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Introduction 
 
The field of electrochemical impedance spectroscopy (EIS) has been active for many years, yet it is only 
recently that EIS has become popular for both research and development as well as various preventative 
maintenance fields. EIS combines the field of Chemistry with Electrical engineering, the crossover can 
sometimes expose engineers and scientists to technical terms and instrumentation they do not commonly 
encounter. This application note discusses a measurement approach utilising N4L instrumentation which 
provides impedance measurements of a range of batteries/cells, from Lithium-Ion to Hydrogen fuel. 
 
Why do we perform EIS? 
 
Several important characteristics can be determined from an EIS measurement. For example, during rapid 
dynamic loading of vehicle battery cells there will be high frequency transient load events occurring at the 
terminals of the battery, causing pulsating DC current through the battery. There are various 
electrochemical effects including oxidant starvation, temperature and more, one effect is capacitance within 
the battery which is formed through the effects of a short charge zone between electrode and electrolyte. 
This is known as the double layer capacitor effect. This capacitance will lie in parallel with the 
electrochemical charge transfer reaction because it is on the electrodes surface.[1] 
 
Determination of the characteristics of the battery represented as an electrical equivalent circuit are 
important to both the battery designer and the power system development engineer. This will assist 
engineers who are modelling the response of a system to loading effects, such modelling can be perform 
with PSMComm2 software, available free of charge with all N4L instrumentation. 
 
Initially within this application note, impedance analysis of a number of passive elements/circuits is 
performed to familiarise the reader with Nyquist representation of a complex circuit. After which, analysis of 
a Duracell MX1500 is performed utilising a simple connection method including a PSM3750 Frequency 
Response Analyzer and a BATT470m EIS current shunt. 
 
Impedance measurements are also required in order to characterise the battery at high frequencies. A 
charging circuit for example, utilising a pulse width modulated charge circuit will require knowledge of the 
impedance of the battery cell at the charge frequency in order to derive charge rate etc. This can all be 
derived from accurate EIS measurements of the cell. 
 
Initial Tests and Basic Theory 
 
The impedance of a simple RC combination can be represented in Nyquist form as well as a traditional 
impedance vs frequency XY plot. 
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Test Circuit 
 

 
Fig 1. 
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The test circuit includes a 45kΩ resistor and a 10nF capacitor arranged in parallel, an impedance sweep is 
performed from 1Hz to 200kHz. Initially the impedance of the circuit will be dominated by the resistor as the 
capacitor is effectively open circuit at 1Hz. This results in an in-phase overall impedance and a phase angle 
close to 0 degrees.  
 

 
Fig 2. 

 
 
In practical applications, Cdl represents the capacitance present between the plate/electrolyte interface 
created by a double layer of ions within an electrochemical cell. It is this capacitance that will initially supply 
the bursts of high frequency current when a battery/cell is loaded. Rct is the charge transfer resistance, 
present due to plate-electrolyte ion transfer limitations.  
 
As the frequency is increased, the capacitor begins to influence the total impedance of the parallel pair to a 
greater degree and eventually forms a short circuit (nominally) at higher frequencies. 
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The point at which the capacitor will have the greatest effect and subsequently the circuit will exhibit the 
greatest quadrature impedance, is at the point when then the quadrature impedance of the capacitor equals 
the in phase impedance of the resistor. 
 
 
This occurs at the following frequency: 
 

𝑓𝑚𝑎𝑥 =
1
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The subsequent phase angle at this frequency will be 45 deg. 
 
 

 
Fig 3. Log Linear Plot 
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Fig 4. Log Log Plot 

 

 
Fig 5. Impedance Plot 
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Fig 6. Logarithmic Impedance Plot 

 

 
 

Fig 7. 
 
The Nyquist plot provides a clear picture of the location of the maximum reactive impedance, this point can 
be used to determine an unknown Cdl value. This method of modeling is used within the Randle cell 
modeling function in PSMComm2 software. 
 

1/(2𝜋 ∗ 𝑓 ∗ Zmax) =  𝐶𝑑𝑙 
 
The test circuit was then modified to incorporate a series resistance Rs, this resistance represents the 
metallic resistance of the plates and the electrolyte resistance. 
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Fig 8. Simplified Randles Cell 

 
At low frequency, the circuit in fig 8. will exhibit a total impedance of 50kOhm, this is due to the fact that the 
capacitor (Cdl) in parallel with Rct will be effectively open circuit. 
 
Once the capacitor (Cdl) becomes short circuit at high frequency, the circuit will exhibit an impedance of 
5kOhms and be predominantly resistive. 
 
The Nyquist plot presents the result clearly, with the same semi-circle in figure 7 (due to the Rct || Cdl 
combination) being shifted 5kOhms from the origin. 
 

 
Fig 9. 

 
Fig 9. illustrates the response of the circuit in fig 8. in Nyquist form. The Nyquist plot is shifted on the real 
axis by 5kOhms. The low frequency end of the plot starts on the real axis at approximately 50kOhms, 
looping around back to the real axis at 5kOhms at high frequencies. 
 
Warburg Impedance 
 
To complete the Randles cell, an impedance component known as the Warburg Impedance is added to the 
model. This component cannot be created from discrete components as it is a constant phase element. The 
Warburg impedance represents common diffusion linear in nature, ie unrestricted diffusion from a planar 
electrode. The constant phase exhibited by the Warburg diffusion element is 45deg, the impedance 
magnitude is inversely proportional to the square root of frequency. 

|𝑍𝑤| =  √2
𝐴𝑤
√𝜔

   

 
Where 𝐴𝑤  is the Warburg coefficient 

 
On a logarithmic plot, the Warburg impedance appears as a straight line with a gradient of 1

2
. 

High Frequency Low Frequency 
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Fig 10. Warburg Impedance (0.2Hz ~ 0.002Hz) [2] 
 
 
 
 
Experiment #1 
 
In this experiment, EIS is performed on a Duracell Ultra Power AA battery. The Duracell specification 
indicates an impedance of  81mOhm @ 1kHz, this frequency point was checked initially to verify the test 
setup. An EIS sweep from 100mHz to 5kHz is performed using the test circuit illustrated in Fig 11. 
 
Instrumentation 
 
PSM3750-2C 
BATT470m 
2x EST10m 
4mm Connection leads 
Oscilloscope probe 
 
Connections 
 
The PSM output generator is connected in series with a DC blocking capacitor of 100uF, the final test 
circuit then consists of the 1.5V Duracell MX1500 battery in series with the HF470m current shunt. 
 
Final test schematic 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig 11. 
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The BATT470m in Fig 11. prevents loading the battery through the generator impedance (50R). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
              

Fig 12. Battery Specification                                                                                      Fig 13. Test Circuit 
 

 
CH1 of the PSM will measure the voltage drop across the Battery, CH2 is connected across the BATT470m 
with the supplied isolated BNC cable to measure the current within the test circuit. The PSM3750 then 
performs a Discrete Fourier transform (DFT) analysis of the applied sinusoid to derive the in-phase and 
quadrature components as well as impedance parameters. As the PSM3750 inputs are isolated, they can 
be connected directly to any test circuit up to 500Vpk. 
 
The PSM3750 generates an AC sinusoidal signal, which passes through the DC blocking BATT470m and 
the device under test. This signal is then swept over a range of frequencies whilst the PSM3750 
simultaneously records the impedance of the battery, the data is plotted on the instrument display as well 
as exported to PSMComm2 software. 
 
         

 
 
 
 
 
 
 
 
 
 
 

The PSM3750 recorded a series resistance of 86mOhm, note the reactance value of -36.mOhms, equating to 4.4mF 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 14.                                                                                                                 Fig 15. 
 

Fig 16. Impedance plot from 0.1Hz to 5kHz 
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All results can be exported to excel or alternatively analysed in N4L's PSMComm2 software. 
 

 
 

Fig 19. PSMComm EIS Mode 
 
Results can also be directly exported to excel, communication to PSMComm2 is via USB, RS232 or LAN. 
 
General Notes 
 
The PSM3750 features galvanically isolated inputs and generator, with a bandwidth of 10uHz to 50MHz 
and a voltage rating of 500Vpk, the above test can be applied to a wide range of measurement 
applications. 
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