina-
tion. This work provides new ideas for building efficient pho-
tocatalysts that are expected to be applied to other areas.
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