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This study focuses on harnessing the synergistic effects between titanium oxide (TiO,) and carbon dots
(CDs) to enhance the photocatalytic performance of TiO,. The work describes the synthesis of carbon
dots exhibiting fluorescence (CDs) or phosphorescence (PhCDs), as well as the preparation of the TiO,
hybrid. Structural and textural measurements (X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), N, sorption isotherms) were conducted to elucidate the
compositional and morphological changes induced by the incorporation of CDs into a matrix.
Spectroscopic analyses revealed a shift of the absorption edge and range into the visible region of the
CDs@TiO; hybrid compared with pure TiO,. Infrared (IR) and Raman spectroscopy revealed the presence
of diverse bonds associated with functional groups on the surface of the dots, enabling control over the
spectroscopic properties of the resulting hybrids. Photocatalytic assessments demonstrated an enhance-
ment in the PhCDs@TiO, hybrid activity compared with pure TiO,. The proposed mechanism for the
increase in photocatalytic activity in PhCDs@TiO, is based on the slowdown of carrier recombination,
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which is linked to the confinement of electrons within traps located below the conduction band. The
demonstrated enhancement in photocatalytic activity holds promise for the more effective decompo-
sition of organic compounds in water, while the utilization of carbon dots unveils new avenues for modi-
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1. Introduction

Photocatalysis phenomena on TiO, and zinc oxide semi-
conductors have been studied since the 1960s. During these
studies, it was found that some compounds, such as O, or
H,0, were adsorbed or desorbed on the surface of the solid
under the influence of UV light, depending on the surface con-
ditions. This phenomenon was explained by the band theory
of semiconductors which explains how electrons behave in
such materials. It highlights two key energy bands: the valence
band (VB), where electrons are tightly bound to atoms, and the
conduction band (CB), where electrons can move freely. The
energy gap between these bands, called the band gap, deter-
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mines the conductivity properties of a semiconductor. When
electrons absorb energy, they are transported from the VB to
the CB, and when they return to the VB, the excess energy is
released.’™ The first important research on the photocatalysis
process on a TiO, photocatalyst using UV light was described
by Masuo in 1964.> Honda and Fujishima® discovered the
photosensitization effect on TiO, electrodes in 1972 and used
it to split water, which was performed at a much lower bias
voltage compared with normal electrolysis. These processes
were performed using Pt electrodes as the cathode and TiO, as
the photoanode. Further research was focused on improving
photolysis using TiO,.”® This material is a very good photo-
catalyst, which works with high efficiency, but the main dis-
advantage is that it absorbs only UV light and cannot work in
the visible range. That is why researchers focus on finding new
materials or using TiO, coupled with other materials that have
similar or better efficiency and can also absorb visible light.
Materials that in recent years focused the research on
adapting photocatalysis to the visible range are CDs, which
can play different roles in this process. CDs themselves can be
used as photocatalysts because of their strong ability to absorb

This journal is © The Royal Society of Chemistry 2025
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light, excite electrons and generate holes. These materials can
also act as electron donors and/or acceptors. The nature of the
dots is defined by the amount and type of functional groups
on the surface.” They have the ability to absorb energy and
emit photons with energy higher than that absorbed. It means
that they can be used as up-converters.'® This property is
useful during photocatalysis for many hybrid systems consist-
ing of dots attached to the surface of semiconductors with a
wide bandgap. The CDs can absorb long-wavelength visible or
infrared light and emit a photon in the ultraviolet range,
which then excites electrons in a wide-band semiconductor.
This allows such materials to work indirectly in visible light."*

For photocatalytic applications, the CDs are embedded in
porous materials. This prevents the aggregation of nano-
particles and improves their optical performance.”” In this
case, many researchers are using metal-organic frameworks
(MOFs), which are one-, two- or three-dimensional structures.
MOFs are formed by metal ions or metal clusters and organic
ligands."®'* This material is a good example of a scaffold for
CDs that can be used in photocatalytic applications. MOF with
encapsulated dots exhibits high photostability, tunable photo-
luminescence, rapid electron transfer, and up-conversion
luminescence."”® Raw MOF is not often used as a photo-
catalyst because it does not have sufficient ability to absorb
light and recombine the charges which are generated by light.
CDs can absorb light with higher efficiency. Moreover, their
structure provides faster transmission of photogenerated elec-
trons and transforms dots into electron acceptors. Hybrids of
MOFs and CDs are used as photocatalysts because they form a
structure with many active sites, similar to semiconductors.
Each active site in MOFs, such as a metal-oxygen cluster, can
be considered a single quantum dot, acting as a light absorber,
charge generator, and catalytic site, much like a small semi-
conductor. Additionally, organic linkers in MOFs can act as
antennas, absorbing additional ultraviolet (UV) light and
transferring energy to active sites via ligand-metal charge
transfer (LMCT)."* Adding carbon dots to that structure could
shift the absorption edge to the visible light and slow elec-
tron-hole recombination, improving the photocatalytic
process.'**?

CDs have also been introduced into commonly known and
used photocatalysts to improve their photocatalysis process.
The TiO, semiconductor is used in photocatalysis due to its
possible double-walled structure, characterized by a large
specific surface area and porosity.?* It has been shown that
titanium oxide in the anatase structure exhibits better photo-
catalytic activity compared with rutile or brookite.
Augustynski®® investigated all TiO, structures and found that
the higher photocatalytic performance depends on the pres-
ence of surface-bound peroxy species, the formation of which
is promoted by the lattice plane of anatase TiO,. To extend the
absorption range of anatase, carbon dots can be used as they
absorb light mainly in the visible range.>* Yin et al.>® created
an N,S-CQDs-TiO, hybrid (CQDs - carbon quantum dots,
which are a subgroup of CDs always showing a spherical struc-
ture and crystalline structure with functional groups on the
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surface) that was able to generate H, when exposed to light.
After preparing such a hybrid, they obtained 77% better
results in generating H, during light exposure than for pure
CDs. The conduction band of TiO, acts as an electron inter-
mediate that efficiently transfers electrons from the inert to
the active band of CDs (responsible for H, generation). Zhang
et al.”® obtained CQD/TiO, nanotubes (NT), which utilized up-
conversion emission from carbon dots to degrade rhodamine
B in the visible light range. Zhang et al.>* prepared hybrids of
CQD with TiO, NT, which can absorb visible light and near-
infrared radiation, promoting charge separation and electron
transfer. That hybrid exhibits better photocatalytic properties
in reducing CO, than pure TiO, NT. Mozdbar et al.>® developed
a hybrid material by combining carbon quantum dots with
TiO, and investigated its photocatalytic activity under both
visible and UV light. They found that the formation of this
hybrid resulted in a shift of the absorption edge towards
visible light and led to higher photocatalytic activity in methyl
blue removal under visible light irradiation compared with
pure TiO,. It was demonstrated that carbon dots can be pre-
pared to exhibit phosphorescence by embedding them in
various matrices. The phosphorescence mechanism relies on
the transfer of an electron from the singlet to the triplet state
via intersystem crossing (ISC), a process in which spin multi-
plicity changes from a singlet state (paired electron spins) to a
triplet state (unpaired electron spins). Once in the triplet state,
the electron experiences a slower rate of decay, allowing for
long-lasting phosphorescence to occur due to the forbidden
nature of triplet-singlet transitions. The matrix in which the
carbon dots are embedded plays a critical role in stabilizing
the triplet state, often by limiting molecular vibrations or inter-
actions that would otherwise quench the triplet state, thus
extending the lifetime of the excited state. Phosphorescent
carbon dots, where electrons are maintained in the excited
triplet state for extended periods, can effectively reduce the
recombination of electron-hole pairs, a significant limiting
factor in photocatalytic processes. By slowing down recombina-
tion, phosphorescent dots improve the overall efficiency of
photocatalytic reactions. In contrast, non-phosphorescent
carbon dots, which do not benefit from this stabilization of
excited states, exhibit faster recombination rates, which limits
their potential in such applications.>”>°

The aim of this work was to increase the photocatalytic
activity of anatase TiO, in the degradation of carbamazepine
by incorporation of CDs into its pores. This was achieved by
impregnating two types of TiO, with two types of CD. TiO, was
obtained in two different ways: the well-known solvothermal
reaction of TBT and acetic acid, and the unconventional route
of thermal decomposition of Ti-based MOF. Both materials are
in the anatase phase but have different sizes, shapes, poros-
ities, and therefore different properties, so both were used to
synthesize new hybrids. Two types of carbon dot were used to
show the impact of their different spectroscopic properties on
the photocatalytic activity. Luminescent CDs were added to
shift the absorption edge of the TiO, to enable the use of the
hybrid in a wider range of light (including the visible range).
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Phosphorescent CDs also shift the absorption range, but
additionally due to their longer emission decay (slower carrier
recombination) allow an increase in the photocatalytic activity
of the hybrid. It was assumed that the presence of CDs in the
TiO, pores would increase the absorption of light in the visible
range, and improve energy transfer in the semiconductor, and
that by using dots exhibiting phosphorescence, the carrier
recombination process will be slowed down. All the above
changes will result in an increase in photocatalytic activity. A
number of studies have been conducted to verify our thesis.
For pure and hybrid materials, their structure, morphology,
spectroscopic properties, textural properties, and photo-
catalytic activity were examined.

2. Experimental
2.1. Materials

Synthesis of carbon dots (CDs). Luminescent carbon dots
(CDs) were prepared based on the article by Liu et al.*° For the
synthesis of CDs, 26 mg of 3,4,9,10-perylene tetracarboxylic
dianhydride (PTDA, Alfa Aesar) was dissolved in 4 mL of dis-
tilled water and 1 mL of triethylamine (TEA, Alfa Aesar). The
solution was placed in a Teflon vessel closed tightly in the
stainless autoclave (reactor). The reactor was left in the oven
for 48 hours at 220 °C. After the process, the solution was puri-
fied using a paper filter to separate larger particles. This solu-
tion was further filtered using a membrane filter (SIMAX) with
a pore size of 0.22 pm. Phosphorescent carbon dots (PhCDs)
were prepared according to the article by Ding et al.>' For the
synthesis of PhCDs, 400 mg of citric acid (anhydrous, POCH,
Poland) and 6 g of boric acid (99+%, Chempur, Poland) were
dissolved in distilled water and then calcinated at 180 °C for
5 hours with a temperature rise step of 10 °C min~'. The
obtained powder was the final product of carbon dots.

Synthesis of TiO,. The anatase (TiO,) was prepared using
two synthesis methods to obtain mesoporous nanostructures.
TiO,(1) was prepared by the known solvothermal reaction.®?
Typically, 0.8 mL of titanium(wv) butoxide (TBT, 97%, Sigma
Aldrich) was added dropwise while vigorously stirring into
40 mL of acetic acid (99.5-99.9%, Avantor Performance
Materials Poland S.A.). After 30 min of mixing, the obtained
white suspension was transferred to an autoclave (the same as
in the CD synthesis) and maintained at 200 °C for 24 hours.
After cooling to room temperature, the product was collected
by centrifugation, washed with ethanol (96%, STANLAB
Poland) (3 x 25 mL), and dried at 60 °C for 24 hours. Finally,
to remove the residual organics, the precipitate was calcined at
400 °C for 30 min with a temperature rise step of 5 °C min™".
TiO,(2) was prepared by the calcination of Ti-based MOF.
Firstly, MIL-125(Ti)}-NH, was accomplished using a solvo-
thermal route as previously reported.®® Typically, 2.71 g of
2-aminoterephthalic acid (90%, Sigma Aldrich) was stirred
until dissolved in 50 mL of N,N-dimethylformamide (DMEF,
Avantor Performance Materials Poland S.A.), and then 2.96 mL
titanium(wv) isopropoxide (TTIP, 97%, Sigma Aldrich) was
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added followed by 12 mL of methanol. After 30 min of mixing
the suspension was transferred to an autoclave and main-
tained at 150 °C for 24 hours. After cooling to room tempera-
ture, the product was collected by centrifugation, washed with
DMF (3 x 25 mL) and methanol (99.8%, Avantor Performance
Materials Poland S.A.), and dried at 60 °C for 24 hours. Then,
the prepared MIL-125(Ti)-NH, was crushed by grinding in a
mortar and calcined at 380 °C for 5 hours with a temperature
rise step of 5 °C min™".

Preparation of CDs@TiO,. CDs@TiO,(1/2) and
PhCDs@TiO,(1/2) hybrids were prepared by an impregnation
method. For this purpose, 0.3 g of TiO,(1/2) was suspended in
20 mL of CD solution (0.56 mg in acetone) or PhCDs (300 mg
in ethanol) using an ultrasonic bath. After 3 h of shaking on
the platform (400 rpm) the powder was centrifuged and
washed with 25 mL of the solvent in which the impregnation
was carried out. Such prepared hybrids were then dried at
60 °C for 24 h.

2.2. Equipment

The XRD data were collected between 10 and 80 2Q degrees.
The measurements were carried out at room temperature
using an X'PERT PRO PANalytical (Malvern Panalytical,
Malvern, UK) diffractometer with CuKa, radiation (1.5406 A)
and step 0.03°. The samples were examined using a Philips
CM20 Super Twin operating at 160 kv and also a Tecnai G2 20
X-TWIN transmission electron microscope (TEM) equipped
with a LaBe cathode electron gun, an FEI Eagle 2K CCD camera,
and a high-angle annular dark-field (HAADF) detector for scan-
ning transmission electron microscopy (STEM). Measurements
were conducted at an accelerating voltage of 200 kv in both
bright field and scanning and transmission modes. Additionally,
measurements were taken with a Hitachi S-3400N scanning elec-
tron microscope (SEM), which featured a tungsten cathode gun,
a secondary electron (SE) detector, and a backscattered electron
detector. The pure TiO, samples were sputter-coated with gold
using a Cressington 108A gold sputter coater. Imaging was
carried out at an accelerating voltage of 10 kV. The N, adsorp-
tion-desorption isotherms were obtained at 77 K using a
Micromeritics 3Flex Surface Characterization Analyzer. Prior to
isotherm acquisition, the materials were activated and outgassed
(150 °C, 1.3 kPa) for 12 h. MicroActive software was used to deter-
mine the specific surface area according to the Brunauer-
Emmett-Teller (BET) method and total pore volume at a relative
pressure (p/p,) = 0.9.

The mid-IR spectra of all samples suspended in KBr pellets
were measured using a Nicolet iSTM50 FT-IR spectrometer.
The Raman spectra were measured using the micro-Raman
apparatus (invVia™ Renishaw) with a 514 nm excitation line in
the range 100-3200 cm™*. Absorption spectra were measured
with a Varian Model 5E UV-VIS-NIR spectrophotometer at
room temperature in the range 200-800 nm in reflectance
mode. The spectral bandwidth of the instrument was set to
0.1 nm. Based on the absorption spectra, the band gap of
materials was calculated by wusing the Kubelka-Munk

theory®**> which is based on the measurement of diffuse

This journal is © The Royal Society of Chemistry 2025
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reflection and describes the behaviour of light inside a sample
that scatters light. This theory is applicable to particles that
are comparable in size to or smaller than the wavelength of
the incident light. When the thickness of the samples does
not exceed a certain limit, it does not influence the reflectance.
It can then be described by the Kubelka-Munk function:

K (1—Rw)?

ST 2R. F(Rw) (1)

Here, K and S are the absorption and scattering coefficients

respectively, R, represents the diffuse reflectance, and (R.,) is
referred to as the Kubelka-Munk function. In materials with a
parabolic band structure, the absorption coefficient and
energy gap (E,) are related through the well-known Tauc®®
relation. For different band gap materials, the Tauc relation is
given by:

ahv = A(hv — Eg)" (2)

where «a is the linear absorption coefficient, v is the light fre-
quency, A is the proportionality constant, and ‘n’ is typically
set to 1/2 for direct band gap materials. If the radiation scat-
ters perfectly, the absorption coefficient K becomes equal to
2a, and the scattering coefficient remains constant concerning
wavelength. The Kubelka-Munk function is proportional to a,
and the relationship can be described as:

[F(Reo) 0 = Al — Ey) 3)

In the next step, a graph of (ahv)* vs. v was plotted, which
facilitated the determination of the energy gap.

The emission spectra of TiO,, carbon dots, and hybrid
materials were measured using the FLS980 Fluorescence
Spectrometer from Edinburgh Instruments (Livingston, UK),
equipped with 1800 lines per mm holographic grating and
300 mm focal length monochromators in a Czerny-Turner
configuration. To obtain the spectra, a 450 W xenon lamp was
employed, and a Hamamatsu R928P side window photomulti-
plier tube (Hamamatsu Photonics, Shizuoka, Japan) served as
the detector. The decay time was measured by using a femtose-
cond Libra laser (Coherent, USA) and Streak Camera
(Hamamatsu, Japan) as a detector.

2.3. Photocatalytic analysis

The photocatalytic activities of the prepared materials were
examined in the reaction of carbamazepine (CBZ) degradation.
A CBZ solution concentration of 14 mg dm ™ (initial TOC value
of 10.67 mg dm~>) was used, while the photocatalyst content
was 2 g dm™>. The photocatalytic processes were performed in
a glass reactor with a quartz window equipped in air supply
mode and placed on a magnetic stirrer. In a typical experi-
ment, 50 mg of the photocatalyst was dispersed in 25 cm® of
the CBZ solution. The irradiation source was a 300 W xenon
lamp (LOT Quantum Design) with a light intensity in the UV
range (310-380 nm) equal to 30 W m 2. The spectrum of the
lamp is presented in Fig. S1.7 Before irradiation, the dark reac-
tion was performed for 30 min to reach the adsorption-desorp-
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tion equilibrium. Experiments were conducted at a constant
temperature of 20 °C. Samples (2 cm®) were collected at 0, 20,
40, and 60 min during the photocatalysis process. The suspen-
sion was filtered using a 0.2 pm syringe filter to separate the
photocatalyst from the solution. The progress of CBZ degra-
dation was monitored using reverse-phase high-performance
liquid chromatography (Shimadzu UFLC LC-20AD Kyoto,
Japan) with a photodiode array detector (Shimadzu
SPD-M20A). The parameters of the HPLC measurement are
listed in Table S1.T The mineralization efficiency, measured as
the total organic carbon (TOC) removal, was measured using a
Shimadzu TOC analyzer.

Further experiments were conducted to investigate the
influence of the photocatalyst dosage (0.5, 1 and 2 g dm™?)
and carbamazepine (CBZ) solution concentration (8.5, 14 and
19.5 mg dm™>) on the efficacy of the photocatalytic process.
Additionally, trapping experiments were performed using sca-
vengers (10 mM) to elucidate the reactive species involved in
pharmaceutical degradation. Ammonium oxalate was
employed as a hole scavenger, tert-butanol as a hydroxyl
radical scavenger, ascorbic acid for trapping superoxide anion
radicals, and sodium azide as a singlet oxygen scavenger.

3. Results and discussion

3.1. Structure and morphology

X-ray diffraction (XRD). The XRD diffractogram (Fig. 1)
shows the structure of the pure materials as well as the
hybrids. The TiO, has an anatase phase (ICSD #9855), and no
impurities of other phases were found. In the XRD pattern of
PhCDs, peaks were found that are attributed to the boric acid
P1 space group (ICSD #52290), which shows the presence of a
polycrystalline boric acid matrix. The CDs show a broad band
centred at around 23 2Q degrees that is characteristic of the
graphene structure.’” Hybrid materials with PhCDs and CDs
show a structure assigned to the anatase phase of the TiO,
framework. The hybrid materials change colour from white to
grey after impregnation (Fig. S27), indicating that the PhCDs/
CDs are incorporated into the pores of the TiO,. On the other
hand, in the XRD of the hybrid materials, no peaks/bands
from the graphene material can be seen, which leads to the
conclusion that the content of carbon dots in the TiO, pores is
less than 5%. For hybrid structures, an increase of FWHM (full
width at half maximum) of the peaks can be observed com-
pared with the diffractogram for TiO, (Table 1). The increasing
FWHM peaks could result from increasing a structural dis-
order®® or increasing the tensile stress in the material.** To
test both theories, the strain was calculated from the XRD
diffraction pattern. It was shown that after impregnation, the
strain increased for almost all samples except PhCDs@TiO,(1),
where strain decreased.

SEM/TEM. SEM and TEM images revealed that nanometer-
sized, spindle-shaped particles of TiO,(1) are about 200 nm
long and 120 nm wide (Fig. 2a and c). In the TEM image
(Fig. 2a) it can be seen that the particle surface is highly
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https://doi.org/10.1039/d4dt02196g

Published on 27 November 2024. Downloaded on 5/21/2025 2:10:40 AM.

Paper

View Article Online

Dalton Transactions

"HH T

Anatase (ICSD #9855)

i
L

2

=

=)

o) i

b3 TiO,(1)
> B I S S|
‘»

5 PhCDs@TiO,(1)
£ fo— A N M e
el

N

S| | n PhCDs
£

(e}

z

H,BO, (ICSD #52290)

.', NTITI,

T T ||| ‘IH’ |‘| || H‘
Anatase (ICSD #9855)

|
J\ TiO,(2)
N A s

PhCDs

H;BO, (ICSD #52290)
T HTTETTT t ! |y r

Ill“mhllm -y pam shauy ik ! ¥ : y
| | I‘I "IIII T T l |’|' HH T
2 Anatase (ICSD #9855) Anatase (ICSD #9855)
[ =
: | S .Y] | B . 2]
2
2
£ “ CDs@TiOx(1) CDs@TiO,(2)
'_a A A AR, ~ -
N
@©
£
© CDs CDs
|| T T T T T ! T 1] T T T T 1
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

20

Fig. 1 XRD diffractogram for raw TiO,, carbon dots and hybrid materials.

Table 1 FWHM value of peak observed at 25.5° of pure TiO, and hybrid
materials

Sample Strains, % FWHM, °
TiO,(1) 0.071 0.3711
PhCDs@Ti0,(1) 0.052 0.5188
CDs@Ti0,(1) 0.083 0.5274
TiO,(2) 0.071 0.5292
PhCDs@TiO,(2) 0.091 0.7201
CDs@Ti0,(2) 0.082 0.7426

porous with pores with a diameter of approximately several
nanometers, whereas TiO,(2) retained the shape of the initial
MOF resulting in square-shape particles with a side length
close to 220 nm (Fig. 2b). Compared with TiO,(1), TiO,(2) has
a compact structure with much lower porosity.

TEM images of hybrid materials show that the morphology
and size of the grains do not change after impregnation
(Fig. 3). It can be observed that after impregnation, the TiO,(1)
(Fig. 3a and c) structure shows a lower porosity than before
impregnation. In the TEM image of the TiO,(2) hybrid, small
grains can be seen on the surface of the titanium dioxide
(Fig. 3e and g). This indicates that carbon dots are located par-
tially in the pores but also on the surface of the photocatalysts.
The CDs can be observed as nanostructures with a diameter of

1508 | Dalton Trans., 2025, 54, 1504-1520

less than 10 nm (Fig. 3b and f). It can also be observed that the
hybrids have planes with an interplanar spacing of
0.33-0.35 nm, which is a characteristic value for a graphene
multilayer structure present in CDs as well as TiO, for the (101)
plane of the anatase phase.’**" Therefore, it is not possible to
determine from the TEM images if the smallest particles on the
surface are TiO, or CDs, but based on the spectroscopic results
presented later, it can be concluded that they are CDs.

The Brunauer-Emmett-Teller (BET) method. To calculate
the surface area of both types of titanium oxide as well as to
check the impact of the impregnation of the structures with
the CDs, the Brunauer-Emmett-Teller (BET) method was
used. The textural properties of TiO, and CDs@TiO, were
characterized by nitrogen sorption measurements. The
obtained materials display type IV isotherms, which is a
characteristic feature of mesoporous materials (Fig. 4). The
BET surface area of TiO, varied notably depending on the
method of synthesis and was determined to be 106 m* g~ and
68 m> g~ for TiO,(1) and TiO,(2), respectively, while the total
pore volume was nearly identical for both materials (Table 2).
Due to the occupation of the pores, the BET surface area
decreased more for both types of TiO, after impregnation with
CDs (Table 2).

Raman spectroscopy. The Raman spectra for CDs, TiO,, and
hybrid materials are shown in Fig. 5. The spectra for TiO, and

This journal is © The Royal Society of Chemistry 2025
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(a) TiO,(1)
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(b) TiO,(2)

Fig. 2 TEM (a and b) and SEM (c and d) images of TiO,(1) (a and c) and TiO,(2) (b and d).

the hybrid materials show peaks at approximately 145, 396,
520, and 637 cm™ ', which correspond respectively to Eg, Big,
B,g, E, modes of the anatase phase. Peaks located at 145 cm™"
are assigned to the Ti-Ti bonds in the unit cell. The E, modes
arise in Raman spectra when the symmetric stretching
vibrations of O-Ti-O are present, and the symmetric bending
vibrations of O-Ti-O are characterized by B;, modes.”>™** In
the results from the hybrid materials, the peaks from the oxide
dominate because the content of carbon dots in the hybrid
material is low. Additionally, carbon dots are structures much
smaller than the size of TiO,, and the signal from carbon dots
is faintly measurable. The PhCDs spectrum shows peaks at
approximately 208 and 497 cm™', which are characteristic
respectively of E,,, and 882 cm™', for A, modes of the boric
acid structure. The first E,, band at 208 cm™! is characteristic
of lattice translatory oscillation, and the second is associated
with bending vibrations of O-B-O. The A, mode observed in
the spectrum arises when the stretching vibration of B-O is
present.*>*® The CDs spectrum exhibits peaks that could be
assigned to the D and G bands of graphene.*”

This journal is © The Royal Society of Chemistry 2025

IR spectroscopy. Infrared spectroscopy measurements
(Fig. 6) were conducted on CDs, TiO,, and hybrid materials.
The results for TiO, show bands characteristic of the anatase
structure. In TiO,(1), a broad band with two maximums at 480
and 644 cm™' can be observed, corresponding to the Ti-O
bending mode and Ti-O-O stretching mode, respectively.*®*°
In TiO,(2), only one broad band with maximum intensity at
550 cm™! can be observed, which is also assigned to the Ti-O
stretching mode.>® The differences in location and the number
of maximum intensities can arise from variations in sample
size, shape, or different sample preparation methods.
However, bands in the range of 400-800 cm™" are consistently
assigned to Ti-O vibrations.”" In both types of TiO,, the results
show peaks at 1634 and 3400 cm™", representing Ti-O-H and
O-H stretching modes, respectively.>” Infrared measurements
of hybrid materials show results consistent with the Raman
spectra, where the bonds from titanium oxide dominate. The
results of PhCDs show a very intensive peak at 3223 and
1197 ecm™, assigned to the stretching and bending vibrations
of O-H groups, respectively. Additionally, a characteristic peak

Dalton Trans., 2025, 54,1504-1520 | 1509


https://doi.org/10.1039/d4dt02196g

Published on 27 November 2024. Downloaded on 5/21/2025 2:10:40 AM.

View Article Online

Dalton Transactions

]
100 nm

8 T T T T
(a)
| =@—TiO,(1) Adsorption
=(=TiO,(1) Desorption
=@—CDs@TiO,(1) Adsorption
[-==CDs@TiO,(1) Desorption
=@—PhCDs@TiO,(1) Adsorption
= =PhCDs@TiO,(1) Desorption

o

Quantity Adsorbed (mmol/g)
S

o) ' | |
=@-TiO,(2) Adsorption
5 | = _=TiOy(2) Desorption
»=CDs@TiO,(2) Adsorption
-CDs@TiO,(2) Desorption
=@-—PhCDs@TiO,(2) Adsorption
4+ =~ =PhCDs@TiO,(2) Desorption

2
/,.%-."‘\,
0 i . " . 0 . I . I s I . 1 i
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 04 0,6 0,8 1,0

Relative Pressure (P/Po)

Relative Pressure (p/p,)

Fig. 4 N, adsorption—desorption isotherms (77 K) of raw TiO5(1) (a) TiO»(2) (b) and their hybrids.

Table 2 Textural properties of TiO, and CDs@TiO,

Sample Sper, m* g™’ Viotal, cm® g~*
TiO,(1) 106 0.12
CDs@TiO,(1) 54 0.08
PhCDs@TiO,(1) 62 0.08
TiO,(2) 68 0.11
CDs@TiO,(2) 42 0.07
PhCDs@TiO,(2) 47 0.06

at 650 cm™', corresponding to the deformation mode of this
bond, can be observed. Another intense peak is present at
1470 cm™", characteristic of the stretching mode of B-O, along

1510 | Dalton Trans., 2025, 54, 1504-1520

with a smaller peak at 884 cm™'. Peaks located at 796 and
548 cm™ " represent the deformation and bending modes of B-
0, respectively.>*>* The CDs structure consists of an aromatic
carbon core and different functional groups on the surface,
which can be observed in the IR spectra. In the results, peaks
assigned to carbon aromatic structures like C-H and C=C can
be observed at around 750 and 1500 cm™ "' respectively.”> On
the surface of carbon dots, carbon atoms are connected with
oxygen and nitrogen, as seen in the results. The peaks at
around 1700, 1300, and 1150 cm™" are assigned to the C=0,°
C-N-C saturated®” and C-O>® bonds, respectively. The hybrid
materials yield similar results, and the characteristic peak of
bond Ti-C cannot be observed at about 460 cm™" (ref. 59)

This journal is © The Royal Society of Chemistry 2025
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which means that the carbon dots are not connected with TiO, nating TiO,(1) with PhCDs, the absorption intensity increases
by metallic or covalent bonds.

3.2.

Spectroscopic properties of CDs@TiO,

across the entire range compared with pure TiO, (Fig. 7).
Normalized spectra show that (Fig. S3t) the UV absorption
range is wider for PhCDs@TiO,(1) than for pure TiO,(1),

Absorption. The spectra of both TiO, samples reveal that which proves that the addition of PhCDs to TiO,(1) shifts the
these materials absorb UV light very effectively. The absorption absorption edge to a higher wavelength, allowing for more
edge of TiO,(1) occurs at 330-400 nm and of TiO,(2) occurs at  efficient energy transfer at lower energy. The spectrum for
330-380 nm. Based on the absorption spectra of TiO,(1) and PhCDs@TiO,(2) shows an increase in intensity in the UV
TiO,(2), the bandgap energy was calculated using the range, but the absorption edge shifts slightly to a shorter
Kubelka-Munk theory. The energy gap for TiO,(1) was 3.364 wavelength.
eV and for TiO,(2) 3.322 eV. For other materials, the bandgap The spectrum of PhCDs (Fig. 7) shows a wide band of
was not calculated due to the presence of the carbon dots’ absorption from UV to visible light with the highest intensity
absorption band, which blurs the edge of TiO, absorption, in the UV range. The maximum absorption at 220 nm is
making it difficult to determine the energy gap. After impreg- assigned to the p-p* transition of the C=C bond.’* The CDs

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Absorption spectrum of PhCDs@TiO,(1), PhCDs and TiO,(1)
compounds.

(Fig. S4t) absorb very well in the UV and blue range, and in
the spectrum two separated bands are present, each consisting
of two peaks. Absorption peaks at 225 and 253 nm can be also
assigned to the p—p* transition of the C=C bond, while peaks
at 420 and 444 nm can be attributed to the surface states in
which free electron pairs can overlap with n-p* transitions.

The hybrid of CDs@TiO,(1) shows a significant increase in
the absorption intensity in the UV compared with pure TiO,(1)
(Fig. S41) and also results in a broader absorption range
extending from UV to VIS. After the addition of CDs to TiO,(2)
(Fig. S47), a band assigned to 450 nm of CDs can be seen in
the absorption spectrum, proving that CDs are embedded in
TiO, pores.
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Emission. Analysis of the absorption spectra revealed dis-
tinct bands for TiO, and CDs. Six excitation wavelengths were
employed for observation to comprehend the nature of these
bands and assess the emission efficiency. We used an exci-
tation wavelength above the CB (320, 350 nm), at the bottom
of the CB (370 nm) and below it (390, 420, 450 nm).

TiO, exhibited the highest emission intensity in the
350-500 nm range when excited at wavelengths of 320, 350,
and 370 nm (Fig. 8 and Fig. S51). The maximum emission
intensity for TiO,(2) is shifted to the red compared with the
TiO,(1) when the excitation wavelength was 320 or 350 nm. At
390 nm (Fig. S5T) excitation, it was observed that TiO,(1)
emitted effectively in the 400-600 nm range, while TiO,(2)
emitted within the narrower range of 400-500 nm. When the
samples were excited by a 420 nm (Fig. 8) or 450 nm (Fig. S5t)
wavelength, both types of TiO, displayed a similar broad emis-
sion band in the 450-800 nm range.

The nature of the emission can be explained by the mecha-
nisms observed for TiO,. It is based on the presence of oxygen
vacancies present in the structure of the material. They occur
when an oxygen atom is missing from its designated position
in the lattice. This absence can occur due to various reasons,
such as structural irregularities within the lattice. For instance,
there may be titanium atoms without complete oxygen coordi-
nation in certain regions of the lattice, such as at the edges.
These vacancies can lead to the creation of free electrons
which can migrate to other locations within the lattice, where
they may occupy Ti**. This process results in the formation of
Ti*" and F* centers, which are categorized as shallow and deep
trap states, respectively. The Ti*" trap is located at 0.51 or 0.8
eV below the CB. The energy gap calculated based on the
absorption spectra was 3.37 and 3.34 eV for TiO,(1) and
TiO,(2), respectively. So shallow traps are located at 2.87 and
2.57 eV in TiO,(1) and 2.84 and 2.54 eV in TiO,(2).

Doy = 350 NM
PhCDs

—— CDs@TiOx(1)
——TiO,(1)
——TiO,(2)

CDs@TiO,(2)
CDs

Normalized intenisty / Arb. Units

—— PhCDs@TiO,(1) |

—— PhCDs@TiO,(1)

400 500 600 700

500 600 700 800
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Fig. 8 The emission spectrum of CDs, TiO,, and hybrid materials under excitation wavelengths of 350 and 420 nm.
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To precisely understand the emission mechanism, deconvo-
lution operations were performed to extract the component
peaks that constitute the emission band visible in the obtained
spectra. The obtained results allowed for a better understand-
ing of the energy structure of materials. Calculations showed
that at an excitation wavelength of 350 nm for TiO,(1), the
emission band consisted of three components corresponding
to the energy states of this structure. The most effective emis-
sion is observed from states of 3.05 eV, which is visible on the
graph as the maximum emission. The second level is at 2.83
eV, and the third is at 2.6 eV, which are close to the theoretical
positions of the shallow traps described earlier. Both of these
states are visible in the spectrum through a broad tail for wave-
lengths higher than the emission maximum. In the spectrum
of TiO,(2), three emission intensity maxima can be seen,
corresponding to energy states of 2.99, 2.87 and 2.6 eV. As in
the case of TiO,(1), the energy values of the second and third
traps are close to the theoretical values. The emission in
TiO,(2) is most intense for the second state. The emission
bandwidth of TiO,(1) is wider than that of TiO,(2), which indi-
cates that the energy states are more separated for the former
than for the latter. The energy states isolated based on the
deconvolution process showed that the two highest states in
TiO,(1) are separated more widely than in TiO,(2). Because the
excitation is more energetic than the bandgap of titanium
oxide, electrons are transferred from the VB to above the CB,
creating an additional state located just below the CB to which
electrons pass non-radiatively. These additional states appear
in the emission spectra as the most energetic emissions. At an
excitation wavelength of 420 nm, the emission spectra for both
TiO, appear as a broad band. The deconvolution operation
resulted in the separation of two band components, which
correspond to two energy states. The distinction between the
levels distance in TiO,(1) and TiO,(2) is similar to that in the
previous excitation. The states in TiO,(1) are located at 2.2 and
1.9 eV, and for TiO,(2) at 2.14 and 1.94 eV. In this case, the
amount of energy supplied with the excitation, which corres-
ponds to 2.95 eV, can be considered the energy gap. According
to the theory of traps in TiO, described above, the traps should

a) ISC b)

© \
nS, S 5

FL Phosp.

So v

Fig. 9 Scheme of the emission process in (a) PhCDs and (b) CDs.
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be located 0.51 and 0.8 eV below the energy gap. This means
that states with energies of 2.44 and 2.15 eV should be created
for this excitation. Only the second trap can be observed in the
emission spectra. This means that electrons excited below the
CB are trapped in the first defect (~2.44 eV) and non-radia-
tively pass to the second one (~2.15 eV), creating an additional
virtual energy state of ~1.9 eV. Emission occurs in both of
these energy states. For this excitation, the difference in band-
width for TiO,(1) and TiO,(2) is also visible. The emission
band of TiO,(1) is much broader than that of TiO,(2), which
means that the energy difference of the states is also larger.
The broader distribution of states in TiO,(1) compared with
TiO,(2) results in more effective electron transfer between
levels. In TiO,(2), where the energy states are closer, non-radia-
tive transitions may occur more easily. Therefore, the photoca-
talysis process should be more effective for the first type of
titanium dioxide than the second one, which was proved later.

The emission spectra of carbon dots were measured under
six excitation wavelengths, the same as in the case of TiO,.
PhCDs are carbon dots placed in a polycrystalline matrix. The
emission in this structure depends on the excitation wave-
length, which, according to a leading article, can be attributed
to the existence of many triplet excited states in the hybrid
(Fig. 8 and Fig. S57).>° The polycrystalline matrix is responsible
for stabilizing the triplet levels in the carbon dots, resulting in
a phosphorescence. In these studies, all the spectra (Fig. 8)
show a wide emission band. For these types of carbon dot, the
emission spectra are based on two factors. The first is fluo-
rescence (FL), during which electrons move from the singlet
state to the VB of the carbon dots and emit photons. The
second factor is phosphorescence, which involves the transfer
of electrons via an intersystem transition (ISC) to the triplet
state and then transfer to the VB while emitting photons
(Fig. 9). Both of these processes can be observed in the emis-
sion spectra as one broad band consisting of a narrow peak
corresponding to fluorescence and a broad peak at higher
wavelengths corresponding to phosphorescence. It can also be
observed that different excitation wavelengths result in differ-
ences in the emission spectra. The use of a higher energy exci-
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tation source results in the presence of two maxima in the
emission spectra. However, after performing the deconvolution
operation, three components of a given band can be isolated.
When the excitation has a lower energy, it results in reduced
band separation in the spectrum, narrower bands, and the
extraction of only two components. This observation leads to
the conclusion that lower excitation energy results in fewer
electrons transferred through the inter-system transition to the
triplet state, and phosphorescence is observed with lower
efficiency. As expected, CDs show narrower bands (Fig. 8 and
Fig. S51) because these types of carbon dot only show fluo-
rescence. Therefore, no additional bands resulting from phos-
phorescence can be observed.

For carbon dots, the emission depends on the quantum
confinement effects (QCEs) or surface trap states (STSs)
(Fig. 9). The size of the carbon dots influences the width
between the CB and VB, and surface defects introduce meta-
stable energy levels in the bandgap. By adjusting this meta-
stable level, it is possible to slightly change the color of the
emission in carbon dots of the same size. For these studies,
solutions containing a mixture of carbon dots of various sizes
and surface functionalizations were used. This diversity of
material is visible on the spectrum as a narrow band with a
wide base. This band consists of four components, which is
confirmed by the presence of carbon dots of different sizes
and surface groups. The spectra show that the location of the
maximum emission intensity and even the shape of the bands
do not depend on the excitation wavelength. This means that
CDs always emit photons of the same energy. The only change
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when using a different excitation wavelength is the change in
emission intensity.

In the case of hybrid materials, the emission spectra have a
shape and maximum intensity location similar to the results
obtained for pure TiO,. This result was expected due to the
small amount of carbon dots in the hybrid materials, resulting
in a higher response from pure TiO, compared with carbon
dots. It has been observed that some levels occurring in pure
materials are not active in the emission process in hybrids
(Fig. 10). Such states were called inactive states. Hybrid
materials with TiO,(1) show a higher intensity (Fig. S6t) of
emission than pure TiO,(1). This is because electrons are
transferred from inactive states in separate materials to levels
from which emission occurs in hybrid materials, causing more
radiative transitions to occur in the hybrid than in the tita-
nium dioxide (1). Conversely, opposite results can be observed
in hybrid materials with TiO,(2) where the intensity of emis-
sion is lower than for pure materials (Fig. S7T). This indicates
that electrons are transferred from emission states to inactive
states, resulting in non-radiative energy loss. What is worth
emphasizing is that using 350 nm excitation in the case of
TiO,(1) hybrids, emission can be observed both from the CB
(2) and from defects located in the energy gap (3). In the case
of the TiO,(1) hybrid, the transfer of electrons from inactive
states to emission states results in an additional influx of elec-
trons that can be used for the photocatalysis process (Fig. 10).
If the electrons occupying the energy levels are used for photo-
catalysis, supplementary electrons from the carbon dots
become available. Conversely, in TiO,(2) hybrids (Fig. S8%),
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Fig. 10 Mechanism of energy transfer in TiO,(1), PhCDs, CDs, and hybrid materials.
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electron transfer occurs from the hybrids to states within
carbon dots where electron energy is dissipated non-radiatively
(4). These electrons are not utilized as a substitute for others
involved in photocatalysis.

Luminescence kinetics. Luminescence kinetics measure-
ments of PhCDs, CDs, TiO,(1), TiO,(2), and their hybrids were
carried out with excitation wavelengths of 350 and 390 nm. For
each result, the wavelength at which the maximum emission
occurred was determined. The lifetimes of each material were
then calculated for the maximum emission values of the start-
ing materials and their hybrids (Table 3).

At 350 nm excitation, the maximum emission occurred at
wavelengths of 440 and 480 nm for PhCDs, 520 nm for
TiO,(2), and 500 nm for their hybrid. Therefore, to compare
the lifetimes of these materials, calculations were performed
for all four wavelengths (440, 480, 500, and 520 nm). For CDs,
maximum emission values occurred at wavelengths of 470 and
485 nm, and for the CDs@TiO,(2) hybrids at 490 nm.
Consequently, lifetimes for dots, TiO,(2), and hybrids were cal-
culated for four wavelengths (470, 485, 490, and 520 nm). For
excitation at 390 nm, PhCDs had maximum emission at
470 nm, TiO,(1) at 460 nm, and the hybrid, like PhCDs, at
470 nm. Thus, lifetimes for these materials were calculated for
two wavelengths (460 and 470 nm).

Based on the obtained luminescence kinetics measure-
ments, it can be concluded that for the 350 nm excitation, the
lifetime of electrons in TiO,(2) in the excited state is approxi-
mately 3.3 ns. When excited with a higher wavelength of
390 nm, the lifetime of electrons in TiO,(1) is shorter, at
approximately 2.7 ns.

The lifetime of electrons in PhCDs emitting in the range of
440-520 nm depends on the maximum emission value for
which they were measured. For lower wavelengths, the lifetime
is shorter, around 10 ns, and increases to 14 ns as the emis-
sion wavelength increases. This is expected due to the phos-
phorescence properties of these dots. As described in the emis-
sion spectra analysis, the emission shortly after excitation is
responsible for the maximum emission at shorter wavelengths.
However, the tail in the emission spectrum at longer wave-
lengths reflects phosphorescence, where electrons are held for
a period before relaxing, accounting for their longer lifetime.
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For the 390 nm excitation, where the measured times were for
closely located maxima, the lifetime was 16.5-17 ns, indicating
that with lower energy excitation, electrons remain in the
excited state longer.

CDs excited at a wavelength of 350 nm emit in a narrow
range which is in alignment with the maximum wavelengths
determined during luminescence kinetics measurements. This
means that in these dots, electron relaxation occurs shortly
after excitation without additional storage. Electron lifetimes
in the emission range of 470-520 nm were similar, around
12.7 ns.

The addition of PhCDs/CDs to TiO,(2) significantly reduced
electron lifetimes compared with pure TiO,(2). The addition of
PhCDs nearly halved the lifetime. In the hybrid, electrons have
a lifetime of about 1.8 ns. Notably, for the PhCDs@TiO,(2)
hybrid, the lifetimes for various maximum emissions were
similar, unlike in pure PhCDs. For CDs, whose lifetime did not
depend on the emission wavelength, their addition to TiO,(2)
resulted in a hybrid material with electrons of different life-
times. Electrons in CDs@TiO,(2) have the longest lifetime of
2.6 ns for the shortest emission wavelength, decreasing to 2.38
ns as the wavelength increases. For TiO,(1), adding PhCDs
almost tripled the lifetimes (6.39 and 6.56 ns). The lifetime
extension indicates the positive impact of adding PhCDs to the
photocatalyst on the photocatalysis process. A longer lifetime
means a slower recombination of electron-hole pairs, increas-
ing the efficiency of the photocatalytic process.

The measurements were conducted to compare the decay
times of CDs, PhCDs, TiO,, and their respective hybrids. All
measurements were taken at specific emission wavelengths
that excluded the phosphorescence emission maximum
(observed at about 560 nm), and therefore, the resulting decay
times are not fully representative of this process. To investigate
the phosphorescence phenomenon in more detail, an
additional experiment was performed. Emission spectra of
PhCDs were collected under UV irradiation and at 100 ms
intervals after ceasing excitation (Fig. 11a). The spectra were
recorded over a broader wavelength range (300-700 nm) to
capture phosphorescence, which exhibits a maximum at
approximately 560 nm (Fig. 11a). It was observed that the
phosphorescence maximum is red-shifted relative to the fluo-

Table 3 Luminescence lifetime for PhCDs, CDs, TiO,(1), TiO,(2), and their hybrids for 350 and 390 nm excitation

Sample TiOZ(l) TiOZ(Z) CDs CDS@TiOZ(Z) PhCDs PhCDS@TiOZ(l) PhCDS@TiOZ(Z)

Aexe (NM) Aem (NM) 7 (ns)

350 440 — 3.29 — — 10.2 — 1.81
470 — 3.31 12.5 2.6 — — —
480 — 3.33 — —_ 12.1 — 1.77
485 — 3.31 12.7 2.51 — — —
490 — 3.37 12.7 2.46 — — —
500 — 3.42 — — 13.3 — 1.72
520 — 3.47 12.6 2.38 14.1 — 1.76

390 460 2.68 — — — 16.5 6.39 —
470 2.70 — — — 17.1 6.56 —

This journal is © The Royal Society of Chemistry 2025
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(a) PhCDs luminescence spectrum as a function of time (the inset shows the enlarged range in which phosphorescence is observed). Above

the graph, PhCDs photos are presented under VIS and UV irradiation, and after UV ceasing with a step of 0.5 s. (b) The decay of PhCDs

phosphorescence.

rescence emission (inset in Fig. 11a). From the recorded
spectra, the decay of phosphorescence was calculated
(Fig. 11b) to be approximately 970 ms, which is consistent

Table 4 Comparison of the luminescence decay times of phosphores-

cent carbon dots

with the characteristic behavior of the phosphorescence
process and is consistent with the data presented in the source
article on which the synthesis was based, as well as with
results obtained by other research groups (Table 4).

3.3. Photocatalytic activity

The photocatalytic activity of the prepared materials was evalu-
ated based on the degradation process of carbamazepine, a
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amp’e hame ecay times (ms) ¢ pharmaceutical commonly detected in water that is non-sus-
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and mineralization of persistent organic pollutants. The
enhanced photocatalytic activity may be correlated with the
larger surface area of the TiO,(1) (106 m* g™') photocatalyst
than that of TiO,(2) (68 m> g™'). Generally, a photocatalyst
with a higher surface area possesses more reactive sites and is
characterized by a shorter migration distance; therefore, the
recombination rate may be reduced. For TiO,(1), modification
of the surface with CDs did not affect the CBZ degradation
efficiency. However, in the case of TiO,(1) modified with
PhCDs, enhancement in the photocatalytic activity was
observed. The CBZ degradation rate constant increased from
5.31 x 107> min™! to 6.59 x 107> min~!, and TOC removal
increased to 60%. The opposite effect was observed for
TiO,(2), where the modification of the TiO, surface was not
accompanied by an improvement in the photocatalytic activity.
In particular, the presence of luminescent carbon dots caused
a decrease in the degradation efficiency. Moreover, none of
these samples showed the ability to mineralize organic pollu-
tant (Table 5).

The above results and the results obtained from emission
and lifetime measurements show a correlation between the
efficiency of photocatalytic activity and the energy transfer
mechanism. The addition of PhCDs and CDs to TiO,(1)
resulted in an increase in emission intensity, which was
explained as the non-radiative electron transfer between the

Table 5 Photocatalytic activity of the prepared samples

Sample name

Carbamazepine
degradation
efficiency, %

Degradation
rate constant

kx107%, min™"

Efficiency
of TOC
reduction, %
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excited states of TiO, and CDs to the valence band and partici-
pating in the luminescence observed in the hybrid. During
photocatalysis these electrons take part in the production of
radicals that participate in the decomposition of pollutants.
The phosphorescence phenomenon occurring in PhCDs helps
to slow down the recombination of the charges due to trapping
electrons and participation of the holes in the generation of
radicals, also involved in the degradation of carbamazepine.
The addition of PhCDs to TiO,(1) resulted in a prolonging of
the hybrid luminescence lifetime compared with pure TiO,(1),
which confirms the positive effect of this combination. Due to
this process, an improvement in the PhCDs@TiO,(1) photoca-
talysis process can be observed. In the case of TiO,(2) hybrids,
CDs/PhCDs are located in large amounts on the surface of the
photocatalyst, not in its pores. Based on the emission spectra,
it was found that the electron transfer is reverse. Electrons
move from hybrid states to states in carbon dots, where non-
radiative transitions occur. This results in a limited number of
electrons that can take part in the formation of radicals. Also
in the lifetime measurements, a negative effect of the addition
of carbon dots to TiO,(2) could be noticed. This is the reason
why a decrease in photocatalysis efficiency is observed in the
case of TiO,(2) hybrids.

Additional  experiments were conducted for the
PhCDs@TiO,(1) sample exhibiting the highest photocatalytic
activity in the degradation of CBZ under UV-vis irradiation. As
illustrated in Fig. 13a and Table 6, even a two- and four-fold
reduction in the photocatalyst concentration within the reac-
tion medium facilitated a high degradation efficiency. The
optimal photocatalyst concentration was determined as 1 g
dm™. In the case of 2 g dm™>, the increased turbidity may
have resulted in light scattering and screening effects, conse-
quently decreasing the photocatalyst activation. The effect of
the CBZ solution concentration on the photocatalytic activity
was also investigated. As shown in Fig. 13b and Table 6, a
decrease in the CBZ concentration to 8.5 mg dm™> resulted in
an increase in the degradation rate constant from 7.33 x 10~>

b)

-
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Fig. 13 Efficiency of carbamazepine degradation (a) at various dosages of PhCDs@TiO,(1) photocatalyst, [CBZo] = 14 mg dm™, and (b) using

PhCDs@TiO,(1) photocatalyst at various concentrations of CBZ solution, photocatalyst dosage =1 g dm
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Table 6 Photocatalytic activity of the PhCDs@TiO,(1) photocatalyst
applied at various dosages, [CBZ,l = 14 mg dm™ (yellow), and at various
concentrations of CBZ solution, photocatalyst dosage = 1 g dm™>
(green)

Dosage of

Degradation Efficiency
photocatalyst CBZ rate constant of TOC
(gdm™) (mg dm™) kx 1072 (min™") reduction (%)
0.5 14 7.01 63.1
1 14 7.33 61.9
2 14 6.59 60.2
1 8.5 9.94 67.0
1 14 7.33 61.9
1 19.5 5.22 65.6

min~" to 9.94 x 107> min~". Almost complete degradation was
observed within 40 min of irradiation. Conversely, increasing
the CBZ concentration to 19.5 mg dm™ produced the opposite
effect: the degradation rate constant decreased to 5.22 x 107>
min~'. When the concentration of the pollutant increases, the
number of intermediates, which may compete for active sites
because of the non-selective nature of the photocatalytic
process, also increases. This may have led to a decrease in the
overall degradation rate.®> Additionally, higher initial concen-
trations cause the pollutant to occupy more active sites,
thereby hindering the production of oxidants. Furthermore,
higher initial CBZ concentrations lead to greater photon
absorption. As a result, fewer photons are available to activate
the photocatalyst, causing diminished photocatalytic activity
because the catalyst surface becomes inactive.®

To identify the primary reactive species involved in the car-
bamazepine degradation process under UV-vis light using
PhCDs@TiO,(1) photocatalyst, trapping experiments were con-
ducted in the presence of scavengers. As illustrated in Fig. 14,
the most significant inhibition of CBZ degradation was
observed following the addition of ascorbic acid. In this
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Fig. 14 Efficiency of carbamazepine degradation of PhCDs@TiO,(1)
photocatalyst in the presence of scavengers, [CBZol = 14 mg dm™>,

photocatalyst dosage = 1 g dm™.
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instance, the degradation efficiency decreased to approxi-
mately 25% within 60 minutes of irradiation, indicating that
superoxide anion radicals play a crucial role in CBZ removal.
Furthermore, "OH and 'O, may also be attributed a significant
role in the degradation process. The addition of ter¢t-butanol
and sodium azide resulted in a reduction of photocatalytic
activity, with 57% and 67% degradation within 60 minutes,
respectively. Upon the addition of ammonium oxalate, a sca-
venger of h', the degradation efficiency decreased to 93%, indi-
cating that these species have a minor contribution to the reac-
tion pathway of CBZ.

4. Conclusions

The investigated hybrid materials consisted of titanium oxide
impregnated with carbon dots. Four hybrids were created con-
sisting of two types of TiO, and two types of carbon dot.
Structural tests showed no changes in the structure of TiO,
after the addition of carbon dots, which was confirmed by
SEM, TEM and BET analysis. In Raman and IR spectroscopy,
no significant differences were observed between the hybrid
materials and pure titanium oxide due to the small number of
CDs. Absorption measurements showed that adding CDs to
TiO,(1) causes the absorption edge to shift towards visible
light and increases the absorption intensity across the entire
range for all hybrids. Analysing the emission spectra of the raw
and hybrid materials allowed for understanding the mecha-
nism of luminescence in hybrid materials. It has been shown
that in the case of TiO,(1), adding carbon dots increases the
emission intensity. This means that emission in hybrid
materials occurs from the electrons of TiO, and carbon dots
which enhance the photocatalytic process. In the case of
TiO,(2), the opposite relationship was observed, namely, the
addition of carbon dots to titanium oxide resulted in a
reduction in emission intensity. The location of CDs mostly on
the TiO, surface probably leads to non-radiative electron
energy loss, which negatively impacts the photocatalysis
process. Photocatalytic activity tests confirm this thesis. Thus,
in the case of TiO,(1), the addition of phosphorescent dots
improved the photocatalytic process. The optimal photo-
catalyst concentration was determined as 1 g dm™>. The
addition of CDs to this type of titanium oxide did not cause
major differences in this process. In the case of TiO,(2), the
addition of both types of carbon dot resulted in a reduction in
the efficiency of this process.

To summarize, the thesis regarding the improvement of the
photocatalysis process by adding phosphorescent carbon dots
to titanium oxide has been confirmed. Additionally, it was
found that the type of titanium oxide and the properties of the
carbon dots have a significant impact on the photocatalysis
process. It has been proved that to improve this process, it is
important to create a material that can hold electrons in the
excited state. This will slow down the recombination of elec-
tron-hole pairs, which has a significant impact on the photo-
catalysis process.
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