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Abstract This study investigates the phase and elemental
distribution in a suspension plasma-sprayed (SPS) Li,Tis.
0, (LTO) thin-film anode for solid-state lithium batteries,
deposited on an SS-304 substrate. Advanced synchrotron-
based uXRD and pXRF techniques were employed for
micro-scale characterization, revealing distinct phase
regions influenced by thermal exposure during the SPS
process. The dominant Li4TisO;, phase was retained across
most of the film, with localized transformations to sec-
ondary phases Li,Ti;0;, Li,TiO5 and TiO, near the sub-
strate interface, primarily due to prolonged high-
temperature exposure and subsequent lithium loss. These
findings underscore the importance of controlling SPS
parameters to minimize lithium loss and optimize phase
stability and interfacial integrity in solid-state battery
components.
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Introduction

Solid-state batteries (SSBs), harnessing the potential of
ceramic fast ion conductors, are widely acclaimed for their
exceptional attributes, including high energy density,
enhanced power density, safety, a broad electrochemical
stability window, lack of electrolyte leakage, and extended
cycle life (Ref 1-3). The diverse inorganic materials con-
tributing to state-of-the-art SSBs encompass solid elec-
trolytes, cathode, and anode like Li4TisO;, (LTO). Within
the pseudo-binary Li,O-TiO, system for LTO, LisTisO,
stands out for battery applications due to its excellent
cycling performance and long life in the cubic spinel
structure (Ref 4-8).

Advanced production methods like pulsed laser depo-
sition (PLD), chemical vapor deposition (CVD), and
electrostatic spray deposition are used to fabricate high-
quality thin-film battery components. While effective,
these methods are complex, costly, and have slow depo-
sition rates. In contrast, suspension plasma spraying (SPS)
offers a simpler, cost-effective, and industrially viable
alternative for producing thin-film SSBs (Ref 9-12).

In SPS, ceramic or metallic powders suspended in a
liquid medium are sprayed into a plasma plume from a
plasma spray torch. The suspension stream is atomized into
fine droplets due to atomization gas and further into finer
droplets by viscous thermal-plasma (plasma plume tem-
perature typically ranges from 10,000 to 15,000 °C) (Ref
13) where the liquid medium (solvent) is evaporated first,
and the remnant solute particles then partially or fully melt
in-flight before impacting the substrate to form a thin
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coating by rapid quenching in a layer-by-layer fashion. The
cooling rates in plasma spraying can range from 10* to 10°
Kelvin per second (K/s) (Ref 14, 15). The detailed mech-
anism of coating formation in SPS, involving the injection
of suspension into plasma, is described by Ganvir et al.
(Ref 16). Process parameters like plasma gas flow rate,
suspension feed rate, spray distance, etc. are known to
considerably influence coating properties (Ref 17). SPS
processing is ideal for manufacturing thin-film solid-state
batteries, enabling rapid fabrication of films with tailored
microstructures and controlled porosity over large areas
(Ref 16). A key challenge in using SPS for thin-film SSBs
is creating solid-solid interfaces with sufficient integrity, as
SPS coatings depend on mechanical anchoring for bonding.
Additionally, the extreme heat from plasma can degrade
and decompose LTO phases, alter their chemistry, and
cause elemental interdiffusion between the ceramic anode
and metallic current collector. Decomposition of the spinel
phase LTO (Li4Ti5O,,) to Lithium meta-titanate (Li,TiO3)
and Ramsdellite (Li,TizO;) is a common phenomenon
reported at temperatures above 1015 °C (Ref 18, 19).

On the other hand, since the plasma spraying is a high-
temperature production method, in order to avoid undesired
interdiffusion and partial lithium deintercalation which
could affect the efficiency of the SSB-based LTO, there are
several strategies can be employed to reduce the temper-
ature and, consequently, minimize interdiffusion and par-
tial lithium deintercalation. Potential solutions to mitigate
interdiffusion and partial lithium deintercalation include
process optimization, the application of a barrier layer, the
use of lithium-rich precursors, atmosphere control, and
exploring low-temperature deposition methods. Adjusting
plasma spray parameters—such as enthalpy and spray
distance—can help minimize prolonged high-temperature
exposure. Additionally, injecting the suspension radially
instead of axially may reduce lithium loss and phase
transformation. Controlling the quenching rate, for exam-
ple, through controlled substrate cooling, could further aid
in retaining the desired phase (Ref 20-23). Introducing a
thin diffusion barrier coating (e.g., TiN, SiO,, Al,O3, ZrO,,
TiO,, BaTiO3, etc.) between the LTO film and SS-304 to
suppress Fe, Cr, Ni, and Mn interdiffusion. This is a
common approach in high-temperature systems to improve
stability (Ref 24-26). If it is necessary to compensate for
the lithium loss during the plasma spraying process, it is
possible to use Lithium-rich precursors. It means using a
slightly Li-enriched suspension feedstock could compen-
sate for lithium loss during plasma spraying, ensuring
better phase stability and reducing unwanted phase for-
mation. Additionally, atmosphere control can be another
solution. If feasible, adjusting the plasma gas composition
(e.g., adding a reducing component like H,/Ar) could help
mitigate Ti oxidation and maintain the original LTO
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stoichiometry (Ref 27, 28). Finally, exploring alternative
thermal spraying methods would be an alternative for high-
temperature plasma spraying. Techniques like flame
spraying, in particular, offer a promising approach for
depositing a thin, dense, and reliable LTO coating while
mitigating interdiffusion and lithium deintercalation. This
is an area we are currently investigating.

Therefore, characterizing the SPS-deposited LTO anode
thin-film on a metallic current collector is crucial for
understanding phase and elemental composition within the
film and across the anode-current collector interface. Due
to inherent heterogeneity, localized micro-scale character-
ization is needed to understand chemistry variations,
especially in the narrow interface region. Traditional bulk
characterization methods are unable to capture variations in
structures such as phase composition and chemistry at the
microscale. Microscale characterization of SSB compo-
nents is particularly informative. Techniques like SPS,
which inherently introduces structural heterogeneity, are
especially relevant for this analysis. In this context, Syn-
chrotron micro XRD/XRF (hereafter pXRD/uXRF) is a
technique that allows for micro-scale localized characteri-
zation of material structure. The pXRD/uXRF scanning
imaging is a non-destructive technique that provides
information on the spatial distribution of chemical ele-
ments and crystalline phases present (Ref 29, 30). There-
fore, in this work, the above techniques were explored to
study the solid-solid interfacial regions in the SPS-pro-
duced thin-film SSB LTO anode deposited on the SS-304
substrate.

Experimental Works

Coating material and deposition process: Lithium Titanium
Oxide powder, LisTisO;, (LTO) from NEI Corporation,
USA, was utilized, featuring an average particle size of
1.5-3 micrometers. A disk-shaped Stainless Steel 304 (SS-
304) substrate with a diameter of 25 mm and a thickness of
2 mm was employed as a current-collector substrate. The
chemical composition of the LTO powder and SS-304
substrate is shown in Table 1. Figure 1 depicts the mor-
phology of the LTO powder particles, as observed through
scanning electron microscopy (SEM) conducted using an
APREO field emission SEM (FE-SEM) from Thermo
Fisher Scientific, U.S., equipped with an EDS detector. The
SEM micrograph of the LTO thin-film cross-section is
shown in Fig. 1(c) indicating a uniform deposition of the
LTO thin film. The suspension was formulated in deionized
water, comprising a 20 wt.% solid load of LTO powder and
1 wt.% of 1-Methyl-2-pyrrolidinone (NMP) from Sigma-
Aldrich as an additive. Subsequently, the LTO thin-film
was deposited using an Axial III high-power plasma torch



J Therm Spray Tech (2025) 34:1589-1597 1591
Table 1 Chemical composition of LTO thin-film and SS-304 substrate

Element (6] Cl, Si, Al Fe Cr Ni Mn C,P,S, Si, N
LTO powder (wt.%) (Excluding Li, which could not be detected) 54.4 45.2 0.4

SS-304 substrate (wt.%) Balance 18-20 8-11 2 1.005

1090

LTO suspension plasma sprayed
thin-film layer

Fig. 1 SEM micrographs with (a) low and (b) high magnifications of morphology of the LTO powder, (c) Cross-sectional BSE image of LTO

thin-film on substrate

Table 2 Plasma spray parameters utilized for the deposition of the LTO suspension

Suspension feed, mL/min Total gas flow, L/min

Power, kW Enthalpy, kJ Number of passes

42 200

110 11 20

(Northwest Mettech Corp., Vancouver, Canada) equipped
with a Nanofeed 350 suspension feed system. The SPS
process parameters are shown in Table 2. Further details
about this technique and the subsequent coating formation
mechanisms can be found elsewhere (Ref 10, 16). The
choice of the sample in this study was guided by the
authors’ earlier works (Ref 31), where processing condi-
tions were optimized. This allowed for in-depth, advanced
characterization on the selected sample, ensuring compre-
hensive insights under proven optimal conditions.

Sample preparation for synchrotron pXRD/puXRF: A
focused ion beam (FIB) was used to prepare a sample from
the LTO layer for micro-characterization. This process
involved a Xe + ion beam at 30 kV for milling and 12 kV
for carbon deposition, which attached the manipulator to
the micro-sample for lift-out and mounting on a pin for
x-ray measurements. As shown in Fig. 2, the preparation
includes multiple steps, resulting in a sample of 250 x 200
x 40 pm. The 40 pm thickness is determined by the x-ray
beam energy and material absorption. The height ensures
the sample contains all layers and some substrate material.
In Fig. 2(1), the yellow-dotted and red-dotted lines indicate
the LTO thin-film and the SS-304 substrate, respectively.

Synchrotron pXRD and pXRF: The chemical compo-
sition and crystalline phases at the sample interface were

measured using pXRF- and pXRD-contrast microscopy at
the microXAS beamline, Swiss Light Source (PSI) (Ref
32) (see schematic in Fig. 3). The XRD data was acquired
using the Dectris Eiger 4 M single photon counting
detector (Ref 33) and XRF using 4 SDD detectors posi-
tioned around the sample. During a raster scan over the
ceramic sample cross-sections, pXRD and uXRF mea-
surements were simultaneously performed with detectors
placed as shown in Fig. 3. The x-ray beam was focused to
1 pm. A sample manipulator moved the sample in 0.5 pm
steps (x and y) in the plane normal to the beam with a
200 ms acquisition time per step. For more details on the
procedures, see Colldeweih et al. (Ref 34). The x-ray beam
wavelength was 0.6812 A. Detection and characterization
covered a 250 x 200 pum area with 1 x 1 um pixels and
0.5 pm steps. Azimuthal integration of diffraction rings
used the pyFAI Python library (Ref 35). Each integrated
diffraction pattern was assigned to a pixel in the scanned
area, resulting in 3000 images showing XRD intensities at
specific diffraction angles. For the same area, x-ray fluo-
rescence spectra from each pixel were recorded and ana-
lyzed using PyMca software (Ref 36) which allowed to
obtain distinct images representing spatial distribution of
individual elements. Both pXRD and pXRF measurements
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Fig. 2 FIB milling process steps: (a) Locating a region and placing
milling patterns, (b) Top-down milled micro-sample, (c) Undercut to
create a free-standing micro-sample, (d) Bridge holding the micro-
sample in place, (e) Attaching the micromanipulator to the micro-
sample by carbon deposition, (f) Removing the bridge, (g) Fully-

Fig. 3 Schematic illustration of
the synchrotron pXRD and

XRF measurements
" Synchrotron beam
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provide complementary information and an understanding
of sample structure and composition.

ImagelJ (Fiji) software (ver. 1.53q) was used to evaluate
diffraction patterns from selected regions. X’Pert High
Score plus software (ver. 4.9) and Topas 6 (Bruker) was
used to analyze the obtained XRD patterns. The crystalline
phases were identified based on Rietveld refinement.

Results and Discussion

Based on synchrotron nXRF results, the energy range of
the XRF spectra at the microXAS beamline enabled
imaging of the sample’s chemical composition, particularly
for elements with emission lines above 2 keV. Figure 4
shows the elemental distribution in the FIB-milled samples
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from pXRF. In Fig. 4(a), the bright distribution of Ti
indicates a stable LTO thin-film on the substrate with a
sharp interface, supporting pXRD findings that confirm the
retention of the original LisTisO;, phase. Figure 4(b-e)
illustrate the elemental distributions of Fe, Cr, Ni, and Mn
from the SS-304 substrate, showing interdiffusion into the
deposited layer. This interdiffusion within the first few
microns aligns with pXRD results, which detected sec-
ondary phases like Li,Ti;O;, Li;TiO3, and TiO,, likely
formed by the altered stoichiometry and oxidation states of
Ti due to the presence of Fe, Cr, Ni, and Mn.

More importantly, based on synchrotron pXRD results,
uXRD analysis revealed important details about phase
stability and transformations in the plasma-sprayed LTO
thin film. Figure 5(a-d) show cross-sectional pXRD pat-
terns from different regions of the film, analyzed to
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Fig. 4 elemental distribution of sample

understand phase distribution. The examined regions
include: (a) LTOI, far from the interface; (b) LTO2, near
the interface; (c) the LTO/substrate interface; and (d) the
SS-304 substrate. The pXRD results confirm the persis-
tence of the LiyTisO;, (LTO) phase throughout the film,
indicating its stability despite the high thermal fluxes of the
SPS process. Figure 5(e) and (f) show diffraction beam
intensities at angles of 11.1° and 19.3°, corresponding to
the Li,TiO3 and bcce steel phases, respectively, illustrating
their spatial distribution. Despite the dominant the presence
of Li4sTisOy,, the detection of secondary phases—Li,Ti,0,
Li,TiO,, and TiO,—highlights the complex thermody-
namic and kinetic processes at play during film deposition.
As can be seen from the phase diagram in Fig. 5(g) (red
dotted line), Li4TisOq, is an intermediate phase that can be
solid-state transformed to Li,TizO7, Li,TiO5, and TiO, and
vice versa. The presence of Li,Ti;O; and Li,TiOs, even in
regions far from the interface, suggests that partial lithium
deintercalation and phase transformation occur under the
extreme conditions of plasma spraying. This transforma-
tion is likely driven by the elevated temperatures, which
promote the oxidation of Ti*" to Ti*" and result in phases
with different Li/Ti ratios, such as Li,TisO; (Li/Ti = 0.67)
and Li,TiO; (Li/Ti = 2.0), compared to the original Liy4.
TisO;, (Li/Ti = 0.8). The formation of TiO, confined to
the LTO2 region, may be attributed to localized oxidation
processes where Ti> " is fully oxidized to Ti*", exacerbated
by oxygen ingress during deposition (Ref 8, 37, 38).
Although LisTisO,, is the desired phase for a high-per-
formance anode, Li,TizO; and Li,TiO; phases are also
shown to have good specific capacity, excellent
reversibility, and cycle stability (Ref 39, 40).

The variation in cooling rates across the thin-film and
substrate interface plays a crucial role in determining the
final phase composition. In the LTO1 region (Fig. 5a), the
UXRD pattern reveals the presence of crystalline LisTisO,
and Li,TizO5, indicating that high-temperature conditions
promote the loss of lithium and subsequent formation of
lower Li/Ti ratio phases. However, the bulk film’s

resistance to extensive lithium loss suggests that kinetic
barriers or rapid quenching may prevent widespread
degradation, preserving the LisTisO;, phase even in ther-
modynamically favorable conditions for transformation.

The thermodynamics and kinetics of phase transforma-
tions and chemical reactions during plasma spraying are
highly complex due to the extreme temperatures and rapid
cooling rates involved. In this study, we aim to describe
these phase changes and reactions using equilibrium binary
phase diagrams and micro-XRD analysis. Given that oxi-
dation is inevitable at high temperatures, lithium loss
during plasma spraying is a critical factor influencing phase
stability. Our findings suggest that LisTisO;, (LTO) can
decompose into phases such as Li,Ti,O7, Li,O, Li,TiO,,
and TiO,, depending on the conditions. Previous studies
also indicate that LTO decomposition occurs at elevated
temperatures, particularly in oxidizing environments, with
lithium loss playing a significant role in these transforma-
tions (Ref 41). Detailed reaction mechanism with equations
for the phase transformation supported with thermody-
namic calculations is provided in supplementary
information.

The detection of Li,TiO3 in the LTO2 (Fig. 5b) and
interface regions further supports the notion of tempera-
ture-driven phase evolution, with sufficient thermal energy
available to induce solid-state transformations. Given the
low thermal conductivity of LTO (1.23 W m ' K1) (Ref
42), the sustained heat within the thin-film during deposi-
tion likely facilitates these transformations, allowing ini-
tially deposited Li4TisO, to partially convert to Li,Ti;O4
and Li,TiO3. The observed TiO, formation, though limited,
suggests that localized oxidation processes may occur,
particularly in regions where thermal gradients and oxygen
availability converge, leading to the complete Li loss and
oxidation of Ti*" to Ti**(Ref 8).

At the interface between the LTO film and the SS-304
substrate (Fig. 5c), the uXRD pattern detected significant
peaks corresponding to LisTisO;,. The high cooling rates
experienced by the first few layers of molten LisTisO;, in
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Fig. 5 XRD patterns integrated
over four distinct regions:

(a) LTOI, located far from the
interface; (b) LTO2, positioned
near the interface; (c) the
interface between the LTO thin
film and the substrate; and

(d) the SS-304 substrate,
encompassing the entire 20
range. Two specific diffraction
angles 26 corresponding to
diffraction peaks of Li,TiO; and
BCC steel are highlighted with
dotted lines, and their
corresponding images, are
displayed in (e) at 20 = 11.1°
and () at 20 = 19.3°, with all
four regions indicated by color-
coded dotted rectangles and a
normalized scale bar showing
values from O to 1. (g) The
pseudo-binary Li,O-TiO, phase
diagram. Used with permission
of Elsevier, from “Phase
equilibria in the system Li,O-
TiO,,” Izquierdo, Georgina;
West, Anthony R., Materials
Research Bulletin, Vol 15, no.
11, 1980; permission conveyed
through Copyright Clearance
Center, Inc. (Ref19)
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contact with the highly conductive SS-304 substrate
(thermal conductivity of 14.6 W m~' K™' (Ref 43) appear
to inhibit phase transformation, preserving the original
LTO structure. However, the presence of minor peaks
corresponding to Li,Ti3O; and Li,TiO3 suggests that small
regions of the film may still undergo phase changes due to
localized compositional inhomogeneities or slower cooling
rates.

The presence of both FCC and BCC steel phases in the
interface region suggests that the substrate may undergo
phase transformations during SPS, likely due to interdif-
fusion and high thermal gradients (Ref 44). XRD mapping
of crystalline phases showed a significantly higher con-
centration of the BCC phase near the interface compared to
the substrate bulk. This is illustrated in Fig. 5(f), where the
color scale indicates the BCC phase. The increased BCC
phase is due to the diffusion of atoms that stabilize the FCC
phase through the interface (Ref 45, 46). Elemental inter-
diffusion from the substrate to the LTO film may particu-
larly be occurring, as Fe, Cr, Ni, and Mn—all present in
SS-304—can migrate into the LTO layer. This diffusion
can alter the local stoichiometry and phase stability within
the LTO, potentially influencing the oxidation state of Ti
and the formation of solid solution or secondary phases.
For instance, the ionic radii of Fe’* (0.65 A), Cr’*
(0.62 A), Ni** (0.69 A), and Mn>"(0.645 A) are compa-
rable to those of Ti**(0.61 A) and Ti>*(0.67 A), making
them potential candidates for substitution into the LTO
lattice, thus forming solid solutions. These substitutions
could introduce lattice strain, modify the phase stability,
and influence the electrochemical properties of the LTO
film. Additionally, the presence of Ni and Cr, known for
their catalytic properties, could facilitate the oxidation of
Ti’* to Ti*" (Ref 47, 48).

The pXRD and pXRF analyses not only reveal the
complexity of the interfacial region between the LTO
material and substrate, showing mixed phases and solid
solutions due to elemental interdiffusion, but also reveal
the complex interfacial region between the LTO material
and substrate, highlighting mixed phases and solid solu-
tions caused by elemental interdiffusion. This critical
interfacial zone, characterized by overlapping distributions
of Ti, Fe, Cr, Ni, and Mn, underscores the significant
impact of these elements on the LTO anode’s structural
integrity and electrochemical properties. The pXRF results,
which map the spatially resolved chemical composition,
confirm the crucial role of substrate element interdiffusion
in forming complex interfacial structures. This interplay
between chemical composition and phase transformation
emphasizes the need to control interfacial reactions to
optimize the performance and stability of LTO-based
anodes in lithium-ion batteries.

Conclusion

This study used advanced synchrotron-based pXRD and
UXRF techniques to analyze phase and elemental distri-
bution in an LTO thin-film anode, produced via suspension
plasma spray (SPS) for solid-state lithium batteries. The
LTO film was deposited on an SS-304 substrate, and
micro-scale analysis provided insights into phase stability
and interfacial interactions.

The pXRD analysis confirmed the persistence of the
LiyTisO;, phase across the film, with distinct regions
(LTO1 and LTO2) exhibiting different phase compositions
due to variations in thermal exposure during SPS. In LTO1,
Li4TisO;, was predominant with minor Li,Tiz;O; formation
due to lithium loss at high temperatures. Near the SS-304
substrate, rapid cooling rates preserved the LisTisO,
phase, while in the LTO2 region, prolonged high-temper-
ature exposure led to the formation of additional phases
like Li,TiO3;. The pXRF together with pXRD analysis
revealed elemental interdiffusion of Fe, Cr, Ni, and Mn
from the SS-304 substrate into the LTO layer, resulting in
increased amount of the BCC phase in steel, contributing to
localized phase transformations and the formation of
complex structures at the interface. The interplay between
the thermal history, cooling rates, and substrate interactions
was found to govern the distribution and stability of phases
within the thin film.

Overall, this study demonstrates the intricate relation-
ship between processing conditions and material properties
in SPS-deposited LTO thin films. The findings highlight
the need to control SPS parameters to enhance the per-
formance and stability of solid-state lithium battery com-
ponents, especially at the anode-substrate interface.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s11666-
025-02003-6.
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