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Abstract

A novel facile method was used to incorporate carbon into the titania structure. An alternative 

synthesis method of carbon-doped TiO2 has been proposed by using a widely used and cheap 
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surfactant. During the process, cetyltrimethylammonium bromide plays a dual role, as a 

morphology modifier and as a carbon source. The presented approach allows obtained TiO2-C 

nanostructures to be anatase nanocrystals with carbon being deposited either on the surface or 

between the TiO2 nanoparticles. The innovative nature of the research subject is related to the 

design of cheap LED solutions and facile synthesis of TiO2-C for use in novel energy-saving 

photocatalytic systems. Photocatalytic studies showed promising activity in the oxidation of 4-

chlorophenol. Furthermore, it was indicated that LED-based photocatalytic systems allow a 

significant reduction in energy consumption compared to conventional photocatalytic sets. In 

addition, the high thermal efficiency of LED systems was confirmed with a thermal imaging 

camera. Hence, the presented novel LED photocatalytic systems can be an important part of a 

broad strategy for the protection of the environment.

Keywords: titanium dioxide; carbon-doped; photocatalysis; LED; energy-saving; 

environmental protection 

1. Introduction

Currently, issues related to renewable energy technologies play a crucial role in environmental 

protection. An economy based on fossil fuels results in a growing amount of environmental 

waste, including sewage, as well as air pollutants [1–3]. This is reflected in the alarming levels 

of carbon dioxide in the atmosphere, which reached a concentration of 403 ppm [4]. It is well 

known that CO2 resulting from oxidation of carbon in fuels during combustion accounts for the 

highest share of global anthropogenic greenhouse gas (GHG) emissions [5]. Nevertheless, the 

Paris Agreement provides a ray of hope to limit climate change by restricting the average global 

warming to below 2.0 °C above the preindustrial levels (1850–1900) and pursuing efforts to 

limit the temperature increase to 1.5 °C [6]. However, in addition to the top-down approach of 
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seeking to increase the share of renewable energy in total electricity production, there is also a 

need to continuously develop the bottom-up approach, focusing on low-energy-demand 

technologies. 

Estimates suggest that approx. 20% of our carbon footprint is due to lighting alone. Therefore, 

it is one of the areas of life which requires essential development. One of the fundamental 

technologies that significantly reduce energy consumption in lighting is light-emitting diodes 

(LEDs). According to a study by IHS Markit, the use of LEDs to illuminate buildings and 

outdoor spaces reduced CO2 emissions by nearly 570 million tons in 2017 [7]. What is equally 

important, LEDs are manufactured using 100% recyclable materials, unlike traditionally used 

bulbs, which means they should not end up in landfill sites at the end of their lives. Therefore, 

a lighting transformation involving switching to LED light sources could be observed in recent 

years [8]. However, the transition to LEDs did not go smoothly in all possible areas; for 

example, these changes did not affect advanced technological processes based on light sources, 

e.g., photocatalysis [9]. After analyzing the phenomenon of photocatalysis, two crucial aspects 

that have an impact on the obtained pollutant removal efficiencies should be mentioned: 

photocatalyst and light source. However, in recent years, many research teams worldwide have 

focused solely on synthesizing advanced multicomponent photoactive materials, putting aside 

the necessary development of the light source. Currently, two main light sources are used in 

photodegradation processes: xenon and mercury lamps. The technological photo-oxidation 

processes based on classic photocatalytic sets are limited for several reasons [10]. One is due 

to the harmful side effects of classic light sources, high voltage at the initial stage and cooling 

requirement [11]. However, the main issue is the usage of hazardous elements, including 

mercury and xenon, classified by the U.S. Environmental Protection Agency as a hazardous air 

pollutant (HAP) and very harmful to human health [12]. Furthermore, in 2013, 128 countries 
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have signed the Minamata Convention on mercury, providing its gradual phase-out in several 

products and processes by 2020 [13].

The photocatalyst is the second crucial aspect determining the effectiveness of the 

photocatalysis phenomenon. However, several conditions must be met for this material to be 

used on a large scale. First of all, it must be a material that is as cheap as possible, stable, and, 

equally important, facile to obtain. The photocatalytic materials must be active in the visible 

light range considering industrial use. Nowadays, many materials can absorb radiation in a wide 

range, including g-G3N4, ZnTiO3, CuS/RGO, and others [14–17]. However, the costs of the 

synthesis process often exclude the possibility of their implementation on a large scale. 

Therefore, research is still needed to obtain a cheap and effective photocatalyst active in visible 

light. One of the potential photocatalysts may be commercially obtained TiO2 P25 Aeroxide. 

However, attention should be paid to its lack of homogeneity. Ohtani et al. [18] reported a 

different anatase-rutile ratio, which had a crucial impact on the photocatalytic activity tested. 

Based on the available literature, another pathway to activation of TiO2 in the visible light range 

might be possible . Piątkowska et al. [19] noted that the introduction of carbon atoms into the 

TiO2 structure could lead to a narrowing of the band gap and thus to an improvement in visible 

light absorption. The most common approaches include the utilization of sugars and organic 

acids, as well as (bio)polymers as carbon sources. However, apart from the presence of an 

impurity in the structure of the photocatalyst, the other physicochemical parameters are also 

crucial. Gerbreders et al. [20] found that the designed morphology plays a crucial role in 

determining the properties of the final materials. Therefore, it seems promising to use 

surfactants for this purpose, which can play a double role in doping TiO2 with carbon. They are 

morphology control agents as well as a carbon source for the doping pathway during synthesis. 

Such a multifunctional use of available resources is important from an industrial and 

environmental protection point of view.
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In this research, TiO2-C nanostructures were obtained by facile surfactant-assisted synthesis 

and were applied to photocatalytic degradation of 4-chlorophenol. Commercial consumer LED 

solutions for the photooxidation pathway were used for the first time. The high efficiency of 4-

chlorophenol removal under both LEDs and sunlight has been confirmed with HPLC. The 

electricity consumption of mercury and xenon sets and LED systems was compared to evaluate 

the energy-efficiency of the processes applied in this research. The presented path focused on 

two crucial aspects of the field of photocatalysis, i.e., the design of novel LED solutions, as 

well as the fabrication of TiO2-C nano-structure by facile surfactant-assisted process, allowing 

for the development of a novel approach to photocatalysis, consistent with the assumptions of 

green chemistry as well as sustainable development.

2. Materials and Method

2.1. Materials

Titanium(IV) isopropoxide (TTIP, 97%), cetrimonium bromide (CTAB, for synthesis), 

isopropanol (IPA, 99.5%) and ammonia solution (NH3·H2O, 25%) were purchased from Sigma-

Aldrich (USA). All reagents were of analytical grade and used without any further purification. 

The water used in all experiments was deionized.

2.2. Synthesis of TiO2-C nano-structures

In a typical synthesis, 1 dm3 of IPA and 40 cm3 of TTIP were introduced into an IKA Laboratory 

reactor equipped with an anchor stirrer (IKA Werke GmbH & Co, Germany). Then a 100 cm3 

of 2% solution of CTAB in IPA was prepared, which was also placed in the reactor after the 

resulting solution was stirred at a constant speed of 150 rpm for 60 min. After this time, 100 

cm3 of 25% ammonia solution was added at a constant rate (5 cm3/min) using an ISM833A 

peristaltic pump (ISMATEC, Germany). The reaction mixture was stirred at room temperature 

at 150 rpm for 24 h. Next, the obtained colloidal suspension was left to gel. The residue was 

washed several times with deionized water and ethanol to remove impurities. Lastly, the powder 
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was dried at 100 ºC for 24 h and, after that, calcined in the temperature range of 300-400 ºC for 

2 h (in increments of 25 ºC) (Nabertherm P320 Controller, Germany). In addition, a reference 

sample was also obtained that had not been calcined (TiO2_0). The obtained materials were 

marked as TiO2_calcination temperature, e.g., TiO2_300, TiO2_325, etc.

2.3. Analysis of TiO2-C structures

The physicochemical characterization of the synthesized TiO2-C nanocomposite included the 

determination of elemental analysis, characteristic of functional group (FTIR), diffuse 

reflectance spectroscopy (DRS), morphology (TEM), crystalline structure (XRD, Raman), 

electron paramagnetic resonance (EPR), the parameters of the porous structure (low-

temperature N2 sorption). The detailed data on the conducted physicochemical analyses are 

presented in Supplementary Materials.

2.4. Photocatalysis

The photo-oxidation properties of the TiO2-C nanostructure were tested in the photo-oxidation 

of 4-chlorophenol using LEDs and sunlight as light sources. The measurement procedure is 

described by us elsewhere [21]. Detailed information on the photocatalytic activity tests 

performed is provided in the Supplementary Materials.

3. Results and Discussion 

3.1. FTIR spectroscopy

First, to confirm the effectiveness of the proposed facile surfactant-assisted synthesis and 

determine the characteristic functional groups for the obtained nanocomposites, FTIR analysis 

(Fig. 1) was performed.

Figure 1

Based on the FTIR spectrum for reference titanium dioxide (TiO2_0), in addition to the bands 

for titania (≡Ti-O and -OH) [22], characteristic bands corresponding to CTAB [23] were also 

observed, which confirms effective modification of the surface of TiO2 using the facile 
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surfactant-assisted technique. Most of the CTAB bands previously observed were not found 

[24]. In addition to the bands characteristic for the stretching vibrations of =Ti-O (750 cm-1), 

the hydroxyl groups (3500 cm-1), and the physically bound water (1600 cm-1), a band was 

observed that originated from the bending vibrations of the CH group (1400 cm-1), which 

indicates the presence of carbon in the analyzed materials. However, it should be noted that this 

band disappears as the temperature of the heat treatment increases.

In addition, a decrease in the intensity of characteristic bands for hydroxyl groups, as well as 

physically bound water, was observed with the increase in the temperature of the calcination 

process, which can be explained by the closure of the porous structure due to crystallization of 

TiO2 which is well described in the available scientific literature.

3.2. Elemental analysis

To confirm that surfactants (incl. CTAB) can be a carbon source in the titania doping process, 

a series of elemental analyzes were performed to determine the contents of carbon, nitrogen, 

hydrogen, and sulfur (Table 1).

Table 1

Among the titanium materials analyzed, the reference sample TiO2 had the highest content of 

the analyzed elements. The high content of carbon, hydrogen, and nitrogen for the reference 

material is due to the presence of CTAB in the reaction medium, which in turn confirms that 

the surfactants are bound to the reference titania. For samples calcined in the temperature range 

of 300-400 ºC, a decrease in the content of all elements is observed, which is expected because 

the process is carried out in air. However, regardless of the temperature used, the lowest weight 

loss was recorded for carbon, whose content for the TiO2_400 sample is 2.259%. 

3.3. Diffuse reflectance spectroscopy (DRS)
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Taking into account the presence of carbon in the structure of the synthesized materials, which 

could modify the light interaction with studied materials, diffuse reflection spectroscopy (DRS) 

was performed (Fig. 2). 

Figure 2

Compared to reference TiO2 P25, there were obvious changes in F(R) visible-light absorption 

for the prepared TiO2-C samples. The spectral edge indicates a gradual decrease in the optical 

band gap of the TiO2-C samples as the calcination temperature increases. The results showed 

that the TiO2-C nanocomposite could be activated under visible light irradiation. The band gap 

energy (Eg) was calculated from the Kubelka-Munk theory [25]. 

In the case of the non-calcined sample (TiO2_0), the band gap of 3.3 eV was determined. Similar 

results for the amorphous sample were also presented in the study by Prasai et al. [26]. The 

authors indicated that in amorphous TiO2 most of the titanium and oxygen atoms tend to be 

sixfold and threefold coordinated, respectively, showing a similar local structure to the 

crystalline form titanium dioxide. Therefore, the electronic structures of amorphous TiO2 are 

similar to the electronic structures crystalline with anatase in many respects. Therefore The Γ-

point band gaps of amorphous titanium dioxide are comparable to the calculated results for bulk 

crystalline titania. For samples calcined at 300-400 °C, the band gap energies were 2.85 to 3.2 

eV, respectively. The results suggested that the band gap of TiO2-C samples treated at 300-375 

ºC was narrower than that of reference TiO2 and increased with increasing calcination 

temperature. In the case of TiO2_400, the energy of the band gap was observed similar to the 

values in the literature. The observed variation of the energy band gap may depend on the 

carbon content and crystal structures of TiO2. The presence of carbon in the TiO2 nanostructure 

may have created interface states, which may have resulted in narrowed band gaps. On the other 

hand, the obtained value of the band gap energy for the TiO2_400 material indicates the 

probable removal of carbon dopants from the TiO2 structure.
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On the basis of the available scientific literature, it can be indicated that changes in the band 

gap are produced when a C atom is introduced into the bulk structure of the anatase. Moreover, 

Yang et al. [27] concluded that spin-polarized impurity levels of orbital C 2p character are 

introduced when the C atom behaves as an anion (C@O). On the other hand, Heffner et al. [28] 

suggest that the replacement of an O atom (C@O) is energetically more favorable than the 

replacement of a Ti atom (C@Ti), therefore it is possible to creat Ti3+ centers. In addition, all 

models related to the introduction of impurity levels in the band gap analyzed by the authors 

resulted in an absorbance shift towards the visible regions.

Carbon in the C-TiO2 samples may have played two crucial roles. First, an impurity (or a lattice 

defect of TiO2) forms interface states that effectively reduce the band gap. Additionally, it could 

be a promoter for the formation of anatase crystals from the amorphous phase. This effectively 

reduced the band gap of the TiO2 to approximately 2.85-2,97 eV. Therefore, it resulted in the 

shifting of the absorption toward the visible-light range for the TiO2-C nanocomposites 

mentioned above.

3.4. Morphology and microstructure

Bearing in mind that particle size control, particularly on the nanoscale, is fundamental for 

materials applications, transmission electron microscopy (Fig. 3) was carried out.

Figure 3

The main advantage of the sol-gel method used in our work is the ability to control the 

microstructure of the synthesized material, which is confirmed by the image obtained for the 

reference TiO2 sample (Fig. 3a) [29]. For this material, amorphous nanometric particles were 

obtained; in addition, these particles form larger aggregates about 200-250 nm in diameter. In 

our work, titania products were subjected to temperatures of 300-400 °C. However, even such 

minor differences in the calcination temperature resulted in apparent changes in the morphology 

of the obtained products. In the case of samples calcined at temperatures between 300-350 °C 
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(Fig. 3b-d), two fractions can be observed – amorphous and with a specific shape, e.g., cubic 

or octahedral. With TiO2_375 (Fig. 3e) and TiO2_400 (Fig. 3f), only particles characteristic of 

crystalline forms of TiO2 were observed, e.g., rod and spherical [30].

However, to thoroughly analyze the microstructure of the TiO2 samples obtained, additional 

high-resolution analysis (HR-TEM) and fast Fourier transformation (FFT) were performed. The 

presented HR-TEM images (Fig. 4) indicate that the TiO2-C nano-structures are nanocrystals 

also with the presence of an amorphous structure. The presence of the amorphous area for the 

analyzed materials can be associated with two phenomena: the presence of amorphous TiO2 

particles and the admixture of carbon. The crystallization that occurs at higher temperatures is 

confirmed by additional spots on the FFT images. However, the presence of carbon was also 

confirmed by elemental analysis and EPR. Since both the TiO2 part and the carbon dopant have 

an amorphous structure, it is difficult to accurately assign the indicated regions to one 

component. However, according to the available scientific literature, the carbon dopant is 

presented in the form of a carbon layer that covers the nanocrystalline TiO2 particles and 

therefore can modify the absorption of photons, which is crucial when considering the use of 

materials in photocatalytic processes [31]. However, Li et al. [32] reported that the graphene-

coated Langmuir–Blodgett film had a high transmittance in the visible wavelength range, 

suggesting that visible light can penetrate the carbon film and be absorbed by C-TiO2.

Figure 4

3.5. Crystal structure

The crystallinity characteristics of the obtained TiO2-C nanocomposites were determined using 

X-ray diffraction analysis (XRD) and Raman spectroscopy, as shown in Fig. 5.

Figure 5
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At the outset, note that regardless of the calcination temperature used, the anatase 

(crystallographic database card no. 9009086) crystalline structure (space group I41/amd, no. 

141) was observed [33]. Furthermore, crystalline planes such as (101), (103), (004), (200), 

(105), (211), (213), (116), (220), and (215) were found in the nanomaterials analyzed [34]. 

However, the average crystallite size was determined to characterize the difference in the 

crystalline structure of the oxide materials obtained. The average crystallite size was calculated 

using the Scherrer equation. 

Based on the results of crystallinity (Table 1), it was found that the conditions of the calcination 

process have a crucial influence on the size of the TiO2 crystallites. In the case of samples 

subjected to treatment at 300-350 ºC, the crystallite size was 11.2-11.8 nm. The further increase 

in the calcination temperature resulted in a step increase in the crystallite size equalling 12.8 

nm for the TiO2_375 material. This increases the average size of the crystallites by over 1 nm 

compared to the materials mentioned above (TiO2_300, TiO2_325, TiO2_350). For the sample 

calcined at 400 ºC, the average crystallite size was 14.2 nm. It increases by more than 2 nm 

compared to materials processed in the temperature range of 300-350 ºC. When the remaining 

crystallinity parameters are analyzed, a decrease  in both the a and c lattice parameters of the 

unit cell should be noted with increasing calcination temperature. Mahia et al. [35] have already 

described this phenomenon and have shown that the structure of oxide materials is sensitive to 

the preparation method, particularly the temperature of calcination. 

However, Raman spectroscopy was performed to characterize the crystal structure of the 

obtained nanomaterials comprehensively. Figure 5 shows the Raman spectra of the samples 

calcined at different temperatures. The observed peaks at 140 cm-1 (Eg-symmetry), 195 cm-1 (Eg), 

395 cm-1 (B1g), 520 cm-1 (B1g+A1g), and 640 cm-1 (Eg) can be attributed to the characteristics of 

the anatase phase [36], which indicates that the anatase is the predominant phase structure at all 

calcination temperatures. However, there is a change in the peak position as calcination 
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temperature increases, and the intensities of the peaks are different, as shown in Supplementary 

Materials Fig. S2. The shift of the Raman peak wavenumber may be due to a size change, a 

lattice disorder, or defects such as oxygen vacancies [37]. Furthermore, the decrease in FWHM 

indicates that crystallinity is enhanced when calcined at higher temperatures, which is 

consistent with the results of the XRD analysis [38].

Currently, TiO2-C nanocomposites can be obtained in many ways. For this purpose, various 

sources of carbon are used, including sugars, organic acids and (bio)polymers. Alternatively, 

the carbon source can be integral to the TiO2 precursor, as exemplified by titanium(IV) 

isopropoxide and titanium(IV) butoxide. However, regardless of possible synthetic pathways, 

TiO2-C compounds are characterized primarily by the crystal structure of anatase, confirmed in 

our research. Incorporation of carbon into the TiO2 structure can be demonstrated by changes 

in the lattice parameters (determined from the XRD spectra) and changes in the position of the 

bands on the Raman spectrum, which was observed for synthesized nanocomposites. 

3.6. EPR spectra of TiO2-C nanocomposites

The presence of localized paramagnetic centers as a result of the formation of defects and 

oxygen and titanium vacancies in the crystal structure of TiO2-C nanoparticles that are 

responsible for their photocatalytic properties was examined by EPR spectroscopy. It is known 

that no defected TiO2 contains Ti4+ in its structure and due to the absence of unpaired electrons 

in its electronic configuration in the EPR spectra no signal should be observed. In the calicnated 

C doped antanase TiO2 nanostuctures the unpaired electrons or paramagnetic centres such as 

the oxygen vacancy (one electron trapped) in the TiO2 crystals and as Ti3+ may be present, 

usually at temperatures below 120 K [39,40]. D
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For the anatase TiO2 and the synthesised TiO2-C nanocomposites, the EPR spectra were 

measured in the temperature range of 80-300 K, but no changes were observed in the position 

and width of the line. Figure 6 a compares the EPR spectra of the TiO2 and TiO2-C 

nanostructures obtained at room temperature (RT), while Figs. 6 b, c present the spectra 

recorded for the chosen samples at RT and ca 82 K. As expected, the EPR spectra of the 

reference sample TiO2_0 were completely silent, which indicates the high quality of this 

sample. However, in EPR spectra the paramagnetic centers that can be generated from electron 

trapping sites through the oxygen radicals in oxygen vacancies or electrons (Ti4+O2•−, Ti4+O•− 

or Ti4+/hole/e−) can be visible for TiO2 synthesized by using different methods [41,42]. The 

signals ofTi3+ ions can be detected due to the of the partial reduction of Ti4+ (e− + Ti4+ = Ti3+) 

[39]. For the TiO2-C nanostructures synthesised here, the EPR signal consists of two parts of 

resonance spectra: a wider line (c.a. 0.39 mT line width) located at spectroscopic value g = 

2.0041 with, and a very narrow line (0.06 mT line width) located at g = 2.0014. Additionally, 

the narrow signal shows asymmetry in samples TiO2_350 and TiO2_375 resulting in visible 

splitting of the line. These narrow signals can be assigned to the formation of the 

Ti4+O2−Ti4+O•− arrangement on anatase [43]. This signal is the most intense in the sample 

heated at 375 °C. Additionally, for samples TiO2_350 and TiO2_375, the signal with low 

intensity at g = 2.0024 was found. These results indicate the presence of at list two defects in 

the crystal structure of carbon doped TiO2 nanostructures synthesized at 325, 350 and 375 oC. 

Several narrow lines instead of one result from a disturbance in the local network environment 

around the oxygen vacancy (O•) in anatase. 

Similar EPR signals have been observed after doping of TiO2 in [44–47]. Furthermore, the 

intensity of the signal was also observed to increase significantly increase with the increasing 

amount of the doped carbon in anatase [39]. This evidence that the presence of carbon favours 

creation of oxygen vacancies. In the work presented by Minnekhanov et al. [45] a single line 
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was found at g = 2.003 for the surface C doped TiO2, but for volume carbon doped TiO2 signals 

at the values of the g- factor g1=2.043, g2=2.0027, g3=2.0013were found. 

The intrinsic band gap of anatase was shown to be significantly modified by forming mid-gap 

states or by its narrowing due to the presence of radicals O• and, consequently, to the reduction 

of energy of band gap energy [44]. The energy reduction is related to the EPR signal increase. 

Yang et al. [48] have demonstrated that the heating rate or the temperature of calcination can 

significantly influence on the generation of oxygen vacancies as TiO2 is doped with carbon. 

Herein, for synthesized carbon doped TiO2 the largest signal splitting was observed for the 

sample TiO2_375 in comparison to sample TiO2_400 which is doped approximately by the 

same amount of carbon (Table 1). Probably increasing the calcination temperature above 375 

oC, does not favor to the creation of oxygen vacancies. 

The analysis of the EPR spectra for the TiO2_300 and TiO2_400 samples showed the presence 

signal at g = 2.0042, which is attributed to the electrons trapped in the oxygen vacances in the 

crystal structure of TiO2 [45]. A similar signal at g =2.005 was confirmed in the carbon doped 

TiO2 in work presented by Reyes-Gracia et al. [44]. The signal for carbon doped TiO2_400 (Fig. 

6a) nanostructures is less intensive than for the TiO2_300 sample. The change in integral 

intensity of this signal is reduced compared to the sample TiO2_300. This can be a result of the 

lower concentration (by about 55% ) of C atoms in sample TiO2_400 (see Table 1) in relation 

to the TiO2_300 sample. It was found that the band gap for this sample increased by 

approximately 0.35 eV in relation to the TiO2_300 sample, in which more carbon radicals (C) 

can contribute with CO radicals to the broad signal observed in the EPR spectra [48]. 

Additionally, the samples with higher carbon content in the crystal structure of anatase TiO2 

can have higher content of paramagnetic centers [45]. Di Valentin et al. [49] showed that in 

carbon doped TiO2 localized states are formed but their charter and concentration dependent 

both on the oxygen temperature/pressure conditions during synthesis and the content of doping 
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carbon atoms. In addition, in carbon containing TiO2, the signal corresponding to Ti+3 centers 

is usually present at g = 1.98 and is detected in EPR spectra at temperatures below 120 K [46]. 

Analysis of the EPR spectra in the range from room temperature (RT) to 80 K does not confirm 

the presence of Ti+3 centers in the crystal structure of the synthesized carbon doped TiO2 

nanostructures. The representative spectra for the sample TiO2_300 and TiO2_375 at RT and at 

ca 80 K are presented in Fig. 6 b-c. The position of the signals with temperature did not change 

and characteristic signal of the trapped  electrons at Ti3+ sites in anatase, which is generally 

observed at g < 2.0 [48] was absent. These results confirm that carbon doping in the synthesized 

TiO2 favors the formation of oxygen vacancies that are responsible for their photocatalytic 

performance. 

Figure 6

3.7. Porous structure 

The essential element of the comprehensive characterization of each new material is the 

determination of the parameters of the porous structure. The obtained N2 adsorption-desorption 

isotherms are presented in Fig. 7, while the porous structure parameters are shown in Table 1.

Figure 7

The nitrogen sorption isotherms presented, all synthesized nanocomposites are characterized 

by the IV-type isotherm with the H1 hysteresis loop [50], which confirmed the mesoporous 

nature of the materials analyzed. The H1 loop indicates that the nanocomposites consist of 

agglomerates or compacts of approximately uniform shape in a fairly regular array, and hence 

to have narrow distributions of pore size [50]. Moreover, it should be noted that synthesized 

nanostructure materials have a similar range of hysteresis loops equal to p/p0 – 0.33-0.99 

regardless of the calcination temperature.

Based on the textual structure data for the reference sample (TiO2_0), the BET surface area of 

382 m2/g was recorded. Furthermore, total volume and pore diameter were 0.329 cm3/g and 35 
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nm, respectively. The results obtained are similar to the BET surface area obtained by other 

research teams for amorphous materials based on TiO2. For example, in our earlier work, we 

obtained amorphous titanium dioxide with a specific surface area of approximately 450 m2/g 

[51]. On the other hand, Shao et al. [52] produced amorphous TiO2 by the sol-gel method with 

a BET surface area of 273 m2/g. The calcination process at the temperature of 300 ºC resulted 

in an almost twofold reduction in the specific surface area (TiO2_300=173 m2/g), while a further 

increase in temperature to 400 ºC led to a nearly ninefold decrease in surface area (TiO2_400=45 

m2/g). The observed decrease in the BET surface area is due to two main processes: crystalline 

growth and closure of the porous structure due to sintering.

On the basis of low-temperature nitrogen sorption results, it was shown that the temperature of 

the calcination process had a significant impact on the parameters of the porous structure, in 

particular the value of the BET surface area and the average pore diameter. However, it should 

be noted that the facile surfactant-assisted synthesis proposed by us allowed not only the 

incorporation of carbon into the TiO2 structure, but it also resulted in a mesoporous character, 

as indicated by the wide hysteresis loop type H3. The mesoporous nature is a crucial issue to 

obtain promising photocatalysts.

3.8. Photocatalysis test

The crucial point of the research was to determine the photocatalytic activity of the obtained 

TiO2-C nanocomposite in the degradation of the phenol derivative 4-chlorophenol (4-CP). 

Photooxidation tests were performed using the novel LED solution based on commercial visible 

LEDs. The photo-oxidation curves are presented in Fig. 8. Additionally, the degree of 

photodegradation of 4-chlorophenol was determined using HPLC. The data collected are 

summarized in Table S1 in the Supplementary Materials.

4-Chlorophenol was selected as a model pollutant due to its toxicity at a concentration of only 

a few μg/l [53,54]. Abnet et al. [55] have shown that chlorophenols and phenoxyacetic acid 
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herbicides have induced cancer in rodents. For this reason, the World Health Organization 

established a permissible concentration of 4-CP at the level of 2 µg/dm3 in drinking water [56]. 

On the other hand, typical 4-CP concentrations in wastewater are 300-400 µg/l [57,58]. Keeping 

this in mind, it is essential to continuously monitor chlorophenol concentration in the aquatic 

environment and further develop methods for its removal.

Figure 8

In the presented research, three LED light sources with different color temperatures were used. 

It is well known that the color temperature affects the spectrum of the light source and, 

therefore, the effectiveness of photoactive processes. For this reason, LED solutions with 

various parameters were selected for the research. The color temperature of 3500K corresponds 

to warm white. The 4500K color is marked as natural light, direct sunlight, but without UV. On 

the other hand, 6500K can be assigned to a cool white sky and a cloudy sky. It should be noted 

that the color temperature of the LED solutions had a high impact on the removal efficiency of 

4-chlorophenol. However, the material calcined at 350 ºC had the highest 4-CP removal 

efficiency regardless of the LEDs used. Based on the photo-oxidation tests conducted for 

TiO2_350, it was shown that the use of a warm white-light source removed approximately 92% 

of 4-CP after 6 h. Using a 4500K LED solution gave nearly 96% of photodegradation efficiency 

at 6h. On the other hand, using a cool white light source obtains a similar 4-CP removal 

efficiency (95%) after 3 h of irradiation. The lowest removal efficiency of the investigated 

phenol derivative was obtained for the TiO2_300 material. The photodegradation efficiency was 

60%, 72%, and 95% after 6 h of irradiation for the 3500K, 4500K, and 6500K LED light 

sources. On the contrary, the remaining materials (TiO2_325, TiO2_375, and TiO2_400) had a 

4-CP removal efficiency of 75-80% for warm white light (3500K) and 80-90% for neutral white 

light (4500K). Using a light source with a color temperature of 6500K caused almost complete 

degradation of 4-CP (95-99%) for the samples mentioned above. Furthermore, the obtained 
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photocatalysts were tested under sunlight. In the case of using natural light for all the 

nanocomposites tested, the satisfactory results of removing the tested contamination (over 90%) 

after the exposure time of 6 hours were confirmed. As also seen with LED solutions and 

sunlight, the highest 4-CP removal efficiency was demonstrated by TiO2_350 material – over 

99% after 6 h and almost 90% after 3 h of irradiation. On the other hand, the lowest 

photoactivity was found in the material TiO2_300, which achieved 90% of the photodegradation 

efficiency after 6 h of exposure to sunlight. Based on the obtained results of photooxidation 

tests, the synthesized materials can be arranged according to the decreasing efficiency of 4-

chlorophenol degradation: TiO2_350> TiO2_325> TiO2_375> TiO2_400> TiO2_300. 

Additionally, for each of the analyzed light sources, an experiment was also conducted without 

the addition of a photocatalyst (photolysis). For LED light sources it was <5%, and for sunlight 

it was about 10%. The increase in photolysis efficiency for the solar experiment is due to the 

use of UV light, which is part of the sunlight spectrum. In addition, photo-oxidation 

experiments were also carried out using commercial titanium dioxide P25. Regardless of the 

light source used, the degradation efficiency of P25 was similar to that of the TiO2_300 sample. 

The lower efficiency of the commercial material compared to the synthesized TiO2-C samples 

results mainly from the difference in the mechanism of the photo-oxidation process. For P25, 

there is a type II heterojunction between anatase and rutile, while for TiO2-C samples, surface 

defects caused by carbon incorporation into the TiO2 structure are responsible for visible light 

activity.

The TiO2-C nano-systems with the highest removal efficiency (TiO2_350 sample) were selected 

for reusability studies. Five successive cycles were carried out to evaluate the effectiveness of 

the photocatalysts after their recovery. The data are shown in Supplementary Materials Fig. S3.

The TiO2_350 samples were separated from the aqueous solution by filtration at the end of the 

first photo-oxidation tests. The separated nanocomposite was then reused without any 
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purification. In each case, the efficiency of 4-chlorophenol removal using TiO2_350 nano-

systems was above 90%, even after 5 catalytic cycles, regardless of the vis-LED light sources 

used. Such a result confirms that the synthesized systems can be used many times in photo-

oxidation processes. 

The presented research focused on two crucial issues in the field of photocatalysis, i.e., a light 

source and a photocatalyst. During the study, the effect of the photocatalyst calcination 

temperature and the change in the color temperature of the light source on the efficiency of the 

removal of 4-chlorophenol was investigated. According to the available literature [59], the 

temperature of calcination determines a number of physicochemical parameters, including 

crystal and textural structure, morphology, etc. However, these parameters are closely related 

to the subsequent use in photo-oxidation processes. For materials with the highest photoactivity 

(TiO2_325 and TiO2_350), a similar crystallite size (11.3-11.8 nm) and surface area (92-100 

m2/g) were observed. Improvement in crystallinity for the TiO2_375 and TiO2_400 samples led 

to a significant decrease in the BET surface area in the samples, which consequently resulted 

in lower 4-chlorophenol removal efficiency. For the TiO2_300 sample, the crystallite size (11.1 

nm) was similar to that of the samples with the TiO2_325 and TiO2_350 materials. However, 

the high value of the BET surface area and low intensity of the Raman spectrum bands may 

indicate an amorphous TiO2 phase. On this basis, it was confirmed that the high photoactivity 

for TiO2_325 and TiO2_350 materials should be explained by the favorable interaction between 

the specific crystal structure and the surface area. Furthermore, results indicate that one of the 

factors in improving the photoactivity of these materials is the presence of nanocrystal 

structures with carbon deposited on the TiO2 surface. The influence of carbon on TiO2 

photoactivity was confirmed, among other things, by Lin et al. [60]. The authors noted that the 

carbon significantly affects both band gap narrowing and the electronic structure of the 

synthesized material, thus improving its photoactivity under visible-light irradiation. They are 
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focusing on the effect of the color temperature of LED on the efficiency of pollutant removal. 

It should be noted that the second issue presented in the paper, to the best of our knowledge, 

has not been described in the scientific literature so far. Photocatalysis using LED applications 

is gaining popularity. This is mainly due to the life expectancy of LEDs, which is almost 20 

times longer than a traditional incandescent light source. Also, LEDs are manufactured using 

100% recyclable materials, unlike traditional bulbs, which means they should not end up in 

landfills at the end of their lives. However, most scientific works focus on ultraviolet (UV) 

light, neglecting the possibility of using commercial vis-LED solutions. One of the few vis-

LED solutions was presented by Li et al. [61]. The authors used LEDs with a wavelength of 

470 nm for the air purification process. Zhang et al. [62] improved the disinfection performance 

of human adenoviruses using a vis-LED photocatalytic membrane reactor. However, when 

commercial vis-LED diodes are used, it is necessary to study the basic parameter that 

determines the spectrum of light because the color temperature has a determining influence, in 

particular, on the range of blue light. Changing the color of the light from 3500-6500K results 

in a more than fivefold increase in the intensity of blue light. The presence of carbon and 

reduction of the band gap energy in the synthesized materials are taken into account. This may 

explain the observed increase in 4-chlorophenol removal efficiency for the 6500K LED 

solution. However, attention should be paid to the difference in the photodegradation 

efficiencies between the 4500 K LED light source and sunlight. Despite that, 4500K LEDs are 

described as close to natural light, similar to sunlight. They do not contain the UV range present 

in natural sunlight at about 5%. Therefore, it was possible to obtain higher 4-CP removal results 

for sunlight than the 4500K LED solution. The most advantageous light source for 

photocatalytic processes is sunlight from the point of view of availability. However, its 

implementation in wastewater treatment systems seems limited due to high costs and large 
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footprint demand for installation. Additionally, the efficiency of the reactor depends on the 

direction, intensity, and availability of solar light [63,64]. 

One of the critical aspects of photooxidation processes is the degradation mechanism of the 

tested pollutant. The photoactivity of the synthesized TiO2-C nanocomposites under irradiation 

with commercial consumer LEDs can be explained by the appearance of a new impurity energy 

level above the VB caused by the C-doping of TiO2. The band gap is narrowing, and the TiO2-C 

nanocomposite can absorb visible light. The proposed mechanism of 4-chlorophenol 

photooxidation is shown in Fig. 9.

Figure 9

The mechanism of photo-oxidation, which proceeds by the generation of reactive oxygen 

species, e.g., *O2
- that attack of the reactive oxygen species on the para position of the aromatic 

ring and subsequent loss of chlorine, causing the formation of phenol and hydroquinone. In 

further photo-oxidation, hydroquinone is converted to p-benzoquinone, which could be 

decomposed to the observed oxalic acid and acetic acid. During photooxidation of 4-

chlorophenol, the concentration of intermediates formed (phenol, oxalic acid, and acetic acid) 

decreases, which can be associated with the degradation of recalcitrant chemicals to simple 

organic compounds. Based on the data obtained, the *OH radicals are the main oxidizing species 

responsible for the subsequent degradation of 4-chlorophenol, as described by which is in line 

with the available literature [65,66]. The main reactions in the photo-oxidation of 4-

chlorophenol removal are hydroxylation, dihydroxylation, hydrations, and decarboxylation. 

Taking into account the surface defects in the synthesized TiO2-C systems (mainly Ti3+ centers), 

it should be noted that they can play the role of the active sites in photocatalysis, due to the 

formation of interfacial defect structure and band tail states on the edges of CB and VB [67]. 

According to the work by Zhang et al. [68] under visible light irradiation, the Ti3+ centers were 

excited and electron-hole pairs were generated. The electrons generated in the conductivity 
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band can transfer to the Fermi level, and the holes in the valence band can migrate from the 

interface layer to the surface of TiO2 and participate in photocatalytic reactions. The Authors 

indicate on effective to enhance the photocatalytic activity by increasing its interfacial 

coordinatively unsaturated defect sites (Ti3+ centers). Furthermore, Xu et al. [69]  indicated that 

the existence of Ti3+ defects led to strengthening the absorption of light in the UV and visible 

light regions and further enhancing the position of the valence band, leading to overall improved 

photocatalytic activity toward the degradation of phenol and derivatives under visible light 

irradiation. The increased absorption of the described authors in the UV region explains the 

high activity of synthesized materials under sunlight.

It should also be noted that the photo-oxidation of 4-chlorophenol carried out under vis-LED 

light allowed for a high degradation efficiency compared to other materials described in the 

scientific literature (Table 2).

Table 2

According to the presented review of the available scientific literature on the photodegradation 

of 4-chlorophenol, various photocatalysts are used under visible light. The results of 

photodegradation efficiency obtained by us are very promising as they allow for a high degree 

of photodegradation of 4-chlorophenol using commercial consumer LEDs. The innovative LED 

light sources for photooxidation processes presented by us are important. First, they are an 

extraordinarily long-lifetime and energy-saving light source. Furthermore, in contrast to the 

solutions offered in the literature, e.g., by Villaluz et al. [70], they do not focus solely on blue 

light. Limiting exposure to blue light is important due to health hazards caused by circadian 

disruption in modern societies [74]. Obviously, the photocatalysts we synthesize absorb blue 

light, which is indicated by the energy of the band gap and the results of photo-oxidation tests. 

However, even with a 3500K light source containing a small fraction of blue light, it is possible 

to achieve high 4-chlorophenol removal efficiencies. Finally, commercial consumer LEDs are 
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primarily widespread technology, making them cheaper than other use solutions (e.g., Xe 

lamps, metal halide lamps, etc.). An additional advantage of the proposed solutions is a simple 

cooling system based on an active heat sink (equipped with a fan) instead of the solutions 

mentioned above where a liquid coolant is necessary.

To better understand the advantages of using consumer LEDs, a cost calculation was performed 

focusing solely on electricity demand. During the photodegradation process using the LED 

solution and for the contrast of mercury and xenon lamps, the electricity consumption was 

measured, shown in Supplementary Materials Table S2.

The data collected indicated that LED light sources have almost six times and 12 times less 

energy consumption than mercury and xenon lamps, respectively. When analyzing the 

phenomena of photocatalysis in visible light, attention should also be paid to the cost of the 

light source itself. The consumer LED solutions used in the presented research are widely 

available, making their prices low. On the other hand, systems based on a mercury or xenon 

lamp, due to high costs, can only be used on a laboratory scale. Therefore, we believe that the 

use of inexpensive, common consumer LEDs described by us could be a milestone in the 

development of photocatalysis in visible light.

However, according to the available literature [75,76], the main problem with LED technology 

is the possibility of overheating of the LED chip. Hence, the thermal efficiency of the systems 

has been investigated. Fig. 10 shows images from a thermal imaging camera for 4500 K LEDs

Figure 10

Five minutes after switching on the LED light source the average temperature of the LEDs chip 

was about 60 °C, while the temperature of the model pollutant solution was close to the ambient 

temperature and it was 26 °C.  According to Fig. 10b, after the 6 h of irradiation, the temperature 

of the LEDs was close to the initial temperature and was 64 °C. In addition, it should also be 

noted that despite the high temperature of the LED chip, the degraded solution did not overheat, 
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after the photodegradation process its temperature slightly increased to 29 °C. According to the 

technical data, modern chip-on-board LEDs can reach the operating temperature in the range 

of 40-80 °C. Exceeding these values may result in a slow burn out of the LEDs and shortening 

their lifetime. Hence, it should be emphasized that the solution we propose, based on an active 

cooling system (with a fan), ensures high thermal efficiency of the LEDs, and thus the assumed 

lifetime. Additionally, It should be noted here that, to the best of our knowledge, such a 

characteristic of the thermal efficiency of the designed LED solutions has not been presented 

so far.

4. Conclusion 

One of the primary purposes of the work was to propose surfactant-assisted synthesis to 

facilitate the incorporation of carbon into the titania structure. The presence of carbon in TiO2 

was confirmed by elemental analysis and FTIR analysis. Carbon in the TiO2-C samples played 

a crucial role in forming interface states that effectively lower the band gap. It was found that 

the TiO2-C nanostructures are anatase nanocrystals with carbon being deposited either on the 

surface or between the TiO2 nanoparticles. 

The fundamental aspect of the research was the use of a commercial energy-saving LED light 

source in the removal of 4-chlorophenol. During the investigation, the influence of the color 

temperature of the LEDs on the photooxidation efficiency was determined. The photocatalyst 

TiO2 calcined at 350 °C showed the highest photocatalytic activity regarding 4-chlorophenol 

oxidation. The color temperature was indicated as the critical parameter determining the 

effectiveness of photo-oxidation. The results for the 6500K lamp were comparable to those for 

the 4500K lamp but at half the irradiation time. It was indicated that LED light sources have 

almost six times and 12 times less energy consumption than mercury and xenon lamps, 

respectively. Finally, the high thermal efficiency of the LED systems has been confirmed, 

which ensures their assumed lifetime. This confirms that the presented novel LED-based 
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photocatalytic systems can be a eco-friendly and cheap alternative to current setups in 

photocatalytic processes under visible light.

Acknowledgments: This research was funded by the Ministry of Science and Higher Education 

Poland as a subsidy to Poznan University of Technology and Adam Mickiewicz University, 
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Figure captions

Fig. 1. The FTIR spectra of (a) reference TiO2 and CTAB, (b) TiO2-C nano-composite.
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Fig. 2. The remission function, F(R), in UV-Vis of synthesized TiO2-C nanocomposite and 

P25 sample.

Fig. 3. The TEM images of synthesized systems: (a) TiO2; (b) TiO2_300; (c) TiO2_325; (d) 

TiO2_350; (e) TiO2_375; (f) TiO2_400.

Fig. 4. The HR-TEM and FFT images for: (a) TiO2_300; (b) TiO2_325; (c) TiO2_350; (d) 

TiO2_375; (e) TiO2_400.

Fig. 5. The XRD pattern (a) and Raman spectra (b) for TiO2-C nanocomposite.

Fig. 6. EPR spectra of TiO2 and the synthesized TiO2-C nanostructures at RT (a), and for 

samples of TiO2_300 (b) and of TiO2_375 (c) at 83 K and 81 K, respectively. 

Fig. 7. Nitrogen adsorption-desorption isotherms for the synthesized TiO2-C nanocomposite.

Fig. 8. The results of photo-oxidation of 4-chlorophenol for TiO2-C nanocomposite using: (a) 

3500K LED, (b) 4500K LED, (c) 6500K LED, and (d) solar as light source.

Fig. 9. The proposed mechanism of 4-chlorophenol photodegradation of using TiO2-C 

photocatalysts.

Fig. 10. Images from the thermal imaging camera for the 4500K LED: (a) 5 min and (b) 6 h 

after switching on

Table captions

Table 1. The results of elemental analysis, X-ray diffraction, low-temperature N2 sorption, and 

diffuse reflectance spectroscopy for TiO2-C nanocomposites.

Table 2. Comparison of 4-chlorophenol removal of other photocatalysts.

Adam Kubiak: Conceptualization, Methodology, Formal analysis, Investigation, Data 

curation, Writing - Original Draft; Anna Grzegórska: Formal analysis, Data Curation; 

Elżbieta Gabała: Formal analysis, Investigation; Joanna Zembrzuska: Formal analysis, 

Methodology, Data Curation; Mirosław Szybowicz: Formal analysis, Methodology, Data 
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Curation; Hubert Fuks: Formal analysis, Methodology, Data Curation, Writing - Review & 

Editing; Anna Szymczyk: Formal analysis, Methodology, Data Curation, Writing - Review & 

Editing; Anna Zielińska-Jurek: Formal analysis, Data Curation; Teofil Jesionowski: Writing 

- Review & Editing, Project administration, Funding acquisition; Marek Sikorski: 

Supervision, Writing - Review & Editing.

 we propose a facile surfactant-assisted synthesis of TiO2-C nano-structures,

 we report the key impact of the LEDs color temperature on the photooxidation efficiency,

 commercial energy-saving LEDs are cheap alternatives to Xe- and Hg- light sources,

 tailor-made photocatalytic systems were proposed as a novel approach to photocatalysis.

Table 1. The results of elemental analysis, X-ray diffraction, low-temperature N2 sorption, and 

diffuse reflectance spectroscopy for TiO2-C nanocomposites.

Elemental analysis Crystalline structure BET surface area

Lattice parametersSample N 
(%)

C
(%)

H
(%)

S
(%)

Average 
crystallite 
size (nm) a (Å) c (Å)

ABET 
(m2/g)

Vp
(cm3/g)

Sp
(Å)

Band gap (eV)

TiO2 1.735(2) 6.844(1) 2.668(4) 0.358(6) – – – 400 0.329 35 3.30

TiO2_300 0.268(5) 4.978(4) 0.748(1) 0.309(1) 11.1(2) 3.79382(3) 9.47371(1) 173 0.277 44 2.85

TiO2_325 0.250(8) 3.948(7) 0.689(0) 0.323(5) 11.3(1) 3.79340(4) 9.47127(6) 100 0.120 58 2.90

TiO2_350 0.083(3) 3.241(6) 0.365(1) 0.332(5) 11.8(4) 3.79267(9) 9.44272(6) 92 0.132 65 2.94

TiO2_375 0.083(1) 2.509(6) 0.247(9) 0.307(5) 12.8(7) 3.79031(6) 9.41299(1) 58 0.121 63 2.97

TiO2_400 0.055(6) 2.259(0) 0.168(6) 0.281(8) 14.2(8) 3.78974(1) 9.40186(4) 45 0.106 60 3.20

Table 5. Comparison of 4-chlorophenol removal of other photocatalysts.

Material Degradation conditions



Concentration Amount of
photocatalyst

Type of
light source

Range wavenumber 
of 

the light source

Power of
light source

Degradation
efficiency Ref.

TiO2_350 10 mg/dm3 1 g/dm3 6500K LED 400-750 nm 30 W 95% (in 3 h)
This

work

Fe/N/S-TiO2 10 mg/dm3 1 g/dm3 blue-LED 450 nm 25 W 99% (in 3h) [70]

C/ZnO/CdS 10 mg/dm3 0.5 g/dm3 fluorescent lamp λ>420 nm 65 W 95% (in 2.5 h) [71]

CuS−Cu2S 10 mg/dm3 1 g/dm3 metal halide lamp λ>420 nm 400 W 90% (in 5h) [16]

TiO2-X-Nx 10 mg/dm3 0.5 g/dm3 xenon lamp λ>420 nm 500W 90% (in 5h) [72]

g-C3N4 10 mg/dm3 1 g/dm3 xenon lamp λ>420 nm 300W 60% (in 2h) [73]
















