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Understanding process-induced phase evolution in thermally sprayed Li4TisO12 (LTO) thin-films is critical for
developing scalable battery electrodes with stable electrochemical performance. This study comparatively in-
vestigates Atmospheric Plasma Spraying (APS), Suspension Plasma Spraying (SPS), and High-Velocity Oxy-Fuel
(HVOF) processing of LTO thin-film anodes using SEM/EDS, laboratory XRD, synchrotron uXRD/uXRF mapping,
XPS, and electrochemical characterization. Synchrotron pXRD revealed distinct process-dependent phase evo-
lution governed by thermal exposure and quenching behavior. HVOF retained the highest spinel LTO fraction
(66.8 %), APS retained 65.1 %, while SPS showed the strongest decomposition with only 53.5 % LTO together
with increased LioTiO3 (43.5 %) and TiO formation (3.0 %). XPS analysis identified Li;CO3 surface formation in
APS and HVOF coatings, whereas SPS exhibited strong surface lithium depletion. Electrochemical measurements
showed that APS-LTO exhibited the most favorable electrochemical response, with a working voltage of ~1.56 V
vs. Li/Li" and lower polarization resistance (~18.7 kQ) compared with SPS and HVOF coatings. The results
establish process—structure-property relationships linking thermal spray conditions with lithium retention, phase
stability, and electrochemical behavior in thermally sprayed LTO thin-films.

Beyond its zero-strain signature, LTO’s practical performance is
constrained by low electronic conductivity and moderate Li* diffusivity,

1. Introduction

The ever-increasing demand for efficient and reliable energy-storage
systems has driven the search for electrode materials that combine high
stability, safety, and rate capability [1]. Among various candidates,
lithium titanate (Li4TisO12, LTO) has emerged as a benchmark anode
material owing to its “zero-strain” spinel structure, flat operating
voltage (~1.55 V vs. Lit/Li), and exceptional cycling stability [2,3,4].
These characteristics make LTO suitable not only for high-power
lithium-ion batteries but also for emerging thin-film solid-state energy-
storage systems where interfacial and thermal stability are critical
[2,5,6].
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motivating efforts to tailor its microstructure and surface chemistry in
thin films [7,8]. Strategies such as cation doping, conductive additives,
and surface carbonate management emphasize that phase purity and
surface lithium states are decisive for rate and cycling behavior
[9,10,11]. Thermal-spray-derived thin-film LTO provides a distinct
pathway that can control phase constitution and surface Li retention in
situ through the adjustment of deposition temperature and quenching
dynamics [12 13].

Although the intrinsic electrochemical properties of LTO are well
established [14], translating its performance into scalable thin-film
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electrodes remains challenging. Conventional fabrication routes such as
slurry casting, tape casting, or sputtering yield high structural precision
but suffer from low throughput, high cost, and limited thickness scal-
ability [15,16,17]. In contrast, thermal spray techniques offer unique
advantages for fabricating dense or porous ceramic thin and thick films
over large areas with industrially viable deposition rates[1819,20].
Methods such as Atmospheric Plasma Spraying (APS), Suspension
Plasma Spraying (SPS), and High-Velocity Oxy-Fuel (HVOF) have
therefore gained attention as alternative routes for producing functional
oxide films, including electrode and electrolyte layers for energy storage
applications [12,21,22,23].

Process physics differs fundamentally across these techniques by
virtue of the fact that key governing factors such as gas enthalpy, droplet
or particle residence time, cooling rate etc. vary substantially [24,25].
APS/SPS expose feedstock to extremely high thermal fluxes, while
HVOF operates at lower particle temperatures but imparts high kinetic
energy and rapid quenching [18,26,27]. In LTO, these variations control
competing thermodynamic and kinetic pathways such as the decom-
position reaction (at 840 °C)

(Li4TisO12 — 2 LipTiO3 + 3 TiO,) [28] €h)

and also govern lithium volatilization via LiOH(g) formation in
humid plasma environments (notably SPS) followed by LisCOs3 re-
precipitation upon cooling [29,30]. Understanding how these thermal
and chemical environments dictate phase stability and lithium retention
is essential for achieving controlled fabrication of LTO thin-films with
preserved spinel integrity[12].

Conventional characterization techniques such as SEM/EDS, XRD,
profilometry, and electrochemical testing provide valuable morpho-
logical and averaged structural information but fail to capture localized
phase and chemical heterogeneity, particularly near interfaces but also
within the bulk thin-film. On the contrary, synchrotron-based micro-X-
ray diffraction (UXRD) and micro-X-ray fluorescence (uXRF) enable
mapping of crystalline phases and elemental distributions with micron-
scale precision through thickness within the thin-film [31,32,33]. When
combined with X-ray photoelectron spectroscopy (XPS), these methods
provide a multi-scale picture linking bulk phase investigation and sur-
face lithium chemistry, thereby revealing mechanisms of thermal-spray-
induced transformations [12,21,22,34].

Despite the growing interest in thermal-sprayed LTO [13,23,35], a
comparative, mechanism-centric study that links the process physics of
APS, SPS, and HVOF to phase-evolution pathways and surface lithium
states through advanced multi-scale characterization has not yet been
reported. Despite growing interest in thermally sprayed LizTisO12
(LTO), prior studies have focused on single processes and bulk charac-
terization, leaving phase evolution in thin-films poorly understood. At
the time this work was conceived, no studies had systematically inves-
tigated thermally sprayed LTO as a thin-film anode across multiple spray
techniques. This study presents a comparative analysis of APS, SPS, and
HVOF wusing identical feedstock, establishing a unified proc-
ess—structure—property framework. A key novelty is the application of
high-resolution synchrotron pXRD/uXRF mapping, for the first time
enabling depth-resolved and spatially localized characterization of
phase evolution, elemental distribution, and interface behavior in such
thin-films. By integrating these results with XPS and electrochemical
testing, the work reveals new mechanistic insights into lithium reten-
tion, volatilization, and process-dependent phase stability. These find-
ings provide both fundamental understanding and practical guidelines
for designing high-performance thermally sprayed thin-film electrodes.
This study hypothesizes that process-specific thermal and chemical en-
vironments deterministically steer LTO phase evolution and surface
lithium retention, and that these mechanisms can be resolved by
combining synchrotron uXRD/uXRF with XPS and correlated with
electrochemical performance. Accordingly, this work: (a) establishes a
comparative framework across APS, SPS, and HVOF for LTO thin films;

Materials & Design 267 (2026) 116414

(b) quantifies phase evolution (LTO « Li;TiO3 + TiO3) using synchro-
tron pXRD and maps elemental distributions via pXRF; (c) resolves
surface lithium chemistry (LioCO3 formation and Li depletion) through
XPS; and (d) correlates these findings with working voltage and cycling
stability to derive generalized process-structure—property relationships
for thermally sprayed LTO electrodes.

2. Materials and methods
2.1. Feedstock materials and substrates

Commercial Li4TisO12 (LTO) powder from NEI Corporation (USA)
with purity > 99.9 %, particle size distribution (d50) 1.5 um to 3.0 um
was used as the base material. For the SPS process, the suspension was
formulated in-house using the aforementioned commercially available
powder. A suspension was prepared in deionized water containing 20 wt
% LTO powder and 1 wt% 1-Methyl-2-pyrrolidinone (NMP) (Sigma-
Aldrich) as an additive. The suspension was continuously stirred dur-
ing spraying to prevent sedimentation. For the APS and HVOF processes,
the same LTO chemistry was used but with a coarser sieved fraction
(6-7 um) provided by Toshima Manufacturing Co Ltd, Japan, to ensure
consistent composition across all processes.

The substrates for APS and HVOF processes were commercially pure
aluminum (Al) discs, and for SPS was Stainless steel-304, each
measuring 25 mm in diameter and 2 mm in thickness. Prior to deposi-
tion, all substrates were grit blasted with a 125 pm alumina grit, and
then cleaned. Table 1 presents the chemical composition of the LTO
powder as determined by energy dispersive spectroscopy (EDS), while
Fig. 1 illustrates the powder morphology and elemental distribution
observed via scanning electron microscopy (SEM) and EDS.

2.2. Deposition processes

2.2.1. Suspension plasma spraying (SPS)

Axial IIT high-power plasma torch with NanoFeed 350 suspension
feeder (Northwest Mettech Corp., Vancouver, Canada) was used. The
process parameters used for depositing LTO suspension are listed in
Table 2. Sequential spray passes were used to build up a ~ 70 pm
thickness.

2.2.2. Atmospheric plasma spraying (APS)

A Mettech Axial III high-power plasma torch (Northwest Mettech
Corp., Vancouver, Canada), paired with a G4™ Gravimetric Powder
Feeder, was employed for the APS thin-film deposition. The spray pa-
rameters for depositing LTO powder via APS are given in Table 3.
Sequential spray passes were used to build up a ~ 40 pm thickness.

2.2.3. High velocity oxy-fuel (HVOF)

HVOF spraying was performed using a DJ2700 gun (Oerlikon Metco)
with propane as the fuel at the Thermal Spraying Engineering (TSE)
facility in Malmo, Sweden. LTO powders (dsg = 6-7 um) were deposited
onto grit-blasted Al substrates. Sequential spray passes were used to
build up a ~ 18 pm thickness. The HVOF experiments should therefore
be interpreted as exploratory trials intended to evaluate the thermal
exposure effects of the process on LTO powders rather than as a fully
optimized coating process.

The coating conditions employed in the present study were selected
based on prior process optimization studies and preliminary trials to

Table 1
Chemical composition of LTO powder measured by EDS.
Element Li Ti (¢] Cl, Si,
Al,

LTO powder (wt  (Excluding Li, which could not be 544 452 04
%) detected)
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Fig. 1. SEM micrographs at (a) low and (b) high magnifications revealing the irregular morphology of LTO powder particles, and (c)EDS image of LTO powder.

Table 2

SPS parameters utilized for deposition of LTO suspension.
Nozzle size Suspension Feed (mL/ Current Gas Composition Total Gas Flow (L/ Power Enthalpy Stand-of-Distance No. of
(inch) min) (A) (%) min) kW) kJ) (mm) Passes
5/16 42 220 50Ar-30 N»-20H, 200 110 11 70 20

Table 3

Spray parameters for APS deposition of LTO.
Nozzle size Current Power Enthalpy Gas Composition Gas flow rate (I/ Powder feed rate (g/ Stand-of-Distance No. of
(inch) (A) (KW) (kJ) (%) min) min) (mm) Passes
5/16 150 73.2 6.7 80Ar-10 N,-10H, 280 30 130 4

obtain continuous and stable thin-film deposits with low porosity levels
(<3 %). Detailed optimization procedures and microstructural analyses
for these coatings have been reported in our previous work [23,36,37].

2.3. Characterization

2.3.1. SEM/EDS and surface topography

Scanning electron microscopy (SEM) was performed using an APREO
field emission SEM (FE-SEM) system (Thermo Fisher Scientific, Wal-
tham, MA, USA), equipped with an energy-dispersive X-ray spectros-
copy (EDS) detector. SEM imaging was conducted at an acceleration
voltage of 5 kV, while EDS analysis was carried out at 15 kV or 20 kV,
depending on the sample requirements. Furthermore, surface topog-
raphy and roughness were evaluated using the Alicona Infinite Focus G6
optical 3D measurement system (Bruker, Billerica, MA, USA), operated
with MetMax software (version 3.0).

2.3.2. Lab-scale XRD and Rietveld analysis

Conventional lab-scale X-Ray Diffraction (XRD) analysis was carried
out using a Philips X'Pert PRO MPD diffractometer (Malvern Panalytical,
The Netherlands). Samples were mounted on a metal sample holder and
scanned over a 20 range of 10° to 90°. Measurements were conducted in
0/26 Bragg-Brentano geometry using Cu Ka radiation (A = 1.54 A). A
PIXcellD detector (Panalytical, The Netherlands) was employed for data
collection.

a)LTO-HVOF b)LTO-APS

LTO-APS-coating

2.3.3. Focused ion beam (FIB) preparation

A focused ion beam (FIB) was employed to extract a sample from the
LTO thin-film for microstructural analysis. The procedure utilized a Xe™
ion beam operated at 30 kV for milling and 12 kV for carbon deposition,
enabling the attachment of the manipulator to the microsample for lift-
out and subsequent mounting on a pin for x-ray measurements, i.e.,
synchrotron pXRD/uXRF (see Fig. 2). A comprehensive explanation of
this part can be found in our earlier work [12].

2.3.4. Synchrotron uXRD/uXRF

The chemical composition and crystalline phases in the sample were
analyzed using uXRF and uXRD contrast microscopy at the microXAS
beamline of the Swiss Light Source (PSI) [38], as illustrated schemati-
cally in Fig. 3, uXRD data were collected with a Dectris Eiger 4 M single-
photon counting detector [39], while uXRF measurements utilized four
SDD detectors positioned around the sample. During raster scanning of
the ceramic cross-sections, pXRD and uXRF data were simultaneously
acquired with the detector arrangement shown in Fig. 3. The X-ray beam
was focused to 1 um, and the sample was moved in 0.5 um increments (in
both x and y directions) perpendicular to the beam, with a 200 ms
acquisition time per point. Further methodological details can be found
in Colldeweih et al. [40]. The X-ray beam had a wavelength of A =
0.6812 A. Data collection covered an area of 250 x 200 um with a
resolution of 1 x 1 um pixels and 0.5 pm scan steps. Azimuthal inte-
gration of the diffraction rings was performed using the pyFAI Python

¢)LTO-SPS

e 7
TO-SPS-coating’

S50 um

Fig. 2. SEM images of FIB milled samples, a)LTO-HVOF, b)LTO-APS, c¢)LTO-SPS.
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FIB milled sample

Synchrotron beam
(Wavelength = 0.6812 A)

FIB milled sample Dimensions
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~ 250 um * 200 um * 40um

Fig. 3. Schematic illustration of the synchrotron uXRD and pXRF measurements[12].

library [41], assigning each integrated diffraction pattern to a pixel in
the scanned region, producing 3000 XRD intensity maps at specific
diffraction angles. Concurrently, uXRF spectra were acquired for each
pixel and processed using the PyMca software [42], generating spatial
maps of elemental distributions. Together, the uXRD and pXRF data
provided complementary insights into the structural and compositional
features of the sample. Phase identification and XRD data analysis were
performed using X'Pert HighScore Plus software (version 4.9). By
applying specific adjustments in the X’Pert HighScore Plus software,
particularly converting the wavelength to A = 0.68123 A, the synchro-
tron pXRD data were successfully analyzed using the same software.
Furthermore, the phase fractions shown in the pie charts were quanti-
tatively determined by Rietveld refinement of the XRD patterns (both
uXRD and Lab-scale XRD) obtained from the selected regions.

2.3.5. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was carried out on all the
thin-films generated by the three processes using a ThermoFisher Nexsa
(ESCA) system. For the survey scans, a step size of 1 eV was applied
across binding energies from 0 to 1350 eV, while a finer step size of 0.1
eV was used for core element scans. Data obtained from XPS were
processed using Avantage software. The charge correction was applied
by taking the C-C as the reference. For the XPS analysis, the background
correction was  subtracted using the smart background function
(improved Shirley-type background) while peaks are fitted using a
Gaussian-Lorentzian distribution.

2.4. Electrochemical testing

For electrochemical characterization, all samples were laser-cut,
with a diameter of 0.8 mm, the thickness of LTO-APS, SPS, And HVOF
electrodes were 40, 70, and 18, respectively. Then the samples were
dried in a vacuum oven at 100 °C for 24 h before cell assembly. The mass
loading of the coated active materials was controlled between 6-7 mg/
cm2. The ECC-Combi (From EL-Cell) was used for assembly in a glove-
box under an Ar atmosphere with Li foil as the counter electrode, 140 pL
of 1 M LiPF6 in ethylene carbonate and dimethyl carbonate (v/v 50/50)
(battery grade, Sigma-Aldrich) as the liquid electrolyte, and Whatman
GF/A glass microfiber filter as the separator. The cyclic voltammetry
(CV), rate, and cycling tests were performed between 1.0 V and 2.5 V.
For the rate and cycling tests, the initial cycle was performed at 0.05C,
followed by 10 cycles each at 0.1C, 0.2C, 0.5 C, 1C, and 2C, and followed
by 150 cycles at 0.5 C. The C-rate was based on the theoretical capacity
of LTO (175 mA.g-1). The current density values used in testing LTO
anodes correspond with the C-rate current density (1C = 1.05 mAh). EIS
measurements were conducted with an AC amplitude of 5 mV over a
frequency range of 10 kHz to 10 mHz after 30 min rest. All electro-
chemical tests were performed on a Biologic BCS-805cycler at room
temperature (22 °C).

3. Results
3.1. Surface morphology and roughness

Fig. 4 illustrates the top-surface morphology and quantitative
roughness values of the LisTisO12 (LTO) thin-films produced by APS,
HVOF, and SPS. APS produced the roughest thin-film surface (Sa ~
11.79 um), followed by HVOF (Sa = 9.15 um), while SPS yielded the
smoothest thin-film surface (Sa ~ 7.84 pym). The observed differences
reflect the contrasting feedstock states, particle velocities, and thermal
histories associated with each thermal spray process.

The APS thin-film exhibits a relatively coarse and irregular surface
morphology with pronounced surface asperities and heterogeneous
topographical features, characteristic of high-enthalpy powder-based
plasma spraying [43]. The HVOF thin-film displays comparatively
smoother splat-like surface features with intermediate roughness values
(Sa =~ 9.15 pm), which may be associated with the combined effects of
moderate flame temperature and high particle velocity during deposi-
tion [44].

The SPS thin-film exhibits the smoothest top-surface morphology
among the three coatings. The use of suspension feedstock containing -
finer LTO particles promotes improved droplet spreading and formation
of finer surface features during deposition, resulting in reduced surface
roughness [45,46]. Previous studies have similarly reported lower
roughness and more uniform top-surface morphology in SPS-derived
ceramic coatings owing to the finer feedstock characteristics and
droplet-based deposition mechanism [21]. However, suspension tra-
jectory, atomization behavior, and plasma conditions can strongly in-
fluence the final surface morphology and roughness evolution in SPS
coatings [47].

Overall, the surface roughness hierarchy (SPS < HVOF < APS) re-
flects the balance between particle/droplet melting, kinetic energy, and
quenching behavior inherent to each deposition process [48,49,50].
Such top-surface morphological variations can influence electrode/
electrolyte interfacial contact and consequently affect electrochemical
response in ceramic battery electrodes [44].

It should also be noted that the measured roughness values may
additionally be influenced by the initial substrate topography resulting
from grit blasting using 125 ym alumina particles prior to deposition.
Since the APS and HVOF coatings are relatively thin (~40 ym and ~ 18
um, respectively), partial inheritance of the substrate waviness and an-
chor profile may contribute to the comparatively higher measured
roughness values. In contrast, the thicker SPS coating (~70 um) may
partially mask the underlying substrate topography.

3.2. Phase composition and structural evolution

3.2.1. Synchrotron uXRD phase analysis
The detection and spatial quantification of thermally sprayed LTO
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Surface Roughness (pum)

LTO-SPS

LTO-APS LTO-HVOF

Fig. 4. Surface morphology and surface roughness of thermally sprayed LTO thin-films: (a) HVOF, (b) APS, (c) SPS, and (d) quantitative roughness comparison. SPS
exhibits the smoothest surface (Sa ~ 7.84 um), followed by HVOF (9.151 um) and APS (11.785 pm). The trend reflects differences in feedstock form, particle heating,

and quenching rate inherent to each process [48,49,50].

phases were obtained by synchrotron-based pXRD, which unlike con-
ventional lab-scale XRD that provides bulk-averaged information over a
large gauge volume offers micron-scale resolution and enables non-
destructive, depth-resolved phase identification across the full thin-
film thickness. This capability is particularly important for thermally
sprayed thin-films, where phase composition may vary with through-
thickness thermal gradients and splat-by-splat morphology.

This approach confirms that thermal decomposition of LTO is a
critical concern in high-temperature spray processes. LTO is valued for
its “zero-strain” behavior during (de)lithiation and high structural sta-
bility in cycling, with a theoretical capacity of ~ 175 mAh g~! [51].
However, it becomes thermally unstable above ~ 800-900 °C, partic-
ularly under oxidizing conditions or extended thermal exposure, pro-
moting transformation to LiTiO3 and TiOp [52]. In plasma-based
deposition (APS/SPS), lithium depletion by volatilization or diffusion
accelerates this transformation (Fig. 5), which follows Equation 1.

The extent of decomposition depends on thermal load, exposure
time, and quench rate. In SPS, extreme plasma conditions and plas-
ma-liquid interactions (droplet atomization, rapid solvent flash-off)
intensify Li depletion and favor Li;TiO3/TiO2 formation [12]. In
contrast, HVOF offers lower effective particle temperatures, short resi-
dence times, and faster cooling rate which leads to better preserve of the
spinel phase; APS experiences high thermal input but lacks the liquid-
phase chemistry of SPS, leading to similar LTO preservation to HVOF
within the pXRD-mapped regions (see figure 5).

Quantitative Rietveld analysis of the pXRD data (Fig. 5) shows this
trend explicitly: HVOF retains 66.8 % LTO with 32.8 % Li;TiO3 and 0.4
% TiO9; APS retains 65.1 % LTO with 34.0 % Li;TiO3 (TiOy below
detection in the mapped ROI); SPS contains ~ 53.5 % LTO, ~43.5 %
Li;TiO3, and ~ 3.0 % TiO,. Thus, APS ~ HVOF in LTO retention,
whereas SPS shows the lowest LTO and the highest TiO; fraction among
the three.

Regarding the decomposition products, LizTiO3 (monoclinic) com-
prises alternating Li and TiOg octahedral layers and is thermally stable

up to ~ 1200 °C and chemically inert in many environments [53].
Despite these structural merits, its electrochemical properties are infe-
rior to LTO: lower electronic/ionic transport leads to practical capac-
ities < 50 mAh.g !, with redox mainly from the Ti**/Ti>* couple over
~ 1.5-3.0 V vs. Lit/Li. Consequently, Li,TiO3 is more often used as a
passive/functional layer (e.g., buffer/SEI-like interlayers in solid-state
systems) rather than as an active anode, whereas its presence within
an LTO anode typically reduces capacity and increases impedance [29].

In summary, the formation of Li;TiO3 within LTO thin-films is a clear
indicator of process-induced degradation. Consistent with pXRD phase
quantification, SPS exhibits elevated LizTiO3 (43.5 %) and TiO» (3.0 %),
while APS and HVOF retain > 65.0 % LTO with only ~ 34 % Li,TiO3 and
negligible TiO,. These observations align with prior reports linking
plasma thermal exposure to phase instability and lithium depletion in
LTO [12,13,54,55]. Practically, the sensitivity of LTO and the electro-
chemical inferiority of Li;TiO3 underscore the need to tailor spray pa-
rameters to minimize decomposition and preserve spinel-rich
microstructures for optimal anode performance.

3.2.2. Synchrotron uXRF elemental mapping

Complementary to the pXRD results, synchrotron-based pXRF anal-
ysis was employed to evaluate the spatial distribution of elements and
interface integrity in the thermally sprayed LTO thin-films (Fig. 6). The
uXRF technique provides high-sensitivity elemental mapping with
micron-scale resolution and, when correlated with pXRD, offers a direct
visualization of local chemical homogeneity across the thin-film cross-
section [56].

The Ti-K, emission maps exhibit a continuous and uniform distri-
bution throughout all three thin-films, indicating dense, well-bonded
microstructures without significant voids or delamination. The uni-
form Ti signal in the HVOF and APS thin-films further confirms homo-
geneous splat stacking and limited phase segregation across the
thickness.

It should be noted that Li cannot be directly detected by puXRF
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0.4% 0.9% 3% Li, TiO;
| @ TiO, (Rutile)

43.5%

Fig. 5. Synchrotron uXRD analysis of thermally sprayed LTO thin-films: (a—c) mapped Region of Interests (ROIs); (d) representative integrated patterns; (e-g)
Rietveld-derived phase fractions. APS and HVOF retain similar LTO levels (65.1 % and 66.8 %, respectively), while SPS shows reduced LTO (53.5 %) with higher
Li»TiO3 (43.5 %) and TiO, (3 %). Differences reflect nominal process enthalpy and, for SPS, plasma-liquid effects.

a)LTO-HVOF

b)LTO-APS

¢)LTO-SPS

50 um

Fig. 6. Synchrotron pXRF elemental maps of FIB-milled cross-sections for thermally sprayed LTO thin-films: (a) HVOF, (b) APS, and (c) SPS. Li is not detectable by

pXRF and is assessed indirectly via XPS and phase analysis.

because of its low atomic number [57]. Therefore, the Li distribution is
inferred indirectly from the relative Ti and O intensities and from
complementary XPS results (Section 3.4). Combined pXRD-pXRF map-
ping confirms that all thin-films are well bonded to their substrates, with
APS and HVOF displaying uniform phase and elemental profiles, while
SPS shows localized gradients consistent with its higher nominal plasma
enthalpy and droplet-based deposition mechanism.

3.2.3. Laboratory XRD analysis

Conventional laboratory XRD measurements were conducted to
obtain a bulk-averaged assessment of the crystalline phases in the
thermally sprayed LTO thin-films (Fig. 7). Unlike the high spatial reso-
lution of synchrotron pXRD, lab XRD provides a broader overview with
good statistics, integrating diffraction from a much larger gauge volume
and thereby complementing the localized pXRD results [58].

The diffraction patterns of all thin-films confirm the coexistence of
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enthalpy and faster quenching favor spinel preservation.

spinel LisTisO;2 (LTO), monoclinic LiyTiOs, and minor TiOs-rutile
phases, with their relative intensities varying across deposition methods.
The APS thin-film exhibits a dominant Li;TiOg3 signature (81.2 %) with a
residual LTO fraction of 16.9 %, indicating extensive transformation
under high nominal plasma enthalpy. The SPS thin-film shows a mixed
composition of ~ 72.7 % LiyTiOs3, ~ 25.9 % LTO, and ~ 1.4 % TiOa,
whereas the HVOF thin-film retains ~ 60 % LTO and ~ 31 % Li;TiO3
with negligible TiO; reflections.

Interestingly, weak LipCOs peaks are detected only in the HVOF
sample. These features likely result from post-decomposition of Li;TiO3
by CO; reaction with residual surface Li;O species when exposed to
ambient air during cooling [28]. The formation follows:

Li»TiO3 + CO2 — LiaCO3 + TiO4 [28] 2)

Such carbonate formation is well-known in Li-based ceramics pro-
cessed under reducing or neutral environments. Since Li,COj3 is elec-
tronically and ionically insulating, even limited surface coverage can
influence electrode kinetics, as further evidenced by the XPS analysis
(Section 3.4). Additionally, the presence of weak metallic Al peaks in the
APS and HVOF patterns indicates partial diffraction from the underlying
substrate.

The overall trends observed by lab XRD are consistent with those
from synchrotron pXRD, confirming that APS undergoes the greatest
degree of phase transformation, SPS exhibits an intermediate level,
while HVOF best preserves the spinel structure. Minor quantitative
discrepancies between the two techniques arise from their different
sampling volumes pXRD probes localized micron-scale regions, whereas
lab XRD averages over the area of thin-film. Nonetheless, both datasets
collectively demonstrate that higher nominal process enthalpy and
longer particle exposure promote Li volatility and LTO decomposition,
whereas shorter residence time and rapid quenching, as in HVOF,
minimize phase instability [13].

It is important to note that lab XRD primarily probes the near-surface
region, typically a few microns deep depending on thin-film density,
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incident beam angle, and Cu Ko wavelength (~\A = 1.54 /0\). Conse-
quently, the detected phases mainly represent surface layers, which are
most affected by oxidation, cooling gradients, and post-deposition re-
actions. In contrast, synchrotron pXRD employs a high-flux, tightly
focused beam of higher energy capable of penetrating tens of microns
into the lamella, enabling through-thickness phase mapping. Hence, lab
XRD may overestimate decomposition products, while pXRD offers a
more representative view of the bulk composition.

Moreover, pXRD detects finer reflections from minor phases that
remain unresolved in lab XRD, reflecting its higher sensitivity to minor
or metastable phases. Together, these complementary techniques pro-
vide a comprehensive understanding of phase evolution from local
microstructural gradients to bulk-averaged crystallography allowing
precise correlation between processing conditions, thermal exposure,
and LTO phase stability.

Overall, the results confirm that HVOF best retains the parent LTO
phase, while APS and SPS undergo pronounced decomposition into
Li;TiO3 and TiO9. Maintaining a high spinel fraction is essential because
secondary phases such as Li;TiO3 and Li;CO3 degrade the flat-potential
behavior and cycling reversibility of LTO electrodes. Therefore, careful
control of process nominal enthalpy, particle dwell time, and quenching
rate is vital to preserve spinel integrity in thermally sprayed LTO films.

3.3. Depth-resolved phase distribution and interface analysis

Synchrotron-based pXRD was further employed to study depth-
resolved phase distribution and interface characteristics within the
thermally sprayed LTO thin-films. These analyses provide insight into
micro- to meso-scale compositional gradients and reveal how the
distinct thermal and chemical environments of APS, HVOF, and SPS
influence local phase stability and substrate interaction.

3.3.1. Local compositional variations

In Fig. 8, the synchrotron pXRD patterns integrated over three
distinct regions within the LTO-APS thin-film (highlighted by green
lines) reveal the presence of multiple crystalline phases, deviating from
the expected pure spinel LTO. These bright spots correspond to ther-
mally transformed zones and provide direct evidence of the localized
phase transformations also identified in the bulk analyses (Figs. 5 and 7).
Each of the three regions exhibits Li;TiO3 and TiO, peaks, confirming
partial decomposition of LTO in specific micro-areas of the thin-film.

At Spots 1 and 2, where the probed regions were larger, traces of
unreacted LTO were also detected in addition to the transformed phases.
According to Fig. 8 (e-g), the main difference among the three spots lies
in the relative phase proportions: Spot 3 contains the highest amount of
LisTiO3 (87.4 %) and TiO2 (12.6 %), while Spot 1 retains the largest
fraction of unreacted LTO (25.4 %) together with 74.6 % Li»TiO3. In all
analyzed locations, LizTiO3 appears as the dominant phase within the
localized bright areas, signifying micro-regions that experienced higher
in-flight heating or longer plasma exposure.

These transformed bright spots are distributed heterogeneously
across the thin-film and explain the consistent presence of Li;TiOs
detected in both the synchrotron and laboratory XRD analyses of LTO
thin-films fabricated by HVOF, APS, and SPS. However, despite the
dominance of Li;TiO3 within these confined areas, their overall volume
fraction is limited; thus, LTO remains the primary phase when averaged
over the full thin-film thickness. This observation highlights the inherent
micro-scale non-uniformity typical of plasma-sprayed ceramics, where
rapid thermal cycling and splat solidification produce localized trans-
formation zones embedded within an otherwise spinel-rich matrix.

3.3.2. Top-to-bottom phase distribution

To investigate the effect of manufacturing method on the uniformity
and integrity of phase distribution within the thin-film, synchrotron
pXRD analysis was performed on two distinct regions (the top and
bottom) of all three thin-films (HVOF, APS, and SPS). As illustrated in
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Fig. 9, the uXRD results reveal that in both HVOF and APS thin-films
there are no significant variations in diffraction peaks, and conse-
quently in phase composition, between the top and bottom areas. This
uniformity arises mainly from the relatively thin-film thicknesses (~18
and 40 pm for HOVF and APS, respectively) and the high thermal con-
ductivity of the aluminum substrate, which ensures efficient heat
dissipation during spraying. As a result, both the upper and lower re-
gions of these thin-films experience nearly identical cooling rates and
thermal histories, yielding consistent phase composition through the
thickness.

In contrast, the SPS thin-film which is sprayed onto the low-thermal-
conductivity stainless-steel (SS-304) substrate exhibits a few notable
differences between the top and bottom sections. These differences can
be attributed to its greater thickness (~70 pm) and the slower heat
conduction of the steel substrate, which allows localized overheating
and delayed solidification near the interface [12]. In Fig. 9-b, ¢, and 9-e,
f, the uniformly bright appearance without visible color contrast be-
tween the top and bottom regions indicates a homogeneous phase dis-
tribution across the entire thin-film in HVOF and APS samples. However,
in Fig. 9-h and 9-i, a distinct color change appears near the substrate
region (SS-304), confirming that the phase distribution differs between

the top and bottom portions of the SPS thin-film.

It should also be noted that variations in peak intensity across all
patterns (Fig. 9-a, d, g) originate from insufficient statistics of reflections
from specific crystallographic planes within each phase caused by a
limited number of grains probed by the micro beam, rather than from
compositional differences. Only in Fig. 9-g, corresponding to the SPS
thin-film, two distinct peaks are observed between the top and bottom
patterns, providing direct evidence of a through-thickness gradient in
phase constitution. This finding reinforces the conclusion that substrate
thermal conductivity and thin-film thickness jointly control the spatial
phase uniformity during thermal spraying.

3.3.3. Interface behavior and substrate effects

The synchrotron pXRD analysis presented in Fig. 10 provides a
detailed view of the phase composition at the thin-film-substrate in-
terfaces for the three processes which are aluminum substrates for HVOF
and APS, and stainless steel 304 (SS-304) for SPS. Unlike conventional
laboratory XRD, which operates in reflection mode and probes only the
upper 5-10 ym due to limited beam penetration, synchrotron pXRD,
operating in transmission mode, employs a high-intensity microbeam
with superior spatial resolution, enabling localized phase identification
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directly at the interface. This spatially-resolved capability reveals pro-
nounced process-dependent differences in interfacial chemistry.

For the HVOF-sprayed LTO thin-film (red pattern, Fig. 10-e), the
interface exhibits dominant LTO peaks (62.3 %), moderate Li3TiO3
(27.1 %), and a minor Al signal (10.5 %). The well-preserved LTO
fraction and weak substrate reflection indicate minimal thermal degra-
dation and negligible interfacial reaction, consistent with HVOF’s lower
flame temperature and high particle velocity, which reduce dwell time
at elevated temperature.

The APS-sprayed thin-film (blue pattern, Fig. 10-f) shows a more
significant LioTiO3 presence (49.5 %) and stronger Al substrate signal
(15.3 %), with only 35.2 % LTO retained. The higher nominal plasma
enthalpy and longer exposure typical of APS promote partial LTO
decomposition, driving lithium volatilization and oxidation to form
LisTiOs.

At the SPS interface (pink pattern, Fig. 10-g), the XRD pattern is
dominated by the SS-304 substrate reflections (55.1 % FCC + 6.7 %
BCC), accompanied by a diminished LTO phase (36.8 %) and minor
Li»TiO3 (6.7 %). These results indicate limited LTO crystallinity and
weak thin-film retention near the interface, likely due to rapid solidifi-
cation of fine suspension droplets and steep thermal gradients that
hinder full crystallization or densification. The simultaneous detection
of BCC and FCC phases of SS-304 confirms partial BCC — FCC trans-
formation in the interfacial zone, attributed to the intense local heating
and rapid quenching inherent to the SPS process [12].

Overall, the interface analysis underscores how substrate thermal
conductivity and process nominal enthalpy govern interfacial stability.
Aluminum’s high thermal diffusivity ensures fast cooling, whereas
stainless steel’s lower conductivity prolongs heat retention, enabling
phase transformations within both thin-film and substrate.

3.3.4. Implications

The combined findings from Figs. 8-10 establish a clear, process-
dependent hierarchy of structural and chemical integrity among the
thermally sprayed LTO thin-films. HVOF demonstrates the most uniform

and phase-stable microstructure, maintaining a high fraction of spinel
LTO and showing minimal substrate interaction due to its lower thermal
load, short particle dwell time, and efficient quenching on the high-
conductivity aluminum substrate. APS, by contrast, exhibits moderate
compositional heterogeneity, consistent with its higher plasma tem-
perature and longer exposure time, which promote partial LTO
decomposition to Li;TiOs. The SPS thin-film displays the greatest
structural gradient and interfacial modification, including Fe diffusion
and localized BCC — FCC transformation of the stainless-steel substrate,
arising from the combined effects of intense plasma-liquid interaction,
droplet-based deposition, and reduced substrate thermal conductivity.

These observations collectively demonstrate that thermal history,
substrate conductivity, and particle heating dynamics are the dominant
parameters controlling phase evolution and interfacial chemistry in
thermally sprayed LTO systems. The results also highlight that even
when identical feedstock chemistry is used, the thermal-kinetic balance
intrinsic to each deposition process deterministically governs lithium
retention and phase stability.

From a functional perspective, maintaining a high LTO fraction and
minimizing Li;TiO3 and TiO, formation are crucial for preserving the
zero-strain spinel structure and its favorable electrochemical plateau
behavior. Conversely, excessive LisTiO3 or interfacial Li depletion can
increase impedance and reduce capacity. Therefore, optimizing process
nominal enthalpy and substrate heat management emerges as a direct
route to enhancing both structural uniformity and electrochemical
performance in plasma- and high velocity flame-sprayed battery
electrodes.

Bulk XRD provided an overview of the thin-film phases, while syn-
chrotron pXRD delivered depth-resolved insights into phase stability.
However, both methods do not capture the fate of lithium at the very
surface, where evaporation and environmental reactions are most
evident. To address this, XPS was employed as a complementary surface-
sensitive probe, enabling direct assessment of the chemical states of
lithium and its interaction with the deposition environment.
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304 substrate.

3.4. Surface chemistry via XPS

The XPS spectra of the three thin-films revealed distinct variations in
the lithium and carbon states depending on the deposition process. The
Li 1 s Lithium peaks obtained for the three processes that is in HVOF,
APS and SPS are presented in Fig. 11-a-c respectively while their cor-
responding C 1 s carbon peaks are presented in Fig. 11-d-f. In the HVOF
thin-film, the Li 1 s peak appeared at 56.5 eV (Fig. 11-a), corresponding
to lithium in Li,COg3 form. Similarly, the APS thin-film exhibited aLi 1 s
feature at a slightly lower binding energy of 56.06 eV (Fig. 11-b), also
consistent with carbonate states. The higher binding energy shift in
HVOF suggesting a stronger contribution from LisCOs. By contrast, the
SPS thin-film did not exhibit any detectable Li 1 s peak (Fig. 11-c),
indicating severe lithium depletion at the outer surface of the thin-film.
The C 1 s spectra further supported these observations. All thin-films
contained a C-C component at ~ 284.8 eV, which is assigned to
adventitious carbon and is used as charge referencing. For the HVOF
thin-film, the C1s (Fig. 11-d) second peak at ~ 286.1 eV is attributed to
C-O species such as alcohols or ethers, while the component at ~ 287.3
eV is assigned to C=0 functional groups. Most notably, a strong feature
at ~ 289.66 eV was detected, which is characteristic of carbonate
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(CO3%) species. The concurrent presence of a Li 1 s peak at 56.49 eV
confirms that this carbonate is lithium carbonate (Li;COs3), formed by
reaction of lithium species with atmospheric CO, during cooling.
Together, these peaks indicate that in HVOF, lithium is retained at the
surface and predominantly stabilizes as Li;COs. In the APS thin-film, the
Cls (Fig. 11-e) peak distribution was broadly similar, showing C-C at
284.8 eV, C-O at 285.98 eV, C=0 at 287.6 eV, and carbonate at 289.53
eV, again consistent with LioCOs. In addition, the APS spectrum showed
an extra feature at ~ 291.1 eV, which is assigned to the shake-up sat-
ellite of sp? carbon. This signal, absent in HVOF, suggests deposition of
graphitic carbon fragments in the plasma environment. In contrast, the
SPS thin-film displayed a different surface chemistry. The C 1 s (Fig. 11-
f) spectrum showed C-C at 284.8 eV, C-O at 286.5 eV, and a strong O-
C=0 peak at 288.8 eV, typically associated with organic carboxyl or
ester groups. However, no carbonate peak at ~ 289.5 eV was detected,
and importantly, no Li 1 s signal was observed. This indicates that the
surface of SPS thin-films is lithium-depleted, likely due to lithium
volatilization during spraying and reactions with water vapor from the
suspension feedstock, which promote the escape of Li as volatile LiOH
(g). The O-C=0 peak thus reflects organic residues or environmental
contamination rather than lithium carbonate. These results are
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Fig. 11. XPS spectra of Li 1 s in LTO thin-films produced by (a) HVOF, (b) APS, and (c) SPS, with their corresponding C 1 s regions shown in (d-f).

summarized in Table 4.

These results demonstrate a clear process-dependent trend in surface
lithium chemistry. The presence of Li 1 s and carbonate-related C 1 s
peaks in APS and HVOF thin-films indicates that lithium, though
partially lost during spraying, remained at the surface and reacted with
atmospheric CO2 during cooling to form Li»COg passivation layers. The
slightly higher binding energy of Li 1 s in HVOF compared to APS sug-
gests a stronger carbonate contribution in HVOF, consistent with its
lower flame temperature and shorter particle residence time, which
favor lithium retention. In contrast, the absence of a Li 1 s signal in the
SPS thin-film points to severe surface lithium reduction, likely due to the
combined effects of extreme plasma heating and water-based solvent
evaporation in the suspension, which promote the evaporation of
lithium as LiOH(g). It is important to emphasize that the absence of Li in
the SPS surface does not mean its complete depletion from the thin-film.
Both bulk XRD and synchrotron pXRD analyses confirmed the presence
of lithium-titanate phases within the thin-film volume. However, as XPS
is highly surface-sensitive (sampling only a few nanometers), these
measurements specifically capture the final interaction of lithium with

the spraying environment at the surface layer. In this regard, the XPS
results complement the bulk diffraction data, revealing that while
lithium remains incorporated in the thin-film, its near-surface state
differs considerably across the three deposition techniques: HVOF pre-
served lithium most effectively, APS exhibited partial retention, and SPS
showed almost complete surface depletion. This layered approach
showed that how surface-sensitive techniques such as XPS provide
valuable mechanistic insight into lithium-environment interactions
during thermal spraying that are not accessible from bulk phase analysis
alone. It must be noticed that all XPS analysis have been conducted
before electrochemical testing.

3.5. Electrochemical performance

The cyclic voltammetry (CV) test was carried out at a scan rate of 0.1
mV/s within a 1.0-2.5 V potential range to obtain the working voltage
and electrode polarization. LTO has a working voltage of 1.55 V vs Li/
Li+ [59]. As shown in Fig. 12-a, a pair of reversible redox peaks was
observed in the CV curves at ~ 1.5 V (i.e., oxidation voltage/ cathodic

Table 4
XPS peak-fitting results and constraints.
SPS APS HVOF
Binding FWHM fit Area Binding FWHM fit Area ratio (relative to Binding FWHM fit Area
Energy parameter ratio Energy parameter element) Energy parameter ratio
(eV) (eV) (eV)
C-C 284.8 1.74 1 284.8 1.75 1 284.8 1.69 1
C-0-C 286.5 1.66 0.12 285.98 1.52 0.71 286.1 1.25 0.29
C=0 — — 287.6 1.75 0.14 287.3 1.25 0.08
0-C=0 288.8 1.7 0.06 — - - - -
Li,CO3 from C - - - 289.53 1.75 0.12 289.66 3.5 0.15
1s
Shakeup - - 291.1 1.6 0.2 - - -
satellite
Li,CO3 from Li — — 56.06 1.91 1 56.49 1.81 1
1s

11
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Fig. 12. a) CV curves, b) initial charge—discharge curves, c) rate and cycling performance, and d) Nyquist plot and fitted curves with corresponding equivalent circuit

(inset) of LTO-HVOF, LTO-APS, and LTO-SPS anode electrodes.

potential (Ep, ) for all LTO electrodes; however, in reduction voltage/
potential (Ep, ,), different values of 1.68, 1.66, and 1.63 V were observed
for LTO-SPS, LTO-HVOF, and LTO-APS, respectively. These two peaks
correspond to the cathodic and anodic reactions during lithiation and
delithiation, respectively. From the CV curves, the working voltage (Eg)
can be calculated using the equation (3) [30]:

E,. +E,,

E, =
0 2

3
The working voltage was calculated to be 1.59, 1.58, and 1.56 V for LTO-
SPS, LTO-HVOF, and LTO-APS, respectively. The results show that the
working voltage of LTO-APS is very close to the theoretical working
voltage of LTO. The first galvanostatic charge-discharge (GCD) curves of
LTO anodes at 0.05C are illustrated in Fig. 12-b. The LTO-SPS electrode
doesn’t show any working voltage plateaus compared to LTO-APS and
LTO-HVOF, which might correspond to full decomposition of Li4TisO15.
The LTO-APS delivered the first discharge capacity of 109 mAh. g~* with
an initial coulombic efficiency (ICE) of 69.5 %. The LTO-SPS shows the
lowest ICE of 60.7 % compared to the other LTO electrodes. The rate and
cycling performance of LTO electrodes are demonstrated in Fig. 12-c.
The LTO-APS showed superior rate and cycling performance after a total
of 200 cycles in different C rates compared to the LTO-SPS and LTO-
HVOF. Even though LTO-HVOF has a high ratio of Li4TisO;5 phase
based on the XRD pattern but couldn’t show promising electrochemical
performance due to the existence of the 6 % LioCO3 phase on the surface,
which is an electronic/ionic insulator [60]. Overall, LTO-APS with the
combination of LisTisOj2 and Li;TiOs without the Li,COs impurity
phase showed better electrochemical performance than the other LTO
electrodes.

To clarify how the coating preparation method affects interfacial
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reaction kinetics and Li-ion/electron transport, the LTO-SPS, LTO-
HVOF, and LTO-APS electrodes were analyzed by EIS measurement.
Electrochemical testing correlated the structural trends with functional
performance, where APS-LTO with a voltage plateau at approximately
1.56 V vs. Li/Li+, which is consistent with the typical Ti**/Ti** redox
reaction of spinel LisTisOp2, exhibited superior cycling stability. The
Nyquist plot of the electrodes and the corresponding equivalent circuit
are demonstrated in Fig. 12-d. The R represents electrolyte and contact
resistance. LTO-APS showed a resistance of 25 Q, compared to 35 and
50 Q for LTO-SPS and LTO-HVOF, respectively. R; and Ry components
contribute to the electrode/electrolyte interface, surface film formation,
and charge-transfer polarization. Among the three electrodes, LTO-APS
exhibited the lowest total polarization resistance (Rpo] = R1 + R2), with a
value of 18.7 kQ, followed by LTO-SPS and LTO-HVOF, 89.3 kQ. This
lower resistance suggests that the APS electrode provides more favor-
able charge-transfer kinetics and more efficient Li-ion/electron trans-
port during cycling, as can be seen in the cycling performance in Fig. 12-
c. In contrast, the higher Rpol values of LTO-SPS and especially LTO-
HVOF indicate stronger interfacial polarization, slower charge-transfer
behavior, and more restricted transport pathways within the electrode
structure. The non-ideal constant phase element (CPE) behavior, re-
flected by n < 1, suggests heterogeneous surface properties and non-
uniform electrode/electrolyte contact, which was confirmed by AFM
in Fig. 4. The LTO-APS with a rougher surface observed by AFM (Fig. 4)
obtained a lower R, which suggests heterogeneity of this electrode,
increasing the active interfacial area rather than acting as a resistive
barrier. Therefore, the coating preparation route strongly influences the
Li-ion battery performance, with LTO-APS providing the most favorable
kinetic response and LTO-HVOF showing the most pronounced resistive
limitation.
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4. Discussion

The collective structural, chemical, and electrochemical analyses
converge into a unified mechanistic understanding of how process
physics control phase evolution and functional response in thermally
sprayed LigTisO12 (LTO) anodes. Each deposition method including
HVOF, APS, and SPS imposes a distinct thermal-kinetic environment
that determines the balance between spinel retention, lithium volatility,
and interfacial stability.

(i) Thermal-kinetic control of phase evolution. The governing factor
across all processes is the effective enthalpy-quench balance experi-
enced by LTO particles or droplets. HVOF’s moderate flame temperature
and millisecond-scale particle flight enable rapid solidification before
extensive lithium depletion, producing dense thin-films dominated by
the spinel phase with only minor Li;TiOs. APS, with higher plasma
temperature and longer residence, crosses the critical stability threshold
for LTO, resulting in partial decomposition and limited lithium volatil-
ization. SPS further amplifies these effects through plasma-liquid
interaction, droplet atomization, and evaporation, generating the
steepest local gradients and promoting both Li depletion and Ti-rich
secondary phases.

(ii) Substrate heat conduction and interfacial chemistry. The choice
of substrate governs cooling kinetics and diffusion at the thin-film base.
High-conductivity aluminum (HVOF / APS) removes heat rapidly,
interfacial reactions. In contrast, the low-conductivity SS-304 used for
SPS sustains elevated interfacial temperatures, enabling BCC « FCC
transformation in steel and altering adhesion chemistry. This coupling
between process nominal enthalpy and substrate diffusivity explains the
observed hierarchy in interface integrity and phase uniformity. It can
therefore be inferred that employing even more thermally conductive
substrates such as copper or its alloys, which are also commonly used as
current collectors in battery systems could further enhance interfacial
stability by accelerating heat dissipation and suppressing phase degra-
dation during deposition.

(iii) Surface chemistry and electrochemical response. Surface-
sensitive XPS revealed that lithium retained in HVOF and APS thin-
films reacts with atmospheric CO, to form thin Li,COj3 passivation
layers, while SPS surfaces are lithium-depleted. Electrochemically, these
surface phenomena directly translate into kinetic differences: carbonate
films impede charge transfer in HVOF, partial carbonate and Li»TiO3
coexistence in APS provide the best trade-off between stability and
conductivity, and Li-poor SPS thin-films display sluggish diffusion and
capacity fading.

(iv) Process-structure-property paradigm: Combination of the find-
ings from all characterization methods reveals a clear proc-
ess-structure-property relationship. Among the three spraying routes,
HVOF represents the low-nominal-enthalpy, high-velocity regime,
whereas APS and SPS are both high-nominal-enthalpy plasma processes,
although the way their thermal energy is utilized differs significantly.

In HVOF, the relatively moderate flame temperature and short dwell
time allow most particles to retain the spinel LTO phase, producing a
dense, uniform thin-film. A thin surface film of Li;COs, formed upon air
exposure, slightly limits lithium-ion transport but does not compromise
stability.

In APS, the plasma torch operates at much higher nominal enthalpy,
which promotes partial decomposition of LTO and formation of Li3TiOs.
Yet, this mixture appears to provide a beneficial balance between con-
ductivity and structural stability, resulting in the best overall electro-
chemical response among the three processes.

The SPS process involves even greater effective energy input but a
considerable portion of that energy is consumed in solvent evaporation
and droplet atomization before the submicron LTO particles are melted.
For typical suspension plasma spraying (SPS) more than 50 % and up to
90 % of the thermal energy goes into solvent evaporation [61,62,63].
The use of water as the solvent further intensifies the issue: vaporization
not only consumes thermal energy but can also promote lithium

13

Materials & Design 267 (2026) 116414

depletion and hydroxide-related reactions. Consequently, SPS thin-films
show greater through-thickness gradients, interfacial diffusion on the
stainless-steel substrate, and lower overall performance. Replacing
water with less reactive organic solvents such as ethanol could poten-
tially improve the process by reducing lithium volatility and allowing
more of the plasma energy to be used for particle melting.

Finally, since substrate heat conduction strongly influences
quenching and interfacial reactions, one can infer that using even more
conductive substrates, such as copper or its alloys, which are commonly
used as current collectors in battery systems, could further stabilize the
thin-film interface by accelerating heat removal and suppressing phase
degradation during deposition.

The mechanistic relationships derived from the microstructural,
chemical, and electrochemical analyses are consolidated in Fig. 13,
which schematically maps how variations in process nominal enthalpy,
particle dynamics, and substrate heat transfer translate into distinct
phase assemblages and functional responses in the thermally sprayed
LTO thin-films.

5. Conclusion

The process—structure-property relationships in the thermally
sprayed LTO thin-films arise from how each deposition method shapes
the thermal and chemical environment experienced by the particles.
Process parameters such as nominal enthalpy, particle temperature and
velocity, feedstock state, and substrate thermal conductivity govern
lithium volatilization, LTO decomposition, and quenching behavior,
which in turn determine the resulting microstructure and phase
composition. These structural outcomes, including the relative fractions
of LTO, Li»TiO3, and TiOs, thin-film roughness, and interfacial stability,
then control the surface chemistry, such as Li;CO3 formation or lithium
depletion. Ultimately, this combined structural and surface evolution
dictates the electrochemical response. The first response indicates that
thin-film with higher LTO retention and stable interfaces show better
voltage behavior and cycling stability. However, the second response
shows that carbonate-rich or Li-depleted surfaces exhibit reduced per-
formance. In essence, the process sets the thermal-chemical conditions,
which determine the structure, which then dictates the properties.

This study establishes a comprehensive understanding of how
different thermal spray processes including HVOF, APS, and SPS govern
phase changes, interfacial chemistry, and electrochemical behavior in
LisTisO12 (LTO) thin-films. Synchrotron and laboratory XRD analyses
confirmed that all thin-films contained the spinel LTO phase along with
Li;TiO3 and minor presence of TiOo, yet their relative fractions varied
distinctly with processing conditions. HVOF retained the highest pro-
portion of spinel, APS showed moderate transformation, while SPS
experienced the most severe decomposition, highlighting the role of
process nominal enthalpy and dwell time in lithium volatility and phase
stability because of water solvent and finer particle size.

Spatially-resolved uXRD revealed uniform phase distributions in
thin-films produced on aluminum substrates (HVOF and APS) but strong
through-thickness gradients and interfacial diffusion in SPS on SS-304.
The interfacial analysis indicated limited substrate involvement in
HVOF and APS, in contrast to SPS, where Fe diffusion and partial BCC —
FCC transformation occurred at the thin-film base. XPS confirmed sur-
face LioCO3 formation on APS and HVOF thin-films due to ambient
carbonation, whereas SPS surfaces were lithium-depleted, evidencing
the combined effects of feedstock state and plasma-liquid interaction on
surface chemistry.

These structural and chemical trends were directly reflected in
electrochemical performance. APS thin-films, with a mixed LTO-Li»TiO3
composition, exhibited the most favorable combination of capacity and
stability. HVOF thin-films were structurally robust but kinetically
limited due to carbonate films, while SPS thin-films suffered from
lithium depletion and compositional gradients, resulting in inferior
performance.
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Fig. 13. Schematic overview of processing-structure-property relationships in thermally sprayed LTO thin films.

The integrated process-structure-property framework developed
here demonstrates that the enthalpy-quench balance, substrate con-
ductivity, and solvent chemistry jointly determine phase stability and
interfacial integrity. Using more thermally conductive current collec-
tors, such as copper or its alloys, could further improve interface quality,
while adopting less reactive solvents like ethanol in SPS may enhance
energy utilization and lithium retention. This work provides a mecha-
nistic foundation for designing next-generation thermally sprayed oxide
electrodes. Process energy, substrate selection, and feedstock formula-
tion can be precisely tuned to achieve stable, high-performance large-
area thin-films for solid-state and thin-film battery applications.
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