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ABSTRACT: 
 
In this paper we report a study of SrCO3: Li2CO3 binary solid electrolyte system, wherein, a Complex Impedance 

Spectroscopy, Wagner's DC polarization Technique, and the DC Four-Probe methods were used to explore the in-situ 

AC, DC, bulk, and Surface Electronic Conductivities of the SrCO3: Li2CO3 binary solid electrolyte at various 

temperatures and under calibrated CO2 gas pressures. A specialized and indigenous sample container with four 

equidistant, spring-loaded noble metal electrodes and a localized heating system (473-583 K) were used for the four-

probe conductivity/resistivity measurements, which has a critical need of equilibrated temperatures under test gas 

concentrations. During the impedance study at temperatures from 473K to 593 K, it was discovered that the AC bulk 

conductivity decreased with increasing CO2 gas concentration (from 0.1 to 100%) by about two orders and one order of 

magnitude, respectively. For both the CO2 concentrations, 0.04 and 10%, surface conductivity changes with 

temperature similarly exhibited Arrhenius behaviour, with a lower activation enthalpy for lower CO2 concentration. By 

comparing surface conductivity data with AC bulk conductivity measurements at various CO2 partial pressures and 

DC conductivity together with sensor response, the change in surface conductivity in the presence of various 

concentrations of CO2 gas is justified and understood. Utilizing data from active charge transfer, the mechanism, the 

electronic excitation window was discovered to contain the range of Ea values on CO2 gas adsorption, suggesting the 

involvement of a novel parameter that must be researched for non-Nernstian response of EC sensors. 

Key words:  Complex impedance spectroscopy, charge transfer reaction, electrochemical CO2 gas sensor, solid electrolyte, and surface 

conductivity 

 

 

INTRODUCTION: 

The solid-electrolyte is an essential part of an 

electrochemical gas sensor, which permits ion 

movement through it under an electrochemical 

potential gradient between the test/sensing and 

reference electrodes. This component should 

ideally be an ionic conductor with extremely low 

electronic conductivity (Ambekar P. et al, 2022). 

As the process of gas adsorption involves 

catalytic electron transfer, the surface electrical 

conductivity of the electrolyte/sensing surface 

may vary during sensing action. This may be a 

rate-determining mechanism that affects the 

sensor's reaction time and its sensing range 

(Ambekar P. et al, 2014). Gas sensors used in 

industry and pollution monitoring systems must 

be trustworthy in terms of reproducibility, 

reversibility, quick response time, wide detection 

range for test gas, negligible or reduced cross-

sensitivity, long-term operation stability, 

resistance to thermal shocks, and adherence to 

theoretical laws such as Nernst's principle in the 

case of electrochemical sensors (Zdrachek E. 

and Bakke E., 2019). Li2CO3, K2CO3, Na2CO3, 

and other pure alkali carbonates are very 

hygroscopic, which limits their use as an 

electrolyte in the electrochemical detection of 

CO2 gas under humid conditions since it causes 

the electromotive force (EMF) of the cell to 

deviate over time (Ambekar P. et al, 2022). Also, 

high-temperature operation (~973 K) has been 

mandated for potentiometric CO2 gas sensors 

based on mono-component electrolyte (Weppner 

W. 1986). Multi-component electrolyte systems 

are more desirable for electrochemical sensors 

than mono-component electrolyte systems 

because they have higher intrinsic ionic 

conductivity and greater chemical and thermal 

stabilities (Ambekar P., et al, 2022). When pure 

mono-valent alkali carbonates, such as Li2CO3, 

are combined with divalent carbonates, ionic 

conductivity is improved and cross-sensitivity to 

moisture is decreased (Singh K. et al, 1999). 

Additionally, they offer a favourable contact with 
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the reference electrode materials of the sensor 

which are typically ternary oxides of alkali earth 

metals (Ambekar P and Randhawa J. 2014). The 

sensor performance parameters namely reaction 

time (response/recovery time in this case) and 

sensitivity of potentiometric sensors fabricated 

using binary electrolytes have been reported to 

be improved (Schettler H., et al, 1993). Response 

time has been shown to be substantially 

dependent on the electrolyte's surface when 

comparing the features of CO2 sensors with 

various electrolytes. One of the likely causes is 

assumed to be the alteration of electrolyte 

characteristics upon gas adsorption, namely 

surface conductivity (electronic/ionic). Due to 

interference between the potentials of the 

reference and test electrodes, it is impossible to 

determine the in-situ surface conductivity of the 

electrolyte material while the sensor is in use as 

the sensor emf can be altered with the 

measurement parameters (Ambekar P. et al 

2022). 

Research on the solid electrolyte's surface 

conductivity, or more specifically the gas-

sensing surface of an electrochemical sensor, 

has yet to be studied thoroughly. Therefore, in 

this work in-situ bulk AC and DC conductivities 

of SrCO3: Li2CO3 binary solid electrolytes were 

examined using complex impedance 

spectroscopy and Wagner's DC polarization 

method, respectively, at various temperatures 

and CO2 gas partial pressures. Additionally, 

measurements of the surface electronic/ionic 

conductivity were taken using the four-probe 

technique in both the presence and absence of 

CO2 gas in embedded air. 

MATERIALS AND METHODS: 

Materials preparation and structural 

characterization: 

Well-dried carbonates Li2CO3 and SrCO3 from 

Merck with purity 98 and 98.5%, respectively, 

were taken in the proper weight fractions to 

make a binary mixture series (100-x)Li2CO3: 

x(SrCO3). This was for the application purpose 

as binary electrolyte. The carbonates were 

completely mixed in acetone (AR grade) before 

the temperature was gradually increased to 996 

K, the melting point. The molten liquid, after 

soaking for 30 minutes at the same 

temperature, was quickly cooled to room 

temperature between clean aluminium plates, 

producing flakes of a thickness around 1-2 mm. 

Powder XRD (Bruker D8 XRD unit, Cu 1.54 AU) 

was used to characterize the structure, with 2 

values ranging between 15 and 80 degrees. 

Electrical characterization: 

Impedance Analysis- Circular pellets were 

formed from polycrystalline binary carbonate 

powder that had a crystallite size of less than 40 

microns and had been uniaxially pressed using 

a hydraulic press at a pressure of 3 tons/ cm2. 

The pellets were sintered at 873 K for 8 hours to 

achieve their maximum density, and then gold 

was sputtered on both the flat surfaces using 

Hind High-Vac Sputtering Unit to create 

electrodes.  

Impedance analysis was used to determine the 

electrolyte's AC electrical conductivity by using 

an Impedance Spectrometer (HP 4192A) with a 

frequency range from 5 Hz to 13 MHz at various 

temperatures (473-593 K). At the trace's X-axis 

intercept, when the imaginary component is 0, 

the value of bulk resistance was measured. MS-

Excel was used to manually conduct the 

analysis. 

In-situ Surface Conductivity- The flakes 

already described under section-1 that were 

produced in quenching process were of 

homogeneous thickness and diameter (~10-12 

mm). These flakes were used for further 

measurement of surface conductivity using four-

probe method. Four evenly spaced dots of 

Sputtered Au/Ag paint with a diameter of <1 

mm was established to create ohmic contacts on 

the surface. An indigenous self-designed and 

fabricated sample holder, having the four-probe 

assembly with the critical requirements of high 

temperature and gas-embedded measurements 

was used for surface conductivity measurements 

already discussed elsewhere (Ambekar P., et al, 

2021). The four-probe assembly was having an 

equidistant spring-loaded four electrodes that 

are gold-plated and have a testing temperature 

range of room temperature to 593 K. With its 

localized heating technique for quick equilibrium 

at the working temperature range of the 

material, this device was used. The assembly is 

contained inside a glass jar, making it possible 

to conduct measurements in any environment. 

To produce comparable humidity levels in 

various situations, the gases were passed 

through a water column of 5 cm, either ambient 

air or calibrated CO2 gas in embedded air. A 

digital PID temperature controller, as well as a 

gas flow facility, help the sample holder 

assembly for in-situ measurements. The system 
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is capable of being used for a variety of electrical 

measurements, including AC and DC electrical 

measurements. 

Transport Number Measurement- The cold-

pressed and well sintered pellets that were used 

in impedance measurement and discussed 

under section Impedance Analysis Section, were 

used in the measurement of transport using 

Wagner’s DC polarization technique too. The 

measurements were performed under the CO2 

gas partial pressures at different temperatures 

by applying a constant potential difference 

across the material pellet and the current has 

been measured as a function of time with the 

help of a Keithley 2100 a high precision 6½ digit 

digital multimeter. The zero-time conductivity 

and the infinite time conductivity after complete 

polarization were measured and the ionic and 

electronic transference numbers (ti and te) were 

obtained. 

RESULT & DISCUSSION:  

Structural analysis 

In the binary compositions' powder X-ray 

diffraction analysis, Li2CO3 and SrCO3 were 

found to be the primary peaks in the diffraction 

patterns for all significant peaks, with no 

additional peaks that could be distinguished 

JCPDS file numbers 83-1454 and 05-0418 for 

Li2CO3 and SrCO3 respectively). This proved that 

a biphasic mixture without any solubility had 

formed (figure-1). Scherrer's formula has been 

used to calculate the values of crystal size and 

lattice strain (Scherrer P. 1918). The average 

crystallite sizes for SrCO3 and Li2CO3 in the 

70Li2CO3:30SrCO3 system are found to be 17.53 

nm and 15.65 nm, respectively, and the lattice 

strains are found to be 0.008127 and 0.009829, 

respectively, which are equivalent in both 

crystallites. 

Impedance analysis 

Two conduction mechanisms in low and high 

frequency regions are seen from the impedance 

plots, as it fits two semicircles (figure-2). 

Electrode polarization is seen in every plot at low 

frequencies. For a particular temperature bulk 

resistance is measured from real axis intercept 

of the semicircle at which Z” i.e. an imaginary 

part of impedance becomes zero. One order of 

magnitude decreases in bulk resistance is 

observed when temperature is increased from 

573 K to 620K. The binary electrolyte being 

composite in nature, the two conduction 

pathways are through the bulk + along the grain 

boundaries and the other one perpendicular to 

the grain boundaries (Randhawa J. et al 2004; 

Hariharan K. and Maier J. 1995). At low and 

high frequency semicircles, capacitance values 

are discovered to be in the nF and pF range.  

The Arrhenius plots in the temperature range of 

573 to 773 K, with in-situ CO2 partial pressure 

variation demonstrate how AC conductivity at 

573K depends on CO2 gas partial pressure 

(figure-3). With the rise in CO2 concentration, 

bulk resistance is shown to increase in value at 

lower temperatures. Together, the values of 

capacitance and activation enthalpy represent 

the processes that characterize ion transport via 

lattice defects (Hariharan K. and Maier J. 1995). 

For binary electrolytes, the ionic conductivity is 

found decreasing with a logarithmic rise in CO2 

concentration at elevated temperatures (573-773 

K); the drop is within one order of change. This 

reduction in ionic conductivity shows that 

cations on the surface of the electrolyte holding 

the CO2 gas molecules in equilibrium. 

This decrease in ionic conductivity shows that 

the cations at the surface of the electrolyte are 

being held back by ambient CO2 gas molecules 

that have adsorbed themselves, as shown by the 

reaction CO32- + 2Li+  Li2CO3. Impedance 

spectroscopy reveals the bulk properties of the 

electrolyte, but in this case, adsorbed CO32- 

molecules are found to be the cause of the 

decrease in bulk conductivity, indicating that 

the CO32- molecules' blocking of the cation 

reduces the number of charges moving 

perpendicular to the surfaces. In metal oxide gas 

sensors, oxygen often adsorbs on the surface 

and grain boundaries when the oxide material is 

heated to a high temperature. 

However, at this instance, a 100% CO2 gas 

environment is what causes the greatest 

decrease in conductivity to be seen. 

The combined action of oxygen and CO2 cannot 

be disregarded since oxygen from ambient air is 

used in the oxidation of stable CO2 through 

catalytic activity at temperatures [523 K] to 

create CO32- ion. The Arrhenius shows that the 

variance in activation energies falls between 

0.768 and 0.902 eV. 

DC conductivity measurements 

Figure 4 shows the time variation of total dc 

conductivity at temperatures 473 to 573K, from 
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which ionic and electronic transference numbers 

are discerned as zero time and infinite time 

conductivity values. Insets A and B compares 

the bulk ionic and electronic transport numbers 

and conductivities respectively. Above 523K, 

both ionic and electronic conductivities sharply 

increase. Ionic conductivity rises with 

temperature and reaches saturation at a rise of 

nearly one order of magnitude (i = 2.25 x 10-7 S 

cm-1). Additionally, it was discovered that the 

electronic conductivity rose at high 

temperatures (573K) by a very little amount (e = 

2.38 x 10-8 S cm-1), resulting in an average ionic 

transference number of 0.904, which denotes 

the electrolyte's predominant ionic nature with 

strong electronic conductivity domination. 

Which is in accordance to earlier studies, the 

electronic conduction increases as ionic 

conduction increases (Nafe H. et al, 1994; 

Burghate P. et al, 2015). 

Surface Conductivity measurements 

Using a locally created four-probe unit, surface 

conductivity measurements were made in the 

temperature range of 500 to 620K, increasing in 

steps of 10K at two CO2 gas partial pressures, 

namely 0.04 and 10% embedded in artificial air. 

Figure-5 depicts the variation in surface 

conductivity with temperature for the 

70Li2CO3:30SrCO3 system for two CO2 gas 

concentrations. The graphs for embedded air 

with 10% CO2 are found to be overlapping 

during heating and cooling cycles, 

demonstrating the repeatability of data at 

various temperatures. It also denotes a rapid 

and reliable temperature equilibrium that is 

attended by the sample and sample holder. The 

open environment (ambient) figure displays a 

linear decrease in conductivity with temperature 

but a lower activation energy value. The graphs 

with 10% CO2 partial pressure, however, 

demonstrate considerably greater activation 

energies, and conductivity was discovered to 

have moved by nearly two orders and one order, 

respectively, at lower and higher temperatures. 

After exposure to 10% CO2 molecules in 

embedded air, the activation energy Ea for the 

70Li2CO3: 30SrCO3 binary is shown to have 

changed from 1.33 to 2.76 eV, indicating the 

adsorption process, and resulting change in 

surface electrical conductivity. The Ea values 

show significant variance, which supports the 

idea that the electrolyte's ionic structure 

influences the surface electrical conductivity. 

The values of Ea are found to have virtually 

doubled with a rise in CO2 gas partial pressure 

from ambient (0.04%) to 10%, confirming the 

anticipated change in Li: ion chemical potential 

with an increase in CO2 gas concentration. This 

increase indicates a more tightly bound state of 

the electronic (holes/electrons) charges, which 

shows that the adsorbed gas molecules have 

bonded the surface ions (Li+), which internally 

opposes the liberation of electrons (adsorption 

process of CO32-). According to reports, the 

surface conductivity values appear to have 

decreased by an order of magnitude as the 

partial pressure of CO2 increased. 

The Warburg element values of Ea are almost 

doubled with an increase in CO2 gas partial 

pressure from ambient (0.04%) to 10%, 

confirming the change in chemical potential of 

Li: ion with increase in CO2 gas concentration as 

expected. The values of activation energy lying in 

the visible region of the electromagnetic 

spectrum suggest the electron-donor-acceptor 

complex commonly seen in most charge transfer 

complexes in inorganic chemistry. 

CONCLUSION: 

At high temperatures, the bulk ionic and surface 

DC conductivities of the binary carbonate 

70Li2CO3: 30SrCO3 decrease as the CO2 gas 

concentration rises. Complex impedance 

analysis and the comparison of activation energy 

values lead to the conclusion that the adsorption 

of CO32- ions is what causes the change in 

chemical potential and surface electronic 

conductivity. The observations of surface 

electronic conductivity at various CO2 gas 

concentrations suggest that electronic 

conductivity dominates in controlling the 

functionality of EC gas sensors. This kind of 

research has not been done exhaustively so far, 

and it creates a novel parametric study to 

examine non-Nernstian behaviour frequently 

seen in electrochemical gas sensors. 
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Figure-1. X-ray diffraction pattern for 70Li2CO3+30SrCO3 Binary System  

 

 

 

 

 

 

 

 

 

 

 

 

  Figure-2. Complex impedance plots at different temperatures  

 

 

 

 

 

 

 

 

 Figure-3. Arrhenius plots with in-situ CO2 partial pressure variation 
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Figure-4. Variation of total current with time at different temperatures using Wagner’s DC 

Polarization technique. Insets A and B depicts the Bulk Ionic and Electronic Transport Numbers 

and Conductivities respectively 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-5. Arrhenius plots for surface conductivity at two CO2 gas partial pressures  

 

 

 

 

 

 

 

 

  


