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Supercapacitor investigation due to the high capacitance, therefore long time constants, requires
considerable modification and adaptation of classical electrochemical methods and instrumental
techniques. This paper presents a mathematical analysis, which defines the parameters of the
experimental methods, modified standard methods (galvanostatic, potentiostatic, ALSV), as well as
new one - tilting current excitation. Firstly, the methods are tested on a specially constructed physical
model - the electrical circuit with commercial super capacitor of 1.6 F, as well as the computer
simulation. The measurements were performed on a specially developed measuring system based on
PC and LabVIEW package. All the methods are applied in the development of a new type of
supercapacitor based on natural copper minerals - chalcocite (Cu,S). Comparative methods analysis in
terms of efficiency and accuracy is given in the paper.

Keywords: Supercapacitors, Electrochemical methods, Mathematical Model, LabVIEW, Equivalent
electrical circuit

1. INTRODUCTION

There are a number of standard methods for the examination of electrochemical systems that
are used for supercapacitor testing [1-8]. In this paper, most important standard methods are presented
along with their modification proposals, and also some more suitable methods for testing various
supercapacitor parameters are presented.

In order to monitor the process on only one electrode (electrode-electrolyte interface) the
application of three-electrode electrochemical cell [9] is common. The cell is powered by working
(WE) and counter electrode (CE), and the working electrode potential is measured against a reference
(RE) one. As the reference electrode in this approach, it is commonly used calomel electrode. The
working electrode is made of a material whose behavior in a particular electrolyte is being examined,
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and counter electrode is made of platinum or other conductive material which is insoluble in that
particular electrolyte.

Depending on the wanted accuracy, possible duration of the test or equipment availability,
different electrochemical system testing methods are applied. Comparative analysis of the most
suitable dynamic methods for supercapacitor testing is presented in this paper.

2. PROCESS MODELING DUE TO DIFFERENT EXCITATIONS

Different signal excitations are defining particular testing methods for electrochemical systems.
For this analysis, the following methods have been chosen: galvanostatic, potentiostatic, swiping
voltage and current and cyclic voltammetry. For every particular method, mathematical model is
derived and system response is defined for given excitation. Also, the algorithms for system
parameters extraction are given, based on experimentally obtained response diagrams.

2.1. Galvanostatic Method

In galvanostatic electrochemical method, excitation of a system is pulse current of constant
intensity (1) and the settable duration [1,10-12].

Response, the voltage between the working electrode (WE) and the reference electrode (RE) is
being monitored on an electronic milivoltmer and plotter (EMVP) or, more recently through AD
converters on the computer [13]. It is important that the input resistance EMVP has to be very high
(order of 10" Q or more) because of the reference electrode tremendous internal resistance. In
electrochemistry this specified voltage is often called overvoltage [1] (referring to the additional
voltage between WE and RE given in regard to the voltage between these electrodes when there is no
excitation current).

/

Figure 1. Equivalent circuit for the observed class of electrochemical systems

Standard galvanostatic method in the processing of the experimental data is based on a very
simplified model of electrochemical system (in series RC circuit) and cannot be used in the case of
supercapacitor. Therefore, it was necessary to modify this method and refine the model and the
procedure for obtaining the model parameters [11]. The equivalent electrical circuit is determined,



Int. J. Electrochem. Sci., Vol. 9, 2014 7112

which response to the galvanostatic pulse is practically the same as for the observed electrochemical
system (Fig. 1.) [10, 11, 14-24].

Resistance Ro physically corresponds to the resistance of the electrolyte and the electrode
material together, and its value is in the order of ohms. Capacitance Co (order of magnitude puF)
corresponds to the dual layer that is formed on the side of the electrolyte. Resistance R; and R; (the
order of magnitude of tens of ohms) are related to the slow processes of adsorption and diffusion, as
well as the capacitor C; (mF) and C, (F). R3 is the resistance of self-discharge, so it is reciprocally
connected with electricity leakage. Its value is in the order of hundreds of ohms to several kilohms.

Taking into account the magnitudes of capacitance Cy, C; and C,, the secondary region of
galvanostatic pulses, it is possible to simplified the equivalent circuit by omitting the capacitor Co,
which is not an essential when it comes to supercapacitors (Fig. 2.).

R3
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R1 C1
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Figure 2. Simplified equivalent circuit

Complex images of overvoltage n, ie voltage Uag is:
I
7 (S)=U,(8)=1(5)-Z,5(S)= gZAB (S)
S’R,R,R,C,C, + S(R,R,C, + R,R,C, )+ R,
s(s?((R, +R, )C,C,R, + RR,C,C,)+5((C, +C,)R, + R,C, + R,C,)+1)
The resulting expression is quite complex, but it can be significantly simplified assuming that

C,>>C4, which is physically realistic. By applying the Heaviside expansion formula overvoltage is
obtained in the time domain:

n(t) =(Ro + st)l(l—efl}r - R’ .(1_(372}

2+3

n (S)=Ryl/S+]

or in a slightly different form:
t t
77(t) = (Ro + st)l[l_e rl}"’(Rs - st)l[l_e & }

whereby:

R :
R, = (parallel connection R, and Rj3)
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7, =(R, +R,;)C, (time constant of the first phase)

7, =(R, +R,)C, (time constant of the second phase)

Typical appearance of galvanostatic curve with characteristic data from which it is possible to
calculate all parameters of equivalent circuit is shown in Fig 3.

n,
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Figure 3. Typical galvanostatic curve of observed electrochemical systems

If a complete galvanostatic curve is recorded (during the pulse duration greater than 4 1, to
achieve a stationary level n,, which is quite a long time - the order of thousands of seconds), the
procedure for obtaining the parameters of the circuit would be as the following:

1. Evaluation of the value of R, compared to the other resistance. If R, cannot be ignored it is
necessary to make additional galvanostatic experiment with the same intensity of current, but with the
time duration in order of ps. Then the intercept n on the axis is:

Moo = Rol (C, is short-circuit in such a short time)

which implies:

RO — 7700

I
2. From the diagram (Fig 3.) it is obvious that:
N2 =(Ro + Rg) |

therefore: R, = % -R,

3. From the diagram (Fig 3.): m1 =(Ro + R23) |
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R, (771 — Ryl )
(Ro + Rs)l —1
4. From the diagram (Fig 3.):
Mo =(Ro + R123) | (Ri23 parallel connection Ry, Rz, R3)
therefore:

(770 — Rl )st
(Ro + st)l —T1
5. From the diagram (Fig 3.) time constant t; is:
11=(R1+Rx) Cy
therefore, the capacitance can be calculated:
C,=—21

R, +R,;

6. From the diagram (Fig 3.) time constant 7 , is:
72:(R2+R3)C2
therefore, C, can be calculated:
__ b
"R, +R,

It should be noted that the C,, as the most important parameter of the circuit when it comes to
supercapacitors, can be determined from a short pulse of galvanostatic, from the slope of the linear part
of the galvanostatic curve. The only problem is that firstly it is necessary to determine the resistance R
(potentiostatic method or some other method). For determined Rz and calculated R, following the
instuctions given in the point 3. of this method, C, can be determined from:

2

R R’

tga = —32L = C,= 3—2
(Rz + Rz) C, (R, "‘Ra) 9o

Where, tga (Fig 3) is the slope of the linear part of the galvanostatic curve, ie. the numerical

value of derivative (3—17 in that area, expressed in V' / s.

therefore: R, =

R, =

C,

2.2. Potentiostatic Method

In this method, the excitation is a constant impulse overvoltage E, and the response is
monitored as current change in time, therefore, this method is often referred to as chronoamperometry

[1].

Voltage and its complex image is:
E

therefore, the current for the equivalent circuit:
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i(S) =n(S) - == L
7 Z(8) S, . S’R,R,R,C,C, +S(R,R,C, + R,R,C,)+R,
° s*(R,+R,)C,C,R, +R,R,C,C,)+S((C, +C,)R, + R,C, +R,C, ) +1

Taking into account the actual fact that C,>>C,, by applying the Heaviside expansion formula,
the current in the time domain is:

i(t):(lo _Il)e_71 +(|1_ Iz)e_Z +1,

where:
I, = - initial charging current
RO + R123
I, = - final first-phase charging current
R, + Ry,
I, = - final charging current
R, +R, Jing

7, =(R, + R,)C, - time constant of the first phase
7, =(R, + R,)C, - time constant of the second phase

In Figure 4 shows the current diagram according to the given expression.

Figure 4. Potentiostatic excitation, current diagram

Based on the experimentally obtained current diagram, after reading the values lo, 11, I2, 71, 2
the parameters of circuit can be determined:
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R; = IE -R,
2
E
Rys = I_ -Ry
1
_ RasR;
’ R3 - R23
E
I:\)123 = |_ Ro
0
R, = RRlst\I;zs
23 7 "M23
__ 4
' R,+R
__ 5
° R,+R,

This method has two major advantages over the other ones. Resistance Rz can be the most
reliably determined from the clearly discernible horizontal part of the curve, and also the time of the
experiment is the shortest (lowest time constant of the second phase of charging).

2.3. Linear Sweep Voltage Excitation

System excitation is linear sweep voltage function as shown in Fig 5. The current in time as a
response is monitored.

Figure 5. Linear sweep voltage function

As well as in the other methods, a second phase of charging is being considered, therefore
equivalent circuit is simplified as shown in Fig 6.
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Figure 6. Equivalent circuit for second charging phase

The equation for the overvoltage in the time and frequency domain is:

E
n(t) :?-t-h(t)

E
S) =
1n(S) 57T
Impedance of the circuits is:
R;| R, + !
7 —Ros SC, ) S(RyR, +R,R; +R,R,)C, + Ry +R,
R, +R, + 1 S(R, +R,)C, +1

2

Complex image of current is:
1(S) = ns) _E SC,(R, +R;)+1 _EP(S)

Z T S?*SC,((R,+R,)R, +R,R, T Q(S)
Back in the time domain was carried out by the following procedure:
Q=0=S,=0; $,=0; S,=— Ry Ry

Cz ((Rz + Ra)Ro + R2R3))

Usually Rp << R, << Rg, therefore:

1
Qr-—
(RO +R2)C2
Q' =2S(SC,((R, +Ry +R,Ry)R, + Ry +Ry) +S°C, (R, +Ry)R, +R,R,
R
P(S,)=——
(Ss) R,
1
1 =
Ry + R,
(R, +R,)R, R, + R,
2= o Ce¥ T o
(R, +R,) R,
t
i P R, +R R, +R, —
|(t):E[klt,eslt +kzeszt n ’(33) es3tj:E 1 t+C, , TRy _c, , TRy o 7
T Q'(S,) T| R, +R, R, R,

7, =(Ry +R,)C,
Graphic current diagram is shown in Fig 7.
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\

Figure 7. Current response diagram

Reading the values from the diagram, tgo, Iy and 7, (with the previously determined or
estimated parameter Ry), parameter R3 can be calculated:

3 = E _ Ry, lga= Al (linear part of the curve)
T-19a At
From the system of equations:
R,+R
IO — ( 2 + 3) CZ
RS

7, =(R, +R,)C,

R, and C, can be calculated.

In this way, the most important parameters of a supercapacitor have been determined, while at
the same experiment is short term, and the destruction of the electrode is low.

2.4. Cyclic Voltammetry

Cyclic voltammetry is one of the standard methods in electrochemistry [25,26]. Excitation of
the circuits is voltage signal as in Fig 8.
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t4 2t t

Figure 8. Excitation signal for cyclic voltammetry

As the response, input current in the time domain is monitored. Common name in
electrochemistry is cyclic voltammetry, although the current is being measured, because the voltage at

which current peak occurs is essential. In the case of supercapacitor, peaks are not expressed, because
of the slow changes.

Excitation voltage can be expressed analytically as:

n(t) = %t for the arising area (charging phase)
1

E . .
n(t) = 2E, —t—mt for the falling area (discharge phase)

1
With the realistic assumption that Rp << R3 and adding the condition t; > 4z, ( 7, =R,C; - time
constant), by using the procedure similar to the linear sweep voltage function it leads to a simplified
expressions for the current in the time domain in the quasi-stationary mode:

Em L E
i(t)y=——-=,|1-2e ? |+ — charge phase
t, 2R,

. E, — E

i(t)y=——=,| 2e ? -1|+—" discharge phase
t, 2R,

The time is measured from the beginning of each stage. Obviously this is a complex form of

current in time with exponential change of the AC component, and the DC component whose level is

m

I oc , therefore:

3
E E E E
I =—+—C, ; l=—-——7

™CO2R, "™O2R, ot
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Figure 9. Responsive system current

Usually with this method, current is shown as the function of the excitation voltage, so the
graph is obtained as shown in Fig 10.

| max /

llll]{l

Figure 10. The cyclic voltammogram
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Area of the shown loop (the electric power) is:

Em t t
tE — |E
S =2[idp=2[-"C,[1-2-e = |—"dt
o efize
E 2
S, =2t—m2C2(tl—2T2)
1

Based on these expressions, the procedure for the determination of the two most important
supercapacitor parameters is:

1. From the recorded diagram as shown in Fig. 9, getting the values Inax and Iyin SO that
the capacitance Cy:

c, = [ {

2E,,

2. From the same diagram, getting the time constant z,, therefore the resistance R, can be

calculated:
[P
R, c,

It should be noted that C, can be determined from the expression for the loop surface that is
more complex, but approximately applicable even if the experiment is not lead to the attainment of
Imax, therefore it has shorter duration.

2.5. Linear Sweep Current Excitation

Figure 11. Diagram of linearly sweep current excitation

In this case, as the excitation it is applied linear current change over time (Fig 11.), and
overvoltage n in charge was observed as a response. Depth analysis showed that this method clearly
separates the first from the second charging phase (ie C; and C,), so it is more suitable for reliable
determination of the most important supercapacitor parameters, primarily C,. Therefore, in this section
is presented the analysis of a second charging phase, or segment from which it is possible to determine
important parameters of the supercapacitor.
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Therefore, the analysis of the second charging phase, more precisely the segment from which
the important supercapacitor parameters can be determined, is presented in this paper.

For the observed charging phase, system equivalent circuit is reduced to the one presented in
Fig 11.

The expression for the current in the time and frequency domain is:

o |
i =—t-h(t) 1(8)=gar

Circuit impedance is the same as in linear sweep voltage excitation, so the complex image of
overvoltage:
SC,(R,R, +R,R; +R,R, )+ R, + R
U(S):UAB(S):l(S)Z:l 2(0 22+ 0 3+ 2 3)+ 0+ 3:kP(S)
T S?(SC,(R, +R,)+1) Q(S)
Since the polynomial Q (S) has a double root, the inverse Laplace transformation procedure is

as follows.

1
Q 1 2 3 CZ(RZ +R3)
Q'=25(SC,(R, +R;)+1)+S*C,(R, +R;)
2
P(S,) =
R, +R,
1
Q'(S,)=—————
3 Cz(Rz"'Rg)
Kl:Szm:Ro"‘Ra
Q(S,)
K2 =i SZM =_R32C2
ds|  Q(S,)
n(t) = L kte™ +k,e% + ﬂe&‘]
T Q(Ss)
t
77(t)=Tl (R, +R, Xt =R,C, +RC,e QJ

where 1, = (R2 + R3)C, — time constant of the second phase of charging.
The expression for the overvoltage in the time domain is shown graphically in Fig 12. The

equation of the asymptote for the presented graph is obtained from:

)., = %((Ro + Rs)t - Rszcz)

Therefore, the intercept on the ordinate and the slope of the line are:
I S 2
=——R,C
1o T 8

I
k :?(Ro + R3)
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n A

= -

Figure 12. Diagram of the overvoltage

By getting o and k from the diagram and including the values in the last two equations, the R3
and C, can be determined, assuming that Ry is determined by another method, or that it is negligible
compared to Rs.

3. RESULTS AND DISCUSSION

Electrochemical experiments have been performed in a standard three-electrode cell with
saturated calomel reference electrode. Platinum electrode was used as a counter electrode [1,27-31].
Several working electrodes of different materials have been examined. This paper presents the results
of the electrodes of chalcocite (Cu,S, natural copper mineral).

Aqgueous solutions of sulfuric acid, copper sulfate, sodium carbonate and sodium chloride p.a.
purity have been used as electrolyte.

For each series of experiments, the working electrodes were honed, polished, washed and dried
and then immersed in an electrolyte that was also fresh for the new series. Between the two
experiments of the same series, polishing with rinse was performed. Grinding has been done with the
finest sandpaper, polishing with alumina and rinsing with distilled water and alcohol.

All of the experiments were conducted at room temperature.

Physical model have been made according to the scheme in Figure 1, and it have been used for
additional verification of the method. The values of the parameters: Ro=3 Q; R; =39 Q; R, = 90 Q;
R3=1kQ; Cp=0,12 uF; C; =30 mF; C, =16 F.
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3.1. Modified Galvanostatic Method

Galvanostatic experiments were performed according to previously described modified method
for all of the working electrodes in various electrolytes. Starting from the adopted model, the
parameters of equivalent electrical circuit for each system were determined and based on that further
experiments were performed.

0 T T T
0 10 20 30 40

t[s]

Figure 13. Physical model response on the galvanostatic excitation

25 ~

20 A

15 +

eta [mV]

10 +

0 5000 10000 15000 20000
tls]

Figure 14. Galvanostatic curve for calcocite in a solution 1M H,SO4+0,1M CuSO, at excitation of
0,1 mA
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Firstly, method and instrumental technique in the previously described physical model were
checked once again. The intensity of the current pulse was 3 mA, and duration 40 s. The response of
the circuit is shown in Fig. 13.

By getting characteristic values from the diagram and inserting those values into mathematical
model, described previously in the analytical section, it is possible to define the parameters of the
circuit:

R1=38,6Q; R,=91,5Q; C;=292mF; C,=156F

which is in full compliance with the actual values. To determine the required Rs, much longer
experiment is needed, therefore this parameter is omitted.

Galvanostatic curve for chalcocite electrode (which was considered the most appropriate for) in
a solution of sulfuric acid with the addition of copper sulfate at 0.1 mA excitation for a period of
20000 s is shown in Fig. 14. According to the diagram equivalent circuit parameters were calculated:

Ri1=173Q; R,=312Q; R3=210Q; C;=0,23F; C,=33,1F

The obtained values will be compared later with results obtained by other methods.

3.2. Potentiostatic Method

Figure 15. Potentiostatic curve for physical model at excitation of =100 mV

The method was firstly tested on a physical model with parameters: Rp =3 Q; R; =39 Q; R, =
90 Q; Rz =150 Q; Co = 0,12 pF; C; = 30 mF; C, = 1,6 F. Excitation of n = 100 mV with duration of
900s. Potentiostatic curve is presented in Fig.15.

By getting the characteristic parameters of the diagram (as described in the analytical section),
the most important parameters of the circuit were defined:

R,=91,10Q;R3=1488Q;C, =1,63F,

which is in a full compliance with the actual parameters.

The advantage of potentiostatic methods - the relatively short duration of the experiment - was
used to conduct further testing of the selected electrode (chalcocite) in various electrolytes, and in
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order to select the optimal electrolyte in terms of obtaining the highest capacitance with minimal
current leakage, therefore, the maximum value of Rs.

Figure 16 shows potentiostatic curve (excitation at n = 20 mV) for chalcocite electrode in 1 M
sulfuric acid together with 0.1 M copper sulfate.

0 500 1000 1500 2000 2500 3000 3500 4000
t [s]

Figure 16. Potentiostatic curve for chalcocite electrode in solution of 1M H,SO,+0,1M CuSO, at
excitation of 20 mV

For such a optimized system, circuit parameters were obtained: R; =17,1 Q; R, =30,8 Q; R3 =
206 Q; C,=0,22F; C,=318F.

3.3. Cyclic Voltammetry

2.050=
1.750-
1.500-
1.250-
1.000-
0.750-

0.000-
-0.250~
-0.500-
-0.750~
-1.000-

-1.250-

B 1 B e e e e e e e e
0.000 0100 0200 0300 0400 0500 0600 0700 0800 0.900

E[V]

Figure 17. Physical model voltammogram at voltage increase speed of 1 mV/s
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The classical method has been used with a very low speed voltage rise due to the high time
constants of the investigated electrochemical systems.

The first measurements were conducted on a physical model with Ry=3 Q; R1=39 Q; R,=90 Q;
Rs=1 kQ; Cp=0,12 uF; C;=30 mF; C,=1,6 F at a voltage increase speed of dE/dt = 1 mV/s. Fig. 17
shows diagrams for dE/dt = 1 mV/s. For the diagram obtained main parameters (R, =92 Q, C, = 1,63
F) are in full compliance with actual data. Results show that it should apply as slow change of voltage
as possible in order to obtain a wider loop, therefore, to reduce measurement errors.

Series of experiments with a variety of electrochemical systems and different voltage increase
speeds were conducted in order to find optimal working conditions.

'0-91?_:‘l"l"'l"‘l"_'I"‘I"'I"'l"‘l‘"I"‘II
0.2250.240 0.260 0.280 0.300 0.320 0.340 0.3680 0.380 0.400 0.4251
E [¥]

Figure 18. Voltammogram for H; in a solution of 1M H,SO4+0,1M CuSO, at dE/dt =10 uV/s

Fig. 18 shows the voltammogram for the selected electrode (chalcocite) and the chosen
electrolyte (1M H,SO,4+0,1M CuSQ,) at voltage increase speed of 10 uV/s.
Surface of the loop was measured and from it the capacitance C, was determined: C, = 32,2 F.

Pulling the tangent to the initial part of the curve, time constant t, = 1034 s was determined, therefore
Ty _

R,=—= =32,1Q.
C

2

3.4. Linear Sweep Current Excitation

Due to the longer duration of the experiment, few typical systems were tested by this method.
Fig. 19 shows response of an adopted electrochemical system (chalcocite in 1M H,SO4 + 0,1M CuSO,)
at excitation di/dt = 1,5 nA/s.

Based on the experimental curve, the parameters of the circuit have been calculated:

R,=309Q; R3=201Q; C,=334F

which shows that the method can be used to easily determine important parameters of
supercapacitor, but not all of them, so it must be combined with other methods.
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Figure 19. Response of the adopted system at tilting current excitation

3.5 Comparative Methods Review

7128

In this section, a short review of the advantages and disadvantages of the methods will be
presented, as well as tabular overview of the results.

In the case that the expensive equipment is not available or it is necessary to quickly determine
the certain individual parameters, it is possible to use one of the fastest methods. The experiments
show that the potentiostatic method provides satisfactory results with a shorter duration of the
experiment, and even quicker, although rougher parameter determination, galvanostatic method can be
applied. For a reliable determination of the capacitance C,, cyclic voltammetry can be applied, but

with a long time experiment.

Table 1. below, shows the overview of the equivalent circuit parameters obtained by various

methods for adopted electrochemical system.

Table 1. Overview of the measured parameters of the adopted electrochemical system

current excitation

Method R [Q] R, [Q] R3[Q] C1[F] C,[F]
Galvanostatic 17,3 31,2 210 0,23 33,1
method
Potentiostatic 17,1 30,8 206 0,22 31,8
method
Cyclic
Voltametry - 32,1 - - 32,2
Linear sweep - 30,9 201 - 33,4
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Since these are non-linear elements, and the methods are graphical, it can be concluded that the
matching between the results is satisfactory. In addition to results matching of the methods described
herein, well results matching has been found with the results obtained by other methods [32-34]. More
accessible equipment has been used in here and developed mathematical models make it easier to
conduct experiments.

4. CONCLUSION

Sulphide materials are poorly investigated from the standpoint of the electrode material for
supercapacitors, therefore the presented researches are new to the area. The behavior of natural copper
sulphide minerals, especially chalcocite (Cu,S) in a solution of sulfuric acid with and without addition
of CuSO, has been examined. Especially well behavior chalcocite has shown in solution 1M H,SO,4 +
0,1M CuSQ,. The results suggest the possible application of the shown system (memory and other
electronic circuits with low power consumption), and also pave the directions of the further research in
order to get even better parameters.

In order to do better investigation of the observed systems, the mathematical model is set,
equivalent circuit was accepted and the comparative analysis was done for the standard
electrochemical test methods (cyclic voltammetry and potentiostatic method), galvanostatic method is
modified and new method is defined for this class of problems (linear sweep current excitation). Based
on mathematical analysis all the parameters for experimental research are determined.

Series of the experiments has been conducted, both in the physical model and the real
electrochemical systems. Based on obtained results, the model and test methods are verified, and also
the electrochemical system is optimized. Also, the methods are compared in terms of efficiency and
accuracy.
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