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Composites based on TiO, and single-walled carbon nanotubes (SWCNTSs), highly separated in semicon-
ducting tubes (S-SWCNTSs) and as a mixture of metallic and semiconducting tubes (M + S-SWCNTs), were
obtained by the interaction in the solid state. This interaction induces a change in the size of TiO, particles
from 23.67 nm to 28.2 and 150 nm, respectively, accompanied by an increase in the disorder state of the
graphitic lattice of SWCNTs. We demonstrate by UV-VIS spectroscopy that the best performance in terms
of rhodamine 6G (Rh6G) photodegradation is obtained in the case of the TiO,/S-SWCNT composite. The
highest values of the Rh6G photodegradation efficiency were equal to 92% for an S-SWCNT concen-
tration in the photocatalyst mass of 10 wt% and 94% for a 0.1 mM Rh6G solution with a pH equal to 1. We

demonstrate that an important role is played by the O, and "OH species in the photodegradation
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mechanism of Rh6G. This study contributes to a better understanding of the role of metallic and semi-
conducting carbon nanotubes in the photocatalysis field, highlighting that composites based on semi-
conducting SWCNTs and semiconducting metallic oxides are those that contribute essentially to the

rsc.li/dalton removal of dyes by exposure to the light emitted by a halogen lamp.

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:24:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

1. Introduction

Since 2005, special attention has been paid to composites
based on TiO, and carbon nanotubes (CNTs) in the field of
photocatalysis." Several review articles were published regard-
ing the enhancement of the photocatalytic properties of TiO,
in the presence of carbon-containing materials®> for the
removal of organic pollutants.® The interest in these compo-
sites was a consequence of the absorption of TiO, in the UV
range, presenting a limitation of the fast electron-hole recom-
bination, disadvantages compensated by CNTs, which present
electrical, structural, and absorption properties that allow the
improvement of the properties of TiO,.* The main synthesis
methods developed for the TiO,/CNT composites were: (i) the
sol-gel method, which allows a relatively uniform dispersion
of TiO, nanoparticles on the surface of CNTs; (ii) hydro-
thermal synthesis, which leads to larger particles, exhibiting
lower photocatalytic activity;® (iii) the chemical vapor depo-
sition (CVD), the method reported as allowing better control of
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the interface of the two constituents, the resulting composite
with high photocatalytic performances;’ (iv) solvothermal way,
which allows expansion of absorption in VIS range;® (v) multi-
layers of TiO, and CNTs, which reduce contact resistance and
increase photoelectrochemical efficiency;” and (vi) in situ
growth of TiO, in the presence of CNTs by sol-reflux method,
leading to the heterojunctions of the type CNT/TiO, that facili-
tate the transfer of free electrons from TiO, to CNTs.'® Taking
into account this progress, in this work, for the preparation of
the composites based on TiO, and CNTs, the interaction in
the solid state will be used. A detailed understanding of the
interactions that take place during the preparation of compo-
sites using the solid-state interaction starting from TiO,, a
mixture of metallic (33%) and semiconducting (66%) single-
walled carbon nanotubes (M + S-SWCNTs), as well as SWCNTs
highly separated into semiconducting tubes (S-SWCNTs, 99%),
respectively, will be presented through correlated studies of
high-resolution transmission microscopy (HRTEM), scanning
electron microscopy (SEM), X-ray diffraction (XRD), Raman
scattering, and, finally, UV-VIS spectroscopy.

The main pollutants removed with photocatalysts based on
TiO, nanoparticles and CNTs were: (i) pharmaceutical com-
pounds such as carbamazepine, diclofenac, sulfamethoxa-
zole,"" tetracycline,"* etc., (ii) dyes, such as methylene Blue
(MB),"* rhodamine B (RhB),"* methyl orange (MO),"* etc. and
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(iii) insecticides, such as carbofuran.”® In the present work,
our attention will be focused on rhodamine 6G (Rh6G). To
obtain the highest possible photodegradation efficiency of
organic pollutants, the optimization of photocatalysts involved
identifying: (i) an optimal TiO,/CNT weight ratio, reported to
be between 1.5 and 20 wt%;'®'® (ii) the optimal calcination
temperature, reported to be between 300-1100 °C;"° (iii) the
influence of the type of CNTs in the TiO,/CNT composites
mass, when the composites based on TiO, and SWCNT were
reported to show a photodegradation efficiency superior to
those corresponding to composites based on TiO, and CNTs
of the type double-wall carbon nanotubes or multi-wall carbon
nanotubes;'® and (iv) the influence of the functional groups
onto SWCNT surface of the type carboxyl (SWCNT-COOH) in
the mass of the TiO,/SWCNT-COOH composite, that induce
the photodegradation efficiency superior to those of the TiO,/
SWCNT composite.”® Although important progress has been
reported in the case of TiO,/CNT composites, there is little
information about the effect of the outer wall type of CNTs on
the photocatalytic process. As is well known, regardless of the
synthesis method of CNTs, in the case of: (a) SWCNTs, results
a mixture of metallic (33%) and semiconducting (66%) tubes
(M + S-SWNTs),*" (b) double-wall carbon nanotubes (DWNTs),
are obtained a mixture of CNTs with the inner and outer
tubes, of the type metallic@semiconducting (M®@S) tubes,
metallic@metallic (M@M) tubes, semiconducting@semicon-
ducting (S@S) tubes and semiconducting@metallic (S@M)
tubes,” and (c) multi-walled carbon nanotubes (MWNTs), are
reported mixtures having outer tubes both of the type metallic
and semiconductor.”® The development of techniques for sep-
arating semiconductor tubes from metallic ones in SWCNT
samples has opened new opportunities in understanding
various optical processes.>* This has allowed the preparation
of SWCNTs highly separated into semiconducting tubes
(S-SWCNTs, 99%) and metallic tubes (98%, M-SWCNTs).>® In
this work, the influence of S-SWCNTs and M-SWCNTs in the
TiO,/S-SWCNT and TiO,/M-SWCNT composites in comparison
with the TiO,/M + S-SWCNT composite in the field of photoca-
talysis will be reported. Thus, we will highlight the importance
of S-SWCNTs in optimizing the photodegradation processes of
the dye Rh6G. Our results will prove that the photodegradation
efficiency of Rh6G is higher in the case of TiO,/S-SWCNT
photocatalyst compared to that of the TiO,/M + S-SWCNT and
TiO,/M-SWCNT photocatalysts.

2. Experimental section

Compounds TiO,, Rh6G, HCl 36%, NaOH, isopropyl alcohol
(IPA), and tert-butyl alcohol (TBA) were purchased from Sigma-
Aldrich, while M + S-SWCNTs, M-SWCNTs, and S-SWCNTSs
were purchased from NanolIntegris.

The following composites TiO,/M + S-SWCNT, and TiO,/
S-SWCNT, having a concentration of carbon nanotubes equal
to 1 wt%, 5 wt%, and 10 wt%, were prepared by the solid-state
interaction of the two constituents, i.e., TiO, and CNTs, by
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manual grinding of the two constituents in an agate mortar
and pestle for 20 min. To illustrate the role of M-SWCNT in
the photocatalytic process, composites based on TiO, and
M-SWCNTs with a concentration of CNTs of 1 wt.% were also
prepared.

For photocatalytic studies, colloidal solutions were prepared
by adding each composite to 20 mL of Rh6G 0.1 mM aqueous
solution, which was magnetically stirred for 20 min at 25 °C in
the dark to reach the adsorption—-desorption equilibrium. After
verifying by UV-VIS spectroscopy that the adsorption-desorp-
tion equilibrium of the pollutant on the photocatalyst surface
had been reached, the colloidal solutions were exposed to an
irradiation source consisting of a 300 W OSRAM halogen lamp
(OSRAM GmbH, Germany), which provides a continuous
broadband emission in the visible range (~400-700 nm) and
also emits infrared radiation. The irradiation time was
480 min.

The reaction temperature was continuously monitored
using a K-type thermocouple connected to the digital display
of the magnetic stirrer, with the probe immersed directly in
the reaction mixture. Throughout the photocatalytic experi-
ments, the temperature remained stable, with fluctuations
within +0.5 °C.

Dye degradation was monitored in situ by recording UV-Vis
spectra directly in the quartz cuvette, without withdrawing suc-
cessive aliquots; therefore, the total suspension volume
remained constant during the reaction, eliminating any risk of
overestimating photocatalytic activity due to gradual volume
loss.

To prevent evaporation during irradiation, the quartz cell
was fitted with a tight lid and positioned 12 cm away from the
halogen lamp, which minimized thermal exposure of the
solution.

HRTEM images and selected area electron diffraction
(SAED) of the TiO,, TiO,/M + S-SWCNT, TiO,/M-SWCNT, and
TiO,/S-SWCNT samples were recorded with a Jeol ARM 200 F
microscope.

SEM images of the TiO,/M + S-SWCNT, and TiO,/S-SWCNT
composites were recorded with a Zeiss Gemini 500 scanning
electron microscope.

XRD diagrams of the TiO,/M + S-SWCNT, and TiO,/
S-SWCNT composites were recorded with Bruker’s D8 Advance
X-ray diffractometer.

Raman spectra of TiO,, M + S-SWNTs, S-SWNTs, and their
composites of the type TiO,/M + S-SWCNTs, and TiO,/
S-SWCNTs were recorded with a FTRaman spectrophotometer,
MultiRam model, from Bruker.

Raman spectra of M-SWNTs and the TiO,/M-SWCNTSs com-
posite were recorded with a Raman spectrophotometer,
T64000 model, from Horiba Jobin Yvon, endowed with a
Cobolt solid laser, which allows the recording of the spectra at
the excitation wavelength of 633 nm.

UV-VIS spectra of the aqueous solutions of Rh6G in the
presence of the TiO,/M + S-SWCNT, TiO,/M-SWCNT and TiO,/
S-SWCNT composites were recorded with a PerkinElmer
Lambda 950 UV-VIS-NIR spectrophotometer.

This journal is © The Royal Society of Chemistry 2026
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Photoluminescence (PL) spectra of TiO,, and their compo-
sites of the type TiO,/M + S-SWCNTs, TiO,/M-SWCNTs and
Ti0,/S-SWCNTs were recorded with a Fluorolog spectrophoto-
meter, FL-3.2.2 model, from Horiba-Jobin Yvon, at the exci-
tation wavelength of 360 nm in the right-angle geometry.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed in a three-electrode configuration using
the TiO, and TiO,/S-SWCNT, TiO,/M-SWCNT, and TiO,/M +
S-SWCNT films deposited on ITO as working electrodes, a Pt
wire as counter electrode, and an Ag/AgCl reference electrode
in an aqueous H,SO, 0.05 M. The working electrodes were pre-
pared as follows: 2 mg of each photocatalyst in powder form
were dispersed in 1 ml of ethanol, followed by the addition of
10 pl of Nafion 0.5 wt%. The mixture was ultrasonicated for
10 min to obtain a homogeneous dispersion. Subsequently,
10 pl of this resulting ink was drop-cast onto ITO substrates
and dried at 80 °C, yielding a uniform, adherent, and electro-
chemically active film. The impedance spectra were recorded
in the frequency range 10 Hz-100 kHz with an AC amplitude
of 10 mV.

3. Results and discussion

3.1 Optical, structural, and vibrational properties of
composites based on TiO, and SWCNTs

Morphological information regarding TiO, nanoparticles and
their composites with CNTs are presented in Figs. 1 and 2 by
SEM, HRTEM, and SAED. In this context, Fig. 1 highlights the
presence of both S-SWCNTs and M + S-SWCNTs and irregular
platelets in the composites TiO,/S-SWCNT and TiO,/M +
S-SWCNT. In the case of the TiO,/S-SWCNT composite
(Fig. 1a), one observes more compact particles and a smoother
surface, while in the case of the TiO,/M + S-SWCNT composite
(Fig. 1b), the presence of the M + S-SWCNT induces a granular
morphology with an interconnection of TiO, particles through
M + S-SWCNTs.

Fig. 2 shows HRTEM images and SAED of the samples
TiO,, TiO,/S-SWCNT, TiO,/M-SWCNT, and TiO,/M + S-SWCNT.
According to Fig. 2, one observes that: (i) TiO, nanoparticles
with an anatase crystalline phase have average dimensions
equal to ~23.67 nm; (ii) TiO,/S-SWCNT composites contain
particles with platelet morphology of various shapes with
average dimensions of ~28.2 nm; (iii) TiO,/M + S-SWCNT com-

Fig. 1 SEM images of the composites of the type: (a) TiO,/S-SWCNT,
and (b) TiO,/M + S-SWCNT, having a concentration of carbon nano-
tubes in each sample equal to 1 wt.%.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 HRTEM images and SAED of TiO; (a;, ap), and their composites
of the type TiO,/S-SWCNT (by, by), TiO2/M-SWCNT (c;, cp), and TiO,/M
+ S-SWCNT (d;, dy), with a concentration of carbon nanotubes in each
sample equal to 1 wt.%.

posites illustrate the presence of platelet-like particles of
various shapes with average dimensions of ~150 nm. The
increase in size indicates a coalescence of TiO, assisted by the
SWCNT interface.

The coalescence process of TiO, particles is seen to occur
predominantly in the presence of semiconducting SWCNTs.
An explanation for this behavior must take into account the
electron transfer between the two constituents, the generation
of a depletion zone in TiO,, and the local electric field at the
interface, which allows oxygen vacancies to migrate, defects to
redistribute, and the energy of the TiO, grain boundaries to
decrease, thus favoring the coalescence of TiO, crystallites.

Fig. 3 shows XRD diagrams of TiO,, TiO,/S-SWCNT, and
TiO,/M + S-SWCNT. All XRD diagrams are characterized by
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Fig. 3 XRD diagrams of TiO, (black curve, a) and their composites of
the type TiO,/S-SWCNT (red curve, a), when the concentration of
S-SWCNT in the composite mass is 1 wt.%. XRD diagrams of the TiO,/M
+ S-SWCNT composites, when the concentration of M + S-SWCNT in
the composite mass is equal to 1 wt.% (b), 5 wt.% (c) and 10 wt.%.

peaks at 20 equal to 25.3°, 37.8°, 48.2°, 54.1°, 55.3°, 62.8°,
70.4°, and 75.2° assigned to the crystalline planes of TiO, in
anatase state (101), (004), (200), (105), (211), (213), (220), and
(215), respectively [PDF 00-064-0863]. Using the Scherrer
equation, the average crystallite size was calculated to be, in
the case of: (a) TiO,, 15.51 nm, (b) TiO,/S-SWCNT, with 1 wt%
SWCNT, 15.52 nm; (c) TiO,/M + S-SWCNT, with 1 wt% M +
S-SWCNT, 14.44 nm, (d) TiO,/M + S-SWCNT, with 5 wt% M +
S-SWCNT, 13.96 nm, and (e) TiO,/M + S-SWCNT, with 10 wt%
M + S-SWCNT, 13.74 nm. These results indicate that
M-SWCNTs alone do not significantly influence the TiO, crys-
tallite size, while mixed M + S-SWCNTs induce a progressive
reduction. This suggests a stronger interfacial interaction and
greater deformation/defect formation when both M-SWCNTs
and S-SWCNTs are present. This behavior can be attributed to
the heterogeneous electronic structure of M + S-SWCNTs.
While S-SWCNTs and M-SWCNTs interact weakly and uni-
formly with the TiO, surface individually - resulting in crystal-
lite sizes comparable to pristine TiO,, M + S-SWCNTs produce
a non-uniform interfacial electronic environment, which
enhances local charge transfer, generating interfacial tension
with the formation of defects in the TiO, lattice, thus inhibit-
ing crystallite growth. The systematic decrease in crystallite
size as the concentration of M + S-SWCNTs in the bulk compo-
site occurs supports this mechanism, indicating that the M +
S-SWCNT interaction is responsible for the reduction of TiO,
crystallite size. The decrease in the crystallite size of TiO, in
the presence of SWCNT is seen to be contradictory to the
results reported by HRTEM. In our opinion, the increase in the
size of the particles reported by HRTEM is the result of the
agglomeration around the SWCNT network, while the decrease
in the crystallite size originates from the strain and defect for-
mation induced by metallic nanotubes from M + S-SWCNTs.

Dalton Trans.

View Article Online

Dalton Transactions

The increase in the concentration of carbon nanotubes in
the TiO,/M + S-SWCNT composites leads in the XRD
diagrams presented in Fig. 3c and d to a change in the shape
of the maximum in the 26 range 30°-40°, with the appearance
of a new peak at 340. At first sight, this peak should be
assigned to the crystalline plane (110) [PDF 01-070-2556].
However, taking into account that this peak is very large, we
are tempted to attribute the interfacial deformations and
defect-rich regions. Compared to the TiO,/S-SWCNT compo-
site, in the case of the TiO,/M + S-SWCNT composite, the pres-
ence of metallic nanotubes leads to strong electronic shield-
ing, which inhibits coherent charge transfer and defect
migration, the locally distorted TiO, domains giving rise to
diffuse scattering.

The same does not happen in the case of the TiO,/
S-SWCNT composite, in which the S-SWCNT facilitates defect
reorganization and crystallite coalescence, the medium-range
order characteristics being thus significantly diminished. The
increase in the intensity of the peak at 34° in the case of the
TiO,/M + S-SWCNT composites with an S-SWCNT concen-
tration of 5 and 10 wt.% can be explained by considering local
structural changes of TiO,, resulting in partial reduction of
TiO, *® and/or micro-deformation®” that may occur during
solid-state interaction.

Fig. 4 shows Raman spectra of TiO,, S-SWCNTs, M +
S-SWCNTs, and their composites. The black curve in Fig. 4a
highlights, in the case of TiO,, four lines that peaked at 146,
396, 518, and 639 cm™, assigned to the vibrational modes E,,
By, Ay, and E.?° In the case of the Raman spectra of
S-SWCNTs (blue curve in Fig. 4a), and M + S-SWCNTs (black
curve in Fig. 4b) are observed: (a) in the low-frequencies, an
intense Raman line at 162 and 164 cm ™, respectively, assigned
to the radial breathing mode (RBM), which is correlated with
the diameter of the tubes through the equation: v(cm™") = 248
d™' (nm),*® indicating diameters equal to 1.53 and 1.51 nm,
respectively; and (b) in the spectral range 1000-1700 cm™, an
intense band at 1593 cm™" assigned to the tangential mode
(TM)** and a band of low intensity at 1265 and 1269 cm™*
attributed to the disorder state or defects from the graphitic
lattice of SWNT.>" Besides, a careful analysis of Fig. 4 indicates
that the ratio between the intensities of the Raman lines
peaked at: (a) 1265-1269 and 1596 cm™" (Ip/Ipy) is equal to
0.079 in both cases; and (b) 162-164 and 1593 cm™" (Iggm/Frm)
is equal to 1.36 (black curve in Fig. 4a) and 0.76 (blue curve in
Fig. 4b).

Fig. 4 highlights the following changes in the Raman
spectra of the composites with 1 wt.% CNTs in the case of:

(a) the TiO,/S-SWCNT composite, an up-shift of the Raman
lines from 146, 162, 518 and 1265 cm™" (red curve in Fig. 4a)
to 147, 167, 514 and 1276 cm ", respectively (red curve in
Fig. 4b), accompanied of a change of the ratios Ip/Ity and
Irpm/ITm to ~0.2 and ~0.35 (red curve in Fig. 4a); the up-shift
of RBM was explained considering the mechanical interactions
of the foreign type at the interface (compressive)®® and the
local perturbations of the Ti-O network due to electronic inter-
face reasons (e.g. generation of Ti-O-C bonds),*® and

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Raman spectra of: (a) TiO, (black curve), S-SWCNT (blue curve),
and TiO,/S-SWCNT 1 wt.% (red curve), and (b) M + S-SWCNTs (black
curve), TiO,/M + S-SWCNT with a M + S-SWCNT concentration in com-
posite mass equal to 10 wt.% (blue curve), 5 wt.% (green curve) and 1 wt.
% (red curve).

(b) the TiO,/M + S-SWCNT composite, a downshift of the
Raman line from 164 to 161 cm™', accompanied by a change
of the ratios Ip/Ity and Igppm/Itm to ~0.2 and ~0.66 (red curve
in Fig. 4b). The downshift of the RBM mode can be attributed
to compressive mechanical stresses transmitted from the TiO,
matrix to the M + S-SWCNTs. These stresses arise from inter-
facial interactions such as lattice mismatch, nanoparticle
anchoring on defect sites, and local deformation of the nano-
tube walls. Similar strain-induced Raman shifts have been
reported for TiO,~CNT composites, regardless of the synthesis
route, as demonstrated by Nadafan et al*' The increasing Ip/
Ity ratio value in the case of composites TiO,/S-SWCNT and
TiO,/M + S-SWCNT in contrast with those reported in the case
of S-SWCNTs and M + S-SWCNTs, indicates introducing
defects or functional groups onto the SWCNT surface through
mechanico-chemical interaction with TiO,.?° A similar behav-
ior is reported in the Raman spectra recorded at 633 nm, the
resonant wavelength for metallic carbon nanotubes (Fig. S1),
in the case of Raman bands labeled as D and TM bands that
have peaks at 1321-1318 and 1588-1590 cm™". In this case, a
pronounced increase in the Ip/Ity ratio is reported from 0.18
for M-SWCNT to 0.48 for the TiO,/M-SWCNT composite. This
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substantial increase indicates a higher defect density in the
carbon nanotubes after composite formation, probably associ-
ated with interfacial Ti-O-C bonds and partial disruption of
the graphitic structure. The stronger perturbation observed in
our case compared to the mild changes reported by Corio
et al.>® can be attributed to the different preparation route, i.e.,
impregnation method, and to the higher sensitivity of metallic
SWCNTs to mechano-chemical defect generation. The increase
in the concentration of M + S-SWCNT in the TiO,/M +
S-SWCNT composite mass from 1 wt.% (red curve in Fig. 4b)
to 5 wt.% (green curve in Fig. 4b) and 10 wt.% (blue curve in
Fig. 4b) induce changes in the ratios Ip/Ity and Iggm/Itv up to
~0.15 and ~0.85 (green curve in Fig. 4b) and ~0.07 and ~1.51
(blue curve in Fig. 4b). The decrease of the Izpm/Iry ratio in
TiO,/S-SWCNT and TiO,/M + S-SWCNT composites indicates,
once more, the presence of surface defects and interfacial
charge transfer between TiO, and the nanotubes, as well as
strain effects induced by TiO, nanoparticles on the RBM
mode. By “surface defects” we refer to structural irregularities
in the SWCNT lattice, such as pentagon-heptagon topological
defects (Stone-Wales), vacancies, or oxygen-containing func-
tional groups, which disrupt the ideal hexagonal sp> network
and create active sites for TiO, anchoring. Although refs. 30
and 33 employ different synthesis routes, both demonstrate
that TiO,-CNT interfacial contact leads to defect formation,
electronic coupling, and Raman intensity modifications, sup-
porting the interpretation of our solid-state composites. In
addition, ref. 34 reports that TiO, nanoparticles can induce
mechanical strain on CNT walls, consistent with the RBM
downshift observed in our samples.

To further correlate the structural features revealed by Raman
spectroscopy with the electronic behavior of the materials,
photoluminescence (PL) measurements were performed on TiO,
and the TiO,/SWCNT composites. Thus, Fig. S2 shows PL
spectra of TiO, and the TiO,/SWCNT composites recorded at the
excitation wavelength of 360 nm. All samples exhibit an emis-
sion maximum at 2.82 eV, but with different intensities as
follows. TiO, shows a PL intensity of 8.5 x 10* counts/sec, while
the TiO,/M + S-SWCNT and TiO,/M-SWCNT composites display
significantly lower values of 2.89 x 10* and 5.49 x 10* counts/sec,
respectively. This decrease in the PL intensity indicates a PL
quenching process, which involves a more efficient suppression
of radiative electron-hole recombination in these two compo-
sites compared to pristine TiO,. In contrast, the TiO,/S-SWCNT
composite exhibits a much higher PL intensity of 4.01 x 10°
counts/sec, suggesting the presence of additional radiative path-
ways or defect-related emissive states introduced by S-SWCNT.
Although the TiO,/S-SWCNT composite exhibits a significantly
higher PL intensity at 2.82 eV compared to the other samples,
this behavior reflects the presence of additional radiative path-
ways or defect-related emissive states introduced by S-SWCNT
rather than an increase in electron-hole recombination. The PL
response therefore highlights differences in the electronic struc-
ture of the composites, but it does not directly predict photo-
catalytic efficiency. As discussed in the following section, the
TiO,/S-SWCNT composite displays the highest photocatalytic
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performance, indicating that efficient non-radiative charge-trans-
fer processes and ROS-generating pathways remain active
despite the enhanced radiative emission observed in PL.

To further evaluate interfacial charge-transfer processes, EIS
measurements were performed on TiO, and the TiO,/SWCNT
composites (Fig. S3). The Nyquist plots reveal a non-monotonic
behavior of the charge-transfer resistance (R.), with semicircle
diameters decreasing in the order TiO, > TiO,/M + S-SWCNT >
TiO,/S-SWCNT, indicating more efficient charge transfer for
the TiO,/S-SWCNT and TiO,/M + S-SWCNT composites. In con-
trast, the TiO,/M-SWCNT sample exhibits a larger semicircle
than pristine TiO,, suggesting that M-SWCNTs form less favor-
able interfacial contacts and may introduce recombination
pathways or Schottky-type barriers that impede electron injec-
tion. These observations correlate well with the PL results
(Fig. S2). The high PL intensity of TiO,/S-SWCNT reflects the
presence of additional radiative or defect-related emissive
states rather than inefficient charge separation, consistent with
its low R.. Conversely, the partial PL quenching observed for
TiO,/M-SWCNT does not correspond to improved charge trans-
fer, in agreement with its increased R Overall, the combined
PL and EIS analyses indicate that the semiconducting SWCNT
fraction plays the dominant role in facilitating interfacial
charge separation and transport in these composites.

With all this information in mind, the performance of
these photocatalysts will be highlighted in the next section.

3.2 Photocatalytic properties of composites based on TiO,
and SWCNTs

Fig. 5 shows the UV-VIS spectra of the aqueous solution of
Rh6G 0.5 mM in the presence of 0.2 mg ml™" photocatalyst of
the type TiO,, TiO,/M + S-SWCNT, TiO,/M-SWCNT, and TiO,/
S-SWCNT, when the concentration of carbon nanotubes in all
samples was equal to 1 wt.%.

All UV-VIS spectra shown in Fig. 5 highlight, before exposure
to the light emitted by a halogen lamp, a band with a maximum
at 526 nm that is assigned to the &= — n* electronic transition of
Rh6G.* According to Fig. 5, exposure to the light emitted by a
halogen lamp in the four cases induces a gradual decrease in the
absorbance of the band situated in the spectral range
400-600 nm, so that after 480 min of exposure to the light
emitted by a halogen lamp, the band maximum is found at
524 nm in the case of TiO, nanoparticles, at 520 nm in the case
of TiO,/M + S-SWCNT and TiO,/M-SWCNT photocatalysts and
518 nm in the case of the TiO,/S-SWCNT photocatalyst. The
efficiency of photo-degradation of Rh6G in the presence of TiO,,
TiO,/M + S-SWCNT, TiO,/M-SWCNT, and TiO,/S-SWCNT is equal
to 31.8%, 65.4%, 66.8%, and 85.05%, respectively. These Rh6G
photodegradation efficiency values are significantly higher than
the value obtained in the absence of photocatalysts. The Rh6G
solution alone shows only 7.8% degradation efficiency, as illus-
trated in Fig. S4. This result clearly indicates that the best per-
formance in the photodegradation of Rh6G solution is achieved
by the TiO,/S-SWCNT type photocatalyst. The similar photo-
catalytic activity of TiO,/M-SWCNT and TiO,/M + S-SWCNT at 1
wt.% CNT loading indicates that, at low CNT concentrations, the
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Fig. 5 Evolution of UV-VIS spectra and degradation efficiency of TiO,
nanoparticles (a;, ap) and the composites TiO,/M + S-SWCNT (by, b,),
TiO2/M-SWCNT (¢4, ¢), and TiO,/S-SWCNT (d, d) dispersed in 0.1 mM
Rh6G during exposure to the light emitted by a halogen lamp for
480 min. The concentration of photocatalysts in the aqueous solution of
0.1 mM Rh6G was 0.2 mg mL™, and the concentration of carbon nano-
tubes in the photocatalyst mass was equal to 1 wt.%. The pH of the solu-
tion is 10.

dominant effect is the creation of conductive channels that
extract electrons from TiO, and reduce recombination. Both
M-SWCNT and M + S-SWCNT networks are sufficiently conduc-
tive to provide this function. Although the M + S-SWCNT compo-
site contains 66% semiconducting tubes, this fraction is below
the percolation threshold required for efficient visible-light sen-
sitization and enhanced charge separation. As a result, the semi-
conducting tubes do not significantly influence the photo-
catalytic activity at this loading. In contrast, the TiO,/S-SWCNT
composite, containing 99% semiconducting tubes, provides con-
tinuous sensitization pathways and efficient electron injection,
which explains its superior photocatalytic performance.
According to Fig. 6, the decrease in the apparent degra-
dation rate at longer irradiation times is related to the fact that
the TiO,/S-SWCNT composite (1 wt.%) reaches a photodegra-
dation efficiency of ~99% after approximately 810 min. At

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt00262e

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:24:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

such low dye concentrations, the process becomes diffusion-
limited rather than photocatalysis-limited, which naturally
reduces the apparent reaction rate, even though the photo-
catalyst remains active. The TiO,/M-SWCNT and TiO,/M +
S-SWCNT composites exhibit similar photocatalytic activity at
1 wt.% CNT loading. Although M + S-SWCNT induces stronger
interfacial tension and defect formation, both types of CNTs
provide efficient electron transport pathways that reduce elec-
tron-hole recombination. At this low CNT concentration,
charge carrier extraction dominates the photocatalytic behav-
ior, leading to comparable degradation efficiencies for the two
composites.

Fig. 7 clearly highlights that the TiO,/S-SWCNT photo-
catalyst concentration of 0.2 mg mL ™" is the one that provides
the best performance in the photodegradation of the 0.1 mM
Rh6G solution. The result can be explained by the fact that
light absorption is maximum, electron-hole recombination is
minimal, and last but not least, photocatalyst agglomeration
and shielding processes are minimal.

Fig. 8 highlights the influence of S-SWCNT concentration
in the bulk of the TiO,/S-SWCNT photocatalyst when a 0.2 mg
mL ™" photocatalyst dispersion is used for the photodegrada-
tion of 0.1 mM Rh6G aqueous solution. Careful analysis of
Fig. 8 highlights that during exposure to the light emitted by a
halogen lamp for 480 min of the aqueous solution of Rh6G in
the presence of TiO,/S-SWCNT photocatalysts with S-SWCNT
concentrations equal to 5 wt.% and 10 wt.%, a gradual
decrease of the band with the maximum at 526 nm occurs
until the absorption band disappears, the photodegradation
efficiency of Rh6G being equal to 90.7% and 92%, respectively.
The increase in the photodegradation efficiency of Rh6G,
when the CNT concentration is 10 wt.% in the mass of the
TiO,/S-SWCNT photocatalyst, can be explained by the fact that
the S-SWCNTs facilitate the rapid transfer of photogenerated
electrons from the conduction band of TiO,, diminishing
recombination of electron-hole pairs, the resulted conductive
network will allowed the adsorption of Rh6G through n-n

TiO,/S-SWNT in Rh6G

0 min.

Absorbance

810 min

300 450 600 750
Wavelength (nm)

Fig. 6 Evolution of UV-VIS spectra of the TiO,/S-SWCNT composite
with a concentration of carbon nanotubes in the photocatalyst mass
equal to 1 wt.%, dispersed in 0.1 mM Rh6G during exposure to light
emitted by a halogen lamp, time of 810 min, when the concentration of
photocatalysts in the aqueous solution of 0.1 mM Rh6G. The concen-
tration of the TiO,/S-SWCNT composite was 0.2 mg mL™.
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Fig. 8 The evolution of the UV-VIS spectra and degradation efficiency
of the composites TiO,/S-SWCNT, having S-SWCNT in the photocatalyst
mass equal to 5 wt.% (a3, a) and 10 wt.% (by, b), dispersed in 0.1 mM
Rh6G during the exposure to the light emitted by a halogen lamp for
480 min. The concentration of the TiO,/S-SWCNT dispersed in the
Rh6G aqueous solution was 0.2 mg mL™.

interactions, without causing excessive UV radiation shielding
or blocking of TiO, active sites.

Four steps can be invoked in the case of the photodegrada-
tion mechanism of Rh6G in the presence of catalysts: (i)
adsorption of dyes; (ii) formation of photodegradation inter-
mediate compounds; (iii) formation of final photodegradation
products, and (iv) saturation of the photocatalyst surface.
Thus, in the first step, Rh6G was adsorbed onto TiO, and the
TiO,/S-SWCNT photocatalyst’s surface, with a rate constant k;,
while in the second step, the intermediate compounds
resulted from the exposure of the Rh6G adsorbed onto the
photocatalyst’s surface, with the rate constant k,. In the third
step, the generation of the final photodegradation products
occurs with a constant rate k3, while in the fourth step, the sat-
uration of the photocatalyst surface takes place with a constant
rate k,. Using the representation In(40/4,) as a function of time
(Fig. 9), the reaction rate constants of the four steps (kq, k», ks,
and k,) for each photocatalyst, as well as the linear regression
coefficients (R,%>, R,%, Ry, and R,%) are calculated and pre-
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Fig. 9 Reaction kinetics of the Rh6G solution photodegradation in the
presence of the photocatalysts of the type TiO, (a) and the TiO,/
S-SWCNT composites, having a concentration of S-SWCNT equal to 1
wt.% (b), 5 wt.% (c) and 10 wt.% (d).

sented in Table 1. Figs. 9a, b and d indicate that Rh6G photo-
degradation takes place according to pseudo-first-order kine-
tics. The presence of S-SWCNTs in the TiO,/S-SWCNT photoca-
talysts mass induces an increase in the rate constants in com-
parison with TiO,, as a consequence of the loading of
S-SWCNTs onto TiO, particles. The values of the linear
regression coefficients vary from 0.9011 to 0.9981. The kinetic
profile of the TiO,/S-SWCNT composite (Fig. 9c¢) does not
follow a single pseudo-first-order trend but instead exhibits
several linear regions with different slopes. This multi-stage
behavior arises from the transition between distinct kinetic
regimes during the photodegradation process. At early
irradiation times, S-SWCNTs act as visible-light photosensiti-
zers, enabling rapid electron injection into TiO, and efficient
ROS formation, which results in a high apparent rate constant.
As the Rh6G concentration decreases, the reaction becomes
progressively limited by the diffusion of the remaining dye
molecules to the catalyst surface, leading to a reduction in the
apparent rate constant. The combination of sensitization-
driven fast kinetics at the beginning and diffusion-limited
kinetics at low dye concentration produces the characteristic
curvature observed in the In(4y/A;) plot.

The kinetic constants in Table 1 reveal that the TiO,/
S-SWCNT composites do not follow a single pseudo-first-order
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behavior but instead exhibit four distinct kinetic regimes. The
5 wt.% S-SWCNT composite shows the highest &, and k, values,
indicating the most efficient initial degradation and the fastest
removal of residual dye. This suggests that 5 wt.% provides an
optimal balance between visible-light sensitization, charge sep-
aration, and surface adsorption. In contrast, the 10 wt.% com-
posite exhibits the highest k, and k; values, corresponding to
the degradation of intermediate species. The increased
S-SWCNT content enhances visible-light absorption and elec-
tron-transfer processes, accelerating the transformation of
intermediates. At this higher loading, partial shading of TiO,
and increased light scattering may reduce the efficiency of the
earliest and latest stages of the reaction, explaining why k; and
k, are not maximized at 10 wt.%. These results confirm that
different stages of the photodegradation process are governed
by different rate-limiting mechanisms and that the optimal
S-SWCNT concentration depends on the kinetic regime con-
sidered. The fastest Rh6G photodegradation is reported to be
in the case of the photocatalyst TiO,/S-SWCNT, having the con-
centration of CNTs in the photocatalyst mass of 5 wt.%. At
S-SWCNT concentrations higher than 5 wt.% in the TiO,/
S-SWCNT composite, the excess CNTs partially shield the TiO,
surface from the incident halogen light, reducing the effective
photon flux reaching the semiconductor. This screening effect
limits the visible-light sensitization efficiency of the S-SWCNTs
and decreases the number of charge carriers available for inter-
facial redox reactions. As a consequence, the formation of reac-
tive oxygen species such as O, and "OH becomes less
efficient, leading to a lower overall photodegradation rate of
Rh6G at higher CNT loadings. To prove the significance of the
0, and "OH species, Fig. 10 shows the Rh6G photodegrada-
tion in the presence of the TiO,/S-SWCNT composite, having a
concentration of S-SWCNT in the composite mass of 1 wt.%,
and scavengers of the type p-benzoquinone (BQ) and tert-butyl
alcohol (TBA), respectively. In contrast with Fig. 5d,, Fig. 10
shows a smaller decrease in absorbance of the band situated in
the spectral range 400-600 nm, the photodegradation
efficiency of 0.1 mM Rh6G in the presence of 0.2 mg mL™*
TiO,/S-SWCNT composite, and scavengers of the type BQ
(0.5 mg mL™") and TBA (1 mL) being equal to 42.55% and
18.79%, respectively. These values of the photodegradation
efficiency of Rh6G indicate clearly that O, and "OH species
have a significant role in the removal process of Rh6G.

At this stage of our studies, it should be mentioned that the
pH of the Rh6G solution used in the studies presented above
was equal to 7.1. The influence of the pH of the Rh6G solution

Table 1 Constants of reaction kinetics of the Rh6B solution in the presence of TiO, and the TiO,/S-SWCNT composites, having a concentration of

S-SWCNT equal to 1 wt.% (b), 5 wt.% (c) and 10 wt.%

Photo-catalyst k; (min™) R:® k, (min™") R,? ks (min™") Ry ks (min™) R,
TiO, 0.0016 0.995 0.0008 0.997 0.0006 0.998 0.0005 0.997
TiO,/S-SWCNT 1 wt.% 0.0061 0.992 0.0042 0.998 0.0038 0.998 0.0040 0.998
TiO,/S-SWCNT 5 wt.% 0.0123 0.996 0.0062 0.998 0.0015 0.952 0.016 0.94
TiO,/S-SWCNT 10 wt.% 0.0090 0.996 0.0071 0.999 0.0017 0.986 0.0007 0.901
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Fig. 10 Evolution of UV-VIS spectra during photodegradation of
0.1 mM Rh6G solution in the presence of 0.5 mg mL™ BQ (a) and 1 mL
TBA (b), and 0.2 mg mL™ TiO,/S-SWCNT composite, having the
S-SWCNT concentration equal to 1 wt.%, during the exposure to the
light emitted by a halogen lamp for 480 min.

on the efficiency of the TiO,/S-SWCNT photocatalyst is illus-
trated in Fig. 11. In this order, 0.1 mM Rh6G solutions with
pH equal to 1, 2, 4, 9, 11, and 13 were prepared by adding HCI
or NaOH, the pH check being carried out with an electronic
pH-meter.

According to Fig. 11, the photodegradation efficiencies of
0.1 mM Rh6G solutions with pH equal to 1, 2, 4, 9, 11, and 13,
in the presence of 0.2 mg mL™' of photocatalyst TiO,/
S-SWCNT, having a concentration of S-SWCNT equal to 1 wt%,
were ~94%, 86.5%, 90.52%, 93.5%, 81.72%, and 78.28%,
respectively. These results indicate that the photodegradation
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Fig. 11 UV-VIS spectra during the photodegradation of Rh6G solutions
with pH = 1 (a), 2 (b), 4 (c), 9 (d), 11 (e), and 13 (f) when 0.2 mg mL™* of
photocatalyst TiO,/S-SWCNT, having a concentration of S-SWNT equal
to 1 wt.%, was exposed to the light emitted by a halogen lamp for
480 min.
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efficiency of Rh6G shows a non-linear dependence on pH. The
photodegradation efficiencies greater than 90% of the TiO,/
S-SWCNT photocatalyst dispersed in 0.1 mM (0.2 mg mL ™)
Rh6G solutions are obtained in the case of pollutant solutions
with pH equal to 1, 4, and 9. The explanation for these three
pH values must take into account the fact that Rh6G is a cat-
ionic dye, which can form different species depending on the
pH.?® At pH = 1, the dye is fully protonated and reacts efficien-
tly with photogenerated holes, while electron extraction by
S-SWCNTs reduces recombination, resulting in high degra-
dation (~94%). At pH = 4, Rh6G is stable as a monomer, which
adsorbs optimally on the TiO,/S-SWCNT surface, enabling
efficient formation of both *OH and O, species (~90.5%). At
pH 2, Rh6G forms aggregated species with lower surface
affinity, reducing the effective interaction with reactive species
and leading to a lower degradation efficiency (~86.5%). Under
basic conditions, the high OH™ concentration promotes "OH
formation. The maximum degradation at pH 9 (~93.5%)
reflects an optimal balance between radical generation and
dye adsorption. At pH 11 and 13, the degradation decreases
(~81.7% and ~78.3%) due to reduced adsorption of the depro-
tonated dye and increased electrostatic repulsion between
negatively charged TiO, and Rh6G, which limits the inter-
action with reactive oxygen species.

Fig. 12 shows the dependence of photodegradation
efficiency of the TiO,/S-SWCNT photocatalyst as a function of
the Rh6G concentration and the number of photodegradation
cycles. As expected, increasing the Rh6G concentration from
0.1 to 0.3 mM leads to a slight decrease in the pollutant photo-
degradation efficiency from 85.1% to 83.8% (Fig. 12a) in the
presence of 0.2 mg mL™" of TiO,/S-SWCNT photocatalyst
having an S-SWCNT concentration in the photocatalyst mass
of 1 wt.%. Although the experiments were reproduced twice
and showed consistent behaviour, this decrease should be
regarded as a qualitative trend rather than a statistically sig-
nificant difference. The decrease in the efficiency of Rh6G
photodegradation at higher dye concentrations is consistent
with the expected light-shielding effect, partial saturation of
the active sites of the TiO,/S-SWCNT photocatalyst, and the
possible formation of dye aggregates, all of which reduce the
availability of reactive species.

85.1%| |84.9%| |84.7% 84.3%

Degradation efficiency (%)
Degradation efficiency (%)

0.1 0.2 03
R6G concentration (mM) a

1 2 3 4 5
Photodegradation cycles number b

Fig. 12 Dependence of the photodegradation efficiency of the Rh6G
solution in the presence of the TiO,/S-SWCNT photocatalyst, with the
S-SWCNT concentration in the composite mass of 1 wt.%, as a function
of: (a) the concentration of the Rh6G solution and (b) the number of
photodegradation cycles of the 0.05 mM Rh6G solution.
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Although the highest Rh6G photodegradation efficiency
obtained for the composite containing 10 wt.%
S-SWCNTs, the reuse tests were performed using the 1 wt.%
sample. This composition was selected as a representative for-
mulation that could be prepared in sufficient quantity to allow
multiple photocatalytic cycles under identical conditions,
enabling a reliable assessment of the stability of the TiO,/
S-SWCNT system.

Increasing the number of photodegradation cycles of the
0.1 mM Rh6G solution, in the presence of the 0.2 mg mL™"
TiO,/S-SWCNT photocatalyst, with a S-SWCNT concentration
in the photocatalyst mass of 1 wt.% by weight, leads, according
to Fig. 12b, to a progressive decrease in the photodegradation
efficiency of the pollutant; thus, after 5 photodegradation
cycles, the efficiency reaches 84.3%. The increase in successive
cycles of use of the TiO,/S-SWCNT photocatalyst is caused by
the modification of the photocatalyst surface with reaction
intermediates, which results in a reduction in the number of
active sites as well as the efficiency of charge separation.

At the present stage of our studies, a question remains,
namely, what is the mechanism by which the higher Rh6G
photodegradation efficiency can be explained in the case of
the TiO,/S-SWCNT composite compared to the TiO,/M +
S-SWCNT composite. A detailed progress concerning the
photodegradation mechanisms of dyes in the presence of com-
posites based on TiO, and carbonaceous materials was
reported by R. Leary et al.’” According to ref. 37, three photo-
degradation mechanisms have been considered so far. The
first mechanism considers that electrons generated in the con-
duction band of TiO, are transferred to the CNTs, the transfer
reducing the probability of electron-hole recombination. The
second mechanism considers the injection of excited electrons
in the CNTs into the conduction band of TiO,, the holes
remaining in the carbon nanotubes participating in oxidation
reactions. The third mechanism considers the formation of
Ti-O-C type bonds that can induce electronic states in the for-
bidden band, facilitating the absorption of visible light.
Defects in the CNTs, such as vacancies or oxygen-based func-
tional groups, can create additional states in the band struc-
ture, contributing to the generation of charge carriers under
visible illumination. The third mechanism was reported to
work simultaneously with the first two, contributing to the
amplification of the photodegradation process. In comparison
with these three mechanisms, in our case an important role is
played by the presence of metallic tubes in the TiO,/M +
S-SWCNT composite and of semiconducting tubes in the TiO,/
S-SWCNT composites. In the case of the TiO,/M + S-SWCNT
composite, metallic nanotubes can promote faster electron—
hole recombination due to their high density of electronic
states, which reduces the number of electrons available for O,
reduction and limits the formation of O, and "OH species.
We emphasize that this interpretation is based on the known
electronic behavior of M-SWCNTs versus S-SWCNTs reported
in the literature and not on direct measurements of ROS gene-
ration or recombination dynamics in this work. As a conse-
quence, the photocatalytic degradation of Rh6G remains
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incomplete. In contrast, the TiO,/S-SWCNT composite con-
tains predominantly semiconducting nanotubes (x99%),
whose energy levels are better aligned with the conduction
band of TiO,. This alignment facilitates directional electron
transfer from photoexcited S-SWCNTs to TiO, under visible-
light irradiation, enabling more efficient O, reduction to O,
and hole-mediated oxidation pathways leading to "OH for-
mation. The radicals generated through these processes con-
tribute to a more advanced degradation of Rh6G and support
the improved photocatalytic stability observed over multiple
cycles.

4. Conclusions

This work reports new results concerning the photodegrada-
tion of Rh6G in the presence of photocatalysts based on TiO,
nanoparticles and S-SWCNTs, prepared by solid-state inter-
action of the two constituents. The main conclusions can be
highlighted as follows:

(i) solid-state interaction of TiO, nanoparticles with CNTs
of the S-SWCNT and M + S-SWCNT type at a change in the size
of TiO, particles from 23.67 nm to 28.2 and 150 nm, according
to HRTEM studies;

(ii) XRD studies have demonstrated that the solid-state
interaction of TiO, nanoparticles with S-SWCNT and M +
S-SWCNT, respectively, leads to the separation of crystallites
and to locally distorted domains;

(iif) the TiO,/S-SWCNTs and TiO,/M + S-SWCNT composites
resulting from the solid-state interaction of the two constitu-
ents induce an increase in the I'p/Ity ratio simultaneously with
a decrease in the Ixgm/Iry ratio, a consequence of the presence
of surface defects and charge transfer between the two con-
stituents of these composites as well as of tensions/strains
induced in TiO, nanoparticles by the CNTs;

(iv) a higher efficiency of the Rh6G photodegradation is
obtained in the case of the TiO,/S-SWCNTs photocatalyst, in
contrast with the TiO,/M + S-SWCNTs photocatalyst; the
highest values of the Rh6G photodegradation efficiency were
equal to 92% for an S-SWCNT concentration in the photo-
catalyst mass of 10 wt.% and 94% for a 0.1 mM Rh6G solution
with a pH equal to 1.

(vi) the photodegradation mechanism of Rh6G in the pres-
ence of TiO,/S-SWCNTs photocatalyst takes place via the rad-
icals produced, which lead to a more advanced degradation of
Rh6G and good stability to multiple photodegradation cycles.
In the case of the TiO,/M + S-SWCNT composite, only a partial
photodegradation of Rh6G is reported.
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