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Abstract  

The widespread application of Li4Ti5O12 (LTO) anode in lithium-ion batteries has been hindered by its 

relatively low energy density. Here, we investigate the capacity enhancement mechanism of LTO 

anode through the incorporation of Na+ cations in the Li+-based electrolyte (dual-cation electrolyte). 

LTO thin film electrodes were prepared as conductive additive-free and binder-free model electrodes. 

Electrochemical performance assessments reveal that the dual-cation electrolyte boosts the reversible 

capacity of the LTO thin film electrode, attributable to the additional pseudo-capacitance and 

intercalation of Na+ into the LTO lattice. Operando Raman spectroscopy validates the insertion of 

Li+/Na+ cations into the LTO thin film electrode, and the cation migration kinetics were confirmed by 

ab initio molecular dynamic (AIMD) simulation and electrochemical impedance spectroscopy (EIS), 

which reveals the incorporation of Na+ reduces the activation energy of cation diffusion within the 

LTO lattice and improves the rate performance of LTO thin film electrodes in the dual-cation 

electrolyte. Furthermore, the interfacial charge transfer resistance in the dual-cation electrolyte, 

associated with ion de-solvation processes and traversal of the cations in the solid-electrolyte 

interphase (SEI) layer, are evaluated by distribution of relaxation time (DRT), Fourier transform 

infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). Our approach of 

performance enhancement using dual-cation electrolytes can be extrapolated to other battery electrodes 

with sodium/lithium storage capabilities, presenting a novel avenue for the performance enhancement 

of lithium/sodium-ion batteries. 

Keywords: Lithium titanate, Dual-cation electrolyte, Operando Raman, Distribution of relaxation 

time   
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1. Introduction 

Lithium titanate (Li4Ti5O12 or LTO) serves as a prevalent anode material in lithium-ion batteries[1], 

with charge primarily stored within LTO through the Li4Ti5O12 (Li4) ⇌ Li7Ti5O12 (Li7) phase transition. 

This phase transition, from Li4 to Li7, demonstrates minimal volume expansion (<0.2%) during lithium 

insertion/extraction, earning LTO the nickname/title “zero-strain anode material”. Additionally, during 

lithiation and de-lithiation of LTO within the voltage range of 3.0-1.1 V vs Li+/Li, the surface of the 

LTO electrode remains stable against the reductive decomposition of the electrolyte, resulting in the 

minimal formation of a solid-electrolyte interphase (SEI) film. The zero-strain attribute, coupled with 

the limited SEI formation, contributes to the long-term stability of LTO as a battery material. However, 

LTO exhibits a theoretical capacity of merely 175 mAh g-1 within the voltage range of 3.0-1.1 V versus 

Li+/Li, which stands as a primary drawback compared to the commonly employed commercial graphite 

anode electrodes, limiting its broader application. 

Numerous researchers have devised optimization strategies to enhance the specific capacity of LTO. 

These include widening the voltage range for charge/discharge to 3.0-0.1 V[2], a modification that 

elevates the theoretical specific capacity of lithium titanate to more than 200 mAh g-1. Alternatively, 

the extra lithium storage capability has been tapped via strategies that include nanostructure and 

crystalline phase regulation[3], elemental doping[4-7], induction pseudocapacitive effect[8] and 

oxygen vacancies[9], and optimizing the crystal orientation[10]. Nevertheless, electrolyte engineering 

is assumed to be more effective than electrode modification in terms of cost, manufacturing, and 

scalability. However, there exists a notable gap in the literature regarding this strategy[11, 12]. 

Currently, electrolyte engineering in LTO material is primarily focused on optimizing anions and 

solvents, additives to alter solvation structures, reducing de-solvation energy, inhibiting gas production 

and facilitating the formation of SEI films at low potential regions to enhance rate performance[13]. 

Interestingly, multi-cation lithium-ion battery electrolytes, in which the electrolyte solution contains 

more than one type of cation in addition to Li+[14], have been reported to enhance the performance 

and safety characteristics of lithium-ion batteries by leveraging the unique properties of different 

cations[15]. The inclusion of additional cations, such as sodium ions (Na+), potassium ions (K+), or 

magnesium ions (Mg2+), can improve the conductivity, stability, and cyclability of the electrolyte, 

resulting in a higher battery performance. While lithium and sodium ions share similar physical and 

chemical properties, their different ion sizes and electronegativities may lead to distinct 

electrochemical reactivity and ionic migration kinetics in the LTO lattice. The lack of research on the 

optimization of cations in electrolyte and the knowledge gained from the literature that the synergistic 

effect of  dual ions in improving the migration kinetics motivated our exploration of the Li+/Na+ dual-
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cationic electrolyte[16] which is designed to unleash the additional capacity of the LTO electrode. 

LTO has been demonstrated to have a decent Na+ storage capacity, promising it as a sodium-ion battery 

material[17-20]. Yu et al performed the charge storage analysis of Na+ in an LTO anode,  suggesting 

that Na+ can be stored at defects on the LTO nanocrystalline surface through pseudocapacitive charge 

storage, offering a promising solution for high-capacity and high-rate insertion sodium ion battery and 

without compromising structural integrity[8]. However, Sun and Kitta et al used in-situ XRD to study 

the phase composition changes during the sodiation and de-sodiation of LTO, manifesting a three-

phase separation mechanism induced by Na+ intercalation into LTO lattice[18] [21]. Moreover, it has 

been pointed out that the storage of Na+ in LTO is a solid-solution phase transition mechanism at low 

charge/discharge rates and a two-phase transition mechanism at high rates[22]. Overall, the mechanism 

of Na+ embedding and surface pseudo-capacitance (intrinsic or non-intrinsic pseudo-capacitance) are 

still under debate[8, 23] due to the absence of effective lattice-scale operando characterization 

techniques for the determination of the Na+ occupancy sites and embedding mechanism[21, 24]. Since 

Na+ has a relatively larger ion size compared with Li+, it has been reported that Na+ embedded in the 

LTO lattice was monitored by XRD[22, 25] and confirmed that part of the capacity is contributed by 

the sodium intercalations. In addition, Wei et al identified the non-intrinsic pseudocapacitive effect of 

Na+ adsorption on the LTO surface as a major capacity contributor for sodium storage[23]. 

Unfortunately, in the absence of co-confirmation of other high-resolution techniques[26], it is difficult 

to determine the specific sodium intercalation or adsorption sites. 

Hence, in this study, a binder-free LTO thin film electrode was prepared to study the charge storage 

mechanism and lattice structure evolution of LTO in Li+/Na+ dual-cation electrolyte in detail using 

operando Raman spectroscopy. The results showed that sodium ions initially occupied 8a sites and 

finally moved to the 16c sites. Electrochemical performance testing revealing that it is the sodium 

pseudocapacitive intercalation and adsorption proved the additional capacity for LTO. Additionally, 

the ion migration in LTO lattice bulk and interface are studied in detail to reveal the novel 

electrochemical behaviour of LTO in dual-cation electrolytes, offering new insights for improving 

battery capacity using dual-cation electrolytes. 

2. Experimental section 

2.1 Preparation of lithium titanate thin films 

The LTO thin film model samples were prepared by magnetron sputtering using polished stainless-

steel sheets as substrates. The LTO target was sputtered in an atmosphere of 0.5 Pa argon-oxygen 

mixture (Ar2: O2 = 4:1) for 4 hours to obtain an amorphous LTO film, and then the model electrode 
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was annealed at 700°C in a 0.5 Pa argon environment for 4 hours to form a crystalline LTO thin film 

electrode. The electrochemical performance of LTO film electrodes was tested by assembling CR 2025 

coin-cell batteries with LTO thin film electrodes as working electrodes and lithium foil/sodium foil as 

reference and counter electrodes. The electrolytes were prepared by mixing different ratios of 1 M 

LiPF6 in Ethylene carbonate (EC): diethyl carbonate (DEC) = 1:1 and 1 M NaPF6 in EC: DEC = 1:1 

electrolyte. 

2.2 Structural characterization and electrochemical testing 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were tested by a 

CHI660c potentiostat (CHI, USA) with a test window of open circuit potential (OCP)-0.35 V vs Li+/Li. 

The LabRAM HR Evolution (Operando Raman spectrometer) is used to study the occupied state of 

lithium/sodium ions. Operando Raman spectra during ion intercalation were measured using an EL-

CELL (German ec-opto-std) by a 532 nm green laser. In-situ measurements were performed in a glove 

box (MBraun, Germany) with oxygen and moisture content < 0.5 ppm. Electron microscope images 

were carried out by scanning electron microscope (SEM) SU8010 (Hitachi, Japan) and transmission 

electron microscope (TEM) TALOS F200X (Thermo Fisher Scientific, USA). The X-ray 

photoelectron spectroscopy (XPS) uses a Kratos Analytical AXIS Supra spectrometer, a 

monochromatic Al Kα 1486.7 eV X-ray source, operating at 15 kV, 15 mA, and an electron gun for 

charge neutralization. The cell disassembly, transfer and XPS testing processes were conducted in an 

Argon-protective environment. All spectra were analysed using CASAXPS (Casa Software Ltd, UK). 

The infrared spectra of different proportions of electrolytes were measured by Nicolet IS50 (Thermo 

Fisher, USA). The surface topography and roughness of the as-deposited LTO thin film were 

determined by Bruker dimension Icon (Bruker, USA) atomic force microscopy (AFM). Distribution 

of relaxation time (DRT) analysis was used to deconvolute the specific electrochemical processes, 

including the lithium-ion migration in LTO lattice bulk, shuttling through the electrode-electrolyte 

interface, as well as de-solvation processes before entering the SEI layer. DRT use the transformation 

equation: 𝑍(𝜔) = 𝑅∞ + ∫
𝛾(𝜏)

1+𝑗𝜔𝜏
𝑑𝜏

∞

0
, to display the frequency domain-based Nyquist plots into time 

domain-based DRT spectra[27]. The full-range electrochemical impedance spectra will be converted 

as a relaxation-based function 𝛾(𝜏)[28, 29]. Peaks occurring at specific relaxation times denote the 

corresponding specialized electrochemical processes, with peak areas reflecting impedance values.  

2.2 ab initio molecular dynamic (AIMD) 

 Li4Ti5O12 crystallizes in the cubic 𝐹𝑑3̅𝑚 space group (no. 227) with a spinel structure were used for 

the AIMD simulations. We first relaxed the Li4Ti5O12 lattice with and without Na+ dopants using 
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density functional theory (DFT) simulations with the Vienna ab initio Simulation Package (VASP). 

The simulations employed the generalized gradient approximation (GGA) and a cutoff energy of 520 

eV with a PAW–PBE basis set. The optimized lattice parameters were found to be a = b = c = 8.4 Å. 

In these structures, Li+ ions at 8a sites are bonded to four equivalent O²⁻ atoms, forming LiO₄ tetrahedra 

that share corners with twelve equivalent TiO₆ octahedra. The atomic-scale dynamics of Li4Ti5O12 

were performed by AIMD simulations using the Chgnet code[30] in a 1 × 3 × 1 supercell of Li4Ti5O12 

consisting of 168 atoms. In the doped LTO lattice, 1/6 of the Li+ at 8a sites are randomly substituted 

by Na+. The cation migration simulations were performed in the NVT ensemble, with temperatures 

ranging from 800 to 1400 K, using a Nose-Hoover thermostat to control the temperature. The time step 

was set to 2 fs, and the total simulation time was 100 ps. By analysing the trajectories generated from 

the AIMD simulations, we were able to elucidate the dynamic behaviour of lithium/sodium ions, 

titanium ions, and oxygen atoms in the LTO lattice. The simulations provided valuable insights into 

the material's electrochemical properties, including the diffusion mechanisms of cations and the 

structural changes induced by Na+ substitutions. 

3. Results and Discussion 

3.1 Crystal and microstructure of LTO thin film model electrode 

 

Figure 1 (a) XRD patterns and (b) cross-sectional SEM image of the as-deposited LTO thin film on the polished 

stainless-steel substrate. (c) High-resolution TEM image with fast Fourier transform pattern captured at the as-
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deposited LTO layer. (d) AFM surface topography image of the as-deposited LTO thin film. (e) Raman spectra 

of the as-deposited LTO thin film electrode with the vibration schematic diagram of each labelled peak.  

Figure 1a shows the XRD patterns of the as-deposited LTO thin film electrode and bare stainless-steel 

substrate. The XRD spectrum of the LTO thin film electrode contains the diffraction peaks at 2θ = 

18.3°, 30.6° and 42.9°, corresponding to the (111), (220) and (311) crystal planes of spinel LTO 

according to the PDF#-040802 standard card. This confirms that the as-prepared LTO films have good 

crystallinity with the 𝐹𝑑3̅𝑚  space group. Figure 1b is the cross-sectional SEM image of the as-

deposited LTO film on the substrate. From the figure, it can be seen that the LTO film has a 

polycrystalline characteristic with many grain boundaries. High-resolution transmission electron 

microscopy (HRTEM) image shows clear lattice fringes with an interlayer spacing of about ~0.48 nm 

(Figure 1c), corresponding to the (111) crystal plane of spinel LTO. Figure 1d is the surface topography 

image measured by AFM, in which a flat electrode surface and well-crystallized grains can be observed. 

The surface roughness (Rq) and grain size obtained by statistical analysis are about 10.6 nm and 58.5 

nm, respectively. In addition, the Raman spectra of the as-prepared LTO films are shown in Figure 1e. 

The peak at the wave number near 233cm-1 is the F2g vibration mode[21], corresponding to the bending 

vibration of TiO6 octahedrons. The peak at the wavenumber of about 335 cm-1 and 432 cm-1 can be 

attributed to the Eg mode vibrations derived from the bending vibrations of LiO6 octahedrons and LiO4 

tetrahedrons, respectively[31, 32]. The peak at a high wavenumber area (~672 cm-1) corresponds to 

the symmetrical tensile vibration of the TiO6 octahedron in the LTO crystal structure[21]. The 

characterization of these Raman peaks and the crystalline/nanostructure described above 

unambiguously supported that the as-prepared binder-free LTO thin film electrode has good 

crystallinity with 𝐹𝑑3̅𝑚 structure, and can be used as the ideal mode for the study of cation insertions.  

3.2 Enhanced capacity of LTO anode and the charge storage mechanism  

The galvanostatic cycle stability and rate performance of LTO thin film electrode in single-cation 

electrolyte (1 M LiPF6 in EC: DEC = 1:1 v%) and dual-cation electrolyte (1 M LiPF6: NaPF6 =1:1 in 

total in EC: DEC = 1:1 v%) were evaluated as shown in Figures 2a and 2b. One can observe in Figure 

2a that, under 1 C charge/discharge rate, LTO in dual-cation can deliver a reversible capacity of about 

190 mAh/g after 260 cycles, which is about 15% higher than the capacity cycled in the single Li+ 

cation electrolyte. This confirms the enhanced cycle stability of the LTO thin film electrode when 

switching the electrolyte from a single-cation to a dual-cation electrolyte. Moreover, one can observe 

in Figure 2b that, the rate performance of LTO thin film electrodes cycling in dual-cation electrolytes 

is also higher than that of single-cation electrolytes. These electrochemical performance measurements 

unambiguously support that the dual-cation electrolyte improves the cycle stability and rate 
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performance of the LTO thin film anode compared with the conventional single-cation electrolyte.  

 

Figure 2 (a) Long-term cycle performance and (b) rate performance of LTO thin film electrode in single-cation 

electrolyte (1 M LiPF6 in EC: DEC = 1:1) and dual-cation electrolyte (1 M LiPF6: NaPF6 =1:1 in EC: DEC = 

1:1). CV cycle curves of LTO in (c) single-cation electrolyte system and (b) dual-cation electrolyte system at 

slow sweep rate (0.1 mV s-1). Variable-speed CV test of LTO in (e) single-cation electrolyte system and (f) dual-

cation electrolyte system (sweep speed at 0.1 mV s-1, 0.2 mV s-1, 0.5 mV s-1 and 1 mV s-1). (g and h) The linear 

fits of the b-values of the two redox peaks (b1, b2) in (Figures 2c, and 2d), respectively. 

Attempts have been made to differentiate the charge storage mechanisms in single and dual cation 

electrolyte systems by assigning the redox peaks of the CV performed at a slow scan rate for the binder-

free LTO thin film electrodes. To reveal the underlying electrochemical reactions, we performed the 

CV tests with a slow scan rate for the binder-free LTO thin film electrodes, aiming at analysing the 

charge storage mechanisms in each system by the assignment of CV redox peaks. For the Li+ 

intercalation into LTO in the single-cation electrolyte, a reductive peak at ~1.50 V can be observed as 
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shown in Figure 2c. This can be attributed to the insertion of lithium ions into the 16c sites, followed 

by the lithium ions that originally stayed at 8a sites migrating to 16c sites due to the coulombic 

repulsive force. These Li+ insertions and migrations can be expressed as Eq. (1): 

[𝐿𝑖3]
8𝑎[]16𝑐[𝑇𝑖5𝐿𝑖]

16𝑑𝑂12 + 3𝐿𝑖
+ + 3𝑒−

~1.50 𝑉
→     []8𝑎𝐿𝑖6

16𝑐[𝑇𝑖5𝐿𝑖]
16𝑑 𝑂12 (1) 

Upon further scanning down the electrode potential to around 0.75 V, the intercalated lithium ions may 

occupy other interstitial sites, such as empty 48f sites[33], providing additional capacity. This process 

also generates a pair of redox peaks at 0.75 V (reduction) and 0.92 V (oxidation) as shown in Figure 

2c, whose ion migration and charge transfer processes can be expressed as: 

[]8𝑎𝐿𝑖6
16𝑐[𝑇𝑖5𝐿𝑖]

16𝑑 𝑂12 + 𝐿𝑖
+ + 𝑒−

~0.75𝑉
→    []8𝑎𝐿𝑖48𝑓𝐿𝑖6

16𝑐[𝑇𝑖5𝐿𝑖]
16𝑑 𝑂12    (2) 

The CV curves of the LTO thin film anode in the dual-cation electrolyte are shown in Figure 2f. 

Comparing Figures 2c and 2f, it can be seen that the addition of sodium ions results in an emerging 

new peak on the low-voltage side of the initial reductive peak (~1.50 V), as well as a widening of the 

corresponding oxidation peak. These new peaks can be attributed to the intercalation of sodium 

ions[34]:   

2[𝐿𝑖3]
8𝑎[]16𝑐[𝑇𝑖5𝐿𝑖]

16𝑑𝑂12 + 6𝑁𝑎
+ + 6𝑒− → []8𝑎𝑁𝑎6

16𝑐[𝑇𝑖5𝐿𝑖]
16𝑑 𝑂12 +[]

8𝑎𝐿𝑖6
16𝑐[𝑇𝑖5𝐿𝑖]

16𝑑 𝑂12  (3) 

To further differentiate the types of Faradaic contribution by Li+/Na+ cations, insertion or adsorption 

(i.e., pseudocapacitive effect)[35, 36], the CV tests at various scanning speeds of 0.1-2 mV s-1 are 

conducted. The results are shown in Figures 2d and 2g. In the figures, by measuring the peak current 

(i) at various CV scanning speeds (v), the battery-type behaviour and pseudocapacitive-type behaviour 

can be distinguished. The measured peak current follows the relationship with the scanning speed[37]:  

𝑖(𝑉) = 𝑎𝑣  𝑏 (4) 

where the peak current i is a function of the electrode potential V, which follows the power-law relation 

with the scan rate 𝑣. The b-value of 0.5 refers to an ideal semi-infinite diffusion process, and b = 1 

indicates a surface-controlled or capacitor-like kinetics. Equation (5) can be obtained by taking log on 

both sides of the Equation (4),  

𝑙𝑜𝑔 𝑖(𝑉) = 𝑏𝑙𝑜𝑔+ 𝑙𝑜𝑔 𝑎 (5) 

where the value of b can be obtained by measuring the slope of the log(i) vs log(v) plots. Figures 2e 

and 2h are the result of the b value calculated by the peak current in CV curves. The b value for the 

LTO cycled in single-cation electrolyte is 0.5~0.6, indicating that the charge storage of Li+ in single-

cation electrolyte mainly comes from the intercalation reactions. For the dual-cation battery system, 
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the b values corresponding to the two sets of redox peaks are higher than that of the pure lithium 

intercalation processes, especially the b2 peak that has a value of about 0.86, indicating that there are 

additional surface-controlled capacitive contributions in the dual-cation electrolyte system. In other 

words, apart from the Na+ intercalations, the dual-cation electrolyte brings an additional 

pseudocapacitive effect to the LTO thin film electrode, boosting the reversible capacity and high-rate 

performance.  

3.3 Revealing the Li+ and Na+ crystal occupation states and migration kinetics  

 

Figure 3 (a) Schematic diagram of the operando Raman test cell. Operando Raman spectra of LTO discharging 

in (b) a single cation (1 M LiPF6 in EC: DEC = 1:1) and (c) a dual-cation (1 M LiPF6: NaPF6 =1:1 in EC: DEC 

= 1:1 electrolyte) electrolyte system. (d) The summarized characteristic Raman peak intensity evolutions are 

from Figures 3b and 3c. The atomic-scale crystal structures for AIMD simulations and the obtained ion 

migration channels for modelling the LTO electrode cycled in (e) single-cation and (f) dual-cation electrolyte. 

In the simulation model for LTO lattice cycled in dual-cation electrolyte, 1/6 of the Li+ at initial 8a sites are 

substituted by Na+. (g) The calculated activation energies for cation migration within LTO lattice with and 

without Na+ dopants.  
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To further study the ion intercalation within LTO thin film electrodes in the two types of electrolytes, 

operando electrochemical Raman spectra were measured using the electrochemical cell as shown in 

Figure 3a. The working electrode is LTO thin film electrodes, the counter and reference electrodes are 

lithium metals, and the electrolytes used in Figures 3b and 3c are the single-cation electrolyte and dual-

cation electrolyte, respectively. The peak intensity evolution of the characteristic Raman band in 

Figures 3b and 3c are summarized in Figure 3d. As shown in the Raman spectra in Figure 3b and the 

summarized results in Figure 3d, upon the lithium-ion intercalation, the torsional vibration (F2g peak 

at ~243 cm-1) of the TiO6 octahedron was enhanced, while the symmetrical tensile vibration (A1g peak 

at ~674 cm-1) of the TiO6 octahedron[21] was suppressed. Although, with dual-cation electrolyte also 

had an increase of F2g peak intensity and a decrease of A1g peak intensity similar to the single-cation 

electrolyte, two new peaks at about 451 cm-1 and 500 cm-1 are observed (Figures 3c and 3d). The new 

peak at 500 cm-1 in dual-cation electrolyte appears at the beginning of the discharge but disappears 

quickly, which might correspond to the transient occupancy of Na+ at the 8a sites, while the peak at 

low wavenumber may be attributed to the embedded Na+ which eventually occupies the 16c sites, 

forming a phase with the structure of []8a[Li6-xNax]
16c[LiTi5]

16dO12 phase[18]. Considering that at the 

end of discharge, lithium and sodium ions both occupy the 16c sites, and the total available 16c sites 

in the LTO anode are the same in the two electrolyte systems, we, therefore, believe the extra capacity 

in dual-cation electrolytes should either come from Na+ intercalation at the interstitial sites or the 

adsorption at the defect sites.  

Raman spectra revealed that Na+ ions initially intercalate and occupy the 8a sites, which could act as 

dopants that affect the Li+ migration inside the LTO lattice. The lithium-ion migration kinetics within 

the LTO lattice with and without these initial Na+ dopants were further evaluated using ab initio 

molecular dynamic (AIMD) simulations. Figures 3e and 3f show the crystal structures and simulated 

ion migration channels of LTO with and without Na+ dopants at the 8a sites. In the initial LTO lattice 

without Na+ dopants, the LTO has a structure of three [𝐿𝑖3]
8𝑎[]16𝑐[𝑇𝑖5𝐿𝑖]

16𝑑𝑂12 unit cells, in which 

the 1/6 of the Ti3+ at 16d sites in the octahedral TiO6 (blue colour) are replaced by Li+, forming the 

LiO6 octahedrons (green colour). While in the LTO lattice with Na+ dopants, the Li+ at the 8a site are 

further replaced by Na+, forming [𝐿𝑖2.5𝑁𝑎0.5]
8𝑎[]16𝑐[𝑇𝑖5𝐿𝑖]

16𝑑𝑂12 structure with NaO4 tetrahedrons 

(gold colour). Within these two crystal lattices, the ab initio molecular dynamic simulation was 

performed to visualize the cation migration channels and kinetics as shown in Figures 3e and 3f. The 

shapes of the corresponding ion migration channels in the LTO with and without Na+ dopants are 

similar, both showing a 3D matrix connecting the tetrahedral and octahedral vacancy sites. However, 

the migration possibility of cations, which is proportional to the volumetric density of migration 
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channels, in the [𝐿𝑖2.5𝑁𝑎0.5]
8𝑎[]16𝑐[𝑇𝑖5𝐿𝑖]

16𝑑𝑂12  is higher than that in [𝐿𝑖3]
8𝑎[]16𝑐[𝑇𝑖5𝐿𝑖]

16𝑑𝑂12 , 

indicating an activation effect of Na+ dopants on the cation migrations within the LTO lattice. This 

may be attributed to the lower coulombic repulsive force between Na+ and other cations. The calculated 

activation energies (Figure 3g) of cation migrations inside the LTO lattice with and without Na+ 

dopants are about 49.4 meV and 209.2 meV, respectively. This increased cation migration capability, 

attributed to the Na+ dopants, could be the key factor behind the enhanced rate performance of LTO in 

the dual-cation electrolyte.  

3.4 Lithium transportation kinetics in LTO half-cell using single/dual-cation electrolytes 

 

Figure 4 (a) Temperature-dependent DRT full spectra at 30oC, 35oC, 40oC, 45oC, 50oC, 55oC and 60oC (from 

dark to light traces) of LTO thin film anode in single-cation (blue) and dual-cation electrolyte (orange). The 

inset shows the schematic diagram of the three steps of lithium-ion migrations from the electrolyte to the LTO 

lattice. Zoom-in DRT spectra of LTO cell in single-cation and dual-cation electrolyte at the time constant region 

of (b) Step 3 and (c) Step 2.  

To further understand the Li+ transportation kinetics at the half-cell scale in single-cation and dual-

cation electrolyte systems, various kinetic processes with specific relaxation features were identified 

and studied in timescales using the distribution of relaxation time (DRT) spectroscopy. Within LTO 

thin film half-cells, the transport of lithium ions unfolds in a series of three distinct steps as they travel 

from the electrolyte to the LTO lattice (see the inset in Figure 4a). The initial step (Step 1) entails the 

diffusion of lithium ions and lithium solvation complexes within the electrolyte bulk, facilitating their 

movement and subsequent adsorption onto the surface of the LTO electrode. After that, in the second 

step (Step 2), lithium ions undergo a de-solvation process wherein they shed solvent molecules and 

traverse the interface between the electrode and electrolyte. The last step (Step 3) involves the diffusion 
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of lithium ions within the intricate lattice structure of LTO. Temperature-dependent impedance 

spectroscopy tests were conducted on the LTO half-cells with single-cation and dual-cation electrolytes 

at temperatures of 30°C, 35°C, 40°C, 45°C, 50°C, 55°C, and 60°C. The obtained Nyquist plot was 

converted to the DRT spectra as shown in Figure 4a. Three distinct DRT peaks are observed in both 

cells. The first peak at the relaxation time of approximately 10-2 seconds corresponds to the ion 

migration process in the electrolyte. The second peak, with a relaxation time of about 10-1 seconds, is 

associated with an interfacial process involving solvent molecule de-solvation and traversal of the SEI 

layer. The last peak, with a relaxation time of around 10 seconds, corresponds to Step 3, which can be 

attributed to the diffusion of cations within the LTO lattice. 

In particular, we focus on the processes corresponding to interface migration (Step 2) and bulk 

diffusion (Step 3), which are closely related to the rate performance of batteries. Figure 4b depicts the 

DRT spectra at the time scale corresponding to Step 3. With increasing temperature, the intensity of 

the low-frequency DRT peak (𝜏 ≈ 10 𝑠) notably decreases, attributed to the thermal activation process 

of lithium/sodium-ion migrations inside the LTO lattice (Step 3, bulk diffusion). In dual-cation 

electrolytes, the impedance corresponding to bulk diffusion is smaller, indicating a higher cation 

diffusion rate within the LTO lattice, which may be due to the sodium ions entering the crystal lattice 

and promoting the diffusion of cations[24]. This is consistent with the AIMD simulation results in 

Figures 3e-g. Moreover, the relaxation time and impedance at the interface in the single-cation system 

initially decrease and then increase upon the temperature increase, as shown in Figure 4c. This 

phenomenon can be due to the temperature-dependent cation diffusion rate within the solid-electrolyte 

interface (SEI) layer. Comparing the LTO-electrolyte interface impedances of single-cation and dual-

cation electrolyte systems, we find that the addition of Na+ leads to larger relaxation times and higher 

impedances. This could be caused by the differences in the composition of the SEI layer formed in 

different electrolyte systems.  

In summary, the relaxation time for lithium/sodium-ion transport across the LTO-electrolyte interface 

is approximately 0.1-1 s, while the diffusion time scale within the LTO lattice bulk is around 1-10 s. 

The most significant difference between the two electrolyte systems during charging and discharging 

lies in the addition of sodium ions that reduce the impedance of ion bulk diffusion within the LTO 

lattice, and the different SEI compositions formed on the LTO electrode surface may also affect the 

rate performance. Therefore, further investigation into the differences in interfacial properties between 

the two electrolyte systems underscores the importance of studying the de-solvation processes and the 

compositions of SEI films.  
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3.5 Effect of cation solvation structure and interfacial chemistry (SEI) of single/dual-cation 

electrolytes on the electrochemical performance of LTO 

To further confirm the effect of cation solvation structures of single/dual-cation electrolytes on the 

electrochemical performance of LTO, we study the cation solvation structure of the single/dual-cation 

electrolytes using the 1M concentration electrolytes with the Li+: Na+ ratio of 10: 0, 7: 3, 6: 4, 5: 5, 4: 

6, 3: 7 via FTIR spectroscopy.  

 

Figure 5 FTIR spectra of (a) C=O vibration peak of DEC molecule, (b) C-O vibration peak of DEC molecule, 

(c) C-O vibration peak of EC molecule and (d) P-F bond vibration peak of the dual-cation electrolytes with 

different Li+: Na+ ratios. The schematic diagrams of (e) Li+ and (f) Na+ solvation structures in the dual-cation 

electrolytes. XPS spectra of (g) C 1s, (h) O 1s, and (i) F 1s peaks on the LTO surface after fast (~10 C) and slow 

(~0.1 C) charging processes in the two electrolyte systems.  
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Figures 4a-c show the FTIR peaks related to the C-O and C=O vibrations of DEC and EC solvent 

molecules, and the P-F vibration-related peaks are shown in Figure 4d. Through the analysis of the 

vibrational mode of the DEC solvent molecules, we found that with the addition of sodium ions, the 

characteristic peak intensities of the solvated C=O (Figure 5a) and C-O (Figure 5b) of DEC is 

decreased, indicating the decrease of the proportion of Li+/Na+ solvated DEC molecules. Similarly, the 

proportion of cation-solvated EC molecules also decreases significantly, meanwhile, the proportion of 

free EC molecules increases (Figure 5c). This may be because of the weak coordination interaction 

between solvent molecules and sodium ions compared with lithium ions[38]. As a result, with the 

increase of Na+ contents in the electrolyte, the proportion of coordinated EC and DEC solvent 

molecules are both decreased, confirming a lower de-solvation energy of the cation in the dual-cation 

electrolyte. It is also worth noting that anions barely participate in the primary solvation shell, therefore 

the P-F peak does not vary with the changes in the Li+: Na+ ratio (Figure 5d). However, according to 

the DRT measurements in Figure 4c, the impedance of cations in the process of crossing the LTO-

electrolyte interface in ducal-cation electrolyte is larger than that of single-cation electrolyte, which 

should lead to a decreased reversible capacity at a high charge/discharge rate. This implied that not 

only the de-solvation energy but also the diffusion of cations crossing the SEI layer should be taken 

into consideration.  

The interfacial chemistries of the LTO half-cells charged/discharged at ~0.1 C and ~10 C current 

densities in single-cation and dual-cation electrolytes were further studied by XPS. After 10 cycles, 

the cells were disassembled and cleaned with diethyl carbonate (DEC) solvent, and then the SEI 

components on the electrode surface were tested by XPS. As shown in Figures 5g-I, the main SEI 

components formed on the LTO surface seem to be independent of the charge/discharge rates, while 

they are highly dependent on the electrolyte components. From the C 1s XPS spectra in Figure 5g, we 

found there are fewer CO3
2-/C=O/C-O related SEI compounds on the LTO surface cycled in the dual-

cation electrolyte compared to the LTO electrolyte cycled in the single-cation electrolyte, which is also 

consistent with the results observed in the O 1s spectra in Figure 5h. However, the peak intensity of 

fluoride organic SEI compounds is significantly high on the LTO electrode surface after cycling in the 

dual-cation electrolyte (Figure 5i). This organic compound dominates the composition of the SEI film 

formed in dual-cation electrolyte, which may result in a large interfacial impedance as revealed by the 

DRT spectra in Figure 4c. Therefore, optimization strategies may be taken in regulating the SEI 

components in dual-cation electrolytes for further enhancing the overall electrochemical performance.  

4. Conclusion  

In this study, a binder-free LTO thin film electrode was prepared as the model electrode to study the 
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charge storage mechanisms of LTO in the dual-cation electrolyte. The electrochemical measurements 

show that part of the capacity of LTO in the dual-cation electrolyte system derives from the 

intercalation of sodium ions, and the additional capacity may derive from the pseudo-capacitance effect 

at the electrode surface, defects and the sodium occupation at the 48f sites. The dynamic evolutions of 

the sodium/lithium-ion occupancy states in the dual-cation electrolyte were studied by non-destructive 

operando Raman spectroscopy, which revealed that the sodium ion initially occupied the 8a sites, and 

then moved to the 16c sites at the end of intercalation. AIMD simulation confirmed that the Na+ 

dopants reduce the activation energy of cation migrations within the LTO crystal lattice, which can 

effectively increase the cation diffusion coefficient as conformed by the reduced DRT peak intensity 

in the large-time constant region. Moreover, the origin of high-rate performance limitation factors in 

the dual-cation electrolyte was also studied in detail. FTIR and XPS measurements support that the 

electrolyte with Na+ (dual-cation electrolyte) shows reduced de-solvation energy, while the obtained 

SEI component contains more organic fluoride components that are deconstructive to the cation 

shuttling through the electrode-electrolyte interfaces, impeding the fast charge transform process of 

LTO anodes. Our results provide insights into the impact of the de-solvation process and the derived 

SEI components on further optimizing the dual-cation electrolytes and prospects for the electrolyte 

engineering approaches of other batteries with similar chemistries.  
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