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Metoda Uji Performa sel Baterai

• Cyclic Voltamettry (CV) : 
– Redox and working voltage, cell capacities, impurity 

materials (reversibility/irr).  

• Electrochemical Impedance pectroscopy (EIS).
– Charge transfer, internal resistance, materials 

behavior. 

• Galvanostatic Charge-Discharge.
– Plateu voltage (single/multiple), cell capacity, life 

cycle.
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Electrochemical Cell

• Cathode 
• Anode 
• Electrolyte
• SEI (Solid Electrolyte Interface)
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Profil V-I Baterai Lithium :

Sumber : David Linden, Handbook of Batteries,2.2
410/9/2019



Electrodes cell configuration

WBCS3000 setup : 
1. Cycler mode 
2. Potentiostat mode

2-electrode :
• Working electrode , sense electrode

• Black & white cable.
• Reference + counter electrode.

•Green & red.
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Metoda 1:CYCLIC VOLTAMMETRY
Voltammetry: metoda elektrokimia aktif , dilakukan dgn mengontrol parameter reaksi

elektrokimia dan mengukur arus listrik sebagai fungsi dari perubhan tegangan reaksi
kimia. Bentuk signal adalah dc voltage.  

. 

Instrumentation – Three electrodes in solution 
containing analyte

Working electrode: electrode whose potential 
is varied with time

Reference electrode: potential remains 
constant (Ag/AgCl electrode or calomel) 

Counter electrode:  Hg or Pt that completes 
circuit, conducts e- from signal source through 
solution to the working electrode

Electrolyte:  excess of electrolyte (alkali metal) 
to conduct current
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Li Ion Battery
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Working voltage design
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Working voltage of full-cell LIB

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Normalized 
capacity

Vo
lta

ge
 (V

)

LCO

LTO

LCO//LTO full cell
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If we use LCO//LTO battery, we 
need more than 14000 cells to 

power this car.

LTO is good for specialty 
battery, such as for stationary 
storage or smart grid battery.



SEI 

•Memperluas kontak permukaan teknologi nano
•Meningkatkan kapasitas jumlah Li-ion yg berinterkalasi

pemilihan/ sintesa material yg tepat.
•Menaikkan konduktifitas komponen doping, coating carbon. 
•Material redox higher equilibrium potential. 

Antisipasi: **)

*) P Verma et al, A review of the features and analyses of the solid electrolyte interphase in Li-ion 
Batteries, Electrochimica Acta, 55 (2010)
**) Ting-Feng Yi et al, Recent development and application of LTO as anode material of lithium ion battery, Physics 
and Chemistry of Solids, 71 (2010)

near lithium potential

No end of charge *)
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*) Lithium handbook SEI p-15; libob report of xxx workshop.pdf, p-32. 
1110/9/2019

Formation step



Instrumentation

•Hioki 3522-50 = autolab
•YOKOGAWA 7651 Programmable DC source
•DMM Scanner, Fluke Multimeter.
•WBCS 3000 8 channel.
•Pico ADC20 data logger.  
•UPS

12

Coin type cell case

Spring

Disk

Li metal

Gasket

Separator

Working electrode

Coin type cell case

Coin Cell

• Anode: graphite, Si, Li4Ti5O12
• Cathode: LiCoO2, LiFePO4, LiNixMnyCozO2, LiNixCoyAlzO2
• Electrolyte : LiPF6
• Ethylene carbonate (EC)
• Dimethyl carbonate (DMC)
• Ethyl methyl carbonate (EMC)



B.) Teori voltametriTheory of Voltammetry

1.) Excitation Source: tegangan diset pada instrumen (working electrode)
- concentration of Reduced and Oxidized Species at electrode

based on Nernst Equation:

- reaction at the surface of the electrode

Eelectrode = E0 - log
0.0592

n
(aR)
(ao)

Apply

Potential

reactants
productsln0

nF
RTEEaA + bB cC + dD
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Current is just measure of rate at which species can be brought to electrode surface

Three transport mechanisms:
(i) migration – movement of ions through solution by electrostatic attraction to 

charged electrode
(ii) convection – mechanical motion of the solution as a result of stirring or flow 
(iii) diffusion – motion of a species caused by a concentration gradient

1410/9/2019
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Potential applied on the working electrode is usually swept over (i.e. Potential app
scan) a pre

app
rere-

ied on the working electrode is usplpp
ee--defined range of applied potential

0.001 M Cd2+ in 0.1 M KNO3 supporting electrolyte

V vs SCE

Working electrode is 
no yet capable of 
reducing Cd2+

only small residual 
current flow through 
the electrode

Electrode become more and more 
reducing and capable of reducing Cd2+

Cd2+ +  2e- Cd

Current starts to be registered at the 
electrode

Current at the working 
electrode continue to rise as 
the electrode become more 
reducing and more Cd2+

around the electrode are being 
reduced. Diffusion of Cd2+

does not limit the current yet

All Cd2+ around the electrode has 
already been reduced. Current at 
the electrode becomes limited by 
the diffusion rate of Cd2+ from the 
bulk solution to the electrode. 
Thus, current stops rising and 
levels off at a plateau  id

E½

Base line 
of residual 
current

1510/9/2019



e) Cyclic Voltammetry ( reversible redox)

1) Method used to look at mechanisms of redox
reactions in solution.

2) Looks at i vs. E response of small, stationary
electrode in unstirred solution using triangular
waveform for excitation

Cyclic voltammogram
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A. Initial negative current due to oxidation of H2O to give O2
6 mM K3Fe(CN)6 & 1 M KNO3

Working Electrode is Pt & Reference electrode is SCE

No current between A & B (+0.7 to +0.4V) no reducible or
oxidizable species present in this potential range

B. At 0.4V, current begins because of the following
reduction at the cathode:

Fe(CN)6
3- +e- Fe(CN)6

4-

B.-D. Rapid increase in current as the surface concentration
of Fe(CN)6

3- decreases

D. Cathodic peak potential (Epc) and peak current (ipc)

D.-F. Current decays rapidly as the diffusion layer is extended
further from electrode surface

F. Scan direction switched (-0.15V), potential still negative
enough to cause reduction of Fe(CN)6

3-

F.-J. Eventually reduction of Fe(CN)6
3- no longer occurs and

anodic current results from the reoxidation of Fe(CN)6
4-

J. Anodic peak potential (Epa) and peak current (ipa)

K. Anodic current decreases as the accumulated Fe(CN)6
4- is

used up at the anodic reaction
1710/9/2019



ipc ipa

Ep = (Epa – Epc) = 0.0592/n, 
where n = number of electrons in reaction

E0 = midpoint of Epa Epc

ip = 2.686x105n3/2AcD1/2v1/2

- A: electrode area
- c: concentration
- v: scan rate
- D: diffusion coefficient

Important Quantitative Information

Thus,
- can calculate standard potential for half-reaction
- number of electrons involved in half-reaction
- diffusion coefficients
- if reaction is reversible 

*) Bingbing, niobium doped lithium titanate, electrochim acta 55, 2010

[Cm2/s]
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Start

Start

study case:

Reduction : Ti4+ -> Ti3+ Oxidation : Fe2+ -> Fe3+

Scan rate, Vlow, Vhigh
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4.) CV- reversible/ irreversible

Sumber : David Linden, Handbook of Batteries,2.2
2010/9/2019



Reactions at electrode surfaces

• Charging
– Li ions deintercalate (move out) from cathode, intercalte (move in) into 

anode
– At the cathode: LiCoO2 – Li+ – e-↔ Li0.5CoO2

– At the anode: 6C + Li+ + e-↔ LiC6

• Discharging
– Li ions intercalete (move in into) cathode, diintercalte (move out from 

anode)

– Overall reaction on a Li-ion cell: C + LiCoO2↔ LiC6 + Li0.5CoO2
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CELL SETUP
-half cell setup

- three electrodes configuration
-working electrode; electrode to be tested (WE)
-reference electrode; Li(RE)
-counter electrode; Li (CE)

-FULL CELL SETUP
-Two electrodes configuration
-working electrode; electrode to be tested
-reference and Counter electrode; both connected to counter

electrode terminals

2210/9/2019



Coin Cell Assembly (Two electrodes assembly)
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CV using yokogawa 7651

2410/9/2019



Example :• Single phase • double phase

Multi scan rate 2510/9/2019

6C + Li+ + e-↔ LiC6
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Typical cyclic voltammetric characterization of the LiMn2O4 electrode in conventional nonaqueous medium of lithium batteries (1
M LiClO4+PC). The CV shows two redox couples designated as the first (a, aʹ) and the second (b, bʹ) pairs of peaks. The points
(regions) indicated on the curve correspond to different states of Li1−xMn2O4 spinel formed as the

result of progress in the intercalation/deintercalation processes.

2810/9/2019



2910/9/2019



3010/9/2019
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interpretation CV :?

• Identification of intercalation/diintercalation
process, reversibility. 

• Capacity calculation of the electrode
• C=Q/V

• Working voltage. Phase confirmation to xrd
crystal structures.

• Etc.

3210/9/2019



Introduction.

Impedance Spectroscopy is also called AC Impedance or just  
Impedance Spectroscopy. The usefulness of impedance spectroscopy 
lies in the ability to distinguish the dielectric and electric properties of 
individual contributions of components under investigation. 

http://www.gamry.com/App_Notes/EIS_Primer/EIS_Primer.htm

2. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY
EIS

Impedance spectroscopy is a non-destructive technique and so can provide 
time dependent information about the  properties but also about ongoing 
processes such as corrosion or the discharge of batteries and e.g. the 
electrochemical reactions in fuel cells, batteries or any other electrochemical 
process. 

3310/9/2019



Some the advantages and disadvantages of the technique :  
Advantages.
1. Useful on high resistance materials such as paints and coatings.
2.  Time dependent data is available
3.  Non- destructive.
4.  Quantitative data available.
5. Use service environments.

Disadvantages.
1.  Expensive -- easy damage. 
2.  Complex data analysis for quantification. - need software and expert.

3410/9/2019



Basic theory :

• Resistance  : DC signal

• Ohms Law

• For a resistor, R, it follows Ohm’s Law at all current and 
voltage levels

• The resistance value is independent of frequency
• AC current and voltage signals through a resistor are in phase 

with each other

I
ER

3510/9/2019



Basic theory :
• Impedance (X)  : AC signal
• Impedance applies to AC voltage and current
• Like resistance impedance is a measure of the ability of a 

circuit to resist the flow of electrical current
• The excitation potential or AC voltage can be expressed as a 

function of time

frequency radial the    
voltage the of amplitude the 

t time at potential 
0

0

E
E

tEE

t

t sin

shift phase the    
current the of amplitude the 

current response 
0

0

I
I

tII

t

t sin

Input signal output signal

f2

Cell battery
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Impedance calculation :

• Similar to Ohm’s law

• The important point to remember is that when an AC voltage 
is applied to a pure capacitor the resulting AC current is 
shifted in phase by 90o

• There is no phase shift for a pure resistor

t
tZ

tI
tE

I
EZ

t

t

sin
sin

sin
sin

0
0

0
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Complex writing

exp( ) cos sini i

0( ) exp( )E t E j t

0( ) exp( )I t I i t i

0 0exp( ) (cos sin )EZ Z i Z i
I

0
0

0

cos( )( ) cos( )( )
( ) cos( ) cos( )

E tE t tZ t Z
I t I t t
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Measure Z( ,Vbias)

The result will be Z( ,Vo) = V( ) / I( )

3910/9/2019



Phase shift 
Current phase shift due to impedance. Through a 
capacitor this phase shift is 90o 

Applied 
Voltage

Resulting 
Current

4010/9/2019



Simple EIS

Data EIS : freq, Zreal, Z im, 
phase degree, 
Z total, 
σ (conductivity)

q1(f)

4110/9/2019



Basic Electrical Circuit Elements

Component Current Vs.Voltage Impedance

resistor E= IR Z = R

inductor E = L di/dt Z = i L

capacitor I = C dE/dt Z = 1/i C

4210/9/2019



Serial and Parallel Combinations of Circuit 
Elements

Very few electrochemical cells can be modeled using a single equivalent circuit element. 
Instead, EIS models usually consist of a number of elements in a network. Both serial and 
parallel combinations of elements occur.

1 2 3eqZ Z Z Z

1 2 3

1 1 1 1

eqZ Z Z Z

4310/9/2019



Serial and Parallel Combinations of Circuit Elements

1 2 1 2 1 4 5eqZ Z Z R R

1 2
1 2

6 6 6

1 1 1

1 1 1 1 μF
(2 ) (2 ) (1 )

eq

e

Z Z
Z i C i C

i e i e i

C1 C2

R1 R2
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Basic impedance  : R,C,L

4510/9/2019



freq Rs X deg

4

4.5

5.1

…

…

1MHz S/cm θo

Single time constant 
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Equivalent circuit : Randles
• Randles circuit for a simple corroding system

• Rs = the solution resistance
• Rct = the charger transfer (polarisation resistance)
• Cdl = the double layer capacitance

4710/9/2019



Electrochemical Impedance Spectroscopy
• Nyquist plot for the Randels circuit

Resistance

Capacitance ← Increasing Frequency

Solution 
Resistance

Charge transfer 
resistance = Rtotal - Rs

4810/9/2019



EIS Nyquist Plots
• A Nyquist plot is made up of a series of vectors representing 

the total magnitude of the resistance and capacitance 
components

Phase angle

Non Resistive 
Component

4910/9/2019



Electrochemical Impedance Spectroscopy
• Bode impedance plot

Impedance

Frequency →

Solution 
resistance

Rct

5010/9/2019



Electrochemical Impedance Spectroscopy
• Bode Phase plot

Frequency →

Phase angle

5110/9/2019



EIS (Summary)

We start here at the 
high frequency

5210/9/2019



A Purely Capacitive Coating
A metal covered with an undamaged coating generally has a very high impedance. 
The equivalent circuit for such a situation is in the Figure:

CR

The value of the capacitance cannot be determined from the Nyquist plot. It can be 
determined by a curve fit or from an examination of the data points. Notice that the 
intercept of the curve with the real axis gives an estimate of the solution resistance.
The highest impedance on this graph is close to 1010

. This is close to the limit of 
measurement of most EIS systems 5310/9/2019



EIS

• Diffusion or Mass Transfer controlled process
• Nyquist plot - Warburg Impedance

←Frequency

5410/9/2019



EIS
• Diffusion or Mass Transfer controlled process
• Bode Impedance plot

Impedance

Frequency →

5510/9/2019



EIS
• Diffusion or Mass Transfer controlled process
• Bode Phase plot

Phase Angle

Frequency →

5610/9/2019



EIS – Mass Transfer Controlled Process (Summary)

Nyquist
Bode 
Impedance

Bode 
Phase
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EIS Equivalent Circuit for a Mixed Kinetic and Charge Transfer 
Controlled Process
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The electrolyte resistance 
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Principle of the Electric Double-Layer: Here C electrodes

6010/9/2019



Polarization Resistance
Whenever the potential of an electrode is forced away from it's value at open circuit, 
that is referred to as polarizing the electrode. 

When an electrode is polarized, it can cause current to flow via electrochemical 
reactions that occur at the electrode surface. The amount of current is controlled by 
the kinetics of the reactions and the diffusion of reactants both towards and away 
from the electrode.

In cells where an electrode undergoes uniform corrosion at open circuit, the open 
circuit potential is controlled by the equilibrium between two different 
electrochemical reactions. 
One of the reactions generates cathodic current and the other anodic current. The 
open circuit potential ends up at the potential where the cathodic and anodic 
currents are equal. It is referred to as a mixed potential. The value of the current for 
either of the reactions is known as the corrosion current.

6110/9/2019



The Butler Volmer equation: For the polarization resistance of simple reactions at electrodes

When there are two simple, kinetically controlled reactions occurring, the potential of the cell is 
related to the current by the following (known as the Butler-Volmer equation).

I is the measured cell current in amps,
Icorr is the corrosion current in amps,
Eoc is the open circuit potential in volts,

a is the anodic Beta coefficient in volts/decade,
c is the cathodic Beta coefficient in volts/decade

If we apply a small signal approximation (E-Eoc is small) to the buler Volmer equation, we get the 
following:

which introduces a new parameter, Rp, the polarization resistance. As you might guess from its name, the 
polarization resistance behaves like a resistor.
If the Tafel constants i are known, you can calculate the Icorr from Rp. The Icorr in turn can be used to calculate a 
corrosion rate.
We will further discuss the Rp parameter when we discuss cell models.

6210/9/2019



Charge Transfer Resistance
A similar resistance is formed by a single kinetically controlled electrochemical reaction. In 
this case we do not have a mixed potential, but rather a single reaction at equilibrium.
Consider a metal substrate in contact with an electrolyte. The metal molecules can 
electrolytically dissolve into the electrolyte, according to:

or more generally:

In the forward reaction in the first equation, electrons enter the metal and metal ions diffuse 
into the electrolyte. Charge is being transferred.
This charge transfer reaction has a certain speed. The speed depends on the kind of 
reaction, the temperature, the concentration of the reaction products and the potential.
The general relation between the potential and the current holds: 

io = exchange current density
Co = concentration of oxidant at the electrode 
surface
Co* = concentration of oxidant in the bulk
CR = concentration of reductant at the electrode 
surface

F = Faradays constant
T = temperature
R = gas constant
a = reaction order
n = number of electrons involved
h = overpotential ( E - E0 )

6310/9/2019



Diffusion: Warburg impedance with infinite thickness
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Constant Phase Element (for double layer capacity in 
real electrochemical cells)

( )Z A i
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Common Equivalent Circuit Models
In the following section we show some common equivalent circuits models. 

To elements used in the following equivalent circuits are presented in  the Table. 
Equations for both the admittance and impedance are given for each element.

Equivalent 
element

Admittance Impedance

R 1/R R

C i C 1/1/i C

L 1/i L i L

W (infinite 
Warburg) 

Y0(i )1/2 1/Y0(i )1/2

O (finite Warburg) 

Q (CPE) Y0(i ) 1/Y0(i )

0 coth( )Y i B i 0tanh( ) /B i Y i
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Cole-Cole Plots: Impedance Plots in the Complex Plane

When we plot the real and imaginary components of impedance in the complex 
plane (Argand diagram), we obtain a semicircle or partial semicircle for each parallel 
RC Voigt network:

The diameter corresponds to the resistance R. 
The frequency at the 90° position corresponds to 1/t = 1/RC

6810/9/2019



Analyzing Circuits
By using the various Cole-Cole plots we can calculate values of the elements of the 
equivalent circuit for any applied bias voltage

By doing this over a range of bias voltages, we can obtain:
the field distribution in the layers of the device (potential divider) and the relative 
widths of the layers, since C ~ 1/d

6910/9/2019



Randles Cell
The Randles cell is one of the simplest and most common cell models. It includes a solution 
resistance, a double layer capacitor and a charge transfer or polarization resistance. In addition 
to being a useful model in its own right, the Randles cell model is often the starting point for other 
more complex models.
The equivalent circuit for the Randles cell is shown in the Figure. The double layer capacity is in 
parallel with the impedance due to the charge transfer reaction

The Nyquist plot for a Randles cell is always a semicircle. The solution resistance can found by reading the real 
axis value at the high frequency intercept. This is the intercept near the origin of the plot. Remember this plot was 
generated assuming that Rs = 20 and Rp= 250 .
The real axis value at the other (low frequency) intercept is the sum of the polarization resistance and the solution 
resistance. The diameter of the semicircle is therefore equal to the polarization resistance (in this case 250 ).7010/9/2019



Bode Plot oft Randalls cell
This Figure is the Bode plot for the same cell. The solution resistance and the sum of the solution resistance 
and the polarization resistance can be read from the magnitude plot. The phase angle does not reach 90° as it 
would for a pure capacitive impedance. If the values for Rs and Rp were more widely separated the phase would 
approach 90°. Bode Plot for 1 mm/year Corrosion Rate

7110/9/2019



Mixed Kinetic and Diffusion Control
First consider a cell where semi-infinite diffusion is the rate determining step, with a series solution 
resistance as the only other cell impedance.
A Nyquist plot for this cell is shown in Figure 2-17. Rs was assumed to be 20 W. The Warburg coefficient 
calculated to be about 120 sec-1/2 at room temperature for a two electron transfer, diffusion of a single 
species with a bulk concentration of 100 μM and a typical diffusion coefficient of 1.6 x10-5

cm2/sec. Notice that the Warburg Impedance appears as a straight line with a slope of 45°.

7210/9/2019



Simple simulation using excel :

10/9/2019 73



Example: Half a full cell
Adding to the previous example a double layer with capacitance and a charge transfer impedance, we get 
the equivalent circuit:

This circuit models a cell where polarization is due to a combination of 
kinetic and diffusion processes. The Nyquist plot for this circuit is shown in 
the Figure. As in the above example, the Warbug coefficient is assumed to 
be about 150 W sec-1/2. Other assumptions: Rs = 20 , Rct = 250 , and 
Cdl = 40 μF.
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Bode plot
The Bode plot for the same data is shown here. The lower frequency limit was moved down to 1mHz to 
better illustrate the differences in the slope of the magnitude and in the phase between the capacitor and the 
Warburg impedance. Note that the phase approaches 45° at low frequency.
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Some cases :
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Faraday cage 

Sampel : pouch cell 80 mAh. 8110/9/2019



Hioki vs AutoLab

8210/9/2019
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Autolab

*) Metalurgi UI.

Hioki 3522 
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Same Voc, but impedance ?
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3.Charge-Discharge Schedule Li-ion
• CC- CV.  Power, energy, C-rates, load (± r ohm).
• Voltage range.
• Rate capacity.
• Sampling time.
• Temperature < 50oC.

• Show result in graphical form, Voltage vs capacity . 
Capacity vs cycle time, etc.

• Internal resistance
•C-rates.

Result

8710/9/2019



http://www.mpoweruk.com/lithium_failures.htm#lifetime

Temperature & Safety 

Lithium Fire (UPS Flight 1307)Source US National Transportation Safety Board
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Uji charge discharge/CV using Yokogawa 7651.
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Kapasitas Nokia

BA2-600 mAh

Not recommended for 
high rates/power battery
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Using wbcs 3000
V1= 3.3248V
V2=3.2647

V = 0.1601 V
Vwork = 3.34 V

I = 0.5 A
T = 20.2 jam

C = 10Ah

i=Crates = C1/20

Indikasi :
3 plateu – 3 phase.

9110/9/2019



3 peak redox

9210/9/2019



Temperature influence : capacity fade.
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Capacity = current x discharge time
9410/9/2019



Lithium diffusion coefficient 
calculation: GITT

95

GITT : Galvanostatic Intermittent Titration Technique….. What is this?



Internal resistance :

S in series

LiPo’s 3.7V 5Ah, 25C.
1C =5000mA
Ch : CC-CV 1C, 4.2 V, 0.1C cut off  23±3oC
Ds : CC, 5C,10C,20C,25C,30C, 2.8V cut off

*) Huai, measurement and analysis…, Procedia Enginering 15 (2011). 9610/9/2019



Step current

9710/9/2019



Current-off method
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Current switch method
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EIS

Cadex Spectro CA-12 
battery tester

f : 20 - 2000 Hz.
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Pulse charge/dis :

10110/9/2019
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C-rate : capacity loss.

LCo3 CD var1005.rfd

10310/9/2019



Over voltage problem ….

10410/9/2019



Additional important information

105

Calculating full cell 
capacity

Ct = Total capacity

Ca = capacity of the anode

Cc = capacity of the cathode

Example #1: Si//NMC Example #2: Graphite//another cathode

Improving anode capacity to >10 times Improving cathode capacity ONLY 2 times

That’s why many attempts are being 
done to improve cathode material than 

anode



CONCLUSION

• Maximum capacity is not the sole factor for a great battery material

• Good cathode has a plateau in high voltage region

• Good anode has a plateau in low voltage region (nearly zero is desirable)

• Lithium-ion diffusion coefficient can be calculated from CV and GITT

• CV can be used to determine material type: battery

– Sharp peaks in CV denotes a battery-type material

– Parallelogram denotes a capacitor-type material

• Equivalent circuit of the EIS for each material is different

• Improving cathode material is more practicable

106



• Terima kasih
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http://www.mpoweruk.com/bms.htm#gas
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