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Abstract: Solving intrinsic structural problems such as low conductivity is the main challenge to promote the commercial application of Li2TiSiO5. In this study, Li2TiSiO5 is synthesized by the sol-gel method, and the surface modification of Li2TiSiO5 is carried out at different temperatures using low-temperature plasma to enhance its lithium storage performance. The morphological structure and electrochemical tests demonstrate that plasma treatment can improve the degree of agglomeration. The peak position of the plasma-treated Li2TiSiO5 is shifted to a lower angle, and the shift angle increases with increasing sputtering power. Li2TiSiO5 after 300 W bombardment shows excellent capacity (144.7 mA·hg−1 after 500 cycles at 0.1 Ag−1) and rate performance (140 mA·hg−1 at 5 Ag−1). Electrochemical analysis indicates that excellent electrochemical performance is attributed to the enhancement of electronic and ionic conductivity by plasma bombardment.
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1  Introduction

Realizing carbon peak and carbon neutrality is an effective strategy for countries around the world to address global climate change and energy crises, as it can promote the substitution of traditional energy with new renewable energy sources and have a significant impact on industrial structure [1]. In recent years, energy storage devices represented by lithium-ion batteries (LIBs) have been used as the primary solution for storing effective renewable energy [2]. However, among various commercially reported anode materials for lithium batteries, graphite tends to form lithium dendrites easily during charge and discharge at high current densities [3], while another negative electrode material, lithium titanate, is limited by its capacity and high operating potential, failing to meet the expectations of electronic devices for high energy density [4].

Currently, Li2TiSiO5 (LTSO) with a silicate-based poly-anionic structure has emerged as a potential alternative to lithium battery negative electrode materials due to its advantages of high theoretical capacity (308 mA·hg−1), appropriate redox potential (~0.28 V vs. Li/Li+), and high stability [5,6]. However, the inherently low electronic/ionic conductivity of LTSO leads to reduced reversible capacity and rate performance during charge and discharge processes. To address these issues, researchers have carried out surface modifications through methods such as conductive coating encapsulation, morphology control, and defect engineering [7]. For example, Wang et al. loaded LTSO onto carbon nanofibers, and the unique three-dimensional interconnected nanostructure enhanced the pseudocapacitive effect of LTSO, maintaining a capacity of 50% at a rate of 10 Ag−1 [8]; Mei et al. systematically studied the effect of niobium doping on LTSO, and the results showed that the introduction of niobium improved the intrinsic electronic conductivity of LTSO and enhanced lithium ion migration kinetics, achieving a high capacity of 125.6 mA·hg−1 at 0.5 Ag−1 [9].

In recent years, plasma technology has been widely applied in defect engineering of electrode materials. Plasma is a state of matter generated by ionizing gas molecules at high energy levels, containing various particles such as positive and negative ions, electrons, neutral particles, and free radicals [10]. These particles possess high energy and chemical activity under the action of an electric field, capable of undergoing a series of physical and chemical reactions and interactions with material surfaces. Among them, the high-energy active particles generated by plasma excitation can cause etching effects when bombarding the material surface. When the bombardment energy is higher than the surface atomic binding energy, atoms can overflow from the material surface, forming defects such as atomic vacancies. Wu et al. controlled the oxygen vacancy content in Co3O4 through plasma treatment and found that oxygen vacancies could assist P doping to enhance ion diffusion kinetics, electronic conductivity, and structural stability [11]. Additionally, plasma doping can promote high-energy atoms, molecules, and ions to dope into the host material through a high-energy field, achieving doping of different elements and their different forms, increasing defects and active sites, and improving interface adsorption capability, endowing materials with better electrochemical performance [12]. Zhou et al. adopted a plasma gradient nitrogen doping strategy to modify the surface and sub-surface of garnet electrolytes, which can not only etch surface impurities but also form a rich Li3N interface between the solid electrolyte and lithium anode in situ [13].

Based on this, this work utilizes low-temperature plasma technology to explore the factors affecting the morphology, structure, and electrochemical properties of LTSO through scheme design. The research found that low-temperature plasma can improve the degree of material aggregation and enhance the intrinsic electronic/ionic conductivity of LTSO through high-energy particle sputtering, thereby improving its electrochemical performance.

2  Experimental Details

2.1 Materials and Reagents

The materials and reagents used in the experiments, including cyclopentylsilane (CP), tetrabutyl titanate (CP), lithium hydroxide (GR), Super P (from Japan Kanto), N-methyl-2-pyrrolidone (AR), polyvinylidene fluoride (GR), and anhydrous ethanol (AR), are all purchased from Aladdin Chemical Reagent Co., Ltd., Shanghai, China.

2.2 Materials Preparation and Characterization

The LTSO synthesis is conducted via sol-gel method at room temperature, weighing titanium butoxide (1.70 g) and positively silicon tetraethoxide (1.04 g) according to the stoichiometric ratio, and mixing them with 20 mL of ethanol to form a solution. Lithium hydroxide (0.42 g) is dissolved in 20 mL of water to prepare a solution. The lithium hydroxide solution is then added into the ethanol solution, followed by stirring for 15 min and ultrasonication to obtain a white powder. The white powder is annealed in air at 870°C with a heating rate of 5°C·min−1 for 8 h and naturally cooled to room temperature, yielding LTSO.

The LTSO is laid flat on the sample stage of a radio frequency plasma apparatus, with a thickness not exceeding 1 µm. The chamber is sealed, evacuated to below 1 Pa, and filled with 100 mL·min−1 of argon gas. Plasma is generated at a power of 300 W for 15 min, followed by cooling to room temperature.

Structural analysis is conducted using X-ray diffractometer (XRD) with Cu Kα radiation (λ = 0.154) in the 5–80° angular range at a scan rate of 0.5° min−1. Morphological analysis is carried out using a field emission scanning electron microscope (SEM). For ease of description, the original sample and LTSO treated at 300 W are named LTSO-0 and LTSO-300, respectively.

2.3 Electrochemical Tests

The sample, polyvinylidene fluoride, and Super P are ground in a mortar at a ratio of 8:1:1, then enough N-methyl pyrrolidone is added and stirred evenly before being coated on a battery-grade copper foil. The loading amount of the active material on the copper foil is measured to be approximately 1.74 mg·cm−2. Celgard 2400 as the separator, and a 1 M LiPF6 in ethylene carbonate and dimethyl carbonate solution (EC + DMC, 1:1) as the electrolyte. All batteries are subjected to comprehensive charge and discharge within a voltage range of 0.01~3 V using a LAND CT2001C battery testing system. Electrochemical impedance spectroscopy (EIS) (0.1–100 kHz, 5 mV) and cyclic voltammetry tests are performed on a CHI660E electrochemical workstation.

3  Results and Discussion

The SEM images of LTSO-0, synthesized via the sol-gel method, and LTSO-300 post-plasma treatment are depicted. As delineated in Fig. 1a, the original LTSO-0 showcases an irregular granular morphology with dimensions smaller than 300 nm. Nevertheless, these granules densely conglomerate into block-like structures, as discerned in the magnified image at the top right corner, evincing a lack of discernible pores on the surface of these formations. Upon plasma treatment, the morphology of LTSO-300 unveils a porous distribution with heightened dispersion in Fig. 1b, wherein the size of the block-like structures markedly diminishes, assuming irregular contours. The magnified image in the top right corner illustrates an amplified degree of dispersion amidst the particles. This augmented dispersion of LTSO augments electrolyte infiltration and diminishes interfacial charge transfer resistance.
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Figure 1: SEM images of LTSO-0 (a) and LTSO-300 (b)

As delineated in Fig. 2a, both the pristine and treated LTSO manifest a tetragonal structure (JCPDS# 82-1955) [14]. The diffraction peaks observed at 20.1°, 24.4°, 27.6°, and 34.4° correspond to the (001), (101), (200), and (201) crystal planes of Li2TiSiO5 [15], respectively. The XRD pattern of LTSO-300 exhibits akin diffraction peaks to LTSO, implying an unaltered crystal structure post-plasma treatment. Upon magnification of the (200) peak across all samples, as depicted in Fig. 2b, the (200) peak of plasma-treated LTSO is notably shifted to the left. This subtle angular deviation of the peak signifies an expansion of the lattice spacing, potentially ascribed to the formation of Ti3+ species with enlarged ionic radii and wider van der Waals gaps, owing to oxygen vacancies [16].
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Figure 2: XRD patterns (a) and magnification image (b) of 200 peak of LTSO-0 and LTOS-300

Fig. 3a illustrate the cyclic voltammetry (CV) profiles of LTSO-0 for the initial three cycles at 0.1 mVs−1. It is noted that LTSO-0 exhibits certain irreversible cathodic peaks during the inaugural discharge process, with the peak around 0.61 and 1.2 V corresponding to electrolyte decomposition, irreversible product formation, and the emergence of an intermediate phase between the solid electrolyte and electrolyte. The subsequent charge-discharge process can be demarcated into two segments: transformation reactions primarily occur between 0.1~0.28 V, while typical insertion reactions transpire between 0.283 V [17]. Moreover, the congruence of the charge-discharge curves in the successive two cycles underscores the superior reversibility of LTSO.
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Figure 3: (a) CV curves of LTSO-0 at 0.1 Ag−1 for the first three cycles; (b) charge/discharge curves of LTSO-0 and LTSO-300 at 0.1 Ag−1 for the first cycle of LTSO-0 and LTSO-300

Fig. 3b delineates the maiden charge-discharge curves of LTSO-0 and LTSO-300 at 0.1 Ag−1. LTSO-0 evinces a steeper voltage curve slope and a swifter capacity decay, with the initial coulombic efficiency standing at 58.1%. Conversely, LTSO-300 displays discernible discharge and charge plateaus around 0.25 and 0.75 V, respectively, accompanied by an initial coulombic efficiency of 74.7%. The elevated reversible capacity is ascribed to the augmentation in specific surface area and the acceleration of electron/ion migration rates, engendered by plasma bombardment.

Fig. 4a depicts the cycle performance of LTSO-0 and LTSO-300 at 0.1 Ag−1. The initial discharge capacity of pristine LTSO-0 stands at 69.2 mA·hg−1, declining to 54.4 mA·hg−1 after 500 cycles, yielding a capacity retention of 78.6%. Conversely, LTSO-300 showcases an initial discharge capacity of 174.1 mA·hg−1. Following 500 cycles, its capacity diminishes to 144.7 mA·hg−1, maintaining a capacity retention of 83.1%. Notably, LTSO-300 exhibits an initial cycling ramp, indicative of an electrochemical activation process. The heightened initial capacity and retention rate of LTSO-300 are ascribed to the effective augmentation of lithium storage sites and diffusion kinetics facilitated by oxygen vacancies generated via plasma sputtering.
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Figure 4: Electrochemical performance of LTSO-0 and LTOS-300: (a) cycling curves at 0.1 Ag−1; (b) rate performance; (c and d) charge/discharge curves at 0.1 Ag−1 of LTSO-0 and LTSO-300

Fig. 4b delineates the rate performance of LTSO-0 and LTSO-300. The reversible capacities of LTSO-0 at 0.1, 0.2, 0.5, 1, 2, and 5 Ag−1 are 60.1, 54.7, 53.2, 51.2, 51.9, and 47.7 mA·hg−1, respectively, significantly surpassing those of LTSO-0. Even at a current density of 0.1 Ag−1, the reversible capacity of LTSO-300 remains at 137.6 mA·hg−1, evincing its high reversibility and adeptness in adapting to different current densities. Figs. 4c and 4d portrays the charge-discharge curves of LTSO-0 and LTSO-300 at various rates. The voltage plateaus of both LTSO-0 and LTSO-300 lie within the 0~1 V range, aligning with the outcomes of the CV curves. Conversely, the discharge curves of LTSO-300 exhibit relatively denser plateaus compared to LTSO-0, with distinct voltage plateaus even at 5 Ag−1, signifying an improvement in the electrochemical reaction kinetics of LTSO-300.

Electrochemical impedance spectroscopy (EIS) is conducted to assess the performance enhancement mechanism of LTSO-0 and LTSO-300. In Fig. 5a, all samples portray semicircles intricately correlated with charge transfer resistance, while the straight lines in the low-frequency spectrum reflect the lithium-ion diffusion kinetics of the materials. Fitting with the equivalent circuit in the inset unveils that the intrinsic resistance (Rs) of LTSO-0 and LTSO-300 dwindles from 4.2 to 2.8 Ω with escalating plasma power, signifying an augmentation in electronic conductivity post-plasma treatment. Additionally, LTSO-300 evinces the lowest charge transfer resistance (131.4 Ω) compared to LTSO-0. Lithium-ion diffusion coefficients (D) are computed utilizing Equations to evaluate their ion diffusion capabilities. The lithium-ion diffusion coefficient (D) was calculated according to Eqs.(1) and (2) to evaluate its ion diffusion capability.
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Figure 5: Electrochemical impedance spectra and data of LTSO-0 (a) and LTSO-300 (b)

D=R2T2/2A2n4F4C4σω2(1)

Z′=Rs+Rct+σwω−1/2(2)

where R represents the gas constant, Jmol−1K−1; A represents the electrode surface area, cm2; T represents the thermodynamic temperature, °C; n represents the number of electrons; F represents the Faraday constant, C·mol−1; C represents the lithium-ion concentration, mol·L−1. The slope σw in Fig. 5b is the linear fit of the straight portion of the Nyquist plot using Eq. (2). As shown in Table 1, the LTSO-300 boasts a higher D value (9.03 × 10−14 cm2·s−1) relative to LTSO-0 (2.78 × 10−14 cm2·s−1). These findings comprehensively underscore that plasma sputtering efficaciously enhances the intrinsic electronic/ion conductivity of LTSO, thereby augmenting its reversible capacity and diffusion kinetics. However, excessive-energy sputtering may precipitate a decline in LTSO structural stability, thereby impinging upon its initial coulombic efficiency and cycling stability.
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4  Conclusion

This investigation illuminates the surface modification of LTSO utilizing clean and environmentally benign plasma treatment. Morphological and structural scrutiny unveils that plasma treatment can heighten the degree of dispersion and potentially introduce defects such as oxygen vacancies. Electrochemical behavior characterization delineates that plasma sputtering can optimize the intrinsic electronic/ion conductivity of LTSO, thereby enhancing its reversible capacity, cycling stability, and diffusion kinetics. Among these, LTSO-300 emerges as the epitome of electrochemical performance, showcasing a capacity of 144.7 mA·hg−1 post-500 cycles at 0.1 Ag−1, with a capacity retention rate of 83.1%.
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Table 1: Fitted parameters of electrochemical impedance spectra
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