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A B S T R A C T   

In the last decades, the rising levels of carbon dioxide (CO2) in the atmosphere have been increasingly attributed 
to the global warming effect. Photocatalysis, which exploits the energy of light and abundant semiconductor 
materials, may represent a promising method to enable more sustainable catalytic reactions. However, the 
current applicability is mainly hindered by the design of materials capable of efficiently harvesting solar light to 
conduct photo-catalytic reactions. In this context, the conjugation of carbon dots with semiconductor materials 
was studied as tool to increase the visible-light sensitivity of titanium oxide (TiO2) and barium titanate (BaTiO3). 
The hybrid materials were tested for their photo-activity in two distinct reactions and upon the irradiation of 
either UV or solar light. Two different deposition methods were studied as to provide a scalable strategy to the 
design of versatile photocatalyst. As results, although all the prepared materials were found to be active in both 
UV and visible-light irradiating conditions, only carbon-modified semiconductors were able to convert CO2 into 
methane upon solar light excitation. In addition, carbon-dots-BaTiO3 conjugates were proposed for the first time 
as valid alternative to TiO2-based photocatalysts, especially in the CO2 photo-reduction reactions. If properly 
designed, carbon dots may represent a way to overcome some of the current limitations to the application of 
photocatalytic processes for the development solar-powered technologies.   

1. Introduction 

Carbon dioxide (CO2) is the most abundant greenhouse gas emitted 
by human activities, accounting for 79% of global warming [1]. In the 
last decades, CO2 concentration in the atmosphere has grown up to 410 
ppm [2]. Different strategies, such as developing carbon-neutral fuels 
and energy sources, aim at reducing its concentration by means of car
bon capture and storage (CCS) and carbon capture and utilization (CCU) 
technologies. In addition, achieving the scalable conversion of carbon 
dioxide as a carbon source for obtaining high-value products such as 
carbon monoxide, formic acid and methane, could be of high interest 
beside falling within the principles of the circular economy [3,4]. In 
particular, obtaining methane from waste could potentially play an 

important role in the energy transition [5]. Carbon dioxide is a non- 
polar, abundant, cheap, non-toxic, thermodynamically stable mole
cule, with high binding energies mainly relative to the C––O bond. To 
overcome the energy demand for CO2 activation and to achieve net zero 
CO2 emissions, new catalytic approaches such as electroreduction and 
photocatalysis have been currently studied [6]. While the former applies 
voltage to perform CO2 reduction, which could however derive from 
non-renewable energy sources, photocatalysis exploits solar energy as a 
renewable energy source, thus resulting in a promising method to enable 
a more sustainable conversion [7,8]. Photocatalysis involves the use of a 
semiconductor, which is defined by a band structure, that is composed 
by a valence band and a conduction band, separated by an energy gap, 
usually between 0.3 and 5 eV. If the energy of irradiation is equal to or 
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greater than the band gap, there is the formation of an exciton that is 
composed of an electron and an empty state called hole. Electrons may 
move from the bulk to the surface where they are available to react with 
an accepting molecule, such as carbon dioxide, and performing a 
reducing reaction, while the hole can catalyze an oxidizing reaction, 
such as water into oxygen and hydrogen [9,10]. Titanium dioxide (TiO2) 
is a polymorphic semiconductor composed of three different crystalline 
structures: rutile, anatase and brookite, with anatase being the most 
photo-active phase due to its higher charge mobility and therefore one of 
the most widely studied amongst photocatalytic materials [11,12]. 
Although being non-toxic, available, economic, and stable the use of 
TiO2 is still limited because of its high bandgap of about 3.2 eV, which 
allows the absorption of radiation only in the ultraviolet region (UV), 
and because of its high recombination rate [13,14]. Alkaline-earth- 
metal perovskites show good photostability, corrosion resistance in 
aqueous solutions together with the band gap necessary for obtaining all 
the products of carbon dioxide reduction [15]. For these reasons, pe
rovskites are currently gaining attention in photocatalytic applications. 
The intrinsic basicity of Barium titanate (BaTiO3) can favor the inter
action with carbon dioxide – which is slightly acidic – in the photore
duction reaction [16]. Beside the promising potential of both titania and 
perovskites as photocatalysts, some effort is still required to improve the 
photoactivity efficiency and to enable these materials to fully exploit the 
full spectrum. Different strategies such as sensitization with visible- 
active dyes or polymer conjugates, doping with heteroatoms or 
metals, and associating the semiconductor with a co-catalyst could be 
applied. The latter consists in the formation of new energy levels that 
could promote the absorption in the visible range and the limitation of 
the recombination rate. Amongst the emerging photocatalytic materials, 
carbon dots (CD) have been already considered for organic pollutant 
degradation, hydrogen generation, NOx removal and organic trans
formations [17–20]. CDs are carbon-based spherical nanoparticles 
having sizes below 10 nm, high chemical stability, fluorescent proper
ties, good photogenerated charge transfer ability, easy surface modifi
cation, biocompatibility, and low toxicity [21]. Due to their narrow 
band gap, CDs could be used as co-catalysts in the CO2 photoreduction 
[22]. For instance, Kulandaivalu et al. reported the use of carbon dots 
supported on Cu2O for carbon dioxide photoreduction in gas phase 
under visible light irradiation. They obtained a high selectivity toward 
ethane and an improvement in the photostability of the catalytic system 
[23]. As a matter of fact, Ong et al. reported the use of carbon dots as co- 
catalysts to modify g-C3N4 (graphene carbon nitride), that has improved the 
adsorption of nonpolar CO2 and has enhanced the generation of 
methane [24]. 

The synthetic methods for CDs can be divided into two categories: 
bottom-up and top-down approaches. Amongst the bottom-up ap
proaches, microwave-assisted methods are environmentally friendly, 
cost-effective and scalable methods which apply localized and homo
geneous heating, by means of microwave radiation, to decarbonize a 
carbon source to obtain nanoparticles [25]. In this work, carbon dots 
were first prepared via microwave-assisted method and associated as co- 
catalyst on a solid matrix such as BaTiO3 and TiO2 using two different 
deposition methods. Therefore, their potential application as co- 
catalysts was explored both in gas phase CO2 photoreduction and in 
methylene blue photodegradation reactions, under both UV and solar 
irradiation. 

2. Experimental 

2.1. Material preparation 

2.1.1. Carbon dots 
Carbon dots (CD) were prepared via microwave-assisted method by 

dissolving 0.1 g of o-phenylenediamine (Sigma-Aldrich, ≥98%) in 20 mL 
of ethanol (Sigma-Aldrich, ≥99.7%), then put in a Teflon vessel which 
was irradiated in a microwave oven at 180 ◦C for 15 min. The solution 

was filtered with 0.22 μm WHATMAN filter papers. In order to separate 
larger aggregates, the solution containing the material has been cen
trifugated multiple times (3 times, 10,000 rpm, 5 min each) by adding 
small aliquots of deionized water (3 mL) in the centrifuge tube con
taining an ethanol solution (15 mL) of the material [26]. The precipited 
solid has been discarded and the purified solution was dialyzed in 
ethanol for 24 h with 1 kDa SPECTRA/POR membrane. Finally, the 
dialyzed solution was freeze-dried for 24 h. 

2.1.2. Barium titanate 
Barium titanate (BaTiO3) was prepared via hydrothermal synthesis 

by mixing 50 mL of 0.1 M BaCl2⋅2H2O (5 mmol) (Sigma-Aldrich, ≥99%) 
as barium precursor and 1.5 mL of titanium tetraisopropoxide (TTIP) 
(Sigma-Aldrich, 97%) in a beaker. The pH value was adjusted to 12 by 
adding a 4 M solution of sodium hydroxide (NaOH) (Sigma-Aldrich, 
≥98%) dropwise. After stirring at 300 rpm for 20 min, the solution was 
transferred into a Teflon vessel and kept at 180 ◦C in an autoclave at 
autogenous pressure for 8 h. The resulting mixture was left to cool down, 
filtered on a Gooch crucible and washed with distilled water and 
ethanol. The white solid sample was dried in the oven at 110 ◦C for 12 h. 

2.1.3. Supported CDs 
Titanium dioxide (TiO2) was used in its commercial form Degussa 

P25 (Evonik, Italy). CD-TW and CD-BW supported samples were pre
pared via microwave-assisted solvothermal method by dissolving TiO2 
or BaTiO3 respectively, with 5 wt% o-phenylendiamine (Sigma-Aldrich, 
≥ 98%) in ethanol and irradiating in a microwave oven as previously 
described. The conjugation of CD in CD-TS and CD-BS samples occurred 
via an incipient wetness impregnation procedure. In this case the CD 
previously synthesized in the microwave oven, were dissolved in 
ethanol, sonicated for 30 min and added dropwise on the scaffold in 5 wt 
%. Impregnated samples were dried in oven at 110 ◦C for 12 h. Labels 
and synthetic methods are reported in Table 1. 

2.2. Materials characterization 

Scanning electron microscopy analysis was employed to investigate 
carbon dots and barium titanate morphologies, using a Field Emission 
electron microscope (Zeiss-Sigma VP) equipped with an X-ray energy 
dispersion (EDX) detector (Bruker Quantax EDS). Transmission electron 
microscopy (TEM) was performed with a Tecnai G2 Spirit Twin equip
ped with a 80 kV gun to determine the morphology of the internal 
structure of carbon dots. Surface functional groups were investigated by 
FT-IR spectroscopy (Perkin Elmer Precisely Spectrum One Spectrom
eter). The tablets used for the measures have been composed of KBr and 
of a small amount of the sample. The instrument was set in a wave
number range between 4000 and 400 cm− 1 and with a resolution of 4 
cm− 1. Diffuse reflectance spectroscopy (DRS) was applied to determine 
carbon dots interaction with light and their band gaps, operating with 
Cary 100 Agilent spectrometer working at room temperature in the 
range of 200–800 nm (UV-VIS-NIR). Spectra of all samples were con
verted through the Kubelka-Munk function (Eq. (1)) as proportional to 
the absorbance, assuming the infinitely thick samples. 

F(R) =
(1 − R)2

2R
=

K
S

(1) 

Table 1 
Sample labels by preparation method.  

Sample Material CD synthesis CD scaffolding 

CD Carbon dots Microwave / 
CD-TW CDs/TiO2 Microwave Incipient wetness impregnation 
CD-BW CDs/BaTiO3 Microwave Incipient wetness impregnation 
CD-TS CDs/TiO2 Microwave Microwave 
CD-BS CDs/BaTiO3 Microwave Microwave  
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where R, K, S are respectively the reflectance, absorption, and scattering 
coefficients of the sample [27]. To investigate the crystalline structure, 
X-ray Diffraction (XRD) was performed with Empyrean Bruker D8 
Advanced diffractometer equipped with Cu Kα radiation (λ ¼ 1.5418 
Å), using Bragg-Brentano parafocusing geometry, PIXcel3D-Medipix3 as 
detector a graphite monochromator. UV-VIS spectroscopy was applied 
to analyze the methylene blue solutions of carbon dots, using a Cary 100 
Agilent spectrometer to carry out the analysis working at room tem
perature in the range of 200–800 nm (UV-VIS-NIR). The emission (PL) 
and excitation (PLE) of the materials were investigated by means of a 
Jasco FP-750 spectrofluorometer equipped with a 150 W Xenon lamp 
(270–730 nm) as the excitation source. 

2.3. Photocatalytic setup 

2.3.1. Gas phase CO2 photoreduction 
CO2 photoreduction with water vapor was carried out in a gas phase 

boron silicate batch reactor. A 125 W mercury UVA lamp (spectral range 
315–400 nm; Helios Italquartz, GN125RZS) and a solar simulator 
(model number 10500; ABET technologies; 150 W Xenon arc lamp with 
AM 1.5G atmospheric filter) were used as light source, with an irradi
ance of 40 W/m2 and 1000 W/m2, respectively. A schematic represen
tation of the photoreduction system is reported in Fig. 1. The gas phase 
reaction conditions are reported in Table 2. The blank tests were carried 
out in the presence of gas reagents and light for 6 h. Reaction products 
were analyzed by gas chromatography (Agilent 6890 Plus GC, Porapak 
Q column), with a thermo-conductibility detector (TCD) using Helium as 
gas carrier. The results are expressed in TON turn over number, ac
cording to the Eq. (2). 

TON =
μmol (product)

g catalyst
(2) 

Reusability studies of the most performant catalyst were carried out 
under both UV and solar light, in order to assess the stability over the 
time. Recycles consisted in 4 cycles between which the catalyst-loaded 
reactor was left under He flow overnight. 

2.3.2. Methylene blue photodegradation 
A 125 W mercury UV lamp (spectral range 315–400 nm; HG100; 

Jelosil Srl) and a solar simulator were used as light sources with an 
irradiance equal to 40 W/m2 and 1000 W/m2 respectively (Table 3). 
Catalysts were exposed to either UV or visible light radiation into a 
1•10¡5 M solution of methylene blue (MB) (Sigma-Aldrich). Aliquots of 
the solution were taken at regular intervals and analyzed by UV–vis 
spectroscopy. 

3. Results and discussion 

3.1. Structural properties 

XRD analysis was applied to investigate the crystal structure of the 
samples. 

The XRD pattern of bare carbon dots (Fig. 2a) suggested the presence 
of both crystalline and amorphous phases, with typical signals attributed 
to carbon dots. The crystalline phase denoted larger structures, whereas 
the amorphous one was attributed to smaller carbon particles. The 
crystallites dimensions were determined using Scherrer’s law and 
ranged from 45 to 50 nm. The diffractogram of the purified CDs (Fig. 2b) 
shows a broad peak centered at 24◦. As already reported, these type of 
broad signals indicates the formation nanosized crystallites, suggesting 
the presence of CDs materials [28]. 

CD-BS and CD-BW (Fig. 2 c,d) XRD patterns are characterized by the 
typical crystal planes: (100) 21◦, (110) 31◦, (111) 39◦, (200) 45◦, (210) 
51◦, (211) 56◦, (220) 66◦, (310) 75◦, (321) 92◦ which were mostly 
attributed to the cubic phase of BaTiO3 [29]. The additional peaks at 23◦

were attributed to BaCO3 which is retained to be residual of the syn
thetic procedure [30]. In both Ba-based samples, the broad signal at 
small angles was attributed to the presence of an amorphous phase. CD- 
TW and CD-TS (Fig. 2 e,f) exhibited the characteristic peaks of TiO2, that 
presents both rutile (110) 27◦, (101) 36◦, (111) 41◦, (211) 54◦, (220) 
56◦, (301) 68◦, (112) 70◦ and anatase crystal planes (101) 25◦, (004) 

Fig. 1. CO2 photoreduction rig.  

Table 2 
Experimental conditions for the gas-phase CO2 photoreduction.  

PARAMETERS UV LIGHT SOLAR LIGHT 

CO2/H2O 13,3 13,3 
Temperature (◦C) 60 60 
Pressure (atm) 1 1 
Time (hours) 6 6 
Irradiance (W/m2) 40 1000 
Catalyst mass (mg) 10 10  

Table 3 
Experimental conditions for liquid-phase methylene blue 
photodegradation.  

PARAMETERS VALUES 

Temperature (◦C) 25 
Time (hours) 2 
Irradiance UV (W/m2) 40 
Irradiance Solar (W/m2) 1000 
Catalyst concentration (g/L) 0,16 
pH 6  
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37◦, (200) 47◦, (105) 54◦, (204) 62◦, (215) 75◦, (224) 83◦ which char
acterize tetragonal unit cells [31]. Carbon dots peaks were not detected 
in any sample, either due to low concentration or to the small di
mensions – or both – of carbon dots nanoparticles, leading to a weak 
signal not detectable by the instrument. 

TEM analysis was performed to investigate bare carbon dots 
morphology. As reported in Fig. 3 the synthesized CDs were detected 

both as aggregated structures of about 200 nm (Fig. 3a) and as single 
nano-spheres with <10 nm size (Fig. 3b), prior to the purification step. 
As reported in Fig. 3a, the formation of the CDs is confirmed by means of 
TEM, with <10 nm size. However, the synthetic approach for the CDs 
leads to the formation of larger aggregates (Fig. 3b) which can be 
removed as already described. 

Scanning electron microscopy (SEM) analysis was applied to inves
tigate the surface morphology of the catalysts. This technique was paired 
with EDX to determine the distribution and the presence of defined el
ements in the materials. 

CD-BS and CD-BW (Fig. 4a, b) showed sponge-like micro-aggregates 
of smaller particles with average dimension lower than 50 nm. Both 
samples were characterized by a homogeneous distribution of carbon on 
the perovskite surface, as supported by EDX analysis (Fig. S1 a,b), 
although CD-BW sample visibly showed fiber-like elongated structures 
attributed to BaTiO3 that could influence the photo-activity. In addition, 
carbon appeared to be homogenously distributed on both CD-TS and CD- 
TW samples (Figs. S1c, d). 

3.2. Optical properties 

As reported in Fig. 5a, CD sample absorbed in the visible region, 
between 330 and 500 nm. This absorption peak was ascribed either to 
the n-π* transition of C–O and C––O bonds, or to the functional groups 
on CD surface [25]. In addition, CD were found to be able to also absorb 
in the UV region of the spectrum. The photoluminescence (PL) of bare 
carbon dots was measured to determine the emission ability of the 
sample upon light excitation (Fig. 5b). The excitation spectrum was 
composed by two bands, in either UV or visible region, centered at 280 
nm and 400 nm respectively, and suggesting that different types of ex
citations occur at the sample surface. The emission spectrum of CD was 
centered at 500 nm. 

excitation (PLE) spectra of bare CD. 
Diffused reflectance spectroscopy (DRS) was performed to confirm 

the absorption spectra of CD-supported samples (Fig. S2). Both CD-BS 
and CD-TS showed absorption both in the UV and in the visible re
gions, as result of the in-situ deposition. These same optical properties 
were previously observed to be related to a modification of the bandgap 
[32,33]. Therefore, carbon dots association to the semiconductors 
improved the absorption in the visible region of the spectra. 

FT-IR analysis was carried out to further elucidate the role and 
presence of functional groups on the catalysts surface (Fig. 6). All 
samples exhibited a strong band at 3440 cm¡1 related to O–H 
stretching. At the same wavenumber range there is also a peak related to 
N–H stretching of amino-groups. In CD-TS and CD-BS spectra, the peak 
at 1631 cm¡1 was attributed to the bending mode H-O-H due to the 
physical adsorption of water. In addition, CD-TS showed C–H stretching 
of organic compounds, further supporting the presence of carbon as 

Fig. 2. XRD patterns of the catalysts: (a) CD pre-purification, (b) CD post- 
purification, (c) CD-BS, (d) CD-BW, (e) CD-TS, (f) CD-TW, where BT: BaTiO3 
crystalline phase, BC: barium carbonate phase, A: anatase phase, R: 
rutile phase. 

Fig. 3. TEM images of bare carbon dots: aggregated structured (black circle) and nano-spheres (green circle). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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suggested by SEM-EDX. The broad band at 400–700 cm¡1 was related to 
bending and stretching of Ti-O-Ti of titania [34]. Similarly, CD-BS was 
characterized by a broad band between 800 and 400 cm¡1 relative to 
Ti–O stretching of barium titanate and which was not present on bare 
CD spectrum. Both CD and CD-TS samples showed a more pronounced 
peak at 2920 cm¡1 related to C–H stretching, compared to CD-BS 
sample. The peaks at 1680 cm¡1 and at 1400 cm¡1 attributed to the 
stretching vibration of C––O groups and to N–H vibration of amides 
respectively, were only detected in the bare CD sample. The peak at 928 
cm¡1 was attributed to C–O and C-O-C stretching of unsaturated carbon 
bonds formed during the carbonization process [35]. Together these C- 
based functional groups are thought to accelerate the separation be
tween electrons and holes, as well as to contribute to the emission 
properties, being characterized large π conjugated system. These prop
erties, which have been previously related to the ability of separating 
charge electron-hole pairs, may potentially contribute to the overall 
photocatalytic activity [36]. 

3.3. Methylene blue photodegradation 

MB is a cationic colorant widely used in the textile industry in the 
dyeing of cotton, wool, and other fabrics [37]. Although MB is applied in 
industrial synthesis, it could cause irreparable damage to the environ
ment due to its high toxicity and tendency to accumulate [38]. All 
samples were tested for methylene blue photodegradation to evaluate 
their photo-activity under both UV and solar light irradiation. Bare CD 
were active under both conditions, by recording 85% and 50% of MB 
degradation, respectively (Fig. 7, Table 4). The activity of bare CD under 
UV light irradiation was also supported by the colour shift of the solution 
(Fig. S3). The shift to a brownish colour observed after 90 min exposure 
to UV was attributed to a possible light-mediated degradation of CD and 
consequent precipitation of C compounds in the aqueous media [39]. 
Advanced oxidation processes (AOP) are often used to enable total 
degradation of organic molecules [40,41]. When heterogenous photo
catalysts are involved, the electrons and holes in the conduction band 

Fig. 4. SEM images: (a) CD-BS, (b) CD-BW, (c) CD-TS, (d) CD-TW.  

Fig. 5. (a) UV–vis absorption spectra of bare carbon dots. (b) Emission (PL) and.  
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can react with oxygen adsorbed on the surface of the catalyst to generate 
superoxide and hydroxyl radicals, with consequent oxidation of the 
target molecule via AOP [42]. A similar mechanism was hypothesized as 
responsible for the self-degradation of the catalyst. Abbasi et al. previ
ously reported a photodegradation efficiency of 96% for bare carbon 
dots [43]. In case of CD sample, it is possible that aggregation of small 
particles in micrometric structures partially hindered the photo-lytic 
activity, by reducing the overall surface available for the reaction to 
occur and by promoting self-degradation due to the increased density. 
This effect was attributed to the reduced performance of CD sample, 
with respect to the values reported in literature. This was also supported 
by Heng et al., who reported that the nanoparticles aggregation could 
minimize the interaction with methylene blue molecules, which nor
mally interact by aromatic and oxygen functional groups on carbon dots 
surface [44]. In comparison, TiO2-based catalysts were able to 
completely degrade MB after 10 min UV irradiation, including both CD- 
TW and CD-TS samples. The activity of these samples was similar under 
solar irradiation, although complete MB degradation was achieved after 
40 min. Conversely, both CD-BS and CD-BW showed a slower photo- 
degradation rate compared to bare BaTiO3 both under UV and solar 
light irradiation. Moreover, it is possible that the presence of 
morphology of BaTiO3 material influenced negatively the photo-activity 

of CD-BW, as elsewhere suggested [33]. Both samples recorded a MB 
conversion rate lower than 20% when exposed to solar light (Table 4). 
Compared to another work, which reported a complete degradation of 
MB by NCQDs-TiO2 catalyst only after 240 min of UV light exposure, 
most of the catalysts in the current study showed a complete MB 
degradation completely degraded after 120 min under UV light [44]. 
This supported positively the activity of the synthetized samples. In any 
case, supporting CD led to higher photodegradation efficiency than the 
bare CD. Apparently, while the synthetic method did not affect the 
photodegradation ability of CD-supported‑titanium-based samples, the 
activity of barium titanate was affected in a less predictable way. 

3.4. CO2 photoreduction 

All catalysts were tested for CO2 photoreduction, and results are 
reported in Fig. 8. While all catalysts were active when exposed to UV 
radiation, only the CD-based catalysts proved to be photo-active under 
solar light irradiating conditions, with the exception for bare CD. 
Despite being photo-active, as supported by the MB experiment, it is still 
possible that the energy of the band gap of CD sample was not sufficient 
to perform the high-energy step required to initiate of CO2 reduction, as 
also suggested by the PL excitation spectra (Fig. 5b). This evidence was 
also noticed in the work of Lin et al., in which carbon dots alone showed 
no photoactivity in CO2 photoreduction under UV light [45]. The 
decrease in the photocatalytic activity of carbon dots-conjugated semi
conductors under UV light could be attributed to the competition ab
sorption of CO2 on the semiconductors and carbon dots surfaces. 
Although occurring at the expenses of the overall efficiency, the 
conjugation of CD with semiconductors clearly enabled the photo- 
reduction of CO2 under visible light irradiation. In this case carbon 
dots could act as light-harvesters or energy-converters, emitting light in 
the visible region, as supported by the PL/PLE spectra reported in 
Fig. 5b. Furthermore, as reported in the work of Wang et al., the addition 
of carbon dots can increase the surface distribution and the arrangement 

Fig. 6. FT-IR spectra of CD (black), CD-TS (blue), CD-BS (red). (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 7. Photodegradation curves of methylene blue under (a) UV and (b) solar light irradiation. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Table 4 
MB degradation percentage under both UV and solar light.   

UV MB Degradation (%) Solar MB Degradation (%) 

CD 85 50 
CD-BS 100 10 
CD-TS 100 100 
CD-BW 100 20 
CD-TW 100 100  
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of defect locations of the catalysts, delivering more active sites. In 
addition, the association of these nanoparticles could improve the 
electrical charges and distribution [46,47]. Therefore, the shape- 
irregular carbon-based catalysts syntetized in this work (as reported in 
Fig. 4 a, b, c, d) may offer a better promotion of the active sites for the 
absorbing reagents during the reaction. This was showed also by Gao 
et al., in which BiPdC nanostructured catalyst used for CO2 reduction 
presented irregular interfaces which allowed the absorption of in
termediates and accelerate electron transfer [48]. The in-situ deposition 
of CD strongly influenced the UV-mediated activity, while promoting 
the solar-driven conversion of CO2 into methane, with CD-TS resulting 
in the highest TON value (1,5 μmol/gcat). This effect was milder in the 
wetness-impregnated samples, which instead showed a comparable ac
tivity under both irradiating conditions. In general, titanium-based 
samples showed to be the most performant both under UV light and 
under solar light conditions. These effects on the photocatalytic activity 
were attributed to the CD deposition method employed. In the case of 
the in-situ synthesis of CD, surface structural modifications may result 
upon exposure to the synthetic conditions, thereby potentially 
decreasing the intrinsic photo-activity of the semiconductors. This effect 
is not likely to happen with incipient wetness impregnation, in which 
previously synthesized CD are deposited onto the surface of bare semi
conductors, without exposure to potential surface-modifying conditions. 
In this case, reduced activity was possibly attributed to overall reduced 
surface availability, as above mentioned. Moreover, as reported by FT-IR 
analysis, the functional groups attributed to CD sample were less evident 
in the in-situ synthesized samples, namely CD-BS and CD-TS. This dif
ference suggested that the properties of C-based structures on the sur
face of these samples may be different than the ones of CD-BW and CD- 
TW samples. On one side, it is possible that the in-situ deposition pro
moted the generation of intra-gap states, modifying the semiconductor 
bandgap and its light absorption capacity as reported in DRS analysis 
(Fig. S2), thereby enabling CO2 conversion under visible light excitation. 
On the other hand, incipient wetness impregnated CD would act as a co- 
catalyst, thereby promoting charge exchange and enabling photo- 
activity in both conditions. It was suggested that conjugation of car
bon dots with TiO2 was able to slow down the recombination and 
improve visible-light absorption [49]. Moreover, the presence of 
nitrogen-containing functional groups was suggested to improve the 
selectivity of CO2 photo-reduction [50]. Despite differently affecting the 
overall photocatalytic activity, both deposition methods had compara
ble effects in the promotion of photo-responsiveness of the catalysts to 

solar light, whereas bare BaTiO3 and TiO2 were not active. The most 
performant catalyst under solar light, namely CD-TS, was recycled four 
times in CO2 photoreduction under both conditions, in order to study its 
stability over the time. The gas-chromatograms of the cycles are re
ported in the Supporting Information (Fig. S4, S5). As reported in Fig. 8 
and in Fig. S5, under UV irradiation, the CH4 production exhibited a 
decrement from the first to the second cycles, to become then constant. 
Under solar light, CH4 productivity remained constant for the first two 
cycles, to decreased in the following ones. The possible saturation of the 
active sites could be responsible for the decrease in productivity, due to 
a decreased reactivity of the catalyst’s surface [51]. (See Fig. 9.) 

4. Conclusions 

In this work, carbon-dots-conjugated semiconductors were tested as 
photocatalysts both in the photodegradation of methylene blue and in 
the photoreduction of CO2, under either UV or solar irradiation. In 
general, supporting carbon dots to a solid matrix (such as TiO2 or 
BaTiO3) significantly improved the photoactivity of the latter. More
over, conjugating CD with semiconductors, promoted CO2 photo- 
conversion under solar irradiation, compared to the bare samples, 
reaching the highest yield with CD-TS sample (1.5 μmol/gcat). In fact, 
both the bare supports and bare carbon dots were not active in these 
conditions. In gas phase the synthetic method did not lead to significant 
differences in methane production. In liquid phase, the effect was less 
predictable, mostly negatively affecting BaTiO3-based samples. How
ever, the different preparation of CD-conjugated samples was shown to 
affect the composition of functional groups and therefore the interaction 
with the reagents. As result, we found that the properties of the catalysts 
can be tailored by selecting the appropriate deposition method. Wet 
impregnation proved to be more effective for the design of versatile 
photocatalysts, active under both UV and solar light excitation, while 
the in-situ synthesis mainly favored CO2 photoconversion activity under 
solar light. In addition, carbon-dots-BaTiO3 conjugates were proposed 
for the first time as valid alternatives to TiO2-based photocatalysts, 
especially in the CO2 photo-reduction reactions. Beside the promising 
evidence, some effort is still required to better elucidate the reaction 
mechanism and the interaction between carbon dots and the semi
conductor materials. If properly designed, carbon dots may represent a 
way to overcome some of the current limitations to the application of 
photocatalytic processes using solar light. 

Fig. 8. Methane production under both UV (blue) and solar light (yellow). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 9. CD-TS methane production under both UV (blue) and solar light (yel
low) during the cycles. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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