Original citation:
Barai, Anup, Guo, Yue, McGordon, Andrew and Jennings, Paul A. (2014) An exploration
of Li-ion cell relaxation using EIS. In: FISITA World Automotive Congress, Maastricht,
Netherlands, 2-6 Jun 2014
Permanent WRAP url:
http://wrap.warwick.ac.uk/63547
Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions. Copyright ©
and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable the
material made available in WRAP has been checked for eligibility before being made
available.
Copies of full items can be used for personal research or study, educational, or not-forprofit purposes without prior permission or charge. Provided that the authors, title and
full bibliographic details are credited, a hyperlink and/or URL is given for the original
metadata page and the content is not changed in any way.
A note on versions:
The version presented here is a working paper or pre-print that may be later published
elsewhere. If a published version is known of, the above WRAP url will contain details
on finding it.
For more information, please contact the WRAP Team at: publications@warwick.ac.uk

http://wrap.warwick.ac.uk

F2014-EPT-057

AN EXPLORATION OF LI-ION CELL RELAXATION USING EIS
Barai, Anup*; Guo, Yue; McGordon, Andrew; Jennings, Paul
University of Warwick, Coventry, UK

KEYWORDS
EIS, impedance, Li-ion battery, relaxation, testing

ABSTRACT
This paper describes a systematic study of the effect of cell relaxation after a charge or discharge event. The EIS
technique was used to investigate how the properties of the cells changed with time after charge or discharge up
to a maximum of 15 hours. It was found that different chemistries show different relaxation rates and frequency
dependence of Ro and Rd. The cells still showed a relaxation at 15 hours after a charge/discharge event. A
suggested compromise of measurement accuracy and test length is to measure the properties of cells 4 hours
after a charge/discharge event.

I. INTRODUCTION
Lithium-ion batteries have been common in portable consumer electronics since the early 1990. They have high
energy density, high power density, long cycle life, low self-discharge and are also environmentally friendly
compared to other type of batteries [1-3]. In recent years, lithium-ion batteries have become the main interest for
high power and high energy storage systems like battery electric vehicles (BEV) [1, 4-8], power distribution
grids [8-12], wind & solar battery systems [8, 9, 13]. Power and energy density plays a significant role in
selecting a battery system for these types of applications.
The maximum power and energy that a battery can deliver are directly related to the impedance of the battery.
The impedance of a battery cell defines how quickly the cell voltage will reduce during discharge and how fast
it will increase during charge. To maximize the lifetime of a cell it needs to operate within a defined voltage
window. Operating beyond this voltage window also poses safety risks.
The impedance of a battery cell is highly dependent on the chemistry, temperature, state of charge (SoC), age
and amplitude of charge/discharge current. Extensive of work has been done to study cell impedance; the
relationship between impedance and SoC has been developed by researchers [14-18]. Another group of
researchers have presented temperature dependency of impedance [17-24]. In contrast to the SoC and
temperature effect, age and charge-discharge current amplitude have received less attention. Ratankumar et al.
and Buller et al. gave an indication of the effect of the current amplitude on cell impedance [25, 26]. Vetter et
al. explained the root cause of the impedance rise of a cell with ageing [27]. It is also reflected by the results
presented by other researchers [17, 28-31].
Despite several studies investigating the use of EIS to estimate SoC and SoH in electric vehicles and electrode
properties, limited attention has been given towards understanding the effect of relaxation time prior to
performing an EIS measurement. To ensure its repeatability and reproducibility in a vehicle or laboratory
environment, it is crucial to develop suitable experimental protocols which minimise uncertainties. In this study,
the authors investigated, what is believed to be the first study of the effect of relaxation time on EIS
measurement of several cell chemistries and several cell formats.

II. EXPERIMENTAL METHOD
A. Cell details
EIS tests were carried out on commercially available lithium-ion cells of different chemistries and different cellformat. Seven cells were selected for this study with capacity ranging from 2.2Ah to 40Ah. All cell details are
listed in Table 1.

Table 1 Cell details

Cell
Manufacturer
1
2
3
4
5

Chemistry

Capacity (Ah)

Nominal Voltage (V)

Format

NMC
Li-Titanate
Mixed Oxide
NMC/LCO
LMO

40
13
17.5
2.2
3.4

3.70
2.26
3.60
3.70
3.60

Pouch
Pouch
Pouch
Cylindrical
Cylindrical

B. Test matrix and EIS test details
EIS tests were performed in galvanostatic mode at a frequency range of 100 mHz to 10 kHz and ten frequency
points per decade. The amplitude of the current applied was adjusted for individual cell type within the range of
C/25 to C/13 Root Mean Square (RMS) value. The spectra were obtained without any superimposed DC
current.EIS tests were
EIS test were performed on each cell every 10 min for 15 h after adjusting to 50 % state of charge (SoC) using
1C charge/discharge current, at 25 °C unless otherwise specified. The SoC, charge/discharge rate and
temperature are selected to represent normal operating condition of the cell. The entire experiment was
performed within a temperature controlled chamber using a battery cell cycler to adjust SoC. The EIS test was
performed using a potentiostat outfitted with a 2A booster card.

III. RESULTS AND DISCUSSION
The Nyquist plots obtained from cells 1 to 5 at 25 °C with SoC of 50 %, adjusted with a discharge rate of 1C are
shown in Fig. 1. Based on the observations in Fig. 1, it is noticeable that relaxation process changes the total
impedance of the cell. It is also evident that the pure resistance of the cell Ro does not change nor has a minor
change with diffusion process except cell 3. This can be explained from the origin of pure ohomic resistance of
the cell. Pure ohmic resistance mainly originate from resistance of electrolyte, electrode-electrolyte interface and
current collectors of the cell [17, 18, 22, 41, 42].
The total resistance of the cell Rd which incorporates pure ohomic resistance and electrochemical impedances of
the cell defines the energy and power behaviour of an application. Rd is plotted against relaxation period in
Fig. 2. Depending on the cell, Rd was found at different frequencies; which is listed in Table 2. This variation
can originate from cell chemistry, capacity, size, shape and temperature. Trend lines had been added to the
graphs showing in Fig. 2. The trend has a generalized equation as shown in equation 1:
( )

Equation 1

Values of α and b of this equation for different cells are presented in Table 2. The R2 value of trend lines varies
from 0.9581 to 0.9948, indicating good fit with data.
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Fig. 1 Nyquist plots obtained after adjusting SoC to 50%, at 25°C using 1C discharge current (note: scale varies from graph to graph but the
ratio between ‘X’ and ‘Y’ axis value remains same to show the change of shape).
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Fig. 2 Relaxation of Rd for different cell (a) for cell 1 Rd is at 0.63 Hz, (b) for cell 2 it is at 0.63Hz, (c) for cell 3 it is at 2 Hz, (d) for cell 4 it
is at 1 Hz.

Table 2 Logarithmic parameters, value and associated frequency of Rd of the cells and value of Ro are listed.

Cell No.

Coefficient α

Constant b

1
2
3
4
5

3E-05
1E-05
2E-05
5E-04
8E-04

0.0014
0.0012
0.0021
0.0617
0.0473

Rd value at 15 h
(mΩ)
1.64
1.25
2.26
65.05
52.63

Frequency of
Rd (Hz)
0.63
2.00
2.51
1.00
0.63

Ro value at 15 h
(mΩ)
1.00
0.95
2.07
50.15
36.41

Frequency
of Ro (Hz)
251.2
158.5
79.43
794.33
1584.89

IV. CONCLUSION
Findings
 Different chemistries show different relaxation rates.
 4 h is the suggested minimum waiting time before an EIS measurement should be taken.
 The relaxation process continues even after 15 h.
 The frequency of Rd and Ro depends on chemistry and capacity.

ACKNOWLEDGMENT
This work was supported by the High Value Manufacturing Catapult centre at WMG, University of Warwick.
The authors are thankful to all ‘cell work-stream’ members of HVM Catapult for their valuable advice,
comments and discussions.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.

16.

17.

18.
19.

Lukic, S.M., et al., Energy Storage Systems for Automotive Applications. Industrial Electronics, IEEE
Transactions on, 2008. 55(6): p. 2258-2267.
Wang, J., et al., Cycle-life model for graphite-LiFePO4 cells. Journal of Power Sources, 2011. 196(8):
p. 3942-3948.
Our guide to batteries, 2012, Johnson Matthey Battery Systems.
Nishi, Y., Lithium ion secondary batteries; past 10 years and the future. Journal of Power Sources,
2001. 100(1–2): p. 101-106.
Scrosati, B. and J. Garche, Lithium batteries: Status, prospects and future. Journal of Power Sources,
2010. 195(9): p. 2419-2430.
A123. Transportation Energy Storage Solutions. 2013 [cited 2013 01/12/2013]; Available from:
http://www.a123systems.com/solutions-transportation.htm.
AESC. Cell, Module and Pack for EV Applications. 2013 [cited 2013 27/12/2013]; Available from:
http://www.eco-aesc-lb.com/en/product/liion_ev/.
Panasonic. Storage Battery System Using Lithium‐ion Batteries. 2013 [cited 2013 28/12/2013];
Available from:
http://www.panasonic.com/business/pesna/includes/pdf/Products_Battery%20Storage%20%20Storage%20Battery%20System.pdf.
McDowall, J., Integrating energy storage with wind power in weak electricity grids. Journal of Power
Sources, 2006. 162(2): p. 959-964.
Kokam. Kokam commercial-scale energy storage. 2013 [cited 2013 27/12/2013]; Available from:
http://www.kokam.com/new/kokam_en/sub01/sub01_03_6.html.
A123. Energy Storage for the Grid. 2013 [cited 2013 27/12/2013]; Available from:
http://www.a123energy.com/energy-storage-for-grid.htm.
BYD. 100kW/400kWh Energy Storage System. 2011 [cited 2013 01/12/2013]; Available from:
http://www.bydenergy.com/BYDEnergy/pages_en/product_cn/zhongdianpurui.htm.
EnerDel. Energy Storage. 2013 [cited 2013 25/12/2013]; Available from:
http://www.enerdel.com/energy-storage/.
Choi, Y.-M. and S.-I. Pyun, Effects of intercalation-induced stress on lithium transport through porous
LiCoO2 electrode. Solid State Ionics, 1997. 99(3–4): p. 173-183.
Rodrigues, S., N. Munichandraiah, and A.K. Shukla, AC impedance and state-of-charge analysis of a
sealed lithium-ion rechargeable battery. Journal of Solid State Electrochemistry, 1999. 3(7-8): p. 397405.
Jensen, S.H., K. Engelbrecht, and C. Bernuy-Lopez, Measurements of Electric Performance and
Impedance of a 75 Ah NMC Lithium Battery Module. Journal of The Electrochemical Society, 2012.
159(6): p. A791-A797.
Waag, W., S. Käbitz, and D.U. Sauer, Experimental investigation of the lithium-ion battery impedance
characteristic at various conditions and aging states and its influence on the application. Applied
Energy, 2013. 102(0): p. 885-897.
Gomez, J., et al., Equivalent circuit model parameters of a high-power Li-ion battery: Thermal and
state of charge effects. Journal of Power Sources, 2011. 196(10): p. 4826-4831.
Cho, H.-M., Y.J. Park, and H.-C. Shin, Semiempirical Analysis of Time-Dependent Elementary
Polarizations in Electrochemical Cells. Journal of The Electrochemical Society, 2010. 157(1): p. A8A18.

20.
21.
22.
23.
24.

25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.
36.
37.
38.
39.

40.

41.
42.
43.
44.
45.

46.

Schmidt, J.P., et al., Studies on LiFePO4 as cathode material using impedance spectroscopy. Journal of
Power Sources, 2011. 196(12): p. 5342-5348.
Cho, H.-M., et al., A study on time-dependent low temperature power performance of a lithium-ion
battery. Journal of Power Sources, 2012. 198(0): p. 273-280.
Liao, L., et al., Effects of temperature on charge/discharge behaviors of LiFePO4 cathode for Li-ion
batteries. Electrochimica Acta, 2012. 60(0): p. 269-273.
Momma, T., et al., Ac impedance analysis of lithium ion battery under temperature control. Journal of
Power Sources, 2012. 216(0): p. 304-307.
Abraham, D.P., et al., Temperature Dependence of Capacity and Impedance Data from Fresh and
Aged High-Power Lithium-Ion Cells. Journal of The Electrochemical Society, 2006. 153(8): p. A1610A1616.
Buller, S., et al., Impedance-based simulation models of supercapacitors and Li-ion batteries for power
electronic applications. Industry Applications, IEEE Transactions on, 2005. 41(3): p. 742-747.
Ratnakumar, B.V., et al., The impedance characteristics of Mars Exploration Rover Li-ion batteries.
Journal of Power Sources, 2006. 159(2): p. 1428-1439.
Vetter, J., et al., Ageing mechanisms in lithium-ion batteries. Journal of Power Sources, 2005. 147(1–
2): p. 269-281.
Zhang, D., et al., Studies on capacity fade of lithium-ion batteries. Journal of Power Sources, 2000.
91(2): p. 122-129.
Kassem, M., et al., Calendar aging of a graphite/LiFePO4 cell. Journal of Power Sources, 2012.
208(0): p. 296-305.
Zhang, Q. and R.E. White, Calendar life study of Li-ion pouch cells. Journal of Power Sources, 2007.
173(2): p. 990-997.
Ecker, M., et al., Development of a lifetime prediction model for lithium-ion batteries based on
extended accelerated aging test data. Journal of Power Sources, 2012. 215(0): p. 248-257.
Energy, U.S.D.o., Battery Test Manual for Plug In Hybrid Electric Vehicles, V.T.P. Energy Efficiency
and Renewable Energy, Editor 2010: Idaho Operations Office.
ISO, Electrically propelled road vehicles - Test specification for lithium-ion traction battery packs and
systems, in Part 1: High-power applications2011, International Organization for Standardization:
Geneva, Switzerland.
IEC, Secondary lithium-ion cells for the propulsion of electric road vehicles – Part 1: Performance
testing, 2012, International Electrotechnical Commission: Geneva, Switzerland.
Institution, B.S., Electrically propelled road vehicles - Test specification for lithium-ion traction
battery packs and systems, in Part 2: High-energy applications2012, British Standards Institution
Zhang, Y., C.-Y. Wang, and X. Tang, Cycling degradation of an automotive LiFePO4 lithium-ion
battery. Journal of Power Sources, 2011. 196(3): p. 1513-1520.
Culcua, H., et al., Internal resistance of cells of lithium battery modules with FreedomCAR model, in
EVS242009: Stavanger, Norway.
SAC, Cycle Life requirements and test methods of traction battery for electric vehicles, 2012,
Standardization Administration of China: China.
Zhuang, Q.-C., et al., An Electrochemical Impedance Spectroscopic Study of the Electronic and Ionic
Transport Properties of Spinel LiMn2O4. The Journal of Physical Chemistry C, 2010. 114(18): p.
8614-8621.
Eddahech, A., et al., Behavior and state-of-health monitoring of Li-ion batteries using impedance
spectroscopy and recurrent neural networks. International Journal of Electrical Power & Energy
Systems, 2012. 42(1): p. 487-494.
Seki, S., et al., AC Impedance Study of High-Power Lithium-Ion Secondary Batteries—Effect of Battery
Size. Journal of The Electrochemical Society, 2011. 158(2): p. A163-A166.
Zhang, X., Thermal analysis of a cylindrical lithium-ion battery. Electrochimica Acta, 2011. 56(3): p.
1246-1255.
Aurbach, D., et al., Common Electroanalytical Behavior of Li Intercalation Processes into Graphite
and Transition Metal Oxides. Journal of The Electrochemical Society, 1998. 145(9): p. 3024-3034.
Croce, F., et al., An electrochemical impedance spectroscopic study of the transport properties of
LiNi0.75Co0.25O2. Electrochemistry Communications, 1999. 1(12): p. 605-608.
Levi, M.D., et al., Solid‐State Electrochemical Kinetics of Li‐Ion Intercalation into Li1-xCoO2:
Simultaneous Application of Electroanalytical Techniques SSCV, PITT, and EIS. Journal of The
Electrochemical Society, 1999. 146(4): p. 1279-1289.
Aurbach, D., et al., New insights into the interactions between electrode materials and electrolyte
solutions for advanced nonaqueous batteries. Journal of Power Sources, 1999. 81–82(0): p. 95-111.

47.

48.

Arora, P., B.N. Popov, and R.E. White, Electrochemical Investigations of Cobalt‐Doped LiMn2O4 as
Cathode Material for Lithium‐Ion Batteries. Journal of The Electrochemical Society, 1998. 145(3): p.
807-815.
Song, J.Y., et al., Two- and three-electrode impedance spectroscopy of lithium-ion batteries. Journal of
Power Sources, 2002. 111(2): p. 255-267.

