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Abstract 

Lithium (Li) is a beneficial metal for use in the negative electrode (NE) of next-

generation batteries, such as Li–S and Li–O2 batteries, because it can greatly increase the 

energy density compared with those of conventional Li-ion batteries. However, Li 

dendrite growth is a serious problem for the practical use of the Li NE because of cell 

short circuits. Using a Si NE can solve this problem, but the Si NE does not include a 

source of Li as the carrier ion. Therefore, Li pre-doping of the Si NE will become 

important for next-generation batteries. In this study, we prepared Li–naphthalenide (Li–

NTL) solutions using Li foil, naphthalene, and 2-methyltetrahydrofuran as the solvent 

and investigated the effect of the Li concentration on the Li alloying behavior. In 

particular, the changes in the solvation structure and equilibrium potential of the Li–NTL 

solution and the resulting Li alloying depth of the Si NE were evaluated to clarify the Li 

alloying mechanism of Li–NTL solution. Higher Li concentration in the Li–NTL solution 

generated a larger amount of the [NTL]2− dianion than the [NTL]�− monoanion radical, 

and the solution exhibited a lower equilibrium potential. This led to deeper Li alloying of 

the Si NE, corresponding to a high pre-doping capacity of ~3000 mAh g−1 for 24 h 

treatment. Furthermore, the initial irreversible capacity of a Li half-cell constructed using 

the Li pre-doped Si NE was reduced compared with that of a Li half-cell constructed 
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using the pristine Si NE, and the Li half-cell maintained a high capacity. The Li 

concentration was found to be important in controlling the amount of dianions in the Li–

NTL solution, and it determines the depth of Li alloying in the Si NE. 
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Introduction 

To achieve the goal of carbon neutrality by 2050, progress in battery technology is 

important for energy infrastructure. This will promote the fabrication of electric vehicles 

and increase the capabilities of solar and wind renewable energy generation. In recent 

years, advanced Lithium ion (Li-ion) batteries and next-generation batteries, such as Li–

S1–4 and Li–O2,5–8 have been studied in parallel to increase the energy density beyond that 

of conventional lithium-ion batteries. In general, Li is used as the negative electrode (NE) 

metal of Li-ion batteries because of its high theoretical capacity (3860 mAh g−1). However, 

Li dendrite growth of the Li metal NE occurs during charge–discharge cycling, leading 

to short circuits of the cells. Si is a good alternative to Li for the NE because of its 
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comparable capacity with Li metal (theoretical capacity of 3580 mAh g−1) and rich 

available resources.9 However, the next-generation batteries described above generally 

do not contain Li+ ions as charge carriers in the positive electrode. Therefore, Li pre-

doping of the Si NE is important for the practical application of such batteries. 

Various Li pre-doping methods for the Si NE have been reported, such as directly 

contacting the electrode with Li metal/powder,10,11 controllable electrochemical 

reactions,12–16 and chemical reactions with reductive Li–arene complex solutions.17–24 

Among these methods, methods using chemical reactions have attracted attention because 

the active material can be uniformly lithiated by immersion in Li–arene complex solutions. 

Abe et al.25 reported that the formation of a Li–graphite intercalation compound depends 

on the solvent used to prepare the Li–naphthalenide (Li–NTL) solution. Inaba et al.26 

reported that the Si electrode pre-doped with 0.5 M Li–NTL in tetrahydrofuran (THF) has 

a capacity of ~1300 mAh g−1. It has been reported that the amount of Li pre-doping 

depends on the type of solute and solvent of the Li pre-doping solution. Other acene-

based molecules, such as biphenyl, anthracene, and p-terphenyl, have been investigated 

as the solute of the Li–arene complex solution.27–32 It has been reported that Li–NTL 

solution prepared using 2-methyl tetrahydrofuran (MeTHF) as the solvent shows a low 

solution equilibrium potential and achieves high Li pre-doping depth of graphite and Si 
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electrodes.33–35 Specifically, we previously reported that the contact ion pair 

(CIP)/solvent-separated ion pair (SSIP) ratio of Li–NTL solution in MeTHF is higher than 

that in tetrahydrofuran (THF) and the CIP/SSIP ratio appears to be important for 

achieving efficient Li-doping because of the competing dissociation of the [NTL]�− 

monoanion radical. However, some questions remain unanswered, and the detailed Li 

pre-doping mechanism remains unclear. 

In this study, we elucidated the mechanism of Li pre-doping of Si using Li–NTL 

solution by evaluating the effect of the Li concentration in the Li–NTL solution on the 

physicochemical properties and Li alloying of the Si NE. In organic synthesis, radical 

monoanions and dianions are formed in Li–NTL solution in THF at different Li 

concentrations, and the dianions have higher reducing power than the radical 

monoanions.36 However, this has not been investigated for Li pre-doping of battery 

materials because the reaction is driven by monoanions. We expect that dianions will be 

an important factor for the Li pre-doping reaction of the Si electrode using Li–NTL 

solution. Here, we prepared Li–NTL solution using MeTHF as the solvent and increased 

the Li concentration to a Li:naphthalene molar ratio of 2:1 or higher to promote 

dianionization of naphthalene. To elucidate the mechanism of Li pre-doping of the Si NE, 

we investigated the effects of the Li concentration on the composition of the Li–NTL 
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solution, solvation structure, equilibrium potential of the Li–NTL solution, and depth of 

the Li alloying of the Si NE. 

 

Experimental Section 

Preparation of the Li–NTL solutions and Si electrode 

The Li–NTL pre-doping solutions were prepared with MeTHF (Sigma-Aldrich Co. 

LLC) as the solvent, 2.5 mmol naphthalene (Fujifilm Wako Pure Chemical Corporation), 

and 2.5 mmol, 5.0 mmol, or “saturated” Li (where a substantial amount of Li was added 

to the solution). Another Li-feeding method, referred to as Li replenishment, was also 

performed, involving continuous supply of Li by immersing Li foil in the solution during 

pre-doping. In each case, a 0.5 M Li–NTL solution was prepared in an Ar-filled dry box 

(MDB-1BK-NT1, Miwa) and stirred overnight. 

Si powder comprising spherical particles with diameters of 30‒50 nm (Nanostructured 

& Amorphous Materials, Inc.), Ketjen Black (EC600JD, Lion Corp.), and a polyimide 

dispersion (Dream Bond, solid ratio of ~46%, I.S.T Corp.) were mixed in N-

methylpyrrolidone at a solid mass ratio of 80:5:15 to prepare a slurry. This slurry was 

then coated on a 35-µm-thick Cu foil with a doctor blade, dried in air at 80 °C for 1 h, 

and dried under vacuum at 200 °C for 12 h. The resulting composite sheet was punched 
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into disks with a diameter of 16 mm to prepare the Si electrodes. The mass loadings of Si 

in these electrodes were in the range of 0.38–0.42 mg cm−2. 

 

Li pre-doping using the Li–NTL solutions 

An airtight cell (Hohsen Corp.) was used for the Li pre-doping. The cell contained 1.0 

mL of the Li–NTL solution, a Si-sheet electrode, a Li foil (to supply the Li–NTL solution 

with Li+ ions), and a polyolefin separator (Celgard 2400, Celgard, LLC) between the 

electrode and Li foil. Each cell was stored at room temperature for 24 h to pre-dope Li 

into the Si sheet, after which the electrode was removed and rinsed with dimethyl 

carbonate (DMC, battery grade, Kishida Chemical Co., Ltd.) to remove residual Li–NTL 

solution. 

 

Electrochemical measurements 

CR2032-type coin cells were assembled to prepare Li half-cells. Each coin cell 

contained a Li-doped Si electrode, a separator (Celgard 3501, Celgard, LLC), a Li metal 

foil, and an electrolyte solution comprising 1.0 M LiPF6 in an ethylene carbonate 

(EC):DMC (1:1, v/v, battery grade, Tomiyama Pure Chemical Industries, Ltd.) mixture 

containing 10 mass% fluoroethylene carbonate (FEC, Tomiyama Pure Chemical 
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Industries, Ltd.). 

The first discharge capacity of each Li pre-doped Si electrode was defined as the Li 

pre-doping capacity. The discharge capacity measurements were performed at 30 °C in 

constant-current mode from the open-circuit voltage (OCVSi) to 1.5 V vs. Li/Li+ at 0.05 

mA cm−2 current density using a battery tester (HJ1001SD8, Hokuto Denko Corp.).  

The charge and discharge tests of the Li half-cells were also performed in constant-

current mode at C/6 (700 mA gSi−1) between 0.7 and 0.02 V, using a battery tester. 

Li air battery (LAB) full cell was assembled in an Ar-filled glove box, by comprising 

a layer of a lithium metal foil (0.5 mm thick, Honjo Metal) or pre-doped Si NE, a glass 

microfiber separator (GF/A, Whatman), and an Ketjen Black loaded carbon paper cathode, 

in a size of φ16 mm (2.0 cm2 electrode area) inside a gastight cell chamber with gas 

inlet/outlet valves. The separator and cathode were immersed in 80 μL of electrolyte 

solution (1 M LiNO3 in tetraethylene glycol dimethylether) before the battery testing. The 

discharge/charge tests were conducted in current constant mode at 0.2 mA cm-2 for 2.5 h 

with a cycle capacity of 0.5 mAh cm-2 (500 mAh g-1 per carbon cathode weight) with 

discharge/charge cutoff voltages of 2.0/4.5 V at 25ºC. Pure oxygen gas was continuously 

supplied to the gastight cell chamber. 
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Equilibrium potential measurement of the Li–NTL solutions 

The equilibrium potential (Veq) of each Li–NTL solution was assessed from 10 to 30 °C 

at 2 °C intervals using a two-electrode cell configuration consisting of two compartments. 

The first compartment contained a Li-metal counter electrode immersed in the same 1.0 

M LiPF6/EC+DMC (1:1, v/v) electrolyte solution as that used for the capacity testing 

(except for the absence of FEC). The second compartment consisted of a Ni-mesh 

working electrode and 0.5 M Li–NTL solution. The two compartments were separated by 

a Li+-conductive solid electrolyte plate made of Li7La3Zr2O12 (Toshima Manufacturing 

Co., Ltd.) to prevent the two solutions from mixing without losing the Li+-ion conduction. 

 

Spectroscopic analysis of the Li-NTL solutions 

The changes in structure of NTL, that is, the formation and amounts of the NTL•- 

monoanion radical and NTL2- dianion, in the Li–NTL solutions were investigated by a 

Fourier transform infra-red (FT-IR) spectrometer (FT-IR-4100, JASCO Corp.) used in an 

attenuated total reflection (ATR) method. Approximately 200 μL Li-NTL solutions were 

dropped onto the diamond prism (optical path length = 0.2 mm) and the lid was closed 

under an Ar atmosphere. The measurement range was the fingerprint area (600 to 1000 

cm-1). 
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The state of NTL, that is, the formation and amounts of the NTL•- monoanion radical 

and NTL2- dianion, in the Li–NTL solutions were evaluated by ultraviolet–visible (UV–

vis) spectroscopy (V-6500ST, JASCO Corp.). Each sample was placed into glass cell 

(optical path length = 0.2 mm) and the UV–vis spectrum of the sample was obtained at 

room temperature. The baseline spectrum of each solvent was subtracted from the sample 

spectrum. 

 

Characterization of Si NEs 

The changes in the Si crystal structure induced by Li pre-doping were identified by 

Automated Multipurpose X‑ray Diffractometer (XRD) (UltimaIV, Rigaku Corp.) using 

Cu-Kα radiation (40 kV, 50 mA). All measurements were performed using a non-exposed 

cell (manufactured by Rigaku) to prevent exposure of the Si NE to the atmosphere. 

The morphology of Si NE before and after Li Pre-doping was observed and analyzed 

by scanning electron microscopy (SEM, JSM-7800F, JEOL) and energy dispersive X-ray 

spectroscopy (EDS, X-MAXN, Oxford) equipped with the SEM. After Li pre-doping, Si 

NEs were taken out from the chamber and rinsed DMC solvent one time in an Ar-filled 

glove box. 
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Highest occupied molecular orbital energies 

The highest occupied molecular orbital (HOMO) energies were calculated based on 

structural optimization of each molecule and ion in vacuum by density functional theory 

(DFT) with the B3LYP exchange–correlation functional and 6-311G(d, p) basis set.37 

 

Results and Discussion 

Composition analysis and physical property evaluation of the Li–NTL solutions 

To investigate the compositional changes of the Li–NTL solutions with different Li 

concentrations, the solutions were analyzed by Fourier transform infrared (FTIR) 

spectroscopy. The FTIR spectra of the Li–NTL solutions with different Li concentrations 

are shown in Fig. 1. There are two notable absorption peaks in the FTIR spectra: the first 

peak at 970 cm−1 is attributed to the C–H in-plane bending vibration and the second peak 

at 687 cm−1 is attributed to the C–H out-of-plane bending and aromatic ring C–C 

vibrations.28,38  Both signals are representative absorption peaks of naphthalene dianions 

that receive two electrons by reduction owing to Li metal in the solution. The changes in 

the absorption signals suggest that the dipole moment in the naphthalene molecule 

changed because of the formation of an ion pair with two Li+ ions. The other signals at 

998 and 740 cm−1 are common absorptions for the monoanions and dianions, indicating 
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that the total amount of anions increases depending on the Li concentration. In addition, 

the signal intensities increased with increasing Li concentration, indicating that dianion 

formation increased with increasing Li concentration. 

 

 

Figure 1. Fourier transform infrared spectra of the Li–naphthalenide (NTL) solutions 

with different Li concentrations.  

 

UV–vis spectroscopy was performed to analyze the compositional changes of the Li–

NTL solution with increasing Li concentration in more detail. The UV–vis spectra of the 

Li–NTL solutions with different Li concentrations are shown in Fig. 2. There are two 

points to note. The first point is the absorption signal at approximately 550 nm. This signal 
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corresponds to the dianion, and its intensity increased with increasing Li 

concentration.39,40 The results obtained by comparing the area ratios of these absorption 

signals and evaluating the amount of the dianion are given in Table S1. The peak area 

attributed to the dianion in the saturated Li–NTL solution was approximately three times 

larger than that in the Li–NTL solution with a 1:1 molar ratio. Here, the dianion forms a 

CIP with two Li+ ions.41 The second point to note is the absorption signal at approximately 

320 nm. This signal is attributed to the monoanion, and there were two peaks for the 1:1 

Li–NTL solution. There are two main types of monoanion structures, that is, the CIP type 

at relatively low wavelength and the SSIP type at relatively high wavelength. For both 

types of monoanion structure, the NTL•- radical monoanions form ion pairs with one Li+ 

ion.42 The CIP and SSIP coordination structures are shown in Fig. 2. The cation and anion 

are in direct contact, so the CIP is relatively stable owing to the strong Coulomb force. In 

contrast, the SSIP has high reactivity. The CIP/SSIP ratio depends on the type of solvent, 

and the CIP and SSIP coexist in Li–NTL using MeTHF as the solvent.34 By increasing 

the Li concentration, the intensities of both monoanions decreased, and the CIP signal 

disappeared for the 2:1 Li–NTL solution. Furthermore, both monoanion signals 

disappeared for the saturated Li–NTL solution. These monoanions and dianion are in 

equilibrium according to the following equation:42,43  
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																						2Li + 2NTL ⇄ 2Li![NTL∙#] 

			⇄ NTL + Li$![NTL$#]  (1) 

 

According to Le Chatelier’s principle, the direction of this equilibrium reaction shifts 

toward formation of the dianion as the Li concentration increases, resulting in an increase 

in the dianion concentration. This coincides with the Li+ concentrations in the Li–NTL 

solutions measured by ion chromatography (Table S2). However, the formation of the 

dianion also promoted byproduct formation (Fig. S2),36 which is indicated by the signal 

at approximately 425 nm. 
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Figure 2. Ultraviolet–visible spectra of the Li–NTL solutions with different Li 

concentrations. 

 

The formation and stability of the dianion were evaluated to clarify the characteristics 

of the radical anions in the Li–NTL solutions. The UV–vis spectra of the saturated Li–

NTL solution with Li metal at different times are shown in Fig. S1, showing the rate of 

dianion formation. The results indicated that the dianion began to form within 5 min of 

the start of stirring, and the concentration of the dianion reached a maximum after 30 min. 

Li and naphthalene rapidly reacted with the addition of Li metal to the solution to form 

ion pairs. In contrast, the intensity in the region of 425 nm increased with time. This 

suggests that byproducts were generated by the reaction of a trace amount of water in the 

Ar-filled dry box with the Li–NTL solution (Fig. S2).36 It is conceivable that these 

byproducts inhibit the Li pre-doping reaction. Therefore, the stirring time is a very 

important factor for the Li pre-doping reaction to prepare an active Li–NTL solution. The 

UV–vis spectra of the saturated Li–NTL solution without Li metal at different times are 

shown in Fig. S3, showing the rate of dianion generation and the stability of the dianion. 

The intensity of the spectrum sharply decreased with time, and the dianion signal at 

approximately 550 nm decreased by 94% when the Li–NTL solution was allowed to stand 
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for 24 h compared with after standing for 1 h. In addition, the monoanion signal at 320 

nm reappeared after standing for 1, 3 and 5 h. This suggests that the equilibrium between 

the monoanion and dianion shown in Equation (1) gradually shifted toward the 

monoanion.  

We then measured the equilibrium potentials of the Li–NTL solutions with different Li 

concentrations. The equilibrium potential of the solution is an important factor to evaluate 

the Li pre-doping ability because the Li pre-doping reaction does not proceed if the 

equilibrium potential of the Li–NTL solution is higher than the electrochemical Li 

alloying potential of the Si electrode. The equilibrium potentials of the Li–NTL solutions 

with different Li concentrations as a function of the temperature are shown in Fig. 3. The 

equilibrium potential of the Li–NTL solution was lowering as the Li concentration 

increased. The potential of the Li–NTL solution under the Li-replenishment condition 

was achieved below 0.1 V vs. Li/Li+ of the electrochemical Li alloying potential of the Si 

electrode, suggesting that the Li pre-doping reaction proceeded owing to the generation 

of the fresh dianion from naphthalene. In addition, the potential of the Li–NTL solution 

was also lowering as the temperature increased. This is because the reaction rate of radical 

species increases with increasing temperature. These results suggest that the monoanion 

and dianion were in equilibrium in the Li–NTL solution. The equilibrium equations are 
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given by 

 Li(s) + NTL + 4(solvent) ⇄ (solvent)%Li![NTL]∙# 
																																									⇄ (solvent)$Li![NTL]∙# + 2(solvent)		    (2) 

 
																Li(s) + 2(solvent) + (solvent)$Li![NTL]∙# 
																																																																	⇄ (solvent)$Li![NTL]$#Li!(solvent)$								(3) 

 

In the Li–NTL solution using the MeTHF solvent with a constantly saturated Li 

concentration, the solution composition was predominantly that of the reaction given by 

Equation (3), resulting in the presence of a large amount of dianions. In contrast, in the 

Li–NTL solutions with insufficient Li concentrations, the dianion formation did not 

sufficiently proceed owing to the lack of monoanions. Therefore, the proportion of 

dianions decreased and the proportion of monoanions increased, causing a higher 

apparent equilibrium potential. However, there were still some dianions in the solution, 

so the Li pre-doping reaction proceeded to some extent. 

The structures of the monoanion and dianion were optimized by DFT (Fig. S4). The 

HOMO energies of the Li–NTL and Li2–NTL ion pairs are −1.87 and −1.59 eV, 

respectively. The HOMO energy of the dianion is higher than that of the monoanion, 

indicating that the reducing power of the dianion is also higher than that of the monoanion. 

Moreover, a cluster structure consisting of a disordered arrangement of many solvated Li 

ions and naphthalene dianions also forms under the high Li concentration.44 This is 
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consistent with the change in the composition of the Li–NTL obtained from the UV–vis 

spectra and the lowering of the equilibrium potential, and it suggests that the generation 

of dianions with high reducing power lowers the equilibrium potential of the Li–NTL 

solution. 

 

Figure 3. Equilibrium potentials of 0.5 M Li–NTL solutions with various Li 

concentrations as a function of the temperature. 

 

Evaluation of the Li pre-doping abilities of the Li–NTL solutions with different Li 

concentrations 

To evaluate the Li pre-doping abilities of the Li–NTL solutions with different Li 

concentrations, Si electrodes were pre-doped for 24 h using the Li–NTL solutions and the 

amount of Li pre-doping was compared with the initial capacity. The first discharge 
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curves are shown in Fig. 4. The capacity, indicating the amount of Li pre-doping, 

increased as the Li concentration increased. The capacity under the Li-replenishment 

condition (2888 mAh g−1) was significantly higher than those under the other conditions. 

To analyze this effect in detail, the dQ/dV curves were obtained by differentiating the 

discharge curves with respect to the voltage (Fig. S5). The peak of Li de-alloying from 

the Li3.75Si crystal phase,45,46 which is the deepest Li alloyed phase, was observed at 

approximately 0.4 V under the Li-replenishment condition. No such peak was observed 

under the other conditions, suggesting that deep Li pre-doping did not occur. The equation 

of the Li pre-doping reaction suggested by these results is 

															𝑥[(solvent)$Li![NTL]$#Li!(solvent)$] + Si 

																																							⟶ Li&Si + 𝑥(solvent)$Li![NTL]∙# + 2𝑥(solvent)																			 (4) 

In Li–NTL solution, naphthalene forms a dianion owing to the high Li concentration, 

which lowers the equilibrium potential of the solution and transfers electrons to Si. It is 

inferred that Si is negatively charged by the reduction of Si, and then Li pre-doping occurs 

as a result of the Si undergoing an alloying reaction with Li+ ions. The amount of Li pre-

doping showed the highest capacity under the Li-replenishment condition. This was 

caused by repeating the following reaction during Li pre-doping: naphthalene and the 

monoanion were reduced by Li metal, which became a monoanion and a dianion to form 
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an ion pair, and the Li pre-doping reaction occurred as shown in Equation (4). 

 

Figure 4. First discharge curves of the Li pre-doped Si electrodes with Li–NTL solutions 

at different Li concentrations. 

 

Characterization of the Li pre-doped Si electrodes 

To investigate the effect of Li pre-doping on the Si electrode, the particle size of Si and 

elemental composition of the Si electrode surface were analyzed before and after Li pre-

doping. Scanning electron microscopy (SEM) images of the Si particles on the electrode 

before and after Li pre-doping under each Li concentration are shown in Fig. 5a–e. The 

Si particle size increased from 40 to 130 nm by Li pre-doping, and it depended on the Li 

concentration in the Li–NTL solution. In addition, energy-dispersive spectroscopy (EDS) 

analysis of Si (Fig. 5f–j) confirmed that the elemental proportion of Si decreased as the 

Li concentration of the Li–NTL solution increased, indicating that the rate of the Li pre-
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doping reaction increased as the Li concentration increased. 

 

Figure 5. Scanning electron microscopy images and energy-dispersive spectroscopy 

maps of the Li pre-doped Si electrode surfaces. Scanning electron microscopy images of 

(a) pristine Si and (b)–(e) Li pre-doped Si under 1:1 molar ratio, 1:2 molar ratio, Li-

saturated, and Li-replenishment conditions of the Li–NTL solution, respectively. Si EDS 

maps of (f) pristine Si and (g)–(j) Li pre-doped Si under 1:1 molar ratio, 1:2 molar ratio, 

Li-saturated, and Li-replenishment conditions of the Li–NTL solution, respectively. 

 

To determine the crystal structure change of Si by Li pre-doping, the Li pre-doped Si 

electrodes were analyzed by XRD. The XRD spectra of the Si electrodes before and after 

Li pre-doping using Li–NTL solutions with different Li concentrations are shown in Fig. 

6. The diffraction peak of the Si crystalline phase disappeared as the Li concentration of 

the Li–NTL solution increased owing to Li pre-doping. The diffraction peaks of the (220) 

and (332) planes of the Li3.75Si phaseb47 were clearly observed for the Li pre-doped Si 

500 nm

(a) (c)(b) (d) (e)

(f) (g) (h) (i) (j)



22 
 

electrode under the Li-replenishment condition, but the (110) Si diffraction peak 

completely disappeared. This suggests that crystalline Si was destroyed and became 

amorphous Si as a result of Li pre-doping.  

 

 

Figure 6. X-ray diffraction patterns of the Li pre-doped Si electrodes with Li–NTL 

solutions at different Li concentrations. 

 

Electrochemical performance of Li half-cells 

The effects of the Li pre-doping process on the Li alloying behavior were investigated 
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electrodes under Li replenishment of the Li-NTL solution using Li half-cells under the 

same conditions. The charge–discharge curves of the Li half-cells using the pristine Si 

and Li pre-doped Si electrodes are shown in Fig. 7a and b, respectively. The charge–

discharge reaction normally occurred. The charge–discharge curves did not change with 

the Li pre-doping process, indicating that Li pre-doping did not have an adverse effect on 

subsequent charge–discharge cycles. In addition, the initial irreversible capacity was 

observed for the pristine Si electrode, which indicates that a large amount of charging 

capacity was lost by electrolyte solution decomposition and subsequent solid–electrolyte 

interphase film formation during the first charging cycle. In contrast, the initial 

irreversible capacity was not observed for the Li pre-doped Si electrode, suggesting that 

the reaction did not occur. This phenomenon is consistent with the change in Si particle 

size (Fig. S6) and cell resistance (Fig. S7) after 1st charging. The discharge cycle 

performance and coulombic efficiency in the charge–discharge tests are shown in Fig. 7c 

and d, respectively. The cell containing the Li pre-doped Si electrode maintained a high 

discharge capacity for approximately 70 cycles. Li pre-doping eliminated the initial low 

coulombic efficiency and maintained the capacity retention above 95%. By Li pre-doping, 

the crystal structure of Si was disrupted and the Li3.75Si crystalline phase was formed. 

During discharge, the occurrence of de-alloying by phase transfer from the Li3.75Si 
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crystalline phase to the LixSi amorphous phase, resulting that Li ions easier inserts into 

the pre-doped Si NE compared to pristine Si NE. In addition, the volume change of the 

Li pre-doped Si NE was sufficiently smaller than pristine Si NE, and serious damage, 

such as cracking and crushing, was successfully prevented.13,23 These results confirm that 

our Li pre-doping is effective for reducing the initial irreversible capacity and improving 

the cycle performance. Furthermore, the LAB full cell with the pre-doped Si NE showed 

good charge and discharge performance equivalent to those using Li metal NE (Fig. S8).  

  

Figure 7. Electrochemical performance of the pristine Si and Li pre-doped Si electrode 
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using Li half-cells. Charge–discharge curves of the (a) pristine Si and (b) Li pre-doped Si 

electrodes. (c) Cycle performance and (d) coulombic efficiency of the pristine Si and Li 

pre-doped Si electrodes in the charge–discharge test. 

 

Conclusions 

In this study, we investigated the effect of the Li concentration of the Li–NTL solution 

on the mechanism of Li pre-doping of Si. We found that radical dianions are generated in 

the Li–NTL solution by increasing the Li concentration, which lowers the equilibrium 

potential of the Li–NTL solution and promotes the Li pre-doping of the Si electrode. The 

Li pre-doping capacity depends on the Li concentration of the Li–NTL solution. The 

highest capacity of ~3000 mAh g−1 was comparable with the theoretical capacity of Si 

under Li-replenishment conditions. This behavior resulted from the solvation structure of 

the Li–NTL solution. Even during electrochemical charging and discharging, the 

solvation structure of the electrolyte greatly affects the Li intercalation reaction into Si 

electrode.48 Analysis of the solvation structure by FTIR and UV–vis spectroscopy 

indicated that the Li–NTL solutions with high Li concentrations contained large amounts 

of dianions as the key component for Li pre-doping. The Li pre-doping capacity is 

determined by the equilibrium potential of the Li–NTL solution because of the 



26 
 

equilibrium formation of ion pairs of the solvated Li+ ions, [NTL]�− radical monoanions, 

and [NTL]2�− radical dianions. Based on these results, Li pre-doping using Li–NTL 

solution under Li-replenishment conditions repeatedly causes the following Li pre-doping 

reaction: naphthalene reacts with the Li metal, the radical monoanion and dianion form, 

and then an ion pair forms, resulting in Li pre-doping of the Si electrode (Fig. 8). High Li 

pre-doping can be achieved by repeating this cycle. Furthermore, the electrochemical 

performance using the Li-pre-doped Si electrode revealed that Li pre-doping is also 

effective for reducing the initial irreversible capacity and improving the cycle 

performance. 

Here, we proposed that Si can be more deeply pre-doped by increasing the proportion 

of dianions in the pre-doping solution. We anticipate that the development of deeper and 

faster pre-doping technology can be achieved by exploring solvents and aromatic 

compounds that promote the generation of dianions. In addition, we believe that the Li 

pre-doping chemical reaction, including dianions, is applicable to a wide range of 

electrode materials, not only to the Si NE, but also to various NE materials, such as hard 

carbon, SiO, and Sn, and positive electrode materials, such as sulfur, which will improve 

the chemistry of next-generation batteries such as Li-S and Li-Air battery.  
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Figure 8. Reaction mechanism of Li pre-doping using Li–NTL solution with constantly 

saturated Li concentration. (Y = MeTHF) 
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