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Abstract: This study explores the potential of titanium disulfide (TiS2) as an active material for aque-

ous calcium-ion batteries (CIBs). We investigate the electrochemical redox reactions of calcium ions 

within TiS2 and assess its suitability for use in aqueous CIBs. Additionally, we examine the impact 

of different electrolyte concentrations on TiS2 electrode reactions. Our findings reveal that TiS2 ex-

hibits distinct charge-discharge behaviors in various aqueous calcium-ion electrolytes. Notably, at 

higher electrolyte concentrations, TiS2 effectively suppresses the hydrogen generation reaction 

caused by water decomposition, demonstrating its potential as an active material for aqueous CIBs. 

In-situ X-ray diffraction analysis confirms the intercalation of Ca2+ ions between TiS2 layers during 

charging. This confirmation is groundbreaking, as it represents the first experimental evidence of 

calcium ions being electrochemically inserted between TiS2 layers from aqueous solutions, signify-

ing a previously unreported achievement and strongly suggesting TiS2's applicability in aqueous 

CIBs. X-ray photoelectron spectroscopy analysis further supports the formation of a solid electrolyte 

interphase (SEI) on the TiS2 electrode surface, contributing to the suppression of electrolyte decom-

position reactions. Furthermore, we investigate the influence of anions in the electrolyte on charge-

discharge behavior. Our findings suggest that the choice of anion coordinated with Ca2+ ions affects 

SEI formation and cycling performance. Understanding the role of anions in SEI formation is crucial 

for optimizing aqueous CIBs. In conclusion, this research underscores TiS2's potential as an active 

material for aqueous calcium-ion batteries and emphasizes the importance of electrolyte composi-

tion in influencing SEI formation and battery performance. These findings contribute to the devel-

opment of more sustainable and efficient energy storage technologies. 

Keywords: aqueous calcium battery; titanium disulfide; electrochemical potential window; electro-

lyte concentration; solid electrolyte interphase; anion 

 

1. Introduction 

Research into calcium-ion batteries (CIBs), which utilize the redox reaction of calcium ions as an 

electrode process in secondary batteries, has gained significant momentum recently [1–4]. These 
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batteries offer a promising alternative that could complement and diversify the energy storage land-

scape [5–9]. Calcium, being relatively abundant and cost-effective compared to certain other metals 

used in battery technologies, holds the potential to contribute to more sustainable and cost-efficient 

battery production. This abundance could play a crucial role in stabilizing renewable energy sources 

like solar and wind, thereby enhancing grid reliability. Moreover, by reducing reliance on materials 

with high environmental impact, such as cobalt and lithium, CIBs have the potential to foster more 

sustainable energy storage technologies. 

CIBs are categorized into two primary groups determined by the nature of the electrolyte uti-

lized: non-aqueous types, which employ organic materials similar to those found in commercially 

available lithium-ion batteries, and aqueous types, which use water-based materials. The choice be-

tween organic and aqueous electrolytes depends on specific battery application requirements, en-

compassing energy density, power output, safety considerations, and environmental impact. Organic 

electrolytes offer higher energy densities and broader voltage windows, while aqueous electrolytes 

provide enhanced safety and environmental benefits. Each type of electrolyte has its advantages and 

disadvantages, and the selection depends on the trade-offs acceptable for the particular battery sys-

tem being developed. While most existing studies predominantly focus on the former category, there 

is a limited number of reports on the latter type. 

The investigation of electrode materials for aqueous CIBs is an emerging research area. Our fo-

cus in this study was directed towards titanium disulfide (TiS2). TiS2 stands as a thoroughly investi-

gated electrode material, recognized for its involvement in an intercalation-deintercalation reaction 

[10–26]. This reaction involves the intercalation and deintercalation of metal ions within its layered 

crystal structure during charge and discharge cycles, enabling energy storage and release. Notably, 

this phenomenon holds true for non-aqueous CIBs as well [24,25]. Within non-aqueous solutions, the 

electrochemical intercalation and deintercalation of calcium ions into TiS2 have been observed. How-

ever, it is surprising that TiS2 has not been investigated as an electrode material for aqueous calcium 

CIBs. This gap in research served as the primary motivation behind the present study. 

The purpose of this study is to understand the electrochemical redox reaction of calcium ions in 

TiS2 and, through this, to assess the applicability of TiS2 as an active material for aqueous CIBs. Ad-

ditionally, the study aims to understand the effect of the electrolyte on the TiS2 electrode reaction. 

2. Materials and Methods 

2.1. Preparation of Electrode and Electrolytes 

The working electrode was fabricated by blending TiS2 powder (Sigma-Aldrich, 99.9%, USA), 

carbon black (super P) (Alfa Aesar, 99+%, USA), graphite powder (SNO-15), and polyvinylidene 

fluoride (Sigma-Aldrich, average Mw ~534,000 by GPC, powder, USA) in an 80:9:2:9 weight ratio. 

These constituents were gradually added to N-Methyl-2-pyrrolidone (NMP) (JUNSEI, 99+%, Japan) 

to form a slurry. The resultant slurry was coated onto a current collector and dried for 12 hours in a 

vacuum oven at 80 °C. Carbon cloth (Fuelcellearth, USA) and Ti foil (Nilaco, 99.5%, Japan) were used 

as current collectors for the Ca(NO3)2- and CaCl2-based electrolytes, respectively. For the counter 

electrode, a slurry was prepared by adding NMP dropwise to activated carbon (Sigma-Aldrich, -100 

mesh particle size, USA) and polyvinylidene fluoride in a 9:1 weight ratio. This mixture was applied 

to the same current collector used for the working electrode and dried for 12 hours at 80 °C under 

vacuum. Electrolytes were formulated by dissolving Ca(NO3)2·4H2O (Alfa Aesar, 99–103%, USA) and 

CaCl2 (Alfa Aesar, 99.0–105.0%, USA) in pure water (Burdick & Jackson, HPLC grade, USA) 

respectively. Different electrolyte concentrations (1.0, 4.0, 7.0, and 8.0 mol dm–3 (M)) were employed 

to investigate variations in the electrochemical potential window and electrochemical performance 

based on concentration. The maximum concentration of 8.0 M was chosen considering the solubility 

of the calcium salts. 
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2.2. Electrochemical Measurements 

All electrochemical tests were performed using a custom-designed laboratory three-electrode 

cell within a battery test system (Wonatech, WBCS 3000, South Korea). The prepared TiS2 electrode 

served as the working electrode, while the activated carbon electrode was employed as the counter 

electrode. A saturated calomel electrode (SCE) (Qrins, RE-2BP, 3.3 M potassium chloride, South Ko-

rea) was used as the reference electrode. Charge-discharge testing encompassed 5 cycles at a 0.1 C-

rate (C), spanning a potential range of –1.0 to 0.76 V (vs. SCE). These tests were carried out using 

Ca(NO3)2 and CaCl2 electrolytes at varying concentrations. 

2.3. Structure and Surface Analysis 

Modifications in the structure and surface composition of the TiS2 electrode before and after 

charging and discharging were confirmed through X-ray diffraction (XRD) (Rigaku, Miniflex 600, 

Japan) and X-ray photoelectron spectroscopy (XPS) (Kratos Inc, Axis-Nova, USA) analyses. In-situ 

XRD analyses revealed alterations in interlayer spacing during the charging and discharging process 

of the TiS2 electrode within the 2θ range of 10-80°. For in-situ XRD analysis, a self-fabricated labora-

tory cell (illustrated in Figure 1) was employed. The working electrode was prepared by applying the 

slurry, as described in section 2.1, onto a polyimide film (DuPont, 25 µm thick Kapton® 100HN film, 

USA), and then affixing the prepared film to a Ti plate (Nilaco, 0.15T, Japan), which served as the 

current collector. The counter electrode consisted of Pt mesh (WizMAC, net type, Korea), with SCE 

serving as the reference electrode. The electrolyte used was 8.0 M Ca(NO3)2, and charge/discharge 

test conditions matched those previously mentioned. Moreover, XPS was utilized to analyze the bind-

ing energy of calcium ions on the electrode surface after charging and discharging. Depth analysis 

was performed at 20 and 40 seconds after etching the surface with an argon ion laser. 

 

Figure 1. Schematic illustration of the self-fabricated three-electrode cell configuration used for in-

situ XRD measurements. 

3. Results and Discussion 

3.1. Dependence of Charge-Discharge Behavior on Electrolyte Concentration 

Figure 2 depicts the electrochemical potential behavior of TiS2 in aqueous solutions based on 

Ca(NO3)2 with varying concentrations. In both the 1.0 and 4.0 M electrolyte solutions, the TiS2 elec-

trode exhibited nearly identical potential behavior, maintaining a steady level around 0.5 V. It was 

visually confirmed that gas emerged from the electrode surface during this process. This gas is iden-

tified as hydrogen, resulting from the reductive decomposition of water molecules within the elec-

trolyte solution. In other words, it means that TiS2 does not function as an active material for aqueous 
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CIBs due to the fact that the water decomposition reaction takes place prior (at a more positive po-

tential) to the intercalation of calcium ions between the layers of TiS2. In contrast, with the 7.0 and 8.0 

M electrolyte solutions, the electrode potential dropped to –1.0 V during the reduction of Ca2+ ions, 

resulting in verified charge capacity. Subsequently, discharge capacity from the oxidation reaction 

was also confirmed. This demonstrates the effectiveness of TiS2 as an active material for aqueous CIBs, 

effectively suppressing the hydrogen generation reaction caused by water decomposition. 

 

Figure 2. Charge and discharge curves of TiS2 electrode in aqueous solutions with varied Ca(NO3)2 

con-centrations: (a) 1.0, (b) 4.0, (c) 7.0, and (d) 8.0 M. The measurements were conducted at a 0.1 C-

rate. 

The suppression of the hydrogen generation reaction can be attributed to the decomposition of 

anions preceding water decomposition, resulting in a film forming on the electrode surface. This phe-

nomenon is closely tied to changes in the solvation structure of Ca2+ ions at higher concentrations. 

Increased concentration leads to higher counts of both Ca2+ and NO3– ions in the electrolyte. Previous 

studies have shown that not only water but also NO3– ions coordinate with Ca2+ ions under these 

conditions [27–34]. Consequently, the number of water molecules coordinating with each Ca2+ ion 

decreases. This results in the generation of numerous contact ion pairs in the electrolyte solution, 

leading to ion aggregation [35–39]. In this process, NO3– ions transfer electrons to Ca2+ ions, resulting 

in a reduction of the energy level of the low unoccupied molecular orbital (LUMO) of NO3– ions 

[18,27–29,31,39]. Consequently, it is hypothesized that NO3– ions undergo preferential reduction (at 

more positive potentials) prior to water decomposition. This preference leads to the generation of a 

film derived from NO3– on the electrode surface. This can be comprehended as a phenomenon closely 

resembling the anion-derived solid electrolyte interphase (SEI) formed on the surface of negative 

electrode when an aqueous solution with a high concentration of Li+ ions is employed as the electro-

lyte [39–42]. Similarly, a NO3–-derived SEI forms on the surface of TiS2 electrode within an aqueous 

solution containing a high concentration of Ca2+ ions, suppressing electrolyte decomposition reac-

tions such as hydrogen generation and promoting intercalation and deintercalation reactions of Ca2+ 

ions. 
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Another notable feature in Figure 2c is the considerably larger discharge capacity compared to 

the charge capacity. Moreover, as cycling progressed, the charge capacity gradually increased, nar-

rowing the gap between charging and discharging capacities. This suggests that, during discharge, 

the deintercalation of Ca2+ ions occurred alongside the oxidation reaction of the electrolyte. The effec-

tiveness of the NO3–-derived film as an SEI improved over cycling. A similar trend is also evident in 

Figure 2d. However, a slightly distinct observation is that the charge capacity exhibited a more pro-

nounced increase than in Figure 2c, implying a more effective SEI formation in higher concentrations. 

This supports the notion that the SEI formation is driven by the reduction of NO3– ions with lower 

LUMO energy levels due to their coordination with Ca2+ ions. This phenomenon is attributed to the 

greater presence of NO3– ions with lower LUMO energy levels due to coordination with Ca2+ ions in 

the 8.0 M aqueous solution compared to the 7.0 M solution. 

3.2. In-Situ Structural Analysis of TiS2 during Charging and Discharging 

The charge and discharge behavior of the TiS2 electrode were significantly influenced by the 

electrolyte concentration, as discussed previously. To confirm the intercalation and deintercalation 

of Ca2+ ions into and from TiS2 at higher concentrations, we employed in-situ XRD. This technique 

allowed us to examine the associated structural modifications in detail. Figure 3 presents XRD pat-

terns of TiS2 in an 8.0 M Ca(NO3) 2 solution collected during the charge and discharge processes using 

the three-electrode cell shown in Figure 1. The strong (002) peak of the pristine electrode was ob-

served at 31.4° in 2θ. This peak gradually shifted to a lower angle during the charging process, reach-

ing 31.1° after being charged to –1.0 V. This shift corresponds to an expansion of the interlayer spacing 

due to the intercalation of Ca2+ ions between TiS2 layers. To the best of our knowledge, this is the first 

confirmation of the electrochemical intercalation of calcium ions between TiS2 layers in an aqueous 

electrolyte solution. While previous reports have described the insertion of calcium ions using an 

organic electrolyte with a wide potential window [24,25], there has been no prior report of calcium 

ion insertion using an aqueous solution with a much narrower potential window compared to the 

organic electrolyte. In other words, this suggests that TiS2 can serve as an active material in aqueous 

CIBs. 

On the other hand, the (002) peak, which shifted during charging, did not revert to its original 

position during discharge. Instead, it remained in the shifted position after charging was completed. 

This phenomenon likely results from the partial retention of Ca2+ ions within the TiS2 structure, as 

further explained in the XPS analysis results. These intercalated Ca2+ ions do not completely deinter-

calate during discharge, continuing to occupy the interlayer spaces. Tchitchekova et al. conducted a 

study on the diffusion behavior of Ca2+ ions when the interlayer spacing of TiS2 expanded by 10% 

and 15%, based on DFT calculations [24]. Their findings indicated a reduced activation barrier to Ca2+ 

ion diffusion due to the expanded interlayer spacing. Therefore, it is reasonable to assume that the 

observed expansion of the interlayer gap in Figure 3, along with the improvements in the SEI de-

scribed in the previous section, facilitated the diffusion of Ca2+ ions, leading to an increase in capacity 

over cycling. 

Another noteworthy observation in Figure 3 is the broadening of the (002) peak after a single 

charge-discharge cycle. This suggests a decrease in the crystallinity of the TiS2 active material. Alt-

hough the exact cause remains unclear, one plausible explanation is the nonuniform diffusion of in-

serted ions [43]. When metal ions intercalate between TiS2 layers, they induce phase separation in 

TiS2. High-resolution transmission electron microscopy results conducted by the Li group revealed 

that TiS2 undergoes a stepwise phase transformation during the intercalation of K+ ions, resulting in 

uneven diffusion of these ions [22]. This stepwise phase transformation is not limited to K+ ions; it 

also occurs during the intercalation of Na+ ions [44]. In essence, it is presumed that the crystallinity 

declined even after discharge due to the incomplete desorption of all unevenly intercalated Ca2+ ions. 
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Figure 3. (a) In-situ XRD patterns during the charge-discharge test of TiS2 electrode in an 8.0 M 

Ca(NO3)2 dissolved aqueous electrolyte at a voltage range between –1.0 and 0.76 V. (b) shows the 

expansion in the regions of the (002) peak. 

3.3. XPS Analysis of TiS2 Electrode Before and After Discharging 

To investigate the intercalation-deintercalation behavior of Ca2+ ions and the formation of an SEI, 

we conducted XPS analysis on TiS2 electrodes in both their charged and discharged states, and the 

results are depicted in Figure 4. After charging (Figure 4b), two distinct peaks emerged at approxi-

mately 348.4 eV and 351.9 eV, corresponding to the binding energies of Ca 2p3/2 and Ca 2p1/2, respec-

tively [45]. The approximately 3.5 eV difference between these peaks is attributed to spin-orbit split-

ting. These peaks indicate the formation of calcium compounds on the electrode surface as a result of 

anion reduction coordinated with Ca2+ ions. Even after etching for 40 seconds, these peaks persisted, 

suggesting the presence of Ca atoms not only on the electrode surface but also within the TiS2 layers. 

This implies the intercalation of Ca2+ ions between TiS2 layers, indicating that the calcium compound 

generated on the electrode surface functions as the SEI. This SEI may either dissolve or undergo 

changes in its properties when exposed to free water molecules that are not coordinated to Ca2+ ions 

[30]. However, in high-concentration electrolyte solutions, where free water molecules are scarce, the 

SEI is believed to function effectively.  

On the other hand, in the discharged state (Figure 4c), the peak intensity decreased compared to 

the charged state but did not vanish entirely. Two peaks were observed at the same positions as in 

the charged state, indicating that some Ca2+ ions remained intercalated between the TiS2 layers. These 

remaining Ca2+ ions may have been directly responsible for both maintaining the expanded interlayer 

gap of TiS2 and lowering the crystallinity of TiS2 even after discharge previously described in Figure 

3. 

To further investigate the evolution of the SEI on the surface of the TiS2 electrode as cycling 

progressed, the Ca 2p binding energy on the TiS2 electrode was examined after 1, 5, and 100 cycles, 

as shown in Figure 4d. As cycling continued, the peak area increased, indicating an increase in cal-

cium compounds due to electrolyte decomposition during the repair of the damaged SEI caused by 

the expansion and contraction of the active material (TiS2) over 100 charge-discharge cycles. Further-

more, with ongoing cycling, the peak area around ~348.4 eV decreased, while the area around ~351.9 

eV increased, and a new peak emerged at ~355.4 eV. This change in peak area and the appearance of 

a new peak can be attributed to a peak shift of Ca 2p by approximately ~3.5 eV in some of the initially 

formed calcium compounds. Such shifts usually occur due to changes in the chemical environment 

of the calcium atom. While it remains unclear which specific factors induce these shifts and why only 

some Ca 2p peaks are affected, identifying these factors will be crucial for future research in this 

study.  
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Figure 4. (a-d) The Ca 2p region of XPS spectra of the TiS2 electrode, including both unetched and 

etched samples at 20 and 40 seconds. (a) Pristine, (b) charge, and (c) discharge states. (d) Ca 2p region 

of the XPS spectra in the pristine state, after 1, 5, and 100 cycles of the TiS2 electrode. 

3.4. Anion Dependence of Charge-Discharge Behavior 

As previously mentioned, we have confirmed the occurrence of electrochemical intercalation-

deintercalation reactions involving Ca2+ ions at the TiS2 electrode. This confirmation was achieved 

using aqueous solutions containing a high concentration of Ca(NO3)2 as the electrolyte. The enabling 

factor for this intercalation process lies in the formation of the SEI on the surface of the TiS2 electrode. 

Our interpretation is that the reduction of anions plays a crucial role in SEI generation. To further 

substantiate this interpretation, we prepared an aqueous solution with a high concentration of CaCl2 

instead of Ca(NO3)2 and subsequently investigated the charging and discharging behavior within this 

solution. Essentially, we altered the anion coordinated with Ca2+ ions from NO3– to Cl– to assess the 

impact of the anion on the charge and discharge behavior. The results of this experiment are pre-

sented in Figure 5.  

In the CaCl2-based aqueous solution, we observed a charge-discharge behavior similar to what 

was obtained in the Ca(NO3)2-based aqueous solution (as confirmed in Figure 2). Notably, charging 

and discharging of the TiS2 electrode were not possible at 1.0 and 4.0 M concentrations, but they 

became feasible at 7.0 and 8.0 M. Previous research has noted that at high concentrations, CaCl2-based 

aqueous solutions form contact ion pairs similar to those in Ca(NO3)2-based aqueous solutions [46,47]. 

Consequently, the coordination of Ca2+ ions with water molecules decreases while Cl– ions become 

involved in coordination [46,47]. In high-concentration environments, it can be anticipated that the 

energy level of the LUMO of Cl– ions will decrease, resulting in a higher reduction potential. With 

this understanding, we can explain the stark differences in charge and discharge behavior shown in 

Figure 5 by dividing it into two cases: first, the reduction reaction of water molecules generating 

hydrogen occurs, preventing charge and discharge (Figure 5a,b); second, the reduction reaction of 

Cl– ions, producing an SEI, takes place first, allowing for subsequent charging and discharging (Fig-

ure 5c,d). 

Notably, the irreversible capacity and cycling behavior exhibited significant deviations from 

those observed in the Ca(NO3)2-based aqueous solution. In the initial cycle, the discharge capacity 

surpassed the charge capacity, suggesting that, in addition to the deintercalation of Ca2+ ions during 

discharge, there were concurrent decomposition reactions involving the electrolyte or SEI formed 

during charging. Furthermore, as the cycling continued, there was a rapid decrease in discharge ca-

pacity. We attribute these differences in irreversible capacity and cycling behavior to variations in the 

properties of the SEI formed in each electrolyte solution. In essence, once the SEI forms through elec-

trolyte decomposition, it should ideally restrain further electrolyte decomposition while allowing the 

smooth passage of metal ions during subsequent cycles to maintain stability. Consequently, it is 
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evident that discrepancies in charging and discharging behavior arise due to differences in the SEI's 

ability to fulfill these essential functions. 

 

Figure 5. Charge and discharge curves of TiS2 electrode in aqueous solutions with varied CaCl2 con-

centrations: (a) 1.0, (b) 4.0, (c) 7.0, and (d) 8.0 M. The measurements were conducted at a 0.1 C-rate. 

4. Conclusions 

In this study, we explored the potential of TiS2 as an active material for CIBs. Our investigation 

focused on the electrochemical redox reaction of calcium ions in TiS2 and its applicability as an active 

material for aqueous CIBs. We examined the dependence of charge-discharge behavior on electrolyte 

concentration, revealing that TiS2 effectively suppresses hydrogen generation and functions as an 

active material for aqueous CIBs in higher electrolyte concentrations. This suppression is attributed 

to the formation of an anion-derived SEI on the electrode surface, facilitated by changes in the solva-

tion structure of Ca2+ ions at higher concentrations. Additionally, in-situ structural analysis using 

XRD confirmed the intercalation of Ca2+ ions into TiS2 during charging, marking the first confirmation 

of this electrochemical intercalation in an aqueous electrolyte solution. The XPS analysis further sup-

ported this finding, indicating the presence of Ca atoms not only on the electrode surface but also 

within the TiS2 layers. Furthermore, our study investigated the influence of anions on charge-dis-

charge behavior by comparing Ca(NO3)2 and CaCl2-based electrolytes. The results showed that the 

choice of anion had a significant impact on SEI formation and consequently on the charge–discharge 

behavior. While both electrolytes allowed for TiS2 to function as an active material at higher concen-

trations, variations in irreversible capacity and cycling behavior highlighted the importance of SEI 

properties in dictating the performance of CIBs. In conclusion, our findings demonstrate that TiS2 

holds promise as an active material for aqueous CIBs, providing insights into the crucial role of SEI 

formation and anion choice in influencing CIB performance. This study contributes to the growing 

body of research in the field of CIBs, offering potential solutions for sustainable and environmentally 

friendly energy storage technologies. Further exploration of TiS2 and SEI engineering in CIBs may 

lead to improved energy storage solutions with broader applications in the renewable energy sector 

and beyond. 
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