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abrication of TiO2 nanoparticles
modified with carbon dots with enhanced visible-
light photocatalytic activity†

Jingjing Xu, ‡a Jiayan Zhang, ‡a Feifei Tao, *ab Pengfei Liang a

and Pingan Zhang a

Incorrect discharge of dye wastewater will cause environment pollution and be very harmful to human

health. Visible-light photocatalysis over large-scale synthesized semiconductor materials can become

one of the feasible solutions for the practical application of purifying dye wastewater. As a new

candidate, carbon dots (CDs) with unique fluorescence were fabricated on a tens of grams scale and

then further applied to the kilogram-scale synthesis of a CDs/TiO2 composite by one-step heat

treatment. Compared with single TiO2 nanoparticles (NPs), the CDs/TiO2 composite with a large specific

surface area exhibits enhanced photo-degradation performance for methyl orange (MO). This

phenomenon can be attributed to the loading of CDs in the TiO2 NPs, which is conducive to broadening

the light absorption spectrum and improving absorption intensity, narrowing the band gap, charge

carrier trapping, up-converting properties, and charge separation. The kilogram-scale synthesis of the

CDs/TiO2 photocatalyst does not affect the morphology, structure, optical properties and photocatalytic

performance of the composite, which opens up a new avenue to construct elaborate heterostructures

for enhanced photocatalytic performance using visible light as the light source.
1. Introduction

In the face of rapid industrial growth, the crisis caused by
energy shortage and environmental deterioration has become
one of the most critical issues and has threatened the sustain-
able development of mankind in recent years.1,2 The alarming
discharge of organic dye contaminants from the textile industry
has brought about serious water pollution, which affects the
natural environment and seriously harms human health.3–5 In
order to solve these problems, various technologies, such as
physical adsorption,6 membrane ltration,7 biodegradation,8

Fenton processes,9 electrochemical methods10 and photo-
catalytic degradation,11 are applied to get rid of organic dye
pollutants in wastewater. Among them, visible-light photo-
catalysis over semiconductors is an economic, efficient and
sustainable method, because it can make the best of renewable
and clean solar energy to remove organic pollutants in waste-
water.12,13 Although many achievements have been made in
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visible-light photocatalysis, the practical application of large-
scale photocatalytic materials with excellent activity and
stability is still not realized, which involves complex and
expensive synthesis. Therefore, it is urgently needed to develop
scalable and facile synthesis of photocatalysts with efficient
visible-light utilization and long-term stability.

The facile synthesis of photocatalytic materials is crucial to
obtain excellent photocatalytic performance.14 Nowadays, many
semiconductors with micro- and nano-structures have been
prepared to act as photocatalysts, including TiO2,15 ZnO,16

Fe2O3,17 SnO2,18 Co3O4,19 and so on. Among them, TiO2 is
considered as the most widely studied semiconductor with
many characteristics including low cost, non-toxicity, excellent
photocatalytic properties and stability.20,21 However, TiO2 also
has some shortcomings of a large band gap (∼3.2 eV) and the
fast recombination of photo-excited charge carriers. These
seriously restrict the use of solar energy and the improvement of
photocatalytic properties.22 To solve the above problems, a large
number of solutions have been reported including controlling
morphologies,23,24 doping25 and constructing semiconductor
composites.26 Among them, the modication of carbonaceous
materials in TiO2 may be a feasible method to obtain visible-
light photocatalysts.

Carbon dots (CDs) as a new type of uorescent carbon
nanomaterial have the characteristics of non-toxicity, low cost,
a wide source of raw materials and good biocompatibility.27

Therefore, CDs display broad application prospects in many
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
elds, such as biology,28 optoelectronics29 and photocatalysis.30

CDs not only have the uorescence characteristics of traditional
quantum dots, such as emitting uorescent light, controlling
excitation and emission wavelengths and up-conversion lumi-
nescence, but also serve as electron donors and acceptors.31,32

Coupling CDs with other semiconductors can be used to
broaden the absorption spectrum, promote the charge separa-
tion and transfer, and enhance the photocatalytic activity.33–35

However, the low-cost and efficient preparation of CDs is scarce,
which limits the large-scale synthesis of CD-based photo-
catalysts and practical application in photocatalysis. Therefore,
it is urgent to explore a feasible large-scale route to design
a CDs/TiO2 composite with a broadened light response range
and enhanced photocatalytic properties.

In this paper, glucose was used for the large-scale prepara-
tion of CDs, and the kilogram-scale synthesis of CDs/TiO2

composites was realized by a simple heat treatment method.
Due to the unique up-conversion of CDs, the interfacial inter-
action and the narrowed band gap, the kilogram-scale CDs/TiO2

composites exhibit superior photocatalytic properties when
irradiated with visible light and excellent stability for the
degradation of methyl orange (MO).

2. Experimental
2.1 Synthesis

2.1.1 Preparation of TiO2 nanoparticles (NPs). Tetrabutyl
titanate (4 mL) was added to absolute ethanol (50 mL) with
intense stirring, followed by the addition of deionized water (1
mL). The obtained mixture was centrifuged and washed repeat-
edly with deionized water. Aer being dried at 60 °C overnight,
the product was taken out and ground to obtain TiO2 NPs. The
gram-scale TiO2 NPs were synthesized by magnifying the raw
materials by 50 times based on the above the preparation.

2.1.2 Preparation of carbon dots (CDs). Glucose (1.80 g)
and sodium hydroxide (NaOH, 0.16 g) were dissolved succes-
sively in deionized water (10 mL) with stirring. Aer NaOH was
completely dissolved, the solution was neutralized with hydro-
chloric acid to pH = 7. Aer being dried at 80 °C for 12 h, the
powder was transferred to amuffle furnace at 300 °C for 1 h. The
uffy black solid obtained was washed with ethanol and
deionized water in turn, dried and ground to obtain CDs. The
gram-scale preparation of CDs (gCDs) can be achieved by
magnifying the raw materials by 50 times based on the ratio of
original materials.

2.1.3 Preparation of the CDs/TiO2 composites. A certain
amount of TiO2 NPs and CD powder was ground for at least 10
min and then heated in a muffle furnace at 300 °C for 1 h. When
the content of CDs in the mixture is 0.5, 1.0, 2.0, 3.0 and 4.0
wt%, the obtained CDs/TiO2 composites are denoted as CT0.5,
CT1, CT2, CT3 and CT4, respectively.

2.1.4 Preparation of the kilogram-scale CDs/TiO2 compos-
ites (kCT2). The obtained gram-scale CDs (gCDs) and TiO2 NPs
were used as raw materials. When the content of gCDs in the
mixture is 2.0 wt%, the obtained CDs/TiO2 composite is deno-
ted as kCT2 using the same preparation method as the CDs/
TiO2 composite.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2 Characterization

Themorphologies, structures and lattice fringes were detected by
using a scanning electron microscope (SEM, JSM-6360 LV) and
high resolution transmission electronmicroscope (HRTEM, JEM-
2100F). The chemical composition was detected via energy
dispersive X-ray spectroscopy (EDS) analysis and elemental
mapping. The crystal structure was characterized by powder X-ray
diffraction (XRD, Empyrean XRD-6000, Cu Ka radiation, and l =

0.15406 nm). The functional groups were measured by Fourier
transform infrared spectroscopy (FT-IR, VERTEX70) and Raman
spectroscopy on a Horiba LabRAMHR Evolution with a 632.8 nm
laser. N2 adsorption–desorption isotherms were obtained on
a TriStar 3020. X-ray photoelectron spectra (XPS) were collected
on a Physical Electronics PHI 1600 ESCA system (monochromatic
Al Ka source, 1486.6 eV). Ultraviolet visible (UV-vis) spectra and
photoluminescence (PL) curves were recorded on a UV-2550 and
F-7000, respectively. Time-resolved photoluminescence (TRPL)
spectra were recorded on a FluoTime 300 (picoQuant GmbH)
using a laser of 405 nm. The surface photovoltage (SPV) spectra
were obtained on a home-built apparatus including a source for
monochromatic light, a double-grating monochromator (Zolix
SP500), a lock-in amplier (SR830-DSP) and an optical chopper
(SR540) at a testing frequency of 24 Hz.
2.3 Photoelectrochemical measurements

The photoelectrochemical performance was characterized on an
electrochemical analyser (CHI 760E, Shanghai Chenhua, China)
with a 300 W xenon lamp (l > 420 nm). An Ag/AgCl electrode
(saturated KCl) and platinum foil were used as the reference
electrode and counter electrode, and 0.5 M Na2SO4 aqueous
solution as the electrolyte solution. Aer ultrasonic cleaning with
acetone and deionized water in turn, the F-doped tin oxide (FTO)
glass was placed under an infrared lamp to dry. The catalyst was
put in absolute ethanol tomake the slurry (1.0 g L−1) by sonication
for at least 30 min. 0.1 mL of the above slurry was coated on the
conductive surface of the cleaned FTO glass. Aer natural drying
in air, the modied FTO glass was treated at 300 °C for 1 h to
construct the working electrode with an active area of 0.196 cm2.
2.4 Photocatalytic degradation

The photocatalyst (30 mg) was added to the MO aqueous solu-
tion (30 mL and 10 mg L−1) under the action of ultrasound.
Aer stirring in the dark for at least 30 min, the suspension was
irradiated with a 300 W xenon lamp (l > 420 nm). A certain
amount of the reaction mixture was sampled every once in
a while and centrifuged. The supernatant was measured at the
maximum absorption of MO on a UV-vis spectrometer (UV-
2550) to evaluate the MO removal. The stability was determined
in 5 cycles of photocatalytic tests. Aer each photocatalytic
reaction, the sample was washed with plenty of deionized water
and dried at 60 °C for the next cycle.
2.5 Active species trapping experiments

To determine the active species, tert-butyl alcohol (TBA), ben-
zoquinone (BQ) and disodium ethylenediaminetetraacetate
Nanoscale Adv., 2023, 5, 2226–2237 | 2227
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dehydrate (EDTA-2Na) at the same concentration of 1.0 mmol
L−1 were used as a scavenger to detect hydroxyl radicals ($OH),
superoxide radicals ($O2

−) and photo-generated holes (h+),
respectively. The experiment was similar to the MO photo-
catalytic test.

To detect the $O2
− amount during the photocatalytic

process, 20 mg of photocatalyst was added to 50 mL of nitroblue
tetrazolium (NBT) solution (2.5 × 10−5 mol L−1) under ultra-
sonication. The concentration of NBT was evaluated by
recording the maximum absorption peak of NBT at 259 nm on
a UV-2550 UV-vis spectrophotometer.36 The generated $OH
radicals were determined by using a terephthalic acid (TA)
probe molecule on a Fluoromax-3 spectrometer. In detail, the
photocatalyst (20 mg) was added to TA solution (50 mL, 5 ×

10−4 mol L−1 in 2 × 10−3 mol L−1 NaOH). The 2-hydroxyter-
ephthalic acid (2-TAOH) from the reaction of TA and $OH has
a characteristic uorescence emission of about 425 nm at the
300 nm excitation wavelength.36
3. Results and discussion
3.1 Structure, composition and morphology

The TiO2 NPs and the CDs/TiO2 composites were investigated by
using XRD patterns in Fig. 1a. For TiO2 NPs, the diffraction
peaks at 25.4°, 37.8°, 48.1°, 54.0°, 55.2°, 62.4°, 69.3° and 75.5°

coincide well with the (101), (004), (200), (105), (211), (204), (116)
and (215) crystal planes of typical anatase TiO2 (JCPDS card no.
21-1272).37 All the CDs/TiO2 composites including kCT2 display
the XRD curves similar to TiO2 NPs, implying no effect of the
modication of CDs on the original crystal structure of TiO2

NPs. The diffraction peaks assigned to CDs couldn't be found in
the XRD curves of all the composites, which may be ascribed to
the amorphous features and/or the low content of CDs.
Fig. 1 XRD patterns of TiO2 NPs and CDs/TiO2 (a), SEM (b), and HRTEM

2228 | Nanoscale Adv., 2023, 5, 2226–2237
The SEM and HRTEM images in Fig. S1† and 1b are used to
explore the morphologies of TiO2 NPs, CDs and the CDs/TiO2

sample. The as-prepared TiO2 sample has a sphere-like struc-
ture with a uniform size of 200–400 nm (Fig. S1a†). According to
the further HRTEM observation (Fig. S1b†), the spherical
morphology is composed of a large number of nanoparticles of
about 5–10 nm. These nanoparticles agglomerate with each
other, leading to low dispersion. In Fig. S1c,† there are a large
number of obvious lattice fringes of d= 0.352 nm that belong to
the (101) crystal plane of anatase TiO2.38,39 The HRTEM image
shows that the CDs with a diameter of 2–5 nm are well mono-
dispersed and have a nearly spherical shape (Fig. S1d†). At the
same time, the absence of lattice fringes indicates the poor
crystallinity of the CDs. It is observed from the SEM image
(Fig. 1b) that CT2 has a similar sphere-like morphology and size
to TiO2 NPs, suggesting that the modication of CDs doesn't
destroy the original shape of TiO2 NPs. And the CT2 sample is
also composed of a large number of TiO2 NPs and CDs (Fig. 1c
and d). The introduction of CDs into TiO2 NPs can help to
inhibit the agglomeration of TiO2 NPs. According to the obvious
lattice fringes (d = 0.352 nm) attributed to the (101) crystal
plane of TiO2,38,39 it is proved that TiO2 NPs and CDs are inter-
twined with each other, implying the existence of interaction at
their interface.40 Meanwhile, Fig. S2† shows the SEM and
HRTEM images of kCT2, which has a similar morphology to
CT2. The optical photo of kCT2 indicates the kilogram-scale
synthesis of CT2, conrming that the method can realize the
kilogram-scale preparation of the photocatalyst. Combined with
the XRD result, it is found that the amplication of the
synthesis reaction doesn't destroy the shape and crystal struc-
ture of the products. This facile method to obtain the CDs/TiO2

composite on a large scale provides a promising path for
massive applications of photocatalysts.
images (c and d) of CT2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 N2 adsorption–desorption curves and pore size distribution (inset) of TiO2 NPs (a) and kCT2 (b).
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The CDs/TiO2 composite synthesized on the kilogram scale
(kCT2) was further investigated by EDS and elemental mapping
(Fig. S3†). The EDS result conrms that the kCT2 consists of Ti,
O and C elements, and the carbon content is 1.98 wt%. This
value is very consistent with the addition amount of CDs of 2.0
wt% in the preparation process, suggesting that there is almost
no less of CDs in the synthesis of kCT2. It is further conrmed
by the elemental mapping diagrams that all elements are evenly
distributed and CDs are uniformly dispersed in the TiO2 NPs,
just like CT2 (Fig. 1c and d). Compared with Ti and O elements,
the sparser distribution of C element proves the low content of
CDs in kCT2 from the EDS result, which explains the absence of
the XRD diffraction peak of CDs in the composites combined
with weak crystallinity.

The HRTEM image clearly displays the porous features of the
composite, which can be investigated by the BET measurement,
as depicted in Fig. 2. The N2 adsorption–desorption curves of
TiO2 NPs and kCT2 can be attributed to type IV isotherms with
a H2 hysteresis loop in the relative pressure (P/P0) range of 0.4–
0.7, implying mesoporous properties.41,42 The specic surface
areas of TiO2 NPs and kCT2 are 162.85 and 185.78 m2 g−1,
respectively. The higher specic surface area of kCT2 may be
Fig. 3 FT-IR spectra of TiO2 NPs and CDs/TiO2 (a), and Raman spectra

© 2023 The Author(s). Published by the Royal Society of Chemistry
ascribed to the specic hierarchical structure and the modi-
cation of TiO2 NPs by CDs with a small size, which can effec-
tively alleviate the aggregation of nanoparticles.43 It can be
further observed in the insets of Fig. 2 that the pore size of TiO2

NPs and kCT2 is mainly concentrated at about 4.1 and 4.6 nm
by the BJH method from the gas escape during the heat treat-
ment. In addition, from the enlarged pore size distribution of
kCT2, there is another type of pore at about 11 nm, possibly due
to the loading of CDs. The modication of TiO2 NPs with CDs
leads to a larger specic surface area and more pores, which
generally favour adsorption and photocatalysis.44

The surface functional groups of TiO2 NPs and CDs/TiO2

were further evaluated by FT-IR and Raman analyses (Fig. 3). For
TiO2 NPs, the broad absorption at 450–750 cm−1 is assigned to
the bending and stretching vibrations of the Ti–O–Ti bond.45–47

The absorption peaks at 1632 and 3450 cm−1 correspond to the
bending vibration of the O–H group and the stretching vibra-
tion of hydrogen-bonded water molecules and adsorbed
hydroxyl groups on the surface.48 The CDs/TiO2 composites
display similar FT-IR curves and absorption bands to TiO2 NPs,
suggesting that the addition of CDs in the samples causes no
obvious damage to the surface functional groups of TiO2 NPs.
of TiO2 NPs and CT2 (b).

Nanoscale Adv., 2023, 5, 2226–2237 | 2229
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The peaks at 2345 and 1400 cm−1 belonging to the stretching
vibration of C]C (ref. 49) and C–O (ref. 37 and 50) can be found
only in the composites and become stronger and slightly blue
shi with the increase of the CD content, due to the existence of
interaction between CDs and TiO2 NPs.50 In Fig. S4†, kCT2
shows a similar FT-IR spectrum to the CDs/TiO2 composites,
suggesting that the CDs are successfully modied in TiO2 NPs
and the amplication of the reaction has no effect on the
surface functional groups of the composite. In addition, the
effect of the modication of CDs on the surface composition
and structures of TiO2 NPs was further investigated by Raman
spectroscopy (Fig. 3b). TiO2 NPs clearly exhibit four character-
istic bands at about 145, 399, 518 and 643 cm−1 corresponding
Fig. 4 XPS survey spectra (a), the corresponding high-resolution XPS sp
TiO2 NPs and CT2.

2230 | Nanoscale Adv., 2023, 5, 2226–2237
to the anatase phase of TiO2.37,51 For CT2, the introduction of
CDs into TiO2 NPs causes a slight blue shi of the peaks at
about 518 and 643 cm−1, further conrming the existence of the
interface interaction.40 Moreover, in addition to the anatase
peaks of TiO2, there are two weak characteristic bands in CT2
corresponding to 1312 cm−1 (D-band) and 1620 cm−1 (G-band).
The D-band is related to the vibration of carbon atoms with
dangling bonds in the plane terminations of disordered
graphite, and the G-band is indexed to the in-plane vibration of
sp2 hybridized carbon atoms.37,40,52 Therefore, these results
provide the evidence of existence of CDs in the composite.

XPS measurement was conducted to further examine the
chemical composition and bonding conguration of the
ectra (b–d) of C 1s (b), Ti 2p (c) and O 1s (d), and VB-XPS spectra (e) of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photocatalyst. Based on the XPS survey spectra (Fig. 4a), both
TiO2 NPs and CT2 contain Ti and O, and C element appears in
CT2. The C element detected in TiO2 NPs might be due to
adventitious hydrocarbon in the XPS instrument. According to
the deconvolution spectrum of C 1s in Fig. 4b, CT2 displays four
peaks at 282.6, 284.8, 286.3 and 288.6 eV, indicating different
types of C states. The deconvoluted C 1s peak at 284.8 eV is
assigned to C–C bonds in adventitious carbon and sp2-hybrid-
ized carbon from aromatic networks.53–55 The other C 1s peaks
at 286.3 and 288.6 eV represent the oxygen bound species C–O
and C]O,55,56 which provides the evidence that the carbon is
incorporated into the lattice of TiO2 by substitution in the
lattice of titanium sites or interstitial sites55,57 and oxidized to
carbonate species during the heating treatment.54,55 And when
the TiO2 NPs are modied with CDs, the C 1s peak at 282.6 eV is
detected, indicating that the oxygen may be substituted in the
lattice of TiO2 as the Ti–C bond.57–59 This strongly suggests the
existence of the carbon in TiO2 from the binding energies of the
electrons.58 In Fig. 4c, the Ti 2p peaks of TiO2 NPs at 458.7 and
464.4 eV are assigned to Ti 2p3/2 and Ti 2p1/2,56,60 due to spin-
orbital doublet splitting, suggesting an oxidation state of Ti4+.
And the slight red shi of Ti 2p peaks in CT2 suggests the
coupling of TiO2 and carbon.59 For the O 1s spectrum of TiO2

NPs, the peaks at 529.7 and 531.6 eV belong to lattice oxygen
(Ti–O) and absorbed oxygen (O–H), respectively.61 The higher
peak at 533.4eV can be dened as the C–O bond,53,61 further
conrming the existence of the CDs. Compared to TiO2 NPs, the
location of oxygen element in CT2 is shied slightly toward
higher binding energy, which may be due to the increase of
charge density from the substitution of titanium in the TiO2

lattice of CT2 by carbon atoms.55 The above results reveal that
the CDs/TiO2 composite is composed of TiO2 and CDs, not their
mechanical mixture, and contains various carbon species such
Fig. 5 Photocatalytic activities of MO (a) and kinetic linear simulation fo

Table 1 Kapp of MO degradation over various photocatalysts

Photocatalyst TiO2 NPs CT0.5 CT1

Kapp (min−1) 0.0009 0.0034 0.0065

© 2023 The Author(s). Published by the Royal Society of Chemistry
as lattice carbons and substitutional and interstitial carbons,
and the amplied synthesis has little effect on the chemical
composition and bonding conguration of the composite.

The electronic structures of TiO2 NPs and CT2 were further
evaluated by VB-XPS (Fig. 4e). The binding energy of CT2 is
smaller than that of TiO2 NPs and valence band (VB) tail states
are observed only in CT2. This band tail phenomenon may be
due to the strong electron withdrawing ability of the carboxylate
groups, thereby causing additional diffusive electronic states
above the VB edge and a narrowed band gap.55,62,63
3.2 Photocatalytic activity

The photocatalytic degradation of the MO solution was carried
out over the CDs/TiO2 composites with a 300 W xenon lamp (l >
420 nm). In control experiments (Fig. 5a), about 9.0% of MO
over CT2 is removed without light. At an irradiation time of 120
min, the removal of MO is only 6.5% in the absence of the
photocatalyst. The results of the above control experiments
show that both the photocatalyst and illumination are essential
for the removal of MO. When bare TiO2 NPs are used as the
photocatalyst, about 12.4% of MO is removed under irradiation
for 120 min. However, when CDs are loaded in TiO2 NPs, the
removal efficiency of MO is surprisingly improved. And when
the content of CDs increases, the removal of MO rst goes up
and then down. This may be attributed to the fact that the
excess CDs in the composite could obstruct the reaction active
sites or become a recombination centre, and instead inhibit the
separation of charges.64 And the CT2 sample can remove 88.8%
of MO, exhibiting the highest photocatalytic activity under
irradiation of 120 min. Under the same photocatalytic condi-
tions, 88.6% of MO over kCT2 can be removed, suggesting that
the kilogram-scale synthesis of the composite will not reduce its
r various photocatalysts (b).

CT2 CT3 CT4 kCT2

0.0128 0.0096 0.0080 0.0127
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catalytic activity. The above results indicate that the CDs/TiO2

composites can greatly degrade the MO solution irradiated with
visible light, and the corresponding kinetics simulation was
investigated as shown in Fig. 5b in a pseudo rst-order Lang-
muir–Hinshelwood (L–H) mode.65,66 Apparently, the apparent
rst-order rate constant (Kapp) of the CDs/TiO2 composites
obviously exceeds that of TiO2 NPs (Table 1). Moreover, the CT2
displays the largest Kapp of 0.0128 min−1, which is similar to
that of kCT2 and 14.2 times that of TiO2 NPs.

In comparison to the as-obtained CDs/TiO2 composite, the
photocatalytic performance of MO over the non-metallic
coupled TiO2 photocatalysts is shown (Table S1†). Various non-
metallic coupled TiO2 composites can promote the MO degra-
dation under their own catalytic conditions. By comparison, the
as-obtained CDs/TiO2 composites can exhibit satisfactory
removal of MO, indicating their potential application in
wastewater treatment.

The photocatalytic stability test of the CDs/TiO2 sample is
performed as shown in Fig. 6. Aer ve consecutive runs, the
MO solution can still be effectively removed over CT2 and kCT2.
The photocatalytic removal of MO aer ve cycles still remains
at 84.9% for CT2 and 84.7% for kCT2, close to 88.8 and 88.6% of
the rst removal rate of MO. The used kCT2 aer ve cycles still
displays a crystal structure and morphology similar to the un-
reacted one (Fig. S6†). Therefore, the CDs/TiO2 composites can
act as a good and stable photocatalyst and exhibit potential to
alleviate the pollution of industrial wastewater.
3.3 Photocatalytic mechanism

The kCT2 sample has a similar morphology, crystallinity,
surface structure, chemical composition and photocatalytic
performance to CT2, so kCT2 is used to make clear the photo-
catalytic mechanism of the MO degradation. Both the light
absorption capacity and the charge separation are the key
indicators for evaluating the photocatalytic performance.

The light absorbance properties are usually characterized by
UV-vis spectroscopy. TiO2 NPs exhibit the absorption of ultra-
violet light in accordance with the intrinsic absorption
Fig. 6 Five consecutive cycles of photocatalytic degradation of MO
over CT2 and kCT2.

2232 | Nanoscale Adv., 2023, 5, 2226–2237
properties of TiO2 (Fig. 7a).67 The CDs display signicant
absorption in the ultraviolet light region and the visible light
region. When the CDs are introduced into TiO2 NPs, the CDs/
TiO2 composites show UV-vis spectra similar to those of TiO2

NPs and CDs, but their light absorption intensity and range
signicantly exceed those of TiO2 NPs and CDs. Therefore, the
existence of CDs can improve the visible-light photocatalysis of
TiO2 NPs. Moreover, when the content of CDs increases, the
absorption peak shows the intensity change of rst increasing
and then decreasing, and kCT2 displays the strongest light
adsorption capability. This may be because TiO2 NPs are
covered by too many CDs, leading to the formation of photo-
electron recombination centers.68 Based on the calculation of
the Kubelka–Munk formula from the Tauc plot,69 the band gap
is measured to be 3.21 eV for TiO2 NPs and 3.10 eV for kCT2
(Fig. 7a inset). The introduction of CDs into TiO2 NPs decreases
the band gap energy and enhances the visible-light absorp-
tion,70 possibly due to the existence of the interaction between
TiO2 NPs and CDs,71 so as to promote visible-light
photocatalysis.

The photoluminescence (PL) emission spectrum of the
photocatalyst can be used to characterize the charge separation
efficiency, and a lower PL intensity means a longer lifetime of
charges.67,70 In Fig. 7b, the TiO2 NPs have a strong and broad PL
response at about 425 nm, while the CDs/TiO2 composites
display a very weak PL peak and kCT2 has the lowest PL
intensity. This means that the CDs/TiO2 composites, especially
kCT2, might have a long life of charges.70 This was further
explored by time-resolved photoluminescence (TRPL) spectros-
copy that can be applied to evaluate the electron transfer
dynamics based on the emission lifetime (Fig. 7c).72,73 Generally
speaking, a longer emission lifetime means a lower recombi-
nation of charges. Both TiO2 NPs and kCT2 exhibit an expo-
nential decay tted via bi-exponential function formula (1):

IðtÞ ¼ A1e
�t
s1 þ A2e

�t
s2 (1)

where Ai is the amplitude and si is the lifetime. The lifetime is
contributed by the non-radiative process (s1) and the radiative
process (s2). And s2 is directly relevant to the separation of
photo-excited electrons and holes. Moreover, the average life-
time save is calculated by formula (2):

save ¼ A1s12 þ A2s22

A1s1 þ A2s2
(2)

And the tted lifetimes are listed in Table 2. The kCT2
sample shows a save value (3.03 ns) higher than that of TiO2 NPs
(2.35 ns) and its longer lifetime indicates that the charge
recombination is inhibited.72

Up-conversion luminescence is considered a short wave-
length emission by absorbing long wavelength light.5 The
emission spectra of the gCDs were clearly detected under the
excitation light of 400–850 nm (Fig. 7d). The emission of the
gCDs becomes stronger with the increasing excitation of 400–
750 nm and then weakens with excitation from 750 to 850 nm. It
is surprisingly observed that the broad emission in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 UV-vis spectra of TiO2 NPs and CDs/TiO2 (a) and Tauc plots (inset) of TiO2 NPs and kCT2, PL spectra of TiO2 NPs and CDs/TiO2 (b), TRPL
spectra of TiO2 NPs and kCT2 (c), and up-converted PL spectra of gCDs at different excitation wavelengths (d).

Table 2 TRPL data of TiO2 NPs and kCT2

Sample s1 (ns) s2 (ns) save (ns)

TiO2 NPs 2.36 0.32 2.35
kCT2 3.03 3.04 3.03
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wavelength less than 400 nm can be produced at the excitation
wavelength of 400–700 nm. The emission light may be further
applied to excite TiO2 NPs to make more electrons jump to the
conduction band (CB).32

Photoelectrochemical tests were carried out to investigate
the separation and transmission of charges. In Fig. 8a the
transient photocurrent responses of various photocatalysts are
clearly observed by switching the light source for many cycles.
Compared with TiO2 NPs and gCDs, all the CDs/TiO2 compos-
ites display improved photocurrent responses when irradiated
with visible light. This indicates that more electronsmove to the
electrode substrate to gain a higher current and enable more
efficient separation of charges under irradiation.74 When the
content of CDs increases, the photocurrent density rises rst
and then decreases, due to the fact that the excessive CDs could
cover the reaction active sites and act as the recombination
© 2023 The Author(s). Published by the Royal Society of Chemistry
centers of charges.75 So the kCT2 sample displays the strongest
photocurrent signal, indicating high photocatalytic activity. The
electrochemical impedance spectroscopy (EIS) plots of TiO2

NPs, gCDs and kCT2 are used to study the transfer resistance
and separation efficiency of charges with and without light
irradiation (Fig. 8b). The arc radius of the samples is smaller
under light than with no light, implying fast charge transfer
under irradiation.76 And the kCT2 sample has a smaller arc
radius than TiO2 NPs and gCDs in the Nyquist plot, suggesting
its more efficient charge separation and transfer under irradi-
ation similar to the PL and TRPL spectra. Furthermore, SPV
experiments were carried out to understand the separation and
transfer behavior of charges (Fig. 8c).77,78 In general, a stronger
SPV signal means a higher charge separation efficiency. It can
be observed that the SPV response in the range of 350–400 nm
denotes the electron transition from the VB to the CB of TiO2

(band–band transition) under illumination.79 Compared with
TiO2 NPs, the stronger SPV response for kCT2 means that more
photo-excited electrons inject into the sample surface.80

Therefore, the CDs/TiO2 composite can signicantly accelerate
the charge separation, thereby enhancing the photocatalytic
degradation of MO.

In order to ascertain the photo-degradation mechanism of
MO over the CDs/TiO2 composite, the reactive groups were
Nanoscale Adv., 2023, 5, 2226–2237 | 2233
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Fig. 8 Transient photocurrent responses of various samples (a), EIS plots of TiO2 NPs, gCDs and kCT2 with and without light (b), SPV curves of
TiO2 NPs and kCT2 (c), and trapping experiments of active species for the MO removal over kCT2 under irradiation (d).
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detected by trapping experiments (Fig. 8d). Generally speaking,
the main active species such as $OH, $O2

− and h+ are detected
by TBA, BQ and EDTA-2Na, respectively.81 It is found that the
presence of BQ can severely prevent the degradation of MO and
only 9.2% of MO is decomposed, and it is further proved by the
N2 experiment that the degradation of MO decreases rapidly
due to the absence of O2. Therefore, the $O2

− is the main active
group to participate in the photocatalytic reaction of MO. By
using EDTA-2Na as a sacricial agent, the MO degradation is
also obviously prohibited with a MO removal of 13.8%. TBA also
has an important inuence on the MO removal and $OH is
involved in the photocatalytic reaction. So it is conrmed that
$O2

− and h+ are the main active species and $OH can also affect
the photocatalytic degradation of MO.

As a model, NBT can be used to quantitatively analyze the
$O2

− species produced during the reaction, because $O2
− can be

captured by NBT.36 The decrease of the absorption peak inten-
sity of NBT at a maximum absorption of 259 nm with extension
irradiation indicates that $O2

− can be produced in the MO
degradation (Fig. S7a†). The existence of $OH in photocatalysis
can be identied by reacting with TA using PL technology. The
reaction product 2-TAOH of $OH and TA has a characteristic
uorescence response at 425 nm.36 The increasing PL intensity
of 2-TAOH suggests that $OH radicals are continuously
2234 | Nanoscale Adv., 2023, 5, 2226–2237
produced in the photocatalytic reaction (Fig. S7b†). The above
results are well matched to the trapping experiments.

In order to investigate the possible mechanism of photo-
catalytic degradation of MO over the kilogram-scale CDs/TiO2

composite, it is necessary to clarify the VB and CB of TiO2 NPs.
According to the Mott–Schottky (M–S) curves (Fig. S8†), the
positive slope indicates the n-type semiconductor feature of
TiO2 NPs.82 The at band potential (Ef) is −0.62 V (vs. Ag/AgCl)
that can be converted to the reversible hydrogen electrode
(RHE) using the formula ERHE = Eq(Ag/AgCl) + 0.059 × pH + Ef(Ag/
AgCl), where E

q
(Ag/AgCl) is 0.1976 V and the pH value is 7.83–85 The Ef

value of TiO2 NPs is −0.0094 V (vs. RHE) and relative to the
normal hydrogen electrode (NHE) is −0.42 V (vs. NHE). Based
on the VB-XPS spectrum described in Fig. 4e, the VB of TiO2 NPs
is located at 2.21 V (vs. NHE). Using the formula ECB = EVB − Eg,
the CB of TiO2 NPs is calculated to be −1.0 V (vs. NHE).

A possible photocatalytic mechanism of MO degradation
over the kilogram-scale CDs/TiO2 composite is proposed in
Fig. 9. The CDs/TiO2 samples exhibit strong light absorption
and enhanced photocatalytic activity towards MO, which is
attributed to the introduction of CDs into TiO2 NPs. Firstly, the
electrons on CDs can be generated under irradiation due to the
broad absorption band and transfer to the CB of TiO2. The TiO2

NPs modied with CDs can generate electrons by absorbing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Possible photo-degradation mechanism of MO over CDs/TiO2.
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visible light due to the narrowed band gap induced by the band
tail states. The photo-generated electrons on the CB of TiO2 can
degrade MO molecules. Secondly, the short wavelength light
that is emitted from the unique up-conversion of CDs can in
turn be used to excite TiO2 NPs to gain more photo-generated
electrons and holes. Finally, the CDs as electron acceptors can
receive the photo-induced electrons from TiO2, which helps to
block the charge recombination and makes more charge
carriers available for MO degradation. At the same time, the
adsorbed O2 accumulated on the CB of TiO2 and CDs is reduced
to $O2

− by reacting with photo-generated electrons to degrade
MO. The h+ on the VB of TiO2 could directly decompose MO
molecules. Moreover, due to the more positive VB, the partial h+

can oxidize H2O to generate $OH radicals that can degrade MO.
Therefore, the CDs/TiO2 composite can gain the more photo-
excited electrons and holes, and promote the transfer and
separation of charges, so as to improve the photocatalytic
activity.
4. Conclusions

Gram-scale CDs with a size of 2–5 nm were prepared, and the
CDs/TiO2 composites and the kilogram-scale CDs/TiO2 material
have been fabricated by one-step heat treatment. The CDs/TiO2

composites exhibit superior photo-degradation performance
towards MO, and the removal of MO increases from 12.4% for
pure TiO2 NPs to 88.8% for CT2 under visible light irradiation
for 120 min. Moreover, kCT2 displays a similar photocatalytic
activity towards MO to CT2 and the kilogram-scale synthesis of
the CDs/TiO2 composite has little effect on its morphology,
crystallinity, surface features, chemical composition and pho-
tocatalytic performance. The excellent photocatalytic properties
of the kilogram-scale CDs/TiO2 composite may be due to the
fact that the unique up-conversion of CDs, the existence of
interaction at their interface and the narrowed band gap can
broaden light absorption, excite the TiO2 NPs to produce more
electrons and holes, promote charge transfer and separation,
and then degrade more MO molecules. This work proposes an
economic and efficient strategy for the kilogram-scale synthesis
© 2023 The Author(s). Published by the Royal Society of Chemistry
of CDs/TiO2, which exhibits their potential practical application
in wastewater treatment.
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