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A key challenge for incorporation of oxide-based solid electrolytes into batteries remains the brittle nature
of the ceramic, which makes scalable, low-cost fabrication of thin (<20 um) separators challenging.
solution-based processing, involving the direct liquid-to-solid transformation of a precursor solution into
a ceramic film through deposition and annealing, offers an attractive route to overcome these
fabrication challenges while significantly reducing processing temperatures compared to conventional
solid-state methods. However, the relationship between the initial choices made in precursor
chemistries and the crystallization behavior remains poorly understood, limiting control over the phase
formation process. Here, we investigate how the precursor decompositions influence the structure
evolution during annealing and crystallization of solution-processed Li-garnet solid electrolyte films. The
results reveal a sequence of solvent and precursor decompositions with the Li-precursor, LiNOs,
decomposition occurring last and in parallel with the nucleation of La,Zr,O; as the first crystalline metal-
oxide phase. Upon Li-precursor decomposition, the latter is lithiated to form the desired highly
conductive cubic LigsAlg25LasZr,O1, phase. This simultaneity of crystallization and decomposition
events demonstrates the importance of the initial precursor choices to control the crystallization
process. Through this work, we contribute to fundamental ceramic materials science by establishing
a systematic methodology for studying solution-processing and providing a foundation for future
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Introduction

The ongoing electrification of transportation requires advanced
energy storage options for increasing the driving range of
electric vehicles. New battery designs and materials are needed
that enable higher energy densities compared to the conven-
tional lithium-ion batteries. Next generation, hybrid or all-solid-
state, batteries offer improvements in safety and energy density
by incorporating non-flammable electrolytes as solids, which
are stable towards lithium metal or silicon as anode materials.
Oxide-based ceramic solid electrolytes, such as Li-garnets,
Lig 55Al0.25La3Zr,04, (LLZO), offer a high ionic conductivity,
1072 to 100* S em ™!, and stability against lithium metal
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precursor design of next-generation solid electrolyte battery components.

anodes.'” Besides these advantages, the major challenge for
bringing oxide based solid electrolytes to the market is to
reduce their manufacturing costs, make the manufacturing
roll-to-roll compatible and access a thickness range of below 20
um to enable competitive energy densities.>” To date, ionic
conductivity and battery performance values are in their
majority obtained from macrocrystalline LLZO in the form of
pressed pellets or tapes, for which the initial powders have been
synthesized by solid-state reaction.® This process includes the
synthesis of the desired phase through mixing of precursors
and calcination at high temperature (Fig. 1 and Table 1). As
alternative to the solid-state reaction, approaches such as,
amongst others, solution-based combustion synthesis or sol-
gel can be used to fabricate ceramic nano-powders at reduced
calcination temperatures.”** Either way, tapes or pellets are
then formed as green bodies from the synthetized ceramic
powder through slurry-coating or cold-pressing, respectively,
and are sintered at temperatures above 1050 °C for densifica-
tion resulting in grain sizes of at least several microns."** This
process is limited in its ability to meet the market needs
described previously, due to too high processing temperatures
and many processing steps that make the manufacturing

expensive, while also not being roll-to-roll compatible.
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Fig.1 Comparison of liquid-to-solid and solid-to-solid manufacturing of oxide based ceramic solid electrolytes. Liquid-to-solid manufacturing
enables the scalable fabrication of dense and homogenous films with a higher aspect ratio of grain size to thickness and requires lower pro-
cessing temperatures compared to classic solid-to-solid manufacturing of freestanding tapes.

Furthermore, reaching thicknesses of tapes of below 50 um
remains challenging because the small aspect ratio of tape
thickness to average grain size poses challenges to mechanical
stability and electrochemical performance, and chemical
instability with cathode materials in composite cathodes or the
crucible materials can result in secondary phase formation,
decomposition and compositional changes at high sintering
temperatures.">*® Neither can vacuum-based synthesis tech-
niques such as pulsed laser deposition meet the market needs,
as they are also too expensive while not being scalable.*
Solution-based film fabrication is the most promising approach
to meet all these requirements (Fig. 1 and Table 1). It can be
transferred to a roll-to-roll process and enables the fabrication
of cost-efficient solid electrolytes while accessing a competitive
thickness range of 1-10 pm.*" Furthermore, processing

temperatures of below 750 °C significantly reduce the thermal
budget of solid electrolyte manufacturing, having a large impact
on reducing greenhouse gas emissions during ceramic
manufacturing, see recent ref. 18 for details.

In general, solution-based processing of oxide ceramic films
is a well-established process which comprises four main steps:
(I) preparation of a homogenous solution containing all metal
cations in stoichiometric ratios, (II) deposition of the solution
onto a substrate, followed by a thermal treatment for (III) the
pyrolysis of precursors or organic compounds initiating the
condensation to form an amorphous metal-oxygen network,
and (IV) the crystallization of the final ceramic material."” The
preparation of a homogenous solution is usually achieved by
dissolving either metal alkoxides (sol-gel process) or soluble
inorganic metal salts (often nitrates) in aqueous or alcohol

Table 1 Comparison of properties of oxide-based ceramic electrolytes: films fabricated via liquid-to-solid and tapes via solid-to-solid

manufacturing**7:31-33

Liquid-to-solid manufacturing (films)

Solid-to-solid manufacturing (tapes)

Thickness 1-10 pm

Grain size Nanometer
Aspect ratio (thickness to grain size) >100

Geometry Substrate based
Roll-to-roll compatibility Yes

Precursor type Metal salts

Maximum processing temperature for cubic LLZO 750 °C, 15 min to 500 °C, 10 h

phase
Densification mechanism
state

J. Mater. Chem. A

Nucleation and growth from an amorphous

>50 um

Micrometer

10-50

Freestanding or substrate based
No (in case of classic sintering)
Metal oxides

>1050 °C, multiple hours and steps

Grain boundary and volume diffusion through
sintering
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based solutions while the most commonly used deposition
methods include spin-, slot-die-, or dip-coating, inkjet printing
and spray-coating. One of the major advantages of solution-
based film fabrication is the simultaneous phase formation
and densification following a single nucleation and growth step
at much lower temperatures compared to conventional solid-
state synthesis. Furthermore, there is no need of tape casting
and sintering. Due to the direct transition from liquid to film
state, the stoichiometry of the compounds can be easily
controlled and losses, e.g. due to lithium evaporation at high
sintering temperatures, are significantly reduced. This becomes
especially important when considering solution-based
synthesis of solid electrolyte materials for lithium metal
batteries. After annealing, dense ceramic films with thicknesses
of below 1 um (spin-coating) and 1-10 pm (spray pyrolysis) in
amorphous or nanocrystalline structure are reported, depend-
ing on the final annealing temperature.””?**" If in a crystalline
state, these films can reach an aspect ratio of thickness to
average grain size of >100-1000, with average grain sizes of 10—
100 nm, which is significantly higher than those obtained via
solid-state synthesis."”

Very few studies exist that investigate solution-processed
LLZO films.” These involve the preparation of precursor solu-
tions which are used to deposit films via spin-coating,******* dip-
coating,*** inkjet printing,*® or spray pyrolysis."”** Different
kinds of precursor solution are designed for these synthesis
protocols, depending on the choice of precursor salts and
solvents. A classic sol is formed, when metal alkoxides are di-
ssolved in organic solvents and water is added to initiate the
hydrolysis of the precursors, resulting in a colloidal disper-
sion.?® On the other hand, a solution is obtained when inor-
ganic salts, mostly nitrates and/or organic salts, are dissolved in
organic solvents without undergoing hydrolysis and nano-
particle growth steps."”” However, there is no clear separation
between these two solution types and in literature, mostly
mixtures of solution-forming nitrates and sol-forming alkox-
ides, optionally further combined with chelating agents or in
microemulsions are used for solution-processed LLZO thin
films. After deposition of the films, annealing at intermediate
temperatures, up to 600 °C, results in the preservation of an
amorphous network with pyrochlore La,Zr,0; (LZO) crystallites,
while higher temperatures, excess lithium and control of
atmosphere and heating rates are required to obtain cubic
LLZO (cLLZO) at temperatures of 600-800 °C.2**>>428 Besides
this, little knowledge exists regarding the formation mecha-
nism of the final nanocrystalline ceramic film during annealing.
Previously, high resolution transmission electron microscopy
(HR-TEM) on solution-processed LLZO films revealed the
formation of LZO nuclei from the amorphous metal-oxygen
network, which transform upon lithiation into tetragonal LLZO
(tLLZO) as crystalline intermediate before obtaining the highly
conductive cubic LLZO phase at 750 °C.** Furthermore, signif-
icant effort was made to elucidate the structure of the amor-
phous La-Zr-O network identifying La as network modifier and
Zr as network former.>® However, the influence of the solvents
and metal precursors on the structure evolution of the as-
deposited LLZO films or at low annealing temperatures, and

This journal is © The Royal Society of Chemistry 2026
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the role of the Li salt precursor on the onset of lithiation of the
LZO phase to form LLZO remain unclear. It is known for other
solution-processed ceramic thin films such as ceria or yttrium
stabilized zirconia that the precursors and solvents can strongly
impact the crystallization enthalpy, intermediate phases
formed, and crystal growth rates.®® Similar studies are lacking
for the structurally more complex four-cation (LLZO) Li-garnet
thin films. From an analytical perspective, it remains chal-
lenging to deconvolute this by classic structure determination
techniques such as TEM and X-ray diffraction (XRD) due to the
amorphous nature of the films after deposition, which is char-
acterized by a complex interaction of undecomposed precur-
sors, solvent residues and the already formed metal-oxygen
network. Obtaining this knowledge, however, is important to
understand the whole crystallization process of solution-pro-
cessed LLZO films, potentially enabling tuneability of the
process including crystallization temperature, control of grain
sizes, mechanic properties, homogeneity, and phases formed
through advanced precursor design.

In this study, we contribute to the in-depth understanding of
ceramic precursor design and its impact on the forming ceramic
for the example of an oxide based Li-ion solid electrolyte - Li-
garnet (LLZO) - for next generation batteries. Specifically, we
follow the phase evolutions and precursor decomposition events
during annealing of solution-processed Li-garnet films, synthe-
sized by spray-coating via Sequential Decomposition Synthesis
(SDS). Unlike classic ceramic fabrication, where multi-steps with
powder synthesis and densification are needed, SDS is a repre-
sentative synthesis route for a direct liquid to solid translation
resulting in dense battery-grade films of 1-10 pm. This makes it
an attractive method for future scale-up at low production costs.
During the annealing procedure, we identify several decomposi-
tion events of remaining solvent components and precursors
occurring in parallel to the crystallization of the pyrochlore
La,Zr,0; phase at a lower temperature, and of the cubic Li-garnet
phase at higher temperatures. We elucidate changes in the local
environment of the amorphous La-Zr-O network, deconvolute
the contributions of each precursor salt to the occurring
decomposition reactions and thereby reveal the importance of
the high temperature decomposition of the Li-precursor LiNO; to
the final LLZO phase formation. With this, we contribute to the
understanding of the role of precursor design in the effective
crystallization and phase formation of a solution-processed Li-
oxide based ceramic film with a high number of cations (=4).

Experimental
Preparation of LLZO films through SDS

The spraying solution was prepared by dissolving Li(NO;),
Al(NO3)3-9H,0, La(NO3);-6H,0, and Zr(iv)-acetylacetonate in
a 1:1:1 mixture of methanol, 1-methoxy-2-propanol, bis(2-
ethylhexyl)phthalate in the stoichiometric ratio of Lig 5Alp 25
LazZ,04, (0.01 M) with an optimized lithium precursor excess of
76 mol%."” For spray pyrolysis, the precursor solution was
pumped by a syringe pump through a spray head (DeVILBISS
ag360) with a rate of 75 mL h™'. Compressed air with a pressure
of 0.3 bar served as carrier gas. The solution is sprayed on

J. Mater. Chem. A
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a MgO (001) substrate at a surface temperature of 250 °C. After
the deposition, the sample rested on the hotplate at the same
temperature for 10 min. The as-deposited films were annealed
in a box furnace (Carbolite Gero CWF 1100) applying a heating
rate of 5 K min~" to the specified annealing temperature which
was held for 15 min before they cooled down to room temper-
ature at uncontrolled natural cooling rate of the furnace. As
reported previously, this method enables the fabrication of
dense cubic LLZO films, which showed an ionic conductivity of
2.4 x 107° S ecm ™' at 30 °C.”

Material characterization

Raman spectra were collected using a confocal alpha300 R
Raman microscope (WITec) with a 532 nm excitation wave-
length. The measurements were performed in air. All spectra
were collected with a laser energy of 10 mW with an integration
time of 5 s and averaged over 10 iterations.

The powder sample was packed in a 0.5 mm diameter
borosilicate glass capillary and sealed with two-component
epoxy in an argon-filled glovebox. High-resolution powder
synchrotron X-ray diffraction (SXRD) patterns at the beam
energy of 15 keV (wavelength = 0.824 A) were acquired on
beamline I11 at the Diamond Light Source, UK.

TGA and DSC measurements were performed on a TGA/DSC
3+ (Mettler Toledo) in MgO crucibles in an O,: N, 1:2 atmo-
sphere. As-deposited films were fabricated without further
annealing and the films were scratched off from the substrate
to obtain a powder to fill into MgO crucibles. Measurements
were performed with 5 K min~" heating rate in the range of 25-
750 °C while weight and heat flow were recorded simulta-
neously. The exhaust gases were directed into a Thermo-
StarTM GSD 320 gas analyzer (Pfeiffer Vacuum) to perform the
mass spectrometry.

XPS measurements

For XPS measurements, all samples were mounted on a flag-
style stainless steel sample holder equipped with a type K
thermocouple to monitor sample temperature, with the ther-
mocouple pressed against the top sample surface. To minimize
exposure to ambient air, samples were stored in an argon-filled
container prior to mounting onto the sample holders. After
mounting, they were quickly transferred to the load-lock
chamber and evacuated to vacuum. All samples were pumped
in the load lock overnight (1 x 10~® mbar pressure) to allow
degassing of any residual volatile solvents.

The measurements were performed using a near-ambient
pressure X-ray photoelectron spectroscopy setup (NAP-XPS,
Specs Surface Nano Analysis GmbH) in a chamber with a base
pressure of <5 x 10~° mbar. An Al Ko X-ray source (power: 50 W,
spot size: 120 pm) was used in most experiments, with some
comparison spectra recorded with a Cr Ka source (power: 10 W,
spot size: 200 pm). The analyzer was calibrated using sputter-
cleaned copper (Cu), silver (Ag), and gold (Au) foils, with the
Au 4f;),, Ag 3dss,, and Cu 2pj3), core-level peaks positioned at
83.84, 368.11, and 932.50 eV, respectively.
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All XPS spectra were acquired in fixed analyzer transmission
(FAT) mode with a step size of 0.1 eV, a dwell time of 0.3 s, and
a pass energy of 30 eV. High-resolution spectra for each core
level were acquired with 10 scans in cyclic mode, meaning each
scan for a given peak was collected after sequential scans of
other peaks. This approach minimized the effect of temporal X-
ray power fluctuations on the quantitative analysis. For films
annealed at 300 and 400 °C, X-ray beam damage was observed;
therefore, only the first scan was used for analysis.

The analysis chamber was backfilled with O, to a partial
pressure of 10~® mbar, with sample temperatures set to 100 °C
for films annealed at 300 and 400 °C, and to 200 °C for those
annealed at 500, 600, and 750 °C, to facilitate partial removal of
surface carbonates. While the use of a lab-based X-ray source
provides a stable excitation energy over the course of the
experiment, binding energy calibration was still performed to
account for sample charging effects. Due to the lack of stable
internal reference points at higher annealing temperatures,
a mixed referencing approach was employed: for the 300 and
400 °C samples, the presence of the C-C/C-H feature in C 1s
allowed standard calibration to 284.8 eV.** At higher annealing
temperatures, this adventitious carbon peak was absent due to
decomposition, necessitating referencing based on the
carbonate signals. The carbonate peak in the 750 °C annealed
sample was at 290.1 eV in the C 1s spectrum and at 531.9 eV in O
1s matched literature values for Li,COj;.*>*® Quantitative anal-
ysis also confirmed an atomic ratio of Li 1s: C 1s: O 1s close to
2:1: 3, further supporting Li,CO; assignment. Thus, for films
annealed at 500, 600 and 750 °C, the carbonate C 1s peak at
290.1 eV served as the binding energy reference.

Curve fitting was performed using KolXPD*” software.
Spectra were fitted with one or several Gaussian-Lorentzian
line-shape functions, and backgrounds were subtracted using
a Shirley background. A constrained fitting approach was
applied, where the peak full width at half maximum (FWHM)
and binding energy positions were allowed to vary only slightly
from initial estimates (£0.05 eV for FWHM and +0.1 eV for
binding energies).

Quantitative analysis was performed using the integrated
area of fitted peaks, transmission-corrected for both analyzer
and source transmission functions. The corrected integrated
areas were then normalized by relative atomic sensitivity factors
(RSFs), which for transmission-corrected spectra at the magic
angle (54.7°) configuration—defined as the angle between the
analyzer axis and X-ray source—are proportional to the product
of the photoionization cross-section and inelastic mean free
path (IMFP).*® Photoionization cross-sections were determined
using Scofield values,* while IMFP was calculated via the TPP-
2M model provided by NIST.** However, owing to the inhomo-
geneous nature of film deposition and the surface sensitivity
inherent to XPS, quantification of heavier elements such as Zr
and La was less reliable. In contrast, quantification of Li and Li-
related species proved more robust, permitting accurate iden-
tification of LiNO; and Li,CO; phases within the samples. The
quantitative results carry an estimated uncertainty of £5% due
to inherent limitations in this analytical approach.

This journal is © The Royal Society of Chemistry 2026
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Results and discussion
Structure evolution of as-deposited films during annealing

To follow the structure evolution of as-deposited Li-garnet
during annealing, films were fabricated by the previously re-
ported sequential decomposition synthesis (SDS) method," (see
Experimental section for more details), annealed at different
temperatures and their structure was analyzed through Raman
spectroscopy and synchrotron X-ray diffraction (SXRD). For the
SDS fabrication, precursor salts (Li-, La, and Al-nitrates and Zr-
acetylacetonate) were dissolved in a 1:1:1 mixture of meth-
anol, 1-methoxy-2-propanol and bis(2-ethylhexyl)phthalate
(DEHP) in stoichiometric amounts for the formation of Lig »5-
Al sLa3Zr,0q,. For compensation of Li-loss, an excess of
76 mol% of the lithium precursor was used, as reported previ-
ously.” The solution was then sprayed on a single-crystalline
MgO substrate at 250 °C surface temperature and the ob-
tained films were annealed at different temperatures up to 750 ©
C. To confirm that no cation migration into the substrate took
place during annealing, as it was observed for LLZO processed
at >1000 °C," ICP-OES measurements were performed before
and after annealing at 750 °C (see Table S1, SI). Fig. 2a shows
the Raman spectra of the as-deposited film and films after
annealing to 400, 500, 600 and 750 °C and subsequent cooling
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to room temperature to obtain clear spectra and avoid thermal-
induced noise. The as-deposited film and the film annealed at
400 °C show a very broad fluorescence signal in their Raman
spectra, indicating organic residues from solvents of the spray
process. The only peaks visible are those related to the Li-salt
LiNO; at 249 and 1082 cm™*, assigned to E; and A, Raman
vibrational modes, respectively,” while signals from
compounds with the remaining cations might remain shad-
owed by fluorescence due to a potentially amorphous nature
and resulting broad Raman signals. When the temperature is
increased to 500 °C, the background fluorescence signal
disappears, indicating the decomposition of organic residues in
the films. Instead, the LiNO; signal appears clearer with an
additional peak visible at 737 cm ™", the E, Raman vibrational
mode of LiNOj3, along with smaller signals stemming from the
formation of Li,CO;. This is common for Li-garnets being
exposed to moisture and CO, from the atmosphere, indicating
that at this temperature, LiNO; is already starting to decompose
to make lithium cations available for water and CO, uptake to
form Li,CO;.*>** When the temperature is further increased to
600 °C, LiNO; signals have disappeared, proving the complete
decomposition of this precursor salt, and the appearance of
a broad peak at 306 cm ™ indicates the formation of LZO, which
is usually observed in solution-based LLZO synthesis as an
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Fig.2 (a) Raman spectra and (b) synchrotron X-ray diffractograms (wavelength = 0.8243 A) of as-deposited and ex situ annealed Li-garnet films
after cooling to room temperature. References of LiINOs (yellow), Li,COs3 (orange), LaO,COs (purple), La>Zr,O5 (blue) and cubic LLZO (green). (c)
Overview of phase evolutions with increasing annealing temperature as determined by Raman spectroscopy and SXRD.
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intermediate which transforms to LLZO upon lithiation at
higher temperatures.”* This process is already initiated at 600 °
C and is completed at 750 °C when the Raman spectrum shows
characteristic peaks of the cubic LLZO phase. Aluminum doped
cubic LLZO shows several characteristic peaks in Raman spec-
troscopy at 107, 121, 209, 251, 361, 410, 514, and 645 cm™!
attributed to T,g, Eg, Tag, A1g, Tag, Eg and Ty, Tog and Eg, and Ay,
Raman vibrational modes, respectively.**** To validate the
structural information obtained from Raman spectroscopy,
SXRD measurements were performed for selected films in as-
deposited state and after annealing at 500 and 750 °C
(Fig. 2b). They reveal that nucleation of LZO from the amor-
phous phase already starts at 500 °C, showcased by broad
reflexes at the LZO positions. This is in accordance with the
temperature observed in other studies for LZO nucleation and
crystallization, with the resulting nuclei being potentially too
small to contribute to the Raman spectrum.”* In addition,
reflections of hexagonal La,0,CO; (COD-1000463) are visible at
the same temperature, a common product that forms upon
reaction of lanthanum oxide phases with moisture and CO,
from the atmosphere.***¢

In summary, structural analysis provides an initial insight
into phase transitions and precursor decomposition during the
annealing of as-deposited LLZO films (Fig. 2c). It reveals that
LiNO; salt remains undecomposed until temperatures beyond
500 °C. This finding is in contrast to previous studies, which
observed LiNO; decomposition already between 400 and 500 °C
and the observation of a fully amorphous film at 500 °C in in situ
HR-TEM.** A possible explanations for this deviation is that
LiNO; melts at 250 °C, which makes it difficult to observe in
TEM and the decreased decomposition temperature in vacuum
compared to ambient pressures usually applied during
annealing of ceramic films. Beyond this, it remains unclear
from the SXRD and Raman data, to which extent the precursors
of lanthanum and zirconium are already decomposed in the as-
deposited film and which lanthanum and zirconium phases are
involved in the formation of crystalline LZO and later LLZO
cannot be resolved due to their amorphous nature and fluo-
rescence shadowing. To elucidate this, in-depth thermal anal-
ysis was performed to follow decomposition events and phase
changes in the material during the annealing process.

Characterization of precursor decomposition and phase
changes

To follow the decompositions and phase changes during heat-
ing, the as-deposited films were investigated through simulta-
neous thermal analysis (STA), which combines
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). This allows to determine weight changes
through TGA while simultaneously following decomposition
reactions of precursors or phase changes in the material
through DSC. In addition, a mass spectrometer connected to
the exhaust reveals the nature of evolving gases with respect to
the sample temperature.

When heating the as-deposited Li-garnet from room
temperature to 750 °C in O, : N, 1: 2 atmosphere, six events (1-
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6) are visible in STA (Fig. 3a and Table S2, SI). Via mass spec-
trometry (MS) the nature of these events can be resolved by
identifying the exhausted gases. Fig. 3b shows the mass spec-
trometry signals from the most important fragments involved in
the reactions taking place in the material during annealing.
Water evolution can be detected at a mass over charge ratio of
m/z 18 stemming from H,0", the most important fragment of
water in MS. When nitrates decompose, several fragments of
nitrogen oxides are formed: m/z 30 (NO"), 44 (N,0"), 46 (NO,")
and 47 (HNO,") along with 36 (O,"). As oxygen is also part of the
analysis gas, any changes in concentration are easily diluted,
which is why this signal was not further investigated.
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Fig. 3 (a) TGA/DSC curves of as deposited Li-garnet and (b) mass

spectrometry of evolving gases recorded during heating to 750 °C.
Traces of the main MS fragments with a mass over charge ratio of m/z
18, 30, 44, 77 and 149 are shown exemplarily for evaporation of water,
decomposition of nitrates, organics and carbonates, aromatics, and
DEHP, respectively. Related fragments of the decomposition of
nitrates (m/z 46, 47), organics and carbonates (m/z 12, 22, and 45) and
DEHP (m/z 51) are not shown separately but help confirm the
assignments made due to same shapes of the recorded traces. (c)
Summary of evaporating or decomposing compounds with respect to
the temperature applied.
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Additionally, care has to be applied with the fragment m/z 44,
which is not only visible as a minor fragment in the decompo-
sition of nitrates, but also, more prominently, the main frag-
ment of carbon dioxide (CO,") involved in the decomposition of
many organic materials. Important fragments related to the
decomposition of organics in oxidizing atmosphere are m/z 12
(Ch), 22 (CO,>"), 28 (CO™), 44 (CO,") and 45 (HCO,"). In addition
to these expected fragments, the fragments m/z 51 and 77
appeared, exclusively simultaneously, which can be related to
common MS fragments from decomposing aromatic compo-
nents such as phthalate esters.*”

In the temperature range from room temperature to 175 °C
(1), water evaporates from the sample resulting in a total weight
loss of 4.1%. This can be confirmed through MS which shows
a peak only for m/z 18. Water is easily adsorbed on the surface of
as-deposited Li-garnet films due to the hygroscopicity of the
undecomposed nitrate precursors. The second and third event
partially overlap in the same temperature range: a phase tran-
sition discernable from the endothermic peak in the heat flow
which is not related to a weight loss at 230-260 °C (2) and
a broad exothermic event related to a weight loss of 6.5% at 175-
350 °C (3). The former can be attributed to melting of LiNOj; at
250 °C,*® the presence of which in the as-deposited film was
already confirmed by Raman spectroscopy and SXRD. The latter
is a decomposition resulting in carbon dioxide and minor
nitrogen oxide release indicating the decomposition of carbo-
naceous compounds and nitrates at the same time. More
specifically, the carbon dioxide formation could either result
from decomposition of solvent residues in the material, acety-
lacetonate ligands from the zirconium precursor, or other metal
carbonates formed in the material during deposition. This is
followed by a more prominent exothermic event along with
a weight loss of 12.4% at 350-445 °C (4). The previously
observed nitrogen oxide and carbon dioxide signals reappear at
higher intensities along with fragments with m/z 51 and 77. As
discussed before, these appear together usually in decomposi-
tion reactions of aromatic compounds, indicating that residues
from the high-temperature boiling point solvent DEHP, which
is the only aromatic compound used in this system, are
remaining in the as-deposited film up to an annealing
temperature of 445 °C. Interestingly, no signal is observed for
m/z 149, which is the most prominent fragment in the decom-
position of DEHP. This suggests that the DEHP is already
partially decomposing during the deposition of the Li-garnet
film, resulting in aromatic residues that differ in their
thermal decomposition from DEHP. However, not only the
aromatic solvent residues are decomposing in this event, but
also the first of two prominent nitrate decompositions is
observed. The second prominent nitrate decomposition
appears at 445-650 °C. This endothermic two-step event (5)
results in the biggest weight loss of 19.7% and except of nitrates
and traces of water, no other decomposition products are
observed in MS. Finally, an endothermic phase transformation
is observed in the temperature range of 650-750 °C (6), which
aligns well with the reported temperature range of tetragonal to
cubic LLZO transformation.*
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In summary, simultaneous thermal analysis coupled with
mass spectroscopy reveals that in the as-deposited Li-garnet
first water, then mostly organics and finally nitrates decom-
pose (Fig. 3c): solvents and potentially organic ligands from
precursors remain in the as-deposited films and are fully
decomposed for temperatures exceeding 400 °C. Nitrates
decompose in two major steps, at 350-445 °C and at 445-650 °C.
From SXRD and Raman spectroscopy, it is confirmed that LiNO;
decomposes between 500 and 600 °C indicating that the second
nitrate decomposition visible in STA stems from decomposition
of LiNO;. This can be confirmed when calculating the reaction
enthalpy based on the weight loss from TGA, the integrated heat
flow from DSC and the reaction equation of LiNO;
decomposition:

LiNO; — 0.5Li,O + 0.250, + NO», A H* = 217.6 kJ mol ™

If all weight losses observed in the temperature range from
445 to 650 °C result from a 1 : 4 molar ratio of O, to NO,, then the
measured heat flow results in a reaction enthalpy of 226 kjmol .
Even though a limited accuracy is anticipated due to the small
amounts of water observed in the mass spectrometer which are
not considered in the calculation, this is very close to the calcu-
lated standard reaction enthalpy of A.H° = 217.6 k] mol™*. It
remains unclear, however, whether the lithium nitrate decom-
poses here in two steps, or whether the first nitrate decomposi-
tion step at 350-445 °C results from another nitrate species
present in the as-deposited films.

To confirm the assignments made and to further deconvo-
lute the precursor nitrate decompositions, films with varying
combinations of the four precursors salts of Li, La, Zr, and Al
were fabricated and analyzed in STA (Fig. 4, S1-S3 and Tables
S2-S8, SI). By step by step reducing the number of cations
involved, the role of different cations in the phase evolution of
the as-deposited Li-garnet can be evaluated. An overview of the
compositions investigated can be seen in Fig. 4a.

When the aluminum salt is removed from the precursor
solutions, i.e. only lithium, lanthanum and zirconium precur-
sors remain (“Li-La-Zr-mix”), the STA data (Fig. 4b and c) is
almost identical to the full Li-garnet (“Al-Li-La-Zr-mix”) except
of event (6), previously assigned to the tetragonal to cubic LLZO
transition, which does not exist in the Li-La-Zr-mix sample
because of the missing Al-dopant to stabilize the cubic phase.

Comparing the films fabricated from precursor solutions of
La only, Zr only, Al only and La-Zr-mixture, it becomes evident
that the exothermal event (4) related to the decomposition of
aromatics and potentially other organic residues (see fragments
m/z 44 and 77) are shifted to higher temperatures compared to
the as-deposited Li-garnet material. The peak position of the
heat flow is at 388 °C for the Al: LLZO and is shifted to 444 °C
(La-Zr-mix), 462 °C (Zr-only), 497 °C (La-only) and 499 °C (Al-
only) indicating that the organic solvent residues are bound
differently strongly to the material structure, depending on the
amount and type of cations involved in the materials. Interest-
ingly, the film fabricated only from the lithium precursor
solution (Li-only), does not release any organic decomposition
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(a) Schematic representation of the combinations of precursor salts used to fabricate films: Li, AL, La, and Zr (dark green), Li, La, and Zr (light

green), La and Zr (dark yellow), La (yellow), Zr (orange), Li (red), Al (brown) and pure solvents (black). DSC curves (b) and mass spectrometry of

evolving gases (c) of all combinations during heating to 750 °C in STA.

products, even though the same solvents are used in its prep-
aration. This might be explained by the fact that the Li-only film
is in a liquid state during deposition due to the molten and
undecomposed LiNO; precursor and therefore doesn't incor-
porate any organics from the solvents. This can also be observed
by eye, when the Li-only film crystallizes upon removal from the
spray chamber.

Considering the nitrate decomposition signals (m/z 30),
none of the non-Li-containing films releases a large amount of
nitrogen oxides that could explain the origin of the first large
nitrate decomposition event (3) of as-deposited Al : LLZO. Also
in the Li-only film, this event is not visible, even though the
second big nitrate decomposition event (4) is very well covered
by the Li-only mass spectrum and heat flow further proving the
LiNO; decomposition at this temperature. However, in all films
that contain a nitrate precursor salt, the strongly exothermic
decomposition of aromatic solvent residues is connected to
a nitrogen oxide release. This suggests that the large amount of
heat that is locally generated during the decomposition of the
organic material is driving the endothermic nitrate decompo-
sition at lower temperatures than usual, as it is described in
literature for other solution-processed oxide thin film
materials."

These results suggest that the two-step nitrate decomposition
in as-deposited Al: LLZO upon heating stems from two separate
LiNO; decomposition steps: the first one at 350-445 °C (4) trig-
gered by the exothermic decomposition of aromatic solvent
residues and the second one at 445-650 °C (5) being the

J. Mater. Chem. A

conventional LiNO; decomposition as also observed in the Li-
only film. This can be supported by the overall expected weight
loss related to the Li-precursor salt decomposition. The LLZO
material after heating the as-deposited Li-garnet to 750 °C
accounts for a residual weight of 56% with respect to the as-
deposited starting material. Meanwhile, the expected weight
loss resulting from the LiNO; decomposition is around 30%,
depending on the exact stoichiometry of the LLZO material after
heating. Events 4 and 5, which besides nitrate decomposition
also include organics decomposing, show a weight loss of 12.4%
and 19.7%, respectively, matching the expected 30% weight loss
due to LiNO; decomposition (see Table S2, SI). The other metal
cations, however, only contribute small amounts of remaining
precursors that decompose during the heating, which proves that
they already form an amorphous metal-oxygen network during
the deposition. What cannot be resolved in this analysis is the
crystallization enthalpy of LZO and tetragonal LLZO, being
shadowed by the strong heat flows related to decomposition
reactions. This is, again, in contrast to previous studies, where
the enthalpy of event 5 was attributed exclusively to the LLZO
crystallization enthalpy while LiNO; decomposition was assigned
to event 4 due to the previously discussed assignment of LiNO;
decomposition to lower temperatures.**

Evolution of local chemical environment during annealing

X-ray photoelectron spectroscopy (XPS) was performed on ex
situ annealed Li-garnet films to monitor chemical changes in

This journal is © The Royal Society of Chemistry 2026
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the local cation environment during annealing (Fig. 5, S4 and
Table S9, SI). To mitigate charging effects associated with the
insulating nature of the ceramic films on MgO substrates, all
XPS measurements were conducted at elevated temperatures
under an oxygen atmosphere.** Exposing the samples to O,
during XPS measurements will have negligible effects on
chemical states of the samples as they were pre-annealed in air
atmosphere. Overall, negligible charging was observed for all
samples except the 600 °C film, which exhibited a +0.3 eV shift
relative to Li,CO;. For more details on charge correction and
measurement conditions see Experimental section.

High resolution XPS spectra of C 1s, N 1s, O 1s, Li 1s, Zr 3d,
and La 3ds, core levels of films annealed at temperatures

View Article Online
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ranging from 300 to 750 °C are shown in Fig. 5a—f, respectively.
In the range 300-500 °C, fitted peaks (see Experimental section
for information on peak fitting) at 407.2-407.8 eV (N 1s), 532.8—
533.5 eV (O 1s), and 56.1-56.7 eV (Li 1s) confirm the presence of
LiNO;. Also, the ratio of peak intensities calculated using rela-
tive atomic sensitivity factors (see Experimental section) for Li
1s:N 1s: 0 1s, obtained from quantitative analysis of the XPS
data (see Table S10, SI), is close to 1:1:3, supporting the
assignment of LiNO; in the range of 300-500 °C. Interestingly,
the N 1s peak shifts to higher binding energies as the annealing
temperature increases from 300 to 500 °C, suggesting changes
in the environment around LiNOj;. This is consistent with the
decomposition of other precursors, as discussed later in this
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Fig. 5 XPS detail spectra showing the phase evolution of LLZO films ex situ annealed from 300 to 750 °C for contributions of (a) C 1s, (b) N 1s, (c)

O 1s, (d) Li 1s, (e) Zr 3d, (f) La 3ds/s.
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section and earlier in the Raman and XRD analyses. A similar
shift is observed in the Li 1s peak, confirming that the changes
arise from modifications to the LiNO; environment rather than
the formation of other metal nitrates.

At 600 °C and 750 °C, peaks at 531.9 eV (O 1s), 290.1 eV (C
1s), and 55.4 eV (Li 1s), combined with the absence of an N 1s
signal, confirm complete decomposition of LiNO; and forma-
tion of Li,CO; on the surface, supported by an intensity ratio of
Li 1s:C 1s: 0 1s which is close to 2:1: 3. Attempts to remove
Li,CO; on 750 °C annealed sample as reported® by annealing
first in ultra-high vacuum (UHV) and then in 10® mbar O, at
350 °C for 30 min each were unsuccessful as shown in Fig. S5
(SI), indicating that the carbonate layer was too thick for
complete removal at these conditions. Annealing at even higher
temperatures, as reported elsewhere,’"** was not beneficial due
to an observed lithium loss and LLZO degradation. The LLZO
contribution to Li 1 s in 600 and 750 °C annealed samples could
not be resolved due to the Li,CO; layer on the surface and the
similarity of their binding energies.*

Multi-component C 1s spectra were observed for the 300 and
400 °C samples, with components corresponding to aromatic/
aliphatic C-C and C-H (284.8 eV), esters/alcohols (285.7 eV),
and esters/carboxyls (288.6-288.8 e€V), indicating residual
solvents or acetylacetonate ligands in films at lower annealing
temperatures.

The binding energies of zirconium (Zr 3d), lanthanum (La
3ds/,), and metal oxide (O 1s) show a decreasing trend with
increasing annealing temperature. Zr 3ds, binding energies
were 181.8 eV (300 °C), 181.5 eV (400 °C), 181.2 eV (500 °C),
181.1 €V (600 °C), and 180.9 eV (750 °C). This matches literature
values, where higher binding energies (181.4-181.9 eV) are re-
ported for LZO>*** compared to 180.8-180.1 eV for LLZO.***>¢
These results confirm the decomposition of zirconium acetyla-
cetonate during deposition and the formation of an amorphous
La-Zr-O network, as the precursor binding energy (182.3 eV)*” is
significantly higher. A similar trend is observed for La 3ds,,
with binding energies of 834.4 eV (300 °C), 834.0 eV (400 °C),
833.7 €V (500 °C), and 833.3 €V (600 °C and 750 °C). As with
zirconium, the decreasing trend supports the gradual trans-
formation of LZO into LLZO, in agreement with literature
binding energies of 834.6-834.9 eV (ref. 53 and 54) and 833.2—
833.7 eV,>>*° respectively. Interestingly, Zr 3ds, stabilizes at
500 °C, while La 3ds,, continues to shift until 600 °C, possibly
due to more significant structural rearrangements affecting La
local bonding compared to the more rigid Zr network.**

An additional observation from the La 3d spectra concerns
the variation in energy separation between the bonding and
antibonding satellite peaks, which serves as an indicator of the
degree of hybridization between La 4f orbitals and the ligands’
valence band.*® These satellite features arise from charge
transfer processes involving ligand atoms and core-ionized La
4f states. While full spectral fitting of La 3d is complicated by
significant multiplet splitting, the La 3ds/, region was analyzed
using one principal peak with two satellites (bonding and
antibonding), adopting fitting parameters reported by Sunding
et al.>® As shown in Fig. 5f, the bonding-antibonding separation
increases from 2.4 eV to 2.8 eV as the annealing temperature is
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raised from 300 °C to 600 °C, signifying increased hybridization
and enhanced La-O covalency within the oxide structures. Upon
annealing at 750 °C, this separation decreases to 2.6 eV, sug-
gesting a further modification in La-O hybridization. (See
Fig. S6, SI for a more detailed discussion.)

Collectively, these measurements agree well with the
previous structure and thermal analysis results confirming the
observed trends of organics and lithium nitrate decompositions
at below 500 °C and below 600 °C, respectively. Furthermore,
they show the gradual transformation of the amorphous La-Zr-
O network with partially undecomposed precursors into crys-
talline LLZO from as-deposited state until a temperature of
750 °C is reached and the final cubic LLZO phase is formed.

Decompositions and phase changes involved in the
crystallization of solution-processed cubic Li-garnet films

In the following, we summarize the sequence of precursor
decompositions and phase changes leading to the formation of
the crystalline cubic phase of LLZO from a solution-processed
as-deposited ceramic film (Fig. 6). To understand the role of
initial metal salts and respective cations in the formation of the
multi-cation ceramic compound, we performed structural and
thermal analysis, together with X-ray photoelectron spectros-
copy as evidence for the discussion.

Solvent and precursor decomposition reactions. During
annealing of the as-deposited ceramic film, several precursor
and solvent decompositions are identified. At lower tempera-
tures, remaining organic residues decompose in two major
steps in the temperature range of 270 to 400 °C. During the first
step, mostly carbon dioxide is emitted suggesting the decom-
position of smaller solvent or precursor ligand molecules. In the
second, more strongly exothermic organic decomposition step,
aromatic fragments are observed in addition to the prominent
carbon dioxide peak, proving the decomposition of residues of
the high-temperature boiling point solvent DEHP remaining in
the ceramic film after the deposition. At higher temperatures,
nitrate precursors, remaining in the film after deposition,
decompose. This reaction proceeds in two major steps as evi-
denced by the release of nitrogen oxide gas: the first step occurs
in parallel to the aromatic solvent decomposition, while
a second decomposition is observed at 450 to 600 °C.

The role of individual precursors on the decomposition
events. Investigating films with varying combinations of the
four precursor salts helps to deconvolute the contribution of the
individual precursor salts to these decomposition events. The
aluminum, lanthanum and zirconium precursors are mostly
decomposed already during the deposition and only add small
amounts of organic and nitrogen oxide emissions below 400 °C.
The lithium precursor, LiNO;, is more stable and is the only
precursor that contributes significantly to the nitrogen oxide
release, being responsible for the two major nitrogen oxide
emission events. The first of them, observed in parallel to the
aromatic solvent decomposition, stems from an early partial
decomposition of LiNO; due to the strong exothermic reaction
of the decomposing solvent.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Schematic summary of the structure evolution from as-
deposited to crystalline cubic Li-garnet material derived from a solu-
tion-based ceramic synthesis. Identified metal salts, metal oxide
phases and decomposition reactions involved in the formation of
crystalline cubic LLZO from solution-processed films are shown with
respect to the annealing temperature.

Crystallization and phase formation. During the deposition,
the ceramic film forms as an amorphous La-Zr-O network with
the previously discussed undecomposed precursor and solvent
residues. At around 500 °C, nuclei of pyrochlore La,Zr,0, (LZO)
form from the amorphous La-Zr-O network, consistent with
earlier observations on solution-processed LLZO films.>***?¢ In
parallel with the LZO nucleation, we observe the decomposition
of the lithium precursor, LiNOj3, a requirement for the forma-
tion of the crystalline LLZO phase; this phase forms, as
observed in previous TEM studies, through lithium diffusion
into the LZO nuclei from the amorphous surroundings.*

This knowledge significantly helps to understand the
processes involved in the crystallization of solution-processed
ceramic films showing the impact of precursor decompositions
on the phases formed at different temperatures. In the future,
based on this, advanced precursor design could help to gain
better control over crystallization temperatures, grain sizes, film
homogeneity and phases formed. For example, reducing the
decomposition temperature of the Li precursor used to fabri-
cate LLZO films could improve the availability of lithium ions

This journal is © The Royal Society of Chemistry 2026
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for ceramic structure formation at lower temperatures. To
confirm this, future work could explore precursor classes with
different decomposition temperatures and study their impact
on the crystallization process of the ceramic material to provide
greater flexibility in processing methods and temperatures,
improve integration with other battery components, and
enhance the sustainability of next-generation battery materials.

Conclusions

In ceramic synthesis, designing precursors for solution-based
film fabrication remains a challenge, as the initial precursor
solubility, reactivity, and decomposition impact the required
annealing protocol, film microstructure, and phases formed at
the same time. Even though solution-based film fabrication of
oxide ceramics is an established technique for a variety of
materials, less attention is drawn to the impact of precursor
design on the crystallization process. However, this under-
standing is important as the structure of materials gets more
complicated along with an increasing number of cations to
control during phase formation. To study this, we selected Li-
garnet, an oxide-based lithium-ion solid electrolyte for next
generation batteries, as a model material. Li-garnet is a good
representative of a ceramic material with a high number of
cations and dopants to control in the precursor design and
phase evolution, while being a technologically relevant material
class to provide cost-reduced ceramic manufacture.

This study provides a comprehensive investigation of the
structure evolution, precursor decompositions and phase
transformations occurring during the annealing of solution-
processed Lig »5Alg 55La3Z1r,04, (LLZO) films. By combining
classic structure analysis techniques such as SXRD and Raman
spectroscopy with thermal analysis and XPS, we can elucidate
the transformation of the as-deposited amorphous La-Zr-O
network into crystalline cubic LLZO. The impact of each indi-
vidual precursor salt, namely Li(NO;), Al(NO;);-9H,0,
La(NO3);-6H,0, and Zr(wv)-acetylacetonate, on the observed
decomposition events was identified by investigating different
combinations of precursors used for the fabrication of as-
deposited ceramic films. From this, it can be concluded that
aluminum, lanthanum and zirconium precursors are already
mostly decomposed after the deposition at 250 °C to form an
amorphous metal-oxygen network, while the lithium precursor,
LiNOj3, remains crystalline and undecomposed at this stage.
Upon annealing, LiNO; decomposes in two steps enabling the
incorporation of lithium into the in parallel crystallizing
La,Zr,0; (LZO) phase forming the cubic LLZO phase.

This coupling of precursor decomposition and crystalliza-
tion suggests that the nature of the precursors and solvents has
a significant impact on the crystallization process of solution-
processed ceramic LLZO films. Based on this, the tuneability of
the crystallization process of LLZO utilizing different precursor
chemistries is to be explored in future work. Collectively we
contribute through the work to the understanding of precursor
design principles for cost-effective direct liquid-precursor-to-
solid-film manufacturing routes of solid-state battery electrolyte
ceramics.
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