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ABSTRACT 

Titanium oxide-based materials with different physical and chemical features were 

synthetized aiming at removing organic pollutants from both water and air media. The 

materials were produced employing two different heating methodologies (thermal, T and 

hydrothermal, H) at distinct temperatures resulting in porous materials. These materials 

were also modified with either graphene oxide (GO) or carbon nanotubes (CNT), using an 

in-situ approach. All materials were tested as photocatalysts using ultra-violet (UV), visible 

(Vis) and solar radiation. Rhodamine B (RhB) and benzene were used as representative 

pollutants in water and air, respectively. 

The addition of carbon to the catalysts improved the removal of both pollutants. In the case 

of the photocatalytic degradation of rhodamine B, under both UV and Vis light, it was 

found that, the materials containing carbon nanostructures allowed the highest degradation 

degree, while the photosensitisation phenomenon became negligible. The best catalyst is 

the one containing CNT (2.98 wt.% of C) and thermally treated at 300 °C (T300_CNT). 

This material showed higher degradation ability than the commercial TiO2 nanopowder 

Degussa P25 (P25) under Vis light. Regarding benzene removal, the samples thermally 



treated at 300 °C and modified with CNT and GO (T300_CNT and T300_GO, 

respectively) outperformed Degussa P25. The former material was successfully reused in 

the photocatalytic degradation of benzene over 6 consecutive cycles. 

1. INTRODUCTION 

Environmental pollution, water and air pollution, is a wide-spreading issue impacting not 

only human life but also all living beings [1–3]. Regarding water pollution, it has been 

estimated that over 800,000 tons of synthetic dyes are produced annually worldwide [4], 

approximately 10-15% of which are discharged without proper treatment, through 

industrial effluents, draining in natural watercourses [5]. The release of synthetic dyes to 

the aquatic medium is coming from numerous industries. The biggest contributor in this 

issue is the textile industry [6,7], followed by, in no particular order, the leather tanning [8], 

paper [9], hair-colouring [10] and food industries [11]. This is of concern due to dyes 

bioaccumulation in both fauna and flora [12]. For instance, the presence of small amounts 

of azo dyes (the most used type of dye) in water can decrease sun-light penetration 

diminishing photosynthetic activity, which results in lower biota growth as well a minor 

dissolved oxygen concentration. This has an acute toxic effect on both the aquatic flora and 

fauna, disturbing ecosystem’s balance [13–15]. Additionally, some dyes may even cause 

allergies, skin irritation and cancer to humans [13,16,17]. Their partial degradation can also 

be equality worrisome since the by-products might be more toxic than the original dyes 

[12]. Thus, it is urgent to remove organic dyes from water and to promote the proper 

wastewater treatment of the contaminated waters. In order to mitigate this issue, several 

methodologies are currently being studied and employed for the degradation and/or 

removal of these dyes: ozonation [18–20], electrochemical oxidation [21], bacterial and/or 

fungal degradation [22,23], biosorption [24], phytoremediation [25] and photocatalysis 

[26–28]. From those, photocatalysis has the advantage to allow for complete mineralisation 

of the dyes, using low-cost catalyst system and relatively simple setups. It is also a faster 

method than, for instance, biological treatments which have very slow reaction rates and 

requires a tight control of the process conditions (microbial growth conditions) [29]. 

In the case of air pollution, the emission of volatile organic compounds (VOC), coming 

from anthropogenic sources, has also a significant negative impacts in human [30–34] and 



environmental health [35,36]. Benzene is an well-known VOC and has been classified as a 

Group I (carcinogenic to humans) by the International Agency for Research on Cancer 

(IARC) [37]. Consequently, significant efforts have been made in the removal of VOC, and 

namely benzene. It should be noticed that high-concentrated VOC emitted from industrial 

plants can be removed by adsorption [38], catalytic combustion [39,40] or biological 

methods [41,42]. However, in the case of VOC in low concentrations, due to their limited 

interaction with active species, they are hardly degraded by a single method [43]. Thus, the 

current conventional approach eliminates these lower concentrated VOC by, first 

concentrating them followed by a catalytic combustion. The latter is a high energy 

demanding process and cannot be used in multiple environmental conditions such as 

indoor. Thus, it is extremely desirable to develop efficient processes towards complete 

oxidation of low-concentrated VOC that work in mild conditions and are energy-saving and 

safe [43]. Photocatalysis is a feasible methodology, since even low concentrations of VOC 

can be degraded [44,45]. 

Photocatalysis is a process initiated by light that, with the help of a catalyst, can degrade 

dyes and VOC. TiO2, due to its biological and chemical inertness, high activity, low cost, 

non-toxicity along with durability regarding photo and chemical corrosion, is the 

photocatalyst most frequently used [46–48]. However, the band gaps of TiO2 polymorphs 

(3.2 eV, 3.02 eV and 3.1-3.4 eV for anatase, rutile and brookite, respectively [49,50]) show 

that these materials are activated only with UV light. Additionally, the wide band‐gap 

energy of TiO2 may induce fast recombination of electron‐hole pairs, which may 

extensively restrict the photoconversion efficiency [51]. Consequently, it is paramount to 

find photocatalytic materials that can be activated with Vis light and that have a better 

performance using solar light (5% UV (300–400 nm), 43% Vis (400–700 nm), and 52% 

infrared (700–2500 nm) [52]), that is free and available [49]. Therefore, strategies have to 

be developed in order to reduce the energy required to eject the electron from the valence 

band (VB) to the conduction band (CB), creating the electron-hole pairs that will then 

generate free radicals which would be involved in the secondary reaction capable of 

degrading pollutants such as dyes [50]. Moreover, it is also necessary to reduce the amount 

of electron-hole recombination. The most used strategy involves modifying the TiO2 with 

metals [53,54], carbon structures (carbon nanotubes [55,56], graphene oxide [57,58], 



reduced graphene oxide [55,59]) or other assorted dopants (metal oxides, nitrogen, etc.) 

[60–63]. Besides photocatalysis, photosensitization (the photon is absorbed by the dye) can 

also occur [64]. The charge is then transferred from the excited dye molecule to the 

semiconductor CB resulting in the formation of an unstable dye cation radical and, in 

parallel, an active species on the semiconductor surface that attacks the destabilized dye 

molecule. However, this process results in the incomplete degradation of the dye and is 

much slower ( 2 or 3 orders of magnitude) than the photocatalytic one [65], the latter 

being the most desirable one.  

Tremendous progress can be expected in the environment if one is able to design a 

sustainable, versatile, cost efficient and effective photocatalyst that removes critical organic 

pollutants from both aquatic and air media. This work presents, for the first time, a 

complete study on carbon modified TiO2-based porous particles, comprising the materials 

physical and chemical characterization and also their functionality by means of water and 

air purification. Macro- and meso-porous TiO2-based materials employing different 

processing treatments (thermal and hydrothermal) and temperatures (60, 180, 300 and 500 

°C) were synthesized through a very simple and low energy wasting method. To enhance 

the photocatalytic activity under both UV and Vis light, graphene oxide and carbon 

nanotubes TiO2 composites were prepared and investigated. These easy to make materials 

were tested, for the first time, in the photodegradation of RhB, as organic dye pollutant 

model, under UV and Vis lights and their photocatalytic behaviour was evaluated and 

compared with the commercial TiO2 material, Degussa P25. The versatility of the 

synthesized materials was also examined by testing the most promising samples in the 

gaseous removal of benzene, used as a model of a VOC, under solar light. Their ability to 

be reused as an air purification catalyst was determined by exposing the materials to several 

cycles of polluted air. 

 

2. EXPERIMENTAL DETAILS 

2.1. Chemicals and Reagents 

Tetrabutyl orthotitanate (TBOT, 97% Fluka), P25 TiO2 nanoparticles (~20 nm diameter, 

Degussa), CNT, multi-walled carboxylic acid functionalized (>8% carboxylic acid 



functionalized, avg. diam. × L is 9.5 nm × 1.5 μm, Aldrich), rhodamine B (Sigma), benzene 

4.87 mol.PPM-1 (Praxair) and pure synthetic air (Praxair)  were used as received. 

The GO was prepared through the Hummers method [66], using graphite flakes, phosphoric 

acid (99%), sulphuric acid (95-98%), potassium permanganate (99%), hydrogen peroxide 

(30%), hydrochloric acid (36.5-38.0%) and diethyl ether (99%), all from Sigma-Aldrich.  

 

2.2. Titanium oxide-based materials synthesis 

Three different methodologies (i, ii and iii) were followed resulting from significant 

modification of a procedure described in the literature [47]. Thus, it was employed a two-

step procedure, starting by hydrolysis and condensation of the TBOT precursor followed by 

thermal treatment at different conditions. The procedures are as follows: 

i) Pure TiO2 materials were made by dropping TBOT onto distilled water at room 

temperature (1:10 w/w), with no stirring. 

ii) TiO2 materials containing GO were obtained by first mixing the GO (5 wt% of 

TBOT) and the distilled water through 10 min of stirring, followed by dropwise addition of 

TBOT to this mixture (1:10 w/w) without stirring. 

iii) TiO2 with CNT materials were prepared by adding CNT (1 wt% of TBOT) to 

TBOT and sonicating (42 kHz) for 30 min. The CNT-TBOT mixture was added dropwise 

onto distilled water (1:10 w/w), with no stirring. 

Then two treatments were tested: thermal (T) or hydrothermal (H). The thermal treatment 

was made by leaving the materials to age for 24 h; after the precipitates were removed, 

rinsed with distilled water repeatedly (5 times), and then left to dry in a Petri dish at 

ambient conditions for 24 h. The resulting materials were thermally treated at: 60, 300 and 

500 °C. Regarding the materials subjected to the hydrothermal treatment, after obtaining 

the mixture (some with GO or CNT), they were putted into an autoclave and left in an oven 

for 24 h at 180 °C. Then, the powders were washed repeatedly (5 times) with distilled water 

and dried at 60 °C overnight.  

The samples are named with the code: xy_z. The x corresponds to the type of treatment 

employed: T for thermal and H for hydrothermal (using Teflon-lined autoclaves under 

autogenous pressure); y corresponds to the temperature used (T samples 60, 300 or 500 °C, 

and in H samples 180 °C). Lastly, z, when present in the samples designation, stands for the 



presence of graphene oxide (GO) or carbon nanotubes (CNT). For example, the sample 

made by thermal treatment at 500 °C and with addition of GO is denominated T500_GO. 

For comparison reasons, GO and CNT were also calcinated at 300 ºC. 

 

2.3. Materials characterization 

The materials prepared in this study were characterized by powder X-ray diffraction 

(XRD), scanning electronic microscopy (SEM), scanning-transmission electronic 

microscopy (STEM), low temperature (-196 ºC) nitrogen adsorption-desorption isotherms, 

RAMAN, ATR-FTIR and differential reflectance (DRS) spectroscopies, thermogravimetric 

analysis (TGA), elemental analysis (EA). For the functional properties of the materials, 

photocatalytic degradation tests with RhB and benzene were carried out. In addition to this, 

scavenging tests with RhB and the quenchers ethylene-diamine-tetra-acetic acid (EDTA), 

p-benzoquinone (BQ), and isopropyl alcohol (IPA) were performed.  Equipment and 

experimental parameters used are described in the Electronic Supplementary Information 

(ESI). 

 

2.4. Photocatalytic tests (liquid-solid phase) 

The photocatalytic efficiencies of TiO2-based catalysts were measured in the liquid– solid 

phase, by monitoring the degradation of RhB, using a spectrometer (Shimadzu UV 3100, 

JP). Tests were performed at room temperature, in a cylindrical photocatalytic reactor (80 

mm in diameter) containing an aqueous solution of the dye (0.2 L), at an initial 

concentration of 5 mg/L. The concentration of the photocatalyst in the slurry was 0.125 

g/L. To mix the solution thoroughly, the slurry was magnetically stirred throughout the 

reaction; the reactor was covered with a watch-glass, so as to avoid the evaporation of the 

solution. The lighting of the reacting system was achieved by placing a lamp at the top of 

the reactor. The UV-A and Vis light, with an irradiance of approximately 3.25 and 80 

W/m2, respectively – measured with a radiometer (Delta OHM, HD2302.0, IT).  

The photocatalytic degradation of RhB was controlled by sampling 6 mL of the slurry, at 

regular time intervals. Before switching on the light to initiate the photocatalytic reaction, 

the suspension was stirred in the dark for 30 min, so that adsorption/desorption of the 

material(s) regarding RhB could be assessed. The RhB concentration was ascertained using 



the Lambert–Beer law. To apply this law, the absorbance of RhB was measured at 554 nm 

using a spectrometer using distilled water as reference. Before the analysis, the 

photocatalytic particles were separated and removed from the RhB solution through 

centrifugation. Additionally, to understand the role of active radical species in the 

photocatalytic (PC) process and gain insight into the PC reaction mechanism, experiments 

using scavengers were also assessed.[67] At this purpose, 2×10-4mol (in 200 mL of 

solution) of ethylene-diamine-tetra-acetic acid (EDTA), p-benzoquinone (BQ), and 

isopropyl alcohol (IPA) were added to the reacting system to selectively scavenge holes 

(h+), superoxide radicals (•O2–) and hydroxyl radicals (•OH), respectively. The tests used 

RhB (initial concentration of 5 mg/L) and visible light (36.5 W/m2) as the radiation source.  

 

2.5. Photocatalytic tests (gas-solid phase) 

The PC efficiency in the degradation of benzene was tested. The reactor employed for the 

gas−solid phase tests operates in continuous conditions, as previously described in detail by 

Tobaldi et al. [68]. The reactor was made of a stainless-steel cylinder (3.8 L in volume). Its 

top was sealed and covered with a glass window, to allow the light to reach the 

photocatalyst placed inside it. The light source employed was a solar lamp (Osram Ultra-

Vitalux, 300 W) placed at 20 cm from the photocatalyst reaching a radiance intensity of 

39.6 W/m2 in the UV-A region and 278.0 W/m2 in the visible. The tests were carried out at 

25±1 °C (temperature inside the reactor) with a relative humidity of 37%, measured via a 

thermocouple that was placed inside the chamber, and a humidity sensor placed in the inlet 

pipe. The aforementioned parameters were controlled and found to remain stable 

throughout the experiment. The concentration of the pollutant gas was measured in the 

outlet of the chamber by a VOC-72M gas analyser (Environment SA, FR), which quantifies 

its concentration based on gas chromatography and photo-ionisation detection. 

Before starting the experiment, a petri dish with 0.1 g of the PC material in powder form is 

placed inside the reactor. Initially, the glass window in the reactor is covered so that the 

sample is kept in the dark until the gas concentration in the chamber is stable at the desired 

level of about 250 μg/m3 (~77 ppb). This concentration was chosen following the World 

Health Organisation recommendation of an exposure to total VOCs < 300 μg/m3 in average 

during 8 h/day [69]. Once the required conditions were met, the window glass was 



uncovered, the lamp turned on, and the PC reaction started. The inlet gas used was a 

mixture of prepared gas cylinders of synthetic air and the chosen pollutant, C6H6.  

The mixed air was continuously monitored, and the total flow rate kept constant at 150 

mL/min by two flow controllers, one for the synthetic air and the second for the pollutant. 

During the test, continuous flow in the reactor was necessary to ensure the sample 

saturation, guarantying that only the PC process was involved (i.e., no absorption from the 

sample nor from the reactor walls) [70]. 

Commercial TiO2 Degussa P25 (P25) was used as reference in all of the PC activity tests. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of materials 

The physical and textural properties of the TiO2-based materials are studied by XRD, -

196 °C N2 adsorption/desorption isotherms and SEM. Figure 1 shows the XRD patterns of 

all TiO2-based materials prepared in this work.  



 

Figure 1. XRD patterns of TiO2-based materials. The blue bars refer to brookite JCPDF 

reference card (04-007-6488) and those in red to anatase JCPDF reference card (04-016-

2837). 

 

The T60 material is constituted by poorly crystalline anatase and brookite TiO2 

polymorphs; whereas T60_GO and T60_CNT are mainly amorphous. This difference is 

probably due to addition of the carbon-based materials, GO and CNT, to the titanium 

precursor (TBOT) which partially blocks the mobilisation of the polymeric Ti-O-Ti chains 

leading to an increase to the necessary energy to the crystallisation process [71,72]. All the 

other samples, with the exception of T500_CNT, are composed of both brookite and 

anatase, while T500_CNT only has anatase.  

Figure S1 and Table 1 present the data obtained by -196 °C N2-sorption isotherm of the 

TiO2-based materials. The sample T60 displays a mixture of types Ib and IV isotherms, 

although when GO or CNT are added, the isotherms are Type Ib  (IUPAC classification 



[73]). All other materials (the non- and carbon-modified TiO2 treated at 180, 300 and 500 

°C) are Type IV. Type Ib isotherms are typical in materials with wide-range pore size 

distributions from broader micropores and perhaps narrow mesopores (<∼2.5 nm). Type IV 

isotherms are typically detected on conventional mesoporous materials having adsorbent-

adsorptive interactions [73].  

 

Table 1. Physical properties of the produced materials. 

Treatment Thermal (T) 
Hydrothermal 

(H) 

Added - GO CNT - GO CNT 

Temperature 60 300 500 60 300 500 60 300 500 180 180 180 

SBET (m2/g) 335 199 101 459 172 68 440 205 65 152 186 164 

VP (cm3/g) 0.20 0.29 0.21 0.13 0.19 0.08 0.16 0.24 0.11 0.31 0.24 0.31 

dP (nm)a 2.7 5.5 7.9 1.9 4.2 5.7 2.3 3.3 5.6 8.0 5.6 8.0 

aPore width obtained from the BJH method with the corrected Kelvin equation, i.e. KJS–BJH method at the 

maximum of pore size distribution calculated based on adsorption data.  

 

The specific surface areas (SBET) of thermal treated materials (T) at 60 °C are the 

highest, increasing with the presence of carbon nanostructures (459 and 440 m2/g in the 

case of T60_GO and T60_CNT, respectively, versus 335 m2/g in T60). For higher 

temperatures, the opposite is observed, the SBET decreases with the increase of the 

temperature of treatment to 300 and 500 °C. This observation is probably due to the 

densification of the material with temperature along with collapse of smaller pores 

decreasing surface area [74,75]. This idea is supported by the increase of pore width (dP) 

with the increase in temperature. It should be remarked that all materials treated at 300 °C 

have SBET around 200 m2/g. 

Regarding the SBET of hydrothermally treated material containing GO (H180_GO) 

has the highest SBET (186 m2/g) followed by H180_CNT (164 m2/g) and lastly H180 (152 

m2/g). The addition of carbon materials appears to increase the SBET, in the H samples, but 

no trend is observed in the case of the pore volume (VP) and pore width (dP).  

The SEM micrographs (Figures 2 and S2, ESI) confirm the presence of pores (corroborated 

by the low angle reflection in the XRD pattern of Figure S3, ESI) in multiples materials but 

more distinctly in samples T60 and T60_GO (macropores). Figure S2 shows that, in 



general, with the increase of temperature and pressure the materials seem to become dense. 

The T300_GO (Figure 2E) appears to have a film covering the titanium dioxide which is 

probably graphene oxide. The materials with carbon nanotubes (Figure 2 C and F) seem 

less compact, which corroborates the higher SBET (Table 1) observed in this family of 

materials, when compared with the homologous ones. However, the presence of pores is 

not detected via SEM. 

   

Figure 2. SEM micrographs of: A) T60; B) T60_GO; C) T60_CNT; D) T300; E) 

T300_GO; and F) T300_CNT. 

STEM analyses were carried out in samples T300, T300_GO and T300_CNT (Figure 3) to 

confirm the microstructure and the way as GO and CNT was incorporated on the TiO2 

materials (in T300_GO and T300_CNT, respectively). Figure 3A and 3B show the absence 

of any carbon-based material in T300. In Figures 3C and 3D, it is possible to verify the 

presence of a layer of GO around the TiO2 particles in the T300_GO material. Figure 3E 

and 3F, the carbon nanotubes are visible, confirming their presence in T300_CNT material. 

Ultra-high resolution TEM (UHRTEM) was performed (Figure S4, ESI) on samples T300, 

T300_GO and T300_CNT. In T300 the particles d-spacing measurement (0.363 nm) 

correspond to (101) plane of tetragonal anatase crystal structure, which align with the XRD 

results (Figure 1) [76]. In T300_GO, TiO2 particles are visible along with some GO 

surrounding then, as already observed at the STEM (Figure 3C and 3D). In the T300_CNT 



sample, TiO2 particles as well as carbon nanotubes (multiwalled carbon nanotubes-

MWCNTS) can be observed. 

 

 

 

 

Figure 3. STEM images of: A) T300 SEM mode; B) T300 TEM mode; C) T300_GO SEM 

mode; D) T300_GO TEM mode; E) T300_CNT SEM mode; and F) T300_CNT TEM 

mode.  

 

Elemental analysis also confirmed that carbon remains in the materials after thermal 

treatment at 300 °C. For instance, the sample containing CNT has approx. 3.1% of carbon 

while the sample with GO contains residual carbon amounts (Table S1). 

Raman analysis, presented in Figure S5 (ESI), is made to confirm the polymorph(s) present 

in the samples along with the incorporation of carbon-based materials (GO and CNT). The 

typical reference bands for anatase are: a very strong band at 144 cm-1, medium intensity 

C 



bands at 399, 507, 519, 640 cm-1, and weak bands at 197 and 796 cm-1[77]. Brookite has 

characteristic strong bands at 128 and 636 cm-1, a very strong band at 153 cm-1 and a 

medium strength one at 247 cm-1 [78]. It also has numerous weak bands – 135, 195, 214, 

288, 322, 366, 412, 454, 461, 502, 545 and 585 cm-1  [78]. Thus, unmodified TiO2 samples 

show, for all thermal treatment conditions, bands assigned to anatase and brookite. The 

bands associated with brookite TiO2 polymorph are mainly observed for T60 (at 153 cm-1) 

and in H180 at 249, 277, 320 and 364 cm-1. In T300 the brookite bands are at 244, 279, 319 

and 364 cm-1 and in T500 appears at 245, 275 and 322 cm-1
. The anatase bands exist in all 

aforementioned samples with very strong bands at around 144 cm-1 and medium intensity 

ones about 515 and 640 cm-1. These results are in agreement with those obtained by XRD 

(Figure 1). In the case of the TiO2 samples with GO, the bands of brookite are not observed 

by Raman spectroscopy. This lack of visibility of brookite bands is due to its overlapping 

by the presence of the GO bands (D band at 1357 cm-1, G band at 1600 cm-1 [79] and 2D or 

G’ band  2670 cm-1 [80]). Only in sample T500_GO, where the high temperature leads to 

GO degradation, can the brookite peaks be observed at – 193, 244, 272, 321, 362 and 434 

cm-1. Regarding samples with CNT, as in GO ones, the addition of the CNT (1356 cm-1 D-

band; 1591cm-1 G-band; 1754 and 1775 cm-1 M-bands; and 2704 cm-1 G’ band [81]) 

prevents the brookite peaks from being seen. In sample T500_CNT the CNT are degraded 

[82] (supported by TGA Figure S6, ESI), so the Raman only shows peaks regarding the 

TiO2, particularly just for anatase, which confirms the XRD results (Figure 1). Figure S7a 

shows the comparison of the Raman spectra of the samples GO, GO calcinated at 300 ºC 

and T300_GO. The D and G bands in the GO samples are poorly observed. After 

calcination of GO at 300 ºC it is possible to observe an increase of the intensity of the D 

and G bands located at 1310 cm-1 and 1599 cm-1. This phenomenon is compatible with the 

reduction of GO with temperature as observed by Sengupta et al..[83] Besides the anatase 

and brookite bands, T300_GO sample also presents the two typical features of GO, the D 

and G bands located at 1311 cm-1 and 1601 cm-1 respectively. Thus, the in-situ modification 

of TiO2 with GO followed by calcination at 300 ºC promotes a small red-shift on D band 

and a blue-shift on the G band regarding the GO_300 sample, suggesting GO surface strain 

after combination with TiO2 via C–O–Ti bonds formation.[84] Figure S7b on the other 

hand display the Raman spectra of the samples CNT, CNT_300 (calcinated at 300 ºC) and 



T300_CNT. The calcination of the CNT at 300 ºC leads to the increase of the G band, 

suggesting an increase of the sp2 carbon systems and consequently the presence of more 

graphitic species. In the CNT_300 sample, D and G bands are located at 1291 cm-1 and 

1601 cm-1. In the case of the T300_CNT, just an up-shift of the D (1312 cm-1) band is 

observed, when comparing with the CNT_300 sample, that can be associated to stress 

produced by the TiO2 linked to the surface of the CNT.[85,86]  

The comparison of the ATR-FTIR spectra of GO, CNT and carbon modified TiO2 samples 

calcinated at 300 ºC are showed in Figure S8. The T300 sample presents a broad absorption 

peak around 500 cm-1, that can be assigned to the Ti–O–Ti stretching vibrations. 

Additionally, an absorption peak around 3346 cm-1 is observed related to the presence of 

the O–H stretching vibrations associated to the surface hydroxyl groups.[84] In the case of 

GO, it is possible to observe that the increase of temperature at 300 ºC leads to the 

elimination of oxygen-containing functional groups. The GO sample has a broad peak 

around 3360 cm-1 associated to the presence of –OH group that almost disappears after 

calcination of GO at 300 ºC. This is in agreement with the reduction of GO. Moreover, GO 

also shows typical peaks at 1729, 1402 (broad), and 1032 cm-1 assigned to the carboxylate 

C=O stretching, carboxyl C–O, epoxide C–O–C or phenolic C–O–H, and alkoxy C–O, 

respectively, that after the thermal treatment are highly reduced.[83] The peak at 1623 cm-1 

is assigned to C=C bond, that became part of the skeletal vibration of reduced GO sheets. 

[87] In the case of CNT samples (CNT and CNT_300), the IR spectra shows a small peak 

around 1670 cm-1 that can be assigned to the C=C stretching bands [88]. The modification 

of TiO2 with GO and CNT leads with a slight shift in the broad band at 500 cm-1 suggesting 

the presence of Ti–O–C bonds in both materials. Additionally, slight GO and CNT bands 

are observed in T300_GO and T300_CNT between the range 1000 – 1700 cm-1 when 

comparing with the pristine carbon materials [89,90]. Moreover, both T300_GO and 

T300_CNT have two additional peaks around 2895 and 2992 cm-1 associated to the 

presence of the sp3 and sp2 carbon stretching vibrations, respectively [91].  

XPS analyses (Figure S9, ESI) was used to further confirm the interactions between TiO2 

and GO. An overview of the XPS spectra of the samples T300, T300_GO and T300_CNT 

is shown in Figure S9a. The survey VIAspectrum shows the presence of the Ti, O and C 

element in all materials indicating that the TiO2-carbon based materials were successfully 



prepared. In the Ti2p spectrum of T300 (Figure S9b) the binding energies of Ti2p1/2 and 

Ti2p3/2 are observed at 464.4 and 458.7 eV, respectively, which are assigned to the binding 

energy of Ti4+ in TiO2.[84,92] The shoulder Ti2p1/2 at 460.0 eV corresponds to Ti3+ 

chemical state of in Ti2O3 [93]. The addition of GO and CNT to the TiO2 in both T300_GO 

and T300_CNT materials does not significantly change the Ti2p spectrum, and no band 

related to the Ti–C bond is observed [94] as it was expected from the other analyses. The 

O1s spectra is presented in Figure S9c. The T300 material shows peaks centred at 529.7 

(74.8%), 530.5 (17.2%), 531.1 (6.1%) and 535.6 eV (1.9%) assigned to Ti–O–Ti (lattice 

O), Ti–O–C, Ti–OH and C–OH groups, respectively.[95] The existence of the Ti–O–C 

bond in this sample can be related to some remaining carbon from the precursor or 

adsorption of CO2 from air at the surface, and the Ti–OH species observed are assigned to 

the hydroxyl groups at the surface of the TiO2. The successful modification of TiO2 with 

carbon in the samples T300_GO and T300_CNT can be observed by the increase of the 

amount of Ti–O–C species to 55.7% and 18.5%, respectively. The percentages for the Ti–

O–Ti, Ti–OH and C–O are 16.0, 25.9 and 2.4 eV in the T300_GO material and 72.8, 6.7 

and 2.0 eV in the T300_CNT material, respectively, indicating that the modification of 

TiO2 with CNT disturbed the structure of the TiO2 less than the GO, maintaining the 

amount of the Ti–O–Ti species and reducing significantly the amount of the Ti–OH 

species. The C1s spectra of these samples are presented in Figure S9d. All materials 

possess bands located at binding energies of 284.7 and 285.5 eV that can be assigned to sp2 

and sp3 carbons species, respectively [94]. The amount of sp3 species in the sample T300 is 

higher than 52% demonstrating that the carbon present in this sample is mostly amorphous. 

The successfully incorporation of GO and CNT materials can be observed by the increase 

of the amount of sp2 species in the C1s spectrum. The bands observed at ca. 287.0 and at 

289.2 eV are assigned to C–O, C–OH and C=O groups in all materials, respectively.[94] 

The band at 291.9 eV corresponds to the π-π* transitions. 

Figure S6 (ESI), shows the TGA of T60, T60_GO and T60_CNT materials up to 800 °C. 

The weight loss observed below 100 °C is related to desorption of physiosorbed water for 

all samples. At 300 °C, T60 sample shows an almost complete degradation of some 

remaining carbon content from the TBOT precursor and a weight loss of about 18.6% up to 

this temperature. After this temperature and up to 800 °C this sample losses are negligible, 



ca. 1.2% of weight that can be associated to the release of oxygenated species during the 

crystallization of TiO2 [96]. When compared with T60, both T60_GO and T60_CNT 

present a wide-large peak at around 80 ºC, that corresponds to water desorption, 

degradation of organic contents (from the titanium precursor) and partial degradation of GO 

or CNT. From room temperature up to 300 °C, T60_GO and T60_CNT have a weight loss 

of 22.3% and 23.4%, respectively. The degradation of GO below 300 ºC under air involves 

the removal of oxygenated groups (hydroxyl, epoxy, and carboxyl groups) and the 

formation of defects on the graphene basal planes (by removing some carbon atoms) which 

is agreement with Pan et al. and Pastrana-Martínez [97,98].  The slow weight loss between 

300 – 500 °C can be related to the elimination of more stable oxygen functionalities, while 

the slow weight loss after 500 °C corresponds to carbon combustion of the remained GO 

[98,99]. Mahajan et al. [82] studied the TG curve of CNTs (multiwalled CNT) conducted in 

air and observed that MWCNT are thermally stable up to 420 °C. Above this temperature, 

weight loss starts to occur due to the oxidation of the remaining amorphous carbon and of 

MWCNTs themselves. This result agrees with those observed in this present study. 

Actually, the last weight loss (ca. 4%) of T60_CNT sample starts at about 450 °C, meaning 

that at 500 °C (the temperature of the thermal treatment) low amounts of CNT are present 

in the sample, and they should be deformed (MWCNT deterioration and bundles formation) 

as observed by Mahajan et al. [82]. 

Band-gap values (Table 2) can give a general idea of the amount of energy needed to 

provide to the catalyst in order for an electron to move from the valence band to the 

conduction band and ideally start the photocatalytic process. The band gap values presented 

in Table 2 are calculated by employing the Tauc plot method [100]. An optical spectrum of 

reflectance vs wavelength is displayed in Figure S10 (ESI).  

 

Table 2. Band-gap values of samples Ty(_z) and Hy(_z). 

Treatments Thermal (T) Hydrothermal (H) 

Filler - GO CNT - GO CNT 

Temperature 60 300 500 60 300 500 60 300 500 180 180 180 

Band gap values 

Directa (eV) 
3.22 3.24 3.21 -b 3.22 3.26 - b 3.21 3.23 3.29 3.32 3.22 



Band gap values 

Indirecta (eV) 
2.77 2.97 2.93 - b 2.81 2.99 - b 2.72 2.96 3.00 2.98 2.52 

a Measured with the Tauc method, with a relative error <1%. b In the amorphous materials, no band-gap value 

was measured. 

 

Observing all samples, the band-gap values (Table 2), particularly the direct band-gap 

values obtained, agree well with the expected Eg of anatase (i.e. ∼3.2 eV; ∼388 nm) [101], 

thus the direct allowed model would seem more applicable for these specimens. Anatase, is 

considered a semiconductor of indirect allowed transition [101], nonetheless, although 

uncommon, it has been shown that it can have direct transition [102,103]. The slight 

increase from the 3.2 eV anatase reference value might be due to the presence of small 

amounts of brookite, that exist in all samples except for T500_CNT. It should be noted that 

the optical band gap of brookite has been reported to be ∼3.4 eV (∼365 nm) [101]. 

 

3.2. Photocatalysis (liquid-solid) 

The PC ability of the materials was evaluated by their capacity to remove the rhodamine B 

dye under both UV and visible lights, being the obtained results displayed in Figure 4 and 

5, respectively. The variation in concentration of the dye throughout the experiment in also 

available in ESI (UV and Vis lights, Figures S11 and S12, respectively).  

In Figure S11 (ESI), the variation of the RhB concentration (in 7 h) using UV light can be 

observed. The addition of carbon-based materials did not appear to have a significant effect 

in mostly of the materials, only improving the material T300_CNT versus its counterparts, 

at that same temperature, (T300 and T300_GO). This effect was not present in other 

temperatures (60, 500 and 180 °C), where the sample without carbon (T60, T500 and 

H180, respectively) had less RhB concentration at the end of the 7 h. These results are not 

just due to the materials PC ability nor their adsorption but of the interaction between these 

two phenomena. In S12, the addition of carbon-based materials improved the RhB 

degradation in some samples. At 60 and 180 °C adding either GO or CNT did not result in 

less amount of RhB detected after 7h. However, at 300 °C adding either GO or CNT 

resulted in improved results (over T300). For the sample containing GO and treated at 500 

°C, it was observed similar results to that of the sample without any carbon (T500). This 

was expected since T500_GO material suffered some GO degradation under heating 



(Figure S6). Carbon-based materials seem influence more positively RhB degradation when 

using Vis light instead of UV. It is important to keep in mind, that is not just PC decreasing 

the amount of RhB but also the adsorption phenomenon, and mainly the interaction 

between the two phenomena. In different samples each parameter will contribute distinctly 

to the RhB degradation. 

Degradation rates were calculated and are shown for the first 180 min of each reaction 

using both types of radiation (UV and Vis) in Figures S13 and S14 (ESI), respectively. 

When using UV light as a radiation source (Figure S13, ESI), the sample T300_CNT has 

faster kinetics than its homologous temperature samples (T300 and T300_GO). The sample 

with the highest kinetics is T60 a sample which is mostly amorphous (Figure 1), indicating 

that, in this sample, adsorption plays a more significant role than photocatalysis in the 

removal/degradation of RhB. Comparing the degradation rate in UV (Figure S13, ESI) and 

visible light (Figure S14, ESI) it can be inferred that the highest impact the carbon-based 

materials have happens with Vis light. At 300 °C, the sample T300_CNT has higher 

kinetics that the other samples at the same temperature (T300 and T300_GO). The same 

happened at 180 °C, where H180_CNT has a higher degradation rate then H180 and 

H180_GO. While at 500 °C, the sample T500_GO degrades the dye faster than both T500 

and T500_CNT. Again, T60 has the highest degradation rate assigned to the adsorption 

phenomenon. In all samples a distinct contribution and balance between the photocatalytic 

and adsorption phenomena takes place, resulting in these varied degradation rates.  

To test the test the materials adsorption ability (Figure 4 and Figure 5) for the first 30 min 

no light was used (t = 0 to t = 0a), resulting in the first percentage shown in each graph. 

From t=0a to t=7 both adsorption and photocatalytic abilities are tested in a 7 h interval. 

The adsorption values (t=0a) of each sample are represented in each graph. Figure 4 shows 

the RhB degradation under UV light. All pure TiO2 materials show blue shifts, which are a 

sign of photosensitisation. Photosensitisation is less desirable phenomenon than 

photocatalysis since it means a slower and incomplete degradation of the dye through 

continuous N-deethylation of rhodamine B. This process gives, respectively: N,N,N’-

triethyl rhodamine peak at 539 nm; N,N’-diethyl rhodamine evidenced by the peak 522 nm, 

then N-ethyl rhodamine at 510 nm, and finally rhodamine, that has a maximum in 

absorbance located at 499 nm.[65,104] The blue shifts are more pronounced in T60 and less 



in T300, showing the importance of the presence of both crystalline phases anatase and 

brookite in the later sample (from XRD, Figure 1). The decrease in the amount of blue shift 

in materials that underwent thermal or hydrothermal treatments shows that these treatments 

are beneficial in decreasing, in part, the shift. This can be attributed to the formation of the 

TiO2 crystalline phases after the temperature treatments, observed in the XRD of the 

samples (Figure 1). The addition of carbon materials also decreases blue shifts, probably 

due to an increase in photocatalytic ability due to increase electron transport to TiO2 and 

decreased electron-hole recombination [105]. 

 

 

Figure 4. Photocatalytic degradation of the RhB, using UV light during 7 hours, and the 

Ty(_z) and Hy(_z) samples. The materials adsorption ability percentages (displayed in each 

graph) were determined by analysing the light absorption at t = 0 and t = 0a corresponding 

to 30 minutes of aging in absence of light. 



The addition of CNT proved to have better results than the GO, with the achievement of no 

shift in sample T300_CNT aligned with high removal of RhB (83%), through the combined 

processes of photocatalysis and adsorption.  

In Figure 5, the ability of prepared specimens to degrade RhB is patent, but this time with 

Vis light. The same trend of stronger blue shifts in samples with just TiO2 is observed and, 

again, the use of thermal treatments or the carbon (GO or CNT) addition decreased it. In 

fact, the blue shift is completely absent in the sample T300_CNT under both UV and Vis 

light. This phenomenon can be attributed to the presence of a higher amount of C and C 

type used [106], together with the presence of the crystalline phases of TiO2 (from EA and 

XRD, Table S1 (ESI) and Figure 1). The material presenting the highest ability to 

adsorb/degrade RhB under vis-light is once more T300_CNT. Thus, T300_CNT has the 

ability to degrade RhB in water under both UV and Vis light. To understand which of the 

processes, adsorption or photocatalytic activity, is more pronounced, the adsorption ability 

was measured for longer periods of time (7 h) and the result is available in Figure S15 

(ESI). It was observed that the T300_CNT has the capacity to adsorb 58% of RhB in 7 h. 

 



Figure 5. Photocatalytic degradation of the RhB, using Vis light and samples Ty(_z) and 

Hy(_z). The reaction was followed over 7 hours. 

The T300_CNT material was compared with the most used and effective commercial 

material, P25, using visible and UV light (Figure 6 and Figure S16, ESI). P25 presented a 

complete photocatalytic degradation of RhB in water under UV light and in the same 

conditions (Figure S16, ESI), showing a superior performance than all samples synthetized 

in this study. However, the same result was not observed when the photocatalytic 

degradation of RhB in water was carried out under vis-light (Figure 6). Unlike what 

observed with the UV light, the photocatalytic degradation of RhB under Vis light 

presented a blue shift when P25 catalyst is used, which means that an incomplete removal 

of the RhB occurred. This result indicates that T300_CNT is more efficient than the 

commercial Degussa P25 photocatalyst under Vis light. 

 

 



Figure 6. Photocatalytic degradation of the RhB dye using Vis light with the sample 

T300_CNT (top) and commercial material Degussa P25 (bottom). The reaction was 

followed over 7 hours, 

 

3.3. Scavenger test 

Scavenging tests are used to determine which active species are involved in the 

decolourization of RhB using Vis light (Figure S17, ESI). The T300_CNT has a 

degradation rate of 0.037 h-1. Trapping experiments with both IPA and BQ scavenger for 

•OH and •O2– respectively, had no effect in the photocatalytic activity [107,108]. However, 

using EDTA as a h+ quencher resulted in a decrease in the degradation rate from 0.037 h-1 

to 0.026 h-1. This result shows that h+ is the main oxidative species for the N-deethylation of 

RhB, allowing the decolourization of this dye. The proposed  mechanism is described 

below [109]. 

When a catalyst absorbs a photon with energy equal to, or higher than the band-gap energy 

(Eg), electrons (e−) are promoted from the valence band (VB) to the conduction band (CB), 

leaving an electron vacancy or hole (hVB
+) in the VB, and these reactions happens in its 

surface, as shown in Equations 1–4. 

T300_CNT + hν → eCB
– + hVB

+      (Equation 1) 

hVB
+ + H2O(ads) → •OH(ads) + H+      (Equation 2) 

eCB
– + O2(ads) → •O2(ads)

–       (Equation 3) 

eCB
– + hVB

+ → energy        (Equation 4) 

 

From the trapping experiments described above, it is known that hVB
+ quenching had an 

adverse effect on the reaction. It can thus speculate that they probably did not allow for the 

formation of •OH adequate to oxidize RhB (see Equation 5), therefore lowering the 

reaction kinetic.  



•OH(ads) + RhB  degradation products      (5)  

 

Photocatalysis (gas-solid) 

The photocatalytic activity of the most promising materials (T300, T300_GO and 

T300_CNT) are also evaluated in the degradation of benzene (Figure 7) using solar light 

and compared with the commercial sample Degussa P25. 

 

Figure 7.  A- Photocatalytic removal of benzene. The vertical dashed line shows the time at 

which the solar light was turned on. B- Re-usability test of T300_CNT in 6 cycles. 

The samples T300_CNT and T300_GO showed a benzene removal of 59.3 and 58.4% 

respectively, which is higher than that observed for P25 (52.6%) and for the parent T300 

(48.0%). These results clearly convey the improvements provided by the addition of carbon 

materials as well as show the potential these materials to remove pollutants from the air. 

This outcome could be a consequence of enhanced electronic transport and reduced 

electron-hole recombination [55], provided by the carbon materials’ addition.  

Figure 7B shows the re-usability of the most promising sample, T300_CNT, in the 

photocatalytic removal of benzene under solar light. It can be observed that the T300_CNT 

material maintained high photocatalytic ability after 6 cycles.  

 



4. CONCLUSIONS 

Titanium dioxide and titanium dioxide-based materials were thermally treated at different 

temperatures and pressures resulting in materials with distinct physical properties, 

mineralogical phases composition and, consequently, different photocatalytic abilities.  

The use of thermal treatment at 500 ºC in samples with GO and CNT resulted in the 

degradation of the carbon materials, which was proved by TGA. The increase of 

temperature of the thermally treated (T) materials leads to a decrease of their specific 

surface area which was associated to the collapse of the pores. The hydrothermal treatment 

(H) resulted in pore collapse and lower surface areas. This is proven by the lower surface 

areas of H samples than samples T300 (300 ºC), despite being made at a lower temperature 

(180 ºC). 

The band-gap results show that a direct allowed model for electron movement is applicable 

for all the materials.  

Regarding the material’s adsorption ability, T300_CNT material greatly adsorbed RhB, 

augmented the contact time between pollutant and photocatalytic material and therefore, 

possibly increasing the photocatalytic degradation rates. As for the photocatalytic ability of 

the materials in the degradation of RhB, the use of both GO and CNT brought added value 

to the TiO2, as they reduce the blue shift behaviour of the samples, increasing instead 

photocatalysis. The T300_CNT material had the highest RhB degradation ability, under 

both UV and visible light, through simultaneous adsorption and photocatalysis processes. 

The comparison between T300_CNT and commercial P25 showed that the former material 

has superior ability in the degradation of RhB under visible light. Regarding photocatalysis 

in gas medium, using benzene as pollutant model, T300_GO and T300_CNT showed better 

results than the commercial P25 under solar light. The better photocatalytic performance of 

T300_CNT can be explained by the high surface area and the carbon content (highest of all 

crystalline materials produced), lowest band gap and it also had the advantages brought by 

the use of carbon nanotubes namely: reduced electron-hole recombination and enhanced 

electronic transport. Moreover, T300_CNT maintained, after 6 cycles, its ability to degrade 

benzene. From the overall results, the high photocatalytic ability of T300_CNT material 

and its reusability together with its simple preparation make this material highly interesting 



for its potential application in cyclic photocatalytic degradation of organic pollutants under 

UV-A, Vis and solar light in both aqueous and gas medium. 

  

FOOTNOTES 

Electronic supplementary information (ESI) available: Materials characterization details 

and further data from XRD, -196 °C N2-sorption isotherms, EA, SEM, UHRTEM, 

RAMAN spectroscopy, TGA, XPS, the variation in concentration of the RhB throughout 

the experiment for all materials and photocatalytic degradation experiments for P25. 
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Highlights 

 

 TiO2 and carbon-modified TiO2 photocatalysts are prepared with different 

properties; 

 The materials behave as photocatalysts on the degradation of organics from air and 

water; 

 Carbon-modified TiO2 led to enhanced degradation of both RhB and benzene under 

Vis light; 

 CNT- and GO-modified materials, treated at 300 °C, outperformed Degussa P25. 

 The photocatalyst was successfully reused, up to 6 times, on the degradation of 

benzene. 
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