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Abstract: Titanium dioxide manganese/multi-walled carbon nanotubes (MTiO,/x-CNT)
nanocomposites were successfully prepared using the sol-gel method by reaction specific amounts
of CNT with titanium dioxide and manganese, aiming to shift the band edge toward longer
wavelengths and provide more effective separation of electron-hole pairs. The MTiO, and
MTiO,/CNTs were then characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and UV-vis absorption spectra. The results confirm the successful synthesis and the presence
of Mn and CNT in the nanocomposite. The photocatalytic performance was evaluated by
investigating the removal of methylene blue as an example of organic pollutants. Among the various
composites examined, the MTiO,/CNT (5%) exhibited the best performance in removing MB, with a
degradation rate exceeding 92% and a rate constant of 2.59 x 1072 min™'. These results suggest that
this compound could have potential applications in other fields.

Keywords: carbone nanotube; titanium dioxide; manganese; methylene blue; photocatalysis

1. Introduction

Environmental pollution resulting from increased industrial activities poses numerous risks to
human, animal, and ecosystem health [1]. Over the past decades, major water sources, including
lakes, rivers, and groundwater, have been contaminated by a wide range of pollutants such as
polycyclic aromatic hydrocarbons, halogenated compounds, dioxins, pesticides, and synthetic dyes
used in the textile, food, paper, and cosmetics industries [1,2]. Given the growing environmental
crisis, urgent measures are required to enhance water quality, as conventional treatment techniques
have proven largely ineffective in eliminating persistent organic contaminants [3]. In this context,
semiconductor-based nanocomposites have been extensively investigated for their potential in
addressing these environmental challenges [4]. Among the various photocatalysts, TiO, stands out
due to its low cost, chemical inertness, non-toxicity, and high photostability. However, its practical
application is hindered by two major drawbacks: a wide band gap (3.2 eV), which limits light
absorption to the ultraviolet region, and a high recombination rate of photogenerated electron-hole
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pairs [5-7]. This rapid recombination reduces charge carrier migration to active sites, significantly
lowering catalytic efficiency.

To overcome these limitations, various strategies were proposed to enhance TiO,'s visible-light
absorption and reduce its band gap. One promising approach involves doping with metal ions, such
as manganese, which exhibits strong potential for broad optical absorption across the visible and
infrared regions of the solar spectrum [8-10]. However, metal doping introduces defect sites that can
increase electron-hole recombination thereby compromising photocatalytic efficiency. Consequently,
incorporating a non-metallic dopant has been explored as an effective means to suppress
recombination and enhance photocatalytic performance under visible light [4]. Since their discovery,
carbon nanotubes (CNTs) have emerged as ideal candidates for modifying TiO, due to their
exceptional mechanical strength, large specific surface area, unique electronic properties, and
outstanding chemical stability [11]. The integration of CNTs into MTiO,/CNT composites
significantly mitigates electron-hole recombination, as excited electrons in the conduction band of
MTiO;, readily migrate to the CNTs [6,12]. Moreover, adsorbed O, molecules on the CNT surface can
accept electrons, generating reactive species such as superoxide ions (O*-) or hydroxyl radicals
(*OH), which accelerate the degradation of organic pollutants [13]. Additionally, CNTs improve
electron mobility and contribute to bandgap reduction, further enhancing TiO,’s reactivity under
visible light. These synergistic effects collectively optimize the photocatalytic efficiency of TiO, for
environmental remediation applications [11]. The sol-gel method is widely employed for
nanomaterial fabrication due to its advantages, including low cost, low processing temperature, and
the ability to produce highly pure and homogeneous materials [14,15].

The present work focuses on the synthesis and characterization of an MTiO,/CNT composite
using the sol-gel method for the degradation of organic pollutants in water. The photocatalysts were
analyzed using various techniques (XRD, XPS, UV-Vis), and their photocatalytic performance was
evaluated by investigating the removal of methylene blue as an example of organic pollutants. The
incorporation of CNTs in the MTiO: is expected to significantly enhance photocatalytic activity
compared to metal oxides alone.

XPS analysis revealed the presence of mixed-valent manganese, including Mn3* and Mn*. In
addition, we were able to use a low concentration of manganese, which promotes the stability of the
anatase phase. This approach contrasts with other studies that use higher concentrations and report
mainly Mn?* and Mn?* [16]. This is what has motivated this contribution.

2. Experimental

2.1. Materials

Titanium tetra isopropoxide [Ti(OCsHr):] and Manganese (II) acetate tetrahydrate
(CH3COOQO)2Mn - 4H20 were purchased from BIOCHEM and used as starting precursors for Ti and
Mn source, respectively, CNT (Nanocyl 7000, diameter 1-10 nm, length 60-100 nm, purity >90%)
were purchased from Nanocyl. Other chemical reagents such as Nitric acid 65%, Ethanol 98.8 %,
Sodium hydroxide and methylene blue were obtained from Sigma Aldrich

2.2. Preparation of Oxidized CNT and MTiO2/x-CNT Nanocomposites

CNTs were purified and oxidized before use. The oxidation of multi-walled carbon nanotubes
was performed to purify them, open their ends, and cut them to facilitate their functionalization in
composites. In this process, the CNTs were treated with an HNOs solution. Briefly, a small amount
of CNTs was oxidized with a 3M HNO3 solution and then sonicated for 6 hours at 70°C. The mixture
was subsequently rinsed and filtered with distilled water until the filtrate became neutral. The
obtained material was then dried at 80°C.

The MTiOz/x-CNT nanocomposites (x = 1, 2, 5, 10%) were synthesized using a sol-gel method.
Specific amounts of titanium tetra-isopropoxide (TiO4Ci2Hzs, 98%) and manganese (II) acetate
tetrahydrate (Mn(CHsCOz)2-4H20) were mixed with ethanol in a 100 mL beaker. Different amounts
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of oxidized multi-walled carbon nanotubes (CNTSs) (1%, 2%, 5%, and 10% CNTs) were then added to
the solution. The mixture was dispersed using an ultrasonic bath (Elmasonic S60H, 220-240 V, 50-60
Hz, P 550 W) for 30 minutes. Subsequently, the precipitating agent, sodium hydroxide (NaOH) at a
concentration of 1 mol/L, was added dropwise under stirring until the pH reached 9. The solution
was continuously stirred at room temperature for 3 hours, followed by aging at room temperature
for 12 hours. The obtained precipitates were filtered using a Biichner funnel and washed several times
with distilled water to remove residues and impurities until a neutral pH was achieved. The products
were then dried in an oven at 100°C for 6 hours and subsequently calcined at 400°C for 2 hours. The
synthesis of TiO2 and MTiO2 was carried out in the same way but without the presence of carbon
nanotubes.

2.3. Characterization Methods

X-ray diffraction (XRD) patterns were recorded for phase analysis and crystallite size
measurement using an X'pert-PRO Panalytical powder diffractometer. The data recording was
carried out within an angle range from 20° to 80° with a step of 0.013° using a 0.154056 nm wavelength
radiation of copper anode (CuKa radiation, 45KV, 40 mA). The diffraction data were analyzed with
a PanalyticalX's Pert High Score Plus software. The crystallite size was estimated using Scherer’s
equation.

XP spectra were recorded using a K Alpha+ apparatus (Thermo) fitted with a micro-focused,
monochromatic Al Ko X-ray source (1486.6 eV). The samples were pressed on sample holders using
double-sided adhesive tapes and outgassed in the fast-entry airlock overnight. The Avantage
software, version 6.8.0, was used for digital acquisition and data processing. The spectra were
calibrated against the C1s main peak component C-C/C-H set at 285 eV. The surface composition was
determined by considering the manufacturer’s sensitivity factors.

3. Results and Discussion

3.1. XRD Analysis

XRD analysis of MTiOz/x-CNT composites are shown in Figure 1, where x takes values of 0, 1, 2,
5, and 10%. The diffraction patterns of these composites exhibit the same peaks as MTiOz (0%), located
at the positions 20 = 25.27°, 36.88°, 37.21°, 37.78°, 47.76°, 53.83, 55.02°, and 62.65. corresponding to
corresponding to the diffraction planes (101), (103), (004), (112), (200), (105), (211), (116), (220), and
(204). In addition to the TiO-related peaks, additional diffraction peaks indicate the presence of two
manganese phases. The first phase corresponds to hausmannite (Mn3O,), with peaks observed at 20
= 30.96°, 32.98°, 33.7°, 34.6°, and 43.40°, which can be assigned to the (100), (110), (111), (023), and
(131) planes. The second identified phase is pyrolusite (MnO2), confirmed by its characteristic peaks
at20=28.62° 35.77°, and 57.86°, corresponding to the (110), (101), and (211) planes. The results reveal
that manganese-related diffraction peaks appear only after the incorporation of CNT into the
composite. This suggests that the presence of CNT plays a crucial role in the formation of manganese
phases. The absorption capacity of CNT contributes to the fixation of manganese to this phenomenon
by facilitating the nucleation and stabilization of manganese-containing phases [17].
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Figure 1. X-ray diffraction patterns of MTiO2and MTiO2/CNT nanocomposites.

The X-ray diffraction spectra data allowed us to approximately estimate the average size of the
nanoparticles using the Debye-Scherrer formula.

0,914

- BcosO
where [ (rad): The full width at half maximum (FWHM) of the diffraction; 0 (rad): The Bragg's
diffraction angle and A=1.54060 A0 the X-Ray wavelength of the copper (Cu) radiation used in XRD.
The grain sizes of all the samples with CNT percentages ranging from 0 to 10% vary from 8.56 to

16.43 nm. It is observed that there is a decrease in grain size with the increasing percentage of CNT,
suggesting an influence of the CNT on the size of the nanoparticles.

3.2. XPS Analysis

Figure 2a-c displays the high resolution Ti2p (Figure 2a) with Ti2ps» main peak centered at 458.4
eV, typical of TiO: [18]. Figure 2b displays the reference Mn2p region from TiO:2 without any
manganese signal. For MTiO2/5%CNT, Mn2ps2 (Figure 2b) is fitted with two components centered at
640.4 and 642.7 eV, assigned to Mn%* and Mn* oxidation states, respectively [19], hence the mixed
valence manganese in MTiOz. This shows the formation of mixed The peak is a little bit noisy due to
the low doping extent (1%). Figure 2c displays the high-resolution Ols from MTiO2/5%, peak-fitted
with 3 main components due to Mox, mostly TiOz, oxygen vacancy, and O=C, and O-C components
centered at ~529.9, 531.7 and 532.8 eV, respectively. The peak centered at 529.9 eV is assigned to lattice
oxygen and is mostly due to TiO:z of which the binding energy position is 530.1+0.4 eV (deduced from
the NIST XPS database, see (https://srdata.nist.gov/xps/). MnOx cannot significantly contribute to this
peak component. A fourth, minor component is due to the Na Auger peak, possibly due to sodium
which remained physisorbed on the catalyst. Sodium is highly sensitive in XPS and could be probed
easily. This peak is frequently, erroneously assigned to adsorbed water. It is to be noted that the peak
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centered at 531.7 eV is usually assigned to oxygen vacancy, indirectly probed by adsorbed
O+/Oxspecies [18]. However, this assignment is controversial as reported recently by the team of
Ethan Crumlin [20]. This peak is reported in the 531-532 eV range, which is indeed the case here, but
it is to note that inorganics get easily contaminated with hydrocarbons. Surface contamination
involves C-C/C-H, C-O, and O-C=0O functional groups; therefore obviously at least O=C species
contribute to the 531-432 eV component which could overestimate the proportion of oxygen vacancy
(indirectly probed by XPS). Nevertheless, oxygen vacancies are in line with the catalytic properties
of the materials, as will be discussed in the application section.
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Figure 2. XP spectra, for indicated materials, of Ti2p (a), Mn2p (b), and Ols (c).

The surface elemental composition is reported in Table 1. One key feature is that Mn/Ti is
0.011£0.002 for MTiO2-CNT catalysts, matching 0.011 for pristine MTiOz. The standard deviation is
acceptable for such low doping of TiO2 with Mn. Moreover, Mn/Ti is not affected by the introduction
of CNTs in the reaction medium where MTiO: is synthesized. Concerning the manganese mixed
valence, the Mn?*/Mn#*" atomic ratio for MTiO2/CNT samples is 2.3+0.5, whereas that of pure MTiO:
equals 2.2, suggesting no major effect of CNTs on the mixed valence distribution. There is very little
oxidation of the CNTs as judged by 3.7 % oxygen, which points to the implementation of conductive
CNTs in the composite catalyst. Table 1 indicates a fairly high surface extent of carbon, due to
hydrocarbon contamination, which is very prone to occur on inorganics. The addition of CNTs has
no major effect on the carbon content, except for a 10% CNT addition. This is because CNTs have not
been loaded on the surface of MTiO:z but added before the co-precipitation process. It follows, that
most of the CNTs are in the bulk and for this reason, they are better probed by XRD and not by XPS.
The CNTs could thus affect the overall catalytic process, facilitating charge transfer within the
composite catalyst.
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Table 1. Surface elemental composition for MTiO2-CNT catalysts and the related materials.

Materials Mn3+ Mn# Ti O(a) O(b) C

CNT -—- --- -—- 3.70 - 96.30
TiO2 - -—- 20.94 37.77 5.31 28.98
MTiO:2 0.11 0.05 15.77 29.71 7.68 46.68
MTiO2-1%CNT 0.11 0.05 15.32 28.56 10.33 45.63
MTiO2-2%CNT 0.13 0.05 20.15 37.88 7.75 34.04
MTiO2-5%CNT 0.06 0.04 13.29 25.20 10.88 50.53
MTiO2-10%CNT 0.14 0.05 15.02 28.72 10.06 46.06

O(a) : lattice oxygen ; O(b) : Ov + (O=C) + (C-O) contributions.

3.3. Optical properties

The band gap energy of MTiO, and MTiO,/xCNTs nanocomposites was determined using UV-
Vis diffuse reflectance spectroscopy, with the Kubelka-Munk equation applied to convert reflectance
(R) into an equivalent absorption coefficient. Eq. (1)[21,22]

(1-R)?
FR) === (1)
The optical band gap energy of all samples was estimated using Tauc’s equation
(a.hv)? = k(hv-Eg)2 (2)

where «a is the absorption coefficient, k is constant, h is the Planck's constant, v is light

frequency, n =1 for direct electronic transition, n=4 for indirect electron transition, and Eg is the
energy gap. Table 2 shows The band gap values of MTiO2, and MTiOz/x%CNT nanocomposites,
illustrating that the Eg value of MTiO2was 2.94 eV and decreased to 2.84, 2.70, 2.65 and 2.62 eV for
the MTiO2/CNT nanocomposites at 1, 2, 5, and 10% CNT, respectively. The decrease in the band gap
(Eg) observed in the MTiO2/CNT nanocomposites compared to MTiO:z is possibly related to the
narrowing of the bandgap energy and reflected the chemical bonding between MTiO: and the specific
sites of carbon[23]. This modification in band gap energy, induced by Mn and CNT doping, can
further lead to a shift of the absorption edge toward the visible region in the MTiO,/CNT sample

compared to MTiOs.
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Figure 3. Kubelka-Munk curves for estimating the band gap of MTiO: (a) and MTiO2 5% CNT (b).
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Table 2. Results of the band gap energy of MTiOz and MTiO2/x% CNT.

Sample Band gap energy (eV)
MTiO: 2.94
MTiO21% CNT 2.84
MTi022% CNT 2.70
MTiO25% CNT 2.65
MTiO210% CNT 2.63

5. Catalytic Performance of MTiOz2and MTiO:/x-CNT in the Catalyzed MB
Degradation

The experiments were conducted in a 500 ml capacity cylindrical Pyrex reactor. A Philips TLAD
15W 05 lamp, emitting wavelengths in the UV-visible range between 300 and 450 nm with a
maximum of emission at 365 nm, was used as the light source and positioned at 15 cm from the edge
of the reactor. The Pyrex vessel and light sources were placed inside a closed chamber to prevent any
UV radiation from escaping.

The photocatalytic activity was evaluated by measuring the degradation of methylene blue (MB)
in a 250 mL aqueous solution of MB at a concentration of 8 ppm and a free pH, containing 0.125 g
catalyst. To achieve adsorption-desorption equilibrium, the suspension was stirred in the dark for 30
minutes. The experiments were then subjected to irradiation with polychromatic light (300—450 nm)
for 180 minutes. At different time intervals, 3 mL of the suspension was taken and centrifuged at
10,000 rpm for 16 minutes to separate the composite particles. The resulting samples were analyzed
using a Cary 60 UV-Vis spectrophotometer at a wavelength of 665 nm. A control experiment carried
out under irradiation under irradiation with polychromatic light (300-450 nm) in the absence of
MTiO2/x-CNT confirmed that the direct photolysis of MB was negligible, thus demonstrating the
important catalytic role of the photocatalyst in degradation processes.

Figure 4(a) shows the photocatalytic degradation efficiency of the organic pollutant MB using
various catalysts percent: MTiO2 and MTiO2/x-CNT (x = 1%, 2%, 5%, 10%). To evaluate the catalytic
performance of these catalysts in the degradation of the MB dye, we compared the profiles of MB loss
in various catalysts percent. The comparative tests were performed under identical conditions,
specifically at ambient temperature and with an uncontrolled pH of the solution. The consumption
of MB (8 ppm) under irradiation with polychromatic light (300-450 nm) was very slow in the presence
of MTiO:z about 40% had disappeared after 180 minutes of reaction. However, a larger enhancement
of the reaction rate was observed in the presence of MTiO2 dopant catalyst during the first 60 minutes,
followed by a slower decrease that tends to stabilize towards the end of the reaction. This
phenomenon suggests that the efficiency of the photocatalysts in the degradation of MB could be
limited by the adsorption of intermediate molecules formed during the photo-reaction, which
compete with MB molecules for reactive species [24].

The degradation rate increases with the percentage of CNT, reaching 50%, 60%, and 92% of the
consumption of MB, for x equal 1%, 2%, and 5% respectively, after the same reaction time. The CNT
dopant can act as an electron conductor, thus reducing the accumulation of electrons in MTiO2 and
decreasing the recombination of electron-hole pairs. This observation is consistent with previous
studies that have shown that the presence of carbon nanotubes (CNTs) creates trapping sites to
capture photogenerated electrons from the conduction band of TiO, thereby allowing the separation
of photogenerated electron-hole pairs [25]. This leads to a decrease in the electron-hole recombination
rate, which increases the degradation efficiency. It was also noted that the decay of MB at 10% CNT
decreased, about 70% of MB disappeared after 180 minutes of reaction. This is explained by the fact
that CNT nanoparticles tend to aggregate on the surface of MTiOz, which reduces light absorption
and photocatalytic activity [26].
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Figure 4. Photocatalytic degradation of MB by MTiO:2 and MTiO:/x-CNT (a) and Kinetic analysis for
photocatalytic degradation of MB(b).

The rate constants were determined by plotting In Co/C vs irradiation time, where Co is the initial
MB concentration and C is the concentration at t (Figure 4(b)). In all cases, MB consumption followed
pseudo-first-order kinetics. The rate coefficients, k, and R? values are reported in Table 3.

Table 3. Values of rate constants and the coefficients of determination of methylene blue degradation.

Catalyst MTiO2 MTiO2/1%-CNT MTiO2/2%-CNT MTiO2/5%-CNT  MTiO2/10%-CNT
k (min')  0.00466 0.0069 0.01077 0.02591 0.01469
R? 0.991 0,995 0.996 0.995 0,997
The photocatalytic degradation efficiency of MTiOz2 and MTiOz/x-CNT (x = 1%, 2%, 5%, 10%)
decreased in the order:
MTi02/5%-CNT > MTi02/10%-CNT > MTiO2/2%-CNT > MTiO2/1%-CNT >MTiOo.
Photocatalytic degradation mechanisms
The degradation of MB initiates with the absorption of UV light by the MTiO2/CNT
nanocomposite, generating excited electrons that migrate to the conduction band of MTiO,. The

separation of e7/h* pairs is favored, limiting their recombination. In the presence of oxygen, the
excited electrons form superoxide radicals, while the positive holes generated on the CNT oxidize
hydroxide anions to produce hydroxyl radicals. These reactive species then decompose MB
molecules through radical attack. The main reactions involved are presented in equations (3) to (7)
[17,27]:

MTiO:/CNTS MTIOx/CNT (hip + ezz) (3)
MTIiOs/CNT (hifs + egg) — CNT (his +MTIiO: (eg)) (4)
MTIO: (egp) + (O2)ats — MTiOz + 05 (5)

MTIO: (hip) + (OH)ngs — MTiO2+ (OH)'gs (6)

(OH)g4s + MB — degraded product (7)

6. Conclusions

This work aimed to synthesize and characterize a ternary composite material based on titanium
dioxide, manganese, and multi-walled carbon nanotubes (MTiO,/x-CNT) for application in the
photocatalytic degradation of methylene blue (MB). The MTiO,/x-CNT nanocomposites were
prepared using the sol-gel method. The study revealed that the photocatalytic activity of this
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composite increases with the addition of CNTs up to a concentration of 5 %, beyond which it
decreases. An excessive CNT content limits the light absorption of MTiO,. Thus, the optimal CNT
proportion in the MTiO,/CNT composite is approximately 5 %.

The decrease in the band gap energy (Eg) observed in MTiO,/CNT nanocomposites compared
to MTiQO; is possible due to the narrowing of the band gap energy, reflecting the chemical interaction
between MTiO, and specific carbon sites. This band gap modification, induced by CNT doping, can
also lead to a shift of the absorption edge toward the visible region, leading to a synergistic effect in
the photocatalytic removal of methylene blue (MB). This effect is attributed to the ability of CNTs to
act as excellent electron acceptors and conductors, thereby reducing the recombination of electron-
hole pairs (e7/h*) and enhancing photon efficiency. Consequently, these nanocomposites show great
potential as new photocatalytic materials. The optimal MTiO,/CNT sample exhibited the best
performance in removing MB, with a degradation rate exceeding 92% and a rate constant of 2.59 x
1072 min™, significantly higher than that of pure MTiO,, which is 40%. These results suggest that this
compound could have potential applications in other fields.
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