



Solid State Batteries Charging-Discharging Study Using Newly Synthesized Silver Ion Conducting Composite Solid Electrolyte Systems
Abstract

In the present paper solid-state batteries have been fabricated with the cell configuration: Anode ⁄⁄ 0.85[0.75AgI: 0.25AgCl]: 0. 15CeO2 (OCC) ⁄⁄ Cathode. In the cell configuration the new silver ion conducting composite electrolyte systems: 0.85[0.75AgI:0.25AgCl]: 0.15CeO2 has been synthesized by melt quenching technique. The detail of synthesis and characterizations of this newly synthesized solid electrolyte have already been reported earlier.   For the cell configuration Ag-metal was used as anode while different cathodes material such as mixture of elemental iodine & carbon powder (i.e. C+I2) in 1:1 wt% ratio and mixture of elemental iodine, carbon powder & electrolyte (i.e. C+I2+ electrolyte) in 5:5:1 wt% ratio was used. The solid-state batteries charging & discharging characteristic studies have been carried out under different load conditions, cell parameters viz. current density, voltage density, discharge capacity and energy density were evaluated and reported. The transference number (tion~1) has also been measured for composite electrolyte systems using electrochemical potential technique which is identical to the value reported earlier by TIC technique for the composite systems. The solid-state batteries performed most satisfactory results especially during low current drain application.
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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 [1-4]. 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 [3-6]. 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 [10-14, 22]. Also, several Ag+ ion conducting glasses and composite electrolyte system have been reported in last decade, in which a newly investigated host salt or solid solution [0.75AgI:0.25AgCl] was used in place of AgI [10-13]. Several solid-state batteries have been investigated and reported in which Ag+ ion conducting materials were used as an electrolyte [11-21]. We have already reported the fabrication of solid-state batteries and their discharge characteristic studies were performed under different load conditions using newly synthesized fast Ag+ ion conducting composite electrolyte system 0.9[0.75AgI:0. 25AgCl]: 0.1TiO2 [19]. 

            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 systems was prepared by melt quenching technique, in this system the new host salt [0.75AgI:0. 25AgCl] was used as first phase host matrix, and chemically inert compounds CeO2 were used as a second phase dispersoid [16, 22]. The various cell parameters namely current density, voltage density, discharge capacity and energy density etc. were evaluated under different load conditions for all cells. Ionic transference (tion) number was calculated using electrochemical potential technique for the composite electrolyte system.

METHODOLOGY

2. EXPERIMENTAL DETAILS:

2.1 Sample preparation and solid-state batteries fabrication:

    The homogeneous mixture of composite electrolyte system: 0.85[0.75AgI:0. 25AgCl]: 0.15CeO2 was heated in electric furnace at about 7000C for 10min. (soaking time) then quenched rapidly in liquid nitrogen (LN2) bath. The extra pure chemicals AgI, AgCl (purity> 98%) and CeO2 (purity> 99%) were used for sample preparation [16, 22]. For solid state batteries fabrication, the two different cathode materials i.e. elemental iodine (I2) & carbon powder (C) in 1:1 wt. ratio was mixed uniformly and elemental iodine (I2), carbon powder (C) & solid electrolyte in 5:5:1 wt. ratio was mixed uniformly. Finally, the composite electrolyte system and cathode materials were ground to fine powder then pressed at about 2 ton/cm2 to form of pallets of dimensions 1-3 mm in thickness and 1.3 cm and 0.9 cm in diameters [16,22].  
2.2 Solid state batteries fabrication and discharge characteristic studies: 

   Solid-state batteries were fabricated using composite electrolyte systems as an electrolyte in different cells i.e. Cell-I and Cell-II, in various configurations as mentioned in section 1. The different two cathode materials (i.e. C+I2 & C+I2+ electrolyte in 1:1 & 5:5:1 wt. ratio respectively) have been used while Ag - metal was used as an anode for fabrication for these cells. The batteries were sealed with epoxy resin to inhibit the surface diffusion of iodine. These cells were discharged at different loads. Various cell parameters viz. current density, voltage density, discharge capacity and energy density were carried out for all cells. A digital multimeter was employed for the cell potential measurements and the measurements were performed in a desiccator to avoid the effect of 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:             
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    (dissolves in the electrolyte)
At cathode: I     + e → I - (remains at electrolyte/cathode interface)
or        Ag+     +     I -    → AgI

The total cell reaction: Ag + ½ I2 →   AgI

     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 0.687 V, which is also the theoretical value of open circuit voltage of (OCV) of the cell [1-5, 19].

3.2 Open circuit voltage and discharge characteristic studies:
Figure 1. shows the discharge profile at room temperature for the cell-I at different load conditions (i.e. 1MΩ, 500KΩ, 200KΩ, 100 KΩ & 56KΩ) when (C+I2) was used in 1:1 as a cathode material. The open circuit voltage (OCV) ~ 0.682V was obtained for the cell-I which is close to the theoretical value of open circuit voltage (OCV) ~ 0.687V. It is obvious from discharge profile that the cell potential remained practically constant in plateau region (~ 0.660V) except for a small initial drop in the value of potential in each curve. The rapid falls as well as small initial drop in the cell potential are basically due to the fast buildup of polarization & the formation of low conducting AgI at the cathode/electrolyte interface [1-5,19-20].  The battery 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. These two batteries discharged at low current drain. However, when lower loads (200KΩ, 100 KΩ & 56KΩ) were used the cell potential for this cell dropped rapidly and gets stabilized at lower value of working potential, but have lower discharge time.
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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 [1-5,19]. 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.
	Cells
	Load resistance

(KΩ)
	Work-

king

voltage (mV)
	Current

drawn

from Cell

(μ A)
	Current

density

(μ A cm-2)
	Discharge

capacity

(μ A h)
	Power

density

(mWKg-1)
	Energy

density

(mWhKg-1)

	Cell-I
	1000

500

200

100

56
	660

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

0.617

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 (tion) is the quantitative measurements of the extent of ionic/ electronic contribution to the total conductivity in an ionic / superionic solid. Wagner’s d.c. polarization technique/TIC technique [2, 15-16,22] is widely used in this study. However, the ionic transference number can also be evaluated alternatively by electrochemical potential method using following equation: E′ / E where E & E′ are theoretical and measured value of OCV respectively. The transference number (tion) ~ 0.99 was obtained for both the composite electrolyte systems using in the fabrication of cells as an electrolyte. This value of tion is same for the composite electrolyte systems investigated through TIC technique [15-16,22]. It is clear from this investigation that the present systems are pure ionic systems in which Ag+ ion as the sole charge carrier and the electronic contribution in the conduction is negligible.  
4. CONCLUSION:

Solid-state batteries have been fabricated using the newly synthesized two-phase composite electrolyte systems as an electrolyte, while homogeneous mixture of graphite powder (C) & elemental Iodine (I2) i.e. (C+I2) in 1:1 wt. % ratio and mixture of (C+I2+electrolytes) in 5:5:1 wt. % ratio were used as cathode materials and Ag-metal was used as an anode to fabricated solid-state batteries. From the cell discharge profile, it is concluded that the cells were discharge at various load conditions and different cell parameters were evaluated at room temperature. The solid-state batteries exhibited better cell performance at high load resistance or low current drain. The cell (Cell-II) was fabricated using (C+I2+electrolytes) as a cathode materials show higher stability for long time (~340 hours) at high load resistance as compare to Cell-I fabricated using (C+I2) as a cathode material.  The transference number (tion) was calculated using electrochemical potential technique, the value of   tion ~ 0.998 was obtained for Ag+ ion conducting two-phase composite electrolyte systems, which is identical to the value reported [15-16] by TIC technique and indicates that the composite electrolyte systems are pure ionic systems.
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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)





Table1. Lists some important cell parameters obtained from plateau region of potential profiles for cells.
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