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theoretical and experimental perspectives†
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The spinel Li4Ti5O12 (LTO) has emerged as a promising anode material for the next generation of all-solid-

state Li-ion batteries (ASSB), primarily due to its characteristic “zero strain” charge/discharge behavior and

exceptional cycling stability, which significantly prolongs battery lifespan. Pristine LTO, however, is hindered

by poor ionic and electronic conductivity. By employing tailored sintering protocols that create oxygen

vacancies, a high-performing, blue LTO material is achieved. It has been proposed that the increased

electronic conductivity could stem from vacancy-induced polarons. Yet, detailed insights into polaron

stability, distribution, and dynamics within both the LTO bulk and surface have remained elusive due to

limited information on structural changes. Utilizing Positron Annihilation Lifetime Spectroscopy (PALS)

and Coincidence Doppler Broadening Spectroscopy (CDBS), in conjunction with Two Component

Density Functional Theory (TCDFT) with the on-site Hubbard U correction, enables us to probe the

depth profile of defect species introduced by sintering in a reductive environment. Our research provides

direct evidence of oxygen vacancy formation within the subsurface region, an inference drawn from the

observation of Ti3+. Our investigation into Li16d vacancy formation within the bulk region uncovers the

interactions between mobile species, namely Li-ions and polarons. Furthermore, we delve into the

polaron stability on the LTO surface, offering an explanation for the superior performance of the (100)

facet exposed LTO nanoparticle, as compared to its (111) exposed counterpart.
1 Introduction

The ever-increasing demand for portable electronic devices,
electric vehicles, and renewable energy storage systems has
signicantly escalated the requirement for advanced battery
technologies.1,2 Lithium-ion batteries are widely recognized as
a promising energy storage solution owing to their high energy
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density, extended cycle life, and low self-discharge rate. Despite
their inherent advantageous features, there still exists room for
enhancing the performance and safety of lithium-ion batteries
to meet the demands of potential applications. This can be
achieved by addressing various challenges, including dendrite
formation, lithium plating, solid electrolyte interphase (SEI)
formation, and active materials breakdown/dissolution – all of
which contribute to issues such as short-circuiting, poor
conductivity, capacity fading, and voltage fading.3–5 These
issues are closely associated with the underlying material
composition and atomistic structure, which can be optimized
through doping,6 coating,7 SEI engineering,8 defect engi-
neering,9,10 and facet modication11,12 strategies. Thus,
advancements in the fundamental understanding of the atom-
istic level changes introduced by these processes can lead to the
development of superior lithium-ion batteries with improved
capacity, efficiency and safety.

In this context, lithium titanate (Li4Ti5O12, LTO) has
emerged as a promising anode material for lithium-ion
batteries due to certain outstanding features, such as excel-
lent thermal stability, negligible volume change during lithium
insertion/extraction, and high rate capability.13–15 Despite these
advantages, the spinel structure of LTO is inherently burdened
J. Mater. Chem. A, 2025, 13, 32149–32158 | 32149
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Fig. 1 Positron annihilation in Li4Ti5O12−x (LTO). The figure shows the
main processes when the positron interacts with LTO, before its
annihilation, in one of the suitable sites, i.e. vacancy (V), open volume
(O-vol) or at the grain boundary (GB), with the release of the two g-
quanta.
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with low electronic and ionic conductivity, posing a limitation
to its overall electrochemical performance. To overcome these
limitations, one approach is creating oxygen vacancies in the
pristine LTO through defect engineering, which can enhance
both electronic and ionic transport properties.16–21 Moreover,
near-surface defect engineering suffices to considerably affect
bulk properties of LTO,22 facilitating a chemical equilibrium
between electrolyte and the bulk of LTO.23 However, the precise
structural changes occurring during the modication process
remain to be thoroughly explained. Furthermore, the likelihood
of other factors contributing to the observed enhancements
cannot be ruled out, as indicated by the varied lithium-ion
diffusion rate increases, ranging between ve orders of
magnitude, as reported in different studies.16,18,24–29 Impor-
tantly, these studies have consistently identied the presence of
Ti(III), oen interpreted as indirect evidence for the formation of
oxygen vacancies. Comprehensive and direct defect measure-
ments could signicantly enhance our understanding of the
intricate mechanisms underlying these phenomena. On the
other hand, the noticeable improvements in both electronic
conductivity and capacity observed in LTO nanoparticles
showcasing both exposed (100) and (111) facets—as compared
to those exclusively featuring the (111) facet—suggest a signi-
cant inuence of surface orientation on the storage and trans-
port of charge carriers.30 Despite these observations, the precise
underlying mechanism continues to remain elusive.

In this study, we employ a combination of Two-Component
Density Functional Theory with the on-side Hubbard U correc-
tion (TCDFT+U) simulations and experimental techniques such
as Positron Annihilation Lifetime Spectroscopy (PALS) and
Coincidence Doppler Broadening Spectroscopy (CDBS), to gain
a more profound understanding of the roles played by oxygen
vacancies, other defects, and facet effects within the LTO lattice.
We discuss their impact on the electronic and ionic transport
properties. Furthermore, we scrutinize the defect species and
their distribution patterns both prior to and following defect
engineering. This process involves the application of a reductive
atmosphere (Ar/H2) at high-temperature treatment, tradition-
ally believed to exclusively create oxygen vacancies.

Our ndings signicantly advance the fundamental under-
standing of the intricate interplay between defect structures,
mobile species distribution and the electrochemical perfor-
mance in LTO-based lithium-ion batteries. Moreover, they
provide valuable insights for devising advanced strategies to
engineer and optimize LTO and other battery materials, paving
the way for improved capacity, efficiency, and safety in next-
generation energy storage applications. We also demonstrate
how the integration of DFT+U simulations with experimental
techniques such as PALS and CDBS, presents a promising
approach to study defect structures in complex materials.

2 Methodology

Positron Annihilation Lifetime Spectroscopy (PALS) is a power-
ful experimental technique capable of providing valuable
information on the defect and local structure properties in
materials.31–33 The operational principle of PALS is anchored on
32150 | J. Mater. Chem. A, 2025, 13, 32149–32158
detecting annihilation events between injected positrons
—electron antiparticles— and the sample's intrinsic electrons.
Once introduced into the sample, positrons can be trapped in
open-volume defects such as vacancies or voids, resulting in
a distinctive lifetime. By analyzing the positron lifetime spec-
trum, PALS is capable of providing valuable information con-
cerning the type, size, and concentration of the defects or voids
that exist within the material at the time of the annihilation
process.

Coincidence Doppler Broadening Spectroscopy (CDBS) acts
as a complementary technique, designed to measure the energy
of gamma quanta released by positron–electron annihilation.
The annihilation of a positron with an electron results in the
production of two gamma photons. The energy of the 511 keV
annihilation gamma quanta is Doppler shied due to the
momentum of the annihilating electrons; themomentum of the
thermalized positron can be neglected.

The shape of the Doppler broadened 511 keV annihilation
photo peak carries information regarding the chemical envi-
ronment surrounding the annihilation site, which is inuenced
by the momentum distribution of the electrons participating in
the annihilation process. Analyzing the Doppler broadening
spectra yields insights into the local electronic structure,
chemical composition, and defect characteristics of the mate-
rial.34,35 A sketch of how a positron interacts with the LTO is
shown in Fig. 1.

2.1 Experimental section

Defective LTO or “blue”-LTO was prepared using the pristine,
commercial, LTO from Süd Chemie (now Clariant). The blue
LTO was obtained by annealing the pristine LTO, or white LTO,
in an Ar/4% H2 atmosphere, varying the holding time at 700–
750 °C from 0 min up to 8 h. Thermogravimetric analysis TGA/
DSC1 STARe SYSTEM (Mettler Toledo, Switzerland), which is
This journal is © The Royal Society of Chemistry 2025
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combined with a mass spectrometer (MS) as gas analysis system
(Pfeiffer Vacuum, Germany) was used to conrm that oxygen
was removed from the pristine LTO during the annealing
treatment in Fig. S1.† The structures of the pristine and the
representative blue LTO, were identied using X-ray diffraction
(XRD) analysis performed with a STOE STADIP diffractometer
(STOE, Germany). The XRD patterns were recorded with Mo Ka1

radiation (l = 0.70932 Å 50 keV, 40 mA) and a Mythen 1K
detector. The diffraction patterns were collected with a capillary
(0.3 mm) in a Debye–Scherer mode with a step size of 0.015° and
measurement time of 7 s/step for overnight measurements. The
ICCD library was used to conrm the phases.36 Rietveld rene-
ment treatment of the data was performed with the Fullprof
soware package.37

The PALS38 and CDBS39 were performed at the high intensity
positron beam for the Neutron induced Positron source Munich
(NEPOMUC)40 at the research neutron source Heinz Maier-
Leibnitz (FRM II) of the Technical University of Munich.39,41
2.2 Theoretical section

Perdew–Burke–Ernzerhof (PBE) functional with a Hubbard U
correction for computations at the semi-local Generalized
Gradient Approximation (GGA) level of theory was used to
accurately capture localized electrons (polarons). All structural
relaxations were executed using DFT+U, utilizing the planewave
pseudopotential VASP code. Based on previous experimental
measurements and DFT studies, we set the U value at 4.2 eV,
a choice determined by reaching a polaronic state position
1.0 eV below the conduction band minimum (CBM). Frozen-
core projector-augmented wave potentials served as represen-
tations for ionic cores. To describe the electron–positron
interaction and compute the lifetime of the positrons in our
structures of interest, we employed the TCDFT implemented in
the Abinit code.42 In the Abinit calculations, the same U value
(4.2 eV) is used to consistently describe the relative positions of
the polaronic state and the CBM. For the electron–positron
correlation, both GGA and Local Density Approximation LDA
types were tested on the widely used spinel-LTO bulk model.43,44

Based on the reference rutile/anatase TiO2 positron lifetimes
data,45 we found that GGA tends to overestimate the positron
lifetimes in oxides. For localized positrons found in surface and
defect models, we found that only GGA can describe the correct
positron density. Details of the comparison of positron lifetimes
computed by these two methods can be found in Table S3.† To
compute the S-parameters, we applied a Gaussian convolution
to the spectral data, using a full-width at half-maximum
(FWHM) of 3.5 mrad to emulate the experimental resolution
observed in the reference study. Subsequently, we computed the
S parameters over a range of 0 to 4.0 mrad.

Plane-wave cutoff energies were set to 500 eV for VASP
calculations and increased to 650 eV for TCDFT calculations
(performed with Abinit) to accurately capture the localized
positron well. Structural relaxations were carried out until the
force on any atom did not exceed 0.05 eV Å−1. Details of
different models (cell size, number of atoms, k-grid size) are
tabulated in Table S4.† To maintain the neutrality of the unit
This journal is © The Royal Society of Chemistry 2025
cell, all calculations of charged defects (VLi
1+, VO

2+) incorporated
uniform background compensation. The structural complexity,
resulting in numerous LTO bulk/surface models, can be
attributed to several factors, including the disorder brought
about by Li16d/Ti16d fractional occupations, potential surface
facets, and vacancy positions. For studying polaron stability on
LTO surface, we built three LTO surface models with and
without one oxygen vacancy. For studying positron lifetimes in
LTO, we examine pristine bulk and surface LTO and bulk
models with single-atomic vacancy (Li, Ti, and O). Our initial
step involves the construction of pristine bulk models, which
will serve as the foundation for constructing surface models.
The bulk models were rst screened considering Li16d disorder
by the well-developed force eld.46 Computed energies indi-
cated a tendency towards a maximally homogeneous Li16d

distribution, consistent with previous ndings.47 The relatively
stable structures were then examined again using DFT Fig. S7.†
Three most stable bulk models in the corresponding series were
used for constructing (111), (110), and (100) surface models,
following the major low-index peaks observed in XRD experi-
ments. To construct computationally feasible surface models
with and without oxygen vacancies, we set a few constraints
while limiting the number of models. We only considered
stoichiometric and z-axis symmetric pristine surface models.
The introduction of vacancies into the models, combined with
the inequivalence of chemical environments, results in unique
vacancy sites. These vacancies generate diverse environments
conducive to potential polaron formation. Exploring all possible
combinations is computationally intensive and may not be
necessary when our primary goal is to capture the most pivotal
information and relationships between these elements.
Consequently, we set a xed position for the oxygen vacancy in
each surface series and inspect a restricted polaron distribu-
tion, aiming to identify trends within the same series and
understand the disparities between the facets. The oxygen
vacancy positions were hand-picked and located at the second
layer in all three surface models.
3 Results and discussion
3.1 Surface polaron

The VO-induced polaron and its hopping in LTO have been
considered as one of the roots of enhanced conductivity in blue
LTO.48 To investigate the origin of the facet-dependent
conductivity difference, we examined the stability of polarons
on different LTO surface models with various polaron distri-
butions. During the reduction process in blue LTO experiments,
oxygen vacancies and associated polarons are generated in LTO.
The energy cost for this process consists of two terms: oxygen
vacancy formation and polaron formation.

DEOvþ2Polarons ¼ EOvþ2Polarons þ 1

2
EO2

� Esurface (1)

We found a signicant variation in the energy cost among
the three facet series due to their structural differences. The
polarons (Ti3+) tend to elongate the Ti–O bonds and distort the
J. Mater. Chem. A, 2025, 13, 32149–32158 | 32151
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Fig. 2 Surface energies of pristine models units (left) and energy cost of forming one oxygen vacancy and two polarons in surface models and
the corresponding polaron density (right). Isosurface level of 0.01 e Å−3.
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octahedral (TiO6) geometry, which results in the lowest energy
cost for the (100) series due to the built-in distortion, as illus-
trated in Fig. 2.

The TiO6 motifs on the (100) surface are highly distorted and
provide a suitable environment for polaron formation. This is
due to both the existing distortion and the less rigid structure
resulting from the disorder. Compared to the (111) surface,
which is the most stable and widely studied, the (100) surface
has a lower energy cost of polaron formation, ranging from 3.59
to 5.14 eV, while the (111) surface has a minimum energy cost of
5.48 eV. Given that on the (100) surface the self-interactions
between the polarons and their periodic images may be
stronger, which arises from the smaller x–y lattice, the polaron
formation energy cost is even slightly overestimated. The
structural disorder on the (100) surface creates various Ti sites
that can host polarons, including the TiO5 motifs that are
generated by the VO. Similar TiO5 motifs cannot form polarons
in the (111) and (110) surface models due to their rigidity and
the large structural change caused by the adjacent VO and
polaron. In addition to the facet-dependent polaron formation
tendency, polarons generally prefer to form on or near the
surface, which is consistent with the previous ndings on the
(111) surface.49 For comparison, in the bulk region, the polaron
distribution is mainly inuenced by the VO due to their strong
attraction.20

The polaron stability result shows that polarons form more
easily on the (100) surfaces of LTO compared to the (111)
surfaces. It is established that polaron formation can augment
both electronic and ionic conductivity in LTO, facilitated by
polaron hopping and polaron-assisted Li+ diffusion.20,21 This
explains why LTO with mixed (100)/(111) surfaces performs
32152 | J. Mater. Chem. A, 2025, 13, 32149–32158
better than LTO with exclusively (111) surfaces in experiments.30

Furthermore, such a polaron-induced surface stability trend is
in line with the comparison between different synthesis strat-
egies. The synthesis method affects the surface stability of LTO,
which is related to the degree of polaron formation induced by
VO. The XRD data of LTO prepared by carbothermal reduction50

manifest a prominent (100) peak with an increment in carbon
black content. Carbothermal reduction introduces VO in TiO2

before reacting with Li2CO3 to form LTO. In contrast, the XRD
patterns of white and blue LTO (pre and post H2 treatment) do
not exhibit noticeable disparities, given that the oxygen vacan-
cies are introduced at later stages.16,51

3.2 Positron lifetimes

We used positron annihilation lifetime spectroscopy (PALS) with
two kinetic energies (1 keV and 18 keV) to investigate how H2

treatment affects the structure and defects of LTO. The 1 keV
positrons probe the surface region, while the 18 keV positrons
probe the bulk region. Table 1 shows the two main positron
lifetimes and their intensities for white and blue LTO. The
species assignments for the observed lifetimes are summarized
in Table 1, while potential candidate species considered in our
analysis are shown in Fig. 4. To identify the defect types and
structures associated with these lifetimes, we compared them
with theoretical lifetimes calculated using TCDFT. Positron life-
times obtained from TCDFT calculations are reported, with
experimental values shown in parentheses for comparative
purposes. We rst examine three reference materials, BCC-Li,
Rutile-TiO2 and Anatase-TiO2 to see whether the TCDFT is able
to describe the positron state within the model well and give the
correct positron lifetimes compared to the values reported
This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison of experimental and theoretical positron lifetimes in LTO, based on PALSmeasurements at 1 keV (surface) and 18 keV (bulk)
positron energies and TCDFT calculations

Sample/region Exp. s (ps) Exp. I (%) Theo. s (ps) Proposed defect/structure

White LTO bulk (18 keV) 141 � 4 32.7 � 2.2 157 Rutile TiO2 impurity45,53

295 � 6 61.4 � 1.5 304 � 1 Oxygen vacancy (V0
O) (with nearby polarons)

Blue LTO bulk (18 keV) 83 � 7 6.7 � 0.5 95 Lithiated TiO2 impuritya

254 � 1 91.2 � 0.4 259 � 1 Vacancy at 16d site, likely V16d
Li

White LTO surface (1 keV) 198 � 2 48.0 � 1.1 186 � 0 Pristine bulk LTO (sb)/Positron distribution in
subsurface region, (111) model

377 � 2 51.9 � 1.1 379 Positron trapping on (100) surface
Blue LTO surface (1 keV) 224 � 2 62.0 � 2.0 224 � 1 Oxygen vacancy (VO

2+) (without nearby polarons)
362 � 4 37.9 � 2.0 379 Positron trapping on (100) surface

a See lithiated TiO2 impurity discussion in Subsection S2.3.

Fig. 3 Positron density and surface roughness in (a) (111), (b) (110) and
(c) (100) surface models. Isosurface level of 0.0015 e Å−3.
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experimentally. The result of BCC-Li, 297 (291± 6) ps,52 indicates
that the method we used is good enough to compute theoretical
positron lifetimes, which matches the experimental (in paren-
theses) value well. For TiO2, both Rutile-TiO2, 157 (135 and 148±
4) ps, and Anatase-TiO2, 191 (200) ps show good agreement with
the experiments.45,53 More details regarding the benchmark are
discussed in Table S3.† To identify the origins of the observed
positron lifetime components in the LTO samples, we analyzed
four distinct lifetime signals per sample. These signals corre-
spond to the two highest-intensity components deconvoluted
from the PALS spectra at 1 keV and 18 keV, respectively. Candi-
date sources included pristine LTO, surface states, impurities,
oxygen vacancies (VO), and lithium vacancies (VLi). Experimental
lifetimes were assigned to these sources by comparison with our
TCDFT-calculated lifetimes for the candidates, with further
corroboration with knowledge from existing LTO literature.

3.2.1 Surface region (1 keV). Two main lifetimes observed
in the white LTO surface region are 198± 2 ps (48.0± 1.1%) and
377 ± 2 ps (51.9 ± 1.1%). We rst compare them to the theo-
retical values from surface models. Three surface models, (111),
(110) and (100), were created and used for computing positron
lifetimes. In (100) and (110) models, positron densities are
distributed on the surface, giving lifetimes of 379 and 412 ps,
respectively. The experimentally observed 377 ps likely origi-
nates from positrons trapped on the surface, as indicated by the
positron distribution in the (100) and (110) models, which
result in longer lifetimes. However, in the (111) model, the
positron density distributes in the middle of the slab (i.e., in the
sub-surface region) rather than on the surface. This might be
due to the fact that we have an ideal at surface structure in the
(111) model that makes it hard to trap positrons. Meanwhile,
the rough surface structure of (100) and (110) both provide
“ditch-like” trapping sites that stabilize positrons well, see
Fig. 3. In other words, when being injected into the (111) region,
a positron should behave more like when injected into bulk.
Indeed the 198 ps one is close to the theoretical positron life-
time in bulk (defect-free), which is 186 ± 0(sb) ps averaged from
27 stable models Fig. S7.† Moreover, the positron densities in
(111) surface and all bulk models both tend to distribute along
the 16c site network and have a denser population around Li16d

sites, which should provide less repulsion compared to Ti16d.
This journal is © The Royal Society of Chemistry 2025
Aer treatment with H2, the blue LTO surface region
produced two distinct positron lifetime signals, 224± 2 ps (62.0
± 2.0%) and 362 ± 4 ps (37.9 ± 2.0%), which differ from the
white counterpart. The longer lifetime is still close to the (100)
surface theoretical value but is present in smaller proportions
aer reduction. The decrease in intensity of (100) may be due to
competition from the species responsible for the new positron
lifetime signal of 224 ps. This value is moderately higher than
theoretical sb (186 ps) and is quite similar to the values we
computed for oxygen vacancy with +2 charge (VO

2+) models
(224 ± 1) ps. In these models, one oxygen vacancy is introduced
and two electrons are removed to form VO

2+, which do not have
polarons around the oxygen vacancy site. We found that in these
models, positron densities distribute similarly like in bulk
(along the 16c site network) but only have a small fraction
extending into the vacancy site. Consequently, the computed
positron lifetime (224 ± 1) ps is marginally elevated compared
to sb. One possible reason may be that the cations around the
oxygen vacancy site have positive charges, which repel positrons
and make the anion vacancy hard to trap the positron fully. The
same calculations were carried out without the +U scheme and
gave a similar result (∼226 ps). It is worth noting that the life-
times we discussed so far are computed using the geometry
relaxed without positron-induced forces. The rule of thumb for
considering the positron-induced geometry change is that only
the localized positron alters the local structure since the
J. Mater. Chem. A, 2025, 13, 32149–32158 | 32153
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Fig. 4 Experimental (lines) and theoretical (dots) positron lifetimes.
Data fromwhite and blue LTO are shown in grey and blue respectively,
where the dashed lines come from 1 keV and solid lines come from 18
keV results. Species proposed to be present in the sample are indicated
in bold.
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delocalized one only has a vanishing density. In principle, the
highly localized trapped positron at void-like defects is analo-
gous to the self-trapping small polarons in ionic crystals. The
localized positrons can affect their surroundings, altering the
electron density distribution and the local structure near the
trapped positron. However, what we saw in the VO

2+ is that only
a portion of positrons goes inside the vacancy. Furthermore,
throughout the self-consistent positron-electron scheme at
a xed structure, the computed lifetimes at each step actually
stay almost the same (218–224 ps), meaning the delocalized
positron does not alter the electron density. The highly
distributed positron density hints that this kind of anion
vacancy, surrounded by cations, makes it hard to trap positrons.
However, when the anion vacancies have polaron nearby, the
interaction between these two species with opposite charges
makes things much more appealing. The V0

O model with two
polarons nearby can effectively trap the entire positron resulting
in notable interaction between positron and electron that alters
the electron density resulting in a longer lifetime, which we will
discuss further in the later section.

3.2.2 Bulk region (18 keV). In the bulk region of white LTO,
two main positron lifetimes of 141 ± 4 (32.7 ± 2.2%) and 295 ±

6 (61.4 ± 1.5%) ps were observed. These values differ signi-
cantly from the theoretical bulk value (sb, ∼186 ps). Comparing
them with theoretical positron lifetimes computed using
TCDFT and experimental values reported in the literature
revealed that the 141 ps lifetime likely originates from rutile
TiO2 impurities, a common precursor and impurity in LTO. The
experimental positron lifetimes of rutile TiO2 reported are
about 135 ps45 and 148 ± 4 ps,53 while the theoretical lifetime
32154 | J. Mater. Chem. A, 2025, 13, 32149–32158
computed in this study is 157 ps. This suggests some TiO2

domains are present in the LTO sample. Once injected into
these domains or nearby regions, a positron can diffuse within
this domain and give the 141 ps signal. Our XRD data also
indicates the existence of rutile/anatase TiO2 in the sample as
an impurity from the pristine sample.

The observed 295 ps lifetime is much longer than sb and
lower than the ones associated with surface models. Positron
lifetimes higher than sb by approximately 100 ps are typically
interpreted as signals from vacancy clusters or grain bound-
aries, which are generally considered more difficult to form and
only present in smaller proportions. However, this signal
accounts for about 61.4% intensity, which indicates it is likely to
be abundant. Compared to the theoretical results, it turns out
that this 295 ps lifetime originates from an oxygen vacancy with
polarons around it, i.e., V0

O. Unlike the VO
2+, we found that

positrons can be trapped well in the oxygen vacancy site when
polarons are nearby in the V0

O models. This effect can be
understood by studying the positron/electron density change
along the self-consistent calculation, shown in Fig. 5. In the rst
few steps of the self-consistent scheme at a xed structure
(relaxed without positron), the positron lifetimes are about 220–
230 ps, which is close to the result of VO

2+. The positron
densities in these steps are delocalized, like the ones in pristine
bulk and VO

2+. However, interestingly, the positron gradually
moves into the oxygen vacancy site along the process and, in the
end, is completely trapped in the void. On the other hand, the
spin-charge density shows that a part of the electron density
moves from polarons to the void region. Consequently, a huge
jump in the lifetime occurred from 212 to 284 ps aer self-
consistency was reached. This result sheds light on the long-
lasting problem of how to “directly” detect oxygen vacancy in
materials.54 Here, we are able to determine whether the oxygen
vacancy exists and simultaneously have information about its
surroundings by combining experimental PALS data and theo-
retical calculations.

Marinopoulos previously studied on theoretical positron
lifetimes in cubic yttria-stabilized zirconia (YSZ) defect models
showing that the relaxation caused by the positron trapped in
the vacancy might be important for some cases in terms of
a change in the lifetime by 20 ps.55 Another earlier study also
claimed that positron-induced lattice relaxation is indispens-
able for the existence of localized positron states.56 Aer further
relaxation in the presence of positron, the lifetime of positrons
trapped in the V0

O increases a bit to 304.14 ± 1.12 ps, averaged
from three distinct polaron distributions. This suggests that
there are some pre-existing oxygen vacancies accompanied by
polarons around them in the bulk region of the white LTO
sample.

In the bulk region of blue LTO, two lifetimes previously
found in the white LTO disappear and two new ones emerge.
The majority of the detected annihilation events give a lifetime
of 254 ± 1 ps, corresponding to 91.2 ± 0.4% of the signal
intensity, which is close to the one computed from V16d

Li/Ti. Noted
here, due to the material nature of LTO, the 16d trapping site
could possibly be created by V16d

Li and V16d
Ti due to the partial

occupancy. The vacancy at the 16d site generally gives a lifetime
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Left: positron lifetimes along the self-consistent steps (t= 0 to 7). Right: positron density distributions (upper) and spin-density and density
difference (bottom) along self-consistent steps. Yellow and green/blue represent positron and electron density, respectively. Isosurface level of
0.0015 e Å−3 is used in positron density plots. Different isosurface levels were adopted for electron density as shown in the figure to have a clear
view.
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of 259 ± 1 ps based on the TCDFT results. In theory, the bonds
between Ti and the six coordinated oxygen atoms should be
stronger than those between Li and oxygen, meaning that the
vacancy at the 16d site likely comes from Li migrating out of the
sites. Moreover, the V16d

Li at the Li-rich region is more stable than
other possible sites by more than 0.4 eV based on our calcula-
tions. This is in line with a recent AIMD study on lithium
diffusion, which pointed out that 16d positions act as trapping
sites for Li vacancies.57 During the normal battery operation,
V16d
Li are considered immobile due to the larger hopping barrier,

which has been observed in NMR experiments,58,59 again
pointing out that it is stable in LTO. Additionally, the Li16d at
the Li-rich layer should be much more mobile than in other 16d
sites due to fewer constraints and repulsion from TiO6 motifs
nearby. During the H2 treatment, samples were heated to 700–
750 °C which provided an opportunity for Li16d to move. Inter-
estingly, another lifetime observed here, 83 ± 7 (6.7 ± 0.5%),
might hint at where the mobile Li-ions move. It has been found
that Rutile-TiO2 can undergo lithiation and storage of Li-ions.60

It was also found that Rutile-TiO2 is able to provide a fast Li-ion
diffusion channel and improve the electrochemical perfor-
mance of LTO.61 On the other hand, polarons in TiO2 have been
studied extensively and are considered essential in improving
electronic conductivity, i.e., it is mobile. It would not be
a surprise that when the samples are heated up, these two
mobile charge carriers, with opposite charges, move together
into the Rutile-TiO2 impurity domain while keeping the local
charge neutrality.23 Acknowledging the structural uncertainties
This journal is © The Royal Society of Chemistry 2025
of lithiated TiO2 domains, we modeled Li insertion into both
rutile and anatase TiO2 phases subjected to mild volumetric
compression to simulate potential connement-induced strain
within the LTO framework.62,63 This simplied modeling
approach, with further details on its assumptions and the series
of congurations explored provided in Subsection S2.3,† sug-
gested that such strained environments could exhibit theoret-
ical lifetimes as low as approximately 95 ps. Although the effect
of the presence of V16d

Li is not clear so far, Zhang et al. did explore
that the Li16d and Ti16d arrangement around the face-sharing
Li8a and Li16c could introduce different degrees of local distor-
tion that lower the Li hopping barrier (Li8a 4 Li16c).64 Arguably,
V16d
Li , which also breaks the symmetry, should be able to intro-

duce local distortion and accelerate Li diffusion.
Although the annihilation associated with 83 ps lifetime only

contributed a small portion due to the high positron affinity of
V16d
Li , this lithiation phenomenon is crucial for understanding

the material nature and possible origin of the increasing elec-
tronic conductivity and Li diffusion rate both observed in blue
LTO (DLi increases by a factor of 140) and LTO-TiO2 material (by
a factor of 10).16,65 The signicant increases in DLi found in blue
LTO might root from the creation of V16d

Li which can introduce
local distortion to break Li8a–O4 and Li16c–O6 symmetry to
potentially lower the effective coordination numbers.64 The
whole picture of the structural changes derived from the
experiments and theory in the bulk region before/aer the H2

treatment obeys charge neutrality. The positive charged Li at
16d sites and negative charged polarons move together into
J. Mater. Chem. A, 2025, 13, 32149–32158 | 32155
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TiO2 regions when being heated and leave the negative charge
V16d
Li and positive charge VO in the LTO domains. The missing

signal from VO is likely due to (i) The stronger positron affinity
of V16d

Li , (ii) Losing polarons makes oxygen vacancy hard to trap
positrons.

Notably, the positron lifetime of single atomic vacancies in
elemental and compound semiconductors studied earlier is
typically ∼30 ps longer than the defect-free one.66,67 However, in
metal oxides, the different types of vacancy sites, such as cation
and anion vacancies, can signicantly impact the chemical
environment. The vacancies at 8a, 16d and 32e sites in LTO
provide a versatile environment for positrons, leading to unique
lifetimes we observed and computed.

3.3 Local environment through CDBS

To further investigate the local structure at the sites of annihi-
lation events and the distribution of the defects, we conduct
CDBS measurements using positrons with various kinetic
energies, exploring different regions of the samples. These
provide two parameters, shape (S) and wing (W), linked to
annihilation events with different electron momentum distri-
butions. The S-parameters computed from the Doppler-
broadened spectrum are shown in Fig. 6. Two distinct regions
representing surface and bulk are found and highlighted. The
higher S-parameter comes frommore low-momentum electrons
participating in the annihilation events, which usually correlate
to an increased defect density or a larger defect size.

3.3.1 Surface region. In the surface region (low kinetic
energy), relatively high S-parameters are recorded in both white
and blue LTO. This aligns with the species we assigned to the 1
keV signal, surface (100), where the positron trapping in a long
ditch-like void. The drop observed from the 1 keV points of
white and blue LTO is also consistent with the (100) signal
Fig. 6 Experimental CDBS depth profile of W/B-LTO. The areas
highlighted in blue and green show two distinct signals, representing
surface and bulk regions. The arrows point out the sample for
measuring positron lifetimes (1 keV and 18 keV).

32156 | J. Mater. Chem. A, 2025, 13, 32149–32158
intensity drop found in PALS, shown in Table 1. Moreover, the
S-parameter decreases across the surface regions, resulting
from less annihilation happening on the surface. In the blue
LTO surface region, the S-parameter converges and forms
a small plateau about 0.528 within 2.5–5 keV. This matches with
the theoretical S-parameter computed from VO

2+, 0.528, which
is slightly higher than the one from bulk, 0.522. In other words,
the (100) surface signal no longer exists when the injected
positron goes to the deeper area. Most of the positron annihi-
lation happens in VO

2+, which conrms that the H2 treatment
introduces a considerable amount of oxygen vacancy in the
subsurface region, in line with PALS's assignment.

3.3.2 Bulk region. In the bulk region, the S-parameters
difference between white and blue LTO is small, although the
species found by PALS data are completely different. The reason
behind this is that the S-parameter computed from the
measured spectrum is a statistical result that comes from all the
annihilation events from different defect types. Even though the
defects found in white and blue LTO are different, the overall S-
parameter is found to be close. We can estimate the experi-
mental S-parameter using the weighted sum of the theoretical
ones based on the signal intensities measured in PALS. In the
white LTO bulk region, it consists of 32.7% TiO2 (S= 0.512) and
61.4% V0

O (S = 0.531), which amount to a S-parameter of about
0.523. On the other hand, in the blue LTO, 6.7% lithiated-TiO2

and 91.2% V16d
Li (S = 0.55) are found, leading to a S-parameter

about 0.536. We use the same theoretical parameter for lithi-
ated-TiO2 as for TiO2, which should be an acceptable estimation
considering its small fraction in the sample. These values
roughly represents the exact and relative positions at 18 keV in
Fig. 6. The uctuating lines in the bulk region could be caused
by the impurity TiO2 domain distributing unevenly. The crea-
tion of VO

2+ fromH2 treatment only occurs in the surface region,
which can explain the blue color fading aer ve weeks found in
Fig. 7 Schematic representation of the distribution of ions and defects
in W/B-LTO before and after H2 treatment derived from combining
PALS, CDBS and TCDFT results.

This journal is © The Royal Society of Chemistry 2025
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a previous study.51 The depth prole derived from PALS, CDBS
and TCDFT results gives us a clear picture of the defect distri-
bution before and aer H2 treatment shown schematically in
Fig. 7. This method is generally applicable to study defect
engineering in complex materials for designing and rening the
process.
4 Conclusion

In this work we tailored the formation of oxygen defects on the
spinel structure of LTO. We observed the distribution of the
defects from surface to bulk via positron annihilation spec-
troscopy. Additionally the use of DFT+U and TCDFT allowed to
deconvolute the presence and the formation of the polarons
within the pristine and the blue-LTO. The simulations were
crucial to reveal that the (100) exposed surface accommodates
more charge carriers (polarons) due to its inherently lower
formation energy. We showed that the integration of rst
principle calculations (DFT+U, TCDFT) for the interpretation of
experimental techniques using positron as source represents
a promising approach to study defect structure in complex
materials.
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