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gap of M-doped titanate
nanotubes (M ¼ Fe, Co, Ni, and Cu): an
experimental and theoretical study†

Melissa Méndez-Galván, ‡a Christian A. Celaya, ‡bc Oscar Andrés Jaramillo-
Quintero, d Jesus Muñiz,b Gabriela Dı́az *a and Hugo A. Lara-Garćıa *a

Herein, we report a systematic experimental and theoretical study about a wide-ranged band gap tuning of

protonated titanate nanotubes H2Ti3O7 (Ti-NT) by an easy ion-exchangemethod using a low concentration

(1 wt%) of transition metal cations. To characterize and describe the effect of M doping (M ¼ Cu2+, Ni2+,

Co2+, and Fe3+) on the electronic, optical and structural properties, semiconductors were analyzed by

a combination of experimental methods and density functional theory (DFT) calculations. The nanotube

band gap can be modified from 1.5 to 3.3 eV, which opens the possibility to use them in several

optoelectronic applications such as photocatalysts under solar light irradiation.
Introduction

Since Kasuga et al. reported the hydrothermal synthesis of 1D
titanate nanotubes (Ti-NT),1 this semiconductor has been
attracting the scientic community’s attention for its
outstanding properties: chemical stability, low-cost production,
non-toxicity, wide band gap, semiconductor properties, attrac-
tive ion-exchange capacity, good proton conductivity, and high
specic surface area, among others.2 These features conferred
the possibility of use Ti-NT in several applications as metal ions
adsorbents,3–5 in heterogeneous catalysis,6–8 photocatalysis,9–12

solar cells,13–15 and battery production,16 and many others.
In particular, it has been demonstrated that Ti-NT is capable

of adsorbing heavy metals (U4+, Pb2+, Cd2+, Cu2+, Cr2+, among
others) from water.3–5 Ion-exchange is considered the primary
mechanism of the metal cation adsorption by exchanging the
Na+/H+ ions located in the interlayers of Ti-NT for the metal
cations. Although Ti-NT has been widely studied, its crystal
a, Universidad Nacional Autónoma de
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structure controversy is still under discussion. Recently, Faccio
et al.17 demonstrated using DFT calculations and XRD experi-
ments that H2TiO3 is the most suitable crystal structure. This
crystal structure comprises two layers of (Ti3O7)

2� with H+ or
Na+ cations between them andmakes possible the ion-exchange
property.

The Ti-NT ion-exchange feature provides the opportunity of
modifying its optoelectronic properties by introducing different
metal cations into the crystal structure. It is well known that Ti-
NT is a semiconductor with an indirect band gap of �3.3 eV.14,18

In this regard, the inuence of different metal cations on the Ti-
NT optical properties has been studied previously.9,19–22 Lee and
Zaki studied the inuence of cations with different valences
(Mg2+, Ca2+, Zn2+, K+, Cr3+, Ce3+, Ce4+, Mo5+, and La3+). These
results showed that the semiconductor band gaps could be
modied in the range of 2.02–2.8 eV.19 Additionally, Tang et al.
reported a comparative study of Ti-NT doped with various metal
cations (Cu2+, Co2+, Ni2+, Fe2+, and Mn2+). Nevertheless, the
band gap energy was only slightly modied from 3.43 (Ti-NT) to
3.18 eV (Fe–Ti-NT).9 Finally, Marques et al. studied the inuence
of rare earths (RE) ions (Pr3+, Er3+, Nd3+, and Yb3+) into the
photoluminescence (PL) properties of the Ti-NT, nding that
the incorporation of RE cations enhances PL emission into the
Ti-NT by an ion-exchange method.23

Herein, we present an experimental and theoretical study to
comprehensively investigate the inuence of doping the Ti-NT
with different cations (Cu2+, Ni2+, Co2+, and, Fe3+) on the
physicochemical properties. Results show that the band gap can
be widely tuned between 1.5 and 3.3 eV, with only 1 wt% of the
metal cation, opening the possibility to use these modied Ti-
NT in several optoelectronic applications, such as photo-
catalysis under solar light irradiation.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Experimental section
Synthesis

Protonated titanate nanotubes (Ti-NT) were synthesized using
a hydrothermal method based on the methodology reported
elsewhere.24 First, 5 g of TiO2 (anatase, Sigma-Aldrich) and
80 mL of a 10 M NaOH solution were stirred and poured into
a Teon-lined stainless-steel autoclave vessel. The hydro-
thermal reaction was performed at 140 �C for 20 h, under
autogenous pressure inside an air-circulating oven. Aer the
synthesis, the autoclave was cooled down to room temperature
naturally. Then, reaction products were washed several times
with a 0.1 M HCl solution until a pH of 7 was achieved to
exchange Na+ cations by H+. Finally, the Ti-NT were dried in
a vacuum oven at 80 �C overnight.

Modied M/Ti-NT were prepared using 0.5 g of as-prepared
titanate nanotubes. The nanotubes were dispersed in 80 mL
of distilled water, stirred, and heated to 80 �C. Subsequently, the
metal precursor solution (Cu(NO3)2$2.5H2O, Ni(NO3)2$6H2O,
Co(NO3)2$6H2O and, Fe(NO3)3$9H2O (Sigma-Aldrich)) with the
appropriate amount to get 1 wt% of metal cation was added.
The solution was stirred for 3 h. The product was ltered,
washed, and dried at 80 �C for 6 h.
Characterization

The crystalline structure was determined by X-ray diffraction
(XRD) in a Bruker D-8 diffractometer with CuKa radiation, a Ni-
0.5% Cu-Ka lter in the secondary beam, and a 1-dimensional
position sensitive silicon strip detector (Bruker, Linxeye). The
patterns were obtained in the range 6�–110�, with a 2q step of
0.039� and 134.4 s per point. Rietveld renement of XRD data
was performed with the BGMN code using the graphical inter-
face Profex.25 Besides, the structure of the materials was
analyzed using Raman spectroscopy in a Thermo Scientic DRX
Raman Microscope with an excitation wavelength of 532 nm
and a 2 cm�1 resolution. All Raman spectra were recorded at
ambient conditions.

The sample morphology was studied by transmission elec-
tron microscopy (TEM) in a JEM 2010 F FasTem analytical
electron microscope. Specic surface area and pore size distri-
bution of materials was determined from N2 adsorption/
desorption isotherms at �196 �C in a Quantachrome Auto-
sorb MP-1 apparatus. The BET and BJH models were used for
this purpose. Metal content was determined by energy-
dispersive X-ray spectroscopy (EDS) using a Thermo Noran
microanalysis system coupled to a JSM 5600 LV scanning elec-
tron microscope (SEM), working at 20 kV and magnication of
500�.

The stability of the samples was studied by thermal analysis.
TGA and DSC experiments were carried out, respectively, in
a Q500HRmodel TA Instrument thermobalance and a scanning
P-DSC calorimeter, from Instrument Specialists Incorporated.
The analyses were performed using a 10 �C min�1 ramp from
room temperature to 600 �C under an N2 saturated atmosphere.

The optical properties were studied by UV-vis diffuse reec-
tance spectra (DRS) in a UV-vis spectrophotometer (Shimadzu
© 2021 The Author(s). Published by the Royal Society of Chemistry
2600) equipped with an integration sphere (ISR 2600) in the
interval ranging from 200 to 600 nm and using BaSO4 as
a reference blank. The spectra were converted from reectance
to absorbance by the Kubelka–Munk method. The band gap
energy (Eg) was calculated by extrapolating the linear portion of
the (F(R) � hy)2 versus hy curves to F(R) ¼ 0, considering that Ti-
NT presents an indirect allowed transition.18 Finally, the pho-
toluminescence spectra were measured in a uorescence spec-
trometer (PerkinElmer LS 55) with an exciting wavelength of
315 nm.
Computational details

All calculations were performed considering periodic boundary
conditions using Density Functional Theory (DFT), as imple-
mented in the Spanish Initiative for Electronic Simulations of
Thousands of Atoms (SIESTA) ab initio package26 using a basis
set of nite-range of numerical atomic orbitals. All geometries
were previously optimized with the generalized gradient-
approximation (GGA)27 with the exchange–correlation func-
tional of Perdew–Burker–Ernzerhof (PBE)28,29 with the semi-
empirical dispersion correction D2 (DFT/PBE-D2).30 All calcu-
lations were optimized with spin-polarized. We used the
Troullier–Martins pseudopotentials31 and considering a double-
z basis set, including the polarization function (DZP) with an
energy shi of 200meV. The charge transfer for ionmetal atoms
was studied using the Hirshfeld scheme.32

All calculations were performed with the following conver-
gence criteria: 10�5 eV for the total energy, 10�5 e for the elec-
tron density, and the Hellmann–Feynman forces were
converged to be less than 0.05 eV �A�1 for the structure optimi-
zations. The real-space mesh cut-off energy is set to 250 Ry (3400
eV). The Monkhorst and Pack grid33 3 � 5 � 3 k-points were
used34–36 for the Brillouin zone integration. For optical proper-
ties, the imaginary part of the dielectric function is calculated
using SIESTA ab initio computational code,26 which is based on
the rst-order dependent perturbation theory. From the opti-
mized geometries, single-point calculations were performed
using GGA + U method. The Hubbard parameter was used to
gain a more realistic description. The GGA + U is implemented
with a Hubbard-like37 parameter to better describe the effect of
electron–electron interaction in a localized atomic shell (3d) of
the transitionmetal atoms (M). This methodology was proposed
by Dudarev et al.,38 which improves the description of the
electronic properties concerning the experimental results. The
Hubbard parameter is obtained as Ueff ¼ U � J, between the
Coulomb repulsion U and screen exchange, while J is a param-
eter to be specied. In the calculations of electronic structure
properties, the valence electronic states of H-1s1, O-2s2, and 2p4,
Ti-3d2 and 4s2, Fe-3d6 and 4s2, Co-3d7 and 4s2, Ni-3d8 and 4s2,
Cu-3d10 and 4s1; were considered for all calculations.

The method used to choose the appropriate U value was to
explore various U values for the ion metal atoms to obtain the
experimental band gap energy of this work. The U parameter
was tested in the range of 1–7 eV for transition metal atoms
except for copper, for which a value up to 10 eV was tried out.
According to the DFT + U method we found the following
Nanoscale Adv., 2021, 3, 1382–1391 | 1383
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Table 1 Experimental and theoretical lattice “a” parameter

Material

a (�A) a (�A)

Experimental Theoretical

Ti-NT 17.311 15.992
Cu/Ti-NT 17.137 16.526
Ni/Ti-NT 17.517 16.595
Co/Ti-NT 16.946 16.559
Fe/Ti-NT 17.532 16.585
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Hubbard parameter, Ueff, values: 4.5 eV for Ti atom,39–41 4 eV for
Fe atom,18,42 1 eV for Co atom,34 6 eV for Ni atom, and 9.79 eV for
Cu atom.43 DFT + U calculations were performed with spin-
polarized.

The effect of the doping metal atom on the photocatalytic
potential was analyzed. A DFT + U calculation was carried out to
theoretically predict the positions of the valence band
maximum (VBM) and conduction band minimum (CBM) for all
systems under study (more details of this method in ESI†).
Likewise, the work function (F),44,45 dened as the energy
necessary to remove an electron from a solid (Fermi energy
level) to a neighboring vacuum, was calculated. The F is
calculated as F ¼ VVAC � EF, in which VVAC is the electrostatic
potential in a vacuum region far from the M/Ti-NT slab (which
was adjusted to simulate a vacuum region), and EF is the Fermi
energy of each M/Ti-NT system.
Results and discussion
Structural characterization

The crystalline structure of as-prepared materials was deter-
mined by XRD (Fig. 1). The undoped and all the M/Ti-NT
samples depicted the peaks related to the H3Ti2O7 phase
(COD-96-433-6946)46 and no other signals were observed. Ti-NT
crystal structure was preserved aer the ion-exchange process.
Rietveld renement of the diffractograms was performed using
the BGMN program and the graphical interface Profex.25 The
tting quality was evaluated with the weighted residual square
sum (Rwp), a value between 3 and 5%, representing a good
quality model (Table S1† shows the unit cell atomic position).46

H2Ti3O7 crystallizes in the monoclinic system with a space
group C2/m.

Table 1 presents the “a” lattice parameter calculated by
Rietveld renement in all the materials and the theoretical “a”
lattice parameter. The lattice parameters of unmodied Ti-NT
are a ¼ 17.311 �A, b ¼ 3.780 �A, c ¼ 9.551 �A. Aer metal incor-
poration by the ion-exchange method, the “a” lattice parameter
changes depending on the cation from 16.946 (Co2+) to 17.532�A
Fig. 1 Experimental XRD patterns of as-prepared Ti-NT (black
spectra), and smoothed-free background XRD patterns by Rietveld
refinement (green lines).

1384 | Nanoscale Adv., 2021, 3, 1382–1391
(Fe3+). On the contrary, “b” and “c” (Table S2†) parameters do
not present a signicant variation; they are like lattice param-
eters of unmodied titanate nanotubes (b ¼ 3.7�A and c ¼ 9.55
�A). In the “a” axis, these titanate nanotubes are composed of
stepped host layers of edge-sharing TiO6 octahedrons having
interlayer hydrogen cations (Fig. S1†); by ion-exchange, the
protonated titanates can be easily modied into MxH2�xTi3O7,
a transition-metal-doped protonated titanate.47,48 Therefore, the
substitution of hydrogen atoms for metal cations only should
cause a change in the “a” lattice parameter and not in the other
two parameters because the layers of (Ti3O7)

2� remain
untouched. It is worth to notice that no relationship between
the “a” lattice parameter and the ionic radii of the metal was
found. The doping site is generated in hollow regions where H
atoms were replaced; therefore, variation of the lattice constant
“a”may be related to the crystal lattice strain in the (100) plane.

DFT calculations were carried out to gain insight on the
effect of atom doping using a pristine [H2Ti3O7]4 supercell
model,49 which contains 48 atoms. The lattice parameters of the
pristine [H2Ti3O7]4 supercell model (Ti-NT) were optimized
according to the DFT/PBE-D2 theory. The Ti-NT pristine struc-
ture lattice parameters are close to themonoclinic system found
previously,46 a ¼ 15.99�A, b ¼ 3.79�A, and c ¼ 9.47�A (Fig. S2a†).
Compared to Ti-NT lattice parameters found by Rietveld
renement, the theoretical lattice parameters are slightly
different; nevertheless, the differences are contained in the
error range, “a” (7.6%), “b” (0.29%), and “c” (0.79%).

The doped systems M/Ti-NT were obtained by replacing two
H atoms in the Ti-NT supercell to represent the metal atom
dopant M2+ oxide state. In the Fe/Ti-NT conguration, two
different possible oxidation states, Fe2+ and Fe3+, were studied.
It is worth noting that the experimental doping percentage
(1 wt%) of the metal cation is not preserved in the computa-
tional calculations. Nevertheless, the model allowed to nely
reproduce the properties observed experimentally. According to
the DFT/GGA-U calculations reported by Peng et al.,50 the elec-
tronic behavior of this kind of doped system (FeHTi6O14), is best
described with an oxidation state of Fe3+. Therefore, the opti-
mized lattice parameters for all doped systems M/Ti-NT (M ¼
Fe–Cu) are reported in Fig. S2 in the ESI.† According to theo-
retical calculations, elongation of the pristine “a” lattice
parameter (error of 5.4% for Fe, 2.24% for Co, 5.36% for Ni, and
3.56% for Cu) is evident for all the doped materials. For “b”
lattice parameter, a variation of 0.1 �A (error of 0.52% for Fe,
1.05% for Co, 0.79% for Ni, and 1.6% for Cu) was observed.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Additionally, the “c” lattice parameter showed a slight
contraction for all doped systems (error of 2.09% for Fe, 1.89%
for Co, 3.24% for Ni, and 1.97% for Cu). The “b” and “c”
parameter changes are less than 0.2 �A. The calculation error is
between 0.52 and 5.36%.51 This small variation is not signicant
for the simulation results. Therefore, the theoretical lattice
parameters are in good agreement with those issued from the
Rietveld renement (Table 1), where only the “a” lattice
parameter changed notably aer the ion-exchange process.

To further analyze the doped titanate nanotubes structure,
Raman spectroscopy was used, and Fig. S3† shows the Raman
spectra of all as-prepared materials. According to previous
studies, Raman peaks at 118, 160, and 189 cm�1 correspond to
the Ti–O–Na/H bending modes, while those located at 280, 448,
668, and 702 cm�1 can be attributed to the Ti–O–Ti stretching in
edge-shared TiO6. While the one at 915 cm�1 is attributed to Ti–
O–Na/H vibrations in the interlayer regions of the nanotube
walls (in the cited work this band is observed at 906 cm�1).52 It is
well known that the anatase TiO2 (precursor) Raman modes are
observed at 144, 192, 398, 517, and 640 cm�1;10 these modes are
not present in any of the as-prepared Raman spectra, conrm-
ing the absence of the precursor anatase phase. Raman modes
principal differences between the pristine and the doped Ti-NT
are observed in the peaks at 118, 160, 189, and 915 cm�1. The
incorporation of different cations slightly modies the intensity
and the position of these Raman modes. These bands are
related to the Ti–O–H/Na vibrational modes, conrming that
the metal cations replace hydrogen atoms. The slight modi-
cation of these bands is related to the low metal content. In all
the cases, the total metal loading was 1 wt%, and as shown
ahead, besides doping, deposition of metal oxide nanoparticles
in the surface is also observed. Therefore, this would indicate
that not all the metal cations are hosted in the crystal structure
of Ti-NT.
Microstructural characterization

The microstructural, textural, and composition features of the
M–Ti-NT were studied by N2 adsorption–desorption, TEM, and
EDS analysis. Fig. 2 shows a TEM micrograph of the pristine Ti-
Fig. 2 TEM image of the unmodified Ti-NT.

© 2021 The Author(s). Published by the Royal Society of Chemistry
NT in which it is evident the multiwalled nanotubular
morphology with an external diameter distribution between 13
and 17 nm and an inner diameter between 6 and 10 nm. The
nanotubes length has a broad distribution from 25 to 150 nm.

Aer the ion-exchange, the nanotubular morphology did not
change, but some nanoparticles are recognized as shown in
Fig. S4.† In all the cases, the size of the nanoparticles is less
than 5 nm. This result suggests that not all metal cations are
introduced in the crystal lattice of the Ti-NT. Unfortunately, by
XRD and Raman spectroscopy, no signal to identify the crystal
structure was observed, and the resolution of TEM images is not
good enough to characterize them. Nevertheless, by UV-Vis
spectroscopy, insight on the metal oxide composition is ob-
tained; the results are discussed below.

Additionally, Fig. S5† shows the N2 adsorption–desorption
isotherms. All the isotherm presents a hysteresis loop charac-
teristic of a mesoporous material (2–50 nm). The specic
surface area (SSA) was calculated using the BET model. The SSA
is shown in Table 2; all the as-prepared materials present values
between 201 and 223 m2 g�1. The pore-size distribution of as-
prepared materials based on the Barrett–Joyner–Halenda
(BJH) method are presented in Fig. S6.† The distribution is
equal in all the Ti-NT with a pore size of around 6 nm, which is
in good agreement with the inner diameter of the nanotubes
observed by TEM analysis. Therefore, the incorporation of metal
cations does not signicantly impact the textural properties of
the titanate nanotubes. Finally, as-prepared nanotubes were
characterized through energy-dispersive X-ray spectroscopy to
assess the total metal load; results are presented in Table 2. In
all the cases, the metal content is close to the nominal 1 wt%.
Additionally, the sodium content was measured; the sodium
values are between 4 and 7 wt% in all the samples which indi-
cates that even when the nanotubes were washed several times,
Na+ ions were not completely replaced by H+ ions in the struc-
ture. This should be the cause for the difference between the
theoretical and experimental “a” lattice parameter (Table 1).
Thermal stability analysis

The thermal stability is an important characteristic of the Ti-NT
compound. Increasing the temperature between 120–400 �C in
Ti-NT results in dehydration accompanied by a decrease in
interlayer spacing in the walls of the nanotubes; during this
process, intermediate phases (H2Ti6O13 and H2Ti12O25) can be
formed. A further temperature increment results in the trans-
formation into titanium oxide (TiO2, anatase phase).53 Besides,
Table 2 Specific surface area, pore size distribution andmetal content
of all as-prepared nanotubes

Material
Specic surface
area (m2 g�1)

Pore diameter
(nm)

Metal content
(wt%)

Ti-NT 223 6.3 —
Cu/Ti-NT 211 6.3 0.82
Ni/Ti-NT 201 6.1 0.72
Co/Ti-NT 212 6.1 1.05
Fe/Ti-NT 222 6.1 1.32

Nanoscale Adv., 2021, 3, 1382–1391 | 1385
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it has shown that incorporating of a metal cation (Co2+)
decreases the thermal stability of the titanate nanotubes
producing a composite of TiO2 and CoTiO3 nanorods.6

The thermal stability of as-prepared samples was studied by
thermogravimetric decomposition analysis (TGA) and differen-
tial scanning calorimetry (DSC) analysis. Fig. S7† shows the
decomposition thermograms. All the samples presented two
different decomposition processes. Initially, between 40 and
150 �C, all the samples show a weight loss of 10 wt%, which
could be attributed to a dehydration process of water previously
adsorbed. The second process was observed between 290 to
360 �C. This second process should be the crystal deprotonation
process, which forms the intermediate H2Ti6O13 and H2Ti12O25

phases to produce TiO2 nally. The crystal structure trans-
formation to TiO2 was evidenced by DSC experiments (Fig. S8†).
All the materials present an exothermic peak at around 360 �C,
which is related to the formation of TiO2; this is in good
agreement with the TGA experiments where at 360 �C the crystal
deprotonation process concludes. Therefore, the thermal
stability is not affected aer the ion-exchange process.
Optical and electronic properties

The optical properties were studied by UV-Vis diffuse reec-
tance spectroscopy (DRS). The spectra of all as-prepared mate-
rials are shown in Fig. 3. The absorption edge of unmodied Ti-
NT starts at �380 nm with maximum absorption at �270 nm,
which indicates that Ti-NT light absorption is in the UV region.
This result is in good agreement with previous reports.54 When
Ti-NT were modied by the introduction of metal transition
cations (Fe, Co, Ni, and Cu), a redshi in the absorption edge
was observed; Cu/Ti-NT absorption begins at 400 nm, Ni/Ti-TN
at 410 nm, Co/Ti-NT at 470 nm, and Fe/Ti-NT at 600 nm. Thus,
all the modied titanate nanotubes absorb light in the visible
region (380–700 nm). The observed absorption redshi is
attributed to the insertion of the metal 3d orbitals within the
forbidden band and the subsequent charge-transfer transition
between the d-electrons of the dopant and the conduction band
of the Ti-NT.34,48 In fact, it seems that there is a relationship
Fig. 3 UV-Vis diffuse reflectance spectra (DRS) of undoped titanate
nanotube (Ti-NT) and metal-doped Ti-NT.

1386 | Nanoscale Adv., 2021, 3, 1382–1391
between d-electrons of the transition metal and the light
absorption properties of the materials; a lower number of d-
electrons corresponds to a higher absorption redshi.
Besides, other absorption edges are observed in all the M-doped
Ti-NT. Cu/Ti-NT presents an absorption edge at around 600 nm,
which is characteristic of CuO; Cu2O presents an absorption
edge at a lower wavelength (450 nm).55 Ni/Ti-NT has an
absorption edge between 400 and 500 nm. It has demonstrated
that NiO nanoparticles have a broad adsorption edge, between
360 and 550 nm.56 The Co/TiNT has an absorption edge at
550 nm, related to the wurtzite-type CoO nanoparticles.57

Finally, in Fe/Ti-NT absorption spectrum, it is not easy to
separate the absorption edge belonging to the nanoparticles
observed by TEM because it presents a broad adsorption edge
that should screen the nanoparticles absorption. For example,
Fe2O3 nanoparticles have a broad absorption edge which begins
at 600 nm.58 The same trend of Fe/TiNT has been observed in
previous reports.59,60

The theoretical optical response was analysed through the
photon interaction with the electrons of these metal-doped Ti-
NT complexes. The optical properties were described by the
imaginary part of the dielectric function61 3(w) ¼ 31(w) + i32(w),
obtained using the rst-order perturbation theory as imple-
mented in SIESTA code.26 The optical calculations were done for
all possible directions which were averaged into each structure.
The dielectric function and the absorption coefficient for all
compounds under study are shown in Fig. 4. The imaginary part
of the dielectric function 32(w) shows the most intense peak,
Fig. 4 a) The imaginary part of the dielectric function for all system
under studied. (b) The absorption coefficient for all system under
studied.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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which corresponds to the Ni/Ti-NT complex (�312 nm), and the
lowest intensity corresponds to the pristine Ti-NT system (�330
nm). The wavelength amplitude at the 32(w) peaks for all
systems is maintained in a range of 210 to 400 nm. Therefore,
compared to pristine Ti-NT, a slight change in the 32(w) values
for the M/Ti-NT (M ¼ Fe–Cu) complexes system can be seen.
Such values remain in the near UV-region. The changes in the
optical properties due to doping with metal cations in the M/Ti-
NT (M ¼ Fe–Cu) complexes are evident; it is possible to appre-
ciate it in a redshi of the adsorption spectrum edge. The
optical absorption spectrum is broader when M atoms are
incorporated, compared to the pristine Ti-NT model. Based on
the theoretical results, the M/Ti-NT (M ¼ Fe–Cu) complexes
have a continuous absorption spectrum in the UV-visible light
region due to the M (3d) electronic states contribution. This is
evidenced by calculations of the total density of states (DOS)
and partial density of states (PDOS), which will be further
discussed.

The optical redshi absorption also indicates a reduction in
the energy of the band gap. As Ti-NT has an indirect electronic
transition,18 the optical band gap energies of the samples were
calculated using the Tauc method by plotting the function (a(n)
hn)1/2 vs. hn (Tauc plot), and extrapolating the linear portion of
the curve to zero absorption; h is Planck’s constant, a(n) is the
absorption coefficient, and n is the radiation frequency. Fig. 5
shows the Tauc plots and the band gap values of all the as-
prepared materials. The pristine Ti-NT presents a band gap of
3.3 eV while all the M/Ti-NT exhibit lower band gap values;
3.1 eV, 2.8 eV, 2.4 eV, and 1.5 eV, respectively, for Cu, Ni, Co, and
Fe, M/Ti-NT. Therefore, aer incorporating the metal cations,
the materials present an active band gap under visible light
irradiation.

To deeply understand the effect of the metal doping on the
Ti-NT electronic structure, DFT calculations were carried out for
all the studied systems. It is widely known that the standard
DFT calculations fail to describe the correct electronic structure
Fig. 5 Tauc plots and band gap value of undoped titanate nanotubes
(Ti-NT) and metal-doped M/Ti-NT.

© 2021 The Author(s). Published by the Royal Society of Chemistry
in transition metal oxides41,62–66 systems due to the strong
Coulomb repulsion derived from the electronic correlation on
metal ions that contain partly lled d shells. DFT + Umethod is
implemented with a Hubbard-like parameter to better describe
the effect of electron–electron interaction in a localized atomic
shell (3d) of the transition metal atoms (M). The U parameter
was tested in the range of 1–7 eV for transition metal atoms
except for copper, for which a value up to 10 eV was tried out.
Thus, DFT + U method was employed to estimate the band gap
energy.

Fig. 6 shows the DOS and PDOS calculated using DFT + U.
The pristine structure (Ti-NT) shows a semiconductor behavior
that presents an intrinsic nature. The high contribution in the
valance states is attributed to the O(2p) states, while Ti(3d)
atoms dominate the conducting states. The electronic nature of
this compound is predominant in other TiO2 structures.67 The
electronic structure nature is modied when Ti-NT is doped
with M cations. In the case of Fe/Ti-NT system, electronic states
were within band gap and could be correlated with the
hybridization between the O(2p), Ti(3d), and Fe(3d) states which
inuences the conduction band. When Ti-NT are doped with Co
cation, similar behaviour is observed, where more electronic
states are formed in the band gap. This effect is attributed to
Co(3d) states, which inuence the valence band. In the case of
Ni-doped Ti-NT, the electronic states present high hybridization
between the O(2p), Ti(3d), and Ni(3d) states. The contribution of
the electronic states of Ni(3d), are shied above to the Fermi
level. Finally, the Cu/Ti-NT system presents the O(2p) and Ti(3d)
states at the edge of the valence band and the Cu(3d) doping
contribution is located slightly below the conduction band. This
electronic behaviour is in good agreement with the results re-
ported by Shen et al.35 It must be pointed out that the contri-
butions of the doping atoms are located at the edge of the
conduction band, except in the Co/Ti-NT system where the
contribution is in the valence band.

Furthermore, all energy band structure was calculated to
elucidate the semiconductor character of these kinds of
compounds. Fig. S9 in the ESI† displays the band structures
calculated along the G–F–Q–Z–G direction of the Brillouin zone.

The formation of a band gap is evident in all cases. All doped
systems (M/Ti-NT) exhibited lower band gap values compared to
pristine Ti–N system (3.3 eV); the band gap of Cu/Ti-NT (2.97
eV), Ni/Ti-TN (2.86 eV), Co/Ti-NT (2.40 eV), and, Fe/Ti-NT (1.78
eV). In the Cu/Ti-NT case, two possible band gap values were
obtained (2.66 and 2.97 eV); the rst one can be attributed to
a spin-down state, as seen in Fig. 6e. Therefore, the band gap
theoretical shrinking when Ti-NT are doped with metal cations
presents a similar behaviour, which corroborates the experi-
mental results where the band gap was contracted to lower
values when Ti-NT are doped with metal cations.

Table 3 shows the band gap values obtained by DFT + U
method and the Tauc method; it is possible to appreciate that
the calculated and experimental values are similar in all the
cases. These results support that the Ti-NT optical and elec-
tronic properties can be modied by the cation incorporation
into the crystal structure. Similarly, it is possible to appreciate
Nanoscale Adv., 2021, 3, 1382–1391 | 1387
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Fig. 6 Total Density of States (DOS) and Partial Density of States
(PDOS) of all complexes under study: (a) pristine system (Ti-NT), (b)
doped with Fe atom, (c) doped with Co atom, (d) doped with Ni atom
and (e) doped with Cu atom.

Table 3 Calculated and experimental band gap, of undoped titanate
nanotubes (Ti-NT) and metal-doped M/Ti-NT

Material
Calculated band
gap (eV)

Experimental
band gap (eV)

Ti-NT 3.3 3.3
Cu/Ti-NT 3.1 2.97
Ni/Ti-NT 2.8 2.86
Co/Ti-NT 2.4 2.4
Fe/Ti-NT 1.5 1.78

Fig. 7 Photoluminescence spectra (PL) of undoped titanate nano-
tubes (Ti-NT) and metal-doped M/Ti-NT.
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that the use of Tauc method brings a close approximation for
the band gap value, obtained by theoretical approximations.

In comparison, in a previous work reported by Tang et al.,9

where the same metal cations were used, the band gap energy
1388 | Nanoscale Adv., 2021, 3, 1382–1391
was only slightly modied from 3.43 (Ti-NT) to 3.18 eV (Fe–Ti-
NT). In that case, the ion-exchange was performed using an
aqueous ammonia solution, which should change the solution
pH, limiting the metal cation insertion into the Ti-NT crystal
structure. Therefore, it is presumed that this process occurs
easier when the ion-exchange is performed without changing
the solution pH. The higher extent of metal cations incorpora-
tion reported in this work brings the possibility of tuning the Ti-
NT optical properties, particularly the band gap, in a broad
range value, opening the prospect of using these semi-
conductors optoelectronic applications under visible light
illumination.

Photoluminescence (PL) spectroscopy was used to study the
electronic properties of the photogenerated electron/hole (e�/
h+) pairs in semiconductors. Photoluminescence of a semi-
conductor results from a photon emission produced by the
recombination of an electro/hole pair.68 Moreover intensity of
PL peaks is related to the e�/h+ recombination rate.69 Fig. 7
shows the PL spectra of pristine and M-doped Ti-NT under light
excitation (l ¼ 315 nm). All the samples were measured in the
same experimental conditions; therefore, it is possible to
compare the intensities qualitatively.

The spectrum of pristine Ti-NT presents a broad band with
peaks with amaximum of 380, 429, 486, and 528 nm. A PL broad
band is characteristic of multiphononic processes in which the
emission takes place through several paths due to the high
density of electronic states caused by defects within the band
gap region. This situation allows the momentum of the electron
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Energies of the VBM and CBM, obtained in accordance to eqn
(S1) and (S2) of ESI

Material VBM (eV) CBM (eV)

Ti-NT �1.02 2.27
Fe/Ti-NT �0.35 1.42
Co/Ti-NT �0.67 1.72
Ni/Ti-NT �1.06 1.79
Cu/Ti-NT �1.09 1.87
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to relax in the form of a non-radiative process before its radia-
tive recombination. In the case of titanate nanotubes, two
different oxygen defects have been related to the presence of
different photoluminescence peaks; mono-ionized oxygen
vacancies that are energetically close to the conduction or
valence band (shallow defects) and double-ionized oxygen
vacancies that are energetically closer to the Fermi level and
they are classied as deep defects.70 Additionally, surface
hydroxyl groups are dominant sites for trapping electrons and
act as shallow acceptor levels.71

On the other hand, the PL spectra of the metal-doped Ti-NT
have the same characteristic peaks of the pristine sample
indicating similar multi-phononic recombination. The main
difference is the lower PL intensity compared to the pristine Ti-
NT. The lower the PL intensity, the lower the electron–hole
recombination rate and the larger the number of photo-
generated carriers. As a result, with the M doping of Ti-NT, the
separation of the electron–hole pair is improved due to the
presence of higher number of vacancies and defects. An inter-
esting trend was found; the lower the band gap (Table 2) the
lower the recombination rate. As the titanate nanotubes band
gap is highly modied and the recombination rate is dimin-
ished by the insertion of transition metal cations, a possible
application of these semiconductors is as photocatalysts. These
results suggest that the M doping can successfully enhance the
photocatalytic performance of Ti-NT.

In order to verify if the semiconductors show a proper band
alignment for photocatalytic reactions, a theoretical analysis
of the band-edge position compared to the redox potential for
the CO2 photocatalytic conversion to hydrocarbon molecules
was performed, as an example. Fig. 8 and Table 4 show the
redox potentials of each semiconductor under study
compared to the redox potential of CO2 photoreduction. It is
evident that most of the semiconductor show and adequate
band alignment for performing this reaction; only the valence
band of Fe/Ti-NT has a lower potential for reducing the CO2

for most of the different products. Nevertheless, it could
perform a selective reduction of CO2 to CH4. Therefore, these
semiconductors could be used as photocatalysts for the CO2

photoreduction reaction.
Fig. 8 Redox potential of each semiconductor under study. The
dotted lines represent the redox potential (eV) of CO2 reduction into
a hydrocarbon molecule.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In conclusion, this work shows an easy ion-exchange method
that modies the Ti-NT optical and electronic properties. The
incorporation of a low concentration (1 wt%) of metal cations
(Cu2+, Ni2+, Co2+, and Fe3+) into the Ti-NT crystal structure
produces an absorption edge redshi, a contraction of the band
gap values and a reduction of the recombination rate. The band
gap can be tuned in a wide range, from 1.5 (Fe/Ti-NT) to 3.3 eV
(Ti-NT). Theoretical calculations corroborate the experimental
results and deepen the understanding of the electronic struc-
ture and optical response of M/Ti-NT semiconductors.
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Á. W. Mombrú, Mater. Res. Bull., 2018, 106, 40–48.

15 P. Roy, D. Kim, K. Lee, E. Spiecker and P. Schmuki,
Nanoscale, 2010, 2, 45–59.

16 J. Li, Z. Tang and Z. Zhang, Electrochem. Commun., 2005, 7,
62–67.

17 L. Fernández-Werner, F. Pignanelli, B. Montenegro,
M. Romero, H. Pardo, R. Faccio and Á. W. Mombrú, J.
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