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ABSTRACT: A promising strategy to improve the rate performance of
Li-ion batteries is to enhance and facilitate the insertion of Li ions into
nanostructured oxides like TiO,. In this work, we present a systematic
study of pentavalent-doped anatase TiO, materials for third-generation
high-rate Li-ion batteries. Mesoporous niobium-doped anatase beads )
(Nb-doped TiO,) with different Nb>* doping (n-type) concentrations
(0.1, 1.0, and 10% at.) were synthesized via an improved template
approach followed by hydrothermal treatment. The formation of intrinsic
n-type defects and oxygen vacancies under RT conditions gives rise to a
metallic-type conduction due to a shift of the Fermi energy level. The
increase in the metallic character, confirmed by electrochemical
impedance spectroscopy, enhances the performance of the anatase
bead electrodes in terms of rate capability and provides higher capacities
both at low and fast charging rates. The experimental data were
supported by density functional theory (DFT) calculations showing how a different n-type doping can be correlated to the same
electrochemical effect on the final device. The Nb-doped TiO, electrode materials exhibit an improved cycling stability at all the
doping concentrations by overcoming the capacity fade shown in the case of pure TiO, beads. The 0.1% Nb-doped TiO,-based
electrodes exhibit the highest reversible capacities of 180 mAh g' at 1C (330 mA g™') after 500 cycles and 110 mAh g™ at 10C
(3300 mA g ') after 1000 cycles. Our experimental and computational results highlight the possibility of using n-type doped TiO,
materials as anodes in high-rate Li-ion batteries.

KEYWORDS: high-rate batteries, Li-ion batteries, mesoporous niobium doped anatase, n-type doped anode materials, DFT calculation,
Rietveld refinement

B INTRODUCTION mentally benign raw materials are also highly desired attributes.
Additionally, nanomaterials with a large exposed surface area
have shown to allow for more accessible lithium insertion
channels and improved device performance.”

TiO,-based nanomaterials and, in particular, the polymorphs
anatase and TiO,(B) are promising as negative electrodes due
to their high structural stability, thanks to the low volume
change during cycling (~4%)." Unfortunately, the poor
electronic conductivity and the low ionic diffusivity, which
influence the Li insertion/desertion in TiO,, are affecting their
use in practice.8

As the field of use of battery systems further expands, batteries
with higher capacity, cyclability, and safety are deemed
necessary. Non-aqueous rechargeable Li-ion batteries are
among the most prominent energy storage devices, and their
development represents a prodigious success of modern
materials chemistry. Graphite is today’s commercially estab-
lished anode material, but with not just a few limitations." Low
operational voltage (0.1 V vs Li/Li*), connected with the risk
of lithium plating during overcharge, and severe structural
collapse are some of the most common problems that need to
be mitigated.” Moreover, the applicability of graphite anode

materials is particularly restricted to low rate applications.”™® Received:  September 3, 2020
Several requirements should be addressed to find suitable Accepted: December 7, 2020
high-rate anodes. A low volume change during the Li-ion Published: December 17, 2020

insertion/desertion is necessary for good cycling stability.
Short diffusion paths for fast lithium insertion/desertion, a low
intercalation potential for lithium, and cheap and environ-

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsaem.0c02157
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Herein, we aim at overcoming the low electronic
conductivity, the low ion diffusivity, and the capacity fading
of anatase by introducing pentavalent niobium ion doping and
directly using our microbeads as anodes for fast rechargeable
Li-ion batteries. The 3D hierarchical porous structure of the
microbeads needs to be combined with an increased electronic
conductivity of the semiconducting TiO, without affecting the
Ti*" available reduction sites.”' This can be achieved by
introducing Nb** ions into the TiO, lattice through a donor-
type doping process.”' ~'* The ionic radius of Nb** is only
5.8% larger than that of Ti*" (0.64 A vs 0.605 A), and Nb*" can
thus easily substitute Ti*" in the lattice of TiO, in a wide range
of concentrations. Moreover, the solvo-thermal synthesis
process used in this work allows the insertion of Nb* into
the anatase lattice without undesirable phase transitions, in
contrast to previously reported preparation routes.'”

Undoped anatase TiO, has a natural n-type character
regulated by the following equilibrium, which leads to the
natural formation of oxygen vacancies (V'o):

RT Lo _
TiO, = TiO,, +V, + S0, + 2 W

According to Korner and Elsisser,'® Nb doping may lead to
an increase in the n-type character of anatase TiO,. To
compensate the excessive charge of Nb*' in substitution to
Ti*, one Ti cation vacancy may be created per four Nb
introduced or the stoichiometric reduction of Ti** to Ti*" per
Nb introduced may happen depending on the processing
conditions, which introduces shallow donor levels below the
CB edge of TiO, and increases the metallic character.'” This
particular behavior is only observed for the anatase phase of
the different TiO, polymorphs. Indeed, Yang et al. calculated
that Nb-doped anatase TiO, shows an n-type half-metallic
character, while Nb-doped rutile TiO, shows an insulating
character."”'® As reported by Yue et al., the incorporation of
Nb’* into the anatase TiO, lattice modifies the band structure
of the anatase and the Li-ion (charge) storage mechanism is
strongly dependent on the doping concentration.

We report a detailed computational and experimental study
of donor-type doped TiO, microbeads at different dopant
concentrations (undoped (0.0%) and 0.1, 1.0, and 10% at. Nb-
doped TiO,). The contribution of the Nb>* doping on the
structural and electronic properties and the charge storage
mechanism is well defined in terms of the physicochemical
properties of the anatase phase and the atomic doping
concentration.”’

Moreover, fast rechargeability is receiving more and more
attention as one of the main research objectives for Li-ion
battery development.”' The scientific community has focused a
lot of effort in pushing the boundaries of rate capability for Li-
ion cells and achieving the goal of extreme fast charging.”

Our results show that the synergistic effect of the
mesoporous bead morphology and the Nb** doping (n-type)
significantly improves the cycling life by reducing the capacity
fading and increasing the specific nominal capacity both at low
(1C) and at high (from 10C up to 100C) current rates,
suggesting the use of these materials for both low and high rate
capability fast rechargeable Li-ion batteries.

B RESULTS AND DISCUSSION

The as-synthesized samples show a color change from white

(0.1% Nb doping) to yellow (10% Nb doping) due to the
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increase in the niobium amount inside the structure,™ as
visible in Figure SI.

The X-ray diffraction (XRD) patterns, reported in Figure 1a,
confirm that all the samples are monophasic with reflections
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Figure 1. (a) X-ray diffractograms of TiO, materials Nb-doped at 0.1,
1.0, and 10% at. Nb. The (101) peak shifted from 25.35° 26 at 0.1%
at. to 25.28° at 10% at. Nb. (b) Nanoparticle size determined from
the Rietveld analysis and, in the top and bottom insets, the unit cell
parameters size (a and ¢, respectively) as a function of Nb content.

ascribed only to the anatase TiO, phase.”* The employed
temperature-controlled sol—gel synthesis method allows the
formation of phase-pure (tetragonal, I41/amd) doped anatase
microbeads, reaching the goal of avoiding traces of other TiO,
phases.'®** The diffraction pattern related to the pure sample
(0.0% Nb) is reported in Figure S2. The diffraction peaks
related to the (101) planes of anatase TiO, gradually shift to
lower 26 values with Nb doping due to the enlargement of the
unit cell caused by the substitution of Ti*" by Nb**.*° The A6
shift between the most intense peak (101) of 0.1% vs 10% is
0.07° and can be translated to a lattice expansion of about
0.012%,”” which points to the formation of a substitutional
solid solution. Considering the similarity in ionic radii and
previous results reported in literature,'® it is reasonable to
assume that Nb**occupies Ti** sites and that the lattice
constants of a Nb-doped TiO, crystal will be larger than those
of the pure TiO, crystal. In addition, the calculated XRD
patterns in Figure S3 show good agreement with the
experimental findings and the same relative shift is found there.

The results of the Rietveld analysis are reported in Figure 1b,
show a dependency of the nanoparticle size vs the niobium

https://dx.doi.org/10.1021/acsaem.0c02157
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content, and confirm the presence of larger crystals in the
doped sample. The nanoparticle size increases linearly with
niobium doping.

As expected, the doping leads to an increase in the a and ¢
axes of the anatase crystal lattice (see insets in Figure 1b).
Therefore, the overall volume of the unit cell will increase
based on the following equation:

@)

The volume expansion confirms the hypothesis that the
Nb*" ions are incorporated into the anatase lattice by
substitution of Ti*". In addition, the slightly broadened peaks
found for the 0.1% sample become sharper due to the increase
in the particle size at higher doping.

In Figure 2, scanning electron microscopy images with low
(top panel) and high (bottom panel) magnification of 0.1%

V=a’x¢

Figure 2. Scanning electron microscopy images of Nb-doped TiO, at
0.1% at. The higher magnification reveals the well-defined 3D
hierarchical structure of the beads.

Nb-doped TiO, are reported to illustrate the morphology of
the as-synthesized materials. All the materials exhibit micro-
spherical morphology as a result of the template-assisted
(HDA) sol—gel synthesis. SEM images of the pure, 1.0%, and
10% are reported in Figures S4—S6, respectively. The EDX
spectra related to the SEM images are reported in Figure S7.
The ratio between titanium and niobium is in agreement with
the synthesis parameter. The beads are well defined as
nanoparticle agglomerates with a 3D hierarchical morphology
of about one and a half micrometers in size.

The morphologies at micro- and nanoscopic levels for 0.1
and 10% at. Nb-doped TiO, are shown in Figure 3. HRTEM
images recorded at low magnification (x20k) (Figure 3a,d)
show a spherical organization of the nanoparticles in order to

Figure 3. High-resolution transmission electron microscopy
(HRTEM) images recorded at various magnifications (X20k,
X140k, and X600k) for two compositions: (a—c) 0.1% at. Nb at 2
um, S0 nm, and 20 m, respectively, and (d—f) 10% at. Nb reported in
comparison at the same magnifications. Sizes of the beads and
nanoparticles are evidenced by yellow and orange lines for 0.1 and
10% at. Nb, respectively.

minimize the surface energy for both compositions. A variation
of the diameter of the spheres is evidenced, depending also on
the composition. Figure 3a indicates an average diameter of
500 um for the lowest doping level (0.1% at. Nb) compared to
a larger diameter, 850 pm, for 10% at. Nb (Figure 3d).
HRTEM images at medium magnifications reveal a distribu-
tion of randomly orientated rice-grain- or cube-shaped
nanoparticles. Statistical analysis of Figure 3b shows an average
particle size close to 23 nm, while larger (~3S nm)
nanoparticles are consistently observed for the 10% at.
doped TiO, (Figure 3e). Two images (Figure 3c,f) acquired
at high magnification (X600k) illustrate this result. It has to be
noted here that these observations are in good agreement with
the values extracted from the Rietveld refinements (25 nm vs
35 nm) of X-ray diffraction data.

N2 adsorption/desorption measurements were performed to
investigate the mesoporosity of the materials. All the isotherms
belonged to type IV adsorption isotherm according to IUPAC
classification and exhibited an H2 hysteresis loop at higher
relative pressure, which confirmed the characteristics of
mesopores, as shown in Figure S8. The pore size distribution,
reported in Figure 4a, is independent of the doping

https://dx.doi.org/10.1021/acsaem.0c02157
ACS Appl. Energy Mater. 2021, 4, 215-225
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Figure 4. (a) Pore size distributions and (b) Raman spectra of the
Nb-doped TiO, materials.

concentration and falls in the mesoporous range, with the
peaks centered between 15 and 17 nm. The BET surface area
is relatively high, 70—100 m* g~". It increases with increasing
Nb-doping concentration up to 1%, as shown in Table 1, but is
reduced at the highest Nb concentration, which is consistent
with the trend of the increase in the grain size.

Table 1. Specific Surface Area Values of the Nb-Doped TiO,
Materials

sample specific surface area (m” g™*)
undoped (0.0%) 84.4 + 0.3
0.1% 92.1 + 0.3
1.0% 1004 + 0.3
10% 703 +£ 0.3

Raman spectroscopy is an essential analysis method for the
study of doped TiO, for its high sensitivity to the
microstructure, and in this study, it is used to understand
how the doping changes the physical properties of the anatase.

In Figure 4b, the Raman spectra of Nb-doped TiO, with
different Nb contents all show the characteristic modes of
anatase TiO,."” No impurity phase is observed based on the
absence of additional bands. Bands centered at 1485, 399, 517,
and 639 cm™ are associated with Eg (n6), Blg, Alg, and Eg
(n1) modes, respectively. The Blg (399 cm™) mode exhibits a
slight shift to lower wavenumbers with increasing Nb
concentration, as reported in the inset of Figure 4b. Since
the Blg mode is related to the stretching of Ti—O bonds, the
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observed shift is in line with Nb*" being incorporated into the
TiO, lattice, in good agreement with the XRD results.
Moreover, the shift at a lower wavenumber further confirms
the substitutional nature of the solid solution of Nb-doped
anatase. However, the wavenumber only shifts to a lower value
between the undoped sample and the 0.1% Nb-doped sample.
This suggests that out of the four measured samples, the Ti—O
bond reaches a maximum relaxation for the 0.1% Nb-doped
sample and no further relaxation is observed in the 1.0% nor
the 10% sample. This can be attributed to the increasing
particle size of the samples with increased doping, shown in
Figure 1b, and the confocal nature of the measurements.

DFT calculations were performed to better understand the
effect on the electronic properties of Nb doping. The
electronic density of states (DOS) projected for each atomic
species and normalized by their respective number of atoms in
the supercell is presented in Figure S for undoped (0.0%)
anatase TiO, and 1.0% at. and 10% at. Nb-doped TiO,. A
closer look at the Fermi energy level (the zero-energy vertical
line in the plot) shows the effect of Nb doping on the
electronic structure. Starting with 1.0% Nb-doped TiO,
(Figure S b), the Fermi energy level is shifted into the bottom
of the conduction band, which in turn changes the compound
toward a metallic-like character. The occupation of the
conduction band states then increases for the 10% Nb-doped
TiO, (Figure Sc) without changing the shape of the DOS, i.e.,
the topology (shape) of the band structure is unaffected upon
the doping of the material. Nevertheless, filling the conduction
band as a direct consequence of the n-type doping could have a
negative impact on the lithiation process and the comple-
mentary reduction Ti* sites.

Indeed, upon lithiation, Ti*" will be reduced to Ti*,
accommodating the incoming electron. These Ti empty states
are located at the conduction band and being filled by n-
doping. Consequently, this is translated to less Ti states
available for reduction. Accordingly, the conduction bands
presented in Figure Sa—c have a significant contribution from
Ti states even with Nb present. This effect is accentuated in
the 10% sample, where the conduction band is even further
populated. Moreover, this higher doping concentration also
results in a greater contribution of Nb empty states for the
conduction band, suggesting a possible redox activity of Nb
ions. In addition, Figure 4d shows the average oxidation state
(AOS) of Ti and Nb, as obtained by Bader charge analysis, and
how it changes with doping concentration.

This AOS was taken as an oxidation state averaged by the
respective atoms/species in the cell and shifted by the Ti
average oxidation state in the undoped (0.0%) anatase TiO,
(the dashed horizontal line in Figure Sd). Hereby, Nb has a
higher AOS than Ti by approximately one unit, although both
AOS tend to decrease for higher doping concentration. A first
approximation of the lithiation/delithiation voltage could be
obtained by using eq 3 (see the Experimental Section) and is
presented in Figure Se. For the undoped TiO,, the obtained
lithiation/delithiation voltage is 2.04 V (vs Li/Li*). The Nb-
doped materials show a decrease in the lithiation/delithiation
voltage with increased doping concentration. Likewise, the
voltage also shows dependence on the lithiation site with a
significant drop when the lithiation happens in the Nb-rich
sites. The Nb-rich/poor calculated structures are reported in
Figure S9. We obtain 1.93 V (1.87 V) vs Li/Li* for Nb-poor
(Nb-rich) sites and 1.45 V (1.23 V) vs Li/Li* for Nb-poor
(Nb-rich) sites in the cases of 1.0% and 10% doping,
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of each species as a function of doping level. The zero horizontal line is the average oxidation state of Ti calculated for the pure TiO,. (e) Lithiation
voltage (vs Li/Li*) for the different doping concentration and for Nb-rich/poor environments, see text.

respectively. For the 10% doping, however, a clear definition of
the Nb-poor region is limited by the size of the cell. Thus, the
obtained voltages translate the effect of a smaller/bigger
amount of Nb surrounding the Li* site for the respective case
(poor/rich). Finally, the calculation suggests that the addition
of small amounts of Nb could possibly improve the overall
performance of the material by enhancing its metallic-like
character while offering small effects on its electrochemical
properties. In contrast, a higher concentration of Nb may lead
to inferior electrochemical performance.

The Nb-doped anatase electrodes were electrochemically
evaluated using a half-cell configuration vs lithium metal. The
electrochemical impedance spectra and the fits to equivalent
circuits are reported in Figure 6. At high frequencies, the
intercept at Z' corresponds to R and represents a combination
of the electrolyte resistance, intrinsic resistance of substrate,
and contact resistance at the composite electrode/current
collector interface. The CPEy (constant phase element) is
associated to the double-layer capacitance of the active
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Figure 6. Electrochemical impedance spectra. Fit of the first
semicircle and related equivalent circuit of the undoped and Nb-
doped TiO, electrodes vs lithium metal.

material. All the electrodes show similar values for both
parameters. The differences appear in the semicircle in the
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high-frequency range, which corresponds to the charge-transfer
resistance (R,,) caused by the Faradaic reactions. As expected,
the increase in doping amount is reflected in a decrease in the
semicircle radius and the R, decreases from 66 Q of the
undoped material to 58, 53, and 23 Q for 0.1%, 1.0%, and 10%,
respectively. Therefore, the EIS data suggest an increase in
conductivity, which could be connected to the shift of the
Fermi level into the conduction band upon doping, as found by
the DFT calculations.

The mesoporous anatase bead morphology is able to store
charge through three mechanisms: faradaic redox reactions
associated to the insertion/de-insertion of lithium ions;
formation of a double layer, i.e., capacitance; and fast surface
redox reactions giving rise to a pseudocapacitance. Specifically,
the pseudocapacitance obtained by nanosizing a transition-
metal oxide is defined as extrinsic insertion pseudocapaci-
tance.”® In a previous publication,” we showed that the
pseudocapacitive contribution to the total charge were around
~30%, determined by cyclic voltammetry at 0.5 mV s\
Smarsly et al. demonstrated that the increase in conductivity
through doping is followed by an increase in the
pseudocapacitive contributions.'” We, therefore, expect an
increase in pseudocapacitance for our Nb-doped TiO,
electrodes, leading to higher specific capacities and improved
rate performance. Figure 7a shows the specific discharge
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Figure 7. (a) Specific capacity at 1C. (b) Coulombic efficiency of the
Nb-doped and undoped TiO, electrodes.

capacity at 1C of the Nb-doped electrodes as well as for the
undoped TiO, (0.0%). After an initial irreversibility, typically
observed for TiO, materials, the capacity of all the doped
materials remains stable over 500 cycles, suggesting a doping-
induced mitigation of the capacity fading process normally
affecting anatase.”” Only the 0.1% at. Nb-doped sample shows
a higher discharge capacity compared to the undoped TiO,
and retains 180 mAh g~' at 1C (330 mA g, associated to the
tetragonal-phase Li; TiO, for all the samples) after 500 cycles.
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The Coulombic efficiency increases to 98.7% after a few cycles
and remains greater than 99.5% thereafter, as reported in
Figure 7b. Galvanostatic charge/discharge curves at a 1C rate
for all the samples are reported in Figure 8. Differential curves
of the respective galvanostatic discharges are shown in Figure
S10. As we reported in our previous works,”*’ CV or
differential curves demonstrated the lithium insertion mecha-
nism and the high structural stability of the anodes. In a typical
CV curve’ performed at 0.1 mV s™', the main cathodic (~1.7
V) and anodic (~2.1 V) peaks correspond to lithium insertion
and extraction, respectively. The process is characterized by a
phase coexistence of tetragonal TiO, and orthorhombic
Li,TiO,.”***" The peaks are well defined and only ~5/10
mV shifts are observed for low doping concentration. Higher
concentration (10%) leads to a change in the charge/discharge
mechanism already after 50 cycles. Previous studies demon-
strated that the conductivity of Nb-doped TiO, could be tuned
by different doping concentrations, while the intercalation
reaction remains unaltered.'” The galvanostatic curves indicate
that the doping does affect not only the conductivity but also
the lithium insertion. For all the cases, the initial low
Coulombic efficiency is associated with irreversible phenomena
like Li trapping and side reactions and electrolyte decom-
position at the interface.”> At 0.1% at. doping, the electrodes
show the highest Li insertion capacity for the first cycle with a
very broad plateau. We suggest that the improved performance
is due to the higher conductivity, leading to an increased
charge transfer rate. In addition, the low doping concentration
seems to have no measurable effect on the reduction of the
available Ti** sites necessary for the Li insertion reaction.
These outcomes are in agreement with the electronic structure
analysis and the computational findings.

At 1.0% at. doping concentration, instead, the specific
capacity is lower than the one from the pristine material. The
sample doped at 10% at. shows even lower capacity and a
change in the shape of the potential profile. We believe that the
reduction in capacity is due to the substitution of the available
Ti*" reduction sites in agreement with the DFT calculations.
The higher doping concentration at 10% at. results in a
significant contribution of Nb in terms of redox activity and,
therefore, in the visible change in shape of the potential curve
with less extended plateaus. Finally, it is well known that the
crystal particle size has a strong impact on the Li insertion
behavior in the anatase lattice.*® In our materials, the increase
in Nb doping concentrations leads to an increase in the particle
size, which might negatively affect the kinetics of insertion or
intercalation reactions. The rate capabilities of the materials are
reported in Figure 9a, with the 0.1% at. Nb-doped TiO,
performing the best. The 0.1% at. doped electrode delivers
~120 mAh g™ at 10C and ~53 mAh g~' at the highest rate of
100C, i.e., only 4 s for a complete charge—discharge cycle. The
0.1% doping improves the conductivity of the material while
not affecting the lithium insertion. Already at 1.0%, we can see
a reduced specific capacity at a low rate with respect to the
undoped material, meaning that the niobium doping level
decreases the amount of lithium inserted in the structure.
However, the conductivity of the 1.0% material is higher than
the conductivity of the undoped. Thus, at higher rates, the
insertion process is less kinetically limited. It follows that
between 30C and S0C, the 1.0% material catches up with the
undoped material and eventually surpasses it. The reduction in
capacity for the 10% is too high to reach this “inversion point”
with the undoped. The capacity retention at 100C with respect
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Figure 8. Galvanostatic charge/discharge curves at 1C: (a) undoped TiO,, (b) 0.1% at. Nb, (c) 1.0% at. Nb, and (d) 10% at. doping.

to 1C is 26%, compared to the 14% for the undoped electrode
and the 28% of the 1% at. Nb doping. It confirms the increase
in conductivity due to the doping process and the improve-
ment in charge transfer kinetics in connection to the fast Li-ion
diffusion into the mesoporous bead’s morphology.

Based on these results, we decided to perform prolonged
cycling tests at a high rate for the 0.1 and 1.0% at. Nb-doped
samples. Typically, 2C and SC fast charging processes are
considered state of the art.”**° In Figure 8b, we report the
long-term behavior of the discharge capacity at 10C of the Nb-
doped electrodes, revealing an excellent stability for both
materials. The 0.1% at. Nb-doped TiO, results in better
performance both at slow and fast charging, exhibiting ~110
mAh g™ at 10C even after 1000 cycles. Considering the easy
synthesis, the cheap materials, and the great performance at a
high rate (10C), our results are highly promising and
competitive with similar anatase and rutile morphologies
reported in literature®™*” for fast-charging high-rate Li-ion
battery applications, as shown in Table 2. More importantly, as
the calculations suggested, there is a correlation between the
Fermi level of the Nb-doped anatase and the electrochemical
performance. Small doping levels enhance the metallic-like
character and, with that, the battery performance. These
findings point to a general prediction for all n-type (fluorine,
tantalum, molybdenum, etc.) doped anatase materials, opening
the possibility to tailor the amount of n-type doping necessary

for enhancing the electrochemical performance of the anatase-

type anodes.

B CONCLUSIONS

The present work reports a detailed study on the effect of Nb**
doping in anatase materials for high-rate Li-ion batteries. The
pentavalent donor-type doping plays a fundamental role in
increasing the electronic conductivity of the materials. The
sol—gel synthesis of Nb-doped microbeads allows the
formation of phase-pure doped anatase with spherical
morphology and high degree of mesoporosity. Computational
and experimental data demonstrate that a tailored amount
(from 0.1% up to 1.0%) of n-type doping enhances the metallic
character without interfering with the redox reaction of Ti*"/
Ti**. We demonstrated the correlation between niobium
doping and the Ti*" sites available for lithium intercalation.
The electrodes exhibit remarkable stability after prolonged
slow (1C) and fast (10C) cycling. The best performing Nb-
doped TiO, material has a Nb concentration of 0.1% at., which
results in high and reversible charge/discharge capacities of
180 mAh g~' at 1C (330 mA g') after S00 cycles and 110
mAh g™' at 10C (3300 mA g™') even after 1000 cycles. The
results underline the concrete possibility of using TiO,
materials for practical applications in fast-charging (up to
10C) Li-ion batteries. We believe that these results are
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applicable to other types of n-type dopants and, in general, for
anatase-type materials and that they can be of high interest for
battery applications.

B EXPERIMENTAL SECTION

Material Synthesis Process. Titanium(IV) isopropoxide (TIP)
(97 + %), ammonium hydroxide solution (30—33%), potassium
chloride (KCI) (99.99%, trace metal basis), 1-hexadecylamine (HDA)
(technical, 90%), and niobium(V) ethoxide (99.95%, trace metal
basis) were purchased from Sigma Aldrich and used as received. The
mesoporous anatase beads doped with Nb** were prepared according
to the procedure proposed by Chen et al.** and later optimized*** by
the controlled hydrolysis of TIP in a hydroalcoholic medium for 18 h
with HDA as a structure-directing agent and KCl to regulate ionic
strength followed by autoclaving at 160 °C in hydroalcoholic
ammonia for 16 h and calcining at 500 °C for 2 h in air of the
obtained solid. Niobium was, for the first time with this kind of
synthesis, introduced by substituting the appropriate amount of TIP
with niobium(V) ethoxide during the synthesis. In detail, 9 mL of TIP
(8.592 g, 30 mmol) was used for the pure TiO,. The necessary
amount of atomic doping (7.6 uL for the 0.1%, 76 uL for the 1%, and
760 uL for the 10%) was dispersed by ultrasonication in 1 mL of

absolute ethanol and mixed with the appropriate quantity of TIP
before the addition to hydroalcoholic HDA—KCIL

Structural and Morphological Characterization. Structural
analysis of the produced solids was performed by powder X-ray
diffraction (XRD) on a D8-Advance Bruker AXS diffractometer in a
scanning range of 10—80° using Cu Kal radiation having a
wavelength of 0.15406 nm. The angular range covered was 10—90°
(20), and the angular resolution was 0.001°. A 0.04 rad Soller slit, a 1°
divergence slit, and a 20 mm mask were used on the incident beam
path, while a 6.6 mm anti-scatter slit and a 0.04 rad collimator were
used on the diffracted beam path. The Rietveld analysis of the
obtained patterns was performed using the MAUD software
package.”® N2 adsorption and desorption isotherms were recorded
at =196 °C using a Micromeritics Tristar instrument. The pore
volume and pore size distribution were determined from the
adsorption isotherm and the BJH (Barret—Joyner—Halenda) method,
and the specific surface area was calculated by the BET (Brunauer—
Emmet—Teller) multipoint method. The morphology of the TiO,
beads was further investigated with a Hitachi SU82200 field emission
scanning electron microscope (FE-SEM). EDX analysis was
performed with a Hitachi SU82200 field emission scanning electron
microscope (FE-SEM). High-resolution transmission electron mi-
croscopy experiments (HRTEM) were performed using a JEOL
2100F operating at 200 kV with a point resolution of 1.9 A. Samples
were prepared by crushing powders in ethanol and deposited on a
holey carbon-filmed copper grid. Raman spectra were aquired using a
Dilor LabRam confocal Raman spectrometer equipped with a Peltier
cooled CCD. Spectra were recorded using a 633 nm incident laser, on
a 1800 groves/mm grating, three accumulations of 10 s acquisitions,
with the samples placed within a capillary tube.

Computational Methods. Density functional theory (DFT)
calculations were performed using the projector-augmented wave®’
method as implemented in the VASP*™* code. Initially, all
structures have been rendered to an energy minimum following a
full geometry optimization by means of GGA-PBE*® as exchange—
correlation functional with a plane-wave cutoff energy of 550 eV and
integration in reciprocal space considered only at the gamma-point.
Thereafter, the electronic structure has been obtained for each
compound using the hybrid functional HSE06™ with a higher plane-
wave cutoff energy of 600 eV. All the theoretical analysis has followed
this final calculation, e.g, electronic density of states, lithiation
voltages, etc. Moreover, spin polarization effects have been considered
in all computational steps.

The TiO, anatase has been modeled considering a § X § X 2
supercell with 100 Ti atoms and 200 O atoms. The 1.0% at. Nb-
doped sample is immediately obtained by a direct substitution of one
Ti by a Nb atom. However, for the 10% at. Nb-doped sample, a more
realistic structure can be obtained by using the special quasi-random
structure’’ method as implemented in the Quantum ATK Q-
2019.12% software. In view of the actual computational limitations,
the proper modeling of the 0.1% compound lies beyond traditional
DFT approaches. It would require a supercell with 1000 Ti atoms to
represent this dopant concentration. Therefore, this case is not
included in the ab initio modeling. In this approach, an evolutionary
algorithm is used to permute the position of the targeted atoms in
order to achieve a final configuration closer to the one of an ideal
random alloy. As a benchmark, Figure S1 shows the calculated
powder XRD of these structures. Additionally, the calculated band gap

Table 2. Comparison at High C Rates (1C and 10C) of Different TiO, Materials Reported in Literature”

material (TiO,) specific capacity at 1C (mAh g™') specific capacity at 10C (mAh g™') capacity retention (%) ref
NPs 170 115 ~83 (100 cycles at 1C) 38
NTs 220 100 ~93 (50 cycles at 1C) 39
porous core/shell particles 165 126 ~86 (100 cycles at 1C) 40
oxygen-deficient blue NPs 178 96 ~100 (10,000 cycles at SOC) 41
Cr/N-codoped MSs 200 127 ~100 (300 cycles at 5C) 42

“NPs, nanoparticles; NTs, nanotubes; and MSs, mesoporous microspheres.
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of 3.28 eV for the undoped anatase TiO, is here provided as
complementary information to be correlated with a widely accepted
experimental value of 3.2 eV.*>* For each compound, one Li atom
has been added afterward to obtain the lithiation potential (vs Li/Li"),
considering the scenarios where the Li uptake could happen closer or
farther from the doping sites on the Nb-doped phases, henceforth
denoted as Nb-rich and Nb-poor scenarios, respectively.

The lithiation voltage has been calculated by followin% the equation

. . . . i 56,3
in accordance with previous works in the literature:™”

E(Li, H) — E(Li, H) — (%, — %)E(Li)

X —

V(x) = -

X0

(3)

where H is the electrode material being lithiated and x, and x, are the
amounts of initial and added Li, respectively.

Electrode Preparation. The electrodes were prepared by mixing
the mesoporous anatase undoped and doped beads with Super P (Alfa
Aesar) and Kynar PVDF binder (Arkema) in NMP (N-methyl-2-
pyrrolidone, anhydrous, 99.5%, Sigma Aldrich) and finally depositing
the mixture on a copper current collector. First, mesoporous anatase
beads were mixed by ball milling at 10 Hz for 10 min in a ZrO,-
coated cup with ZrO, balls in a Retsch MM400 ball mill. The ball-
milled mixture was transferred to a glass vial, and Super-P and Kynar
5% (w/w) solution in NMP were added. The solution was stirred
overnight in a capped vial, forming a slurry having a weight ratio of
TiO,/Super-P/PVDF of 8:1:1. The slurry was coated onto a copper
foil through a TQC AB3400 motorized automatic film applicator. A
stainless-steel doctor blade (Wellcos Co.) was used to obtain a 150
pum-thick coating of the slurry. The electrode sheets were dried for 1
day under ambient conditions in a fume hood followed by drying in a
vacuum oven at 80 °C and 20 mbar for 2 h.

Electrochemical Analysis and Device Testing. The electro-
chemical response of the electrodes as anodes was tested in Li-ion half
cells. The electrodes (~10 mm diameter, 1.5 mg cm™ active material)
were transferred to a glovebox (H,O and O, less than 1 ppm) and
dried under vacuum at 80 °C in a Buchi oven. Coin cells were
assembled in an argon-filled glovebox using CR2032 housings. Glass
microfiber (Sigma Aldrich) was used as the separator, soaked with 30
UL of commercial electrolyte LP30 solution (Sigma Aldrich), while a
lithium metal disk was used as an anode (diameter, 11 mm; areal
density, 4 mg cm™?). Galvanostatic charge—discharge tests were
performed between 1 and 2.9 V using a Scribner 580 battery cycler.
EIS spectra were recorded with a Bio-Logic VMP-3 potentiostat
between 1 MHz and 100 mHz.
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