



Fabrication and Discharging Behaviour of Solid-State Batteries Using Newly Synthesised Fast Ion Conducting Material as an Electrolyte 
Abstract


Solid-state batteries use fast ion-conducting solid electrolytes instead of liquids, offering higher safety, energy density, thermal stability, and longer lifespan. They are promising for applications from portable electronics to electric vehicles, potentially enabling faster charging and sustainable energy storage. In the present research, solid-state batteries were manufactured with the following cell configuration: Anode: 0.85[0.75AgI:0.25AgCl]: 0.15CeO2 (Optimum Conducting Composition OCC) cathode. In the cell design, new silver-ion-conducting composite electrolyte systems, 0.85[0.75AgI:0.25AgCl]:0.15CeO2, was prepared using the melt-quenching approach. The details of the synthesis and characterization of this freshly synthesized solid electrolyte have been previously described. For the cell arrangement, Ag metal was used as the anode, while various cathode materials were employed, including a 1:1 wt% mixture of elemental iodine and carbon powder (C+I2) and a 5:5:1 wt% mixture of elemental iodine, carbon powder, and electrolyte (C+I2+ electrolyte). The charging and discharging characteristics of solid-state batteries were studied under various load conditions. Cell metrics such as current density, voltage density, discharge capacity, and energy density were examined and reported. The cell discharge at 1MΩ has working voltage ~0.660V and discharged after ~135h. Similarly, at 500KΩ the working voltage decreased a little ~0.550V, but has larger discharge time of 280h. In other cell configuration the cathode material used (C+I2+Electrolyte) in 5:5:1 wt.% ratio. This cell has larger discharge time about 340h as compared to cell in which a mixture of elemental iodine and carbon powder1:1 wt% was used as a cathode material.   The transference number (tion~1) for composite electrolyte systems has been measured using the electrochemical potential technique, which is identical to the value previously reported using the TIC technique for composite systems. The solid-state batteries produced the best performance, particularly during low current drain applications.
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1. INTRODUCTION:

       The power generation in the solid-state electrochemical devices is akin to those of conventional liquids/aqueous electrolyte batteries. Superionic solids or fast ion conductor are used as solid electrolytes with appropriate cathode and anode electrodes [1,2]. Solid electrolytes are characterized by high electrical conductivity made possible by rapid transport of ions within the structure. These materials have tremendous scope in fuel cell, smart window, super capacitors and solid-state power sources etc. Since these materials are safer, less bulky and suitable for portable electronic devices as compared to liquid/aqueous electrolytes. Batteries have long been used as dc source of energy for number of power requirements [3-10]. Their utility as power sources have becomes more relevant in recent time. New types of batteries with wide range of characteristics and applications suited to need of various power applications were designed and tested for various ‘low’ and ‘high’ energy density utilities [7-10]. A number of fast Ag+ ion conducting solid electrolyte in glassy/ composite phases have been investigated in the past [2-6,11,12]. Also, several Ag+ ions conducting glasses and composite electrolyte system have been reported in the past, in which a newly investigated host salt or solid solution [0.75AgI:0.25AgCl] was used in place of AgI [2-6, 12-16]. These fast ions conducting solid electrolytes exhibit better characteristic properties including ionic conductivity and they are applied as an electrolyte in the fabrication of silver ion conducting solid state batteries [12-16].
The advancement of next-generation battery technologies has stimulated extensive research into novel fast ion-conducting solid electrolyte materials. These materials have been widely developed and implemented as electrolytes in the fabrication of solid-state batteries [7–12]. Solid-state batteries are increasingly recognised as superior alternatives to conventional liquid electrolyte-based systems due to their inherently sustainable characteristics [7–9,13–18]. They offer numerous advantages as electrochemical energy storage and power delivery systems, including enhanced safety, higher energy density, improved thermal stability, and the potential for extended operational lifetimes. The incorporation of fast ion-conducting or superionic solid electrolytes eliminates the need for flammable liquid components, thereby significantly reducing safety risks associated with traditional batteries.

All-solid-state batteries (ASSBs) represent a promising class of emerging technologies with the potential to transform energy storage and utilisation. In contrast to conventional lithium-ion and other ion-based batteries, which rely on liquid electrolytes for ion transport between electrodes, ASSBs employ solid electrolytes that confer several performance and safety benefits [19–24]. Solid-state batteries (SSBs) exhibit superior energy densities, longer service lives, and improved environmental compatibility compared with their liquid-based counterparts. Furthermore, under appropriate conditions, they offer the possibility of faster charging rates and broad applicability, ranging from portable electronic devices to electric vehicles [21–22,30].

The growing demand for sustainable energy solutions in the twenty-first century, alongside the imperative to reduce greenhouse gas emissions, has further accelerated research into solid-state battery technologies [21–22]. Batteries are central to the widespread adoption of electric vehicles and modern electronic devices, as well as to the efficient storage and distribution of renewable energy. Consequently, advancing electrical energy storage systems is critical for achieving a sustainable and resilient energy infrastructure. Despite their advantages, SSBs face several challenges, including high production costs and issues related to mechanical, thermal, and interfacial stability. Nevertheless, significant progress has been achieved in recent years, with ongoing global research efforts aimed at overcoming these limitations and facilitating commercial deployment [19–23]. This rapid development underscores the importance of careful material selection and optimisation to fully realise the potential of solid-state battery technologies [7–9,22–25].

In this context, electrode materials—including anodes, cathodes, and their interfaces—play a crucial role in determining battery performance, particularly in achieving high ionic conductivity and low electronic conductivity [20–24]. The cathode/solid electrolyte interface is especially critical, as it strongly influences ion transport dynamics and overall electrochemical performance [21]. Fast ion-conducting solid electrolytes further enhance thermal stability and durability compared with conventional liquid electrolyte systems. However, their properties are sensitive to environmental factors such as temperature, pressure, and humidity [22–27]. The study of solid-state materials dates back to the 1920s, with early investigations primarily focused on lithium-based compounds. Since then, a wide range of novel materials has been identified, synthesised, and applied as electrolytes and electrodes in SSB development. Various strategies have been proposed to enhance battery performance and extend cycling life, including the use of ceramic–polymer composite electrolytes, reduction of electronic conductivity, and incorporation of materials with high shear modulus [18–25]. Improvements in cycling stability also support the feasibility of secondary-life applications, thereby contributing to circular economy principles and sustainability goals [21]. A comprehensive understanding of electron and ion transport mechanisms, as well as the associated thermodynamic and kinetic processes under diverse operating conditions, is essential for the rational design and optimisation of these systems. Accordingly, advanced modelling approaches are increasingly employed to elucidate defect behaviour and guide the enhancement of SSB performance [24–29].

In the present study, silver ion-conducting solid-state batteries have been fabricated, and their fundamental performance parameters, particularly discharge characteristics, are reported. These batteries utilise a newly synthesised silver ion-conducting solid electrolyte. Previous studies have also explored solid-state batteries employing Ag⁺ ion-conducting materials as electrolytes [13,17–18]. In our earlier work, we reported the fabrication of fast silver ion-conducting solid-state batteries and investigated their discharge behaviour under varying load conditions using a novel composite electrolyte system, 0.9[0.75AgI:0.25AgCl]:0.1TiO₂ [18].

            In the present investigations, we report here the fabrication of solid-state batteries and their discharge characteristic studies performed under different load conditions. A newly synthesized fast Ag+ ion conducting composite electrolyte system 0.85[0.75AgI:0. 25AgCl]: 0.15CeO2 was used as an electrolyte.  The cell configurations are as follows:

Cell-I Ag-metal ⁄⁄ SE ⁄⁄ C+I2 

Cell-II Ag-metal ⁄⁄ SE ⁄⁄ (C+I2+SE2)

Where SE is newly synthesized silver ion conducting solid electrolyte system 0.85[0.75AgI:0. 25AgCl]: 0.15CeO2. The composite electrolyte system was prepared by melt quenching technique, in this system the new host salt [0.75AgI:0. 25AgCl] was used as first phase host matrix [3-4], and chemically inert compounds CeO2 were used as a second phase dispersoid. The basics synthesis and structural characterization such as Impendence Spectroscopic parameters like bulk resistance ac & dc electrical conductivity as a function of temperature and frequency, XRD and DSC investigations on this solid electrolyte in this specific composition have already been reported by us. [15-16]. In the present measurements the basic cell parameters such as current density, voltage density, discharge capacity and energy density etc. were evaluated under different load conditions for all newly fabricated cells. Ionic transference (tion) number was also evaluated using electrochemical potential technique for this composite electrolyte system.

2. EXPERIMENTAL DETAILS:

2.1 Sample preparation and solid-state batteries fabrication:

    A homogeneous mixture of the composite electrolyte system, 0.85[0.75AgI:0.25AgCl]:0.15CeO₂, was subjected to heat treatment in an electric furnace at approximately 700 °C for 10 minutes (soaking duration), followed by rapid quenching in a liquid nitrogen (LN₂) bath. High-purity chemical precursors, namely AgI and AgCl (purity > 98%) and CeO₂ (purity > 99%), were employed for the material synthesis [15–16]. For the fabrication of solid-state batteries, two cathode configurations were prepared. In the first, elemental iodine (I₂) and carbon powder (C) were mixed uniformly in a 1:1 weight ratio. In the second, a ternary mixture comprising elemental iodine (I₂), carbon powder (C), and the solid electrolyte was homogenised in a 5:5:1 weight ratio. Subsequently, the prepared composite electrolyte and cathode mixtures were finely ground and compacted under an applied pressure of approximately 2 ton cm⁻² to form pellets. The resulting pellets exhibited thicknesses in the range of 1–3 mm and diameters of 1.3 cm and 0.9 cm.

2.2 Solid state batteries fabrication and discharge characteristic studies: 

   Solid-state batteries were fabricated using the composite electrolyte system as the electrolyte in different cell configurations, designated as Cell-I and Cell-II, as described in Section 1. Two distinct cathode compositions were employed: a binary mixture of carbon (C) and iodine (I₂) in a 1:1 weight ratio, and a ternary mixture of carbon (C), iodine (I₂), and the solid electrolyte in a 5:5:1 weight ratio. Metallic silver (Ag) was utilised as the anode in all cell configurations. The assembled cells were sealed using epoxy resin to minimise iodine surface diffusion. Discharge studies were conducted under various load resistances, including 1 MΩ, 500 kΩ, 200 kΩ, 100 kΩ, and 56 kΩ. Key electrochemical parameters—namely current density, voltage density, discharge capacity, and energy density—were evaluated for each cell. Cell potential measurements were carried out using a digital multimeter, and all experiments were performed within a desiccator to eliminate the influence of ambient moisture.

3. RESULTS AND DISCUSSION:
3.1 Theory of electromotive force (emf) generation in the solid-state batteries:
        Thermodynamically, an electromotive force (emf) would be generated if the cathode and anode materials of different chemical potentials are used; The chemical reaction involved at the electrode/electrolyte interface give rise to an electrochemical emf ‘E’ the cell reaction at the two electrode/electrolyte interface can be written as:

At Anode (Oxidation Reaction): Silver metal (Ag) dissolves at the anode/electrolyte interface, releasing electrons and forming silver ions 
Ag→Ag+ + e-                    (1)
At Cathode (Reduction Reaction): Iodine (I2) at the cathode/electrolyte interface reacts with the electrons arriving from the external circuit to form iodide ions (I-), which then combine with silver ions diffusing through the solid electrolyte.
 ½ I2 + e-→ I –            (2)
Ag++ I - → AgI       (3)
Total Cell reaction represent as:

Ag + ½ I2 →   AgI   (4)

     The above chemical reaction involves an energy i.e. Gibb’s free energy, which gives rise to the generation of an electrochemical reaction of the cell, is often of the order of 0.687V, which is also the theoretical value of open circuit voltage of (OCV) of the cell [9,13-18].

3.2 Open circuit voltage and discharge characteristic studies:
Figure 1 presents the discharge profiles of Cell-I at room temperature under various load conditions (1 MΩ, 500 kΩ, 200 kΩ, 100 kΩ, and 56 kΩ) using a 1:1 carbon–iodine (C + I₂) cathode. The open-circuit voltage (OCV) of Cell-I was measured to be approximately 0.682 V, closely matching the theoretical OCV of ~0.687 V. The discharge curves exhibit a relatively constant plateau region at ~0.660 V, following an initial minor drop in potential for each load condition. The observed initial drop and subsequent rapid decreases in cell potential are attributed to the rapid development of polarization and the formation of low-conductivity AgI at the cathode–electrolyte interface [1–5,19–20]. Under a 1 MΩ load, the battery maintained a working voltage of ~0.660 V and discharged over approximately 135 hours. At 500 kΩ, the working voltage slightly decreased to ~0.550 V, with a correspondingly extended discharge duration of 280 hours, indicative of low current drain conditions. In contrast, at lower resistive loads (200 kΩ, 100 kΩ, and 56 kΩ), the cell potential declined more rapidly, stabilising at lower working voltages, and the overall discharge time was significantly reduced.
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Figure 2. shows the discharge profile of cell-II discharged at 500KΩ, the cathode material used was (C+I2+Electrolyte) in 5:5:1 wt.% ratio. To see the effect of mixing electrolyte in cathode material cell-I is redrawn in the Figure 2. for direct comparison at same 500KΩ load condition. One can obviously note that through cell-II has lower working voltage (~0.535) as compared to cell-I (~0.660) but it has larger discharge time about 340h as compared to 200h for the cell-I. This shows that performance of ceII-II is better and more stable than cell-I.
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 It is obvious from all these discharge profiles that discharge characteristic behaviour shows the initial drop in cell voltage with time, which is due to the buildup polarization as well as formation of low conducting AgI at cathode/ electrolyte interface [13-18]. All the cells show the high stabilized working voltage at high load resistance or low current drain respectively.  The high stabilized cell voltage was observed for cell-II as compared to cell-I at low current drain. Some cell parameters have been calculated from plateau region of cell potential vs. time plots for all cells are listed in table 1.
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	Cell-I
	1000

500

200
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56
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535

550

380

152
	0.66

1.1

2.75

3.8

2.71
	0.97

1.65

4.1

5.59

4.17
	79.2

214

206.2

239.4

86.84
	0.153

0.314
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0.566

0.266
	18.34

61.68

46.3

36.67

6.59

	Cell-II
	500


	450
	0.9


	1.38
	252
	0.217
	59.6


3.3 Ionic transference number investigation by electrochemical potential technique: 
The ionic transference number (t₁ₒₙ) provides a quantitative measure of the relative contributions of ionic and electronic transport to the total conductivity in an ionic or superionic solid. In this study, Wagner’s DC polarization method, also referred to as the TIC (Transference Number Measurement) technique [1,6,17–18], was employed. Alternatively, the ionic transference number can be estimated using the electrochemical potential method, expressed as E′/E, where E and E′ represent the theoretical and experimentally measured open-circuit voltages (OCV), respectively. For the composite electrolyte system utilised in the fabrication of the cells, an ionic transference number of t₁ₒₙ ≈ 0.998 was obtained. This value is consistent with measurements performed using the TIC technique for similar composite electrolyte systems [6,15–16]. These results indicate that the present system behaves as a nearly pure ionic conductor, with Ag⁺ ions serving as the exclusive charge carriers and the electronic contribution to conductivity being negligible.

4. CONCLUSION:

Solid-state batteries were fabricated using a newly synthesised two-phase composite electrolyte system, 0.85[0.75AgI:0.25AgCl:0.15CeO₂], as the electrolyte. Two cathode compositions were employed: a binary mixture of graphite powder (C) and elemental iodine (I₂) in a 1:1 weight ratio, and a ternary mixture of C, I₂, and the composite electrolyte in a 5:5:1 weight ratio. Metallic silver (Ag) was used as the anode in all cell configurations. Analysis of the discharge profiles under various load conditions at room temperature demonstrated that the solid-state batteries performed more effectively under high load resistance (i.e., low current drain). In particular, Cell-II, fabricated with the ternary cathode mixture (C + I₂ + electrolyte), exhibited superior long-term stability, maintaining performance for approximately 340 hours at high load resistance, compared with Cell-I, which used the binary C + I₂ cathode. The ionic transference number (t₁ₒₙ) of the Ag⁺ ion-conducting two-phase composite electrolyte was determined using the electrochemical potential method, yielding a value of ~0.998. This result aligns closely with values previously reported using the TIC technique [15–16], confirming that the composite electrolyte system behaves as a nearly pure ionic conductor with negligible electronic contribution.
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Figure 1. Potential discharge profiles at different load resistances for Cell-I Ag-metal // 0.85[0.75AgI:0.25AgCl: 0.15CeO2// (C+ I2)





Figure 2.  Potential discharge profiles at 500 KΩ for Cell-II: Ag-metal // 0.85[0.75AgI:0.25AgCl: 0.15CeO2// (C+ I2 + Electrolyte)





Table 1. Lists some important cell parameters obtained from plateau region of potential profiles for cells.
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