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Abstract: Because of the unique crystal framework, bronze TiO, (or TiO,(B)) is considered the
prospective choice for high-performance lithium-ion battery anodes. Nevertheless, TiO, (B) requires
efficient modification, e.g., suitable doping with other elements, to improve the electronic properties
and enhance the stability upon insertion/extraction of guest ions. However, due to the metastability
of TiO(B), doping is challenging. Herein, for the first time, TiO,(B) co-doped with Mn, F, and N
were synthesized through a successive method based on a hydrothermal technique. The prepared
doped TiO;(B) consists of ultrathin nanotubes (outer diameter of 10 nm, wall thickness of 2-3 nm)
and exhibits a highly porous structure (pore volume of up to 1 cm? g~—!) with a large specific surface
area near 200 m? g~ 1. The incorporation of Mn, F, and N into TiO,(B) expands its crystal lattice and
modifies its electronic structure. The band gap of TiO,(B) narrows from 3.14 to 2.18 eV upon Mn- and
N-doping and electronic conductivity improves more than 40 times. Doping with fluorine improves
the thermal stability of TiO,(B) and prevents its temperature-induced transformation into anatase. It
was found that the diffusivity of Li is about two times faster in doped TiO,(B). These properties make
Mn, F, and N co-doped TiO;(B) nanotubes promising for application as high-performance anodes in
advanced lithium-ion batteries. In particular, it possesses a good reversible capacity (231.5 mAh g_1
after 100 cycles at 70 mA g~!) and prominent rate capability (134 mAh g~! at 1500 mA g~!) in the
half-cell configuration. The (Mn, F, N)-doped TiO,(B) possesses a remarkable low-temperature Li
storage performance, keeping 70% of capacity at —20 °C and demonstrating potentialities to be
employed in full-cell configuration with LiMny Oy cathode delivering a reversible capacity of 123 and
79 mAh g~ ! at 35 and 1500 mA g~ !, respectively, at a voltage of ~2.5 V. This research underlies that
regulation of electronic and crystal structure is desired to uncover capabilities of nanoparticulate
TiO,(B) for electrochemical energy storage and conversion.

Keywords: TiO,(B); nonotubes; co-doping; electronic properties; lithium-ion batteries

1. Introduction

Titanium dioxide is characterized by unique physical and chemical properties along
with non-toxicity, abundance, environmental benignity, and economical production. TiOy,
first mass-produced a century ago, is considered to be an important substance for preparing
materials with valuable qualities to use in diversified areas of industry. Because of its white-
ness and brightness, TiO; is allowed as a pigment and gloss agent for paints, cosmetics,
hygienic products, foods, papers, plastics, pharmaceuticals, etc. [1,2]. Due to resistance to
ultraviolet radiation, titanium dioxide is applied as a UV filtering ingredient in sunscreens
protecting against the sun’s light that may affect a person’s skin [3,4]. Discovering the
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photoassisted electrolysis of water by TiO; resulted in its applications for the decontami-
nation of aqueous media via the degradation of organic wastes into harmless substances
and hydrogen generation through water splitting [5,6]. Over the past decades, TiO, has
been intensively studied to be used in a range of innovative technologies, including gas
sensors [7,8], biomedical applications [9,10], superhydrophilic surfaces [11,12], memory
devices [13,14], solar cells [15,16], dilute magnetic semiconductors [17,18], and metal-ion
batteries [19,20].

TiO; has thirteen polymorphic forms: rutile (tetragonal, P4, /mnm), anatase (tetrag-
onal, 14, /amd), brookite (orthorhombic, Pbca), bronze-type TiO,(B) (monoclinic, C2/m),
columbite-like TiO,(II) (orthorhombic, Pbcn), hollandite-structured TiO,(H) (tetragonal,
14/m), ramsdellite-type TiO,(R) (orthorhombic, Pbnm), TiO(OI) (orthorhombic, Pbca),
cotunnite-like TiO,(OII) (orthorhombic, Pnma), baddeleyite-like TiOp(MI) (monoclinic,

P2, /c), fluorite- (cubic, Fm3m) and pyrite-structured (cubic, Pa3) phases, tridymite-type
TiO, (hexagonal, P63/mmc) [21-24]. Nevertheless, at atmospheric pressure, titanium
dioxide can exist just in the first four crystalline polymorphs, whereas other ones are
high-pressure structures. Among these four phases, bronze TiO; is of most interest to the
battery’s application because of its structural singularities, such as reduced crystallographic
density and open-framework structure with channels in both b and ¢ directions providing
intercalation sites and facilitating diffusion paths (so-called pseudocapacitive (de-)insertion
behavior) [25-27]. The redox chemistry of TiO,(B) in lithium-ion batteries is based on a
(de-)intercalation mechanism and driven by a Ti** /Ti** couple operating at ~1.5 V [28].
When used as anode-active material the elevated operating potential of TiO,(B) decreases
the energy density of the battery as opposed to that based on conventional graphite (~0.1 V
vs. Li/Li* [29]). In contrast, carbonate-based electrolytes almost do not decompose at the
TiO,(B) surface (because its potential lies within their electrochemical window [29,30]),
which is critical for high-performance materials offering high current densities. In con-
trast to LigTisOq, (~1.55 V vs. Li/Li*), studied for the same reasons, TiO,(B) has almost
twice higher the lithium storage capacity of 335 mAh g~! [31]. Other materials based
on conversion and (de-)alloying reactions offering higher energy densities suffer from
dramatic volume changes upon (de-)lithiation (e.g., about 150, 300, and 400% for Sb, Sn,
and Si) and/or irreversibility (chemistry of conversion-type materials is changed during
initial lithiation), which limits their cyclic performance [32,33]. On the contrary, the volume
expansion of lithiated TiO; did not exceed 4% which is even less than for graphitic materials
(9-13%) [34,35]. Unfortunately, TiO,(B) which is an n-type semiconductor with a wide band
gap of 3.09-3.23 eV [36,37] possesses poor conductive properties.

The conductivity of TiO,(B) can be adjusted by doping with appropriate ions or
atoms. Additionally, doping can expand the crystal lattice of TiO,(B) reducing the volume
changes upon (de)insertion of lithium ions. However, due to its metastable nature and low
thermodynamically stable temperature, TiO,(B) doping is challenging and accompanied
by the formation of other phases (most often anatase) as undesirable by-products. For the
same reason (transition of bronze phase to anatase occurs at temperatures below 500 °C),
it is impossible to address the TiO,(B) conductivity issues through the construction of
carbon-coated composite structures (carbonization takes place at high temperatures around
700-900 °C) that is most often used strategy for electrode materials. The reported dopants,
which show a more or less favorable effect on the electrical conductivity and, hence, the
performance of TiO,(B) in lithium-ion batteries (LIBs), including Fe [38], Ca [39], Cu [40],
Ni [41], V [42], Co/V [43], P [44], N [45], N/B [46], Nb [47], C [48,49], and Na [50].

Besides the aforementioned, it is well recognized that the conductive properties
demonstrate the particle size-dependent behavior, hence, the control of morphology is
strongly required to obtain the high-performance TiO;(B) intercalation host for LIBs. Hy-
dro(solvo)thermal synthesis is a suitable method to prepare the nanocrystalline TiO,(B),
which allows modifying (doping or hybridization) it at a time via a one-step process [51-53].

Within the present study we have fabricated, for the first time, TiO»(B) co-doped with
Mn, F, and N having nanotubular morphology via a one-stage hydrothermal method. The
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synergistic effect of Min, F, and N doping increases the electronic conductivity and expands
the crystal lattice of TiOy(B). When tested as an anode for lithium-ion batteries, co-doped
TiO;(B) exhibit enhanced electrochemical performance with both improved cyclability and
rate capability.

2. Materials and Methods
2.1. Materials Synthesis

Mn, F, and N co-doped titanium dioxide structures were prepared by a successive
method involving hydrothermal treatment of precursors, cation exchange process, and cal-
cination. In a typical procedure, 0.4 g anatase with an average particle size of 15 nm (99.7%;
Alfa Aesar, Ward Hill, MA, USA), manganese(II) nitrate hexahydrate (Mn(NO3),-6H,0,
>99%; Unichim, St. Petersburg, Russia) and ammonium hydrogen fluoride (NH4HF,,
>98%, Unichim, Russia) in certain amounts were stirred together with 40 mL 14 M aqueous
solution of sodium hydroxide (NaOH, >99%, Ekos-1, Moscow, Russia) and transferred
into the 50 mL polytetrafluoroethylene autoclave. The reaction was carried out for 48 h at
160 °C. After cooling at room temperature, the precipitate (based on sodium titanate(s)) was
separated using an Eppendorf 5804R centrifuge. Then, the product was rinsed in 0.05 M
HNO; solution for a few days to rid of the Na™ ions through a cation-exchange reaction. At
last, the obtained Mn-, F-, and N-containing protonated titanate (single or polyphase) was
washed in deionized water until the neutral pH, dried, and heat treated at 350 °C for 3 h. To
examine the doping degree effect, manganese was added in the following concentrations:
2 at.% (TO-Mn/F/N-02), 4 at.% (TO-Mn/F/N-04), and 6 at.% (TO-Mn/F/N-06); where
TO is a short-term representation of TiO,. The fluorinating/nitriding agent was added in
excess amounts at a Mn to F ratio of 1 to 3. Undoped titanium dioxide was synthesized via
the same procedure but without Mn(NO3),-6H,O and NH4HF,.

2.2. Characterization

The morphology and composition of materials were observed by scanning electron mi-
croscopy (SEM) on a Thermofisher Helios 450S, high-resolution transmission (HRTEM) and
scanning transmission electron microscopy (STEM), and selected area electron diffraction
(SAED) on a Thermofisher Titan 60-300 coupled with energy-dispersive X-ray spectroscopy
(EDX) attachment. Electron energy loss spectroscopy (EELS) measurements were done
using Gatan Quantum 965. Low-temperature (77 K) nitrogen adsorption—desorption ex-
periments were carried out using a Quantachrome Autosorb iQ analyzer to estimate the
porosity and specific surface area of samples (using the non-local density functional theory
(NLDEFT)). The chemical state of elements was investigated by X-ray photoelectron spec-
troscopy (XPS) using a monochromatic MgK (hv = 1253.6 eV) X-ray source on a SPECS
spectrometer equipped with a Phobios-150 hemispherical energy analyzer. The binding
energies were determined by referencing XPS data to the C 1s emission of ubiquitous car-
bon contaminations at 285 eV. To analyze the phase composition of materials and changes
in the crystalline structure of phases, the X-ray powder diffraction studies (XRD, Rigaku
SmartLab) were performed using CuK« (A = 1.5418 A). Measurements were conducted
in the Bragg-Brentano geometry (6/20 mode) with 20 step of 0.01°. Diffrac EVA software
(ver. 6) from Bruker (Billerica, MA, USA) and PDF2 database (2015) were applied for
phase identification. To calculate lattice parameters the Rietveld method (in a 26 range
of 7-83°) was applied. For the refinement of structures, the JANA2006 program [54] was
used. The optical properties and changes in the electronic structure of materials were
studied using a Shimadzu UV2600 UV-vis spectrophotometer between the wavelengths
of 200 and 800 nm. BaSO,4 was applied as a reflectance standard. To detect and iden-
tify the paramagnetic species in materials electron paramagnetic resonance (EPR) studies
were conducted on a JEOL JES-X330 spectrometer in the X- and Q-band regions using
2.0 mW microwave power and 100 kHz modulation frequency. The integral intensities
and g-factors of the EPR lines were calibrated, respectively, by the integral intensity and
the value g =2.002293 + 0.000003 of the conduction electron spin resonance signal of Li
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nanoparticles in the reference LiF:Li sample. The conductivity was investigated using a
measuring complex from Solartron consisting of SI 1260 impedance/gain-phase analyzer
and a 1296 dielectric interface. Measurements were carried out in a frequency range of
1 Hz-20 MHz with an AC amplitude of 0.4 V. Fitting of impedance spectra was performed
using an equivalent electrical circuit (EEC) approach with Zview software (ver. 3.5 g) from
Scribner Associates (Southern Pines, NC, USA).

2.3. Electrochemical Measurements

The electrochemical performance of samples was examined using two-electrode El-
Cell ECC-STD laboratory cells and CR2025 coin-type cases in both half-cell and full-cell
configuration with metallic lithium or LiMn;O4 (Sigma-Aldrich, St. Louis, MO, USA),
respectively, as a counter/reference electrode. For cell assembly, an argon-filled dried
(O, H,O < 1 ppm) glove box from Vilitek (Moscow, Russia) was used. The electrode was
fabricated by the Doctor Blade method spreading a slurry composed of 87 wt.% TiO,(B) or
LiMn,Oy as an active material and 13 wt.% Tuball Bat NMP (0.4%; OCSiAl, Russia) as a
conductive/binder agent in 1-Methyl-2-pyrrolidinone on a copper or aluminium foil. After
drying the electrode was pressed at 800 kg cm 2 and treated under vacuum at 110 °C for
12 h. The electrode mass loading in the range of 24 mg cm 2 was achieved. The mass
of anode to cathode in TiO,(B)/LiMn,O4 full-cell was balanced at a ratio of 1:1.5. The
electrolyte was a 1 M LiPFg solution in a mixture (1:1 by volume) of ethylene carbonate and
dimethyl carbonate (Merck, Rahway, NJ, USA) for experiments under ambient conditions
or 1 M solution of LiClO4 in the mixture (84:16, vol. ratio) of propylene carbonate and
1,2-dimethoxyethane (Ekotekh, Chernogolovka, Russia) for low-temperature tests. Celgard
2325 microporous triple-layer membrane was used as a separator. Electrochemical char-
acterization was carried out using a Solartron 1400 system within the potential range of
1-3 V (TiOy(B)) or 3-4.5 V (LiMnyOy) in the half-cell configuration and 2.1-2.9 V in the
full-cell assembly. Cyclic voltammograms (CV) were registered at a potential scan rate of
0.1 mV s~!. Charge/discharge tests were conducted in a galvanostatic mode at different
current densities. In the case of half-cell assembly, during the discussions, the charge
designates a lithiation process, while the discharge implies delithiation. Electrochemical
impedance spectra (EIS) were collected with an AC amplitude of 10 mV over the frequency
range of 1 MHz to 0.1 Hz. At least four cells were applied for each test.

3. Results and Discussion

Due to the same synthesis conditions, the morphology of all obtained materials is
similar. Figure 1(a,a*) depict the SEM micrographs of TO-Mn/F/N-04 as an example. For
other samples, these data are presented in the Supplementary Materials in Figure S1. From
SEM-imaging the prepared products possess a multimodal dispersion and uniformity of
particle size distribution which are valuable parameters for functional materials, includ-
ing electrodes for batteries. They consist of one-dimensional (1D) elongated cylindrical
nanoobijects. Under deeper insight using STEM-mode (Figure 1b), it can be seen that these
objects are nanotubes. The diameter of tubes is around 10 nm and the length could be up
to several hundred nanometers. The nanotube’s wall thickness was measured as 2-3 nm.
In general, hollow nanostructures provide benefits for the transfer of charge carriers or
transportation of substances, e.g., drugs.
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Figure 1. Morphology and elemental analysis for Mn, F, N co-doped TiO,: (a,a*) SEM- and (b) STEM-
images of the TO-Mn/F/N-04 sample, (c) EDX-spectrum and (d—i) elemental mapping for the
TO-Mn/F/N-02.

Figure 1c depicts the EDX-spectrum for the TO-Mn/F/N-02 sample and chemical
composition mapping is shown in Figure 1d—i. The EDX analysis results are evidencing the
presence of Ti, O, Mn, F, and N and their homogeneous distribution across the bunch of
nanotubes. The corresponding Mn to Ti atomic ratio can be determined as 0.016.

HRTEM imaging and SAED experiments confirmed the TiO,(B) structure in the ex-
amined samples. Figure 2a shows a bunch of nanotubes where different lattice spacings
could be resolved. Most of them are in good agreement with theoretical ones for TiO,(B)
and it is shown in more detail in Figure S2. The electron diffraction pattern for this area
(Figure 2b) reveals a number of reflections which could be associated with the TiO,(B)
phase. However, some observed spacings may also belong to the anatase phase (marked
with *). To clarify this point, we have found a well-oriented nanocrystal (Figure 2c). This
nanocrystal’s structure can be uniquely determined as a monoclinic TiO,(B) phase (PDF
No. 46-1238) because it has a specific period dgg; = 0.62 nm. Figure 2d shows a Fourier
transform of image Figure 2c.

For advanced phase analysis of the materials, the Ti L, 3 edges EELS spectra were
studied, as shown in Figure S3 for the TO-Mn/F/N-04 sample as an example. The data
clearly identify reflections of the bronze TiO, phase [55] in the Ti edge EELS.

In order to evaluate the texture of the studied materials, N, adsorption—desorption
tests were carried out. It is established that the type IV isotherms with H3 hysteresis loops
(Figure 3) are observed for all prepared products, indicating their porous structure.
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Figure 2. (a) HRTEM-image of several TiO; nanotubes. (b) The electron diffraction pattern identifying
bronze titania. (c) The magnified region of HRTEM-image shows the nanocrystal oriented in [—110]
zone axis and (d) the corresponding Fast Fourier Transform image.
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Figure 3. Nitrogen adsorption—desorption isotherms and pore size distribution curves (inset) for the
undoped and Mn, F, N co-doped TiO; structures (the filled and open symbols represent, respectively,
the adsorption and desorption data).

The pore size distribution curves (Figure 3, inset) show a wide range of pore sizes
with maximums near 35-36 nm. From the NLDFT calculations, the total pore volume for
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materials can be regarded as 0.87-0.99 cm? g1, as listed in Table S1. The specific surface
area estimation by NLDFT presents that (Mn, F, N)-doped samples exhibit larger values as
compared to undoped ones (Table S1). Indeed, this parameter is 145.6 m? g~ for undoped
TO,, whereas TO-Mn/F/N-02, TO-Mn/F/N-04, and TO-Mn/F/N-06 samples exhibited
197.7,188.9, and 203.0 m? g, respectively. The observed phenomenon agrees with that
from the literature [56,57] and suggests that dopants have an inhibiting effect on the growth
of TiO; crystallites. It should be pointed out that an increase in the concentration of dopants
insignificantly influenced texture.

Next, XPS studies were performed to identify the chemical composition of (Mn, F,
N)-doped TiO, (TO-Mn/F/N-06 product). As can be seen in Figure 4a, there are distin-
guishable peaks for titanium, oxygen, manganese, and fluorine in the XPS survey spectrum.
Besides, carbon in aliphatic and oxidized states was found on the material surface. These
results agree with the EDX findings.

(a)
C1s
«
{ |
T | T ] = & J & @ ] % & ] I I
750 600 450 300 150 0 662 656 650 644 638
’:_? Ti2p __~»458.7 eV (b) ;.\ F1s (e)
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= Ti 2py, Ti 2p, =
‘0 ‘0
{ ) C
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Figure 4. (a) XPS survey spectrum and corresponding high-resolution scans of the (b) Ti 2p, (c) O 1s,
(d) Mn 2p, (e) F 1s, and (f) N 1s peaks for the TO-Mn/F/N-06 sample.

Figure 4b shows the Ti 2p core level that is split into a doublet of 2p3,, and 2p; /5. Two
components were identified through deconvolution suggesting several different oxidation
states of titanium: dominating Ti** at a binding energy (Ti 2p3,2) of 458.7 eV and Ti**
situated at E,,(Ti 2p3/,) = 456.5 eV. The existence of Ti with a valence of +3 in the TO-
Mn/F/N-06 can be explained by an incorporation of F~ anions into the TiO, oxygen
sublattice during doping. The deconvolution of O 1s XPS spectrum (Figure 4c) shows the
intensive peak centered at 529.6 eV due to O?>~ in the TiO; lattice and the contribution at
a higher binding energy of 531.2 eV resulted from oxygen forming a double bond with
carbon (i.e.,, amides, esters, and carboxyl moieties) [58,59]. The Mn 2p XPS spectrum
(Figure 4d) is split due to spin—orbit coupling into a 2p; /,—2p3,> doublet. The computation
reveals components with binding energies (Mn 2p3,;) of 641.6 eV (manganese in the +3
oxidation state [57]) and 643.8 eV (tetravalent manganese [60]). The F 1s line (Figure 4e)
is divided into two peaks. The contribution at 683.9 eV is associated with fluorine anions
adsorbed physically on the material surface, whereas the component at 688.6 eV indicates
the substitution of F~ for O?~ in the TiO, lattice due to which nonstoichiometric solid
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solution is formed [61,62]. Treatment with a help of ammonium fluorides (NH4F, NH4HF;)
is a recognized route for materials fluorination. At the same time, as reported in [45], NH4F
or NH4HF, can serve as a source of nitrogen for preparing F and N co-doped titanium
dioxide. The profound insight shows that nitrogen exists in the analyzed sample. Figure 4f
demonstrates the N 1s XPS peak located at 400.1 eV. Based on the literature [63,64], it can be
concluded that nitrogen occupies an interstitial position in the TiO, crystal lattice forming
NOy species. Table S2 summarizes the positions and relative atomic percentages for the
interpreted components.

In the XRD patterns of undoped and Mn, F, N co-doped TiO, (Figure 5) a broadening
of peaks is observed suggesting crystallites with nanoscopic dimensions. All considered
samples contained two phases of titanium dioxide. Most of the reflections refer to the
bronze titanium dioxide having a monoclinic structure with a C2/m space group (PDF No.
46-1238), whereas other ones belong to the anatase modification (PDF No. 73-1764).

—— experimental —— calculated —— difference

TO-Mn/F/N-06
R, = 0.0052

R,, = 0.0069
GOF = 0.94

TO-Mn/FIN-04
R, = 0.0054
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28 (%)

Figure 5. XRD patterns and Rietveld refinement results for the unmodified TiO,, TO-Mn/F/N-02,
TO-Mn/F/N-04, and TO-Mn/F/N-06 samples.

The bronze TiO; is a metastable phase and under heat treatment can be easily con-
verted to anatase [65]. The temperature of TiO,(B) to anatase phase transformation depends
on several factors [66-69], including shape and dimensions of particles, and porosity, which
are determined by the methodology of synthetic procedure (e.g., pressure, temperature,
and process duration, pH of the medium, etc. in case of hydro- or solvothermal method).
Herein, it was found that the synthesis of manganese-containing TiO, in absence of ammo-
nium hydrofluoride leads to the predominance of anatase in the composition of products
(Figure S4). It is known that the phase transformations in titanium dioxide can be pro-
moted/inhibited by the incorporation of impurities changing the diffusion mobility of ions
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in the lattice. E.g., as reported in [70] doping with 1, 5, and 10 at.% manganese decreases the
temperature of anatase to rutile transition by 50, 100, and 200 °C, respectively. Similar data
are presented in [71-73] indicating the promotion effect of Mn on phase transition kinetics.
The phase transformation is a result of a substitution of Ti** ions within the TiO,(B) lattice
by Mn species with a smaller oxidation state, i.e., Mn3* ions, as found by XPS (Figure 4d).
Indeed, in such a scenario, in order to maintain charge neutrality, the doubly positively
charged oxygen vacancies (so-called F>*-centers) would be formed in the crystal structure
(Equation (1), hereinafter Kroger-Vink notation is used), allowing the TiO,(B) to anatase
phase transition at lower temperatures.

Mn,O5 -3 2Mnly; + V2* +30,, )

here the defect equilibria are achieved because of doubly positively charged oxygen vacancy
V¢ compensate two Mn; (Mn replacing Ti in its lattice site) defects with a single negative
charge.

At the same time, as known doping the oxygen-deficient structures with fluorine
frequently occurs through the annihilation of vacancies in the anionic sublattice (Equa-
tion (2)) [74]. The annihilation of such type of defects in the titanium dioxide is accompanied
by changing the oxidation state of titanium (and/or manganese in our case) in the cation
sublattice [75].

Ve* +Fo+2¢/ — B +e. 2)

Besides the abovementioned, or in the case of elimination (completely “healing”) of
oxygen vacancies, another outcome is possible: substitution of lattice O~ ions by F~
species with a compensative (according to the electroneutrality principle) formation of Ti**
defect states [74,75].

Concerning anatase both these mechanisms stabilize it, inhibiting transformation
into rutile induced by the thermal treatment [75]. As seems, these effects may inhibit
TiOy(B)—anatase phase transition in the case of Mn-, F-, and N-containing samples studied
in this work.

Lastly, as it was found in [76], the modification of titanium dioxide by fluorine through
a way that is not associated with its incorporation in the crystal lattice, namely if F~ ions
are physically adsorbed at the surface, also influences thermal stability of anatase and
dynamics of its transformation into rutile.

Riveted refinement data (Table S3) indicates the changes in lattice constants of both
TiO;(B) and anatase phases when co-doped with (Mn, E N). The calculated values of corre-
sponding unit cell volumes demonstrate an increase of up to ~1.5% for modified samples
as compared to the undoped ones. When in an octahedral environment, the ionic radius
of Mn** (0.58 A) is lesser than that of Ti** (0.605 A). The radius of six-fold coordinated
Mn3* ion in the high-spin and low-spin states equals 0.645 or 0.58 A, respectively. Because
oxygen is a weak field ligand, the high-spin state can be predicted for trivalent manganese.
The fluoride ion (1.3 A) in a three-fold octahedral coordination geometry is smaller by 4.6%
than the oxygen anion (1.36 A). However, as mentioned above, fluorine incorporation into
the TiO, lattice results in the appearance of Ti®* with an ionic radius of 0.67 A (coordina-
tion number-6). The interstitial doping mechanism suggests a formation of NO, or NH,
species at the interstitial sites within the TiO; lattice [75,77], which could cause its expan-
sion. As opposed to substitutional nitrogen-doping (replacement of O~ by N3~ anions
with a formation of vacancy-type defects in the oxygen sublattice), the interstitial type
may be preferable in terms of stability of crystal framework due to slowing down of the
temperature-induced dynamics of lattice and its evolution across the transition [75]. Thus,
the observed distortions of TiO,(B) and anatase crystal lattices can be explained by a combi-
nation of factors, including the incorporation of Mn**/Mn** cations into the Ti** positions,
F~ anions into the sites of oxygen vacancies or/and lattice O>~, and nitrogen species into
interstitials. On top of everything else, it should be pointed out that no other phases were
detected in the XRD patterns of samples containing 2 at.% (TO-Mn/F/N-02) and 4 at.%
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(TO-Mn/F/N-04) manganese, confirming the successful dissolution of Mn3* /Mn** ions in
the titanium dioxide structure with a formation of substitutional solid solutions. Traces of
MnO; were found in the TO-Mn/F/N-06 sample.

Figure 6a represents the UV-vis diffuse reflectance spectra of analyzed materials. It
can be clearly seen that as compared to the undoped TiO, the modified products absorb
electromagnetic irradiation more intensively in both ultraviolet and visible regions. Besides,
it is obvious that TO-Mn/F/N-02, TO-Mn/F/N-04, and TO-Mn/F/N-06 have an identical
mechanism of optical activity. The improvement of light absorption properties correlates
with a concentration of dopants. Furthermore, an analysis shows that (Mn, F, N) co-
doping in titanium dioxide shifts the absorption edge to higher wavelengths (so-called
redshift effect) indicating modification of the electronic band structure. Applying Kubelka—
Munk theory (putting F(R ) instead of «) to the Tauc relation (Equation (3)) for allowed
indirect transitions (y = 2), the (F(Roo)-hv)1/2 against hv dependences were further plotted
(Figure 6b). The band gaps of analyzed products can be identified by points of intersection
of the tangent lines and the horizontal axis, as shown in these graphs. Table S1 lists the
band gaps of analyzed materials obtained by this technique. The E, for undoped TiO, has
been estimated as 3.14 eV which is consistent with the literature data on bronze titanium
dioxide [36,37]. At the same time, co-doping TiO, decreases the band gap energy to 2.93,
2.69, and 2.18 eV with an increase in the Mn, F, and N content. It should be pointed out that
doping degree has an influence on the color of products (inset in Figure 6b), which changes
from white (undoped TiO,) to light grey (TO-Mn/F/N-02), grey (TO-Mn/F/N-04), and
grey-brown (TO-Mn/F/N-06).

(a-h)Y7 = A(hv — Eg), 3)
where « is the absorption coefficient, hv is the photon’s energy, F(R,,) = (1 — Rm)2 /2R is

the Kubelka—Munk function, Re is the reflectivity, A is the constant called the band tailing
parameter.
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Figure 6. (a) UV-Vis diffuse reflectance spectra and (b) corresponding (F(Roo)-h)V/2 vs. hv plots of
unmodified TiO,, TO-Mn/F/N-02, TO-Mn/F/N-04, and TO-Mn/F/N-06 samples. The insets show
photos of the analyzed powder products.

The observed effects can be explained by the appearing impurity and defect energy
levels between valence and conduction bands of titanium dioxide. Indeed, manganese
depending on the oxidation state can tend to generate localized electronic levels with
different positions (energies) closer to the middle of the band gap [78]. In the diffuse
reflectance spectra of (Mn, F, N)-containing materials absorption band in the region of
520-650 nm, becoming intense through doping, is assigned to 5T2g ¢ 2E, transition in Mn®*
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ions with six-fold coordination [79,80]. The absorption band of Mn** in an octahedral envi-
ronment (wavelengths up to 480 nm) lies within the region of the fundamental absorption
of TiO, [81]. The thorough observations allow us to distinguish the shoulder near 420 nm
in analyzed UV-Vis spectra. For illustrative purposes, the registered diffuse reflectance
spectra are represented as Kubelka-Munk function against wavelength plots, as displayed
in Figure S5a. Doping with nitrogen is accompanied by the appearance of N 2p states above
the valence band (O 2p): in the case of interstitial N-higher by 0.73 eV [63]. According
to [82] in UV-Vis spectra of N-doped titanium dioxide the absorption bands at 400-550 nm
are assigned to the nitrogen within the lattice. At the same time in analyzed TiO,(B)-based
products this region corresponds also to the bands of Mn** ions. The 2p energy level of
fluorine lies below O 2p (by 1.19 eV [83]), hence it has no response in the UV-Vis spectra. In
contrast, as mentioned above, the incorporation of a fluorine atom into the crystal lattice of
titanium dioxide donates one extra (with respect to lattice oxygen or V¢*) electron, which is
expected to localize in the 3d orbitals of the Ti atom forming Ti** defect states. The energy
level related to Ti** is located at 0.82 eV below the conduction band [84], i.e., it lies within
the band gap of TiO,. To investigate the effect of fluorine and nitrogen on the electronic
properties of analyzed materials, (F, N) co-doped titanium dioxide was synthesized and
studied by UV-Vis spectroscopy (Figure S5b). As can be seen, E; narrowed to 3.07 eV
due to doping indicating F and/or N participation in tuning the electronic structure of
(Mn, F, N) co-doped TiO,(B). It should be noted that in overall the absorption profile of
(F, N)-doped titanium dioxide (insert in Figure S5b) agrees with the literature ones for
nitrogen-containing products [84,85]. The obtained results did not allow us to declare
the predominance effect of nitrogen or fluorine on the electronic properties of studied (F,
N) co-doped TiOy(B) and deeper insight is required in further work. Lastly, it should be
mentioned that due to appearance of oxygen vacancies caused by charge compensation
mechanisms in doped titanium dioxide (TiO,_s), as discussed ahead, the localized energy
states at 0.75-1.18 eV below the conduction band [86,87] would be generated modifying
electronic band structure.

To reveal and study the paramagnetic centers existing in the analyzed materials based
on TiO,(B) the EPR investigations have been carried out. X-band EPR spectra of the
TO-Mn/F/N-04 sample at 24, —80 and —160 °C are presented in Figure 7a. At room
temperature, the spectra contain an intense resonance band with the value of g-factor ~2.00,
which exhibits a feebly pronounced sextet structure, and two low-intensity resonances
with the g-factors being equal to ~5.27 and ~4.32. As the temperature decreases, the
intensities of all EPR lines increase, while their characteristic features remain and become
more pronounced. The component of the spectrum with g ~2.00, taking into account its
sextet structure, can be assigned to paramagnetic manganese ions. As far as Mn®* centers
are not detected by the EPR method down to liquid helium temperatures due to the short
spin-lattice relaxation times, it can be attributed to Mn?* and/or Mn** ions. Moreover,
the better resolution of the sextet structure in the Q-band (Figure S6a) indicates that it
does not represent a superposition of resonances on these ions, but it is a resonance on
one of them only. A clue to understanding the nature of the considered component of the
spectrum is the average value of the peak-to-peak intervals of the sextet structure. The
value of this parameter determined from the spectra measured in the Q-band (Figure S6a)
is 8.96 mT. It is typical of the value of hyperfine structure constant of the EPR spectra of
compounds containing Mn?* ions in oxygen octahedra [88,89] and is noticeably larger
than the average value of the same parameter for the EPR spectra of Mn** ions in the
same crystal fields [89-92]. An acceptable approximation of the experimental Q-band EPR
spectrum of the TO-Mn/F/N-04 sample at room temperature is possible by the sum of the
spectrum with a sextet structure and the broad line with a Gaussian contour (Figure Sé6a).
The second component of the spectrum can belong to manganese ions located in interstitial
(non-lattice) positions. It can also belong to the “islands” of manganese oxide (MnO) on
the surfaces and/or in the cavities of tubular TiO,(B) particles. The resonance with g
~4.32 is characteristic of ions with 3d® configuration in crystal fields with a strong rhombic
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component [93,94]. Therefore, a low-intensity resonance with this value of g-factor can
result from both Mn?* and Fe®* ions. However, taking into account its width of ~8.5 mT
(Figure S6b), which is significantly below the expected value (~45 mT) for the sextet of
Mn?* ions, it should be considered as a resonance exactly on Fe3* ions, which, apparently,
enter the samples in trace amounts from their precursors. Note that it is also present
in the spectrum of undoped TiO;(B) (Figure Sé6c). To comprehend the origin of another
low-intensity resonance with g~5.27, we have calculated the EPR spectra of the Mn** ion
in a crystal field with strong rhombic distortion (Figure S6d), using the spin Hamiltonian
parameters given in Table 54. The theoretical spectrum contains three sextets with g-factors
being equal to 1.46, 2.00 and 5.46. For the low-field sextet the g-factor and width (~55 mT)
are close to the values of the same parameters of the corresponding component of the
experimental spectrum (~52 mT). Consequently, a small part of the manganese ions in the
samples is in the +4 oxidation state. It is worth noticing that the EPR spectra of doped
products do not contain resonances on electrons localized in oxygen vacancies, as well
as resonances on Ti** ions. Taking into account the narrowing of the band gap due to
co-doping (F, N) (Figure S5b), the above confirms the effect of nitrogen impurity on the
electronic properties of TiO,(B).

The enhancement in conductive properties due to doping is confirmed by impedance
measurements illustrated in Figure 7b.
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Figure 7. (a) X-band EPR spectra of (Mn, F, N) co-doped TiO,(B) at different temperatures and (b)
Impedance spectra of undoped TiO,, TO-Mn/F/N-02, TO-Mn/F/N-04, and TO-Mn/F/N-06 samples
with corresponding fitting curves.

The registered spectra represented as Nyquist plots have a typical form: a semicircle
located in the high-frequency region of the spectrum (from 0.8 kHz—4 MHz to 8 kHz-5 MHz)
and a straight line in the rest of the low-frequency range that does not intersect the real
impedance axis. Such spectra as a whole demonstrate both the presence of kinetic control
and a diffusion-controlled region. The bulk resistance was calculated in a certain frequency
range of each sample impedance spectrum (zoom-in view of spectra is shown in Figure S7;
calculated EIS parameters are summarized in Table S5) using the EEC displayed in the inset
of Figure S7. The applied EEC involves the following elements: R, including the resistance
of lead wires—assuming that both contacts are of identical nature (may include capacitance,
inductance)-and appearing when analyzing the impedance of low-resistance materials; R},
and Cg corresponding to the resistance and geometric capacitance of the sample; Rt and
Cgq; associating with the resistance to charge transfer and capacitance of the electrical double
layer, which represent the processes occurring at the electrode/sample interface and related
with the redistribution of charge near the interface. The calculated values of conductivity
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for unmodified TiO,, TO-Mn/F/N-02, TO-Mn/F/N-04, and TO-Mn/F/N-06 samples were
as follows: 2.9 x 1077,2.3 x 107%,5.7 x 107°, and 4.0 x 107 S cm~! (Table S1) Hence,
in general, there is a clear tendency for the samples to increase the conductive properties
due to doping. As can be seen from the data, the maximum decrease in resistance was
recorded for TO-Mn/F/N-04 material that has a conductivity of more than 40 times higher
in comparison with undoped TiO,.

Figure 8a depicts charge/discharge profiles of the first cycle at a current density
of 70 mA g~! for unmodified and (Mn, F, N) co-doped TiO, samples in the half-cell
configuration.
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Figure 8. (a) Charge/discharge profiles of the first cycle and (b) subsequent cycling at 70 mA g~
for undoped TiO, and TO-Mn/F/N-04 material, (¢) CV curves for TO-Mn/F/N-02 electrode at a
scan rate of 0.1 mV s, (d) rate capability at different current densities of unmodified and (Mn, F, N)
co-doped TiO; (TO-Mn/F/N-04 sample) in the half-cell configuration.

As can be seen, the curves contain voltage regions with a slope during charging and
discharging at the potentials of approximately 1.5 and 1.6 V, respectively, which is typical
for TiO,(B), lithiation and delithiation which can be expressed as follows:

TiO2(B) + nLi™ +ne™ < Li, TiO»(B) 4)
where 7 is the number of electrons transferred in the redox process (n = 1.01 for nanocrys-
talline TiO,(B) [80]).
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Upon initial charge (lithiation of TiO,) the electrodes yield the following specific ca-
pacities: 341 mAh g~! (undoped product), 369 mAh g~! (TO-Mn/F/N-02), 358 mAh g~!
(TO-Mn/F/N-04), and 374 mAh g~ (TO-Mn/F/N-06). The obtained values exceed the the-
oretical capacity of titanium dioxide (335 mAh g~!). This phenomenon has been repeatedly
noted in the literature for LIBs anodes based on TiO, nanomaterials having a large specific
surface area. As reported in [95,96], this is due to decomposition reactions of lithium-ion
battery electrolyte (at the potentials near 1 V [97,98]) resulting in the formation of a solid
electrolyte interphase layer at the electrode surface. The first cycle discharge (delithiation)
capacity for undoped TiO is equal to 217 mAh g~ ! corresponding to the extraction of about
0.65 lithium ion per formula unit. The TO-Mn/F/N-02, TO-Mn/F/N-04, and TO-Mn/F/N-
06 electrodes during initial discharge deliver a capacity of 228 mAh g~! (extraction of
around 0.68 Li*), 244 mAh g~! (0.73 Li*), and 237 mAh g~! (0.71 Li*), respectively. Among
the studied materials, TO-Mn/F/N-04 shows the best efficiency during the first cycle of
approximately 68.2%. It should be noted that for modified materials the smaller hysteresis
(voltage gap) between charge and discharge voltage profiles is detected. This indicates
an improved carrier transport properties due to high specific surface area and porosity,
changes in the crystal and electronic structure. Figure 8b shows the varying of capacity
during the subsequent cycling for undoped titanium dioxide and (Mn, F, N) co-doped TiO,
(TO-Mn/F/N-04 sample). The data represent that (Mn, F, N)-containing TiO, maintains a
capacity of 231.5 mAh g~ ! after 100 charge/discharge cycles with a Coulombic efficiency
of 99.6%. This corresponds to the capacity retention of almost 95%. By the way, the major
capacity loss occurs during the initial 5-7 cycles. The drop in capacity is calculated as
0.009 mAh g~! per cycle between 7 and100 cycles for the TO-Mn/F/N-04 electrode. The
unmodified titanium dioxide realizes the capacity of 194 mAh g~! after 100 cycles with
the retention of about 90%. The obtained data indicate that doping enhances the lithium
insertion/extraction ability of TiO,(B). The cycling performance for TO-Mn/F/N-02 and
TO-Mn/F/N-06 electrodes is illustrated in Figure S8a.

Cyclic voltammetry studies in the half-cell assembly were carried out to visualize the
mechanism of reduction/oxidation of TiO, co-doped with manganese, fluorine, and nitro-
gen. CV curves registered between the 2nd and the 5th cycles at a scan rate of 0.1 mV s~ !
for the TO-Mn/F/N-02 are represented in Figure 8c. The voltammograms exhibited peaks
near 1.47 and 1.55 V at the cathodic region and around 1.59 and 1.66 V at the anodic branch.
These maxima (so-called S-peaks) are characteristic of the lithiation/delithiation of bronze
TiO, [26]. Remarkably, S-peaks possess a high symmetry and starting from the 4th cycle
almost overlap with each other representing that this electrochemical reaction is highly
reversible. Slight irreversible losses which occur within 2nd and 3rd cycles can be asso-
ciated with lithium trapped in the material (not extracted) and/or continuing formation
(evolution) of the solid electrolyte interphase layer. Besides S-peaks, it is observed a ca-
thodic maximum at around 1.7 V and a weak shoulder in the anodic region near 2 V in the
CV curves. These peaks correspond to the reduction/oxidation of anatase (A-peaks) [99].
Besides S-peaks, a cathodic maximum at around 1.7 V and a weak shoulder in the anodic
region near 2 V are observed in CV curves which correspond to the reduction/oxidation of
anatase (A-peaks). No other redox peaks were observed in the CVs indicating that except
Ti** /Ti** no other redox couple is involved.

The rate capability of unmodified and (Mn, E N) co-doped TiO, materials were tested
in the half-cell configuration by charge/discharge at various current loads of 150, 350, 750,
and 1500 mA g~! for every five cycles (Figures 8d and S7a). Before these tests, the activation
at70 mA g~ ! for the initial fifteen cycles was performed. As observed, doping improves the
rate performance of bronze titanium dioxide. Indeed, the reversible capacities of about 214,
196, 178, and 134 mAh g’l were obtained at 150, 350, 750, and 1500 mA g’l, respectively,
for the TO-Mn/F/N-04 electrode. Whereas, undoped TiO, delivered the capacities of 180,
161, 138, and 89 mAh g~ ! at the same current densities. Notably, no obvious capacity
loss is detected for samples when a current load was returned to 70 mA g~ ! after the rate
experiments due to the favorable features of the tubular nanostructures. The difference
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in rate capability of analyzed electrodes can be revealed obviously from the capacity
retention against the applied current density plot (Figure S8b). As viewed from these
data, the capacity retention of TO-Mn/F/N-04 material is about 57.5% for the discharge
between 70 and 1500 mA g~ !, while it is only 44.3% for unmodified TiO,. Thus, doping
increases the tolerance of TiO,(B) to current loads. As seems it could be due to enhanced
conductive properties of doped TiO,(B). Table S6 represents the electrochemical parameters
of previously reported LIBs anodes based on doped bronze TiO, as compared to that
for (Mn, F, N)-containing TiOy(B) [38—48]. The results show that nanotubular (Mn, F, N)
co-doped TiO(B) is not inferior to others of the same type.

In order to understand the mechanism of improved electrochemical performances
of the co-doped TiO,(B) nanotubes, EIS experiments were carried out in the half-cell
configuration for electrodes based on undoped TiO, and TO-Mn/F/N-04 sample, as shown
in Figure 9. The spectra were collected at the potential of 3 V of the first charge (prior
cycling). As can be seen from obtained data, the impedance spectra in Nyquist coordinates
of both electrodes show depressed paired semicircles at the high and middle frequencies
representing information about the solid electrolyte interphase layer and charge transfer
process. The low-frequency region of spectra is represented by an arc with a slope exceeding
45°, which characterizes the diffusion-controlled process. The spectra were fitted using
an equivalent electrical circuit (inset of Figure 9) composed of the ohmic resistance of cell
(Rs), ionic resistance (R¢) and geometrical capacitance (C¢) of the SEI film, charge-transfer
resistance (Rct) and double layer capacitance (Cq;), Warburg impedance (Zyy) associated
with the diffusion of lithium ions. The results of fitting are presented in Table S7. The
data indicate that in comparison with TO-Mn/F/N-04 electrode undoped TiO, has higher
Rs and Rc; due to the poorer conductivity and the smaller R¢ because of lower specific
surface area. To understand the effects of TiO,(B) doping on Li* diffusion kinetics, the
low-frequency region of spectra was next analyzed. To determine the lithium diffusion
coefficients (Dy;) for studied samples the following equation was used:

Dyi = R*T?/28*n* F*Cfjo3y (5)

where R is the gas constant (8.31 ] K~! mol~!); S is the electrode surface area (0.50 cm?); T
is the absolute temperature (298.15 K); F is the Faraday constant (96,485.33 C mol~1); Cy; is
the concentration of lithium in the TiO»(B) (1.39-10~3 mol cm3); oy is the Warburg factor
(ow = dZ’/dw~1/2), which can be estimated from the slope of the linear fitting of Z’ vs.
w~1/2 plots (inset of Figure 9).

The calculated lithium diffusion coefficients were 1.0 x 10~ and 2.1 x 10~ em? s~
for undoped TiO, and TO-Mn/F/N-04 electrodes, respectively, which are close to the values
reported by other authors [40,100]. It is seen that doping is accompanied by facilitating
and fastening the charge carriers’ diffusion, probably, due to structural changes in TiO,(B)
lattice. The observed effects can serve as another reason for the improved electrochemical
behavior of doped samples.

Because of TiO,-based materials owing capability to use for both high-rate and low-
temperature LIBs the performance of Mn, F, N co-doped TiO,(B) was studied at -15 and
—20 °C using the 1 M solution of LiClO; in the mixture of propylene carbonate and 1,2-
dimethoxyethane (84:16, vol. ratio) as electrolyte. The measurements were carried out at the
current rate of 70 mA g~! after the pre-cycling at room temperature. Figure 10 represents
the charge/discharge profiles registered at different temperature conditions.

2 -1
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Figure 9. EIS spectra for undoped TiO, and TO-Mn/F/N-04 electrodes in the half-cells registered
at 3 V (frequencies of 0.1, 1, 10, 100, and 1000 Hz are marked with filled symbols). The insets show
EEC applied for fitting and plots of real impedance against the inverse square root of the angular
frequency used for estimation of the Warburg factor.
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Figure 10. (a) Charge and discharge profiles for TO-Mn/F/N-04 electrode at room temperature, —15
and —20 °C registered at a current density of 70 mA g_1 in the half-cell configuration and (b) rate
capability studies (after pre-cycling CV experiments) of the TiO,(B)/LiMn,Oy full-cell in the range of
2.1 and 2.9 V at various current densities with the corresponding charge/discharge profiles (inset).

The results demonstrate that the material could deliver a reversible capacity of around
169 and 158 mAh g~ ! at —15 and —20 °C, respectively, resulting in a retention of about
74 and 69% in comparison with that at room temperature (229 mAh g~!). Thus, these
experiments reveal the remarkable steadiness of Mn, F, and N co-doped TiO,(B) nanotubes,
even when used under extreme specifications, and additionally demonstrate their feasibility
for practical lithium-ion storage.

To further evaluate the practicalities of Mn, F, and N co-doped TiO,(B) nanotubes,
full-cell experiments with the LiMn;Oy4 cathode between 2.1 and 2.9 V were performed.
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Figure 10b illustrates the variation of the specific capacity of TiO;(B)/LiMn,Oy at different
current loads registered after pre-cycling CV tests. It is obvious to note that the rate
performance of nanotubular (Mn, F, N)-doped TiO,(B) in the full-cell configuration is
attractive. The reversible capacity of about 123, 114, 106, 95, and 79 mAh g’l was obtained
when the current density increased in the range from 35 to 150, 350, 750, and 1500 mA gfl.
The corresponding charge/discharge profiles for TiO,(B)/LiMn,Oy cell is shown in the
inset in Figure 10b. Importantly, after the high-current charge/discharge cycling capacity
of the full cell is returned to 117 mA g~ ! indicating the noteworthy recovery ability. It
should be noted that LiMn,O4 due to an operating voltage of around 4 V vs. Li/Li* is not
the proper cathode to test the performance of TiO,-based anodes. To make good use of the
TiO,(B), LiMn; 5Nip 504 operating at a potential of 4.7 V vs. Li/Li* or LiFePOy4 having a
capacity of 160-170 mAh g~! are recommended to apply [101,102].

4. Conclusions

In summary, a Mn, F, and N co-doping strategy has been developed to enhance the
electrochemical performance of TiO;(B) nanotubes for lithium storage. The doping of
TiO,(B) was realized via one-step hydrothermal synthesis. The obtained TiO,(B) has a
nanotubular morphology and possesses high porosity (total volume of around 1 cm? g 1)
and a large specific surface area (about 200 m? g—1). It is found that doping with manganese
decreases the temperature of TiO;(B) to the anatase phase transition. The importance of
co-doping with fluorine is explained by the stabilization of bronze titanium dioxide. The
incorporation of dopants causes the crystallographic changes in TiO,(B) accompanied by
the increase of its unit cell volume. Through Mn and N co-doping the electronic structure
of TiOy(B) is modified and band gap energy reduces from 3.14 to 2.18 eV. This results
in an increase of TiOy(B) electronic conductivity by one order of magnitude. Doping of
TiO,(B) gives rise to a chemical diffusion coefficient (about two times) facilitating and
fastening the Li-ion diffusivity. The synergistic effect of Mn, F, and N doping improves the
electrochemical properties of TiO,(B) nanotubes in lithium-ion batteries. In the half-cell
configuration, the specific capacity is equal to 231.5 mAh g~! after 100 charge/discharge
cycles at 70 mA g~ ! and 134 mAh g~ ! can be retained at a current density of 1500 mA g~ 1.
Combining (Mn, F, N) co-doped TiO,(B) with LiMn,O; in the full-cell configuration a
capacity of 123, 114, 106, 95, and 79 mAh g_1 was realized at 35, 150, 350, 750, and
1500 mA g~ ! with the average operating voltage of ~2.5 V. The (Mn, F, N)-containing
TiO,(B) demonstrates a good low-temperature lithium storage performance with a capacity
retention of 70% at —20 °C. This study provides new insight into the doping strategy of
TiO,(B). The results demonstrate that (Mn, F, N) co-doping is an effective approach to tune
the conductivity, structure, and texture of TiO(B) nanomaterials as well as to control phase
purity in order to design advanced lithium-ion batteries based on high-performance and
environmentally benign materials. Furthermore, this doping strategy can also be applied for
applications beyond batteries to develop next-generation devices (photocatalysts, sensors,
solar cells, magnetics, etc.) based on such materials in the near future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries9040229/s1, Figure S1: SEM-micrographs for the undoped
TiO;, TO-Mn/F/N-02 and TO-Mn/F/N-06 products; Figure S2: (a) Crystallographic orientation of
TiO, (B) crystals determined by HRTEM imaging in the TO-Mn/F/N-04 sample and (b) corresponding
Fast Fourier Transform pattern; Figure S3: Experimental EELS spectra of Ti L, 3-edges for the for
the TO-Mn/F/N-04 sample and the commercial anatase TiO, examined for comparison; Figure S4:
XRD pattern of product doped with 4 at.% Mn, synthesized without NH4HF, (Bruker D8 Advance
diffractometer, CuK-radiation); Figure S5: (a) UV-vis diffuse reflectance spectra represented as
Kubelka-Munk function against wavelength plots for the undoped TiO,, TO-Mn/F/N-02, TO-
Mn/F/N-04, and TO-Mn/F/N-06 products and (b) Tauc plot for the (F, N) co-doped TiO, with the
corresponding UV-vis absorption curve (inset); Figure S6: (a) Approximation (1) of the experimental
Q-band EPR spectrum of the TO-Mn/F/N-04 sample at room temperature (2) by the sum of the
spectrum with a sextet structure (3) and a single line with a Gaussian contour (4), (b) low field
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region of the X-band EPR spectrum at —160 °C, (c) the X-band EPR spectrum of undoped titanium
dioxide, (d) simulated X-band EPR spectra of Mn** ions in the crystal fields with strong rhombic
distortion; spectra “a” and “b” differ in the width (AB) of the hyperfine structure lines (see Table S4);
Figure S7: Zoom-in impedance spectra of the undoped TiO,, TO-Mn/F/N-02, TO-Mn/F/N-04, and
TO-Mn/F/N-06 materials and the EEC (inset) used for fitting; Figure S8: (a) Evolution of capacity
during cycling under various current loads for TO-Mn/F/N-02 and TO-Mn/F/N-06 electrodes,
(b) capacity retention at various current densities as compared to that at 70 mA g~! for undoped
TiO,, TO-Mn/F/N-02, TO-Mn/F/N-04, and TO-Mn/F/N-06 materials; Table S1: Specific surface
area, total pore volume, band gap energy, and conductivity of TiO, samples co-doped with Mn, F,
N as compared to unmodified one; Table S2: Quantification results obtained by XPS analysis for
TO-Mn/F/N-06 sample; Table S3: The Riveted refinement results for structures existed in unmodified
and (Mn, F, N) co-doped TiO, samples; Table S4: Spin-Hamiltonian parameters used to simulate
the EPR spectra of Mn?* ions in crystal fields with strong rhombic distortion; Table S5: Calculated
EIS parameters for unmodified and (Mn, F, N) co-doped TiO, samples; Table S6: Electrochemical
performance of the doped TiO,(B) anodes in lithium-ion batteries; Table S7: The fitting results for EIS
spectra of electrodes based on undoped TiO, and TO-Mn/F/N-04 sample and the calculated lithium
diffusion coefficient values.
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