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Abstract: We demonstrate the potential of Lithium titanate (LiTiO) and amorphous titanium oxide
(a-TiOx) thin films synthesized from titanium diisopropoxide bis acetylacetonate CisH2s06Ti
[Ti(acac)2(OiPr)z] using atmospheric-pressure mist chemical vapor deposition method as negative
electrode and solid electrolyte for anode-free lithium-ion battery (LIB). LTO thin films synthesized
from Ti(acac)2(OiPr)2 and LiNOs at 500 ‘C act as a negative electrode in LIB. In a-TiOx synthesized at
200-300 °C, Li-ion permeability improved with charge/discharge cycles and acts as a solid electrolyte.
The high diffusivity of Li ions demonstrated its superior behavior as a solid electrolyte. The a-TiO«
solid electrolyte battery achieved an charge/discharge efficiency of 94%. These results imply that a-
TiOx holds promise for realizing anode-free lithium metal batteries.
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1. Introduction

Today, solid state lithium-ion battery (LIB) has been extensively studied for high energy density,
high output characteristics, and excellent safety more than that of electrolyte solution based LIB. They
are applied for use of micropower sources for smart cards, medical devices, micro electric mechanical
system, wireless sensors and so on [1,2]. It has been reported that solid electrolytes with Li ion
conductivity, such as perovskite crystals LiossLaos5TiOs [3] and NainZrSixP3xO12 (0 < x <3) NASICON
crystal structures, LitxAlTi2«(POs)s exhibit ion conductivity of 10-4~10-* S/cm at room temperature [4].
However, these electrolytes have problems with poor stability and are electrochemically reduced at
a potential of about 1.8 V vs. Li/Li*, making it difficult to apply them as electrolytes for LIB secondary
batteries. As electrolytes with wide potential windows, LiossLaossZr2012 and lithium phosphate
oxynitride glass (LiPON), which have a garnet structure [5-7], have been well-known. Also they
include difficulties in the synthesis and LIB fabrication processes, so further technological
development is required in the future. In recent years, it has been reported that sulfide-based
compounds exhibit high Li* ion conductivity and can be applied to all-solid-state LIBs, and research
and development have been actively underway. Sulfide ions have a higher polarizability than oxide
ions, and the structure of the solid electrolyte is easily distorted when Li* diffuses [8,9], so it has
superior Li* diffusion ability. Recently, highly conductive electrolytes such as sulfide-based
crystalline LiinGePsSu2 (approximately 102S/cm at room temperature) have also been reported [10].
However, since sulfide electrolytes easily react with moisture in the atmosphere to produce H:S,
improving their chemical stability is an issue that must be overcome [11-14]. As one of the
breakthroughs, the chemically stable oxide-based crystallized as well as amorphous all-solid-state
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batteries are a possible candidate, but the synthesis of the solid electrolyte and the defect-free negative
electrode/electrolyte interface is still crucial to overcome because if even a small amount of current
concentration occurs in an electrolyte, lithium metal grows in a dendrite pattern, causing partial short
circuits and cycle deterioration (Figure S1). A certain amount of lithium metal was deposited
(charged) and the coulombic charge/discharge efficiency was determined from the amount dissolved
(discharged). Thus, this is an evaluation of anode-free lithium metal electrodes. For further
development of LIB with excellent functionality, higher Li ion mobility of Li* in the electrolyte and
faster desolvation of solvated Li* at the electrode interface is required using a uniform solid
electrolyte thin film that conducts lithium ions without any current concentration at the
anode/negative electrode.

Several methods have been employed for thin film deposition using vacuum-based and solution
process techniques [15] like sputtering [16-18], spray coating [19], plasma sintering [20], chemical
vapor deposition (CVD) [21], atomic-layer deposition [22-24], plasma-enhanced CVD (PE-CVD) [25],
sol-gel [26,27], and mist CVD [28-30]. Among these, mist CVD is a possible candidate for preparing
a variety of metal oxide thin films with no use of complex components from cost-effective, chemically
stable, and low vapor pressure materials such as metal acetylacetonate Ti(acac)2(OiPr)2 and Al(acac)s.
In this process, the film is grown via the thermal decomposition of the source material, dissolved in
a solvent such as H2O and CH3OH. We have studied the synthesis of amorphous (a-) AIOx and a-TiOx
thin films by mist CVD and found that the dense a-AlOx, a-TiOx, and a-AliyTiyOs network with
smooth surface, and higher refractive index was obtained by tuning deposition parameters, i.e.,
furnace temperature Tj, carrier gas flow, Ti(acac)2(OiPr)2/CH3OH solute concentration, mesh bias and
so on [31-34]. However, there are only a few studies on the mist CVD to LIB-related material
synthesis and device manufacturing processes [35-37].

In this paper, we demonstrate the synthesis of lithium titanate LisTisO12and a-TiOx thin films
from aqueous solution Ti(acac)2(OiPr)2 via mist CVD and they provide great potential as negative
electrodes for LIB and solid electrolyte material for realizing anode-free LiB.

2. Materials and Methods

Figure 1(a) shows the molecular structure of Ti(acac)2(OiPr): and the setup of the mist-CVD
apparatus used in this study, comprising an atomizer (operating at 2.4 MHz), Si tube, shower head
nozzle (12 cm length, 3 mm gap), and operation substrate stage. The distance between the substrate
and the tip of the shower nozzle is 3 mm. The substrate stage was operated at 5 mm/s and the film
thickness was adjusted by the number of repetition cycles as a variable. The layer thickness per cycle
was 3-3.3 nm/cycle and the total film thickness was 30-100 nm. The solution of 0.015 mol/L
Ti(acac)2(OiPr)2 diluted in CH3OH with and without adding Li source (LiNOs, Li(CHsCOO), LiCl) as
a guest Li source for LTO and a-TiOx thin films, respectively. They were set on an atomizer (2.4 MHz)
and Ti(acac)2(OiPr)2 mist was generated and transported through a Si tube with an inner diameter of
20 mm using Nz or Ar as a carrier gas. They were supplied from the shower nozzle to the substrate
on the movable stage. The films were synthesized on crystalline Si, SUS coin cell, and copper foil
(15~18 pm thickness) placed on a movable stage. The deposition condition of LTO and a-TiOx is
summarized in Table 1. The film thickness was adjusted at approximately 100 nm by setting the
repetition cycle of the movable stage at 5 mm/s and Ts. Figure 1(b) shows the schematic of the LIB
structure based on crystalline amorphous LTO and a-TiOx as solid electrolytes formed on the Cu foil.
In conventional crystal phase electrolytes, Li ions are introduced depending on the plane orientation
of the crystal, on the other hand, isotropic diffusion is expected in an amorphous structure due to
disturbance of the network structure. The electrochemical evaluation was performed by creating a
cell in which the prepared LTO or a-TiOx thin films, polypropylene separator, electrolyte, and metallic
lithium were placed in such a jig and performing a charge/discharge test and cyclic voltammetry
(CV).
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Figure 1. (a) Schematic of the mist CVD apparatus with linear source. (b) The LIB structure using crystalline LTO
and a-TiOx as solid electrolytes formed on the Cu foil. Schematic of Li-ion diffusion process in crystalline LTO
and a-TiOx particle.

Table 1. Deposition condition of LTO and a-TiOx thin films.

Solute Ti(acac)2(OiPr)2
Li source LiNOs, (CHsCOO)Li, LiCl
Solvent CHsOH
Solution concentration 0.015 mol/L
Substrate temperature; Ts LTO; 500- 550 °C, a-TiOx; 200- 350 C
Substrate p-Si, SUS, Cu foil (180 um)
Mist generation gas Nz, Ar: 500 sccm
Dilution gas flow; Fa N2, Ar: 2400 sccm
Repetition cycle; N 1-30

The LTO and a-TiOx films were characterized by X-ray diffraction (XRD) and electrochemical
evaluation. First, we investigated the synthesis of LisTisO1 thin films by adding guest Li sources
[LiNOs, (CHsCOO)Li, LiCl] to the film deposition condition of a-TiOx thin films used in the previous
study [31-34]. After that, post-annealed at 300- 500 °C for 30 min was performed to promote the film
crystallization. Furthermore, the refractive index and extinction coefficient (1, k) spectra of a-TiOx thin
films prepared at different substrate temperatures Ts were measured using spectroscopic
ellipsometry (Uvisel2, HORIBA) using the Tauc-Lorentz model combined with the two-layer model.

3. Results and Discussion
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Figure 2(a) shows the XRD pattern of a 100-nm thick LTO film with LiNOs synthesized Ts at 500
°C. The XRD diffraction peaks observed at around 26 = 19° and 25° correspond to LTO (111) and TiO:
(101) orientation, respectively, [35-37] suggesting that the film structure was a mixture of LTO and
TiOz. In addition, at a Ts of 200-350°C, no peaks appeared, indicating that the film is an amorphous
state. The XPS revealed that the LTO film composition was Ti (19.5 at%), O (50.9 at%), Li (3.7 at%),
and C (15.7 at%), suggesting far from stoichiometric composition LisTisO12. As-deposited a-TiOx at Ts
of 200-350 °C was Ti (18.6 at%), O (47.6 at%), and C (33 at%), suggesting that a-TiOx includes huge C
content.

Figure 2(b) shows the n and k spectra of a-TiOx synthesized at different Ts. The magnitude of n
and k values increase systematically with a slightly higher energy shift of absorption edge in k spectra
when Ts was increased from 200 to 350 °C, and their values are lower than those of anatase rutile
crystalline. These will be caused by a large amount of residual C, CHO, and COOH-related complex,
although the influence on the LIB performance is still controversial. These a-TiOx thin films are less
dense and have more vacancies in their network than the anatase and rutile crystal structures.
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Figure 2. (a) XRD pattern of LTO synthesized from Ti(acac)2(OiPr)z and LiNOs mixture solution at a Ts of 500°C.
The inset shows the SEM image of corresponding a-TiOx and LTO (b) (1, k) spectra of a-TiOx synthesized at
different Ts from a 0.015M Ti(acac)2(OiPr)2 diluted in CH3OH using mist CVD.

Figures 3(a) and (b) show the charge/discharge curve and CV characteristic of an LTO thin film
including TiOx phase fabricated at a Ts of 500 °C. In the charge-discharge curve, an irreversible
capacity was detected at the first cycle, but stable redox behavior with no irreversible capacity was
observed. The CV chracteristics of Lix-a-TiOx thin film with and without cleaning by acetone is aslo
shown in Figure S2.These results suggest that the insertion and desorption of Li ions are stable after
the initial insertion of Li ions from the second cycle onwards. In CV, reduction peaks were detected
around 1.7V and 1.5V. This is presumed to be due to the reduction reaction of TiOr and LTO (Figure
S3).

The redox potential of LTO is approximately 1.8-1.9V (Figure 3b), which is higher than that of
LisTisO012 (1.56V) due to smaller Li content [38—40]. Additionally, an oxidation peak was detected
around 2.2V.
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Figure 3. (a) Charge/discharge and (b) CV characteristics of a LTO thin film containing TiO: anatase phase
synthesized at a Ts of 500 °C by mist CVD.

Figure 4(a) and (b) show the charge/discharge and CV curves of a-TiOx thin films synthesized at
Tss of 200- 350 °C. The charge-discharge curve revealed that the capacity is higher compared to LTO
films synthesized at a Ts of 500 ‘C. Additionally, the coulombic efficiency was increased due to the
increase in oxidation capacity with the cycles. This result suggests that Li-ion is easily desorbed
during charging and discharging, and the permeability of Li ions is improved. Furthermore, no peaks
for oxidation/reduction reactions were detected in the CV curve. These findings suggest that Li ions
are not inserted into a predetermined crystal structure, but rather diffused into arbitrary positions in
the amorphous structure. These results imply that the amorphous TiOxhas higher Li-ion permeability
than the crystalline structure. This is because Li ions can diffuse isotopically in an amorphous
network, while they move in a specific direction depending on the crystal plane in a crystalline
structure. Thus, these results imply that a-TiOx is expected to act as a solid electrolyte.
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Figure 4. (a) Charge/discharge and (b) CV characteristic for a-TiOxfabricated at Ts of 200-350 °C using mist
CVD.

Furthermore, the a-TiOx thin films synthesized at a Ts of 200°C were scanned to the potential at
which Li was deposited. The charge/discharge curve and CV are also shown in Figure 5a. In the
charge/discharge test, the battery was charged to 2.5 mAhcm2 which has a similar potential to widely
used electrodes, and discharged to 1.0V. It is noted that the Li’s precipitation and dissolution behavior
were detected. The coulombic efficiency was 94%. The remarkable redox behavior of Li precipitation
and dissolution was also detected in CV (Figure 5b). The current density increased with cycling. This
is presumed to be because the permeability of lithium ions increased with cycling. These results
suggest that in reduction, Li ions pass through the a-TiOx thin film and Li metal precipitates on the


https://doi.org/10.20944/preprints202501.0376.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2025

Cu current collector foil, and in oxidation, Li ions dissolve from the Li metal on the Cu foil and pass
through the a-TiOx thin film. Additionally, no micro-short circuit behavior during Li precipitation
occurred in a series of measurements. These findings imply that a-TiOx thin film has the potential to
realize an anode-free lithium metal battery. The theoretical capacity of LisTisO1w is 175 mAh/g, but for
LTO synthesized by mist CVD from Ti(acac)2(OiPr)z2 at 500 °C is initial 300 mAh/g, second 150 mAh/g,
and 300 mAh/g for a-TiOr at 300 °C. These results suggest that a-TiOx from Ti(acac)2(OiPr)2 by mist
CVD provides higher capacity. Furthermore, the weight per unit area of a 200-nm thick a-TiOx thin
film is approximately 0.lmg/cm?, and no binder or conductive additive is required in the LIB
manufacturing process. On the other hand, electrodes synthesized using other coating processes are
equivalent to 0.02 g/cm? at a thickness of 2 um, and contain 70-90% of the active material, binder,
conductive aid, etc. Therefore, although TiOx produced by the mist CVD method shows an
amorphous state, its density is approximately 1/10 that of electrodes produced using a conventional
coating press. These results suggest that mist CVD a-TiOx s a likely anode-free LIB due to the simple
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Figure 5. (a) Charge/discharge and (b) CV curves of a-TiOx synthesized at a Ts of 200 C.

Anode-free lithium metal batteries utilize Li metal as the negative electrode, which provides
optimal performance because Li metal is not present during battery manufacturing, thus achieving
high safety and low cost. Cu foil, and when using crystalline TiOx electrodes, Li-ion is trapped, and
charging becomes impossible. Further detailed studies are underway, but there are challenges to
realizing it. Therefore, these results could be a major step in realizing anode-free lithium metal
batteries [41,42].
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Figure 6. (a) Charge discharge curve of (a) Cu foli alone/Li and (b) crystalline TiOx particle/Li metal.
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5. Conclusions

We investigated the synthesis of lithium titanate (LTO) and a-TiOx thin films from
Ti(acac)2(OiPr)z diluted in CH3OH by mist CVD and applied in negative electrode and electrolyte of
LIB. LTO synthesized at 500 ‘C comprises crystalline LTO that acts as a negative electrode material.
A-TiOx synthesized at 250-300 ‘C improved the Li-ion permeability with charge/discharge cycles,
and they also exhibit superior behavior as a solid electrolyte due to the high diffusivity of Li ions.
The corresponding LIB with a-TiOx as a solid electrolyte showed a charge/discharge efficiency of 94%.
These findings suggest that a-TiOx by mist CVD as solid-electrolyte holds promise for realizing
anode-free lithium metal batteries.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: (a) Remaning issue for anode-free Lix-aTiOz LIB. (b) Microsocpe image of Lix-
aTiO2 after charge/discharge cycles. Figure S2: Effect of a-TiOx film thickness and cleaning by immersion in
acetone on CV (Li precipitation-dissolution behavior) of Li-a-TiO»/Cu-Li metal. Figure S3: SEM image of Lix-a-
TiOx before and after charge/discharge cycles.
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