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Abstract: Conventional wastewater treatment methods do not fully utilize the energy in wastewater.
This study uses a photocatalytic fuel cell (PFC) to remove dye impurities and generate electricity
with that energy. Pt serves as the PFC’s cathode, while the carbon quantum dots (CQDs)/anatase
TiO2 (A-TiO2) serve as its photoanode. The visible light absorption range of A-TiO2 can be increased
by combining CQDs with A-TiO2. The composite of CQD and A-TiO2 broadens the absorption edge
from 364 nm to 538 nm. TiO2’s different crystal structures and particle sizes impact the PFC’s power
generation and dye contaminant removal. The 30 min photodegradation rate of methylene blue by
the 20 nm A-TiO2 was 97.3%, higher than that of the 5 nm A-TiO2 (75%), 100 nm A-TiO2 (92.1%), and
A-TiO2 (93%). The photocurrent density of the 20 nm A-TiO2 can reach 4.41 mA/cm2, exceeding
that of R-TiO2 (0.64 mA/cm2), 5 nm A-TiO2 (1.97 mA/cm2), and 100 nm A-TiO2 (3.58 mA/cm2).
The photodegradative and electrochemical test results show that the 20 nm A-TiO2 delivers a better
degradation and electrochemical performance than other samples. When the 20 nm A-TiO2 was used
in the PFC photoanode, the photocurrent density, open-circuit voltage, and maximum power density
of the PFC were found to be 0.6 mA/cm2, 0.41 V, and 0.1 mW/cm2, respectively. The PFC prepared
in this study shows a good level of performance compared to recent similar systems.

Keywords: CQDs; TiO2; photocatalysts; photocatalytic fuel cell

1. Introduction

With industrialization and increased energy use, the human society is becoming
increasingly aware of the need to address environmental and energy issues [1]. Water
pollution, as one of the various environmental problems, has received widespread atten-
tion [2]. Dye pollutants are among the many organic pollutants found in wastewater
that are challenging to treat [3]. Research has demonstrated that a substantial amount
of chemical energy is present in the organic pollutants found in wastewater [4]. Never-
theless, conventional techniques for treating wastewater, like precipitation by chemicals
and physical absorption, are limited to the purification of wastewater; they are unable
to fully harness its chemical energy [5]. Thus, one of the best approaches to address the
energy crisis and water contamination is to transform chemical power into electrical power
and remove the organic contaminants [6]. In recent years, photocatalysis (PC) technology
has gained a lot of interest as an emerging field [7]. Its principle is based on the redox
capacity of photocatalysts under light conditions, thus achieving the purpose of purifying
pollutants [8]. Fuel cell (FC) technology and semiconductor PC technology have been
combined into the photocatalytic fuel cell (PFC) technology [9]. This technology is capable
of achieving two functions simultaneously: the generation of power and the effective
breakdown of organic contaminants [10]. This technique shows promise in mitigating the
energy crisis and reducing water pollution [11].
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Transparent conductive oxide (TCO) films have been widely used in photovoltaic ap-
plications, such as solar cells, owing to their excellent optical transparency (more than 80%)
and high electrical conductivity (~103 Ω−1 cm−1 or higher) in the visible spectral range [12].
TCOs are degenerated wide-bandgap semiconductors such as In2O3 highly doped by Sn
(ITO), ZnO highly doped by Al (AZO), ZnO highly doped by doped B (BZO), and SnO2
highly doped by F (FTO) [13]. The main component of FTO is SnO2, and, compared with
In in ITO, Sn is a more common and less expensive metal [14]. Therefore, in this work, FTO
was used as an alternative to ITO. TiO2 is characterized by a low cost, the availability of
different inexpensive precursors, chemical stability, and non-toxicity [15], and TiO2 can
be excited by light to produce e− with strong reducing properties and h+ with strong
oxidizing properties, making TiO2 an efficient photocatalyst [16]. However, TiO2 has a
large forbidden band width, typically between 3.0 eV and 3.2 eV [17]. This makes it absorb,
mainly, UV light and weakly absorb visible light. In order to solve this problem, Lu et al.
investigated the effect of doping Rh, Pb, Pt, Au, and other noble metals on the properties
of TiO2, and the results show that the doping of noble metals significantly red-shifted the
spectral absorption range of the material, a phenomenon which enhanced the photore-
sponsiveness of the material in the visible light. Through formaldehyde photocatalytic
oxidation-related experiments, the results show that the degradation efficiency of TiO2
with respect to formaldehyde can be enhanced more obviously by using the precious metal
doping method [18,19]. Studies have shown that a TiO2 coating can be used as an interfacial
adjustment layer between the transparent conductive layer and the electrochromic layer
in electrochromic smart windows [20]. The high conductivity of TiO2 coatings plays a
key role when they are used as working electrodes in electrochromic devices. During the
electrochromic process, the TiO2 coating is able to conduct electrons efficiently so that
the electrochromic reaction can proceed smoothly [21,22]. TiO2 coatings are also used as
single and multilayer anti-reflective coatings for solar cells [23,24]. Huang et al. successfully
prepared TiO2/ZnO double-layer coatings with broadband reflectance reduction and down-
shift capabilities, and the average reflectance of the coated samples in the 400–1100 nm band
was 5.29%, which was 24.97% lower than that of the uncoated samples [25]. With its high
surface area, excellent optoelectronic properties, and chemical stability, TiO2 nanoparticles
have become important materials for a wide range of sensors for gases, humidity, biology,
electrochemistry, and temperature [26]. Carbon quantum dots (CQDs) are monodispersed
graphite particles with a diameter smaller than 10 nm that have unique properties such
as light-harvesting, photo-induced electron transfer, electron reservoir, and tunable pho-
toluminescence [27]. The incorporation of CQDs into TiO2, with C substituting some of
the lattice O atoms, enables the TiO2 composite photocatalyst to effectively absorb light
at wavelengths below 535 nm [28]. Catalytic efficiency can be significantly increased by
using composites of TiO2 and CQDs which can facilitate the interfacial electron transition
and separation of photogenerated carriers [29,30]. Jung et al. investigated the properties of
carbon-doped TiO2 and found that it could produce enhanced photocatalytic reactions in
the visible light [31].

In this paper, CQDs/TiO2 composites are used as photoanodes for a PFC. Firstly, the
TiO2 with optimal photocatalytic and electrochemical performances was selected through
experiments. Although TiO2 has a good photocatalytic ability, it cannot absorb the visible
light. TiO2 can be modified with CQDs to increase its capacity to absorb light and decrease
its band gap (Eg), an approach which enhances its photocatalytic performance. The absorp-
tion edges of the CQDs/TiO2 composites extend into the visible region, providing more
active sites for the PFC reaction. This PFC can generate electricity while removing dye
contaminants (RhB).

2. Materials and Methods
2.1. Materials

Sodium sulfate (Na2SO4, 99+%), anhydrous ethanol (C2H6O, 99.5+%), rhodamine
B (RhB, 99.8+%), disodium ethylenediaminetetraacetate (EDTA-2Na, 99+%), rutile TiO2
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(R-TiO2, 99+%), and 5 nm, 20 nm, and 100 nm anatase TiO2 (A-TiO2, 99+%) were supplied
by Tianjin Damao Chemical Reagent Factory (Tianjin, China). Jining Liduo Chemical Co.
(Jining, China) provided methylene blue (MB, 99.8+%). Thermo Fisher Scientific (Shanghai,
China) provided the citric acid (CA, 99+%). Beijing Chemical Reagent Company (Beijing,
China) supplied the urea. Tianjin Kewei Chemical Co., Ltd. (Tianjin, China) supplied the
isopropanol (IPA, 99+%) and benzoquinone (BQ, 99+%).

2.2. Material Preparation
2.2.1. Preparation of CQDs

A total of 1 L of deionized water had 100 g of CA and 100 g of urea dissolved in it.
After that, the resultant solution was exposed to 700 W microwave radiation for 5 min.
To re-suspend the precipitate in the water, 1 L of deionized water was added after the
5 min period. After that, the synthesized CQDs were centrifuged for 20 min at 6000 rpm in
reusable centrifuge tubes to remove any suspended contaminants [32].

2.2.2. Preparation of CQDs/A-TiO2

A total of 50 mg, 70 mg, and 100 mg of A-TiO2 was mixed with 5 mL of CQD solution,
respectively. Then, the mixed solutions were magnetically stirred for 2 h to ensure that
A-TiO2 could be uniformly mixed in the CQD solution. In order to produce the composite
photocatalysts with 5%, 7%, and 10% CQDs/A-TiO2, the final solutions were subjected to a
12 h drying process at 80 ◦C in a vacuum oven. The percentages of 5%, 7%, and 10% refer
to the CQD content of A-TiO2.

2.2.3. Preparation of FTO/CQDs/A-TiO2 Photoanode

The FTO (2 cm × 1 cm) was used as the substrate. It was cleaned with anhydrous
ethanol and deionized water. A total of 10 mg of CQDs/A-TiO2 was mixed with 1 mL of
anhydrous ethanol, 1 mL of deionized water, and 20 µL of Nafion by ultrasonication. The
combined solution was drop-casted onto the FTO and left to cure at room temperature for
12 h in order to generate the photoanode.

2.3. Characterization

An X-ray diffractometer (XRD, Rigaku Ultima IV, Rigaku Corporation, Tokyo, Japan)
was used to study the crystal structures of the materials. X-ray photoelectron spectroscopy
(XPS, ESCALAB250Xi, ThermoFisher-VG Scientific, Waltham, MA, USA) was used to de-
termine the composition and valence states. The morphologies of the photoanodes were
characterized using a scanning electron microscope (SEM; Verios 460L, FEI, Hillsboro,
OR, USA) and a high-resolution transmission electron microscope (HRTEM; Talos F200 X,
FEI, Hillsboro, OR, USA). The ultraviolet visible spectrophotometer (UV-VIS) absorp-
tion spectra of the materials were analyzed using a UV-VIS DRS (UV-VIS DRS, Lambda
750 UV/VIS/NIR, PerkinElmer, Shelton, CT, USA). Fourier transform infrared (FTIR)
spectroscopy of the 10% CQDs/A-TiO2 was performed using an FTIR spectrometer (Shi-
madzu 4100, Thermo Nicolet, Thermo Fisher Scientific, Waltham, MA, USA) with a spectral
range of 4000~450 cm−1 and a resolution of 32 cm−1 at room temperature.

2.4. Measurement of Photodegradation

A total of 10 mg of sample (5 nm, 20 nm, 100 nm A-TiO2 or R-TiO2) was mixed with
25 mL of MB (10 mg/L) solution to measure the photodegradation performance of the
sample. Before the photodegradation was initiated, the solution was magnetically stirred
for 20 min to achieve the adsorption equilibrium. Then, the photodegradation experiment
was conducted under 90 mW/cm2 UV irradiation. A sample of 3.5 mL of the solution at
the 10 min, 20 min, 30 min, 50 min, 70 min, and 90 min intervals was centrifuged for 10 min
at 10,000 rpm during the photodegradation process. After centrifugation, the resultant
supernatants were put in cuvettes and a UV-VIS spectrophotometer was used to detect
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the UV absorption spectra of MB. The following equation was used to determine the
photodegradation performance:

D = (C0 − Ct)/C0 × 100% = (A0 − At)/A0 (1)

In this case, A0 represents the initial intensity of the RhB absorption peak at 662 nm,
At denotes the intensity of the RhB absorption peak at time t, C0 represents the initial
concentration of RhB, and Ct represents the concentration of the RhB solution degraded at
the moment t.

Stability testing: after each photocatalytic reaction, the samples were centrifuged,
ultrasonically cleaned, and dried for reuse.

2.5. Photoelectrochemical (PEC) Measurements of Electrodes

PEC tests were carried out using a three-electrode setup on an electrochemical work-
station (Versa STAT 3, Princeton, Oak Ridge, TN, USA), which was lit by a 300 W xenon
lamp that produced a 30 mW/cm2 UV source. The electrolyte for the PEC test was an
aqueous solution of Na2SO4 at 0.5 mol/L. A Pt wire served as the counter electrode (CE),
Ag/AgCl (3.5 mol/L KCl) served as the reference electrode (RE), and the working electrode
(WE) was a 5% (7%, 10%) CQDs/A-TiO2 film electrode. The turn-on voltage of the pho-
toanode 10% CQDs/A-TiO2 and the turn-on voltage of the cathode Pt were tested through
an electrochemical workstation in the range of −1 V to 1 V against a reversible hydrogen
electrode (RHE). Transient current response tests were performed with a constant voltage
of 0 V for comparison with RHE under interval illumination.

2.6. PFC Measurements

A 300 W xenon lamp delivered 30 mW/cm2 UV source irradiation for the PFC mea-
surements, which were conducted using an electrochemical workstation (Versa STAT 3,
Princeton, Oak Ridge, TN, USA) with a two-electrode setup. A 10% CQDs/A-TiO2 film
electrode served as the photoanode, Pt wire served as the cathode, and 0.5 mol/L RhB
aqueous solution served as the fuel. The photocurrent density, open-circuit voltage, and
polarization curves of the PFC were tested and collected using an electrochemical work-
station. Finally, the ability of the PFC to degrade RhB was tested at 0 V and 0.2 V bias to
simulate the ability of the PFC to degrade dye contaminants.

3. Results
3.1. Composition, Structure and Morphology

The XRD analysis was conducted to investigate the crystal structures of A-TiO2 and
10% CQDs/A-TiO2, as shown in Figure 1. As it can be seen in Figure 1, the diffraction peaks
were located at 2θ = 27.4◦, 36.6◦, 39.6◦, 42.3◦, 44.1◦, 54.7◦, 56.8◦, 63.5◦, 65.3◦, 69.8◦, and
70.2◦, corresponding to the (110), (101), (200), (111), (210), (211), (220), (002), (310), (221), and
(301) crystal planes of R-TiO2, respectively (JCPDS, 73–2224) [33]. The peaks at 2θ = 25.3◦,
36.9◦, 37.7◦, 38.6◦, 48◦, 53.8◦, 55◦, 62.8◦, 68.9◦, 70.3◦, 75.1◦, 76◦, and 82.7◦ can be assigned to
the (103), (004), (112), (200), (105), (211), (204), (116), (202), (301), (215), and (224) planes of
the A-TiO2 (CPDS 2–387), respectively [34]. Upon the synthesis of 10% CQDs/A-TiO2, it
was noted that there were no substantial alterations in the peaks. This phenomenon can be
accounted for by the relatively low concentration of CQDs within the 10% CQDs/A-TiO2
composite. As a result, their peaks were found to be efficiently superimposed upon those
of A-TiO2 [35].

SEM was used to examine the surface morphology of the catalysts. Figure 2a,b shows
the SEM morphology of A-TiO2 and 10% CQDs/A-TiO2. It is evident that the A-TiO2
particle size ranged from 20 nm to 30 nm, and, since the CQDs’ diameter was only a few
nanometers, it had little bearing on the 10% CQDs/A-TiO2 morphology. The SEM images of
the 10% CQDs/A-TiO2 mainly show the A-TiO2 structure [36]. In order to further confirm
the composition of the 10% CQDs/A-TiO2, EDS tests were performed. Figure S2 shows that
the EDS test results indicate that the elements C, O, and Ti were uniformly distributed in
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the material, further confirming the successful combination of CQDs and TiO2. It is evident
from the TEM images presented in Figure 2c,d that the lattice spacing measured 0.35 nm,
corresponding to the (101) crystal plane of A-TiO2. This, therefore, serves as an indication
of the presence of A-TiO2 [30]. Figure 2d clearly shows the uniform distribution of CQDs,
with a particle size of about 3 nm, on A-TiO2. These results demonstrate the successful
preparation of A-TiO2 and 10% CQDs/A-TiO2. As it can be seen from Figure S1, R-TiO2
exhibited elongated particles closely fitting together. R-TiO2 had a grain size of 140 nm in
the length direction and of 60 nm in the width direction.
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A-TiO2 and 10% CQDs/A-TiO2 were tested using XPS. The full XPS spectra of A-
TiO2 and 10% CQDs/A-TiO2, shown in Figure 3a, indicate that the prepared photoanodes
contained mainly Ti, O, and C elements [37]. The O 1s spectra of A-TiO2 had two primary
peaks at 529.8 eV and 531.4 eV, respectively, corresponding to Ti-O and Ti-OH, as seen in
Figure 3b [38]. By observing the O 1s spectra of the 10% CQDs/A-TiO2, it is clear that the
main peaks occurred at 530 eV and 531.6 eV. The 10% CQDs/A-TiO2 main peak binding
energies all experienced an increase of 0.2 eV. The spectra of C 1s of A-TiO2 in Figure 3c
show that C-C, C-O, and O-C-Ti are represented by the three peaks at 284.7 eV, 286.2 eV,
and 288.7 eV, respectively [34]. The primary peak’s binding energy was found to remain
unchanged based on the 10% CQDs/A-TiO2 C 1s spectra. The peaks at 458.6 eV (Ti 2p3/2)
and 464.3 eV (Ti 2p1/2) in the Ti 2p of the A-TiO2 spectrum in Figure 3d show that Ti
existed mainly in the form of Ti4+ [39]. The Ti 2p spectra of 10% CQDs/A-TiO2 demonstrate
that, upon combination of CQDs and A-TiO2, the binding energies of both Ti 2p3/2 and
Ti 2p1/2 exhibited a slight increment. By continuing to examine the 2p spectrum of 10%
CQDs/A-TiO2 in Figure 3d, it can be observed that the peak at 457.6 eV showed a small
peak due to the formation of a small amount of Ti3+ [40].

UV-VIS was used to evaluate the optical characteristics of R-TiO2, A-TiO2, and 10%
CQDs/A-TiO2. Reasonably speaking, Figure 4a shows that the prepared A-TiO2’s absorp-
tion edge lied at 364 nm, and that it was only responsive to UV light [41]. By observing
Figure 4a, it can be seen that the absorption edge of the prepared R-TiO2 was located at
338 nm. After the combination of CQDs and A-TiO2, the absorption edge increased to
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538 nm. This is because the C-O-Ti bonding between A-TiO2 and CQDs lowers the band
edge’s absorption energy and extends it into the visible part of the spectrum [42]. Thus,
the system’s overall light absorption capability was enhanced by the combination of CQDs
and A-TiO2. The Eg of A-TiO2 and 10% CQDs/A-TiO2 can be estimated from the Tauc plot,
which can be determined using the following formula:

(αh)2 = A
(
hυ − Eg

)
(2)

hυ = h
c
λ

(3)

where λ is the wavelength, υ is the illumination frequency, α is the absorption coefficient,
A is the constant, c (3 × 108 m·s −1) is the speed of light, and h (6.626 × 10−34 J·Hz−1) is
the Planck constant. By observing Figure 4b, it can be seen that the Eg of R-TiO2 was 3.7 eV.
The Eg of 10% CQDs/A-TiO2 decreased to 2.8 eV, as seen in Figure 4b, indicating that the
photoanode’s Eg may be lowered by a combination with CQDs.
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The presence of different functional groups on the surface of the 10% CQDs/A-TiO2
sample was confirmed by FTIR spectroscopy, as shown in Figure 5. The 3286 cm−1 band
was attributed to the -OH group on the surface of TiO2 which is believed to be crucial in
the photocatalytic process. This is because it traps light-generated electrons and holes to
produce reactive oxygen species [43]. The band in the 2981 cm−1 range was attributed to
the O-H stretching of the adsorbed water molecules. The absorption bands at 1700 cm−1

and 1514 cm−1 were stretched to stretching vibrations of C=C and C-O groups, respectively,
indicating the presence of elemental C on the catalyst’s surface [44]. The appearance of
absorption at 568 cm−1 in Figure 5 confirms the synergistic effect of Ti-O-Ti and Ti-O-C
vibrations, as reported by Zhang et al. [45].
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3.2. Photocatalytic Properties of the Photoanode

MB is an organic pollutant that can cause significant mortality among aquatic animals
at high concentrations [46]. In order to verify the effectiveness of different crystal types
and particle sizes of TiO2 at treating environmental pollution, the degradation properties
of A-TiO2 at 5 nm, 20 nm, and 100 nm, as well as R-TiO2, were tested in relation to
the degradation of the MB solution under UV light. Figure S3a–d shows that all four
photocatalysts were able to completely disintegrate the MB solution within 90 min. As
illustrated in Figure 6a, the rate of photodegradation of MB by the 20 nm A-TiO2 was 97.3%
in 30 min, surpassing the rates of the 5 nm A-TiO2 (75%), 100 nm A-TiO2 (92.1%), and R-TiO2
(93%). The photocatalytic performance was significantly influenced by the specific surface
area of the TiO2 particles. The specific surface area of the TiO2 particles increases with a
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decreasing particle size. A greater surface area allows for a greater area of contact between
the organic pollutants and the photocatalyst, increasing the photocatalytic activity [47].
However, compared to the 20 nm A-TiO2, the degradation rate of the 5 nm A-TiO2 was
lower, indicating that A-TiO2’s specific surface area was not the only factor influencing its
photocatalytic efficacy. The recombination of holes and electrons is supported by an increase
in the density of recombination centers which occurs when the particle size decreases [48].
Consequently, the 5 nm A-TiO2’s photocatalytic performance was diminished. Compared
to R-TiO2, A-TiO2 had a better photocatalytic performance. This is because the crystal
structure of A-TiO2 exhibits tetrahedral coordination with a higher surface activity, while
the crystal structure of R-TiO2 exhibits hexahedral coordination with a lower surface
activity and is more stable [49]. Since the degradation performance of the 20 nm A-TiO2
was optimal, the 20 nm A-TiO2 was subsequently combined with CQDs to form a 10%
CQDs/A-TiO2 composite photocatalyst. As shown in Figure 6a, the photodegradation rate
of MB by the 10% CQDs/A-TiO2 was 91.3% after 10 min, and MB was completely degraded
after 30 min.

Crystals 2024, 14, 1083 9 of 16 
 

 

 

The presence of different functional groups on the surface of the 10% CQDs/A-TiO2 
sample was confirmed by FTIR spectroscopy, as shown in Figure 5. The 3286 cm−1 band 
was attributed to the -OH group on the surface of TiO2 which is believed to be crucial in 
the photocatalytic process. This is because it traps light-generated electrons and holes to 
produce reactive oxygen species [43]. The band in the 2981 cm−1 range was attributed to 
the O-H stretching of the adsorbed water molecules. The absorption bands at 1700 cm−1 
and 1514 cm−1 were stretched to stretching vibrations of C=C and C-O groups, respec-
tively, indicating the presence of elemental C on the catalyst’s surface [44]. The appearance 
of absorption at 568 cm−1 in Figure 5 confirms the synergistic effect of Ti-O-Ti and Ti-O-C 
vibrations, as reported by Zhang et al. [45]. 

 
Figure 5. FTIR spectra of 10% CQDs/A-TiO2. 

3.2. Photocatalytic Properties of the Photoanode 
MB is an organic pollutant that can cause significant mortality among aquatic ani-

mals at high concentrations [46]. In order to verify the effectiveness of different crystal 
types and particle sizes of TiO2 at treating environmental pollution, the degradation prop-
erties of A-TiO2 at 5 nm, 20 nm, and 100 nm, as well as R-TiO2, were tested in relation to 
the degradation of the MB solution under UV light. Figure S3a–d shows that all four pho-
tocatalysts were able to completely disintegrate the MB solution within 90 min. As illus-
trated in Figure 6a, the rate of photodegradation of MB by the 20 nm A-TiO2 was 97.3% in 
30 min, surpassing the rates of the 5 nm A-TiO2 (75%), 100 nm A-TiO2 (92.1%), and R-TiO2 
(93%). The photocatalytic performance was significantly influenced by the specific surface 
area of the TiO2 particles. The specific surface area of the TiO2 particles increases with a 
decreasing particle size. A greater surface area allows for a greater area of contact between 
the organic pollutants and the photocatalyst, increasing the photocatalytic activity [47]. 
However, compared to the 20 nm A-TiO2, the degradation rate of the 5 nm A-TiO2 was 
lower, indicating that A-TiO2’s specific surface area was not the only factor influencing its 
photocatalytic efficacy. The recombination of holes and electrons is supported by an in-

Figure 5. FTIR spectra of 10% CQDs/A-TiO2.

Crystals 2024, 14, 1083 10 of 16 
 

 

crease in the density of recombination centers which occurs when the particle size de-
creases [48]. Consequently, the 5 nm A-TiO2’s photocatalytic performance was dimin-
ished. Compared to R-TiO2, A-TiO2 had a better photocatalytic performance. This is be-
cause the crystal structure of A-TiO2 exhibits tetrahedral coordination with a higher sur-
face activity, while the crystal structure of R-TiO2 exhibits hexahedral coordination with 
a lower surface activity and is more stable [49]. Since the degradation performance of the 
20 nm A-TiO2 was optimal, the 20 nm A-TiO2 was subsequently combined with CQDs to 
form a 10% CQDs/A-TiO2 composite photocatalyst. As shown in Figure 6a, the photodeg-
radation rate of MB by the 10% CQDs/A-TiO2 was 91.3% after 10 min, and MB was com-
pletely degraded after 30 min. 

Figure 6b shows the photodegradation curves of the quasi-primary kinetic model for 
each sample. From Figure 6b, it can be seen that the kinetic constants of R-TiO2, 5 nm A-
TiO2, 20 nm A-TiO2, 100 nm A-TiO2, and 10% CQDs/A-TiO2 were 0.0410 min−1, 0.0456 
min−1, 0.05820 min−1, 0.0526 min−1, and 0.0603 min−1, respectively. The results show that the 
20 nm A-TiO2 delivered the best degradation performance. The degradation performance 
was further enhanced by the addition of CQDs to A-TiO2. Figure S4 shows that the degra-
dation rate of each sample was 99.05% after 20 min of adsorption. After 30 min, the deg-
radation rate was 98.98%. In order to evaluate the photochemical stability of the catalysts, 
replicate experiments of MB photodegradation were performed on the 10% CQDs/A-TiO2 
samples. Figure S5 shows that 97% of MB was degraded after 30 min when using the 10% 
CQDs/A-TiO2 sample. After five cycles, the photocatalytic activity of the 10% CQDs/A-
TiO2 decreased, and 91% of MB was degraded after 30 min. The photocatalytic activity of 
10% CQDs/A-TiO2 decreased by 6% after repeated use over five cycles, indicating that the 
photocatalyst has excellent photochemical stability. 

In order to further investigate the photocatalytic mechanism and find out which free 
radicals dominate during the photocatalytic degradation of MB, free radical trapping ex-
periments were then performed on 10% CQDs/A-TiO2. In this work, IPA, EDTA-2Na, and 
BQ were used as sacrificial agents for hydroxyl radicals (•OH), cavities, and superoxide 
radicals (•O2−), respectively. As shown in Figure S6, the photocatalytic rate decreased by 
13% when IPA was used as an •OH sacrificial agent, indicating that •OH plays a weak 
role in the degradation process. The photocatalytic rate was reduced by 50% when EDTA-
2Na was used as a hole scavenger. When BQ was added as an •O2− sacrificial agent, the 
degradation rate decreased most significantly with the extension of the illumination time, 
and its photocatalytic rate decreased by 80%. This result indicates that •O2− dominates the 
photodegradation process. 

 
Figure 6. Photodegradation curves (a) and pseudo-first-order rate kinetics curves of (b) R-TiO2, 5 
nm A-TiO2, 20 nm A-TiO2, 100 nm A-TiO2, and 10% CQDs/A-TiO2. 

3.3. The Performance of PEC 

Figure 6. Photodegradation curves (a) and pseudo-first-order rate kinetics curves of (b) R-TiO2, 5 nm
A-TiO2, 20 nm A-TiO2, 100 nm A-TiO2, and 10% CQDs/A-TiO2.



Crystals 2024, 14, 1083 9 of 14

Figure 6b shows the photodegradation curves of the quasi-primary kinetic model
for each sample. From Figure 6b, it can be seen that the kinetic constants of R-TiO2,
5 nm A-TiO2, 20 nm A-TiO2, 100 nm A-TiO2, and 10% CQDs/A-TiO2 were 0.0410 min−1,
0.0456 min−1, 0.05820 min−1, 0.0526 min−1, and 0.0603 min−1, respectively. The results
show that the 20 nm A-TiO2 delivered the best degradation performance. The degradation
performance was further enhanced by the addition of CQDs to A-TiO2. Figure S4 shows
that the degradation rate of each sample was 99.05% after 20 min of adsorption. After
30 min, the degradation rate was 98.98%. In order to evaluate the photochemical stability
of the catalysts, replicate experiments of MB photodegradation were performed on the
10% CQDs/A-TiO2 samples. Figure S5 shows that 97% of MB was degraded after 30 min
when using the 10% CQDs/A-TiO2 sample. After five cycles, the photocatalytic activity
of the 10% CQDs/A-TiO2 decreased, and 91% of MB was degraded after 30 min. The
photocatalytic activity of 10% CQDs/A-TiO2 decreased by 6% after repeated use over
five cycles, indicating that the photocatalyst has excellent photochemical stability.

In order to further investigate the photocatalytic mechanism and find out which
free radicals dominate during the photocatalytic degradation of MB, free radical trapping
experiments were then performed on 10% CQDs/A-TiO2. In this work, IPA, EDTA-2Na,
and BQ were used as sacrificial agents for hydroxyl radicals (•OH), cavities, and superoxide
radicals (•O2−), respectively. As shown in Figure S6, the photocatalytic rate decreased by
13% when IPA was used as an •OH sacrificial agent, indicating that •OH plays a weak
role in the degradation process. The photocatalytic rate was reduced by 50% when EDTA-
2Na was used as a hole scavenger. When BQ was added as an •O2− sacrificial agent, the
degradation rate decreased most significantly with the extension of the illumination time,
and its photocatalytic rate decreased by 80%. This result indicates that •O2− dominates the
photodegradation process.

3.3. The Performance of PEC

PEC tests of 5 nm, 20 nm, 100 nm A-TiO2, and R-TiO2 were performed using a
three-electrode structure. According to Figure 7a, the photocurrent density of 20 nm A-
TiO2 may reach 4.41 mA/cm2, which is greater than that of R-TiO2 (0.64 mA/cm2), 5 nm
A-TiO2 (1.97 mA/cm2), and 100 nm A-TiO2 (3.58 mA/cm2). Therefore, combined with
the previous experimental results from the photodegradation experiments, the following
experiments were performed with the 20 nm A-TiO2 samples.

Figure 7. Photocurrent density profiles of (a) A-TiO2 with different particle sizes and R-TiO2 and
(b) different ratios of CQDs/A-TiO2.
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Three-electrode structures were used to study the photocurrent density of catalysts
containing 5%, 7%, and 10% of CQDs/A-TiO2. In Figure 7b, we can observe that the
photocurrent density of 10% CQDs/A-TiO2 was 34.63 mA/cm2, a significantly higher
value than that of 5% CQDs/A-TiO2 (5.62 mA/cm2) and 7% CQDs/A-TiO2 (6.74 mA/cm2).
The above results show that the 10% CQDs/A-TiO2 structure has the best PEC performance.
The 10% CQDs/A-TiO2 was found to be the ideal addition ratio, and it was discovered
that the electrochemical performance increased with the addition of CQDs. Modest CQD
compounding can enhance TiO2’s photocatalytic performance for two reasons. Firstly, it is
ascribed to the doping of CQDs, during which C replaces the lattice O atoms in TiO2. More
active sites for the PEC reaction are created when C-O-Ti bonds are formed between CQDs
and TiO2, resulting in a drop in band-edge absorption energy and an extension of TiO2’s
absorption edge into the visible region [50]. Secondly, by inhibiting the recombination of
photogenerated carriers, CQDs can facilitate the transport of electrons from the conduction
band of A-TiO2 to the organic contaminants [51]. The turn-on voltage was tested for the
10% CQDs/A-TiO2 photoanode and the Pt cathode. The photoanode’s turn-on voltage was
0.16 V, whereas the Pt cathode’s turn-on voltage was 0.64 V, as seen in Figure S7.

3.4. The Performance of PFC

Using Pt as the cathode, RhB as the fuel, and the fabricated 10% CQDs/A-TiO2 thin
film electrode as the photoanode, the PFC was assembled. By testing the electrochemical
properties of the PFC, the corresponding photocurrent density, discharge curve, and power
density were obtained. It is evident from Figure 8a,b that the PFC’s open-circuit voltage
was 0.41 V and its short-circuit current density was 0.6 mA/cm2. In Figure 8c,d, the power
density curves and the polarization curves of the PFC are displayed. The vertical intercepts
of the polarization curves correspond to the open-circuit voltage, while the horizontal
intercept corresponds to the short-circuit current density. The PFC had a maximum power
density of 0.1 mW/cm2 and a photocurrent density of 0.6 mA/cm2, respectively. The pho-
todegradation curves of RhB by the PFC at 0.2 V and 0 V voltage are displayed in Figure 9.
It is evident that, when the voltage was increased, the PFC’s capacity to eliminate dye
contaminants also increased. The schematic diagram of the PFC during dye degradation is
shown in Figure S8.

To further evaluate the value of the 10% CQDs/A-TiO2 proposed in this study, we
compared its performance with that of similar PFC systems reported recently in the lit-
erature. The photocurrent density, open-circuit voltage, and maximum power density of
the PFC from the present work were found to be higher than most reports (Table S1). The
results indicate that the PFC constructed using the 10% CQDs/A-TiO2 in this study delivers
an excellent performance.
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4. Conclusions

In this study, a PFC is prepared to remove dye contaminants and generate electricity at
the same time. Composites of CQDs and TiO2 are chosen to serve as the PFC’s photoanode.
Visible light absorption is enhanced by the composite CQDs/TiO2 photoanodes. The PFC
produces an open-circuit voltage of up to 0.41 V and a photocurrent density of 0.6 mA/cm2.
The maximum power density of the PFC is 0.1 mW/cm2. The photocatalytic activity
and electrochemical performance of the 5 nm, 20 nm, 100 nm A-TiO2, and R-TiO2 are
investigated for the photocatalytic degradation of organic dyes under UV light. The 20 nm
A-TiO2 demonstrates the best photocatalytic efficiency and electrochemical performance
compared to the 5 nm and 100 nm A-TiO2 and R-TiO2. Under UV light, the electrochemical
characteristics of the 5%, 7%, and 10% CQDs/A-TiO2 are examined. The results show that
the 10% CQDs/A-TiO2 delivers the best electrochemical performance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst14121083/s1, Figure S1: SEM images of R-TiO2; Figure S2:
(a) SEM of 10% CQDs/A-TiO2, (b) C, (c) O, and (d) Ti are EDS elemental maps of 10% CQDs/A-TiO2;
Figure S3: The UV-VIS absorption spectra of (a) R-TiO2 and A-TiO2 at (b) 5 nm, (c) 20 nm, and
(d) 100 nm; Figure S4: Adsorption test of R-TiO2, 5 nm A-TiO2, 20 nm A-TiO2, 100 nm A-TiO2,
and 10% CQDs/A-TiO2; Figure S5: Stability of 10% CQDs/A-TiO2 under UV irradiation; Figure S6:
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Photocatalytic degradation curves with different sacrificial agents added to the 10% CQDs/A-TiO2;
Figure S7: The turn-on voltage of (a) 10% A-TiO2/CQDs and (b) Pt. Figure S8: Schematic diagram
of a PFC cell during dye degradation; Table S1: Comparison of the performance of PFC with other
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