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Abstract 
Sodium-based titanate nanotubes are promising materials for energy applications, declared as one of the ten emerging tech-
nologies in chemistry. However, their structural properties, the presence of structural water, and the emergence of mixed 
phases due to the interchange between H and Na, are strongly dependent on the synthesis conditions, being difficult to deter-
mine the internal structure of these materials. The present work is a theoretical approach based on ab initio calculations to 
understand the inner structure (building blocks) of the nanotubes. We use as possible models of crystalline structure: hexa 
(Na

x
H2−xTi6O13) and tri (Na

x
H2−xTi3O7) titanates of hydrogen and sodium (x = 0, 1, 2) , suggested by the results of an anneal-

ing process on real samples. We calculated the structural, vibrational and electronic properties of the systems under study, 
founding good agreement with the experiments, thus suggesting the possible coexistence of Na

x
H2−xTi3O7 and Na

x
H2−xTi6O13 

phases in the nanostructured samples.

Introduction

Sodium ion-based technologies for device manufacture or 
energy storage applications are currently one of the most 
studied subjects [1]. In particular, nanostructured sodium 
titanates (NaTNT) are being analyzed as a promising mate-
rial for the batteries anode development [2–6]. Due to the 
relevant application of these materials, it is important to have 
a precise characterization of them. So far there are many 
studies in the literature trying to elucidate the formation 

mechanisms and the structural phases of these compounds 
[1, 7–12]. One strategy is to simulate bulk initial structures, 
and then calculate the X-ray powder diffraction (XRPDs) for 
a slab or a rolled slab as a nanotube. With these simulated 
XRPD patterns, the goal is to fit the experimental diffraction 
patterns. If both agree, the initial structure can be validated 
[8].

In previous works [13, 14], we have synthesized this type 
of materials by the hydrothermal method, varying the syn-
thesis conditions (reaction temperature, reaction time and pH 
of the medium where the reaction is carried out). Since the 
final structure influences the optical and electrical proper-
ties, it is important to have the former regulated and charac-
terized, to apply these materials in useful devices. This moti-
vates understanding which are the main structural blocks 
that could build these nanotubes. In [13, 14] we have found 
that there is not a single crystalline phase that can explain 
the whole XRPD patterns of these compounds and that the 
ratio between these phases is affected by the initial condi-
tions of the synthesis. Phases such as di-titanates Na2Ti2O5 , 
Na2Ti2O2H2O (with and without structural water) were 
analyzed theoretically, as they were suggested by extended 
X-ray absorption fine structure (EXAFS) experiments [13]. 
Still, it was not possible to reproduce the experimental 
diffraction patterns with the simulated ones (see Fig. 1 in 
Supplementary Material). We proposed that the phases of 
the compounds are probably tri-titanates of hydrogen and 
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sodium with structural water Na
x
H2−xTi3O7 ⋅ nH2O follow-

ing Morgado analysis [10, 11, 14]. Once again, although 
the tri-titanate phases fit better than Ti2O5 phase, they fail to 
represent faithfully the XRPDs.

Continuing with the efforts of determining the main 
structural building blocks, we include an extra phase 
Na

x
H2−xTi6O13 . This phase, which was already suggested in 

the literature after studying the transformation of samples at 
high-temperature [15–17], was attributed to the transforma-
tion of the Na

x
H2−xTi3O7 phase when all the structural water 

and H content evaporates.
In this work, we present First Principles based simula-

tions carried out on Na
x
H2−xTi3O7 and Na

x
H2−xTi6O13 

with x = 0, 1 and 2 for each phase. With the results of the 
simulations, the slab XRPD patterns and the bulk off-reso-
nance Raman spectra are evaluated and compared with the 
experimental ones. The electronic properties are also stud-
ied from the density of the electronic states of the systems, 
from which the bandgap was estimated with two functional. 
Moreover, the optical absorbance was calculated and com-
pared with experimental measurements.

Materials and methods

Computational method

The ab initio calculations based on density functional the-
ory (DFT) [18, 19] were applied using the Vienna ab initio 
simulation package (VASP) [20]. This methodology utilizes 
plane waves as a basis set, with pseudopotentials, incorporat-
ing the projector augmented wave method [21]. The selected 
exchange-correlation functional corresponds to GGA in the 
Perdew–Burke–Ernzerohf (PBE) [22, 23] parametrization. 
The basis set was expanded up to an energy cut-off of 400 
eV, and the Monkhorst-Pack grid was adjusted to a 4 × 4 × 2 . 
The initial structures were obtained from early reported 
sodium-based titanates of the following stoichiometry: 
Na2Ti3O7 and Na2Ti6O13 . In order to obtain the correspond-
ing hydrogen-based titanates, we substituted the Na atoms 
with H atoms: Na

x
H2−xTi3O7 and Na

x
H2−xTi6O13 for x = 0, 1 

and 2. These initial structures, including unit cell parameters 
and atom positions, were fully relaxed with a force tolerance 
of 0.01 eV/Å and a stress tensor component lower than 1 
kBar. Due to the limitations of conventional xc-functionals 
in DFT, after the full relaxation, we applied the HSE06 
screened hybrid functional [24] to get a better description 
of energy bandgaps. In order to confirm the local stability of 
the obtained structural geometries, we proceed with the anal-
ysis of the phonon spectra utilizing density function pertur-
bation theory (DFPT) [25–28] as implemented in the VASP 
code. Finally, we simulate the off-resonance Raman spectra 
of the studied titanates, applying the methodology reported 

by Porezag et. al. [29], as implemented in the vasp_raman.
py script (https://​github.​com/​raman-​sc/​VASP/).

Sample preparation and structural characterization

Nanostructured titanates were synthesized by hydrothermal 
method under different temperatures, time and pH condi-
tions as reported in [13, 14]. An exhaustive study of its 
structural, vibrational, and electronic properties has been 
also published in the previous references. In search of new 
possible phases that form the obtained nanostructures, an 
annealing process was performed in a selection of samples in 
vacuum at 800 °C, after which X-ray scans were performed 
with a PANanlytical X’Pert MPD X-ray diffractometer. The 
system was operated with Cu radiation at 40 kV and 40 mA, 
with a solid-state X-ray detector (PIXcel 1D). The measure-
ments were done at room temperature, mounting a graded 
parabolic parallel beam X-Ray mirror for Cu-radiation in the 
incident path and parallel plate collimator in the diffracted 
path. The measurement range was from 5.00◦ to 80.00◦ , with 
a step size of 0.013◦ and a counting time of 4.4 s (detector 
in receiving slit mode).

The conditions for the X-ray diffraction measurement of 
the samples in the nanostructured state (prior to the anneal-
ing process), the Raman spectroscopy spectra and the 
absorbance coefficient were explained in [13, 14]. When 
comparing numerical results with experiments, the more 
relevant hydrothermal conditions are displayed, the rest can 
be found in the preceding references.

Results

Models: NaxH2−xT i3O7 and NaxH2−xT i6O13, x = 0,1 
and 2

As mentioned in the “Sample preparation and structural 
characterization”  section, a selection of the previously 
reported samples underwent an annealing process. The 
XRPDs after the annealing process are presented in Fig. 1a. 
The final phases were identified with sodium tri-titanates 
Na2Ti3O7 and hexa-titanates Na2Ti6O13 , in different propor-
tions depending on the synthesis condition. In the literature, 
the hexa-titanate phase usually appears as a derivative of 
the dehydrated tri-titanate phase [15–17]. However, there is 
no evidence to rule out the possibility that the hexa-titanate 
phase is prior to the annealing process. For this reason, six 
possible starting structures are simulated, taking Na2Ti3O7 
and Na2Ti6O13 as the starting structures, and replacing Na 
with H, partially and totally. The models used are shown in 
Fig. 1b.

https://github.com/raman-sc/VASP/
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Structural properties: XRPD and Raman

Figure 2 shows the diffraction patterns for a selection of 
four samples manufactured by the hydrothermal method [14] 

compared with the XRPD obtained for the six models con-
sidered. It is observed that the correspondence is not univo-
cal, but this is to be expected since the simulated patterns 
correspond to slab enrolled with a certain periodicity, and 
the mixture of them was not evaluated. However, we found 
great similarities between the patterns. For example, the 
peaks at 2� ∼ 9.5◦ and 2� ∼ 48 − 50◦ appear in all cases. The 
position of the first one is associated to the distance between 
sheets and its width is related to the wall of the nanotube. 
The difference in positions can be explained with the lack 
of structural water in the theoretical models. This water 
would be located between sheets, increasing the radial lattice 
parameter, and thereby decreasing the position of the diffrac-
tion peak. This was confirmed by measuring the diffraction 
pattern under vacuum, where the elimination of water gen-
erates an appreciable shift of the mentioned peak (see Fig 
4. in Supplementary Material). The peak at 2� ∼ 48 − 50◦ 
is obtained in the correct position. The presence of the both 
phases (tri and hexa) is necessary to explain the peaks dou-
blets in the region between 2� ∼ 23 − 30◦ , since a mixture 
of only H and Na in the same phase would not be enough to 
explain its separation.

Experimental and simulated Raman spectra are shown 
in Fig. 3, for the same samples and simulated structures. 
Again, similarities are observed between the simulated and 
experimental Raman bands, where the five most intense 
and relevant bands were identified. However, due to the 

Fig. 1   a Standard � − 2� XRPD scans for NaTNT samples after the annealing process at 800 °C; b Structural models for possible starting phases
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Fig. 2   XRPD spectra for four samples (with the hydrothermal condi-
tions in the figure), and simulated XRPD diffraction for the six build-
ing block considering a slab enrolled with a periodicity of 6a radial, 
50b axial and 8c tangential
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bulk character of the structure used to simulate the Raman 
spectra, peaks may change in wide and central peak posi-
tions. But taking those effects, and the tendency of DFT in 
underestimating the simulated frequencies, we can conclude 
that there is a reasonable agreement. Additionally, and in 
reference to the correct band’s assignment when there is 
the presence of Na atoms, we can generally establish that 
regions between wave-number k = 0 to 350 cm−1 correspond 
to Na–Ti–O vibrations, then the regions between 350 and 
1000 cm−1 correspond to Ti–O vibrations and finally when 
there is hydrogen atoms present almost free O–H vibrations 
occur in the region of 3000 cm−1. In the case of samples with 
Na atoms content, the strong signal locate between 800 and 
1000 cm−1, comes from the electronic polarizability effects 
of it cation in the Ti and O atoms close to the inter-lamella or 
channel cavities for tri- and hexa-titanates structures. When 
comparing with the experimental measurements, to explain 
the double peaks in the region 600–800 cm−1, it again seems 
necessary to consider both types of phases.

Both structural characterizations were in support of a 
mixture of phases in the nanostructured samples.

Electronic properties

Electronic structure properties were calculated using con-
ventional xc-functional GGA-PBE and with the HSE06 
screened hybrid functional, in order to compare electronic 
structure results. The electronic density of states looks as 
expected, showing a semiconductor behavior with a clear 
separation of the valence—and conduction band with an 
energy gap around 3 eV. The valence band (BV) is mainly 

dominated by O-2p states, while Ti-3d states mainly con-
tribute to the conduction band (CB). The contributions from 
H and Na states are totally negligible in the region of the 
Fermi levels, as expected. But their presence introduces 
changes in the total charge of Ti atoms, which establishes 
slight changes in the band positions and DOS changes, thus 
modifying the VB and CB indirectly. The DOS curves and 
bandsgaps values obtained from them are summarized in the 
Supplementary Material.

Tri-titanates present higher bandgaps in comparison to 
hexa-titanates, and an increase in bandgaps is observe when 
going from x = 0 to 2 for both phases. This trend, that was 
observed priory in the bibliography [11], it is further con-
firmed by DFT calculations. Here it is important to men-
tion that besides the fact that GGA-PBE underestimates the 
bandgaps, the correct trend is recovered with this analysis. 
In order to improve the determination of this electronic 
structure–property, hybrid HSE06 was also applied, obtain-
ing an overestimation of the bandgap values between 4.3 
and 4.8 eV, with the same trends obtained for PBE-GGA. 
Furthermore, if we consider the hexa-titanate as the high-
temperature structure of the tri-titanate, then the expected 
reduction of the bandgap is also recovered.

Figure 4 shows the calculated optical absorbance for the 
six structures, and two examples of experimentally meas-
ured absorbance. The shapes of optical absorbance spectra 
for both systems present similarities. It can be highlighted 
that experimental samples exhibit multiple bandgap edges in 
absorbance curves. The staggered form also appears in the 
calculated absorbance. This supports the presence of these 
phases.

Therefore, the main conclusion here is that conventional 
HSE06, in terms of relative weights of exchange and cor-
relations, did not properly describe the energy bandgaps of 
tri and hexa-titanates. It requires further correction, but the 
single analysis made by GGA-PBE is sufficient to recover 
the trends and shapes of the optical absorbance properties.

Conclusion

We performed ab initio calculations in order to understand 
the inner structure of the titanate-based nanotubes, which 
will help to predict their structural, vibrational, and elec-
tronic structure properties. The potential crystalline struc-
ture models of hexa (Na

x
H2−xTi6O13) and tri (Na

x
H2−xTi3O7) 

titanates, including hydrogen and sodium, suggested by 
experimental results, demonstrated to be reasonable for the 
expected description. The calculated XRPD, Raman spectra 
and optical properties present good correspondence with the 
experimental data. To explain the peaks doublet that appears 
in the diffraction patterns for 2 � between 20 and 30◦ , it is 
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Fig. 3   Raman spectra for four selected samples (with the Hydrother-
mal conditions in the figure), simulated Raman spectra for the four 
building block considered in bulk
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necessary to consider both (tri- and hexa- titanate) phases. 
On the other hand, the level of mixture between H and Na 
will help to better predict or explain the position of each 
contributing peaks. Furthermore, when the sample is syn-
thesized at a higher temperature it appears to have a greater 
contribution from the hexa-titanate phase. Similarly, there 
are doublets in the case of Raman spectra that cannot be 
explained if we do not consider both phases, for example in 
the bands around the 600–800 cm−1 region. This suggests the 
possible coexistence of these two phases prior to the high 
temperature annealing process. The bandgap calculations 
with the PBE functional underestimate the gap but allow to 
justify variations in the range of 2 to 3.3 eV, as observed in 
this type of structures. In summary, joint experimental and 
simulation procedures can give relevant responses to com-
plex systems based on nanostructured systems. Next step 
would be to refine further the contribution of the different 
phases.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1557/​s43580-​023-​00622-1.
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