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Previous studies have demonstrated the potential long-term cyclability and stability of TNOs as electrodes in
LIBs. However, the wide variety of stoichiometries of TNOs has complicated the study of the physicochemical
properties of this material, which can change greatly between different phases, compositions and structures. In
this study, two TNO compositions (TiNbyO7 and TiaNbj¢O29) have been synthesized via solid-state and hydro-
thermal synthesis. A detailed electrochemical characterization as electrodes for LIBs has been performed. A
capacity of 257.3 mA h g~ ! has been obtained with losses <6 % after 300 cycles at 1C for the hydrothermal route
of the TipNb1¢O29 composition. Additionally, a complete recovery of capacity was observed after cycling at
higher velocities (5C, 10C).

1. Introduction

The development of energy storage devices is one of the most
researched areas in the industry. Among various battery technologies,
lithium-ion batteries (LIBs) are the most widely used due to their high
capacity and efficient charge/discharge performance at multiple rates
[1]. The most common anode material for LIBs is graphite, primarily due
to its low manufacturing cost and ease of scalability while maintaining
good capacity values [2-5]. However, graphite anodes suffer from
structural degradation through operation, leading to poor long-term
cycling performance. This issue presents a significant challenge, espe-
cially as the demand for LIBs with improved performances increases
alongside technological advancements, such as the electrification of the
automotive sector [6]. To meet these growing demands, more stable and
higher-performance electrode materials are essential.

Titanium Niobates (TNOs) are among the most promising alterna-
tives for LIB anodes, offering higher capacity and stability than the most
used industry electrodes. TNOs are more stable and reliable than both
graphite and LisTisO;2, while also exhibiting higher capacity values
(388-402 mA h g™}, depending on the stoichiometry) compared to
graphite (372 mA h g™1), LisTisO12 (175 mA h g1), and other less
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common alternatives like TiO5 (335 mA h g’l) [5].

TNOs (with general formula TiNb,Oy) can exhibit two main crystal
structures with different symmetries, depending on the synthesis con-
ditions and stoichiometry: orthorhombic and monoclinic. Monoclinic
structure is the one shared for most of the titanium niobates compounds
[5]. It follows the Wadsley-Roth crystal structure, first described by
Wadsley and Roth in niobium-based systems [7]. In these structures,
transition metal atoms (in our case, Nb or Ti) are positioned at the centre
of octahedra, which are coordinated with six oxygen atoms at each
vertex. These octahedra connect to form a lattice similar to ReO3, where
each octahedron shares its vertices with adjacent octahedra. However,
the key difference between the ReOs lattice and the Wadsley-Roth
structure arises from the redox properties of the niobium-based sys-
tems. In Wadsley-Roth structure, oxygen deficiencies are accommodated
by changing from corner-shared octahedra to edge-shared octahedra,
forming crystallographic shear planes [7,8]. Some studies [9,10] sug-
gested that this kind of edge-shared octahedra is where the titanium in
TNO will be preferably located, due to the charge of the cations.
TiNb2O7 and TisNby(Og9 are the most extensively studied stoichiome-
tries for LIBs due to their high stability. Crystal structures for TiNbyO7 (3
x 3 ReOs-type blocks) and TiaNbjgO29 (4 x 3 ReOs-type blocks) are
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Fig. 1. Crystal structure of monoclinic phases for (a) TiNb,O; (3 x 3 ReOs-type blocks) and (b) TioNb;gO29 (4 x 3 ReOs-type blocks). Blue and green octahedra
represents ReOs-type blocks located at different planes perpendicular to b-axis. The structures have been plotted using VESTA software [13].

Table 1

Notation and characteristics of each studied sample.
Sample Name Stoichiometry Ratio Nb:Ti Synthesis Method
TNO120x TiNb,O, 2:1 Solid-State from Oxides
TNO12HT TiNb,O7; 2:1 Hydrothermal
TNO150x TisNb19029 5:1 Solid-State from Oxides
TNO15HT TioNb19Oa9 5:1 Hydrothermal

shown in Fig. 1, which are the most representative phases of TNOs [11,
12].

The Wadsley-Roth structure produces a 3D open crystalline network,
which is known for its stability and resistance in oxidation reduction
applications, particularly in lithium-ion batteries [8,14,15]. Due to its
open lattice, lithium-ion insertion induces less structural stress
compared to more compact configurations. Also, the covalent character
of the bonds makes the TNO more stable than the graphite electrodes
usually used [3,16].

Although both compositions studied differ little in their electro-
chemical capacity, with TiNb2O7 having a theorical capacity of 388 mA
h g7}, and TizNb1¢O29 reaching 396 mA h g~! [5,8] by modifying the
synthesis route, various morphologies and micro/nanostructures can be
obtained, significantly influencing the electrochemical performance of
TNOs [3].

In this work, we present a comparative study of two monoclinic TNO
phases (TiNb2O7 and TiaNb;0029) synthesized via both solid-state and
hydrothermal methods, with a focus on exploring the synergistic effects
of composition, synthesis route, and microstructure on electrochemical
behaviour. We employ niobium oxalate hydrate in hydrothermal syn-
thesis, offering a cleaner and more controlled alternative to the
commonly used niobium chloride [17] or ammonium niobium oxalate
[18], which introduces additional ionic species that may complicate
phase purity and reproducibility, and produces corrosive compounds
(HCI, NH3). Additionally, the electrodes were prepared using sodium
alginate as the binder, a sustainable and water-processable agglomerant
that contributes to improved mechanical integrity and environmental
compatibility. Our study bridges the gap between morphology engi-
neering and phase stability in TNOs, demonstrating a remarkable com-
bination of long-term cycling stability, fast rate performance, and
thermal resilience. The integrated structural-electrochemical insights
provided here contribute meaningfully to the rational design of
high-performance anode materials.

2. Materials and methods
2.1. Synthesis

The synthesis routes selected in this work are solid-state reaction
(also known as ceramic method) and hydrothermal synthesis. Whereas
the solid-state reaction is commonly employed, hydrothermal route is
less used for the synthesis of TNOs [3]. On the other hand, the use of
niobium oxalate as precursor has been rarely reported. The samples

characteristics and their associated notation are shown in Table 1.

For the solid-state synthesis, NboOs (99.9985 % purity, Alfa Aesar)
and TiOy (Anatase, 99.99 % purity, Sigma-Aldrich) powders were
pressed (1 t) into round pellets of 7 mm diameter. These pellets were
ground using an agate mortar and pressed again into pellets with the
same specifications to ensure a better oxide mixture. Subsequently, the
pellets were heated in a furnace at 1300 °C for 24 h.

For the hydrothermal synthesis, the precursors used were titanium
acetylacetonate Cy9H;405Ti (97 % purity, Merck) and niobium oxalate
hydrate (V) Nb(HC204)s - x HoO (Alfa Aesar). Both were dissolved in
distilled water and mixed in an autoclave with a small quantity of
ammonia NH3 (1.5 mlL). After this, the autoclave was heated for 24 h at
220 °C. The white powder obtained was filtered and calcined first for 4 h
at 600 °C, followed by 4 h at 800 °C. Hydrothermal synthesis has been
previously essayed mainly from niobium chloride [3], which hydrolysis
leads to hydrochloric acid. We selected niobium oxalate as an alterna-
tive precursor, with no other elements apart from Nb, C, O and H,
ensuring precise stoichiometric control and better reproducibility in
high-performance formulations.

2.2. Experimental techniques

Scanning Electron Microscopy (SEM) imaging was performed using a
FEI Inspect-S SEM at 20 kV. X-ray Energy Dispersive Spectroscopy
(XEDS) characterization was made with a Bruker QUANTAX 70 detector
connected to a Hitachi TM3000 SEM working at 15 kV. X-ray Diffraction
(XRD) measurements were carried out using a PANalytical X’Pert
Powder diffractometer in Bragg-Brentano geometry with Cu-Ka radia-
tion, using a step of 0.05° in 20 and 1 s counting time. Micro-Raman
(p-Raman) spectra were recorded with a Horiba JobinYvon LABRAM-
HR confocal microscope, by exciting the sample with a 632.8 nm
He-Ne laser, focused through a 10 x Olympus objective (0.25 NA). To
analyse the collected signal, a 600 l/mm diffraction grating was
employed, and the data was obtained with a Synapse 354308 CCD
camera. High-Resolution Transmission Electron Microscopy (HRTEM)
was done using a JEM 3000F.

The half-cell batteries were assembled in Swagelok cells. The elec-
trodes were prepared by mixing 70 % active material (TNO), 20 %
Carbon C65 (Imerys), and 10 % sodium alginate (Sigma-Aldrich) in
distilled water until a paint-like consistency was achieved. The resulting
mixture was spread onto a copper sheet to form the electrode. A boro-
silicate (Whatman GF/D) membrane was used as the separator, and the
electrolyte consisted of 1 M LiPF¢ in EC:DMC (1:1 by weight). The
reference electrode (anode) was a metallic lithium sheet, and the as-
sembly was carried out in an argon-filled glovebox.

Electrochemical characterization of the half-cell batteries was per-
formed using a Biologic 815 system. Cyclic voltammetry (CV) was
conducted over potential ranges of 0.01-3 V and 1-3 V. Galvanostatic
Cycling with Potential Limitation (GCPL) was done at various charge/
discharge rates. The cycling rate is denoted as ‘C’, where 1C corresponds
to the current required to fully charge the theoretical electrode capacity
in 1 h and discharge it in another hour. A rate of 2C is twice as fast as 1C,



A. Calvo-Villoslada et al.

Materials Today Chemistry 47 (2025) 102860

Nb
a) — TNO120x
fo) Ti
A J \ A
= J ——TNO12HT
c
=
g A
8 P —— TNO150x
N\
\ ——TNO15HT
T T T T
2 4 6 8 10

Energy (keV)

Fig. 3. a) XEDS spectra of all the studied samples. b) XEDS mapping of TNO120x, ¢) TNO12HT, d) TNO150x, e) TNO15HT.

while C/5 is five times slower. Additionally, Potentiostatic Electro-
chemical Impedance Spectroscopy (PEIS) analysis was conducted, by
applying an AC voltage of 5 mV over a frequency range of 0.01-100 kHz.

Table 2

Atomic Nb/Ti ratios obtained by XEDS of all the samples, showing the mean
ratio and the values for the particles with the maximum and minimum Nb/Ti
ratios observed.

Nb/Ti Ratio Mean value Maximum Nb/Ti Minimum Nb/Ti
TNO120x 2.1 2.9 1.6
TNO12HT 2.1 2.2 1.3
TNO150x 4.7 10.1 2.2
TNO15HT 4.9 5.7 2.7

3. Results and discussion
3.1. Structural and compositional characterization

The morphology of the obtained samples varies significantly
depending on the synthesis route used. Both compositions (TiNb,O7 and
TisNb10029) show similar structures when synthesized using the same
technique. As shown in the SEM images in Fig. 2 (a) and (c), samples
obtained via solid-state synthesis form microcrystals of various sizes,
ranging from less than 10 pm in length and width to larger particles
measuring tens of micrometres. In contrast, samples obtained using
hydrothermal synthesis (Fig. 2 (b) and (d)) appear as agglomerates of
nanoparticles. These agglomerates also display a wide size distribution,
with sizes ranging from 1 to tens of microns. These differences agree
with the observations reported by other authors [3], as hydrothermal
routes favour the obtention of nanoparticles.
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Fig. 4. a) XRD measurements and b) p-Raman spectra of each sample.

To analyse the composition of the obtained samples, multiple tech-
niques have been employed. As shown in Fig. 3(a), XEDS spectra clearly
confirm the absence of any unwanted element, with the main peaks
corresponding to the characteristic X-ray lines of niobium, titanium, and
oxygen. The XEDS mappings in Fig. 3(b)-(e) reveal a significant differ-
ence in the homogeneity of niobium and titanium distributions
depending on the synthesis route used. Samples obtained via solid-state
reaction exhibit a less homogeneous distribution compared to their
hydrothermal counterparts. This difference is further illustrated in
Table 2, where the quantified niobium-to-titanium ratios show greater
variation between extreme values and the mean in solid-state synthesis

samples, whereas hydrothermal synthesis yields a more consistent dis-
tribution. This observation is coherent considering that solid-state re-
action relies on diffusion to obtain the desired composition. Despite
these variations, Table 2 also confirms that the mean niobium-to-
titanium ratio for each composition aligns well with the expected stoi-
chiometries. Additionally, extreme ratios found in some grains can be
associated to other known TNO compositions (like TisNb440120,
Ti3Nb34091 or TiszzOlg) [1 1,12].

To ensure the successful synthesis of TNOs and discard the presence
of a binary oxide mixture (TiO3 and NbyOs), XRD as well as p-Raman
spectroscopy have been used. Fig. 4 presents a comparative overview of

Fig. 5. HRTEM images for TNO15-0x a) a - b plane and b) a - ¢ plane. Insets in b) gather corresponding ED pattern and a structural scheme showing the observed
blocks in yellow squares; HRTEM images for TNO15-0x; ¢) low-magnification image with (in insets) corresponding ED pattern and a detailed image for TNO15-HT
and d) high-magnification HRTEM image showing b - ¢ plane for TNO15-HT. Dashed lines indicate some intergrowth directions.
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Fig. 6. CV curves for a) TNO120x cycled between 0 and 3 V with the characteristic faradaic peaks marked (Nb in purple, Ti in orange); b) TNO120x cycled between

1 and 3 V, ¢) TNO15HT cycled between 1 and 3 V.

the X-ray diffraction (XRD) patterns and Raman spectra for all synthe-
sized titanium-niobium oxide (TNO) materials. To verify the successful
synthesis of the target compounds, reference data corresponding to the
relevant polymorphs of the binary oxides TiO, and NbyOs have been
included in Figs. S1 and S2, respectively, within the Supplementary
Information. As shown in Fig. 4(a), the normalized XRD patterns do not
correspond to maxima of the individual oxides, but match with the ex-
pected maxima for the two TNO compositions targeted. In fact, the
diffractograms of the samples obtained via both synthesis routes of
TiNb,O; match with the reference diffractogram of its monoclinic phase
(PDF 01-072-0116). Similarly, TioNb;oO29 samples align with the
reference diffractogram for the monoclinic phase of this composition
(PDF 01-072-0159). However, the XRD reflections of the diffractograms
of each route present a clear difference. The solid-state synthesis results
in sharply defined peaks, whereas the hydrothermal samples exhibit
broader peaks with significantly greater widths. Thus, a larger crystallite
size is inferred for both compositions synthesized by the solid-state route
compared to the hydrothermal one [19]. This observation is consistent
with the SEM images in Fig. 2, where the small crystallites from hy-
drothermal synthesis correspond to nanoparticle agglomerates, whereas
the larger domains in the solid-state samples correspond to
microcrystals.

Raman spectra presented in Fig. 4(b) and Fig. S2 also discard the
presence of a binary oxides mixture. The representative Raman spectra
of all the samples show the features ascribed to the different vibration
modes of TNOs [9]. No peaks related to TiOy crystalline structures
(anatase or rutile) have been detected, indicating a good incorporation
of Ti atoms in the Wadsley-Roth structure. Different characteristic zones
of the vibrational modes have been identified [20]. Vibrations located in
the region below 200 cm ™! are associated to the external vibrational
modes, while vibrations with frequencies above 200 cm ™! are related to
the internal modes of the octahedra that construct the Wadsley-Roth
structure [9]. This last region can be subdivided into three character-
istic subregions: between 200 cm ™' and 450 cm™!, ascribed to the
bending modes of the octahedron [21]; between 450 em~! and 900
crn’l, associated to the stretching modes [21]; and modes with fre-
quencies greater than 900 cm ™! are related to the vibrational modes of
the Nb octahedra at the crystallographic shear planes [22]. Specifically,
in TNOs materials, bending modes involve both cations in the structure
(Nb, Ti), whereas the stretching modes have more differentiated fre-
quency regions. According to Ref. [9], bands centred at 540 and 650
em™! are ascribed to Ti corner-shared and edge-shared octahedra,
respectively. On the other hand, bands located at 899 and 996 cm ™! are
related to Nb corner-shared and edge-shared octahedra, respectively.
Additionally, stretching modes of Nb octahedra can be found between
600 and 700 cm ™! [21], being then the higher frequency modes related
to Nb octahedra with higher degree of distortion according to Ref. [21].

As observed in the XRD diffractograms, the Raman spectra of the
solid-state synthesized samples appear more defined than those of the
hydrothermal samples, particularly in the region below 200 cm™
(external modes). This difference may be related to variations in crys-
tallite size obtained through each synthesis route. When the crystallite is
larger, the octahedral structure accommodates more precisely within
the monoclinic unit cell, similar to a microcrystal. In contrast, when the
crystallite is smaller, the unit cell may be more distorted, leading to a
less organized arrangement of octahedra within the crystal structure.
However, in both cases, the octahedral units remain present, so their
internal vibrations appear regardless of crystallite size. It is worth noting
that the Wadsley-Roth structure is inherently described as an arrange-
ment of distorted octahedra [21,23], which explains the broad bands
observed in the bending and stretching regions for the two synthesis
routes.

To complement the observations from SEM, XRD and Raman mea-
surements, HRTEM images have been collected (Fig. 5(a)-(d),
TipNby0029 samples). HRTEM images of particles for each synthesis
method show a clear difference in size, confirming the synthesis of mi-
crocrystals by the solid-state route and the synthesis of nanoparticle
agglomerates by the hydrothermal route (see Fig. S3 (a)-(c)). This dif-
ference is also evident when comparing the electron diffraction patterns
of insets in Fig. 5(b) and (c). The diffraction pattern of the solid-state
samples displays well defined dots, whereas the one for hydrothermal
samples presents concentric rings related to a polycrystalline arrange-
ment. Additionally, a well-organized crystal structure can be identified
in the HRTEM images of the solid-state samples (Fig. 5(a)-(b)). By
aligning the sample along two different zone axis (c-axis in Fig. 5(a) and
b-axis in Fig. 5(b)) interplanar distances can be measured and related to
the lattice parameter of TisNb;¢O29 phase (a = 1.557 nm, b = 0.381 nm,
¢ = 2.054 nm, p = 113.68°). Indeed, in the orientation along c-axis and
assuming each white spot in the image represents an octahedron, the 4
x 3 ReOgs-type blocks characteristic of TizNb;gOg29 structure can be
indicated (yellow rectangles in Fig. 5(b)).

For hydrothermal samples (Fig. 5(c)-(d)), orienting the sample is
more challenging due to its nanocrystalline nature and the higher
number of planar defects observed (Fig. 5(d)). Despite this, interplanar
distances in agreement with b and c axes can be identified. Planar defects
in titanium niobium oxides have already been reported and attributed to
the random intergrowth of closely related phases [11]. Previous studies
[24] have related this highly defective structure to enhanced high-rate
capability in LIBs of TNOs.

3.2. Electrochemical characterization

3.2.1. Cycling performance
To study the oxidation-reduction process of the TNO in the lithium
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Fig. 7. 1st and 5th GCPL curves for each composition at a) C/10, b) C/5 cycling densities; ¢) 1st and 50th GCPL curves for each composition at 1C cycling density.

Table 3

GCPLs discharge capacity values for each initial and last cycles at different
cycling densities and voltages between 0 and 3V. The charge-discharge perfor-
mance is displayed in Fig. S5-S8.

C/10 C/5 1C
Q mA h g~! (Number of Cycle)

TNO120x 203.3 (1st) 155.5 (1st) 112.9 (1Ist)
193.7 (5th) 158.0 (5th) 104.1 (50th)
TNO12HT 273.3 (1st) 204.1 (1st) 113.3 (1st)
258.1 (5th) 200.8 (5th) 105.4 (50th)
TNO150x 394.9 (1st) 313.4 (1st) 217.4 (1st)
377.5 (5th) 305.1 (5th) 199.1 (50th)
TNO15HT 461.0 (1st) 351.4 (1st) 270.2 (1st)
410.3 (5th) 358.0 (5th) 234.6 (50th)

half-cell cyclic voltammetry (CV) has been employed. As shown in Fig. 6
and Fig. 54, at a sweeping rate of 0.1 mV s~ ! all the characteristic redox
peaks of the titanium are clearly visible regardless of composition and
synthesis route. While the oxidation Nb*"/Nb>* and reduction Nb°*/
Nb** are the only transitions shown as peaks, the rest can be clearly seen
as shoulders. Prominent peaks indicate fast, well-defined redox re-
actions, while shoulder features suggest slower or less efficient pro-
cesses. Moreover, these peaks and shoulders are more defined in the
solid-state reaction obtained samples as it can be seen in Fig. 6(a), (b)
and (d), which is attributed to the larger crystallite size of the micro-
crystals compared to the nanoparticle agglomerates obtained via the
hydrothermal method (Fig. 6(c) and (e)). Faradaic peaks provide in-
formation on the oxidation-reduction voltage of each element in the
studied electrodes. As it is marked in Fig. 6(a), the niobium oxidation-
reduction voltages are: 1.7 V for Nb**/Nb°* (oxidation, anodic pro-
cess, Li* disinsertion), 1.6 V for Nb>*/Nb** (reduction, cathodic pro-
cess, Lit insertion), 1.5 V for Nb>*/Nb** (oxidation, anodic process, Li*
disinsertion) and 1.3 V for Nb**/Nb®* (reduction, cathodic process, Li*
insertion). Also, the titanium faradaic peaks are located at 1.9 V for
Ti>*/Ti** (oxidation, anodic process, Li* disinsertion) and 1.8 V for
Ti**/Ti®* (reduction, cathodic process, Li* insertion). All observed
peaks correspond to the characteristic lithiation and delithiation regions
of the material [25,26].

When the CV experiment is conducted at cut-off voltages below 1 V
(Fig. 6(a)), a pseudocapacitive region emerges giving rise to a possible
increase in capacity. Indeed, expanding the potential range down to
0.01 V has been identified as a potential strategy for ensuring efficient
lithium insertion into the electrode material and to partially avoid the
solid-electrolyte interphase (SEI) formation [25,26]. In this sense, it is
challenging to obtain a good performance without the need of extending

the voltage out of the 3-1 V interval. Thus, we have first evaluated the
cycling response of the anode materials in the expanded potential range.
The complementary assessment of the behaviour in the 1-3 V range for
selected samples is further carried out.

Therefore, to understand the capacity response of each sample,
GCPLs have been studied at multiple current rates. As mentioned above,
GCPL curves have been studied in the voltage range of 0-3 V (to
maximize Li" insertion) at three different cycling speeds. As shown in
Fig. 7, all the samples have undergone the same cycling protocol, which
consists of 5 cycles at C/10 cycling rate followed by another 5 cycles at
C/5 and finally, 50 cycles at a 1C rate.

The GCPL data of Fig. 7 show a similar cycling response, with ca-
pacity values varying depending on the TNO composition and synthesis
route. As shown in Table 3, a significant difference in the capacity of
each composition is observed, which can be explained by the theoretical
capacity values of TiNb,O; and TiaNb;(O29 which are 387 and 396 mA
h g7, respectively [5]. This corresponds to the insertion of 5 (for
TiNb207) and 22 (for TipNb;(O29) lithium ions per chemical formula.
The capacity also depends on the sample morphology. Microcrystals
exhibit lower capacity than nanoparticle agglomerates at all cycling
rates. This effect can be explained by the optimization of the
oxidation-reduction reaction when the surface to volume ratio of the
material is maximized (like in this case, the nanoparticle agglomerates
have more surface area than the microcrystals) until particle volume
becomes too small to accommodate significant Lit insertion.
Conversely, the engineering of planar defects has been previously
identified as an effective strategy for enhancing capacity [22], primarily
by mitigating volume expansion effects. In the present study, the sam-
ples synthesized via hydrothermal methods exhibit a higher concen-
tration of planar defects, as evidenced by HRTEM (Fig. 5), which
consequently correlates with an improved electrochemical performance.

The capacity observed for the first cycles in the sample TNO15HT
exceeds the theoretical value of TioNbjgOz9 (396 mA h g’l): ranging
from 461 to 410.3mA h g ™! at a C/10 current density. This phenomenon
can be explained by a SEI formation while cycling in slow current
densities [25]. SEI formation has been observed when cycling under 1 V
in previous studies [8]. It occurs due electrolyte decomposition, leading
to the formation at the electrode surface of different phases which can
accommodate Li ions, temporally increasing capacity values while this
reaction persists.

A more detailed GCPL study has been performed for all samples,
presented in Fig. S5-S8. From this study, the TNO15HT sample shows
the best capacity values (>200 mA h g~1) after 200 and 300 cycles with
low losses in capacity (=23 %). This confirms TNO15HT sample as the
best performing in this study.
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Fig. 8. TNO15HT long cycling study of capacity and coulombic efficiency measurements when cycling between 1 V and 3 V.

Table 4
Comparison of the performance of different TNO materials.
Material Preparation Cycling performance Rate performance Potential range (V) Ref
TiNb,0O, Mineral extraction + 104mAhg™? 203mAhg! 1-3 [271
Anneling 1C 1C
300 cycles
TiyNby 029 Mineral extraction + 100 mA h g ! 216 mAhg™! 1-3 [271
Anneling 1C 1C
300 cycles
TiNb,0, Solid-State 195.5mAh g} 124 mAhg! 1-3 [28]
1C 20C
500 cycles
TiNb,O;@AC Hydrothermal + Calcination 290 mAhg™! 186 mAh g™ 1-3 [29]
0.5C 6C
500 cycles
TiyNb;020@AC Hydrothermal 315mAhg! 205mAhg! 1-2.5 [30]
1C 40C
1000 cycles
TiNb,O; Hydrothermal 75mAhg? - 0.01-3 This study
1C
300 cycles
TisNb; 0029 Hydrothermal 2423mAhg! 96.1mAhg! 1-3 This study
1C 10C
300 cycles
Given the good performance and recovery observed in Fig. S8, selected based on our previous experience with similar systems. A 3 h
TNO15HT sample has been cycled between 1 V and 3 V in a long-term pause was incorporated during the 1C cycling to evaluate whether the
study at higher current rates. This study, shown in Fig. 8, follows the capacity could recover during a resting period, which, in this case, was
cycling protocol: 5 times at C/10, 5 times at C/5, 300 times at 1C, then indeed observed. For the same purpose, an additional 1C cycling test
rested for 3 h and cycled again 5 times at 1C, 5 times at 2C, 5 times at 5C, was performed following the 10C cycling, and the results confirmed a
50 times at 10C and 25 times at 1C. The experimental protocol was complete recovery of the capacity at the 1C rate.
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Fig. 9. a) p-Raman spectra of TNO15HT electrode before and after cycling. b) Nyquist plots of TNO15HT electrodes before and after cycling.
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Fig. 10. a) Profiles at rates ranging from 0.1 to 20 mV s, b) log(I) versus log(v) curves and corresponding fittings for the most prominent anodic and cathodic

peaks, indicating the result for b parameter from linear fitting.

As seen in Fig. 8, discharge capacity losses remain below 4 % after
200 cycles at 1C and below 6 % after 300 cycles at 1C, while maintaining
a coulombic efficiency of 99 %. These results are significantly better
than those obtained when cycling between 0.01 V and 3 V. At the highest
cycling rate (10C), performance is significantly better between 1 V and
3V, with capacity values around 100 mA h g1, compared to less than
50 mA h g~! when cycling between 0.01 V and 3 V. This fact could be
rationalized by considering that, at high rates, there is insufficient time
for over-lithiation. Thus, while increasing the voltage range does not
yield any significant benefits, it does require maintaining each mea-
surement for a longer duration and, particularly at long-term cycling,
this may ultimately accelerate degradation. Complete capacity recovery
is observed when the cycling rate returned from 10C to 1C after 50
cycles (from 241.6 mA h g~! before 10C to 242.9 mA h g™ ! after 10C).

A comparison of the results obtained in this work with those found in
the literature (with similar morphology and synthesis routes) is pre-
sented in Table 4.

3.2.2. Post-cycling assessment

To analyse the structural changes in the TNO15HT electrode material
after long-term cycling, Raman and EIS measurements have been con-
ducted before and after CV experiments (sequence of CV experiments:
0.1,0.2,1, 2, 5,10, 20, 50 and 100 mV s_l). In Fig. 9(a), Raman spectra
of TNO15HT sample shows the same characteristic regions of the TNO
structure, as described before. Some subtle differences are appreciated,
mainly less defined bands in the post-cycling material. This can be
attributed to local lattice deformation caused by repeated lithium-ion
insertion. In fact, there are some differences between pre- and post-
cycling spectra that point towards the deformation of the metal-oxide
polyhedra. First, the broad shoulder appearing between 750 and 800
cm ! is related to vibrations of highly distorted polyhedra with different
oxidation numbers ([NbOg], [NbO7], and [NbOg]), typical of low crys-
talline phases [31]. This is consistent with the increased width observed
for all the bands. Additionally, an increase in intensity around 400-500
cm ™! appears in the Raman spectra of low-crystalline, distorted octa-
hedra niobium oxides [31]. Nevertheless, the post-cycling spectrum
remains similar to the pre-cycling one, indicating good structural sta-
bility of the electrode.

In Fig. 9(b) Nyquist plots of TNO15HT composite electrodes before
and after cycling (sequence of CV experiments: 0.1, 0.2, 1, 2, 5, 10, 20,
50 and 100 mV s~ !) are presented. As can be observed, the Nyquist plots
are composed of a depressed semicircle in the medium-high frequency
range and a straight sloping line in the low frequency range. The data
could be fitted considering the equivalent circuit presented in the inset
of Fig. 9(b). The high frequency resistance (R1 in the scheme) is related
to the contribution from the electrolyte and electrode, the medium

frequency resistance (R2) corresponds to the charge transfer resistance
at the electrode/electrolyte interface, and the sloped line (Warburg
component in the precycled anode) can be assigned to the solid diffusion
process of lithium ions in the active material [32]. The charge-transfer
values obtained for the pre- and post-cycled electrode are 38 and 139
Q, respectively. This increase evidence the deterioration process of ionic
transport through components and across interfaces and can be associ-
ated with the kinetic hindering caused by the enrichment in insulating
constituents.

Aiming to further analyse the kinetics of Li* ions storage in the
TNO15HT electrode, CV measurements have been carried out at
different sweep rates (v). Fig. 10(a) shows the CV profiles at rates
ranging from 0.1 to 20 mV s~ L.

The difference in height between the oxidation and reduction peaks
can be related to kinetic features, as previously described [33]. The
overall kinetics of the stored charge can be divided into two distinct
mechanisms: the surface-induced capacitance process and the
diffusion-controlled insertion process. Generally, the relationship be-
tween the cathodic or anodic peak current (I) and the sweeping rate (v)
is described by the following equation:

I=ao®

Where a and b are adjustable parameters. The b parameter can be ob-
tained from the slope of the log(l) versus log(v) curve. Based on earlier
research [34], a b value close to 1 means that the system is mainly
controlled by the capacitance process, whereas a b value approaching
0.5 points to a dominating diffusion-controlled process. Therefore, in-
termediate values between 0.5 and 1 suggest a mixed kinetics process.
Fig. 10(b) shows the log(l) versus log(v) curves and corresponding fit-
tings for the most prominent anodic and cathodic peaks. The obtained
b-values for the reduction and the oxidation processes are 0.68 and 0.54,
respectively, revealing that charge storage partially arises from surface
capacitive effects.

3.2.3. Preliminary temperature measurements

Operating at low temperatures under high-rate conditions presents a
significant limitation for lithium-ion batteries, particularly concerning
their use in winter and in cold climates [35]. On the other hand, LIBs
showing good performance at temperatures higher than RT are also
interesting, especially for use in summer and hot climates. Elevated
temperatures typically speed up chemical reactions within the battery,
reducing its capacity to retain a charge over repeated cycles. This effect
is especially critical for lithium-ion batteries, as excessive heat can lead
to capacity loss and a diminished lifespan [36].

In this sense, a battery capable operating in a large temperature
range with high performance and good capacity recovery is of great
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cooling with time. b) Variation of the discharge specific capacity with tem-
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interest. Encouraged by this, as a preliminary study, we have conducted
several experiments to assess the performance of the TNO15-HT elec-
trode at different temperatures, ranging between —5 °C (LT) and 60 °C
(HT), as shown in Fig. 11. The discharge curves were recorded after 1 h
of temperature stabilization. The battery shows an increase in capacity
upon heating, whereas a significant decrease is observed at low tem-
peratures (Fig. 11(a)). The variation of specific capacity with tempera-
ture follows a linear trend (Fig. 11(b)). More interestingly, the battery
demonstrates the ability to recover its original capacity once it returns to
room temperature, even after being cycled at low or high temperatures.
Although the device does not provide high capacity at low temperatures,
it is not damaged during operation under these conditions. This is a
desirable characteristic for batteries, particularly for applications such
as electric vehicles.

4. Conclusions

Titanium niobium oxides with the stoichiometries TiNbyO; and
TisNb19029 have been successfully obtained via solid-state and hydro-
thermal synthesis. In the solid-state synthesis, the process was initiated
with binary oxides, while in the hydrothermal method, niobium oxalate
hydrate and titanium acetylacetonate were used as precursors.

The solid-state route produced microcrystals with some heteroge-
neity in composition, while hydrothermal synthesis resulted in nano-
particle agglomerates with a homogeneous composition. XRD, Raman
and HRTEM measurements confirm the characteristic features of
Wadsley-Roth structures for both compositions. Solid-state samples
display high crystallinity, whereas hydrothermal samples show a
defective structure with high concentration of planar defects.

The comparison of the electrochemical performance of the samples
indicates that hydrothermal samples exhibit the highest capacity for
lithium insertion. Special attention has been given to hydrothermally
synthesized TioNb(O29, which demonstrates the best performance as a

Materials Today Chemistry 47 (2025) 102860

lithium-ion battery electrode when cycled between 1 V and 3V. With
capacity values around 250 mA h g~! at 1C cycling and a coulombic
efficiency of 99 %, it retains >94 % of its capacity after 300 cycles at 1C
and shows complete capacity recovery after reverting from 50 cycles at
10C back to 1C cycling. The superior performance of this sample can be
attributed to its nanoparticulate morphology, which enhances lithium
diffusion into the particles, along with its defective crystal structure,
which may further facilitate lithium transport. The material’s high sta-
bility and recovery have been demonstrated, even under low and high
temperatures and during long-term cycling.
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