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ABSTRACT: Li,TisO;, (LTO) has received considerable interest as an alternate
anode material for high power density batteries for large scale applications.
However, LTO suffers from poor Li" diffusivity and poor electronic conductivity,
resulting in capacity loss and poor rate performance. Here we demonstrate a facile
synthesis of LTO NPs using liquid-feed flame spray pyrolysis (LF-FSP) which
provides high surface area (~38 m?/g) spinel structure LTO NPs with average
particle sizes (APSs) of 45 + 0.3 nm. Pristine LTO-Li half-cells exhibit reversible
capacity of 70 mAh/g at 10 C. In this study, we show that mixing LiAlO, NPs (S wt
%) and LizSiON polymer precursor (10 wt %) with pristine LTO via ball-milling o5
and ultrasonication followed by tape casting enhances the LTO rate performance
providing reversible capacity of ~217 mAh/g at 5 C over 500 cycles. The LisSiON ~ °°7 o T i e 2 %
polymer electrolyte is synthesized from rice hull ash (RHA), an agricultural waste, Specific capacity (mAh/g)

providing a green synthetic approach to electrode coating materials. CV and EIS

studies indicate that adding the solid and polymer electrolytes reduces charge-transfer resistance and electrode polarization,
enhancing both reversibility and the LTO Li* diffusion coefficient from 4.6 X 107" to 2.7 X 107" cm?/s.

KEYWORDS: Li,Ti;O,, LiAlO,, LisSiON, polymer precursor, nanopowders, anode, rate capability
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1. INTRODUCTION property of LTO provides high structural stability, potentially
enabling high charge/discharge rates thereby improving LIBs’
versatility.''®'” In addition, LTO’s operating potential is
greater than the reduction voltage of conventional electrolyte
solvents (propylene carbonate and ethylene carbonate), an
attractive feature for rate performance.”””'

Unfortunately, pristine spinel LTO exhibits poor electronic
conductivity (1073 S em™)** attributed to the Ti** valence
state and low Li" diffusion coefficient (107°—10""* cm? s7})
resulting in capacity loss and poor rate capability, which limits
its usage in practical applications.zz_24 To date, numerous
methods have been explored to ameliorate the electronic
conductivity and Li* diffusivity.'*>~>" The most common
method focuses on doping with metallic (Cr**, Ca**, Ga*,
Mg*, Ta%, and AP*)**™*" and nonmetallic (Br~, CI7, and
F7)**7*" ions to increase lattice electrical conductivity through
partial reduction of Ti** to Ti*".

Lithium-ion batteries (LIBs) are used extensively in
electronics, electric vehicles, stationary power storage, and a
multitude of related renewable energy applications attributed
to their high energy and power densities.”” However, in
current designs, LIBs based on commercial carbonaceous
anode materials cannot meet the fast charge capabilities
required for many large-scale applications due to serious safety
problems associated with high charge/discharge rates.””
Given the low galvanostatic potential (~0 vs Li*/Li) of
current graphitic anodes,”® higher charging rates may cause
(especially uneven) lithium plating generating internal short-
circuits leading to catastrophic failure of traditional LIBs.”®
Thus, to enable fast charging and improve LIB safety;
numerous noncarbonaceous anodes have been explored.”” "
Among the possible alternate anode materials, LTO has been
considered very promising due to its excellent thermal stability,
high structural stability, good cyclability at high current

EEAPPLIED

densities, and negligible irreversible capacity.lz_14 Received: November 30, 2020
Spinel LTO anodes can facilitate up to three Li* ions per Accepted: January S, 2021 “
formula unit and deliver theoretical capacities ~175 mAh g™ Published: January 14, 2021

without significant volume changes (<1%) when cycled.">~"’

Graphite anodes in contrast expand up to 10 vol % during
charging.'” This negligible volume change (zero-strain)
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Several efforts have been investigated to increase the
electrical conductivity of LTO through surface modifications
via conductive coatings.”” > Although carbon-coatings offer a
very efficient way to improve LTO anode rate capabilities, they
also decrease cell’s volumetric energy densities.'>* Further-
more, fabrication of uniform and optimized carbon coated
LT(l)2 using economically facile techniques remains challeng-
ing.

Syntheses of nano LTO particles including nanorods,
nanotubes, and nanowires offers an efficient strategy to
improve LTO electrochemical performance.**™* Tt is well-
known that nanostructured active materials can enhance both
electron and Li" migration by shortening diffusion pathways
and providing excess surface lithium storage ascribed to their
large surface areas and small sizes.”*” In addition, LTO NPs
will have larger contact area between the electrolyte and
electrode, resulting in improved intercalation kinetics. These
phenomena contribute to enhance the rate capabilities of
nanostructured LTO compared to bulk LTO. Multiple
synthesis methods have been explored in efforts to prepare
spinel LTO including sol—gel, hydrothermal synthesis,
solution-combustion, and spray pyrolysis.**™*° However,
these routes often offer low yields, involve complicated
procedures, high costs, and toxic precursors detracting from
commercialization practicality.

Therefore, the synthesis of nanoscale LTO materials with
controlled morphologies, phase purity, and using low-cost
methods is highly desirable for assembly of LTO batteries.
This provides the motivation to prepare LTO NPs using
liquid-feed flame spray pyrolysis (LE-FSP).

Recent publications indicate that the introduction of
appropriate amounts of solid electrolytes [LiAlO,,
Li; 3Alo3Ti; ,(PO,); (LATP), and Ligs3LagseTiOs] in to
LTO anode is an effective, low-cost route to improve the
electronic and ionic transport of LTO.>**** Thus, Han et
al.** reported that added LATP can coat and/or bridge LTO
particles, thereby facilitating Li* diffusion from electrolyte to
the active material and improving electron migration to the
current collector (Cu) by virtue of LATP’s high ionic (6.2 X
1075 S/ecm)* and electronic conductivities (S x 107! S/
cm).” However, these studies use solid-state reaction methods
(calcining >700 °C) to synthesize LTO-solid electrolyte
composites, which makes it difficult to obtain nanostructured
LTO particles as a result of particle necking.

Recently, we demonstrated that LF-FSP derived LiAlO,
ceramic electrolytes offer optimal ionic conductivities (~107°
S/cm) and electronic conductivities of 6.7 X 107*° S/cm at
ambient, both 3 orders of magnitude higher than those
reported for LTO (Table 1).°° Hence, LTO-LiAlO, composite
anodes were prepared via simple ball-milling. We coinciden-
tally reported the synthesis and characterization of a novel
polymer electrolyte (LicSiON) derived from rice hull ash
(RHA), an agricultural waste, providing a green route to all-
solid-state batteries (Scheme 1).>' In our effort to synthesize

Table 1. Ionic and Electronic Conductivities of LTO,
LiAlO,, and LizSiON at Ambient

ionic conductivity electronic conductivity

compounds (S/cm) (S/cm) ref
LTO 1078-107° <1078 22,23
LiAIO, 10°¢ 10710 50
LigSiON 107¢ 1077 51

the LigSiON polymer electrolyte, we realized that it might also
be possible to use this precursor to coat LTO NPs. The
LigSiON electrolyte offers a room temperature (Table 1) ionic
conductivity of 107 S/cm and electrical conductivity of 10~
S/cm 6 orders of magnitude greater than that of LTO.

In this work, we synthesized high surface area (~38 m*/g)
spinel LTO NPs using LF-FSP. Contrary to the typical solid-
state reaction, this method eliminates glass forming, grinding,
and ball milling steps. In addition, LE-FSP derived LTO NPs
are agglomerated but not necked which is crucial for facile
dispersion and tape-casting. To enhance the electrical
conductivity of LTO anodes, the LTO was mixed with flame
made LiAlO, NPs (APS = 64 nm; 5 and 10 wt %) and coated
with LigSiON polymer precursors (S and 10 wt %).

To the best of our knowledge, this is the first time three
component composite anodes, e.g.,, LTO-5LiAlO,-10LisSiON,
have been explored as an approach to improving LTO’s rate
capabilities. The composite anode exhibited a specific capacity
of ~217 mAh/g at 5C for 500 cycles. The modified LTO NPs
were characterized via XRD, XPS, SEM, EIS, and performance
tests, as described in the following sections.

2. EXPERIMENTAL SECTION

2.1. Synthesis of LTO NPs. The chemical products and analytical
methods can be found in the Supporting Information.

The synthesis procedures for titanatrane{Ti(OCH,CH,);N-
[OCH,CH,N(CH,CH,0H),]} and lithium propionate
[LiO,CCH,CHj,] are discussed in our previous work.>

Lithium propionate (26.5 g) and titanatrane (236.8 g) were
dissolved in anhydrous ethanol (1650 mL) to give a 3 wt % ceramic
yield solution. To avoid the loss of lithium during the combustion
process, excess lithium propionate (100 wt %) was used. The LE-FSP
method was used to produce LTO NPs. A detailed description of LF-
ESP process can be found elsewhere.*

The as-produced LTO NPs (10 g) were dispersed in anhydrous
ethanol (350 mL) with 2 wt % poly(acrylic acid) using an ultrasonic
horn (Vibra-cell VC 505 Sonics & Mater. Inc.) for 10—1S5 min
operating at 100 W. The suspension was left to settle for S h to
remove impurities and allow larger particles to settle. To remove the
impurities the suspension was left to settle for 5 h and the recovered
supernatant was dried at 100 °C/24 and heated to 700 °C/2 h/O,,
hereafter referred to as pristine LTO.

2.2. Preparation of LTO/LiAlO,/Li;SiON Composites. LiAlO,
NPs were also synthesized using the LF-FSP method as discussed in
our previous work.’> We recently reported the direct distillative
extraction of silica from RHA as the spirosiloxane, [SP =
(C¢Hg0,),Si]. SP reacts with xLiNH, to provide in oligomeric
mixtures denoted as Li,SiON (x = 2, 4, and 6) polymers with varying
Li and N contents per Scheme 1. The LizSiON oligomers are for the
most part soluble and stable in THF which makes it easier to coat
LTO NPs, offering a simple and cost-effective green synthesis route to
fabricate composite electrodes.

In our effort to enhance the electrical conductivity of LTO,
composite anodes were processed by adding selected wt % LiAlO,
solid and LizSiON polymer electrolytes during electrode formulation
per Table 2.

The LTO and LiAlO, NPs (S and 10 wt %) were dry ground for
~30 min in air to ensure uniform mixing. The LTO-LiAlO, mixtures,
dispersed in anhydrous ethanol (S mL), were ball-milled for 24 h
using ZrO, beads (6 g, 3 mm) in 20 mL vial under nitrogen. The
slurries were then heated at 100 °C/24 h/vacuum. In a separate step,
LTO NPs and LizSiON polymer precursor (S and 10 wt %) dissolved
in THF then ultrasonicated at 100 W for 5—10 min. The recovered
mixtures were then dried at 100 °C/24 h/vacuum. To evaluate the
synergistic effects of the LiAlO, and LisSiON electrolytes, composite
electrodes are synthesized by mixing the LTO-LiAlO, powders with

https://dx.doi.org/10.1021/acsaem.0c02994
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Scheme 1. Synthesis of Li,SiON Polymer Electrolyte
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Table 2. Lists of Pristine and Composite Electrodes (wt %)

electrodes LiAlO, (wt %) LigSiON (wt %)
LTO 0 0
LTO-SLiAlO, 5 0
LTO-10LiAIO, 10 0
LTO-SLicSiON 0 S
LTO-10LiSiON 10
LTO-SLiAlO,-5LigSiON s s
LTO-5LiAlO,-10LiSiON 5 10
LTO-10LiAlO,-SLiSiON 10 5
LTO-10LiAlO,-10LizSiON 10 10

LTO-LicSiON powders. Scheme 2 depicts the preparation of the
LTO-composite anode systems.

Scheme 2. Preparation of LTO-Composite Anodes

LTO LiAIO, LTO-LiAIO,
+ @ Ball-mill
Li SiON LTO-Li SiON
+ @ Ultrasonication @
LTO-LiAIO, LTO-LiSiON LTO-LiAIO,-Li SiON

R Y

Before electrode fabrication, pristine LTO and carbon black (C-65)
were heated to 100 °C/24 h/vacuum to remove trace moisture and
eliminate oxygenated carbon species. Electrode slurries were prepared
by mixing pristine LTO or LTO composites (80 wt %), C65 (10 wt
%), and polyvinylidene fluoride [PVDF, (10 wt %)] in 1-methyl
pyrrolidin-2-one.

The LTO-Li;SiON mixtures were ultrasonicated for 10—15 min/
N, to give homogeneous slurries. The LTO-LiAlO, mixtures were ball
milled for 24 h using ZrO, beads (6 g) in 20 mL vials and then coated

UItrasomcatlon
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onto current collector (Cu foils, 16 ym). After drying at 80 °C/12 h/
vacuum, the electrodes were cut into 8 mm discs, and thermo-pressed
at 40—50 MPa/50 °C/5 min using a heated benchtop press (Carver,
Inc.) to improve packing density. The electrodes have areal loading
densities ranging from 3 to 4 mg/cm” LTO-composite-Li half cells
were assembled following the standard coin cell procedure discussed
elsewhere.**

3. RESULTS AND DISCUSSION

In this section, we primarily characterize pristine LTO NPs
and composite anodes by XRD, FTIR, SEM, and TGA. In the
second part, we discuss the electrochemical properties of half-
cells assembled using the LTO-composite electrodes. The
effect of the LiAlO, solid electrolyte and LizSiON polymer
electrolyte additives on the rate performance of the LTO were
also investigated.

3.1. Structure and Morphology of LTO Composites.
Figure S1 shows the XRD powder pattern of as-produced LTO
NP composed primarily of spinel LTO phase (92 wt %). The
weak diffraction peaks ~27.6° and 55.5° 26 can be assigned to
TiO, (rutile) and the small peak~ 20.3° 20 is attributed to
Li,TiO;.”> The Figure S1 broad peaks at low 20 angles
decrease and the intensity of the peak corresponding to
Li,TiO; decreases on heating to 700 °C, suggesting formation
of phase pure spinel LTO without impurities.

The XRD powder patterns of LTO-pristine, LTO-LiAlO,,
and LTO-LizSiON composites are shown in Figure 1. All the
peaks can be indexed to the Fd3-m space group with a cubic
lattice.*” XRD of LTO-10LiAlO, (Figure 1a) powder exhibits
broad and low-intensity peak ~21° and the doublet peaks at
~34° 20, which can be indexed to y-LiAlO, (PDF: 04-009-
6438). Conversely, no noticeable lattice fringes ascribed to the
presence of LiAlO, are found due to its low content and the
fact that the LTO-LiAlO, composite powder was produced
through a simple ball-milling without any heat treatment.

Figure 1b shows the XRD plot of the LisSiON powder
heated to 100 °C/12 h/vacuum. The broad peak centered at
~35° 20 suggests the absence of crystalline structure.’’
Amorphous LisSiON generates no discernible diffraction
peaks in the LTO-LigSiON composite powder. Figure S2
presents the XRD patterns of LTO-LiAlO,—LisSiON
composite powders. The lattice parameters for the LTO-
LiAlO,—LicSiON (a = 8.362 A) powder are essentially the
same as those of the pristine material (8.364 A).

https://dx.doi.org/10.1021/acsaem.0c02994
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Figure 1. XRD plots of (a) LTO-pristine and LTO-LiAlO, and (b)
LTO-LigSiON powders.

The FTIR spectra of LTO-pristine and LTO-composite
powders are presented in Figure S3. The spectra of all samples
change slightly with addition of LiAlO, and LigSiON polymer
electrolytes. The broad peak ~1450—1500 cm™ corresponds
to carbonate ¥C=0, typical for LE-FSP derived powders.*’

The two broad absorption bands centered at 650 and 465
cm™, respectively, are due to the symmetric and asymmetric
stretching vibrations of lattice [MOg] octahedral groups
confirming the presence of spinel LTO.*

High performance LTO anodes are available using nano-
structured materials because such materials offer larger contact
areas with electrolyte, shorter diffusion distances for Li* and
electrons, and excess near-surface lithium storage in compar-
ison with micron-size LTO anodes.””*' The solid-state
reaction method is simple; however, product quality is not
satisfactory due to particle inhomogeneities, large APSs, and
irregular morphologies. In contrast, we are able to the design
and prepare uniform, nanoscale LTO electrodes for high
performance applications.

Figure 2 shows SEMs of pristine LTO, LTO-composite
powders. Powder morphologies of the pristine LTO (Figure
2a) and LTO-LIAIO, (Figure 2b,c) are similar agglomerates
with uniform APSs < 60 nm. Table S1 lists the SSAs and APSs
of the LTO-composite powders.

As noted above, high surface area is an important
characteristic of nanostructured materials. The BET SSA of
pristine LTO is 37 + 0.8 m*/g. The calculated APS using the
BET surface area is ~46 nm for the pristine LTO. The LTO-
10LiAlO, sample shows a slight decrease to 31 m?®/g and
increase in APS (54 nm) attributed to the relatively larger
LiAlO, APS (64 nm).”

Figure 2d,e shows highly dispersed small particles on the
LTO particles, which indicates that the polymer electrolyte is
coated on the LTO particles, supporting the EDX studies
presented below. The powder surface morphology of the LTO-
10LiAlO,-10LixSiON composite reveals denser particle accu-
mulation attributed to the polymer electrolyte additives.

The thermal stability of the composite powders was
investigated by TGA. Figure S4 shows representative TGA
plots (700 °C/10 °C min~'/N,) for pristine LTO and LTO-
composite powders. The mass losses <250 °C are attributed to
physi/chemisorbed water on the surfaces of the LTO-LiAIO,
composite powders. The LTO-LisSiON composite powder
exhibits relatively larger mass loss (8 wt %) from 100 to 450
°C ascribed to evaporation/or decomposition of organics.
Figure S4c demonstrates that the TGA ceramic yield for the

Figure 2. SEM images of pristine LTO (a), LTO-SLiAlO, (b), LTO-10LiAlO, (c), LTO-5LicSiON (d), LTO-10LiSiON (e), and LTO-10LiAlO,-

10LizSiON (f) powders.

1897

https://dx.doi.org/10.1021/acsaem.0c02994
ACS Appl. Energy Mater. 2021, 4, 1894—1905


http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02994/suppl_file/ae0c02994_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02994/suppl_file/ae0c02994_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02994/suppl_file/ae0c02994_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02994/suppl_file/ae0c02994_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02994?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02994?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02994?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02994?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02994?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02994?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02994?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02994?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c02994?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

a 2 i
@ 3. (b) Ti Py (c) Al2p
P B " 2 LTO-10LiSiON 11 P12 I A
|~ L - = '
3 : j
T
5 LTO-10LigSiON | S |LTO-5LiGSiON ) ' - LTO-1‘0LIAI02
s s ! i WY A phyt N
o by = J Y WAMWI
£ LTOSLSION | £ |1o-0LiAl0, | ya 2 ' '
s £ e TN~ €
17 @ o ! ] K]
£ LTO-10LIAIO, £ ' i £ .
A . h LTO-5LIAIO, b LTO-5LIAIO,
A ! I
LTO-5LIAIO, E '
LTO ' L
800 600 400 200 0 472 470 468 466 464 462 460 458 456 454 85 80 75 70
Binding energy (eV) Binding energy (eV) Binding enrgy (eV)
N1s
: e
(d) si 2p (e)
_ LTO-10LiSION |
3 3 [LTO-10Li¢SiON
s s
2 2
7] ]
c c
2 ]
E | =
\  LTO-5LigSiON LTO-5LigSION /\

T T T
100 98 402 400

Binding energies (eV)

102 404

T
398

T T
396 394 392 390

Binding energies (eV)

Figure 3. XPS survey spectra (a) and high resolution spectra of Ti 2p (b), Al 2p (c), Si 2p (d), and N 1s (e) for LTO, LTO-LiAlO,, and LTO-

LigSiON electrodes.

Figure 4. SEM and EDX images for the pristine LTO (a), LTO-SLiAlO, (b), and LTO-10Li;SiON (c) electrodes.

LTO-composite powders are in good agreement with the
theoretical ceramic yields calculated using the rule of mixtures.

3.2. Surface Characterization. The surface chemical
composition and binding energies of the LTO-pristine and
LTO-composite electrodes were analyzed by XPS. The survey
spectra (Figure 3a) reveal signature elements (Li, Ti, C, and
O) for the LTO-pristine and LTO-composite electrodes. All
electrodes show a small F 1s peak (2.3—3.5 at. %) ascribed to

1898

the presence of PVDF. The resulting deduced elements from
XPS are listed in Tables S2 and S3.

Figure 3b presents core resolution XPS spectra for electrode
Ti 2p. Deconvoluted peaks at ~464.4 and 458.5 eV
corresponds to the Ti 2P,/, and Ti 2P;,, core level binding
energies of Ti*" of spinel LTO, respectively.”*>” No noticeable
change is observed in the Ti 2p core peak for the LT O-pristine
and LTO-LiAlO, electrodes. The Ti 2p;,, peak seems to shift

https://dx.doi.org/10.1021/acsaem.0c02994
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Figure 5. Nyquist plot of LTO composite—Li half-cell (a and ¢) and plot of Z, vs angular frequency (b and d). The dotted line corresponds to the

experimental value and the solid line indicates the fitted data.

slightly to higher binding energy (459 eV) for the LTO-
LizgSiON electrode compared to the pristine LTO electrode.
This suggests that introducing the polymer electrolyte changes
bonding at the LTO surface. Figure SS deconvolutes the Ti 2p
peak for the LT O-pristine and LT O-composite electrodes. The
Ti* contents at 2p, ,, increase to 10.2 and 15.7% for the LTO-
SLicSiON and LTO-10LiSiON electrodes, respectively, which
are significantly higher than the content in LTO-pristine
electrode. (42 wt %). This implies that Ti*' is partially
reduced to Ti** during the coating process. As noted above,
the presence of Ti*" in LTO can effectively improve electron—
hole concentrations enhancing bulk electrical conductivity.'”*’
As a consequence, the LTO-LicSiON electrode exhibits
superior electrical conductivity as discussed below.

The core level spectra of the Al 2p (74.8 eV) peak increases
with increasing LiAIO, content (10 wt %), a consequence of
LiAlO, particles associated with the surface of LTO particles
(Figure 3c). The core level spectra of Si 2p (99 eV) are similar
in shape and peak position for the LTO electrode coated with
S and 10 wt % LigSiON polymer electrolytes as shown in
Figure 3d. The overall atomic concentration of N (Figure 3e)
increases with the introduction of 10 wt % LisSiON, suggesting
that the LTO surface is coated uniformly with the polymer
electrolyte.
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The survey spectra (Figure S6) reveal signature peaks (Li,
Ti, C, and O) for the LTO-LiAlO,- LizSiON electrodes, while
Al, Si, and N peaks are detected in the LTO composite
electrodes ascribed to the presence of LiAlO, and LisSiON
powders. The XPS derived compositions are listed in Table S4.

Figure 4a shows SEMs and EDX mapping of the pristine
LTO electrode revealing a relatively porous microstructure.
The EDX map presents uniform distribution of signature
elements (C, O, F, and Ti), supporting the Figure 3a XPS
studies. The elemental map of F results from the binder PVDF.

Figure 4b shows SEMs and EDX mapping of an LTO-
SLiAlO, electrode revealing a relatively dense microstructure.
The LTO-SLiAlO, electrode seems to offer a smoother
morphology compared to the electrode with higher LiAlIO,
content. Careful examination of the 10 wt % LiAlO, modified
electrode reveals some uneven LiAlO, coatings (Figure S7a).
This might be ascribed to incomplete dispersion of the active
particles with higher LiAlO, content. The EDX map presents
uniform distribution of signature elements (C, O, Ti, F, and
Al). The Al elemental map is also uniform for LTO-SLiAlO, in
congruent with the XPS data (Figure 3c). Table SS lists the
deduced atomic percentages based on EDX analyses for the
LTO electrodes. As expected, the Al at. % increased with
increasing LiAlO, content.
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Figures 4c and S7b show SEM and EDX images of LTO + 5
and 10 wt % LicSiON electrodes, respectively. The Si and N
elemental maps indicate uniform distributions for both
electrodes corresponding with the XPS data (Figure 3d,e).
As expected, the Si and N at. % increase with increased
LigSiON content. The LTO-LigSiON electrodes show a
relatively denser microstructure. Several notable experiments
have demonstrated that the rate capability depends on the
composition of additives, binder types, and degree of electrode
compaction.”” Besides being an additive with superior ionic
and electronic conductivities, the LisSiON polymer electrolyte
can behave like a binder promoting intimate contact between
the LTO particles and the current collector. These properties
strongly enhance the LTO rate performance as discussed
below.

3.3. Electrochemical Characterization. Electrochemical
impedance spectroscopy (EIS) was performed on the LTO
composite electrode-Li half-cells before cycling. The corre-
sponding Nyquist plots are presented in Figure Sa,c. The
impedance curves were fitted using a modified Randle-Ershler
equivalent circuit model (Figure S8). The Z' axis intercept of
the Nyquist plot at high frequency region is attributed to the
ohmic resistance (R;), which corresponds to internal resistance
of electrode and electrolyte. The charge transfer resistance
(R.) is associated with the semicircle in the intermediate
frequency region. The sloped line in the low frequency-region
represent the Warburg impedance (W), corresponding to the
solid-state diffusion resistance. The constant phase elements
(CPE) are attributed to the double-layer capacitance. The
diffusion coefficient (Dy;) of the LTO-composite electrodes
were calculated using eqs S1—S3.%

All of the Nyquist spectra (Figures Sa,c) exhibit semicircles
and tail in the high and low frequency regions, respectively.
The electrical/ionic conductivity at the interface is represented
by the R, and the diffusion of Li" into the bulk of the active
material is related to W. Appropriate LiAlO, (S wt %) and
LicSiON (10 wt %) modification improves the conduction of
LTO anode as demonstrated in Figure S. This suggests that
surface modification enhances LTO conductivity and decreases
R, The EIS studies indicate that the LTO-5LiAlO, electrode
have better Li* diffusion coefficient than than pristine LTO.
However, the introduction of higher content LiAlO, (10 wt %)
resulted in an increase in the R, and a decrease in Li* diffusion
coefficient, which could be attributed to a thicker barrier that
impeded the Li* migration at the LTO surface. It could also be
ascribed to the increase in the APS of LTO-10LiAlO, (54 nm).
The Li* diffusivity result can be compared (Table S6) to
reported LTO-LiAlO, and LTO-Lij33La,5,Ti0; composite
electrodes.””’

The calculated Li* diffusion coeflicients for pristine LTO,
LTO-LiAlO,, and LTO-LiSiON are listed in Table 3. LTO-
SLiAlO,-10LiSiON has the highest diffusion coefficient (~2.7
X 107'?) among the LTO electrodes reported here. This study
demonstrates that introduction of an appropriate amount of
solid electrolyte enhances the electrochemical performance of
LTO.

Figure 6a presents CV curves measured between 0 and 2.5V
(vs Li/Li*) at a scan rate of 1 mV/s. Two typical cathodic/
anodic peaks are observed ~1.8/1.5 V for all samples,
corresponding to the two-phase LTO redox reaction
mechanism of LTO (Li,TisO,, + 3Li" + 3e- 2 Li,TisOy,).
This suggests that the introduction of LiAlO, and LigSiON
polymer electrolyte does not change LTO electrochemistry
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Table 3. List of Diffusivities and Potential Gap for Pristine
and Composite LTO Electrodes

electrodes Dy;(cm?/s) Ag, (mV)
LTO-pristine 4.6+ 0.5 x 107 400
LTO-5LiAlO, 6.1+ 0.7 x 107" 340
LTO-10LiAlO, 48 £ 02 x 107 410
LTO-5LicSiON 6.7 £ 0.6 X 107 380
LTO-10LiSiON 12+ 03 x 1072 320
LTO-SLiAlO, - 5LicSiON 23+03x 1078 300
LTO-5LiAlO, —10LiSiON 2.7 £ 03 x 107" 290
LTO-10LiAlO, - SLicSiON 3.0+ 0.5 x 107 350
LTO-10LiAlO, - 10LisSiON 1.3+ 06x 107 370

(Figure 6b). Two additional weak redox peaks in the range of
0.4—0.6 V are ascribed to the multistep restoration of Ti*".>*
This is attributed to the insertion of additional Li* ions to the
Li,;TisO;, (rock-salt) to transform to Lig:TisO;, (quasi-rock-
salt) reducing all Ti*to Ti*".>”

Table 3 also lists the peak parameters for the composite
electrodes in the CV plots. The degree of polarization is
reflected by the voltage difference between anodic and
cathodic peaks. LTO-SLiAlO,-10LizSiON exhibits the smallest
potential gap (Ag, = 0.29 V) between reduction and oxidation
peaks compared tos the pristine LTO electrode ((Agp, = 0.4
V). This suggests that the composite electrode has lower
electrochemical polarization and better diffusion kinetics than
LTO-pristine. This is ascribed to faster Li* and electron
transfer processes imparted by the ceramic and polymer
electrolyte additives. This is consistent with the excellent rate
capability of the LTO-5LiAlO,-10LisSiON composite elec-
trode.

The electrochemical performance of LTO-pristine, LTO-
LiAlO,, LTO-LisSiON, and LTO-LiAlO,—LicSiON electrodes
was investigated by galvanostatic cycling test at different C-
rates (0.5, 1, and 5§ C) between 1 and 2.5 V. Pristine LTO
(Figure 7a) shows an initial discharge capacity of ~180 mAh/g
at 0.5 C. The reversible capacity at 0.5 C rate is ~154 mAh/g
after 100 cycles, which is 88% of the theoretical capacity. This
is in good agreement with previous reports and corresponds to
the transformation of Li,TisO,, to Li;TisO;,.">

The discharge capacity for pristine LTO half-cell decreases
to ~125 mAh/g at S C. However, capacities for LTO-SLiAIO,
and LTO-10LisSiON fade slowly remaining stable at 146 and
160 mAh/g at 5C, respectively. The LTO-5LiAlO,-10LisSiON
exhibits a discharge capacity (~140 mAh/g) at S C. On the
whole, the LTO-LigSiON and LTO-LiAlO, electrodes reveal
enhanced rate capacity relative to pristine LTO.

After 100 cycles, the specific capacities are 155 + 0.7, 142 +
1.4, 156 + 0.5, and 162 + 0.2 mAh/g at 0.5 C for the half-cells
assembled with LTO-5LiAlO,, LTO-10LiAlO,, LTO-
SLizSiON, and LTO-10LizSiON electrodes, respectively. The
reversible capacities of LTO-LisSiON decrease slowly
compared to those for LTO-LiAlO, and the pristine LTO
electrodes. However, the LTO-10LiAlO,-5LiSiON and LTO-
10LiAlO,-10LixSiON composite electrodes show relatively low
discharge capacities of 127 and 131 mAh/g after 100 cycles.

To understand the reason why the LTO-—10LiAlO,-
SLigSiON and LTO—-10LiAlO,-10Li;SiON capacities (Figure
7b) decrease after 70 cycles, the discharge/charge curves for
the selected cycles were investigated (Figure S9). The
polarization degree of the composite electrode was explored
by calculating the voltage difference (AE) between discharge
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Figure 6. Cyclic voltammograms of the LTO-pristine, LTO-LiAlO,, and LTO-LigSiON (a) and LTO-LiAlO,—LizSiON (b) half-cells.
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and LTO-LiAlO,—Li¢SiON (b) half-cells cycled between 0.01 and 2.5

and charge plateaus. As presented in Figures S9 and S10, the
AE of LTO—10LiAlO,-10LigSiON increases gradually with
increasing cycle number (AE &~ 70 mV), indicating relatively
higher degrees of polarization compared to the LTO-
SLiAlO,-10Li¢SiON electrode (AE = S0 mV) after 70 cycles.
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This might be ascribed to the larger quantity LiAlO, which
significantly reduces the amount of active material LTO,
resulting in lower capacity retention. This is consistent with
what is reported in the literature for LTO-LiAlO, (10 wt %)
composite electrodes.”’ In addition, as discussed above in the
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Figure 9. Comparison of discharge capacities of the various electrodes cycled between 1.0 and 2.5 V (a) and 0.01 and 2.5 V (b) at selected C-rates.

diffusivity section, the LTO-10LiAlO,-10LizSiON composite
did not show a high Li* diffusivity coefficient when compared
to the LTO-SLiAlO,-10Li;SiON electrode.

Figure 8 presents the rate performance of the LTO-pristine
and LTO-composite electrodes cycled in the range of 0.01-2.5
V. The initial discharge capacity of all of the half-cells is greater
than the theoretical capacity (260 mAh/g). This extra capacity
may be attributed to the formation of a solid electrolyte
interface (SEI), intercalation of Li" into the conductive carbon
black (C6S5), and decomposition of the organic liquid
electrolyte. The LTO electrodes (Figure 8a) display excellent
cycling stability for both cutoff voltages (0.01 and 1 V),
suggesting that the lithiation of the rock-salt structure is highly
reversible.

The reversible capacities found for LTO-5LiAlO,-
10LizSiON (260 mAh/g) and LTO-10LizSiON (231 mAh/
g) are much higher than those of LTO-pristine electrodes (202
mAh/g) at 0.5 C as demonstrated in Figure 8b. LTO-SLiAlO,-
10LigSiON maintains a high discharge capacity of 255 mAh/g
at 0.5C, which is much higher than the pristine LTO (185
mAh/ g) after 90 cycles. At 10 C, the LTO-10LizSiON shows
the highest discharge capacity of 190 mAh/g. The LTO-
SLiAlO, also delivered a high specific capacity of 174 mAh/g,
which is more than double the capacity obtained for the
pristine LTO (70 mAh/g). The introduction of appropriate
amounts of LiAlO, NPs shortens diffusion distances for Li*
and electrons, increases the contact interface with electrolyte,
and provides abundant surface Li" storage sites or excess near-
surface Li* storage.

Figure 9 demonstrates the rate capability of LTO-pristine
and LTO composite electrodes cycled with different voltage
windows at various current densities. The LTO-pristine half-
cell cycled between 1.0 and 2.5 V potential range (Figure 9a)
delivered average specific capacity of 160 mAh/g at 0.5 C. The
pristine LTO half-cell was also discharged to 0.01 V delivering
reversible capacities of 202 and 120 mAh/g at 0.5 and 5 C as
shown in Figure 9b, respectively. These electrochemical results
indicate that LF-FSP derived LTO powders enable high rate
performance at different discharge voltage ranges.

Figure 9a,b shows that the LTO-10LiAlO,-5LicSiON and
LTO-10LiAlIO,-10LisSiON composite electrodes show poor
discharge capacities compared to the pristine LTO electrode
when discharged to different voltages. This suggests that
LiAlO, enhances the rate performance of the LTO-composite

electrodes. Hence, it is important that the optimal content of
LiAlO, (S wt %) is introduced to achieve superior cell
performance. Compared to pristine LTO, Li,Ti;O,,—LiAlO,
(5 wt %)," and Li,TisO,,—Lig;;LapsTiO; (5 wt %)
composites prepared by solid-state reactions, the rate capability
of LF-FSP derived LTO-5LiAlO,-10LisSiON composite
electrodes is much higher in the range of 0.01-2.5 V at
higher C-rates (Table 4). This clearly indicates that moderate
modification of LTO particle surfaces is substantially beneficial
to rate performance.

Table 4. Comparison of Discharge Capacities of LTO-
Composite Anode Materials at 5 C

discharge capacities

electrodes (mAh/g) ref
LTO-LiAIO, (5 wt %) 127 47
LTO-LiAIO, (10 wt %) ~50 47
LTO-Lig5LasTiO5 (5 wt %) 146 39
LTO-Lig 33La06TiO; (10 wt %) 137 39
Li,Ti, sLag, 01 181 61
LTO-TiO, 117 62
LTO-TiO,/C 140 63
LTO-SLiAlO, 190 this work
LTO-10LicSiON 206 this work
LTO-5LAlO,-10Li;SiON 217 this work

Figure S11 show the Nyquist plots of the half-cells in
delithation state after 100 cycles. Table S7 lists the electrolyte
resistance (R,) and R, of these half-cells. The R, values of
LTO-SLiAlO,-10LixSiON decreases markedly, suggesting the
enhanced Li* diffusion due to the introduction of electrolytes
with optimal electrical conductivity than pristine LTO anode.
Zhang et al.*’ suggest that local charge imbalance promotes the
electron transfer; hence, the modification of LTO surface
enhances the electronic conductivity.

The high rate performance of the LTO-5LiAlO,-10LizSiON
electrodes is attributed to

1. Optimal amounts of LiAlO, (S wt %) and LizSiON (10
wt %) between or on the LTO particle surfaces
enhancing the ionic conductivity as demonstrated by
the increase in lithium ion diffusivity. (Table 3).
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2. LigSiON polymer electrolyte reorganizing LTO surface
bonding, resulting in an increase in the electronic
conductivity due to the local change imbalance.

3. Diminishing electrode polarization, via introduction of
appropriate LiAlO, and LicSiON electrolyte contents.

4. The enhanced electrical conductivities of electrolyte additives
coupled with uniform particle morphology and high surface
area of LTO NPs resulted in long-term cycling stability over
500 cycles delivering reversible capacity of ~217 mAh/g at
S C (Figure S12).

4. CONCLUSIONS

Herein, a facile LF-FSP method enabled the synthesis of high
surface area, phase pure LTO NPs using a low-cost precursor.
Pristine LTO was mixed with LiAlO, and LisSiON electrolytes
to improve the ionic and electronic conductivity by simple ball-
milling and ultrasonication methods. The microstructure
studies show that the composite powders are homogeneous
with particle sizes <60 nm. XPS and EDX studies further
confirm that the surface of the LTO particles is uniformly
coated with the polymer electrolyte. By virtue of the high
electrical conductivity of LiAlO, and LigSiON electrolyte, the
LTO composite electrodes with optimal LiAlO, (5 wt %) and
LicSiON (10 wt %) electrolyte additives exhibit excellent rate
performance delivering reversible capacity of 260 and 140
mAh/g at 0.5 and 10 C, respectively.
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