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ABSTRACT: Inductive effect, although originally proposed in the
field of organic chemistry, has long been regarded as an effective
way to increase the working potential of inorganic lithium-ion
battery cathodes. A classic example is the LiFePO, cathode, where
introduction of the highly electronegative P** raises the redox
potential of Fe**/Fe®" as in conventional oxides by 1.0 V. Recently,
some of us have reported a substantially reduced redox potential of
Ti*"/Ti* in Li,TiSiO5 compared with lithium titanium oxides,
suggesting the presence of a reversed inductive effect imposed by
polyanions (Energy Environ. Sci., 2017, 10, 1456—1464). In this
work, through characterizing the electronic structure of pristine
Li,TiSiOg and following the crystallographic structure evolution
during lithium insertion in Li, TiSiOs, we propose that the reversed
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inductive effect is likely linked with the square-pyramid coordination of Ti. The reversed inductive effect offers new possibilities in
tuning the potentials of anode materials, presenting a promising avenue to further increase the energy density of batteries based on

polyanion electrodes.

B INTRODUCTION

Batteries are playing a more vital role than ever in various
aspects of human life, for example, communication, trans-
portation, and illumination. Lithium-ion batteries (LIBs) have
been the dominant contender in the battery market over the
past few decades. However, in spite of relatively high energy
density compared with other energy storage alternatives,
higher energy density of LIBs is still required for a more
sustainable energy future.

Energy density of a LIB cell directly relates to the
electrochemical potential difference between the cathode and
the anode. Tuning the electrochemical potentials of the
cathode and anode materials is therefore extremely important.
In 1997, Padhi and co-workers reported phospho-olivines as
cathode materials for LIBs."” In LiFePO, and in
LiFe,_ Mn,PO, solid-solution materials, the electrochemical
potentials of Fe3*/Fe** and Mn**/Mn?** redox couples were
observed to be 3.5 and 4.1 V versus Li*/Li, respectively, which
are much higher than those in typical lithium iron oxides (2.4—
3.0 V°7°) and lithium manganese oxides (<3.0 V7). In later
reports, Padhi et al. systematically mapped out the electro-
chemical potentials of Fe**/Fe** redox couples in structures
with different polyanions.”” A strong correlation was identified
between the electrochemical potential of Fe®'/Fe** redox
couple and the electronegativity of the central atom in the
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polyanion, providing an effective way to tune the electro-
chemical potentials of battery cathode materials.

The increase of electrochemical potentials in Fe*/Fe**
redox couples compared with those in simple lithium iron
oxides was attributed to the inductive effect introduced by the
polyanion. The inductive effect was initially proposed as a
model to describe the successive polarization of chemical
bonds between the start (substituent) and the end (reaction
site) on molecular skeleton of polymers.'”'" Later, the
inductive effect was extended to inorganic materials by Noll
to rationalize the bonding characters and chemical behavior of
metal-containing silicates with the presence of M—O-Si
connectivity (M stands for metal)."* The strength of the
inductive effect is related to the electronegativity difference
between M and Si, which determines the chemical behavior of
metal-containing silicates to a large extent. In phosphate
cathode materials such as those reported by Padhi and co-
workers, O atom bridges P>* and Fe?" cations (i.e, Fe—O—P
connectivity). Higher electronegativity of P°* compared with
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Fe®" pulls electrons from the bridging O atom. This induces
further electron redistribution toward O atom in the Fe—O o
bond, reducing Fe—O bond covalency or effective overlap
between Fe and O electron clouds. Less covalency in the Fe—
O bond caused by the inductive effect of the phosphate group
results in an increase in electrochemical potential. Similar
voltage increase has been verified in various polyanion cathode
materials."”"*~"®

Electrochemical potentials of the anode materials also
require optimization. Lithium metal with the lowest electro-
chemical potential is considered as the most energy-dense
battery anode. However, the practical application of the
lithium metal anode is still plagued by inhomogeneous lithium
plating and stripping during battery charge and discharge
processes, which can lead to catastrophic failure of batteries."”
Higher up in the electrochemical potential diagram are
carbonaceous anodes with an average working potential of
0—0.3 V versus Li*/Li*°">* However, such a low working
potential can still lead to lithium plating under abuse
conditions such as high current density (eg, fast charging)
and extreme temperatures, posing safety hazards.”>~*® Anodes
based on alloying reactions with lithium, such as Si,””*°
Ge,*"* and Sn,* operate at higher electrochemical potentials
(below 1 V vs Li*/Li) and are free of safety risks associated
with lithium metal plating. Nevertheless, Coulombic efficiency
of alloy anodes is still low because of continuous side reactions
between the electrode and liquid electrolyte.”*** Titanium-
based anode materials that operate based on Ti*"/Ti** redox
couple generally show high cycling stability, Coulombic
efficiency, and safety. However, these attributes are achieved
at the expense of energy density. For example, the well-known
“zero-strain” anode material Li,TiO, exhibits a working
potential of 1.5 V versus Li*/Li,*° making it difficult to be
utilized in high-energy density batteries. Other titanium-based
anode materials (LiTi,0,,°>”** Li,Ti;0,,>”*° and
Li,TigO,5""*?) are facing similar challenges.

A strategy that reduces the electrochemical potentials of
titanium-based anode materials, similar to the inductive effect
in polyanion cathodes, is needed. In 2002, Patoux and
Masquelier investigated a number of titanium-based polyanion
anode materials, aiming to uncover the correlation among the
crystal structure, the nature of polyanion group, and electro-
chemical performance.” Titanate anode materials containing
PO,*", P,0,*, SO,*, and SiO,*" polyanions were compared.
While almost all materials show similar or higher voltage than
those of lithium titanium oxides (e.g, LiTi,O,, Li,Ti;O;, and
Li,Ti;O;,) consistent with predictions from the inductive
effect of polyanions, Li,TiSiOg with a square-pyramid Ti
coordination is an exception. Li,TiSiO5 unexpectedly showed
lower electrochemical potential (less than 1 V vs Li*/Li on
average) than lithium titanium oxides, in stark contrast to
common expectation based on the inductive effect of silicate
groups. Furthermore, only 0.15 Li per formula can be
reversibly cycled within 1-3 V versus Li*/Li with a limited
capacity of 23.7 mA h g”'. In 2017, some of us revisited
Li,TiSiOs by employing submicron particles with a few
nanometers of carbon coating. This optimized material showed
an extremely low electrochemical potential of 0.28 V versus
Li*/Li on average and large reversible capacity (308 mA h
g~'), suggesting a two-electron process with Ti*" reduction to
Ti** or even below.

The lithiation process of Li,TiSiOg was characterized by in
situ and ex situ X-ray diffraction, X-ray absorption near-edge
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structure analysis (XANES), and density functional theory
(DFT) modeling.™ A complex mechanism of sequential
intercalation and conversion was proposed. Lithiated
Li,,, TiSiOs was first formed at the beginning of discharge. A
conversion of lithiated Li,,, TiSiO; into Li,SiO4 and TiO was
evidenced in the middle of discharge. The last stage of
lithiation was postulated to be an intercalation process forming
Li, TiO. However, due to the lack of direct evidence confirming
the Ti oxidation state or Li local environment, the formation of
intercalated Li, TiO remains uncertain.

Furthermore, while the operating potential of Li,TiSiOy fills
the gap between carbonaceous and lithium titanate anodes and
is ideal for battery anode applications, the mechanism for
electrochemical potential reduction of Ti*"/Ti** redox couple
still remains elusive. Unraveling such a mechanism is necessary
to rationalize strategies for systematic tuning of electro-
chemical potentials for battery anodes.

In the present work, we characterized the electronic
structure of pristine Li,TiSiOg and followed the crystallo-
graphic structural evolution during lithium insertion in
Li, TiSiOs, shedding lights into the fundamental origin of the
observed low working potential. The electronic structure of
Li, TiSiO; was characterized through density of states (DOS)
calculation and crystal orbital Hamilton population (COHP)
analysis via DFT modeling. The structural information was
probed through pair distribution function (PDF) analysis, "Li
solid state nuclear magnetic resonance (NMR) spectroscopy,
and X-ray absorption fine structure (XAFS) analysis. It was
observed that the titanium atom gradually shifts to the center
of the basal plane of the square pyramid resembling a distorted
octahedral coordination during topotactic lithium insertion.
Finally, on the basis of the reversed inductive effect
(electrochemical potential reduction rather than increase in
the conventional inductive effect), we discussed the possibility
to tune the electrochemical potentials in Li,TiMO; materials
(M represents 4" cation) and suggested new materials which
can be explored as low-potential lithium- and sodium-ion
battery anodes.

B EXPERIMENTAL METHODS

Synthesis. Starting materials of preparing Li,TiSiO; in a
liquid-state approach were tetrabutyl titanate (AR, Alfa Aesar),
tetraethyl orthosilicate (AR, Alfa Aesar), and LiOH (AR,
Sinopharm). Identical amounts of tetrabutyl titanate (0.02
mol) and tetraethyl orthosilicate (0.02 mol) were first
dissolved and magnetic stirred in 40 mL of ethanol until
complete dissolution. With continuous stirring, 80 mL of
LiOH aqueous solution (0.04 mol) was added into the
mixture, obtaining a white suspension. Further by rotatory
evaporation of the suspension at a temperature of 50 °C, white
powder was collected. The white powder was placed into a
corundum boat afterward. Li,TiSiOg powder can be obtained
after heating at 870 °C in a muffle furnace for 8 h under an
argon atmosphere. The temperature was heated to 870 °C
under a ramping rate of S °C min~' and cooled to room
temperature under the same rate. The product then underwent
ball milling under a frequency of 250 rpm for 100 min in total.
Carbon coating at last was induced by a toluene flow under an
argon atmosphere at the same temperature (i.e., 870 °C).

Electrochemistry. The Li,TiSiO; electrode for electro-
chemical measurements was prepared by mixing the active
material Li,TiSiO;, carbon black (battery-class Super P,
M.M.M.CarbonBelgium) and polyvinyl difluoride (battery-
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class, Arofina) dissolved in N-methyl-2-pyrrolidone (AR,
Sinopharm) in a weight proportion of 8:1:1. The slurry was
then casted onto a copper substrate by the doctor blade
method, with a mass loading of approximately 5.3 mg cm™>.
After vacuum drying at 80 °C for 12 h, the electrode film was
cut into 12 mm diameter circular pieces for coin cell assembly.

Half-cells were assembled in CR2016-type coin cells under
an argon atmosphere in a glovebox. Functional parts of half-
cells were layered in a sequence of the as-prepared electrode, a
Celgard separator (Celgard 2400, Celgard), and a lithium
metal foil (AR, China Energy Lithium). The electrolyte used in
electrochemical tests was 1 M LiPF4 (AR, Sigma-Aldrich) in
ethylene carbonate/diethyl carbonate/dimethyl carbonate with
1:1:1 volumetric ratio. Cycling was performed with a
NEWARE CT-4000 battery test system at a specific current
of S mA g~. Cut off voltages of electrochemical tests were set
to 0—-3 V.

X-ray Scattering. X-ray total scattering data for PDF
analysis were collected at the beamline 11-ID (4 = 0.21130 A)
at the Argonne National Laboratory. Samples for data
collection were secured in quartz capillary tubes with an
outer diameter of 0.9 mm under an argon atmosphere in a
glovebox. The quartz capillaries were sealed with epoxy and
then filled into polyimide capillaries (inner diameter 1.0 mm,
outer diameter 1.1 mm).

The crystallography reported by Liu et al. was adopted as the
initial structural model for PDF refinement.”* Using GSAS-IT*
and PDFgui,46 the PDF was derived from total scattering and
refined. For the Fourier transform, a maximum scattering
vector (Quay) of 23.99 A™! was adopted. Parameters including
scale factor, lattice parameters, atomic coordinates, and
isotropic atomic displacement parameters were fitted during
refinement in a distance range of 1.0—30.0 A.

X-ray Absorption Fine Structure. XAFS measurements
were conducted at the beamline BL14WI1 of Shanghai
Synchrotron Radiation Facility (SSRF) for Ti K-edge in the
transmission mode. The detector utilized during measurements
was Si(111). Calibration of energy was conducted with a
titanium foil, with the first inflection point fixed at 4966.0 eV.
Extended XAFS (EXAFS) data were processed by the software
Athena and Artemis."” By fitting a distorted octahedral model
of the Ti—O coordination environment within a R-range of
12-3.0 A, Ti—O interatomic distances were derived for
samples at various state-of-charges along.

’Li NMR. "Li magic angle spinning NMR ("Li MAS NMR)
experiments were recorded on Bruker AVANCE III 400
equipped with 89 mm wide-bore 9.4 T superconducting
magnets in 1.3 mm rotors at Larmor frequencies of 155.5
MHz. Spinning speed of 50 kHz and repetition time of 4 s
were used for accumulation of 320 scans for 'Li single pulse
spectrum. 'Li chemical shift was referenced to 1 M LiCl
solution recorded at 0 ppm.

B COMPUTATIONAL METHODS

All calculations were carried out by using the projector
augmented wave (PAW) method in the framework of the
DFT,* as implemented in the Vienna ab initio simulation
package. The generalized gradient approximation (GGA) and
Perdew—Burke—Ernzerhof exchange functional®® were used.
The plane-wave energy cutoff was set to 520 eV, and the
Monkhorst—Pack method*” with a k-point mesh of 4 X 4 X 6
was employed for the Brillouin zone sampling of Li,TiSiOs. To
consider the strong correlation effects of the transition metal
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Ti, the structural optimizations and DOS calculations were
performed by using the spin-dependent GGA plus Hubbard
correction U (GGA + U) method.’® The Hubbard U
parameter of Ti atom was set to 2.5 eV based on the previous
study.”’ The convergence criteria of energy and force
calculations was set to 1075 eV atom™! and 0.01 eV A7},
respectively.

The COHP between titanium atom and neighboring oxygen
atoms was computed by the Lobster program,”” in which the
positive or negative [~COHP] value indicates bonding
([-COHP] > 0) or antibonding ([-~COHP] < 0),
respectively. The pbeVaspFit2015 basis sets were used in the
reconstruction of the PAW wave functions of Li, Ti, Si, and O
atoms.

B RESULTS

Crystallographic and Electronic Structure of Pristine
Li,TiSiOs. The long-range and short-range structures of the as-
prepared Li,TiSiOs were characterized through X-ray Bragg
diffraction and pair distribution analysis. The Bragg scattering
data were collected at beamline 11-ID, Advanced Photon
Source and was discussed in a separate work of ours.”® The
main phase of tetragonal Li,TiSiOs (space group P4/nmm,
#129) was verified, along with a small amount of SiO, (1.00 wt
%) and TiO, (4.27 wt %) impurities. The crystal structure
belongs to natisite family and is built up by layers of TiO;
square pyramids and SiO, tetrahedra connected by corner
sharing in a—b planes. These layers are stacked along the ¢
lattice direction, and in-between every two of these layers lies a
Li layer with distorted octahedral coordination (Figure 1). We

Figure 1. Crystal structure of Li,TiSiOg displayed in a polyhedral
representation of a 2 X 2 X 2 supercell by the software VESTA.>*

note that the coordination environment of Ti atoms is different
compared with those in simple lithium titanium oxides (e.g,
Li,Ti;O;,) which are either tetrahedrally or octahedrally
coordinated. Titanium atoms in Li,TiSiOs coordinate with
five oxygen atoms forming square pyramids. The apical Ti—O
bond distance is 1.671(3) A, and the distance between Ti and
four basal oxygen atoms is 1.973(1) A, according to previous
refinement.

Short-range structure of Li,TiSiO5 was probed through X-
ray PDF, which again shows the square-pyramid coordination
of Ti. Data were refined in the software package of PDFgui.
PDF data in the range of 1.0—30.0 A were fitted starting from
the structural model obtained from Bragg diffraction of the
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previous work (Figure 2).** We note that the fitting quality

below approximately 7 A is worse than that of beyond, which
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Figure 2. PDF [G(r)] of Li,TiSiO;s and its fitting.

indicates the likely presence of amorphous impurity in the
sample. Three distinct bond lengths of Ti—O bonds were
visible in the G(r) curve. One at 1.65 A (corresponding to
apical O atom), one at 1.98 A (basal O atoms), and one at 2.69
A (farther apical O atom), validating the structure model in
which titanium atoms lie in square-pyramid coordination.
Calculated DOSs of the orbitals of the composing elements
Li, Ti, Si, O and of Ti 3d orbitals and O 2p orbitals are
presented in Figure 3ab, respectively. It can be clearly
observed from DOS that the valence band maximum is mainly
contributed by O 2p orbitals, while the conduction band
minimum is mostly contributed by Ti 3d orbitals (Figure 3a).
Some lone pair electrons in O 2p orbitals reside below the
Fermi level (—1 to O eV). While identical DOS peak
characteristic at certain energy often infers orbital interactions,
DOS peaks of Ti 3d and O 2p orbitals, as illustrated in Figure
3b, suggest interactions between all the five Ti 3d orbitals and
O 2p orbitals. Slightly different from ideal square-pyramid
coordination in which central atom located within the plane of
four basal O atoms, distorted square pyramid in the crystal
structure of Li,TiSiOs, leads to a 3d splitting in the order of

revealed in Figure 3b. For ideal square pyramidal coordination
where the central atom locates within the basal plane, 3d
orbitals split as d../d,, d,, d; dz2_2 (from lower to higher
energy level). In Li, TiSiOs, where Ti is shifted above the basal
plane, the apical O—Ti—basal O bond angle 8 is no longer 90°
but 107.7°. As a result, d.> and d,>_,> orbitals will have lower o
overlap with basal oxygen orbitals. In comparison, d,./d,,
orbitals interact more strongly with basal oxygen orbitals,
leading to higher energy levels. The interaction between d,,
orbital and orbitals of basal O atoms, on the other hand, does
not change much. Therefore, energy levels of d,./d,. and d,, in
the square pyramidal coordination of Li, TiSiO; are swapped in
orders compared with that of Ti in an ideal square pyramidal
coordination.”¥*°

Later, COHP analysis was performed to investigate the
bonding interactions in details. Bonding interactions between
Ti orbitals and orbitals of the apical O atom and basal O atoms
were investigated. COHP results obtained for the atom pair of
Ti atom and apical O atom (O,-1) are given in Figure 4. Figure
4a shows the total COHP between Ti and apical O atom (O,-
1). With z directions pointing toward each other, and short
atomic distance, Ti 3d orbitals that point toward z direction or
have projections on the z direction are revealed to have strong
interactions with O,-1 2p orbitals (Figure 4b). At the valence
band maximum, the interactions are pure Ti—O bonding,
whereas above at the conduction band minimum are pure
antibonding interactions, indicating electron occupation on Ti
3d—0 2p bonding orbitals. As for interactions between Ti 4p
orbitals and O 2p orbitals, from the COHP results, there are
obvious electron occupation on Ti 4p—O 2p bonding orbitals,
mostly on 4p,—2p, and 4p,~2p, orbitals (Figure 4c).
Interactions between Ti 3p and O 2p orbitals are also
observed, where near the Fermi level, electrons occupy 3p—2p
antibonding orbitals (Figure 4d). The interactions between
other orbitals of Ti and O,-1 are weak and are not displayed.
Couples of equivalent molecular orbitals due to the symmetry
are illustrated in the same line colors. In general, with the
apical O atom, Ti 3d is observed to merely have strong o

3d,, 3d,./3d,, 3d; and 3d,_; (from low to high energy), as
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Figure S. Results of averaged COHP between (a) Tiand O1 in total, (b) Ti 3d orbital and O1 2p orbitals, (c) Ti 4p orbital and O1 2p orbitals, and

(d) Ti 3p orbital and O1 2p orbitals.

interactions. Both ¢ and 7 interactions are involved in 4p—2p
and 3p—2p interactions.

interactions with the apical O atom, the interactions with
basal O atoms of Ti atom occur in a relatively indirect way due

Averaged orbital interactions of the basal O atoms with to limited overlap of Ti and O orbitals, resulting in lower
respect to central Ti atom are displayed in Figure 5. Figure Sa COHP intensities.
shows the total COHP between Ti and O,. O 2p orbitals are In summary, focusing at the region right below the Fermi
shown to interact with all five Ti 3d orbitals to considerable level, the valence band maximum is mainly composed of Ti
extent (Figure Sb). Similar to the interactions between Ti 3d 3d—0 2p bonding orbitals and some lone pair electrons in O
and O,-1 2p orbitals, bonding and antibonding orbitals are 2p orbitals. The orbital of the lowest energy in conduction

formed. Moreover, electrons only occupy Ti 3d-O 2p bonding
orbitals at the valence band maximum. Ti 4p and Ti 3p orbitals
were revealed to have weak interactions with O, 2p orbital

band is attributed to 3d,, orbital of Ti, z interacting with O
2p,/2p, orbitals. For apical O atom and basal O atoms, they
are observed to have distinct interactions with central Ti atom.

(Figure Sc,d). The interactions between other orbitals of Ti Among Ti 3d orbitals, only ones that point along or have
and O, are insignificant and are not displayed. Couples of projections on the z direction (3d,,, 3d,,, 3d,2) have direct
equivalent molecular orbitals due to the symmetry are interactions with apical O atom. In comparison, all five Ti 3d
illustrated in the same line colors. Different from the orbitals participate in 3d—2p interactions with basal O atoms,

3737

https://dx.doi.org/10.1021/acs.jpcc.0c10221

J. Phys. Chem. C 2021, 125, 3733-3744


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10221?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10221?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

but to smaller extents than that of between Ti and the apical O
atom. What is identical for apical O atom and basal O atoms is
that, electrons occupy Ti 3d—O 2p bonding orbitals at the
valence band maximum, leaving Ti 3d—O 2p antibonding
orbitals vacant. We will compare these orbital interactions with
those of tetrahedrally and octahedrally coordinated Ti in the
Discussion section.

Lithium Insertion Process in Li,TiSiOs. The discharge—
charge curves, similar to a previous report,44 are presented in
Figure 6. With a specific current of S mA g~' and cut-off

Li,., TiSiO;
0 1 2
3 L
25
£
¢ 2
Z/ 1'5 L
[
g
Z o
>
0.5
O L.

100 150 200 250 300 350
Specific capacity (mAh/g)

0 50

Figure 6. Cycling curves of Li,TiSiOjg for the first cycle at cut-off
voltages of 0 and 3.0 V, at a specific current of 5 mA g™

voltages of 0 and 3.0 V, the half-cells yield a discharge and
charge specific capacity of approximately 334 and 203 mA h
g~!, respectively. A voltage plateau around 0.29 V was also
observed. The origin of large irreversible capacity is still not
fully understood. However, this is in part related to the solid-
electrolyte interphase (SEI) formation process, which was
discussed in a separate work of ours.>

Electronic structure and local coordination changes of
titanium were followed by ex situ X-ray near-edge spectroscopy
(XANES) and EXAFS. The X-ray absorption spectra collected
were calibrated by a Ti foil spectrum and aligned according to
the positions of pre-edge peaks. A complete X-ray absorption
spectrum consists of pre-edge, edge, and post-edge features
dependent on the energy compared to the K- or the L-edge
probed. Pre-edge features originate from transitions toward
empty bound states of electrons. For the first-period transition
metal elements, the pre-edge peak corresponds to the 1s—3d
electronic transition which is typically a dipole-forbidden
transition. Depending on the extent that the 3d orbital is filled,
pre-edge peak could have high or low intensities (slightly filled
or heavily filled, respectively). That gives information on
element type and/or element valence state. Another essential
factor determining pre-edge features is a coordination
environment. In octahedral coordination, 1s—3d transition is
usually forbidden, resulting in a negligible pre-edge peak.”” >’
For tetrahedral coordination, on the contra?r, 1s—3d transition
yields sharp and intense pre-edge peak,”*®" whereas five-fold
coordination environments often lead to intermediate
intensities of pre-edge peaks.’®*”®* As shown in Figure 7,
the intensity of pre-edge peak is substantially reduced when
discharged below 0.7 V, suggesting that the coordination
environment of Ti changes from square pyramid in pristine
Li,TiSiO5 to octahedral-like coordination in lithiated
Li, TiSiOs. Edge position provides valence information of Ti.
Edge shift toward lower or higher energy indicates lower or
higher valence state. From energies of Ti K-edges in the
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Figure 7. Ti K-edge X-ray absorption spectra of pristine and
Li,TiSiO; lithiated at various stages. Data were obtained at room
temperature.

obtained spectra (Figure 7), a reduction from Ti(IV) to lower
valence state within the plateau region was suggested. In
contrast, in the voltage range from the open-circuit voltage
(OCV) to 0.3 V, XANES features only had subtle changes.
According to NMR and X-ray photoelectron spectroscopy
results in our previous study of the same compound,™ in the
voltage regime from OCV down to 0.3 V, the surface
component of Li,CO; on Li,TiSiOg particles continue to
accumulate, while the oxidation state of Ti remains almost
unchanged. We, therefore, believe that the electrochemistry in
this voltage regime is dominated by SEI formation processes.

Right after absorption edge, there lies the extended edge of
the post-edge region, which contains valuable information
regarding local structure around Ti. With good-quality
modeling, distances of nearest O neighbors in vicinity of Ti
were obtained (Figure 8). In pristine Li,TiSiOs, atomic
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Figure 8. Bond length information calculated from EXAFS data.

distances were derived to be 1.805 A for Ti—O pairs with
apical oxygen atom (O,-1) and 1.999 A for other four Ti—O
pairs with basal oxygen atoms (O,). TiO; square pyramids in
the structure of Li,TiSiO;s can be treated as greatly distorted
octahedra, where one of the apical oxygen atoms (O,-2)
locates at too large distance to contribute electrons for bond
interactions. As an approximation, a distorted octahedral
model was established for modeling of EXAFS results,
regardless of the reaction mechanism (i.e., one-phase vs two-
phase). Atomic distances of Ti—O pairs for Li,TiSiO5 samples
lithiated to 20, 80, 240, and 320 mA h g~' during discharge,
that is, lithiation of Li,TiSiOs, were calculated and
summarized. Details of fitting methodology and parameters
are given in Supporting Information (Figures S1 and S2,
Tables S1—S6). Atomic distances of Ti with both near and
farther apical oxygen atoms and four coplanar oxygen atoms
are displayed in Table 1. Analyzing the trend of Ti—O pair
variations during lithiation, it can be observed that the strongly
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Table 1. Summary of Ti—O Bond Lengths of Samples at Various Lithiation Stages Derived from EXAFS Fitting

specific capacity (mA h g™')

atomic distance (A) 0 (OCV) 20 (0.7 V) 80 (0.3 V) 240 (0.1 V) 320 (0.01 V)
Ti—0,-1 1.72 1.70 1.70 1.80 1.81
Ti—0,-2 3.00 2.99 3.01 2.53 2.49
Ti—0, 1.98 1.97 1.98 2.04 2.06
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Figure 9. 'Li MAS NMR spectra of Li,TiSiO; samples at various stages of lithiation displayed (a) in the selected range of 500 to (—500) ppm and

(b) in the vicinity of 0 ppm.

distorted octahedra tend to deform into less distorted ones, as
illustrated in Figure 8 after the plateau region of electro-
chemistry. It is manifested as a reduction of Ti—O,-2 atomic
distance during lithium insertion. Atomic distances between Ti
and apical (O,-1) and basal (O;) oxygen atoms are observed
to subtly elongated during the same process. This expansion of
distorted TiOg4 octahedron is in accordance with bond length
increase often observed during transition-metal reduction in
MOg octahedra.”>”" In general, a less distorted TiOg
octahedron resulted as Ti atom shifts toward the basal plane
of square pyramid (or “octahedron center”).

"Li NMR directly probes local environments of inserted
lithium. A series of samples taken during the process of
lithiation were measured by "Li MAS NMR. 'Li MAS NMR
spectra of Li,TiSiOs samples at various stages of lithiation were
recorded between 2300 and —2300 ppm. Selected regions of
500 to —500 ppm are presented in Figure 9a, and those of 50
to —50 ppm zooming into the central resonance are presented
in Figure 9b. In all samples, the spectra show a sharp resonance
at 0 ppm (peak 1) which can be assigned to lithium in
diamagnetic species. These species can be those with Ti*" as in
pristine Li,TiSiOs, diamagnetic secondary phases such as
lithium silicate, or SEI compounds such as Li,O, Li,CO;, and
LiF.”%77* Besides, a broad resonance at 30 ppm (peak 2) is
observed to appear after discharging to voltages below 0.29 V,
that is, at the plateau region. This broad resonance around 30
ppm indicates the existence of paramagnetic phase(s)
containing most likely Ti** which agrees with the reduction
of Ti(IV) to Ti(Ill) during lithiation. The appearance of broad
peak at a lower ppm value due to increased paramagnetism of
Ti(IlI) has also been reported for the Li,Ti;O;, anode
material.”> Analyzing the integrated areas of the two
components (ie., the 30 and 0 ppm resonance), the percentage
of the paramagnetic phase first increases in the capacity region
of 120-240 mA h g™' (0.29—0.04 V), roughly the plateau
region in the discharge curve, and then decrease in the region
of 240—320 mA h g~' (0.04—0 V), as displayed in Figure 10.
Decrease of integrated area of peak 2 is observed to be
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accompanied with increase of integrated area of peak 1. One
explanation would be during further Li insertion, paramagnetic
Ti(III) phase decomposing into TiO and Li,O or lithium
silicate, the latter ones contributing to peak 1, rather than
forming lithium-containing Ti(II) phase(s). Otherwise, the
paramagnetism of Ti(II) phase would reveal itself in "Li MAS
NMR. Another peak appearing at deep lithiation stages (peak 3
in Figure 10) can be attributed to the organic SEI product
(alkyl carbonates ROCOOL) generated at these lithiation
stages. Such possibility is supported by a previous work of
ours.”> However, it remains elusive whether such organic
carbonate species are only formed at deep lithiation stages or
are formed at early lithiation stages but precipitate out of liquid
electrolyte as their concentrations exceed solubility limits. The
integrated area of peak 3 first increases and then remains
approximately constant, in agreement with the formation
process of ROCOOL], as previously revealed.

In summary, according to structural characterizations [X-ray
absorption spectroscopy (XAS), NMR] and our previous study
of the same compound,” from OCV to the discharge plateau
voltage (0.29 V), the discharge capacity is mostly contributed
by SEI formation processes. The main product of this stage is
Li,COj; on the surface of Li,TiSiO; particles.”® Within the 0.3
V plateau region, a growth in the amount of paramagnetic
phase(s) was captured by NMR, most likely the Ti(IIl) phase
generated during lithiation and Li, TiSiOy reduction. After the
plateau and till full discharge, the significant change of the
coordination environment of Ti revealed by XAFS fitting
results and a decrease of paramagnetic resonance observed in
’Li MAS NMR suggest a conversion process, possibly
generating low-valence-state titanium oxide (e, TiO) and
diamagnetic phases such as Li,O or lithium silicate.

B DISCUSSION

The inductive effect has been widely investigated as means to
increase lithium insertion voltage of electrode materials. In this
work, we investigate the opposite side of the commonly known
inductive effect, termed as reversed inductive effect. By

https://dx.doi.org/10.1021/acs.jpcc.0c10221
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Figure 10. NMR fittings of samples at various lithiation stages.

structural characterizations, we determined the lithium
insertion process of Li,TiSiOs to be a complex one, consisting
of sequential intercalation and conversion. From results
obtained by DOS and COHP calculations, complicated
interactions between Ti orbitals and apical and basal O
orbitals were revealed as a probable origin of the observed
reversed inductive effect. This is in stark contrast to
octahedrally and tetrahedrally coordinated Ti. Low degree of
degeneracy of 3d orbitals of transition metal in square-pyramid
coordination is manifested as a rather complex splitting of 3d
orbitals: 3d,,, 3d,./3d,., 3d;?, 3d,>_,>. Each was revealed to form
a pair of bonding and antibonding orbitals with O 2p orbitals,
in which apical and basal oxygen atoms contribute very
differently. Consequently, molecular orbitals as compared with
those in perfect octahedrally or tetrahedrally coordinated
transition metals’””> are much more complex in TiOg square
pyramids.

In octahedrally coordinated Ti, which is the most common
coordination environment of Ti in inorganic compounds,
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degeneracy of Ti 3d orbitals is higher than that in square
pyramids. Ti 3d orbitals split as 3d,,/3d,./3d,, (tzg) and
3d,z_2/3d, (eg) (from low to high energy). Additionally, in
octahedral coordination, t,, orbitals often act as nonbonding
molecular orbitals, leaving e, orbitals the only Ti 3d orbitals
involved in Ti 3d—O 2p interactions generating coupled
bonding and antibonding orbitals. Due to the degeneracy, it is
usually not needed to specifically distinguish which 3d orbital
is exactly occupied by the highest-energy electron, or
interactions with each individual ligand O atom. Tetrahedral
coordination as another commonly observed coordination
environment of Ti, for example, TiX, (X = halogen) and
Ba,TiO,, has a high degree of degeneracy as well. Ti 3d
orbitals split as 3d,2_2/3d,> (e) and 3d,,/3d,./3d,, (t,) (from
low to high energy). Ligands with lone pair electrons play an
essential role in stabilizing tetrahedral coordination of ML,
complexes of d° (electron-deficient) transition metals. A series
of nonbonding orbitals contributed by Cl 3s and 3p lone pair
electrons exist in molecular orbitals, for example, TiCl,. Ti 3d

https://dx.doi.org/10.1021/acs.jpcc.0c10221
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orbitals and the rest Cl 3p orbitals form two groups of
bonding—antibonding orbital pairs, that is, 3d—3p 7 bonding
and antibonding (e) and 3d—3p ¢/7 bonding and antibonding
(t,).”°"® Within T, symmetry, ¢ and 7 t, orbitals are not
separable.

The complex orbital interactions as observed in TiOs square
pyramids further precludes the accurate analysis of molecular
orbital changes during Ti(IV) reduction. The key of the
following work would be to determine the type of orbital
where the Ti**/Ti** redox couple resides, more specifically,
whether the Ti*'/Ti’* redox couple resides on a bonding
orbital or not. On the basis of preliminary insights obtained in
this work, we expect that other titanium-based materials
possessing the same natisite structure may exhibit relatively
low electrochemical potentials as well, provided that lithiation
and delithiation proceed through similar mechanisms.
Reported compounds in the natisite structure include:
M(I),M(IDXO; (M(I) = Li, Na, M(I[) = Tj, V, X = Si,
Ge). Even for sodium titanium oxide anodes with no
polyanions present, extremely low sodium insertion potential
(0.3 V vs Na*/Na) has been observed in Na,Ti;O, in which
titanium resides in a square pyramidal coordinated site”’
compared with octahedrally coordinated TiO, (0.7 V vs Na*/
Na), NaTiO, (0.9 V vs Na*/Na), and Na,TiO;; (0.9 V vs
Na*/Na).*~® This indicates that the unique electronic
structure of square pyramidal TiO; may not only induce
reversed inductive effect but also can itself serve as a low-
potential redox center.

B CONCLUSIONS

In summary, this work investigated the crystallographic and
electronic structure of the anode material Li,TiSiOg with a
peculiarly low lithium insertion voltage for titanium-based
anodes. Structural characterization tools were adopted
verifying the square-pyramid coordination environment of
titanium atoms with their ligand oxygen atoms. Additionally,
the average coordination of Ti was observed to change toward
distorted octahedral coordination during lithium insertion. A
complex mechanism of Li,TiSiO; lithiation was observed.
Electronic structure and bonding characteristics were analyzed
with help of DOS and COHP from DFT calculations.
Complicated interactions between Ti orbitals and ligand O
orbitals were revealed, in stark contrast with octahedral or
tetrahedral coordination. Previously, the inductive effect has
been only utilized to increase working potentials of electrode
materials. Our results suggest that the reversed inductive effect
also exists. Insights obtained in this work can provide new
possibilities in designing future anode materials by tuning their
working potentials to maximize energy density.
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